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We have performed a numerical analysis of the nonstationary turbulent natural convection in a closed region
with heat-conducting walls of finite thickness and a heat source located at the cavity base under the condi-
tions of convective-radiative heat exchange with the environment. Typical distributions of the thermohydrody-
namic parameters (streamlines, temperature field, field of the kinetic energy of turbulence, and dissipation
field of the kinetic energy of turbulence) in a fairly wide range of Grashof numbers 107 ≤ Gr ≤ 109 have been
obtained. Results characterizing the scales of influence of the nonstationarity factor and the relative heat con-
ductivity coefficient of the material of the surrounding walls on the heat transfer intensity are presented. A
correlation for determining the average Nusselt number on the heat source surface has been established.
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Introduction. Modern objects of radioelectronic equipment and electronic engineering (REE and EE) must sat-
isfy stringent requirements, where an important role is played by precision, reliability, and stability of operation [1–7].
The range of problems solved by electronic devices presupposes employment of typical REE and EE units and assem-
blies in a wide range of thermal actions. Among the main factors destabilizing the optimal operating conditions of
REE and EE devices and leading to a deviation of input characteristics from nominal values are various kinds of ther-
mal action: ambient temperature, external thermal flows, power of internal energy sources. A characteristic feature of
REE and EE devices is the conversion of a significant portion (up to 10%) of input energy into thermal energy. Re-
leased energy increases the temperature of elements and lowers their reliability, distorts the useful signal, or even
makes the device inoperative.

An increase in the temperature from 20 to 80oC leads to an increase in the intensity of failures of semiconduc-
tor devices by a factor of 3–4, resistors by a factor of 2–3, capacitors by a factor of 6–8, and integrated circuits by a
factor of 6–10 [5–7].

In developing modern microelectronic devices characterized by high local specific thermal loads, it is neces-
sary to take into account the main thermophysical processes proceeding in the gas cavity of a typical REE and EE
assembly or unit. Therefore, design of radioelectronic and electronic equipment presupposes thorough treatment of a
structure providing a rational arrangement of units, the necessary heat transfer intensity, and the possibility of thermo-
stabilization of the most temperature-sensitive parts and elements.

The aim of the present work is mathematical modeling of turbulent thermal conditions in a typical REE or
EE component under inhomogeneous heat exchange with the environment.

Mathematical Model. A boundary-value conjugate problem of nonstationary turbulent heat transfer in a
closed square region (Fig. 1) is considered. The investigated region is typical of the majority of REE and EE elements
in the presence of an internal heat source located at the base of the gas cavity.

The solution region represents a gas cavity bounded from the environment by heat-conducting finite-thickness
walls. The heat source located in the bottom part of the cavity has a constant temperature. The outer surfaces of the
enclosing walls (y = 0, y = Ly, x = Lx) are supposed to be heat-insulated. At the boundary x = 0 simultaneous radia-
tive-convective heat exchange with the environment is realized.

It is assumed that the thermophysical properties of the wall material and the gas are temperature independent
and the flow conditions are turbulent. The gas is assumed to be a viscous, heat-conducting Newtonian fluid satisfying
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the Boussinesq approximation. The gas flow and the heat transfer in the internal volume are assumed to be two-dimen-
sional, the heat exchange of radiation from the heat source and between the walls is assumed to be negligibly small
compared to the convective heat exchange, and the gas is assumed to be transparent to thermal radiation. It is also as-
sumed that the size on the third coordinate is much larger than on the other two coordinates and the end effects of
the flow and the heat exchange are negligibly small; therefore, a two-dimensional formulation of the problem is con-
sidered.

The process of heat transfer in the considered region (Fig. 1) is described by a system of nonstationary two-
dimensional equations of turbulent natural convection in the gas cavity [8–12] and by a nonstationary two-dimensional
heat conduction equation for elements of the solid material [13] with nonlinear boundary conditions. As a closing tur-
bulence model, we considered the well-studied k–ε model [10].

The boundary-value problem is formulated in the dimensionless variables stream function–velocity vorticity
vector–temperature. For the scale distance, we chose the gas cavity length on the x-axis. To reduce the system of
equations to dimensionless form, we used the following relations:

X = x  ⁄ L ,   Y = y ⁄ L ,   τ = t ⁄ t0 ,   U = u ⁄ V0 ,   V = v ⁄ V0 ,   Θ = (T − T0) ⁄ ΔT ,

Ψ = ψ ⁄ ψ0 ,   Ω = ω ⁄ ω0 ,   K = k ⁄ k0 ,   E = ε ⁄ ε0

at ΔT = Th.s − T0, ψ0 = V0L, ω0 = V0
 ⁄ L, k0 = V0

2, ε0 = V0
3 ⁄ L.

The Reynolds equations in the dimensionless variables stream function–velocity vorticity vector together with
the standard k–ε model of turbulence have the following form [14, 15]:

for the gas (2 in Fig. 1)
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Fig. 1. Solution region of the problem: 1) walls; 2) gas; 3) heat source.
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for the solid walls (1 in Fig. 1)
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The parameters of the standard k–ε model of turbulence [10] are:

cμ = 0.09 ,   c1ε = 1.44 ,   c2ε = 1.92 ,   c3ε = 0.8 ,   Prt = 1.0 ,   σk = 1.0 ,   σε = 1.3 .

For the formulated problem (1)–(6):
the initial condition

Ψ (X, Y, 0) = Ω (X, Y, 0) = K (X, Y, 0) = E (X, Y, 0) = Θ (X, Y, 0) = 0 

holds on the heat source during the whole process Θ = 1;
the boundary conditions at the boundary x = 0 take into account the heat exchange with the environment due

to the convection and radiation
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on the other outer boundaries for the energy equation the heat insulation conditions
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are given; on the boundaries between the solid material and the gas parallel to the coordinate axes 0X(0Y) the follow-
ing conditions are met:

Ψ = 0 ,   
∂Ψ

∂Y (∂X)
 = 0 ,   Θ1 = Θ2 ,   
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 ,

and for the turbulent characteristics K and E on the solid boundaries the kinetics energy of turbulence is defined di-
rectly on the surface of the solid wall K = 0, and its dissipation rate is calculated in the nearest near-boundary unit
E = cμ

3 ⁄ 4 / K3 ⁄ 2 / (0.42 h) [16].

TABLE 1. Values of the Average Nusselt Numbers

Ra Obtained reuslts
Literature data

[19] [20] [21]

107 17.72 16.79 16.523 —

108 33.41 30.506 30.225 28.78

109 54.49 57.350 — 62.0
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The boundary-value problem (1)–(6) was solved by the finite difference method [17, 18] on a uniform grid
(150 × 150). For the numerical solution of Eqs. (2)–(6), the locally one-dimensional scheme of A. A. Samarskii [18]
was used. To resolve the nonlinear boundary condition of kind III, we used the method of simple iterations. The Pois-
son equation (1) for the stream function was solved on the basis of the fast Fourier transform [17].

This solution method was tested on a model problem. We considered the turbulent natural convection in a
closed region [19] with isothermal vertical and adiabatic horizontal walls. The average Nusselt number on the vertical
wall served as the quantity to be determined (see the Table 1).

The results presented in the table vividly show that the employed numerical solution method leads to a fairly
good agreement with the data of other authors.

Results and Discussion. We carried out numerical investigations of the boundary-value problem (1)–(6) with
corresponding initial boundary conditions at the following values of the dimensionless complexes: 107 ≤ Gr ≤ 109, Pr =
0.7, λ2,1 = 0.037, 0.0037. Primary consideration was given to the analysis of the influence of the Grashof number and
the nonstationary factor, as well as of the relative heat conductivity coefficient λ2,1, on the distributions of both the
local characteristics (streamlines, temperature field, field of the kinetic energy of turbulence, and field of its dissipation
rate) and the integral parameter (average Nusselt number on the heat source surface).

Influence of the Nusselt number. Figure 2 shows the streamlines, the temperature field, the field of the kinetic
energy of turbulence, and the field of its dissipation rate at λ2,1 = 0.037, τ = 600 corresponding to various values of
the Grashof number. Arrows on the streamlines show the direction of gas flow.

Under turbulent conditions of conjugate heat transfer corresponding to Gr = 107 (Fig. 2a), in the gas cavity
two convective cells differing in both flow direction and scales of occupied regions are formed. The appearance of cir-
culation flows is due to several reasons: the presence of a heat source, the intensity of conductive heat transfer in the
walls, as well as the propagation of disturbances from the solid material elements. The first of these reasons shows up
as the formation of a buoyancy force ρgyBu as a result of the temperature drop in the zone of the cavity base. Over
the heat source a thermal torch is formed. At an instant of time τ = 600 this torch approaches the surface of the first
wall, which is due to the considerable cooling of the left element of the solid material. The lower-temperature front
propagates far into the solution region from the boundary X = 0 due to the fact that the ambient temperature was
lower than the initial temperature of the object being analyzed. On the inner surface of the left wall there is a signifi-
cant growth of the temperature gradient intensifying the downflows of the gas, which in turn lead to a shift of the
thermal torch. The heat source increases also the temperature of the solid material elements located near the heater sur-
face. It should be noted that warming up of the left wall at 0.16 ≤ Y ≤ 0.26 leads to an increase in the gas temperature
in the region of the left corner of the cavity (0.08 X ≤ 0.16, 0.16 ≤ Y ≤ 0.26). Such an effect of the conductive heat
transfer in the solid material element on the convective heat transfer in the gas cavity shows up as a distinctive reflec-
tion of cold downflows of the gas. The deformation of the isotherm corresponding to the dimensionless temperature
Θ = −0.1 in the region of the base characterizes the heating of the left wall by the heat source.

The field of the kinetic energy of turbulence describes the turbulent flow intensity. The configuration of the
lines K = const in the core with maximum kinetic energy values defines both the boundary between two convective
cells and the direction of action of the thermal torch. In turn, the field of the dissipation rate of the kinetic energy of
turbulence characterizes the zones of kinetic-to-thermal energy conversion. The dissipation rate acquires maximum val-
ues on the surfaces of the walls, and an increase in E in the region of the thermal torch is also noticeable.

A tenfold increase in the Grashof number (Fig. 2b) leads to marked changes in all thermohydrodynamic pa-
rameters. In the gas cavity, there is an increase in the sizes of the right convective cell, which inhibits to a certain
extent the development of the left vortex. The thermal torch formed over the heat source is located at a distance from
the surface of the right wall, which characterizes the increase in the torch stability against the action of the lower-tem-
perature front from the boundary X = 0. The latter is also confirmed by the increase in the average temperature in the
gas cavity. The configuration of isotherms reflects the gas flow in convective cells. The position of the thermal torch
defines the boundary between two circulation flows. The core of the field of the kinetic energy of turbulence is con-
centrated thereby in the region of the right vortex, and the configurations of the lines K = const is analogous to the
lines of flow of a larger-scale circulation. The dissipation field of the kinetic energy of turbulence changes slightly —
the E value in the left part of the cavity decreases simultaneously with the formation of a distinctive core in the zone
of the right convective cell. A slight redistribution of the intensive dissipation zones on the wall surfaces is observed.
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A further increase in Gr (Fig. 2c) leads to a marked increase in the sizes of the vortex near the right element
of the solid material. The thermal torch approaches the center of the gas cavity, reflecting the contact zone of two cir-
culations. The conductive heat transfer intensification in the left and right walls in the zone of the heat source appears
as the formation of secondary torches in the corner regions of the cavity. The field of the kinetic energy of turbulence
undergoes structural changes — it increases in the scales of the turbulence initiation zone. The dissipation field of the
kinetic energy of turbulence describes the increase in the sizes of the right vortex.

Thus, an increase in the Grashof number leads to an increase in the thermal torch stability, which tells on
both the scales of the right convective cell and the position of the torch itself. The dissipation zones of the kinetic
energy of turbulence incorporate not only the surfaces of the walls, but also, under certain conditions Gr = 107, 108,
the region of the thermal torch.

Figure 3 shows the temperature profiles in different cross-sections of the solution region at Gr = 107, 108, and 109.

Fig. 2. Streamlines Ψ, temperature Θ field, field of the kinetic energy of tur-
bulence K, and dissipation field of the kinetic energy of turbulence E at λ2,1
= 0.037, τ = 600: a) Gr = 107; b) 108, c) 109.
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The temperature distributions complement the above analysis of the influence of the Grashof number. An in-
crease in Gr leads to a shift of the thermal torch (maxima on the profiles) in the cross-section Y = 0.31 (Fig. 3a) to
the symmetry plane of the cavity, and the temperature in the torches decreases therewith. The reason for the latter is
the significant energy redistribution in the vertical direction. From Fig. 3b it is seen that in the upper parts of the gas
cavity an increase in Gr shows up as a temperature increase.

The temperature increase in the zone 0.08 < X < 0.3 (Fig. 3a) is due to not only to the shift of the thermal
torch into the central region, but also the formation of a small thermal area in the left lower corner as a consequence
of the influence of the conductive heat transfer on the convective heat transfer.

We have analyzed the influence of the Grashof number on the average Nusselt number on the heat source

surface Nuavg = ∫ 
0.08
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 dX.

Figure 4 shows graphically the increase in the generalized heat transfer coefficient with increasing Grashof
number at a fixed value of the relative heat conductivity coefficient. This dependence can also be given in the form
of the correlation relation Nuavg = 0.55Gr0.23 at λ2,1 = 0.037. The increase in the average Nusselt number is due to
the increase in the temperature gradient on the heat source surface, which is explained by the intensive energy removal
by the cold downflows of the gas. This effect can also be traced by the distribution of isotherms in Fig. 2. An in-

Fig. 3. Temperature profiles at λ2,1 = 0.037, τ = 600 [Y = 0.037 — a), Y =
1.0 — b)]: 1) Gr = 107; 2) 108, 3) 109.

Fig. 4. Average Nusselt number versus the Grashof number at τ = 600:
1) λ2,1 = 0.037; 2) 0.0037.
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crease in the Grashof number shows up as the approach of isotherms to the source surface and, accordingly, a de-
crease in the thickness of the thermal boundary layer.

Influence of the nonstationarity factor. The nonstationarity factor in the conjugate heat transfer problem plays
an important role since it determines not only the moments of the formation, development, and dissipation of vortex
structures in the gas cavity, but also the thermal inertia of the enclosing solid walls. The latter is most valuable in de-
signing REE or EE components, as well as in optimizing the thermal regimes of electronic devices.

Figure 5 shows the streamlines, the temperature field, the field of the kinetic energy of turbulence, and its dis-
sipation field at λ2,1 = 0.37 and Gr = 108 at different instants of time.

At τ = 100 (Fig. 5a) in the gas cavity two convective cells differing in the direction of the gas flow are
formed. The reason for the appearance of these vortices is the heat source forming over its surface a thermal torch
extending along the vertical axis. The torch formed can be thought to be "starting" [22] since at the initial instant of

Fig. 5. Streamlines Ψ, temperature Θ field, field of the kinetic energy of tur-
bulence K, and its dissipation field E at λ2,1 = 0.037, Gr = 108: a) τ = 100;
b) 700; c) 800.
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time the gas is at rest and the energy source is switched on instantaneously. In the lower corner zones of the cavity,
secondary starting torches are initiated due to the heating of the corresponding walls. A slight cooling of the left ele-
ment of the solid material is also noticeable. The field of the kinetic energy of turbulence determines the "turbuliza-
tion" zones. The K field core characterized by the maximum value of the energy of turbulence is located directly
above the main starting torch. Zones of the highest dissipation rate of the energy of turbulence are, as before, the wall
surfaces, and the propagation of disturbances from the upper wall far into the gas cavity is also noticeable, i.e., in the
vicinity of the core of the kinetic energy of turbulence there is an increase in E. The symmetric distribution of all
thermohydrodynamic parameters about the cross-section X = 0.58 is promoted by the initial time interval.

An increase in τ to 700 (Fig. 5b) leads to a more significant cooling of the left wall, which tells on the in-
crease in the scales of the left convective cell which deforms the vortex near the right element of the solid material.
The thermal torch shifts to the right wall as a consequence of the intensification of the cold downflows of the gas
near the surface of the left element of the solid material. The core of both the field of the kinetic energy of turbulence
and of its dissipation field characterizes the position of the starting torch.

A further increase in the time parameter (Fig. 5c) shows up both as an increase in the sizes of the left vortex and
as a shift of the main starting torch to the right wall. Such hydrodynamic changes are due to the formation of a significant
temperature gradient on the inner surface of the left wall as a consequence of the substantial advance of the lower-tem-
perature front from the boundary X = 0. The configuration of the lines K = const ≥ 0.005 is analogous to both the
streamlines and the starting torch. Thus, with the help of the kinetic energy field we can follow the formation of vortex
structures as well as the position of the thermal torch. The constant dissipation rate lines complement the above.

Figure 6 shows the temperature profiles in the cross-section Y = 0.4 at Gr = 108 at various instants of time.
An increase in τ leads to an increase in the temperature in the gas cavity, and the thermal torch therewith shifts to the
right wall with increasing temperature in it. At the boundary X = 0 cooling of the left element of the solid material
occurs, which in the considered cross-section has a weak effect on the temperature distribution near the left wall. Fig-
ure 6 demonstrates graphically the warming-up of the right element of the solid material due to both the conductive
heat transfer from the heat source and the convective heat transfer in the gas. The latter reason is the most weighty
because of the position of the thermal torch.

Figure 7 shows the dynamics of the generalized heat transfer coefficient on the heat source surface at various
values of the Grashof number. With increasing time the average Nusselt number decreases, which is due to the gradual
heating of the closest gas layers and, accordingly, due to the decrease in the temperature gradient on the source surface.

At τ > 600 nonmonotonicities in the Nuavg distribution appear, which is due to the continuous restructuring of
the temperature field.

Influence of the relative heat conductivity coefficient. As mentioned above, in developing modern equipment it
is necessary to consider thoroughly the structure including not only the optimization of geometric parameters, but also
the choice of the necessary structural material providing the required thermal operating conditions of the device.

Fig. 6. Dimensionless temperature profiles at Y = 0.4, λ2,1 = 0.037, Gr = 108:
1) τ = 100; 2) 700; 3) 800.

Fig. 7. Average Nusselt number versus the time and Grashof number at λ2,1 =
0.037: 1) Gr = 107; 2) 108, 3) 109.
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Figure 8 presents the thermohydrodynamic parameters corresponding to the regime of convective heat transfer
Gr = 109 at various values of the relative heat conductivity coefficients. The change-over from λ2,1 = 0.037 to λ2,1 =
0.0037 corresponds to a tenfold increase in the heat conductivity coefficient. Such a change leads to a redistribution of
all diagnostic variables. The advance of the lower-temperature front becomes more substantial, which shows up as a
shift of the thermal torch towards the right wall. There is an increase in both the scales of the left convective cell and
the gas velocities in it. All this leads to a deformation of the vortex near the right wall. Cooling of the left element
of the solid material occurs only in the zone Y > 0.4, which is due to the heating of the lower part by the heat source.
The field of the kinetic energy of turbulence is somewhat modified — the core is shifted to the right wall and the
configuration of the lines K = const reflects the orientation of the starting torch. The position and sizes of the convec-
tive cell can be related to the analogous parameters of the line of constant dissipation rate of the kinetic energy of
turbulence corresponding to E = 0.02.

Fig. 8. Streamlines Ψ, temperature Θ field, field of the kinetic energy of tur-
bulence K, and its dissipation field E at Gr = 109, τ = 500: a) λ2,1 = 0.037;
b) 0.0037.
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Figure 9 shows the temperature profiles at Gr = 108 in the cross-section Y = 0.3. An increase in the heat con-
ductivity coefficient of the wall material shows up as a temperature increase in the walls as well as in the region of
the starting torch. Since the analyzed process is essentially nonstationary, it may be suggested that with increasing time
the effect of increase in λ2,1 will also affect the temperature increase in the gas cavity.

A decrease in the relative heat conductivity coefficient leads to an indefinitive change in the generalized heat
transfer coefficient on the heat source surface (see Fig. 4). At 107 ≤ Gr < 7⋅107  Nuavg⏐λ2,1=0.0037 > Nuavg⏐λ2,1=0.037 and
Gr ≥ 7⋅107 Nuavg⏐λ2,1=0.0037 < Nuavg⏐λ2,1=0.037 have been obtained. Such a change is due to the nonstationary interac-
tions: the heat source intensity, on the one hand, and the heat removal through the enlosing solid walls, on the other.

In the range of 107 ≤ Gr < 7⋅107, an increase in λ1 at τ = 600 leads to an increase in the temperature gradient
on the source surface, and, consequently, to a more intense outflow of the heat not only far into the cavity, but also
into the enclosing walls. But already at Gr ≥ 7⋅107 the opposite is observed, which is due to the "polar" change in the
influence of the convective heat transfer in the gas and the conductive heat transfer in the walls.

The profiles of the kinetic energy of turbulence and its dissipation rate in the cross-section Y = 0.3 with de-
creasing relative heat conductivity coefficient are given in Fig. 10. It should be noted that an increase in λ1 leads to
a shift of the local extremum of the K field and the E field to the right wall, which is analogous to the behavior of
the starting torch.

Conclusions. We have solved numerically the problem of nonstationary turbulent natural convection in a
closed square region with heat-conducting finite-thickness walls in the presence of a heat source with a constant tem-
perature under the conditions of simultaneous radiative-convective heat exchange with the environment on one of the

Fig. 9. Temperature profiles in the cross-section Y = 0.3 at Gr = 108, τ = 500:
1) λ2,1 = 0.037; 2) 0.0037.

Fig. 10. Profiles of the kinetic energy of turbulence (a) and of its dissipation rate
(b) in he cross-section Y = 0.3 at Gr = 109, τ = 500: 1) λ2,1 = 0.037; 2) 0.0037.
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outer boundaries. Distributions are obtained of the thermohydrodynamic parameters characterizing the features of the
analyzed flow conditions and heat transfer 107 ≤ Gr ≤ 109, Pr = 0.7, and λ2,1 = 0.037, 0.0037. We have performed a
detailed analysis of the influence of the Grashof number, the nonstationarity factor, and the relative heat conductivity
coefficient on both the local characteristics (streamlines, temperature field, field of the kinetic energy of turbulence,
and its dissipation field) and the integral parameter (average Nusselt number on the heat source surface). It has been
established that an increase in the Grashof number forms a more stable thermal torch inhibiting the advance of the
lower-temperature front far into the cavity (Fig. 2). The nonstationarity factor tells on the redistribution of the analyzed
local parameters (Fig. 5b). A decrease in the relative heat conductivity coefficient leads to a nonmonotonic change in
the average Nusselt number on the heat source surface (Fig. 4).

It should be noted that simultaneous analysis of the streamlines and the temperature field makes it possible to
estimate qualitatively the kinetic energy of turbulence and the rate of its dissipation.

This work was supported by the Russian Basic Research Foundation (grant No. 08-08-00402-a).

NOTATION

a, thermal diffusivity, m2 ⁄ sec; a1, thermal diffusivity of the enclosing wall material, m2 ⁄ sec; at, turbulent

thermal diffusivity, m2 ⁄ sec; Bi1 = αL ⁄ λ1, Biot number; Bu = βΔT, Boussinesq number; E, dimensionless analog of

the dissipation rate of the kinetic energy of turbulence; Fo1 = a1t0
 ⁄ L2, Fourier number of the material of the heat-con-

ducting walls; Gr = BugyL
3 ⁄ ν2, Grashof number; Gk = − 1

RetPrt
 
∂Θ
∂Y

, dimensionless term describing the generation of

turbulent kinetic energy due to the buoyancy force; g, gravitational vector; gy, component of the gravitational accelera-

tion (gx = 0), m ⁄ sec2; h, distance from the nearest near-boundary unit to the wall, m; K, dimensionless analog of the

kinetic energy of turbulence; k, kinetic energy of turbulence, m2 ⁄ sec2; k0, scale of the kinetic energy of turbulence,

m2 ⁄ sec2; L, gas cavity length, m; Lx, size of the solution region on the x axis, m; Ly, size of the solution region on

the y axis, m; Nuavg, average Nusselt number on the heat source surface; Pk = 
1

Ret
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2⎤
⎥
⎦
,

dimensionless term characterizing the generation of turbulence due to shear stresses; Pr = ν ⁄ a, Prandtl number; Prt =

νt
 ⁄ at, turbulent Prandtl number; Ra = GrPr, Raleigh number; Re = E ⁄ (cμK2), turbulent Reynolds number; Sk1 =

ε~σL(ΔT)3 ⁄ λ1, Stark number of the solid wall material; T, temperature, K; t, time, sec; t0, time scale, sec; U, V, dimen-

sionless velocities corresponding to velocities u, v; V0 = √⎯⎯⎯⎯⎯⎯gyBuL , velocity scale (velocity of natural convection); u, v,

x, y, velocity components, respectively, m ⁄ sec; X, Y, dimensionless coordinates corresponding to coordinates x, y; x, y,
Cartesian coordinates, m; α, heat exchange coefficient between the environment and the solution region under consid-

eration, W ⁄ (m2⋅K); β, thermal volume expansion coefficient, K−1; ε, dissipation rate of the kinetic energy of turbu-
lence, m2 ⁄ sec3; ε0, scale of the dissipation rate of the kinetic energy of turbulence, m2 ⁄ sec3; ε~, reduced emissivity fac-
tor; Θ, dimensionless temperature; λi, heat conductivity coefficient of the ith subregion, W ⁄ (m⋅K); λ2,1 = λ2

 ⁄ λ1,
relative heat conductivity coefficient; ν, kinematic molecular viscosity coefficient, m2 ⁄ sec; νt, kinematic molar (turbu-
lent) viscosity coefficient, m2 ⁄ sec; ρ, gas density, kg ⁄ m3; σ, Stefan–Boltzmann constant, W ⁄ (m2⋅K4); τ, dimensionless
time; Ψ, dimensionless analog of the stream function; ψ, stream function, m2 ⁄ sec; ψ0, scale of the stream function,
m2 ⁄ sec; Ω, dimensionless analog of the velocity vorticity vector; ω, velocity vorticity vector, 1 ⁄ sec; ω0, scale of the
velocity vorticity vector, 1 ⁄ sec. Subscripts: 0, initial instant of time; 1, solid material elements (Fig. 1); 2, gas cavity
(Fig. 1); avg, average number; e, environment; h.s, heat source; t, turbulence parameter; i, j, material number; k, ordi-
nal number of the coordinate system unit vector.
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