Int, J. Heat Mass Transfer. Vol. 9, pp. 1021-1046. Pergamon Press 1966. Printed in Great Britain

THE MECHANISM OF NUCLEATE BOILING IN PURE
LIQUIDS AND IN BINARY MIXTURES—PART II

S. J. D. VAN STRALENt
Heat Transfer Section, Technological University, Eindhoven, The Netherlands

(Received 14 January 1966)

Abstract—Nucleate boiling is described as a relaxation phenomenon concerning the superheating of the
equivalent conduction layer at the heating surface due to the rapid growth of succeeding vapour bubbles on
active nuclei.

Expressions for the adherence and delay times, the bubble frequency, the departure radius, the vaporized
mass and diffusion fractions at the heating surface, and the nucleate boiling peak flux, could thus be derived.
The theoretical predictions are in good agreement with experimental data deduced from high speed motion
pictures and from boiling curves on water—methylethylketone and water—1-butanol mixtures.

In addition, a criterion for the onset of film boiling has been formulated in terms of the region of influence
of a bubble. The effects of wetting and nucleation are established and incorporated in the theoretical
treatment.

The advantage of the present equations over correlations resulting from dimensional analysis is that they
reveal a number of highly interesting phenomena, which were obscured previously.

For instance, the theory predicts a coincidence of a maximal slowing down of bubble growth rate and
departure size (resulting in a minimal heat transmission to individual bubbles: “boiling paradox”) and the
occurrence of a maximum nucleate boiling peak flux at the same low concentration of the more volatile
component in a binary system, which can be derived from equilibrium data. This is also in accordance with
experimental results.

In principle, the theoretical predictions include the favourable effect on peak flux by all other methods
resulting in a diminished vapour production at the heating surface—which corresponds generally with an
increased frequency of smaller bubbles—e.g. surface boiling, vortex flow, the use of high pressures and the

application of an electrostatic field.

1. SUPERHEATING OF THE MICROLAYER DURING THE DELAY TIME

Newton’s law can also be used for the derivation of the superheating 3 of the microlayer during
the delay time:
ds
dt
where A4; denotes the contact area of the microlayer with the heating surface, and is called the “region
of influence” of a vapour bubble.

Cioo = Ay, (80 — 9), (1)

Ci = Aipycd,y

denotes the heat capacity of the microlayer.
For the present, we solve instead of (1) the related equation:

*
G52 = At (9 — 97, @
where 3* is defined by
8
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9 o 3

T Doctor of Physics, Principal Research Officer.
1021



1022 S. 3. D. VAN STRALEN

it follows from equation (2) that:
da* k 1

Y4 e — 9% = f — g%y % 4
dt i (nat)* AiPICdO (‘90 ) j;(s() )t » ( }
where for abbreviation
k 1

h= Gap picdy )

For the coefficient of heat transfer

k

* O '
Mot = Cant ©)

the value for heat conduction to a semi-infinite liquid body with a sudden change in surface tem-
perature, is taken here.
The general solution of the inhomogeneous linear differential equation of the first order (4) is:

9 = D, exp (—2fit?) + 34(1 + 1/e).

The required particular solution has to satisfy the conditions: (i) initially, 3(0) = 8o/e, where t = 0
is taken at the instant of departure of the preceding bubble on the same nucleus, and (ii) 3(;) = 9,
as the succeeding bubble will be generated on the nucleus at this superheating; this is in agreement
with the periodic character of bubble formation. The quantity 9, ~ $* in equation (2) varies during
heating from 9, to 9/e, i.e. necessarily over the same temperature difference as during cooling [ 1].
The required solution following from the condition (i) is:

9 = 3o/e + 9o {1 — exp [~ (t/02)*]} (7
ie. D, = —38; and it follows from (ii} that:
1 (ma)t nayt
u, = t§ = if; = ok picdy = (_2E"P21C1“1, (8)

or, generally for binary mixtures:

D

U, = @ ] (_12>% a% —_ 31} (9
27 T PG pzl1 ¢ {a\?* AT) ¢ Ja\i AT " ’
AR e
The solution (7) for the microlayer superheating (Fig. 1} is also the required solution of equation
{1, which follows by taking:
$g — 9* (1 + 1) =3 &k

ho. = * '
wi = g g e 9% — 9 (mat}

(10)

This corresponds with a local surface heat flux density
Gui = (30 — S, = [k/(mar)*] 9, exp [—(t/t5)*]. (11)

The average value of q,, ; during the delay time is, cf. equation (17):

12

I I N,k N\ 4k 1
o= ] o () J e () =2a ()
[4]
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whence, in combination with equations (8) and (19), the maximal excess enthalpy—which is accumu-
lated in the relaxation microlayer at the instant ¢t,-—amounts to:

8n k
3 (na)t

8,83 % R} = %ﬁ p2IR3, (12

AH, = g, it24; =
i.e. equation (18), cf. Section 1.3.

It may be worth reporting here, that g, ; for one individual bubble is obviously connected with
the contribution g, , to the total heat flux density of the entire direct vapour formation at the
heating surface (Section 4.1):

m 4=n m _
Qw,p = Z;?szg" = A—wqw,it2Aiv‘

One has thus for a pure liquid—equation (13}—at peak flux conditions—equation (64)—the
expression:

_ 3k 1 3V & 1
= 35 . e — -l =11} -
QW, b, max 9w, i, max o d() ‘90, max (1 e) 2z (ﬂf) ( at,)* ‘90,max <1 e):

i.e. equation (66) in combination with equation (67).
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Fic. 1. Dimensionless growth curves of succeeding bubbles
on same nucleus, and corresponding superheating of
relaxation microlayer.
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1.1 Pure liguids
For pure liquids (and azeotropic mixtures} AT/G, = 0, whence equation (9) is simplified to:

u, = (/3
or
t, = 3t;. (13)
The frequency of bubble formation on a nucleus amounts to:
1 1 3

Yy o= TS e R e
£+t 4t 4,

It is seen now, that the quantity

1 {b 2 b 2 A
vR? = 4—1"2 (E CISOul) = (i—e' Clvgo) (15)
1

is independent of the instant of departure ¢, and consequently a constant for all nuclei generating
bubbles on a heating surface of uniform superheating. In this case, vR? is proportional to C?,
whence a minimum of this quantity is predicted to occur in binary mixtures with minimum C,,
i.e. in those mixtures with minimum bubble growth rates. Further, vR? increases with increasing
3, in the region of nucleate boiling. The validity of the theory can also be checked now by making a
comparison of the quantity vR? with experimental values, cf. Table 1 (Appendix).

Empirical relations similar to equation {15) are known in the literature, e.g. vR; = constant, for
any liquid according to Jakob [2, 3], a statement based on measurements on water and carbontetra-
chloride only, or vR} = constant, according to investigations by Rallis and Jawurek [4] on water.
The bubble frequency on a nucleus increases with decreasing bubble departure size, according to
all three equations. It is predicted here, that vR? is affected by 3, ; this has previously not been taken
into consideration. Equation (15) supersedes the empirical relations of previous workers.

1.2 Binary mixtures
One has, more generally, for bubbles generated in superheated binary mixtures:

1
"I+ (a3 ECT,

(16)

whence the expression

yR2 = [(b/e}clgc}z
Y71+ (na/4k?)pRPC?

is also in this general case independent of ¢, and t,.

One can make use of the approximation:

VR} = [(b/ e)C190]2

for mixtures with a small growth constant, e.g. for 41 wt. % methylethylketone in water (C, =
6 x 10™* m/s* degC); this equals thus 25 per cent of the value of vR? in water, c.f. the Appendix.
It follows from equation (8), that

1 2k

2 |
0 = ﬁwuz == E(natz) R (17}
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whence d/2 equals the average thickness of the equivalent conduction layer during the delay time
for constant heat flux density at the surface, cf. Carslaw and Jaeger [5].

1.3 The region of influence of a vapour bubble

It is impossible to derive the contact area A; of the microlayer with the heating surface during the
delay time (waiting period) directly from Newton’s extended cooling law, as the heat capacity C; of
the microlayer is proportional with A4, Consequently, we make use of the integral over the left-
hand side of equation (1), i.e. the excess enthalpy balance assuming time-independence of A; during
local heating:

9

d9 ( i N\ _4

Y So/e

1 4
A4.C,9, (1 - E) U, = TRRZ([’ C SOuI),

47
T3 - 1)

or

whence
———— bR2 (19)

The same result can, of course, be obtained by integrating the right-hand side of equation (1),
cf. equation (12):

12 5]
AH, = 4; f h, (8 — 9)dt = A, ,f hy (80 — 9% dt = Ag,, i, = (4n/3)p,IR3.
0 0

For bubbles with b = 0-70, the radius of the region of influence 4, amounts to R, = 0-74 R, and
its area to nR? = 1-71 R

1.4 Comparison of the average volume of the microlayer during heating and cooling
It is seen from equation (36) of Part I of this paper, that the volume of the microlayer, which is
pushed away from the heating surface during initial bubble growth, amounts to:

= 4nbR%*d = 47rb‘°‘C392 (ulu — ud)exp (——2 ul) = Dj(uu® — u®)exp (—2 ui) (20)

pP1c 1 1

whence the average cooling liquid volume adjacent to the bubble is:

1y uy
- D D
V= —3J’ (u,u* — u®)exp (—23—> dr = —32J (uu® — u*)exp <~2~u—> du
t uy 13 uy
0 0

76 f Q8 - e (-9de (1)

v
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by introducing the dimensionless integration variable

¢ = 2 u (22

Uy

One can now make use of the recurrence formula:

fEexp (=€) dé = ~exp (=& {& + " +nln—~ D+ ..+l

whence

V= 93 u {(&* + 28% 4+ 682 + 12¢ + 1D exp(— ‘,}}[0_.%%& (izu..;;_)

2
=Ly (9 12) ab3c393 22 = L (02 — 12erumbr2d,
e? pic 16

16
= 0-208 (4nbR3d,). (23)
This must be compared with the microlayer volume, which is superheated during the delay time:
1
Ady = T 4nbR3d, = 0-194 (4nbR3d,) (24)
whence
V = 107 Ad,, 25

i.e. there is good agreement of the volume as calculated by both methods.

1.5 Relation between micrelayer and conduction boundary layer at the heating surface

The excess enthalpy of the microlayer in a pure liquid, which is removed from the heating surface
due to the initial rapid bubble growth, must be required from the heat storage in the equivalent
conduction boundary layer with a linear temperature profile at the wall. One has thus:

4 3 .
AH@ = --;E psz:; = Aipif‘:‘f(},pgﬂ (} - "i*) g Aip!cciw ':29", (26}

or approximately:

( H 3 k
- e _ 2. 27
dew p‘gﬂ (i e) < ‘fw > 2}3»9 S{)s { )
whence
¢ ,

f}:{}?y 5 -z-{g*:w}; d, =079 4d,. (28}

The coefficient of heat transfer A, from the heating surface to the liquid has to be taken here at the
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superheating 3,, but can generally be approximated by the value at the transition point on the
boiling curve between convection and nucleate boiling.

However, in a binary mixture, which contains the less volatile component in excess (i.e. restriction
has been made to mixtures of which the thermal quantities differ only slightly from the values in the
main pure component), one has obviously

dw,m = dw,p = dw,
and consequently, cf. equation (36):
e Cy mthy C,
do.m < LR g =079 ——2d,,. 29
o 2(6 - 1) Cl.pul.p Cl.p ( )

In water, for instance, d, , = 63 p (Table 1 of Part I of this paper) and d,, = 75 u follows from
the boiling curve at the transition between convection and nucleate boiling in the special boiling
vessel used for high speed motion pictures, cf. Figs. 3 and 4 of [1] [¢f. also equation (17) and, e.g.
bubble a in water—Table 1—with (rat,)* = 76 p], whence both sides of equations (26)+29) are
identical. In this case the entire excess enthalpy of the thermal boundary layer, which has been
pushed away from the heating surface, is obviously used for direct vaporization at the surface. The
whole increase in heat flux in the region of nucleate boiling above (free or forced) convection, which
is caused by the action of the bubbles, is only due to the direct vapour formation at the heater.

Apparently, this is in sharp contrast to the behaviour of binary mixtures, where the excess enthalpy
of the thermal layer is only partly consumed for direct vaporization. In 4-1 wt. % methylethylketone,
the vapour formation at the heating surface amounts to only approximately 25 per cent (because
of Cy ,, = 025 C, , here) of the total bubble-induced increase in heat flux, cf. Table 3. The remaining
part of the thermal energy stored in the boundary layer is transmitted to the adjacent colder bulk
liquid. Similar situations can be expected to occur in surface boiling of subcooled liquids, where the
vapour formation is restricted due to subsequent condensation.

2. THE VAPORIZED FRACTION AT THE HEATING SURFACE

2.1 The vaporized mass fraction

The mass fraction G, for individual vapour bubbles, which is vaporized at the heating surfacet, is
defined by the ratio of the bubble mass at the instant of departure to the mass of the associated
thermal microlayer:

o _UmIpRY _ @n3p,IRY Sl 1) ey (| 1
e Adopy —Aidongo(l—l/e)c l e ’

(30

i.e. this quantity, which has an exact physical meaning here, is independent of the bubble growth
constant C; and has consequently the same value for binary mixtures and the pure less volatile
component.

However, the vaporized mass fraction G, of original liquid, which follows from the theory of

T The analogous definition of G, as applied to the vaporized mass fraction on a nucleus is identical on account of the
periodic formation of bubbles of constant size. The influence of one active nucleus on the whole area A,, of the heating
surface is given by the ratio G, = {(4,/4,,)(c/D) 3,(1 — 1/e). One has at the peak flux for all active nuclei per unit area together:
Gy max = MunaxGh max = (6/080, maxll — 1/8) = G 1nans 88 M /A, = 1/A, cf. the present criterion for the onset of film boiling,
Section 3.3.
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bubble growth in binary mixtures, is given by the expression [6]:

P2 P2 pr (TN [(a\F Cy T\ P2 Clm ‘ I
G = — %y =g . = Bl — Ot R ‘9 —
=, PEub) ;. o) N (J (D> 1 (2 0. DI 0( .
m\!p, 1 I Cim ayte
= { R |- )Cy, =" =
<|2) PID%SO( C) Ipclp (> < )

a\t C, :
=3 e L == G = G . 31
(D) Cx.th <D) LT el
where the corresponding fraction G} is defined by:
C
Gt = "G, < G, (32)
i,

Equations (31) and (32) can also be derived from the well-known analogy between heat and diffu-
sion. The equation governing the concentration follows from the heat conduction eguation by
replacing § by uf = (a/D)*B, ie. the vaporized mass fraction G} for heat can be calculated by
multiplying G, with 1/u = (D/a)}, whence:

*:E—% :& E%CZ,M_____EQ 1 — Clm:CI,m
G} Py (e, B) 91(3> 2a* 7 Yo C1 , *‘——Cl G;. (33)

P

It may be worth reporting, that the same result can be obtained even more easily from the defini-
tions of the thermal fraction G, according to equation (30) and of the diffusion fraction

Gy = (xg — XYy — X} = (x5 — XK — D,

since the thermal quantities ¢/l and 34(1 — 1/e) are analogous to the diffusion quantities 1/(K ~ 1)x
and x, — x respectively [6].

One has to consider here, that G,, applies to that part of the removed thermal microlayer adjacent
10 the boundary of the growing bubble, the excess enthalpy of which equals the total energy required
for vaporization into the bubble space up to the instant of departure. The thickness of this layer is
in binary mixtures smaller than in pure liquids, cf. Section 1.5 and Table 1 of [1].

Contrarily, Gf applies to the whole thickness of the thermal microlayer, which is removed from
the heating surface during the initial growth of the bubble adhering to the surface, i.e. both in pure
liquids and in binary mixtures to the relaxation microlayer of the pure liquid, the excess enthalpy
of which equals that of the equivalent conduction layer; hence G} = G, for pure liquids and G <
G, for mixtures.

One has thus for mixtures with a low concentration of the more volatile component :

* (4“/3)[)21{‘1‘ - &47[/3);)21{% do.m — (p2l/plc)cl,mu1,m . Cl mul m Gh (34)
’ Aid().ppl Ado mpy do.yp " (le/P1C)C1.pul.p CipM1p ’

or, in combination with equation (29):

Cl mii m G;:k dO m l) dO
—remTim TR _ 70 o - 20 35)
Cy s, G, dop (
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It is seen by comparing equations {33) and (34), that
Uy = Uy, (36)
whence

Hom = i p (37

i.e. the departure time is independent of the composition of the mixture. This is in agreement with
experimental data, cf. Table 1 of Part [ of this paper. Equation (37) is valid for bubbles generated on
“ordinary” nuclei.

For bubbles generated on “complex” nuclei, one has C, . = ($)C;_ . (cf. Section 3.17 of Part 1
of this paper), whence

b b
Ry, = 3 e Co mdotiy,c = gcl.c'gﬁui.c (38)
and
c 1
= G e el
Gre = Gy =79 ( e) (30)
The ratio
G}tc - {ngfipic}cl,mul,c _ Ciwui,r ;
e _ = . (39)
Gb,c (le/ﬁxc)cl,pux,p Cl,pul,p
On the other hand:
G;rc CI €
A 40)
Gk.c Cl.p (
whence
2“1.(: = ul,p (41)
or
L= %‘-ti.p = %tl,m: (42)

which result is quite satisfactory since it agrees reasonably with the experimental data, cf. Table 1
of Part I of this paper.

2.2 The vaporized diffusion fraction

It is seen from equation (30), that G, is independent of u, and C,, and practically independent of
the composition of the binary mixture, which contains the less volatile component in excess, at
constant 3,. For diffusion, we introduce a diffusion microlayer with initial thickness J, similar
to the thermal microlayer with thickness dj. It follows from the analogy between heat and diffusion,

that:
% D ¥
Som = (’D) do, of  Som= (—) Curg,,, (“3)

4
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0. m G} D\ 0. m D7'C1,J G,
ARSI . or — = —_ L e 4
dO,p Gy <a> do,m a) Cyp G, (44

The material balance yields:

whence

(4n/3)p,RYy + Aipd,x = Aip100, mXo (45)
Gay + (1 — Ggx = x,

where d, ,, and §,, denote the thickness of the diffusion microlayer before and after vaporization
respectively. Consequently:

(4n/3)p,R}  p, 1 1
Gy, = —— =—=3, 1 —-)C — 46
‘ Aip10g 1 ° € 1'mul’mao.m (46)

It follows from equations (30) and (31):

a\! Cy e 1
= (6) @z (1 -4)

which yields in combination with equation (46):

- py (DI 12\*
Oo.m = o (;) ;Cl,pul.p = (‘n‘ D, (47)
independent of the composition of the mixture, whence in accordance with equation (35) of Part 1
of this paper
- D\*
So.m = (;> do, - {48)

It is seen also from equation (46), that:
Om = (1 = G)do,m = (I — G(12/n)*D¥u, ,
and the thickness of the vaporized microlayer

Oo.m — Om = G, (12/n)*D*u, , = G (12/n)*atu, (49)

For the investigated water—1-butanol and water-methylethylketone mixtures, D¥ = 3-1 x 1073
m/s* at atmospheric boiling point, whence it follows from equation (47), that 0o, m & 5 W, which is
small in comparison to d, ; by taking the average value of G, from Table 2, a microlayer with a thick-
ness of approximately 1 p is vaporized; this value agrees with the hypothetical layer assumed by
Moore and Mesler [7]. The same value, of course, can also be obtained by considered the thermal
microlayer with thickness d,, ,, (cf. Table 1 of Part I of this paper) and taking the corresponding
value of G} from Table 2. The thermal microlayer, which is periodically pushed away from the
heating surface, contains a sufficiently large quantity of the more volatile component, as §, < d,.
This is the reason why the expression (21) of Part 1 of this paper for bubble growth at the heating
surface, which is similar to R = C,9,t* for free bubbles in an infinite liquid volume, is valid.

2.3 Comparison with previous estimations of the vaporized fraction
These were based on the assumption, that the growth of released vapour bubbles is reduced to
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zero at the mole fraction x,_,, of the more volatile component, in which a maximum increase AT
in dew point occurs, if this quantity equals the superheating of the bulk liquid ([8-11] and the next
Section}:

AT = — xg 3 (Kyy — 1) Gy p (AT /dXpg)xre = 50,00 = Ao (50)

The vaporized mole fraction G4 » could be determined graphically from this equation by making
use of available equilibrium data. The values, which were obtained in this way, and those of the
corresponding mass diffusion fraction G, are shown in Table 2. Both are compared with the values
calculated from equations (31) and (33) for bubbles generated at a highly superheated platinum
wire. The recent values for free bubbles growing due to the liquid superheating A3, only, are calcu-
lated from [6]:

G, = (p2/p1)ele, uB), (51)
whence

Gd = IO“@'Ci‘ mASG

for water—1-butanol and water—methylethylketone mixtures.
The corresponding values of the mole fraction G, » can be calculated from, [6]:

Gy = Gau {1 + (My/M; — Dyy}. (52)

It is seen that the reason of the previously used values for free bubbles being rather satisfactory,
is the good agreement with the recent values for bubbles growing at a heating surface.

Consequently, the important conclusion can be drawn, that the slowing down of bubble growth
after release is not the most important factor which determines the occurrence of a maximum
nucleate boiling peak flux density in binary mixtures, as was believed previously, but the reduced
initial growth at the heating surface. This is in agreement with experimental results by Hovestreijdt
[12] on water, which show that the peak flux in water is independent of the value of AS,,.

2.4 Graphical evaluation of the bubble growth constant in mixtures

It is seen from equations (12) of Part I of this paper, and (31), that the expression for the bubble
growth constant C, , for free bubbles in uniformly superheated binary mixtures (e.g. subsequent
growth of released bubbles due to the constant superheating of bulk liquid [6]) can be written:

+ + + +
Com=(2 : =(2) (53
~=\&) mrayan \5) mprar
Pi € D) G, pi\e G

One has thus, in combination with equations (32) and (30), respectively, for mixtures containing
the less volatile component in excess, so that the values of the thermal quantities are changed
insignificantly only:

c _ E% at B 24} at
Lm =\ &(1+c1,,é_7j)“ n _;_;2_1(1+ e cl,,,éz)

£ c Cim Gy pic €e—1Cin 9
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i.e. the expression for C, ,, simplifies to:

C, e AT A
=1 - o= ] — 1-58 — 54
Cip e — 19, 3o G4

It is essential that AT/G, is—according to equation (50}—independent of G,, hence AT/G¥, AT/G,
and AT/Y, are also independent of G}, G, and 3. respectively, i.e. AT is proportional to $,. A
maximum AT occurs (at constant 3,) at 4-1 wt. % (x, = 41 x 10~ ?) methylethylketone in the binary
system water—methylethylketone, and at 1-5 wt. % (x, = 1-5 x 107 ?) l-butanol in water—1-butanol.
The atmospheric boiling points of these mixtures are decreased in comparison to water with 11-5
degC and 2-6 degC, respectively. The vaporized fraction G, = (x, — x)/(y — x) = (x, — x)/(K — 1)x
is relatively large for bubbles generated at a heating surface (order of magnitude 107!, ¢f. the more
accurate values in Table 2) despite the large value of the equilibrium constant K =  x (16:5 and
17-5, respectively). Roughly speaking, one can thus take x = 0, i.e. the more volatile component is
completely exhausted at the bubble boundary. and the dew temperature of the vapour in the bubble
space is 100-0 degC, whence AT = 11-5 degC and 26 degC for 9, = 24 degC and 21 degC, respec-
tively.

It follows by substitution of these values in equation (54), that C; ,, = 58 x 10"* m,s* degC
for 41 wt. %, methylethylketone and C, ,, = 19 x 107* m/s* degC for 1-5%; 1-butanol as C, , =
24 x 10~* m/s* degC for water. These estimated values approximate the experimental and exact
theoretical values closely (6 x 107* and 18 x 10~ * m/s* degC, respectively, [6] and Table 2).
Also, the important conclusion can be drawn that the assumption concerning the dew temperature
of the vapour in the bubble, which should equal the value at the liquid-level surface, must be correct.
This dew temperature in the bubble space has at present not yet been measured experimentally.

The azeotropic boiling point in the binary system water—1-octanol is only slightly (0-6 degC)
below that of water. Consequently, AT < 0-6 degC regardless of the value of 9 ; i.e. in spite of the
very high relative volatility of 1-octanol here, which exceeds the values of the lower aliphatic alcohols
considerably, bubble growth will not be affected appreciably, whence the increase in peak flux is
only small, the more so as the more volatile component is rapidly exhausted in the liquid at the
heating surface. This prediction is in agreement with previous experimental results [9, 8, 11], cf.
also the effect of trace additives on the heat transfer to boiling iso-propanol by Dunskus and West-
water [13].

One can easily derive from equation (12) of Part I of this paper the ratio of the growth constants

(jLE’ =1+ (:1 %fé\T
C D) 16,

“1.m

This equation is most suitable for obtaining C, ,, graphically in dependence on liquid composition,
as AT/G, follows directly from equilibrium data (i.e. the experimental boiling point curve T(x)
and the corresponding dew-point curve T(y) at constant ambient pressure), according ¢o van Wijk
and van Stralen [14, 8, 11].

One can also derive AT(x,)/G, from the approximation:

AT(x,) d7 a7
—oer Xo {K(x) — 1}<d,\‘>x4m T — X {K(Xo) - ]} <d~€>v

X=X

which is the fundamental basis of the graphical method, cf. [8].
It is possible now to obtain previous information about the suitability of a binary system with
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respect to peak flux behaviour, since both C, ,, and the concentration of maximal AT are determined

from the same graph. This procedure can save a lot of insignificant experimental work, Figs. 2and 3.
In addition. it may be worth reporting, that previously [8. 11] a value of the bubble growth

constant in binary mixtures has been used, which is nearly identical to cquation {54). viz.:

Cl.m =1 A_T
Cl.p '90,

whence (", ,, shows a minimum at the concentration of maximum AT : the value of this minimum is
reduccd to zero. by taking the vaporized fraction such that the maximal AT = 3,

0 x X, Y iy
Dew-point curve
Tlx,)+4, f |
T IBEAT N c B
Y R N A T
}AT “ J \
Tix,) 0
X Boiling-point curve
! ) d
S
.
i N
3 AN
g AN
g CABC'Gdﬂ‘Gd) \‘\
- NP
~
AN

FI1G. 2. Equilibrium diagram for binary system with minimum boiling point. One
has: (xo — x)/(y — xo) = G,(1 — G,), which equation is for small values of G,
simplified to {(y — x}/{(x, — x} = 1/G, whence BP = (BA/CAYCD = A/G,
independent of G,.
A8, has been used here instead of 5,

Consequently, it has been shown here, that the basis of this equation, which was derived already
before theoretical solutions of the linked heat and mass diffusion equations were known, still holds:
the slowing down of bubble growth in certain binary mixtures is due to the reduction of the super-
heating 3, of the pure solvent to the “effective” value &, — AT, i.e. the superheating in mixtures has
been lowered due to the increase AT in dew temperature of saturated vapour in the bubble.

3. THE MAXIMUM NUMBER OF ACTIVE NUCLEI GENERATING VAPOUR BUBBLES IN
NUCLEATE BOILING

3.1 Geometrical analysis
The surface area of the cylinder, which is coaxial with a (horizontal) heating wire, and of which
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F1G. 3. Water-1-butanol. Experimental (O, ®, @) and theoretical (curves)
values of C, ,, and the ratio C, ,/C, , according to exact bubble growth
equation [6]: AT/G,; = ~xo(K — INT/dx),—,, = {AS0 — (p2lpic)ple, B}/
{{pa/p (e, uP)} for released bubbles, at actually measured superheating of
bulk liquid A3, = 0-36 deg C in water, 0-14 deg Cin 1-:5% and 031 deg Cin
60 wt. % 1-butanol.

The AT/G~curve was obtained graphically from equilibrium data, of. Fig. 2.
The concentration of maximum AT/G, exceeds the concentration of minimum
C,,  slightly due to the dependence of the latent heat of vaporization on
composition.

Experimental results and theoretical predictions are in quantitative

agreement.
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the radius z equals the distance of the axis to the centre of the spherical vapour bubble, amounts to
(Fig. 4):

2rL,z = 2zL,, {3D,, + 2B — 1)R}}. (55

The area of intersection with a vapour bubble at the instant of departure can be approximated by
n(R}).

Vapour bubbles

%
28R}

R e )
.////J/////Hea ns. i)

FiG. 4. Simultaneous departure of vapour bubbles from
horizontal heating wire with circular cross-section.

One can derive now a new criterion for the maximum number of nuclei per unit area of heating
surface for bubble formation on the wire, which are activated before the onset of film boiling occurs:
the entire surface area of this cylinder is covered with touching vapour bubbles. Consequently:

2zL,{3D,, + (2B — 1)R}}

= 56
My TE( R,;)z s ( )

whence the maximal density of active nuclei is given by the expression:
Mye  2nL,, {3D, + 2B — DRY} D, + 2(2B — )R} 57

4 n(R¥y’nD,L, B nD, (Rt

The right-hand side of equation (57) is independent of the wire length L., as should be. One can use
for D,, < R¥ the approximation:
Myax 2B —1

= ) 58
A, ~ 2 DR (58)

It follows from equation (57), for water boiling at peak flux conditions on a platinum wire with a
diameter D, = 2 x 10~ *m, R; = 92 x 10™*m and thus R¥ = (33)!R, = 1-06R, =9-75 x 107 *m,
as B = 0-75 (Part I of this paper): my,./4, = 199 x 10° nuclei/m?, (see Table 3). For 41 wt. %,
methylethylketone R; = 34 x 10”*mand thus R¥ = 3-6 x 10”*m,as B = 0-75, whence my,,,/4,, =
684 x 10° nuclei/m?>.

For very thin heating wires, it may be of importance to predict the effect of wire diameter on peak
flux. It is seen from equation (58), that m,,,/A,, is increasing for decreasing D,, if a constant R}
is assumed. It follows, that m,_, /A, is inversely proportional with D2, if RY is assumed to be
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proportional with D,,. Hence, in both cases m,,,,/A,, — x as D, — 0. As D, — o« (large heaters), it
is seen from equation (57), that
1

(Y °

m

max

A

w

3.2 Nucleation theory
1t has been shown previously [8, 11], both for water and for 4-1 wt. %, methylethylketone, boiling
on horizontal platinum wires under atmospheric pressure, that in the region of nucleate boiling one
can use the empirical expression for common “‘physically pure” (99-99 %) wires:
m 1

YRR [exp {027 (3o — 9y)} — 1], (60)

w w'w

an expression, which has the same shape as predicted by the homogeneous nucleation theory, cf.
[15, 16]. as (D, = Boltzmann constant = 1-38 x 10~ 2* J/degK):

exp {— W/DT + 3¢)}
exp {—W/DJ(T + 9,)}

provided that 3, < T, whence the condition 3; <€ 7T is also satisfied.

For water m__,/A = 120 x 10° nuclei/m? is predicted as 3, — 3; = 13-5degC, and for 4-1 wt.
methylethylketone m,,,, /A4, = 7-10 x 10° nuclei/m?, as 9, — 9; = 20 degC, Table 3. It may be
noticed here, that T + 94 . = 122 degC for both liquids, viz. (100 + 21-5) degC for water and
(885 + 34) degC for the mixture, whence the maximum of nucleate boiling is reached at the same ,
“critical”, wire temperature [8, 11], (second criterion for the onset of film boiling).

= exp {W(9, — 91)/’D4T2}’ (61)

3.3 Present theory
It has been shown here, Section 1.3, that the area of influence of a vapour bubble at the heating

surface, amounts to:
4n R?

A = e — 1) R (62)

It is assumed, that the maximum nucleate boiling heat flux density occurs, if the entire heating sur-
face is covered with bubble microlayers of area A, (third criterion for the onset of film boiling, which
is independent of the shape of the heating surface).

For water

A, = 171R> and R, =92 x 107*m,
whence m,,,/A,, = 070 x 10°¢ nuclei/m? (experimental value 1-13 x 10° nuclei/m?), for 4-1 wt.
methylethylketone A; = 2:20 R and R, = 3-4 x 10~ * m, whence m,,,,/4,, = 395 x 10 nuclei/m?,

cf. Table 3.
One has thus:

mmaxAi = Aw (63)
or
Mo 13— 1)
A, A, 4AmbR% (64)
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Equation (64) predicts for flat heating plates an 80 per cent higher maximal density of active nuclei
(if b = 0-80 has been taken) in comparison with equation {59).

4. THE MAXIMUM NUCLEATE BOILING HEAT FLUX DENSITY (“PEAK FLUX™)
4.1 Pure liquids

The contribution to the peak flux of the direct vapour formation at the heating surface amounts
to, cf. equations (64), (18) and (30):

My 47 1 1
G, b, max = A3 leR?V = 1 A:plC 1190 max (1 - E)V

w

1 L2
=p2lC 11 Y0, max (1 - E)V = p; C1u1vGy, maxs (65)

i.e. 4, 5. max 18 independent of A;. Equation (65) enables us to determine the enthalpy of the direct
vapour formation from the vaporized mass fraction.
It follows that :

Y 12\t gt I : 0N\ 1
Qw,b,max = P2 - P:l PiC 1Y0, max o 4u%
EAWICAY 1 3V [a
(;) (E> ch9o,mx(1 - E) = 5(5) (E) 211Gy, maxs (66)

c i
Ghomax = 1—=)
h, max l' So,max( e) (67)

[E1

where according to equation (30}:

One has for water:

9w, b, max — 159 x 10* \V/I'n2

by takingt} = 7 x 10725t and G, pax = (90, max/20) 236 x 1073, cf. Table 2, with 3 e = 21-5 degC.
This value is considerably too low, since actually v = 1/2:76t, instead of v = 4t, (Table 1) and
Mpa/A,, = 1:13 x 10° nuclei/m?, Table 3, instead of 1/4; = 0-70 x 10° nuclei/m?®. The more
correct value is thus: g, , max = 372 X 10* W/m?, whence the theoretical peak flux amounts to:

Gw,max = Yw,co,max + 9w, b, max = (33'1 + 372) 104 W/m2 = 70 x 10"’W/m2, {68)
in quantitative agreement with the experimental value (67 x 10* W/m?).

4.2 Binary mixtures
One has for mixtures with small values of the bubble growth constant C,_,, the approximation:

2 2
pal pal 1
QW,b,max = - Cl,mul,mVGb,max = Cl,mu!,th,max 2
Lp
2
_ P2l

p.l?
C .G = C,; ,GF nax 69
Cul.p 1, m> h, max Cul,p 1. pY B omax ( )
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Obviously, one has for these mixtures at arbitrary constant 3, in nucleate boiling:

Cim lez Cim

Cl,m p212 q
w. b,
Cypcty, Cy, ?

Ci, 4cu1!p

Q. p.m = Cl.th,m =4 Cl.th.p =4
whence q,, 5 m = Gu», p fOr 41 wt. 9 methylethylketone in comparison with water. From equation
(69), for 4-1 wt. 9 methylethylketone in water, one finds a value of q,, ; nax = 247 x 10* W/m? see
Tables 2 and 3. A very interesting advantage of making use of the vaporized fraction is, that the
whole increase in peak flux above convection, g, pi max = Gw.max — Gw, co. max» Which is ultimately
caused by the bubble formation, can now also be calculated directly.

For pure liquids one has:
Qw.bi = 9w — Gw.co = Gu.p (70)

on account of the definition of the microlayer thickness. Contrarily, in binary mixtures:

Gw.bi = 9w — Gw,co Z Gw, b (71)
or more exactly at the peak flux:
p.l? C,,
Gw,bi,max = Gw,max — Gw,co,max = cuzl.,, Cl th max #‘:qw,b,max' (72)

Hence, in our example ¢, p; max = 4 % 247 x 10* W/m? = 99 x 10* W/m?, a value which must
be increased, see Table 3 and Section 4.3 on account of the actually higher m,,,, This is resulting in
a too low theoretical peak flux.

4.3 General method
An even more elegant way to solve the problem of derivation of the peak flux theoretically is

obtained by writing for mixtures:
Mpyas 47

1
qw,b,mnx = Aw 3 21R1v - Z

1
AiPICdO,m'go,max(l - E) v
i 1 )
= pICdO,m‘gO,max 1 - 'é V= plCdO,mE Gh,max Vv = plld(),mGk,max V= plldO,th, max Vs (73)

an expression which is simplified for pure liquids, in which G} ., = G} nax. For water, dy = 633 p
(Table 1 of Part I of this paper), G, may = (21:5/20)23-6 x 1072 (Table 2), whence q,, 5 max = 30 2 ><
10* W/m? by taking the average value 7, = 70 1/s following from the average t} , = 70 x 1072
and from v, = 1/2:76 ¢, ,, Table 1, or from the product (47/3)p,IvR? in Table 1 (37 x 10* W/m )
and from the average R; = 9-2 x 10~* m (Table 3), which follows from R, = (b/e) C;, 230, maxt T
For 41 wt. %, methylethylketone, the average ¥, = 175 1/s (Table 3, from (3-00/1-19)70 1/s, cf.
Table 1), whence it follows from the value in water : g, p; max = 302 x 10*(34/21-5(175/70) W/m? =
120 x 10* W/m? and ¢, max = (C1.m/C1, M, pimax = 3120 x 10* W/m? = 30 x 10* W/m?.
This results in a theoretical peak flux q,, ;. = 171 x 10* W/m?, also in quantitative agreement with
the experimental value (172 x 10* W/m?), cf. Fig. 1 of Part I of this paper.

It is shown here, that the maximum direct vapour formation g,, ,, ... 1S practicaily independent
of the composition of the mixture. This yields a fourth criterion for the onset of film boiling, cf.
Section 3.
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In general, one has to consider that the total increase in heat flux density due to bubbles in mix-
tures throughout the region of nucleate boiling is given by the expression:

qw,bi =gy — qw,co = P1Ido,thVm (74)
and the direct vapour formation at the heating surface by:
qw,b = P1ldo,mGth, (75)

whence g,, ,; = 4,,,, in pure liquids, in contrast to mixtures, where

Gw.b _ dO_,m ~ Cim <1 (76)
w, bi dO,p Cip

The occurrence of high peak flux values in mixtures at the same low concentration of the more
volatile component of maximal slowing down of bubble growth rates (minimum C,, cf. also Fig. 3
of Part I of this paper) is due to a combination of a considerably higher bubble frequency and an
increased maximal superheating 3¢, max = %0, pmax + Tp — T

4.4 Bubbles on complex nuclei in water—1-butanol mixtures
In 1-5 wt. %, 1-butanol, where nearly all ordinary nuclei have been replaced by complex nuclei
at the peak flux, one has (cf. the Appendix and Table 1)

Ve _ 2(1/21 9010 _ 5,
vy 2t p
whence the theoretical peak flux amounts to 302 x 10* x 3-0 x (27-5/21-5) + 41-5 x 10* W/m? =
157 x 10* W/m? in good agreement with the experimental value (169 x 10* W/m?).
In 6:0 wt. 9 1-butanol v./v, = 8/3-3 = 2-4and q,, n.x = 133 x 10~ * W/m? (experimental value:
126 x 10* W/m?, cf. Fig. 2 of Part I of this paper and Table 3.

4.5 Conclusions

The present theory predicts the previously observed coincidence of maximum peak flux density
in nucleate boiling and minimum bubble growth rates at the same (low) concentration of the more
volatile component in binary systems. It has been shown previously that this concentration can
be deduced from equilibrium data [8-11, 14], cf. Section 2+4.

Quantitative agreement with experimental data exists in the binary systems investigated both for
peak flux and bubble growth. A higher peak flux in mixtures corresponds with a smaller direct
vaporization rate at the heating surface. The entire excess enthalpy of the thermal boundary layer
at the surface is required for vaporization at the wall in pure liquids, in contrast to the behaviour
in mixtures, where the main part of the excess enthalpy is transmitted to the adjacent colder bulk
liquid.

In principle, the theoretical predictions include the favourable effect on peak flux by all other
methods resulting in a diminished vapour production at the heating surface (which corresponds
generally with an increased frequency of smaller bubbles), e.g. surface boiling, vortex flow, the use
of high pressures and the application of an electrostatic field.

4.6 Comparison with the Zuber and Tribus theory
A necessary condition for the stability of film boiling is the occurrence of a standing capillary
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wave, according to Zuber [18] and Zuber and Tribus [19]. The wavelength at the minimum heat
flux density (i.e. at the Leidenfrost-point between transition boiling and film boiling) is given by:

i o= 2n{-~ - } (77)
glpy — p2)

Unfortunately, Zuber’s theory fails to indicate how the first waves originate by gradually increasing
superheating at the transition from the region of nucleate boiling to the region of transition boiling.
This, however, is obvious from the present theory: the oscillating thermal microlayer (in pure
liquids, for convenience) is similar to a propagation of waves with the velocity

1 4R, R
4R, = = =

=vi=— ;= = 78
v=vA ty+t, 0 Aty (78)
where the radius R, of the region of influence of a bubble follows from:
4
A = bR? = mR? 79
i 3(e N 1) Rl n i ( )
or
Ro=20 b Ug (80)
i~ e — 1) 1
Hence,
2b b 5
T Cip 0{3(&: - 1)} ’ (81)
with
e = (12Y pie (82)
1.p — - p2l .
Thus
3Vb b pc
A=4R, =4t,v = 16{- ) — gt
P <n> e {3(e - 1)} oyt & Dot (83)

e.g. for bubbles in water, one has A = 16 x 107° 8. This equals the wavelength at the Leidenfrost-
point from equation (77): A = 1-54 x 107? m for 3, = 100 degC, which is in good agreement with
experiments, cf. Fritz’s data [20]. For ethanol, C; = 9 x 10™* m/s* degC, whence A = 47 x 107°
9, must be compared with 0:94 x 107? m; 9, = 200 degC is found in agreement with a relatively
high superheating at the nucleate boiling peak flux. For 4-1 wt. % methylethylketone t, < ¢, and
/= 4R, = t;v = 33 x 1077 3, must equal 1-30 x 10~? m, whence the occurrence of the Leiden-
frost-point is predicted at the high superheating 3, = 400 degC. Unfortunately, experimental data
on this subject are hitherto completely lacking in literature.

4.7 Survey
The general procedure of obtaining the behaviour of adhering bubbles in binary mixtures includ-
ing pure liquids, can be summarized as follows:

(i) d, is determined from the lower part of the boiling curve, or from convection equations for
free, forced or combined convection.



NUCLEATE BOILING IN PURE LIQUIDS—PART 11 1041

(i) d,, ,, which is for practical purposes a quantity of minor importance, is calculated by means
of equation (28).

(iii) The corresponding quantity d, ,, follows then from d, , by multiplying with C, ,,/C; ,,
i.e. the ratio of the bubble growth constants.

(iv) t, from equation (34) of Part I of this paper.

(v} R(t) and R, from equations (21) and (45) of Part I, respectively.

(vi) t, and v from equations (9) and (16), respectively.

(vil) mg,. /A, from equation (64).

(viii) G¥ from equations (32) and (30).

{ix) The nucleate boiling peak flux density from equation (73).

Manipulation (iii) is cancelled and (vi) and (viii} are simplified for pure liquids.

1t may be worth reporting, that the convection contribution to the peak flux is considered here to
be independent of the bubble induced heat flux. This can, more formally, also be treated theoretically
by increasing g,, ; in equation (11) with a separate convection term or by a multiplication factor
depending on the average liquid velocity [17].

The convective heat flux in pure liquids is partly used for subsequent bubble growth after release,
which is associated with a uniform superheating A3, of the bulk liquid, and for the rest for an in-
creased evaporation rate at the liquid-level surface, which is disturbed continuously due to bubble
agitation. It may be possible to derive A3, from the energy balance. Obviously, an increased rough-
ness of the heating surface promotes nucleation and results in a decrease of A3, cf. [1-3].

That part of the excess enthalpy of the pulsating relaxation microlayer in binary mixtures, which
remains after subtraction of the direct vapour formation, is in first instance transferred to the sur-
rounding bulk liquid and afterwards also used for subsequent bubble growth after release. The
growth rate of individual bubbles at the heating surface is diminished in comparison with the
behaviour in the pure, less volatile component, but this decrease is apparently of minor importance
with respect to the larger bubble population and the smaller ascending velocity.

An eventual influence, if any, of surface tension ¢ on the delay time is left out of consideration.
If this effect, which can appear in connection with nucleation only, should be observed actually,
the theoretical value of t, must be shortened for decreasing o, cf. equation (43) of Part I of this paper.
It is believed, however, that this effect is incorporated already in the relaxation criterion for the
superheating of the pulsating boundary layer.
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APPENDIX

Data concerning the departure size, the adherence and delay times, the frequency, etc., for bubbles
generated on a horizontal platinum heating wire at a moderate constant heat flux density g,, = 45 x
10* W/m? in nucleate boiling are shown in Table 1. The contribution to g,, of the direct vapour
formation at the heating surface is given by q,, , = (4n/3¥m/A )p,IvR}, and the convection contribu-
bution by q,, ., = 1'49 x 10* 3, cf. Fig. 1 of Part I of this paper, and [11].

Comparison of average experimental results with theory

t,/t, ; water. 300 > 1 (theor.) and 1-76 (exp. for bubbles with v = 50 s~ !); the deviation from the
theory is due to the use of a.c. heating, the correct value using d.c. should be v = 29-3s7 1.

4-1 wt. % methylethylketone. 0-19 < 1 (theor.) and 0-48 (exp., with exception of two bubbles with
larger delay times apparently also due to a.c. heating as bubbles cannot originate at an instant of
zero heating).

1-5wt. % 1-butanol. 1-69 (theor.) and 2-00 (exp.). A lower ¢, /t; ,may be expected than the theore-
tical value 3-00 for pure liquids, since it follows from the occurrence of local temperature dips that
cold liquid is rushing to the heating surface already before bubble departure, see Part I of this paper.

vR?%; water. 404 x 1073 (theor.)and 640 x 107 % (exp., should be 3-75 x 10~ % forv = 29-:3s™ 1),

41 wt. %, methylethylketone. 1:25 x 1073 (theor.) and 1-31 x 1077 (exp.).

1'5 wt, % 1-butanol. 3-83 x 1073 (theor.) and 3-74 x 107> (exp.), all values in m?/s.

vR%, vR, and vR?} ; water. The standard deviation S and the mean error M are respectively (powers
of 10 are left out of consideration): S(vR?) = 095 and M(R?) = 039, S(WR,) = 1:55and M(vR,) =
0-63, and S(vR}) = 123 and M(vR}) = 0-50. It follows that the experimental values of the quantity
vR2, which is independent of t, in contrast to vR, and vR}, approximate more closely to a constant
{as predicted by theory) than vR, (Jakob [2, 3], empirically for water and carbon tetrachloride) or
vR? (Railis and Jawurek [4], empirically for water).

It is seen from the five columns at the right-hand side, that the contribution g,, , of the direct
vapour formation at the heating surface in water equals the entire increase g, ,; in heat transfer
above convection (here a combination of free and forced). This is in contradistinction to the be-
haviour of the mixtures.

41 wt. %, methylethylketone. Only 109 of the increase is directly due to the bubbles, a result
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which is also valid at higher heat flux values approximating the peak flux, (Table 3), since the region
of isolated bubbles is extended in this “positive’” mixture nearly to peak flux conditions due to the
diminished tendency for bubble coalescence (Marangoni effect [ 12]). This remarkable effect is in
quantitative agreement with the present theory, cf. Section 4.3.

The theoretical values of the vaporized fraction at the heating surface are shown in Table 2.

Diffusion. G, = (xo — X)/(y — x) = (n/12)*(p,/p N C_/D}9y(1 — 1/e) denotes the mass fraction
according toequation(31),and G, » = G,/[1 + {(M,/M,) — 1}y,/] the corresponding mole fraction.

Table 3. Data are taken at nucleate boiling peak flux conditions

41wt % . o, . o
Liquid Water methyl- IS wt. 7 60 wt. %
1-butanol 1-butanol
ethylketone
Experimental data on Wire superheating . . .
vapour bubbles 30, max, e (°C) 215 340 275
Wire diameter
10°D,, (m) 2:00 2:00 2:00 2:00
Departure radius i .
10°R, . (m) 92 34
Wetting constant 070 090
bE
Bubble frequency 70 175
v, (1/s)
Maximum density of active Experimental 113
nuclei 107 %m_,./A,, Fig. 1 of Part I
(1/m?)
Geometrical Equation (57) 199 684
analysis
Equation (58) 163 442
Nucleation
Equation (60) 120 710
Microlayer
Equation (64) 0 395
Peak flux density Experimental 67 172 169 126
107 %G, max
(W/m?) Theoretical
Equation (73) 63 m 157 133
Contributions . 107 Experimental ] !
to peak flux Convection P Fig. 1 of Part I 33 51 41-5 40-5
(W/m?)
Due to 1074 Theoretical
bubbles Q. bi, max Equation (73) 30 120 153 923
Direct vapour formation at Theoretical 30 30
heating surface 10™* g,, bymax
(W/m?) Experimental 37 2%

fromR, ,and ¥,
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Heat. Gf = (C,,,/Cy, Jc/1)3o(1 — 1/e) denotes the mass fraction of the removed equivalent
conduction layer at the heating surface according to equation (33).

The ratio AT/G, determines the growth rate of vapour bubbles in superheated liquid mixtures.
cf. equation (12) of Part I of this paper, Section 2.4 and Figs. 2 and 3, and hence the maximal slowing
down of bubble growth at a certain low concentration of the more volatile component in binary
systems.

The maximum density of active nuclei generating vapour bubbles on a horizontal platinum
heating wire at the nucleate boiling peak flux density under atmospheric pressure is shown in Table
3. Note the high population of small bubbles generated at a high average frequency {which has been
deduced from Table 1) in the mixture water-methylethylketone. This is associated with a high peak
flux q,,, max, but also with a low direct vapour formation g, 5 max < 9w, bi.max = G, max — Gw, co. maxs <f-
Section 4.3 and Table 1. ‘

On close inspection, it becomes evident that the considerably increased peak flux in the mixtures
is caused directly by the more frequent removal of the thermal boundary layer away from the heating
surface, which is successively due to a decreased bubble departure size and a corresponding slowing
down of initial bubble growth rates. The subsequent bubble growth after release is only of secondary
importance (and can in principle be deduced from the energy balance), in spite of its suitability in
studies of the growth of free bubbles on account of the rather uniform superheating of the bulk
liquid, cf. Fig. 3.

Résumé—L ébullition nucléée est décrite comme un phénoméne de relaxation concernant la surchauffe
de la couche de conduction équivalente A la paroi chauffante due a la croissance rapide des bulles de
vapeur successives sur des noyaux d'ébullition actifs. Des expressions pour les temps d’adhérence et de
retard, la fréquence des bulles, le rayon de départ, la masse vaporisée ¢t les fractions de diffusion 4 la paroi
chauffante, et le flux maximal d’ébullition nucléée, pourraient ainsi &tre obtenues. Les prévisions expéri-
mentales séduites des prises de vues & grande vitesse et des courbes d’ébullition des mélanges eau—méthylé-
thylcétone et eau—1-butanol.

De plus, un critére pour le début de P’ébullition par film a é&té formulé en se basant sur la région d’influence
d’une bulle. Les effets du mouillage et de la nucléation sont déterminés et on en tient compte dans le
traitement théorique. L’avantage des équations actuelles sur les corrélations provenant de I’analyse
dimensionnelle est qu’elles mettent en lumiére plusieurs phénomeénes fortement intéressante qui étaient
ignorés auparavant.

Par exemple, la théorie prévoit la coincidence entre un maximum de la diminution de la vitesse de
croissance des bulles et al taille au départ (produisant un minimum de transmission de chaleur aux bulles
individuelles: “paradoxe de I’ébullition™) et I'existence d’un maximum de flux de point dans I’ébullition
nucléée 2 la méme concentration faible du constituant le plus volatil dans un systéme binaire, qui peut
&tre obtenue & partir des données 3 ’équilibre. Ceci est aussi en accord avec les résultats expérimentaux.

En principe, les prévisions théoriques contiennent Ueffet favorable sur le flux de pointe produit par
toutes les méthodes provoquant une diminution de la production de vapeur 3 la paroi chauffante—ce
qui correspond généralement A une augmentation de la fréquence des plus petites bulles—par exemple,
P’ébullition de surface, I'écoulement tourbillonnaire, 'emploi de pressions élévées et I"application d'un

champ électrostatique.

Zusammenfassung—Das Blassensieden wird als ein Relaxationsphinomen beschrieben, welches fir
die Uberhitzung einer gleichwertigen, leitenden Schicht an der Heizfliche zutrifft, die aufgrund des schnellen
Wachstums der von aktiven Keimstellen ausgehenden aufeinanderfolgenden Dampfblasen vorhanden ist.

So konnten Ausdriicke fiir die Haft- und Verzugszeiten, die Blasenfrequenz, den Abloseradius, den
Dampfmassen- und Diffusionsanteil an der Heizfliche und fiir die maximale Wirmestromdichte abgeleitet
werden. Die theoretischen Vorhersagen sind in guter Ubereinstimmung mit Versuchswerten, die von
Hochgeschwindigkeitsfilmen und von Siedekurven fiir Wasser—Methyldthylketon und Wasser—1-Butanol-
Gemische hergeleitet wurden.

Zusitzlich wurde ein Kriterium fiir das beginnende Filmsieden abhiingig vom Einflussbereich einer
Blase formuliert. Die Einfllisse der Benetzung und der Blasenbildung werden festgestellt und mit in die
theoretische Abhandlung aufgenommen.
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Der Vorteil der vorliegenden Gleichungen gegeniiber Beziehungen, die sich aus der Dimensionsanalyse
ergeben, liegt darin. dass sie eine Anzah! hochinteressanter Phidnomene aufzeigen, die bisher unbekannt
waren.

Zum Beispiel sagt die Theorie eine UUbereinstimmung der maximalen Verlangsamung der Blasen-
wachstumsgeschwindigkeit und der Ablosegrosse (es ergibt sich ein minimaler Wirmeiibergang an
Finzelblasen: “Siede-Paradoxon™) und das Vorhandensein einer maximalen Heizflichenbelastung beim
Sieden fiir die gleiche niedrige Konzentration des fliichtigeren Bestandteils in einem Zweistoff-System
vorher, was aus Gleichgewichtsdaten abgeleitet werden kann. Dies stimmt ebenfalls mit Versuchserge-
bnissen iiberein. Im Prinzip schliessen die theoretischen Vorhersagen den giinstigen Finfluss aller anderen
Methoden. die eine verminderte Dampferzeugung an der Heizfliche ergeben. aufl die maximale Wirme-
stromdichte cine nimlich: Oberflichensieden. Drallstromung, die Verwendung von hohen Drucken und
die Anwendung cines elekirostatischen Feldes. Dies entspricht im allgemeinen ciner zunehmenden

Hiufigkeit von kleineren Blasen.

AuHoTainA—y3ppbKOBOE KUIleHME OMHCHIBACTCA KAK ABJEHHE PEeJaKCaliy, CBA3RHHOE C
neperpeBoM SKBMBAJIEHTHOTO NPOBOJALLETO CJIOA HA IMOBEPXHOCTU Harpepa u3-sa OsicTporo
poCTa NY3BLIPLKOB 1Mapa HA AKTHBHBIX AAPAX.

Taxnm 06pasoM, MOHHO BHIBECTH BHIpakeHUe JJIA BPeMEHM NPUIUTAHHMA M 3aMa3AbIBaHuA,
4aCTOTH NMY3HPHKOB, OTPBIBHOIO Pajinyca, KOJUYeCTB ucnapusuieiica u auddyuanponasuieit
MULKOCTH HA MOBEPXHOCTH HArPeBA U KpUTHYeCKoro noToka. TeopeTHueckile pacdersl XOpouio
COTJIACYIOTCA C BKCIepPMMEHTAJIbHBIMM NAHHBIMU, NMOJYYEHHBIMH C TMOMOLILI0 KHHOCBEMEI If
KPMBHIX KMNIEHHUS CMeCel BOXA-METUIAITHIKETOH i Boja—1-Gyrano.

HKpome Toro, copMyaupoBaH KpuTepHit BOSHHKHOBEHMA ILIeHOYHoro kuneHua. Ilpu
npoBeleHHH TeOPeTHYeCKOr0 aHAIN3a YUMTHIBAJIOCH BIMAHNKE CMAYMBAEMOCTH H 3aPOMKIEHIs
NY3HPbLKOB.

[TpenmyuecTso npeiiaraeMbiXx ypaBHeHuit nepes COOTHOIIEHHAMM, IOJYYECHHBIMU C
MOMOIbI0 AHANM3A pasmepHocrel, cocToMT B yuére pAfa BecbMa WHTEPECHHIX ABJCHHI,
paHee NTHOPUPOBABIIKHXCA.

Teopernueckue pacyéTsl, HaNpuMep, TPEACKA3BIBAIOT COBMNAJEHNE MAKCHMAJIBHOrO 3a-
Me[IJIeHMA CKOPOCTH POCTA NMy3BIPhKA M OTPBIBHOro pasmepa {(4TO MPUBOJUT K MHHHMAJIBHOI
mepefaie TEIUIA K OTAEJNbHBIM IY3HPBKAM, T.e. «[IAPAfOKCY KUMEHUs») U MOABIEHUE MAKCH-
MaJbHOF0 KPUTUYECKOI0 MOTOKA NpH HUBKON KOHIEHTpauuu Golce JeTydero KOMIOHEHTA
GMHAPHON cHcTeMbl. TOT BHIBOJ, TAKMe COTJACYETCHA C DKCIePUMeHTAJIbHBMH RAHHBIMH.

B npuHune reopeTnueckue pacdéTsl yUUTHBAWT (aaronpuATHbIt aQPerT Ha KPpUTHYECKHIT
MI0TOK ; B pesyabTare 0GpasoBaHHe Napa HA HOBEPXHOCTH HArpeBa CHUMKAETCH, YTO, B obweM,

COOTBETCTBYET BO3pAacTalolell YacTOTe MEHLIUUX IY3HPbKOB.



