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ABSTRACT

It is demonstrated that proper utilization of
the wave-propagational properties of fixed-bed adsorption

systems can result in separation processes based on the

imposed cyclic variation of certain intensive variables

in the system. DMathematical and experimental evidence

for this conclusion is presented, and a cyclic temperature-

driven process based on this conclusion is proposed.
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INTRODUCTION AND BACKGROUND

The ability of certain solids to'adsorb substances

preferentially'from'gas and liQuid streams onto their sur-

faces has led to thelr use 1n w1dely varylng separatlon and

purlflcatlon processes. However, due to the mechanical dif-

flcultles 1nvolved in moving settled beds of solid'granules,

_ countercurrent operatlon has only rarely been employed One

example is the hypersorber, dlscussed by Berg (1946) In-

stead, some flxed—bed process 1s usually used whlch must be

' operated cycllcally, rather than in the steady state The_

various cycllc operatlons.may be summarlzed in the followf-

1ng three categorles. | o J
._ In conventlonal adsorptlon,.occa31onally called

frontal adsorptlon,'a feed stream is fed to a column of

partlcles whlch adsorb the solute untll the entlre bed . has

_become at least partlally saturated. At this p01nt the -

‘bed is regenerated by feeding a new stream of dlfferent

compos1t1on, devoid of thé adsorbed solute, to the column.

In elution chromatography, pulses of the components

‘to be separated'are”introduced into a sweep gas or liquid
~and are carrled through the bed, where they separate be-7:
~ cause of thelr varylng afflnltles for the solld.- Thls

o method long an analytlcal technlque, has recently been _ff

scaled up - for commerc1al productlon, as. descrlbed by

Tlmmins et~al. (1969)._
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The chemlstry of these adsorption processes can be
found in the books by Ross and Oliver (1964) for gas—solld
systems, by Kipling (1965) for liquid nonelectrolyteesolid

systems, and by Helfferich (1962) for ion exchange. Engi- S

neering applications and design techniquesscanibe found”in
Mantell (1951) and Section 16 of Perry (1963) by Hiester,
Vermeulen and Klein._

The third andrmore‘recent category'are?processesiin
which there is a periodic ‘reversal of the fluid veloc1ty 1n
phase w1th imposed changes in a thermodynamlc gradlent,
‘-usually ow1ng to pressure or temperature. The "parametrlc
-1pump1ng" processes of W11helm and his co—workers (Rolke and
W1lhelm, 1969,vSweed and W1lhe1m, 1969, W1lhelm-g§_§l.,
1966;. ilhelm'et et al., l96é) are in this class as are'the-
s1milar processes of Bohrer (1965), Skarstrom (1959), and
‘Jenczewsk1 ‘and Myers (1968) | |

' This thes1s will propose a process 81m11ar to thls
class but with an 1mportant difference. Although it has
‘been suggested by Wilhelmﬂgt_gl. (1968) and by Sweed (1969)
that the above separations depend on a periodic reversal-
of fluid veiocity, it will be Sh0wn_that this is-not‘necesf,
sarj and, indeed, it may be a disadvantage owing to the

' limits on production rates which it-imposes Furthermore,

- a general pr1nc1ple concerning the 1nteract10ns between

‘the imposed potential and the resulting separation will be
'_derived and discussed which leads to a much more'efficient

separation.

¥



‘”The‘new process,’cycling zone adsorption, uses
temperaturchcycling to achieve a‘separation.”rln comparison
" with other‘thermal'procesSes such as distillation, ittrek
quires lessvthermallenergy because no phase changesvare |
jnvolved. It may have advantages over the first'category‘
of adsorptlon processes because 1t requlres no chemlcal
_regenerant or extreme temperature condltlons for regenera—
tlon - It does not’requlre a sweep fluld whlch has to be
'recovered and recycled as in the case of chromatography. o
Its main potentlal dlsadvantage is that, llke other adsorp-:
rtlon processes, the mass-transfer rates are usually low,

‘ maklng large throughput rates dlfflcult to obtaln Also,
1t may be very dlfflcult to obtain nearly complete separa-
tlons.’ . | .
‘In Chapter 1 a:qualitative discussion of'thefnew'r
process will be given. Chapter 2iincludes a general.mathe-
. matlcal model of the system and a solution to a s1mp11f1ed :
version of the model. Chapter 3 contains a linearized fre- -
vquency;analysis of the_process to examine the interphase
maSS transfer effects. Chapters 4 and 5 report the experi-
mental aspects of the study, 1nclud1ng the equipment and
results. -Follow1ng the. conclusion sectlon, Appendlces A |
'gand B report some perlpheral calculatlons for the process
"and Appendlx C concerns a proposal for future experlmenta—

~t10n.i



, CHAPTER 1
A QUALITATIVE DESCRIPTION OF THE CYCLING ZONE .
ADSORPTION PROCESS ‘

Consider the fixed-bed process shown lnyFiéure 1-1,
in which abfluid having a‘conStant solute concentration, Yoo
is passed through a bed of solid particles (Pigford et_al.,
1969b). Suppose the system can be shiftedvbetween two'equie
librium distribution relationships, lines T, and T, in Fig-
ure 1;2,.by a shift in'sone thermodynamic potential. Tem-
perature; pressure, conoentrations of third substances, df,
possibly,velectrical and magnetic fields areICandidates for
causing such a shift and thus creating a cycling zone ad-
‘sorption process. In this thesis, only temperature_changes
are considered so Figure 1-2 is a plot of the di'stributiory
_1sotherms at the operatlng temperatures TC and TH | .

Suppose the system is 1n1t1ally held at the constant
low'temperature TC -After a long tlme, ‘the effluent solute
concentration must eventually become Tpe If at this tlme
the temperature is raised to TH’ solute which was prev1ous—‘
ly stored on the solid is ‘now expelled into the fluid. ”The
effluent has a-concentration T for some tlme, tc, whiohipv
depends on the relative volumetric ratios of fluid and
solid and on the equilibrium distribution coefficient.
Finally; the concentration returns to Yo+ Now if the tem—’
perature is decreased to TC, the solid takesvup solute-fronv

the fluid, and the depleted effluent concentration becomes
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yé. After a certain period, s the concentration again

returns to yf and the cycle must be repeated. If parallel ,
twin columns are used, as 1n Figure 1-3, one exactly one-

half cycle out of phase with the other, a separation can _

- be achiéued‘by periodically-switohing the output of each

column as shown in’ the diagran The result is a continuous
production of two streams of different concentrations, one
higher and one lower than that of the feed. It will be
shown thatlthe'process has an optinum cycle'tiﬁe which:
depends on the time of passage of a wave of fluid concentra-
tion”through'the bed; this is analogous to the optimun flow-

temperature relationship of parametric punping discussed by

Wilhelm et _al. (1968).

The'type’of operation illustrated in Figure 1-1 .
will be referred to as a single-stage or singleézone

process.v The separation factors which can be achieved may

vbe”interesting if the change in the adsorption equilibrium

‘distribution coefficient is great enough between the low

and high temperatures, but this usually.does not seem to
be the case (Kipling, 1965; Kraus and Raridon, 1959; Rolke
and Wilhelm, 1969; Sweed and Wilhelm, 1969; Weiss et al.,

1965; idem, 1966; Weiss, 1965).

The separation can be improved”considerably, how-
ever, by operating two or more single zones in series, the
temperature change in each zone being a half cycle out of

phase with those in the adJacent zones, as in Figure l-4,.

~The increase in the separation factor obtained in this way .
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Figure 1-3. Single-zone, standing-wave operat%o'n'of
cycling zone adsorber for continuous prod_uc;tlon.
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will be shown to be comparable to those obtained in the
direct mode of parametric pumping by Pigford et al. (l969a)
-In fact, the number of zones, n, is analogous to the number
of batch cycles, n, of parametric pumping The advantage
of the cycling zone adsorber 1s that 1t operates w1thout
flow reversal and therefore produces enriched and depleted
products continuously. : |
The question of‘heating and cooling these”beds'is

an ihportant one. The direct mode of operation shown in
Figure 1-1 is one in Which'there is a standing'temperature
wave within the bed. Such operation may not be practicall
v on a'counercial scale, however, owing'to.the thermal h
| re51stance of the packed bed itself. |

| There is another method of heating and cooling the
solid in which there occurs a travelling wave of temperatured
changes that mores through the bed owing to the fluid
_ velocity. This occurs when the column is insulated and
the input stream is alternately heated and cooled- in OrdI;
nary heat exchangers located outside the packed bed, as in
Figure 1-5. Wave fronts separating hot and cold fluid
travel through the bed at a speed determined by the ratio-
of the volumetric heat capacities of the flowing andvsta—i
tionary phases. For a-liguid—Solid systen, this speed isr
about one half the.fluid'Velocity; for a gas-solid.system:
- the thermal velocity may he three orders of magnitude
ismaller. If the time of passage of the thermal wave

through the bed is_not too much less than one half the
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Figure 1-5.> Single-zone, travelling-wave operation
of cycling zone adsorber. ' '
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cycle time, as is easy to achieve with 11qu1d—s011d systems,
the separatlon w1ll be as good as if the heat transfer had
occurred through the walls. Furthermore, the enormous
fluid-solid contact area prOV1des_for very efflclent energy
transport. This, then, is travelling-wave heating and cool-
‘ing and is a seoond mode of‘operation‘of the cyclingﬂzone
adsorber. | . | 4 N :

| There is a compllcatlon in the use of multlple zones
_w1th the travelling wave mode because of the requlrement
that adgacent zones be out of phase in thelr temperaturev..
cycles. ' The phase'of thefthermel wave must be reversed
between zone columns, but this can he done:using‘interStage
heaters'or cooiers. In order to reuse the heat Supplled 1n
- the feed stream, the exchange could be done w1th other u
"streams in the process. Another way to reuse the heat is‘
_ to use 1nsulated 1nterstage heat regenerators fllled with
1nert partlcles hav1ng thermal capa01ty but no adsorptlve
‘ablllty;to delay the thermal waves’ untll they are needed
for proper temperature- concentratlon phas1ng. v

Flnally, in generalizing thevcase of the'travelling

thermal wave, it is found thet apconsiderable emplification
~of the”separation effect can be obtained if'the thermai .
velocity approaches the concentration velocities in the
~column. This occurs because although the return of_the'
effluent to y, occurs about the same time, tc,'after a
temperature shift in either the standlng or travelllng

wave cases, the shift to the hlgh or low concentratlon
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does not occur in the travelling wave case until the
travelling thermal wave reaches ‘the ex1t of the column,
tTQ It occurs immedlately after the temperature switch

in the standing wave case. Since the same total amount of

solute is rejected or adsorbed by the solid in the two cases,‘

the concentraéion shift 1n the travelling-wave case must be

greater, 51nce it occurs over a shorter period of t1me.
The idealized exit conoentration profiles are shown in |
Pigure 1-6 in which the column, held at Ty or T, is back
to‘yf at‘t = 0. The heating half'cycle results from switch-
ing from‘TC to Ty at t =.0. The cooling half cyolevresults

H C
wave case, the temperature wave takes half the heating or

to T, at t = 0. In the travelling-

cooling period to pass through the column, emerging at tT

as a result, the concentratlon shifts are doubled

"Although imposing an arbitrary thermal velocity on
the column mayvbe difficult to do physically, since it re-
quires overooming the natural thermal velocity of a wave
in the column, the incentive for attempting it is quite
large. It is shown in the mathematical section that
multiple-zone cycling zone adsorption is really an

approximate way of obtaining this effect.
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o - CHAPTER 2 | L
THE MATHmAVTICAL‘_ MODELLING OF CYCLING-ZONE ADSORPTION _'

The De‘rivation of th‘eﬁEqdations

- General Equat jons

|
|
|
1

The equatlons governlng the process are those for
a nonlsothermal flxed—bed system, which are derived from
mass and heat balances over ‘each phase in the- system. They
will first be derived in falrly general form and will be
followed by a d1scuss1on of their implicit assumptlons.'

Dlsregardlng any radlal gradients 1n veloc1ty,
concentration, or heat, the balances over an ax1a1 dlffer—
entlal_sectlon‘of a packed column of cross-sectional area
Sbthrough which a’fiuid is flowing are the following. (See
bthe Nomenclature sectlon for ‘the complete deflnltlon and

unlts of the ‘terms. )

Mass balance over both fluid and solid ‘phases:
SGdec dt’ +va'Sdc d»z'E + (1l-a)(1~-€) S P dq’ dz”
*+(1-0)es de* dz’ + SadNy dat" =0

Heat balaiice over both ‘flﬁid and solid phaseS' o
| SGpy CpdT dt +ocSpr ar dz’ + (1- cx)S(p Cs(l-é)
4 p;Cpe) ar, dz’ + SodNy dt’
-T) dt dz’

'-f By hw (Talr

~ Dispersive and diffusive mass_- and heat-flux balances:
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N
T —‘—(ED+D
Cepg

) dT
T gz’
Mass balance over the solid phase:
S (1-a)(l-¢) P dg’ dz’ + (1-a) € de* dz’

= - * - ’ !,
| S_kM ap,‘c: ¢) dt’ dz

Heat balance over the solid phase: |
s (1-a) (psC (1-€) +py Cp e) aT_ dz
: Co= Shpap(T -T) dt’ dz’ + (1=-a)(l-¢€)

S AH Pg dq’ dz’

ads ’ o _
| Note that in the mass balanees, the solid-is treated
in.tWO parfs, as‘a (l-ei solid frsetion of deﬁsity Pg snd
concentratlon q in equil&brium with an immobile‘fluid frac-
tion € of concentratlon therefore of ¢*. 1In the heat |
balances the SQlld and the immobile fluid are also assumed
to be in thermai equilibrium, that is, at the same teﬁpera-
ture. Dividing through bj the differential elements and -

taking limits resﬁlts in the following partial differential

equations:
3¢, (1-o)e e* , , (1-a)(1-€) 3g ,, 3¢
at’ @ at’ S o 3t ez
- G+ % . o o ‘,(,2_15

p.C.(1-€) +p.Coe AT
aTl + .88 . £f (1-a) __g + v 2L _
ot prfa oz

>2 ~ h.oa ' R |
- (B, +D ) 93T . _WW (p _nq L (2-?)

-k
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N T B -_k a_ . : , .
9, & et . ____MP  (ex_o)  (2-3)
at ps(lg-e) at’ - psc1-e)(1-a) :
ifg = e “p®p ' (T, - 1)
3t (pC(1-e) +psCpe)(l-w)
l—E") ~OH | ‘4 } ' .
+ ( Ps Slagds -1 : (2-4)

Pqy c (1 e) + pr e at

The'interfaoe between the surface of the solid and
the fluid is considered to beﬁat‘equilibrium'ehd'is repre-
Sehtedeby en expression of'the type _

| Q' £, e o (2-5)

'Inherehtvin these;equatiohs is'the assumption that
, the:densities, heat capaCities, heat of adSOrption, and
‘transfer coefflclents are not functions of temperature or
concentratlon, these effects could be 1ncluded in a
.computer solutlon The most 1mportant assumptlon is that
the mass and heat transfer can be lumped 1nto over—all
llnear dr1v1ng—force relatlonshlps. For heat transfer,
this is a very good assumption since 1ntrapart1cle heat
transfer iS'good But as discussed by Sweed and Wilhelm
(1969) for a s1m11ar system, this is only very approx1mate
in the case of mass transfer, s1nce»these processes are
| part1cle-d1ffus1on controlled. For an accurate simulation,
these_authors_reoommend including the'radial-particle pro;
file_equations. They report that this takes an order of
".magnitude‘more computer time, however. = The abote equations

are'written for a system in which only oﬁevcomponent is
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‘adsorbed from thevliquidvmixtﬁre. In the mul ticomponent
case, there 1is one mess balance equation for each component
for each phase. a

A discussion of the adsorption equilibriumodistri—
‘bution relationships can be found in Ross and Oliver (1964)’
for gas-solid systems and'in Kipling (1965) for liqﬁid-

solid systems. The three main types are:

- q = Ac* L (Linear) : - (2-6a)

Q' =4 (e k<1 (Freundlich) (2-6b)
T ' - (Langmuir : 2-6¢

T T T VAo (Lang ) o (2 ,}

(4, X afe functions of T,)
5‘The Freundlich 1sotherm was found to fit the experimental
data for the HAc—water-actlvated carbon system best

| Analytical solutions of this general set of equa-
tions are not known, so that one might use a computer compu-
tation 31m11ar to those reported by W11he1m et al..(l968),
Sweed 'and W1lhe1m (1969), and Rolke and Wilhelm (1969) for
parametric pumping. This was tried during the initial
- stage of thisvinvestigation, but was found to be an ineffi-
oient approach at_this'early stage of process idea genere;t
tion. The reasoh for this is that thesetunsteady-stete |
computations consume quite a lot of computer time, and thus
- the simulation.of'each new column arrangement is rather ”
expensive. It is also difficult to reveal the‘over-eil
relationships betWeen various possible column errangeﬁents

or other variables by computer computation. A more
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successful approach for this»probleﬁ is’dﬁtlinéd.below;
Before dropping the idea of computer simﬁlation;fhowevef,
it should be said that when the qualitative and semiquanti-
tative aspects of cycliné—zone.adsorption are well under;:

stood, one can return to it to optimize the process.

v
¥

BEquilibrium-Theory Equations

Since thé sepérétion effect‘in'cycling zone»adsbfp—
tion depends on a Cy¢liczalteration in the phése equilibrium :
‘rather than on any'rate'diffefencés, it seems reésbﬁablé
firSt to design a good equilibrium process on thefaséumption';
that raﬁes of exchange'aré very great, and then to develop
the mass- and heat-transfer relationships for the gehéral
case in which rates may’bé important. One analogy wouldvbe .
the example of distillation calculations, in which the de;
sign is first made on thevassumption of theoretical equilib-
rium plates and then is modified by the incorporation of
plate-efficiencY”calculations;

. For these processes, equilibrium means local eQuié’
librium,vﬁhe aSsumptioh_that at a particular point in the
‘column the stationary phase is in equilibrium with the
mobile bhase, ‘Thus the linear driving-force terms are
‘dropped from the equations because | ‘v

c = et (@D

T (28
f when l§céivequilibriﬁm exists.. One way of éppro&ching,this'
~condition, assuming constént tfansfer ¢oéfficieﬁts, is‘to

decrease the flow rate through thevéolﬁmn;_’This'in turn
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_tends to increase the effect of,the'aXial dispersive (second
, deritatiVe) terms, especially,if the boundary conditions
generate regions of steep temperature or concentration
gradients. As p01nted out by Lapidus and Amundson (1952)
for the case of ion exchange which is s1m11ar, there is a
conflict; and either the interphase transfer or the axiali
dispersive terms determine the ekact solution of the pPhysi-
cal system. 'HOWever, it is ouite common in ion-exchange and
ohromatographic work tO'neglect these terms as a first
approx1mation, and as w111 be shown, this leads to an ade;
quate approx1mation in the present experimental case.

N " Since it is shown in Appendix A that the term con—
-taining the heat of adsorption in the heat-balance equation,
2-4, is negligible, the thermal equations, 2-2 and 2-4, can
be solved 1ndependently of the mass-balance equations
Because 2-2 and 2-4 are linear, these have an analytical
solution in their general form which was obtained by Lapidus
' and‘Amundson (1952). For the experimental system, the 1nter-
. phase maSS transfer is poor relative to the‘interphase heat
transfer; therefore when the column is operated,at,condie
tions approaching local mass equilibrium,  the axiai,thermal-
dispersion terms are controlling in the thermal eguations;
‘as shown'in Appendix A. However, the effect is minor.except
in the interstage heat reéenerator; its inclusion for that
case is Shown in Appendix:B. The.effect does not need to

be included in the adsorption;column calculations, as shown
in Chapter 5. Again in Appendix A; it is demonstrated'that

axial mass-transfer effects are negligible in the‘experiments,
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or rather that these systems dre 1n the 1ntrapartlcle dlffu—

sion-controlled reglme as mentloned before. The extent to

,whlch the local equlllbrlum approx1matlon is valld here is

shown in the Experlmental Results sectlon.
To derive the equlllbrlum theory equatlons, the
terms for 1nterphase transfer heat loss,‘ax1al dlspers1on,'

and heat of adsorptlon are neglected in Equatlons 2=1, 2-2,

2= 5, and 2-4 and Equatlons 2-6b, 2 7, and 2-8 are substl-

tuted into 2—1 2-2, 2-3,.and 2-4.‘ Then u31ngvthe followlng

dlmen31onless var1ables,j2.='

y = c/co ‘(concentratlon in units of feed
: ’ concentratlon)
z = z(/zh ' ‘(ax1al length in unlts of column length)
.t_#_t'v/z; »(tlme 1n unlts of fluld re31dence tlme)
T - ' :
g = ——= (temperature in units of. amplltude,,
Tg=To | (T +2)/2 ) - |

the resultlng equatlons are:

- ]_ﬂ-i'-_‘ l-}-.@. 1 k +'§.X = "O- o 2..'
' ( E> at ot \D "’ ) 32 , ( ??
'Q%‘+ 2 ¥ . (2-10)
o Uiy Oz

The resulting dimensionless groups are:
E=—% , immobile fluid capacity ratio

D= ,'A'Cg-;; solid equlllbrlum capa01ty
(1-a)(1-8)p,  ° ° ratio
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PpCe0 3
k]
pSCS(l-s)(l-a) +,pfcfe(l-ja) + ppCea

Yeh

thermal wave velocity (see Appendix C for
expression when wall capacitance is important).

Note that the equlllbrlum constants A, k ,and therefore, D
are functlons of 8. . o
If it is assumed that’fhe temperature of the colﬁmnr
is' changed by changlng the temperature of the inlet feed
stream, the boundary conditions are
. y=y, 1 o z=0  t>0
9

per(wt) "z =0  t>0

it
]

- where per(wt) is a notation for a general time—periodic'a.
fﬁnétion‘of dimehsionless frequency «. By a straight-
1forWard’application of_ths>Laplace transform, the solutioﬁ |
“of Equation 2-~10 is: i _ o s

8 = perQ»(t;-z/uth)) | - (2-11)
whish means the‘dutbuf teﬁperature is simply delayed"by.the
time it takes the temperaﬁure wave. to fravel through ths.
coiuma} This travelling-wave case reduces‘thevstanding;a
wave case for Uy = cb; for then B |

| 8 = per(wt) . - . ' ,  (2-12)

Equation 2-11 approx1mates the experlmental -

travelllng wave 31tuatlon. Since Uiy is not very 1arge [;s
in practice, the standing-Wave‘case can not be approxi—
mated by input forcing. Rather, it is produced by a |
jacketed column of small enough diameter that the radial -
thsrmal.gradients are negligible, with heat transférred'v

through the walls of the column well enoughbto overcome the
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the combination t - z/u

natural thermalidynamiCS of the column.
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Because 8 is a“periodic function of t and z,'the o

parameters D and k in Equatién 2-9 are periodic functions

of these variables. Thevso;ution of Equation 2-9 is now

outlined. Theloccurrende of the independent variables in

to the variables

L}

¢ -

t - z/ugy

Z

th in Equation 2-10 suggests a change

Thus 6 = per (1), making D and k functions of T only and

not of {. Equation 2-9 is

transformed into the new coordi-

nate system using the following’relationships:
d .3 9T ,3 3 .3
3t 937 3t - 3L ar o3z
2 .3, 3 . _ 1 3
oz var ag oL oz Upy OT
dr _at _ 1 |
ac dz ey
Equation 2=9 becomes.
(1+}--1 +ky >§Z+§Z
E Upp D 3t 3¢
wfapl 1 ax
+ o—
<dTv D 7 ln.y>
with the boundary condition |
£ =0 T>0

Yy =Y,
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The Equlllbrlum-Theory Solutlon

This flrst-order hyperbollc equation can be solved
by the method of characteristics, a technique which is dlS—
cussed in numerous texts such as Sneddon (1957).‘ Equatibn
2-13 is equivalent to thé_following set of ordinary differ-
ential eguatibns: |

@ . ar Ly (2-14a,

1N Z 2-14b
1 _(1+,1 1,8 1) k(dD1+ldk1 140)
. - - : ny] . .
- E ouy, D dr Dar ‘ '

' Solutions of Equation 2-14a are known as the T -
_characterlstlcs, solutlons of 2-14b, whlch determlne the
_concentratlon, y, as a functlon of r, are only valid along
these characteristics.

Equation 2-14b can' be written

e k- 3 _ : k=1 e .'
Yk dD-l+Z—'lnydk+ l+,l- 1 _+ky. dy=0.--"
SR TRTIC U | " E u, D

If it can be shown that there is a function, f, such that

-—-—-—afl =7 | (4)
oD

of _ ¥y |
g~ = 1n B
on 5 y | (B

- o k=1

of . 1 + i_ l + &Y . (c)
oy . E Utn D ,

then the left-hand side of Equation 2-14b is an exact

differential of f because of the relationship
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af p-1 , af

ar = 2L 4p of g + 8f
) oy

dy .
The solution to 4f = O is; obviously, f = constant. The
function, which is determined by integrating the Equations
A, B, and C, is ,
_ k ~ '
PO (1 L1 _4_1_),.
D B w1
s0-that the solution to Equation 2-14b is
L+<l +==———>y=cl : (2-15)
D B Uen | (C, = constant)

It was not necessary to specify the wave form of the

travelling temperature wave to solve Equation 2-14b. It is

now'neqeésary to do so to solve Equation 2-14a for the char-
acteristics. The experimental temperatu:e cycling, dis-
cussed in Chapter 5, éan be approximated by an ideal.sqﬁare
wave . The'temperafure switches instantaneously from a
fixed»hot teﬁperature to é fixed cold temperature at even.

multiples of n/w and switches from the cold temperaturé to

‘the hot temperature at odd multiples of n/c. This means

that D(7) and k(7) also cycle in a square wave of frequency
w.v'thationv2415 indicatés that y remains constant along
a characteristic except when D and k change. Therefore, -

y remains_constant except at the switch times, where Equa-

tion 2-15 indicates that it changes in adcofdance with the

relationship
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¥t y%i‘l \ S
S R S s = -+(1-+i-;—l- Y51 (2-16)
" D. E u 1 . E u 1= -
i th i-1l th

where i -1 refers to conditions before the switch and i to
conditions afterward. These results are depicted graphi-
cally in the next section.

“‘Linear Isotherm

One notes that ika-=>1, the linear isotherm is |
‘recovered and then Equatlon 2-14a no longer depends on the
'concentratlon, that is, the characterlstlcs are not concen-
tratlon dependent._ This 1s a restrlctlve but useful approx—
1matlon w1th which to flrst examine cycling zone adsorptlon

Defining the concentratlon—wave velocity, uc, to be

the following.function of D, and therefore of 6, and defin-

ing B to represent the_change in u_, during the hot and cold

c
portions of the square-wave cycle,
v | _ 1
4 (0) = —t——
_ : E- D(9)
then . : : ' S
u, = + B when 8 = sq(wr) = +1 (Hot half cycle)

- B when 6 - "

u, -1 (Coldnhalf cycle)-

Since Equation 2-14a reduces to

a¢ - _Yeh Yo s
ar " L (2 17)

the characterlstlcs are stralght llnes hav1ng slopes of

(u + B)uth/ (uth - B in the hot half cycle and

Y
(u, -.B)uth’/(uth u + B) in the cold half cycle._

Equation 2-15 becomes:
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| y(uth - u ) =u, u, Gy - (2-18)
' (02, constant) -
Flgure 2 1l is a plot of the characteristics where it

has been assumed that Uy > u,. When a characterlstlc
passes from a-hot reglonsinto a cold region, Equation 2-18
shows that the concentratlon along it shlfts to ‘a lower
value determlned by the ratio. =

-(u, +B) u -8B

. %n e | - -1
q- Uth T (u, - B)v u, * B ' (219

when it passes from a cold into a hot region, the concentra-
tion shifts to a higher value determined by the ratio 1/q.'
In Figure 2-1, the period of the cycle 2n/w is chosen. for |
illustration to have , -
U - (4 =B g Uy = (u, + B)
B 2w T Tu, G v P
Ugn (4 = B th (Y% *

- (2-20a)
’aithough this need not always be true; Since a charaoteris— -
tic in the cold perlod travels at a slower veloc1ty than in
the hot perlod, some characterlstlcs undergo two temperature
chahges and finally leave the column at the start of the hot
.period af their original ooocentration, Vo Some character-
istics; entering the bottém of the column during the hot
period, also leave the top at the end of this period at
their orlglnal concentratlon, yo However, the rest of the

characteristics whlch.undergo one and only one temperature

- change, emerge with thelr concentratlon changed. 'Also note

that after the characterlstlcs originating along the
“ -~ axis at ‘time T =0 are swept out of the column, the
1nit1al condltlon of the column is no longer 1mportant

Thus a cycllc steady state has been obtained.
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<y[> <yh'.>_ | ﬁ<yl> <Y >

MR

o Yo Yh Yo

AR
ZTr? 3r 4T 57 WT

COLD HOT HOT  COLD

Yo

XBL 697-937

Figure 2-1. Characteristic 1inés used in equi.li'briu_m
theory for linear isotherms - single-zone
square~-wave cycling.
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Optlmum gxcllng Freguency

It is now necessary to flnd the optlmum cycle fre-
quency for the column, tnat is, to minimize the portion of
the cycle forIWhich thevéffluent'has concentration yo,'as
this portion represents 1o separaticn; 'One'Wayﬂtc'dc'thisv
would be to have unequal heafing'and cccling pericds} Only
in this way can there be all high-concentration effluent in
the heafing period and lcw;concentraticn effluent in the
'cooling‘period For reasons that will be evident later;vit
is preferable to have. equal perlods of heating and coollng,
at least for the multlple ~column arrangement. There is
_clearly no p01nt in maklng n/w greater than (u h- (u B))
"th(uof' B) since Yo would break through from the bottom in
bothhalf;cycles;. Nor should it be less than ( th—(u +-B»
uth(uO +»B)Hsince:some-of thevcharacterlstlcs starting in
both_half cycles would‘unaergo two temperature'changes and
'emerge.with concentration. Y, It is shown in the next |
chapter, for the case when u, '+ B =~ - B = no; that the
optimum separation is given by hav1ng
- | o %n T %
| Ugn ¢ |
There is stillvthe problen of'deciding, for finite’values

€13
1

. of'B,'where n/w should be in the range of-expression 2—20a.
Tt is necessary to compute the average Th concentratlon '
_(yh} - The fractions (ab + cd)/ad and bc/ad must be com-

"puted'from the slopes” of the characterlstlcs in Figure 2-1

These are found_to be:ha
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EE'
ad

ab + cd '
——m= =] -
ad q..
Since this is true no matter how théy are drawn, the
average sebaration is a constant optimum in this range.

The average separation factor a _ is given by

av
(y,) =7,4 | |
SRR ATV A S R ACEEY
a. =<yh>= 24q o
- Cav . <yL> q

Also, it can be shown that
(03 =4 for all w. .

Multiple-Zone Case .

| | .Tih:fhé multipie 501umn arfangeménf, the.bptimum -
phase lag between successive columns operating at theif-; j'
optimum frequency iS'founa in a similar manner. vForvthe:-
approximation uo-+B = uo-fB = u,, the optimum is found.to.
be exactly n radians, usigg the equations of»the‘next
chapter. In this more exact treatment, the average separa-
_'tion ’dév,n ié_a constant;optimumin thé.range'of thé-phase
lag, ¥, given by the relationship

n U (5 TP ugy - (v, - B) (% -1 S I B (8, - 2
Ugn(up *B) T ugy(ug=B) AF 0T € ug (uy - B)
.  (2-20b)

where @ is in the range of Equation 2-20a. Since ¥ #:n is
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AIWayé"iﬁ‘thié'fansé; tﬁis case'will’bé §oﬁsiaered'in'the
diagrams. .The‘peak sepafétion apk,n is a constant optimUm
for a range equal in magnitude to 2n less the range of
Equation 2-20b. The center:bf this range is the centér_ .
“of the range of Equation 2-20b. ' "

The characteristic diagramvfor this'éaSe.is sﬂown'in
Figure 2-2, where it has been assumed théf the'cyclic steady
state has been assumed to hold 1n each zone and where the
‘cycle period has been chosen to be (u th ™ (u B))/u h(u -B).

‘ The fractlons are similar to the previous case,

| ab -

'ac q

be =1 - A
vy l-q

This_reéults in the différence‘equations- | |
.,'<yh>n = Fdp1 (1= * (wpdy %i -a (2-2la)
Gp = <y4>,n_1 ©q | - (2-21p)
| with the boundary’conditiéné being v -
o Fpdo =T = To (2-22)
The solution to Equation 2—21b_is_ | _
, e

_ which, inserted in Equation.2-21a, reSults in

[1 + (l-q) E <1 +b) ]vyo
Yo [2-. qn]. | | (2-28)

(yh>n

N



Zone '<_yl>4 <Yh%
4 T a tbe

COLD _HOT

COLD HOT

. XBL 697-938 .

‘ f'Flgufe 2=2. Characterlstlc lines used in equl-"

librium theory for linear isotherms - mult1ple-7
° zone square-wave cycling.
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and R 5 ‘n P _ '

| x =249 o  (2-25a)
.av,n ¢ ' . .
B - | S
o =L o (2-25b)
“pk,n q2n_ ' - ' o _

' As n >, this predicts that all of the solute comes
out‘dnring the hot cycle and that'the effluentvduring the
cold cycle has zero concentratlon. The éterage/concentrae
tion durlng the ‘hot cycle must therefore be. llmlted to twice
the‘feed concentration, but there is novllmltatlon‘to the
Peak7value;of this concentration. This is one'obviousvde-
fecthof the 1inear—isotherm aseumption.' Physically, the
preferential'adsorption isotherm for any system must:gorto"
'zero; both at zero concentration and as the concentration
: approaches”that.of pure aolnte, S0 that‘no.isotherm can
bremaln linear over the whole range of concentratlon.

| For u,, = o, the standlng-wave case, this is the
same result that was obtalned for the batch form of direct‘
mode (Jjacketed column) parametrlc pumping (Plgford Baker
and Blum, l969a) for the same cycle frequenc1es. For para—
metrlc _pumping, n does not refer to zone number, but to the
" pumber of flow-reversal cycles over one zone. The important
dlfference to be noted is- that in cycllng zone adsorption,
actual productlon is reallzed whereas in the parametrlc
pnmplng experlment_thererwas no feed and therefore no
production. | |

Amplificati‘on by the"’l‘h"er"mal Wave-Velocity

Before extending th1s treatment to the case of the

nonlinear.lsotherm, it 1s of interest to examlne Equatlon
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_2419, which prediqts the concentration shift when a charac—
teristic crosses.abﬁhermél‘wave. Althbughvthere'ié a naturai
'thermallvelocity in the system as indicated by the expression
for LI which dependS'on;heat-capacity ratios,.theoreticallyr
this velocity could be overridden with a travellinngave im-
posed on the systeﬁbfrom'an outside source iﬁ-the_same Way

as the ‘standing Qave was imposed. Some experimenfal pro-
posals.for this will be discuésed in Appendix C; for the
following_discuséion it will be assumed that.a:thermal wave
of arbitrary velocityvcan_be-imposed on the column. Three
Possiﬁle_cases need tovbe“coﬁéideredg.and these are dis—'

played in the original t-z coordinate system in Figure 2-3:

_H_ . C L
Case 1 Upy > B> u, Figure 2-3%a.
Case 2 u,, <ulcul ~© 'Pigure 2-3b
Case 3 110>< u <'uH Figure 2-3c
—_— cth (o) o T :

In Case 1, from Eqﬁation 2-19, it can be seen that
—> 0 i=cold, i=1=hot (cold thermal wave)

y; —> ®© 1i=hot, i-1=cold (hot thermal wave)

H C
c c.

for uﬁh —> u > u

In Case 2, A | '

| A —> 0 i-1 =cola, i =hot (cold thermal wave)
yi.“ﬁ* ai.i.-1.=hot7 i=cold }(hoﬁ'thermal wavé)‘.

C H
e »< qu

for Ui —>u
One can see from Figures 2-3a and 2-3b that the
predicted infinite concentration can exist for Cnly_an

infinitesimal length of time, but:that the zero concentration
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@

w t

(b)

()

Cold

Hot | | wt
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Figure 2-3. .Charactefistic lines shoWing possible
-interactions
tion waves -

(a)

(b)
(e) -

Thermal
wave.,

‘Thermal
wave-.

Thermal

between thermal waves and concentra- .
step forcing. -

wave faster than either concentration

wave slower than either concentration

wave of intermediate velocity.

o
B
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lasts for the length of time, t&’ between the emergence of
_ the two concentration waves starting at the same point on

the z =0 line,

Although 1t can not be predlcted from Equatlon 2 19
dlrectly, 1t can be seen from comblnlng the 1nequa11t1es

from Cases 1 and 2 that for Case 3,

yi —> 0 (cold thermal wave)
¥ —o (hot thermal wave)
C- . H

for U, " < Uy <1,

Ld‘The predictlon of this large ampllflcatlon in the
separatlon effect caused by the interaction of the travel-
ling thermal-and concentratlon waves,as thelr ve1001t1es~
approach the same value,lndlcates that some experlmentatlon
should be done along these llnes. Experlmental proposals
w1ll be dlscussed in a later chapter. - |

| .Asﬁbefore,hthe prediction of an infinite concentraF
 tion is a defect of the llnear—lsotherm assumptlon. It
can be shown in a similar manner that Equatlon 2= 19 predlcts
that the concentrat;on_shlft smoothly approaches unity as
ucC > uth — O‘and smoothly'approaches"the standingéwave
value for O > Uy ——>'—<Dj(indicating a disadvantage in
us1ng thermal waves emanatlng at the exit of the column and
propagatlng backward through the column) and for u, H‘< Uiy
o _ 2¢
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Nonlinear Isotherm

As mentioned before; for sqnare—wavedforoing;‘
Equation 2-15 indicates?that y remains constant except'fOr'
‘ dlscontlnulty at the 1nstants of temperature change.. This
in turn 1mp11es that the characterlstlcs, glven by the
solution of Equatlon 2—14a, are stralght except for the
dlscontlnulty where they pross a thermal wave. Thus the.
-solution in thefperiods between temperature sﬁitches reduces;
to the 1sothermal problem with initial condltlons glven by
the- solution of Equatlon 2 -16 at multiples of T = n/« along
the‘C-coordlnate. The boundary condition again is y = yo'
at ¢ = 0. | - |

| Equation 2-16 can be solved by conventionalinon~
“linear algebralc root flndlng technlques such as’ Newton s
method. The 1sothermal equatlon now to be solved for a

single perlod is

Ly k., k.-1 .\ - S
éz,*:(l + l'f,fl— += y* é‘y->~==0, - (2-26)
o oL Eoou, :Di 9T -
with
o y = Yo =1 C = O T >0
y=yi-_» C>O T =0

Note that Dy “and k; are now constants.‘ This is similar to»
“the standard 1on-exchange problem treated by Goldstein o

(1953). U31ng the notatlon,,f'

then Equation 2-26;is"-,‘jﬁé{(y)-?LGS/dY)
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ry) 3 4 3T -
g (¥y) ot ' ot 0 | (2-28)

This is eqﬁivalent, according to the method‘of character-

istics, to

~

& . 4r  _ gy | » (2-29a,
1 g (M 0 ' 2-29b)
for which the solution is - | |
g’ (y)¢ =1 +Cqg | " (2-30)

y =Cy . ' (2-31)
(03,04 cons#ants)

~, Thus 1/g'(y) is fhe conéentratidn wave velocit§;
which‘is dependént on y. The characteristics emanating
| frqm boundary conditions of differing values of y will have
'differént slopes, but as shown by Equations 2-30 and 2-31,
they are straight and y is constant along them. The .

general solution of Eqﬁation 2-28 is then
¥ = £(r - g (N | : (2-32)
Consider the case in which yi_> 1 shown in'Figure
2-4a. Since g'(yi) < g’(1), the characteristics diverge
at the origin. The fan-shaped region between thé two

boundary value characteristics is called a "simple" wave

region. When . o | v ' .
T | |
£ > ——, Jy =5 ' : : :
T
y ¥y =1
g’ (1)

In the simple wave region,



Figure 2-4.. Equillbrlum theory solution for

nonllnear isotherms - 31ngle-zone step
forcing: simple-wave case..

(a) Characteristics.

(b) Effluent concentration profile.

Figure 2-5. Equilibrium—theory'solﬁtion for
"nonlinear isotherms - single-zone step.
forcing: shock-wave case.
(a) - Characteristics.

f(b)v'Effluent-concentration'profile.
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(b)
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e ¢ < T
g (1) &(yy)
the slopes emanate;from’thevorigin so that ‘
r-g'mt-o0 <2 53)
and the slepes vary centinuously. The values of Y in thls
reglon are found by solv1ng Equation 2 33, | o R
y = s'v'l (-CT—) = ;—1—(5 - (1"+ -1}‘5 - i}:» EIV (2-34)
and are shown 1n Flgure 2-4b. | | |
For the case in whlch ¥y; < 1 shown in Pigure 2- 5a,
31nce g (y ) > g’(1), the characteristics converge 1mmed1-
ately at the origin, hence a dlscontlnulty or_"shock" wave
"occurs. The speed of propagation of the shock wave, Uy,
may be feund from the fact that the discontinuity moves
vw1th a speed such that there is no accumulation of mass at
the dlscontlnulty Lettlng [y] and [ﬁ y + %——] denote ‘the
magnltude of the dlscontlnulty in the moblle and statlonary'
‘phases, and using the fact that the normallzed fluid-phase
velocity'in the 7 coordinate system is 1/(1 - 1/uth)’ one

obtains

(——'rl__'ush)[y] sh[y+l:\,
, Yth
or . ST | o
u,. = - ' : - (2-35)
R S T U
B Tuy D yi-1

'Flgure 2-5b is a plot of the effluent concentratlon for

vthls case
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Equations 2-34 and 2-35 are the basic equations for
the nonlinear equilibrium case. Figure 2-6a depicts the
characteristics for a single column with the cycle period

chosen such that - o
n _ Yh " %sh
= -
Yth Ysh -
'Figure.276b shows the effluent from:Such a column.l-As_

before, there is an optimum cycle time.

Multlple -Zone Case

" In the multiple column arrangement these long sec—
’1tions'of lean and enrlched fluid are sent through the suc-i
~cessive ‘zones. ' For the enriched section travelling through
“the second zone, the front remains a shock wave and the
'rear becomes more diffuse’. Eventually, lf‘the concentraf
tionldifference'between enriched and lean sections'becomes
| great enough, the 31mple wave can overtake the shock wave
:and dlmlnlsh the peak concentratlon This 1s what keeps
the concentratlon peak from becoming 1nf1n1te as was pre-
dicted in the llnear-lsotherm case. ThlS skew waveform is
~similar to that deScribiné conventional nonlinear chromato-
graphic pulses which was first worked out by Weiss (1945)
and De Vault (1943). | |
Because the effluent from one zone contalnlng slmple
wave reglons becomes the boundary condition for the next _
zone, the development of a general expression for n.zones‘
for the nonlinear case would be difficult.' However; the ?

two-zone case will be derived for the conditions of the



" Pigure 2-6. Equilibrium-theory solution for
nonllinear isotherms - dual-zone square-
wave cycling: Zone 1 results.: -

.(a) Characteristics.

(b) Effluent-concentration profile.

Figure 2-7. Equilibrium-theory solution for

nonlinear isotherms - dual-zone square-
wave cycling: Zone 2 results.

(a) Characteristics.

(b) Effluent-concentration profile.'
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‘ekpeniment}_ The cycle perlod was chosen to be approx1mately
that of Flgure 2—6a so that the effluent shown in Figure
2-6b was fed to the second zone.l The characteristics and
boundary condltlons for Zone 2 are plotted in Flgures 2—7a
and 2 7o for ‘each half cycle after the cyclic steady state
.1s reached. The only reglon not handled dlrectly by Equa-
tionsi2—34 and’ 2-35 is the 1ntersect10n of the shock wave
and the s1mple wave at point I. JWhen this happens, the
.max1mum concentratlon beglns to decrease from yh and the
locus of the maximum whlch 1s ‘also the path of the shock

wave is glven by :

ar* '; 1 |
= (2-36)
‘dc ush(Y2L9 y*)_ : v )

- where T* is the 7 coordinate of the maximum y*. y* as a .
functlon of 7* amd ¢ is given by the 1ntersect1ng charac—'

.teristics of the simple wave. The input function of'the_v

simple wave at ¢ O to Zone 2 is the effluent simple wave

from Zone 1 at 1, while Zone 1 is hot. Letting the

subscripts H and C indicate hot and cold, it is given by
Equation 2-34, so that | | | _v _

T = gy - (=0 (257)
Qhen ¢I> 0, the equation for the 51mple wave characterlstlcs

in zone,2<are

T =gy *eL(yL=1h (7, 2) o (e-38)

re - h (y‘, C) | v'f }7_'d »'(2%59)

SO that
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y* =h7" (r*, 0) | L (2-40)'

The equation to be solved is then

ag U (y2b’ h™ (T*,C))

The initial conditions for Equation 2-41 are the coordinates

of the initial intersection, point I. There

¥ ; ‘ ’ ,
T, = =gua(Mm) +8,. ()¢
o H“h c h
| U (Fop 9 7y) .
“so that " |
-1 : :
. gh (yh)) uSh (Y2L$ yh) (2-42)
(o] ’ : T .
o 18 () ugy (g Ty) -
. -l - . .
gw () _
T; - . H h : o (2-43)

1-8% (7)) vy, Topr 7y)

After solving Equation 2-41 with 2-42 and 2-43, y* is found

from Equation 2-40.

Amplification by the‘Thermal Wave-Velocity

This case will not be developed in detail since the
v'same»equations as in the previous section are used._.Agaih,'
however, one findsvthat therevis no longer a prediction Qf
an infinite concentration, since the simple wave region

overtakes the shock wave and diminishes the maximum.
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Comparison of Multiple-Zone and
Travelling-Wave Cases

 Before elosing this chapter,.there is one more
point?fo Be made. The multiple~zone system can be viewed
as an appfoximatioh‘of ene column with avtravelling thermal
‘wave of a velocity equal to that of the concentratlon wave.
5Slnce in the former case, each zone is = radlans out of
phase with the precedlng zone, the effect is to produce a
stalrstep wave whlch moveslthrough the zones. For a con-
stant over-all leﬁgth,las'the length of the individual ~
zones decreases, the number of zones increases. Thus the
stairstep wave: becomes an 1ncrea51ngly better approx1mat10n
to a smooth travelling wave.

On thls_generallzation, one can say that it is the
occurrence of the amplifieation by the thermal wave_propa-.
gation that one would 1ike to utilize. Although super-
ficially the multiple-zone effect seems quite different.
from this.travelling-wave:effect it is in reallty a
phy31cally practical way of 1mp1ement1ng it. Other ways
will be suggested later.
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CHAPTER 3

THE PERTURBATION SOLUTION OF THE GENERAL
EQUATIONS OF CYCLING ZONE ADSORPTION

Since the eqnilibrium theory has indicated that
a considerable separation effect is possible utilizing
cycling zone adsorption, one would next like to examine
the effect of finite rates of transfer. It has: already
‘been mentioned that ‘at least for liquid—solid systems,
heat transfer w1ll not be a problem if the natural thermal‘
v91001ty is acceptable. There will still be difflculties.'
intimposing an arbitrarylthermal velocity; this is treated
in Appendix C. However, the prime transfer questlon seems-
" to be whether the low intraparticle mass-transfer rates
Wlll allow throughputs large enough to make the process -
commerc1ally interesting. In this chapter, a 51mp11f1ed
approach to answering that question will be presented
: The ‘general equations will bellinearized so that an anaés
lyticvsolution‘is possiblesy then the response to Sinusoidal
forcing of the temperature will be found. 'This lineariza-
tion”is only valid for small deviations in the dependent'v
variables. Since the objective of this process is pre;vv'
sumably to obtain large separations, the’method has a |
restricted application, but it is useful as an initial -
approach to determining the mass-transfer effects.

If the axial-dispersion terms are neglectedvand a

linear isotherm is assumed, Equations 2-1 and 2-3 become:
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ac l-o 23X ac

3t | o 3% i Y o (G-
i& = - 2. __._E_ ¥ e -
-3t - v (L-o) (c_ c‘) : .(5 2)

where X is the _lumpéd solid—phase concentration definéd as .

|
!

X = Pg A c* (l-e) + 5:¢,* D= Al c*

where
1

A r pgA(l-e) te .

By assuming the thermal-equilibrium travelling~wave
function, Equation 2-11, and specifying a sinusoidal

| periodivc bfunction, the“for'cing function becomes:

iw'('t - z/u,,)
o - e £/ Uen

If A is linearized,

Mags ( )

- MM
~ Ao<.l - —ads (qp _ To)>
- R T2 -
_ (o]

A= ACT) - 4

and the following deviation variables are defined:

X = -l— (—‘X-,— - Co>
<, AO
» = = (c-¢p)

0
the equations become

, d - : .
CL X , ¥ . . (3-3)
3t 0 3t 3z
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—_— = - - . i
K 3% P X‘ d'y, e (3-4)
where ., .
K = _V_ El_:_ﬁ_f.g = _V_ EQ av. = moi
ZO %Map | v Zo v kMap NTU
. l1l-« !
o, o Ao
NTU = number of transfer units
’ ' ;
S Y (1-€) + ¢
H o}
AgPg (L-€) +e q T02 |
: . . - 3 '
Note that the second-order deviation terms involving a’ 2X

and d‘X have been neglected.
Assuming a solution of the form
x = X(z) el®T
o = B(z) et“?

withf chsiderable algebraic manipuiation one obtains:
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‘5 -
Re o(1) = > 5 <mo+1'u—l“>
| 1 2 1 \* th
<mo + 1 -———) + (1 - )
Ygn /- Yth

(o2}

' -d y. m
In o(1) = 0 o , (m+1-_1_>
(mou-_l_)me(l-_l_) th
th th

cos ((l ’ 1m392) w)] G

‘where QV = wK .
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Since the amplitude of the deviation is found frpm
el = (w2 e +rEEW) Y2 3-m)
the maximum amplitudés for various vélues éf uﬁh and K are
found by maximizing Equation 3-7 by searching along .

_Although the function is not unimbdal, the.absolute maximum
e was found to be the local maximum for which wis smallest.
Thus oné3étérts with @ =.0 and proceeds to increase w until
"Equation 3-7 starts to decrease. | |

For the special case of Q = 0, Equation 3-7 reduces

to the locél‘equilibrium case;bdiffering only from the linear
_dése Qf.Chapter 2 in thaf the‘condentratiohlveloéiﬁies dﬁring
ﬁhe‘hétﬁénd cbld.periods-ére'approximatedvby'theimean value

u, = u, = 1/(1+mn)

~and the optimum amplitude is found to be

24’ y u., u , '
T i u -u S . 0
1 + 7 , : th 0
. . ' ) : . » . .— |
»mod T —> @ for & —> ‘Ifor Uep = Y,

As expected in thé interphase maés~transfér case
@7 0) the amplitude is léss than ﬁhé equilibrium case, as
shown in Figure 3-1 whefg m, = 7.75 results from a_linear
: approkimation to the experimental isothermé preSentéd in
Chapter 4. In Pigure 3—2,'the effect of mass £ransfer oﬁ 

the amplitude at the optimum frequency is shown. Predicted
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.Flgure 5- . 'Effect of the thermal—wave velocity and

the frequency-mass transfer parameter on the optimum
amplitude of the cycling zone adsorptlon separation:
linearized solution.
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.Flgure 5=2. Effect of the mass transfer and the ’
thermal-wave ‘velocity on the amplitude of the cycllng
zone adsorption separation at optlmum frequency
linearized solution.
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‘values for the experimental syStem-are shown;'using the
calculations in Appendix A. Although the experlmental
study presented in Chapters 4 and 5 contalned no experlments
spe01flcally de31gned to examine mass-transfer effects, some
mass-transfer rate effects are contalned in the cycllng fre-
quency ‘study (Flgure 5 7) In order to compare the results
from the experlment, in whlch the for01ng was square-wave,
7w1th the s1nus01dal response theory aust presented, the
follow1ng reasoning was used.

| It can. be shown that for Q 0 and- square—wave
vfor01ng, the cycle averaged amplltude 1s the same as the
amplitude obtained w1th s;nus01dal for01ng,' Therefore to
| makebatrough comparison.with the theory above,'the experié
mehtal:c§C1e-aVeraged results in Figure 5-7 for 50-1401
heshdcarbonhfor the cold half cycle (since the nonlinear-
equilihrium theory predicts an exact square-wave-response'
only for thisvhalf cycle) are COmpared_with the predicted
amplitude of Fiéure 3-2. F |

Table 3-1. Optimum Frequency Response for
Single-Zone Standing-Wave Frequency

Optimum Optimum amplitude +

- frequency, - optimum amplitude at
cycles/min. Q=0 :
Predicted o - . 1. ' | :
(Figure 3-2) 042 - 0.715
Experimental ' : ' '

“(Figure 5-7) ‘.Q5vo O 0.8%
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Note that as indicated in Figure;3-2, the curves
for various thermal-wave velocities mefge into the same
envelope as the number of transfer units decreases and that
the advantage of travelling-wave forcing only occurs for
- systems having a relatively large number of transfer units.
For a given syétem, the nﬁmbér of transfer units can be in-
creased (at constant throﬁghput) by.lengthéning the cblumn.
waever,_economic considérations such as equipmént size and

'pressure drop restrict the practical length for a column;'
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_CHAPTER 4
SEPARATION OF ACETIC ACID AND WATER WITH ACTIVATED CARBON
BY CYCLING ZONE ADSORPTION - THE EXPERIMENTS

The'eeetic7acid—Water?earbon éyStem wés chosen
after some pre&iminary sereeningvexperiments mainly for
the following two reasons: (1) There is a'reasenably large
temperature effect on the eQuilibrium'dietributien coeffi-
cient, and (2) effluent eencentrations can’be'determihed
continuously ﬁsiﬁg an electrical conductiVity cell and inter-
mittently_by»adueous-phase'ECid—base titrations. Although
there is little. economic incentive for the’separation of
this perticular-system, it is similar to aqueous sysﬁems;
containing emall amounts of organic pollutants, such as
phenol, which do present a purification problem. At the
same time, although the eiperimentsvwere_limited to a
diiute.system, it is felt that the coneepts are applicable
to a wide cless of systems ovei the whole range of concen-
tration, provided only that there is a temperature effect:

on the equilibrium coefficient.

The‘Experimenfal System

Reagenf-grade acefic acid (HAc) wes ueed without =
further purification and ﬁas diluted with distilied water.
Pittsburgh Activated Carbon Company sﬁpplied the samples of
CAL type activated carbon; 12 to 40 mesh. The 20~t0-40 o

mesh carbon waseobtained by screening the originallcarboﬁ."
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The'SO-to;l4O mesh size was obtained by grinding the origi-
ﬁal carbon with a mortar‘and pestlérahd then screening.

Equilibrium-distfibution isotherms for the 50-to-
140 mesh carbon were determined in batch experiments in the
following way. For each point, a measured amount of carbon B
was weighed into a plastic bottle to which was added a
measured vOlumé of HAc of known concentration. The bottle
was sealed and the system equilibrated by tumbling in a
cOnStant-temﬁéfaturé bath for three hours. Then a sample
of the solution was quickly separated from the carbon and
ﬁitrated. ‘The amount'adéorbed was determined byvdifference;
ﬁence the preféféntial adsorption}isotherm'was determined,
ré%hér than therindividual?component iso£herms. The pref;
erential adsorption, q is determined by the relation

qQ = ;3 (e, -¢)

wherevVo is_the;yoluﬁe_of HAc solution of.ndrmality coT
-originally added and wo ik the original weight of the car-
bon added. The final conéentfation, ¢, is the ¢oncentra—
tion in équilibrium with q at the constant temperature.
-lvThe results are shown in Figure 4-1. The coeffis

 cients for the least-squares fit of the data to the Freund-

: lich isotherm _ ,
1n g = 1n A(T) + k(T) 1n c

are shown in Table 4-1.
The necessary carbon parameters, shown in Table

4-2,  were determinéd as follows. The particle density,ﬁ



Concentration of HAc in Solid Phase, q

moles / kg. dry carbon
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'Flgure 4-1., Preferentlal equilibrium adsorption
isotherms for aqueous HAc on Plttsburgh activated -
, carbon, CAL type, 50-140 mesh. :
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Table 4-1. Freundlich Equilibrium Distribution

Parameters?
Temperature, °C A K k
4. - 3.646 . . 0.3052.
60 0 3.019 . 0.4119

, The units of A are (moles/liter dry carbon)
(lluers/mole)

~ Table 4- 2. Activated Carbon Physical Parameters

 Mesh size

| 20-40 _50-140 | Units

'_Structurél deﬁsity; ps.:'1f728v 1.820 o g/cmBﬁ;'

Particle density, g 0.8018 0.7822 g/demu
" -Intraparticle S -

- void fraction, € 0.5360 . 0.5702 C =
Interparticle? o , : A
void fraction, a A438-.473 .426-.443 -
Particle diameter, a .420-.841 .105-.297?7 ] mm, _'
Heat capacity,’ C, 1 0.25  0.25  cal/g="C

aDepending on particﬁlar_experimeﬁt.j

bSupplied by manufacfurer.
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pé, was detérmined}by evacuating’a small confainer}of
¢arbon particles and then allbwing‘hercury to enter. the
_ container at atmospheric pressure. The mercury was assumed
to be unable to ehter the pores. The structural density,
Pys was determined in the same way, but using water, which
‘was assumed to’ enter the pores. This procedure results in
a lowér structural density'than using helium, since water
can‘not enter the very fiﬁe.pores that helium can penetrate,
~but it was felt that this allowed one to obtain a more
_réalisfiéLmeaSure of the intraparticle void fraction, é;
‘aVailable“to the”aqueous éxperimental system. The intra-
partiqle_void.fraction was calculated using the relation
| € =1- pp/ps
The_iﬁterparticle void fréction, o, which depends on the
manner in which the column is packed, was calculated from
: fhe"reiatioh |
Wo'
PV

a =1 -

where W  is the weight of carbon in the column and Vp is

the volume of the column when empty.

1 The Eiperihental Apparatus

| _ The experimenta1'apparatus is shown iﬁ Figure-4-2
and séhematically in Figuﬁe 4-3, Thefheart‘or the system ié
the COlumn.section,.shown in Figure 4-4; which,wiil be dis;:

cussed first.



Figure 4-2.

XBB 692-1395

Experimental apparatus for cycling zone adsorption.
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for cycling zone adsorption. v
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Figure 4-L. Column and analyzer section of experimental apparatus
containing (bottom) jacketed adsorption column, heat regenerator,
insulated adsorption column, and (top) concentration analyzer.

64



65

Column Section

Various arnangeméntS'were used’for'this“section to
test several process 1deas. The set-up in the flgure con-~
sists of (from the bottom) a Jacketed column, an 1nsulated
heat_regenerator, and an‘lnsulated column, but this was
only one of sevenal arrangements. Also shown at the top
nof the figure is the analyzer, which will be dlscussed
‘later. All the components of- the column section used 1n
any of the experlments are shown in Flgure 4.5,

| The adsorptlve columns themselves were packed with
glass spheréslat both ends for flow distribution. The |
carbon particles.were introduced in a water slurry. The
walls of the column were tapped as the partlcles settled ’
to eliminate air bubbles and insure a uniform packing.
The glass wool was used to keep the carbon in place.
v | ‘The polyurethane foam insulation has a heat conduc—
tivity of 1. 93{10*2 Btu/hr—ft-°F, the one- 1nch thlckness
restricted the heat loss over the length of the columns at
the experlmental flow rates to only 10% (see Appendix B),
The column jackets were standard glass laboratory condenser
jackets.'“The'heat regenerator was made of phenolic plastic’
to minimize longitudinal’heat conduction along the walls
and was filled with particles-having heat capacitj,but no
mass. adsorptlve capacity, such as glass spheres or staln—rv
vless steel granules. Its operatlon is more fully dlscussed

in Appendix B. As is ev1dent from the figure, the pre-

" exchangers are similar to the adsorptive columns, but
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Figure 4-5. Detail of column-section components.
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are packed with glass particles. These act.as simple heat
exchangers.

. The components of this sectlon were s1mply linked

together by short lengths of neoprene tublng

Peripheral Equlpment

Except for the column section, the equipment:
remained the samedfor all the experiments and comnsisted

of the following systems.

Feed Supply and Effluent-Removal System. The

reserv01r was a 13-gallon Nalgene plastic bottle with a =
3~ 1nch hole cut in the screw cap to allow glass tublng to
extend through it after screw1ng it down on a rubber
stopper inserted in the bottle. The llnes carrying HAc
solution were 0.375-inch Eastman nylon to eliminate corro;
sion. A rotameter was used to measure the solution flow .
which‘wasvdirected by glass stopcocks and_controlled'by'a
0;125—inch'stainless-steeldneedle valve. When gravity feed
did not provide sufficient flow, an air pressure system was
used, employing the laboratory air supply with a pressure
reduction valve. The pressure was hever alloWed to exceed
_10 psig in order not to burst the Nalgene plastlc reservoir
‘bottle. The effluent was’ s1mply led to a 5- gallon glass;

bottle and was discarded.’

Square—Wave Temperature-Generation System. A

column was malntalned at one temperature by pumping water

from one of the baths through the Jacket of the column
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_ When it was time td‘opérate'at the other.témperaturé, flow
from this bath was stopped and flow from the other bath was
begun. The two constant-temperature baths werelﬁsed.v.Each
céhtained two submersible pumps whicﬁ recirculated cooling
:and héating water at 1.0 liter pef_minute through the
Jackets of the dolumnsvby way of 0.375-inch Tygon tubing.
The water flows were direcﬁed by means of C.B?B-inch soie-
npid.val?ésg thé temperatures df the two zones.(golﬁmns)
could be'forcéd independently of each other. The Valves'
wereVSWitched'éither manually or automatically.using é
spééially\cohstfuctéd‘repeat-cycle timer with indepéndentlyv
'adjuétable Qn/off cycies. Ordinary_temperature-contrdller ,
rélays Were modified by increasing the capacitance in their
time delay circuits to delay the exit solenoid switching by
about 15 seconds because of the time'delay caused by the
hold-up of hot and cold water in the jackets and Tygon
1iné§. This Was simply to avoid reﬁurhing hot watér to tﬁe
cold bath ‘and vice versa. The hot reservoir was controlled
by a»mercury temperature relay and three 500-watt knife
heaters. The cold bath was maintained with ice. Both were
stirred. The degree of success in producing a theoretical-
ly square wave can be seen in Figure 5-8 in the Results
chapter.

Measurement Systems. Temperatures and concentra-

tion signals were recorded on a Speedomax G dual-channel

strip-chart recorder with a chart speed of 15 inches péf

" hour.
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Temperature.' Copper-constantan thermocouples of

Omega fype had the thermocouple w1res embedded in ceramic
and encased in a thln sta;nless-steel jacket of 0.125 inch
outside diameter. The wifes themselves were fine‘(30—gauge)
and the Jjunction sphere wes less than .06% inch in diameter
' so that the time lag of tﬁe thermbcouple.was'negligible.
Each hot Junction had an independent ice junction. The
millivolt thermocouple signal was amplified by a dc micro-
volt amplifier with a zero~suppression circuit and led to
the recorder. The accuraoy of the recorder was checked
with a potentiometer. Standard thermocouple tables were

used to convert the readings to temperatures.

4Concentration. The‘eléctrical resistance of the

effluent solution was measured continuously using a Beckman
.flow conduct1v1ty cell (Flgure 4—6) of cell constant 1.0.

As shown in Figure 4-7, the concentratlon is a functlon of
the res1stance. ‘Slnce the resistance is also a falrly
sffong function of temperatﬁre, as shown in Figure 4-7, the
effluent had to be returned to a constant temperature before
entering the cell. This was accomplished by the heat ex-
changer of‘Figure'4—6. Constant-temperature water was used
in the baffled jacket at the rate of 4.5 liters per minute.
The porous plug was found to give very hlgh heat -exchange
rates. At a solutlon flow rate of 6.90 ml/min, the efflu-k
ent sample stream requlred 3 minutes to pass through thls :
heat exchanger. There was also a flow of constant- _ o

temperature water of 0.75 liters pereminutevaround the
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Figure 4-6. Detail of ‘analyzer-section compbn'entsl."'_
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Figure 4-7. Effect of concentration and tempera-
ture on the electrical resistance of aqueous
HAc solution.
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flowfcell itself. The temperature in the flow cell
deviatedvless thau 0.2°C for 60°C column temperature
cycles, this was found to be adequate.
The res1stance was determlned with an Industrlal
Instruments electrical conduct1v1ty bridge, which was
: modlfled by adding an ampllfler and rectlflcatlon 01rcu1t
to rectlfy the 1000 cycle/second output from the brldge
when it was slightly off balance. This signal was demou—
strated to be linearly proportional to'the differenoe'be?
tween the res1stance belng measured and that of the brldge
_settlng over the recorder range. — |
| Although the continuous conductivity recordlng was

veryvhelpful for determining when the cyclic steady state
had been obtained, for determining wheén to sample,:ahd for
rapid qualitative comparisous between eXperiments, inter~
mlttent ‘effluent sampllng, followed by sample tltratlon, 
twas used to obtain quantltatlve results. The two reasons
for thls were that the nonlinear res1stance-¢oncehtration'
tand temperature-concentration functionalities made data |
reduction very time consuming, and that step-concentretion»
experiments showed a considerable amount of backmixing iu |
the heat exchanger at the low experimental'flow rates so
that sharp gradients in the true effluent concentratiohs-d
| were souewhat smoothed. The intermittent samplinngae
.performed by sampling from an outlet immediately efter'thed
last column for 30-second periods at eppropriate_intervalé,

such as every 50, 100, or 200 seconds, depending on the
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experiment. Thus about'3 millilitérsvwerélcoliected-in S
each sample. bottle, of which two were used}in the titration. .
Either 0;10,,0;01, or 0.001 N NaOH solution was used as
titrant, depending on the expected conéentration range of

the sample.

Data Reduction

Affer determiﬁiﬁg;the'éémpié,éoncehfrafions;.fhésé'

‘ ﬁéré plotted'énd a line ﬁ£awﬁfthrough thé pdints, cqnsistent
Qiﬁh'addition31 informafi6n"frdm the continuous recording.
Cycle-averaged concentratiohs and cycle-averated éeparation
féctors were determined by planimeter integration of these
rlots. For this purpose, the cycle is defined aé the

period of positive (or heéative) deviétion from the feed
composition, not necessarily the period of heating (or
cooling. | | |
| Original data is in laboratory notebooks on filevin
Professor R. L. Pigford'é‘office, 125B Lewis Hall,‘Univer—

sity of California, Berkeley, California, 94720.
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CHAPTER 5
SEPARATION OF ACETIC ACID AND WATER WITH ACTIVATED CARBON
BY CYCLING ZONE ADSORPTION - THE RESULTS
AND COMPARISON WITH THEORY

This chapter will show the feasibility of cycling
zoné adéorption and fhe enhaﬁced separation gained by using
multiple zOneé. The nbnlinear-eQuilibrium thebry.willlbe
applied to the experiments with 504140 mesh carbon to find
out how wéll thelobservéd wave distortion can be accountéd
for under this assumption.

The experimental éfrangement in the column sectiqn
of the apparatus is shown in Figures 5-la, 5-1b, 5-2a, and
5-2b for the variousvexpefiments. The rest of the figures
report temperature and concentration profiles from the ex—
perimental runs. The theoretical lines}arevthe>equilibriﬁm—
theory calculations assuming an ideal square wave of-tem—
perature and the isotherms of Figure 4-1. |

Details of the experimental conditions noﬁ'men-
tioned on the figures are included in the appendix. to this

chapter.

Applicability of Equilibrium Theory

| Figure 5-3 is the base experiment to which‘the“.
- equilibrium theory is applied. The theory is seen to giﬁé
'~ adequate results, although it somewhat overestimates the
peak values obtained experimentally. This ﬁéy'be due to_;r

deactivation of the carbon after repeated cycling. It
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would probably have been better to obtain isotherm date
on carbon that had underéone cycling. Also, there is some
mase trensfer dispersion present at those operating con-
ditions. Figure 5-4 shows how this mass-transfer effect
increases with particle éize,bcauSing_the expected spread-

ing out of the tail of the effluent concentration profile.

Single-Zone Standing-Wave
Experiments - Figure 5-la

| For Figure 5-5; a linear ihterpolation was medevin
the isotherm parameters, A and k, in order to obtain param-
eﬁers at the intermediate temperature, for the theoreticel
‘calculation. The two smaller thermal‘amplifudes were
- chosen equal but at a high and a low base temperature. The
vfact‘that the‘separationfin each case was nearly the'same
is a partieular.result for this system. One notes a slight
improvement in'the'maSS transfer in the high-tempereture
range; this is expected because tﬁe HAc-water diffusion ==
coeffieient increases with temperature (Appendix A4).
o The results in Figure 5-6 illustrate two very
important'cbnsiderations in the design of a cycling zonee'
adsorption process. |

(1) Iﬁ this example of e'highly nonlinea: system;

‘the wave veiocities are very differeﬁt in the three ceﬁ—
eehﬁration ranges. Thus the more separation.one is“able
to obtain in this system -- in other words, the greater the
difference between the high énd low concentratiohs - the

larger will be the difference in the concentration
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velocities during each hglf cjcle. This suggésts that'

some recycle arrangement may be necessary in these cases.

(2) 1In this system,Athe isotherms at these upper

and lower temperatures intersecﬁ at abouf 5N (Figure 4-1).
One observes that the separation decreases rapidiy as the
feed approaches this concentration. VThis is analogous tb
an azeotrope in distillaﬁion and places an upper limit on
the concentration thét can be achieved usihg this sysﬁem.'

_:The results in Figure 5-7 substantiate the theo-—
retical pfedidtion that there is an optimal cycle frequency
givihg évmaximum in“the a&erage separation factor. In the-
pféSenéé of finite rates';f méss transfer, the fféquency‘
variation has an additionél effect on the separatioh as
shown in Chapfer 3. This;is a monotonically increasing,
attenuatibn as the frequency is increased. Thus the peak
~separation factorhdoes nof'remain constant with frequencj '
as prédigted by equilibfium theory. " The column can notv3
f.switch'between equilibrium values instanténeousl&, and at
high frequencies it doés not have time to réspond to one
switchvaftér the'temperature‘is changed before the témfl
v perAture'is changed again; Also, at very high frequeﬁcieé,
the distortion Qf‘the tembefature square wave contriﬁutes_

- to this effect.
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Single-Zone Travelling-Wave
Experiment - Figure 5-1b

The comparison of temperature responses for the
standing- and travelling-wave experiments is shown in Figure
5-8a. The theoretical curves are plbtted from Equafion
2-11 of Chapter 2 with an estimate of uth'for the'travelling—
wave case calculated from heat capacity-and density data
and the measured void fraction. Equation C-1, including
the Wall'éépacitance, was used. Note that thé curvature in
the éxperimental outlet thermal response is aiﬁoét entirely
due to the nonideal squaré inlet temperature function;

Thus Equation 2-11 is a very good approximétioﬁ for this
system. Note that there is an attenuationbin the.amplitude
léf‘fhe tfavélling‘thermai wave between inlet énd outlet of
approXimately 10 percent aue to the heat 1loss through the
insulation of the column (Appeﬁdix B).

~ Figure 5-8b shows the comparison between the efflu-
ent conéehtrétion for the two cases. As prediétéd from
theory, ﬁhére is a slight amplification in the high and,low'
| peak values for the travelling-wave case, although, since
the thermal-wave velocity is still much larger.than the
concentration velocities, the effect is minor. Since the
vconcentration velocity during the heating period is larger
Vthan during the cooling period, the effect of the traﬁél-
_ling wave is greater. The larger discrepancy between the |
theory and the data during the heating period than in_ﬁhe;
standing-wave case occurs because the maés-transfer dis-

persion has more effect on this narrow peak.
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Double-Zone Standing-Wave
Experiments - Figure 5-2a

The comparison befween the one-zone and the two-

~ zone experimentS'is shown in Figure 5§9b with the tempera-
ture forcing shown in Figdre 5-9a. As can be seen from the
separatlon factors and the curves, the second zone provides
a considerable enhancement in the separatlon. The correct
low concentration is preddcted from eduilibrium theory, but
the'highéconcentration peak is narrow ehough to‘ha&e been
conSiderably'modified by the mass-transfer disperSion.

Also; itvis evident that the fact that the isotherms are
nonlinear, causing the concentration-wave velocities to be
concentratioh dependent, is important in this case. .Figures
2-6 and 2-7 are helpful in understanding these results.
Because thelhigh concenfration peak travels faster than,
for example, the feed concentration, this peak can pass
through the second zone and out before the zone is made hot.
Thus it'never gets shifted to an even higher concentration.
To obtain this shift, one would have to make the cycle fre—'
quency‘for'the second zone higher than that of the first}

| Figures 5-10 and 5-11 show the results of varying‘
the cycle frequency and the forcing-temperature phase relas
_tionship for the two-~zone sjstem. Larger mesh size parti-
cles were used in this study, because after exten51ve-
cycllng, the smaller particles packed together S0 tlghtly
that the pressure drop across the two columns exceeded the

design pressure of the apﬁaratus. The decrease in mass-
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transfer rate attenuaﬁéd'the separation effect in compari-
son to the results for the smaller particles, but the re-
spbnse was generally similar. Again the existence of an
optimum cycle freguency is confirmed in Figure 5-10.
‘Figure 5-11 indicates that there is an optimum
phase lag, as theoretically predicted.' Since the cjcle'
frequéndy was chosen to dorfespond approiimétely with the
sioﬁer COncehtraﬁioﬁ velocity (fhat in the éold‘period),’an
exahihaﬁion of expression 2-20b reveals that the optimum
phase lag should be in the range of”approximately n/2 to m.
The'experimental.location of the optimum corresponds to |

this prediction.

Double-Zone Travelling-Wave
Experiment - Figure 5-2b

Figure 5-12 illustrates the feasibility of using
interstage exchangers andfthe fesulting travelling waves
in the multiple-zone arrangement. There is a slight-im—
provement in the travelling-zone separation eveﬁ though
the amplitude of the forcing temperature wave was slightly

smaller than in the standing-wave case.
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| APPENDIX TO CHAPTER 5
© DETAILS OF EXPERIMENTAL CONDITIONS

Forcing: Step or square-wave cycling in all expefiments.
Flow Rate: 6.90 ml/min in all.exPerimenfs

Mesh: Refers to partiéle;siZe..

Feed: Refefs to concentration of feed.

Temp.: Refers to extreme values of experlmental step or
square-wave. _

' Freq.: Refers to frequency of cycling.

Phase Lag: Refers to phase lag of the temperature of Zone 2
relative to Zone 13 if negative, indicates a phase
lead - this lag does not include res1dence-t1me lag
between zones.

Single Zone
Standlng—Wave Forcing - Figure 5-la

(a) Step—Forc1ng Ef fluent-Concentration Profiles.
See;Figure 5—83 for Temperature Profiles.

Figure 5-3

Mesh: 50-140 -
Feed: .0610 N
Temp.: 3.5-58.9°C

Figure 5-4 ‘
Mesh: Variable
Feed: .0610 N
Temp.: 3.5-5879°C

Figufe 5-5 é
Mesh: 50-140

Feed: .0610 N
Temp.: Variable

Figure 5-6

Mesh:  50-140
Feed: Variable
Temp.: 3.5-58.9°C



(b) Cycling-Fréquéncy Variation - Figure 5-7

B cpk/c&,pk-
e

L,av

°n;av
refers to ¢ > co

refers to ¢ < cO
Mesh: 50-140
Feed: .0610 N
Temp.: 3.5-58.9°C

Travelling-Wave Forcing -~ Figure 5-1b

- Step-Forcing Effluent-Concentration and
Temperature Profiles. :

Figure

Dual Zone
Standing-Wave

Figure

.,Figure

s 5-8a,b

Mesh: 50-140
Feed: .0610 N
Temp.: Nondimensionalized using

5.5°-58.9°C *

Forcing - Figure 5-2a
5-9aab

Mesh:  50-140"

Feed: .0647 N

Temp.: Shown '
Freq.: .030 cycles/min
Phase Lag: n radians

5-10

Mesh: 20-40

Feed: .0610 N

Temp.: 3.5-58.9°
Freq.:. .030 cycles/min
Phase Lag: Variable

Travelling-Wave Forcing - Figure 5-2b

Figure

5-12

Mesh: 20-40 .
Feed: .0610 N

Temp.: Standing wave - 3.5-58.9°C
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Lag: = radians
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CHAPTER 6
CONCLUSIONS

It has been demonstrated theoretically and dn a
laboratory SCaié that the‘cycling zone adsorption process
is feasible. Significantiseparations are predicted mathe-
matically using the eqﬁilibrium theory, at least when the
isotherms are not too nonlinear. Experimentally, signifi-
cant but by no means complete separations were obtained
~using a syStem;with nonliﬁear isotherms. Particularly
evident was the predicted‘increasé in separation power
gained by’uSiné multiple zones in series. Furthermore,
it was demonstrated that the cyclié tranéfér of thermal
energy in‘énd out of the éones, which is essential ﬁdvthe
process, can be accomplished very efficiéntly in liquid—

. solid systems by the use éf the natural travelling thermal
wave propertieé of the zoﬁes.

On the basis of these conclusions and with the
advice of the Atomic Energy Commission, a patent applica—
tion on the process has béen filed.

On the other hand, certain difficulties in the
process are evident. First, the small shift in the equi-
librium isotherms for moderate temperature changés means
that at least several zones will be required for signifi-
cantfseparations. Since Ehe addition of each zone means

an additional heat duty, the thermal requirements for the



96

process may be high. inéernal reﬁséhéf the'heaf ié cer-
tainly possible, however, though there seem to be problems
in using heat regeneratofs for this purpose (Appendix B).
The experimental results and the predictions of
Chaptef 3 indicate that low mass-transfer rates mérkedly
attenuate the separation from that predicﬁed.using'the
equilibrium theory. In order to decrease this attenuation
effect for this iﬁtrabarticle'dffquionécontroiled system,
‘one must operate at low flow rates or with fine adsorbent
parficles,ﬁthus restridting the:throughpﬁt poSsible.with
the process. This probieh is aggravated in the event that
‘a large number of zones are reqﬁired'from the equilibripm '
.theory. . j - | o
- The presénée of dispersion céused By thé'nonlineér‘
isdthérms‘aﬁd‘finite”masS}transfer rates indicates that
SOQe recyéle may be neceséary. In other Words, one may'
want tb:réCOver only the beak concentratibn durihg‘thé
éyclé; réturning the rest to the feed stream to‘be refed
to the zohe at the proper_time in the cycle. 'This, hbwever,
would increase equipment_énd operating cbsts. -
The procedure of using imposed thermal traﬁelling
waves is, presently, only -a theoretical‘idéa, which can Be
dembnstrated mathematicélly to be very advantageous; Accord-
ing}to Chapter 3, there is no point in using such'an imposed
wave instead of the natural thermal wave_unlesé there abe é
1arge number of transfer units; in this case, there'is_a 3

'significant advantage. The physical feasibility of imposing



97

‘the travelling wave has not beeﬁ'invésfigated in this
thesis. If expefimentation should prove that it is not
physically feasible td impose a travelling thermal wave,
the effect still occurs for any intensive variable that
shifts the solid-fluid equilibrium. Certain variables such
as electrical or'concentrétion fields may be more practical
than thermal fields to impose as travelling waves, and thus
amplify a small Separation effect.

‘It is the present conclusion that cycling zone
adsorption is an attractive process which may'econbmically
solve manyvdifficulf separation problems, particularly the
intermediate scale separation of biological and isotopic
materials which now must be performed chromatographically.

Two immediate goals of future research on the
cycling zone adsorption process should be a more detailed
analysis of the mass transfer aspects of the process and an
experimental investigation of the amplification effect of
the interaction between the travelling thermal and cohcen—
tration waves. This should provide enough information for
a cost estimation of sevefal possible commercial-scale
separations using the presently evolved form of the process.
If these results arelencouraging, the separation of a system

of several adsorbed solutes should be investigated.
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NOMENCLATURE
(Dimensionless unless specified)
solid=-fluid equilibrium distribution parameter,
units dépend on function, | |
P Al - &) +g, lumped solid-fluid equlllbrium

dlstrlbutlon parameter._

‘heat capacity, cal/g - °C.

a/(1 - a)p Ack -1

, mobile fluid-solld
equillbrlum mass capacity ratio.

EIDI’ ‘effective intrapartlcle diffusivity, cme/minv

mass molecular diffusi#ity; cm2/min.

thermal molecular diffusivity, cm2/min.

a/(1 - a)e, mobile~immobile fluid mass capacity

',ratlo.

eddy axial dlsper31on, cm2/m1n.

volumetrlc flow rate, ml/min.

superflcial velocity, cm/min.

differential heat of adsorption,.cal/mole.
imaginary nnmbér operator. |
mo/NTU, mass traﬁsfer units.

mass flux, moles/min—cm2.

heat flux, cal/mih-—cm2
number of transfef units.

v Zo/(ED + Dy, thermal axial dispéréioh parametéf.

= dpv/ED, axial dispersion Péclet number.:

= dpF/DI’ flow Péclet number.
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P =h_a 2 /avp;Cp, radial therinal loss parameter.

R - = gas bohstant,'éal/gmdle-°c. ’ |

vRe = real number operator.

s = cross~sectional area (of bed if not subscripted),
cn®. |

T = temperature, °d.

7 I fetal velume of bed, emdi

T , .

wo = welght of active adsorbent in bed.

wtot = weight of total packing in bed.

X | = pS;Ac* (1-€)+e c*, lumped solid-phase concen-
tration, moles/liter of solid.

Z0 = length of bed, cm.

a = gurface ares / bed volume ratio, cm™ 1.

c = fluid concentration, moles/liter.

c* = fluid concentration in equilibrium with solid-
phase concentrétion, moles/liter.

dp \ = pafticle diameter, cm. _ | |

d = A p  (1-€) MH_, (Ty-T)/ (A p A=) +e)RTZ.

f(x) = arbitrary function of arbitrary parameter.

Tags = pgeg(l- €) Mo Apax = 950 7/ (Ty = ‘I‘o)(pscé(l -e) +
pfcfs), heat o: adsorption parameter.

g(y) = nonlinear equilibrium distribution function.

h = heat transfer coefficient, cal/cmg-min-°C.

= exponent in Freundlich isotherm.

gh‘

mass transfer coefficient, cm/sec.

thermal conductivity, cal/cm-min-°C.

i<l
3
]

libg A', solid-fluid mass capacity ratio parameter.

B
[
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zone number.

P/4utht,vaxial dispersign parameter.

Putht/ﬂ, axial dispersion parameter.

general periodic.fﬁnction of frequency w,
amplification factor.

solid-phase concentration, moles/kg dry solid.

(q qo')/(qmax q 5, solid concentration.

Vradlus of bed wall.
time, min.

3t'V/Zo, time in bed residence times.

cyclé period.
wave velocity.
average:concentfation wave velocity.

interstitial fluid velocity, cm/min.

’c/co; concentration in fractions of feed

_cohcentration.

maximum in concéntration,

cycle-averaged ¢oncentration.

z/Zo, axial disﬁance in fractions of bed length.

axial distance, cm.

interparticle void fraction.

yh pk/'yL pk? peak separation factor

<yh)/(y4), cycle-averaged separatlon factor
concentratlon_velocity deviation variable.

phase lag, radians (if negative, refers to phase.
lead). | |

intraparticle void fraction.
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€1 = effectiveness factor for diffusion through solid.
¢ = 7, axial distance.

] = (T-—To)(/TH-TO), temperature.

p = density, g/cms. |

pp = particle densit& of solid including intraparticle
; void, g/cm5.

Pg = structural density of solid, g/cm5.

] = SW/S, wall—to—bed cross-sectional area or volume

fraction.

T = t-z/uth, time.

Tf = g~-coordinate of maximum in concentration.

® = (c-co)/co, fluid-phase concentration deviation.
© = the z-only dependent part of o. |

X = (X/Ao“-co)/co, solid-phase concentration.

X = the z-only depeﬁdent part of Y.

W’ = frequency, radians/min.

w = w'zo/v, frequency.

Q = WK, frequency—mess transfer parameter.

Subscripts

ads = adsorption

air refers to environment outside of system.

.av = cycle-averaged. |

C | = cold.

c = conoeﬁtration}
iy = feed condition.

H = hot. e

h = high.
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refers to nature of transport: I =M, mass;

I=T, heat.

i = conditions after a concentration characteristic
crosses a temperature boundary.

i-1 = conditions before a concentration characteristic
'cros$es a temperature boundary; if i = hot,
i-1 =.cold,vaﬁd'vice versa.

ins = insulation. .

L: = low.

méx- ¥vmaximum._

= zome number.

o 5}avérage condition or feed conditioﬁ.

ﬁ. = particle.

vpk = peak. ' ’

s = solid. |

sh ='concentraﬁion shock.

w = wall. r

th = thermal

Superscripts |

C = cold;

H = hotf

M_' = mass.

T = témpératufe.
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APPENDIX A

THE CALCULATION OF TRANSPORT PROPERTIES AND HEAT
OF ADSORPTION EFFECTS FOR THE PROCESS

Transport Parameters

The general corrélation of'transporf properties in
fixed-bed systems due to Vermeulen and presented in Figure
16—9*of Perry (1963a) is used to determine;fhe COhtfolling
modes of mass and heat transfer in the experimental system
and to calculate estimates of the height of a transfer
unit HTU, in the column for these transport processes.

The flow Péclet number is calculated for the average diam-
eter, dé, for the two particle sizes. The value of the 7
HAc-water diffusivity coefficient was found in Dryden and ‘
Kay (1954) as was the effectiveness factor for porous carbon.
The latter is only approximate for the activated carbon of
this experiment, since it is not from the eame manufacturer
as that of the Dryden and Key Study. The variation of the
diffusiVity with temperature for dilute aqueous acetic acid
.solutidns was_estimated-féom Othmer (1953) usiﬁg ﬁhe»mbial
volume calculatiqn of La ﬁasv(see Sherwood and Reid,'l958).
The thermal diffusivity of water was found in Kreith (1965).
The flow'Péclet number and the effectiveness factor

‘are defined as

i F
Peryoy. 1 ° » '
’ D; S (I =Mor T)
Deff,I
8 ——pmm——
I D
I

. The correction to Figure 16-9 made by Vermeulen
(1969) is used. 7
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\6.94 ml/min, volumetric flow rate

S_= 0.785 ¢ﬁ2, superficial cross-sectional_area

where F

of éolumn

d. = 0.06.cm, 20-405mesh,»average particle diameter
0.02 cm, 50-149 mesh, " AL

Dy = 7.88 x 107% cn®/min, HAc-water diffusivity at 25°C

M
Dy = 8.55 x 1072 on®/nin, water thermal diffusivity
. at 25°C |
Deff = effective diffusivity in porous carbon
€y = 1.4 x 10-2, effectivenessvfactor of carbon for
mass transfer’ .
'ET = 1.0 | o effectiveness factor of carbon fof

heat transfer

" Note that the thermal effectiveness factor, ep, is
estimétéd to be approximately unity since heat can be trans-
ferred through the cafbon and alsofthrOugh'the liquid-.
filled pores. The height of a transfer unit, HTU, is found
'ffom the graph using the relationship

HTU = fEL
- . NIU
The results are shown in Table A-1. ‘The variation of the

mass diffusivity‘with temperature are shown in Table A-2.

Heat of Adsorption Effects

The importance of the heat of adsorption term in
Equation 2-4 will be examined. Nondimensionalizing the

dependent variables and rearranging, Equation 2-4 becomes

I



Pable A-1l. Mass and Thermal Transport Parameters

for HAc-Water-Activated Carbon System

“Thermal

108

‘ Mass - -
- Mesh Pe ‘HTU, HTU,
size flow,T - Mode ©cm flow,M Mode cm
50- Axial 5 Particle |
140 2.7 dispersiam 0.05 = 2.24x10% diffusion 4.0
con- con-
“trolling trolling
20- ' Axial ; 5 Particle
40 6.2 dispersion 0.2 6.73x10° diffusion 60.
- con- o con- '
trolling trolling

Table A-2. Dependence of HAc-Water
Diffusivity on Temperature

Temperature,
°C

4
20
25
60

Diffgsivity,
cm</sec

0.69
1.11

1.31

2.50
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’

o - _ ‘1. R
9 '(9_ _ psCs(l"e) AHads . 9 pax ~ 4 min.a) (4-1)
T 00 (1-e) Hpglpe Ty - Ty
-ha - ‘
= ap _6)

o . _ (o
(pCo(l-€) + ppCpe)(1-a)  °

where ql_ql .
q = — ? » solid concentration, dimensionless.

’
9 pax ~ %0
¢ ’ . ' . .
Q pax® o ° Daximum and average solid-phase con-

trations encountered during the process.

Therefore, 8 and g are of the order of magnitude
of unity so that if

! . i ’
_ .ps(l-s) M4 9 pax - 99
= - << 1,

fads

the term is negligible. Since

T, .~ 60°C
- .
To 'fBOC
qiax ~ 2 moles/kg.

q), ~ 1 mole/kg
1.820 g/cm’

Pg =
C,  ~ 0.25 keal/kg
e = .5702 -
.1AHads ~ 5 kcal/mole_(an upper estimate for van der

Waals adsorption for liquid-solid systems)
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then

fads = 0.169

which may be considered negligible. However, this quantity
is not so small that the effect could never be important in

other fluid-solid systems.
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.APPENDIX B
THE USE OF INTERSTAGE HEAT REGENERATORS TO INCREASE
THE THERMAL EFFICIENCY OF THE PRCCESS

It is obvious that the multiple-zone arrangement
will require'a@ditional'heating and cooling for each suc-
cesSive'zone..lThe'use of countercurrent heat exchangers
is possible, as was demopétrated in the experiments, and
different streame in_the irocess could be exchanged against
eachﬂbther to iﬁcreaee efficiency. However since the |
prOCesé itself is cyclic, the use of eyclic heat exchengers,
namely heat regeneraters,‘seems an attractiveVChoice, and
the idea is examlned in thls section.

From the theory in Chapter 2, the stream comlng from
zone 1 in Flgure 2-2 in the time period T =0, n/u>1s hot and
_ should enter zone 2 cold during this period. Thus it is
héceésafy to change the stream from hot to cold, beginning '
at T = 0. Note that'thie T = 0 for the second zone can be
delayed'felative to the first zone by a residence time lag
in an ihterstage exchangef, but when the fluid leaving the
first ZOne at 7 =0 does arrive at the entrance to zone 2, it
must be cold. This can be done by making the: exchanger have
thermal capacity, so that the thermal wave through the ex-
changer is delayed because of heat exchange between the
stream ahd the packed bed of glass spheres or other partieles
haVing no mass adsorption capacity. The desired situaﬁion is
-shown ih Figure B-1, assuming that the thermal equilibrium

travelling wave equation, 2-11, is valid for the heat
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to zé,ne 2

HOT _ COLD _HOT

| Figure B-1l.

from zone |

XBL 697-936

Characterlstlcs for interstage heat

- regenerator to reuse heat in multlple zone cycllng

'~ zone adsorptlon ’
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regeneraﬁor. ‘The cbncenﬁration charactéiistics travel at
the fluid velocity since there is no mass adsbfptibn; In
the diagram, t and z are ﬁondiménsionalized using the length
and residénce time of the:exchanger. it is necessary to |
héve the regenérator'largér than a zone, br to have it
filled with material haviﬁg a‘vefy high heat capacity, in
order to have a thefmal'charaéteristic from one switch
point intersect the fluid' characteristic from the successive
switch point at the exitléf the regenerator.

The two main problems encountered in implementing 
_thé scheme experimentally'are the thermal axial dispersion
and the thermal losses through the walls. |

AxialvDispersion

Since the residence time in the exchanger is_lérger
than in the column, the thermal wave passes more slowly
through it, allowing time for axial dispersive effects to
"océur;;hence Equation,2—ll is not obeyed. If local equi-
librium is aésumed,'Equatiohs 2-2 and 2-4, after being
nondimensionalized, reducé to (heglecting the effect of
a small heat loss): - |

_ - 29

1 30 .26 _1 . o -
88 .28 1 36 ., (B-1)
U ot 3z - P az2

with the conditions for a cold thermal wave passing through

an initially hot regenerator being

Q = 1 Z —>® t >0
8 = -1 Zz. = 0. t>0

=1 t =0 z2>0

. where P=vz/ CED + DT).
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The solutidn, outlined by Lapidus and Amundson (1952) is:

6 =1

erfc (pi/g;-pé/g) - eP erfc (pi/2-+pé/2) (B=2)

where P, = P/4u,t

p2 ,P utht/4

Since ef is very large while the erfc (pi/2-+p;/2) is very

small, the asymptotic expénsion for erfc (x),.

_ 2 '
-1/2 =x° . « Z . .
erfc (x) = n° e (-l-- 13+ é& —133 75 +.;.'.>
_ - x ox? 22 x? 27 x° :

is used.
Values of the axiél eddy diffusivity are correlated
by the gfoup»(Carberry and Bretton, 1958):
- v |

= —%—f , the dispersion.Péclet number,
D

0.7 , for liquids in laminar flow.

Pedisp-

For the phenolic plastic regenerator filled with

glass spheres (d_ = 0.1 cm),

Py = 2-.§O7g/cm3 . mercqry diéplacement
C, = 0.186 cal/g¥°C, Perry (1963c¢)
'pw = 1.31 g/cm5~ , Perry (1963d)
Cw = 0.23 cal/g-°C, Perry (l963d)
o = 0.37 | -
§ = 9.50 cn® - - :
Sw = 1.95 cm2
V . =1.96 cm/min :

so that

u,, = 0.480, from Equation C-1.

th
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For this case ' o 2.
o DT-= 8.55 x 10 © cm™/min
Ej = 2.80 x 107t cma/min :
Z = 25.8 cm
° 2
P =1.38 x 10

Eguétion B-2 and the ekperiﬁentél results are plotted
in Figufe'B—2. ;The'hot wéve resulfs are also plotted in re-
Qerse orderfforycomparisoﬁ; the increased mixing in this case
~is probably dué.to thé instability of héving hot fluid follow—
»ing”coid'fluid in upflow. Note that the amplitudé attenua-
tion effect is discussed in the néxt“seCtiOn; it is removed
frbm thisvplot by normaliZing Both inlet and outlet tempera-
ﬁurés about their own maxﬁmum and minimumvvalues. The results
indicate that the experiméntally observed dispersion is due to
axial dispersibng thevresﬁrictions this places on the reéen—
erator scheme are discusséd on page 118. |

' Radial Thermal Losses

‘The attenuatioﬁ of the final’(steady-stéte) ampli-
.tude of the travelling wave resulting from heat transfer
through-thefinsulated walls of_the regénerator (or column)_
- can be calculated from Equations 2-2 and 2-4. As t —> o,

these, nondimensionalized; reduce to

2
1 %;% -8 _po--play, (B-3)
with the'60nditions for a cold wave of |
6 = -1, z=0  t-—o
6 = 1, z,t —> ©

which has the solution
e . ~E(RP) L ( _f(RP)
va e " tOyip\1 - € )
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Figure B-2. Axial-dispersive effects in interStage

heat regenerator for cycling zone adsorption.
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t
ol
=1
]
g
+
= )
"Ul"d\
S
e

- where o f(PyP')b‘

= (1-E)

(since P’/P << 1, using the binomial expansion)

where
l —
P = hw - Zo,/a Vo, Cf, thermal loss parameter
eaif’ dimensionless temperature of the
v - i R
surroundings (Tair' 24.5 C}
a_ = surface area of insulation/bed volume,

w
2.94 cm'l

Under the assumptlon that heat transfer from the fluid to

the wall is not controlllng,

e Ty T, ry Tz
h"—“/(——3 ln-g +——3—ln—é+ 1 )
W \k K oo h_.

“T,w 1y T,ins T2 air

=
a g
®
H
(D.
H
P
[}

‘inside radius of regenerator wall, 1.74 cm-
T, = outside radius of'regenerator wall, 1.91 cm

Tz = outside radiusrof'insulatingvwall,'4.45 cm

“h . = 12.21 x 10-5 cal/em2-mih—°c, insulation to air
transfer coefficient (Kreith,'1965b)
kT,w = 3,720 x lO—2 cal/cm-min-°C, wall conductivity
(phenolic plastic) (Perry, 1963d)
kT,ins_='4.7lO X 10-3'cal/cmeﬁinf°c, insulation con-
| ductivity (polyurethane foam) (Perry, 1963d)
so that | _ _ _ o - |
| h, =ll.ll5 x 102 cal/cma;min-°0.
P’ = 0.1170 |

For T =9, 9°C, the exit temperature calculated from
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Equation B-3 is 11.6°C, which compares with 11.4°C found
experimentally. This 10'percent loss in amplitude could
have been reduced to less than one percent by using multi-
layer insulation in a high vacuum (kT . = 2.48 x 10-5

, _ 7 ,ins
cal/min-cm-°C.

]DualQZone*Experiment with Regenerator

The results of an experiment in whibh,the firsg
zéne was forcéd with a standing temperatﬁre wave at a fre-
 éuencyvbf 0.30 cycles/min and the adeé intérstagé regeher;
ator was used, followed by the second zone, is shown in
Figures B-3a and B-3b. The effect of thermal axial dis-'
7persion and ioss.is.evidept in Figure B-3a, although not
all the'loés occurred in %he regenerator§ some took’place
in the interstage tubing. In comparison with Figure 5—9b,
the separétion is impairea,'particﬁiarly during the en- :
riched half cycie. Though these experiments were not
carried any further, the conclusion is that the regeneratér
'Scheme may work if the intraparticle mass transfer is not
too much poorer than the heét transfer, siﬁcé, then, the
-fidw rates will be fast eﬁough that axial dispersion will
vhot be a probleﬁ._ Otherwise,'as in this case, the:separa-
tiOn wili_not be as good as with external exchangers. The
-radial heat lossés will probébly not be of any importanCe;

in large-scale (i.e. large-diameter) systems;'
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Figure B-3. Dual-zone cycling zone adsorption, using
standing square-wave forcing in the first zone and
an interstage heat regenerator before the second
zone. ' R

(a) Temperature profiles.

(b) Effluent-concentration profiles.
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APPENDIX C

THE EXPERIMENTAL PRODUCTION OF TRAVELLING
THERMAL WAVES OF ARBITRARY VELOCITY

InVChapter 2 it was predicted that the use of a
_tra&elliﬁg thermal wave‘of approiimately ﬁhé‘velocity of-
the concentration ﬁaves would have a very desirable ampli-
ficatioﬁ effect on the separation. Alfhough the experimental
vérificétion will be left to future research, some guide-
lines can be suggested. There are three possible ways of
produciﬁg.such waves.

(i) The most obvious is to have a moving external
jacket_siﬁilér to the stationary Jjacket used to produce the
standing waves. ‘The physical apparatus might be similar to
thé éqﬁipmeﬁt used.in the conventional prbceSs of zone re-
finihg, aithough the separation principle is different in
the two cases. In his book on zone refining, Pfann (1966)
suggests several techniqués for creating such travelling
thermal zohes; these would not seem to be economically
'feasible-dn a large scale, howevér.

f'(2) Another method would be to increase the thermal
capacity of the walls of the column in order to slow down
the natural thermal wave moving through the column. If the
wall thermal capacity is important, instead of the expres-

sion in Chapter 2, .

» p.C.c '
Ueh T L1 (c-1)
pSCS(l-e)(l-a) + prfs(l-a)»+ ppCpo + prWO
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where 0 = S_/S, the ratio of the wall,cros5~3ectibnal area
. to the bed cross-sectional area.
This could‘be-achmplished by méking the column wall thicker

or by ihSerting fins extéhding frdm,ﬁhe'wall into the column.

j'axial—disperSion problems in the wall or in the liquid,"

In some cases, sl@wing.dOWn the thermal waveucould cause
similar to those discussed in Appendix B. Both these two
methods shift the thefméiAwavé toward thé COnéentration wave.
(3) A third method would shift the cohcent'ratiop
‘wave toward the thermal ﬁavevby repiabing‘Somé of the mass
adsorptive packing with ihert paékiﬁg such as glass‘ér metal
Spheres having ohly heat’éépacity. ;ObviOusly, in'the.stand—
ing wave CaSeglthis would be uﬁdesiréble; because the prefer-.
'enfial ads@rption isotherm has.effectiﬁely been reduced by
the factor WO/WT, whefe VT is the weight of the total packé
ing, the separation would be reduced. Cﬁriously, in the
travellihgfwave'case, this disadvantage is outweighed by
the enhancement_of having '‘the thermal and concentration
waves closer_together. Fﬁrthermore, the thermal axial-
dispersion'problém does not become more important; as the
thermal wave is not élowed_down as in the second method, |
and the heaf transfer is more efficient than in the first

method,v
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