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Abstract-Experimental work on the nucleate pool boiling of water at saturation is reported. This 
indicates that latent heat transport, (q/A) LH, is at all stages significant. The ratio (g/A)~~/(q/A)~~~ 
increases steadily with increasing heat flux and appears to tend to unity as (q/~)~~* tends towards 
burnout. Latent heat transport and convection together account for the total flux in saturated boiling. 

The basic parameters entering into the formulation of (g/A) LH, that is, the product of bubble fre- 
quency and bubble volume at departure--f Yd, and the bubble source concentration-N, are further 
investigated. 

It is shown that most published findings on the parameter f vd are inapplicable to heat-transfer 
correlations due to the incorrect definition of means. Experimental results show that (i) the (arith- 
metic) mean product fx increases with flux, and (ii) at a particular flux the product f Vd is approxi- 
mately the same for each bubble source. 

The data for N on water and on organics boiling at various pressures indicate that the relation 

(q/A) = constant. N* 

where n N @5 appears to hold only in the region of isolated bubbles. 
A hypothesis is evolved and confirmed experimentally according to which the curve of N vs 

ATsat takes the form of a cumulative frequency distribution. 
Analysis and confirmatory experiments show that nucleation and nucleate boiling cannot be made 

to proceed indefinitely at lower and lower pressures; for a particular surface-liquid combination a 
pressure exists which marks the threshold of a hitherto unrecognized regime of unstable nucIeate 

boiling. At lower pressures the nucleate regime is altogether absent. 

NOMEN~ATU~ n, constant ; 

a, constant ; n, number of bubble sources on 
A, heat-transfer area [fts] ; heat-transfer surface; 
b, constant; N = n/A, bubble source concentration [ft-21; 
G c, constants; Jlr, nucleation site concentration 
.Dd, equivalent spherical bubble dia- [ft-21; 

meter at departure [ft]; Nu, Nusselt number; 

$3 
bubble frequency [s-l or h-r]; Pz, liquid pressure [atm]; 
bubble frequency of individual Pr, Prandtl number; 
source [s-l or h-l]; 

_A 
Qb, enthalpy of formation of bubble 

mean (arithmetic, unless other- [Btul; 
wise stated) offi ; 

fVd, 
(q/A), (q/A)Tot, total heat flux [Btu/h ft2]; 

arithmetic mean of productsfg Vdi ; (q/A)zH, latent heat transport, defined by 
g? gravitation acceleration [ft/he]; 

mass velocity of vapour in depart- 
equation (2) [Btu/h fte]; 

Gd, 
ing bubbles [lb&h fte]; 

k/A)Nc, natural convection flux [Btujh f@J; 
r, nucleation cavity mouth radius 

M, constant; PI ; 
- t Professor of Fluid Mechanics. rmax, mouth radius of largest potentially 

1 South African Atomic Energy Board Bursar. active cavity [ft]; 
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r* max’ 

Cill~ 

Re, 

T sat, 

T 
&at, 
vb, 

Vd/d, 

vdd, 

vd, 

mouth radius of largest active 
cavity [ft]; 
mouth radius of smallest active 
cavity [ft] ; 
Reynolds number; 
saturation temperature of liquid 
[“RI; 
heater wall temperature [“R 1; 
(Tw - Tsat) P@l; 
bubble volume [fts]; 
bubble volume at departure [ft3]; 
bubble volume at departure for a 
particular source [ft3] ; 
mean (arithmetic, unless other- 
wise stated) of vd2 ; 
specific volume of vapour [ft3/lbm]; 

Greek symbols 
6, limiting thermal boundary layer 

thickness [ft]; 
A V? latent heat of vaporization 

[Btu/lbml; 
PUT PL? vapour and liquid density 

[lbm/ft31; 
m> surface tension [lbr/ft]. 

1. INTRODUCTION 

1 .I De$nition of latent heat transport 
This paper deals primarily with the transport 

of energy away from a heating surface associated 
with the formation of bubbles thereon during 
saturated nucleate pool boiling. 

It has been shown [l, 21 that the energy Qb 

required to form a bubble of volume vb and of 
radius larger than about 1O-7 ft, is given, to a 
good approximation, by 

Qb = vb pu &J 0) 

with properties evaluated at the saturated state 
corresnonding to the liquid pressure. 

Since the diameter of bubbles at the instant of 
departure from a heated surface exceeds 1O-7 ft 
by several orders of magnitude, the energy 
carried away from such a surface by bubbles 
may be formulated as 

(q/&H = PU & $ ft vd/di/A 
f=l 

(2) 

Evidently equation (I) only represents the 
latent heat of formation of a bubble, other 

terms being negligible. Thus the flux contribu- 
tion given by equation (2) is termed latent heat 
transport. 

Inasmuch as our ultimate aim is the correla- 
tion of nucleate boiling heat fluxes, the choice of 
V’d, the bubble volume at the instant of departure 
from the heating surface, is the only logical one. 
It has been shown by Jakob [3], and is verified 
in the present study (at least for the case of low- 
flux boiling), that bubbles in saturated boiling 
continue to grow after departure until they 
reach the free liquid surface. The heat required 
for this growth must originally have left the 
heating surface by some convection mechanism, 
and must be correlated on that basis. 

It is further accepted that the bulk of the heat 
required for attached bubble growth must also 
be transferred from the heating surface, via the 
liquid sub-layer, by some conduction/convection 
process. Evidently the ebullition mechanism is 
invoked and becomes rate controlling, when the 
normal convection processes tend to “saturation” 
and are no longer able to cope with the rate of 
heat supply. The exact distribution of heat flow 
between these two possible paths, that is con- 
vection and ebullition, clearly will be flux- 
dependent. It therefore appears preferable to 
correlate the flux contribution of the heat of 
formation of attached bubbles separately and in 
terms of equation (2). 

To sum up therefore : The latent heat transport 
defined by equation (2) accounts for the heat 
that leaves the surface by conduction and con- 
vection to form bubbles up to the point of their 
departure; the difference between the total flux 
and the latent heat transport represents the heat 
that leaves the surface by convection, thereafter 
to manifest itself partly in the further growth of 
rising bubbles and partly in evaporation without 
ebullition at the free liquid surface. 

1.2 Previous work on latent heat transport 
It has until recently been generally held that in 

nucleate boiling, whether sub-cooled or 
saturated, latent heat transport as defined above 
contributes insignificantly to the total heat 
flux. This notion appears to have been based on 
the sub-cooled boiling studies of Gunther and 
Kreith [4] and Rohsenow and Clark [l 1. 

As a result the high heat-transfer rates typical 
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of nucleate boiling have, in the main, been 
attributed to bubble-induced agitation near the 
heating surface. This has lead to correlation 
equations of the general form: 

NU = const. Rem. Pm (3) 

where the dimensionless parameters are evalu- 
ated in terms of bubble characteristics. The 
better known of these have recently been re- 
viewed by Zuber and Fried 1.51. 

At a particular pressure and for a given 
surface-liquid combination these reduceapproxi- 
mately to: 

(q/A) = const. (M’s@ (4) 

Clearly since the nucleation characteristics of the 
heating surface are ignored, such equations 
cannot adequately correlate nucleate boiling 
data. Attempts to ac~ommodaie nucleation 
effects by the inclusion of active site concentra- 
tion terms have lead to equations of the form 
16-91: 

(q/A) = const. Nb (ATsat)C (5) 

Inasmuch as these relations do not take account 
of latent heat transport, N represents the number 
of liquid flow-inducing sources. 

Recent indirect evidence [IO-123, however, 
suggests that Iatent heat transport cannot be 
ignored in saturated boiling. Irrespective of the 
heat-transfer mechanism operating in nucleate 
boiling, a study of the parameters entering into 
equation (2), as well as their inter-relation, 
would appear to be necessary. 

In our reports of 1960 113, 141 attempts at the 
photographic determination of N, f and Vd and 
at the evaluation of latent heat transport in 
saturated boihng were reported. It was shown 
that for water and ethyl alcohol boiling at 
atmospheric pressure latent heat transport 
increases steadily with increasing flux, until in the 
vicinity of the peak flux it alone accounts for the 
total flux. At no stage was its contribution 
negligible. Due to shortcomings of the photo- 
graphic technique the bubble volume at departure 
could not be accurately determined. Also, 
bubble frequencies could only be measured at 
relatively low fluxes, high-flux values being 
obtained by extrapolation using an empirical 
equation fitted to the low-flux data. Thus there 

was some doubt as to the accuracy of the latent 
heat transport determination. The main con- 
clusions reached are, however, still considered 
valid. 

1.3 Purpose and outline of this study 
Summarizing then: One is faced with a 

situation in which every better known heat- 
transfer correlation for saturated nucleate 
boiling is based on the experimentally unverified 
assumption that the contribution to the total 
&IX by latent heat transport is negligible. Recent 
work indicates that this concept is almost cer- 
tainly incorrect. 

In this paper determinations of latent heat 
transport in saturated boiling of water at 
atmospheric pressure are reported. Further 
investigations into the basic parameters entering 
into the latent heat transport equation, that is 
equation (2), are presented. 

In Section 2 experimental work on latent heat 
transport is described. Section 3 deals with 
bubble frequencies and bubble volumes at 
departure and their inter-relation. Section 4 
provides data on the concentration of bubble 
producing sites and is a study of nucieation. 

2. ~~~~I~N TO THE TOTAL FLUX BY 
LATRNT HEAT TRANSPORT 

2.1 Apparatus and measuring technique 
The apparatus used permitted determination 

of the heat flux and temperature difference 
between the heating surface and the liquid bulk; 
a means of measuring N, _j- and Vd was also 
provided. 

bodying vessel (Fig. I). This contained a hori- 
zontal, electrically heated nickel wire, O-02 in 
dia., which acted both as a heating element 
and as a resistance thermometer. (A wire 
rather than a flat plate was used because of 
the greater ease in interpreting the resultant 
photographs. Also edge effects were thereby 
avoided.) An auxiliary heater maintained 
the liquid bulk at the saturation tempera- 
ture corresponding to ambient atmospheric 
pressure (N 12 psia). A mercury-in-glass ther- 
mometer measured the liquid bulk temperature. 
The test wire was placed in an inner tank. This 
has been shown to be necessary if stagnant pool 
conditions are to be maintained in the test 
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liquid [15]; its omission results in variation of 
the heat transfer from the wire with the power 
level of the auxiliary heater. 

The whole system was completely sealed off 
from the atmosphere thus ensuring utmost 
cleanliness during testing. 

Electrical system (Fig. 2). The wire resistance 
was measured by means of a Kelvin double 
bridge, whereas the heating current was deter- 
mined from the volt-drop across a standard 
resistance in series with the heating wire. 

Photographic technique. This consisted of 
taking a fixed number of successive photo- 
graphs of the test section and bubble field. A 
variable-speed drum camera, provided with a 

-LEGEND- 
1 TO CONDENSING SYSTEM 

commutator for triggering a flashing light 
source, was used. Timing marks were provided 

Z OUTER TANK 
3 MIDDLE TANK by a neon-lamp. The control circuit used is 
‘ CONVECTION TANK 
S MOUNTING POSTS 
6 AIR SPACE 
7 TEST WIRE 
S AUXIUARV HEATER 
Q GLASS INSULATING SLEEVES 

FIG. 1. Boiling vessel. 

shown diagrammatically in Fig. 3. With this 
system 16 successive frames could be obtained, a 

WEOY 

STANDARD 

DRAWN FOR INSTANT PRIOR TO TRIGGERING 

FIG. 3. Photography control circuit. 

taking speed of about 85 frames/s being generally 
used. This allowed at least one cycle of the low 
frequency bubbles to appear on each loop. 
Specimen photographs are shown in Fig. 4. 

2.2 Test procedure 
After thorough cleaning the boiling tank was 

filled with the test liquid-de-ionized water. 
De-aeration of the liquid and the heating surface 
was effected by high-flux boiling for approxi- 
mately 6 h. 

22OV 6” 
O.C. d c SUPPLY 

FIG. 2. Heating and measuring circuit diagram. 

The test proper was then commenced. 
Measurement of the wire resistance and the 
potential drop over the standard resistor were 



FIG. 4(a). Specimen ~b~to~apb. Film loop 3 FXG. yb). Specimen photo~pb. Film loop 0 
(q/A) = 38.6 x lo5 &u/h ft2. (q/A) = 157 x IOs &u/h fta. 

ELM. [faring & lO54J 
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taken. A loop of film was exposed in the manner 
described above. This procedure was repeated 
at progressively lower fluxes, some four to five 
minutes being allowed for conditions to settle 
after each change in heating current. Deter- 
mination of the boiling curve with flux pro- 
gressively decreasing has been shown by several 
workers to give the most reproducible results. 
Measurements were extended into the region of 
natural convection. 

2.3 Computations, errors and interpretation of 
photographs 

Heat fluxes and temperature differences (wire 
surface to liquid bulk) were calculated from 
electrical and thermometric measurements. Kok 
[ 151 using this apparatus, estimated the maximum 
error in heat flux determinations as 5 1 per cent 
and the error in the temperature difference as 
45 per cent under worst conditions. 

The negatives of the film loops obtained were 
examined under magnification by projecting 
them onto a screen. Bubble sources, frequencies 
and volumes at departure were determined. 

At low fluxes the number of bubble sources 
could be counted with ease [see Fig. 4(a)]. At 
higher fluxes adjacent growing bubbles coalesced 
to form larger vapour globules [see Fig. 4(b)].? 

The photographs of SCmCria [16, 171 and 
Gaertner [ 1 l] clearly show large vapour globules 
attached to the heating surface by several 
stems, Such large globules ate made up of 
vapour emanating from several nucleation sites. 
Bubble volume at departure can only be defined 
as the volume of a vapour globule leaving the 
surface, irrespective of whether the globule 
arises from one or more nucleation sites. Thus 
to maintain the meaning of equation (2), N, the 
number of bubble sources per unit area, must be 
defined as the number of regions per unit 
area from which vapour globules emanate, 
irrespective of whether such regions contain one 
or more nucleation sites. At low flux in the 
region of isolated bubbles the bubble source 
concentration equals the nucleation site con- 

-t Evidently the flux at which discrete bubbles or 
globules occur is much higher with thin wires than with 
flat plates [ll, 18, 191. Continuous vapour columns or 
jets were not observed even at the highest heat flux 
investigated, 157 OCQ Btu/h ft2. 

centration; after bubble coalescence this relation 
ceases to hold. The error in determining N is 
roughly the same as that in the measurement 
of the heating surface area, that is * 1 per cent. 

Preliminary tests conducted at various camera 
speeds showed that, with the optimum speed of 
approximately 85 frames/s used, the maximum 
error in determining the bubble frequency is 
about 52 per cent. 

Because of the relatively low camera speed it 
was rarely possible to obtain a photograph of a 
bubble at the instant of departure. Jakob [3], 
however, has found that at about the time of 
departure a bubble grows relatively slowly. 
Figure 5 shows three bubble-volume vs time 

lOma intwwl* 

FIG. 5. Bubble growth curves. 

curves determined with the apparatus described 
above. For all three types of bubble considered 
the growth curves flatten out in the vicinity of 
departure. The instant of departure was caught 
only for the large isolated bubble. Thus the first 
picture showing a bubble detached can be satis- 
factorily used for the determination of bubble 
volume at departure, whenever departure is not 
photographed; this procedure was adopted 
throughout. 

Bubble volumes were calculated on the 
assumption that bubbles are spheroids. At low 
flux this assumption holds well; at high flux its 
validity is dubious. For this and other reasons 
measurements were not extended to very high 
fluxes. 
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When bubble dimensions were measured under 
magnification some error was introduced due to 
blurring of the outlines. The resulting error in 
bubble volume is estimated at &20 per cent for 
the smallest bubbles observed and less than 
15 per cent for the largest. Taking bubble size 
distribution into account, this leads to an error 
in latent heat transport of f8 per cent at both 
the highest and the lowest heat fluxes measured. 

The overall error in the determination of latent 
heat transport may thus be taken as 112 per 
cent. 

The boiling curve, log (q/A) vs AT,,t, and 
the latent heat transport, as calculated from 
equation (2), are plotted in Fig. 6. The natural 
convection data are correlated and extrapolated 
by an equation of the form (q/A)Nc = CAT$ 

-i 

I 

,ol~ 5 IO 15 20 2s 30 35 
J 

*riot, ‘J*s F 

FIG. 6. Boiling curve for water also showing latent 
heat transport and extrapolated natural convection 

curve. 

FIG. 7. Latent heat transport and convection as per- 
centages of total heat flux. 

[13, 141. The percentage contribution of latent 
heat transport to the total flux is plotted against 
(q/A)T,t in Fig. 7. Clearly this contribution is 
nowhere insigni~cant. 

The moor-bounds on Fig. 7 are based on 
values of 112 per cent in latent heat transport 
and &l per cent in total flux. Evidently the 
latent heat transport contribution increases 
smoothly with flux; at the peak flux (not deter- 
mined in this study but generally in the vicinity 
of 4 to 6 x 10s Btu/h fte) it alone might represent 
the total flux. It is also noteworthy that the 
relation 

(q/&H = const. (q/dTd @I 

stated or implied in several studies does not 
hold. 

It was stated earlier that latent heat transport 
and convection (natural and bubble-induced) 
are the predominant mechanisms operative 
during saturated boiling. Other possible 
mechanisms, e.g. mass transfer through bubbles, 
were considered negligible, The following sub- 
stantiates this view: Hsu and Graham [20] have 
shown that, with respect to thermal boundary 
layer disturbance, the area of influence of one 
bubble source is small and corresponds to about 
two bubble diameters. It seems reasonable to 
assume therefore that in the region of very low 
bubble-source concentration the convective 
mechanism from a heating surface may be 
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approximated by one of undisturbed natural 
convection. Thus for the first two determinations 
at low flux the percentage convection contribu- 
tion (obtained from extrapolated natural con- 
vection data) is plotted in Fig. 7. The sum of the 
percentage latent heat contribution and the 
percentage convection contribution is very 
nearly 100 per cent within the estimated error 
bounds. It is felt that the small discrepancy 
shown is due to the neglect of bubble-induced 
flow. 

3. RELATION BETWEEN BUBBLE FREQUENCY 
AND BUBBLE VOLUME AT DEPARTURE 

3.1 Review qf previous work 
The product of bubble frequency, f, and 

bubble diameter? (or bubble volume) at depar- 
ture, &, enters into many analyses of nucleate 
boiling and also into the expression for latent 
heat transport, equation (2). As such the inter- 
relation between frequency and diameter at 
departure has been the subject of several 
investigations, both analytical and experimental. 
A brief survey of these is given here. 

Jakob and Linke [21] and Fritz and Ende 
[22] presented the first experimental studies of 
bubble detachment. In the limited flux range 
investigated mean frequencies and bubble dia- 
meters at departure were found to be independent 
of flux. Thus the product of mean diameter, &, 
and mean frequency, f; was a constant, that is, 
at a particular pressure 

& . f = const. (7) 

More recently Perkins and Westwater [23] 
presented a similar study for the medium and 
high flux boiling of methanol. They found that 
for fluxes up to 80 per cent of the peak flux 
the mean frequencies and mean departure dia- 
meters remained constant; hence their product 
was also a constant. 

The same result was obtained by Yamagata 
et al. [18] for the boiling of water in the region 
of isolated bubbles. After the onset of coales- 
cence the data showed a larger scatter. 

In the region of the peak heat flux an analysis 
___- - 

t For non-spherical bubbles defined as equivalent 
spherical diameter. 

by Deissler [24] suggests the relation between 
mean departure diameter and frequency as 

b,O+ f = const. (8) 

Cole [25] was able to obtain some experimental 
substantiation of Deissler’s analysis. 

A recent analysis by McFadden and Grass- 
mann [26] also leads to equation (8) and is sup 
ported by limited data on the boiling of liquid 
nitrogen. 

Zuber [27] has proposed an equation yielding 
the product of mean bubble frequency and 
mean departure diameter in terms of physical 
properties of liquid and vapour. 

&p = 0.59 [Ug(pL - /%)/p;]“‘25 (9) 

At constant pressure this relation reduces to 
Jakob’s equation (7). 

The following section considers the significance 
of these results. 

3.2 DeJinition qf mean bubble frequency and mean 
bubble volume (or diameter) at departure 

The purpose of studying bubble frequencies 
and volumes at departure, as well as their 
product, is the obtention of the mass velocity of 
bubbles leaving the heating surface. 

Consider a heating surface of area A having 
n bubble producing sites of individual fre- 
quencies fi and individual bubble volumes at 
departure v&, where i = 1,2, . . . , n. Thefunda- 
mental definition of the mass velocity of depart- 
ing bubbles, Gd, is 

Gd = f, (.fi vdi) PVIA (10) 
2-l 

Gd can also be expressed in terms of mean fre- 
quencies and volumes such that 

Gd = (n/A).{. pd pv = i; (_fi vdi) dA (11) 
i=l 

The left-hand side of equation (11) is the generally 
used, though not fundamental, definition of the 
mass velocity of departing bubbles. 

It is the general practice to substitute into the 
left-hand side of equation (11) the arithmetic 
means of bubble frequencies and departure 
volumes in an attempt to obtain Gd. This pro- 
cedure is clearly invalid [28]. 
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Evidently equation (11) permits any definition 
of one of the parameters for Vdd; the definition 
of the other is then fixed. Thus, for example, if 
we define mean bubble volume at departure 
as the arithmetic mean of bubble volumes over 
all sources, that is, 

does suggest the possibility of an interrelation 
of the type 

(12a) 

fi Vd, = const. (15) 

where i=l,2,..., n, and n is the number of 
bubble sources. Some statistical scatter is to 
be expected. 

then the necessary definition of mean frequency 
follows from equation (11) as 

Dealing now with the variation of the mean 

product fTd with flux (or temperature dif- 
ference) the definition of latent heat transport 
is recalled 

+fi l&)/k Vcz/di (12b) 
i=l 

For purposes of obtaining the mass velocity 
it is unnecessary to separate the product J’vd 

intofand rd. We therefore define the mean of the 
product of frequency and departure volume as 

- 
(q/A)Ln = Nf vd Au pv 

- n 
f vd = c (fi vdi)/n (13) 

2=1 

and Gd as, 

Gd = (n/A)fd pv = il; (fi vdi) pv/A 
2=1 

(14) 

N and fTd are the only terms that vary with 
flux. If (q/A)LH and N are plotted against 

(q/&w an idea of the variation Of fTd can be 
obtained from the slopes. In Fig. 8 the data of 
the present study are represented in this fashion. 
The N vs (q/A)mt curve will be discussed 

in Section 4. It iS immediately clear that fTd 
cannot be independent of flux since the slopes 

of these curves are not equal; also that fl/d 
should increase slowly at first and more rapidly 

Equation (13) is consistent with the two expres- 
sions for Gd in equation (14). 

3.3 Expected behaviour of-6 Vdi and f?d 
For a constant flux from a heating surface, it is 

possible to produce various arguments which 
suggest that at any particular surface tempera- 
ture the product fi Vdt should be the same for all 
sources. Consider, for example, the following: 
A bubble in growing extracts heat from the 
thermal boundary layer and in departing leaves 
behind an area of destroyed boundary layer 
[20, 291. Bubbles of large departure volumes 
will cause large areas of destruction. Now bubble 
frequency is determined by the waiting period 
(the time required for the recovery of the 
boundary layer) and by the bubble growth 
period. The waiting period and the growth 
period are generally of comparable magnitude. 
A large area of destruction will have a long 
waiting period and a large departure volume 
will require a long growth period. Thus a large 
departure volume is associated with a low fre- 
quency and vice-versa. This description is over- 
simplified-see for example [20]; however it 

105 

I I 
f c P w*/ 

103' 
II I I ,,,,,, I II 

10b lo6 loa 

(WA+t, Btu/hft* 

FIG. 8. Latent heat transport and bubble source con- 
centration versus total heat flux, showing difference 

in slopes. 

(16) 

p’ 
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0 1 2 

v, x 10" , ft3 

(a) 

q = 2340x 10’ 

--- + 1.96 Std. devia 

$ x 1oq tt’ 
(b) 

as the flux (or the temperature difference) 
increases. 

3.4. Experimental results and discussion 
The product ft Vdi. For purposes of testing the 

hypothesis that at a particular flux fi Vdt = 
const. it is convenient to write this relation as 

Vdi = const. (l/fi) (17) 

“0 

./ // ,‘Seenote 1 

--IT = 6.39 X lo6ft3s-’ 
d 

-- - ? 1.96 std. deviation 

0 0.2 04 0.6 0.6 

G xloa , ft3 

Cc) 

FIG. 9. Relationship between bubble frequency and 
volume at departure. Note: In (c) two bubbles of 
large volume and unmeasured frequency are not 
shown. For latent heat transport purposes their 
contribution was included by estimating their 

frequency from fd. 

Thus when plotting Vdi against (l/h) a straight 
line through the origin is obtained if the hypo- 
thesis holds. In Fig. 9 three sets of data, two at 
high flux and one at low flux, are shown. The 
full line on each represents the arithmetic mean 
of the products fi Vdi, that is fVd, at that flux. 

Similar plots were obtained for all six film 
loops exposed, with the data of loop 5 (at the 
lowest flux) showing a much higher scatter. 
Thus the proposed relation, equation (15) or 
(17) holds within certain scatter limits. 

It is of interest to determine the correlation 
coefficient for Vdi and (l/fi) for the six tests. 
A correlation coefficient, r, may be computed 
for any two-dimensional set of observations, 
but unless the underlying population is two- 
dimensionally normally distributed the inter- 
pretation of r is uncertain. Thus only if both 
Vdt and (l/h) are normally distributed for 
a set of observations can the correlation 
coefficient be regarded as a measure of their 
interrelation, with Ir/ = 1 indicating linear 
dependence [30]. 
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For the observations here reported the 
distributions of Vdi and (l/.fi) were generally 
not normal. However, the departure from 
normality was not large, especially for the data 
at higher fluxes. As an example, Fig. 10 shows the 

tioned. In addition, because of the limited 
number of frames in each loop, it was necessary 
to assume that at any flux successive bubble 
periods and departure volumes from a par- 
ticular source were equal. Hsu and Graham 
[ZO], when studying the ebullition cycle from 
a single source during steady boiling, found 
large variations in both waiting and growth 
periods. The variation of their sum, the bubble 
period (-l/,fi) was less but still significant. 
Unfortunately the film loops of the tests reported 
here were not sufficiently long to allow a 
reasonable determination of fi and Vclr values 
where each is an average over a period of 
time from a particuIar source. This is probably 
responsible for most of the observed scatter. 

i 

,6 

$x106, ft3 

FIG. 10. Histogram of departure volumes (film loop I> 
with superimposed normal distribution. 

histogram of V&i for film loop 1 compared 
with the normal distribution of mean and 
variance equal to that of the histogram. Thus 
some significance may be attached to the 
correlation coefficients for the tests here reported. 

The coefficients obtained ranged from O-83 
to O-92 for film loops 0 to 4, with loop 5 at the 
lowest flux yielding 0.67. This represents 
significant support for the hypothesis that at 
a particular flux (which is not too low) the 
volumetric vapour flow rate is the same from 
each source. 

Consider the scatter in the values of the pro- 
duct ,fi Vat at a particular Aux. At low fluxes 
where bubble formation frequently occurs in 
bursts this scatter is to be expected. Di~~ulties 
in measuring bubble volumes, especially after 
the onset of coalescence, have also been men- 

The product fya. The variation of the product 
fVd with both flux and AT,,t is shown in Fig. 11. 

/ illlll 

i$/A)Tot , Btufh it2 

(0) 

*2M ’ ’ ’ ’ ’ 1 ’ 
30 35 

J4ot I dag F 

(b) 

FIG. 11. Variation of mean product of bubble fre- 
quency and departure volume with (a) heat flux and 

(b) wall superheat. 
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As anticipated from Fig. 8 this product is not 
constant. The “knee” in Fig. 11(b) is associated 
with the onset of coalescence. 

4. NUCLEATION SITES AND BUBBLE SOURCES 

4.1 Preliminary consideration and predictions 
effect of temperature d@erence. Nucleation 

proceeds from surface cavities of certain 
geometry [31, 32, 33, 341. The mean mouth size 
of these cavities will in general be distributed 
in some way-for argument’s sake as in Fig. 12. 

Cavity mouth radius. I 

FIG. 12. hypothetical size-distribution of nucleation 
cavities. 

Under given conditions a particular size range 
of these cavities will be active. The size of the 
largest active cavity, rLax, may be boundary- 
layer controlled; the size of the smallest active 
cavity, r&,, is thermodynamically controlled. 

For the time being consideration is limited to 
“smooth” surfaces, that is, to conditions such 
that the largest cavity present on the surface 
(of mouth radius rmax) is always active that is, 

r* max = rmgjx = const. (18a) 
This is equivalent to saying that the limiting 
thermal boundary-layer thicknesses, 6, which 
is flux and pressure dependent, must at all 
stages be great enough to contain the vapour 
nucleus from the largest cavity, that is, 

S >.rrnax (13 

Nucleation may be then characterized to a 
reasonable approximation [l 1, 571 by 

r,& = 2crTLt t+JL AT,, (19) 

Now it is recalled that in the study of Griffith 
and Wallis [33] it was shown that an equation vir- 
tually identical to equation (19) did not hold for 
artificial cavities punched into a surface from 
which boiling took place. It appears, however, 
that with the relatively large cavity size em- 
ployed (r = 2.7 x 10-s in) the situation arose 
where r > S. Thus the punched cavities were 
not active at all and smaller natural cavities 
led to superheats higher than those predicted. 
In a constant temperature field [33] and under 
conditions where the limitation of equation (18) 
was satisfied [35] equation (19) did hold. 

At constant pressure and with physical 
properties evaluated at the saturation tempera- 
ture equation (19) reduces to 

r& = const./Air,,t (20) 

Thus the rate of change of the active cavity 
(nucleation site) concentration with ATSat--- 
dJtr/d(AT,,t jmay be drawn against AT,,t as 
in Fig. 13(a), that is, approximateIy as the lateral 
inversion of the cavity size distribution of Fig. 
12. 

Consider now a liquid at saturation tempera- 
ture and events accompanying a gradual 
raising of the wall superheat, ATsat. At a tem- 
perature difference (A~~~t)mi~ the first cavity of 
radius rmax is activated. As ATsat is raised, 
smaller cavities become active and the nuclea- 
tion site concentration, X, on the surface in- 
creases. Figure 13(b) shows the variation of JV 
with ATsat, that is, the cumulative distribution 
corresponding to that of Fig. 13(a). At some 
point, say A, bubble coalescence on the surface 
will commence. It now becomes necessary to 
distinguish between the nucleation site con- 
centration Jf’ and the bubble source concentra- 
tion, N, In the interval A(AT&, AJV cavities are 
activated. If bubbles growing from these were 
all to coalesce with already existing bubbles 
then the N versus AT,,t curve would branch out 
horizontaIly to point B in Fig. 13(b). This is an 
extreme case. In actual fact onfy a fraction, 
say X, of AX will be lost as bubble sources. At 
the onset of coalescence x is expected to be 
small ; thus the N vs AT,,t curve moves to 
point A’. x will be higher in each interval of 
progressively greater AT,,t. Thus the N vs 
ATsat curve will take the shape shown in Fig. 
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(0) 

Rote of change 

(b) 

FIG. 13. ~~othet~ca~ bubble population: (a) Rate 
of change of nucleation site (_&3 and bubble source 
(N) concentrations with wall superheat (ATSat) 

(b) _4f and N vs ATBat. 

13(b). This curve represents the integration of 
the distribution d~id(AT~~~) versus ATsst shown 
in Fig. 13(a). 

~unsideration was originally limited to sys- 
tems where ri,, is independent of flux and 

d&at. This imposed the condition that the 
relation 8 2 rU,ax must hold at all stages. 
Depending on the micro-roughness of a surface 
this condition may or may not be satisfied. If it 
is not then Y:,, is boundary-layer controlled. 
The limiting boundary-layer thickness is ex- 
pected to decrease with increasing flux and 
hTsst 1161. Thus with sufficiently rough surfaces 
r iaX will decrease with increasing AT,,t. This 
would cause a lowering of the N versus AT,,t 
curve. In the coalescence regime the decrease in 
N due to this effect might well be compensated 
by a correspondjng reduction in coalescence. 
unfortunately no quantitative information on 
S and its variation with flux, in the vicinity of a 
bubble source, is available. 

Whatever the surface, the experimentally 
obtainable N versus AT,,t curve is expected to 
assume the shape of some cumulative frequency 
distribution. This might not be readily recog- 
nizable, especially if available data cover a 
limited range only. Differentiation and plotting 
of the dN/d(AT& versus AT,,t distribution 
should yield more information. 

In Section 4.2 experimental data will be 
examined in the iight of these predictions. 

The t$ecr ofpressure. SemCria [16] has pointed 
out that the effect of pressure on equation (19) is 
such as to permit the use of 

rzi, = const.lAT& . PL C2l> 

for water in the pressure range i to 50 atm. 
This relation is also applicable, to a rougher 
approximation, to several other substances if 
PL is substantially below their critical pressure 
(see Fig. 14). 

Thus if the pressure is reduced on a boiling 
system r;in increases. During operation at some 
low pressure the situation will arise where 
r;,i, = rkax, that is, where the size range of 
active cavities is zero. Nucleation, and hence 
nucleate boiling, must then be expected to 
cease, or otherwise to proceed by some mech- 
anism other than the normal. It is seen from 
equation (21) that this critical situation may be 
reached (at some low pressure) in the middle 
of a boiling curve as ATsat is progressively 
lowered. At some even lower pressure the 
AT6~t required for normal nucleation is greater 
than that associated with the peak flux; below 
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ethanol and benzene [35] are also given. These 
data were obtained by visual counting with an 
apparatus very similar to the one described 
earlier, but allowing pressure variations. The 
heating wire diameter was 0.0076 in. 

In the low and intermediate flux range the 

// 
relationship 

(q/A)Tot = const. No.5 (22) 

proposed by several workers evidently holds. 
At higher fluxes however, N increases more 
slowly with flux, with the index reaching 2.6 for 
for the water data. The visual data on organics 
could not be extended to sufficiently high 
fluxes. The “knees” of the curves correspond 
to the onset of coalescence. 

Efict of pressure. The predictions of Section 
4.1 suggest the necessity of conducting boiling 
runs [(q/A) decreasing] at various low pressures 
with a particular surface-liquid combination. 
Such tests were performed [35] at saturation 
temperature, great care being taken to avoid the 
well-known “hysteresis” effect and to maintain 

P, 1 atm 

FIG. 14. Variation of k,p,,/~77~&t with pressure [see 
equations (19) and (21)]. 

this pressure the normal nucleate regime is 
altogether absent. 

In Section 4.2 experimental work aimed at the 
verification of these predictions is reported. 

4.2 Experimental work and discussion lli------T5 
E#ect of temperature diference and jlux. 

In Fig. 15 the data of the present study are 
handled in the manner suggested in Section 4.1. 
These results appear to support the proposed 
hypothesis surprisingly well. The fact that the 
distributions N vs A7’,,t and dN/d(A7’& 
vs AT,,t roughly approximate to normal is 
of no particular significance and arises from 
the micro-structure of the heating surface 
employed. In fact, other data [15] which were 
analysed in this fashion showed these trends 
less clearly. However, the approach appears 
to be potentially valuable. Before significant 
advances can be made along these lines more 
quantitative information on coalescence must be 
obtained. StmCria [16, 171 has recognized this 
necessity. 

Bubble sources andflux. It is more common to 
present data on bubble source concentration as 
log (q/A) vs log N plots. In Fig. 16 data of 
the present study are plotted in this manner. 
In addition. data on low nressure boiling of I 

0 1 1 I 1 I I , I I , 

16 20 21 26 32 36 

ATsot , deg F 

FIG. 15. Observed variation of bubble source . 
centratlon and Its rate of change with wall superheat. 
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& FIG. 16. Variation of bubble source concentration 

IA with heat flux. 

reproducibility. Results obtained for ethanol 
are presented in Fig. 17. 

During run E.l (1.0 atm) and run E.2 (0.677 
atm) the well-known boiling curves were 
traced. This also applies to run E.3 (0.396 atm) 
in the high flux range. 

At low flux, run E.3 exhibits a highly unusual 
change in direction. This behaviour appears to 
be associated with the cessation of operation of 
the normal mechanism of nucleation. Inspection 
of Fig. 16 in which the N vs (q/A) data for 
this run are reported shows that no dramatic 
change in the bubble source concentration 
occurred at this point. However, nucleation 
seemed to become unstable; bubbles no longer 
emanated from fixed sources in column-forma- 
tion, but appeared to be formed at points 
shifting on the surface. This effect was par- 
ticularly noticeable in run E.4 (0.294 atm) where 
bubble-producing sources jumped around on 

c 

- film boiling 

film boiling 

A E2 
0 E3 
f E& 

E5 
g Eb 

1 

0.677 .’ 

0,396 ” I 

0,294 " 
0.166 ” 
1.00 ” 

lo:0 
I I I I I I 1 I 111111111111 

20 30 00 50 60 70 60 90 100 110 

ATsat 1 
deg F 

FIG. 17. Boiling curves for ethanol showing unstable nucleate boiling and absence of the nucleate regime 
at low pressure. 
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the surface in a rapid and apparently random whether they did or did not provide the nuclea- 
manner. A curve of the shape of run E.3 has tion sites previously absent. 
been obtained by van Stralen 1361 for the It is felt that low pressure work of the type 
boiling of a solution of whey in water at 0.132 described above is potentially an extremely 

powerful tool in the general study of nucleation. atm pressure. Boiling as in- run E.4 does not 
appear to have been hitherto reported. 

The phenomena of runs E.3 and E.4 cannot 
be attributed to “hysteresis effects” or “tem- 
perature overshoot” since: (i) runs were per- 
formed at decreasing fh~x, (ii) the test procedure 
in obtaining runs E.3 and E.4 was identical to 
that adopted for the stable runs E.l and E.2, 
and (iii) the behaviour did not die away with 
time; in fact on one occasion during operation 
in the unstable region the flux was maintained 
at the same setting for over an hour, but the 
bubble pattern remained irregular; in the same 
run at higher flux no irregularity was observed. 

Run ES (0.136 atm) illustrates the complete 
cessation of nucleation. At a Aux shghtly 
higher than that of the last point recorded the 
surface burst into film boiling. The nucleate 
regime was entirely absent. Van Stralen [37] and 
Lienhard and Schrock [38] have observed the 
same phenomenon. 

Run E.6 (1.0 atm) is a satisfactory check on 
reproducibility. 

Similar results to the above were obtained for 
benzene, bromobenzene, n-hexanol and both 
mixed and pure isomers of xylene. 

The predictions of Section 4.1 thus appear to 
be verified. At some low pressure the cessation of 
nucleation by the normal mechanism occurs. 
This can take place in the middle of a boiling 
curve. A hitherto unrecognized regime of un- 
stable nucleate boiling exists at low pressure. 
At even lower pressure the nucleate regime is 
altogether absent. 

For the case where the limitation of equation 
(18) is obeyed it appears possible to predict the 
onset of the unstable boiling region [57]. This 
will be fully dealt with elsewhere. 

The cessation-of-nucleation phenomenon has 
been known for many years in the guise of 
“‘bumping”. Generations of organic chemists 
performing “vacuum-distillations” in glass appa- 
ratus have added anything from chunks of coal 
to talcum powder [39] in an effort to prevent 
these minor explosions. Sometimes these devices 
were helpful, sometimes not, depending upon 

5. CONCLUSIONS 

(1) Latent heat transport and convection 
together account for the total flux in 
saturated nucleate boiling. 

12) Latent heat transport is at stages signifi- 
cant; it is probable that at burnout it alone 
represents the total flux. 

(3) The mean product of bubble frequency 
and departure volume, fTd, if correctly 
defined, increases throughout the flux 
range. 

(4) At fixed flux and pressure the product 
f Vg is the same for each bubble source 
within reasonable statistical scatter. 

(5) The relationship between heat flux (q/A) 
and number of bubble sources per unit 
area, N, 

(q/A) = const. W 

where n 2 05 holds only in the absence of 
coalescence. 

(6) It appears possibfe to determine the size 
distribution of potential nucleation cavities 
on a surface if the following are available: 

(a) The distribution of dN/d(AT& vs 
AT,,t together with data on coalescence, 
thus allowing the determination of the 
d.&“/d(AT,t) vs AT,,t distribution. 

(b) A criterion of nucleation in non- 
uniform fields. 

(7) The approximate equation 

‘iin = 2uTsat vvlb ATsat 

being a necessary but not sufficient 
criterion of nucleation under boiling con- 
ditions can, however, yield predictions on 
the size range of nucleation cavities. 
These have been verified by experiments 
and lead to the following general con- 
clusions : 

(a) The effect of lowering the pressure on a 
boiling system is such as to decrease 
the size range of active cavities. 
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(b) For a particular surface-liquid com- pool boiling on a horizontal surface. General Electric 

bination a particular low pressure CO. Research Laboratory Report 63-RL-3357C, 

exists below which the boiling curve Schenectady, N.Y. (1963). 

exhibits instability. 
12. S. G. BANKOFF, A note on latent heat transport in 

(c) This threshold k reached when the 
size range of cavities active in the 13. 

normal sense becomes zero. Beyond 
this threshold there exists a hitherto 
unrecognized regime of unstable nucle- 14. 
ate boiling. Zn this unstable regime 
nucleation and boiling proceed by 
mechanisms other than the normal. 
At even lower pressures the nucleate 15, 
regime is altogether absent. 

nucleate boiling, J. Amer. Inst. Ckem. Engrs 8, 63-65 
(1962). 
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germes dam un reservoir d’eau saturk est , 
expose. Celut-ct mdrque que le transport de chaleur iatente, (~/A)LH est lmport~t a toutes Ies &apes. 
Le rapport (~/A)~~~/(q/A)*~~ croft reguherement iorsque le flux de chaleur croit et semble tendre vers 
I’unite lorsque (q/A)T,t tend vers Ies conditions de caiefaction. Le transport de chaleur fatente et la 
convection rendent compte du flux total dam l’ebullition saturee. 

Les parametres de base entrant dans la formulation (q/A) LU, c’est-a-dire le produit de la Wquence des 
bulles et du volume initial des bullesf vd, et la concentration des sources de bulles N, sont Ctudies plus 
profondement. 

On montre que ia plupart des decouvertes publi&s sur le parametre f yd est inapplicable aux 
corrklations, ceci &ant dti a la definition incorrecte des moyennes. Les r&hats experimentaux 
montrent que (i) le produit moyen (ari#m~tique)~~ croft avec le Sux, et (ii) que pour un flux parti- 
culier Ie produit f Ye est approximativement le m&me pour chaque source de buhe. 

Les don&s pour N dans I’tbulhtion de i’eau et des liquides organiques 8 differentes pressions 
indiquent que ia relation 

(q/A) = Constante N” 

ou n 2: 0,5 semble s’appliquer seulement dans la region des bulles isol&es. 
Une hypothese est developpee et confirm&e experimentalement selon laquelle la courbe donnant Nen 

fonction de AT,,, prend la forme d’une distribution de frequence cumulee. 
L’analyse et des experiences de confirmation montrent que ta nucleation et l’~bullition par germes 

ne peuvent pas se produire ind~~niment B des pressions de plus en plus basses; pour une combinaison 
particuhtre surface-liquide il existe une pression qui marque le seuil d’un regime inconnu jusqu’& 
present d’tbullition instable par germes. A des pressions plus faibIes, fe regime par germes est entiere- 

ment absent. 

Zusannnenfassung-Es wird tiber experimenteile Arbeiten beim Blasensieden in freier Konvektion in 
Wasser vom Siittigungszustand berichtet. Dabei erweist sich der Transnort latenter Warme (a/~)~ y V‘, -,...a 
in allen Stufen aIs_bedeutsam. Das Verhlihnis (q/A)&(q/A)Tot nimmt mit wachsender W&mestrom- 
dichte dauemd zu und scheint dem Wert eins zuzustreben, wenn sich (q/A)~~t dem bum-out Pm&t 
nahert. Der Transport Iatenter W&me zusammen mit der Konvektion bedingt den gesamten W&me- 
Strom beim Sieden in der Ffiissigkeit von S~ttigungs~st~d. Die fur die Besti~u~ von (q/A)LH 
notwendigen Grundparameter niimlich das Produkt aus Blasenfrequenz und Blasenvolumen beim 
Abreissen f vd und die Anzahl der Blasenkeime N werden weiter untersucht. 

Es wird gezeigt, dass die meisten iiber den Parameter f vd veriiffentlichten Ergebnisse, wegen der 
ungenauen Definition der Mittelwerte, auf die W&metibergangsbeziehungen nicht anwendbar sind, 
Die Versuchsergebnisse zeigen, dass (i) das (arithmetische) mittlere Produkt f% mit der Stromdichte 
zunimmt und (ii) ab einer besonderen Stromdichte das Produkt f vd fur jede W&hequelle etwa 
dasselbe ist. 

H.M.-3s 
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Die Daten fiir N bei Wasser und organischen Fliissigkeiten die bei verschiedenen Driicken sieden, 
zeigen, dass die Beziehung 

(q/A) = constant Nn 

mit n N , 0,5 nur im Bereich von Einzelblasen zu gelten scheint. 
Eine Hypothese wurde entwickelt und experimentell bestltigt; Danach nimmt die Kurve von N 

iiber A7’#,,t die Form einer kumulativen Frequenzverteilung an. 
Die Analyse und Kontrollversuche zeigen, dass Keimbildung und Blasensieden bei kleiner werden- 

den Driicken nicht unbegrenzt gesteigert werden kiinnen. Fiir eine bestimmte Oberflkhen-Fliissig- 
keitskombination existiert ein Druck der den Grenzwert markiert fiir ein bisher unbekanntes Regime 
des nichtstabilen Blasensiedens. Bei kleineren Driicken tritt das Blasenregime iiberhaupt nicht auf. 

kEOTl.&qlWI--PaCCMaTpHBaeTCR 3KCnepHMeHTa.iIbHaR pa6oTa IIO ny3bIpbKOBOMy HllneHmO (: 

OTKP~ITO~~ noBepxHocTn BofibI B COCTORHHM IracbrqeHm. OHa nonTsepmAaeT, YTO nepeHoc 

CKpbITOf TenJIOTbI, (q/A)m, ma9mejIeH BO Bcex cTagmx. HataeHo, q~o 0THomeHne 

(q/&r/(q/&,t paBHOMepH0 BO3paCTaeT C yHeJIWIeHHeM TenJIOBOrO nOTOKa, I4 qT0 OH0 

cTpemTcH K egmlclue no Mepe ~oro KaK Benwma(q/A) got CTpeMMTCR K HpHTWieCKOti. HaK 

nepeHOC CKpbITOtl TeIIJIOTbI, TaIE H fEOHBeIU@iFI CyueCTBeHHbI ZJIH CyM>IapHOi BeJIWiIIHbI 

TenjIoBoro noToKa npH IracbI~emoM mnemm. II~~B~AHTCH fianbrretimee mc.ne~oHanne 

0crIombIx napaMeTpoB, BxOARIQl4X B sbIpaNemle, onMcbmaH)~ee (q/A)LH-npoM3seAerrlI~ 
<IBCTOTbI ny3bIr)bKOB II 06'beMa ny3bIpbIFOB f vd II KOH~eHTpa~MH MCT04HCZKOB lIy3bI~)bICOB N. 

nOHa3aH0, 'IT0 6OJIbLLIMHCTBO Ony6JlHltOBaHHbIX AaHIIbIX n0 IIalJaMeTpyf Vd HHlpI~MeIiHM~ 

1; COOTHOlIIeHHRM TenJIOO6MeHa B CBR3H C HenpaBllJlbHbIMnpOBe~eHlleM yCpe~IIeHHti. PeZyab- 

TaTbI 3KCnepMMeHTa HOKa3bIBaIOT, YTO: (1) cpenneap@weTMqecrtoe npo5l3se~~ealze fVd 
yBemiufBaeTCR 110 hiepe Bo3paCTaHm TeHJIOHOrO IIOTOKa,zf (2) IIpxt oIIpe~eJIeHHoM TeIIJIOBOM 
IIOTOKe npoH3BeAeHne fVd npIIMepIr0 OAIJHaHOBO @In KamAOrO MCTO'SHHKa Hy3bIpbIiOB. 

AaHHbIe 3HaqeHHti BeJIWILIHbI Nnp~ IEMIIeHMLl BOAbI W OpraHWIeCIEHX BeQeCTB IIpkI pa:UIWI- 

IIbIX AaBJIeHHfIX nOHa3bIBaIOT, 'IT0 COOTHOIlIeHIle 

(q;A) = constant Nn 

I'ne ?l N 0,5 CnpaBeAJIGfBO TOJIbKO AJIH 06JIaCTM El30JIRpOBaHHbIX ny3bIpbIlOH. Pa3BIJTa IZ 

EWCnepkIMeHTaJIbHO nOfiTBep?KAeHa rMIIoTe3a, COrJIaCHO KOTOpOt IEpllBaFI 3aBHCHMOCTH N OT 

ATest npI4HkIMaeT BHA HHTerpaZbHOti HpkiBOti paCnpeAeJIeHHR VaCTOTbI. 

haanaa M nofiTBepmAaiowHe ero 3mnepmieHTbI noKa3bIBamT, '4TO HeB03MOHiHO CAeJIaTb 

TaK,qTO6bI 06pa3OBaHHe ny3bIpbKOH H Ity3bIpbHOBOe IEBIIelILie npOAOJIWaJIOCb HeOrp~IIWIeHHO 

npn Bee noHamamqHxcH Aamerrmx; fi.m onpezezeanoti KOM6KHaL~MI~ nOBepxHOCTb- 

HCIIgKOCTb iTMeeT Memo AaBneme, l<oTopoe xaparmepn3yeT nopor 1racTynneHm 7~0 HamOR- 

Iqero BpeMelIll HeM:$BeCTHOrO peEU4Ma HCyCTO2iWBOYO ny3bIpbHOBOrO IUIIIeHIiR. IlpPf HCI:1I<HS 

~~aBJ1eHIlFI.x Ily:~bIpb~OBbIti pelt;&IM IlOJIHOCTbW OTCyTCTByeT. 


