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kbstract-The growth rate of vapour bubbles has been investigated experimentally in the following binary 
Gystems with a more volatile organic component: water-ethanol (up to 31 wty! ethanol, at pressures 
,etween 4.08 and 6.65 kPa, the Jakob number varying from 1989 to 1075), water-1-butanol (up to 
!.4wt% I-butanol, at pressures between 3.60 and 4.08 kPa, the Jakob number varying from 2760 to 
1989), and water-2-butanone (up to 15wty; 2-butanone, at pressures between 7.31 and 9.07kPa, the 
Iakob number varying from 1519 to 683). 

Experimental bubble growth is in quantitative agreement with the van Stralen et al. theory [ 11, which 
zombines the initially dominating Rayleigh solution with a (heat and mass) diffusion-type solution for 
he contributions to advanced bubble growth due to both the relaxation microlayer (around the bubble 
lome) and the evaporation microlayer (beneath the bubble). 

The slowing-down effect of mass diffusion on advanced bubble growth in mixtures occurs only in 
.he system water-2-butanone. The contribution of the evaporation microlayer is negligible (at any pressure) 
‘or mixtures with a low concentration of the more volatile component, in which mass diffusion limits 

advanced growth considerably. 

NOMENCLATURE 

liquid thermal diffusivity [m’/s]; 
dimensionless bubble growth parameter 

during adherence; 
liquid specific heat at constant pressure 

[JihKl; 
asymptotic bubble growth constant 

[m/s+Kl; 
mass diffusivity of more volatile component 

in less volatile component [m2/s]; 
2.718.. , base of natural logarithms; 
vaporized mass fraction; 

= (PI c/p2 I)&, Jakob number for 
superheated liquid; 
liquid thermal conductivity [W/mK] ; 
equilibrium const’ant of more volatile 
component in binary mixture (ratio of mass 
fractions in vapour and liquid); 

latent heat of vaporization [J/kg] ; 
ambient pressure [Pa = N/m2 = kg/m?]; 
= v/a, liquid Prandtl number; 
heat flux density [W/m2]; 
= equivalent spherical bubble radius [ml; 
= equivalent spherical bubble departure 
radius [m] ; 
equivalent bubble radius according to 
modified Rayleigh solution [m] ; 
equivalent bubble radius according to total 
diffusion (combined evaporation and 
relaxation microlayer) solution [ml; 
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RF, 

t, 
t1, 

t 

; 

T(x)> 

Wok 

AT, 

X, 

x0, 

4’3 

radius of contact area between bubble and 
heating surface [m]; 

bubble growth time during adherence [s]; 
bubble departure time [s] ; 
instant of maximum contact radius [s]; 
absolute boiling temperature [K]; 
absolute boiling temperature of liquid at 
bubble boundary in binary mixture [K]; 

absolute boiling temperature of original 
liquid in binary mixture [K]; 
= T(x)- T(xo), increase in temperature of 
liquid at bubble boundary with respect to 

original liquid [K] ; 
= x0/{ 1 + (K - l)G}, mass fraction of more 
volatile component in liquid at bubble 

boundary in binary mixture; 
mass fraction of more volatile component 
in original binary mixture; 
mass fraction of more volatile component 
in vapour. 

Greek symbols 

00, superheating of heating surface or (for free 
bubbles) uniform superheating of liquid [K]; 

V, liquid kinematic viscosity [m2/s]; 

PI? liquid density [kg/m31 ; 

P2r saturated vapour density [kg/m3]. 

Subscripts 

m, binary mixture; 
max, nucleate boiling peak flux; 

P> pure liquid ; 
W, heating surface. 
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1. PREVIOUS INVESTIGATIONS 

VAN WRALEN et trl. [I] developed a theoretical model 
for the growth ofvapour bubbles, which combines the 
effect of both reiaxation microlayer (around the lowe 
part of the bubble boundary) and evaporation.micro- 

layer (between bubble and heating wall) with the 
Rayleigh solution. The decrease of the superheating 
enthalpy of both microlayers during bubble growth 
is taken into account. 

Van Stralen rf al. [2] investigated experimentally 

the growth rate of vapour bubbles up to departure in 
M’UW boiling at pressures varying from 26.7 to 

2.04kPa. the corresponding Jakob number increasing 
from 108 to 2689. The experimental bubble growth 

rates arc in quantitative agreement with the theoretical 
model [il. Cole and van Stralen [3] showed. that this 
is also the case for previous results of Stewart and 
Cole [4] on wuter boiling at a pressure of 4.9 kPa. 
the Jakob number varying from 955 to I 112. 

2. SCOPE OF THE PRESENT IKVESTICATIONS 

The experimental investigations on bubble growth 

rates have been extended now to the following 
“positive” aqueous binary systems with a more volatile 

(organic) component: ~,rrro,-Pth~nol (up to a mass 
fraction of 0.31 and pressures ranging from 4.08 to 

6.65 kPa. the corresponding Jakob number varying 
from 1989 to 1075). ncitr~--f-hufurzril (up to a mass 
fraction of 0.024 and pressures ranging from 3.60 to 
4.08 kPa, the corresponding Jakob number varying 
from 2760 to 1989) and ~atrr -7-hut~zno~ (up to a mass 
fraction of 0.15 and pressures ranging from 7.31 to 

9.07kPa. the Jakob number varying from 1519 to 
683). 

The investigations are Iimited to relatively small 

concentrations of the organic component as advanced 
isobaric (heat and mass) diffusion-controlled bubble 
growth is expected to show a minimum in this range. 
Contrarily, initial (isothermal) bubble growth is 
governed by liquid inertia, i.e. the bubble is blown up 

according to the Rayleigh solution. Hence. initial 
growth is a priori expected to be independent of 
concentration. 

3. FINAL BL’BBLE GROWTH EQUATIONS 

3.1. &mm1 ~.~~r~.ssi(~~l ,$w rlw ~~~i4~~ff~~~1~ bl~bi?l~ mlirn 
in mq Llild hiW)~ .s)srer,ls 

According to Cooper and Vijuk [5], bubble growth 

during the transition stage (between isothermal and 
isobaricgrowth) is approximated by the following semi- 
empirical expression: 

&(t)&(t) 
R(r) = -.--~~-~ 

RItr)+R2(r) 
(1) 

In the case of non-uniform liquid superheating (at a 
heating wail), van Stralen c’f <il. [I] showed, that 
initially the modified Rayleigh solution governs bubble 

growth : 

Initially, the presence of the evaporation microlayer 
has no effect on bubble growth. Advanced bubble 
growth in mixtures is determined by combined heat 
and mass diffusion (of the more volatile component) 
towards the bubble boundary: 

R2,m = ;* 
. i 1.P 

1.954b*+0.373+ 
\ 

I 1.P , 

x (exp-(fitl li lJcr(utli. (3) 

The first term on the RHS of equation (3) is due to 
evaporation at the lower part of the bubble boundary 
(the contribution to bubble growth of the “relaxation 
microlayer”), the second term is due to heat trans- 
mission through the thin (liquid) “evaporation micro- 
layer”, which is formed between bubble and heating 

wall. The effect of the superheating of the bulk liquid 
has been neglected in (3). as generally this superheating 
is of the order of 0. I-1 K in nucleate boiling. 

In the derivation of equations (2) and (3), a uniform 
vaponr temperature and thermodynamic equilibrium 
at the bubble boundary is assumed, in which case the 
Clapeyron equation is valid for unary systems (one- 

component systems). It follows from equations (2) and 
(3), respectively, that RI - pi and R2 - [)-2 (at IOU 

pressures). According to equation (l), KI governs 
initial bubble growth, especially at low (subatmos- 
pheric) pressures (p -+O). This is confirmed by 
numerical computer calculations carried out by Zijl[6], 
showing that the superheating of the bubble boundary 
decreases then very slowly from the initial value O. to 
zero. The same result follows from a simple physical 
model, which is based on the concept of initial heat 
removal from the bubble boundary with a constant heat 
flux density: y = ctz!&(r) = constant, cf. equation (7): 
the surrounding liquid is considered to be a semi- 
infinite body, cf. [7]. The decrease of the superheating 
of the bubble boundary is thus proportional to 
I,; _ [I”, and vanishes IS p + 0. Consequently. 
“Rayleigh hubbies” have been observed in water at 
pressures below 3 kPa [2]. 

The bubble growth constant c’,,, for asymptotic 
diffusion-controlled growth of a spherically symmetric 
free bubble in an initially uniformly superheated infinite 
liquid is given by the following expression: 

In case of an unary system (and in azeotropic mixtures), 
the increase in dewpoint of the vapour in a bubble 
AT = 0, whence C,,,, = C,,,, with 
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According to equation (4), CL,, shows a minimum at 

the (small) fraction x0 of the more volatile component, 
at which AT/G is maximal; i.e. asymptotic bubble 
growth is slowed down maximally then. The reader 
is referred to the Appendix for the derivation of 
equation (16), which expresses C,,,/CI,, into material 
constants. 

3.2. Determination of the bubble growth parameter 
The numerical value of the bubble growth parameter 

b* (which denotes the relative height of the relaxation 
microlayer around the bubble boundary) is determined 
by taking t = tl, the departure time, in equations (lH3). 
Actually, the theoretical model by van Stralen et al. [l] 
is able to predict tI, but (at low pressures) the departure 

radius R(tI) has to be derived from experiment. 
Contrarily, at higher pressures, b* = 1, and the 
theoretical predictions include the departure radius. A 
complication to predict b* theoretically at low (sub- 
atmospheric) pressures arises from the fact, that the 
initial thickness of the relaxation microlayer may 

exceed the expected value. This is caused by a larger 
thickness of the thermal liquid boundary layer, at the 
heating wall, which may extend to large values due to 
heat conduction. This influence has been incorporated 
in the Mikic, Rohsenow and Griffith model ‘[S]; 
however. the evaporation microlayer has not been 

included by these authors, cf. [l, 21. 
For numerical calculations, the theoretical R(tl) is 

taken equal to the experimental value, resulting in the 
following expression for the bubble growth parameter: 

(6) 

Bubble growth up to departure is given by equations 
(lH3) by inserting the derived value of b* into 

equation (3). 
The departure radius R(tl) follows from equation (1): 

Ntd = 
Rl(fMz(tl) 

&(t,)+R,(td 
(7) 

One has according to the modified Rayleigh equation 

(2): . 

R,(t,) = 0.495 (8) 

and according to equation (3) for the total diffusion 
equation: 

R,,,(t,) = F 
1-P C 

0.719b*+O.l37$!Pr-* Ja(atl)* (9) 
l,P > 

Substitution of R,(t,) from (8) into (7) yields Rl(tl) 

and, consequently, b* follows from (6). 

3.3. Effect of Jakob number on bubble growth 
Obviously, both initial and advanced bubble growth 

are governed by the value of the Jakob number, cf. 
equations (lH3), i.e. the most influential parameter is 
pz, the density of saturated vapour. According to the 
ideal gas law, which is valid accurately for the vapour 
at subatmospheric pressures, Ja - p; ’ - p- ‘. 
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FIG. 1. Water-ethanol. Experimental equilibrium 
boiling point curves at various subatmospheric 
pressures [9]. Dotted (vertical and horizontal) 
lines and figures,@, correspond with experiments 
on bubble growth (Figs. 3 and 4). Boiling point 

curves tally by a vertical displacement. 

Water-ethand 

6- 

T(x,), K 

FIG. 2. Water-ethanol. (p, T)-diagram for various 
liquid compositions,cf. Fig. 1. Dotted vertical line 
and figures, @, correspond with experiments on 

bubble growth (Figs. 3 and 4). 

4. EXPERIMENTAL CONDITIONS AND 
EVALUATION OF RESULTS 

4.1. Experimental setup 

The experimental setup and high speed cinemato- 
graphic techniques are described in [2]. 
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4.2. Equilibrium duto ut suhmtmospiwric pressurc~a 

Equilibrium data for the system water-ethanol at 
subatmosphericpressures are taken from literature [9]. 
For the other investigated systems, extrapolations had 
to be made from data at atmospheric and elevated 
pressures, cf. the Appendix. 

Boiling-point curves for water ethanol at several 
subatmospheric pressures are shown in Fig. I. The 

(p. T)-curves, represented in Fig. 2. are derived from 
Fig. I. The curve for so = 0 (water) is the (p. T)-curve 

according to the Clapeyron equation. The curves shown 
in Fig. 1 tally if they are shifted vertically over a suitable 
constant temperature difference, which is independent 
of x0. It follows from the experimental equilibrium 
data taken from [9], that the slope of the (1~. 7’)-curves 
for different (constant) values of so is independent of 
.x0 at arbitrary constant (low) pressure. i.c. the curve 
for any .~,~(~0.31) follows by a horizontal translation 

of the curve for so = 0 (water). 

This result can also be derived theoretically. In case 
of regular solutions (which have the same entropy of 
mixing as an ideal solution. but an enthalpy of mixing, 

which differs from zero). the partial vapour pressure 
curve of the components obey the Clapeyron-equation 
[lo, 111. For the system water-ethanol the specific 
enthalpy of mixing [12] has the following numerical 
values (which are obviously negligible in comparison 
to the specific enthalpy of vaporization I = 2 x 10” 
kJil<g): (i) at a constant temperature of 353 K: 0 at 
.Q = 0.35. 4.2 kJ.‘kg (maximum) at _Y,) = 0. I7 and 

-13.4kJ,ikg (minimum) at Y,~ = 0.70; (ii) at 323K: 
0 at xg = 0.70, 20kJ;kg (maximum) at _Y,, = 0.26 and 
- 3.6 kJ/kg (minimum) at s o = 0.82: (iii) at 273 K the 
minimum has disappeared and a maximum of 51 kJ./kg 
occurs at so = 0.30. 

Consequently. as an approximation. the Clapeyron- 
equation can also be applied to the investigated binary 
mixtures. One has at constant (low) pressure: 

Equation (IO) is useful in the common case, that 
numerical values of (I~,,~ and I, are not known in 
literature. The values of these material constants for 
mixtures can also be estimated by interpolation of the 

corresponding values for the pure components, e.g. for 
water-2-butanone(in the investigated range: x0 < 0.15): 

(PZ 1),, = (pz/),. as for water at atmospheric pressure 
and boiling point (373 K): /I~., = 0.598 kg/m” and 
I, = 2256kJ,lcg and for 2-butanone (at 353 K): 

P 2.p = 2.49 kg/m3 and I, = 433 kJ,kg. The ratio of the 
product (~1~ I), in the pure components amounts thus to 
134911078 = 1.25. Hence (at constant pressure) fat 
.X,j d 0.15:([1)2[)“, = (p? I)p, the value in water. According 
to equations (l)-(3), the product pz 1= p, cOo/Ja is 
the most influential bubble growth parameter, cf. 
Section 3.3. The separate effect of Q~,,, > pZ,p on the 
second term in the denominator of the RHS of equation 
(4) has been neglected in the numerical calculations. 

M. SLtlYl-1.K and K. C‘OI I 

In the evaluation of the theoretical equations 
(p2 /h = (~1~ I), (and Ja) have been taken at the operat- 

ing pressure, both in the Rayleigh solution. equation 
(2), and in the total ditrusion solution. equation (3). 
Actually, initial evaporation occurs at the temperature 
T+O,,. However. the effect of this on the theoretical 
bubble growth curves is shown to be negligible ot 
small. the latter during initial growth. where 
R(t) --t R,(t) as I --t 0; nevertheless, the value of the 
Jakob number is afiected seriously. The other material 
constants are taken at T. with exception of the Prandtl 
number Pr. which is taken at 7‘+$Oo. 

4.5. Euperimrnt,~ iit constunt suturation /emperuturu 

At constant pressure. the boiling point in the region 
of total miscibility decreases by adding a more volatile 
component to water (cf. e.g. Figs. 1 and 2). For 

+ , ms 

FIG. 3. Water ethanol. Experimental bubble growth data 
up to departure in comparison with theory. [I] 

equations (I 1 (9 1. 

FIG. 4. Water-ethanol. Experimental bubble growth data 
up to departure in comparison with theory. [I] and 

equations (1) (9). 

convenience, the experiments have been carried out at 
a nearly constant saturation temperature, which 
exceeds room temperature only with a few degrees 
kelvin. This procedure results in a higher saturation 
pressure in the mixtures in comparison to water. 
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5. EXPERIMENTAL RESULTS AND COMPARISON 
TO THEORETICAL PREDICTIONS FOR 

WATER-ETHANOL AND WATER-I-BUTANOL 

5.1. Water-ethanol 

B.ubb/e growth curves. The experimental equivalent 
bubble radius R(t) (up to departure) is shown for 
x0 = 0 (water) and x0 = 0.10 (Fig. 3) and for x0 = 0.22 
and x0 = 0.31 (Fig. 4). The theoretical curves in Figs. 
3 and 4 are derived from the van Stralen et al. theory 
[l], cf. equations (l)(9) of Sections 3.1 and 3.2. 

Initial growth. Obviously, initial bubble growth is 
determined by the Rayleigh solution (i.e. the bubble is 

so 

FIG. 5. Water-I-butanol. Experimental bubble growth data 
up to departure in comparison with theory, [l] and 

equations (lH9). 

blown up), which is approximately independent of 
liquid composition in the binary systems investigated. 

Advanced growth. Curiously, experimental advanced 
growth in the investigated mixtures, which should be 
slowed down due to mass diffusion, is also independent 

of liquid composition. This effect is attributed to a local 
depletion of the more volatile component in a liquid 

layer surrounding the bubble, resulting in AT+0 

(water) due to G = (x0--x)/(y-x) --+ 1, i.e. J: -+ x0. 
hence x0 --t 0. Actually, at constant pressure, a minimal 
value of the ratio Cr,,/Cr,, = 0 67 (in the investigated 

range of concentrations) occurs at x0 = 0.10. This value 
is relatively large, hence the showing-down effect of 
mass diffusion on advanced bubble growth is limited 

a priori. 

5.2. Water-I-butanol 

The experimental results for this system (Fig. 5) are 
similar to those for water-ethanol, cf. Section 5.1. In 
this case also, experimental data are in quantitative 

agreement with the van Stralen et al. model [l]. A 
minimal Cr ,,/C, ,p = 0.56 occurs at x0 = 0.015. In the 
system water-1-butanol too, an effect of mass diffusion 
during advanced growth has not been observed. The 

bubble departure radius decreases slightly with increas- 
ing mass fraction of the more volatile component; this 
is probably due to a decrease in surface tension in this 

“positive” binary system. The theoretical curve for 
x9 = 0.024 (Fig. 5) is fitted to the experimental 
maximum bubble radius. which occurs at t = 64ms. 

The concerning bubbles in x0 = 0.010 and x0 = 0.024 

implode already before departure. This is attributed 
to the increase in dew point of vapour in these 
mixtures; condensation occurs if the upper part of the 
bubble boundary is in contact with slightly superheated 

liquid of the bulk. 

Conclusions. Initial bubble growth is governed by the 
Rayleigh solution. equation (2) i.e. the bubble is blown 
up by an excess pressure due to a superheating at the 
bubble boundary (and of the vapour). The initial 
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FIG. 6. Water-ethanol and water-1-butanol. Experimental bubble growth 
data up to departure. Initial growth is mainly governed by equation 
RI, R1, (3), and resulting R, (l), are at average 

(4.99 kPa), temperature (300.4 and wall 
(34.9 K). 
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FIG. 7. Water boiling at 7.88 kPa. cf. Fig. 12. Equivalent FIG. 9. Water--2-butanone (4 wt “; 2-butanone) boiling at 
bubble radius, R. contact radius. RF, and ratio, R:,R, in 7.?3 kPa. cf. Fig. 14. Equivalent bubble radius, R, contact 
dependence on time. Corresponding bubble profile and limit radius. RJ+, and ratio RF/R. in dependence on time. Cor- 

of mode of hemispherical growth are shown in the upper responding bubble profile is shown in the upper drawings. 

drawings. Initial mode of growth is ellipsoidal. 

t, ms 

FIG. 8. Water-2-butanone (4 wt ” o 2-butanone) boihng at 
7.33 kPa, cf. Fig. 13. Equivalent bubble radius, R. contact 
radius RF, and ratio. R:IR, in dependence on time. Cor- 
responding bubble profile is shown in the upper drawings. 

Initial mode of growth is ellipsoidal. 

FIG. 10. Water-2-butanone (10 wt “, 2-butanone) boiling at 
7.31 kPa, cf. Fig. 15. Equivalent bubble radius. R, contact 
radius. R‘*, and ratio, R:/R in dependence on time. Cor- 
responding bubble profile is shown in the upper drawings. 

Initial mode of growth is ellipsoidal. 

growth rate is thus approximately independent of liquid 
composition in case of sufficiently small values of .x0 
(Fig. 6). Advanced growth is diffusion-controlled; the 
expected effect of mass diffusion has not been observed 
in water-ethanol and in water--l-butanol, probably due 
to a local depletion of the organic component. 

6. EXPERIMENTAL RESULTS AND COMPARISON TO 
THEORETICAL PREDICTIONS FOR 

WATER-Z-BUTANONE 

Bubble growth c’urws 

This system has been investigated more extensively 
as the relative bubble growth constant CI ,,,K’, ,p shows 

a low minimum value of 0.20 at x0 = 0.04. A priori, a 
strong influence of mass diffusion on advanced bubble 
growth may be expected to occur in this mixture. 
Figures 7-l 1 show the experimental equivalent bubble 
radius curves R(t) up to departure for various mixtures 
in the range xc, = 0 (water) to x0 = 0.15. Detailed 
information on the values of the influential parameters 
is given in legends at the figures. The simultaneous 
bubble profile in dependence on time is drawn at the 
top of the figures. The limitation of the initial mode 
of hemispherical growth in water (Fig. 7) is denoted 
by the last picture showing this shape (t = 5ms). In 
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FIG. I 1. Water-2-butanone (15 wt “/c 2-butanone) boiling at 
9.07 kPa, cf. Fig. 16. Equivalent bubble radius, R, contact 
radius, RF. and ratio R:/R, in dependence on time. Cor- 
responding bubble profile is shown in the upper drawings. 

Initial mode of growth is ellipsoidal. 

the investigated mixtures, hemispherical bubble growth 
has not been observed initially: the bubble has the 
profile of a rotation ellipsoid. 

Initial growth 

If the mutual differences in pressure and wall super- 
heating are taken into consideration, it is obvious, that 
initial growth is governed by the Rayleigh solution, 
cf. equation (2) and Fig. 6, i.e. initially the bubble is 
blown up due to an excess pressure. 

Ad~~~nced growth 

Advanced growth is heat and mass diffusion- 

controlled, bubble growth is slowed down maximally 
in the range x0 = 0.04 to x0 = 0.10 (Figs. 7-l 1). 

Bubble departure radius 

The equivalent departure radius shows a minimum 
at -x0 = 0.04 (Fig. 8), which amounts to approximately 
30”: of the corresponding value in water (Fig. 7) and to 
SO”/, of the value in x0 = 0.15 (Fig. 11). The investi- 
gated bubbles in x0 = 0.04 (Figs. 8 and 9) show a 
difference of a factor of 2 in the departure radius. This 
is due to a different waiting time before the concerning 
bubble is generated : the small bubble, which is shown 
in Fig. 8, has been generated shortly after departure of 
the larger bubble, shown in Fig. 9. Apparently, an 
increase in preceeding waiting results in a higher 
advanced bubble growth rate. The value of the cor- 
responding bubble growth parameter has been 
increased from b$ = 1.54 (Fig. 8) to b$ = 1.98 (Fig. 9); 
this is attributed to the penetration of heat from the 
heating surface into the liquid during a larger time 
interval. This effect is incorporated in the Mikic et al. 
model [8]. 

Bubble departure time 
The bubble departure time decreases gradually from 

t I ,p = 110 ms in x0 = 0 (water, Fig. 7) to t I,,,, = 56ms 
in x0 = 0.15 (Fig. 11). Probably, this is mainly due to a 

decrease in surface tension in combination to a gradient 
in surface tension along the bubble boundary 

(Marangoni-effect). 

Radius ofcontact area 

Figures 7-l 1 show also the actual radius Rf(t) of the 

contact area between bubble and heating surface. 
Obviously, during the initial hemispherical growth 

period in water: R:/R = 2’ = 1.26 (Fig. 7). Afterwards, 

R,*/R decreases approximately linearly with exception 
of the final period shortly before bubble departure, 
during which a higher contraction rate of the contact 

area is shown. R:(t) shows a maximum at the relative 
time t,/t,, which amounts to 0.44 (x0 = 0, water, Fig. 7), 
0.37 (x0 = 0.04, Figs. 8 and 9), 0.37 (x0 = 0.10, Fig. 10) 

and 0.50 (x0 = 0.15, Fig. 1 l), respectively. The 
theoretical value for diffusion-controlled bubble 
growth in water, boiling at a pressure of 7.88 kPa 

amounts to 0.28, cf. equation (69) of [l] and Table 1 
of [2]. 

Contrarily to the behaviour in water, in the 

investigated mixtures RF/R -+ 0 as t + 0: the bubble 
shape is ellipsoidal instead of hemispherical. Conse- 
quently, an evaporation layer beneath the bubble is not 
formed initially. This behaviour is attributed to the 
Marangoni-effect in “positive” binary systems, cf. 
Section 4.3 of [l]. The evaporation microlayer is 
apparently only present during advanced growth, hence 
equations (2) and (3) are still valid in positive systems. 

Bubble oscillations 

In some cases (Fig. 7 for water) oscillations in the 
equivalent bubble radius are observed. These oscil- 
lations are due to an interaction of the Rayleigh 
solution and the diffusion solution and will be treated 
theoretically in a forthcoming paper by Joosten, Zijl 
and van Stralen [13]. Bubble oscillations have been 
observed previously by van Stralen [ 141. 

Comparison with the theory of van Stralen et al. [I], 
cf: equutions (I H9) 

The experimental bubble growth data are in 
quantitative agreement with theoretical predictions 
(Figs. 12-16). The numerical value of the bubble growth 
parameter b* amounts 0.20 (x0 = 0, water, Fig. 12), 
1.54 (x0 = 0.04, Fig. 13), 1.98 (x0 = 0.04, Fig. 14), 0.35 

(x0 = 0.10, Fig. 15) and 1.13 (.yo = 0.15, Fig. 16), 
respectively. The relatively largevalue in some mixtures 
are an indication for a local partial depletion of the 
more volatile component in the liquid surrounding the 
bubble, cf. Sections 5.1 and 5.2. Nevertheless, the 
slowing-down effect of mass diffusion on advanced 
bubble growth is shown clearly for the investigated 
mixtures in the range x0 = 0.04 to x0 = 0. IO. 

The evaporation microlayer 

The contribution of the evaporation microlayer 
during the mode of advanced bubble growth in the 
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FIG;. 13. Water- I-hutanone (4 wt ‘I,, I-butanone) 
boiling at 7.33 kPa. cf. Fig. 8. Experimental 
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parison with theory, [I] and equations (1) (9). 
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FIG. 16. Water 7-butanone (IS wt “jJ 2-butanone) boiling at 

9.07 kPa. cf. Fig. I I. Experimental bubble growth data up 

to departure in comparison with theory. [I] and equations 

l I) (9). 

investigated mixtures is relatively small. It follows 
from equation (3). that the ratio of the contributions 
to the advanced bubble growth rate due to evaporation 
microlayer and relaxation microlayer is independent of 
both time and of initial wall superheating and amounts 
to: (CI,,~C,,,)(0.191 P,-“.:h*). According to Table I 
of [2], the experimental value of h,* = 0.20 for bubbles 
in water boiling at a pressure of 7.88 kPa (Figs. 7 and 
12); the corresponding ratio of the microlayer con- 
tributions amounts to 0.79. In the investigated 
mixtures, this ratio is diminished considerably: e.g. for 
_Y(, = 0.04 (Figs. 8, 9. 13 and 14) to a value of only 
0.02. This value is increased up to 0.21 maximally, if 
the average hz is reduced from 1.76 to 0.52, cf. the 
next section on the height of the relaxation microlayer. 
OhGusly, the contribution of‘thr evaporation microlc_wr 
(hrnruth the bubble) to udvuncrd bubble growth in binur)* 
mirturcs (Keith 0 more rdrrtilr componerlt) is small or even 
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negligible. This statement holds both at subatmospheric 
and at elevated pressure as b* increases with increasing 

pressure, cf. the values for water in Table 1 of [2]. 

Maximum height of relaxation microlayer (around the 

bubble dome) 

According to Table 1 of [2], this height, 2h*R(t,); 
amounts to approximately 11 mm for bubbles in water 

at 7.88 kPa (Figs. 7 and 12). In x0 = 0.04 (Figs. 8 and 
13) at 7.33 kPa, a value of 37mm is calculated. A 
difference between these values (for x0 = 0 and 
x0 = 0.04) is unsatisfactory from a physical standpoint. 
If (in the extreme case) the value of 11 mm for water 
is accepted for the mixture also, i.e. if bz is reduced 
from 1.76 to 0.52, one has-according to equation 
(3)--to enlarge the theoretical bubble constant ratio 

CI,,/C1,, = 0.20 (Figs. 8 and 12) to 0.66. This confirms 
the above-mentioned assumption of the occurrence of 
a local depletion of the more volatile component in a 
liquid layer surrounding rapidly growing large vapour 
bubbles. However. from a physical point of view, it 
seems to be more reasonable to compare the 
investigated bubbles in the mixture x0 = 0.04 (Figs. 8, 

9. 13 and 14) at 7.33 kPa with bubbles in water boiling 
at 20.28 kPa, cf. Table 1 and Figs. 4 and 20 of [2], viz. 

these bubbles have approximately equal departure radii 
of 12 mm, but the experimental b,* = 1.17 and the 
maximal height of the relaxation microlayer amounts 
to 28 mm. If the latter value is also accepted for the 
concerning mixture at 7.33 kPa, the ratio CI,m,/CI,p 

increases from 0.20 to 0.26, bz decreases from 1.76 to 
1.33, and the relative contribution to advanced bubble 

growth of the evaporation microlayer in comparison 
to the relaxation microlayer increases slightly from 0.02 
to 0.03. A very limited depletion of the more volatile 
component is assumed to occur now, and the value 

(1.33) of bz at 7.33 kPa differs only slightly from the 
value (1.17) of bg at 20.28 kPa. 

Conclusion 

The contribution of the evaporation microlayer in 

binary mixtures (with a more volatile component), in 
which advanced bubble growth is slowed down con- 
siderably due to mass diffusion, it is at least small or 

even negligible. This statement holds at any pressure, 
as the evaporation microlayer contribution vanishes 
both at elevated pressures, cf. [2], and at decreasing 
pressure, at which Rayleigh bubbles occur [Z]. 

The curious bubble cycle, which has been observed 

previously in water during nucleate boiling at pressures 
of2-8 kPa, cf. Section 3.4 and Figs. 12-16 of [2], occurs 
also in the investigated binary mixtures. In general. 
directly after departure of a large primary bubble, an 
initially very rapidly growing thin secondary vapoul 
column is generated on the nucleation site at the 
heating surface. A comprehensive description and 
qualitative explanation of this phenomenon has been 
presented in Section 3.4 of 121. 

7. CONCLUSIONS 

Experimental bubble growth in the investigated 

binary systems is in quantitative agreement with the 

van Stralen et a/. theory [l]. This model combines 
the Rayleigh solution (governing isothermal initial 
growth) with a (heat and mass) diffusion-type solution 
(governing advanced isobaric growth), which accounts 
for the contributions to bubble growth due to both 

the relaxation microlayer (around the bubble dome) 
and the evaporation microlayer (beneath the bubble). 
The slowing-down effect of mass diffusion on bubble 
growth in binary systems (with a more volatile com- 
ponent) occurs only in mixtures with a low relative 
bubble growth constant C1.,/C1,,, e.g. in 4 and IO wt”,, 
2-butanone in water. 
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APPENDIX 

In an improved version of the relaxation microlayer 
theory for the mechanism of nucleate boiling [ 16, 171. van 
Stralen [18] has shown, that for ideal binary systems (or 
more generally for .x0 << I) at constant pressure: 

and 

(111 

(I?) 

Hence. as an approximation: 

AT 
~~ =(K-l)(T,-L) 
G 

(13) 

It follows by combining Raoult’s law and the Clapeyron 
equation (IO). that (at constant pressure): 

T,- T,, = -3’ p(!,-.~) = mr, p(K- 1)~. 
P2l Yzl 

(14) 

Substitution of (14) into (13) yields an expression. which 
relates AT/G to the fraction .Y at the bubble boundary: 

AT T, 
= 

G 
-(K-I)‘/% 

pz / 
(15) 

According to the ideal gas law, pZ _ p at low prcssurcs. 
Consequently (at constunt liquid composition), rhr irxrvtrw 
AT in ~/CM. pchr of ~‘trpwr Idi~~idrd by, t/w t~~rporixrl mc(.u 
fruition G) is thrn cll)pro.~imtrtc,l~~ imlc,prmlcwr of prc5.5irrc. 

Equation (15) expresses AT;G into material constants and 
is useful to derive AT,G‘ for binary systems at sub- 
:ltmospheric pressures, especially ifequilibrium data arc not 
known in literature. As an approximation for this cast. one 
can start from the values of AT’G‘. which arc derived (e.g. 
graphically) from the equilibrium diagram at atmospheric 
pressure. This procedure has been used in case of the systems 
water 1-butanol and water 2-butanone, cf. Scctionb 5.1 and 
6. to evaluate the value of the bubble growth constant C,.,,,. 
equation (4), for the investigated mixtures. It follows from 
equations (4). (5) and (151. that 

i.e. the relative bubble growth constant (COI- asymptotic 
diffusion-controlled growth) in mixtures. C‘, ,n, C, ,,,. ih also 
expressed into material constants. According to equation 
(14). this is also the case for the relative peak Hux in nucleate 
boiling of mixtures, cf. the van Stralen relaxation microlaycl 
theorv for the mechanism of nucleate boiling [ 16 181: 

In case of (; = (.Y~,-_Y);(>.-- v) c<. I. one may replace \ 111 
equations (15)~(17) by the known zo. which applies to the 
original liquid composition. Be/h rhe (~o~~(.P~~ToI~o~ o/ 
minimal bubble growth constutU clntl i/w coinc~irlirq cotxw11r~~- 

lion 0J mu\-imul reltrtirr prcrh fiirz irl I~uc~Icwl~ hoi/iffy II/ 
“pc~siliw” hinury s~sfems I wu /f (I mow wlut ilc i~ompumvu) wan 

rhus appro.uirnutrly intlrpcvuimt of prc~wrc. These quantities 
are governed by the factors (K - 1 )u : j’. and (K - I)‘.\- : 
1,2:.x = KY. In case of non-ideal binary systems both 
(K- 1)~ = 0 and (K- I)‘\- = 0 for .Y = 0 (pure liquids). At 
the azeotrope. I’ = .Y (i.c. K = 1 ). hence these function:, 
equal zero then also. At an intermediate concentration 01 
the more volatile component. both functions show a 
maximum, coinciding with a maximal AT,G‘. a maximal 
Y~.,,.~~~ and a minimal C’ ,,,,. cf. [17. 181. The independence 
of pressure (in a limited range) has been shown previous11 
by ban Stralen [19. 201. 

It follows from equations (16) and (17) that the minimal 
c I ,m decreases and the maximal Y~~,,,~.,,.,~ increases as h: 
increases. cf. the behabiour of the aliphatic alcohols in uatet 
[19, 201. Obviously. in case of non-ideal binary sybtcms. 
equations (13t(17) are approximations. which are more 
accurately as .Y,) --t 0. 

ERRATA ON PREVIOUS PAPERS [I, 21 

(i) The procedure to derive an expression for the total 
bubble radius, cf. Section 5.1 of [l], results in a super- 
position of separate radii due to relaxation and evaporation 
microlayers, respectively. In principle, Cooper, cf. reference 
[8] of [l] and Van Ouwerkerk, cf. references [lo, 1 l] of [I] 
used a similar procedure in the case of initially uniform 
liquid superheating. As a consequence, the last paragraph: 
“A serious Section 5.1” of Section 3.1.3 of [l] has to be 
cancelled. 

(ii) The sixth line from top: “i.e. only volume”. page 
457 of [l] is incorrect and has to be cancelled. Second line 
from bottom, page 460 of [l]: “resistances” has to be 
replaced by “conductances”. 

(iii) In Section 5.1 of [l], with exception of equation (58), 
the (equivalent spherical) bubble radius, R, should be re- 
placed by R*, the radius of the hemispherical bubble. Also, 
the factor 2+ in the denominator in the RHS of equation (56) 
of [l] has to be omitted. 

(iv) Table 1 of [2]: at a pressure of 2.04 kPa. the value of 
the bubble growth parameter h* (2.547) has to be replaced 
by 0.675, and the value of h (2.684) by 0.812. The correct 
values are calculated using the complete equation (63) of [l]: 
the original incorrect values are derived by neglecting the 
superheating A& of the bulk liquid in the RHS of this 
equation. 

Consequently, the first footnote. (*). to Table 1 of [2] 
has to be replaced by the following: “The ratio of evap- 
oration to relaxation microlayer contribution to bubble 
growth amounts to 0.204 at a pressure of 2.04 kPa. This 
relatively low ratio is due to the dominating influence of 
the Rayleigh solution on bubble growth at low pressures. 
In this case, the evaporation microlayer hardly contributes 
to bubble growth as the initial temperature drop across 
this layer equals zero. cf. equations (62) and (65) of [l]. 
During the mode of initial isothermal growth. equation (21) 
of [ 1] reduces to an identity”. 
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VITESSE DE CROISSANCE DES BULLES EN EBULLITION NUCLEEE DES SYSTEMES 
BINAIRES AQUEUX AUX PRESSIONS SUBATMOSPHERIQUES 

Rhmk-On a &die exptrimentalement le dtveloppement des bulles de vapeur dans les systemes 
binaires suivants qui comprennent un constituant organique plus volatil: eau-ethanol (jusqu’g 31”,,, 
d’ethanol, a des pressions comprises entre 4,08 et 6.65 kPa, le nombre de Jakob variant de 1989 a 1075). 
eau-1-butanol (jusqu’a 2.4% de I-butanol. B des pressions comprises entre 3,60 et 4,08 kPa. le nombre de 
Jakob variant de 2760 a 1989) et eau-2-butanone (jusqu’a 15”” de 2-butanone. a des pressions comprises 
entre 7.31 et 9.07 kPa, le nombre de Jakob variant de 1519 B 683). 

La croissance des bulles observee experimentalement est en accord quantitatif avec la theorie de Van 
Stralen, Sohal, Cole et Sluyter [I], combinant une solution de Rayleigh qui prevaut initialement avec unc 
solution de type diffusion (chaleur et masse) qui decrit les contributions de la microcouche de relaxation 
(autour du dome de la bulle) et la microcouche d‘evaporation (au dessous de la bulle) au developpemcnt 
ulttrieur des bulles. 

L’effet modtrateur de la diffusion massique sur le dtveloppement avance des bulles dam les melanges 
ne se produit que pour le systtme eau-2-butanone. La contribution de la microcouche d’evaporation 
est nigligeable (a toute pression) pour des melanges a faible concentration du composant le plus volatil. 

dans lequel la diffusion de masse limite considerablement l’avancement de la croissance des bulles. 

WACHSTUMSGESCHWINDIGKEIT VON DAMPFBLASEN BEIM 
BLASENSIEDEN VON WASSRIGEN BINAR-SYSTEMEN BE1 DRUCKEN 

UNTERHALB DES ATMOSPHARENDRUCKES 

Zusammenfassung-Die Wachstumsrate von Dampfblasen wurde experimentell untersucht in folgendem 
binaren System mit einer leichtfliichtigen organischen Komponente: Wasser-Aethanol (bis zu 31 
Gewichtsprozent Aethanol, bei Driicken zwischen 4,08 und 6,65 kPa, einer Jakob-Zahl zwischen 1989 
und 1075), Wasser-1-butanol (bis zu 2,4 Gewichtsprozent I-Butanol, bei Driicken zwischen 3,60 und 
4,08 kPa, einer Jakob-Zahl zwischen 2760 und 1989), und WasserZ-butanon (bis zu 15 Gewichtsprozent 
2-butanon, bei Driicken zwischen 7.31 und 9,07 kPa, einer JakobZahl zwischen 1519 und 683). 

Das experimentelle Blasenwachstum ist in quantitativer Ubereinstimmung mit der Theorie nach van 
Stralen, Sohal, Cole und Sluyter [I]. Diese Theorie kombiniert die anfanglich dominierende Rayleigh 
Losung mit einer (Wlrme und Staff) Diffusions-LBsung ftir die Beitrage des fortgeschrittenen Blasen- 
wachstums infolge der Relaxationsmikroschicht (urn die Blase) und der Verdampfungsmikroschicht (unter 
der Blase). 

Der Verzogerungseffekt der StotTdiffusion bei forgeschrittenem Blasenwachstum in Gemischen zeigt 
sich nur im System Wasser-2-butanon. Der Beitrag der Verdampfungsmikroschicht ist vernachlassigbar 
(bei jedem Druck) fur Gemische mit einer geringen Konzentration der leichter fliichtigen Komponente. 

wobei die Stoffdiffusion das fortgeschrittene Wachstum erheblich begrenzt. 

CKOPOCTM POCTA IIY3bIPbKOB IlPM IlY3bIPbKOBOM KMnEHMZl B 
BoflHblx 6MHAwblx CMCTEMAX nfw AAB~EHMM HIIKE ATMOC*EPHOFO 

AHHOT~~HR- npOBeACH0 3KCnepHMeHTaJlbHOC HCCJleAOBaHHe CKOpOCTB pOCTa ny3blPbKOB napa n 
CJleAyKWtfX6C(HapHblXCMCTeMaX C 6onee ,lCTyWM OpraHU'iCCKHM KOMnOHeHTOM:BOAa-3TaHOn(Ao 

31 BOAH. % aranona,npnnasnennw OT 4.08 no 6.65 KH/M'M wicne5lKo6ao~ 1989Ao 1075);~oAa-I- 

6yTaHOn(Ao2.4 BOAH. % 1-6yTaHOfla.npHnaBneHMHo~ 3.60~104.08 KH/M' H wicne gxo6a OT 2760 
A0 1989); H BOAa-2-6yTaHOJI (no 15 BOAH. % 2-6yTaHOna npe AaBneHHH OT 7.31 no 9.07 KH/M' H 

gncne tlro6a OT 1519Ao 683). 
3KCnepHMeHTaJIbHbleAaHHblenOCKOpOCTM pOCTany3blpbKa HaXOAflTCR BKOJiA'leCTBeHHOMCOOT- 

BeTCTBHM c TeOpHeii BaH UTpaneHa, COXanR, Koyna H CnwTepa [l], npennarammeii c&icTeMy ~3 

ypasHeHws nnn nepaona~anbnoro noMmiiipyroruer0 qncna Psnefl n ypaBfieHwi As~$@ysaa (renna H 
Maccbi) nn~ 0npeAeneHMa Bn~s~Hfl penaKcauHoHHor0 Mll~p0cnofl (BoKpyr Kynona nysblpblca) M 

ncnapnwluerocx MMKpocno~(noAny3blpbKOM). 

3aMeAJDiHHeCKOpOCTPi pOCTally3blpbKOBnOAB~~~H~eMA~~~y3~~MaCCblBCMeCRXn~O~B~~eTCR 

TOnbKO B CHCTeMe BOAa-2-6yTaHOJla. BnlrnHvie HCnapRIOulerOCH MHKpOCnOfl HC3HaYHTenbHO (npH 

nro6oM AaBJleHWi) B CMeCIIX C HH3KOti KOHUeHTpaUHefi 6onee JleTyYerO KOMnOHeHTa. AH+jly3EiR 

MaCCbl KOTOpOrO 3Ha'fHTenbHO OrpaHWlHBaeTpOCT ny3blpbKOB. 


