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The equations which describe the convective diffusion in droplets (or bubbles) moving in a liquid medium at
large Peclet numbers are usually solved on the assumption [1, 2] that the rate of mass transfer is limited by the resis-
tance of the external medium, and that the diffusion is stationary, The time required for establishment of the station-
ary state has not been calculated so far. Higbie's so-called penetration model is often used in the literature dealing
with extraction and absorption; according to this model, mass transfer from droplets or bubbles, being limited by the
resistance of the external phase, is described by a one-dimensional equation of nonstationary diffusion into a stagnant
semiinfinite medium, and the time of phase contact, which corresponds to the average time of propagation of the dif-
fusion front, is taken equal to the droplet (or bubble) diameter divided by the velocity of the droplet (bubble). This
model completely ignores the hydrodynamic conditions which accompany the mass transfer and determine the trans-
fer rate; consequently, this model does not at all describe the actual mechanism of the process. As the experimental
‘ data show [4], the effect of nonstationary diffusion on the total resistance to mass transfer becomes ever more essen-
i tial when the fraction of the disperse phase is increased. The nonstationary character of the diffusion, which is one
of the causes of the so-called end effect, is particularly noticeable in the initial and final stages of the process. The
existing theories of nonstationary convective diffusion inside a droplet [5, 6] are based on the assumption that the
concentration is constant along the hydrodynamic flow lines. This assumption, as is well-known, does not hold for
what happens inside the diffusion boundary layer and, hence, cannot be used for describing the processes taking place
at large Peclet numbers. In the present paper the problem of nonstationary diffusion from a moving droplet is solved
for the case that the resistances of the continuous and the disperse phase are of the same order of magnitude, and that

the distribution of the hydrodynamic velocities in these phases are given by the formulas proposed by Hadamard [7]
_and Rybczinski [8].

We shall consider a spherical droplet of radius R moving in a liquid medium at a constant velocity U deter-
mined by Hadamard-Rybczinski's formula. If the Peclet numbers Pe; = UP/D; and Pe, = UP/D, (D; and D, are the
diffusion coefficient to be extracted inside and outside the droplet, respectively) are sufficiently large, the equation
‘ of convective diffusion in the zero approximation with respect to the parameters f; = v/ (1 + g*) / Pey and fz =
“\‘ A/ Q+pu*)y/ Pey (u* = /iy is the ratio of the dynamic viscosities of the internal and external media) reads:
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I where the independent variables r, v are replaced by the independent variables y, v, which are defined as follows:

i r=1+4+fiy (=1,2), O =arccoswv. 2)

N In addition to the initial conditions, which we write as

ci(y,v,t =0) = ¢;" = const (i =1, 2), 3
the boundary condition far from the droplet

(4)
c2(00, v, 1) = ¢*

* Corresponding Member of the Academy of Sciences USSR,

42




and the condition of current continuity at the droplet surface
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two further boundary conditions for the concentrations near the droplet surface and inside the droplet far away from
the surface, must be fixed before we can solve the set (1). We shall assume that the rate of physical dissolution is so
much higher than the rate of mass transfer that the interphase equilibrium at the boundary surface establishes almost
instantaneously. If the concentrations of the substance to be extracted are low enough, the latter conditions is de-
scribed by Henry's law '

c1(0, v, t) = ac2(0,v,1), )

where o is a constant coefficient. We shall further suppose, that the relaxation time of the diffusive boundary layer
is much shorter than the time in which the droplet is noticeably depleted of (or enriched with) the soluble substance,
so that the concentration of the substance in the droplet core can be considered as constant during the time intervals

considered:
c1(—o0, v, t) = c1".

4
The correctness of this assumption will be confirmed by the results obtained.
Equation (1) is solved by means of the Laplace transformation
(v}
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and replacement of Cj by the new unknown functions
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which, as is easily verified, should satisfy the set of equations
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with the following boundary conditions:
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Any Eq. (10) can be transformed to an equation of the heat-conductivity type by means of the following re-
placement of the independent variables:

gy =y(1—+?); vo>1=2(2—v)(1+ V)%

From the solutions Cj (¥, T, p) thus obtained we can derive the equation for the local substance current near
the droplet surface:

) D, oC D ac
i, t)=-—R—;-iFy-‘(0,v, t)=_—R—;‘i(1—v2).a%(0,v, t). a2

This is achieved by applying the reverse Laplace transformation to any of the functions

4 1 —v \Rp a-pnU 8C,
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The resulting equation for the current reads
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where T(v) = 2(2-v) (1 + v)*/ 3, and the function k() is defined by & = 2(2-k) (1 + K)2/8. Calculation of the inte-
grals yields the expression

. _ oa*—ac* Dy 3Pe, 1 —w2
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where
n(w, t) = ——L=V'=(+v)exp(— Uyl + p)R])

(1 =)+ (1 + v)exp {(— Ut/[(1+ p* )R] (14)

From formulas (13) - (14) it follows that the relaxation time of the diffusive boundary layer, i.e., the time in
which the ratio [j(v, 1) - j(v, =)] / j(v, ©) drops by a factor e, equals 7, = R(1 + g*) / 2U. Since, as was shown
in paper [5], the time 7 required for noticeable depletion of the droplet has the lower bound 0.022R?/D;; the in-

equality rp < T4 holds at sufficiently large values of the Peclet number Pe;. This inequality was already used prev-
iously in formulating the boundary conditions.

The average current
I 1
7(T) =5 S i, t)dvds,
—1 (15)

where T is the contact time of the phase, is of practical interest. Substituting formulas (13), (14), into (15), and car-
rying out the integration, we find:

- _ Da(er* —acs®) 2Pe; (1 + p*)
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where

1 —(:)T i 1, 1 bl O)T ~3/s
Y (or) = l/m_gl [2(1 +4or + 0r®) + 3n (1 —or®) + 7* (1 —or)?]" [1 + TF o, Tl] dn,
1amn

or = exp {—UT/[(1 + p*)R]}. (18)

The function Y(wy) cannot be expressed by finite combinations of elementary functions. However, its value
can be easily computed by expanding Y into a series of powers of the parameter wT or the ratio (1-wT)/Q+wT), if
the parameter or the ratio are small compared with unity. Thus, for example, to an accuracy of the first-order
terms of the (1~ ufr)/(1+wr) ratio (which yields correct results if T << 7;), we find:

(19)
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To an accuracy of the zero-order terms of wT (which yields correct results if T >> 7,), formula (16) transforms
into:
‘]—(T) — 01‘ Y 9}‘ 2Pey
a4 VDD, R Sm(t+p¥)’
(20)

In case the total mass transfer is limited by the external medium, formal substitution of Dy~ «, a->1 in form-
ulas (19) and (20) yields Higbie's [3] and Levich’ formulas [9], respectively. Hence, it follows in particular that ap-
plication of Higbie's formula to time intervals T~R/U, as is usual practice in the analysis of experimental data, has
no foundation at all.
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All abbreviations of periodicals in the above bibliography are letter-by-letter transliter-
ations of the abbreviations as given in the original Russian journal. Some or all of this peri-
odical literature may well be available in English translation. A complete list of the cover-to-
cover English translations appears at the back of this issue.



