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Abstract-A two-zone model of heat transfer between a fluidized bed and an immersed surface (J. EHgng 
Phys. 56(S). 767-773 (1989)) is used to correctly take into account the effect of the fluidized gas pressure 
and of the surface and bed temperatures on the overall heat transfer coefficient considered as the sum of 
conductive (/I&, convective (h,,,,) and radiative (h,) components. The quantity hcand represents the effect 
of contact thermal conductivity of solid particles and also their convection near the heat transfer surface, 
h, takes account of the effect of the bed non-isothermicity near the surface on its effective emissivity. Based 
on the model used, correlations are obtained for computing the overall heat transfer coefficient. Comparison 
with the literature data shows that these correlations are valid over a wide range of experimental 

conditions:0.1~d~6.0mm;0.1~p~10.0MPa.293~T,~1713K;293~T,~1373K. 

INTRODUCTION 

IN RECENT times a considerable amount of attention 
has been given to investigations in the sphere of fluid- 
ized bed combustion and gasification of solid fuels. 
The new technology has certain advantages over tra- 
ditional techniques-a lower level of harmful emis- 
sions, a wider range of fuels being used, less cost of 
purification works, etc. The operating conditions of 
furnaces and reaction chambers of gas generators pri- 
marily involve high temperatures (1023-l 173 K) of 
the bed and also increased pressures of the fluidizing 
gas (up to 2.0 MPa). Under such conditions, heat 
transfer between a fluidized bed and a surface has a 
complex conductive-convective-radiative character. 
Its rate depends on a great number of factors and 
their correct representation involves great difficulties 
the elimination of which first of all requires the eluci- 
dation of the mechanism of heat transfer and then the 
development of rather adequate models of combined 
heat transfer. For the most part the models available 
at present are rather specialized and, as a rule, describe 
a very limited body of experimental data on con- 
ductive-convective heat transfer [l-5]. The inclusion 
of radiative heat transfer is aggravated by the fact that 
there is no substantiated technique for calculating the 
fluidized bed effective emissivity [5] which would take 
into account the non-isothermicity of the bed near the 
heat transfer surface. One of the most well-known 
empirical formulae for calculating h”“” is that of 
Baskakov and Panov [7] which predicts rather a 
strong dependence of the conductive component on 
pressure-the fact not confirmed experimentally [8]. 
Besides, this formula somewhat idealizes the effect of 
temperature T, on h,, fully ignoring the bed tem- 

perature (T,)-the fact which also lacks experimental 
confirmation [9]. 

In the present work attention is mostly paid to 
the functional dependence of the overall heat transfer 
coefficient on the governing parameters which reflects 
the effect of gas pressure and of the surface and bed 
temperatures on this coefficient and allows extremely 
wide generalizations of experimental data available in 
the literature. 

CONDUCTIVE-CONVECTIVE HEAT TRANSFER 

The analysis of the process of conductive- 
convective heat transfer is made with use of the two- 
zone model [lo] which presupposes the existence of 
an effective gas film at the heat transfer surface. Within 
the scope of this model [lo] the following simple 
expression was obtained for h,_, in terms of the gas 
film characteristics : 

h, = i;&. (1) 

The effective thermal conductivity and thickness of 
the film are defined as 

1: = i,+O.O061p,c+ 

1, = O.l4d(l-m)-2’3. 

The calculating formula for h,.,, i.e. 

(2) 

(3) 

N&X = 7.2(1-m)2’3+0.044RePr m (l -,)2’3 (4) 

which follows from equations (1) to (3), is used as the 
basis for obtaining the universal relations Nu,, and 
Nu;! . 
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NOMENCLATURE 

cylinder radius 
isothermicity parameter 
Archimedes number, .ycl’p,(p\ -_P,)/& 

specific heat 
diameter of particles of ith fraction 
mean diameter of particles, 1 /(E, q,/d,) 
fret fall acceleration 

bed height 
external heat transfer coefficient 
gas film thickness 
bed voidage 
Nusselt number, /IL//& 
pressure 

Peclet number, p+yd~lHrn$ 

Prandtl number, c,pc,/Lr 

Reynolds number, udpr/,uf 
temperature 
inlet gas temperature 
superficial velocity 

coordinate 
apparatus radius. 

Greek symbols 
c emissivity 

‘I! mass fraction of particles with diameter 

di 
6, dimensionless temperatures, 

(T- T,)l( T,+ - T,) 
1 thermal conductivity 

A;’ molecular thermal conductivity of gas 

at 273 K 
A $/$ 

L’ viscosity 

< r/R 

P density 
0 Stefan-Boltzmann constant 

rr* a/(l/C,,-tlic,-I). 

Subscripts 
b fluidized bed 
cond conductive 
conv 

C-c 

e 

f 
mf 

opt 
r 
S 

W 

;c’ 

rz 

convective 
conductiveconvective 

effective 
#pS 

minimum fluidization 
optimum 
radiative 
solid particles 
heat transfer surface 
fluidized bed core 
general. 

Superscripts 
h horizontal 
max maximum 
0 atT=273K 

( > at T= (T,+T,_)/2 

The analysis of the results of comparison between 
the experimental data for h, with those predicted by 
equation (4) showed that this formula satisfactorily 
describes only the experimental data for the beds of 
large particles (d 2 1 mm). In the case of small 
particles, equation (4), as a rule, overpredicts the 
values of h,_,. Heat transfer in the beds of small 
particles is mainly controlled by its conductive 
component which is defined by the expression 
&/ln = 7.2&( 1 -m)‘,‘/d. The fact noted above indi- 
cates that h,_, does not depend so strongly on the 
diameter of particles. Therefore. the following cor- 
relation of the dependence of I, on d was made : 

I,, = k, Armkl d(1 -me’ ‘. (5) 

The non-linear dependence on d is associated with the 
special features of motion of solid particles under the 
action of hydrodynamic forces near the heat transfer 
surface. As is seen, these features are taken into 
account by introducing into equation (5) the Archi- 
medes number which is the generalized hydrodynamic 
characteristic of particles in a gas flow. 

The generalization of the dependence of the gas film 
thermal conductivity on the determining parameters 
was made to correctly take into account the influence 

of the fluidizing gas pressure on the conductive com- 
ponent h,,. It turned out to be possible to realize by 
introducing into the expression for the conductive 
component &’ the simplexes l,/i,,, pJpf and c,/cr that 
represent the existence of the contact heat conduction 

between particles and their convection near the heat 
transfer surface 

(6) 

In this equation, in the second term depending on (1. 
the factor Arm”f takes account of the non-linear 
dependence of L: on d. This is also due to the special 
character of the motion of particles near the heat 
transfer surface. Equations (5) and (6) together with 
equation (1) give 

For N&“z equation (7) yields 
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The functional relationships given by equations (7) 
and (8) were used for wide generalizations of exper- 
imental data on conductive-convective heat transfer. 

The values of the coefficients k, were found by com- 
parison with literature experimental data. Reliable 
determination of the coefficient k, is already a chal- 
lenge if only for the specificity of the structure of 
equations (7) and (8). Moreover, the solution of this 
problem is hindered by the familiar discrepancies in 
the determination of the h, coefficients by various 
authors (different measurement techniques, different 
types and dimensions of heat transfer surfaces, the 
specifics of the bed hydrodynamics, locations of 
probes, etc.). To hold the effect of these factors to a 
minimum, the coefficients k, were found in several 

steps. 
Initially only the maximum values of the heat trans- 

fer coefficients were considered in beds of rather small 

particles (d = 0.4 mm) for the convective component 
h, c to be neglected. The expression for NuzA follows 
from equation (8) 

The above equation is very convenient for analysis 
and, to determine the exponents in equation (9). 
allows one to use the simple and, as it turned out, 
rather an effective method that reduces to the mini- 

mum the errors in the determination of ki because of 
the above-noted discrepancies in the measurements of 
the heat transfer coefficient by different researchers. 
In the realization of this method use is made not of 
the absolute experimental values of II=;, but rather 
of their ratios. Besides, the comparison is carried out 
under identical experimental conditions. Moreover, 
those experiments are selected in which the simplexes 
I.Jirq ps/pr and c,/c, have extremum values. This 
sufficiently expands the range of the results used and 
increases the reliability of determination of the 
coefficients k:. Considering this fact, the literature 
data selected (pp. 217, 307 and 469 of refs. [l l-131, 
respectively) were used in the following form : 

(h~~)copperi(hcmoanxd)sand = 1.27 

(fluidizing medium-idem) 

(&%),,,d/(GL~ = 1 

(fluidizing medium-idem) 

(h”‘=’ ) con* hellurn l(h%)a,r = 3 

(particles-idem) 

VCZAwirogen lWX,)a,r = 3.45 

(particles-idem). (10) 

The substitution of equations (9) into equations 

(10) with the specific values of i, p and c led to the 
system of four equations which after taking log- 

arithms acquire the form 

1.27k; + 3.02k’, + 1.27k; -0.72k; = 0.24 

1.51k;+3.85k’,+1.51k;-l.81k; = 0 

1.9k; + 1.7k’, - 1.9k; + 1.66k’, = 0.6 

1.16k;+l.94k:,-2.6k;+2.66k’, = 0.71. (11) 

The solution of the system of linear algebraic equa- 
tions (11) is k> = 0.16; kk = 0.03; k’, = 0.14; k’, = 0.30. 

The suitability of these values of kj for describing 
experiments under different conditions was confirmed 
by the results of generalization of literature data [24, 

8, 14-201 by relation (8) which involved the values of 
ki obtained 

Nap:X = 0,4,@.‘6 & 
0.14 0.30 

0 0 5 
Pf cr 

+0.0013.4r0.~3 Pr. (12) 

Due to the exponent of the simplex IS/if being small. 
the latter was ignored when the experimental data 
were processed. Equation (12) is valid in the following 
range of parameters : 0.1 < d < 4.0 mm ; 0.1 < p < 10 
MPa (1.4x lo* < Ar < 1.11 x 10’). The standard 
deviation of experimental points from those predicted 
by equation (12) amounts to 14% (Fig. 1). As is seen, 
the exponents of Ar and ps/pF being almost equal, 
the dependence of the conductive component of the 

coefficient h, c on pressure is very weak. This cor- 
responds to the well-known experimental fact of the 
weak dependence of the conductive-convective heat 
transfer coefficient on pressure beds of small particles 

181. 
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FIG. 1. Comparison between experimental data of refs. 
[24. 8. 14-201 and the results predicted by equation (12). 1, 
ref. [4] (d = 1.3 ; 4 mm) ; 2, ref. [2] (d = 2 ; 3 mm) ; 3. ref. 
[3] (d= 1.6 mm); 4, ref. [14] (d = 0.7 mm); 5, ref. [15] 
(d=0.25;0.62;0.98mm);6.ref.[16](d=0.1;0.4mm);7. 
ref. [17] (d = 0.26; 0.35 mm); 8, ref. [8] (d = 0.126: 1.22 
mm; p = O.lL8.1 MPa); 9, ref. [18] (d= 0.75; 1.5 mm; 
p = 0.5SlO.O MPa); 10, ref. [19] (d= 0.12-1.16 mm); 11. 
I2,ref. [20] (d= 0.162.37mm;p = 0.1-0.93 MPa). l--7. 10, 

at atmospheric pressure. 



The deter~ll~I~atio~1 ofexponents in equation (7) was 
also carried out in a few steps. Firstly. only cxpcr- 
imental data on heat transfer of a single horizontal 
tube in beds at atmospheric pressure and low tcm- 
pcraturcs wcrc corrclatcd when the values of the sim- 
plexes i,:i,.. f),:pr and L’,/I’, vary only slightly. This 
allowed one to rather reliably rcvcal the dcpendcnce 
of h, c on .4~ (on the diameter of particles). Cor- 
relation of the experimental data of refs. [2-4. 14-l 71 
on the basis of equation (7) without inclusion of the 

simplexes 2,/j.,-. /I,:~I,, (‘,:c’, gave 

‘VU, c = ‘.62Ar” ‘(1 -It7)2 3t-0.033Rr Pr 
(I -In)’ 3 

111 . 

(13) 

Equation ( 13) describes experimental data with the 
mean-square error of 17% (Fig. 3). It was checked 
in the following range of Ar : 1.4 x IO’%.8 x IO’ 
(d = O.lL4.0 mm). The mean bed voidage was cal- 

culated from the familiar relations [IO]. 
The second step in the calculation of the values of 

k, in equation (7) was the use of experimental data at 
evaluated pressures [S, 181. The generalization of the 
sampling of experimental data on the values of ir, c 
[2_4,8,14_IX] was carried out on the basis of equation 

(7). In this case it was assumed that k, = 0. I : Er, = 0: 
li, = k,+X-, = 0.1 +k5. The latter assumption agrees 
with the results of determination of the coefficients ii: 
in equation (8) where it was obtained that X-L = k’,+k>. 
Moreover. it follows from purely physical consider- 
ations that it is reasonable to use not specific, but 
rather volumetric heat capacities, because it is precisely 
these qualities that enter into the corresponding 
heat conduction equations. As ‘4~ includes the factor 

PJPr - 1 2 p,/p,. the condition k, = h-,fX-, leads to 
the appearance of the physically justified factor 

2. Comparison between experimental data of refs. 
14 -I 71 and the results predicted by equation (13). l-7. 

see Fig. 1. 

4*- 

20 - 

_:10- 
y B- 

s 6- 

A3 
04 
85 
+6 
x7 
06 
a9 

FIG. 3. Comparison between experimental data of refs. 
12-4, 8, 14 -181 and the results predicted by equation (14). 

I 9. see Fig. I. 

( P&IPr’r) ” ‘+‘q in the expression for the conductive 
component h, c. The generalization of the above- 
mentioned experimental data on the quantity /I, i 
gave the following correlation : 

which generalized the experimental values of k,.. with 
the mean-square error of 22% (Fig. 3). Equation (14) 
was checked in the following ranges: 0.1 & d < 4.0 
mm; 0.1 & 17 < 10.0 MPa (1.4x 10’ < .4r < 1.1 x IO’). 

On the basis of equation (14) and with the use of 
the condition dNu, JdRe = 0, the values of Reap, were 
calculated at which the maximum value of Nu, c is 
attained. Rather a weak dependence of Reopl on p,/pf 
and c,/cr allowed the approximation of the Re,,,, 
values by the following relation : 

k,,, = 0.093Ar” 57 (14a) 

which in the range IO’ ,< Au < 10’ is in a good agree- 
ment with the well-known Todes formula [13] (the 
standard deviation does not exceed 15%). 

CONDUCTIVE-CONVECTIVE-RADIATIVE 
HEAT TRANSFER 

fn the first piace it is necessary to obtain the deter- 
mining temperature for calculating the physical 
characteristics of the gas under the conditions of radi- 
ation effect. This can be easily done on the basis of 
the heat transfer model used. Considering the gas 
interlayer to be transparent for radiation and also 
taking into account that in a developed fluidized bed 
the heat transfer is limited only by the gas film resist- 
ance near the heat transfer surface, the system of 
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equations for modelling the heat transfer of a vertical 
tube with a high-temperature bed has the form 

; $W)C$) = Pet$ (15) 

(a/lo < 5 < 1 +a/lo) 

@(a/lo) = I ; @(I +a/[“) = rxI 

with the additional condition 

(16) 

I:(T,)(T,,-T;-‘) dO;- ’ 

10 d5 
-a*(T; - T;z) 

p,c,u( T, - p’,) R2 -a’ 
= 

H ~ (17) 2a 

which determines the temperature of the incoming gas 

(T,,). The system of equations (I 5) and (16) was solved 
numerically by the time-dependent technique from the 
corresponding non-stationary problem. Since @ is a 
function of Tk,, the solution of equations (15) and (16) 
is first found for the given initial approximation T,f. 

Each subsequent T\, necessary for the determination 
of L$ from equations (15) and (16). was found from 
equation (17). The process of iteration on the quan- 
tities T: and Ti terminated when ](T’;- Tim’)/Tk,] 
< 1 O- 5. Calculations were made for d = l-6 mm, T,, 

T, = 873-1473 K. It is found that the value of the 
coefficient /I~:, determined from equations (15) and 
(16) by the formula 

h 
X 

= l:(Tr(a)) dT&) + a*(T: - 7% 
T, -T, dr T, - Tw 

(18) 

coincides within 1% with the value of h, obtained 
from the solution of the system of equations (15) and 
(16) at Pe = 0 (for the conditions of the fluidized-bed 
furnace operation the value of Pe does not exceed 
0.4). 

The results of the numerical experiment allow one 
to use the system of equations (15) and (16) with 
Pe = 0 for the analysis of the specific features of com- 
bined heat transfer. At I: N (&‘)‘+B(Tr-273) it 
admits a simple anaiytical solution [21] which gives 

the following expression for h, : 

h, =~~~~+~*(T:+TI)(T,+T,). (19) 
0 

The actual dependence of 2: on T, is not strictly linear. 
therefore equation (19) should be considered as a 
reasonable approximation. 

As is known, the problem of correct representation 

of radiative heat transfer within the scope of equation 
(19) reduces to the determination of the effective 
emissivity of a fluidized bed (Ed) which enters into the 
quantity (r* and which takes into account the effect 
of the bed non-isothermicity near the heat transfer 
surface. The functional dependence of a, on the tem- 
peratures of the bed core (T_) and the heat transfer 
surface (T,) was found in ref. [8] 

;=A+(l-A) r (‘:r. (+ 1). (20) 

Equation (20) was used to correlate the data of ref. 
[6] on E, measured in a fluidized bed of corundum. 
To calculate the coefficient A (the parameter of iso- 
thermicity). it was obtained that 

A = 1 -exp (-0.16Ar0 Ih), Ar > 1.22 x IO’ (21) 

where the values of Ar were calculated at the tem- 

perature T,. From equation (21) it follows that with 
Ar 2 10’ the isothermicity parameter is A 2 1 and 

E, x &,--the case fully corresponding to an isothermal 
bed. The result obtained agreed with the conclusions 

of ref. [22] where it was shown that intensive inter- 
phase heat transfer in the beds of particles with d 2 1 
mm greatly compensates heat losses by particles due 
to heat conduction to the wall. The experimental data 

of ref. [23] on heat transfer of chamotte particles at 
high temperatures also indicates insignificant cooling 
of particles with d > 1 mm and the necessity of taking 
this effect into account in the beds of small (d < 0.5 
mm) particles. 

The generalization of experimental data of refs. [2. 

4, 6, 8, 1418, 241, including also the experiments at 

high temperatures [6, 241, on the basis of equations 
(14) and ( 19) led to the following correlation : 

0. I4 

’ 
c, 024 

Nu, = 0.85Ar0 0 c (1 -In)’ 3 
t 

0 2 

+0.046RePr~~7$o*(T~ +Tz)(T +T ), 
m 4 

Y x * 

(22) 

This relation generalizes the above-indicated exper- 
imental data with the mean-square error of 18% (Fig. 
4) and is valid within the ranges : 0.10 d d ,< 6.0 mm : 

VI I III I I 
2 4 6 6 IO 2u 40 

(Nu, 'Cd 

FIG. 4. Comparison between experimental data of refs. 
[24, 6, 8. l&18, 241 and the results predicted by equation 
(22). l-9, see Fig. 1; IO, ref. [6] (d= 0.5: 6 mm; p = 0.1 
MPa ; T,, = 273-1373 K ; T, = 1073 ; 1473 K) ; I I. ref. 
[24] (d = 0.35 ; 0.63 ; 1.25 mm ; p = 0.1 MPa; T, = 433- 

1023 K: T, = 1123 K). 



0.1~!,~10.0MPa;‘93~T, <1473K;‘93<T,< 
1373 K (1.4x IO-‘< .-lr < 1.1 x IO’). 

The result of an analogous correlation of exper- 
imental data on the maximum heat transfer coeffi- 
cients [24. 6, 8.9. 14-20. 233281 on the basis of equa- 
tions ( 12) and ( 19) is 

Nlly* = 0,36~,J Ifi +0.0013.4r”h3 Pr 

+ f’ n*(T: +T;)(T, +7-,,. (23) 
(Xl> 

Correlation (23) is checked under the following con- 
ditions: 0.1 <d< 6.0 mm; 0.1 <p < 10.0 MPa; 
393 < T,~ < 1713 K; 193 < 7-, < 1373 K (1.4x 10” < 
Ar d 1.1 x 10’). It describes the experimental data 
with the mean-square error of 16% (Fig. 5). The 
values of the thermophysical characteristics of 
phases in equations (22) and (23) are taken at a mean 
temperature [(T, + T,.)/2]. The emissivity of an iso- 

thermal bed in the expression for o* is calculated by 

the formula [29] 

2 4 6 6 IO 20 406080 

FIG. 5. Comparison between experimental data of refs. 
[24,6,8,9. 14-20.33-281 and the results predicted by equa- 
tion (23). 1~12, see Fig. 1 ; 13, ref. [6] (see Fig. 4): 14, ref. 
[25] (d = 0.341.66 mm; p = 0.1 MPa: T, = 423-573 
K; T, =57331173 K): 15. ref. [26] (d=0.12: 0.32 
mm : p = 0.1 MPa; T, = 3733423 K; T, = 473~-673 K) ; 
16. ref. [9] (d = I.0554 mm) : p = 0.1 MPa; T, = 303 
K; T, = 107331273 K): 17. ref. [23] (d= 1.22; 1.73 
mm; p = 0.1 MPa; T, = 423-1573 K); T, = 122331573 
K) : 18, ref. [28] (d = 0.37; 1.25 mm; p = 0.1 MPa; 
T, = 337-628 K: T, = 57331273 K); 19, ref. [24] (see 
Fig. 4): 20. ref. [27] (d=0.8; 1.3; 1.8 mm; p = 0.1 MPa: 

T, = 373 K; T, = 753-1713 K). 

In the case ofpolyfractional particles. the heat translet- 
coefficients arc calculated with the use of the cqui- 
valcnt diameter of particles determined from the 
formula 

CONCLUSION 

Based on the two-zone model, an analysis of the 

process of combined heat transfer in a fluidized bed 
is carried out. The correct representation of the influ- 
ence of pressure, bed temperatures and of the heat 
transfer surface on h, and Izz” is made. The effect of 
the bed non-isothermicity on the magnitude of the 
radiative component of heat transfer coefficient is 
taken into account. Relations (22) and (23) derived 

are checked over extremely wide ranges of exper- 
imental conditions and can be used for calculating 

heat transfer in fluidized-bed and gas generators. 
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TRANSFERT THERMIQUE ENTRE UNE SURFACE ET UN LIT FLUIDISE: EFFETS 
DE LA PRESSION ET DE LA TEMPERATURE 

R&m&-Un modele bidimensionnel de transfert thermique entre un lit Buidisi- et une surface immergCe 
(J. Engng Phys. 56(5), 767-773 (1989)) est utilise pour prendre correctement en compte l’effet de la pression 
du gaz et de la surface et des tempkratures sur le coefficient global de transfert considtrC comme la somme 
des composants conductif (hcond), convectif (h,,,,) et radiatif (h,). La grandeur hcond reprtsente I’effet de la 
conductivitt thermique de contact des particules solides et aussi leur convection pr& de la surface ; h, prend 
en compte l’effet de la non isothermicitk du lit pr& de la surface sur I’tmissivitk effective. A partir du 
modtle, on obtient des formules pour calculer le coefficient global de transfert de chaleur. Une comparaison 
avec les donnkes disponibles montre que ces formules sont valables dans un large domaine de conditions 

exptrimentales:O,l <d<6,0mm;O.l <p< lOMPa:293< T, < 1713K:293< T,< 1373K. 

WARMEUBERGANG AN EINER 0BERFL;iCHE IN EINEM WIRBELBETT-EINFLUSS 
VON DRUCK UND TEMPERATUR 

Zusammenfassung-Der WCrmeiibergang an einer ObereHche in einem Wirbelbett wird mit Hilfe eines 2- 
Zonen-Modells (J. Enanu Phvs. 56(5), 767-773 (1989)) untersucht. Dadurch ist es m&lich. den Einflun _ ., 
des Druckes und der Temperat&& von Ob&fllche und Wirbelbett auf den G%amtwlrmeiiber- 
gangskoeffizienten korrekt zu beriicksichtigen. Dieser Koeffizient wird als Summe von WBrmeleitungs-. 
Konvektions- und Strahlungs-BeitrPgen betrachtet. Der Warmeleitungsanteil enth6lt die Einfliisse des 
Kontaktwiderstandes zwischen den Feststoffpartikeln wie such deren Konvektion nahe an der wirmeiiber- 
tragenden Oberfllche. Im Strahlungsbeitrag wird der Einflul3 ungleichfiirmiger Wirbelbettemperatur 
ndhe der Oberi%iche auf das effektive EmissionsvermGgen beriicksichtigt. Mit Hilfe des verwendeten Modells 
ergeben sich Korrelationsgleichungen zur Berechnung des Gesamtwlrmeiibergangskoeffizienten. 
Ein Vergleich mit Angaben aus der Literatur zeigt. daI3 diese Korrelationen iiber einen weiten Bereich von 
Versuchsbedingungen giiltig sind : 0.1 < d < 6,0 mm : 0.1 < p < 10.0 MPa : 293 < T, < 1713 K : 

293 < T,, < 1373 K. 

3AKOHOMEPHOCTki TEI-IJIOOBMEHA MEmAY l-IOBEPXHOCTbIO M 
I-ICEBAOOxKklrnEHHbIM CJIOEM: YgET BJIHIIHEIfi flABJlEHki% M TEMI-IEPATYPbI 

AkmoTa~~Byx3onnan htonenb TeMooBMeria Mem4y nCen~ooncn*ennbrh4 cnoeM H norpynennofi B 
Hero nosepxnocrblo (.I. Engng Phys. 56(S), 767-773 (1989)) HcnonbsyeTcn ana KOP~~KTHOI-o yveTa 

mnin~~n AanneHHn AawretiHn o~Hzxa10mero ra3a, Tehmepalyp noeepxtiocre H cno~ Ha eenHw.i~y 

nomioro Ko3@@~eHTa TeMooBMeHa, paccMalpHsaeMor0 KaK cyMMa K~I~A~KT~BHo~%(~~~~), KOHBCK- 

THBHOti (/I,,,,) H parulaU$ioHHOii (h,) CocraB~nKnmiX. Bemiqmia hfDnd y¶HTbIBaeT BJIHI(HHC KOHTaKTNOii 
TeMOnpOBOrpi0CTH TBepmX 'laCTHU,a TaKxe HX KOHBeKIUil0 y TeMOO6MeHHOii nOBepXWCTH, h, ySH- 
TbIBaeT B,IHKHHe HeH30TepMWIH0CTB CJIOK y nOBepXHOCTll Ha er0 3+#IeKTHBHyE0 CTeneHb YePH0TL.I. Ha 
ocHone Hcnonb3osamiok MonenH nonyyeiibl Koppennmiu arm pacwra nomioro Ko*HmieHTa ren- 

noo6Mesia. CpaBHeHHe C JIHTepaTypHbEMH AaHHbIMB nOKEUaJl0, 'iT0 3TH KOp~JIKWH CnpaBe&JlHBbl B 

nniporo~ MamuoHe H3MeHeHHn ycnoexfi 3KcnepHMeHra: O,l<dd6,0 MM; O,l< pb 10,O Mna; 
293 < T, < 1713 K; 293 < T, < 1373 K. 


