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Abstract——This paper examines the effect of steam content on the rate of evaporation of water into humid

air and superheated steam at elevated temperatures. Experimental data on wood residue drying confirm

the existence of an inversion point temperature above which the rate of evaporation of water increases

with increases in the steam content of the medium. The process which is involved is theoretically confirmed
through fundamental studies.

INTRODUCTION

THE DRYING process and a substantial number of
other chemical engineering operations are involved
with humidification or dehumidification of a gas
phase. Air is the traditional drying medium ; however,
superheated steam drying is also practised [1]. Recycle
and utilization of exit boiler flue gases or other humid
process streams for the drying process, as a measure
to reduce industrial energy expenditure, is also gaining
more attention. The advantages of steam drying in
comparison with air drying have been discussed [2—
5]. The rate of the drying process is greatly affected
by the steam content of the drying medium and that
necessitates a more thorough understanding of the
processes involved.

Wetted wall columns are traditionally used to inves-
tigate the rate of mass transfer between a gas and an
evaporating surface. In drying solids of identical
properties, size and shape, the rate of removal of free
moisture during the constant drying rate period (R...)
can also approximate the effect of different variables
on mass transfer within the gas phase. A number of
batch drying experiments on Western Hemlock wood
residues known as hog fuel (mainly bark) are used to
examine the effect of humidity on the rate of evap-
oration of water from a fully saturated surface during
the constant drying rate period.

EXPERIMENTAL WORK

The experiments were carried out [6] in a drying
chamber which consists of an 8 in. schedule 10 stain-
less steel pipe (i.d. =20.8 cm, o.d. =21.9 c¢m) on
batches of 3 kg wet hog fuel (58% wet basis moisture
content) having a Sauter mean thickness of 6.3 mm.
The apparatus was constructed to provide super-
heated steam, flue gas and humidified air as the drying
media and to permit measurement of the drying rate
of hog fuel under a range of conditions. Drying rates

were determined through measurement of the change
in humidity of the drying gas across the bed of hog
fuel using an optical dew point sensor. For drying in
superheated steam the drying rate was calculated from
inlet and outlet mass flows measured by an orifice
plate connected to a mass flow transmitter. Figure 1
represents a typical drying rate curve.

RESULTS AND DISCUSSION

Figure 2 depicts the effect of temperature on both
superheated steam drying and air drying for a mass
velocity of 142 kg h™"' (4383 kgm~2h~"). As the plot
shows, the maximum drying rate is much higher with
superheated steam than with relatively dry air at tem-
peratures above approximately 180°C while the
relationship is reversed below this point. Several
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mean specific heat J kg™ ' K ']
G, specific heat of the liquid [T kg 'K ']
Cs  specific heat per unitdry air [F kg 'K~ 1

d, Sauter mean thickness [mm}
f spline function of A, [J kg ]
G, superficial mass flow of dry air
[kgm 51
h heat transfer coefficient [W m™ 2 K~']

H enthalpy per unit dry gas [J kg~ ']

H’  enthalpy of mixture or steam [J kg~ '}
H’  molar enthalpy [J kmol ']

ky  mass transfer coefficient kg m~ 75" ']
L bed height fem}

m mass flow rate [kgs™ ']

m,  mass flow of dry air (kg s ']

n, total moles in a mixture [kmol}
N rate of evaporation [kg s™ ']

P pressure [Pal

De critical pressure [Pa]

P saturation pressure at T, = 0.7 [Pa]
Dr reduced pressure

I total pressure [Pa]

P, vapour pressure [Pa]

Qcvap  heat flow for evaporation [W]
R,  gasconstant [J kmol 'K~

rate during constant rate period {5~ ]
residual function of mixture [J kmol ']
residual function per unit dry gas[J kg™ ]
St Stanton number. (4/G,Cs)

T temperature | 'C or K}

NOMENCLATURE
a, constants in equations (22) and (23) T, boiling point of water | 'C or K]
A; interfacial surface area [m?] T. critical temperature [K}
B second virial coefficient {m” kmol~ {] T, reduced temperature

7y molar volume of the gas [m* kmol~ 1]
7 molar volume of the liquid [m* kmol™ ]
v velocity [m s~ ]

W acentric factor

Xy constant in Table 1
4 dry basis humidity [kg water/kg dry air]
¥ mass fraction [kg water/kg mixture] !
Y*  mole fraction [kmol water/kmol
mixture]. |
Greek symbols
P latent heat of vaporization [J kg ']
; molar latent heat of vaporization
{J kmol~ 1.
Subscripts
a dry air
as adiabatic saturation
c critical
db dry bulb

i.j  unlike molecules in a binary mixture
in inlet

k 0, lor2

max maximum

r reduced

ref  reference, T,y = 0°C
st steam

t total gas mixture

vap  waler vapour.

experiments were carried out to see the effect of
humidity on the rate of evaporation at elevated tem-
peratures (202°C). The results (Fig. 3) are indicative
of a drop in R, with decreases in humidity.

These results are in good agreement with the
reported values of Yoshida and Hyodo [7] on evap-
oration of water from a wetted-wall column into air,
humid air and superheated steam. These authors [7]
indicated that at elevated temperatures the rate of
evaporation of water is higher into superheated steam
than into dry air. They also noted that, at a given
mass velocity, there is a temperature {(inversion point)
at which the evaporation rate is independent of the
humidity of the drying gas. It was indicated that at
temperatures lower than the inversion point the rate
of evaporation decreases with increasing humidity
while at temperatures above this point the reverse
relationship prevails. The values of 170°C and 176°C
were respectively reported for mass flow rates of
18200 and 9100 kg m~* h™!' and it was suggested
that ‘further investigation of the inversion point is

necessary to make clear theoretically the reasons for
its existence’.

This behaviour has been experimentally confirmed
by other experimenters and the effects of other par-
ameters such as gas mass flow rate, system geometry,
hydrodynamics of the flow and different modes of
energy transport on the inversion point temperature
have also been investigated [8, 9). Nomura and Hyodo
{8] have considered convection to be the only process
by which energy transport takes place and they cal-
culated the inversion point for a flat plate and a sphere
using the Pohlhausen and the Ranz and Marshall
equations, respectively, to determine the convective
heat transfer coefficient. Their calculations showed
that under the purely convective mode of heat transfer
the inversion point temperature was at 260°C and was
independent of the gas mass velocity. However, the
rate of heat transfer in the presence of a radiating
gas (water vapour) is only partially dependent on the
hydrodynamics of the flow. Therefore, considering
the contributions made by the radiative component
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of heat transfer and assuming that all constituents of
the drying gas but dry air emit radiant heat, they
modified their results and obtained an inversion tem-
perature of approximately 200°C for a gas velocity of
30000 kg m~2 h~'. Their calculations indicated that
the inversion point temperature decreased as the gas
velocity was lowered and the relative effect of radiant
heat becomes more predominant. This, however, is
in contradiction with the experimental results of
Yoshida and Hyodo [7] in a wetted-wall column.
Faber et al. [9], in drying 1.63 mm alumina particles
in a fluidized bed, also found an inversion temperature
of 160°C for completely dry air and steam at the
same mass flow. They calculated the same value by
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using the definition of the inversion point (equal heat
flows for both drying media) and considering a ther-
mal equilibrium between the bed and the exit gas
which exists under hydrodynamics of fiuidization.
Faber er al. [9] suggested ‘more detailed work on the
inversion temperature is required’.

The above-mentioned methods have been used for
prediction of an inversion point temperature; how-
ever, no theoretical explanation for its existence
and its locus with humidity has yet been given. The
following discussion is an attempt to carry out that
task from a thermodvnamics point of view in two
steps.

(i) The reason for the existence of an inversion point
temperature is given through a comparison between
heat transfer potential of superheated steam and air.

(i) Considering that the slope of the adiabatic satu-
ration lines on the psychrometric chart and the Stan-
ton number at a given mass flow rate (m) are constant,
the Number of Transfer Units is only a function of
interfacial surface area (4;). Therefore, for geo-
metrically identical systers the fraction of maximum
rate of evaporation (N/N,,.} Is only a function of 4.
For a given 4; and a given m, this necessitates the
equality of N.. in both systems if equal rates of
evaporation are required. Using this thermodynamic
property of the air—water system, the locus of inver-
sion point temperature with humidity is determined.

Since the drying process is accompanied by humidi-
fication of the drying gas, the evaporation process is
first analysed to investigate the effect of humidity on
the rate of drying. Consider the contact of a flow of
gas at some temperature Ty, and some partial pressure
of water vapour ., with a fully wetted surface of a
wood particle at temperature 7. Equation (1)
governs the maximum possible rate of evaporation of
water into humid air. To facilitate the calculations,
the wet bulb temperature is replaced by the adiabatic
saturation temperature as they are the same for air-
water mixtures. Since the evaporation of water into
humid air would take place at wet bulb temperatures,
any increase in air humidity would result in reduction
of the thermal gradient (T, — T} in addition to a
drop in concentration gradient (¥,,~ Y4, ) and hence,
it is believed, to lower the rate of evaporation at a
given temperature

Qevap = ma{}yas“‘Hdb) = maCS(Tdb - Tas) (1)
¢, = &t Yer, _ G 2

nTO14Y 1+ Y @

H = Cpa(T’ Trcf) + Y{Z-re}"{" C},“p(T" Tref)}‘ (3)

As it appears in equation (2), the heat capacity of the
gas mixture, which is a function of the temperature,
also increases with humidity to the extent represented
by the following relationship:



1746

Crvp — n,

T0s Ve for0< ¥ < oo 4

.

Uy,

oo

"Cl"t

8Y Jpy ~ 1T

Therefore, an increase in humidity would result in two
competing processes: a rise in specific heat which is
counterbalanced by a rise in adiabatic saturation tem-
perature and reduction of the thermal gradient.

To see the effect of humidity on the adiabatic satu-
ration temperature at a given dry bulb temperature,
the following set of equations should be solved
simultaneously :

or

for0 < ¥V « I, {5)

CS(T:.!b - :ras) = { ysss - de )”;“;s\‘ {6}

18p,

Yus = hare 7
0 ~p.) D

 —4986.667

Inp, = o +249 T,inK (8)

)“m& = ("”\‘:m( ?:xs - }ﬁrci') + ';“rci' - C‘l,(?ﬁas - Trci' )~ (9)
Equation (6) represents [10] an adiabatic saturation
curve on the psychrometric chart. The intersection of
this curve with the curve representing 100% satu-
ration on the chart provides T, at which the partial
pressure of water vapour in the mixture equals the
vapour pressure of the pure water at that temperature.
Therefore, equation (7) defines the saturation abso-
lute humidity (kg water/kg dry gas) at T,,. Assuming
f, « 0, and applying the ideal gas law, the slope of the
vapour pressure curve is related to the latent heat of
evaporation [11] through

.
d7 ~ R, T

dn. (10)

Integration of equation (10) over a narrow (em-
perature range, where 4 can be considered constant
{10]. vields In p, as a linear function of /7

-~

A
oot AL

E }
Inp, RT (1)

Equation (8) is obtained by substituting the numerical
values of the vapour pressure of the water at two
extremes of a given temperature range (20-100°C).
Substitution of p, from equation (8) into equation
(7) represents the equation of 100% saturation curve
on the psychrometric chart. The latent heat of evap-
oration at adiabatic saturation temperature, /4,. i
formulated as a function of T,, and is given by
equation (9). Therefore, simultaneous solution of
equations (6)~(9) provides 7, as a function of both
Ty and Y, for 200C < T, < 100°C.

R. SHEIKHOLESLAMI and A. P. WATKINSON

120 ey , -
100
80
—~
o 1 atm.
~ 80 Inlet Temperature: -
¥ ~——20 *C )
..... 60 .C
40 =100 *C ~
- 140°C
~== 180 *C
20 o R20°C i
- —260°C
o " PR AU JRI SN TC N i A Lobenmssnand ]
0.0 0.2 0.4 0.6 0.8 1.0

Y/ (kg water/kg mixture)

Fii. 4. Adiabatic saturation temperature as a function of
humidity at various temperatures.

The results are plotted in Fig. 4 as adiabatic satu-
ration temperature vs humudity for various inlet
temperatures. Asis shown, the saturation temperature
rises asymptotically with humidity, therefore indi-
cating that at a given temperaturc and high inlet
humidities the magnitude of thermal gradient will be
less affected by the rise in humidity. The asymptotic
value is approached at much lower humidity values
with increasing inlet temperatures, For instance. a
saturation temperature of 60°C is expected for inlet
humidity and temperature of, respectively, 0.154 kg
water/kg mixture and 20-C. The same adiabatic tem-
perature exists for a 260°C gas with an inlet humidity
of 0.058 kg water/kg mixture.

A plot of mean specific heat capacity of the mixture
is also prepared as a function of humidity at different
temperatures and is shown in Fig. 5. The specific heat
increases linearly with humidity to an extent given in
equation {5) and, in comparison, it is very slightly
affected by the inlet temperature. Figure 6 shows an
increase in the maximum available enthalpy change
in the gas with respect to temperature at a given
humidity. The plot is indicative of the drop in heat
capacity with humidity for 2 humidified gas compared
to superheated steam below a certain temperature.
The relationship is reversed above this temperature
(inversion remperature) which itself decreases with
humidity.

The above investigations, therefore, show that there
exists a temperature where the evaporation of water
is as fast in superheated steam as it is in humidified
air. However, it does not provide us with a common
inversion temperature at which evaporation is inde-
pendent of humidity. To find the locus of the inversion
point for different humidities, the following equation.
which is based on the assumption of a fully saturated
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outcoming of either air or superheated steam at a
constant mass flow rate, should be solved :

e, (T—Ty) = ¢, (T—T,). 12)

The above equation is solved simultaneously with
equations (6)-(9) to get the inlet temperature where
the evaporation rates are equal (inversion point) in
superheated steam and air at a given air humidity.
Figure 7 shows the locus of the inversion point as a
function of air humidity at atmospheric pressure. The
solid line on the plot indicates a value of 164°C for
completely dry air which decreases with humidity,
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reaching a plateau at humidities above 0.1 kg water/kg
total gas. As mentioned previously, the calculations
have been carried out using the physical properties
of both air and superheated steam at atmospheric
pressure. The locus of inversion points is expected to
shift up when superheated steam at higher pressures
is used. Using the above procedure, an inversion point
temperature of 189°C is obtained for superheated
steam at 215 kPa and humidified air at ¥ = 0.0204 kg
water/kg dry air and atmospheric pressure. This value
is in very good agreement with the experimental
results (Fig. 2) considering that the calculations are
carried out for an ideal case of a uniform and fully
saturated surface.

For ease of calculations, the gases are assumed to
be ideal and the enthalpy only temperature dependent.
However, the enthalpy of a real gas is a function of
both temperature and pressure and the total change
in that property is represented by the following
expression :

oH’ oH’
dH ={—— —-— .
<6T>pdT+ ( " )Td,,
Using the following mathematical relationship which
exists between the derivatives of a function

Z=f(X,7):
(az) Xy _ |
5}7)’ ﬁz—_

6_Y
0Z Jy
we can write
oH’

. (eH oT
= (ﬁ)ﬁ”‘ (55)

(13)

14

where
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¢, = -
» oT ) (16)
is the specific heat at constant pressure and
cT
=\ - (17)
p Jir

is defined as the Joule-Thomson coefficient. Thus,
equation (13) becomes

dH’ = ¢, dT—puc, dp. (18)

As is seen in equation (17), u relates the change in
temperature with respect to pressure. A positive value
for u indicates that a drop in pressure has a cooling
effect on the gas. For an ideal gas ¢ = 0 while for almost
all real gases—except H,, Ne and He—at normal press-
ures and temperatures 4 > 0 and changes sign at high
temperatures, or pressures as it goes toward the liquid
state. Therefore, in the evaporation of water into air
which is considered to be taking place under adiabatic
conditions, the Joule-Thomson coeflicient can be used
to relate the changes of temperature with respect to
pressure.

Equation (18) indicates that the less positive the
Joule-Thomson coefficient, the higher would be the
heat capacity of the gas. Substituting

(19)

into equation (17) and rearranging would result in

P = PupthPu

1 Epvup apu ;

i < oT >,,/+ ((’37" i1 20
or

1 I I

RO

Il IL vap ,ll ia

It is obvious that u,,, is higher at low partial pressures
of vapour. Also, at a given temperature the Joule-
Thomson coefficient is lower for water than for air;
therefore, the higher the partial pressure of the water
the less positive would be the u and hence the higher
would be the heating capacity of the mixture.

In view of all which has been said above, it can be
concluded that since the adiabatic saturation tem-
perature of air at high dry bulb temperatures is not
strongly affected by its water content and the specific
heat of the air rises rapidly with the water content,
the latter would be considered the controlling factor in
the evaporation process. Therefore, thermodynamics
indicates that at high temperatures, the higher the
air humidity. the higher would be the potential for
cvaporation of water from a fully saturated surface.

As the properties of superheated steam at low
degrees of superheat greatly deviate from the ideal
gas, cquations (6), (8), (9) and (12) were modified to
more closely approximate the conditions for a real
gas. Therefore, tabulated data {12] were used to deter-
mine the vapour pressure and latent heat as expressed
by the following equations:

R. SHEIKHOLESLAMI and A. P. WATKINSON

np. = — 4o + (22)
P = T a, 22

. R, T

A= 18 fa,+1np.]. (23)

The enthalpy of superheated steam and gas mixture
in equations (12) and (6) were respectively replaced
by cquations (24) and (25)

Hiy = f(T) (24)
H = H|+YH ,+ R(T) 29

vap

where f(T) is the spline function of the tabulated data
[13] and R(T) is the residual function taking into
account the non-ideality of the mixture [12,14]. The
equations for R(T), and for the corresponding real
gas calculations of the inversion curve, are listed in
Table 1. The variable x;, represents the deviation of
T,, from the geometric mean of the critical tem-
peratures of the pure substances, and its valuc
becomes more positive as the difference in shape, size
or chemical nature of the constituents increases. The
experimental results reported [14] for several systems
of binary mixtures generally indicate 0 < x;; < 0.20.

Table 1. Equations used for calculation of the enthalpy of a
real gas mixture

"

R(TYy=—R(T)
m,
= " Ag
n11\
dB B
4 T[a\f’ T]
B= Z Z 7!’ Y// Bu
dB ~, ~,dB;
d7 ZZY' Y d7
R, T,
B, =-2-Y[B'+W,B']
Peis
0.33  0.1385 0.0121
o . o T — o
B" =0.1445 T 7 7
B = 0073 046 0.5 0.097 0:0073
-V -+TIATT1“ TK}* Trx
W, = —logp, —1.0
=P -
P, = at T, =0.7

P
Vi = VS 4 VY
Tu/ = (TciTc,)O'ﬁ(l — Xy
Z,=05Z,+2Z)

i Bip
A

TRT

Pey = gﬂ_ll;g‘@

¢if
W, =05(W,+W,)
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Due to the lack of data for the air-water system, x;
values at both extremes were used for the calculation
of T,;;; however, no appreciable effect on the inversion
point temperature was obtained. Simultaneous solu-
tion of the above-mentioned equations generates the
locus of the inversion point temperature for real gases
as shown by the broken line in Fig. 7. It is evident
that the trend of the inversion temperature with
humidity is very similar for the ideal gas or the real
gas situation.

The interactions of the mass and heat transfer pro-
cesses during evaporation have been studied exten-
sively. The convection heat transfer process is altered
in the presence of liquid evaporation due to partial
consumption of energy for sensible heating of evap-
orated moisture, and to the effects of evaporated
moisture flow on both the hydrodynamics and ther-
modynamics of the evaporation process. The effects
of sensible heating can be accounted for by the
Ackerman coefficient, or by the methods of Kast [15]
or Loo and Mujumdar [16]. The impacts of the cross
flow of moisture on the turbulent boundary layer, and
hence heat transfer are attributed [17-19] to wave
formation, boundary layer thickening and entrain-
ment of submicroscopic liquid particles. The con-
flicting reports on the effects of mass transfer on heat
transfer are possibly due to combinations of the effects
of the above processes.

The transport of moisture in drying with a super-
heated vapour is due to a pressure gradient between
the solid surface and the bulk of the gas resulting in
bulk flow of moisture. The wet surface is heated by
the superheated steam until its temperature exceeds
the saturation temperature of water at the system
pressure by several degrees, which would provide
enough of a pressure gradient to cause hydraulic
movement of the evaporated moisture. Chu ez al. [20}
reported that a few hundredths of a degree is sufficient
to provide bulk movement of water vapour, while
Wenzel and White [21] reported that 1.5°C is required.
Thus, at high drying temperatures, the surface tem-
perature is rapidly raised causing the bulk flow to start
at very early stages of drying.

For drying in air, the increase in the rate of evap-
oration with humidity seems to be in contradiction to
the theoretically and widely accepted mass transfer
law stating that the rate of transfer decreases as either
the concentration or the vapour pressure gradient
decreases. However, contrary to what might first seem
apparent, the gradient for mass transfer also increases
with humidity at high temperatures.

The instantaneous mass transfer flux between the
gas and the saturated surface is represented by the
following relationship :

N:kY(Yas—de)- (26)

Substituting equation (8) into equation (7) shows that
the adiabatic saturation humidity is an exponential
function of the saturation temperature. Therefore, for
a very humid air with a high and relatively constant
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adiabatic saturation temperature, even a small
increase in the saturation temperature would greatly
increase the saturation humidity and hence the con-
centration gradient (¥Y,,— Yg). Figure 8 shows that
the concentration gradient increases with humidity
at temperatures above 100°C and the effect is much
stronger at higher temperatures.

These results and equation (6) confirm the fact that
at high temperatures the specific heat of the drying
medium is the determining factor in the rate of the
drying process. Also, contrary to what is generally
thought, an increase in humidity of the gas is expected
to increase the concentration gradient and hence the
rate of evaporation of water, and result in a higher
drying rate.

CONCLUSION

Batch drying experiments on Western Hemlock hog
fuel confirmed the existence of an inversion point
temperature. The data indicated that the drying rates
during the heat transfer controlled period are higher
in superheated steam than in relatively dry air
(Y =0.0204) at T,,, > 180°C, while the relationship
is reversed at T, < 180°C. Drying experiments at
T = 202°C were also indicative of an increase in the
rates with increases in humidity. As the rate of drying
during this period can approximate the rate of evap-
oration of water from a free surface, it can be con-
cluded that the experimental results were in good
agreement with the reported values [8] obtained from
evaporation in a wetted-wall column.

The existence of the inversion point temperature is
theoretically explained through the thermodynamics
of the evaporating medium. The thermal gradient
decreases with increases in humidity ; however, at a
givenelevated temperature the main factor controlling
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th

50

¢ rate of evaporation is the specific heat of the

mixture, which is a linear function of the humidity of
the drying medium. It is also theoretically shown that
increases in the humidity at high temperatures
increase the concentration gradient and, therefore,

th

is phenomenon does not contradict the fundamental

principles of mass transfer. The locus of the inversion
point temperature is determined for both real and
ideal gases.
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VITESSE D’EVAPORATION DE L’EAU DANS LA VAPEUR SURCHAUFFEE ET DANS
L’AIR HUMIDE

Résumé—On examine P'effet du contenu de vapeur d’eau sur la vitesse d*évaporation de I'eau dans Pair

humide et dans la vapeur surchauffée aux températures élevées. Des expériences sur le séchage de résidus

de bois confirment Vexistence d’une température de point d’inversion au-dessous de laquelle la vitesse

d’évaporation de 'eau augmente avec Naccroissement du contenu de vapeur d'eau du milieu. Le mécanisme
concerné est théoriquement confirmé par des études fondamentales.

DIE VERDAMPFUNGSGESCHWINDIGKEIT VON WASSER IN UBERHITZTEN DAMPF
UND FEUCHTE LUFT

Zusammenfassung—In der vorliegenden Arbeit wird der Einfluf} des Dampfanteils auf’ die Ver-
dampfungsgeschwindigkeit von Wasser in feuchte Luft und iiberhitzten Dampf bei erhéhten Temperaturen
untersucht. Versuchsergebnisse {iber die Trocknung von Holzresten bestiitigen die Existenz einer Inversions-
Punkt-Temperatur, oberhalb der die Verdampfungsgeschwindigkeit von Wasser mit steigendem Dampf-
anteil im Medium zunimmt. Der gesamte Vorgang wird theoretisch durch grundlegende Untersuchungen

bestitigt.



Evaporation of water into superheated steam and humidified air

CKOPOCTh HCITAPEHUSA BOJADBI B IEPEIPETHIN [IAP U BIAXKHAIY BO3AYX

Annoranss—Hccieyercs BIMAHHE NapocOfepXaHHA HA CKOPOCTh MCHAPEHHMA BOABI BO BJIAXKHBIL

BO3AYX M MEPErPETEIH Nap NP BLICOKHX TEMMEPATYpaX. IKCIEPHMEHTANbHbIE JaHHBIE 10 CYIIKe XpeBec-

HBIX OCTATKOB MONTBEPXIAIOT CYIECTBOBAHHE TEMAEPATYPHLI HHBEPCHH, BbILIIE KOTOPOH CKOPOCTH MCHA-

peHHs BOAbl BO3PACTAET C YBEIMYCHHEM MApOCOACPXKAHMA cpensl. PaccMaTpuBaembiii mpouecc
TEOPETHYECKH NOATBEpXKAacTCA GyHAaMEHTAILELIME HCCICAOBAHHAMH.
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