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Abstract-This paper addresses the general problem of multicomponent transport and heterogeneous 
reaction in LZvique’s approximation. The problem always admits an analytic solution when the surface 
reactions are first order in the concentrations. Here, explicit expressions for the concentration distributions 
are found for the case of a single reversible surface step, but the procedure equally applies to arbitrarily 
complex sequences of such steps. The behavior of the solution depends mainly on the value of a dimensionless 
axial parameter. Aside from axial distance and mean velocity, it involves all diffusion coefficients, reaction 
rate constants and stoichiometric coefficients. For small values of this parameter the solution behaves as if the 
surface were a source of constant flux; for large values, as if the surface were at constant concentration. Thus 

the solution exhibits a continuous change from a Neumann to a Dirichlet problem. 

NOMENCLATURE 

species label ; 
Airy function ([ 181, p. 446) ; 
height of the channel ; 
molar concentration; 
reactant input concentration ; 
diffusion coefficient ; 
= f;(x), function (2.12, B.2) describing 
surface quantities ; 

T(n), = T(n, 0), ordinary gamma function 

([lS]. p. 255); 
A, = D,/D,, diffusion ratio; 

?> = Y/(9X) 3 u3 transverse coordinate 
(2.16); 

“, stoichiometric coefficient ; 
[, = gx”3, axial coordinate (2.13); 

P? mass density. 

g(x, y),function (2.15) describing Subscripts 

J, 
K 
k, 
L, 
M, 
N, 
n, 
P? 

4 

r, 

4, 

UP, 

v, 1: 

X, 

X, 

Y, 

I: 

concentration profiles; 
diffusion flux ; 
= k,/k,, equilibrium constant ; 
reaction rate constant ; 
Laplace transform operator; 
molar mass ; 
number of species; 
unit normal, mass flux ; 
Laplace transform variable ; 
number of reactions ; 
reaction rate ; 
= 1 - C,/C,, normalized reactant 
concentration; 
= C,/C,, normalized product 
concentration; 
velocity field, average value ; 
axial distance, dimensional ; 
= Bk:X/6tiD,?, axial distance, 
dimensionless ; 
transverse distance, dimensional; 
= k, Y/D,, transverse distance, 
dimensionless. 

Greek symbols 

a, a constant ; 
P, a constant (2.9~); 
r_(n, z), incomplete gamma function ([18], p. 260); 

a, species index ( = 1. N) ; 

4 reaction index ( = 1. . .R); 

r, P. reactant, product. 

1. INTRODUCTlON 

LAVBQLJE’S approximation [l] originally served to 
calculate temperature distributions in the thermal 
entrance region of a duct,. i.e. that region where 
Graetz’s solution [2,3] converges slowly. There, heat 
or mass have not yet penetrated into the body of the 
fluid; they sample only the linear part of the axial 
velocity distribution. The appropriately normalized 
temperature or concentration field u(x, y) then obeys 
the parabolic equation 

au a% 
yz=ayz (1.1) 

and the boundary conditions 

u(0, y) = u(x, cc) = 0, (1.2) 

where x and y are normalized axial and transverse 
coordinates. Equations (1.1) and (1.2) admit similarity 
solutions under constant surface conditions ([4], pp. 
307-309). Specifically, if U(X, 0) = 1, then 

u = N, V3)/W, (1.3) 

and if &/8x(x,0) = - 1, then 

*Partial results were presented at The Fifth International u = [(9x)“3/r(2/3)] 

Conference on Crystal Growth, Boston (17-22 July, 1977). x Cexp(-~3!-)lr(2/3,~3)l, (1.4) 
745 
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in which ‘1 = j.~(Os) ’ A is the similarity variable. Pro 

blems of this type have been extended by Herbeck [Sl 
to include axial diffusion. and by Soliman and 

Chambrt [6] to account for time-dependence. 
Levtque’s approximation is closely related to that 

proposed by Fage and Falkner [7]. This last led 

Lighthill [8] and Chambre and Acrivos [‘& 111 to 
reduce the temperature and concentration boundary 
layer equations to a class of singular Volterra integral 

equations. These authors were thus able to deal 
numerically with a wide variety of boundary con- 

ditions and to give everywhere convergent series 

representations when the boundary conditions are 

linear. Riley [12] has given a recent review of con- 
centration boundary layers. 

Lcveque’s problem ( 1.1 ) and ( I .1) does root admit a 

similarity solution when surface conditions vary. e.g. 

when heterogeneous chemical reactions occur at finite 
rate. However. one expects closed form solutions fat 
linear boundary conditions. ‘T‘h~s paper addresses 
LevCquc’s approximation applied to multicomponent 

transport and heterogeneous reaction. the reaction 

rate being linear in the concentrations. The solution 
to this problem bears on catalytic conversion. on 

dissolution and etching processes, and cm crystal 

growth by chcmtcal vapor deposition. Furthermore. it 
can provide asymptotic estimates in the entrance 

region for analytic calculations that consider reactions 

in ducts [ I3 Ih]. and. possibly. “starting” procedures 

for finite difference schemes. The next section presents 
the desired solution for a single heterogeneous re- 

versible reaction step. and the third investigates Its 

asymptotic bchav~ior. 

2. ‘TRANSPORT ICQLATIONS .4iYD THEIR SOI,l:TIO~ 

Consider the isothermal, fully developed Ilow of an 

incompressible fluid mixture in a channel of height B. 
At station X = 0 a concentration Co of reactant A, is 

injected into the “carrier”. By carrier one means a 

solvant (liquid or gaseous) that can, however. parti- 
cipate in the chemical reactions. Convection and 

diffusion carry the reactant downstream and to a 

reaction surface (.‘r > 0. 1’ = 0) where it yields a 

product A,, accordtng to 

carrier + i’, -1, . + I’,, 4,‘. (2.1) 

Amongst other things. equation (2.1) can represent a 
deposition or etching reaction: I’, and v,, are the 
absolute values of the stoichiometric coefficients. In 
Leveque’s approximation. the transport equations foi 
reaction and product concentrations read 

(h?I’:‘B) ;_> = II,, j;;; . (LI = r.pL (2.2) 

with boundary conditions 
C,.(O. I’) = (‘,(‘Y. / ) = C‘,,. (2.31) 

(‘,,(O, 1’) = C,(.Y. Y ) = 0. (3.3b) 

The following boundary conditions hold at Y = 0: 
- 

(Dr,b:<TI = - (I),,,!“,,) (‘g = I’. (2.4a) 

I’ = Ii,.<‘,. -I,,,(‘,,. (24b) 

Equations (2.2) and (2.4) are justitied in Appendix A. 
equation (2.4b) applies if the reaction rate of (2.1 I i\ 
(pseudo-) first order in the concentrations III tiim<n- 
sionless form (cf. nomenclature\ one gel\ 

on (z > 0. 1’ = O), and both functions satisfy equation 

( 1.2). Here. A = D,./D,,, and K = k,.,k,> is the equilih- 
rium constant. 

The Laplace transform [17] L~I((.Y,~~)~ :7 I (1’. I ) 

applied to the system (2.5) and (I .2) yields the general 
solution 

I r = x,,Ai(p’ ‘:,I !:!.?;I! 

C’,, = r.,,ili(A’ ‘11’ ‘I,). (7.7b) 

Equations (2.6) then serve to determine the coefficrents 

Y, = A ? 1 ( \‘,:.‘l’p I”,, 

i’, 
z 

Using the known values ([IX). p. 446) AI’(O) = 
1/3”‘“r(2/3), AC(O) = - 1,‘3’,‘r(l:3). and the reflec- 

tion formula for the gamma function ([1X]. p. 256) 
in the form r(l!3)/r(2131 = (3’ ‘!2n)[T(1~3)]‘. orir’ 
finally gets 

(?.()a) 

w1tl1 

/i = (3’ h,‘z!n q-cl 9)lql,, t l’,,4? 3;~). (2.‘ic)+ 

Both transforms (2.%,b) are of the :!pc 
Ai(r/~“~)!Ip(p”~+/I) where x :i 0. The inverse trana- 
form of the denominator is proportional to the sttrfacc 
values, and its convolution with-: 

L ‘[ili(ap’ “J] 

= (z!?n3j b)_Y j -\e*p( ~- %“9\), (7 IO) 

gives the full concentration distributrons. Accordingly. 
first examine the surface values 

ll,(Z.O) = l!!- J ?(I’, 1.,,)11,,(\. 0) 

i’ 
= i+ _&f’ x ! 1,). r2.11 ) 

*The value of the numerical coelficient is appr-oximatel! 
1.37172,. 

-IThe inverse transform follows from the relation between 
the Airy function and a modified Bessel function, whohe 
inverse is tabulated (1191. p. 283) 
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It is easy to verify that g(x, 0) = f(x), as should be the 
case. Again one sees that g(x, y) is a universal function 
of the two variables 5 (cf. 2.13) and rl = cr/(9~)“~, 
where CI = y for the reactant (cf. 2.14a) and c( = A113y 
for the product (cf. 2.14b). With dimensional quantities 
these “similarity” variables read 

rl0 = (2CB/3D,)1’3(Y/B)(X/B)- 1’3, 

(a = r, p) (2.16) 

0.60 

0.0, Y I I I I I I I 

0.01 0.04 0.10 0.40 I 4 IO 40 100 

AXIAL COORDINATE < 

FIG. 1. The function f describes surface values of the 
concentrations and the reaction rate as a function of the 
normalized axial coordinate 5. The dashed lines correspond 
to the asymptotic expressions [B.4b] and [B.5b] for n = 3, 
and in which only two and three terms of the series are 

summed, respectively. 

where 

33’2 ‘m 

f‘(x) = h(x) = 1 --x 
i 

dt exp( -b3xt3) 
o t*+t+1 ’ 

(2.12) 

as evaluated in Appendix B equation (B.2), is a 
universal function of fix”3 E 5. It is useful to exhibit 
this variable in the following forms. 

t = (31’6/2rr)[I-(1/3)]2(o,/6BU)1’3 

x (Bk,/D,)(v,+ v,A*‘~/K)(X/B)“~ 

= (3”6/2rr)[I-(1/3)]2(6/6Bv)“3(X/B)”3. 

(2.13) 

The factor (6/6B$ is inversely proportional to the 
P&let number referred to the generalized mean ([18], 
p. 10) diffusivity o”3 = D,?3v,Da,+D~‘3v,DuP, in 
which the individual diffusivities are weighted by the 
stoichiometric coefficients and Damkohler numbers 
Da, = Bk,JDa, (a = r, p). The functionf(5) is displayed 
in Fig. 1. 

Next, using equations (2.9-10) and (2.12) one 
calculates the full concentration distributions as the 
convolutions 

u,(x, j) = 
v,3i’3I-(1/3)y 

2~3~‘~p 

c 
x 

X dx’x’-4’3 exp( -y3/9x’)f(x-x’) 
Jo 

= v,(v,+ v,A~‘~/K)- ‘g(x, y), 

u,(x, y) = v,A*‘~(v,+ v,A*‘~/K)- ‘g(x, A1’3y), 

where 

(2.14a) cases cited in the Introduction. The function g(& q) is 
displayed in Figs. 2 and 3. 

(2.14b) 3. DISCUSSION 

1 m 
g(x, Y) = - 

s l-(4/3) y/(9x)1/3 
dsexp( -s3) 

drexp[ -B3xt3(1 -y3/9xs3)] 
t*+t+1 

(2.15) 

HMT Vol. 21. No. 6-F 

and coincide with the expressions used for the simple 

“’ 

I , I , I I 

0.0 0.4 1.2 I.6 2.0 

TRANSVERSE COORDINATE 77 

FIG. 2. The function 9 describes the full concentration 
distributions as a function of the normalized transverse 
coordinate 7. For small values of 4 the distributions tend 
towards those [dashed, cf. equation (3.823 characteristic of 

constant surface flux. 
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TRANSVERSE COORDINATE 7) 

FIG. 3. Same as Fig. 2. For large values of r the distributions 
tend towards those [dashed, cf. equation (3.9)] characteristic 

of constant surface concentration. 

The dimensional form of the concentration distri- 
butions is 

C,(X, y) = Co[l - v,(v,+ v,A2’3/K)- ‘s(5, ?,)I, 
(3.la) 

C,(X, Y) = CovpA2’3(vr+ v,AZi3/K)- ‘g(& r@, 

(3.lb) 
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in which [cf. equations (2.15) and (2.12)] 

Y(<, ‘I) = [U4/3)] -- ’ 

X *‘ d.\exp( -?),/‘[<(I -g”/s”)’ .‘I. (3.2) 
Y ” 

Here f is considered a function of <. The surface 

concentrations are given formally by equations (3. I ) in 
which ,j’ replaces g. Two related quantities of interest 

are the reaction rate (2.4b) 

r(4) = k,.[C,(X, 0) -K ‘C,(X, O)] 

= k,C”[l -.f’(O], (3.3) 

and the product to reactant ratio 

C&X, 0) 

C,(X, 0) 

Equation (3.3) displays the local reaction rate in a 

remarkably simple form, and equation (3.4) allows a 
discussion of “closeness to equilibrium”. To this end 

first observe that for small X, equation (B.4b) of 
Appendix B reads in this case 

f’(T) = i’/U4/3) +0((l), 

and formula (B.5b) yields 

(3.5) 

/(<) - I -<~‘/I-(2/3)+0(~~‘) (3.6) 

for large X. “Large” and “small” refer to the magnitude 
of the axial coordinate i;’ = /Ix”~ given by equation 
(2.13) in dimensional form. For example, all other 

parameters being equal, j’ is smallest when K ) 1, i.e. 

when the reaction (2.1) is driven to the right, or when 

A <c 1, i.e. the product diffuses faster than the reactant. 

Thus for < ~c I, the reaction rate (3.3) approximates its 

maximum admissible value k,C,,. Likewise the com- 
position ratio (3.4) is of order O(c) since the product 

has barely begun to form. On the other hand, for 5 )- I 
the reaction rate approaches zero as k,C,/<r(2/3), and 
the composition ratio tends towards K[l + O(<- ‘)I. 
Note that. in this case, C,/C, can be close to its 
equilibrium value K, yet the reaction rate can be quite 
large due to the possibly large multiplicative factor 

l&C”. 
It is instructive to examine the full concentration 

distributions in these asymptotic limits. The retarded 

argument of,fin equation (3.2) never exceeds <, so that 
expansion (3.5) applies when i cc~ 1. and 

g(i, V) 2 [r(4/3)] 1 

x 1” dsexp(-s3)<(l -~~/?)l’~. (3.7) 

The substitution f1’3 = q/s takes the integral into the 

form (Cl) of Appendix C. It is evaluated there and one 

gets 

g(s, V) 2 [B/U4/3)][exp( -$)-tlr(2/3, $)I. 

(3.8) 

One recognizes expression (1.4) for constant surface 

flux since it is easy to see that </r(4/3) = 

(\l,+\‘,A’ 3/K)(9x)1j3/r(2/3). On the other hand. for 

< 2, 1 the argument of ./ in equation (3.2) is large I‘OI 
most values of \’ so that expansion (3.6) holds. One 

then gets 

g(<. ‘1) - [r(4!3)] ’ 1. ’ tJ\ekp( >?I 
.’ 

~ r( I ‘3. k/j) i-l I ?I. ( iOI 

an expression identical to equatmn I I .i). IL the case oi 

constant surface concentration. The dashed line:; in 

Figs. 2 and 3 represent the asymptotic cases (3.X) anti 

(3.9), respectively. 
Finally, one recognizes that the Intermediate region 

< ~; 1 does not admit a similarity solution because 

surface conditions are variable [8 91. Thus the sol- 

ution for an irreversible reaction (K i> I ) proposed by 
Bowen et ul. j[20], equation (2.44); is wrong. 01 

course, LCveque’s approximation breaks down in 

ducts when Y ) $B. Since the concentration distri- 
butions have a boundary-layer character, this put5 an 

uppei hmit to the possible values of ,Y. in accordance 

with equation (2.16). More complicated reaction 
schemes, sequential or parallel. can be analyzed in the 
same manner. These results will be published shortly. 
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APPENDIX A 

The notation of Bird et al. ([4] chapter 16) is used 
throughout. Consider the steady state flow of N species A,(a 
= 1 N) that do not react homogeneously. The following 
conservation laws hold in a region D 

V n, = 0, (A.1) 

and V. pv = 0 by summation over species. Assume that these 
species react heterogeneously on a part Z of dD according to 
the R reactions (i = 1.. R) 

1 vai A, ti 0. 

Here the stoichiometric coefficients are positive for products 
and negative for reactants ([21] p. 10). Each reaction must 
satisfy mass conservation 

c v&f, = 0 

where M, is the molar mass. If the reactive surface Z is 
approximately immobile, and if the species A, neither accu- 
mulate on it nor diffuse into the solid, then the following 
balance law must hold on Z ([21] p. 19). 

-n.n,+zv,,M,r, =O. (A.3) 

Here n is the unit normal to I: pointing into the fluid, and ri is 
the (molar) reaction rate of the ith reaction. Summing (A.3) 
over species and using (A.2b) gives n.pv = 0. Since the 
tangential component of .v must vanish, it follows that the 
boundary conditions on v for a mixture obeying (A.3) are the 
same as for a pure fluid, i.e., v = 0 on Z. Inserting the diffusion 
fluxes j, = II,-p,,v into (A.l) and (A.3) gives then 

V,p,v+V.j, = 0, in D, (A.4a) 

-n.j,+xvoiMori = 0, on Z. 

Now if’the fluid is incompressible and iJthe diffusion currents 
can be expressed in the form of Fick’s law j, = - D,Vp,, then 
equations (A.4) reduce to 

v t Vp, = D,V*p,, in D, (A.5a) 

~,dp,/an + c v,~M.~~ = 0, on Z. (A.5b) 

Reaction rates are usually expressed as polynomials in the 
molar concentrations C, = p,/M,; thus equations (A.5) 
assume the convenient final form 

v.VC, = D,V*C,, in D, (A.6a) 

D,$CJdn + c v.iri = 0, on Z. (A.6b) 

Here the barycentric velocity v enters into the convection 
term of (A.6a) rather than the mole average velocity; the 
latter is not immediately obtainable from the Navier-Stokes 
equations. 

APPENDIX B 

Consider the inverse Laplace transform 

(B.1) 

where B > 0 and n is real> 1. The integrand has a branch 
point at the origin and poles of phase ns(2k - l), where k is an 
integer. These latter lie outside the principal determination 
[-II, n] for n > 1, and therefore do not contribute to the 
inverse transform. It is then easy to evaluate the integral over 
Bromwich’s contour to give 

ji,x,Il nsinnln *m exp(-Pxt’) dt, 
7I J tZ+2tcos(x/n)+1 

(B.2) 
0 

Several remarks are in order. First, the variable x only 
occurs in the combination /“x. Second, the integrand has no 
real poles, so the integral converges and can always be 
evaluated numerically. Third, the formula reduces to fz = 1 
-exp(p’x)erfc(fix”‘) as it should for n = 2 ([19] p. 233). 
Fourth, the limits f.(O) = 0 and f,(a) = 1 result from (B.2) 
and correspond to the appropriate limits of the Laplace 
Transform 

F”(P) = LCf.(x)l = & 

The asymptotic behavior is easily obtained from (B.3). For 
small values of x, it suffices to expand around p + cc ([17] 
chapter 33): 

F,(p)= $ (_l)k~k+lp-l-(k+l~~n, (B.4a) 
P=O 

Term by term inversion yields 

J,(x) = f (-l)‘(Bx”“)“‘/r[l+(k+l)/n], (B.4b) 
Ir=0 

a series which converges for all values of /Kx”“. On the other 
hand, the behavior for large x arises from an expansion 
around p = 0 ([ 173 chapter 37) 

F,(p) = ; (-1)k/3-kp-1+k”‘, (B.5a) 
k=O 

hence the asymptotic series 

f,(x) _ f (- l~(/W’)-k/r(l -k/n). 
k=O 

(B.5b) 

If n is an integer, then all terms of (B.5b) vanish for which k is a 
multiple of n. 

APPENDIX C 
Evaluate the integral 

J(z) = 
s 

1 tm413(l -t)‘i3exp(-z/t)dt. (C.1) 
0 

The change of variables s = (1 - t)1’3t-1’3 reduces it to 

J(z) = 3 (C.2) 

and its derivative with respect to z is then 

J’(z) = -l-(4/3)2- 4’3 exp( -2). 

Since J(w) = 0 one gets immediately 

J(z) = r(4/3)r(- l/3,2). 

A recursion formula 

(C.3) 

(C.4) 

r(n+l,z)= nr(n,z)+z”e-2 (C.5) 
for the incomplete gamma function is obtained by parts just 
as in the case of the ordinary gamma function. Thus (~4) can 
be written 

J(z) = 3r(4/3)[z-“3e-‘-r(2/3, z)]. (C.6) 
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TRANSPORT MASSIQUE ET REACTION EN SURFACE 
DANS L’APPROXIMATION DE LEVEQUE 

Resume Get article concerne le probleme general du transport de plusieurs composants et de la reaction 
htttrogtne dans l’approximation de Leveque. Le probleme admet toujours une solution analytique quand 
les reactions parittales sont du premier ordre en concentration. On trouve ici des expressions explicites pour 
des distributions de concentrations dans le cas d’un saut unique reversible a la surface. mais la procedure 
s’applique egalement a des sequences arbitrairement complexes de tels sauts. Le comportement de la solution 
depend principalement de la valeur d’un parametre axial adimensionnel. En plus de la distance a I’axe et de la 
vitesse moyenne, il gouverne les coefficients de diffusion, les constantes de vitesse de reaction et les coefficients 
stoichiomttriques. Pour des petites valeurs de ce paramdtre. la solution est comme si la surface etait une 
source a flux constant : pour des grandes valeurs. comme si la surface ttait a concentration constante. Ainsi la 

solution montre un changement continu du probleme de Neumann a celui de Dirichlet 

STOFFUBERGANG UND OBERFLACHEN-REAKTIONEN IN 
LFVEQUE’S NAHERUNG 

Zusammenfassung---Diese Arbeit behandelt das allgemeine Problem des Stoffiibergangs mit heterogener 
chemischer Reaktion von mehreren Komponenten mit Lev&que’s Nlherung. Das Problem 133 immer eine 
analytische Losung zu. wenn die Oberflachenreaktionen von erster Ordnung in den Konzentrationen sind. 
Hier wurden explizite Ausdriicke fur die Konzentrationsverteilungen gefunden fur den Fall eines einzigen 
reversiblen Oberflachenschnittes. Der analytische Losungsablauf gilt jedoch genauso ftir willkiirlich 
komplexe Folgen solcher Schritte. Die Eigenschaft der Liisung hangt hauptsachlich vom Wert eines 
dimensionslosen Axialparameters ab. Abgesehen von dem axialen Abstand und der mittleren Geschwindig- 
keit, enthalt die Losung alle Diffusionskoeffizienten, Reaktionskonstanten und st6chiometrischen Koeffi- 
zienten. Fur kleine Werte des Axialparameters verhalt sich die Losung, als ware die Oberflache eine Quelle 
konstanten Stromes fur grol3e Werte, als bestande in der Oberflache konstante Konzentration. Die Losung 
weist also einen kontinuierlichen Wechsel von einem Neumann-Problem zu einem Dirichlet-Problem auf. 

HEPEHOC MACCbl M IETEPOI-EHHblE PEAKHMM B fIPM6JIM~EHMM JIEBEKA 

AHuoTauun- CTaTbfl IlOCBIllUeHa 06lLleir npo6neMe IIepeHOCa B MHOrOKOMnOHeHTHOfi CHCTeMe C 

reTeporeHHoit pealcqaefi B npwhimesse JleBeKa. AaHHafl sanara Bcerna nonycKaeTaiiansTwiecKoe 

pemeakse, ecnn peaKUs~HanosepxHocTsff~n~~TcnpeaKU~s~rlnepeoronopsnKanoKo~UeHTpaUwn~. 

B IlBHOM BWe IIOnyYeHbI BblpawteHRR llnfl paCIIpeReneHHfl KOHUeHTpaUWH JIJIH OnHOii 06paTHMOfi 

CTanMH Ha nOBepXHOCTW,HO MeTOLWKa paBHOQWlMeH8Ma M K npOH3BOnbHOi? CnOwtHOfi nOCneJ,OBa- 

TenbHOCTH TaKMX CTajWii. nOBeaeHk%e peUEHtl5l 3aBHCHT OT BenHYRHbl 6e3pa3MepHoro OCeBOrO 

napaMeTpa. n0~kiM0 aKckianbHor0 paCCTOSIHWI H CpenHeti CKOpOCTH OH BKntOOYaeT BCe K03@- 

(PHUAeHTbl &4,y3HH, KOHCTaHTbI CKOpOCTe~ peaKL& H CTeXHOMeTpAYeCKHe K03t$&U,HeHTbl. npM 

Manbix 3HaYeHmtx 3TOro napaMeTpa peUIeHue BeneT ce6s TaKMM o6pa30M, KaK eCnB 6bl nosepx- 

HOCTbIIBnWIaCb UCTOYHIlKOM nOCTOHHHOr0 MaCCOBOrO IlOTOKa, a IIpll 6onbmex 3Ha'ieHHIIX-KaK 

ecnM Ha nOBepXHOCTH MMenaMeCTO IIOCTORHHaR KOHUeHTpaUWR.TaKHM o6pasoM, PeUIeHHe LleMOH- 

cTpiipyeTHenpepb~BHb~AnepexonoT3anaw HehIaHa KsaDaqe&ipnxne. 


