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- CYCLING ZONE ADSORPTION
-  Separation of Gas Mixtures
Dwéin ﬁ. Blum
Department of Chemical Engineering
and Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

- ABSTRACT

A theoretical explanation is presented for cycling zone
'adsorptiog, a wave—propagating separation procesé utilized to effect
séparations of gaseous mixtures., Experiméntal results confirming the
tbeofétical'prédictions are aléovincluded. The minor effect of finite’
mass transfer rates on the separative pbwer was also investigated.

The addition of an isothermal adsorbent bed to ? cyciihg zone
adsorptioh process being fed.a dilute mixture of adsorbing components
is suégested to énhance the~sepafati9n further. Elimination of the
carrier gas was found not to alter the separative po&er of the process
significantly.

A frequenéy response method was used for determination of
equilibrium distribution coefficienté for the'fiuid—solid_adsorbing ‘

~

_/systems investigated.
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INTRODUCTION AND BACKGROUND
' Development of contlnuous countercurrent processes for the
separation of fluid mixtures by‘adscrption has had'only paftlal success
oﬁing'tc ﬁhe necnanical difficulties involved in the monement_of the

solid adsdrbent particles.v Kehde (1948) discnSSed.such problems in the

hypefscrption process. Fixed-bed operation hes had to be intermitﬁent

becausefof the requifed negeneretion of the adsorbenﬁbafter iﬁuhed~"
beccﬁe sanurated nith tne.feed mixtnre.‘ Generail&, fcur-types of
reverse—flow regenerative cycles heve been employed: thermal (Weiss,
1965), pfessure (ékarsfrom,vl959)(Alexis, 1967), purge?ges sfripping
(Wunder 1962), and dlsplacement (Bohrer, 1965). |

In recent tlmes, scaled—up, contlnuously 1nterm1ttent chromato—

graphic processes have been‘employed and described by Timmins et al.

(1968),(1969). Prodncﬁion-scele:chrcmatcgraphic processesbdepend npon

overcbming large lcsses‘invresclution saccompanied by.coiumn diameter'

scale-up}i'Baffles have ceen‘deveioped”to'improve reaiai mixing wiﬁhont

causingvsignificantvaxial dispefsicn'(Beddour; 1966) . ~
Recently, attention has turned to cyeclic operation of fixed beds,

as presented in papers. by Wilhelm and his co-workers (Wilhelm et al.

1966, 1968, 1969a,v1969b); where "parametric pumping" has been described_
-and shewn fc lead to large separation.factors;_ Extensions and remifi-
“cations of this process have been exploredﬁny'Jencewski and Myers'(l968);
Pigford et al. (1969a), Aris (1969), Horn and Lin (1969), and Hyun-Kee

‘and Amundson (1970). Inffhese processes[thEre.is a periodic reversal of

the fluid velocity synchronous with imposed changes inea7thermodynamic

gradient, usually owing to temperature or pressure. Wilhelm et al. (1968)

suggested that the separétion'resulfs from a coupling of the variations



in flow‘and temperature in the transport equations torproducevlarge‘
changes in fluid composition. _ ‘ |

On the other hand, Pigford et al (l969b 1970) have p01nted out
that flow reversal is not necessary to produce a separation, and have
termed their continuous flow scheme‘ cycling zone fadsorptionfv Indeed,
flow reversal may be a disadvantage because of the limitation on proe
duction rates it.imposes. Introduction of pressure or temperature
cycles into a fixed bed w1thout s1multaneous flow reversals will lead to
cycling changes in the fluid composition 1ns1de and leav1ng the bed.

The cycling changes are propagated through the adsorbent bedvas.waves
andslby Setting cycle times atvoptimum yalues, the_amplitudé'of the
concentration wave can be made-large. Baker and Pigford (1971) haye
described‘both "standing-wave" and "traueling—wave" temperature modes

of operation end have called attention to the increased separative power
vobtainable by staglng of cycllng zones.

Because of the wide range of solid adsorhents andﬂion-exchange
resins,.many applications of such cyclic processing methods suggest.
themselves:‘ In the cycling zoneladsorption process, no‘batch;type
regeneration of the adsorbent is required, and indeed, in many cases
the sweep fluid may be eliminatedvcompletely,- The_main disadvantage

jof this process is that, similar to other adsorption_proceSSes, the_mass
transfer rates are usually loy, restricting throughput rates. 'Also;
nearly complete separations w1ll be more difficult to obtain than by
elu+1on chromatography | | |

| This dlssertation will 1nvest1gate methods ofvoperatlng cycling—v

zone adsorptlon units to effect separations of gas mixtures. A B

N

‘linearized equilibrium theory w1ll,be used to determine»optimum_operating'

conditlana

X



Ay

A qualitatiVe diééussion of the cycling zqﬁe'adsorption précess
is given £h Chapter-l. In Chepter 2 a mathgmatical descripfion'of the
process aﬁd solutions unde? special restrictioﬁé are presented. :Chapter
3 contéiﬁs-the linearizéd eéuilibfium fheory reéults. The‘experimental

system and apparatus are discussed in Chaptefvh. ‘Chaptérs'S and 6

report thé experimental .aspects and results of.this study. Following

a

the conclusion section, Appendices A and B include some additional

aspects of the procesé. Sample calculations are‘presénﬁed\in Appendix C.



CHAPTER 1
A QUALITATIVE DESCRIPTION OF THE CYCLING ZONE 'ADSORPTION PROCESS
In a recent publlcatlon by Plgford Baker, and Blum (1969b), a -

qualltatlve description of a new separatlon process, termed cycllng
: 4 .

zone adsorption-was presentedf ‘Baker'end Pigferd (1971).described theE
"spandingéwave" and-"traveling—uave" temperature modee of‘operetion~with
; quantipive tneery and'experimenﬁal results for the acetic acidfwater—
activeted carbon system. |

Vv'Consider:the process scneme shown in Figure 1-1, iﬁ which‘a
Afluid‘haVing a constant solute concentration, Yes is.passed'into:e‘bed
of eolid particles; The bed temperature is being altered cycllcally by
heating and coollng the column walls (standlng—wave operatlon) _As‘\,'
p01nted out in the earlier artlcles, perlodlc changes in ‘the effluent
-cdncentretion are obtadned; these*changee'can be:amplified_u& using a
’ series of such cyeiing beds,fthe tempereture in each being out oflphese
with thbee in the adjacent beds.

A shift in some phermodynamie potentiel, such as tempereture,
pressure, concentration of a third'species,welectric'or megnetie fielde,_
nay be'used to produce a change in the equilibrium distributienvreiation-
‘ship.. In this thesis only temperature ‘changes are con51dered, as_v
'exemplifled in Figure 1- 2.‘ | | | | X

- The system is 0301llated between a cold temperature, dcg_and d.
hbt temperature, e perlodlcally. vThe solute, whlch was previously
-stdrea‘op the solid during the cold pertien of the cycle, is expelledv
into the fluid during the hot portion of tne cyeleTV.The effluent |
comp051tlon, Y, depends upon ‘the relatlve capac1ty ratlos.of the fluldv

and SOlld and on the equlllbrium distribution coeff1c1ent K.
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If can be shown_thatvthe.procéss has an 6ptimum pycle time which |
dépends'én time of passage of the’concentfation wa&e thru the bed. This
isbanalogous td fhe opfimum flow;temperéturé ﬁhase relétioﬁship of
parametric pumping aé discussed:by Wilhelm et al. (l968b).

| » If parallel éolﬁmné aré'used és shqwn inbﬁigure i;3, each one-
half cyclé ouﬁ of ?hase with the‘other, 8 seﬁargtion‘can be achie&ed-by
pefiodiéally sﬁitchihé‘the output bf eéch.éolumn. The result is con—‘
t;huoﬁs production ofbtwo stréams‘of different composition, onevricher
aﬁd oﬁe'leaner than the feea.

The separatidn canvbé'imﬁroVéd conéideraﬁly, however:, by

operating two or more zones in series, the temperature change in each

Zone‘being a half-cycle out of phase with that in the previous zone. The

inCreaée”in éépéréfion factors have been sho&ﬁ to be’compafable to those
thained-in thé direcf mode of parametric puméing.by Pigford et al.
(1969b) . ‘indeed;'thévnumber of.zones, N? is analogoﬁs to the number of
batch cyéles in the difectlmode of paramétric pumping. The advantage of
the cyciing zone‘aa$orption proéesé‘ié thét.it‘operates'without_flow
reﬁefsal andvfherefore;pfodudes enrichéd and depleted étreams contin~
uously.v Theory indicates that opefqtion of a pérametric‘pumﬁ'with _
posi@i&e feed and continuous withdrawalwof tops and bottoms stfeams
requires considerable recycle; in multiple-stage operatioh, tb obfain.
largé-separation factors. Béker (1969) has ‘shown that multiple-zone
cycling zone adsorption.is an'approximation to applying’a.thermal
velocity. tc an adsorptioﬁ column (tfayeling—wave,mode Of.operation).

Previously, only ‘single édéorbing.specie systems. have been con-

‘sidered. Two cases of dual adsorbing species appear to warrant investi-

gation in order to gain insight into multi-component separations. These
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are: 1) two adsorbing species'diluted'with a non-adsorbing carrier gas,
and 2) binary gas mixtures of two adsorbing species.

considered

~

.  In thé firétvcase; fhe'two adsbfbingfspecies can be
ndﬁ—interacting hhén at'ﬁtrécg cOnditiéhsﬁ whefé §(yi)a < 0.1. The
adsérption chaféctefisﬁics‘of each componehﬁ‘depends.én its reépecfive
isothéfmr,‘as>in Figuré_l—hlb'Eaéh species, now, posseéses its own

indepéndéntvwavé.vélocity,'thus’the‘opfimum cycie time-concentration

. wave résidence time.relﬁtionship for each component will be different.

A typileal éffiuent compdsition—time response of a cycling zone adsorption

unit, utilizing a trace feed containing two adsorbing species, is

pfesented in Figﬁré 1-5. The best se?aration that can be obtainéd'for
thisvset of-requhse wévesbdepénds'upon>how this cyelic efflﬁent;is‘
splifJinté enriched and débléted'half—cy¢le portions;

| Thé4usé of additional zones then requireétmakingbfhe splitting
decision éftef.the last‘zone. Ihvaadifioﬁ; a_compromise'will Bé reqﬁired
in ééiééfiné’the best témperature‘phase relétidnship between»adjaceﬁt

zones. It will be shown that employméntiof an isothermal adsorbent bed,

before splitting, desighed to produCe a set of output concentration waves

thatzare 180°‘out of phase, greatly improves the separation,. as
illustrated in Figure 1-6.

_ For.a binary mixture -of two adsorbing species, the effecfive

isotherm controls the overall optimum separative power. Since the

'speciesvnbw compete with each other for the adsorption sites, the

‘effective individual distribution coefficients will be changed from those

that would exist if each was present in a non-adsorbing‘carrier. This-in
turn alters the concentration wave velocities. The concentration output

wavés are exactly 180° out of phase, as implied'by a gas-phase mass



Xy ,"s_o'l_iid phase loading

y.,' ;"i_go-_s phase composition

Co,'mponen’r -2

X, , solid phase loading

Y2+

Yo, gas phase composition

XBL719 -4282

Figure 1-kL.- Individual Componént" Iso%herms in a'-Trace Systein.




-11-

, dimensionless concentration

§ ma—
N Py
= L , specie |
\ I _ - ——=——specie2
> ! | SRR T DR

o 2 . q 6 8 10 12
‘wt, dimensionless time

XBL719 —4275

Figure 1-5. Input and Response Waves For'Cycling Zone Adsorption
Utilizing a Trace Feed. ' :

Tl

(T-To)/0,To , dimensionless femperotur'e |



g 12—

Yie Yor

Qin —

’/c‘xchG_zost |
T=Te(l+a sinwt)

Rich

Flgﬁre 1-6. Employment- of Isothermal
Separatlon of Trace System.

out component |
component 2
/
. /
-~ y o
<.-0 1//. - wt-
> /
/
o =
__ IDEAL 1SOTHERMAL
"~ SHIFTER
Ts
- -
3-0 - = wt
* SYNCHRONOUS - o N2 AN s
SWITCH N : N
e I-Rich —;L—Z- fch 5 -

XBL719 -4274

Shlfter Bed to Improve



SRS IS VIR B At B

13-

balance; Thué, the matheﬁéticéi anélysis vatﬁe éarrier—free Binafy
systeﬁ is similar igaforﬁ'tb.that fof.a single{adsofbing specie within
a carrier; |

,Iﬁ’is evident that as the number of'zoneé of_a‘prqcessing scheme
is incréased, the concentration gradients in the‘final zone'becohe
larger since the effluent concentration waves are amplified in each
additidnal zone but oscillate about thebinitial féed compositions. Thug,
mass transfer losses owing‘to l§néitudinal mixingvare greatly enhanced.
In order fo reduce the concentration gradients and to reduce mass

N ‘ R

tranéfer_losses, a splitting and recycle scheme, such as that shown in

Figure 1-7, may be employed to establish enriched and depleted streams

each of which may be processed'further by a train of cycling zone

adsorption units.
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CHAPTER 2

< | VATHEMATICAL DESCRIPTION OF CYCLING ZONE ADSORPTION PROCESS

- 'The governihg équétions for a non-isothermal fixed bed system
are dérived f?omvmass and‘energy_balances over each phase in the system.
-fhe,assumption that thevratesbof exchange between the fluid phase and
the‘Solid.adsorbent particles aré very large, yields the local‘éQuilib-
rium theory. | | o

. GENERAL EQUATIONS

Disregafdiﬁg éﬁy‘radial gradienté in velocity, concentration,

or tempefature,'the balaﬁées over an axial differential section of the
packed Bed thru wﬁich g'fluid containing a'éingle adsorbate ié floﬁing

are as previously derived by Baker (1969):

, (1 -¢)o :
B_XJ, (l—E)X .ay*.‘. 8 al+ v_a.X'
3t € 9t : pf ) ‘.z
__ 2
| - (g, + D) F=0 o e
v _ dz
‘ p C +p_¢C . oT
3T s '8 f °f s aT
— + | (1 - e)x] —+ v =
dt [ Py Cr€ 9t 9z
, , : 2 n'a' . :
: : : 0T WoW ' '
. S (m+Dy YT (T - ) O (2-2)
o ‘D T 322 pf Cf £ W
. ) !
< » ' ‘ , T
3x X Pg Iy _ kmafp




3 Ts' hl')aé_ .
—= - - —— — — (T - 7T)
3t [ps Cs * X Py Cf] (1 &) s

o A .
- [ps Cs + 0, Cf X] 9t

where € = volumé fraction:of the facked bed ouﬁéide-the aderbé?t'
particles and ¥ = volume-fraction of immobile fluid iqside the parﬁicle.
Th@ immobile fluid and the particles are assuﬁed to be in thermal
eqﬁilibrium.

b‘; Radial_partiqle'temberatﬁfe'and concentration gradients‘hafe
been hegiectéq_by assuming that the interface betﬁeenvthe éolid sﬁrface
and‘the immobile fluid inside the particle are chsidered to be at -

equilibrium and represented by the function:
x = x(T_, y*) v ' - {2-5)

._ Any effects of concentration or témperature'oh the parameters

|_have been neglected except in the equilibrium,relatiohshib. Since mos®

adsorption and ion-exchange processes are particle-diffusion controllec,

the assumption of an over-all linear driving force mass transfer mech-

«anism is then only approximate (Sweed and Wilhelm, 1969). Thus radial

pafticle,profiles should be"included for a complete process description.

For slow mass transfer processes, the simpler expressions are sufficient

(Verﬁeulen, 1566).
B In a multi—adsofbing specie\system,'mgss balances f§r each,_;
component, restricted by the overal;_balance, arevrequired.
Three main types of equilibrium distributioh relationships for

fluid-solid systems are described by Adamson (1967) are




=17-.
FEE o (Linear) R (2-6)
X = K(y*)? , B <1 (Freundlich) | (2-7)
xv— i—:xﬁ§; o Langmul#) o v “ 2-8)

ﬁherelK‘and B' are functiohé of the solid—phase fempérature; TS. Other
multi;parémeter équilibrium distribﬁﬁion.reiationships have'been.listed
by Vefmeulen (1970). *"‘

v_i Analyticél solutions'of this set'of genéral eqﬁations>are not
known, Eut'numeriéal‘computa£ions havg been repofted By Wiihelm gﬁ_g;.
(1968), sﬁeed and Wilhelm (1969), and Rolke and Wilhelm (1969) for the
parametfic pumping.pfocéSS.' |
LOCAL EQUILIBRIUM THEORY

“Since thé'separation effect ih the cycling zone édsorption process
.dépends on a.periodic aiteration of the phaéé eéuilibfiuﬁ fatper than
on any rgievdiffeiénces; thé.apprbach:in'this étudy is to>evaluatejthe_
qualitative and semi—quantitatiQe aspecfs of the;process.based ubon the
equilibrium theory. This_éssumesbthat the rates of exéhange betWeén fhe
 fluid phéSe and the solia pértidles are very high. The design based
upon an equilibrium process would then be mod}fied by mass and heat
transfer'relationships'wheh the exchgngé fates becomé liﬁited._ Ah
anélqu is the ekample of frontal édSorpﬁion,}in which the design ié
.firét made on the assumption of"height of a theoretical plate-(HETP) and
thenfmodified by ihe incOfporation of a numbér of transfer uniié based
on‘the_sélected.mass'transfer mechanism.

If;it is éésuméd that“ét'ény point in the coipmn the'sélidAand

fluid phases are in local equilibrium_(i.é._y'é v* and TS = T), and that"



axialzdispersioh and diffﬁsion'andeheat of adsorption effecfs may be
neglected,'analytieal solutions to fhe,simplified equations can be

obtained, as shown by Lapidus and Amundson (1952).

' One may approach the equilibrium conditien-by.decreasing the

flow rate through the column. 'This in turn increases the axial dispersion

andvaxial.diffusion effects.  These effects may be'reduced by'the.proper
'seiection of the ratio Of~pafticle size to columh diameter; rHer&ér, it
is common in idn—exchange endlchromatographic analysee te neglect those
effects as aefifst approximation’ leading‘toean adequate descriptibn of
these processes, as described by DeVault (1943) and Glueckaufe(l955)l

For the "standing wave' mode of operation, to which_this

discussionfie limited, no longitudinal temperature gradients- exist. Thus

we arrive at the following set of equations:

P | o : o

(1 -e)x) 3y ."s (1-¢) 3x dy . _
1+ € ' 3t T Pe € . 93t V32 o S (2-9)
x=x(T, y) - . (2-10)

Differentiating equetion (2—10) and-substitutihg into'equation (2-9)

gives

(1 -e)yx . Lol Nl ay . ay .
Lr =7 " * % \ay /|3t " Vaz T

Qo
o

.(les)ps axY far) } : SRR
N I I

In.géﬁeral;'forigéseous systems at low pfeésures and dilute
liguid systems, pff< pé; Therefore equation (24ll)fcahvbeeepproximatéd

ektremely well by: .




vy P . T i Fog N Py R
WL W S oG d S e

-vl9‘- '

6. (1-2) fi\] - o l1-¢) : 2\ o
s fox)} 9y oy . ''s [ox aT \
.[1 Y (8y)] StV T T T e <3T)' (dt) - (2-12)

when one neglects the amount of solute contained in the pores of the

[

solid particles. That is
1-e)¥ =y p. y* -
{Ps(l e)x X Pp ¥+ p (1 -€)x

E-ps(l - e)x-. f : 1_ 1 | (2—13)

Generalized Method of Solution
Assuming the column temperature is changed by passing heat .
through its walls ("standing wave" mode of operation), the boundary

condition is
Y=Y, 2=0, t>0

and the temperature forcing function is

T=T (1+ae®),  t>o0 : ' S (o-1L)
o AU S _ ' _ _
where
T . T . - .
oo B "o L .
: ST y  <2‘;5)

The equilibrium relationship is written in terms of .an equilibrium.

distribution coefficient, K(T, y) as

x = K(T, y)y (2-16)
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Diffefenfiating:equation (2-16) and substituting into equation (2-12)

yields the combined mass balance equation:

oo (1-e) o (1-e)
[1+_§____ 0K Ly et 777 K] 3y, L3y

beﬁ Oy'T T Pe €. 9t 3z
o (1-€) . | Coa
= - —————-————s a_.I.{_l g . y : . (2_17)
- pf € 9T ¥y dt /- :

Following fhe_apprdach-for the ‘solution of distributed parameter systemé
first suggested by Acrivos (1956), appligation of the methoq of char-
acteriéticé ﬁo réduce a ﬁarﬁial differénfial'equation into two char-
aétgristic ordinary‘differential equations yields

P

» dt _dz o -dy L (
- » = — = - _cf—lB)
1+ E§£j;;lfil QJS,. + K ! EEfE;;;fil ngl (4T},
T Tk Y 3ylm v o epe 8Ty \&) y

Defining the following dimensionlessv§ériablesi

Y = (y —’yf)/yf

e
]

w(L/v)(2/L) = wlz/v)

- wt

(l:; .
"

- and’

M, Y) = S K(T, &)‘ | - L L ‘(,:f-—1l9)”

equation (2-18) can be:splitvinth%WO,equafions

i
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=1+ (¥ +1) 575h3 + M©B, Y) | (2-20)
Y iy . qy M) o o | o1
@ -rD Sly o . ~ (2-21)

with'thé forcing function:

and boundary condition:

B For a giVen forcing function aﬁd distfibution functioﬁ, K(T; Y),.
equations (2-20)_and (Q—Qi)‘may be sglved,simultaneously by_the»fourth—
_Qfdéf Runge—Kuffa—Gill hﬁmerical method, -involving cdnsiderable compu--

' tatiénal time, yielding Y(8, Z). Tﬁis procedure may be exteﬁded to
multiple—zone descriptiqh‘by setting fhé boﬁndéry condition of each
.subsequent zone, N, éuch_that . | |

Yy = Yy {2y 8yy) et Zy =0, 8y>0 o (2-22)

and repeéting the’calculational:scheme, now-with a timéedepéndent

boundary'condition.

_gulllbrlum Limlt of Cycl' g'Zone Adsorptlon

Alternatlvely, we may look at the change in y related to the

‘change in t in equatlon (2-18)
Pyl -€)

dln Y - L Pe € 9Ty

at o (1 -¢) (2-23)
: s 3 K
. 1+ —
, Pe € alny
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.The totél éérivative of K is

_aK!
" 31ny'T

Ak dlny +_‘ﬁ".|y @T v} - o -_(2f2h)

'Cémbining equation (2-24) and equation (2-23) we have

0. (1-¢€)
- y
Pp € * | p (1 ~€) ; |
d;n N = ‘ Sl -e) = —dln.,[l- + -—b—f—-s——'—' K| . .(2—25)
o 'I:l + S = K] . . i
Pe &

Integration of the above equationfgives

‘—Y(l + y) = C (constant) ' ' ' (2—26)

where the solids-fluid capacity. ratio is

Thefefore
x =Ky ﬁ—Lyps T-¢) - (e

can be represented as straight lines on an1x¥y aiagram with -
Pp € : (1-¢) '

: . [P : e e
Slope = - G-y end intercent °f.c/'["5;?‘“ ] 28 dllustrated

in Figure 2-1. .The Charadﬁéristic line‘whiéh-passes ﬁhfﬁ,(yf;'wé)g the
bed'avérage'conditions, represents_the equilibfium‘limit'of‘the"éycling

~ operation. In'addition,3Wevcah conclude from the arrowed line that the

equiiibrium'limit_Qccursfﬁhen the'témperaiurg,ihpﬁt'ahd §He concentration
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féspohse are exaétly'in'phase. The conditions under which this sit-
ﬁation bcéurs Wiii be explofed in the following chapter. -

Linear Systems Behavior

A restrictive but useful apﬁroximation’with,whigh first to
examine the cycling Zoné édéofptionvproéess‘is tO-coné§d¢r that thé'.
. , : : ‘ T

system responds linéarilf&i This is valid for small changes in compo-
sition, for linear isotherms, and for diétribution functions which aré
liﬁear functi§ns of temperature. By imposing small temperatufe changes
upon the adsorption ZOne; which result in sméll’qoncentration changes,
one can qlosgly'appréximate lihear behavior ‘in moét adsérptiqn Systemé._

For a linear isotherm, the equilibrium relationship 4is T

‘x_= K(T)y

The variation of the distribUtibn‘coefficiént, K, with tempefature, over -

~moderate temperature ranges, may be represented by

K(T',>V=Ao.e>;p<-A_Ha/RT> e

For-a sinusoidal temperature input

poiwt) (229

T=T7(1+a
’ahd a lingar response iﬁ‘the disPributién‘fﬁnction,-K(T); §b§uﬁvTo
1,,3(6).= Ko(l + av§i§6> ) 'f_’;T'.K2f30)
“wnerg

a = aT(AHa/RTO) and Kb = Ao_exp(fAHé/RTo)
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v Equations (2-19) andv(2—20) become:

. - T o N _
-1 s P(1 + a sinb). o (2-31)
az - | ,
A | | ’
e (Y + 1) Y a cosh (2-32)
where the'solids—fluid‘capacity ratio, Y, is
.- ps(l - €) K, | ‘

The characteristics represented by equation (2-31) are inde-
pendent:of Y and may be located on G;Z coordinates without regard to
equatioh (2—32);_5Their slopes are determined by the temperature which
exists at time 0.

‘Assuming that a <y, we obtain
az . 1 [, av .. R o '
b ] [l "1+ s1n6] : - : (2-33)
-and integration gives
o ' ‘ 2= 7 i'w + 'Va wle' cosf + constant - ' : (2-34)
e ' v o T T () - SN o e .
P : ' The characteristics, given by equation (2-34), for the cyclihg

zone'procéss'are'shbwn'in Figure 2-2 for the special case where the
cycle time is set equal to twiée the time of passage of the concentration

wave at the bed avéfage tempefature, Tb, implying
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- " of Single Cycling Zone. ' ‘
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'

1Y | (2-36)

A sinusoidal response ‘in effluent composition results from a set of -
simple wave regions. The characteristic representation for square wave

forcing has‘béen‘discu§Sed'iq détail by Baker (1969). Aris and Amundson

 (1965) have presented an interesting discussion of simple wave regions.
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: - N - CHAPTER 3 B : 1v.x.
.’LiNEAR BEHAVIOR'OF CYCLING ZONE.ADSORPTION
Because of tho‘bomputational‘timé and difficulties eﬁcoﬁntered
‘Whénvemploying numerical solutioﬁ‘techniqués,va,firétéordéfvapprox&mation
' method is otiiiZea, which in the_limif is exaot‘for small variationslin

temperature and concentration. We shall refer to this approach as . the’

. First Perturbation Solution Méthod;:'Reéults, based uﬁon linear”béhavior,

will lead %o geheraliiations'about the reléﬁionshipsvbetween opérating
variables. These géﬁeraiizgfiohs‘ﬁay hold approximateiy in préctice for
large variations in éo@position.' |
_SINGLEAADSORBIﬁG SPECiE SYSTEM

- In a sihgié‘adsorbing sbecie system, a solute iﬁ'a"noneadsorbing
carrier gas is passed thru o packed béd of adéorbent particies.which ére
héated and cooled thru the column wall. The maximum soparétion
'conditions.for both,single'and-dual cycliné'ioné schemes were determined.
The offect of periodic veiocity fluctuations oh the proceéé'o perform—.
ance is also investigated. ' For a single zone process, the efféct.of_

;

solid~phase mass transfer'resistance is discussed.
§ipgie Zone

For small chaﬁgesvin compositioo; the equilibrium relationship
_'may bevapproximated by . |

' x = K(t) y

Employing the tempéréturé-forcing relationship

: : . iwt
. - b g
‘ - T = To(l ap e )

Wiy
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and for small changes in temperature, linearization of the Arrhenius

expression.gives the form:

’K(t).é Ko(l . a ety , »" (3-1)

where a = aT(AHa/BTo)f

f For a first perturbation result we assume the solution form:

fwt y <z_$ »  (3-2)

.y(z?t) =y, + ae Y

A conéfant‘composition fegd input requires Yl(O) = 0. Substituting
‘equations (3-1) and (3—2)'int6‘equation (2-12) and collecting coef-
ficients of aeigt; soi?ing the resulting ordinary differential equatién
for Yl(?), éhd applyiqg the inie£ boundary condition? we obtain

coylz,t) - Ve

Y(z,t) = a Y

= - iwt

[1 - exp{-iwZ(1 + ¥)}]e
T (3-3)

where Y(z,t) =-dimensionless-concentration; thé solids-fluid capsacity -

ratio, ¥, is defined as.

“For a sine wave temperature input, the concentration response is the

imaginary part of equation (3-3), i.e.

a 35%13%"E§‘= - fsih(wﬁ) ; sih(wtv-v[l +>w]9)j _ o (3-1)



Where the dlmen31onless frequency w = w(z/v). -The dimensionless

amplltude of the output wave is the magnitude of equatlon (3-3) ' T
L ¥(z,t) YA 1/2 . R
=: - = - + | : -

A Ia WL+ | /2 [1 - cos{(1 m)gﬂ] (3-5) N

The maximum amplitude achievable is 2, and exisfs at the condition: ' > 1

. T
W = = ) n=13335 —————

For n\é 1, this requires that at the column exit of length L

Q0w s e (36)

B : /

We note that: L/v = fluid residence time

and

= concentration wave velocity at the bed average.
temperature

1+ vy

Therefore, maximum ampliflcatlon requires that the time of passage of a

- concentration wave be equal to one—half the cycle tlme, that is

L/v* = /e 3
For m = 2, no useful>output occure; Y(L,t) = 0. TWe'therefore S
. define a dimensionless frequency factor which is eQualvfo unity at this R

condition, thaf is

gLy o) , C (ag) | B
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At\the-maﬁimum'aﬁpiification condition, 51# 0.5,~.In generél; one‘would
Qperaté in the -vicinity of the.first maximum (n = 1) because of greatér
thfﬁ—puts and 1ower'f?équency requirements. It will be shoﬁﬁ'in a
subéééuentgséction that attenuafions due to mésS transfer resistance are
smallerAat low fréquencies. 

The phase' difference between the dimeﬁsionless concentration

response wave and the dimensionless input temperature wave,

-

. 1w o
(T =~ To)/TO = an, e , is

6 = ¢§p - o
vhere :
ten o1 - _(.‘Im/_R.e)I = si.n(wt.)'/cqs(wt) R - (3-9)
“and B
0y {1/ - Shfer] = infet = 22) (320
Since

.tanv¢Rp = tan ¢f’

tan ¢ = 'tan(dJR_p *'4?1) =1+ tan ¢Rp tan ¢I '

and upon substituting“equatiops.(3—9) and (3510) into.the_gbové expreéé

'sion, the result is

Ctan ¢ = tan(w/2 - ﬂj )

or
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o =n/2 - 17 | S 13-11)

Therefore, at the maximum amplificatibn condition (? = 0.5), the phase

difference is zero. Thus, the temperature input and the output concen-

trétién response aré_exécfl&’in‘bhase.‘ This corréépénds to the equilib-
rium limit situation for a.linearily‘behaving.systemQ It is valid also
for‘nohmiinear syétems'as iﬁdicated in Figuré 2{1; | o
:The avefage sepafaﬁibn féctor, (a), is aefined as ﬁhe ratio of

the.average concentration in the riéh half—cjcle divided by the average

concentration in the lean half-cycle.
(a?) ={y >'R/ (y)L - oo - (3-12)

The average compositions, (y }R and (y’>L,‘are illustrated in Figure 2-2

Since the average dimensionless concentrations are . a

< > 'F‘ a+w / staut) aut)
/

[1 - cos(2ﬂ5)]ll/2‘,. |

,_(3—13)

equation (3—%2)}may»be put in terms of dimensiohless'concentrations

1+ +
(y ) ; o
For small concentratlon deviations, - <1, and therefore

[
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o) =2

= % -l-a—;yiu—) Y2 [1 ‘—'cos(éﬂﬂ_).]l,/gv :

We now define -a dimensionless .separation factor as

1n{a) - (m/h) 1/2

a WL+ 0), T (3-15)

s = /Z (1 - cos(end )]
EQﬁétion (3—15) shOws-fhat the maximum séparatibn‘corresﬁonds to the
meximum a.mplif.ica.tvion condition of I = 0.5. The s_ign_ifiCance"'o'frﬁhis‘
resuit»is thai_thé,averagé concénﬁration wave velocify, whigh depeﬁds'
upon tﬁe solidsffluid capacity ratio of a particulaf system,.eétablishes
.the'ppoper relationship between operating variables for maximum separa-
tion, ) | "
Dﬁal.Zone"

In order £o fu;ther.incfeasé the amplification of the concen-
lfration wave., it_is fed into'a subéeqﬁent cycling zéne édsérber beihg

cycled at an identical frequency, w. The inpﬁt‘tobthe second zone is

' | e (1) | o
(2) _ Lay Lo ~iond ( iwt v

where .?(1) = dimensidhless_frequency-factorﬂfor the first zone;  The |
assumed SOiuﬁion-form is

(2)

S i{wt +
y T (z,t) =y ¥ aet (W8 * 0

where ¢T = the phase_between the second zongvaﬁd the first zone's tem-

vpérature inputs;"Substituting equatioﬂ (3—17)3into equation (2-12),
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coll'e_cting coefficients of ael(wt+¢T>_,and solving the resulting dif-

ferential equation for Y. (z), and applying thegboundary condition at the

2

inlet,

(1) |
[1 - efle"j e i | © (3-18)

(2)]ei(wt + ¢T)

. Q (1) . . ﬁ
C1 e {2 R (1- ?2._12‘Tr3 | )e-1¢T}e—12‘n’5

(3-19)

(2) .

vhere the difnens'ionless freqﬁency factor for thé second zone'.

' The dimensionless a.mplitude of the response is:

: o (2) : | o
f)d(g)-= i_——(i—“/ lz+t¢. l =2 [2 - cos(21t_7(2)) - COs(Qﬂj(l’)) +.

N

- cos(2nF (.2) + ¢

T) + cos{end (2) -F.'(p‘T.) -

cos(21r{’3..(.l) +5(2)} + qu) - cos(d)T)]l/g.’ .
_ . - - _ S T (3-20)

For non-identical zone operation, _7(1) # _7(.2),, and if the first
zone is .operated at its maximum a.mplification (.‘7(1) = 0,5),_' the maximum
amplitude of zone two, as described by equation (3-20) occurs when

oy

¢T =+ (m/2 + WSI(Q))'

ymen 31 - _3(2>_(identicai zone operation) the amplitude of the

'seé'o_n‘d zone's effluent is:

'(34é1)..
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4 2yF (2 -2 cos(enF) + 2 cos(enF + 9,) - cos(bnF + b))
S = cos(¢T)Jl/2‘f (3-22)
The maximum amblitude that exists.at
o=t ond o (3-23)
is
42 22 /B - cosleng M2
=2 - A4 o , B ! D (3-24)

For I = 0.5, the maximum amplification condition for a single zone, then
42 2y ana gy =t

Therefore, the absolute maximum_ampiifiqétion'for the dual zone systém
occurs When the system's dimenéionless ffequéncy facfor,‘fj,.is-selectéd‘
for the maximum amplification fof,a sing1¢ zoné and-the.phase between
the-iémperéture forcing functions-is 180°. 'The reéulting'amplitude is
twice that of a single zone. Figufe 3—i sﬁowsvthét_thé 180° temperature
phase opération does not produce the maximum amélificaﬁioh when phe‘dual
zone system.is operated at other than :3‘= 0.5.

For'a multiple—zone éysfémfof N.idenfically Operated zoheé»in
whlch each zone's temperature is 180° out of phase w1th the prev1ous
;one s temperature input and_;ﬂ' O 5 the amplltude of ‘the N—th zone.

effiuent'is

=2 R (3-25)
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- Figure 3-1. Dimensionless Amplvj‘.tud{e_of Effluent. Wave:- "Svi:ngl_'e ‘and -
- Dual (identical) ‘Zone Systems-Single Adsorbing Specie Feed.
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In this study we have.limifedidurselves to the situation in

(1) = jf(e) = J ., The concentration-

~

“which all zones are identical and J

time response of the second zone is the imeginary part of equation (3-19)

2)(z t)
a Y/ l + Y

—: [sin(enF ) - sin(onT + d)T) + sir‘l(h‘fﬂgr + ¢T)] cos{wt + d)T) |
- [1 - cos(2nF) + cos(2nF +6,) - cos(hnF +0.)] sinlwt + o)

-A cos(wt + ¢T) - B sin(@t + ¢T) ’  o (3-26)

The average dimensionless composition over a half-cycle is then

,(2),

'(Y | z,t)‘> .=_— I&iyml'{. A cos(wf +—¢T).+ B.'sin(wt.+ ¢T) }
where
I BT o ~
v ~sin(wt + ¢T§ =%-'J/~ - sin(wt f-¢T)‘d(wt)"
2 :
= F-cos(B f ¢T)

and

2 .
-—;T-sm(B +do)

cos(uwt + ¢f7_
Here B, defined as the switchiﬁg'locatipn ih the dimensionless time

. space, is chosen to correspond to Y(z)(z,S/w) = 03 increasing,wf yiéidé""

(2)(

Y z,t) > 0. .Thus the average dimensionless concentration {(rich porticn)

is:
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-

(Y(z)(z;t) ) = gffzi fiifw_ [2= 2 cos(2nTF ) + 2 cos(onT + ¢_) -
. m Lo+ Y € Yl 7
- cos(hwT + ¢T) - cos(¢T)]l/2 _ o (3-27) :
Substituting equation (3-27) into equation (3-14) yields the dimension- o
’:vless separation faétdr expression: ’
. '3(2? = /2 [2 -2 c.os(2'n‘5) + 2__cos(2‘n.7 + ¢>T) - cos(unT +'¢T)-
| 1/2 S | o
- .cos(dJT)]_ _ : R 5 _ -~ (3-28) ‘
"For the case when the temperature phase is given by
f ¢T = ¢ 2’"3
the dual zone separation factor is
2 2B < cos(eng )M 22 (3.20) §
Thus, for N identical zones: g
S(N) =.2N.—l.§' ‘ v - '(35'30) '
The dimensionless separation factor when j
¢5'= o .

 is

)2/2 (3-31)

: »

8 /5 132 b cos(2nT ) + cos(ind )

and the dual zone optimum is - _ 'z 
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(2) ., . q .
'S_.opt = 1& af:.._ F = 0.5 ’

'The.use of multipie, identicai CZA units in series leads to
-1 r'ne.gn.ifivcati.on of the first zome's effluent wave when the temperature -
change ﬁithin a ione is 180° out of phase of those in adjacéntvzoﬁes and
the optimum operating vafia5les' rélatioﬁéﬁip haé been seiecﬁed. The
theofetical upper limit of'thé separétion is apprbached when ho-solutefv
exists in the leén'half—cycle portion and the soiute concentration in
the enriched hélf—cyqle'portion is equal to tﬁicé the feed cpnéentfafién.
Deviations from the theofetically derived temperature phaée»value_of T
would be expected whén finife mass transfer.rates.and/oi non-~linear

~isotherms are encountered.

The Effect of Velocify Fluctuatibns;Upon Cycling Zoné Aasorpﬁion.

The first-order effect of imposing.a velocity oscillation upon
a single cycling zone adsorption (CZA) system is presented for a linear

behaving zone. The velocity forcing function is

v=yv (1+ ﬁfei<@t:+’¢))

X P e

where ¢ = phase betweeh temperature'and velocity forcing functions.

.'Bince lb I <1, flow reversal does not occur. The assumed solution form

is.

yla,e) =yt aet v (a) 5 0 T T Oy (o) 4 (B )y ()

. 2" _
(3-33)

Substituting equations (3~1), (3—32), and (3—33) into equation (2-12),
ot yretlut + ¢) 12wt +0) s

collecting coefficients.of ae , ang ab'e

T



Lo~

1(25.5' v,(z),

solving.thé resulting set of differential equations for Y
and Y3(z) with the boundary condition of constant feed cbmpoSitidn which

implies:

1]

Y (o)

N Y, (0) =¥ "(‘o') = 0

3

~

yields:

-iondT 4
e ]

H<
—~
N
~

1

[l" b

where o o -

(1 + Ylulz/v_)
=

and ' _ ' v ‘

Y (Z) - yf - % 7 [8—12'"5 _ e—i)-l-'ﬂ'j]

_ -iond
= —.Yl(z) e v

(23

Substituting the above results into equation (3—33)-and rearranginé;-the
dimensionless concentration respbnse'isv

C _' ) . .";, e + a

_ e,i?wjfj [Felwt +b'e 12¢7 el(2@t @)]

(3-3)

Averaging over a témperature half-cycle yields .
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- ~iond o ’
- $/§>21,t+2 y Y [1 - ™1™ ] (3-35)

' Thevmagnitude of equation (3-35)~gives the,average dimensionlesshconcen—

tration

Y(z t) . l/2 | '
The result_is'identical to the gingle-zone result: obtained in equation
- (3-13), Thus, floﬁ oscillations do not benefit the separations achieved

by the cycling zone adsorption process. In'fact, on the temperature

averaged cycle, they neither help nor hinder the separation.

Mass. Transfer Aspects.e Solid—Phase Resistance '
In general the mass transfer re51stance in adsorption processes
-_exists primaxily in the particle phase. The two mechanisms which operate:
in the SOlld phase that can be cons1dered to operate in series are; 1)
’particle-phase diffu81on (adsorbed state) and 2) pore diffusion. Lumping
the above two resistances into an overall resistance, the mass balances

on the fluid and solid phases are

: } ax_b _ ' “' - ' e
psv(l -e) 5% —_os(l -€) kpap“(x —x_) e (»3-36)'.
P L Y PE Y 55T p‘s(l-b-_e_) k8 (x* - x) . _(‘3—37)
 where
: , : . . v _
kK.a = overall particle—phase mass transfer coeff1c1ent, assumed to

be independent of. frequency.

The equilibrium relationship is



-ho-

o v ek y,
-The distribution_coefficient is forced in the following manqérv

K(t} K (1+ aelwt)

The initial conditions of the bed are
. x(z,0) =x_, =K Ve

"and -the entrance conditions are

-

x(0,t) = x P
‘The solution is assumed to be of the form:

<

iwt

ylz,t)

[

]
+
o
(14
e
S

x(z,t) = (3-39)
Substltuting the above relationships into equatlon (3 36), collectlng
coeff1c1ents of ae mt’ and solv1ng the resultant equatlon for Xl(b); we

jobtaln:{

. '. . " :

k. a K [ (Z) - yf]

o “pp

e

Yo +ae Yi(z)ii_ ‘._‘ , o R (3;38),‘.'l

SR FP,
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Substitutingvequation (3-h0)band the above relationships into equation

(3- 37); collectlng coeff1c1ents of aeiwt, and solving the resultant

dlfferentlal equatlon for Yl( z), gives

S v ' ; Vo 2
S v 1 1. ‘ W 1+ -
o .1kapap yf_w ) E ERE 1‘.kpgp(l w)_: W )
Yl(Z) = = ' g 2 1~ €xp - [} v
: iw k a (1 + ¢) - w _ ’ iw+ k a :
Cpp T PP | .
(3-b1)
We define the following dimensionless vaeriables:
o (1 -€) K
Y= - 5 e ‘ — = golids~fluid capecity ratio

g (14 0} lz/v)

= dlmen51onless frequency factor

2
(z t) -y
Y{z,t) = — = dlmen31onless concentratlon
o
: w/k a _ . . :
r =TI_:E$E = dimensionless mass transfer-capacity ratio =~

= dimensionless mass transfer resistance factor

el
it

- k a
‘PP

The amplifude of the response is theh:

Y(z t)'-’|

| S o S ar + 1
=3 |1 - exp(- 1=t —{ong LAY o
Cor+)t/? [ e-}'(p( 392 +1 §" ) °o8 (392 1

_ e 1/2
ol - a2 )]
Qr+ 1)

2m3) |

(3-b2)
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The effects of particle-phase msss tfansfér resistance on the
dimensionless amplitude are s?owﬁ in Figure 3-2 for Y = 25, and for
various vslues of Q. Tﬁé sbscissa is the diﬁensionlessvfrequency faétor,
jT.i The squilibrium case, as dsscribed éarliér, sorresponds to Q,=‘0.
As.éﬁpesféd, thé ampiitudé reduction is greatér at higher I values.

This cdf?esponds to‘isw;félocifiés,nﬁigh frequensies, and long beds. In »i

addition, we note that the«optimﬁmj J, which yields'the»maximum sépara_

tion, is diminished as the mass transfer resistance is increased. There-

fofe; theyseparatidnbis attenuated from that prédictéd from the equilib-

S rium fheofy when the resistsnce t0 mass transfer in‘the”particle—phase

is significant. In addition, the optimum dimensionless frequsncyffactor

is réduséd; requiring‘opéfafion at.higher‘felocities, low-fréquencies, \
or with short beds, all bffﬁhich msj enhancs the.less imﬁortanf fluia_

phasé mass transfer effects. ,s ' _ ,'. o | ‘ ' 'i
TWO ADSORBING SPECTES ~ TRACE SYSTEM | R -

Ih this section, we coﬁsider two adsofbing‘speciss Within afnoﬁ_

adsorbing.cafrier'gas Seisg fed to e tempefature forced cyclihg'zone
unit.' The adsorbing species‘will be considered to exist in "trace quan-
tities";ftﬁat is g(yi)a < 0.1. Adsorption of each species is sSSumsd
independeﬁt 6f the other. This implies that each speciss behaves‘
.according to its respecfive equilibrium distribution function.

| The obtimum sepsration.is determined fof both‘single_and dual- | v.'y
'2one,-cysling adsérptiohﬁsystems, The use of an isothermal adSorbsnf
bed to further enhsnce ﬁhe:sspdfation is invesfigated." |
Singlé Zone | : .7 o ‘a_

»v«Assuming,iineaf bshavior, ﬁhe_cdﬁséntrstion.ti@s‘response.ss

previously derived, may bsvwritfen'for each inde@endently adsorbing
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component as:

L yilzet) =y . ag ¥ " S 3
Y. (z,t) = - G SR S Isin{wt) - sin(wt - 2nF )]
1 : v I+ _ . 1
' 1t : 1 : : _
- vo(zat) ~y,. e ¥,
Y (z,t) = 2 of _ . —g——g—-'[sin(wt) - sin(wt ~ 217 )]
2 y 1+ v 2
: ?21F 2 .
. where
‘.9i = dimensionless frequency factor,for component 1:
and
I = dimensioniess‘ffequency faétor-for comp¢nent_2.b‘

T2

The'following definitionbis made to rélate the two species: .

(1 + 9.) . ,
- 2 Ry N L ' . ‘ . .
A -(ffrjzzy vl/v2 concentration wave velocity rath

fherefore,,

'The average compositions over avhalf—cycle are determihéd by integratiqn.

(3+h3)

(3-h)

|

of the concentration-time responses, selecting a switching lQéation, 8,

such that {y) Y p > ¥y40
(Yl(z,t) >R =-TTU / : Yl(z,t): @(wt)_
RS = o
B . :
8y ¥y

= 'ITE % '[sin(s) - sin(B -”27;31),]

(3-b5)
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and
- (;‘(z t»> ) - ¥ g"v[ in(8) in(B ‘2ﬂA3” )JV'. © (3-46)
SR CNE 2 'R T+ wé. 5 . Lsin ~ sin(f - 1 - L6

_The’dimensionless amplitudes of each species are

_jl = /2 .[1 - cos(2ﬂ.§l)]l/2 o o - .(3-L7)
-45 =2 [1- cos(2ﬂAS7l)]l/2 | | - (3-48)

Figure 3-3 shows the dimensionless amplitudesvfdr a system where A = 2.2.
- The average séparatidn factor for a two—adsorbingespecie system,

or for the keys 1n a multicomponent adsorbing system, ié_defined,as:

¢y g <y2>L

12 -, <yln)L _(yz)R ‘
For émall‘concentration deviations
in (o) %2[_<Y1)R-<Y2)R] (3-50)

The dimensionless separation-factdr for the two’adsorbihg componenf:system
'is found‘by_sﬁbstit@ting:equatidné (3-45) and (3-46) into equation (3=50):
1nfas, ) (w/h
S Infag g (ﬂ/h)

S = 8, ”1Ipl/(1 + _wl) ="S‘inv(5)‘ - $ir}(3 - '2,77-7,1).

'~ ylstn(8) - sin(g - 2nAF )] (3-51)

where
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c/é, , dimensionless amplitude
ol h o |
O o o

o
(6)

0 02 04 0.6 0.8 |0

Q}Zi dimensionless frequency factor
o : o ~ XBL T19-bhka7

‘Figure 3-3. Dimensionless Amplitudes of Effluent Waves : Single
Zone-Trace Feed. ' S C
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y . al_wl .l + wg.'- .&l,wl. A - AHal Kol A s
an equilibrium isotherm parameter. Thus SiQ = .Sig(A3 Y, B}'éfl) where

A, Y are parameters dependent upon tHe individual equilibridm isotherms:
at the_bedvaverage EOnditionsf | |

'The problem-of finding the'best dimensionleeseSeperation factor,
given a-set of isotherm parameters (A Y), can be reduced to a one-
dimensional search to locate the value of 57 which yields the optimum

.Slg. At the optlmum

and solving for B:

»vk ‘ 1 | 1p.v 31n(2wf7 ) - s1n(2ﬂAfT ) -
B = tan _Y[ ]

g ~52
1= cos(27TA3 ] - [1 < cos(21r3 ) ; (3-52)
Equation (3-52) gives the ewitching locetion; B, which yieldsethe'magimum
separationAfor a given “3&. The7éteepest'aseent'numerieal method was
applied to edﬁation'(3—51) under the restriction stated in eQuation:(3—52)

to obtain the values of B and ﬂ?i'which yield the optimum that lies

. - _ 12°
“ppithin*the dimensionless frequency factor range O <§‘SG;<§l'apd for
. - various values of A ahd Y. These results are presented in Figure 3éh.
. For the special‘case of Y =1, as encountered in this study, the
foptlmum .7 predicted, shown in Figure 3~h, is about 0. L5, As'shown.in
Flgure 3~3, a value of .?i é Q.hS,corresponds to the situation where the
' secondjcomponent's amplitude;is'zero; This meens'that optimum separation
v.occure whén only compoﬁent-l is'amplified. rQb?iodely; whep'Yj# 1, both

eompohents'are amplified at'the’optimum seperation condition.
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Figure 3-h. Optimum 'Sep'ar_ation' Faétor, Switchi'ngfLoéavt:io(n,‘ and -

Dimensionless Frequency Factor:: Single Zone-Trace Feed.
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One may use Figure ‘.3—14'-‘to determine the theoretical |
eqﬁilib%ium_obfimuﬁvsepération and the cofrequndingvdimeﬁsibnlessA
ffequeﬁcy factor for other solid-fluid adsorbing systems exhibitihg
linear behaviof. |
Dual Zdne'

.vThe'effiuént ofvfhe first.zone is fed tp a_second zone yhich_is'
aigo'opérated at thé diméﬁaionléss frequéncy facﬁor .3;: Ihg féllowinga
discussion'will bevlimited to identical zones, their ohly differenge
being the_phase_of théir temperatuge imputs. The dimensionless COﬁcen— '

tration~time response, previously stated in equation (3-26), can be

written for both components., The dimensionless amplitudes of the compo-

nents leaving the second zone are then:

A2 < VB 12 - 2ooaend ) + 2cos(2nT | + by) = cos(hnT; + )
Seese)ME sy

/4(2) = /2_ [2_ 2cos(21TA31) +_2COS(2ﬂA31'+ ¢T) - cOS(’-ﬂTAgl + ¢T)

- cos(9,)1*/2 . - | O (3sb)
The dimensionless ampltiudes for the special case, ¢T_= T and Af=}2;2,

are plotted in Figure 3-5.

.The time—avéraged concentrations may bé determined'by;integration

over a‘hélf—cyclé,istarting'at an arbitrary switchipgvlocatibn?_ﬁ}:fSub_ .

stituting the averagevcdncentration'expressioné into the exprgssidn'for :
the separation factor;,eQuation (3-50), rearranging terms we obtain

In (o, Y (/%) hy A |
12 T p /) Sio s v, 8, I, ‘PT) Lo | (3-55)
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Figure 3-5. Dimensionless Amplitudes of Effluent Waves, Cons{cs.nt-.f
Temperature Phase: Dual (identical) Zone-Trace Feed. :
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= 'l.:s.in(21r51) - sin(2'rr31 + ¢T') + s‘in(h'n’.?’.l' ,1- ¢>T') - 'Y{s'inl(Q-TTAﬂl)
- stn(2mhT | + 6y) + sin(hnAT '+ 6,)}] sin(B + o)
+ [-1 + c‘:os(2'n'5‘l)'—- cﬁos(2‘n.7i + ¢T) +‘cos(1m.71_+ ¢T) +v{1.

) - gos(hTrAj-l + ¢T)}] cos(B + ¢T)

-z cos(2_'ﬂ-’\'5'l> + cosv(2ﬂ1\|5fl + ¢’I‘.

The optimum relationship between (8, d)T) and J

1 may be found by
setting ' |
e (2)
s
3B
Solving for (B + ¢T)’»we find
"Alv"‘iYA3 R e
tan (S * o) = Yo TR, - | o (3-—56)’

2
'where S

. sin(gvgl.)'_ sip(znjl *+ ) + Sin(hwj.l'-‘.- <.1'>T})_ |

Al_=

-‘.’ ) . N . . .v N .
A3 - sin(QTTAj’l)»vv- si’n(QTfA_j».]_ + ¢T) + sin(thﬂl.\jl + d)T)
By, = 1= con(2ThF ) + cos2nhT , + 4y) - cos(UThT; + 4p)

 Therefore, the compﬁtation of a,"best separation factor is reduced to a

’ two-dimensional search of the function, 13(2): 3(2)(5 , ). A two-
& : » o 12 12 : 1 T _
direct‘ional, steepest a.séent vector may then be applied for'.- the

h



;Sh—

()
12 °

shown in Flgure 3—6 for A = 2.2 and Y = 1. 0. Tworpeaks are encountered, Ces

optlmlzatlon of .S given a set of A‘-Y. A tynicei searchtpath is
but the first peak 1s the global max1mum | ThlS is beneficial 51nce 1ts‘
., location corresponds to greater thru—puts than for the second peak In
addltlon, we note that the optlmum phase dlfference of the temperature
inpnts for the dual ionetsysten processingAé trace-feed does'not-equal
T, as in thevsingie aasorbiné specie'case. Fdr’tne snecial case of y = 1,
tne optimumf.gl'of 6.29.corresponds to ampiification of both components,
as indiceted.in Figure 3#5.' | | |
V‘The'optimum Values of ¢T and .7i wnich yield optimum separstion
are presented in ?igure 3—7 for various relues of A and Y. :This’plot may
be used to predict the optlmum equillbrium separation and optlmum oper—
ating condltions for other dual zone, solld—fluid adsorblng systems

Utilization of an Isothermal Shlfter' B n o . : ' ' !

For a "trace component" system, the'effluent of‘a series'of cycling .
Arones maj.be psssedvthrough an isothermal bed, equal in diameter to that
of the zones and pécked with the same adsorbent particles; Theiisothermel | i
bed is designed, by selection of its length and/or temperature level, snch
that its output concentration waves are 180° out of pnaSe. Thén the
FStreem is‘spiit into enriched and depleted portions to accomplish the:‘v
separation. The shift in tne conCentretioniwavesf phase toward 180° from
the #alue entering the shifter bed-is>accomplished by the relativetdiffer— ' —{
ences in the individﬁal,specie concentration'wave velocities_Withinlthe | |
‘isothermal shifter. | | N

For a iinear_behaving isothermal bed;
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to which'a.sinusoidal varying>conceﬁtration wave is fedrof-thekform

y(0,6) =y, (1 +ae®®), fal <1 . (3-57)

the response is assumed to be of the form:
o : iwt ; o -
y(z,t) = yf *oe ZI(Z) ' : ' : (3-58)

Substituting the above equations into'the'differential mass balance,
equation (2-12), and soiving_the resulting differential equation for

Zl(z),'we obtain

z,(z)

Ve exp(-i2nF *)
=ypets - 59

where

(1 + (L /v)

gH = T = shifter dimensionless

. frequency factor. -

and
¢S = phasé lag of output concentration wave.

 Thus"
Ceemme G

 'For an isothermal shifter of length L, the net shift in the’
concentration waves, for two adsorbing speéiés; resulting from passage

thru the shifﬁer, ié
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= bgp — bgp = 21(TH - T

- ¢NE¢ , 2~ 71
or
¢NET/2% = <A*—_ NIy -((3‘—,61)
vheree
L + wz e v - . ‘
A* = i—;—a—- pe il cohcentration wave velocity

V2 ratio in shifter.

_Adjustmeht:in theushifter’lenéth, Lé and the shiftef teﬁperature,

Ts’ which influences A#* and i?;, ienmade to produce an output phase
difference'of'180°..'The'pﬁeee:feiationehipwof the input conCentretiQn
‘waves is reéuired before thebshifterflength can be specified..

Assume that an iaeai ehiftef can be-Selected.te produce exactly
180° concentration phasevdifferenees and assume that it is applied at the
.end of a single cycling zone. The dimen51onless amplitudes leav1ng the
cycling zone for the individual spec1es are given by equations (3 47) and

(3-L8): Slnce there is no amplltude loss in the 1deal shifter ‘the

average dimensionless concentrations,leav1ng.the shifter are

. <Y (L ) ) »
8 w/(1+¢)=;;-41 (3-62)
<Y (L t) ) o
’ o, -
8, w /(1 +¢) T ".'2' : '(3-63),

Substituting the above relationships into equation (3—50)'and”rearranging,

- we obtain o
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1/2

S4,= 4ty 4y = VB {11 = cos(en )1M/2 4 {1 - cos(enks )1H/2)

(3-64)

The enhancement of the dimensionless separation factor by employingven
ideal shiftef after-a_single-zone'cyCling unit, before the effluent is
split into its enriched end depleted portions, is presented in Fiénre 3;8 V
for A = 2.2 and_Y =1,0. ” . |

| ‘Similarily, for a dual zone_system in which ¢, = m, followed by

an ideal shifter, the separation factor is

stem A e
wherev
A 3o b cesleng )+ cosbrT D12 (3265)
) jég)!_—.. /2 [3 =h cos(21rA_'jb’l.)._+ cos(hm_\jl)j}/‘g _ | (3-66)

bAppllcdtlon of a shiften to the effluent of a dual‘zone system does not
.improve the separation ‘factor as significantly as when it is applied to
a single-zone system. The 1mprovement by -application of a shifter to a
~dnal zone system is shown 1n Figure 3-9. The improvement ig less 31g—
'nificant because.pert of the necessaryfshiftlng:takes plece_in the second
.cycllng zone | | | | o

The use- of an ideal shifter results in two peaks in the 1mproved
separation factor the larger belng at higher dimensionless frequency
_factors,.i? <« As discussed e&rlier this region of operation 1s not

favorable since significant attenuations occur in the CZA system and
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v #ithin-the shifter‘when'resistance to mass‘transfer is present.' In -
additlon, 1t corresponds to lower thru—puts than that for the first peak
Therefore, in practice the reglon around the flrst peak 1s the nore E
des1rable operatlng region when employing an 1sothermal shlfter bed.

| We‘have_avoided the problem of designing the shifter for'the
’ ehoveﬂresnlts. ‘An eiample of speoifdng the shifter design is given in a
later chapter; _ | - |
’BiNARY-ADSORBING SYSTEMS .

In the .binary adsorbing system, a blnary ‘mikture of two edsorblng_
species is utilized as the feed to the cycling zone adsorber. In the
flu1d phase, a materlal balance requlres that yl.+ y2-= 1 1is satisfied
'at/ell‘times. In the adsorbed state, 1nteract10n and competitlon for
avallable adsorption sites alter the behav1or of the individual adsorbiné
' hspec1es from that which would exlst ;n the presence of a non—adsorblng
:diluent, | / | -

Bothvsingle and dual zone schenes are injestigated to~determtne
.the maximum separation conditions, |
p'Single‘Zone | o
| ‘A constant composition mikturevof components.l_and 2 is fed to.s
packed hed of adsorbent:partioles whose‘tempereture ié oscilletedt _The
oOmponent meterial balances over a small section of the adsorbtive bed

are

2 L s L | e e

3t P € 9t ’+_EE'(Vy1)“ 0 . S (3"67)
ay., o.(l-¢€) ox S o L

" 2 8 2,09 Ny - o Al
3t e -5t ¢ a_z.(;"’ye)_"._o e . L3-68)
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Adding equations (3-6T) and (3-68), applying the gas-phase material

baléncé, and substituting the result into equation (3-68), we obtain

3. p(le-e) [ ox . ax.1 oy, S
1 s . 1 2 1o
P Pe €  '[y2 % TN SE-]‘+ V3z © N (3-69)

The boundary condition &t the.entranée is
y,(0,t) =y .
Once equation.(3-69) is solved for yl(z,t), then the component 2 solution is

y2(2:£>'= 1 - yl(zat)

The equilibrium relationships for the individual species in the binafy

mixture may be written as:

X =F (v vps 1)

,

(3-70)

For the input temperature disturbance of o , v .
o iwt
T = To(lff ag e ‘)
the assumed firét-ordér solution forms are
= s iwt L o (3=
yl(z,_fc) =yt e Y (z) e, _, _.|YQ| <ye | (3-71)
% (z2,8) = x, . + & X (2) ¥
17 1f 1° ‘ .
. , _ <. s
| ) txi[ <%, (3-72)
. b
x,(2,t) = %y, + & X (z) ™" |

ee " % T2}



SN
'f’Sinée,Yl t ¥, = l,ithen VIA>‘
¥o(z,t) =y, 0 - & ¥ (2) e} .

e

fSubstituting the’assumed féépbhse forms into eQuat;On (3—69), retaihing N

. only the first ordér-terms;;one;arrives at: - o oo

p (l ey ’ . | ay » ey

;'pf = Iy2f 1 Tl S Taz -

’Llnearlzatlon of the distributlon functions about the. feed condltlon

(ylf’ yef"To) gives. -

3F, . .. aF o . aF.

S o L .
e Pl PR S ylf)v+'cy2’ (v = ¥5) Tarle T

Xy = Xpp % 5§Ilf (yy = 9p4) §§Z1f v, - ng),+:3ffﬁf*(T s

- Upon substitution ofrﬁhe input ahd respbnsevforms into”the_linearizéa .
,.QQuilibriumJrelatiOnships, ﬁe obtaint

(a, 'I')

Xy (2) = () - A12> t ) + Al "g%ff"

(a, T )

= {8y = Ay) ¥ (Z) + 4 “’2;*%7 e l:j;ff(s’Yéi

>
N
)

. .where

(3-13)

X+ =%=0 . (374

(-
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i

11 ° (3Fl/3¥l>f

.
|

12 = (Fy/3y,)

f,(BFé/Syl)

1

21 f

(3;77)’

>
|

2o = (8F,/0y,) ¢

>
i

= (3?1/8T>f

b=
]

(QFQ/BT)f
The bracketed term:in eQuation (3~-74) may then be written as
Vpp Xy Ve Xy = MY +,[y2f'A1 - yif.AQJ_(aT To/a)_ /

1where the effecﬁive-diétribution coefficient for the binary mixﬁure, Mo’

A

,is'defined as:

My = Vpplh

- Ve N <O

11 ™ ) (A, - Ay
Equation (3-74) now becomes: .

L ' 4 . o :
B i s L 0. - C - .  ,, - .
R T Uy €1 Ypp | SRR .:(3 79)

~ Where:
gl - e)

Y =-S——0 .M ', solids~fluid capacity ratio at .
: o . bed average conditions. L

-



o o Yal A =y AN\ [E, T\
Cl = constant = ( 2f"’. 1 .lf 2 ) (aTM o_)
. y1f 0

The solution of ‘equation (3-79) R apply'i:ng't,hever';trange: condition,

Yob(_O) = 0, is

Yotz = -Gy (’l‘_:ﬂv');) [1 - exp(-t 1+ g} 98]

"and ‘the concentration-~time response is

. a . »
. n¥n . wzyy iwt
yp(z:t) = yyp - T+y, "ir [1 - exp(-1 {1+ wm}. v ober .

where .

. (y2‘f Al"’-ylf-Aé) (aT,TQ). e | S (581)
PN e o /o -

__For a sine wave temperature'input, ‘the concentration response is the.
v ‘imaginary part of equation (3-80), which may be written in thefdlloﬁwing
_ 'c_iiménsionles‘s form:

| Y, (L,t) ) {yy - ,ylf)./ylf-:
oE l,Um/(l + ‘Pm) &y 1lJm[(l + lpm)

- [stn(et) ~ sinlwt - 217 )]

(3482)-

_ x+y) L | _ -
' Sl e B w('L/v-.) 5 ‘the dimensionless frequency:

o 2_” .. factor for the mixture.
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The dimensionless amplitude of the concentretion.responee is the magnitude.'
of equation (3-80): -

(yl‘ ~ yif)/Ylf' |

4 . msx =21 - costong )12 (3-83)
1 e ?m/(l +,wM7 | co m

‘whose maximum exists at ,3;’= 0.5. -
:The phase difference between the'dimensionleSS‘concentration‘
response of component 1 at the exit of the bed and the dimensionless

input tempereture wave can be shown to be:
o =m/2 -1 3 o (3-84)

:The bhase difference between eomponent 1 and component 2 eoﬁcenfretien
waves,-¢c, fof}albinary sysfem is always 180°f

. we note that tﬁe above results erebof ideﬁtical formbof those
obtained for-fhe.singie adeorbiﬁg speeie-cese, (See equations (34h).aﬂd
(3-5)). The essential difference lies.in’the.evaluatidn'of fhe-pafa@eters
& and wm. | | |

The average separation factor, aé-previously defined'by.equafion

.(3—h9), for small‘concehtratien deviations, becomes

1n (oo

12’ =2l ¢y >.R_ - ,Ye'_->R]‘

For a binary mixture
yplg =1ty 0y
or
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Therefore;“the average separation factor for the mixture is

nlay 0 = (1;- ylf') RS T . (3-85)

The average half%cycle,dimensionless cdncenﬁration may be evaluated by

integration of the sinusoidal output wave, yielding

m

(y.)_ - : \
1 R 1 .
— == 4. sin(wt) d(wt)
o wm[(lf wm), " [l , - ]

The dimensionless separation factor for the binary system is now defined
as:

G anleg)y

12'm a Vv /(1 +1w-m)-‘ . 1

1/2

v2 [1 - cos(?ﬁ?&n)] (3-87)
,EQuatidnq(3§87) showsuthaﬁ the maximum séparatidnvconditionscérresponds‘
to #he méxiﬁﬁm_amplificatioh condition of .ﬁm =0.5. |
vDual Zosé |

The cyclic effiuent Qf the first zone is fed to a sﬁbsequent CZA'
unit, whose iemperature.iﬁput funcﬁion»is of the form:

T:To[l * aT ei(wt +¢T)] |

: ,wheré'¢é‘is the phase difféféncé bétweén;thé second and first zones'.
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temperature 1nput$. This discussion will be restricted to the case of
" identical zone operation, that is

g = g1 g2
: . .o

Other speclal cases can be readily dérived without the above restriction.

The input concentrations to the second zone are

. . . L a w ’ | . .
yi?)(Q’t) =Yir " T3 Eﬁ e - T ) et
| | (3-88)
v520,0) =1 - y{P0,0) B
Thé_assﬁmed soluﬁioﬁ fofms afe -
P =y v e 1B Sl a)
) = vy, - 8 1P L0+ 0)
- | - (3-89)
_‘ XJ(_Q)(Z,’C) - xlf + a X§_2‘v')_('z)“ei(wt + ¢T) i
NxéQ)(z}t) = ng +‘a Xé2)(z),ei(9f:+ ¢T)

Pfoéeeding’ih the ‘manner deseribed in the'previous'sections;'thé following
Tesglts may'be derived, The dimensionléss ébhcentratibh of component 1
at the bed exit is

(2), -
Yiv)(L,t)

e wm/(l_ Uy

B R R R e e SR 2

(3¢90)
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" whose dimensionless]amﬁlitude is

;2)

J:(L = ‘/2_ .[‘2'3—' 2e_es'('2'ﬁ3m). + 2cos,(é';rﬂ:7m‘ + d),f).- ICOS(uTT:‘Jm * o)
- COS(¢ )12 (3-91)
"Wﬁen the temperature phase is‘set_as
¢T.=‘1T?ﬂjfnl | ) - o (3?92)
the dimensionless amplitude beCOmes '
48 22 B - cos(ang )12 22 WD) S (3-93)

. For_the'special case of :7h‘= 0.5, the optimum amplifieation condition

“me,single.zone eperation,‘the dimensienless amplitude is;
Jiz) =2 v2 [l - cos(¢T)]l/2 ' | ' | v v (3-94)

; whose eptimumvvelueief L eXiSts‘at . = T Therefore, the’abselute
maximum amplification for the dual;'identically'operated, zone system
occurs'wmen.the system's_dimensionless frequeneyffector, .3£;~is selected
for maiimum amplifieation in thevfirst,zdne and when the.phese betueen
the input temperatume‘fording functions is 180°. The amplitudes vefsus
-the d1mens1onless frequency factor for the blnary adsorblng system are
'1:shown in'Figure’B—lO It is clear that the 180° temperature phase

'ylelds maximum ampllficatlon only when .?' is equal to O 5 Here again,»
we note the 31m11arity of the above results and those obtalned for &

' single;adsorbing specie,systemgv' 
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The ex_press'ipns for ,t_hé a‘.v,e"ra._ge dimensionless sep@ra_—tion 'factdr .
may be derived in a manner analogous to that utilized for the single

aas,orbing specie system and are listed b‘_elow}

(s )(2) =:( - ¥yp) 1n <°‘ 12 ("/L‘ -
12m &, w/(l*‘w)

[i}

/5 [2 - ,2¢QS(‘2.1T5Vm; + 2co_s(2'lr..7m_+ ch) - cos(h'rr.?'m + d)T)
- cos(d),l;)]l/? S . ' o S (3-—95) _

~ For (bT = 2773.‘m,

" ( 5"‘12)151” -2 0 - cos(zng )12 = .2(3'12&1):_ - (3-96)
For ¢T o,
( 12)1512) = ./2—'[.3 »-v"hcds‘(z'n?m),f cos(hﬂgjm):‘l/2 '(3—97)

2 . 5§

" The. optimum sepe.r.afion, factor 'e'x'ists at 5m = 0.5 and ch = * 1 and is

o y(2) _
(_3'12.)?1 opt =

‘-'_'The theoretlcal results for 11near behav1ng CZA systems are. summa.rlzed

"'1n Table 3— .



Table 3-1. Theoretical Results for Linear CZA Behavior.

Type of Feed

Dimensionless Separation Factor

Optimm Sepatetion & Operating Conditions

Single Zooe . Dl Zone" " “Bingle Zone . " Dual zone'
y g 122 2) X v ] .05
Single Bolute Feed S /2 (3~ cos(2ng ) )/ £ /52 - xoalznT ) ¢ ZcoalzeT o 4y) - cos(haT v ¢,) Ze0.3
. . B B N )
- conle) M2 $=2 : T
T . dD oy

. Tvo Solute~Trace Feed

Tvo Solute- Trace Foed ¢

14eal Isothermal Shifter

Binary Adsorbing Feed

(80,7 11 - contony )12

. 33) = latn(2e3 ) - .m(z-!'1 * o) o sin(haF, v 0, - vl
‘ ) 1n(20AT ) - oinl2xhT | ¢ ¢.) + sinlksAT_ + ¢.))
8, = +10(8) - atn(8 - 209 ) - y{atn(p) . Lo L 2o

- atn(8 - 247 )}

12 * s1a(B + 6g) ¢ [-1 ¢ cos(2eT |} ~conl2eT | ¢ 9,)

. w-(li!l . .,) eyl - col(M.") . cou(?ul\."
+ o) - ooi(hl\,l + 0,))] cos{B 0,)

S, = /T (3 - Meoalzn? ) » canlhng 10yl -

$8,¢ /F 1 - coslend 12 ey -
costenay 1113 : beon (29T ) ¢ coslhmd )1M/?)

(35,06« /Z12 - 2coaza3 ) + 2c0n(287 , +.8y) - conl

. u-s_ - .T) - éo-(o.r)'l”.?
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CHAPTEs L
EXPERIMENTAL SYSTEM AND APPARATUS
a_Actlvated carbon was chosen as a typlcal solld adsorbent because

is 1is used 1n.many gas purlflcation processes and exhlblts a reasonably
large temperature effect on the equlllbrium dlstrlbutlon coeff1c1ents
’for meny gases. Gaseous mlxtures of methane—hellum, carbon dloxlde--
helium,fmethane—carhon dioxide—helium, and methane—carbon dioxldeﬁwere
_ selected to evaluate hoth‘the‘purification-and enrichment aspects'of the
‘cyciing_ZOne adsorptﬁon process. Although most experiments vere limited
‘to dilute concentrations, it is felt that.theﬂresults aré'apblicable.
over large concentratiOn ranges. |
| EXPERIMENTAL SYSTEM

High.purity érades (99 9%+) of carbon ledee, methane,‘and '
helium, obtalned from the Matheson Company, were used to prepare various
»gas mixtures. Samples of "BPL" type actlvated carbon l2-30 mesh (U.S.
_.SieredSeries); were supplled by the PlttSburgh Actlvated Carbon Company.

"Equilibrium distribution 1sotherms for "BPL"'actlvated carbon
shave been'reported-forvmethane on %—lo mesh carbon.by Grantcand Manes
'(1962),Tand for carbon dioxide on 12-30 mesh carbon‘by Meredith and
Plank. (1967). It-uas’found that'in the low pressure regions at‘which
:all experlments 1n thls study were conducted Langmulr behaV1or adequately

: described the equillbrium behaV1or of methane and of carbon d10x1de in

the presence of hellum, a non—adsorblng dlluent The Langmulr constants _

vere determlned by a nonal;near least squares flttlng of the reported
"1s0therm data and are llsted 1n Table h—l The-predicted loadlng values,
_based on these constants, are plotted in: Flgures h—la and hnlb. The

solid(line is a smooth line passed:through the'reported data.
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Figure 4-1. Equilibrium Losding Isotherms on Pittsburgh BPL -
Activated Carbon, Solid lines represent smoothed data of
(a) Grant and Manes (1962) and (b) Meredith and Plank (1967).
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Table 4-1. Langmuir Isotherm Parameters at 19.0 psia: x = by/(1 + cy)

Sysﬁem ' 'Temperature,?c . e b, X th -AHa/R X 10_3
| CH - He - 22.6  1.809 - 0.960 | |
- (4-10 mesh) 25.0  0.60L 0.4h7 - 2.00 2.2
- 76.8 0.215 0.153 -~ '
o, - He 30.0 . 1.920  1.450 SR
(12-30 mesh) . 50.0 Vl.h96 1.295 _ 278'0 2.0

where-b has units of g—moles/lb

Sy C is-dimensionless, and AHa/R has
units of °K Co : :

as

/

'The isoteric hesat of adsorptica is defined as
d lnP = éﬁg
daT 2

. X

It can be shown thet the Langmuir isotherm results in a constant AH

versus loading, x, and that -

’ (d'lﬂb) S AHa
. ‘dT ' 'RTg

This is considered the main weakness of the Langmulr 1sotherm, and is

‘dlscussed by Bond (1962).- Slnce b is not a function of X, the above

‘result may be iﬁtegrated,'yielding
Inb=1nb_ -~ AH /RT
T o &

The heat of adsorptlon can then be obtalned from the slope of a: plot of

RN

'ln b versus l/T Values obtalned from the reported 1sotherms are. llsted

in Table u-l.
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The physical properties of the activated carbon adsorbent are

shown in Table 4-2. The interparticle void fraction, €, which depends

#
Table 4-2. BPL Activated Carbon Properties

Property 12-30 Mesh Units
y ' 3

Structural density, Pg B s gm/cm
Particle density, Pg 0.8 1)
Apparent density, Py G.s5 "
Intraparticle void fraction, X 0.ko —
Interparticle void fraction, ela) 0.36 - 0.45 ~
Total surface area, S 1050 - 1150 m2/gm
Partiele dimmeter, (a3 (D) 0.105 cm
Heat Capacity, Cg P 0.25 cal/gm-°C
*

As supplied by manufacturer.
a'Depending on particular experiment.

bBa.sed upon manufacturer's reported particle size distribution.

on the manner in which the column is packed, was calculated from the

expression:

where W is the weight of the carbon added to a column whose empty
volume is VC.
EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Figure L4-2 and schematically
illustrated in Figure 4-3. The heart of the system is the column section,
shown in Figure L-L.

Column Section

The 1/2-inch 0.D. thin~walled stainless steel columns, the

detalls of which are shown in Figure L4-5, were packed with l-mm glass
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XBB 713-850-A

Figure 4-2. Experimental Apparatus for Cycling Zone Adsorption
containing (1) Temperature generation apparatus, (2) Column
and analyzer section, and (3) Data digitization equipment.
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Figure L4-3. Schematic of Experimental Apparatus for Cycling

Zone Adsorption.
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Figure 4-L. Column and Analyzer Section containing (1) Zone-1,
(2) Zone-2, (3) Porous-Bronze plug heat exchanger, (4) T-C
cell, and (5) Ascarite bed.
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spheres at the ends to achieve even flow distribution. Weighed amounts
of carbon particles were added to each column, while tapping the column
walls to insure uniform packing. The depth of each bed was measured to
determine the length of each zone.

The copper Jacket surrounding each column was divided into
three sections, each provided with inlet and exit.cooling water ports.
Copper transfer-tubes were inserted between the jacket and the thin-
walled column to distribute the heat in each section and allow sealing
of the sections.

Three copper-constantan sheathed thermocouples, centrally
located in the packing, were used to mo>nitor the adsorbent temperature
in each section. fhe Junctions of the thermocouples were coated with
Omega's ThermoCoat HT to prevent possible interferences caused by the
high current in the tube wall.

Sine-Wave Temperature Generation Apparatus

The thin-walled stainless steel columns, each with a resistance
of approximately 0.0l ohm, were heated by passing high current (up to
60 amperes) through them and cooled by passing cooling water thru a
copper Jjacket. The current generation apparatus is shown in Figure L-6.
A mechanical gear system, driven by a variable—speed AC motor, rotated
two 115-volt- 10 ampere Powerstats. Adjustable linkage was provided in
order to set the output amplitudes of each Powerstat independently and
to adjust their phase relationship. The outputs of the Powerstats were
fed to two Tranex low~voltage, high-current filament transformers. The
output currents were monitored by a Model 155 Weston AC Ammeter. ITT
#6 welding cables were used to conduct the current from the transformers

to the column end clamps. The sinusoidal Powerstat voltage output

produced satisfactory sinusoidal column temperature variations.
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XBB 713-853-A

Figure 4-6, Temperature Generating Apparatus consisting of (1)
Variable-speed AC motor, (2) 10-ampere Powerstat, and (3)
High-current transformer.
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Feed Supply and Effluent Removal

Gaseous mixtures were prepared in standard type-lA gas cylinders.
The gas mixture was passed thru a guard bed, containing a mixture of
3-A and 5-A Linde molecular sieves, and then thru a Drierite bed, to
remove moisture. It was then fed to a flow metering-rotameter system
and split into two streams. One stream was fed the top of the first
column; the other was passed thru & porous bronze-plug heat exchanger
before entering the reference side of the thermal conductivity (T-C)
cell, and finally to vent.

The outlet pressure of the second column, zone-2, was held at
19.0 psia by a Fairchild-Hiller Model 10 back pressure regulator. A
bleed from the effluent was passed thru the water cooled heat exchanger
and then thru the measurement side of the T-C cell. After passage thru
the T-C cell, the bleed stream was recombined with the remaining
effluent and fed to a Precision wet test meter, the outlet of which led
to vent.

Feed gas mixture flows were controlled by a Nupro "S" fine
metering valve. Stream flows thru the T-C cell were controlled and
monitored by Moore Model 63BD-L low flow controllers across needle
valved Model 1355 Brooks rotameters. Measurement of these flows was

made using a soap-bubble meter.

Measurement Systems

Column temperature and concentration (T-C cell) signals were
independently recorded dual and single channel Speedomax G strip-
chart recorders with chart speed of 60 inches per hour. Other tem-

perature readings were intermittently taken using a Rubicon potentiometer.
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Temperature. Copper-constantan thermocouples (30-gauge) were
employed for temperature measurements. The thermocouples were embedded
in A1203 and encased by a thin-wall stainless steel sheath of 0.0625
inch outside diameter. The welded hot Jjunctions were coated with s
high-temperature cement. Each hot junction had an independent ice
Jjunction which was embedded in a 3/16 inch diameter glass tube filled
with paraffin wax. Thermocouples were calibrated by comparing their
outputs with that predicted from the standard tables at the eutectic
point of Na2SOh—H2b (32.384 °C). The Speedomax (0 - 5 mv) recorders
were balanced using a potentiometer.

Pressure. The outlet pressure of the column section was
monitored by a calibrated Hoke #LOLL pressure gauge. The wet test meter
exit pressure was measured by using a water-filled manometer, corrected
for atmospheric changes.

Concentration. Gas compositions were measured continuously by

a Gow-Mac Model L60 flow-thru type thermal conductivity cell, fitted
with WX-Rhenium—Tuﬁgsten hot wire filamenfs. The T-C cell was powered
by a Gow-Mac Model 40-05C control unit. The details of the analyzer
and the low hold~up porous bronze heat exchanger are shown in Figure
L-T7. The response time of the cell at stream flows of 50 cm3/minute
was less than 1 sec. A porous bronze-plug heat exchanger was employed
to insure that cell streams' temperatures would remain equal and constant.
The cell's temperature was allowed to equilibrate by placing it in a
Dewer flask filled with glass wool.

Typical T-C cell response curves are shown in Figure L4-8 for
standard gas mixtures prepared and analyzed by the Matheson Company.

Because of the high degree of linearity, the reference streams used for
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Figure 4-7. Details of Porous-Bronze Heat Exchanger and T-C
Cell. Hold~up Volumes: (1) From exit of Zone~l to T~C
cell = 25.1 cm3. (2) From exit of Zone-2 to T~C cell =
20.7 cm3.
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Figure 4-8. Typical T-C Cell Calibrations for stream flows
of 50 em3/min. and 25 °C cell temperature at 19 psia.
Reference gases: (a) Helium, (b) Methane.
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calibration could be substituted by the constant composition feed
stream, thus the cell output would be proportional to the concentration
deviations from the feed.

For the three-component mixtures, the T-C cell was calibrated
by measurement of the total response of the standard mixtures (methane-
carbon dioxide-helium) referenced to helium. These outputs were fitted
to the equation

Cell output (mv) = Al Yoy + A

2,
y +A, Y
) 11 “cH, 2 “co,

+ A A

2
Y g ¥y ¥
22 CO2 12 CHh CO2
by a non-linear least squares routine, to determine the best set of cell
constants (Al, All’ A2, A22, Al2)' A typical set of constants for T-C
flows at 50 cm3/minute and a cell current of 150 ma (current set with
helium flows) are given in Table L-3,
The three-component effluent compositions were determined as

follows. The total cell response (all species present) was measured

over several cycle times. Starting at the same point in the temperature

Table 4-3. Methane-Carbon Dioxide-Helium T-C Calibration Constants.

(millivolts)
A ) 514 .52
By -66.32
A2 637.24
A22 L05.543
A 375.95
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cycle, the carbon dioxide-free effluent response was also measured over
an equal time period. The carbon dioxide was essentially removed by
passing the effluent bleed stream through an Ascarite bed, which was
water Jacketed to remove the heat generated by the CO2 reacting with

the NaOH-impregnated asbestos. In addition to heat removal by a coolinz
water jacket, l-mm glass beads were mixed in equal proportions with the
Ascarite, to prevent plugging due to reaction with 002. The Ascarite
adsorber-reactor is shown in Figure 4-9. The total response, Cl’ is

given by equation (L-1) and the CO.-free response is

2

A (v )2 (4-2)

C2 - Al (YCHh)ap 11 CHh ap

where the apparent concentration of methane is

(yCHh)ap = i = T 4 (L-3)

y
By 2

Substituting equation (4-3) into equation (L4-2) and solving, we obtain

2
- A+ \/Al+hAl

} e
2 2 All

G
L. (L)

or

(4-5)

N
'_J

¥ =C(l—y ) 5 '
CHh 002

Substituting equation (4-5) into equation (4-1) and solving for Yoo
2

yields

2
) = Bl + /51 = B2 B3 -
28, _

Y
002
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Figure 4-9. Jacketed Ascarite Adsorber-Reactor containing (1) 20-30
mesh Ascarite mixed with 1-mm glass beads, and (2) Drierite at
bed exit. Hold-up Volume = 7.3 cm3.
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_.where.‘ y
B, = A. I W
17711 T e 22
B =24 %4 C(A" SA) A
2 v 127 "1 2

- B |
By = At v AT -G

" Thus ¢ is determinéd by COz—free response, which in turn allows compu-

 tation of methane and carbon dioxide compositions from the'totai response.

The above résﬁits.hold for time-Va}ying.efflﬁent éomposifibﬁs when the
total and>Cb2—free responses aie_meagﬁred at the same point iﬁ thé 
périddic cycle.. |
 For,£he methaﬂé;carbon_aioiidé binary system, the ééll’oﬁtput

was deté}mined (feferenéed to pure'methane) fér-varioué staﬁdardf _
mixtufééQ Thesé dre'plbtted'iﬁ_Figure hé8b.v-Methane was’used.as the
reférenqé gas be§ause'it'yielaed better cell stahiiity‘ahd sensitivity
than carbon dioxide. | ‘ - . L

| " The cell oufput éignal was fed bdth'fo a (0 ~ S‘mv):zerb—céntéred |
Speedomax strip-chart recorder and to a digital interfacing-unit,"

designéd by Mr. Tom Merrick of the University of California-Department

" of .Chemistry Electronics Lab. In the interfacing unit; shown in_
fFigure_h—lO,»the signal was emplified, digitized, ang puhchéd»bn paper
:tape;f‘The interfacing unit allowed forvsélecfion of amplifiér gain,

Vdigitizing time intervals, and totai counts per punch run.

Dats Reduction
" From preSsure,'temperature,*ana flow,méasurements on the column
sectioﬂ, the thru-put vqloéity; bed average temperature,'ana temperature

i
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~ Figure 4-10. Schematic of Digital Interfacing Unit.
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input amplitudes.wefe defermined. The digitized concentratian Qufputs,
referenced to the feéd, punched on paper taﬁe,-wefe éfocessed by a
Fortran'IV computer program ﬁhich éélcu;ated the concentfation;timé.
:fesponses; avérage concentfatiéné of the énrichéd Aﬁd depleted‘éortions;
and fhe aVerage separation faciors. From the cdﬁcehtrdtion—time
responsés,vupon'corfectionkfof time delayé resﬁlting f?om the time
required'for the effiuent to reach the_detector,ithe phasebréléti§nship
_between the concentration reéponse wavé-and the temperature inﬁut_wéfe
. determined. - | | | |
For threé-component systems, the phase.relationship between ihe

“two ads§rbing specie conceﬁtration wavesIWas deterﬁined from théir
calculated concéntration—time‘responses; In addition these responses
were ihtégrated over a half-cycle for v@rious assumed éyéle-SWifching
locatiéns; B, to determine the best separﬁtion factor. | |

" The rangeé of the vafiablés énéountered.iﬂ this étudyiare'
listed in Table h-k. The original date are iﬁ laboratgry.ndtebéoks on
file in Professor R. L. Pigford's office,‘l25B.Lewis Hall, Universiﬁy

of California, Berkeley, California 9LT20.
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Table 4-L. Range of Variables Investigated in this Study.

Variable.

"~ Range

Avéraéé bé&‘températuré,‘T§ 
'Input’temperatﬁreygmpliiudé, aTTé
Freqﬁency; w -
Préssuré af column exié; P
tLength of colum, L - ,
Weight of-tafbon packing, W

Void fraction, € |

| Interstitial fluid velocity, v
B .feméeratgre inpuﬁs' p#ase, ¢T

Average shifter bed temperature, TS

39 to 61 °C.

3.8 to 13.8 °C.

0.02% to 0.104 rad/sec.

19 psia
l§.2 to 20.6 cm.
9.7 to 11.6 gn.
0.450 to 0.360

3‘to lOO‘ém/sec;:.’,
0.63 to 6.16 fadians.x

40 to 83 °C. -
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" CHAPTER 5
STNGLE ADSORBING‘SPECIE EXPERIMENTS
| Dilute methaneehelium and carbon dioxide—helium gas,mixtures

were chosen to represent systems containing small amounts of pollutants

which present purification problems. The linear equilibrium theory is

compared to the experimental results, in order to gage its acceptahilitv ’
as an upper limit predictive method. The ahility_of'the theory to‘ |
relate important variables of the cvcliné zonevadsorption'process'is

also evaluated.

The experimental apparatusfemployed for~either'singlelor dual
zbnevoperation is schematically shown in'Figure h-3. Comparisonsvof
experimental results with the linear equilibrium\theory, described in
Chapter 3, are presented in graphical form. The solid lines represent
the theory based upon & sine wave temperature input and ‘the- 1sotherm
parameters, determined by the frequency response technique which is v

described in Appendix A. The experimental data are presented in Tables

at the end of this'Chapter.

SINGLE ZONE

Typical experimental input temperature—time and effluent con-

'centration—time curves for a single cycling‘zone are shown‘in Figure

5-la. The input-temperature‘oscillates about-the bed average'temperature,

To. The effluent concentration which oscillates about the‘feed-com—

» position, Yps may be separated by appropriate switching valves, into

_an enriched portion and a depleted portion. The ratio of the average

specie.concentration in the enriched portion to the average concentration
in the depleted portion is defined as the average separation factor,'

(o ),'
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The‘eXperimentai.dimensfonless separation factor,. S, and the
phasepiag between the'temperature'wave andvtheveOncentration effluent
weve; ¢/2m, versus the dimensionless freQuency feotor, .?;‘for the
CHh—He system are presented in‘Figure 5-2. The CO ;He.results are shown
in Figure 5-3. The "trace system" data, plotted on Flgure 5-3, were
determinea from the CO concentratlon wave response of a s1ngle CZA
'unit being fed a dilute CHh—CO -He mixture. These data indicate that
the CO adsorption is essential v independent of tne presence of" CHh
This supports the assumption that each specie's concentratlon response
depends only on its respective isothern in the presence of helium.

:The drop off in separation; as compared tovtne:equilibriunv
theory, with increasing I, in the.second loop of Fiéure 5;3, iS‘ekpected.
Since more tnan one eoncentretion ﬁave isppresent within the:bed ati

-higher frequencies, implying sharper;concentration_gradients, dispersion
and mass transfer effects would be enhanced. The‘region atxthe right
corresponQS'to high frequencies or low velocities, each of which

'increesesfmass transfer and diffusion effects, as shown in'Figure 3;2.

Both the methane and carbon dioxide systems substantlate the

. theoretlcally predicted optlmum frequency factor (J = 0. 5) glv;ng the
meximum separation, This supports,the use of the equilibrium theory,
bsinee.the‘optimun'frequency factor and the.seperation faotor decrease

.with_increasing frequenoy, as illustrated in ngure 3f2,vﬁh¢h maSS
transfer resistancefbecomes-siénifiesnt.. | o

- An alternate method of’investigating the mass'transfer espects
ofla particular fiuid-solid system is to neasure the amplitude 1oss of
a concentratlon waue upon psssage_through an isotnermal adsorbent bed.

Typical experimental'input and response concentration waves are shown in

1
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Figﬁre 5-1b. T.he separat;lon‘factor ratio (identical to the amplitude
ratio for linear systems) versus'thepfluid Velocity,,v,'for an‘isothermal
bed of activated carbon is shown.in Figure S-hr The upper'limit.on the
velocity; that at which the separation factor ratio‘decreases upon
increaSing thru-put; was not achieved because of apparatus.design
» llmitations; :However, quiteplarge thruputs can‘be obtained without
signlficantemass'transfer losses."Flgure S—ﬁ indicates that at_low
velocitles and high frequencies; the attenuation offthe inpnt wave is
greater Thus lower frequenc1es and higher ve1001ties than: those used
in the v1cin1ty of the thru—put velocity llmit, are the most des1rable
regions of operation. ' . | S
In addition, we'find_that thefattenuation of a concentration
wave upon passage thru an isothermal bed is greater for the co‘-Hé
system than'that for the'CHhaﬁe system.' Since (K') is greater than
,-(Ko)cHh,

. for CH) . Thus, there'are more CO, concentration waves present within

CO

the concentration wave velocity, v#, for CO is less than that

~ the bed, enhancing mass transfer effects. For & giVen w(L/v) value,

o j’CO ‘is greater than 5703 ’ Wthh accordlng to Figure 3~ 2 means that
' 2 L

mass transfer effects are enhanced more for CO adsorption than for CH)4
adsorptlon.
“DUAL ZONE

In the dual zone operation, the effluent of the first zone was
fed to a second zone whose temperature was belng oscillated at the ‘same
‘ frequency ‘but out of phase with thet of the flrst zone. When‘the zones
are of equal length and diameter the . above type of operation 1s termed
"identlcal zone operationv. The effluent of the second zone may ‘be

separated by appropriate sw1tching, 1nto its enriched and depleted
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poffioqé; 'Eased.ﬁpqnthéiéﬁérége compositions.i@gthe eﬁrichedba£d 
'dépietéd coliéétions, tﬁévdiméhsibnieSS sepéraﬁion faétor may be calculated
lusiﬁg.the approériate épératiné variables and isotherm paraﬁefers;; Tﬁe
‘maximum separation achieved, as shown‘in Fiéure S—SQIby‘splitting the
second zone's effluent, for thé’températﬁré.phase, ¢T =T, ﬁés féund to
'.corfespond closely to that-predigted by the linear theory (.f'= L).
In Figure 5-6, the dimensionless frequency factor (I = F(w, v,.To})
 vw£s held constant vhile the tempefaturé phase was changed.

* From the above ﬁéntidned results, we may conélﬁde that,ﬁhe bést
dpérating_proceeduré\fbr a_dual zone system is;? = 0.5 énd ¢T =T,

_This giveé twice the separation that is achieved utilizing a single

5

zone in an optimal manner.
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Yable 5-1. Single Zone, Single Adsorbing -Specie Experimental Data (at 19.0 psia):
Syst LW, L, w; L/v, t o, . Kc>’ Jor (o)
ysten ga. cm. rad/sec’ sec. 'Qg g-moles/lbad B ®/2m, S e
7.986 1.639
5.614 1.868
L.185 1.900
, : . 3.198 1.791
3.1% CHj-He 9.73 19.21 0.0334 2.828 41.5 0.590 0.0388 1.773
(e = 0.450) 2.h16 : - 1.687
2.06k '1.591
1.627 1.495
1.5 1.431
6.2k45 1.179
4.859 1.659
3.272 1.662
3.132 1.605
: 2.394 . 1.560
3.1% CH)j-He - 9.83 20.32 0.0332 2.339 sh.k 0,406 0.0290 1.972
“(e = 0.386) 1.799 ' 1.455
1.385 1.403
1.119 1.330
0.961 1.285
0.739 1.1y
0.692 1.200
1 5.176 1.485
3.406 . 1.617
2.672 1.588
1.975 1.kg0
. o 1.636 L 1.h17
6.7% CHy-He 9.83  20.32  0.0331 1.621 Skl 0.400 0.0290 1301
(e = 0.386)" 1.599 : 1.329
1.586 1.385
1.580 ‘ 1.408
1.579 1.366
. 1.348 1.353
- 1.1kk 1.302
0.906 1.239
0.0259 0.0500 0.181 1.k26
. 0.0367 0.0379 0.161 1.431
3.1% CHy-te 11.63 19.38 0.0525 1.010 50.5 0.495. 0.0268 0.111 1.396
(e = 0.360) 1 0.0706 0.0198 0.069 1.332
0.1039 0.0137 -0.053 1.188
2.570 -0.05k4 1.400
1.781 : 0.001. 1.475
3.1% CH),~He 11.63 19.38 0.0537 1.325 50.5 0.495 0.0232 0.097 1.h22
(e = 0.360) " : 0.945 ’ C 0.139 1.330
0.766 0.172 1.273
2.991 -0.72k 1.331
1.547 -0.228 1.150
4.9% CO,-He 11.63 19.38 0.0548 0.929 47.6 1.16 0.0229 ~0.0h47 1.57h
(& = 0.360) ’ . 0.621 : 0.070 1.56k
: 0.k02 0.13 1.L2s
0.265 0.214 1.292
0.0238 0.0429 0.095 2.227
) 0.0360 0.032k. 7 0,028 1.983
4.9% cO,-le 11.63 19.38 0.,0535 1.105 . b7.1 1.17 0:0230 -0.089 1.507
(e = 8.360)- : 0.0711 . 0.0160 -0.238 1.167
0.0976 0.0134 -0.428 1.102
0.771 T 1.h32
0.0535 1.497 50.4 1.10 0.0218 1.3k6
Trace System . .o 3.843 1.262
5.4% COp-He 11.57 20.64
4.9% CH), 0.947 1.627
(e = 0.403) 0.0b1L 1.Lok L6 .4 1.20 0.0275 1.671
2.449 ) 1.156
3.TTh 1.477
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Table 5-2. Velocity Response of a Single Isothermal Zone (at 19.0 psia) B
) : i (o) i
System’ ! W, . Vs L/v, to’ - ¢ /en .. Tesponse ons€ Jy
red/sec. cm/sec. . sec. _ o0 s a» input 4’»;
17.95 1.150 .7 0.210 0.986 : ;
28.55 0.723 . 0.172 0.993 .. ?
LY, 68 0.462 k9.2 0.118 0.996 . |
59.33 0.348 0.095 0.997 . !
: ©100.93 0.205 ' o - 0.035 0.998 .
0.053 o L . _ E ) !
6.02. 3.215 - 0.765 ©0.939 : :
) . 8.96 2.162 i i 0.477 0.965 . i
3.1% CHy-He - - 11.93 1.623 Lg.s 0.hok ‘ 0.980 :
{e = 0.403) - 13.20 1.467 . G.319 0.982 ;
: 16.64 1.164 0.296 . 0.989
20.87 . 0.928 0.236 . 0.992 |
10.34 1.996 : 0.740 0.963 !
18.03 1.145 ' 0.4zl B 0.983 .
0.089 ’ 26.65 - 0.TTh u9.2 0.235 ©0.988 :
36.73 0.562 0.17k 0.993" : !
50.64 0.408 0.126 0.995 ;
60.53. 0.3k1 0.106 - 0.996" ;
5.71 3.616 o - 0.81k% ;
11.10 1.860 . 0.960 .. 0.860
L.9% CO,-He - 0.055 © 7 18.52 1.115 - k9.3 0.581 0.902
(e = 0.403) ) 28.17 - 0.733 : 0.396 " 0.938 o
. © 43,39 0.476 . 0.248 .0.968 ’ o
65.88 0.313 - : 0.169 ' 0.981 E
L = 20.6L4 em., W = 11.57 gnm. ?
Teble 5-3. Dual Zone, Single Adsorbing Specie Experimental.Data (at 19.0 psia) = . g
System W, L/v, ty for o ¢')2n (a‘)
) 4 rad/sec. sec. og' g—moles/lbads S T ] - :
0.911 . 2.0 h
1.465 ‘ . 1.953 :
4.5% CH)-He 0.0h11 2.788 k5.5 0.535 0.0275 0.50 2.785 !
(e = 0.382) 2.937 : . 2.796 ‘
3.71h . ) . 2.135 !
9.035 : i ‘ 1.495
: . 0.347 : ©.1.325
5.4%- CO,-He 0.0411 0.911 45.5 1.210 0.0275 0.50 2.L40 ] :
(e = 3.382) ‘ - 1.465 ) 2.156. C
' 3.71h : ) 1.719 ;
R S ) . . : i
N ) 0.103 1.600 L
. : . . 0.160 © '1.916 v
0.292 2.711 :
. Lo . ] 0425 - 3,042
©.3.1% CHy~He . 0.0331- 34Tk k1.5 0.590 0.0382 O.h7h 3.179 S
{e = 0.h15)" ' o IR 0.594 2.895 .
W= 10.31 gn. ’ . : } ~0.709 .. 2.330 . o
L = 19.45 cm. ) ’ ’ : o 0.795 1.837 L
: . : . ' . 0.979 - . 1.107 !
- 0.265 1.99h i
] . ) o - . 0.350 2,16 - ;
L4.5% CH)-He . 0.0411 2.934 45.3 0.540 " 0.0282 0.513 2.796 :
(e = 0.382) : : - 0.662 2.620 .

0.73+ - 2.328

For each zone L = 20.00 cm., W = 11.60 gm.
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Two-ADSORBiNG ‘SP_ECIE‘ EXPERIMENTS

‘in the first sécfion of this chapfer, the dilute CHh-¢02~He
gas mixture (375% CH), » 5}h% Cdé),.termed a "trace éystem", was utilized
as the feed. Hefe, the uéual'éhromatographic definition of "trace
system" is implied, ife.vthe.tbtal compositioh of the adsorbingxséecies
is léss than 10%. Under htrace condifions"; the hormﬁl'aSSumption of
indeéendent adéorptién ié'véry cloéely appfoximated, as shown in‘Figuré
-5;3; Chapter 5. In this dilute stéte, each of the adsorbing speciés
_mﬁy be'treatéd separately, Without regard to what is.happening fé'fhe
others. In addition, the frééenéénof aﬁother dilﬁte‘édSOrbing component
is assumed not to aiter‘the.édsorption equi1ibrium isotherm. |

The second section deals with the CHﬁ-CO2rbinary adsorption

2

.system. A mixture Of 50.2%vCHheCO was employed as the feed. This
mixture éppro#iﬁates the dbo#e'"trééeuéySfem's“ éomﬁbsitibn when the
helium cérrier gas'has béen‘rem0v¢d._ In binéry gaé adéorptidﬁ; not énly
must.fhe~inflﬁénce of each épecie onvthé other's adsorption iséthermvbe
accounted fof, but fhe gas phase material balance mﬁst be considered.

In the‘gas.phase,.a change in one specie's conééntration compléménts a

change in the other's, irrespective of.vhat is_happening oﬁ'the 561id.
Experimentai results were compared gréphiéally‘tdjthe Iiﬁeﬁr

equiiibrium theory, described in.Chapter 3.‘ The soiid tﬁéo?étic&i lineé

“are based’upon_ideal siﬁe‘tembérature'inputs and thefisofherm'ﬁarameters;
.detefminéd by the frequehcy responseimethod,_describedvin'Appéhdix A,
.The experiﬁental d&taAéfe présented in'tabuiar form at theAendef éach :

gection.
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TRACE SYSTEM -
A feed of dilute CHh snd CO in'a heliumvcerrier gas was = . .
'employed for which it was assumed that each component s adsorptlon o

/ )
! i

v(itsvgas phase concentration).was independent. The_analyticalvtechnlque

utilized‘to determiné effluent concentration behevior of CH), and Co,s
described in:Chspter h; involved the'messurement of the T—C‘cell'
responses[for>the'mixture and for tneldoz—free effluent over identical
vﬁortionsvof the temperature cycle. The’CQzlwas removed from the effluent
= by passing it thru an Ascarite bed. It was found that tnisnauxiliery
1C02 adsorber—reactor Ascarite bed was essentlally d1spers1on free. In
'.vaddition, it effectively removed all the CO from the effluent bleed ‘ . i

stream. By employing equations (L h), (h— )s and (4-6), the separate

‘CHh and 002 concentrationetime responses were calculsted.

Tyﬁical experimental,input temperature—time.and effluent cone:
centrstionftime.curveS'for & dual tone system ere shown in Figure 6-1. E
The location of the enriched and depleted half-cycle portions of the
feffluent is specified by the switChing location parameter, 8. The :: o i
liswitching loCation is referred'to s sine-wave temperature innutlsnd%is ' |
selected by maximization of the separation factor, <aCHh—COé >,_aé |
- :deflned by equation (3—h9) for a given effluent stream. The phase' | i

»dlfference between the two adsorbing spe01es effluent compos1tlon waves,
,i¢ » -and the nhase between the two temperature 1nputs used for two—zone ' R
;operation ¢T’ are also indicated on Flgure 6-1. | | |
- Single Zone v
o A constant compos1tlon g8s mixture containing b.5% CHh and 5. h%
CO was fed to & single cycling zone adsorptlon (CZA) unit. Over the

temperature and concentration rsnges employed, the isotherm parameters ..

were found to be: -
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Figure 6-1. Experimental ,Input"Tempera‘tlires"and T-C Cell Res_;pon‘.sef
Curves for Dual (identical) Zone System:. Trace Feed. v
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p (1 - )
1+ o, € (Ko)coé co, |
A= —~—— . = =.2.2
p (1 - €) ) (KO)CHh
1+ — (K
pf € .o CHh .
and N
'Y = - . . ] § - E l O
(_AHaSCHh zKojCHh A

.Since the.separation factor for a given pair of concentration-
'wavesiis'avfunction of the-nanner in'nhich'it is splitvintoxenriched
'band depleted portions; the switching location is& arbitrarily.selected
‘until the maximum separatlon factor is achieved The maximum dinension—

8

_less separation factor, 'gCH O ) and its corresponding sw1tch1ng
4"

loration, B, versus ‘the methane dimensionless frequency factor, ‘jCﬁL’_
are shown in Figure 6—2, vThe asSociated concentration wave,phase' ”
difference, ¢c’,is presented in Figure 6-3. The discontinuity iﬁ the
1xphase difference occurs at optimum senaration.',This exists where the
amplitude of the co,, }

:3). ~In this special case where y = 1, the optimum conditionffor single

concentration wave is zero (see Figure 3-3, Chapter

CZA operation corresponds'to a dimensionless freQuency.factor,'ﬂ?cH',
' - S

is not amplified} The CO, effluent

" such that the second component CO 5

2,
concentration, at this operating point, remains constant and equal to
its feed comp051tion. Therefore, for multi—component separations, e

51ngle CZA unit- would be de51gned on the ba51s of. the de81red adsorbed

spec1es (heavy key) and the next strongly adsorbed spec1es (1ight key)

“such that the lignt key is not amplified.



% A TS R B L b ¥
o oUW ;f Y RV VIS B

 :‘ —111—'“
=
o
.9 T ] T T
ov
20k —
w :
g;,
Q)h
2o | :
55 ]
R
cw
c®
- EoF _
5
N
O
v Q
I - —
]Er
v
©
-
2
c
©
3 4l -
_C),
(o) I
o
S 2 7
q{O o 1
o) 02 04 06 08 10

,%H ,dimensionless frequency factor
o4 A XBL713-3136
Figure 6-2. Maiimum Separation Factor'and its corréspbnding :
Switching Location: Single Zone-Trace Feed. ' :



: 4(;.r_0‘ds ) . S o

qSC , concentration wave phase,

“1e- -

2-1rv',

_|,'\)|:1_.’- 

L | 1 |

O

u’z‘

CH,dlmensmnless frequency fcc'ror

XBL7I3- 3,1 35

Flgure 6 3. .Phase Difference between Effluent Concentration Waves

Slngle Zone—Trace Feed

0o 02 0.4 06 0.8 10



~113-

Dual Zone

The effluent of the first zone is fed to an identical.CZA unit
whose temperature is being oxcillated at the same frequency but out of
phase with respect to that of the first zone. The dual zone,system

requires the additional variable, ¢ the.phase chosen between the two

T
temperature 1nputs The effluent of the second zone is split into
enriched and depleted half—cycle portions, 1n1tiated at the sw1tching
location,vB. Holding the temperature phase constant-(¢T/23-= O;Sl)vand
scanning_the dimensionless freduency factor, .7bﬁu, the experimental
‘separation factors and their corresponding switching locations are
plotted in Figure 6-L4. The suitching location curve is broken for
plottingvconvenience: J' |
| Two important observations can be made: (1) the separation

_ factor versus the dimensionless frequency‘factor.is bi-modal, the'first
:peak being the global meximum; (2) deviations from the linear‘theory
become greater at the higher frequency factors Fortunately, the global
maximum lies in the operating region des1red'for minimizlng mess transfer
losses. Around the'second peak in the separation factor curve, corres—

- ponding to higher frequencies, lower velocitiles, and'lonéer columns, the
effect of»mass transfer resistance is.enhanced, resulting in reduction

of separative power. A very'important‘point is that the maximum
.separation’factor is increased by approximately 2 1/2 times by the
addition of the second zone whereas applying a second zone 1o the 51ngle
adsorblng specie system increases the separation by -only a factor of 2.
ThlS is achieved not only by additional amplification of each‘species,
'but.by additional shifting of their concentration wave phase difference‘

in the second zone. The associated concentration wave phase differences
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| are shown in Figure G;S.I‘There is continuity in the phase difference
. curve, since the point of zero amplification'of 002 in the second zone
-dceursvnear ¢‘ = ﬂ;v it ié anbarent that at the'optimum seperation,
¢c 0. 75ﬂ, and that further shlftlng (up to ¢ =T) of the‘two cencen—;
tratlon waves would have enhanced the separatlon stlll more.
When the dimensionless-frequency factor is held constant

(.?ng = 0.59) and the temperature phase is varred we find that the
optimum sebaration occurs around ¢ =T, as shown in Flgure 66, he
large difference between the experlmental data end fhe'theory is due
fé mass transfer resistance, as indicated in Figure 6—&, in the regionj
of .9th = 0.6.

Utillzatlon of Isotnermal Shifter

'Whenva single adsorbing specie concentration wave'ie.paesed
thru an isothermal bed packed with an adSOrbent, the‘effluent concen-
tratiOn.weve'is delayed,,resulfing in the phase.shift, ¢s..rTne
.dimensionless phese ehift versus the shiftervdimensionless frequency
factor, A ¥ shewn in Figure‘647_for the CH -He endICOZ;He systems,
‘ The shifter dimensienless frequency'factor:is defined as:

[(1+ ) w (L./v])]

g = —E : S (6-1)

“wWhere

W, =>input eoncentratien weverfrequency?_rad/see;'
. n;i=,iené§h-of iSOtnermal’snifner.bed,.cmf
vs.= interstitiel_veiqcity wifhin shifter; cm/sec.
wé = sollds~flu1d capac1ty ratlo at shlfter ‘bed

average temperature, Ts
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For two adsorbing species, under "trace conditions"”, the net
~additional shift in their concentration wave phase"by passage thru an

isothermal bed, derived in Chapter 3, is

¢

boeq/2m = (A% - 1) T - (6-2)

where .7* is the dlmensionless shlfter frequency factor for the main
compenent 1, and A¥ is the spe01es concentratlon wave ve1001ty ratlo
-within the shifter{. The net phese shift, ¢ne£’ can be varied by_adjust_
ment ef A¥ and/or‘.?{. Genefally, it is more conﬁenient to adjus£ T,
by chenges in either the shifter length or the shifter temfefatgre, Ts’
: Whieh‘alters wls' | |

The best separationvof the two species is achieved when their
concentration waves are 180° apart before the splitting»and collection
of the enriched and depleted portions. Thus tﬁe outputvphase aifference
of the isothermal shifter, (¢ )out’ is equal to M, for the max1mum , |
separation. When the input phaSe'is known, the net phase shift required

to produce a 180° phase difference in the shifter effluent may be -

determined:
(@ dout = (B)in * Opey =T (6-3)
or ,
.¢ne£1;_nlé (e)in
%v_'enw S e

1
Since (¢c)in is a function of .31, the ratio of frequency factors in.the

shifter and the preceding thermally driven zone is
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Ny (1 + P, ML /v ) .

Thls gives an estimate of the relative size of the isothermal shifter
as compared to that of the cycllng zone unit which it follows.'
'Con51der the case of an 1sothermal sh1fter/follow1ng a single
CZApunit to whichfgas‘mixture.containing‘trace concentrations of CH)
and'COé.is.fed. The.phase betﬁeen'the'concentration‘waves leaving the
CZA unit are given ln Figure 6-3. From the net shift'required'to.
_Produce-180° phase'difference'in the’shifter‘effluent;_17§1can be
determined usingvequation (G—h).‘ Thevfrequency factor ratio; 5?§/-? .
may then be plotted versus :7 s as shown in Figure 6-8. 'The design of
the*isothermal shifter is now fixed in terms of ifi. Adjustment of
either Ls or TS may be madepin order to'obtain_the‘required .?g,
: According to Figure-G—Q, the’optimum separation for the CZA:unitplles
in the vicinity of J, "---'o.'h"(.'~ o B \
 In the following experiments, the output phase dlfference 1n :
the shifter effluent for a constant 1nput concentratlon wave phase,
was varied by changing the shifter's temperature. Referring to the
experimental apparatus schematic in Figure h 3, the upper zone was
utilized as the: CZA unit and the second zone, whose temperature was held
congtant, served as the isothermal shifter. For the trace"system of
CHh—COQ—He,'previously utilized, the improvement in the separatlon‘factor,
‘( CHh—CO ), using a ehifter, along with the output concentration waves'.
~phase’ are. plotted versus. the shifter dimensionless frequency lactor in
‘Flgures 6—9 and 6- lO. The separation factor can be 1ncreased from 1.70
to 2, Zh and from 1.9 to’ 2, h6 by addlng 1sothermal shifter beds of optlmum
size. Dlsperslon and mass transfer effects in the shlfter become 51g—

vnificant when the thru—put veloclty is decreased, as shown in Flgure 6~-10.
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Table 6-1. Single Zone, Trace System Experimental Data (b.5% CH), 5.4% CO,-He. at 19.0 psia)

w,. L/v, t, Ko’ g-moles/1b

R .
ads 8, ¢ /em (a
red/sec.. sec. oG ﬁ ‘ B ‘ rad. ¢ C’Hl‘-CO2
3.843 ' 6.65 ~ 0.960 1.058
3.345 C 6.20 - /1.096
0.0535 2.790 50.4 0.495 . 1.10 0.0218 4.02 0.781- 1.376
: 1.ko7- 1.75 0.173 1.354
0.777 0.20 0.072 195
0.0L1k 3.7Th L6. k4 0.535 °  .1.20 0.0275 4.86 - 0.910" 1.270
2.kk9 ‘ » B _ _ 2.79: . 0.237 1.620
W= 11.5T gn., L = 20.6L em., € = 0.403, A = 2.2, y=1.0
“Switchiﬁ'g ivocs.ti‘on which yields the maxinmum mean separation factor.
Table 6-2. -Dual Zone, Trace System Experimentsl- Data (4.5% CH,, 5.4% CO,-He at 19.6 psis)
S ¥ t K les/1b et »
w, A S f » g-mo.les > b S )
rad/sec. sec. . og H 8q rad. ¢c/2"’ ¢T/2w’ : 0"CI'I,_’—Coz
| 2 ; ‘
© 9.035 : - - 1.143
3.71h B 7.%0 0.880 1.631
0.0411 2.788 45.5 0.535 1.21 0.0275 6.49 0.570 0.510° 2.520
©.1.k465 4.7h 0.369 3.655
0.911 3.0k 0.3k42 2.952
1.5 - 0.265 2.0Lk
. . 1.17 - '0.350 2.410
0.0411 2.937 45,5 0.535 1.21 0.0275 0.98 0.716 . 0.513 2.735
0.69 - 0,662 - -2.352
0 2.105

.30 - 0.73L

For each zone: W = 11.60 gm., L = 20.00 cm., £ = 0.382, A = 2.2, y = 1.0

* .. . .
‘Switching location which yields maximum mean separation factor.

L/
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Table 6-3. Isothermal Phase Shifter Response, Single Adsorbing Specie Data (at 19.0 psia)
System “in® Ls/vs’ ter KO' ¢s/2"
N -]
_rad/sec. sec. c ) . g—moles./].‘bads
1.150 0.270
-0.723 ] . o . 0.172
0.462 4g.2 0.502 0.118
0.348 0.095
. 0.205 0.035
0.053

: 3.215 0.765
2.162 0.477
1.623 0.424
1.467 49.5. 0.500 0.319
1.164 : 0.296
0.928 0.236
3.1% CHy-He .
(e = 0.503) 1.996 0.7ko
' 1.1b45 . 0.bk21
oo T 0.TTh -0.235
0.089 " 0.562 “Lh9.2 0.502 0.174
' 0.408 : ‘ 0.126
0.3h41 0.106
0.0259 0.170
0.0367 : : 0.258
0.0525 : 1.467 - 50.b . 0.495 0.319
0.0706 ) S ) 0.450
0.1039 0.647
3.616 1.802
R 1.860 . 0.960
: 0.0548 1.115 . k9.3 Sl 0.581
0.733 : ‘ 0.396
0.476 . 0.248
0.313. 0.169
0.0238 0.405
. . . 0.0360 4 . 0:557
L.9% COp-He 0.0535 : 1.363 38.9 1.k2 0.8L6
‘e = 0.403) 0.0711 : : - 1.106
0.0976 1.430

0.0238 0.246"
) - 0.0360 R - ) : 0.352-
v ‘ ' 0.0535. . : 1.265 61.2 0.87 0.518
- : g : 0.0711 : : _ : 0.673
0.92k"

0.0976

W= 1157 gm., Ly = 20.64 om.
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Table 6-k4. Isothermal Phase Shifter following a S].ngle Cycling Zone, .Trace System Data -
: e (L, 5% CHh’ 5.4% Co,-He at 19 0 p51a)
: C K )y s :
w, . L/v_, t o'CH, : Ty
Tin® s’ 's? © s ) ¢ /T - Ca
‘rad/sec. sec. °c g-moles/lbac’is e : “CH, =€,
*(0.860) (46.1) (o.sw0) - (0.362) - . (1.701) .,
. .0.937.. O Th.3 0.306 » 0.543 o 1.910 o _ |
0.0429 0.978 . 60.4 0.396 . 0.630 : .1.993 :
. ©0.999 . 53.5 0.460 0.663 ) : 2,02y

1.035 : © Lko.8 0.616 0.804 S 2.100
(1.260) : C(46.1) (0.5k0) BN CE is2) -  (2.976) o
L 1.383 : 82.7 “0.26l © ot 0.633 ‘2.9 ¢ :
0.0429; 1.418 B 9 0.320° ) 0721 . .2.3300 o
1.k62. ’ 61.0 0.koco - 0.81k4 2.359 i
1.482 53.1 , 0.L65 0.929 N D
1.552 0 4o.k ‘ 0.622 - - S 1.162 2.290 c
K3 . - - E
-(Without shifter), i.e. Cycling zone data. ‘
. . . |
Isothermal Shifter: W_ = 11.57 gm., L_ = 20.6k cm., e_ = 0.403, A% = 2.2, y* = 1.0 o
cyclih_g Zone: W = 11.63 gm., L = 19.38 em., € = 0.360, A =.2.2, y":* 1.0, op = 0.0276
. -

|
i
1
1




Wowowda S Lo B
-127-

BINARY ADSORBING SYSTEM
A binary gas adsorbing system is defined:as a gas mixture of
two components, both of which are s1gn1f1cantly adsorbed by the solid
adsorbent particles The equilibrium behaVior of each component is
,described by an equilibrium distribution function which is also a
function.of the composition:offthehother component. ‘The_gas phase
material balance recuires_that the sum of the mole fractions be'equal'
to unity. | |
| V,A binar& gas'mixture, containing 501é mole% methane and 49.8
mole% carbon diomideb was utilized as the feed. The effluent's co,,
concentration was measured by pa331ng it thru a T-C cell and recording
the cell's response. The- T—C cell was calibrated using pure methane as
the'reference gas and known'CHh—COQ standard gas mixtures. A typical
calibration curve 1s shown in Figure 4L-8b. The methane concentration
is then calculated using the gas'phase material balance restriction.
Typical experimental 1nput temperature-time and effluent con-
centration—time curves are shown in Figure 6~ 11. The phase between the
temperature inputs, oT, and the phase lag between the effluent concen-—
tration wave and the input temperature wave, ¢, are also 1ndicated
Since yCO ‘l - yCHh’ the phase difference between the adsorblng species'
~ effluent concentration waves, ¢ . is always 180°. Tn the single zone
-';system ‘the effluent is split into enriched and depleted portions to

- effect the separation whereas in the dual zone system, the split is

performed on the second zone's effluent.

N
i

Single Zone -
‘A constant composition‘gas binary_mixture,'containing 50.2% CHh

and h9.8%'C02, vas fed to a single cycling zone adsorption (CZA) unit.
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The isotherm parameters, Mo and a , may be evaluated from the equi-

librium distribution functions employing equations (3~78) and-(3—81).

N
\

\Alterhatively,'the effective distribution coefficient, Mo; méy be

determined from the binaryigasffréQuency responsé date as illustrated

" in Appendix A.

Thejtemperatﬁre'depéndencyvof Mo'can be approximated, in a
manner analogous to that for the'eQuilibrium distribution coefficient

Ko, over moderate temperature ranges by:

=
1}

A_ exp(-AH _/RT) . o 'v (6-6)

Vheré
_AHm = effective heat of adsorption for the binary :
mixture, cal/g—mole.
and
| A_ = constant, g-moles/lb |

m R ads”’

Equation (6-6) is employed tb'interpoiate various‘Movvalues betweén those

determined by the freqﬁency response technique and are listed in Table
6f5o._qu small temperature changes, equation (6-6) may bé_linearized

abput‘To, yielding:

- o (o)
Mo(i),f Mo(To)’='EEr%T (2T ) =u (To) ) 2
- o ‘ o) RTO
| O e T
M (T)v= M_(T ) [1 + —-ﬁgz——ff e ,.] , - (6—7)
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Table 6-5. Interpolated Effectlve Distribution Coefflcients (50;2%’CHh, s !
- h9 8% Co, at 19 0 p51a) . - o Co
Teﬁ"eratﬁre ’ :M> ' "A"X 105 -A /R % 1073, | ;
pers S . o? S ? . m ©? Lo T

on - ) - an./ . - ' oy > :

C. ._s mples/lbads. g molgs/lbads. . | K _ |
#(37.6) | (o.s67) | |
k6.1 ' 0.502 : IR R
46.8 0.495 - 5.88 1.k2
4o.1 0.480 ‘ ’ : '
*(60.5) © (0.415)
From frequency response. data, Table A-L. - : : . ;
If equation (6-T) is assumed to be the forcing function being applied %
to eQuationf(3—7h); then it can be shown that the first ordef terms of _?
the bracketed term in equation (3-7h4) are |

- = M (—2=) , -

Yap ¥y = Yip Xp FM(T) Y + M\ R ) Yir (6-8) |

, v : ° o A !
Hence, it can then be shown,tﬁat R _ ’ - ' o i
(A ) SRR o

2. S ~ S

&n = TRT 8 _ SRR (6-9) i

The:above approxiﬁation for am is not required when the équilibripm i
distribution functions, F;(y;, ¥,» T) and Fz('yl,,yjz; T), are reasonably SR
known, since & may then be caiculated using equafion‘(3—81). . %
Thé'dimensionlésé sepdration fdctdr, ('gCH CO )(l), and its E

. A T f
assoc1ated concentratlon—temperature phase lag, ¢, versus the blnary i
. |

mlxture s d1mens1onlessmfrequency,factor, jﬂn’ are plotted 1n Flgure 6-12
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The maximum-separatioh'factor of 2-o¢cuts at L?h = 075.: At this poiht,
. thé'time of péSsage of'the concentration wave is equal to one-half tbe
ycle time, i.e. | |
L/v* = (1 + 9 )(L/v) = m/w | © (6-10)
Dual Zbﬁe. )

f_tThe_effiueht of the first CZA unit, which is supplied with a
const&ﬁg feed mixture containing 50.2% CH, and 49.8% CO,, is fed to an
identical unit.whose temperature is being oscillaﬁéd at the same fre-
quehcy but whose temperature pﬁasé differencé‘is'¢T. 'Thé=efflgen£of'
fhe second zone is split intO’eﬁriéhed'and deplefed halfﬁCycle'pdrtions
févaccbmblish the’Seﬁé?aﬁibn;

The éxperiménﬁai dimensionless separation.factors:f§r the éecond
zonevvefsus"the mixture diménsidnless ffequéncy factor, :én’ hélding the
temperature phase constant (¢T/2ﬂ = O.S), are preéented,iﬂ'Figﬁré 6-13.
Thé optimum sepaiatiqn factof of L oécﬁrs at .3& = 0.5, ‘wheh the
dimensidniess fréqﬁency faétor ié heid cgnstant (.3ﬁ = O.3T> énd the

. temperature phase is varied, we find that the optimum séparatibnfocdursv

around.¢T/2ﬂ = 0.37, as shown in Figure 6-1k. This valuevis'eSSéntiallyv

identical to that predicted by equation (3-93).

Effect_of:lnert Carrier;Gas,Remdval

A ‘graphical comparison of the:exberimental,SépardtiOn_faétqrs

fofisingle zone operation for the foilowing cases: (1) a L4.5% CHn,'

5.4% €O He feed mixture, (2) a 4.5% CHL,iS.h% COé—He‘feed'mixfure plus

2 .
an ideal isdthermalvphaée shifter, and (3) 2 SO.EZ'CHh, b9;8%VCOé binafy
- feed mixture; is presented in Figure 6-15. The third of these may be

achieved by removing the He carrier gas from the trace feed utilized in
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case 1. It is apparent, for the CHh—CO2 - acti#ated carboh'system, that

'removal of the inert carrier gas from the trace feed does_not'signiftcantlyb

alter the achieved~sepafatibn factors. In éddition, the application of
_an isothermal,shifter‘to a single CZA unit,_suppliéd witﬁ a trace feed,
greatly enhaﬁpes'the séparation. It must be kept in.mind>théﬁ thé'x
above conclusions may not be valia in systems where the binary adsorbates
interact significantly. .Wﬁen Hevig utilized as & feed‘diluént, it must
be removed from'the:ehriched and dépleted pbrtions, colléqtéd‘at.the.

exit of a CZA system, and rec&cled.



Table 6-6. Single Zone, Binary System Experimental Data (50.2% CHy,, 49.8% o, at 19.0 pvsia).-

d7’ L/v. Tt M, ‘ o a 4, (a )'(1)
rad/sec. sec. : . ) m degrees CH, -CO, m
. °¢ g mdes/lbads ‘o L2
5.905 ' -87 1.037
4,273 ) -bk 1.256
3.601 . : -35 11.320
2.0k7 ‘ - 1.322
0.0k2h 2.220 49.1 0.480 0.0168 -0.0737 29 : ~1.360
1.353 . ] LT ‘1.2ko
0.995 ‘ 66 . .-1.182

0,708 . . ' 5 1129

Ve 1157 am., L= 20.0% em., € = 0.503

Teble 6-7. Duel Zone, Binary System Experimental Data (50.2% CH), 49.8% o, at 19.0 psia)

w, L/v, t ., M, ) (2)
> ’ ° o a ¢,./2m (a )
rad/sec. sec. og S—mOleS/lbéds B . m /e C.}-ILC-CO2 m

4,182 ‘ R "1.220
3.657 . i : 1.426
) 2.850 i ' - 1.785
0.0k12 1.910 46.8 ) 0.495 0.0189 -0.0835 0.503 1.732
1.212 - 1.365
0.915 7 1.219
0.696 - . . 1.134
) 0.167 " 1.56k
. 0.252 . 1.679
0.0k11 1.878 k6.1 0.502 0.0180 - -0.0798 0.340 1.758
: 0.491 . . 1,704
0.690 1,382

0

.T60 1.2k2

For each zone: W = 11.60 gm., L = 20.00 cm., € = G.382
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CHAPTER T
CONCiUSIONS

- Thé.separation of éaseéus mixtufeélﬁtilizing:thevcycling zone
. édsorbtion pchéss has been demonsfrated-théofefically~and“9n»af:'
léﬁofatory scale. 'Signifiéént\séparatibns aré:prediéted:mathemétiCally,
usihg fhe linear equilibfium theory} hExéériméntaily significant but
not cémplete sepé}étions ﬁere>obtained usiné systemsbwhichiexhibifed
Léngmuif isotherm behavior. The.ihcfeaée in sepgrative pbwar by ﬁsing
-multiple zones in series was.partiéularly evideﬁt, the.temégréfufe"
éhaﬁée.in each‘zonefbeing'outf6f phasé1with»thosé ih the‘adJAC¢nfizones.
The liﬁéar theory ié‘ob;ibﬁsiy deféctive whén»the ébncéntraﬁién oscil-
latidh§'becomebl§fgé,: Howevéf; it pfovides an upper boupd'on the. |
expected separatfoné}i | | | | o

B The-main'advéntagés.of.thé éyéiing zone adsoﬁ@tibh procéss,
since.iﬁ'operates with@ﬁt‘flow;reversal.and‘thereforé proaucesienfiqhéd
ana.depléted pfoduéfs confiﬁuopély; are that it féquiresbnovregéﬁefative
fluid or extreme freéthent forvregenerating.ﬁhévsolid;,and ﬁh#ﬁvif.may
not féqﬁire‘a sweep fluid which haé to Be récbvéred and Qééyﬁled-és'for
continuously intermittent chrématdéraphy. Velo;;ty.osciiiafioﬁéi
approaching‘flow-reversal conditions,.have béén_éhown fo héithéthe;p'
nsr hinder the sepérative.§OV¢r.- | | B o

Several proéess'diffibulties'are evident; vA:Small'shiffiin the

equiiiﬁfium'isdfherm for moderate témperature changes réqﬁifeé.thgﬁ
several zones be utilized in series to pfoduéeisignificant‘sépafatiéﬁs.
Thié means addifional heatvrequirémenté. Intérngl reuse_of hea£ is
poééiﬁle for liquid systéms, by.ptilizingAinterstage heat regeneratofs

as discussed by Baker (19§9).' Hoﬁever,'thé thermal'requirements for a
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gaseous'sysfem ccnsisf mainly of ﬁéating‘and gooling thé éolid.adéprb_
ent‘pafticles,:resulting in reasonaﬁleffhermal'éfficienéieé'(Appendix B).
.The éxperimentai results and the'lihéarized ffédicfionsd '
(Figure 3—25 indiéaﬁe.that finité mass tranéferbrgtes atténuﬁte fhe '
separafion from-that predictéd by khé linear eéuilibrium theory.
This means that for these ihtra—pdrticlé resistance—contfolled‘éystems
one ﬁust‘opérate af moderate-frequencies or wiﬁh fine particles, both
of which restrigf ﬁhe fluid thru—put. The‘uppervffeqﬁenéy_limitétion
decreases significahtly-when fhe‘mass transfer fesistancés>are:iarge.
Axial dispersion (secénd—defivative,klqngitudinaifdiffﬁéioﬁ
terms) and dispersion caused 5yvnon—iinear iéotherﬁg'incrééSevespecially
in the presence of stéep ébncenﬁration gradienfé. The'eﬁcoﬁhtefed
_concehtfation gradients‘increase as one procééds‘thru a sefieé,_multiple_
zohe‘CZA system.. In.the.caéé of a non-linear isotherm.where the con-
cenfration wave velocity is é function of the‘concenﬁrétion,fwhich
prbdgces hiéhér‘velocifﬁ poftiohs of thé wave that o&ertake‘ﬁhé sléﬁef
.pértions before réaqhing thé end of the bed, the amplitﬁaéétofrﬁdth
poétions are diminished. A splittiﬁg and recyclé arrangément may then
bévrequired to reducé these attenuations from the linear‘theory;  In
such a scheme as'shown in figufe 1-Ts when amplificatiqn of cdnégntration
waves by utilizlng several zones in seriés resuits”in significant
deviations from the liﬁea? theof&, the effluent §f the mﬁltipie%zpne
system may then be cdllécted in enriched énd depleted portions.v Each
poftion is theﬁbfed to a_suﬁséquent ﬁﬁltiple;zone.system whose‘effluent
igusplitvinto §roduc£Taﬁd,recycle-pbrtioﬁs. The recycle portions are

refed‘to.the»proper location wifhin the proceésing system, . -
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‘Forvthe‘separation of "trace’feeds";_dilutevcoﬁcentrations of
sOIutes in a non-adsorbing Carrier;.the operation of the CZA processlis
based_onvthe_separation of the tVo key components. A separation'cany
be achieved whenever‘Aﬁ¥ 1 for the keys. The optimum separation of the
two key components depends upon their concentration wave velocity and
distribution coefficient temperature sen51t1v1ty ratios. The separation
:can be significantly improved by addition of an isothermal ZOne.of
adsorbent particies~at'the end of a cycling zone‘adsorption—process.

The effect of the 1sothermal shifter bed when de51gned properlv, was
to shift the two key components' concentration waves - 1nto the most
favorable splitting position of 180¢ phase difference.: For low massv
transfer rates, the waves passing tiru the isothermal bed may be sig—
nificantly attenuated. ' L B IR . :

Upon removal of the inert carrier fluid from a twoasolute trace
vfeed a binary-adsorbing feed'results. 'The separative'power then
' depends upon the'mixture s effective distribution coeff1c1ent M , which
may be determined by the frequency response method discussed in Appendix
‘A, Separations are possible whenever Mo > O; vU31ng activated carbon
as‘an adsorbent, for example, mixtures of CHu and CO2 were separated.
utilizing a dual zone schenme to yield;a_separation’factor'of 1;8 at an
interstitial gas relocity of 11 Cm/sec.'andva heat transfer.requirement
of spproximately 6’kcal/mole of mixture by employing an input temperature
amplitude of 6.4 °C. It was found that the separation factors achleved
for the CHh—CO binary feed did not significantly differ from those

'obtained when the carrier gas, He;'was present. Therefore, the sweepJ-

‘fluid may be removed,.eliminating.thefnecessity'for'recycling-thehcarrier'-

‘gas.




The experimental concentration-time responses contained har-
monics, the maxima being more pointed than the minima, resulting from
harmonics in the temperature input, isotherm . non~linearities’, and non-

linearity of the'distribution coéffiéientntemperature relationsghip.

: Hdwever, the harmoniéé were small'sinée‘small expérimental temperature

variations were utilized. Their effects could be essénﬁially removed

by‘émpléying half—cycie averégéd instéad of peak concentratioﬁ measure~

ments fdr sepération factor calculations} In the frequency response

fexperiments, distortions in the input concentration wave are damped

upoh paésagé throﬁgh the isothermai adsorbent bed, -as discﬁsééd.by
Kramers and Alberda (1953). / | |

The Qpefatibn of'a'c&clinglzone édsofption pfoceSs‘at‘higher
frequencies, w; céuses‘particlé-phase‘diffusion to,hgve é*greater
atténuatibn.effecﬁbon thé separation Sﬁt permits.gréatér thruwput'
velocities, v, for,thejsame column bed léﬁgth (or émallervafof the .
seme v, thus lower investment cdsﬁs).'.Since the liﬁearizéd'thebry |
establishes no:limit.on the ihru—pﬁt velocity, N practiéél'iimif would .
be'imposéd by the heaf reQuirements'éf the prdbess. A réésonaﬁlé liﬁit‘
wouid be ﬁhé velocity_at which thé heat reqpired for the flowiné fiuid

becomes imporﬁant relative to that required for heating the solid

~ adsorbent (Appendix B). The velocity at which the flowing fluid heat

requirement is 20% of the solid adsorbent heat requirement for the

systems investigated wﬁa}found to be approximately 300 cm/second. The

‘frequency that may be app1ied‘at this thru-put, resuiting,in'a;éo%

v attenuationblOSS’due to particie—phase,diffﬁsion,'was estimated to be

about_O.B‘radian/sécond gé.B:cycles/min.)} Of course, the transferral

of hesat throughout‘the'ﬁéd'aﬁ higher'frequenéies is more difficult and"
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would 1mpose a physical limit on the employed frequency SinCe
particle-phase diffusion coefficients are smaller and fluid-phase heat
capac1t1es are larger for liquid systems, lower limiting values of
frequency and thru—put velocity would be expected

Most experiments in this study were run’at_lowvvelocities,‘v
approaching the region where'fluid-phase'molecular diffusion.becomes
an 1mportant transport mechanism. Thus thevestimated velocity and
frequency limitatlons have not been experimentally tested although
velocities and frequencies aS'large as 100 em/sec. and O.l radians/secL
respectively were utilized.

In the design of‘the CZA bed,.the pressure drop, radial'heat
Vtransfer'characteristics, fluid—flow distribution,vand axial'dispersion

effects would be considered in the selection of its length and diameter

In the cyclic frontal adsorption operation of parallel beds:

- with switching feeds, a stripplng fluid and heat are required to regen—

erste the ‘adsorbent 1n one bed while the other is being saturated with
feed. Because the front end of the adsorbent gets saturated and breah—
thru occurs as the concentration wave'in the exit part of'thebbed‘begins
tobemerge, concentration gradients are large within the'adsorption zone.
That is, the adsorption zone occupies only a small segmentkof the bed
at any fixed time.‘ | |

| - Continuously intermittentl(pulsed) chromatographyfreduires very
long beds and'a.sweep fluid whoservelocity for optimum columnbefficiency
is about 2—5 cm/second. Further veloc1ty 1ncreases result in poorer
,separation'efficiencies. Steep concentratlon gradients occur as peaks
V(bands) inside the bed,’yet separation of trace solutes can be made
‘nearly complete} Non—linear isotherms limitothe injection-size; which

limits the processing capacity. However, no heat transfer is required.



[

-,

“
b

Wowod Woe S Uy e o -

BN

'-1h3—}

In fhe CZAvprocess, lower concentration_gradients are encoun-
teredbsince thevenfire:bed, which‘is very shorb, is utilised. Much
greater phru—put velocities are'allowsble and no carrier fluidbis
required. The heat recuirements are on the order ofntwice theiregen~
erative neat required for frontel cyclic‘operationiusing.sn equivalent

adsorption bed. Separations are not nearly complete and evaluation of

a cascade, especially involviné-recycle, is difficult. However, for a

mixture contalning one adsorbeble constituent, the requlred recovery
not being very great the CZA process can do a good Job with only a
series of zones without complicated recycle. Typical examples are the
removal of CO from alr or N, and the desalinatlon of sea,. wster.

2

Certain other inten91ve varlables whlch affect the equilibrium

‘distribution coefficient, such a8 electric fields, magnetlc fields, or

pressure (for gaseous systems only) may be’ applled individually or in
conjunction with a thermal field in order to enhance the separative
power of a specific system. Previous 1nvestigations-and this study have
been limited to thermally forced varlstions of the equilibrium. distrl—

bution coefficient. However, for gaseous systems & reduction in pressure

corresponds to lower equilibrium bed capacities since theogas—phase

partial pressures are diminished. Both pressure,reduction and temper-

ature elevation have been used simultaneously for adsorbent regeneration

" in cyelic frontal adsorption processes in order to 1ncrease desorption

rates and reduce pre—saturation levels; .Therefore, theksimultsneous
use ofvtempersture'and pressure would result in larger variations in.the

equilibrium loading capacity of an adsorbent bed than‘that which would

be accessible by each utilized individually.7
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in itsvpreéenf state, é&cliné zone édsérptiSn is ah dtﬁractivé
process'wﬁich‘may bé ecénomically employed for interﬁedia#e scalé
éeparatioﬁs of pharmaceuticél, biological; and isotopic'sﬁbstances‘
which now are separaﬁéd chromatoéréphically.v | |

vFuture researéh_on gas~solidvsystems_couid\inciude tﬁg in&esti_
gation of the use of synghfonous cOmbindﬁions 6f intensive variableé,
such as temperéture.and breséure, to furfher‘enhéncé"the separafion.
Economic compariSOhs with continuously intermitte;t chromatographic
systems, such as.fhose manﬁfacfured‘by the Abéor Company énd discussed

by Timmins et al. (1968, 1969), would be most interesting..
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NOMENCLATURE
(Dimensionless unless specified)
cross—sectional area of empty eolumn, cm2

_SOlldS—fluld effectlve equlllbrlum dlstrlbutlon parameter,
g-moles adsorbate/lb adsorbent.

solids-fluid equilibrium dlstrlbutlon parameter, g—moles
adsorbate/lb adsorbent.

’amplituae.of output reeponse,

heatvcapacit&, cal/g?mole-°K

mean heat_capaoity, cal/g—mOleF°K.

fluid phaee moleeular diffusivity, cmz/sec.»
Knudsen (micro-pore) diffusivity, cm®/sec.
mass molecular diffuaivity, cm2/sec.

effective pore diffusion coefficient, em2/sec.
macro-pore diffnsion'eoefficient,'Cm2/sec.
.thermal molecular d1ffus1vity, cm /sec._

fluid phase axial dlsper31on coeff1c1ent,icm /sec.
eddy axial dispersion, cm /sec.

Fly;, T), equilibrium distribution functlon, g-mole . adsorbate/
1b adsorbent. :

free energy change to accomplish separation, cal/g—mole of feed.

enthalpy change from solute gas to adsorbed state at 25 °C
cal/g—mole.

isoteric heat of'adsorption, cal/g-mole.
differential heat of adsorption, cal/g-mole.
height of a transfer:unlt, cm,

"equilibrium dlstrlbutlon coeff1c1ent, g-mole adsorbate/lb
,adsorbent.

Langmuir constants.
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'1ength of cyeling zone bed, cm.

" efféctive distribution coefficient for binary mixture, g-mole

adsorbate/lb adsorbent. .
molecular weight, gm/g-mole.

number of zones in series.

(& dve ) . ‘
o » flow Péclet number.
£ .
(a )ve v v
0 — , axial dispersion Péclet number.
2 . .

absolute pressure, psia.

' heat transfered per half-cycle, cal.

heat flow, cal/eeo.

heat required per mole of feed. to accompllsh separatlon,
cal/g—mole of feed. '

gas constant, cal/g—mole— K.

vaverage»particle radius, cm.

surface area/unit masevof'particleSF cm?/gm.
entropy‘change of mixing, cal/gemole—°c.
absolute temperature, °K.

volume of empty column, cm3.

weight of solid adsorbent particles contained in the column, gm.

(y - yf)/yf, dimen31onless gas-phase concentratlon,v

dlmen31onless half-cycle averaged concentratlon.{
(z/v) dlmensionless frequency

equilibrium coeffioient;amplitude resbonse paraneter.v'v

surface area/bed volume ratio; cm_l. | |

temperature input amplitude parameter. .

Langmuir isotherm.parameter,.g—moles adsorbate/lb adsorbent.
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velocity‘input amplitude parameter.

. Langmuir isotherm parameter.

mean adsorbent particle diameter, cm.

enthalpy;rcal/g-mole.:"

. heat transfer coefficienf, cal/bmgesec-°K.'

mass transfer coefficient, cm/sec.

' -overall.partiolevphase mass transfervcoefficientg cm2/sec;

Langmuir equilibrium adsorbate loading capacity, g-moles
adsorbate/1b adsorbent. L

radial distance from center of particle, cm.

time, sec.

“interstitial fluid velocity; cm/sec;

v/(l + 1Y), concentratlon wave velocity, cm/sec.

'solid—phase loeding, g-moles adsorbate/lb adsorbent

..equilibrlum solid~phase loading, g~moles adsorbate/lbfadsorbent.

gas-phase concentration, mole fractiont'

equilibrium gas-phase eoncentration5vmole.fractioﬁ;
half-cycle aveﬁaged conceﬁtration,‘mole fraction. ’vf
axial distance from column entrance,bcm. |

Y
max.

- w/ 1+ w s dlmen31onless response amplltude.

(1 + plu(L/v)
‘ 2ﬂ :

’ dimensionlessrfrequency factor,

molecular mean free path, A

average pore dlameter A,

1n{a) (m/k)

2 V(1 + ) ° dimensionless mean separation factorf
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(q )

=. (y y / (y ) L» mean separatlon factor.
“B ‘= switching location: lag between initial sw1tch1ng p01nt where
© collection of the enrlched half—cycle beglns and  the temperature
. input wave, radians.
gr = Freundlich isOtherm pafameter;
- w/k! 8 . ‘ : R R CoL
T = —E—EFﬂfl R dimensionless_massbtrsnsferécapscity ratio.
(K, AH ),
Y = , equilibrium isotherm parameter for the two
: . AZK T AH ) . . O ; '
- "o “Ya’l . adsorbing specie (trace) system.
€ = interparticle void fraction\
4 '=’yl/(l - y2), concentratlon ratio of component 1 to the component
 2-free mixture. :
3] = wt,kdimenSionless time.v
A = == = ~% | concentration wave velocity ratio.
N A SV IEEE s S o :
L2
Py .= adsorbent densitys'lb'adsorbent/ft3 of adsorbent._>,'
P, = fluld molar demsity, g—moles/ft of fluid.
°¢ = molecula.r collision d:La.meter, A
T = tortuosity of adsorbent particle.
o) = phase angle, radlens.
'¢é " '= phase difference between component effluent waves; raaians;
¢S' = phase shift of concentration wave upon passage thru an o
isothermal shifter bed radians.
¢T = phase between temperature inputs for dual zone operetlon,
e radians. :
| ps(l - €) K, - A -
v »=‘.'p e' —— , solids~fluid equilibrium capacity ratio.
" 7 - v T
Q - =*m/k; agr, dimensionless mass transfer reSistaneevfactor.”
) = frequency,_rsdians/sec.
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= w(L/v), dimensionless frequency.

[

xv = intraparticle void fraction.

Subscfigts
a = = solute'(adsorbing_specie).-

ads = adsorbent 6r a.dsor'ption_. s

ap = épﬁareht.'
C. . . =cold.
E = ehriéhéd halfséycle ﬁortion.‘
£f = feed,condition or fluid.
Hvlf = hot.
I = input..
i ~ = component i.v
L = lean half-cycle portion.
m = binary.mikture;
n ‘=.inert céfrief fiﬁid. _
ov;::'=lévefage Qalué br'initial cohdition.

opt = optimum.

,p' = particle.

R = enriched half-cycle portion,
a»Rpf = response.

s = sélids‘br isothermal shifter.
W = wall. |

xl - = component 1.

2 'vv='COﬁponeﬁt‘2.'

le = component,l‘relative_tQ com§onent 2.



Superscripts

(V)

zone-N.

zone-1.

o)
It

—~
N
~—r
L}

zone-2.,

E
]

= isothermal shifter bed or adsorbed state.

i
i
i
;
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APPENDIX A ) :
DETERMINATION OF EQUILIBRIUM DISTRIBUTION COEFFICIENTS .
BY FREQUENCY RESPONSE TECHNIQUES d

By applying a s;nuSOLdal,concentration dlsturbance“in‘the inlet : B
vfeedbfo an adsorbent bed,.the4measnfement of the emplitude.attenuation
and the phase shift‘Between input and output signals yie;d infofmation
aboutithe distribution eoefficientsAana mass tranéfer pérametefsvfor a
,given.fluid—selid-syetem. For small input amplitudes,‘a linear syefem o
response is appreaehed where the dynanic behavior is independent of the - ;
input emplitude, as discussed by Kramers and Alberda (1953). |

The followingNassumptions are made in the lelewing»enalysis: : | .
1) Linear system dynamics - :

) No radial. concentration or velocity gradlents
; Constancy of temperature and pressure ’

Dispersive effects owing to longltudlnal mlxing or
- diffusion are unimportant .

-l:'b\)l\)l—’

SINGLE ADSORBING SPECIE - | - | o
A single adsorbing epecielwithin a-noh—adsdrbing carrier gas is o

termed a single adsorbing specie system. 'Its'equilibrinmeadsorption is

governed by its gas phase concentration. - _ L o . .

Local Equilibrium x o o

First we assume thet axial diffusion and pore diffusion are

unimportant and that the fluld and solld are in equillbrium

Conservation of matter’ within a differential segment of the

packed bed at some distance, z, from the entrance of the;bed yields: v'f
e o o P (1 -g) '
§l+"§z.+_______._s _-a-‘z{—: i -
3t ' oz Pe € - 3% - O ST (a-1) .

The solid-fluid equilibrium relationship isv : Co L
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= F(y)
For a sinusoidal concentratidn.input at the entrance of the'bed;
iwt)

y(0,t) = ye(l+ae (a-2)

'For small changes in y:

(A-3)

t
]
»
[}

&) Ay = y,)
T dy yf ,'f
For linear system dynamics, the'responses may be written in the form:

y(é’,f)

.»yf + YlKZ) aeiwt ‘. o (A=)

) (a-5)

._ x(i,f}

Substltutlon of the above equatlons into equation (A~3) leads to the

'definltlon of the equilibrlum dlstrlbution coefficient

- _dF - i)
N TTE T wly, | (a-63.

Substitution qf'fhé equations (A—h); (A—5),vand (A-6) into équation (A-1)
. glves - .

v-(

: , 8 . : v 1 - _ _
_ [l‘+ ,pf € Ko] ot dz e (A77)

The solids-fluid capacity ratio is defined as:

pyla - ©)

Py
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The inlet condition requires that:
¥, (0) =y,
The solution of equatidn (A-Y),'obtained by applying an integration
factor, is
oy L N\ 10z
Yl(z).f.xf expl- (1. + ¢)  v,]
The résponse then has ‘the form:
. - - iwz iwt
¥(z,t) = y(z,8) -y, =y, expl- (1 + §) =] a e
=.A e—l¢ ‘eiw’t ’ - g (A—'B)
where
A= yeas the input‘amplitude‘
¢ = (1 + ¢) w(z/v), the phase lag - (A-9)

~ Therefore a plot of ¢ versus w gives a straight line passing thru the

,"origih with & slope of (1 + $)(z/v). From the slope, the_équilibrium

S . _— 4 . -
-~ distribution coefficient may be determined:
K = leopg/(Z/V)] -1 (A-10)
o - p (1~ € T
pf €

‘We notevthat'thére is no amplitude attenuation for the local'équiiibrium

situation.
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Local Equilibrium with Pore Diffusion

. Wilhelm and Deisleér (1953) investigated the non—édsofbiﬁg,’
frequency-response situatibn including both axial diffusion:and pére
. diffusioﬂ{ 'They showed that pore diffusi6n>pr§dgées'avsignificanfly
stronger effect on the phase lag than that of‘axial éifquion,> On.this
basis;-we'include éhé pore diffusionveffect in thé.différehfial material

balance, which gives:

L 3y
y ,1-¢€) [X ’p + ps 8 {x) ] + v %%4= 0

ot € ot Pp € ot
(A-11)
-._where:
(y_ ) = average concentration in the fluid inside thé'particlq;
P mole fraction. ' -
{x) = average loading on solid surface, g-moles/lb_,
X = intraparticle void fraction
Thus
1
({y ? = i oy {r,z,t) % ar T (A~12)
P R’B P : R
o . . ) .
“and
'

(x) - (a-13)

]
e
- fw
w .
%
=
N
o
N
o
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where
' . . ‘
R = average particle radius.

From the equilibrium relationship,

x = F(xp)

small changes in y_giﬁe:

&y
dy Yo P

{x) ,—‘<x‘f_) Yy - yf> C . (A.—ly)

The assumed solution responses for linear dynamics are

y(z,t) iwt

Ve ¥ ¥)(2) ae

Ve * (Yl(z) ) aeiwt o ~ (A-15)

I

(yp(z,t) )i

iwt

(x? .

x, + (Xl(z) ) ae

-The equilibrium distribution coeffiéient is then defined as:.

<Xl(g)>

% = @ly, T TOT It

Substitution of equations (A-15) and (A~16) into equation (A-11) gives:

b, o _ay, :
o i1-€) Ps v _1_4- '
RS € X+ e € X <Yl'> YIw az °‘, (Ale)

with the boundary condition:



Cy(0,t) =y (1 + 8 &™)

- The material balance on the solid particle of radius R is

S - p .
X 2 (.2 _“pY .2 4.8 |
o2 o (r r ) T (XY T, (4-18)

where

DP = pore. diffusion coefficient, en®/sec.

~ Since the assumption of local equilibrium at eaéh.point along a'pore

~implies that x(r) = Ko yp(r), rearrangement of equation (A—lB)_gives

1 » o [.2 p) - _"p (AL
o, 2 or ‘(1.” 37 ) w0 (a9
ol X Pe KO'

- with the boundary conditions_on yp:

| vYP(R',t);é' y(z,t)

dy _(0,t)
w o O

" For the assumed SOlutiQh'forms:

wt

il

v(z,t) Ve + Yl(z) ael
(A~20)

| it
Ve +.Zl(r,z) ae

i}

(r,z,t)-
vyp
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‘the boundary conditions become

1,(0) =,

]
[
~~
N
S

z, (8" ,2)

' BZl(O,z

or —=0

. Substiiutionvof the assumed solution forms, equation (A-20), into

equation (A-19) gives

o 1 4 - 2 .71 .
* — —— = i C -
p# T @ (rn_ = ) wz (A-21)
‘»whefe
D B

D¥ = B
D. P, .
1+'S>Ko
X Pe ©

The solution of equation (A-21) is obtained by setting Z, =W(r)/r, which

puts it into the form:

the solution of which, is

~

';A sinh(r%iw/D*) '
: Zl(rsz) = T p_

Whéh A is evaluated from the boundaery condition at r = R', we obtain

LS
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g ‘sinh(r{iw/Dg)

z.{r,z) = Y, (2) = ~ 1 .<A—22)
1 r zv_, 1Z r | Sinh(R' }"—'—iw/D;) .

Averagingvover the particle, yields:

sinh( EV /D*) T ;

(rz))=3Y(z /E,‘ ag |-
sinh(ViuR' /Dg)_ :

=Y (z) G(wR'z/Dg) I o (a-23)
where

£=R/a

- and

.2 - 3 D* yiwR /D* cosh /1wR'2/D* - sinh Vle'z/D“
G(wR'“/D¥) =
' P’y R'2  sinh YiuR é/D;

- (A=2k)

Substitution‘of equatibn (A-23) into_equation,(A-l?)'giVes.. o

| (1 - ¢ s 1 . a2 R __;__
Yo+ X + 5. K | Y,-G(uR /Dp) AT f:o_

_Afhé solufion‘bf which is“

1

o | _ e 1 1 ]
- Y. (z) = B exp »-_[:1 + il_:.é&. [X + == Ko] G(wR'z/D;)]-,%QE

From the boundary condition at z = 0, Yl(O) =3B =-yf, Splitting

G(wRQ/D;) into its real, GR

, and imaginary, GIm’ parts, the resﬁonse is

of the form:



¥ (2) = Atw) expl-1¢(w)]’

where the output amplitude is

sy oo 2] 0] 8)

and the phase lag 1is , : . : » o
- (l.’g Wz | . -
After considerable algébraic manulipulation, we obtain the.foilqwing

approximations, valid for small velues of wR'Q/DS:

“re=1-35 \3) GV

| ' 12 /
- 'eA(‘_*’g (1+ w)).
b

G =

Im [ 12 2 :

. .. [wg (.l + w)] o+ 90
P

Therefore, the phase shift is,

ol

Thus,,plotting d(w)/wlz/v) - 1 versus w? should giVe_a-straight line with

_intercept: l.; £iX Y ., at w2 =0
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and

slope = - §I§ (1ntercept) (1 + w)2 (R'Z/D )2

The'equilibrium distribution coefficient, Ko,,may_then be determined

from the intercept:

intercept -~ il_g_élx . :
(A-28)

K. == :
o J ‘péTl--.s)
vpf €
. and the effective pore diffusion coefficient, Dp, from the slope:
R h
(intercept) (1 + w) :
D = 315 (a-29) -
P " slope -

The smplitude ratio is:

4 '- oy [z T N)
Lot o __(ﬁ;.;;_élx+_¢) B (9?-) (a-30)

Experimental Results

A'constanf-EOmposition feed is fed to the-top zone; es shown in
the schematlc diagram of the experlmental apparatus, Figure h-3 The
tempereture of the zone is osc1llated sinusoidally. The first zone then
serves as the concentfetion wave geheratof The sinusoidal osc1llat;ng
comp031tion effluent of the cycllng zone is fed to the second zone,

which is held at constant. temperature and pressure Each zone contained

- 12-30 mesh Pittsburgh_BPL activeted carbon.vahe phase’shift of the
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second zone's oﬁt?utlconeentrationuweﬁe and its average seperetion
faetor; <u ), are_meesured. For linear behevier the ratio of output
'separatien faetor to input separation factof-ls unity;

The flow velocity wae held constant, whilebthe input ffequency_
.Wae varied err the epproiimete range ef 0.02 to 0.10 radians per.
second.‘ The expefimenﬁalifrequency date are tabuleted in Teble A-3.

Methane-Helium Systém. A 3.1 mole % CH) ~He yielded the results

shown in Figure A-1. In Figure A-la, the phase shift and amplftﬁde~
fatiolﬁalues are ﬁlotted.’ It wes found‘that the amplitudellees wee'
'less than 10% over the investigated frequency range and that the phase
‘Shlft wasvproportlonal to frequency.. Thls 1nd1cates that mass transfer
effects were»small,and, in addltlon, that the effect of'pprebdiffueiop'
on the phase shift,vrepresented by the equared factof in eqnatieﬁ'(A—27a),
:ls small.,  The least squares determined-slope of the pheee'ehift,lﬁsing
equation (A-10), yielded ko ev6}§83 g—moles/lbads. ‘Takingfinfolaccount'
the pore diffusion effect fellowingvequations (A-28) and (A-éQ), the
values obtained were: Ko = 0.1+9Og—moles/lb~ ds and D = 3.2'.><410—3 cmz/sec.
The correction for the pore dlffu31on effect amounted to only 2%. Flgure
A-1b 1nd1cates that at low frequenc1es, the pore dlffusion correctlon will
_be 51gn1f1cantly smaller. This suggests that correction can be neglected
for data taken in the lower frequency range.

An’alternative procedure is to determine_the.phaselehift by
'holding the frequency constant at a value-lees.than‘é X_lOlefadians/sec.,.
fand varylng the fluid velocity, v. A plot of ¢ versus L/v ehould be

linear, with a slope, derived from equetion,(A—9), of

elope.% (L +9)w | -='_ S va-Bl)
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~ Figure A-1. Frequeﬁéy Respbnsei 3.l%FCHh4He on Pittsburgh BPL

Activated Carbon at 19 psia.
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Ufilizing a_3.l mole % CthHe mixturé, the»responée of an,isbthermal
' bed, whose input freqﬁenéy was 0.053'radians/secf, was determined over
the veiocity range of 6.5 to 103 cm/sec. The phase shift reSulté
plotteﬂ'in Figure A—2, yield KO =‘0.502 g—@bles/lbads. This’comparés
véfy féVorably with those breviéuéiy detefmiﬁed."  | |

A éomparison ﬁith the distfibﬁtion coéfficient ihtefpolaféd
from the datﬁ of Grant and Manes (i96é) is listed_ianable A-1, Grant
and Manéé' data were fitted to the'Langmﬁir form as discuésed iﬁ

Chapter L. The distribution coefficient is then:

dx,  _ 1 | -
K =<5 =3 - (a-32)
° dy-,yf 1+ e yf)2

'.Grant,and Manes used a 4-10 mesh BPL'Acti§ated éarbon, whicﬁ is noﬁ-
.obsclete, It had lower surféce ares and higher aéh content than the
carboh used in this study. It would be expected that the two carbons
should have similar_heaﬁs of adsorption, and thét their difference is -
‘essentially in their adsorptive capacities. Therefofé, the §lope,
_AHa/R, qf the CHh—He‘systeﬁ's distribution coefficient funétion; shown

1

in Figure A-5, was set equal to 2200 °K ™", the value obtained from Grant

and Manes'vdaﬁa.

Teble A-1. Equilibrium Distribution Coefficients at 50 °C (3.1% CH,-He)

K. g-moles/lba

, ds
Grant & Manes (1962) ' ©0.43

: n , -
This study ' ' 0.L9 + 0.01

. . .
Used to interpret CZA data.




o8|
osf
04

0.2}

O kil B .l". L  -| L
0 2 3 - 4

L/v ,residence time , - -(’_‘_sve..c_')'-

b /27, dimensionless phase shift

XBL716-3809

: 'Figﬁ_ré A-2. »Velocity -Respoﬁsé, (w = 0.053 rad/sec.): 3.1% ’CHu—He“on
Pittsburgh BPL Activated Carbon at 19 psia. R
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Carbon Dioxide-Helium System. A %.9 mole% Coz-ﬂg mixture was
used for frequency response experiments. The resuits are éhdwn_in
Figuré'A—3a. The pore-diffusion effect, as.shown in>Figure A=-3b,

‘ reqﬁired a correction of the diétribution cééfficient of about 9%.

Results from the alternative method, shown in Figure_Aeh,.wéré taken at:
w = 0.055 radians/sec.

’5-7\<v <69 ~, cm/sec.

~

The distribution'coefficients, corrected for pore diffusioﬁ_effect, are
plotted versus 1/T in Figure A-5. The slope Of.which gives‘a.fAHa/R |
.Qalué/qf 2.3 x 105  °K Fl;' A compafison to those'valgésvébtaihéd py

‘intérpoiation of data reported by Meredith and Plank (1967)-isilis£ed
in Table A-2. The distribution coéfficients deﬁefminedvin this study
were at low adsorbate partial'pressui;s (0.5‘— 1.0 psia), a region-in
, ﬁﬁich 1t is difficult to obtaip‘accurate detefmination of adSorbate

‘loading by the static balance method employed by .-Meredith and Plank

~ (1967).

¥

Table A~2. Equilibrium Distribution Coefficients (h.9%'C02-He)

K gfmoles/lbads

o SRR —AHa/R >< le-3, OK*I/.
Temperature, °C = - 38.9 k9.5  61.2 ST
Meredith & Plank (1967) = 1.48 1.16 0.95 - 2.0
S % L
This study 1.42 1.11 0.87 2.3

* o .
Used to interpret CZA data.
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(at 19.0 psia)

Single Adsorbing Specie Systems

(o) .
. System rad(;;ec I:;éz’ to’ Dsgl - el © ¢s/2n ’ res‘ o-nse
: . °c 1b5/g-mole input .
0.0259 0.170 0.996
0.0367 . 0.258 0.985
0.0525 1.h70 50.0 53.81 0.319 0.983
0.0706 0.kh7 -0.976
' 0.1039 0.647 ©0.975
3.1% CHy-He - , ‘ ’
) 3.215 0.765 0.939
2.162 . 0.b77 0.965
1.623 o.k2h 0.980
1.467 0.319 0.982
0.053 1.164 49.5 53.66 0.296 0.989
0.928 . : 0.236 0.992
0.723 0.172 0.993 -
0.462 - 0.118 0.996
0.3L8 0.095 0.997
‘! .
0.0238 © . 0.246 0.959
0.0360 70.352 - 0.9h1
.0.0535 1.265 61.2 55.61 0.518 0.938
. 0.0711 0.673 .. 0.956
0.0976 0.92k 0.967
0.0238 , 0.405 0.892
. 0.0360 0.557 0.855
4.9% CO,-He 0.0535 1.363 38.9 51.89 0.846 0.853
' 0.0711 ©1.106 0.915
0.0976 1.430 0.936
3.616 - 0.81k
1.860 ' 0.960 0.860
0.055 1.115 49.3 53.62 0.581 0.902
0.733 0.396 0.938
0.476 0.248 0.968
0.313 0.169 0.981

' W =11.57 gm., L = 20.64 em., € = 0.403, X = 0:.40
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BINARY ADSORBING SYSTEM = = | o
'In mixed-ges adsorption, it is a ffemehdous-saving of experi-

méﬁtal effort to avoid the measuremént'of the-adsorbaﬁe combosition.
Sﬁch meésurements arevéo diffiéﬁlt thaﬁ mixed—gasbadsofption‘data are
raféi' Absummary.of miied;éés.adé;fption thermodjnamic theories is
presentéd by Myers‘(1968);

| A thermodynamic pfoéedure for interpreting data:which avoids the '
méésuremeht of the adsofbate.coﬁpositioh was prdpdsed byIVan Ness (1969).
His methdd requlres that adsorption isothérms bé ﬁeaSufed at constant
gas'composition'whilé varying the bressure}_ Hefein.lies the main
ad&antage of the frequéhc&'réépénse methbd, in which a sinusoidal .con-
centration disturbance about avfixed composition level is fed to an
iéothermal packed adsorbgnt1béd,voperated af various.preSSures; The
measured phase shift vérsus fféquéncy at eaéh‘ﬁféssﬁré éan be used to
caiculaté the distfibutioh coefficienf varianCe'with respeéf fb préssure
,ét.a’conSfanf.aVerage composition‘levél.' EXperiments‘of this ﬁype were
not condﬁcted duriné the preséﬁt‘study because it was not éénéidered to
E be héCeésary ﬁo find the true cémpbéition df ihe-adsorbate phase using
thermodynamically exact cdmputations. Instead, in order to:reduCé:the
' work required, measurements ﬁere taken at one preséure. Ihterpretation
.was made by assﬁming'a-fbrm for the equilibrium isotherm.

In this study, the methane-carbon dioxide binary syétem was

invesfigated at constgnt1pfeséure. The pore diffusion effect on the
pﬁaséiShifﬁ waé ﬁéglecféd in-order %o simplify the cqmputatibns,‘

Local Equilibrium

For two adsorbing épecies, the component material balances over

"~ a small sectiohiof the adsorbtive section are
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oy » dy o ox
Y1 (1 -g) 71, 9_ =
5 + = [X s + pf at‘] + 7 (v Yl) 0
5 . (A-33)
oy "%y, p 9x
2, - [ M2 P 7,0 . y.o
3t € [X ECRR YT ] for vvd=0
(A-Fh)

FQr_a'binary system, the gas-phase material balance requires that
v, * ¥y = 1. Adding equations (A-33) and (A-3L) gives

p (2 ~c€) : . S

B R e - N = _ v _
(X X)) =g (A-35)

Df1€

Substitution of equation (A-35) into equation (A-33) yields;

1. L-e)x vy, Pl -e) [ B RS
> 4 et Pe € Y2 7ot Y1 7ot 0z
- (a-36)
" The eQuilibriﬁm relationships may be written in the form:

x, = Flygs vp)
xp = Fplyys vo)

For the input concentration disturbance of
. iwt

the assumed solution. forms are

yl(za"tv) = -ylf + Y(Z) a‘e s IYI < ¥1f‘ : (A—37) .
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e o ' iwt
xl(z,#) = Xy f’Xl(z) ae” ,
' & ; A
- %, | <xi. Av38)
_ o iwt . ' C
xz(z,t) = Xy, * Xz(z) ge )
' Since yl'+ Yo =1,
S -
¥plz,t) =y, - ¥(2) ae™? (A-39)

Substitution of equations (A-37), (A-38), and (A-39) into equation (A-36),

retaining the first order terms only, gives:

=0

=
S

(1 - ¢ : ps( : V. .
—— - : + — .
[;,+ e | I* b, € Yor X1 = Ve X5 1w
- {A-39)
Linearization of the équilibrium expressions about the feed_éomposition

gives:

9F. . 3F o
2o XT3 a (y; = v1e) + 3 | (ypy - vpe)
N1¥s | Vo ¥y T2 TS

OF 9F, |
Xy = Xpp = 7§ 2| (v - ¥9p) + 3 - rp - vpe)
Substitution of equations (A-37), (A-38), and (A-39) into the linearized

equilibrium relationships, we obtain

P
—~
N
~—
]

(hgy = hpe) YD (el

Lo
—~ .
N
~—

i
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where

g
l

= (OoF /3y ).
11 1 1 ylf’ny

o=
1

12 = (37, /37,)

YiroYor

o1 = (3F,/3y,)

>
!

Yie2Yor

Ay, = (8F /8y,).
e2 2 T2 eV

Therefore:

Yor Xy = Vyp Xp = [ypplAyy = Ayp) + 5y p(Ap, = 8501 Y

Substituting the above result into equation (A-39) yields the ordinary

differential equation:

| | p (1 -€) 7 R |
[1 + (;‘; €)X 3p — Mo] Y + Ei' %§.=.o . (A-b2)
£ , :

The solution to equation (A-~42) with the boundary-condition,‘i(o)

is
. . _. - l - : . R Bl ]
vz) =y exp [—i?” (l e “’)] |
= yyp exp(~1¢)

where the solids~fluid capacity. ratic is
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. p;(i;} €) "
| Thevphage'shiftis:thereforé:~"
;é;mgmq [1+1L€4ﬁx+4]v ‘{ ‘ kA48)

A plot of ¢ versus w(L/v) yields a straight line with a slope

of'l'+'£;—€§55t&-+ .

From the slope, M_ may be determined by

.Mvo =;-.s»]_ope ;s%-l—v-(ii— e)x/gvv | : ‘_ ,_(A_hh>

Pp &

 where M 'is related to the average feed compositions and the:dérivatives

of the equilibrium isotherms:

My = Voplhyy = App) + vy (B, - Ag) DR (A-L5)

Langmuir Behavior

Consider'the special case where both species exhibit Langmuir

behavipr, then the loading_fupctions of the components in the mixture

are

= "-ﬁl KN

X = ;
Toobr Ky Ky, |
| (A-L6)
n, K.,y
= 2 "2 92

where
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=3
L}

adsorbate losding capacity, g—moles/lbé'ds

=~
L}

Langmuir constants, dimensionless

Evaluating the parﬁial derivatives of equations (A-46) and substituting

into equation (A-45), the expression for M is found to be: . -

it

yelmk, L+ k)1 4y, a1+ )

M = 2 (A=4T)
_ Ryt szgf) ;
The end points of equation (A-4T) are R
n., K »
222 =
M, TTEK at yip =1
 (A-48)
- m, K ' :
Moo= 1 =
M =T K, at ¥y, = 0
Rearrangement of equation (A-47) gives the linear relationship:
. ) ~
‘ 2
M,o[l + K, + ylf(Kl - Ke)] ylf[m K (1 + K, ) - lel(.l + K2)‘]
+mK (1 + K2)
. ‘ v . ‘J“‘J
= M - (A-k9)

- Whén each component, individually in the presence of a non—adsdrbing‘
' carrier gas.such as helium, exhibitvaangmuir behavior,‘the loading
functions mayvbe written as:

m K,y o - .

171v1 - '

X, = T - (a-50)
1 Al + Ki Yy . )
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and

m, K, ¥
2 2°2
X, = Te————— : (A-51)
2 ";,+ K2 y2 .

The distribution cbefficients; eS'preViously defined, are then: 

v

dx m K

K . = —— = _ - o (A-52)
ol dy- 'y : _ 2 A
. V171 | (1 + Klylf) ,
oA my Ky . oy
Ko = '&Sr"ly = - 5 _ . (a=53)
oo (L Ky,

E;perimentel Results

" The frequency responee results for 25,»50, and 75 mole% CHh—COQ
;miiﬁures at léﬁb péia end temperafures=of’37,6.and.60{5 °c, arevsh0wn
in Pigure A-6. The experiﬁental dats are listed in Table A~6.  The-
amplltude ratios remained falrly constant Thus, the drop from unlty
is probably due to harmonlcs in the input concentratlon signal. Thls,
- of course,\could be ascertained'by a Fourier analysis on the input and
ogtput'signals, which ﬁas not performed in this study-beceuse the phase
shift, on which calculatiens were based, is less sensitive to diffusional
effecfs than the amplitude. A method suggested by Delsler and Wilhelm
(1953) employing a packed bed to filter the concentration dlsturbance -
' before entering the test zone, was not utilized in thls 1nvest1gation
since the experlmental apparatus was orlglnallykde51gned for cycllng
;zone experiments, '

The distributioh.coe?ficieﬁts, determined;by the_freéuency

response method, for the binary CHh—COé, CHh—He, and COQeHe mixtures are

3
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listed ianable A-L. The binary adsorbing syétem's distribution
coefficients,vMo; are preéented'in Figure A-Ta. The solid lines represent
20 Ky

the predicted function M for the best set of lel,‘mQK
consistent with the data listed in Table A-L. The béstﬁfit values' of

K2 vglues
the Langmuir parameters are listed in Table A-5. The temperature
dependency of the paremeters are of the form,_AOexp(—AHa/RT). A plot of
the:natﬁral log of the pérameter versus 1/T has a slope eqﬁal to

fAHa/R.

Table A-L4. Experimental Distribution Coefficients at 19.0 psia.

Temperature,°C - 37.6 . 60.5 : Composiﬁion, m.f.
System Distribution Coeff., g-moles/lb_.
" - 6 | -0
CH,-He . K = 0. 0.39 y, = 0.031
# _ - - : . '
CO,-He o Koo = q15h7 0;89' | Yy = of0h9
CH) -CO,, Moo= 0.465 0.355 - yy = 0.25k
0.567 0.415 = 0.502
0.746 0.513 - = 0.751
w : : .
Interpolated values from Figure A-5.
B
ﬁ Table A-5. 'Langmuir Parameters at 19.0 psia.
° -3
Temperature, °C 7AHa/R x 10 7,
' L o v : 1
Parameters - 37.6 | 60.5 3 A»;IV»OK_Q
S ' o190 0.620 - 0.9
m X g“mOl’e/lbs . 0.690 7 0.ko5 - 2.15
K, 1.040 - 0.560 2.8
m, K g—mole/lbs '_ | 1.615. _.,0.939 . o6

272>
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Figure A-7. Effective Equilibrium Distribution Coefficients of
_CH,_L--CO2 Binary Mixtures. o
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A test of the-data, in order to.evaluate'the goodness of the

assumed Langmuir behavior, nay be made by application of eéuation (A-49),

employihg the calculated parémetérs listed in Table A~5. For true

Langmuir behavior a plot of M*'irersus.yl should be linear. The response :
data for the system 1nvest1gated, plotted in Flgure A-Tb, indicate that
the behav1or exhlblted by the CHh—CO system is nearly that assumed

More experlments would be necessary to determine the 1sotherm forms

‘w1th'greater prECISIOn.' The results cbtained sabhove, however, are of

sﬁfficient_eccuiacy to be used to evaiuate the isotherm parameters

required_in the cycling zone analyses.



Table A-6. Frequency Response Data: CH, -CO,, Binary Adsorbing.System (at 19.0 psia) .
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(

L/v,

o (1 -¢e)/oe,

RN -
_ _response

Y, > :
CHy )¢ Y, tor ¢ /om v
mole fraction rad/sec. . sec. °C le/STmole s ¢’ input
0.02k9 . 0.176 0.976
0.0347 1.634 37.h 51.64 0.222 0.969
0.052k4 0.333 0.971
. 0.0720 0.491 -~ 0.970
0.254 .
: ~0.02k9 0.13k 0.983
- 0.03k7 1.500 60.2 55.h4 0.167 0.980
0.052k 0.229 0.981
‘0.0720 0.415 0.982
0.0261 . 0.195 0.972
0.0361 1.570 37.6 51.68 0:270 -~ 0.969
0.0517 : . ’ 0.403 0.967
0.0712 0.579 0.965
0.502. : :
0.0261 0.150 0.982
0.0361 1.h6k 60.4 55.46 0.190 0.983
0.0517 0.301 0.980
0.0712 0.439 0.983
0.025h 0.2kk- 0.976
0.0346 1.47h 37.9 51.73 0.320 0.973
0.0522 . 0.495 0.965
. 0.0721 0.660 0.961
0.751
0.0254 0.183 0.985
0.0346 1.384 60.8 55.55 0.222° . 0.987
0.0522 , 0.3k49 0.982
0.0721 0.L48 '0.980

W= 11.57 gm., L = 20.

6k cm., €=

0.503, ¥ = 0.0 .
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APfENDiX B |
TRANSPORT éROPERTiEs'FOR o CZA PROCESS
‘TRANSPORT PARAVETERS ) '. -
| Varioﬁs transport prbperﬁies‘fOrvthe:cyclihg zoné adsorption

processés inveétigafed in'tﬂis.stud&.are estimated'in order to give a
géhérél insightwihtokthe physical limitations impoéed upon'its‘opération.
The:general.cofrelati&n of tfanspoft'properties for fixed-bed systems,
proposed by Vermeulen (1963)*; is used to determine the coﬁtrollipg'mode

of mass transfer and to estimate the heights of traﬁsfer units, HTU.

Molécﬁlar Diffusion—Limiting Velocity

From Vermeulen's éofrelation chéft; the lower limit on ﬁhef.
interstitial velocity;.v,’for vhich transport‘by longitudihai molecular
diffusion in the fluid stream becomes significant. compared tobthe'bulk
flow transport, occurs éroung Péclet numberé Qf.daj to 1.5. The Péclet

number is defined by:

_ (d')('ve o ' _
Pe,k = —&—o o (B~1)
£+ D : v
where
<dp ) = average particle diameter, cm. :
v =‘infefstitial velocity, cm/sec.
€ = void fraction
v Df'F fluid phésevmolééular diffusivity,vcmz/sec.

Corrected,btuermeulen (1970)‘(vt0jbegpubli3hed in 5th Edition of
Perry's Chemical Engineering Handbook, McGraw-Hill, New York).
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The approximate limifing'velocity-range:for which molecular diffusion
becomes impoftant is determined by rearrangement of equation»(B—l)’és:

| _DelPep)yiniting ' (5-2)
Ve i = . :
e "limiting (dp )'E‘

The molecular diffusivities and limiting velocity ranges for the systems

‘

inveétigated in.this study are listed in Table B-1l.

' Table B-l. Molecular Diffusivities and Limiting Velogities

2, W
System fo em”/sec. vlimiting’.cm/sec’
: 0°C & 1 atm -50°C & 19 psia . 50°C & 19 psia
CH,-He ' 0.590 (a) 0.595 9.9 to 21.2
CO,He ' , 0.522 (b) 0.530 8.7 to 12.6
CH),~CO0, - | 0,153 (e) 0.155 | 2.6 to 5.5

(a) Fulléf.(l966)
(b) Holsen (196L)
(¢) Hirschfelder (1959).

* —
Based on (dp > = 0.105 em., € = 0.400

Axial Dispersion

Taylor-type dispersion results from deviations in the velocity |

distribution from the idealized plug-flow profile. The deviations within

- fixed beds usually result from flow channeling near the walls, which can
be minimized by setting L/a_ > 180, as proposed by Himmelblau (1968).

In this study, the L/dp_ratio was around 185,

It is common pfactipe to lump Taylor’dispersion.and'other longi--

- - tudinal dispersive effects inﬁpian'axiél éispérsion coefficient. The
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limiting value of the dispersive Péclet numbér,vPez, may be used to

evaluate the upper limit on the éxiai dispersion coefficient. For

gaseous systems, the limiting Pe  has been shown by Meyer (1966) to be

apprdkimatelyf
» (a ) ve
z'limiting DZ
=2 R o (B-3)

where D_ is the axial dispersion coefficient in on?/sec. Thus |

D\ . (da_? € D .
| ('\7' limiting = 2 R (B-1)
An order of magnitude comparison of the dispersive and bulk flow terms

in. the material balance eQuations, shows that-akial dispersion becomes

negligible if:

) S
|D 2y /v %%1'< 1

- or

- Z 3z2
(P2  .| \2 ) < i sy
v ;'{512"-82 IR T

The  linear équilibrium theofy results indicate that the concentrétion
derivatives are of the order Lfl. vThéréfofe, for Di/vL'<-l,vthe‘axial

dispersive effects may be ignored. In this Study’:(Dz/v)limiting

evaluated from equation (B-L) was approximately equal to 0.02 cm. Thus

DZ/VL.was found to be on the order of 10—3, which was assumed to be

negligible.
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SOlld Phase lefu51on

The effective intraparticle’ d1ffusiv1ty, p,_iucoroore£es the
three partlcle-phase mass transfer mechenisms: (1) gaseoue diffusion -
in the macro pores, (2) Knudsen diffusion-in the tortuous mlcro pores,
and (3) surface mlgration (aiffusion) in the adsorbed state. The‘
,magnitude of the effective 1ntrapart1cle dlffus1v1ty can be estimated

from the gaseous molecular dlffHSiVlty, the molecular mean free path,

and the average pore diameter of the adsorbent, using the equations

~

given by Weiss (1957):
5 | | |
D, ¥ 7 D - (B-6)
~and
o hshp o oy
2,:-—.5—-2— _ : (B—'T)
Po
c
where
QP = average pore dlameter,.A _ P = abeolute pressure,,psia
E L = molecular meah free path, A T = absolute temperafure5 °k
'\ , .
0, = molecular dlameter,>A
Vermeulen (1970) proposed a more restrictive equation for the
estimation of the diffueivity in the macro pores, Dpore’ in the form of:
pPore T _—I;- 2RT o 5;- , - (B-8)
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where

I'“ .
il

tortuosity (2-6 for gases)

. M_ = molecular weight

W

The Knudsen diffusivity, DK; may be estiﬁated by empldying the

result given by Petersen (1965):

'IVD.K ) 3gpr veerqu " o (B-9)
vwhere
. S = surface aréa/unitvmaéé; cme/gm."
Py é apparent particle Qensity; gm/§m3.

The estim&ted values df the above méhtioned diffﬁsivities and -
the expefimental effectivebdiffusivities,.detefmingd by the ffeQuency'
résponsevtechnique, are listedbin Table B~2. The lower and:upper bounds
on the effective diffusivity are the Knudsen and molécular,diffusivities,
respectively. For the systems investigatéd, macro pore diffusion and
surféée diffusion appear to'bevthe ;mportaﬁt franéport mechanisms, where

surface migration is of greater significance for 002 adéorption.
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' Table B-2. ~Solid Phase Diffusivities (at 19.0 psia)

o

atime e DK; D cm2/séc
System ature  om%/sec. cml/sec. | b .
. °C Fan (3"8) Ean(Be9) Eqn (B-6) Exp.
3.1% CH-He 50 2.21070 . 11207 1.6a070  3.2a07
| - - o .
2 o3 - 7 = 5 1.30
M9% COpHe 50 1.3a07  6pdo 1o -
- ) g - * T 6.omi0
. o 10 s e R
50% CH,-CO, 50 1.5x10 8.1x10 4.5x1073 .

(s. = 1100 mz/gm.; = O}hOO,.zéiﬁ 15:A, 1 = b supplied by manufacturer)

(qc)CHh = 3.76 A, (éc)002'=.3.gh A,v(qc)_cﬁh_.co2 = 3.85 A,

Height of Transfer Unit (HTU)

Again employihg Vermeulen's correlation chart,-fhe height of a

transfer unit for these solid-phaSe diffusion‘cbntrolled'prbcesses was
"estimated. These values are listed in Table B-3. The height of a -

' transfer unit is a characteristic length which reflects the ratio of

Table B-3. Height of Transfer Unit (at 50°C and 19 psia)

System ' Pe, 0.6D /D

e e e

£ ' pore’ °f T, em.
CH),~He 1 ; 0.0022 0.9
;7C62-He, S 1.6  0.0l5 - 1.
oH,-20, A e

v = 20 cm/sec., L = 20 cm,
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the mass transfer résistanée to the equilibrium driving poténtiai.
These small values indicate'réasonable'approach.to equilibrium operation,

as also suggested by the éxperimental resuits reported_in Chapters 5

and 6. Typically, very good chromatographicvsystems, described by

McNaeir and Bonelli (1968y, exhibit HTUs in the range of ibto 3 mm.
PROCESS HEAT REQUIREMENTS |

The héat duty per mole of feed gas, cbht&ining a single adsorbing
specle, for the_full cycle operatioﬁ of a sihgleicycling-ionejis_
estimated by utilizing the material andvenergy.balancés for a,lihear
system, The standard enthélpy gtates (h = 0) are-theAﬁormal states a£
25°C. The héat duty 1s compared with tﬁe minimum free energy, assuming

ideal gases, required to acComplish the desired Sepération.

Meterial Balances
The material balances for the inert and solute species for the

system shown in Figure B~1 are

L L

solute: €v py_ =V .. p'fyL + %{:_ . € Py fy dz - +  _(1 - e)ps/ x dz
' o R o v %
(B-10)
x
. L - . d 1. -
inert:’ ev Pell =y ) = v Pell=yp) * 7 )¢ Pe / (1-y)az
(B-11)
where
P, = ga&s molar density, g—moles/cm3
P =’adsorbent.density, lb/cm3.



, - ~192-

| !
, |
TO: yQ l — I T; yL - v
hin ] ' hoot Vout
1
' e, A l N
| ' I
l - '
b e e e e — — — A
v T System
Figure B-1. Material and Energy Balances-
‘ ~ Single CZA'Unit.
- s
: ‘ » "To(1 + ap)
. yo(l - 2a)
. / .- 1/2 mole
Tos Yo g S
1 mole -
\ To(l - aT), )
' Yoll + 2a)
N . 1/2 mole VF,VASE .
: _ S
ASe . 1
) : S AS ’ S ) v'
. Pure components. _[ L v : : . Yy
Figure B-2. ‘Minimum'Freve Energy Change pei‘ ' - ' > I-‘;,

Mole -of Feed Mixture. v -
' XBL T719-L4k426
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Combining equations (B-10) and (B-11), we have:
. . - ) V’ L '.v .
el -e) 4 o
Vou VT Tpe & f xdz 0 (B12)
_ /. o
The_élimination of voﬁt.from equation (B-10) yields:
- op Al -€) '
- y,) = Sy s 1o 3x
vy, - vp) / [at+ pe € (1 -yp) 'at] dz,
o ° ' . L
or:
ae Pl ~€) e
oy, == (1 - o a -
3 pfe' 'l y) ot TV Bz 0 (?313)
Ehthalpy Balance
The,enthalpy bélance for the system‘is
Q= flowVenfhalpy out - flow enthalpy in
+ time-rate of change of system enthalpy
‘where
- Q = heat flow, cal/sec.
For standard states at 25°C, the heat flow is
.} _' . - ) Ps(l ',_'8). .d-. » L (T -2 8)
= - o 3 - 4y AL = 299)
YQ/(E prAc) v _pf € . dt ./r x dz_. [ yL)Cn _ yLCaJ : v o
. . Pr J N . ) | .

- 1=y )0, *ve,) (1 - 298)
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L , ‘ . ’
f [(1-y)e, +yc] =298 4
/ |

. . ) ’ ‘ L , Lo
p (1 =€) - L p (1 - €) - 8) .
el BRI el B OGRS
' - . e ¢ I . _
o - . ©
(B-1k)
vwhere:
'Ci = molar heat capacities, cal/g-mole~°K.
.n =-inert, a = solute, s = solids, ¥ = edsorbed solute.
O = (RO ' = _AHO o dmeratdan At - on
AH (ha)gas (ha)adsorbate AHa’ heat of adsorption at-25°C,
cal/g-mole.
Ac = cross-sectional area of empty béd,'cm2.

After‘cqnsiderable algebraic manipulation, employing equation‘(B—l3)'

and the linear approximation x = Ky, equation (Br1k) becomes

Q=€ oA, [CO(T - To) + . (L/v)'T CgA - AHa(yL -y,.)

0
sensibiéfheat : gas solute-desorption- solute desorption
- gain of feed stream hold-up- - ' removed from bed. remaining in bed-
e (1 - €) .- 4
+ e (L/v)TC - (B-15)
Pp € T s - _

~ edsorbent particles

where the mean heat capacities are defined by:
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~

C, = Cn(l - yo} + C_ ¥, average heat capacity of inlet fluid.
-Eg ='%"- / [Cn(l -y) +C y] dz, average heat capac1ty of fluid

hold-up

C =% f IHSLL . C + C K y] dz, ave. heat capacity of SOlld +
adsorbate on the bed o

and

. _ar
b=
o - . o _.

-0EC = -0 + (€ - C(T 298)

The»estimated values of the héaf capacities of the species encountered

in this study are listed in Table B-k.

Table Brb. Heat‘Capacitigs at 50°C (cal/g—molé-?K)

-

. _ ' ' ' ) ' _o
C, Cq | . C, Cys cal/gm-°K
He CH), o CO2 qu' | CO2 . Activated Carbon
5.0 8.8 9,1 - 10.310.9 . 0.25

Hougen, 0. A. and Watson, K. M., Chemical Process’ Prlnciples, 258 (l9h7),

'Plttsburgh Activated Carbon Company.'

Heat Requlrements for Single CZA Uait

The heat required per mole of feed gas for a full heating half-

\ A

cycle of operation ig
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, AR o f dat . o
op = Ffmayele . 8 ol (B-16) P
/;: pevA, dt me pvA,  “half-cycle :

half-cycle V.
For the input. tmnp_exfa‘ture foreing 6f
T e To(l + &y sin wt )

it has been shown that:

. '

va =y, gl - 1—%—_—‘% Isin(wt) - sin(wt - _wL/v“‘)]’;_ : j

where

= (=& _ a % = 1+ %) L
a AT an. an v v ) -

i
For the maximum amplificafion of the ads‘orbing specie, wL/v*_ = Tr,~ the
heat flow may be written in the form: !

Q=c 'pvac(A' sin wt + B cos wt) . . .
. s pf’vAc [’/,Az, + B° sin(wt - ¢)] o (B-17) ' 3

o=t ea) o .
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- . N\ - ps(l -€) \ AHi /. \
B.= aTTo (l + w) [(Cg + pf'e Cs) * RT2' Yo (1 +1p)],
. S
— - (B-19)

The total heat required per mole of feed, equation (B~16), upon inte-

grétion from ¢ to ¢ + 7/w, may be written as:

1/2 _
(B-20)

Q = %-(A? +‘B2)
From equation (B-19), it is evident that for gaseous systems having
components with idenﬁicalvproperties;'excepting the equilibrium solids-
fluid capacity ratio, ¥, the heat requirementé.to proéess one mole of.:
fged,.at the maximum‘amplificafion donditién, decreases with-i§cr§asing
Y. In other words, the larger the solute bed capacity, the greater the
proééssing rate per heat cycle will be. - _ =~

\For the dilute CHM—He_and COQ—He sysﬁeﬁs uﬂder'the conditions

listed in Table B-5, the heatvreqpirement, minimum free4enefgy, and the

Table B-5. Single Zone Operating Conditions and Parameters at 19.0 psia
' for (o) = 1.8, w(L/v*) = . - '

C , . C., . CS; o W,
System Y, ° & - -
cal/g-mole cal/lbs. . rad/sec.
3.1% CH) -He 25 - 5.1 5.1 -~ 110.7 - 0.121
4.9% Co-He 55 5.2 . 5.2 - 110.9 0.0
€ = 0.400, v = 20 ¢m/sec., L = 20 cm., T_ = 323°K (50°C), a = 0.020,
. ' _ ’ : DR ' ps(l - €) .
a = ~0.143, (AHa)CHLL (AHa)Co2 L4600 cal/g molé, p% = 50 lbs/g mole
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 thermai_efficienc& were determined for‘a seéaration corresponding to
(a) = 1.8, and are listed in Table B-6. It is evident that the
greatest expenditure of energy for the cycling zone adsorptiop;ﬁrocess
goeé into the\héating gnd cooling tﬁe adsorbeht‘particles.‘
For ideai gases, the minimum freé enérgy éhange to effect the

separation, assuming ¥ 2> 1, shown iIn Figure B-2, is:

AG. == T AS - - (B-21)
‘ o - m
where
ASm =.ASE + ASL - Asf
and
‘ ASE = entropy change from pure compohents to
the enriched half-cycle.
" AS; = entropy change from pure components to

the depleted (lean) half-cycle.

AS_ = entropy change from pure components.to 
m -
the feed mixture. o :

Therefore, equation (B-21) becomes:
- - o : . : 1 B
AG =8, T C_ - RT [yolnyo + (1 - yo)ln(l_f yo) -3 {yo(l - 2a)

T "o o o)

temperature

effect 1n[y (1 - 28)] + y_(1 + 2a) 1“,[3",0(1 + 2a)]

#[1-y,(1 -2 101 -y (1-20)] +[1 -y (1 +2a)]

wh-yarn] 0 e
composition effect ’




Table B-6. Heat Requirements per mole of Feed to Produce the Separation of {a) = 1.8 at 19.0 psia. -

Heat Requirements Based on Solid Phase Heat=100

AG, cal/g—mble

.
System : _ Thermal
Y Solid Flowing Desorption Desorption QT’ Temp. Comp . - Efficiency,
Phase Fluid Expelled  Retained cal/gemole Effect Effect %
3.1% CHh—He. 100 L0.75 . 0.96 0.06 2,840 33.3 1.2 2.1
4.9% CO,-He 100 1.63 3.3 0.10 - 1,300 33.7 1.1

Y2

w
Based on Qmin

required to produce the compositibn effect free enérgy charge.

=661~

I

s
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The minimum heat required to produce the-minimum_free'energy-change for

/

a perfect reversible process is v . ;

Q. =acelT /(n, -T)] C(B-23)

in =
or\ E
, S 1
. - |
Qmiﬁ = AG/aT - {B-24) 5

Velocity Limitation

The equilibrium theoff butsjno 1imit;on ﬁhe thru—put'velocity
gsince @L/v* = ﬂ is.the only criterion for“maximum'emﬁiification. -Also,
no velocity limit is imposed by the intrapartiele diffusion"resietance
attenuation, given in equefion>(A~30). However;'a.practical_limit
: wouid'be the fluid velocity for which the heat requirement,for‘the.

flowing fluid becomes approximately,éo% of thaﬁ required for the solid

adsorbent particles. This velocity may be estimated, using thef,e

appropriate terms, from equation (B-15) which gives _ o _:

\Es Py (1 - ¢) N |
v.=0.20 — —-6—;:-—— (L) . - (B—-_E'S) |
c - Pe® | s g

o) : l

For the systems 1nvest1gated in this study, listed in: Table B- 5, we : -
’ flnd that the llmitlng veloc1ty is approx1mately 300 cm/sec. v ’ L e

.Frequeney Limitation

The intraperticle diffusional resistance imposes a limitetion
on the frequency that‘ean be applied to a CZA process. Assuﬁe that~the
veloc1ty Jdmit estlmated in the prev1ous sectlon is reasonable from a -

heat transfer requlrement v1ewp01nt; The frequency that can be applled
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at this velocity may be estimated from equation (A-30) for a 20%

attenuation. For the following conditions of

)

L = 20 cn. o ‘ R Dp.= 0.01 cme/sec.
v = 300 cm/sec. R = 0.05 cm.
Y =.50 - o Jdout/’4in = 0.80

the corresponding fréquency'was_found to be approximately 0.3 radians/sec.
(~ 2.8 cycles/min.). Obviously the process of transferrihg heat to the

adsorbent particles becomes more difficult at higher frequencies.
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APPENDIX C
SAMPLE CALCULATIONS
| Average bed temperétures, To’ and inpu£ t¢mperéfure.ampli#udés,‘
aTTé, ﬁére determined from the averaged fésponses of the thréé éalibrated

thermoéouples, located witﬁin the adsorbeqt bed, ovef several cycles.
The frequency, W, of.the input temperéture psciilation w#s‘caicﬁlated\‘
from se&eral measured cycie times. The phase<between input_temperatures,
.¢T,vfor-dgél %one opéfation was measﬁred directly from theithermocouble
‘response curves. -
) v Effluent concentration waves were célculated ffom £he ch cell-
response curves USing the T-C cell célibrations and procedﬁres described
 in Chapter 4. The phése'difference Between-the effluent concentration
waves;;¢é, for the adsorbing trace componenté was measured directly
from theif caléulated.resfﬁnse curves.':Thé 5hase lag‘betﬁe;nléhé'
effluent concentrétiop wave and the tempefature input, ¢, wasvgléo
measured. The concentration waves were integrated oyér a:half—CYCie
starting at the switching location, B, to determiné the average concen-
trations, (y }, for both the enriched and depleted portions of the
effluent. Using these half—cycle averaged ¢ompositiohs and the appro-
priatg expression for the particular feédftype utilized, the average
separation féctor, (o f, was computed.

Interstitial fluid veloditieé,'v,'wére caleulated from thé
ﬁea#ﬁréd yolumetric flows_cofrected fovavefaée column conditions. The
pressuré drbps across the lZQBO ﬁesh,Pittsburgh BPL:activatéd carbon'
adsorbent beds weré small. | |

i:.Thg eqﬁilibrium'distribution éoeffiéignts, ei@her KQ or Mo,
déféfmined by the_frequency ;equnse.ﬁéthod pfesented_in Appendix'A,.

%

¢
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sbecify the SOlids-fiuid.capacity:ratib, ¢.- From the heat of adsorptioe,
AHag and the input temperature e@plitudeF'theAperturbatien parameter,
a,rwas celcﬁlated. The dimenéibnlessvfrequehcy facfor, 7, andvthe
diﬁensienlessASepafétion.faetof, .3;_were then éomputed. .

v Sample caiculatiens are presented'for'eacﬁ of the feed-types
employed in this sthdy; |
SINGLE SOLUTE FEED

A 3.1 mole7 CHh—He gas mlxture was fed to a single CZA unit

packed with 11.63 gn. of activated carbon. The volume of the packed
bed was 22.71 cm3 and its length was 19.38>cm,_resulting in a veid

frection of

W ‘v 11.63 gm
s'ec (0.8 gm/ce)(22.71 cm

3

0,360

The input temperature whosevfreqpency vas 0.0706 radian/second and

~ amplitude was 6;h°C, oscillated about an everage temperatﬁre of 50;5°C

The phase lag betweenﬂthe effluent concentration wave and the

‘temperature input, ¢, was found to be 24.9°. The ayerage methane mole
- fractions of - the. enrlched and depleted half-cycle portlons were O 0348

_ and 0. 0262, respectlvely The average separatlon factor is

<0"cHh ‘ ='v<"y,.,)'fz/7<'y_>L

= 0.0348/0.0262 = 1.332

. The measured volumetric flow,‘Qs, was 585.2»cm3/mih at 25°C and

1 atm. The actual flow within the column is.
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LT 323.7

Q¢ =9 T9.0 ¥ 298.2

[

f‘h90,3'¢m3/min.

Therefore, the interstitial fluid velocity is

%L (490.3)(19.38)
e v_(60) (0.360)(22.71)(60)

v o=

19.3 cm/sec.

From Figure A-5, at T =g323;7°K;yKo was interpolated to be

0.495 g-moles/1b .

. For this dilute system, -AH /R vas about 2200°K 1.

The solids-fluid capécity'ratio is

_ p (1 -€)

P (1 - €) K,

w_'-.' K
- Py

-

€ o ~(P/RT ) €

(49.9 lbads/ft 1 - 05360)(o.h95 g-moles/lbads)

1 .7

" (0.360) (R 2 8) (2832 110/21%), [(L-22 Logm) (555 rog)]

31.)

g-mole-°K

“and the perturbafion parameter-ié-’

o
H

AE O\, N
. a) _ (6.4)(2200)

g (RT2) " (323.7)(323.7)
o

0.135

Thérefore, using the above results, the dimensionless frequency factor

is

~



»
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7  '5'(; +_w)w(L/v) _ (1 +31.4)(0.0706)(1.10)
CH), om | em |

0.367
and £he’dimensionless separation factor is
in {o > (w/k)

CH
S . = h = (
cH, - e/ +y) T

= 1.66

TWO'ADSORBING SPECIES-TRACE»FEED '
A dilute mixture of 4.5 mole%-CHL_andVS.h mole% CO, in helium
wes fed to a single CZA unit packed with 11.57 gm.'activéted carbon.

The volume of the bed was 24.25 Cm3

_and'ifs length was 20.64 cm.,
resulting in an é of 0.403. The input temperature,.frequenéy equal to
0.0535 radian/second and amplitude equal to 7.09C5voscillafed about the
average temperature of 50.4°C. | |
The'phase difference between the methane and carbon dioxide
oﬁtput concehtration Vavés, ¢c; was found té be 1.087radians. Thé
swifching location'which'yielded the maximum separation was Bb= 1.75

radians. The mole fraétionsvof CHh and CO, in the enriched and depleted -

2

half-cycle portions located by the switching location were calculated

to be

)

k]
1]

‘<yCHh g = 0.0486 (yco2 Y g = 0.0490

<yCHh )L = o;ohzsi (ycbgu)L = 0'0580,



v Slnce (AH )

?’(K')
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Therefore, the average seﬁaration factor is

PRI <ycnh P (yco RS
o t= .
- CHy=Co, SyCHh ? (yco 'R

2 "

: '(é 6566 )(0. 0580)
< (o ohzs)(o oh9o)

1. 35h

' ',chm-ﬁigufeﬂx;s; at T 323 6°K, (x )CH = o0. h95 and
_ » o

co. T 1 10 g—moles/lb ds were read The sollds~fluid capac1ty
> 5 o _

ratlos for the adsorblng components are.

| (l - s) (K )
b < e

Tﬁi@@m%w* ‘;;f

m
i

~(53:8)(1.10)f'

, =‘59.1

_Thér¢f0r§, £ﬁe:concentration wave'velbcity.rgtip;is[

l * VYoo,

‘_,}.A'f LR

l + wCHh ngco /wCHh .,2i2 ..

(AH ) the 1sotherm parameter is- approx1mately

‘3
CHH CO |

(K )

- (/) - G¢~;=lb,a».s)i.f7
= |
o b

IR _-’_.__._,;_".=_.26.;6 : ~ i - L L

2
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The perturbation parameter for'the'methane is

(AH_)
a CH
_ L (0. 0218)(22001
17 % TR T (323.6) = 0.1k9

&
. -

For the determined interstitial velocity of 13.8 cm/sec; the dimensionless
frequency factor for methane was
(l +vaH ) (L/V)

9 = 4 U 6)(0. 0535)(1 497)

= 0.352
and the dimensioﬁless separation factor was

. 1a Cogy go, * (T/4)
s

Cthcoé ST e wl/(l + 9

.303)
.1hg)

r\r\

Eg % 1.65

BINARY ADSORBING FEED

A binary gaé mixturg containiﬁg 50.2 mole’ CH), and 49.8 mole%
"'Fw R . COé was féd to a single CZA~unit packed with 11.57'gm‘activatéd carbon.
The volume of the bed waé_2h.25 cm3 and its.léngth‘was 20.6h,ém,
resulting ih a void fraction‘of 0. h03 | The input temperature, frequency
‘of 0.0k2k radlan/second and amplltude of 5. h°C osc1llated about the
mean temperature of h9 l°C

The phase lag between the effluent conéentration wave and the

input.temperature, ¢, was found to be 29°. The average mole fractions
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of CH), and CO, of the enriched and depleted half-cycle portions were

calculated tb be

1

_ (yCHu») )

<_VCHh L

g = 0.541 ‘0-h65

<y002 }L = 0.535 o ,v_j_<y002‘>R = o.h59‘

Therefore, the average'separafion for the'Binafy mixture is

<“0Hh~002.>m' (Q.sul)(o.535)/(95u65)(o.h59)

1.360

From Figure A-T, interpolating between,the'tempegatures ihvesﬁigated
using the methéd'described in Chapter 6 ﬁiﬁh;résulfé listed in Table
6-5, theveffeétivevdistribution.poéfficiént for the‘mixfure, Mb; at
VTO = 322.3°K was found‘to bé QfMBC g~ﬁoles/lbads with —AH@/R equal to
1420072, Therefore, the solids~fluid capacity ratio for the mixed

system is

p (1 €)M

L » o | :
Yy = b, = (53.69>(o.u89)

a5.7

The perturbafibn*parametér for the mixture is

- @
L

e (AH_/RT ) =‘(o.0168)(1h20/322.3);,

it

10.0737
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Using the determined interstitial fluid veldcity of 9.3 gm/sec, the

 dimensionless frequency factor is calculated to be

(1 + wm)Q(L/v) } (25.7)(6.6h2h)(2-220)

= 0,400

The:dimensionless separation factor for the process, using the defi-

nition given in equation (3-87), is

i

(1 -y, )infa.. Y . (m/h)
CH,, cm,~Co,, "m

(fgCHL—COQ)m - ey wm/(l +~wm)

=’(9.h98)(o.3o7)(o.786)
- (0.0737)(0.963)

. 175
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