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Abstract—Unsteady state mass transfer through the interface of spherical particles has been thoroughly
investigated using numerical methods. The particles may be bubbles, drops and solids. Mass transfer may
occur in a motionless system and in a system with either the surrounding fluid only or both fluids being in
motion. Creeping flow condittons are assumed for the surrounding fluid, so that the equations presented by
Hadamard and Rybczinski for the velocity field can be used for calculations of the concentration field. The
first part of the paper is devoted to a comprehensive discussion of the various mass-transfer conditions. This
discussion is the basis for an understanding of the differential equations governing the concentration field
inside and outside the sphere and the pertaining initial, boundary and interfacial conditions. These
conditions are given for the general case of mass-transfer resistance in both phases as well as for the two
limiting cases, for which mass-transfer resistance occurs in one of the two phases only.

NOMENCLATURE

A, particle surface area;

d,, particle diameter ;

D, diffusion coefficient ;

Fo,,, Fourier-number, defined by (5);

M ,, transferred mass;

M, surface mean instantaneous mass flux;

my,, surface mean instantaneous mass flux
density;

Ha, locadl instantaneous mass flux density ;

¥, radical coordinate ;

r¥, normalized radical coordinate, defined
by (21);

R, radius of particle;

ReSc¢, convection number, defined by (26);

Shy,, localinstantaneous Sherwood number,
defined by (43);

Sh,,  surface mean instantaneous Sherwood
number, defined by (45);

t, time;

v, particle volume;;

w,, fluid velocity in great distance of
particle;

w,, radial component of fluid velocity ;

Wy, tangential component of fluid velocity;

w¥,  normalized radial velocity, defined
by (22);

wi, normalized tangential velocity, defined
by (24).

Greek symbols

A surface mean and time mean mass-transfer
coefficient ;

B surface mean instantaneous mass-transfer

coefficient ;

445

fu»  local instantaneous mass-transfer
coefficient ;

0, angular coordinate ;

v, kinematic viscosity ;

¢, normalized local concentration, defined
by (2} and (3);

g, normalized mean concentration, defined
by (16);

& normalized concentration in phase
boundary, defined by (4);

p4,  partial mass density of transferred mass

pap  partial mass density of transferred mass
in phase boundary.

Subscripts
1,2, referring to phase 1 or 2.

1. INTRODUCTION

Mass transfer through the interface of particles is
under all conditions a time dependent process. The
mathematical description of this process turned out to
be extremely difficult. To arrive at solutions important
simplifying assumptions had to be introduced.

This paper is concerned with transfer processes
through the interface of spherical particles. The spheri-
cal particles may be gas bubbles within a liquid
continuous phase, liquid drops within a gaseous or a
liquid environment and solid particles within a
gaseous or a liquid continuous phase.

Several aspects of mass-transfer processes related to
spherical particles have been investigated by means of
theoretical methods by a relatively small number of
scientists. Most of them assume that the relative
motion between the spherical particle and the environ-
ment does not depend on time. Furthermore the
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relative motion is in most cases restricted to the low
Reynolds number range. The fluid flow in the environ-
ment and inside of the spherical particles is therefore
given by equations that have been presented by Stokes
[1], Hadamard [2] and Rybczinski [3]. In other cases
potential flow of the surrounding fluid has been
assumed.

The mathematical treatment of the mass-transfer
problem presented by Ruckenstein [4] is based on the
assumption, that variations in the local concentration
are restricted to the immediate vicinity of the interface.
Boundary-layer simplifications may therefore be used
to solve the differential equation for the concentration
field. The results of this treatment are consequently
restricted to large values of the parameter ReSc and to
very short times. The same restrictions are valid for
investigations carried out by Taunton and Lightfoot
[5], Chao [6], Chao and Chen [7] and Konopliv and
Sparrow [8] although different mathematical pro-
cedures have been adopted by these authors.

The case, where resistance to diffusional transport
exists inside the spherical particle only, has been
studied by Kronig and Brink [9] and Johns and
Beckmann [10]. The results achieved are useful for
very long times only. The results of publications
mentioned so far are not useful for immediate appli-
cation. Therefore Schliinder [11,12] presented a
method that may be used for the solution of prob-
lems with some practical importance. This method
however makes use of steady state mass-transfer co-
efficients. The range of application, within which this
method may be used with a fair degree of accuracy,
cannot be given.

This brief survey on the available literature proves
the inadequacy of existing knowledge pertaining to the
mass-transfer problems under discussion. Therefore
the author together with a variable number of co-
workers is for several years now engaged in a compre-
hensive theoretical study of mass and heat transfer
through the interface of spherical particles. Some of the
results obtained by this study group have already been
published by Plocker and Schmidt-Traub [13] and
Hilprecht [ 14]. Further results will be presented in this
paper.

The paper is presented in two parts. In the first part
the physical and mathematical description of the mass-
transfer problem is presented. In the second part the
results of the theoretical-numerical treatment of the
problem are being discussed.

2. DISCUSSION OF MASS-TRANSFER CONDITIONS

2.1. Definitions

Mass-transfer conditions will be discussed on the
basis of concentration profiles, given for the interior of
the sphere and for its environment. To simplify the
discussion it will be assumed that the environment is at
rest. For this case the concentration profiles are
independent of the angular coordinate 6.

There are three distinct cases of mass transfer
through the interface of spherical particles:

(a) General case: resistance to mass transfer occurs

in both phases; phase 1 is the sphere, phase 2 is the
environment. The coefficients of molecular diffusion
D, and D, are of the same order of magnitude: D,/D,
- 1.

(b) First limiting case: resistance to mass transfer
occurs in phase 1, the sphere only. The coefficient of
molecular diffusion for the sphere, D, is extremely low
compared to that for the surrounding fluid, D,. This
limiting case is therefore characterized by D,/D, — 0.

(¢) Second limiting case: resistance to mass trans-
fer occurs in phase 2, the environment only. The
coefficient of molecular diffusion for the surrounding
fluid, D,, is extremely low compared to that for the
sphere, D,. The second limiting case is therefore
characterized by D,/D, — .
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i
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sp‘here surrounding fluid
|
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o — SweZH 7 Qzopmar (£20)
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w0~ M uz | % Paro” H™ 04200
94200
r = = t=
H a2 Sarer 940" Uz V= Onzglt=c0)
Ps20p
(t=o) .
Figure 1b
Figure Ic

F1G. 1. For explanation of concentration profiles and de-
finitions.

The concentration of the diffusing matter A4 is given
by the partial mass density p,. An example for
concentration profiles in both phases is shown in Fig.
1(a). Within the sphere the partial mass density p 4,
decreases from its highest value in the centre of the
sphere to its lowest value p,,, in the phase boundary
(index p), on the interface. The concentration in the
environment, given by p 4,, decreases from its highest
value p,,, in the interface to its lowest value p ;o
= P4 at a great distance from the interface.

In the interface the concentration jumps from p ,,,
to p4,,- The ratio of these two concentrations is given
by the Henry number:

H* = P4t 1)
Pazp

The Henry number depends on the components
involved; it is a function of temperature and pressure.
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For a dimensionless presentation of the con-
centration profiles use is made of the following de-
finitions:

E = Par—H*pass )
! Paro—H*paz,'

Pa2—Pazx
g, =——22 220 (3)
2 Paro/H* —pazs
The index 0 designates values at the time ¢ = 0, that is
at starting time, while the index ¢ designates values at
t = o¢. The dimensionless concentrations ¢, and &, are
to be interpreted as follows:

difference of concentrations at ¢ and
t = o0 in considered phase
&2 2

maximum possible difference of
concentrations at t = Q0 and ¢t = o0 in
considered phase

The maximum possible concentration differences in
the considered phase is shown in Fig. 1(b). The
definitions of &, and &, fulfill the following conditions:

1L.0<é,<1
2. ély= 5217'

The second condition avoids a concentration jump in
the interface:

_ H*(pAlp/H*_pAlao)
H*(pa10/H* —pazs)

_ Pap=Pare _ . 4
Paro/H—Pazs i @

A concentration profile with &, , = &, is given in Fig,
1(c). To present the time coordinate in a dimensionless
way, use is made of the Fourier number Fo,,, and Fo,,,
for mass transfer, that is defined as follows:

I’A1p‘“H*PA2w
Pato—H*paz,

1Y

élp

t D,
F =-———=Fo,,— 5
oml RZ/D1 Om2 D2 ( )
t D
Fo,, = RUD, = FomlD—j. (6)

The Fourier number may be interpreted in the follow-
ing way:
absolute time ¢

Fou = : —.
Om1 = Giffusion time R?/D, specific for particle

2.2 Resistance to diffusion in phase 1 (sphere) only
Resistance to diffusion in phase 1 only requires the
following condition:

D,/D,— 0.

According to available experience the Henry number
for this case is always smaller than one:

H* Em< 1.
Pazp

The concentration profiles are depicted in Figs. 2 and 3
for the two possible directions of the mass flux. Figures
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F1G. 2. Concentration profiles at various values of time ¢
when resistance to diffusion occurs in the sphere only and
when the mass flux is directed into the sphere.
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FiG. 3. Concentration profiles at various values of time ¢
when resistance to diffusion occurs in the sphere only and
when the mass flux is directed into the environment.
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F1G. 4. Concentration profiles at various values of time ¢
when resistance to diffusion ogcurs in the surrounding fluid
only and when the mass flux is directed into the sphere.
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F1G. 5. Concentration profiles at various values of time ¢
when resistance to diffusion occurs in the surrounding fluid
only and when the mass flux is directed into the environment.

2(a) and (b) as well as 3(a) and (b) give the con-
centration profiles at time ¢ or Fo,,,. The Figs. 2(c) and
(d) as well as 3(c) and (d) give the concentration
profilesat time r = Oand t = oc. At ¢ = o equilibrium
has been obtained. It may be noted the identical
concentration profiles are obtained, when dimension-
less coordinates are introduced.

2.3. Resistance to diffusion in phase 2
(surrounding fluid) only
Resistance to diffusion in phase 2 only requires the
following condition:

D/D, — x.

According to available experience the Henry number
for this case is always greater than one:

H*=Pate
Pazp

The concentration profiles are shown in Figs. 4 and
5 for the two possible directions of the mass flux. Itis to
be noted that the concentration in the surrounding
fluid in a great distance from the interface does not
change at all. This is due to the fact, that the volume of
the surrounding fluid is infinite compared with the
volume of the sphere. Therefore the concentration at ¢
= Ois equal to that at t = oc, thatis p 4,0 = Pazy.-

2.4. Resistance to diffusion in both phases

If diffusional resistances occur in both phases, the
coefficients of diffusion must be of the same order of
magnitude:

D,/D, = 1.

In this case the Henry number H* may be greater or
smaller than one:

H* =P >
Pazp
Concentration profiles for H* > [ are given in Figs. 6
and 7.

There are two cases with different direction of the
mass flux for the component A. Making use of
dimensionless coordinates, the concentration profile is
for both cases identical.

3. CALCULATION OF TRANSFERRED MASS
In the time interval from t = O to t the mass M , has
moved across the interfacial area 4, of the sphere and
either penetrated the sphere or left the sphere. In-
troducing a time mean value of the mass transfer
coefficient, designated by f, the mass M, may be
calculated by the equation:

M, = BA (P a10— P a1) Q)]
Introducing the relations
Pare =H*paz,, (8)
Vou
A, = 6—d’; 9)

4
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F1G. 6. Concentration profiles at various values of time ¢
when resistance to diffusion occurs in both phases and when
the mass flux is directed into the sphere.
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FiG. 7. Concentration profiles at various values of time ¢
when resistance to diffusion occurs in both phases and when
the mass flux is directed into the environment.

and rearranging will lead to the following equation:

_MA_=§& 1_H*pﬁ£>. (10)
Vpl Paio dp Paro
With the dimensionless numbers,
Sh, = Bd, mean time value of Sherwood (1)
D, number
_ tDy Fourier number pertaining
Foy, = d2/4 tophase | (12)
one obtains
6ft
S 35h,Fo, (13)
r
and equation (10) may be rewritten as follows:

Ma Stho,,,lg(l —H*@ﬁ) (14)
Vpl Paso 2 Pato
On the LHS of this equation stands the ratio of the
mass M , transferred across the interface in the time
interval between ¢ = 0 and t and the mass V,;p o of
component A that is within the sphere at the starting
time ¢t = 0. The concentration ratio H*p 45, /p.410 Mmay
be interpreted as ratio of concentration in the sphere at
t=o gven by p,,, =H*,,, and the con-
centration in the sphere at ¢t = 0 given by p4,,. The
concentrations, the volume V,,; of the sphere and the
Fourier number Fo,,; may be assumed as given.

The mass M , transferred across the interfacial area
must be equal to the change of mass of component 4
within the sphere:

_ Pai
MA=Vp1(PAlo_PA1)=V,,1PA10<1— ) (15)
Paro
0 41 s the volumetric mean value of the concentration
in phase 1 at time ¢. Introducing the dimensionless
mean concentration

= Par~H*p4s,
g = fm i Pazs (16)
! Paro—H*paz,
and rearranging delivers the result:
M ~
7 N (l—é)(l—H*L“’). 17)
VplpAIO Par0
Comparing equations (14) and (17) one obtains:
l—f=%5h1F0m1. (18)

Calculation of the transferred mass M, requires
knowledge of either the Sherwood number Sh, or the
mean concentration £, at the Fourier number Fo,,,.
Theoretical methods to determine Sh; and &, will be
explained and some of the results obtained will be
discussed.

4. DIFFERENTIAL EQUATIONS FOR
CONCENTRATION FIELDS
The differential equations for the concentration field
within the sphere and the concentration field within
the surrounding fluid will be given together with
pertaining initial and boundary values for the different
cases of mass transfer.
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4.1. Differential equations
The concentration field within the sphere is given by
the following differential equation:

08 Dy [ @1 wihi 0%, (ReSc), Dy
¢Fo,,, D, Lapx o 00 2 D,

1 e ¢ 1 of. &
e k220 - = 1
k2 [Or* <' or* > *$in6 20 <sm 0 a0 >} (19)

Similarly the differential equation governing the con-
centration field in the fluid surrounding the sphere is as

follows:
0 ( 0, Li) (ReSc

2
0Fo,,, oy 00

Lo (i), 1 o, o
o (nesN 1 A
=2 [5,* (' a;~*>+sin 060 (Smo o )] 0

The dimensionless concentrations ¢, and &, as well as
the Fourier numbers Fo,,; and Fo,,, have been defined
by equations (2), (3), (5) and (6). The other dimension-
less quantities are defined as follows:

r*=r/R =r/(d,/2)

radial coordinate (21)
0

tangential coordinate
Wi = W /w,

radial velocity in phase 1 (22)
w':kz = wrl/‘v%

radial velocity in phase 2 (23)
Wi = wy/w,,

tangential velocity in phase 1 (24)
Wi = wya/w,,

tangential velocity in phase 2 (25)

woed, v, w,d

R ), =P - X 7P
( QSC)Z Dz Dz

convection number (26)

R radius of sphere, d, diameter of sphere, w,, velocity
of fluid surrounding the sphere at r — o0, v, kinematic
viscosity of surrounding fluid and D, diffusion coef-
ficient for species A in fluid surrounding the sphere.

Solution of the differential equations requires know-
ledge of the velocity field. For creeping flow con-
ditions, Re — 0, equations for radial and tangential
velocity components in both phases have been worked
out by Stokes, Hadamard and Rybczinsky ; they are
available in [15]. For the higher range of Reynolds
number, Re, < 150, numerical solutions of the differ-
ential equations for the velocity field have been
presented ; results are available in [15].

Integration of equations (19) and (20) requires
defined initial and boundary values. These will be
discussed in the next chapter.

4.2. Initial, boundary and interface conditions

The initial and boundary conditions are of a general
nature while the interface conditions depend on special
mass-transfer conditions.

4.2.1. Initial condition. The mass-transfer process
starts at time t = 0 or Fo,,, = Fo,,; = 0. At this time
the concentration in phase 1 is p 4, and therefore &,
=1:

Fo,, = Fo,, =0
<l o= 1L
0<h<n

27

This condition is independent of mass-transfer direc-
tion and distribution of mass transfer resistances in the
two phases.

4.2.2. Boundary conditions. The fluid flow is sym-
metrical to the axis of the sphere, so that the con-
centration field is symmetrical to this axis too. The
following symmetry conditions are to be observed for
all values of the Fourier number, 0 < Fo,,, = Fo,,,
< W

Lo<r <
0 {gn 4 (/20 =0 (28)
T
2 ::: 00< n} 08, Jor* = 0. (29)
3. 1€r¥g x©
0E,/00 = 0. (30)

0
f) =< and
T

The last boundary condition fixes the concentration at
infinite distance from the interface; it is the infinity
condition:

4, r* =00 c _0
o<f<naf 277

These conditions are independent of mass-transfer
direction and distribution of mass-transfer resistance
in the two phases.

4.2.3. Interface conditions. The interface conditions
depend on the distribution of mass-transfer resistance
in the two phases. They are independent of mass-
transfer direction. They are valid for all values of the
Fourier number, 0 < Fo,,; = Fo,,, < ~.

A general condition for the interface is the validity of
Henry’s law:

(31)

=2 (1)
pAZp
Making use of introduced dimensionless quantities
this leads to the equality of the concentrations of both
phases in the interface:

re =1 Fo=C 32
0<O<n S1p = G2pe (32)
4.2.3.1. Mass-transfer resistance in phase 1 (sphere)
only—According to Figs. 2(b) and 3(b) the interface
condition reads as follows:

=&, =0 (33)

p¥ =1 .

0<0<a| S
4.2.3.2. Mass-transfer resistance in phase 2 (surround-
ing fluid) only—Figures 4(b) and 5(b) show that the
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concentration in phase 1 is independent of the radial
coordinate. But with time &, moves from 1 to 0. The
change of mass A inside the sphere with time ¢, is given

by:
a1\4,4 _ 4 35/5,41
( ot ), =R

This mass flux moves across the interface and must
therefore be equal to the change of mass A in phase 2:

(”MA) = ~” DZ(O{)“) R%sin0d dg. (35)
o ), 4\ ),

With A, the interfacial area of the particle and with
¢ the angular coordinate is given. With the symmetry
conditions mentioned the mass flux is independent of
¢. Therefore equation (34) by introducing dimension-
less quantities and equalized with equation (33) leads
to the following interface condition:

A I R LA
0<0<nfdFo,, 2H*|,\or*),

It is to be noted, that the mean concentration ¢, i
equal to the local concentration ¢; and that the
concentration in the interface &, isequal to &, ,and &,.
4.2.3.3. Mass-transfer resistance in both phases—For
all conditions the mass flux density leaving one phase
must move into the other phase. Using Ficks law for
the mass flux density at both sides of the interface the
following interface condition is obtained:

=1 }D_l e _ (EEa/or),
0

(34)

o —
fd
(=)
—

==& 37
0, " =G jam, D

4.3. Some remarks on the solution of the differential
equations

The differential equations for the concentration
fields have been solved by numerical methods, based
on the finite difference procedure developed by
Crank—Nicolson [16]. A comprehensive description of
this procedure is included in unpublished reports
prepared by Schmidt-Traub [17] and Carrubba [18].

For the special cases of Fo,,; — 0 and Fo,,; — s the
differential equations allow simplifications so that
analytical solutions are possible {13, 15].

Immediate results of the solved differential equa-
tions are the concentrations &, and &, for the two
involved phases. The general nature of the solutions is
shown by the following equations:

&y :flo["*Q();(ReSC)z;

SCZ;FOMZ;DI/DZ;H*]’ (38)
&, = fao[r*; 0; (ReSc)y;
Scy: Foy; Dy/Dy; H¥). (39)

These equations are the basis for further calculations
such as mean concentration ¢, and various Sherwood
numbers.

5. CALCULATION OF SHERWOOD NUMBERS

The Sherwood number is a dimensionless quantity
that includes the mass-transfer coefficient, which is

HMT Vol. 21. No. 4 F
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defined as follows:

m
Paro—H*paz,
114, 1S the instantaneous local mass flux density at the

angular coordinate 6 and at the time ¢, for which Ficks
law is assumed to apply:

. Cpar
My = _Dl( or :
P

Introducing equation (41) into equation (40) one
obtains after rearranging an equation for the local
instantaneous Sherwood number for phase 1:

Bro = (40)

(41)

IR
Shy, = —2(5&); (42)
The Sherwood number is defined as follows:
B o d
Shyy = [)lgl—lﬂ (43)

Integration over the interfacial area of the sphere leads
to the surface mean instantaneous Sherwood number:

Shy, =%J Shy,, sin 6 d6. (44)
(o]
Definition of the Sherwood number:
B1.d
Shy, = %1—". (45)

The surface mean instantaneous mass flux density i,
and mass flux M ,, are calculated by means of the mass-
transfer coefficient §,,:

fitg, = Br{paro—H*paz. ), (46)
MA: = ﬂuAp(PAw_H*PAz,,)- (47)

Integrating Shy, over the Fourier number the time
mean value of the Sherwood number is obtained:

1 Fo,a
Shy = f ShydFo,,,. (48)
Om2 Jo
The definition of Sk, is as follows:
1
= . 4
Shy D, (49)

The time mean value of the mass-transfer coefficient 3,
serves to calculate the mass M 4 that has been transfer-
red across the interface in the time interval between ¢
= 0andzr:

M, = ﬁlAp[(PAm‘H*PAz», )-

This equation is identical with equation (7) combined
with equation (8). The equations (40)—(50) refer to
phase 1. Equations pertaining to phase 2 may be
developed in the same way. Therefore the equations for
phase 2 are given without further comments.

(50)

M40,
* b4
Paro—H*paz,,

. 0
Mg = _D2< g:2> ,
r

Bao = (40a)

(41a)
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2 [o¢
Shap = _F<E‘£>p’ (42a)
By0ed
Shag = ”[ 21;; L, (43a)
Shy, =3 J Shy,sin 0 d6, (44a)
4]
B, d
Sh,, = %Z—P, (45a)
1 Fo,;
Sh, = ShydFo,,;. (48a)
Omz2 Jo
Comparison of these equations shows that
ﬂlm = ﬁzm,
B1c = Ba (51)
ﬁx = [32~

For mass-transfer calculations it is therefore of no
importance whether the mass-transfer coefficient is
determined for phase 1 or for phase 2.

A comprehensive discussion of the results obtained
by solving the differential equations will be presented
in Part II of the investigation.
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TRANSFERT MASSIQUE INSTATIONNAIRE A TRAVERS L'INTERFACE
DE PARTICULES SPHERIQUES—1¢ PARTIE: DESCRIPTION
PHYSIQUE ET MATHEMATIQUE DU PROBLEME DE TRANSFERT MASSIQUE

Résumé—Le transfert massique instationnaire a travers l'interface de particules sphériques a été
soigneusement étudié & partir de méthodes numériques. Les particules peuvent étre des bulles, des gouttes
et des solides. Le transfert massique peut avoir lieu dans un systéme immobile et dans un systéme avec
mouvement pour le fluide environnant ou pour les deux fluides. Les conditions d’écoulement rampant
sont supposées pour le fluide environnant, de telle sorte que les équations données par Hadamard et
Rybozinski pour le champ des vitesses peuvent étre utilisées dans le calcul du champ de concentration.
La premiére partie de I'article est consacrée a une discussion des conditions vari¢es de transfert massique.
On se base sur les équations aux dérivées partielles du champ des concentrations a l'intérieur et a
'extérieur de la sphére et des conditions initiales, aux limites et a I'interface. Ces conditions sont
données dans le cas général d’une résistance au transfert massique dans les deux phases et aussi dans les
deux cas limites d’une seule résistance dans 'une ou l'autre phase.

INSTATIONARER STOFFTRANSPORT DURCH DIE
GRENZFLACHE KUGELFORMIGER PARTIKELN TEIL 1
PHYSIKALISCHE UND MATHEMATISCHE BESCHREIBUNG
DES STOFFTRANSPORTPROBLEMS

Zusammenfassung—Der instationdre Stofftransport durch die Grenzflache kugelférmiger Partikeln wurde
mittels numerischer Methoden theoretisch untersucht. Die Partikeln kénnen Blasen, Tropfen und Korner
sein. Der Stofftransport kann in einem ruhenden System und in einem System mit Bewegung in dem
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umgebenden oder auch in beiden Fluiden stattfinden. Fiir das umgebende Fluid wird schleichende
Bewegung angenommen, so daB die von Hadamard und Rybczinski angegebenen Gleichungen fiir die
Geschwindigkeitsfelder zur Berechnung der Konzentrationsfelder herangezogen werden konnen. Im ersten
Teil der Untersuchung werden die physikalischen Bedingungen fiir den Stofftransport ausfiihrlich erortert.
Das bildet die Grundlage zum Verstindnis der Differentialgleichungen mit Randbedingungen, die die
Konzentrationsfelder innerhalb und auBlerhalb der Partikeln beschreiben. Die Randbedingungen werden fiir
die folgenden Fille gegeben: 1. Stofftransportwiderstand in beiden Phasen; 2. Stofftransportwiderstdnde
in nur jeweils einer der beiden Phasen.

HECTALIMOHAPHBII MACCOTTEPEHOC YEPE3 IMOBEPXHOCTH COEPUYECKUX
YACTULL. YACTSB 1. DUINYECKOE 1 MATEMATUYECKOE OINMNCAHHUE ITPOBJIEMBI

Aumnoraius — C IOMOLUBIO YHCIIEHHBIX METONIOB NPOBEAEHO NETANBHOE MCCIIEAOBAHNE HECTALIHOHAD-
HOr0 NEepeHOca Macchl 4epe3 IOBEPXHOCTh CHEepHYeCKMX YacTHIl, IMPAMEPAaMH KOTOPBIX MOTYT
CIIyXHTBb IY3bIPBKH, KAl U Tepasie Tena. [TepeHoC Macchl MOXKET HMETh MECTO KaK B HEITOABHXKHOM
CHCTEME, TaK M B CHCTEME, B KOTOPO# IBHXKETCA TOJBKO OKpyXkarowas cpeaa, unu obe ¢aser (kua-
KocTb W vacTuuel). IIpeanonaraercs, ¥To TeyeHHE OKPYXAOWIEH Cpeasl MON3yIIee, MO3TOMY A
pacdeTa moJist KOHLEHTPALHH MOXHO HUCNOJb30BaTh ypasHeHusd AnaMapa u PrIOYMHCKOro U1 nons
cKopocTeil. [laH noApoOHbIi aHaH3 Pa3/IHYHLIX YCJIOBHI MaccOOOMeHa, KOTOPLI HEOOXOMNM 11
noHuMaHus OudpepeHUHANBHBIX YPABHEHHI, ONMCHIBAOILIMX MO KOHLEHTPALNH BHYTPH cephl B
BHe €€, ¥ COOTBETCTBYIOIIMX HAYANIBHBIX H IPAHMYHBLIX YCIIOBMIA, a TAKXKE YCIOBHH HA NMOBEPXHOCTH
pa3nena ¢a3. JlaHHbIE yCIOBHS NPHUBEACHBI 11 OOLIEro Cly4asi HajIM4Hs COTPOTUBICHUA NEPEHOCY
Macchl B obeux ¢a3zax, a Takxe I ABYX NpeHdeNbHBIX Clly4aeB, KOria COMPOTHBJIEHHE TEPEHOCY
MAacchl HMeeT MECTO TOJIbKO B OAHOIM u3 da3.
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