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NEWARK, NEW JERSEY 07102

and
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BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

Summary

Batch, semicontinuous, and continuous versions of the parametric pump
are analyzed in terms of an equilibrium theory of pump performance.
The batch pump and pumps with feed at the enriched end are shown
under certain conditions to have the capacity for complete removal of
solute from one product fraction and at the same time arbitrarily large
enrichment of solute in the other product fraction. Under other condi-
tions and for all conditions for pumps with feed at the depleted end
separation factors and enrichment are modest.

INTRODUCTION

A recent experimental investigation by Wilhelm and Sweed (1) has
shown that batch parametric pumping can yield very high separation
factors in small equipment in a relatively short period of time. In this
paper we investigate a number of batch, semicontinuous, and continu-
ous versions of the parametric pump. We deduce their characteristies
via extensions of the equilibrium theory of Pigford, Baker, and Blum
(2). Emphasis is placed on the specification of operating conditions

*This work was done under the auspices of the U. 8. Atomic Energy
Commission.
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necessary to achieve high separation factors and at the same time
arbitrarily large enrichment in the enriched fraction. A preliminary
summary of this work has been reported elsewhere (3).

PARAMETRIC PUMP MODELS

We will consider the parametric pumps shown in Fig. 1 and certain
variations of these pumps. Flow to and from the reservoirs of all
pumps during each half-cycle is at the rate @ volume units per unit
time. Each half-cycle is =/ time units in duration so that the displace-
ment volume is Qn/w. All pumps have dead volumes of size V, and
Vs volume units associated with the top and bottom reservoirs,
respectively.

The pump in Fig. 1a is a batch pump while the others each have a
feed stream and top and bottom product streams. The feed flow-rate
is (¢r -+ ¢#)@Q and the top and bottom product flow rates are ¢rQ and
¢5Q), respectively, where ¢r and ¢z are the ratios of the top and bottom
product flow rates to the reservoir displacement rate.

TI or TZ

{o)]

FIG. 1. Parametric pump models: (2) batch, (b) continuous with top
feed, (c) continuous with bottom feed.
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The feed stream is located at the top of the column in Fig. 1b and at
the bottom in Fig. le. Two modes of operation of these two pumps are
treated. In one, the feed and product streams flow steadily both in
upflow and downflow, resulting in truly continuous pumps. In the
other, a semicontinuous form of operation results from batch operation
during one half-cycle and continuous operation in the other. Thus we
assume for the pump with feed at the top batch operation during
upflow and continuous operation during downflow. The reverse ar-
rangement is assumed for semicontinucus operation of the pump with
feed at the bottom. The various pumps to be treated are listed in
Table 1.

In the batch pump the flow rates within the column in upflow and
downflow are identical and are equal to the reservoir displacement rate
@Q. The column flow rates in the pumps with feed and product streams
may be determined by reference to flow diagrams such as those in Fig.
2 for the continuous pump with top feed. Material balances around the
point of bottom product withdrawal show that the column flow rate in
upflow must be (1 — ¢z)Q and in downflow, (1 4 ¢5) Q. Similarly, for
the continuous pump with bottormn feed the column flow rate is
(14 ¢7)Q in upflow and (1 — ¢)Q in downflow. For the pumps with
intermittent feed and product streams, the column flow rates are those
of the corresponding continuous pumps during the half-cyele of contin-
uous operation and those of the batch pump during the other half-
cycle. The column flow rates in upflow and downflow in the various
pumps are shown in Table 1.

We will restriet our interest in this paper to situations in which a
given product stream during discharge of the adjacent reservoir comes
only from that reservoir and not also from the column or from the feed
stream. This restriction has the effect of limiting the values of ¢r and
¢z as shown in Table 1.

For all pumps we assume the column is filled with adsorbent parti-
cles, and the reservoirs and the voids in the column are filled with a
two-component mixture, one component of which distributes between
the two phases. Flow is upward during a hot half-cycle and downward
during a cold half-cycle. The material in each reservoir is taken to be
well mixed prior to flow reversal. The volume of material in the con-
necting lines is assumed to be included in the dead volume of the
adjacent reservoir.

At pump startup the distributing solute fluid phase concentration is
equal to the feed concentration y, throughout the apparatus and is in
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FIG. 2. Internal flow rates in continuous parametric pump with top feed.

equilibrium at the higher temperature with the solute concentration on
the adsorbent particles. Flow in the first half cycle is upward.

MATERIAL BALANCES

Two types of equations are used in the caleulation of the perform-
ance characteristics of the pumps just described: internal equations and
external equations. An internal equation is a solute material balance
reflecting events occurring within the adsorption column. An external
equation is a solute material balance on streams flowing to and from a
reservoir considering the presence of any adjacent feed and product
streams. In general, solution of a system of two internal and two ex-
ternal equations is required in order to obtain expressions for the
transients and steady-state concentrations in each pump.
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Internal Equations

For processes inside the column we will assume as did Pigford,
Baker, and Blum (2) that local interphase equilibrium exists with a
linear distribution law having a temperature-dependent distribution
coefficient, and that there is negligible axial diffusion. Based on these
assumptions Pigford and co-workers derived a differential solute bal-
ance valid within the column which was solved by the method of
characteristics. We will not repeat their derivation here but note that
they found the slopes of the characteristic curves to be %,/(1 — b) in
upflow and —ue/(1 + b) in downflow, where w, is the propagation
velocity at the mean column temperature of the conecentration fronts
which enter the column at the start of each half-ecycle, and b is a
measure of the change in the amount of distributing solute found in
the liquid phase as a result of a column temperature change, 0 <
b<l

In our application of this approach we allow for the possibility of
different concentration front propagation velocities in upflow and
downflow. The characteristic curves are again linear with slopes in our
case u,/(1 — b) in upflow and —wu,/(1 + b) in downflow, where now
u, and u. are the propagation velocities at the mean column tempera-
ture in upflow and downflow, respectively. These velocities are equal
to u, times the ratio of the column flow rate to the reservoir displace-
ment rate.

The distance of penetration of the column by each new concentra-
tion front entering the column is equal to the product of the slope of
the characteristic curve and the half-cycle duration and is

m

L, = T (1

at the end of an upflow half-cycle, and

3

pu— u2 —_
L2—1+bw @)

by the end of a downflow half-cycle.

The ratios L,/ (uom/w) and L,/ (usm/w) for each pump are given in
Table 1.

The calculation of pump performance depends on the relative
magnitudes of L,, L., and h, the column height. Figure 3 indicates
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FIG. 3. Regions of parametric pump operation.

three regions in which, depending on these relative magnitudes, differ-
ent internal equations apply.

We note by comparing the values of L,/ (uew/w) and L./ (uem/w)
given in Table 1 for the bateh pump and the pump with feed at the
bottom that for these pumps we will always have L, > L.. Therefore
in Fig. 3, only the region L, > L, is indicated as applying to these
pumps. No such limitation exists for the pumps with feed at the top.

When the bateh pump and the pumps with feed at the top are
operated in Region 1 we will find that at steady-state solute removal
from the lower reservoirs and lower product streams will be complete
and the separation factors, defined as the ratio of the top and bottom
product or reservoir concentrations, will approach infinity. When these
pumps are operated outside Region 1 solute removal from the lower
reservoirs and lower product streams will be incomplete and the
steady-state separation factors will be modest in size by comparison.
No region of infinite separation factor will be found for pumps with
feed at the bottom.

The boundaries between Regions 1 and 3 and between Regions 1
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and 2 are the loci of so-called “switching points.” If in a pump
originally operating in Region 1, L, is increased until it exceeds h, or
L, becomes less than L, corresponding switching points are en-
countered and the steady-state behavior of the pump abruptly switches
from a mode in which solute is completely removed from the lower
reservoir to one in which solute removal is incomplete. One may
visualize the crossing of the boundary L, = & as resulting from in-
creasing L. by inecreasing the reservoir displacement volume. Crossing
of the boundary L, = L, may be thought of as resulting from increas-
ing the rate of bottom product withdrawal, i.e., increasing ¢z so that
L, becomes less than L,. The regions of infinite and finite steady-state
separation factor and the loci of switching points are shown in Table 1.

We now discuss the internal equations corresponding to Regions 1, 2,
and 3 of Fig, 3.

Region 1. L, < L, and h

If in this region one traces the progress of concentration fronts
entering the bottom and the top of the column in successive half-cycles
after startup, one finds after a certain number of complete cycles of
operation a constant pattern of characteristics separating regions of
constant concentrations. This pattern is shown in Fig, 4 for the sub-
region L, < L, < h. The equations given below apply to all of Region
1. The pattern is established p, 4 1 cycles after startup where

m+q=(h— L)/(L1 — L) 3

where p, is zero or a positive integer, and 0 < ¢, < 1. The values
assumed by p; and ¢, in different parts of Region 1 are indicated in
Fig. 3. Note that when ¢, = 0, just two concentrations emerge from
the top of the column. When g, > 0 three concentrations emerge. It
can be shown that three is the maximum number of concentrations
which can emerge (4).

We take Fig. 4 to represent the nth cycle of operation where n > p,.
If we base derivations similar to those of Aris (5) on Fig. 4, we can
obtain the following equations for the average concentrations leaving
the top and bottom of the column

L2 ]. b L2
(ym) = L 1%5 (Yr2)n + (1 - fx) [ys0)n—pim1 + (1 — @) yB1)np]

(4)
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1—-5b
(?/B2>n = m <y131>n (5)
Equation (4) is valid when n < p, if the bottom concentrations are set
equal to y, whenever the indices of these terms are zero or negative.
Region 2. L, < L,and L, < h

In a manner opposite to that of Region 1, the constant pattern of
characteristies developed in this region results in three concentrations
emerging from the bottom of the column during downflow and one
from the top during upflow. The internal equations are

Y>> n-p, - rn >,

1+b
T-_B <yT2 n-|

A\ B C D

I L‘z qoL

Ji

h p|AL
2
b4 ] T_'T_
. e
| 4L
. oy
— t=(2n-2)w/w (2n-Dw/w 2Nn/w

ey gz

FIG. 4. Steady pattern of characteristics separating zones of constant
concentrations as found in Region 1 of Fig, 3.
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1+b
e = T o ©)
and
L1—- L,
(Yp2)n = Ll 155 <yBl>n (1 - f) [gx(yr2)n—pet + (1 ~ @) {yra)n—m)
)
where p; is zero or a positive integer defined by
h—L
p2+q2=L2_Lll (8)

and 0 < g. < 1. In Eq. (7) the top concentrations are set equal to y,
when their indices are zero or negative, and the quantities p, and q.
vary over Region 2 as indicated in Fig. 3.

Region 3. h < L, and L,

The constant pattern is established by the end of the second upflow
half-cycle. Two concentrations emerge from both the top and bottom
of the column in this region, and the internal equations are

h 1+b

{Yri)n = <yT2>n—-1 + <1 - %) {YB1)n n>2 (9)

and

() = i’i}—jr—’-; (Y + (1 - £) G w21 (10)

External Equations

Whereas there are three regions in the L,~L, plane in each of which
one pair of internal equations applies, the external equations are not
affected by the magnitudes of L, and L.. Therefore for a given pump
model there is just one set of external equations—one for the top and
one for the bottom column externals. For purposes of illustration we
will derive the top external equation for the pump with continuous
feed at the top.

Figure 5 shows the feed point, top produet exit, and upper reservoir
during the nth cycle of operation. The top external equation for this
case may be obtained from material balances based on Figure 5.

By means of a solute balance in combination with a total mass
balance, both at the feed point, one may obtain the following relation
for the nth upflow half-cycle:

(or + e8)yo + (1 — o) (yrn = (1 + er){yrpr)n (11)
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TABLE
Steady-State

No. Pump type

Region 1 (Fig. 3) Region 2 (Fig. 3)

1. Batch

2, Continuous top
feed

3. Semicontinuous,
continuous top
feed during
downflow, batch
during upfiow

4. Continuous bottom
feed

5. Semicontinuous,
continuous bot-
tom feed during
upflow, bateh
during downflow

WBPY> _ 0

Yo
{YTP)w =1+ 26 1

Yo 14+b1+ Vr/(@Qnr/w)

1 -5 14+b Vg
X (ot ot g 5 )

weple _ WBP)s _ (pr — b){pT + ¢B)

¥o vo eBl(er + ¢B) — b(1 1 ¢reB)]
wre)e _ | 4 o8 Wrp)e _ _ (o7 + o)1 — bon)

Yo T Yo or + ¢ — b(1 4+ pren)
yaP)e _ 0 aP)o _ _ (o7 + eB)len — b2 4 ¢B)]

Yo Yo eBller + @B) — b(2 + 08 — or)]
WrP)e _ 14 €8 rP)e _ (eT + @)1 + b)

yo o7 Yo or + ¢ — b(2 + o8 — 1)
(ypP)w _ _ lor + ¢8)(1 + ber)

wo  er +eB + b(l + oren)
WIP)e _ (pr + @8)(b + oT)

Yo oTleT + ¢B + b(1 + oreB))
WBP)e _ (o1 + ¢B)(1 — b)

Yo oT + B + b(2 + ¢r — @B)

wrP)e _ _lor + oB)ler + b(2 + o))

”o erler + o8 + b2 + o1 — ¢B)]

s () = Vr(@Qn/w);, C2 = Va/(Qn/w).

A solute balance on the reservoir over the same half-cycle yields

Q g (yre)n + Velyrpoynoy = (VT +Q g) {Yrpa)n (12)

We may eliminate (ysp1) between Egs. (11) and (12) to obtain
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2

Solutions

Region 3 (Fig. 3)

{yBP)w h (1 B fl) h \? L+ ,ll_-_—f}%: ’
me =t ey + 0+ e -0 () (c+p)(a+f)-a+ea+cy
wre)e _ | _")(”Ll) )
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In > La
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From the combination of a solute balance and total mass balance
around the feed point during the nth downflow half-cycle we can
derive an expression for (Yrps)s:

er + en (14)

T e (yT2>n - Yo

— or 1—¢r
Finally we may evaluate (Yrp2)n and (Yre2)n in Eq. (13) using
Eq. (14) and obtain the top external equation

1 1 Vv |4

Yri)n = (1 __§__ ¢B> (1 __*_— <pr> 1+ ==\ (yrdn — — (Yrona
¥B T Q T @ T
@ w

-(F22) (%) o

The derivation of the top external difference equation for the pump
with intermittent top feed proceeds in the same manner except that
there is no feed or product during the upflow half-cycle. The bottom
external equation is derived for a given pump in a similar manner,
with cognizance taken of the presence or absence of continuous or
intermittent bottom feed. The bottom external difference equation
corresponding to Eq. (15), 1.e., for a pump with continuous top feed, is

1
<yTP2>n = 1

Wpona = {1 + Kg {Yp)n — Zﬁ (YB1)n—1 (16)
% 9

To calculate the performance of that pump, Eqgs. (15) and (16) must
be solved simultaneocusly with the internal equations for each region
in Fig. 3.

We have solved the system of difference equations for all regions
of Fig. 3 for each of the five pumps. The steady-state solutions are
given in Table 2, Certain transient solutions are given below. Expres-
sions for all concentration transients are available elsewhere (). We
present in the following section a sampling of the significant charac-
teristics of the five pump models.

PUMP CHARACTERISTICS

Batch Pump

In Region 1 expressions for the concentrations transients in the
two reservoirs are
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(ym)n_l—b[ Qr/w 1-0 Vs ]n—l
o 1T b|VatQriol ¥ b Vst Qr/a n>1 (17)

(yradn _ 2b Qr/w _
o _1+1+bVT+Q1r/ (n—1) 1<a<p+1 (18)

(yro)n _ 2b Qr/w [ _ 1
i ey S oy ey Lol U GO DR ey =y

X (%Ti—;—i + VB)] 1 _l{m%;ﬁo [(Qr/w) L= b v, ]}n—pl 1
T Vs + Qr/w [(Qw/w) ﬁ——b 4 VB]
n>2p+1 (19)

In the applicable portion of Region 3 (L, > L,) the expressions are

<yB2>n — (gﬁ n &1 n) — (Q@ n—1 @ n-—l) >
_yo C:+ 1) o g+ o & Co % g+ o £ n > 1 (20)

Yran _ 01 g+ g2 3 n 21 (21)
Yo 0 Yo
where
o _1] 1 - ]
Yo &L £— & “
22 B ————1——' -
iy oy (W, — &)
g _ 1y, _ 1 - ]
Yo & _W5 £ — & (Wo = &)
9o Yy, — awy

Yo bk~ &)

&= %[Wl + (Wi — 4Wy)17
go= W1 — (Wi — 4Wy)']
Wi=q C(a1+a2aa)+a4+1+c
W, = a0y + 4 T Gy
1 + Cl 1+ G,
Ws = as + a4

We = a3 1—_*_'1—01 (Cy + a1 + 205 + a204) + aa(as + a4)
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oo LFtDR
YT 1 -0,
(l2=1_i

. _4_(1_3)
STI1I+C, L.]

1 1—9% h
o = 1+02[02+(1+b>(22>]

Ci = Vr/(@r/w)
Cy = Vs/(@Qr/w) (22)

We see from Eqgs. (17) and (20} that at steady-state, solute removal
from the lower reservoir is complete in Region 1 but only partial in
Region 3.

Concentration transients caleulated by means of the above expres-
sions are shown as a funection of number of cycles of operation in
Figs. 6 and 7. The ordinate is the average reservoir concentration
during the downflow half-cycle divided by initial liquid phase con-
centration. (The upflow and downflow concentrations are identical
in pumps with no reservoir dead volume. In pumps which have reser-
voir dead volume they are identical at steady-state.) Dimensionless
concentrations greater than one are top reservoir concentrations, while
those less than one are bottom reservoir concentrations. In the cases
considered b = 0.1 and A = 100 units of length. Figure 6 shows the
effect of varying reservoir displacement volume on the transients in
a pump with no dead volume in either reservoir. As long as the
penetration distance L, is less than or equal to A (Cases 1 and 2),
the separation factor, defined  as the quotient of the top and bottom
concentrations, approaches infinity as n becomes large. However, as
L, is increased to the point where it exceeds h, the steady-state con-
centration in the lower reservoir abruptly switches to a finite value
and the steady-state separation factor becomes finite. In Case 3,
L, =120 and a, = 1.97.

One can see from Fig. 6 and the expressions in Table 2 for the
steady-state concentrations in the batch pump with no reservoir dead
volume (C, = C, = 0) that not only can one obtain complete removal
of solute from the lower reservoir—by making L, less than hA—but
at the same time one may obtain an arbitrarily high concentration in
the upper reservoir by making L, < h, i.e., by making the column
very long relative to the reservoir displacement volume.
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FIG. 6. Effect of reservoir displacement volume on concentration tran-
sients in batch parametric pump with no reservoir dead volume.

Another way of achieving an infinite separation factor with arbi-
trarily high enrichment in the upper reservoir is with a pump with
dead volume in the lower reservoir and no dead volume or less dead
volume in the upper reservoir. Figure 7 shows concentration transients
illustrating this point for a pump with A = 100 and a reservoir dis-
placement volume corresponding to a downflow penetration distance
of 100. Thus this pump is operating at the switching point where
transients in the upper reservoir are shortest. In Case 1 there is no
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FIG. 7. Effect of reservoir dead volume on concentration transients in
bateh parametric pump operating at the switching point.

dead volume in either reservoir. This case is identical to Case 2, Fig.
6. The addition of dead volume to the lower reservoir (Case 2, Fig. 7)
equal to 10 times the displacement volume produces an increase in
steady-state top reservoir concentration roughly consistent with the
ratio of the reservoir volumes. Addition of dead volume to the upper
reservoir alone (Case 3) has the opposite effect. A bottom reservoir
arbitrarily large with respect to the top reservoir would lead to an
arbitrarily large enrichment in the upper reservoir but at the same
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time the transient time for depletion of the solute from the lower
reservoir would become very long,

Transients in the continuous and semicontinuous pumps are in
general similar to those shown in Figs. 6 and 7 for the batch pump
except that for small bottom product flow rates (¢s << b) there is
an overshoot in the top product transient, and for large bottom
product flow rates (pz > b) there is an undershoot in the bottom
product transient.

Pumps with Feed at the Top

In Region 1 the solution for the concentration transients in down-
flow in the bottom product streams in these pumps is identically Eq.
(17). Thus in this region at steady-state complete removal of solute
from the bottom reservoir and bottom product stream occurs.

Also in this region at steady-state the top product concentration is

Wrp)w _ o1 1 o8 23)
Yo or

While this expression is the steady-state limit of the solution of the
set of difference equations for these pumps, it is also obtained from
a simple material balance which states that in Region 1 the top
product stream must carry away all of the solute supplied by the
feed stream. Note that in this region the value of b does not affect
the steady-state product concentration.

We see from Eq. (23) that for a given value of ¢z by adjustment
of ¢r to an arbitrarily low value we may obtain an arbitrarily high
degree of enrichment in the top product stream. The pumps with top
feed thus are ideal separation devices in the sense that they can con-
tinuously or semicontinuously separate a two-component system into
one fraction completely free of solute and another fraction enriched
in solute to any desired degree.

The steady-state performance of a continuous pump with top feed
is illustrated in Fig. 8. For this figure b = 0.1 and F/Q = 0.3. The
product concentrations divided by the feed concentration are plotted
against Py/F, the fraction of the feed removed as bottom product.
For the interval 0 < Pp/Q < 0.1 corresponding to the interval 0 <
Pz/F < 0.33, no solute appears in the bottom product stream. Over
the same interval the top product concentration inecreases in accord-
ance with Eq. (23). Beyond the switching point, i.e., beyond Py/F =
0.33, solute appears in the bottom product and the top concentration
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FIG. 8. Steady-state concentrations in continuous parametric pump with

continuous top feed.
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decreases correspondingly and according to the appropriate expression
in Table 2. Note that if the feed rate is reduced so that F/Q < 0.1,
then Py/@Q could never exceed b = 0.1 and no solute would be found
in the bottom product stream over the entire allowed range of bottom
product flow rates, 0 < Pp/F < 1. Eq. (23) would then be valid for
the top product concentration over the same range.

As indicated above, the performance characteristics of both pumps
with top feed are similar in nature. Infinite steady-state separation
factors are found in Region 1 for both pumps and finite separation
factors are found outside this region. The principal difference between
the two pumps is the difference in switching points resulting from
bottom product flow rate variation. For the continuous pump this
point corresponds to the condition Pg/Q = b, whereas for the semi-
continuous pump the condition is Pp/@Q = 2b/(1 — b) (see Table 1).
For semicontinuous operation the average bottom flow rate during a
eycle i1s Pp/2. Thus in terms of the average flow rate the switching
condition is (Pz/2)/Q = b/(1 — b)}. For small values of b, complete
separation may be obtained at little greater bottom flow rate than
in the continuous pump. However, for large b, the rate of production
of pure solvent in the semicontinuous pump may become quite large
relative to that in the continuous pump. In the extreme case where
b— 1 the intermittent pump will permit complete separation with
arbitrarily great enrichment and a throughput approaching infinity.

Pumps with Feed at the Bottom

For these pumps, even though we always have L, > L,, there is
no region of infinite separation factor. Because of the introduection
of feed at the bottom, complete depletion of solute from the bottom
product stream is not attainable. The separation factor can, however,
be large in Region 1 if ¢, is made small. It can be very large in the
semicontinuous pump with large throughput if & — 1. Modest separa-
tion factors are found in Region 3.

CONCLUDING REMARKS

We have seen that the net direction of movement of concentration
fronts through the adsorption column is important in determining
the nature of pump performance. If the net direction is upward, then
complete removal of solute from the bottom fraction may be obtained
in all pumps except those with feed streams located at the bottom
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of the column. However, even though the net direction is upward,
as is inherently the case in the batch pump, modest separation will
result if the reservoir displacement volume is excessive. If the net
direction is downward, then solute removal from the bottom fraction
will be incomplete. In continuous or semicontinuous pumps with top
feed, a net downward direction will result if the bottom product flow
rate becomes too large.

At the same time that removal of solute from the bottom fraction
is complete, arbitrarily large enrichment may be obtained in the top
fraction of a batch pump by the use of a sufficiently long column
or by the use of sufficient dead volume in the bottom reservoir. The
same result may be achieved in the pumps with top feed by adequate
restriction of the top product flow rate.

Many versions of parametric pumps other than those examined
here are conceivable. Those with feed streams located at the enriched
end of the column will evidently be capable of achieving infinite
steady-state separation factors. We have investigated a continuous
model with center feed between an enriching column and a stripping
column and have found this model also capable of complete removal
of solute from one product fraction and of arbitrarily large enrich-
ment in the other (4).

The picture of parametric pump operation developed in the present
paper with reference to the separation of two-component systems may
as a first approximation be extended to multicomponent separations
as follows. Let us assume that a dilute solution of n independently
adsorbable components in an inert solvent is to be treated. Let us
assume further that for each component adsorption decreases with
increasing temperature and that there is a different value of the
parameter b, say b;, for each component, and corresponding values
of the penetration distances L, and L,,. For those components for
which the relative values of Li,, L,;, and & indicate operation in
Region 1 of Fig. 3, infinite steady-state separation factors will be
obtained. For the remaining components the steady-state separation
factors found will be finite.

List of Symbols

b dimensionless equilibrium parameter (see Ref. 2)
|4
Q(r/w)

y dimensionless
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F feed volumetric flow rate
h column height
L penetration distance defined by Eq. (1) or (2)
n number of eycles of pump operation
P product volumetric flow rate
D1, D2 defined by Egs. (3) and (8)
Q reservoir displacement rate
qn G2 defined by Egs. (3) and (8)
u velocity of concentration fronts

1% reservoir volume
Y concentration of fluid
) average value

Greek Letters

Qo steady-state separation factor
¢ P/Q

w frequency of cyclic operation

Subscripts
0 initial condition or mean column temperature
1 upflow
2 downflow
B stream from or to bottom of the column
P product stream
T stream from or to top of the column

BP bottom product
TP top product
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