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Abstract-The concept of the geometrical similarity of a random distribution of spherical bubbles 
attached to the boiling surface is introduced and the mechanism of bubble removal from a horizontal 
flat surface in saturated nucleate pool boiling is discussed. The concept of geometrical similarity is 
applied to the regime of interacting bubbles in nucleate pool boiling and this leads to an expression for 
heat transfer through a quiescent sub-layer which is assumed to exist in the fluid immediately adjacent 
to the boiling surface. 

The heat flux due to nucleate pool boiling is related to the rate of vapour production at the boiling 
surface. The regime of coalescing bubbles in nucleate pool boiling is studied from the basis of geometri- 
cal similarity of the phase boundaries. The critical heat flux is assumed to occur at a particular phase 
front geometry. This leads to the following correlation for the critical heat flux in saturated pool boiling 
for clean, smooth wetted surfaces : 

&IO = 1.25 {g ATo KL L2 pv (pi - p~)}@333 in Btu, ft, h units. 

This expression shows satisfactory correlation of critical heat flux data for a wide range of liquids. 
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NOMENCLATURE 

area of phase front, 1s; 
bubble growth factor, lt-0.5; 
buoyancy force on a bubble, mlt-2; 
coefficient of resistance to bubble 
motion; 
coefficient of resistance to bubble 
motion at bubble departure ; 
coefficient of latent heat transport; 
mixing coefficient ; 
specific heat at constant pressure, 
12t-2T-1; 

bubble diameter, 1; 
evaporation rate from liquid to vapour, 
ml-2t-1; 
component normal to boiling surface 
of fluid resistance to bubble motion, 
mlt-2; 
bubble frequency, t-r; 
acceleration due to gravity, lt-2; 
heat-transfer coefficient, h = i/AT, 
mt-3T-1. 

mean b:bble initiation rate per unit 
area of boiling surface, 1-W-r; 
liquid thermal conductivity, mlt-ST; 

kr, 2, 3, factors introduced in text; 
L latent heat of vaporization, Pt-2; 

NE, 

NG, 

NT, 
nM, 

p, 

Pr, 

4, 

R, 

Re, 

r, 

rs, 

s, 

T 

AT, 

length, I ; 
mean attached vapour volume per 
unit area of boiling surface, 1; 
mass, m; 
dimensionless bubble departure 
density; 
evaporation number, 

NE = PLCLTIPVL; 

dimensionless bubble population den- 
sity; 
superheat number, NT = AT/T; 
mean number of attached bubbles per 
unit area of boiling surface, 1-s; 
absolute pressure, ml-%-s; 
Prandtl number ; 
rate of heat transfer per unit area of 
surface, mt-3; 
bubble radius, 1; 
Reynolds number ; 
radial co-ordinate for spherical bubble, 
1; 
radius of vapour-solid contact circle, 1; 
component normal to boiling surface 
of surface tension force acting on 
bubble, ml-Q-2 * 
temperature, T;’ 
temperature difference between sur- 
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face and saturation temperature of 
fluid, T; 
time, t; 
duration of bubble contact with 
boiling surface, t; 
velocity normal to boiling surface, 
It-1; 
volume, 1s; 
volume of bubble at departure from 
surface, la; 
co-ordinate normal to boiling surface, 
1; 
thermal diffusivity, a == K/PC, W-1 ; 
contact angle ; 
coefficient of viscosity; 
density, ml-a; 
surface tension, mt-2; 
factor defined in appendix. 

Subscripts 
B, due to boiling; 
B, at bubble departure ; 
F, due to fluid resistance to motion; 
H> due to transport of latent heat of 

vaporization; 
1, due to convective mixing; 
L liquid; 
M, mean value ; 
0, value at the critical heat flux; 
$7 solid surface; 
K vapour. 

INTRODUCTION 

STUDIES of the fluid dynamics associated with 
the motion of bubbles in nucleate pool boiling 
have provided the basic concepts of several 
theories. Chang and Snyder [I] developed the 
concept of a thermal diffusivity for the agitated 
liquid close to the boiling surface. Tien [2] 
proposed a hydrodynamic model based on the 
flow of liquid near a nucleating site which emits 
a stream of bubbles. Two flow regimes were 
discussed, namely, one of discontinuous bubble 
emission at low heat-transfer rates and one of 
high nucleating site density where mutual in- 
fluence between bubbles is significant. Zuber [3] 
also distinguishes a regime of isolated bubbles in 
low heat flux nucleate boiling from one of bubble 
interference at higher heat fluxes and derives 
expressions which relate heat flux, bubble de- 
parture diameter and nucleating site density for 

the regime of isolated bubbles. In addition, 
equations predicting values at transition from 
isolated bubbles to bubble interference are 
derived. 

If the mechanism of bubble growth and de- 
parture is one of thermal and mechanical inter- 
action between bubbles it does not seem possible 
to use the geometry of a single bubble as a basis 
for theoretical consideration of the boiling 
problem. In this paper the geometry of a com- 
plete distributiot~ of bubbles attached to the 
boiling surface and departing from it forms the 
basis of the theory. A dimensionless bubble 
population density is proposed and requirements 
for the geometrical similarity of a random 
distribution of attached bubbles are given. This 
geometrical concept is extended into the region 
of coalescing bubbles and leads to a correlation 
for critical heat flux data. 

The problem of the critical heat flux has been 
studied by several authors. Addoms [4], Bori- 
shanksy [S] and Kutateladze [6] investigated the 
dynast of the boiling process and employed 
dimensional analysis to obtain expressions for the 
critical heat flux, Noyes [7] modified the ex- 
pression obtained by Addoms in the light of 
experimental data for the saturated pool boil- 
ing of sodium. Deissler [8], Rohsenow and 
Griffith ilO] and Chang and Snyder [I] proposed 
theories based on bubble dynamics. Zuber [ll] 
considered the Taylor instability of a liquid 
vapour interface. A review of theories of critical 
heat flux for saturated pool boiling is given by 
Ivey [12]. 

The ar~ment concerning critical heat tlux in 
this paper is based on the premise that the 
critical condition exists at a particular geometri- 
cal configuration of the phase front. For this 
purpose a hypothetical phase front geometry is 
proposed which consists of portions of over- 
lapping spheres. The sinlilarity of the phase 
front geometry at the critical condition forms 
the basis of the critical heat flux correlation. 

GEOMETRICAL SlMILARITY IN POOL 
BOILING 

A geometrical model of nucleate pool boiling 
is now proposed. It is assumed that spherical 
vapour bubbles are produced from a random 
distribution of nucleating sites in a flat horizontal 
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boiling surface and grow within the superheated 
liquid lying above the surface. At any instant the 
attached bubbles present a random distribution 
of spheres of various sizes. If no is the mean 
number of bubbles attached to a unit area of 
surface and the mean total volume of attached 
vapour is IM, a dimensionless bubble population 
density can be written : 

Nt: = ~~1~~2 0) 

The requirement for geometrical similarity of 
two distributions of attached bubbles, within the 
confines of their random nature are: 

(i) NG has the same value; 
(ii) The bubble growth function, 

R t -- 
d-1 RD- tD 

has the same form. 

The bubble growth function determines the 
distribution of bubble sizes attached to any 
sufficiently large sample of boiling surface. 

The quantity 1~ is evaluated in the appendix 
for non-coalescing spherical bubbles : 

1~ = #FZMR~~ (2) 

where + is a factor which depends on the bubble 
growth function, hence 

No = $2n~3R 6 D (3) 

The requirement for geometrical similarity of 
a stream of bubbles Ieaving a nucleating site may 
be obtained from a study of the geometry of two 
consecutive bubbles issuing from the same site. 
The centre to centre distance between con- 
secutive bubbles is (Ulf) where U is the mean 
velocity in the x direction of the bubbles over the 
centre to centre distance. Two streams of mature 
(no longer growing) bubbles are geometrically 
similar if the dimensionless group 

(4) 

is the same for both streams. 
Obviously, at certain values of No and ND 

coalescence of the bubbles will occur. The degree 
of coalescence depends on the values of NC and 
ND, that is, on the geometrical configuration of 

the attached and departing bubbles. The above 
geometrical concepts based on isolated spheres 
can be extended into the region of coalescences 
by regarding these as made up of overlapping 
spheres. Equations (2) and (3) can then be used 
to describe the phase front geometry in the 
regime of bubble coalescence and equation (4) 
can be extended to describe vapour columns, 
regarding these as made up of a succession of 
coalescent bubbles. 

FORCES ON AN ATTACHED BUBBLE 

The departure of attached bubbles from a 
horizontal surface was analysed by Fritz [13] on 
a basis of static equilibrium of buoyancey and 
surface tension forces. This gives the well-known 
expression for the departure diameter: 

DD = const. /I {gtPL21 ,V,~500 (5) 

where & is the contact angle at the base of the 
bubble. 

Experimental observations of bubble de- 
parture diameter were made by Semeria [14] for 
a range of pressures and indicate considerably 
smaller diameters at high pressures than would 
be predicted by equation (5). Semeria gives the 
following correlation with pressure, P in 
atmospheres : 

DD = 1.6 P-O.5 2 < P < 20 atm abs 

This is clearly not in accord with equation (5). 
The following is a re-examination of the forces 
on an attached bubble in nucleate pool boiling. 

Figure 1 shows a spherical vapour bubble of 
radius R during growth within a temperature 
boundary layer in liquid above a horizontal flat 
surface in saturated pool boiling. It is assumed 
that the surface is free of contaminants which 
inhibit wetting. The intluence of surface tension 
on bubble growth is neglected. At any instant, r 
is a radial co-ordinate and JYM is a mean 
evaporation rate into the bubble per unit area of 
phase boundary. The total evaporation rate into 
a bubble having a phase front area of A is: 

= A&v fs) 

where (W/%)M is a mean radial temperature 
gradient for the whole bubble, It is now assumed 
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FIG. 1. Bubble geometry. 

that the liquid velocity is zero immediately 
adjacent to the solid surface and that the growth 
of a circle of contract of vapour and solid is 
due only to the evaporation of the liquid 
molecules which lie immediately adjacent to the 
surface and which, for this purpose, can be 
considered to form a molecular monolayer next 
to the solid surface. It is further assumed that the 
evaporation of this layer is due to heat transfer 
from the solid surface and that the forces on this 
monolayer due to neighbouring molecules in the 
solid, liquid and vapour phases are such that the 
contact angle, p has negligible influence on its 
evaporation. Therefore, the evaporation rate per 
unit area of phase .front taken for this condition 
at the solid surface, ES may be expressed in the 
form : 

(7) 

Equations (6) and (7) refer to instantaneous 
conditions and lead to the following relation- 
ship : 

where k2 is a factor which is governed by the 
temperature distribution surrounding the bubble 
throughout its history of growth. Since it de- 
pends essentially on the ratio of surface to mean 
evaporation rates at the phase front, kz is 
probably greater than unity, 

If the buoyancy and surface tension forces are 
investigated for a bubble which is assumed 
spherical throughout its growth the resultant 
surface tension force in the x direction is: 

S = - 2nrsa sin /3 

- 2nr% =_-s 
R (9) 

The buoyancy force in the x direction is: 

B- 3 4T R”(pr, -- pvk 

The ratio of surface tension force to buoyancy 
force at bubble departure from equations (8), 
(9) and (10) is: 

S - 3k;p;a _ __~___ ~_~_ 
B- 2% PXPL - pvk 

(11) 

Figure 2 shows the ratio, -S/Bki plotted for 
water over a range of pressures and computed 
from equation (11) with values of the bubble 
departure radius, RD obtained from the experi- 
mental correlation given by Semeria [14]. It can 
be seen from the values in Fig. 2 that if equation 
(9) holds good the surface tension force is small 
by comparison with the buoyancy force for 
saturated pool boiling of water over a fairly wide 
range of pressures. Equation (9) suggests that 
bubble contact angles are smaller than those 
indicated by experimental measurements from 
visual methods [9], [15]. However, accurate 
visual observation of bubble contact angles may 
be difficult owing to refraction effects brought 
about by temperature gradients in the super- 
heated liquid surrounding the bubble. 

In the following theory the influence of sur- 
face tension on the bubble departure mechanism 
is neglected. It is assumed that, in low heat flux 
nucleate boiling, viscous and momentum forces 
associated with the dynamics of bubble growth 
are important factors in the mechanism of 
bubble departure. 

Semeria [14] and Gaertner and Westwater [16] 
report experimental observations which indicate 
that at high heat fluxes in nucleate boiling the 
bubbles are prematurely removed from the 
surface by the intense agitation induced by 
neighbouring bubbles. Following Zuber [3] two 
regimes of nucleate boiling may be distinguished : 
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FIG. 2. Relationship between surface tension and 
ancy forces at bubble departure. 

buoy- 

(i) A regime of isolated bubbles where the 
dynamical interaction between neighbour- 
ing bubbles is negligible. 

(ii) A regime of interacting bubbles with a 
high degree of liquid turbulence. 

The mechanism of bubble growth and de- 
parture is now discussed for each regime in turn. 

REGIME OF ISOLATED BUBBLES 

The growth of an isolated spherical bubble 
within a superheated liquid layer above a plane 
horizontal nucleating surface is now considered. 
The vertical component of the resistance, F on 
the bubble due to momentum and viscous forces 
during bubble growth is expressed in terms of 
the vapour density, pv, a typical length dimen- 
sion, R, and the mean radial liquid velocity at 

the phase front, A(1 - [pv/p~]). Hence on 
dimensional grounds : 

where CF is a coefficient of resistance. 
ducing a condition for bubble departure: 

B+F=Q 

Intro- 

the following bubble radius at departure is 
obtained : 

Striven [17] gives analytical solutions for 
spherical bubble growth in an infinite, uni- 
formly superheated, non-turbulent liquid and 
deduces a bubble growth function of the form: 

R = ,t0.500 (13) 

where a = const. cPoO(N~Nr)~~, 

0.500 < n < l-000 

for the condition 

CL - cv I I L <1 

From equations (12) and (13) 

RD = const. al.333 

r: 

pV/pL (1 - fJV//JL) CFD o'333 

g 
(14) 

The form of CFD is not clear. Since the in- 
fluence of neighbouring bubbles in the isolated 
bubble regime is assumed negligible it follows 
that CFD is independent of bubble population 
density, i.e. independent of NG. However, CFD 
may be a function of a bubble growth Reynolds 
number which, for convenience, is here based on 
liquid properties : 

Rt?LD = R&D 1 - :t E 
( 1 

In addition, the ratio of vapour to liquid 
properties, such as 

P_v tLv 

PL' tLL 
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and corresponding Prandtl numbers, may 
influence CFD. 

The value of the bubble growth factor, a, may 
correspond to a cavity superheat at nucleation, 
ATc rather than the mean surface superheat. The 
results of Gaertner and Westwater [16] tend to 
support this view since no conclusive variation in 
the bubble departure radius, RD is indicated in 
the isolated bubble regime. 

REGIME OF 1NTERACTlNG BUBBLES 

The results of Gaertner and Westwater [ 161 
show that for the region of interacting bubbles 
there is a pronounced reduction of bubble 
departure diameter with increase of heat-transfer 
rate. Equation (14) is, therefore, not applicable 
to this region. It is probable that, due to in- 
crease of liquid turbulence, there is a progressive 
thinning of the temperature boundary layer with 
increase of heat-transfer rate and that bubbles 
cease to grow when they extend sufficiently be- 
yond this layer or push it away from the boiling 
surface and disperse the superheated liquid into 
the turbulent bulk. The bubbles are then re- 
moved from the boiling surface by the intense 
agitation set up by neighbouring bubbles. How- 
ever, in the region of interacting bubbles with 
highly turbulent liquid it can still be suggested 
that there is a layer of quiescent liquid im- 
mediately adjacent to the boiling surface which 
can be regarded as a laminar sub-layer. It can be 
suggested that the thickness of this sub-layer is 
closely related to the bubble departure diameter, 
RD. Since the bubbles are removed by the in- 
tense agitation set up by neighbouring bubbles, 
RD therefore depends on bubble population 
density, i.e. on No. The highly turbulent nature 
of the flow suggests that Reynolds number 
effects may not be very important. 

For conduction through the laminar sub- 
layer it is possible to form the equation: 

4x = F. f (NG, Re, Pr) (15) 

If Reynolds and Prandtl number influences are 
neglected it is possible to formulate expressions 
based on equations (3) and (15) which are com- 
patible with the results of Gaertner and West- 
water [16] for water at one atmosphere, The data 

of reference 16 suggest a relationship between 
bubble departure radius and heat-transfer co- 
efficient for the region of interacting bubbles 
which may be obtained by correlating the upper 
points of Fig. 3: 

/, = @ = 2 x 1()2KLR-0.56 
AT D (16) 

in Btu, h, ft and degF units with KL == 0.40 
Btu/h ft degF. 

IO-* 10-a IO-‘ 

47, ft 

FIG. 3. Variation of heat-transfer coefficient with bubble 
departure radius in nucleate boiling of water at 1 atm. 
Comparison with experimental data of Gaertner and 

Westwater [16]. 

Reference 16 presents measurements of nucle- 
ating site density whilst the present theory is 
formulated in terms of a mean bubble population 
density. However, it is thought that although the 
mean bubble population density is considerably 
lower than the nucleating site density at low 
nucleate boiling heat fluxes, the two are almost 
equal at high heat fluxes since the liquid solid 
contact at the nucleating site is of very brief 
duration. An approximate relationship between 
bubble departure radius and the mean bubble 
population density can, therefore, be suggested 
from the data of reference 16 (see Fig. 4) : 

RD = 7.17 X 10-2n&0*45 (17) 

in ft units. 
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ICJZ _ I 

a 

,- x x f&ehe~ and Westwot&J 1 
j number of active sites 

a/: 
to3 104 

Number/ft’ 
lo5 2x105 

FIG. 4. Relationship between bubble population density 
and bubble departure radius in nucleate boiling of water 
at 1 atm. Comparisonwith experimental data of Gaertner 

and Westwater [16]. 

Equations (16) and (17) yield an alternative 
correlation for the heat-transfer coefficient : 

h = 8.75 x 10sK~n~~~~ M (18) 

Equation (18) is plotted for comparison with 
the relevant data from reference 16 in Fig. 5. 

Equations (16) and (17) yield a relationship of 
the form of equation (15). Using equation (3) and 
neglecting Reynolds and Prandtl number in- 
fluences : 

&AT 
QB = - R. x 1.675 x 10-s x ~$1.333 lV~O.667 (19) 

Thus the results of reference 16 appear com- 
patible with the theory of geometrical similarity 

and the concept of conduction through a laminar 
sub-layer in the regime of interacting bubbles. 

HEAT-TRANSFER RATE 

Three mechanisms of heat transfer may be 
distinguished in the nucleate boiling regime : 

(i) Natural convection in the liquid 
(ii) Transport of latent heat due to removal of 

bubbles from the surface 
(iii) Convective mixing due to bubble motion. 

Merte and Clark [ 181 and Graham and 
Hendricks [19] point out that the natural con- 
vection mechanism is enhanced under conditions 
of increased acceleration with consequent sup- 
pression of nucleate boiling at low heat fluxes. 
Also, these authors present experimental evidence 
which suggests that the natural convection 
mechanism is active well into the nucleate boil- 
ing regime. However, at gravitational accelera- 
tion the heat-transfer rate due to natural con- 
vection appears to be comparatively small in the 
nucleate boiling of a saturated pool. Forster and 
Greif [20] discuss convective mixing of the liquid 
and propose a vapour liquid interchange 
mechanism. In this, a quantity of superheated 
liquid surrounding each bubble is pushed away 
from the surface into the cooler bulk as a result 
of bubble growth. 

In the following analysis it is assumed that 
each bubble transports during growth and de- 
parture a liquid volume proportional to the 
volume of the departing bubble from some mean 
temperature, T&f to a region of saturation 

Number/f6 

FIG. 5. Variation of heat-transfer coefficient with bubble population density in nucleate boiling of water at 
1 atm. Comparison with experimental data of Gaertner and Westwater [16]. 
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temperature, T. The rate of latent heat transport 
per unit area due to departing bubbles without 
coalescence is : 

GH = h4vDpd 

The total heat flux from the surface, including 
liquid transport away from the surface is: 

41 = ~MVD(PV(CLT + L) + ~I~LCLTM} 

where k3 is a constant. The mass convected by 
this process must be balanced by a migration of 
liquid towards the surface, consequently the heat 
flux to the surface is: 

The net heat flux from the surface due to the 
combined processes of latent heat transport and 
convective mixing is : 

4B = 41 - 42 = hvD{ pd + hpLcL 

which may be written: 

4B = fMvDpd{l + CINENT} cw 

The ratio of the heat transfer due to con- 
vective mixing to that due to latent heat transport 
is CINENT where Cr is a mixing coefficient and 
NE and NT are the evaporation and superheat 
numbers respectively as defined in the nomen- 
clature. The value of CZ may be estimated by 
experimental observations of heat-transfer rate 
and bubble departure rate and diameter. Forster 
and Greif [20] supported by data given for 
subcooled boiling by Gunther and Krieth [21], 
deduce that for water at atmospheric pressure 
the latent heat transport mechanism accounts 
for only a small fraction of the heat transfer in 
nucleate boiling. The value of NE for water is 
plotted in Fig. 6 for a range of pressures. This 
suggests that although convective mixing may be 
the dominant mechanism at atmospheric pres- 
sure, the contribution to the total heat transfer 
of this mechanism becomes progressively smaller 
as the pressure increases. It is probably negli- 
gible at high pressures. 

Equation (20) is strictly applicable only to the 
isolated bubble regime, but it can be modified to 
take account of bubble coalescence: 

fjB = i,wVDpvL(% -t CI:INENT) (21) 

p lb/in* 
IO’ 

FIG. 6. Variation of evaporation number, NE with 
pressure for water. 

where the coefficients CH and CI are functions 
of the phase front geometry, i.e. functions of 
NG and ND. 

CRITICAL HEAT FLUX 

For nucleate boiling near to the critical heat 
flux the approximation, f = l/tD can be made. 
Equation (21) then becomes, using equations (3) 
and (4): 

4’ = 340’667 ND 4rrUNG0.333 * PVL(CH + CINENT) (22) 

since 

nM = i&D 

Now, if CJ is regarded as being equal to the 
velocity of a bubble swarm rising within a liquid, 
the equation of buoyancy and resistance forces 
on each bubble yields : 

f-k . PL - pv . R 

lr2 =m pv 
D, 

CF = f :f, ND, Re, Pr (23) 

where RD is taken as a representative bubble 
length and pv as a representative fluid density. 

If the coefficient of resistance to bubble 
motion, CF is assumed constant and the natural 
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convection heat-transfer component is negligible, 
substitution for RD from equation (15) in equa- 
tion (23) gives, neglecting Reynolds and Prandtl 
number influences : 

u = g&AWL - PV) 0h500 
b PV > 

x f(NG) (z4) 

and the heat flux for conditions approaching the 
critical can be written, from equations (22) and 
(24) : 

GB =f(NG,ND)* {pvL2g&AT(pL - f'~)}"~~ 

(CH + CINENT)@66 (25) 

Here the influence of +, a factor depending on the 
bubble growth function, is neglected. 

It is now possible to argue from the premise 
that the critical heat flux occurs at a particular 
geometrical configuration of the phase fronts, 
i.e. at particular values of No and ND. If NG and 
ND are uniquely related the value off(NG, ND) in 
equation (25) is a constant at the critical con- 
dition and it is possible to write an expression 
for the critical heat flux: 

(jeo y COnSt. {gATo&,L2pv(pL - pv)}‘ss3 

(CH + C1NENT)0.66’ (26) 

Table 1 gives details of experimental measure- 
ments of the critical heat flux made by several 
experimenters for a selection of pure liquids 
boiling from smooth wetted surfaces. Figure 7 
shows that reasonable correlation of this data 
(with the exception of some high pressure results) 
is obtained by the expression: 

6Bo = 1*25{gAToK~L~pv(p~ - ,DV)}O’~~~ (27) 

Although the last term in equation (26) is 
omitted from equation (27) a satisfactory corre- 
lation is still obtained. This suggests that heat 
transfer by convective mixing is negligible at the 
critical heat flux even at the lower pressures 
recorded in the data (See Table 1). The probable 
heat transfer mechanism is from wall to liquid 
across the quiescent laminar layer and thence by 
evaporation and latent heat transport to the bulk 
liquid. 

Values of the critical heat flux given in Table 1 

FIG. 7. Correlation of critical heat flux data contained in 
Table 1. Principal sources of fluid property data: refer- 

ences 24.29 and 33-37. 

for ethanol and benzene at high pressure are 
considerably higher than the prediction of 
equation (27). Satisfactory correlation of these 
results is obtained if the mean surface superheat 
at the critical condition, AT0 in equation (27) 
has a value taken at the corresponding low 
pressure condition. Equation (27) applies only to 
clean, smooth, wetted surfaces. Results for clean, 
rough surfaces at low pressure appear to be 
correlated satisfactorily by equation (27) if the 
value of ATo is taken for the corresponding 
smooth surface condition. 

The correlation is satisfactory for liquids as 
diverse as nitrogen and sodium. However, the 
points obtained from the nitrogen data are open 
to some doubt because of the wide divergence of 
the results obtained by two groups of experi- 
menters [22], [23] and the uncertainty of the 
thermal conductivity estimation under con- 
ditions near to the critical [24]. 
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APPENDIX 

The mean number of bubbles initiated in time 
St per unit area of surface is: 

SnM = i&t 

At any instant, the mean volume of the bubbles 
which are i~itiatcd in time 6r, are still attached, 
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and have existed for time t is: t=tD ^ 

sv = f&fV(t)St 
lM =fJ$ J . R(t)3 dt 

t=o 

where 

t < tD =~~R$/.$d(~) 

0 

and V(t) is the bubble volume. For non-coales- since 

cing spherical bubbles : 
n,+f = f&D 

477 
6v = tM * j- R(t)3 6t 

Hence I = #nMRi where 4 depends on the 
form of the bubble growth function for non- 
coalescing bubbles : 

Hence the total volume of the attached bubbles 
per unit area of surface is: 

RkssumG-Le concept de la similitude geomttrique dune distribution au hasard de bulles sphtriques 
attach& a la surface d’ebullition est introduit et le m&canisme d’enlevement des bulles a partir dune 
surface plane horizontale dans l’ebullition nucleQ satur&e en reservoir est discutee Le concept de la 
similitude geometrique est applique au regime de bulles en interaction dans l’ebulhtion nucleee en 
reservoir et ceci conduit a une expression pour le transport de chaleur a travers une sous-couche au 
repos que l’on suppose exister dans le fluide immediatement au voisinage de la surface d’ebullition. 

Le flux de chaleur dti a l’ebullition nucleee en reservoir est relic a La vitesse de production de vapeur 
a la surface d’ebullition. Le regime de bulles qui s’unissent dans l’ebullition nucleee en reservoir est 
etudie sur la base la similitude geometrique des front&es des phases. On suppose que le flux de 
chaleur critique a lieu pour une geomttrie particuliere du front des phases. Ceci conduit a la corrtla- 
tion suivante pour le flux de chaleur critique dam l’ebullition saturee en reservoir pour des surfaces 
propres parfaitement mouillees: 

(WHO = 3,92. lO-4 [gdT&L’+(p~ - ~v)]OJ~~ en W/cm2 

Cette expression correle d’une faGon satisfaisante les don&es du flux de chaleur critique pour une 
large gamme de liquides. 

+sammenfassung-Fiir Sieden im Sattigungszustand bei freier Konvektion wird geometrische 
Ahnlichkeit einer beliebigen Verteilung kugelfijrmiger Blasen an einer Siedefliiche vorgeschlagen 
und der Blasenablosevorgang von der evenen horizontalen Oberflache fiir Sieden im Slttigungszustand 
bei freier Konvektion diskutiert. Die Vorstellung 3er geometrischen Ahnlichkeit wird auf das Gebiet 
sich gegenseitig beeinflussender Blasen beim Siden in freier Konvektion angewandt und sie fiihrt zu 
einem Ausdruck fur den Warmetibergang in einer ruhenden Unterschicht, die in der Fltissigkeit un- 
mittelbar an der Siedeflache anliegend angenommen wird. 

Die Warmestromdichte beim Blasensieden wird zu der an der Heizflache entstehenden Dampfmenge 
in Beziehung gesetzt. Auf Grund der geometrischen &mlichkeit der Phasengrenzen wird der Bereich der 
zusammenwachsenden B&en beim Sieden in freier Konvektion untersucht. Es wird angenommen, dass 
die kritische Warmestromdichte bei einer besonderen Geometrie der Phasenfront auftritt. Dies fiihrt 
zu folgender Beziehung ftir die kritische Warmestromdichte fiir Sieden im Sattigungszustand bei freier 
Konvektion an reinen, gleichm2Big benetzten OberflIchen: 

QBO = 3,96 x lo7 [gd2-o&L2 pv (pr. - pv)]l/3 

in Einheiten von W, s, m, kg 
Dieser Ausdruck gibt eine zufriedenstellende Beziehung fiir Werte der kritischen Wlrmestromdichte 

in einem weiten Bereich von Fliissigkeiten. 

H.M.4S 
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AHHOT~SI-BBOJJHTCH nOKF(THe reOMeTpw4ecKoro no~o6m CnyqaMHoro pacnpe~enemn 
C@epWIeCKHX ny3bIpbKOB y nOBepXHOCTH HarpeBa, a TaKme paccMaTpmaeTca Mexam3M 

y~aJIeHElHny3bIpbKOB C rOpH30HTaJIbHOti IIJIOCKOlt nOBepXHOCTI4 npll ny3bIpbKOBOM KBneHI411 
Hac~~eHHo~~~~KOCTIIB60JIblZIOMo6~eMe.~OH~T~ereoMeTpEi~ecKorono~o6mKnpwMeHReTcn 
K pe%HMy B3aHMO~e~CTBHH ny3bIpbKOB IIpIl IIy3bIpbKOBOM KElneHIUI, B pe3yJIbTaTe qer0 
nonyseH0 mpameme am Tennoo6MeHa Heno~mimHoro nogcnoFi,cy~ecTBoname KoToporo 

npegnonaraeTcK B KenocpeficTseHHoP BJIH~OCTH K noBepxaocTn Harpesa. 
'I'enInoBolt nOTOK npM ny3bIpbKOBOM KIUIeHHI5 CBR3aH CO CKOpOCTbIO napOO6pa30BaHHH Ha 

nOBepXHOCTElHarpe3a.klccJIe~yeTcflpe~~MCJIElRIIIlRny3bIpbKOBnpllny3bIpbKOBOM KmeHm 
~~aocKoBereo~eTp~secKorono~o6n~~a3osbrxrpaH~~,~pe~nonaraeTc~Ha~~s~e~~p~T~~~ec~~- 
Or0TenjIOBO~O~OTOIEanpLlK~neI~~I~HaCbI~eIlIiOZi~M~KOCTIlB6OJIblIIOM o6’behfeAm 'IaCTliOI'O 
cnysan reoMeTpmi nonepxHocm pasnena. B pe3ynbTaTe nonyqeso c;leAyIo~ce cooTKomeKm 
AJIfI KpHTH'IeCKOrO TenJIOBOI'O nOTOKa IIpH KHneHLILI HaChIII~eKHOii .WLi~KOCTII B 6O.YIhllIOhl 
06'beMe AJIH 4ACThIX l'JIaAItmX BJIaHEHbIX nOBepXHOCTefi: 

3TO BbIpameHme ,qaeT xopoIIIyI0 Koppem~mo AaHHbIX 0 BemlYkIHe KpaT~~ecKoro TeIIJIOBOI'O 
noToKa AnI4 pa3K006pa3KbIx %lAKOCTeii. 


