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The coupling of conduction with forced 
convection in a plane duct 

A. POZZI and M. LUPO 

Istitu~o di G~~~~, Facoltsi di Ingegneria, University of Naples, Italy 

Ab&rwt--In this paper an analytical solution af the energy equation for laminar convection problems in 
plane ducts, taking into account the coupling with wall conduction, is presented. ‘The solution is obtained 
by means of an asymptotic representation of the temperature Laplace transform that enables one to apply 
&e stationary phase method. This en&an= solution holds for values of the axial abscissa so high as to 
permit the calculation of the temperature by means of a few terms of tie usual expansion in eigenfunctions. 
The accuracy of the res&.s, for any coupling parameter, is proved by comparison with those obtained by 

using an expansion in terms of 120 eigenfunctions. 

FORCED CONVEGTEQN bet transfer in ducts is impor- 
tant in a large variety of engineering applications, such 
as the design of compact heat exchangers, nuclear 
reactors and solar collectors, and a wide literature 
exists on this subject, both for conventional boundary 
conditions at the wall-fluid interface, when the tem- 
perature or heat flux or a linear combination of tem- 
perature and heat ffux are given, and for conjugated 
boundary conditions when the problem is formulated 
for the entire solid body-fluid medium system and the 
boundary conditions require continuity of tem- 
perature and heat flux at the fluid-solid interface. 

Shah and London [ 1] presented an accurate review 
of work up to 1976. Luikov et al. [2] give the exact 
solution-reducing the problem, by the generalized 
Fourier sine transformation, to a singular integral 
equation for the unknown temperature at the fluid- 
solid interface. The solution is presented in terms of 
complicated functiuns involving definite integrals and 
series. This solution, withuut numerical results, is too 
complex to permit a comparison with the conven- 
tional problem. 

Davis and Gill [3] examined the effects of axial 
conduction in the wall on heat transfer with Poise- 
uille-Couette flow between parallel pfates by solving 
the energy equation in the fluid using the usual eigen- 
functions method. 

Mori et al. 14, 51 investigated, also using the eigen- 
functions technique, the effects on the Nusselt number 
of the boundary conditions (constant temperature or 
constant heat flux) at the outer wall. 

Many authors employed the eigenfunction~ method 
to study the finite wall thermal resistance case, neglect- 
ing the solid axial conduction. Bsu [6] tabulated the 
first ten eigenvalues and gave implicit asymptotic for- 
mulae to determine higher eigenvalues ; the next 110 
values were calculated by Shah and London. Hickman 
[7J presented asymptotic solutions obtained by expan- 

sions based on the properties of the Laplace transform 
of the temperature 

The literature includes several interesting papers 
following the Shah and London review [l]. For 
example, Lee and Ju [S] considered the conjugated 
heat transfer problem of a high Prandtl number fluid. 

The effect of axial conduction in the fluid phase 
must be included for luw Peclet number flows ; the 
result is that both energy equations-for solid and 
3uid phases-are elliptic and more difficult to solve. 
Papoutsakis and Ramkrishna [9] and Ju and Lee [lo] 
gave, for the conjugated problem with axial conduc- 
tion, a solution in terms of eigenfunctions appiying 
the matching at the solid-fluid interface. Faghri and 
Sparruw [l I] analysed the influence of simultaneous 
wall and fluid axial conduction using an elliptic finite- 
difference method. Wijeysundera 1121 developed an 
analytical method to solve the conjugated problem 
using Duhamel’s superposition technique, also giving 
a simple procedure for the determination of the eigen- 
values of the solutiun. 

Barozzi and Pagliarini [I 31 used, for the conjugated 
problem, an iterative technique based on Duhamel’s 
superposition technique, solving the energy equation 
in the solid by a finite element method. They compared 
their numerical results with the experimental ones 
obtained in ref. [14]. 

The analytical methods presented in the literature 
are essentially based on asymptotic expansions, and in 
particular on the modified Graetz technique. These 
methods are very efficient for high values of x but 
converge very slowly near the inlet of the duct (X = 0). 
In fact in ref. [l]+ 120 terms were necessary to obtain 
the solution at a non-dimensional abscissa (referred 
to hydraulic diameter of the duct) of 10m4 times the 
Peclet number. 

We therefore consider useful an analytical simple 
solution that describes the entrance temperature field 
in a duct. 
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NOMENCLATURE 

ak coefficients of polynomial Pm, 

equation (14) 
A mk coefficients defined in equation (15) 
b wall thickness 

bk coefficients of polynomial Q,, equation 

(14) 
ck coefficient of dimensionless wall 

temperature, equation (20) 

5 specific heat of fluid 

Dh hydraulic diameter of the duct 

DV cylinder parabolic function 
F Laplace transform of dimensionless 

temperature 
h half-height of the duct 

Hk functions defined by equation (17) 

Ik functions defined by equations (24) 
M confluent hypergeometric function 
NU local Nusselt number, q,D,/1,(T,- T,) 

P coupling parameter, ~,b/~,h 
Pe Peclet number, u,,,hpc,/& 
Pm, Q,,, polynomials defined in equation (14) 

QW heat flux at interface 
s t1/2 

t Laplace variable 

T, outer wall temperature 

T, fluid temperature at inlet 

7-m bulk temperature 

TW interface temperature 

% mean velocity of fluid 

%,X maximum velocity of fluid 
x dimensionless axial coordinate 
x (3/32)x 
J dimensionless normal coordinate. 

Greek symbols 
ak, /$ coefficients defined in equation (13) 
l- gamma function 
9 dimensionless temperature, 

(T- T,)/(7’,- T,) 
9, dimensionless wall temperature 

9, dimensionless bulk temperature 
&,A, fluid and wall thermal conductivities 
z t- i/3 

=mk sign-changed roots of polynomial Q,,,, 
equation (15). 

In this way it is possible to represent analytically ditions at the interface require that both the tem- 
the temperature profiles in the entire field by means perature and the heat flux be continuous. 
of expansions that require few terms to give good The temperature T,, in the solid, neglecting axial 
accuracy. conduction, is given by 

2. EQUATIONS AND BOUNDARY CONDITIONS 

Figure 1 gives a schematic description of the steady 
two-dimensional conjugate heat transfer problem 
considered in this work. The velocity at the inlet is 
assumed to have a fully developed profile. Fluid is 
assumed to enter the channel with a uniform tem- 
perature T. 

The temperature field is governed by the energy 
equations for both phases, and the boundary con- 

FIG. 1. Schematic diagram of the duct and the coordinate 
system. 

r,, = T,+[T,-T,l(y--)lb 

where T, is the unknown temperature at the interface 
and T,, the constant outer wall temperature. 

Under the assumption of high Peclet number, the 
energy equation for the fluid phase may be written in 
a non-dimensional form as 

(! -$)Sl = 91-v (1) 

where 9 = (T- Ti)/( T, - Ti). The reference lengths for 
x and y are h Pe and h, respectively, where the Peclet 
number Pe is defined as u,,,hpc,/& 

The heat flux continuity condition may be written 
as 

9, - 1 = -p$,(x, 1) (2) 

where 9, = 9(x, l), and 

p = &b/&h (3) 

is the coupling parameter. 
The remaining boundary conditions associated 

with equation (1) are 

9(0, y) = 9Jx, 0) = 0. (4) 

Equation (1) may be solved by means of the Laplace 
transform technique. Let F(t, y) be the Laplace trans- 
form of 9. From equations (I), (2) and (4) one has 

Fvv- t(1 --y2)F = 0 (5) 
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F,(t, 0) = 0 ; fyt, 1) - l/r = -pF,(t, 1). 6) 

The solution of this problem is 

q&Y) = exp ti1 _Y2~~~~2~~~~~,Y~~(~, WC@, 1) 
17) 

where s = t”‘, i = (- 1) “* 

JV, 1) = MI@, 1)/t 

x [Cl -Waled, l)+~~~+i~~~~~~, 111 (81 

is the Laplace transform of the temperature at the 
interface and 

M,(t,Y) = M[(l-is)/4,1/2,isY2]; 

Mzft, Y) = m(5 - is)/4,3/2, ifY*]. (9) 

M(a, b, X) is the cornkent hypergeometric function. 

3. SOLUTION FOR SMALL VALUES OF x 

It is not possible to obtain the inverse Laplace trans- 
forms of equations (7) and (8) in terms of elementary 
functions. In order to obtain the solution of the prob- 
lem which holds for small values of X, we consider 
the asymptotic behaviour of the confluent hyper- 
geometric function M. Since an integral represen- 
tation of M is 

1 

II s 1 e”r”- ‘( 1 - r)b-a- dr 
0 

1: s 
1 
exp[zr+(a-l)logr+(6-a-Iflog(I--r2]df 

0 

one has for M, 

(10) 

where 

s 

1 

I= exp[isY2r-((3+is)/4)logr 
0 

- ((3-is)/4)log (1 -r)] dr. (11) 

A similar formula holds for M,. 
The solution for small values of x requires an 

asymptotic representation of M, and M2 : such a rep- 
resentation may be obtained by means of the station- 
ary phase method [ 151. This technique enables one to 
evaluate an integral of the form 

s 

d 

G(r) ejsf@) dr 
C 

as s + ~3 and consists of approximating G(r) and f(r) 
by their Taylor’s formula representation with respect 
to an initial point which is a stationary point for f(r)_ 

3.1. Interface temperature and Nusselt number 
Jn order to obtain an asymptotic representation 

of the Laplaee transfurm of the temperature at the 
interface, given by equation (8), we need to evaluate, 
for high values of s, the integral 

1 

I 
G(r) eisf@) dr (12) 

a 

where f(r) = r--(1/4) log r+(1/4) log (l-r) and 
G(r) = [rf 1 - r)] - S/4 for MI and G(r) = r ‘j4( 1 - r) - 3f4 
for MP As f’(r) = 0 for r = l/2, we consider f(r) 
given by a Taylor expansion of initial point l/2, 
obtaining f = l/2 - (4/3)1 (r - l/2) 3 + . . . and we write 
E(r) exp [isf(r)] as $(r) exp [ - is(44/3) (r- 1/2)3], 
where g(r) = G(r) exp (i.sv+ (413) (r - 1/2)3]). Then 
by expanding g(r) ab5ut r = 112 and by letting 
x = (4S/3)“3 (r-l/Z), we obtain for integral (12) the 
successive approximations holding for high values of 
s in terms of I,,, where 

m 
r, = 

s 
x” ePiX3 dx. 

-co 

To calculate I,,, the steepest descent method is used; 
this gives 

where T, = cos [(n+ l)n/6] for IS even and T, = 
-i sin [(II+ 1)x/6] for n odd. One therefore has 

M&l) 2 c a&kl3 _ 
M,(t, 1) (1 -is) C flk~-k)3 (13) 

where the coefficients cr, and fik are given in Table 1. 
From equation (8) one now has for the Laplaee 

transform of the temperature at the interface the fol- 
lowing expression : 

This equation may be written as 

W, 1) = p, <WQm 01 (14) 

where z = t-‘/3 and P, and Qnr are two reaI poly- 
nomials given by 

p, = t ‘&$ and Q,,, = i bkti 
k=O k-0 

with a, = 0, a1 = -/?&2cx,, a2 = 0, a3 = -jI,i/2ct,, 
a4 = -j&i/2u,, b, = p, b, = a, i-p+&1, b, = 0, 
b 3 = a3+pa&, 6, = adfp~&,. 

The accuracy of this expansion may be proved by 
comparing equation (14) with the exact equation (8). 
Table 2 shows this comparison for several values ofp 
and m. 

In order to find the inverse transform of J’(t, 1), 
equation (14) must be rearranged. Let --z, be the 
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Table 1. Coefficients of the asymptotic expansion of M2( 1, z)/M, (1, t) 

k 0 1 2 3 4 5 6 I 8 9 

a& 1.98733 - 1.82536i 0 0.198733i 0.058672 0 0.26387 -0.20811i 0 0.0484841 
Bk 2G 0 0 0 2U, 0 2a, 0 0 0 

m roots of the polynomial Qm. Then equation (14) 

becomes 

F(t, 1) = W”“) 1 A&z+%). (15) 

As l/(r+z,J = (z* --z~z+&)/(~~ +&), one has 

t-“3/(z+z,) 

= (&-“3-Z,kf-2’3 +t-‘)/&(z;;++). (16) 

The inverse transform of this function is 

Z&(x) = 1 + exp (-x/&J 

x [3x”3M(1/3, 4/3. X/Z&)/~J(1/3) 

-(3/2)x”‘M(2/3,5/3, x/&)/&r(2/3) - 11. (17) 

Then from equation (15), one has 

9, = 2 AmkHk(.x). (18) 
k= I 

For p < 0.01, this equation, by using the asymptotic 

representation of M, assumes the simplified form 

9, = ?[l -px-“3/a,~(2/3)+p2x-2’3/a~l-(1/3)]. 
I 

(19) 

Table 2. Comparison between the exact value of the Laplace 
transform of 9, and the value obtained from asymptotic 

expansion (14) 

M 

t 1 3 4 Exact value 

p = 0.001 
1 9.9918E- 1 9.9910E- 1 9.9923E- 1 9.9949E- 1 

10 9.9812E-2 9.9811E-2 9.9814E-2 9.9817E-2 
100 9.9585E- 3 9.9585E - 3 9.9586E- 3 9.9586E- 3 
500 1.9857E-3 1.9857E-3 1.9857E-3 1.9857E-3 

1000 9.9100E-4 9.9100E-4 9.9100E-4 9.9100E-4 

p = 0.1 
1 9.2434E- 1 9.1771E-1 9.2822E- 1 9.5176E- 1 

10 8.4183E-2 8.4109E-2 8.4300E-2 8.4475E-2 
100 7.0605E-3 7.0609E-3 7,0638E-3 7.0638E-3 
500 l.l635E-3 l.l636E-3 l.l637E-3 l.l637E-3 

1000 5.2397E-4 5.2402E-4 5.2405E-44 5.2405E-4 

p=l 
1 5.4990E- 1 5.2722E- 1 5.6392E- 1 6.6361E- 1 

10 3.4736E-2 3.4609E-2 3.4936E-2 3.5238E-2 
100 1.9367E-3 1.9371E-3 1.9392E-3 1.9392E-3 
500 2.4420E-4 2.4425E-4 2.4431E-4 2.4431E-4 

1000 9.9158E-5 9.9174E-5 9.9186E-5 9.9186E-5 

p= 10 
1 l.O887E-1 l.O033E- 1 l.l451E- 1 1.6477E- 1 

_ ^_A*_ ii3 >.uzij>c-3 5.ir267E-3 r finzO_ J.vrJar,--3 5.i6ME-3 

100 2.3456E-4 2.3461E-4 2.3492E-4 2.3493E-4 
500 2.7434E-5 2.7441E-5 2.7448E-5 2.7448E-5 

1000 l.O887E-5 l.O889E-5 1.0891E-5 l.O891E-5 

For p 2 1, Q,,,(z), written as p(1 +E), where E = 

(l/P) f bJk3 may be expanded in a Taylor series, 
k= I 

whence equation (14) gives 

F(t, 1) = P, I(-@‘/pt. 

The inverse Laplace transform of this function gives 
the following expression of 9, : 

where 

co = a,, c1 = -a,b,/p, c2 = a,bi/p*+a,, 

c3 = -a,(b,+bi/p*)/p-a,b,/p+a,and 

c4 = a1(2b1b3/p-b.++b~lp3)lp+a3b~lp2-a~b~lp. 

Equations (18) - (20) can be applied to find the 
fluid hnlk mef~n tamneratnre and_ the ]oca] Nuss& I___- ____ -__ _____r_--_--_ 

number. The fluid bulk mean temperature T,,,, defined 
as 

1 
T,,, = ~ 

s Acu, A, 
uTdA 

is, in dimensionless form 

9,(x) = CT,,,- r,)/(T,- T,) 

= (3/2) o’ (1 --Y*h%y) dv 
s 

and, by using equations (1) and (2), may be written 
as 

Table 3. Camparison between the Nusselt numbers 
obtained from equations (18) and (19) and that pre- 

sented in ref. [I] : p = 0.01 

2 Ref. [l] Equation (19) Equation (18) 

0.0001 
0.0002 
0.0004 
0.0006 
0.0008 
0.001 
0.002 
0.004 
0.006 
0.008 
0.01 

27.071 27.081 27.075 
21.516 21.532 21.517 
17.185 17.208 17.186 
15.120 15.147 15.121 
13.836 13.867 13.837 
12.935 12.969 12.936 
10.616 10.663 10.617 
P oc1 0 n?d 2 occ “.I_,, /.“A7 V./S” 
8.277 8.370 8.280 
7.939 8.061 7.949 
7.760 7.928 7.792 
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Table 4. Comparison between the Nusselt numbers 
obtained from equations (18) and (20) and that pre- 

sented in ref. [l] : p = 1 

zz Ref. [I] Equation (20) Equation (18) 

0.0001 31.710 31.715 31.715 
0.0002 25.202 25.201 25.202 
0.0004 20.086 20.085 20.086 
0.0006 17.630 17.627 17.630 
0.0008 16.096 16.092 16.096 
0.001 15.015 15.010 15.015 
0.002 12.207 12.193 12.207 
0.004 10.139 10.098 10.140 
0.006 9.251 9.170 9.252 
0.008 8.768 8.635 8.772 
0.01 8.481 8.289 8.494 

The local Nusselt number N&c) = q&J&( T, - T,), 
Dh being the hydraulic diameter of the duct, is given 

by 

NW = 49,(x, 1)/P&) -%Ic$l. 

The good accuracy of the representations of 9,, given 
by equations (18) and (19) for small values of p and 
by equations (18) and (20) for large values of p, is 
shown in Tables 3 and 4, respectively, where the Nus- 
selt number, obtained from equations (18)-(20) is 
compared with that presented in ref. [l] by using 120 
terms of the eigenfunction method. In these tables, 
the dimensionless axial abscissa f is that defined in 
ref. [l], and f = (3/32)x. 

In order to describe analytically the temperature 
distribution in the entire field, we compare the inter- 
face temperature 9, obtained from equation (18) with 
the value obtained by using four terms of the expan- 
sion in eigenfunctions. Table 5 and Fig. 2 show that 
equation (18) gives good accuracy at least up to 
5 = 0.01. Moreover, in the range 0.001 < 2 6 0.01, 
the two methods give practically the same values. 

Thus for 0 < f ( 0.01, the interface temperature is 
well described by equation (18) ; for 2 2 0.01 two 
eigenfunctions are sufikient to obtain good accuracy. 

01 I I 1 
IE-4 IE-3 K-2 IE- I 

7 

FIG. 2. Comparison between the interface temperature given 
by equation (18) (solid curves) and that obtained from a 

four-term expansion in eigenfunctions (dashed curves). 

3.2. Temperature at the axis of the duct 
From equation (7) and bearing in mind that 

M,(t,O) = 1, the Laplace transform of the tem- 
perature at the axis of the duct (_v = 0) is given by 

F(t, 0) = exp W2lltKl -pir)M& 1) 

+pir(l -iWz(t, 1)l 

and therefore, from the asymptotic expansion of 
M,(t, 1) and Mz(t, l), one has 

F(t, 0) = 
s”‘r[(l -iS)/4]I-[(1 +i.s)/4] 

l?(1/2)[(1 -pis) C /Its-k/3 +2pisCaks-k’3] ’ 

(21) 
The asymptotic representation of the gamma func- 

tion at the leading term gives 

I[(1 -is)/4]r[(l +i.s)/4] N 4n e-~‘4/s’12 

and therefore equation (21) may be written as 

F(t,O) = 
2n”*t-“‘*exp(-xt’/*/4) 

laIIt4’“QmW 
(22) 

Table 5. Comparison between 9, obtained from equation (18) and from a four-term expansion in 
eigenfunctions 

p = 0.01 p=O.l p=l 
Eigenfunction Eigenfunction Eigenfunction 

.z method Equation (18) method Equation (18) method Equation (18) 

lE-4 0.958 0.937 0.673 0.579 0.150 0.113 
2E-4 0.960 0.950 0.687 0.638 0.161 0.139 
4E-4 0.964 0.960 0.712 0.693 0.180 0.171 
6E-4 0.967 0.965 0.731 0.723 0.196 0.192 
8E-4 0.969 0.969 0.747 0.743 0.210 0.208 
lE-3 0.971 0.971 0.760 0.758 0.222 0.221 
2E-3 0.977 0.977 0.801 0.801 0.266 0.266 
4E-3 0.982 0.982 0.839 0.838 0.317 0.317 
6E-3 0.984 0.984 0.858 0.858 0.350 0.350 
8E-3 0.986 0.986 0.871 0.871 0.375 0.375 
lE-2 0.987 0.987 0.880 0.880 0.395 0.395 



4. CONCLUDING REMARKS 
8( 

The purpose of this work was to represent ana- 
lytically the temperature distribution in a duct for the 
laminar convection-wall conduction problem when 
the velocity profile is fully developed. 

As it is possible to describe the temperature profiles 
by means of two terms of the usual expansion in 
eigenfunctions with a percentage error of less than 
O.Ol%, starting from x/(/r&) = 0.1, where h is the 
half height of the duct, the entire temperature field is 
analytically represented if one obtains an entrance 

IE-5 1 solution holding up such a value of the axial abscissa. 

K-3 IE-2 IE-I 
This entrance solution has been obtained by means 

x 
of an asymptotic evaluation of the temperature 

FIG. 3. Comparison between the temperature at the axis 
Laplace transform (i.e. for high values of the Laplace 

of the duct given by equation (23) (solid curves) and that variable) and an application of the stationary phase 
obtained from a four-term expansion in eigenfunctions method. 

(dashed curves). These results describe the temperature field with 
good accuracy for any value of the coupling parameter 
p and are simpler than those obtained by using the 
expansion in eigenfunctions for small values of the 

where Q,,,(r) is the polynomial defined in the previous 
axial abscissa. In fact, for x/(h Pe) = 0.001, 120 terms 

section. 
of such an expansion are necessary for obtaining good 

The inverse transform of equation (22) is 
accuracy ; more terms are necessary for smaller values 
of X. 

k=l 
1, because the values of practical interest of p are 

-~,kz~(~z,~)+zk(vJ,~)]i~~ (23) 
in the range 0.001-l. If p < 0.001 the values of Nu 
practically coincide with those obtained from the sol- 

where ution for the case of constant inner wall temperature, 
whereas if p >> 1 they coincide with those obtained 

I from the solution for the case of constant heat flux at 
Zk(v,x) = 2-“n- “’ eedr s edx x-Y- 112 the inner wall. 

0 

x exp [ - (rc/4)‘/8x]D,,(a/4(2x) ‘12) dx Acknowledgement-This work was sponsored by Minister0 
Pubblica Istruzione. 

(24) 

vi = (5-4i)/12, d = l/z,& and D,(z) is the parabolic 
cylinder function. 

Equation (24) may be greatly simplified when m = 1 
(i.e. neglecting terms of the order of r3 = t-’ in the 
polynomial Q,,,(r)) and p < 0.1. 

In this case it is 

&(,,, x) = 2-v*- l/z d- Ix-y- ‘12 

x exp [ - (~/4)2/8xJ~,,(n/4(2x) ‘/2) 

(25) 

where d = bT/p3, and if x is sufficiently small one has 
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COUPLAGE DE LA CONDUCTION AVEC LA CONVECTION FORCEE DANS UN 
CANAL PLAN 

R6aurn~n presente une solution analytique de l’bquation d’enecgie pour le problemme de la convection 
laminaire dans un canal plan en tenant compte du couplage avec la conduction dans la paroi. La solution 
est obtenue au moyen dune representation asymptotique de la transform&e de Laplace de la temperature 
qui permet d’appliquer la methode de phase statiomutire. La solution dent& est valable pour des 
valeurs de l’abscisse axiale si blev6es qu’il est possible de calculer la temperature avec peu de termes du 
developpement en fonctions propres. La precision des rbultats, pour une valeur quelconque du parametre 
de couplage, est prouvb par la comparaison avec les r&hats obtenus avec un developpement de 120 

fonctions propres. 

DIE KOPPLUNG VON WARMELEITUNG MIT ERZWUNGENER KONVEKTION IN 
EINEM EBENEN KANAL 

Zusammenfass~g-In dieser Arbeit wird eine analytische Losung fiir die Energiegleichung bei laminarer 
Konvektion in ebenen Kanalen dargestellt, die die Kopphmg mit der Wlrmeleitung in der Wand beriick- 
sichtigt. Die Losung wird Hilfe einer asymptotischen Darstelhmg der Laplace-Transformation der Tem- 
peratur erhalten, welche die Anwendung der station&en Phasemnethode ermiiglicht. Diese Eintrittsliisung 

. . C.. 
gut rur ausreichend hohe ‘Werte der Abszisse, urn die Temperaturberechnung mit Hilfe weniger Terme deer 
gewiihnlichen Reihenentwickhmgen in Eigenfunktionen zu erlauben. Die Genauigkeit wird fiir jeden 
Wert der Kopplungsparameter durch Vergleich mit den Ergebnissen nachgewiesen, welche sich bei einer 

Entwicklung mit 120 Eigenfunktionen ergeben. 

COl-IPIIXCEHHbI~ KOHBEKTHBHbIft TEIIJIOOBMEH B WIOCKOM KAHAJIE 

AaoTatma--llpencTaaneti0 axiamfwwcxoe pememie ypamiemix coxwemta 3Heprm w mmiap- 
Hero TePeIisin B IIJIOCXEX KaHa.mX B UOCraHOBIC CIIOpSlXeHHOi8 !3@‘(a¶~ KOHB~XTXBHO~O rennoo6r.tema. 
Pememie nonyqeiio c nohiorubm acAMIITomecxor0 npencraancrorn npeo6pa3osamioP no Jhumcy 
TeMlIepaTypbI,IIo3BomlIowero IIpEMemiTb MeTon cTalmoHapHoll#la3bI.3To Iia¶&UbHOeptUleHEeuClIo- 

nbsye~cn ~nff cnyran,Xorna 3HaqeHHX oceeoii a6qmm ~emiuntob4 Bemmi,~~06bI pacc=aTb Tehf- 
IlepaTypy C lIOMOlUbEo HeClCOJIbXEX WIeHOB 06bFlHO~O PaUrOrnHaa II0 CO6CTBeHEklM &H,ZQlXM. 

TOrHOCTb p3yJIbTaTOB NM mo6oro 3IWIeHlUl IIapaMeTpa CBX38 LIOLa3hIB~CX llyTeM CpaBHeHEX c 

Pe3yJIbTaTaMH, lIOJIy4eHHbIblU IIpH sicrIonb3onaHm pa3noneHm, BIUIRmUOuerO 120 C~~CESZHH~~ 
hmssfi. 


