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Abstract-In agreement with previous authors, effective axial conductivities should be represented as the sum 
of the effective conductivity without flow and a term which depends on the flow rate. Concerning this latter 
term it was found in combining our own experimental results with those of Kunii and Smith that the best 
correlating parameter is the linear artificial velocity rather than the Reynolds number. New correlations for 

this term are presented which also include gases other than air. 

1. INTRODUCTION 

THE AXIAL effective heat conductivity ,L& without 
thermal radiation effects is defined by the steady-state 

quasi-homogeneous model equation of a fixed bed 

dT d=T 
r?iCrdx -1+ = 0. 

Equation (1) is valid only for low flow rates where solid 
and fluid temperatures are close together. A rather 
precise knowledge of this effective property is 
important, e.g. for the analysis of stability phenomena 
in fixed bed exothermic chemical reactors and for the 
computation of thermal effects at low flow rates. 

A review of literature data and of published 
correlations for axial conductivities leads to rather 

confusing results. To our knowledge the first paper to 
present a correlation for A:, was that of Yagi et al. [ 11. 
These authors proposed 

1’ ax- -$h6RePr 
4 i 

(2) 

with 6 = 0.8 and 0.7 for glass beads and steel balls, 
respectively. It is observed that L&/n, is the sum of the 
dimensionless fixed bed effective conductivity &/L, 
without flow and of a contribution which depends on 
the Reynolds and Prandtl numbers. Since the coefficient 
6 in equation (2) is similar for beds of steel and glass 
particles we conclude that the term 6 Re Pr is 
practically independent of the heat conductivity of the 
solid material. Shortly after the work of Yagi et al. [l], 
Kunii and Smith [2] published data on the same topic. 
Their measurements for glass beads and sand particles 
show that the flow contribution in equation (1) is not 
linear in Reynolds number and is affected strongly by 
the particle diameter. They also varied the type of gas. 
However, beyond a graphical presentation Kunii and 
Smith did not offer an analytical correlation. 

Votruba et al. [3] published steady-state data and 
found the flow-dependent contribution in equation (2) 
to be a function of Re, d, and a constant C which is 

specific for each experimental run and which therefore 

has to be taken from Table 1 of their paper. They 
proposed the expression 

gx _ ZJ 14.5 

Ai -z+ d,( 1 + C/Re Pr) 
(3) 

For numerical calculation d, is in mm. 
After reviewing the available experimental material 

with the exception of ref. [2], Dixon and Cresswell [4] 
concluded that the correlation should be 

xx _ 4 , 0.5 

Ai 1, ’ 1 +.$/Re Pr 

where E is the relative voidage (porosity) of the packed 
bed and pis a constant which is equal to 9.7 for air. They 
also included dispersion data obtained by Gunn and de 
Souza [S] for unsteady heat dispersion and dispersion 
data by Edwards and Richardson [6] for unsteady 
mass dispersion. Dietrich [7] derived from his 
experimental work on ignition and extinction of 
chemical packed bed reactors that for his catalyst, 
Al,O, particles (d, = 6 mm), the coefficient 6 in 
equation (2) should be equal to 0.3 instead of 0.7 or 0.8 
as in ref. Cl]. 

To conclude this survey we find agreement between 

all authors that the effective thermal conductivity 
consists of the effective conductivity & without flow 
and a contribution depending on the flow rate. It is the 
latter term on which large differences are observed. The 
order of disagreement is presented in Figs. 1 and 2 
where the flow-dependent contribution 

~~J~,-~~/~, = F (5) 

was evaluated from available correlations and 
experimental results for glass and steel particles. Some 
of our own measurements are also included. None of 
the available correlations describe correctly what is 
observed from experiments. This statement applies in 
particular to the strong sensitivity of F with respect to 
d, if F is plotted as a function of Reynolds number. 

1465 



1466 D. VORTMEYER and W. ADAM 

aN 

c f 
4 
D 
F 
K 
?iI 
Pr 
Re 
T 

Tl 
T, 
UN 

x 

NOMENCLATURE 

thermal diffusivity at 273 K [m’ s ‘1 

heat capacity of fluid [J kg ’ K- ‘1 
particle diameter [m] 
packed bed diameter [m] 

L&/L, -LtJn,, equation (5) 
coefficient in equation (19) 
specific mass flux [kg m ’ s - ‘1 
vN/aN at 273 K 

ri&Jv, at 213 K 
temperature [K] 
temperature of the heated surface [K] 
surrounding temperature [K] 
linear artificial velocity (plug flow) 
at273K[ms-‘1 
coordinate 

Z 1,2 equation (15). 

Greek symbols 

%v overall wall heat transfer coefficient 

CJ m -‘s-l K-II 
3, effective axial heat conductivity of a 

packed bed with flow [J m- ’ s- ’ K- 

1: effective heat conductivity of a 

packed bed without flow 

CJ m -I s-l K-II 
I,, 1, heat conductivities of fluid and 

solid [J m-l s-l K-‘1 

vN viscosity at 273 K [m2 s- ‘1 

X, LXad equations (9), (12), (14) and (15) 

[m-l]. 

‘1 

0 1 2 3 4 5 6 7 8 -9 IO 

Re - 

FIG. 1. &/I, - $,/,I, = F as a function of Re for the glass-air 
system : A, B, Kunii and Smith 127 ; C, D, present results; E, 
Yagi ef al. [l], equation (2); G, Dixon and Cresswell [4], 

equation (4). 

2. EXPERIMENTAL AND 

THEORETICAL BACKGROUND 

If heat is supplied by thermal radiation or by other 
means to the exit cross-section of a fixed bed with a gas- 
stream through it, heat conduction against the fluid 
flow gives rise to temperature profiles (Fig. 3). This 
method was first employed by Saunders et al. [S] fpr 
the determination of heat transfer coefficients in porous 
metallic walls. Certainly this experimental technique is 
restricted to low flow rates because at higher rates 
convective processes dominate so that heat conduction 
against flow is very small and profiles like those in Fig. 3 
are no longer observed. 

It is the equilibrium between conduction and 
convection in each cross-section which determines the 
length of the temperature profile as a function of flow 
rate. Since the effective quiescent conductivity 1: of a 
packed bed depends on the conductivity 1, of the solid 
material it is expected that this solid conductivity 
should also influence the outcome of the experiments. 

I 
steel I LllP 

F 

IO 

0, 7 I _---y- 

0 12 3 4 S 6 7 8 9 IO 

Re - 

FIG. 2. F = f(Re) for the steel-air system : A, B, C, present 
results ; D, Yagi et al. [ 11, equation (2) ; E, Dixon and Cresswell 

[4], equation (4); G, Votruba et n[. [3], equation (3). 

We adopted for our measurements the method of 
Saunders et al. [S] as previous authors before [l-3]. 
Since the smallest diameter of the spherical particles 
was 2 mm we decided to measure temperatures by 
fitting thermocouples within particles which were 
positioned on the centerline of the circular packed bed. 
For a control radial profiles were measured in several 
cross-sections. 

FIxed Bed Energy 

u - 
T u- 

I 

_-oo ATo 
x 

FIG. 3. General survey. 
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FIG. 4. The containers for spherical particles. 

Vessels with different internal diameters of 86, 139 
and 200 mm were used as containers for the particles. 
The 86 mm vessel was a Dewar flask, the others were 
made of stainless steel with a wall thickness of 0.3 mm. 
They were surrounded by fibre filled evacuated jackets 
with an outside thermal insulation. In order to 
minimize the effect of axial heat conduction inside the 
glass and metallic walls, a circular cylinder of Teflon 
with a wall thickness of 2 mm was placed between the 
spherical particles and the wall (Fig. 4). Heat was 
supplied from an infrared lamp to a perforated copper 
plate on top of the fixed bed. The copper plate secured 
constant temperatures across the bed exit. The 
experiments were conducted with spherical particles of 
low thermal conductivity as the catalyst support 

material Al,O, or plastic, with glass spheres of 
moderate and metal spheres (steel, bronze, brass) of 
high thermal conductivity. All experiments were 
performed with air. The inlet temperature ofthe gas and 

the room temperature was kept constant. The 
experimental task was to measure a large number of 
axial temperature profiles (Fig. 3) as a function of flow 
velocity. 

Although the insulation of the experimental vessel 
was good and radial temperature profiles were flat, 
particularly at low flow rates, radial heat losses could 
not be avoided. Therefore, Gunn [9] took account of 
these losses by adding an overall heat loss term to the 
quasi-homogeneous model equation (1). Instead of 
equation (1) we then have 

ti+:,~+~(T-T”)=o (6) 

where T, is the temperature of the surroundings. a, is 
assumed to be independent of the flow velocity. The 
solution of equation (6) with respect to the boundary 
conditions (Fig. 2) 

x = 0, T = To 

x-+-03, T = T, 
(7) 

is given by the expression 

T-T, = exp {x[z +J[(z)‘+s]]} 
G--T, 

(8) 

for x < 0 as in Fig. 3 or in terms of Re and Pr 

T-T,, Re Pr 

To--T, zd,(n:Jn,) 

+J[(2;;;;-J+ %]I} = exP (xxv) (9) 

with 

xv = 2d&/ar) 
Re Pr +J[(2;;;J+$Y]. (10) 

With respect to A:, we obtain from equation (10) 

&_ Re Pr 1 4a, 
_p 

If X”d, +r:gY 
(11) 

Equation (9) reduces for CC,,, = 0 to the well-known 

adiabatic equation from refs. Cl-31 

and 

= exp (xxad) (14 

&_ Re Pr 

1, d&d . 
(13) 

Both equations (9) and (12) are represented by a straight 
line in the plot 

(14) 

with a slope of xv or x.,, respectively. Not one of our 
measurements turned out to fulfil adiabatic conditions. 

3. EXPERIMENTAL RESULTS AND THE 

EVALUATION OF AXIAL EFFECTIVE 

CONDUCTIVITIES 

In fact if the actually measured temperature 

profiles were plotted in the way suggested by equation 
(14), like other authors before we also obtained straight 
lines which substantiate the concept of an axial effective 
conductivity. Figure 5 is representative of several 
hundred measured profiles. The slope xv is easily 
evaluated for each profile. Since the slope depends on 
the flow rate it was plotted as a function of Reynolds 
number. Figures 6 and 7 only serve as examples for 
many more similar plots under different experimental 
conditions. Each point in Figs. 6 and 7 corresponds with 
a measured temperature profile. 

In all cases the XV-functions were found to be straight 
lines, e.g. (Figs. 6 and 7) in the low Reynolds number 



1468 D. VORTMEYER and W. AUAM 

Re = 5 

Re = 7 

FIG. 5. Semi-logarithmic plot of measured temperature 
profiles vs x. 

range. These lines were extended to the point of 
intersection with the ordinate. The ordinate sections 
are a measure of the heat losses since under adiabatic 
conditions 1 should be zero for Re = 0. The linear range 
of xv is represented by the function 

xv = Z,+Re Z,. (15) 

Table 1 contains numerical values of Z, and Z, under 
different experimental conditions. It is observed that Z, 
which is a measure for the heat losses, generally 
decreases with increasing diameter D of the particle 
bed, a fact which was expected. 

By a comparison of equations (15) and (10) we find 

at Re = 0 and & + 1: 

z,= g. J( > 5 

Therefore, equation (11) can be rewritten as 

a”- Re Pr 1' z2 I' I o 

if -X.d,+---. x: At 
(17) 

At this stage the effective conductivities &/a, could be 

evaluated from equation (17) if numerical values for 
(1:/L,) were estimated from correlations [lCrl2] or 
graphical mappings [13] which are available in the 
literature. However, it will be shown that @z/i,)-values 
are also obtainable from the experimental results of this 
paper. 

I I I I 
0 I 2 3 4 5 

Re- 

FIG. 6. x, = f(Re) for 5 mm spherical glass particles, No. 7 of 
Table 1. 

oOLW%P' 60 

Re - 

FIG. 7. x,, = f(Re) for 6 mm steel spheres, No. 18 of Table 1.2, 
straight line approximation for low Re numbers. 

The first derivative ofequation (10) with respect to Re 

is at Re = 0 

(18) 

In order to obtain equation (18) it was assumed that 
(1:JJ.r) can be represented by a functional relation of the 

type 

6 _ ae, K Re 

a, -I,+ l+C Re 
(19) 

with C = 0 or C # 0 as suggested by available literature 
data. It is further observed from equation (15) that 

= z,. 
Re=O 

Equations(20)and(l6)allow us torewriteequation(l8) 
in terms of Z, and Z, 

4 
z- pz 

- &(Pr-Kd,Z,). (21) 

Since the second term within the parentheses of 
equation (21) is a relatively small correction term, as a 
first step 1:/n, is evaluated from equation (21) by 
neglecting this term. Consecutive values for (L&,/J,) are 
estimated from equation (17) with the data of Table 1. 
The coefficient K [equation (19)] is obtained from a plot 

!&:=F=/(Re). 
f 

(22) 

With K known we evaluate corrected data of PO/& from 
equation (21). This procedure which can be repeated if 
necessary, was applied to each of the 22 different 
experimental cases in Table 1. The table includes the 
averaged values of PO/L, for each material. 

A comparison of these data in Table 2 with 
predictions of the correlations [9, lo] turns out to be 
quite satisfactory. 

For the final calculations of F however the individual 
(&/&)-data were used and not the averaged. 
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Table 1. Experimental details 

No. Material 

1 
2 

Catalyst -4.1 5 
6 

86 
86 

3 Polyamid -8.2 6 86 
4 6 139 

86 
139 
200 
86 

139 

10 Bronze 850 6 

Brass 1660 6 

Steel 1470 2 
2.5 
3 
3.5 
4 
5 

f 
6 

10 
IO 

86 

11 86 

I2 
13 
14 
15 
16 
17 
18 
19 

z 
22 

86 
86 

205 
86 
86 
86 
86 

139 
200 
86 

139 

17.2 O.l- 6.0 
14.33 1.5- 3.5 

14.33 1% 4.0 
23.2 1.5- 6.0 

17.2 O.i- 6.0 
27.8 O.l- 6.0 
40.0 0.3- 3.0 
10.75 2 -12.0 
17.4 1.5- 8.5 

14.33 1.5- 9.5 

14.33 1.5% 9.0 

43.0 f.3- 6.3 
34.4 l.O- 7.0 
68.33 0.4 1.2 
24.6 0.1-12.0 
21.5 1.0-12.0 
17.2 1.0-13.0 
14.33 1.0-12s 
23.2 1.5 8.0 
33.3 l&11.0 
8.6 2.cL20.0 

13.9 1.5-11.0 

20.0 17.5 
23.5 11.5 

20.0 
13.5 

9.9 
11.3 

16.0 7.65 
11.3 9.0 
5.0 9.52 

17.0 4.3 
10.5 5.0 

9.5 3.35 

10.0 2.9 

10.0 
12.3 
IS 

11.5 
17.0 
12.0 
11.7 
4.0 
2.0 

10.9 
9.23 
7.62 
5.73 
4.8 
3.8 
3.35 
3.73 
4.05 
1.9 
2.1 

3.5 
4.4 

4.7 
4.5 

7.9 
7.1 

::: 

14.3 

16.6 

14.5 
13.3 

- 
15.4 
15 
16.2 
15.3 

- 
16.9 
15.3 

4 

4.6 

7.9 

14.3 

16.6 

15.1 

Figures 1 and 2 incorporate our own data of F for 
steel and glass spheres as a function of Reynolds 
number. In agreement with Kunii and Smith [2] these 
data also depend on the particle diameter. In fact Fig. 2 
for the glass-air system shows nicely the extension of 
Kunii and Smith’s data for small glass particles to the 
situation where the diameters are 5 and 8 mm as in our 
experiments. 

It has to be concluded from these results that the 
Reynolds number obviously is not a suitable 
correlating parameter. This is understandable on the 
grounds that the particle diameter should not have a 
particular meaning in a true qu~i-homogeneous 
medium. In fact the original solutions, equations (8) and 
(12), of the quasi-homogeneous equations do not 
contain theparticlediameter at all. It is only introduced 
artificially if the solutions, equations (8) and (12), are 
expressed in terms of the dimensionless Reynolds and 
Prandtl numbers. 

The situation changes completely if F is plotted as a 
function of the artificial linear velocity uN which here is 

Table 2. Measured and calculated data of &/A, 

wn, %? 
w,$ 
after 

Material Uh measured [l i] Cl01 

Catalyst -4 3.9 2.2 2.2 
Polyamid -8 4.6 3.3 3.0 
Glass 45 7.9 6.8 6.4 
Bronze - 14.3 - 
Brass 1660 16.6 17 18.5 
Steel 1470 15.2 16.6 18.5 

related to 273 K. The dramatic impact of the change 
of variable is particularly demonstrated by Fig. 8 which 
besides our own results for particle diameters of 8 and 
5 mm also contains those of Kunii and Smith with 
particle diameters between 0.11 and 1.02 mm. Within 
small scatter all data lie practically on one line. Similar 
plots for steel, brass and bronze particles and for 
catalyst and polyamid spheres are presented in 
Figs. 9 and 10. 

Although there is some scatter for metal spheres, 
nevertheless the bulk ofthe measurements is quite close 
together. The scatter may reflect partly the influence of 
the ratio aids, although no definite conclusions could 
be drawn. 

Furthermore, it is observed that the F-functions 
depend also on the heat conductivities 1, of the solid 
material. The lines in Figs. 8-10 are overall analytically 

FIG. 8. F = f(u,.J for the glass-air system. Numbers 5-9 of 
Table 1. 
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2YL,!!___.7.--__.__ 
1 2 3 4 5 . 

1 
10-L 

u,---- ” i’ 

FIG. 9. F = f‘(t+,) for metal-air system. Numbers 10-22 of 
Table 1. 

---, 7.- TI 4 
0.2 d.4d.6 0.8 1 I,?. l,r, I,6 1,81&C' 

u,----- 

FIG. 10. F = f(+) for catalyst support Al,O,-air and 
polyamid-air systems. Numbers l-4 of Table 1. 

fitted by the relation 

F=gu, 
1 fhu, 

(23) 

Or 

f%X ,i’o -_=_ 
J-r 4 

+ -c!x. 
1 + hu, (24) 

or 

with d in m and vN in m2 s I. Table 3 lists gand h for the 
meta$air, glass-air and catalyst support-air systems. 
Either equation (24) or equation (25) may be used for 
the evaluation of effective conductivities at low flow 
rates. 

Table 3. Coefficients g and h of equation (24) for air only 

System 

Metal-air 
Glass-air 
Catalyst-air 

(m 9X s) (mhl s) 

14.2 x lo2 0.7 x 102 
10.6 x lo2 0.96 x 102 

6x 10’ 1.1 x lo2 

T- 

FIG. 11. F = f(uN) glass-CO,, glass-air and glass-He systems. 

4. THE EFFECT OF DIFFERENT GASES 

Besides air Kunii and Smith [Z] also performed 
experimental work with helium and carbon dioxide 
flowing through packed beds of glass beads. The effect 
on F is very large as exhibited by Fig. 11 which contains 
some of their results for CO, and He. The glass-air 
system is represented by the calculated curve from 
equation (24). A reduction of the three different curves 
in Fig. 11 to one is obtained if F is multiplied by the 
thermal diffusivities aN = (&/pc,), of the different 
gases. Numerical values at 273.15 K are: aN,Coz = 
0.0887 x 10e4; aN,sir = 0.173 x 10e4 and aN,He = 
1.53 x 1O-4 mZ s-‘. 

Table4shows thecalculated figures. At constant uN it 
is noted that Fa, is practically the same for each gas. 
The averaged Fa, values of Table 4 are plotted in Fig. 
12 against the linear velocity uW The corresponding 
analyti~l expression was found to be 

ku, Fa, = -- 
l+PUN 

or 

1 ku, 
F=------_. 

uN t +f% 

Table 4. Reduction of F by the thermal diffusivity uN 
~.. 

UN x lo* Fu, x lo4 Fa, x lo4 
Gas (m s-l) F (m’ s-‘) (m2 s- ‘) 

CO2 
Air 
He 
co2 

Air 
He 
(332 

Air 
He 

co* 
Air 
He 

5 0.44 
0.5 3.5 0.61 0.5 

0.3 0.46 
9.5 0.84 

1 5.5 0.95 0.91 
0.6 0.93 

14 1.24 
1.5 6.5 1.12 1.2 

0.8 1.23 

2.0 7.3 1.26 1.4 
1 1.54 
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“N - 

FIG. 12. The reduction of Fig. 11 by Fa, = f(uN). 

We obtain with F from equation (5) 

CW 

or in terms of Re and Pr 

a I” .-!?=A!+ k Pr Re/d, 

4 1, 1 + v,p Ri^j;i;; 
(29) 

Equation (29) is valid for packed beds ofglass spheres 
and any gases. 

The same procedure was applied to the F-values for 
metal and catalyst particles although so far 
experimental evidence is only available for air as the gas 
flowing through the packed bed. The results are 
expressed analytically by equations similar to equation 
(28) or equation (29), however with different numbers 
for k and p which are presented for all three cases in 
Table 4. 

This extension to other gases is considered to be very 
important because now a way is open to calculate axial 
effective conductivities of packed beds with low linear 
velocities quite generally since coefficients are available 
for packed beds consisting of solid materials with quite 
different solid thermal conductivities L,. 

5. CONCLUSIONS 

In agreement with previous work, the axial effective 
thermal conductivity of a packed bed with gas flow 

Table 5. Coefficients k and p of equation (28) for all gases 

Material (mki s) (m -PI s) 

Metal 0.026 75 
Glass 0.011 25 
Catalyst support 0.0088 19.6 

should be presented as the sum of the effective 
conductivity of the bed without flow and a term which 
depends on the flow rate. Concerning the latter term it 
was found conclusively by a combination of our own 
experimental work and the published data of Kunii and 
Smith [2] that this term does not correlate with the 
Reynolds number Re only. The particle diameter is a 
very important parameter in such correlations. 

Best correlations were obtained by plotting the flow- 
dependent contribution as a function of the linear 
artificial flow velocity. Having perceived this fact it was 
possible to develop new analytical expressions for the 
metal-air, glass-air and catalyst support-air systems. 
A still further generalization including gases other than 
air was obtained by taking into consideration the 
thermal diffusivities of those gases. 

Obviously the particle diameter is not a charac- 
teristic length ofthe system at low flow rates. This result 
may explain why Saunders et al. [8] found the 
Nusselt number to depend on the particle diameter if 
Nu was plotted as a function of the Reynolds number 
for low flow rates in porous materials. 

1. 
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MESURES D’ETAT STATIONNAIRE ET FORMULATION ANALYTIQUE 
DE CONDUCTIVITES THERMIQUES EFFECTIVES AXIALES 

DANS DES LITS FIXES A FAIBLE DEBIT DE GA2 

R&nun&-En accord avec de p&c&dents auteurs, les conductivitis effectives axiales peuvent itre rep&sent&es 
comme la somme de la conductivitk, effective sans icoulement et d’un terme qui dCpend de l’tcoulement. En ce 
quiconcernecedernier terme,on trouveencombinantlesrtsultatsexp6rimentauxprisentsavecceuxde Kunii 
et Smith que le meilleur param&tre d’adaptation est la vitesse 1inCaire fictive plutBt que le nombre de Reynolds. 

De nouvelles formulations de ce terme sont p&sent&es qui incluent aussi d’autres gaz que l’air. 
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MESSUNG UND KORRELATION DER AXIALEN EFFEKTIVEN WliRMELEITFjiHIGKEIT 
VON FESTBETTEN BE1 GERINGER GASSTROMUNG IM STATIONAREN ZUSTAND 

Zusammenfassung-In tibereinstimmung mit friiheren Autoren ist die axiale effektive Warmeleitfahigkeit 
einer durchstrijmten Schiittung als Summe aus der effektiven Ruheleitfahigkeit und einem von der 
Stromungsgeschwindigkeit abhlngigen Term darstellbar. Im Hindblick auf diesen zweiten Term ftihrten 
eigene MeBergebnisse in Kombination mit jenen von Kunii und Smith zu dem Ergebnis, dag eine Korrelation 
dieses Termes allein mit der Reynoldszahl nicht miiglich ist. Der richtige Korrelationsparameterist die aufden 
freien Querschnitt bezogene lineare Gasgeschwindigkeit. Auf dieser Grundlage wurden neue Korrelationen 

entwickelt, die such den Effekt anderer Gase als Luft mit einschliel3en. 

CTAUMOHAPHbIE METOAbl M3MEPEHMFI M AHAJIMTMclECKME 3ABMCMMOCTM 
AJIFl OfIPEflEJIEHMfl AKCMAJIbHOti 34@EKTMBHOI? TEfIJIOflPOBO~HOCTM 

HJIOTHblX CJIOEB flPM HM3KMX CKOPOCTRX TE’-lEHMIl fA3A 

Annorannn-Cornacno 0ny6~1n~0~a~~bir~r a nareparype naHHblM K03(t)@WUWCHT 3+$eKTWBHOfi ocesoii 

TelL~OllpOBO~HOCTW BblpiE+GieTC8 B BWne CYMMbl $$eKTWBHOi TenJIOflpOBOL,HOCTW "pW OTCYTCTBWW 

TeqeHWfl W cnaraeMor0, 3aBWCmuero 01 C~opocrw TeqeHwx npW paCCMOTpeHWW nOJiyYeHHblX B 

HaCTORUeti pa6OTe 3KCnepWMeHTU,bHblX ildHHbIX W pe3yJlbILiTOB. nOJly%ZHHblX KYHWW W C'MWTOM. 

"OK>,lki"O. 'ITO B 3TOM C."k,rkieMOM C."enyeT WC"O."b3082iTb He 'IWCJO PetiHO,lbflC& Li WCKyCCTBeHHOe 

3Ha'EHWe JWHetiHOfi CKOpOCTW. npenCTaB.iTeHbl HOBble 3aBWCWMOCTW .IL"R paCreTLd lilKOr0 CJNraeMOr0, 

KOlOpbIe MOmHO WC"O,?b?ORLiTb W ,!"I11 L,pyrWX. OT,TW9"blX OT BO?nyXil. M3OB. 


