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THE MECHANISM OF HEAT TRANSFER IN NUCLEATE 

POOL BOILING-PART II 

THE HEAT FLUX-TEMPERATURE DIFFERENCE RELATION 

CHI-YEH HAN* and PETER GRIFFITHT 

(Received 22 September 1964 and in revised form 14 January 1965) 

Abstract-The individual processes of bubble nucleation, growth and departure described in detail 
in Part I of this paper are used to predict the heat flux-temperature difference relation for one particu- 
lar boiling experiment. The geometric idealizations made to evaluate the heat flux apply only in the 
isolated bubble regime. With only these idealizations, a knowledge of the surface nucleation properties, 
the bubble contact angle and the fluid properties is sufficient to predict the boiling performance of 

a surface. The comparison between the predicted and measured performance is quite good. 

NOMENCLATURE 

Dimensions in H, M, L, T, 0; The Heat 
Energy, Mass, Length, Time, and Temperature. 

A 
D, 

L 

N, 

NlZ, 

N, 

p, 

QR, 

QP, 
K 
RC, 
Rd, 
S, 

area of heating surface, [Ls]; 
surface characteristic length for natural 
convection, [L]; 
latent heat of evaporation of fluid, 
[HM-f]; 
total number of nucleate centers on 
heating surface ; 
total number of active nucleate centers 
on heating surface; 
total number of initiated nucleate 
centers on heating surface; 
pressure in the fluid outside the bubble, 
[ML-l T-s]; 
heat flux received by heating surface, 
[HT-11; 
heat flux predicted by theory, [HT-I] ; 
radius of bubble, [Ll ; _ _. 
radius of cavity, [Ll ; 
departure radius of bubble, [L]; 
bubble surface, [L2] ; 
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T, 
Tb, 

T sat, 

T W, 
T =J, 

a, 

2 g, 
h, 

h 2)) 

a, 

n, 

nap 

PV 
49 
t, 
td, 

tub, 

tw, 

Y, 

temperature, [ 01; 
temperature of vapor in the bubble, 
[@I; 
saturation temperature of fluid at 
system pressure, [O]; 
wall temperature, [O]; 
temperature of main body of fluid, [O]; 
radius of a solid sphere, [L]; 
specific heat of fluid, [HM-1 O-r]; 
frequency of bubble generation, [T-l]; 
gravity acceleration, [LT-21; 
coefficient of heat transfer from wall 
to the fluid, [HT-1 L-s O-11; 
coefficient of heat transfer from wall to 
vapor, [HT-l L-2 O-l]; 
thermal diffusivity of fluid, [L2 T-l]; 
number of nucleate centers per unit 
area, [L-2] ; 
number of active nucleate centers per 
unit area [L-2] ; 
number of initiative nucleate centers 
per unit area, [L-2]; 
pressure inside the bubble, [ML-r T-3; 
heat flux density, [HL-2 T-r]; 
time, [T]; 
departure period, [T]; 
unbinding period, [T] ; 
waiting period, [Tl; 
volumetric thermal expansion co- 
efficient of fluid, [O]; 
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6, thermal layer thickness, [L]; 
0, T - Tsat angle, [O]; 
t4 coefficient of viscosity, [MT-l L-l]; 
V, kinematic viscosity, [L2 T-l] ; 
P5 density of fluid, [ML-s]; 
PO, density of vapor, [ML-S]; 
G, surface tension of fluid, [MT-“]; 
% angle of contact in static condition; 
P-9 dynamic contact angle at the instant of 

bubble departure; 
@, base factor ; 

VC, curvatur-e factor; 
ps, surface factor; 
Yv, volume factor; 
Nu, Nusselt number; 
& Rayleigh number. 

Subscripts 
b c, bulk convection; 
CP, close packed condition; 
d, departure ; 
nc, natural convection; 
sat, saturation; 
ub, unbinding; 
H’, wall, waiting. 

INTRODUCTION 

IT HAS NOT yet b,-en found possible, to date, 
to relate the individual processes of bubble 
initiation, growth and departure to the boiling 
heat-transfer performance of a boiling surface. 
This paper is an account of an effort to do this. 
The primary purpose of any such effort is to 
show what information needs to be specified 
in order to make a boiling heat-transfer problem 
determinate. It will also show how the individual 
physical processes, on which the gross boiling 
phenomenon depends, combine to give the 
observed performance. The procedure which 
is used is obviously too involved to give an 
engineering answer in a practical boiling 
problem, but it can be said at this time that 
sufficient correlation between computed and 
measured results has been obtained, so that no 
hidden physics now remains in the process of 
nucleate boiling. 

In Part I of this paper the individual processes 
of bubble initiation growth and departure were 

studied and expressions obtained for these 
quantities. These expressions will be combined 
with simple geometric idealizations of the flow 
problem in the vicinity of the surface to give 
a prediction of the heat flux-temperature 
difference relationship. 

1. HEAT-TRANSFER CORRELATION 

a. Explanation of boiling curve 
Boiling curve can be best explained by the 

theory of “bulk convection of the transient 
thermal layer”. Observations show that when 
the wall temperature exceeds the saturation 
temperature of the fluid, the heat transfer 
increases very rapidly with the wall temperature. 
Many researchers have tried to explain why 
this occurs. The following study explains these 
observations by means of a so-called theory 
of bulk convection of the transient thermal 
layer, or simply bulk convection theory. When 
the boiling starts, the bubbles depart from the 
heating surface. In departing, the bubbles oring 
part of the layer of superheated liquid adjoining 
the bubble into the main body of fluid. At the 
same time, the cold fluid flows on to the heating 
surface. The heat-transfer rate for the first few 
moments after this process is very high due to 
the very high temperature gradient near the 
wall. After a certain time, a new thermal layer 
is built up, and a new bubble starts to grow. 
When this bubble grows to a certain size, it 
departs from the heating surface and a new 
thermal layer is brought to the main body of 
fluid again. By this kind of repeated transporta- 
tion of thermal layer (which is technically 
called bulk convection), heat is transferred to 
the fluid from the wall. The heat-transfer rate 
by this process is nearly proportional to the 
square root of bubble generation frequency. 
In Fig. 1 one can see that from A to B, heat- 
transfer rate increases very rapidly due to the 
increase in Tw - Tsat which increases the bubble 
generating frequency, the enthalpy content of 
the transient thermal layer and the density of 
active cavity population. At B the active cavity 
population has been increased to a saturation 
state such that the influence circle of each bubble 
touches one another. A further increase of 
Tw - Tsat does not increase area of production 
of transient thermal layer, but the bubble 
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Water, nickel wire 

0.01 &,= T,+= 212’F 

O.OOll1 
c-r,, deg F 

FIG. 1. Boiling curve. 

frequency and enthalpy content of thermal 
layer continue to increase. Therefore after B 
the rate of increase of 4 is reduced. B is a point 
of inflexion. From B to C the bubble frequency 
increases until to a certain stage such that 
unstable and shaky vapor jets are formed. 
These continuous vapor columns reduce the 
effective area of production of transient thermal 
layer, such that the curve becomes concave 
downward. From C to D, the effective area 
of production of transient thermal layer de- 
creases more rapidly than increase of the 
enthalpy content in the thermal layer due to 
increase of Tw - Tsat, therefore the curve 

drops. At point D, the effective area of produc- 
tion of transient thermal layer has been reduced 
to zero, a steady and continuous blanket of 
vapor exists between the heating surface and 
main fluid. The fluid gets essentially no chance 
to touch the heating surface; therefore no 
transient thermal layer can be built up on the 
heating surface and the heat-transfer rate 
reaches to a minimum value. Bulk convection 
process is completely stopped at D. A further 
increase of Tw - Tsat will increase heat flnx 
again by radiation and conduction across the 

gap. 

b. Mechanism of heat transfer 
The heating surface in pool boiling is divided 

into two parts, the bulk convection area and 
the natural convection area. In the area of bulk 
convection, heat is assumed to be transferred 
into the fluid by transient conduction process. 
Following the departure of a bubble from the 
heating surface, a piece of superheated liquid 
is brought into the main body of the fluid. 
By this kind of repeated process, heat is trans- 
ferred from the heating surface to the main 
body of the fluid. In the area of the natural 
convection, heat is supposed to be transferred 
from heating surface into the main body of 
fluid by the usual convection process in a 
continuous manner. A physical model of bulk 
convection mechanism is shown in Fig. 2. 

Boundory of oreos of 
,,noturol convection and 

,;.,,/ bulk convecfion 

Wnitinn nrrind-,' .._ . . ...= r_ ..__ Cpicking u ‘-Departure period 
thermal oyer P _-_:__I 

FIG. 2. Physical model of bulk convection mechanism. 
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At stage 1, a piece of superheated transient 
thermal layer is torn off from heating surface 
by the departing bubble, and at the same time, 
the cold fluid from the main body of the fluid 
flows on to the heating surface; after a time 
interval, tw, this cold liquid layer is heated to 
a condition such that the tiny bubble in that 
cavity is able to grow laterally with a very high 
rate, such that a very large piece of thermal 
layer is picked up in a very short time interval. 
At stage 4, the bubble is going to depart from 
the heating surface which will bring the situation 
immediately to stage 1 again. This cyclic process 
furnishes a way to transfer the heat from the 
heating surface to the main body of the ffuid. 

Ideas similar to these have been expressed 
in several other places, too-[I, 2, 31. In this 
work, however, the assumptions have been 
made tangible and numerical values assigned 
to the various process occurring. 

The system which is used to evaluate the heat 
transfer per bubble cycle is as follows: 

c. Formulation 
(i) Natural convection component. The study 

of natural pool convection yields the result that 
natural convection heat transfer can be corre- 
lated by using two dimensionless groups, 
namely 

The Nusselt number 

The Rayleigh number 

Ra = ‘yg (Tw - T’) o3 
av 

For laminar range 

105 < Ra < 2 x lo7 
Nu = 054 Rali4 

(a) 

For turbulent range (2) 

2 x 107 < Ra < 3 x lore 7 
Nu = 0.14 Ra1j3 I 

(b) 

Where D = 2/(A) 

A = area of heating surface. 

This correlation was first studied experi- 
mentally by Cryder and Finalborgo and was 
summarized by Fishenden and Saunders [4]. 

Substituting equation (I) into equation (2), 
and making use of the definition of heat-transfer 
coefficient yield 

For laminar range 

IO5 < Ra < 2 X IO7 

qnc = k (Tw - To3) = O-54 pc 

[ 

rg (T, - T,)5 cc3 114 

Dv 1 (3) 

For turbulent range 

2 x 10s < Ra < 3 x IO’O 

4 %e - - h (T,> - T,) = 0.14 pc 

yg (T, - Tw)4 a’2 

[ 1 

1’3 

V 
(4) 

The thickness of the thermal layer of natural 
convection is 

hm = qz(T, - Tbo) 

(ii) Bulk convection component. From equation 
(2) of Part I, one can obtain the heat transferred 
through unit area of heating surface to the 
fluid during time t as 

$(T-T,)cpdx=cp(Tw-TT,) 

co 

s x 
erfc ~ _ 

2 vw> 

du~2~c(Tw--m~~ 
T 

0 

For this case, 6 is not a constant throughout 
the bubble base where the transient conduction 
thermal layer is developing. Such a doughnut- 
shaped layer is illustrated in Fig. 3. - 

d 

Fro. 3. Sectional view of a doughnut shaped transient 
thermal layer of a bulk convection cell. 
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For convenience in inte~ation, the initial 
state is taken at the end of waiting period, so 
that 

6 = %&a (tw + 01 
1 

6, = I = &.I ’ (6> 

&I = +a (tw + tdl i 

Making use of equation (5), the heat transferred 
into transient thermal layer, as well as in the 
main body of fiuid beyond the transient layer 
during one bubble fo~ation cycle is 

AQ= 
Ra2fX(Tw-T*)6 J ir 

(27~ dr) 

RI 

+n(R;-R;) 
2 pc (Tw - Tm) 

&l 7r 
i (7) 

where .Ri is influence radius 

Rt = 2 Ra for the isolated bubble case 

Ri < 2 Rd for the close packed case 

Since R, < Rd, and 6 is nearly linear in r, so 
equation (6) can be approximated to 
yield 

AQ = 2 pc (T,- Tm)[Rf 82 - $R;(& - ii,)] 

@I 

If n is the number of active cavities of radius 
Re per unit area of heating surface, and f is 
the frequency of bubble generation, then the 
heat-transfer rate per unit area due to bulk 
convection of the transient thermal layer is 
approximately 

(iii) General expression for the heat transfer. 
Combining equation (3) or (4) and equation (9) 
leads to 

3H 

q=q+qbe=(l -KiR:) 

Nu(pca/l)) (Tw - Tm)+ 2 pc (Tw- Tw) 

2 tf [RF 8d - (R;/3) 6% - WI w 

The population density of bubbles at the close 
packed condition is such that the bubbles are 
so densely packed that the influence circle of 
one nucleate cell touches its neighbors; con- 
sidering one half cell as indicated in Fig. 4 
by shaded area, one has 

1 

$ (2 Rz 4(3)Rg)=2 y'(3)Rf (I') 

where 

Ri=2Rd (12) 

J 
Nucleate center 

,--. \ 

.Inl :Iuence circle 

FIG. 4. Nucleate cells at close packed condition. 

Equation (12) was justified by some rough 
experiments in which a ball of radius a was 
pulled up from the bottom of water tank which 
had a layer of chalk powder on the bottom. 
Observations showed that the chalk powder 
within a circle of radius RZ + 2 a moved toward 
the center forming a vortex ring in the wake 
part of the ball. This vortex ring is a method 
of scavenging away the thermal layer within 
this influence circle and putting a new layer of 
cold liquid on the heating surface bounded by 
the influence circle. A sketch of this process is 
shown in Fig. 5. 

2. EXPEIUMRNTAL RESULTS 
Experiments were run on the same apparatus 

described in the first part of this paper. Measure- 
ments of heat flux, bulk temperature, wall 
superheat and nmber of active sites were 
made. The number of sites was determined 
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FIG. 5. Scavenging effect of a departing bubble. 

by eye and the heat flux kept low enough so 
that counting was not difficult. As the fluid and 
surface were the same as in the other experi- 
ments, it was assumed the contact angles were 
the same also. The basic information that had 
to be obtained in order to allow a comparison 
of the calculated and experimental heat transfer- 
temperature difference relation is as follows: 

(a) The number of active sites as a function of 
wall superheat. 

(b) The contact angle as a function of mean 
bubble growth velocity. 

(c) Fluid properties. 

In calculating the heat flux-temperature dif- 
ference relationship, the number of bubbles 
was measured experimentally. The cavity size 
for each bubble was computed from the relation 
given as equation (13) in Part I. This equation is 

R 

c 
_ 6 VW - Tsat) 

3 (Tw - Tm) 

1 _ 12 (Tw - Tm) Tsat u 

VW - Tsat)2 8 pv L )I (13) 

and it has two roots. The smaller root was 
chosen because the greater root would necessi- 
tate having a cavity so large that it coutd not 
exist on a surface as smooth as the diamond 
polished surface we used. In this equation 6 is 
a,, [equation (5)]; and (T. - TSat) is the 
temperature difference at which the site just 
becomes active. For this site the R, determined 
in this way is a constant with increasing wall 
superheat. At this, the incipient condition, the 
waiting time tw as given by equation (6) is 
infinite. 

The frequency for a given cavity is determined 
from equation (40) of Part I which is reproduced 
below. 

in this equation, tw is determined from equation 
(12) of Part I and reproduced below as equation 
(15). 

82 9 
tl*, (Tw - Tm) R, 2 

17 ;; --. -- -~ 

4na Tw - Tsat [l + (WRcpvL)] I 
(15) 

The time it takes for a bubble to grow to 
departure size, td, is given by the bubble growth 
equation from Part I. This equation is (37) there 
and (16) here. 

ysvc UCP 
Rd - R, = ?;>- poi 

2(Tw - Tsat) 
-d(7TQj. ~-- v’(ta) -- 

Tu - Tc 8” 

i 

4atd 6 
__-..-_- -. _~ 

6 4a a2 
farf __._~~~_ 

v’(4atd) 

2 d/(4&) + .-.....- _- ___ exp [ _ a2!4afd] 
2/(r) f3 

vb h,(Tm - &t) 
+ prt’cpv-- tcz (16) 

This must be soIved by trial and error as ta 
is not yet explicitly expressed. The departure 
size is obtained from the Fritz relation, also 
reproduced from Part I equation (39) and called 
equation (17) here. 

Rs=O~4251~&(p~p~)) (17) 

The dynamic contact angIe in this equation is 
obtained from Fig. 16 of Part 1. 

The geometric idealizations used in this 
calculation are embodied in equation (12) and 
illustrated in Fig. 3. From the Rd calculated from 
equation (17) above and these idealizations, Ra 
and the various 6’s given in equation (6) can all 
be evaluated. When substituting in equation (10). 
it must be kept in mind that each different sized 
cavity must be computed separately, as they 
each have different frequencies. Using this set of 
equations, a comparison of the measured and 
calculated heat-transfer rates was made for one 
set of data. The calculated points are given 
below and the comparison given in Fig. 6. The 
comparison is satisfactory. 
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Fluid: Distilled, degassed water 

aurfoce: Gold, No.8 diamond compound polished 

System pressure: 1 atm. 

&:different for each point 

O-25 

0 Experimental results 

FIG. 6. Verification of bulk convection theory by Han’s data. 

Fluid used : Distilled degassed water 

Surface : Gold layer plated on copper base, polished with No. 8 diamond compound 

System pressure: Pa = 1 atm 

Data point 1: QR = O-0620 Btujs 
Tw = 218*73”F 
T,,t = 21240°F 
T, = 17856°F 
N =t2 

i 

IV6 = 12 of Re = 34460 x 10-G ft from (13), (I&) min was taken as the cavity 
radius, since (RJmax is nearly a hundred times larger than the surface texture 
dimension. 

lNcs==O 
QP = 0.0620 Btujs from (10) 

Data point 2: QR = O-1202 Btu/s 
T, = 235.09°F 
Tsat = 2124W’F 
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T, = 199.72”F 
N =18 

i 

Na = 12 of R, = 3.0460 x lo-5 ft 
f = 69*151/s from (13), (15), (17), (16) and (14) 

1 Ni = 6 of Re = 0.7859 x 10-5 ft 
Rd = 4.15 x 10-3 ft from (17), (16) 
QP = O-1142 Btu/s from (10) 

Data point 3 : QR = 0.1433 Btu/s 
TW = 237.11”F 
Tsat = 212°F 
T, = 201.87”F 
N -20 

I 

Na = 18 
r 

12 of Rc = 3.046 x 10-5 ft 

‘I 

f = 78.46 l/s 
6 of R, = 0.7859 x 10-j ft 

I 

f = 53.08 l/s 
Nf = 2 of Re = 0.7240 x lo-5 ft 

Rci = 4.215 x 10-3 ft 
QP = 0.1412 Btu/s 

D lata point 4: QR = 0.1866 Btu/s 
TW = 237.61 “F 
Tsat = 212°F 
Tm, = 201.38”F 
N =20 

1 I 

1 Na = 20 12 of R, j-= = 80.72 3.046 l/s x 10-5 ft 

6 of Re = 0.7859 x lo-5 ft 
f = 61.56 l/s 

( 2 of Rc = 0.7240 x 10-S ft 
I Ni = 0 1 .f = 6.44 l/s 

& = 4.231 x lo-3 ft 
QP = 0.1584 Btu/s 

Data point 5: QR = 0.2157 Btu/s 

TW = 240.65”F 
T sat = 212.OO”F 
TClJ = 200.53”F 
N =20 

I Na = 20 1 6 12 of of Rc Rc = = 

1 

i 

f = 88.03 l/s 
0.7859 3.046 x x 10-5 10-5 ft ft 

1 

2 of Rc f= = 0.7240 87.06 l/s x lo-5ft 

[Ni ==0 
f = 78.60 l/s 

Rcz = 4.322 x 10-S ft 
QP = 0.2056 Btu/s 
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3. DISCUSSION 4. CONCLUSIONS 

In the preceding paper it has been shown 
possible to predict the q vs Tw - Tsat relation 
for one particular geometry in the isolated 
bubble region. An extraordinary amount of 
information about the surface was needed to do 
this. In a practical problem this information 
hardly exists, so where do we go from here? 
First we can now design meaningful experiments 
as we know all the variables. Second, these 
experiments show the following: 

(a) More systematic experimentation needs 
to be done to determine how invariant the 
surface variables of contact angle and 
nucleation properties are. This should be 
done on industrial type apparatus rather 
than on laboratory size experiments. 

(b) It should be possible to develop highly 
simplified q vs (Tw - Tsat) relations in 
which the invariant surface properties 
appeared as a curve of arbitrary shape. 
This would be an improvement over 
assuming a constant power on (Tw - Tsa+) 
in a boiling correlation. It would be de- 
sirable if the independent variables like 
sub-cooling, pressure and velocity were 
included in the functional relations. 

(c) More information needs to be obtained on 
the significance of small differences in 
handling procedure from batch to batch 
of typical boiling surfaces. This would fix 
the limit of significance of any boiling 
correlation. 

(a) Viscosity does not enter directly into the 
boiling process but only in its effect on 
bubble departure and contact angle varia- 
tions. 

(b) Surface conditions, through nucleation 
properties and contact angles, explicitly 
affect the boiling process. 

(c) The complications of the boiling process 
are reflected in the complications in the 
boiling data. 

(d) A bubble departure criterion must be 
specified in order that the boiling process 
be determinate. 

(e) The heat-transfer geometry, as affected by 
bubble packing, size and shape must be 
specified to make the boiling heat-transfer 
process determinate. 
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Resume-Les processus individuels de la germination des bulles, de leur croissance et de leur detach- 
ment qui ont et6 decrits en detail dans la lere partie de cet article sont utilises pour prevoir la relation 
entre le flux de chaleur et la difference de temperature pour une experience particuliere d’ebullition. 

Les idealisations geometriques faires pour Cvaluer le flux de chaleur s’appliquent seulement darts le 
regime avec bulle isol& Avec seulement ces idealisations, une connaissance des proprittes de germina- 
tion de la surface, de l’angle de contact de la bulle et des proprietes du fluide est suffisante pour 
prevoir les performances dune surface pour l’ebullition. La comparaison entre les performances 

prevues et mesurees est tout a fait bonne. 

Zusammenfassung-Die einzelnen Vorglnge des Entstehens von Blasen, ihres Anwachsens und 
Ablosens, die im einzelnen in Teil I dieser Arbeit beschrieben wurden, werden zur Vorhersage der 
Beziehung zwischen Wlrmestromdichte und Temperaturdifferenz ftir einen besonderen Siedeversuch 
verwendet. Die geometrischen Vereinfachungen wurden getroffen, urn die Wkmestromdichte nur 
fur den Bereich der Einzelblasen abzuschltzen. Mit ausschliesslich diesen Vereinfachungen geniigt 
das Kennen der Eigenschaften der Keimstellen an der Oberl%che, des Blasenrandwinkels und der 
Stoffwerte der Fltissigkeit, urn die Siedeleistung einer Oberfllche vorherzusagen. Der Vergleich 

zwischen der vorhergesagten und der gemessenen Leistung ist recht gut. 
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;IHHOTaqHJr-npeACTaBneHMR 0 IIpOIJeCCaX 06pa30BaHHH, pOCTa 12 OTpbIBa IIJ'3bIpbKOB. 

ITOJ(pO6HO OIIIlCaHHbIeB ?faCTH 13TOltCTaTbEI,llC~OJIb30BaHbI3AeCb~qnRpaCYeTaCOOTHOrUeHIlR 

YlemnJ' TeIIJlOBbIM IIOTOKOM 11 pa3IIOCTbKI TeMIIepaTJ'p @ISI OHHOrO KOHKpeTHOl'O OllbITa II0 

Kmemm. reoMeTparecKaE n~eamaaqafi n03Bomma paccwiTaTb TennoBoltt 110~01; npn- 

MeHATeJIbHO TOJIbKO K H30JlHpOBaHHOMY IIY3bIpbKOBOMY peHWMy. TOJIbKO IIpEf TaKOt H;(ea- 

nH3aIJHM AJfH OIIllCaHIlR KMIIeHLlR Ha KaKolt-m6o IIOBepXHOCTIl AOCTaTO'iHO 3HaTb CBOfiCTB:I 

3T08 IIOBepXHOCTM,KaKMeCTa 3apOW~eHHH IIj'3bIpbKOB,KpaeBOtiyrOJI IIy:%IpbKaII CBOikTBLi 

HEMAKOCTH. CpaBHeHHe paCYeTHbIX H OIIbITHbIX AaHHbIX AaeT XOpOUlAii pe:lyJIbTaT. 


