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Abstract

A theorepical and_experimeﬁtai study is presented
of_“Cyeling‘Zone Adsorption}" a.wave;propagating'adsorp-
tion process whieh'pfoduces‘altefnating high- end low- -
concentraﬁion product streams from a paCked bed, the
. temperature of which isvcycled. Although.the separations
are small for‘a single zone of such a process; large
changes in compositioh can be obtained b& adding sﬁages.
in seriee, by feed—back of product'streams'to the}feed,
and by arranging groups of stages into cascades.b |

Liquid mixtures of n-heptane ahd toluene were sep-
afated using silica gel adsorbent particles. Optimum
oﬁerating conditions of a single-cycling zohe adsorber‘
were inveStigated with the.main emphasie_upon optimum bed
temperature switching frequency as a function of liquid
.cOneentration'and‘bed_iength,, Failure to achieve square-
wave changes in solid-particle temperatures, owing to
‘resistance to heat transfer, caused a reduction in
performance which was’minimized by correct aliowance fbr
mass tfansfer.' Use of a square—wave_feed concentration,
either'from product feed-back or from récycling outpuf
portions of a previous cycling stagevin a cascede, led
.to‘increased‘separations but was limited by longitudinal

diffusion in the interstitial fluid as it passed through

the packing.



A theoretical development allowed calculation of
effluent stream concentration profiles for a singlé stage
eXperiencihg a square-wave temperature response, with
either a squére—wave feed cbncentration input or a constant
feed concentration input. The theoretical calculations
have accounted for the limiting effect of longitudinal
diffusion.

Study of several variations in the arrangement of
stages in a cascade led to the conclusion that large sep-'
arations can be obtained in a well—designed plant. The |
energy requirements of such a system are estimated to be

attractive in comparison with a conventional separation

_process.
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INTRODUCTION

The field of chemical engineering,'ﬁhrough advaﬂces
in refinery research; has over the last‘half century
developed numerous separation techniques. .Processes such
as distillation, absorption, adsorption, extraction, and
ion exéhange take advantage of certain system character-
istics in order to effect a separation of éomponents. ‘The
mechanisms governing such separation techniques are well
| understood; consequently, there are few“new major separa-
tion innovations. However, what remains are basic, if
not hdvel, 1mprovements upon the well-known separation'
techhiques themselves. In distillation, for example,
there have been considerable advances in tray design to
improve vapor-liquid contact. Nevertheleés, the well-
known process of adsorption is still hindered by the
requifeq regéneration period‘which is neéded after feed
concéhtration breakthrough.
| Cycling Zone Adsorption, as conceived by Pigford,
Baker, and Blum (36), is a fundamental impro&ement upon
the process of adsorption. Through the periodic change
df a thermodynamic potential, it 1s possible to operafe a
packed'adsorptionvcolﬁmn.in a cyclic fashion. For example,
in a binary 1liquid system of toluene and n-heptané flowing
over solid silica'gel packing, thefe 6c¢urs a preferential
adsorption or desorption of'toluene with a‘periodic change

of a thermodynamic potentiai.. Ihhérent in such an operation



is the ability to produce periodically both'a high-and a
low-concentration product stream, accompaniéd by the
éolumn's ability to self-regenerate. Thelability of a
single column, or zone, to produce both high-and low—con-
centration product streams may be extended into the design
of a cascade, incorporating a number of single-zone, linked
stages. Such a cascade then allows very large separations
to be made.

The main objective of this dissertation is to overcome
the limitations of previous works which have only used a
single-cycling zone adsorption column to effect small com-
ponent separations. This 1is doné through an experimental
and theoretical investigation of product stream feed back,
or recycle, to increase the separation factor for a seriles
of zones incorporated into a multi-zone éascade designed
to increase recovery of both components of a binary feed
stream.' The binary liquid used is n-heptane and toluene,
the solid packing being silica gél.

Chapter 1 is a qualitative description of Cycling Zone
Adsorption, with a brief disucssion of simple recycling
and cascade design. Chapter 2 provideé the experimental
system characteristics and a description of the apparatus.
Chapter 3 contains a simplified mathematical analysis of
Cycling Zone Adsorptibn. Chapteré 4 and 5 present a dis-
cussion of experimental operations of an absorber, while

Chapter 6 further develops the mathematics describing




Cycling Zone Adsorption. Chapter 7 concerns the design

of a Cycling Zone Adsorption Cascade, a heat-load comparison
with distillation béing presented in Chapter 8. Chapter 9
provideé a final summary of Chapters's thfough 8, with
conclusions developed by the analysis in each of these
chapters. The bibliOgraﬁhy contains a number of recent

papers on the subject, including separations of gas streams.



CHAPTER 1
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Single"zone Operation-.......’..-.....-.. 8

Multi-Zone Operation.......cceevevseeess 14
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CHAPTER 1
QUALITATIVE DESCRIPTION OF CYCLING ZONEVADSORPTION

Consider a solid adsorbate, such as siiica gel,
surrounded by a binary fluid mixture, such as n-heptane
and toluene. Under an environment of constant thermo-
dynamic conditions, the solid will have eh equilibrium
“concentration Xé,'while the fluid will have an equilibrium
concentration'XL. These two concentracions'may be related
byenueouilibrium distribution coefficient K. The distri-
bution coefficient is then a function of the thermodynamic
conditions and possibly the fluid concentfations. Such
a relationship establishes a solid-fluid equilibrium
curve. ' '

The distribution coefficient may be altered by a
simple change in some thermodynamic potential. These may
‘be magnetic field; electric field, preSsdre,'concentration,
temperature, or any combination thereof. Such a shift
caqsesva change in the solid and fluid equilibrium concen-
trations. Cycling zone adeorption takes advantage of this
change in che equilibrium distribution_coefficient’betWeen
solid and fluid. | |

In thié study, the thermodynamic potentiel-that is
changed is the temperature of a packed bed of solid
adsorbate. The temperature change occurs as a step-change
alternately in both directions between a high and a low

temperature. Figure 1-1 shows the solid-liquid relationship



Figpre 1-1-

Solid-Liquid Equilibrium Isotherm Relationship

This figure explains the relationship of
solid-liquid equilibrium compositions for a
binary liquid experiencing two equilibrium

temperature changes.
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(solid;liqﬁid isotherms) for such a system"at two different
temperatures. Consider the point (Xsl; XLl) on the iso-
therm fbr temperature TH’ For a sudden change in'the
temperature to Tc’ there is a following change in the

solid and fluid equilibrium concentrations. These new
equilibrium concentrations are now established at (st,

X A simple material balance establishes the operating

LZ)'
line connecting the two points (Xsl’ XLi) and (st, XLZ)'
This change occurs because of preferentiai adsorption or
desorption of the two components due to the thermodynam-

ically induced change in the equilibriﬁm distribution

coefficient.

Single-Zone Operation

Consider a packed column that may either be heated
or cooled through_its walls such that a step-change in
temperature may occur. Such a scheme is shown in Figure 1-2.
At time zero, the column is filled with feed concentration

liquid X at a temperature Tcold' At time zero the

Feed’
column temperature is now changed to Thot' At this moment
the solid particles preferentially desorb component 1 of
the binary liquid mixture into the liquid phase. Under
equilibrium conditions the column 1s now filled with a
liquid enriched in component 1. Its concentration is now
X

R while the sollids concentration is X At time

hig s-low’

zero the flow into the column begins at the feed concen-

o~

tration X During the following time period the high-—

Feed’




Figure 1-2

 Simplified Explanation of a Cycling

Zone Adsorption Process

This figure qualitatively explains
how a single cyciing—zone adsorber pro-
duces a periodic high- and low-concen-
tration product stream through a square-
wave cycling of bed temperature.
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At t=0, column is filled
with Xp. Tempis cold.

At t=0, switch to hot temp.
Column is now filled with

XHigh

X

For O<t<w/w column is

—> xmh comihq '

tilling up with Xg

~ out for O<t<w/w

At t=r/w, column is filled

with Xg

At te /w, switch fo low temp
Column is now filled with

P>
[ 2
tzw/w
4
-y

X Low

XF—-——-Q

For w/w < t<2w/w, column

> XLowcominq out

is now filling with Xg

for w/w <t <2ww
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coﬁéentration liquid is displaced until‘the‘column is com-
Dleteiv filled with the feed liquid again. The displaced
quid is roliected as the hlgh concentratlon product.

Tne column is now fllled with the feed- concentration
liquid and the temperature is switched to TCold Com--
pcnent 1 is now preferentially adsorbed by the solild
particles. The liquid equilibrium conceﬁtfation in the

column now becomes X , while the solids concentration

v L-low ’
becomes X R The low-concentration liquid is now dis-

s-high”

placed by the feed liquid. The displaced liquid is collected
as the iow—concentration product. The column is now again
filled with feed-concentration liquid and the process is
repeated. | '

In this fashion high-and low-concentration products
are produced cyclically by a periodic step-change in the
column temperature. Figﬁre 1-3 is a plot-of the tempefature
And concentration changes of'such an idealized packed-bed
operation. Such a continuous flow operation is the heart
of Cyéling Zone Adsorption. As described, the pfocesé is
idealized in that it was assumed that a perfect sﬁep-change'v
in the column temperature can be induced and that the fluid
and solidvcompdsitidns respond immediately to the temperature
changéu_ As would be expected, the main disability of such
an operation is the development of a step-change in the
column temperature. Any.deviation from such a coiumn tem-

perature response causes either a reduction in the maximum
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Figure 1-3

Idealized Single-Zone Temperature and

Effluent Concentration Profile

This figure explains the ideal periodic
variation of bed temperature and the
resulting idealized effluent concentration
profile.
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concéntration changes or the duration of concentration
peak flows. Chapter 4 is devoted to techniques that
optimally improve the operation of a single-packed bed,

or single "zone."

Multi-Zone Operation

One may take advantage . of ﬁhe separations resulting
from a single zone by the addition of zones in an appro-
priately designed cascade. Figure 1-4 dépicts a simple
arrangement that replaces the periodic changes in the
production rate with a continuous, constant production rate
by running two zones in parallel. Such-an arrangement
requires that the temperature responses of each zone be
180° outbof phase with the other, that is, while one zone
is hot, the other is cold. In this manner,.béth high-and
low-concentration products are producéd simultaneously.

Figure 1-5 is a simple diagram of a series of zones
which amplify the separation of a single zone by a factor
roughly equal to the number of zones in the series. The
ability of a series to increase the separation is explained
as follows: The first zone in the series produces two
product streams, one of concentration higher than the feed
and one of concentration iower than the feed. For example,
since the product streams are produced periodically, the
high-concentration product stream may be passed as a new
feed stream to a following zone in the series. During the

other half-period of operation the low-concentration product
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Figure 1-4

Parallel Zone Arrangement

This flgure presents an idealized parallel

zone arrangement used to contlnuously produce a

high- and a low-concentration product from a

constant concentration feed. The idealized bed"

-température:and effluent concéhtratibh’prbfiles

are given.

15
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Figure 1-5

Series Zone Arrangement

This figure presents the arrangement of
single zones into a series of zones. The
idealized bed temperature and effluent concen-
tration'profiles for each zone are given.
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stream,from the first zone is passed to the second zdhe
in thé’series as a new feed. The second zone therefore
experiences periodically a high- and then a iow-concentration
feed. By.cycling.the temperature of the second zone, it is
then pcssible to produce an even higher high-concentration'
product stream from the high-conéentratién feed to the
' secondvione, and an even lower'loW—concéntratioﬁ product
streém from the low-concentratiOnufeed to the second zdne.
The temperature response of each ZOné'ih'the series is 180°
out of rhase with the precedihg zone in the series. Such
a simplified series of zones should then be capable of
producing very large separations of a binary‘liquid feed
fromvémall single—zohe'separations. The effluent concen-
tratioﬁ'profiles for such an operation of'threevzones in
a seriéslis also shown in Figuré-l-s. |

These simplified zone arrangements éan‘be further
1mproved by using reCyclé streams. Such a recycie scheme
1s pinured in Figure 1-6 for the operation of two zones in
a series of zones. In'this case the high§concentration
prodUét_stream from each zdne is passed'to the following
zone as'feed, with the low-concentration product stream
being recycled to a précédingvzone. Such a recycle arrange-
ment then minimizes the reduction of throughput from zone
to zone. To produce a low—cohcentration product, the Same
procedure is used with the high?concentration product

streams beiny recycled.
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Figure 1-6

Two-Zone Product Recycle Scheme

This figure explains how partial recycle
of product streams may be used in the legs.of
a cycling zone adsorption cascade. The recycle
schemes are depicted for both the high-concen-
tration product led and the low-concentation
product led of a cascade.
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It is also possible to have recycle around a single
zone. Such recycle introduces variable feed to the zone.
This is shown in Figure 1-7. Here a portion‘of the high—con—
centration product stream is recycled back to mix with a
feed of constant concentration,lbeing less than that of the
high¥cdncentration reCyclé stream. This produces a high-
concentration feed stream into the zone, which, through
the temperature change, 1s enriched to become the high-
concentration product stream. The low-concentration pro-
duct stream may be partially recycled to mix.with the feed
of constant concentration to produce a'low—concentration
feed into the zone. Upon changing the temperature of the
zone, a low-concentration pfoduct sﬁream may be produced.
Such an operation considérably complicates the flow dia-
gram, but offers the'possibility of obtéining greater dif-

ferences in product stream concentration through the intro-

duction of a feed concentration difference. The introduction

of a variable-feed into a single zone will be considered in
Chapter 5.

It is apparent that as concentration differences
increase within a zone, as in the case of variable-feed
operation or zone;series operation, factors arisebthat
effect the idealized square-wave effluent qoncentrétion
profiles. It will be shown that longitudinal diffusion is
the major problem in the cyclic Operation.of an absorber.
The foliowing chapters investigate, both theoretically and
experimentally, the major factorsllimiting the operation

of a cycling-zone adsorber.




Figure 1-T7 -

Variable-Feéd, Recycle Operation of a

Cycling Zone Adsorber

This figure explains how partial product
recycle may be used to maintain a variable-feed
. concentration input to a single zone.
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. CHAPTER 2
EXPERIMENTAIL SYSTEM CHARACTERISTICS AND APPARATUS

Introduction

Silica gel was used as a solid adsorbent with which
the separation of the 1iquid binary mixture n-heptane—."
toluene was carried out. This system was chosen since
these chemicals are relatively inexpensive and because
previousvstudies in adsorption_have beeh carried out using
this binary liquid-solid system (57,58). Vapor-liquid |
composition data are also readily available, allowing
comparison calculations of C.Z.A. to distillation to be
made. Whereas separations by C.Z.A. have been previously
limited to very low concentration ranges, use of this
system permits separations to be observed over the total

range of the binary liquid compositions.-

Solid-Liquid Characteristics

Solid-1liquid isotherm data were obtained experiment-
ally at temperatures of 2°C and 59°C. A continuously
stirred bath was constructed in which small amounts of the
solid—iiquid mixtures could be immerséd;:vThe mixtures were
sealed in 125-ml flasks and continuousiy agitated by means
of a motor-driven cam shaft. Samples were allowed to
reside within the bath for two hours. Each sample contained
9 g of sivica pgel and 20 ml of the binary 1iquid mixture.

Refractive index readings on the liquid were taken before .
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and after introduction of the silica gél. The later
reading gave the composition of the liquid‘in équilibrium
with the solid at the prescribed temperature. The solids
‘composlition was determined by removing the drained solids
from the 1liquid mixtﬁre, and then by displacing the liquid
from the solids by adding water. Since the silica gel is
a desiccant, its affinity to water is almost infinite in
comparison with the hydrocarbon. When the solids come in
contact with the water, they split and upon rupturing
release.of all the adsorbed and entrapped hydrocarbons,
which then floated on top of the water. The hydrocarbon
could then be removed and these~samp1es could be tested
with an Abbé{refractometer, giving'the solid's equilibrium
composition. This composition‘was an a&erage of the‘liquid
- in the pores of.the solid and of the liquid adsorbed upon
the surface of thé porés_of the solid siiica.gel. It is
important to remember that thisvcomposition is the average
of the surface composition and the pore 1iquid composition.
All compositions are given as‘volume percent toluene.

B Equilibrium data obtained in fhe prévious fashion were
then plotted as solids composition (XS)'Versus the liquid
" composition (XL) for the two temperatures of interest. The
plot of the experimental isotherm data appear in Figure 2-1.
These data were then fit to a two-constant curve of the

following form:



Figufe 2-1

Solid-Liquid Equilibrium Isotherms (Eq. 2-1)

Binary liquild system: n-=heptane and
toluene (analytic reagent grade). Solid
particles: silica gel, 4-16 mesh (Davison
Chemical). Isotherm temperatures: 2.0°C
and 59°C.
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Ina=1.84 +0.249 (1-2X, )
| T=59°C |
-{
Ina=2.13+0.49 (1-2X,)
T=2°C -

'.)(s

= |+(|-°RV)XL :

Ly

X_-Vol Fraction Toluene in Liquid
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a, X ' |

L | _

s (iv TIJX - (2-1)
Ry L |

2}

where 1ﬁ aRV = a + b(l-—ZXL). A least-squéres computer
program fit of the data in Flgure 2-1 gave the following
values of the two constants at the two different témpera-
tures:

2°C, ln ay, = 2.1348 + 0.4948 (1 -zx‘L), and

RV

59°C, 1n aRV

These curves are also plotted in Fig. 2-1.

= 1.8433 + 0.2495 (1-2xL).

Solids Capacity

A simple displacement procedure was used.to determine‘
the liquid capacity of the solid silica gel. Ten grams
of silica gel were placed in a 25-m1 graduated burette,
which was then filled w1th the liquid hydrocarbon. The
solid-liquid mixture was then allowed to stand for three
days, with periodic agifétion to,femove entrapped gases.
The solid-liquid mixture was also placed under vacuum to
help remove gases. The liquid was then rapidly drained.
off of the solid silica gel and distilled water was then
placed in the burette. The solid-water mixture was now
allowed to stand for a day. The hydrocarbon saturating
the solid was displaced by the water and floated to the
top of the water in the burette, allowing its volume
measurement. Such experiments, using different concentra-
tions of the n—heptane—toiuéne mixture, gave a solids

capacity of 0.300 cc/g of dry silica gel.
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Void Fractions and Particle Densities

Knowing the'liquid capacity of the solid, the intra-
particle and interparticle void fractions were determined
by using a known volume of 1iQuid hydrocarbon. The
following is a 1ist of data used to calculate the void
fractions for an approximately.SO-mesh solid (measurements
~taken in a 25-ml graduated cylinder):

Weight of dry silica gel = 14.50 g
Total volume of 1liquid = 17.00 ml
Volume of liquid above the solids = 5.0 ml
Volume to top of solids = 19.0 ml
Volume of 1liquid ih and between the
_ solid particles = 17.00-5.0 = 12.0 ml
Volume of 1iquid in solid particles
(capacity)(weight of solids)
(0.3 cc/g)(14.5 g) = 4.35 ml
Volume of liquid between solid particles
= 12.00 - 4.35 = 7.65 ml
Interparticle void fraction, a = 7.65/19.0
= 0.40
Dry-packed denéity = Pgp = 14.5 g/19.0 cc
= 0.763 g/cc S
py = Density of dry solids = p/(1-a)
= 0.763 g/cc/0.597 = 1.28 g/cc
| Intraparticle void fraction ¢ =: S
L= (pé)(capacity) = (1.28 g/cc)(0.300 cc/g)
= 0.383 :
True density of solid p = pé/(l—e)
= 1.278 g/cc/0.616 = 2.07 g/cc
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Table 2-1
Solid-Liquid Isotherm Data

The following values are calculated from the solid-liquid
equilibrium isotherm equation, Eq. (2-1). The tempera-
tures are 2°C and 59°C (compositions in vol % toluene).

X X X X X X
<] s XL s s XL' s s

. (2°¢C) (59°C) (2°C) (59°C) (2°c) (59°C)

L

0.00 0.0000 0.0000 0.34 0.8362 0.7790 0.67 0.9355 0.9218
0.01 0.1218 0.0753 0.35 0.8408 0.7857 0.68 0.9376 0.9247
0.02 0.2172 0.1408 0.36 0.8453 0.7921 0.69 0.9397 0.9275
0.03 0.2940 0.1981 0.37 0.8496 0.7983 0.70 0.9418 0.9303
0.04 0.3571 0.2488 0.38 0.8537 0.8043 0.71 0.9439 0.9330
0.05 0.4099 0.2939 0.39 0.8577 0.8101 0.72 0.9459 0.99357
0.06 0.4548 0.3343 0.40 0.8616 0.8157 0.73 0.9479 0.9384
0.07 0.4934 0.3708 0.41 0.8653 0.8212 0.74 0.9499 0.9410
0.08 0.5270 0.4039 0.42 0.8689 0.8264 0.75 0.9519 0.99436
0.09 0.5565 0.4340 0.43 0.8724 0.8315 0.76 0.9539 0.9462
0.10 0.5826 0.4615 0.44 0.8758 0.8365 0.77 0.9559 0.9487
0.11 0.6059 0.4868 0.45 0.8791 0.8413 0.78 0.9578 0.9512
0.12 0.6268 0.5101 0.46 0.8823 0.8459 0.79 0.9598 0.9536
0.13 0.6457 0.5317 0.47 0.8854 0.8505 0.80 0.9617 0.9561
0.14 0.6628 0.5517 0.48 0.8884 0.8549 0.81 0.9637 0.9585
0.15 0.6784 0.5704 0.49 0.8914 0.8592 0.82 0.9656 0.9608
0.16 0.6928 0.5878 0.50 0.8942 0.8633 0.83 0.9675 0.9652
0.17 0.7060 0.6040 0.51 0.8971 0.8674 0.84 0.9694 0.9655
0.18 0.7181 0.6193 0.52 0.8998 0.8714 0.85 0.9713 0.9678
0.19 0.7294 0.6337 0.53 0.9025 0.8753 0.86 0.9732 0.9701
0.20 0.7399 0.6472 0.54 0.9051 0.8791 0.87 0.9751 0.9723
0.21 0.7497 0.6600 0.55 0.9077 0.8828 0.88 0.9770 0.9746
0.22 0.7588 0.6720 0.56 0.9102 0.8864 0.89 0.9790 0.9768
0.23 0.7674 0.6835 0.57 0.9127 0.8900 0.90 0.9809 0.9790
0.24 0.7755 0.6943 0.58 0.9152 0.8934 0.91 0.9828 0.9812
0.25 0.7831 0.7046 0.59 0.9176 0.8968 0.92 0.9847 0.9833
0.26 0.7902 0.7145 0.60 0.9199 0.9002 0.93 0.9866 0.9854
0.27 0.7970 0.7238 0.61 0.9222 0.9034 0.94 0.9885 0.9876
0.28 0.8035 0.7328 0.62 0.9245 0.9066 0.95 0.9904 0.9897
0.29 0.8096 0.7413 0.63 0.9268 0.9098 0.96 0.9923 0.9918
0.30 0.8154 0.7495 0.64 0.9290 0.9128 0.97 0.9942 0.9938
0.31 0.8209 0.7573 0.65 0.9312 0.9159 0.98 0.9961 0.9959
0.32 0.8262 0.7648 0.66 0.9334 0.9188 0.99 0.9981 0.9980
0.33 0.8313 0.7721 « 1.00 1.0000 1.0000
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Table 2-1 (Continued)

e —— e}

The following lists the experimentally determined solid-
liquid equilibfium,isotherm data points at a temperature
of 2°C. |

X X

—5 —8
0.1096 » 0.6049
0.1096 0.6049
0.1539 0.6753
0.2369 0.7479
0.2369 0.7479
0.2820 - 0.7996
0.2820 0.8054
0.2866 0.8142
0.3446 0.8407
0.3446 0.8407
0.3874 0.8795
0.4533 0.8946
0.4582 0.9037
0.5419 0.8946
0.6479 - 0.9220
0.7679 0.9529

The following lists the experimentally determined solid-
liquid equilibrium isotherm data points at a temperature
of 59°C.

X, Xg
0.0826 0.3994
0.2958 0.7479
0.3922 0.8172
0.4632 0.8437
0.4707 0.8526
0.5419 0.8946
0.6479 0.9068
0.7794 10.9498

Table 2-2 summarizes the necessary physical constants
which characterize the properties of the liquild hydro-

carbons and silica gel used 1n this study.
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Table 2-2
Liquid and Solid Properties

Binary Liquid Properties (n-heptane and toluene)a

Mallinckrodt Chemical Works, analytical reagent
grade n-heptane and toluene

M.W. n-heptane: 100.2 g/mole

M.W. toluene: 92.13 g/mole

Pheptane’ ©-68376 g/cc at 20°C

Pioluene’ ©0-86694 g/cc at 20°C

B.P. n-heptane: 98.4°C
B.P. toluene: 110.6°C
Latent Heat Vap. A

¢ T7,341.51 cal/g-mole
heptane” . :"gg.4°C

: 8,028.72 cal/g-mole
toluene”  ,:"710.6°C

0.507 cal/g-°C

cp’toluene: 0.400 cal/g-°C

Thermal conductivity of 50 vol % mixture: 3.281
x 1074 cal/cm-sec-°C

Solid Silica Gel Properties

Activated silica gel desiccant (Tel-Tale), Davison
Chemical Co., grade 42, code No. 42-08-08-237,
specification MIL-D-3716

Dry-packed density p ,: 0.763 g/cc

Dry density pé: 1.278 g/cc
True density p_ : 2.07 g/cc

cp soliq® 0-122 cal/g-°C

Thermal conductivity k: 2.388 X 1074 cal/cm-sec-°C
Shape: irregular particles
Size: 4-16 mesh, 20 mesh, and 60-mesh size
Color: dark blue in hydrocarbon liquid, pink in
water - : v
Solid capacity: 0.300 * 0.01 cc of liquid/g of dry
solid

Latent Heat Vap. A

Cp,heptane:

a. Reference: "Handbook of Chem. & Phys.," Rubber
Publishing Co., 42nd Edition, 1960.
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Experimental Apparatus

The experimental equipment is shown in the photograph
‘on page 36 and in the schematic drawing (Figure 2-2). Two
different adsorption columns, the vital part of the system,
are shown in Figure 2-3. The design of the experimental
equipment is centered around the ability to generate a
square-wave temperature response in the packed column.
The central portions of the apparatus will be described

below.
Columns

Two radically different columns, schematic Figure 2-3,
were used. The column in Figure 2-3a is made of a Pyrex
glass tube, 64 cm in length and 65-mm inside diameter.

The column was Jjacketed for radial heat transfer. Cen-
trally placed inside the column was a four-finned copper
tube which transfered heat radially. Both water jacket
and finned-tube heat exchanger then allowed a rapid
transfer of heat to and from the solid-liquid phase in

the column. Entrance and exit column caps were made of
machined brass, 65-mm inside diameter and 6-cm long. One-
quarter-inch I.D. Swage-Lok fittings were attached to both.
Active silica gel filled the region between the top and
bottom of the finned-tube heat exchanger. Inert glass
beads, 1-mm diameter, filled the entrance and exit regions
of the column. Four copper-constantan thermocouples were

placed inside the column. Two were attached directly to
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Figure 2-2

Experimental Apparatus
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the copper heat éxchanger, at the top and the bottom,

while two were freely placed within the column packing,

onig at the midpoint of the column and the other at the
“exit. This allowed a constant monitoring of the column
tempersture. This column was used primarily for continuous
flow experiments.

A smaller column; Figure 2-3b, was designed for non-
continuous flow experimentafion. 'The'colﬁmn was constructed
of Pyrex glass, 50-mm inside diameter and 49-cm long. The
column wés also Jjacketed for radial héatvtransfer. A
80-micron mean pore diameter fritted glass disc Was fit
in the"column at the entrancé; minimiiing-the volume of
the entrance. Equally spaced within thehcolumn were seven
perforated aluminum discs, used for flow distribution and
to minimized theveffects of longitudinal:diffusion and
mixing. The void space at the top of the column was filled
With 3-mm lead sphéres, Fldw was in thevupward diregtion
for both columns. The smaller column had no thermocouples

for temperature monitoring.

Temperature Control

Column temperature was controlled by water flow through
two constant temperature baths (Figurevz-z).. The baths were
constructed from five-gallon ceramic tanks. Within each
" bath was fifty feet of 1/4-in. I.D. cdiled copper tubing
through which tap water flowed to the column. Surroﬁnding

water in the hot bath was heated by a heating knife blade,
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controlled by a mercury switch thermometer. The cold bath
was maintained by the continual addition of ice to the
bath. Through the appropriate switching of the solenoid
valves, shown in Figure 2-2, the column could be périodically
heated or cooled to the desired ﬁempeiatureé. Spbmérsible
pumbs inbeach bath pumped hot and_cold water to glass
spiral condensers, through which the hydrocarbon feed could
be preheated or precooled before entrance into the column.
This particular column-heating design allowed the
column to generate three different temperature reéponses:
(1) A standing wave response by heating only the bed
without feed preheat; (2) a travelling wave response by
using only the feed prehéat units; and (3) a combination
of 1 and 2 by using both feed preheat and column heating.
Table 2-3 lists the range of variable studied that

could be tolerated by the experimental apparatus.

Feed Degassing Units

Because of the temperature‘swingAéxperiehced by the
column, gas contained by the feed continually nucleated
upon the small silica gel particles in the column. Con-
sequently the solid particles were partially coated by
air, reducing their effective capacity. This phenomenon
was quite apparent when using small mesh particles, approx-
imately ©60-mesh size. To alleviate this problem, the feeds
to the column were boiled, then preheated to the desired

temperature before entrance into the column. The feed
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Table 2-5

Range of Variables Studied

Bed témperatﬁre: cold-cycle at 2°C, hot-cycle at 59°C
Solid packing: silica gel; 4- to 60-mesh particle size
Feed preheat temperature: 2°C and 59°C |
Column length: 38 cm and 44 cm of'activé si1ica gel
‘Feed composition: 10 vol % toluene to 80 vol % toluene
Superficial fluid velocity: 0.242 cc/sec to 5.00 cc/sec
Intérstitial fluid velocity (time of passage of fluid
through silica gel packing): 0.0466 cm/sec to
1.000 cm/sec '

Feed input: constant-feed composition or variable-feed
composition input

Feed input amplitudes: 0.00 vol % toluene (constant
feed) to 40 vol % toluene

Temperature switching frequency: (sec'l)'

Period (Total time for hot and cold operation)

Column temperature response: square-wave (noncontinuous
operation termed Stop-Go), sine wave, and rounded
square wave. :
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degassing units are shown in Figure 2-2. They consisted
of 3000-cc fasks mounted in Glas-Co Heating Mantles.
Feeds were metered into the boiling units, cooled by glass
spiral condensers, thén preheated before entrance into the

column.

LiQuid Composition Analysis System

Liquid analysis system is shown in Figure 2-2. One-cc
samples of liquid were hypodermically drawn off the column
through a small septum at the outlet of the column. The
hypodermic samples were then analysed by use of a Spenser
2082 Refractometer. Refractive indices could be read to
an accuracy of 0.18 vol %'toiuene. Figure 2-4 is a cali-
bration chart for refractive index versus‘volumé percent

toluene at 23.5°C.




Figure 2-4

Refractive Index Versus Volume % Toluene in

n-Heptane-Toluene Mixtures (23.5°C)
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CHAPTER 3
A SIMPLIFIED MATHEMATICAL STATEMENT OF CYCLING

ZONE ADSORPTION (EXCLUSION OF DIFFUSION TERM)

A general equation governing mass transfer in a

ncnisothermal packed bed shall be given. AsSumptions
allowihg its solutions are discussed along with the
resulting operational characteristics of such a packed

bed.

General Equation

A material balance over the solid and liquid phase

results in the following differential equation:

2
OX oX oX o°X

] ) L
sTthw t Vs 00

time; z = axial direction along the column;

where: t

D

direction; V = interstitial fluid velocity;

overall diffusion coefficient in axial

A = [(1-0)/ale; where o = interparticle
void fraction; € = intraparticle void fraction:
X; = volume percent component 1 of binary liquid

L
in 1iquid phase; Xq = volume percent of component

1 within the solid, solid-free basis.

Note that in the mass balance, the solid is treated in only

one part, whereas in previous work (55) it has been treated

in two parts. The volume percent Xs accounts for both the
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1iqﬁ1d adsorbed on the solid surfaces and the 1liquid
residing within the pores. Although there may be a dif-
ference between the composition of the liquid in the pores
and that actually adsorbed, thére_is no need to distinguish
between these compositions when the two are assumed to be
in equilibrium, as in the wofk discussed here. If there
were a need to account for a finite rate of adsorption
inside fhe particles or for diffuéion through the pores
the two kinds of internal 1iquid could not be treated as
one. In Eg. (3-1), however, the only diffusional process
is thét in the interstitial fluid in its direction of
flow.

The first term of Eq. (3-1) accounts for the accum-
ulation 6f component 1 in the liquid phase, the second
for the accumulation of cbmponent 1 in the so0lid phase,
the third for bulk transport of component 1, and the
fourth for fransport by diffusidnal procésses.
| It ié apparent that a number of assumptions are
inherent in Eq. (3-1). The‘fluid velocity 1is constant over
thé whole cross section. The primary.assumption is that
mass transfer in the radial direction can be neglected. It
is also assumed that the densities of both solid and liquid
remain constant with composition and temperature. The
capaciﬁy'of the solid 1is assumed to be constant. The last
assumption is invariably true because a solid particle in

a liquid environment 1is always completely loaded. For a
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solid-gas phase adsorbing system, as investigated by Blum
(55), this assumption is not valid in that solid adsorbing
sites are not always filled completely. o

If the diffusional term of Eq. (3-1), which accounts
for longitudinal mixing in the direction of flow of the
l1iquid, is neglected, then Eq. (3-1) takes on the following

form:

Xy X, 3Xp
B—_t——+A8-t—+Va—Z—T=O . _‘(3-2)

Solution of Equation (3-2)

Frequently, as will be shown elsewhere, a valid
assumption in cycling-zone adsorption is iocal equilibrium.
That is, at any point and time in the packéd.bed, the
liquid phase is in equilibrium with the solid phase. Such
an assumption requires a relationship between the solid
and l1iquid concentrations. Such a relationship is the
solid-liquid equilibrium isotherm,fdeveloped in Chapter 2.

Let the relationship take the form

Xg = F(XL,T)

where F is some function of the liquid cdmposition and
packed-bed temperature. Differentiation of Xs with
respect to time and substitution into Eq. (3-2) gives the

following differential equation:

-




S () ¢ ()] v - o

rearrangihg'givest
X, X o e |
oF L L _ OF\dT . _
<} + A 5——) st Vs = A(BT)HE (3-3)

Information may be obtained from Eq. (3-3) by using
the method of characteristics as a method of solution.
Equation (3-3) is equivalent to the following set of

ordinary differential equations:

st ap 9% | (5.0)
1+4(&-) VO afEYE |
B b JT \dt

Solving_fbr XL as a function of?timé-along the t-z
characteristics satisfying the first equality in Eq. (3-4)

' gives:‘- ‘
"A(g%)(g%)dt - -[“ A(%%E)]de BN

Since_the temperature varies as é step’function of time,
dT/dt is zero for all time except at the instant of the
temperature switch in the packed bed, whén it is infinity.
Cdnsidering only the time between switching, it is seen
that Xp is a constant value along its concentration charac-
teristic since dT/dt is zero. For any step change in the
tegperature, however, the liquid conceﬁtration XL will then
take on a new value for the new temperature, satisfying-

(3-5).
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The slope of a concentration characteristic, dz/dt,
reveals the velocity at which a concentration wave travels
through the packed bed. Usiﬂg Eq. (3-4), the following
differential equation may be solved to determine the

characteristic slope for a given liquid concentration:

L

At this point the derivative of the isotherm function,
BF/BXL must be evaluated. Experimental data have been
fitted empirically to give the following form of the solid-

liquid equilibrium isotherm:

arviL (3-7)

Xg = FXp:T) = 19 a_ )%,

S

where
In gy = B(T) + C(T)(1-2X;)
URv T exP[Bi-C(l_ng)],= eB+Ce—2CXL
b oy - 720k,

where the constants B, C, and H are dependent upon tempera-
ture, either the high temperature or the low temperature
in the step change being the only values of interest.

Evaluation of the differential BF/bxL gives:
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_ -2CX; >
’(BF ) _ ffl. (1 -zch-+2ch)
67; -2CXp I ]2

- L

(3-8)
[1-+(He

Substitution of Eq. (3-8) into Eq. (3-6) gives the

- following form of the slope of the concentration character-

istics:i
.17 - QE — V e
He (1-zch+2ch)
1+ A .
-2CX) >
[1+ (He —l)XL]

jo)]

(3-9)

From the characteristic slope, equal to the concentration
velocity, the length of a cycling-zone adsorption packed

bed may be'calculated for any temperature switching time.

Calculation of Concentration Change Due

To Temperature Change

Equation (3-7), the solid-liquid equilibrium isotherm
equation, may be used to determine the liquid and solid
concentration changes that occur upon a'step temperature

change within the packed bed. From Eq. (3-5),

AXL = - A[(%%;) dXL + <§%)dT].H

since

=

£ an

aX, = -AdF o (3-10)

. _ {OF )
4F = (375> ax, +_(1
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and integration gives

(xLz-xLl) - A[?(XLl,Tl)-F(XszTZ)]

or

(xLz-x 1).: A(xsl-xsz) - (3-11)

Equation (3-11) may be evaluated by trial and error with
a knowledge of the constant A and through use of the
equilibrium isotherms at the high and low temperatures,
given by Eq. (3-7). |

From the above development, it has been shown that
the method of characteristics applied to the simplified
equilibrium theory allows the calculations of concentration
wave Velocities and concentration changés that occur upon |
a step temperature change within the packed bed.

For a n-heptane-toluene-silica gel system operating
at temperatures of 2°C and 59°C with void fractions of
@ = 0.403 and € = 0.383, the plot in Figure 31 is developed
for the concentration characteristic slope versus the
volume percent toluene in the feed to a packed bed.
Equation (3-9) is used with constants evaluated at the two

different temperatures: At temperature'= 2°C:

In ap, = 2.1348 + 0.4948(l~2XL)_

ARy

it

H éxp(-ZCXL) = 13.858 exp(-0.9896 XL)
(3-12)

where the constants H = 13.858 and C = -0.9896.




Figure 3-1

Characteristic Slope Versus Vol %

Fraction Toluehe in Fluiad

This figure may be used to determine the
concentration velocity at the two temperatures
of zone operation. Curves are developed from
Eq. (3-9).
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The values of H and C at temperature = 2°C, used in

Eq. (3-9) give the higher curve in Figure 3-1. At tempera-

ture = 59°C:
vln.aRV = 1.8433 + 0.249478(1-2X;)
apy = H éxp(-ZCXL) = 8.102 exp(-o.st) (3-13)

where the constants H = 8.102 and C = 0.500. Tﬁe values
of H and C at the temperature = 59°C used in Eq. (3-9)
then give the lower curve in Figure 3-1.

Using Eq. (3-11), with the values of apy &iven by
Egs. (3-12) and (3-13), a plot of high and low product .
concentrations versus feed concentration into a packed
bed can be develbped. Figure 3-2 is such a plot. The
'curve abbve the forty-five degree line represents the
concéntrétibn of product displaced from a zone, previously
at equilibrium with the feed composition, when the tem-
perature has been switched from the low value to the high
value. The 1ower‘curve represents the concentration of
_displaced_product from a zone that has just undergone a

temperature change from the high value to the low value.

Calculation of Concentration Shock-Wave Velocity

‘Equation (3-9) and Figure 3-1 point out that different
concentrations of liquid travel at different veloclties
through.a packed bed of silica gel. Two special phenomena
‘may develop in a zone because of this difference in con-

centration velocities.
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Figufé 3-2

Theoretical Equilibrium Product Concen-

trations Versus Feed Concentration

This figure may be used to determine the
concentration change that occurs upon a switch
of the bed temperature. The curve is developed
from Eq. (3-11).
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Consider the case of a low-concentratiOn product
being displaced by feed of a higher concentration.
According to Eq. (3-9), the feed concentration travelling
into the zone will move at a higher velocity than the low-
concentration product being displaced. va.one plots con-
| centration characteristics on a graph of distance versus
time as in Figure 3-3, it 1s seen that there is a conver-
gence of the two sets of characterics representing the
high-concéntration féed and the 1ow—concectratioh product.
Such an intersection of ccncentration chafacteristics
implies a "concentration chock-wave." This phenomenon 1is
comparable to an acoustical shock-wave, where more rapidly
traveling sound waves overtake slower sound waves, forming
a shock front which moves at some particular velocity
between those of the two converging waves.

An expression will now be developed for the velocity

of such a concentration shock-wave. Consider the following

material balance:

Ugy, = velocity of the shock
Temp = TCold
A' = cross sectional area (C.S.A.)
XL = volume percent of component 1 in liquid
ahead of shock front (the low concentration)
XF = volume percent of component 1 in liquid

in feed behind the shock front (the high
concentration) :
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Figure 3-3

Concentration Shock-Wave

" This figure explains how the method of
characteristics may be used to analyze concen-
tration shock. The effluent concentration
profile resulting from the concentration shock-
wave is also presented. o
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sh

interstitial
fluid
velocity V —]

-

shock . shock

_.__2

VAR

5 ai I

front front
at time : at time

t t+ At
Material transported into front by stream at the left
in time At:
= aA'Az(V-Uy, JXpat
Material transported from shock front by stream to the
right in time At:
= oA'Az (V-Ug, )X At

Material stored in solids between successive positions of

shock front during time At:
= (1-a)eA'Az{F(Xg, T )-F(X;,T )} U, At
Eduating gives:
(V-0 Xp= (V-Ugp )X, = (1-a)eU,, {F(X,T,)-F(X;,T,)}
~Solving for the shock velocity Ugp?
- \

U, = e .
Ysh . X, T =FXS T
| (l—a)e.{ F’c L’"¢c }

o1+ (3-14)




64

Note the similarity to Eq. (3-6), which gave the velocity
of propagation of a concentration wave of differentially
small magnitude. With the use of Eq. (3-7), evaluated.
at the cold témperature, Eq. (3-14) may be used to deter-
mine the concentration shock velocity resulting from the
displacement of a low-concentration product by a high-
concentration feed.

It is interesting to note that the emergence of a
concentration shock front from an adsorbing zone results
in a discontinuity of concentration at that point, that is,

a step change in concentration emerges.

Determination of Simple Concentration Wave Generation

Consider the case of a high-concentration product
being displaced by a low-concentration feed, as is the
case when the column is run at the high temperature. As
indicated by Eq. (3-9) and Figure 3-1,_thé high-concentra-
tion product has a concentration wave velocity that is |
greater than that of the feed. In this case there is a
divergence of the concentration characterlistics, as shown
in Figure 3-4. From the time zero to the time ta it is
seen that the concentration characteristics are of constant
slope a. From time tb and greater, the concentration
characteristics are of constant slope b for the low-concen-
tration product. 1In the region between ta and tb’ there
is a regsion of variable characteristic slopes, lying between

the high slope a and the low slope b. What emerges from
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Figure 3-4

Simple Concentration Wave

This figure explains how the method of
characteristicévmay be used to-analyse a simple
concentration wave in a cycling zone adsorber.
The effluent concentration profile resulting
from the simple wave 1s also provided. -
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the packed bed is a time_duration\(tb-ta)_of product of
concentration varying between the'high-cohcentration
product and the low-concentration feed. The region
between t_ and t, 1s termed a "simple wave." The concen-
trations in the simple wave region may be solved by using
Eq. (3-9) by substitution of the range of slopes and
solving fqr XL'

Thé simplified mathematical analysis allows the
following calculations to be made'for the operation of a
single cycling zone adsorption packed bed:

- 1. Liquid and solid concentration changes for a
a packed bed subjected to step changes in
temperature in both directions.

2. Concentration wave velocities as functions of
concentration, for the two different temperatures

of operation.

3. The velocity of shock-waves generated in a cold
bed by displacement of.low-concentration product
by high-concentration feed. '

4. The duration and concentrations‘of the simple
wave generated by the displacement of high-con-
centration product by low-conceﬁtration feed.

5. The length of a packed bed for a given tempera-
ture switching time. '

6. The duration of high- and 10w—¢oncentration

product flows.
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Example Calculation of Single-Zone Performance

Using the above information the following example
calculation details the design and operation of a single

" packed bed operating as a cycling-zone adsorber.

Operating Conditions:

X = 5.0 Volume % Toluene

feed

Step changes in temperature = 2°C to 59°C;
59°C to 2°C.

Temperature switching: every 1000 seconds.
Interstitial liquid feed velocity = 0.05 cm/sec.
Column packing = 60 mesh silica gel. a = 0.402,
€ = 0.383, A = 0.568 |
The unknown factors need to be calculated are the high
and low product concentrations, the concentration shock-
wave velocity, the duration of the simple-wave, and the

column length.

High and Low Product Concentrations:
These concentrations may be calculated from EQs. (3-7)

and (3-11) at the high and low temperatures, or read from

Figure 3-2.
Xhigh = 51.5 Vol %
Xlow = 48.5 Vol %

Concentration Shock-Wave Velocity:
The shock velocity is calculated from Eq. (3-14), using

the constants given in the equation at the low temperature
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and the values of Xfeed and Xlow:

Ugy = 0.043 em/sec

The slope cf the characteristics are determined by

ra. (3-9):
£Or Xpgeq = 50.0% at 2°C; slope = 0.043 cm/sec
for Xeooq = 50.0% at 59°C; slope = 0.0404 cm/sec
for X,y = 48.5% at 2°C; slope = 0.0428 cm/sec
for xhigh = 51.5% at 59°C; slope = 0.0407 cm/sec.

Since the slopes involved in the calculation vary by less’
than 6%, the visual value of a plot of concentration
charactér;stics is useless here. Such a plot would have
to be many times larger than the page size, therefore it
is excluded. Howéver, from an enlarged characteristic
plot, it is possible to develop the effluent concentration
profile. Figure 3-5 is a plot of the effluent profile for
a single zone operating under the prescribed conditions.
It is seen from Fig. 3-5 that a zone length of 43 cm gives
product durations of 1000 seconds for Xhigh = 51.5% and
920 s¢c0ﬂds for Xy, = 48.5%.

As will be shown in the following chapﬁers, the
simplified mathematical statement of Cycling Zone Adsorption
has ohe major deficiency: The theory does not account for

longltudinal diffusion in the interstitial fluid. Such

diffusion leads to considerable round off of the square-
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Figure 35-5

Example Calculation: Single-Zone ; !

Effluent Concentration Profile
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wave effluent concentration profiles pfedicted by the
simple theory. The founding off of the sharp wave fronts
has the undesired effect of feducing thé_length of time
during which product streams have_the maximum or minimum
concentrations. Chapter 6 investigates the problem of
longitudinal diffusion through the development of a more

refined mathematical theory.

Example of Dual-Zone Performance

As briefly discussed in Chapter 1, single zones may

be staged in a series. This arrangement allows the effluent

product from a preceding zone to become the feed into the
following zone. This feed, because of the enrichment or
depletion in the first zone, 1is now either higher or lower
in concentration than the average feed into the original
zone. The final product concentrations emerging ffom the
second zone are now even more greatly separated. This 1is
elucidated in the following qualitative example, shown in

Figwre 3-6, which is a plot of the concentration character-

istics for two zones. Notice that the temperature of the

second zone for this arrahgement is 180° out of phase with

that of the first zone, that is, when zone one is hot,
zone two is cold and when zone one is cold, zone two is
hot.

Notice also that the shock-wave velbcity of the

second zone during the cold cycle is greater than that in
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Figure 3-6

Qualitative Use of Method of Characteristics

for Two-Zone Series Operation

This figure explains, through the method
of characteriStics, how successive zones in a

series may distort the effluent concentration

profile.
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the first zone and also that the spread of the simple-wave
is also greater during the hot cycle of the second zone.
This is due to the greater cqncentretioﬁ differences
‘occurring in the second zone. It is evident because of
this that the length of the second zone wili have to be
different’from that of the first zone,'if-maximum flow
durations of high and low preducts are to be obtained.
It is aleo apparent'that with an increasing number of
successiVe zones that the flow-duration of the product-
decreases because of_the increasing duration of the simple-
wave that is generated within a zone experiencing the hot
cycle. Stated in another fashion, the greater the number
of zones in a simple series cascade, the_more the concen-
tration profile de&iates from“a square-wave response. This
result is inherent in cycling'zone adsorption because of
the difference in concentration wave velecities. Table 3-1
lists the_charecteristic_prbperties of the two-zone
series system fer cycling zone adsorption.

The following chapters of this study compare the pre-
dictione of the simplified mathematicai_enalysis with
- experimental results.’ It will be seen that the main value
of the simplified theoryvis its ability.to predict the
maximum concentration changes which folldw‘sfep chahges
in tempefature. On the other hand, the omission of. the
longitudinal diffusion from in the simplified wave anaiysis-
causes the.calculated wave shapes to be somewhat different

from those observed. (Although not expiored here, the
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.Table 3-1

Characteristic Properties of Two-Zone System

Zone 2 length (L,)
Zone 1 length (Lq)

Shock front velocity 2
Shock front velocity 1

Spread of simple wave in zone 2
Spread of simple wave in zone 1

< <
X Xfeed *nighl *high?

< <
Xiow2  Flowl

During Cold Phase Operation

slope X < slope X

lowl feed

slope X < slope X

1ow2 highl

slope X < slope X; 4 [may

low2
be developed from Eq. (3-9)]

During Hot Phase Operation

slope X > slope Xfeed

highl

slope X < sSlope X

lowl highl
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above theory is not restricted to a step.change in column
temperature. As in the case of Baker (55) and'B1um (s6),
it may be equally applied to sinusoidal changes of-column

temperature.)
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o CHAPTER 4
!

 EXPERIMENTAL: SINGLE-ZONE, CONTINUOUS-FLOW SEPARATION

OF n-HEPTANE AND TOLUENE ON SILICA GEL

| The experimental apparatus has been fully described
in Chapter 2. Consider the packed bed cperating under
the following conditions:
Interstitial velocity, V = 0.109 cm/sec :
Step change in temperature = 2°C to 59°C; 59°C to 2°C
Length of column = 44 cm active length
Period = 1000 seconds
' Temperature switching time = every 500 seconde
| Column feed, Xo 4 = 24.7 vol % toluene, constant
?he‘experimentally—found effluent concentration
profiie is plotted in Figure 4-1, along with the observed
columc temperature response. The higheét and lbwest pro-
duct ccncentrations are, respectively, 26.15 vol % toluene
and 22.85 vol % toluene. If the column is run at the
optimum temperature switching time, as discussed below,
a plot of'peakﬂproduct concentrations versus various
feed concentrations may be developed by running experiments
at each of several different feed concentrations. Figure
4-2 1s such a plot for the continuous operation of a
single experimental zone. The lines on the figure show
the concentrations predicted by the simplified mathematical
analysié of Chapter 3.
0f imporiance in the operation of a single wone 1is
the ability to develop not only a maximum difference in

peak product compositions but also a maximum duration of



Figure 4-1

Temperature and Effluent Concentration Profiles for

the Experimental Operation of a Single Zone

Period: 1000 seconds

Temperature switch: every 500 seconds

Interstitial fluid velocity: 0.06 cm/sec

Temperatures: 2°C and 59°C

Feed concentration: 24.7 Voi % toluene

Product concentrations: 22.85 and 26.1
vol_% toluene
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Figure 4-2
Experimental Product Concentrations
versus Feed Concentfations
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the peak product flows. The>following is a discussion of
the methods used to improve the performance of a single—
zone concentration response such that maximum separation

occurs and that its shape approaches a square-wave. .

Optimum Temperature Switching Time

Because of the previously discuséed difference in
concentration wave velocities, it iS-obviéus that for a
column of fixed active length, there will be different
temperature switching time for a column that expéfiences
different feed concentrations. Stated in a different
manner, for columns in a series cascade, as in the Dual-
Zone example of Chapter 1, each zone must be of a different
length 1f the switching time is the same for all zones.

The optimum switching time for a single zone of fixed
length experiencing different feeds or the optimum length
for different zones in a series experienCing the same
"switching time may be established by the following relation-
ship:
. Length = (switching time)(concentration wave velocity)
| (4-1)
Consider a column of fixed length, 44 cm. - One may
experimentally establish a curve of column feed concentra-
tion versus the optimum temperature‘switching time by
running a series of feed-concentration breakthrough '
experiments. OJuch experiments are run in the following

manner: The column 1s first brought to thermal equiiibrium
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?t the'high temperature of 59°C. Feed liquid, Xfeed?
is run through the column for a length of time such that
there is a breakthrough of feed—éoncentration liquid at
the.exit of the column. This is estabiished by successive
refractive index readings of effluent liquid. At this
£1me the célumn is filled with liquid at the feed concen-
tration. Flow into the column is now sfoppéd and the
temperature is changed to 2°C. Because of the temperature
change, the silica gel packing preferentially adsorbs
toluene and the liquid in the column becomes lean in
toluene at a concentration called lew'. The liquid in the
columﬁ-is now displaced by feed at prescribed interstitial
Qeloqity.» Flow contlnues until all 1ow5concentration pro-
duct has'béen removed by feed-concentration product, at
which time there isvonce again a breakthrough of feéd_in'
the efflﬁent liquid. This establishes thé”switching time
for a colﬁmn of fixed length and'fiuid ve1pcity.

Such a concentration breakthrough profi1e is shown in
Figure.4-3. This also establishes the feed concentration

wave veioCity.. From such data, it is then pbssible to

determine either the SWitching time or.the column length
of a zomne experiéncing a féed of concentration Xreeq® From
eq. (3-39) or Figure 3-1 of Chapter 3 it is seen that |
concentration waves travel more rapidly during the cold
phase ofva zone. Therefore, column lengths determined

from breakthrough are the minimum lengths.at which the



Figure 4-3

Qualitative Feed Breakthrough Profile

This figure explains how the optimum
temperature switching time may be determined
from experimental feed breakthrough.anélysis.
Low-concentration product is displaced by
feed at 2°C.
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column can optimally operate. If the zone were of shorter
1ength,'there would be an undesired breakthrough of feed
in the effluent product stream; if the length weré greater
+here would be a portion of liquid within the column that
would experience two temperature changes; resulting in

its reversion back to the feed concentration before it
emerges from the zone.

Experimental breakthrough data have been obtained in
thé manner described above for a range of feed concentra-
tions expressed as refractive index. Bfeakthrough times
were observed for a column of 44 cm active length and an
interstitial displacement velocity of 0.0466 cm/sec. The
column is pictured in Figure 2-3a of Chapter 2. Figﬁre 4-4
is a plot of such experimental data. From this plot, it
is possible to determine the lengths of the successive
columns in a series cascade for a given temperature
switching frequency and interstitial displacement velocity.
Such a plot establishes the optimum 1ength or switching
frequency of a zone in cycling zone adsorption.

It is of interest to determine expérimentally what
effect premature or late temperature switching has upon
the effluent concentration profile of a column of.fixed
length and interstitial fluid velocity. Moreover, the
optimum switching time shown in Figure 4-4 was based on
a single thermal cycle of the adsorbent, rather than

repeated cycles in both directions. To determine whether
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Figure 4-4

Experimental Feed Breakthfough.Analysis

!  This figure may be used to determine the
optimum temperature switching time from feed
breakthrough experiments. Experiments are run
,under'the following conditions:

Temperature: 2°C
- Feed concentrations: variable
Interstitial fluid velocity: 0.0466 cm/sec
Column length: 44 cm
Low product displaced by feed
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blﬁigure 4;4 applies‘genérally one must see if the maximum
éoﬁpoSition'differences are observed in the output when
repéating thermal cycles are used at the frequencies
indicdtéd by the breakthrough data.

Avnumber_of experiments have been run with temperature
switching times varying about the optiﬁum time determined
from the data in Figure 4-4. Consider the experimental
colﬁmnvexperiencing a feed of X. .4 = 15.0 vol % toluene.
From the data in Figure 4-4, the optimum switching time
should be 1225 seconds. With an interstitial velocity of
0.0466 cm/sec,'a series of experiments were run with
v switching times of 900 sec; 1100 sec, 1225 sec, 1500 sec,
and 2000 sec. (Thévthird is thé'optimum time from Figure
4-4.) Figure 4-5 1s a cbmparison plot of concentration
profiles for these five experiments. Table 4-1 lists the
. observed'difference in péak'product volume percentages for
the five different temperature switching times. |

Table 441

Temperature Switghigg Time Versus
Peak Concentration Differences

Switching Time .Peak Concentration Difference
900 seconds 16.6% - 12.8% = 3.8%
" 1100 seconds 16.9% - 11.9% = 4.0%
1225 seconds 17.6% - 11.8% = 5.8%
’ (optimum switching time)
1500 seconds - 16.8% - 12.8% = 4.0%

2000 seconds ‘ 17.7% - 13.0% = 4.7%




Figure 4-5

Effect of Temperature Switching Frequency

Upon Effluent Profile

92

Interstitial fluid velocity: 0.0466 cm/sec

Temperature switching times: 900

1100

1225

1500

. 2000
Temperature: 2°C and 59°C

sec
secC
secC
sec
sec

(optimum)
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. It is apparent that switching the temperature at the
time determined from Figure 4-4 gives the maximﬁm product
peak separation. That 1s, maximum separation of a given
feed in a single zone occurs when using the optimum temp-
erature switching time. The data in Téble’4—l indicate

a decrease in separation of the feed as temperature
switching times deviate from the optimum. The following
evaluates the behavior at the two extremes, a switching
time of 900 seconds and 2000 seconds.

A.prémature switch in temperature occurs when a zone
is too long for a given switching frequency and interstitial
fluid velocity, as indicated by Eq. (4-1). This means that
ﬁiquid near the end of the zone wlll experience two changes
in the temperatﬁre. The increase or decrease in the feed
composiﬁion liquid due to the first temperature change at
its entrance into the column is then destroyed by the
second temperature change before the fluid can completely
'emerge ffqm the column. As the number of cycles increases
this effect becomes cumulatively larger. The final effect
of a premature switch in temperature is that after a large
number of cycles most of the fluid in the column will
undergo two temperature changes before emerging and the
separation will be completely destroyed.

Use of a temperature switching time that is greater
than the optimum is equivalent to use of a column that is

too short for a prescribed switching time and interstitial
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velocity. The predominant result is that there is a
breakthrough of feed liquid in the effluent of the column.
This ma& be seen in the experimental run shown in Figure
4-5. After a large number of cycles this factor is com-
pounded and again the separation is destroyed.

It is apparent that a detailed knowledge of the
optimum temperature switching time must be available if
a single zone is to be operated such that maximum separa-
tions occur. Simple breakthrough data, qs'shoﬁn in
Figure 4-4 are sufficient to determine the optimum tempera-
ture switching time. | |

Effect of Solid Particle Size

Efficient cycling performance of an adsorber depends,
among other things, on rapid mass transfer between the
fluid and the porous solid particles. When the particles
are too large diffusion inside the pores may be too slow
for the adsorbent in their centers to reach equilibrium
with the main fluld stream. Then, only the outer surface
of the particles exchanges appreciable mass with the fluid
and the effective capacity of the adsorbent bed is much
smaller than its true capacity. To determlne whether the
separations observed with the silica gel-hydrocarbon
system were affected by intraparticle diffusion, experiments
were carried out to determine the effect of particle size.

Three experiments were run with a feed of xfeed-= 24.7.

vol % toluene, at an optimum switching time of 1000 seconds
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and an ihterstitial_fluid velocity of 0.0466 cm/sec.
fhree.different lots of silica gel were used: 4- to 16-mesh
size, 20-mesh size, and approximately 60-mesh size. The
experimental effluent concentration profiles are shown

in Figure 4-6. Table 4-2 1lists comparative results for

these three experiments.

Table 4<2

i Particle Size Versus Peak Concentration Difference

and Produét Flow Duration

- == BT —

Peak Concentration Low-Product High-Product

Particle Size Difference Duration Duration

4 'to 16 mesh 27.0%-22.9%=4.1% 300 seconds 250 seconds

20 mesh 27.0%-22.9%=4.1% 400 seconds 400 seconds
60 mesh 27 .5%-22 .6%=4.9% 400 seconds 500 seconds
60 to 200 mesh - 700 seconds 700 seconds

The peak difference in product concentrations increases
with a decrease in the soiid particle size. The product
flow dufations also,iﬁcrease with a decrease in size. The
concentrétion profiles increasingly become more like a
square-wave as diffusion becomes easier.

These results‘can be accounted for by looking at the
effect of particle size upbn thevparticle capacity. For
large mesh size silica gel it is very difficult for liquid
to be exchanged deép within the interior of the solid

particle when there is a temperature change. The result
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_ Figure 4-6 f

Effect of Particle Size Upon Effluent
Concentration Profile

Interstitial Fluid Velocity: 0.0466 cm/sec

Period: 2000 seconds ‘ _

Temperature Switch: every 1000 seconds 5

Feed: 23.9 vol % toluene A i

Particle Size: 4-16 mesh ‘ :

20 mesh ' i

60 mesh f

Temperature: 2°C and 59°C :

|

|
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is that the effective capacity of the particle is somewhat
less than its total capacity. The amount of toluene that
the particle can adsorb or desorb is then less, and conse-
quently, the difference in product peaks is also smaller '
‘then would be calculated theoretically. Moreover, when
diffusion inside the particles is impaired the interior

of the particles cannot respond quickly to the sudden
change in fluid composition when a wave front passes by.
The result is a considerable distortion of the effluent

concentration wave shape and a reduction in the duration

of either maximum or minimum concentrations in the effluent.

As the particle size decreases, the effective capacity of |

the silica gel approaches that of its true capacity. This
results in a greater and more rapid exchange of toluene,
causing larger product peak differences and product peak
durations. If pumping cost can be disregarded, it would
be best to operate a cycling zone adsorption column with
the smallest possible packing.

Figﬁre'4-7 is a plot of the concentration response
of the experimentai column packed with a 60- to 200-mesh
powdered chromatographic silica gel made by the Baker
Chemical Company. Since this silica gel is manufactured
by a different company than that used in all previous |
experiments, one does not expect to find the same differ-
ence in product peak concentrations. This is due to the
fact that the two silica gels are of a different grade.

However, it is possible to compare the effect of small
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Figure 4-7

Effect of 200~-Mesh Silica Gel Upon Effluent

Concentration Profile

0.0466 cm/sec
2000 seconds

Halfrcycle: 1000 seconds

Tempefature Switch: every 1000 seconds
Feed: 25.3 vol % toluene

Particle Size: 200 Mesh

Product Flow Durations: 700 seconds each
2°C and 59°C

Period:

Temperature:
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particle}Size,upoh the product peak durations. Notice
that in Figure 4-7 the product peak durations are both
700 seconds out of a half-cycle time of 1000 seconds.
This further confirms the fact that the smaller the
particle size, the greater will be the peak durations of

the product flow.

Improvement. of Column Temperature Response

As indicated in Figuré 4-1, the coiumn temperature
response for a continuous flow system is not a true
square-wave response, although it does approach one. Tt
is seen that approximately 30% of the half-cycle time is
required fbr the column to_reach'either the high or low
temperatures of thé desired step change. Only if the solid
particles responded instantaneously to a temperature change
could the concentration'profile be superimposed upon the
teﬁperéture'profile._ Because of the design of‘thé experi-
mental apparatus, it was impossible to obtain a perfect
step change in'column temperature for a continuously flowing
system. However, it was possible to operate the apparatus
in a ‘noncontinuous manner‘such that a perfect step change
in column temperature did result.

Consider the following operation of the experimentai
column: ¥ill the column with feed at thevcold temperature.
The flow of feed is now stopped and the column temperatufe
is switched to the high’value. The flow remains stopped

until thermal equilibrium is completely established at the
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high temperature. Flow now begins into the column, dis-
placing the high product residing within the column. Flow
continues until there is a breakthrough of‘féed-concentra- :®
tion 1iquid in the effluent stream. At this point the flow | le
is stopped, and the columh temperature is changed to the | : E
low value. The flow is stopped until the column completely |
reaches the low temperature value. At this point the flow
of feed begins and the low-concentration product is dis-
placed until there is a breakthrough of feed-concentration
liquid in the effluent stream. Flow stbps'and the process
begins over again. If the column temperature is plotted ﬁ
against the time during.which flow occurs, the result is
a square-wave temperature'response. This method of Operd-
tion is termed the SGM, "Stop-Go Mode."

Figure 4-8 is a plot of the concentraﬁion profile for
such an operation. The feed into the zone is Xfeed = 15.3
vol % toluene, interstitial velocity = 0.0466 cm/sec, and
the column displacement time is 1225 seconds. As expected,
there is a very large increase in the duration of product

peak flows, 1000 seconds and 1100 seconds for low and high

products, respectively, the difference is due to the more
rapidly traveling concentration wave in the cold phase of
operation. The concentration profile is not completely square
due to mixing at both ends of the column and inside the
column itself, and because of gradual breakthrough to the feed

concentration. The SGM of operation completely removes
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Figure 4-8

A Stop-Go Mode of Operation to Produce a

Square-Wave Temperature Response

Interstitial Fluid Velocity: 0.0466 cm/sec

Feed: 15.3 vol ‘% toluene

High-Concentration Product: 17.7 vol % toluene
Low-Concentration Product: 12.9 vol % toluene
Half-Cycle Flow Duration: 1200 seconds-

Flow Stoppage: 9 minutes

Temperature: 2°C and 59°C
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the effects of mass and heat transfer resistances that occur
in the adsorption process, resulting in the nearly square-
wave concentration response of Figure 4-8. The only diffu-
sional process that remains in effect is longitudinal
diffusionvin the packing during the displacement of fluid
from the column. Its effect is minor if the flow is fast
enough.

Considering the results of the above operation, the
following question must be answered If an apparatus were
designed that would develop a square-wave temperature
response in the column, would the concentration response
of the effluent stream also be a square wave? There are
several reasons why perfectly square-concentration-waves
are not expected. First, tne variations-of'the concentra-
tion wave velocity with concentration and temperature dis--
cussed in Chapter 3 will cause sharpening of the concen-
tration changes when concentrated fluid follows lean fluid
throngh the packing and broadening when lean follows
concentrated fluid, even if all diffusion effects are absent.
Secondly, two kinds of diffusion phenomena have thelr effects.
Longitudinal difquion in the fluid itself occurs during
the waiting period wnen flow is stopped, causing wave
fronts to become diffuse, and diffusion between fluid and
particles must be very rapid if a wave front is to remain
sharp during fluid displacement. Thus, the effluent con-
centration wave will not be square unless the concentration

differences are small, the longitudinal effect is small
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during the full time of thermal equilibration and flow,
and the fluid-particle mass transfer is rapid during flow.
Consider the particle heat transfer rééistance. How
rapidly does the particle reach the temperature of the
surrounding liquid? The following simpiified analysis
determines the time lag between solid and liquid tempera-
ture: Assume that the silica gel particlé is a sphere
containing a 50 vol % mixture of n—heptané4toluene. Also
assume that the heat transfer resistance between the
surface of the particle and the surrounding liquid is
negligible. This 1is the same as assuming that all heat
transfer resistance is within the particle. If one
applies the tranéieht heat conduction equations t0 such
a sphere, it is found that if the dimensionless group
E==(kAt/RZCpp) is large, then the time lag between the
temperatures surrounding liquid and sphere is very small.
Let A = (TS—T¢)/(TS-T1) where T  is the temperature of the
solid surface_just after the column temperature change,
Tﬁ is the temperature at the center of the sphere, and Ti
i; the initial temperature of the sphere before the column
temperature change. The average properties of-the sphere
are: RZ = 6.25 x 1074 cmz, kK = 2.8345 x 10™% cal/cm sec °C,

cp = 0.124 cal/g °C, and p = 1.573 g/cc. If A= 0.70 X

10'2, establishing the temperature at the center of the

particle to be within 0.70% of the surface temperature,

then the dimensionless group E = 0.800. The value of
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At = 6.825 x 10™° seconds. This calculation indicates that
the response of the saﬁurated silica gel particle to a
step-change of 57°C in temperature is virtually instantaneous.
Tt has just been established that the solids tempera-
ture closely follows the liquid temperatﬁre of a packed
bed. It must now be determined if the concentration changes
of the solid rapidly follow any concentraﬁion changes in
the surrounding liquid, that is, if the local equllibrium
assumptipn is valid. Consider the following experiment: A
column packed with 60-mesh size silica gei is completely
filled with liquid of a high concentration at the high
temperature. The column liquid‘is now displaced with a
very low-concentration feed liquid. At the point of feed
concentration breakthrough in the effluent stream the flow
is stopped and the temperature of the column is changed to
the low value. The switch in the column témperature now
causes the feed liquid in the column to take on the concen-
tration of the low product. Flow of feed is resumed and
now displaces the low-concentration product. If the solid
particles were not constantly in équilibrium with the liquid
phase, then the final low cqncentration product would be
of a value somewhat higher than that predictéd by the equili-
brium theory. This is evident when considering Figure 4-9,
which is a plot of the effluent concentration profile and
the solids concentration profile. The solid lines indicate
the equilibrium values while the dashed lines indicate the

profiles obtained if there 1s a concentration lag in the
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- Figure 4-9

A Qualitative Solids-Liquid Concentration Response to

Establish Validity of Local Equilibrium Assumption
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solid silica gel particles. Figure 4-10.is‘a plot of the
experimental effluent concentration profile for such a
run. The final low product concentration is 29.8 vol %
toluene. The value predicted by the equilibrium theory
is 29.7 vol % toluene. Experimentally the concentration
change is 2.4 vol %; that predicted by the eqﬁilibrium
theory is 2.5 vol %. The experimental case therefore
approaches the theoretical case within 96%. The refractive
index analysis of effluent concentration has an accuracy of
0.18 vol % toluene, therefore, within expérimental accuracy,
it may he concluded that the solid silica gel is virtually
in equilibrium with 1ts surrounding liquidiat all times.

The SGM of operation to establish a sqﬁare-wave
temperature response in the experimental'column.Of this
study can then be used to obtain data that would be
characteristic of a thermally perfect column operating with
a continuous feed stream.

The previous analysis:of particle heat transfer and
mass transfer therefore validates the assumption that if
a column could be designed that would experience a square-
wave temperature response, then the concentration response
of the effluent stream would also be an approximate square-
wave. Such a design would then contribute considerably
to the pérformance of a continuously flowing cycling zone
adsorption column.

There is one remaining method of operation that
greatly improves the separation in a singie cycling zone

adsorption column.
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Figure 4-10

Experimental Verification of Local Equillbrium Assumption

. Interstltlal Fluid Velocity: 0.0466 cm/sec'
Feed: 32.2 vol % toluene
Displaced High-Concentration Product
 51.7 vol % toluene | |
Low-Concentration Product: 29.8 Voli% toluene
" Temperature: 59°C and 2°C
Flow Stoppage: 4 minutes



Refractive Index

1.4400

1.4300

1.4200

1.4100

Pt

I

Hicdobededd Feed = 49.5 Vol %

1

Lo~ Flow stops, temperature
switch from 2°C to 59°C

Displacing Feed =32.2 Vol %

.o~ Flow stops, temperature
switch from 59°C to 2°C

Toluene

T R

29.8 Vol °/o}

L 1

!

|

Ll

2.4 Vol%
Change -

o—

—

e

L

Y | 1000

2000

3000

Time (sec)

4000

¥t



: L. ! 9 s ) X .
: LE . 3 e .2 ) . p
L [ L R i (¥ b a v cv"“;

N

115

Variable-Feed Operation of a Single Zone

Since the separations occurring in cycling zone
'adsorption_are dependent upon the concentration of liquid
in the zone at the time of the-temperature'change, large
product concentration differences may bevobtained by'a
periodic introduction of two different feed concentrations
rather then'operating with a constant feéd concentration.
Consider the following operation of a single zone: High-
concentration feed, XFﬁﬁgh’ fills a column which is at
the low temperature. When the temperature 1s switched to
the high value, the liquid in the column becomes high-

. . . i )
concentration product, Xhigh xFlﬂgh' The high-concen
tration product is now displaced with a feed of low
concentration, XF,low xFJﬁgh’ The temperature is now

switched to the low value and the liquid in the column now
o PR - v . . \ ' ’ <. :

becomes the low-concentration ProduCt’.Xlow XF,low‘

The low-concentration product, Xlow’ is now displaced with

high-concentration feed, XF n’ and the process repeats

,hig
itself again. The idealized concentration profile for such
an operation is shown in Figure 4-11. Figure 4-12 is a |
plot of the experimental effluent concentration profile fdr_ 
a variable-feed system operating in the SGMg It is apparenﬁ,
thaf the introdﬁction of a step-change'iﬁ feed at the |
entrancelof a zone will be the cause of numerous operationa1 
problems. Such problems are fully discuséed in Chapter‘5 |
on Variable-Feed Operation of a Single Zone.

o
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Figure 4-11

Idealized Variable-Feed Effluent Concentration Profile
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Figure 4-12

Experimental Variable-Feed Effluent Concentration Profile

Interstitial Fluid Velocity: 0.0466 cm/sec

High Feed Conc: 34.8 vol % toluene

Low Feed Conc: 30.7 vol % toluene

Period: 3000 seconds

Temperature Switching Frequency: - every 1500 seconds
Temperatures: 2°C and 59°C

High-Conc Product: 37.4 vol % toluene

Low-Conc Product: 27.8 vol % toluene

Feed Amplitude: 5.0 vol % toluene

Product Amplitude: 9.6 vol % toluene
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In summary, it has been shown that the performance
of a continuously operating single zone may be improved
by consideration of (1) the optimum temperature switching
frequency or cptimum column length for a given switching
time and interstitial velocity, (2) the size of silica gel
particles in a packed column, (3) the production of a
square-wave column temperature response, and (4) the

optimal introduction of two different feed concentrations

into the zone.
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CHAPTER 5
EXPERIMENTAL: VARIABLE-FEED OPERATION OF A SINGLE ZONE

Variable-Feed Recycle Scheme

The'logic of varlable-feed operation of a single
zone has been briefly discussed in the 1a$t section of
Chapter 4. Bear in mind that the SGM of operation is
used to simulate operation of a column in which the
temperature is represented by a square wave., Figures
5-1la, 5-1b, and 5-1lc are séhematic recycle diagrams
showing how a single zone would operate during the hot-
cycle, the cold-cycle, and the total period of operatidn,
respectively. It is obvious that the duration of product
flows for a given variable-feed amplitude is of prime
importance. Notice that at the end of each half-cycle

there is a concentration approach from the product

concentration to the feed concentration. This is pictured

in Fig. 4-12. The breakthrough approach during the hot-
phase of operation follows that of the "simple concentra-
tion wave" discussed in Chapter 3. The breakthrough
approach during the cold phase corresponds to that of the
concentration shock front discussed in Chapter 3. Notice
that both these breakthrough curves are spread out con-
siderably. This is due to longitudinal diffusion and
mixing of" Lthe initial concentration f{ront at the entrance

to the column. Tf one plots R = This Ratio (product



Figure 5-1

Operation of a Variable-Feed, Reéycle

Cycling Zone Adsorber

Figure l-a shows the operation during.

the hot-phase half-cycle. Figure 1-b shows

‘the operation during the cold-phase half-
cycle. Figure l-c shows the operation over
the whole period (sum of half-cycles).
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duration)/(temperature switching time) versus variable-feed
amplitude (vol % toluene), it would be expected thétkthere
would be a general decrease in R as the feed amplitude
increases. If one plots T = (percent‘of product stream
'required for recycle) versus variable-feed amplitude, it
is seen that T increases with the feed amplitude. That
is, for a single continuously operating zone with a very
large feed concentratibn amplitude, a very largse portion
of the product streams must be recyéled back to the feed
point to maintain the large feed amplitude, as shown in
Figure 5-2. It is obvious that there is some maximum

feed amplitude that will allow recycle such that some
fraction of the high and low product streams may be
removed for further processing. It is théréfore of great
interest to investigate the effect of variable-feed ampli-
tude upon breakthrough curves generated in the hot- and

cold-phases of single-zone operation.

Effect of Feed Amplitude Upon Breakthrough

During Hot-Phase Operaﬂion

When a zone has been filled with high-concentration
feed and the bed temperaturé is changed to the hot tempera-
ture, the zone becomes‘filled with high-concentration
product. This highvproduct is then displaced from below
with the low-concentration feed. 1In this case a high-
density, high-viscosity liquid 1s being displaced by a
low-density, low-viscosity liquid. As pfedicted by the
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Figure 5-2

Qualitative Determination of Maximum Feed Amplitude

o
]

(product flow duration)/(temperature'switching timé)

T = percent of product stream recycléd
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simplified mathematical anélysis,'the higher concentration
product travels at a concentration wave velocity that is
greater than thaf-of ﬁhe trailiﬂg low-concentration liquid;
A simple concentration wave is then expected.in the column.
It is seen from Eq. (3-9) or Figure 3;1 of Chapter 3 that
the gréater the differenée in concentration, the greater
will be the duration of the simple concentration wave in

- the effluent stream.

Consider experiments where high-concentration liquids
are displaced by a low-concentration liquid at the high
temperatureQ Figure 5-3 is a plot of effluent concentra-
tion_prOfiles for such experiments. Table 5-1 1lists the
charéctefistics of these eXperiments, whére the duration
of product flow is the time for which‘thé high-concentra-
tion product is displaced, and the duration of breakthrough
isvthe time it takes the effluent stream concentration to
change from the high product value to the’displacihg feed
concentration. |

_Tbe_data in Table 5-1 reveal the following trends:

(1) aﬁ'increase in the duration of high—cdncentration
product flow as the feed amplitude decreases, (2) a

decrease in the duratioh of the breakthrough curve as the
feed amplitude decreases, and (3) a decrease in the total
displacement time as the feed amplitude decreases. The
displacemént time in seconds then approaches (column 1ength)/
(interstitial velocity) as the feed amplitude approaches

zero.



Figure 5-3

Experimental Low-Concentration Feed Breakthrough Data

This figure shows thé'effect of various
feed amplitudes'upon'the effluent concentration
profile for highfconcentration product being
displaced by a low-concentration feed stream.
The displacing feed is 30.8 vol % toluene, with
five variable high-concentration products being
displaced. The interstitial velocity is 0.0466
cm/sec, the column run at a temperature of 59°C.
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Table 5-1

Variable-Feed Breakthrough Data (Hot-Phase)

Feed Amplitude

Duration of

Total Time of

Duration of Duration of

to Column Product Flow Displacement Breakthrough Br;2522rg?§?
(volume % toluene) (seg) (sec) (sec) placement Time
70.4% - 30.7%= 39.7% 900 3900 3000 0.769
57.4% - 30.7%=26.7% 1000 3100 2100 0.677
51.0% - 30.7%= 20.3% 1100 2600 1500 0.577
43.6% - 30.7%= 12.9% 1200 2300 1100 0.478
1250 1750 500 0.286

37.4% - 30.7%= 6.7%

Feed Amplitude

Pporod. Preed

Horod. Mreed

to Column unstable) (unstable)
(volume % toluene) cc) (cp)
70.4% - 30.7T% = 39.7% 0.073 . 0.060
57.4%-30.7%==26.7% 0.049 0.040
43.6% - 30.7%= 12.9% 0.024 0.020
37.4% - 30.7%= 6.7% 0.012 0.010

2¢e1l



Consider the above experimént for a feed amplitude ’
of 20;3av01 % toluene. Figure 5-4 is a'c0mparison plot
of the effluent concentration profile predicted by the
simplified mathematical analysis and an experimental
effluent concentration proflle. There iS-a large épread
of the breakthrough curve to the low-concentration feed.
As discussed in Chapter 3, the simplified mathematical
‘analysis does not predict such a long spread of the simple
concentrdtion wave. Thils is because the simple theory
does not take into account any diffusional effecﬁs.. It
is apparent frovaigure 5-4 that there 1is considerable
longitudinal diffusion due to the 1arge_ihitial step
change ih concentration at the entrance of the zone. A
qualitative explanation ié given in a later portion}of

this chapter.

Effect of Feed Amplitude Upon Breakthrough
During‘Cold—Phase Operation B

When'a zone is filled with low—conCentration feed and
the bed temperature is switched to the cold value, the
zone becomes filled with lower concentratihh product. This
product is then displaced with high-concentration feed.
In this case a 16w-density, low-viscosity liquid is be}ng_l;:'
displaced from below by a high-dehsity, high-viscosity o
1iquid. As predicted by the simplified mathematical
analysis;vthe high-concentration feed travels at a.wave

velocity greater than the displaced low-concentration
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Figure 5-4

Simple-Wave: Qualitative Comparison of Effluent

Concentration Proflle With That Predicted by the

Simplified Mathematical Analysis of Chapter 3
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product. A concentration shock-wave is then predicted

to be generated within the column.

Consider experiments where a low-concentration product
is being displaced by various high-concentration feeds.
Figure 5-5 is a plot of effluent concentration profiles
for such experiments. Table 5-2 lists the character-
istics of these experiments, where the duration of product
flow is the time for which the low-concentration product
is displaced and the duration of breakthrough is the time
it takes for the effluent stream concentration to change
from the low product value to the displacing feed concen-

tration.

The data 1n Table 5-2 reveal the followlng trends:
(1) an increase in the total displacement time with an
increase with the feed amplitude, (2) a coﬁstant duration
of low-concentration product, and (3) a decrease in the
duration of the breakthrough curve as the feed amplitude
decreases.

Consider the above experiment for a feed amplitude
of 20.4 vol % toluene. Figure 5-6 is a comparison plot of
the.effluent concentration profile predicted by the sim-
plified mathematical analysis and the experimental efflueht-
conceniration profile. Again the large deviation 1s due
to diffusional and mixing mechanisms caused by the large

step-change in concentration at the entrance of the column.
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" Figure 5-5

Experimental High-Concentration Feed Breakthrough Data

This figure shows the effect of.various
feed amplitudes upon the effluent concentration
profile for a low-concentration product being
displaced by various high- concentration feeds.
The displaced product is 27.8 vol % toluene,
with,five variable high- concentrationvfeeds
displacing the product. The interstitial fluid
velocity 1s 0. 0466 cm/sec, the column run is at
2°C.
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Table 5-2

Variable-Feed Breakthrough Data (Cold-Phase)

Feed Amplitude

"Duration of

Total Time of Duration of

‘Duration of

. to Column Product Flow  Displacement Breakthrough Brgzzzﬁrggg?
(volume % toluene). (sec) }‘(sec) , (gec)v placement Time
69.2% - 27.8%= 41.4% 1400 2600 - 1200 ' 0.461
48.2% - 27.8%= 20.4% 1400 2250 850 0.377
40.9%- 27.8%= 13.1% 1400 1950 550 0.282

1400 0.151

34.8%-27.8%= T7.0%

1650 g - 250

Feed Amplitude

Pprod. Preed

Horod. Hreed

to Column ‘(stable) (stable)
(volume ‘% toluene) (g/cc) (cp)
69.2% - 27.8%= 41.4% -0.076 -0.052
» -00010 A

'34.8% - 27.8%= T.0%

-0.013

£

wEy
Sa'es

6¢T
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Figure 5-6

Shock-Wave: Qualitative Comparison of Effluent

Concentration Profile With That Predicted by the

Simplified Mathematical Analysis of Chapter 3
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" A comparison of feed breaktlhirough déta for the two
different cases reveals that breakthrough times for the
hot-phase operation of a zone are greater than those for
the cold-phase operation of the column. The only differ-
ences for both cases are the densities and Viscosities
of the displaced product and the feeds. Considering the
concentration interfaces, it is apparent that during the
hot-phase operation that the interface has density
instability, a more dense fluid resting on top of a less
dense feed. During the cold-phase operation, a less dense
fluid,fesides on top of a more dense feed resulting in
a more stable concentration interface. The hot-phase
then experiences a large density-driven instability,
causing a large spread of the breakthrough curve as the
density difference between product liquid and feed increases.
Although‘there is a density difference for displacement in
the cold-phase operation, the‘interface is more stable
since a low-density fluid resides upon a-high—density
fluid. The result is.a smaller spread of the breakthrough
curve as the feed amplitude increases. In both cases there
is diffusion due to the large step-change in concentration.
at the entrance of the zone. However, it appears that
density-driven instability'accounts in part for the large
difference in breakthrough durafion for the hot- and cold-

phase operation of the zone.
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A second point that bears consideration 1s the effect
of viscosity upon the spread of the breakthrough curves.
During the hot-phase operation (which has density-driven
‘instability) a high-viscosity fluid is being displaced
by. a low;viSCOsity fluid. This arrangement of flowing
liquids is considered unstable (63), and there should
result mixing beyond that caused by the cqnéentration and
uQStablé density differences. Such a situation is analogous
to the displacemént of oil in a reservoir by water pumped
from below. As with density—driven instability, it is
found that there are fingers of fluid that penetrate
through the interface. 1In this case there should result
greater mixing than that caused by diffusioh‘alone. During
the cold-phase operation (which has density stability),

a low-viscosity fluid is being displaced byva high-viscosity
flﬁid., This arrangement 6f flpwing 1iquids is considered
stable:(ss). | |

Tt would be difficult to determine the separate con-
tribution of each of the above phenomena to the spread of
the breakthrough curves beyond that caused by diffusion
along. However, the observed effects indicate that the
unstable density'andvviscosity situation during the hot-
phase operation seems to_be the predominant cause of
spreading of the breakthrough curve while diffusion effects -
seems to be the predominant éause of thé short breakthrough"

curve during the cold-phase operation.
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Overall Diffusion Coefficient For Breakthrough

in Cold- and Hot-Phase Operations With

Variable-Feed Amplitudes

The spreading of the breakﬁhrough éurves in both
cases may be characterized by calculation of an apparent
diffusion coefficient which represents the breakthrough
phenomena. As shown in the calculations at the end of
the chapter, the diffusion coefficient méy'be calculated
from the breakthrough data of Figures 5-3 and 5-5 using

the following relationship:
ot
2 4 1/2
@y - (3)(HE) (5-1)

For the hot-phase operation, Figure 5-7 is a plot
of the diffusion coefficient versus the féed amplitude.
Figure 5-7 also contains a plot of the diffusion coeffi-
cient versus the feed amplitude for the cold-phase
operation of the column. In both cases, the spread of
the breakthrough curves 1s characterized by an increase
of the coefficient as the feed amplitudé increases.
Table 5-3 lists the diffusion coefficient versus the
five feed amplitudes used in ﬁhe hot- and cold-phase

operations.
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Figure 5-7

Diffusion Coefficient Versus Feed Amplitude for

Hot- and Cold-Phase Operation
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Table 5-3
Feed Amplitude Versus Diffusion Coefficient -
| for Hot- and Cold-Phase Operation
Feed Amplitude ~ Diffusion Coefficient
(vol % toluene) _ (cmz/sec)
Hot-Phase Operation (density-unstable,
viscosity-unstable)
6.7 0.014
12.9 0.040
20.3 ~ 0.087
26.7 . 0.145
39.5 0.299 | |
(Molecular Diffusivity = 3.72 x107° cm®/sec)

Cold-Phase Operation (density-stable,
viscosity-stable)

7.0 0.003
13.1 0.008
20.4 0.015
27.8 0.011
41.4

0.063

It is apparent that the unstable denéity and viscosity
effects‘occurring in the hot-phase operation tend to be
greater than the diffusional effect cémmon to both the
cold- and hot-phase operatiqn. If the data are extrap-
olated to feed amplitudes of zero and ﬁoo%, the hot-phase
operation diffusion coefficient varies from 0.000065
cmz/sec to 1.270 cmz/éec;'an increase by a factor of

2.0 X'104, while the cold-phase opéraﬁionfdiffusion _
coeffiéient varies from 0.000023 cmz/sec_tp 0.225 cmz/sec,

an increase by a factor of 1.0 X 104.



148

The following summarizes the effects contributing
to the spread of the breakthrough curves as the feed
amplitude:inCreases. |

Hot-phase operation:

(1) Diffusion due to initial step-change in
feed concentration.

(2) Mixing due to the initlal unstable step-
change in feed density and viscosity.

Cold-phase operation: |

(1) Diffusion due to the initial step-change
in feed concentration.

It has been just shown that diffusional and mixing
effects ali clearly 1imit the operation of a variable-feed
cycling adsorption zone. It is apparent that the ability
of a zone to accommodate a large feed ampiitude is
governed by the spread of the breakthrough curve occurring
in the hot-phase operation. It would thénfbe of interest
to investigate operétional procedures that would sharpen

the breakthrough curve.

Effect of Feed Flow Rate Upon Breakthrough |

During Hot-Phase Operation

One such procedure would be to examine the effect of
column flow rate upon the feed breakthrough curve. Con-
sider the following experiments: the experimental column
is filled with 50 vol % toluene feed at the low temperature.

The temperature is switched to the high value, and the
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column now becomes filled_with high-cbncentratioh product,
52.4:v01.%’toluene. The:high-concehtratien product is A
now displaced inuedch case.at five different feed flow rates,
the feed in each case being 31.5 vol % toluene. Flow is |
continued at the prescribed rate until there is a break-
throﬁgh'of feed cencentration liquid in'the'efflﬁent stream.
' Fer comparison, all effluent concentration brefiles
are standardized on the time axis to .an interstitial fluid
velocity of 0.0466 cm/sec. . Figure 5-8 is a plot of
effluentfconcentration-profiles for five different inter-
stitial feedrvelocities: 0.051 cm/sec (0.265 cc/sec);
0.1104 cm/sec (0.5733 cc/sec); O. 4170'cm/sec (2.167 cc/sec);
0.5670 cm/sec (2.95 cc/sec), and 0.7444 cm/sec (3.866 cc/sec).
As 1ndlcated by Figure 5-8 there is a considerable sharp-
ening of the breakthrough curve as the feed velocity is
increased. ' -

This phenomenonrmay be characferizedragaih by celcuf
lation of an overall diffusion coefficient from Eq. (5-1).
Table 5-4 lists the diffusion coefficient versus the flow
rate. Figure 5-9 is a plot of the overall diffusion

coefficient versus the volumetric flow rate. It is seen
that there is a definite'deereaée in the coefficient as
the flow”rate.increases, charaeterizing_fhe sharper break-
through of feed concentration liquid.

Figure 5-10 is a plot of the Peclet Number, ueing

the above coefficients, versus the Reynolds Number. The
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’Figure 5-8

Effect of Volumetric Flow Rate Upon

Effluent Concentration Profile

This figure summarizes five experiments
where a high-concentration product of 52.4
vol % toluene was displaced by 31.5 vol % feed
In each experiment the volumetric flow rate o
the feed was different. The column with per-
forated distributor plates was used and run at
‘a temperature of 59°C. The feed amplitude was
18.5 vol % toluene. Curves are all standardized
on the time axis to an interstitial fluid
velocity of 0.0466 cm/sec.
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Figure 5-9

Effect of Feed Flow Rate Upon Diffusion Coefficient

Coefficients were calculated from the data
in Figure 5-8, using the mathematical develop-
ment in the last section of Chapter 5.
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Table 5-4

Hot-Phase, Variable-Feed Operation: Feed Flow

Rate Versus Diffusivity

Volume Fluid Diffusion
Flow Rate Velocity Coefficient

(cc/sec) (cm/sec) V (cmz/sec)

.265 0.0510 0.06012

0
0.573 0.1100 0.04765
2.167 0.4170 0.03495
2.950 '0.5670 0.02662
3

.866 0.7440 0.02708

—
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Peclet Number Versus Reynolds Number (63)
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Peclet Number varies approximately between O. 03 and 7.0
as the Reynolds Number-varies between-o.s and 7.0.v Although
‘the diffusion coefficlent decreases with an increase in the
Reynolds Number; the'interstitial velocity increases |
‘enough to cause:an increase in theﬁPecletuNumber with an
increase in the?Reynolds Number. Such a phenomenon_has
been observed by various investigators (12318519). These
authors base tbeir explanation upon a cell'model‘for dis-
persion in packed beds. Consider the void space between
solid packings as a cell. For a Reynolds Number of approx-
imately 0.1 or less, molecular diffusion may account for
mixing within eechvcell, and from cell to cell; However,
as the Reynolds Number increases, convective trsnsport
dominates and mixing between successive cells becomes
incomplete In this case; multiple Streamers of fluid tend"u‘
'to pass through the column, resulting in very little back-
mixing owing to molecular diffusion. Consequently,-the A
step change_in concentration tends to mointain itself as
the Reynolds Number is increased. The transition from a
regime of molecular.diffusion to one of convective transport.
apparently accounts for the‘increase in'the_Peclet Number
and decrease in the diffusion coefficient as the Reynolds
Number increases. B -
Fromvthe above discussion, it is now possible to
determine the column flow rate forNa given.feed amplitude

such that a variable-feed zone may function with product
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recycle streams used to maintain the step‘changes'in feed
composition. From the breakthrough détavin Figure 5-8,

it is possible to plot the duration of high-product flow
and the duration of the simple-wave flow (the breakthrough
period) versus the volumetric flow rate. Figure 5-11 is
such a plot for a feed amplitude of 20.9 vol % toluene.
By extrapolation of the data, it is found that a flow rate
of approximately 7.0 cc/séc is required to maintain the
step changevin feed by product recycle. The temperature
switching time is found by adding the two times shown in

Figure 5-11.

Effect of Average Feed Concentration Upon Breskthrough

Time During Hot-Phase Operation

A last point of consideration needs to be investigated:
Consider the case of a constant feed amplitude in a vari-
able-feed operation; hoWever, let the average feed concen-
tration be either some high value or some relatively low
value. For instance, let there be a feéd_amplitude of 6.0
vol % toluene, but in one case let‘thé_avérage feed con-
centration be 80 vol % (high feed = 53%, low feed = 77%),
and in the other case 20 vol % (high feed = 23.0%, low
feed = 17%). The question to be answered is: what will
be the difference in the low-feed breakthrough time (hot-
phase operation) for both case¢s? It is expected that the
case with the higher average feed concentration (80%) will

have a much more rapid breakthrough to its low feed (77%)
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- Figure 5-11

Effect of Flow Rate Upon High Product

and Simple Wave Flow Duration

This figure-is the result of éxperiments
where a high-concentration product of 52.4
vol. % toluene is displaced at various flow

~rates of 31.5 vol % toluene feed. The duration

of high-concentration product flow-and the
duration of flow of the simple wave--the time
required tb‘change'the effluent concentration
from 52.4 vol % to 31.5 vol %--is plotted
versus the volumetric flow rate of the feed.
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than the case with the lower averége,feed (20%). AI#hdﬁgh
thé feed.émpiitude is the same in bothvcéses; there ié a
largéFdifference in concentration wave velocities. It is
then‘neq§5sgry to run eiperiments at.cdnétaht feed ampli-
iude. bﬁf wiﬂﬁ%varying average feed dbncentration. Figure
5-13 is_suéh a plot for feed amplitudes of 6.0 vol % and
12.0 vol‘%; Note that the‘slopé for 12.0 vol % is less
than that forv6.o'vol_%; This is becaﬁsé:of the increased
spreading of ﬁhe breakphrough as the feed amplitude
increases, as previoﬁsly discﬁssed in this chapter. As

the feed amplitude goes to zero, the curves of Figure 5-12
then approach the curve plotted in Figure 4-4. A complete
plot of_fhe form in Figure 5-12 would then allow the calcu-
lation of the optimum lengths of columns in a cascade whose
zones expérienge the same feed émplitudé,»butjdifferent
average feéd“compbsitioﬁs. | |

Derivatioh'of Breakthrough Curve for a Fixed Bed With

Longlitudinal Diffusion and Local Mass Transfer Equilibrium -

The following differential equation'may be written to
describe adsorption with longitudinal diffusion:

3%, X ax, 3%k,

L S’ L'=% > (5_1)
oz

st YA st t Vs

The following boundary'conditions apply;fbr-a-column of
infinite length, g{periencing a_step change in feed concene

tration at the entfance to the column:

DS
<A
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Figure 5-12

Variable-Feed"Qperation: Effect of Average

Feed Concentration Upon Feed Concentration

Breakthrough Time

This figufe summarizes experiments where high-
concentration product is displaced by low-concentration
feed of a zone operating under a variable-feed input.
The average feed concentration is the average of the
two feeds, high and low, used to displace the high-
concentration product. The breakthrough time is the
time required for the low-concentration feed to appear
in the effluent stream. The experiments were run with
a feed amplitude of 6.0 vol % toluene and 12.0 vol %
toluene. The column temperature was 59°C and the
interstitial fluid velocity was 0.0466 cm/sec.
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(1) X, (-e,t)

L' - AxL
(2) xL(+m,t) =0
(3) XL(Z,O) =0

The bouﬁdary conditions are intten such that the influence
of the bed entrance and exit are disrogaraed; Although

an approximation, it should be moré accuraﬁe,the\longer

the bed in relation to its width, thus minimizing the
effect of transitions at the entrance and exit of the
column.

Using the local equilibrium assumption,

GXS - (BXS BXL
ot BXL at

which may be evaluated at the desired temperature using

the isotherm relationship in Chapter 2. Let the following

substitutions be made:

m = A(3X/3Xp )
: avg
V. = V/(1+m) = velocity of concentration wave

Substitution into Eq. (5-1) gives the following equation

with the same boundary conditions:

_ 2

AX oX o X

§€L+Vc5—z‘li=9ca—2§ - (5-2)
y y :

The independent variables z and t are now changed as

follows:
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Substitution of the new variables into qu (5—2)_and
multipiying both sides by 46 gives:

R R I

Ihe new boundary conditions become

(1) % (-=,0) = &X;

(2) X (+2,6) = 0

l

(3) XL(Q,O) = 0

A ﬁolution as a function of £ only then obeys the following

eqdation:x
afxg dx; | R
. g’;g"’i- 2¢ a—e—' = 0 ‘ o (5-4)

with xL(-w) = X; and XL(+Q)»= of Let U = dXL/dz, thgn
aX;/dzf = du/d¢, and Eq. (5-4) becomes

au/de = -2¢0 - | (5-5)

- The solution to Eq. (5-5) is

xp = () nvers-)) (58

Equation (5-6) is a'mathematical répresentation of the

breakthrbugh curve obeying the boundary conditions given.
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The diffusion coefficient may now be calculated by appli-
cation to the breakthrough data given in Figures 5-3 and

5-5.

A1l breakthrough data may be replottedlon the
dimensionless concentration scale versus time as indicated
in Figure 5-15. The value of tl/z is determined as shown
in Figure 5-13. Now assume that the wave emerging from
the exit of the column is not altered on its leading edge
(t < t1/2) by flow into additional packing which might
be added to the column. Also assume that the wave that
nas not yet emerged by t = t1/2 is the same as that observed
for t > t1/2' This is also shown in Figure 5-13. On this
basis it is now possible to determine the mean-square dis-
placement of a tracer in the leading and trailing edges
of the concentration wave. For the leading edge mean-

square displacement (t < tl/z);

- ,
iy = v IO (Ei/z_t) fe)a (5-7)

.IO (e)dt
X X

where ¢ = <-Ji£%§——é> for hot-phase operation, and
L :

X, -X

c = (’LZK£2K> for cold-phase operation.
L

The right side of equation may be evaluated graphically.

{from the experimental breakthrough data. The analytic

evaluation of Eq. (5-7) reveals:that
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Figure 5-13

Qualitative Description of Transformation of

 Experimental Breakthrough Data to Allow

~ Calculation of Diffusion'Coefficients



Hot-Phase Operation Cold-Phase Operation

XHigh XHigh

xLow XLow

Time _ , Time

Experimental Breakthrough Data

Equal Areas

Leading
Edge

Y2

Time
Dimensionless Breakthrough Data

891
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: S Bt - 0.75(14mK a2>
2 4\V+71/2 :
D= (PHRE o ®, - 0, (59

For the trailing edge mean-square displacement (t > tl/z):

2/ (t- tl/z) [1 (c)]dt

(5-9)
f [1- (C)]dt

_<_.d' =

|

where ¢ 'is defined as above.
‘The right side of Eq. (5-9) may be evaluated graphic-
ally from the experimental breakthrough data. The analytic

evaluation of Eq. (5-9) reveals‘that
!
| | 0. 75(1+m)<d > . S |
‘ ® = 3 v . - (5-10)
C Tty | o

The concentration wave velocity dsed 1n'EqS'(5-7) end (5-9)
is determined at the mean value of the initial step change

in concentration introduced into the entrance of the column.
The final value_of the diffusion coefficient is determined

' byvthe average value of the leading end trailing edge

coefficients given by Eqs. (5-8) and (5-10)}
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CHAPTER 6
- MATHEMATICAL STATEMENT OF CYCLING ZONE ADSORPTION

ALLOWING FOR LONGITUDINAL DIFFUSION

From the previous discussions, it ié seen that dif-
fusion pléys an important role in alterihg the squareQ
wave concentration response predicted by the simplified -
mathematical analysis of Chapter 3. It would then be of
interest_t; develop an equation that would account for
anj diffusional affects occurring in cycling zone adsorp-

tion, and that would give the final effluent liquid con-

centration profile. Whereas in Chapter 3, the firsi-order

.

equations and method of characteristics applied to the
nonlinear equation and the results were,valid for any
concentration amplitude if diffusion was zero; however, the
mathematical analysis of Chapter 6 presents a solution of
the linearized problem. The results will be valid for

only Sufficiently small values of the concentration changes.
However, improvement over Chapter 3 is gained by allowing

for longitudinal diffusion.

Continuous—Flow, Constant Feed Concentration,

Single-Zone Operation (Analytic Solution)

Consider a single zone, operating with a constant,
continuous feed and experiencing a square-wave temperature

change. The following differential equation may be written: -
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oX, BXS oX ) XL
Cla?: + (]-(1)€W+(1V'S-Z—— ~Q%—B—;2- (b—l)
with boundary conditions:
' dX
- +y B L
1. Xpp = X, (0,t) - 5 3¢~ (05t)
BXI
2. 0= = (2,¢)
3. Xpp = X;(2,0)
At equilibrium between the two phases,
X. = F(X;,T) (the equilibrium isotherm equation)
NDifferentiation gives:
BXS B axs) BXL .\ axs) 3T : A (6-2)
ot 7 BXL T ot T XL ot

N a _ a
- ~aJeE = My (I-a)e

here m and m,, are evaluated at qveragé temperature and

T
the liquid. feed concentration, respectively. Let

V., = V/(14m) and‘Dc==?V%l+m). Equation (6-1) can then

be rearranged into the following form:

. 2
OX; oX 3°X m
L L L _ T OT
st tVesm Rz = -Tmoot (6-3)

dz :
The boundary conditions remain the same as above.
A Fourier series may be used to describe the square
wave variation of the temperature of the zone. The partial
derivative on the right-hand side of Eq. (6-3) may then be

expressed as follows:
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T(t) = T, + %?'}E: ‘l_Lﬁil— sin(nm f%) (6-3a)

ST AT N n: t ‘
AN (1)) cos(am &) (6-3b)

where AT and At are the amplitude of the step change in
temperature and the time duration'of half the square
wave, i.e., the temperature switching time. Substitution

into Eq. (6-3) gives the final form of the equation to be

solved:
X X 3%x
L LV L 9 L

m AT
m Z [1-( ]cos(mr ) (6 3c)
Now introduce the LaPlace transform:
— | .I > _ t :
Xp(z,p) = LAxp(2,8)) = p jﬁ e P¥x. (z,t)dt
v 0 ‘

Equation (6-3c) now takes the following form:

P

L dX, a°X,
- p(Xpx )+Vaz—'9’c-—(rz
o \iar\ N _(-1)"]p2
- - (=)&) 7l (6-4)

n=1 Z—:E) + p

The boundary conditions are:
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Equation (6-4) is a second-order differehtial equation
with a particular solution and a complementary solution.

The particular solution takes is:

{ 1-(- 1! [ nw/At

J(nw/At)

Kp =X Tmrr Z
| "~ (6—5a)

The inverse of the transform gi&es the final form of the

particular solution:

By

- i )
X = AT (unlt squarg wave )

The complementary solution is found by sétting the right
side of Eq. (6-4) equal to zero. Its solution may be
expressed as:

R‘L _ chZ/ch{Asinh[ 1+4‘§§£(;—,%i)]+ Bcosh[ 1+4%203(;g£)]}
_ ’ c

c

(6-5b)-
The constants A and B may be evaluated from the two boundary

conditions:
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ot /;f‘ 5 T
- slnn4cosh
m AT\ _ ' V2 .OS> (EE) b

- () :
Tno 1+m 0.pP , QP 2 nm
1+2—5—)sinh+ 1+4—— coshl|(EL +p2
(e com () 5*

c

i -h~+ﬁ:—@? S I R
sin 2 coOs ;

_ | 4;2 -l {nT S

5, = (") &) e | pcym

n T+m) (%+2B P) i hf/g 4;2__ h (nr

oy : sSin + CcoOs —_—

| AT

2 '2 nmw

where _

@cp V.2Z
c C

-

sinh

| “BP (Vo2
cosh 1+4 ;;—— (mc—

L'.

Since thérg'is only interest in Xi(z,p) at z = Z, the

G

cosh

arguments of the hyperbolic functions may be expressed as:

- R.P/V.Z ®.p
1+ 4 —%— c) - /1 +4 5%" L.
Ve (25;) _ c

The final form of the transform is found by substitution of
the constants A and Bn back into Eq. (6 5b) and combining

Eqs. (6-5a) and (6-5b) evaluated at z = Z:

nm
X (z,p)= X, —(m'{i::)( )Z[l C1f] n(‘%) -
(FE)

e J1+e®p/V)

(}+2£%§>sinht/;+4;gfcosh
c c

e (6-6)

[1-(-1)"]
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Equatioﬁ (6-6) must now be inverted to obtain the concen-
tration profile at the exit of a single zone. The first
term in the summation may simply be inverted to giVe a

square-wave function of (t/At):

! i 1) ] (’% 3 [-(-1)7] nw
~ = 5 s1n( t)

(6-6a)
The second term is more difficult to invert. Let

(6-6) be rewritten in the following form:

X (2,p) = XLF_(m’I‘AT)(l Z[l (-1)7] Em > f _&p_}}

' 54,

where

N(p)

Ji+ 4@ 7)€

D (p) [1+2p(qec/v§)]s1nh +J1+4p(gc/v§5cosh

There are poles at p = ii(nw/At) because of the function
(nv/At)2+p2. There 1is also the possibility of poles because
of the function D(p), however, these are all negative,
‘leading to negative, real values of p. These correspond
to the transient solution, which is not of interest. The
poles at p = ti(nw/At) are those of inteiest,vresulting in
the steady-state solution.

The second term in the summation of Eq. (6-6) may now

be inverted by evaluation of the residues at the two pole

values. Residue at p = +i(nm/At):
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-+ van [E) e Noway g, e )
< z .| D(p)p
E| ()

o) (e
T p (+1 27)

Residue at p = -i(nm/At):

- .I‘im (&)r [—(ﬂf“ ](p+1515)e—i(7E
)| (nmy2, 2 [PTRIRTTAR

P (At) (At) L

M1 5) R

D(- i_zf)

Thereforg,

a| (FE)e x _ .

:24 ( ) > 5{%3— -sum of residues
nm

3t/ P
a8 B8) (5D (1 58) A5
ip(+1 ) | i (-1 %}CZ)

(e-sb)

All terms of Eq. (6-6) have now been inverted.
However, it remains to determine how the function N(p)/D(p)

acts along the imaginary axis. Consider the function,

o [1+4p ﬁ+4i-g—%-=jlf4vnqi (6-7)
| ?f’g’_ v |

where.q = %C/VéAt
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Let the square root in Eq. (6-7) be set equal to o % iB,

~and now solve for a and 8, considering only the real root:

_/1 +J1 +167°n°q"
>

2mng
a

B =

N(p) and D(p) may now be evaluated:

N(p) = a ¥ iB
D(p) = (1%i2nmq)sinh{(atip){] + (atiB)cosh[(atiB )]
- R ?*is |
where
R = sinhaf cosBl - 2nmq coshaf sinB{ + acosal cosBE
- Bsinhal sinB¢
S = 2mnq sinhal cosBf +coshal sinBl + asinhal sinB(

+ Bcoshal cosB(

kq. (6-6b) may now be evaluated as follows:

P () _ §a+162 i(%%)t (a-iB) .1(%}0[)1;

(6-8)

| 7o 22 Do) | ~ ZI(R#LS)® - ZI(R-15)°
(3¢) *»
nmw nmw
) (a+iB)(R-iS)ei(Zf)t_ (a-ie)(Rus)e'i(‘AT)t
21(RE+5%) 2 1(RE+5%)

Through kgs. (6-6a) and (6-6b), the inverse of Eq. (6-6)

may finally be obtained:
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F HEq. (6-6)}=X (Z,t) =X - (mT T)lZ—l—‘f;U—l[sm( )

(a+iB)(R is) 1( ) C(a iB)(R+i8) ’(“Uj

21(RE+5%) . 21(RE+8°)

Rearrangement gives the final form of the equation for the
effluent concentration profile for a single zone with
constant,-oontinuous feed, experienoihg a squere-wave

temperature response:

n=1

X (2,6) = Xy -(Tg.f;)(%)zi.l_-i;?uﬂ [1n(32 ¢

- e (i%-z%)Sln(H t) .c(—g%%g—)cos(zz t):l (6-9)

It is seen from Eq. (6-9) that the effluent concen-
tration profile consists of two parts: (1) a standing
wave given by the term Hl (- i)n]/n]sin(nvlt) which is in
equillbrium with the solid; and (2) a traveling wave
which is shlfted in phase and attenuated by diffusion.

This is given by the last two terms in Eq;'(649).

Continuous Flow, Constant-Feed Concentration, Single-

Zone Operation (Analytic Solution, Zero Diffusion)

Equatlon (6-9) may be reduced to give the extreme
case of a square-wave effluent_concentration response by
letting the diffusion coefficient be zero. In this case

qQ=0,B=0, a=1, and { = =. However,'it is seen that
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(a%) = (1+m)z/(2vat), and (BL) = 2wnql/a = nw(1+m)z/(VAt),
which have finite values; From these values it can be
shown that R = eaccos(BC), S = eacsin(ﬁé),_R2+S2 = eEaC’
ar+8S = e*‘cos(B2), and oS-BR = €*°sin(Bf). The final

form of Eq. (6-9) for a zero diffusion coefficient is:

mTAT) 1S [1-(-1)M t t

X,(2,¢) "&F'(“ﬁr‘n‘ & n [Sin(mrﬁ)‘sm(m’ﬁ;'ac)]
(6-10)

This result shows that, in the absence of diffusion, the

traveling concentration wave is not attenuated. For:

values of

Bl = nw(l+m)/VAt = nm
the standing and traveling square waves will reinforce.

Then the exit fluid amplitude will be ZmTAT/(l+m), as

shown by Pigford, Baker, and Blum (36).

Continuous-Flow, Constant-Feed Concentration, Single-

Zone Operation (Analytic Solution, Infinite Diffusion)

The opposite extreme case occurs then the diffusion
coefficient becomes infinite. This case is analogous to
a perfectly mixed tank with input of constant contration
and output concentration varying with time. Consideration
of a cycling zone adsorption column as a perfectly mixed
zone is made in the following calculatlions to develop the

effluent concentration profile for infinite diffusion, for
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constant, continuous feed, and for a square-wave temperature

response of the column. Material balance:
: ! 1-a)e
av[XF-xL(_t)]. = It [ZOLXL(t) + er—xs(t)] (6-11)

Use of Eq. (6-2) and the isotherm equation results in the
following form of Eq. (6-11): |
dX (t) :
V dT .
.The temperature 1is again written as a Fourier series as
indicated by Eq. (6-3a) and its time derivative by Eq. (6-3b).

Substltutlon into Eq. (6-12) gives,

ax. (t)
‘f{t' + [Z(le’)]xL(t) - [Z-('IVTmT] XF .
- (l+m) gg: [1 (- 1) ] cos(nwg%) (6-13)

Assume thé following solution for Eq. {(6-13):
Xp (t) = Xgp + C exp{(vt/z(14m)] } + Q(t)

where the éxponential part of the solufion represents the
transient behavior, whidh'is not bf interest. The solution -

then takes the form
Xp(t) = Xp + Q(t) | | (6-14)

Let Q_(t) = A_sin(nmt/At) + B_cos(nmt/At). The coefficients
A, and B may be solved by substitution of Eq. (6-14), with
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the assumed form of Q(t), back into Eq. (6-13). The

following forms of A_ and B, are then derived:

, 2
A z'(mTAT)“" [szzm] [1-(-1)"]  (6-15)

)

AT ’
b, = -(Fm) r—— D17 (610)
: n-mr [ VAt-] + 1

The coefficients of Egs. (6-15) and (6-16) may now be sub-
stituted back into Eq. (6-14) to give the final form of
the effluent concentratlion as a function_df time:
 MpATZ [1-(-1 [anOﬂn) t t
% (t)=Xg - w;z qmé Mtuwlﬁﬂmhﬁ)

n=1l nm TAT +1 f

(6-17)

Through the use of Egs. (6-9), (6-10); énd (6—17), it
is now possible to investigate the effect.of longitudinal
diffusion upon the effluent concentration profile for a
single-zone operating with a continuous, constant-feed
composition ahd eXperiencing a square—wavé temperature
change. Effluent concentration profiles given by these
three equations were obtained by use of the College of
Chemistry computer, an XDS 910. The followlng operating

conditions were used in the calculations:
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"V = 0.0466 cm/sec
At_= 1160 seconds
TéVg = 29.5°C
i2Z = 38 cm
. m = 0.5098 (m and m, from the equilibrium
: isotherms at the average tem-
My = -0.0006823/°C perature and feed composition)
XF = 0.247 volume fraction toluene
dp'= 0.05 em (20-to 60-mesh particles)

The diffusion coefficients were determined from five

selected values of the Peclet Number, VdpAB:

 Npe D (cmz/sec)
0.000 © (perfect mixing)
0.002 1.165 1
0.020 1.165 x 10 _2
0.200 1.165 x 10~
® : - 0.000 (no diffusion)

Figﬁre 6-1 compares Eq. (6-9) for the five Peclet
Numbers with an experimentally obtained effluent concen-
tration profile. The experimental concentration profile
was obtained through the SGM of operation to insure a
square-wave temperature response of the.column. The
figure reveals the attenuation effect and the peak phase- .
Shift'effectiof the diffusion coefficient upon the concen-
tration profile. For a Peclet Number of 0.002 (® = 1.165
cmz/séc), the peak product concentrations are approximately
73% of the change predictedvby the'simplifiéd mathematical

analysis of Chapter 3. The simplified theory predicts a



Figure 6-1

Dimensionless Plot of Eq. (6-9) for Five Values

of the Peclet'Number
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change of #2.666 vol % from the feed composition following
a temperature switch, whereas operation with a Peclet
Number of $.002 only gives a change of ¥1.95 vol %. Peak
product durations are approximately zero, occurring only

as points during a full period of operation. For such
large diffusivities longitudinal diffusion (driven by the
concentration change due to the temperature switch)
virtually destroys- the large separations ahd large durations
of peak product flows. Diffusion is so great that the ini-
tial step change in concentratibn is Spfead throughout the
length of the column. Rapid diffusion results in the
initial éppearance of an attenuated product peak in the
effluent stream, followed by a long steady approach of the
effluent concentration to that of the initial feed concen-
tration.

Consider the two following extreme cases of Peclet
Number being zero (9 = infinity) and Pecleﬁ Number =
infinite (® = 0). Equation (6-10) may be used to develop
the effluent concentration profile for the case of zero
diffusion. The result is the expected squére-wave effluent
concentration profile. This compares with the result pre-
dicted by the simplified mathematical analysis if the simple
wave and concentration shock-wave phenomena are excluded.
Were a system found that had a diffusion‘coefficient that
was approximateiy zero, the simplified mathematical analysis,

using the method of characteristics, would be a more favor-

able tool than Eq. (6-10).
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-EQuation'(6—17) may be used to determine the effluent
concentratiQn.profile for a.Peélet Number = 0, thé diffusion:
coefficient being infinite. The result is»that'expected.
for the effluent concentration profile of‘a perfectly mixed
tank with constant compbsition feed input. The obvious
difference is the step change in effluent concentration dﬁe
to the step change in column temperature. |

Figure 6-1 also cohtains_an experimentally derived
effluent concentration ﬁrbfile, obtained under the same
Operatiﬁg.condifions as thpse used for the analytic pro-
files of Fig. 6-1. A diffusion coefficient of about
lO"2 cﬁz/sec yield an analytic effluent concentration pro-
file that_can;be superimposed upon the experimental profile.

| it has beenvfoundAexperimentélly.that effluent con-
‘centration profiles are nearly linear over the range of
| experimental feed concentrations (10 vol % toluene to 80
vol %zﬁdlﬁene). It is therefore possible to calculate a
dimensionless analytic effluenf concentréﬁion profile.v‘vb
Such a profile, through the use of experimentally derived
breakthrough times, discussed in Chapterk4,‘cén then be
used to describe the effluent behavior of actual columns
operating_With a constant-feed éoncentraﬁion input and:
experiencing a square-wave temperéture change. Besides
allowing the investigation of diffusional effects, Eq._(6-9)-
may be used to désign an appropriately staged cascadé per-

mitting large separations via cycling zone adsorption.
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Continuous-Flow, Variable-Feed Input, Single-Zone

Operation (Analytic Solution)

It is possible, through a change of boundary condi-
tions, also to develop an analytic expreséion for the
effluent.concentration'profile that accounts not only
for a sqﬁare—wave temperature response, but also for a
square-wave feed input to the column. Thé new inlet
boundary condition may be expreéssed as follows:

—é—F-) i _[_fL_—_ﬁ_—l)il sin(m - F'rr)

At

therefore,

where AF is the step change in feed concentration and Fw
is a phase shift between the time at which the temperature
step change occurs and the time at which the feed step
change occurs.

Equation (6-4) must now be solved. This equation is

altered in that X is replaced by X

LF
conditions, operated upon by the LaPlace transform, are as

follows:

FAVG The new boundary
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®. dX
c L - v
% nmw
(= % )P -
+ —-—[;\‘TF E[l gll)nj (A;’) [cos.F-rr - At P sian]
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.Equation (6-4) is now solved in the previous manner
using the two above boundary conditions. Thevfinal form

of the eQUation to be inverted is as follows}

Xp(Z,P) = Xppyg - (T$ﬁ>(AT)EE%[1 (nl)'] (£:;2+p2 1

R ( gcp/;wlﬂ /7 [14.(1““)-2—5- (c osFr- -A—t-psinF'rr)}
1+2;?— sinh+ l+4—;z' :

Inversion of Eq. (6-19) follows the same procedure

(6-19)

as for the inversion of Eq. (6-6). The final result is the
same as Eq. (6-9), except for the addition of terms due to
the introduction of the step change in feed concentration.

The final result takes the following form:
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: n=1

0
X (2,t) = Xpayg '(II%) = 2 ]r(;}) ]{%i“(%%t)

- eﬂ(ggfgg)sin(%%t)+ ec(gglgg)cos(ggy)

+ f(lgg)(%%)£§§E§§>cos(%%t) + (igig%)sin(%%»ﬂsin(Fr) -
B ) - ()
| (6-20)

From Eq. (6-20), the effluent concentration profile
due only to the step change in feed concentration may be

developed. It takes the following form:

R™+S

Ky 8t) = Xy - 2T {sin(g_gt)[(zsr-zg)sm)

- <2§iﬂg)cos@v& + cos(%%tﬂkggiég)sin@ﬁ)

R™+S R™+S '

aS-B8R _}
+ cosfpr (6-21)
» (R2+Sz) * E

Fquation (6-20) is therefore composed of a function,

Eq. (6-9), that accounts for the effect of the square-wave
temperature change of the zone, and a function, Eq. (6-21),
that accounts for the effect of a square-wave feed input

into the zone.
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' Equation (6-20) may be used to determine analytically
‘the proper switching sequence'of temperaturé and variable-
feed iﬁput'into a single zone of a cycling zone adsorber.

Computer solutions are developed under the foliowing con-

ditions, _
V = 0.466 cmz/sec
At = 1800 seconds
AT = 59°C |
T,yg = 29:5°C
7 = 38 cm
m = 0.81878
M = -0.00109865
X }=’O.130 volume fraction toluene

AF = 0.05 volume fraction toluene
“d_ = 0.05 cm (20- to 60-mesh size particles)

2

P, = 4.0 X 107 ¢m2/sec.(from;Figure 5-8)

-Figufe 6-2 is a plot of effluent concentration pro-
files, f¢f=a half-cycle, using Eq. (6-20), for variations
of the phése'shift factor Fr (F varies by O.2Vfrom 0.0 to
2.0). As expected, the analytic profiles of Figure 6-2
indiéaté that maximum éepafation occurs when F = 1.00.

This physically means that when the temperaturé is switched
to the high value, the feed intd the column is switched to
the low feed-concentration value.v précéncentration feed
is therefdre displacing high-conéentratipnvproduct. At a

value_of I* . 0.00, a high temperature SWitch occurs when
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Figure 6-2

Dimensionless Plot of Eg. (6-20) for Variations

in the Phase Shift Factor F
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the feed is switched to its high-concentration value; in
this case higthoncentration feed_is displacing. Here the
switches are 180° out of phase. In this case an enrichment
of low-concentration feed column liquid is caused by the
switch to the high temperature value. The result is a low
peak value of the product. As the value of F increases to
the optimum at 1.00, the peak values increase to the maximum
given at ¥ = 1.00. As F increasés from.l.OQ to 2.00 there
is a decrease from the maximum back to the minimum given
at F = 2.00 or 0.00. Because of the symmetry of the pro-
files, only the first half-cycle, from t/At = 0.00 to 1.0,
need be considered. This is apparent from Figure 6-1.

The analytic results of Eq. (6-20), Figure 6-2, may
}be more clearly elucidated by separately accounting for
the contributions due to the step change_in temperature and
the step change in the feed-concentration iﬁput. Equation
(6-9) may be used to develop the analytic effluent concen-
tration profile cauéed by the square-wave temperature
response of the column.. This is plotted in Figure 6-3.
Equation (6-21) may be used to develop the analytic effluent
concentration profile caused by the square-wave feed con-
centration input to the zone. This is plotted in Figure 6-4
with thevparameter F varying between 0.00 and 2.00. Com-
binationvof Figures 6-3 and 6-4 results in effluent concen-
tration profiles given by Eq. (6-20), Figure 6-2. It is
seen that from IPigures 6-2 and 6-4, the maximum product

concentration occurs at the value of F :'1.00. This again
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Dimensionless Plot of Eq. (6-9): Temperature Switch

Effect Upon Effluent Concentration Profile
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Figure 6-4

Dimensionless Plot of Eq. (6-21): Effect of Feed

Amplitude Upon Effluent Concentration Profile for

Variation of Phase Shift Factor F
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establishes F = 1.00 as the optimum switchiﬁg sequence
(high tempefature and low-feed concentration, or low
temperature and high-feed concentration)f-_It is important
'to note that diffusional effects in the column change the
input sguare concentration wave considerably. As shown
by Figure 6-4, the effluent concentration profile was
rounded off and became more like a sine wave than the
initial square wave input. But more importantly, the
amplitude of the wave has been reduced_from‘its initial
input valee.. If an enriched or depleted product stream is
to be prodﬁced, the effect of the tempefature swing, as
shown in Figure 6-3, muet overcome the losses due to
diffusien shown ih Figﬁre 6-4. It.is obvious that longi-
tudinal diffusion limits the amplitude of the input con-
centration wave, obtained by recycle. Enriehmenf or
depletion due to temperature changes then compete with
amplitude reduction due to diffusion. »

The value of Eq. (6-20) is two-fold: It determines
the optimum temperature-feed switching sequence for a
dual-feed operation, and it allews the development of a
dimensionless profile for a given step chaﬁge in temperaf
ture and feed input. The dimensionless pfofile may be
used to calculate the actual effluent cohcentration profiie.i
for a giQen step change in feed concentration and for any
desired average feed concentration.. Such a curve then

greatly simplifies calculations necessary to design a
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cycling zone adsorption, dual-feed cascade. Such calcu-

lations appear in the Chapter 7.

Computer Programs for Effluent Concentration Profilles

As previously stated, Eqs. (6-10), (6-17), and (6-20)

have been programmed for computer to solve for the effluent

concentration profiles from a single zoné{ The following

FORTRAN variables are used in the programs and are defined

below:

DELF

DELT

DT

FMAX
PI

oy}

mTAT/(1+m)

sin(mnt/At) _

incremental change in the phase shift factor F
At = temperature switching timé

incremental change in time for which each
data point is calculated

sin(mnt/At - SIGmn)

phase shift factor between step change in
feed concentration and temperature.

maximum value of phase shift factor

T = 3.14159265

q = ®(1+m)/VZAt

sinhalcosfl - 2mngcoshalsinff + acoshalcospl
- Bsinhalsinp{

coshalsinBf + 2mngsinhafcosBf + asinhalsinf¢{
+ BcoshalcosBL

= vz/2%®

t time in seconds

2At = one period of operation (two switching
times)

(aR+B8S )/ (R%+8%)

(aS+BR)/ (RE+5%)

AF = feed-concentration input amplitude




XN

" XNMAX.

-~ YF
YFAVG

YSWF

YSWT

ALFA

ALFAl

BETA

BETAL
‘GAMMA
sIG

n=1,2,3,4,5,6...... XNMAX

total number of summations taken

effluent concentration

Xfeed = feed concentration 1nput

average feed concentration input (averagev

concentration of high and low feeds used in
a variable-feed operation)

effluent concentration due only to square-

wave feed concentration input

effluent concentration due only to square-.
wave temperature change |

J/1.+—Ji ; 167°n°q°

mpATZ/ VAL

2mng/a |
Z(l+m)nm/VAt = BL
Bsin(mn t/At) + cos(mn t/At)
(1+m)z/vaAt

Equation (6-10) describes the effluent concentration

profile for a single zone operating under a'square-ane

temperature change,'with constant feed cdncentration, and

" with zero diffusion. It takes the following form used

in the computer program:

100

.— (B/PI) ]E: [—:illl—](n E)

it

YF - (B/PI)SUM

Equation (6—17) describes the effluent concentration

profile for a single zone operating under a square-wave
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temperature change, with continuous flow,cohstant feed

concentration, and with infinite diffusion (perfectly mixed

zone):
150 0
Y = YF - (ALFAl) 2, [—1:12%1—] GAMMA
n=1 LBETA1®+1
Y = YF - (ALFAl)SUM

Equation (6-20) describes the efflﬁent concentration
profile for a single zone operating under.a square-wave
temperature change, with continuous flow, variable-feed
input, and an intermediate diffusion coefficient. The
program calculates the total effluent concentration profile,
Y, due to both the step change in temperature and the step
change in feed input. It also calculates the effluent
concentration profiles due only to the step change of
temperature, YSWT, and due only to the sﬁep change in the
feed concentration, YSWF. The three effluent profiles

take the following forms:

YSWT = YFAVG - (B/PI)SUMA
YSWF = YFAVG - (W/PI)SUMB |
Y = YFAVG - [(B/PI)SUMA + (W/PI)SUMB]

The complete computer programs for Egs. (6-10),
(6-17), and (6-20) are as follows, respectively.

£




COMPUTING EFFLUENT CONCENTRATION PROFILE: ZERO DIFFUSION

XNMAX=FILL IN

TMAX=FILL IN

DT=FILL IN

'DELT=FILL IN

YF=FILL IN )

B=FILL IN | ) o 4
P1=3.14159265 - . | o
.SIG=FILL IN C : ' ; '
T=0.0 , .

SUM=00@ : “

XN=1.0 . ] .

D=SINCXN*PI*(T/DELT)Y)
E=SINC(XN#PI*(T/DELT))-SIG*XN*PI)
SUM=SUM+C (] .0~(-1.0)%%XNI/XN)*(D-E))
IF(XNMAX~XN)3,3,2 ' :
XN=XN+1.0

- GO TO 1

Y= YF‘((B/PI)*SUM)
PRINT 4,T,Y
FORMAT(STIME=3,E13. 6:]X:$SECONDS$:6X:$Y $oEl3 6)
IFCT- 1MAX)5:5;6 . _
T=T+DT

60 10 T | - | o .
STOP : : - ' . ,
END ' o e ' ' o

g0z

& M

2
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COMPUTING EFFLUENT CONCENTRATfON PROFILE FOR PECLET NUMBER
=@, DIFFUSIVITY=INFINITY. CASE ANALOGOUS TO A PERFECTLY
MIXED COLUMN., : ' '

CXNMAX=FILL IN,

TMAX=FILL IN ~ -

DT=FILL IN _ . : T |
P1=3.14159265% ' ‘ ' .
DELT=FILL IN
YF=FILL IN
ALFAI=FILL IN
T=0.0

SUM=0.0

XN=1.0 .
BETAl=FILL IN
GAMMA= BETA)*SIN(XN*PI*(TIDELT))+COS<XN*PI*(T/DELT))
SUM=SUM+CC10-C~1.0)%*XN)/(BETA1 *%2.0+1.0))*GAMMA
IF(XNMAX= xN)3,3,2 : : :
XN=XN+1.0 . : : ,

GO TO 1 ' T . .

)

Y=YF-ALFAl*SUM

PRINT 4,T,Y

FORMAT(STIME=S,EI13. 6:1X:$SECOVDSS:6X;$Y 5:513 6)
IF(T-TMAX)S5,5,6 . )
T=T+DT

.GO TO 7

STOP
END

¥02



" COMPUTING EFFLUENT CONCENTRATION PROFILE FOR SQUARE WAVE :
FEED INPUT AND SQUARE VWAVE TEMPERATURE CHANGE OF THE COLUMN.

OO0

14
11

 Fz0.00 - o

THE PROGRAM ALLOWS FOR A PHASE SHIFT BETWEEN THE STEP CHANGE L -~

IN THE FEED CONCENTRATION AND THE “TEMPERATURE SWITCH..
W=FILL IN . - | | _ :
XNMAX=FILL IN

TMAX=FILL IN , S

DT=FILL IN . o
DELT=FILL IN | .
©=FILL IN - o .
YFAVG=FILL IN | : e o
SOI=FILL IN R L : 3
B=FILL IN — : e
P1=3.14159265 o L T

‘FMAX=270 L S . R : . o .- ';'

DELF=0.20

PRINT 11,F )
FORMAT(SF=S,E13.6)
T=0.0 ) o o . :
SUM=0.0 o : e ,
SUMAZD.0 ‘ , ' -
SUMB=gG.0 = . e SRR
XN=1.0 ' '

ALFA= SORT((I.0+SQRT(|-0+XM~t2*(lS7 90*0#*2)))/2 8)
BETA=(XN/ALFA)Y*(2.0%P1%*9)

R=0.5%«(COS(BETA*S0QI)~ BETA*SIN(BETA*SQI))*((! B-EXP(~2.0%

1ALFA#SCI) )/ CEXP (- ALFA%S0I)))+0.5%(ALFA*COS(BETA*S01)-2.0
1%XN+PI*C*SIN(BETA*SQ1))%«( (1. G+LXP( ~2+0*ALFA%SQRI))/ (EXP
1(-ALFA%*S501)))

S=6. 5*(SIN(BETA*SOI)+BETA*COS(BETA*SQI))*((l @+EXP (- 2.0

1 *ALFA*SQI) )/ (EXP(-ALFA%*S01)))+0.5x(ALFA*SIN(BETA*S01)+2.0

1 #XN*PI%Q*%COS(BETA*SOI))*((1.0-EXP(-~ 2 G*ALFA*SQI))/(EXP(
‘ALFA*JOI)))

g02
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S T=

.6
13

Y-

U= (ALFA*R+BETA%S)/(R*%24+S%%2)

V=(ALFA*S-BETA*R)/(R*#2+S%%2)
SUMA=SUMA+((1+B=C=10)%#XNI/XNI®(SINCXN*PI*(T/DELT))%(1. U EXP(
1SOI)*U)Y+COSCXN*PI*(T/DELT))*EXP(SQI)I=*V)

 SUMB=SUMB+ (EXP(SOIII#C(1+0~C=1+P)*xXNI/XNI*C(SINCF*PI)* (U*COSCXN*PI

I1*CT/DELTI)4+VASINCXN*PI*(T/DELTII)-COSCF*PII® (U*SIN(XN%P] *
1CT/DELT))-VU*xCOS(XN*PI*(T/DELT))))

SUM=SUM+(B/P1)#SUMA+(W/P1)#*SUMB

IF (XNMAX=XN)3,3,2 ~

XN=XN+2.0 o . DU , 4
GO TO 1 : . ' o
YSWT=YFAVG~-(B/PI)*SUMA ~ : .o
YSUWF=YFAVG=-(W/P1)*SUMB  : - , ’ . o L
Y=YFAVG~((B/P1)*SUMA+(W/P])#*SUMB) ‘ o
PRINTA,ToY,YSWT,YSWF

FORMAT(STIME=$,E13. 6:lX:SSECONDSSo6X;$Y=$;£13 é,sx.svswra
135,E13.6,6X,8YSWF=%5,E13.6)

IFCT-TMAX)S5,5,6

T+DT

GO TO 7

CONTINUE _ : ' ‘ : -
IF(FMAX-F)>12,13,13 : i o S o
F=F+DELF g o o
GO TO 14 - . .
STOP : , o
END o '

v,

902
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CHAPTER 7

SINGLE-ZONE STAGING IN THE DEVELOFPMENT OF A

CYCLING ZONE ADSORPTION CASCADE

Introduction

Deveiopment to this point has been concerned with
the operation of singfe zone. As pointed out, operation
under continuous-flow conditions allows only small sep-
arations, the maximum being approximately 3 vol % above
or below the feed concentration to a zone. It can be
concluded that as a single-zone operation, cycling-zone
adsorption is not a promising method for obtaining large
separations for this particular system. However, advan-
tage may be taken of the small separations of a single
zone by the appropriate staging of zones into a multi-
zone cascade. Such an arrangement of optimally designed
single zones should then allow very large separations. It
is the purpose of this chapter to investigate a number of
staged cascades operating with single feeds and with
variable feeds. Finally, a noncontinuous-flow system will

also be diScussed.

Continuous-Flow Operation With Constant-Feed

Cdncentration into Each Zone

Figure 7-1 is a dimensionaless effluent concentration

profile for each single zone that will appear in a cascade.

The portion, designated "A", of the effluent profile has a




VI RS s

. . #
J EEEY ;j

S 209

Figure 7—1.

Dimensionless Plot of Eq. (6-9) Used in Cascade Design

A = low-concentration product cut
B = high-concentration product cut
C=0¢C, +Cy, +Cz = intermediate cut

(equal to feed concentration)
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dimensionless concentration of -1.0 = (XL—XLF)/[mTAt/(1+m)],
and a dimensionless duration of flow of 0.7833 ='t/At.; The
portion, designated "B", has a dimensionless concentration
xf'+1ﬁO, with a dimensionless duration of f10w of 0.7833 =
t/At. The remainder of the profile, (‘cl+c2 +03) has a
dimensionless concentration of zero--the feed concentra-
tion--and a duration of flow équal to 0.4334 = t/At.

Figure 7-2 is a plot of.the term P = mTAt/(l+m) and
m versus th¢ feed concentration, XLF’ into each single zone.
This figure allows the calculation of the concentration
change followihg a température switch. -Use of Figure 7-2
also allows the determination of the nondimensionless
effluent concentfafion profile fof any feed concentration
in éonjunétionbwith'the dimensionless profile in Figure 7-1.

As‘preViously discussed, for the same switching time
for allvthe‘zones in a cascade, the length of each indi-
vidual zone must be different because of the difference
in-concentratidn wave velocities expefiencéd in each zone.
It has been pointed out that a.zone whose feed concentra-
tion is low in toluene requires a zone length somewhat
shorterlﬁhan a zone whose feed concentration is high.
The fbllowing dimenSiohless ratio may be used to calculate
the length of a zone for anylchOSen switching time, At,
interstitial fluid velocity V, and the feed-concentration-
dependent. rﬁctor m = [(1-a)/a]e(6Xé/8XL)Tavg:

| giéAg) . | (7-1)
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Figure 7-2

The Factors P = mTAT/(l+m) and m Versus Volume

Fraction Toluene in Feed,'XTF
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Through the use of Figures 7-1 and 7-2 and Eq. (7-1),
a continuous-flow cascade {(with constant-feed concentra-
tion into each individual zone) may now be designed.

The cascade will consist of a repetitive unit com-
bination of two single zones in series. Eaéh zone will
receive recycle streams from the following zone. Such a
repeating linkage of two zones is pictured in Figure 7-3.
Here the léw—concentration product from a previous stage
is passed on to each successive stage for further separa-
tion. - The constant-feed concentration stream for stage N
is made up from the low-concentration product from the
stage N+1 (designated portion "A" of the dimensionless
effluent concentration profile, Figure 7-1), frdm the
feed-concentration recycle stream (designated Cl + C2 + CS)
of stagevN, and from the high-concentration recycle stream
from stage N-1 (designated portion "B" 6f‘the dimension-
less effluent concentration profile, Figure 7-1). To
produce a high-concentration product, the portions "A" and
"B" are simply reversed, portion "A" becoming a recycle
stream while portion "B" is now passed directly from one
zone to the next.

From such a recycle scheme, it is vaious that the
cross-sectional areas of successive stages cannot be the
same. This is because each successive stage from the feed
stage only receives a volumetric flow rate of liquid that

is proportional to the amount of low- or high-concentration



Figure 7-3

-Repetitive Combination of TWQ Single Zones

in Series With Recycle -
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product produced by the previous stage. If the‘switching
time for each zone remains the same--a necessary condi-
tion--and the interstitial velocity remains constant, the
crossésectional areai of successlve zones from the feed
stage must decrease. For example, if the dimensionless
effluent concentration profile were a peffect square-wave
(high-concentration product for a duration of t/At = 1.0
and low-concentration product for a duration of t/At = 1.0),
then each successive stage wouldvhave a cross-section area
equal to one half that of the previous stage. The final
result'is_a cascade that tapers in cross_séction from the
feed stage. This 1s an inherent characteristic of a staged,
series operation of cycling zone adsorption separation.

| Figure 7-4 is a schematic diagram.of an illustrative,
continuously operating cycling zone adsorption cascade,
uéing the repetitive two-zone recycle.unit of stages shown
~in Figure 7-3. The cascade consists of a feed zone, desig-
nated "F", with two legs, one finally producing low-concen-
tration product (10 vol %), and one producing high-concen-
tration product (50 vol%). Table 7-1 summarizes the volu-
metric flow rate and concentration of each stream appearing
in the diagram. The material balance equations appear in
the following section entitled "Zone-to-Zone Calculations in
the Development of a Cascade."

In each case above, the volumetric flow rates are

expressed as functions of the interstitial fluid velocity
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Figure 7-4

Contlnuously Operating Cycling Zone Adsorption Cascade

(Repetitive core shown in Figure 7-3)
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Feed-a

Product

Product



Table 7-1.

Concentration and Flow Rate Data:

Continuous-Flow, Two-Zone Recycle Cascade

X

Volume

. N-a Volume X Volume
Zone (Prod. From Flow Rate N-b Flow Rate N-c Flow Rate
(N) Sta%e N+1) For Xy . (%) For Xy (%) For X,
1 10.000 0.391650VA 13.600 0.216700VA 17.200 0.3916500VA
2 13.6800 0.783300VA  17.200 0.433400VA 20.800 0.783300VA -
3 17.200 1.174950VA 20.500 0.650100VA 23.800 1.1749500VA
4 20.350 1.566600VA 23.450 0.866800VA 26.550 1.5666000VA
5 23.240 1.958250VA 26.200 1.083500VA °© 29.200 1.9582500VA
6 26.000 2.349900VA 28.800 1.300200VA  31.600 2.3499000VA
7 28.515 2.741550VA 31.150 1.516400VA 33.800 2.7415500VA
F 30.000 0.783300VA  33.325 1.733600VA 507522  3.1332000VA
8 38.260 2.741550VA 36.00 1.516900VA  33.800 2.7415500VA
9 40.500 2.349900VA  38.400 1.300200VA  36.300 2.3499000VA
10 43.040 1.958250VA  41.100 1.083500VA  39.100 . 1.9582500VA
11 45.080 1.566600VA  43.200 0.866800VA  41.300 1.5666000VA
12 46.860 1.174950VA  45.100 0.650100VA  43.440 1.1T49500VA
13 48.400 0.783300VA  46.700 0.433400VA  45.000  0.7833000VA
14 50.000 0.391650VA  48.400 0.216TO0VA  46.800 0.3916500VA -

022
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V, and the interstitial cross sectional area, A, of the
final product zone. Also note that streams designated by
N-a are Ieed streams before the mixing point to each zone.
Table 7- 2 summarizes the mixed feed concentration and
volumetric flow rate into each zone and also the inter-
stitial cross-sectional area.for flow for each zone in
the cascade. . |

The length of each zone in the cascade may be calcu-

lated from the use of Eq. (7-1) and Figure 7-2.

Effect of Recycle Stream Mixing Location

Recycle, in the design of a complete cascade,lplays
two important roles. The effect of reCycling a stream of
~ the same-composition as the feed stream‘back to the same
- zone tends to reducevthe required flow rate.from the pre-
vious zone. This results in a minimizing of the cross-
sectional areas of zones in a series caseade. This can be
seen invthe cascade of Figure 7-4. nAs the'recycle streams
are fed to zones farther away in the cascade, the.reduction
of the cross-sectional areas of successive zones decreases.
on this basis only, it would then be best to recycle as
close to the original zone producing the recycle stream.
However, compositidnal effects now come into consideration.
For instance, recycle of a 1ow-¢oncentration‘stream to a
zone many stages away in the seriee has the effect of
requirlng a high- concentration product stream to be produced

from the zone to which the low-concentration recycle stream
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Feed Concentration, Flow Rate, and Cross-Sectional

Continuous-Flow,

Area Data:

Two-Zone Recycle Cascade

zone

Mixed Feed

Volume

Int. C.S.A.

(N) Concentration Flow Rate
1 13.600% 1.00VA 1.00A
2 17.200% 2.00VA 2.00A
3 20.500% 3.00VA 3.00A
4 23.450% 4.00VA 4.00A
5 26.200% 5.00VA . 5.00A
6 28.800% 6.00VA 6.00A
7 31.150% 7.00VA 7.00A
F 33.325% 8.00VA 8.00A
8 36.000% 7.00VA 7.00A
9 38.400% 6.00VA 6.00A
10 41.100% 5.00VA 5.00A
11 43.200% 4.00VA 4.00A
12 45.100% 3.00VA 3.00A
13 46.700% 2 .00VA 2.00A
14 48.400% 1.00VA 1.00A
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is fed. 1In this manner the concentration changes from
zone tb zone become larger due to mixing at the feed point,A
and the ﬁumber of zones in the series 1s then reduced;
However;'the cross-sectional érea of eacthOne in the
series becomes larger. Thus both effects of recycling
tend to minimize the total volume of the cascade. For
example, recycling many stages away in the series results
in fewer stages but.in a large increase in the cross-
sectional areas of each stage; recycling to adjacent stages
reduces. the cross-sectional areaé of stages, but increases
the number of stages in the cascade. Design of a large
numbér of example recyéle céscades,has allowed the con-
clusion that the total volume of ﬁhe cascade will remain
rougnly the same. However, in the final design it seems
best to reduce the number of stages as much as possible,
thus reducing control and heat;tranSfer équipment costs.
.To elucidate thié point further, Figﬁre 7-5 1is a
schematic diagram 6f the left-hand two-zone recycle leg
of the cascade in Figure 7-4 and a three-zéne recycle lég.
The éqre of this seriles scheme consists of three zones with
major recycle stream being mixed three zones away. This
arrangement is compared with the two-zone recycle scheme.
The length, and consequently the voiume, of each zone 1is
calculated from Eq. (7-1), with V = 1.0._cm/‘seC and At =
1000 seconds. Table 7-3, uhder the conditions prescribed

by Eq. (7-1), summarizes a leg of the two-zone recycle



Figure 7-5

Comparison of a Two-Zone Recycle Leg and a Three-Zone

Recycle Leg Producing the Same Separation

Total '
Type of Interstitial No. of Separation

Recycle Stages (vol % toluene)

Volume .
Two-zone 40, 000A 8 22
Three-zone 49, 000A 6 22
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» . Final Product
(Three-Zone Recycle Leg)

Final Product
~ (Two-2Zone Recycle Leg)



Table 7-3

Low-Product Leg Characteristics of COntinﬁOUS—Flow, Two-Zone Recycle Cascade

Zone Feed - ggggr?ggigzst Length Interstitial
(N) Conc?ggrationv From Zone N+1) (cm) C.S.A. Volume -
(%)

1 13.800 13.600 781.59 1.0A 781.59A
2 17.200 17.200 887 .50 2.0A 1775.00A
3 20.500 20.350 969.75 3.0A 3879.00A
4 23.450 23.340 : 1026.80 4.048 4107 .20A
5 26.200 26.000 1072 .35 5.0A 5361.77A
6 28.800 28.515 1118.15 6.0A 6708.90A
T 31.150 30.825 115¢.92 7.0A 8056.40A
8 33.300 32.046 1176.78 8.0A 9414.23A

92¢
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cascade. The total interstitial volume of the two-zone
recycle'led of the cascade 1is 40.000 A for a total concen-
tration change of 32.046 - 10.00 # 22.046 vol = toluene.
This may be expressed as 1,800 A units of volume for.each.
percent increase in the volume percént'of toiuene.

Table 7-4, under the conditions prescribed by Eq.
(7-1), summarizes a leg of a three-zone tecyéle cascade.
The total interstitial volume of thé three-zone recycle
leg of the cascade is 49,800 A for a total concentration
change of 32.015 - 10.000 = 22.015 vol % toluene. This
may be expressed as 2,260.0 A.unite of volume for each per-
cent iﬁcrease in vblume percent of foluene separated.

Comparison of the total interstitial volume of the
two legs of the cascade indicates that the two-zone and
three-zone recyéle schemes require roughly the séme volume
of soiid partiCIes.' (The three-zone reéycle scheme requires.
roughly 15% more solids than the two-zone.reCycle séheme.)
However, the three-zone recycle scheme provides the same
separation with only six total zones, while the two-zone
scheme requires eight total zones. Although thé difference
in volume requirements is small, the final design of a
cycling zone”adsorptioh'cascade operating under constant
feed to each zone would favor ﬁhe three-zone recyéle séheme
because of the fewer stages required. It may thefefore

be concluded that recycling a number of zones



Table 7-4

Low-Product Leg Characteristics of Continuous-Flow, Three-Zone Recycle Cascade

Feed Intefmediate

Zone . Feed (Product Length Interstitial
(N) Concentration  n.on 7one N+1) (cm) C.S5.A Volume

1 13.6 13.60 781.5 1.0A 781.5A

2 17.2 17.20 887.5 2.0A 1775.0A

3 20.5 : 21.34 969.7 4.0A 3879.0A

4 24.3 24.94 1040.4 7.0A 7282 .8A

5 27.8 ’ 28.60 1098.6 12.0A 13183.2A

6

31.2 32.01 1150.9 20.0A 23018.3A

822
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away is more beneficial than adjacent-zone recycle, which

minimizes the total cascade volume.

7Zone-to-Zone Calculations in the Development of a Cascade

Zone-to-zone calculations necessary in the design of
a cycling zone adsorption cascade such as Figure 7-4 |
contain certain characteristics which lend éhemselves to
simplified computer or gfaphical solution methods. The
two-zone recycle cascade of Figure 7-4 revéals that the
design calculations must begin at the proquct zone of each
leg of the cascade, successive calculations preceding unamds"
feed zone. The production of each folldwing zone is |
therefore dependent upon that in the previous zone due
tofthe‘recycle stream. Such a cascade is then designed
by calculations from the two end zones, upward to the feed
zone. Such a procedure requires trial énd error, since
it is desired (but not réquired) that the feed zone produce
two product streams that béCOme the feed streams to the
two respective legs of the cascade. Such'caiculations are
then analogous to stagewise calculations for a multicom-
ponent distillation column. It would therefore be advan-
tageous to wrlite a set of equations that would allow such
a calculation to be made systematicdlly.

Consider Figure 7-6, which is the 1ow;concentration—
product leg of a two-zone recycle cascade. Let the fol-

lowing variables be defined:
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Flgure 7-6

A Generalized Two—Zone Recycle Leg of a Cascade
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X,H,N+|

XH,N-I

Xy, (Product)
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f = the fraction of the total period (2At) for
which the high-concentration cut (designated
"B") flows and for which the low-concentra-
tion cut (designated "A") flows.

1-2f = the fraction of the total pericd (2At) for
which the one-zone intermediate recycle cut
flows (designated C). The average concentra-
tiqn of this cut is equal to the feed con-

centration.

V = interstitial fluid velocity (the same for
every zone in the cascade).

A = cross—sectional ares for interstitial flow
in a zone. The total cross-sectional area
of a zone is equal to A/a.

X | = volume fraction toluene in the feed, the
low-cut, and the high-cut ffaction, respec-
tively. '

N = zone number.

P = (mTAt)/(1+m), the concentration change due
to the step change in temperature. From
Figure 7-2, which relates P to the feed con-
centration, XF’ it is possible to derive a
relationship of P to XL.

By material balance, the following equations may be
developed to describe each successive zone in the leg of

the cascade.




s O
233
N-1
- NXL’1-+2 i=1 1Pi +NPN, ,
Xp,n = N = X,y Py (7-3)
N
N’XL 1+2‘ Z iPi .
- ’ i=1 -
Xg,N = N = X, y*t 2Py (7-4)
Ay = NA; (7-5)
Volumetric flow rate for XH N = f‘VAN
2
Volumetric flow rate for X = fVA
‘ . L. N te (7-6)
Volumetric flow rate for XF N = VAN :
R .
Volumetric flow rate for the feed
concentration recycle = -(1-2f)VAN

*A11 flow rates expressed for a time
- duration of a period of (2At).

Sfarting with a given value of XL 1,_V, F, and Al’
. 2

Eqs. (7-3) through (7-5) may be used to design the low-

concentration, two-zone recycle led of the cascade. To

4

calculate the high-concentration prbduct leg of the cas-

cade, following similar equations may be used:

N-1
Ny q -2 12-_-:1 iPy

Ay,n T R (7-7)
. N-1
NX, | -2 0, 1P, - NP |
Xp,w = 0y = Xy y-Py (7-8)
N
MK, 1 -2 2, iP
X v = N = Xy n - 2Py (7-9)
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The cross-sectional area relationship is the same as

Eq. (7-5) and the volumetric flow rate relationships are
the same as Eq. (7-6). For given values of XH,l’ v, f,
and Al’ ‘
the high-concentration leg of the cascade. The final

Eqs. (7-5) through (7-9) may be used to design

feed stage of the cascade may be calculated from the

following equations:

XL F= XF N’ from the low—concentration product
’ ’ leg of the cascade, Eq. (7-2)
X =X from the high-concentration pro-

3
H,F FoN" Guct leg of the cascade, Eq. (7-7)

7, F - *L,r TP T Xg,r - FF |

e
It

The calculation involves trial and error such that the
correct single value of PF will tie the feed zone to the
last zone of each leg of the cascade.' Such a calculation
is simplified for use of a computer by establishing either
the high- or low-concentration product desired, and then
varying one or the other until a match occurs at the feed

zone.

Use of Finite-Difference Equations

It is seen from the previous equations that zone-to-
zone calculations involve discrete step-wise changes in
concentrations. Such abrupt finite changes then allow
the use of finite difference calculus to thain the con-
centrations of a stage N without knowing all the concen-

trations of the N-1 following stages. A J
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Again consider the low-concentration leg of a two-
zone recycle cascade as in Figure T7-6. 'The product zone
is numbered 1, the following zone is 2, and so on up to
the feed zone F. The fdllowing cglcﬁlations develop an

expression for XL N
. b

From Eq. (7-2), for zone N,

N-1
_NXL,N = NHp o + 2 Eé; ip, (7-10)
For zone N+1,
: _ "N _ .
| (N+1)XL’N+1 = (N+1)xL’1+52 5;; iPy - (7-11)

Subtracting Eq. (7-10) from (7-11) gives;

. (N+1)XL’N+l - NXL,N;- EXL’I = NPy (7-12)

Figuré 7-2 reveals that P versus'XFbis a'linear relation-

ship for 15.0% < xS 50.0%. Therefore;'P may be
4 F >N

expressed as a linear function of either XH N’ XF N® ©OF
? 3

XL N :Figure 7-7 is a plot of Py versus these three con-
centrations. Py as a function of XL N takes the following
. 2 o
form: '
Py =& + bXp y = 4.2 - 0.057 X | (7513)v

Substitution of Eq. (7-13) into Eq. (7-12) gives the final
form of the finite-difference equation describing the low-

concentration leg of the two-zone recycle cascade:

(N+1)X

LN+1 = (1+2b)NXL’N + Xpoq + 2aN _(7-14)
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Figure 7-7

—=N

Py Versus X; \, Xy n» and Xp o (Constant-Feed Operation)
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Equation (7-14) 1is a first-order, linear, finite-difference
equation with variable coefficients. Its solution may be
obtained by analytic methods or by ihductive method which
takes advantage of the repetitive appeardnce of terms for
successive zone calculations. By inductioh, the solution
of Eq. (7-14) is |

| N N-1

Eé% (1420)x;, ;) + 2a Eg% (N-1)(142p)?

XL,N+1 = N+L

(7-15)

For a given value of the low-concentration product, xL,l’
and the values of the constants a and b, from Eq. (7-13),
the low-concentration leg of the two-zone recycle cascade
may be developed{ The cross-sectional areavtq flow for
each zone is calculated from Eq. (7-5).

In the manner just described, the high-concentration
leg of the two-zone recycle cascade may be calculated.
Again, the high-concentratioh product zone 1s nﬁmbered'l,
the fbllowing zone 2, up to the common feed zone F. The

finite-difference equation describing the high-concentra-
_ tion product leg of the cascade takes the following form:

=

(NM+1)Xy ey = (1-8D" )Ny o + Xy ) = 2Na'  (7-16)

where, from Figure 7-T, Py = a' + b'Xy \ = 4.68 - 0.062
?

< <
XH;N’ valid for 15.0% ¥ Xp = 50.0%.

By induction, the solution of Eq. (7-16) is:
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! N : N+1
_ E: (l-2b')1XH l,—.2a'§: (N-l)(l-‘2b')i
SH,N+1 T ' - N+1
(7-17)

For g;ven values of the high-concentration produCt, xH,l’
and»ﬁhe éonstants a' and b', the high-concentration
product leg of the two-zone recycle cascade may be .
developed. : |

It is of importance to remember that Egs (7-15) and
(7-17) aré valid only for a linear relationship between
P and X. A curved relationship, which in this study
occurs at the high- and low-concentration regions, would
require a number of linear relatidnships to describe the
curve, each witn its own set of constants for the partic-

ular concentration range. -

Graphical Solution Technique

The solutions of the finiteQdifferencé equations, as
given by_Eqé. (7-15) and (7-17),_provide the easiest method
of}cascéde design calculations to this péint. However, a
graphical method, comparable to tnose used in distiilatibn,
would provide a considerable savings of time. Such a
graphical méthod is restricted to the concentration range
where PN ié a linear function Qf.the concentrations '
involved.

Figure 7-8 depicts the graphical technique developed

to calculate the low-concentration leg of a_two—zone
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Figure 7-8

Generalized Graphical Solution for Design of a

Two-Zone Recycle Cascade
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recycle cascade. The value of the desired low-concentra-
tion product is given as XL,l" From this»value, the feed
concentration, XF,l’ and the high-concentration recycle
stream, Xy o, are established by a vertical line. Because
there is no high-concentration recyéle'tb the first zone
in the leg, the feed concentration, XF,l’ is equal to the
low—concentratiop stream from zone'z, XL,Z' ‘A vertical
line again egtablishes XF,Z and XH,Z' Zone 2 now has
tbe}high-concentration recycle stream from the previous
zéne 1 éntering at a mixing poinf above zone 2. This

is characteristic of all following zones in the caécade.
At the ﬁixing point three streams of concentrations

and X are mixed to form a feed stream of

Xp 2o Xy 10
Vconcentration X

H,1
These three concentrations should

F,2°
therefore fall on the same 1ihe, according to the commonly
gsed mixing rule. From this, the concentration XL,S may
now'be established, and the graphical technique may be
carried out for the following zones up to the feed zone.
To graphically calculate the high-concentration
product‘leg of the two~zone recycie cascade the same
technique is used except for the following changes. XH,l
is given and a m;xing line connects XL,N¥1’ XF,N’ and
Xy, N41 |
Such a graphical solution of the deéign greatly

reduces the time required by the calculations involved

in Egs. (7-;5) and (7-17).
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Continuous-Flow Operation With Square-Wave

teed Concentration Input to Each Zone

(Variable-Feed Operation)

‘In the previouS'discussién of this_éhapter; each zone
in the cascade experienced a cdnStant;féed'concentration
input, the output concentratioﬂs depending upon the con-
centration change due to the step change in temperature.
This section is concefned with the design Qf a single
variableffeed zone that may be used in a cyciing zone
vadsorption cascade. _ |

Figure 7-9 is a plot of the dimensiohless concentra;
tion profile for g variéble-feed zone. In this case, the
effluent.chcénﬁration profile is affected by fhe tempera-
ture change and the magnitude of}the>step;change in feed
input}- The dimenéionléss profile is deQeloped from the
use of Eq. (6-20) where the step-change 1n feed concentré-
tion, AF, is 5 vol % toluene. This profilé may be used
for any éverage feed'concentration, XFAVG’ and any value
of.AF, with the corresponding values 6f M, and m. »

A zone operating under varilable-feed conditions must
be éble to maintain the actual high— andllow-concentrationsv
through.product recycle back to the same zone. vBecausé
- of the shape of the effluent concentratipn profile, the
ability of the zone to maintain the two feed concentrations.‘
becomes less as the step-chaﬁgé'in feed, AF, becomes

larger. It is obvious that there is some_maximum valué of
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Figure 7-9

~Dimensionless Effluent Concentration Profile for Variaﬁle-

Feed Operation in the Design of a Cascade [Eq. (6-20)]

average high—concentratioh cut

A =
B = average low-concentration cut '
C = Cy + C, = intermediate cut (equal to

feed concentration)
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AF for which recycling of the product streams willlnot
maintain the two feed stream concentrations.

Consider the three following regions of the dimen-
sionless effluent concentration profile, Figure 7-9.
Region "A" has an gverége dimensionless high product con-
centration of +0.613, and a duration of flow of 0.705 At.
Region "B" has an average dimensionless low product con-
centration of -0.613 and a duration of flow of 0.705 At.
The remaining region, C = C1 + CZ’ has an average dimen-
sionless concentration of 0.00 (equal to the feed concen-
tration), and a duration of flow equal to 0.589 At. The
average concentrations of each of thesebindividual cuts
of the effluent stream ovér'a full period (2At) of opera-
tion is a function of the duration of flow desired for
each cut. This then remains an option in the desigh of
a single variable-feed zone. Trial-and-error calculation
concerning cut durations would then be reduired to optimize
the recycle design of the zone. This is not.done here
since the purpose of this section is to only show how a
variable-feed zone may be incofporated into a cascadé.

Figure 7-10 is a plot of Qy = (O.613)_[mTAT/(1+m) +

X and X for the con-

(AF/2)] versus X H,aveN

FAVGN’
centration range where QN is a linear function of the

L,avgN’

concentrations X. This plot allows the calculation of
- streams in successive zones in a cascade involving the

linkage Of single, variable-feed zones. This plot is




- Qy Versus X s X

Figure 7-10
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(variable-Feed Opefation)
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similar to Figure 7-7, Py versus X N’ XH’N;,and Xp, N

excgbt fOflﬁhe_addition of the term AF/2 to account for

the sﬁepécﬁange in feed concentration at the inlet, and

the term 0.613 accounted for ih‘Figure 7;9,.ﬁhe dimension-

less effiﬁent concentration profile. | |
Figure 7-11 is a schematic drawing of a typical single,

variable-feed. recycle zone that may bérincorporated into

the leg of a variable-feed recycle cascgdeg Ffom.Figure

7-10, tbe-dimensionless effluent profile, it is seen that

= 15.5%.

for X 13.0%, X = 10.5%, and X

FAVG = F,low AF,high

The average high- and low-concentration products, XH avg

and X |

L,ave’ are determined from
’ .

AT s v
X + (0.613)(¥§ﬁ— + %ﬁ) = 16.678% and 9.322%

FAVG

respectively. The flow rates, for an interstitial cross-
sectional area to flow of 1.0A are determined from the time .
duratiqn 6f the cuts désignated by Figure 7?10. The flow |
rates for the high- and 1ow;aVerage concentration cuts,
designated "A" and "B", are both equal to 0.7055VA for a
duration‘of At (actual flow rate is equallto 1.0VA for a
dufation of 0.7055 AT, however thesé,streams must be recycled
for a duration of a half-period, At), while the average feed
~concentration cut has a flow rate of 0.2945A for a duration
of 2AT (a whole period of operation).

Such a variable-feed recycle scheme'ﬁroduces a product
amplitudé which isvconsiderably larger than that produced

by the previously discussed single zone with constant-feed
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Figure 7-11

Variable-Feed, Single-Zone Recycle Core of Cascade '
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concentration. This variable-feed, single-zone rec&dle

stage shall now be combined into a variable-feed cascade.

Use of Finite-Difference Equations

Consider the two-zonei variable-feed recycle scheme
of Figure 7-12, consisting of a low- and high-average
concentration leg and a common feed zone. The design'of
each individual zone is shown in Figure T-11. This recycle
cascade is the same as the simple two-zone recycle cascade,
pictured in Figure 7-4, except that each zone is now
variable-feed instead of constant feed, and there is single-
zone recycle of the high- and low-average concentration
streaﬁs. It is therefore possible to use_Eqs._(?-lS) and
(7-17) with a change in the vdlue of the-COnsténté a, b,
a', and b'. For the variébie—féed recycie scheme, the

value of the constants may be determined'from the plot of

QN versus XL,avgN’ and XH,avgN’ Figure 7-10:
Qy = 4.081 - 0.0346 xL’avgN =a+b xL,avgN (7-18)
, - - ‘ o 1 ! .
Qy = 4.388 - 0.0373 XH’anN a' + b XH,avgN

(7-19)

From the value of the constants in Eqs. (7-18) and
(7-19) it is possible to use Egqs. (7-15) and (7-17) to
calculate the concentrations for any zone N in the variable-

feed recycle cascade.
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Figure 7-12

Generalized Variable-Feed Cycling Zone Adsorptlon

Cascade With Recycle

(Single Zones Described in Figure 7-11)
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Graphical Solution Technique

Thezﬁwo-zoné variablé-feed recycle cascade may also
be represénted graphicaily as was done for the constant
feed céée. Figure T7-13 presénts a graphicﬁl technique
for stépping off zoOnes in ﬁhe cascade for the low average
concentration leg of such a cascade. The technique is
exactly the same as that shown in Figure 7-8 since both
;ascades havé a mixing point preceding each zone except
the final zone of each leg of the cascade. The éame graph-
ical éolution may be used to calculate thé high-average
concentration leg of the cascade. Such a'calcﬁlation
starts with_given values of the high- ahd low~avefage
produétvconcentrations and zones are stepped off tb the
feed.zone; If there isn't a stringent pfdduct concentra-
tion;requirement, it is simplier to take'a given feed zone
concentration and step off the zones graphically to any

desired product concentrations.

NonContinuous-Flow Operation of a Single

Variable-Feed Zone
o

ConSider the follbwing opefation of a singlé variable-
feed zone. During the coldéphase operation the zone is |
filled with the high-concentration feed. Flow stOpsvonceA
the zone is completely filled with the high feed. Thé
zone is now switched to.the high temperatﬁre, displacing
toluene from the solid silica gel. The_Zone is now totally

filled with the high concentration product, xhigh' The



Figure 7-13

Generalized Graphical Solution of a

Variable-Feed Recycle Cascade
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flow now starts and the high product is very napidly dis-
placed by the low-concentration feed. The zone is now
filléd'with low-concentration feed, and the flow stops.
‘The temperature is now switched to the low value, and the
fluid within the zgne now becomes low-concentration product
due to the adsorption of toluene by the silica gel. Flow
starts égain, and the low-concentration product is veay
napidfy displaced by high-concentration feed. The zone
then continues to operate in this intermittent fashion.

The advantage of this mode of operétion is thé use of
the very rapid diSplacement velocity of the feed concen-
tration fluid. As pointed out in Chapter 5, the higher
the experimental interstitial fluid velocity, the less

the spread of the breakthrough curve attributed to longi-~

tudinal diffusion. Extrapolation indicates that at a high

enough interstitial velocity the initial step change in
concentration at the entrance to the zone should be pre-
served. Figure 5-12, of Chapter S, indicates that an inter-
stitial velocity of approximately 7.0 cm/sec should be
high.enqugh to minimize the distortion of the concentration
square-wave for AF ¥ 20%..

A second advantage of this mode of operation is that
.there is no restriction upon the amplitude of the feed
concentration. Because of longitudinal diffusion, the feed
amplitude is severely reduced at low interstitial veloc-
itieé. However, at high displacement velocities it is

now.possible to use much higher feed amplitudes. One
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zone should therefofe be able to produce a verj_large
separation. '

| Figuré 7-14 describes the operation of a single,
v&fiabléQfeed zone with recyéle under the assumption that
the éffluent concentration profile is preserved as a
square-wave, due to a high displacement velocity.

For this particular case, the averageifeed concen-
tration is 30.0 vol % toluene. By recycle:of low- and
high-concentration product, a feéd streém élternating
between 13.0% and 47.0% is maintained. The final product
streamhvaries between 10.0% and. 50.0% toluéne. A material
balancerfeQuires that the concentration change upon a
temperature switch must be the same for either direction
of temperature change, here taken aé S;O'Vbl % toluene.
The interstitial c.s.a. of the tone is taken as A, while
itsvléngth is designated as L. The throughput is given
in terms of the interstitial volume rathéi'than as a flow
rate.. | |

The operation of a zone in this manner alleviates
diffusional distortion of the concentration'waves because
of the nbnéontinuous flow and because of tﬁe very rapid
displacement velocity. |

A cbmparison of the three recycle schemes (continuous-
flow, two-zone recycle caséade with constant feed'concen-
tration; continuous-flow, two-zone, variable-feed recycle

cascade; and noncontinuous flow, single-zone, variable-feed
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Figure 7-14

Noncontinuous-Flow Operation of a Single

Cycling Zone Adsorber
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recycle cascade) indicates that the last scheme is the
most attractive since it involves the operation of only
one zone‘rather than many zones linked in a cascade.

The following chapter (Chapter 8) is a comparison of
a distillation separation versus the noncohﬁinuous-flow,
single-zone, variable-feed cycling zone adsorption opera-
tion. The simplified coﬁparison will négléct initial
investmeﬁt costs and be concerned solely with heat

consumption.
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| CHAPTER 8
HFAT LOAD REQUIREMENTS FOR DISTILLATION

VERSUS CYCLING ZONE ADSORPTION

Introduction

4

Since cycling zone adsorption is an innovation con-
cerning the well-known adsorption techniques, it would be
of interest to compare cycling zone adsorption with one
of the conventional separation techniques such as distil-
lation. Because only bench-scale operations of cycling
zone adsorbers have been carried out to date, it seems
fair to base the comparison upon the heat consumption by
vboth separation techniques. Fixed charges cannot be com-
pared reliably until more development has occufred. The
following comparison will therefore neglect initial equip-
ments costs and all operating costs other than those
proportional to the heat requirements. The following
comparisons for C.Z.A. and distillation are developed on

the basis of equal production rates of a low-concentration

toluene product.

Heat Load Requirements for Cycling Zone Adsorption

Consider the noncontinuous-flow, single-zone, variable-
feed recycle scheme in Figure 7-14 of Chapter 7. The
production rate will be based upon one hqur's operation.
within the one hour the temperature of the zone will be

switched twice, from $9°C to 2.0°C and from 2.0°C back to
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59.0°C. Therefore during the hour of operation, product
' streams of high and low toluene concentration will both
be produéed. |

The foilowing list summarizes the assﬁmed opefating
characteristics of. such a cycling ioﬁe adsorption separatiOn'

of n-heptane-toluene using silica gel:

A = interstitial c.s.a. = 201.30 cm®
A' = total zdne c.s.a. = 500.0 cm2
L = zone length = 331.2 cm
Vol = interstitial volume of zone
int. . i 3 _
o = 6.67X10"° cm~
Vol "= total volume of the zone
' tot. 5 3

= 1.65%x10° cm
V = interstitial fluid velocity = 10 cm/sec

- Displacement time of one interstitial
zone volume = L/V = 33.1 seconds

- Time allowed for one complete fempefature
change = 30 min - L/V = 29.5 min

Here there is allowed the option of varying the length, L,
and the cross-sectional area of'the zone'tq obtain adequate
time for the temperature swing required by'the process. ' By
adjﬁstment of the zone c.s.a. and length it is then possible-
to very the dowﬁ-time required for the temperature sWing,
and cbnsequently the displacement time.' As previously
pointed out, it is desired to make the'displacement time
as small as possible to preServe the équafe-wave'effluent

concentration profiie.
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_ 5
Wtoo1ids = (Voltot)(psb) = 1.26X10° g of silica gel.
Vol1iquid = volume of liquid in and between the solids
' = Vol, . + (solids capacity)(Wtsolids).
= 1.04x10° cm® 1iquid.

Production rate.= 10,000 cc/switch of 10.0 vol % toluene
| and 10,000 cc/switch of 50.0 vol % toluene.
Feed rate = 20,000 cc of 30.0 vol % toluene/period (two

temperature switches).

Quo1iqs = S0lids heat load/switch
= (0.122 cal/g °C)(126,000 g)(57°C/switch)
= 8.79x10° cal/switch.
Qliquid = (0.45 cal/g °C)(O.745.g/cc)(104,000 cc)
(57°C/switch) = 2.00x10°.
Qreeg = (0.45 cal/g °C)(0.745 g/cc)(20,000 cc)

S

(57°C/switch) = 3.8x10° cal/period of

operation (one hour).
Uot = Ueea * 2(Qo11ds t Uiquid)

= 6,120,000 cal/period of operation

6

= 6.12x10° cal/hr.

ot
Heat req./mole of 10.0 vol % product
- 8.65x10% cal/g mole.
Heat req./mole of 30.0 vol % feed
- 4.02x10* cal/g mole
Heat req./g mole of 50.0 vol % product

= 7.54x10% cal/g mole.
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Heat Load Requirements for Distillation

The‘binary system distillation calculations are made
~using the McCabe-Thiele graphical technique}

X. = 86.7 mole % heptane = 10.0 vol % toluene

i)

X, = 62.7 mole % heptane = 30.0 vol % toluene

F
 xw = 42.0 mole % hebtane = 50.0 vol_% toluene
D = 70.8 mole/hr = 10,000 cc/hr
W= 82.3 mole/hr = 10,000 cc/hr
~ F = 153.14 g mole/hr = 20,000 cc/hr (saturated

liquid
(L/V) i, = 0-7760
L/V = 1.10 to 1.25 (L/v)min = 0.8536 to 0.9700
'V = 483.8 to 2,361.0 g mole of vapor/hr

Qeopg. = (7,433 cal/g mole)(483.8 to 2,361.0
g mole vapor/hr) - .
| = 3,596,160.0 to 17,549,313.0 cal/hr
Qeboiler = (7,760 cal/g mole)(483.8 to 2,360.0
- g mole vapor/hr)
= 3,754,365.0 to 18,321,360.0 cal/hr
Qpeeg = (44-6525 cal/g mole °¢)(153.14 mole/hr)(80.8°C)

= 552,517.0 cal/hr

Q.’t‘ot = Qconda. t Uevoiler * Qreed

= 7.90x10% to 3.64x107

cal/hr

Number of theoretical plates = 12.0 to 16.0 plates
Assumed overall efficiency = 50.0%

Actual number of plates = 24 to 32 plates

Plate spacing = 20.0 inches = 50.8.cm
3

3

Column height = 1.2 x 10" to 1.6 X 10° cm
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Column cross-sectional area = 122.O‘cm2 to 163.0 cm2

- Column volume = 150,000 cm:5 to 265,000 cm3

Heat req./g mole of feed = 51.60X10° to 238.8X10°

cal/g mole feed

3 3

\ Heat req./g mole distillate = 111.5x10° to 514.2%10

cal/g mole distillate

Heat req./g mole bottoms = 96.0X10° to 442.5x10°

cal/g mole bottoms
The following ratio of heat loads, distillation to

C.Z.A., may now be made:

Qotpist’ Uotcza = L+30 to 6.000

. It is obvious for the full operating range of.a distilla-
~tion column, as indicated by the liquid to vapor ratio,
that a separation effected by cycling zone adsorption is
at least as effective and possibly six times as effective
is expected as the same separation obtained by distillation.
In the calculation of the heat load for the single
cycling adsorption zone, the heat requirements for‘the two
recycle streams have not been considered. Since the tempera-
.ture of both streams are out of phase with the temperature
required by the zone, and since they are both of opposite
temperature, one being high while the other is low, fhese
streams may be run through a counter-current heat exchanger
to develop the required temperature of the zone. Theoret-
ically, such a heat exchanger is all thgﬁ is needed to pro-

duce the full temperature swing of eaéhvrecycle stream.
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Of prime interest in the design of a single zone,
variable;feed recycle unit, as shown in.Figure 7-14, 1is
the pressure drop through the packed zone,énd consequently
the-pumping.requirements. Were interstitial fluid veloc-v
ities very low, as_in the case of a éontinuous flow'cascade,
pumping consideration would‘he negligibie; however, in
the noncontinudus flow operation the dispiacement velocity
needs to be very high to maintain the square-wave effiuent ,
concentration profile. ‘Assﬁming spheriqal'silica gel
particle§ of diameter 0.05 cm, a viscosiﬁy‘of 0.45 cp,
density of 0.745 g/cc; interstitial fluid velocity of .
10.0 cm/sec, and a void fraction of 0.4026, the Ergun'
Equation (9) may be used to calculate the preSsure drop

through a'packed zone of length L:
AP = (L)(1.48 x 1072 atm/cm)

For a zone length of L = 331.2 cm, the pfeséure drop through
the zohe is calculated to be AP = 4.90 étmospheres.

| It may therefore be concluded, bdsédﬂupon a simple
heat ioad analysis, that cycling zone adsorption may be

a process competitive with distillation.
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CHAPTER 9

~ SUMMARY AND CONCLUSIONS

It has beén theorétically and experimentally demon-
strated.that cycling zone adsorptionlié_a feasible sép;
aration process. &his has been illustfaﬁed by the sep-~
aration of n-heptane-toluene by solid silica gel. The
following summarizes the developmenﬁs of each chapter,
beginning with Chapter 3, and the conclusions that may

be drawn from each chapter.

Chapter 3. A Simplified Mathematical Statement of Cycling

Zone Adsorption (Exclusion of Diffusion Term)

By material balances about a differential element of
packing in a zone, equations describing the behavior of
a zone operating under a periodic temperature change have
beenvdeVeloped. ‘The primary assumptions are that 1océl
(instantaneous) equilibrium exists and that’there is no
diffﬁsional resisténce between phases. .Longitudinal dif-
fusion.ﬁas assumed to be absent.. A graphical solution
of the efflﬁent concentration profiles-is obtained by the
Method of Characteristics. |

The equations in Chapter 3 reveal three important
phenomena which occur in the operatioﬁ of a cycling zone
adsorber: (1) from the slope of the concentration charac-
teristics, Eq. (3-9), it is found that concentration waves

move through the zone at different velocities, depending.
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upon the concentration; and (2) there exist "concentration
shock-waves'" due to the difference in cbncentration wave
velocities. This is shown by Eq. (3-14). This phenomenon
occurs during the displacement of a low—COncentration
product by a high concentration feed at the low temperature;
and (3) there exists a "simple-wave" emergence due to the
difference of concentration wave velocities. This phe-
nomenon bccurs when a high-concentration product is being
displaced by a low-concentfation feed at the high tempera-
ture. This is shown by Figure 3-4. |

Chapter 3 provides a sample calculation using the

simplified equilibrium theory to obtain the operating
characteristics of a single zone experieﬁcing a constant
concentration feed and a periodic square-wave temperature
change. |

From the mathematical development of Chapter 3, it

may be concluded that,

1. The simplified mathematical analysis adequately
predicts concentration changes due to the periodic
temperature change of the zone.

2. The simplified mathematical analysis, through its
prediction of concentration wave velocities,vcan
be used to predict the temperature switching time

and length of a single zone operating under con-

stant feed concentration.
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'Since the simplified mathematical statement of cycling
zone adsorption excludes any consideration of second-order
diffusional terms, it is therefore limited in its ability
to pfédict the experimental operation Qf-a cycling zone
adsorber. _ItsAmain utilization lies in the ability to
predict maximum concentration changes due to periodic

temperature changes of the zone (conclusion 1).

Chapter 4. Experimental: Single-Zone, Continuous-Flow

Separation of n-Heptane-Toluene on Silica Gel

.Chapter 4 investigates the operation of a single-
zoné, opérating under constanﬁ feed concentration and.
experiencing a square-wave temperature change. The main
purpose of this chapter has been to study parameters which
optimiZe the performance of a single zone in respect to -
peak separations and peak flow durations. These paraméters
are as follows: ‘ |

:1. "The establishment of'optimum.ZOne length and

temperature switching time.
This effect has been investigated experimentally through'
the use of feed concentration breakthrough experiments.
Such experiments} run with different_feed concentrations,
allow the determination of the optimum temperature switching
frequehcy for a given zone length, or alternately, the
optimum zone length for,a given switchihg;frequeney.

2. The effect of solid partiéle size upon the peak

separation and upon peak flow durations.
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This effect has been inVestigated’experimentally by oper-
ating a single zone using silica gel of particle size
varying from 4 to 180 mesh. It was found that as the
particle size decreased the effective capacity of the
silica gel increased. This therefore allowed maximum
separation. Because of the small particle's ability to
reach equilibrium more rapidly, peak flow durations were
found to-increasé with a decrease in particle size. -

3. The effect of a perfect square-wave temperature

response of the zone.
Because of the simple equipment design, it was. experi-
mentally impossible to develop-a square-wave temperature
response under continuous-flow conditions. A SGM of
operation was employed to obtain a sQuare-wdve response.
Using the SGM, it was possible to investigate the effect
of a perfect sqQuare-wave temperature response upon the
effluent concentration profile. The result was a very
large increase in the peak product flow durations.

The effect of Chapter 4 is to show through a number
of very simple experiments that optimization of single-
zone performance can be achieved without complicated
‘theoretical considerations. The main conclusions of
Chapter 4 are:

1. The effect of operating a éycling zone adsorber

at a temperature switching frequency other than

the optimum tends to reduce the concentration
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change developed by the temperature change of
the zone.

-2; ‘Maximum separation and approaéh to local equil-
ibrium is greatly enhanced by the use of small-
sized silica gel particles. with a decrease in
the particle size, the effective capacity of the

| - particle approaches its true capacity..

3.v The shape of the effluent concentration profile
closely follows that of the temperature profile

| of the zone. It 1s therefore concluded that the
development of a square-wave temperature respbnSe
of the zone will provide the maximum peak pro- |
duct concentration flow durations in the operation

.of a single zone.

Chapter 5. Experimental: Variable-Feed Operation

of a Single Zone

Chapter 5 investigates the operation of a single zone
experiencing a variable-feed inbut and a square-wave zone
temperature response. The chapter discusses the logic of
a variable-feed operation and the_diffuéional difficulties
caused by large feed amplitudes at ﬁhe entrance to the
zone. Overall diffusion coefficients for the transition
between product concentration and displacing feed concen-
tration have been calculated. The spread of the break-
through curves, caused by logitudinal mixing, is explained

through consideration of density and viscoslty differences
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between the product fluid and the displacing feed fluid.
The effedt of displacement velocity upon the. shape of
the breakthrough curve is also discussed. Experimental
data are developed to determine the effect of the feed
amplitude upon the. duration of high peak concentration
product flow. ‘

The developments of Chapter 5 allow the following

two majof conclusions to be reached:

1. Variable-feed operation, through the use of
product recycle streams, takes advantage of
small separation, produced by the periodic
temperature change, to develop very large
separations of a feed stream.

2. Longitudinal mixing 1is the major effect
causing distortion of the effluent concen-
tration profile from a desired square-wave
profile. Longitudihal mixing is the principal
factor limiting the operation of a variable-

- feed, product-recycle zone.

Chapter 6. Mathematical Statement of Cycling

Zone Adsorption Allowing for Longitudinal Diffusion

Chapter 6 is an extension of‘simplified'mathematical
analysis of Chapter 3. The analysis of Chapter 6 includes
the diffusion term which was investigated experimentally
in Chapter 5. Analytic solutions are developed for the

following operating conditions of a cycling zone adsorber:

«

[ ]]
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1. Continuoﬁs—flow, constant-concentration féed
. to a siﬁgle zone experiencing a square-wave
temperature variation. Any practical value of
the overall diffusion coefficient may be used
in this analysis.

2. A perfectly mixed zone (diffusion coefficient
= o) operating under the conditions described

'in statement 1.

3. An unmixed zone (diffusion coefficient = 0)
operating under the conditions described in
statement 1.

4. Continuous-flow, variable-feed to a single
zone experiencing a square-wave temperature .
variation. For a given feed amplitude, the
diffusion coefficient is that prescribed by

~the experimental investigation of Chapter 5.

- This analysis investigates the éontribution
to the conceﬁtration change not only by the
temperature change but also byvthe~initia1
step change in the feed concentration at the

entrance to the zone.

The phase relationship between the temperature sWitching
and the switching of the feed to the zone is also investi-
gated by the analysis. It is foundbthat‘the optimum
relatiohship prescribes-that the temperature switch'to be
180° out of phase with the switching of the feed concen-

tration to the zone.
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Since the analytic solutions of Chapter 6 are for
linear differential equations, it is possible to obtain a
dimensioﬁless effluent concentration profile from the one
dimensionless profile for any feéd concentration and given
feed amplitude. The mathematical analysis also allows
the determination of the optimum length and temperature
switching frequency. |

From the extended mathematical develdpmenﬁs of
Chapter 6 the following may be concluded:

If a system of interest may be separated by
cycling zone adsorption and if the differential
equations describing the system are linear (that
is, if the nondimensionless effluent concentration
profiles for the whole range of feed concentrétions
may be superimposed to a reasonable degree), then
an anélytic solution for the dimenéionless effluent
profile may be developed that will describe the
system behavior over the whole range of feed con-
centrations for any given feed amplitude. Such a
solution may simply be developed from a knowledge
of the system isotherms and the value of the overall
diffusion coefficient, obtained from breakthrough

data.
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Chapter 7. Single-Zone Staging in the Development

of a Cycling Zone Adsorption Cascade

_From the dimensionless effluent concentration pro-
files déveloped in Chapter 6 and from the solid-liquid
'equilibrium isotherms, Chapter 7 investigates tﬁe design
of the_foilowing types of cascades employing single-
cycling zone adsorbers:

1. Continuous-flow, conStant-concentration feed,
two-zone recycle cascade and three-zone recycle
cascades. |

2. Continuous-flow, variable-feed, two-zone
fecycle cascade. |

3. Noncontinﬁous—flow, single-zone-recycle

“cycling zone adsorber5 |

The effect of recycle stream location is investigated
with respect to the total volume of the caécade and the
number of'zones required by the cascade. Equations,
requiring solution techniques similar to those used for
distilliﬂg columns,; are developed to allbw the design
calculations for a cycling zone adsorptioﬁvcascade. Solu-
tion of finite-difference equations are also obtained for
calculation of stream concentrations fbf'each individual
zone. An extension of the finite-difference equation solu-
tions is made to develop_a simple graphical technique to

-design a cascade of a series of single zones with two-zone
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recyéie streams. These calculation techniques are also
applied to the variable-feed, two-zone recycle cascade.
The folloWing conclusions may be made from the cascade
design techniques of Chapter T:

As recycle streams are returned at zones farther
away from the zone producing the streams, the number
of total zones in the qascade decreases; however,
thefe is a slight increase in the total volume of
the cascade. As recycle streams are returned to
zones closer to the zone produéing the streams, the
.number of zones in the cascade increase; however,

the total volume of the cascade decreases slightly.

Chapter 8. Heat Load Requirements for Distillation

Versus Cycling Zone Adsorption

Chapter 8 investigates the operating heat load
requirements for the noncontinuous flow, variable-feed
single-cycling zone adsorber versus that required by
distillation for the same product concentration and pro-
duct rate. The following conclusion may be made:

On the basis of operating heat load requirements,
it is concluded that for the separation of n-heptane-
toluene cycling zone adsorption is:at least equal to
and possibiy six times as efficient as distillation.

It has been shown theoretically and experimentally for
the separation of a common binary liquid system, n-heptane-
toiuene, that cycling zone adsorption isva very promising

and competitive separation technique.
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Nomenclature

(1-a)e/a
cross-sectional area

heat capaeity

. diffusion coefficient

B/ (1+m)
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functional felationship between xs, T, and XL

feed amplitude, vol % toluene
zZzone length |
éone number

mTAT/(14m)

const. [mTAT/(l+m)'+(AE/2)j
defined above Eq. (6-8)
refractive index

defined above Eq. (6-8)
temperature '

shock-wave velocity

interétitial fluid velocity

“interstitial concentration wave velocity

volume fraction or vol % toluene

L = zone length

concentration
- mean square displacement

particle diameter

fraction of total period (2At) for which the

~high- or low-concentration product flows
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t1 /2

B /1 +41 + 167°n°g”
2

Nomenclature (Continued)

thermal conductivity

A(dX /3%, )
S L Tav

A(BXS/BT)X

g

L
positive whole interger

LaPlace transform operator
/o2

R./viat

time

defined by Figure 5-13

time required for a half-cycle of operation,
i.e., the temperature switching time

distance along the axial direction

interparticle void fraction

defined by Eq. (2-1)

2mng/a, o as defined in Chapter 6

intraparticle void fraction
vcz/z

time t

latent heat

(z-—Vct)/ZE%t

density

, found only in Chapter 6
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- Nomenclature (Continued)

Subscripts

T avg = average

Low

L-low 

L—high

s~high
s~-low

sb

cold temperature

: centerliné
feed concentration

‘average feed concentration

high feed concentration
low feed concentration
high concentration or high temperature

high concentration

-interface

liguid concentration or low concentration

low concentration

low éoncentration liquid
high concentration liquid

“solid

high solid concentration

low solid concentration

- dry packed state of solid particles

= leading edge

trailing edge
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any.
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. ’
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