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Abstract—Entrance-region mass transter of diffusing matters in laminar flow through a circular tube is
studied for two cases of diffusion, with and without particle formation in flight within the tube. To allow
for the effects of axial diffusion, which is significant at low diffusion Péclét numbers, Pe, the domain of
diffusion is extended into the region upstream of the tube (z < 0) besides that occupied by the tube (z > 0),
and a uniform concentration is prescribed at z = — oc. The eigenvalues are computed for the two regions
and the first twenty of them are obtained for Pe = 1-5, 3, 5, 10, 20, 30, 45 and «o. By constructing two sets
of orthonormal functions from the non-orthogonal eigenfunctions, the series expansion coefficients are
then determined by matching both the concentrations and the longitudinal concentration gradients of the
two regions at z = 0. The concentration solutions corresponding to Pe = o are in excellent agreement
with our previous semi-infinite region (z > 0) analysis. The effects of axial diffusion on the concentration
distributions, the fraction of diffusing matters penetrating the tube, and the local Sherwood number are
presented for various Péclét numbers and particle-generation parameter. Q.

NOMENCLATURE

Co»

coefficients of series expan-
sion in equation (10);
coefficients of series expan-
sion in equation (11);

mass concentration of dif-
fusing matters, with sub-
script 1 denoting that in
z < Oregion,and 2in z>0
region;

local bulk concentration in
the z > 0 region, defined

ro ro
as [ uc,rdr/ | urdr;
0 )

fully established mass con-
centration given by equation
“4);

uniform concentration at
zZ= - 00,

[E],
[F];

FXp);
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coefficient of diffusion ;
matrix defined below equa-
tion (21);

matrix defined below equa-
tion (21);

fraction of diffusing matters
arriving at u, defined by
equation (25);

matrix defined below equa-
tion (21);

diffusion Péclét number, de-
fined as 2iuiry/D;

constant coefficients of series
expansion in equation (17);
nondimensional generation
parameter, defined as
gr3/Dey;

rate of generation of diffus-
ing matters per unit volume
of gas;
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q, constant coefficients of series
expansion in equation (17);

r. radial coordinate distance,
0<r<r:

ro- inner radius of tube ;

Shiu), local Sherwood number,
defined as hp(2r,)/D where
hp is the mass-transfer coef-
ficient ;

l. axial flow velocity

U,
X, (. Y (n).

X, Y n).

IS

He

mean flow velocity :
eigenfunctions given by
equations (10) and (11), re-
spectively :

orthonormal eigenfunctions
of X,(n) and Y,(x) given by
equation (17):

axial coordinate distance,
— o <z<+ oo
eigenvalues of equations (12)
and (13):

eigenvalues of equations (14)
and (15):

. Gram-determinant appear-

ing in equation (19):
Kronecker delta:

defined as r/r,:
nondimensional mass con-
centration, defined as c¢/c, ;
nondimensional bulk con-
centration, or the fraction
of diffusing matters remain-
ing at any cross-section at
distance x from the tube
entrance. defined as ¢,/c, ;
parameter in equation (5).
assumed to be unity:
nondimensional axial dis-
tance, defined as 2z/r,Pe.

INTRODUCTION

THE PROBLEM of entrance-region mass transfer
(or heat transfer) with axial diffusion (or conduc-
tion) in laminar flow through circular tubes has

been widely studied as can be seen in [1-4] and
the references cited therein. The eftects of axial
diffusion are virtually negligible in comparison
with radial diffusion if the diffusion Péclét
number, Pe > 100. For Pe < 100, however,
axial diffusion becomes increasingly significant
as Pe is reduced, and ultimately attains an order
of magnitude equal to that of radial diffusion
as Pe— 1.

In most mass (or heat) transfer studies, it is
customarily assumed that particle concentra-
tion (or temperature) is uniformly distributed
at the tube inlet. This assumption becomes
less realistic and virtually impossible to impose
as the diffusion Péclét number becomes very
small. This stems from the fact that, at low
Péclét numbers, axial diffusion penetrates into
regions upstream of the tube inlet enlarging,
therefore, the domain of mass transfer beyond
the physical displacement of the tube. It is
thus necessary in treating low Péclét number
diffusion in a circular tube to include mass
transfer in the region upstream of the tube
inlet. As such, one needs to consider mass
transter in the infinite region — . < z < + .
where z = 0 is located at the tube inlet and
z > O measured along the tube in the flow direc-
tion. rather than the semi-infinite region
0 < z < o which has usually been assumed.
With the domain of mass transfer extended into
the z < 0 region, it is then realistic to impose
the uniform concentration profile at z = — .

It is the purpose of this paper to re-investigate
the entrance-region mass transfer problem
studied in [2. 3] only in the z > O region of a
circular tube and to extend it to the infinite
region — o0 < z < + oo. In those studies, two
cases were analyzed. The first case was where
all particles enter the channel uniformly and
none form within it; and the second, where no
particles enter the channel. and “‘formation in
flight” occurs within the channel. For the
present study, the same two cases of diffusion,
with and without information in flight in the
z > 0 region, are again investigated only that,
to allow for the effect of axial diffusion which is
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significant at low Péclét numbers, the concen-
tration profile is taken to be uniform at z =
— .

A mathematical scheme for solving this type
of convective mass (or heat) transfer problem in
the infinite region was recently devised by Hsu
[5,6] in his study of low Péclét number
entrance-region heat transfer problem, subject
to a step jump in wall heat flux at z = 0. His
general scheme of analysis will be employed in
the present study. The method consists essen-
tially of determining the eigenvalues and
eigenfunctions for the regions z < O and z > 0
separately, and then matching both the con-
centrations and longitudinal concentration
gradients at z = 0. By constructing two sets of
orthonormal functions from the non-
orthogonal eigenfunctions with the Gram-
Schmidt orthonormalization procedure, the
series expansion coefticients can then be deter-
mined so that the matching conditions at
z = 0 are satisfied.

THEORETICAL ANALYSIS

Consider diffusion in a circular tube with
cylindrical coordinates r, 0, z. The tube axis
extends into the z > 0 region with tube inlet
located at z = 0. Denoting the concentration
in the region z < 0 by ¢, and in the region
z > 0 by c,, the steady-state ditfusion equation
in laminar flow through the tube of radius ry,
assuming azimuthal symmetry and constant
diffusion coefficient D, is

ae; D ¢, 10¢; ¢
"oz T or? + ror + a2
+ q5i2.(i =12 (1)

where u 1s the axial flow velocity taken to be the
Poiseuille velocity 2ua(1 — r?/rd) with mean
velocity #, ¢ is the rate of formation of the
diffusing matters per unit volume of the flowing
gas, and d;, (i = 1,2) is the Kronecker delta
defined as
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0ifi=1
0 =
Lifi=2.

For the usual first case of no formation in
flight, the g-term in equation (1) can, of course,
be omitted. It should be retained, however, for
the second case where formation in flight or
particle generation occurs in the tube in
z > 0 region.

For the flow of a gas in which the diffusing
matters are annihilated or adhere to the walls
as they come into contact with the tube walls,
for example, through radioactive decay into
other daughter elements, the pertinent bound-
ary conditions to be satisfied in the various
regions of the infinite region are:

For the z < 0 region,

= Cg atz= - oo
dc, (2)
EzO atr=0and r = r,.
For the z > 0 region,
Cy = ¢ atz =+ oc
2 0 atr=0 (3)
or
c, =0 atr=r,

where ¢, is the fully-established concentration
profile given by [2, 71*:

Y
YY) rd)

For the case of no formation in flight, g = 0
and the particle concentration at z = + oo
vanishes.

Further, at the interface of the two semi-

(4)

* It is hereby asserted that the fully-established concen-
tration assumes the same form as that in the analysis for the
semi-infinite region. This assumption is valid at Pe = o, a
good approximation at 1 € Pe < 100. but less descriptive
of the real physical picture as “back” diffusion becomes
significant at Pe < 1.
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infinite regions, the following matching con-
ditions must also be satisfied :

cl‘__KCZ
de; 9, patz=0. (5)
0z 0z

The parameter k is the ratio of the uniform
concentration in region z < 0 to that in z > 0
when equilibrium is attained. In the present
situation, however, the fluids in the two semi-
infinite regions are one of the same fluid and,
as such, xk = 1 will be assumed. The second
matching condition expresses the fact that
there is no accumulation of the diffusing
matters at z = 0.

Except for the symmetry condition at r = 0,
the boundary conditions at r = r, for the two
semi-infinite regions are not the same. It has
been tacitly assumed that the tube, physically
occupying the z > 0 region, annihilates the
particles as they come into contact with the
tube walls, while the z < 0 region is inctuded
only to account for possible back diffusion
near the tube entrance. That is, the z < 0 region
is included in the analysis so that the concen-
tration profile at z = 0 can be properly adjusted
when the effects of axial diffusion are significant.
1t has further been assumed that, for the case of
formation in flight, generation of diffusing
matters occurs only in the tube, z > 0 region,
but not in regions upstream of it.

As formulated, equations (1)(5) yield results
of Pe = o identical to those obtained by the
semi-infinite region analysis at the correspond-
ing Péclét number. At Pe = oo, the formulation
gives a uniform concentration profile at z = 0
which, in the semi-infinite region analysis, was
used as an a priori assumption for all diffusion
Péclét numbers.

For the solution of the above equations, it is
convenient to introduce the following dimen-
sionless quantities:

" =£,n=i.u _ 2z/ro)

Co o Pe
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2ir,
D 2

qro

Pe = .
Dc0

Q=

Equations (1}5), in dimensionless form, become

o,  *¢; 109,
2(1 — 42 L
( i 6n2+ on

“2524)1' .

+ (Pe> o + Q0,,(i=1,2) (6)
¢, =1 aty=— o
6(%1=0 atn:OandrI:l}(’/)
=20 atp=+to
0P, _
3’7——0 atn =0 (8)
¢, =0 atn =1
and
¢1=¢2
64)1 6(152 atu=20 {9
ou o

where subscript i = 1 refers to the z < 0 region
and i = 2, the z > 0 region.

The concentration distributions in the two
regions are now sought in the form:

L+ 3 AX ) expladi. (1< 0) (10

(1= + S BY ) exp(— f2u).

n=1

b2 =

Al

(1> 0) (11)
which satisfy the conditions at 4 = + oc. The
assumed solutions include the problem of
diffusion without formation in flight as a special
case.

In equation (10), o, and X ,(n) are the eigen-
values and eigenfunctions of the following
characteristic equation and boundary con-
ditions:
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&x, 14X, , <_2_j 2

dn? gy dy "[\Peg "
-1 —'lz)]Xn=0 (12)
dX"=0atr1=0and11=1. (13)

dn

Similarly, §, and Y,(#) in equation (11) represent
the eigenvalues and eigenfunctions for the
following characteristic equation and boundary

conditions:
42y, ldY
dr12 n dn th [( ) A
+2(1 - ’12)] »=0 (14)
dy,
=0 tn =
an atn="0 (15)
. =0 atn = 1.

Because of the different boundary conditions
imposed on both characteristic equations, the
eigenvalues as well as the eigenfunctions in
both regions are not equivalent. It is noted that
the two sets of characteristic equations are
independent of Q and, as such, the eigenvalues
and their corresponding eigenfunctions thus
obtained are valid for both cases of diffusion,
with and without formation in flight.

Equations (12){15) are solved numerically
with the aid of a CDC-6600 computer using
the Runge-Kutta scheme. For each preassigned
value of Pe, the first twenty eigenvalues and
their corresponding eigenfunctions are deter-
mined. Only the first ten «’s and f’s and the

1
corresponding Y,(1) and {Y,dn are tabulated
0

in Table 1 for Pe = 1-5, 3, 5, 10, 20, 30, 45 and
oc. The eigenvalues are seen to increase with
increasing Péclét numbers; and at small Pe,
the consecutive higher eigenvalues do not vary
appreciably with magnitude. This means that
in the series summation, as in equations (10)
and (11), the series converges slowly at small
Péclét numbers, necessitating an increase in
the number of eigenvalues to be included in
the computation of ¢; and ¢,. At Pe = oo,
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the o’s are infinitely large so that ¢; = 1 in the
u < 0 region giving rise to a uniform concen-
tration at the tube inlet.

The series expansion coefficients, 4, and B
are contingent upon the matching of the two
regions at u = 0. Substitution of equations (10)
and (11) into (9) yields

Z (4,X, - BY,) = —1+%(1—n2)
(ar%Aan + ﬁrlen

t

Y,) = 0. (16)

o183 il

il

n

A, and B, are to be determined from the above
set of coupled equations. Note that while a,,
B., X, and Y, are independent of Q, the coef-
ficients 4, and B, are dependent on Q. However,
neither X, () nor Y,(n) constitutes a set of
mutually orthogonal functions and, as such,
the eigenfunction expansion technique com-
monly used for the Sturm-Liouville system
cannot be utilized to evaluate the series
expansion coefficients. Following Hsu {5, 6],
the eigenfunctions X, and Y, are expanded in
two complete sets of trial orthonormal func-
tions X, and ¥, such that

k
Z R X ()
k an
=2 %:¥.(n)
having the properties
L 0if i #
[2.2,dn = { T
0 lifi=j

where Z, denotes either X, or ¥,. In equation
(17), p* and 4" are constant coefficients. The
functions X, and ¥, are complete sets for k — oo.
Therefore, equation (17) is exact for k — oo.
However, in practice, a finite expansion must
be taken. The convergence of the method is
tested by comparing results for successive k.
The two sets of orthonormal functions, X,
and Y¥,, can be constructed by the Gram-
Schmidt orthonormalization procedure [5, 6],
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e > 3 AT, - Baf)= -1+ 20—

X1 = X/ JA, n=1k=n (19)
1 > ¥ AR, + [ BAT)
! [XZ d'7 ’1)' nzl kzn o ‘

~ 0

XZ =t /\/(Al
[ X,X,dn Xz(ﬂ) Multiplying the first equation by X, the second
0

by Y,,, integrating with # from O to 1, and recall-
ing the orthonormal properties of equation
(18), the above coupled equations become

1 1 1
gxfd" iEXledn £X1Xn—1d'7 X,(m-
1 1 1
£X2X1dﬂ gXédn a!XX —-1dn X,(n)
1 1 1
+ %X,,den anden fX,,X,,_ldn X
— 0
" \/(AnAn—l)

where A, is the Gram-determinant which can i’ Ap
be obtained by replacing the elements in the 2, ;
last column of the above determinant, X {»),

1 fad
by (. X;X,dn(i=1,2,...,n). In this study, X,

5!‘

D18

O 1
Y Ban| X.Y,dn
k= 4]

1 n

&0

(1 - 7% |X,dy (20)

—_

O ey

0 © 1 w
and Y, are constructed for k = 1-20. Values of 24 KO F T 2 —
p¥ and ¢* can then be obtained for various Pe ,,; k;,. AP ‘(‘)'X" Yo dn +k;,,, B Befn = 0.
values. Just like X, and Y,, X, and ¥, are
independent of Q.

Substitution of equation (17) into (16) yields [F] = [E]"' [G] (21)

Or, in matrix form,
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where
- -
[
—j ! —% (1 —n’ﬂfrldn
oL
1 —
4, ] —j 1—%(1—n2)])?2dn
o L
A,
[F] | 4, |[G] = 1 :
B, —5[1 ~2u ~n2)Jxmdn
0
B, 0
. 0
L Bm - L 0 - T
[ | - m 1~ ~
pi pi Py ~qifX:Tidy - 2 [ X Tdn
0 p: .. p
1; - m i~ o
0 0o .. o —qi| X, Ndn .. =Y qRf X, Ydn
0 k=1 0
1 m 1
[E] =|oipi[ X Tidn woamd [ R Tidn Hh Bra?
1
afp{.E)Xl »dy ) 0
o N - .
aipi[ X, Y,dn oY, PRl X ¥,dn 0 Brdm
| © KZ1 0 B
and [E] ! is the inverse matrix of [E]. equations which were solved for the forty

In this study, the infinite series appearing in unknowns A4, ... A,, and B, ... B, by utilizing
equation (20) were truncated at m = 20. With the Gauss elimination method with the aid of
m = 20, equation (21) yields forty simultaneous a CDC-6600 computer. The [E] matrix was
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u=05

p=01

~
by T T T 08 T T 1
= 0 02 04fo6 08 ) o 02 oc4afos 08 lo 020 06 [} 04 06
02 P=ctc,
o4 Pe=3 10, @® 3 10/ o0 3 10 o 3jfo
o6
08

F1G. 1 (a). Concentration profiles in the z > Oregion ofa tube. @ = 0.

normalized row-wise and reduced to a triangular
form by transformations using pivotal con-
densations. The unknowns were then calculated
by back substitutions. Whenever the computed
series coeflicients were found to be insufficiently
accurate, a combination of Gauss elimination
method and an iteration scheme was used to
improve the computational accuracy. The first
ten coefficients A, and B, thus obtained for
Pe = 15, 3, 5, 10, 20, 30, 45, o« and Q = 0 and
1-0 are tabulated in Table 1.

Having determined the coefficients A, and
B,, the eigenvalues o, and f5,, and the eigen-
functions X,(n) and Y,(n), n = 1-20, the local
concentrations in the infinite region can then

B0

=00l

r/ro

20 15 5 20

be found from equations (10) and (11). Of
particular interest are the flow characteristics
in the tube, u > 0 region. Some concentration
profiles in that region for Pe = 1'5, 3, 5. 10,
20 and o are shown in Fig. 1(a, b) for two cases
of diffusion, with and without generation in
the tube. The concentrations for the generation
case with Q = | are always, except at the tube
walls and near the tube entrance for Pe > 100,
higher than the case without generation (Q = 0).
the differences being greater at smaller Péclét
numbers.

The local dimensionless bulk concentration
and the local Sherwood number in the tube
(1 > O region) can be readily found to be

w05
zxzo
o4

w=01
5 5

n

T .
C 02 04 06 08 0 02 04 Jo6 08 o 02 =c/c,
3 10/ 3 ® 3)f ©

F16. 1 (b). Concentration profilesin the z > Oregionofatube.Q = 1.
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{Y’(l)
Bx

)dﬂ}exp( fa (22
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|
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To ascertain that the series expansion coef-
ficients, 4, and B,, computed by constructing
the orthonormal functions and by solving the
system of forty simultaneous equations (with
m = 20) indeed satisty the required matching
conditions, they were substituted into the left
side of equation (16). The results were checked

Z I)CXP(—Bnﬂ)

%— i B.,{X—(zﬂ +< ) sznY(n)dn}eXP — B

(23)

1

As defined, ¢, (1) is the fraction of diffusing
matters remaining in the fluid at a distance x
from the tube entrance; and Sh(y) physically
depicts the rate of deposition of the diffusing
matters at the tube walls.

In defining ¢,(u), the local axial particle
flux has been taken to be the convective flux
given by uc,. To account for the additional
axial diffusive flux, however, we may introduce
another parameter F*(u) which can be shown

to be

ro a

| (uc2 - Da )andr
Fru) =2 -

Q0 & (v
=2_2% B
6 2% Bpr (e
DISCUSSION AND CONCLUSIONS

One of the most crucial parts of this analysis
is, undoubtedly, in the matching of the concen-
trations and the longitudinal concentration
gradients at u = 0 to obtain the series expansion
coefficients, 4, and B,. The task is further
complicated by the fact that, at small Péclét
numbers, the consecutive higher eigenvalues
do not vary appreciably in magnitude necessi-
tating, therefore, a larger number of terms,
equivalent to a larger number of higher eigen-
values, to be included in the summation in
equation (21).

—Biw). (24

with the right side of these equations, and it
was revealed that these two equations were
both satisfied remarkably well for the Péclét
numbers considered.* This proves the validity
of the present solutions.

By employing the first twenty eigenvalues and
the associated constants, the local dimensionless
bulk concentrations were calculated from equa-
tion (22) for various values of Pe and Q. The
bulk concentrations thus obtained are shown in
Fig. 2 for Pe = 1'5, 3, 5, 10, oc and Q@ = 0, 1-0.
It is observed that as u — oo, ¢, = Q/6 for all
Q’s, as can also be seen from equation (22).
This asymptotic trend is consistent with that
found in the semi-infinite region analysis [2, 3, §].
For finite values of u, however, especially for
0 < p < 1, ¢,(p) decreases rapidly with decreas-
ing Péclét numbers throughout the entrance
region. The bulk concentration curves for
various Péclét numbers cross one another near
u ~ 1, reversing therefore the aforementioned
trend before finally reaching the asymptotic
value of Q/6 at u ~ 5 for all Péclét numbers.
The drastic decrease in bulk concentrations
with decreasing Péclét numbers in the entrance
region is apparently due to “back” diftusion at
the tube inlet into the u < O region. The semi-

* Computations were also made with m = 20 for Pe =
1-0, but the results are not too satisfactory due to slow con-
vergence of the infinite series solution and hence are not
included herein.
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Pe=m
/

F1G. 2. Variations of local bulk concentrationin z > Oregion, @ = Oand 1.

infinite region analysis [ 3,8] assuming, a priori,
a uniform concentration at = 0 and thus
providing no possibility of back diffusion at
u = 0 into the u < 0 region, has predicted an
increase in ¢,(y) with decreasing Péclét numbers.

The local Sherwood number, obtained from
equation (23), is shown in Fig. 3 also for Pe =
1'5, 3, 5, 10, oo and Q = 0, 1-0. The variations
of Sh(u) with Pe and Q are generally analogous

28
26

24

22y

Sh (u)

20

Local Sherwood number,

ol

to those obtained by the semi-infinite region
analysis [3, 8], but the magnitude of Sh(u) is
appreciably reduced in the present infinite
region analysis, again due to a decrease in
concentration gradient at the tube walls in the
presence of back diffusion. For non-zero values
of 0, Sh — 6 as u — oo, a trend which has been
found in [2]. For Q = 0, however, the fully
developed Sherwood numbers decrease slightly

-3 2
10 o]

F16. 3. Variations of local Sherwood number in z > Oregion,Q = Oand 1.
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=g

FIG. 4. Variations of F¥(u)in z > Oregion, Pe = 15, v and @ = 0, 1, 10.

with increasing Péclét numbers as shown in the
following:

Pe= Pe= Pe= Pe=

10 15 Pe=3Pe=315 3
This study 39698 3-8507 3-7672 36951 3-6675
Tan (8] 4-0273 37672 3-6951 3-6675
Schmidt [4] 393 367
Labuntsov [9] 404 374

Pe= Pe= Pe= Pe= Pe=

30 45 50 100 [e]
This study 3-6616 3-6589 36567
Tan [8] 3-6616 3-6585 3-6572 36567

It is observed, as it should be, that the fully
developed Sherwood numbers for various
Péclét numbers obtained in this analysis of
diffusion in the infinite region — v <z < + ©
are identical to the corresponding values derived
from the semi-infinite region analysis [8].
Further, the values agree favorably with, and fall
in between those values of Schmidt and Zeldin
[4] and Labuntsov [9].

The variations of F* with u for Pe = 1-5,
oo and @ =0, 1, 10 are shown in Fig. 4. It is
seen that F* - 1 as ¢ — 0, while F* - 0/6 as
1 — oo for all Peand Q. As expected, the asymp-
totic trend of F* is the same as that of ¢, as
u— oo. It is interesting to note that, in the

case with generation in the tube, F*(u) as well
as ¢,(y) can become larger than unity far
downstream from the tube inlet. This is the
case when Q > 6 as can be seen from equations
(22) and (24). Apparently at Q > 6, the genera-
tion rate far exceeds the loss of particles to the
tube walls.

The results of this analysis, taking into con-
sideration diffusion in the infinite region
— o < z + oo deviate and, at times, are quite
different from those based on the semi-infinite
region (0 < z < + o) analysis, especially in
the tube entrance region. This is due to the
different concentration profiles based on the
two analyses. In the semi-infinite région analy-
sis, the concentration is uniform at z = 0;
while in the infinite region analysis, the concen-
trations are far from uniform at z = 0 (Fig. 1)
for finite values of Pe. In fact, back diffusion
plays an important role if the Péclét number is
small; and it is incorrect to assume a uniform
concentration profile at z =0 when the
effect of axial diffusion is significant at small
Péclét numbers. Instead, the concentration
profile should be taken to be uniform at

= — oo in analyzing the effect of axial dif-
fusion in channel flow, as is done in the present
analysis.
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TRANSFERT MASSIQUE A FAIBLE NOMBRE DE PECLET DANS UN ECOULEMENT
LAMINAIRE A L’INTERIEUR DE TUBES CIRCULAIRES

Résumé—On étudie le transfert massique dans la région d’entrée de matiéres qui diffusent dans I'ecoulement
laminaire 4 'intérieur d’un tube circulaire dans deux cas de diffusion avec ou sans formation de particules
dans le tube. Pour tenir compte des effets de ia diffusion axiale sensible 4 de faibles nombres de Péciét de
diffusion Pe, le domaine de diffusion est étendu 4 la répion en amont du tube (z < 0) ainsi qu'd celle
correspondant au tube (z «< 0) et une concentration uniforme est admise 4 z = - co. Les valeurs propres
sont calculées pour les deux régions et les vingt premiéres sont obtenues pour Pe = 1,5; 3; 5, 10; 20; 30:
45 et 0. En établissant deux systémes de fonctions orthonormées & partir des fonctions propres non
orthogonales, les coefficients de développement en série sont alors déterminés ¢n raccordant a z = 0
les concentrations et les gradients de concentration longitudinaux des deux régions. Les solutions de la
concentration correspondant 3 Pe = oo sont en excellent accord avec notre précédente analyse de la
région semi-infinie (z > 0). Les effets de la diffusion axiale sur les distributions de concentration, les
fractions des espéces diffusantes qui pénétrent dans le tube et le nombre de Sherwood local sont présentes
pour différents nombres de Peclét et pour un paramétre de génération de particule Q.

STOFFAUSTAUSCH BEI LAMINARER STROMUNG MIT KLEINEN
PECLET-ZAHLEN IN ROHREN MIT KREISQUERSCHNITT

Zusammenfassung— F i [aminare Strdmung in einem Rohr mit Kreisquerschnitt wird die Stoffiibertragung
diffundierender Stoffe im Eintrittsbereich untersucht, wobei zwei Arten von Diffusion betrachtet werden:
mit und ohne Teilchenbildung wihrend des Strémungsvorgangs. Um die Effekte der Diffusion in axialer
Richiung zu beriicksichtigen, die bei niedrigen Diffusions-Péciét-Zahlen wichtig werden, wird der Bereich
der DilTusion auf den Bereich vor dem Rohr (z < 0), {iber den im Rohr (z > 0) hinaus ausgedehnt. Gleich-
férmige K onzentration erhilt man bei z = —oc. Die Eigenwerte werden fiir die zwei Bereiche berechnet,
wobei man die ersten rwanzig fir Pe = 1-5, 3,5, 10, 20, 30, 45 und oc ethiilt. Wenn man aus den nicht-
orthogonalen Eigenfunktionen zwei Sdtze von orthonormalen Funktionen konstruiert, kann man die
Koeffizienten der Reihenentwicklung bestimmen, indem man die Konzentration und den Konzentrations-
gradienten in axialer Richiung [iir beide Bereiche an der Stelle x = 0 gleichsetzt. Die Losungen fiir die
Konzentration, entsprechend Pe = o, stimmen hervorragend mit unserer fritheren Analyse itn hatbunend-
lichen Bereich (z > 0) iiberein. Die Auswirkungen der Diffusion in axialer Richtung auf die Konzentra-
tionsverteilungen, der Anteil der diffundierenden Stoffe, dic das Rohr durchdringen. und die Jokale
Sherwood-Zahl werden fiir verschiedene Péclét-Zahlen und fiir einen Parameter Q angegeben. der dic
Teilchenbildung beschreibt.

MACCOOBMEH PN JAMUHAPHOM TEYEHKWH B KPYIIbIX
TPYBAX IIPU MAJIBIX 3HAUYEHHWAX YUCITA TTERKIE

AnmoTanmaa—IIpoReneHO KCCIEHOBAHNE MACCo00MeHa INGPYHAUPYIOIMUX YACTUI] BO BXOAHOM
Kpyraoci Tpy6H OpH JaMHHAPHOM TeMeHWM NIA ABYX cayuaeB fudpdysun: npu HaamuIuy
Taroro 0GpasoBaHMA YACTHI BO BpEMA ABIKEHHA B TPYOe M OpH ero orcyrersrM. JInA y4eTa
BaMAHKA TAGOYSME BAOTH OCH IBIMKEHHA, CYIIECTBEHHOHM npH MaiHX JuddysHonHbx
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uucaax Ilexne, obnacrs anddysum 6uaa pacmumpeHa 3a npefean Tpyou (z < 0), Briouas
y4acToK BHIIe TPY6H (z > 0), M HA z = — 0O 33a7aBAJICA PABHOMEPHHIt NMPOPNIL KOHLEHTPA-
nun, CoGCTBeHHHEe 3HAYeHMA PACCYMTHIBAIMCH IJIA ABYX obiacreit, M mepBHe ABANUATH
sHaueHu#t nmoxyvens miaA Pe = 1,6;3;5;10; 20; 30; 45; u o. ITocrpoeHH aBe CHCTEMH
OPTOHOPMAJIBLHHX GYHKIMHA NO ABYM HEOPTOHOPMAILHHM COGCTBeHHHM (QYHKIMAM, a BaTeM
onpefielieHH KO3QPUIMEHTH pa3I0mKeHUA B PAJ METOAOM NOAGOpPaA mapH 3HAYEHMH KOHIEHT-
palM{ U IPAjMEeHTOB POAOJIBLHON KOHIEHTpALMM [uA ABYX ofnacredt npn z = 0. Pewenua
AJA KOHUEHTPAUMI, COOTBeTCTBYOIINX Pe = 00, HAXOAATCA B XOPOIIEM COOTBETCTBHH C
OpOBeCHHKIM paHee aHAINM30M NiaA mnonxybeckoHedrolt obGmacrtu (z > 0). IlpepcraBieHs
3aBUCHMOCTH DPACHpPEeSesIeHUA KOHIEHTPALMN, OTHOCUTEJIBHON KOHUEeHTpamun muddyHIUpy-
OIMX MATepHAJIOB, NpOHMKamux B Tpyly, u noxausHoro umciaa Illepsynma or puddysun
BIIOJIb OCH JJIA PABJMYHHEIX unces Ilekse U mapaMeTpa oGpasoBaHMA 4acTHI] Q.
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