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Nucleation and Evolution of Slag Droplets

in Coal Combustion

KWAN H. IM

Kinetics governing the nucleation and size variation of the slag droplets are

first analyzed. Governing conservation equations are then formulated for the

and

droplets and the surrounding gas-vapor mixture. These equations are solved

numerically for the environments representing a typical flow through the channel
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and diffuser of a coal fired, MHD, power generation system. The average droplet

size, total number density and the droplet size distribution are found to be rather
strongly influenced by the total slag mass fraction and the supersaturation ratio.
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SCOPE

One of the added complexities associated with the flow of the

coal generated plasma, through the MHD channel and the,

after gas system, is caused by the residual slag invariably
carried over to the MHD channel from the coal combustor
(see, for instance, Heywood and Womack, 1969; Way, 1974;
Chung and Smith, 1977; Ubhayaker et al., 1976). The slag may
be both in a liquid and vapor phase. In addition to physically
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interacting with the electrode surfaces, the slag droplets,
either carried into the channel or formed through nucleation,
act as a strong electron sink (Martinez-Sanchez et al., 1977).
Thus, the slag in the plasma could substantially affect the
generator performance. Also, radiative heat transfer from the
combustion gas to the surroundings is strongly influenced by
the number density and size distribution of the droplets. In the
subsequent after gas treatment system, condensation and re-
moval of the slag must be accomplished among other gas clean-
ing and energy recovery processes. It is clear, therefore, that
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understanding of the nucleation and subsequent behavior of
the various size droplets is necessary in order to design an
optimal coal fired MHD system.

A study is made in this paper of the formation of the slag
droplets from vapor and the evolution of the droplet sizes
taking place in the generator or after gas system. Specifically, it
is considered that a gaseous mixture containing certain initial
amounts of slag vapor and slag droplets is given. Also given
initially are the size distribution of the slag droplets and prop-
erties of the gas mixture. The gas property is then considered to
vary in an arbitrary manner with respect to time. The present
analysis describes the nucleation and time variation of the
droplet size distribution. The analysis is based on the solution
of the spray equation (see Williams, 1965) in the time-size

coordinate system with appropriate kinetics describing the
nucleation and the droplet size variation.

A related analysis has been made by Martinez-Sanchez et al.
(1977). In the present work, many of the previous approxima-
tions have been relaxed. The size distribution was not con-
sidered in the previous work. Further discussion of the
Martinez-Sanchez solution will be given in a separate section.

The text begins with construction of the governing conserva-
tion equation for the droplets. The kinetic descriptions of the
droplet growth and nucleation necessary for the droplet equa-
tion are also developed. The governing equation for the gas
phase mixture is then formulated. The coupled set of the gov-
erning equations of droplets and gas mixtures is then solved,
and typical results of the solution are discussed.

CONCLUSIONS AND SIGNIFICANCE

Nucleation and the droplet growth were analyzed for the
slag vapor and droplet ridden combustion gas stream. Numeri-
cal solutions were obtained for environments representing the
flows through the channel and diffuser.

It was found that the partial differential equation governing
the droplets is very unstable because of the precipitous manner
in which the nucleation rate varies and the strong dependence
of the droplet growth rate on the droplet size. This difficulty
was circumvented by a logarithmic transformation of the inde-
pendent variable r.

The numerical solutions showed that evolution of the droplet
size distribution proceeds through a succession of rather deli-
cate balances between the size dependent condensation and
evaporation rates and the nucleation rate. These balances are
largely dictated by the amount of ash carryover and the super-

saturation ratio.

Evaporation and or growth at an early stage of the submi-
cron size droplets and the subsequent nucleation of the ex-
tremely small droplets engender a bimodal size distribution
either in the channel or in the diffuser, depending on the
supersaturation ratio. This bimodal nature is preserved
through the diffuser.

The higher slag content was found to trigger nucleation
prematurely in the channel such that a relatively smaller por-
tion of the vapor nucleates. The remaining portion of the vapor
condenses on droplets and causes rapid growth of the droplets.
The higher slag content, therefore, squeezes the entire size
distribution toward the larger radius region of the spectrum.
Also, it results in a reduced droplet number density and in-
creased mean radius at the end of the diffuser.

EQUATIONS FOR DROPLETS

We consider a spatially homogeneous mixture of gas and slag
droplets att = 0. All necessary properties of the mixture includ-
ing the number density and size distribution of the droplets are
considered to be given at the initial time. Then the time evolu-
tion of the number density of the various size droplets is gov-
erned by the spray equation (see Williams, 1965):

ﬂ(ar_;_tl_ + % [ra(r, ] = J(r, t) 8(r — r*) 0

In the above equation, n(r, t) denotes the number density of the
droplets with the radii between r and r + dr at time t > 0.

In order to render Equation (1) self-contained, the rates of
droplet growth and nucleation must be known. Expressions for
these quantities are derived in the following.

Rate of Droplet Growth

Nucleation is expected to engender slag droplets whose
diameters are of the order of 10 angstroms, as seen in Feder et
al. (1966), Dunning (1969), and Anders (1969). On the other
hand, the droplets carried out of the combustor are expected to
have sizes of the order of several microns. Typical mean free
path in the gas flowing in the MHD system is estimated to be of
the order of 1 u. Therefore,. the droplet gas interactions of
present interest would encompass the free molecular to the
mixed interaction regimes, thatis, the regimes where the Knud-
sen number is very large down to the order of 0.1. The droplet
growth rate is analyzed in the following to take account of the
interaction regimes present yet in a sufficiently simplified man-
ner so as to render the analysis tractable.
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Consider the droplet of radius r and the surrounding gas
shown in Figure 1. After the conventional simplified method of
analysis of the Knudsen flow regime (see Sedunov, 1974; Kogan,
1969), we divide the gas surrounding the dropletinto two layers,

\
N\

« KNUDSEN LAYER

Figure 1. Particie growth evaporation model.
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the layer adjacent to the droplet surface of one mean free path
thickness (Knudsen layer) and that outside of this layer. The
interface between the two layers is labeled as b in Figure 1. Itis
assumed that state of the gas at b and beyond is in kinetic
equilibrium; that is, the velocity distribution is near Maxwellian
owing to the numerous gas-gas collisions in the region of ({ — r)
> \. No gas-gas collision occurs between b and the droplet
surface s. It is also assumed that the slag vapor molecules emit-
ted from the surface s are in a kinetic equilibrium at Tj.

Rate of emission of the slag vapor molecules from the surface s
can be expressed as

I = dmp? (ET”_) expl/(kTy)] )

where ¢ is the energy function which represents the energy
needed to form the droplet of a given radius. It will be expressed
in terms of the surface tension and other pertinent properties
later. Since it has been assumed that the gas at the boundary b is
in kinetic equilibrium, the mass rate of vapor leaving b toward
the droplet surface is

Iy = rari(neo./4) (3)
Growth rate of the droplet size is then given by
r=m(l, - L)(4nrp) @

Our purpose at hand is to make the above equation for r
explicit by determining the variables defining I and I,. With
this in mind, we proceed as follows.

We construct the vapor mass and total energy balances at the
interface b as

4"(7' + A-)Dv("c - ncb)

= 4rr? [ nczvcb _ nczvcs exp( k(; )] (5)

4m(r + MK(T, — Tb)
— Amryp2 | NobUg i _ MNgsUgs ) E_ )]
4mr [—4 ( kT,,) — 3 kT,
(6)

2

can be considered known. Also, for simplicity, we assume that

Nigy = Ng )
where n, is the noncondensible gas molecular number density in
the free stream. One additional relationship would comprise the
necessary twelve equations for the twelve unknowns. This equa-

tion is obtained by constructing a complete energy balance on
the droplet as

2 Mﬁ_(i )_ NgsVgs (_9__ ):l
47r {[ 3 3 kT, ) 3 kT,

NepVch NesUcs ¢ )] }
+ - =
[ 1 4 e"p( %) | mely =0

(10}

For the small size droplets of the present interest, the radiation
heat transfer is neglected in comparison with the convective
heat transfer. The quantity in the first square bracket represents
the sensible heat transfer to the droplet by molecular conduc-
tion, and that in the second square bracket represents the latent
heat transfer to the droplet by condensation. A quasi steady state
condition was used in constructing Equation (10). A quasi steady
state prevails, since the free stream conditions change at a
sufficiently slow rate as compared to the rates at which the
continuum and Knudsen layers surrounding the droplet and the
droplet itself can respond to the change.

Equations (5) through (10) constitute twelve algebraic equa-
tions with the same number of unknowns. These equations are
solved, and the following equations are obtained for the droplet
growth rate r given by Equation (4):

12 Kn PgafT,) f [S _ (Ta )* sat(Ts)

=12 KnPadly) LY _ally (8 )]
5 [V ZWRL,TQ Ts !/ P sat(Tv) eXp( kTs
1n)

where

fPsatL [(S - eXP(d)/kTg)]

8

T, and n, without the subscript b or s denote the properties in
the free gas stream. The slag vapor constitutes only a trace in the
gas mixture. Therefore, its effect on the above energy equation
is neglected.

Since the only properties given are those in the free stream,
Equations (5) and (6) contain twelve unknowns: ng, ne, fics, g,
Ugps Uepr To» Vs> Dy Ugs, K and Ty. Seven simple relationships,
however, can be readily obtained from the kinetic theory as

( 8kT, )’} ( 8kT, )5
Ugp = > Vg =

Tm, T™m
. (8kT,,>i . (SkTs)é
@ m. /’ “ ™m,
NysUgs = NgpUgb» (7)
H
b 2 (B,
5 ™m,

i
K=£kn,-g(8kTg) r Kn
8 wm

In addition, ns is the number density of the vapor molecules
corresponding to the saturated state at T. Therefore, the rela-
tionship

Teg = Neg(T) ®
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PT, gV R.Ry + Psa L f exp(d/kT,) (

—

L —_—
R.T, kI, 2

The two functions of the Knudsen number, fand g, are defined
as

1+ Kn
f= i (13)
1+TKn(1+Kn)
1+ Kn
g= y—1
1+ 15 (2 1) ka1 +
15 ) Kn(l + Kn)

The supersaturation ratio S is defined as
S = Py(Ty)/PsadTy) (14)

In deriving Equation (11), the molecular number densities are
replaced by appropriate partial pressures via equation of state of
ideal gas.

Construction of the droplet growth rate equation, Equation
{11), is complete as soon as we define the energy function ¢. The
work required to construct a spherical droplet from the same
volume out of a bulk of the liquid is defined as the energy
function ¢. It can be expressed (see Dunning, 1969; Anders,
1969) in terms of the surface tension o as

20m,
p=—0 (15)
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Homogeneous Nucleation

Collisions and the attendant cohesions of the monomers are
considered to cause nucleation. Zeldovich, upon this considera-
tion, formulated the following equation for the nucleation rate
(see Feder et al., 1966; Dunning, 1969; Anders, 1969; Reiss and
Katz, 1967; Reiss et al., 1968; Katz and Ostemier, 1967; Wegner
et al., 1972):

J = Bldmr®) ZC, exp[~AGH/(kT,)] (16)

C, is the concentration of the monomer, and G% is the Gibbs free
energy function for the formation of n-mers with the radius r*,
The critical radius r* of the n-mers or the droplets, first formed
through nucleation, is given by the Gibbs-Thompson relation-
ship found in Feder et al. (1966), Dunning (1969) and Anders

(1969) as 968

" kTS

r* (17)
Through manipulation of Equations (16) and (17), and with
certain other classical thermodynamic relationships, the follow-
ing equation is derived in Feder et al. (1966), Dunning (1969)

SOLUTION OF THE GOVERNING EQUATIONS
Governing Equations

The spray equation, Equation (1), the vapor conservation
equation, Equation (19), and the expressions for r and J given by
Equations (11), (12) and (18) are first reproduced here for com-
pleteness:

aL(art’_tl- + a;ar [T n(r, t)] = ](7‘, t) 8<r —_ T*) (20)
Pr = —ampy | 12t e
—_ 4w 3 Py apa
ERAEE @

_ 12 Kn Pu(T,) [s _ (Tg)‘ﬂ PualT) ( K )}

r = —
5 pV2wRT, T/ Puy(T,) kT,
(22)

fPsat L[S - eXP(¢/kTg)]

— P T,gVR,R, + Psut L f exp(d/kT,) (

T,=T, {1 o
8
and Anders (1969):.
{2\ P\ o\ -4 _, )
J= (?) (kTg> ”(mc) e"p( 5 olkT,
(18)

Subsequent to derivation of the above classical expression, a few
somewhat different expressions have been derived for J (see, for
instance, Wegner etal., 1972; Lothe and Pound, 1968). Because
of the difficulties in determining the constants appearing in
these subsequent theories, itis not clear whether these theories
are actually improvements over the classical theory of Equation
(18). In the present analysis, therefore, we shall employ Equa-
tion (18).

Before leaving the discussion of nucleation rate, we note that
an assumption has been made in the derivation of Equation (18)
that a statistical equilibrium exists among the n-mers. This
assumption is questionable for the extremely low vapor concen-
trations where collisions among the n-mers are insufficient to
maintain the equilibrium. However, in view of the rather large
disagreement which exists between the various equilibrium
results, an attempt at this stage to include the nonequilibrium
aspect does not seem justifiable.

With the expressions for  and J derived, Equations (11) and
(18), the spray equation, Equation (1), is self-contained. In order
to complete the governing set of equations, we must now de-
scribe the behavior of the gas streams.

EQUATIONS FOR THE GAS PHASE

It is considered in the present problem that variations with
respect to time of the bulk gas temperature and pressure are
given.

On the other hand, conservation of the slag in the system must
be enforced. For this purpose, we construct the following equa-
tion governing the slag vapor concentration:

ap,

5 —47p, j r2ralr, t) dr

]

Py 9p,
py, 0t

- %p,(r*)w*, t)+ (19)

Equation (19) for the slag vapor is, of course, coupled with the
spray equation, Equation (1), governing the droplets.
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3 _L)] (23)

L p—
R, kI, 2

)i exp [— %”r*z o/(kT,) ] (24)

11 \kT,

C
where

1+ Kn

1+ —IES—Kn(l + Kn)

1+ Kn

1+15(7_1)Kn(1+1<n)
y+1

s = Pv(Tg)/Psat(Tn) (25)

200
kT,InS

g:

r* =

Initial and Boundary Conditions

The two differential equations, Equations (20) and (21), re-
quire two initial and one boundary conditions. The given initial
droplet size distribution and slag pressure constitute the initial
conditions. They are written as, at + = 0

n(r, £) = n(r, 0), P(T, t) = P(T,, 0) (26)

The boundary condition with respect to r is, at r = r,
a(ry, t) = 0 27)

Solution of the equations is sought for r > r,. The smallest
droplet size ry is an arbitrary cutoff radius defined such that only
the particles of radius larger than r, are considered to be drop-
lets. In the present computation, we shall take ry = 4 angstroms.
Provided that r, = r*, solution of the problem is practically
independent of rq.

Auxiliary Conditions

As mentioned previously, variations with respect to time of
the pressure and temperature of the gas mixture P(¢) and T,(t)
are given.

With Equation (25) substituted into Equation (20) to (24),
these equations comprise five equations governing the five un-
known functions, n, 7, J, p, and T,. Their initial and boundary
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conditions are given by Equations (26) and (27). We have now
constructed a self-consistent boundary value problem.

Method of Solution

Equation (21) is essentially a first-order differential equation
with respect to ¢ only. With r and J given by Equations (22) and
(24), no real difficulty is expected in integrating this equation.

Equation (20), on the other hand, is a full partial differential
equation with respect to t and r. Direct application of a finite-
difference scheme encountered a rather severe stability
difficulty. The main cause of the difficulty lies in the fact that the
nucleation and droplet growth rates are strongly r and ¢ depen-
dent. The nucleation, in fact, takes place at r = r* only. The
droplet growth rate, as seen in Equation (22), rather precipi-
tously increases as a certain value of S is reached and as precipi-
tously falls as the § changes. Also, the growth rate is a strong
function of the drop size r through kn and ¢. At a given time, r
may be positive for certain narrow region of the size spectrum
and negative for another narrow region, simultaneously. After a
certain amount of numerical experimentations, this difficulty
was circumvented by the logarithmic transformation of :

i) e

With the stability problem solved, Equations (20) to (24) are
solved numerically by employing the two-step Lax-Wendroff
procedure found in Richtmyer and Morton (1967). Typical re-
sults obtained will be discussed subsequently following discus-
sion of the Martinez-Sanchez model.

COMPARISON WITH MARTINEZ-SANCHEZ ANALYSIS

The previous study of Martinez-Sanchez et al. (1977) is closely
related to the present analysis. There are three basic differences
between the present and the Martinez-Sanchez analysis.

1. In the earlier work of Martinez-Sanchez (1977), the first
three moment equations of the spray equation, Equation (2),

were analyzed instead of the spray equation itself. Hence, the _

analysis was carried out for the total number density N, and for
the averaged quantities (moments) 7 and 72. No solution for the
size distribution could be obtained in this method. In the
present study, the spray equation is directly solved, and this
enables one to study the evolution of the droplet size distribu-
tion as well as the various averaged quantities.

2. Interaction between the droplets and the surrounding
gases is considered in the previous work to take place according
to a free molecular description. This is not quite correct for a
typical MHD system environment, where the Knudsen number
could be as small as 0.1. In the present study, a more general
description is employed which is valid for all interaction regimes
between the free molecular and continuum limits.

3. Martinez-Sanchez et al. (1977) neglected the effect of the
droplet surface tension on the heat and mass transfers between
the droplets and the surrounding gases; that is, the energy
function ¢ was set to zero. For the small droplets considered,
the surface tension plays an important role in the droplet growth
and vaporization, and this fact is taken into account in the
present analysis.

RESULTS AND DISCUSSION

The actual problem analyzed consists of the spatially
homogeneous mixture whose properties are varying with re-
spect to time. When applied to a steady flow problem, there-
fore, the present analysis constitutes a Lagrangian solution.
Transformation to an Eulerian system can be accomplished for
one-dimensional steady flow problem by the use of the relation-

ship
rd
t = -/ _u_. (29)
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Figure 2. Supersaturation ratio and nucleation rate through channel and
diffuser for approximately 10% ash carryover.

This relationship is employed in the following to describe the
flow through a channel and diffuser combination by the use of
the present solution.

The initial conditions to be specified were discussed in the
sections following Equation (25).

Results of three different sets of computations are shown on
Figures 2 to 10. The three sets are chosen from typical condi-
tions found at the inlet to the MHD channel such that, among
other things, effects of the supersaturation ratio and the
amount of ash carryover on the final droplet size distribution can
be elucidated. It can be deduced from Equations (20) to (25) that
these two parameters have predominant influence on the final
size distribution. Solutions are obtained for the simple linear
variations of the gas temperature and pressure indicated on the
figures. These approximately describe the variations through a
typical channel-diffuser combination of 20 m in length.

In all three sets of computations, it was considered that 20% of

the total slag carryover is in droplet form initially with the mean

radius of 2 mm. The initial droplet size is assumed to be distrib-
uted according to the Nukiyama-Tanasawa equation (see Wil-
liams, 1965): :

No r 4
n0.r) = 130.2 30 (_7_) exp(5r/7) (30)

The first set of computations, Figures 2 to 4, was carried out
for the initial temperature of 2650°K and ash carryover of
approximately 10%. Figure 2 shows the variations with respect
to x of the supersaturation ratio and nucleation rate computed
by Equations (23) to (25). In the channel (x = 10 m) where the
supersaturation ratio is below 1, the predominant process is the
evaporation of the small size droplets. This results in the disap-
pearance of the small size end, r < 0.7 X 10”2 um, of the initial
spectrum.
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Figure 3. Evolution of size distribution for approximately 10% ash car-

ryover.
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The supersaturation ratio S increases as the small droplets
evaporate in the channel. With the steadily decreasing tempera-
ture in the diffuser, S increases at a rapid pace there, and,
finally, the nucleation commences rather precipitously.

The size distribution at an early stage of nucleation (x = 14 m)
is shown on Figure 3. The new arrivals by nucleation comprise
the extremely small size end (r = 3 X 1072 um) of the size
spectrum. The size range of 3 X 1072 < r <8 x 10 um is
missing from the spectrum because these particles have either
evaporated or have grown into the larger size region by conden-
sation in the diffuser, and at the same time the nucleation which
takes place in the smaller size region has not affected the range.
The nucleated droplets and the remnant portion of the initial
droplet distribution comprise a clearly bimodal size distribu-
tion.

The maximum rate of nucleation occurs at x = 16 m as seen in
Figure 2. Figure 4 shows that the total droplet number density
rapidly increases, and, at the same time, the mean radius de-
creases through the nucleation zone.

The total number density and the average droplet radius are
evaluated as the first and second moments, respectively, of the
size distribution function n(s, r) dr as

No(s) = fm n(s, rydr (31)

o
r(x) = Wlo_ J::r n(s, r)dr (32)

The nucleation terminates as precipitously as it began as the
nucleation depletes the slag vapor and reduces S to near 1. For
the remainder of the diffuser, the small radius region of the
spectrum moves into the larger radius region as the droplet
growth continues, while nucleation of the small size droplets is
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Figure 6. Evolution of size distribution for approximately 50% ash car-
ryover.

terminated. The final size distribution as seen in Figure 3 is still
distinctively bimodal.- This peculiar bimodal distribution is
caused largely by the strong size dependence of the growth rate.
With the smaller size droplets growing at rates greater than the
larger size, an accumulation of the droplet population takes
place in a certain relatively narrow size range. The range in
which such accumulation takes place for the case of Figure 3is in
the neighborhcod of 2 X 107% um, and this range comprises one
branch of the bimodal distribution. The other branch consists of
the large radius portion (r > 0.3 um) of the initial distribution
which has changed little through the channel and diffuser.

It can be shown from the solution that initially 80% of the mass
was associated with the sizes between 1 and 2 um. At the end of
the diffuser, however, 80% of the slag mass is associated with the
droplets of size less than about 0.1 pm radius.

In closing discussion of the first set of computations, itis noted
that the major evolution of the size spectrum took place through
the nucleation and subsequent growth of that portion of the slag
initially carried into the channel as vapor, and, also, through the
evaporation and reappearance of the initial small size droplets
into the more numerous and even smaller size droplets.

The second set of computations, Figures 5 to 7, shows the
results of an increased S caused by a higher ash carryover. A 50%
ash carryover is considered vis-a-vis 10% of the first set. The
supersaturation ratio and nucleation rate are shown on Figure 5.
The supersaturation ratio is greater than 1 in the ¢hannel, and,
therefore, no evaporation takes place there. On the contrary,
the droplets grow at a steady pace throughout the channel and
most portions of the diffuser. S increases in the channel as the
temperature is reduced, and the nucleation commences pre-
cipitously but rather prematurely in the channel where X =3
m. Even though the initial § was much higher for the second set
than the first, the S is substantially lower than that for the first
case in the nucleation zone. In the first set, a steady accumula-
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tion of the vapor took place through the channel from evapora-
tion of the small droplets. Therefore, when the nucleation was
finally triggered in the diffuser, the supersaturation ratio had
reached a very high value. This means that the number of the
droplets nucleated in the second set is lower than that in the first
set.

In an early stage of nucleation, x = 3 m, the size distribution
is distinctively bimodal for the same reasons as in the early stage
of the set one except that the size range of 5 X 1072 s r S 3 X
107! pm is missing from the spectrum because they have grown
into the larger size regime through condensation. Because of the
high vapor pressure, droplets of this size are rapidly depleted by
growth alone, whereas evaporation played a major role in de-
pleting a range of the droplet sizes in set one. Figure 6 shows
that the bimodel character of the size distribution persists
through the nucleation zone and the diffuser. A comparison of
Figures 3 and 6 shows that the size spectrum is generally
squeezed toward the larger size region when the slag carryover
is raised.

As is seen in Figure 7, the reduced nucleation rate and the
increased growth rate of the droplets result in a much reduced
number density and a greater mean radius at the end of the
diffuser as compared with set one.

In the third set of computations, Figures 8 to 10, the initial
supersaturation ratio is the same as that used for the set two.
However, this increase of § from set one is obtained by reducing
the initial gas temperature rather than by increasing the ash
carryover.

Asis seen in Figure 8, nucleation takes place approximately at
the same position as where it took place in the set two. The peak
S, however, is higher than that for set two because of the lower
gas temperature. The nucleation rate, therefore, is corre-
spondingly higher. The general mode of evolution of the size
distribution through the channel and diffuser (see Figures 9 and
10) is the same as those found in the previous sets. The final
number density and mean radius are seen in Figure 10 to be of
the order of those found in the first set (Figure 4), and are
substantially different from the second set (Figure 7). This
means that the final total number density and mean radius are
strongly influenced by the amount of ash carryover and only
moderately by the initial supersaturation ratio.
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NOTATION

D, = molecular diffusivity of vapor, m?%s

G*% = Gibbs free energy of n-mer, |

I = number of particles striking a surface per unit of
time, no/s

] = homogeneous nucleation rate, no/s, m®

k = Boltzmann constant = 1.3804 x 10, J/°K

K = thermal conductivity of gas, J/m - s - K

Kn = Knudsen number, A/r

L = heat of vaporization, J/Kg of vapor

M = Mach number

m = mass of a molecule, kg

N, No = total droplet number density, no/m®

n(r, t) = droplet number distribution, N(t) = f& n(r, t)dr

n = number density of molecules with subscripts, no/m?

P = pressure, N/m?% of gas mixture in stream without
subscript

= rate of particle growth, m/s

r = particle radius, m

I = scaling constant

r* = critical radius of droplet, m

R = gas constant, J/kg - °K

S = supersaturation ratioc = P,/Psy

T = gas temperature, °K; in stream without subscript

t = time variable, s
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x = axial variable, m

u = gas velocity, M\/yRT

) = volume of a vapor molecule, m*
v = average molecular velocity, m/s
Z = Zeldovich factor

Greek Letters

B = P, 4m(r*)¥\/2nR,T

ratio of specific heats, 1.16

surface tension of liquid slag, 0.32 N/m

= mean free path for vapor in stream, m

- radial distance from the center of a droplet, m.
mass density, kg/m®

= energy function = 2am./pr

= transformed nondimensional variable for r coordi-
nate defined by Equation (28).

&(r ~ r*) = Dirac delta function

Il

T M > QN
I

Subscripts

- evaluated at nonphysical boundary b in Figure 1
- condensable species (= vapor)
= noncondensable gas in stream
= liquid slag
= evaluated at the droplet surface
sat = evaluated at saturation
= vapor in stream
+ = toward drop surface from boundary b
- = toward the surface b from s in Figure 1

W e~ O o
|
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Mass Transfer in Periodically Cycled Plate
Columns Containing Multiple Sieve Plates

A five plate distillation column, 100 mm in diameter, has been used to study
both fluid mixing and the mass transfer separations of mixtures of methylcy-
clohexane and n-heptane under periodically cycled conditions. Both the fluid
mixing and mass transfer could be successfully analyzed using the (2S) model to

D. W. GOSS
and
1. A. FURZER

describe the liquid movement in the column. Previously reported results by

McWhirter and Lloyd could not be reproduced. Only moderate improvements in
separating ability can be obtained with sieve plates and packed sieve plate col-

umns operated in the cycled mode.

Department of Chemical Engineering
University of Sydney, 2006, Australia

SCOPE

Periodic cycling is a method of improving the performance of
plate columns by eperating with an on-off control of the vapor
and liquid flow rates. During the vapor on period, liquid is
retained on the plate as downcomerless sieve plates are used in
the column. During the vapor off period, liquid drains from a
plate to the plates below. The mass transfer theory covering
these two periods indicates that the cycled column should oper-
ate with separations equivalent to a conventional column con-
taining twice the number of plates. Some experimental results
in the early 1960’s showed these high levels of performance in
multiple sieve plate columns. Other results failed to meet the
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theoretical improvements in performance. Recently, a good
agreement between theory and experiment was obtained on a
single sieve plate column. The reason for the mixed literature
results is due to a simplistic modeling of the liquid
movement down the column during the vapor off period. More
elaborate models based on liquid bypassing a plate have been
experimentally measured on a number of cycled columns. With
multiple sieve plate columns, the fluid mixing during the liquid
drain period dominates the mass transfer separation. The fol-
lowing experiments are an attempt to bring together the ex-
perimental measurements on fluid mixing and mass transfer
separations obtained in a multiple sieve plate column. The
method should unify the numerous experimental results re-
ported in the literature on periodic cycling of plate columns.
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