
(4 in Thomas’ notation) 

eytz(T1- T,) = z0(2+2) 

eYtzTB = ez f e-?, ( 2 ~ 5 % )  du 

= d o ,  Y )  
Some well-known relations in the field 
(see Thomas) can now be easily 
proved (by stepping left or down in 
the diagram) or memorized: 

1 
parts. 

eY+z - - sum of three component 

I, ( 2 v T z ) .  

By differentiating the terms of the up- 
per part of the table with respect to Y 
one gets back those same terms plus 
those along the diagonal. 

a i o ( 2 ~ E )  
az 

4. Similar equations for derivatives 
of +(Z> Y ) .  

5. Limiting cases of 4(Y,  Z )  and 
+(Z,Y) for both Y = 0 and Z = 0. 

For numerical use the series expan- 
sions are inconvenient because of slow 
convergence. However since they con- 

verge for all Y and 2, they remain 
suited for mathematical proofs of the 
above kind. 
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A Correlation Between Single Fiber Eaciencies of Fibrous 
Filters and Operating Variables 

SHUlCHl AlBA and TAKE0 YASUDA 
University of Tokyo, Tokyo, Japan 

Industrially as well as in laboratories 
fibrous filters are extensively used for 
the collection of aerosol particles. 
Packed beds of glass fibers in particu- 
lar are being applied to the removal of 
air-borne microbes in the fermentation 
industry. For a successful design and 
maintenance of fibrous filters both val- 
ues of pressure drop and collection 
efficiency have to be predicted under 
any operating condition in practice. 

The procedure of calculating the 
pressure drop of air flow through 
fibrous beds has been well established 
( 5 ) .  The effects of various factors, 
particle size, fiber diameter, air veloc- 
ity, and so forth, on the collection ef- 
ficiencies of fibrous filters have also 
been studied experimentally and theo- 
retically (1, 2, 4,  6, 7, 8, 9, 10, 11, 12, 
1 3 ) .  However all of the experimental 
data ever reported on this latter sub- 
ject remain to be reviewed before rea- 
sonable calculations on the collection 
efficiencies can be made. This situation 
should have emerged from the fact 
that the collection efficiencies of fibrous 
filters are affected not only by the 
above-mentioned factors but also by 
the physicochemical interactions which 
are expected to exist between fibers 
and particles concerned and which are 
left open for further discussion and 
experimentation. 

An approach attempted in this paper 
to correlate between single fiber effi- 

Takeo Yasuda is associated with Ajino-moto, 
Inc., Kawasaki, Japan. 
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ciencies of fibrous beds and operating 
variables will eventually be of help in 
clarifying the degree of divergences of 
data points which have been reported 
so far and in pointing out a possibility 
of the existence of other mechanisms, 
if any, than the inertial impaction, in- 
terception, and diffusion of aerosol 
particles. 

If fibrous filters are applied to the 
removal of air-borne contaminants, for 
instance bacteria, viruses and so on, 
they are usually operated satisfying 
certain conditions under which the de- 
position of particles due to their iner- 
tial impactions are kept minimum. The 
sizes of bacteria and viruses in ques- 
tion are in a range from about 0.5 to 
3.0 p and from 40 to 80 mp, respec- 
tively, Therefore the following discus- 
sions which are exclusively concerned 
with the interception and diffusion of 
aerosol particles are not prohibitive in 
terms of generalization and practical 
application. 

SEMITHEORETICAL CORRELATION 
BETWEEN SINGLE FIBER 
EFFICIENCIES AND OPERATING 
V A R I A B L ES 

In accordance with Langmuir (2) a 
critical value $c of the inertial parame- 
ter +, below which the deposition of 
aerosol particles due to their inertial 
impactions in a single and isolated 
cylindrical fiber cannot be expected, is 
as follows: 

A.1.Ch.E. Journal 

C . p p  ‘ d,’ . v ,  

18 Fdf 
JJ = gJC = 1/16 = 

. .  
(1) 

F’rom Equation (1) 

(2) 
p * d, 

C . pp . d,’ 0, = (1.125) 

A region, in which the linear velocity 
of air does not exceed v ,  expressed by 
Equation (2) ,  will be considered 
tentatively in this paper. Because 
Equation (2)  is based on a potential 
(nonviscous) flow around cylinders, 
the real critical velocity may differ 
from that given by Equation (2)  OW- 
ing to the filtration practice which is 
usually carried out in the laminar or 
near laminar region. The determina- 
tion of the critical velocity is up to 
pertinent experiments, at any rate 
(Figure 1 ) . 

Also in accordance with Langmuir 
(2)  the collection efficiencies 7: and 
7.”’ for an isolated cylindrical fiber due 
to the interception and diffusion of 
spherical particles are given by Equa- 
tions ( 3 )  and (4), respectively: 

1 
2[2.00 -In N R c ]  

= 

N R )  In (1 + N R )  - 

(1 + N R )  + -1 1 (3)  1 + N R  

where 
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Fig. 1 

- - )h( l+y-) -  2x 2x 

d ,  1 

(l '+ + l l  2% 
I+- 

d ,  J 
where 

2% 

d ,  
-= [1.12 x 

2 (2.00 - In N E , )  D,, 
v . d ,  I 

(4) 

In reproducing Equations (3)  and (4) 
an assumption was made that the linear 
velocity t~ of air is equal to the up- 
stream velocity 0,. An approximation 
for values of N , ,  extending from 10" 
to 1O-I was made as follows: 

cc NxBlie ( 5 )  
1 

2.00 - In N,, 

Both terms of N R  and 2x,/d, in the 
brackets of Equations (3) and (4) 
were expanded on the assumption that 
both values were small enough com- 
pared with unity so that second and 
higher orders of each term could be 
neglected. Therefore 
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~ o "  a NB' . NB.'I8 ( 6 )  

(7)  

9. = 9; + 7): ( 8 )  

When one muItipIies both sides of 
Equations (6) and (7) by N B  * Np, ,  
they could be modified to Equations 
(9) and (10) respectively: 

'I' 0~ N80-8/8 NBe-y18 9. 

It was postulated that 

qok * Na * Nps a ( N B  . Np.1" N,.1'18)8 
(9) 

(10) 
q / *  Ng . Nps 0: NB * Np,'" N B . l m  

PROCEDURE AND RESULT OF THE 
CORRELATION 

With reference to Equation (2) data 
concerning (overall collection effi- 
ciency) which corresponds presumably 
to interception and diffusion mechan- 
isms were selected out of the papers 
thus far presented. In the calculation 
with Equation (2)  C was determined 
by using Equations (11) and (12),  
while p of air was assumed to be that 
at room temperature (20' to 25°C.): 

C = 1 + 2(X/dp) C1.23 + 
0.41 exp (- 0.44 dJA) 3 
(0.05 < A/d, < 67) (14)  

(11) 
where 

A =mean free path of gas molecule 

The values of density p p  (ranging from 
1.0 to 1.4 g./cc.) were taken from 
each of relevant original papers. At 

v d ,  the same time the PBclet number - 
D B M  

were and the Reynolds number - 

evaluated in accordance with each ex- 
perimental condition described by re- 
spective authors. 

This selection of; was followed by 
the determination of T~ (collection ef- 
ficiency of an isolated cylindrical fiber) 
with Equations (13) and (14): 

d,W 
1L 

?rd,(l-ff) 1 
7. = 

4Lff 
(13) 

% 
q o  = 1.f 4.5a 

(0 < a < 0.1) ( 2 )  

Equation (13) is considered to be rea- 
sonable because all of the data for the 
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TABLE 1. MINIMUM COLLECTION EFFICIENCY (20°C. AND ATMOSPHERIC PRESSURE) 

dr V. 

1.5 x 104cm. 0.94 cm./sec. 
0.42 cm./sec. 1.5 x 104cm. 

1.5 X 1O"cm. 0.21 Cm./sec. 
1.5 x 1O"cm. 0.094 cm./sec. 

following consideration were obtained 
with fibrous filters relatively thin in 
bed thickness ( L  4 4 cm) . 

Sadoff et al. (8) reported that 7. in- 
creased contrary to the decrease of 01, 

being incompatible with Equation 
(14).  For convenience the data of r]. 
pertaining to the lower limit of 01 em- 
ployed in the experiment of Sadoff 
et al. (a = 0.0174) were assumed to 
represent those of 7.. It was rather 
difficult to select 11 out of the paper 
presented by Wong et al. (13)  satisfy- 
ing the condition formulated in Equa- 
tion (2 ) .  Accordingly the determina- 
tion of 7. in this case was made by 
carrying out some trial-and-error cal- 
culations with the result that one data 
point (NR < 0.125, $ < 1/16) was se- 
lected. 

The plot thus obtained for 7. * NR 
N p .  against N B  - Np.1'8NR,"" is shown 
in Figure 1. All of the data points in 
the figure, unless otherwise noted, have 
been secured at room temperature and 
atmospheric pressure. 

DISCUSSION 

If a curve may be drawn through 
the data points given in Figure 1, it is 
inclined towards the abscissa to the 
extent of unity and three at lower and 
higher values of N ,  . N p ~ W R ~ / l 8  re- 
spectively. Such a change of inclina- 
tion is represented by Equations (9) 
and ( l o ) ,  which imply that at higher 
values of NR * Np.l"NRd'* the collec- 
tion of aerosol particles is predomi- 
nantly due to interception, while at 
lower values of N ,  * Npe1'8NR.1i18 the 
collection due to diffusion is control- 
ling. 

Although the data points of each 
worker are scattered within f 10 to * 20%, the fact that the data points 
deviate considerably from case to case 
in the figure might be attributed to 
the differences in physicochemical 
properties of aerosol particles as well 
as fibrous beds employed in each ex- 
periment. Moreover a possibility that 
the collection mechanisms other than 
the diffusion, for instance electrostatic 
force exerted between aerosol particles 
and specific fibers, could not be ne- 
glected in the case of extremely fine 
particles. 

The correlation shown in Figure 1 is 
similar to that reported by Friedlander 
who plotted the term NR N p ~ " N , ~ "  
on the abscissa of the figure (3) .  The 
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4. N ,  N P , " ~ N R ~ ! ' ~  
0.50 x 1o-Lcm. 1.34 
0.54 x 104cm. 1.14 
0.58 x 104cm. 0.96 
0.68 x lO-'cm. 0.87 

scattering and deviation of the data 
points were recognized to be of the 
same order of magnitude as those in 
Figure 1, even if the procedure pro- 
posed by Friedlander was emplpyed. 

It is seen from Equations (6)  and 
(7)  that the effects of d, on q:' and 
v;'' are reversed. Consequently a cer- 
tain value of d, (= d p g )  which reduces 
qo to a minimum is expected to be 
found as exemplified below. Thomas 
et al. (11)  and other workers ( 9 ,  12) 
pointed out experimentally to the same 
effect, for example, as shown in Table 
I (11 ) .  The last column in the table 
was calculated by the procedure men- 
tioned earlier. 

Pasceri and Friedlander have already 
published their paper, in which the 
minimum collection efficiencies were 
calculated and compared with experi- 
mental data ( 6 ) .  The calculation 
shown in Table 1 differs from the 
paper presented by Pasceri et al. in 
that the minimum efficiencies were 
estimated solely from the dimension- 
less groups. 

Since the minimum collection effi- 
ciency which is defined above is ex- 
pected to be observed within an inter- 
mediate region between diffusion con- 
trolling and interception predominat- 
ing referring to the collection mechan- 
isms of aerosol particles, the value, 
around 1 of the abscissa in Figure 1, 
corresponds roughly to the transient 
region in this specific example pre- 
sented by Thomas et al. (11)  (Figure 
1) .  With regard to other cases shown 
in the figure the regions in question 
were not located successfully because 
of the lack of pertinent data. 

NOTATION 

Cunningham's correction fac- 
tor 
fiber diameter, ( p )  
partide diameter, (1.1 
particle diameter correspond- 
ing to minimum collection effi- 
ciency, ( P I  
diffusivity of particles, (sq. 
cm./sec.) 
Boltzmann constant, (1.38 X 
10"" sq. cm. deg." g./sec.") 
bed thickness, (cm.) 
molecular weight of gas, (air) 
PBclet number, (ud,/D,M = 
Nm + Nze)  
interception parameter, (d,/ 
d, 1 
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A'R, = Reynolds number, (d,up/p) 

NNe = Schmidt number, ( p / p D s s r )  

R = gas constant, (0.08205 liter 

2' = absolute temperature, (OK.) 
v 

or 

v ,  

v ,  

atm./deg. mole) 

= linear velocity of air, (= u,/e, 
cm./sec.) 

= nominal velocity of air through 
fibrous bed, (cm./sec.) 

= critical velocity of air defined 
by Equation ( 2 ) ,  (cm./sec.) 

= upstream air velocity for iso- 
lated cylindrical fiber, (cm./ 
sec.) 

= distance from isolated cylin- 
drical fiber, aerosol particles 
within x., can be collected ow- 
ing to diffusion 

xo 
Reference: Gupta, A. S., and George Thodos, A.1.Ch.E. Journal, 8, No. 5, p. 608 
(November, 1962). 

C 

Greek letters 

a 

6 

'1. 

= volume fraction of fiber 
= porosity of filter bed, (= 1- 

a) 
= collection efficiency of isolated 

cylindrical fiber (= 7.'' + 
'1."') 

= collection efficiency of isolated 
cylindrical fiber due to inter- 
ception 

= collection efficiency of isolated 
cylindrical fiber due to dif- 
fusion 

= collection efficiency of fiber in 
filter bed, volume fraction of 
which is a 

r )  = overall collection efficiency of 
filter 

A = mean free path of gas mole- 
cule, (an.) 

,u = viscosity of air, (g./cm. sec.) 
p = density of air, (g./cc.) 
pp = density of particle, (g./cc.) 
+ = inertial parameter 

7: 

y F  

T~ 

- 

Key Words: Thermal Conductivity-8, Properties (Choracteristics)-8, Physical 
Properties-8, Estimating-8, Predicting-8, Mixtures-9, Polymers-9, Elastomers-9, 
Liquids-9, Temperature-6, Molecular Weight-6, Van der Waols Constants-6, 
Thermal Conductivity-7. 

Abstroct: A method is  proposed to estimate the thermal conductivity of nonasso- 
cioting liquids, their mixtures, ond polymer melts including elastomers over a 
wide temperature range. The only information required is molecular weight, 
van der Waals dimensions, standard energy of vaporization group increments, 
and for flexible molecules the number of externol degrees of freedom. Tables 
for the last two items are included. 

I Reference: Bondi, A. A,, A.1.Ch.E. Journal, 8, No. 5, p. 610 (November, 1962). 

Key Words: Notrosol-9, Hydroxyethyl Cellulose-9, Pseudoplastic Fluid-9, Non- 
Newtonian Fluid-9, Turbine lmpellers-1 0, Baffles-10, Agitation-8, Mixing-8, 
Blending-8, Apparent Viscosity-6, Power Input-7, Vortex-6, Blend Time-7. 

Abstract: Pseudoplastic aqueous solutions of Notrosol (hydroxyethyl cellulose) 
were agitated with turbine impellers. Despite nonconstont flow behavior indexes 
the power input was predictable from correlations for pseudoplostics with con- 
stant indexes. Blend times, observed visually by indicator color change during 
neutralization reoction, varied with acid-to-base ratio and were ten to fifty times 
greater than with Newtonian fluids of the some apparent viscosity. Insertion of 
radial boffles lengthened blend times. Blend times were shortest when a vortex 
formed and varied inversely with the square root of the vortex depth. 

Reference: Godleski, E. S., and J. C. Smith, A.1.Ch.E. Journal, 8, No. 5, p. 617 
(November, 1962). 1 +. = critical value of + 
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Applicability of the Stefan-Maxwell Equations to 
Multicomponent Diffusion in Liquids 

E. N. LIGHTFOOT, E. L. CUSSLER, JR., and R. L. RETTIG 
University of Wisconsin, Modison, Wisconrin 

Up to the present time there are 
few reliable data (1 to 7) for multi- 
component diffusion in liquids and al- 
most no methods for predicting the 
diffusional behavior of such systems. 
This would then appear to be a good 
time to determine what useful informa- 
tion can be obtained from available 
flux equations and through use of 
analogies with the comparatively well- 
understood behavior of binary liquids 
and multicomponent gases. It is shown 
below that a generalized form of the 
Stefan-Maxwell equations may be use- 
ful, both as a guide in planning ex- 
perimental studies and as a first ap- 
proximation for predicting the diffu- 
sional behavior of multicomponent 
condensed systems. 

The authors begin their discussion 
with a set of flux equations (8) com- 
patible with the principles of irrevers- 
ible thermodynamics. Restricting one- 
self to isothermal systems one may 
write 

1 I1 

n components 
constant T 

- - 1 i P i P '  ) ( 2 )  
. .+=I 

P 

Here ji is the mass diffusion flux of 
component i, that is the mass flux of i 
with respect to the mass-average vel- 
ocity v, and the dj represent driving 
tendencies resulting from concentra- 
tion, pressure, and potential, gradients. 
I t  may be noted that the jt and d5 are 
so defined that they sum to zero and 
that the phenomenological coefficients 
a t ,  are symmetrical. That is 

011, = ffji ( 3 )  
Equations (1) through (3) g' ive a 
complete description of the diffusional 

Page 708 

behavior of isothermal multicompo- 
nent systems provided the are 
known as functions of composition and 
that departures from equilibrium are 
small. Practically this last restriction 
requires that the fractional changes in 
intensive properties within a molecular 
mean free path be much less than 
unity. Almost all mass transfer pro- 
cesses meet this requirement, and one 
may therefore consider Equations (1)  
through (3) to be quite general. For 
present purposes they are however 
not in the most useful form. 

1 for 
the d,, obtaining 

Now solve the n Equations 

dJ = - cRT $( *$) (Vj  - v + )  (4) 
4 rl 

The D<, are a new set of phenomeno- 
logical coefficients related in a com- 
plicated way to the a&,. The important 
points to note here are that the sym- 
metry of the phenomenological coeffi- 
cients is maintained, and that the Dtj 
have the dimensions and physical sig- 
nificance of diffusion coefficients. One 
may now do several things to put 
Equation ( 2 )  in more familiar form. 
First neglect the effect of pressure 
gradients, normally only important 
during ultracentrifugation. Then write 

i:1 

(constant T ,  p) (6) 
Next introduce the chemical activity, 
defined by 
Vpj = RT V In a, (constant T, p) (7) 
Finally assume the only body forces 
to be those due to electrostatic and 
gravitational potential. Equation (2) 
then becomes* 

V+ 
Xt v5 F d, = cRT( -) Vx, + - V In a, 

V In xi RT 

__ 
0 In Equation (8)  the normally small relaxation 

and electrophoretic effects accom an ing electro- 
diffusion have been neglected, d e  &ter should 
be considered for large charged species such as 
proteins 

One may then express the diffusional 
behavior of this system as 

4 =1 

Did = Dji ( 5 )  
Equations (9) and (5) may be con- 
sidered as generalizations of the 
Stefan-Maxwell equations. They differ 
from these celebrated relations only in 
that variable activity coefficients are 
permitted, and the possibility of elec- 
trodiffusion is considered. Like the 
diffusion coefficients in the Stefan- 
Maxwell equations the Dij are sym- 
metrical and system properties. They 
may however be expected to vary con- 
siderably with composition, except for 
such limiting cases as mixtures of un- 
ionized low-density gases. 

Of most importance here, these 
equations reduce the question of ap- 
plicability of the Stefan-Maxwell equa- 
tions for condensed systems to the 
simpler one of how the Dij vary with 
composition. Equations (9) and (5) 
will of course be most useful if this 
variation is small, or at least predict- 
able, Now consider two systems for 
which the usefulness of the DIj  can 
be tested. 

EXAMPLE ONE: DIFFUSION OF 
TRACE COMPONENT A THROUGH 
A MIXTURE OF B AND C 

To begin with a very specific ex- 
ample, consider the pseudo steady 
state diffusion of trace component A 
through a small stagnant duct con- 
necting two Iarge well-stirred reser- 
voirs. For simplicity consider that the 
liquid in the two reservoirs contains 
the same proportions of major compo- 
nents B and C on an A-free basis, and 
that diffusion results from concentra- 
tion gradients alone. 

For this system vn will be much 
greater than vB or vc, and one may 
write 
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