To = temperature of feed, °K

T = reactor temperature, °K

Xy = number average chain length
0 = residence time, s
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Miscibility Limits for Salt Containing Systems

Nonvolatile salts have been shown to influence phase equilib-
rium behavior (Long and McDevit, 1952; Johnson and Furter,
1957, 1960; Meranda and Furter, 1974), and considerable effort
has been expended on developing models that are useful in
correlating and predicting salt eflects on phase equilibrium.
Most of this effort, however, has been focused on vapor-liquid
equilibria, with little work done on partially miscible systems.
In this paper, a method for estimating miscibility limits of binary
solvents will be presented. The procedure is an extension of the
model proposed by Boone, Rousseau and Schoenborn (1976)
and refined by Rousseau and Boone (1978) for correlating and
predicting vapor-liquid equilibria in salt containing systems,

IMMISCIBILITY

A liquid solution will separate into two phases if the resultant
free energy is less than that of the original mixture. For a binary
system, the specific Gibbs free energy can be written in terms of
the excess free energy as

g = gf + giteal )
where
glteal = x,gPwe 4 yyofue + RT(x; In x; + vz In x3)

2)
so that
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g = g%+ 1@t + 528" + RT(x;In x; + x5 1n x5)
3)

Recognizing that phase separation requires downward concavity
of the function g, Prausnitz (1969) gives as a criterion for solution
instability

d*g )
( i/ T, P <0 “)
Recalling the definition of the excess Gibbs free energy
gf = RT(x;In y, + x21In y2) (5)
and activity

a; = Xi%¥i (6)

we can show that

g = RT(x;1n ay + x2 In a) + %8P + xpgd¥™  (7)

1t then follows that the onset of solution instability occurs at the
conditions

61na1>
=0 8
( dax, T, P ®
and
azlnal)
—_ = 9
( v} T P 0 ©)
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Substitution of solution model expressions into Equations (8)

and (9) can result in limits on model parameters that set the

immiscibility range for any solution following the model. This

approach is difficult for all but the simplest solution models.

Brandani (1974) has used the van Laar equation
A(l - x)?

[Q - x) + Ox ]

where ) = A/B, for this purpose. Substituting Equation (10)
into Equation (8), we get
1 2401 — %)
X (A —x) + Qx, P

Two roots to Equation (11) and, therefore, solution instability
exist if

Invy, = (10)

(11)

0=1 12)
and, according to Brandani,
1 ©+0)° _,
AT SoTToTF D~ 0 2

The symbol [Q]indicates the integer part of Q. Inequality (13) is
an empirical approximation to the actual requirements given
later by Heidemann (1975):
A>[201 - Q + 09~ (2 — 30 — 302+ 20920 =1p,
(14)

(13)

SALT SOLUTION MODEL

Rousseau and Boone (1978) presented a solution model for a
single salt dissolved in two solvents. The model called for de-
fining two pseudo components: one was the salted in solvent
plus salt at a fixed concentration, while the other was the pure
second solvent. Using these definitions, vapor-liquid equilib-
rium data for methanol-water solutions with five separate salts,
ethanol-water solutions with lithium chloride and 1-propanol-
water solutions with lithium chloride were correlated by Wilson
and UNIQUAC equations (Abrams and Prausnitz, 1975).

It was demonstrated in this and earlier work (Boone, Rous-
seau and Schoenborn, 1976) that predictions of the influence of a
nonvolatile salt on the vapor-liquid equilibrium behavior of a
binary solvent mixture could be expressed through the use of
infinite dilution activity coefficients

Y 1 Pi2)

’Y;”» = T%’—-PW exp(ksCP)' (15)

and

v 5(1)

¥~ ) - &K 19
All that is required for application of these equations are the
single salt parameter k; and vapor pressure lowering of compo-
nent 2 as a function of salt concentration. Values of these param-
eters were determined by Rousseau and Boone (1978) and
Boone (1976). The experimental work of Rousseau and Boone
(1978) showed that solutions of 1-propanol-water with lithium
chloride separated into two phases when the salt to water ratio
corresponded to that of about a 4 molal mixture.

It would be useful if the model described previously could be
used to predict conditions under which a salt containing system
became unstable. This paper shows such an extension is feasible
and indicates that the empirical criteria of Brandani (1974) pro-
vides a better measure of instability than the criteria of
Heidemann {(1975). It also shows that use of the UNIQUAC
equation to determine infinite dilution activity coefficients pro-
vides better results than the Wilson equation.

1-PROPANOL-WATER-LITHIUM CHLORIDE

Conditions for solution instability as defined by Equations (8)
to (14) are for systems at constant temperature and pressure,
whereas the experimental data of Boone (1976) are at constant
pressure but not temperature. However, since the temperature
variation over the composition ranges was modest, the influence
of temperature on model parameters may be ignored.

Equilibrium data on the 1-propanol-water-lithium chloride
system were taken at 1 atm and fit with both the Wilson and
UNIQUAC equations. The solutions were mixtures of
1-propanol with 0, 1, 2 and 4 molal lithium chloride solutions.
Infinite dilution activity coefficients determined from both Wil-
son and UNIQUAC equations were used to evaluate Van Laar

3.5

[ ] exp s
4 — — predicted
—
] 1 i l
3.0 4.0 5.0 6.0
ce

Figure 1. Brandani stability parameters and van Laar constants.

TABLE 1. SUMMARY OF DATA ANALYSIS

Correlating

equation Wilson UNIQUAC
C, Yie Yo A B IPB 1}’11 Y Yo A B IPB IPH
0.0 21.7 3.31 3.08 1.20 3.10 2.76 11.36 3.00 2.43 1.10 2.81 2.67
1.0 26.2 3.39 3.27 1.22 3.18 2.78 14.17 3.14 2.65 1.14 2.90 2.70
2.0 33.3 3.53 3.51 1.26 3.29 2.80 17.53 3.27 2.86 1.18 2.97 2.72
4.0 52.3 3.96 3.96 1.38 3.35 2.82 28.8 3.59 3.36 1.28 3.14 2.79
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TABLE 2. SUMMARY OF PREDICTIONS FROM EQUATIONS (15) AND (16)

Wilson: v = 21.7; 48 = 3.31

UNIQUAC: ¥ = 11.36; y3 = 3.00

C. R Yo A B Ipg Iey
1.0 27.5 3.44 3.31 1.24 3.19 2.78
2.0 34.3 3.80 3.54 1.34 3.16 2.77
4.0 54.4 3.88 4.00 1.36 3.43 2.83
4.4 59.4 3.94 4.09 1.37 3.45 2.83
constants according to the relationships

A =1Invya (17a)

B =Inyxn (17b)

Table 1 shows results of these calculations and gives both the
Brandani stability parameter 15, and the Heidemann stability
parameter Ipy. Infinite dilution activity coefficients evaluated
from the Wilson equation lead to indications of solution instabil-
ity for all mixtures containing lithium chloride. On the other
hand, infinite dilution activity coefficients determined from the
UNIQUAC equation lead to different results. The Brandani
criterion shows stability for all but the mixtures of 1-propanol
with 4 molal solutions, while the Heidemann criterion shows
instability for the 2 and 4 molal solutions.

Experimental results described by Rousseau and Boone
(1978) showed that mixtures of 1-propanol with 4 molal aqueous
sotutions of lithium chloride bordered on unstable behavior.
Furthermore, Boone (1976) found that 1-propanol mixtures with
4.4 molal solutions separated into two phases; the mixture tem-
perature was 88°C and total mole fraction x;« was 0.20.

Figure 1 shows plots of A and the Brandani parameter I, as
functions of C,. These results indicate that 1-propanol mixtures
with 2.53 molal lithium chloride solutions approach incipient
instability. The composition of the mixture at which instability
occurs can be estimated from an equation presented by Bran-
dani (1975):

_0-(1-0+0%
X1 Q ~1 (18)
For Q = 2.467, which was determined from Ip, = 3.02, it was
determined that x,« = 0.217 and x5« = 0.783. From the equations
defining the pseudobinary mole fractions, x; = 0.749 and x3 =
0.034.

As a more demanding test of the model described earlier, the
ratios of infinite dilution activity coefficients as given by Equa-
tions (15) and (16) were determined for 1, 2, 4 and 4.4 molal
solutions of lithium chloride in water with 1-propanol. The salt
parameter k, was 0.245, and the vapor pressure lowering of
water by lithium chloride was estimated from the equation

2= 0.033 C. (19)

The quantity x5’ was determined recognizing that as x,« — 0, xa
~ 1.0, where

X =+ xg (20)
18 C
%= 005 Xz (1)

Table 2 summarizes the predictions from Equations (15} and
(16). Clearly, the predicted infinite dilution activity coefficients
compare well with experimentally determined values shown in
Table 1. Brandani and Heidemann criteria are also shown in
Table 2 and indicate stability limits similar to those evaluated
from experimenta} results.

Figure 1 shows the results of the predictive calculations using
the Brandani stability criterion with infinite dilution activity
coefficients based on those determined by the UNIQUAC equa-
tion for salt free mixtures. From the plots in Figure 1, the model
predicts that 1-propanol mixtures with 2.72 molal lithium
chloride solutions approach incipient instability. Compositions
at the point of instability are xx = 0.212 and x« = 0.788. As
before, these pseudo mole fractions correspond to x; = 0.212, x;

AIChE Journal (Vol. 26, No. 4)

'y‘l»* 7;* A B IPB IPH
14.4 3.12 2.67 1.15 2.91 2.70
18.0 3.23 2.89 1.17 3.00 2.73
28.5 3.52 3.35 1.26 3.17 2.78
31.2 3.56 3.44 1.27 3.20 2.78

= 0.751 and x3 = 0.037. These predictions vary somewhat from
experimental results; if we consider what is asked of the model,
the variation is not great and indicates that stability limits may
be at least roughly approximated from minimal experimental
data.

CONCLUSIONS AND RECOMMENDATIONS

The results of these analyses show instability of 1-propanol-
water-lithium chloride solutions, the model of Rousseau and
Boone (1978) to be useful in predicting the onset of solution
instability and conditions at which the instability occurs, and
that the empirical Brandani criterion (1974) correlates better
with experimental data than the rigorous criterion of
Heidemann {1975).

NOTATION
A, B = van Laar constants
a; = activity of i

Ce = salt concentration in water, molality
g = specific Gibbs free energy

Ipg = Brandani criterion, Equation (13)
Ipy Heidemann criterion, Equation (14)

ks salt parameter

P = system pressure

P = vapor pressure of i

Q = ratio of van Laar constants, A/B

R = gas constant

T = system temperature

X =X

A+ =%, + 13

X1 = mole fraction of salted out solvent
Xz = mole fraction of salted in solvent
X3 = salt mole fraction

AP§ = vapor pressure lowering of 2

Vi = activity coefficient of i

¥ = infinite dilution activity coefficient of i
Superscripts

* = pseudobinary component

! = pure component
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Particle Chain Formation in Aerosol Filtration With

Electrical Forces

It is an experimental observation that aerosol particles cap-
tured by fibers in filters tend to form branched particle chains,
called dendrites, rather than to distribute themselves evenly
along the surface of the fibers (Watson, 1946; Leers, 1957;
Billings, 1966; Yoshioka et al., 1969; Barot 1977). These den-
drites are apparently better acrodynamic targets than the bare
fibers. Models have been proposed to account for the formation
of these deposits (Radushkevich, 1964; Yoshioka et al., 1969;
Payatakes and Tien, 1976; Payatakes, 1976a, b, 1977), and some
numerical simulations involving particle trajectories have been
made to study the mechanisms by which the dendrites may be
formed (Tien et al., 1977; Wang et al., 1977; Kanaoka et al.,
1978). These simulations, made in a two-dimensional plane,
incorporate the ideas that previously collected particles block
out or shield portions of the collector from further use, and that
particle interception is crucial for formation of the dendrites.

These numerical simulations that show dendrite growth in
two dimensions do not consider electrical forces. It has been
argued, however, that electrical forces are involved in the for-
mation of chainlike aggregates on fibers (Billings, 1966) and on
filter cloth (Frederick, 1974; Penney, 1977), although Payatakes
(1976a) cites laboratory evidence for dendritic growth in liquid
systems in the absence of long range electrostatic forces.

The simple numerical simulations described in the present
note, carried out during some earlier studies of particle capture
on fibers and droplets using electrical forces (Nielsen and Hill,
19764, b; Nielsen, 19784, b) and independent of those by Tien et
al. (1977), were made to examine the formation of particle chains
when electrical forces are intentionally invoked to improve par-
ticle collection efficiency. The results illustrate that a central
electrical force increases the number of dendrites and the area
they cover, but that short range forces between approaching
particles and dendrites do not affect dendrite growth very much.

The simplest system to examine involves an attractive
coulombic force between a charged circular fiber and oppositely
charged spherical particle moving in a potential flow with negli-
gible inertia according to the equation of motion (Nielsen,
1978a):

X, = R sin 8(1-R72) + K. (0—m). (1)

The second term in Equation (1) is the stream function for
potential flow around a cylinder, X, is the initial particle posi-
tion, and K. is the electrical force parameter or dimensionless
mobility for the coulombic force, which falls off as R™'. Equal
sized particles (#=0.04) were located randomly and with uni-
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form probability along the line X, and, following Equation (1),
were subject to capture one at a time, either by the cylindrical
collector or by particles previously collected, or else swept
downstream. Particles are captured only in a single plane,
strong particle adhesion is assumed and the primary coulombic
force and local flow field are assumed to be unaffected by the
dendrites.

With no electrical forces present (K.=0), particles follow the
flow streamlines and are captured only by interception. Since
the trajectories tend to parallel the fiber surface, shadows cast by
the first-captured particles prevent the fiber surface from cap-
turing particles farther downstream. But once initiated, the
dendrites, and hence collection rate, grow as a chain reaction. In
the experiment for this case, only two dendrites were formed
(Figure 1), each growing from one of two particles captured by
the fiber. This growth mechanism is identical to that described
by Tien et al. (1977).

With the coulombic force [Equation (1), K. #0), chain initia-
tion can occur anywhere on the fiber surface with equal likeli-
hood, and initially many short chains are formed (Figure 2).
However, blocking or shadowing of some chains by others causes
some chains to terminate and others to dominate the collection.
Although net particle collection occurs at a constant rate and not
as a chain reaction, individual dendrites grow at a rate propor-
tional to the amount of particle flow not lying within particle
shadows that a dendrite sweeps. As a result, deposition on the
downstream half of the fiber becomes increasingly blocked as
upstream dendrites grow. Under the same conditions, point
particles would be deposited uniformly gver the entire fiber.

In Figure 2, the effect of the dendrites on the local electrosta-
tic force field is neglected, although in fact short range electrical
forces arise between the fiber and the approaching particle. For
instance, a charged particle approaching a neutral fiber polarizes
the fiber and is attracted to it. This force becomes significant
when the particle is on the order of one fiber radius away from
the surface of the fiber. When the particle passes near a den-
drite, the dendrite is similarly polarized, but with this local force
extending only on the order of one particle radius away from the
dendrite. Similarly, with a charged fiber some of the charge
resides on the dendrites, and the otherwise radial electric field

lines are distorted near them, curving in obliquely to the den-

drite surface, The coulombic attraction for oppositely charged
particles extends along these field lines, and the particles are
locally attracted to the dendrites.

This localized force was crudely accounted for by simply
expanding the effective capture radius of particles in a dendrite
from 1 to 1.5 particle radii. Upon interception of the increased
capture radius, approaching particles were pulled into actual
contact with the capturing particle along their line of centers.
The result of using this simulation of short range forces is shown
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