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Abstract-The incipience of boiling on a metal surface is largely due to instability of the vapour-liquid 
interfaces which exist in minute natural cavities. The influences of surface roughness and contact angle on the 
equilibrium of the interface are studied and expressions relating roughness and advancing and retarding 
contact angles to the possibility of vapour trapping are developed. 

A model of boiling incipience based on contact angle hysteresis between the advancing and retarding 
angles of the interface within the cavity is presented. This hysteresis arises naturally from the roughness and 
heterogeneity of a surface on the microscopic scale and thus occurs on normal engineering boiling surfaces. 
The model predicts incipience at smaller radii than the cavity mouth radii and successfully explains the 

observed features of boiling incipience without postulating the existence of reentrant cavities. 

NOMENCLATURE 

4 surface area ; 
A G Gibbs free energy change ; 

h fg enthalpy of vaporisation ; 

P. pressure ; 
R, radius of spherical interface ; 

R, radius of interface at equilibrium ; 
s, surface roughness area ratio ; 
T, temperature; 

AT,,,, temperature difference between surface (or 
gas in cavity) and bulk liquid saturation; 

V, volume of gas and vapour in cavity; 

Greek symbols 

cavity half-apex angle (Fig. 2); 
contact angle (in degrees); 

maximum true advancing contact angle; 
apparent or mean contact angle; 

apparent or mean contact angle at critical 
value for trapping (eqn. 9); 
minimum true retarding contact angle ; 
true contact angle; 
true contact angle at critical value for 

trapping (eqn. 12); 
B,, - 19, (eqn. 13); 
absorbed film vapour pressure ; 
density ; 
surface free energy (J/m’) or surface tension 

(N/m); 
surface roughness angle (Fig. 5). 

Subscripts 

e, equilibrium ; 
g, gas; 

*Paper written while on leave at the University of Iceland, 
Reyjavik. 

I, 
S, 
sat, 

V, 

liquid ; 
solid or surface ; 
saturation ; 
vapour. 

1. INTRODUCTION 

THIS PAPER is about the surface factors that de- 

termine the commencement of boiling under normal 
conditions as encountered in engineering systems. It is 
concerned with the equilibrium of small amounts of 
gas and vapour trapped in cavities on surfaces and the 
conditions which allow growth to form bubbles. 
Knowledge of these conditions is important because 
the value of the heat transfer coefficient in the lower 
part of the nucleate boiling range is indirectly de- 

termined by them. 
Boiling sites on normal metal surfaces are typically 

large enough to be examined under an electron 
microscope, but too small to be located by a surface 
probe. In an earlier study (Cornwell [1]) most of the 
first 50 sites to nucleate in water on a copper surface 
were located in order of incipience and examined. The 
site radii were typically around one micrometre and 
therefore approx. 10,000 times the lattice constant and 
100 to 1000 times the oxide layer thickness (Fig. 1). The 
normal equations relating interfacial tensions are 
applicable down to an equilibrium radius of around 
0.01 pm (Woon et al. [2]) and may therefore be used in 
boiling site studies. 

Contact angle variation has been advocated as the 

cause in incipience in liquid metals by Chen [3], and 
Holland and Winterton [4]. The model used in these 
papers involves meniscus flip-over within the cavity 
owing to surface material changes or reduction of the 
oxide layer by the liquid metal. Winterton [S] exten- 
ded the model to a wider range of liquids by consider- 
ing flip-over due to contact angle hysteresis and 
showed qualitatively the importance of advancing and 
retarding angles in trapping and incipience. The 
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Talysurf 

Electron Microscope 

Actual Surface 

Fro. 1. Successive magnification ofa typical machined surface. 
(Length scale as vertical scale.) 

expression ofcontact angle hysteresis in terms of surface 
effects could not have been applied with any con- 
fidence to the cavity without the analysis and experi- 
mental vindication of a somewhat similar approach to 
plane surfaces by Johnson and Dette [fi, 71. The work 
described in this paper is essentially a theoretical 
examination of the mechanism of contact angle hys- 
teresis and its effect on trapping and incipience. 

2. THE EQUILIBRIUM INTERFACE RADIUS IN A CONICAL 
CAVITY 

The equilibrium pressure difference across the in- 
terface between a liquid, and a gas and vapour mixture 
situated in a small conical cavity as shown in Fig. 2 is 
given by 

ps 4 py - pi = f. 
e 

The equilibrium radius R, of the spherical interface 

The interface is stable if a disturbance dp in the 
may be positive or negative. 

pressure difference across it leads to a change in 20/R 
of similar sign. 

d 20 >. 
-- 

i! dp R 

Since a pressure disturbance of the gas-vapour mix- 
ture in the cavity causes a volume change dI’ of similar 
sign and CT is constant, the stability criterion may be 
expressed as 

A small change of volume from 1 to 2 as shown in Fig. 3 
may lead to an increase or decrease in R depending 
upon whether the contact angle remains constant or 
changes about the line of contact and the interface is 
convex or concave. Application of the stability criteri- 
on shows that the only unstable situation occurs in 

eLp++ e>p +f 

CONVE3 MENISCUS CONCAVE MENISCUS 

R, positive R, wgative 

FIG. 2. The interface in a conical cavity. 

case (b); in the other cases it is theoretically possible to 
trap the gas-vapour mixture. In practice the contact 
angle variation is limited and a reduction in gas 
pressure, say in case (a), may lead to movement as in 
case (b) and hence instability and flooding. When 
the line of contact is at the mouth, movement as in case 
(b) is geometri~lly impossible. 

In boiling (p, - p,) is generally small and may be 
related to the temperature difference AT,,, between the 
gaseous phase or wall and the saturation temperature 
using the Clausius-Clapeyron equation to yield (at 
constant a), 

. (3) 

Incipience in a particular fluid-surface combination is 
therefore dependent upon R, and pg. Here we are 

ROUGHNESS AND SURFACE HETEROGENEITY 

concerned only with R,, but the effect of non- 
condensible gas on the surface can be important in 

3.1. Introduction and dqjinition of term 

lowering the incipience superheat (see e.g. [8]). 

3. CONTACT ANGLE HYSTERESIS DUE TO MICROSCOPIC 

The trapping, storage and expansion of minute 

stable unstable stable stable 

2 

1 

~ 
0 v&es 0 co&ant 8 varies 8conknt 

Rc positive 

FIG. 3. interface stability. 
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quantities of gas and vapour on a submerged surface 
requires the existence of a wide range of contact angles 
on the microscopic scale. In this section it is shown that 
normal metal surfaces exhibit this range of contact 
angles as a consequence of their basic geometry and 
surface chemistry. 

Consider initially the conventional surface energy 
equations applied to a perfectly flat surface where the 
angle made by the liquid is the true contact angle 8,. 
This is often adequate for describing situations invol- 
ving liquid drops and films on smooth surfaces where 
the liquid thickness is typically 1000 times the surface 
roughness. The surface free energy per unit area, a, 
(J/m’) or surface tension (N/m) between each phase 
may be represented as shown in Fig. 4(a). The change 
in free energy on displacing the liquid so that it covers 
and additional area AA, is given by 

AC, t= o,i AA, - o,,AA, + blVcos(Ol + AQAA,. 

At equilibrium 

and Young’s equation is obtained 

d SY - e,, = (T,* cos 8,. (4) 

In these equations it is assumed that the vapour is at 
the saturation vapour pressure. The term rroV therefore 
applies to the solid when coated with an adsorbed film 
of vapour and may be subdivided into the surface 
energy of the solid in a vacuum and the adsorbed film 
vapour pressure II0 

u sv = (TS - I-P. (5) 

In this paper the surface is considered hydrophilic or 
wetted by the liquid when 0” < 8, < 90” and 
hydrophobic or unwetted when 90” < 8, < 180”. 

SOLID 

true area AA, 

projected arecl RA, 

FE. 4. The true and mean contact angles. 

Consider now the microscopic contact angle very 
near the surface where the roughness cannot be 
ignored, as shown in Fig. 4(b). The change in free 
energy becomes 

AG, = e,, AA, - cr,, AA, + crlV cos (0, + A&,,) AA, 

where 0, is the mean contact angle. If a surface 
roughness area ratio is defined as 

true area AA, 
s= __..-.IP ?!z .-- 

geometrical (or projected) area AA,’ 

then at equilibrium 

and from eqns. (4) and (6) 

cos 6, = s cam 8,. (7) 

The parameter em is sometimes termed the apparent 
or measured contact angle, but it is strictly no more 
than a unique function of s and 8, lying between the 
advancing and retarding angles. The measured angle is 
dependent on some average effect of these terms 
along the line of contact. In this work 8, is simply 
termed the mean contact angle. It is probably the 
nearest of the defined angles to the normal macro- 
scopic contact angle often reported in the literature. 
Equation (6) is sometimes referred to as Wenzel’s 
modi~cation of Young’s equation and a thermody- 
namic verification is given by Good [9]. Equation (7) 
indicates that for 8, < 90”, roughness increases the 
equi~brium measured angle 0, and for 8, < 90” 
roughness decreases it. (The correction for 8, = 60” on 
a machined metal surface of a = 1.2 is about 5”.) 

3.2. The e&ct of cavity wall micro-roughness on the 
contact Angie ~~t~i~ the cavity 

The nucleation site is idealized as a conical cavity 
with the roughness of the wall represented by a wedge- 

LIQUID 
\ retarding 

FIG. 5. Micro-roughne~ of the cavity wall. 
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shaped function forming grooves around the cavity 
shown in Fig. 5. For the moment 0, is assumed to be 
constant and the cavity is assumed to be a unique 
indentation on an otherwise horizontal surface and 
sufficiently larger than the surface asperities for the 
roughness concept [eqn. (7)] to be applied to the walls. 
The combination of eqn. (7) with the geometry of the 
arrangement shown in Fig. 5 yields the following set of 

equations: 

1 
(8a) 

cos e, = s cos 8, (8b) 

8, = 8, + 4 (8~) 

8, = 8, - q5. (84 

Angles ea 8, and 0, are plotted as a function of s for 
three values of the mean angle 8, in Fig. 6. Thus, for 

example, at em = 60” on a surface of area ratio 1.2, the 
values of tIa 0, and 0, are about 99”, 32” and 65” 
respectively. It should be emphasised that ea and 8, 
form the limits of the hysteresis and are therefore 
maximum and minimum values. 

A possible limiting condition for stable trapping of a 

gaseous phase within a cavity by a liquid advancing 
over the surface is that the gas is stable at the mouth 
and not proud of the surface at the cavity, that is 

8, a 900 + fi 

The mean angle emc on the surface at this critical 
condition for trapping is then given by eqns. 8(b, c) as 

COST,,= scos(90” + p - 4) 

or, rearranging using 8(a), 

case,, = J(? - l)cos/l- sinp. (9) 

‘“~ 

FIG. 6. The effect of micro-roughness on contact angle 
hysteresis. 

The variation oft?,, with s for a cavity with a half-apex 
angle B of lo” is shown in Fig. 6. Whether or not the gas 
remains in the cavity once it is trapped depends on 
the stability of the system as indicated in the previous 
section. It should be borne in mind, however, that the 

advancing and retarding angles referred to in this 
study imply no dynamic effects and any particular 
stable interface position will remain within the cavity 
until altered by a surface chemistry change which 
changes B,, or (more usually) a change in partial 

pressure. In the case of a cylindrical cavity, p = 0 and 

cos o,, = J(s2 - 1). (10) 

Experimental confirmation of the general trend of 
the variation of 0, and 0, with the area ratio or surface 
roughness is reported by Shepherd and Bartell [lo] 

and Dettre and Johnson [7]. In particular 0, increases 
and 8, decreases by up to 30” in the initial stages of 
roughness increase. For rougher surfaces the effects of 
‘valley-skipping’ and surface heterogeneity may alter 

these functions considerably. 
Although the area ratio s is considered as an 

indication of surface roughness, it cannot be directly 
correlated with roughness, as was pointed out by the 
originator of the concept, Wenzel [ 111. Experimental 
measurements of the area ratio have been made using 
gaseous adsorption and weighing techniques and are 
found in a number of surface chemistry textbooks. 
Machined metal surfaces have typical s values of 
1.1-1.3. For the case of copper, Gregg and Sing [12] 
have reported a value of 1.18 from adsorption of Argon 
at 80K. However, the values depend to some extent 
upon the nature of the diffusing gas and must be 
treated with caution. Rhodin [ 131 reportson the initial 
stages of oxidation of a very rough copper surface 
where s decreases owing to attack of the asperities and 
filling in of the valleys on the surface. 

3.3. The effect of surface heterogeneity on the contact 
angle 

Most surfaces contain microscopically varying de- 
grees of contamination leading to differing interfacial 
energies. Liquid tends to spread preferentially over the 
areas with low contact angle as shown in Fig. 7. The 
contamination of metal surfaces is commonly caused 
by chemical attack (particularly oxidation), adherence 
of monolayers of organics and gas absorption. Equa- 
tions (4) and (5) may be combined to give 

case =(o<-fl,,)-n 
t 

01” 
(11) 

and contamination is found to affect all the terms in the 
numerator. In addition II varies with the constituents 

and the pressure of the gaseous phase. Although some 
progress has been made towards estimating us and 
measuring II from heat of immersion data it is 
unlikely that this will lead to a reliable means of 
estimating 8, because the terms have wide ranges and 
similar magnitudes. 

The sensitivity of the contact angle on metals is well 
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Patches of high-contact- 

angle surface (a < b ) 

Fro 7. Liquid on a surface with macroscopic heterogenerity. 

illustrated by the case of water on copper. Contact 
angles have been measured or quoted in the literature 
with various degrees of precision (see e.g. [14-17,193) 
and range for 0” for pure copper in vacuum to 87” 
when fully oxidised in air. Nearly all metals very 
rapidly form a monolayer or more of oxide on the 
surface when exposed to air, and in the case of copper 
this layer builds up to around 0.01 pm after a few 
hours (Rhodin [ 181). Ponter et at. [ 161 found that the 
contact angle decreased from 76” at 20°C (where most 
measurements are made) to 66” at 100°C (where most 
laboratory boiling experiments are conducted). Under 
heat transfer conditions when the surface is hotter than 
the liquid the contact angle was found to decrease by a 
few degrees. 

It is safe to assume that the contact angle will vary 
considerably with external conditions and from spot to 
spot on the micro-surface. Some indication of the effect 
of this variation on the ‘non-trapping’ area in Fig. 6 is 
obtained as follows. From Section 3.2 the critical true 
contact angle 6,, below which trapping is impossible 
may be given as 

etc = 90” + p - (p. (12) 

Let At?,, be the increase of true contact angle required 
(due to the surface contamination and any other 
effects) to make trapping possible when otherwise 
impossible. 

or 

AhB,,=(90”+fi)-cos-’ (13) 

A&& = Increase in ccmtcct 

FIG. 8. The effect of a contact angle variation due to Frc, 9. Meniscus growth following flip-over in a cavity. 
heterogeneity on trapping. (Drawn for case of @, = 4W.) 

This equation is represented graphically for the case 
of #I = 10” in Fig. 8. It is evident that, for water 
forming a contact angle of around 60’ on a typical 
metal surface of around s = 1.2, the required contact 
angle increase is well within the likely scatter of true 
contact angles on the surface. On the other hand, for 
angles less than about 20” (as exhibited by many 
organics) changes of around 50” may be required. As 
fewer cavity surfaces are likely to deviate by this 
amount, there will be correspon~ngly fewer cavities 
where trapping is possible. 

4 THE EFFECT OF CONTACT ANGLE HYSTERESIS ON 
INCIPIENCE 

It was shown earlier that gas and vapour may exist 
in stable equilibrium in conical cavities with both 
hydrophilic and hydrophobic surfaces. It now remains 
to show that the minimum equilibrium radius caused 
by contact angle hysteresis, rather than the radius at 
the cavity mouth, forms the main barrier to growth of 
the gas-vapour mixture. 

Figure 9 shows growth from the flip-over position in 
the cavity. This growth may be caused by gas infusion, 
evaporation, expansion due to temperature increase or 
pressure decrease, or a combination of these effects. 
The retarding angle has been taken as a constant 40”, 
but similar curves are obtained at other retarding 
angles (which may range from about 10 to 60”, as 
shown in Fig. 6). Growth from the gas-vapour 
trapping situations shown in cases (a), (b) and (c) of 
Fig. 3 are represented in Fig. 9. Case (a) starts at 
position 2, case (b) at position 3 and case (c) involves 
passing through flip-over at position 1. Case (d) leads 
to flip-over and minimum radius at the cavity mouth, 
but in view of the earlier discussion on hysteresis it is 
considered unlikely that the interface does not pivot on 

Meniscus radius 
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the side at some point during growth and revert to case 
(c). The stability criterion, identified as eqn. (2), 

indicates that the slopes (shown dashed) on the 
position (or volume) ~ radius plot in Fig. 9 lead to 
unstable growth. 

It is evident from Fig. 9 that the meniscus radius 
passes through two minima, at positions 3 and the 
mouth 6. The radius at position 3 must be less than 
that at 6 unless the cavity is almost full to the brim with 
the gas-vapour mixture. It is therefore argued that the 
radius at position 3 is normally critical and forms the 
main barrier to incipience. Consequently the cavity 

mouth radius is normally larger than the equilibrium 
radius predicted by eqn. (3). 

5. CORRELATION WITH EXPERIMENTAL FINDINGS AND 
DISCUSSION 

Although there is a wealth of literature on the effects 
of surface variables on boiling, surprisingly little of it is 

directly related to the surface geometry. A common 
approach [20,23-251 is to relate both the site density n 

and the temperature difference AT,,, to the effective 
radius and then to concentrate on the relationship 
between II and AT,,, so that the radius becomes 
effectively a dummy variable. A model involving the 
trapping of gas in the cavity in which the contact angle 
and trapped volume remain constant (see [21]) is now 
considered rather simplistic in view of the findings of 
the earlier sections. Both Lorenz et al. [21] and Singh 
et al. [22] report that effective radii in artifically 
produced cavities in boiling and gas diffusion experi- 
ments are equal to or less than the measured mouth 
radius; a result which correlates well with an expla- 
nation based on contact angle hysteresis within the 
cavity. 

The extensive experimental studies of [26629] using 
natural cavities are directly relevant to this work. 
Many of the results on contact angle and pressuri- 
sation effects are equally explainable in terms of the 
conventional constant contact angle/re-entrant cavity 
model and the roughness/flip-over model. For exam- 
ple pressurisation is seen, in the former model, to 
result in a jump of the liquid in the cavity to a single 
lower necking or re-entrant point while in the latter 
model it involves the gradual progression of the 
advancing liquid down the rough-sided cavity. Re- 
tention under moderate pressure release is then pos- 

sible by the re-entrant geometry in the former case 

and the roughness-hysteresis effect in the latter case. 
However the conventional theory is considered by 

this author to have a certain disadvantage. In order to 
allow the trapping of gas and vapor on hydrophylic 
surfaces it requires the presence of re-entrant cavities 
or cavities with internal surfaces yielding differing true 
contact angles. The existence of a large number and 
size range of re-entrant or necked cavities is considered 
physically unlikely. The consistency with which every 
type of machined surface appears to contain boiling 
sites tends to discredit differing true contact angles as 
the universal reason for trapping. On the other hand 

the roughness/flip-over theory requires only the exis- 
tence of many positive angled cavities (cones, grooves, 
scratches, pits) with rough internal surfaces. Exam- 
ination of machined surfaces under an electron micro- 
scope indicates that they are indeed formed almost 
entirely of this type of ‘cavity’. 

In the light of this work the boiling process is seen as 
follows. There is continuous bubble production at 

certain sites which, due to their vapour or vapour and 
gas content, geometry and other factors, have been 
activated. At any time there are a number of sites which 
are on the point of incipience and a number on the 
point of cessation. The slightest change of external or 
internal conditions (due to thermal interference or 
turbulence, for example) may be sufficient to change 
the local site pattern. The precarious equilibrium of the 
meniscus near the flip-over point necessitates this 
situation and implies an inherent and time inde- 
pendent change of marginal sites even under steady 
boiling conditions. The ‘poor reproductibility’ of some 
individual natural sites [29] and the increasing 
difference between the accumulated and active sites 
during boiling [l] are therefore features to be 

expected. 

6. CONCLUSIONS 

(1) When the liquidPvapour (or gas) interface in a 
conical cavity is concave (from the gas side) it is always 

stable; when convex its stability depends upon the 
extent of contact angle hysteresis. 

(2) Micro-roughness of the cavity walls causes 

contact angle hysteresis and can lead to a flip-over of 
the meniscus within the cavity. This flip-over provides 
a mechanism which allows trapping, storage and 
subsequent expansion of the gas-vapour mixture 
under suitable external conditions. 

(3) Surface heterogeneity on the microscopic scale 
also causes contact angle hysteresis and when super- 
imposed on the roughness effects is found to increase 
the hysteresis range. 

(4) Contact angle hysteresis within the cavity (rather 
than the size of cavity mouth) is shown to form the 
predominant barrier to incipience. The minimum 
value of R, during incipience is generally less than, (but 
may be equal to), the cavity mouth radius. 

(5) There is a substantial amount of circumstantial 
experimental evidence that correlates well with the 
contact angle hysteresis model. The model accounts 
for incipience without recourse to cavities of special 
geometry. 
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SUR L’APPARITION DE L’EBULLITION DUE A L’HYSTERESIS DANGLE DE CONTACT 

Resum&L’apparition de l’tbullition sur une surface metallique est fortement due a I’instabilite des 
interfaces vapeur-liquide qui existent dans les petites cavites naturelles. Les influences de la rugosite de la 
surface et de l’angle de contact sur l’equilibre de cet interface sont etudiies et sont ttablies des expressions 
reliant la rugosite et l’avance ou le retard de Tangle de contact avec la possibilite de retenue de vapeur. 

On presente un modele ~~bulIition base sur I’hystersis entre l’avance et le retard de Tangle de contact de 
l’interface avec la cavite. Cette hysteresis apparait naturellement du fait de la rugosite et de I’httirogeneite de 

la surface a I’echelle microscopique ce qui est le cas des surfaces utilisees pratiquement. Le modele predit 

l’apparition a des rayons plus petits que les rayons de I’ouverture de la cavite et il explique avec succes les 

observations sur l’ebullition sans postuler l’existence de cavites rentrantes. 

EINFLUSS DER RANDWINKEL-HYSTERESE AUF DEN SIEDEBEGINN 

Zusammenfassung-Das Einsetzen des Siedens an einer Metalloberlllche ist weitgehend von der Instabilitat 
der Dampf-Fltissigkeits-Grenztlachen abhangig, welche in sehr kleinen natilrlichen Vertiefungen existieren. 
Es werden die Einfliisse der O~~~chenra~igkeit und des Randwinkels auf das Gleichge~cht dieser 
Grenzflache untersucht und Gleichungen entwickelt, welche die Rauhigkeit sowie den Ausbreitungs- und 
R~ckzugsr~dwinkel mit der Moglichkeit des Dampfeinschlusses in Beziehung bringen. Es wird ein Model1 
des Siedebeginns angegeben, welches von einer Randwinkelhysterese zwischen Vordringen und Ruckzug der 
Grenzfllche innerhalb der Vertiefung ausgeht. Diese Hysterese ergibt sich zwanglos aufgrund der Rauhigkeit 
und Heterogenitlt einer Oberflache in mikroskopisch kleinem Maljstab und kommt deswegen bei normal 
gefertigten Siedeoberllkhen vor. Nach dem Model1 erfolgt der Siedebeginn bei kleineren als den 

C)ffnungsradien der Vertiefungen. Es erkllrt gut die beobachteten Grundziige des Siedebeginns, und zwar 
ohne die Voraus~~ung der Existenz h~hlenartiger Vertiefungen. 

BJlMIlHME IMCTEPESMCA KFAEBOrO YI-JIA HA B03HMKHOBEHME KMIIEHMR 

Anuoraunn - BO3HuKHOBeHuc KnneHiis Ha McTaJtJWteCKO~ nOBepXHOcTH B OCHOBHOM 06yCIaBJumaeTCK 

HeyCTOknBOCTbtO nOaepXHOCT& pa3J.te,Ta nap-~riJu@CTb B MeiibYaitmnX eCTeCTBeHHbiX yriiy6JTeHusX. 

f’kCJteBOBaH0 BJINRnNe mepOXOBaT~T~ uOBepXH~T~ Ei Be~~Y~Hbl KpaeBOrO yr_aa Ha paBtiOBeCne 3TOk 

rpaHIiub1 pal,!teJIa ii BbIBeiIeHbI COOTHOmCH&iR. OnuCbIBatomne BJtAXHUe mepOXOBaTOCTB W KpacBbIX 

yrItOB Ha npouecc napoo6pa3oaaurts. 

f@ZtCTaBJIeIia MOneJIb B03HHKHOBeHAa KAneHkiR, OCHOBaHHaR Ha rnCTepe3nCe KpaeBbTX yrnOB 

rpaHAub1 pa3LteJla BHyTpn yrny6neHus. t-HCTcpe3nC BbI3btBaeTCR mepOXOEaTOCTbb3 u HeOQHOpOaHOCTbm 

TlOBepXHOCTn Ha MHKpOCKOnH‘leCKOM ypOBHe S, TaKnM o6paaoM, Ha6JtloaaeTCa Ha 06bIqHbIX TCXHII- 

YCCKWX nOBepXHoCTsX KuneHNR. kiCnOJlb3ys npe&FlO~eHHym MOneJlb, MO*HO paCCWiTaTb B03HUKHOBeHue 

KHffeHHa npn 3HaYeHAaX pa&HyCa, MeHbmBX panHyCa yCTba yr~y6neH~~. H ~CileUIHO 06WKHHTb 

Ha6n~~aeM~e oCO6eHHOCTn BO3HHKHOBe~~~ Kunenmi, He npu6eran K fsmOTe3e IIOBTO~HO~O 3ano~~HeH~~ 

yrny6neuak 


