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Heat transfer in turbulent fluids—I. Pipe flow
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Abstract—The expression for turbulent Prandtl number obtained from the renormalization group

procedure is used to describe the process of heat transfer in turbulent pipe flow. The results are in a good

agreement with experimental data over the entire range of experimentally accessible Prandtl numbers,
1072 < g, < 10°%

1. INTRODUCTION

THE PROBLEM of heat conduction in turbulent flows
has been under intensive study for more than half a
century. Experimental data on velocity and
temperature distributions have suggested many semi-
empirical theories to describe the basic properties of
the phenomenon.

It has long been realised that, if the Reynolds
number is large enough and the Prandtl number
6o = Vg/ky is not too small, the molecular diffusivity
K, does not play any role in the process of heat
conduction or diffusion in turbulence. In this case, the
temperature and velocity distributions have similar
behavior in the wall region, both obeying the
logarithmic law with the temperature profile
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< > Orure bpcpu*

(Iny+C).

Here { > denotes a horizontal average, y is the
distance to the wall, g denotes the constant heat flux
and ¢, and u, are the heat capacity and friction
velocity, respectively. The Von Karman constant
b x 04 and 6, = Viw/Kuy 1S the ratio of turbulent
viscosity to turbulent heat conductivity, According to
the well-known Prandtl-Reynolds—-Colburn analogy,
the turbulent Prandtl number is nearly a universal
constant: g, = 0.7-0.9.

In the limiting case of small Prandt! number, the
molecular diffusivity x, cannot be neglected and the
simple analogy between temperature and velocity
distributions does not work. It is clear, however, that
as ¢, — 0, the Nusselt number Nu [defined below as
the dimensionless (based on the bulk temperature, see
equation (28)) heat flux] satisfies Nu ~ const. It is
known from experiments that Nu ~ 6.8-7.0 in flows
with constant heat flux through the wall while Nu is
somewhat smaller in flows with constant wall
temperature. To the best of our knowledge, there is no
satisfactory theory describing heat conductivity in
turbulent flow with low Prandtl number.

Many attempts have been made to find empirical
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and semi-empirical relations to describe turbulent
heat transfer across a wide range of Prandtl and
Reynolds numbers. More than 30 formulae of this
kind have been reviewed by Reynolds [1] in 1975. In
1979, Gori et al. [ 2] concluded that there is no general
way to describe turbulent heat transfer in low-Prandtl-
number fluids for a wide range of Re. They suggested
the following formula for the turbulent Prandtl
number o, when Re < 1.7x 10%:

Gy = 0.014Re% #5632
x {1—exp[ —(0.014Re**%6¢3-H 1]}
as proposed by Aoki [3] or
oot = (1+100Pe™ % %)[(1+ 120Re %)~ ! —0.15]
)

(1

as proposed by Reynolds [1]. The formula

Gy = 0.85+0.00505 1 (3)

proposed by Jischa and Ricke [4], was suggested to
represent the Reynolds number range 1.7 x 10° < Re
< 2.6 x 10%; the constant ¢, = 0.85 was used for
Re > 2.6x 10°. When relations (1)-(3) are used to
predict the mean temperature field, they give
reasonably accurate predictions of the Nusselt number
(which is related to the wall gradient of the
temperature profile). However, the full temperature
profiles predicted on the basis of expressions (1}-(3)
were less satisfactory.

In this work we apply a formula for the turbulent
Prandtl number derived by Yakhot and Orszag [5] to
describe heat transfer in pipe flows. It will be shown in
Section 3 that the proposed relation between turbulent
viscosity and turbulent heat conductivity gives
accurate predictions of both Nusselt number and
temperature distributions across an extremely wide
range of Prandtl and Nusselt numbers.

2. FORMULAE FOR TURBULENT
PRANDTL NUMBER

Here we present some of the basic ideas leading to
an expression for the turbulent Prandt] number. The
main steps of the renormalization group procedure are
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NOMENCLATURE
A Van Driest parameter q heat flux
B proportionality coefficient in ry wall coordinate, ru, /v,
x-coordinate dependence of mean velocity in x-direction
temperature, equation (20) Uy friction velocity
} Ag geometric factor, equation (11) u, dimensionless velocity, u/u,
] C constant in the temperature profile, v; components of velocity.
| equation (30)
Cy heat transfer coefficient
D pipe diameter Greek symbols
} G° bare propagator for velocity o inverse total Prandtl number
i Nu Nusselt number (based on the bulk o inverse molecular Prandtl number
% temperature), C,o,Re 0 r-dependent component of
| Pe Péclet number, oy Re temperature
R radius of pipe 0, dimensionless ©, ©/T,
Re Reynolds number based on the pipe g total Prandtl number, v/x
diameter, u,,D/v, Gy molecular Prandtl number, vy/x,
R, Reynolds number based on the £ expansion parameter in RNG
friction velocity, u, R/v, procedure
T temperature £ turbulent dissipation rate “
T temperature at the center K total diffusivity, kg +x,, J
T, temperature at the wall Kq molecular diffusivity i
T, characteristic temperature, g/c, pu, A friction coefficient, 87, /pu2, }
T, dimensionless temperature, T/T, Ao expansion parameter
; a,b parameters in equations (12)-(14) A; integral scale of turbulence ’
c, heat capacity P fluid density
d fixed-point parameter [5], 7 in this v total viscosity, v+ Vi 5
work Vo molecular viscosity \
g° bare propagator for temperature vy dimensionless total viscosity, v/v,,. ‘

outlined in the Appendix. The details of the
calculations are given elsewhere [ 5]. In this paper, we
are interested in application of the final result to the
problem of heat transfer in turbulent flow in a pipe.
This will be done in the next section.

The most distinguishing characteristic of a
turbulent flow is approximate universality of the
properties of scales much smaller than any integral
scale L in the flow. The high Reynolds number
turbulent flow is characterized by three different
ranges of spatial scales. (1) For wave-numbers k > n/L
the energy spectrum is strongly anisotropic and is not
characterized in any universal way. The integral scale
reflects both geometry of the flow and the physico-
chemical processes taking place there. (2) At much
smaller scales, with wave-numbers satisfying n/L < k
< kg = Re**L!, the velocity fluctuation spectrum is
approximately given by the Kolmogorov energy
spectrum E(k) = C,£%3k %3, with the Kolmogorov
constant C, = 1.3-2.3. (3) In the dissipation range
(k > ky) the energy spectrum decreases exponentially
with k.

Universality of the small scales can be formulated in
the language of theoretical hydrodynamics: the fluid

described by the Navier-Stokes equation

dv; dv; é %y,
W o e @
t X 0X; 0X; 0X;
ov;
—=0
0x;
subject to initial and boundary conditions, is

characterized at the small scales by the 5/3-
Kolmogorov spectrum. This property does not
depend on boundary conditions which are usually
characterized at large scales. Boundary conditions can
be considered from the viewpoint of small scales as a
source of energy injected into the large scales which
subsequently cascade to the small scales. Using the
analogy with equilibrium statistical mechanics, in
which the results are independent of the details of the
interaction of the system with a heat bath, we replace
(4) by the more general equation (5) and add the heat
transfer equation (6):

Wiy, 2 LA (5)
a ox, T oox, %ox;éx;

av;

Zi_o

0x;
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or  oT T
—_— V.—=Kn—
o ox,  Cox,ox,

(6)

where f is the random force (noise) chosen to generate
the velocity field v described by the Kolmogorov
spectrum in the limit of large wave-vectors (small
scales).

It has been shown by Yakhot [ 8] that the Gaussian
random force f characterized by the correlation
function:

filk, w)filk', ")y =~ &k 3P,(k)d(k +k)d(w+w')  (T)

with  P;(k) = 8,;;—k;k;/k*, generates small-scale
velocity fluctuations characterized by the Kol-
mogorov spectrum. The parameter ¢ in (7) denotes the
dissipation rate of the turbulent energy per unit mass
of the fluid and relates the force f, acting on small
scales, to the energy input taking place at large scales.
This fact is the basis for using the random force (7)
for elimination of small scales in the construction of
either turbulent sub-grid or transport models. The
renormalization-group method (RNG) was developed
for an infinite, homogeneous medium by Forster et al.
[6], Martin and DeDominics [ 7] and Yakhot [8]. In
these works, ¢ has been treated as a given parameter
characterizing the rate of stirring. In finite systems

_ 11
= TV dt js(x, t)dx (8)
Vo [dv;  0v;\?
) == . 9
elx. 1) 2 <6xj+8x,») ©)

In such systems, & is a quantity that should be
determined dynamically from the equations of motion
with boundary and initial conditions applied. The
basic ideas of the renormalization group procedure are
given in the Appendix.

It has been shown by Yakhot and Orszag [9] that
the Navier—Stokes equations for the mean velocity
field v; in which the fluctuating contributions are
removed is:

o,  _ oy dp @ oV,

= — —v

o e, T Tox ox, ox,

i

(10)

Here the total viscosity v takes into account both
molecular and turbulent contributions and is given by
the following relation [9]:

3 4,6 13
V= VO[I+H(§A—?;§_IOO>:I

where the ramp function H{x)=x if x>0 and
H(x) = 0if x < 0 and A; is the inverse integral scale
of turbulence [9]. The parameter A, = (d*—d)/
[2d(d +2)] = 0.333 since d = 7 for this problem. It has
been shown by Yakhot and Orszag [5] that
elimination of small scales from the equations (4)-(6)
of a passive scalar leads to the following relation
between the inverse total Prandt! number o = ¢~ ! and
the total viscosity v:

(11)

HMT 30:1-B

(“‘“>v<°‘+b)l_v=ﬁ (12)
ao—a ) \oy+b v
where
_a+1
y_a+b
d+2\?
b=a+1.
For d = 7, relation (12) becomes
a—1.1793 \%5%/ o +2.1793 0'35_v0 (14)
ao—1.1793 oo +2.1793 Ty

The result (14) expresses the inverse total Prandtl
number « as a function of total viscosity v and is the
main result to be studied in this paper.

According to (11), the turbulent viscosity is itself a
function of the distance from the wall since A; must be
associated with the distance to the wall. One sees that
in the region of fully developed turbulence where
vo/v < 1, the total Prandtl number ¢ = o~ ! = 0.8476,
which is in a good agreement with available
experimental data ¢ =0.7-0.9 (see Landau and
Lifshitz [10] and Monin and Yaglom [11]). Close to
the wall where v = v,, one finds from (14) that
G X vo/K,. Thus, the equation of motion for the mean
temperature can be written as:

T 6T ¢ T

of ;ef_o¢ of 15
o Viax, T ox N, (15)

where k = avis determined from (14). The dynamics of
diffusion of a passive scalar is governed by the set of
equations (10), (11), (14), (15).

We emphasize that these results do not include any
experimentally adjustable parameters.

3. HEAT CONDUCTIVITY IN PIPE FLOW

Here we apply the results presented in the previous
section to describe the process of heat transfer in
turbulent flow through a pipe of radius R. The
problem can be formulated in terms of the stationary
Navier-Stokes equation

1¢ ou op (16)
-—— ===
ror or ox
and the heat transfer equation
10 oT °T (17)
——|rk—=)=u—
ror or ! 0x

where v and x are total viscosity and diffusivity,
respectively. The parameters v and x include both
molecular and turbulent contributions. The total
Prandtl number o =v/k is determined from
relation (14).

We introduce the friction velocity u, = {(z,,/p)'/?,
wall coordinate r,, nondimensional velocity u ., , and
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nondimensional total viscosity v, :

u
re=r=2, u, =ufu,, v,=v/v,. (18)

Yo
The equation of motion now has the

nondimensional form:

1 ¢ ou, 2

—|rv, — = ——

re Or, ++ or . R,

where R, = u,R/v, is the Reynolds number based on
the friction velocity.

We consider heat transfer in a pipe with constant

heat flux through the wall. In this case it is convenient
to introduce a new variable © defined as:

T(x,r) = O(r)+ Bx.

(19)

(20)
Substituting (20) into (17) yields an equation for @{r):

2y
The parameter B can be expressed in terms of the

imposed constant heat flux. Integrating (21) over rand
using the fact that

00
— =0 atr=0 (22)
or
we obtain:
4
B= —— 1 23)
¢, pRev,
where
q = —cp pKO(aG)/ar)r=R (24)
and the Reynolds number
2 R
Re=——| u(r)rdr. (29)
VoR Jo

Using relations (23)-(25) the heat equation (21) can be
written in the nondimensional form:

1 0 00, 2u.
— roov, —— = —
r, or, T or, Re

where ©® , = ©/T, and « is given by relation (14). The

(26)

parameter T, is defined as follows:

T,=—1 .
Cp Py

(27)

Using the above notation, the Nusselt number is
given by

Nu = C,oyRe

R*
C, = Ri/(Zj O,u.r, dr+>.
0

To describe heat transfer in turbulence, one needs
an expression for the coefficient of heat conductivity
which takes into account both molecular and
turbulent contributions to the heat transfer process.
The theory leading to relation (14) determines the
turbulent diffusivity in terms of the laminar transport
coefficients and the turbulent viscosity. In particular,
it describes the interaction between molecular and
turbulent transport, an effect of much significance at
low Re and o,. Thus, the determination of turbulent
heat transfer from (14) requires reliable data on
turbulent viscosity. Such data can be found either from
theory or from analysis of experimental data on
velocity profiles in pipe flow.

In the present work we are interested exclusively in
demonstrating the power of the ‘universal’ relation
(14) provided the expression for turbulent viscosity is
known. Thus, we adopt the ad hoc model [12] for the
dimensionless total viscosity v, :

v, =14+041y,[l—exp(—yi/4%)], A=26

(28)
where

when the distance to the wall y, < 50. The turbulent
viscosity for y, > 50 is that derived from the
differential k-¢ model of Yakhot and Orszag [5]. The
model viscosity and mean velocity profiles obtained by
integrating the equation of motion (19) using this
viscosity are presented in Figs. 1 and 2. The friction
coefficient A defined by 1,=4pu’/8 so
A = 32(R,/Re)? is plotted in Fig. 3. It is apparent that
the agreement with experimental data is very good.
The equation of motion (19) and heat equation (26)

0.0
O — O = =m0
”‘o_____o_ ¥ ~o
o=
008 — X
- )Q//
- /::g/
006}
v
Rto
004
002 «
IO 10 20 30 40 50 Y
o) J I 1 ! 1 I 1 | | ]
0 [eX] 0.2 0.3 04 0.5 06 o7 08 09 Q1o
Y/R

F1G. 1. Viscosity distribution in a pipe adopted in this work: x Re = 40,000; 0 Re = 346,000.
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F1G. 3. Friction coefficient A for turbulent pipe flow: x
results of calculation based on the model viscosity from Fig.
1, ———— Blasius formula.

have been integrated using the model viscosity from
Fig. 1 and « from the relation (14). The results are
presented in Figs. 4-10 for various Prandtl (¢,) and
Reynolds (Re) numbers.

In Fig. 4, we plot the calculated and measured
temperature profiles for air flow in a pipe. As we can
see from Fig. 4, the agreement between the
experimental data and the results of calculations for
g, = 0.7 is very good. The calculated Nusselt number
for air flow (o, = 0.7) is compared in Fig. 5 with the

op =07
25~ x THEORY
o EXPERIMENT
20}
5 Vo
15k
T, s
o e
o]
5 -
0 1 I\ ! |
10 100 1000 2000
Y4

F1G. 4. Dimensionless temperature profile T, = T/T,: x
results of calculations; O experimental data [11].
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Fi1G. 5. Nusselt number Nu as a function of Reynolds

number Re = u,, D/v, for the air flow (¢, = 0.7) in a pipe: x

results of calculations; empirical  relation
Nu = 0.018Re" 3,

empirical relation widely used in the literature [11]:
Nu =0.018Re%%. (29)

The prediction of turbulent heat transfer in low-
Prandtl-number flow is a most difficult test for the
model. In Fig. 6, the calculated temperature profiles in
liquid mercury (¢, = 0.02) and in the NaK eutectic
(oo = 0.029) are plotted for pipe flow at Re = 149,000.

301
X~ Re=«149000 04y = 0.7
s5)  0-Redl49000 o =0.029
0-Resl49000 0o =0.02 __-35+47log Y,
— -
20[
T+
15f
-74+485log Yy
of o}//f—845+4.85 log Y,
o
/ -
5F Q/:a//g:gj/u C=31+31Mn o
0 L o o S ! L 4
| 10 102 103 0% 105

FIG. 6. Dimensionless temperature (7T, ) profiles in turbulent flow in a pipe at Re = 149,000: x air

(0o = 0.7); © NaK eutectic (o, = 0.029); O mercury (g, = 0.02);

from ref. [13].
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/
0 1 1 i 1 J
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Fi1G. 7. Temperature defect (T, — T)/(T,, — T;) distribution in
turbulent flow in a pipe: x results of calculation for NaK
eutectic (o4 = 0.019); ———— experimental data of ref. [13].

It is apparent that some fraction of the temperature
profile (y, = 100) can be approximated by the
logarithmic law:

T, = C+4.85log v, (30)

where the constant C can be found from the relation:

C=3.1+3Ina,. 31)

A relation very similar to (31) has been obtained from
analysis of experimental data [11].

It should be mentioned that when the Prandtl
number is small (¢, = 0.02) the logarithmic part of the
temperature profile appears only at high Reynolds
numbers: Re > 105. For Re < 10°, no part of the
temperature profile can be approximated by the
relation (30).

The results of our calculations may be compared
with the experimental data of Buhr et al. [13]. The
temperature profile measured in the NaK eutectic flow
(6o = 0.019) at Re ~4x 10* is compared with the
present results in Fig. 7. In Fig. 8, we plot calculated
and experimental data for the temperature profiles in
several low-Prandtl-number fluids at different
Reynolds numbers in the range 3x10* <Re
< 3.5% 10°. Again, the agreement between the results
of calculations and experimental data is very good.
The Nusselt number Nu is plotted as a function of the
Péclet number Pe = g Re in Fig. 9. At low Pe, the

1.0 1.0
ost . ‘*T”D/Y’F“{EO Hos
— - -
O9} Y/R=05 408
o
Q. —
08k ) :
— /_]QB

Q.1 [oX}
L i -

104 108
Re

FI1G. 8. Temperature defect (T,, — T)/(T,, — T;) distribution in
turbulent flow in a pipe as a function of Reynolds number Re:
o result of calculation; —— experimental data of ref. [13].

—— THEORY
x EXP. (REF. 13 )
© EXP. (REF. 14 )
Nu—+>6.74 (Pe—0)

AN

X

C I (| L |
102 103 0%
Pe

FI1G. 9. Nusselt number Nu as a function of Péclet number
Pe. Nu ~ 6,74 when Pe = 0.

results of numerical calculations give Nu = 6.74. This
is very close to the experimentally observed [13, 14]
limiting Nusselt number Nu ~ 6.8-7.0.
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Nu | I
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[ X
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10 x| Re 202000
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F & X e
[ vl X
/® THEOR Re 25500
- ® Re 9800

|O ol i 1 ] i I\

1o° 10 10? 103 10* 0% 108
a,

o

FIG. 10. Nusselt number Nu as a function of Prandtl number o,. Experimental data are taken from
ref. [11].
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Another test of both the relation (14) and of the
model for turbulent viscosity adopted in this work is
the prediction of heat transfer in high-Prandti-number
fluids. In this case, the molecular heat diffusivity is
very low and the heat transfer process is determined
entirely by the turbulent eddy diffusivity. The results of
calculations are compared with experimental data in
Fig. 10. The agreement with the results of
measurements [ 11] is very good across a wide range of
Prandtl and Reynolds numbers, 1 < o, < 10° and
2.5x 10* < Re < 2 x 105,

We conclude that the relation (14) can be used for
the accurate description of turbulent heat transfer
throughout the entire range of experimentally
accessible Prandtl numbers, which vary over eight
orders of magnitude, i.e. 1072 < gy < 10°.
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Force Office of Scientific Research under Contract F49620-
85-C-0026, the National Science Foundation under Grant
MSM-8514128 and the Department of Energy under
Contract DE-AC0684ER13153.

Note added in proof—In more recent work on the
development of the RN G method (see ref. [ 5]), we have found
that the proper technique is to evaluate all constants at the
physical dimension d = 3 to lowest order in an expansion in
powers of ¢ rather than at the critical dimension d = 7. This
modification changes the turbulent Prandtl number to 0.7179
and changes the results presented here by several percent.
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APPENDIX

In this Appendix we will introduce the scale elimination
procedure leading to renormalization of molecular viscosity
vo and molecular diffusivity k4. Using the incompressibility
condition we write the equations of motion for the Fourier

components of velocity v,(k, w) and passive scalar T(k,w) as
(see refs. [5-9]):

u(k) = Gk f(k) "
—é GOk)P k) J @k =) e (A1)
T(k) = —ig°k)k, fvz(Q)T(k q) )‘,H, l = (k,w)
(A2)
where d is the dimensionality of the space
GOk) = (—iw+vek?) ! (A3)
g°k) = (—iw+Kok?) ™! (Ad)

and the random force f is given by the correlation function:
(f(kf, P = (2r)** 12Dk TP (k) (k+k). (AS)

The projection operator P, is defined as P,,,(k) =
k,, Pu(k)+k, P, (k). Here y = 3 and D, oc &.

The equations of motion (A1) and (A2) are defined on the
domain 0 < k < A. The RNG procedure consists of two
steps. First, we write equations in terms of the velocny field
decomposition on two components v> (k) and v<(k) defined
on the intervals Ae'<k<A and O<k<Ae™,
respectively (1, = 1):

k) = G0~ GOPy ) J oS @us—d)
_49
2y
) = —idgkig°k f[v, @T<(k—d)+o7@T<k—d)

+202 (@S (k=) + vy @) (k—4)] (A6)

T (=@ 007 @OT (=] (5 G
In order to eliminate modes from the interval Ae7! <k <A,
all terms v (k), T>(k) should be removed by repeated
substitution of (A6) for v, T> back into (A6). This generates
infinite expansions for v<,T< in powers of A, in which
v>, T> do not formally appear. Next, averages are taken
over the part of the random force /> belonging to the strip
Ae™! < k < A. This procedure formally eliminates the modes
Ae™! < k < A from the problem.

It follows from (A6) that, after removing the modes

Ae”! < k < A, the equation of motion for v<, T~ can be
written up to second order in 4, as:
(—iw+vok?)vS (k)
. g PRSP I/ idg
= ﬁ(k)—— Pk | 17 (@) /o (k—q)v—f P k)

J @ =) s ),,H+4<2>2DOP,N(I<)

-~ dq
JIG" DGO — 4P gtk — q)P(@)q g R) ——ees

(27.[)11 +1

+0@<)*. (A7)

The equation for T<(k) is:
(—iew+Kkok?) T <(k)
= —ildok, fx'<(q)T<(k q) )m —2A2D, T < (k)k;k
x ﬁG"(é)Pg*’(E ~Pula) (A8)
When the O(42) terms on the RHS of (A7) and (A8), which are
O(k?v) and O(k*T), respectively, are moved to the LHS, it
gives corrections to the bare viscosity vok? and diffusivity
Kok?:

_%4
(zn)d +1°

AiDye? —1
viAAY ¢

Av=A,
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and

where
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. , P e
I»ODO e —1 d = d (zn)d’ "_l"(d/Z)

The parameter d = 7 at the fixed point. Thus, elimination of

Ak =K;—————
volkg+ve) €

e=d+y—d small scales leads to renormalization of viscosity and

: diffusivity. The second step of the procedure consists of

_ d’~d—¢ S, iterating the scale-elimination procedure. This leads to the
4= 2d(d+2) 2n) results given in Section 2.

TRANSFERT THERMIQUE DANS LES ECOULEMENTS TURBULENTS—
I. ECOULEMENT DANS UN TUBE

Résumé—L’expression du nombre de Prandtl turbulent obtenue a partir d’une procédure de groupe de

renormalisation est utilisée pour décrire le mécanisme du transfert thermique dans I"écoulement turbulent

dans un tube. Les résultats sont en bon accord avec des données expérimentales dans le domaine des
nombres de Prandtl 1072 < g, < 10° accessibles expérimentalement.

WARMEUBERGANG IN TURBULENTEN FLUIDEN—I. ROHRSTROMUNG

Zusammenfassung—Zur Beschreibung des Warmeiibergangs bei turbulenter Rohrstromung wird der Aus-

druck fir die turbulente Prandtl-Zahl verwendet, den man aus der Renormalisations-Gruppen-Prozedur

erhalt. Die Ergebnisse stimmen mit experimentellen Daten im gesamten Bereich der experimentell ver-
fiigbaren Prandtl-Zahlen, 10~? < ¢4 < 10°, gut iiberein.

TEIMJOIMEPEHOC B TYPBYJIEHTHBIX XHUIKOCTSX. TEHEHHE B TPYBE

Annotamns— /{1 onmHcaHus TeIUIONEpeHoca NpH TypOyJICHTHOM TeueHHH B Tpybe HCIosb3yeTcs BhIpa-

weHue 1A TypOyieHtHoro uucna IIpaHAT/IS, MONy4YeHHOE METOAOM PEHOPMAaJIM3ALMOHHON TI'DYIIILL

Pe3ybTaThl HAXOAATCH B XOPOLIEM COOTBETCTBHH C 3KCMIEPHMEHTaIbHBIMU JaHHBIMH IJIA BCETO QMara-
30Ha 3HaueHui yucna [pauntas, 1072 < ¢, < 108,



