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Abstract—Theoretical calculations on the dynamics of asymptotic bubble growth in an initially non-

uniform concentration field are performed. A significant simplification is achieved by noting that the

Jakob number for mass transfer is usually small so that the convective transport can be neglected in

comparison with the diffusive transport. Numerical solutions are obtained for the growth rate of a

hemispherical bubble on a surface with linear and exponential initial concentration fields of the super-

saturated gas in the diffusion boundary layers and also for the cases involving concentration fields resulting
from the constant interfacial concentration and the constant mass flux experiments.

NOMENCLATURE Greek symbols
A, interfacial area between two phases ¢, a dimensionless parameter, = (2J1)¥;
[cm?]; p, density of a fluid [g/cm3];
D, diffusivity of a species in a homogeneous 7, a dimensionless time,= Dt/¢?;
medium [cm?/s]; w, a dimensionless concentration,
J, Jakob number for mass transfer, interface concentration—
- .
= 1/p, j[ £(0,6) — ¢, sin 6d6; _ bulk concentrathn .
) 0 interface concentration—
R, raclilus of ;1 bgb';::‘i [Em] ;] saturation concentration
V, volume of a bubble [cm”|; .
¢, concentration of a species [g/cm3]; Subscripts
f, an initial concentration field for bubble g, refers to the case of constant mass flux;
growth [g /cm3] . s, refers to quantities at saturation;
g, a dimensionless concentration, v, refers to quantities in the vapor or gas
n phase;
(f) [f(m,8) — c,]sin8do oo, refers to quantities in bulk medium.
= p ;
{[f0,0) — c}sin6do 1. INTRODUCTION
0 . .
m, a dimensionless distance coordinate THE DYNAMICS .Of phase growth is of importance
T r— R/t ’  to many practical processes. For instance, the
g, a constant flux of mass [g/cm?s]; growth of bubbles is essential in understanding
t’ time [s]; ’ the overall mass- or heat-transfer aspects in
d;, amo diﬁé d Jakob number,= (J/2n)*: electrolytic gas evolution or in nucleate boiling,
¢, a characteristic length [cm]; respectively. :
&, a dimensionless radius, = R/¢ The growth of gas bubbles on electrodes is

controlled by mass transfer with supersaturation
serving as driving force whereas the growth

* Present address: Bell Telephone Laboratories, Murray of vapor bubbles “} nucleate bOilmg 1s CfmtrOHCd
Hill, NJ, US.A. by heat transfer with superheat as driving force.

709




710

A numerical evaluation for the dynamics of
bubble growth involves solving simultaneously
the equation of continuity, the equation of
motion and either the equation of convective
diffusion for electrolytic gas evolution or the
equation of heat flow for nucleate boiling. An
exact solution is often too complex to be
obtained. Reasonable assumptions based on a
careful examination of a physical process are
often used to simplify the individual problem.

It was found by Plesset and Zwick [1],
Forster and Zuber [2], Scriven [3] and Glas
and Westwater [4] that for all practical pur-
poses, the consideration of the asymptotic
stage of growth where viscous, inertia and
surface forces can all be neglected in the extended
Rayleigh equation of motion is adequate for
describing bubble growth. The growth of very
small bubble is usually slow due to the high
surface force that arrests its radial motion.
However, the transition from this slow growth
to the asymptotic growth occurs in a very short
time (approximately 10~2 s) [5]. It is, therefore,
only this later stage which provides practical
interest.

At this asymptotic stage, the extended Ray-
leigh equation reduces to a trivial equation which
states that the pressure inside the bubble is
equal to the pressure in the liquid. Only the
convective diffusion equation or the equation
of heat flow need to be solved for the bubble
dynamics.

Epstein and Plesset [ 6] calculated the growth
of a gas bubble in a uniformly supersaturated
solution. The problem was greatly simplified
by their assumption that the diffusion boundary
layer was so thick that the convective transport
can be neglected. Methods that include the
convective transport at very rapid bubble
growth in nucleate boiling have been developed
by Plesset and Zwick [1] and also by Forster
and Zuber [2]. Plesset and Zwick calculated
the dynamics of spherical vapor phase growth
using a thin thermal boundary-layer approxima-
tion and the method of regular perturbation.
Forster and Zuber considered the bubble as a
spherically distributed heat sink and solved
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also for the dynamics of bubble growth at the
asymptotic stage. Griffith [7] solved the case of
a hemispherical bubble growing in a linear
temperature field whereas Bankoff [8] solved
the bubble dynamics at the surface of an
exponentially heated plate. An exact calculation
using the method of similarity transform for
the case of asymptotic growth in an initially
uniform concentration or temperature field
was obtained by Birkhoff ef al. [9] and also by
Scriven [3]. This exact solution reduces to
Epstein and Plesset’s result at low growth
rate and to Plesset and Zwick’s result at high
growth rate. The numerical constant in Forster
and Zuber’s calculation is 9-3 per cent lower
than the exact solution. Skinner and Bankoff
[10], using the regular perturbation approach
of Plesset and Zwick, established a parametric
solution for the asymptotic bubble growth in
general temperature fields at large superheat.

In this paper, we shall treat the case of a gas
bubble growing in an initially nonuniform
concentration field.

2. THEORETICAL ANALYSIS

We are dealing with a hemispherical bubble
growing asymptotically on a surface in an
initially axisymmetrical concentration field. Both
phases are considered to be incompressible.
Constant fluid density and constant mass
diffusivity are assumed. The density of the gas
phase is considered negligible when compared
to the liquid density. The diffusion boundary
layer is assumed to be so thick that convective
transport can be neglected. The transport of
solute by motion of the liquid phase is neglected.
The solution is therefore applicable to relatively
slow rate of growth.

A general solution of the spherically sym-
metric case will first be derived. The solution
for the axisymmetric case will then be obtained
through a transformation which reduces the
axisymmetric equation to the spherically sym-
metric form. The general result will then be
applied to several practical problems [11].



HEMISPHERICAL PHASE GROWTH 711

A. Spherically symmetric case The solution to equation (1) subjected to
This is the case where bubbles are assumed boundary conditions equations (2) and (3)

to be growing in a concentration field which can be found in Carslaw and Jaeger [12]:

is spherically symmetrical. Figure 1| shows 1

the hypothetical concentration field in the = f rf(rexp [- (r — r'*/4Dt]

solution before the formation of a bubble. 2r /(nDr) R

Figure 2 gives the schematic concentration ~—exp[—(r + 1 — 2R)? /4Dt]} dr

field around the bubble during its growth. _R

3 \/(Dt) ©)

Surface of
constant concantrution

Electrode
surface

{a) (b}
F16. 1. Initial concentration field for the spherically symmetric case.

Surface of
constant
concentration r L Cs

Electrode ¢

Bubble
surface

R r-R
{a (b
Fia. 2. Schematic diagram for the concentration field for the spherically sym-

metric case.

The diffusion equation in spherical coordi- Differentiating equation (5) with respect to r

nates for this case is and letting r = R, combining with equation (4),
P D we obtain an integro-differential equation for
c-Z9 (1) the bubble history,
ot ror 6r
The boundary conditions are drR _ 1 ot
3 = P 3R gy ) T
1.att =0, rz=0, c = f{r), 2) ®
2atr=R 150, c=q, ® T Bep[- ¢ - RpaD0r
Jatr=R, >0, ! | .
a mass balance gives =& (‘j{ + m)] )
& ap (6c)
Po dt or/,-x This can be nondimensionalized by letting

or dR _ fac @ r-R __R
Podr = O\or) i ‘0t
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I _ f(m) - Cs
=3 and g(m) = 70— (7
to give a more convenient form,
d# J f
P 27&7\/(m3)_[ (m + R)g(m)m
0
x exp (—m*/4t)dm,  (8)

where J = {[ f(0) ~ ¢,]/p,} is the Jakob num-
ber for mass transfer.

B. Axisymmetric case

The spherically symmetric case in the presence
of a planar surface is a hypothetical one. The
concentration field is usually of axisymmetric
nature. Using spherical coordinates, this means
there is no dependence of ¢. Figure 3 shows
the initial concentration field and Fig. 4 is
a schematic picture of the concentration field
during the bubble growth.

Surface of
constant
concentration

Electrode
surface

7 FIFTII7TTTI?TIP7777

{a}
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The diffusion equation for this case is

dc 1a(,éc
:az—”[;'z'a(’ 5*)

. (sinegg)]. o)
The boundary conditions are
I. at t=0, r=20, ¢c=f{(r0), (10)
2. at r=R, t>0, c=¢, (11)
3. at r=R, t>0
pv%?= gj(%;),=RSin0d0' (12)
¢}

This set of equations can be transformed to
the same form as that of the spherically sym-
metric case by letting

X

(b}

FiG. 3. Initial concentration field for the axisymmetric case. (Axisymmetric with
respect to x-axis.}

Surface of
constant

/concemraﬁon

i Bubble

Electrode
surface

R
{a)

x-R

(b)

Fi1G. 4. Schematic diagram for the concentration field for the axisymmetric case.
(Axisymmetric with respect to x-axis.)
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f[c(r 6,t) — c,]sin6do
c(r,t) = (13)
g[f(O,B) — ¢,]sin6dé
In terms of ¢, equations (9-12) are
oc Do (,oc
— = r? - 14
o rior (r 6r>’ (14)
and
1. at t=0, r=0,
j’f[f(r 6) — ¢,] sin 6 d6
¢ =3 (15)
{[f(0,0) — c]sm9d9
;)
2. at r=R, t>0, ¢=0, (16)
3. at r=R, t>0,

dR dc
“=p{>) .
Po ot D(6r>,=R ( 7)

Comparing equations (1) and (2-4) to equations
(14) and (15-17), it is obvious that equation (8)
is also valid for the axisymmetric case pro-
vided g(m) and J are redefined as

[f0,6) —

¢, sin 6 d9

g(m) = , (18)

¢, sin 6 df

Oty 3 | O A

and

T

J= %J[f(o, 0) — cJsinfdo.  (19)

v

C. Solutions

The radius-time history for the bubble may
be obtained for various cases by solving
equation (8) with the appropriate initial con-
ditions g(m). An exact solution will be presented
for the case of uniform initial supersaturation.
For cases of general initial conditions, no exact
solutions can be obtained. The solution for
cases of low and of high Jakob numbers will
then be given.

713

1. Uniform supersaturation. g(m) for this case
is simply unity. Equation (8) is, therefore,

d%

e 29?\/( 3)J(m+9?)mexp( m?/4t)dm

1[912 T )]

If we let &2 = 2J1 and ¢ = (J/2n)}, equation

(20)

(20) simplifies to
d2 1
— ==+ 24 21
e R @y

If the degree of supersaturation is low, 2_¢ will
be much smaller than 1/2. This is equivalent to
saying that

{ m* exp (—m?/47)dm

0
is much larger than

g Rmexp (—m?/47)dm.

The solution is then simply
R = (2J7),

R:\/(ﬂ_*_))
Pu

If the degree of supersaturation is very high,
ie.2¢ > /R or

(22)
or

(23)

{ m? exp (—~m?/4t) dm
9

is much smaller than
Zf Aom exp (—m?/d1) dm,
the solution is
24

or
2 ¢,

/™ b,

% J(Do). (25)
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Equations (23) and (25) are the same as those
calculated by Epstein and Plesset [6]. A
complete solution to equation (21) has also
been obtained by them. Their result can be
expressed as

# = e’ {cosh [(1 + #?)* 7]
+ #(1 + #H ¥sinh[(1 + #2)*2]], (26)
E=e’*(1 + #H tsinh [(1 + #£H¥ 2] (27)

2. Low supersaturation. This is the case where
in equation (8),

| m*g(m) exp (—m?*/47) dm
O
is much greater than

T Amg(m) exp (—m?/47) dm.
O

Equation (8), therefore, reduces to

o0

d# _ 1 2 2
o mjm g(m)exp (—m*/41)dm,
0
(28)
which can be integrated to give
m
R = 2Jj mg(m) etfc -~ dm. 29)
27

0

This is the basic solution for the low super- .

saturation case. It will now be applied to several
practical cases.

a. Linear concentration field. A linear decay
of concentration from the surface to the dis-
tance £ and constant thereafter has often been
used in literature in performing mass-transfer
calculations. This distribution can be given
in spherical coordinates by
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where ¢, is the bulk concentration and c,, is
the concentration at 6 = n/2. Substituting equa-
tions (30--32) into equation (18) yields

l-w (1—%1»), m> 1, (33)
2m

glm) =
iy m<1, (34
2
where
w = Cw T Ca (35)*
¢, — C

Substituting equations (33) and {34) into equa-
tion (29) and integrating, the following analytic
solution is obtained,

1 1
2 - — — i ——
H°=2J [’c w{6erfczté + TCrfCZT%

ol G Don (2T

This result is given in Fig. 5. For cases where
w>1, a maximum of radius occurs. The
growth of bubble is followed by a collapse
which is due to the low concentration of gas
in the bulk solution.

b. Exponential concentration field. A better
approximation to the linear concentration field
in the diffusion boundary layer is the exponential
representation, i.e.

* @ will again appear in later cases. It can be expressed
more generally by

interface concentration--bulk concentration

w = - - - .
interface concentration-saturation concentration

Therefore, w = 0 signifies the uniform supersaturation case.
0 <o <1 means that the solution is supersaturated,
however, a gradient of concentration from the bulk to the
interface exists. @ = 1 means the bulk solution is saturated
and w > 1 is the case where the bulk is below saturation.

.
Co + (€ =€) (1 - ’c‘}s@ ) e < 1, (30)
7
f(r,8) =< c,, 0<f<cos™ -, (31
rif > 1,
£
¢, + (€ — c(,o)m;S {L},cos‘1 S 8 < > 32
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R2,)V2

0-4 La -2 4

+6 1850
0 =725 | ) I

L 1

1
0] 4 8 12

T
F1G. 5. Low supersaturation with an imtially linear con-
centration field.

f5,60) = ¢ + (cy = co)exp (’ = 6),

0<0<E

5 6D

or
gm=1-ow |:1 - %(1 - e'"‘)], (38)

where w = (¢,— ¢, )/c, — ¢;). Equation (29)
can also be integrated in closed form for this
case,

.%2=2J[1:—w (:——\7%1*
— 1 — eferfc t*)jl . (39)

A numerical solution is given in Fig. 6.

c. Constant interfacial concentration.* The
interfacial concentration c,, is maintained to be
a constant. The well-known solution of the
diffusion equation prior to the appearance of
a bubble in a semi-infinite medium provides
us the initial condition for this case [12],

fr, ) =c, +(c, — CW)erchJ;Ef)
=y + (Cy ~ cw)erfcrc;SH,O <0< g (40)

where £ = 2(Dt)* and t can be interpreted as

* This corresponds to the case of constant potential in
electrolytic gas evolution.

l
16 20

715

36

32

R (2s)"?

FiG. 6. Low supersaturation with an initially exponential

concentration field.

the waiting time for bubble growth as is often
done in the literature of nucleate boiling.
Integrating equation (18), g(m) is obtained as,

gm=1-w Earfm—

1
(/mm
x [1 -~ exp(—mz)]].

The bubble history is, therefore,

1
@2=2J§'m[l*w<erfm—m

x [1- exp(—mz)]>] erfc%dm. 42)

A numerical solution is given in Fig. 7.
36

(41)

3-2

2:8

R(20) V2

I

|
12 16 20

e}
A
o

I
FNE
[

FiG. 7. Low supersaturation for the case of constant

interfacial concentration.
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d. Constant mass flux.* The initial condi-
tion for this case is [12],

frn®)=c, +q J(‘E) lerfCZ\/(Dt

rcos 6
=, + cqierfc—/—-—,O <

0 < 5, 43)

where g is the constant mass flux,

d¢ = 2Di)t ¢ = q4/D)?
an = t

. g(m) for this case is
J(m

—m?) +X—m

g(m)=1——w|:1——exp( 5

1 3
fcm — —vy =, m? 44
x erfcm Zmy(z,m)}, (44)
where \
__ cl®
C
+ =
J@
The bubble history is, therefore,
R = ZJJ.m {1 ) [1 — exp(—m?)
0
1 3
+ ig—t)merfc m— %y (5, mﬁ}
m
x erfc 23 dm. (45)
A numerical solution is given in Fig. 8.
36 ——— T
32| .
,’0 Oﬂ' S
28 . L) Q 06 —
~ 2:4F =
T o
S 20} 7
o
® 16F 10 ]
2F .
08I -
04 : L2 3
4
=2025 L 1 . l L
% =2 5 R B 16 20
FiG. 8. Low supersaturation for the case of constant mass
flux.

* This corresponds to the case of constant current in
electrolytic gas evolution.
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3. High supersaturation. This is the case where
j Amg(m) exp (—m?/dt) dm
is much greater than

;f m2g(m) exp (—m?/dt) dm

Equation (8) thus reduces to

= g |
— mg(m)exp (—

2
it \/ =) m?/4t)dm, (46)
which can be integrated to give
m
R = J | gm)erfc — dm. 47)
27%

0

This equation is applied to the same cases
treated in the last section. We shall merely
give the bubble-history equation whose nu-
merical solutions are presented in Figs. 9-12.

36 ————————

32} L/ .
OA
2:81-
0@
2.4} 4

2.0 os .

r(N)
&
T
L

0 4 8 12 16 20

F1G. 9. High supersaturation with an initially linear con-
centration field.

a. Linear concentration field

m m
R=J [\/(n w(j.ierfcﬁ—%dm

Iy 1 m
1
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T
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25 20 18
N2 ] I L :
o] 4 8 12 16 20

T

F1G. 10. High supersaturation with an initially exponential
concentration field.

36

32

2:8

24

20

f(!

h L 1
¢} 4 8 12 6 20

FiG.

11. High supersaturation for the case of constant
interfacial concentration.

36

3.2

28+

R W

0 4 8 . 12 i6 20

Fi1G. 12. High supersaturation for the case of constant mass
flux.

77
b. Exponential concentration field
1 -
9?=J.H:1 -w (1——(1—&: "'»]
m
0
x erfcf'%dm. (49)

c. Constant interfacial concentration

R=1J [1 (e f !
= —wfleffm - ——
(Jmm

x [1 —exp (—mz)]>:| erfc—z%dm. (50)

O ey 8

d. Constant mass flux

8

R=J {1 —w [1 — exp(—m?)

) T (3,
> merfcm — 2 (§,m>]}

% erfc 2%'; dm.

+
5-

(51

Thus we have completed our calculation
for the bubble dynamics under the condition
that the convective transport can be neglected.
It is found that for the case of uniform super-
saturation, the radius is proportional to (Dt)*
for both the low and the high supersaturation
cases. However, the dependence of # on the
dimensionless driving force, J, is different. It
is proportional to J* for the case of low super-
saturation and to J for the high supersaturation
case. For other cases, the dependence on J
remains the same as the uniform supersatura-
tion case. However, the radius of the bubble is
no longer proportional to (Dt)%.

Since no generation term is considered in
the derivation, the bubble cannot grow in-
definitely. For cases where @ < 1, the growth
will cease after the bubble has completely
exhausted the supersaturated concentration in
the solution. For cases where w > 1, a collapse
often occurs due to the low gas content in the
bulk solution.
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3. DISCUSSION

Westerheide and Westwater [13] and also
Glas and Westwater [4] measured the growth
of various kinds of gas bubbles during elec-
trolysis. For the majority of bubbles they
studied, the radius of the bubble was found to
be proportional to the square root of time. From
the radius-time plot, using Scriven’s solution
[3] for the asymptotic growth of bubble in a
uniformly supersaturated solution, these authors
calculated the supersaturation ratio defined
as ¢, /c, for these various types of gas bubbles.
Extensive results tabulated in Glas® disserta-
tion [14] are summarized in Table 1.

Gas co* Average ¢, /¢, Number of
in water bubbles used
at 25°C, 1 atm in
mol/cc averaging
Hydrogen 713 x 1077 4-65 433
Oxygen 114 x 1077 567 21
Chlorine 815 x 10™3 1-09 86
Carbon
300 x 1073

dioxide 1-31 112

* ¢'s are taken from LANDOLT-BORNSTEIN, Zdhlenwerte
und Funktionen, 6. 2nd edn, Vol. 2. Part b, pp. 1-19. Springer,
Berlin (1962).

The difference of values of c,/c; between
hydrogen and oxygen to chlorine and carbon
dioxide can be explained qualitatively by con-
sidering the difference in solubilities of hydrogen
and oxygen to chlorine and carbon dioxide in
electrolytes. Although these supersaturation
ratios appear to be quite different from each
other, the concentration gradients which are
the driving force for mass transfer may not
be too different.

Glas and Westwater [4] tried to correlate
their measured growth coefficient to current
density which represents the rate of formation
of gas by a so-called “unsteady-state model”.
The concentration field prior to the formation
of the new phase is given by the solution of the
diffusion equation [cf. equation (43)]. The
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concentration at x = 107* c¢m was chosen
arbitrarily as the hypothetical uniform super-
saturation in Scriven’s model to calculate the
growth coefficient. The waiting time which was
not measured was used as an adjustable
parameter to fit the data. Better agreement was
obtained for cases of chlorine and oxygen.

Using our model, the Jakob number for the
case of constant mass flux can be obtained by
combining equations {19) and (43),

n

J=—3J[f(0,9)—cs]sin6d6

1 q 4Dt
. { b J <_) ) } >

Taking the example of hydrogen where p, and
¢, are the smallest, using waiting periods
ranging from 0-02 to 0-2 s and a current density
of 395 x 1072 A/cm?* which corresponds
to a mass flux of 409 x 1077 g equiv/cm? s for
the case where the solution is saturated with
hydrogen initially, J varies from 0-095 to 0-30.
Therefore, it can be concluded that all the
observations made by Westwater and co-
workers fall exclusively in the case where the
convective transport can be neglected. However,
since the actual waiting time has not been
measured, a quantitative evaluation using our
model was not possible.

4, CONCLUSIONS

Theoretical calculations on the dynamics of
bubble growth in a nonuniform concentration
field were performed. Solutions were obtained
for the linear, the exponential concentration
fields, the constant interfacial concentration
and the constant mass flux cases at both low
and high degrees of supersaturation. Unfortu-
nately, no experimental data are available to
test these theoretical results.
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Résumé—Des calculs théoriques sur la dynamique de la croissance asymptotique des bulles sont effectués
dans un champ de concentration initialement non-uniforme. Une simplification sensible est réalisée en
remarquant que le nombre de Jakob pour le transport de masse est habitueliement faible de telle fagcon
que le transport par convection peut étre négligé par rapport au transport par diffusion. On a obtenu des
solutions numériques pour la vitesse de croissance d’une bulle hémisphérique sur une surface avec des
champs de concentration initiaux linéaires et exponentiels du gaz sursaturé dans les couches limites de
diffusion et aussi pour les cas ol I'on suppose des champs de concentration provenant des expériences 2
concentration interfaciale constante et a flux de masse constant.

Zusammenfassung—Es werden theoretische Berechnungen durchgefiihrt iiber die Dynamik des asymp-
totischen Anwachsens von Blasen in einem anfinglich ungleichférmigen Konzentrationsfeld. Eine
wesentliche Vereinfachung wird durch die Vernachlissigung des konvektiven Transportes gegeniiber dem
Diffusionstransport erreicht, was bei kleinen Jakob-Zahlen fiir Stofftransport gewdhnlich moglich ist.
Numerische Losungen werden erhalten fiir die Anwachsgeschwindigkeit einer halbkugeligen Blase an
einer Oberfliche mit linearer oder exponentieller Anfangsverteilung des Konzentrationsfeldes des iiber-
hitzten Gases in der Diffusionsgrenzschicht, sowie fir die Fille, dass sich Konzentrationsfelder aus
konstanten Zwischenschichtkonzentrationen ergeben, und dass der Massenstrom konstant ist.

Annoranua—IIpoBenen TeopeTHyecKnit pacyeT TMHAMMKM ACUMITOTHYECKOTO POCTA NMy3npPh-
KOB B INOJIAX KOHUEHTPAIMM C HAYaJbHOK HEOMHOPORHOCTbio. JlocTuraeTcs 3HAUMTENbHOE
yhOpoluenue, €cii y4ecTb, 4ro uncao fIkoba ansA MaccooGMeHa OGHIYHO MAJIO, TAK YTO KOH-
BEeKTHBHHIM INEPEeHOCOM MO CPaBHEHMIO ¢ AUPPYySHOHHHM MO:HO HpeHebpeus. IloayveHn
YUCIEHHHE PEIIeHMA JUISl CKOPOCTH PocTa noaycdepuyecKoro nysHpbKE® HAa MOBEPXHOCTH C
UCXORHHMY JIUHEHHHMHY U BKCIOHEHLUAJILHEMH HOJAMM KOHIEHTPAUUM MEepeHACHILEHHOrO0
rasa B Ju(PysHOHHHX IOTPAaHMYHHX CIOAX, a TAKKE A CJIy4YaeB HANM4NA Ioded

KOHIEHTpauuH,

BO3HMKaKWIMX B 9KCIIEpUMEHTAX IpH MOCTOAHHON HOHIEHTpAHKHM HA

NMOBEPXHOCTH pasgena (!)83 N MOCTOAHHOM MacCCOBOM IIOTOKE,



