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ABSTRACT

The diffusion of carbon dioxide is studied in a Linde type 54
moleculor gleve pellet over a range of temperatures and pressures about

ambient. The work consists of two complementary partse

l. Theoretioal calculations of molecular potentials are used to
estimate equilibrium adsorption isotherms, heats of adsorption and
crystal diffusivities from 573°K to 173°K for dilute systems, and
the results are compared with published data.

2. A practical apparatus has been designed and used to measure break-
through curves for the dynamic self diffusion of carbon dioxide in
a Yone dimensional! sieve pellet bed from -~ 25°C to 25°C, at
atmospheric pressure. The diffusion process is modelled by consider-
ing both pore and crystal diffusion processes and estimates of
diffusiyities are obtained by fitting the model to the practical
resultse The resulting practical crystal diffusivities are
compared with the theoretical values obtained and the practical pore
diffusivities are compared with bulk gas diffusivities for carbon
dioxide.
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CHAPTER 1 = INTRODUCTION

The diffusion of gases in molecular sieves has been of interest
for many years and the use of molecular sieves in industrial adsorption
processes is now widespread, Traditional design methods for adsorbers
have tended to be 'rule of thumb' but with the advent of fairly cheap
high speed digital computers more sophisticated approaches to the design
problem con be made,

A great deal of work has been done on the basic structure and
sorption properties of many commercial and naturally occurring sieves
which gives some insight into the distinctive adsorption processes which
characterise them, Recently work has been proceeding along two lines:
model determination for fixed beds of sieves, and prediction of isotherm
and heats of adsorption data in highly idealised systems using basic
molecular data and statistical mechanical theory,

Chclndvo;sekhum’il) tested several of the models reviewed by
Vermeulen(w) for predicting fixed bed behaviour, using experimental data
on removing carbon dioxide from air in a fixed bed of Linde 4A
molecular sieve, He found that none of the models predicted breakthrough
curves over a wide range of data but that Rosen's model(zo), which

takes account of diffusion through the crystal matrix gave the best fit,
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Wilson(s) did further work over a wider range of variables and
dascribed a model for a fixed bed adsorber which was fitted to data for
carbon dioxide removal from air in a fixed bed of Linde S5A sieve, He
obtained estimates of crystal and pore difiusivities using several different

@) also calculated pore and crystal

isotherm approxtimations.  Dworjanyn
diffusivities using Rosen's model on data for carbon dioxide self diffusion
in Linde 4A sieves at ambient tempercture and pressure, and outlined a
method for calculating molecular potentials from basic molecular data,
He was unable to calculate theoretical crystal diffusivities from the
molecular potentials due to the blocking effect of the exchangeoble cations
in the 4A sieve, which tend to prevent intercage tronslation,

The cbove work indicated that crystal diffusion played a role in
the adsorption pracesses in molecular sieves and it was postulated that
diffusion in the crystal matrix would become the controlling process at
sub=ambient temperatures,

The worl: presented here wes evolved to study this problem by
making measurements of breakthrough curves in a practical diffusion system
over a range of temperatures, and fitting o mathematical model describing

the diffusion process to these results to obtain estimates of diffusivities,

A theoretical approach was then used extending Dworjanyn" s(z) work
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on molecular potentials to obtaln crystal diffusivities, isotherms ahd heats
of adsorption which can be compared with the practical diffusivities
obtained here, and published practical data for isotherms and heats of
adsorption,  This permits an assessment of the role of *crystal diffusion’
in molecular sieves ond investigates the feasibility of predicting adsorption
data and diffusivities by a purely theoretical method based only on the
molecular properties of the adsothate and the sieve,

The systera studied in this work is the self diffusion of carbon
dioxide in a Linde 5A molecular sieve, The 5A sieve was chosen since
it is known that the exchangeable cations do not block all of the inter-
éonnecﬁng windows between cages and hence theoretical diffusivities
can be caleulated, Carbon dioxide was chosen as adsorbate as it is
involved in many industrial adsorption processes and is readily available
as CMOZ. Hence tracer studies can be used in the practical
measurement of breakthrough curves, Carbon dioxide also exhibits a
large quadrupolo moment and so the relative importance of the various
potential interactions of the adsorbate with the sieve can be assessed by
including repulsion, dispersion, induction and electrostatic effects in
the potential model developed, A statistical mechanical approach is

used to derive expressions fer diffusivities, isotherms and heats of



adsorption from the molecular potentials,

A mathematical model is developed which describes the diffusion
processes in the pores and crystals of a commercial sieve pellet, It
was infended at the outset that this model should be kept as simple as
possible by reducing the diffusion problem to a one dimensional diffusion
process with a step change in concentration at the exchange surface at
zero time, Also a self diffusion process excludes thermal effects and
ensures there are no concentration changes as such occurring during the
diffusion process, This excludes variable diffusion coefficients and
permits the use of a single poini on the adsorption isotherm to describe
the equilibrium state,

An apparatus was built to measure breokthrough curves for a
single 5A pellet at ambient and sub=ambient temperatures under
conditions compaiible with the model, so that the diffusion processes

occurring in o single pellet rather than a bed of pellets could be studied.
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CHAPTER 2 - THEORY

2.1 The Structure of Type 5A Molecular Sieve

Broussard and ShoemakerV) describe the Linde 5A sieve structure

based on the cubo-octahedral siructural unit ZM:ZO.ACaO.MIZOa.IZSiOZ.xHZO.
This unit has a characteristic dimension a, = 12,31 ¥ 0,01 R

and the following table gives the ion coordinate positions based on fractions

of this parameter,

TABLE 2,1
Numbers and type Distance from centre of Distance from centre
of ion large cage of small cage

12 ol e 0.2720 0.5 O 0.2280 0.5
t 12 ol C.2122 00,2122 05 O 0.,2878 ©,2878
24 CHI O,1518 00,3882 ©,3882 | O, 1118 O,1118 00,3432 |
24 Al si (AS)] 0,173 0.3028 0,5 O 0,192 0,377
Y]
8 Na, Ca 03050 03050 Q3050 | ©,1950 O,195C 0O,1950
I .

It is convenient to refer only to oxygen ions when discussing the spatial
arrangement of this sieve as these are fairly large compared. with the other

ions, Later it will be shown that the 48 oxygen ions in the unit cell



together with the mxchangecble cations contribute the most significont part to
the potential structure of the system,
The spatial array of synthetic molecular sieves of the Linde 'A' type

(4,5,6,9,7) It is well known that these

have been described by several workers,
sieves form regular three dimensional arrays of cages interconnected by

windows formed by oxyger; ions, In the Linde 5A sieve these cages are of
two distinct fypes, differing both in size and mode of interconnection,  The
large cages are almost spherical and have a free diameter of about 11.4 &,
They are inscribed in the unit cube, side 12,31 K. The six faces of the

cube contain the main oxygen windows which are formed by a ring of eight
oxygen ions, These rings are about 4,3 A free diameter,  Thus the main
system of cages consists of a regular three dimensional array in which each cage
is linked to six others along rectangular axes by O8 windows, The small
cages have a free diameter of about 7 R and form the secondary system,

They occur in the space formed when eight of the basic large cages are taken
together as a composite cube, The geometric cenire of this cube includes
eight rings of oxygen ions, one from each of the eight large cage structures,
These rings have a free diameter of about 2,6 & and are formed by six oxygen

ions, These fons lie on two slightly displaced planes perpendicular to a (111)

axis referred to the large cages. The small cages also form a regular three






dimensional array and aro interstitially located with respect to the large cages,
The small cages ars each linked to eight large cages via O6 windows
in (111) directions but have no direct connection one to another, It can be
seen thot the large coges offer the greater number of choices of trenslation
to an adsorbed gas molecule. It can jump to any of six large cages via an
O8 window or any of eight small cages via an O6é window, Jumps from a
small cage can be to any of eight large cages via an O6 window but it should
be noted that the exchangeable cations lie in (111) directions and block the
O6 windows, so tending to present translation between large and small coges,
The oxygen ions in table 2,1 are referred to as types I, Il and n,
In figure 2,1 which shows the positions of the oxygen ions in part of a large
and small cage, it can be seen that OB windows are formed by types | and Il

only and O6 windows and small sages by types Il and Il only,

2.2 Contributions to the Intermolecular Forces in the Carbon Dioxide=

Linde 5A Sieve System

The following assumptions are made to help to decide which of the
many intermolecular forces arising from molecule~molecule interactions are of
importance in the COzﬁA system, These assumptions are modified in later

chapters where the results obtained show them to be incorrect, but are
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Wﬂ this stago M dofing o potential funciion for the system,

1) Initiclly only one carbon dioxide molecule is considered, it being
situated in one particular farge coge of a hypothetical molecular sieve
trystal defined by (2), (3) and (4).

2) The empty sieve cages surrounding the one of importance extend
to a sufficiently large distance in three dimensions such that the distant
cages have a negligible potential effect on the carbon dioxide molecule,

3) The molecules forming the crystal structure are all present in
their fully ionised states as 02-, Si4+, Al3+, C52+, Nu+.

4) The lattice positions of these ions are as given by Broussard
and Shoemuker.(n

5) The ions are rigidly fixed in these positions,

6) No water of crystallisation is present in the sieve cages,

7) The carbon dioxide molecule is considered as being spherically
symmetric,

Also use is made of the fact that the carbon dioxide molecule has
a large polarisability and quadrupole moment and a negligible permanent
dipole,

The following intermolecular force contributions are based on the above

statements for a single carbon dioxide molecule free to move within the
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free space of a large cage and interacting with the ions forming the sieve
structure,  When the interaction does not involve the charge on the fon,
the ion is referred to as a molecule.in the following sections,

2,2,1 Dispersion Force

When two molecules interact, long range forces are set up,
These have been evaluated quantum=-mechanically to give what is known as
the London dispersion foree between a pair of molecules (o) and (b),

The potential is represented by:

B
A5 = - R (=4 2.1
Tob

Here fob is the separation between an ion (a) ond the carbon dioxide molecule

().

(+0)
The constant B, is given by:

3, Yalb
Bab ="z ( yac-'l-yb) %% (London)

Bab = -6mc2(ua )(o + o )i,) (Lennard~=Jones)
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Bclb | - g- 92\/00 { “o% ) (Slater-Kirkwood)
Y (a (/n:) +y (ab/ng)
a
Bab = =6 rm:2 o’ (Kirkwood=MSller)
/% + /A iy

Barrer(s) has poinfed out that these various expressions for Bab are
mainly empirical,  Sample colculations show that the Kirkwood=Mbller
expression gives a value almost twice that for the London expression,

The others give intermediate results, However, the Kirkwood=-Mbller
expression is usad since dota for it is readily available, but it must be noted
that it may over-estimate the dispersion force,

When considering o carbon dioxide molecule Interacting with many ions,
it is assumed that the total dispersion potential is the scalar sum of the

individual pair potentials, Thus:

~ =
4_#[) =

- M

8
4'2'1 2.3
r

2.2.2 Induction Force

When an fon interacts with o neutral molecule the ion induces a dipole
in the molecule,  This sets up an Induced dipole moment C g /% in

molecule (b). The potential can be represented by:
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ND _ C:"b

Qb T e a (= #P) 2c4
2rab

This expression has the form,
a

= _ b2

fp = =7 (R

where the vector F represents the field at (b) due to the ion at (a),

When many fons are interacting with the carbon dioxide molecule at (b)

the total potential will be the vector sum of the individual pair interactions,
If the field at (b) is resolved into its component parts in the three co-

ordinate directions this summation becomes:

a C C C
S o= 2GR AR (TS LR (55 L 2D 25
rr rr rr

where

r2 - x2+y2+z

and (x,y,z) is the position of ion {(a) with respect to molecule (),

It is known that the interaction force is directional since a molecule
will align its induced charge distribution so that it has maximum interaction
with the field, A carbon dioxide molecule is essentially cylindrical in

shape and will align but for simplicity it has been assumed spherical,
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2.2.3 Electrostatic Force

Only since 1960 has much practical work been done in the field of
multipole interactions, The interaction of a carbon dioxide molecule and
an ion comes under this heading since carbon dioxide has a large permanent

quadrupole moment, It is known that the interaction is directional and of

the form:
CcC G
G5 - 5% e, -
4rab

This function can be averaged over all orientation: angles Gb, of the

carbon dioxide molecule by the Func:ﬁc:m(l O)z

r

{ g
: J J B penpl= -E%-b)-d w dw

ELEC
8 ab

rd

-4
ﬂ exp(~- -ETE—’) dw dw,

where dw = sin ©d&dd

FIGURE 2.2 N ({A,,,eb
T b 3 \ é\?"
AW
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This integration represents a transformation to a spherically symmetric
potential function with the use of a Boltzmann weighting factor, and allows
for the fact that the interacting molecule spends most of its time in the
orientation that gives the maximum interaction,  Physically the function
ossumes r is constant whilst the molecule rotates,

(10),

The result of the integration is 2

2.2
cC G
ZE:;EC = wab ]6 4o 2.6
20 kT Fob

It should be noted that the potential is now attractive and temperature
dependent, It is assumed that when one carbon dioxide molecule interacts
with many ions the resultant potential is the scalar sum of the individual

pair interactions, i.e,

2
il

' ~ 1
2 fe =- 2oreg 2.7
r

F

2.2.4 Repulsion Force

At small molecular separations approaching collision distances, a highly
repulsive, short range force is set up, Little is known about the true
nature of this force and it is customary to represent it by an inverse

twelfth power term of the form:
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#EEP = -';‘7— = 4p) 2.8
‘b
The constant A is chosen to give the correct equilibrium separation
and is therefore a function of the other potential coniributions; it is
evaluated later, by a similar procedure to that used in formulating the
Lennard-Jones 12:6 potential function,
Again it is assumed that the total repulsion potential for many ions

is the scalar sum of the individual pair interactions, Thus:

< A
r

2.2.5 Final Potential Function for one C02 Molecule

The above contributions may be combined to obtain the total potential

for a single carbon dioxide molecule at a particular point in space inside

a large sieve cage, Thus the total potential can be written as:

S 1. <,
A - rA f(B,D'E(pe). _Tz— é B -T

r

-p(SC .l - e 2.9

r r r r

where?



2 2.2
_ 6me aa o = ay c - CaQb
% . % z 20kT

—-+———-

% A

The constants f(B,D,E,pe) are obtained using the relation

dg '
=) = O
dr =,
6 -2 2.2
Bo achzlpe +C0Qb )

Thus  f(8,D,Ep) = _-2-"-(1 +—np 2.9

20kTB

It is convenient to replace r using the dimensionless transformation r = a°R
where a is the unit cell characteristic dimension, The final expression

used then becomes:

2.‘0

The summation z is for all ions having a significant potential
R
effect on the C02 molecule, and the charge on an ion is separated into

the choarge on an electron and a multiple Cye It should be noted that
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B,pe and Cu vary according to the particular fon being considered in the
summation, and )‘o, @, and Qb are fixed constants for the carbon dioxide

molecule.

2.2.6 Interactions of Two Carbon Dioxide Molecules in the Linde

5A Sieve System

The preceding section is easily extended to cover the case where two
carbon dioxide molecules are free to move within the free space of a large
cage, Here the two molecules interact with each other as well as with
the ions forming the sieve crystal,

The carbon dioxide~carbon dioxide interaction consists of the following

terms:

Dispersion Potential E. =+ 3mcla k.=~ B 2.11
pe s D Ao? ;3' .
Induction Potential, EP =0 2,12

4
Electrostatic Potential E. == 7 Qb LI 2,13
’ Q A0 T riﬁ r'lﬁ .
Repulsion Potential, E, = P (8 ,D" ,p;):}f 2.14

In equation 2,11 the Kirkwood MUller term for B' is used as before, The

induction potential is zero as there is no permanent charge on the carbon
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dioxide molecule, Equation 2,13 is obtained after using a Boltzmann
welghting factor as in section 2,2,3

The constant f* is evaluated using the condition

dE - -
(-Jl’_)r':pe' = O where E= Ep + Ep + EQ

and it is convenient to replace r by the dimensionless separation R* where
R! = r/l;° and bo =q JZO, the unit grid size (see section 3,2). Thus

the interaction potential between two carbon dloxide molecules is given by:

6
|
e =P a+5 D 1
o 12 3 B,p,4 rt 12
o e
B 1 D* i
_ . - X 2.15
N2 S i [
o o

It is assumed that the carbon dioxide~ion interaction is unaffected by
the presence of the second carbon dioxide molecule so that equations 2,10

and 2,15 completely describe the interactions in the system,

2,3 The Configuration Ini‘egfg_l

The configuration integral Q) for N molecules is defined by:

p

Gy = 'i%'.'} ...f exp(~ ;‘T/kT)d:_].... dr 2,16
v



where r is the position vector of the molecule i, V is the geometric volume

containing the molecules and ’{T the total potential energy, which for a gas

in a solid adsorbent is given by:

Miz

g = > Bt 2,17

S ~j

Mz

8G,) +

——y
I
L
-—e
[
-t
—

Here E represants the gas~gas interaction and g the gas~adsorbent
interaction given by equations2,15 and 2.10.

Write: f.. = exp{~ E(L;' Li)) -1 2,18

and using the fact thats exp(- Zui) = T exP(-ai)’ it follows from equations
i

2,16, 2.17 ,oand 2,18 that:

i=1

Q, = 'J T exp (- A VD
v

N
X -IT Tr fi + ‘) dL]o‘.. dIN 2.‘9
P>

Now f,, is significantly different from zero only if molecules i and j

are close together (i.e. || _l_'i"'[i" is small),  Thus if the gos density is such

that the probabllity- of three or more molecules being close together is

negligible then all the products of the fii are approximately zero, Thus



expanding the integral in equation 2,19 and neglccting olf such products gives:

N
ay - J oo | 1T o - A
RS ‘

N
+ -NT- J J -g exp (" “(f.i)ﬂd) dL'.oodLN
2,20

Now the first integral factorises into a product of N integrals, which

are all identical since the molecules are identical, and are given by:

o}

p
V. = J exp, (= Blr)/kT) dr 2,21
‘v

The second integral factorises similarly so that we may writes

A,

N N
(oo S S f TT exp (g e dry
‘1, =1 i o=

- N2 gf.expu«,) A 4,

This is obtained by integrating over all the molecules except for the two

N
of interest, In the summations 2_ > fi there are N(N+1) terms, i.e.
i=l 2

N2
approxlmufelyT terms, and for each f the integration is over all other

(N=2) identicol molecules giving V:' -2 for the value of



N=2 £(.)
i i
Sl R
v
Finally combining the factorised expressions for the two terms in equation

2,20 gives:

N
v nNZB
Qy = 132 - V‘,) 2,22
where:
v ( Aie,) + A,
B = =~ N: J flz exp (= 133 ) d£_1d12 2,23
y .

2,4 The Partition Function and Equilibrium Isotherm

The partition function zZy for N molecules is defined by:

3N

Zy = QY 2,24

where y = h/V2imkT,
Using the theory of imperfect gases, the Helmholtz free energy F of

the systam is given by:
F =-kT log Z, = - kT IogQN+3Nleogy 2,25

From equations 2,22 and 2,25:

2
= o - _ N8
F = « NKT log V°+kT log Ny =~ kT log (1 -v:)

+ 3NKT log ¥ 2,26



For large N we may use Stirling's approximation,
log N0\ = Nlog N~-N

and if NZB/VO is small,equation 2,26 approcimates to

v 2
F = = NKT log - = NKT(1-3 log y) +.‘)‘v'.‘19. 2,27
o

Writes N =nN, R=kN, B8' =8N

then: F = = nRT log -\-/2- RT(1~3 log y) +__v__n2RTB' 2,28
" o
\
oF ) ZRTB*
hence: = = = = RT log ~—+ 3RT log y + 2,29
frw o~ Ve

For the gas phase with no adsorbent, the sume equations hold with
E(E.i) = O everywhere, since the development is quite general, Equation
2.21 then gives simply the geometric volume V, whilst equation 2,23 is

replaced by:

=
g Jy
g

The analogues of equations 2.28 and 2,29 are:

n2RTB'

v
F =~ nRT log —2 - nRT(1=3 | + g 2,31
g = 7T oo —= - N og v) —9\7;-—

g
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, Vg anRTB'
d =« RT { + 3RT | + 2,32
e M * o N Wyt

Also the gas bulk pressure p is related to the bulk Helmholtz free energy by:

2

aFg ngRT ngRTB' g
-] = = W =—v-_- o+ 2,33
g g ; g

For equilibrium between the adsorbed and the gas phase /"‘g = /A , SO

from equations 2,32 and 2,29 ¢

\" n
RT log —& .o = 2RT(B' .2 -8 ,—) 2,34
A LA A
e "z%—(uz(s' ng'-Es"")) 2.35
A A

Eliminating ng between equations 2,33 and 2,35 and neglecting higher powers
of p and ng gives:

AL p

e e (14 'ET'(B; - 28')) 2,36

Equation 2,36 relates the number of moles n of gas adsorbed in
volume V of the sieve, in this case the volume of the unit cube side as to

the bulk gas pressure p at temperature T in terms of the molecular potentials
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of the system as contained in the terms V,and B',  Thus an equilibrium
isotherm may be obtained for the system under conditions sufficiently dilute for
only two body interactions to be of importance which corresponds at most to
two to three carbon dioxide molecules per cage,

For the hypothetical case of a single adsorbed carbon dioxide molecule,

E(Li'f-i) = O and equation 2,36 reduces to,
PV,
S 2.9

ond Vo may be approximated by

= 8)
v, = zvexp(--m,)sv 2,38

where &V is an element of cage volume per point,
For two adsorbed carbon dioxide molecules in the sieve cage

E(Li'f-i) # O and B* may be approximated by:

— E(f_ o) ﬂ‘(f_ B ,)
B! = -7§— >_ Z(GXP("-P-ET:Z—) -D.( GXP('-"ET"':%')) Wz
) v
2,39

2,5 Theoretical Heats of Adsorption

Theoretical heats of adsorption for corbon diaxide adsorbed in a Linde
5A siave as a function of temperature and pressure can be obtained from

values of Vo, B* and B; over the range of validity of the theoretical



‘34”

isotherm {equation 2,36), The heat of adsorption per mole of gos at bulk

pressure p and temperature T is:

-8H = 8U+ pSV 2,40

where 8U is the difference in internal energy per mole between gas in the
bulk and sieve phases and p&V is the work done per mole in transforring
the gas from one phase to the other,

The internal energy of the gas in the sieve phase is reloted to the

partition function Zy by :

U = ki ;r (log Z,))

where F = ~kT log ZN (10)
- oF
Hence U=F-T ('5f)v 2.41
v 2,008
Now F =¢ g7 |og-§--nRT(l-3 log y) +£§l?..
n o

(equation 2.28) where F is the Helmholtz free energy per cage, From
equations 2,41 and 2,28 the internal energy per mole of gas in the sieve

phase for n moles of gas adsorbed per cage is

Tz dv nRTZ dB*

u_
o T-crr —T‘B‘T‘V ar) 2.42
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The analogue of equation 2,42 for the bulk phase can be written in terms of

v n givings
U n v n ''n V dB'
g - d g 1 g 0

where V Jng is the volume per mole that n moles of gas per cage in the
sieve phase would occupy ot temperature T and pressure p in the bulk phase,
At some temperature T, and given a‘ value of the bulk pressure p,
then n for these conditions is fixed by equation 2,36 and V Jng by
equation 2,33, Since Vo, B* ond B'g are functions of temperature only
then U/nand U Jng can be obtained from equations 2,42 and 2,43, The.

Vv,
value of ;T-;‘-g- is obtainsd from equation 2,33 giving:

3 Vg n ng ng
= '
P 51.(-5;-) R +.vi- RB* + 'V; RT 2,44

The corresponding value to V Jng in the sieve phase is og/n where

03 is the volume of a sieve cage. Hence from equation 2,40 the heat

of adsorption per mole at temperature T and pressure p is:

PR/
“SH= o= -t el -) 2,45

g
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2,6 Theoretical Crystal Diffusivities

The crystal dif fusivity D, con be related to the transition probabilities
for a gas molecule translating from one large cage to the next through an
O8 window by a similar method to that used by Vineyo:dgn)

The transition probability per unit time, G, con be written as:

( exp(-;f.r/kT)dS

3

G = 7 2.46
f exp(-;!T/kT)dV
v
and D, is related to G by ¢
p_ = G 2,47

& is the transition jump distance, and in the case for transition through
an OB window & may be replaced by o, Combining equations 2,46

and 2,47 gives:

J[ exp(-ﬁ.r/kT)dS

x 5 2,48

J exp(-#T/kT)dV
v

_ 2 RT
D, = 9% JIa%

where the volume for the integral in the denominator is the volume of the
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cage of origin and the surface for the integral In the numerator is the area of
the window through which the tronsition occurs,

In the case where the cage of origin contains a single carbon dioxide
molecule, the total potential for the system 51. reduces to £ (see equation

2.17) and equation 2,48 can be approximated by:

> explg/kT)ss
Dc = °<2> A:M . . 2.4
> expl-#ATIV
v

2.7 Mathematical Model of the Diffusion Process

2.7.1  Description of Model

The model describes the one dimensional diffusion of carbon dioxide
in a cylindrical molecular sieve pellet, initially saturated with carbon
dioxide labelled with carbon 14, which undergoes a dynamic self diffusion
process with unlabelled carbon dioxide at constant temperature and pressure,
The practical apparatus is arranged such that diffusion takes place only along
the long axis of the pellet, and the exchange surface is at one of the flat
ends of the pellet,

A simple approximation to the interior of the pellet is used in which

it is assumed there is a uniform distribution of single sized spherical crystals
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without any significant contact between one another,  Each crystal is
surounded by a gas of uniform composition and the gas just inside the crystal
is in thermodynamic equilibrium with the gos just outside, The diffusion
processes inside the crystal and in the pore structure of the pellet are
governed by Fick's law, Since the exchange process is between labelled

and unlabelled carbon dioxide there is no concentration change as such as
diffusion proceeds and so a single point on the equilibrium isotherm establishes
the equilibrium relationship between gas in the crystal and gas in the pore,

At zero time the labelled carbon dioxide concentration ot the exchange surface

is reduced to zero and maintained at this till the diffusion process is complete.

(see figure 2,3),
2,7,2 Crystal Equations

The assumptions that the crystals are single sized, spherical and
surrounded by gos of uniform composition gives spherical symmetry,  Thuss

Pw . 2 ow
(w"‘-"g;-)

.%L = D V2w = o (- 2.50
or

describes the :iatra=crystalline diffusion,
The rate of accumulation of adsorbate Qc per unit volume of crystal is given

by:

r=

- - ow
chc - J(NC) Rd_S_ B ch(_a?)FR'd-s- 2,51
5 )
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Hence Q = 3 P (aw) 2.52
’ K- R “c'or ‘r=R *

The thermodynamic equilibrium at the surface of the crystal is represented

{w) R = Kv 2,53

2.7.3 Pellet Equations

A material balance over an arbitrary volume V in the pellet enclosed

by some boundary s givess

~ -

g— W -
: J NS = J (€, 3¢ + (1-£)Q ) 2,54
H v

where Ep is the mass flux in the pores given by _I:l_p = - Dp ov/dx., By

Green's Theorem,

J N d§ = JV.N dv 2,55
—p" = —p

$
Now since the material balance is over an arbitrary volume of pellet the
integrands may be equated, 'A posteriori’ calculation shows that the pore

accumulation EP dv/dt can be neglected, Thus:

Dpsz‘é = (1= EP)Qc 2,56
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The boundary conditions for these equations ares

For +>0, ax=L 3 &a/ox=0 _ 2,57

at x = O v=0

L 1]

ar=0, O<x<Lj; awr=0

It is convenient to express these equations in dimensionless form by

defining the dimensionless variables:

- X S _ Vv
x! = T o= < vt = ;—;
w t D
- 1 -
T T
o L
Hence from equations 12,52 and 2,56
2 p 12
vt _ _ c ow'
;;.-7 = 3(] EP) -!;2;—-(-6?‘-)"=] 2.58
p
and write P = DPRZ/DGLZ 2,58
From equation 2,50
piw _ Pw 2 ow 259
k- 2oy S .
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At #=0, 0L <1z vi=1 and w' =K
C<x*<1;

For #* >0, atx*=1; v /oxt =0
at x! = : vi =0 2,60

atr! =1, O<x*<1; w =K/ 2.60aq

Equations 2,58, 2,59 and 2,60 now define the model with w' = w*(x* /1)

and v' = v' (! 1),

2.7.4 Finite Difference Solution

Equations 2,58 and 2,59 are solved by on implicit method to obviate

stability problems,“z) using the following finite difference approximations,
Time increment, t# = i6 i = 0,1,2.00se

Space increment in pellet, x! = j&x* i = O,1,2.,.mp mix* =1
Space increment in erystal, r' = k&* k = O,1,2,,.n; n&* =1

In the crystal, since time is explicitly involved, six values of w* will



- 43 -

be needed to write an approximation to equation 2,59, and in the pellet
since time is implicit, three values of v will be needed to write an
approximation to equation 2,58 ., The approximations used for say space

dimension r* aret

- wh
aw' _ Ykt T Wi

o 24"
Pw Wi W W
a2 )

1] -
Vit ™Y

and for time : (%v-;:—),% = —

To keep consistency with an implicit solution, in the crystal the LHS
of equation 2,59 is evaluated at time i + 4 and the RHS at the average
of the values ot times i and i + 1,  The pellet equation (2,58) is
evaluated at time i,

Thus from equation 2,58 :
8
(Frhegy = G . = Q' -1 " vt v )
with 1<j<(m1) 2,61

and using equation 2,61 :
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G = 2GQ¢v! -

[ |
im fmel " Vim) 2.6la

where Q@ = B/3(1- )(&" 2 = sz/s(l-sp)
and v! = Q
i,o

From equation 2,59

k+1 k=1
T Wk O Dy T T Wi, ke

- kit k-1
=T ik T AWt T Yk

with 1<k<n 2,62

where B = 2P(&e! )2/51" = 2P/n28f' .
Note that values of w* for k = O do not appear in the equation;

values for k = n+l1 are given by :

w! =

2
' -
ij, wi,i,n-l + = G, . 2,620

1,1

Equation 2,62 may be written In the form :

4
% k=1 Witk e kVitt, ikt % ket Vin, 1 k4 k

with 1<k<n 2.63
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where o,y = -

ak,k = p+2

I
9 ket 'S

B = 7 O k%, k=1 T W Ak ke
with  1<k<n 2,64
and for k = n @
an,n-l =23 cln,n = B2y an,nﬂ =0
by = W it ¥ (?"2)‘”:, n _2_(.'.‘2'.*12 Ci,j ¥ G,p 264

The algorithm used to solve the equations 2,61, 2.6la, 2,63, 2,64
and 2,64a is:

For one time step, given all v;

1)  Estimate v!

41, for 1<j<m

2)  Compute G; M, for 1 < | < m using equations 2,61 and 2,61a ,
’ - -—

3) Compute ak,k-'l . ak,k v °k,k+l v bk for

1< k < n using equations 2.63 and 2,630 ,
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4) Solve the resulting set of linear equations for the w! 41,1,k f r
ne
1< k<n,
L) o
5)  Compute v_,_]" |+1,|,n /K
6) If the change in any v} i41,j over the step exceeds the permitted
I
error, repeat from step 2 with new estimates for v; ] where 3
’
= J 518
New VI-H (i-p |+'l | |+'l

where #' is a given relaxation parameter O < B* <2,

For the case where P = O (i.e. Dc is infinite) and thus pure diffusion is

the controlling process the pellet equation iss

62 ¢ — 3 1 ]
-;x{i = -ﬁr(EPv +(I-Ep)Kv) 2,65

with the boundary conditions 2

"
wand

Attt =0, O<x'<1; v
Fort' >0, x' =0 v =0 2,65a
x' =13 v/ =0

whencev; =Qforalli>0 .,
I

The finite difference approximation is @
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(]

-yt 1 - !
Visl,j-1 © (X + 2 M1, - ViHL
= 1 - ] ]
Vit B Y
with 1< < (me1) 2.66
and for j = m

AR o (R 2 2.66a

..2v'
i+1,m i+l,m l m-]

where X = 2(Ep + (1 ~ Ep)Kszar‘ .

The algorithm used in this case is for each time step the v; i
4

with 1 < | < m are obtained from the vi i with 1 <] < m by solving
- L] z —— -

the sat of linear equations 2,66 and 2,66a ,
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CHAFPTER 3 -~ COMPUTATIONAL METHODS

3.1 Generation of a Sieve Structure

Equation 2,10 describes the interaction between a single carbon
dioxide molecule and the ionic framework of the Linde 5A sieva,
Before this equation can be used a sieve structure must be generated using
the ion positions given in table 2,1,  This table can be expanded in
terms of the Oxygen, Sodium and Calcium ion positions to give table
3.1, which fully describes the positions of the ions in the positive
quadrant (X, Y, Z), The Aluminium and Silicon ions have been omitted
as it is shown in Chapter 6 that their potential effect is negligible.

3.1,1 Full lon Reflection

The ions in table 3,1 have fo be reflected out to generate a
three dimensional network of sieve cages, each cage formed by a unit
cell, which itself is formed by 56 ions (48 oxygen and 8 NaCa ions),
There are two separate ways in which the data ions can be reflected,
One maintains 56 ions per cage throughout the generated structure and

as a rasult of this leaves the resulting composite cube devoid of ions on
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three faces, The ether fills these faces with axygen ions, forming O8

windows, and maintains a symmetric structure,

TABLE 3,1
ION X Y ‘ z
Ot o 0.2720 0.5

ol o 0.5 0.2720
ol 0.2720 o) 0.5

ol 0,2720 0.5 o)

ol 0.5 o 0.2720
ol 0,5 0.2720 o)

ol 0,2122 0.2122 0.5

oll 0.2122 0.5 0.2122
ol 0.5 0.2122 0.2122
ol 0.1518 0.3882 ©.3882
ol 0.3882 0.1518 0.3882
ot 0,3882 c.3882 1 0,518
NaCa 0.3050 | ©0,3050 |  0.3050

In a composite cube formed by (2n - 'I)3 unit cells, n = 1,2,3,,44¢
there will be 56 x (2n - 1)3 jons in the first structure and

56 x (2n - 1)3 +8x3x (2n -~ 1)2 ions in the second structure,
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The’l'erm 8x3x%x(2n-~ 'l)2 represents the surface oxygen ions in the three

faces that were unfilled in the first case,

Each unfilled face includes

{(2n - 1)2 faces of unit cells, each of which includes eight oxygen ions,

The number of ions expected to be generated for compesite cubes of increasing

size is given in table 3.2.,

If the six AS fons are included in the data table there will be

80 x (2n - ])3 +3x16x (2n - 1)2 fons in o composite cube containing

(2n - ])3 unit cells,

various volues of n is given in table 3,3,

The number of ions expected to be generated for

TABLE 3,2

= 3 2 | TOTAL NO, |NO,OF UNIT
" a2 [6% @n =W 24X @0=1) [op jons | CELLS=(20-1)3
11 05 56 24 80 |
2 1.5 1512 216 1728 27
3 2.5 7000 600 7600 125
4 3.5 19208 176 20384 342
5 4,5 40824 1944 42768 729
6 5.5 74536 2904 77440 1331




TABLE 3.3

TOTAL NUMBER | 128 | 2592 | 11200 | 29792 | 62208 | 112288
OF IONS

NUMBER OF 1 27 125 343 729 1331
UNIT CELLS

ek .i

The method by which the ions in table 3.1 are reflected fo give the
number of ions in table 3,2 is best seen by analysing the procedure for a
single cage, Six Ol ions, three Ol ions, three Olll ions and a single
NaCa ion form the data table, Designating the co-ordinates of these
ionsas Al, BI, Cl 3 1=0,1, 2,....12, then these co-ordinates have
to be reflected to form all combinations of tAl, i-Bl, iCl. In general
any co-ordinate can have two values, i.e, : Gl, so there will be 23
positions generated per line of data, To avoid repeating ion positions,
the procedure is sublect to the condition that if any co-ordinate
Gl = O then GI 2 ~Gl, This only occurs in data for Ol ions so only
22 positions are generated for the first six lines of data, This is

summarised in table 3,4 .
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TABLE 3.4
NO, OF VALUES FOR CO-ORDINATE| LINES OF | POINTS
] DATA CF | GENERATED
Al Bl Cl THIS TYPE
O-5 1 2 L 2 é 24
6~8 2 2 2 3 24
9-11 2 2 2 3 24
12 2 2 2 1 8
<=

~=80

The procedure is readily extended to n = 2, etc.  The ion co=
ordinates are in units of ar the unit cell characteristic dimension, so
the data ions have only to be expanded in the form Imt Gl)
m=0, 1, 2,.,.m' to simulate ions in all regions outside the range of
the data table, The value assigned to m' is such that i(m' z Gl) <RMAX
for the value of n being considered, i.e, m* =n =~ 1,

For n = 2 the general co-ordinate Gl can take six values, These
are 3GI, 21 - GI) and (1 + GI).  To avoid repetition of points, if
Gl = O then GI & =G|, 1+Gl £ 1 = Gl and ~1+Cl 2 -1-Gl giving three
values only, Also if Gl = 0,5 then Gl 2 1-Gl and ~1+GI= =Gl giving

four values only,  This will then gencrate the following numbers of ions,



ions in a cubic space which contains as many unit cells os required,

3.1.2 Holf Plane Reflection

TABLE 3,5

NO, OF VALUES FOR CO~ORDINATE | LINES OF
POINTS

| DATA OF

Al Bl Cl

C-5 3 6 4 6 27 x 16
6-8 6 6 4 3 27 x 16
9-11 6 6 6 3 27 x 24
| 12 6 6 6 1 27 x 8
>=1728

The preceding ion projection method maps out the positions of all

For

computation purposes it is more convenient to use a method which maps out

all jons in the region X > O and to generate the fons in the region X <O

later in the program,




TABLE 3.6
NO. OF VALUES OF CO-ORDINATE | LATER | POINTS
: LINES OF | oo™
DATE OF g C- ieyc.\-
Al Bl cl Tiis Tvpe | TION | ATED
O-1 | 6 , 4 2 1 [16x3
(Al=0)
O-1 i 6 4 2 2 |16x6
{AKO
2-3 3 3 4 2 2 l6x9
45 2 3 6 2 2 héex9
67 3 6 4 2 2 {16x18
8 2 6 6 1 2 {16x9
9-12 3 6 6 4 2 |16 x 54

>=1728

For n = 2 in this method, the co-ordinate Al will now take three values,

These are Al, 1+Al and 1-Al, i.e, those co-ordinates which lie between O

and RMAX for n = 2,
before,
and the point is not reflected later in the program,

giving one other value which will be reflected later,

The co-ordinates Bl and Cl con take six values as

To avoid repetition of points, if Al = O there is only this one value

Also 1+Al = 1-Al

IfBlor Cl =0

there will be three values of this co-ordinate and if Bl or Cl = O,5 there will
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be four values, all of which will be reflected later,  This procedure, in the

main analogous to the preceding one, will generote the number of jons given

in table 3,6,

3.2 Carbon Dioxide~lon Interaction

Having outlined the method by which the data ions are projected, o
procedure is required that will evaluate the interaction between a carbon
dioxide molecule situated inside a large cage and these ions, If o model of
a perfect crystal of the Linde 5A molecular sieve is examined, it can be seen
that the region bounded by a cube side a, cenired on a large cage contains
four points of structural symmetry, These are the centre of a large cage,
the centre of a small cage, the centre of an O8 window and the centre of
an O4 bridge.()?) If these four points, all of which are included in the unit
cell structure, are joined, one obtains a tetrohedron, Becouse of the
existing symmefry this tetrahedron is the smallest region of space within the
unit cell from which the whole structure can be generated both spatially and

potentially by appropriate reflections and rotations,



Figure 3,1

xY
-]

A

A set of rectangular co~ordinate axes as shown in figure 3,1. are
used to contain the tetrahedron, with the origin at the centre of the large

cage of interest,

A is the centre of the large cage
B is the centre of the O8 window
C is the centre of the O4 bridge

D is the centre of the small cage

Here 2AB is the unit cell dimension a = 12,31R . The ion
positions given by Broussard and Shoemaker and quoted in table 3.1 are
also in units of a, and all lie in the quadrant (X,Y,Z), bounded by the

tetrahedron,  This shape represents y48fh. of the total volume of the unit
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cube, and suitable reflection of the ion positions in (X,Y,Z) will create for
computation purposes as many interconnected coges in three dimensions as
necessary, When the potentials have been determined in (X,Y,Z), svitable
reflection of the values will give the potentials throughout the region of the
unit cube,

4 and AI3+ ions are considered

To simplify computation further the Si
as a hypothetical ASS%'F fon, The properties of this are obtained from ghe
geometric mean polarisability and arithmetic mean susceptibility and lonic
radius of the separate aluminium and silicon ions,  Similarly a hypothetical
NoCuhH or Ca‘%"' ion is used, This permits one of these ions to be
located in each of the cight O6 windows bordering the large cage, which
fits in better with the basic symmetry,

For computation within the tetrahedron it was decided to use a three
dimensional grid with a grid line separation of a C/20. This gives a
convenient labelling system to locate the particular point of computation

which will lie in the range 10>X>Y 2Z>0 and also a maximum

of 286 points at which the potential can be evaluated,

3.3 Polnt Reflections and Point Multiples within the Tetrahedral Grid

When the interaction potential has been computed inside the tetrahedron

using equation 2,10 , the results obtained can be reflected to fill the
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whole of the region inside the lorge cage, As for os equation 2,37 is
concerned, all that is required at this stage is to be able to evaluate the
point multiple for these results since equation 2,38 depends only on the
value of the potential, However, a complete potential map will be
required later and so the reflected positions are given in full, together with
the point multiple,

The points inside the tetrahedron fall into eight groups, which can be
recognised by the algebraic relationship between the co-ordinates of each
grid point,

3.3.1 Point (a)

X=Y=2Z =20 3.1
This is a unique point,

3.3.2 Line (ab)

X =Jad Y = Z = Owith<Jf_'|O
These points can be reflected six times onto the points represented

by:~-

with O<J<10 3.2
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These are lines that join the mid points of the six foces of the unit

cube to its centre, (See figure 3,2).

3.3.3 Line (ad)

X=Y=2z=J with 0O<JLIO
These points can be reflected eight times onto the points given by
X=Y=2z=2J with 0<J<I0 3.3
These are lines joining the corners of the unit cube to its centre,
(See figure 3,3),
3.3.4 Line (ac)
X=Y=J and Z=0 with O<JZIO

These points can be reflected twelve times onto the points given

by:
+
X=Y¥Y==~J and Z=0
X=Z=t_| and Y=O
Y=2z=23 ad X=0
withO(JflO 3.4

These are lines that join the mid points of the edges of the unit
cube to its centre, (See figure 3.4).

3.3.5 Plane (abc)

Z=0 and X=J, Y=K with 0<JLI10

and O<K<10
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These points can bo reflected twenty~four times onto the points

given by:
Z=0, =%y, v=32K
z=0, x=%g, v=3%,
Y=0, z=%J), xX=2K
vy=0, z=3Ik, x=%34
x=0, v=%,, z=%g
X=0, VY=%ikK, z=%,
with O <J<10 aond O<K<10 3.5

These points lie on three planes in the direction of the co~
ordinate axes, (See figure 3.5).

3.3.6 Plane (acd)

X=Y=J and Z=K with O<J<IO
and O<K<10
These points can be reflected twenty=four times onto the points
given by:
X=Y=%J and Z=3K

X=Z=2J ad Y=121kK

Y=2Z=%) ad X=2ZkK

with O<J<10 and O<K<10 3.6
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PLANES OF SYMIETRY IK THE UNIT CUBE.

FIGURE 3,5

FIGURE 3.7

(Only two planes shown
for the sake of clarity)
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These points lie on six planes formed by the six pairs of diagonally
opposite edges of the cube and the diagonals joining their ends through the
centre of the cube, (See figure 3,6).

3,3.7 Plane (abd)
X=J) and Y=Z =K with O<J<KI10

and O<K<10

These points can he reflected twenty=four times onto the points given

by:
X=%y ad v=2z=Z%Kk
v=%) ad z=x=%k
z=%) od x=v=3IK
with ©<J<10 and O<K<10 3.7

These points lie on six planes formed by the six pairs of diagonally
opposite edges of the cube and the diagonals joining their ends through
the mid points of the faces of the cube, (See figure 3,7),

3.3.8 All other points

X=J, Y=K, Z=L with 0O<JZIO,
O<K<I10O and O<L<IOC

These points can be reflested forty=cight times onto the points given

by:



+
'+
s

x=%y, v=%k, z=%1
Xx=23, v=21, z=%k
x=%fk, v=%,, z=%
x=3Ik, v=%, z=3%,
X=21 v=2%3, z=%K
x=% v=%k, z=1%,
with 0<J<10, O<K<10 and O<L<IO 3.8

These eight types of reflection contain all the information required
to map out the potentials obtained for the 286 poinis within the tetrahedron

onto the 9261 points within the unit cube,

TABLE 3.7
) T
REGION INCLUDES POINTS POINT REFLECTION
IN REGION | MULTIPLE 4 TYPE
Point a - 1 1 1
Line ab Point b 1C 6 2
ad d 10 8 3
ac l c 10 12 4
Plane abe Line be 1 45 24 5
acd cd 45 24 6
abd bd 45 24 7
Tetrahedron abed | Planc bed 120 48 8

It may be noted that¥{(points x point multiple) = 9261 = (21)3 which checks

that all points have been reflected comrectly,
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3.3.2 Point Multiple Recognition

Sections 3,3.1 =~ 8 contain the algebraic relationships between the
co-ordinates of any grid point (J,K,L) for it to have some particular
point multiple, The flow diagram in figure 3,8 shows the procedure

used to recognise these multiples,

3.3.10 The Carbon Dioxide=lon Intcraction Progmm

A program was written in EXCHLF Autocode which evaluated the
corbon dioxide=ion potentials using the theoretical relationships outlined
in section 2,2 and the preceding computational methods, The flow
diagrams are given in figures -3,9: and 3,10, A listing of the program

is given in Appendix - C ,

3.4, The Equilibrium Isotherm

Equation 2,39 is programmed as follows, Having obtained a set
of potentials in the region 102X 2Y2>Z >0, it is convenient to redefine
the origin of these as a corner of the cube containing the unit cell,
Using the same grid separation, the potentials will then lie in the region

20>X2Y>Z >10,
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FICURE 3.8 CRID POINT REFLECTION FLOW DIAGRAM
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FIGURE 3.9
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SIEVE POTENTIAL FLOW DIAGRAM
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FIGURE 3,10 ‘ SIEVE POTERTIAL FLOW DIAGRAM
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Equations 3.1 to 3,8 are in terms of the old grid co-ordinates
(J.K,L).  With the new origin, for example, the first line in equation
3.8 becomes:

X=1J, Y =K, Z=1
X =20-), Y=20-K, Z =20-L
with 10<J<20, 10<K<20 oand 10<L<20 3.9
i.0, the points are now reflected about (10,10,10) instead of (O,C,C),

If the forty~-eight points in equation -3,8; are reordered and
written in the form of equation 3.9 , the procedure for reflecting any
particular value in the set of potentials is greatly simplified,  Firstly
the value has to be recognised as belonging to a particular reflection
type, (These are numbered 1 to 8 in table 3,7) Then all the reflected
positions of this value can be found using table 3,8'. This table
shows how the forty-cight possible reflected values are ordered, and the
sequance in which the program generates each according to the reflection
type.

In the unit cube containing 9261 grid points it would be possible
to compute 9260 + 9259 + ,... + 2 + 1 = 42,878,430 different pair
interactions between two carbon dioxide molectiss free to be placed at

any of the grid points except the one occupied by the other,
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TASLE 3,8 REFLECTIONS OF GRID POINT (J,.K,L)
REFLECTION TYPE

LABEL{ X=J Y=K ‘Z=L 3 4 5 6 7 8
1 J K L 1 i 1 1 1 1
2 J K 20~L 2 2 2 2
3 J 20-K L 3 2 3 3 3
4 J 20-K 20-L 4 5 4 4 4
5 |4 L K 3 5 5
6 J 20-L K 6 6
7 J L 20-K 4 7 7
8 J 20-L 20-X , 8 8
9 K L J 2 5 5 9
10 K 20-L- J .. 6 10
11 K 20-L 20-J 6 7 11
12 K 20-L 20~J 6 8 12
13 K J L 7 13
14 K J 20-L 14
15 K 20-J L 8 15
16 K 20~J 20-L 16
17 20-J K L 5 3 9 9 9 17
18 20-J K 20-L 6 10 10 18
19 20-J 20-K L . 7 10 11 11 19
20 20-J 20-X 20-L 3 7 12 12 20
21 20-J L K 11 13 21
22 20-J 20-L K 14 22°
23 20-J L 20-K 12 15 23
24 20-J 20-L 20-K 16 24
25 20-K L J 4 13 13 25
26 20-K 20-L J 14 26
27 20-K L 20~J 14 15 27
28 20~K 20-L 20-J 8 16 23
29 20-K J L 15 29
30 20-K J 20-L 30
31 20-K 20-J L 16 31
32 20-K 20-J 20~L 32
33- |L J K 9 17 17 17 33
34" | L 20-J K 18 18 18 34
35 20-L J 20-K 19 19- 19 35
36 20-L 20-J 20~K 20 20. 20 36
37 L K J 21 37
38 20-L K 20~J 10 22 38
39 L 20-K J 23 39
40 20-L 20-K 20~J 24 , , 40
41 20-L J X 21 21 41
42 L J 20-K 22 22 42
43 20-L 20~J K 11 23 23 43
44 L 20-J 20-X 24 24 44
45 20-L X J 45
46 | L X 20~J 46
47 20-L 20-K J 47
48 L 20-K 20~J 12 48




Using the basic symmetry of the system it is not nocessary to compute
all these interactions, and many of thom can bo inferred using the
refloction table 3,8 and the peint multiple values. The way this is
done gan be seon by analysing a simple two dimensional case using a
square grid containing 25 points.

Figure 3,11

O4 14
o3 13
C2 12

o 1 21 31 4

oo | 10| 20! 30 | 40

The grid points lic at the centre of the small squares, labolled as
shown in figure 3.11', The shaded region is treated as the input points

and these are used to generate all the cther grid positions using table 3,9,

TABLE 3.9
POINT | Mfﬂ:}r{e REFLECTED POINTS
22 | |
32 4 23, 12, 21
33 4 13, 11, 31
42 4 24,02, 20
43 8 34, 14,03, O1, 10, 30, 41
4 | 4 i_04,00, 40




The first carbon dioxide molecule is placed at (22) and the second
successively at (22), (32), (33), (42), (43) and (44). If the pair
interaction is calculated between these six second points and the first
point, then multiplying cach value in turn by the point multiples in
table (3.9), will give the total interaction for all the twenty=four possible
pairs, When the second melecule is at (22) it is coincident with the first
so the interaction is neglected.,

The first carbon dioxide molecule is next placed at (32) and the
sccond successively at (32), (33) ..... (44), Thoe pair interaction must
now be caleulated for all possible reflections of both points, The second
molecule is constrained such that it cannot be at (22) as this interaction
has already been included in the first sot as (22 -~ 32),

When both molecules are at (32) the interaction is neglected as the
molecules are coincident, However, the first molecule ot (32) has three
reflected positions and all interactions of these reflected first molecules
with all second and reflected sscond molecules must be included. The way
theso interactions can be systematically generated is as follows,

The first molecule is at (32) which has o point multiple of 4, Thus
all summations of interactions with the second molecule and its reflections

will be multiplied by 4 cxcept when the second molecule is ot (32), In
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this case the first point multiple must be reduced as the coincidence at (32)
will also occur in three other reflected positions, eliminating some inter-
actions, There will be only 6 possible different interactions obtainable
ofter reflection of both molecules at (32), These are (32 ~ 23), (32 - 12),
(32 - 21), (23 - 12), (23 ~ 21) and (12 - 21),

When the second molecule is at (33) which has a point multiple of 4,
there will be 4 x 4 interactions generated, of which 4 must actually be
calevloted, The sccond molecule then moves to the romaining points which
in turn éenemfec a further 4 x 4 + 4 x 8 + 4 x 4 interactions, of which
only the 4 + 3 + 4 different interactions are calculated,  Having moved
the second molecule through its range of positions, the first is moved to (33)
and the process repeated,  Finally, both molecules arrive at (44) which
has a point multiple of 4, Both molecules can be reflected onto (O4),
(OO0) and (4Q) so the following interactions are possible: (44 -0O4),

(44 - ©O0), (44 - 40),(C4 - CO), (04 ~ 4C) and (OO ~40),

Table 3,10 summarises the forogoing intoractions,
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TABLE 3,10
FIRST |MULTI- | SECOND POINT AND MULTIPLE | NUMBER OF sumf
POINT | PLE z POINTS GENERATED
'1 1414 :4 .8 !4

22 1 |22 | 32|33 (42|48 | 4 (444 +B+4) 24

32 4 32133 (42|43 | 44 2x(3HH4x(4-+4+8+4) 86

33 4 33 |42 | 43 | 44 | 2x(3)+4x(4+8H4) 70

42 4 243 |4 |2x(3) +x(3+4) 54

43 8 43 | 44 @) +8x(9) 60

4 | 4 | 4 | 2x(3)

in table 3,10 the bracketed terms represent the number of pair
calculations that must be done, and the summations the total number of
intora ctions inferred from these by suitcble multiplication, The table
generates 30C pairs as is expected since 24 ¢ 23 + ... 3 +2 + 1 = 3C0,
The general rule deduced from table 3,1Q- is to move both molecules
systematically through all their possible positions such that if the positions were
numbered 1, seeei, seeok® for the first and 1,4eeeiseeeem! for the second,
then the second molecule must take all possible values of j before i is increased
with j >i,  If the point multiple associated with position i is k ond with |
is m then when i = j, (n=1)xk/2 pairs are generated and (m -~ 1) are
calculated, When | >i then m x k' pairs are generated but only m are

calevlated,
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This procedure is readily applied to the case when the grid points are
distributed throughout a tetrahedron, The ordering of the grid points is
immaterial so long as the list is exhausted systematically, The above gen;em!
rule gives the method of calculating all possible pair interactions where the
carbon dioxide molecules are constrained to be at grid points at which the
carbon dioxide ion potential gives a walue of Kexp (~g/kT) >1, where K is
the point multiple for the grid point, This means that about 200 of the
286 possible grid points are automatically discarded when evaluating equation
2,39,

When each molecule~molecule interaction is calculated the molecule~ion
term

exp (= (6 (¢;) + Alr JYAT)
is generated by assigning the value of the potential at the first point to
Ar. .') and that ot the second point to A, 2) irrespective of the actual reflected

positions of the molecules,

Interaction_Program

3.4.1 Tl?e ‘CO?.-COZ

A program was written in EXCHLF Autocode which evaluated equation
2,39 given the results for the carbon dioxide-ion potentials at some temperature
using the computational methods described above, The flow diagram for this

program is given in figure :3,12% and a listing in Appendix "C, .
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FIGURE 3,12 CRYSTAL SECOND VIRIAL COEFFICIENT FLOW DIAGRAM
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3.5 The Diffusion Model

3,5.1 Tho Fraction of Carbon Dioxide Desorbed from the Pallet

The two algorithms in section 2,7.4 result in sots of crystal and
pore concentrations at each time interval for which the finite difference
approximations are solved, These concentrations need to be converted
into pellet accumulations so that the model gives the fraction of carbon
dioxide desorbed from the pellet at time t,

Using the same notation as in sections 2,7,2 and 2,7,3 the

accumulation in the pellet ot time t is given by

L (1-E ) R )
ACCU = /-\.J (Epv + —-Es-j 4 wdr)dx 3,1C
o AnR o
This equation can be written in dimensionless form using the
substitutions:
T
® =9 o
o= X W= 3.11
v v
o o

Hence from equations 3.10 and 3,11



1 1
ACCU = J (Epv' + S(I-EP)J r‘zw'dr')dx' 3.12
o @)

For the initial accumulation (' = O) we have v* =1 and w* = K for
O<x*<land O<* <1,

Hences

] 1
ACCO = J (€, +3 (1E) J Krt 2t )
O o)

= E_+(1-E)K 3,13
o + (I-E)

ACCO is the dimensionless zero time accumulation in the pellet
and so the fraction of carbon dioxide desorbed at time t (+ > O) is given

by:

FRAC = 1 = ‘%‘CCE.%‘ 3.14

3,5,2 Finite Difference Increments

The time and space intervals chosen were § = 1 second for
t < 100 and & = 10 seconds for 100 <t < 10,000z & = R/6
and & = L/6,

The practical values for the fraction of carbon dioxide desorbed

from the pellet were measured at unit increments of Vt in the range



O <t <10, and increments of 5 units in the range 10 < ¥t < 100,
The computed valuss of FRAC need to be evaluated at values of Jt which
corres§ond as closely as possible to these values so that a direct
comparison of resulis can be mede, The model time increments were
chosen using this criterion since the stability of the finite difference
solution permits a wide choice in the time increment values, The end
time of 10,000 secs, was chosen since the practical runs terminated at
this time,

The space intervals chosen give a reasonably refined model of the
pore and crystal structure without having a.large number of iterations at
each time step to get convergence of the pore concentration to within the
specified limit, This limit was such that the error in dimensionless pore
concentration was less than ©,01% at each time step,

A value of the relaxation parameter BETA* was chosen which gave
the most rapid convergence of the error in pore concentration at each
time step. Table 3.11 shows the results obtained for this error af throe
times for varlous values of BETA', The value of O,88 was chosen as

the best,
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TABLE 3.11

CHOICE OF RELAXATION PARAMETER BETA'

ERROR IN PORE CONCENTRATION
BETA'
TIME=10 SEC, | TIME=20 SEC. | TIME=30 SEC.
0,85 2,531,-5 _ 7.280,=3 6.741,-5
0.86 1.793,-5 5.837,-5 5.315,-5
0.87 1.301,-5 4.870,-5 4.208,-5
0.88 1.067,-5 4.385,-5 © 3,620,-3
0.89 1.096,-5 . 4.303,-3 3.360, =5
0.90 1.401,-5 4.013,-5 3.473,-5
0.01 1.991,-5 - 5.043,-5 3.980,-5
NOTE: . In this and many subsequent tables, numbers normally

written with an exponent in powers of ten have been
written with a '‘comma' to denote the use of an exponent,

-3
i.e. 1.234X10 is written 1,234,-3 etc.

¥
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345,3  least Squares Fitting of the Diffusion Model to the

Practical Results

A program was written in FORTRAN [V based on the flow diagram
shown in figures 3,13, 3,14 and 3,15, This program computes the
fraction of carbon dioxide desorbed from the pellet (FRAC) at values
of Vt given values for the pore and crystal diffusivities, pellet porosity
and other parameters defining the system (see table 6,21), The program
was confrolled by a minimisation routine due to Powell(ls) which finds
the minimum of a function of several variables without using derivatives,

The function used was:

~ 2
< 60,0 = £ (0D ) 3.15

F

where f.r and fP are the theoretical and practical valves of FRAC at
i -
time t, The summation is over all values of time for which FRAC is

computed for 10O <t < 10,000 secs,

3e3s4 Discretization Error

In o pore diffusion process governed by Fick's law diffusion, the
analytical solution for the fraction of gos desorbed from o slab

initially at concentration Co with the surface concentration maintained
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FIGURE 3,13 . DIFFUSION MODEL FLOW DIAGRAM
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FIGURE 3.14

DIFFUSTON MODFL FLOW DIAGRAM
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FICURE 3,1 DIFFUSION MNDEL FLOW DIAGRAM
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at zero for t > O is(m):
S22 (- D (2n+1)2n)

FRAC = =7 - e XD 3.16
° ? r~o (2n+1) 4Lr

This expression gives a straight line plot for FRAC versus initial
values of vt which passes through the origin and characterises pore
diffusion processes,

It was found thot the present model with P set to zero, which
means pore diffusion is controlling, gave initiol values for FRAC that
were significantly greater than the expected values for a straight line
plot through the origin, However, this difference decreased at later
times and became negligible for t > 100 sec,

A test case was investigated without using the minimisation
routine and values of FRAC were computed for an initial time step
which was repeatedly reduced in value, Vhen & = O,001 seconds
was reached, the initial value of FRAC obtained was O,0556,
Further reduction of & did not reduce this volue whereas it was to be
expected that FRAC would tend to zero as Gt tended to zero,

The value of FRAC is obtained by a Simpson integration over the

six increments into which the pellet is divided, As &t tends to zero
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the results for the first set of pore concentrations will not change
significantly from their initial values of unity, Since P = O, (or Dc = o)
the crystal concentrations in the six crystal increments used will all be
identical and equal to the local crystal surface concentration,  This is
given by equation é.60a, ondes v' =1 thenall W =K in the
crystals,

The second integral in equation 3,12 represents the crystal
accumulation,  When this is numericallyintegrated the following result

is obtaineds

K J r! 2dr' =
o

= ?5%—6(1x0+4x(%-)2+2>((%)2+4x(%)2+

2x(§)2+4x(§-)2+1)

= K/3 as expected,
The first integral becomes:

1
J (Ep + (l-Ep)K)dx' =
o



E + (1=E )K
p p
3x0

x (1+4+2+4+2+4+1)

18
= (EP +(1 - EP)K) X 18

which is equal to the zero time accumulation as given by equation

3.13. However, one of the boundary eonditions for the pellet is for

t* > Oand x* = G then v! = O, . This moeans that the leading term

in the summation for the first integral is forced to zero giving a pore

accumulation of (Ep +(1 - EP)K) x 17/18, Thus this boundary condition

means that the integration method used to find ACCU' always gives a

valug of 1/18 for FRAC, instead of zero, for the initial time step, no

matter how small this is made, At later times the pore concentrations

in the incraments closest to the exchange surface of the pellet are tending

towards zero and so this source of error reduces and becomes insignificant,
It requires at least 34 space increments in the pellet to reduce the

value of FRAC to less than 1% of ACCO in the first time step, Such

a refined model for the pore structurs is unwuarranted so the model was

used without modification fo the integration method, and values of FRAC

up to t = 100 secs, were discarded,  After this time the rest of the

curve of FRAC versus Vt could be exirapolated back through the origin



with P = O which showed the model was giving correct retults at later
tirmes, The computed values of FRAC were compared with the practical

values in the range 100 <+ £ 10,000 using equation 3.15.



CHAPTER 4 - EXPERIMENTAL APPARATUS

The apparatus was designed to study the diffusion of carbon dioxide
in o one dimensional molecular sieve pellet bed at temperatures ranging
from ambient down to -100°C, It was housed in a flame proof
loboratory svitable for radio active work in class § of the Imperiol
College Regulations on Radiation Hozards, and consisted of three main
parts, |
a) A vacuum system, This incorporated units for vacuum production

ond measurement; active carbon dioxide production, storage,

and volumetric measurement; and a carbon dioxide storage

ond flow system,

b) A cryostat, This housed the diffusion cell in which the
diffusion process occurred,

c) A scintillation flow counter and counting set,
General views of the vacuum system, the cryostat and the

counting set are given in plates 4,1 and 4,2 and figure 5.1,









4,1  The Vacuum System

This was housed in a fume cupboard and constructed mainly from

pyrex glass,

4,1.1 Vacuum Production and Measurement

A vacuum ring main was made from three centimetre bore tubing,
One side was connected to a two stage oll diffusion pump and the other
to a Mcleod gauge, The diffusion pump, backed by a rotary vacuum
pump and a liquid nitrogen trap produced vacua down to 2 x lo-smm.
mercury absolute, Vacua down to 10-3mm. mercury absolute were
measured by a Pirani gauge and gauge head, and down to lO-smm.

mercury absolute by a Mcleod gauge,

41,2 Active Carbon Dioxide Storage_and Volumetric Measurement

The vacuum ring main wos isolated into two sections by stop
cocks, one side being used for active carbon dioxide transfer and the
other for vacuum applicatian,  Five storage flasks and cold traps for
active gas storage were connected to the active side of the ring main,
The other side was provided with a vacuum link to the active metering
section,  This incorporated two gas burettes with a total ealibrated

volume of 257 c.c, at 25°C, enclosed in thermostatically controlled
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water jackets, /A mercury manometer made from one cenfimetre bore
Viridia tubing, and two cold legs to facilitate gas transfer completed the
system, One of these legs was locoted on the line between the
burettes and the active side of the ring moin,  The other was attached
close to the gus manifold, This permitted active carbon dioxide transfer
as required from the storage flasks to the burettes, and subsequent transfer
to and from tho cryostat, All connection lines in this part of the
system were one millimetre bore capillary tubing to improve the accuracy

of volumetric measurement,

4,1,3 Active Corbon Dioxide Production

This section comprised of a generating bottle and several cooling
coils connected to the active side of the ring main,  Active carbon
dioxide was prepared by the action of concentrated sulphuric acid in
vacuo on solid labelled Barium Carbonate in one milli=curie lots, The
active carbon dioxide generated could be dried and separated from any
acid mist by alternate transfer between cooling coils immersed in acetone =

solid CO2 and liquid nitrogen baths, before fransfer to the storage flasks,

4,1,4 Carbon Dioxide Storage and Flow System

Commercial carbon dioxide in 28 Ib, cylinders wos used through-

out as Orsat gas analysis could not detect any significant contaminants,
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This gas was passed once through a bed of ylé inch diameter type 5A
molecular sieve pellets to remove any traces of water before it reached
the gas munifold; The bed was wound with a heater to enable it to

be regenerated from time to time, and a thermocouple was used to measure
the regeneration temperature,

A constant flow rate of carbon dioxide carrier gas was essential
whilst counting. A needle valve used as an orifice, and in conjunction
with a gas relief bubbling leg, provided the necessary degree of conirof,
This arrangement enabled constant flow rates of carrier gos to be maintained

indefinitely whilst counting,.(see figure 4,1)

4,1,5 The Gas Manifold

The gas raanifold was on assembly of lines and stop cocks whereby
several successive operations could be carried out via a single line
connecting the vacuum system to the weryostat, These operations were
the evacuation of the moleculor sieve bed in the cryostat, the passage
and refurn of active carbon dioxide to the molecular sieve bed and

finally the passage of carrier carbon dioxide.(sce figure 4.2)

4,1.6 Ancillary Equipment

The thermostats which maintained the sieve regeneration temperature

used 575-20% Rhodium=Platinum thermocouples, connected by screened
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leads to o Philips Recorder,  This had a controlling mode and wes used
to limit the heater temperotures, Mains A,C, power was used through
a Variac controller,

The water jacketed burettes were maintoined at 25°C using a
Sunvic controller and o toluene switch, The woter was circuloted by
a centrifugal pump,

The mercury levels in the gas burettes were raised and lowered
by compressed nlirogen and low grade vacuum respectively, supplied to
the mercury reservoirs,  The low grade vacuum was produced by a small

rotary pump separate from the main vacuum backing pump,

4,2 The Cryostat
The cryostat shown in figure 4,3 and plote 4,2 was encased

in an air=tight steel drum, fitted with a stout wooden lid bolted to the
top of the drum and sealed with a rubber gasket, A second drum was
mounted inside the first and suspended on wires, passing over pulleys,
which were attached to counter balance weights outside the main drum,
The inner drum could be roised or lowered six inches by handles fitted
to the counter balance weights, The pulleys mounted in the outer drum

were housed insicle air~tight metal boxes and the wires leading from these
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FIGURE 4.3 .
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to the weights were encased in expanding rubber hoses to keep the
cryostat container air=tight,

A twenty centimetre diameter dewar flask was placed inside the
inner drum and insulated from it by granular cork,  This dewar housed
all the ancillary equipment associated with the diffusion cell, and was
filled with acetone which acted as the cryostatic liqguid, Carbon dioxide
carrier gas was passed in through the wooden lid via a copper line
wound into a six inch diometer spiral which was mounted inside the
dewar, This coil terminated ot a Rollaston vacuum valve fitted with a
special neoprene rubber diaphragm and seat so that it would operate at
temperatures down to ~100°C,  The diffusion cell was ottached to the
Rollaston valve by a glass to metal seal and the carrier carbon dioxide
line continued back through the cryostat lid to o two-way stop cock,

The acetone wos stirred by a high speed centrifugal pump,  The
stirrer motor was housed on top of the lid and encased in an air-tight
polythene cover; The acetone was cooled by manually pouring liquid
nitrogen into @ massive copper tube sealed at its lower end and projecting
well into the cryostat,  An alcchol in glass thermometer encased in a
glass thimble filled with acetone, and projecting into the cryostatic

liquid, allowed the temperature of the diffusion cell to be measured,
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The thimble permitted the thermometer bulb to be positioned at the same
level as the molacular sieve pellets in the diffusion cell, yet easily
removable when the molecular sieve was regencrated,  Access fo the
diffusion cell was via a perspex inspection hatch let into the cryostat lid,
This hatch wos made easily removable to facilitate replacement of the
diffusion cell when necessary,

A rotameter was used to measure the carrier carbon dioxide gas
flow rate, and was connected between the link line from the vacuura
equipment and the copper cooling coil, using a glass to metal seal,

A mercury manometer constructed from one centimetre bore Viridia tubing
ond a Pirani gauge head were usad to measure the pressure inside the
diffusion cell, These and a system of capillorfes, used to limit the
pumping rate when evacuating the diffusion cell, were connected between
the link line and the two~way stopcack (20), as shown in figure 4.4;

This arrangement allowed the copper cooling coil to be filled
with carrier carbon dioxide so that the carbon dioxide in it was brought to
the same temperoture as the diffusion cell before the start of a run, It
also allowed the diffusion cell to be evacuated and charged with octive
carbon dioxide without disturbing the carrier gas in the cooling coil,

since this could be isolated between the Rollaston valve and cock (19),
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The cryostat was fitted with a nitrogen purge to flush out all fraces
of atmospheric oxygen before the diffusion cell heater was switched on,
The exit purge gas was bubbled through an oil trap which ensured that
the outer cryostai drum was pressurised slightly cbove ambient, It also
provided a simple visual check that the purge was on, to minimise
explosion risk,

The whole apporatus was mounted on a stout base fitted with four
screw jacks so that it could be raised off the castors fitted, and on
which it was normally moved, Thus the cryostat could be rigidly
positioned in relation to the vacuum apparatus and this gave some
protection to the fragile link line, The length of this line was kept to
a minirnum as the dead space between the gas burettes and the diffusion
cell, when this wos being charged with active carbon dioxide, had to

be kept well under the total burette volume,

4,2.1 The Diffusion Cell

The outer jacket of this was made from H26X glass which will
withstond heating up to 400°C under high vacuum without deforming;
0.120 inch bore Viridia tube was chosen such that it was a close

sliding fit inside the H26X glass, together with glass rod of the same
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FIGURE 4,5
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diameter, The 26X glass wos made up into the shape illustrated in
figure 4,5, The nominal size of the moleculor sieve pelliots used was
yB inch and saveral pellets were solectively chosen, from a hatch, that
were a tight push fit in the Viridia bore, A one centimetre long, one
dimensional pellet bed was assembled by squaring off the ends of the
chosen pellets and pushing them into a one contimetre length of the
Viridia tubing scaled at one end,  This bed was positioned on top of
the glass rod cut o length so that the open end of the bed wos just
insido the cross tube camying the carrier carbon dioxide, The cell was
fitted with a removable cap so that the bed could be replaced by a similar
piece of glass rod to permit trial runs to be made,

The H26X glass jacket was wound with a heater incorporating a
57%~20% Rhodium=Platinum thermocouple, The cell was attached to
the carrier carbon dioxide flow line in the cryostat by B1O cone and

socket joints, and o stendard union to the Rollaston valve,

4,2  The Counting Apparatus

Flowing carbon dioxide labelled with Cm may be counted using
three types of detectors, Geiger Mbller counters are not very satisfactory

since the detected count rate needs correcting for the long dead time



(about 200 micro seconds) of the tubes,  Proportional counters have

a faster response with a dead time of about 2 micro seconds, Howaver,
both systems when counting c”oz have limited count lives of up fo 109
counts as the tubes are halogen quenched,

Scintillation detectors provide simple counting systems, An
investigation of the scintillating materials used for detecting labelled
carbon dioxide (weak beta radiation, about O,15 MeV peak energy)
showed that the most suitable were plastic sheets and tubing incorporating
anthracene crystals in the plastic matrix, and pure anthracene crystals
mounted on suitchle holders, These scintillation materials have a
response time of 1,3 nano seconds, During a series of experiments using
anthracene crystals embedded in plastic as a detector, it was found that
the plastic absorbed active carbon dioxide and this completely masked the
decay rate that was being investigoted, It wos found that pure anthracene
crystals mounted on glass discs did not absorb carbon dioxide and so gave
a frue indication of the decay rafe in the diffusion cell,

When counting in flow systems with rapidly changing rates of
activity Dworicmyn(z) suggested that it was advantageous to use two
counters, One has a small counting volume to detect high decay rates,

and the other a large counting volume to detect low decay rates,
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FIGURE 4.6
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This idea was incorporated into a single counter with a variable
cqunﬁng volume, using a piston and cylinder arrangement, as shown in
figure 4,6, A fwo inch diameter nylon piston was mounted in a brass
cylinder and provided with a micrometer adjustment which gave it about
half an inch of travel, The piston was backed by a spring to eliminate
backlash in the adjustment. A second brass cylinder housed a photo~
multiplier and was bolted to the first,  Two sheets of scintillation material
were used, One was attached to the piston facing the photomultiplier
and the other to the window of the photomultiplier,  The two sheets of
scintillation material thus bounded a variable counting volume given by
the micrometer reading, which ranged from zero to fifteen cubic centimetres
in just over o quarter of an inch of piston travel,  Carbon dioxide inlet
and outlet ports were provided in the plane of the fixed scintillation
sheet,

A suitable photomultiplier tube was obtained to detect the low
intensity light emitted by the anthracene crystals activated by beta radiation,
Final selection was made by the manufacturers who provided a fube with
low noise and high amplification characteristics,

The photomultiplier output pulses were passed to a pulse counting

set shown in figure 4,7. The scaler-timer gave a continuous record of
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FIGURE 4,7
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counts against a time base in multiples of O.i seconds, A permanent
record of this output was obtained by photographing the scaler-timer using
a sixteen millimetre cine=camera running of sixteen frames per second,
A Philips chart and pen recorder gave a continuous output of the count
rate versus fime; This was used to check that the start and end count
rates for each secries of runs were matching, together with the maximum

count rate attuined just after the start of each run,
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CHAPTER 5 = EXPERIMENTAL PROCEDURE

5.1 Preliminary Bed Regeneration

Firstly the one sixteenth inch pellet bed had to be regenerated to
remove moisture and other gases,  This was done by slow evacuation
and heating to three hundred degrees centigrade,  After a period of
ten hours the best vacuum obtained wos 10-3mm. mercury absolute
compared with 2 x lOnsmm. mercury absolute on outgassing the glassware,
All subsequent ragenerations of this bed were token as being complete
after this pressure had been maintained for three hours at three hundred
degrees centigrcde, On allowing the bed to cool under constant
pumping the pressure naturally fell to the lowest measurable with the
Meleod gauge, (1 O-Smm. mercury absolute),

The carbon dioxide line from the supply cylinder was purged
during this regencration, Carbon dioxide was admitted through the
capillary bypass aofter isolating the bed from the vacuum pumps,  This
prevented the pressure wave formed from expelling the sieve pellets into
the vacuum lines, Finally corbon dioxide was passed freely through

the bed to allow the system to seftle,
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5.2 Active C02 Preparation

| Active carbon dioxide labelled with C]4 was prepared in vacuo

by the action of concentrated sulphuric acid on a one milli-curie lot

of labelled Barium Carbonate,  The reaction flosk was gently warmed

to liberate all the gas formed, The e\;olved gas wes transferred to the
drying tubes using o liquid nitrogen bath, and freed from any traces of
acid mist and water by alternate transfer between cooling sections immersed
in liquid nitrogen and acetone-solid CO2 baths, The active carbon
dioxide was then tronsferred to a storage flask which had been previously

evacuated,

The buretie system was evacuated and then filled wiﬁ carrier carbon
dioxide, An amount of this was added to the active carbon dioxide
sufficient to dilute it to an activity of about 20,000 counis per cubic
centimetre per second., The burettes were then evacuated again and the
mixture of active and carrier carbon dioxide passed back and forth
between them and the storage flask by liquid nitrogen transfer to aid
mixing. The system was left for several days to allow diffusion to com=

plete the mixing process,
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5.3 Run Procedure

The cryostat was cooled to the required temperature using liquid
nitrogen and maintained at this throughout the run, Because of the
large thermal capacity of the system, temperatures down to =~25°C could
be maintained with little effort to better than : 0.5°C. The nitrogen
purge was turned on to sweep out all traces of atmospheric oxygen from
inside the cryostat, The carrier carbon diaxide flow was started and
the flow rate set to 100 ¢,c /in, This was best done by presetting
the low pressure stage of the carbon dioxide cylinde;- valve to 1 psig,
and the relief leg to two inches of water pressure cbove ambient,

Then the needle valve was adjusted, in conjunction with a pinch clip
positioned close to the counter on the upstream flow side, till the flow
rate was 100 ¢,c./min,, with the excess carbon dioxide bubbling
through the relief leg at a reasonable rate, A reference datum for
the pressure inside the diffusion cell was made by locating the cross hair
in a cathetometer telescope on the mercury meniscus in the cryostat
manometer, The pressure inside the cell was measured using the same
manometer,

After the flow system hod settled, the carrier carbon dioxide flow

was stopped successively at cock (20), the Rollaston valve and cocks
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(19), (17) and (13).  (Refer to figure 5,1) The carbon dioxide was
allowed to streamfrecly from the relief leg, Thus at any later time
the flow could be restarted and it would immediately rise to its present
value,  This procedure also ensured that the carrier gas precooling coil
in the cryostat contained carbon dioxide at a known temperature and
pressure,

The cryostat inner drum was fully lowered so that the acetone
level dropped below the level of the diffusion cell heater and the
thermometer was removed from its thimble, The diffusion cell was
slowly heated so that the temperature rise was not greater than 10°C
per minute, When the cell had reached about 140°C it was slowly
evacuated using the capillaries to limit the pumping rate so that the
pressure change was not greater than two centimetres of mercury per
minute, These conditions ensured that the pellets in the one centimetre
bed were outgassed slowly so as to prevent them from being expelled
from the Viridia tube, It usually took thirty minutes to reach conditions
of 300°C and IO-3mm. mercury absolute in the diffusion cell and these
conditions were maintained for one hour as a standard diffusion cell
regeneration procedure,

The system was then isolated at cock (20) and active carbon
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dioxide admitted from the burettes by reversing the two-way cock (17),
The pressure was allowed to rise till it was one millimetre of mercury
above the carrier carbon dioxide pressure datum, The burette readings
were noted and active carbon diclmide was carefully admitted to the
diffusion cell via cock (20), The cell was allowed to cool to the

run temperature, after switching the heater off, by raising the inner drum
in the cryostat so that the diffusion cell was re~immersed in the acefone,
The gas pressure was adjusted as necessary to keep it up to the new
datum level as the cell cooled and the bed became saturated with active
carbon dioxide, Saturation was assumed to be reached when the
pressure remained constant for a period of at least thirty minutes,

At this stage the new burette readings gave the amount of active
carbon dioxide admitted to the diffusion csll at ambient pressure and the
run temperature, The cell was isolated of cock (20) and the excess
active carbon dioxide in the transfer lines wos returned to the burettes by
liquid nitrogen fransfer, The link line was evacuated to remove the
last traces of active gas, The manifold was isolated from the vacoum
pumps ond carrier carbon dioxide readmitted, When the pressure had

reached its dotum level cock (19) was opened,
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During this procedure the counting set was switched on and the
counter background level measured, The scaler-timer was reset to zero
and on opening the Rollaston valve and cock (20) carrier gas flow
commenced and counting started, The excess pressure of one millimetre
of mercury between the active gas in the diffusion cell and the carrier
gas in the precooling coil ensured that the former was not diluted by
carrier gas during the short period elapsing between opening the Rollaston
valve and cock (20), Thus the initial concentration level measured in
the diffusion cell was the same as that in the burettes,

The output of the scaler=timer was photographed continuously until
the initial step change in concentration had passed through the counter,
Then batches of fifty frames were taken at subsequent time intervals
chosen such that the square root of time measured in seconds increased
linearly,

At 25°C it was found that the gas activity in the counter had
decayed almost tothe background level after 10,000 seconds,  This
time was taken os the running time for lower temperatures.  The total
amount of active carbon dioxide adsorbed by the bed was obtained by
reheating the diffusion cell to 300°C after 10,000 seconds without

flow interruption, This desorbed all the active carbon dioxide in the
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bed and the count was continued till the background level was reached,
The dead space gas in the diffusion cell was counted by replacing
the one centimetre bed by an identical glass blank and repeating the
run, such runs being designated *trial' runs as distinct from !pellet' runs,
Differencing the accumulated count at any time gove the amount of active
carbon dioxide that had diffused out of the bed, The fotal amount of
active gos diffused was obtained from the difference in accumulated count
at infinite time, which for the purposes of these runs was any time af
which both the pellet run and the trial run had reached background level,
as measured by the counter, A comparison of this value with that for
any corlier time gave the fraction of active carbon dioxide that had

diffused out of the bed up till that time,

5.4 Counter Signal to Noise Ratio

The best signal to noise ratio for counting was obtained by setting
the amplifier integration and differentiation time constants to 0,32 micro
seconds and comparing the background and a test count rate over a range
of photomultiplier voltage and amplifier attenuation settings,  This was
done by first finding the variation in background over the range of

sottings and then filling the counter with a batch of active gas and
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finding the variation in count rate over the same range, The working
conditions chosen from the tests were 20 dB attenuation at the amplifier

and 1175 volts supplied to the photomultiplier,

5,5 Choice of Carrier Gas Flow Rate

A separate series of trial runs were done at ambient temperature
and pressure in which the integral count was measured over a fixed time
interval and at several different flow rates,(sce figure 5.,2), The amount
of active gas counted is proportional to the product of the integral eount
and the flow rate and this was plotted in figure 5,3, It can be seen
that the amount of gas counted becomes constant cbove a flow rate of
100 ¢,c,/min,, indicating essentially zero concentration at the pellet
surface, This flow rate was chosen for all subsequent work as it
represents the minimum flow rate at which the amount of gas counted
becomes independent of flow rate and at the same time minimises the

gos mixing in the flow line between the diffusion cell ond the counter,

5.6 Choice of Counter Volume

Since the counter volume had been designed to have a variable
counting volume it was hoped to find optimum values of this for both the

initiol high decay rate and the subsequent low decay rate near the end
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FIGURE 5,2

VARIATION OF IC AT 2500 SECS WITH CO2 FLOW. RATE

ICx1000

350 [

300
250

200

150

100 1 1 1 1 1
50 75 100 125 150

CO02 FLOW RATE (CC/MIN)

FIGURE 5.3

VARIATION OF ICXFLOW RATE WITH CO2 FLOW RATE

ICXFLOW RATE (ARBITRARY UNITS)

20 I
19

18r-

17 1 L 1 I . 1
50 75 100 . 125 150
CO2 FLOW RATE (CC/MIN)




- 120 -

of a run, Static tests showed that the count rate increased almost
linearly with counter volume but under flow conditions counting at say
4 ¢/s no increase in count rate was obtained by increasing the counter
volume,

In view of this a fixed counting volume was chosen that was
suitable for detecting the initial high decay rate since most counting
errors were expected here. A series of frial runs were done at ambient
temperature and pressure to determine the maximum count rate at start
over a range of counter volumes, No criterion was available to choose
a working point on the curve obtained so a value of 2.7 c.c. was
arbitrarily selected,  This value ensured that the accumulated count
at 10,000 seconds was as large as possible compared with the accumulated
background count at the same time, and yet still within the range of the

maximum count store of the scaler~timer, this being 999,999 counts,
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CHAPTER 6 - RESULTS

6.1 Molecular Data for Potential Calculations

The literature data given in Appendix A shows that other workers
have based their potential calculations for systems similar to the one
studied here on constants which exhibit a wide variation In values
according to their source, It will be seen later that the results obtained
in this work are sensitive to changes in the data used and as wide as
possible choice was made from these to assess the full range of theoretical
results,

Theoreticel polarisabilities, susceptibilities and equilibrium radii
for the structural ions in the sieve were calculated using screening cons{'a(r;lf? ),
and these values were compared with the literature values, It was not
possible to calculate these constants for the partially ionised states
finally used for the oxygen ions because the relationships used only
permit integral degrees of ionisation in units of the charge on an electron,

The theoretical values cbtained show that the literature values for
sodium, calcium and oixygen are based on fully ionised states, though

this is not always explicitly stated, The values finally used are given

in table A5 together with the potential constants used in equation 2,10
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for the various combinations of the constants for carbon dioxide, oxygen

and the exchangeable cations,

6,2 Computed Carbon Dioxide - Linde SA Sieve Potentials

The first set of programs was run using data taken from Appendix A
to test the rate of convergence of the four terms in equation 2,10 as
potential coniributions from ions at increasing distances from the carbon
dioxide molecule were included in the summations, A 12-6 potential
function was included in these and subsequent test runs as it was to be
expected that equation 2,10 and a 12-6 potential would give approxi-
mately comparable results,

Potentials were initially computed along a line between the centre
of the large cage containing the carbon dioxide molecule and the cenire
of an OB window, The ion positions in the data table were refloctod
to simulate composite cubes containing from 27 to 1331 unit cages,

This permitted contributions from ions at increasing separations to be
computed sequentially, A check was made on the data reflection
procedure to ensure that the correct total number of ions were being

generated in agreement with table 3,3,
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The resulis given in table 6,1 were obiained using the ion
projection method described in section 3.1,1 neglecting ions with a
greater separation from the carbon dioxide molecule than wos specified
by the program, (This separation is in terms of the distance squcred;)

The repulsion potential for the three grid points quoted in table

6.1 has converged for RMAXZ

= 2,25 and the dispersion and quadrupole
potentials have almcst converged whan l'(MAX2 = 6,25, The
polarisation potential varies in a random fashion and including ions at
large distances from the carbon dioxide molecule does not improve the
convergence, Finally, the quadrupole potential dominates the total
potential, which differs greatly from the 12:6 potential,

The convergence of the polarisation potential was improved by
modifying the procedure for projecting the data ions as described in
section 3.1.2. Instead of generating all the fons and then testing each
against a separation criterion, the program was rewritten to generate
all ions in the region X > O for all Yand Z, Then the interaction
for pairs of ions with the carbon dioxide molecule was calculated,  The
first ion in a pair is at point (X,Y,Z) in the region X > O with

2 2

R® < RMAX® and the second is the ion at the point (X*,Y',Z') such
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CONVERGENCE OF POTENTIALS FOR NON-SYMMETRIC ION

TABLE 0.1
REFLECTION, FULLY IONISED STATES, RUNS 16-20»

RMAX SQ, 2.25 6.25 12,25 20,25 30.25
TOTAL NO,
OF IONS 2592 11200 29792 62208 112288
PROJECTED '
GRID POINT (0,0,0)
IONS IN
SUMMATION 1072 5088 14264 30208 55728
PHI R 3.615,-4 | 3.615,-4 | 3.615,=4 | 3.615,=4 | 3.6015,~4
-PHI D 1.469,-3 | 1.496,-3 | 1.501,-3 | 1.502,=3 | 3.503,-3
-PHI P 9,052,-23| 6,309,-24| 5.131,-24| 1.428,-21| 3,772,~21
-PHI Q298 | 3.589,~2 | 3.655,~2 | 3.667,-2 | 3.671,-2 | 3.672,-2
-PHI T298 | 3.699,-2 | 3.769,~2 | 3.781,-2 | 3.785,-2 | 3.786,~2
~PHI 12-6 | 1.451,-3 | 1.478,-3 | 1.483,-3 | 1.484,-3 | 1.485,-3
GRID POINT (5,0,0)
IONS IN
SUMMAT ION 1088 5116 14276 30408 55532
PHI R 6.644,-3 | 6.644,-3 | 6.644,~3 | 6.644,=3 | 6.644,-3
~-PHI D .213,~3 | 3.240,-3 | 3.245,-3 | 3.247,-3 | 3.247,-3
~PHI P .403,-6 | 8.218,~4 | 3.536,-4 | 4.595,=7 | 2.079,~4
-PHI Q298 | 7.645,~2 | 7.714,~2 | 7.726,~2 | 7.730,-2 | 7.731,-2
-PHI T298 | 7.302,~2 | 7.4560,-2 | 7.421,-2 | 7.390,-2 | 7.412,-2
-PHI 12-6 | 2.871,-3 | 2.899,-3 | 2.903,-3 | 2,905,-3 | 2.905,-3
GRID POINT (10,0,0)
IONS IN
SUMMATION 1032 5104 14212 30284 55196
PHI R 1.790,-1 1.790,-1 1.790,~-1 1.790,-1 1.790,-1
~-PHI D 1,085,~2 | 1,058,-2 | 1,058,~2 | 1.058,~2 | 1,058,-2
~PHI P 3.733,~4 | 1.775,-3 | 8.918,-5 | 2.034,-4 | 1.143,-4
-PHI Q298 | 2.272,-1 | 2,280,-1 | 2,281,-1 | 2,281,-1 | 2,281,-1
~PHI T298 | 5.908,-2 | 6.123,-2 | 5.973,-2 | 5.988,-2 | 5.980,-2
~PHI 12-6 | 9.547,-4 | 9.864,-4 | 9.912,-4 | 9.927,-4 | 9.932,-4
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thaot X' = <X, Y* = ~Y and Z*' = =Z imespoctive of the value of Rz.

This gave a more symmetric summation procedure and improved the
convergence of the polarisation potentiol as more ions were included in
the caleulation, A check was again made that the same total number
of ions was gencrated as in the previous set of runs,

Referring to toble 6.2, at the grid point (5,0,0), the value of
the polarisation potential now settles to o reasonably constant value
which is not significantly affected by the number of fons included in the
summation, The values for the other potentials remain the same as in
the previous set of runs, as is to be expected if the ion projection
procedure is correct,

Turning to the quadrupole potential coniribution, it is obvious that
the values obtained are far too large, since it is known that the quadrupole
potentiol is similar in magnitude to the dispersion potential, af least in
regions within the sieve cage which are not close to the ionic framework,
If equation 2,10 is examined, it is seen that the only parameter that
con be adjusted is the apparent charge residing on each ion,  Criginally
it was stated in section 2,2 that all the ions were ossumed to be fully

ionised, but if partial ionisation is assumed the quadrupole potential and

the quadrupole contribution in PHIR2 is reduced,
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TABLE 6.2 CONVERGENCE OF POTENTIALS FOR SYMMETRIC ION
REFLECTION, FULLY IONISED STATES. RUNS 33-37

RMAX SQ. 2,25 6.25 12,25 20,25 30.25
TOTAL NO,
OF IONS 2592 11200 29792 62208 112288
PROJECTED
GRID POINT (0,0,0)
JONS IN
SUMMATION 1072 5088 14264 30208 55728
PHI R 3.615,-4 | 3.615,-4 | 3.615,~4 | 3.615,-4 | 3.615,~4
-PHI D 1.469,-3 | 1.496,-3 | 1.501,-3 | 1.502,-3 | 1.503,-3
-PHI P 4.006,-24| 1.097,-24| 1.067,-24| 5.019,-24{ 2.535,~23
-PHI Q298 | 3.589,-2 | 3.655,-2 | 3.667,-2 | 3.671,-2 [ 3.672,-2
-PHI T298 | 3.699,-2 | 3.769,-2 | 3.781,-2 | 3.785,-2 | 3.786,-2
-PHI 12-6 | 1,451,-3 | 1.478,-3 | 1.483,-3 | 1.484,-3 | 1.485,-3
GRID POINT (5,0,0)
IONS IN
SUMMATION 1312 5856 15776 32728 59256
PHI R 6.644,-3 | 6.644,-3 | 6.644,-3 | 6.644,-3 | 6.644,-3
-PHI D 3.217,-3 | 3.241,-3 | 3.245,-3 | 3.247,=3 | 3.247,73
-PHI P 5.041,-10| 1.206,-4 | 1.842,-4 | 1.258,-4 | 1.963,~4
-PHI Q298 | 7.654,-2 | 7.716,-2 | 7.727,-2 | 7.730,-2 | 7.731,-2
-PHI T208 | 7.312,-2 | 7.388,-2 | 7.405,-2 | 7.403,-2 | 7.411,-2
-PHI 12-6 | 2.875,-3 | 2.899,-3 | 2.904,-3 | 2.905,-3 | 2.905,-3
GRID POINT (10,0,0)
IONS IN
SUMMATION 1496 6488 17080 35056 62456
PHI R 1.790,-1 1.790,-1 1.790,-1 1,790,-1 1.790,-1
=PHI D 1.055,-2 | 1.058,~2 | 1,058,-2 | 1.058,-2 | 1.059,~2
-PHI P 1.160,-3 | 5.843,-5 | 2.455,~5 | 5.873,-5 | 5.740,-6
-PHI Q298 | 2.273,-1 | 2.280,-1 | 2.281,=1 | 2.281,=1 | 2,281,=1
-PHI T298 | 6.001,-2 | 5.959,~2 [ 5.967,-2 | 5.974,-2 | 5.970,-2
-PHI 126 | 9.604,~4 | 9.874,~4 9.916,-4 | 9.928,-4 } 9.933,~4
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Barrer and Gibbons(ls) found that using partially ionised states for
a single sieve cage gave results for the relative importance of potential
confributions which were comparable with practical values based on heats
of adsorption data for the siewe 06).

Partial ionisation was also assumed in the present work but since
Na' and Ca't ions are freely exchangeable, it is assumed that these are
always present in their fully ionised states, The AI3+ and Si4+ ions
are relatively small and surrounded by tetrahedra of oxygen ions, so as far
as the carbon dioxide molecule is concerned it is assumed that their
apparent ionic charge is zero, It then remains to allocate a charge
of =12e, to baiance that residing on the exchangeable cations, amongst
the fortyeight oxygen ions constituting the ionic framework of a unit
cage, There is no 'a priori® reason to differentiate betwean. the
oxygen ions, so the simplest allocation is to assume a charge of ~1/4e
on each.(w)

This mode of charge allocation will fail at the surface of the
generated crystal using the symmetric ion projection method, In

effect the crystal will be assigned a net negative charge, caused by

overpopulation of the crystal surface, but as the surface ions are distont
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TABLE 6.3 CONVERGENCE OF POTENTIALS FOR SYMMETRIC ION
REFLECTION, PARTIALLY IONISED STATES. RUNS 40-44

RMAX SQ, 2.25 6.25 12,25 20,25 30.25
TOTAL NO. X
OF IONS 2592 11200 29792 62208 112288
PROJECTED
GRID POINT (0,0,0)
IONS IN
SUMMATION 1072 5088 14264 30208 55728
PHI R 3.789,-5 | 3.799,-5 | 3.790,=5 | 3.790,=5 | 3.790,-5
-PHI D 1.469,-3 | 1.496,-3 | 1.501,-3 | 1.502,~3 | 1.503,-3
-PHI P 4.736,-251 5.017,=-25{ 3.380,-25{ 6.470,-25 { 1.233,~24
-PHI Q298 | 1,661,-3 | 1.696,-3 | 1.701,-3 | 1.702,~-3 | 1.703,-3
-PHI T208 | 3.092,-3 | 3.154,-3 | 3.164,-3 | 3.167,-3 | 3.168,-3
~PHI 12-6 | 1.451,-3 | 1.478,-3 | 1.483,-3 | 1.484,-3 | 1.485,-3
GRID POINT (5,0,0)
IONS IN
SUMMATION 1312 5856 15776 32728 59256
PHI R 5.105,-4 | 5.105,~4 | 5.105,~-4 | 5.105,-4 | 5.105,-4
<PHI D 3.217,-3 | 3.241,-3 | 3.245,-3 | 3.247,~3 | 3.247,-3
-PHI P 3.711,-4 | 3.203,-4 | 2.658,-4 | 2.625,-4 | 2.752,-4
-PHI @98 | 2,.885,-3 |[2.909,~3 | 2.913,-3 | 2.914,-3 |2.915,-3
-pHI T298 | 5.963,-3 | 5.968,-3 | 5.914,-3 | 5.913,-3 | 5.927,3
-pHI 12-6 | 2.875,~3 | 2.899,-3 | 2.904,-3 | 2.905,-3 | 2.905,~3
GRID POINT (10,0,0)
IONS IN
SUMMATION 1496 6488 17080 35056 62456
PHI R 1.219,-2 | 1.219,~2 | 1,219,-2 | 1.219,~2 | 1,219,-2
~PHI D 1,055,-2 | 1,058,-2 | 1,058,-2 | 1.058,-2 | 1.059,-2
-PHI P 2.290,-4 2,298,-5 1.441,-7 | 9.329,~7 1028§o"6
~PHI Q298 | 4.116,-3 | 4.142,-3 4.147,-3 4-148!-3 4.148,-3
~PHI T298 | 2.711,-3 | 2.559,~3 | 2.544,-3 | 2.548,~3 | 2.549,~3
-PHI 12-6 | 9.604,-4 | 9.874,-4 | 9.916,-4 | 9.928,-4 | 9.933,~4
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from the carbon dioxide molecule their potential effect will be small and
the error can be neglected,  Actually, all surface oxygen fons should
be allocated a charge of =1/8e to get an overall charge balance for
any generated cubic crystal, Barrerus) used a similar method, incor-
porating a charge distribution of 10/48e for internal oxygen fons and
5/48e for surface oxygen ions ina cube containing a single unit cell,
Table 6.3 shows that this modified charge distribution does not affect
the resulis for the dispersion potential,  In general the change in the
polarisation potential is small, and since this potential is always less
than 10% of the dispersion potential the effect of the charge distribution
is frivial, At grid point (1C,0,C) which is at the centre of an O8
window, the polarisation potential is much reduced.  From the point of
view of structural symmetry of the sieve the polarisation potential here
is expected to be zero, and it would be so if the data fons were referred
to an origin at (10,0,0) instead of (O,0,0), The difference in the
polarisation potential at these points indicates the slight loss of
structural symmetry engendered in moving between the centre of a large
cage and the cenire of an OB window, without redefining a new origin
for the ion data table, This effect is also encountered in the value for
the polarisation potential at (10,10,10) which is the centre of a small

cage.
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Changing the charge distribution has as expected a large effect on

the quadrupole potential, and using the ionisation states 0..}’4

, ASS,
NaCa]%.i- gives results of the correct order,  Barrer's practical work
on Linde X sieves(lé) suggested that the ratio of the dispersion to
quadrupole potentials was 3:5 at 30°C.  The results obtained at this
juncture do not bear this out quantitatively but at least they give a
similar figure,

The repulsion potential also decreases as a result of the change
in charge distribution, the effect being caused by the term designated
PHIR2,  This term

abGZCOZPeZ eZCaszz
T2t =+ e
adjusts the repulsion constant to maintain the minimum dd/dr) = O ot
r=p, as other types of potential interactions are included in the

total potential, (For a 12:6 potential PHIRZ = 1, and including a

polarisation interaction resulis in PHIKZ =1 + =5 S, efc,

The repulsior}’ constant is then given by the product PHIR1.PHIR2 where
Bp

PHIR1 =__2e__ ) . Although the overall polarisation contribution is

small, the factor 6be Ca pez/3B must be included for the oxygen and



~ 131 -

sodium=-calcium fons (see Appendix A, table A6), The charge on the
AS ion is taken as zero ond as the contribution to the repulsion term
from these ions is less than 1% of that for the other ions, this can be
neglected in the summation,  This can be seen by comparing the values
of the repulsion constant for the various ions in table 6.4,

TABLE 6.4

Repulsion Constants PHIR1,PHIR2 for Various lonisation States

PHIRT X
PHIR2

10710 | 38,4 | 2.26 | 4.24 | 0.0175 4.18

4

" - .0 13+
o2 OV4 A3 | As NaCa

A fourth set of programs was run based on a reduced set of data
ions which neglected the AS® ions, Table 6.5 shows that neglecting
these ions results in only a small reduction in the repulsion and polarisation
potentials and has the added effect of reducing the computation time as
can be seen by the figures for both the total number of projected ions
and the fons included in each summation,

In view of these results, production programs were run based on

runs 50-54 (see table 6,6) which evaluated the repulsion potential for



TABLE 6. CONVERGENCE OF POTENTIALS FOR SYMMETRIC ION
| REFLECTION. PARTIALLY IONISED STATES., RUNS 50-54

RMAX §Q. 2,25 6.25 12.25 20,25 30.25
TOTAL NO,
OF IONS 1728 27600 20384 42768 77440
PROJECTED
GRID POINT (0,0,0)
IONS IN
SUMMATION 736 3600 09992 21184 39024
PHI R 3.783,~5 | 3.783,-5 | 3.783,~5 | 3.783,~5 | 3.783,-5
~PHI D 1.439,-3 | 1.466,-3 | 1.471,-3 | 1.472,-3 | 1.473,=3
~PHI P 4.736,~25} 5.017,-25| 3.380,-25 | 6.470,-25 | 1.233,~24
-PHI Q298 | 1.661,~-3 | 1.696,-3 | 1,701,-3 |1.,702,-3 | 1.703,-3
-PHI T208 | 3.062,-3 | 3.124,-3 | 3.134,~3 |3.137,-3 | 3.138,-3
~PHI 12-6 | 1.421,-3 | 1.448,-3 | 1.453,-3 | 1.454,-3 | 1.455,=3
GRID POINT (5,0,0)
IONS IN
SUMMATION g28 4112 11040 22920 41464
PHI R 5.006,-4 | 5.096,-4 | 5.096,-4 | 5.096,-4 | 5.096,-4
=PHI D 3.155,~3 | 3.179,-3 | 3.183,-3 | 3.184,-3 | 3.184,-3
-PHI P 3.711,-4 | 3.293,-4 | 2.658,-4 |2.625,-4 | 2.752,-4
-PHI Q298 | 2.885,-3 | 2.909,-3 | 2.913,-3 | 2.914,-3 | 2.915,-3
~PHI T298 | 5.902,-3 | 5.907,-3 | 5.852,-3 | 5.851,-3 | 5.865,-3
-PHI 12-6 | 2.814,-3 | 2.838,-3 | 2.842,-3 | 2.843,-3 | 2.844,-3
GRID POINT (10,0,0)
IONS IN
SUMMATION 1048 4536 110928 24528 43704
PHI R 1.217,=2 | 1,217,-2 | 1,217,~2 | 1.217,-2 | 1.217,-2
-PHI D 1,038,-2 | 1,040,-2 | 1,041,-2 | 1.041,-2 | 1,041,-2
-PHI P 2.290,-4 | 2.298,-5 | 1.441,=7 | 9.329,-7 | 1.284,-6
-PHI Q98 | 4.116,-3 | 4.142,-3 | 4.147,-3 | 4.148,-3 | 4.145,-3
-PHI T298 | 2.551,-3 2.398,-3 2.384,-3 2-387:"3 2-3881-3
-PHI 12-6 | 8.001,-4 | 8.265,-4 | 8.306,-4 | 8.318,=4 8.323,-4

132,
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all jons with RMAXZ

2

< 2,25, the dispersion and quadrupole potentials for

all ions with RMAX

with RMAX2 <12.25, This choice of values for RMAX2 was intended

< 6,25, and the polarisation potential for all ions

as a good compromise between computing time and the accuracy of the
results obtained compared with the possible accuracy with RMAX2 = 30,25,
Barrer(w, has done some potential calculations for carbon dioxide
adsorbed in a Linde X sieve, and provides an alternative value for the
polarisability of oxygen, This value is smaller than the one normally
used but since it is based on measurements of oxygen in a potash felspar
it should represent o more realistic value for oxygen present in a sieve
structure,  (See Appendix A,) It was decided to run eight programmes
(runs 60~67) to evaluate equations 2,1C and 2,38 in full throughout
the accessible regions of the large and small cages, These programmes
represented the four cases where the molecular constants for the carbon
dioxide molecule were used in conjunction with the two different oxygen
polarisabilities and two types of exchangeable cations, namely all calcium
and o combination of sodium and calcium, These four cases were
repeated using the kinetic radius for the carbon dioxide molecule,
The results for runs 61 and 63 for a calcium sieve with Pe CO2 =
5.12 x 1078 cm and the high and low values for the exygen polarisahility

are analysed in dekail in the following sections, Run 63 using
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L4

LIST OF COMPUTER RUNS FOR POTENTTAL CALCULATIONS

RUNS PURPOSE

16-20 | CONVERGENCE OF POTENTIALS USING NON~SYMMETRIC TON PROJECTION,
FULLY IONISED STATES FOR O, NaCe, AS, AT 208 DEG. X M

33-37 | CONVERGENCE OF POTENTIALS USING SYMMETRIC ION PROJECTION,
FULLY IONISED STATES FOR O, NeCe, AS, AT 208 DEG, K

40=44 CONVERGENCE OF POTENTIALS USING SYMMETRIC ION PROJECTION,
PARTIALLY IONISED STATES FOR O, NaCa, AS, AT 298 DEG, X

50-54 | CONVERGENCE OF POTENTIALS USING SYMMETRIC TON PROJECTION,
PARTIALLY IONISED STATES FOR O, NeCe, (AS NEGLECTED)
AT 298 DEC, X

60-67 | FULL COMPUTATION OF POTENTIALS IN BOTH LARGE AND SMALY, CACES
BASED ON RUNS 50-54, AT TWELVE TEMPERATURES FROM 573 TO 173
DEG, K (DETATLS BELOW)

71-82 | COMPUTATION OF B' AT TWELVE TEMPERATURES FROM 577 TO 173
DEG, K USING POTENTIALS TAKEN FROM RUN 03

83-04 | COMPUTATION DF R* AT TWELVE TEMPERATURES FROM 573 TO 173
DEG. K USING POTENTIALS TAKEN FROM RUN 61

STICMA1 T e CO2 POT., O ~1/4 FXCHANGABLE
AT 273 K X1.0,-8 CM X1.0,=25 CM3 CATTON

60 3.083,12 5.12 39.n NsCe 1.5+
61 2,128, 11 5.12 30.0 Ca 1.5+
62 3.107,10 3.12 16,3 NaCa 1,3+
63 2,477,9 5.12 16,5 Ca 1.5+
64 2,783,38 3.30 10,5 ; NeCa 1,5+
65 5.113,32 3.30 16.5 !/  Ca 1.5+
66 |  9,250,36 3.30 39.0 ca 1.5+
67 6.417,37 3.30 30.0 NeCa 1.5+
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n 7/

aC " = 16,5 x 10-25 cm3 gave the lowest potentials whilst runs 64~57
using the kinetic radius for the carbon dioxide molecule gave excessively
high values, Sample calculations showed that SIGMAY = Eexp(-ﬂ/kt)
needed to be lessthan 10" at 273° K to give theoretical pre;ictions
for adsorption isotherms which would be in any way comparable with
practical curves, In view of this, results for the programs using the
kinetic radius for carbon dioxide given in table 6.6 were not processed
further,

Each run was programmed over a range of temperatures from 573°%K
down to 173°%K and the values of the potentials for all grid points in
the large and small cages with 4 < 500 x 10-15 ergs are given in
full in tables AS and A9 for runs 61 and 63,

The way in which the potentials vary in the open region of the
large cage is shown in figures 6,13, The potentials are in units of

15 ergs per carbon dioxide molecule at 298°K and the surrounding

107
structural ions have been omitted, The contours were obtained from data
given in table A? using linear interpolation between grid points, and
summarise the main results for run 63, Figure 6,1 shows the potentials

in three of the bounding faces of the tetrahedral gride The contours

are unsmoothed and have been matched along the edges of the grid,
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FIGURE 6,1

SIEVE POTENTIALS IN THE FACES OF THE TETRAHEDRAL GRID B

POTENTIRLS IN UNITS OF
1.0E-15 ERGS PER (€02
MOLECULE AT 298 DEG. K

5. 12 ANGSTROMS



FIGURE 6.2

SIEVE POTENTIALS IN THE Z=0 PLANE

137.

POTENTIALS IN UNITS CF
1.CE~-15 ERGS PER C@2
MOLECULE AT 293 CEG. K

©5.12 ANGSTRGMS
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FIGURE 6.3 SIEVE POTENTIALS IN THE Y=Z PLANE

POTENTIRLS IN UNITS OF
1.0E-15 ERGS PER CO02

MOLECULE AT 298 DEG. K

SWOYLSING 2176 .
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Due to symmetry, the contours in the three planes in the coordinate
directions are identical and are obtained from the contours in the face
(@b c), These contours are drawn for a complete large cage in figure
6.2 and show how the potentials behave through an G8 window., The
potentials in the six planes at I 45 to these are obtained from the
contours in faces (¢ ¢ d) and {a b d) and are also identical to one
another,  The contours are drawn for a complete large cage in figure
6.3 and show how the potentials vary through an G8 window, and also
in the (lil) direction along which the small cages and O6 windows
blocked by exchangeable cations are found, The contours in figures 642
and 6.3 have been smoothed and thus differ slightly from those given in
the relevant parts of figure 6,1, The contours in the small cages are
of little interest and have been omitted,

Figures 6,1~3 show that the region of highest interaction between
the carbon dioxide molecule and the ionic framework of the sieve occurs
in a spherical shell about 7,5 R diameter, with major sites of interaction
ot Eand F, At 573°K when the interaction is weaker, these sites
are situated in the axial directions at G . The carbon dioxide molecule
5.12 A diameter is much larger than these regions of high interaction,

but it moy be noted that if six molecules are located with their centres



opproximated at G , i,e. on the coordinate directions of the grid, they
completely fill the large cage and lie almost wholly in the region of highest
interaction,  Also six molecules per cage represent 16 wt% adsorption,
compared with the Linde value for saturation of 18,9 wi% at 298°K and

1 atmosphere pressure,

6.3 The Linear Adsorption lsotherm Approximation

Equation 2,33 relates the sieve potentials to the linear isotherm
approximation given by equation 2,37, Combining these two equations

gives:

£)
n = T{%' zv exp(= -E—T_-)SV 6.1

In equation 4,1 the summation is over the large cage volume V.,
The exponential term approximates to zero in all regions where
£ > 500 x 10718 ergs/molecule for the range of temperatures
considered, and all such points lie in the regions shown in figures 6,1~3,
The grid separation used was a °/20 and hence & = (a J20)3 =

2,32 x 1072

8 litres,  Expressing p in millimetres of mercury, T in
°K and using the value for the gas constant R = 62,4 litre.mm Hg/o K.mole

enables equation 6,1 to be written as
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n = 3,72 x 10-30. %x z exp(=4/kT) 6,2
v

where n is the number of moles of carbon dioxide adsorbed per cage of
the sieve,

It is convenient to express this in terms of the weight percent of
carbon dioxide adsorbed as is usual in adsorption isotherm plots, The
molecular weight of the Linde 5A calcium sieve is 1668 (neglecting
all water) so there are theoretically N unit cages in 1668 grams of siave
where N is Avogadro's number, The molecular weight of carbon

dioxide is 44 so n moles of carbon dioxide is equivalent to

=0 N x]gggx 100 grams of carbon dioxide per

100 grams of sieve, Rewriting equation 6,2 in terms of q gives

q = 5.9 %107 x p x (= explg/kINV/T 6.3
v

Table 6,7 gives the results from runs 61 and 63 for the summation
as a function of temperature, and plots of equation 6,3 using this data
are given in figures 6.4 and 6,5, Linde dafa(la) is plotted for

comparison,



6,4 The Quadratic Adsorption Isotherm Approximation

Equations 2,35, 2,38 and 2,39 relate the molecule~ion and
molecule~molecule interactions to the amount of carbon dioxide adsorbed
in the sieve when two molecules are present in a large cage.

Combining these equations and writing n in terms of q, the weight

percent of adsorbed carbon dioxide givess

M M
CO T CO
q = 100 B biNg—2 < +100 (2 b3 Np2 gt >
sieve ° sieve 2 7
+ 10065 NZ-M——-E 6.4
sieve 2
<
where 4, = '2 exp(~£/kT)
v
. ~
and 42 = Z Z (exp(-E(_n_'_i,I_i)/kT) -1) x
v
. A - e )
X exp -kT

Substituting the values of the constants in equation 6,4 gives q

in terms of p mm,ig and the parameters:

=< <
2w, 2yt a2



Thus for:
R = 62,4 litre,mm Hg/o K.mole
bo = 6,155 x 10_8 cm
N = 6,02 x 10
Mcoz‘ 44
sieve 1665
';7 ~
q = 593x10%p 21 49,51 %107 3 o2 f—;z‘-
+ 1.33x 1071 2 2, 6.5
. — .

B'g is the bulk second virial coefficient for carbon dioxide and
volues of this as o function of temperature were obtained from Lennard=-Jones

(10) These are given in table 6,8,

12-6 potential data,
The double summation E o discussed in section 3.4 was
programmed for twelve temperatures (runs 71-94) using the potentials
from runs 61 and 63, The results obtained are given in table 6,7 and
a listing of the programme ot 323°C in Appendix C,
Figures 6.4 and 6,5 summarise the results in table 6,7 and

compare the theoretical linear and quadratic isotherms with Linde



TABLE 6.7

TEMPERATURE VARIATION OF THE SUMMATIONS FOR VO AND B*

USING POTENTIALS FROM RUNS 63 AND 01

TEMP POTS. FROM RUN 63 POTS, FROM RUN 61
DEG, K SIGMA1 ~SIGMA2 SIGMA1 ~SIGMA2
573 2.897, 4 1.588,8 2.146,5 7.843,9
473 1.233,5 2.603,9 1.469,6 3.483,11
423 3.9260,5 2.626,10 | 6.472,0 6.399,12
373 2.136,6 7.488,11 | s5.312,7 4.385,14
348 6.825,6 7.529,12 | 2.175,8 7.330,15
323 2,884,7 1.320,14 1.216,9 2.290,17
298 1.969,8 6,002,15 1.134,10 | 2.069,19
273 2.477,9 0.450,17 2.128,11 6.966, 21
248 8.646,10 | 1.113,21 1.192,13 2.134,25
223 1.314,13 2.401,25 3.287,15 1.544,30
198 2.338,16 7..470,31 1.2069,19 |} '2,212,37
173 2,138,21 | 6,018,141 3.288,24 1.434,48
TABLE 6,8

BULK AND CRYSTAL PHASE SECOND VIRIAL COEFFICIENTS

144.

TEMP B's (EQ 2.15) } B'g (PHI L~J) | B" (EQ 2.10) | B' (EQ 2.10)
(PHI L~J) (EQ 2.15)
DEG, K LITRES/MOLE LITRES/MOLE LITRES/MOLE L1 TRES/MOLE
573 " 0,0605 -0,012 3.267,-1 3.840,-1
473 0.0580 ~0,035 6,091,-1 1.533
423 0.0560 -0.052 3.080 4.965
373 0.0533 ~0.074 1.302, 1 2.461, 1
348 0,0515 -0.088 3.824, 1 7,743, 1
323 0.0494 -~0.104 1.383, 2 3.234, 2
208 0.0466 -0.124 7.627, 2 2.172. 3
273 0.0435 -0.1.48 6.869, 3 2.678, 3
248 0.0394 -0.178
223 0.0343 ~-0,216
198 0.0276 ~0.,266
173 0.0185 -0.338
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FIGURE 6.4

THEORETICAL EQUILIBRIUM ADSCORPTION ISOTHERMS - RUN 63
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FIGURE 6.5

THEORETICAL EQUILIBRIUM ADSORPTION ISOTHERMS - RUN 61
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adsorption isotherms for the carbon dioxide - 5A sieve system, The
theoretical curves obtained apply to dilute systems so they can only be
compared with Linde isotherms at high femperatures, These in general
are above the range of temperatures at which practical work was done,
No Linde data is available at temperatures below 298%K at pressures
sufficiently low fo give carbon dioxide concentrations in the sieve
comparable with that required for the theoretical analysis,

If it is assumed that the adsorbed carbon dioxide disperses itself
evenly throughoutthe crystals comprising the sieve pellet, then x weight
percent adsorption Is equivalent to 1668 x x/44 x 100 carbon dioxide
molecules per sieve cage, there being N cages per mole (1668 grams)
of sieve, Thus two molecules in every cage is equivalent to 5.3 wt%
adsorption,  This value represents an optimistic upper limit for the
carbon dioxide concentration in the sieve if the theory is to be applicable,
It may be noted that equation 6,5 exhibits a maximum value for q of
about 4 wit% adsorption over the twelve temperatures considered.

In general the agreement with the Linde isotherms is poor except
over a narrow range of temperatures about 323%C. A review of the
basic concepts used in Chopter 2 to define the sieve potentials
(equation 2,10) and the quadratic isotherm (equation 2,36) shows that

some of the simplifications used are not strictly valid,
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As for as the sleve structure is concemned the aluminium and silicon
ions have been treated as a single hypothetical AS ion with zero charge
and the exchangeable cations shared equally among the O6 windows.

The potential contribution from the AS ion has been found to be small so
the choice between a single composite ion, or two separate ones, or
completely neglecting ‘these ions does not significantly affect the results,
Distributing the exchangeable cations equally between the C6 windows is

a large departure from reclity and for the calcium sieve involves considering
! fractions'® of ions, Also the positions of the exchangeable cations are
not really known since although they lie in the plane of the C6

windows, in the calcium sieve there are fewer ions than available

locations which leaves at least two O6 windows unblocked at any instant

in time,

It 'is necessory to assume partially ionised states for the oxygen ions
before realistic values for the quadrupole interaction are obtained,

The overall ionisation scheme used for the sieve is somewhat arbitrary
although its choice has little or no effect on the three other interactions
considered, but the molecular data used Is based on fully ionised states

as indicated earlier, Also the lower of the two available values for
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the polarisability of oxygen gives the only set of theoretical isotherms
which are in any way comparable with the Linde data,

The potential function used is based on rigidly fixed ions in the
cage structure, It is expected that some degree of relaxation of the
structure will occur especially during translation of an adsorbed molecule
through an O8 window, since molecules larger than the windows free
diameter can pass through it,

Finally oll free water normally present in the sieve was neglected,
including that associated with structural stability, since nothing is
known -about the locations of the hydroxyl ions necessary to bind the
strucfure.(z‘)

A more realistic scheme taking all these factors into consideration
would be very complex whereas the present simplifications used permit
calculation of the potentials in both large and small cages including
the interactions from distant ions,

The way in which the carbon dioxide molecule has been freated
also gives rise to sources of error,  Throughout this work the carbon
dioxide molecule has been assumed to be spherically symmetric, and the

potentials obtained from 573°K down to ambient give conditions under

which this assumption is substantially valid, The potentials become
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unrelioble at lower temperatures where the energetics of the system
permit molecule alignment, and anisotropy must be considered, OF the
possible sizes for the carbon dioxide molecule the value P = 5,12 R
has been strictly adhered to and the molecule assumed to rotate freely
with this offective diameter whilst interacting with the sieve motrix,
(This value, P = 5,12 R , is based on the bond length of a carbon
monoxide molecule of 1,16 & and the diameter of an oxygen ion taken
as 2,8 B, Thus O =C = O has the rod length 1,4 + 136 + 1,16 +
1.4 =5,12 R,) Thus the potentials obtained are not strictly valid
when the adsorbed molecule is in regions close to the structural ions,

A simplified approach has been used to define the various
potential interactions, and of these only the polarisation potential is
not compatible with a freely rotating molecule, though the resulis
obtained show that #p is small everywhere compared with the tofal
potential, Burrer(w) suggests that in similar systems the polarisation
potential can contribute up to 10% of the total pofential and hence
it may be underestimated here,

Gvadratic expressions were fitted to the available Linde adsorption

isotherm data over the range O-4 wt% CO2 adsorption using a least

squares criterion,  This showed it was necessary to use an expression of
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the forms
g = A+Bp+ sz rather thon
q = Bp+ sz

os predicted theoretically, Linde data for the 5A/CO2 systera exists
mainly above 273°K ond at pressures above 4 mm,Hg. in the 1ange

O-4 wt% odsorption,  Without lower pressure data it is difficult fo
decide if the theoretical expression really fits Linde dota, ‘With the
availeble information it can only be stated thot if the Linde data plotied
in figures 6.4 and 6,5 is represented by o quadratic expression, this
expression is difforent from the one developed theoretically and thot if the

Linde data is accepted, the theoretical expression is incarrectly formulated,

6,4,1 Bulk and Crystal Phase Second Virial Coefficients

A check was made to see if the potential constants for carbon
dioxide given in Appendix A, and using its bond length size, would
predict bulk gas second virial coefficients using equations 2,15, 2,18 and
2,30, The resulis obtained, given in table 6.8, are quite different from
the volues of B'g obtained from equation 2,30 using the Lennard Jones
potential and constants for C02 to evaluate f12' if equations 2,15,
2,18 and 2,30 are fitted to Lennard Jones B'g(T) dafo(lo) by adjusting

the size of the CQ2 molecule, good agreement is obtained over the
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range 573°K to 173°K using a CO2 diameter p = 3,63 R,  However,
this value as shown earlier, being close to the kinetic diameter of C()2
gives unrealistically high potentials,in the sieve and hence high values

for B',

The problem arises that in the crystal both COZ--CO2 and COz-ion

interactions have to be considered together (equation 2,39), The
Lennard Jones pofenﬁal(] 0) using 4,12 R for the diameter of CO2 and

a potential well depth of E/k = 189°K accurately describes the C02~C02
interaction, but cannot describe the COz-ion interaction,  This needs

to be described by equation 2,10, but the analogue of this equation in
gas phase (equation 2,15) fails to describe the (2(32---(202 interaction

unless it is assumed that the CO,, diameter is 3.63 R. The use of this

2

value in equation 2,10 then fails to predict the C02-ion interaction,
Crystal phase second virial coefficients were recalculated from

the potentials from runs 63 and 61 using the Lennard Jones expression and

C02 parometers for the COZ-CC)2 interaction,  The results are given in

table 6.8 and are compared with the original values for B*,  Adeorption

isotherms were recalculated from equation 2,36 using both available

expressions for the CO,-CO, interaction in the bulk phase and the
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two different values for B' in the crystal phase, The four resulting

isotherms utilising  the interactions

Bulk FPhase B'g Crystal Phase B'

COZ-COZ COZ-C02 C02- ION

E(LJ) E(LJ) £ (eqn., 2,10)
Em(eqn. 2.15) £ (eqn, 2.10)

En(eqn. 2,15) E(L J) £ (eqn. 2,10)
En(eqn. 2.15) £ (eqn. 2,10)

showed that the choice of models for the bulk phase contribution to the
adsorption isotherm was of no importance as this contrib ution is very
small compared with the crystal phase contribution, However, the
crystal phase contribution B' has a large effect on the resulting isotherms,
These isotherms are plotted for comparison in figures 6,4 and 6,5,

This shows that the use of the Lennard Jones potential for the COZ--CCB2
interaction in the crystal phase causes a deterioration in the agreement
first obtained with the Linde data, and the tumning points for the
theoretical curves are widely scattered compared with the average of

4 wit% CO2 previously found,  This indicafes thot equation 2,15
represents the CO,~CO, interaction in the crystal phase, better thon the

Lennard Jones expression,
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6,5 Theoretical Heats of Adsorption

Heats of adsorption can be calculated over the upper end of the
range of temperatures for which potentials are available, The data
required to evaluate equations 2,42 and 2,43 are given in tables 6,9
and 6,10 below, These give the values of Vo and B’ taken from
runs 63 and 61 respectively,  The values of B' in equation 2,39 are
based on equation 2,15 whereas B'g is based on the Lennard=Jones
potential, Using this potential for the COZ--CO2 interaction in the
sieve to evaluate B' reduces the values ag shown in table 6.8 but has
no discernlble effect on the final heats of adsorption obtained,

Vo and B* both exhibit lorge temperature variations so the gradients
dv /4T, dB'/dT and dB' /dT were obfained by fitting the data to the

relationship

inY A+BiInT

and obtaining the gradients using dY/dT = BY/T, The range of
temperatures chosen were those over which the theoretical isotherms were
known to be in approximate agreement with Linde data, Heats of
adsorption were evaluated at each temperature over a range of pressures

for which the quadratic isotherm was applicable,  The results at 298°K

are given in full in table 6,11 for data taken from run 63 based on



TABLE 6.9

HEATS OF ADSORPTION DATA DERIVED FROM RUN 63

155.

TEMP vo B -dvo -dB* aB’g

DEG, K LITRES LITRES/MOLE . dT aT dT
573 6-755'-24 3~849"'1 1'768’-25 9~8900"3 6.775,=5
473 | 2.876,-23 | 1.533 9.119,-25 | 4.772,-2 | 2.394,-4
423 | 9.156,-23 | 4.695 3.247,-24 | 1.634,-1 | 3.977,-4
373 4.980,-22 2,401, 1 2,003,-23 9.716,-1 6,418,-4
348 1.592,-21 7.743, 1 6,.860,-23 3,276 8.181,~-4
323 6,725,=21 3.234, 2, 3.123,-22 1.474, 1 1.042,-3
208 | 4.592,-20 | 2,172, 3 2.311,-21 | 1,073, 2 | 1.346,-3
273 | 5.777,-19 | 2.678, 5 3.174,~20 | 1,444, 3 | 1.754,73

TABLE 06.10
HEATS OF ADSORPTION DATA DERIVED FROM RUN 61

TEMP vo B' -dvo -dB' . dB'g

DEG. K LITRES LITRES/MOLE dar dT ar
573 | 5.005,-23 | 2.565 1.598,-24 | 8.140,-2 | 6.775,~5
473 3.427,=22 | . 1.644, 1 1.350,-23 | 6.396,-1 2.394,~4
423 1,509, ~22 7.157, 1 6.529,-23 3.077 3.977+=4
373 1.239,-20 5.794, 2 6.078,-22 2,825, 1 6.418,-4
348 5.071,~20 2,368, 3 2,667,-21 1.237, 2 8.181,-4
323 2,836,-19 1.325, 4 1.607,-20 7.401, 2 1.042,-3
208 2,602,-18 1.258, 5 1.653,-19 7.077, 3 1.346,-3
273 | 4.963,-17 | 2.298, 6 3.326,-18 | 1.531, 5 | 1.754,-3
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Lennard-Jones potentials in the gas phase, and values for ~5H over the
full temperature range for both runs are given in table 6,12,

The results for ~8H at each temperoture follow the same pattern
as that given in table 6,11 in which the heat of adsorption is independent
of the pressure over the range studied. Values of n/Vo and n ng
are included as a check, These two terms, both being a function of
pressure, should always be equal, since if n = ng then Vo = V, as
Vo can be interpreted as the volume that n moles of gas in the sieve
phase would occupy if present in the bulk phase at the same temperature
and pressure,  The differences at higher pressures are reduced when
B'g is calculated using equation 2,15 to describe the COZ--CO2
interaction in the bulk phase..

The results obtained for the heats of adsorption agree well with
practical values given in the liferafure(zs’ 17) for C02/5A adsorption
at 25°C,  These workers found that =8H was a function of pressure
when studied over a wider range of prossures than was possible in this
work.  Their values ranged from 12 to 10O kecal/mole for concentrations
from zero up to 2 mmole COz/gram adsorbent, These values may be
compared with the theoretical values of 12,03 and 10,08 kcal/mole

o Ld Ll
at 25 C given in table 6,12,  These values are constont over the



TABLE 6,11

CONTRIBUTIONS TO THE HEAT OF ADSORPTION AT 298 DEG. K

(DATA TAKEN FROM RUN 63)

157.

| n n/vo ng/Vg 8U P&V -~8H
mm, Hg , MOLES MOLES MOLES KCAL KCAL KCAL
CAGE LITRE LITRE MOLE MOLE MOLE
0,01 | 2.463,-26 | 5.365,~7 | 5.378,7 | 9.48 | 0.59 | 1o.07
0,02 4.915,-26 1,071,-6 1.076,-6 9.48 0.59 10.07
0,04 9.785,~26 2.131,-6 2,151,-6 9.48 0.59 10.07
0,00 1.461,-25 3.131,-6 3.227,~0 9. 48 0.59 10.07
0.08 1.938,-25 4.222,-6 4.302,-6 9.48 0.59 10,07
0.1 2,412, ~25 5.252,-6 5.378,-0 9. 48 0.59 10.07
0.2 4.708,-25 1,025,-5 1.076,-5 0.49 0.59 10.08
0.4 8.054,~25 | 1.950,-5 | 2.151,-5 | 0.49 | 0.59 | 10.08
0.6 1.274,~24 2.774,-5 3.227,-5 9.49 0.59 10.08
0.8 1.606,-24 | 3.498,-5 | 4.302,-5 | 9.49 | o0.50 | 10.08
1.0 1.802,~24 4.122,-5 5.378,-5 9.49 0.59 10.08
2.0 2.631,-24 | 5.371,-5 | 1.076,-4 | 9.50 | 0.59 | 10.09
4.0 6.482,-25 | 1..412,-5 1.614,-4 9.49 0.59 10.08

5.0 | =2.074,~24
TABLE 6,12

TEMPERATURE VARIATION OF THE HEAT OF ADSORPTION

TEMP ~-§H KCAL/MOLE TEMP -8H KCAL/MOLE
DEG, K | RUN 61 RUN 63 DEG, K | RUN 61 RUN 63
573 ¢ | 23.08 19,053 348 14.05 11.77
473 16,42 15.93 323 13.04 10.93
423 17.08 14.29 298 12,03 10.08
373 15,00 12,62 273 11.02 0.24
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range 0,05 to C,5 mmole COz/gram adsorbent over which the isotherm
is valid ot 25°C,

It can be seen from table 6,11 that the p&Y term in the theoreficol
expression for =& is small compared with the internal energy term,
which in turn is dominated by RT2 aéf In Vo‘ This indicates that the
heat of adsorption is almost entirely derived from the internal energy of
the sorbed carbon dioxide molecules, and is hence independent of the bulk
pressure af a given temperature which shows why the results are not

offected by the formulation of the gas-gos interaction,

6,6 Theoretical Crystal Diffusivities

Equation 2,49 relates the theoretical crystal diffusivity to the ratio
of two partition functions when a single carbon dioxide molecule is
adsorbed in a sieve cage and translates through an O8 window, Values
for the partition functions were taken from runs 60-63, Thus in

equation 2,49:

85 is an element of window surface for one point

(a o/2(3)2
(a o/20)3

&V is an element of cage volume for one point
R = 8,31 x 107 ergs.deg-].mola-zn.l

M = 44, molecular weight of carbon dioxide.
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Using these values gives:

- P
D = L35 x102 VI x —2 emsec, 6.6
c =~
<1
<< <
where 2 3 5 < exp(~g/kT)
< Y
< = £ Vv exp(~g/kT)

- <7
Values of T, Al and Z’S and the corresponding values of

Dc are given in table 6,13 which covers the full range of variables
permitted by the data, Practical work was done on a calcium sieve
and the sodium=calcium sieve results are included for comparison,

There is no good agreement between the practical and theoretical
diffusivities for the calcium sieve at the three temperatures which they
can be f:ompared (see table 6,22). This is not surprising as the
theoretical results are based on a very dilute system in which one CC32
molecule is situated in isolation in a group of sieve cages whereas the
practical diffusivities are based on a fully soturated sieve in which up to
eight CO2 molecules con be contained in adjocent cages,  Furthermore
the comparison is made at temperatures where the molecular potentials
are becoming unrclidble.  The theoretical crystal diffusivities compare

better with Wilson's(a) estimate which is of the order of 10-8 cmz/sec



TABLE 6,13

THFEORETICAL CRYSTAL DIFFUSIVITIES TASED ON STEVE POTENTTALS

16C,

RUN O (0 USES NaCa 1,5+ ION AND

RUN 62 USES NaCa 1,5+ TON AND

OXYGFN POL, = 30,0,-25 CM3, OXYGEN POL., = 16,5,~25 CM3,
TEMP, STIGMAL STGMA3 Dc STCMA1 SIGMA3 De
DEG, K CM2/SEC CcM2/SEC
573 3.101,5 0.812 1,025,~-6 1.103, 4 5.027 1.668,-Q
473 2.493,6 2.170,1 2,306,=7 2.0.41,53 1.181,1 | 1,701,-6
423 1.284,7 4.307,1 9.314,-8 7.582,5 2,170,1 | 7.080,=7
373 1.306,8 | 1.203,2 | 2.217,-8 5.403,0 | =.532,1 | 2.070,-7
348 7. 107,8 2.457,2 8.610,=9 2.147,7 1.072,2 | 1.257,=7
323 5.557 5.043,2 2,505, =0 1.206,8 2. 13,2 | 1.665,=8
298 8 31; 10 1.020,3 %.255,-10 1.200,4 7.288,2 | 1.300,-8
273 3.083,12 | 8.707,3 6.2635,-11 3,107,10 | 3.030,3 | 2.100,-0
248 4.530,14 | 7.042,4 2.208,-12 2.820,12  2.201,4 | 1.0651,-10
223 4,085,17 | 1.220,06 1.0314,-14 1.007,15 | 3.317,5 2.387,-12
108 1.064,22 | 7.610,7 7.300,-17 H.200,10 | 1.775,7 | 5.353,-13
173 3.005,29 | 3.380,10 | 1.3514,-21 8.120,26 | 06.376,9 | 1.302,-19
RUN 61 USES Ca 1.5+ ION AND RUN 62 USES Ca 1.5+ TON AXND
OXYGEN POL, = 39.0,~25 CM3, OXYGEN POL. = 10,5,-25 CM3.
TEMP, STGMA1 SIGMA3 Dc STGMA1L STGMA3 De
DEG, K CM2/SEC CM2/SEC
573 2-146,% 0. 665 1.455,-6- 2,807, 4 5.837 6.511,-6
473 < 160,6 | 2.130,1 1.27%,=7 1.233,5 | 1.102,9 | 2.700,-6
42 6 172,6 1,220,1 1.810,-7 3.020,¢ 2.133,1 | 1.560,=0
373 | 5.312,7 | 1.175,2 | 5.767,-8 2.120,6 | 5.424,1 | 6.021,-7
348 2,175,8 | 2.300,2 2.771,=8 6.825,6 t.046,2 | 3.860,~7
323 1.216,9 5.785,2 1.151,-8 2.881,7 2.360,2 | 1.003,=7
208 1.154,10 | 1.865,3 3.700,=0 1.909,8 7.0790,2 8.370,-8
273 2,128,11 | 8.521,3 8.032,-10 2,477,090 2.9601,3 | 2.060,-8
248 1.102,13 | 6,800, 4 1,213,-10 8,6460,10 | 2,125,1 | 3.225,-0
223 2,287,15 | 1.173,0 7.10.4,=12 1.371,13 | 3.210,3 | 1.030,-10
108 1.260,19 | 7.202,7 1.002,-13 2,330,160 | 1.,600,7 | 1.380,-11
173 | 3.28R8,21 | 3.215,10 | 1.736,-16 | 2,138,214 | 6.064,0 .onh, -1y
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under similar conditions, As his work is based on the average of a large
batch of 5A pellets, the values obtained here based on @ single pellet
should be more accurate,

It can be secen that the theoretical diffusivities are sensitive to the
value of the partition function in the O8 window, since only one gri
point has a negative potential here compared with the many in the large
cage which give the valus of SIGMA 1, Thus any changes in the
molecular constants significantly affect the values of the crystal
diffusivities, As noted earlier, relaxation of the ion positions is not
considered, It seoms likely that relaxation of these pesitions such that
the O8 window enlarges during translation would always result in
larger values of the window partition function without significantly
affecting the large cage portition function, The highest value would
be obtained when the rings free diameter was equal to the value of Pe
for a carbon dioxide molecule i.e. 5.12 A, Since the carbon dioxide
molecule is larger than the O8 window, which has a free diameter of
3.9 & between Ol axygen ions and 4,7 R between OIl oxygen ions,
relaxation will result in larger values of the crystal diffusivity than those

Obfained.
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6,7 Practical Results

The diffusion of carbon dioxide in a one centimetre Linde 5A
molecular sieve bed as described in Chapter 5, wos studied at three
temperatures, These were ambient, (25°C), 0°C ond -25°C. The
results obtained were a record of occumulated count (Integral count, IC)
over the range of times C to 10,000 seconds, together with end point
values of the integral count after the pellet had been desorbed by heating,

The runs at cach of the three temperatures, designated series 'A',
*8' and *C' respectively, each consisted of trial runs to measure the
amount of deadspace gas in the diffusion cell in the absence of the
pellet bed, and then pellet runs to measure the amount of carbon dioxide
desorbed from a soturated pellet together with this dead space gas, It
was only necessary to do two trial runs ot each temperature as the results
for these gave good reproducibility, The pellet runs showed more
variation, this being up to 4% of the averaged values over several runs
given in toble 6,13 used for further analysis,

The method of processing the basic practical results to obtain
curves of the fraction of carbon dioxide deserbod from the pellet versus
square root time is conveniently illustrated by giving the results and

derived data in some detail, The following figures ond tables are
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all for runs series B ot O°C, Corresponding tables at other
temperatures are given in Appendix B,

6,7.1 Estimation of the Run Start Time To

The times recorded by the camera and at later times by the timer-
scaler had to be adjusted to allow for the interval elapsing between
starting the timer~scaler and the front of the initial pulse of active gas
entering the counter, A run procedure was adopted whereby this time
was always about ten seconds.  This permitted measurements of the
integral count to be made at suitable times such that the recorded values
of film time gave deduced values of run time Tr’ close o the experimental
points required, These as explained in earlier chapters were required at
values of T such that v T increased linearly,

The initial part of each run which waos filmed continuously, was
plotted as integral count against film time on linear scales (figure 6,6),
The straight line obtained represents the pulse of dead space gas at
constant activity passing through the counter,  This line can be extrapolated
back to the time axis, and the intersection gives the value of To'

This time reprosents the time the pulse would reoch the counter in plug
flow, The initial tail to the curve is caused by mixing in the flow

line between the diffusion cell and the counter.  The gradients of the
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lines should be constant in each series of runs as they represent the
initial activity of the gas in the pellet and dead space. The measured
values of time TF can now be converted into run times Tr by subtracting

the value To from ecech one.

6.7,.2 Backgground Correction

The background count rate wus measured before the start and again
at the termirction of each run, A check was made that all of the
carbon dioxide had been desorbed at the end of o run by comparing
the two values obtained, which obviously should not be significantly
different, The background count rate was taken to be the average
of the two values, The measured values of integral count were
corrected for background by subtracting the accumulated background
count at time T, giving the values ICr. Tables 6,14~17 give all the
measured and deduced results for the four runs reported at o°c, Plois
of ICr versus ‘\/Tr are given in figures 6,7 and 6,8 which clearly show
the variation in results from run to run,

The results in tables 6,14~17 and in Appendix B for lCr in the
pellet runs were only reproducible to within 4%, The main reason for

this was caused by the carrier gas flow rate failing to rise exactly to
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TABLE 6,14 TABLE 6,15

PRACTICAL RESULTS
TRIAL RUN (1B) AT O DEG, C
TO = 14.2 SECS

BACKCROUND = 1.513 c/s

PRACTICAL RESULTS
TRIAL RUN (2B) AT 0 DEG. C
TO - 11.6 SECS

BACKGROUND = 1,553 c¢/s

FILM INTEGRAL FILM INTEGRAL
TIME COUNT JTr 1Ch TIME COUNT JTr 1Chb
(SECS) (SECS)
14.5% 10000 12,0 119000
15.2 20000 1 20876 12.6 20.100 1 20380
15.5 25700 12.0 27200
16.0 34600 12,5 26500
16,6 45300 11.0 46200
17.0 53100 1.4.5 55200
17.5 6200 15.0 05300
18,2 76900 2 76871 1=.6 76700 2 76076
18.5 82200 16,0 R4700
21,0 | 123700 2.5 | 123667 18.4 | 123500 2.6 | 123471
22,0 | 133000 2.8 | 132063 10.1 | 132800 2.8 | 132770
23.2 | 138700 3 138664 20.0 | 1383500 3 138468
24.4 | 141600 3.2 | 111562 21.8 | 111400 1.2 | 111366
25.8 | 143350 3.1 | 143399 23.2 | 143260 3.1 | 143224
27.2 | 144237 3.6 | 141280 24.60 | 144240 3.6 | 144202
28.6 | 144905 2.8 | 144860 26.1 | 141940 3.8 | 1.448q9
30.2 | 145457 1 145409 27.0 | 145437 4 145394
33.0 | 140130 1.1 | 146077 31.8 | 140311 4.5 | 146262
36,2 | 146477 1.8 | 146240 36.6 | 116864 5 146807
40.2 | 147324 5.7 | 147240 46.0 1 147500 5.9 | 147527
50.2 | 147963 6.7 | 147879 59.6 | 1483250 6.9 | 118547
74.2 | 148532 7.5 1 148414 7.4.0 | 148750 7.9 | 148043
01.2 | 149074 &.8 1 148930 99.6 1 149460 9.3 | 149305
110.2 | 149540 a.8 | 140367 111.,6 | 119764 10 149591
235.2 | 151723 11.0 | 151453 235.6 | 151875 15 151509
410.2 | 153347 10,0 | 152702 410.6 | 153542 20 152749
635.2 | 154516 | 25 153516 635.6 | 134732 | 25 133717
910,2 | 155382 30 153050 025.6 | 155585 30.2 | 154148
1233.2 | 156104 25 15.4159 1235.60 | 156246 35 154327
1610,2 | 156770 40 154235 1625.6 | 156088 40.1 | 154463
203%5.2 | 157562 45 154362 2035.6 | 157663 45 154502
2510,2 | 158323 50 154373 2510.6 | 1538447 50 134548
3035.2 | 159100 | 55 151430 3034.6 | 150316 1 55 15.1603
3010,z | 160123 60 154443 3600.6 | 160230 60 154623
1233.2 | 161104 | 65 154444 1235.6 | 161240 | 65 154662
4910 162143 70 154413 4010,6 | 162307 70 1546080
5635 163200 | 75 154500 5635.6 | 163457 | 75 154704
6410 164405 80 154415 (410 10,4056 80 154701
7235 165752 | 83 154372 7235 165015 | 85 154679
- 8110 1067004 90 154244 8120 107231 00 154620
9035 168570 | 03 154350 0035 168634 | o5 154623
10010 170112 | 100 154302 10010 170139 | 100 154593




TABLE 6.16

PRACTICAL RESULTS
PELLET RUN (3B) AT O DEG. C
To = 11.2 SECS

BACKGROUND = 1.583 c¢/8
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FILM | INTEGRAL FITM INTEGRAL

TIME COUNT JTr ICr TIME COUNT JTr ICr
(SECS) (SECS)

11.5 | 10200 110,72 | 158057.-| .0 | 157883
12.2 20200 1 20181 235.2 | 1067111 15 166730
12.5 24900 410.2 | 175524 20 171875
13,0 34100 635.2 | 183162 25 182156
13.6 45000 910.2 | 190179 30 188738
14.1 55100 1233.2 | 196896 15 194041
14.6 64400 1621.2 | 201951 40.1 190400
15.2 77100 2 77076 2035.2 | 200073 45 200451
15.5 83200 2530.2 | 21h057 50.1 212052
16,1 04600 3051,2 { 221848 55.1 217018
18.0 123100 2.6 123072 3610.2 | 227247 6o 221532
19,0 132800 2.8 132770 4235.2 | 232301 65 - 225087
20,2 139200 3 136168 4010.2 | 237179 70 220406
21,4 142550 3.2 142316 56235.2 | 231562 25 232041
22,8 | 144480 | 3.1 114444 fg0n,2 | 246020 R0.3 235746
24.2 145620 3.6 145582 7235 240220 85 237767
25.6 146470 3.8 1.16429 8110 252436 00 230508
27.2 147130 4 147087 Q035 255300 05 241088
31.4 148380 4.5 148330 10010 258046 100 242200
36,2 149380 5 149323 10510 200000 102, 4 243362
46.2 150084 5.9 150911 L11o5o 264300 | 105 246808
59.2 152725 6.9 152631 11570 263410 107.6 247103
74.2 | 154510 | 7.9 | 154393 12110 266249 [ 110 247079
01.2 156307 8.9 156163 13210 267065 114.9 247054




TABLE 0.17

PRACTICAL RESULTS
PELLET RUN (4B) AT O DEG, C

TO = 0.7 SECS

BACKGROUND = 1,335 c/s

168.

FILM | INTEGRAL FIIM INTEGRAL

TIME | COUNT [Tr ICr TIME COUNT JTr ICr
{SECS) : (SECS)

10,0 10200 100.7 | 157640 10 157460
10,7 20000 1 19983 234,7 | 1650684 15 165319
11,1 26300 400.7 | 173421 20 172784
11.5 33200 634.7 ] 180648 25 179561
12,0 42200 909.7 | 187324 30 185009
12.6 53000 1234.7 | 193769 33 191849
13.0 60500 1609.7 | 199975 40 197472
13.7 73500 | 2 73479 2034.7 | 206332 45 203168
14.1 81200 2509,7 | 212510 50 208507
14.5 88600 3204.7 | 218327 55 213623
16.5 123900 2.0 123874 3600.7 | 223796 60 218183
17.5 133900 2.8 133873 4234.7 | 228976 63 222391
18.7 | 140500 | 3 140471 4909.7 | 233591 70 225950
19.9 | 143300 3.2 1.43269 5634.7 | 237808 75 229046
21.3 1.45000 3.4 141967 6400.7 | 241799 8o 231832
22,7 | 146020 | 3.0 | 145085 7235 245387 85 234137
24.1 140740 3.8 146703 8110 248556 90 235945
25.7 | 147300 | 4 147260 9035 251517 95 237468
29.9 148600 445 148554 10010 254130 100 238504
34.7 149560 5 1409500 10010 255880 102.5 239537
45.7 151270 6 151199 11010 260170 104.9 243049
59.7 152968 7.1 152875 11510 261022 107.2 243724
73.7 154455 8 154340 12120 262603 110 243756
90.7 156030 9 155889 13210 204282 114.9 243740
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FIGURE 0,7

VARIATION OF ICb AND ICr #ITH JTr AT O DEG. C
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PLGURE 6,8

VARTATION O ICb AKD ICx» «ITH JTr LT O DEGe C
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its presst value of 100 cc.ﬁnin. at the start of counting, ond a driff
of up to 5% dbout this value at later times which was corrected when
noticed,  Pre~mixing of carrier gas in the cooling coil and active gas
in the diffusion cell dead space at the start of counting wos unprediciable
ond also affected reproducibility, These two sources of error have
opposite offects on the final values of ICr. , the first giving higher values
and the second lower values than would be obtained in the absence of
these errors, No control could be exercised over the carrier gas flow
rate from the time it had been preset, up till the end of the continuous
filming stage of the scaler output, and runs were discarded which failed
to start with the correct flow rate, This occurred most often in the
pellet runs since at least one hour elapsed between presetting the carrier
gas flow rate and saturating the pellet with active gas, as compared with
about ten minutes in the trial run,

As explained in Chapter 5, every effort was made to reduce
carrier gas - active gas premixing in the diffusion cell,  When this did
occur as shown by a low initial dead space activity, then the runs were
discarded, The runs reported may still be subject to this error in @
small degree as shown by the variation in the initial gas activity, (figure

6.6), but there is no simple means of quantitatively estimating the
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resulting error in lCr.

The triol runs were reproducible to within 1%,  This improvement
over the pellet runs was expected bocause the carrier gas flow rofe alvays
tended to rise to its correct preset value on the runs and little pre~

mixing of active and carrier gas cccurred in the diffusion cell,

6,7,3 The Fraction of Carbon Dioxide Desorbed from the Pellet

The results for lCr were averaged for cach value of w/'l'r for the trial
and pellet runs to give two sets of results at cach temperature studied,
In cases where the values of Tr did not coincide with the values
required for further analysis, lincar interpolation was wsed to obtain
an intermediate result, The average values of ICr given in table 6,16
were converted to the fraction of carbon dioxide desorbed at time Tr

using the relationship:

lcrf - lcbi

FRAC = e
'Crco - lc:bc:o

where IC 4 and Ibe are the volues of the integral count at time t for
the pellet and trial runs respectively, and 'Crao and 'Cbm are the
corresponding values at the end point, The three unsmoothed curves
obtained are given in figure 6,9, The differencing method used to

obtain values of FAC tends to cancel out any systematic errors in each



TABLE 6.18

AVERAGED VALUES OF ICb AND ICr FOR GIVEN VALUES OF JTr

RUNS SERIES A RUNS SERIES B RUNS SERIES C

(25 DEG., C) (0 DEG. C) (-25 DEG. C)

JTr ICb ICr 1Cb ICr 1Cb ICr
1 25879 26712 20628 20082 180932 10682
2 100375 99840 70774 75278 74827 727 44
3 175267 177232 138566 139820 137669 138286
4 181932 185802 143402 147174 145456 146872
5 183454 | 180162 | 146709 | 140415 | 1460092 | 140012
6 184311 191831 147526, 151124 148061 150488
7 184987 104283 148114 152820 148331 151844
8 185665 196612 148612 154422 148780 153506
9 186252 108744 149120 156124 149225 154277
10 186833 201020 149523 157604 140606 155576
15.2 180358 211088 151500 160236 154533 162325
20 101315 219681 152815 173830 152853 169169
25.1 102298 228496 153600 181038 153874 176502
30 192505 236304 154002 187324 151405 183406
35.1 { 192803 | 244330 | 154305 1934560 | 154657 | 190633
40 192872 | 251750 | 154366 | 108301 | A54776 | 197070
45 192038 250248 15.1432 204810 154828 203396
50 192068 266272 154401 210230 154849 208041
55 192974 | 272700 | 151517 | 215070 | 154844 | 214460
6o 102060 | 278572 | 154533 | 210858 | 154835 | 219640
65 103073 | 283767 | 151553 | 224030 | 154856 | 224274
70 193077 288338 154547 227681 154892 228848
75 103008 | 292031 | 154647 | 230844 | 154954 | 232921
8o 193120 | 205178 | 154558 | 233735 | 154044 | 236107
35 193151 297676 1545260 235952 154081 238g10.
90 103204 | 299627 |. 154432 | 237772 | 154047 | 241277
95 193203 | 301171 | 154487 | 239278 | 154924 | 243232
100 193190 | 302367 | 154478 | 240382 | 151923 | 244761
INF 193204 307168 154477 245400 154050 252700

173.
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set of runs, so long as the initial part of each curve representing the
dead space activity is constant, The runs analysed are those with as
similar initial curve shape as possible,

Discrepancies such as the value of IC. decreasing towards the ond
of a run were caused by using the average of the background count
rofes measured before and after cach run,  Thus it is possible that the
mean background rate exceeds the final measured rate,  The reason for
the differences in measured background rates was not resolved, since the
final rate tended to be smaller than the initial rate, not greater as
would occur if the pellet had not boen completely desorbed,  The
difference could have been caused by a drift in the counter scttings,
In any event the difference in background rates wos less than 1% and is
equivalent to 150 counts accumulated after 16,000 seconds, or O,048%
of the final values of Ic. his error is less than the variation of count rate
during runs which causes the long term fluctuations in the practical
breakthrough curves as compared with the smooth theoretical curves given

in figures 6,10-[4.,

6.7.4 . Practical Pellet Porosity

If it is assumed that the Linde 5A sieve comprises 80% crystals

by weight, density 1,56 grams/cc,, bound together with 20% by weight
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FIGURE 6.9
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of an inert clay binder, density 2.6 grams/ccsz) and adsorbs 27,5 woight
per cent of water at 25°C and 1 atm, ,(18) then it is possible fo estimaie
the pellet porosity from the measured density of the sieve used in the
experiment, Using the above figures the theoretical wet density of the
sieve assuming zero porosity is 2,07 grams/cc, The measured wot

density is 1,29 grams/cc, Thus the apparent porosity of the sieve is:

_ 129

6.7,5 Praciical K Values

A value for the equilibrium isotherm constant K can be calculated
at each of the three temperatures studied from the volume of carbon
dioxide in the diffusion cell dead space and the values of ICm for the
trial and pellet runs,

Table 6,19 shows the volumes of carbon dioxide at 25°C, | atm.
admitted to the diffusion cell in each run, together with the corresponding
values of IC " and the average values at each temperature,

At O°C the ratio IC_/IC, s 1.59 (table 6,20), Since tho
average volume of carbon dioxide admitted in the frial runs was 14,6cc,
then the average volume of carbon dioxide adsorbed by the sieve in
the pellet runs at 0% is (1.59 x 14,6) - 14,6 = 8,55 cc, The burette

readings indicate that 8,3 cc were admitted which checks with the derived



INTEGRAL COUNTS (IC) AT INFINITE TIME

TABLE 6,19

VOLUME OF AVERAGE
RUN CcO2 IN CELL IC AT VOLUME OF AVERAGE
INFINITE | CO2 IN CELL
NUMBER | cc AT 25 C, TIME ICq
AND 1 ATM. ce,
1A 13.2 192889 13,2 193204
2A 13.2 103491
3A 21.5 306001
4A 20,3 300826 20.9 307168
. 5A 21.1 313777
. 1B 14;5 154362 14.0 154477
2B 14.7 154593
3B 22,8 247054 22.9 245400
4B 23.1 243740
1c 16.4 154828 16,2 154950
2C 15.8 155018
3¢ 25.3 252772
4 25.7 255278 25.4 252700
5¢ 25.2 250047
TABLE 6.20
PRACTICAL K VALUES AND COMPARISON WITH LINDE DATA
RUN TEMPERATURE (DEG. C) 25 o -25
VOLUME OF CO2 IN CELL
(TRIAL RUNS) 13.2 14.6 16,2
cc, AT 25 C AND 1 ATM,
ICh,, / ICr, 1.59 1.59 1.63
VOLUME OF CO2 ADSORBED
BY THE SIEVE PELLET 7.8 8.35 10.2
cc, AT 25 C AND 1 ATM,
WEIGHT PERCENT CO2 ADSORBED 18.5 20.25 23.7
PRACTICAL K VALUES 166.3 167,2 181.8
WEIGHT PERCENT CO2 ADSORBED 18.9 19,6
(LINDE DATA)

177.
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value, The forimer is taken to be more accurate since the practical
method used subjocts the burette readings in the pellet runs to more sourcas
of error thon in the trial runs,

Now 8.55 ec of carbon dioxide measured at 25°C and 1 atm, is

equivalent to

44 x 8,55 x 273

- 15,38 mg .CO

2

Assuming that the 5A sieve adsorbs 27,5 weight per cent of wator
at 25°C and 1 utm.,a %) and given the mass of wet sieve used as 97 mg
and its volume as , 075 cc, then the dry siove mass is 76 mg.,  Hence
76 mg, of 5A sieve adsorb 15,38 mg of carbon dioxide, or 20,25 weight
per cent ot O°C and 1 atm,  For comparison, the Linde data sheets
give a value of 19,6 wt% adsorption under the same conditions,

The carbon dioxide concentration in the crystals is

8,55 x 273

-3
x 290 x O, X O, 2. 7,46 x 10 ° gram mole/cc,

which assumes that all of the carbon dioxide resides inside the crystals,
whose volume is O,075 x (I-EP) cC.
The gas concentration in the pores surrounding the crystals is the

same os in the free gas ond is
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fﬂ%ﬁ’ = 4,46 x 107 gram moles/cc,

at OOC 1 atm,

Hence the equilibrivm isotherm constant K is given by

_ Solid concentration _ °
K = ‘Cas concenfrafion 167.,2 at O°C 1 atm,

The results obtained at the three temperatures studied are given
in table 6,20 together with Linde adsorption isotherm data for comparison,
Another source of error is shown by the variation in the amount
of carbon dioxide adsorbed by the pellet before each run as shown in
table 6,19,  This could be caused by fluctuations in the cryostat
temperature or more likely by a progressive change in the pellet sorption
capacity caused by overheating the pellet in the regeneration procaedure
used fo desorb the pellet., If any severe overheoting occurs the sieve
structure changes, and in any event the initial regeneration of the sieve
even at 30C°C as used in this work causes a permanent change in
structure which then determines the sorption properties of the sieve.(m)

These properties then remain constant so long as the initial regeneration

temperature is nct exceeded in subsequent regencrations,
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6.8 The Diffusion Model

The effect of the pore and crystal diffusivities were investigated
before the diffusion model described in section 2,7 was fitted to the practical
brookthrough curves,  Table 6,21 gives the values of the paramotors
used in the dimensionless groups and the equations defining the model,

Firstly the model was used to predict curves for a pore diffusion
process by setting Dc to infinity; hence from equation 2,58 P = O,

The pore diffusivity was varied from O,C2 cmz/sec. down te 0,005 cmz/sec.
and a set of breakthrough curves obtained, shown in figure 6,10,

All the curves arc initially straight line plots of the form predicted by
equation 3,16 with o suitably chosen diffusivity, It can be seen that

the pore diffusivity affects only the slope of each successive curve,

The effect of the crystal diffusion process was then studied by
varying P from O to 200 with the pore diffusivity held ot C,015 cmz/sec,
and a new set of breakthrough curves obtained, shown in figure 6,11,

This shows that increasing the controlling effect of the crystal diffusion
process does not significantly affect the slope of the breakthrough curve,
but successively displaces it so that the curve becomes more sigmoid as
Dc decreases, However, the gaussian elimination used to solve the

matrix of crystal concentrations over one time step was subject to large



TABLE 6,21

DATA FYOR THE THEORETICAL DIFFUSION MODEL

181,

PELLET LENGTH

PELLET PORDSITY

MEAN CRYSTAL RADIUS

TIME INCREMENTS

END TIME FOR RUNS

NUMBER OF PELLET INCREMENTS

NUMBER OF CRYSTAL INCREMENTS
RELATIVE ERROR IN PORE CONCENTRATION
RELAXATION PARAMETER

L = 1,03 CM,
Ep = 0.375
R = 0.0001 CM,
6t = 1 AND 10 SECS.
TIMAX = 10000 SECS.
=6
=6
= 0,0001
BETA' = 0.88

/

/
TABLE 6,22

PORE AND CRYSTAL DIFFUSIVITIES OBTAINED FROM PRACTICAL WORK

TEMP | FITTED Dp FITTED Dc MEAN SQUARE
DEG. C| CM2/SEC CM2/SEC ERROR
25 0.0148 8.83,-12 2.223,-5
0 0,0138 3.96,-13 5.575,=5
~-25 0.0146 8.54,-13 1.814,-4
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FIGURE A6.1o
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FIGURE 6,11

183.
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FIGURE 6,12

THEORETICAL SOLUTION FOR CO2 DIFFUSION
IN A ONE DIMENSIONAL LINDE SR
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- FIGURE 6,13

THEORETICAL SGLUTiUN FOR COZ DIFFUSION
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FIGURE 6.14

THEORETICAL SOLUTION FOR CO2 DIFFUSION
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rounding errors when P wuas close to zcero, comresponding to o lorge but non
infinite crystal diffusivity,  This rounding error disoppeared when P was
larger than about 20,

Comparing these results with the shape of the practical curves
enabled initial guesses to be made for the diffusivities which would give
the approximate slope and displacement required, The model was fitted
to the practical resulis using the techniques described in sections 2,7 and
3.5 and the 'best fitting' diffusivitics obtained, These are given in
taBle 6.22 and the practical and theoretical curves at each temperature are

compared in figures (5,12-14),

6.3,1 Decfinition of Pollet Diffusivities and Tortuosity

In a pore diffusion process the diffusion coefficient can be defined

in soveral ways., A pore diffusivity Dp can be defined by;

azv ov _a_v_

Dy = = Epar + (1mEK = 6.7

An overall diffusivity Dy can be defined by

1-E
ov P
D, _.292" = +(_E—_P K & 6.8
ox
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and an effective diilusivity by:

82v ov

From equations 6,7-9 it follows that 2

D E
D, = - P = 1 6.10
Ep + (1=EpK Ep + (1EpK

The bulk gas diffusivity Dg is related to Dy by
Dg = TD; 6,11

where T is the i'ori‘uoﬁty of the system,

6.8,2 Practical Pellet and Crystal Diffusivities

The diffusiviiios
and tortuosities based on equations 6,7~11 given in table 6,23 were
calculated from the pore diffusivities in table 6,22,

Equation 3,16 which is a solution of equation 6.9 was also
fitted to the practical results to see how well they could be approximated
by a pore diffusion process, and also to the theoretical curves at o°c
for pore diffusion, as a cross check on the model, Tables 6,24 and

6.25 give the - diffusivities obtained,



TABLE 6,23

PELLET DIFFUSIVITIES DERIVED FROM PRACTICAL RESULTS

189.

TEMP Dp De DT Dg TORTUOSITY
DEG, C CM2/SEC CM2/SEC CM2/SEC CM2/SEC T
25 0.0148 1.42,~4 0.0395 0.0729 1.85
o} 0.0138 1.32,-4 0.0368 0.0075 1.83
~25 0.0146 1.28,-4 0.0389 0.0017 1.59
§
TABLE 6.24

EFFECTIVE DIFFUSIVITIES USING A PORE DIFFUSION

MODEL FITTED TO PRACTICAL RESULTS

TEMP De (EQ 3.10) MEAN SQUARE
| DEG, C CM2/SEC ERROR
25 1.38,-4 4.15,-5
0 1.24,-4 1.56,~4
-25 1.00,~4 6.33,~4
TABLE 6,25

COMPARISU'N OF EFFECTIVE DIFFUSIVITIES FOR A

PORE DIFFUSION PROCESS FITTED TO FIGURE 6.10

De (MDDEL) De (EQ 3.10) MEAN SQUARE
CM2/SEC CM2/SEC ERROR
2.38,-4 2.38, - 5.77,73
1.91, - 1.91,-4 2,12,-6
1.43,~4 1.43,-4 1.29,-5
9.50, =5 9.60,-5 2,17,-5
4.80,-5 1.80,-5 4.53,-5
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The values of the practical diffusivities given in table 6,22 depend
to a large extent on the value of the porosity factor used, A value
of O,375 was calculated for the pellet used in this work, whereas Dworfan(zyrz
calculated a value of 0,29 based on a batch of 4A pellets and Wilson(s)
used the value of O35 for 5A pellets, The other "unknown' which only
affects the values of the crystal diffusivity is the mean crystal radius,

This wos assumed o be one micron, and electron microscope photographs
of 5A pellet replicas and pure crystals showed that this was substantially
true, These photographs also showed that erystal agglomeration which
occurs to a large cxient in the pure crystals also appears to oceur in the
pellets, and may invalidote the ossumption that each crystal in the pellet
is isolated from its neighbours,

The effective diffusivities given in.toble 6,23 were calculated using
practical K values rather than those inferred from the Linde dafa sheets,
The practical values apply strictly to the pellet bed used rather than to
the average value of a batch of pellets, though the differences as indicated
by the practical and Linde odsorption figures af one atmosphere given in
table 6,20 are not large, The tortuosity factors resulting from the pore
@) also

diffusivities are reasonably constant and realistic, Dworjanyn

caleulated an effective diffusivity for a long peilet bed which was a facior
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of ten greater than those given here, His ealculation of DT is in error
and reworking the results from his value of De gives DT = Q.48 cn12/sec.

A check was made to see if the practical bredkthrough eurves,
which do not appear to differ much from curves for a pore diffusion
process only, could be fitted using equation 6,9, Table 6,24 clearly
shows that they are not adequately fitted by such a simple model because
the degree of fit, measured by a sum of squares deviation, deteriorates
faster as the temperature decreases than in table 6,22 which is for the two
diffusivity model,  This shows that intra~crystolline diffusion becomes
increasingly slgnificant at sub-ambient temperatures and should be included
in a model describing the diffusion processes in a 5A sieve, However,
tortuosities based on equations 6,911 range from 1.9 at 25°C to 2,C
at =25°C for the pore diffusion model which is less variation than obtained
with the more sophisticated model indicating that the tortuosity is not
simply geometric as assumed in equation 6,11,

Finally all the theoretical and practical breakthrough curves
obtained were plotted on logarithmic probability paper but none of them
gave the change in slope reported by Dworianyn(z) at about 9C% CC)2
exchanged, He interpreted the change in slope as an indication that

the diffusion mechanism in the crystals had switched from large eage=
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large cage transitions to small cage=large cage transitions, If such a
change of mechonism does imply a significant change of slope then this
further indicates that the small coges in the 5A sieve play little or no

part’"in the crystal diffusion process.
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CHAPTER 7 = CONCLUSIONS

This work has demonstrated the possibility that adsorption isotherms,
heats of adsorption and intra~crystalline diffusivities in the Linde 5A
molecular sieve/CC)2 system can be predicted theoreticully using only
basic molecular data, In the system studied, pore diffusion is the
controlling process af high temperatures, but at sub-ambient temperatures
intra-crystalline diffusion becomes significant,  Therefore in a mathematicol
model describing the system both processes must be included, In the
intra-crystalline regime it has been inferred that small cage transitions
are negligible and the large cage to large cage transitions dominate the
diffusion process,

The molecular potentials calculated for an idealised model of a
Linde 5A molecular sieve crystal have resulied in reasonable predictions
for adsorption isotherms, heats of adsorption and crystal diffusivities
for a range of temperatures about ambient and for loss than 4 wi,% COz
adsorbed by the sieve, Comparison of the range of theoretical resulis
presented here and literature data shows that the former are significantly
dependent on the values of the molecular constants used,  In particular

it has been necessary to assume partially ionised states for the sieve
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structural ions, a carbon dioxide molecule size based on bond lengths
of carbon monoxide rather than P=V-T data, and an oxygen polarisabiliiy
based on measurements of oxygen in a potash felspar, Most of these
factors have tended to reduce the molecular potentials and their corres~
ponding temperature coefficients,  Even so, both the molecular potentials
and the temperature cocfficients appear to be overestimated especially
below 248°K,

The statistical mechanical theory developed in Chapter 2 to
predict adsorption isotherms in terms of the large cage potentials is

similar to the method described by Barker and Everett.(zz)

The quadratic
expression obicined for the adsorption isotherm should be valid for
p < RT/2B' but results in agreement with the Linde adsorption data af
about 323°K only, Both the theoretical curve shape and temperature
variation differ from the Linde curves when compared over o fairly wide
range of temperature and pressure, fhougl;a fair local agreement has been
obtained,

The theoretical heats of adsorption agree well with literature data
over a wide range of temperoture and are virtually independent of
pressure over the range for which they are valid,  This suggests that

the theoretical isotherms rather than the molecular potentials are

incorrectly predicted,
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The theoretical crystal diffusivities failed to give close agroemaent
with the crystal diffusivities obtained from the practical work,  This
was expected because the theoretical expression is only a first order
approximation and is used at sub=ambient temperatures where the molecular
potentials are least relicble, Also the theorafical expression is based
on a single CO2 molecule in one cage of a large group of empty cages
whereas the practical values are for full cages containing up to seven or
eight CO2 molecules,

The practical work has served its purpose in providing reproducible
breakthrough curves for the self diffusion of COz in a sieve pellet
between 25°C and =25°C ot atmospheric pressure, These curves
exhibited a significant temperature dependence and permitted pore and
crystal diffusivities to be fitted with reasonable reliability,  The radio
tracing technique used to follow the transfer of labelled C02 from the
pellet utilising a scintillation counter with an extremely fast response,
has provided basic data which gives breakthrough curves which are not
subject to large cumulative errors,  Unfortunately the opparatus failed
to give results at =5 0°C and below due to insufficient temperature
control of the cryostat and subsequent fluctuations in the carrier CO2

flow rate,
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The mathematical model used to describe the diffusion of carbon
dioxide in the sieve pellet incorporating transfer in both pore and erystal
regimes has provided a relatively simple method of fitting diffusivitics
to the practical breckthrough curves.  The model is not subject to the
usual mathematical instabilities encountered in integrating sets of partial
differential equations,  This enabled a free choice of finite difference
parameters to be made and so carbon dioxide accumulations in the pellet
could be calculated at chosen times without having to use extremely
small space and time increments.  Even so rounding error was encouniered
when the crystal diffusivity was chosen to be large, but not infinite,
However, the final crystal diffusivities found to fit the practical curves
were small enough fo obviate these errors in the numerical techniques used,

This work has answered most of the problems posed by Dworianyn(z),
but further difficuliies have arisen, Molecular potentials can be
calculated with confidence, but the temperaturc dependence of derived
properties involving the use of the theoretical isotherm are nct adequately
described by the theory used here, Even with the advent of yet another
generation of computers the calculation of properties based on three or more

molecules is still lengthy so that predictions cannot be made for large

amounts of CO, in the crystol,  Although theoretical crystal diffusivitics



have been obtained, the theory needs to be extended to enable a second
order approximation fo be made and this is by no means simple. It
would be of interest to measure practical breakihrough curves for single
spherical pellets of differing sizes now commercially available, and this
would also provide a more redlistic approach fo conditions pertaining in
industrial applications of sieves. Any apparatus used to do this would
need a more sophisiicated temperature and CC)2 flow conirol than used
here, It would benefit from some form of automatic data collection,
though it appears that little improvement is necessary in the scintillation
counting methods used, The apparatus and techniques deseribed here
could be used tn make low temperature studies on binary mixtures using
counter diffusion techniques in which the sieve is saturated with one
species of labelled gas and exchanged with another unlabelled species,
It could be expected that simple combination rules would then emerge
for the prediction of binary diffusion cocfficients from the self diffusion

cocfficients of the constituents,
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APPENIIX A -~ MOLECULAR DATA AND SIEVE POTENTIALS

The first five tables contain the polarisability, susceptibility
and equilibriun radius for sodium, calcium, oxygen, aluminium, silicon

end carbon dioxide obtained Poth from screening constants(lo)

and the
literature, The final entries in these tables are the values used in
table A6 which gives the potential constants used in equation 2.10 for
the various combinations of the molecular data used in runs 60-67.

Table A7 gives the potential constants used In equation 2,15. A detailed
breakdown of potential results obtained from runs 61 and 63 are given in
tables A8 and A9 at 298°K. Results at other temperatures used in runs
71=94 can be obtained by scaling PHI-Q to allow for its temperature
variation. Table AlO gives the values of the summation SIGMAI =

zexp (= #/KT) in the small cages.



TABLE A1
MOLECULAR DATA FOR SODIUM v
POLARISABILITY | SUSCEPTIBILITY | EQUILIBRIUM RADIUS
®X1,0,-25 CM3 | -XX1.,0,-30 CM3 rex1.0,-8 CM
9.25 (Na) 7.0 (Na) 0,77 (Na)
2,16 (Na+) 3.0 (Na+) 0,70 (Na+)
1.8 (24) 6.05 (22) 0.98 (24)
1.9 #) 7.0 (i&) 0.95 (25)
TABLE A2
MOLECULAR DATA FOR CALCIUM J
POLARTSABILITY | SUSCEPTIBILITY | EQUILIBRIUM RADIUS
olX1,0,-25 CM3 | -XX1.0,-30 CM3 rex1,0,~-8 cM
147 (Ca) 02.6 (Cca) 2,54 (Ca)
14,3 (Cea2+) 18.35 (ca2+) 0.55 (Ce2+)
4.92 (2)
4,7 (24) 22,1 (24) 0.99 (24,28
TABLE A3
MOLECULAR DATA FOR OXYGEN
POLARISABILITY | SUSCEPTIBILITY | EQUILIBRIUM RADIUS
eX1,0,-25 CM3 | -XX1,0,-30 CM3 reX1,0,-8 CM
3.3 (0) 11,6 (0) 0,47 (0)
16,5 (02-) 16,2 (02-) 0.55 (02-)
38.9 (2,18) 20,9 (2,15, 1.4 (2,24,
16,5 (16) 16 ,24) 25)
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TABLE A4
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MOLECULAR DATA FOR ALUMINIUM AND SILICON

POLARISABILITY
otX1,0,~25 CM3

SUSCEPTIBILITY
=¥Xx1.0,-30 CM3

EQUILIBRIUM RADIUS
rex1,0,~8 CcM

210 (A1)

0.77(A13+)

140 (si)
0,51 (Sig+)

44.5 (AY)
4.1 (A13+4)

41,5 (81)
3.3 (Sig+)

1,36 (AY)
0.2.4 (A13+)

1,15 (51)
0.22 (Sig+)

HYPOTHETICAL AS 3.5 +

HYPOTHETICAL AS 3.5 +

HYPOTHETICAL AS 3.5 +

0.66 3.76 0.48
TABLE A3
MOLECULAR DATA FOR CARBON DIOXIDE

POLARI SABTLITY SUSCEPTIBILITY | EQUILIBRIUM RADIUS
«KX1,0,-25 CM3 =Xx1.0,-30 CM3 rex1,0,-8 CM
26,3 (16) 34.5 (2) 2,26 (2)

4.1 TO AXIS (/6) 2.50 TO AXIS (78)
19.5 TO AXIS (/6) 1.4  To AXIS (18)
26.5 AVERAGE (76) 30.9 (76) 1.65 KINETIC (#6)

ROTATING QUADRUPOLE MOMENT Qb = .1.1,-26 esu, (24)




TABLE AO

POTENTIAL CONSTANTS AT 208 DEG, K
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TERM UNITS coz 0 -1/4 AS 3.5+ | 3/4 Ca | NaCa
(a) (b) (b) 1.54+(b) }1,5+(b)
POLARISABILITY | 1,0,-25 | 26.3 39.0 16.5 0.66 3.5 2,84
oL cM3
SUSCEPTIRILITY { 1.0,-30 | 30.9 20,9 3.76 16.6 14.5
-X cM3
EQUILIBRIUM 1,0,-8 5.12 3.06 3.04 3.55 3.33
DIAMETER Fe cM 3.30 3.05 2.13 2.04 2.62
B=-Gme *ao(b 1.0,-60 | 201 186 0.9 8.3 42.6 35
ola/Xu+uB/Xb | ERG.CMO
B/a; 1,0,-10 {5.77,-7 1 5.35,-7 | 2.32,~7 | 2.28,-8 {1.22,~7 | 1.01,~7
ERGS
pe’/ 28 1.0, 10| 4490 1036 2394 4760 2350 2760
ERGS 321 216 497 502 397 402
Clze’ Ci’abpe’ 0.107 | 0.246 277 13.5 16,3
3B . 0.004 0.1.140 136 7.46 1. 9.0
cz=e’ci’Qp’ 0.138 | 0.363 231 24.8 15.1
20KTB
PHIR2=14C1+C2 1,265 1.609 500 39.3 32.4
1,222 1.3500 486 33.3 25.1




TABLE A7

POTENTIAL CONSTANTS FOR THE CO2-C02 INTERACTION

TEMP A' BY c* E
X1.0,-10 | X1.0,-10 | X1.0,-10 | X1.0,10
DEG. K ERGS ERGS ERGS ERGS
573 6,16.,6 37 799 1205
473 0.174,6 37 968 1530
423 6.180,6 37 1083 1710
373 6.189,6 37 1228 1040
348 6.194,6 37 1316 2080
323 6.200,6 37 1418 2240
298 0.207,6 37 1537 2430
273 6.215,0 37 1677 2650
248 6.224,60 37 1846 2018
223 6.237,6 37 2053 3245
198 6.251,6 37 2313 3055
173 6.271,6 37 2647 4185
é &
WHERE A' = B'le (1+5C'/3B'fe )
2p%
B -3;1:‘ «aka
b e
C' = 7Qb /40kTb,
-i®
E 10 /KT

202,



TABLE A8

LARGE CAGE POTENTIALS AT 208 ABSOLUTE - RUN 61

(POTENTIALS IN UNITS OF 1,0,-10 ERGS/CO2 MOLECULE)

GRID POINT PHI-R PHI D PHI-P PHI=Q PHI-TOT
o o o |3.783,-5 | -1.466,-3 | -3.380,-25 | -1,606(,-3 -3.121,-3
1 0 0 | 4.478,-5 | -1.515,-3 | =-8.734,-8 | -1.759,-3 | =3.230,=3
1 1 0 5'3710-5 -10568l_3 -5'1971_{) —1’930'_3 —3'3'1*17-3
1 1 1 }|6,550,-5 | -1,0623,-3 | -2.846,~7 | -1.013,-3 | -3.471,-3
2 o o |6,80,-5 | -1.671,-3 | -1.824,-6 | -1,040,-3 | -3.554,-3
2 1 o 8'4831-5 ‘1o734t“J ‘1-302v—6 ’?-038v-3 -3-688.‘3
2 1 1 |1.072,-4 | -1.799,=3 | =3.472,=0 | -2.157,-3 | =3.852,
2 2 0 |1.421,-4 | -1,034,-3 | =2.721,~7 | =2.327,-3 | -1.118,-3
2 2 1 1.895g-4 '2.010._3 —1.2651-5 -2-513r-3 _4'3¢7y-3
2 2 2 |3.759,~4 | -2.257,=3 | -+.620,-5 | =3.001,-3 | =5.091,-3
3 0o o |1.210,-4 | -1.690,-3 | -1.793,-5 [ -2.217,-3 | -4.073,-3
3 1 0 |1.347,-4 | =2.044,-3 | -1,0661,-5 | =2,350,-3 | =4.205,-3
3 11 2.020,~4 -2'131'—3 “2-335,-5 -2.539,-3 -1.102,-3
3 2 o |2.755,-4 | -2.315,~3 | -1.020,=5 | -2.784,=3 | -1.834,-3
3 2 1 |3.846,-4 | —2.414,-3 | =4.051,-5 | -3.001,-3 | -5.161,-3
3 2 2 [8.500,-4 | =2.736,-3 | =1.434,-4 | =4.086,-3 | =6.110,-3
3 3 0 |5.712,-4 | -2.840,-3 | -1,284,-6 | -3.474,-3 | ~5.744,73
3 3 1 |8.507,~4 | -2.905,-3 | -8.410,-5 | -1.025,-3 | -0.223,=3
3 3 2 |2.249,-3 | =3.373,=3 | -3.817,~4 | -5.937,-3 | =7.442,=3
3 3 3 [7.447,-3 | -4.192,-3 | -1.080,-3 | =0.960,-3 | -7.787,-3

.4 0 o |2.375,-4 | -2.434,-3 | -8.845,-5 | -2.5%6,-3 | ~4.841,=3
4 1 o |3.103,-4 | =.561,-3 | =8.820,-5 | =2.753,-3 | =5.002,-3
4 1 1 |4.121,~4 | -2,601,=3 | -1,040,-4 | =3.012,-3 | -5.305,-3
4 2 o |5.904,-1 | -2.972,-3 | -8.254,~5 | -3.354,=3 | -5.818,-3
4 2 1 |8.260,-4 | -3.115,-3 | -1.452,-4 | =3.827,-3 | -6.262,-3
4 2 2 |1.,9130,-3 | =3.587,-3 | =3.530,~4 | =5.431,=3 | -7.432,-3
4 3 o |1.,314,-3 | =3.778,-3 | -5.002,-5 | -4.357,-3 | -6.871,-3
4 3 1 |1.972,-3 | -3.033,-3 | -2.138,-4 | -5.267,-3 | =7.464,=3
4 3 2 |5.754,=3 | =4.539,-3 | =8.609,-4 -8.625.-3 -8.311,-3
4 3 3 |2.378,-2 | ~5.735,-3 | =2.481,~3 | -1.684,-2 | -1,272,-3
4 4 0 |3.219,-3 | =5.243,-3 | =0.200,-5 | =-5.680,-3 | -7.797,-3
4 4 1 |5.021,-3 | =5.508,-3 | -4.164,-4 | =7.285,-3 | -8.188,-3
4 4 2 [1.721,-2 | -6,358,-3 | -1.R38,-3 | -1.303,~2 | =4.939,-3
5 0 0 [5.006,-4 | =3.178,-3 | -2.658,~4 | =2.008,-3 | -5.842,-3
5 1 o |7.014,~4 | -3.303,-3 | -2,088,-4 | =3.163,~-3 | =6.123,=3
5 1 1 0,399,~4 -3-6111-3 -2-971l"4 —30503o—3 -6-4711-3
5 2 o |1.509,-3 | =4.102,-3 | -2.005,=1 | =3.031,=3 | -6.844,=3
5 2 1 {1.974,-3 | =4.335,-3 | =3.971,~1 | =4.504,-3 | -7.333,73
5 2 2 |4.341,-3 | -5.117,-3 | =7.021,-4 | =6.830,-3 | -8.389,-3




TABLE A8 (CONTINUED)

LARGE CAGE POTENTIALS AT 208 ABSOLUTE - RUN 61

(POTENTIALS IN UNITS OF 1,0,-10 ERGS/CO2 MOLECULF)

GRID POINT| PHI-R PHI~D PHI-P PHI-Q PHI-TOT
5 3 o |3.85,-3 | -5.515,-3 | -3.080,~4 | -5.301,-3 | -7.300,-3
s 3 1 l3.066,-3 | =s.704,-3 | =5.703,-4 | =0.5092,=3 | =7.890,-3
5 3 2 |1.322,-2 | -6.735,—3 | -1.647,-2 | ~1.170,-3 -t5,801,=3
5 4 0 |0.056,~3 | =-8.004,-3 | =4.001,=4 | =7.140,=3 | =5.04%,-3
5 4 1 |1.928,~2 | -8,520,-3 | -0.514,-1 | =0.526,-3 | =4.720,=3
5 5 o |2,921,-2 | -1,283,-2 | =8.011,-1 | =0.250,-3 -6,211,-3
6 0 o |1.100,-3 | =1.306,-3 | ~4.004,-1 | =3.230,-3 | ~0.845,-3
6 1 o0 |1.828,-3 | -1.714,-3 | =5.127,-4 | -R.547,73 | —0.045,73
6 1 1 |2.510,=3 | =3,123,~3 | -5.880,-1 1 -3,052,73 | -7.143,73
6 2 o |35.72,-3 | -6.132,-3 | =6.675,-1 | —1.510,=3 | -0.1 10,3
6 2 1 |6.062,-3 | =6,346,-3 | ~7.032,-14 | -5.270,~3 -6,5350,=1
6 2 2 |1.182,~2 | -8.,041,-3 | =1.320,-3 | =7.052,-3 | =5.501,-3
6 3 0 [1.798,~2 | -0.149,-3 | =8.0683,~¢ | -0,251,-3 } 41.713,73
6 3 1 |1.868,-2 [ -0.362,-3 | ~1.210,-3 | =7.733,-3 -1, 136, -1
6 3 2 |3.334,2 | -1.1206,=2 | =2.6.40,-3 -1.388,-2 | +5,3560,-3
7 o o |286,-3 [ -3.903,-3 | =5.060,=1 | =3.541,=3 | -7.227.73
7 1 o0 |5.179,-3 | =0.726,-3 .| -6.027,-4 | -3.009,-3 | -6.148,-3
7 11 |7.536,-3 | =7.540,=3 | =7.010,=¢ | -4.365,-3 | =5.103,-3
7 2 o |2.311,-2 | =0,023,-3 | -1.036,-3 | -5.142,-3 | +0.000,=3
7 2 1 |2.431,-2 | -1.060,-2 | -1.158,-3 | =5.909,-3 +1.517.73

8 o o |5.903,-3 | -7.867,-3 | -5.233,-4 | -3.821,-3 | -0.221,3
8 1 o |1.374,-2 | -o.111,-3 | =6.017,-4 | =4.282,-3 | -5.%02%, =1
8 1 1 |2.111,-2 | -1.009,-2 | -7.020,-1 | =4.800,=3 | +1.012,-3
9 o o |1.010,-2 | -0.655,-3 | -1.073,-4 | =4.010,-3 | =3.804,-3
9 1 o |2.805,-2 | -1,217,-2 | =2.755,~ -1.031,=3 | 11,008, -2

10 o o |1.217,-2 | -1.,040,-2 | -1,441,-7 | -1.142,-3 | =2.374,73

SMALL CAGE POTENTIALS AT 208 ABSOLUTE = RUN 61

10 10 10 | a,160,=3 | =G, 000,-3 | =1,13C,=3 -1.76%,-2 | =,010,-2

10 10 g | 0,506,-2 | =7.472,=3 | =5.015,-0 | -1.047,=2 | -2.035,-2

10 10 8 |1,4061,=2 | =0.587,-3 | =2.182,-¢4 | =2.422,-2 | -1.612,-2

10 10 7 {3.043,~2 { -1,403,—2 } -2.313,-3 | -2.070,-2 -7.513,~3

10 9 q [1,000,—2 | -8,003,-3 | =4.825,-h | =2,202,-2 | -1.052,-2

10 9 8 |=2.601,-2 | -1,040,-2 | =2,288,~4 -2 801,-2 | -1.353,-2

10 g 7 |6,031,-2 | =1.038,~2 | =2.416,-3 | -3.713,-2 +1,3060, =2
9 9 g [2.031,-2 | -8.780,=3 | -1.188,-1 | =2.599,-2 | -1.158,~2
9 o 8 |6.317,-2 | -1.133,~2 | -6.327,-4 [ -3.746,-2 | +1.37.4, -2

-




TADILF A0

LARGE CAGE POTENTTALS AT 208 ABSOLUTE = RUN 03

(POTENTIALS IN UNITS OF 1,0,~10 ERGS/CO2 MOLECULE)

GRID POINT PHI-R PHI-D PHI -P PHI~-Q PHI-TOT
o o o |3.585,-5 { -6.737,-4 1 -3.380,=25| -1.606,=3 { =2.331,-3 -
1 0o o | 4.263,=5 | =6.06.4,~4 | =8.731,-8 | =1.750,~3 } -2.413,=3
1 1 o |5.169,-5 | -7.207,-4 | =5.107,-0 | -1,830,-3 | =2.100,-3
1 1 1 |6,436,-5 | =7.467,~4 | =2.846,=7 | ~1.013,-3 | =2.506,-3
2 0 o |6.400,-5 | =7.680,-1 | =1.824,-6 [ =1.040,-7 | ~2.044,=3
2 1 o g-lgq.“S =7.074,=4 -10329!_6 -2~038--3 -2.755,~3
2 1 1 | 1.076,«1 | =8,288,=1 | =3.472,=0 | =2,157.=3 -2,881,-3
2 2 o | 1,1035,~t | =8,000,-4 | -2,721,-7 | =2.327,-3 | =3.077,-3
2 2 1 |1.,008,=-1 | -0,286,-4 | =1,265,-5 | =2.513,=3 | =3.25},-3
2 2 2 | 4.371,-¢4 | -1.0%0,-3 | =1.620,-5 | -3.001,-3 | =3.750,-3
2 0 o |1,002,-4 | -8003,-4 | -1.703,-5 | ~2.217,-3 -3.026,-2
3 1 a |1.430,-1 | =0.301,=4 | =1,661,-5 | ~-2.350,-3 | -3.172,-3
3 1 1 |1.977,-14 | =0.813,-1 | -2.335.~5 | -2.339,-3 | -3.346,-3
3 2 o | 2.648,-4 -1.060,~-3 -1.020,=5 -2,784,-3 -3.506,=3
3 2 1 | 4.075,-4 | -1.117,-3 | -1.051,=5 | =3.001,~3 | =3.841,-3
3 2 2 |1.034,=3 | -1.281,-3 | =1.434,-1 | —4.086,-3 | -1.477.-3
3 3 0 |5.308,-4 | -1.301,=3 | -1.284,=0 | =3.474,-3 | -4.245.73
3 3 1 |o.215,-4 | -1.378,-3 | -8.110,-5 | -1.025,-3 | -1.505.-3
3.3 2 |2.887,-3 | -1,602,-3 | -3.817,-4 [ ~5.037,-3 | =5.034,=3
3 3 3 |1.033,-2 | -2.050,-3 | -1.080,=3 | =0.060,-3 | -2.765,-3
4 0 o | 1.016,-4 | -1.112,-3 | -8.845,-5 | =2.550,=3 | =3.564,-3
4 1 o | 2.,580,-4 | -1.171,-3 -8.820,-5 | -2.753.,~3 | =3.754.-3
1 1 1 3°6720-4 ‘1.2340—3 ‘1.046'-4 -3'012'—3 -3-Q83r-3
4 2 o |35.190,-4 | -1.363,-3 | -8.254,-5 | -3.354,-3 | -4.280,-3
4 2 1 | 8106,-1 | -1.437,-3 | =1.452,-1 | =3.827,-2 | =1.500.-3
4 2 2 | 2.268,-3 | -1,081,-3 | -3.530,~4 | -5.131.-3 ~-5.108,-3
4 3 & 1.123,-3 -1,735,=3 —5-0021—5 -4-3571-3 -5.020,=3
1+ 3 1 |2,000,-3 | -1.835,-3 | -2.138,~1 | -5.207,-3 | -5.308,-3
+ 3 2 |7.319,-3 | =2.174,-3 | =8.600,-4 | =8.665,-3 | -4.351,-3
4 4 o |2.527,-3 | =2.300,-3 | =0.300,=5 | -5.680,=3 -5.615, =7
4 4 1 4-852v-3 =2.55.4+=3 -4'164n-4 _7'285v—3 —5-4031-3
4 4 2 |2z,210,-2 | =3,n02,-3 | -1.858,=3 | -1.303,-2 [ +3.227,-3
5 0 0 |3.584,~4 | =1.410,-3 | -2,058,~1 -2,908,-3 | -4.256,-3
5 1 o |5,022,-4 | -1.530,-3 | -2.688,-4 | =3.163,~3 | -4.460,~3
s 1 1 |7.21,-4 | -1.642,-3 | =2,071,-4 | =3.503,-3 | -4.730,-3
5 2 o |1,000,-3 | -1,865,=3 | =2.90%,-4 | =3.051,-3 | -5.025,"3
5 2 1 |1,621,-3 | -1,081,-3 | -3.071,-4 | =4.594,-3 | =5.351,73




TASIF,_AQ (CONTINUFD)

LARGE CAGE POTENTIALS AT 208 ABSOLUTE ~ RUN 63

(POTENTTALS IN UNITS OF 1,0,-10 ERGS/C0O2 MOLECULE)

GRID POINT PHI=-R PHI-D PHI-P PHI—Q PHI-TOT
5 2 2 | 4.416,-3 | ~2.376,-3 | ~7.621,-4 | -6.850,=3 | =5.572,=3
5 3 o | 2.087,-3 | —2.506,-3 | ~3.080,=4 | =5.301,-3 | -5..428,-3
5 3 1| 4.294,-3 | ~2.0659,-3 | =5.703,~4 | -6.592,-3 | -5.528,=3
5 3 2| 1.534,=2 | -3.196,-3 | -1.647,-3 | ~1.170,-2 | -1.208,=3
5 4 o | 6.643,-3 | -3.640,-3 | ~4.004,~4 | ~7.140,-3 | ~4.510,~3
5 4 1| 1.155,~2 | ~2,009,-3 | ~0.514,~4 | -0.526,-3 | -2.838,-3
5 5 o | 1.793,-2 | =5.750,-3 | ~8.911,-4 | -0.250,-3 | +2.038,-3
6 o o [ 7.416,-4 | -1.033,-3 | ~4.904,-4 | =3.239,-3 | —4.921,=3
6 1 o |1,137,-3 | -2.117,=3 | =5.127,=4 | =3.547,73 | =5.040,-3
6 1 1| 1.609,-3 | -2.303,-3 | ~5.880.-4 | ~3.052,-3 | =5.233,~3
6 2 o | 3.144,~3 | ~2.751,-3 | ~0.0675.-4 | -4.519,-3 | =4.794,~3
6 2 1| 3.996,-3 | ~2.948,-3 | ~7.952.,~4 | -5.270,-3 | =5.270,=3
6 2 2 | 9.000,-3 | =3.600,-3 | -1,320,-3 | ~7.052,~3 | =3.934.-3
6 3 0 1.058,-2 ~4.002,=3 | =8.0683,-4 ~6.251,~3 | =0.287,-4
6 3 1 1.211,~2 | -4.308,-3 | ~1.2106,=3 | =7.753,-3 ~1.165,-3
6 3 2 | 2.8R%7,—2 | -3.105,3 | -2.046,=3 | ~1.28R,-2 | +7.150,~3
7 o o | 1,0633,-3 | -2.628,~-3 | -5.0960,-4 | -3.541,~3 | ~5.132,-3
7 1 o | 2.975,-3 | ~2.990,-3 | -6.927,-4 | =3.909,~3 | =4.017,~3
7 1 1| 4.350,-3 | -3.352,~3 | =7.940,~4 | =4.365,=3 | ~4.156,-3
7 2 0 1.299,-2 ~.1.400,-3 ~1.03h,-3 -5.142,~3 +2.417,-3
7 2 1 {1.395,~2 | =4.740,-3 | -1.158,-3 | =5.009,-3 | +2.136,-3
8 o o 3.371,-3 | -3.478,=3 | -5.253.-4 | =3.821,-3 | -4.454.,-3
8 1 o | 7.660,-3 | -6.051,-3 | ~6,017,-1 -1.282,-3 | -1.3%83.-3
8 1 1| 1.,178,-2 | -1.841,-3 | ~7.020,~4 | =1.800,-3 | +1,427,=3
9 o o |s.617,-3 | -1.252,-3 | -1.973,-4 | =4.049,-3 | -2.881,-3
9 1 o | 1.352,-2 | ~5.348,=3 | ~2.755.~4 | =4.031,-3 | +5.270,~3

i0 0o o 6-755'-3 "‘4-5760—3 -1.411,-7 ~4.142,-3 -1-9631-3

SMALL CAGE POTENTIALS AT 298 ABSOLUTE ~ RUN 63

10 10 10 | 5.024,-3 | ~3.421,-3 | -1.150,-5 | ~1.765,-2 | -1.546,~2
10 10 9 | 8&.351,-3 | -3.714,-3 | =5.015,-0 | -1.947,~2 | -1.484,-2
10 10 8 | 1.745,-2 | -4.745,-3 | =2.482,-4 | ~2.422,-2 | -1.177,-2
10 10 7| 3.718,=2 | ~7.182,-3 | -2.313,-3 | —2.070,-2 | =2.020,-3
10 9 9| 1.379,-2 | -1.017,-3 | =1.825,-6 | ~2.202,-2 { ~1,228,-2
10 o 8 [ 3.323,-2 | -3.214,~3 | ~2.288,-1 | ~2.801,-2 | -1.124,-3
10 9 7| 7.371,-2 | =7.000,-3 | ~2.416,-3 | =3.713,-2 | +2,016,-2
o o ol z2.770,-2 | =1.414,-3 | -1.183,-4 | ~2.300,-2 | =-2.845,-3




207,
/ 7

TABLFY Al1O
AL A

SIALT, CACF STCMAY VATITE

.......

TENMP RUN 60 RUN 61 RUN 62 RUN 63
(DEG, K)

573 4.959,7 4$111,6 q.680,% R.170,4
473 2,272,10 1.118,0 1,042,8 0,810,060
423 2.776,12 0,725,10 1 3“1,10 :.h8%,8
373 2,674,15 5.285,13 6.343,12 1.300,11
348 2.675,17 2,716,15 4.105,14 5.,012,12
323 7.102,19 6.479,17 6.748,16 H.25.4,1.1
208 1.024,23 5.180,20 '} 5.467,10 2.754,17
273 1,106,27 2,522,214 3.282,23 6,602 ,20
248 3.682,32 2,257,20 6.251,28 2.540,25°
223 2,008, 40 1.135,36 1.875,36 4.303,31
108 5.339,51 4.303,45 1.676,47 5.027,.40
173 2.960, 68 0.386,50 2,118,603 1.562,54

Y




208.

APPENDIX B -~ FRACTICAL RESULTS

This section contains the practical results obtained at 25°C and
- 25°C used to derive table 6.18 and subsequent results. Run start

timee, To, and the average background counte are ineluged for each rum,

together with the derived values of J Tr , ch and ICr.



PRACTICAL RESULTS

TRIAI. RUN (14) AT 25 DFG, C

PRACTICAL RESULTS
TRTAL RUN (2A) AT 25 DEG, C

209,

TO = 11,0 SFCS TO = 12,4 SECS
BACKGROUND = 1,528 e¢/s BACKGROUND = 1.3Nn5 ¢/s
FILM INTEGRAL FIIM INTEGRAL
TIME COUNT Tr 1Ch TIME couxt | [Tr 1Cb
(SECS) (SECS) '
12.0 14200 13.5 12300
12.6 25700 1 25681 1.1.0 17500
13.0 24100 : 14.4 26100 1 26078
13.5% 1h1o0 15.1 44000 '
1¢.1 60200 15.5 55000
11.5 [ 70300 16.0 60000
15.0 83600 16,3 82300
13,0 09800 2 an776 17.4 | 1otooo 2 10067
18,1 | 138200 2.6 | 138172 20.2 | 159000 2.6 | 150870
10, ¢ | 168300 2.8 | 168470 21.2 | 160400 2,8 | 1603608
20.6 | 175200 3 175160 22.4 | 175400 3 1752350
21.8 | 178000 3.2 | 177967 23.6 | 178350 3.2 | 178314
22,2 | 179630 2ot | 17abt7 25.0 | 170060 3.4 | 179022
24.6 | 180860 2.6 | 180822 27.2 | 181330 3.7 | 1813600
26,0 | 181520 3.8 | 18180 35.4 | 183123 4.7 | 182100
27.6 | 1820350 4 182008 46 184287 2.7 | 184218
33.2 | 183320 1.0 | 183265 bo.1 | 185033 6,8 | 181943
45 1841127 £.8 | 184038 75.4 | 185757 7.9 | 185644
75 185717 8 183602 1.4 186344 8.8 | 18620h
125 187325 10,6 | 1871734 110 1860773 n, & | 186807
200 18R008 1.1.1 | 188602 235 180760 14,9 | 180106
400 101584 10,7 | 190073 410.4 | 101837 19,0 { 101219
635 103105 24.q | 102200
ono 193913 20,8 | 1025338 060 104165 30,8 | 102702
1250 104654 33,2 | 192744 1275 104724 35 102865
1600 195230 20.8 | 102881 1610, 1| 105362 40 192038
2100 106076 45.7 | 192867 2031, 1| 196077 45 103015
2500 1006633 109.0 | 102833 2510 106863 30 103087
3025 197457 | 54.0 | 102834 3035 1a7670 | 55 193102
3600 1983720 50.0 | 102838 3610 108520 60 103087
4225 190319 61,0 | 102863 4235 100638 65 103264
4020 200375 70 192857 1910 200688 70 193208
5730 201608 75.7 | 102822 5635 201840 75 103368
6410 203060 | "o 103413
\ 7235 204331 &z 103412
8100 205237 8a.a0 | 102876 8110 205663 90 193457
an35 207115 a5 193517
10000 208160 aa.0 | 102880 10010 208356 | 100 193 101




TABLE B3 .

PRACTTCAL RFSULTS
PELLET RUN (3A) AT 25 DEG. C
To = 12.8 SECS ‘

BACKGROUND = 1.547 </s

210,

FILM | INTEGRAL FILM TNTEGRAL

TiME | count | fTr | 1cr TIMP COUNT Jrr icr
(SECS) (SECS)

13.0 0200 100.8 100886 a.9 100716
13.5 19100 23.1.8 200080 11.0 200620
13.8 26100 |1 26079 4008 210161 19.9 218827
14.0 31400 638, 4 228252 25 227270
1.4.6 44100 900.8 236703 20 235206
15,0 53300 1234.8 245112 35 243202
15.5 65300 1608.8 253240 40 230751
16,0 78200 2035 201405 45 258317
16.8 qo800 |2 09774 2510 260297 50 263414
18,8 157600 |2.6 | 157571 3035 276688 59 271993
20,6 167800 | 2.8 | 167768 3610 283401 60 277006
21,8 177100 |3 177066 4235 28q677 | * 67 283125
23.0 180100 {3.2 | 179964 4910 205325 70 287729
24,4 182700 {3.4 | 182662 5635 300207 75 201490
25.8 184030 | 3.6 | 183000 6410 301647 8o 204731
27,2 185020 | 3.8 | 184978 7235 308484 83 297201
28,8 185800 | 4 183755 8110 311880 90 200334
33.0 | 187560 |..5 | 187509 0035 314900 a5 300023
25,8 188440 | 4.€ | 1838y 10010 317710 100 302225
5.8 10008 | 5.7 | 190010 10510 372196 102.5 303937
58.8 103450 | 6.8 | 193359 11010 323764 105 306732
73.8 195710 | 7.8 | 105506 11010 324724 107.2 306018
92.8 198018 {9 197037 12010 325480 109.2 306001




TABLE B4

PRACTICAL RESULTS
PELLET RUN (4A) AT 25 DEG, C
TO = 13,5 SECS A
BACKGROUND = 1.585 ¢/s

211.

FILM | INTEGRAL FILM INTEGRAL
TIME COUNT Jrr ICr TIME COUNT [Tr " I1Cr
(SECS) {SECS)
14.0 16000 410,3 218876 10.0 218225
14.5 26800 | 1 20777 635.5 227382 25 226375
15,0 37800 010.,5% 235465 30 234022
15,5 50100 1235 243246 35 241468
16,1 64700 1610 251358 40 2488053
10,5 76300 2040 259368 45 256134
17,0 8g300 2310 266729 50 262750
17.5 100500 | 2 100472 3035 273509 55 268698
20.3 160700 | 2.6 | 160668 3610 2798309 6o 274116
21,3 170900 | 2.8 | 170866 4235 285781 65 270068
22.5 177500 | R 177 464 4910 201001 70 283279
23.7 181000 | 3.2 | 180062 5635 295677 75 286716
25.1 182750 | 3.4 | 182710 6410 299013 80 289753
26.5 183050 | 3.6 | 183008 7235 303582 85 292115
35.5 18R077 | 4.7 | 188021 8110 306830 90 293976
46.5 190900 | 5.8 | 100826 0035 300744 05 205424
65.5 104341 | 7.2 | 104237 10010 312426 100 206560
74.5 195659 | 7.8 | 195341 10510 316775 102, 1 300117
01.5 197857 | 8.8 | 107712 11010 318230 10.4,0 300779
110,535 190017 | 9.9 | 199741 11510 319080 | 107.2 300845
235.,5 200596 |14.9 | 200228 12010 310862 109.5 300826




TABLE B&

PRACTICAL RESULTS
PELLET RUN (5A) AT 25 DEG, C
TO = 12,4 SECS
BACKGROUND =" 1,584 ¢/s

212,

FILM | INTEGRAL FILM INTEGRAL

Tive | count | [Tr | 1er TIME COUNT JTr Icr
(SECS) (SECS)

12.5 9700 235.4 213179 14.9 212806
13.1 19400 410, 4 223207 20 222557 .
13.4 27300 |1 27279 635.4 | 232365 25 231359
14,0 40300 010.4 | 241216 30 239774
14.3 51400 1235 249819 35 247862
15.0 64100 1610 258273 40 2358722
15,6 | /78300 2035 266518 45 263294
16,0 88800 2510 274027 50 270651
16,4 Q0300 | 2 0927 4 3035 282217 53 277409
10.2 150400 | 2.6 | 150370 3610 289113 60 283604
20.2 170200 | 2.8 | 170168 4235 205816 65 280107
21.4 177200 | 3 177166 1060 302013 70.2 294156
22,6 180700 | 3.2 | 180664 56135 306783 73 207857
24.0 182700 | 3.4 | 182662 6410 311203 8a 301050
25.4 1814260 | 3.6 | 184220 2235 315082 83 303622
26,8 185320 | 3.8 | 185278 8110 318426 90 303580
28,4 186265 | 4 186220 0035 321478 95 307167
35.4 180176 | 4.8 { 180120 10010 . 324174 100 308318
46,4 192100 | 5.8 | 192127 10510 320262 102, 4 312614
50,4 195001 | 6.9 | 194907 11010 331100 104.9 313660
74.4 | 107465 | 7.9 | 197437 11510 331945 | 107.2 | 313713
01, 4 190921 | 8.9 | 199726 12010 332757 100.8 313733
110, 4 202217 | 9,9 | 202042 12610 333751 112,2 313777




TABLE BbH

PRACTICAL RESULTS

TRIAL RUN (1C) AT -25 DEG, C
TO = 11.3 SECS

BACKGROUND = 1,408 c¢/&5

213,
TABLE B7

PRACTICAL RESULTS
TRTAT, RUN (2C) AT =25 DEG. C
TO = 11,2 SECS

BACKGROUND = 1,580 c/&

FILM TNTEGRAL FIIM TNTEGRAL
TIME- coont | [Tr IChb TIME coont | [rr ICh
(SECS) (SECS)
12.3 18600 1 18582 11.5 0200
12.5 21800 12,2 19300 1 10281
13,1 32500 12.5 23000
13.5 40000 13.0 34000
14.1 51200 12,5 | - 42700
11.3 38200 1.1.0 =#1Ro00
13,0 67000 11.5 62200
12.3 | 73800 2 73777 15.2 | 75000 2 75876
15.6 78700 18.5 813500
18,1 | 110700 2.6 | 1109673 18.n | 123000 2,6 | 122071
10,1 | 1209700 2,8 | 120671 10.0 | 132100 2.8 | 132070
20,3 | 137100 3 137070 20,2 | .138300 3 138268
21,5 | 140770 2.2 | 110738 21.4 | 111250 3.2 | 141216
22,0 | 147030 2.4 | 143016 22,8 | 147100 2.1 | 143061
24.3 | 141180 1.0 1 1141414 24.2 | 111270 2,6 | 111102
25.7 | 1.41000 3.8 | 144062 25,6 | 141010 3.8 | 144800
27.3 | 143516 4 145475 27.2 | 1454%0 4 145477
31.5 | 146460 4.5 | 1461413 31.4 | 146430 1.5 | 14628
16,3 | 147071 5 1 17020 36,2 | 147021 3 146004
46,3 | 147841 5.0 | 147772 46,2 | 147782 2.0 | 147709
50,3 | 148425 6.0 | 118336 50,2 | 148355 6.9 | 1182350
74.3 | 148886 7.0 | 148775 74.2 | 148849 8 148731
a1.3 | 149321 0 14918 01.2 | 140362 9 140217
110,3 | 14097353 10 140570 110,2 | 140840 10 1.40M6O3
235.3 | 151722 15 151370 235.2 | 131947 15 15157
410,3 | 153301 20 152686 110,2 | 153671 20 1573020
633.3 | 134567 25 133015 636.2 | 153118 25 15.1100Q
a2n.3 | 155526 30,1 | 151147 10,2 | 156104 30 154060
1235.3 | 150258 | 33 151408 1235 156861 | 35 15.4902
1610,3 | 136056 10 154343 1610 1537563 40 1335000
2035 157653 43 15.1601 2035 158279 | 45 155031
2512 1538410 50 15.16.47 2510 150032 30 155051
3035 150187 | 53 154640 3120 150097 | 35.7 | 155048
3620 160031 60 154608 3610 160788 60 155002
4235 160060 65 154589 1235 161839 653 155122
4910 162044 70 154688 4910 162882 70 133003
5035 163101 75 154749 5635 161005 73 IEEEER
0410 164378 80 154755 6420 16520 So 157112
7235 165647 | 85 154809 7233 166620 | 83 155134
8110 166072 Qo 154823 8110 167933 00 155020
Q035 168360 95 151826 35 160352 95 155022
10010 169823 | 100 154828 10010 170804 | 100 155018




TABLE BS

PRACTICAL RESULTS
PELLET RUN (3C) AT -25 DEG, C
TO = 11.5 SECS

BACKGROUND = 1,199 c/s

2l4,

FILM | INTEGRAL . FILM INTEGRAL
TIME COUNT Tr Icr TINE COUNT 13 ICr
(5ECS) {SECS) g
12,5 20100 |1 20081 235.5 162833 15 162479
13.1 20300 410.5 170072 20 160157
13.5 36200 fh3=.5 | 177193 25 176311
14.0 45300 910,% 184885 30 183525
14.5 53800 1235 192204 35 190485
15.0 63400 1620 190.473 40,1 107043
13.5 71000 | 2 21877 2035 206108 45 203050
16.1 83700 2510 212673 50 208013
Y18.3 119600 | 2.6 | 1193573 3035 218805 55 214345
10.3 130100 | 2.8 | 130071 3013 224090 60 210580
20.5 137000 | 3 137809 4235 230042 635 224297
21,7 141700 | 3.2 | 141067 1923 236202 70.1 | 228812
23.1 144150 | 3.4 | 144115 3635 241038 75 232598
24.5 145480 [ 3.0 | 145443 6410 245072 8o 236062
25,0 146290 | 2.8 | 1.4H251 7255 210828 85 238048
27.5 | 1460350 | 4 146000 8110 253535 90 241385
31.7 148280 | 1.5 | 148232 0035 256022 95 242022
36.3 1409220 |3 140165 10010 250067 100 24.1967
15 | 150003 | 2.0 | 130503 10310 262357 | 1oz.4 | 246005
a3 151080 | .o | 151801 11130 268321 105 251871
4.5 153215 | R 153103 11610 270126 107.8 252726
01,5 154555 | 9 154418 12110 271930 110 252890
110.5 155837 | 0.0 | 1550011 13220 272589 115 252779




TABLE BQ

PRACTICAL RESULTS
PELLET RUN (4C) AT -25 DEG. C
TO = 10.2 SECS

BACKGROUND = 1,548 c/=

215.

FIIM | INTEGRAL FILM INTEGRAL
TiMe | count | fTr | 1cr TIME COUNT 153 Icr
(SECS) (SECS)

11,2 19000 | 1 19883 235.2 162897 15 162533
11,5 25100 410,2 170613 20 169978
12,1 34900 635.2 178303 25 177320
12.5 43500 010.2 186346 30 184937
h

13.0 52800 1235 194080 35 102168
13.5 63100 1610 201501 40 199009
14.2 74200 | 2 74178 2035 208623 45 205473
14.6 82100 2510 214871 50 2100984
17.0 120100 | 2,0 | 120074 3045 221538 55.1 216824
18,0 130700 | 2.8 | 130672 3610 227479 6o 221801
19.2 138750 | 3 138720 4235 232879 63 226323
20.4 143000 | 3.2 | 141868 4910 238659 70 - 231058
21,8 | 144360 | 3.4 | 144326 5635 241500 75 233777
23.2 145540 | 3.6 | 145304 6410 248105 8o 238902
24.0 146380 | 3.8 { 146342 7235 252701 85 241561
26,2 147010 | 4 140060 | 8110 255000 90 243445
-y

20,6 | 147050 | f.1 | 147004 0033 259353 a5 245367
35.2 110250 | 5 149106 10010 262367 100 246872
46.2 150725 | 6 150053 10510 265855 102,5 249586
50.2 152125 | 7 152033 11110 271388 105.4 254189
74,2 153368 | 8 153253 11610 273200 107.7 255228
01.2 154565 | 9 134424 12110 27 4035 110 255289
110,2 155033 |10 155762 13220 275743 115 255278




TABLE B10

PRACTICAL RESULTS
PELLET RUN (5C) AT -25 DEG, C
TO = 10,8 SECS
BACKGROUND = 1,535 c¢/s8

215,

FILM | INTEGRAL FILM INTEGRAL

TiMe | count | JTr | TCY TIME COUNT Jr ICr
(SECS) . - (SECS)

11,0 0100 100.8 155356 10 153187
11,0 15600 234.8 151903 15 161513
11.8 10000 |1 18082 400.8 168701 20 168072
12,0 22100 034.8 | 176102 25 175218
12,5 30100 000.8 183428 30 182031
13.0 40000 1235 190881 35 188986
12.6 51800 1610 107748 40 103277
14.0 50100 2035 204781 13 201658
11.8 72200 |2 72177 2510 210782 50 206020
1%.0 26800 3035 216071 35 212313
17,6 121900 | 2.6 | 121873 3610 223020 60 217479
18.6 131500 81 131471 4235 2280627 65 222127
19,8 138300 |3 138270 1921 2343603 70.1 226812
21.0 111800 [3.2 | 141768 5635 230040 75 230397
22,4 141100 | 23.4 | 141066 6310 243827 8o 2330988
23.8 | 145350 |3.0 | 145313 7233, 247351 85 236245
25,2 146130 | 3.8 | 146030 8110 2513.1H Qo 239007
20,8 146780 | 4 146739 0035 25,1820 95 240051
31,0 147800 | 1.5 | 147752 10010 257603 100 242238
35.8 148730 |5 148675 10510 2060215 102.5 244082
45.8 150080 | 3.9 | 150010 11110 265764 105, 4 218110
58,8 151470 | 6.9 | 151380 11610 207584 107.7 240763
73.8 152825 | 7.0 | 152722 12110 268643 110 250054
90.8 154058 | 9 153010 13220 270340 115 250047




217.

APPENDIX C ~ COMPUTER PROGRAMMES

Programme Notes for Sieve Potential Calculations - Run 63

Data Input This consists of the coordinates A(I), B(I), C(I) of the .
twelve oxygen ions and the single calcium ion in the (X, Y, Z) quadrant
of the unit cell, in units of a . GO to G12 are the digsperision constants
B/ag. HO to H12 are the constants pg/zB such that H(I).G(I).G(I).Y(T)
generates the repulsion constants where YO to Y12 are the correction terms
1 + Cl + C2. The temperature coefficient of the Y(I) is negligible and
the value at 298°K i1s used throughout. =0 to %12 are the charges
residing on the structural ilons in units of the charge on an electron.
Z(I) contains the remaining constants. Z0 to 25 are the gric point
reflection factors. %6 to Z17 are the quadruple constante eZQS/ZOkTag.
718 to %29 arc the conversion factors 10 . C/KT for the twelye temperatures
730 to 241 used. 242 is the polarisation constant e2/b/2a. s

Organiéation Potentials are calculated for a single CO, molecule using

2
a tetrahedral grid with a gridline separation 'bo = ao/ZO. This gives a
posasible 284 points at which @ may be calculated, but only those with

= ~10
¢('1‘=173) 0.005 x 10 " ergs. are consldered. The three cycles J, K
and L select the next grid point, starting at the centre of the large
cages The w?_ molecule!s position is calculated from these, followed by

the grid point reflection factor Z. The cycle I = O(1)12 after label 17)
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selects an fon from the data table and generates all the positions of
ions obtaginable by reflection and rotation of the data ion inside a
cube, side Ta centred on the grid point (o, O, 0).A The cycles P, Q
and R select in turn all these positions in the region X 2 O, The
separation distance squared from the gridpoint is calculated and if
this distance is suitable the repulsion, dispersion, quadruple and
polarisation contributions are calculated. If any of these potentials
are calculated a test is made at label 29) to see 1f the ion position
in X <€ 0, if this exists, has been considered. If not, the programme
goes to label 27) and generates this ion position and calculates the
relevant potentials before continuing with the calculations for the

next generated ion position.

When all the data ions have been dealt with the polarisation
potentlal is calculated from its resolved parts and the quadruple
potential at various temperatureé is calculated from the value at 298°K.
The total potential is stored in VO to V11l and the resulting
exponential sumg in X0 to X11l. After obtaining the resulte for a grid
point a decision is made as to the status of the last one or two grid
points at which potentials were calculated. If &

173
last point only, the programme moves on to the next grid value of K, not

> 0,005 units at the

L, and if the last two calculated were both greater than 0.005 units
the programme moves to the next grid value of J, not K. This ensures
that a minimum number of grid points with eignificantly positive
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potentials are congidered without missing any negative pointsa.

Programme Output This includes the coordinates of all the grid points
considered with a breakdown of the potential contributions and the
numbers of ions involved in their calculation. Then follows the total
potential, the quadruple potential, the partition exponential, and the
continued sum of the partition exponential. at each of the twelve
temperatures programmed. The potentiale are in units of lO"'loergs.

per 002 moleculee Finally the resolved components of the polarisation

contribution are given.

Flow diagrams for this programme are given in Figures 3.8-10.
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EXCHLF SIFVE POTENTIALS PROGRAMME

TITLE
CARBON DIOXIDE POTENTIALS IN LINDE MOLECULAR SIEVE 5A.
14
TITLE
PROGRAMME LJ,P,Q/2038.4 RMAX SQUARED = 12,25 MK3., OXYGEK AND CA ONLY.

TITIE .
HIGH €O2 RADIVUS, LOW NXYGFEN POTARTSARILITY,

TITLE
PARTTALLY TONISED STATES. 3/4 TA 1.5 +

CHAPTYR O
A»25
3223
C»12
12
He12
r>»12
Y&l12
74*42
U»6H
F»13
w»l0
P>l
F>11
Val1
X»11
T=n(1)12
READCA(I))
READ(B(1))
READ(C(1))
READ(G(1))
RFAD(H(I))
READ( (1))
READ(Y(I))
READ(Z(T))
REPEAT
1=13(1)42
READ(Z(T)) {  QUANRUPOTE CONSTANTS CONTYNUED, 1/kT CONSTANTS

|  TEMPERATURES, POLARTSATION CONSTANT

READ DATA IN

X COORDINATE OF ION(I)

Y COORNINATE OF ION(1)

7 COORDINATE QF ION(1)

DISPERSTON CONSTANTS

PHT R1 CONSTANTS

CHARGE QN TON

PHI R2 CONSTANTS

REFLECTION FACTORS, QUADRUPOTE CONSTANTS

RFPEAT
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>>LIMITS LARGFE CACE,
NEWLINE 48
CAPTTON '
CO2 POTENTTALS AND PARTITION FUNCTIONS IN LARGE CAGF,
NEWLINE 4
1'zn
Jt-10
K'zo
MO
o0=1 | CYCIE STFDP LENGTH
s'z=n
A18=2
JuMp 2

>>LINTTS SMALL CAGT,
1100111
X120 ] CLEARS EXPONENTIAL S!M
REPEAT
NEWLINE 4
capTION
TOTAL NUMBEP OF POINTS CALCULATED IN LARGE CAGE =
PRINT(W!, 7, 0)
CHECK(A1R,3,0,01,0)
NFWLINE 18
A18:3
Jnm 10
OINEWLINE 43
10YCAPTION
CO2 POTENTIALS AND PARTITION FUNCTIONS IN SMALY, CAGF,
NEWLINE 4
1'=10
J'-
L'=0
N=0
0=-1 | CYCLE STFP LENGTH
S'z1

>>SET TETRAHEDRAL GRID CYCLES,

2)W'=o
J=1*(0)J°* |}  START OF J GRID CYCLE
X'z0,057 | X COORDINATFE OF CO2Z MOLECULE

JUMP 3, S'z=0
JUMP 4, S'=1
3PL'=J
JUMP 5
4)K'=J
SIKZK (0L |  START OF K GRID CYCLE



Y'=n,05K
JUMP 6, s'z=n
Jue 7, s°'c1
6INZK
Juvp 8
7IM=K
SHIL-M(OIN
Z':n.OSL
Wr=w'l
JuMpP 38, W'>100

>>CALCULATE GRID POTNT

JUMP 15, J=0

Jump 11, J=K

JUMP 14, K=L

JUMP 13, 1L=0

2=75

JUMP 17
11)JUMP 12, Lzo

Z=23

JUMP 17
12)JuMPe 13,K7L

Z=72

JUMP 37
1337=74

JUMP 17
14)aJme 316, K=o

JUMP 173
13)72=70

JumMp 17
16)z=z1

Y COORDINATE OF C0O2 MOLECULE

START OF 1. GRID CYCLE
Z COORDINATE OF C0O2 MOLECULE
COUNTS GRTID POTNTS

REFLECTION FACTOR,

REFIECTION FACTOR TYPE R
REFLECTION FACTOR TYPE 4
REFLECTION FACTOR TYPE 3

RTFLECTION FACTOR TYPE 3,6,7

REFIECTION FACTNR TYPE 1

REFIFCTION FACTOR TYPE 2

>>S£IECT NEXT TON AND REFLECT,

17)v=o
Y=0
=0
~t=0
A21:0
A20=0
w&=0
¥o=0
wioz=0
F12=0
1z0(1)12
vo — AT
ul ATl
u2 AT42
U3 AT4+3

[ R I

START OF RETLECTION CYCLE

48 VALUES
12 VALUES
R VALUES

2| VALUES

1 VALUE

6 VALUES

o
Lo oo
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U4 =-AT+1
U5 =-AT+2
U6 ==AT43
M =0

CHECK(AT,0,0,01,1R)
CHECK(AT,0,%5,0,01,18)

N' = 6
JUMP 20
18N = 3
20)U7 = BI
U8 = BI-%
U0 = BI+1
Uion= BI=2
Uliz RBI42
U172z BI=3
13z BI43
U1.4=-B1

U15==B1+1
U1h=-RBI-1
U17=-RI+2
U18=-B1-2
U10==RI+3
U20=~-BT1-3
Pt = 20
CHECK{(RT,0,0,01,21)
CHECK(R1,0,5,0,01,22)
o' =7
JUMP 22

21)0' = 14
JUMP 23

22)0' - 13

23)u21= C1
U22z Ci-1
U23= CT41
uzaz CI-2
u25= Cr+2
UzbHh= c1-3
Uz27= C143
U28=-C7
U20==CT+1
U20==CI-1
U31=-CT42
U32==C1~2
U33==CT143
U2 {==C1-3
R' = 34
CHECK(CT,0,0,01,21)
CHECK(CT,0,5,0,n1,2%)



Q' = 21
JUMP 26
20)Q' = 28
JUMP 26
28)Q' = 27
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>>CATCULATY. RADIUS VECTOR SQUARFED,

26)P=M'(1)N"'
AZUP=X*
w2=A
A132AA
A'zpA-2UP
wazAt
Al 1=ACA"
o=n'(1)p’
Bz-UQ-Y"'
W3:B
B13=BB
B'=R-2UQ
wO-R"
R14=R'R"’
RZ0'(1)R?

* 8=0

CZUR~Z"'
wq=C
D=CC+-A134+R12
JUMP 31, D>12,23
G'=G"+1
¥F'z=0
JUMP 28

27)573
C'=r-2UR
wr=C?
p=Ctct AL 1481
F'=r'41
FE'z2

START DF P CYCIE

START QF Q CVCLE

START OF P CVYCLE

OMITS TF SEPARATTION TOO LARGE
COUNTS POSITIVFE REFLECTTON d

NEGATIVF REFLECTION
COUNTS NEGATIVF REFLECTTON

>>CAICULATE 12-6 AND QUADRUPOLE CONTRIBUTION,

28)E=1/D
JUuMP 82, D>6,25
G=GIEEE
JumMp 82, D>2,25
H-HIGGYT
YoV+H
A21-A21+1
R82)Y=v+G
Fi12=-¢IgIEFE
F13=F13+F12
A22-A22+11

OMITS DISPERSTON POTENTIAL IF SEPAPATION TOD LARGE
DISPERSTOY POTENTIAL

OMITS REPULSION POTENTIAL IF SEPARATTON TOO LARGE
REPULSION POTENTIAL

SUMS NUMBER OF TONS CONTRIBUTING TO PHI R
QUADRUPOLFE POTENTTAL

SUMS NUMBER OF ICONS CONTRTBUTING TO PHI D AND PHT Q
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>»>CALCULATE POLARISATION CONTRIBUTTON,
83)WN=*SQRT(E)
Wi=gIWOD
WE=WRLW(S2) W1
WamWoLr (543 ) W1
TIO-WL04W({S4 )W
20)JUNP 30, I<2
JUMP 247, 1>E'
Jume 21
30)TUMP 31, Pz0
JuMp 27, 1>C°
31)REPEAT
REPFAT
REPEAT
REPEAT
W=WRW8WoWa+W10W1n
T=WZ.12 | POLARTSATION POTENTJAL

SUNS ¥ cOMPOMENT

RIVR O SR & 0)iLii 0142 2ty

SULS 2 COLPONINT

JUMPS IF ON FTRST TWO T.INES OF DATA
PICKS UP NEGATTVE REFLECTION IF NOT DONE

CHECKS FOR X COORDINATE = ZERO

PICKS UP NEGATIVE REFLECTION IF NOT DONE
R CYCLFE

Q CYCLE

P CYCLE

REFLECTION CYCLE

>>CALCULATE FXPONENTTALS,
1=0(1)1}
F(T)=F137(1+0) | QUADRUPQLE AT VARTQUS TFMPERATURES
VI=V-Y=~F-F(1) |  TOTAL POTENTIAL AT VARIOUS TEMPERATURES
U=vI1
JUMP 32, U>0,005 | JUMPS IF POTENTIAL SIGNIFICANTLY POSITIVE
DI=7Z(1+18) '
EI=*EXP(-VIDT) | SIMPLE PARTITION FUNCTION
EI-ETZ
XI=XT4EI |  SUMS FXPONENTTALS
JUMP 33
32)EI=z0 | EXPONENTIAL 1S ZERO FOR POSITIVE POTENTIALS
33)REPEAT

>>PRINT RESULTS,

CAPTION

GRID POINT =
PRINT(J,2,0)
PRINT(X,2,0)
PRINT(L,2,0)
NEWLINE
CAPTION

REPULSION =
PRINT(V,0,3)
CAPTION

NUMBER OF TONS =

PRINT(A21,5,0)
NEWLINE
CAPTION

DISPERSTON =
PRINT(-Y,0,3)



CAPTION
NUMBFR OF IONS =
PRINT(A22,%,0)
NEWLYNR
CAPTION
POLARTSATTION =
PRINT(~F,0,3)
CAPTION
IUMPER OF I0NS =
PRINT(F'+G',5,0)
NEWLINE
CAPTION
QUADRUPOLFE =
PRINT(~F11712,0,72)
CAPTION
NUMBER OF TONS =
PRINT(A22,5,0)
CAPTION
T=25 C
NEWLINE 2
CAPTTON
POTENTT AL
CAPTION

EXPONFETIAL SUM

NEWLINT
1=0(1)11
NEWLINE
CAPTION

™ =
M=oY
PRINT(ZM*,7,0)
PRINT(VT, 1, %)
SPACE
PRINT(-FT,0,3)
PRINT(ETY,0,3)
SPACE
PRINT(XY,0,0)
REPEAT
NEWLINE 2
CAPTION

POLARI SATTION COMPONENTS
PRINT(WR,0,0)
NEWLINE
CAPTION

PRINT(WO, 0, Q)
NFWI,INE
CAPTION

PRINT(W10,0,0)

QUADRIUPOLE FXPONENTTAL

X DIRECTION

Y DIRECTION

Z DIRECTION

it

22

&
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CHECK(A18,2,0,01,40)| ORGANISES OUTPUT SPACING
A 8=2
JUMP 4 1
4OYA1R=13
JINEWLINE 2
CHECX(A1R,2,0,0n1,.2)
NEWLINE
2)u=vii | DFCISION SECTION FOR GRID REPEAT CYCLES
JUMP 34, U>0.005
T=0
JUMP 35
34 TETH1
Jor 36, T=1
JmP 37, T=2

25)REPEAT | GRID I. CYCLE
3OIREPEAT | GRID K CYCLE
37)7=0

REPEAT |  GRID T CYCLE

AL7=S?

JUMP 1, 0,5>A17 | JUMPS TN SMALL CAGE IF NOT DONE
38)INEWLINE 4

CAPTTON

TOTAL NUMBER OF POINTS CALCULATED IN SMALL CAGE =

PRINT(W*,,0)

FND

C1OSF
0 0,2720 0,3 2.,32,~7 2384 =~-0,25 1,600 1
0 0.5 n.,2720 2.,32,-7 23834 -0.25 1.609 6
0,2720 0 0.5 2.32,~ 2384 -0.2 1.600 8
n,2720 0.5 0 2,32,-7 2384  ~-0.,25 1,600 12
0.3 0 n,2720 2,32,- 2384 -0.25 1.609 24
0.5 0,2720 © 2,72,- 238+ -0,25 1.foq 48
0.2122 0.2122 0,5 2.32,~7 2384 =-0.,25 1,600 %7.030,-7
0.2122 0.5 0.2122 2,32,- 2384 =0.25 1.600 8,510,-7
0.5 0.2122 0.2122 2.,32,-7 2384 -0.25 1.600 0.520,-7
n,1518 0,3882 0,388z 2.32,- 2384 =-0.25 1.600 1,080,-6
n.3832 0,1518 0.3882 2.32,- 2381 =0.,25 1,600 1,158,-6
0.38%82 0,3882 0.1518 2.32,-7 2384 -0.25 1.600 1.245,-6
0.3050 0,3n50 06,3050 1.22,-7 2350 1.5 20.30 1.350,-6
1,473,-6 1.623,-6 1.801,-6 2.035,-6 2.325,-6

1265 1330 1710 1940 2080 2240
2430 2050 20918 3245 36355 4185

373 173 123 373 348 323
208 273 248 223 108 173
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Programme Notes for the Virisl Programme — Run 74

Data Input This consists of the number of grid points P' to be
processed, the reflection factors VO to V5, the coordinates A(I), B(I),
C(I) of the grid points with potential D(I) in units of ID-loergs/GOZ
molecule taken from run 63. The grid points are referred to a different
origin from those in run 63. A', B!, C! and DO are the potential
constantg for the CO 'CGZ' interaction and the temperature coefficient

2
at 3253°K. (See table AT).

Organisation The cycle P = O(1)P* selects a grid point as the position

of the first ('.302 molecule and the corresponding reflection factor
for this point is calculated and stored in V. The second point is
selected at Q = P(L)P' and a multiple V6ig set such that if the two
molecule positions are coincident, V6 = 1/2 to, prevent duplication of
later inferred reflections. Otherwise V6 = 1. The second point
coordinates are converted to integers J, K and L at label 81) and the
properties of these integers are used to decide which of the positions
given by labels 1) to 48) are the correct reflected and rotated positions
of the second molecule within the sieve cage. When these have been
selected in turn the separation between the first and second molecule
positions is calculated at label 71) in units of b, and the resulting
(}O2 - (JO2 interaction based on this distance is stored in G!', omitting

coincident molecules when they occur. The contributions to the double

summation SIGMA 2 are divided into three parts determined by the value
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of G's These are the contributions from F(I, J) >0, =« 1 <F(I, J) £ O
and F(I, J) = «1l. These contributions are stored in HO to H2 and the
programme returns via the variable jump, JUMP(S) to the next reflected
position of the second molecule. When all these have been done the

next position for the first molecule is considered.

Output This includes the contributions to the double summation in the
above ranges of F(I, J) together with the number of calculated interw
actions and inferred interactions for every first molecule considered.

At the end of computation final results for all the summations
considered together with the number of computed and inferred interactions

is given.

A flow diagram for this programme is given in Figure 3.12.
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EXCHLF CO2~C02 INTERACTION AND CRYSTAL SECOND VIRIAL COEFFICIENT PROGRAMME

TITLE i
C. J. WHITFORD, CHEM ENG, ICST.

TITLE
SECOND VIRIAL COEFFICIENT IN LINDE 5A=-COZ SYSTEM,

TITLE
POTENTIALS FROM RUN 63 AT 323 DEGRFES ABSOLUTE.

L

CHAPTER O
A»QO
B&)0O
C*00
D»Q0
E»3
H*4
Usg
vaH
72
READ(P") |" NUMBER OF DATA POINTS
Pz0(1)5
READ(V(P)) | REFLECTION FACTORS
REPEAT
P=0(1)P*
READ(A(P))
READ(B(P))
READ(C(P))
READ(D(P))
REPEAT
READ(A')
READ(B ')
READ(C"')
READ(E(0))
H3=0
H4=0
U3=0
U4=0
U8=0
U9=0
NEWLINE
CAPTION

GP , F(1J)=-1 U0 O>F(IJ)>-1 vl F(1J)>0

X COORDINATE OF CO2Z MOLECULE
Y COORDINATE OF CO2 MOLECULE
Z COORDINATE OF CO2 MOLECULE
CcO2 POTENTIAL AT (X,Y,Z)

REPULSION CONSTANT
DISPERSION CONSTANT
QUADRUPOLE CONSTANT
TEMPERATURE {COEFFICIENT

uz2



CAPTION
F(1J)

NEWLINE 4

vo12

>>FIRST POINT CYCLE.

Pzo(1)p’
NEWLINE
X*'=AP
Y'=EP
Z'=Ccp

>>DETERMINE
Jure 77,
JUMP 73,
Jump 76,
JUMP 75,
v=v5
. JUMP 79
73)JUMP 74,
AR
JUMP 79
74)JUMP 75,
v=v2
JUMP 79
75)V=v4
JUMP 79
76)Jump 78,
JUMP 75
77)V=vo
JUMP 79
78)v=v1

>>SECOND POINT CYCLE.

70)Q=P(1)P"
E2=DP-~-DQ

/

/

usby F(1J)>0 o U2 Uy

| START OF P CYCLE

| X COORDINATE OF FIRST CO2 MOLECULE
| Y COORDINATE OF FIRST CO2 MOLECULE
| 7z COORDINATE OF FIRST CO2 MOLECULE

POINT MULTIPLE FOR FIRST POINT,

X'z10
X*-y*
Y=z
zZ'z10

Z*'Z210

Y*ZZ!

Y'=10

7=*SICGN(E2)

E3zE2r7

|  REFLECTION TYPE 8 POINT MULTIPLE = 48
| REFLECTION TYPE 4 POINT MULTIPLE = 12
| REFLECTION TYPE 3 POINT MULTIPLE = §

| REFLECTION TYPE 5,0,7 POINT MULTIPLE = 24

| REFLECTION TYPE 1 POINT MULTIPLE = 1

| REFLECTION TYPE 2 POINT MULTIPLE = 6

| START OF Q@ CYCLE

JumMP 8o, 0,00000001>E3 | CHECKS FOR COINCIDENCE OF MOLECULES

vO=1
Jump 81
80)vh=o0.5

81)J=*INTPT(AQ+0.01)
K=*INTPT(BQ+0.01)
L=*INTPT(CQ+0,01)

|  FULL VALUE FOR FIRST POINT MULTIPLE

| HALF VALUE FOR FIRST POINT MULTIPLE

>>SELECT REFLECTION PROCEDURE FOR SECOND POINT,

JUMP 60,
JUMP 51,
Jump 61,
JuMp 03,

J=10
J=K
K=L
=10



5=L50
1-1(1)48
T)=1)
JUMP(T)
50)REPEAT
JUMP 72

51)JUMP 55, LZ10

S-L52
1=1(8)25
T)=1)
JuMP(T)

52 )REPEAT
5=zL33
1=4(8)28
T)=I)
JUMP(T)

. 53)REPEAT
Sc=L34
1=33(5)48

- T)=D)
JUMP(T)

54 )REPEAT
JUMP 72

53)JuMP 38, KZL
s-156
I1=1(1)4
T)=1)
JUMP(T)

30)REPEAT
STL57
1=17(1)20
T)=1)
JUMP(T)

57 YREPEAT
JUMP 72

58)s-150
1=1(10)17
M=147
N=I(1)M
T)=N)
JUMP(T)

59)REPEAT
REPEAT
S=LO0
1=33(8)41
M=1+3

|

REFLECTION TYPE 8

REFLECTION TYPE 4

REFLECTION TYPE 3

REFLECTION TYPE
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48 VALUFS

12 VALUES

8 VALUES

2.1 VALUES



NZ1(1)M
T)=N)
JUMP(T)
60)REPEAT
REPEAT
JUMP 72

61)JUMP 66, K=-10

s=162
1=1(8).11
M=1+3
N=I(1)M
T)=N)
JUMP(T)
02 )REPEAT
REPEAT
JUMP 72

63)5=1.64
1=1(2)31
TY=1)
JUMP(T)

64)REPEAT
S=1.63
1=33(1)40
TY=T)
JUMP(T)

65 )YREPEAT
JuMp 72

66)5=L67
1=1(8)17
™=1)
JUMP(T)

67)REPEAT
5=168
1=27(8)43
T)=T)
JUMP(T)

6S)REPEAT
JUMP 72

69)s=L70
Jump 1
J0)JUMP 72

!

REFLECTION TYPE 7

REFLECTION TYPE 5

REFLECTION TYPE 2

REFLECTION TYPE 1

24 VALUES

24 VALUES

6 VALUES

1 VALUE
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>>REFLECT SECOND POINT.
1)X=J | X COORDINATE OF SECOND CO2Z MOLECULE
Y=K | Y COORDINATE OF SECOND CO2 MOLECULE
Z=L | Z COORDINATE OF SECOND COZ MOLECULE
JUMP 71
2)2=20-1,
JuMP 71
3)Y=20~K
Z=L
JUMP 71
4¥X=J
Y=20-K
Z=20-L
JUMP 71
5)Y=L
Z=K
JUMP 71
6)Y=20-L
JUMP 71
7)Y=L
2=20-~K
JUMP 71
8)y=20~L
JUMP 71
0)X=K
Y=L
Z2=J
JuMp 71
10)Y=20-1L
JUMP 71
11)yY=L
Z2=20=-J
JUMP 71
12)X=K
Y=20-L
Z=20-J
JUMP 71
13)Y=J
zZ=L
JUMP 71
14)Z=20-L
JuMp 71
15)Y=20-J
Z=L
JuMp 71
16)z=20-L
JuMP 71
17)X=20-J
Y=K
Z=1 5
JUMP 71



18)z=20-1.
JUMP 71
19)Y=20~-K
Z=L
JUMP 71
20)X=20~-J
Y=20-K
7=20~L
JUuMP 71
21)v=L
ZzK
JUMP 71
22)Y=20-1,
JUMP 71
23)Y=L
Z=20=K
JuMP 71
24)Y=20-1,
JUMP 71
25)X=20-K
Y=L
Z=J
Jure 71
2()Y=20~1L
JUMP 71
27)X=20=-K
Y=L
Z2=20-J
JUMP 71
28)X=20-K
Y=20=1,
Z2=20-J
JuMP 71
209)Y=J
Z=L
JuMP 71
30)7Z=20-L
JUMP 71
31)Y=20-J
Z=L
Jorp 71
32)Z=20-L
JuMP 71
33)X=L
Y=J
Z=K
JUuMP 71
34)Y=20-J
JUMP 71



35)X=20~L
Y=J
Z=20=-X
JUMP 71
36)Y=20-J
JUMP 71
37)X=L
Y=K
=g
JuMP 74
38)X=20-L
Y=XK
Z=20~J
JuMP 71
39)X=L
Y=20=K
Z=J
JUMP 71
40)X=20-L
2220~
JUMP 71
4}1)X:20—L
Y=J
Z=K
JUMP 71
42)%=L
Z=20-K
JUuMP 71
43)X=20-L
¥Y=20-~J
Z=K
Jure 71
_.",)X:L
Z=20-K
JUMP 71
45)X=20-L
Y=K
Z=J
JUMP 71
40)X=L
Z=20-J
JuMP 71
47)X=20-L
Y=20-K
Z=J
Jump 71
48)X-L
Y=20-K
2=20~J
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>>CALCULATE EXPONENTIALS,

71)Ut=X"1=X
VAL N
W=Y =y
W =ww
F'=z'-7
HY=F'F'+Vv'4W?
Jume 84, 0,3>H'
Ez1/H'
D=EEFR
G'=A'DD-B'D~-C'DEE
JuMP 82, G'£0.005
F=*EXP(~G'E0)
C=F-1
E'=DPEO+DQEOQ
G=*EXP(-E")
JuMP 83, G'g0
U2=U2+1
72=GCVVO
H2=H2+472
U7=U7+vvh
Jump 83

82)c=-1
UO=UO+1
E '=DPEO+NQEO
G=*EXP(-E")
TO=GCVYVH
HO=HO+70
U5=U5+VVO
Jump 85

83)u1=U1+1
r1=GCVVH
H1=H1471
Ub=UG+VVH
JuMp 85

84)o=P
0'=-qQ

85) JUMP( S)

72)REPEAT

>>PRINT RESULTS,
PRINT(0O,2,0)
SPACE
H3=H3+HO+H1+H2
H4-H4+H2

|
I
I

X SEPARATION BETWEEN CO2 MOLECULES
Y SEPARATION BETWEEN CO2 MOLECULES

Z SEPARATION BETWEEN CO2 MOLECULES

OMITS IF MOLECULES COINCIDENT

MOLECULE - MOLECULE INTERACTION

JUMPS IF POTENTIAL SIGNIFICANTLY POSITIVE

MOLECULE - TON INTERACTION

SUMS NUMBER OF CALCULATIONS
CONTRIBUTION FROM F(I,J)>0
SUMS CONTRIBUTIONS

SUMS NUMBER OF MOLECULES

SUMS NUMBER OF CALCULATIONS

CONTRIBUTION FROM F(I,J)=-1
SUMS CONTRIBUTICONS
SUMS NUMBER OF MULECULES

SUMS NUMBER OF CALCULATIONS
CONTRIBUTIONS FROM OfF(I,J)>-1

SUMS CONTRIBUTIONS
SUMS NUMBER OF MOLECULES

JUMPS TO PRESET LABEL S
Q CYCLE

OUTPUT CHECK FOR COINCIDENCE

SUMS ALL CONTRIBUTIONS

SUMS ALL CONTRIBUTIONS FROM F(I,J)>0
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U3zU3+U0+U14U2 SUMS NUMBER OF ALL CALCULATIONS

|
U4=U4+U2 ] SUMS ALIL CALCULATIONS FROM F(I1,J)>0
U8=U84U54U04U7 | SUMS ALL MOLECULES
UQ9=U+U7 | SUMS ALIL MOLECULES FROM F(I,J)>0
1z0(1)2
PRINT(H(I),0,4) | OUTPUTS CONTRIRBUTIONS
PRINT(U(I),3,0) | OUTPUTS NUMBER OF CALCULATIONS
REPEAT
SPACE 2 5

ALL CONTRIBUTIONS SUMMED TO DATE

NUMBER OF CALCULATIONS IN LAST VALUE OF P DONE
PRINT(U34U6+U7,5%,0) NUMBER OF MOLECULES IN LAST VALUE OF P DONE
PRINT(Ii4,0,4) ALY, CONTRIBUTIONS FROM F(I,J)>0 SUMMED TO DATE

PRINT(H3,0,4) |
!
|
!
PRINT(UZ, 1,0) | NUMBER OF CALCULATIONS FROM F(I,J)>0 IN
|
|
!

PRINT(UO+UL1+U2, 4,0)

LAST VALUE OF P DONE

PRINT(U?7,5,0) NUMBER OF MOLECULES FROM F(1,J)>0 IN
LAST VALUE OF P DONE

1=0(1)2

UI=0 ] CLEARS CONTRIBUTION AND CALCULATION COUNTERS

HI=O | IN LAST VALUE OF P DONE

REPEAT

1=5(1)7

Ul=0 | CLEARS MOLECULE COUNTERS

REPEAT

REPEAT | P CYCLE

NEWLINE 6

CAPTION

FINAL RESULT FOR THE DOUBLE SUMMATION FOR ALL F(IJ) IS

PRINT(H3,0,0)

NEWLINE 2

CAPTION

NUMBER OF INTERACTING PAIRS OF CO2 MOLECULES =
PRINT(U8/7,0)
CAPTION /
NUMBER CALCULATED =
PRINT(U3,5,0)
NEWLINE 4
CAPTION
FINAL RESULT FOR THE DOUBLE SUMMATION FOR ALL F(I1J)>0 IS
PRINT(H4,0,8)
NEWLINE 2
CAPTION
NUMBER OF INTERACTING PAIRS OF CO2 MOLECULES =
PRINT(U9,7,0)
CAPTION
NUMBER CALCULATED =
PRINT(U4,5,0)
END
CLOSE
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10 10
11 11
12 10
12 11
12 12
13 10
13 11
13 12
13 13
13 13
14 10
14 11
14 12
14 13
14 13
14 14
15 10
15 11
15 12
15 13
15 13
15 14
16 10
106 11
16 12
16 13
17 10
17 11
17 12
18 11
10 10
6.200, +6

*% %7,

1o
10
10
11
11
10
11
11
10
12
1o
11
11
10
12
11
10
11
11
10
12
11
10
11
11
1o
10
11
11
10
10

-2 ,20201,
-2.35675,
-2. *1()358 ’
~2.71340,
-3.05847,
-2,85313,
-3.14868,
-3.60073,
=3. 07524 ’
-4.57201,
-3.36352,
-3.748009,
-4.30127,
-4.68121,
-3.67721,
-4.83638,
-4.02048,
-1. 4‘:‘)735 ’
-4.00738,
"'5 . 01 :\.‘3 ’
-2,081.48,
-2,00008,
-4.606014,
-1.02581,
-4.63781,
-1.42514,
-4-856600
-3.8150q,
+2.59374,
-1,05009,
-2.56568,

10
11
11
12
12
11
12
12
13
13
11
12
12

13

14
11
12
12
13
14
15
11
12
12
13
11
12
1o
11
10

10
11
10
10
12
10
10
12
11
13
10
10
12
11
10
12
10
10
12
11
10
10
10
10
12
11
10
10
10
11
10

24

-2,27583,
-2..44004,
-2,500604,
-2,80636,
-3.50030,
-2,08853,
-3.37967,
=3 15()08 ’
~-4.25183,
-1.08992,
=3.53972,
-1,02814,
=1.77543,
-1.80817,
-5.2033 1,
+1.31021,
-4.22202,
-1.71747,
-5.038q0,
-3.01317,
-3.00114,
+2.75740,
-1.76384,
-4' 4‘1243 ’
-5.62380,
-4. 313190
+2.81680,
-1.15087,
+1,801153,
-1. 6110% ’
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Programme Notes for the Diffusion Model

Input This consists of the parameters describing the model,
finite difference increments and estimates of diffusivities, followed by
practical breakthrough curves and the accuracy parameters for the |

desired degree of fit between the theoretical and practical curves.

Organisation The programme adjusts the pore and crystal diffusivities
until the theoretical breakthrough curves generated by the algorithms
in Section 2.7 best fit the practical curves. The information
describing the two curves are stored in arrays Y1 and Y2 and comparison

is made at the temperature specified on inpute

OQutput This includes intermediate tabulated results for the
theoretical breakthrough curves for the diffusivities currently set by
the programme and a graphical plot of the final theoretical curve

chosen compared with the practical curve.

» )

Flow diagrams for this programme are given in Figures 3.13~15.
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CAkkok MATN PROGRAMMF,

INTEGER RUN
DIMENSION A(3,10), c(10), D(10), G1(10), VI(10), Wif1n,10)
DIMENSTON X2(200).Y2Z(200),X1(230),Y1(250),%(2),F(2),W(10)
COMMON V1,W1,TMAX,KMAX /COMNL/ AT,AK,Q,PHI,RETA, 1TMAY

1 /COMNZ2/ FRAC,PELPOR,ACCN,P /COMN3/ TT™, U /COMN/ PSI,A

2 /COMNS/ ITER,ERROR, ALPHA,GI , FQICON /COMNG/ C,D

3 /COMN7/ X2,Y2,KGRAPH,XC1,YC1,X1, Y1, LORAPH

4 /COMNE/ TIME TIMAX,ALP}’.LT,RADCRY,PT;LDIF

Ch*xx READ AND PRINT DATA,
READ(S, 1000) PELDIF,CRYDIF, EQICON, TEMP, RUN, DTAM, ATPFLT, RADCRY,
1 PELPOR, JMAY,KMAX, ITMAX,BETA, ALPHEA, TIME, TIMAX
1000 PORMAT(F10, {, €15, (,2F10,1,710,/
F10,4,FlO,7,¥15, (,Fln, ¢,/
316,/
F10,2,E15, 1,/
r10, 1, F10,0)
WRITF(f,,2000) RUN,TEMP EQICON, TEMP,DIAYN, ALPELT, PELPOR, PRLDTF,
1 RADCRY,CRYDIF,TEMP, TIM", TTHAX
2000 FORMAT (127%W1 € O 2 PDSORPTION TN A
10 Y FE DIMENSTONAML 3 A STEVE PE
LY. ET /1777
32 {I0ADSORPTION TRIAL NUMBLR, 13,//

Ot e W N

137HNGAS TEMPERATURE = Fi0,1, 7X,161 NESPTTE €T
ATSTUS L,/

5374 ISOTHER! TOQUILTBRI CONSTANT TOWIn 1, X, 0N AT VR 1,161
5 DEGRFTES CELSTUS /

(37ENPELIET DIAMETER TOT12,q, aY, W cue /
7371 PFLYTT LENGTH - F11,2, ALY o1 oopg /
&37H PELLET PORDSITY = T, 0, /
0371 PELIDT DIFFUSTVITY S SalC Ry ryoysene
137HONMEAN CRYSTAT, RADTUS T OBW7L 4, 41 ooMe /
"7 CRYSTAT, DTFFUSTIVITY T F17.1, 11U CM2/S%C AT,
2 F¥7.1,1061 TFCPRFS CELSIUS /

237HOREAL TIME INCREMENT T F173.1, X,3H SECS /
437H TOTAY, TINMD POR RUN - Fir,1, 7Y,30 SECS. /)
WRITF(O,2500) JTUAY WMAY, ALPHA RETA, TTMAX :

2500 TORMAT(37! NUMBER OF PELLET TNCPTMENTS - 1R , /
1970 YULTF OF CRYSTAT, TNCREMENTS - 18, /
2371 RYLATIVF ERROY IV CONCFNTRATION S O Bl /
207N RELANATTON PATAVETER - F11,2, /

/)

AZ7UOMAY, XD, OF ITTERATTONS PRRMICSIRI® = 1R s
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CHodokk COMPUTE DTMENSTONLESS PARAMETERS FOR OUTPUT,
¥{1) = PRIDIF

AT = JMAX

AY T KMAY

DT = TIME*X(1)/ALPELT**2

}2).4 1. / A3

DR = 1. / AX

P = PELDIF*RADCRY**2 / (CRYDTTF*ALPELT**2)
X(2) = p

Q = X(2)*pT*%2/(3, *(1,~-PFLPOR))

PHI = 2,%X(2)/{ AK*%2%DT)

PSI = 2,%(PELPOR + (1, —PFLPORIXEQICON)Y / (AJ*¥2NT)
ACCO = (PFLPNR 4+ (1, - PELPOR)*EQTICON)
TMAX = (TTMAX / TIME) + 0.5

CH**% PRINT DIMENSIONLESS PARAMETERS.
WRITE({},3000) DT,DX,DR,P,Q,PHI,PSI,ACCO, TNAX
3000 FORMAT(Z 5F1DINVNSIDYLFSS PARANETERS, /
16110DT F13.,,1qx fH DX =,F15,4,15%,0H DR =,
26HOP :,n15,. 15%,0H Q@ =,E15, 1 J“,hu PHI -, E!
3E15-4,/6H0ACCO*,F1;.g./ﬁHOIMAX:,Iln//// )

S, S
. 1,15Y,6H PST =,

CHk kK CALCUIATE SIMPSONS RULE COEFFICTENTS FOR THE CRstkL.
CH¥kx* THESE ARF STORED IN ARRAY C(K).

MAX=KMAX+1

DO 1 K=1,MAX,2

IF(K,EQ,MAX-2) GO TO 2

BK=K
c(x) T 4. *(BE/AK) k2
C(X4+1) T 2,%((BK+1,)/AR)Y **2
1 CONTINUE
2 BK=KMAX-1
C(KMAX=-1) = . *(BK/AK)*%2
C(IMAY) -1,

C****  CALCULATE SIMPSONS RULE COEFFICTENTS FOR THE PORES,
Crkkk THESE ARE STORED TN ARRAY D(J),

MAX=IMAX+1

PO 3 J=1,MAX,2

TF(J,EQ.MA¥-2) GO TO 4

DCT) = 1,
D(J+1) =2,
3 CONTINUE
4 DOIMAX-1) = 1,
D{JIMAX) =1,
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CHkxk VAO4A PARAMETERS.

N=2

TCON=1

IPRYINT=1

MAXTIT-18

MAXFUN=500

READ(S, 4n0N) F(1) T(2) FSCALE

4000 FORMAT(2F10.06,710.0) ’
WRTITE(O,5000) E(1),T(2),ESCALF
5000 FORMAT(1OH FE(1) = ,F10.H,10H  FE(2) =,7¥10,0,124 ESCALE =,

1 Fio,2

CALL PRACG

N3N=N*¥(M+72)

EXTFRNAL CALCFX

CALL VAO4A(X,T,N,F,ESCALE, IPRINT, ICON, MAXIT, CALCFX, W, N3N, MAXFUN)
WRITE(H,6000) X(1),X(2) F

6000 FORMAT(1OM  X(1) =,F10.06,100  X(2) =,Fle,2,7H F =,E13.8)

CALI:. DRAWS

sTop

END

C %k e ok e ke ke ok sk e e ke e ke ok ke ke sk ke sk s ke sk e sk o ok ol ke ok ol O R ok i ok i ol ke N kol R K skl ko s ok sk ok e sk ok ok o ok ok koK

SUBROUTINE CALCFX{N,F,X)
DIMENSTON X(2)

CALL MAIN(Y,F)

RETURN

END

ok e ol ok e sk A K ol ol sk sk ok e o sk kol sk ok i K ol e s o 3Kk sk e s sk K ok o sk ok a3 ok ofe ek ok 3ok ok ke ok e s K sk ke ok ek e e ol ol o ke ok

SUBROUTINE MAIX(X,F)

INTEGFR RUN

DIMENSION A(3,10), C(10), D(10), G1(10), VI{1in),6 Wil10,10)
DIMENSION X2(200),Y2(200),X1(250),Y1(250),X(2),E(2)

COMMON V1,W1,TMAY KMAX /COMN1/ AJ,AF,Q,PHT,BFTA, ITMAX

1 /COMN2/ FRAC,PELPOR,ACCO,P /COMN3/ TIM,1 /COMN{/ PSI,A

2 /COMN5/ ITER,ERROR,ALPHA,G1,EQICON /COMNH/ C,D
3 /COMN7/ X2,Y2,KGRAPH,XC1,YC1,¥1,Y1, LGRAPH

4 /COMNS/ TIME TIMAX,ALPFLT,RADCRY,PFLDIF

CRYDIF = X(1)*RADCRY**2/(X(2)*ALPELT**2)

WRITE(6,0000) X(1),X(2),CRYDIF

0000 FORMAT(OH  MATIN,10X,6HX(1) =,E18,8,10¥,6mnX(2) =,F18, 8,
1 ,6X,8HCRYDIF =,F18,R)

CH Xk * SETS START VALUE FOR PRACTICAL RESULTS AT O CELSIUS,
KGRAPH = 58
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Coeokkx OUTPUT COUNTERS,
COUNT? = 1,
COUNT2 = 1%,

Cokkkk COMPUTE DINFNSTOVLFSS PARAMETERS.
101 JF(COUNTI.LT,2,) GO TO 102

) I;}!I

I = 10 -
TIME = 10.*TIMNE
GO TO 103

102 TINE = TIME/10,

103 AT = JMAX
AK = EMAX
DT 5 TIME*YX(1)/ALPELT**?2
DX = 1,/AJ
DR = 1,/AK
P, = X(2)
Q = P*AT*¥2 /(" *(1,-PELPOR))

: = 2, %P/ (AWR*2EDT)

PSI = 2,%(PELPOR4( 1, -PRIPORY*EQICON) /( AT**2%DT)
ACCO = (PELPOR4.(1,~PELPOM)*FQICON)

IMAX = (TIMAX/TIMD)40, =
IF(COUNT1,GT,”.) GO TO 16

Cxkk*x SET INTTTAL PELIET CONDITIONS.

DO O K=3,KMAX
PO O Jo1,IMAX
w1(.T,¥) = FQICON ‘
g CONTINUE n
PO 13 J=1,.IMAX
G1(J) = o,
vi¢J) = 1.
13 CONTINUE
FRROR = O.
TIM - 0.
FRAC = o0,
1 -0 '
ITER = O
F 0,

16 TF(ITER.LT.ITMAX) GO TO 20

CHx* Kk ITMAX EXCFEDED - ERROR MESSAGE AND STOP.
WRITF (0, .10n0) P,1,TTER
4000 FORMAT(S4H1NUMBER OF ITERATIONS HAS TXCEEDED THE MAXIMUM ATIOWED,/
1////5%, 00 =,F10,2,10¥, 11 =, 110,10X,7HITER =, 10)
STOP
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5000

C koK

C****
CHokk *
C****

245,

START OF TIME TTERATION,
T 21 4+ 1
TF(1,6T, IMAX) 60 TO ab
IF(P.EQ.0.) 6N TO 23
rALL cow
G 10 40
CALL pocO'®

RLILYIS MUTPHT FOR BOUAL INCREMENYS O COUAPL - 00T TYy ovrer,
TFOTTME,GT,N.Y a0 O 50
KOUNT = COUNTI**7/TIMF 4 0 1
TFCT LT UEOUNTY 50 TO 10
COUNTL = COUNT1 + 1,

GO TO 60

KOUNT = COUNTZ**2/TIMF + 0,3
IF(1,LT.XOUNT) GO TO 16
COUNT2 = COUNTZ + =,

CALL FRACT

TYM = FLOAT(I)*TIME

KGRAPH = KGRAPH + 1

Y2 (KGRAPH) = FRAC

SUM OF SQUARES FRROT,
TF(KGRAPH, CT, ) FFH(Y2(KGRAPH)=Y1 (KGRAPH) ) **2
WRITF((,3000) Y2(KGRAPH),Y1(KGRATHY ¥, FRAC, TTM
FORMAT( OH . F10,6,10%,F11.0,10%,E18,8,10X,F10,5,10X,¥10.2)

GO TO NEXT STFP IN TIMF,
TF{1.EQ.100,AND,KOUNT,¥Q,.1000) GO TO 101
GO TO 16
CONTTNUE
RETURN
FND

ok ok o o ok o ok o ok ok ok ok ook ok ok ok 3k 7K ok sk ok o K sk ak sk sk sk o oKk ol sk ok ek ok ok sk ok sk e ok ok ok ok ok ok ok dle sk sk ok ok KOk Kk k

SUBROUTINE FOR P NOT EQUAL TO ZERO,
COMPUTES ONE TIME STFP,

SURROUTINE COMP

DIMENSION G1(10),02(1n),Vi(10),Vv2(10),WV1(10,10) ,W2(10,10),A3(10),

1 B(10),Vv3i(10)

COMMON V1,W1,JMAX,KMAX /COMN1/ AJ,AK,Q,PHI,BETA,TTMAX

1 /COMN3/ TIM,1 /COMN{/ PSI,A /COMNS/ ITER,FRROR,ALPHA,G1,EQTCON

ITER = 0

10 ERROR = O,
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CHkkxk
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21
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50

Ck k%
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"

COMPUTE ADSORPTION RATFS USING THE MOST RECENT VALUE OF, V1(J),
PO 56 J=1,IMAX
IF{(J,EQ.1) ¢O TD 15
TF(J,GT,1,AND,J.1,T, JMAX) GO TO 16
IF(J,EQ,IMAX) GO T 17
G2(IY=Q*(VL(J+1) =2, *V1(J)) /
GO TO 20
G2(J)=Q*(V1(J=1)4-V1(J+1) =2, *V1(J))
GO TOD 20
G2(J)=2,*Q¥ (V1 (IMAX-1)~-V1(IMAX))

PUT RATES INTO ARRAY B(K) USING VALUES OF W1(J,K) AND
G1(J) FROM THW PREVIOUS TIME STEP,

B{1) = 2,%(W1(J,2)=-W1(J,1)) + PHT*W1(JT,1)

MAX = KMAX-1

DO 21 K=2,MAX

CK = K
R(X) = (CK=1,)*W1(J,K~1)/CK + (CK+1,6)*W1{J, K4+1)/C¥
1 ~ 2, Wi{J,K) + PHI*W1{J, K)

CONTINUE

B{KMAX) = 2, *(W1{J 6 MAX)=W1(J KMAX)) + PHI*W1(J,KMAX) + 2, *(AK+1.)*

1 (G2(I)4G1(T) ) /AK**2

FORM THE ARRAY A(I,K) FOR TLINEQ,
S = PHI+2,
A(1,1) = o,
A(2,1) = § N
A(3,1) = -2,
MAX = KMAX-1
PO 22 K=2,MAX
A(1,X) = =FLOAT(K-1)/FLOAT(K)

A(2,K) = 8

A(3.K) = =-FLOAT(K+1)/FLOAT(K)

CONTINUE

A(1,K) = -2,

A(2,K) = 8§ !
A(3,K) = 0,

CALL TLINEQ(KMAX,A,B)

PUT ARRAY B(X) TNTO ARRAY W2(J,K).
DO 50 K=1,KMAX
w2(J,K)=B(K)
CONTINUE

NEW VALUE OF v2(J).
v2(J) = R(KMAX)/FOICON
IF(V2(J).GT.1,) v2(J) = 1,
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STORE THE MAXTMUM DTVERGENCE BETWEEN VZ AND V1 IN ERROR.
TF(ABS(V1{(J)~V2(J)),GT.ERROR) ERROR = ARS(V1(J)=-V2(J))

RELAXATION STEP GIVES THE NEW PORE CONCENTRATTON, V3(J).
V3(J) = BETA*V2(J) + (1,=-BETAY*V1(J)
IF(V3(J).0T,.1,) V3(J) = 1,
CONTINUE ‘

CHECK TIE MAXIMUI! ERROR AGAINST THE PERMITTED TRROR ATPHA,
ITER = ITFR + 1
TF(ERROR,T.T,ALPHA) GO TO 60
no a8 J=t, IMAX '
vi(J) = v3(1)
CONTINTE

CHECK TTMAX NOT FXCTEDED,
TF(ITER,LT. I'TMAX) GO TO 10

STORF THE ARRAY W2(J,K) IN W1(J,X).
DO 61 K=1,KMAX
DO 61 J=1, TMAX
Wi(J,K) = wW2(J,X)
TF(W1(J,%).GT . EQICON) W1(.7,K) = EQICON
CONTINUE

STORE THE ARRAY G2(J) TN G1(J) AND V3(J) IN Vi(J),
DO 70 J=1,TIMAX
G1(J) = 62(J)
V1i(J) = v3(J)
CONTINUE
RETURN
END

(€ s ok sk ook ok sk ok o ok e ok ok ok ok ok o ke ke o ok Rk ok ok o ok sk ok ok akok o o ok sk ok ol ok o ok sk e o ok ok sk ok ok 3k ok ke ko ke ke ok o ok ok ok ok

ok k ok
Cokkkk

CH*®H

10

SURROUTINE FOR P EQUATL TO ZERO.
COMPUTES ONF TIME STEP.
SUBROUTINE POCOMP
DIMENSION v1(10),A{3,10},B(10),W1(10,10)
COMMON Vi,W?!,JMAX,KMAX /COMN3/ TIM,T /COMNJ/ PST,A

COMPUTE ‘THE ARRAY B(J) FOR TLINEQ USING V1(J).
IF(I,EQ.1) GO TO 15
B(1) = (PBI=2,)*V1(1)+Vi(2)
MAX = JMAXN=1
PO 10 J=2,MAX
B(J) = VI(I=1)+(PST-2,)*V1{.T)4+VL(JI+1)
CONTINUE



BOIMAX) = 2 *VI(MAY)4(PST=2, Y*V1(IMAX)
GO TO 25

13 DO 20 J=1,JMAX
B(J) = PST

20 CONTINUE

C Rk ¥k FORM THT. ARRAY A(T,J) FOR TLINFQ,
25 S = PSI+2,

Af1,1) = o,
Al2,1) = 8
AC2,1) = ~1

MAX = JMAX-1

N0 22 Jo2,MAX

Af1,7) -1,

A(2,7) = §

A(3,7) = -1,
22 CONTINUE

A(1,JMAX) = ~2,
A{2,IMAX) = §
A2, TMAX) = O,

CALL TLINEQ(IMAX,A,RB)
DO 30 J=1,JIMAX
V1{J) = BR(J3)
30 CONTTNUE
RETURN
END

'C***********************************k***********************************

Ok ok SOLVES SET OF ILINEAR EQUATIONS WITH TRIDTAGONAL MATRYX,
SUBROUTINE TLINFQ(N,A,R)
DIMENSION A(3,10),R(10)
DOUCLE PRECTSION V1,V2
A€1,1) = o,
AC3,N) n,

[ SIS

ok *k ELTMINATTON,
PO 2 I1z=2,N
Vi = A(2,1-1)
IF(ARS(A(1,1)).nT, ARSCA(2,T~1))) GO TO 1
IF(A(2,1-1),FQ.0,) GO TO 4
vi = A(1,1)/V1
A(2,1) 3 M2,T)~vi*A(2,1~1)
B(1) = B(I) -Vi*B(1=-1)
GO TO 2
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Chidx ELIMINATION WITH ROW INTERCHANGE,
1 IF(A(1,1).FQ,0,) 60O TO 4
vl = V1/A(1,1)
vz = A(3,1~1)

AC1L,1-1) = A(3,1)

A(2,T7=-1) = A(1,1)

A(3,1-1) = A(2,1)

A(2, 1) = V2=Vi*p(2,71)

A(3,1) = =V1$A73, 1)

V2 = B(I-1)

B(1~1) = B(I)

B(1) = Y2~V1#B(1)

2 A(L,1) =0, /

CEEkk BACK SUESTITYUTION,

Vi T A(2,N)

R(N) = B(N)/V1

Vi = B(N)

B(N=-1) = (B(N=1)-V1*A(3,N=-1))/A(2,N=1)

DO 3 1I=1,N

J = N=T41

Vi - o,

vz = 0,

IF(J.FEQ.N) GO TD 3
Vi = B(J+1)
V2 = B(J42)

2 B(J) = (B(I)=VI*A(R,T)=-V2*A(1,J))/AL2,T)
RETURN

4 WRITE(OH,1000) 1T

1000 FNRMAT(37HOSTNGULAR MATRIX-ZERO PIVDT IN COLUMN,13//)

RETIRN
END

(o o ok sk ok 3 Sk ok ok ok s ook kol sk ok ke ok ok ok *******;k****mt************* o 3 ko ok 3k ok o ok ok ok ok ok ok ke ke K ok
CHAk* SURRNUTTINE TO FVALUATE FRACTION DESORBED FROM THE PELLET,
SUBROUTINE FRACT
DIMENSION VS(10),Vi(10),W1(10,10),T(10),C(10),n(10),G1(10)
COMMON V1,W1,JMAX,KMAX /COMYN2/ FRAC,PELPOR,ACCO,P
2 /COMN5/ I1TER,ERROR,ALPHA,G1,EQICON, /COMNO/ C,D

CH*E% INTEGRATE CRYSTAL CONCENTRATIONS USING SIMPSONS RULE,
DO 24 J=1,JMAX

DO 23 K=1,KMAX

IF(R,EQ,n,) GO TO 22

T(K) = W1(J,X)

GO TO 23

T(K) = V1(J)*EQICON

CONTINUE

STSUM = 0,

CALI, STMPS(KMAX,C,T,SISUM)
SIMSUM = SISUMX3, *(1,~PELPOR)

[
N

8]
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24

Ckkokk

Ok

VALUE FOR PORE ACCUMULATION,
VS(J) = V1(J)*PELPOR + SIMSUM
CONTINUE

INTEGRATE PORT ACCUMULATION USING SIMPSDNS RULE,
SISUYM = O,
CALL SIMPS(JMAX,D, VS, SISUM)

CALCULATE FRACTION DESORBED FROM THE PELLET.
FRAC = 1,=SISUM/ACCO

RETURN /

END /

ok ok ke sk e ke sk ok ok ok ok o sk s sk ke ok ok sk sk ok ook s ook sk sk skl 3 sk sk sk sl sk ok sk ok 3k 1Kk ok 3 ok ok ok 3k 3 o o ok ok ke ok ok ok ok ke ok sk ok oK K

C ook ok

10

SUBROUTINE TO INTEGRATE USING STMPSONS RULF,
SUBROUTINE SIMPS(M,A,B,SISUM)
DIMENSTION A(M),RB(M)
PO 10 1=1,M
SUM = A(I)*B(1)/(3.,*FLOAT(M))
SISUM = SISUM+SUM
CONTINUE
RETURN
END

C e kde ke ok sheake sk ok ok ok ke ok ok ok ke ke ook o ake ok e s sk o ke sk ol sk ook o sk ok ok ko sk sl ok ke Sk ok e ke oK ok ok 3k 3k ok o ok ke ok o ok ok ok Ok ok ok ok

CHkk

1000

10

2000

20

SUBROUTINE TO CALCULATE PRACTICAI FRAC VALUES,
SUBROUTINE PRACG
DIMENSION X2(200),Y2(200),X1(250),71(250),Y3(200)
COMMON /COMN7/ X2,Y2,KGRAPH,XC1,YC1,X1,Y1,LGRAPH
READ(S, 1000) (X1(1),1=1,2q9)
FORMAT(12F6, 1)
PO 10 1-1,29
DO 10 J=1,50,20
LGRAPH = T4-J428
V1(LGRAPY) = ¥1(7)
CO"TINUE
READ(7,2n00) (Vv2(1),1=1,1R0)
TORMAT(QF8,0)
LGRAPH = 29
DO 20 J=60,180,60
KSET = J-60
DO 20 K=1,29
LGRAPH = LGRAPH+1
KK = K+KSET
Y1(LGRAPH) = (Y3(KK+30)=Y2(KK))/(Y3(KSET+00)~Y3(KSET+30))
CONTINUE
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WRITE(H, 3000)
3000 FORMAT( {2H1 PRACTICAIL RESULTS. FIRST SET IS DUMMY, ///)
DO 30 1=1,116
WRITE(, 1000) X1(I),Y1(1),I
4000 FORMAT(21H  SQUARF ROOT TIME =,F10,1,0X,OHFRAC =,F10,.6,110)
30 CONTINUE
RETURN
END

(o ok ok s sk ke ok ake o ok ke Kok ok ok ok oKk ok ok ok 3 Kk K 3K ok ok sk 3K sk sk OK i A i ok sk Kk K ok e e sk ok ok o ok ok ok ok Ok ok ok ok ok ok oK ok ok ok
CHxx* CALLS PLOTTING ROQUTINES.,

SUBROUTINE DRAWS

DIMENSION X2(200),Y2{(200),X1(250),v1(250),Y3(300)

COMMON /COMN7/ X2,Y2,KGRAPH,XC1,YC1,X1,Y1,.GRAPH

IDRAW=2

CALL START

CALL PLOT(0,0,18,0,=7)

64 TF{MOD(CIDRAY,).¥Q,0) GO TO 63

XC1 = -2,
Yycl: = 11,
Ga 1o 66
65 ¥C1 = 6,
YC1 = =13,
66 IDRAW = TDRAW + 1
CALI, AXFS

IF(IDRAW.T.T,0) GO TO 64
CALL FENPIOT(15.)

RETURN

FND

% ok % e sk ok e e ak ok 3wk ok ke ok ok 3k ok ok dk ok ok ok a ok ko ok b afe ok ok ok e K ke Kk ok ok K k3 ok e sk ok ke ok e ok K 3k ok ok ok e o ke i K Ok ok ko sk kR
CHEFE DRAWS AXFS, LABELS AND PLOTS GRAPHS.

SUBROUTTNE AXES

DIMENSION X(200),Y(200),X1{250),Y1{250),X2(200),Y2(200)

COMMON /COMN7/ X2,YZ,KGRAPH,XC1,YC1,X1,Y1,LGRAPH

Crkkk NEW PAGE ORIGIN.
CALL PLOT(XC1,YC1,-3)

CHnk RESET PLOT COUNTER FOR THEORETICAL RESULTS,
KTOT = KGRAPH
EGRAPH = 58

KALCON =
1 KALCOM = KALCOM + 1
DO 2 1:=1,2¢

KGRAPH = KGRAPH + 1
X(1) = X1{XGRAPH)

Y(1) = Y2(KGRAPH)
CONTINUE

IF(KALCOM NF,2) GO TO 3

[
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Cokok %k %k

CHxk

(ot 2.3 3.

543

6

ok ek

AXES AND TANFLS,
CALT, AXIS(2,.n, 2, 018 2, 0,0,0,0,0,20.0)

252,

CALL SYMBOL(,7,1.8,0,123,21H SQRT TIME (SECS 1,/2),0.0,21) -
CALL AXIS(7.n,2.0,1R1 PRACTTON DESORBED,18, 4.0, 00.0,0.0,0.23)
CAYI, SYMBOL(1, (), 0, 60,0 20, 284TIEORETICAT, SOLUTION FOR CO2Z DIFFUST

108,0,0,3%2)

CALY. SYMROL(2,22,1,70,0,20 20HIN A ONE DIMENSTONAL LINDE 54,0.n,

1 20)

CALI, SYMBOL(?2,71,1.00,0 20, 12USTEVF PELLET,0.0,12)
CALL SYMROL(z_ 3,R.3%, .10, |2UPRACTTCAL RESUTTS AT
1LSTUS, 0.0, 12)

CALY, SYIDNLL2 7, & 02~ 10, L UTIFORETTCAL RESULTS AT
1CELSTUS, 0,0, 1.0)
CALY, SYMBOT.(2,7
1SFC,,0.0, 11)
CALL SYMDOL(2,7,7. 5,010, {{HAND CRYSTAL DYFFUSIVITY
iMz2/SEC, N0, 1)

CALL PLOT(0,3=,8,10,7)

CAYLY, PTOT(7,7%,5,10,2)

[

CALT, SYMBOL(6,. 87,3, 1n,0,10,2,0,0,-1)

yT75,0.10, (IIIWITH PORE DIFFUSIVITY

NEW GRAPI OQPTCTY,
CALL PLOT(2,n,2,. 0, =)

PTOAT THEORFTICAT. AS CONTTNUOUS LINE,
CALL PLOT(X(1)/70,,Y1{1)*1,,3)
DO § KK=1,20
CALY, PLOT(X(KK)}/20, ,Y(KK)* 1, ,62)
TF(KGRAPH.NT ,KTOT) GO TO 1
KTOT = LGRAPH

RESET PLOT COUNTER FOR PRACTICAL,
TORAPH = <8
KALCOM = 1
KALCOM — KALCOM 4. 1

po O 121,20

LGRAPH = T.GRAPH + 1
X1{(1) = X1(LCRAPH)

¥Y1(1) = Y1(LGRAPH)

CONTTINUFE

PLOT PRACTICAL AS SYMBOLS,
CALL SYMROL(X1(1)/20,,Y1(1)*{.,0,10,2,0,0,-1)
CALL SYMBOL(X1(0)/20.,¥Y1(()* (. ,0,10,2,0,0,~1)
PO 8 1=11,29
CALI, SYMBOL(X1(I)/20,,Y1(1)*!,,0,10,2,0,0,-1)
CONTINUE
IF(LGRAPH, LT, 87) GO TO 5
RETURN
END

0.0 DEGREFS CE

0,.n DEGRFFES

0.0138 cmz/

0.200F~12 €
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Symbols Used in Text

Potential Theory

B,B,, 4B

Dt

E’EM'ELT

g

RS S

Repulsion constant

Sieve characteristic dimension
Dispersion constant

Potential function per molecule in sieve phase
Potential function per mole in sieve phase
Potential function per molecule in gas phass
Potential function per mole in gas phase

Grid separation = a 0/20
Charge on ion (a) in units of e

Velocity of light
Polarisation constant
Quadruple constant
Quadruple constant

Total 002-00 potential

2
Dispersion potential

Polarisation potential
Quadruple potential

Repulsion potential



=] = " PP H @

=1

Rt

Ty Top

I

Depth of Lemnard Jones potential well
Charge on the electron

Helmholtz free energy in sieve phase
Helmholtz free energy in gas phase
Transition probability per unit time
Heat of adsorption per mole

Planck's constant

Boltzmann constant

Molecular weight

Mass of the electron

Total number of molecules

Avogadro number
Number of moles of 002
Number of moles of 002 in gag phase
Bulk pressure

Quadruple moment of CO. moleciile

2
Configuration Integral for N molecules

Grams of C)O2 per 100 grams of sieve

Dimensionless separation = r/ao
Gas constant = XN
Dimensionless separation = /b,

Surface area of O 8 window

Distance between C%O2 molecule and ion

Position vector of species i

in sieve phase per cage

254-



Ug

Vg

Absolute temperature

Internal energy in sieve phase
Internal energy in gas phase
Volume of sieve phase

Volume of gas in bulk phase
Potential function in sieve phase

Partition function for N molecules
Polarisability of species i

Frequency or Quantum Mechanical constant
Susceptibility of specles 1

Dispersion potentinl

Repulsion potential

Polarisation potential

Quadruple potential
Equilibrium separation

Total molecule ion potential

Molecule~ion plus molecule-molecule potential
Chemical potential in sieve thase

Chemical potential in gas phase

255.
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Diffusion Model

e

Initial concentration
Concentration at time t
Crystal Diffusivity
Pore Diffusivities
Bulk gas diffusivity
Pellet porosity
Concentration gradients in pellet
Finite difference subscripts -~ time
- gpace in pellet
= space in crystal
Equilibrium adsorption isotherm constant
Pellet length
Mass flux in pellet
Dimensionless groups
Crystal accumlation
Crystal radius
Digtance in crystal
Dimensionless distance in crystal
Tortuosity
Time
Dimensionless time
Volume of sieve

Volume of crystal

L3R TR 3.



257

Gas concentration in pores

Dimensionless gas concentration in pores
Initial gas concentration in pores

Gas concentrabtion in crystal
Dimensionless gas concentration in erystal
Initial gas concenbtration in crystal
Distance in pellet

Dimensionless distonce in pellet



1.

2

3

4.

Se

6.

Te

8

14.
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