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Abstract—Convective heat transfer through porous insulation in a vertical slot is examined analytically.
A simple analytical formula for calculating the heat transfer is presented, after obtaining a matching
coefficient by comparison with numerical solutions. Both free and forced convection, simulating wall
leakage in common building structures, are considered. Numerical results for the case of no wall leakage
are in good agreement with those presently available. It is shown that, for appreciable wall leakage,
the dominant mode of heat transfer is due to the enthalpy change of the transferred fluid as it is blown

through the enclosure.

NOMENCLATURE
aspect ratio, L/d ;
horizontal distance between the hot and cold
walls [m];
acceleration of gravity [m/s*]:
horizontal permeability [m?]:
vertical permeability [m?]:
vertical distance between the horizontal
walls [m];
number of grid spaces in the horizontal
direction:
non-dimensional coordinate normal to the
boundary:
number of grid spaces in the vertical
direction;
grid point about which the suction velocity
is centered;
number of vertical temperature differences
defined in equation (28):
Nusselt number defined in equation (7) or (8):
pressure [N/m?]; '
non-dimensional heat transfer in the vertical
direction defined in equation (20):
ratio of permeabilities, K, /K ;
modified Rayleigh number defined in
equation (9):
criterion for numerical convergence in
equation (27);
hot boundary temperature [K];
hot boundary temperature at y = 0 [K];
cold boundary temperature at y = 0 [K];
temperature difference at y = 0,
(T;w - T;u)[K],
horizontal velocity [m/s]:
non-dimensional horizontal velocity, ad/o;
non-dimensional horizontal blowing or
suction velocity, u (x =0, 1: y):
vertical velocity [m/s];
non-dimensional vertical velocity, bd/a;
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non-dimensional vertical blowing or suction
velocity, v (x; y = 0, 4);

horizontal length coordinate [m];
non-dimensional horizontal length
coordinate, X/d;

vertical length coordinate [m]:
non-dimensional vertical length coordinate,

/.

Greek symbols

a,

ﬂ’

thermal diffusivity [m?%/s];

coefficient of cubical expansion [1/K];

the fraction of the heat convected vertically
that contributes to the Nusselt number as in
equation (20);

non-dimensional temperature difference,
(T—=T)(Th— T,);

kinematic viscosity [m?/s];

density of the fluid [kg/m?];

mean density of the fluid in the enclosure
[kg/m>];

any non-dimensional numerical variable,
either ¢ or W, associated with equation (27);
non-dimensional perturbation temperature
defined in equation (26);

non-dimensional stream function,

o o
u= 3 and v = Fol
INTRODUCTION

THE FACT that fibrous materials are used as a universal
building insulator renders them worthy of substantial
evaluation. Even a slight improvement in the thermal
effectiveness would exert a tremendous impact on over-
all energy consumption. Attention in this work is con-
centrated upon convective heat transfer through build-
ing insulation, although radiative heat transfer may
also contribute to the total energy transport [1-3].
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Both free and forced convection are important modes
of heat transfer in ordinary building structure insu-
lation. A two-dimensional vertical slot is taken as a
basis for consideration, yielding results of fundamental
as well as practical interest.

Recently, the subject of heat transfer in fiber insu-
lations has received considerable attention. Free con-
vection in insulation-filled enclosures has been the
object of particular interest. While experimental results
are available for a variety of configurations and in-
sulation materials [4-9], there have also been several
analytical studies [4, 6~8, 10, 11]. Bankvall [7] has
been prolific in this area, and has presented a very
complete literature survey.

Existing analytical studies are concerned primarily
with very idealized physical systems, such as isothermal,
impermeable boundaries, isotropic porous materials,
etc. The present study was initiated to obtain realistic
quantitative information and trends concerning con-
vection phenomena in vertical insulation-filled slots as
existing in building structures. The results will be of
great practical importance to the building industry.

FORMULATION OF THE PROBLEM

Based on Darcy’s law which is valid for the Reynolds
number based on pore diameter being less than one,
the governing differential equations are, in dimensional
form [12]:
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The enclosure, shown in Fig. 1, is of height L and
width d. The variables X, 7, it, ¢ and T in equations
{1)-(4) are non-dimensionalized as follows: $/d, 3/d,

7 (x=l, y=A}
Hot 2] s Cold
Baundary Boundary
8=Ny %‘ + =0
“\\ /‘\ /‘\v
Permeable
Material
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F1G. 1. Two-dimensional porous insulation-filled enclosure.
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idfo, id/o, and (T — T )A Ty, — To,) to yield the un-barred
quantities, x, v, u, v and 6, respectively. After invoking
the Boussinesq approximation, introducing the stream
function, and cross-differentiating the momentum
equations to eliminate the pressure terms, the follow-
ing equations, in non-dimensional variables, are
obtained:
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The associated boundary conditions are:

¥ (boundaries): specified

20
# or (:‘ (boundaries): specified.
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The boundary conditions to be considered for equa-
tion (5) are: all boundaries impermeable resulting in
a zero normal velocity at all walls, horizontal bound-
aries impermeable but the vertical boundaries are
uniformly permeable yielding a uniform horizontal
normal velocity at the walls: and horizontal boundaries
impermeable but the vertical boundaries are locally
permeable resulting in discrete mass injection (model-
ing the leakage due to cracks in the building structure
walls).

The horizontal boundary conditions to be considered
for equation (6) are: insulating boundaries, or perfectly
conducting boundaries. The vertical boundary condi-
tions are: isothermal walls, or non-isothermal walls.
The only non-isothermal case to be discussed is a linear
increase with height of the hot-boundary temperature.
The left wall is the hot wall and acts as a source for
induced motion.

The overall heat transfer is best characterized by the
average Nusselt number for each wall of the enclosure,
defined as follows:

1[4y ¢t
Nu = — U,——jdy - 7)
! A JO (\ ¢ X') ! (
for the vertical walls [all of the Nusselt numbers
reported herein are defined by equation (7)], or

"1 o0
Nu=J (VW@—a )dx (8)

o\ IV

for the horizontal walls. For no blowing, the Nusselt
number reduces to an average non-dimensional tem-
temperature gradient at the wall, with a lower bound
of one when conduction is the only mode of heat
transport, and the vertical boundaries are isothermal.

The strength of convection is seen from equation (5)
to be dependent upon the modified Rayleigh number,
Ra. Explicitly,

i To - T;o dK ¥ }
Ra — gh(Tho— Too) 4K, (9

For the onset of convection in vertical enclosures, a
criterion of Ra = 44 was suggested [5], but this is not
conclusively supported by experimental evidence. For
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typical building insulation problems, Ra < 100. The
permeability in the vertical direction, K,, has been
incorporated in the modified Rayleigh number as being
more inductive of the flow for the large aspect ratios
of current interest. For typical fibrous insulations,
1071%m? < K, < 5x 10" 8m? Equation (9) implies
that, for high aspect ratios, the fibers should be oriented
perpendicular to the direction of the bulk flow so that
the lower value of permeability will retard the flow to
a greater extent. This is not generally done in present
building structures. Fournier and Klarsfeld [5] indicate
a typical value of two for the ratio of permeabilities,
Ry = K,/K,, so the fiber planes should be rotated 90°
to effectively utilize this difference. Wall leakage would
decrease the utility of such a rotation.

The entire heat transfer through the porous in-
sulation-filled enclosure may be characterized par-
ametrically as:

Nu = Nu(Ra, A4, Rg). (10)

In general, Nu falls in the range of one to ten, and
increases with the increase of Ra and the decrease of
Ry. The dependence on A4, however, is rather compli-
cated.

ASYMPTOTIC SOLUTIONS FOR LARGE
ASPECT RATIOS

A solution is sought that will indicate the effect of
wall injection on the heat transfer phenomena in
insulation-filled enclosures for large aspect ratios. It is
reasonable to determine the solution for a fully
developed flow in the vertical direction, which is the
asymptotic case for large aspect ratios. A very approxi-
mate analysis similar to that of Batchelor [13] deter-
mines the range of validity of the asymptotic assump-
tion to be A > 0.1 Ra. Under this assumption, the
equations reduce to:

d
Continuity: — = 0 a1
dx
dv dé
tum: — = Ra—
Momentum ax Ra Ix (12)
E : = 40 13
nergy: u Kol (13
with the associated boundary conditions:
u(x=0;1:y) = U, = constant (14)
A .
f vdx=0 (15)
0
0(x=0,)=1;, 8(x=1Ly)=0. (16)

Solutions of the equations under these restrictions are:

u="U, 17
 glwx 1
vt = Ra m‘l"ﬁ;] (18)
erx__er
T e (19)

Following Batchelor [13], it is reasoned that the heat
convected in the vertical direction should influence the

overall heat transfer by a factor, y, such that the
influence upon the Nusselt number of the heat con-
vected vertically is:

1
700 = }'j vfdx.
0

The factor, y, is strictly dependent upon 4, Ra and U,,,
but may be taken as constant for the present range of
these parameters.

This approach is expected to more closely model the
enclosure with insulating horizontal boundaries than
the one with perfectly conducting horizontal bound-
aries. The total heat transfer is due, then, to the heat
conducted and convected in the horizontal direction,
and the transport of heat in the upper and lower end
regions due to the turning motion of the fluid traveling
vertically which is given to within a factor by equation
(20). The total Nusselt number may then be approxi-

mately given by:
1+el» 1
e —-J . @

20U, %™ -1 U2

For the case of no blowing at the wall, equations
(17)—(19), and (21), reduce to the following, respectively:

(20)

el ’
Nu = Uweij-i- yRaL

u=0 (22)
v= &(1—2x) (23)
2
0=1-x (24)
Ra
Nu = 1+})§. 25

Equations (21) and (25) indicate that, under the above
assumptions, the average heat transfer is linearly depen-
dent upon the modified Rayleigh number with the wall
injection velocity, U,, as a parameter. This result is
substantiated by numerical computations, which indi-
cate that the dependence is indeed a linear one for
insulating horizontal boundaries and is at least
approximately true for perfectly conducting horizontal
boundaries.

Figure 2 depicts the variation of the Nusselt number
with the wall injection velocity for modified Rayleigh
numbers of 50 and 100. The horizontal boundaries are
insulating. The discrete points are obtained by numeri-
cal calculation. The curves are graphical represen-
tations of equation (21) with a value of 0.055 for 7,
obtained by fitting the curves to the discrete points.
Agreement is excellent for positive values of U, but
the curves tend to diverge from the points for large
negative values of the abscissa. The asymptotic limit
of the total heat transfer due to horizontal convection
is shown. This limit is closely approached for values
of U,, greater than 10 for the present range of Rayleigh
numbers. Since all velocities are non-dimensionalized
with respect to «/d, a typical value for which is about
2 x 10~ m/s, the blowing is seen to exert an immense
effect upon the total heat transfer. Physically, this is
to be expected because typical free convection velocities
are so small. Although a two-dimensional model for
wall leakage is not physically realistic, the tremendous



922 P.J. Burns, L. C. Chow and C. L. TIEN

10 | T T '
Theoretical Numerical
Results Ra Results
50 o]
8" ~—-+~— 00 e 7 N
A=10 ;
61— Ne=0 . .
Ry = |
Nu .//\ Nus U
4 ! —
2 —
oJ - 1 1
-10 -5 o] 5 10 15

Uw

F16. 2. Variation of the Nusselt number with the wall
injection velocity.

impact of small leakage velocities has been illustrated.
A uniform mass injection velocity over the entire cross-
section is also not of practical interest. But, as a good
first approximation, the heat transfer may be calculated
as the enthalpy difference of the air on a mass flow
basis, and the enhancement due to free convection may
be added separately.

NUMERICAL RESULTS AND DISCUSSION

Equations (5) and (6) were put into a non-
conservative central-difference form [14] and solved
employing relaxation methods either on a CDC 6400
or a CDC7600 computer. Instead of solving for the
non-dimensional temperature, 6, the non-dimensional
perturbation temperature due to convective motion,
given by:

¢ =0-(1-x)

was solved for. This represents a more stringent

criterion for convergence as well as decreasing the

total number of iterations to achieve convergence.
The criterion set for convergence was:

(26)

/

Thew =~ Told
( ~) < Res
max

Told

27

where t refers to ¢ or P, Res is a prescribed residue
constant, and the subscript, max, denotes that the value
in the parentheses is the maximum over all the grid
points for both the energy and stream-function equa-
tions. An acceptable value for Res was determined to
be 0.005 when the Nusselt number, defined by equation
(7), did not change appreciably as Res was decreased
to 0.001 and 0.0005. All of the numerical examples
considered hereinafter are for insulating horizontal
boundaries.

For the high aspect ratios considered, a grid (M x N}
of 8 x 16 was initially used. The grid spacing was
reduced, on a step-by-step basis, to 16 x 16, 16 x 24
and 16 x 32. When the grid size was reduced, if the

Nusselt number did not change by more than 2%, this
was judged to be of sufficient accuracy such that the
grid size need be reduced no further. This is not
necessarily an adequate criterion for the convergence
of the temperature and stream-function fields.
Changes in the perturbation temperature of up to 209,
were observed when the Nusselt number changed by
about 5%. A four-point, onme-sided difference was
utilized in calculating the temperature gradient at the
wall. The grid geometry is shown in Fig. 3.

{1, N+1) (2,N+1) (M, N+1) (M+1,N+1)
(1,N) (M+1,N)
l : B
——
L
|
i
|
L]
f -
;
T
1
{
t,2) | i (M+1,2)
|
rr
Wy (2,0 (M, (M+1,1)

FiG. 3. Grid geometry

For the cases with a high aspect ratio and ordinary
boundary conditions (i.e. no blowing, suction, or
boundary temperature gradients), a grid of §x 16
yielded sufficient accuracy. When the blowing and
suction were uniform along the vertical walls, the grid
was increased to 16 x 24, and when the blowing or
suction occurred over discrete areas of the vertical
walls, a grid of 16 x 32 yielded sufficiently accurate
results. A grid of 24 x 64 was run for a case where the
stability criterion [14] for the energy equation was
violated in a few places. A negligible effect was observed.
Results are judged to be accurate to 5%, For vertical
temperature gradients on the hot boundary, a grid of
16 x 32 was employed, yielding results judged to be
accurate to only about 15%,. For low aspect ratios,
grids of at feast 16 x 16 were necessary. Table 1 presents
some average values for the computer time used for
different grids and numbers of iterations.

The variation of the Nusselt number with the aspect
ratio is shown in Fig. 4 for Rayleigh numbers of 50
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Table 1. Computer time used for calculations

No wall leakage Uniform wall leakage

Discrete wall leakage

Computer Grid Time  Iter. Grid Time  Tter. Grid Time  Iter.
(MxN) () (MxN) (3 (MxN) (s

CDC 6400 8x16 10 151 8x16 4 48 8 x 16 6 102

CDC 6400 16 x 24 35 186

CDC 6400 16 x 32 42 174 16 x 32 60 286

CDC 7600 16 x 32 5 325

Table 2. Numerical and asymptotic solutions for A = 10, Ra = 50 and no wall injection
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¥/A =0250 y/A =0.375 y/A = 0.500 Asymptotic solution
x
u v % u v 0 u v [} u v 2}

0 0 259 1 0 25.1 1 0 250 1 0 250 1
0.250 0.03 120 0.721 0.01 124 0.745 0.01 125 0.750 0 125 0.750
0.500 -0.19 —4.79 0472 —-0.03 —0.07 0496 0 0 0.500 0 0 0.500
0.750 -023 —122 0236 -004 125 0.248 001 -125 0250 0 —12.5 0250

1 0 —240 0 0 —248 0 0 —249 0 0 -250 0

10 T T T i
50 T T T T Ro =50
R, =
Present Bankvall's K
Work Ra Results F ]
—r—— PR ——— e
50 °
40~ -———— 100 o .
I\
1 Rg* |
\ Nr=0 6 A=5 » T

EREEE CEE

— i}
40

50

F1G. 4. Variation of the Nusselt number with the aspect
ratio for impermeable vertical boundaries.

and 100. The discrete values are obtained from Bankvall
[7] for purposes of comparison. Agreement is to within
5% for the entire domain of aspect ratios. For large
aspect ratios, small horizontal temperature gradients
exist on the upper region of the hot wall and the lower
region of the cold wall, resulting in a decreased Nusselt
number. For small aspect ratios, the fluid encounters
much more flow resistance in the horizontal direction
due to the increased path length. Thus, the curves
undergo a maximum value near the aspect ratio of
one.

Shown in Table 2 are some typical temperature and
velocity values for an aspect ratio of ten. All of the
profiles are anti-symmetric with respect to the center-
point of the enclosure. The validity of the asymptotic
solution is somewhat substantiated by the fact that the

l 1 I

1.5
Nt

2.0 25

FiG. 5. Variation of the Nusselt number with the number
of hot-boundary vertical temperature differences for no wall
injection.

values obtained by numerical calculation do not differ
greatly from the values obtained from the asymptotic
solution, equations (22)—(24), except near the end
regions, where the fluid undergoes a gross change in
direction.

Figure 5 depicts the variation of the Nusselt number
with Nz, the number of horizontal temperature differ-
ences at v =0 which the hot boundary undergoes,
defined by:

0x=0,y) = %Zy-l- 1.0. (28)
The aspect ratio is a parameter, taking values of 5
and 10. The cold boundary is isothermal. A dramatic
effect is observed due to the elimination of the small
horizontal temperature gradients on the upper region
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Table 3. Variation of the Nusselt number with the ratio of permeabilities
for A = 10, Ra = 50 and no wall injection

0.1 0.5

1.29

20 50

Table 4. Numerical and asymptotic solutions for 4 = 10, Ra = 50 and U, = 5

vid =0.250 viA =0.375 vi4 = 0.500
X
u v () u { 0 u t 0 u i i

0 5 991 1 5 9.78 1 S 9.77 1 5 9.6é> 1 7
0.250 5.05 892 0981 5.00 8.90  0.983 5.00 8.89 0983 S 882 0983
0.500 5.03 581 0920 5.00 589 0924 5.00 589 0924 5 587 0924
0.750 499 —-450 0716 5.00 —446 0719 5.00 —-445 0719 3 -442 0718

1 5 —40.3 0 5 -404 0 S —-40.4 0 5 —40.3 0
of the hot wall. The effect is more pronounced for the 6.0
smaller aspect ratio because the wall undergoes a —~—uw=r5 Unim; i ]
greater vertical temperature difference per unit of ® U= 4'0 Diserete
length. Results are estimated to be accurate to about 58l v;_ xc; )
5% for Ny = 0.5 and only about 5%, for Ny = 2.0. ' Ra'=,oo

The variation of the Nusselt number with the ratio
of permeabilities, R, is shown in Table 3. Since the
modified Rayleigh number is held constant, the vari-
able, Rg, should be viewed as the variation of K. A
typical value for Ry is two, which produces a negligible
effect on the overall heat transfer. As mentioned
before, the fiber planes should be rotated into a
position such that they are perpendicular to the bulk
flow.

Some typical temperature and velocity profiles for
uniform wall injection as obtained by numerical calcu-
lation are presented in Table 4 along with the values
obtained from the asymptotic solution with injection.
The excellent agreement lends credence to the validity
of the asymptotic solution. The only cases considered
in this work are for a positive horizontal wall injection
velocity (on the hot wall) and a positive wall suction
velocity (on the cold wall). The horizontal boundaries
are always impermeable.

Results will now be presented for a uniform injection
velocity of U, =S on the hot wall, and a constant
suction velocity of 40 over one-eighth of the cold wall.
The results are characterized by N, the grid point
about which the suction velocity is centered. A grid
of 16 x 32 was employved, so the suction velocity covers
four grid spaces. Figure 6 presents the variation of the
Nusselt number with N,. When N, is large, the forced
flow tends to travel mainly with the natural flow, and
when N is small, it travels mainly against the natural
flow. For N, > 8, the free and forced convection
combine to increase the Nusselt number above the
value obtained for uniform suction while for N, <8,
the opposite effect is observed. A symmetrical effect is
absent due to the slightly skewed nature of the flow
because of the insulating horizontal boundaries.

The effect of a uniform injection velocity on the hot
wall and a variable suction velocity on the cold wall
will now be illustrated. The hot wall injection velocity

5.0 l

16 40

FIG. 6. Variation of the Nusselt number with the grid point
about which the suction velocity is centered.

in all cases is U, = 5. The mass is removed from the
cold wall over the top one-eighth, one-quarter and
one-half of the cold boundary and the bottom one-half,
one-quarter and one-eighth of the cold boundary,
resulting in suction velocities of U, = 40, 20, 10, 10,
20 and 40, respectively. A grid of 16 x 32 was employed,
so the mass is being removed from between the grid
points 29-33, 25-33, 17-33, 1-17, 1-9 and 1-5,
respectively. The variation of the Nusselt number with
the suction velocity is presented in Fig. 7. Two curves
are presented: one is for the removal on the lower
portion of the cold wall: the other is for the removal
on the upper portion of the cold wall. The curve for
removal on the upper portion tends to increase the
heat transfer above the value for uniform suction on
the cold wall, while removal on the lower portion tends
to decrease it due to the fact that the forced convection
enforces and suppresses, respectively, the free con-
vection.

To illustrate the effect of the interaction of the free
and forced convection flow fields upon the total heat
transfer, four cases are presented where the injection
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F1G. 7. Variation of the Nusselt number with the cold-wall
suction velocity for suction on the upper and lower portion
of the cold wall.

velocity through the hot wall is constant over one-
eighth of the wall and zero over the rest of the wall,
while the suction velocity through the cold wall is equal
to the injection velocity and therefore possesses the
same area of flow. In cases I and 11, the fluid is injected
through the bottom one-eighth of the hot wall, while
in cases 111 and 1V, it is injected through the top
one-eighth of the hot wall. The fluid exits through the
top one-eighth of the cold wall for cases I and 1, and
the bottom one-eighth for cases 1T and I'V. A schematic
diagram of the four cases is shown in Fig. 8. The
Nusselt number when only free convection is present

Casel Casell
—
Uy =3, Discrete
A =10
Nu=1.97 Ra = 100 Nu=175
Ny=0
Ri= |

CaseIll Caose @

Nu225 Nu=198

FiG. 8. Schematic representation of the four cases with
discrete mass injection.

HMT Vol. 20, No. 9—C

is 1.46. Case II acts to directly oppose the free con-
vection, resulting in a low Nusselt number. Case IIT
acts to directly augment the free convection, resulting
in an increased Nusselt number. Cases I and IV act
somewhere in-between, with about an equal effect upon
the heat transfer. In all cases, the wall injection and
suction velocities correspond to U,, = 5.

As was indicated before, free convection is not a
strong mode of heat transfer. Any non-dimensional
blowing velocities encountered in practice are likely to
be huge, making this mode of heat transfer the domi-
nant one. So, for three-dimensional enclosures, the heat
transfer may be calculated, as a first approximation,
as being due to the enthalpy change of the fluid being
forced through the enclosure on a mass flow basis. If
free convection is significant, it can be estimated and
added to the forced convection and conduction.

CONCLUSIONS

In order to understand the heat-transfer process in
common building . walls, convective heat transfer
through porous insulation in a vertical slot has been
analytically examined. The results demonstrate the
dependence of the Nusselt number on the Rayleigh
number, aspect ratio, and anisotropic permeabilities.
A simple, analytical formula for calculating the heat
transfer has been developed after obtaining a matching
coefficient by comparison with numerical solutions.
The inadvisability of unfavorable boundary tempera-
ture gradients has been brought to light. Wall leakage,
as simulated by mass injection and suction, has been
shown to exert an imposing effect upon the heat
transfer. Care must be taken to eliminate wall leakage
in an area where the free convection would be en-
hanced. The fiber planes should be rotated so as to
introduce the most flow resistance in the direction
coincident with the bulk of the flow. Insulation should,
perhaps, be self-contained in its own enclosure (i.e. a
plastic wrap), as was done by Lopez [3], with at least
one radiation shield. This would eliminate the problem
of wall leakage and also allow the insulation to be
arranged with the fiber planes oriented to oppose the
bulk flow, with no opposing influence of cross flow.
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CONVECTION DANS UNE LAME REMPLIE PAR UN ISOLANT POREUX

Résamé—On étudie analytiquement le transfert thermique par convection dans une lame d’un isolant

poreux. On donne une formule simple de calcul du transfert thermique aprés avoir obtenu un

coeflicient d’adaptation par comparaison avec les solutions numériques. On considére a la fois les con-

vections naturelle et forcée dans des cas qui simulent les structures usuelles des batiments. On montre

que pour des fuites de paroi appréciables, le mode dominant du transfert thermique est di au changement
d’enthalpie du fluide transféré lorsqu’il est soufflé 4 travers 'ouverture.

KONVEKTION IN EINEM VERTIKALEN, MIT POROSER ISOLIERUNG
GEFULLTEN SPALT

Zusammenfassung — Der konvektive Warmelibergang in einem vertikalen, mit pordser Isolierung gefiiliten
Spalt wird analytisch untersucht. Es wird eine einfache analytische Beziehung zur Berechnung des
Wirmeiibergangs angegeben; die Anpassung an die numerische Losung erfolgt mit Hilfe eines
Koeflizienten. Es werden sowohl freie wie erzwungene Konvektion, welche die Wandleckagen in iiblichen
Baustrukturen simulieren. in Betracht gezogen. Numerische Ergebnisse fiir den Fall ohne Wandleckage
sind in guter Ubereinstimmung mit vorhandenen Resultaten. Es wird gezeigt, daBl bei merklichen
Wandleckagen der Warmeiibergang vor allem durch die Enthalpiednderung des durchstrémenden Fluids
bestimmt wird.

KOHBEKLISA B BEPTUKAJIBHOW UIEJIW, 3ATIOJITHEHHOM TMOPUCTBIM
MN30JIIHUOHHBIM MATEPUAJIOM

AHHOTAIMH — AHAMTHYECKH KCCIENYETCs KOHBEKTHBHBIN TIEPEHOC TeIUla Yepe3 NMOPHCTBIM U30-
TISIWOHHBIM MaTepHall B BEPTUKAJILHOM wwiend. Ha OCHOBE YHMCNEHHBIX DELHEHHH BBIBEAEHA NPOCTas
IMIEpHYEcKas GopMyia Lis pacueTa rpoluecca nepeHoca Tema. PaccMaTpuBatoTcs Kak ceobonHas,
Tax H BBIHY)KICHHAs KOHBEKIMS, BHI3HIBAIOIIME YTEYKY TETIa B CTEHAX CTPOHTENBHEIX KOHCTPYKIHHA.
YncrieHHBIE PE3YNLTATHI [UTS Clydyasi OTCYTCTBHS YTCYKH TeIUIa XOPOIIO COIJIACYIOTCS C MMEIOILH-
Mucs gaHsbIME. TToKa3aHO, YTO IpHM 3HAYMTENHHON yTeuke npeobnalaer MEpeHOC Tela 3a CYeT
W3MeHEHHS SBTAIBIMH NEPEHOCHMORN KUIXOCTH IO MEpE TOTO, KaK OHA NMPOIYBAETCA YEPe3 NOPRCTHIN
MaTtepHat.



