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INTRODUCTION 

Boiling of pure fluids and mixtures is a fundamental 
thermal process in many applications. In spite of numerous 
experimental and theoretical investigations in more than four 
decades, our basic understanding of the complex transport 
phenomena is still not sufficient to build a comprehensive 
theory and to predict accurately nucleate boiling heat transfer 
without process- or fluid-specific fitting parameters. One 
reason for this is that different transport phenomena on very 
different length scales from the nanometer-scale to the 
millimeter-scale strongly interact with each other in a strongly 
transient process with very small characteristic time scales. 
The experimental and theoretical methods that were 
developed and applied in the past were only partly able to 
resolve the small-scale phenomena. Today this situation has 
changed: the tremendous developments in high resolution 
measurements techniques, numerical methods and computer 
power in the last couple of years allow a remarkably progress.  

Numerical models to compute the heat and mass transfer 
around a single vapor bubble were presented e.g. by Stephan 
and co-workers [2, 3], Dhir [4], and Fujita and Bai [5]. These 
studies basically agree upon the significant contribution of the 
tiny near contact line region to the overall heat transfer. 
Wayner and co-workers [1] laid the fundamentals to describe 

the heat and mass transfer in this thin film area applying the 
disjoining pressure concept. The integration of this concept 
into a dynamic vapor bubble growth model enforces a 
challenging multiscale modeling approach making specific 
assumptions and simplifications. Stephan and Hammer [2] 
developed first a quasi-stationary numerical approach to solve 
the mass, momentum and energy equations in the boundary 
layer and the wall underneath a single bubble for the bubble 
growth period. An iterative procedure allowed to couple the 
small contactline-scale with the much larger scale of a single 
bubble system. Dhir [4] presented transient numerical 
calculations for the entire bubble cycle period assuming an 
isothermal heater wall and using a fixed apparent contact 
angle approach to capture the details of the heat transfer in 
this area. Fujita and Bai [5] presented a transient model for 
bubble growth and departure assuming a constant wall 
temperature and a constant contact angle. Dhir et al. [6] 
applied a level-set method to track the liquid-vapor interface 
and thereby the growing, detaching, and rising bubbles 
including their deformation. They also succeded to simulate 
bubble mergers. In both cases the contact line phenomena 
were parameterized by a given dynamic contact angle 
function. Kern and Stephan [3] extended their previous model 
[2] to the treatment of binary mixtures, and Fuchs et al. [7] 
extended it a fully transient model describing the entire 
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ABSTRACT 
 
Recent experimental and numerical investigations of the nucleate boiling heat transfer process at a single active 
nucleation site are presented and used for an evaluation of the local heat fluxes during the entire life time of a 
vapor bubble from its nucleation to the rise through the thermal boundary layer. In a special boiling cell, vapor 
bubbles are generated at a single nucleation site on a 20 μm thin stainless steel heating foil. An infrared camera 
captures the temperature distribution at the wall with high temporal and spatial resolution. The bubble shape is 
recorded with a high-speed camera. Measurements were conducted with the pure fluids FC-84 and FC-3284 and 
with its binary mixtures. For pure fluids, up to 50-60% of the latent heat flows through the three-phase-contact 
line region. For mixtures, this ratio is clearly reduced. These observations are in agreement with the numerical 
model of the author’s group. The fully transient model contains a multiscale approach ranging from the nanometer 
to the millimeter scale for the detailed description of the relevant local and global phenomena. It describes the 
transient heat and fluid flow during the entire periodic cycle of a growing, detaching and rising bubble including 
the waiting time between two successive bubbles from a single nucleation site. The detailed analysis of the 
computed transient temperature profiles in wall and fluid give accurate information about the heat supply, 
temporal energy storage and local evaporation rates.  

 



 
bubble cycle. In these studies the near contact line heat and 
mass transfer was explicitly computed within the multi-scale 
model, and no empirical constants or functions are used.  

For validation of theoretical or numerical predictions, local 
temperature observations at the heater surface have been 
carried out by several groups. Kenning and co-workers [12, 
13, 14] used thermocromic liquid crystals (TLCs) to obtain a 
high spatial temperature resolution at the rear side of a thin 
metallic foil heater. When bubbles grow in the liquid, on top 
of the foil, a spreading cold spot could be visualized by the 
TLCs. While the TLCs provide lateral resolution in the range 
of some microns, the temperature signal is always alleviated 
due to the thermal inertia of the TLC substance itself. Thus, 
local effects of contact line evaporation were blurred and the 
observation was hindered. Shoji et al. [15] used silicon plates 
of 200 μm thickness with artificial nucleation sites. These 
micro-bores had different shapes and varying diameter (5-100 
μm) and cavity depths (20-80 μm). The plate was heated by a 
Nd-YAG laser and the heater back side was recorded with an 
IR camera. The lateral and temporal resolution was not 
sufficient to observe local effects. The bubble rate at the 
artificial nucleation sites shows irregularities and fluctuations 
to some extent. The problems of high bubble frequencies, and 
thus strong signal attenuation, have been avoided in some 
experiments at the author’s institute. Hoehmann [16] 
observed a steady state evaporating liquid meniscus at a very 
thin heating foil. He used unencapsulated TLCs applied on 
the back side of the foil to visualize an obvious temperature 
drop near the three-phase contact line, caused by strong 
evaporation. The lateral resolution of his measurement 
technique was 0.8 microns, and the temperature drop 
occurred in a region of about 40 microns. In Wagner et al. 
[17] the contact line evaporation of a steady state vapour 
bubble was observed during a parabolic flight experiment. In 
this study the temperature field measurement was also 
performed using unencapsulated TLCs at the back side of a 
thin foil heater. In microgravity conditions the bubble did not 
detach and the temperature profile could develop at the 10 
micron thick heating foil. Close to the contact line, a 
temperature drop occurred with about 5 K amplitude. In the 
centre of the bubble, the temperature increased continuously 
due to reduced heat transfer under the vapour region. These 
results agree qualitatively well with the theory of Wayner. 
Current research is focused on the quantitative validation of 
numerical results. In Golobic et al. [18] entire bubble cycles 
of water at atmospheric pressure were observed on top of a 6 
µm titanium foil heater. The back side was observed using an 
IR high-speed camera with a 40 μm/pixel lateral resolution 
and a 1000 Hz frame rate. The temperature images have been 
used to compute the heat flux from the heater into the bubble 
applying an energy balance for every pixel element. Golobic 
showed high local heat fluxes close to the contact line during 
the first milliseconds of bubble growth. When the bubbles 
have reached their maximum foot diameter the local heat flux 
decreases significantly. In the centre of the bubbles, a certain 
heat flux was visible in all cases due to non-clarified reasons. 
Unfortunately, the authors did not discuss the measurement 
uncertainties, since the accuracy of these calculations is very 
sensitive to the measurement error of the electric heat input. 
Similar experiments were also conducted at the authors’ 
institute [19, 20]. An IR camera was recording the back side 
of a 50 μm thick heating foil with a frame rate of 1000 Hz and 
14.5 μm/pixel lateral resolution. In these experiments the 
local heat flux at the contact line was clearly visible as a ring 
shaped region with very high heat fluxes. The heat flux in the 
centre of the bubble was almost equal to zero at all times. 

Additionally, in [20] the entire bubble cycle was analysed 
using the shadow method for the bubble volume 
identification. The heat flux through the micro-region was 
then compared with the total latent heat of the bubble: about 
30 percent of the latent heat is flowing through this tiny 
contact region. This fits quite well the calculations of Fuchs 
and Stephan [21]. 

The experimental and numerical results presented here are 
based on recent investigations of the authors. Only excerpts 
of the methods are given as they were published in more 
detail e.g. in [22] and [23]. The results of the studies are 
discussed with a specific emphasis on understanding the local 
and time dependent heat flow distribution in the heating wall 
and in the two-phase thermal boundary layer.  

 
 

NUMERICAL INVESTIGATIONS 

Numerical method 

The domain of interest consists of a single vapor bubble, 
surrounding liquid, and a part of the heated wall (figure 1), 
thus neglecting interactions of neighbouring bubbles at this 
stage of the work, which is technically only reasonable for 
low and intermediate heat fluxes. With the additional 
information on the active bubble site density, e.g. from [8-
11], the numerical results can be extrapolated to pool boiling 
systems with multiple active nucleation sites. Cylindrical co-
ordinates (ξ ,η ) are used, and the thickness lδ  of the liquid 
layer is chosen to be greater than the thickness of the thermal 
boundary layer which is calculated by the model. Boundary 
conditions are a constant outer wall temperature outT , or 
alternatively a constant outside wall heat flux outq& , and the 
saturation temperature satT  of the fluid corresponding to its 
bulk pressure. The model describes heat and mass transfer in 
this subsystem for the time period when the bubble grows 
from an infinitesimal size to the departure radius, detaches, 
rises, and passes the upper boundary of the subsystem. The 
remaining vapor embryo at the wall after detachment forms 
the next bubble when the liquid superheat is sufficiently high 
to initiate the growing process. This leads to a periodic cycle 
of bubble growth, detachment, and rise. A result of the 
computation for the constant outer wall temperature boundary 
condition, outT , is the local heat flux at the outer surface of 
the wall ( )tqout ,ξ& . Averaging this heat flux ( )tqout ,ξ&  with 
respect to the surface area 2

subrπ  of the subsystem and the 
time period of the bubble cycle cyclet  yields the mean heat flux 

mq&  and the mean heat transfer coefficient  
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For the constant outer heat flux boundary condition, outq& , 

the outer temperature profile ),( tTout ξ  is the result of the 
computations. Averaging this temperature analog to the above 
approach yields the mean temperature mT  and the mean heat 
transfer coefficient 

 

satm

out
m TT

q
−

=
&

α . (2) 



 
To calculate the heat flux ( )tqout ,ξ&  or the temperature 

),( tTout ξ  the computational domain is divided into two 
regions (Figure 1): 

 the tiny thin film area near the contact line, also 
called „micro region“, 

 and the wall and fluid boundary layer adjacent to this 
area, also called „macro region“. 

The governing equations and their treatment in each of these 
two regions are presented in detail in [21] and [23].  

In figure 2 several interfaces are defined, that separate 

different areas of specific interest, which will be also used 
later for the discussion of the computational results: 

 interface 1: outer surface of the heater wall 
 interface 2: surface between wall and bulk liquid 
 interface 3: surface between wall and liquid in the 

micro region 
 interface 4: surface between wall and adsorbed 

liquid film 
 interface 5: surface between bulk liquid and vapor 

during bubble growth and detachment 
 interface 6: surface between bulk liquid and vapor 

during bubble rise 
 interface 7: upper surface of the liquid bulk 
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Fig. 2:  Definition of interfaces 
 

The numerical treatment is based on an Arbitrary Lagrangian-
Eulerian (ALE) kinematic description in combination with a 
Finite-Element method. The numerical accuracy was 

estimated by a variation of mesh size and time-step size. To 
proof the overall heat balance, a spatial and temporal 
integration of the heat flux for one bubble cycle was 
performed. We thereby estimate the numerical accuracy of the 
calculated heat transfer coefficients to 2-3%. 

Numerical results 

As a representative example of several computational results 
nucleate boiling heat and mass transfer of a propane/n-butane 
mixture on a copper wall is presented here. Two different 
modes of heat input are discussed, namely the constant heat 
flux outq&  or constant temperature outT  boundary condition. In 
figure 3 the heat fluxes through different interfaces are shown 
at different periods of the bubble cycle, i.e. during the growth, 
detachment and rise of the bubble.  
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Fig. 3:  Time dependent heat flow through interfaces 1, 3 

and 5 as well as heat storage in the wall for a constant outer 
wall temperature (propane/n-butane, 2.0p =∗ , 

K7.8TT satout =− , 245.01, =LX , ms8.13tcycle = ) 
 
The calculated heat flow through interfaces 1, 3 and 5 is 
plotted versus the dimensionless cycle time. The heat flow 
through interface 3, i.e. from the wall through the micro 
region, increases during bubble growth, decreases during 
bubble departure and is equal to zero during bubble rise. 
Increase and decrease of heat flow through the micro region 
is roughly proportional to the variation of the circular 
interface area between micro region and wall, or in other 
words to the length of the apparent 3-phase contact line. The 
heat flow to the bubble (interface 3 + 5) also increases during 
bubble growth and departure due to the heat from the micro 
region but also due to an increase of the bubble surface. 
During bubble rise this heat flow decreases because the 
bubble moves out of the superheated thermal boundary layer. 
Additionally, the heat flow through interface 1 (outer surface 
of the heater wall) and the time dependent variation of the 
heat storage in the wall, i.e. the difference between in- and 
out-flowing heat, is shown in figure 3. The wall heat storage 
is negative and decreases in the growing period, thus more 
heat is rejected from the wall by evaporation than supplied to 
the wall from outside in this period. The reason for this 
behavior is the increasing and very high heat transfer through 
micro region and bubble cap (figure 3, interfaces 3 + 5) 
during this period. When the bubble starts to detach the 
apparent contact line length and thus the micro region heat 
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Fig. 1 Subsystem and computational domains [3] 



 
transfer decreases, which reduces the heat storage in the wall. 
After detachment in the rise phase and waiting time the micro 
region (interface 3) does not exist any more and therefore 
does not contribute to evaporation. The evaporation rate at the 
rising bubble (interface 5) also drops dramatically because the 
bubble moves towards the colder regions of the liquid thermal 
boundary layer. As a result the wall heat storage becomes 
positive, which means more heat is supplied to the wall from 
outside than rejected by the single-phase convective heat 
transfer from the upper surface to the liquid. In spite of this 
significant variation of heat stored inside the wall, the thermal 
inertia of the wall is small enough, such that the heat flow at 
the outside wall (interface 1) follows the evaporation rate 
above the wall (interface 3 + 5) quite fast and with reduced 
amplitude, of course. The time delay is approximately 10% of 
the bubble cycle time. The overall behavior shows that heat 
transfer in the wall is essential for a correct modeling of 
nucleate boiling due to a strong variation of heat transfer at 
the heater surface. In addition heat flow in the micro region 
strongly depends on the micro region wall temperature and 
this temperature can not be obtained without considering the 
wall heat transfer. 

Figure 4 shows the results for the same configuration 
except a different boundary condition at the outer surface of 
the heater wall, namely constant heat flux outq&  instead 
constant temperature outT . In this case a constant heat flux 
density of 18.6 kW/m2 which corresponds to the mean heat 
flux density of the previous simulations with constant 
temperature was chosen. Comparing these two simulations 
leads to the perception that the change of this boundary 
condition has nearly no influence on the internal heat fluxes. 
The boundary condition at interface 1 only influences the 
behavior of the wall heat storage. The heat transferred to the 
micro region (interface 3) remains nearly unchanged 
compared to the situation in figure 3 and the overall heat 
transferred to the bubble (interface 3 + 5) differs only slightly. 
Only the wall heat storage is qualitatively different due to the 
influence of the boundary condition in the outer wall region 
itself and the differences in the temperature oscillations in the 
liquid thermal boundary layer.  
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Fig. 4:  Time dependent heat flow through interfaces 1, 3 and 
5 as well as heat storage in the wall for a constant outer wall 
temperature (propane/n-butane, 2.0=rp , K8.7=− satout TT , 

245.01, =LX , ms 13.8=cyclet ) 
 
In figure 5 the temperature evolution in time at a fixed 

location on the top surface of the heater (interface between 

wall and liquid) at a radial distance μm 15=ξ  from the axis 
of symmetry is shown. Two wall materials, copper and 
stainless steel, were chosen to compare the influence of the 
thermal inertia and conductivity of the solid wall. The dashed 
line shows the temperature evolution ),μm 15( tTW =ξ  of a 
steel heater in this point. When the bubble starts to grow the 
micro region (area adjacently to the 3-phase-contact line) 
moves along the heater in radial direction and leads due to a 
very high local heat flux density to strong local evaporative 
cooling of the heater. The temperature WT  at μm 15=ξ  is 
decreasing when the micro region approaches, and reaches a 
first minimum (at point A in figure 5) when it passes this 
location traveling with the growing bubble in positive ξ -
direction. Then, when the wall at μm 15=ξ  is covered with 
the adsorbed film and vapor, the temperature is rising due to 
the high thermal conductivity of the wall and the insulating 
effect of the vapor bubble. When the bubble starts to detach, 
the apparent contact line area or micro region moves in the 
opposite direction (negative ξ -direction) and passes the 
location at μm 15=ξ  a second time, expressed by the second 
minimum of temperature (point B in figure 5). Due to the fact 
that the wall temperature is lower compared to that, ahead of 
the first minimum, at this time the temperature drop is more 
pronounced. A second reason for the different absolute values 
of the two minima is a difference in the advancing and 
receding contact line velocity, depending on the special 
boiling situation. After the detachment of the bubble the wall 
starts to heat up again until the initial conditions are re-
established. 
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Fig. 5: Comparison of time dependent wall temperatures at a 
fixed location at μm 15=ξ  for a copper and steel heater 
during a whole bubble cycle (propane/n-butane, 2.0=rp , 

2kW/m 20=outq& , 245.01, =LX , ms 13.8=cyclet ) 
 
The second curve in figure 5, the solid line, shows the 

temperature evolution at the same location for a copper 
heater. Due to the 25 times higher thermal conductivity 
compared to the steel wall, the temperature drops at the two 
minimums A and B are much smaller. During the growing 
and detaching period the temperature of the copper heater is 
higher in this location than the temperature of the steel heater 
resulting in a higher evaporation rate. After the detachment 
during the bubble rise period this behaviour reverses.  

Comparing a high conductive with a low conductive wall 
material, one can see that with the low conductive material 
less heat is transferred during the first period of the cycle 
(influence of the micro region) and more at the second period 



 
(single-phase heat transfer to the liquid). The temporal 
displacement of the two minimums results from a higher 
growth rate of the bubble in case of copper, so that the first 
peek appears at a prior time and the second one at a later time 
(increased detachment radius). 
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Fig. 6:  Comparison of wall temperatures in radial 

direction at a fixed time 29.0/ =cyclett  for a copper and steel 
heater (propane/n-butane, 2.0=rp , 2kW/m 20=outq& , 

245.01, =LX , ms 13.8=cyclet ) 
 
In figure 6 the temperature profile at the top surface of the 

heater wall in radial direction )t,(TW ξ  at a fixed cycle time 
29.0t/t cycle =  for the same configuration as presented above 

is shown. Comparing the temperature profiles at the copper 
(solid line) and steel wall (dashed line) evinces, that in case of 
copper a higher amount of heat is transferred through the 
micro region and the adjacent liquid, whereas the heat transfer 
in the outer regimes of the bubble cell is lower. Summarizing 
these observations, one can see that increasing the heat 
conductivity of the heater displaces the transferred heat to the 
micro region and adjacent liquid and reduces as consequence 
the heat transferred by convection and diffusion through the 
surrounding liquid to the bubble. 
 
 
EXPERIMENTAL INVESTIGATIONS 

Experimental method 

In figure 7, a sketch of the boiling cell is shown. It is made 
of brass and has a rectangular cross section. The heater is 
mounted in the bottom plate of the cell. The heating foil is 
fixed on top of the heater structure and contacted with two 
electrodes. The heater has a separate cooling system to avoid 
nucleate boiling at unwanted hot-spots, especially at the 
electrodes. The vapour bubbles are generated in the centre of 
the heating foil. The temperature of the foil is recorded from 
the back side with an IR sensor for global measurements and 
with a high-speed IR camera in the case of high-resolution 
local measurement, respectively. The bubble shape is 
optically accessible through windows in the side walls. Two 
thermocouples and one PT100 provide information about the 
temperature in the boiling cell. An additional thermocouple is 
used to control the heater block temperature. The condenser 
and the fluid reservoir for volume compensation and pressure 
adjustment are placed in a separate chamber and not shown in 

figure 7. More details about the experimental setup are given 
in [19], [20] and [22]. 

 

 
Fig. 7: Design of the boiling cell with an electric foil 

heater 
 
A degassing procedure, which is recommended in [24] for 

Heat Pipe fluids, was applied to remove non-condensable 
gases from the fluid. For the local temperature measurements, 
the back side of the heating foil is captured by an IR camera 
providing high resolution temperature fields. From this, the 
local heat flux distribution from the heater into the fluid fluidq&  
is calculated applying a local energy balance for each pixel in 
the field of view of the IR picture.  

 
Fig. 8: Energy balance of one single pixel element. 
 
For this purpose the heating foil is divided into the pixel 

elements HFdV  of the IR images as show in figure 8. For each 
pixel, Fourier’s Equation is applied: 
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Thus, the lateral heat conduction condq&  is taken into 

account. For the calculation it was assumed that the back side 
of the heating foil is adiabatic and that the temperature is 
homogeneous within the volume of the pixel elements HFdV . 
For the determination of the (global) heat transfer coefficient 
α , the heat flux and the temperature of the heating foil, as 
well as the saturation temperature, must be known. 
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The error of this indirect measurement was estimated as 
follows. A maximum relative error of ±9.4% for the heat flux, 
0.1K for the Pt100 sensors, 0.5 K for the IR camera with an 
in-situ calibration for every pixel element. 

 



 
Experimental results of global measurements 

 
 

Fig. 9: Heat transfer coefficients (HTC) for FC-84, 
measurements and calculations 

 
In figure 9 the heat transfer coefficient α  (HTC) is plotted 

versus the heat flux for the fluid FC-84 for 500 and 950 mbar 
system pressures. Additionally results from Cooper’s 
correlation [25]: 

 
( )( ) 67.05.055.0ln4343,055 qMpp r

b
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and measurements from the VDI-Wärmeatlas [26] are shown. 
The error bars display the absolute measurement error. The 
standard deviation of the HTC is about 1% calculated from 
several runs at the same system parameters. Altogether it can 
be concluded that the measured data are in an acceptable 
range compared with correlations and other measurements.  

 
 

Fig. 10: Boiling curves for pure FC-84, pure FC-3284 and 
binary mixtures of FC-84 and FC-3284 ( 1,LX =0.25, 0.5, 
0.75), all at 500mbar system pressure. 

 
In figure 10 boiling curves are plotted for all examined 

fluids at 500 mbar system pressure. The subcooling of the 
fluid is about 1.5-2 K in each experiment, and the curves were 
recorded with successive decreasing heat flux. It is obvious 
that the runs with binary mixtures show generally a higher 
wall superheat. The 0.5 molar mixture shows the highest wall 
superheat, while the 0.25 and 0.75 molar mixture work with 
medium superheat. The curves of the pure fluids, FC-84 and 
FC-3284, show the lowest wall superheat and are close 
together at one point. It is remarkable that all curves show an 
anomaly at the change-over between nucleate boiling and 
natural convection which was only observed at low system 

pressures. A possible explanation could be the following: 
With decreasing heat flux, the wall superheat increases again 
when the majority of the nucleation sites extinguishes. It 
seems that a minimum heat flux is required for the nucleation 
site activity. In this special case, the effect might be caused by 
the small thickness of the heating foil. The heat must be 
supplied locally with relatively high rates, because the heat 
transfer from adjacent regions is not possible.  

 
Experimental results of local measurements 

Local measurement results are presented in figure 11. The 
picture on the left shows the instantaneous bubble contour. It 
is followed by the 2D temperature profile at the wall and the 
1D temperature plot along a line through the bubble center. 
On the right hand side the 2D heat flux distribution at the wall 
is shown. The presented rows of pictures and graphs have a 
time delay of 2 ms from one row to the next one.  

 

 

 

 

 

 

 

 
Fig. 11: Bubble shape, IR temperature field, 1D temperature 
profile, and heat flux distribution (FC-3284 at 500 mbar with 
a mean input heat flux 12900 W/m2) 
 

Figure 11 gives a good impression of the observations. 
Very high local and temporal heat fluxes are displayed near 
the bubble foot close to the contact line. This was predicted 
also by the numerical simulations described above. During 
the first milliseconds the bubble grows very fast, and very 
high heat flux rates (up to 250 kW/m2) occur. The heat flux to 
the bulk liquid roughly corresponds to the electrical heat flux 



 
since lateral heat conduction in the foil is limited and the 
temperature fluctuates only slightly with time. Here, the heat 
is removed from the foil only by natural and bubble motion 
induced convection. The heating foil underneath the adsorbed 
film is insulated by the vapour region. The heat flux to the 
fluid is nearly negligible. The temperature of the foil quickly 
increases because more heat is generated by electrical current 
than transferred to the fluid. The thin liquid film in the 
vicinity of the three-phase contact line leads to a very low 
thermal resistance between wall and liquid-vapour interface. 
The resulting high heat fluxes form the characteristic ring 
shaped heat flux imprint.  

 

 
Fig. 12: Bubble volume (Vbub,meas), polynomial fitted bubble 
volume (Vbub,poly), latent heat flux ( bubQ& ), micro-region heat 
flux (

micQ& ) and ratio of micro region heat flux ( bubmic QQ && / ) 
during bubble growth (top figure: FC-84 at 12000 W/m², 
bottom figure: 50% mixture FC-84/FC-3284 at 12900 W/m²) 

 
In figure 12, single bubble cycles are displayed for FC-84 

(top), and a 0.5-molar mixture of FC-84/FC-3284 (bottom). 
The development of a bubble growing on the heating foil can 
be divided into three periods. During the first milliseconds 
very fast bubble growth is observable. The highest heat flux 
rates and the steepest increase of the bubble volume occur in 
this moment. For pure FC-84 about 30% of the total 
evaporation heat passes through the micro-region during this 
first event of bubble growth; for the FC-84 / FC-3284 the 
ratio was less than 20%. In the second period, the bubble foot 
diameter reached its maximum extension and the constriction 
began. The dynamic contact angle changed from ”receding” 
(expansion) to ”advancing” (contraction). Here, a minimum 
in the micro-region heat flux occurred, and the curve of the 
bubble volume turned into a more flat slope. It was observed 
that the velocity of the contact line movement has an 
influence on the micro-region heat flux. Thus during very low 
contact line velocity the lowest micro-region heat flux occurs. 

The last period was characterized through the bubble 
detachment with advancing contact angle. The micro-region 
heat flux had a second maximum, while the over all heat flux 
decreased continuously. Thus, the ratio of the micro-region 
heat flux reached high values between 40 and 60% for the 
observed pure fluids. For the mixture in this experiment, the 
micro-region ratio was obviously reduced and reached not 
more than 35%. This can be explained by the fast and 
preferential evaporation of FC-3284 close to the contact-line. 
This shifts the mole fraction of the liquid mixture in the 
vicinity of the contact line to a higher concentration of FC-84. 
Hence, the local saturation temperature increased and with it 
also the local heat resistance. More heat had to flow through 
other regions, and the ratio of the micro-region heat flux was 
obviously reduced. The reduction of the micro-region heat 
flux agreed well with the numerical results. 
 
 
CONCLUSIONS  

Numerical and experimental investigations were presented 
which provide information on the local and temporal heat 
flow near a growing, detaching and rising vapor bubble. It 
was shown that during the bubble growth and detachment 
period more heat is consumed by evaporation than it is 
supplied to the overall system from outside. Thus, the wall 
and the liquid thermal boundary layer cool down, especially 
near the moving apparent 3-phase contact line. During the 
subsequent bubble rise period and waiting time, the 
evaporative heat flow decreases and more heat is supplied to 
the overall system than consumed by evaporation, thus the 
wall and liquid thermal boundary layer heat up again. This 
general transient behavior is significant independently from 
the type of heat supply at the outside of the heater wall, 
namely the constant outer wall temperature boundary 
condition or the constant outer wall heat flux boundary 
condition.  

The findings lead to the attempt in figure 13 to visualize 
the various heat paths and transport mechanisms from the 
heat source (outer wall surface) to the heat sink (bulk fluid). 
The authors want to emphasize that the transient effects in the 
wall directly underneath the nucleation site are of utmost 
importance, as well as the near contact line evaporation. Of 
course, the share of each individual heat transport mechanism 
depends on the heat flux, fluid, wall material etc. But the 
theoretical study indicates that none of these transport 
mechanisms is negligible under any circumstances for an 
accurate heat transport prediction.  
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Fig. 13: Various heat paths and transport mechanisms from 

the heat source to the fluid bulk 



 
NOMENCLATURE 
 

c  specific heat capacity (J/(kgK)) 
foilc  specific heat capacity of the heating foil material 

((J/(kgK)) 
p  pressure (N/m²) 

rp  reduced pressure ( cpp ) (-) 

cp  critical pressure (N/m²) 

Q&  heat flow (W) 

micQ&  heat flow at the micro region(W) 

bubQ&  heat flow to the bubble (W) 
q&  heat flux (W/m²) 

mq&  time- and area-averaged heat flux (W/m²) 

elq&  electrical heat flux (W/m²) 

condq&  conductive heat flux (W/m²) 

fluidq&   heat flux from the wall to the fluid (W/m²) 

elq&  electrical heat flux (W/m²) 
T  temperature (K) 

outT  temperature at the outer surface of the wall (K) 

satT  saturation temperature (K) 

mT  mean temperature (K) 

wT  temperature at the heated wall (K) 
λ  thermal conductivity (W/(mK)) 

foilλ  thermal conductivity of the heating foil material 
(W/(mK)) 

ξ  radial co-ordinate parallel to the wall (m) 
η  co-ordinate normal to the wall (m) 

yx,  co-ordinates on the heating foil (m) 
ρ  density (kg/m³) 

foilρ  density of the heating foil material (kg/m³) 
t  time (s) 

cyclet  time period of one bubble cycle (s) 

1,LX  liquid mole fraction of the more volatile 
component (-) 

α  heat transfer coefficient (W/(m²K)) 

mα  time- and area-averaged heat transfer coefficient 
 (W/(m²K)) 

foilδ  thickness of the heating foil (m) 

lδ  thickness of liquid boundary layer (m) 

wδ  wall thickness (m) 

subr  radius of the single bubble subsystem (m) 

measbubV ,  measured bubble volume (m³) 

polybubV ,  fitted bubble volume (m³) 

HFdV  volume element of the heating foil (m³) 
b  coefficient of Cooper (-) 
M  molear mass (kg/mole) 

71−  interface numbers  
 
 
 
 
 
   radial d
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