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Abstract-In this paper, combined natural and forced convective flows through a horizontal porous channel 
connecting two reservoirs have been investigated both analytically and numerically. The forced throughflow is 
induced by an end-to-end mean pressure difference, while the natural convective motion is driven by a 
horizontal temperature gradient. The solutions are governed by three dimensionless parameters : the Rayleigh 
number R, based on permeability, the channel aspect ratio L(length/height) and the dimensionless end-to-end 
pressure difference P, equivalent of the Peclet number. For small R, fixed L and P = O(l), an asymptotic 
expression based on the regular perturbation analysis is established for the Nusselt number up to 0(R2) as 
R -+ 0. For fixed R and P = 0(1/L) solutions for long channels, L + co, are found by using matched asymptotic 
expansions, and the Nusselt number is evaluated up to 0(1/c). Finally, the numerical solutions of the full 
governing equations are obtained by the finite-difference successive over-relaxation technique. These 
solutions cover the parameter range R < 80,2 ,< L < 5 and 0 d P/R < 0.5. A comparison with the numerical 
solutions shows that the asymptotic solutions are valid for the parameter range of (R*/L”) < 50 and P 6 1.5. 
For this range the results indicate that heat transfer enhancement due to the natural convection and the forced 
flow can be simply added together in spite ofthe non-linear interaction of these two fields. The results also show 
that even a small rate of throughflow has a significant effect on the temperature distribution and the heat 
transfer across the channel, and for P/R 2 0.2 the contribution of the natural convection to the Nusselt 

number is negligible. 

NOMENCLATURE 

a constant 
C,, C,, C,, core-flow parameters 
D,, D,, D?,. core-flow parameters 

n 

N 

N, 

NC 

Nf 

Nil 
P 

P 

PC 

Ph 

ii* 

R 

s 

T 

T, 

gravitational acceleration 
height 
dummy index 
length 
aspect ratio, l/h 

dummy index 
dimensionless throughflow rate, 
equation (8) 
dummy index 
Nusselt number 
asymptotic Nusselt number, equation (53) 
cold-side average temperature gradient 
pure forced-convection Nusselt number 
hot-side average temperature gradient 
dimensionless end-to-end mean pressure 
difference equivalent to the Peclet 

number, K(P,, - P,)/w 
dimensionless pressure 
cold-side mean pressure 
hot-side mean pressure 
any dimensionless variable, u, u, p, T or Y 
core variables in terms of inner coordinate 
near cold side 
Rayleigh number based on permeability, 

B&K - T,)lva 
constant 
dimensionless temperature 
cold-side temperature 

temperature pertaining to pure forced 
convection 
hot-side temperature 
dimensionless horizontal and vertical 
velocities 

X>Y horizontal and vertical distances. 

Greek symbols 

; 

effective thermal diffusivity 
thermal expansion coefficient of the fluid 

48 criteria for numerical convergence 

‘I heat transfer enhancement due to the 
natural convection, equation (60) 

K permeability 

p absolute viscosity 
V kinematic viscosity 

PC fluid density at T, 

; 

criterion for numerical convergence 
dimensionless mean pressure difference 
scaled by R, equation (9) 

+ dimensionless stream function 
w dimensionless pressure difference, PL. 

Subscripts 

;1 
cold reservoir 
pure forced convection 

h hot reservoir 
max maximum 
0, 1, 2, . zero, first, second, , order 

approximations for L --* cc 

( )*=o atx=O 

HHT 27:6-A 799 
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Superscripts _ 
core region 
cold-end region 
hot-end region 
dimensional quantities 

(0) (1) (2). zero, first, second,. , order 
solutions for R + 0. 

Other notation 
H.O.T. higher order terms. 

1. INTRODUCTION 

IN A PREVIOUS study, Bejan and Tien [l] considered 
natural convection in a horizontal porous layer 
connecting two fluid reservoirs. The driving force in 
their study was the temperature difference between the 
reservoirs, which induced a natural counterflow in the 
layer. They showed that the end-wall permeability 
yields higher heat transfer rates due to the direct fluid 
communication with the reservoirs. In many practical 
situations, however, there may be a mean pressure 
difference through the layer, which would superimpose 
a forced flow on the natural counterflow considered in 
ref. [l]. Incorporation of this pressure difference is 
worthy of consideration, since even a small through- 
flow rate affects the flow structure and the total heat 
transfer significantly. In the present study analytical 
and numerical solutions are presented for this com- 
bined natural and forced convection problem. 

In the light offrequent occurrence in various physical 

systems, the phenomenon of combined natural and 
forced convection in porous media has been the subject 
of many recent studies. Of particular engineering 
interest are those convection problems found in 
geothermal systems where pressure gradients are 
generated as a result of geothermal fluids withdrawal 
and reinjection, or hydrostatic pressure imbalance due 
to the variations of the water-table level; in packed bed 
reactors where reactants are injected and products 
removed; in thermal oil recovery where the processes 
involve the flow of heated fluids; and in thermal 
insulations where the internal and external hydrostatic 
pressure imbalance generates leakage velocities. Most 
of the previous studies on this phenomenon have been 
focused on the effect of throughflows on the natural 
convection in a horizontal porous layer induced by a 
vertical temperature gradient [2-6). In contrast, there 
appears very limited studies on the interaction 
mechanism between a throughflow and a flow driven by 
a horizontal temperature gradient [7], although 
interactions ofthis type are very common in the above- 
mentioned engineering systems. Indeed few studies 
have been reported on the corresponding combined 
natural and forced convection in a horizontal channel 
filled with an incompressible fluid [S]. 

In Section 2 the governing equations for the problem 
are stated. The subsequent sections treat the problem 
by perturbation theory in the limits of low Rayleigh 
numbers and long narrow channels, respectively. These 

solutions are then compared with the numerical 
solutions of the full governing field equations obtained 
by the finite-difference successive over-relaxation 
technique. 

2. FORMULATION OF THE PROBLEM 

The model, Fig. 1, consists of a horizontal porous 
channel connecting two reservoirs. The vertical per- 
meable boundaries of height h are assumed to be 
maintained at the corresponding constant reservoir 
temperatures T, and Th (T, < T,), and under the 
hydrostatic pressure of the adjacent reservoirs. The 
permeable horizontal boundaries of length 1 are 
insulated. The flow is assumed to be steady and two- 
dimensional (2-D). Invoking Darcy’s law along w&the 
Boussinesq approximation and neglecting thermal 
dispersion, the governing equations and boundary 
conditions are 

au/ax + avlay = 0, (1) 

u = -aplax, (4 

v = -aplayfRT, (3) 

u aTlax f v aTjay = a2 T/a.? + a2Tlay2, (4) 

p= -P, T=O onx=O, 

p=R(y-l/2), T=l onx=L, I 

v = 0, aTjay = 0 on y = 0,l. i 

(5) 

Here R = /$$zK(T~- T,)/va is the Rayleigh number, 
P = K(P,,-p,)/pm is the dimensionless mean pressure 
difference, equivalent to the Peclet number (p,, and pc 

are the hot-side and cold-side dimensional mean 
pressures), and L = I/h is the aspect ratio. The symbols 
b, g, K, v, a and p are the coefficient of thermal expansion, 
gravitational acceleration, permeability, kinematic 
viscosity, effective thermal diffusivity and absolute 
viscosity, respectively. In the above equations the 
variables are nondimensionalized by defining 

x, y = (x’, y’)/h ; u, v = (u’, v’)h/a ; 

P = b’ -Ph + /%dY’ - @)1(PdK) ; ! 

T = (T’- T,)/(T, - T,), i 

(6) 

where primes denote the dimensional variables, x’ and 
y’ are horizontal and vertical distances, u’ and v’ are 

y.;p;,;; /<,,j 

0 x.u L 

FIG. 1, Schematic of the 2-D horizontal porous channel. 
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Darcy velocity components in the x’ and y’ directions, p’ 
and T’ are pressure and temperature and pe is the cold 
reservoir fluid density. 

The dimensionless stream function is defined as 

$= )IUdy. 
s 

(7) 
0 

The value of $ on y = 1 is equal to the magnitude of the 
throughflow rate i. From equations (Z), (5) and (7) the 
relation between riz and P can be easily found as 

ti = -P/L. (8) 

It is also plausible to define a new dimensionless 
parameter 4, which represents the relative importance 
of the forced flow with respect to the buoy~cy-driven 
flow, as 

(b = P/R. (9) 

Thus 4 is a dimensionless end-to-end mean pressure 
difference scaled by R. 

Finally, the nondimension~ energy transfer through 
any cross section is given by the Nusselt number 

N = L ’ (aT,ax-uT)dy. 
s 

(10) 
0 

The average temperature gradients at the cold-side and 
hot-side boundaries can be found to be 

where 

IV, = N; N, = N-P, (11) 

N, = L ’ (c3T/8x),=, dy; 
s 

N, = L ’ (aT/ax),zL dy. 
0 i 0 

Wf 

Therefore, the Nusselt number as defined by equation 
(10) is a measure of the mean horizontal temperature 
gradient at the cold boundary and the difference of the 
hot boundary mean temperature gradient and the total 
enthalpy transfer between the two reservoirs. For zero 
throughflow, P = 0, hence N, = N, = N. 

For fixed R and L it can be shown that 

T(L-x,1-y,-P)= l-T(x,y,P), Wa) 

u(L-x,1-y,-P) = -u(x,y.P), W) 

u(L-x,1-y,-P) = -zI’(x,y,P), (13c) 

p(L-x,1-y,-P)=~tx,~,P)-R(y-1/2)+P, (13d) 

N( - P) = N,,(P). (W 

Owing to this property of the solutions, only the case 
P 3 0 is considered in this work, i.e. the throughflow 
direction is toward the cold reservoir. 

3. LOW RAYLEICH NUMBER SOLUTION 

Regular perturbation solutions for this problem can 
be obtained by expanding the dependent variables u, 0, 
p, T and $ in a power series of R, i.e. 

where Q stands for any of the dependent variables u, v, 
etc. and Q@ which stands for @, t’(i)> etc. are 

perturbation functions to be determined. In order to 
study the range in which the driving forces for pressure 
and temperature driven flows are of the same order, it is 
assumed that P = O(R) (4 = O(1)). It can be easily 
shown that 

u(O) = #f =1 $0’ = #jr(O) = 0; PO) = x/L. (15) 

Consequently, the governing equations for O(R) 
become 

au~l)/~~+~~(l)/~y = 0. t d1) = -appx, 

v(i, = -~p(‘)/~y+x/L; 

a2Plax2 + a2T(1)jdy2 = d?u+ 

P (l) = -4, T(l) = 0 on x = 0, 

P (‘) = (y-1/2), T’” = 0 on x = L, 

ufit = 0, ~Tl’)/ay = 0 on y = 0, 1, I 

the solutions for which can be obtained by noting that 
the horizontal velocity should be a superposition of a 
uniform throughflow, -4,/L, induced by the end-to- 
end pressure difference, and a natural counterflow, 
(1/2--)/L, imposed by the horizontal temperature 
gradient, thus 

1)(l) = 0 

U(l) = (1,/L] +((I/-Y),L), 

(17a) 

(17b) 

P (‘1 = {#(x/L- I)> + (x(y- 1/2)/L), (17c) 

7”” = (#x(L - x)/2L?} + L 

\L2 

y2/4 - y3/6 - l/24+ f 

sinh (2n + t)nx+sinh (2nf l)n(L-x) 
xc- 

n=o (2n + 1)4 sinh (28 + 1)nL 

xcos(2n+l)ny 
> 

(174 

In equations (17b)--(17d), the first groups are generated 
by the throughflow and the second groups are caused 
solely by the differential heating. Thus, up to O(R), 
forced and naturai convection act independently. 
Knowledge of the solutions thus far allows the 
determination of the Nusselt number up to O(R*). The 
problem for T(‘J is 

vZT(~) = u(1)ar(l)jax+U(2)/L, (18a) 

T”’ = 0 on x = 0, L; stony = 0 on y = 0,l. 

(18b) 

Integrating equation (18a) from 0 to 1 with respect to y 
using equations (17a)-(17d) and (18b) and the fact that 

s ’ uc2) dy = 0, 

0 i=O 
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then integrating with respect to x, one obtains 

s 

I 
(~~2)/~x)~=~ dy = (l/lZOE)+ ~2/12-(~6/~~7) 

0 1 

m 

x .zo (2n+ 1)-7 tanh(n+ 1/2)nL 
11 

L. (18~) 

Using the expansion for the Nusselt number, one can 

derive a closed-form solution for N up to O(R’) as 

N = 1 +P/~+P’/~~-+(R/L)’ (l/120)-(16/n7Q 

xR$o(2rz+1)-7 tanh(n+ l/2)7& 1 +O(R3), (19) 

with P = O(R). The series in equations (17d), (18~) and 
(19) converge rapidly, so that replacing them by their 
leading terms gives excellent approximations for all 
practical purposes. 

Although the non-linear interaction between the 
forced flow field and the natural convective field 
manifests itself in the expression for T”) through the 
source term u(r) aT(‘)/ax, the above equations indicate 
that up to O(R’) the contribution of each field to the 
heat transfer across the channel is independent of the 

other field. This is due to the fact that buoyancy-driven 
parts of the first-order horizontal velocity and 
temperature gradients are anti-symmetric functions of 
the distance from the channel centerline, while the 
corresponding forced convective parts do not depend 
on y, thus they are symmetric functions of this distance. 
Consequently, the interactive advection contributions 
to the heat transfer above and below the channel 
centerline cancel out. 

4. LONG CHANNEL SOLUTlON 

Thissectiondeals with theeffect ofsmall throughflow 
rates on the natural convection in a porous channel for 
a situation where the Rayleigh number is fixed and the 

channel is long. In order to study the range in which the 
forced and natural convection contribution to the net 
heat transfer are of the same order, it is assumed that 
P = w/L where w = O( 1). Here the treatment is similar 
in some respects to that given by Walker and Homsy 
[9] for the natural convection in a confined porous 
cavity. In the limiting case of L + co, outer solutions for 
the problem valid in the core region, O(L), can be 
obtained by regular expansion in l/I.,. These solutions, 
however, are not uniformly valid and break down in the 
end (inner) regions, the regions near the vertical walls 
with dimensionless length O(l), where the flow should 
submit to the reservoirs’ conditions. The existence of 
these two distinctive regions suggests a matched 
asymptotic expansion in the inverse of aspect ratio 

(l/L). 

4.1. The coreJlow 
The scalings in the core region are taken to be 

(20) 

with these scalings, the governing held equations 

become 

&i/ax + &jjay = 0, (21) 

ii = -+/ax, (22) 

6 = L?( R T - i$/sjay), (23 

Mc~~/&?+ vaf&3y = i3*7;‘&’ +i.! d2’i/3y2, (24) 

j 

I 
iidy= -P, (25) 

0 

subject to the boundary conditions 

RF= +$3y(t?=O), iE/ay = 0 on y = O,I, (26) 

and matching conditions (41) to be determined later. 
The systematic asymptotic solutions for the core 

variables as a regular expansion in (l/L) can be 
obtained by substituting the expansions of the core 
variables in terms of (l/L) into equations (21H26) and 
equating terms of like power in (l/L). The core region 
solutions expressed as asymptotic expansions in (l/L) 

are 

cc 

Qlx3 Y, L, = C QitX, Y)/C (27) 
i=O 

where Q stands for any of the core dependent variables 
ii, i?, etc. and Qi which stands for Ui, Vi, etc. are 
perturbation functions in the core region to be 

determined. 

The equations for 0( 1) are 

l!%,/ax + ati,jay = 0 ; ii0 = - 03p,px 

RTo = d&,/c’y; 

a2Topy2 = 0; 
s 

1 
ii0 dy = 0; 

0 

~3T~/i?y = 0 on y = 0,l. 

The solutions for this problem are 

To = To(?); u. = R(1/2-y)d~o/dx. 

The unknown To(x) can be found by considering the 
0( l/C) energy equation 

d272/i?yZ = U0 aTe/&+ V0 ZiJay -a2T0/&2, (29a} 

S,/ay=O ony=O,l. (29b) 

Integrating equation (29a) and using equations (28b) 
and the boundary conditions (29b) yield 

d2Tojdx2 = 0, (30) 

and consequently 

To = cox+&); Go = RC,(1/2-y); Go = 0: 

PO = R(C,x + D,)(y - l/2). 
(31) 

By the same procedure the solutions up to any 
arbitrary order can be obtained. The solutions for 
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0( l/L) are 

T’ = C,X+ D, -w&,X2/2, 

U, = R(C,-oC,x)(l/2-y)-0, 

V, = RwC:,(y - y2)/2, 
(32) 

pr = R(C,.~?+D,-wC,.?~/2)(y-1/2)+w(Z-l). 

By considering equations (5), one may notice that for 
C, = 1, D, = 0, C, = w/2 and D, = 0, equations (31) 
and (32) become uniformly valid, since they satisfy the 
O(1) and 0( l/L) boundary conditions on X = 0,l. The 
second-order solutions are given by 

‘i; = C2X+D2+w’(X3/6-X2/4) 

+ R(y2/4 - y3/6 - l/24), 

ii, = R[C,+W~(X’-%)/21(1/2-y), 

3, = R~~(1/2-x)(y-y’)/2, 

p2 = R[C2Z+D2+w2(x3/6--x2/4)](y-l/2) 

+ R2(2y3 - y4- y+ l/5)/24. 

(33) 

Finally, the solution for ;i; is 

7; = C&+ D, +w(R2/40- C2)X2/2+w3(2X3 -x4)/24 

+ Rw( 1 - 2X)(y*/4 - y3/6 - l/24). (34) 

It can beeasilyperceived thatequations(33)and(34)are 
not uniformly valid, therefore they should be corrected 
in the end regions. The details of these end-region flows, 
along with the matching conditions for each order yield 
the unknown constants Ci and Di for i > 2. 

4.2. Flow in the end regions 
For the end regions, where the core flow com- 

municates with the reservoirs, the transformations of 
the x-coordinate are taken as 

?=x=LX; 3=L-x=L(l--2x), (35) 

where - and ^ indicate the end-region variables at x = 0 
and L, respectively. The governing equations for the 
cold-end region become 

L x/ix + aqay = 0, (36) 

ii = -Lap/lag (37) 

5 = c(RT- agay), (38) 

~ii aT/aa + B aTlay = c(aT/az2 + a2T/ay2), (39) 

subject to the boundary conditions 

F=-P, T=O onx”=O, 

afyay = RT, aTjay = 0 on y = 0, i 

and the matching conditions 

(40) 

lim Q(Z, y) = lim Q(Z, y) = Q*(x”, y), (41) 
P-m x- 0 

where Q stands for any of the dependent variables u, o, 
etc. and Q* is the core dependent variable in terms of 1. 

As in the core region, the end-region solutions can be 

obtained as regular expansions in (l/L) of the form 

cc 

&t27 Y, L, = C Qitx”, Y)lzc’. (42) 
i=O 

The first two temperature and pressure functions 
may be obtained by expanding T*(f, y) and p*(?, y) and 
taking the 0( 1) and 0( l/L) terms, so 

To=o; ;i=z; jTo=o; 

fil = Rx”(y- l/2)--, 
(43) 

and consequently 

Go = R(1/2-y). (44) 

In the light of the above solutions, the problem for ‘i; 
can be written as 

a2T2jax”2 + a2T2jay2 = ~(1/2- y), (45a) 

=i; = 0 on 1= 0; a’i;lay = 0 on y = 0,1, (45b) 

lim T2 = D, +&Z/2 + R(y2/4 - y3/6- l/24). (45~) 
2-m 

The solution for ‘i; can be obtained as [lo] 

m 
+$i c 

cos (2n + 1)7ry e-(‘“+ UnP 

ll=Cl (2n+ 1)4 1 ’ (46) 
which yields D, = 0. By using equation (13a) the 
corresponding hot end-region solutions can be 
obtained. In particular C, can be evaluated from the p2 
solution as C, = w2/12. 

Finally, the two unknown constants C, and D, may 
be determined by considering the problem for T3 which 
is 

f$++((y-l/2) -; 

[ 

cos (2n + 1)rcy eeczn+ 1)nP 

(2n + 1)3 1 +I,, (47a) 

T3 = 0 on 1= 0; a’i;/ay = 0 on y = 0,1, (47b) 

lim T3 = e.1~~/12+D~-w~~/2 
;+cc 

+ Rw(y2/4 - y3/6 - l/24). (47~) 

Integrating equation (47a) with respect to y, noting 
that 

s 

1 
t-2, dy= --w 

0 

and using equation (47b), then integrating two times 
with respect to .? yield 

s 

1 
=i; dy = (SR2/z7) f [1-ee-‘2”+‘)“‘]/(2n+ 1)’ 

0 n=O 

-oS2/2 + a% (48) 
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Comparing the above equation with the corresponding 
expression obtained from equation (47~) one can show 
that D, = 8R’Src’ and u = wz/12; similarly, from the 
TX solution it can be shown that C, = - 16R2S/x’ 

-R%$30, where S is formally obtained as 

second-order accurate forms of the boundary 
conditions. 

The procedure was as follows : (1) the temperature T 
was initialized to its conduction value, equation (IS), 
while the pressure p and velocities u and v were 
initialized to their first-order values, equations (17a) 
(17~); (2) new temperature values were calculated from 
the central-difference form of the energy equation ; (3) 
new boundary temperature values were computed on 
the horizontal boundaries; (4) having the temperature 
field, new pressure values were calculated from the 
central-different form of the pressure equation, 
equation (51); (5) new boundary pressure values were 
computed on the horizontal boundaries ; (6) having the 
pressure field, new velocity values were calculated; (7) 
the Nusselt number was evaluated from the obtained 
field; (8) steps 2-7 were repeated until final 

convergence. Stream function values were reckoned 
from the converged field, The solutions were assumed 
to be converged to the ‘steady state’solutions when the 
following convergence criteria were all met 

n=O 

but for all practical purposes, it can be taken as one. 
It is difficult to proceed analytically beyond C, since 

the algebra becomes cumbersome. Substitution of the 
core solutions into equation (10) yields an asymptotic 
expansion for the Nusselt number valid for I. + co with 
fixed R and P = O( i/L) as 

N = 1 +P/2+P2/12 

+R~(1/120-16S/n7L)/L2+0(1/L4). (49) 

Note that in this case, also, the contributions of the 
forced how and the natural convective flow to the heat 
transfer across the channel, up to 0( l/c), can be simply 
added, in spite of the non-linear interaction of the two 
fields which appears in the field variables. 

The first-order corrections 
velocity can be found as 

for the end-region 

2 sin(2n+ 1)nY 

(2n + 1)%4 

+ (2y-f)cos(2n+ l)EY e_(2n+l)n; 
(2n + I)%3 I 

m 

+(3/8n3) 2 cos 2mny c--2mnzjm3 
m=l 

--WC1 +R(y- f/2)/2]. (50) 

Owing to the rapid convergence, replacing the series in 
equations (46), (47) and (50) by their leading terms gives 
excellent approxin~ations. The corresponding hot-end 
region velocity, zi,, can be obtained by using equation 
(13b). 

5. NUMERICAL SOLUTIONS 

To obtain the numerical solution to the governing 
equations [equations (l)-(4)], finite-difference schemes 
were used. Since the boundary conditions on x = 0, L 
are prescribed for pressure, the velocity components 
can be eliminated from these equations, resulting in a 
Poisson equation for pressure as follows 

This equation is coupled with the energy equation 
through the source term, therefore they should be 
solved simultaneously. To achieve this, the finite- 
difference form of these two equations along with the 
boundary conditions (5) were solved by the successive 
over-relaxation method. The computation was 
accomplished by a CDC 7600 computer, exploiting 
central-difference forms of the governing equations and 

IT,,,- Toldlmax G a, (52a) 

l%?w-%d/maX G 6, (52b) 

IN,,,- NoId =G *, (52~) 

where ‘max’ denotes the maximum value over ail the 
grid points. To achieve acceptable convergence, the 
values for E, 6 and cr were taken to be 10e4, 10e3 and 
10-4, respectively. Since the non-conservative central- 
difference form of the equations were employed, the 
maximum deviation of the stream function values on 
the top horizontal boundary grid points from the 
theoretical value obtained by equation (8) serves as a 
criterion for both convergence and accuracy. Runs for 
which this maximum deviation was more than 2% ofthe 
maximum stream function value were rejected as being 
inaccurate. The accuracy of the scheme was also 
determined by decreasing the grid spacing and 
observing the change in the value of the Nusselt 
number. The grid spacing was decreased until less than 
a 2% change was observed in the Nusselt number. 

The optimum relaxation parameter for T and p were 
found to be 1.45 and 1.8, respectively. Typically a high R 
run with a non-uniform grid of 81 x 51 points took 
between 1000 and 2000 iterations to converge and 
between 100 and 200 computing seconds on a CDC- 

7600 computer. 

6. NUMERICAL RESULTS AND DISCUSSION 

For the case of no throughflow, buoyancy driven 
flow is the only mode of convective motion. Since the 
effect of throughflow on this basic flow structure is 
under consideration, it is plausible to discuss this 

special case first. 

6.1. Zero net throughflow 
All calculations for this case were performed for 

values of R ranging up to 80 and for four different aspect 
ratios, L = 2, 3,4 and 5. 
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FIG. 2. Streamlines and isotherms for a case with 4 = 0, R = 5, L = 4. (a) Streamlines: A = 0.03 ; B = 0.13. 
(b) Isotherms: A = 0.2; B = 0.4; C = 0.6; D = 0.8. 

In Figs. 24 typical streamlines and isotherms are 

plotted for different values of Land R. Since for this case 
the net throughflow is zero (4 = P = 0) the flow fields 
are centro-symmetric. The flow in the core region is 
parallel to the top and bottom walls of the channel 
which is in agreement with the asymptotic solutions. In 
this regime, effectively all of the temperature drop 
occurs along the core and the temperature weakly 
depends on y. This confirms the asymptotic results 
which indicate that to the first order Tis independent of 
vertical position and varies linearly between the vertical 
boundaries. The constant temperature gradient in the 
core is solely responsible for the fluid motion. 

In the end regions, the flow structure deviates from 
parallel flow and this deviation becomes more 
significant as R increases or Ldecreases. For R = 5 and 
L = 4 this deviation is quite negligible (Fig. 2). This can 
be explained by the analytical results which indicate 
that for small R or large L the core parallel flow solution 

is uniformly valid to the first order. On the other hand, 
for R = 50 and L = 5 the deviation is quite remarkable 
(Fig. 4). The reason is that the non-linearity for this case 
is sufficiently strong and the higher order corrections 
are not negligible anymore. For R = 20 and L = 5 the 

deviation is small but perceptible (Fig. 3). 
For high enough R (or small enough L), a 

recirculating flow occurs in the cold-end region, i.e. a 

portion of the cold fluid, which recharges from the 
lower part of the permeable boundary, discharges from 
the upper part of the same boundary. Similar behavior 
is shown by the hot-end region, but owing to the centro- 

symmetry, only the cold-end region is discussed here. 
This non-linear behavior can be explained as follows : 
the horizontal temperature gradient establishes the 
parallel flow in the core. In this region the flow is fully 
developed, i.e. u = u(y) and aT/& =f(y). Since at 
x = 0 the core flow should submit to constant reservoir 
temperature, in the upper part of the cold-end region 

(a) 

I 

D - (b) 

I 
2 3 4 5 

X 

FIG. 3. Streamlines and isotherms for a ease with 4 = 0, R = 20, L = 5. (a) Streamlines : A = 0.1; B = 0.3; 
C = 0.5. (b) Isotherms: A = 0.2; B = 0.4; C = 0.6; D = 0.8. 



806 M. HAAJIZADEH and C. L. TIEN 

(a) 

(b) 

X 

FIG. 4. Streamlines and isotherms for a case with 4 = 0, R = 50, L = 5. (a) Streamlines : A = 0.48 ; B = 0.96 ; 
C = 1.43. (b) Isotherms: A = 0.2; B = 0.4; C = 0.6; D = 0.8. 

there should be a transition zone (discharge zone) 
where the isotherms are compressed. The compression 
of the isotherms causes a higher temperature gradient 
in this discharge zone. Consequently, the horizontal 
velocity, which is driven mainly by the horizontal 
temperature gradient, increases. The horizontal 
velocity distribution at the cold boundary for R = 30, 

50 and L = 5 depicted on Fig. 6, along with the 
asymptotic results for long channels, indicates the 
above-mentioned behavior. As R increases, the core 
velocity augments, so the compression of isotherms 
becomes more intense ; consequently the horizontal 
velocity in the discharge zone becomes even higher. 
Thus, since the fluid is incompressible, a recirculating 
flow comes about in order to satisfy continuity (Fig. 4). 

As the Rayleigh number increases the dependence of 
the core temperature on vertical position becomes 
more significant ; the recirculating flows penetrate 
further into the core and eventually meet at the middle 
of the channel x = L/2. In this way the parallel flow in 
the core disappears and the asymptotic solutions are 
not valid anymore. The above phenomenon has not 
been accounted for in Bejan and Tien’s [I] 
approximate solutions. 

The asymptotic core solutions in Section 4 for the 
case ofno net mass flow become identical to those given 
in refs. [ 1,9] and the Nusselt number can be evaluated 

from 

N, = N(P = 0) 

= 1 +R2(1/120-16S/rr’L)/L?+O(l/L?). (53) 

Note also that tanh E = 1 for x 2 7c (tanh rc = 0.996), 
therefore, the expression for the Nusselt number, 
equation (19) derived in Section 3 for L 2 2 and P = 0 
becomes the same as equation (53). Thus, equation (53), 
as well as equation (48) are valid for L + co with fixed 
R, though arbitrary, as well as for R + 0 with L 2 2. 

From equation (53) and also from the first-order 
temperature distribution in Section 4, it is clear that for 

a long channel the dominated mode of heat transfer is 
conduction. As in the case of a confined porous cavity 
[9], the conduction dominance for a long channel with 
fixed R (though large), is a result of the cumulative effect 
of locally small Darcy’s resistances acting over an 
adequately long distance and as L + cc the damping 
force in the core becomes more responsible for 
establishing the flow structure for all fixed though large 
values of the Rayleigh number. 

Figure 5 depicts the variation of the Nusselt number 
with the aspect ratio for different values of R along with 
the results of Bejan and Tien [ 11. From this figure, it can 
be observed that the numerical results are in good 
agreement with the asymptotic solutions provided that 
the channel is not very short and the Rayleigh number 
not very large. 

Figure 6 is a plot of the analytically and numerically 
determined horizontal velocity profiles on x = 0 as a 
function of y. It is observed that as R decreases the 
velocity profiles approach more closely to the 
corresponding asymptotic profiles. The behavior ofthe 
velocity distribution on x = 0 was explained earlier. 

N 

FIG. 5. Variation of the Nusselt number with the channel 
aspect ratio. 
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FIG. 6. Comparison of numerically determined horizontal 
velocity at x = 0 with the asymptotic results 

(u = G,/L + f&/P). 

Although Bejan and Tien [l] did not consider this type 
of behavior in the end region, the numerical heat 
transfer results obtained here are in good agreement 
with their results. This is due to the fact that the main 
resistance to the flow comes from the core and that the 
end regions in this range of parameters are dynamically 
passive. It should be mentioned that here the vertical 
boundaries are assumed to be maintained at constant 
temperatures, whereas in Bejan and Tien’s [l] analysis, 
owing to the special treatment of the end regions, this 
assumption was relaxed. The comparison of the results 
shows that, for the range considered here, the effect of 
energy discharge through the vertical permeable 
boundaries is small, consequently, the assumption of 
constant temperature at the vertical boundaries is 
plausible. 

6.2. ThroughJlow effect 

In order to consider the throughflow effect on the 
natural convection, numerical results have been 
obtained for values of R ranging up to 80 for two 
different aspect ratios L = 3 and 5. The dimensionless 
pressure difference $J has been varied from 0 to 0.5. 

Figures 7-12 present the streamlines and isotherms 
for different values of the Rayleigh number and the 
dimensionless mean pressure difference. As was 
mentioned earlier, owing to conditions (13), only 
positive values of4 are considered, i.e. the net mass flow 
(throughflow) is toward the cold reservoir (ti is 
negative). 

From Fig. 7 it can be seen that for small values of 4 
and R in a long channel (4 = 0.05, R = 5 and L = 5), 
the flow is parallel all through the channel and 
temperature is linear with a negligible dependence on 
the vertical position y. In this case, the linear 
temperature gradient caused by conduction induces a 
natural counterflow with balanced streams, parallel to 
the top and bottom walls of the channel, whose 
magnitude is small and does not disturb the linear 
temperature field remarkably. Moreover, the small 
pressure difference induces a uniform flow which, due to 
its small magnitude, does not disturb the linear 

temperature field either. Thus, the two fields act 
independently and the superposition of these two 
causes a parallel flow (Fig. 7). In this situation, it can be 
concluded that the second-order correction is 
insignificant. This behavior is in agreement with the 
results of Section 3 which indicates that to the first order 
the temperature distribution is linear and for P = O(R) 

u = [-P/L]+[R(1/2-y)/L]+O(R’), (54) 

where P/L is the magnitude of the uniform through- 
flow imposed by a mean pressure difference and 
[R( l/2 - y)/L] is the natural counterflow with balanced 
streams induced by a linear temperature gradient. The 
asymptotic expression for U in Section 4 can be 
rewritten as 

u = ii/L= [-P/L]+[R(1/2-y)/L] 

-[RP(x/L- 1/2)(1/2-y)] +H.O.T., (55) 

which up to the first order in R yields essentially the 
same expression as equation (54). The third group 
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FIG. 7. Streamlines and isotherms for a case with 4 = 0.05, R = 5, L = 5. (a) Streamlines: A = -0.02; 
B=0.03;C=0.09.(b)Isothe~s:A=0.2;B=0.4;C=0.6;D=0.8. 
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FIG. 8. Streamlines and isotherms for a case with 4 = 0.2, R = 5, L = 5. (a) Streamlines: A = -0.16; 
B= -O.O9;C= -0.03;D=0.03.(b)Isotherms:A=0.2;B=0.4;C=0.6;D=0.8. 
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FIG. 9. Streamlines and isotherms for a case with 4 = 0.5, R = 5, L= 5. (a) Streamlines: A = -0.42; 
B=0,27;C= -0.13;D=0.01.(b)Isotherms:A=0.2;B=0.4;C=0.6;D=0.8. 
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0 I 2 3 4 5 
X 

FIG. 10. Streamlines and isotherms for a case with $J = 0.01, R = 30, L = 5. (a) Streamlines: A = 0.05; 
B=0.30;C=0.53;D=0.71;E=0.77.(b)Isothe~s:A=0.2;B=0.4;C=0.6;D=0.8. 
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FIG. 11. Streamlines and isotherms for a case with Cp = 0.1, R = 30, L = 5. (a) Streamlines: A = -0.34; 
E=0.11;C=0.55;D=0.99.(b)Isotherms:A=0.2;B=0.4;C=0.6;D=0.8. 

in equation (55) is generated by interaction of the 
two flows. 

For the same R and L as the pressure difference 
increases the throughflo~ rate also increases, the 
streamlines deviate from being parallel, the isotherms 
are more compressed toward the cold reservoir, the 
temperature dependence on the vertical position y is 
observable, though small, and a recirculating flow 
occurs at the cold boundary. In this case, as the 
throughflow passes from the hot side to the cold end, it 
compresses the isotherms toward the left. The 
temperature gradient caused by this compression 
augments both the recharge and discharge velocities 
near the cold end, thus the streamlines in the discharge 
zone become closer to the top and in the recharge zone 
closer to the bottom boundary. 

The above-mentioned behavior is in concordance 
withtheasymptoti~resultsandequation(55),showsthe 
same behavior as discussed above. Moreover, the 
vertical velocity component at the core region (Section 

4) can be rewritten as 

v= -~,,2-y)[l-P~~-:!]+H.0.T., (56) 

which indicates that for small pressure differences, 
v <c u (for 4 = 0.05, v N 0, Fig. 7). For positive values of 
4, the magnitude ofv decreases linearly with x ; near the 
hot-end region, v is inconsequential and gradually 
becomes significant as x decreases from Z.. to zero. By 
increasing the pressure difference, higher vertical 
velocities ensue ; consequently more of the thermally 
recharged flow reverses. For either P = 0 or R = 0, 
vertical velocity at the core vanishes, hence v seems to be 
a good indicator of the interaction between the two 
fields. Equation (56) indicates that for higher pressure 
differences, higher values of the Rayleigh number 
and lower aspect ratios, the interaction is more 
pronounced. 

The core temperature derived in Section 4 can be 

(a) 

- (b) 

FIG. 12. Streamlines and isotherms for a case with C#J = 0.35, R = 30, L = 5. (a) Streamlines: A = - 1.52; 
B = -0.52; C = 0.48; D = 1.48. (b) Isotherms: A = 0.2; B = 0.4; C = 0.6; D = 0.8. 
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rewritten as 

+0(1/P). (57) 

The first group is simply the temperature distribution 
due to pure forced convection (R = 0) for small values 
of pressure difference. Its exact solution can be easily 
shown to be 

T, = (I -e-‘r)/(l -emP), (58) 

whose expansion for /PI < 2n is exactly the first group 
in equation (57). Here f stands for forced convection. 
The second group is the temperaturedeviat~on from the 
state of pure conduction due to the thermally driven 
flow. Finally, the third group is caused by interaction 
between the two fields which vanishes as either P or R 
goes to zero. The first group in equation (57) as well as 
equation (58) show the compression of the isotherms 
toward the cold boundary for P > 0. 

As the pressure difference increases more, the adverse 
pressure gradient makes a larger portion of the 
thermally recharged cold fluid to recirculate and 
eventually, all of it recirculates. For even higher 
pressure differences the recirculating flow will be 
confined in a smaller region near the cold end. In the 
hot-end vicinity, due to the high through~ow rate the 
temperature gradient becomes frivolous; thus, the 
natural convective motion vanishes and the flow 
becomes quite uniform. Conversely, due to the 
compression of the isotherms, natural convective 
motion does not vanish and recirculating flow does 
exist in the cold-end region. 

Streamlines and isotherms for R = 30 and L = 5 are 
shown in Figs. l&12 for different rates of throughflow. 
For (p = 0.01, Fig. 10, the core streamlines are almost 
parallel and the flow field is a superposition of a 
uniform flow and a natural counterflow with balanced 
streams in accordance with equations (54) and (55). In 
the end regions the deviation from the parallel flow 
structure is not negligible anymore as it was in the 
previous case (R = 5, L = 5). Compression of 
isotherms due to the stronger thermally driven motion 
in the end region is responsible for this deviation. 
Obviously, the asymmetry of the end regions is due to 
the effect of throughflow on the isotherms since it 
decreases the hot-side compression and enhances the 
cold-end condensation of the isotherms. For 4 = 0.1 
the hot-siderecirculatingflow vanishes (Fig. 1l)and for 
# = 0.35 the flow is almost uniform in this region (Fig. 

12). For R = 80 and f, = S basically the same behavior 
is seen. 

Next, consider the effect of the Rayleigh number 
variation on the flow field with fixed L and (f-1. As R 
increases the temperature gradient in the cold discharge 
zone becomes sharper, hence, the thermally driven 
motion becomes relatively more intense, cold fluid 
discharge velocity increases, and discharge area 
shrinks. On the other hand, the behavior of the flow 
near the hot boundary depends on the magnitude of Q1. 
For I.. = 3 and 4 = 0.1 as R increases the natural 
convective motion becomes more pronounced, 
whereas for 4 = 0.2 increasing the Rayleigh number 
thwarts the natural convection in this region. Heat 
transfer enhancement by the thermally driven flow, 
which will be discussed later, shows the same trend as 
well (Fig. 14). 

6.3. Heat transfer results 
Figure 13 shows the variation of the Nusselt number 

with the mean pressure difference, Cp, for R = 30 and 
aspect ratios of L = 3 and 5. For QI > 0.2 the numerical 
results coincide with the forced-convection asymptote 
which can be easily shown to be 

N, = P/l-e-‘) 

= I +Pj2+P2/12-P4/720+,... for lP{ < 2n, 

(59a) 

or substituting for P = 4R, N, can be rewritten as 

N, = +R/(l -edeR), (SW 

which is independent of L. Notice that for 4 k 0.13 the 
forced-convection asymptote becomes a straight line. 
The reason is that for high throughflow rates the 
temperature gradient in the hot-end region becomes 
fiat (Nh = 0), so from equation (11) one can obtain 
N = P = #R, which could also be deduced from 
equation (59). The above relation indicates that for this 
limit, the heat transfer is simply equal to the enthalpy 
change of the fluid being forced through the channel on 
a mass flow basis. On the other hand, for smaller values 
of Q, the numerical results approach the asymptotic 

FIG. 13. Heat transfer variation with the throughflow rate. 
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FIG. 14. Variation of the heat transfer enhancement due to the 
thermally driven flow with throughflow rate. 

results indicated by the solid line. For all cases studied 
here the results show that the natural-convection 
contribution to the heat transfer is negligible for 
4 2 0.2. As 4 + 0 both numerical and asympto- 
tical results approach the pure natural-convection 

asymptote. 
Heat transfer enhancement due to the thermally 

driven flow for L = 3 and R = 15,30 and 80 is shown in 
Fig. 14. The enhancement is defined as 

‘I = (N-NJ/N. (60) 

It is seen that for small throughflow rates (small 4) the 
enhancement can be quite large, but as the throughflow 
rate increases it falls off quite quickly such that for 
4 2 0.2 it is relatively unimportant. For $J s 0.175 as R 

increases, the enhancement becomes more significant, 
whereas for 4 2 0.175 the converse is true. For 

channels of other aspect ratios the form of the curve 
is similar although the enhancement degree does 
depend on the aspect ratio and, as might be expected, it 
increases with decreasing L. 

Finally, the parametric domain in which the 
asymptotic solutions are acceptable can be determined 
by noting that the O(1) term in the Nusselt number 
results must be larger than higher order terms. 
Therefore 

R2/L3 < n7/16, 120/L; P = R4 < 2. 

Figure 15 shows the deviation of the asymptotic 
Nusselt number N,, evaluated from equation (53), from 
the corresponding numerical result N, for different 
values of the parameter (R2/L?). It is seen that for 
R2/p < 50 this deviation is less than 7%. Moreover, 
Fig. 13 indicates that for R = 30 the asymptotic 
predictions are acceptable for values of the pressure 
differences below about 4 = 0.05, yielding P = Rc$ 
= 1.5 as the upper bound of the validity range. 

7. CONCLUDING REMARKS 

The mechanism of flow and heat transfer by 
combined forced and natural convection through a 2-D 
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FIG. 15. Percentage deviation of the Nusselt number from its 
asymptotic value for zero net throughflow (4 = 0), N, is the 

asymptotic Nusselt number. 

horizontal porous channel has been studied both 
analytically and numerically. The results demonstrate 
the dependence of the Nusselt number on the aspect 
ratio of the channel, the Rayleigh number and 
dimensionless end-to-end mean pressure difference 
(equivalent of Peclet number) which is also a measure of 
the throughflow rate. 

For low Rayleigh numbers, the effect of throughflow 

on the natural convection, induced by a horizontal 
temperature gradient, has been analyzed by the regular 
perturbation method, and closed-form solutions, valid 
for small values of (R2/L?) and P, have been obtained. 
Similar results have been derived for a long channel by 
the matched asymptotic expansions. For these limits, 
although the non-linear interaction between the forced 
throughflow and the thermally driven motion 
manifests itself in the temperature and velocity 
distributions, the results for the Nusselt number 
indicate that the contribution of the two fields to the 
heat transfer through the channel can be simply added. 
For the range where the asymptotic results break down, 

numerical solutions have been obtained. The results 
show also that, even a small throughflow rate plays an 
important role in re-distributing the temperature in the 
channel. For higher values of throughflow rate the 
natural convection is suppressed in the injection 
side and the Nusselt number approaches the forced- 
convection asymptote. The effects of the Rayleigh 
number and the aspect ratio variations on the role of 
natural convection are shown. 
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CONVECTION MIXTE DANS UN CANAL POREUX HORIZONTAL 

R&urn& On ttudie analytiquement et exptrimentalement les tcoulements mixtes g travers un canal poreux 
horizontal qui rdccorde deux rCservoirs. L’ttcoulement force est induit par une diWrence de pression entre les 
extrCmit&, tandis que le mouvement de convection naturelle est dd B un gradient de tempirature horizontal. 
Les solutions sont gouvernkes par trois parametres adimensionnels: le nombre de Rayleigh R bask sur la 
permiabilite, le rapport de forme du canal L(longueur/hauteur) et la diffirence de pression sans dimension P, 
kquivalent au nombre de P&let. Pour les petits R, L fix& et P = O(l), on &ablit une expression asymptotique 
basic sur l’analyse reguliire de perturbation, pour un nombre de Nusselt jusqu’8 O(R’) quand R + 0. Pour R 
fix& et P = 0(1/L), des solutions pour des canaux longs sont trouves en utilisant des d6veloppements 
asymptotiques, et le nombre de Nusselt est &al& jusqu’g 0(1/L?). Enfin les solutions numeriques des 
t-quations sont obtenues par une technique aux diffirences finies B sur-relaxation. Ces solutions couvrent le 
domaine R < 80,2 d L < 5 et 0 < P/R < 0,5. Une comparaison avec les solutions numeriques montre que les 
solutions asymptotiques sent valables pour le domaine (R2/L3) < 50 et P < 1,s. Pour ce domaine, les rtsultats 
indiquent que les accroissements de transfert thermique dus a la convection naturelle et a I’tcoulement for& 
peuvent &tre simplement addition&s malgri: l’interaction non IinCaire de ces deux champs. Les rtsultats 
montrent aussi que m&me un petit d&bit a une influence sensible sur la distribution de tempkrature et de 
transfert thermique g travers le canal, et pour P/R > 0,2 la contribution de la convection naturelle au nombre 

de Nusselt est nCgligeable. 

UBERLAGERTE FREIE UND ERZWUNGENE KONVEKTION IN EINEM HORIZONTALEN 
POROSEN KANAL 

Zusammenfassung~ln der vorliegenden Arbeit wurden iiberlagerte freie und erzwungene 
Konvektionsstriimungen in einem horizontalen Kanal, der zwei BehLlter miteinander verbindet, sowohl 
numerisch als such analytisch untersucht. Der erzwungene DurchfluB wird durch eine mittlere Druckdifferenz 
an den Kanalenden erzeugt, wlhrend sich die freie StrGmung durch einen Temperaturgradienten in 
horizontaler Richtung einstellt. Die Liisung wird hauptsichlich von drei dimensionslosen Parametern 
bestimmt :der Rayleigh-Zahl R,die vonder PermeabilitLt abhCngt,dem Verhlltnis Kanallgngezu Kanalhiihe 
L und der dimensionslooen Druckdifferenz zwischen den Kanalenden P, die der Peclet-Zahl entspricht. Fiir 
kleine R, feste Werte van Lund P = 0(1/L) kann eine asymptotische Liisung, die auf der Stiirungsrechnung 
basiert,fiir Nusselt-Zahlen bis zu O(R’), wenn R gegen null geht,gefunden werden. Fiir feste R und P = 0(1/L) 
wurden LGsungen fiir lange Kaniile (L + co) ermittelt, indem angepaRte asymptotische Reihen verwendet 
werden, wobei die Nusselt-Zahl bis zu 0(1/c) berechnet wurde. Durch Anwendung eines 
Differenzenverfdhrens mit sukzessiver tiberrelaxation wurden die numerischen Liisungen der vollstandigen 
Bestimmungsgleichungen erhalten. Diese Liisungen iiberdecken den Parameterbereich von R < 80, 
2 < L < 5 und 0 < P/R < 0,5. Ein Vergleich mit den numerischen Lijsungen zeigt, daD die asymptotischen 
Liisungen fiir den Parameterbereich van (R’/I? 5 50 und P < 1,5 giiltig sind. In diesem Bereich weisen 
die Ergebnisse darauf hin, daI3 die anteiligen Zunahmen des WBrmetransports durch freie Konvektion 
und erzwungene Striimung einfach addiert werden kiinnen, und zwar ungeachtet der nicht-linearen 
Wechselwirkung dieser beiden Felder. Die Ergebnisse zeigen such, da13 schon ein kleiner Durchflulj einen 
bedeutenden EinfluB auf die Temperaturverteilung und den Wgrmetransport quer zum Kanal hat und dalj fiir 

P,lR > 0.2 der EinfluD der freien Konvektion auf die Nusselt-Zahl vernachlgssigbar ist. 



Combined natural and forced convection in a horizontal porous channel 

COBMECTHAII ECTECTBEHHAEf M BbIHYXaEHHAII KOHBEKUMII B 
FOPki30HTAJIbHOM IIOPMCTOM KAHAJIE 

AHHOTBUllRAHanATl(YCCKA H YMCneHHO MCCJIeLIyeTCR COBMeCTHal eCTeCTBeHHax II BbIHyW,eHHan 

KOHBeKUWI B TOpU30HTanbHOM nOpACTOM KaHane, CoenAHIIwIueM flea pesepeyapa. BblHynneHHOe 

npOAOnbHOe Te‘feHHe BbI3blBaeTCR pa3HOCTbH) CpenHerO LIaBneHHII Ha KOHUax KaHana, a eCTeCTBeHHal 

KOHBBKUIIR npOHCXOLWiT 38 C'leT I-OpH30HTanbHOrO i-palWeHTa TeMIIepaTyp. Pe!JIeHHK OnpeAenRWTCn 

TpeMSl 6e3pa3MepHbIMH IIapaMeTpaMH: '4HCnOM PeJlefl R, OCHOBaHHOM Ha "pOHHIWMOCT&i, OTHOUle- 

HWeM pa3MepOB CTpOH KaHana L (NIHHa K BbICOTe) H 6espalMepHofi pa3HOCTbFO IldBJIeHHIl P Ha 

KOHWX KaHana, 3KBl4BaneHTHOir wicny neKne. .&Is Manor0 R, nOCTORHHOrO L Fi npEI P= O(1) c 
noh4ouibIo MeTona B03MyueHnfi nonyqeH0 acHMnToTwecKoe BbrpameHse a.1~ wcna HyCCenbTa c 

ToSHOcTbH) a.0 O(R') npe R-O. ,@x nOcTomHOr0 R M P = 0(1/L) pememia nnx KaHanoB 
6onbluol LUIHHbI, L+ 7-, HaXOLUlTCII MeTOLlOM CpaIIWBaeMbIX aCHMnTOTH'leCKHX pa3nO~eHliti, 'IllCnO 

HyCC=enbTa paCCWTbIBaeTCI C TO'iHOCTbK) DO o(1/L3). HaKOHeU, MeTOfiOM BepXHei? penaKcaLw4 

~O~yYeHbI~HCneHHbIe~llleHM~KOHe'lHO-pa3HOCTHbIXnp~6n~~eH~ii~OnHbIXypaBH~HMii~~~Cn~~yIo~HX 

AHaIIaJOHOB rIapaMeTpOB: R 280.2 5 L I5 A 05 P/R 5 0,5. @WieHHe C VACneHHbIMlZ pemeHNnMM 

noKa3bIBaeT, VT0 acHMnTOTNvecKHe pemeHAs CnpaBennesbI np~ (R2/L3)s 50 N PC I,5. B ?THX 
cnyqanx, KaK cnenyeT H3 nonyveHHbIx pe3ynbTaToB, ysenweHHe TennonepeHoca 38 cveT ecTecTseH- 

HOii II BbIHygAeHHOti KOHBeKUllA MO)KeT 6bITb nOnyWH0 "pOCTbIM CyMMHpOBaHHeM, HeCMOTpn Ha 

HensHefiHoe s3aeMoneticTBse Mexny ~THM~ AB~MR nonmwi. Pe3ynbTa-rbI noKa3bIBawT TaKxe, vT0 

aaxe npe He6OnbIIIOii CKOPOCTK npononbHoe TeqeHHe oKa3bIBaeT 6onbmoe tmimkie Ha pacnpene- 
newie Teh4nepaTypbI A TennonepeHoc nonepeK KaHana, B TO spew KaK np~ P/R > 0,2 ecTecTBeHHas3 

KOHBeK"HII npaKTH'IeCKM He BnMIleT Ha ',HCnO HyCCeJIbTa. 
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