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Abstract--Time-dependent aspects of nucleate boiling on a thin plate in well-wetted conditions have been 
studied for water at saturation, atmospheric pressure, and low heat flux by using simultaneous recordings 
of ebullition activity and wall temperature measured with a thermochromic liquid crystal. Existing heat 
transfer descriptions are not adequate in this case. Accounting for wall temperature variations leads to a 
new determination of the ebullition frequency and to a comprehensive but still non-predictive model of 
boiling heat transfer with two characteristic wall superheats, combining heat supply and activity of the 

nucleation site. 

1. INTRODUCTION 

Modelling heat transfer during nucleate boiling in 
the regime of isolated bubbles can be achieved by 
partitioning the surface into areas influenced and not 
influenced by nucleation sites, and where two different 
types of heat transfer take place. Such models are 
comprehensive in that they predict the total heat trans- 
fer from the contributions of different mechanisms 
which can enhance transfer compared to the single 
phase natural convection case. In this model, total 
heat flux is given by the addition of two terms [1] : 

Q = ( 1 - A ) Q c + A Q B  (1) 

where Qc is the heat flux due to the natural convection 
in the presence of  surrounding bubbles and applies to 
the area not influenced by a nucleation site, and QB is 
the boiling heat transfer corresponding, in the simplest 
model, to the contributions of the latent heat transport 
and the quenching effect after bubble departure [2] : 

4 3 n x ~.~fa, QB = ~nRt,pvhfgf ~ +2kL ATw (2) 

where Ro a n d f m u s t  be considered as average values. 
Four parameters of the nucleation site activity 

appear to play an important role : the nucleation site 
density n, the radius of bubbles at departure Ro, the 
frequency of bubb)ie emission f, and the area of influ- 
ence of  a site n/A. Thus, the use of equations (1) and 
(2) for the prediction of the heat transfer requires the 
knowledge of how these parameters vary with boiling 
conditions. A very large number of experimental and 
theoretical data have been produced, resulting in new 
levels of modelling showing the complexity of nucleate 
boiling phenomenon. 

function of the minimum cavity radius. This last quan- 
tity can be linked to the wall temperature through a 
thermodynamic nucleation criterion (complete review 
in ref. [4]). The resulting relations required empirical 
constants for each heating wall-fluid combination. 
Yang and Kim [5] produced a prediction of active site 
density in which the only input was the average cavity 
density measurable by a scanning electron microscope 
and a differential interference contrast microscope. As 
they pointed out, the heater roughness does not seem 
to be a relevant parameter in boiling. Wang and Dhir 
[6] gave experimental evidence showing that the active 
site density is very sensitive to the value of the contact 
angle. 

1.2. Volume of  bubble at departure 
Numerous formula have been proposed to predict 

bubble size at departure. Models refer to a force bal- 
ance at the end of the growth stage. Neglecting viscous 
drag and bubble inertia forces, departure occurs when 
the buoyancy force becomes larger than the contact 
and liquid inertia forces. It is likely that this event 
depends on the growth rate through the role of the 
inertia forces. The influence of growth rate on bubble 
departure typically appears indirectly through a com- 
mon parameter, the Jakob number, Ja [7]. For  a given 
fluid and pressure, and at saturation, this number is 
proportional to the wall superheat. Thus, in pre- 
dictions including Ja, rate of bubble growth and size 
at departure depend directly on ATw. Zeng et al. [8] 
introduced the bubble growth rate as the unique input 
in their model to predict Rt~ (apart from the external 
constraints such as pressure, gravity or Jakob 
number). 

1.1. Active nucleation site density 
Brown [3] established a widely used correlation giv- 

ing the number of active nucleation sites as a power 

1.3. Frequency of  bubble emission 
Study of bubble emission frequency has led to 

descriptions of complex behaviour during boiling. 
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NOMENCLATURE 

A ratio of boiling area to total area 
a thermal diffusivity [m 2 s- ' ]  
c thermal capacity [J kg-1 K - ' ]  
dw, dLc, dF wall, liquid crystal and polyester 

film thicknesses [m] 
f ebullition frequency [s 1] 
h convective heat transfer coefficient 

[Wm 2K i] 

hfg latent heat of evaporation [J kg-1] 
Ja Jakob number 
k thermal conductivity [W m l K 1] 
K ratio of area of influence to bubble 

projected area 
n active nucleation site density [m -2] 
Nu Nusselt number 
Q heat flux [W m 2] 
QB boiling heat flux [W m z] 
Qc convective heat flux [W m -2] 
r radius [m] 
RD bubble radius at departure [m] 
Ra Rayleigh number 
t time Is] 
tg bubble growth time [s] 
tw waiting time [s] 
T temperature [K] 
T~ activation temperature [K] 
T¢ cessation temperature [K] 
Tm cavity mouth equilibrium temperature 

[K] 
Tw, ATw average temperature and 

superheat in the region surrounding a 
nucleation site [K] 

Two, ATw0 average temperature and 
superheat of the cooled area at 
bubble departure [K] 

AT superheat [K] 
x axial co-ordinate [m] 
X, X0 non-dimensional axial co-ordinate. 

Greek symbols 
non-dimensional coefficient [equations 
(A1) (A4)] 

fl root of transcendental equations 
liquid thermal layer thickness 
[m] 

0 contact angle [rad] 
® non-dimensional temperature 

non-dimensional coefficient [equations 
(A1)-(A4)] 

2 non-dimensional coefficient [equations 
(A1)-(A4)] 

p density [kg m -3] 
non-dimensional time 

~b heat flow at an active site [W]. 

Subscripts 
L liquid 
LC liquid crystal 
V vapour 
W wall 
0o bulk. 

Hsu and Graham [9] proposed a model in which the 
waiting time between departure and next bubble 
growth is given by the transient heat conduction in 
the liquid thermal layer after departure. The role of 
cavity geometry and of meniscus motion was con- 
sidered by several authors, some also accounting for 
heat conduction in the wall [4, 10]. Calka and Judd 
[11] and Sgheiza and Myers [12] gave experimental 
evidence for irregular activity at some sites. Eddington 
and Kenning [13] and Judd [14] concluded that vapour 
seeding possibly occurs when the base of a growing 
bubble from one site dried out above adjacent sites. 
Kenning [15] introduced a Ta/CNTc model, where Td 
and Te are temperatures of activation and cessation 
of nucleation of an active site, and ~b is heat removal 
at this site whilst active. If  4) exceeded the heat supply, 
the temperature of the site could vary around T~ and 
T~ which would result in irregular activity on a site. 
The possibility of more than two characteristic tem- 
peratures of a site was considered in [16]. In a similar 
approach, Pasamehmetoglu and Nelson [17] 
developed a numerical model for thermal interference 
between sites using a finite volume method to solve 

the three-dimensional heat conduction equation in the 
wall with boundary conditions on the fluid side 
derived from existing nucleate boiling formula. When 
the authors chose a random distribution of sites on 
the heating surface, they deduced that the activity 
of nucleation sites became chaotic and waiting time 
variations could reach 55%. Deligiannis and Cleaver 
[18] studied the interaction between sites by the action 
of a wave due to bubble growth on the activation of 
surrounding sites. 

1.4. Area o f  influence o f  a nucleation site 
Han and Griffith [19] suggested that the area of 

influence of an active site may be considered equal to 
the projected area of the liquid region perturbed by 
the rising bubble. This leads to an area of diameter 
twice the diameter of the sphere : 

A 
K -  - -  - 4. (3) 

nnR 2 

This result has been widely used and substantially 
modified to fit experimental data (for example K = 1.8 
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in ref. [2]). Del Valle and Kenning [20] took into 
account the possible overlap between areas of influ- 
ence to correct the contribution of the quenching 
effect. 

It appears that in the case where the boiling process 
is well defined by the averaged values of Q, ATw, n, 
Ro, f and K, one can effectively find from equation 
(2) and the relations among these quantities a com- 
prehensive prediction of how ATw varies with Q. 
However, the above variables may be very sensitive 
to any variation of one among them. For example, as 
Kenning noted [16], the correlation of Brown [3] 
relates n to ATw by a power factor 5; that is, a 5% 
uncertainty in wall superheat generates variations of 
25 % in active site density. This sensitivity among these 
variables shows the limitation of a stationary analysis 
as it can lead to la:rge fluctuations of boiling variables. 
In this work, some aspects of the problem of time 
dependent variations of the wall superheat are ex- 
amined for particular and somewhat extreme boiling 
conditions. 

Most of the models contain explicitly or implicitly 
the assumption that ~the wall behaves as a perfect 
thermal conductor, its temperature being constant in 
space and time at given boiling conditions. However, 
it has long been known that the wall temperature 
varies locally by periodic drops which can reach 10 K 
[21, 22]. Raad and Myers [23] confirmed the existence 
of a cold spot under a growing bubble with the use of 
a liquid crystal which display colour changes in a 
narrow range of temperature (2 K). Sgheiza and 
Myers [12] found new evidence for wall temperature 
variations with an infrared camera operating in line- 
scan mode (1000 frames s-l). 

Several models of temperature variations during 
bubble growth have been proposed. Beer et al. [24] 
solved numerically the two-dimensional unsteady heat 
conduction equation in the wall around a site during 
bubble growth with a uniform transient heat flux on 
the fluid side boundary equal to the increase of latent 
heat in the bubble. In ref. [25] a large cooling effect 
beneath the growing bubble was predicted by model- 
ling of the heat transfer during microlayer evapor- 
ation. 

Heat transfer inside the wall has also been invoked 
to explain the irregular activity of nucleation sites. 
Eddington and Kenning [13] suggested that thermal 
interference between neighbour sites might explain 
cases of deactivation when the heat supply is 
increased, and, as noted above, Kenning [15] and 
Pasamehmetoglu and Nelson [17] found similarities 
to chaotic representations of site activity. 

However, the role of the wall thermal properties 
directly implied in wall temperature variations is not 
yet fully elucidated. Although the extended exam- 
ination of heat flow rate data in saturated nucleate 
pool boiling by Cooper [26] tends to show that the 
heater material has little effect on heat transfer, some 
studies appear to suggest otherwise. For  example, 
Magrini and Nannei [27] found a dependency of heat 

transfer on the thermal properties and thickness of 
the wall. 

An important advance was achieved by Kenning 
[28] in a work based on using thermochromic liquid 
crystal with a colour play range from 104 to 132°C. 
In a study of water boiling on a thin stainless steel 
plate at atmospheric pressure and heat flux of 100 kW 
m -z, he developed temperature maps with variations 
from 4 to 30 K over distances of a few millimetres. 
Depending on the chemo-physical properties of the 
plate, the distribution of active nucleation sites could 
vary not only in density, but also in location (sites that 
should be active according to mechanistic nucleation 
criteria were not active) probably because of the sen- 
sitivity to the way sites are covered with liquid. This 
could invalidate the prediction of sites density based 
only on the surface topography and contact angle 
[4, 5]. Kenning concluded by advising prudence in 
using all existing models or measurement techniques 
of mean wall temperature that neglect spatial vari- 
ations in wall superheat which can be expected on sur- 
faces of heaters with moderate thermal conductivity. 

The experimental study presented here was per- 
formed with the apparatus of Kenning [28], and 
interpretations are based on video recordings that he 
partly produced [29]. Liquid crystals are a very con- 
venient means to investigate wall temperature vari- 
ations due to their fast time response combined with 
the representation of two-dimensional information. 
Video recordings simultaneouslly provide infor- 
mation on wall temperature distribution and boiling 
activity. Wall temperature variations at an active site 
during the waiting period and their effect on boiling 
heat transfer are analysed. 

2. EXPERIMENTAL METHODS 

The boiling apparatus was designed by Kenning 
[28, 30] and used for ref. [31]. It consists of a small 
glass-sided rectangular aluminium cell (46 x 103 x 100 
mm 3) where distilled water was boiling at atmospheric 
pressure and at saturation. The sides are insulated 
with silicon and each contains a heating cartridge, 
which allows saturated boiling at low heat flux. The 
bottom of the cell is a plate of aluminium with a hole 
(30 x 20 mm 2) under the boiling surface in order to 
have a view from below. The boiling surface (40 x 30 
mm 2) is a strip of either (i) 0.125 mm thick stainless 
steel abraded with P600 grade emery paper or (ii) 
0.075 mm thick brass with no abrasive treatment. Heat 
is supplied by electric current passing through two 
heavy copper electrodes soldered to the ends of the 
strips. Silicon rubber guaranteed the tightness of the 
whole assemblage. 

The procedure given in ref. [30] to prepare the rear 
of the boiling surface was, first, to paint it with matt 
black enamel and to bake it in order to avoid con- 
tamination of the liquid crystal from solvents. An 
unencapsulated cholesteric liquid crystal was then 
applied by brushing, and covered with an optically 
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inactive 0.023 mm thick polyester film. This film pro- 
vides protection and a more uniform liquid crystal 
thickness ;, in addition, the action of imposing a slight 
shear stress on it forces it into the planar texture 
in which it shows thermochromic properties. Layer 
thickness was estimated by measuring its weight on 
test samples; thicknesses were found to vary from 
5 to 10 #m, which is in the lower range of values 
encountered for encapsulated liquid crystals. 

The liquid crystal used in this experimental study 
was of the same sample as in refs. [28, 29], but the 
colour-active temperature range had decreased to 
102-124°C, probably due to ageing [30, 31]. 

In order to record simultaneously boiling activity 
and colour variations at the rear of the heating plate, 
the incident light from a xenon flash was divided into 
two beams: one passed through the cell and lit the 
boiling surface, while the other lit the liquid crystal at 
an angle of 7 ° from the normal (Fig. 1). The resulting 
beams were collected on a high-speed colour video 
camera Nac 200 (200 frames s-l),  so that the upper 
half of the images exhibited the bubbling activity on 
the heating plate, while the lower half recorded the 
variations of colour of the liquid crystal. The res- 
olution of the video camera allowed a spatial res- 
olution on the images of 0.1 mm pixel 1. 

Calibration was done in situ with a hot air jet 
impinging on an aluminium plate put on the stainless 
steel plate. The temperature was measured with a 
thermocouple located at the base of the aluminium 
plate. The advantage of this method is that it allows 
direct calibration of the liquid crystal layer used in 
the experiments instead of a different reference layer 
which may display diffracted light with different inten- 
sities and saturation. But the method was not com- 
pletely satisfactory because of heat transfer towards 
the copper electrodes. Conversion ofcolours into tem- 
peratures was done by eye with a maximum uncer- 
tainty of 2 K. 

The heating surface was either (i) used with no 
special treatment (simply rinsed with "Decon 90" 
detergent then with water) which led to a rather 
poorly-wetted surface with a static contact angle for 
distilled water of the order of 60 ° or (ii) prepared first 
by rinsing with acetone, then scrubbing for 10 min 
with a solution of"Decon 90", rinsing with hot water, 
then with distilled water, which provided a well-wetted 
surface with a static contact angle on the order of 10 °. 

During the tests, recordings were done at different 
rates of heat supply ranging from 50 to 100 kW m -2. 

Fig. 1. Optical arrangements. 

The images were examined either over a large number 
of sequences in order to obtain information on bubble 
departure diameters and waiting times, or frame by 
frame with photographic supports to obtain infor- 
mation on the correlation between ebullition cycle and 
variations of wall temperature. When the study was 
done directly on the video screen, tracing paper was 
used to locate the nucleation sites or measure the sizes 
of bubbles. On each photographic film, the sets of 
chosen sequences were systematically accompanied by 
the photographs of the calibration sequence to avoid 
any uncontrolled changes in the hues from the chemi- 
cal treatment of film printing. 

3. VIDEO RECORDINGS 

3. l. Boiling regimes 
Some of the features regarding the effects of wet- 

tability of the boiling surface on the nucleation site 
density and on the variations of the wall temperature 
already described by Kenning [28] were confirmed by 
the high-speed colour video recordings. 

When no treatment of the surface was done (poorly- 
wetted surface), for a heat supply of 50 kW m -z, the 
main characteristics were : 

(1) approximately steady and uniform wall superheat 
of about 10 K with superimposition of red splashes; 
(2) surface covered with nucleation sites ; 
(3) high frequencies of ebullition cycle (typically 50 
Hz) and 
(4) slow bubble growth rates and small bubble sizes 
at departure (growth time of about 10-20 ms for a 
departure diameter of about 1-2 mm). 

When the surface was previously treated with the 
detergent (well-wetted conditions), for the same heat 
supply, the boiling characteristics changed as follows : 

(1) the temperature pattern displayed large spatial 
and temporal variations (from 5 to 22 K superheat) ; 
(2) the active sites at any time were very few and even 
zero on some frames if bubbles on the edge of the 
plate were not included ; 
(3) the frequency of bubble emission varied greatly 
from low values below 10 Hz up to the high values 
encountered for the poorly-wetted surface and 
(4) most of the bubbles grew fast and their sizes at 
departure were large (of the order of 5 mm in diam- 
eter), with the exceptions of some sites producing 
small bubbles at high frequencies. 

For the well-wetted surface, some further aspects 
could be examined on temperature variations occur- 
ring during the time of growth and the waiting period 
before a next growth. 

3.2. Boiling variables data 
3.2.1. Bubble departure diameter. In Fig. 2 the his- 

tory of bubble growth and wall temperature variations 
is shown as obtained from a sequence of images taken 
during boiling on a stainless steel plate with a heat 
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Fig. 2. History of wall temperature variations with bubble 
growth for a particular site. 

flux of 50 kW m -:: and a liquid bulk temperature of 
98°C. Bubble growth can be characterised by two 
stages: (1) the base of the bubble is growing at a rate 
close to that of  the bubble radius (quasi hemispherical 
bubble), first two frames; (2) the base, after having 
reached a maximum radius, recedes till a neck forms, 
third and fourth frames, and the bubble starts to break 
off the surface, fifth frame. A similar description can 
be found in ref. [32]. 

Figure 3 shows two diagrams RD(t) for two different 
sites active during the same test (well-wetted stainless 
steel and heat flux of 50 kW m-2). The bubble diam- 
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Fig. 3. Ro(t) for two sites at the same boiling conditions. 

Table 1. Characteristics of the six sites used in Fig. 6 

Material 

Wall Heat Average 
thickness supply R0 value 

[#m] [kW m - 2] [mm] 

Stainless 125 50 steel 

Brass 75 70 

2.6 
3.2 
1.1 
0.9 
1.6 
2.75 

eter at a nucleation site (here sites a or b) appears to 
vary greatly during the boiling process. Variations 
range + 2 5 %  for site a, + 15% for site b. There exists 
for given boiling conditions a large range of bubble 
departure diameters (factor 3 in Table 1), which can be 
linked to differences between growth rates at different 
sites. Generally, the growth took place during three to 
five frames, and a rough relation could be established 
between rate of growth and size at departure : small 
bubbles were departing at the second or third frame, 
while large bubbles were commonly departing at the 
fourth or fifth frame. However, exceptions were 
observed where a large bubble departed at the third 
frame. Accurate measurements of growth rate are not  
achievable with recordings at 200 frames s -]. In the 
asymptotic isobaric growth model (bubble radius pro- 
portional to t'/2), approximate estimations of the 
growth coefficient led to values between 0.01 and 
0.03 m s -t/2, for growth times varying from 15 to 
20 ms, at constant  boiling conditions [31]. 

3.2.2. Wall temperature variations at an active site. 
The liquid crystal displayed a variation of colour at 
the second frame (Fig. 2) which corresponds to a 
slight cooling. In the third frame, the temperature 
generally decreased 8-10 K, but  a hotter spot 
appeared in the centre region delimited by a circle 
approximately 1 mm in diameter. Due to delay of 
temperature change of the liquid crystal (Appendix 
A) and radial heat diffusion, the temperature-heat  
transfer data conversion was not  adequate during 
bubble growth [31]. 

The cooling effect lasted up to bubble departure. 
After departure, if no bubble grew near the concerned 
site, the temperature of the cooled region reached 
again its initial value in a few hundred milliseconds. 
Table 2 shows this evolution for a site having pro- 
duced a bubble at Q = 50 kW m 2, with RD = 1.8 
m m .  

3.2.3. The ebullition frequency. The frequency of 
ebullition cycle was very irregular for some sites (such 

Table 2. Time variations of wall temperature at one site after 
bubble departure (well-wetted stainless steel, Q = 50 kW 

m -z, RD = 1.8 mm) 

t [ms] 0 15 40 70 130 
Tw+_ I°C 107 111 112.5 114 116 
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as site a of Fig. 3), when for others (such as site b of 
Fig. 3) there were periods of few seconds where the 
site was quite regularly activated. Examination on the 
video recordings of the departure sizes of bubbles and 
the ebullition frequencies gives evidence of a depen- 
dency between these two quantities. 

Response time to a temperature step change of the 
wall with the layer of liquid crystal and the polyester 
film as estimated in Appendix A is found to be very 
short compared to the waiting period. Consequently 
the wall may be considered infinitely thin in the analy- 
sis of heat transfer in the wall during the waiting 
period. 

3.2.4. The area of influence. The area of the cooled 
region is slightly less than the projected area of the 
bubble at departure. It may correspond to the 
maximum radius of the bubble base which is approxi- 
mately 80% of the departure diameter [31]. However, 
in the subsequent discussion this difference will be 
neglected and the cooled area will be confounded with 
the projected area of the bubble at departure. 

4. ANALYSIS 

The following analysis considers the behaviour of 
boiling variables for an isolated site existing in the 
well-wetted conditions and low heat flux case reported 
in the previous section. 

4.1. Variations of bubble departure diameter 
As noted above, the bubble diameter at departure 

changes significantly from one site to another (some- 
times by a factor of three). A possible cause for these 
variations lies in variations of the maximum wall 
superheat at each site. This assumption leads to the 
following analysis. 

The notion of activation temperature Ta and cess- 
ation temperature To for each site has been introduced 
by Kenning [15]. When wall temperature is smaller 
than Td there is no nucleation at the site, and the heat 
transfer is purely convective. If the wall temperature 
reaches Ta, the site becomes active and produces suc- 
cessive ebullition cycles. The controlling temperature 
for bubble growth, and then for the cycle, is the tem- 
perature of nucleation corresponding to the initiation 
of each growth, which is equal to or less than Ta. 

For illustration, the case of a re-entrant cavity with 
a conic mouth can be considered. For this case the 
liquid-vapour interface equilibrium curve is shown in 
Fig. 4. It represents the equilibrium temperature of 
the interface as a function of the volume of vapour 
trapped in the cavity, obtained from a thermodynamic 
relation for the equilibrium of a curved liquid-vapour 
interface plus a geometrical relation between the posi- 
tion of the meniscus and its curvature as in [4]. 

For such a site, there are three characteristic tem- 
peratures : the activation temperature Ta, the cessation 
temperature Tc and the outer mouth equilibrium tem- 
perature Tin. Initial nucleation is possible when the 
interface passes through the minimum radius of cur- 

vature at the inner mouth (T > Ta). At bubble detach- 
ment, a vapour embryo remains at the outer mouth 
and, depending on the quantity of heat removed dur- 
ing bubble growth, the temperature of the site T can 
be above or below Tc ; if T > To, a subsequent growth 
can occur when T > Tin, or when the embryo at the 
mouth has its top in contact with a liquid at a tem- 
perature above Tm [9]. Otherwise, if T < To, and 
neglecting delay in heat and mass transfer, the inter- 
face reaches instantaneously a position of equilibrium 
at the inner mouth. The site then nucleates again if 
T>Td. 

When the wall is well-wetted, the activation and 
cessation temperatures may be large. Then, at initial 
nucleation the growth rate is high and at departure 
the bubble is large. It follows that the cooling due to 
bubble growth is efficient enough to reduce the site 
temperature below To. A next growth will be possible 
when the wall temperature at the site again reaches Ta 
which means repeated high growth rates and large 
departure diameters. As the activation temperature is 
a property of the site geometry, then it is possible that 
the local maximum wall superheat might vary from 
one site to another which could explain the differences 
in bubbles sizes at departure. This hypothesis is dis- 
cussed further below. 

It must be emphasized that these arguments greatly 
simplify the real boiling phenomenon. It appears in 
fact that the bubble departure size can be quasi regular 
for some sites and irregular for others, as is shown in 
Fig. 3. 

4.2. Wall temperature variations 
Due to heat diffusion in the wall and the liquid 

crystal (Appendix A), it is very difficult to convert the 
variations of the temperature distribution at the rear 
of the wall during bubble growth into data on the wall 
temperature and the boiling heat transfer (inde- 
pendently of errors in the colour to temperature con- 
version). However, it is possible to find contributions 
to these variations. It has already been shown [25] 
that the evaporation of a microlayer at the base of the 
bubble could produce the annular cooled region under 
the growing bubble observed on the video recordings. 
To complete the description of heat removal from the 
wall during the entire growth, an attempt was made 
[31] to consider the stage when the bubble base 
recedes. Results were not conclusive because of too 
many unknown parameters. 

As noted in the previous section, it is possible to 
consider the wall as infinitely thin during the time 
elapsed from bubble departure to next bubble growth. 
Then, the temporal variations of the wall temperature 
may be obtained from 

~Tw h 
pwcw Ot dw ( T w -  T~o) 

+ ~ \ Or j (4) 
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Fig. 4. Equilibrium curve of the vapour-liquid interface for a re-entrant cavity with two values of contact 
angle 0. 

where the thermal capacity of the liquid crystal and 
polyester film layers have been neglected, h is the con- 
vective heat transfer coefficient. The initial conditions 
are : 

r < R D  Tw = Tw0 
for t =  0 

r > RD T w = T w  

where Two is the initial temperature of the cooled 
area assumed unifc,rm and Tw is the surrounding wall 
temperature. Equation (4) may be investigated with 
the help of experirnentally observed temperature evo- 
lution from a video recording sequence. Data in Table 
2 are used for this purpose with Tw estimated at 
120__ I°C. It is possible to estimate roughly in equa- 
tion (4) the relative contribution of the three different 
kinds of heat transfer: convective heat transfer, heat 
supply and radial heat conduction (Appendix B). This 
analysis indicates ,Lhat radial heat conduction is the 
major term. Assuming that the heat supply and con- 
vective heat transfi~r terms balance each other, equa- 
tion (4) simplifies to 

1 (r TW  
pwcw-0S- = kw r ~ \ 0r 2 (5) 

To account for the constancy of wall temperature 
beyond r = Rt~ observed in the video recordings, a 
boundary conditic, n of Tw = Tw at r = RD is now 
imposed ; the initial conditions are unchanged. Equa- 
tion (5) is then integrated to give at r = 0 [33] 

Tw = Y-d- 2(Y~w- Two) 
exp (--flE awt/R2 ) 

, =, fin J, (fin) (6) 

where (fin) are the positive roots of Jo(fl) = O. Jo and 
Jl are Bessel functions of  order 0 and 1. Equation 
(5) fits the data quite well (Fig. 5). To account for 
uncertainties in tile measured wall temperature in 
equation (6), the curve for Tw = 120°C is enclosed by 
two curves representing maximum error of T w -  Two 
(13 -I-2 K). 

In conclusion, for a situation of boiling with low 

contact angle and low heat flux, an isolated nucleation 
site acts as a heat sink during bubble growth, possibly 
due to the evaporation of a microlayer at the base of 
the bubble which requires a large rate of heat removal. 
Before a subsequent nucleation occurs, the site is 
reheated by heat transfer in the wall. Radial heat 
conduction from the surrounding superheated region 
of the wall is possibly the primary control during this 
period, the major part of heat supply being dissipated 
through convective transfer to the liquid. This con- 
clusion has important implications for determination 
of the waiting time. 

4.3. The waiting time 
A dependency between bubble sizes at departure 

and ebullition frequency or waiting time (growth time 
being neglected here) was proposed 30 years ago [34]. 
The proposal is based on the idea that after bubble 
departure subsequent bubble growth will occur only 
when the liquid thermal layer is re-established. It can 
be deduced intuitively that the required time for this 
re-establishment increases with increasing volume of 
the liquid region where the thermal layer is perturbed. 
This region may be related to the volume of the bubble 
at departure. It leads to 3 the result thatfRD is constant 

° + 

~--ecluahon (6) / 

t (ms) 

Fig. 5. Wall temperature variations during the waiting 
period. 
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for a given heat flux. However, the models based on 
the re-establishment of the liquid thermal layer predict 
small values for the waiting times (of the order of 10- 
20 ms for saturated water at atmospheric pressure 
[19]), and so are not appropriate for the case of low 
ebullition frequencies. 

If one considers the evolution of temperature as 
analysed above, and still assuming that a site nucleates 
when its temperature is above an activation tempera- 
ture, one can infer that a subsequent growth will occur 
after bubble departure when the wall temperature 
again reaches the activation temperature (T, or Tm 
for the simple cavity considered previously). Then, 
assuming that reheating is controlled mainly by radial 
heat conduction, the waiting time can be related to a 
heat diffusion time scale, that is R~/aw. From equa- 
tion (6), the temperature is re-established at approxi- 
mately 0.95(Tw-Two) when [25, 31] 

1 ( 0.05/~, ~/, (/~,) ] aw 1 _ ) R ~  2aw R~ t = / ~ l n  ~ (7) 

where ]~ is the first positive root of J0(/~) = 0. Thus, 
a theoretical waiting time can defined by the relation 

tw = 2aw" (8) 

Figure 6 presents the experimental results obtained 
for six different sites characterised in Table 1. Equa- 
tion (8) is followed quite well. This confirms that 
heat supply may not have a significant role during 
reheating because it balances the convective heat 
transfer in equation (4). When the growth time tg is 
negligible relative to the waiting time, then the ebul- 
lition frequency follows the equation 

fR2o - ..~ 2aw. (9) 
tg q- tw 

A relation of this type has already been proposed 
by Rohsenow [7] : 

~ , ,  I . I I 

.. 

/ A dNZ 

x llle ~. 

tO 10.0 100.0 1000.0 10000.0 

Fig. 6. Waiting time variations with R~/aw for six sites at 
two different boiling conditions defined in Table 2. 

In this relation, the productfR 2 depends on the liquid 
properties and the wall temperature. This is a conse- 
quence of a model of bubble growth in a transient 
temperature field due to quenching, and so is similar 
to the analysis of Hsu and Graham [9] mentioned 
above. In contrast, equation (9) has the distinction of 
being independent of wall temperature or heat flux in 
the conditions studied here. 

If in general this tendency is verified, there may be 
very large discrepancies between the measured waiting 
time and the value predicted by equation (8) (Fig. 3). 
A first possible cause is that the site may have more 
than three characteristic temperatures that depend on 
the geometry of the cavity (a proposition made in ref. 
[16]). This would make the history of the position of 
the interface, as developed in the previous section, 
more complicated, and possibly make the following 
activation occur at a temperature below Tw. A similar 
argument is the possible existence of two or more 
adjacent sites simultaneously active and so close to- 
gether that the bubbles grow virtually at the same 
place. Those sites may have different characteristic 
temperatures and the order in which they nucleate 
may have no particular frequency. A third explanation 
is the possible existence of interference between sites 
by heat conduction in the wall, as mentioned in the 
introduction [15, 17]. 

4.4. Area o f  influence o f  a nucleation site 
The video recordings provide new evidence for the 

cooling effect of the bubble growth that was men- 
tioned in [23, 32]. Furthermore, the cooled area 
appears to coincide with the projected area of the 
bubble at departure, as noted above. This result makes 
the determination of the area of influence of a 
nucleation site quite problematic-- if  K is defined in 
this manner and not as a correlation constant fit to 
experimental data. On one hand, a hydrodynamic pre- 
diction based on the wake flow of a rising sphere 
shows that convective effects may take place over a 
region twice the diameter of the sphere, and on the 
other hand there is no particular sign of enhanced 
heat transfer beyond the projected area of the growing 
bubble. Furthermore, Lee and Nydhal [35] found 
from a numerical solution of the Navier-Stokes and 
energy equations during bubble growth and depar- 
ture, that the thermal layer is affected by bubble depar- 
ture only in a region immediately beneath the bubble 
with a maximum effect at the centre. This result 
suggests that the transient heat conduction in the 
thermal layer cannot be integrated over a region larger 
than nR~ (K = 1). 

The above analysis of heat transfer during the wait- 
ing time shows the role of the radial heat transfer. The 
corresponding radius of penetration by heat diffusion 
at the end of the waiting period can be given by 
~ .  From equation (8), we can then estimate the 
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penetration radius as 1.5R D. Considering that this 
radius can be interpreted as the radius of an area 
influenced by the nucleation site, on the basis of heat 
transfer inside the wall, we have K = 2. 

Thus, from the present results, not taking into 
account the possibility of enhanced convective heat 
transfer, the area of influence is estimated to be con- 
fined to a diameter 1.5 times the bubble departure 
diameter, although the heat transfer during the bubble 
growth and possibly the quenching effect occur in a 
limited area underneath the bubble. 

5. CONSEQUENCE ON HEAT TRANSFER AND 
BUBBLING ACTIVITY 

From the above considerations, one can infer some 
consequences for Lhe relation between boiling heat 
transfer and bubbling activity in the well-wetted con- 
dition and at low heat flux. The analysis now concerns 
a boiling cell delimited by the area of influence, and 
therefore is a region different from the cooled region 
considered in the heat transfer model above. 

The corresponding heat flux at the wall is therefore 

aTL kLATw - n  x ~ -  
Q = k L - ~ - x  a =  ~ l + 2 ~ e x p  . 

(11) 

Integrating this relation over the waiting period gives 
the energy per surface area conducted into the liquid 
during this period : 

fl* kLATw pLCL3ATw 
Q d t -  y t w +  3 

-- 2pLCL(~A Zw ~ ..~_2 exp (--n2n 2 ~ - ~ .  (12) 
l n x  \ d ] 

The first term of the right-hand side is the convective 
heat transfer; the addition of the second and third 
terms represents the enhancement of heat transfer due 
to the quenching effect. In the case of a long waiting 
time (aLtw/g 2 > 1), the third term can be neglected and 
the contribution of the quenching effect is given by 
the ratio of the first two terms : 

5.1. Heat balance art an active site 
The enhancement of heat transfer appears to take 

place in a well defined region confined under the bubble 
and mainly during a short period corresponding to 
bubble growth. It can be attributed to the latent heat 
transport mechanism in which high heat transfer is 
caused by the evaporation of a liquid microlayer at 
the base of the bubble. Although small in magnitude 
when integrated over the whole cycle, this con- 
tribution is of primary importance as the cause of 
large temperature 'variations. 

In equation (2) the quenching effect is modelled by 
the sudden contact of the superheated wall with cooler 
liquid resulting in transient heat conduction in the 
liquid. However, the associated thermal layer thick- 
ness varies as X//~,~tL t, while the liquid thermal layer 
thickness varies as 1.65kL/h for water at atmospheric 
pressure [36]. This implies that the quenching effect 
will not last the entire waiting time, and will be 
replaced by convective effects after some 10 ms. The 
quenching term in equation (2) then is overestimated 
because it is integrated over the complete ebullition 
period. To more precisely evaluate the quenching 
effect, the assumption of transient heat conduction 
over a semi-infinite region is replaced with a region 
limited by the convective thermal layer thickness, with 
zero initial liquid superheat, and boundary conditions 
defined as ATL = 0 at x = 0 and ATE = ATw at x = g, 
where & = kL/h is taken as the thickness of a linear 
thermal layer [9]. The liquid superheat is given by 
(from ref. [4]) 

ATE x 2 [ 
ATw - ~ + n ~ cOs nx exp t in2"K2aLt'~" f x~ - n  )sln t n " a )  

(lO) 

convective effect [kLAT w ~[pLCLfATw~ -l 
quenching effect = t ~ t w ) t  3 ) 

aL tw 
- 3 ( 1 3 )  g2 

In this evaluation the quenching effect contribution 
appears to depend on the bubbling frequency which 
leads to less enhancement in the heat transfer at low 
frequency. 

For the complete cycle a balance may be written 
between rate of heat supply Q, latent heat transport, 
quenching effect and convection heat transfer. The 
area of influence of the nucleation site is the quantity 
defined as above, that is K = 2, and the quenching 
effect is assumed to occur over this entire area. The 
balance is given with the help of relation (8) by the 
following equation : 

2 2 o:7<.,,.i wdr:wi k 
3aL ]" 

(14) 

This relation provides information on the variation of 
wall superheat with the heat supply. Unfortunately the 
interpretation of ATw is not direct; it is a characteristic 
superheat for the quenching and convective phase. A 
better model should contain at least the two extreme 
temperatures of the ebullition cycle. This can be 
approximated by identifying A Tw with the mean value 
of the maximum and minimum superheats of the 
cycle. The convective heat transfer coefficient is not 
very sensitive to wall superheat (see Appendix B) so 
is still evaluated assuming the surrounding region is 
controlled by natural convection: h = Q/ATw. The 
resulting heat balance can be then written as 
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2 2 

Q A~ww+ATwo ( t w f +  kLPLCL AT~w 2 ~'~ 
+ A-~w 2 3 ~S  J)" (15) 

For  the conditions of Table 2, this equation yields 
7.5 kW m -2 for the latent heat transport and 49 + 7 
kW m -2 for the quenching and convective effects. The 
15% uncertainty in the last contribution is due to 
uncertainty in the colour to temperature conversion. 
This result compares with the heat supply of 50 kW 
m 2, which is quite compatible considering the exper- 
imental uncertainties. 
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Fig. 7. Schematic representation of site temperature vari- 
ations derived from combination of equation (15) with site 

characteristics. 

5.2. Bubbling activity 
For an activated isolated site equation (15) imposes 

a condition of regular nucleation activity on its boiling 
properties. A balance exists between heat removal by 
boiling QB [right term of (15)] and heat supply Q. One 
limit is no nucleation, that i s f a n d  (ATw--ATw0) are 
0. In theory, as Ro depends on the wall superheat and 
the heat supply as well as ATw0, equation (15) is an 
implicit relation between Q and ATw independent of 
the geometry and the chemo-physical properties of 
the site. 

For an isolated site with characteristic temperatures 
Ta, Tc and Tin, when heat supply is increased, there 
will be a time at which the wall temperature reaches 
the activation temperature through free convection 
regimes. The condition implied by equation (15) is 
that the wall superheat at a site oscillates between 7:~ 
( -- Tw) and Two, which implies that there is no net 
heat transfer enhancement compared to single phase 
heat transfer; however, as proposed above, if 
Two > T~, the site can nucleate at Tm before Ta is 
reached again. At this point, equation (15) implies 
that : ftw and h are almost constant and, because the 
difference (ATw--ATw0) is increasing with ATw, the 
characteristic quenching superheat (evaluated as the 
mean value of ATw and ATw0) can be considered to 
vary slowly also. Then, in contrast to equation (2) or 
even (14), equation (15) shows that, in the expression 
of Qb, the only term that changes rapidly is f.  If the 
site nucleates at Tm < Ta, the corresponding frequency 
will increase and yield Qb > Q. The average wall 
superheat ATw decreases and the site reaches a new 
equilibrium cycle at Tw = Tin, which implies that 
nucleation enhances heat transfer. 

This model can lead to a large number of possible 
site temperature histories and bubbling activities. In 
the simple case of a site with three characteristic tem- 
peratures, depending on the difference between Two 
and To, the bubbling activity can change as shown in 
Fig. 7. When Two is well below To, the site is in a 
stable regime of bubble production [Fig. 7(a)]. If  in 
the second cycle Two falls below To, the site cannot 
reach a stable regime of bubble production but oscil- 
lates between two regimes [Fig. 7(b)]. When the 
difference between Two and Tc is very small, a slight 

change in ebullition conditions can 'switch off' the 
site : the regime is intermittent [Fig. 7(c)]. 

If the site cavity has more than three characteristic 
temperatures, wall temperature variations would be 
more complicated and at times not periodic at all. As 
the number of characteristic temperatures increases, 
their mutual differences decrease. If these differences 
diminish to the order of variations of Two due to the 
sensitivity of this quantity to locally unsteady bub- 
bling conditions, this quantity can be considered as 
undetermined. In this case, the following very sche- 
matic representation of site activity can be proposed. 

Given a set of decreasing activation-cessation 
temperatures (Ta[i], To[i]) we can define a set of 
'transitions' T~[i] ~ T~[j] which means that if the 
nucleation occurs at Ta[i] the minimum wall tem- 
perature Two falls around Tc[j]. Then depending on 
the position of Two relative to T j j], there are two 
possibilities: To[j] < Two, then the next nucleation 
occurs at Ta[j+ 1] (transition T~[j] ~ Ta[j+ 1]) ; or, 
Tc[j] > Two, then the next nucleation occurs at T,[j] 
(transition T~[j] --, T~[j]). This simple model of vari- 
ations in wall temperature at a nucleation site intro- 
duces a random process which leads to an unpre- 
dictable behaviour of the site. However, it includes 
necessarily unsteady influences on the cell that can 
affect the bubble growth (such as convective effects). 

Thus, without considering the possibility of site 
interactions, the combination of constraints on the 
heat balance at the boiling cell [equation (15)] and the 
geometric and chemo-physical properties of the site 
leads to a description of complex but periodic vari- 
ations of the maximum and minimum wall superheat. 
Intermittence or completely unpredictable activity of 
the site may be the result of uncontrolled influences 
from the region surrounding the site which make Two 
undetermined. 

5.3. Limitations of the model 
The above model has been established for an iso- 

lated site at particular boiling conditions : low contact 
angle, low heat flux, thin plate and moderate thermal 
conductivity of the wall. If  the contact angle is 
increased, activation temperatures decrease and, for a 
given site, equation (15) predicts lower and less vari- 
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able wall temperatures with higher ebullition fre- 
quencies. It means that the classical description of  
equation (2) might be applicable. This is the case of  
the poorly-wetted surface in the video recording data 
reported here. 

These data show that the model  of  heat transfer 
described by equation (15) is correct up to maximum 
heat flux values of  100 kW m -2. The limitation comes 
from two effects; fi:equency increases and active sites 
become too numerous to be considered as isolated. 
This results in some equilizing of  wall temperatures. 
At  present, it is not  possible to predict how an increase 
in the heat supply in the limit of  the model would 
modify the heat balance. 

In the case of  ~ thick wall where the transverse 
temperature gradient cannot be neglected 
(dw/> ax//~wt,), the situation is different. First, large 
distortion by heat diffusion makes the liquid crystal 
technique proposed by refs. [28, 30] inadequate to 
characterise boiling heat transfer. Secondly, the heat 
transfer is controlled by different boundary con- 
ditions. It was shown in refs. [25, 31] that wall tem- 
perature variation,,; at the boiling surface might still 
exist due to rapid b~abble growth. But for the reheating 
phase, there is competi t ion between axial and radial 
heat diffusion which may affect significantly deter- 
mination of  the waiting time. However,  a compre- 
hensive model should include the existence of  two 
extreme wall superheat for an ebullition cycle, as in 
equation (15). 

When thermal conductivity of  the wall increases the 
cooling effect of  bubble growth becomes less sig- 
nificant [31]. The wall temperature distribution tends 
to be uniform and the ebullition frequency increases, 
so the classical description of  equation (2) is correct. 
Experimental constraints on thickness and electrical 
resistance of  the wall rendered it generally impossible 
to study the effect of  thermal conductivity. For  boiling 
surfaces with k ranging from the values for stainless 
steel to values for brass, large wall temperature vari- 
ations may exist. 

Further  limiting parameters such as system 
pressure, subcooling or change of  fluid were not  
explored because of  limitations of  the experimental 
technique. 

6, CONCLUSIONS 

The ebullition of  water at low heat flux has been 
studied at atmospheric pressure and at saturation on 
a thin plate made of  stainless steel or brass. Analysis 
of  wall temperature and bubbling activity data that 
were obtained simultaneously indicate that the exist- 
ing boiling heat transfer models are not  applicable. 
Boiling variables were studied accounting for the wall 
temperature variations. A simple model  of  heat con- 
duction in the wall suggests a new prediction of  the 
waiting time, equation (8), which fits experimental 
data quite well. 

Heat  balance on a boiling cell was also considered. 

The variations of  wall superheat were included in this 
balance with a crude hypothesis for an equivalent 
temperature for the quenching phase [equation (15)]. 
Relating the boiling properties of  an isolated active 
nucleation site and the heat supply allowed an analysis 
of  site activity, and provided a new implicit condit ion 
combining heat transfer considerations and geometric 
and chemo-physical properties of  the cavity. Inter- 
mittence or chaotic behaviour can be explained on 
the basis of  this model  for a cavity with a complex 
geometry for which site activity parameters are very 
sensitive to local unsteady change in boiling 
conditions. Further  improvements in understanding 
and prediction require additional experimental data. 
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APPENDIX A 

To interpret the liquid crystal temperature data, it is 
necessary to have an idea of the delay time due to heat 
diffusion in the wall and the liquid crystal. As is noted in 
[28], the response of a liquid crystal when its molecular 
structure does not change (no transition from nematic to 
isotropic phase), is mainly controlled by its thermal proper- 
ties. The delay of the liquid crystal to changes in the distance 
between the planes of molecules is negligible. Thus, one can 
estimate the response time from the transient response of the 
three layers of material (plate, liquid crystal and polyester 
film) from a temperature step change at the boiling surface 
(a detailed frequency response analysis is not needed at this 
point because the ebullition frequency is some orders lower 
than the characteristic time of heat diffusion in the wall). 

The heat production term in the plate has no role if the 
initial temperature is a steady distribution with heat 
production. In addition, the properties of the liquid crystal 
and polyester film can be considered as identical. So the 
problem is reduced to the heat conduction into two slabs in 
perfect contact, one end being thermally isolated (on the film 
side) and the other end being at zero temperature; tem- 
perature is initially uniform and equal to unity. 

The heat conduction equations for the response of the wall 
to a temperature step change at one end can be written with 
non-dimensional variables as follows : 

"~ = 0 0 w = OLC = 1 

r > O  O~v = O~v~x 

OLc = ~O[c×× 

X = - 2  O~c×=0 

X = 0  X®[cx=O~v× and OW=OLC 

X = I  O w = l  (A1) 

where z=awt/d~v, 2=(dLc+dF)/dw, e=aLc/aw and 
~c = kLc/kw. The solution can be found in form of series of 
orthogonal functions as proposed by Ozick [37]. At the 
interface of the liquid crystal and the polyester film 
(X = Xo = -dLc/dw), the solution is 

OLC(XO) = ~ '~e-f l  2T U/LCn(X0) 

1 N.  

with 

(~ f °  U/LcndX+fI~w°dX ) (A2) 

U/Lc.(X) = -- tan fin cos ~ + sin 

U/w,(X) = -- tan ft, cos fl, X+ sin fl, X 

N ~ = ~ f °  ~2codX+flu/2odX (A3) 

and where (13.) are the roots of 

0+ 5)c°s[,(,+ ))l 
(5 ) [ (  2)] + 1 - - - -  cos 13 1 - - - -  = 0 .  (A4) 
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The results, obtained when taking all the roots ft, < 20, 
are presented in Fig. 8 for two different thicknesses of  the 
wall and of  the liquid crystal. Choosing the temperature ®LC 
at the interface with the polyester film is a slight simpli- 
fication, because the colour displayed by the liquid crystal 
corresponds to the superposition of  dominant wavelengths 
due to Bragg's diffraction when the distance between molec- 
ular planes varies along the temperature gradient. According 
to our estimation of  the value of  the liquid crystal layer 
thickness (5-10 #m), its temperature should follow the boil- 
ing surface temperature with a delay of  around 10 ms in the 
experiments. Observation of the first colour change on the 
video recording in the second frame shows that the liquid 
crystal does respond rapidly, in agreement with results of  
Fig. A1. 

APPENDIX B 

The order of  magnitude of the terms in equation (4) can 
be very roughly estimated. Equation (4) can be written with 
non-dimensional variables : 

I 

o.Ts] i 
Uj 0.5. (l) 

0.25 

4 dr. c --5.75pm 
2 dt_c =23pro 

_ . _  d w =.75 r r ~  

10 20 50 40 
(ms) 

Fig. A1. Time response of  the liquid crystal to a step change 
of  boiling surface temperature (effect of  wall and liquid crys- 

tal thicknesses) stainless steel wall. 

80 R~h ( Two- T~'~ 
8"r dwkw O +  Tw-Tw0]  

R 2 a 
+ q-AO (B1) 

dw kw(Y~w- Two) 
where O = (Tw - Two)/(Tw-- Two), z = awt/R 2 and A is the 
Laplace operator. Since for free convection Nu oc Ra 1/3, one 
can assume that the heat transfer coefficient varies insignifi- 
cantly during reheating. Estimating h at the end of the cycle, 
h = Q/ATw, so h ~ 23 kW m -2 K - t  (data of  Table 2). Then, 
with the boiling conditions of Table 2, we have R2h/kwd, ~ 6 
and (R2/dw(Q/kw(7~-Two).~ 10. The addition of  heat 
supply and convective heat transfer terms yields non-dimen- 

sional values varying from 6 to 0 during transient heat 
transfer. On the other hand, a characteristic of  the diffusion 
process is to respond to a non-homogeneous distribution by 
rapid variations in non-dimensional variables (mathematic- 
ally infinite at r = RD). That means that A® is, on average 
over the cooled region, larger than the two other terms by 
several orders of  magnitude during a certain period. This 
consideration can be taken as an argument to neglect the 
heat supply and the convective heat transfer as being of  the 
same order and balancing each other, but requires veri- 
fications on the basis of  the results it gives. This was done in 
ref. [31] where it was shown that equation (4) without the 
diffusion term greatly underestimates the rate of  wall tem- 
perature re-establishment. 


