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MASS TRANSFER TO FALLING LIQUID FILMS AT LOW 

REYNOLDS NUMBERS 

E. RUCKENSTEIN and C. BERBENTE 

Institute of Organic Chemistry of the Rumanian Academy* 

(Received 23 August 1967) 

Abstract-A non-linear treatment of the hydrodynamics of wave motion is suggested and its results are 
used for the solution of the mass-transfer problem. An equation of convective-diffusion valid in the small 
penetration case is established and is solved exactly by means of a similarity transformation. 

The main result obtained is that for low Reynolds numbers, the average amplification factor E (the time 
average of the ratio between the mass flux in wave motion and in laminar steady motion) is a function, 

having the form from Fig. 4, only upon the dimensionless quantity rj = y*Qv/~~(~~/lp)*. 

NOMENCLATURE 

a, = )W,J; 
a coefficients in the expansion (1) ; 
A:, B,, C,, D,, dimensionless coefficients in 

the expansions (3) ; 

A 4.21, B,, zr, C,, zr, D,, zr, coefficients in the 

c, 
CO, 

d, 

H 21, 

I l(Z), Z,(z), 

k 

k 2rr 

N, 

expansions of A,,. . . ,D, with 
respect to cp I ; 
concentration ; 
value of c for y, = 0 ; 
quantity defined by equation 

(A-7) ; 
diffusion coefficient ; 
acceleration of gravity ; 
film thickness ; 
average film thickness ; 
film thickness in the laminar 
steady case ; 
coefficients in the expansion of 
ho with respect to rp 1 ; 
functions defined by equations 
(29) and 27) ; 
wave number ; 
coefficients in the expansion of k 
with respect to ‘pl ; 
mass flux at the free interface ; 

* Address for correspondence: Polytechnical Institute, 
Bucharest, Rumania. 

Nl> mass flux at the free interface in 
the case of a steady laminar 
motion ; 

Q, average liquid flow rate [cm3/cm 

s] ; 
4 time ; 

k x component of the liquid velo- 
city ; 

uo, valueofufory, = 0; 
V, y component of velocity ; 

Vl, y, component of velocity; 
W, wave velocity ; 

x, distance along the wall ; 

x1, = kx; 

Xi, quantity defined by equation 
(A-6) ; 

Y, distance to the wall ; 

Yl, distance to the free interface 

(YI = h - y); 

2, = k(x - wt). 

Greek symbols 
4 amplification factor defined by 

equation (32) ; 
BOY fib Bz, 83,. . * 9 86, coefficients defined by 

equation (9) ; 
4 thickness which appears in the 

dimensionless variable q ; 
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Subscripts 

4 

Superscripts - 
2 

3 
-3 
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quantity defined by equation [2-51 than that predicted by the equation valid 
(25); for steady laminar motion. 
arbitrary numerical constant ; 
= y,/6; 

who =-. 
Q' 

coefficients in the expansion of x 
with respect to CJI 1 ; 
ratio between elongation and 
average film thickness 

coefficient of eiZ in the Fourier 
expansion of cp ; 
kinematic viscosity of the liquid ; 
dimensionless parameter defined 
by equation (8) ; 
density of liquid ; 
surface tension ; 
quantity defined by equation (27). 

index in the expansion with res- 
pect to y, [equation (l)] ; 
index in the Fourier expansion 
[equation (3)] ; 
index in the expansion with res- 
pect to ‘pl [equation (7)]. 

temporal average, 
real part of a complex quantity; 
imaginary part of a complex 
quantity. 

INTRODUCTION 

The hydrodynamical problem was examined 
from the point of view of the linear instability 
theory by Yih [6] and by Benjamin [7] who 
have shown that Nusselt’s velocity distribution 
is not stable to small perturbations. This ap- 
proach cannot lead, however, to information 
concerning the stable unsteady velocity distri- 
bution. As an approximation one can consider 
as significant for the stable unsteady state, the 
dominant wave length (i.e. the wave length for 
which the real part of the growth constant 
which multiply the time in the expression of the 
perturbation has a maximum) and obtain in this 
manner equations for the wave length and for 
the wave velocity. Kapitza [8] has suggested 
previously another approach based on the 
assumption that the film thickness and the 
velocity components are periodical functions of 
z = k(x - wt). Using for u an equation of the 
Nusselt type, he obtained for CJI an approximate 
equation to which the condition of periodicity 
is imposed. One obtains in this manner equa- 
tions for the wave length, wave velocity and 
velocity distribution. One may note that the 
equations obtained by Kapitza for the wave 
length and wave velocity do not differ from the 
ones obtained by the approximate procedure 
mentioned above. This is not surprising, since 
their establishment in [S] imply in fact a kind of 
linearization of the equations of motion. The 
equations obtained lead for the film thickness, 
the wave length and wave velocity to values of 
the same order of magnitude as the experimental 
ones [9-111. However, Kapitza’s theory pre- 
dicts a strong dependence of the wave length on 
velocity, while experiment shows it to be prac- 
tically independent on velocity; it predicts also 
a constant value for the ratio between the wave 
velocity and the average liquid velocity, while 
experiment shows a decrease with the increase 
of the average velocity of the liquid. 

FRIEDMAN and Miller [l] and, since then, many 
other investigators have observed that when a 
thin layer of liquid flows along a smooth 
vertical plate, its free surface is not plane but is 
disturbed by wave motions and ripples. It is 
therefore natural to attribute to these unsteady 
motions the fact that the rate of absorption in a 
falling liquid film is up to 200 per cent larger 

On the basis of the velocity distribution ob- 
tained by Kapitza one can solve the convective 
diffusion equation. The problem was first 
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examined by Levich [12] who writes the con- 
centration as a sum of two terms (ci + cZ); the 
first ci represents the concentration in the case 
of a laminar steady motion and the second c2 
the correction due to wave motion. Introducing 
this expression in the convective-diffusion equa- 
tion and averaging with respect to time, he 
obtains an equation for the average value of the 
correction. That equation is not, however, 
correct, since the average value of u(&,/~?y) is 
not zero as it is assumed in its deduction. 
Levich’s method of calculation depends essen- 
tially upon the possibility of ignoring this term 
and cannot be, for this reason, corrected. The 
problem was solved by Ruckenstein and Ber- 
bente [13] who have shown that the use of 
Kapitza velocity distribution leads to the con- 
clusion, which disagrees with experiment, that 
the rate of mass transfer is only increased 30 per 
cent by the wave motion. It was, however, 
noticed that the agreement may be much im- 
proved if one uses in Kapitza’s velocity distri- 
bution the experimental values for the ampli- 
tude, wave length and wave velocity, instead of 
the theoretical ones. 

A new theoretical approach is therefore 
needed for the hydrodynamics of wave motion. 
An attempt in this direction was made by 
Berbente and Ruckenstein [14] who, unlike the 
theories mentioned above, have given a non- 
linear treatment of the hydrodynamic problem, 
by looking for periodical solutions of z of the 
non-linear equations of motion. It is the aim of 
the present paper to review briefly (without 
mathematical details) that approach and to use 
its results in the solution of the mass-transfer 
problem. 

The main result obtained here is that in the 
range of validity of the thin film approximation 
used in the treatment of the hydrodynamic 
problem (low Reynolds numbers), the average 
amplification factor C is a function only of the 
dimensionless quantity 

s"Q" lj=-----. 
VWPY 

The form of the dependence is obtained theore- 
tically. The results obtained are in qualitative 
and quantitative agreement with experiment. 

HYDRODYNAMICS OF WAVE FLOW 

In this section we shall review the method 
developed by theauthorsforobtainingperiodical 
solutions of the non-linear equations of motion. 
Though it may be applied to any value of 
Reynolds number, the calculations were carried 
out, for simplicity’s sake, only in the “thin film 
approximation”. In the thin film approximation 
the y component of velocity is considered small 
(consequently the pressure does not depend 
upon y) and 1 a2u/ax2 1 4 ( a2u/ay2 I. We notice 
that there exists similarities between the hydro- 
dynamic equations used in the thin layer 
approximation and those used in the boundary- 
layer approximation. 

The method consists of three steps : 

The first step is an expansion with respect to 
y, of the form 

(1) 

This expansion was restricted to the terms up 
to the sixth degree with respect to y,/h,. Intro- 
ducing expansion (1) in the Navier-Stokes 
equations, written in the thin film approxima- 
tion, and using the boundary conditions one 
obtains a, = a3 = a5 = 0 and a number of five 
nonlinear equations for a,, u2, u4, a6 and cp which 
are considered as functions only of z. 

z = k(x - wt). (2) 

In the second step one imposes to a,, a,, ah, a6 

and cp the condition to be periodical functions 
of z and one uses for them Fourier series expan- 
sions of the form 

a,=l+ jJA,etiZ, 
-00 

a2 = -1 + 2 B,e@ 
-a 
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a4 = f C, eiq’, 
-03 

a6 = f D, e@, 
-Ul 

(3) 

-co I 
In these expansions A,, B,, C,, D, and qpq are 
constants. The first term in the expansions of a,, 
and a2 represents their values for the case of a 
steady laminar motion. The values of a4, a6 and 
cp are zero in the last case. Since the equations 
for a,, . . . , cp are non-linear, the resulting equa- 
tions for A,, . . . , qq are also non-linear. The 
number of unknown quantities is larger than 
the number of equations, the difference being 
equal to two. Since the periodical quantities are 
determined only up to a phase constant, one 
may choose for this arbitrary phase constant 
such a value that the calculations be simplified. 
For this reason we consider in the expansion of 
cp that the coefficient of cos z is nil, i.e. 

‘pi + ‘p-1 = 0. (4) 

A single quantity remains undetermined. We 
selected ‘pl as that quantity since it has a simple 
physical meaning, being proportional with the 
first approximation of the wave amplitude. 
Indeed, in the first approximation 

cp = cpl eiZ + ‘p-i e-” (5) 

which, taking (4) into account, leads to 

cp = 2ifp, sin z. (6) 

Therefore all the constants A,, B,, C,, D,, pq 
may be obtained as functions of cpi. 

The third step consists in the expansion of 
these constants with respect to cpl. One may 
prove that the expansions have the forms 

The coefficients Al,+. . . may be calculated 
by introducing expansions (7) into the system 
of equations obtained for A,, . . . and by identi- 
fying the terms in cplfl+zr. One obtains a system 
having an infinite number of equations which is, 
however, formed by a succession of systems of 
equations each containing five equations with 
five unknown complex quantities. For this 
reason, the system of equations may be solved 
easily, since the unknown quantities result step 
by step, in increasing order of the powers of cp 1. 
We note also the advantage that each system of 
live equations is linear with respect to the quan- 
tities which must be determined in that step, 
the non-linear terms in these equations con- 
taining only quantities calculated in the pre- 
ceding steps. 

The calculations lead to the conclusion that 
in the framework of the thin film approximation 
all the dimensionless coefficients 

Hz, k,, A B 
-- 

H,’ k,,) 4, 2r9 6,. 213 c 4. 2?9 D4,2n (Pq,zr 

are functions of a single dimensionless para- 
meter 

Our theoretical approach cannot provide 
information concerning ‘pr. A similar difficulty 
exists also in Kapitza’s theory. This author has 
used the condition of minimum dissipation in 
order to determine the value of the amplitude. 
Such an extremum condition may be imposed 
also to other physical quantities as are, for 
instance, he, k, the average value of the free 
surface area. The values for the amplitude ob- 
tained by us in this manner differ from one 
another. Nevertheless, we remark that whatever 
is the “correct” physical quantity chosen for the 

ho = f H,, cp:‘, x = I? x2r d’? k = f k,, 6, 
r=O r=O r=O 

A, = cpp’ 2 4,2,~:‘,...,(~~ = 44” f ‘ps.2&. (7) 
r=O r=o 
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determination of ‘pi by means of an extremum 
principle it may be written, as mentioned above, 
in the form 

The extremum condition leads to the con- 
clusion that ‘pl is a function of $. The form of 
the function was determined by using Kapitza’s 
experimental values for the amplitude. As results 
from Fig. 1, the experimental values obtained by 
Kapitza for water and ethyl-alcohol are well 
fitted by a single curve. 

One may, therefore, conclude that the wave 
motion is characterized in the range of validity 
of the thin film approximation by a single 
dimensionless group +. We notice that outside 
this range, besides $ the wave motion is charac- 
terized also by the Reynolds number. 

The evaluations made (see [14]) show that 
the thin film approximation is valid if kh, < 0930. 
On the other hand the restriction of the expan- 
sion up to the term of sixth degree in y, ,I%, may 
be made if I,& < 5. For water the two inequalities 
are satisfied if Re < NO.* In the range of 
validity of the mentioned restrictions the ampli- 
tude is small and so the calculation may be 
performed only up to the third order approxi- 
mation (inclusively) with respect to cpi. 

In order to predict the rate of mass transfer 
we need to know (see the following section of 
the paper) a,, x, k and h,,. 

For a, one obtains the equation 

functions of t+G. For comparison experimental 
points are also given. There exists a qualitative 
and a quantitative agreement between theory 
and experiment. 

The quantities k, and H, are given by the 
expressions : 

(101 

(11) 

The wave motion is in reality more complex 
than described by our approach. Tailby and 
Portalski [lo] and Stainthorp and Allen [ 11) 
have studied photographically the wave motion 
and noticed the following observations: (1) the 
inception of wave formation does not start at 
the leading edge of the wetted plate, but at some 
distance below it, depending, inter ah, on 
Reynolds number; (2) the wave length depends 
not only on the flow rate and on the physical 
properties of the liquid, but is also a very com- 
plicated function of the height of the wetted 
wall; (3) the wave motion loses its regularity 
some distance below the line of inception of 
wave motion. It appears from these observa- 
tions that the proposed theoretical approach is 
valid for the region in the vicinity of the point 
of inception of wave motion. As a matter of fact, 
as stressed by Tailby and Por@lski, this region 
of comparatively regular wave motion is the 

20 cos 22 - A;,, sin 22) + -4- (A,, sin 32 + a,, cos 3z) = &, + j& sin z 

$ &cosz + f13sin22 + /?,cos22 + flssin3z + fl,cos3z (9) 

where a = j2iq+ 1. 
In Fig. 2 /IO, j&, &, &, . . . , & are plotted as 

only one which may be used for dete~ining 

functions of tj. 
experimentally wave lengths having the usual 

In Fig. 3 x/3, k/k, and ho/Ho are plotted as 
physical meaning. 

* We notice that Kapitza’s theory is also valid only for 
low Reynolds numbers. 

RAT‘E OF MASS TRANSFER 

Since we are interested in calculating the 
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JI 
FIG. 1. a VS. I/i. 

0 Kapitza’s ex~riment~ data for water 
e Kapitza’s experimental data for ethyl alcohol 

0 80 ----- 

mass flux at the free surface it is natural to write 
the convective diffusion equation in a frame of 
reference bound to the free interface and to use 
the distance y, to the free surface and the 
distance x measured along the wall as the inde- 
pendent variables. This selection of the independ- 
ent variables is convenient also owing to the fact 
that in cases where the depth of penetration by 
diffusion is small the concentration varies ap- 
preciably only in the vicinity of the interface. 

FIG. 3. ~13, k/k,, h,/H, vs. $3 

-. Author’s theoretical curves 
0 Kapitza’s experimental data for water 
* Kapitza’s experimental data for ethyl alcohol 

The equation of convective-diffusion has the 
form _ 

where the velocity u1 represents the 

(12) 

velocity 
wtth respect to the free interface. Assuming that 
the depth of penetration by diffusion is small 
one may use for the velocity components ex- 
pressions valid for small values of yr. For small 
values of y1 one may, however, write 

u=uo+(~)oYl+~(~)oY~+... 

i a2u 
= u(J + - --y ( ) 2 ah o 

y: (13) 

uI=ulO+(~)oYI+...~(~)oY~. (14) 

The evaluations made show that for the 
ranges of Reynolds number and $ examined in 
the present paper one may neglect #d2u/ayf), y: 
as compared to ug- We stress that for larger 
values of the Reynolds number and of the 
parameter I+? it seems that uO may become zero 
or possibly even negative for a part of the period 
so that it is no longer possible to neglect 
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(a2u/&$ yf as compared to uo.* Consequently Equation (17) and the boundary conditions 
one can write for low Reynolds numbers (19) are compatible with a solution of the form 

and 

W) 

Yl (144 

and the equation of convective-diffusion may be 
transcribed under the form 

Since from the continuity equation and equa- 
tion (1) we have 

().= -(>,= -it2 (16) 

equation (15) becomes, after the change of 
variable z = x1 - kwt is also performed, 

da, ac - 
yGdy, = 

; = f (rl), ?j s 2, 6 = 6(x,,z). (20) 

Indeed, the similarity variable q enables to 
transform equation (17) into 

dc 2 Dh, d2c 
XQdt]=?s@ (21) 

In order that c/co =f($ and 6 = 6(x,, z), 
one must have 

4Dko 2 --& 
=3 Qk 

(22) 

and 

d2c 
--? 
dtt 

+ 2&2?j * = 0 
dq 

(23) 

2 Dho a2c where E is an arbitrary numerical constant. 
--2 
3 Qk ay, 

(17) Equation (23) and the boundary conditions 
lead to 

where a, is given by equation (9), x, ho and k 
result from Fig. 3 and 

h 

xl = kx. (18) 
e-“dt = erfc- 

JA 

(24) 

Equation (17) must be solved for the boundary 
conditions 

where 

c = co for y1 = 0 (19a) 
A= k2 

0 E . 
(25) 

c=o for x=0 (19b) The general solution of equation (22) is 

c=o for y, + co. 

We shall show in the following that by means (lgc) $--f6;1-ao~ +j@-aJdz 

of a similarity transformation it is possible to 0 

obtain the solution of equation (17) for the 
boundary conditions (19). 

= M) (26) 

where 4 is an arbitrary function of the argument 
i 

* This conclusion was drawn on basis of equations valid 
for small values of the Reynolds number. It remains for the e(xt,z) = xt + a, = xt + Zz(z). (27) 
more exact calculation to confirm this conclusion. 3x - a0 
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The form of the function 4 may be deter- the amplification factor a, defined by the ratio 
mined by taking into account that 

a = N/N,, (32) 

6 = 0 for x1 = 0. (28) results from 

Condition (28) is a consequence of the bound- a= (33) 
ary condition (19b) since only if 6 = 0 for 
x = 0 equation (24) satisfy the boundary con- Taking into account equations (2628), equa- 
dition (19b). tion (33) can be written in the form 

The temporal average of the amplification factor is given by the expression 

1% - aoldz 

Xl + 12(43 - ~CU41~ 

Using condition (28), equation (26) leads to 

m(/&)=;r(+qdz=I,ll). (29) 

The curve 4 vs. 6’ can be traced graphically 
by observing that to a certain value of the 
variable z there corresponds a value of $J given 
by equation (29) and a value of 8 given by 
equation (27) (in which x1 is taken as zero). 
This curve once traced for several values of the 
parameter $, the quantity A and therefore the 
distribution of concentration are completely 
determined. 

The mass flux at the free interface is given by 
the equation : 

N=-D &- 
( J 

2kDc, 
=---- 

8.v JhcA)’ 
(30) 

1 ,v1=0 

Since the mass flux in the case of steady 
laminar motion is given, for small depths of 
penetration, by 

N, = co ,/(3DQ/2zHox), (31) 

(34) 

(35) 

As it is shown in the Appendix the assymp- 
totic value of & for sufficiently large values of 
x (practically x > 3 cm) may be calculated by 
means of the equation 

(36) 

For Z1(27r) one obtains easily that 

1,(2X) = 272 
( 

; x - 1 + $I,, 
1 

the values of Zz(27c) can be obtained, however, 
only by numerical integration. Since Ho/ho, 
Z,(r) and Zz(2a) depend only on Ic/, the average 
amplification factor is a function only of II/. 
The calculated curve is presented in Fig. 4. 

The calculations lead therefore to the con- 
clusion that the average amplification factor 
depends in the range of validity of the thin layer 
approximation (low Reynolds numbers) only 
upon the parameter II/. 



the mechanism of mass transfer grows owing to 
two causes : (1) the wave motion cannot any 
longer be characterized by means of a single 
parameter tj but by means of two parameters JI 
and Re ; (2) u may become zero or even negative 
(this has as a consequence the occurrence of 
circulation motions in the vicinity of the free 
interface) for a part of the period and it is no 
longer possible to approximate u in the vicinity 
of the interface by its value at the interface as in 
equation (13a). The transition evidenced by 
Kamei and Oishi in the vicinity of Re z 150 
may therefore be predicted theoretically. Besides 
the qualitative agreement there exists also a 
quantitative agreement as results from Fig. 4 
where equation (36) is compared with experi- 
mental results. 

FIG. 4. The average amplification factor a vs. JI. 

--- Author’s theoretical curve with Kapitza’s velocity 
distribution 

- Author’s theoretical curve with author’s velocity 
distribution [equation (36)]. 

-.-.-. Levich’s theoretical curve 
0, l Experimental data of Kamei and Oishi 

COMPARISON WITH EXPERIMENT 

From their experimental results concerning 
the rate of mass transfer in a falling liquid film 
Kamei and Oishi concluded that there exists 
four regions. A first region Re ;5 35 for which 
probably the rate may be predicted by means of 
the equation valid for the laminar steady flow. 
A second region 35 < Re < 150 for which the 
rate may be predicted if one replaces in the 
equation valid for the steady laminar case, the 
diffusion coefficient D by an’apparent diffusion 
coefficient D, independent of x. 
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which is independent upon n. 
Let us now take x1 # nZ,(27r). It is, however, 

always possible to write 

x1 = nZ,(27r) + xi where x; < Z,(27r). (A-6) 

For this point one may write 

APPENDIX 

For reasons which will become clear in the 
following let us calculate the average values of 
a in the points x1 = nZ,(27r) where n = 1,2, . . . . 

Since a,(z) = a,(z + 271) one obtains easily 
that 

4Mz) + 4 + MWI - m*w1 
= nz,cw + dJcM4 + $1 - ~C~,(41. 

Since x; < Z,(27r) and since r#~ is an increasing 
function on 8, 

and 
Z,(z + 271) = Z,(z) + Zr(27r) (A-l) 

d = &CZ,(z) + &I - @[Z,(z)] < Z1(271). (A-7) 

Z,(z + 271) = Z,(z) + Z,(2n). (A-2) 
Consequently, equation (29) leads to 

+CZ,(z) + W41 = 44M41 + Z&W (A-3) 

and by iteration to 

Consequently 

1 

a=2n 

nZ,(2z) + x; 

J[ 

H, 

nZ,(2n) + d . - Zr(27r) h, 1 
+[Z,(z) + ~W701 = 4M)l + nZ,GN. (A-4) 

In the points x1 = nZ,(2rr) equation (35) 
becomes 

which for sufficiently large values of n (practi- 
cally for n > 2) lead to : 

1 Ho 
a=G 0 JL h Zr(27c). Z,(27r) 1 

R6snm6-Un traitement non-lineaire de l’hydrodynamique du mouvement d’ondes est suggert et ses 
resultats sont employ& pour la solution du probltme du transport de masse. On Ctablit une equation de 
avec convection dans le cas dune p&&ration faible et on la r&out exactement au moyen d’une transforma- 
tion de similitude. 

Le rtsultat principal obtenu est que, pour de faibles nombres de Reynolds, le facteur d’amplilication 
moyen (moyenne temporelle du rapport entre le flux massique dans le mouvement d’ondes et dans le 
mouvement laminaire permanent) est une fonction, ayant la forme de la Fig. 4, seulement de la quantite 

sans dimensions: + = gfQy/v*(a/p)+. 

h!ammenfassuog-Es wird eine nichtlineare Behandlung der hydrodynamischen Wellenbewegung 
vorgeschlagen und die Ergebnisse zur Ltisung des Stoffiibergangsproblems herangezogen. Fiir den Fall 
geringer Eindringung wird eine Gleichung filr konvektive Diffusion aufgestellt und mit Hilfe einer 
Ahnlichkeitstransformation exakt gel&t. 

Als Hauptergebnis zeigt sich, dass ftlr kleine Reynolds-Zahlen der durchschnittliche Verstiirkungsfaktor 
B (xeitlicher Mittelwert des Verhiiltnisses von Massenstrom in Wellenbewegung und in stationarer 
Laminarbewegung) eine Funktion von der in Abbildung 4 angegebenen Form ist und nur von der 

dimensionslosen G&se + = g*Qw/v*(u/# abhiingt. 



MASS TRANSFER TO FALLING LIQUID FILMS 

AnaoTaps-Paccmorpem rieJrametmbIi cnyYa& fn~po~mHammktx BOZHOBOFO iwmemi, 

PeElyJIbTaTbl ROTOPOI'O mC~O~bay~TCK JIJIR pe~eHm~ aaJ?,aw 0 MaCCOO6meme. COCTaB~eHO 

ypaBmemme Ko~eKTmBno~ r~,@tpysmm, c~paBe~~mBoe ~jrm Yacwioro cJIy4afi ~pomm~aemo~ 
IfOBepXHOCTm,TO%iOepeLUeHmeKOTOpOl'O IlOJIy'leHO JIyTem ZlBTOmO~eJIbHOrO npeo6paaoaaamrr. 

B peaynbTaTe aKaJrmsaycTaKosneKo,4~0 wu3masndxsacen PetKonbnca cpewmt Ko@~m- 
QHeHT ycaneHmfi (cpenKee no BpeMeHu oTKor.uenme maccoBor0 IlOTOKa IIpm BOJIHJJBOM ABM- 

)fleHmM K eTOt BeJIHYHHe B CTa~mOHapHOm JIamHHapHOM TeSeHmH) KBJIfieTCR +yHK&me%, 

mme~~eli~m~,npep;cTaB~eKK~~mapmc.4,TonbKolipmye~0~mm,Y~0 6eapaamepHaff Be~rn~rn~Ia 


