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Abstract-A very small film heater immersed in ethyl alcohol, toluene or water is heated at an extremely 
high rate to a maximum temperature rise of 93 x lo6 K s-‘. The nucleation process is photographed and 
the temperature at boiling incipience is measured. At a higher heating rate, a large number of tiny bubbles 
generate concurrently on the heater surface and the temperature at boiling incipience agrees with the 
homogeneous nucleation temperature for ethyl alcohol and toluene, whereas it is about 19°C lower for 
water. The number density of the nucleated bubble is compared with those calculated by the nucleation 

theory. 

1. INTRODUCTION 

IT IS WELL known that a liquid must be superheated 
in order to boil. The degree of superheat is important 
both for industrial use and for academic interest: a 
great deal of research has been conducted which con- 
firms that it is of an order of several or several tens of 
degrees for a practical application when a heating 
surface is used. Such a small degree is possible because 
of pre-existing gas entrapped in pits or in other sites 
on the heating surface acting as nuclei. 

On the other hand, a large degree of superheating 
is required when no such pre-existing nuclei exist and 
explosive boiling occurs as a result of molecular den- 
sity fluctuation. This type of boiling nucleation is 
directly connected to the limit of superheating of 
metastable liquid and is related to some industrial 
phenomena such as vapor explosion, flashing and so 
on [ 1, 21. In this paper the term ‘boiling nucleation’ is 
used for nucleation by fluctuation and from a pre- 
existing gas [ 11. 

Fluctuation nucleation is classified into homo- 
geneous and heterogeneous nucleation and the pro- 
cess has been extensively investigated theoretically [3, 
41. A few methods are available to deal with it exper- 
imentally. The capillary tube method and the floating 
droplet method are substantially devoted to confirm 
the limit when a small number of nucleation occurs. 
The pulsed heating method, in which a heater 
immersed in liquid is heated very rapidly, may provide 

possibilities for approaching the whole state of the 
fluctuation nucleation phenomenon. Using this 
method, Skripov et al. [&7] have carried out a series of 
experiments to demonstrate the nucleation behavior 
mainly in organic liquids, Derewnicki [8] in water, 
Sinha et al. [9] in liquefied gas, Okuyama and Iida 
[lo] in liquefied nitrogen and Okuyama et al. in 
R-113 [ill. 

However, the rate of temperature rise in these exper- 
iments is limited and is less than about 11 x lo6 K 
s-’ [6, 81. At this rate of rise it is doubtful whether 
fluctuation nucleation occurs in water, where an 
extremely high rate of rise is needed, and it will be 
difficult to understand the dependency of nucleation 
behavior on the rate of rise. Furthermore, in almost 
all of these studies a fine wire has been used as the 
test specimen, with which making observations of the 
boiling behavior may riot be adequate and the heat 
capacity of the wire greatly affects the temperature 
response when compared with using a film heater. 
Therefore, experiments with a flat film heater are con- 
sidered to be promising for studying nucleation 
behavior, including aspects of boiling. However, only 
a few studies using a film heater have been performed 
so far. Asai et al. [ 123 have conducted experiments of 
rapidly heating a film heater with a guard film in order 
to apply the induced boiling phenomenon to a bubble- 
jet printer, but they have made no temperature 
measurement of the heater, which is indispensable for 
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NOMENCLATURE 

J home rate of formation of nuclei by qgen average heat production rate 
homogeneous nucleation [l/(cm’ s)] [MW m-‘1 

J het rate of formation of nuclei by r average rate of temperature rise [K s-‘1 
heterogeneous nucleation T absolute temperature [K] 
]l/(cm’ s)l t time [s]. 

k Boltzmann constant [J K-‘1 
N number density of nucleated bubbles Greek symbols 

K’l t) bl temperature at boiling incipience [“Cl 
NO number of molecules per unit volume 6 temperature of liquid [“Cl 

[cm _ ‘1 Rv temperature of wall surface [“Cl 
n bubble number in 0.1 x 0.25 mm* 1, heat of evaporation per molecule [J] 

area Al thermal conductivity of liquid 
P system pressure [Pa] [w (m W’l 
PS vapor pressure at saturation P density [kg mm’] 

temperature [Pa] surface tension [N mm ‘1 
41 average heat flux to liquid [MW mm’] contact angle. 

this kind of academic study. Poppel [13] has tried to 
measure the temperature of a heater which is almost 
the same to that of Asai et al. but the measurement 
accuracy was not sufficient. The authors [14] have 
published a brief report on a peculiar type bubble 
generation which is observed when a rate of tem- 
perature rise higher than 10 x lo6 K s-’ is applied to 
a film heater submerged in ethyl alcohol. 

In this study, the authors have tried to heat a film 
heater immersed in a liquid with a much higher rate 
of temperature rise than those conducted up to now 
and to measure the temperature directly through 
detecting the electrical resistance. For this purpose, a 
very small film heater (0.1 mm wide x 0.25 mm 
long x 0.25 pm thick) was made and heated by direct 
current. The maximum rate of temperature rise 
attained in this study was 93 x lo6 K s-l, which is 
about ten times larger than that obtained in the pre- 
ceding experiments using a fine wire. Observations 
of the aspect of boiling were also made through a 
microscope. Several facts were clarified regarding the 
behavior of boiling nucleation of ethyl alcohol, tolu- 
ene and water under atmospheric pressure and some 
considerations were made by comparing the results 
with the theory of fluctuation nucleation. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

In Fig. 1 a sketch of the test specimen is shown. 
The film heater is made by sputtering chromium and 
platinum of 0.05 and 0.20 pm, respectively, thickness 
on a quartz glass substrate. The width of the heater is 
0.10 mm and the distance between two voltage taps is 
0.25 mm. Since the width is 400 times the total thick- 
ness of 0.25 pm, the heater is regarded as a flat surface. 
Adoption of such a very small metallic film as a heater 
enables it to be heated with an extremely high rate of 
temperature rise and to measure the necessary quan- 

tities with high accuracy. Heat treatment was made to 
stabilize the temperature-resistance characteristics of 
the heater ; it was once exposed to a 150°C de-oxidized 
atmosphere for 1 h and then to 500°C for 2 h. The 
surface of the heater was cleaned with acetone or 
trichloroethylene prior to the setup. A test liquid was 
distilled twice and boiled for 2 h to degas. It was 
poured into the space between the heater on the quartz 
glass facing upward and a cover glass set 5 mm apart 
from the heater. Experiments were carried out under 
atmospheric pressure with the liquid temperature 
maintained at 25°C. 

The schematic diagram of the experimental appar- 
atus is shown in Fig. 2. The heater is heated pulsewise 
by a pulse generator and amplified by a power ampli- 
fier. The voltage difference between the two voltage 
taps shown in Fig. 1 and the heating current are re- 
corded by a storage oscilloscope via a differential 
amplifier and a current probe, respectively. The volt- 
age and current are also transmitted from the oscillo- 
scope to a personal computer. The average tem- 
perature of the film heater is obtained by referring to 
the measured electrical resistance and the calibration 
curve expressed by a polynomial equation. The cali- 
bration was carefully made by comparing the resist- 

FIG. 1. Sketch of the test specimen. 
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FIG. 2. Schematic diagram of the experimental apparatus 

ante with the indicated temperature of a standard 
platinum resistance thermometer securely attached to 
the specimen and heated in a thermostatic bath over 
the temperature range of interest. According to the 
simulation of one-dimensional heat conduction to the 
medium, the temperature difference across the film 
thickness is less than 1°C even at the maximum heating 
pulse in this experiment, and the measured average 
temperature can be regarded as the average wall tem- 
perature in this range. In addition, the wall tem- 
perature is regarded as the temperature of liquid in 
contact with the heater surface. 

In Fig. 3, a typical example of the voltage difference 
and the current recorded by the oscilloscope for a 
single pulse shot is shown. Both quantities increase 
rapidly during the initial stage. After about 0.5 ps, the 
voltage difference increases but the current decreases 
gradually. Current is cut off at about 5 ps after the 
onset in this case, otherwise the heater would burn 
out. The pulse is supplied intermittently to the heater 
at a frequency of about 10 Hz. 

With the extremely short and a very large power 
pulse, this experiment had a great difficulty in mea- 
suring necessary quantities. Great care was taken in 

setting the circuit constants, selecting and calibrating 
the probe and range, eliminating the noise, as well as 
other things. In addition, a series of calibrations and 
computer simulations to confirm the correctness of 
the measured values were made, and the error in the 
measurement of average heater temperature was esti- 
mated to be within + 5°C. This error is attributed to 
+4”C due to the measurement error of the voltage 
difference and the current and + 1°C due to the error 
in selecting the exponent in the polynomial of the 
resistance-temperature calibration curve. Heat flux 
was calculated from the measured temperature and a 
non-linear one-dimensional heat conduction calcu- 
lation, in which the power added to the heater was 
assumed to heat the heater itself and flow to both 
sides of liquid and quartz glass. Furthermore, each 
experiment was conducted by comparing the mea- 
sured temperature change with the simulation result 
for the measured heat input. The aspect of boiling 
was observed through a microscope with 100 times 
magnification and photographed by a 35 mm camera 
with a 10 ns pulse stroboscopic light. The timing of 
light emission, i.e. the observation timing, was con- 
trolled by a delay unit which was triggered by the 
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Time t cs 
FIG. 3. Typical example of the voltage difference and current recorded by an oscilloscope. 



2114 Y. hA et al. 

Time t rs 
FIG. 4. Four typical examples of the wall temperature-time curve (they correspond to the four groups of 

photographic records shown in Fig. 5). 

onset of an input pulse. An IS03200 film was used 
and, in addition, an augmentative development equi- 
valent to IS020 000 was given to it. 

3. EXPERIMENTAL RESULTS AND 
DISCUSSIONS 

3.1. Temperature-time curve and aspect qf boiling just 
gfter boiling incipience 

In Fig. 4, typical examples of the measured response 
of the wall temperature are shown. The four curves 
(a)-(d) in the figure correspond to the four groups 

of photograph shown in Fig. 5. Arrows indicate the 
conditions of boiling incipience, i.e. the instance when 
a bubble generation was recognized on the heater for 
the first time. One bubble on the heater corresponds 
to the number density of 4 x 10’ rn- 2. The average 
rate of temperature rise is defined as the ratio of the 
temperature differenct between the temperature at 
boiling incipience and that of liquid to the lapse of 
time from the pulse onset. In the figure, simulation 
results are shown only for the curve (c) to avoid com- 
plication. The simulated temperature response (c’) is 
a little smaller than the measured one in this case. The 

@ t=78. O/IS, &=197.8C 

(a) Ethyl alcohol 
(F2.6~10~ K/s, 
& =8.78 8/m’) 

C0 t=18.7rs. ik=204.R 

(b) Ethyl alcohol 
@lo. 7x106 Us, 
& =18.1 KW/m”) 

CD t=48.5rs. &=280.3C 

@ t=49.9ps, &=284.4C 

(c) Water 
(&i. 26x10’ K/s, 
&=50,7 MW/m2) 

@ t=?. 85ps, &,=305. OC 

Cd) Water 
(?=37.7x106 K/s. 
;i1=134 HW/mZ) 

Fro. 5. Four photographic records of the aspect of boiling just after the incipience. 
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discrepancy between them is thought to be due to the 
error in evaluating the heat generation rate during the 
initial stage, where very large change occurs as shown 
in Fig. 3. The curve (c”) for heat flux shows that the 
value is almost constant except for the initial stage. 

Figure 5 shows photographs indicating the changes 
in the aspect of boiling just after the incipience for the 
respective four conditions. It should be noticed here 
that a series of four frames under a condition are not 
successive during the same heat pulse but were chosen 
from ones of different heat pulses, where all other 
conditions except time are the same. 

The aspect of boiling may be summarized as 
follows. The general tendency of the aspect is essen- 
tially the same for every liquid tested, although the 
dependency on the rate of temperature rise differs 
from liquid to liquid. When the rate is very low for 
each of the liquids in this experimental condition a 
single bubble generated on the heater grows and over- 
spreads. At a low rate of temperature rise a few 
bubbles generate and grow as shown in Fig. 5(c). 
At a moderate rate of rise, as shown in Fig. 5(a), a 
number of bubbles generate and grow. When the 
rate of rise is high a large number of tiny bubbles 
generate concurrently on the heater in a short 
period as shown in (b) and (d) of Fig. 5. 

Observing the frames in Fig. 5(c), it can be esti- 
mated that two bubbles on left-hand side may be 
generated from the nucleus already existing on the 
wall, because the two bubbles are generated repeatedly 
at the same positions in every frame. On the other 
hand, bubbles are not always generated at the same 
positions as the bubbles generated at the former stages 
in (a), (b) and (d) of Fig. 5. 

Figure 6 demonstrates two frames taken from a 
photo under a condition of a high rate of temperature 
rise as well as a lapse in time, where the pulse shot is 
only different. Almost all bubbles, in one frame, are 
generated at diKerent positions from those in the 
other. Thus, it is estimated that the nucleation is not 

FIG. 6. Two frames taken under the same experimental con- 
ditions except only for the pulse shot (water, i = 48.0 x 10” 

K s-l, 9, = 152 MW mm’, t = 5 25 ps). 

due to those pre-existing sites on the wall but due to 
fluctuation nucleation. 

Additionally, as observed near the voltage taps in 
Fig. 5(b), frame 4, there exist areas of no bubble 
generation on the heater. This may be caused by the 
fact that the area was not heated to the bubble gen- 
eration temperature because of a small film thickness 
excess formed during manufacture. 

When the rate of temperature rise is high, a large 
number of tiny bubbles whose diameters are nearly 
equal, are generated on the heater concurrently as 
shown in Fig. 5(b4) and (d4) for ethyl alcohol and 
water, respectively. The authors have published a brief 
report [ 141 on this type of bubble generation in ethyl 
alcohol and have named it ‘caviarwise bubble gen- 
eration’, because it looks like ‘caviar spread on bread’. 
In this experiment the same aspect was found to exist 
in water and toluene. 

Observing Fig. 5(a) and (b4), which are for ethyl 
alcohol, one can recognize the area of no bubble gen- 
eration near the side edges of the lilm heater. The area 
is narrower in water as shown in Fig. 5(d) and Fig. 6. 
To make clear the cause, a series of two-dimensional 
heat conduction simulations were conducted for the 
perpendicular plane to the heater axis. Figure 7 shows 
a typical simulation result and the temperature dis- 
tribution near a side edge of the heater indicated with 
isotherms. The figure shows that the affected area is 
restricted to a small distance from the side edge when 
a higher rate of temperature rise is applied, as in water, 
but it reaches broader area with the lower rate. Tem- 
perature profiles on the heater wall and in the direction 
of heater width were obtained from a series of simu- 
lations such as those mentioned above. As a result, 
the area affected by the side edge was proven to almost 
correspond to the area of no bubble generation. Fur- 
thermore, the measured average temperature of the 
film heater was corrected with those simulation results 
to obtain the temperature at boiling incipience, which 

40 45 50 
Distance from center line X pm 

FIG. 7. Typical simulation results of temperature distribution 
near a side edge of the heater. 
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is the uniform temperature around the central part of 
the heater wall. 

3.2. Temperature at boiling incipience 
Figure 8 shows the temperature-time curves for five 

typical cases of the rate of temperature rise in ethyl 
alcohol. The temperature scale is changed at 195’C. 
The increasing tendency of the bubble number on the 
heater is also shown. The dotted line of n = 1 shows 
the condition at which the first bubble was observed 
and boiling occurred. The figure shows that a higher 
rate of temperature rise makes the temperature at 
boiling incipience higher. 

In Fig. 9, the temperature at boiling incipience was 
plotted against the rate of temperature rise for ethyl 
alcohol, toluene and water, respectively. In every case 
the temperature at boiling incipience increases with 
the increase of the rate of the temperature rise and 
reaches a constant saturated value. The experimen- 
tal results by Skripov et al. [6] using a fine wire in 
ethyl alcohol and water are plotted for comparison. 
Derewnicki [8] also used a fine wire heated with 
the rate of temperature rise up to about 10 x lo6 
K s -i and obtained a value 20°C lower than the 
homogeneous nucleation temperature. It must be 
noted here that the aspect of boiling in the range 
where the temperature at boiling incipience is satur- 
ated becomes that of ‘caviarwise bubble generation.’ 

The dotted line indicates the theoretical homo- 
geneous nucleation temperature for each liquid, which 
is calculated from equation (1) in the next section, by 
assuming that one bubble nucleates on the test heater 
under atmospheric conditions. Although it increases 
a little with the rate of the temperature rise, it is almost 
constant. The experimental saturation value for ethyl 
alcohol agrees very well with the homogeneous 
nucleation temperature. Relatively good agreement is 
attained for toluene, although the experimental value 
is a little lower. On the other hand the saturated value 
for water is about 19°C lower than the theoretical one, 
which Skripov [4] has given 3 12.5”C as the theoretical 

value on the basis of the observed bubble number. 
The reason why such disagreement exists for water in 
spite of a good agreement for organic liquids is not 
clear at this stage: however, this may be due to the 
difference in wettability with the solid surface. A 
detailed discussion on this issue will be given in the 
next section. 

3.3. Considerations on the experimental results and 
fluctuation nucleation phenomenon 

The rate of formation of nuclei formed by fluc- 
tuation nucleation in a superheated liquid is given 
using the classical nucleation theory, including the one 
by Volmer [3] by way of an example. Equation (1) 
gives the rate per unit volume of a bulk liquid whose 
temperature is T; this case is called homogeneous 
nucleation. On the other hand, the nucleation on the 
bounding surface between two phases is called het- 
erogeneous nucleation and the rate per unit surface is 
given by equation (2). 

Jhomo = &{nm:3”_6,~5exp{-&} 

1 167~’ 
xexp - 

~WP, -P)*U --PI/P~)’ 
(1) 

Jhet =N:‘3${nmc~~b)a,[5ew {-&} 

16n(r3w 

3kT(p, -pj2U -P,/P~)’ 
1 (2) 

where 

b = 1 -P/P,, $ = f(l+cose% 

w = f(1 +cosf#J)2 (2-cosf#J) 

In the present experimental system, homogeneous 
nucleation occurs within a very thin superheated 
liquid layer which has a very steep temperature gradi- 

0 20 40 60 80 
Time t 1s 

FIG. 8. Measured temperature-time curves in ethyl alcohol and increasing tendency of the bubble 
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FIG. 9. Measured temperature at boiling incipience vs the rate of temperature rise for (a) ethyl alcohol, (b) 
toluene and (c) water. 

ent, as shown in Fig. 7, and heterogeneous nucleation 
occurs on the heating wall. Since the phenomenon is 
observed from the upper side of the heater in this 
study, the number of nucleations, i.e., the number of 
observed bubbles in experiments, is given by equation 
(3) by assuming a linear temperature profile in the 
superheated layer. 

N= Jhomo (0) dx + &et (0,) dt. (3) 

Figure 10 shows the calculation results of number 
density N and bubble number n on this heater wall vs 
the wall temperature for water. Equations (1) and (3) 
are used in this calculation and the contact angle on 
the wall is assumed to be zero. The conditions for the 
rate of temperature rise are selected from the ana- 
lytical solution of unsteady heat conduction of pulsed 
heating and the numbers along the lines show the 
lapse of time after the wall temperature reaches 300°C. 
The figure shows that the bubble can be initially 
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FIG. IO. Calculated homogeneous nucleation number vs wall 
temperature, rate of temperature rise and lapse of time 

(water). 

observed when the wall temperature reaches about 
314°C and that the number density reaches about ten 
times with a 1°C rise of the wall temperature. The 
reason why the lower rate of the temperature rise 
makes the number density so large may be that both 
the time elapsed under the nucleation temperature and 
the thickness of liquid layer in which nucleation occurs 
become large. 

Figure 11 shows the calculation results based on 
equations (l)-(3) in which the contact angle is varied 
as the parameter. The dotted line is for pure homo- 
geneous nucleation. The figure shows that the tem- 
perature at boiling incipience becomes considerably 
lower if the contact angle exceeds 30”. When it is 90’ 
boiling incipience at a temperature lower than 300°C 
is predicted from the figure. This is considered to be 
one of the reasons why the temperature at boiling 
incipience is lower than the homogeneous nucleation 

Wall temperature & c 

FIG. I I. Calculated homogeneous and heterogeneous FIG. 12. Comparison between experimental and theoretical 
nucleation number for various contact angles (water). results for increasing bubble number for water. 

temperature obtained for water, which was described 
in Section 3.2. This consideration agrees with the pre- 
sumption by Derewnicki [8], in which boiling incipi- 
ence at 20°C below the predicted homogeneous 
nucleation temperature may be attributed to the onset 
of spontaneous nucleation on a poorly wettable 
surface. 

In Fig. 12, the bubble number observed on the 
heater immersed in water was plotted as a function of 
time for two rates of the temperature rise. In the 
case of a low rate, the bubble number increases to a 
constant value of about 20 after the boiling incipience 
at about 4.4 ps, and then bubbles grow steadily to 
aggregate. In the case of a higher rate, the bubble 
number increases very rapidly and reaches about 300, 
which is the maximum countable number. This is a 
case of the caviarwise bubble generation described 
previously. The solid line in the figure shows the theor- 
etical value due to homogeneous nucleation under the 
previous experimental condition. The tendency of the 
both lines is roughly the same, although the exper- 
imental result is smaller than the theory. Assuming 
that nucleation is due to fluctuation nucleation only, 
the fact that a smaller number is obtained in exper- 
iments is estimated as follows : (1) the liquid volume 
served for nucleation decreases with time after boiling 
incipience and (2) latent heat consumption by boiling 
cools the surrounding liquid. 

Figure 13 shows the bubble number vs the wall 
temperature for three rates of temperature rise in ethyl 
alcohol. The number increases rapidly after boiling 
incipience in every case. The solid lines are of the 
theoretical value of homogeneous nucleation number 
for two cases of the rate examined in the experiments. 
For P = 2.6 x lo6 K s-‘, the number increases at a 
temperature lower than that of the theoretical one. 
On the other hand, the experimental and theoretical 
values are in good agreement for f = 11 x lo6 K s ’ 
at which the caviarwise bubble generation occurs. 

The maximum number densities of bubbles counted 
at respective conditions vs the rate of the temperature 

2 
2 104 r Theoretical value 

Water 

2 103-- 
d 
K 

2 lo*- 

NI 
Caviarwise 

.* 
bubble generation 
f = 66 x lo6 K s--l 
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FIG. 13. Comparison between experimental and theoretical 
increasing bubble number for ethyl alcohol. 

rise are plotted in Fig. 14 for the three liquids exam- 
ined. The number density increases rapidly with the 
increase in the rate for each liquid and reaches 10” 
mm2 or more at the maximum. The density is extremely 
large when compared with the maximum measured 
bubble site density of lo6 mm2 in steady-state nucleate 
boiling[l5], although they cannot be compared 
directly because of the difference in the physical 
meaning. 

On the basis of the above experimental results and 
discussions, the authors postulate that the boiling 
phenomenon at a higher rate of the temperature rise 
in this study, especially caviarwise bubble generation, 
is mainly due to fluctuation nucleation. The reasons 
for this are summarized as follows: (1) the tem- 
perature at boiling incipience increases with an 
increase in the rate of the temperature rise and reaches 
a saturated value, (2) the saturated temperature agrees 
with the homogeneous nucleation temperature for 
ethyl alcohol and toluene, (3) although the saturated 
temperature in water is about 19°C lower than the 

homogeneous nucleation temperature, this dis- 
agreement may be due to heterogeneous nucleation, 
(4) the bubble number generated from different sites 
for every pulse shot increases at a higher rate of the 
temperature rise, (5) the increase in the bubble number 
during caviarwise bubble generation shows a similar 
tendency with the theoretical value of homogeneous 
nucleation. Furthermore, the authors do not insist 
that caviarwise bubble generation only is due to fluc- 
tuation nucleation. The rate of nucleation due to it 
will increase with the increase in the rate of the tem- 
perature rise and it will become dominant at a higher 
rate of the temperature rise as shown in caviarwise 
bubble generation. 

4. CONCLUSIONS 

For studying boiling nucleation phenomenon by a 
pulsed heating method a very small film heater on a 
quartz glass substrate was heated pulsewise in liquid 
and an extremely high rate of temperature rise of 
93 x lo6 K-’ s at the maximum was attained. Ethyl 
alcohol, toluene and water under atmospheric pres- 
sure were tested and the aspect of boiling as well as 
the number density of nucleation were observed. The 
main results obtained are as follows : 

1. Temperature at boiling incipience increases with 
the increase of the rate of temperature rise and reaches 
a saturated value at a certain high rate. The saturated 
value agrees with the homogeneous nucleation tem- 
perature for ethyl alcohol and toluene and about 19°C 
lower for water. 

2. When the rate of temperature rise is high 
caviarwise bubble generation, in which a large 
number of tiny bubbles with almost uniform diam- 
eter generated concurrently on the heater, is observed 
for all liquids. 

3. On the basis of the fluctuation nucleation theory 
a series of simulations were made on the interrelation 
between the rate of temperature rise, wall tempera- 
ture, lapse of time and the contact angle between 

51 (Am. press.. 81 = 2.5 c) 

;+ ldq- o Ethyl alcohol 

E 
- I A Toluene y 

2 0 Water 
0,’ 0 
, 

Rate of temperature rise T; K/S 

14. Measured maximum number density of bubbles versus the rate of temperature rise 
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liquid and wall surface. The results were compared 
with the experiment. 

4. The number density of nucleated bubbles was 
plotted against the rate of temperature rise. The 
maximum density was 2 x 10” mm2 in water. 

5. The boiling nucleation at a higher rate of tem- 
perature rise, especially caviar-wise bubble generation, 
is postulated to be due to fluctuation nucleation. 
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