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Abstract 

Studying the transition from natural convection to nucleate boiling is crucial for both the 

efficiency and safety of thermal systems. Present study aims to investigate the heat transfer 

characteristics at the transition of the natural convection and the nucleate boiling regimes. An 

experimental setup has been designed and implemented to perform experiments with FC72 on 

flat heating wall that can be inclined from 0° to 180°. This was possible thanks to the 

development of a boiling meter mounted on a pivoting axis. This work provides new insights 

into local wall heat transfer behavior and nucleation dynamics under varying gravitational 

configurations, contributing novel data on single-site boiling physics. Intermittent behavior 

with typical heat transfer cycles is evidenced. Two criteria are found to control this 

intermittency; the wall temperature threshold for bubble nucleation and the heat flux threshold 

needed to sustain bubble emission. A single nucleation site leads to a variation in the transfer 

coefficient. Changing inclination from 0° to 180° increases the heat transfer coefficient in the 

bubble emission regime from 263 to 489 𝑊/𝑚2°𝐶 but decreases it in natural convection from 

240 to 176 𝑊/𝑚2°𝐶. 

Keywords: Pool boiling, natural convection, transition regime, heat transfer coefficient, single 

nucleation site, surface inclination 

Nomenclature 

Symbols 

ℎ  Heat transfer coefficient (𝑊/𝑚2°𝐶) 

𝑃  Pressure (𝑏𝑎𝑟) 

𝑃𝑐  Critical power (𝑊) 

𝑞  Heat flux (𝑊/𝑚2) 

𝑇   Temperature  (°𝐶) 



Δ𝑇  Wall superheat (°𝐶) 

𝑡  time (𝑠) 

𝑇𝐿  Liquid temperature 

𝑇𝑠𝑎𝑡  Saturation temperature (°𝐶) 

𝑇𝑊  Surface temperature (°𝐶) 

𝜃   Surface inclination (°) 

𝜏𝐵𝐸𝑅  Characteristic time for bubble emission regime (𝑠)  

𝜏𝐿𝑁𝐶  Characteristic time for liquid natural convection (𝑠)  

𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶 Transition time from bubble emission regime to liquid natural convection regime 

  (𝑠) 

𝜏𝑡𝑟𝐿𝑁𝐶−𝐵𝐸𝑅 Transition time from liquid natural convection regime to bubble emission regime 

  (𝑠) 

 

Abbreviations 

𝐵𝐸𝑅   Bubble emission regime 

𝐿𝑁𝐶  Liquid natural convection 

𝑂𝑁𝐵  Onset of nucleate boiling 

 

1. Introduction 

The ongoing trend of electronic device miniaturization has significantly increased the need 

for advanced thermal management solutions. Among various passive heat transfer enhancement 

techniques, nucleate boiling has gained considerable attention due to its high heat transfer 

efficiency [1]. This efficiency is primarily attributed to the formation of vapor bubbles within 

microcavities or on roughened heating surfaces, which actively disrupt the thermal boundary 

layer and enhance heat removal. Due to its broad applicability and potential for energy 

optimization, boiling has been the subject of intensive research for several decades. A major 

objective of these studies is to identify and optimize key parameters that lead to enhanced heat 

transfer performance [2–4]. Research efforts span several domains, including surface 

modification, where changes to surface roughness [5], patterning [6], coatings [7], or the 

integration of micro and nanostructures are used to promote bubble nucleation and detachment 

[8]. Another important area involves fluid property enhancement, such as the use of nanofluids, 

additives, or phase-change materials to improve thermal conductivity and boiling 

characteristics [9,10]. Additionally, system-level and geometric optimization- particularly in 

the design of flow channels, orientation, and confinement structures- plays a crucial role in 

maximizing boiling heat transfer efficiency under various operational conditions [11,12]. 



Although extensive research has been conducted to optimize boiling heat transfer, the 

presence of multiple interacting bubbles introduces significant complexity, making it 

challenging to fully understand the underlying mechanisms. The dynamic interactions between 

bubbles, surface conditions, and fluid properties create a highly transient and non-linear 

environment [13]. To address this, different studies are conducted on single-bubble 

investigations, which offer a more controlled framework for isolating and analyzing 

fundamental processes at the microscale level. For instance, Di Marco et al. [14] experimentally 

measured the rising velocity of bubble after detachment, showing gaps in the available models, 

and Vasquez et al. [15] compared three measurement techniques for the determination of the 

bubble size at detachment. Moghaddam and Kiger [16] have studied the dynamics of heat 

transfer during nucleation process of saturated FC-72 liquid. They determined the time period 

of activation, area of influence, and magnitude of three different mechanisms of heat transfer 

at the nucleation site. These mechanisms included microlayer evaporation that occurred during 

the rapid expansion of bubbles, transient conduction resulting from the rewetting of the surface 

as bubbles departed, and micro convection taking place in the area surrounding the bubble-

surface contact region. Li et al. [17] performed pool boiling tests with binary mixtures: their 

findings suggest that, in comparison with pure fluids, bubble growth in binary mixtures starts 

off more slowly but accelerates more rapidly over time. Effect of pressure on nucleate pool 

boiling was studied by Kumar et al. [18]. The experiments were conducted on a single 

nucleation site created on a copper substrate, further testing water at three pressure conditions. 

The results show that the decreasing pressure alters the forces acting on a bubble, leading to the 

creation of larger bubbles, which was previously observed in the studies of Stralen et al. [19] 

and Kim et al. [20]. Furthermore, numerous experimental and numerical studies have been 

devoted to understanding the thermal and hydrodynamic interactions during single-bubble 

boiling events. Early investigations by Rogers and Mesler [21] and Hendricks and Sharp [22]  

highlighted that surface temperature declines during bubble growth and recovers upon 

detachment, attributing heat transfer primarily to evaporation from thin liquid films, rather than 

micro convection or bulk liquid quenching. Subsequent studies refined this understanding by 

linking local temperature changes to specific bubble dynamics. Tsai and Lin [23] demonstrated 

that bubble nucleation and surface cooling on micro-resistors are highly dependent on input 

current levels, as no nucleation was observed at low levels, while intermediate currents led to 

delayed single-bubble nucleation accompanied by a temperature drop. After bubble formation, 

the resistor temperature gradually increased and stabilized. Demiray and Kim [24] further 

emphasized the role of microlayer evaporation in enhancing heat flux during growth. They 

observed that during the nucleation and growth stages of a bubble, heat flux increases. They 

attribute this rise to the evaporation of the thermal microlayer between the bubble and the heated 

surface. As the bubble reaches its maximum diameter and begins to detach from the wall, a 

decline in heat flux is noted. This reduction is linked to wall overheating caused by the 

continued evaporation of the microlayer. On the contrary, Myers et al. [25] and Golobic et al. 

[26] identified transient conduction and surface rewetting as critical contributors to peak heat 

transfer at bubble departure. Myers et al. [25] used several platinum micro-resistors to study 

heat transfer under constant heat transfer conditions. They showed that the wall temperature 

reached its maximum as the dry spot under the bubble also reached its maximum. Then the 

temperature dropped abruptly since the rewetting of the surface led to an increase in heat flux, 

which peaked again when the bubble departed. They identified transient conduction during the 

departure of the bubble as the main factor contributing to heat transfer. Golobic et al. [26] 

experimentally determined the transient wall temperature distributions close to the growing 



vapor bubbles. They observed that under conditions of constant imposed heat flux, the wall 

temperature decreases as the bubble expands. They conclude that the growing bubble extracts 

heat from the wall during its development. Quantitative insights were added by Yabuki and 

Nakabeppu [27] and Jung and Kim [28], who measured microlayer evaporation’s contribution 

to be 17–50%, with the remainder attributed to heat transfer through the surrounding 

superheated liquid. These findings were confirmed by numerical studies. Li et al. [29] 

demonstrated sharp temperature drops near the contact line via multi-cycle simulations, while 

Li et al. [30]  validated numerical models against experimental data, confirming that microlayer 

evaporation can dominate bubble growth, especially at moderate wall superheats. In the study 

of Cao et al.  [31] the results show that vapor inside the bubble is superheated, wall superheat 

accelerates bubble departure and enlarges its diameter, and spatially averaged heat flux peaks 

at bubble departure before gradually declining. 

Based on the above studies, even in the case of single bubble growth, the underlying 

mechanisms remain under investigation, with no definitive conclusions yet established.  This is 

largely due to the limited understanding of the wall-level phenomena and the scarcity of 

literature focused on single-site bubble behavior. Most of the work on single-site boiling has 

focused on bubble dynamics. It is difficult to distinguish from these works the dominant 

phenomena in bubble growth. For example, according to some authors, evaporation of the 

micro-layer of liquid under the bubble is the main cause of heat transfer into the liquid film 

[24,30] while for others, evaporation is mainly induced at the contact line [32]. In these studies 

of steam bubble growth, the characteristic time involved is that of bubble formation. Boiling 

involves phenomena with several characteristic times. In addition to the bubble's lifetime from 

nucleation to detachment, the characteristic times of the heating wall and of the surrounding 

liquid needs to be considered.  Given the phenomena involved, these characteristic times differ 

significantly from those of bubble dynamics.       

Over the past few years, we have been studying boiling by taking into account all the 

characteristic timescales associated with the boiling phenomenon. Experimental studies by 

Zamoum et al. [33], Tadrist et al. [34] and Kharkwal et al. [35] provide valuable insights into 

pool boiling heat transfer mechanisms, with a focus on the effects of wall orientation and 

nucleation site characteristics. Using Fluorinert FC72 as the working fluid, each study 

employed a specially designed boiling meter capable of measuring local heat flux and wall 

temperature under controlled conditions. Zamoum et al. [33] reported first experiments for 

single and multiple nucleation sites. They demonstrated that single nucleation site studies 

allowed detailed visualization and quantification of individual bubble growth and departure 

cycles. For multiple nucleation sites, it was shown that the experimental setup was able to 

produce data on the heat transfer characteristics thanks to the boiling meter. It has been also 

possible to determine the onset of nucleate boiling (ONB) as a function of the wall orientation. 

Tadrist et al. [34] investigated heat transfer characteristic curves for natural multiple bubble at 

different wall inclination. When increasing imposed heat flux, they characterized the onset of 

nucleate boiling (ONB) and for decreasing imposed heat flux they determined the onset of 

natural convection (ONC) as functions of wall orientation. Their findings revealed that both 

ONB and ONC superheats decrease with increasing inclination, and that heat transfer behavior 

varies depending on the imposed heat flux. Kharkwal et al. [35] focused on boiling on single 

artificial nucleation site. They demonstrated that alternating activation and deactivation cycles 

are present across all tested surface inclinations (0°–180°). Notably, they observed that the 

nucleation site becomes more active when reaching 180° inclination angle.   For this inclination, 

the nucleation site remains almost continuously active but exhibits highly unstable emission 



behavior. Across these three studies, the boiling meter proved essential for capturing transient 

thermal behaviors and offered a more nuanced understanding of boiling phenomena beyond 

classical steady-state models.  

In the present study, we focus on the onset of nucleate boiling (ONB) at a single nucleation 

site, a novel approach compared to previous works. Our emphasis lies in examining the thermal 

behavior of the wall during bubble activity and, more importantly, in understanding the 

transition from natural convection to the nucleate boiling regime. By analyzing heat flux and 

wall temperature variations during this transition, we provide new insights into the mechanisms 

governing ONB at both the local and global scales. To achieve these objectives, we focus our 

investigation on analyzing the influence of wall orientation on the dynamics of boiling and the 

associated heat transfer on a single artificial nucleation site for four inclination angles (180°, 

179°, 90° and 0°) of the wall. The natural convection regime varies from a thermal plume 

regime for the 0° orientation to a convection cell regime whose intensity decreases sharply with 

increasing wall inclination.  Similarly, bubble dynamics vary with wall orientation. Bubble 

diameter, growth and detachment frequency are highly dependent on wall orientation. The 

forces acting on a bubble and the interaction with the wall vary significantly for these four 

typical orientations.  

The paper is organized in three following sections. In the second section, the experimental 

setup, the material and the methods are presented. The third section details the results, through 

both heat flux and wall temperature measurements. In this section heat transfer analysis is also 

carried out using an analytical model to analyze the intermittent thermal behavior induced by 

the activation and deactivation of the artificial nucleation site. The heat transfer coefficient is 

deduced from the experimental results. The last section is dedicated to the conclusion where 

the main findings are summarized and prospects for this work are given.  

2. Experimental setup 

 

The experimental setup (Figures 1(a) and 1(b)) allows to perform pool boiling experiments 

on a smooth surface, with fixed thermal conditions. Details on the experimental setup and 

protocol are given in sections 2.1 and 2.2, respectively. 

2.1. Test cell and its instrumentation 

     The test cell constitutes a cubic enclosure of 100 mm side. The structure of the cell is in 

Teflon with faces in plexiglass. The wall thickness is 10 mm. Teflon and plexiglass are weak 

heat conductor, thus, the thermal losses are minimized. Furthermore, being transparent, 

plexiglass also allows to visualize the dynamics of the boiling. This cell is conceived to be tight 

in the range of absolute pressures going from 0.1 bar to 2 bar. The experiments are carried out 

at saturation conditions, thus the two phases (liquid in the bottom of the cell, vapor on the top) 

are present. To control and maintain the liquid at desired saturation temperature during the 

experiment, the cell is equipped with a heating cartridge and with a cooling coil in which a fluid 

circulates.  

To create the boiling surface and measure the thermal parameters (heat flux and surface 

temperature), a boiling meter was implemented. Its fabrication and calibration are detailed in 

[33,34]. The specifications are shown in Figure 1(c). Let's briefly review the various 

components. A 30 µm thick heating resistor is placed in the center of the boiling meter. Two 2 



mm thick copper pellets are placed on either side of the heating resistor. Two 400 µm thick heat 

flux meters are then placed on top of these copper pellets. Each component is joined to the next 

by an adhesive layer approximately 50 µm thick. The lower face of the boiling meter is insulated 

with a 1 mm thick rubber pad. On the upper face of the boiling meter is the boiling surface.  On 

the side of the boiling meter is a 400 µm thick heat flux meter and a 5mm thick resin pad for 

thermal insulation. 

More specifically, the heat fluxes are measured by two circular Captec heat flux sensors [36], 

with diameter 20 mm, and having a sensitivity of 2.82 ± 0.2 µ𝑉/𝑊/𝑚2. The heat flux sensors 

used are a tangential thermal gradient one [37]. They are made up of planar thermopile 

distributed over its entire surface. The heat flux measurement therefore corresponds to the heat 

flux crossing through the entire wall surface. To create a single nucleation site at the center of 

the boiling surface, an artificial nucleation site is created by drilling with a 200 µm diameter 

drill bit to a controlled depth of 150 µm. The resulting artificial nucleation site has an average 

diameter of 200 µm and a depth of 150 µm [33,34]. Further, for measuring the surface 

temperature, a T type thermocouple is placed just under the top copper layer of each heat flux 

sensor. This thermocouple was calibrated using a PT-100 sensor with an accuracy of ±0.03°C 

within the 0°C to 60°C temperature range. The combined type-B uncertainty in temperature 

measurements is 0.2 °C (see Appendix 1). 

This thermocouple allows the local wall temperature measurement. Since the thermocouple 

is located just below the nucleation site, it detects the thermal variation at less than 100 µm 

below the site. It is therefore a point detection, and sensitive to the local behavior of the fluid 

and the wall at the measurement point. The acquisition frequency of all the measured variables 

is 5 Hz. Boiling meter was used to create boiling with varying surface inclination. The surface 

is tilted by the rotating shaft. Tilt angles are determined to an accuracy of ±0.5°. 

In the vapor zone, a condenser allows the vapor condensation and to maintain the enclosure 

under the conditions of saturation. To evacuate non-condensable gases, a reflux condenser has 

been installed on the top face of the enclosure. The core pipe connected to the enclosure at an 

extremity is occupied by the vapor and non-condensable gases coming from dissolved gas in 

the liquid phase. The opposite extremity is connected to the atmosphere by a valve to eliminate 

the non-condensable gases. In the annular zone, the cooling liquid allows to condense only the 

vapor and thus to separate it from non-condensable gases. 

Fluorinert FC72 (3M ™) has been chosen as test fluid to study the boiling phenomena. It is 

thermally and chemically stable, its boiling point is relatively low (56.6 °C at 1 bar) and its 

latent heat is 93096 J/kg at 25 °C [38]. A magnetic stirrer is placed at the bottom of the enclosure 

and allows homogenizing the temperature of the liquid when it is necessary, notably at the 

beginning of one experiment before activation of the boiling cell. Four calibrated 

thermocouples of K type placed in the enclosure allow the measurement of the fluid 

temperature. Pressure in the enclosure is measured by the SCX 15DN pressure sensor that has 

± 1% pressure accuracy over a wide temperature range. This sensor is calibrated and 

temperature compensated, to provide a stable output signal within the temperature range of 0 

°C to + 85 °C. The sensors have an absolute pressure measurement range from 0.1 bar to 2 bar.  



 

Figure 1 (a) Schematic of the experimental setup consisting of the boiling cell, boiling meter 

along with sensors for measuring temperature and pressure. Two heat exchangers are 

incorporated to regulate the temperature in both the liquid and vapor phases; (b) Photograph of 

the boiling chamber (c) Illustration showing the vertical section of the boiling meter, detailing 

its components with dimensions. The reflective section serves as the active boiling surface, 

while a thick Teflon piece adhered to the opposite side deactivates the symmetrical surface. The 

periphery of the boiling meter is encased in insulating resin to prevent boiling in that area; (d) 

Photograph showing side view of the boiling meter [35]. 

 

2.2. Experimental protocol 

Before starting the experiment, a dedicated degassing procedure was adopted. Firstly, the 

cell was filled with the working fluid Fluorinert (FC72), and further the degassing was 

performed. The procedure consists in heating gradually the liquid by using the immersed 

heating cartridge while stirring the liquid by using a magnetic agitator. After a while, the 

temperature and the pressure increase in the cell. As soon as the liquid borders the conditions 

of saturation, there are formation of vapor and degassing of the liquid. The mixture of vapor-

air reaches the top part of the enclosure surmounted by a condenser in which circulates a cooling 

liquid. An important fraction of the vapor is then condensed, while the other fraction mixed 

with non-condensable gases is evacuated outside the enclosure through the reflux condenser by 

a manual opening of the valve. This operation is repeated several times until the 

thermodynamics conditions corresponding to the state of saturation of the pure fluid has been 



reached. The heating of the enclosure by the cartridge is then stopped. The fluid cooled naturally 

until the desired temperature. As the enclosure is tight and that the fluid is in saturation state, 

then the decrease of the temperature leads to decrease the pressure.  

Then, to investigate the phenomena, we first bring the fluid to the desired saturation 

temperature, using the cartridge heater for saturation temperatures above room temperature and 

the heat exchangers for temperatures below room temperature. For saturation temperatures 

equal to room temperature, both elements are not activated. Once the saturation temperature 

has been reached and is homogeneous in the liquid and vapor phases, the resistive film at the 

center of the boiling meter is used to progressively supply heat by the Joule effect. The 

thermodynamic and thermal data are recorded: wall, liquid and vapor temperatures, the heat 

flux crossing the surface and the pressure in the cell. Bubble dynamics are recorded by a video 

camera. 

Once the stationary state has been reached and data recorded for a given wall inclination, a 

new angle is imposed. The system then transits to a new thermal state. All thermodynamic 

quantities are kept constant throughout the experiments (fluid temperature and pressure). All 

measured data are recorded and processed in a later phase. In the following section, we present 

the experimental results obtained for a selection of four wall orientations: 0°, 90°, 179°,180°. 

0° corresponds to a bubble created on the surface (surface facing upwards) and 180° 

corresponds to a bubble created below the surface. The 180° orientation is the initial orientation 

from which the experiment is initiated. 

3. Results  

This section covers the experimental results performed in the present study. Heat transfer 

between the heated wall and the liquid under conditions close to saturation conditions was 

investigated.  In the first part, details on the effect of the surface orientation on thermal 

parameters, heat flux and wall temperature, are presented.  In the second part, heat transfer 

curves are deduced and analyzed.  

 

3.1 Fluid flow behavior at the wall: Activation and deactivation of a bubble nucleation  

As mentioned before, the heat flux values are obtained from the heat flux sensor. They 

correspond to the heat flux crossing the total area of the heated surface (3.14 x 10-4 m2); while 

the temperature measurements are given by the T type thermocouple located underneath the 

nucleation site at approximately 100 µm.  

Once the fluid saturation conditions are obtained, the experiments start with the surface 

inclination of 180°. Subsequently a progressive increase in heating power was imposed. At this 

configuration, with a critical heating power 𝑃𝑐 equal to 0.462 ± 0.005 W, the nucleation site 

becomes active. The latter remains active during all the experimental time. Figure 2 shows, the 

time series of the wall temperature measured with a thermocouple just under the nucleation site 

and the heat flux measured at the wall.  Each period corresponds to one bubble: it’s nucleation, 

growth and detachment. The behavior is cyclic, without deactivation of the nucleation site. 

Thanks to the video analysis, frequency of the bubble emission was determined which is 0.7 

Hz. To ease the reading of the curves, error bars on Figure 2 and 3 are given only on few data 

points. 



 

Figure 2 Variation of heat flux 𝑞 (in black) and wall temperature 𝑇𝑤 (in red) with time 𝑡 for 

surface inclination 𝜃 = 180°, at critical heating power 𝑃𝑐 = 0.462 ± 0.005 𝑊; 𝑃𝑠𝑎𝑡 =

0.47 bar; 𝑇𝑠𝑎𝑡 = 36.4°C. The mean heat flux is 1200 W/m2 with a fluctuation of ±200 W/ m2 

and mean wall temperature is 38.75°C 

Further, maintaining the imposed power of 0.462 W, the surface orientation was changed to 

179°. For this orientation, we observe an intermittent behavior at the wall; which is 

characterized by a period where the nucleation site is active, bubble emission occurs on the 

artificial nucleation site, and a period where the nucleation site becomes inactive. In addition to 

the observation, this effect is evidenced by the heat flux and temperature at the wall. Figure 3 

(a) shows the time series of the heat flux and temperature at the wall. It can be noticed that there 

exist two thermal behaviors: in one period of the cycle, the wall temperature is almost constant 

at 38.5°C, with an average heat flux density of around 960 W/m2. In another phase, the 

temperature rises steadily until it reaches a temperature of 39.2°C. In this phase, the heat flux 

density decreases until it reaches a minimum value of 560 W/m2. Once these temperature and 

flux conditions have been reached, there is an abrupt decrease in wall temperature and an 

increase in heat flux, returning to the conditions of the previous cycle. Observations made using 

video imaging show that this intermittent phenomenon is linked to continuous activation of the 

nucleation site during the first period, followed by an extinction period of the nucleation site 

during the second phase. 

During the activation phase, the bubbles nucleate, grow and detach from the wall, cross the 

liquid and enter the vapor space at the top of the boiling cell. At this phase, small fluctuations 

in temperature and heat flux are observed, corresponding to successive bubble emissions. For 

simplicity, the regime when the nucleation site is active is referred as bubble emission regime 

(BER); and the second regime corresponds to an inactive nucleation site, which is referred as 

liquid natural convection regime (LNC). Thus, 𝜏𝐵𝐸𝑅 corresponds to the total time in which 

nucleation site is active and bubble emissions are continuous, and 𝜏𝐿𝑁𝐶 corresponds to the time 

in which nucleation site is inactive and heat transfer is mainly through liquid natural convection. 

𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶   and 𝜏𝑡𝑟𝐿𝑁𝐶−𝐵𝐸𝑅 are the transition times taken between changing regimes from BER 

to LNC and LNC to BER respectively. 

Similar time series were established for wall orientations of 90° and 0°. The intermittent 

behavior evidenced for an inclination of 179° persists regardless of wall orientation, with 

different behaviors depending on the angle of inclination. For an inclination of 90° (cf. Figure 

3 (b)) the bubble emission is visible during a time interval alternating with no bubble emission. 
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The bubbles slide along the heated wall, their size and emission time period varied strongly as 

a function of the boiling wall inclination. The time series of wall temperature and heat flux 

highlight a periodic behavior between BER and LNC with steady state for the two regimes 

(Figure 3 (b)). For an inclination of 0° (cf. Figure 3 (c)), upward facing wall, the bubbles 

nucleated in the center of the boiling meter, grew and due to the gravity action, detached from 

the heated wall. For this inclination, even if the nucleation site is inactive (i.e., at LNC), the 

wall heats the fluid and, due to the density difference, the heated fluid rises and thus causes 

fluid motion in the form of plumes. When the bubble nucleation events occur (BER), as the 

bubble size is very small, it adds a small change in the heat flux values.  
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(c) 

Figure 3 Heat flux and wall temperature variations at surface inclinations of (a) 𝜃 = 179°, 

𝑃𝑠𝑎𝑡 = 0.46 𝑏𝑎𝑟, 𝑇𝑠𝑎𝑡 = 35.7°𝐶, (b) 𝜃 = 90°, 𝑃𝑠𝑎𝑡 = 0.44 𝑏𝑎𝑟, 𝑇𝑠𝑎𝑡 = 34.6°𝐶, and (c) 𝜃 =
0°, 𝑃𝑠𝑎𝑡 = 0.44 𝑏𝑎𝑟, 𝑇𝑠𝑎𝑡 = 34.6°𝐶. The plots highlight the characteristic times  𝜏𝐵𝐸𝑅 and  𝜏𝐿𝑁𝐶 

corresponding to BER and LNC regimes, as well as the transition times between these regimes, 

denoted as 𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶 and 𝜏𝑡𝑟𝐿𝑁𝐶−𝐵𝐸𝑅 

It is noticed that the period of each regime differs with the inclination (Table 1). For an 

inclination of 179° the BER period (𝜏𝐵𝐸𝑅 = 5.2𝑠) is three times higher than the LNC period 

(𝜏𝐿𝑁𝐶 = 1.7𝑠). For 0° wall inclination the BER period remains higher (𝜏𝐵𝐸𝑅 = 11.7𝑠) but close 

to the LNC (𝜏𝐿𝑁𝐶 = 9.6𝑠). Furthermore, by performing the video analysis, bubble emission 

time (𝜏𝑏), which is the total time taken by one single bubble to nucleate-grow-depart was 

evaluated. The increase in bubble emission time with increasing surface inclination from 0° to 

179° can be noticed in Table 1.  

Table 1 Characteristic times for BER 𝜏𝐵𝐸𝑅 and LNC regimes  𝜏𝐿𝑁𝐶  regimes and the transition 

time between the two regimes (𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶  𝑎𝑛𝑑 𝜏𝑡𝑟𝐿𝑁𝐶−𝐵𝐸𝑅) . These two times and shown in 

Figures 3 (a), (b) and (c). Bubble emission time 𝜏𝑏 for each inclination. 

𝜃 𝜏𝐵𝐸𝑅(𝑠) 𝜏𝐿𝑁𝐶(𝑠) 𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶(s)  𝜏𝑡𝑟𝐿𝑁𝐶−BER (𝑠) 𝜏𝑏 (𝑠) 

0° 11.7 9.6 0.9 0.8 0.04 

90° 13.6 5.2 2.8 3.4 0.07 

179° 5.2 1.7 2.5 0.5 0.3 

 

Comparing the three surface inclinations studied, it is observed that the heat flux values at 

BER across all inclinations show minimal variation, ranging between 𝑞 = 920  and 

1020 𝑊/𝑚2. However, the heat flux at LNC varies significantly with surface inclination. At 

LNC, the lowest heat flux is observed at 𝜃 = 179°, and it increases progressively as the 

inclination approaches 𝜃 = 0°. Consequently, the difference in heat flux value between BER 

and LNC is greater at 𝜃 = 179° and decreases as the surface inclination moves toward 𝜃 = 0°. 
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3.2. Heat transfer analysis  

 

3.2.1 Overall heat transfer curves 

From the time series, characteristic heat transfer curves are generated for the entire duration 

of the experiment for each inclination. Figure 4 shows the variations in heat flux 𝑞  as a function 

of wall superheat Δ𝑇 = 𝑇𝑤 − 𝑇𝑠𝑎𝑡 over the entire duration of the experiment for inclination of 

𝜃 = 179°. This shows the cyclic behavior of heat transfer at the wall. Heat transfers differ 

according to each fluid regime. In the regime where the nucleation site is active (BER), the heat 

flux is maximal, q = 960 ± 40 𝑊/𝑚2, and the wall superheat is minimal, Δ𝑇 = 3.2 ± 0.2°𝐶. 

In the natural convection regime (LNC), the heat transfer is weaker, q = 520 𝑊/𝑚2,  and 

superheating is stronger, Δ𝑇 = 3.8°𝐶. 

The other points in the cycle correspond to transitions between the BER and LNC regimes. 

An entanglement between the different cycles is observed, revealing the existence of fluctuating 

behaviors at the boundary layer by the complex nature of the mechanisms involved. In the BER 

regime, bubbles nucleate, bubble volume increases and then it gets detached from the wall. This 

detachment generates high-amplitude fluid flow in the boundary layer. Once nucleation is 

deactivated, natural convection takes over (LNC). In these regimes, fluid motion at the wall 

takes place at different length scales. During the transition between these two regimes, there is 

coupling between these scales, giving rise to states that may differ from one cycle to the next.  

Figure 4 (b) and (c) shows the characteristic heat transfer curves over several cycles for wall 

inclinations of 90° and 0°. As with the 179° inclination, we can see evidence of cyclic behavior. 

This is clearly identified for the 90° angle as well. Heat flux and superheat temperature at the 

wall are respectively q = 940 ± 10 𝑊/𝑚2, Δ𝑇 = 3.62 ± 0.4°𝐶 for the BER regime. For the 

LNC regime, they are q = 856 ± 10 𝑊/𝑚2, Δ𝑇 = 3.94 ± 0.04°𝐶. 

At an inclination of 0°, the two regimes are clearly distinguished by two distinct point 

clusters corresponding to the BER and LNC regimes. At this inclination, for the regime where 

the site is active, heat flux and superheat are respectively q = 970 ± 20 𝑊/𝑚2, Δ𝑇 = 3.65 ±

0.1°𝐶. When the site is inactive, heat flux and superheat are respectively q = 960 ± 20 𝑊/𝑚2, 

Δ𝑇 = 3.88 ± 0.06°𝐶. It should be noted that for this orientation, the temporal temperature 

signals show different patterns due to the sensors used. The temperature signal given by the 

thermocouple shows temperature variations of very low amplitudes (<0.05°C) and sudden 

temperature variations of higher amplitudes (0.15 to 0.3°C). The former is similar to noise, 

induced by the plumes in the LNC regime and by the bubble emissions in the BER regime, 

while those with higher amplitudes are the signature of the transition between the BER and 

LNC regimes. It should be noted that these transitions take place over short times (<0.4 s) with 

an unstable behavior. In addition, the duration of each phase is variable. 



 

(a) 

 

   (b)       (c) 

Figure 4 Heat transfer curves showing heat flux 𝑞 with respect to temperature difference 

between wall temperature and liquid temperature 𝛥𝑇 = 𝑇𝑤 − 𝑇𝑠𝑎𝑡 for a surface inclination (a) 

𝜃 = 179°, (b) 𝜃 = 90°, (c) 𝜃 = 0° 

3.2.2 Single heat transfer cycle 

To better understand the transition between BER and LNC regimes, a single cycle for each 

orientation is investigated. Figure 5 (a) shows a single cycle for a wall inclination of 179°. The 

sequence relative to this cycle is that indicated between the points mentioned on the time series 

in Figure 3. The red point indicates the beginning of BER, while the black point marks the end 

of LNC. The direction of rotation of this cycle is clockwise. The cycle has an elongated shape, 

with large amplitudes of heat flux and temperature. The point density is characteristic of the 

relative duration of each regime. In this case, the BER regime is more persistent than the LNC 

regime. Similarly, the transition time from BER to LNC is longer (𝜏𝑡𝑟𝐵𝐸𝑅−𝐿𝑁𝐶 = 2.5𝑠) than the 

transition from LNC to BER (𝜏𝑡𝑟𝐿𝑁𝐶−𝐵𝐸𝑅 = 0.5𝑠). 

Figure 5 (b) and (c) show the single cycles obtained for the 90° and 0° orientations. As for 

the 179° orientation, the direction of rotation of the cycle is clockwise. As before, the point 

density is characteristic of the duration of each regime. It should be noted that these transition 

times are governed by the behavior of the thermal boundary layer, and the boiling meter inertia. 
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These coupled phenomena therefore need to be taken into account when studying the heat 

transfer cycle. 

 

  

(a) 

 

   (b)       (c) 

Figure 5 Heat transfer curves depicting heat flux 𝑞 versus temperature difference between 

surface temperature and liquid temperature 𝛥𝑇 = 𝑇𝑤 − 𝑇𝑠𝑎𝑡, showing one complete cycle from 

the initiation of bubble emission regime (BER) to the end of natural convection regime (LNC) 

for (a) 𝜃 = 179°, (b) 𝜃 = 90°, (c) 𝜃 = 0°. The dashed line with its arrow highlights the 

direction of the cycle.  

To interpret the observed cyclic behavior, a simplified model based on an energy balance on 

a system composed by the boiling meter has been developed. This model is presented in 

Appendix 2. Three temperatures are introduced: 𝑇̃ the average temperature of the boiling meter, 

𝑇𝑠𝑢𝑝  is the temperature at the center of the active face of the boiling meter, and 𝑇𝑖 is the average 

temperature at the rear face (the face opposite to the face with the nucleation site) of the boiling 

meter. We also introduce the three temperature differences: ∆𝑇 = 𝑇𝑠𝑢𝑝 − 𝑇𝑠𝑎𝑡;  ∆𝑇𝑖 = 𝑇𝑖 −

𝑇𝑠𝑎𝑡  ;   ∆𝑇̃ = 𝑇̃ − 𝑇𝑠𝑎𝑡. 
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The sign of the area 𝑆𝑐 of the cycle 𝑞𝑠𝑢𝑝 = 𝑓(∆𝑇) is examined in the Appendix 2. q
sup

 is 

the average heat flux at the top face of the boiling meter, with the convention that it is positive 

when the heat is leaving the boiling meter. 𝑆𝑐 is defined as: 

 

𝑆𝑐 = ∮ 𝑞𝑠𝑢𝑝𝑑 (∆𝑇)  (1) 

The sign of  𝑆𝑐 depends on the direction of rotation of the cycle.  If this direction is clockwise 

then 𝑆𝑐 is positive. To simplify the model, a linear relationship between the temperature 

differences ∆T̃, ∆T, and ∆Ti is assumed:  

∆𝑇̃ = 𝛼∆𝑇 ;  ∆𝑇𝑖 = 𝛽∆𝑇  (2) 

All these temperature differences refer to the difference of temperature with the temperature 

of the liquid 𝑇𝑠𝑎𝑡 far from the boiling meter. If the temperature differences inside the boiling 

meter are small compared to the temperature differences between its walls and the liquid, one 

can expect 𝛼 and 𝛽 to be positive and close to 1. The analysis in the Appendix 2 shows that for 

𝑆𝑐 to be positive, 𝛼 must be negative.  All experiments reported in the previous section (see 

Figure 7) exhibit a positive 𝑆𝑐, implying that 𝛼 is negative. This suggest that ∆𝑇 and ∆𝑇̃ vary 

in opposite directions: when ∆𝑇 increases, ∆𝑇̃ decreases, and vice versa. This is 

counterintuitive, as one might expect a positive 𝛼, indicating that 𝑇̃ and 𝑇𝑠𝑢𝑝 vary similarly. 

Consequently, 𝛼  cannot be considered constant over the whole time of a cycle. Equation (A.9) 

- given in Appendix 2- shows that if 𝛼 and 𝛽 remain positive and vary with time, 𝑆𝑐 can still be 

positive. While a detailed analysis of heat transfer inside the boiling meter is beyond the scope 

of this paper, we note that 𝑇𝑠𝑢𝑝 , 𝑇̃ and 𝑇𝑖 must exhibit distinct temporal behaviors during a 

cycle.  

The behavior of a cycle can be explained by the following steps, starting from the beginning 

of the LNC regime: 

− The liquid in the region of the active face of the boiling meter is heated and its 

temperature increases until it reaches the nucleation temperature. It is worth noting that for the 

3 orientations (0°, 90° and 179°), the end of the LNC regime occurs at a similar value of Δ𝑇 in 

the order of 3.9 °C. This means that the departure from the LNC regime is mainly governed by 

the nucleation temperature at the nucleation site.  

− The end of the LNC regime and the beginning of the BER regime correspond to the 

instant when the nucleation of a bubble starts. Then a transient phase begins for commuting 

from the LNC to the BER regime. During this transient phase, due to the emission of bubbles 

and to the resulting enforcement of the liquid motion, the wall temperature 𝑇𝑠𝑢𝑝 decreases and 

the heat flux 𝑞𝑠𝑢𝑝 increases. As 𝑞𝑠𝑢𝑝 increases, the average temperature 𝑇̃ decreases. Thus, 

when the BER regime is reached at the end of this transient phase, the value of 𝑇̃ is lower than 

during the LNC regime.  

− During the BER regime, 𝑞𝑠𝑢𝑝 is stable in average, but due to its higher value than during 

the LNC regime, 𝑇̃ continues to decrease. One can consider that 𝑞𝑠𝑢𝑝 is proportional to the 

temperature difference 𝑇̃ − 𝑇𝑠𝑢𝑝 , It results from this decrease of 𝑇̃ (as 𝑇𝑠𝑢𝑝 does not vary), that 

𝑞𝑠𝑢𝑝 will start to decrease until the value of the heat flux at the wall becomes too low to maintain 

the emission of bubbles. At that time the BER period is finished. 



− Then a transition phase from the BER to the LNC starts during which both 𝑇𝑠𝑢𝑝 and 𝑇̃ 

increase.      

This analysis highlights two key criteria for cycle progression: - the wall temperature 

threshold for bubble nucleation; - the heat flux threshold needed to sustain bubble emission. It 

is thus understandable why the BER regime remains stable for the 180° orientation: the heat 

flux during this phase does not fall below the threshold required for continued bubble 

generation. 

3.3. Heat transfer coefficient 

To quantify heat transfer close to the wall, we need to determine the heat transfer coefficient. 

This value can be obtained by measuring heat flux and temperatures at the wall, and in the fluid. 

In the present study, the boiling meter is instrumented with a heat flux sensor located 200 µm 

below the wall and a temperature sensor located 100 µm below the wall. As mentioned in 

section 2, the wall temperature corresponds to a local measurement whereas the heat flux sensor 

measures the heat flux across the entire surface of the boiling meter in contact with the wall. 

The heat transfer coefficient is defined as: 

ℎ =  
𝑞

𝑇𝑤(𝑟=0)−𝑇𝑠𝑎𝑡
   (4) 

where 𝑟 = 0 corresponds to the center of the boiling surface. The purpose of evaluating this 

parameter is not to propose a correlation, but rather to compare heat transfer in the presence 

and absence of an active nucleation site, and for different wall orientations. However, for 

information purposes, the data obtained can be compared with literature data when available. 

This is the case for the natural convection regime. On the contrary, for the single-site boiling 

regime, these data are original and therefore cannot be compared with literature data.  

Figure 6 shows, for a wall inclination of 179°, the variations of the heat transfer coefficient 

for a time interval ranging from 10 to 70s. During this interval, the BER and LNC regimes 

follows one another. For the BER regime, the heat transfer coefficient is close to ℎ𝐵𝐸𝑅(179°) =

320 ± 20 𝑊/𝑚2°𝐶. In the LNC regime, steady state is not reached. In some cases, it just 

started, while in others, the regime is well underway but never reached. In the case where it is 

well underway, the heat transfer coefficient is close to ℎ𝐿𝑁𝐶(179°) = 175 ± 10 𝑊/𝑚2°𝐶; and 

if it's just primed, it can reach ℎ𝐿𝑁𝐶(179°) = 260 ± 10 𝑊/𝑚2°𝐶. For another series of 

experiments, where both regimes are reached, the exchange coefficients are ℎ𝐵𝐸𝑅(179°) =

275 ± 20 𝑊/𝑚2°𝐶 and ℎ𝐿𝑁𝐶(179°) = 130 ± 10 𝑊/𝑚2°𝐶 (Figure 6 (b)). 

Similar behaviors are observed for inclinations of 90° and 0°. Figure 7 (a) and (b) show the 

heat transfer coefficient variations as a function of time. For each inclination, the heat transfer 

coefficients differ according to the regime. Time intervals during which both regimes are 

present are shown for wall inclinations of 90° and 0°.  As in the previous case, the heat transfer 

coefficients differ according to the regime.  



 

    (a)      (b) 

Figure 6 Heat transfer coefficient as a function of time for the 179° wall inclination. The first 

(a) corresponds to the situation where the 179° tilt is obtained just after initiating nucleation 

activation at 180°. The second (b) corresponds to the case where this inclination is obtained 

after going back and forth 180°-0°-180°. 

 

 

    (a)      (b) 

Figure 7 Heat transfer coefficient ℎ as a function of time 𝑡 for (a) 90° and (b) 0° orientation 

Average heat transfer coefficient (ℎ) as a function of the inclination (𝜃) is presented in the 

Figure 8. The figure displays three ℎ values for each inclination: the average ℎ in BER, the 

average ℎ in LNC, and the ℎ in natural convection regime at different inclinations, from Tadrist 

et al. [34]. For BER, ℎ ranges from 300 – 340 𝑊/𝑚2°𝐶 at 179°, 254–260 𝑊/𝑚2°𝐶  at 90°, and 

253–273 𝑊/𝑚2°𝐶  at 0°. In LNC, ℎ varies between 137–270 𝑊/𝑚2°𝐶 at 179°, 216–222 

𝑊/𝑚2°𝐶 at 90°, and 230–250 𝑊/𝑚2°𝐶 at 0°. In BER, ℎ increases with 𝜃, whereas in LNC, 
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the opposite trend is observed. The standard deviation values indicate lower variations in ℎ at 

0° (9%) and 90° (17%), while at 179°, the difference between BER and LNC is significantly 

higher (90%). 

 

Figure 8 Average heat transfer coefficient for BER, LNC and for different surface inclination 

𝜃, and comparison of LNC (present work) with natural convection values from Tadrist et al. 

[34] at different inclinations 

To interpret the heat transfer results obtained, we have combined observations with thermal 

measurements. In the LNC regime, the fluid remains in the liquid state, and shadowgraphy 

method (conducted by illuminating the cell from the back and observing from the front) reveals 

natural convection movements in the form of a plume when the wall orientation is 0° [33]. 

Similar movements are also observed at 90° and 179° [39,40]. Their demonstration is more 

difficult to achieve, given the low liquid speed involved in the experiments. 

It is also necessary to consider the different characteristic times of the bubble emission time 

τ𝑏, the bubble emission regime τ𝐵𝐸𝑅 and the natural convection regime τ𝐿𝑁𝐶. Table 1 gives an 

estimate of these times. Note that these times corresponding to each regime (τ𝐵𝐸𝑅, τ𝐿𝑁𝐶) 

decrease as the angle increases. The opposite behavior is observed for the bubble emission time. 

It always remains well below the times relative to each of the regimes.  

 

From these data, it is possible to qualitatively interpret the mechanisms governing the heat 

transfer at the wall. Under natural convection, the thermal boundary layer depends on the 

Rayleigh number [41].  Comparison with literature correlations gives similar trends, albeit with 

significant discrepancies. Comparison with data from the same experiment [34] gives close 

values. As soon as bubble nucleation takes place, the thermal boundary layer is modified. The 

transition times between the LNC and BER regimes are shown in Table 1. They differ according 

to the wall inclination. They are correlated with the coupled heat transfer phenomena between 

the fluid and the boiling meter. 
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4. Conclusion 

The experimental set up using a boiling meter is able to measure the temperature and heat 

flux evolutions at the wall. The degree of sensitivity of the temperature and heat flux sensors 

allows the heat transfer analysis at the transition between the natural convection and nucleate 

boiling regime. An intermittent behavior has been observed across various wall inclination 

angles, characterized by alternating phases of natural convection and bubble emission. This 

phenomenon persists whatever is the wall orientation in the range 0° -179°. To our knowledge, 

this phenomenon has never been reported in the literature. This intermittency is highlighted 

with a limit cycle in the frame of heat flux versus temperature difference between wall and 

saturated liquid temperature. Two criteria are found to control this intermittency: the wall 

temperature threshold for bubble nucleation and the heat flux threshold needed to sustain bubble 

emission. 

The impact of this intermittence on heat flux and wall temperature is emphasized. It is 

observed that the difference in heat flux between the two regimes at a 179° inclination is 

approximately 41%. This disparity decreases with lower inclination angles; at 90°, the 

difference drops to 7%, and at 0°, the variation in heat flux becomes negligible due to the 

minimal contribution of individual bubbles to the overall heat flux. 

This approach has enabled us to evaluate the heat transfer coefficient ℎ for different wall 

inclinations. We have shown that the intensity of heat transfer, through the heat transfer 

coefficient, depends on the wall orientation for both the natural convection regime - LNC - and 

the bubble emission regime -BER. In BER, the heat transfer coefficient ℎ  increases with 

inclination angle, whereas in LNC, the opposite trend is observed. For BER, the average h is 

263 𝑊/𝑚2°𝐶 at 0°, 257  𝑊/𝑚2°𝐶 at 90°, and rises to 320  𝑊/𝑚2°𝐶 at 179°; in contrast, for 

LNC, h decreases from 240  𝑊/𝑚2°𝐶 at 0° to 219  𝑊/𝑚2°𝐶 at 90°, and further to 203  
𝑊/𝑚2°𝐶 at 179°. The largest difference between the two regimes occurs at 179°, reaching 

~57%, while even at 0°, a notable ~10% difference is observed despite the small size of vapor 

bubbles relative to the wall.  

In order to account for the behavior of the heat transfer cycle, more detailed modelling of 

conjugated heat transfers in the fluid and the boiling meter will be developed, and constitutes 

one of the perspectives of this work. The second perspective concerns the study of bubble 

activation and extinction mechanisms. This last perspective opens a new area. The latter 

perspective would provide a better understanding of the mechanisms involved in triggering 

boiling at an isolated site.  
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Appendix 1: Uncertainty quantification 

The type A uncertainty derived from only 3 measurements per temperature point exhibits 

relatively high values as statistical uncertainty decreases proportionally to 1/√n (reflecting the 

limited degrees of freedom n-1 = 2): the Student's k-coefficient k₀.₀₅,₂ = 4.30 for a 95% 

confidence level. We should have taken at least 10 measurements per temperature point, but 

this was not possible in our experiments. In such a case, for 10 measurements, the Student's k-

coefficient, for a 95% confidence level, would have been lower (k₀.₀₅,9  = 2.262) and the 

uncertainty calculation would have been much more relevant and consistent from a statistical 

point of view. 

Type B uncertainty is employed when repeated measurements are not available to statistically 

assess dispersion. It is evaluated using information derived from sources (other than statistical 

analysis of observational data series. For this reason, we decided to calculate the type B 

uncertainty as follow: 

In our experiments, the temperatures are measured with a type-T thermocouple connected to a 

Data Acquisition system (DAQ) and compared with those measured by the Pt100 sensor for the 

calibration. 

1) High precision type-T thermocouple:  

Precision = ±0.20°C 

Uncertainty:  𝑢𝑇 =
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

√3
=

0.20

√3
= 0.115°𝐶 

2) Pt100, class AA (IEC-60751):  

tolerance = ±0.10 + 0.0017 × 𝑇 

If we assume that the maximum temperature is 60°C in our experiments, the corresponding 

tolerance is equal to ±0.10 + 0.0017 × 60 = 0.202°𝐶 

Uncertainty: 𝑢𝑃𝑡100=
𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝑎𝑡 60°𝐶

√3
=

0.202

√3
= 0.1166°𝐶 



The resolution of the Pt100 electronic material is given: 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑚𝑎𝑡𝑃𝑡100 = 0.001°𝐶 

Uncertainty: 𝑢𝑚𝑎𝑡𝑃𝑡100 =
resolutionmatPt100 

√3
=

0.001

√3
= 0.00058°𝐶 

The self-heating of the Pt100 is negligible and 𝑢𝑠𝑒𝑙𝑓𝑃𝑡100 0°𝐶 

3) DAQ system (Agilent Benchlink acquisition software) 

Resolution = 0.06°C 

Uncertainty: 𝑢𝐷𝐴𝑄 =
𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

2√3
=

0.06

2√3
= 0.01732°𝐶 

4) The experiments were conducted during 2 months and the temporal drift need to be 

considered.  

The annual drift is given as a mean value ±0.005°𝐶/𝑦𝑒𝑎𝑟. 

Uncertainty: 𝑢𝑑𝑟𝑖𝑓𝑡 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑟𝑖𝑓𝑡 × 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑛𝑡ℎ𝑠

12 𝑚𝑜𝑛𝑡ℎ𝑠/𝑦𝑒𝑎𝑟

√3
=

0.005 × 
2

12

√3
= 0.000481°𝐶 

5) The two temperature sensors (the Pt100 sensor and the type-T thermocouple) are close 

together, but we could consider a temperature gradient ∆𝑇 between them: ∆𝑇 = 0.1°𝐶 (it is 

difficult to estimate it). 

Uncertainty: 𝑢∆𝑇 =
T

√3
=

0.1

√3
= 0.0577°𝐶 

6) The combined uncertainty of the type-T thermocouple is 

𝑢comb−Type−T = √𝑢𝑇
2+𝑢𝐷𝐴𝑄

2 + 𝑢𝑑𝑟𝑖𝑓𝑡
2 = √0.1152 + 0.017322 + 0.0004812 = 0.1162°𝐶 

7) The combined uncertainty of the Pt100 sensor is 

𝑢comb−Pt100  = √𝑢𝑃𝑡100
2 +𝑢𝑚𝑎𝑡𝑃𝑡100

2 + 𝑢𝑑𝑟𝑖𝑓𝑡
2 + 𝑢𝑠𝑒𝑙𝑓𝑃𝑡100

2  

= √0.11662 + 0.000582 + 0.0004812 + 0 = 0.1166°𝐶 

8) Finally, the total type-B uncertainty of the temperature measurement system compares the 

two sensors and: 

𝑢B  = √𝑢comb−Type−T
2 +𝑢comb−Pt100

2 + 𝑢T 
2 = √0.11622 + 0.11662 + 0.05772 

= 0.17°𝐶 ≈ 0.2°𝐶 

The total type-B uncertainty in temperature measurement is 0.2 °C 

 

Appendix 2: Heat transfer model for the boiling meter  

In order to analyze a cycle, a model describing the heat transfer in the boiling meter has been 

derived. This model is described in this appendix. The system that we consider for the energy 

balance is the whole boiling meter. Conduction is the only mode of heat transfer inside the 



boiling meter.  Moreover, we assume that there is no heat loss from the lateral side of the boiling 

meter and that the heat flux at its rear face (the opposite face to the face with the nucleation 

site) can be described by a heat transfer coefficient, as there is only natural convection active at 

this face.  By integrating the heat transfer equation on the volume of the boiling meter, the 

energy balance can be written as follows: 

𝑚𝐶𝑝
𝑑𝑇̃

𝑑𝑡
=  −𝑞𝑠𝑢𝑝𝑆 − ℎ𝑖𝑆(𝑇𝑖 − 𝑇𝑠𝑎𝑡) + 𝜑𝑒𝑆  (A.1) 

where: 

 𝑇 is the average temperature of the boiling meter; 

𝑚, 𝐶𝑝 are the mass and average heat capacity, respectively, of the boiling meter; 

q
sup

 is the average heat flux at the top face of the boiling meter, with the convention that it is 

positive when the heat is leaving the boiling meter;  

ℎ𝑖 is the transfer coefficient on the rear face of the boiling meter; 

S is the area of the top or bottom faces of the boiling meter;  

𝜑𝑒 is the heat flux generated by joule effect in the boiling meter, φ
e
S is equal to the electric 

heat power imposed to the heater; 

𝑇𝑖 is the temperature of the wall at rear face of the boiling meter and 𝑇𝑠𝑎𝑡 the saturation 

temperature of the fluid 

 

The area of the cycle 𝑞𝑠𝑢𝑝 = 𝑓(∆𝑇) as presented in section 3.2.2 has the following expression: 

 

𝑆𝑐 = ∮ 𝑞𝑠𝑢𝑝𝑑 (∆𝑇)  (A.2) 

Introducing the time t, the area of the cycle can be expressed thanks to a change of variable 

as:  

𝑆𝑐 = ∫ 𝑞𝑠𝑢𝑝
𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0
  (A.3) 

where 𝑡𝑐  is the time duration of the cycle. We can define the following temperature differences: 

∆𝑇 = 𝑇𝑠𝑢𝑝 − 𝑇𝑠𝑎𝑡;  ∆𝑇𝑖 = 𝑇𝑖 − 𝑇𝑠𝑎𝑡  ;   ∆𝑇̃ = 𝑇̃ − 𝑇𝑠𝑎𝑡 (A.4) 

where 𝑇𝑠𝑢𝑝 𝑖𝑠 the average temperature of the wall at the top face of the boiling meter 

Using these new variable, Equation (A.1) becomes: 

𝑚𝐶𝑝

𝑆

𝑑(∆𝑇̃)

𝑑𝑡
=  −𝑞𝑠𝑢𝑝 − ℎ𝑖∆𝑇𝑖 + 𝜑𝑒   (A.5) 

By replacing 𝑞𝑠𝑢𝑝by its expression in equation (A.5), equation (A.3) becomes: 

𝑆𝑐 = ∫ − [
𝑚𝐶𝑝

𝑆

𝑑(∆𝑇̃)

𝑑𝑡
+ ℎ𝑖∆𝑇𝑖]

𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡 + ∫ 𝜑𝑒

𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0

𝑡𝑐

0
                                        (A.6) 



As the value of ∆𝑇 is the same at the beginning and at the end of the cycle and 𝜑𝑒is constant 

the last term on the right of equation (A.6) is equal to zero: ∫ 𝜑𝑒
𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0
= 𝜑𝑒[∆𝑇]0

𝑡𝑐 = 0. 

Therefore, equation (A.6) simplifies as:  

𝑆𝑐 = − ∫ [
𝑚𝐶𝑝

𝑆

𝑑(∆𝑇̃)

𝑑𝑡
+ ℎ𝑖∆𝑇𝑖]

𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0
   (A.7) 

To test the way the temperature in the boiling meter evolves during a cycle we assume a simple 

relation between the temperature differences which is to consider that a relation of 

proportionality exists between them: 

∆𝑇̃ = 𝛼∆𝑇 ;  ∆𝑇𝑖 = 𝛽∆𝑇    (A.8) 

One can consider that 𝛼 and 𝛽 reflect in average how ∆𝑇̃ and ∆𝑇𝑖 vary when ∆𝑇 varies. If 𝛼 

respectively 𝛽 is positive, it means that in average during one cycle,  ∆𝑇̃ respectively ∆𝑇𝑖 varies 

in the same way than ∆𝑇. In other word it means that if ∆𝑇 increases then ∆𝑇̃ respectively ∆𝑇𝑖 

increases also.   

Thus, Equation (A.7) becomes: 

𝑆𝑐 = − ∫
𝑚𝐶𝑝

𝑆
𝛼 [

𝑑(∆𝑇)

𝑑𝑡
]

2

𝑑𝑡
𝑡𝑐

0
− ∫ ℎ𝑖𝛽∆𝑇

𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0
    (A.9) 

 The second term of the right side of this equation is equal to zero as: 

∫ ℎ𝑖𝛽∆𝑇
𝑑(∆𝑇)

𝑑𝑡
𝑑𝑡

𝑡𝑐

0
=

ℎ𝑖𝛽

2
[∆𝑇2]0

𝑡𝑐 = 0 (A.10) 

Therefore equation (9) becomes: 

𝑆𝑐 = −𝛼
𝑚𝐶𝑝

𝑆
∫ [

𝑑(∆𝑇)

𝑑𝑡
]

2

𝑑𝑡
𝑡𝑐

0
   (A.11) 

As we can see, from equation (A.11), the area of the cycle can only be positive if: 

𝛼
𝑚𝐶𝑝

𝑆
∫ [

𝑑(∆𝑇)

𝑑𝑡
]

2

𝑑𝑡
𝑡𝑐

0
< 0  (A.12) 

As the integral is positive, 𝛼 needs to be negative. Which means that in this case ∆𝑇 and ∆𝑇̃ vary 

in an opposite way.  

 

 


