
To the Editor: 
Hartounian et al. December 1993, p. 

1976, in their article titled “Effect of 
Temperature on the Phase Equilibrium 
of Aqueous Two-Phase Polymer Sys- 
tems,” characterize the polydispersity of 
polymers with the log-normal distribu- 
tion of molar masses (the so-called 
Lansing-Kraemer function, Lansing and 
Kraemer, 1935): 

From this function, the number average 
molar mass of the polymer is deter- 
mined to be 

M,, = j M  ==MFdln M = M,e 0’ i4 (2) 
M = O  

the mass-average molar mass is 

and, therefore, the “ polydispersity” is: 

Hartounian et al. present an incor- 
rect expression for the polydispersity in- 
dex. Incorrect versions for all three 
above expressions appear in earlier re- 
lated articles of Sandler and his 
coworkers (such as Kang and Sandler, 
1988). 

In Hartounian et al. (1993) (and in the 
earlier articles), the parameters in the 
lognormal distribution, M ,  and p, are 
recovered from reported values of the 
polydispersity index and the mass-aver- 
age molar mass of dextran polymers. 
These values are used to construct a 
discrete analog of the polydisperse 
polymer through Hermitian quadrature. 

Hermitian quadrature permits ap- 
proximation of certain integrals through 
function evaluations at a few points. The 
quadrature formula is 

Values of w k  and xk for various num- 
bers of quadrature points, n, are com- 
monly available in mathematical tables. 
We have included 6 in this expression 
as a normalizing factor, since EkWk 
= 6 for all iz. Apparently, Hartounian 
et al. interpret G(x,)& as the molar 
mass of a discrete polymer component 
present at fraction w,/G. 

If M in Eq. 5 is taken to be the num- 
ber-average molar mass, M,, then on 
manipulation of Eq. 2, the molar mass 
of the k th discrete component would be 

and W k / &  should be interpreted as 
the mole fraction. It is also possible to 
rearrange Eq. 3 for the mass-average 
molar mass into the form of Eq. 5, in 
which case the molar mass of the kth 
discrete component would be 

and Wk/& should be interpreted as 
the mass fraction. 

Hartounian et al. use Eq. 6 for the 
molar masses of the pseudo-compo- 
nents but report interpreting the frac- 
tions W k / 6  as mass fractions. This 
process is apparently not self-con- 
sistent. 

Consider the Dextran 500,000 ( M ,  = 
500,000) with polydispersity index b = 

2.75 (corresponding to M ,  = 181,818) 
that is described by Hartounian et al. If 
three discrete pseudo-components are 
determined from the mass-average mo- 
lar mass, their mass fractions are 1/6, 
2/3 and 1/6 with molar masses of 
52,812 301,511 and 1,721,371. This mk- 
ture of pseudo-components has M,= 
496,705 and M,, = 183,024, values that 
are close to, but that do not match ex- 
actly, the original quantities. 

If the same dextran is divided into 
pseudo-componen ts using Hermitian 
quadrature for the number-average mo- 

lar mass, the components have mole 
fractions of 1/6, 2/3 and 1/6 with mo- 
lar masses of 19,204, 109,640 and 
625,953. This discrete mixture has M ,  
= 406,260 and M ,  = 180,619. 

The molar masses of the pseudo- 
components used by Hartounian et al. 
are 2.06 X lo5, 8 . 4 0 ~  lo5, and 2.08 x 10‘. 
Taking the mass fractions as 1/6, 2/3, 
and 1/6, we calculate M,, = 941,000 and 
M,z = 594,233 for this mixture, values 
quite different from the original poly- 
mer information. We are not sure how 
Hartounian et al. arrived at the molar 
masses used in their article but there 
may be other considerations than the 
error noted in their equation for the 
polydispersity index or the noted inter- 
nal inconsistencies of their method. 

In any case, the rathex extreme dif- 
ferences between the two characteriza- 
tions we obtained (one based on the 
number-average molar mass and other 
on the mass-average molar mass), in our 
view, expose a certain underlying arbi- 
trariness and ambiguity in the use of 
quadrature as a procedure for setting up 
discrete analogs of a few components to 
represent a disperse polymer. 
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Reply: 
Heidemann and Koak raise two ques- 

tions in their letter. The first relates to 
whether the equations we use for the 
mass- and number-average molecular 
weights are correct, and the second with 
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an interpretation of mass and mole 
fractions. The proper expression for the 
log normal or Lansing and Kraemer 
(1935) distribution is 

Kang and Sandler (19881, in a typo- 
graphical error, omitted the factor of 
( 1 / M )  in the pre-exponential term. 
However, the distribution above was 
used for all our calculations. Further, as 
shown by Tung (1967) and others, the 
expressions we used for the mass- and 
number-average molecular weights and 
for the polydispersivity index of the 
Lansing-Kraemer distribution are cor- 
rect. The same typographical error in 
Eq. 1 was repeated in the subsequent 
article by Hartounian et al. (1993), 
though again all other equations and 
our calculations are correct. 

The Lansing-Kraemer distribution 
was originally written and used in terms 
of the molecular weight of each incre- 
mental range of mass fraction, as we 
have done. To do otherwise from ana- 
lytical data is very difficult. For consis- 
tency the weight factors when using the 
quadrature method should then be in- 
terpreted as mass fractions, which is 
what we have done. 
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To the Editor: 
In the article titled “Direct Simula- 

tion of Turbulent Particle Transport in 
Electrostatic Precipitators” (November 
1993, p. 19101, Soldati et al. mention our 
work. Therefore, I would like to make 
some comments or ask questions. (My 
coauthor Prof. Loffler died unexpect- 
edly in January 1994.) 

1. In the case of electrostatic precipi- 
tation particle separation occurs in an 
electrofluid (sometimes called electro- 
hydrodynamical flowfield). The fluid 
phase consists of two subfluids: gas ions 
and neutral gas molecules. The dynam- 
ics of the former is described by 
Maxwell Equations, and the behavior of 

the latter is described by Navier- 
Stokes-Equations. As the authors say, 
the coupling between both is decisive 
but unfortunately not (yet) considered. 
The fundamental and excellent works 
on this topic had been published by 
Shaugnessy and coworkers (1985, 1986), 
but were not included in the reference 
of Soldati et al. Shaugnessy et al., in 
coupling the equation sets mentioned 
above, found that dedimensionalization 
leads to two dimensionless numbers: the 
Reynolds number and (what they call) 
the electrical Froude number. In my 
opinion, the square of that number (Eq. 
1 )  represents energies brought into the 
precipitator by the neutral fluid ( pu2) 
and by the electrical field ( j2 s /b  - 
QU). Therefore, the definition of the 
electrical Froude number (Eq. 9) by 
Soldati et al. could be confusing (in Me- 
chanical Process Engineering a particle 
Froude number sometimes is used in 
analogy to the classical Froude number 
which characterizes a pressurc ratio in 
fluids). 

2. The “electrical Froude number” 
and the particle relaxation time as in- 
troduced by Soldati et al. look slightly 
different as usual (Friedlander, 1977). 
This is presumably caused by dedimen- 
sionalizing the equation of particle mo- 
tion with the shear velocity and the 
kinematic viscosity. Otherwise, one 
would get (Riehle, 1992): 

(2a) 

dG‘ -- - [(a’ - G‘) + [c’ (2b) dt’ 

with 

(3) 

where rP is relaxation parameter and ? 
the Stokes parameter, respectively, both 
well known in characterizing particle 
behavior (Friedlander, 1977; Loffler and 
Raasch, 1992). rp results when solving 
the equation of motion for fluid velocity 
zero (and without gravity) and it is the 
constant in the exponential function de- 
scribing the time behavior of a particle 
(Eq. 5). 

w ( t ) = w , ,  1-exp -- I i ;)I (5) 

Furthermore, it is difficult to under- 
stand Eq. 8 of Soldati’s article which 
shows the dependence of the relaxation 
time on the Reynolds number, rather I 
can see its dependence on the Cunning- 
ham correction (function of particle di- 
ameter to mean free path of gas 
molecules), as shown in our Eq. 3. 

3. Soldati et al. call the migration ve- 
locity we (Eq. 10) a reference velocity 
which may lead the reader to the as- 
sumption that this is equivalent to the 
so-called effective migration velocity. In 
this context, the authors refer to Riehle 
and Loffler’s article (19921, from which 
they have not drawn the corrcct conclu- 
sions. Actually Eq. 10 represents a par- 
ticle velocity called theoretical migra- 
tion velocity which emerges as steady- 
state value wrh (our Eq. 5) when solving 
our Eq. 2 with gas velocity zero. It 
should be clarified (Riehle and Liiffler, 
1992) that while the theoretical migra- 
tion velocity can really describe the lo- 
cal movement of a particle for certain 
circumstances, the effective migration is 
not capable to do so. 

I felt that Soldati et al. are confused 
about both things because they said: 
“the actual migration velocity decreases 
as particle collection proceeds”and “the 
actual migration velocity gives a meas- 
ure of the mass transfer.” The actual 
particle migration velocity has to de- 
crease when moving downstream be- 
cause the particles are increasingly 
closer to the walls, that is, they see a 
correspondingly decreasing electrical 
field (Riehle, 1992; Miller et al., 1993). 
The decrease in the electrical field is 
especially strong when calculating pure 
electrostatically, neglecting space 
charge (Miller et al., 1993). In industrial 
electrical precipitators, effective migra- 
tion velocities (sectionalized) decrease 
with the precipitator length; however, it 
should be noted that this is a com- 
pletely different issue since weff does 
nof characterize particle transport in the 
fluid phase. It characterizes the mass 
flux toward the collecting plates (Riehle 
and Loffler, 1992; Riehle, 1994). 
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4. Finally, Soldati et al. refer to the 
Deutsch equation and the excellent 
work done by Self and coworkers. In this 
context, it is worth noting that the dif- 
ference between the two extreme cases, 
Deutsch model and laminar model 
(covered by convective diffusion models 
with eddy diffusivities from infinity to 
zero), is surprisingly low in fractional 
efficiencies (Riehle and Loffler, 1991). 
We measured fractional efficiencies 
higher than the predictions of the 
Deutsch model too, in the fine particle 
even higher than the predictions of the 
laminar model (Riehle and Loffler, 
1991, 1993). This trend can be verified 
by simulation of efficiencies by calculat- 
ing particle trajectories (Riehle, 1992) 
similar to work presented here. 

Self et al. proposed to term the expo- 
nent in the Deutsch model “Deutsch 
number”(Eq. 121, but I think it is not 
correct to say that the “Deutsch num- 
ber represents a dimensionless length” 
for several reasons. For example, the 
ratio x/d already is a dimensionless 
length. And one dimensionless number 
can be multiplied by another arbitrary 
one. Obviously the product remains di- 
mensionless, but its meaning will not 
remain that of a length in general. The 
second ratio in Eq. 12 is formed by two 
velocities: the theoretical migration ve- 
locity (characterizing the local particle 
transport toward the collecting plates) 
and the mean gas velocity (usually iden- 
tical with the particle velocity in main 
gas flow direction). Therefore, this ratio 
of velocities can be interpreted as a ra- 
tio characterizing the particle transport 
conditions perpendicular to each other 
(cross flow to main flow). In analogy to 
the Stokes parameter in inertial separa- 
tors we termed this ratio electrical drift 
parameter (Riehle, 1992; Riehle and 
Lijffler, 1993). Combining both ratios as 
it happens in the Deutsch exponent 
therefore has to be interpreted as a ra- 
tio of times. We called it dimensionless 
residence time of a particle (wth is a 
function of particle size) because x/uo 
is the time a particle (or a fluid ele- 
ment) needs to pass the precipitation 
zone and S/wth  is the critical time for a 
particle of size d,  if it is to be de- 
posited at the collecting plates. [This 
simple idea implies straight particle tra- 
jectories as happening in laminar flows; 
therefore, it does not match reality, but 
it helps its interpretation (Riehle and 
Loffler, 1993).] 

5. Soldati et al. do not mention the 
equation with which the particle charge 
was calculated. We use the well-known 
Cochet equation and calculated for the 
values in Table 1 (assuming an electri- 
cal permittivity of E ,  = 10) a theoretical 

migration velocity wtll  (4pm,  2.4 
kV/cm) = 9.8 cm/s which is 94% more 
than 5.05 cm/s. What’s the reason for 
that? 
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Reply: 
In his analysis of our article titled 

“Direct Simulation of Turbulent Parti- 
cle Transport in Electrostatic Precipita- 
tors” (December 1993, p. 1910), Dr. 
Riehle raises a number of points that, 
in his opinion, need to be clarified. 
Many of the comments are, however, 
matter of nomenclature and semantics. 

We will try to answer all the questions 
and to clarify the doubts about the con- 
sistency of the definitions we adopt. We 
will respond to Dr. Riehle’s remarks in 
the numerical order he listed. 

1. In our article, the transport of 
aerosol particles was computed in the 
numerically simulated turbulent flow 
field under the action of different elec- 
trostatic fields. The electrostatic body 
force was acting only on particles and 
did not modify the flow field. Conse- 
quently, no electrohydrodynamic effect 
was considered. Therefore, it does not 
seem appropriate to cite the work done 
by Shaughnessy et al. (1985) and David- 
son and Shaughnessy (1986) to argue 
about our definition of the particle 
electrostatic Froude number, FrP 
(where p stands for particle). As a mat- 
ter of fact, there cannot be any confu- 
sion since the contexts are different. We 
use Fr, in the particle dynamics equa- 
tion to quantify the effect of the electri- 
cal force compared to the inertial one. 
Shaughnessy et al. (1985) define F as a 
measure of the square root of the ratio 
of the inertial force to the electric body 
force acting on thefluidparcel. The same 
dimensionless quantity was found also 
in previous works (Leonard et al., 1983) 
from a proper nondimensionalization of 
the momentum balance equations for 
the fluid considering the electrostatic 
body force term. In any case, when we 
define the particle electrical Froude 
number and it is clearly stated in the 
Notation section that it represents the 
square root of the ratio of the inertial 
force to the electrostatic force acting on 
the aerosol particle. 

2. The particle relaxation time, de- 
fined elsewhere as the particle time 
constant or the particle characteristic 
time, gives a measure of the time neces- 
sary to a particle to adapt itself to a 
modification of the surrounding flow 
field. This time characterizes particle 
inertia compared to the fluid drag. In 
the Stokes regime [Re,  = (lZ - i7d,,>/v, 
< 11 with only viscous and inertial forces 
acting, the particle relaxation time has 
the form 

However, for larger particle Reynolds 
number out of the Stokes regime, the 
operative definition of T~ changes and 
its value can be estimated from the 
measured particle drag (Rogers and 
Eaton, 1991). Since we used the rela- 
tion proposed by Rowe and Henwood 
(1961) to evaluate the fluid dynamic 
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drag, we defined the particle time con- 
stant as: 

The dependence on the particle 
Reynolds number has to be introduced 
to account for the modification of the 
drag force since the particle is not in 
the Stokes regime. Similar definitions 
can be found in other works (Rogers 
and Eaton, 1991; Elgobashi and Trues- 
dell, 1993). 

About the Cunningham factor, it gives 
account of the particle/air slip modifi- 
cation due to the particle diameter and 
the air molecule’s mean free path be- 
coming of comparable magnitude. Usu- 
ally, the Cunningham factor is em- 
ployed for particles of size smaller than 
1 pm in air. Dr. Riehle would like to 
see the Cunningham factor included in 
the drag coefficient, but our particles 

,are a bit too large to be affected by such 
phenomenon. In our analysis, the parti- 
cle diameter is about two orders of 
magnitude larger than the air molecules 
mean free path, giving a negligible cor- 
rection to the drag force. 

3. We cannot possibly have misled 
the reader in the use of the term migra- 
tion velocity that is defined without any 
ambiguity in the article. We used the 
migration velocity as a reference veloc- 
ity obtained balancing at steady state, 
the Stokes drag and the Coulomb force. 
The term migration velocity does not 
belong to the jargon of electrostatic 
precipitation, but it is commonly used 
in the field of particle dispersion to 
characterize phenomena like gravity 
settling or velocity profile cffccts 
(Cherukat and McLaughlin, 1990). 
Riehle and Loffler (1992) used the term 
effectiue migration velocity (which we did 
not use) to define the average velocity 
that particles would have if the collec- 
tion process followed a Deutsch-type 
equation. This effective migration ve- 
locity is indeed determined a posterion’, 
once the collection efficiency is known 
(experimentally). This is why the effec- 
tive migration velocity characterizes the 

nass flux toward the collecting elec- 
rodes. 

We referred to the work by Riehle 
ind Loffler (1992) to identify an ap- 
)roach completely different from ours. 
What we call actual migration uelocity is 
he particle velocity toward the plate- 
9ectrodes as measured from the direct 
imulation results. The actual migration 
Ielocity quantifies the local movement 
,f the particles in the flow field and the 
;pecific mass flux toward the collecting 
:lectrodes. 

4. Unfortunately, we do not know of 
:he papers cited by Dr. Riehle (not 
3vailable in the archival literature). 
However, at low Deutsch number (De)  
Ne calculated efficiencies higher than 
:he Deutsch line and extremely close to 
the limit of the laminar model. 

Regarding the definition of De, we 
would like Dr. Riehle to observe that 
his very same arguments about our in- 
terpretation of De hold for the one he 
proposes. We prefer to attribute to De 
the meaning of the nondimensional dis- 
tance covered by particles in the flow 
direction. This interpretation appears 
also in the work by Self et al. (1987) and 
Kihm et al. (1987), which Dr. Riehle 
apparently knows. 

5. The last equation seems out of 
context. It is clearly said that in our 
simulation we neglect all phenomena 
connected with the ionic discharge and 
that particles enter the duct precharged. 
Since we execute a simulation, the 
charge on each particle is freely 
assignable (like, for example, with a 
precharger) with the only constraint be- 
ing to obtain a reasonable migration ve- 
locity, that is, comparable with the one 
used in the experiments to be simu- 
lated. As a reference, we decided to as- 
sign the particle charge as if it derived 
from a field-charging mechanism. To 
determine the charge on each particle 
we used the following field charging 
equation: 

In this equation, q, is the permittivity 
of vacuum, E is the electrostatic field 

lector, and E is the dielectric constant 
if the particle. We simulated a disper- 
;ion of an aerosol of oleic acid for which 
i is about 2. This gives the basis for the 
lumbers we used. 

We hope that all the questions posed 
by Dr. Riehle are answered and thank 
him for giving us the opportunity to dis- 
x s s  these issues. 
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