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Abstract—The transient behavior of an active thermal protection system consisting of a semi-infinite layer
of a porous medium with gas injection is considered. During the early stages of heating, thermal penetration
depth, surface temperature and surface heat flux do not depend on the gas injection velocity. As the heating
time increases, the thermal penetration depth of the active thermal protection system reaches a constant
value for each gas injection velocity, and the surface heat flux vanishes keeping the back face at a low
temperature. However, the thermal penetration depth of conventional insulation without gas injection
never reaches a constant value. Transient solid temperature distributions in the layer for two different
surface boundary conditions are almost identical, except in the vicinity of the front surface.

1. INTRODUCTION

THERMAL protection and insulation are important for
the cooling of rocket nozzles and re-entry vehicles, the
protection of structures from high-intensity energy
beams, and the design of furnaces for materials pro-
cessing. A broad classification of the cooling tech-
niques available was presented by Sutton et al. [1].
Among these techniques, porous media or fibrous
media are the most commonly used types of insu-
lation.

Matthews er al. [2] measured the transient insu-
lation characteristics of porous media subjected to
intense irradiation. At high temperature, the thermal
conductance of the porous or fibrous media increases,
because radiative heat transfer predominates over
conduction. The insulation tiles of the space shuttle
take advantage of the transient behavior of porous
media, and a relatively thick insulation layer is
required for protection during the long duration of
re-entry.

Transpiration and mass transfer cooling is a well-
known technique for protecting a structure from a
high-temperature environment [3]. The technique was
applied to protect a disaster prevention robot [4] by
utilizing water injection through sintered metal fibers.
The walls of the insulating system in a high-tem-
perature environment are sometimes exposed to high-
intensity irradiation, and the surface may be damaged
because the vaporized liquid or coolant gas cannot
protect the surface from the intense irradiation.

We consider a layer of semitransparent porous or
fibrous material with a very fine structure, through
which low-temperature gas is injected from a back
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face, as shown in Fig. 1. A large fraction of the incident
radiation from the front face penetrates into the layer,
and is scattered or absorbed by the porous medium.
Since most of the incident radiation is not absorbed
at the surface, the surface of the porous layer does not
suffer directly from intense irradiation damage. The
porous medium heated by the radiation which pen-
etrates it is cooled efficiently by the injected gas.

The above-mentioned active thermal insulation sys-
tem represents a problem of combined heat transfer
of radiation, convection and conduction. A unique
high-temperature heat transfer augmentation scheme
utilizing porous media was proposed by Echigo [5],
and Echigo er al. [6] studied lean combustion using
the porous media. Aihara ez al. [7] showed that high-
efficiency solar gas heating can be attained by using
compact fluidized bed solar receivers. An application
of a packed bed for solar gas heating was studied by
Flamant er al. [8].

Ty(o0) =T
TS(OO) = T2
E2 = O'Tc?

F1G. 1. Schematic of the physical model.
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A, A,, A, conduction, heat advection, and
convection parameter, equations
(13)(15), respectively

. surface area per unit volume,
equation (4) [m™"]

b, f backward and forward scattering
fractions

Cpes ¢ specific heat of gas and porous
material [J kg™' K]

d, equivalent particle diameter of porous

media [m]
E, dimensionless black body emitted flux,
equation (8)
radiation fluxes arriving at the front
and back surface from the surroundings,
6T}, aT5 Fig. 1 [Wm™ 7

he effective heat transfer coefficient of
porous medium [(Wm 2K~

km, k, thermal conductivities of porous
medium and gas, respectively
[Wm 'K™Y

my, mass flux of injection gas [kgm™?s ']

n, apparent index of refraction of porous
media

Nu,  Nusselt number based on particle

diameter, A.d,/k,
Pr Prandti number of gas
Q dimensionless heat flux, g/(E, — E>)
forward and backward radiation
fluxes [W m~?]

qr radiation flux, 4™ —¢" , Fig. 1

qs convective heat flux at front surface,
Fig. 1 [Wm™?]

G total heat flux through porous media,

5

equation (1), Fig. 1 [Wm -]

NOMENCLATURE

Re, particle Reynolds number, md,/n

T,, T, radiation source temperature at the
front surface and solid, and gas
temperature at oo, Fig. 1 [K]

T,, T, temperatures of gas and porous
media [K]

t time fs]

r* dimensionless time, equation (8)

X distance from front surface, Fig. 1

X1, Xp2  thermal penetration depth,

equation (20).

Greek symbols
€ surface emissivity of sohd cross-section
at front boundary, Fig. 1
f viscosity of gas [Pa s]
0,, 0, dimensionless temperatures of porous
medium and gas

N

z

ps, Py true density of porous material and
density of gas [kg m~?)

a Stefan—-Boltzmann constant
[Wm=*K~*]

O, extinction coefficient [m~']

T optical depth, o x

Ty, T, dimensionless thermal penetration

depth, equation (20)
¢ porosity of porous media
[ON single scattering albedo of porous medium.

Other symbols
) time at which the value has reached 99%
of the steady-state value
BCI, BC2 boundary conditions at the front
surface, equation (17).

The authors have proposed a concept for an active
thermal insulation system using a semitransparent
porous medium [9]. For example, the heat flux
through a 5-mm-thick layer, the front surface of which
is subjected to an incident radiative flux of 1 MW
m~?, can be practically eliminated by keeping the back
surface at room temperature. The authors [10] also
demonstrated the effectiveness by utilizing a dis-
sociating gas for the high-temperature active thermal
insulation system. The present active thermal insu-
lation system not only has remarkable steady-state
characteristics but also transient ones. The active ther-
mal insulation layer 10 mm thick reaches the steady
state in a period 30 times shorter than in the case of
a conventional porous layer without gas injection.

In this paper, the transient behavior of an active
thermal insulation system consisting of a semi-infinite
layer of porous medium is considered. Through
numerical analysis, the transient behavior of the active

thermal protection system, such as thermal pen-
etration depth, local heat flux, and transient tem-
perature distributions are investigated and compared
with a conventional insulation system without gas
injection. The effect of boundary conditions at the
front surface on transient temperature distributions is
also studied.

2. COMBINED HEAT TRANSFER MODEL AND
NUMERICAL ANALYSIS

2.1. Physical model and basic equations

We consider a semi-infinite, one-dimensional layer
of a semitransparent high porosity material as shown
in Fig. 1. The front surface of the porous layer is
exposed to a high intensity thermal radiation flux from
time ¢ = 0. A low-temperature gas of mass flux m, is
injected at the back face and flows towards the front
surface. The radiation source in front of the surface
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is characterized by the temperature T, and the tem-
perature of the injected gas and the porous medium
at x = oo is T, as shown in Fig. 1.

Under a very high-intensity irradiation, say, of 1-
5 MW m™2, the injected gas is subjected to a large
temperature gradient as it passes through the porous
medium. The temperature of the injected gas may
increase by about 1000 K, and the thermophysical
properties of the injected gas change substantially.
The authors [10} showed that the effect of the ther-
mophysical properties is rather small in the case of
non-dissociating gas. Because the thickness of the
porous layer isless than a few centimeters, the pressure
drop across the layer is estimated to be a few hundred
Pascal, and the pressure change in the porous layer
is small enough compared with the static pressure
(0.1 MPa). Considering the discussion above, the
thermophysical properties of the gas are assumed to
be independent of temperature and pressure change,
and the values are estimated at 7.

The total heat flux ¢, through the porous layer is
given by

4 = ‘kma‘ﬂg +(1R“’ngcpg(Tg—"T2) (1)

ox

where the first and second term on the right-hand side
of equation (1) represent conductive and radiative
fluxes, respectively, and the heat fluxes are directed
in the positive x-direction in Fig. 1. The third term,
however, represents an advective transport, and the
gas enthalpy flux is directed in the opposite direction.
A large portion of the incident radiation flux pen-
etrates into the porous layer as shown in Fig. 1, and
is absorbed or scattered by the porous medium. The
porous material heated by radiation and conduction
is cooled efficiently by the injected gas.

Since the heat capacity of the gas per unit volume
is of the order of 1/100 to 1/1600 of the porous
medium, the transient term in the energy equation of
the gas can justifiably be neglected. The gas is treated
as radiatively nonparticipating, because the opacity
of the gas in the layer is negligibly small compared to
the porous medium, so the governing energy equation
for the porous solid and the gas can be expressed as

T, ¢ 8T,
(1 "¢)PsC.\véT[ = E(—CI() =k, e

— M, Cp —_Zg = AN AT, —T,) 3
ax

where A, and 4, are the effective surface area per unit

volume and the heat transfer coefficient of the gas and

the solid, respectively. We assume that the solid matrix

can be represented by a packed bed of spherical

monodisperse particles of diameter d,. Thus

A, = 6(1—¢)/d,. “4)
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The empirical correlation proposed by Huber and
Jones [11] is adopted for estimating the heat transfer
coefficient of the porous medium

Nu, = 0.054Re;**, 0.7 < Re, < 16. 5

As far as the radiative transfer is concerned, there
have been many approximate methods [12] proposed
for predicting the radiant heat flux gg. The two-flux
approximation is adopted in the analysis of the radi-
ative transfer

]dq+ . + _ 2 4
%F; = — [{(—fmo)g™ +wobg +a;(1—we)a T
1dg~

- z%’; = —(—fwo)g™ +wobg™ +nl(1—wo)aT!

(6

where n, is the effective refractive index of the porous
material, originally derived by Maxwell-Garnett [13].
In general, the radiative properties are dependent on
the wavelength of the radiation; however, for sim-
plicity the porous material is assumed to be gray.
Equations (2) and (6) are related by the following
equation:

a
T =21—wa)(—q" =g +200TS. (D)

2.2. Dimensionless expression and boundary conditions

The present model considers the situation when
there is a very large temperature difference across the
medium, and the front surface is subjected to very
intense irradiation. Since the present model considers
the semi-infinite layer of a porous medium, we cannot
use the thickness of the layer as the reference length
as has been done in previous papers [9, 10]. Con-
sidering the above discussion, the following dimen-
sionless values are introduced using 7'y, 75, E,, E,,
and the inverse of the extinction coefficient 1/a, as a
reference length

O, = (T,—THNT, —T»), Og = (Tg“Tz)/(T\ —T,)
Or = qr/(E\—E2), Q0% =q*/(E,~E))

5 tH(E,—Ey)o,
=g (E,—E R [* -
Q g /(E, 2) (1—¢)p.cs
oT?
E ="k

®)

Thus, basic equations (2), (3), (6), and (7) can be
rewritten as follows:

20, 8%, 00 00,

g =g T T ®)
o0
Ef = —A4,(6,—-0,) (10)
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1dgot . _
Ta = —(1 —fw )0 +webQ™ + (1 —wg)E,
1dg- . - +
54 = —(1—fw) O +wehpQ" + (1 —wy) E,
()
0Qr + -
5 = —0)(-0"—0" +2E) (12

where 4., 4,, and A4, in equations (9) and (10) are
conduction, advection, and convection parameters,
respectively, and are expressed as

¢ E,—E, (13)
= m_‘éfi’&_(_T‘ —T))

B Ty (14)

=R 15)

¢ o.d, PrRe,’

The dimensionless parameters are based on radiant
heat flux which is a dominant flux of the present
thermal protection system.

The irradiation at the front surface at a time 7 > 0
is E, = oT1{, and a fraction of the flux is reflected,
while the remaining part of the flux penetrates into
the porous layer. Thus, the radiative boundary con-
dition at the surface (r = 0) is expressed in the same
manner as in the previous report [9]

. Gta(-9E
Q = *——*—ET:EB gt T =0.

(16)

In general, the front surface exposed to a high-
temperature environment is also subjected to the con-
vective heat flux ¢,. The convective flux represents a
rather large fraction of the surface heat flux, especially
for a rocket nozzle and the space shuttle {14]. On the
other hand, the transpired gas reduces the convective
heat flux at the front surface, It is difficult to estimate
the convective heat flux when the transpired gas is
not in thermal equilibrium with the porous solid [9].
Hence, the following two extreme boundary con-
ditions are considered for the present model.

(1) Boundary condition 1 (BC1): only the radiative
heat flux is considered and the convective heat flux ¢,
at the front surface is neglected.

(2) Boundary condition 2 (BC2): the convective
heat transfer coefficient at the front surface is very
large and the surface temperature is in thermal equi-
librium with the outer boundary.

These boundary conditions are expressed in a dimen-
sionless form as follows:

00, (1 =)eo[T1~TIO0)]

N i S

0, =1 BC2

The gas and solid temperatures and radiation flux are
in thermal equilibrium at t = o0, so, the boundary
conditions are
O, =0,=0r=0 for 1=o00. (18)
The initial temperatures of the porous medium and
the gas are both assumed to be T,. Then, the initial
conditions are
O0,=0,=0r=0 at t*=0 {19)
The solutions of equations {3)}-(11) are obtained
numerically using a finite-difference scheme with an
iterative procedure and unequal grid sizes, which is a
similar procedure to the previous numerical analysis
[9]. In the present analysis, the calculation regime
is extended with increasing time in order that the
condition at T = oo be satisfied. Namely, the cal-
culation regime is taken more than twice the thermal
penetration depth t,,, defined in the following section.

3. RESULTS AND DISCUSSION

There are numerous publications in the literature
concerned with the radiative properties of porous or
fibrous material (for example, Kurosaki et a/. {15}),
but only a few publications report both the thermal
and radiative properties of high-temperature porous
materials. In the present numerical analysis, a porous
zirconia, the thermal and radiative properties of which
were measured by Matthews et al. [2], is chosen as an
example [9]. The thermophysical and radiative prop-
erties of the porous medium are listed in Table 1. The
radiation source temperature 7, is set at 3000 K,
which corresponds to an incident radiation flux of
E, = 4.6 MW m™2. The temperature at 7 = o0 is set
at 300 K. According to the authors’ previous work
[10], hydrogen is used as the transpired gas of the
present numerical example. The mass flux is chosen
in order that the advection parameter be 4, = 2.0-
0.2, because the active thermal protection system is
most effective [10] when A, > 1.0. The dimensionless
parameters used in the present numerical analysis
and corresponding dimensional values are listed in
Table 2.

Table 1. Thermophysical and radiation properties of porous
zirconia

Thermophysical properties

¢, =175x10° J kg~ ' K 2, =56x10%kgm™?

hp=70x107"Wm "K' d,=10"*m
¢ =09

Radiation properties

o.=8969%10°m~' b =0.2506
n, =16 n, = 1.0

W, = 0.99 g = 0.35
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Table 2. Dimensionless and dimensional parameters of calculation

conditions
A, = 0.369
A, =20 1.0 0.5 0.2
A, =0.085 0.061 0.044 0.028
m, =0.238 0.119 0.059 0.024 kgm ?s™!
* =1 Tt =1
t =64x%x10"7%s x = 0.11mm
T, =3000K T, = 300K
E, =46 MWm~? E, = 460 Wm™?

3.1. Transient characteristics of thermal penetration
depth

The thermal penetration depth is an important par-
ameter for determining the thickness of the insulation
layer. In the present analysis, the thermal penetration
depth is defined as the point where the solid tem-
perature is reduced to the value 6; = 0.1 or 0.01 as is
expressed by the following equations:

Tt T"'} 20)

X=Xy, T=Tp.

0, =0.1 at
0, =0.01 at

The transient behavior of the thermal penetration
depth for various advection parameters 4, is shown
in Figs. 2(a) and (b). The penetration depths without
gas injection (4, = 0) and for pure conduction (for
BC2) are also plotted in these figures for comparison.

The thermal penetration depth for case BC2 in the
very early stages is identical with that of pure con-
duction. The boundary conditions at the front surface
affect the thermal penetration depth during these
stages. Subsequently, the depth for the radiation and
conduction model increases rapidly compared with
that for pure conduction. This trend is remarkable for
7,2. During the early stages of heating, the effect of
gas injection is very small, and the penetration depths
1, and 7, for 4, # 0 are identical to those for 4, = 0.

N BC1 i — 0.2
3 ——0.5
[ ket BC2
- <1,0
. Lo 2.0
10 " d 3
r/’
-
/,/’ \Pure Conduction BC2
[ // ’/‘
10 1 i 1 (b)
-1 [} 1 2 2
10 10 10 10 10

F16. 2. Transient variation of thermal penetration depths 1,
and 1,

As the heating time increases, the penetration depth
with gas injection reaches a steady state, whereas the
depth for the pure conduction and radiation con-
duction models never reaches a steady-state condition.
One of the main features of the active thermal pro-
tection system 1is its steady-state thermal penetration
depth. The difference in the boundary conditions at
the front surface is negligibly small, except in the
early stage of heating. This is mainly due to the large
extinction coefficient of the porous layer.

The symbol e in Fig. 2 represents the time when the
value has reached 99% of the steady-state value. The
larger the advection parameter 4,, the sooner the
penetration depth reaches steady state. Comparison
between Figs. 2(a) and (b) shows that the time when
7, becomes independent of time is strongly affected by
the advection parameter particularly for 7,,.

3.2. Transient heat flux and solid and gas temperature
at the front surface

Transient solid temperatures at the front surface
for case BC1 are plotted in Fig. 3. In the early stages
of heating, the surface temperature is independent of
the advection parameter 4,. After the surface tem-
perature reaches the steady-state condition, the
steady-state value decreases with increasing 4,. It is
noted that steady-state temperature is reached even
for the case without gas injection (4, = 0).

Heat advection by gas injection plays an important
role in the active thermal protection system by reduc-
ing the surface temperature and thermal penetration
depth. The dimensionless gas temperatures at the

F1G. 3. Transient variation of dimensionless solid tem-
perature at the front surface (boundary condition I).
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Bglo) o

F1G. 4. Transient dimensionless gas temperature at the front
surface.

front surface are plotted in Fig. 4 for various advec-
tion parameters and boundary conditions. The exit
gas temperature is affected by the solid temperature
in the vicinity of the front surface, and the solid
temperature in that region is strongly influenced by
the boundary conditions. Consequently, the gas tem-
perature is strongly affected by the boundary condi-
tion. The trend is especially remarkable for a large
advection parameter A,.

Comparison of Figs. 3 and 4 shows that there is a
large difference between solid and gas temperatures at
the front surface. This fact suggests that an assump-
tion of thermal equilibrium between the gas and
porous solid, which is adopted in some papers on
heat transfer in porous media, is inappropriate for the
present active thermal protection.

The dimensionless total heat flux at the front sur-
face is defined as follows:

20
Q0) = — A5 +Qx— A0, at T=0. 1)

In Fig. 5, the transient dimensionless heat fluxes with
various advection parameters are plotted for case
BC1. The transient total heat flux in the porous layer
is a function of time and location, and approaches
zero as 7 — oo. The surface heat flux Q. (0) is a
maximum as * — 0. When * is small, the radiant heat
flux predominates over conduction and advection
heat fluxes, because the solid temperature is small.
Hence, the heat flux is constant, and is independent
of the advection parameter. The heat flux decreases
with increasing heating time, and finally becomes zero
throughout the layer. This reduction in the total heat
flux is faster for large A4, .

0.4 . [

BC1

Q,(0)

0.0
10" 10 10 10° 10°

FiG. 5. Dimensionless total heat flux at the front surface for
boundary condition 1.

In conventional insulation systems, there is heat
transfer across the system when there is a temperature
difference in the insulation across the layer. Com-
parison of Figs. 2(b) and 5 shows that the present
active thermal protection system can reduce the heat
flux through the layer to zero, maintaining a tem-
perature difference of 2700 K within the layer of
7 =21 (2.4 mm) for 4, = 2.0.

3.3. Transient temperature distribution in the porous
layer

Variations of transient temperature distributions
in the porous solid 7, (K) are expressed by three-
dimensional plots of distance from the front surface
(mm) and heating time (s) in Fig. 6. Figures 6(a)
and (b) represent the case of the advection parameter
A, = 1.0 (m, = 0.12kgm~* s~ ") with boundary con-
ditions BC2 and BCl, respectively. The transient tem-
perature distributions of the conventional porous
layer with gas injection are plotted in Fig. 6(c) for
comparison. The variation in the thermal penetration
depths x,,; and x,, (mm) are plotted in Figs. 6(a)-
(c). The symbol e denotes the time when the thermal
penetration depth has reached 99% of the steady-state
value.

A comparison of Figs. 6(a) and (b) reveals that the
temperature distributions for the different boundary
conditions are almost identical, except in the vicinity
of the front surface, although these two boundary
conditions are completely different. The thermal pen-
etration depths x,, and x,, reach steady-state values
of 1.6 and 3.2 mm, respectively, and the values are
identical for the two boundary conditions (Figs. 6(a)
and (b)). Also, it should be noted that the tempera-
ture distribution reaches the steady state within 5 s.

The conventional insulation without gas injection,
as shown in Fig. 6(c), on the other hand, has a com-
pletely different transient temperature distribution.
Heat penetrates into the layer with time, and the tem-
perature distribution never reaches steady state. The
penetration depths x,; and x,; at t = 100 s are 9.3 and
12.5 mm, respectively, and the values are very large
compared with those of the present active thermal
protection system.

4. CONCLUSIONS

The transient behavior of an active thermal pro-
tection system consisting of a semi-infinite layer of a
porous medium with gas injection was considered.
Numerical analyses were carried out for transient heat
transfer by combined conduction, convection and
radiation for the case of a zirconia porous material
and hydrogen injected at the back face. The charac-
teristic radiation source temperature at the front sur-
face is 3000 K or an irradiation of 4.6 MW m ™2,

In the early stages of heating, the thermal pen-
etration depth is affected by the boundary conditions
at the front surface, but are independent of the mass
flux of the injected gas. As the heating time increases,
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Fi1G. 6. (a) Transient temperature distributions of porous

solid with gas injection (boundary condition 2). (b) Transient

temperature distributions of porous solid with gas injection

(boundary condition 1). (c) Transient temperature dis-

tributions in conventional porous insulation layer without
gas injection.

the thermal penetration depth of the active thermal
protection system reaches the steady state, and the
value is independent of boundary conditions, whereas
the thermal penetration depth of the conventional
insulation never reaches steady state.

Solid temperature and total heat flux at the front
surface are independent of the gas injection velocity
during the initial stages of heating ; subsequently, the
former reaches a steady-state value, and the latter
decays to zero with increasing heating time. The pro-
posed active thermal protection system can maintain
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a temperature difference of 2700 K within a layer
2.4 mm thick (mass flux = 0.24 kg m~2 s~ ") without
transfer of heat across the layer.

The transient temperature distributions for differ-
ent boundary conditions at the front surface are
almost identical except in the vicinity of the front
surface. The thermal penetration is confined to a very
small layer thickness (3.2 mm for mass flux = 0.12 kg

m~2 s '), and this condition is attained within 5 s.
However, the heat penetrates into the layer with
increased heating time in the case of conventional
insulation without gas injection.
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COMPORTEMENT TRANSITOIRE D’UN SYSTEME DE PROTECTION THERMIQUE
ACTIF

Résume—On considere le comportement transitoire d un systéme de protection thermique actif qui consiste
en une couche semi-infinie poreuse avec injection de gaz. Pendant les premiers temps de chauffage, la
profondeur de pénétration thermique, la température de la surface et le flux thermique surfacique ne
dépendent pas de la vitesse d'injection du gaz. Quand le temps de chauffage augmente, la profondeur de
pénétration thermique atteint une valeur constante qui dépend de la vitesse d’injection du gaz et le flux de
chaleur a la surface diminue pour atteindre la face arriére a faible température. La longueur de pénétration
thermique d’une isolation conventionnelle sans injection de gaz n’atteint jamais une valeur constante. Les
distributions variables de température dans la couche pour deux conditions différentes sur la surface sont
pratiquement identiques, excepté au voisinage de la surface amont.

DAS INSTATIONARE VERHALTEN EINES AKTIVEN SYSTEMS ZUM THERMISCHEN
SCHUTZ

Zusammenfassung—Das instationdre Verhalten eines aktiven Systems zum thermischen Schutz wird unter-
sucht. Es besteht aus einer halbunendlichen porésen Schicht mit Gasinjektion. Zu Beginn der Beheizung
héngen die thermische Eindringtiefe, die Oberflichentemperatur und die Wirmestromdichte an der Ober-
fldche nicht von der Gasinjektionsgeschwindigkeit ab. Fiir lingere Beheizungszeiten erreicht die thermische
Eindringtiefe fiir eine bestimmte Gasinjektionsgeschwindigkeit einen konstanten Wert, die Wirme-
stromdichte an der Oberfliche verschwindet. Im Gegensatz dazu erreicht die thermische Eindringtiefe bei
herkémmlichen Wéarmedimmungen ohne Gasinjektion niemals einen konstanten Wert. Die instationdren
Temperaturverteilungen im Feststoff der pordsen Schicht sind fiir zwei unterschiedliche Randbedingungen
an der Oberflache nahezu identisch—auBer in unmittelbarer Nahe der vorderen Oberflache.

NEPEXOAHBIE XAPAKTEPUCTHKH AKTUBHbLIX TENJIO3AIINTHbLIX CUCTEM

Amnoraima—HccnenyloTcs nepexoaHbie XapaKTEPHCTHKM aKTHBHBIX TEIUIO3ALUMTHBIX CHCTEM, COCTOS-
HIAX M3 MOJIYyOTPAHMYEHHOTO CJIOA MOPHCTOH cpeabl ¢ BAyBoM rasa. Ha paHHux craausx Harpesa
ryGHHa TeIIOBOTO MPOHMKHOBEHHUSA, TEMNEPATYPa NOBEPXHOCTH H TEILIOBOH NMOTOK Ha Heil He 3aBHCAT
OT CKOPOCTH BAyBa ra3a. C pocToM BpeMEHHM Harpesa riy0HHA TEMJIOBOTO NMPOHHKHOBEHHA aKTHBHBIX
CHCTEM TEIUIO3ALUMTHI JOCTHTaeT HOCTOSHHOTO 3HAYeHHA NPH mo6ol CKOPOCTH BAyBa ra3a H TEIL10BOM
NOTOK Ha MOBEPXHOCTH MCHYE3aeT, B pe3yJbTaTe Yero Ha 3ajHed CTEHKe COXpaHAeTCS HH3Kas TeMmmepa-
Typa. B cnyuae xe oGbIKHOBEHHOI M30JALMH NPH OTCYTCTBHH BAYBA ra3a riy6GHHA TEILTOBOTO NMPOHMK-
HOBEHHS He AOCTHraeT MOCTOAHHOM BenmyuHbl. HecTaumoHapHbie pacnpeaeneHns TeMnepaTyp TBEpAOTO
TeNa B CJI0€ MPH OBYX PA3IHYHBLIX TPAHHYHBIX YCJIOBHAX HA NMOBEPXHOCTH ABJIAIOTCA MOYTH OOMHAKO-
BBIMH, 33 HCKJIFOYEHHEM OKPECTHOCTH NepeaHel NOBEPXHOCTH.



