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Abstract-A favourable effect of the composition in binary mixtures with a more volatile component on the 
peak flux in surface boiling of subcooled liquids with free convection has been predicted by the “relaxation 
microlayer” theory, cf. Parts I-III. The theoretical values are in quantitative agreement with the author’s 
experimental data on the systems water-methylethylketone and water-1-butanol. 

Expressions_for the peak flux and for the maximum bubble radius, frequency, growth and condensation 
rates, and lifetime have been derived in dependence on the wire superheating and on the degree of sub- 
cooling. An increase in the subsequent condensation rate in certain binary mixtures is predicted. At 
present, no experimental data on bubbles in subcooled mixtures are available, but the theoretical pre- 
dictions for pure liquids are in reasonably good agreement with some preliminary data by the author and 
with data on water by Ellion for free convection and by Gunther for forced circulation. 

The occurrence of a minimal critical expansion ratio for supersaturated vapour mixtures in presence 
of air in Wilson cloud chambers is explained by, and the numerical value of the minimum ratio can be 
calculated from, the new theory. The corresponding liquid concentration in the droplets is shown to 
coincide with the concentration of maximal slowing down of bubble growth and maximum peak flux 
density in superheated liquid mixtures. This is in good agreement with data by Flood on water-ethanol 
vapour and by Froemke, Bloomquist and Anderson on water-ethanol. 

Finally, a note is added on the ultrasonic velocity and absorption in binary liquid mixtures. 

1. INTRODUCTION ON THE 
EXPERIMENTAL PEAE FLUX 

IN SURFACE BOILING 

THE AUTHOR’S relaxation microlayer theory 
[l, 2, 31 is extended to surface (or “local”) 
boiling, which occurs in the same superheating 
range of the wall as in case of nucleate, pool 
boiling, if the temperature of the bulk liquid 
T, < T (“negative superheating”). The vapour 
bubbles condense shortly after the rapid initial 
growth. Even condensation of adhering bubbles 
occurs for sufficiently large degrees of sub- 
cooling 19;: = T - T,. The vaporized mass 
fraction at the heating surface approximates 
zero then, An exhaustion of the more volatil’e 
component in mixtures in the neighbourhood 

t Doctor of Physics, Principal Research Officer. 

of a relatively large heating area is thus avoided 
completely. 

The peak flux in surface boiling with free 
convection increases proportionally to T - To 
to very considerable values (Fig. 1). The experi- 
mental peak flux in 4.1 y0 methylethylketone 
and in 15 % 1-butanol exceeds thecorresponding 
value in water at arbitrary subcoofmg with 50 
per cent. This ratio follows also from equation 
(19) of [3] for 13;: $ &,. max; 8,. max is independent 
of e,*, cf. Section 2.3. 

Came [4] investigated the effect of composi- 
tion on peak flux in subcooled toluene-acetone 
mixtures with forced circulation on an electric- 
ally heated vertical stainless steel tube. In 
mixtures with SO-SO% acetone a maximal 
increase occurred, which exceeded correspond- 
ing to the value in acetone with 15 per cent and 



1486 S. J. D. VAN STRALEN 

. 
0 . 

12. 
0 13% 1-butonol 
l Cl % mrthylcthylketone 

0 -- water 

la l----r 
c 

J 
“6 

‘8 

/’ 

i 

FIG. 1. Water, 13 wt.% I-butanol and 4.1 wt.% methylethylketone. 
Peak flux density in surface boiling with free convection in depend- 
ence on subcooling, at atmospheric pressure. The boiling points are 
100, 97 and 88 degC, respectively. The temperature 7” of the bulk 
liquid has been measured at a distance of 5 cm to the centre of the 

platinum heating wire. 

the corresponding value in toluene with 53 per 

cent for stream velocities of O-5 m/s and 
subcoolings of O-60 degC. 

2. SURFACE BOILING WITH FREE 
CONVECTION IN PURE LIQUIDS 

2.1. Bubble growth and maximum radius Rr in 
dependence on the degree of subcooling 0: 

It follows from equation (27) of [2] by taking 
h independent of 8,--i.e. the exponent in the 
rt’$t-hand side of (19) of 133 is taken as one here 
-that one can introduce now a superheated 
“effective relaxation microlayer” for bubble 

growth, the thickness of which amounts to 
(6. Fig. 2 and equation (13) of [3]) : 

dt, = 
@cl ---d 

e,+e;: Ovp 

0 ‘,’ + (atr,J+. =- (1) 

The thickness do, p of the entire relaxation micro- 
layer is thus assumed to be independent of Q, 
but apparently only the excess enthalpy of the 
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bulk liquid 

pool boiling 
4$ =$&.dt.,p 

surface boiling ($=C+63J 

FIG. 2 Arbitrary pure liquid. Temperature drop in the equivalent eon- 
duction layer at the heating surface in nucleate pool boiling and in 
surface boiling. The entire layer with thickness d,,_ is superheated in 
nucleate boiling, but only so the partial layer d’,,, in surface boiling. 
Note that d,, p = 0.79 d*, cf. equation (27) of [2]. has been drawn instead 
of d,. Actually, the superheating of do,p is assumed to be uniform, and 
the superheating of d, is linear. 

Bottom curves represent the bubble growth and the departure or the 
maximum radius in dependence of time. A slow subsequent growth after 
departure occurs in nucleate boiling a rapid condensation in surface 
boiling. In the last case, the behaviour at two different ratios of liquid 

subcooling to wall superheating is shown. 

superheated part with thickness dfj, cm be The ratio 
used for bubble growth. 

It is seen from (l), that : 

(tY,,)* = &G&&J, (2) 
0 

(4) 

whence the maximum radius is given by : is thus independent of 0;. Both (t:,,)*, d$,, and 
R:,, decrease for increasing 0;; the relation of 

R:,, = ; CL, eo(t:,,)+ = &R,,, 
t 

these quantities to 0: is hyperbolical. 
0 

bC 0; =- 
e l*p 8, + e;: ---tt,,. 

2.2. 
(3) 

Subsequent condensation of the bubble 
Condensation of the bubble occurs after 

R: has been reached. For the “condensation 
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constant” in an initially uniformly subcooled 
pure liquid the following expression : 

12+ uf 
cy,, = c,,, = - ____ 0 (5) 

n PJIPIC 

can be deduced from equation (19) of Cl], i.e. 
the effects of inertia and surface tension on 
bubble behaviour can be neglected. The heat 
diffusion is directed now away from the bubble 
centre, whence a surrounding subcooled micro- 
layer is warmed up, cf. Section 2.3. The equation 
(5) can also be derived from the Striven theory 
[S, 6, 73 ; at the bubble boundary one has the 
condition : 

m 

=$2fi3expflz [-‘exp(-j’)dC. 
s 

(6) 
1 

B 

The effect of radial convection on bubble 
growth has been neglected in (6) by taking 
E = 0, which is allokd for relatively large 
values of 19~ [S, 7, I?], i.e. (6) is identical with an 
expression in Bruijn’s theory [9, 61. For 
subcooling, i.e. for negative superheating, (6) 
still holds, as : 

heat of condensation. Actually, however, the 
bubble boundary, especially at the base, will be 
covered gradually with flowing liquid with an 
increasing subcooling; the following equation 
will yield more realistic predictions : 

R;(t) = bC:,, 0; {(&J* - t+} exp 

(7) 

One has thus: 

whence (dRg/dt*),=, = 0 and (dR,*/dtt),=tt,p = 
- bC:,, tI$, i.e. the maximum condensation 
rate occurs at the tinal stage of the bubble 
lifetime. Equation (7) is similar to the behaviour 
during the preceding bubble growth, cf. equa- 
tion (21) of [l] : 

f 
R,(t) = bC1,p60tfexp - k 0 1.P 

One has in this case : 

-e. = $0, -/!?) = - PJ 
rc do, 8). 

dRP=bC 
dtf 

For relatively large whence 

(dR,/dt*), = 0 = bC ,, poo 

P and 

[S, 6, 73, which yields (S), i.e. (10) of [l]. 
(dRddt+),,,,_ = 0. 

Analogously to the bubble growth at a heating 
It follows from (7) in combination with (5) 

surface, cf. equations (21) and (27) of [l], the 
and (3), that 

condensation can be described by (cf. [6] and 
b 

RT, p = ; Cl, pO$ (t4. ,,>* = 5 Cl, $0 0:. ,>*. (8) 
Fig. 2): 

R;(t) = R:,, - b CT, p t$ t+ exp - (t/tg p)f. 
The lifetime or the instant t:, p + Cjp, at which 
the bubble has disappeared entirely, is thus 

The physical interpretation of this equation is given by the con&i& -(Fig. 2) : 
based on a gradually decreasing condensation 
rate on account of a simultaneous heating of an 
adjacent liquid microlayer due to the liberated 

(9) 
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According to equation (13) of [2], the suc- 
ceeding bubble on the same nucleus in surface 
boiling is initially generated at the instant 
t:,p + tz,,, where 

t* 
2.P 

= 3t:,, (10) 

whence the bubble frequency on a nucleus 

1 
vf=--= 

4tT. p ( > 

I+f2&L (11) 
0 1.P 

increases rapidly for increasing 0:. 
Condensation of vapour bubbles, which ad- 

here meanwhile to the heating surface, is 
predicted to be possible only for tf,p -c t$, p, 
i.e. for suffkiently large subcoolings 0: > 
(l/J3)0, = 0.58 B. (Fig. 2) For relatively small 
subcooIings 03 < O-58 0, the bubbles must 
depart from the wall in order to avoid a pre- 
mature coalescence of succeeding bubbles. Some 
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preliminary experimental results of the author 
on water yielded, that at e. = 20 degC, the 
bubbles depart from the heating surface for 
0: G 16 degC (Fig. 3), i.e. for 0: G O-80 8,. 

It may be noticed here, that during the con- 
densation of a liquid drop, which is adhering to a 
wall, the wetting parameter B (cf. Section 2.3 
of [l]) has to be replaced by 1 - B. The bubble 
growth parameter b, which occurs in equations 
(7) and (8), is related to B and to the microlayer 
parameter b* according to : 

b = (B’(3 “_’ 2B))” 
(12) 

For B = 075 (bubble growth), (12) yields : 
b = 1.12 b*, whence b = 044 in case of heat 
supply towards the entire bubble boundary 

(b* = B). For B = O-25 (dropwise condensation) : 
b = 3.45 b*. However, b* = O-25 in case of heat 

7 

l!o3atr 

loa 
free convection: l xpdrta ’ 

watw c&.20 “0 - -20 
present theory 

, il q I.l%mek(h, *25°C) -----. { 1 

forced convrction: l xp. data Gunther -.-water; qw e4XlO’ Wn? 

Vg 3 m 8’ -16 

E 
1 

FIG. 3. Water and 41 wt. % methylethylketone. Comparison of theoretical maximum bubble radius in surface 
boiling according to equation (3) with some preliminary experimental data, partly deduced from high speed 
motion pictures taken at a rate of 10000 frames per S. 

Average data of Gunther for forced circulation exceed the theoretical values with approximately 68 per cent 
(Table 2). The vapout bubbles collapse, meanwhile being adhered to the heating wire, at experimental sub- 

toolings, exceeding 16 degC in water (--- i) and 9 degC (- - - i) in the mixture. 



1490 S. J. D. VAN STRALEN 

removal through the entire vapour-liquid 
interface, whence b = O-86. These values differ 
only slightly, i.e. the same value of b can be 
taken in case of dropwise condensation. 

The reader is referred to the Appendix for a 
comparison with some experimental data on 
subcooled water by Ellion [ll, 10, 121 for free 
convection and by Gunther [13, 141 for forced 
circulation. 

The experimental data in Fig. 3 at low sub- 
toolings of water are deduced from the photo- 
graphs (Figs. 4 and 5). 

Gunther’s data (Table 2) show, that C& < 
c for large 03. More accurately, bCt, < 
bd;‘,, then; i.e. according to (12) for constant B 
during condensation, the microlayer parameter 
b* decreases for increasing 0:. This means, that 
cold liquid covers only the lowest part of the 

2.3. The peak flux density 

bubble boundary during the decreasing con- 
densation time. 

In case of bubble growth at a heating surface, 
it follows from equations (35) of [i] and (13) 
of [a], that d,,, = W/7+ (atl,,)+ = (4/# 
(at,, ,,)*, whence di, p = 0.32 (4ut,,+,); the average 
initial superheating of the relaxatron microlayer 
amounts thus to 0.72 8,,. The value 0.72 agrees 
exactly with the experimental value b, cf. the 
appendix to [l] ; i.e. one may take b = 1 in the 
growth equation for the equivalent radius 
(Section 2.3.2 of [l]) and replace &, by 0.72 8,. 
One has thus for B = O-75: b* = (27/32)* = 
O-89, for B = O-50 (hemispherical bubbles ac- 
cording to Forster [lo]): b* = (l/2)* = 0.63 
and for B = 1.00 (spherical bubbles): b* = 1.00. 

Note, that the peak flux density is independ- 
ent of the value of b, cf. [2, 31 and Section2.3. 

It follows from (5) of [3], that, if k, p1 and c are assumed to be independent of temperature : 

4:. bi. p, max = $ Uwd (t* ’ 
l,p,m= 

= $ (kplc)+ _+ ceo.T + G)2 
,P,maX 0. max 

and, from (4) of [3], that the contribution of the direct vapour formation is expressed by: 

13” 
4:. b,p,max = i ; 

0 
~blcY it* 

1 
)+ eo, max 

l,p,m= 

whence 

9Z,bi,p,max - qC,b,p,max = s,,.B$gd,bi,p,max~ 

The direct vapour production is subtracted here on account of the periodical condensation, i.e. 
formally. the superheated part of the relaxation microlayer is warmed up by the heat of conden- 
sation, and not by the heating surface, cf. (7). The wall has to warm up only the remaining part of 
the microlayer (with thickness dO,p - d’,,,), cf. Fig. 2, which is periodically pushed away by the 
growing bubbles. This behaviour differs strikingly from that in saturated pool boiling where 
q,,,, *, p, mx is removed from the wall by the ascending bubbles. 

One has thus in comparison to nucleate pool boiling : 



FIG. 4. Water. Surface boiling with free convection at atmospheric pressure, OO* = 3 degC, qw = 25 x 104 W/m2. 
Columns of vapour bubbles are generated at the heating wire and condense in the neighbourhood of the wire. 

H.M. 



- -- 

FIG. 5. Wutev. Surface boiling with free convection at atmospheric pressure, &I* = 6 degC, ytp =I 37 r IO* W/m”. 
The vapour bubbles condense now more rapidly due to the increased Bo*. 

However, smait bubbles remain and ascend slowly to the liquid-level surface. It is believed, that these small bubbles 
acted previously as “equilibrium bubbles”, necessary for initiat vapour formation. 
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or, in combination with equation (14) of [3] : 

9 0,max + 0: 
8 8 + 0.88 “(60._ + 

W, P. max 0,max em, 
e. _ + e,* 

-= 

4 W, P. max t1 + os88) 4w,eo,max = 1.;38 eo,msx 

e.g. for water at room temperature eO,max = 22°C (independent of the degree of subcooling,‘ cf\ 
[15]) and 6: = 8O”C, whence &_ = 11.1 qw,p,max, in good agreement with the experimental 
data (Fig. 1). 

3. SURFACE BOILING IN BINARY 
MIXTUBES 

whence 

3.1. Growth and condensation of vapour bubbles 
The validity of equation (3) for the maximum 

bubble radius can be extended to the case of 
vapour bubbles in binary mixtures with a more 
volatile component by taking C1 = Ci,,. The 
maximum radius occurring at constant 6, and 
6: shall thus be reduced considerably in com- 
parison to the value in pure liquids, i.e. to 25 per 
cent in 4-l % methylethylketone compared to 
water. 

ctm C:,m _ 6 + AT = 2 C,,, - = 
c:., cl,, 6 C l,P 

=2- 
1 

= 

(21) 

However, the subsequent condensation rate 
is not slowed down in mixtures, but, contrarily, 
increased in certain mixtures. This follows from 
the expression governing the growth of free, 
spherical bubbles in initially uniformly super- 
heated mixtures at relatively low pressures 

C5, 6, 7) : 

The condensation rate in mixtures is thus 
maximally increased up to a factor 2 in com- 
parison to the main component, i.e. in 4.1% 
methylethylketone [l, 21: Cr.,, = 6 x 10e4 
m/s*degC,C,,, = Ctp = 24 x 10-4m/sfdegC 
in water, whence C:,, = 42 x 10e4 m/s* degC 
is predicted for bubbles in surface boiling at 
atmospheric pressure. 

where 

‘Jo - AT = s cp(O, B), (18) 

In case of bubbles generated at a heating 
surface, the factor 2 in (21) is reduced to 1 + 
(e - 1)/e = l-63, cf. equation (54) of [2]. In the 
extreme case, equation (9) is extended to : 

C 
AT= 1-F do. 

( > 
(19) 

1.P e. - 0.63 e. 
(18) is the corresponding extension of equation 

= e: e, 

(6) to mixtures, cf. [6, 71. The “effective super- 
0, x eg + O-63 e,* 3jj 

heating” of the liquid at the bubble boundary 
amounts now to e. - AT. Analogously, in 
condensation the “effective subcooling” with 
respect to the bubble boundary equals 0: + AT, 
where 

0.37 e. 
= 163 = 0*23$, (22) 

0 0 

whence t$,, should decrease maximally up to a 
factor 20 at a constant ratio e,/efj in comparison 
to pure liquids. 

(20) 
Extremely high condensation rates are pre- 

dicted in certain mixtures for large 6:. Actually, 
however, these values will be decreased, as the 
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instantaneous superheating at the instant tr,“, 
of the liquid at the bubble boundary amounts 
to 0.63 & instead of 0.63 0:. It follows from 
equation (8) of [2], that t$,,,/tr,p = (C,,,,/C1,J2, 
i.e. also a very considerable decrease of the 
waiting time in the subcooled mixtures is pre- 
dicted. 

The author’s future research program includes 
experimental investigations on this subject. 
Until now, only some data by Ellion [l l] on a 
mixture with a nonvolatile wetting agent (water- 
aerosol), which are reported by Sabersky [12], 
are known in the literature. It is easy to extend 
the theory for binary mixtures with a more 
volatile component to the case of a nonvolatile 
component [6, 71. However, at present Ellion’s 
data cannot be compared with the theoretical 
predictions, as the corresponding 8, is not 
reported in [12]. 

3.2. The peuk j7u.y density 
For sufficiently large subcooling 0,* % (L$,,,,~~, 

the driving temperature difference 0; + &,,,_ 
N 133, whence equation (19) of [3] predicts a 
50 per cent higher peak flux in certain mixtures 
in comparison to the pure less volatile com- 
ponent at the same 03. This value is in quanti- 
tative agreement with the experimental data 
for 4.1% methylethylketone and 1.5 % 1-butanol 
in water (Fig 1). 

A very high peak flux of 15 x lo6 W/m’ 
occurs in these mixtures at atmospheric pressure 
and at a subcooling of 90 degC, in comparison 
to 10 x lo6 W/m2 in water. This value exceeds 
the peak flux in boiling water with a factor 20, 
and the maximum peak flux in water, boiling 
at the elevated pressure of 75 ata (Fig. 3 of [3]) 
with a factor 5. 

Even higher values were obtained by Gunther 
[13] by application of forced circulation to 
water under elevated pressures, e.g. 36 x lo6 
W/m’at V, = 12m/s,p 7 8ataand8;f = 140degC. 
The experimental data of this worker agreed 
with an empirical equation : 

cf. equation (20) of [3] and Fig. 1. The highest 
peak fluxes to water, which are known in the 
literature, were obtained by Gambill and Greene 
[16] in vortex flow (170 x lo6 W/m’). Probably, 
even an increase of this value shall be made 
possible by utilization of suitable binary mix: 
tures. 

4. CONDENSATION OF SUPERSATURATED 
BINARY VAPOUR MIXTURES 

4.1. Experimental investigations 
The existence of subcooled vapour has been 

demonstrated by Volmer and Flood [17, 181 
for water, by Flood and Tronstad [19] for 
heavy water, and by Froemke, Bloomquist and 
Anderson [20] and Flood [21] for water- 
methanol and water-ethanol mixtures, respec- 
tively. These investigations were of practical 
importance for utilization in the Wilson cloud 
chamber. A supersaturation of the initially 
saturated vapour occurs rapidly by means of 
adiabatic expansion, which causes a sudden 
decrease of the temperature with an amount f3g. 

The minimum expansion ratio (corresponding 
with the “critical subcooling’) was determined, 
for which dropwise condensation occurs spon- 
taneously in the absence of nuclei, i.e. ions or 
dust particles. The charged particles were 
previously removed by the application of an 
electrostatic field. 

The mixtures condense more easily, i.e. at a 
lower critical expansion ratio in comparison 
with the behaviour of the pure components, 
e.g. for water-ethanol in air a minimum ex- 
pansion ratio (1.10, i.e. 11.6 degC temperature 
drop) occurs in vapour containing 35 mol% 
(60 wt. ‘A) ethanol. This corresponds with an 
equilibrium composition of the liquid in the 
droplets of 8.5 mol “/, (20 wt. “4) ethanol. The 
critical ratio amounts to 1.27 (temperature 
drop 27.3 degC) in water and to 1.17 (tempera- 
ture drop 16.3 degC) in ethanol. 

Strikingly, the nucleate boiling peak flux 
shows a maximum, exactly at the same liquid 
concentration, and AT/Cd shows also a maxi- 
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mum at approximately the same composition, 
viz. at 6 mol % (14 wt. %) ethanol, cf. [IS], 

The corresponding liquid composition in the 
nucleus can be calculated from equilibrium 
data, or (if .not available) from the vapour 
pressure curves [21] using the Thomson equa- 
tion [22] for the increase in vapour pressure 
at a convex liquid surface with a small radius 
of curvature (corresponding with a lowering 
of the boiling point). If even partial vapour 
pressure curves for the mixture at low tempera- 
tures are not known, the Duhem-Margules 
equation has to be used for this purpose [20]. 

More recent measurements of the minimum 
expansion ratio for water-ethanol vapour mix- 
tures in air give a lower value for water (1.22, 
corresponding with a temperature drop of 
23 degC), but the previous value (1.17) in 
ethanol [23]. The minimum (1.12) in water- 
ethanol vapour mixtures occurs at a tempera- 
ture drop of 13 degC. This minimum can further 
be lowered to l-07 by using a monatomic gas 
(argon) instead of air [23]. 

The critical supersaturation S can be calcu- 
lated from the experimental data by the ex- 
pression : 

R,T,‘, In S 

2a 
=- R$ “’ (23) 

where I/’ denotes the molar volume of the 
mixture in the droplet. 

According to Volmer’s nucleation theory 
[17, 181 R: - (TO/a)*, whence 

f3 +v InS- r 
0 

, 

0 
(24) 

4.2. Explanation by the present theory 
According to the present theory, one has to 

distinguish between the mass fraction of the 
more volatile component x at the boundary of 
the droplet and the fraction x0 of the liquid 
inside the droplet. For 20 wt. % ethanol 
C 1.m = 16 x 10m4 m/s* degC, whence C,,,/ 
C = O-67 and CT ,,JC:,P = 1.33. The experi- 
rnLi!&l data yield: e’a ~ + AT = Q, whence 
AT = 23 - 13 = 10 begC, or AT/@, = 0.43. 
It follows thus in combination with equation 
(21), that the experimental data give CT, JC:, p = 
l-43, which is in reasonable agreement with the 
theoretical value. 

The occurrence of a minimal expansion ratio 
in cloud chambers with supersaturated vapour 
mixtures can thus be explained satisfactorily 
with the theory. The coincidence of the cor- 
responding liquid composition at the minimum 
expansion ratio with the composition of maximal 
slowing bubble growth (and maximal peak flux) 
is obvious now. The “coalescence” theory [20], 
which is based on a hypothetical formation of 
molecule-aggregates in vapour mixtures, is 
shown here to be unreliable. 

It may be noticed, that: (i) the growth of the 
droplets is stopped readily on the account of 
the rapidly decreasing 6: due to the heat of 
condensation, which is not removed in this 
case; (ii) the theoretical maximum radius of the 
drops in the vapour mixture of minimal critical 
expansion ratio exceeds the value in the pure 
vapour mixtures, in agreement with experiment- 
al data [24] ; (iii) the formation of condensation 
nuclei in vapour mixtures may occur more 
easily, as the required energy is proportional 
to the surface tension constant, cf. [17, 181 and 
(24); (iv) the critical expansion ratios in absence 
of an electrostatic field were approximately 
2 per cent lower due to drop formation on 
charges particles, in agreement with the ex- 
tended Thomson equation, cf. [23] ; (v) prob- 
ably, the application of water-methylethyl- 
ketone vapour mixtures in cloud chambers 
(and in dropwise condensation at the cooling 
surface in condensers) will be more advantageous 
with respect to a lowering of the critical ex- 
pansion ratio. 
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5. NOTE ON THE ULTRASONIC VELOCITY 
AND ARSORPTION IN BINARY 

LIQUID MIXTURES 

5.1. Velocity 
Finally, the interesting phenomenon of the 

occurrence of a maximum ultrasonic velocity 
in binary mixtures may be brought to notice 
[25]. Ernst [26] observed no maximum, but a 
monotonous curve, in ideal mixtures (which 
obey Raoult’s law), but a maximum at a low 
concentration of the more volatile component 
in nonideal mixtures. The concentration of 
maximum velocity in water-ethanol agrees 
again with the concentration of minimum 
bubble growth rates. This phenomenon is not 
yet clearly understood [27], but is generally 
attributed to a decreased association of water 
molecules due to the addition of ethanol. 

5.2. Absorption 
The following conclusions can be drawn from 

a survey on the behaviour of ultrasonic sound 
waves in liquids by Bergmann [25]. The modified 
frequency-independent absorption coefficient 
a” = a’/(~‘)~ for ultrasonic waves is mainly 
dependent on the dissipative effect of the kine- 
matic viscosity q/pl, viz. a” N rllp,(~‘)~, accord- 
ing to Stokes [28]. The contribution to a” due 
to heat conduction is relatively small (O-1 per 
cent in water and 5 per cent in organic liquids) 
and has thus been neglected here. One should 
expect now, that a maximal U’ at a certain 
concentration of a binary liquid mixture cor- 
responds with a minimal 01”. 

Contrarily, however, the experimental data 
yield a maximal cc”. This is apparently due to 
the dominating influence of q, e.g. in water 
ethanol mixtures at a temperature of 20 degC, 
q shows a maximum at 45 wt. % ethanol, which 
exceeds the value in water with a factor 2.8 and 
the value in ethanol with a factor 2.4 [15]. The 
maximal increase of 0’ amounts to approximately 
10 per cent. 

Jellinek [22] collected data from the literature, 
which report a lowering of the isothermal 
compressibility of water at room temperature 

due to an addition of NaCl with 80 per cent. 
This should correspond with an increase of v’ 
of 40 per cent. A considerably higher o’ in sea 
water has actually been observed [27]. 

6. SURVEY 

For practical utilizations, aqueous binary 
mixtures may be advantageous with respect to 
the increased peak fluxes, both in nucleate pool 
boiling (at atmospheric pressure up to a factor 3 
in comparison to water, at high pressures up to 
a factor 2) and in surface boiling (up to a factor 
1.5). The smaller bubbles are more regular and 
more spherical and the formation of large vapour 
slugs is avoided due to a diminished tendency for 
coalescence. The peak fluxes are practically 
independent of the orientation of the heating 
surface. The most favourable concentration can 
be deduced from equilibrium data and both the 
behaviour of the bubbles and the values of the 
peak fluxes are predicted by the present theory, 
in quantitative agreement with experimental 
data. 
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APPENDIX 

Comparison With Experimental Data 

1. Surface boiling with free convection 
The author’s preliminary data on the maxi- 

mum bubble radius in water are in q~ntitative 
agreement with the theoretical equation (3), cf. 
Fig. 3. At O0 = 20°C and 08 = 8O”C, tf,JtT,, = 
A, in good agreement with the value (-&) 
following from equation (9). Experimental data 
on bubbles in subcooled water with free con- 
vection of Ellion [ll], cf. aiso Sabersky [12], 
are here also compared with the theoretical 
equation (3), (cf. Table 1) : 

R:,, = $ CI,p~O cc, PP. 
Only those experimental data are taken into 

consideration, which axe also compared by 

Table 1. Comparison of equation (3) with data of Eliion (for water). The 
values of b are determined fbom the co~ttion : R;, , = R; ,e 

103(C, $ lo4 R;,, 
lo4 R;,, 

(for b = 0.72) b 

fdegc) @xc) (~9 

28 83 16 
27 62 19 
24 40 21.5 

(ml Cmi 
2.68 2.80 0.69 
3.29 3.20 0.70 
3.81 3.22 0.85 
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Forster [lo] to check his equation : 

2+R:,, = 0.46 @$$(t% + @)(&J*, 

(25) 

where the factor 2* arises from the conversion 
of hemispheres into equivalent spheres. For 
large 0: % 8,,, this expression (25) is simplified 
to: 

R;, p = 0.37 @$ &&;, P)+ (26) 

where the constant (0.37) was determined 
empirically to lit Ellion’s data. The constant in 
equation (3) amounts to 

0.26(12/@ = 0.5 1 for b = 0.72, 

cf. [l], which agrees reasonably well with (26) 
but only for large superheatings. It may be 
noticed, that Forster’s equation fails to predict 
the bubble radius R, for pool boiling, i.e. for 
0; = 0. A further disadvantage of Forster’s 
theory in comparison to the present treatment 
is the impossibility to predict qz,,,ax in depend- 
ence on the degree of subcooling. 

Good agreement is obtained for b = O-75, i.e. 
practically the value for bubbles in boiling. The 
numerical value of (t:,J* can be determined 
from equation (2) as z., = 7.0 x 10e2 s+ for 
pool boiling (Section 4.3 of [2]), whence 
(t?. J+ = {20/(20 + 70)) 7.0 x 1o-2 = 1.55 x 
10e2 s* at 0: = 70 degC. Ellion observed a 
value of tr, p = 3.0 x 10e4 at this subcooling, 
whence (tT.,)* = 1.73 x 10e2 sf i.e. in good 
agreement with the present theory. 

2. Forced circulation 
Gunther [13], cf. also Rohsenow [14], has 

taken high speed motion pictures at a rate of 
20000 frames per s of vapour bubbles in sub- 
cooled water, generated on a vertical, elec- 
trically heated metal strip in a narrow trans- 
parent channel. A survey of some of his data is 
given in Table 2. 

The most important result is, that the growth 
and condensation constants in a pure liquid 
have the same value, which is in fair agreement 
with the present theory, cf. Section 2.2. 

Extrapolation of Gunther’s data to the high 
subcooling of 100 degC gives for water maximal 
values of (m~JA,)v~, N 2.5 x 10” bubbles/ 
sm2. Such astronomical population densities 
are also predicted by the present theory, viz at 
nucleate pool boiling : 

hd4Jvmax = 70 x lo4 x 
1 

4(4*09 x 10_2)2 
= 1.1 x lo8 bubbles/sm2, 

cf. Table 3 of [2] and the appendix of [3]. At a 
subcooling 0; = 100 degC (and at B. = 20 degC), 
both m&JAW = l/Al and v* = 1/(4t:), are in- 
creased in the ratio {(e. + 8$/80}2 = 25, as these 
quantities are proportional to l/t:, cf. equation 
(14) and (19) of [2] and equation (2). Conse- 
quently, under these conditions (ti,/A,&&, = 
1.1 x 10’ x 625 = 6.9 x 10” bubbles/sm2. As 
a matter of fact, this value following from the 
present theory even exceeds Gunther’s pre- 
diction Quantitative agreement, however, is 
obtained by taking his larger maximum bubble 
radius into consideration, which causes a (1~68)~ 
smaller m&/A, cf. Table 2. 

R&m&-Un effet favorable de la composition dans les melanges binaires avec un constituant plus volatil 
sur le flux maximal dans l’ebullition de surface de liquides sous-refroidis avec convection naturelle a et6 
prtvue par la thtorie de la “microcouche de relaxation” des parties I a III. Les valeurs theoriques sont en 
accord quantitatif avec les resultats expkrimentaux de l’auteur sur les systhmes eau-methykthylcktone 
et eau-1-butanol. 

Des expressions pour le flux maximal et pour le rayon maximal, la frequence de croissance, les vitesses 
de condensation et la duke de vie des bulles ont et& obtenues en fonction de la surchauffe du fil et du 
degrt de sous-refroidissement. Une augmentation de la vitesse de condensation dans certains melanges 
sous-refroidis n’est disponible mais les previsions theoriques pour des liquides purs sont en accord raison- 
nable avec certains resultats preliminaires obtenus par l’auteur et avec des resultats sur l’eau obtenus par 
Ellion avec convection naturelle et par Gunther avec circulation for&e. 
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L’existence d’un rapport de detente critique minimal pour des melanges de vapeur sursaturee en presence 
d’air dans des chambres de Wilson est explique et la valeur numerique du rapport minimal peut etre 
calculte ii partir de la nouvelle thtorie. La concentration correspondante coincide avec la concentration 
du ralentissement maximal de la croissance des bulles et du maximum maximorum de la densite de flux 
dans les melanges liquides surchauffes. Ceci est en bon accord avec les resultats de Flood sur la vapeur 
d’eau et de methanol et de Froemke, Bloomquist et Anderson sur I’eau et le methanol. 

Finalement, une note additionnelle traite de la vitesse et de l’absorption des ultrasons dans les melanges 
liquides binaires. 

Zusammenfassmg-Mit der “relaxation microlayer” Theorie (Teil I-III) war ein bemerkenswerter 
Einfluss der Zusammensetzung eines bin&en Gemisches mit einer stark fliichtigen Komponente auf den 
maximalen Wlirmestrom beim Oberfllchensieden in unterktihlten Fliissigkeiten vorausgesagt worden. 

Die theoretischen Werte stimmen mit Versuchsergebnissen des Autors fiir die Systeme Wasser-Methyl- 
athylketon und Wasser-1-Butanol quantitativ iiberein. 

Es wurden Ausdriicke fiir den maximalen Warmestrom, den grossten Blasenradius, die Frequenz, 
die Wachstums- und Kondensationsgeschwindigkeit und die Lebensdauer, in Abhlngigkeit von der 
Unterkiihlung der Fliissigkeit und der Oberhitzung des Heizdrahtes, abgeleitet. Ein Anwachsen der 
Kondensationsgeschwindigkeit bei gewissen binaren Gemischen, wird vorausgesagt. Gegenwartig sind 
keine Versuchsergebnisse iiber Blasen in unterkiihlten Mischungen verfiigbar, doch stimmen die theore- 
tischen Voraussagen fur reine Fltissigkeiten mit vorlaufigen Versuchen des Autors und mit Versuchen 
bei freier Konvektion von Ellion und mit Versuchen bei erzwungener Konvektion von Gunther, recht 
gut iiberein. Mit der neuen Theorie wird das Auftreten eines minimalen kritischen Expansionsverhlltnisses 
fiir iiberslttigte Dampfgemische in Gegenwart von Luft in Wilson&hen Nebelkammern erkllrt. Der 
numerische Wert des kleinsten Verhlltnisses kann mit dieser Theorie berechnet werden. Es wird gezeigt. 
dass die entsprechende Konzentration zusammenfallt mit der Konzentration, bei der das Blasenwachstum 
am starksten abnimmt, und bei der in iiberhitzten Fliissigkeitsgemischen die maximale WSrmestrom- 
dichte auftritt. 

Das ist in guter Obereinstimmung mit Werten von Flood fiir Wasser-Athanoldampf und mit Werten 
von Froemke, Bloomquist und Anderson fiir Wasser-Methanol. 

Abschliessend werden Bemerkungen iiber uberschallgeschwindigkeit und iiber Absorption in binlren 
Fhissigkeitsgemischen gemacht. 

AIEEOTB~W~-B YacTnx I-3 c nohiowbH) Teopwi cpeJraKca4HH MHK~OCJIOR~ paccsHTaKo 

nOJlOH(HTeJlbHOe BJIflHIIe COCTaBa 6wiapHbzxCMeCeilC 6onee JlerKElM KOMnOHeHTOM HaMPKCU- 

MyM TenJIOBOrO nOTOKa npIi nOBepXHOCTHOM KIlneHllU HeROrpeTOZt )KHAKOCTII CO CB060A~Oil 

KOHBeKqHeti. TeopeTAsecKKe paCYeTb4 KOJIHYeCTBeHHO COrJIaCylOTCFi C 3KCnepHMeHTaJIbHbZMH 

RaHHbIMH aBTOpa AJIFI CACTeM Bona-MeTMJI-KeTOH II Bona-6yTaHOJl. 

B~pa~eHwfIl;nrrtiaKCHMaJrbHOrOTennOBOrO IIOTOKaUMaKCHMaJlbHOl'OpaJ.(kiyCany3bIpbKa, 

pOCTa riaCTOTbI M CtibjlOCTH KOH~eHCaI(KEf, a TaKWe BpeMeHH WEf3HH BbIBOAHTCR B 3aBMCtr- 

~oc~kf OT neperpesa np0~0~10~~ M cTeneKA rfenorpesa. PaccqtiTario yseJriisenHe CKOPOCTH 

KoHneHcaqKn AJIR H&K~T~P~IX 6HHapHbCX cHcTeM. B HacToRqee apenrfi He KMeeTcn attcnepa- 

MeHTaJIbHbIX AaHHbIX IlO ny3LSpbKOBOMy KEineHRIO HeAOrpeTbIX )KIIAKOCTett, ORHaKO TeOpel'W 

YeCHIle paCYeTbIHJIR YHCTbIXhGi~KOCTe~HaXO~SiTCFi B XOpOUIeM COOTBeTCTBIIH C HeKOTOpbIMK 

npe~BapSiTeJlbHblMIl AaHHbIMR aBTOpa,a TaKme C AaHHbIMH &ISfCOHa n0 KBneHEPIO BO@I npM 

CBO6OAHOfi KOHBeKIJHU H~aHHbIMSl I’yHTepa AJlFl BORbI npH BbIHy?KfieHHOi q&4pKyJIU4HH. 

c nOMO~bI0 HOBOlf TeO$&iW 06'bFICHHeTCFI HaJlUWle MHHkfMaJIbHOrO KpMTAYeCKOrO KO3$- 

@iqsieHTa pacrrrsipeHnrr nnu neperpewx cMece8 napa npa Han5wiK Boaayxa B KaMepe 

BHJIbCOHa,aTaKHcepaccWiTaHoWfcnoBoeaHa~eHHe KO3@@iL(neHTapacUI&ipeHHR. nOKa3aH0, 

'IT0 COOTBeTCTByIO~aFl KOH~eHTpai(HR COBnaHaeT C KOHqeHTpaqHeti MaKCHMaJIbHOrO 3aMeHJIe- 

HMR POCTa ny3bIpbKOB K MaKCllMaJlbHO@ KpHTEiYeCKOfi IIJIOTHOCTM TenJlOBOrO nOTOKa B 

neperpeTbIX IKHAKSiX CMeCHX. 3TO HaXOJJHTCJi B XOpOLUeM COOTBeTCTBUki C ,L(aHHHMIl @JIyga 

AJlJf CACTeMbI Bona-napbI 3TaHOJLB B C JJaHHblMll @pOMKC!, &IyMKBkiCTa M AHflepCOHa ,l(JlH 

BOLW-MeTaHOJIa. 


