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Ahstraet-Growth rates of bubbles, generated at a moderate heat flux density in nucleate boiling on an 
electrically heated platinum wire immersed in water, and in water-methylethylketone (x,, = 4.1 x lo-‘) 
and water-1-butanol (xe = 1.5 x lo-’ and x,, = 60 x lo-‘) mixtures, have been investigated. A high 
>@E;tii picture camera technique has been used. The experimental values of the growth constants 

r _ for ascending released bubbles are generally in quantitative agreement with theoretical 
p&&ions for free bubbles, e.g. the occurrence of a minii C r,_ at x0 = 1.5 x lo-* for water-1-butanol. 
For the investigated water-methylethylketone mixture, a decreased Cr,, = @20 Cr,, and a decreased 
R i,_ = 035 R,,, occur. 

However, several bubbles show an unusual behaviour, i.e. higher or lower growth rates resulting from 
an increased or decreased distance, respectively, from their nearest neighbours. Sometimes bubbles have 
been observed, which oscillate both in shape and volume. In most cases, these vibrations are not originating 
from coalescence. The amplitude of the oscillations decreases due to viscous damping and ascending 
bubbles are gradually flattened. The frequency of the most important mode of vibration, the slowest 
fundamental harmonic, is in agreement with theory. 

Some bubbles, generated in nucleate boiling and in film boiling of the axeotropic water-ethanol mixture. 
have been investigated. A hysteresis effect in the local liquid superheating has been observed. 

1. INTRODUCTION 

1.1. General survey 
ALREADY in the thirties, Jakob et al. [l] were 
using motion pictures on steam bubbles, taken 
at a rate of approximately 500 frames per second 
(f.p.s.). Growth curves were obtained for some 
nonspherical bubbles, up to a departure radius 
R1 = 4 x 10e3 m, and up to a radius R = 
6 x 10V3 m after release. A comparison was 
made with the predictions following from the 
theoretical BoinjakoviGJakob model, cf. Sec- 
tions 1.1 to 1.3 of Part I [2]. 

Higher camera speeds (l@-10’ f.p.s.) are 
necessary, especially for the determination of the 
high initial growth rates of adhering bubbles as 
blurring occurs at low speeds. As a consequence, 

t Doctor of Physics, Principal Research Scientist. 

in all more recent investigations, high-speed 
camera techniques have been used to obtain 
more adequate information. The reader is 
referred to the original publications for a 
description of the experimental setup and for 
details concerning the photographic technique. 

The growth rate of free bubbles in initially 
uniformly superheated water has been studied 
by Dergarabcdian [3] at various degrees of 
superheating; the data are in quantitative 
agreement with the theoretical Forster-Zuber 
and Plessct-Zwick model, cf. equations (25) and 
(49) of Part I [2], i.e. R(t) - ABo, R(t) - t* and 
C l,p = 24 x 10m4 m/s* degC. 

Westwater and Santangelo [4,5] studied the 
different regions of the boiling curve for 
methanol, boiling on a steam-heated copper 
tube (4OCKl f.p.s.). Westwater [6] determined 
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growth rates in boiling pentane and observed 
vibrations of some bubbles. 

Further research on bubble growth at atmo- 
spheric pressure in boiling binary mixtures 
includes experiments carried out by : 

0) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

Benjamin and Westwater [7] on free 
bubbles in ethyleneglycol-water at 4, 8 
and 18 degC superheating. A minimum 
growth constant Cl,,, was found at 
approximately 5 wt % water. A maximum 
peak flux density qw.max had previously 
been observed by van Wijk, Vos and 
van Stralen [S], at nearly the same low 
concentration of the more volatile com- 
ponent, viz. at 2 wt % water. A scattering 
in the exponent n* (040-0~80) of the 
time in the expression R(t) - t”’ was 
observed instead of the theoretical value 
of 0.50. This may be due to local tempera- 
ture fluctuations and to local inhomo- 
genities in the composition. 
Van Wijk and van Stralen [9] on 
released bubbles generated in nucleate 
boiling of water-methylethylketone. 
Van Stralen [lo] on released bubbles in 
water-l -butanol. 
Van Stralen [ll] on adhering and re- 
leased bubbles generated both in nucleate 
boiling and in film boiling of the azeo- 
tropic water-ethanol mixtures. 
Van Stralen [12] on adhering bubbles in 
nucleate boiling of water-methylethyl- 
ketone and water-1-butanol. 
Yatabe and Westwater [13] on free 
bubbles in water-ethanol and ethanol- 
isopropanol mixtures. 

The bubble growth in pure liquids boiling at 
elevated pressures has been studied by: 

(vii) Sdm6ria [14] for adhering bubbles in 
water, boiling in the range from 5 x 10e3 
-0.5 times the critical pressure. It is 
shown that the departure radius de- 
creases rapidly with increasing pressure, 
in good agreement with van Stralen’s 

“relaxation microlayer” theory [ 121 as 
the pressure - pz - l/Cl, p r~ l/RI,,. 

(viii) Wanninger [IS] for adhering and ascend- 
ing released bubbles in uniformly super- 
heated pentane, in the range from 0.2-0.7 
times the critical pressure. The bubble 
radius R(t) - A&,, R(t) - tf for adhering 
and for slowly ascending bubbles, and 
R(t) - t after some time for released 
bubbles. The experimental ratio 
(dR/dt)/At&, which is -Cl,, - l/p, 
theoretically, decreased for increasing 
pressure. 

Bubble growth and condensation rates in 
surface boiling of subcooled liquids have been 
investigated by Gunther [ 163 and by Ellion [ 171. 
The present paper includes a description of the 
results of (ii-v). 

1.2. Scope of the present study 

The growth constant C,,, (x,,) of vapour 
bubbles is deduced hen: from experimental 
R(t)-curves for released bubbles for the binary 
systems water-methylethylketone and water- 
l-butanol. Cl,,,, in combination with the liquid 
superheatings 6, and A&, determines not only 
the growth rate of adhering and released bubbles 
generated in nucleate boiling, but also the bubble 
radius RI = R(t,) at departure and the bubble 
frequency [12]. The theory predicts the occur- 
rence of a minimal C1, 111 at a certain low fraction 
.x0 of the more volatile component. The experi- 
mental values of Cl,, are shown to be in quanti- 
tative agreement with the theoretical predictions 
for free or released bubbles. These values have 
been used previously to study the more complex 
behaviour during adherence [12]t. 

In the mixtures investigated4.1 wt % 
methylethylketone (x0 = 4.1 x lo-‘) and 1.5 
wt % (x,, = 1.5 x lo-‘) and 6.0 wt % I-butanol 
(x0 = 6.0 x 10-2)--smaller bubbles are gener- 
ated at higher frequencies in comparison with the 
less volatile pure component (water). As a 

t Same bubbles investigated previously [12] are denoted 
here by same letters. 
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consequence, the onset of film boiling occurs, 
then at a very dense bubble population on the 
heating wire. This is also partly due to the 
Marangoni-effect., which diminishes the 
tendency to premature bubble coalescence. The 
liquid boundary layer is pushed away from the 
heating wall very frequently, which results in a 
considerably increased peak flux density, up to 
a factor three? (“boiling paradox”, cf. [ 121). 

Other reasons for investigating water-methyl- 
ethylketone and water-1-butanol are [9, lo]: 
(i) the maximum qw, _ occurs in a narrow range 
of completely miscible components ; (ii) the 
corresponding K = y/x = 17 % 1, and the 
corresponding maximum AT/G, can be deduced 
from equilibrium data, which are known in the 
literature ; and (iii) experimental values of D 
are also available for water-1-butanol, whence 
experimental bubble growth rates can be com- 
pared with theoretical predictions. For practical 
purposes, the small, nearly spherical, released 
bubbles in these mixtures are advantageous in 
comparison with the larger, more irregular 
bubbles in water. 

The same heat flux density q, was used in 
these liquids. This value (45 x lo4 W/m*) was 
chosen so as to generate a moderate density of 
active nuclei on the heating surface in the region 
of nucleate boiling. In this way an eventual 
change in growth rate of a bubble, due to the 
presence of near neighbours, could mostly be 
avoided. A comparison of experimental data 
on released bubbles with theoretical predictions 
for free bubbles with the bubble centre at rest is 
possible now. Actually, this is allowed only for 

7 These results have been obtained on electrically 
heated, horizontal platinum wires with a diameter of 
2 x 10T4 m, immersed in a relatively large boiling vessel 
with a heated bottom plate. Lower maxima in mixtures 
occur generally on wires with much larger diameters and on 
flat heating plates. This is mainly caused by a local exhaustion 
of the more volatile component nearby the heating surface 
or by a lower bubble frequency due to a prolonged adherence 
to the wall at the same small denarture size. The first effect 
depends on the available liquidvolume, and is removed in 
surface boiling. The latter effect is connected with the flow 
pattern due to the geometry of the heating surface. 

relatively small bubbles, as the ascending 
velocity of larger bubbles will be increased due 
to the occurrence of an internal circulation, cf. 
e.g. [18]. The liquid boundary layer adjacent 
to a vapour bubble is continuously renewed 
then, and increased growth rates may be 
expected. However, this internal circulation has 
not been observed for small bubbles, whence 
the original boundary layer will adhere to such 
ascending bubbles. 

The transition from nucleate boiling to film 
boiling by exceeding gradually the critical 
temperature difference &,+_ of the azeotropic 
mixture (95.6 wt % ethanol) of the system 
water-ethanol, has also been studied [l 11. 

2. APPARATUS AND PROCEDURE 

2.1. Photographic technique 
2.1.1. High-speed motion picture camera. A 

Fairchild HS lOl(30 m, 16 mm film) high speed 
motion picture camera of the rotating-prism 
type was operated at 6000 f.p.s. An Elgeet 
76 mm, f/l*9 lens was provided with a 50 mm 
extension tube. A timing light placed marks on 
the edges of the Ferrania 27 reversal panchro- 
matic tine-lihn and so an accurate time base is 
obtained for evaluation of data. A Friingel 
timing light generator was used, which produces 
signals of approximately 30 lo duration at a 
frequency of 1000 c/s. Quantitative measure- 
ments were taken from the last 8 m only of an 
exposed film, as the speed of this portion was 
constant within 0.5 per cent. 

Convenient focussing of the camera is possible 
by using a boresight viewfinder. The head of a 
lihn was elongated by splicing it with a perfor- 
ated nylon type. A suitable portion of the nylon 
tape, which faced the objective, was provided 
with a piece of Scotch mending tape and acted 
as a focussing screen of good quality. For 
operation, the. camera was screwed tight on a 
heavy Linhof tripod. The bottom heater of the 
boiling vessel was placed on a carriage, which 
could be adjusted with a screw micrometer. This 
carriage is movable along the optical axis of the 
camera objective in order to adjust the distance 
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from the heating wire to the focussing screen 
on the film. 

2.1.2. Illumination. A 24 V/500 W radium 
over-run lamp was operated at 30 V a.c., so as 
to achieve increased illumination. The filament 
of the incandescent lamp was located at the 
focus of a Hessenbruch parabolic mirror. The 
metal-coated front of the inside of the glass bulb 
acted also as a mirror, reflecting the light, which 
travelled originally in the forward direction. 
In this way a beam of parallel rays was obtained, 
which was focused by a separate Rodenstock 
converging lens on a vertical ground glass. This 
intensively illuminated screen was placed in the 
boiling vessel, a few millimeters behind the 
heating wire and a calibrated 2-mm scale 
(Fig. 1). Thus the contours of vapour bubbles 

nickel-coated brass bar 
/ 

Another feature of against-the-light photo- 
graphy is that nearly all the light is scattered in 
the general forward direction, in the case of a 
beam of parallel rays incident upon a spherical 
vapour bubble. This method of observation has 
advantages here, compared to front lighting, as 
an aperture setting f/5*6 could be used, resulting 
in a larger depth of field and a higher resolving 
power of the large-aperture objective. 

2.2. Boiling vessel 
Optically parallel glass windows and poly- 

tetralhroroethylene (at the inside of the vessel) 
and neoprene rubber (for the outside of the 
glass windows) packing has been used. A total 
reflux condenser was mounted on the removable 
cover plate. The vessel was partly filled with 

bubbll 

kl screen 

FIG. 1. Sections of parts of boiling-vessel showing temperature distribution 
in water boiling at atmospheric pressure. 

The nucleate boiling heat flux density of the platinum wire was 45 x 104 
W/m* and the power of the bottom heater was 100 W. 

distinct on the photographs giving maximum liquid and heated at the base by an electric 
contrast between the interior of the bubbles and heater. Uniform boiling was maintained, as heat 
their surroundings on account of total reflection. losses were compensated by this heater. Liquid 
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temperatures were measured with a calibrated 
mercury-in-glass thermometer, small tempera- 
ture differences (e.g. liquid superheatings) with a 
calibrated copper-constantan thermocouple, 
consisting of thin wires. An a.c. was passed 
through the horizontal, “physically pure” (99.99 
per cent) platinum heating wire, which acted as 
the heating surface. The heat flux density was 
calculated from the electric power : 

&EEI. 
CV4V 

A constant q,,, = 45 x 104 W/m2 was chosen, 
which corresponded to a power of 15 W. The 
power of the bottom heater was adjusted to 
100 W for taking motion pictures. 

Boiling curves (including wire superheatings 
0,) were obtained previously by passing a 
stepwise increasing d.c. through the wire (with 
a diameter of 2 x 10e4 m), of which a central 
portion was isolated as a test section by making 
use of thin platinum potential taps with dia- 
meters, of 5 x 10m5 m. This section served as 
the heating surface and at the same time as a 
resistance thermometer [19]. 

2.3. Evaluation of bubble dimensions 
The field of view of the camera was determined 

by selecting a suitable combination of lens and 
extension tube (Section 2.1 .l). The boiling vessel 
was provided with a calibrated 2-mm scale for 
evaluation of bubble dimensions. The vapour 
bubbles investigated were viewed by a tenfold 
(water) to ftityfold (mixtures) linear enlargement 
in comparison to real dimensions. 

An ascending free vapour bubble was approxi- 
mated by a rotation ellipsoid, in agreement with 
the theory by Siemes [20] for bubbles with 
radii up to 3 x 10e3 m. The rotation axis 
coincides with the direction of the flow of the 
surrounding liquid (in most cases vertical). 

Several bubbles oscillated about the spherical 
shape. The most frequently observed mode of 
vibration is the slowest, fundamental harmonic. 
In this case a sphere is transformed periodically 

into a rotation ellipsoid with a, > a2 and 
a, < a2, respectively. 

It is obvious now that one has to determine 
the equivalent bubble radius R (of a sphere with 
the same volume) from : 

R = (a:a,)* x 
2a, + a2 

3 . 

The values following from the approximation in 
the right-hand side of equation (2) are not more 
than 0.5 per cent (second-order deviation) too 
large in comparison with the left-hand side for 
bubbles with O-8 < al/a2 < 1.2, cf. Fig. 30. 

3. THE SUPERHEATING OF THE 
BULK LIQUID 

3.1. Water 
In order to keep out of vision vapour bubbles, 

moving upwards from the front side of the 
heated bottom plate of the boiling vessel, a 
metal sheet was attached to the ends of the scale. 
This screen inclined downwards in the direction 
to the front wall of the vessel (Fig. 1). The front 
bubbles rise now behind the ground glass to the 
liquid-level surface and are no longer in- 
convenient obstacles in the field of vision. 

The superheating was measured along a line 
parallel to the heating wire 3 mm above it. This 
superheating was no longer constant, but varied 
from O-1 l-036 degC for a nucleate boiling heat 
flux density of q,,, = 45 x lo4 W/m2 as a conse- 
quence of the presence of the ground glass and 
the bubble screen (A&, = 0.36 degC is the value 
in absence of ground glass and screen, i.e. 
representative for commonly used boiling 
vessels). The superheating of the bulk liquid, 
which was determined with a mercury-in-glq: 
thermometer, amounted to 0.34 degC. The 
bottom heater was adjusted to a power of 100 W, 
a part of which is lost to the surroundings. The 
ends of the platinum wire were to some extent 
outside the main flow of the boiling water, 
ascending from the heated bottom of the vessel 
(cf. Fig. 1). This results in different growth rates 
of vapour bubbles after breaking away from the 
platinum wire. 
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Water - methylethylketone 
I 
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0 50 100 150 200 250 300 350 LOO 

power of bottom heater 1 WI 

FIG. 2 Superheating of water and of 4.1 wt % methylethylketone boiling 
at atmospheric pressure. Superheatings are measured at a distance of 
approximately 3 mm above the centre of the platinum wire. 
Wufer:. boiling vessel provided with ground glass and bubble screen; 
0 ground glass and bubble screen removed. 

4.1 wt % methylethylketone: boiling vessel provided with ground 
glass and bubble screen. 

Experiments carried out in the same run are represented by the 
same figures. 

For the boiling vessel with removed ground 
glass and bubble screen, a heat flux density of 
only 300 W/m?, transmitted by the bottom 
heater, should have been sufficient to maintain 
a constant superheating in the entire bulk 
liquid, according to Jakob and Fritz [l], cf. 
Section 1.2 and Fig. 1 of Part I [2]. 

Jakob and Fritz have also shown that the 
superheating of the bulk liquid is independent 
of the heat flux of the bottom heater, at least in 
the lower part of the region of nucleate boiling 
for water at atmospheric pressure. Their results 
are in agreement with Fig. 2: the superheating 
decreases only slightly by increasing the heat 
flux density of the bottom heater. This will be 
connected with the rate, at which the number of 
vapour bubbles, generated per second and per 
unit area on active nuclei at the heating surface, 
increases. 

3.2. Water-methylethylketone 

heating wire has apparently been removed 
(Fig. 3). The same value of the bubble growth 

. 67.24 “c 

heating wire 15 W 

-67.56 47.30 

15 w 

. 67.60 .67.60 
15 w 

In 4-l wt % methylethylketone [9, 10) the 
L - I 

effect of measuring higher superheatings along 
FIG. 3.4.1 wt “i, methylethylketone. Temperature distribution 

the centre of the horizontal line 3 mm above the 
above heating wire in binary mixture boiling at atmospheric 

pressure, for different powers of bottom heater. 
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factor C,, 111 occurs for released bubbles, in- 
dependent of the location of the generating 
nucleus at the wire surface (cf. Fig. 13). 

Also, in contrast to the behaviour in water, 
the superheating of bulk liquid in this mixture 
decreases considerably, especially in the range 
of low heat fluxes (Fig. 2). This effect may be due 
to a more rapid increase in the number of active 
nuclei, in comparison to water. 

3.3. Water-1-butand 
The superheating in a mixture depends on the 

power of the bottom heater (Fig. 4). The curve 

0 ! 
0 50 1W 150 zoo 250 3m 

w.ver d bottom heater (WI 

FIG. 4. Water-l-butad. Superheating of mixtures; % 
denotes wt % 1-butanol. Superheatings were measured 
approximately 3 mm above the centre of the (same) platinum 
heating wire, or above the right nucleus (in 6Q%). Re- 
producibility of results is shown for 15%: cold junction of 
coppcr-constantan thermocouple in he vapour space at a 
distance of 25 mm above the liquid-level surface l or at 
5mmO.cf.Figs.land2ofPartI. 

The boiling vessel was provided with ground glass and 
bubble screen, with the exception 0 for water. 

for 15 % wt 1-butanol shows a minimum at a 
power of 150 W [lo]. The liquid superheating 
is shown in Fig. 5 in dependence on composition. 
The power of the external heater was taken 
constant here at 100 W (motion pictures) or 
150 W (minimum superheatings). 

During the tests reported here, the motion 
pictures show released vapour bubbles in liquids 
with superheatings : varying from 0.1 l-O.36 
degC for water ; constant at a value of 0.95 degC 
for 4.1 wt % methylethylketone and constant 
at 0.14 degC for 15 wt % 1-butanol, and 0.31 
degC for 60 wt % 1-butanol. 

0 5 10 15 
lOf, 

FIG. 5. Water-l-butand. Superheating as a function of 
composition at constant heater power and constant nucleate 
boilina heat flux densitv of wire (45 x 104 W/m*). 

A minimum superheating occurs at 1.5’ wt’ % and a 
maximum at 60 wt y0 of 1 -butanol in both curves. 

Experimental data can easily be compared 
with Cz = CT* (A&,)“‘75, cf. Fig. 6 of Part I [2], 
but preference is given here to the exact equation 
(15), i.e. equation (71) of Part I [2], cf. Section 
6.4. 

4. EXPERIMENTAL BUBBLE GROWTH IN 
WATER IN COMPARISON WITH 

THEORETICAL PREDICTIONS 

The size of bubbles breaking away from 
various nuclei on the wire differs considerably 
(cf. Figs. 6-8). Intentionally, “growth curves” 
R(t) have been determined for some relatively 
large and for some smaller bubbles. The radii 
of three successive bubbles, generated on the 
same nucleus, are shown as a function of time in 
Fig. 7. The bubbles oscillate both in shape and in 
volume, cf. the Appendix on bubble vibrations. 
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The slope of the curves for adhering bubbles 
in Fig. 7 decreases continuously, in good agree- 
ment with van Stralen’s relaxation microlayer 
theory [12]. The curves for released bubbles are 
compared with the theoretical growth of free 

t (5) 

RG. 7. Water. Growth of consecutive vibrating bubbles, 
generated on the same nucleus; B0 = 20 degC and A+$, = 
036 degC. 

The curves R = 10 x 10e4 tt (bubble a) and R = 
13 x 10e4 tt (bubble b), at the bottom of the figure, denote 
theoretical growth of free bubbles, which ate subjected only 
to the superheating of bulk liquid The arrows at the curve 

for bubble b denote the frames shown in Fig. 9. 

bubbles, which are subjected to a constant 
superheating A& of bulk liquid only. The dotted 
curves are parabolas, cf. Part I [2] : 

R,(t) = Cz,p tf z Cl ABo tf, (3) 

where the theoretical value for asymptotic 
growth of Ci,, = 24 x 10m4 m/s* degC accord- 
ing to Plesset and Zwick and C,,, = 22 x 10e4 
m/s* degC according to Forster and Zuber, 
cf. Part I [2]. 

The contrast with the rapid initial growth of 
bubbles adhering to the wire with a superheating 
&, = 20 degC is striking. One has during 
adherence [ 123 : 

Rp@) = bC1,,Bot+exp - t 
f- 

0 
(4) 

and hence for the departure radius : 

R 1,~ = Rp(tl) = $ cl,, 00 t#. (5) 

For comparison with the theoretical equation 
(3), growth curves were plotted, showing the 
radius R of released bubbles as a function of 
tf - tt (Fig. 8); ti may differ for bubbles of 

0.06 
0 c-05 Ox) 015 

f%G. 8. Water. Growth curves for vibrating vapour bubbles, 
after departure. ABo = 0.36 degC for bubbles a and 6, 

ABe = 0.15 degC for bubble tf, and A& = 0.11 degC for 
bubble c. 

various dimensions. However, a translation of a 
growth curve has no effect on the slope. 

The frequency of bubble formation amounted 
exactly to 50 s- ‘. This may be a consequence of 
the use of a.c. A similar effect was observed by 
Faneuff, McLean and Scherrer [21] heating 
nichrome wires with electrical short duration 
repetitive pulses. The bubbles adhere to the 
surface during a time tl, p = 8 x 10T3 s before 



H.M. 

FIG. 6. Wafer. Field of view of high-speed motion picture camera, provided with 76 mm lens 
and 50 mm extension tube. A calibrated 2-mm scale was used for evaluation of bubble dimen- 
sions. The consecutive bubbles a and b were formed on the left nucleus (A00 = 0.36 degC), 
bubble d on the intermediate nucleus (A00 = 0.15 degC) and bubble c on the right nucleus 

(A00 = 0.11 degC). 

facing page 1408 



FIG. 9. Water. Photographs showing the growth of the vibrating bubble b 
of Figs. 7 and 8. 
I = frame no. 2; 2 = frame no. 9; 3 = frame no. 44; 4 = frame no. 175. 
Time interval between successive pictures is 1.67 x 10e4 s. Camera speed 
6000 f.p.s. Frame no. 0 shows no bubble on the nucleus. Frame no. 44 
shows the bubble at the instant of breaking away from the heating 

surface. A 2-mm scale is visible at the bottom of the photographs. 



FIG. 10. 4.1 wt % methylet/zyZketone. Field of view of camera. The consecutive bubbles c and b 
originate from the left nucleus and bubble c from the right nucleus. Bubbles d and e are formed in 
the liquid above the intermediate nucleus. 

A striking feature is the reduced size of vapour bubbles in this mixture in comparison to 
water, cf. Fig. 6. Sometimes tiny bubbles are breaking away downwards from the intermediate 

nucleus. A 2-mm scale is visible at the bottom. 



FIG. 12. 4.1 wt % methylethylketone. Photographs showing the growth of 
the vibrating bubble (I of Figs. 11, 13 and 30. 

I = frame no. 1; 2 = frame no. 23; 3 = frame no. 34; 4 = frame no. 
43; 5 = frame no. 172; 6 = frame no. 267. Time interval between suc- 
cessive pictures is 1.67 x lO-4 s. Frame no. 0 shows no bubble on the 
nucleus. Frame no. 43 shows the bubble shortly before breaking away 
from the heating surface. A 2-mm scale is visible at the bottom of the 
photographs. 

The succeeding bubble b is shown also in photographs 5 and 6. 



FIG. 15. I.5 wt % 1-burunol. Field of view of high-speed motion picture camera, provided with 
76mm lens and 50-mm extension tube. A 2-mm scale was used for evaluation of bubble 
dimensions. 

Bubble e is shown one frame before the instant of breaking away from the heating surface 
(i.e. frame no. 68 of bubble e). The consecutive bubbles 6, c and d and bubble a are formed on 
the nucleus at the centre of the wire (A& = 0.14 degC), bubble h on the left nucleus and bubble 
f on the intermediate nucleus. The nucleus generating bubble g is located at 0.1 cm to the left 
of the nucleus generating bubble a. That nucleus was not active at the instant of taking this 

frame. 

FIG. 18. 1.5 wt % I-butunol. Photographs showing the growth of bubble fin Fig. 17. 
I = frame no. 72; 2 = frame no. 204 = frame no. 22 of bubble c, of Fig 16. Time interval 

between successive pictures is 1.67 x 1O-4 s. Frame no. 0 shows no bubble on the nucleus. A 
2-mm scale is visible at the bottom of photograph 1. 

1: the growth of bubble f (in black circle) is stopped completely due to its close proximity to 
another bubble, which grows rapidly at the heating surface; 2: bubble f is growing again. 



FIG. 19. I.5 wt % I-burunoL Photographs 
showing the growth of bubble h in Fig. 17. 

1 =framen0.11;2=framen0.21;3- 
frame no. 62; 4 = frame no. 125. Time 
interval between successive pictures is 1.67 
x 1O-4 s. Frame no. 0 shows no bubble on 
the nucleus. A 2-mm scale is visible at the 
bottom of the photographs. 

1 : bubble h at the instant of breaking 
away downwards from the heating wire; 
3: bubble h between the scale; 4: the 
bubble moves upwards and meets the 
wire again. 

The growth factor C.L,,,~ ~ 0 for this 
bubble after release due to the competitive 
consumption of the more volatile com- 
ponent by neighbouring bubbles, generated 

on the wire. 

FIG. 20. 6.0 wt % l-bufunol. Field of view of camera. A 2-mm scale is visible at the bottom of 
the photograph, which shows frame no. 1 of bubble a = frame no. 198 of bubble c. 

The bubbles investigated are generated on the right nucleus. The initial growth rates of 
bubbles on the other nuclei could not-be determined_owing:to the dense bubble population. 



FIG. 23. 6.0 wt % I-bukrnol. Photographs showing the growth of bubble 
b in Fig. 21. 

1 = frame no. 1; 2 = frame no. 189; 3 = frame no. 240; 4 = frame 
no. 278; 5 = frame no. 326; 6 = frame no. 383. Time interval between 
successive pictures is 1.67 x 1O-4 s. Frame no. 0 shows no bubble on the 
nucleus. A 2-mm scale is visible at the bottom of photographs I and 2. 

I, 2: bubble b grows after release according to R = 6.5 x 10-4 t* with 
A00 = 0.31 degC; 3, 4: bubble b grows rapidly owing to a movement 
outside the domain of competitive consumption of the more volatile 
component by neighbouring bubbles; 5, 6: the growth has again been 

slowed down. 



FIG. 24. 6.0 wt % 1-butunol. Photographs showing the growth of 
bubble e in Fig. 21. 

I = frame no. 32; 2 = frame no. 157; 3 = frame no. 240; 
4 = frame no. 319. Time interval between successive pictures is 
1.67 x 1O-4 s. Frame no. 0 shows no bubble on the nucleus. 
A 2-mm scale is visible at the bottom of photograph 1. 

I, 2: bubble e grows according to R = 6.5 x 1O-4 ti with 
MO = 0.31 degC; 3: growth of bubble e is stopped owing to its 
close proximity to two larger bubbles; 4: bubble e is growing 

again. 
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breaking off. An uncertainty of up to maximally 
1.7 x 10d4 s occurs in the determination of the 
instant at which a bubble starts to grow from 
the equilib~~ radius R,, as this time lies 
between the first visible bubble picture and the 
exactly preceding frame showing no bubble. 

From Figs. 7 and 8 the following experimental 
values of the growth coefficient, C2,*, are found : 

Initial growth: C,,,(&,) = 500 x 10B4 m/s*, 

with 0, = 20 degC. (6) 

Growth after release : C2, ,(A&,) = 11.5 x 10N4 
m/s*, with 68, = O-36 degC, i.e. Cl,, = 32 x 

10e4 m/s* degC; 
C = 4 x 10m4 m/s*, with A&, = 0*15 degC, 
a&‘&, p = 3 x 10m4 m/s*, with 68, = O-1 1 

degC. (7) 
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which are described in the literature, may occur 
as a consequence of coalescence. 

The average value of R,, p = 9-2 x 10e4 m 
at B 0 = 20 degC!. Hence the growth parameter 
b = O-70 in equation (5), cf. [12]. 

5. BUBBLE GROWTH IN 4.1 WT 7;. 
METHVLETHYLKETONE 

5.1. Ex~~~~tal results 
The photographs in Figs. 10 and 12 for 4.1 

wt % methylethylketone illustrate the slowing 
down of bubble growth and decreased bubble 
size at the instant of breaking away from the 
heating wire, in contrast to Figs. 6 and 9 for 
water. For this mixture similar R(t)-curves have 
been obtained as for water (Figs. 11 and 13). 
Bubbles a and b, which were formed on the same 

f (51 

FIG. 11.41 wt % ~t~ylet~y~~to~. Growth of successive vibrating vapour 
bubbles, generated on the same nucleus; 8,, = 24 degC and A&, = 0.95 degC. 

The curves R = 6 x lo-” t* at the bottom of the figure denote growth of 
free bubbles, which are subjected only to the superheating of bulk liquid. 

Arrows on curve for bubble B denote the frames shown in Fig 12. 

These experimental results are in good agree- 
ment with Striven’s theoretical predictions, cf. 
Fig. 5 of Part I [2]. 

In Fig. 9 some characteristic motion pictures 
show the growth of bubble b of Figs. 7 and 8. In 
photo~ph 2 some touching bubbles coalesce, 
in photograph 4 the successor of bubble b on 
the same nucleus has already been released 
from the wire. Complicated bubble shapes, 

nucleus, vibrate similarly to bubbles in water 
(Figs. 11 and 13j.t The time between the forma- 
tion of two consecutive bubbles on the nucleus 
generating bubbles a and b, amounts to l-04 x 
lo-* s. The time of adherence to the wire 
tl = 7 x 10e3 s, i.e. approximately only 10 per 

t The reader is referred to the Appendix on bubble 
vibrations; especially the behaviour of bubble a in 4.1 wt % 
methylethylketone is studied (Fig. 30). 
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cent shorter than for the larger bubbles a and b 
in water (cf. Fig. 7 and Parts I and II of [12]). 

The initial growth rate of bubbles in 4.1 wt % 
methylethylketone corresponds to a wire super- 
heating & = 24 degC, the growth rate for 
released bubbles to a superheating of bulk 
liquid A& = 0.95 degC (Fig. 2). 

Bubbles generated on a nucieus, which is 
located at the lower side of the heating wire, 
creep slowly upward, while they remain attached 
to the surface. This is also the case in water. 
Sometimes, however, tiny bubbles leave the 
wire in the direction perpendicular to the sur- 
face. Hence some small bubbles move downward 
immediately after breaking away from the 
surface (cf. Fig. 10). The average size of releasing 
bubbles is smaller than in water, cf. equation (5) 
These effects cannot be explained by using 
current equations in the literature [l], which are 
based on the decrease in surface tension in 
comparison to water. A quantitative explanation 
in terms of equation (5) follows from van 
Stralen’s relaxation microlayer theory [12]. 

The growth rate of bubbles a and b is high 
during an initial stage of 2 x 10e3s. During 
the next 5 x lo-js before departure, their 
growth is stopped completely, or, more exactly, 
even a condensation of short duration occurs, 
cf. Section 5.2.2. For released (vibrating) bubbles 
a and 6, Figs. 11 and 13, and (nonvibrating) 
bubble c, Fig. 13, one finds : 

C Z,m = C1,,A&, = 6 x 10-4m/s*, 

with At+, = O-95 degC. (8) 

Hence 

C l,m = 6 x 10-4m/s* degC. (9) 

The ratio of these values of C,,, and Cr,, to 
the corresponding values in water, cf. equations 
(6) and (7) shows a decrease to approximately 
50 per cent and 20 per cent, respectively. More 
exactly, one has in the bubble growth equation 
R = C,tf : 

CZ N (A&$. (10) 

I I 
a O-05 0.m 0.15 0.20 025 

t&f+ l&l 

FIG. 13. 4.1 wt % methylethylketone. Growth curves for vapqur 
bubbles after departure. Bubbles 8 and b (vibrating) and bubble c 
(nonvibrating) are generated on the heating wire, bubble d (non- 
vibrating) was formed in the liquid above the wire, cf. Fig, 10; 
At& = 0.95 degC. 

The. growth of bubble dis sometimes increased due to its movement 
in the forward direction, outside the range of neighbouring bubbles. 
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A value of the exponent is found: n = 080 at 
A&, = 0.36 degC (water) and n = @90 at AtI0 = 
@95 degC (4.1 wt % methylethy~etone), cf. 
Fig. 6 of Part 11[2]. The constant of proportion- 
ality in equation (10) amounts to 27 x 10e4m/s* 
degC”‘s5 in water and to 6 x 10M4m/s* degC0’8s 
in the mixture by taking the average n = 0.85, 
i.e. the experimental value of this growth 
constant is reduced to 22 per cent. 

The growth curve for bubble d in Fig. 13 
shows two parts with an increased slope. This is 
because this bubble moved forward, outside the 
range of competitive consumption of the more 
volatile component by neighbouring bubbles. In 
the main region of this curve the growth factor 
CZ = 24 x 10-4m/s*, i.e. nearly equal to the 
value in water at Aeo = 095 degC, cf. Fig. 5 of 
Part I [2]. 

Two growth curves have been plotted for 
bubble e in Fig. 14, This bubble was initially 

I I I 
Water- methylethytketme; 10?+4.1 

I I I I 

Fh. 14.4.1 wt % ~t~y~et~yf~o~. Extreme growth curves 
for a (nonvibm~~~ bubble e. which is formed in the boilinn 
liquid above the i&ding win, cf. Fig. 10. 

Curve 1: time t was taken from linear extrapolation to 
zero bubble dimensions at the constant superheating of 
bulk liquid; tl is here the time of the first clearly visible 
bubble picture. 

Curoe 2: timer was measured from the first visible bubble 
picture; tt = 0 io this case. 

formed in the slightly superheated liquid, and 
not at an active nucleus on the heating wire. The 
instant of first formation of this bubble is un- 
certain. 

Hence two extreme cases have been con- 
sidered: For curve 1 this instant has been 
estimated by means of linear extrapolation to 
zero dimensions at the constant superheating of 

bulk liquid. For curve 2 a higher, yet unknown, 
initial growth rate was assumed; the most 
extreme case was considered here by taking 
zero time at the first clearly visible bubble 
picture. 

In this way two limits have been determined 
for the growth factor, viz. 2 x 10W4m/s~ CZ 
< 8 x 10-4m/s* for the lower part of the 
curves, and 17 x 10-4m/s+ C CZ < 25 x 10m4 
m/s* for the upper part of the curves, where the 
bubble grows more rapidly for the same reason 
as bubble d, cf. Fig. 13. The average value in the 
lower part of the curves (5 x lo-*m/s*) for this 
free, nonvibrating bubble deviates only slightly 
from the value in equation (8) for released 
bubbles, of which the instants of initial forma- 
tion and breaking off could be determined 
nearly exactly. 

5.2. Comparison with theory 
52.1. The ~bb~e growth costar. A theo- 

retical growth equation for bubbles in mixtures, 
which is valid for moderate liquid superheatings, 
has been derived in Part I [2], equation (74): 

(11) 
A maximum ATj%, = 180 degC is deduced 

g~p~~ly for 4.1 wt % methylethy~etone from 
equilibrium data, cf. Section 2.4 of Part II of [12]. 

Data of the diffusion constant for methylethyl- 
ketone in water are not known in the literature. 
If the value of the diffusion constant for l- 
butanol in water (L, = 9.7 x 10-‘Omz/s) at the 
a~osphe~c boiling point (T = 362°K of 4.1 wt 
% methylethylketone) is accepted for methyl- 
ethylketone, on ground of similarity of the 
molecules, one calculates 

a* 
/i = L, = 13.2. 0 (12) 

Hence, the bubble growth constant Cl,,, in 
equation (11) for 4.1 wt % methylethylketone 

F 
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would be reduced to O-20 of the value in water. 
This in quantitative agreement with the experi- 
mental results. The average departure radius at 
8, = 24 degC is decreased to R,, ,,, = 3.4 x 
10e4m, when R,,, = 0.35 R,,, and the growth 
parameter b = 090 in equation (5), cf. [ 12). 

It may be worth reporting here, that in 
principle a new method for measurement of the 
diffusion constant at various temperatures and 
concentrations can be based on investigations 
of bubble growth rates in binary mixtures. 

5.2.2. Bubblecondensation. A condensation like 
that of the adhering bubbles a and b (Section 5.1) 
is observed, but only in mixtures. Apparently, 
this effect must thus be explained only in terms 
ofmass diffusion of the more volatile component. 
Condensation of the bubble can occur only, if 
the instantaneous vapour temperature exceeds 
the instantaneous liquid temperature of the 
adjacent relaxation microlayer [ 121; i.e. only if 
(cf. equation (69)and Section 2.3.1. of Part I [2]} ; 

C 
T(y) = T(x,) + 1 - * 8, > T(x,) 

( > l,P 

+ do exp - @/b ,,I+. (13) 

This condition is satisfied in case of C1, m = 0.20 
C,,, (Section 5.1) as (t/t1,,J3 > 0.22. Actually, 
however, the situation is more complex, as the 
liberated heat of condensation results in an 
instanfaneous increase of the temperature of the 
relaxation microlayer. 

For pure liquids, equation (13), which is 
based on the assumption of thermodynamic 
equilibrium at the bubble interface, is simplified 
to 

T(R,) = T < T + 8,exp - (t/t,)+, (14) 

which explains the impossibility of an in- 
stantaneous condensation during adherence. 

5.2.3. Heat transfer to individual bubbles. For 
the heat transmission to a free vapour bubble it 
follows from equations (29) and (16) of Part I [2], 
that : 

(i) the rate of heat flow 
Qa = 4np,lR211 = 2xp,lC;P 

z 27cp,lC:(Ae,)V, 
(ii) the heat flux density 

qa = p,llz = 4p21c2t-+ r fpJC, Ae,t-+, 
and 

(iii) the coefficient of heat transfer 
h, = (q,/A8,) z +p*1c, t-f. 

For adhering and released bubbles, these quanti- 
ties can be derived now from the experimental 
R(t)-curves during the whole lifetime of a 
bubble. Note, that (Pb N t *, and that both qb and 
hb N t-+. Also, Qb - C:, and both qb and 

hb - C,. Thus where the heat transmission to in- 
dividual bubbles in 4.1 wt % methylethylketone 
is reduced considerably in comparison to water 
on account of the severe decrease in the growth 
constant C1. 

5.2.4. Conclusions. Summarizing the experi- 
mental results of the preceding Sections 4 and 5, 
the following ratios of the corresponding quan- 
tity in 4.1 wt % methylethylketone in com- 
parison to water have been determined : q,,,, ,,,= : 
2.7; A&, for motion pictures : 2.7; & for motion 
pictures : 1.20; C2 for released bubbles : O-50; C, 
for released bubbles: 0.20, and average R, = 
R(t,): 0.23 by taking only bubbles with A& = 
0.36 degC in water. 

It is seen here, that the expected coincidence, 
cf. Part I [2], of an increased peak flux density, 
a slowing down of bubble growth, and a 
decreased bubble departure radius, has been 
proved to occur experimentally. For the theo- 
retical explanation reference is made to van 
Stralen’s relaxation microlayer theory [12]. 

The growth coefIicient C, has been shown to 
be only slightly dependent on the liquid super- 
heating, in accordance with Striven’s theory, 
cf. Part I [2]. Released bubbles have been in- 
vestigated instead of the theoretical free bubbles ; 
the mutual distance of the bubbles was of the 
order of their diameter. A severe competition in 
the consumption rate of the more volatile 
component must occur between neighbouring 
bubbles at actual peak flux conditions, in 



GROWTH RATE OF 

consequence of the corresponding high density 
of bubble population. 

6. BUBBLE GROWTH IN WATER-l-BUTANOL 
MMTURES 

6.1. Results for 15 wt % 1-butanol 
The field of view of the camera is shown in 

Fig. 15. The distribution of active sites on the 
heating surface in which bubbles are promoted 
is indicated in the caption of this figure. A 
superheating A&, = O-14 degC (cf. Figs. 4 and 5) 
has been measured in the liquid near the 
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nucleus generating the vibrating bubbles b, c, d 
and B [lo]. 

For the successive bubbles 6, c and d (Fig. 16) 
and for bubble 8 (Fig. 17) the growth factor in 
equation (11) amounts to Cz_ = 25 x 10e4 

m/s*, i.e. Cl,, = Cz,,jAtI,, = 18 x low4 m/s* 
degC, in comparison to C,, P = 11.5 x 10m4 
m/s* for released bubbles moving upwards to 
the liquid-level surface in water with a super- 
heating A&, = 0.36 degC, cf. equation (7). 

The average time of adherence to the heating 
wire for these bubbles is equal to 5.3 x 10T3 s, 

FIG. 16.15 wt % 1-butanol. Growth of consecutive vibrating vapour bubbles, 
generated on the same nucleus; 8,, = 21 degC and A&, = 0.14 degC. 

Curve R = 2.5 x 10e4 t* denotes theoretical growth of free bubbles 
subjected only to the superheating of bulk liquid 

Arrow on curve for bubble b denotes the frame shown in photograph 2 
of Fig. 18. 

FIG. 17.1.5 wt % l-bum&. Growth curves for vapour bubbles, generated on 
various nuclei at the wire (cf. Fig 15); f& = 21 degC. 

Arrows on curves for bubbles e, f and h denote the frames shown in Figs. 
15. 18 and 19, respectively. 
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i.e. 35 per cent shorter than in water (8 x lo- 3 s). 
A number of bubbles show an unusual growth 
rate after breaking away from the wire : 

1. The nucleus generating bubble e is rather 
free from neighbouring active sites (cf. Fig. 15). 
This results in a relatively small consumption 
rate of the more volatile component in the 
liquid near this nucleus and probably also in a 
larger local liquid superheating in comparison 
to the nucleus generating bubbles 6, c, d and a. 
Consequently, the growth rate of bubble e has 
been increased to a value corresponding with 
C = 4 x 10m4 m/s*, after the instant of 
bt%king away from the heating surface (Fig. 17). 

2. The size of bubble f decreases gradually 
during the first 1.5 x lo-’ s after release, Fig. 
17. This is due to a close proximity of this 
bubble to two other bubbles, one of which is 

growing rapidly at the heating wire, Fig. 18. 
Bubble f grows again if the distance to the next 
neighbours has been increased considerably 
(Figs. 17 and 18). 

3. The small bubbles 9 and h are breaking 
away below the heating wire before rising again 
(Fig. 19). The growth of these bubbles is stopped 
completely after the initial stage because a large 
number of successive bubbles grows rapidly in 
their neighbourhood. 

6.2. Results for 6.0 wt % 1-butanol 
The field of view is shown in Fig. 20. A super- 

heating A&, = 0.31 degC (cf. Figs. 4 and 5) has 
been measured in the liquid near the nucleus 
generating the bubbles studied (Figs. 21 and 22). 
Bubbles b, c and e are rather free from near 
neighbours during the first 3.5 x 10m2 s (Fig. 

1 

FIG. 21. 60 wt % 1-butancl. Growth of vibrating vapour bubbles Curve 
R = 6.5 x 10e4 t* denotes theoretical growth of free bubbles subjected 
only to the superheating of bulk liquid A&, = 0.31 degC. Curve R = 460 x 
lo-” t* denotes growth of free bubbles subjected only to the wire super- 
heating 0s = 22 degC. 

The growth of released bubbles corresponds with this curve during the 
first 3 x lo-’ s after departure. The deviations in growth rate at later 
instants result from changes in the surrounding bubble population. 

Arrows on curves for bubbles b, c and e denote the frames, shown in 
Figs 23, 20 and 24, respectively. 
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21). The growth factor in equation (11) for these 11 X 10e4 m in water (cf. Section 4), from 
bubbles is C,,, = 6.5 x 10d4m/s*, i.e. Cl,,, = 10m4m to 9 x 10e4 m in l-5 % wt 1-butanol 
C1,,,,/A&, = 21 x 10T4 m/s* degC. Exceptional and from 10e4m to 4 x 10W4m in 64 % wt 
or unusual growth rates have been observed for 1-butanol, cf. equation (5) and [12]. 

2. Generally, a decrease in bubble size causes 
a higher frequency of vapour formation on the 
generating nucleus. 

3. Several bubbles oscillated about the spheri- 
cal form. The most important mode of vibration 
is the slowest, fundamental harmonic. A sphere 
is transformed periodically into a rotation 
ellipsoid, cf. the Appendix. Higher modes of 
vibration have been observed sometimes [ 11, 

t (5) 4. Bubble coalescence was observed only 

IN+. 22 60 wt % 1-butanol. Growth of vibrating vapour 
occasionally in the mixtures. Clusters of vapour 

bubbles; &, = 22 degC. Curves R = 23 x low4 tt (bubble bubbles occur in 6-O % wt 6-butanol (cf. Fig. 20) 
a) and R = 45 x 10e4 t* (bubble d) denote theoretical which is due to the Marangoni-effect. This is in 
growth for free bubbles. Bubbles a and d are disturbed 
continuously and their growth rate is slowed down due to a 

contrast to the behaviour in water, where 

close proximity to neighbouring bubbles. touching bubbles merge into each other im- 
Arrow on curve for bubble a denotes the frame shown in mediately. 

Fig. 20. 

6.4. Conclusions 
several bubbles in this mixture too (cf. Section 5 A minimum growth rate of released vapour 
for 4.1 wt % methylethylketone) : bubbles occurs at a low concentration of the 

1. Bubble b (and bubble C) moves forward 
after 4 x 10e2 s, outside the range of competi- 
tive consumption of the more volatile com- 
ponent by neighbouring bubbles (Fig. 23). This 
results in an increased growth rate (Fig. 21). 

2. The growth of bubble e is stopped during 
10m2 s owing to its close proximity to two 
larger bubbles (Figs. 21 and 24). 

3. The growth rate of the released bubbles a 
and d has been slowed down continuously as a 
result of a close proximity to several neigh- 
bouring bubbles (Fig. 22). 

6.3. Other observations 

Some other characteristic phenomena were 
also observed and may be worth reporting here : 

1. The bubble radius R1 at the instant of 
breaking away from the heating surface is in 
the mixtures considerably smaller than in 
water. This radius varies from 4 x 10e4m to 

more volatile component, i.e. at 1.5 wt % of 
1-butanol, in quantitative agreement with the 
exact theoretical equation (71) of Part I [ZJ, cf. 
Fig. 25 : 

(P2/Pl) @u - P2IPb C2,mPi)) * 

(15) 

The predicted coincidence of a maximum peak 
flux density in nucleate boiling and a minimum 
bubble growth rate has been shown to occur 
experimentally. 

The curious behaviour of bubbles with un- 
usual growth rates has been shown to depend 
on the bubble population in their nearby 
neighbourhood and can be explained qualita- 
tively by the theory. The strong effect of mass 
diffusion on the rate of bubble growth in 
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mixtures is obvious, especially for these bubbles. 
The results on the bubble growth during 
adherence have been discussed previously, cf. 

ok i I A- i I I _J 
0 I 2 3 4 5 6 7 

wt %l-EUtm0l 

FIG. 25. Water-l-butand. Experimental (0, 0, 0) and 
theoretical (curves), cf. the exact equation (IS), growth 
factor, C,, of bubble growth equation R = C2 t+ for released 
vapour bubbles at the actually measured superheating of 
bulk liquid A& (0.36 degC in water, 0.14 degC in 1.5 % and 
@31 degC in 60 wt % I -butanol, respectively), and ratio to 
the corresponding value for water. 

Bubble growth slows down depending on AT/G,, cf. 
equations (15) and (11). A minimum bubble growth rate is 
shown at 1.5 wt % l-butanol. 

The concentration of maximum AT/G,, exceeds the 
concentration of minimum Cr., slightly on account of the 
gradual decrease of the latent heat of vaporization for 
increasing concentration of the more volatile component, 
cf. equation (11). 

Experimental results and theoretical predictions are in 
quantitative agreement. 

Parts I and II of [12]. The growth constant Ci 
determines both the initial and the subsequent 
bubble growth, and also the departure radius. 

7. BUBBLE GROWTH IN THE AZEOTROPIC 

WATER-ETHANOL MIXTURE 

This mixture contains 95.6 wt % ethanol; the 

atmospheric boiling point is T = 351.2”K. The 
composition of vapour and liquid are the same, 
i.e. y = x, whence AT = 0; the mixture behaves 
like a pure component, and is suitable for giving 
information about pure ethanol. 

The theoretical growth factor C2,p (cf. Fig. 5 
of Part I [2]) is shown in Fig. 26 in dependence 
on liquid superheatings up to 1.25 deg C. 

0 
0 0.25 cw 075 1.00 I.25 

Ati 1% 

FIG. 26.95.6 wt % ethanol. Theoretical growth coefficient C, 
of equation R = Cz t* for vapour bubbles as a function of 
liquid superheating The straight line C, = 9 x lo-“ A&, 
was predicted by Plesset and Zwick and is similar to Striven’s 
approximation for large superheatinga The initial part of 
Striven’s curve can be approximated by the parabola 
C, = 5 x 10e4 (A&)*. Experimental values are given by 

0. cf. Figs. 28 and 29. 

A motion picture was taken at a speed of 
3000 f.p.s. [11] and illustrates bubble formation 
and growth both in nucleate boiling and in film 
boiling The azeotropic water-ethanol mixture 
has been studied on account of the relatively 
low peak flux density in nucleate boiling, 
through which the possibility of burnout of the 
heating wire is diminished considerably in 
comparison with water. 

7J. Liquid superheating in nucleate boiling and 
in film boiling 

The superheating of bulk liquid A&, has been 
shown in Fig 27 (left) as a function of the power 
of the electrical bottom heater. A&, = 0.28 degC 
at 8,, = 25 degC and At+, = 0.38 degC at 6S0 
= 30degC for vapour bubbles a and b, res- 
pectively, generated in the region of nucleate 
boiling (Fig. 28); A& = @72 degC at O0 = 290 
degC for bubble c investigated in the region of 
film boiling (Fig. 29). The superheating A& was 
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0i.i 
1.0 

nucleate boitii 

a0 0 100 MO 
pwar of bottom heater tw) power of bottom heater (WI 

FIG. 27.956 wt % et/run& Loft : Superheating A$ of bulk liquid as a function 
of the power of the bottom heater for increasing ( -) and for decreasing 
(-----) power. The same platinum wire has been used in various runs. The 
boiling vessel was provided with bubble screen and ground glass The motion 
pictures were taken at gradually increasing temperature of the wire and at 
constant power of bottom heater of heater of 100 W; the superheatings of 
the curves for increasing power are representative in this case. Right : see text, 

f%G. 28. 95.6 wt % ethad. Growth curves for vapour 
bubbles generated in nucleate boiling. 

The parabolas R = 4 x low4 r* and R = 65 x lo-* tt 
denote growth of free bubbles, subjected only to the super- 
heating of bulk liquid A$ = O-28 degC (bubble a) and Aff D = 

0.15 degC (bubble 6). 

measured at the point (A), 3mm above the 
centre of the platinum wire. 

It is reported, that 

(i) The drawings on the right of Fig. 27 give the 
temperature difference between point (A) 

and point (B); point (B) is located on the 
paraliel line, 3 mm above the same wire, and 
at a distance of 16 cm from the centre, i.e. 

f (Sf 

FIG. 29. 956 wt % ethanol. Growth curve for a vapour 
bubble generated at the vapour-liquid interface of the vapour 
film surrounding the wire in film boiling 

Growth during adherence csn be approximated by R = 
140 x lo-’ tf, growth after departure by R = 10 x IO-' f*, 
cf.tbeparabola atthebottom. 

The (large) bubble radius at the instant of breaking away 
from the interface is approximately 7 times the value for 
bubble a of Fig. 28, the ratio of the times of adherence is 4. 
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close to the end of the wire. The local super- 
heating of the liquid at point (B) is slightly 
lower than at point (A-f. Fig. 1 for 
water-i.e. at a power of the bottom heater 
of 100 W, A&-,(B) = O28-O@l = 0.24 degC 
for 8, = 25 degC, A&,(B) = 0.38-004 = 0.34 
degC for 8, = 30 degC, and Af3,(B) = O-72- 
0.08 = 0.64 degC for e0 = 290 degC in film 
boiling. 

(ii) Drawings on the left and on the right: The 
The hysteresis effect in the curves A& vs. 
power of heater, which has been measured 
both at points (A) and (B), is probably due 
to the nucleation of active sites, cf. also Fig. 1 
of Part I [2]. Once the nuclei are activated 
at a higher temperature of the bottom plate, 
they remain active as the temperature de- 
creases, at least for some time, cf. Part III of 
[12]. This results in lower values of At&,. 

7.2. Nucleate boiling 
The experimental value for the growth factor 

is Cz = 4 x 10V4 m/s* at A&, = 0.28 degC (Fig. 
28, bubble a), and C2 = 6.5 x 10V4m/s* at 
A& = 0.38 degC (Fig. 28, bubble 6). The first 
value is in agreement with Striven’s theoretical 
value (cf. Fig. 26), the latter is 30 per cent higher. 
Striven’s values, which are obtained by taking 
into account the effect of radial convection on 
bubble growth, cf. Part I [2], are in better 
agreement with the experimental results than 
Forster and Zuber’s and Plesset and Zwick’s 
predictions. This result is similar to the case of 
water, cf. Section 4. 

7.3. Film boiling 
The growth of a (large) vapour bubble, 

generated at and released from the vapour- 
liquid interface of the vapour lihn surrounding 
the heating wire in the region of film boiling, is 
shown in Fig. 29. The growth factor C, = 10 x 
low4 m/s+ at A& = 0.72 degC after release, in 
reasonably good agreement with Striven’s theo- 
retical value C, = 8.5 x 10m4 m/s* at the same 
A&,, cf. Fig. 26. It is striking, that the entire 
growth curve during adherence can be approxi- 

mated by C, = 140 x lop4 m/s*, which corres- 
ponds according to Plesset and Zwick’s 
approximation Cz = 9 x 10m4 A&, i.e. C, = 9 
x 1o-4 m/si degC-with an effective liquid 
superheating of 16 degC. This behaviour is 
analogous to a time-independent value of the 
superheating of the relaxation microlayer, in 
contradiction to the exponential decrease in 
case of nucleate boiling, cf. equation (4) and 
Parts I and II of [12]. Similar bubble growth 
curves have been observed by Cole and Shulman 
[22,23-J, nevertheless not in film boiling, but in 
nucleate boiling. 

7.4. Conclusions 
The theoretical predictions for free vapour 

bubbles, generated in nucleate boiling of water 
and the azeotropic water-ethanol mixture, are 
shown to be in good agreement with experi- 
mental data on released bubbles. A vapour 
bubble generated in film boiling of the azeo- 
tropic water-ethanol mixture, grows during 
adherence like a free bubble in an initially 
uniformly superheated liquid. 
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APPENDIX 

1. Bubble Oscillations 

According to Rayleigh [24] for liquid drops 
and to Lamb [25] both for drops and bubbles, 
the angular frequency of undamped, free bubble 
oscillations is given by : 

of= 2” 0 f0 
= (m + l)(m - l)(m + U-5. 

(16) 
In the most important mode of vibration, the 
slowest fundamental harmonic, a sphere is 
transformed periodically into a rotation ellip- 
soid with a, > a, and a, < a2, respectively. 
One has m = 2 in this case, whence 

(17) 

The oscillations are due to a periodical exchange 
of free energy or potential energy of capillarity 
(which is maximal in the position of maximal 
deviation from a sphere) and kinetic energy 
(which is maximal by passing the spherical 
shape). Equation (16) has been derived by 
assuming a constant bubble volume V. The 
angular frequency of the corresponding damped 
oscillations (underdamped case) follows from : 

co2 = co; - f2, (18) 
where the viscous damping coefficient can be 
calculated from the following theoretical ex- 
pression, which yields for m = 2: 

f=(m+2)(2m+1)-&=20--& 

= 20$. (19) 
1 

This coel&ient can also be derived from the 
gradually decreasing amplitude : 

A(t) = A(0) exp (-jr). (20) 
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Table 1.4.1 wt % methylethylketone. Data for bubble a of Figs. 11-13 and 30. The kinematic viscosity v = 3.3 x 
lo-’ ma/s and the swface tension constant o = OJ3414 kg/s2 at the atmospheric boiling point T = 362°K. Values 

haw been calculated for R,,, = 4.2 x lo-‘m 

lo-3 00 10” 10 1o-3 0 10” z viscous damping coefficient f 
(l/s) (4 (l/s) (4 (0) 

theoretical equation (16) experimental Fig. 30, at t = t, , _ 
experimental 
equation (20) equation (18) 

theoretical 
equation (19) 

2.56 2.45 2.33 2.70 52 34 37 

Bubble a in 4.1 wt % methylethylketone (cf. 
Figs. 11, 12 and 13) shows only the oscillation 
with m = 2, though several other bubbles in 
water and mixtures vibrate also in higher modes, 
cf. e.g. Fig. 4 of Part I of [12]. The bubble radius 
depends on time here; one has, after departure : 

R&) = R,,, = C,,,A&,(t+ - tt,,,J, (211 

whence R,,,(t) increases, and o. N R; * decreases 
gradually (Fig. 30). We consider here the be- 
haviour for RI, ,,, = R(t,_,) = 4.20 x 10s4m. 

Experimental data and calculated values for 
this bubble are given in Fig. 30 and Table 1. It 
follows from Table 1, that the agreement between 
theoretical and experimental values is good. 

It may be worth reporting here, that numerical 
values of c and q (practically at arbitrary tem- 
perature by varying the pressure) can be 
obtained by studying vibrations of vapour 
bubbles in boiling liquids. 

It is striking, that the bubble volume is 
varying during vibrations of the bubble in- 
vestigated (Fig. 30) : V oscillates within f 30 per 
cent and R oscillates within f 10 per cent 
during the initial 10m2 s. 

One has by considering the horizontal main 
axis as rotation symmetric, instead of the 

vertical main axis, cf. equation (2), that R = 
(a,&* E (l/3) (a, + 2u,), cf. [23]. In the latter 
case, the amplitude of the vibrations even 
increases relatively (Fig. 30). It is thus very 
likely, that the oscillations in volume exist 
actually. The cause of these oscillations, which 
occur without a previous bubble coalescence, is 
not known at present, cf. also [6]. Roughly 
speaking, the oscillations of V and a2 are in 
phase, i.e. the bubble volume is maximal as the 
ratio of the semi-axes u2/ui is maximal (cf. Fig. 
30 with Fig. 12). 

Some photographs of bubble oscillations due 
to coalescence have been published previously, 
cf. Figs. 4 and 5 of Part III of [12]. 

2. Flattening of Ascending Bubbles 

A relatively small ascending bubble is flattened 
in first approximation to a rotation ellipsoid 
according to Siemes [20]. This flattening follows 
from the well-known Bernoulli equation. Appar- 
ently, a, is the rotation axis, in agreement with 
equation (2). In Fig. 30, a linear decrease of the 
ratio u2/u1 is shown from an initial value of 1.00 
(sphere) to 0.80 after 5 x low2 s. After 3 x 10m2 
s, a, is independent of time and the bubble 
grows then only on account of a gradual 
increase in a 1. 

R&&-On a &udiC les vitesses de croissance des bulles. engendrks pour une densitt de flux de chaleur 
mod&r& en tbullition nucl& sur un fii de platine chauffb electriquement et immergk dam l’eau, 
dans les m&nges eau-m&thy1 Uhylcetone (x0 = 4,l x 10e2) et eau-1-butanol (x0 = 1.5 x lo-* 
et x0 = 6,0 x 10e2). On a employ6 au point de vue technique une camCra & grande vitesse. Les valeurs 
exp&imentales des constantes de croissance, C,,., et C,,, po ur les bulles lib&es vers le haut sont 
g&ralement en accord quantitatif avec les pr&visions thbriques pour les bulles libres, par exemple, 
I’existence d’un C,,, minimal pour x,, = 1,5 x 10e2 avec le m8ange eau-1-butanol. Pour le mblange 
eau-m&hyl&hylcQtone, C,,, = 0,M C,,, et R,,, = 0.35 R,,, diminuent. 

&pendant, plusieurs bulles montrent un comportement inhabituel, c’est-P-dire des vitesses de croissance 
plus tlev&es ou plus faibles provenant respectivement de l’augmentation ou de la diminution de la distance 
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aux bulles les plus proches. Quelquefois, on a observe des bulles qui oscillent a la fois en forme et en 
volume. Dans la plupart des cas, ces vibrations ne proviennent pas de la coalescence. L’amplitude des 
oscillations diminue a cause de l’amortissement visqueux et les bulles montantes s’aplatissent graduelle- 
ment. 

La frequence du mode de vibration le plus important, c’est-a-dire le fondamental le plus lent, est en accord 
avec la th&ie. 

Quelques bulles, engendrbs dam l’dbullition nucl& et dam l’ebullition par film du melange z&o- 
tropique eau-&hanol,ont ettCttudi&ss. Un effet d’hysttrbisdans lasurchauffeliquidelocalea etttohserve. 

Zusammenfassmtg-Es wurden die Wachstumsgeschwindigkeiten von Blasen untersucht, die durch 
Blasensieden an einem elektrisch beheizten, in Wasser, Wasser-Methyliithylketon (x0 = 4,1 x lo-‘) und 
Wasser-1-Butanol- (x0 = 1,5 x 10v2 und x,, = 6,0 x 10-2)-Gemischen eingetauchten Platindraht bei 
mlssiger WIrmestromdichte erzeugt wurden. Eine Hochgeschwindigkeitskamera wurde bent&t. Die 
experimentellen Werte der Wachstumskonstanten C &tmd Cl., fiir die aufsteigenden, abgelosten Blasen 
befmden sich im allgemeinen in guter quantitativer remstlmmung mit den theoretischen Voraussagen 
ftir freie Blasen, z.B. das Auftreten eines minimalen C,,, bei x,, = 1,5 x lo-’ fur Wasse-1-Butanol. 
Fur das untersuchte Wasser-MethylBthylketon-Gemisch tritt ein vermindertes C,,, = 0,20 Ci, p und ein 
vermindertes R I.m = 0,35 Et,, auf. 

Zahlreiche Blasen zeigen Jedoch eiti ungewiihnliches Verhalten, d.h. je nach einem vergrosserten oder 
verkleinerten Abstand von den ntichstgelegenen Nachbarblasen, hiihere oder niedrigere Wachstumsraten. 
Man&ma1 wurden Blasen beobachtet, deren Kontur turd Volumen oszillierten. In den meisten Fallen 
stammen diese Schwingungen nicht von einem Z usammenwachsen der B&en. Die Amplitude der Schwing- 
ungen nimmt wegen der viskosen D&mpfung ab und die aufsteigenden Blasen werden allmahlich abgeflacht. 

Die Frequenz der wichtigsten Schwingungsart, der harmonischen Grundschwingtmg, stimmt mit der 
Theorie tiberein. 

Einige B&en, die bei Blasen- und Fihnsieden des azeotropen Wasser-Athanol-Gemisches erzeugt 
wurden, sind untersucht worden. Dabei wurde ein Hysterese-Effekt bei iirtlicher Fltissigkeits-Uberhitzung 

beobachtet. 

&IUo'TanUrI-~CCnenOBaHbr CKOpOCTU pOCTa nyablpbKOB npU nyaISpbKOBOM KUneHUU C 
yMepeHHO~nJIOTHOCTbH)Ten~OBOrOnOTOKaHan~aTUHOBOknpOBO~OKe,Ha~peBaeMO~a~eKTpU- 
PeCKUM TOKOM U nOrpyHteHHOU B BOnyU CMeCU Bona-MeTUJIeTUJIKeTOH (Xs = 4,1 X 10-2)H 
Boga-1-6yTaHOJI (~0 =1,5X lo-211 x0=6,0X 10-Z). Ha6nrop(errrra npOBOnWDiCb c nOMO4bXJ 
BHCOKOCKO~OCTHO~~ KUHOC'beMKU.~KCnepUMeHTanbHbIe EtHaYeHUU IIOCTOUHHIJX pOCTa Cl,* II 
CI,~ &TM nOnHUMaIOmUXCFI OTOpBaBmUXCR nyaIJpbKOB, B obmem, HaXOnRTCR B XOpOmeM 
KOnU¶eCTBeHHOM COOTBeTCTBUU C TeOpeTUYeCKUMU paC'4eTaMU Ann CBO60JfHbJX nyabJpbKOB, 
Hanpaniep, OTUeUaeTCn HanUwie MUHUUyMa Cl,,,, npa x0 = 1,s X 10-z AJIFI CMeCH Bona-l- 
6yTaHOn.&IR CHeCU Bona-MeTUJK3TUnKeTOH HatAeHbl MeHbmUe aHa9eHUK Cr,m = 0,20C,,p 
H yMeHbmeHHOe aHaYeHUe RI,,,, =O,%. 

OnHaKO nOBeneHUe HeKOTOpblX nyabIpbKOB OTKJIOHRnOCb OT HOpMhl, T.e. Ha6JnOW.UOCb 
yBenUYeHUe UJIU CHUiKeHUe CKOpOCTei pOCTa npU COOTBeTCTByHImeM yBeJIUneHUU UJIU 
yMeHbmeHUU paCCTORHUn MemAy COCenHUMU nyabJpnMU. HHOrAa Ha6nIOnanUCb nyabrpbKU C 
nepetdeHHOU @OpMOU u 06beMOM. B 60nbIUUHCTBe CnyaeB aTU nynbcanuu He 6bIJIU BbIeBaHbZ 
CJMFIHUeM nyWpbKOB. AMnnUTyna nyi'lbCanUU yMeHbmanaCb Ue-ea BUaKOrO TOpYOHCeHUU, 
U nO&HUMaIomUeCR nyaHpbKU CTaUOBUJIUCb 6onee IIJIOCKUMU. qaCTOTa, Ha#neHHan Ann 
CaMOti HUaKOt OCHOBHOU I'apMOHUKU HaXOnUTCR B COOTBeTCTBUU CTeOpUei. 

I'iCCnenOBaJIUCb HeKOTOpbre nyebIpbKU, o6paayronnreca npU nyablpbKOBOM U nneHOUHOM 
KUneHUUaaeoTponHo~cMecUBo~a-aTaeon.Ha6nIo~anc~a~~eKTrUCTepesUCanpUiOKanbHOM 

neperpese r~un~ocTu. 


