
To the Editor: 
The recent work of Mackie et al. 

(AIChE J. ,  33,1761, Nov., 1987) is con- 
cerned with the formulation of a new 
model for the transient behavior of granu- 
lar filtration of hydrosols. Their work is a 
compromise between the traditional ap- 
proach of modeling deep-bed filtration, 
largely empirical, and the more rigorous 
but tedious stochastic simulation, which 
requires the tracking of individual par- 
ticle trajectories. It is, therefore, an im- 
portant piece of study of deep bed filtra- 
tion since it represents a new method of 
assessing the effect of deposition on filter 
performance. 

In formulating their model, Mackie et 
al. advanced certain arguments and state- 
ments which, in our opinion, are incorrect 
or require further clarification. The pur- 
pose of this letter is to outline these issues 
with the hope of eliciting comments from 
the authors. These issues are: 

1. Concerning the relationship between 
the filter coefficient, X, and the efficiency 
of the unit collector, the authors claim 
that the correct relationship is given by 
Eq. 12, and not by Eq. 11. In fact, both 
expressions may be considered correct, as 
well as others. This multiplicity of rela- 
tionships between X and 9 arises from the 
variety of choices one has regarding the 
shape of the unit bed element (UBE). 
Corresponding to the assumption that an 
UBE is cylindrical, spherical or cubical in 
shape, the following relationships may be 
obtained: 

cylindrical I = 4a/3(1 -fo) 
spherical I = 2a/(1 - f,)’’’ 

cubical 

The last expression was used by Mackie 
et al. in relating X and 7, which led to Eq. 

12. On the other hand, Rajagopalan and 
Tien applied the first expression in ob- 
taining Eq. 1 1. 

This difference in the definition be- 
tween X and ? is indeed a nuisance. In 
practical terms, the difference between 
these definitions is insignificant (for ex- 
ample, iff = 0.4, the first and third defi- 
nitions differ by 17%) as compared with 
the experimental accuracy of A. 

2. The statement prior to Eq. 8, that 
surface forces are unimportant in deter- 
mining the magnitude of A, certainly is 
incorrect. What Rajagopalan and Tien 
concluded was that in case of favorable 
interactions, the difference in attractive 
forces in systems of practical interest is 
insufficient to make any difference in the 
value of X. There is sufficient experimen- 
tal evidence which indicates significant 
decline in X as the surface interactions 
become more repulsive. 

3. The hypothesis regarding the effect 
of interestitial velocity is certainly cor- 
rect. The expression used to quantify this 
hypothesis, i.e., Eq. 17, is totally incor- 
rect, as  it relates a London force acting in 
the normal direction with a hydrody- 
namic drag force acting on the tangental 
direction. 

Correct formulations for the adhesion 
of impacting particles have been given 
previously (Gimbel and Sontheimer, 
1978; Vaidyanathan and Tien, 1988). 
These earlier studies have shown that in 
determining particle adhesion, one should 
consider not only the forces involved, but 
also the surface structures. This last point 
was apparently overlooked by the au- 
thors. 

4. To account for certain experimental 
observations that X may decline with the 
increase in u, the author postulates the 
presence of a no-deposition region (B, j  < 
0 < 0,) over filter grains. Accepting this 
hypothesis and the use of Happel’s flow 
field, or even the expression given in Eq. 
54, it can be seen that t?*; must extend to 

7r/2 since no is a monotonically increasing 
function of 0. As a result, among the three 
possibilities suggested by the authors, 
only the first one is possible, significantly 
simplifying the subsequent analysis. 

5 .  The model proposed, has two adjust- 
able parameters, xij and u*. Based on the 
results shown in Table 3, which give xij = 

1 for the majority of cases, the effect of 
deposited particles on the flow field ap- 
pear negligible. On the other hand, the D* 
value used was 0.02 m/s, which is a t  least 
one order of magnitude smaller than val- 
ues obtained in particle adhesion mea- 
surements. Consequently, n* has no phys- 
ical significance and must be decided 
upon on a case-by-case basis. 

6.  One should perhaps be more cau- 
tious in claiming model validation 
through agreement between predictions 
and experiments. First, the authors did 
not use all the data they collected but 
rather used only those which were consid- 
ered as accurate (presumably on the basis 
of their better agreement with model pre- 
diction). Even for those selected data, 
they exhibit considerable scattering and 
even some inconsistency. This last point 
can be seen clearly in Figures 8-11 by 
comparing data points obtained from the 
top layer and those from the second layer 
of their experimental filter. In fact, one 
may even argue that those two data 
groups actually display opposite behav- 
ior. 

In sum, we find that the model ad- 
vanced by Mackie et al. is interesting and 
useful because it combines features of 
both conventional modeling approach as 
well as those of stochastic simulation. On 
the other hand, even with further refine- 
ment and modification, to overcome the 
objections listed above, the model, in all 
probability, will still contain some em- 
pirical parameters. This is not really a 
reflection of any “modeler’s” ability, but 
a direct result of the complexities of gran- 
ular filtration. 
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Reply: 
I welcome the comments of Tien and 

Vaidyanathan about our model of the ef- 
fect of deposition on removal efficiency in 
deep bed filtration. As they point out, 
deep-bed filtration is an extremely com- 
plex process and, with the present state of 
knowledge, any model is bound to contain 
a large number of simplifications. There- 
fore, it is essential that we recognize the 
approximations made in any model, and 
understand their significance. In view of 
this, their letter is particularly welcome, 
and I will now reply to each of the points 
that they raise. 

1. 1 still believe that the relationship 
used in our paper, between A and 9 (the 
third one mentioned by Tien and Vaidya- 
nathan), is the best one to use. This is 
based on the principle that 9 is the collec- 
tion efficiency of a single grain in a filter, 
and that the relationship between X and 9 
should be independent of the type of col- 
lector model used. Moreover, while it is 
possible to divide a filter into small cubes, 
dividing it into small cylinders will inevi- 
tably leave gaps between the cylinders. 
The same is true for spheres. Admittedly, 
with the present accuracy of data col- 
lected from filtration experiments, argu- 
ing about a difference of about 15% in the 
calculation of A is of little immediate 
practical importance. However, the same 
amount of computational effort is in- 
volved in calculating A, whichever rela- 
tionship is used, so we should avoid intro- 
ducing unnecessary errors. 

2. The model is designed to deal only 
with the case where surface forces are 
favorable, and the authors recognize that 
the model is therefore not valid when sig- 
nificant repulsive forces are present. 

3. The authors accept that particle- 
grain adhesion is much more complex 
than the derivation of Eq. 17, and that 
values for v* derived from this equation 
will be subject to error. However, al- 
though the London force does act normal- 
ly, it is still the case that it plays a major 
role in determining the value of u*. Also, 
as pointed out in the original paper, 
Visser (1976) did find experimental evi- 
dence for equating the London force to 
the tangential drag force. 

The authors recognize that surface 
structure may also play an important role 
in determining v*.  This will be particu- 
larly true when the grain is covered with 
deposit, as the collector surface will be 
much rougher. The effect of surface 
roughness will mean that v* is not inde- 
pendent of size, as surface roughness will 
have a greater effect on smaller particles 
than on larger ones. 

4. The authors do not agree with Tien 
and Vaidyanathan that 02 must extend to 
n/2. The part of the model that deals 
with regions of no-deposition is there to 
model the decrease in A after the initial 
increase, not an initial decrease in A. Con- 
sider the case where, initially, particles 
can deposit anywhere on the collector. 
Under the assumptions made in the mod- 
el, the deposit will form a dome shape on 
the collector, and therefore, the relative 
increase in tangential interstitial velocity 
caused by deposition will be greater near 
0 - 0 than near 0 = n/2. So, although ini- 
tially the tangential velocity is greatest a t  
0 = nf2, after deposition has occurred, 
this is not necessarily the case, as the 
deposit may have caused the tangential 
velocity to be greatest a t  some point other 
than 0 = n/2. Indeed, under the assumed 
relationship for the change in grain 
shape, Eq. 36, there is no increase in tan- 
gential velocity a t  0 = n/2, so & will be 
less than n/2 for a time. In practice, 
deposition extends beyond ~ 1 2 ,  and the 
model is a crude approximation, but the 
possibility that a region of no-deposition 
may develop in the middle of the original 
deposition area still needs to be consid- 
ered. 

5 .  As it currently stands, thequantities, 
xu, and u*,  are, in effect, empirical pa- 
rameters. However, this is not because 
they have no physical significance, but 
because mathematical models of adhe- 

sion and of the effect of deposited par- 
ticles are inadequate. If ever a near per- 
fect model of filtration is developed, 1 
believe that the quantities, xij, and v* (or 
something similar to them), will play a 
part in the model. 

6. In the authors’ opinion, the major 
value of the model is that it highlights the 
importance of polydispersity on filtration 
performance. The qualitative behavior 
displayed in Figures 5 and 6 was consis- 
tently observed in all experiments per- 
formed, reported and unreported. The 
general principles upon which the model 
is based (outlined on p. 1764) can all be 
supported on purely physical grounds. 
Therefore, the authors maintain that the 
model is valid qualitatively. 

As far as quantitative agreement is 
concerned, we only claimed “fair” agree- 
ment. The model is not intended to be 
definitive, but it demonstrates that it is 
possible to develop a model that is not as 
complicated as  stochastic simulation 
models, while still giving reasonable re- 
sults. The model contains many simplifi- 
cations, and does not include a number of 
physical factors that may be important. 
Several of these were noted at  the end of 
the paper, and Tien and Vaidyanathan 
pointed out another in their third point. It 
is especially worth noting that, to the best 
of the authors’ knowledge, when the 
model was developed, no models existed 
that would predict the difference in the 
change in filtration efficiency for par- 
ticles of different sizes. Moreover, the 
model successfully predicts this behavior 
because of the physical principles incor- 
porated in the model, not because of any 
empirical parameters used. 

In conclusion, 1 hope that our work has 
shown that particle size distribution must 
be accounted for in the development of 
any theory of filtration, and that the un- 
derlying physical principles in the model 
are major contributory factors in explain- 
ing the effect of size distribution. 
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