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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:

gso = 125 {g ATo K1 L2 py (pr. — pv)}%-33% in Btu, ft, h units.

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

NOMENCLATURE ], length, 1;
A, area of phase front, 12; Inm, mean attached vapour volume per
a, bubble growth factor, 1t-05; unit area of boiling surface, 1;
B, buoyancy force on a bubble, mit-2; m, mass, m;
Cr, coefficient of resistance to bubble Np, dimensionless  bubble  departure
motion; density;
Crp, coefficient of resistance to bubble Ng,  evaporation number,
motion at bubble departure; Ng = prerT/pvL;
Cg, coefficient of latent heat transport; Ng,  dimensionless bubble population den-
Cr, mixing coefficient; sity;
c, specific heat at constant pressure, Nz, superheat number, Ny = AT/T;
12t—27-1; nu, mean number of attached bubbles per
D, bubble diameter, 1; unit area of boiling surface, 1-2;
E, evaporation rate from liquid to vapour, P, absolute pressure, ml-1t—2;
ml-2t-1; Pr, Prandtl number;
F, component normal to boiling surface q, rate of heat transfer per unit area of
of fluid resistance to bubble motion, surface, mt~3;
mlt—2; R, bubble radius, 1;
f, bubble frequency, t—1; Re, Reynolds number;
g acceleration due to gravity, 1t—2; r, radial co-ordinate for spherical bubble,
h, heat-transfer coefficient, h = ¢/AT, I;
mt—3T-1; rs, radius of vapour-solid contact circle, 1;
I, mean bubble initiation rate per unit S, component normal to boiling surface
area of boiling surface, 1-2t—1; of surface tension force acting on
K, liquid thermal conductivity, mlt—3T; bubble, ml-1t-2;
ki, 2, 3, factors introduced in text; T, temperature, T;
L, latent heat of vaporization, 12t—2; AT,  temperature difference between sur-
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face and saturation temperature of
fluid, T;
1, time, t;

0, duration of bubble contact with
boiling surface, t;

U, velocity normal to boiling surface,
1t-1;

vV, volume, 13;

Vb, volume of bubble at departure from

surface, 13;
X, co-ordinate normal to boiling surface,
] .

a, thermal diffusivity, a == K/pc, ?t~1;
B, contact angle;

i, coefficient of viscosity;

P, density, ml—3;

a, surface tension, mt—2;

¢, factor defined in appendix.

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

vaporization;

due to convective mixing;
liquid;

mean value;

value at the critical heat flux;
solid surface;

vapour.

INTRODUCTION
Stupies 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 [1] 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
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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 distribution of bubbles attached to the
boiling surface and departing from it forms the
basis of the theory. A dimensjonless 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 [5] and Kutateladze [6] investigated the
dynamics 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 [10] and Chang and Snvder [1] proposed
theories based on bubble dynamics. Zuber [11]
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 argument concerning critical heat flux 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 similarity of the phase
front geometry at the critical condition forms
the basis of the critical heat flux correlation.

GEOMETRICAL SIMILARITY 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 nar is the mean
number of bubbles attached to a unit area of
surface and the mean total volume of attached
vapour is /y, a dimensionless bubble population
density can be written:

Y

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

N¢ = nulu?®

(i} N¢ has the same value;
(ii) The bubble growth function,

%! i)

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 /nr is evaluated in the appendix
for non-coalescing spherical bubbles:

I = ¢ny R} @

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

Ne = ¢2mRS. 3)

The requirement for geometrical similarity of
a stream of bubbles leaving 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 (U/f) 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

U
~ fRp

is the same for both streams.

Obviously, at certain values of Ng and Np
coalescence of the bubbles will occur. The degree
of coalescence depends on the values of N and
N, that is, on the geometrical configuration of

Np = @
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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:

%20 0500
glpL — pV)} ©)

where 8 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:

Dp=1-6P95 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 influence of surface tension
on bubble growth is neglected. At any instant, r
is a radial co-ordinate and Ep 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 4 is:

Dp = const. B{

. T .
End — klAf(é;)M — ARpy (6

where (07/0r)y 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, B 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:

. oT
Bt (5) = s O

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

rs (A4

r= ke o (3)
where ks 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,
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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 = — 2nrsosin B

_ 2
. 27rrSO'

R ©)

The buoyancy force in the x direction is:

4
B~ Rps - pg (10)
The ratio of surface tension force to buoyancy
force at bubble departure from equations (8),
(9) and (10) is:

S = 3o

B 2R} pi(pr — pv)g (n

Figure 2 shows the ratio, —S/Bk2 plotted for
water over a range of pressures and computed
from equation (11) with values of the bubble
departure radius, Rp 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 buoy-
ancy forces at bubble departure.

(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, py, a typical length dimen-
sion, R, and the mean radial liquid velocity at
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the phase front, R(1 — [pv/pL]). Hence on
dimensional grounds:

2
F=—£ZR2R2<1 —”_") - Cr
2 PL

where Cr is a coefficient of resistance. Intro-
ducing a condition for bubble departure:

B4+ F=0
the following bubble radius at departure is
obtained:

3
roo 2

So (12)

2. CFD
PL

Scriven [L7] 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 = qt0500 (13)
where a = const. a9500(NgN1)?,
0-500 < n < 1-000

for the condition

_ PV) R}

L — Cv
L

From equations (12) and (13)

<1

Rp = const. g1-333

{PV/PL (1 —ng/pL) CFD}0-333 »

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

Rerp = RpRp (l — BZ) PL
PL] KL

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

Py oy
pL’ L
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and corresponding Prandtl numbers,
influence Cpp.

The value of the bubble growth factor, @, may
correspond to a cavity superheat at nucleation,
AT 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, Rp is indicated in
the isolated bubble regime.

may

REGIME OF INTERACTING BUBBLES

The results of Gaertner and Westwater {16]
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,
Rp. Since the bubbles are removed by the in-
tense agitation set up by neighbouring bubbles,
Rp therefore depends on bubble population
density, i.e. on Ng. 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:

KiAT
gy = ; - . f (N, Re, Pr)
D

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

(15)
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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:
4B _o.

h = AT 2 x 102K R; 056 (16)
in Btu, h, ft and degF units with K — 0-40
Btu/h ft degF.
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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):
Rp = 717 x 10-2n;,0'45

amn

in ft units.
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FiG. 4. Relationship between bubble population density

and bubble departure radius in nucleate boiling of water

at 1 atm. Comparison with experimental data of Gaertner
and Westwater [16].

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

h =875 x 102Kn%2 (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:

. KiAT

qB - RD
Thus the results of reference 16 appear com-

patible with the theory of geometrical similarity

X 1-675 X 103 x 41338 N 0-667(]9)
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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 [18] 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, T3s to a region of saturation

"
0= - ] T =
[~ Equation 18, Bubble population =l
\T /},)(
- "] L
w / ( x
on " )
g I " 5,/’{ Goertrer ond Westwater [i6]
o+ — X number of active sites
=10 P '
S X |
g - X " x| x |
< L
o2 [ RN Lol [N Rt I N
10? 10? 0* 10° 10°

Number /12

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, 7. The rate of latent heat transport
per unit area due to departing bubbles without
coalescence is:

Gu = IuVppvL

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

g1 = IuVo{pv(cLT + L) + ksprerTum}

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:

G2 = IuV(pv + kapr)erT

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

4 = 1 — G2 = IuVp{pvL + kaprer
(Tu —T)}
which may be written:
gp = IMVDva{l + CiNgNr7} (20)

The ratio of the heat transfer due to con-
vective mixing to that due to latent heat transport
is CtNgNr where C; is a mixing coefficient and
Ng and Nr are the evaporation and superheat
numbers respectively as defined in the nomen-
clature. The value of Cr 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 Ng 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:

4B = jMVDva(CH + CiNEN7) (21)

J. S. TURTON
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FiG. 6. Variation of evaporation number, Ny with
pressure for water.

where the coefficients Cy and Cy are functions
of the phase front geometry, i.c. functions of
Ng¢ and Np.

CRITICAL HEAT FLUX
For nucleate boiling near to the critical heat
flux the approximation, f = 1/tp can be made.
Equation (21) then becomes, using equations (3)
and (4):

. 47r UNY333
= 3gp0at N, L+ CiNan) @)
since
ny = Iutp

Now, if U 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:

_ 8 pr—pv,
T 3Cr v

Cp = f(i:)f, Np, Re, Pr) (23)
L

Uz Rp,

where Rp is taken as a representative bubble
length and py as a representative fluid density.

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

U— {gKL AT(pr — pv)
4B pv

0:500
} X fIN®) 2%

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

g = f(Na, Np) * {pv L’¢KL AT (p1 — pv)}0:333
(Cu + CINgN7)0-887 (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 N¢ and Np. If N¢ and
Np are uniquely related the value of f(N¢, Np) in
equation (25) is a constant at the critical con-
dition and it is possible to write an expression
for the critical heat flux:

Gro = const. {gATo K1, L2py(pr — py)}0-333

(Cn + CINgN7)™667  (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:

Gpo = 1:25{gAToKLL2py(pL — py)}038 (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
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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, A7y 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 ATy 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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GEOMETRICAL SIMILARITY IN SATURATED POOL BOILING
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APPENDIX

The mean number of bubbles initiated in time

8¢ per unit area of surface is:

Q F Q.
ONpr — fp0l

Atany instan the mean volume of the bubbles

i~k
which are initiat

aro otill attanhad

time 8¢
in af, are st atlacneq,
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and have existed for time ¢ is: 4ﬂt=’51)
Iy =Iy 5 J R(#)3dt
8V = hyV(1)ét 2,
1
where - . ‘_11’ £ g ‘
t<<tp = nm D 3 RD tD
o
and V(t) is the bubble volume. For non-coales- SIc®
ny — 1 MLID

cing spherical bubbles:
Hence I = ¢nyR3 where ¢ depends on the
form of the bubble growth function for non-

8V = IM 3 R(’)B 8t coalescing bubbles:
1
47 R\3 t
Hence the total volume of the attached bubbles ¢ = £} z) d P
per unit area of surface is: g VD P

Résumé—Le concept de la similitude géométrique d’une distribution au hasard de bulles sphériques
attachées a la surface d'ébullition est introduit et le mécanisme d’enlévement des bulles a partir d’une
surface plane horizontale dans I'ébullition nucléée saturée en réservoir est discutée. Le concept de la
similitude géométrique est appliqué au régime de bulles en interaction dans I’ébullition nucléée en
réservoir et ceci conduit 4 une expression pour le transport de chaleur a travers une sous—couche au
repos que ’on suppose exister dans le fluide immédiatement au voisinage de la surface d’ébullition.

Le flux de chaleur dd a I’ébullition nucléée en réservoir est relié a la vitesse de production de vapeur
a la surface d'ébullition. Le régime de bulles qui s’unissent dans ’ébullition nucléée en réservoir est
étudié sur la base la similitude géométrique des frontiéres des phases. On suppose que le flux de
chaleur critique a lieu pour une géométrie particuliére du front des phases. Ceci conduit a la corréla-
tion suivante pour le flux de chaleur critique dans I'ébullition saturée en réservoir pour des surfaces
propres parfaitement mouillées:

gro = 3,92. 1074 [gdToKL?pv(pr, — pv)1°-333 en W/cm?

Cette expression corréle d’une fagon satisfaisante les données du flux de chaleur critique pour une
large gamme de liquides.

Zusammenfassung—Fur Sieden im Sattigungszustand bei freier Konvektion wird geometrische
Ahnlichkeit einer beliebigen Verteilung kugelférmiger Blasen an einer Siedefliche vorgeschlagen
und der Blasenablosevorgang von der evenen horizontalen Oberfliche fiir Sieden im Sittigungszustand
bei freier Konvektion diskutiert. Die Vorstellung der geometrischen Ahnlichkeit wird auf das Gebiet
sich gegenseitig beeinflussender Blasen beim Siden in freier Konvektion angewandt und sie fithrt zu
einem Ausdruck fiir den Wirmeiibergang in einer ruhenden Unterschicht, die in der Fliissigkeit un-
mittelbar an der Siedefliche anliegend angenommen wird.

Die Wirmestromdichte beim Blasensieden wird zu der an der Heizfliche entstehenden Dampfmenge
in Beziehung gesetzt. Auf Grund der geometrischen Ahnlichkeit der Phasengrenzen wird der Bereich der
zusammenwachsenden Blasen beim Sieden in freier Konvektion untersucht. Es wird angenommen, dass
die kritische Wiarmestromdichte bei einer besonderen Geometrie der Phasenfront auftritt. Dies fithrt
zu folgender Beziehung fiir die kritische Wirmestromdichte fiir Sieden im Sittigungszustand bei freier
Konvektion an reinen, gleichmiBig benetzten Oberflichen:

gro = 3,96 x 107 [gdToKLL? py (pr — pv)I/3

in Einheiten von W, s, m, kg
Dieser Ausdruck gibt eine zufriedenstellende Beziehung fiir Werte der kritischen Warmestromdichte
in einem weiten Bereich von Fliissigkeiten.

H.M.—48
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AnHoTanua—BBOAUTCA NOHATHE TIeOMETPHYECKOro IOA00MA CIyd4aifHOro pacrpeseIeHus
cepuueCKUX ITySHPHKOB y TOBEPXHOCTH HArpeBa, 4 TAK:Ke PACCMATPMBAETCS MEXaHU3M
yOAIeHUA MY3HPHKOB C TOPH30HTANBHOM INIOCKO ITOBEPXHOCTH MU Iy3HIPHLKOBOM KUIIEHUM
HACHIIEeHHOMN YKUTKOCTU B 60Jb1I0M 0GBeMe. IloHATIE FeOMeTPUYECKOTO IIONO0NA IPUM eHAeTCA
K PEMUMY B3aMMO[EHCTBHA IySHPbKOB NPH ITYSHPbKOBOM KUIEHHMH, B DPe3yJbTaTe 4YeTro
MOJYyYEHO BHIPAKEHME JJIA TeINI000MeHa HeIIOABHAKHOTO NOACIO0A, CYIeCTBOBAHIE KOTOPOro
MPEANONaraeTcA B HEMOCPeACTBEHHO GIM30CTH K TOBEPXHOCTH HArpeBa.

TenaoBOY MOTOK NPU IY3HIPHLKOBOM KMIEHMN CBA3AH CO CKOPOCTHIO NMApo0oGpPa30BAHUA Ha
HOBEPXHOCTH HarpeBa. MccienyeTca peuM CIMAHUA NY3HPHKOB IPH IIY3HPHKOBOM KUTIEHUU
HA OCHOBE TeOMeTpHrYecKoro moxobud $asoBex rpanun. [Ipeanonaraerca HaJanIne KPUTUIECK-
Or0 TENJ0BOro MOTOKA MPU KUIIEHMH HACKILEHHOH HUIKOCTH B 00NbIIOM 00beMe [JIfl YACTHOT 0
CJIyyas reoMeTpHM HOBEPXHOCTH pasjlena. B pesyibTaTe MojydeHo ciefyioliee COOTHOIIEHMUE
ANA KPATHYECKOTO TEINIOBOTO IOTOKA MpPH KHUIIEHIH HACHIIEHHON HUXKOCTH B HOILIION
ofBeMe I YMCTHX PIAAKNX BIAMKHHIX TIOBEPXHOCTE :

gro = 1,25 {g4ToKrL?pv(pr. — pr)} 338 BTE/yT uac

10 BHIpAXKEHHE [AeT XOPOIUYI0 KOPPeNANHo JAHHHX O BeMUMHE KPUTUIECKOTO TEHIOBOIO
TIOTOKA [ pa3sHOOGPASHEIX RMAKOCTE!E.



