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IMPROVED “THREE-COMPONENT” THEORY OF

NUCLEATE POOL BOILING
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Abstract—Previously proposed *“‘three-component” boiling heat transfer theory is improved in this paper.
The three components of the heat flux are: the latent heat transport rate; the molecular heat conduction
rate; and the turbulent convection in liquid. In contrary to the previous study the heat transfer equation is
assumed to be valid in the boundary layer also. The general result of integration and its special simplified
forms are discussed. One of these primitive forms is deduced in a simplified manner taking into account
the temperature gradient at the wall, This form contains only one empirical constant of the order 0-12-0-18
for water and liquid metals.
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NOMENCLATURE
thermal diffusivity of the liquid;
Archimedes modulus;
dimensionless parameter, equation
(2.26);
specific heat of the liquid at constant
pressure;
dimensionless parameter, equation
{2.26);
constant, equation (2.36);
constant, equation (2.7);
constant, equation (2.2);
constant, equation (2.6);
constant, equation (1.7};
constant, equation (1.6);
constant, equation (2.7);
local bubble diameter ;
initial bubble diameter;
dimensionless bubble diameter D/D,;
frequency of bubble emission;
acceleration due fo gravity;
latent heat of vapourization;
Jakob number;
Kutateladze number;
characteristic dimension of the heat-
transfer process, equation {1.7);
dimensionless parameter. equation
227);
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a function, equation (2.28);

number of bubble columns per unit
area;

population of cavities of radius R;;
entire population of cavities;
Nusselt number ;

pressure;

(dp/dT)r-1,;

heat flux; ‘
components of the heat flux due to
flow of bubbles, to conduction, and
to eddy convection, respectively ;
maximum roughness of the surface;
mean-square roughness of the sur-
face;

radius of a cavity;

Reynolds number for boiling heat
transfer ;

time;

mean temperature of the liquid;
saturation temperature;

difference between the temperature
of the surface and the saturation
temperature;

dimensionless parameter, equation
2.9);

dimensionless parameters, equation
(2.10);
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w, relative bubble velocity;

X, dimensionless parameter, equation
(2.24);

¥, coordinate normal to the heated
surface.

Greek letters

a, heat-transfer coefficient for nucleate
boiling;

op. heat-transfer coefficient for moving
bubbles;

B. contact angle;

€, eddy diffusivity;

7 quarntity defined by equation (2.21);

3, temperature  difference  between
liquid and vapour;

A, thermal conductivity of the liquid;

v, kinematic viscosity of the liquid.

p,p”. mass densities of the liquid and of
the vapour, respectively ;

Ap. p—p’;

o, surface tension.

1. THE MECHANISM OF NUCLEATE POOL
BOILING

ONE oF the crucial problems in pool boiling
study is the nucleation. The state of art in this
field is precisely described by the following
comment due to Rohsenow ([1], p. 177): “As
yet there is no completely satisfactory theory
of nucleation. Most of the proposed theories
assume the existence of “nuclei” from which
bubbles originate, but the exact nature and
origin of these nuclei remains a mystery’”.

To throw light on this matter much experi-
mental and theoretical work is needed, and a lot
of scientific discussion. The following lines,
containing some novel ideas, are addressed to
investigators in pool boiling area, and express
the personal opinion of the present author open
for discussion.

The first problem to be discussed here is the
nature of nuclei causing the incipience of pool
boiling. Only one type of nuclei, namely small
amounts of gas entrapped in microscopic

crevices in a solid surface of the heated wall,
will be taken into account. This type of nuclei
is the most important, because, firstly, the
deposits desorbed from contaminated liquid
form also cavities on the heated wall and,
secondly, the desorption of dissolved gas, con-
tained in the liquid, takes place near the heated
surfaces, and this gas may be also entrapped by
natural or new formed cavities.

Every metallic surface used as a heater in pool
boiling has cavities, the dimensions of which
may be roughly determined by the radius R; of
a sphere of the same volume as the cavity. The
dimension R, is a statistic variable in such a
sense that on a unit area there are n, cavities of
radius R,, n, cavities of radius R, < R,, etc.
and n; cavities of radius R, The numbers n; are
populations of cavities of dimension R;, and a
somewhat rough estimation yields

ThR? = 1 (L1)

i=1 o ’ )
where R, is the dimension of the greatest cavity,
and R; that of the smallest. Since R; must not be
zero the number of cavities must be finite, and

i=j
> m=n.
i=1

The mean-square dimension R, is defined by

i=j i=i \1
R, = (Z nR} Y n) =n"?* (13)
i i=1

(12)

i=

and may be treated as the mean-square rough-
ness of the machined surface. Therefore the
value of R, is measurable for each clean surface
and is unvariable in the boiling process under
the condition that the boiling liquid is not con-
taminated. The whole finite number of cavities
or potential nuclei is thus defined by

n, = 1/R%,. (1.4)

Before filling of the apparatus with liquid, the
metallic surface is in contact with air, which
naturally must be trapped in the cavities. Thus
the possibility of bubble nuclei is created before
the contact of liquid with the wall. In the process
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of wall heating the air in cavities becomes mixed
with vapour. The radius of such gas-vapour
nuclei is naturally determined by the radius of
cavity, and their statistics is that of the statistics
of the surface roughness. In particular, the radius
of the greatest nucleus is of the order R,, the
dimension of the greatest cavity. This radius
determines the incipience of pool boiling with
gradually increased wall superheat and heat
flux. Therefore knowing R, and the relationship
q/AT for natural convection the conditions of
incipient pool boiling may be estimated [2].

After the activation of definite nucleus of
radius R; and emission of the first bubble the
dimension R; becomes unimportant, because
the taking-off bubble leaves on the nucleation
site after departure a very little vapour bubble
of radius evidently far greater than R, This
small bubble begins to grow up in the first
moment, but the colder liquid which is pushed
against the wall by the departed bubble causes
soon that the equilibrium value of the little
bubble is too small. Therefore this bubble begins
to condense. This process is connected with the
so-called waiting period, during which due to
wall heating the equilibrium between liquid and
bubble is established. This allows the small
bubble to grow up to the departure dimensions.

The described phenomenon is very important,
because it follows that the initial bubble dia-
meter D, at the beginning of the working period
18 determined not by the dimension of the
cavity, but by the wall superheat and actual heat
flux.

At low heat fluxes, i.e. in the discrete bubbles
region, each activated site produces bubbles
with frequency f. These bubbles are separated
and form a chain over each activated nucleus.
Therefore in this region the number of bubble
columns is equal to the number of activated
nuclei. At higher heat fluxes, however, the
phenomenon of transverse coalescence is ob-
served. Because of greater population of nuclei
the groups of growing bubbies agglomerate, and
thus one big mushroom-bubble is situated on
several activated nuclei. In this region the
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number of bubble columns » is far smaller than
the number of nuclei. This statement is important
because there is a confusion between the popu-
lation of active nuclei and the number of bubble
columns per unit area. Both quantities are equal
only in the region of discrete bubbles, which
covers only a small portion of nucleate boiling
curve. On the contrary mushroom-bubbles are
present essentially up to the critical conditions.
The number of vapour paths in this case is much
smaller than the population of nuclei, and the
former evidently varies much slower than the
latter.

The results of experiments indicate that
vapour bubble grows, sometimes very intensely,
during the flow through slightly superheated
bulk liquid. For this process mainly strong
agitation of liquid by the motion of bubbles is
reponsible. Heat transfer causing evaporation
which may be analyzed in the same way as heat
convection by use of equation of Bosnjakovié

dD  2ay)(T- T)

dt =~ p’Ah
where D is the local bubble diameter, P is
vapour density, Ah is heat of vapourization, Tis
local liquid temperature, 7, is saturation tem-
perature, and «, is the heat transfer coefficient.
Since vapour bubbles behave approximately
like solid bodies, the heat transfer coefficient may
be calculated from the formula

(1.5)

A D\
ap = C,B‘Prﬁ(—‘%g JAPr| =v/a (1.6)

where

_ QIAP)* . [ e
w_cw<ﬁp, Co=ris=( ) 1)

and w denotes the bubble velocity according to
Peebles and Garber. These equations have been
utilized in [3] for the analysis of temperature
distribution in the bulk liquid, where it has been
assumed that the temperature T is quasistation-
ary. It seems that such an assumption is reason-
able for the bulk liquid, whereas in the boundary
layer the temperature fluctuations are much
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more distinct. Therefore in [3] the analysis has
been restricted to the bulk liquid, and that pro-
cedure involves introduction of several empirical
constants the nature of which is not simple.

In this paper an attempt to extend the analysis
presented in [3] into the boundary layer is done.
It is thus assumed that equations (1.5)-(1.7) hold
also in the boundary layer. As the initial bubble
diameter at y = O (at the wall) the aforemen-
tioned diameter D, is assumed. Further details
of the theory are similar to those presented in [3],
although the results obtained are somewhat
different and involve a smaller number of
empirical constants. Also, in the present paper
the heat conduction, particularly important in
the boundary layer, has been taken into account
in contrary to the theory in [3].

Although there are several other possible
criteria of the nucleate boiling crisis. the
previously proposed idea of transverse bubble
coalescence may be utilized here similarly as in
[3] This criterion is different from the criterion
of vapour blanketing of the surface {Rohsenow).
Surely the entire blanketing is not needed to
cause nucleate boiling crisis, because flowing
bubbles grow considerably in bulk liquid, and
once coalesced at some distance from the wall
they break off the liquid delivery to the wall
which consequences in boiling crisis.

2. MATHEMATICAL FORMULATION AND
SOLUTION OF THE PROBLEM

Similarly as in [3] the heat flux g is assumed
to consist of three components, namely (1)
latent heat transport rate ¢', (2) molecular heat
conduction in liquid, ¢, and (3} turbulent con-
vection in liquid due to agitation, g"’. These
components are expressed by

T |
qg = 3 p" AhD>nf,
aT
"o _Al —, % 2‘1
& (2.1)
qffi — SPIC; dy ]

J. MADEJSKI

Using the expression
dT d8db i

yTdaf _m N\
Tac,” )"

derived in [3]. and the equation (1.6). one
obtains

a1 _ %p . d_‘gz (2.3)
dy  p’Ahw[l — (mm/4C,)D?*] dD°
where
8=T-T. (2.4)

The used notations are explained in the list of
symbols; it should be emphasized, however,
that n denotes the number of bubble columns or
vapour paths. Summation of the heat flux
components (2.1) with utilization of (2.4) yields
the fundamental equation

T &
= = ”A D3- e
q = ¢ p"Ahnf (1+a,>

d§?
7 dD’
DZ
4C )

n

Aop

p'Ahw (1 -

(2.5)

the boundary conditions for which are the
following. At the wall it is D = D, and then
3 = AT. At some distance comparatively far
from the wall in bulk liquid the bubbles cease to
grow so that d3/dD = 0, which should occur at
3 =0, whence in this situation it must be
=4

In paper [3] the influence of the exponent s
in equation (1.6) has been discussed in the range
0 < s < 1. In result negligible influence of this
exponent has been found. Therefore in the
present analysis the value of s = 1, connected
with Reynolds’ analogy and allowing simple
integration of (2.5), has been assumed. The value
of eddy diffusivity

[

,nD*
£ = C‘V '—F" ‘Arl%, 12 = g?pq (2.6)
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derived in [3], has been also utilized here as
well as the expression for frequency of bubble
emission

vC
f=5-LAr [*, (2.7)
2 Cy

with C, =059 or 056,/C, and C, =128,
where f is the contact angle in radians.

After the nondimensionalization of the vari-
ables the equation (2.5) takes the following form

3’.13=153_
v

where
D =Dp/p,,

6CCChn sl 9\ { 29)
U= %C, |Pr|~*|Jal AT

(1/v3) + D* dU

T T &= 4 ""‘J“ ,8
1= ob? ap 2Y

and
]
= C} (60‘8) |Re|*| Ar|# | Prit(mi?)*
v, = CF|Ar|t | Pri¥(nl?y —lﬁ, >
v Ar|™¥| Pr| ¥ mP)h
3= 4C Ct} ‘ l ‘ ! ]
(2.10)
The dimensionless moduli are defined as follows
_ Cp'AT 1
|Ja] = p"Ah’
gl
iRe] = A
P Af‘" [ (2.11)
|Pr| = v/d,
_gApl
lAr ‘ Ve ]

The boundary conditions are
6C,C
U(l) = Uy = —'—&|Pr|"} |Jal2, (2.12)
rC,

U (i‘> =0
U2

and
(2.13)

The solution of (2.8) satisfying (2.13) yields for

the condition (2.12) the following formula:

U0=llnl+vz v} o vz+vl\/2+1
4 4\/2 i+ 0,2+ 1
U5 — 0,2 +

B ey 2 arct “/
v%—vl\/2+1\+ arctg

-
v2y/

— 2arctg 2)+ [v — v3 — arctg v?
3
i+, J2+ 1
+ arctgv? + 2\/2<i v§+uz\/2+l
U3 — 0,2 + 1

-2 1\/

\/ )] 2.14)

Of practical interest is the case when v, > 1, and
simultaneously v, <€ 1. Then the result (2.14)
simplifies to give

X

+ 2 arctg

Uy ~ v,07 — Log02. (2.15)

Substitution of (2.10) and (2.12) into (2.15) yields
after some rearrangement

2 __
ol = 2%

A
8C,C,C

(6C> | Ar| i) | RefF | Pr .
(2.16)

The initial bubble diameter D, is to be evaluated
according to actual operating conditions deter-
mined by the wall superheat AT or the Jakob
number |Ja|, and the heat flux g, or the boiling
Reynolds number |Re|. Paper [2] is devoted to
this problem, and the relationship between the
quantities :

A0 pATD, and 2D,

P 40 20
is derived therein. It is possible to assume a very
simple approximate relation, namely

Ap pATD, D
p ps 1 + a <

p 4o 227 @17
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from which it follows that

1
D, = & FATD, m_ (2.18)
o 46 20
or
D, 4|Kul
T IJal 2.19)
where
;12
cppgl
= , 2.2
and # is defined by
2| Nul" | Kul 2|Nul*|Ku|
=1— ! L1 _ ! 0,
" [Ja] |Re| [Pr|
2.21)
where
) Rei-|P
N = 2ol _[Rel'Pr|

A ANAT  |Jal

In uniformly superheated liquid there is = 1;
the greater the heat flux the smaller is 7.
Substitution of (2.19) into (2.16) yields

4 |Re|
2 _ % =
|Jal C,q'Pr, 'KullJal

—- n Eg.i *IA,.{—%
SC,CQC‘; 6Cﬂ

x (n?)*|Rel* | Pr|*.

(2.23)

Assuming for the moment that both # and n do
not depend upon operating conditions one can
easily constate that the usually found in experi-
ments relationship | Re| ~ |Jal|? fulfils the equa-
tion (2.23). Namely on substituting

|Re| = x3|Ja|? (2.24)

into (2.23) one obtains an algebraic cubic
equation

x* — Bx* = C, (2.25)
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where
po_™ (€N ()}
- 32¢,C,\6C,) |Ku| |Pr|-|Ar]”
. Cn (2.26)
~ 4|Ku||Pr]¥

The solution may be expressed in terms of the
quantity

- (48C,,C,)3'6C1Cﬁ_i_[Ku}2]Ar]‘(Pr[*

n nC, n* nl?
Cc{3V}
namely
B
X = 3 “ M(m); (2.28)

the values of the function M{m) are gathered in
Table 1.

Table 1

m M
0 3-0000
01 3-0429
02 3-0833
0-5 3-1915
1-0 3-3425
2-0 3-5793
50 4-0613
10 4-5803
20 52595
50 6-4595
100 7-6570
200 91776

500 11-815

1000 14-427

2000 17-670

5000 23339

For m « 1, and strictly for m = 0 one obtains
M =23 and x = B. For m > 1 the result is
M ~ (2m)*, and this gives x = C* With this
result using (2.22) the equation

| Nu| m  (mC N\ ()
[ReF ~ 96C,C,\6C, ) TKul |Ar]F

M(m)

(2.29)
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is obtained from (2.24). For m = 0 or m < 1 the
above relation is simplified to give

‘Nul _ n an 3 (nlz)*
[Rel* ~ 32C,C,\6C,) [Ku| [4r[F (2.30)
and for m > 1 the form
|Nu| _ g>* nt ;
Ref =\7) TRap!? @30

is valid.

The first simplified formula (2.30) seems to be
applicable in the region of discrete bubbles,
because in this case the number of bubble
columns n is equal to the number of active
nucleation sites, and may be therefore con-
siderably great thus causing smaller values of
the quantity m. Since the number of activated
nuclei is a function of liquid superheat AT, or
the Jakob number |Ja|, and may be assumed as
a power function, therefore

n~\Jal,r>1, (2.32)
which substituted into (2.30) yields
| Nu| ~ |Re|@+713+n g3i3+n (233

The value of n may be in this case assumed
safely as a constant, because the discrete bubbles
region occurs for lower heat fluxes e.g. for water
at atmopheric pressure (experiments of Cichelli
and Bonilla in the range of 800 < | Re| < 4000)
the value of n varies from 0-887 to 0-934. Since
the number of nucleation sites depends upon
surface roughness, the formula (2-29) shows that
different boiling curves may be obtained for
different states of the surface.

In the vapour mushroom region the number
of vapour paths is much smaller than the
number of nuclei. The value of n is therefore
unknown, with the only evidence that it is small.
Therefore the quantity m is great, and in this
case the second simplified formula (2.31) is more
applicable. This formula, however, does not
contain the value of n. Since the vapour mush-
room region occurs at higher heat fluxes, the
value of 7 may be somewhat more variable than

in the previously discussed case. Substitution of
(2.21) into (2.31) yields

|Nu|_(&>*|Pr|s .
|Re|¥  \4/ |Kult

This is a cubic equation in respect of the Nusselt
number and a quadratic equation in respect of
the Reynolds number. Solving for |Re| one
obtains

o talll e

Thus for high Nusselt number values the
relation | Nu| ~ | Relt is obtained, i.e. the boiling
curve is flatter for higher heat fluxes. If however
| Ku| is small, and | Nu| not very great, the value
of n can be regarded as constant, and therefore
one obtains

[ Nu| [Pr* C,\}
Rels = C°W’ Co=\7) (36

This equation contains only one empirical
constant.

Simple form of equation (2.36) promises the
possibility of simple derivation of it. In truth for
n = 1 the equation (2.36) may be written in this
way

2| Ku| | Nul? ]t
[PrlTRe] |
(2.34)

_ NopAT?

= D 237

wherein equations (1.6), (2.19) and (2.22) have
been used. It can be recognized at once that the
above formula represents the conduction heat
flux at the wall, namely

g=1x (— @) = @m0 (239)

In these conditions, i.e. for y = 0, the value
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D(0) = D, is really very small, wherefore the
equation (2.3) yields

dT  ap  [d9?
& = 7 (ST))M. (2.39)

Replacing (—d3%/dD),., by AT?/D, and sub-
stituting into (2.39) one obtains

(55). =
dy J,—o p'AhwD,

which substituted into (2.38) gives finally (2.37).

The above derivation bases on the assumption
that the heat flux is directed from the wall
towards the liquid only. This is connected with
the very often discussed question whether the
latent heat transport from the wall is important
or not important. Most opinions are that at low
heat fluxes the latent heat flux is very small, but
near the maximum critical flux it is predominant.
Such statements are based on the assumption
that the latent heat flux at the wall is defined by
the entire volume of departing bubbles. But in
truth during the production and growth of these
bubbles heat is transferred from the wall to the
liquid, and not to the vapour which in the
opposite case were superheated. Therefore the
question of percentage of the latent heat trans-
port seems to be physically unessential and
strictly conventional.

(2.40)

3. COMPARISON WITH EXPERIMENTAL DATA

Although the pool boiling experimental data
are very abundant, also for the geometry of
interest (flat horizontal plate), there appears a
lack of evidence of certain important factors,
which should be determined in the course of
experiment.

The first point concerns the microgeometry
of the heating surface. The complete description
of a clean metallic surface should contain: (1) the
mean-square roughness R, (2) the maximum
roughness R,, and (3) the statistical distribution
of the cavities, i.e. n{R;}). The knowledge of these
factors in experiments with clean fluid and clean
surface shall allow the quantitative verification

J. MADEIJSKI

of the formulae (2.29) or (2.30). As yet the
influence of roughness has been studied in a
very small number of experimental papers, and
the surface roughness has been described either
by the kind of machining or at least by the mean-
square roughness.

The results of experiments on clean surfaces
and fluids may throw light on the physical
nature of the process. On comparing these
results with the data of experiments carried out
in technical conditions, data for surface micro-
geometry due to contamination and aging may
be deduced.

The second point of importance is connected
with the known effect of hysteresis in pool
boiling. For smooth surfaces the incipience of
nucleate boiling occurs usually at higher super-
heats than for rough surfaces. In experiments
with increasing heat flux the superheat rises
sometimes very little or even decreases once
nucleate boiling has begun. Therefore the
boiling curve for increasing heat flux is steeper
than that for decreasing heat flux, and only the
latter is reproducible. Therefore the comparison
of the theory can be made for decreasing heat
flux boiling curves only. In these cases the
relationship « ~ gq* has been stated beyond
doubt.

The formula (2.36) has been compared with
the data of Cichelli and Bonilla [4] for water at

108 —
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saturation temperature between 100 and 250°C.
Good agreement has been obtained for Cy =
0-118. The same value has been used to draw a
line in Fig. 1, based on experiments of Berenson
[5] on pentane. These experiments have been
carried out to show the influence of surface
roughness, and therefore the formula (2.36} is
strictly not applicable for the case, although the
theory agrees with certain average experimental
values. The next step was to compare the
formula (2.36) with liquid metals data. Taking
as a base the experimental results of Subbotin,
Sorokin, Ovetchkin and Kudryavtzev [6] ob-
tained in boiling of sodium and cesium on flat
horizontal plates the values of C, = 0-148-0-163
have been obtained for sodium at T, = 800-
900°C, and C, = 01520188 for cesium at
T, = 500-800°C. It is thus seen that the ob-

tained values of the constant C, are of the same
order for organic fluids as for liquid metals.
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THEORIE A TROIS COMPOSANTES DE L'EBULLITION NUCLEEE EN RESERVOIR

Résumé—On améliore dans cet article la théorie & trois composantes du transfert thermique dans I'ébulli-
tion proposée antérieurement. Les trois composantes du flux thermique sont: le flux de chaleur latente
transportée, le flux thermique de conduction moléculaire et la convection turbulente dans le liquide.
Contrairement & I'étude précédente, 'équation de transfert thermique est supposée valable dans la couche
limite. Le résultat général de Pintégration et ses formes simplifi€es sont discutés. Une de ces formes est
obtenue d'une maniére simplifiée en tenant compte du gradient de température 4 la paroi. Cette forme
contient uniquement une constante empirique de "ordre de 0,12-0,18 pour Icau et les métaux liquides.

VERBESSERTE “DREI-KOMPONENTEN”-THEORIE FUR DAS BLASENSIEDEN
BEI FREIER KONVEKTION

Zusammenfassung—FEine frither vorgeschlagene “Drei-Komponenten”-Theorie fiir den Wiirmeiibergang
beim Sieden wird in dieser Arbeit weiter entwickelt. Die drei Komponenten des Warmestromes sind : die
Wirmemenge durch Verdampfung: die Warmemenge durch molekulare Warmeleitung und die turbulente
Konvektion in der Fliissigkeit. Im Gegensatz zu friiheren Studien wird angenommen, dass die Wirme-
iibergangsgleichung auch in der Grenzschicht giiltig sei. Das allgemeine Ergebnis der Integration und
seiner besonderen vereinfachten Formen werden diskutiert. Eine dieser urspriinglichen Formen wird
unter Beriicksichtigung des Temperaturgradienten an der Wand in vereinfachter Weise abgeleitet. Diese
Form enthilt nur eine empirische Konstante von der Grosse 0'12-0'18 fir Wasser und Flissigmetalle.

VCOBEPIIEHCTBOBAHHAA «(TPEXHOMIIOHEHTHAM» TEOPUA
NY3bIPBHOBOI'O KUNNEHKXA B BOJBIIOM OBHEME

Aunoranus—B pgannofi pabore NMpOBOAMTCH YCOBEPHISHCTBOBAHME NpENIOKeHHON paHee
«TPEXKOMIIOHEHTHOW» MOJeJy TeruiooGmena npu Kunenuu. TenzoBof NHOTOK COCTOMT U3
CHENYOIMX TPeX HKOMIIOHEHTOB: CKPBITOK TeNJIOTH HEepeHoca, MOJEKYIAPHOH TemoThH
TeNJIONPOBOXHOCTH M TYpOYNEHTHOM KOHBEKUMH B JKEAKOCTM. B IPOTHBONOIOMKHOCTE
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NPEABIAYIIEMY HCCIEAOBAHMIO PEANONIAraeTcs, 4T0 ypaBHeHHME TEIUIO0GMEHA CHOpaBeflIHBO

TaKHe JJIA NOrpaHuaHoro ¢j1oA. OfcympanTca 06ime pe3yIbTATH HHTEIPHPOBAHUA, & TAKHE

OTAeNbHBE yHpouleHHsle ¢opMpl. OFHO M3 3THX OYeHb NPOCTHIX YPABHEHHH BHIBORUTCHA

VOPOIUEHHbIM METONoM € YYeTOM TIDafieHTA TeMOepaTypH Ha CTeHKe. JTO YpaBHeHHe

CPREPUT TONLKO OQHY 2MIMPUYECKYI0 IOCTOAHNY0 opAaka 0,12-0,18 nua sogst u wmuakux
METaJIoB.



