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Abstract— The present analytical study on the non-Darcian effects on natural convection from a vertical plate
embedded in a high-porosity medium shows that the boundary and inertia effects have a significant influence
on the velocity profiles and surface heat transfer rate. Both effects are more pronounced in high-porosity media
and reduce heat transfer from the heated plate. The boundary effect becomes more noticeable in the region
close to the leading edge of the heated plate, while the inertia effect increases with downstream locations on a
heated plate. The results also show that as the resistance due to the solid matrix increases, the velocity profile
tends toward the conventional exponential form, which results from velocity slip at the boundary.

1. INTRODUCTION

TRANSPORT of momentum and thermal energy in fluid-
saturated porous media with low porosities is
commonly described by Darcy’s model for conser-
vation of momentum and by an energy equation based
on the velocity field found from this model. In contrast
to rocks, soil, sand and other media that do fall in this
category, certain porous materials, such as foam metals
and fibrous media, usually have high porosities. In
these media, the boundary and inertia effects, not
included in Darcy’s model, may alter the flow and heat
transfer characteristics. Therefore, it is necessary to
determine the conditions under which these effects are
important. For forced convection flows it has been
shown that for Reynolds numbers based on particle or
pore size larger than unity a velocity-square term must
be added [1,2]. Also, the viscous boundary layer
develops very rapidly and then remains constant, and
the Nusselt number decreases when the inertia and
boundary effects become significant [3,4].

A recent review of natural convection flow in porous
media shows considerable research activity in this area
[5]- The vertical flat plate natural convection flow was
studied under boundary-layer and Darcy’s approxima-
tions [6], and with the effects of axial conduction and
the transverse pressure gradient [7]. The analysis for
the inertia effect (accounted for by the velocity-square
term) allows for velocity slip at the rigid boundary and
shows that the Nusselt number decreases as the inertia
effect becomes more pronounced [8, 9]. The boundary
effect results in a smaller Nusselt number, but this
difference decreases as the Rayleigh number increases
[10]. Recent efforts have included the effects of the
boundary term and the velocity-square term, as well as
the nonhomogeneity in the porosity distribution near
the wall in packed-sphere systems [11]. The resuits
show that the wall-channeling effect, due to the high
porosity near the wall, dominates and the non-Darcian
effects are not significant in the regions away from the

wall because of relatively low permeability considered.
The object of this work is to study the boundary and
inertia effects on the transport of momentum and
thermal energy for the natural convection boundary-
layer flow near a vertical heated plate in high-porosity
media. These non-Darcian effects, though not
important in low-porosity media, are shown to be very
significant in high-porosity media. Furthermore, for
low-porosity media the entry region is usually very
small, and the convective term in the governing
equations can be neglected [3]. Thismay not be the case
for high-porosity media. In this work, the developing
effect (due to the convective termy) is also included.

2. MATHEMATICAL FORMULATIONS

Consider a vertical heated plate with constant wall
temperature T, embedded in a porous medium. The
temperature of the medium far away from the plate is
T,. In order to study transport through high-porosity
media, the original model of Darcy is improved by
including boundary and inertia effects using volume-
averaged principles and available empirical results [3].
In addition, the following assumptions are made for the
formulation: the fluid and the porous medium are
everywhere in local thermodynamic equilibrium; the
porous medium is isotropic and homogeneous;
properties of the fluid and the porous medium such as
viscosity, thermal conductivity, thermal expansion
coefficient and permeability are constant. Under these
assumptions, the conservation equations become

Vou=0 0
p . M p
6—2fu'Vu = —Vp+pgi X~ p¢Cluju +:fV2u

@
u-vVT =« V2T (3)
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NOMENCLATURE
C inertia coefficient I  parameter, LC
Da, local Darcy number, K/x? 0, hydrodynamic boundary-layer thickness
Da, Darcy number, K/I? J, thermal boundary-layer thickness
f  dimensionless stream function & porosity
Gr, local Grashof number, gB; ATx3/v2 {  dimensionless coordinate along the plate,
g\r,_ Grashof number, g, ATL3/v} x/L
Gr Darcy-modified Grashof number, n  dimensionless coordinate perpendicular
gB: ATK2C/v? to the plate, (y/x)(Gr /4)1/*
g  gravitational constant 6  dimensionless temperature
K  permeability y;  fluid dynamic viscosity
k. effective conductivity ve  fluid kinematic viscosity, ue/ps
L characteristic length of the heated plate parameter, 2{1/2/Gr}/% Da,
Nu, Nusselt number pe  fluid density
Pr  Prandtl number, v;/c, ®  parameter, (2Gr}/?Day)
p  pressure Y stream function.
g local heat flux
@x Darcy-modified Rayleigh number,
gB:ATKx/v¢a, Superscript
T  temperature derivative with respect to .
u  velocity along the plate
v velocity perpendicular to the plate
x  coordinate axis along the plate Subscripts
y  coordinate axis perpendicular to the plate. oo at a distance from the wall
w  evaluated at wall

Greek symbols n  derivative with respect to n
o, effective thermal diffusivity ¢ derivative with respect to ¢
Be  coefficient of thermal expansion {  derivative with respect to {.

where i is the unit vector opposite to gravity; u is the
Darcian velocity; T, p and g are the temperature,
pressure and gravitational constant; pg, gy, and f;
are the density, viscosity and thermal expansion co-
efficients of the fluid; «, = k./(p;¢;) is the effective
thermal diffusivity of the medium with p; c; denoting the
product of density and specificheat of the fluid, and k. is
the effective thermal conductivity of the saturated
porous medium. K and C are the permeability and the
inertia coefficients of the porous medium and are
dependent on the porosity ¢ and other geometrical
parameters of the medium. When the porosity of the
medium approaches unity (all the pores are assumed to
be well connected) K approaches infinity and C
approaches zero; therefore, equations (1)—(3) approach
those for natural convection in a Newtonian fluid (i.e.
no solid matrix is present). It is also noted that these
equations do not include the ‘dispersion effects’ since
the magnitudes of the dispersion diffusivities are not
clearly known.

Consider a coordinate system with x along the
vertical heated plate and y perpendicular to it. By
introducing a stream function { and employing the
boundary-layer and Boussinesq approximations, the

governing equations become

oy oy
=, = e —_— 4
" VT T @
pef Ou 0u
2 (“a + U6;y> = pgB(T—T,)
etk py O%u
K o e
K pslu + & ayz (5)
oT oT 2T
— — =0, 6
“ax+”ay aeayz (6)
These are subject to the following boundary
conditions:
u=v=0, T=T, at y=0 )
u=0, T=T, at y-— oo. 8)

For low-porosity media, the convective term pu- Vu
and the viscous term p V2u, which is responsible for the
boundary effect, are usually very small and can be
neglected [8, 11]; therefore, the appropriate scaling
variables are those given by Cheng and Minkowycz
[61. However, for high-porosity media, the boundary
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and convective effects may be important, especially at
the upstream end of the heated plate. In this case,
different scaling variables should be employed. By
assuming the boundary and convective terms to have
the same order of magnitude, which implies Pr has
order of one, as the buoyancy term, it can be shown that

u~ v Grii?/x
O ~ x Gry V4
W ~ v Grii#

where v; = y,/p; is the kinematic viscosity of the fluid,
dn is the momentum boundary-layer thickness and
Gr, = gB; ATx3/v} is the Grashof number. The scale
for the thermal boundary-layer thickness &, can be
found from the energy equation by balancing the con-
vection and the conduction terms,

8y~ x Gr; 14 pr=1/2

where Pr = v;/a, is the Prandtl number.
The scaling variables shown above suggest the
following nondimensional variables

x y (Gr\M*
C=z‘, 'l=;< 4> 9
l// T—Tao
0=?_—T— (10)

S =G\
4vf(—’5)
4

where L is the characteristic length of the heated plate.
In terms of these new variables, the velocity
components are given by

__f,ﬁ 1/2
“'L<4> &

,,=__<G’L) VG ALf—nS)  (12)

(11)

L\ 4
and the governing equations (4)—(6) are transformed

into

o, LY
&

+C'”2<I>f,,+l"f,f> =0 (13

0,,+3 Pr £6,=4 Pri(f,6,—£6,).  (14)

The parameters ® and I' in equation (13), which
characterize respectively the Darcy resistance and the
inertia resistance by the porous matrix, are defined as

= 1/2Grt?Day); T =LC

where the Grashof number, Gr;, and the Darcy
number, Da,, are given by

Gr, = gB; ATL3/v}
Da, = K/I2.

The corresponding boundary conditions at any
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location { along the heated plate are given by
JE0) = £,((,0) = 0(,00-1=0 (15)
Sf, 0) = B(¢, 0) = (16)

When these equations are evaluated at the leading
edge, { = 0, equations (13)—(16) reduce to those for
natural convection from a heated vertical plate in clear
media, except for the appearance of ¢ in the momentum
equation. This limiting similarity solution provides the
starting solution at the leading edge in the present
study.

By defining & = 2{'/2/Gr}/? Da,, equations (13) and
(14) can be transformed further into

__f'rﬂ+2f:_3ffml (fﬂffn_féf'm
2 2
& € £

+2¢
f"+€G f">=0 (17)

Om+3 Pr f6,=2Pr&(/,0,~f0)  (18)

where Gr = g ATK2C/»? is the Darcy-modified
Grashof number in porous media [5].

If ¥ is very small, inertia effects can be neglected.
This may be true for low-porosity media, such as
packed beds of small particles. Howevcr for high-
porosity media, such as foam materials, Gr can be very
large and inertia effects are very significant. Table 1
shows the ranges of the parameters used in this study for
three different porous media, with water as the working
fluid, for a 1-m-long heated plate. The permeabilities of
these foam materials (one producer being Energy
Research and Generation, Oakland, California) are
1075, 1077 and 224 x 10”7 m?, respectively. The
inertia coefficient of these materials is assumed to be
200 m !, which is of the right order for high-porosity
foam materials [3].

The local heat transfer rate along the surface of the
heated plate can be computed from

oT
dy
With the aid of equations (9) and (10), equation (19) can

be rewritten as
k(T,—T,) {Gr \"* 58
X 4 on’

Accordingto the definition of the local Nusselt number,
Nu, = qx/(k.AT), equation (20) can be rearranged to

q=—k (19)

0

(20)

Table 1. Valuesof £ and 6\r for three different
porous media with Pr = 54, T" = 200

Gr, Da, ¢ G
104 10-¢ 0632 20
10~7 0632 02
2x10' 224x10°7 020 2
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give
Nu

= - 0"(6, 0)

Grjay ~ @b

3. BOUNDARY AND CONVECTIVE EFFECTS

When the inertia effect is neglected by setting Gr = 0,
equations (17) and (18) show that the boundary and
convective effects are governed by the parameter &.
When the permeability is very large and/or the region of
interest is at the upstream end of the heated plate, & is
small and it will be shown that boundary and
convective effects are very significant. On the contrary,
for large values of &, these effects are usually negligible.
It should be noted that the boundary-layer approxim-
ation can not be applied if £ is too small. From scaling
analysis, boundary-layer analysis is valid for ¢ >
&, = Gr{*? Da; '. For the three cases considered in
Table 1, &s are 0.046, 0.46 and 0.13, respectively.

3.1. Asymptotic solution for ¢ — 0
For £ — 0, the following expansions are assumed

I = fom+AME+LE +1mE> + - (22a)
0 = 8o(m)+0,(m¢+ 92('/)52 + 93('1)63 +-+. (22b)

The differential equations emerging from this
substitution are given in Appendix A. These equations
were integrated numerically using the fourth-order
Runge—Kutta~Gill method [12]. The derivatives for
Pr =0.72 and 5.4 are given in Table 2. The results for
85(0) and f4(0) are close to the previously reported
results for a clear media [ 13]. The differenceis dueto the
presence of the porosity in the coefficients of the
boundary and convective terms in equation (5). For
highly permeable media (¢ — 1), the difference is
expected to be small.

From equations (21) and (22b) the local Nusselt
number based on the fourth-order solutions can be
written as

Nu,
(Gr/dV*

= —[05(0)+£6'(0) + £20,(0) + £205(0)].
(23)

- 011(6’ 0)

Figures 1 and 2 show the variations of the local di-
mensionless temperature gradient at the wall for Pr =

Table 2. Results for asymptotic solutions

Pr=072 Pr=54
i 0:0) 1) 6:0) Jio
0 —0497223 0652999 —0964415  0.459267
1 0058707 —0.107340 0102196 —0.062547
2 —0004263 0016798 0022481  0.017524
3 —0000256 —0.001451  0.004764 —0.005317
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0.72 and 5.4, respectively. The local dimensionless
temperature gradient, —8'(£,0), is related to the local
Nusselt number as shown in equation (23). As expected
the asymptotic solution is valid only when ¢ is small.
When compared with solutions by other methods
(whichis shown in the same figures and will be discussed
later), the asymptotic solutions appear to be of
satisfactory accuracy in the range £ < 4, but diverge
rapidly thereafter. When the value of ¢ approaches zero,
these solutions approach the solutions when no solid
matrix i$ present.

3.2. Solution for large &

The region adjacent to the wall, where the vertical
velocity increases from the zero value at the wall to the
maximum value, can be called the viscoussublayer. As &
increases, this region progressively occupies a smaller
portion of the momentum boundary-layer thickness
(this will be shown later). For low-porosity media, the
value of € is usually large. In this case, the thickness of
the viscous sublayer which is caused by the no-slip
boundary condition becomes very smalil; therefore,
solutions obtained with the boundary and convective
effects neglected are usually satisfactory and the
mathematics involved is usually much simpler. By
choosing the appropriate nondimensional variables,
Cheng and Minkowycz [6] obtained a similarity
solution for this situation. Their result was given by

N _ 0444

Ral’?
where @x = gBATKx/v;e, is the Darcy-modified
Rayleigh number of the porous medium. In terms of the
variables of the present study, the above equation can
be rewritten as

, Nu, Pr\!

which is plotted as the dashed lines in Figs. 1 and 2.

3.3. Local non-similarity and finite-difference solutions
The asymptotic solution is valid for small & while
Cheng and Minkowycz’s solution is valid only for large
£. To obtain a valid solution for a wider range of &, the
whole of equations (17) and (18) must be solved. In the
present study, both local nonsimilarity [14] and finite-
difference solutions based on Keller’s Box method [15]
are obtained. Results from both methods are presented
in Fig. 1, while only the local nonsimilarity solution is
presented in Fig. 2. Results in Fig. 1 are for Pr = 0.72
while those in Fig. 2 are for Pr = 5.4. Also shown in
Figs. 1 and 2 are the local similarity solutions. The
difference between the local similarity and local
nonsimilarity solutionsis that in the local nonsimilarity
approach, all terms in the momentum and energy
equations are retained, and terms are deleted only from
subsidiary equations. On the contrary, in the local
similarity method, terms which involve the derivatives
with respect to & are deleted from the momentum and
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F1G. 1. Variations of local heat transfer results with inertia effects neglected.

energy equations themselves. On this basis, it is
expected that the local nonsimilarity method should
yield more accurate results than those from local
similarity method [14]. When compared with the Box
method (Fig. 1) the largest error in the local
nonsimilarity method is within 6%, and that for the
local similarity method is within 10%.

Both Figs. 1 and 2 show that Cheng and
Minkowycz’s solution based on Darcy’s model is valid
only for large values of £&. When ¢ is reduced, the
solutions of Cheng and Minkowycz overpredict the
heat transfer from the plate due to the neglect of
the boundary and convective effects. For the case when

& — 0, the resistance to the flow is dominated by the
boundary and convective effects and the solutions
approach those for a clear medium.

Figure 1 shows that the boundary and convective
effects can be neglected when ¢ is greater than 20 for
Pr = 0.72.For Pr = 5.4,Fig. 2shows that the limit for £
is 60. Beyond these limits, Darcy’s model can be used to
give satisfactory results. Table 1 shows that for high-
porosity media, ¢ can fall in the range where Darcy’s
model will incorrectly overpredict the heat transfer. In
this case, the boundary and convective effects should be
considered.

Figure 3 shows the velocity and temperature

Lo WITH BOUNDARY AND CONVECTIVE EFFECTS
\\ ————LOCAL NON—SIMILARITY
o \ —— —— LOCAL SIMILARITY
08 :.\o' - \ 0000 PERTURBATION
, o T~ \_ WITHOUT BOUNDARY AND CONVECTIVE EFFECTS
-6 \i\Q \_ —=~= SIMILARITY, Cheng and Minkowycz
N~ N
0.6 ° N AN
[e) \\ \\
\},' \\
0.4} AN
- Ny
\\.\> -
Pr=54 \\
0.2} S~
0.0 L N N 1 N 111 1
! 10 100

FIG. 2. Variations of local heat transfer results with inertia effects neglected.
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F1G. 3. Velocity and temperature profiles with inertia effects neglected.

distributions for Pr = 0.72 at different values of & For
small values of £, the boundary and convective effects
areimportant, and the profiles look similar to thoseina
clear medium. When & becomes large enough (& = 20
and 40 in Fig. 3), the Darcy resistance due to the
presence of the solid matrix is dominant, and the effect
of the no-slip condition is restricted in a viscous
sublayer. When the thickness of this viscous sublayer is
much smaller than the thickness of the thermal
boundary layer, the no-slip condition can be neglected
and Darcy’s model can be employed.

4. INERTIA EFFECTS

It is well known that when the velocity in porous
media is high enough so that the Reynolds number
based on the mean pore length scale is greater than one,
additional resistance should be incorporated in the
analysis. High velocity flow in porous media causes
wakes and separation to occur inside the medium,
reducing vertical velocities, increasing thermal and
hydrodynamic boundary layers and dramatically
reducing the heat transfer rate. This inertia effect is
usually modeled by a velocity-square term in the
momentum equation. When nondimensionalized, the
inertia effect is govern by the modified Grashof number
G as shown in equation (17). From Table 1, it is seen
that the modified Grashof number can be quite large for
high-porosity media and the inertia effect will then
become significant. Considering the inertia effect in
addition to the boundary and convective effects,

equations (17) and (18) are solved by using the local
nonsimilarity method and the results are presented in
Figs. 4 and 5.

Figure 4 shows the variation of the local temperature
gradient, which is related to the local Nusselt number
variation by equation (21), along the vertical heated
plate with and without the inertia effect being
considered. The ranges of the parameters are those
shownin Table 1. The results show that the inertia effect
reduces the heat transfer and its effect is more important
for higher values of Gr. The maximum error of
neglecting the inertia effects for Gr = 0.2,2,and 20 are 6,
25 and 60%,, respectively. For the same heated plate, the
inertia effect increases along the plate because the fluid
particles pick up more and more energy along the plate
and are accelerated to have higher velocities when they
approach the downstream locations.

Figure 5 shows the comparison of the temperature
profiles obtained for the case considered in Fig. 4 ((/?\r =
2). Due to the inertia effect, the thermal boundary-
layer thickness is increased ; the temperature gradient
at wall is decreased; and the heat transfer rate is
reduced.

From the definition of the modified Grashof number,
it is seen that the inertia effect increases with the higher
permeability and the lower fluid viscosity. For high-
porosity media, small &, the boundary and convective
effects are important and the inertia effect should also
be included ; while for low-porosity media, high &, in
general none of these effects is significant unless the
velocity is high enough to induce inertia effect.
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———— WITHOUT INERTIA EFFECT
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FIG. 4. Variations of local heat transfer results with and without inertia effects.

5. CONCLUSIONS

The purpose of this work is to investigate the
significance of the boundary, convective and inertia
effects on natural convection from a heated plate
embedded in a high-porosity medium. All these effects
considered become more important as the permeability
of the porous medium increases. A parameter which

1.0
WITHOUT INERTIA EFFECT
Pr=54

08 Gr=2
8

06+

{=02,04,06,08,10

04}

o2r

0.0 .

o] 2 4 6 8

7

characterizes the influence of the boundary and
convective effects is defined. The numerical results
show that when this parameter reaches a certain limit,
the conventional solution based on Darcy’s model
overpredicts the heat transfer. When the inertia effect is
considered, the heat transfer is further reduced. This
inertia effect is shown to be governed by the modified
Grashof number. For porous media with high

1.0
WITH INERTIA EFFECT
Pr=54

08 Gr=2
)

06

{=02,04,06,08,10

04}

02k

0.0

o) 2 4 6 8

Fi1G. 5. Comparisons of nondimensional temperature profiles for ¢ = 0-20, G = 2 with and without inertia
effects.
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permeabilities, all the effects considered in this study
should be included in the analysis. While for porous
media with relatively low permeabilities, all these effects
are usually relatively insignificant.
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APPENDIX

The equations used in the perturbation analysis are
obtained by substituting equation (22) into equations{17) and
(18) and sorting the like powers of &, then one obtains

A VO e T4
I8 Hofo W _ g (A1
& &
111 3 T+51f—6f oS
S W LAt NS5m8ols 5 (ay
& &
[ LRSS Yol
& [
(A3
13 Bl ST+ S5+ 5~ 100 £1— 103 £
[ 62
—fh=—0, (Ad)
Prol05+3f0,=0 a3
Pro 8+ 3ol +580£,~20, [ = 0 (A6)

Prot 05+ 7f,00+ 56101 + 3ol — 216, —4f 08, = 0 (A7)
Prot 053+9f300+ 71,01+ 5102 + 3oy —4f 16, — 6/ 405 = 0
(A3)

where the primes indicate derivatives with respect to 7.
The boundary conditions for equations (A1)—(A8) are

n=0: f=f;=0, i=0,1,23,...
0,=1,6,=0, i=1,23,...
n=ow: fi=6=0, i=012,....

EFFETS NON DARCIENS DANS LA CONVECTION NATURELLE SUR PLAQUE
VERTICALE DANS UN MILIEU POREUX A GRANDE POROSITE

Résumé— L étude analytique des effets non Darciens sur la convection naturelle autour d’une plaque verticale
noyée dans un milieu trés poreux montre que les effets de frontiére et d’inertie ont une influence significative sur
les profils de vitesse et sur les flux thermiques 4 la paroi. Les deux effets sont plus prononcés dans les milieux &
forte porosité etils réduisent le transfert thermique de la paroi chaude. L’effet de frontiére devient notable dans
la région proche du bord d’attaque de la plaque chaude, tandis que I'effet d’inertic augmente avecla position
sur la plaque chaude. Les résultats montrent aussi que lorsque la résistance due 4 la matrice solide augmente, le
profil de vitesse tend vers la forme exponentielle conventionnelle qui résulte d’un glissement de vitesse a la
frontiére.



Non-Darcian effects on vertical-plate natural convection

NATURLICHE KONVEKTION AN EINER SENKRECHTEN PLATTE IN EINEM
HOCHPOROSEN MEDIUM (NON-DARCY-EFFEKTE)

Zusammenfassung—Die vorliegende analytische Untersuchung von Effekten, die nicht dem Darcy’schen
Gesetz folgen, zeigt, daB bei der natiirlichen Konvektion an einer senkrechten Platte in einem hochpordsen
Medium Wand- und Tréigheitseffekte einen bedeutenden EinfluB auf Geschwindigkeitsprofile und
Wirmeiibergang haben. Beide Effekte sind in Medien von hoher Porositét starker ausgepragt und vermindern
den Warmeiibergang an der beheizten Platte. Der Wand-EinfluB ist im Bereich der Plattenunterkante von
groBerer Bedeutung, wihrend sich die Trigheitseffekte weiter oben stiarker auswirken. Die Ergebnisse zeigen
auch, daB mit zunehmendem DurchfluBwiderstand der festen Phase das Geschwindigkeitsprofil immer mehr
die konventionelle exponentielle Form annimmt, was auf einen Schlupf an der Wand zuriickzufiihren ist.

BJIUSHHUE 32®PEKTOB, HE NOJYHUHAIONINXCA 3AKOHY JAPCH, HA
ECTECTBEHHYIO KOHBEKIIUIO OT BEPTUKAJIBHOH TIJIACTUHBI B MOPHUCTBIX
CPEJAX C BLICOKOW CTENEHBIO ITOPUCTOCTU

AHNOTauMsi—AHAJIN3 BIIHAHAA HA €CTECTBEHHYIO KOHBEKIHMIO OT BEPTHKAIbHOMN TUIACTHHBI, IOTPYXEHHOH
B BLICOKOMOPHCTYIO cpefy, 3¢b¢eKToB, He NOMMHHAOMINXCS 3aKoHy [lapcH, MoKa3biBaeT, YTO rPaHHYHbIE
H HHEePUMOHHbIE HPPEKTH OKa3LIBAIOT CYIUECTBEHHOE BIMAHHE Ha NPO(HIH CKOPOCTH H KO3(GdHIHEHT
Tennootaayu. M e u apyrue 3¢pdexTrr 60nbLIe NPOABISIOTCA B BHICOKOMOPHCTBIX CpefaX H YMEHbILAIOT
TEIJIOOTAAYY OT HarpeToh ruacTubl. I'paHnuHblid 3¢ dexT cTaHoBHTCA HoJiee 3aMETHBIM B 30HE, MPHIIE-
rafoinedl K nepefHel KpOMKE HArpEBaeMOii IUIACTHHEL, B TO BpeMs Kak HHEPUHOHHBIH 3¢pdexT BO3pac-
TaeT B 06J1aCTH, PAcIONIOKEHHOA Ha MJIaCTHHE BHU3 NO MOTOKY. Pe3ynpTaThl TakXe NOKAa3bIBAIOT, YTO
KaK TOJBKO BO3PacTaeT CONPOTHBJIEHHE, BBI3BAHHOE TBEPLOH MATpHuei, mpo¢uns ckopocTH npuobpe-
tTaeT OOBIYHYIO IKCIIOHEHILMaNBHYIO (POpMY, KOTOpas SBJIFETCA pe3ylbTATOM NPOCKaIb3bIBAHAS Ha
TpAHHUIIE.
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