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The Operation and Performance of a Large Scale Sequential Chromatographic
Separator

A Thesis submitted by Donald Michael Bell, B.Sc., to the Faculty of
Engineering, University of Aston in Birmingham, for the degree of
Doctor of Philosophy.

July, 1977.

A review is given of general chromatographic theory, the factors
affecting the performance of chromatographic columns, and methods of
improving column efficiency. Scale-up of the chromatographic process
for preparative and production purposes is discussed.

The design of a sequential continuous chromatographic refining unit
(SCCR1) for continuous gas/liquid chromatographic separations is reported.
A novel feature of the unit is that counter-current operation is simulated
by sequencing a system of inlet and outlet port functions around a closed
symmetrical system of twelve fixed, 7.6 cm diameter columns.

The operating characteristics of the unit have been investigated
using an equivolume feed mixture of 1,1,2-trichloro-1,2,2-trifluoro-ethane
(Arklone.P), and 1,1,l-trichloro-ethane(Genklene.P.). The solvent phase
was silicone oil DC 200/50 coated onto 500-355 um particles of Chromosorb.P,
with compressed air acting as the carrier fluid. Optimisation of the
carrier gas flowrate and port function sequencing interval allowed the
above chemical system to be separaged_}nto two product streams of purity
>99,7%, at feedrates up to 1000 cm hr .

Investigations into the internal column temperature profile revealed
extensive temperature differences with a minimum temperature of 26°C below
ambient being recorded. Redesign of the solute feed vaporisation process
reduced the temperature perturbations ?{nd allowed the maximum throughput
of the unit to be increased to 1400 cm™ .hr =~ for the system Arklone.P./
Genklene,P.

The ability of the unit to separate a second more difficult chemical
system of Arklone.P., and dichloro-methane has also been demonstrated.
Prior to any design changes this system had proved impossible to separate.

Theoretical treatments of the counter-current chromatographic process
are reviewed, and a computer simulation of the SCCR1 based on the
development of concentration,temperature and pressure profiles over a
series of theoretical plates is presented. The accuracy of the model,
methods to improve it, and applicability to other forms of continuous
chromatography are discussed.

Key words :- Chromatography, continuous, sequential, production-scale.
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Abbreviations and Terminology used in this Thesis

Arklone.P
B.S.P.
c.p.m.
d.c.m.
d.m.C.8,
F.I.D.
F.F.A.P.
Genklene.P.
Gel.Cs
Pl
H.E.T.B.
H.T.U.
Isolated or
purge,column
or section
Mocbile phase
Product 1
Product 2
ol o et 5T
stationary phase
SCCR1

S.T.Pe

TClL,TC2 eteo,

1,1,2-trifluoro- 1,2,2-trichloro-ethane
British Standard Pipe fitting

cycles per minute

dichloro-methane
dimethyl-dichloro-silane

flame ionisation detector

free fatty acid phase
1l,1,l1-trichlorocethane

gas=-liquid chromatography

gel-permeation chromatography

height equivalent to a chromatographic theoretical plate

height of a transfer unit.

Calumn into which purge gas enters to remove

Product 2.

gas phase

The 'top' product which exits with the carrier gas

The 'bottom' product which exits from the purge column
revolutions per hour

liquid solvent phase

sequential continuocus chromatographic refiner

shake, turn, pressurise method of packing columns

thermocouple number 1,2 etc.






L b

The origins of chromatography were founded in the work of
Tswett (1,2) at the turn of the century. Martin and Synge (3) in
1941 introduced partition as the basis of separation and for this
significant development were awarded the 1952 Nobel Prize in Chemistry.
It wasn't until 1952 however, when the work of James and Martin (4-7)
on the analysis of fatty acids was published, that gas chromatography
began its unprecedented expansion. This paper plus the discussion of
Van Deemter et al (8) provided the basic theory expressing the
relationship between various chromatographic parameters and column
performance. The theory was further refined in the following years
by several researchers, in particular Giddings in conjunction with
Eyring (9), who in 1958 produced the random walk theory of chromatography.
Later developments by Giddings led in 1964 to the generalized non-
-equilibrium theory of chromatography (10,11), which to date has remained
as the universally accepted description of chromatographic fundamentals.

As gas-liquid chromatography (g.l.c.) is a separation technique
it is not surprising that the possibility of using the process for the
separation of large amounts af highly pure substances has been
considered since its conception. James and Martin (12) attempted to
scale up their 0.4 cm diameter column to a diameter of 2.5 cm in order
to be able to collect pure fractions. Using a horizontal 3 cm diameter
column, Evans and Tatlow (13) obtained gram quantities of fluorinated
hydrocarbons. Several industrial companies realising the potential
of preparative chromatography began financing research projects and in
1957 the Du Pont company described a unit capable of separating a wide
range of substances at high purity (14).

At this time the difficulty of preparing large diameter

columns without loss of efficiency became apparent. This problem



is still of fundamental importance today and several approaches have
been tried to combat it. The use of many small diameter parallel
columns acting together was investigated by Carle and Johns (15) but

the need for perfect matching of the column characteristics amongst
other problems led to this idea being abandoned in favour of slightly
larger diameter columns utilizing repetitive sample injection and
product collection. Although throughputs are substantially improved
by repetitive injection of feed samples, a limit is very soon reached
above which the size and frequency of the injections cannot be increased
without increase in the column diameter.

From purely theoretical considerations Golay (16) attributed
the decrease in efficiency of large diameter columns to radial velocity
fluctuations. Many workers have since upheld this hypothesis through
experimental work (17,18). Methods of overcoming or minimizing the
problem have taken the form of insertions into the column. Washers,
baffles, coated discs and mixing devices (18-23), have all been tried
with varying degrees of success.

Large diameter columns (30-120 cm) for production-scale g.l.c.
have been developed by Abcor Ltd. (20) in the U.S.A. These columns
fitted with baffles placed at regular intervals have evoked considerable
interest but have presented severe economic problems. Continental
0il Co. (24), have reported the success of smaller units (30 cm
diameter) in separating hydrocarbon mixtures of sample volumes up to
500 cm3, whilst Valentin and co-workers (25) are known to have pilot
plant equipment capable of producing 10 tons/year of very pure products,

an example of which is the upgrading of n-pentane to a purity of 99.996%.



As already mentioned economic considerations must play a vital
role in production chromatography and it is for these reasons that
preparative g.l.c. is not as widespread as was originally envisaged.

The production units mentioned above all utilize repetitive injection
techniques and are therefore inherently batch processes. In the vast
majority of chemical engineering processes batch operation is inferior
to continuous operation both from a throughput standpoint and from
economic considerations. Several workers have therefore attempted to
develop process schemes based on continuous cross-current or counter-
—=current operation.

With cross-current schemes the continuous separation of
multi-component mixtures of high purity is possible, although practical
problems have severely limited their use on a large scale. Very recent
work by Wolf and Vermeulen (26) incorporating the concept of multiple
layer beds appears encouraging in that throughputs have been increased
between 2 and 30 times over the best single bed cross-flow units.

In counter-current schemes the mobile phase fluid and
stationary phase fluid are moved counter-currently, whilst a continuous
feed mixture is introduced at some point in the separating section.

The feed components with the least affinity for the stationary phase
fluid travel preferentially with the mobile fluid whilst the more strongly
adsorbed components move in the opposite direction with the stationary
phase. Consequently continuous product offtake is possible. Barker
and co-workers (27-50) have, since the early 1960's, been at the
forefront in developing counter-current chromatographic techniques.

Many of the units now being operated by Barker and his group for both
gas-liquid and gel-permeation chromatographic separations are based on

a concept developed by Barker and Deeble (44), in which counter-current



movement is simulated by sequencing a system of inlet and outlet

port functions around a closed loop of columns. In the first unit

of this type called the Sequential Continuous Chromatographic Refiner,
(SCCR1) , the continuous fractionation of 1l.l.2-trifluoro-
1.2.2-trichloroethane (Arklone.P.) and l.l.l-trichloroethane (Genklene.P.)
was achieved at equivelume feedrates of up to 700 cm3hr-1. The

SCCR1 unit was constructed of 12 vertical volumns, 61 cm long and 7.6 cm
diameter, packed with 500-355 um particles of Chromosorb.P. The

packing was coated with a solvent phase of silicone oil DC 200/50

(25% wt/wt).

The simulation of counter-current movement as outlined above
is a new concept and the operation of continuous chromatographs based
upon it varies greatly from conventional batch machines. Deeble (45),
had obtained preliminary information concerning the cperation of the
SCCR1, and it was one of the aims of this thesis to continue this work
to optimise operational parameters such as mobile phase flowrate length
of the sequencing interval, and the solute feedrates.

The potential throughputs in a continuous machine may be far
greater than for batch machines of the same column diameter, and it is
likely therefore that the known temperature effects resulting from the
passage of large amounts of solute will also be more pronounced in a
continuous unit. The value of the solute partition coefficients upon
which the initial flowrates are selected, are very susceptible to
changes in temperature and therefore it was proposed to investigate the
temperature profiles present in the continuous unit, and to determine
the effect of these perturbations upon the separation.

The chromatographic separation factor for the system

Arklone.P./Genklene.P. is approximately 2.6, and whilst the sytem



provides a convenient one for study it does not provide a severe test
of the separating capabilities of the SCCRI. The possibility of
separating a mixture of solutes of much lower separation factor was
therefore to be investigated.

Concurrently with the experimental programme it was envisaged

that development of a mathematical simulation would be carried out.






2.1 Scope

Following the work of James and Martin in 1951 (4),
chromatography has developed into an accepted analytical and preparative
technique. The swift growth of the subject has resulted in a great
number of publications and it is necessary therefore to be restrictive
in the summary of relevant literature. A definition of the basic
terminology has been omitted as excellent reviews have previously been
given (45,49).

The survey is concerned firstly with the development of
theoretical models of the column chromatographic process. An
introduction to the basic separation mechanism is given, followed by
several independent theories designed to account for imperfections in
the process.

Scale-up of the batch chromatographic process is next reviewed,
with factors affecting the performance of such columns being discussed.
P?actical methods of improving éolumn efficiencies are dealt with in
detail, with optimisation techniques for production scale chromatography
being reviewed.

The desire to obtain maximum column utilization by continuous
operation has produced a number of novel schemes, and the development
of the practice of continuous operation is followed. Finally the
history of the developments leading to the construction of the SCCR 1

unit is traced through the work of Barker and co-workers (27-50).



2.2 Theory of Zone Spreading

2.2 % Introduction

Chromatographic separations are governed by two criteria,
thermodynamic equilibria and column dynamics. It is the latter
which determines the width of the solute zones and which the theories
of chromatography attempt to define.

The problem is to define the degree of broadening by a suitable
number, to find out the factors upon which the broadening depends, and
finally to produce quantitative relations linking the zone broadening

with the factors which produce it.

2252 The Theoretical Plate Concept

The theoretical plate model was introduced into chromatography
by Martin and Synge (3) because of its effectiveness in describing
distillation processes. Their early work has been subsequently,
developed by James and Martin (4), Mayer and Tompkins (52), and
Glueckauf (53).

The basic premiss is that the chromatographic column is
divided into a number of zones or theoretical plates of such a length
that within each plate complete equilibration of solute exists between
the mobile and stationary phases. Further fundamental assumptions
are made in that:

a) The solute exchange process is thermodynamically

reversible such that instantaneous equilibrium is achieved.

b) The partition coefficient is constant throughout the

column and therefore independent of concentration.
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c) Longitudinal diffusion may be neglected.

d) The mobile phase flow is discontinuous, consisting of

the stepwise additions of volumes of mobile phase equal to

the mobile phase volume per plate.
By reducing the plate volume to an infinitessimal value, Gluekauf
ocbtained a continuous model. The concentration profile showed a
Poisson distribution which could if the number of plates, N, was large
enough (>100), be approximated by a Gaussian distribution. The
standard deviation (0) of the Gaussian distribution (a direct measure
of zone spreading) is given by

o = (H.L )% (2.1}
m

where H is the height equivalent to a theoretical plate (HETP) and Lm
is the distance migrated. Equation (2.1) shows that H varies directly
with 02, i.e. the variance of the distribution and an important
statistical property of o® is that it is the sﬁmmation of independent

contributions

i.e. g =0. +0 + @ S (2.2)

(0]
g = F L_ (2.3)

Therefore contributions to the plate height may be determined

independently and summed to give an overall value for H.
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The most obvious conflict of the plate model with actual
column processes lies in the assumption of plate wide equilibrium.
In practice equilibrium is only achieved at the single point of the
peak maximum. Giddings (54) attempts to overcome this inconsistency
by redefining the plate height such that it is equivalent to the length
of a cell whose mean concentration (not stationary phase concentration)
is in equilibrium with its own effluent. Even overcoming this
inconsistency the plate model still fails to give an adequate
description of the chromatographic process as it is not designed to
account for the basic effects of particle size, molecular diffusion,
finite mass transfer effects and other factors giving rise to zone
spreading. However the plate height is a useful and widely accepted

parameter for the characterization of zone spreading and column efficiency.

2.2.3 Zone Broadening Rate Theories

Lotk Van Deemter Theory

Much theoretical work has been carried out to express the
behaviour of a chromatographic column in terms of the H.E.T.P. Lapidus
and Amundson (55) were the first to introduce mass transfer and diffusion
terms into a model, and their theory was developed by Van Deemter,
Zinderweg and Klinkenberg (56) who derived the following expression,

relating the column parameters to the H.E.T.P.:

8 % dfz
H=2.,Ad_ + Zy'DM + e u (2.4)
P m (1+k") “D
u s
A = packing characterization term for eddy diffusivity such

that eddy diffusivity, E, =k.u.dp.



o R

dp = mean particle diameter

y' = labyrinth factor to allow for the toruous flow path
DM = Mobile phase molecular diffusivity

Ds = Stationary phase molecular diffusivity

df = thickness of stationary phase liquid film

u = interstitial gas phase velocity

k = FM/K.Fs = mass distribution coefficient

K = partition coefficient

FM = Fractional volume of mobile phase

F = Fractional volume of stationary phase

s

In a shortened form Equation 2.4 is often expressed as
B
H = A+ = oA g, GE (2.5)

A, B and Cs are the 'eddy' diffusion, axial diffusion and stationary
phase, mass transfer resistance terms respectively. Van Deemter (56)
introduced a further term (Cm.u) to allow for resistance to mass
transfer in the mobile phase.

Figure 2.l(a) represents graphically the Van Deemter Equation
2.4, showing how at low gas velocities the axial diffusion term is
significant and therefore high molecular weight carrier gases are
desirable to minimize H. At higher gas velocities the dependence of
H on (%0 disappears and the mass transfer resistance terms become

controlling.
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Figure 2.1(a)
Graphical Representation of the Van Deemter Equation

Figure 2.1(b)
Velocity Extremes in_the Mobile Phase
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2.2.3.2 Random Walk

The original Van Deemter equation has been extended and
modified by many workers (57-61). Giddings (11) in his standard text
has carried out extensive theoretical studies into the mechanisms of
zone broadening. Using the individual molecular processes occurring
in a chromatographic column he developed a "random walk" model (11,62).
The basic concept of this model is that the molecular movements of the
solute, although random, have an equal chance of being forward or
backward. If a large number of molecules start together on a random
walk of many steps, the standard deviation (0) of the resulting Gaussian

concentration profile is simply

g =% (n) (2.6)

where n is the number of steps taken and ' is the average (root mean
square) length of the actual displacement. Again it is convenient to
write Equation 2.6 in terms of the variance 02 viz.

g® m) %y (2.7)

and as each molecular process has its own value of &' and n the whole
may be summed to yield an equation the same as (2.2). Giddings
evaluates the contribution to plate height from longitudinal mobile phase

diffusion as:

(2.8)
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By using the same Einsteinian relationship for diffusion (63) the

stationary phase diffusion was calculated as

2 Y .D ‘
5" s (1-R) (2.9)

u R

obstructive factor within solid particles

-
I

retention ratio

~
]

Simple kinetic mechanisms describing the adsorption-desorption process

can be formulated as a random walk and Giddings (1l) obtained:

H = 2R,(1-R) (2.10)

Diffusion in the mobile phase is more complicated than in the
stationary phase because of the complex network of interconnected
channels and void spaces, giving rise to velocity variations within the
mobile phase. The mechanisms leading to this zone spreading within the
mobile phase originate from

(i) Transparticle effects occurring through stagnant mobile

phase trapped in the porous solid support particles

(ii) Transchannel effects caused by the higher velocity in

the center of each interstitial flow channel

(iii) Short-range interchannel effects

(iv) Long-range interchannel effects

(v) Transcolumn effects

See for example Figure 2.1(b).

The final relationship for the mobile phase mass transfer term was

obtained as:
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2
Weid o
H = —E— (2.11)
D
M
2 2
w = %AW e W 2 (2:12)
o P /
s - (distance between velocity extremes)/dp
wB = (distance between extreme and average

velocity) /u
Eddy diffusion is a consequence of the same velocity inequalities giving
rise to the plate height term in Equation 2.11. Similarly separate
eddy diffusion terms may be identified with each of the five categories

of velocity inequalities yielding an eddy diffusion contribution of

H = 2:h.4d (2.13)
ip
Ao BN w2 (2.14)
i BT ’
wl = structural parameter

The separate contributions to plate height obtained from the random

walk approach may be summed to give

2 2
5 (1-R) df_u w.dp u
= e ' =4
H 2J\dp e [y Bt VoD e ] + 2R.(1-R) e . el (2.15)
s M
gy H''= A + B3 Cu #* C.u (2.16)
s m

As shown in Section 2.1 the successive additions of plate
height contributions depends upon their independence from one another.
Giddings (11) has shown that the eddy diffusion and mobile phase mass

transfer terms are not independent and therefore their variances not



T

additive. Combining these two contributions in one term leads to the

general equation

+ =) (2.17)

As seen from Figure 2.2(a)the value of the coupled term in Equation 207
is always less than either of the component parts. In relating
practical results to theoretical preductions the results of Hammond and
Harper (64) are most accurately described by the coupling theory.

A major criticism of the random walk model is that it is based
on a fixed number of steps for all participating molecules, while in
reality particularly in reference to sorption-desorption kinetics a
variable number of steps are taken. De Clerk and Buys (65) attempt to
overcome this deficiency by recognising that the integrals derived by
Aris (66) may be interpreted in terms of a random walk mechanism. The
Aris integrals describe the resistance to mass-transfer contributions to
the effective diffusion coefficient arising from non-equilibrium in the
mobile and stationary phases. Giddings (62) also recognised the
limitation of the random walk approach and developed the generalized
non-equilibrium theory of zone broadening (10,67) to describe the mass
transfer terms in Equation 2.16. Although these terms constitute only
part of the total plate height expression they are for practical

chromatographic purposes the most significant.

2.2.3.3 Generalized non equilibrium theory

The non-equilibrium theory is based on the fact that sorption/
desorption processes require a finite amount of time to occur. A

schematic diagram of the non-equilibrium process is illustrated in
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Figure 2.2(a)
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Figure 2.2(b), apd shows that the stationary phase concentration has a
lag in its equilibrium value whilst the mobile phase concentration will
always be ahead of its equilibrium concentration. The degree of
non-equilibrium, indicated by the gap between the related curves of
Figure 2.2(b), is a function of the rate of mass transfer between the
phases and can be minimised by having the zone migrating slowly thus
preventing rapid concentration changes.

The advantages of using the non-equilibrium approach is that
it replaces the single molecular events of the random walk method by the
gross processes of mass transfer, and includes terms to account for
packing geometries. Giddings (11) evaluates the term to account for

diffusion in the stationary phase as

2
H o= g Rl (2.18)
S
q' = configuration factor

This gives a more exact representation of the stationary phase term
obtained from random walk theory, Equation 2.10. The mobile phase
diffusion expression is again a function of the five mechanisms

discussed in the random walk theory and if several simplifying assumptions
are made Equation 2.1l is again produced. The final relationship for

H derived from non-equilibrium theory becomes:

2 Y'.D, d:.u 5 Dy, gt
B m———— ! i
H . # RN e [2Aa + = ] (2.19)
s w.dpu

The relative significance of the individual terms of Equation 2,19
determines whether or not simplifying assumptions to the mobile phase

diffusion expression are valid or not.
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The preceding models whilst giving a detailed account of the
mechanisms involved in zone dispersion, do not include contributions
to the plate height equation relating to the sample size, the shape
and size of the column etc. A theoretical treatment of these factors

will be discussed in the following section.
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2.3 Scale Up of the Batch Chromatographic Process

2.3 Further Mechanisms Leading to Zone Broadening

2.3.1.1 Flow Dynamics in Packed Columns

Giddings (11) has postulated five mechanisms by which velocity
inequalities may occur in packed columns, (Section 2.2.3+2). In
large diameter columns the 'transcolumn' term is of particular importance
owing to the large velocity differences which often occur across the
column cross-section. Additional zone spreading resulting from
unevenness in flow velocity have lead to a further term, Hc, being added
to the Van Deemter plate height equation:

B

H = (A + + Cuoo+ Cwm. ¥ H (2.20)
m s

c
The exact form of the velocity profile and therefore HC has remained a
matter for debate but it is generally accepted that with column diameters
greater than 2 to 5 cm, Hc is usually the dominant term.

Giddings (68) has proposed a velocity profile convex to the
direction of flow. This approach is based on the lower resistance to
flow being found at the column wall. Using the noneequilibrium theory

Giddings (68) found the plate height contribution to be:

2
rc u
Byr =G lein il
m
G, = constant

2

This correlation was found to give good agreement with experimental
results obtained from 0.6 cm and 5.1 cm-diameter columns (69). The

proposed convex flow profile was observed in a 7.5 cm diameter column
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by Huyten et al. (17), with similar observations being made by Friscone
(18) . A similar expression to Equation 2.21 was therefore obtained by
Huyten et al (17) Higgins and Smith (70) and Rijinders (720 .

In contrast to these proposals Hupe et al (72) and Volkov (73)
have observed maximum zone velocities at the centre of their packed
columns, attributing this to the fact that the higher packed density in
the central sections of a column lead to faster mass transfer rates.
Bayer,Hupe and Mack (19) based their derivations on this observation

and cbtained an expression for Hc as:

0.58
s
e
1.886
ur

Hc = 2.83 (2.22)
which gave good experimental agreement for columns between 1.3 cm and
10.2 cm diameter.

The band spreading resulting from the non uniform velocity
profile will be reduced by lateral diffusion. Littlewood (74) and
Sie and Rijinders (75) describe the lateral diffusion in terms of a
molecular diffusion expression (Y'Dm) and a convective diffusion term

(ur.dp.u). Combining these with the longitudinal diffusion terms

they obtained.

05 I'.di.u
5 = Yo wara_.u Jo)
m P
a' = packing geometry factor
I' = complicated double definite integral of the velocity

profile gradient. (c.f. Aris integrals (66),

Sachion 2%2.342)
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The preceding expressions for Hc all predict the decrease of efficiency
with increase in column diameter. Pretorius and De Clerk (76)

doubted this prediction and considered the 'wall effect' and the
'‘particle to column diameter ratio', d e to be of fundamental
importance in determining the velocity profile. The resultant profile
they developed was of a 'W' shape with the max%mum velocity being
experienced several particle diameters into the bed. The semi-empirical

expression to allow for this contribution to plate height was:

M' dz u
Hc W gt (2.24)
£’ p
3 dc
] - e oo et am—— ]
where M {100) exp ( Tod ) (2.25)

According to this study, the plate height first increases with dC at

da d
constant 52-, reaches a maximum at EE- = 0.05 and then decreases with
(= G

increasing dc. The results of Spencer and Kucharski (77) and Knox (78)
give support to the above hypothesis, Spencer et al (77) observed a fall
in H.E.T.P. above column diameters of 6.4 cm, whilst Bayer et al (19)
record a lessening of the rate of increase in H.E.T.P. as the column
diameter is increased from 1 cm to 50 cm. Giddings (68,69) proposes
that this effect could be due to the fact that if radial equilibrium is
not achieved in large diameter columns then plate height becomes
ingependent of diameter. The deleterious wall effects can be overcome
by having a column of sufficient diameter so that the sample is eluted
before it has time to diffuse to the wall, as proposed by Knox and
Parxcher (79). The authors also suggest a technique whereby only the
central portion of the eluted solute band is removed. The feasibility
of such a proposal is somewhat questionable owing to the very poor column

utilisation.
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As shown above, differences of opinion exist as to the effect
of column diameter, although the body of opinion indicates a loss of
efficiency when columns are scaled up to the production level, because
of increasing radial velocity variations. Dixmier, Roz, and Guiochon
(80) however, doubt whether any explanation is fully correct and point
to the paradoxical results of Huyten et al (17) who found that increased

radial variation in velocity was accompanied by improved efficiency.

2.3.1.2 Temperature Effects in Packed Columns

In the derivation of the plate height equation isothermal
operating conditions were assumed. This cannot be true in practice
because of the combined effects of the heat of solution of the larger
samples and the finite rate of heat transfer across large diameter
columns. The non-isothermal operation of 10 cm columns has been
demonstrated by Hupe et al (72) and in 2.5 cm columns by Peters and
Euston (8l), and Rose et al (82), Scott (83) has studied the temperature
effects resulting from the passage of a solute through a theoretical
plate and concludes that the excess heat generation increases with:-

a) Increasing flow rate

b) Increasing sample size

c) Decreasing partition coefficient values.

The first two factors are of significance in preparative and production
chromatography and the results of Rose et al (82) indicate that heat
transfer properties could be of primary importance in the design of
preparative and production columns. Giddings (68) noting that the
solute zone migration velocity was dependent upon the local column
temperature introduced a further plate height texrm {Ht], to allow for

thermal fluctuations across the column:
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Ht = G.t,(ﬁ'l‘)—-— (2.26)

Q
Il

constant of value approximately 0.004

AT = temperature difference between the centre and wall.

The temperature lag between the centre and wall of the column,
attributable to the resistance to heat transfer is also of importance
when temperature programming is used. Giddings (68) concluded that an
additional term to describe the contribution to plate height caused by
the thermal lag could be described by:

ut.B% u.ri
Htp il e e (2.27)

14400.K .DM

Htp contribution to plate height from temperature programming

B = heating rate

2:3.1.38 Finite Concentration Effects

Feed band width and feed concentration are closely linked
parameters and an increase in either leads to a marked reduction of the
column efficiency in terms of the number of theoretical plates (84,85).
For the case of a linear adsorption isotherm the fundamental retention

equation for a chromatographic system is:

VR = VM o KVS (2.28)

<t
Il

retention volume of component

<
Il

column mobile phase volume
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column stationary phase volume

-
]

equilibrium partition coefficient

However if the partition coefficient is a function of solute
concentration, i.e. non-linear isotherm, then the elution volume is
given by (86)

Voo = v AN @ (2.29)
8 cc

solute concentration in stationary phase

Q
Il

(¢}
]

solute concentration in mobile phase

Figure 2.3 shows the effect of the three commonest types of isotherm
on the shape of the solute peak. For a Langmuir type isotherm,

Figure 2.3(b), the retention volume and associated partition coefficient,
K = g/c, decrease with increasing concentration. The resulting solute
peak has a sharpened leading edge and a diffuse trailing edge.
Similarly, the anti-Langmuir isotherm, Figure 2.3(c), exhibits a
diffuse leading edge and sharpened trailing edge. The vastmajority

of chromatographic systems exhibit non-linear isotherms resulting in

an increased band width and therefore a longer column is necessary to
obtain the same degree of separation. However, the gain in throughput
obtained by operating at high solute concentrations in many cases

outweighs the detrimental effects of peak skewing.

2.3.2 Practical Methods of Improving Column Efficiency

2.3.2.1 Column Packing Techniques

From a purely theoretical standpoint, differences in H.E.T.P.

values between large and small diameter columns should not exist.
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The fact that large diameter columns exhibit comparatively low
efficiencies is due in the main to the method of packing, hence
many workers have sought to achieve a packing technique giving both
high and reproducible column efficiencies.

The simplest method of packing is pouring small amounts of
support into the column which is being bounced and tapped on the side.
This method having been used by Giddings and Jensen (69) and Hargrove
and Sawyer (87) has been shown by Huyten et al (17) to give cross-
sectional non uniformity in the packed bed. Higgins and Smith (70)
described several methods of packing such as "bulk", "snow", and
"mountain" packing. In the first method the entire column packing is
poured in at once. In the second, the packing is allowed to trickle
in slowly while the column is being vibrated. The "mountain" technique
allows the support to flow through an orifice positioned just above the
level of packing in the column, so that a small cone is always formed
on top of the settled bed. This method was reported as giving the
best results, with H.E.T.P's in the order of 1 mm being obtained.
Guillemin (88-90) used a fluidisation technique, which although giving
high initial efficiencies never achieved universal acceptance as the
packed beds so produced were prone to collapse owing to the low packed
densities inherent in the method. Bayer et al (19) advocated
mechanical tapping and vibration to improve efficiencies whilst Hupe
et al (72) have used a conical plunger to achieve better packing.

In this latter method the conical plunger is rested on the packing
inside the column whilst tapping takes place. The idea is to
increase density in the peripheral regions of the column. Verzele
(91) introduced a new method known as the "shake-turn-pressurise",

or S.T.P. method. In this the column is shaken in the radial
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direction and is rotated along its own axis whilst being packed and
periodically pressurised. In all the above methods the H.E.T.P.'s
measured were of 0.1 cm and above, reproducibility in some cases

being very poor. Recently a novel packing method developed by Reese
and Grushka (92) giving highly stable columns, has achieved efficiencies
equivalent to those in analytical columns. The technique consists
simply of drawing the support upwards into the column by means of a
vacuum, homogenizing the bed, turning the column over, and tapping it.
Reproducible H.E.T.P's in the order of (0.05-0.07 cm) have been

obtained by this method for columns of 3.3 cm diameter.

2.3.2.2 Changing the Column Shape

The vast majority of preparative, and all production columns,
are of the standard circular cross section. However, in an attempt
to increase the efficiency of columns alternate forms are used to avoid
particle segregation, and improve heat transfer into the bed.

Studies on oval columns (93,94), annular columns (95,96, 97),
and "shamrock" type columns (98), have been conducted as well as the
introduction of fins (99,100) and internal rods (80). A major
criticism of the above types of columns is that with the exception of
Reiser's hexagonal finned column (100), the rest were of an equivalent
diameter of under 3 cm, and although improved efficiencies were noted,
the difficulty and expense of fabrication limits their application to
the preparative scale.

The use of a multidiameter columns has been investigated by
Friscone (18) and Walker (102). The latter linking columns of between
0.3 and 0.9 cm, with the object of compensating for sample overloading

at the inlet. Pirogova et al (103) attempted to correct for the
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expansion of the carrier gas as it progresses through a packed bed
by joining columns of 2.6, 1.2 and 0.6 cm diameter. The variation
in linear carrier gas velocity was thereby reduced with the
corresponding increase in efficiency.

A novel approach to maintaining column efficiency during
scale up is to use a matrix of small parallel columns to produce an
effective large column diameter (104,105). The detrimental effects
of large diameter columns are thus avoided without any loss in
capacity, however, for the system to be a success the retention
characteristics and solute velocities in each column must be identical
to prevent peak overlap at the outlet. Difficulties also encountered
in the distribution of solute and carrier gas have meant that parallel

column systems have not yet found acceptance for production purposes.

2.3.2:3 The Use of Flow Distributors and Mixing Devices

2.3.2.3.1 Inlet/Outlet Cones

To ensure uniform distribution of carrier gas over the column’
cross-section, packed inlet cones (19,101) have received universal
acceptance. Musser and Sparks (106) investigated the performance of
inlet cones and their results were.in agreement with Huyten et al (17)
in that wide angle cones (60-90°) packed to about 80% of their volume
provide the most efficient means of distribution. Albrecht and
Verzele (107) packed the inlet cone of a 7.5 cm diameter column with
glass spheres and reported improved efficiency. It is éenerally
accepted that the column outlet cone should be completely packed

(L7 107):
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2.3.2.3.2 Homogenizers

Apart from improved packing techniques the adverse effects
of the solute profile may be overcome by remixing the solute stream
at intervals along the column. The thin mixing chambers developed
by Carel and Perkins (108,109,110) have proved the most popular
devices to date. Consisting of a sintered disc either side of a
plate with a single central hole. The device is inserted into the
column at the point where the flow profile has become clearly
developed (111). The sintered discs provide redistribution whilst
the 'doughnut' plate serves to remix the gaseous stream. Plate
heights of 2 mm in a 10 cm diameter column have been reported (108).
Using a similar device Verzele (112) has reported in a private
communication with Pescar (113) H.E.T.P.'s in the order of 0.3 cm
in 7.6 cm diameter columns. The spacing of homogenizers as reported
by Pescar (113) is not critical, although contrary to this opinion,
Golay (16) suggests that too many mixing devices may actually
contribute to zone broadening and that the law of diminishing returns

applies. With n. mixing devices the plate height, H is given by

s CN
Mir (114) as,

H__=-H'
%.—- - ':'; (2.30)
C X
H' = Intrinsic plate height for packing as measured

on an analytical column
Hé = Plate height for the same large diameter column

without mixing devices.
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2.3.2.3.2 Baffles and Washers

Baffles as a means of flow distribution have found universal
acceptance in many chemical engineering processes and it is not
surprising that this type of method has been incorporated into large
scale gas chromatographs (20). Abcor Inc., Massachusetts (222}
rely on the 'disc and doughnut' type of system, in which the discs
of smaller diameter than the column, force the gas flow to the walls,
after which the flow strikes the 'doughnut' and is redirected to the
centre. Efficiencies of 10 cm diameter columns utilizing 'discs and
doughnuts' are reported to be comparable with 0.64 cm diameter
analytical columns operating under the same conditions (21)

Systems incorporating only the 'doughnut' form have been
used by Bayer et al (19) and Amy and coworkers (23). Friscone (18)
used filter paper washers coated with stationary phase to retard the
normally advanced solute profile near the column wall. Utilizing
restricting devices in a similar manner Verzele (115) obtained no
beneficial effect, and therefore the benefits of such chemical
washers are somewhat uncertain. However in conclusion, the
incorporation of packed end cones, and some form of baffling to
promote radial mixing, have greatly enhanced the viability of

production scale gas chromatographs.

2.3.2.4 The Use of Repeated Feed Injections

In the normal elution mode of operation of an analytical
chromatograph, the solute sample is injected and the resolved
components collected before any further sample is injected. As the
solute bands only occupy a small part of the available column packing

at any one time, column utilization is poor, and unacceptable for
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preparative and production purposes.

To increase utilization, subsequent injections are made
before the previous injection has emerged from the column, hence
many injections may be separated in the column at the same time.
The rate of injection is a critical factor to avoid excessive overlap.
In practice, two modes of operation exist. The first where the
eluted profiles are completely resolved and successive injections do
not overlap, and a second technique in which the solute bands are
allowed to overlap and the central impure portion is 'cut-out' and
recycled. Pretorious and de Clerk (76) have expressed the production

rate of a component eluted by the first mode of operation as:

(mi - &mi)_u

E = ——————— (2.31)
+
P Wto(l KiJ
Ep = production rate of given component
ﬁmi = mass of component in sample
m, = mass of component recycled during fraction cutting
wto = chromatogram width per sample at the column ocutlet

To ensure that samples do not overlap the distance between
samples is taken as being twice the distance between the two peaks
within the sample, and therefore to separate the peaks by six

standard deviations the parameter Wto is fixed as:

Wto = lZ.Rs.Oto (2.32)

Gto = standard deviation at column outlet within the column
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Pretorious and de Clerk (76) maintain that operation in such a
manner would lead to an impurity of 0.15% for a two component mixture.
Gordon et al (116-120) maintain that the 'heart cutting'
technique leads to higher throughputs where product purity is a
controlling factor, but that only minimal gains are obtained when
lower purities are permissable. Therefore the cost of sophisticated
equipment required by chromatographs employing a 'heart-cutting' method
must be carefully weighed against any increase in production. Conder
(121,122) has reported that it is always preferable to overlap the
component bands rather than to avoid the need for cutting by increasing
column length and resolution, and that an optimum recovery value exists
at 60% of the injected sample. The remaining contaminated 40% being

recycled (122).

Ze3e3 Performance Optimisation for Production Scale Chromatography

223250 Performance Criteria

Several criteria for evaluating the performance of production
and preparative chromatographs have been proposed (22,123~127). The
best single criterion which describes the overall performance of a
production chromatograph is the reciprocal of the total separation
cost per unit mass of product (127,128) i.e. qr/GTC where a. is the

throughput and GT includes all capital and running costs.

C

Before any optimisation procedure can take place the total

cost, G

rc’ must be broken down into its component parts and related

to chromatographic parameters, this has been achieved by Conder (129)

who obtained
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(a=1) " ° (a=1)
o = relative volatility of key solute components
f' = factor to allow for the effect on column length

of increasing the mole fraction of solute in the
liquid phase.
n = normalised value of the number of theoretical plates

in the column.

h0 = reference value of H.E.T.P. as defined by:
0.5
< 4
b = lsE (S (2.34)
o u d
C
A,B,C = constants independent of column dimensions, nature

of the solutes and carrier gas velocity.

To determine A, B,C in Equation 2.33 requires cost data based
on construction and operating experience with production chromatographs.
Ryan and Dienes (130,131) obtained such data whilst employed by 'Abcor
Incorporated, Massachusetts' in the separation of o~ and f-pinenes,
fitting their data to the equation:

G = 27800 + 9400 dc + 1800 dc2.5 (2535}

Conder (194) further defined the throughput, q,., to be:

2

Mf.pf Wdce.u e

n 6 = 4 5
c g
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r = recovery ratio after fraction cutting

g€ = void fraction of packed bed

tR = retention time for solute in column

T = temperature

tc = cycle time between repetitive injections
Rg = gas constant

Mf = molecular weight of feed component

pf = partial pressure of feed component

n = normalised value of N = Na2/36

n = normalised value of N = N a/6

N = number of theoretical plates in column
Nf = number of theoretical plates occupied by feed band
a constant defined by:

o-1 K
a = 2 {aiii (i;§9

(2.37)

By combination of Equations 2.34 to 2.36 a relationship is obtained by

which it is possible to compare the economic performance of a

chromatograph with various design parameters

qr
—_ 4+
G

where B' =

6.t R_.T 4
c g

2 Ll
r.nf.d .B
n[27800 + 1590.d4 (n.u.h .f)0'4+ 21.5.d ?’5n.u.h £ ]
C (o] C (@]
By 2 (@-1)2
aste  MeEe T.E.U

(2.38)

(2.39)
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2.3.3.2 Optimisation of Variables

2.3.3.2.1 Feed band width (n_.), column length (n), and recovery ratio, (x)

The above three parameters are independent from any other
terms in Equation 2.38 they are however dependent upon each other and
may be optimised together. Conder (129) suggests it is preferable
to regard the feed band width amd recovery ratio as the independent
variables to be optimised separately and then to choose a column length
to give the desired purity. Experimental evidence (121) suggests that
the optimum values for recovery ratio and feed band width are 0.6 and

2.0 respectively.

2.3.3.2.2 Mobile Phase Velocity (u)

Increase in carrier gas velocity has been shown to have four
principal effects (129)

(i) H.E.T.P. is increased, (c.f. Figure 2.1(d)), which
increases the column length required and therefore the cycle time.

(ii) The amount of feed which can be injected in each
batch is increased in direct proportion to the increase in H.E.T.P.,
for a constant feed band width.

(iii) The cycle time is reduced in proportion to u.

(iv) The pressure drop in the column increases.

The effects of (i) and (ii) on throughput cancel out so that
throughput is controlled by (iii) and is therefore directly
proportional to carrier gas velocity. The combined effects of
(i) =(iv) upon the parameter qr/G are more complicated, but in general
it is desirable to use the highest possible velocity in order to
maximise qr/G. Although this necessitates a larger column, the

increased cost is offset by increased throughput.



= an -

2.3.3.2.3 Column Temperature ()

Throughput (qr) is inversely proportional to temperatufe
and also affected by the dependence of relative volatility (o) and
the vapour pressure (pf) upon temperature. The result of combining
these factors has been shown to give rise to an optimum temperature
around the boiling point for thermally stable compounds (132).

The column temperature principally affects the parameter
(G) , through its influence upon (f), where (f) measures the effect of
band broadening upon column length arising from finite concentration
effects. It has been shown by Valentin et al (25) that band broadening
caused by finite concentration effects is minimised when the column
temperature is close to the solute boiling point.

In a recent paper, Roz et al (133) propose that the optimum
temperature is the lowest of the three values

(i) maximum temperature for the stationary phase

(ii) maximum temperature for sample stability

(iii) 'valentin temperature' at the highest possible outlet

pressure

where the 'Valentin temperature' is defined such that

o 3 (Pio-l) 1 Yl:
PA = POZ ?—:l—)- ;m (1-;;— ) (2.40)
I0 A A
Pi = wvapour pressure of component
Po = column outlet pressure
P = inlet to outlet pressure ratio
YAw = activity coefficient at infinite dilution
1;& = activity coefficient correction to allow

for non-ideality
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2.3.3.2.4 Feed Concentration

Conder (132) maintains that the concentration of solute in
both stationary and mobile phases should be as high as possible and
that the feed vapour should have unit mole fraction in the vapour
phase. Contrary to this Roz et al (133) maintain that when the
‘Valentin' equation, (2.40), is satisfied and the optimum temperature

determined, the maximum value of solute concentration in the gas phase

is 0.3 mole fraction and that to increase the solute concentration may

lead to a non optimum column temperature being used.
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2.4 Continuous Chromatography

2.4.1 Introduction

The main advantage in choosing a continuous scheme over a
batch type operation is that it allows the whole of the chromatographic
column to be utilized for separation purposes, as illustrated by
Figure 2.4(a,b). Greater throughputs, higher purities and lower costs
are normally found in continuous mass transfer processes when compared
with equivalent batch processes and consequently many workers have
sought to design and perfect chromatographic systems capable of
operation in a continuous mode. These schemes may conveniently be

classified as fixed bed, moving bed, and simulated moving bed.

2adkad Fixed Bed Systems

2.4.2.1 Non-Cyclically Operated

Tiley and co-workers (134) investigated a counter-current
fixed bed system using a 2.5 cm diameter column. In this the
stationary phase of dinonyl-phthalate flowed downwards over the packing
element of "knitmesh", against the carrier gas flow. The separation
of a 1:1 mixture of di-ethyl ether and dichloromethane at a rate of
5 cm3.hr-l was achieved, product purities being in excess of = 99%.
Column efficiencies expressed in terms of H.E.T.P.'s were however much
lower than those obtained from columns in which the packing was flowing
(135,136).

Kuhn et al (137,138) also utilized a flowing liquid phase.

By superimposing a temperature gradient onto the column they used to
their advantage the temperature dependence of the partition coefficients

to separate multicomponent mixtures at different specific places along

the column. Continuous separation of the ternary mixture of propionic,
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n-butyric, and n-valeric acids was achieved using paraffin oil
containing 10% stearic acid as the flowing liquid phase. Purities
in the order of 95% were quoted.

Cross-current operation in a fixed bed was obtained by
Turina et al (139), by using two parallel glass plates 1 mm apart
containing the inert support, Figure 2.5(a). The carrier gas enters
along one vertical edge and exits at the opposite edge through a
series of outlet ports. Stationary phase enters the top edge
travelling down through the bed to exit from the base. A continuous
feed mixture enters at the corner between the two fluid inlets and
the individual components travel at different angles through the bed
due to their different retention times in the stationary phase.

The advantage in using this type of system is that it
lends itself to the separation of multicomponent mixtures. However,
in common with Tiley and Kuhn's schemes low efficiencies and
throughputs were obtained, due in part to the low diffusion rates
caused by the relatively thick liquid film. Maldistribution of the
liquid film upon the packed column or plate will also lead to a.loss
in efficiency as a much lower surface area/unit volume ratio will be

obtained than when solid supports are used.

2.4.2.2 Cyclically Operated (Parametric Pumping)

In recent years it has been found that operation of
separation processes in a cyclic manner so that they never achieve
a steady state can greatly increase the separating power and efficiency
of the process. Cyclic operation may involve flows of various phases
which are intermittent or which vary sinusoidally with time, or a
variable such as temperature, pressure, or concentration can be made

to change cyclically.



A T

Figure 2.5(a)
Scheme of Turina etal (139)

Stationary
!
H‘E: - e st
Mobile bR B
Phase >so T Products

H-—.

%el Glass Plates

Retaining Packing

Figure 2.5(b)
Scheme of Tuthill (146)

Mobile Phase +Component.1

(Flows Out During Time Period ty)

]

: rd
Mobile Phase In = obile Phase +
During Time t 4 Component .2
( When Ternp:T: 2 .

Flows Out During
( Time Period 11 )

A

Feed(1+2)

Parallel Plates Retaining
MObile Phase In ( Chromatographioc chklng)
(During Time t9,When Temp:Tz )



A A

The process of parametric pumping was demonstrated by
Wilhelm et al (140-143). Mobile phase flow is pumped alternately
up and down a column packed with solid adsorbent particles. Heat
is added to the column during the downward part of the cycle to
utilize the temperature dependence of the partition coefficients.
Coupling of the concentration changes caused by the flow and temperature
gradient produces a separation of the components in the mobile phase.
Although successfully operated in the batch mode, continuous feeding
and product removal, resulted in a great loss of efficiency in the
scheme.

Pigford and coworkers (144,145) demonstrated a process in
which the flow of the mobile phase passing through the fixed bed of
adsorbent is steady rather than cyclic. The temperature of the bed
is then changed cyclically either by means of a heating jacket or by
means of switching the mobile phase flow alternately between a heater
and cooler prior to entry into the bed. Due to the temperature
dependence of the partition coefficients the effluent concentration
cycles between being rich and poor in the solute to be separated.

Improved separations can be obtained by passing the mobile
phase continuously through additional columns with alternate columns
being heated and cooled out of phase with one another.

Tuthill (146) combined the idea of parametric pumping using
a temperature cycle, with the scheme previously described by Turina
(139) . The feed mixture is introduced continuously into one corner
of a rectangular chromatographic slab whilst the entry of the mobile
phase alternates between the two sides of the slab adjacent to the
feed entry point. The temperature of the system is cycled in phase

with the direction of flow of mobile phase, with the result that the
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vectorial flow paths of the various components in the feed are
deflected across the adsorbent bed and thereby resolved into
individual product streams, Figure 2.51(B) -

Using a single column Thompson (147,148) developed a
co-current semi-continuous chromatographic separation in which the
inlet stream varied from 100% carrier gas to 100% feed mixture.

By adjustment of the frequency and flow rates through the column,
individual component waves left the column out of phase by virtue
once again of their different affinity for the stationary phase.
Using benzyl ether as a stationary phase and carbon dioxide for a
carrier gas, Thompson separated a 1l:1 mixture of ethane and propane
into products of 70% and 74% respectively, at a total feed rate of
82 cm3.min‘l and frequency of 40 c.p.m.

Further systems involving parametric pumping have been
extensively reviewed by Wankat (149) who has also applied the
technique to the separation of multicomponent mixtures using a single

column (150).

2.4.3 Moving Bed Systems

24,3k Cross-Current Flow Processes

In cross-flow systems the chromatographic bed moves
perpendicular to the direction of mobile phase flow within the bed.
Development of this principle has taken two distinct forms, helical

flow through annular columns and radial flow between parallel discs.

2.4.3.1.1 Helical Flow Systems

First proposed by Martin (151) for the continuous separation

of a multicomponent mixture, the helical flow type column is illustrated
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in Figure 2.6(a). The column was formed by packing an annular space
between two concentric cylinders. The feed and mobile phase enter
at the top and follow a helical path through the column with the feed
components thus leaving the column at specific points around the
circumference of the base.

Dinelli, Taramasso and co-workers (152,153) replaced the
packed annulus by 100 packed columns 6 mm in diameter and 1.2 m long.
The composite column is rotated at speeds up to 50 r.p.h. past fixed
inlet and outlet ports, Figure 2.6(b). For the separation of
cyclohexane/benzene on tricreysyl phosphate at 80°C, product purities
greater than 99.9% were obtained for a maximum feed rate of 200 cma.hr"l.
Under optimum operating conditions the theoretical maximum was predicted
to be 220 cm3 h::-1 (154). An enlarged unit using 36 tubes of 2.4 m
length has been used to separate isomers and close boiling mixtures
(155~157) . The matching of individual column characteristics, the
physical movement of a large column bundle and the necessity of
reliable seals between the individual columns and the traps make it
unlikely that this type of machine can be scaled up to a production
size unit.

A final method in this section combines chromatography with
electrophoresis and is termed ELECTROCHROMATOGRAPHY (159,160) .
pifferent degrees of absorption cause the feed components to move at
different net velocities down an annular chromatographic bed, whilst
different electrical mobilities cause the components to move at
different net velocities horizontally in response to the transverse
electrical field, Figure 2.6(c). The overall result is a series of

curved paths for the feed components so that they appear in the column

effluent at different positions in a manner similar to Martin (151).
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2.4.3.1.2 Radial Flow

An annular packed column in which the component paths are
radial has been patented by Mosier (158) and is shown in Figures 2.7(a,b) .
The best way of operating the unit is to rotate the packing around the
fixed feed injection and product collection ports, so that feed enters
at the centre of the annulus and travels towards the circumference
where products are removed from the base of the unit.

Other radial cross-flow units have been developed by Sussman
et al (161-164) in which the packing has been replaced by annular discs
coated with a stationary phase and separated by a gap of no more than
150 pm, Figure 2.7(c). This close spacing of the coated surfaces
produces small H.E.T.P.'s so that a relatively compact machine of
30.4 cm diameter can achieve separation. Throughputs of 18 cm3.min_l
have been reported for the separation of the 3-component mixture of
methane, propylene, and butane, and theoretical studies by the authors
have led them to claim that throughputs of 50 cm3 min-l are possible
(163,164) .

A major shortcoming of the radial-flow units is that their
resolution capabilities are inherently less than that of conventional
long column chromatographs. Further scale up of Sussmans' unit may
also be difficult owing to the high degree of precison engineering

required.

2.4.3.2 Counter-current Flow Processes

2.4.3.2.1 Moving Packing

Counter-current movement in a chromatographic column can be
achieved simply by having the packing flowing downwards under gravity

against the mobile phase. Barker and co-workers (27-34) have
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pioneered and extensively studied this principle and developed the
column shown in Figure 2.8. Control of the solids flow rate is by
a rotating table at the column base whereupon the solids are airlifted
back to the hopper. Vibration of the column wall ensures a steady
flow of packing. The more strongly adsorbed feed component is carrier
with the packing into the heated stripping section and thereby removed
at the Product.2 offtake. Travelling preferentially with the mobile
phase will be the least strongly adsorbed component which exits at the
Product.l port. Components being recovered from their respective
product streams by cold traps. Using air as carrier gas and a
chromatographic packing of polyoxyethylene 400 diricinoleate coated
onto C22 Sil.0.Cel Firebrick the binary hydrocarben mixture of cyclohexane
and methylcyclohexane was separated at feedrates of up to 30 cm3 hr-l.
Later modifications to the unit (31,34) allowed the separation of
ternary mixtures possible by the addition of a side-arm, Figure 2.8.
For the separation of an equivolume mixture of cyclohexane,
methylcyclohexane and benzene at 12.6 cm3 hr—l, product purities of
99 ,.5% were obtained for the top and bottom products (cyclohexane,
benzene) and 78.6% for the sidestream of methylcyclohexane (32,230
Tiley and co-workers (135,136), Scott (165) and Schultz (166)
using similar moving packing principles have reported successful
separations on small diameter units. Clayer et al (167,168) using a
2 cm diameter column of length 1.9 m, with silicagel as the flowing
packing, and either helium or nitrogen as a carrier gas, separated the
isotopes of hydrogen. For the separation of a 65% protium, 35%
deuterium feed mixture at 150 cm3.m1n-l, the authors claim a top product
purity of 99.99% protium and a bottom product of 96% deuterium. In
a similar column using dinonyl phthalate on C22 firebrick for the

separation of isobutane/butane 2, the authors claim purities of greater
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than 99.99% for feed flowrates up to 375 cm3.min_l. The Phillips
Petroleum Co.(169) report having constructed a unit 15 cm diameter
and 2.5 m long for the separation of a 30% cyclohexane/70% benzene
mixture at 225 cm3.min-l.

The Union Oil Company, California, USA., (170) have developed
the technique on an industrial scale using activated carbon adsorbent
flowing down through a stream of hydrocarbon gases. A 16 million
cubic feet/day unit was built by the Dow Chemical Company, Michigan,
U.S.A., but proved uneconomic. Apart from economic considerations
other factors have also led to the abandonment of the technique.

Low, uneven packed densities are produced and accurate control of the
solids flow is therefore difficult to achieve. Attrition of the
friable packing occurs, necessitating regular sieving and replenishment,
and finally the gas velocity within the column must not exceed that

of minimum fluidisation. Schemes to overcome these problems have

led researchers to develop units based on the rotation of a circular

column past fixed inlet and outlet ports.

2.4.3.2.2 Moving Columns

Maintaining counter-current operation in a moving column
system is achieved by having the mobile phase flowing in the opposite
direction to the rotation of the columns, Figure 2.9. In the designs
of Pichler (171), Gulf Research and Development Corporation (172),
Luft (173), and Glasser (174) the flow of carrier gas within the
column is controlled by pressure drop. Barker (35) improved the
utilization of the column length by using cam-operated locks between
the carrier gas inlet and Product.l outlet. As the gas travels only

in one direction the length of the column that can be used for
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Figure 2.9
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separation purposes is only limited by the amount required for the
short stripping section and to provide a gas seal.

Based on this scheme Barker and Huntington (33,36,37)
constructed the unit shown in Figure 2.10(a), consisting essentially
of eight 3.8 cm square cross-section chambers linked through external
valves to form a circle of diameter 1.5 m, which rotated at speeds
between 1 and 10 revolutions per hour. To permit gas flow into and
out of the column, 180 gas passages were equally spaced over the
chamber face, automatic self-sealing valves controlling the inlet/outlet
ports. Sealing between the ports and the rotating column was obtained
by having 'O' rings set in the torroid face. The performance of the
unit in separating a wide range of chemical systems including azeotropic
and close-boiling mixtures has been reported (33,36,38).

One of the main deficiencies of the unit was the limited
separating power resulting from the effective column length only being
275 1, To increase the separating length of the unit would require
the construction of a larger more cumbersome machine. Barker (35)
overcame the difficulty of compactness by forming a closed-loop
cylindrical nest of 44 straight tubes, 2.5 cm in diameter and 22.8 cm
long, Figure 2.10(b). The tube bundle rotated at speeds between 0.2
and 2 r.p.h. past fixed inlet/outlet ports, whilst transfer of fluid
between the tubes was automatically controlled by cam operated "poppet"
valves. A considerable improvement in purities were obtained from the
unit relative to the 1.5 cm circular chromatograph (38-41), although
throughputs were reduced by a factor of 3, due to the decrease in
cross-sectional area of the compact unit. Operational difficulties
were encountered with the unreliable nature of the 'poppet' valves

and the necessity for a reliable face seal between the fixed inlet/outlet
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ports and the top ring supporting the columns. Further increase in

throughputs was not limited therefore by the separating power of the

machine but by mechanical weaknesses associated with its design.

2.4.4 Pseudo Moving Bed Counter-Current Systems

To overcome the sealing problems and the difficulties and
expense of rotating large tube bundles, several workers have devised
methods of simulating column movement by rotation of the inlet and
outlet ports.

Szepesy et al (175) have used a rotary valve to move the
inlet and outlet ports relative to a series of stationary columns.

The system, shown schematically in Figure 2.11l(a) can handle flowrates
up to 330 cm3.min_l, which the authors claim would be suitable for use
with column diameters up to 3 cm. Recently, Chizhkov (183) has
published a theoretical treatment to enable columns incorporated into
circulation systems (175), to be compared with normal columns of
equivalent length and performance.

Industrially the Universal Oil Products Co., (176,177) have
employed a rotary valve system for a variety of separations. In the
"MOLEX" process for the separation of paraffins from other hydrocarbons
using molecular sieves, the inlet/outlet ports to a single column are
indexed to simulate counter-current movement of the packing, Figure 2.11(b).
In the purification of p-xylene, purities of 99.5% have been reported
(177) obtained from a feed of 14.3% p-xylene in a mixture of CB
aromatic isomers.

Barker and Deeble (42-46) progressed from moving column units
to design a scheme utilizing fixed columns, and the programmed

sequencing of solenoid valves to simulate counter-current movement of
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packing and carrier gas. Twelve columns of diameter 76 cm arranged
vertically in a circular form gave a total length for separation
purposes of 6.7 m. Deeble (45) obtained purities in excess of 99.7%

for the separation of a 1l:1 mixture of trichloroethane and trichloro-
trifluoroethane at feed rates up to 700 cm3.hr-1. The main
success of the unit is perhaps its reliability, all moving parts having
been eliminated the unit has been operated without failure for over

4000 hrs. Further studies with the sequential chromatograph are the
subject of this thesis.

A similar unit constructed from 2.5 cm diameter stainless

steel tubes is also in operation in the Chemical Engineering Department
at the University of Aston in Birmingham. Replacing the solenoid

valves by pneumatically operated valves permits temperatures up to

200°C to be used for gas—-liquid chromatographic separations. Liodakis
I{4?) has obtained 99.9% purities for the separation of 80 cm3.hr_l.

of Ethyl-lactate and Methyl chloroacetate and is presently engaged on

the recovery of y-methyl Linolenate from 'Primrose 0Oil', the separation
of which is both difficult and expensive by means other than chromatography.

Simulated moving-bed units are by no means limited to gas-liquid

chromatographic separations. Barker et al (48) report the design and
operation of a unit for the continuous fractionation of a dextran
polymer by gel-permeation chromatography. Using 10 columns of 5.1 cm
diameter, and 70 cm in length, the removal of both high and low molecular
weight ends of a polymer feed distribution, to produce products meeting

commercial specifications, has been achieved (49).
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CHAPTER 3

THE DESIGN AND OPERATION OF THE CHROMATOGRAPHIC SEPARATOR
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3.1 Principle of Operation

Figure 3.l(a) shows the distribution of a pair of components
after injection into a chromatographic column. The gradual separation
of the two species is brought about by virtue of their differing
affinities for the solvent laden stationary phase.

Consider now the situation illustrated in Figure 3.1(b) where
the two ends of column AB are joined together to form a closed loop.

If, instead of the feed entering with the carrier gas, it enters at
point F, then the solutes will distribute themselves as shown. A
discrete section of the closed loop is isolated by locks Tl and TZ'

these locks advancing co-currently with the carrier gas. The speed

of rotation of the locks can be judiciously selected so that the more
strongly absorbed species is continually removed between locks Tl and T2,
whilst the less strongly absorbed component exits with the carrier gas.
A separate gas supply is required to desorb the slower moving species,
and thereby regenerate the section of stationary phase packing between
locks Tl and T2'

To allow the gas locks to advance over discrete sections,
the closed loop is broken into individual compartments connected by
transfer lines.

Figure 3.1(c), shows the next stage of the cycle where the
locks Tl and T2 have advanced to the next compartment thereby isolating
it from the rest of the closed loop. The position of the feed is

advanced by the same distance around the loop so that it is still

diametrically opposite the isolated compartment.



Figure 3.1 R
Principle of Operation

(a)
Injection I 4
A
“ﬁiﬁﬁ:’:;»
A 380 i B
Mobile Phase Flow
(b)

Carrier Gass(x) Out

B
Purge«0) Out «—
Carrier -
Gas In
Lock Feed(o,x)
Rotation

(c)

«—— Feed




s

3.2 Mode of Operation

. To achieve the above principle the compartments into which

the closed loop was broken, were provided for by having 12 vertical
chromatographic columns on a circular pitch of diameter 90 cm.

Adjacent columns were linked together alternatively top and bottom by
transfer lines. Normally open solenoid valves were positioned in the
transfer lines between columns so that when any two consecutive valves
were energised the column situated between them was effectively isolated
from the remaining unit.

The input/output functions necessary for the entry and exit
of the carrier and purge gases are provided by normally closed solenoid
valves. These valves were positioned on the end cones of each column.
By continual advancement of the input/output functions at a speed which
is less than the velocity of the less strongly sorbed component, but
faster than that of the more strongly sorbed component, it is possible
to separate in a continuous manner, a feedstock into two products.

Normally closed solenoid valves also provided the inlet ports
for the liquid feed and were mounted at the mid-point of the columns,
Figure 3.2.

All the input/output functions were connected to a central
distribution network via a pipe network. Pressure regulators on the
inlet side, and rotameters on the outlet side, controlled the pressures

and flowrates of the process fluids.
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3.3 Principal Features of the Chromatograph

Full design specifications of the chromatograph are given
by Deeble (45) and in the patent by Barker and Deeble (44). The
following description is a precis of the above specifications highlighting
the major characteristics of the sequential continuous chromatographic

refining unit, SCCRL.

3.3.1 The Columns

Twelve copper-columns of 7.6 cm (3 in.) diameter were
constructed from standard 3 inch i.d. copper tubing. The length of
the columns was 61 cm (24 in.), this being in keeping with a length/
diameter ratio of 8:1 used in the unit constructed by Universal Fisher
(35,38-40). The columns were evenly spaced on a pitch circle diameter
of 90 cm. This gave a distance between column centres of 21.6 am.

1.3 cm (% in.) mild steel flanges were silver soldered to
either end of the tube, with four, 9.6 cm (% in.), bolt holes evenly
spaced on a pitch circle diameter of 10.2 cm (4 in.). Support for the
packing inside the column was provided by a copper gauze of 150 um
aperture size, silver soldered onto an annular brass ring of 8.9 cm
(35 1n.) Lad. The column end cones (cone angle 600}, were fashioned
out of 1.6 mm copper sheet, Figure 3.3. The cones were truncated at
a point where a 1.6 cm (% in.) B.S.P. female stud coupling could be
soldered onto the apex. This gave them a height of 5.1 cm (2 in.).

A 1.6 cm o.d. (% in.) copper transfer line could then connect the
column with its isolating solenoid valve and the adjacent column.

Two 9.5 mm (% in.), gas inlet/outlet lines from the central

distribution network were positioned in the cones, the ends of these
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Figure 3.3
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lines being turned through 900, so they were parallel to the gas flow
in the cone.

Midway down the column, and facing towards the central
distributors, a 3.2 mm (% in.) brass stud coupling was soldered onto
the column wall. The feed solenoid valve could then be attached onto
the column. Similar stud couplings were soldered onto the opposite
side of the columns to act as sample points. Eight columns were fitted
with two sample points, equidistant between the feed point and column
inlet/outlet. In the remaining four columns, sample points were
positioned at 7.6 cm (3 in.) intervals down the whole length of the
column. |

As the unit was to be operated at pressures of several
atmospheres, sealing was of prime importance. Sealing between the
columns, flanges and retaining gauzes was provided by inserting 2.4 mm,
(3/32 in.) gaskets of 'Klingerit' coated with a pipe jointing compound.
Gas tight sealing of the sample points was achieved by inserting silicone
rubber septa into the 3.2 mm nut heads prior to screwing them ontoc the
stud couplings. Where there was a likelihood of liquid feed contacting

the silicone rubber septa, they were replaced by 'Viton' rubber septa.

SIS 2 The Packing

3.3.2.1 The Solid Support and Stationary Phase

For a support material Deeble (45) selected untreated
'Chromgsorb P', the selection being made mainly from an economic
standpoint as over 20 Kg of support were required to fill the columns.
After sieving, over 90% by weight of the packing fell in the size
range 355-500 um, (30-44 B.S. mesh). The major disadvantage of

Chromosorb.P. as a support material is the availability of active
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sites for adsorption of the solutes, leading to severe tailing of
the components. To overcome this problem a solvent loading at 25%
of the total weight was found desirable, this being the highest
attainable without the packing losing its free flowing properties.
The solvent phase selected was Silicone Fluid D.C. 200/50.

Much work has been conducted into the most suitable method
for packing preparative columns (18,70,89,90) and the following method,
recommended by Hupe (72) and Verzele (91) was adopted by Deeble.

Approximately 50 gm samples of the coated support were added
to the copper column, and a 3.0 kg concave metal cone placed on top of
the packing. The column was then beaten a specific number of times.
This vibration, plus the presence of the metal cone, resulted in an
increase in the packing density in the peripheral region of the column,
thereby promoting a plug flow type of velocity profile and negating the
detrimental effects of a parabolic profile. Successive 50 gm samples
were added to the column and treated in the above manner until the
mid-point of the column was reached, whereupon the feed distributor
was centrally positioned.

Packing was then continued in the upper half of the column
until the tube was full, the copper retaining gauze and end cone then

being secured in position.

B3.2.2 Comparison of the Packed Columns

Comparisons of the individual column characteristics using
the conventional packed column term of the 'Height Equivalent to a

Theoretical Plate', were made by Deeble (45), Table 3.1.



Table 3.1
Comparison of Individual Column Characteristics
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Column 1Inlet Pressure

= 232.6 kN m2

Volumetric Gas Flowrate = 610 cm'35'1

Assigned | Pressure Drop | Weight Interparticle Vo{ume.ofl
Column | across the of Volume Packing| U H
Number| Column Packing
KN m2 g cm? emd | em $' mm
1 6.7 1635 | 1915 | 867 | 8.6 4.9
2 6.9 1650| 2007 | 774 | 8.2 84
3 59 1650| 1977 | 804 | 84| 95
4 6.1 1635 | 1820 962 | 9.1 | 51
5 67 1650 | 1861 921 | 89| 72
6 73 1650 1893 890 | 88| 70
7 76 35| 1862 | 920 | 89| 72
8 6.7 1650| 1896 | 886 | 88| 59
9 6.9 1650| 2017 | 765 | 8.2 10.0
10 71 1635 1826 955 | 89| 4.6
1 85 1650 2014 | 767 | 83 8.8
12 65 1650 1900 | ®81 | 87| 95
average| 6.9 1645 1917 | 849 | 87| 74
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These results were high when compared with the results reported
for a 7.6 cm diameter column, by Albrecht and Verzele (107) in which
H.E.T.P's were in the order of 1.2 mm. Considerable column to column
variation was also registered.

It was correctly concluded that even with these large column
to column variations the separation of Arklone.P. and Genklene.P. would
not be adversely affected. At any one time eleven columns are linked
to form the separating section and, because of the cyclic nature of
operation of the unit, the variation in the total number of plates
within the separating section will be a factor of 10 less than for
individual columns.

However, if a more difficult separation were to be attempted,
this variation in the total number of plates within the separating
section may have a noticeable effect upon the degree of success of

that separation.

3.3.3 The Solenoid Valves

In the design of the sequential chromatograph, two distinct
types of solenoid operated valves were required.

For the transfer valves, 13 mm orifice, (% in.) B.S.P. port,
normally open, servo-acting solenoids were selected, being constructed
of brass bodies with 'Viton' seats.

To successfully seat this type of valve it was necessary to
supply an independent gas stream to the valve at a pressure in excess
of the maximum process stream pressure. This was achieved by linking
in series each of the twelve transfer valves to an external high

pressure air supply.
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The valves required to control the carrier and purge gas
inlet and outlet functions were 6 mm orifice, (% in.) B.S.P. port,
normally closed, direct acting solenoid valves. Being direct
acting valves no independent air supply was required to aid the
sealing of their 'Viton' seats. Smaller direct acting valves, % in.
B.S.P. port, 3 mm orifice, were inset as input valves for the feed
network.

Sealing of the direct acting valves in the de-energised state
is of prime importance for the successful operation of the chromatographic
separator, and therefore the valves were tested for leakage at back
pressures far in excess of those likely to be met in normal operation

of the unit.

3.3.4 The Air Distribution Network

Figure 3.4, a schematic diagram for the gas lines, shows the
distribution of the inlet air and outlet product streams around the
chromatograph.

Mains air from a low pressure air compressor was supplied
at 700 kN.m_2 to a 0.125 m3 surge tank. Preliminary filtering of the
air was accomplished by a 5 um 'Norgren' filter. A 6.3 mm i.d.
pressure tube of p.v.c. led from thé surge tank to an isolating solenoid
valve, so that in the event of an emergency the chromatograph could be
quickly disconnected from the air supply. After passing through the
solenoid valve, the air which still may contain moisture was passed
through silica gel drying beds, the design of which was similar to the
main copper columns, with the exception of their being 90 cm in length.

As a final treatment the air was passed through a 'Norgren Ultraire'

filter to remove final traces of oil. Being of a sintered brass type



Figure 3.4
Flow Diagram for SCCR1 System
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of filter, pressure drops of up to 50 kN.m_.2 were measured across it.
For this reason, at a later stage of the research it was necessary to
remove this final filter. Fortunately, the central air compressor
had by then been replaced by a 'Broomwade' low pressure compressor,
the gas from which was both oil and moisture free.

Two independent air supplies were required for carrier and
purge streams. Therefore the inlet air supply was divided, precision
'"Norgren' pressure regulators being inserted into each line to control
the air inlet pressure. The carrier and purge gases then pass to
separate distributors situated at the centre of the twelve columns.

From Figure 3.2, it can be seen that, because of the
symmetrical nature of the cyclic unit, the position of the four
inlet/outlet gas ports alternated between the top and bottom of
adjacent columns. Therefore, for each gas inlet or product outlet
line two distributors were required, each supplying six columns.

The eight central distributors required were arranged as in Figure 3.5.
9.6 mm copper tubing linked the distributors to their relevant inlet/
outlet ports.

The flowrate of the two product streams was controlled by
diaphragm-type flow regulators. Measurement of these flowrates was
by 18K and 14K rotameters for the bottom and top products respectively.
Calibration charts for the rotameters are shown in (Figures A.l.l and
A.l.2, Appendix 1).

Reclamation of the product streams proved impractical, as

an expensive two stage refrigeration cycle would be required.
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Seaies The Feed Network

Feed enters the chromatographic unit through solencid valves
positioned at the column mid-points, 6.5 mm (% in.) i.d., polypropylene
tubing connected these solenoids to a central feed distributor,

Figure 3.5. The distributor was supplied by a positive displacement
reciprocating type pump, the size of pump head used being in keeping

with the flowrate desired. Both the pump and the 10 dm3 glass feed

reservoir were placed for safety in a fume cupbocard and linked to the
distributor with 6.3 mm tubing.

Monitoring of the feed flowrate was achieved by having a
3-way tap inserted in the line between the reservoir and the pump.

A 100 cm3 burette was connected to the third arm to allow measured
volumes of feed to be timed entering the unit.

Distribution of the liquid feed within the columns was
accomplished by dividing the feed line into four arms set at right
angles to one another, Figure 3.6. From the ends of each arm, a
1.6 mm o.d. copper tube projected some 4 cm, being turned in the
direction of gas flow. Such a system provided four feed injection
points within the 7.6 cm column, set on a circular pitch of diameter

4 cm,

3.3:6 The Electrical Circuitry

Figure 3.2 provides the clearest means by which the operation
of the solenoid valves can be shown. Assuming column.2 is to be

isolated, then transfer valves Tl and T2 are energised to close.

Purge inlet valve P_, and purge product valve P__ are opened to allow

2 p2

the bottom product to be removed from column.Z2. Fresh carrier gas

enters column,3 through valve C, and exits carrying with it the 'top'

3



- 74 =

Figure 3.5

Arrangment of Central Distributors
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Figure 3.6
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product from column 1, via valve C

=% feed meanwhile enters column,8

through FB'
After a predetermined time switching of the valves occurs,
whereby column,3 then becomes isolated. Valves P2, sz, C3, Cpl' E'8

open.

3

and T, close, and P3, Pp3, C4, sz, Fg and Tl

Table 3.2 shows the energisation sequence of the solenoid
valves, and it can be seen that at any instant during the operation of
the sequential chromatograph it is required that five inlet/outlet
solenoids and two transfer solenoids be energised. This is
accomplished by linking together the relevant valves through a network
of relay banks, the circuit diagrams for which are given by Deeble (45).

An automatic timing device was incorporated into the circuit
to govern the sequencing rate of the solenoid valves. Scaling of this
timing circuit gave a range of 1-10 minutes, with the calibration chart

given in (Figure A.l1.5, Appendix 1).



Table 32

Solenoid Valve Energisation Pattern

Column Isolated 1 - 4 > ] 6 7 8 9 10 | 11 | 12
Terminals Energised | W12 | WY W2 | W3 | W4 |W5 | W6 | W7 | W8 | W9 | W10 | wii
in Rail Wy WI W2 [W3 W4 | W5 W6 |W7|W8 W9 [WID|wil|wi2
Tramuter vétws. T2\ T |72 | T3 | T (75 (76 | T7 | T8 [ T9 | T10]| T11
Energised TV T2 | T3 | T4 | T5 [ T6 [ T7 | T8 | T9 | TI0| T11 | T12
CnRai et vt fv2|v3|w|vs|ve|v7|ve|vs]|vio]vi]| v
- ol C2 1 C3| C4ajC5/C6|C7|CB|CY|CI|CH|CIR|C
En‘::;::d Cp12|Cp1 [Cp2 | Cp3 |Cps | Cp5 |Cp6 | Cp7 [Cp 8 Cp9 |Cp10| Cp11

Pl P2 P3| P4 P5| P6| P7| P8| P9 | PIO| P11| P12

1 | Pp2 | Pp3 | Pp4 (S | Pp6 |Pp7 |Pp8 |Pp9 |Pp10|Ppll | Ppi2

F7| F8] F9| F10| F11| F12| F1 | F2| F3| F4 | F5 | F6
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Figure 3.7 Front Panel of SCCR1
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Figure 3.8 SCCR1
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4.1 Selection of Chemical Systems for Investigation

In the selection of suitable feed components for investigation
factors such as cost, safety aspects, and thermodynamic compatibility of
feed components with the stationary phase, play a vital role. Deeble
(45) used the two halocarbons 1,1,l-trichloro-ethane and 1,1,2-trichlo-
-1,2,2 triflucro-ethane during his research. Both solvents exhibit
high volatility at room temperature, relatively low toxicity, and are
totally non-flammable in any percentage of oxygen.

Whilst it was envisaged that a majority of the research
programme could be carried out using the above two solutes a second
binary feed system would be required to investigate the sequential
chromatographs performance in separating a more difficult system.
The'degree of difficulty' of a system is related to the separation
factor of the feed components, which is determined from the value of
the partition coefficients with respect to the silicone oil stationary
phase. In the case of the Arklone.P./Genklene.P. system the
separation factor for the binary system is approximately 2.6and for a
second system components exhibiting a separation factor of around 1.5
was sought.

The use of air as a carrier gas, coupled with the non-
sparkproof solenoid valves necessitates the choice of systems having
no explosive or flammable tendencies, and whilst a number of systems
with separation factors of 1.5 were available, all had to be rejected
on the grounds of safety. The only possible system fulfilling the
strict safety regulations was again a pair of halocarbons;

1,1,2 trifluoro-1,2,2 trichloroethane and dichloromethane.
Unfortunately, this system possessed a separation factor of 1.17,

(measured at infinite dilution and ZOOC), and therefore by the
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constrictions imposed by Equation 5.18, complete separation of the
system into two relatively pure product streams is unlikely.

For the practical operation of the chromatograph and the
subsequent mathematical modelling, accurate thermodynamic data is
essential. If, as is generally the case this data is not available,

a long and tedious programme must be implemented for its experimental
determination. Sunal (50) working with the aforementioned halocarbons
has tabulated the vast majority of the thermodynamic data required, and
therefore whilst from an experimental point of view halocarbon systems
may not be ideal, safety aspects and the availability of data led to
their selection for study.

The three organic fluids required were all available in bulk
from I.C.I. Ltd., their general use being for industrial and domestic
cleaning. Product specifications gave the total impurity concentration
as less than 1% for all three chemicals, and the relevant physical

properties are given in Table 4.1.



Table 4.1

o S

hysi Feed

Trade Name Arklone P |Genklene.P '*C"gltg');ggne
: 112-trichloro{111 trichloro{ Dichloro -

Chemical Name 1224rifluro -| ethane methane

ethane.

Density g cm3 157 1.34 1.34

Boiling Point °C 476 741 40.1

Melting Point °C -35.0 -325 -96.7

o o B bl JRE 1 133 47.9

Toxicity ppm 1000 350 500

S| W | @ | w

h® callgmole 65990 72405 6359.0

K€ cal/gmole 511.5 311.8 1216.5

AH,, cal/gmole 71105 75523 75755

References: a) 181
b) 203
c) 45
d) 50
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Start Up/Shut Down Procedure

For reasons of safety and good experimental technique the
'start up' procedure was adopted.

A servicing of the chromatograph was carried out, with all
worn septa being replaced. The packed air dryers were
checked and if necessary were replenished with regenerated
silica gel. The oil and dust filters were similarly
checked and cleaned.

All feedstock remaining in the feed reservoir from previous
runs was rejected and a fresh 50:50 by volume mixture made
up. Rejection of feedstock remaining from previous runs
became necessary when it was found that over a period of
days the preferential evaporation by one of the feed
components could substantially alter the 50:50 volume ratio.
All taps on the feed system and the feed pump were lubricated
using a 'Manitol' based grease, the powerful degreasing
properties of the feedstock gquickly dissolving any other
form of grease.

The main electrical isolating switch was turned on and the
electronic sequencing/timer unit energised. Air was
circulated around the chromatograph after opening the

inlet carrier and purge gas regulators, and the mains

inlet air valve.

Testing of the solenoids was carried out by manually
'skipping' the sequencing/timer unit. Any malfunction

was quickly registered by the outlet flow regulators and

appropriate action taken.
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(e) Pressure testing of the unit was carried out in two stages.
The carrier and purge gas outlet flow regulators were closed,
and any leakage was registered by a discrepancy between the
inlet and outlet pressure gauges. Large leaks could be
detected audibly and were generally associated with loose
couplings in the air distribution network. Smaller leaks
had to be detected by the use of soap solution and could
nearly always be attributed to a faulty septum.

The second form of pressure testing was to detect any fault

in the sealing of the solencids. The inlet carrier gas

pressure regulator was closed so that only the isolated
column was subject to gas pressure. If the outlet purge

gas flow regulator was then closed, one column in the unit
would then be at high pressure and the other eleven at
ambient pressure. Any depressurisation of the column,
indicated a leak through a closed solenoid valve. Once
again manually 'skipping' the sequencing/timer unit ensured
all solenoid valves were checked. The selected carrier and
purge gas rates could then be set by adjustment of the outlet
flow regulators.

(£) Having checked that the unit was operating correctly the
procedure for feed introduction could be implemented.

The chosen feedrate was set by reference to the calibration
chart (Figure A.l1.4, Appendix 1), and adjustment of the feed pump
micrometer. With the feed pump started, pressurisation of the feed
network commenced, with any air or vapour trapped in the system being
released from the 'tee' junctions connected to the feed solenoids.

Whilst the pressurisation process was taking place the feed solenoids



= B6, =

were connected into the sequencing/timer unit. The common negative
lead for the twelve feed solenoid valves was connected to the
appropriate socket in the sequencing/timer unit. Eleven separate
live lead connections were then made between the feed valves and the
single energised socket terminal rail. The twelfth and final
connection was not made until the pressure in the feed network was
equal to that of the column due to receive the solute feed. Failure
to adhere to this procedure would result in either a 'blow-back' of
carrier gas into the feed network or a surge of feed into the column.

Correct functioning of the feed solenoid valves was observed
during the first cycle of operation of the chromatograph with any
malfunction being registered immediately after the sequencing action
as an increase in pressure in the feed network.

With certain parts of the equipment being subject to air
pressures of 700 kN.m_z, toxic chemicals at 250 kN.mnz, and complex
electric and electronic circuitry, it was essential that the above
procedure however tedious be rigidly adhered to.

During the time required by the unit to reach equilibrium,
procedures such as the calibration of the flame-ionisation detector
(Section 4.4.2.4), and the setting up of the katharometer (Section
4.4.1) were carried out.

The 'shut-down' procedure was basically the reverse of the
'start-up' technique, namely:

a) Switching off the feed pump

b) Removing all twelve connections between the feed solenoid
valves and the energised socket terminal rail, and disconnecting the

common negative lead.
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c) Although at this stage feedstock was no longer entering
the unit, solute present in the chromatograph would continue to
circulate for many cycles, To remove all traces of solute the carrier
gas inlet flow regulator was closed thereby preventing any movement of
solute, the purge gas flow rate could then be increased and the isolated
column switched around the unit until all twelve columns had been purged
of the two feed solutes.

d) The mains air inlet valve was closed and the pressure
surge tank emptied.

e) Finally all remaining electrical functions were terminated

by switching off the main isolating switch.
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4.3 Safety

Several safety devices were built into the chromatograph
including a pressure relief valve positioned in the mains air surge
tank. This valve was set to blow at approximately 800 kN.m_z, a
pressure well below the safe working pressure of the tank. In the
construction of the unit the selection of the thickness of all metal
tube and plate wall under pressure, was greatly in excess of that
required by British Standards 1500 and 2871.

Between the surge tank and the inlet flow regulators a
solenoid valve of the type used for the inlet/outlet gas ports was
positioned. De-energisation of this valve provided instantaneous
isolation of the chromatograph from the mains air supply. Electrical
connections to this valve together with leads to the sequencing/timer
unit, Katharometer and digital voltmeter were fed to an A.C. contactor-
-starter. This fused switch incorporated a reiay system to prevent
restart when power was restored after failure.

Care was needed when handling the chemical feedstock with
skin contact to be avoided. Transfer of fluid to and from the feed

reservolir had to be carried out in a fume cupboard to avoid inhalation

of the toxic fumes.
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4.4 Analytical Equipment

4.4.1 The Katharometer

Continual monitoring of the solute concentration levels in
the product streams is an essential requirement for the successful
operation of the sequential chromatograph. To this end a 'Gow-Mac'
hot wire detector, coupled to a 'Servoscribe' potentiometric recorder
was employed.

In the hot wire detector or Katharometer, an electrically
heated wire is supported in the gas stream. Heat losses from the wire
are determined mainly by the thermal conductivity, specific heat and
flow rate, of the gas surrounding it. As the sample passes through
the detector, these factors change and result in a different wire
temperature. This is detected as a resistance change from which an
indication is obtained of the amount of sample passing through. Four
hot wires are connected in a Wheatstone's bridge circuit, two of the
wires being suspended in the sample stream and two in a similar reference
stream of air. The incorporation of a reference channel minimizes the
effect of temperature changes of the block that contains the wires, and
provides a base line for comparative purposes. Flowrates through the
Katharometer were in accordance with those recommended by Gow-Mac (178)
and in the order of 12.5 cm3.s“l for each stream, measurement being
carried out by a soap bubble meter.

The signal from the Katharometer, although being a function
of the level of concentration in the sample stream, gives no indication
of the composition of that stream. The.Katharometer cannot therefore
be used for quantitative analysis. Monitoring of the product streams
is however useful for observing the onset of pseudo-equilibrium within

the sequential chromatography, this being the point after which
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reproducible results may be safely taken. Also, any malfunction of
the feed solenoids or the feed pump would be clearly indicated on the
Katharometer trace. And finally, by monitoring the bottom product
stream, the effectiveness or otherwise oﬁ the purging operation can

be determined. See for example Figure 4.1.

4.4.2 The Flame Ionisation Detector (F.I.D.)

4,4,2.1 Mechanism

Quantitative analysis to obtain the concentration profile in
the sequential unit was carried out using a Perkin Elmer Fll gas
chromatograph, linked to a Hewlett Packard 3373B integrator.

The flame ionisation detector comprises a hydrogen flame into
which the output of the column flows. The detector output signal is
produced by changes in the electrical conductivity of the flame. The
conductivity of a pure hydrogen flame is negligible, but sample
components entering the flame produce ions that will conduct a current.
A potential difference is applied across the flame to collect the ions
produced, and a small current is generated, the size of which is
proportional to the rate at which the sample enters the flame. An
ionisation amplifier converts this current into a millivolt signal,

compatible with the input to a potentiometric recorder or integrator.

4.4,2.2 Analytical Columns

For analysis of the Arklone.P./Genklene.P. system the column
chosen was a 2.97 m, 0.3 cm, o.d. annealed stainless steel tube,
packed with 10.187 gm of 355-500 um (B.S.mesh 30-44), Chromosorb.P.

support. This packing was coated with 25% by weight silicone oil.
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DC 200/50. To prevent 'tailing' by adsorption onto active sites,

the column was treated with 100 mm3 injections of dimethyl-dichlorosilane
(D.M.C.S.), at an oven temperature of lBOQC. Normal oven temperature
during analysis was set at 60.0°C.

The above column proved inadequate for the second system used,
that of Arklone.P./dichloromethane. With a separation factor of
approximately 1.17 resolution of the two components was incomplete,
hence another analytical column was required. After experimentation
the column decided upon was a 1.10 m, 0.3 cm o.d. stainless steel tube,
packed with 3.569 gm of 252-500 um (B.S.mesh 30-60), Chromosorb.W.
support. The column having previously been acid washed and D.M.C.S.
treated required no further conditioning. The liquid phase coated

onto the support was 16.67% by weight Free Fatty Acid Phase (F.F.A.P.)

4,4,2,3 Optimisation of Gas Flowrates

Three gases are required by the F.I.D.; hydrogen and oxygen
to produce a flame, and oxygen free nitrogen for a carrier gas.

The F.I.D. instruction manual (179), gives the criteria for
setting up the oxygen flowrate as being the highest oxygen pressure to
the flame consistent with a stable base line, this was found to be
275 kN.mﬁz. The regulator attached to the gas cylinder proved
adequate to maintain this pressure as any slight fluctuations in the
oxygen inlet pressure do not affect the sensitivity of the F.I.D.

Greater control is however required in the nitrogen line,
as the detector response is a function of the carrier gas flowrate.

Therefore a 'Brooks' self contained, differential flow regulator was

inserted into the carrier gas line to maintain a constant flowrate.
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The flowrate decided upon was 2.732 cm3.s-l, thereby giving a resolution
of the sampled components in under 90 seconds. This seemingly 'fast'
analysis time was necessary as more than one sample may have to be
analysed within a sequencing interval of the semi-continuous chromatograph.
Finally to optimise the hydrogen flowrate, the inlet pressure was adjusted
until maximum response was obtained from the detector. This occurred

at a pressure of 158.0 kN.nrz.

4.4.2.4 Calibration of the Detector

Calibration of the detector involved relating the weight of
a component in a gas sample of known concentration, to the number of
integrator units produced upon integration of the eluted peak of that
sample.

For the Arklone.P./Genklene.P. system, 50 mm3 liquid samples
of both components were injected into a sealed 1 dm3 flask, the exact
volume of which was known. After sufficient time had elapsed to allow
the liquid samples to evaporate and diffuse throughout the flask,
gaseous samples were withdrawn through a side arm in the flask and
injected into the F.I.D. For this purpose a 1.0 cm3 'Pressure Lok'
gas syringe was employed. Reproducibility of the gas sample volumes
was essential and achieved by using brass spacers on the syringe plunger.
By withdrawing gas samples of various known volumes in this manner,
and recording the integrated area of their eluted peaks, a calibration
chart such as Figure 4.2 could be obtained.

The integrator count was such that values in excess of

40000 units could be recorded whilst operation was still in the

linear range of the detector. This simplifies the operation of the
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Figure 4.2
F.1.D Calibration for Arklone.P and Genklene.P.
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F.I.D. as adjustments to the attenuation of the ionisation amplifier
need not be made to compensate for samples of widely different

concentrations.

4.4.3 The Thermocouple Network

4.4.3.) Selection of Thermocouples

0f all available temperature transducers a thermocouple
network was chosen to investigate the non-isothermal behaviour of
the sequential chromatograph. Some principal advantages are, cost,
simplicity, flexibility, fast response time, and the fact that
thermocouples are not subject to self heating problems.

In the selection of a particular type of thermocouple certain
considerations have to be made.
(a) Response:- A thermocouple may be suited for a special application
because its thermal properties permit an optimised design for good
response. The response, is rated in terms of how rapidly the thermo-
couple temperature rises to a certain fraction of the temperature
medium to which it is suddenly exposed, usually 63%.
(b) Accuracy:- Thermocouple accuracy is the total error in measuring
a given temperature, expressed as a percentage of that temperature.
At best, accuracy is such that temperatures can only be measured to
+ 0.2°K under strict laboratory conditions. Even to achieve this
standard many calibration points need to be determined and correlated
with computational curve fitting procedures.

(c) Reproducibility:- For the type of work to be undertaken by the

thermocouples, repeatability of results is perhaps the most important
factor in the selection of a suitable couple. The effects of

instability,drift and hysteresis, all of which lead to poor



= 98 =

reproducibility need to be minimised.
Using the above principles as guidelines, the following

thermocouples were selected to be specially manufactured, Figure 4.3(a).

Conductor metal:- 18/8/1 Chromium-Nickel-Titanium stabilised steel.
Response time:- 0.24 seconds

Cable nominal diameter: 1.5 mm

Route length:- 15 cm

Overall length:- 100 cm

Insulated hot junctions were stipulated on all thermocouples to prevent
earthing, although this type of hot junction does result in a longer
response time. With thermocouples bonded on the extreme tip of the
probe, e.m.f. errors may be introduced if a number of probes are to be

connected to multipoint instrumentation having single pole switching.

4,4,3,2 Calibration of the Thermocouples

The calibration of a thermocouple consists of the determination
of its electro-motive force at a sufficient number of known temperatures
so that, with some accepted means of interpolation, its e.m.f. will be
known over the entire temperature range in which it is to be used. The
process requires a standard thermometer to indicate temperatures on a
standard scale, a means for measuring the e.m.f. of the thermocouple,
and a controlled environment in which the thermocouple and the standard
can be brought to the same temperature.

A thermocouple circuit is by its nature a differential
measuring device, producing an e.m.f. which is a function of the

temperatures of its two junctions. The reference junction is held
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at 0°C in a Dewar flask containing a well stirred mixture of ice and
water, whilst the measuring junction is inserted into a stirred liquid
bath. The liquid bath provides the best medium for establishing a
controlled environment up to 100°c.

Calibration charts for the various thermocouples are given

in Figure A.l1.6. Appendix 1.

4.4.3.3 g&perimental Circuit

One of the problems associated with a network of thermocouples
is the continual monitoring of their output e.m.f's. Ideally a
multipoint potentiometric recorder or data logger should be used, but
in their absence the thermocouples were connected to a multipoint
selector switch, Figure 4.3(b). The single pole output from this
selector switch was fed to a high performance operational digital panel
meter, which displayed in a digital form the thermocouple e.m.f. to an

accuracy of * 1 microvolt.
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Figure 4 3(a)
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5.1 The Selection of Experimental Operating Conditions

h.l.l Introduction

Sections 2.2 and 2.3 dealt with the mechanisms governing
chromatographic separations, which gave rise to differences in the
relative migration rates of components as they passed through a batch
chromatographic column. If, as with the SCCRl, the packing is moved
counter-currently to the mobile phase flow, then by correct setting of
the rate of packing movement the slowest moving component can be made
to travel with the packing, whilst the faster moving component travels
with the mobile phase. Figure 5.1, illustrates schematically the
operating conditions of the SCCR1 unit, where the packing movement
is simulated by the valve sequencing action. The faster moving
component will exit with the mobile phase at the Product 1 outlet, and
the slower moving component with the greater affinity for the stationary
phase will be preferentially carried with the packing and exit with
the purge gas at the Product 2 outlet.

To achieve separation in the above manner requires theoretical
equations or models to predict the correct operating conditions for the

desired separation.

512 The Idealized Case

If, with respect to Figure 5.1 a material balance is taken on

component i at the feed point, then

fi = G.c; +Lq, (5.1)
fi = feedrate of component i
gy = concentration of component i in the mobile phase
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Figure 5.1
Schematic Diagram of the SCCR1 Unit

Simulated Packing
Movement
Feed In F(i+ii)

Pre-feed

Post-feed Mobile Phase

Mobile Phase  Flowrate (G)
Flowrate

(G+F(i+ii))

Phc:se In(G)

*Product.2 Out

Product . 3 (S+Fii)
St Purge In (S)

e

Direction of Port Rotation

A-A Separating Section
B-B Purge Section
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qi = concentration of component i in the stationary phase,
and for the preferential movement of component i with the mobile phase

we must have the condition where

G.ci> L q (5.2)
q
£.a. Sl (5.3)
L (o)
5
G
— > -
or I Ki (5.4)

Similarly for component ii to travel preferentially with the stationary

phase,

G
P ' 5.5
= Ky (5.5)
If the ratio of volumetric mobile phase flow rate to the apparent liquid
phase flow rate (G/L) is set so that it lies between the two values of
the partition coefficient Ki and Kii then the two components i and ii
will travel in opposing directions and theoretically a separation will

be achieved.
K. & =< Ko (5.6)
Also component ii will be completely purged from the isolated column if:

S
-2
I Kii (5.7)
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Where S is the volumetric gas flowrate in the purge section of the

chromatograph.

Sl L The Practical Situation

The criteria for a counter-current separation defined by
Equations 5.6 and 5.7 provides a basis for the selection of operating
conditions, however, several factors can impose restrictions upon the
above equations namely,

(1) Chromatographic zone broadening

(ii) The sequential nature of operation

(iii) Finite column length

(iv) Finite concentration effects

(v) Finite feed flowrate

(vi) Mobile phase compressibility

(vii) The effect of temperature fluctuations.

5.1.3.1 Zone Broadening

Chromatographic zone broadening has previously been discussed
in Section 2.2. The net effect is for a component with a partition
coefficient of value Ki to be eluted from a chromatographic column over
a range of K values, from K, - Gi to K, + Gi, where 261 is the total
baseline peak width in K, units. Hence the %-value must be maintained

i

within narrower limits to maintain a successful separation

G
(K, + Gi) 5 <(Kii = Gii} (5.8)

Similarly in the isolated section, the purge gas flowrate has to be

increased so that,
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s
-_—
= b SR N . (5.9)

5.1.3.2 The Sequential Nature of Operation

As previously mentioned (Section 3.2), the counter-current
movement of the stationary phase relative to the mobile phase in the
SCCR1 unit is achieved by the sequencing of solenoid valves. Thus
the counter-current movement of packing occurs as a step movement of
one column length of packing every sequencing interval. Durinq the
switching interval the unit then operates as a co-current 'frontal-
elution' system. At the end of a sequencing interval the whole of
the material in a column is transported in the direction of the packing
movement in a discontinuous manner and therefore the range over which

G/L may be selected is further reduced.

G

(, + Gi + 6;} Sooy vS K = dii - 5}_1’ (5.10)
where: L' = the apparent volumetric liquid phase flowrate
= total volume of liquid phase in column
cycle time
Gi & Gii factors to allow for the reduction in the limits of

g- attributable to the sequencing action.

Gi Gii are functions of the number of columns used, and can

be reduced by increasing the number of columns. The length of the

sequencing interval will also affect Gi & 5ii as the degree of

discontinuity is a function of the sequencing time.
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Sele 3y The Effect of a Finite Column Length

The length of column is of paramount importance in determining
whether a successful separation will be achieved for a given set of
operating flow conditions. The closer together the values of Ki and
Kigr the closer they both are to the value of 53 and therefore the
greater is the reluctance of the components to move in opposing directions.

Therefore as K, and Ki

i i approach each other a longer column is required

to achieve the same degree of separation, but for a finite column length

this has the effect of further reducing the range over which %3 may be
selected to give complete separation.
G
P I S B et - = . 1t
(K, # 8% 6F w010) S S AR, ~OPNe 91T (5.11)

where ﬁi' and Sii are functions of the number of theoretical plates for

the system.

5.:1.3.4 Finite Feed Flowrate

The volume of the vaporised feed although small compared with
the carrier gas flow never the less occupies a finite volume which at
high feed rates can approach 10% of the mobile phase flow. Consequently
as shown by Figure 5.1 the mobile phase flow rate has two values within
the separating section of the SCCRLl unit. The pre-feed value is taken
as G, whilst the post-feed section has a value of G + F (i+ii) = G'.

For most practical cases G >> F(i+ii) and hence F(i+ii) the feed flow

effect, may be ignored. When F (i+ii) does become significant a further

reduction in the range of %3 criterion occurs.
(&, +6, + 8+ 6% <SS < g, -8, =8, -y (519
4 il ol 3 T oL ii ii ii ii §
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5.1.3.5 The Effect of Mobile Phase Compressibility

The pressure drop associated with the flow of gas through a
packed bed results in a continual change in the volumetric gas flowrate.
Consequently at the column inlet, G will have a minimum value and as
the pressure falls a maximum value of G will occur at the column outlet.

Of all the restrictions imposed upon Equation 5.6, the change
in G caused by gas expansion is the most severe, and for typical
separation runs performed by the SCCRL unit (45), there can be a 100%
change in the volumetric gas flowrate. In practical terms this means
that should both solute molecules be present in the region close to the
carrier gas inlet, the rate of migration will be reduced, with the solute
molecules which should be travelling preferentially with the carrier gas
eventually being retarded enough so that they cause contamination of the
Product 2. i.e. component i contaminating component ii.

At the other end of the separating section the opposite effect
is experienced with the rates of migration greatly accelerated. Any
component ii molecules present near to the outlet will have a resultant
velocity in the direction of mobile phase flow and produce a long leading
edge to the concentration profile with the eventual contamination of the
Product.l stream.

Introducing the effects of changing volumetric flowrate into

Equation 5.12 leads to

G Gy G G!
(K, 48, +8'+6") < b o gl ST o HOE o

T il L L’ T T 6;476i4

R0 040% 4

(5.13)

where Gmin and Gmax are the respective volumetric flowrates at the

separating section inlet and outlet.
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In the isolated section the purge flowrate must be further

increased to ensure complete removal of Product.2, so that,

min
> Lo+ G 5.14
T Byt poly T8l Lakade
where S is the volumetric flowrate of the purge stream as it enters

min

the isolated column.

5l e3.6 Finite Concentration Effects

Section 2.3.1.3 dealt with concentration effects and the
influence they have upon the partition cocefficients. For a non-linear
partition isotherm the distribution coefficient, K, changes with solute
concentration. With increasing concentration, K decreases for a
Langmuir isotherm while for an anti-Langmuir isotherm K increases, with
all K values being referenced to Km, the value of the partition
coefficient at infinite dilution. Therefore the effective K value of
a solute at a finite concentration may be expressed in terms of its
infinite dilution value and the change of K, AK, which may be positive

or negative, occurring at this concentration.

i R S o (5.15)

Therefore for complete separation of components i and ii we now have:

G G G G'
min < min < _ax max

It T L! s L!

[++]
(Ki+m{i+61+6.{+61}<

o0
< (K. + A = §!

= - R’n
14 10T Sggemiy, =uohy! (5.16)
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and for the purge section:

(=)
b3 ] n 3
T Kg Hae, Wl M0 (Sl
As well as influencing the value of the partition coefficients, finite
concentration effects will also lead to an increase in zone broadening
with the resulting effect of increasing the values of Gi and 6ii in

Equations 5.16 and 5.17.

S s The Influence of Temperature Perturbations

It is probable that some of the band velocity profile phenomena
discussed in Section 2.3.1 are due to transient heat of solution effects
in the chromatographic bed. In general, absorption is exothermic and
desorption endothermic, hence a temperature profile will travel with the
solute zone. The height of the temperature wave is dependent upon the
solute feed rate and gas phase concentration. The presence of
temperature fluctuations in chromatographic columns has been demonstrated
by several researchers (17,70,72,81,82,83) and attempts have been made to
describe the change in temperature of a solute as it passes through a
theoretical plate (83).

In practice any temperature variations accompanying the solute
band will be relaxed by heat conduction through the column packing and
column wall. An axial temperature gradient will however still exist
in which the leading edge of the solute band will be at a higher than
ambient temperature giving an increased solute migration rate, whilst
the trailing edge of the solute band will be retarded due to the lower

temperature being experienced.
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Radial gradients will give rise to non-uniform cross-column
solute migration rates, and also contribute to band velocity profile
differences. The effect of the radial temperature gradient upon the
solute migration rate is still a matter for conjecture with Hupe and
coworkers (72) maintaining that the centre of the band will be advanced
relative toc the column wall. Conversely Huyten et al (17) believe
that the band centre is retarded relative to the column wall. It is
possible that both bodies of opinion may be correct. In investigating
temperature profiles in chromatographic columns, diameters ranging from
0.1 to 10 cm have been used and whilst it is questionable to compare
results from columns of differing diameters, a general trend may be
that as the column diameter increases the column tends towards an
adiabatic situation, whereas analytical columns can be regarded as being
isothermal.

The complex temperature profile will add contributions to both
the solute band broadening factors 51 and 6ii and to the partition

coefficients K, and Ki

4 i and the final criterion for a successful separation

may be expressed as:

L) Gmin Gx;lin Gmax Géax
L Ll n
(Ky + 8K, + AK) + 8, + 8] + 87) < 7= <3 T
< - ] = - L] I "
(K, + mcii + AKY, Gii Gii éiiJ (5.18)
and for the purge section
Smin 0
> L] + ] "
L7 iRy ARy RIS Gy 318, il (<190

[= o]
where AK' is the correction to K to allow for temperature changes.
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5.1.4 Prediction of Operating Conditions

Equation 5.18 provides the limits for comlete separation of
components i and ii. Use of the equation requires a detailed
knowledge of all the parameters involved, which in turn necessitates
a detailed practical and theoretical study. It will be apparent from
Sections 5.1.3.1 to 5.1.3.7 that many of the parameters in Equation 5.18
are interactive with one another and therefore definitions based purely
upon experimental data would be impossible. A theoretical model
proposed in Chapter 9, may allow the study of the individual factors
in isolation, with operational data from the SCCR1 unit, Chapters 6
and 8, being used to prove the validity of the model.

Allowing for the fact that it is not possible to give
numerical values to some of the parameters from Equation 5.18, accurate

o0
determination of K , AK and AK' is possible.

5.1. 4.1 Determination of the Partition Coefficient K

o0
5.1.4.1.1 Infinite Dilution K

From basic chromatographic theory the partition coefficient

at infinite dilution can be defined as:

Tc Po
F —) (] . —
{T ) (P ) ] (tR tm)
o a a
K = = (5.20)
L
where F = Carrier gas flowrate measured at ambient conditions
Tc = Column temperature
'1‘a = Ambient temperature
Po = Column outlet temperature
Pa = Ambient pressure
t_ = Retention time for component
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tm = Retention time for unabsorbed component
VL = Volume of the liquid phase impregnated on the solid
support
j = James and Martin (4) compressibility factor
= 15 @} -1 / @) -0 (5.21)
and Pio = ratio of inlet to outlet column pressures.

Restrictions upon the accurate application of Equation 5.20
are that,

(a) The partition coefficient must be independent of

concentration.

(b) The volume of the solute in the gas phase must not

make a significant contribution to the retention volume

(c) Gas phase ideality is assumed

(d) No adsorption of the solﬁte onto the solid support

surface.

Measurement of the partition coefficient at infinite dilution
has been carried out by Sunal (50) and Deeble (45), using 4.8 mm o.d.
analytical columns. The small sample sizes used satisfied restrictions
(a) and (b) above, whilst treatment of the analytical columns to
saturate any active sites overcame restrictions (c) and (d).

In summarizing the results of Deeble (45), the partition
coefficients for three halocarbons were determined over the temperature
range 20—100°C, the solvent phase used in the analytical columns being
the same as that used by the SCCR1l unit namely silicone fluid DC 200/50.

As predicted by thermodynamic theory (180) the plot of

0

Log Ki against reciprocal of absolute temperature gave a straight line

Figure 5.2, from which a 'least squares' fit to the data gave the



- 112 -

Fiqure 5.2

Plot of LogK against 1/T_for Arklone.P, Genklene .P
Dichloromethane on Silicone Fluid DC 200/ 50 Phase
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following correlations relating the partition coefficient to absolute

temperature.

Dichloromethane: Loglo KD.C.M. = 1311.2/% - 2.3909
oo

Arklone.P. : Loglo Kop = 1363.3/T'~) = 2.4993
oo

Genklene.P. : Log10 Kes =  1528.3/T)» - 2.,5976

5.1.4.1.2 Finite Concentrations

The partition coefficient at a finite concentration may be

expressed as

m, (L)
q v
i L
RoVl=g—— = (5522)
1 c; mi(G)
v
m
mi(L) = mass of solute in liquid phase
mi(GJ = mass of solute in gas phase
VL = volume of liquid phase
Vm = volume of gas phase

The mole fraction of the solute in the liquid phase (xi) may be expressed

m, (L)
My
St m @ m o)
= e
M Sl
1 L
where mIl = mass of solvent -
Mi = molecular weight of solute

ML = molecular weight of solvent
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Similarly the mole fraction in the gas phase (yi) can be written as,

where P = total pressure
Rg = gas constant
T = absolute temperature

Having defined the gas and liquid phase mole fractions allows the

substitution of mi(L) and mi(G) in Equation 5.22, so that,

R T m, (L)
K, = dsd i g Fois (5.25)
yi.P.VL Mi ML

The relationship between x, and Yy is given by Raoult's Law as

i

X,
kg _PPO (5.26)
Yy yi (L) i
where Yi(L) = activity coefficient for component i in the liquid
phase
PZ = saturated vapour pressure
Hence
R T m, (L)
X o= =1 i :1 + %) (5.27)
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and by rearrangement

R .T.pL
i —g—-—-- . - (5.28)
Eyda® Yy () L
where X = mole fraction of solute in the liquid phase
= l*xi
pL = density of solvent phase

The activity coefficient Yi{L] is itself dependent upon sclute
concentration, and therefore to calculate Ki a correlation must be
found relating Yi(L) and X, .

Sunal (50) using activity coefficients calculated from true K
values (i.e. r o+ AK) has correlated these activity coefficients with
the solute mole fraction in the liquid phase. The equation used was
of the Flory-Huggins type viz:

2
i x_ (l-T.) X
Yi(L) I e expl .5 2 Y (—L) ] (5.29)

R T, AR, L TE e
where T = fitted experimental constant
= 0.008101 for dichloromethane
= 0.015984 for Arklone.P.
= 0.008536 for Genklene.P.
wi = fitted experimental constant
= 0.9547 for dichloromethane

= 0.43764 for Arklone.P.

= 0,93041 for Genklene.P.
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The vapour pressures of the solutes was calculated from an equation of

the form
o = o n
Log,, By (-0.2185 A"/T) + B (5.30)
where A" = molar heat of vaporisation

constant

w
I

The values of A" and B used were those computed by Sunal (50)
from the data given in several references (181,182).
Obtaining the value of K.i for a specific X, value allowed

the concentration ci to be then calculated from

o, W = = (5.31)

Figure 5.3 gives a flowchart for a FORTRAN program to obtain
the relationship between partition coefficients and gas phase
concentration of solute, for temperatures between 270.2 and 303.2 OK
at intervals of 0.5 K. The full program listing is given in Appendix
2, Figure A.2.1.

A graphical portrayal of the results is given in Figure 5.4
where it is shown that a plot of activity coefficient against solute
concentration for a series of temperature yields a group of parallel
curves for each individual solute.

Whilst reference is made to the results shown in Figure 5.4
for determining the operating conditions in the SCCRl unit, the main
use of the relationship between Ki, Ci and T is in the mathematical

modelling of the unit. For this purpose the most convenient form of

expressing the results is by describing them as 2nd, 3rd or 4th order
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Figure 5.3

Flow Chart for the Computation of Kj/C; for a
Series of Temperatures

READ Solvent Phase Density, Solvent Phase
Moleculur Weight, Gas Constant, Flory-

Huggms Constants, Solute Molecular Weight,
Vapour Pressure Correlation Coefficients,
Max Temperaiure, Max Concentrations

EoORyET Y
\  READ Starting T&mperature _/
[ SPECIFY x1=c£ k
»{ CALCULATE XL =L1 -X I |
[ CALCULATE Pj"l Eqn 5.30 |
[_L;A LCULATE ¥, 1 Egn 5.29 |
‘Q&Ulﬂ&lﬁ K; l Egn 5.28 |
ALCULATE Cj 1 Eqn 5.31 |
CORRELATE Kil,ci |
\M x;,Ki,cli,Pi,x;,xL /
Correlation Coeffs
1S
[ XT=X1+0.02 } NO _/X1>XIma
YES
K= Ke1
TEMPI:TMA B I TEmMP-TEMP+05
YES

STOP
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polynomials relating Ki to C, for a fixed temperature.

I
The polynomial coefficients for Arklone.P., Genklene P. and
dichloromethane for temperatures ranging between 270.2 and 303.2%k

are given in Appendix 3.

5.1.4.2 Determination of the Apparent Gas to Liquid Ratio

Equation 5.18 provides the limits between which %3must be
selected to provide a separation. For the case of two solutes with

a high separation factor, the range over which §3 can be chosen may

G
itself be large, and as a practical guide I was generally chosen to

lie midway between the partition coefficient values measured at

infinite dilution and 20°C

As shown in Section 5.1.3.5, as the carrier gas expands

G
during its passage through the chromatograph, so o changes between
G G
E%n and E?x . Therefore it is desirable to arrange for
3 - G
min max

o and = RN to be equidistant from the mid-point of the two

G
partition coefficients. This is attained be redefining the I ratio
so that G becomes the gas flowrate at mean column pressure, Gmc, and

by using the James and Martin compressibility factor:-

Pa.

G G X — x 7j

= = 8 Rt (5.32)
Ll

Where Ga is the gas outlet flowrate measured at atmospheric pressure.
The setting of a mean column gas flowrate by adjustment of the inlet
pressure and outlet flowrate requires a trial and error procedure and
to assist in this procedure the experimentally determined relationship

between Gmc and the height of the outlet gas rotameter for a series of
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inlet pressures was recorded, Appendix 1, Figures A.l1.2 and A.l.3.

G
An example of the calculation of g:c. is given in

Appendix 4.



Figure 5.4

Partition Coefficient(Kj) against Gas Phase Solute Concentration C;
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CHAPTER 6

INITIAL STUDIES WITH THE SCCR1 FOR THE SYSTEM ARKLONE.P./GENKLENE.P.
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6.1 Introduction

In defining objectives for the separation studies particular
attention was made to the conclusions and recommendations recorded by
Deeble (45).

As the SCCR1 unit is essentially a production scale unit, the
optimisation of throughput was of primary importance. Possible ways
of achieving this were by increasing the carrier gas flowrate, and by
operating at an ambient temperature closer to the solute boiling points.
Isolating two columns for purging, to increase the time available for
regeneration also warranted further study.

As well as providing improvements to the practical operation
of the SCCR1l a fuller understanding of the factors affecting any
separation was required. As previously mentioned any experimental
studies would have to be limited to three halocarbons on the grounds of
safety, and therefore it was essential that an accurate mathematical
model of the unit be developed to allow the computer simulation of
systems for which practical investigation is unsafe using air as a
carrier gas and non sparkproof solenoid values.

In all the runs performed, the feedstock was maintained as an
equivolume mixture of two solutes. These 50-50 mixtures provided the
most difficult feed ratios to separate into two pure product fractions.
Although facilities were available for introducing the feedstock at any
point within the unit, the feed inlet was always positioned at the
mid-point of the separating section.

For consistency in comparison of experimental results certain
operating parameters must be held constant, and therefore if a parameter
such as the 'apparent gas to liquid rate', Gmc/L', is to remain constant

throughout the experimental programme it is essential that the numerical
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value selected be optimised. Deeble (45) studied the effect of

o0 o0
varying Gmc/L' between the limits of KAP and KG Not surprisingly

B
he found that the optimum range lay approximately midway between
o0 [ee]

1
KAP and KGP' The nearer the value of Gmc/L approached the partition
coefficient for Arklone.P., the greater was the tendency for both
solutes to travel in the direction of the packing, with the resultant
contamination of Product.2. Similarly as Gmc/L' approached the value

of the solutes were preferentially carried with the mobile phase

co
KG.P.
and consequently Product.l purity was lost. As a guideline for
separation runs, the value of Gmc/L' was designated as 265.

The results and discussions pertaining to the experimental
programme have been set out in three chapters. This first chapter
gives details of data recording, the investigations into the sequencing
interval and feed rate, and the temperature profiles experienced in the
SCCR1. Based on the results outlined in this chapter, modifications
to the chromatograph were required. These design changes and their
success or otherwise are described in Chapter 7. Further studies
into feedrate and temperature profiles for the system Arklone.P./Genklene.P.

are given in Chapter 8, along with the studies into the separation of

Arklone.P./dichloromethane.
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6.2 Data Recording and Analysis

B2l Column to Column Concentration Profile

The plotting of concentration profiles and the comparing of
results requires that these results are reproducible and therefore
obtained when the SCCR1 has attained equilibrium. Although the column
to column profile changes with time during a sequencing interval, a
point is eventually reached where the dynamic profile for the unit is
reproduced form one cycle (twelve sequences) to another. This onset
of 'pseudo steady-state' is observed clearly on the Katharometer traces
as Point A in Figure 4.1. In general the unit is. allowed to function
for a further two complete cycles after equilibrium has been reached
before any samples are removed.

Gas sampling was achieved by inserting a 1 cm3 'Pressure-Lok'
syringe through a septum in one of the columns and withdrawing the
sample. Reproducibility of sample volume was again achieved by using
grooved spacefr rods. For a complete cycle, sampling was carried out
at a fixed point in the unit, at a set time after each sequencing of
the port functions. The resultant profile from this method of sampling
was equivalent to sampling all twelve columns at the same instant.
Sampling for more than one cycle in this manner confirmed that the unit
had reached and remained in a steady state of operation.

Although each sample volume taken was identical, the sample
pressure changed, and therefore for each sample removed the pressure at
the pbint of sampling was recorded using 20-400 kN.m-2 'Norgren'
pressure gauge attached to a hypodermic needle and inserted into the
column. Injection of the sample into the flame ionisation detector
produced a peak area expressed in integrator units, and from the

appropriate calibration charts the injected solute mass was calculated.
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The concentration of the sample may be expressed in two ways:-—
a) on-column concentration, b) standardised concentration. A
standardised concentration is where the gas phase solute concentration
is expressed as the solute mass divided by the sample volume corrected
to atmospheric pressure. The standardised concentration has been
adopted for comparison of experimental results.

Each successful run is characterised with a unique title in
the following way. For example Run 300-275-400-A signifies a nominal
feedrate of 300 cma.hr.-l, a nominal GmC/L' ratio of 275, a nominal
sequencing interval of 400 seconds respectively, with the final character
namely 'A' denoting that the run was the first to be performed under the
above operating conditions. Subsequent runs under identical conditions
being denoted B, C, D, etc.

Tables 6.1 and 6.2 give an example of the results taken during
a separation run of the SCCR1l, with Table 6.3 giving a list of results
computed from the experimental readings. A flow diagram for this
computer program is given in Figure 6.1, the full program listing being
given in Appendix 2, Figure A.22. Experimental and computed results

for all the runs discussed in the following chapter are given in Appendix

6.242 Reproducibility of the Concentration Profile and Experimental

Error

The concentration profile analysis technique in which samples
are removed from a fixed point in the unit at a set time after sequencing,
assumes that all the columns have perfectly matching characteristics.

Experimentally determined results (45), show there to be a large



Table 61
Example-of Data Recorded for Run 300-265 -400-A

Feedrate 325 cm3hr’!
Sequencing Time 399s

Ambient Temperature 16.5 °C
Ambient Pressure 101.0 kN mi2

Isolatedksepamﬁng Section Purge Section
Column Pin | P out [14K RT| P in | P out [18K_ RT|
Numberl N 2| kN.m2| cm | kN.m2| kN, 2] cm
v |3 | st 1ssclo232] w714 140
2 378 190 | 154 | 232 | 197 | 140
3 378 180 | 156 | 232 | 194 | 135
4 378 | 180 | 185 | 232 | 197 | 1O
5 378 | 180 | 155 | 232 | 197 | 140
6 378 | 187 | 154 | 232 | 197 | 140
7 378 | 190 | 155 | 232 | 197 | 140
8 378 | 187 155 | 232 | 197 | 140
9 378 | 190 | 155| 228 | 194 | 135
10 378 | 190 | 155 | 228 | 194 | 135
1 378 | 190 | 155 | 232 | 197 | 140
12 378} 1871 165 232/ | 197 | 140
Averagel 378 | 186 | 155 | 232 | 196 | 139
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Table 6.2
Example of Data Recorded for Run300-265-400-A

Concentration Profile Analysis Data:
Samples Taken 15¢cm from Column. Outlet
Syringe Sample Volume 0.100 cmd

et gfligs Sgg?me £1D. Peak Area

Colurnn| Switch |Pressure Attenu-|Arkione |Genklend

g ~ ation

S kN i

1 100 | 207 | 2x102| 2243 | 38080
P 300 204 T 1022 1471
2 100 194 T 145700 715
2 300 197 " 223000] 1233
3 100 211 " 225200 1579
3 300 211 % 315000f 1323
4 100 235 L 2612000 1350
4 300 245 " 287000 2603
5 100 245 7 265000 2302
5 300 259 I 286700 224
6 100 266 t 28860G 828
6 300 273 T 2735000 1133
7 100 290 ' 29730Q 18360
7 300 290 ' 253800 144100
8 100 304 " 195800| 334000
8 300 307 " 8780| 365100
9 100 321 ¥ 3131 | 480100
9 300 321 ) 1403 | 351400
10 100 338 " 2729] 567000
10 300 33% 1 1121 | 592500
11 100 359 L 3711520200
11 300 359 I 714 | 514600
12 100 376 . 1400 311300
12 300 376 " 7100 439500




Table 6.3
Computed Data for Run 300-265-400-A
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Actual Gmc/L'=284 _

Concentrations <1.0x10%g ¢ are not recorded

Distance | Time Sample Concentration at Standardised
of Sample| After | Volume Column Pressure Concentration
gg"l?it”ta%;seqummg et e Arklone | Genklene |[Arkl Genkl
Inlet £ enklene | Arklone enklene
cm s cm3 16° g cid] 163g cm3| 1039 o3 18%g i3
717 100 {0.205 | 0002 | 0.014 | 0.001 | 0.007
117 300 | 0.202 0 0 0 0
656 | 100 | 0.192 | 0.083 0 0.043 0
656 300 [ 0.195 | 0129 0 0.066 0
595 100 | 0.209 | 0127 0 0.061 0
595 300 | 0.209 | 0.180 0 0.086 0
534 100 | 0.230 | 0.152 0 0.066 0
534 300 | 0.233 ] 0.151 0 0.065 0
473 100 | 0.243 | 0.163 0 0.067 0
473 300 | 0.256| 0.164 0 0 064 0
412 100 | 0.263 | 0.163 0 0 067 0
612 | 300 [0270]0.157 | o [o00s8] 0
35 100 | 0.287 | 0.166 | 0.005 | 0 058 | 0002
351 300 | 0.287 |0.144 | 0.049 |0 050 {0017
290 100 | 0.301 | 0.111 |0.114 | 0037 |0.038
290 300 |0.304 {0.006 [0.128 | 0 002 [0.042
229 100 | 0.318 [0.003 [0.165 | 0001 |0.052
229 300 [ 0.318 | 0.001 |0.121 0 0038
168 100 10355 0 0.198 0 0059
168 300 | 0.335 0 0.208 0 0.062
107 100 | 0.356 0 0.181 0 0.051
107 X0 10.3861 0 0.181 0 0.051
45 100 [ 0.372] O 0.108 0 0.029
45 300 [ 0.372 |[0004 [0.153 |0001 |0.041
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Figure 6.1

Flow Diagram for Computation of Concentration Profile Results
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variation in the individual column H.E.T.P's. However as eleven
columns are always linked together to form the separating section

in the SCCR1l, the assumption of matching columns remains acceptable,
with any variation in the profile analysis only likely to be noticed
in the results from the single isolated column.

Confirmation of a reproducible concentration profile is shown
in Figures 6.2 and 6.3. The profiles for successive cycles of
operation at 600 cmB.hr_l are illustrated in Figure 6.2, giving very
close agreement. Samples for these two cycles were all taken from a
point 15 cm from the top of column No.Z2. Comparison of profiles
obtained from sample points at opposite sides of the unit is given in
Figure 6.3, in which the samples for Run 600-265-262-Bl were taken from
15 cm down column No.2 and for Run 600-265-262-B5 the samples were
removed from a point 15 cm down column No.8. Also shown on Figure 6.3
is a third concentration profile for Run 600-265-262-Cl in which
sampling was performed from a point 45 cm down cclumn No.l, and despite
the known individual column variation in efficiency, very similar point
concentration values were obtained.

Inherent in the concentration profile analysis will be errors
resulting from the F.I.D, calibration, pressure, and the time of
sampling. Including a contribution for the syringe volume, the
calibration of the F.I.D. will give an error of no more than * 2%.

The error relating to the recording of the sample point pressure from

the calibrated pressure gauge was assumed to be within * 1%, The

maximum error therefore in the standardised concentration was * 3%.
The sample withdrawal was timed with an accurate stopwatch

and whilst any error in the stopwatch is assumed to be negligible,



Figure 6.2 Reproducibility of Concentration Profile for Runs 600-265-262-B1 & 600-265-262-B3
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Figure 6.3 Reproducibility of Concentration Profile for Runs 600-265-262-B1, 600-265-262-B5
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the manual operation of sampling requires a finite time which may vary
by a second or more. The effect of any such error will be small unless
at the time of sampling the concentration was changing rapidly in which
case a significant error could be incurred.

Errors in the values of Gmc and Smc will arise through
fluctuations in the outlet column pressures. The inlet pressures to
the separating and purge sections of the unit were accurately controlled,
but outlet pressures could vary as much as * 5 k.N nrz. Combining this
error together with the inherent rotameter calibration error, a possible

total error of * 2% in Gm and Sm c may be possible.

No significant error was thought to result from the determination
of L', as the sequencing time was accurately measured with a 10 second
sweep stopwatch, and the weight of liquid phase in the unit had also
been accurately determined. However, as results presented in Chapter 7
show, the weight of liquid phase within the SCCR1 unit had decreased from
an initial 4.935 kg (25% loading) to 4.535 (23% loading), owing to the
leaching effect of the liquid solutes. Consequently for the results
presented in this chapter there may be a significant error in the

calculation of Gm C/L' in the order of * 8%.
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6.3 The Investigation of Carrier Gas Flowrate and Sequencing Time

6.3.1 Results

The proposed experimental programme for this study had to be
curtailed owing to mechanical limitations, with only three runs being
able to be performed.

The calculated value of Gmc/L' ranged from 251 to 284 and
although Gmc/L' should have remained constant at 265, this somewhat
large deviation of Gmc/L' was not thought to have any effect upon the
general conclusions drawn from the discussion in Section 6.3.2.

Sequencing times of 400, 300 and 250 seconds were selected
and in keeping with an experimental Gmc/L' value of 265, the outlet
carrier gas flowrates were maintained at 875, 1150 and 1275 cm3.s-l
respectively.

The criteria for selection of the purge gas rate was such that
Smc/L' always remained higher than the partition coefficient at infinite
dilution of Genklene.P, thereby ensuring complete regeneration of the
isolated column.

Computed results included values of the partition coefficients
at the maximum recorded on-column concentration, along with maximum, and
minimum values for G/L', and S/L'. The product purities quoted are
simply a chromagraphically measured ratio of the two feed components,
as sampled from the product exit lines. Sampling from the Product.l
stream was taken close to the end of a sequencing interval, whilst
Product,2 was sampled soon after sequencing had occurred. Samples
taken in this way will not only correspond to the maximum level of
solute concentration in the respective streams, but also correspond

to the maximum percentage of impurity.
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A summary of experimental and computed results is shown in
Table 6.4, with the respective concentration profiles given in Figure
6.4 to 6.6. These results are tabulated in more detail in Appendix 5,

Figures A.5.1 to A.5.3.

b,3.2 Discussion

During a sequencing interval the main separating section
operates as a conventional frontal elution chromatographic system.
Plotting the concentration profile for two sampling times within that
interval allows the progress of the respective profiles to be followed.

Both solutes travel in the direction of the Product.l exit
during a sequencing interval, with the advancement of the Arklone.P.
profile being greater than that for Genklene.P., in keeping with their
respective partition coefficients. Reproducibility of profiles during
a sequencing interval should therefore be high, however, it is only from
Run 300-265-250-A that the dynamic profile for the unit can be seen
clearly to be advancing in a reproducible manner. The length of column
in which both solutes are present, (i.e. length required for separation),
increases from 122 cm for Run 300-265-250-A, to 183 cm for Run 300-265-400-A.

Purely from experimental observations it was apparent that
increased efficiency was achieved at lower sequencing rates and that
further runs in which the switching time was reduced below 250 seconds
were required. To maintain a constant Gm.c/L. ratio, a corresponding
increase in carrier gas flow rate is required, as the sequencing interval
is shortened, similarly the purge gas flow rate must also be increased.
For Run 300-265-250-A the combined flow rates of purge and carrier gas
were in excess of 12000 litres per hour and further increase in the
total air supply was not permissable due to limitations on the capacity

of the mains air compressor.
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From a theoretical standpoint it seems logical to assume that
an optimum sequencing interval exists. In Section 2.2,.3.1 it was
shown that an optimum carrier gas flowrate occurs giving a minimum value
for H.E.T.P. and it would be a relatively simple matter to determine this
flowrate and therefore the switching time required to achieve it. In
practice however factors such as pressure drop and dilution of products
influence the choice of carrier gas flowrate and only very rarely are
chromatographs operated at the flowrate giving minimum H.E.T.P.(1ll).

In a similar practical investigation Liodakis (47) working at
sequencing times of under 100 seconds for a 2.5 cm i.d. sequential unit
has found that increased separating efficiency was achieved by increasing
the sequencing interval and reducing the carrier gas flowrate. These
results working at low sequencing times would tend to confirm that a
parabolic relationship exists between separating efficiency and switching
interval, although the minimum of this relationship may not correspond
to minimum H.E.T.P.

In conclusion it can be said that with regard to the SCCR1
unit, improved separations will occur at lower sequencing intervals
although mechanical limitations do not allow the unit to be operated at

the optimum value switching time, Is



Table 6.4

The Study of the Sequencing Interval(le) at Constant GmCIL'

Experimental Settings

Solute Separating Section Purge Section
run  [Rate| s [ Y | R [T [og [P [P T6wcll Sa [Pirn [PoelS L
Title | a in |"out [Ymc a in out | °mc
erth| s [cm3d iNAR| °C |amdS kN KNMZ e Sl KNI KN. i
300265-400A 325|399 (1.063 (1010 (-16.5|875 | 378 | 186 | 284 {1600 | 232 | 196 | 709
300'265'3(1);; 304|300 |1.414|101.0 | 21.0 [ 1150 | 403 [ 187 | 267 | 2187|256 | 229 |644
3(1)265250&: 297 | 250 |1.697 [ 1010 | 210 (1275 | 406 [ 168 | 251 [2187|256 | 222 |544
Computed Results |
Ke Kmax [SeP"Sect’ |Purge Sect'| o I;roc_luct Conc’ Conc’
TFith{S A-P16.P 16| Cmax| Smin | Smax i Agec:zal: Prc;::le
LV L L LY s ples Appel'rrw]dix Figure
300275400A 165 | 488 | 221 | 447 | 655 | 776 (>998(>99.7| A.5.1 6.4
300—275-300;\ 139| 397 | 204 | 439 | 610 | 682 [>99.0[>N99| A.5.2 6.5
300275 250A 136] 397 | 187 | 452 | 508 | 587 [>999(>999 | A .5 3 6.6
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Figure 6.4  Standardised Concentration Profile for Run 300-265-400-A
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Figure 65 Standardised Concentration Profile for Run 300-265-300-A

012

0.10+

0.087

0.06+

0.04-

0.02-

—o—Arklone P at
oo 250s
S --a--Arklone P at
o 100s S
) . W
v —o—Genklene P.at '
2 250s
o ~-x%-Genklene.P at

100s
: 22 24 136 | 488 o nm

Product . 2 Feed Product.1

Distance from Carrier Gas Inlet (cm)



Std. Concentration(@?’, g o)

O

Figure 66 Standardised Concentration Profile for Run 300 -265-250-A

012 1
0.10 -
—o— Arklone P at
0.08- = 200s
kel --a--Arklone P at
S 50s |
v 5
006 & —o—Genklene P at
o 200s
3 - -
004 & ® Gg(;‘n:lene_P at
002-
I o 2 |36 i4an s R
Product.2 Feed - Product 1

Distance from Carrier Gas Inlet (cm)



- 141 -

6.4 The Investigation of Feed Throughput
6.4.1 Results

Following the conclusions from the study of sequencing
intervals it was decided to operate the chromatograph at as small a
sequencing time as was practically possible. An interval of 262
seconds was selected, slightly above the minimum possible value, to
allow for any fluctuations in the mains air supply.

The Gm.c/L' ratio was again selected at 265 for all the feedrate
investigations, and therefore to maintain Gm_c/L' at 265 with a sequencing
interval of 262 seconds, the carrier gas flowrate was set at 1275 cm3.s_l.

Starting at a feedrate of 400 cm3.hr_l the feed throughput
was increased at 100 cm3 hrnl intervals to a maximum of 1000 cm3.hr-l,
after which point severe contamination of products occurred. Analytical
samples were taken at times of 50 and 200 seconds after sequencing.
Reproducibility of the profiles during a sequencing interval was good,
with the only inconsistency being apparent in the samples taken from the
bed prior to the isolated column. Samples taken in this bed at 50
seconds are of a lower concentration than those at 200 seconds owing to
the fact that the advancing Arklone.P. profile has not had sufficient
time to become fully developed. For clarity the concentration profile
was plotted for one sample time only, that of 200 seconds.

Discussion will be limited to runs of 400,600,800,1000 cm3.hr_l,
with the relevant data for these runs being given in Table 6.5, and the
concentration profiles in Figures 6.7 to 6.10,. The complete tabulated

data for these runs along with data pertaining to intermediate runs of

500 and 700 cm3.hr_1, are given in Appendix 5, Figures A.5.4 to A.5.9.
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6.4.2 Discussion

Comparison of the concentration profiles in Figures 6.7 to
6.10, show several well defined trends.

As the feedrate is increased from 400 to 1000 cm3.hr_l, the
general level of the gas phase concentration for Arklone.P. rises
accordingly. The trailing edge of the Arklone P. profile gradually
extends in the direction of the isolated column, until in Run 1000-265-
-262-A the Arklone.P. begins to contaminate the Product.2 stream.

The tendency for the Arklone.P. profile to move towards the isolated
column is consistent with an anti-Langmuir adsorption isotherm, for
which the preference of the solute for the solvent phase increases with
increasing concentration.

A description of the Genklene.P. profile is somewhat more
difficult. In all the feedrate runs the profile did not extend more
than 61 cm; i.e. one column length, in front of the feed point. This
observation should have indicated that Product.l purity would be very
high for all of the runs. Although Product.l purity was in excess of
99.9% for Runs 400-265-262-A and 600-265-262-A, it had dropped to 99.9%
for Run 1000-265-262-A, and for an unrecorded run at a feedrate of
1100 cm3.hr-l indications were that Product.l purity was below 95%.

The conclusions drawn from these observations was that the purging
process was not being successful at high feedrates even though the
purge gas flowrate was at least 50% higher than the flowrate needed to

obey the inequality S n/L' > (km Ak ) This relationship

mi max® G.p.

theoretically guaranteeing total removal of products from the isolated

column.
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The level of concentration of the Genklene.P. profile is of
particular interest. Averaging 0.05 x 10_3 g.cm-3 for Run 400-265-262-A,
the gas phase concentration does not change appreciably for any run up to
and including Run 1000-265-262-A, at which point the feedrate is 250%
higher. It is to be expected that the general level of Genklene.P.
concentration will be lower than that of Arklone.P. owing to the
Genklene.P. having a higher partition coefficient, but the general level
of Genklene.P. gas phase concentration was expected to rise with
increasing feedrate, as was the case with the Arklone.P. profile.

In attempting to explain this paradoxical situation where the
gas phase concentration for Genklene.P. appeared to be independent of its
own feedrate the possibility that all of the Genklene.P. liquid feed
stock was not being evaporated was investigated. Once the partial
pressure of Genklene.P., approaches the saturated vapour pressure value,
further increase in the level of gas phase concentration is impossible.
Calculations of the partial pressures of Genklene.P. (see for example
Appendix 4, Figure A.4.2), for various positions in the chromatograph,
appeared to be well below the value for the saturated vapour pressure
(s.v.p.) of Genklene.P. measured at ambient temperature. However, if
the air passing through the feed zone was cooled sufficiently the s.v.p.
would be reduced accordingly so that the maximum permissible gas phase
concentration may not be large enough to ensure that all the Genklene.P.
entering the unit as liquid was evaporated.

If it could be shown that the air temperature was low enough
to prevent total evaporation of the feedstock the unexpected results
concerning the Genklene.P. concentration profile could be better

interpreted in that firstly the apparent independence of gas phase
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was in fact saturated with Genklene.P. due to the low temperature.
Secondly, advancement of the Genklene.P. profile in the direction of
carrier gas flow would be unlikely as the partition coefficient would
be significantly increased because of its inverse relationship with
the absolute temperature. Finally the failure of the purging process
at high feedrates could be explained in that not only would the
Genklene.P. adsorped in the liquid solvent phase have to be removed,
but also an amount of unvaporised feed. Evaporation and desorption
both being endothermic thermodynamic processes would tend to cool the
purge bed, and if the temperature drop was sufficient then the
partition coefficient value of Genklene.P. may increase so that

(X + AK__ ) becomes greater than 8 /L' and hence complete

max G.P. in

purging becomes impossible.

Unevaporated Arklone.P. is also a possibility, and it may be
that the advancement of the Arklone.P. profile in the direction of the
isolated column is not only due to the effect of an anti-Langmuir
absorption isotherm but also to liquid Arklone.P. being transferred in
that direction after every sequencing interval of the unit. The
presence of any unevaporated feed within the unit will contain a much
higher proportion of Genklene.P., as Arklone.P. has a higher s.v.p.
and will therefore preferentially evaporate.

Concluding this part of the study on changes in feedrate, a
maximum throughput of 1000 cm3.hz:-1 was achieved, but this limit was
not thought to be controlled by any chromatographic limitations of the
SCCR1 unit, but more to the combined effects of temperature and

non evaporation of the liquid feedstock.
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Figure 6.7
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6.5 Investigation of the Temperature Distribution

St Column to Column Temperature Profile

The construction of a temperature profile is similar to the
production of a concentration profile in that the temperature is
recorded at a fixed point in the unit, at a set time after each sequencing
of the port functions. Again, this method of recording is equivalent
to recording the temperature in all twelve columns at the same instant.
If several thermocouples are positioned in the column and their
temperatures recorded at the same instant a composite picture of the
radial and axial temperature gradients can be built up. At any one
time it was only possible to record from eight thermocouples. As two
of these were continually monitoring the inlet gas and ambient temperature
the temperature within the bed was followed by the remaining six
thermocouples.

More than six positions within the column were required to
obtain the composite profiles and therefore after a particular cycle
of operation in which recordings were taken, the six thermocouples
would be moved to other locations within the bed and a further set of
results tabulated during the next cycle of operation. This procedure
was repeated until an equivalent of 49 locations had been scanned
within the bed.

The validity of the experimental method depended upon
reproducibility of the temperature profile, not only between successive
cycles of operation but also between successive runs. During operation
of the SCCR1l, gas samples were continually analysed and if the
concentration profiles were perfectly matched it was assumed that the

temperature profile also matched.
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6.5.2 Definition of Ambient Temperature

To study the temperature distribution within the chromatograph
arising from the effects of absorption, desorption and evaporation, it
was necessary to eliminate any thermal effects resulting from changes
in temperature of the inlet carrier and purge gases, along with
fluctuations in the ambient temperature.

The inlet gas temperatures were closely related to ambient
temperature as the mains air passed through a large surge tank prior
to entry into the SCCR1. A pseudo ambient temperature was defined
simply as being the arithmetic mean of the ambient and inlet gas
temperatures, and all measurements recorded within the bed were made
relative to this pseudo-ambient temperature, hence the effects of
changes in temperature of the ambient atmosphere or inlet gas
temperatures were minimised.

Two further sources of error may be that the expansion of the
carrier gas as it passes around the unit could lead to cooling.
Secondly the electrically operated solenoid valves become heated and
may transfer a significant amount of heat to the gas. The effects of
the above two possibilities were investigated by running the unit under
operational gas flow rates but without the introduction of any feedstock.
Figure 6.11 gives a graphical portrayal of the results. A cyclic
pattern is noticeable with the carrier gas always leaving the column
cooler than it enters. In passing through the transfer lines between
columns it can be seen that the gas absorbs heat and warms slightly.
After passing through all eleven columns the carrier gas has cooled
approximately 0.3%. Although the cyclic effect is a real effect,
the temperature changes are only fractions of one degree centigrade,

and therefore the phenomena giving rise to these perturbations will
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have no significant effect upon the temperature profile when the

halocarbon solutes are present.

653 Estimation of Experimental Error

Prior to presenting and discussing the results obtained from
the study of temperature, they must first be put into perspective by
an estimation of their accuracy.

At best under strict laboratory conditions temperatures
recorded by thermocouples can only be measured to * 0.2°%, Further
recording errors incurred by the digital volt meter will be small as
it is quoted as being accurate to within 1 microvolt at 20°C which for
the scale of operation during these studies is equivalent to % 0.03°K

More serious errors are however inherent in the experimental
method. The perturbations occurring as pure carrier gas flows around
the unit, Section 6.5.2, can lead to errors of * 0.3%. Another
source of fluctuation will arise from the changing of inlet carrier gas
and ambient air temperatures, but correction of the experimental results
by the definition of a pseudo-ambient temperature will greatly reduce
this error.

The assumption of a reproducible temperature profile between
each cycle may lead to errors when results taken from different cycles
of operation are combined together on one profile. Finally results
are taken at a specific time after the sequencing action and if the
temperature was changing rapidly at the time of recording, a significant
error could occur.

Considering the actual temperature recorded by the thermocouple
an error of no more than * 0.3°K will be incurred. Transposing the
results into a profile that can be readily interpreted leads to far

greater errors as outlined above, and the graphical results can only
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be quoted to an accuracy of * 1.5%%K.

6.5.4 Temperature and Feedrate for Arklone.P. and Genklene.P.

6.5.4.1 Results

The positions of the thermocouples are referenced to the top
of column No.l. As the number of sample points per column varied,
Section 3.3.1, the column possessing the greatest number of access
points was chosen, (No.l), for the insertion of the thermoccuples.
Longitudinally the thermocouples could be positioned at distances of
7.6; 15.2; 22.9; 30.5; 38.1; 45.7 and 53.3 'cm from the top of the
column, whilst radially distances of 3.8; 2.5; 1.3 and 0.0 cm from the
inside column wall, were used. 3.8 cm from the column wall corresponding
to the column axis.

As results could be taken from different cycles of operation
of the same run, a further digit was required in the 'run title' for
uniqueness, signifying from which cycle after equilibrium the results
were taken.

A G /L' ratio of 265 was maintained for all runs along with
a sequencing interval of 262 seconds. Equivolume mixtures of Arklone.P.
and Genklene.P. were again used for study at combined throughputs of
400, 600 and 800 cm3.hr-l. Summaries of the results required to build
up a temperature profile for the above feedrates are given in Tables
6.6 to 6.8. Experimentally measured millivoltages and corrected
temperatures corresponding to the above runs are given in Appendix 5,

Figures A.5.10 to A.5.24.
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6.5.4.2 Discussion

The most striking observation from the investigation was the
scale of temperature fluctuations. Studying of temperature profiles
in a continuous chromatograph has not been attempted previously and
hence the literature available appertains to the work done with batch
columns. Hupe et al (72) have recorded deviations of up to 7°k below
ambient, and it was to be expected that continuous operation would in
certain cases lead to greater changes. Temperatures greater than 15k
below ambient were regularly recorded in the SCCR1l, and in one case for
Run 800-265-262-El a temperature of 26.3°K below ambient was recorded
for the purge column. It is interesting to note that at this latter
temperature the Kw values for Arklone.P. and Genklene.P. are 1150 and
360 respectively, values three times greater than at ambient temperature.
Under these conditions it is hardly surprising that complete purging of
‘the isolated column was proving difficult.

Figures 6.12 to 6.15, give the temperature profiles for a
feedrate of 400 cm3.hr_l, at sample times 200 seconds after sequencing.
All the major depressions in temperature, with one exception occur
behind the feed bed, the exception being the Product.l. outlet column.
The minimum temperatures in the separating section were always recorded
in the region around the feed distributor, though not at the column axis.
The fact that minimum temperatures are found at distances between 1.3 and
2.6 cm from the column wall can be understood with consideration of the
feed distributor design. Figure 3.6 shows that liquid feed is injected
at four points within the column, approximately 2.0 cm from the wall.

Major depressions in temperatures (>-8°K) extend for three

columns behind the feed column (i.e. 122-305 cm), indicating the
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probability that liquid feed is present in at least two of these
columns. Total evaporation of the feed appears to be accomplished
in the 3rd or 4th column behind the feed when the temperature returns
to ambient.

A further sharp drop in temperature was recorded in the first
column of the separating section (i.e. 0-61 cm). This drop is
unrelated in any way to evaporation and is the result of the trailing
edge of the Genklene.P. concentration profile travelling through the
column.

The isolated column, (671-732 cm), also shows a region of low
temperature. The net thermodynamic process in the purge bed is one of
desorption and therefore a large negative heat flow is to be expected.

Columns in front of the feed column, (366-671 cm), exhibit
comparatively small fluctuations in temperature as they are unable to
experience any vaporisation effects. The level of Arklone.P. concentration
remains stable throughout these columns and therefore any heat effects
resulting from absorption and desorption of the advancing profile will
cancel out. A small column to column fluctuation is recorded but
this may be attributed to the gas expansion and solenoid value heating
effects described in Section 6.5.2.

The last column in the separating section (610-671 cm), does
however show a sharp fall in temperature. The reason for this is that
in the previous sequencing interval this column in question was the
isolated bed undergoing the endothermic desorption process. A finite
time is required for the column to regain ambient temperature and
therefore the column will remain 'cold' for a certain time after

sequencing.
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In common with the concentration profile, the temperature
profile resulting purely from absorption and desorption should advance
through the column during a sequencing interval. Figure 6.16 shows
the temperature profile for the thermocouples positioned at the column
axis, recorded 50 seconds after sequencing, and can be compared with
Figure 6.12, for the same thermocouples recorded at 200 seconds after
sequencing. The region of negative temperature in the isolated
column is shown clearly to be advancing through the column. After
50 seconds the column receiving feed, (305-366 cm), has not yet begun
to experience any cooling through evaporation and this only becomes
apparent on the readings at 200 seconds.

The most striking comparison is that in the three columns
behind the feed bed, (122-305 cm),the regions of extreme 'cold' do not
change position, always remaining around the feed points, indicating
a none chromatographic process which can only be attributed to the
effects of vaporisation in the aforementioned columns.

The temperature profiles for feed rates of 600 and 800 cm3.hr"

il
are given in Figures 6.17 to 6.26. The minimum recorded temperatures
for the above runs are again centered around the feed points, although
these minimum temperatures do not noticably increase with increasing
feed rate. This probably indicates that even at feedrates as low as

400 cm:ih.rm1 the carrier gas is saturated and therefore the rate of
evaporation is constant for all feed rates above 400 cm3 hr_l. Hence
lower temperatures would not be expected even though the feedrate is
increased. For the profiles relevant to 400 cm3 hr'-1 the regions of

'low' temperature extend for three columns behind the feed bed.

However for solute feedrates of 600 and 800 cm3.hr-lr it can be seen
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that the depressions in temperature are experienced in all columns
behind the feed bed, (0-305 cm), indicating that unvaporised liquid

is present in all these beds. Further evidence that 'free liquid'

is present up to and including the isolated column can be seen from
Figure 6.23, the profile for thermocouples positioned at 2.6 cm from
the column wall with a feedrate of 800 cmahr-l. Minimum temperatures
in the separating section where vaporisation is taking place are
approximately -14 to -18%&. In the isolated column the temperature
drops to -ZGOK, Figure 6.23, at certain positions. This sudden drop
may be attributed to the fact that the purge gas flowrate is over twice
the carrier flowrate and therefore the rate of vaporisation of any
remaining liquid feed within the purge column will be higher than for
any position within the separating section, with the resultant further
reduction in temperature.

In obtaining Figures 6.12 to 6.26 the results from the
equivalent of 49 thermocouple positions in the column were recorded.
This number of different locations allows the construction of an
isothermal diagram. Figure 6.27 show for a feedrate of 600 cr|:31'1r—l
the distribution of temperature within the columns when the SCCR1 unit
is operating under equilibrium conditions. Very noticable is the
length of the unit that is operating below —SOK, with eight columns
continuously experiencing temperatures below -lOOK. The very poor
thermal conductivity of the packing giving rise to low radial heat
conduction is shown clearly in column No.6, (244-305 cm), where at
a position two thirds of the way down the column a constant temperature
different of 20°K exists between the column wall and a position 2.6 cm

from the wall.



Table 6.6

Summary of Results for the Temperature Profile, at a Feedrate of 400cm3h'r

Run Title

Solute
Feed
Rate

e h

Inlet
Gas
Temp

Position of Thermocouples

TC1

TC2

TC3

TC4

1CD

TC6

A |R

A

R

A

R

AR

AR

AR

v

cmicm

cm

cm

cm

cm

cmiEm

cmicm

cmicm

400-265-262-B1

402

261

262

24.9

305/0.0

Carrier
let

In

Ul

8 U'I.'?e?

45738

53300

23313

400-265262-C1

408

262

266

221

3051.3

381

1.3

381

0.0

457|125

533125

533(38

400-265262-C3

408

262

266

21.8

2913

303

2.5

381

38

381125

45.710.0

435713

400-265-262-D1

405

262

267

234

7.6{1.3

7.6

0.0

15.2

00

22938

22925

30539

400 265 262 D3

405

262

267

233

76(38

76

25

152

38

152|125

152(1.3

229|100

TC1,TC2... = Thermocouple N°1,2... etc
A=Axial Distance from Top of Column

R=Radial Distance from Column Wall

1

= BoE =



Table 67

Summary of Results for the Temperature Profile at a Feedrate of 600cms hF!

Run Title

Solute

Feed
Rate

n,El
)

amb

Inlet
Gas

Temp

Position of Thermoouples

1C1

1C2

1C3

TC4

T

5

1C6

1C8

A |R

AR

AlR

A

R

A

R

AR

e

&

L

cmicm

cmicm

cmicm

cm

cm

cm

cm

cmicm

cmjcm

1600-265-262-B1

601

262

269

235

236

76|38

16|25

152(38

152

25

152

1.3

229(0.0

g

Ambient

600-265-262-B3

262

269

235

236

76(1.3

76(00

15200

229

38

29

25

30538

600-265-262-B5

602

262

265

234

235

2913

30825

381 38

381

Vo

457

0.0

45713

11

600-265-262-C1

598

262

267

215

215

05[13

381/1.3

381(0.0

45.7

25

b3d

25

53338

“w

600-265-262-C3

598

262

268

213

244

3050.0

Carrier

Inlet

Carrier|

Quilet

45.7

38

ST

0.0

53.3/1.3

"

TC1,TC2.. =Thermocouple N°1,2..etc
A = Axial Distance from Top of Column

R = Radial Distance from Column Wall

= R =



Table 6.8  Summary of Results for the Temperature Profile at a Feedrate of EBOOcmahF1

Solute Inlet Position of Thermocouples

Feed | Is |Gme | Tymp| Gas LTC1 [TC2 [TC3 | TC4 [TC5 [7C6 | TC7 [TC8
Run Title |Rate > Temp/|A |[R|A|R|A|R|A|[R|A[R|A|R|A[R]|A|R

crthi]| s °C | °C |cm|cm|cm|cm|cm|em|cm|cm|cm|emicm]em [cmicm fcmlcm

Carei .

800-265262-B1| 795 | 262 | 264 | 23.6 | 243 |7.63.8]76 |2.5/152/38 52| 25[152|13 |228)0.0 [ s " |Ambien
800-265-262-C1 790| 261 | 265 | 21.1 | 211 |76|13| 76/0.0[15.2(0.0/2293.8|229253053.8
800-265-262-D1 807/ 263 | 268 | 221 | 23.9|2291.3 [30525[381/3.8/381|25]4570.0 |457]1.3 "
800-265-262-E1 804 | 262 | 266 | 234 | 25.2 |3051.3 |38 1.3 381/0.01457{25(53325|533|38| y
80026526263 802 | 262 | 266 | 264 | 251 [30500 [l pmbient 45138]5330.0[5331.3] N [\

TC1,TC2... = Thermocouple N°1,2..etc

A = Axial

R = Radial Distance from Column Wall

Distance from Top of Column

- 091 -
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Figure 6.11 Temperature Profile in the Absence of any Feed Solutes
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Figure 612  Temperature Profile for a Feedrate of 400cm3hF1(TC's 38cm into Column)
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Temperature Profile for a Feedrate of 400cn13h?1( TCs 25¢cm into Column)
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Temperature Profile for a Feedrate of 400 cmahF1( TC's 1.3¢cm into Column)

Figure 6.14
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Temperature Profile for a Feedrate of 400CF’03 hF1 (TCs at Column Wall)

Figure 6.15
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Temperature (°K )

Figure 6.16  Temperature Profile for a Feedrate of Z.OOcm3 hF1(TC's at 3.6¢cm into Column)
40- i
\ M {j\ Ambient
S i i Temperature
-4 04
u All readings
taken 505 after '
sequencing 2
—80- . .
f 14
@
N
1601 P
<
(4
! 122 246 | 366 488 610
Product. 2 Feed Product.1

Distance from Carrier

Inlet(cm)



Figure 6.17

3

Temperature Profile for a Feedrate of 600cm h'r'1(TC% 3.6cm into Column)
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Figure 6.18 Temperature Profile for a Feedrate of 600<:m3 hF1 (TCs 25cm into Column)
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Figure 6.199 Temperature Profile for a Feedrate of 600 cnthr (TC513cm into Column )
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Figure 6.20 Temperature Profile for a Feedrate of 600cnrhi! (TC's at Column Wwall)
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Figure 6.21 Temperature Profile for a Feedrate of 600cn13hf1(TC*_=. 38cm into Column)
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Figure 6.22  Temperature Profile for a Feedrate of ‘jSOOcrr@hF1 (TCs 38cm into Column )
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Figure 6.23 Temperature Profile for a Feedrate of 800cn’?hF1(TC=5 2.5¢cm into Column)
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Figur_e 6.24 Temperature Profile for a Feedrate of 800cm3hr'1(TC‘s 1.3¢m into Column)
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Figqure 6.25 Temperature Profile for a Feedrate of 800cm3hF1(TC's at Column Wall)

4.0 1

Ambient
Temperature

1

L

o
1

All readings
taken 200s after

Temperature (°K)
o
=

sequencing 3
&
RS
-12.04 e
&
-16.01 &
=]
a
L TETT R TR TR 610
Product.2 Feed Product .1

Distance from Carrier Gas Inlet (cm)



Figure 6.26 Temperature Profile for a Feedrate of 800cm3 hF]( TCs 36cm into Column)
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CHAPTER 7

COLUMN PACKING ANALYSIS AND MECHANICAL DESIGN CHANGES
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7l Determination of the 'On-Column' Liguid Phase Loadings

Results presented in Chapter 6 had shown conclusively that
above a feedrate of 600 crr.13hr-:L a certain percentage of feedstock
was remaining in the liquid state until it was purged out in the
isolated section.

Apart from the detrimental effects this was having upon the
chromatographic operation of the SCCR1l, there was also the strong
possibility that this free liquid would be leaching the silicone oil
from the firebrick solid support. Loss of liquid phase will also have
occurred because it possesses a finite vapour pressure at ambient
temperature, albeit very small.

The solid support in the SCCRLl was originally coated with
liquid phase to give a 25% loading. After over 2000 hours of operation
it was probable that the 25% loading upon which the Gm c/L' ratio is

based, had changed and that for future accurate predictions of Gm.c/L'
the 'on-column' liquid phase loading should be determined.

Columns 1 and 2 were removed from the symmetrical configuration
and carefully unpacked in sections of approximately 200 gm, so that for
each column eight discrete batches were available for sampling.

The technique for determining the liquid phase loading is
similar to that for determining the partition coefficient at infinite
dilution.

The relationship of the partition coefficient, K, to the

elution chromatogram is given by,

XK = R G (7.1)



where: v

The corrected

= L9 =

= corrected gas 'hold-up' in the column and
associated fittings

= j vm

= volume of stationary liquid phase

= corrected retention volume

= volume of unabsorbed component

retention volume may be calculated from

c .2

= F g o o—
b 3
a

where F = flowrate measured at ambient conditions

column temperature

= ambient temperature

column outlet temperature

ambient pressure

= 'elution' or retention time for a component

James and Martin compressibility factor

(7.2)

Rearrangement of Equations 7.1, 7.2 gives an expression for the volume

of liquid stationary phase as,

TC PO
= ((F. —: . 5; o3 tR) -~ VG))/K
N S5 (t -t ) /K

Ta. Pa

= retention time for unabsorped component

(7.3)

(7.4)
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The eight sections of packing from each column were coned
and guartered and from each batch a 2.4m, 4.8 mm o.d. analytical
column was packed. The coiled column was then connected to the
injection head of the Perkin-Elmer F.I.D. and treated with di-methyl
chlorcosilane to remove any active sites. After treatment the column
outlet was connected to the detector head, the oven was set at 60.5°C,
and the nitrogen carrier gas flowrate set at approximately 1.9 cm35-1
with a soap bubble meter.

The measurement of the column gas hold up Vm was determined
by thé measurement of the retention time of an unahsorped solute, for
which methane was used. Following this a series of 0.1 nm3 injections
of Arklone.P. were introduced and the retention time recorded with an
accurate stop watch. The calculation of the volume of liquid phase
requires a knowledge of the partition coefficient of Arklone.P. at
60.5°C, and this had previously been experimentally determined as 40.79.

An example of the determination of the percentage liquid
phase loading is given in Appendix A.4.3 and the results of the study
are given in Table 7.1.

The total weight of liquid phase in columns 1 and 2 was
371.4 and 384.5 gm respectively and if these columns are taken as being
representative of the other columns in the unit then the total liquid
phase remaining in the SCCR1l was 4535.4 g, i.e. (4675.7 cm3} . This
figure represents a loss of 400 gm of liquid phase since the commissioning
of the SCCR1l, as initially 4935 gm of silicone oil were present in the

unit. In future determinations of G /L' the new value of 4.676 dm3

for the total volume of solvent phase will be used.

One other feature of the analysis of the column packing was

the distribution of liquid phase within the column. In the region
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of the feed distributors (i.e. batch 6 for column 1, batch 3 for
column 2), the percentage liquid loading is the lowest for the whole
column indicating the 'washing off' of the liquid phase by the feedstock.
Some of liquid phase removed in this manner appears to be redeposited
on the solid support farther along the column in the direction of
carrier gas flow. 'For both column 1 and 2 the highest recorded
stationary phase loadings are at the column exits, where the loadings
were 25,13% and 26.01%. These values are both above the original
value of 25%.

Having determined the loss of stationary phase within the
SCCR1, the columns could be repacked and connected back into the
chromatograph. A glass column was designed to replace one of the
copper columns in the unit, in the hope that visual evidence of the

partial vaporisation of feedstock may be obtained.
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Liquid Phase Loadings

Column N°1

Column N°©2

Approx (Weight | °%  |[Weight
Batch [Rosition| of Liquid jof Liquid
N° |of Batch| Batch |Loading| Phase
cm gm gm
1 52-61 | 227.4 | 2313 | 526
2 45-521180.5 | 22.74 | 41.0
3 36-45 | 2341 | 23.87 | 559
4 |295-36| 1724 | 228 39.3
S |235-295| 166.5 | 22.0 | 366
6 [175-235] 1604 | 199 31.9
7 U=125E 19131233 39.9
8 O-11 | 2952 { 25.13 | 74.2
Total 1607.8 3714
Approx [Weight | /b Weight
Batch |[Position| of Liquid pof Liquid
N° lof Batcdh Batch | Loading| Phase
cm gm gm
1 51-61 | 2755 | 22.45 | 618
2 43-51 | 2155 | 22.88 | 493
3 37-43 | 1522 | 208 | 336
4 29-37 | 201.5 | 23.30 | 46.9
S 1 225=29) 1770 | .23.6 | 418
6 16-225| 177.5 | 24.15 | 429
7 8-16 | 2035 | 25.89 | 52.7
8 0-8 2133 | 260017 555
Total 1616.0 384.5
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7 e The Glass Column

The column used was of the standard 'QVF' type, of length
6l cm and diameter 7.6 cm. Screw threaded glass sample points were
fused into the side of the column at 6.8 cm intervals down its whole
length. At a point 30 cm down the column, opposite to a sample point,
a 1 cm diameter hole was drilled through the glass. This permitted
the feed distributor and associated solenoid valve to be fixed onto the
column, 'Viton' rubber gaskets providing an airtight seal.

To secure the copper end cones onto the glass column, annular
brass plates first had to be bolted onto the column. The bolt heads
were countersunk into the brass plate so that when the end cones were
attached they were flush with the brass plates. The seals between the
tube, the brass plate and the end cone flange were provided by 2.4 mm
thick gaskets of 'Klingerite' coated with a pipe sealing compound.

In view of the dangers of using pressurised gases in glass
vessels, the column underwent stringent pressure testing. Static,
mobile and shock tests were conducted at three times the expected
normal operating pressure.

To maintain continuity in the experimental results the
analysed solid support was repacked into the glass column batch by
batch with as little mixing as possible. The 'shake—turn—pressure'
method of packing was employed (91), this being the method used when
the columns had originally been constructed. Upon completion of the
repacking the column was again pressure tested before being connected
back as part of the chromatographic unit. As a further safety
measure the whole of the SCCR1 unit was enclosed with reinforced

perspex sheets.
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Observations made with the glass column are shown in Figure 7.1.
For this example shown, the binary halocarbon feed enters the column at
points X,Y¥, in a manner described in Section 3.3.5. For demonstration
purposes the feedrate was 1700 cm3.hr-l,with the carrier gas flowing in
an upward direction at a rate of 1100 cm3.hr_l.

Figure 7.l(a), shows the situation 200 seconds into the 300
second sequencing interval. The solid support moistened by the
unvaporised feed is clearly visible in the region around the sample ports.

After 250 seconds of continuous feeding into the columns,
Figure 7.1(b), the area of wetted packing had considerably increased and
formed a band at the column wall some 15 cm in length and 3 to 4 cm
in width. Three similar bands were observed around the circumference
of the column, offset by 90° from the one shown in Figure 7.1. All
four bands being produced by virtue of the shape of the feed distributor,
Figure 3.6.

Figure 7.1l(c) taken at 300 seconds, i.e. the end of the feeding
cycle, shows that approximately half of the solid support visible at the
wall had been wetted. An indication of the low temperature being
experienced inside the column can be seen by the appearance of condensed
water vapour on the outside of the column.

A further 300 seconds after feeding had terminated shows the
wetted packing still clearly wvisible although the wetted area is
decreasing as evaporation of the feed continues to take place inside
the column, Figure 7.1(d).

The remaining two Figures 7.1(e) and 7.1(f) were taken 900
and 1500 seconds after feeding had stopped. In Figure 7.1(f) it can
be seen that all the free liquid previously visible at the wall had
evaporated, although it is still probable that liquid is present in the

bulk of the packed column.
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Figure 7.1 Liquid Wetting
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i) Redesign of Feed Distribution Network

Te3:d Repositioning of the Feed Valves

One of the conclusions to be drawn from the experimental
results in Chapter 6 was the need for repositioning the feed valves,
and their associated feed distributors.

Liquid feeding anywhere within the packed columns would lead
to the problems highlighted previously in Chapter 6 and therefore the
only remaining point at which feed could be practically injected waé
in the column end cones. The feed distributors were originally
situated at the column mid-points because of the physical difficulty of
siting their solenoid valves on the end cones, along with the other
inlet/outlet valves. This problem was overcome by feeding through the
sample tube positioned in the end cones, and assembling the sclenoid
valve onto the outlet of the sample tube with a 0.95 cm male to male
brass stud couplingf Figure 3.3.

After introducing the feed into the end cone some means was
required to distribute and vaporise it. Advantage was taken of the
shape of the cone in that it tapered down to a throat of less than
1.3 cm diameter. Gas velocities in excess of 250 cm.s—l could be
expected in this region and therefore if a stream of liquid could be
injected into the throat, a pseudo-venturi atomiser could be created(184).

A 0.8 mmo.d. 0.4 mm i.d. copper capilliary tube was sealed
onto the outlet from the solenoid valve, and then inserted through
the sample tube into the cone. Bending the capilliary tube through
90 degrees brought it up into the throat of the end cone, parallel
with the gas flow. Upon energisation of the solenocid valve, liquid
feedstock issued from the tube, co-current to the high velocity gas

stream and was quickly brokeninto small droplets thereby greatly
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enhancing the vaporisation process.

New feed distributors were fitted to the outlet cones on
all twelve columns, so that the feed entry point alternated from top
to bottom between adjacent columns.

Repositioning of the feed valves in this manner caused the
feed entry point on six of the columns to be lower than the central
feed distributor, Figure 3.5. Under these conditions it became
possible to create an air or vapour lock in the feed distribution
line, hence the central feed distributor had to be repositioned in such
a manner so that it was below the lowest feed injection point as shown

in Figure 3.5.

T B Testing of the New Method of Feed Distribution

In gauging the degree of improvement in the new feed
distribution network, the rates of evaporation before and after
repositioning the valves, needed to be compared. Measurement of
these rates of vaporisation were conducted in the following manner.

For the situation where the feed valves were sited at the
mid-point of the columns, the SCCRl unit was operated under the usual
conditions of Gm.c/Ll’ 265, and with a sequencing time of 262 seconds,
but without any feedstock being present. For one sequencing interval
only, Arklone.P. and Genklene.P, were fed into one column in the unit
and the gas phase concentration exiting from this column monitored
until all the solute had passed through. Recording the level of
concentration with respect to time gave an indication of the rate of
evaporation from within the packed column. A correction needed to be
made to the recorded time to allow for the chromatographic movement of
the solutes between the feed entry point and the sampling point, (i.e.

half a column length).
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When the feed valves had been transferred to the column end
cones a similar procedure was adopted to measure the evaporation rate
in the end cones. The solute feed being introduced into the cone for
one sequencing interval only, and the gas phase concentration of the
vaporising liquid being monitored with respect to time. As the cones
were not packed with chromatographic support material no correction to
the measured time was necessary.

The results from runs in which the feedrate was increased from
400 to 1000 cm3.hr*l are shown in Figures 7.2 to 7.5, and in Appendix 6,
Figures A.6.1 to A.6.4. The time taken for the feed to be vaporised in
the end cones, is very clearly shown to be considerably less than for
feeding into the centre of the packed column. In practical operation
the time required for the total evaporation of the feedstock will be
longer than shown on Figures 7.2 to 7.5. The carrier gas passing over
the liquid feed either in the column or the end cone was solute free,
whereas in practice the mobile phase entering the feed zone will always
contain Arklone.P. and Genklene.P. and will not therefore be able to
absorb as much vaporising feedstock as would solute free air.

When feeding into the middle of the bed, the total vaporisation
times for Arklone.P. and Genklene.P. increase greatly with increasing
feedrate, with some of the Genklene.P. above a rate of 400 cm3hr-l
remaining as liquid until being removed as the purged product. (Seen
on Figures 7.3 to 7.5 as a peak at 1550 seconds). Conversely with
feeding into the cone even at feed rates of 1000 cm3hr_1 all the
Genklene.P. has been evaporated after 700 seconds with the Arklone.P.
requiring some 150 seconds less for total vaporisation.

The improved results for feeding into the end cones not only

occurred because of the change in design of the feed distributor but
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also from the improved heat transfer within the cone. It was
anticipated therefore that as well as improving the maximum throughput
of the SCCR1 the detrimental cooling effects from feed vaporisation

would be reduced.
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7.4 The Purging Process

At liquid feed rates of 1000 cm3.hr_1 and above, the
complete purging of the 'Genklene'.P. bottom product had proved very
difficult. In the time available for purging, i.e. one switching
interval, only 80-90% of the product was being removed. After the
chromatograph had sequenced the remaining 10-20% of the bottom product
was exiting from the top product outlet with the 'Arklone'.P., thereby

causing severe contamination of that product.

7.4.1 Double Purging

To overcome the contamination problem, a system of 'double-
purging' was introduced. This method of operation had successfully
been operated by other workers (47,185) using a similar sequential
chromatographic unit of twelve 2.5 cm diameter steel columns.

Double-purging involves two columns being purged simultaneously
by separate gas supplies. Each column is thereby given a total purging
time twice the sequencing interval. One disadvantage inherent in this
mode of operation is that it reduces the effective separating section of
the chromatograph from eleven to ten columns.

The implementation of a double-purging system to the SCCR1 did
not have the desired results. Contamination of the top product still
occurred indicating that the purging process was still incomplete.

A closer study of the temperature profile in the unit for
a feed rate of only 600 cm3.hr-l, Section 6.5.4, revealed that the
temperature in the purge bed could fall to below -20°K. At higher
feed rates this temperature may be lower still. The effects of this

fall in temperature have a very significant effect upon the partition
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coefficients of the two solutes in that both thermodynamic theory (180),
and experimental results (50), give log Ké as an inverse function of the
absolute temperature. At temperatures of -20°K more than twice the
expected purge gas rate is required. Hence even with a double purge
system, complete removal of the bottom product from the isolated columns

is not possible.

7.4.2 Heating the Purge Gas

Preventing the fall in temperature within the purging column
by some method of heating was a further alternative. Short of a
complete redesign of the chromatographic columns the only practical way
to achieve this was by fitting a heat exchanger into the inlet purge
gas line. The concentric tube type heat exchanger was constructed
from a finned copper tube of 1.9 cm i.d. and a 5.1 cm, 'Q.V.F.' glass
tube of length 71 cm. The purge gas flowed in the annulus whilst heat
was provided by inserting a 'Q.V.F.' 1 KW. 'Red Rod' immersion heater
into the copper tube. Control of the air outlet temperature was
achieved by connecting the 1 KW heater to a rheostat.

The heat exchanger was operated on a trial and error principle,
with ‘the purge gas being heated just enough to ensure complete removal
of the product within one sequencing interval. Overheating of the gas
could result in the premature purging of the column, and excessive
heating of the column packing, whilst underheating would not achieve
the desired result of removing all the 'Genklene'.P bottom product.

The results shown in Table 7.2 were taken from a typical
separation run for a 50:50 mixture of 'Arklone'.P and 'Genklene'.P.

at a feed rate of 600 cm3hr_1.
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The arbitary reference values of 'percentage removal of
product', namely 82.5; 95.5, and 99; were obtained by integration of
the concentration profile recorded by the Katharometer.

If the average time to remove 99% of the product is considered,
it can be seen that some fourteen seconds are saved by heating the purge
gas. This small improvement in purging time may seem insignificant when
compared with a switching time of 262 seconds, but it must be emphasised
that the heating element was only being operated at a little over

half its maximum capacity.
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Table 7.2

Efficiency of Heat Exchanger

Column| Time to Purge|Time to Purge| Time to Purge
N° | 825% Product| 955% Product | 99% Product
(s) (s) (s)
Without| With |Without | With |Without| With
Heating Heating|Heating|Heating|HeatingHeat ing
1 120 108 155 147 183 167
‘2 140 130 180 166 213 197
3 139 126 175 172 210 201
4 148 133 192 175 224 205
5 140 130 178 165 206 192
6 154 147 198 188 233 220
7 137 128 172 161 200 188
8 142 138 190 181 228 211
9 135 131 181 168 217 200
10 147 135 192 180 24 209
11 122 115 158 152 189 180
12 131 130 170 170 205 | 200
Average| 138 126 178 169 211 197
Run Conditions:
Sequencing Interval 262 s
Solute Feedrate 600 crshf
Gene /L 260
Carrier Gas Flowrate 1100<:mas"1
Purge Gas Flowrate 1700 ¢S]
Ambient Temperature 20°C
Purge Gas Temperature 45.0 °C

Power Input to Heater

0.58 J s
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CHAPTER 8

FURTHER STUDIES WITH THE SCCR1l IN THE SEPARATING MODE
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8.0 Further Studies with the SCCRl in the Separating Mode
8.1 The Modified Temperature Profile
8.1.1 Results

Moving the feed entry ports to the column end cones has allowed
for better vaporisation of the solutes (Section 7.3.1). The
vaporisation having been made easier by virtue of the spray nozzle
distributor, and the improved heat transfer medium in the end cones.

The ultimate aim of the studies into the temperature profile is
to try to define the perturbations in terms of physical parameters so
that an accurate profile may be introduced into the mathematical model
of the process. The type of temperature profile obtained when feeding
was to the column centre, (Figure 6.27), is extremely difficult to
simulate accurately. In any form of modelling whilst account can be
taken of the sorption processes, it is desirable that the assumption of
instantaneous vaporisation of the solute feed be made, with any heat
effects resulting from this instantaneous vaporisation being assumed
to be negligible. The validity or not of these stipulations needs to
be determined experimentally. Section 7.3.2 dealt with the faster
rates of evaporation obtained in the column end cones, and to investigate
any temperature fluctuations, a shortened version of the experimental
programme given in Section 6.5 was undertaken.

Using the same system operating under identical flow conditions
as given in Section 6.5.4.1, the temperature profiles were obtained for
a feedrate of 600 cm3.hr-l. These profiles are illustrated in
Figures 8.2 to 8.6, with the detailed experimental data presented in

Table 8.2 and Appendix A.7.2 to A.7.6.



- 200 -

The following test was also carried out to determine the
degree of heat conduction through the packing and also to determine
the true temperatures within the columns.

Three thermocouples were positioned 23 cm down column 1 at
distances of 1.3, 2.5 and 3.8 cm from the column wall. Shortly before
the maximum temperature was reached at the various measuring points,
the carrier gas was cut off by energising the transfer solenoid valve
at the column inlet. Movement of solute molecules continued for a
short distance until the pressure in the column had been equalised.
After the solute molecules have effectively come to a halt, no further
temperature changes occur which can be attributed to sorption effects.
The cooling down of the packing material which then occurred was due
solely to heat conduction through the packing material and the
thermocouples towards the column wall. The cooling per unit of time,
AT/Az, (where AT = temperature difference, Az = time increment in
appropriate units) at the individual measuring points was determined,
and the value so obtained related to the mean temperature difference, @,
between the measuring point and the column wall. These results with
the corresponding cooling curves are given in Table 8.1 and Figure 8.1,

with the full experimental details given in Appendix A.7.1l.

Bal.2 Discussion

From the results shown in Table 8.1 it can be seen that
cooling rates are essentially independent of position in the packed
column and that therefore better thermal conductivity conditions do
not exist in the peripheral zones. This finding is in contrast to

the results of Hupe (72), who found that for a 10 cm diameter column
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packed with silica gel (0.2-0.3 mm) cooling occurred much faster near
to the column wall. An explanation of the disagreement of the results
can be found when consideration is taken of the different methods of
column packing. Hupe (72) used a method of packing proposed by
Guillemin (88), in which the packing is fluidised and then allowed

to settle. This method produces a very low unevén packed density

in columns over 6 cm diameter (72), which may well explain the higher
cooling rates in the peripheral regions. The method of packing used
for the 7.6 cm diameter columns in the SCCR1l inherently involves
increasing the packed density in the regions near to the column wall
and therefore it is not surprising that the cooling rates in these areas
are in contrast to results published by Hupe (72).

On the basis of the results shown in Table 8.1 it is possible
to estimate the influence of the cooling rates upon the temperature
changes in the column. Taking the results for Run 600-265-262-E6,
Appendix A.7.4, a temperature rise ofS.BoC above ambient is registered
in a time of 100 seconds for the region around the feed point. For
these figures AT/Az. 6 = O.lSoK.min_l. The cooling due to thermal
conductivity during that time is thus, 2.7 x 1.66 x 0.15 i.e. O.67°C.
Similarly in the purge section a drop of 6.2°C was recorded in a time
of 50 seconds, from which it can be calculated that a cooling of O.38°C
occurs through thermal conductivity. The examples quoted above show
that the operation of the SCCR1 is far from adiabatic. If a true
adiabatic system could be constructed we would cbserve a time/temperature
relationship (for the feed region) which would rise to a maximum
positive temperature and then fall off to the base line at ambient
but not below it. This would be so, as the heat of adsorption is

equivalent to the heat of desorption. However as shown, the system
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is far from adiabatic and a considerable amount of heat is lost not
only during the temperature rise of 100 seconds but also whilst the
temperature remains at this elevated value. The heat lost at this
stage will later be observed as a depression below the base line.

Alternatively in a true isothermal system a sample of solute
would be absorped onto a section of column packing to raise it to a
certain maximum temperature above ambient. If this section could then
be cooled to ambient without any vaporisation of sample a negative peak
exactly equal in size to the positive peak would be observed upon
vaporisation of the sample. This situation could never occur because
the sample cannot be prevented from vaporising, and in practice the
system is between the two extremes of adiabatic and isothermal cperation.
The method of continuously feeding to a column for a time equivalent to
one sequencing interval will tend to approach an isothermal system, but
the size of the column and poor heat conduction will more than cancel
out the effect from the broad feed band. The reduction in size of the
temperature fluctuations, resulting from the repositioning of feed
distributors are shown in Figures 8.2 to 8.6. Virtually the whole of
the separating section of the SCCR1 now operates between * GOC about
ambient. The absence of internal/external column heating still leaves
a sharp drop of -10°c in the isolated column, although this may be partly
offset by preheating the purge gas stream.

Relating the experimental temperature profile to heats of
absorption and desorption still remains difficult especially in the
feed zone region. The discontinuous nature of operation in which the
feed point advances a whole column length at the end of every sequencing

interval will lead to a partial cancelling out of the sorption effects,
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in that the heats of absorption from the vaporised feed solutes will in
part be reduced by the desorption of the solutes already present in the
liquid phase in the column. A depression in temperature recorded by
the thermocouple nearest to the feed point indicates that the initial
vaporisation of the solute is still to a small extent affecting the
performance of the columns. Although the rates of vaporisation and
heat transfer are greatly enhanced by spraying liquid feed into the
column end cones, it will only be by supplying the solutes direct to the
column in the vapour state that all deleterious vaporisation effects
will be removed.

The isothermal diagram Figure 8.7 was produced from the results
shown in Figures 8.2 to 8.6 and provides a simple means of describing
the temperature distribution. It must be emphasised that the isothermal
diagrams whilst proving valuable for comparative purposes with Figure
6.27, cannot be taken as being exact as the isotherms were produced by
interpolation between the temperature measurements shown in Figures 8.2

to 8.6.



TABLE 8.1

Cooling Rates at 3 Positions within the Column

- 204 -

3.8cm from 26cm from | 13cm from

Column Wall [ColumnWall Column Wall
Time| AT |Yenriya) A7 |Ysnda | AT [Heenial
min | °C_ | °C_[CmiA °C_| °C [Cmidl °C | °C_ [Cmin]
0-1 133 11161 0.3 116 8.4 10.19 { 11 |6 5510417
-2 | 1.8 |-8.6 |0.21|12 |-70 (0.17 |0.85 |-5.6 |0.15
23 | 1.2 |-7.1 |07 1.0 |=5.9 |0.17 [|0.75|-4.8 | 0.16
| 1.1 |-595]10.181 0.8 |=5.0 10.1610-6 =41 10.15
45| 0.8 |-50 | 0.16| 0.7 |-4.3 [ 0.16|0.5 |-3.55(0.14
5606 [~-4.3]| 0.14| 055 |-3.75| 0.15| 0.45 |-3.1 |0.15
6-7 |0.5 |-3.75/ 0.13 | 0.5 |-3.25| 0.15| 0.45 |-2.7 |0.16
7-8 10.4 [-33[0.1210.4 |-2.8|0.14|0.40|-22 |0.18
89 |0.4 (-29 [ 0.14]0.35(-2.4 | 0.15|0.3 |-1.85|0.16
9-10 | 0.35(-25 | 0.14|0.3 |[-2.0 | 0.15]0.3 |-1.55]0.19
10-11] 0.3 |-22 | 0.14]0.3 |-1.7 | 0.18]0.25(-1.2 | 0.21
All Temperatures Referenced to Ambient
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TABLE 8.2 Summary of Results for the Temperaiure Profile at a Feedrate of 600cm’ hr

Solutel Inlet Position of Thermocouples

Run Title [(Feed|ls |Gme|Tqmp| Gas| TC1 | TC2 | TC3 |TC4A | TC5 JTC6 17C7 |TC8
Rate iy Temp| AR [A|R|A|R|A|RIA|IR|A|R| AR|A|R
-(:r'n?E1r S °C | °C_|cm|cm|cm|cmicm|cm|cmicmicmicm|cmicmfcm anemicm

600-265-262E1 591 | 261 | 255 | 212 | 212 | ~ | ~ |76 |38|2293.8 38138 |45713.8 [5333.8 | L[S Ambient

600-265-262-E4 591 | 261 | 255 | 210 | 211 | ~ |~ [7.6]|2.5|229(25(381{25|45.425 533/ 25|

600-265-262E6| 591 | 261 | 255|210 | 210 | ~ |~ |7.6|1.3|29(1.3 (381[1.3 |45.7]1.3 |5331.3

600-265262F 1| 621 | 261 | 258| 21.0 | 220 » |  {7.6 |0.0|22.90.0|381]0.0 [45.70.0 [5330.0

600-265-262-F3) 621 | 261 | 258 | 21.0 | 220 ~ |~ |15.21.3 |152] 25(15.21 38 {304 38 -

TC1,TC2 ... = Thermocouple N©°12 .. etc
A= Axial Distance

R= Radial Distance

from Top of Column

from Column Wall

- Soa -
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Figure 8.2 Temperature Profile for a Feedrate of 600cm hr"(TC's 3.8cm into Column)
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Figure 8.3 Temperature Profile for a Feedrate of 600cm3hF1(TC’52.5cm into Column )
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Figure 8.4 Temperature Profile for a Feedrate of 600 crrs hf' (TCs 1.3cm into Column)
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Figure 85 Temperailure Profile for a Feedrate of 600cm hF1(TC's at Column Wall)
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Figure 86 Temperature Profile for a Feedrate of 600 cm3hr_1(TC's 38cm into Column)
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8.2 Maximising Solute Feedrate for the System Arklone.P./Genklene.P.

829l Results

A similar experimental programme was conducted as that
illustrated in Section 6.4.

Using a 50:50 by volume mixture of Arklone.P. and Genklene.P.,

the feedrate was increased from 400 t::r:thr-:L up to 1200 cm3hr_l in

intervals of 200 cm3hr-l. After a successful separation was obtained

at 1200 cm3hr_l, the feedrate was increased by 100 cm:"'hr_l intervals
until severe contamination of the products occurred. A successful
separation may be defined as one having reproducible solute concentration
profiles with product purities at all times greater than 99.5%. It must
be emphasised that the product purities quoted in Table 8.4 were at their
worst possible value during the sequencing interval, and had they been
recorded at an optimum time during the interval all purities barring
those for Run 1500-265-262-A would have been in excess of 99.9%.

The ratio of Gm o to L' was again specified at 265, although

accurate determinations of G /L' later showed these values to be

slightly lower than anticipated. In earlier runs (Section 6.4), it

had been possible to increase the purge gase flowrate up to 2850 cm3.sdl.
however during these later studies the maximum purge flowrate obtainable
was 2300 cm3.s~l. This loss of efficiency was attributed entirely to
decreasing mechanical efficiency in the SCCR1l, caused by continual
operation over a period of 4 years. Although regular maintenance was
carried out, it is recommended that should further studies be conducted
with the unit a complete overhaul be carried out with replacement of all
the air distribution networks and associated filtration system.

A summary of experimental and computed results is given in

Tables 8.3, 8.4, with the concentration profiles being illustrated in
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Figures 8.8 to 8.15. Full details of the runs appear in Appendices

A.7.7 to A.7.14.

8.2.2 Discussion

Consideration of Figures 8.8 to 8.15, shows a marked improvement
in the separating capabilities of the SCCRL. The mechanical design
changes discussed in Chapter 7 have allowed the maximum feed throughput
to be increased to 1400 cm3.hr_l. Without a major redesign of the unit,
incorporating internal column heating, and recoating of the packing it
would appear that the limits of feed throughput from both a mechanical
and a chromatographic sense have been reached.

Comparison of the individual solute profiles is again valuable
in giving an insight into the mechanisms of separation. With respect to
Arklone.P., the mean level of gas phase concentration rises proportionately
with increasing feedrate. Up to a feedrate of 1000 <:1::13.hr_l the
trailing edge of the profile has not extended more than three column
lengths behind the feed point. Beyond 1000 cma.hr—l the profile
gradually extends towards the isolated section until for Run 1500-265-262-A
contamination of the Genklene.P., Product 2 occurs. The gradual
decrease in Arklone.P. concentration between the feedpoint and the
isolated column indicates that the whole of this section, i.e. 6
columns is being utilised for separation purposes. Prior to repositioning
the feed valves no more than 3 columns in this section could be utilized
for separation because of the presence of unvaporised feed. [see
for example Figure 6.15, Section 6.4.2, where the Arklone.P. profile
has extended more than two column lengths behind the feed point before

separation commences and the Arklone.P. concentration level starts to fall].
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Saturation point in the gas phase has not been reached with
Arklone.P. The highest recorded on-column concentration was 1.18 x
10~ g.cm_3 for Run 1500-265-262 A. The partial pressure exerted by
the Arklone.P. was calculated to be 16.7 kN.m-z, whereas the saturated
vapour pressure at 22°c was found to be 38.0 kN.mﬂz.

N.B. The S.V.P. for Arklone.P. was calculated at 22°C as this was
the ambient temperature for Run 1500-265-262.A. It is well appreciated
that temperature fluctuations are present giving rise to variations in
8L,V 8, However the maximum on-column Arklone.P. concentration was
measured in front of the feed point where it is very unlikely that the
temperature of the gas phase is below ambient. Hence the value of

38.0 kN.m-2 will be a conservative estimate of the saturated vapour
pressure at the position of maximum concentration.

The behaviour of the Genklene.P. profile during the study was
in marked contrast to the results shown in Chapter 6. The profile
was very much 'flatter', in that for the seven columns where Genklene.P.
was present, six of columns exhibited concentrations of the same order
of magnitude. The leading edge of the profile was again very sharp
and even at feed rates of 1400 cmshr-l Genklene.P. had not advanced more
than 1 column in front of the feedpoint. The mean level of gas phase
concentration increased.with increasing feedrate up to Run 1200-265-262-A,
at which point the standardised concentration was approximately 0.1l x
10 g.cmﬂB. Above a feedrate of 1200 cm3 hr_l the mean level of
Genklene.P. gas phase concentration did not appear to increase beyond
G.11 % 10" g.on o,

The situation where the concentration reaches a maximum level

and does not exceed this value even though the feedrate continues to

increase, was experienced in previous separation studies in Section 6.4.2.



=245 =~

The maximum level for these previous results was approximately 0.05 g.cm-
Saturation of the gas phase with Genklene.P. vapour was put forward to

explain the experimental results, and again this would seem to be
3

occurring for the later experimental runs above a feedrate of 1200 cm hr

Although repositioning the feed values has reduced cooling
effects through vaporisation, cooling of the gas phase still occurs at
points between the feedpoint and the isolated section. It is probable
that at these positions the partial pressure of Genklene.P. reaches
saturation point and condensation from the gas phase may even occur.
Verification of this hypothesis may be cbtained from a consideration

of the vapour pressures of Genklene.P. within the unit.

From a standardised concentration of 0.11 x 10“3 g.cm the

maximum on~column concentration will be approximately 0.44 x 10"3 cm-3,

at which value the partial pressure of Genklene.P. is 9.1 kN.m“2. At

20°¢, p° is 12.1 kN.m 2,and it only requires the temperature to fall

G.P

to 13°C before the gas phase becomes saturated with Genklene.P. vapour.

A temperature of 13% is very possible within the SCCR1l especially at

the feedrates above 1000 cmB.hr-l.



Table 8.3

The Study of Feedrate for the System Arklone.P / Genklene .P

Experimental

Settings

Run Title

Solute

Feed
Rate

Separating Section

Purge Section

Gq

Pin

Pout

Gmc_Ll

Sa

P.

Rut I'Srr)gﬂ;j

iy

e

"C

crma

KN 7

kN it

e

In
kN

KN 7

400-265-262-E

390

264

1.476

210

1150

396

197

256

1766

273

214

488

600-265-2620

604

262

1487

220

1150

395

188

254

2180

272

215

596

800-265-262-F

823

262

1.487

200

1150

394

187

252

2180

271

202

604

1000-265-262-B

1040

261

1493

215

1150

396

197

293

2300

2l

211

639

1200-265-262-A

1216

261

1493

230

1150

396

197

253

2300

273

214

636

1300-265-262-A

1316

261

1493

225

1150

397

189

258

2300

274

200

660

1400-265-262A

1385

263

1482

220

1150

400

194

254

2300

273

194

667

1500 -265 -262A

1504

261

1493

230

1150

396

194

254

2300

213

211

639
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Table 8.4

The Study of Feedrate for the System Arklone.P/Genklene.P

Computed Results

K+ KmaxlSepri Sect |Purge Sect'| %% Product | Conc” Conc’

Run Title | AP | G.P | Grin|Gray(Srin [Smax| F-"'+Y | Analysis | Profile

L") L" | L' | L' | AP|G.P |in Appendix| Figure
400-265-262-E] 137 | 411 | 198 | 400 | 442 | 564 [>998 >99.8] A.7.7 8.8
600-265-262-D| 133 | 396 | 196 |411 | 539 | 681 [>99.7p>99.5| A.7.8 8.9
800-265-262-F| 144 | 429 | 194 409 | 535 | 718 [>998/>99.6| A.7.9 8.10
1000-265-262B( 136 | 406 | 196 | 395 | 570 | 737 |>998[>99.7] A.7.10 8.11
1200-265-262A| 129 | 384 | 196 [ 395 | 570 | 727 |>99.8[>99.2| A.7.11 8.12
1300-265-262A] 126 | 391 | 198 | 416 | 573 | 786 [>99.8>99.7| A.7.12 8.13
1400-265-262A 124 | 369 | 196 | 404 | 574 | 808 [>99.7/>996| A.7.13 8.14
1500-265-262A] 130 | 382 | 196 | 401 [ 570 | 737 | 84 | 93 | A.7.14 8.15

= ke S



Figure 88 Standardised Concentration Profile for Run 400-265-262-E
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Figure 8.9 Standardised Concentration Profile for Run 600 -265-262-D
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Figure 8.10 Standardised Concentration Profile for Run 800-265-262-F
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Figure B8.11 Standardised Concentration Profile for Run 1000-265-26 2-B
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Figure 812 Standardised Concentration Profile for Run 1200-265-262-A
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Figire 8.13 Standardised Concentration Profile for Run 1300-265-262-A
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Figure 8.14  Standardised Concentration Profile for Run 1400 -265 —262-A
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Figure 8.15 Standardised Concentration Profile for Run 1500 -265-262-A
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8.3 Investigations with the System Arklone.P./Dichloromethane

B3l Introduction

The results presented so far in Chapters 6, 7 and 8, have
followed a chronological pattern with the initial studies being followed
by the design changes and then the later investigations with Arklone.P./
Genklene,P. The studies with the system Arklone.P./Dichloromethane
were not as extensive as for Arklone.P./Genklene.P. and therefore for
clarity all results both before and after the redesign of the unit have
been grouped together under one heading.

The restrictions governing the choice of a second system for
study have been outlined in Section 4.1, and consequently dichloromethane
(d.c.m) along with Arklone.P. was the only possible combination of
solutes giving a separation factor of less than two. At 200C the
partition coefficients at infinite dilution for Arklone.P. and d.c.m.,
indicated a separation factor of 1.17 for the pair, and even ignoring
any temperature and concentration effects upon the partition coefficients,
a successful separation of the system into two pure streams would be
highly unlikely solely from the fact that the value of G/L' will

roughly double between the carrier gas inlet and outlet.

8.3.2 Results Prior to Mechanical Design changes in the SCCR1

Inherent with any system of low separation factor is the fact
that throughputs will be comparatively small and therefore it was
proposed to operate the unit at the lowest possible feedrate that the
feed pump could accurately deliver, this feedrate having a value of
approximately 100 cms.hr-l, for a 50:50 mixture of Arklone.P./

dichloromethane.
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In selecting a value for Gm C/L' a similar procedure was

adopted as for the system Arklone.P./Genklene.P., in that Gm_c/L'
was set midway between the partition coefficients for Arklone.P. and
dichloromethane, measured at infinite dilution and 20°c. These
values were 141 and 120 respectively, giving Gm.c/Lt as 130.5, for
which an arbitary sequencing interval of 150 seconds was programmed
into the automatic sequencing/timer unit.

Operating the SCCR1 unit with the above conditions produced
no separation whatsoever, with both solutes being carried in the
di?ection of mobile phase flow and exiting from the Product 1 port.

A trial and error procedure followed to determine the range of Gm.c/L'
over which a measure of separation could be achieved. Results
presented in Table 8.5 were obtained for Gm-c/L' values of 120, 115

and 110, with the relevant concentration profiles given in Figures 8.16

to 8,19, Further details for the runs are given in Appendix A.7.1l5 to

A.7.18.

8a3%3 Discussion

Dichloromethane possessing a lower partition coefficient than
Arklone.P. is preferentially carried with the mobile phase, whilst the
Arklone.P. travels in the direction of packing to exit in the purge
column as Product 2. (c.f. system Arklone.P./Genklene.P., where the
Arklone.P. travelled in the direction of carrier gas flow and exited as
Product 1l.).

At the low solute feedrate used, i.e. 100 cm3.hr*l, it is
unlikely that any feed is remaining in the liguid state within the

columns, and therefore the poor separations obtained cannot be attributed
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to this cause. The saturated vapour pressure for dichloromethane

is considerably higher than that of Genklene.P. at the same temperature,
and hence it is to be expected that a system of Arklone.P./d.c.m. will
prove easier to vaporise than the system Arklone.P./Genklene.P.

A mechanical defect which may well be producing inefficiencies
concerned the feed distribution network. This network was not designed
for low feed throughputs, and to achieve a mean feedrate of 100 cm3.hr-1
the reciprocating feed pump had to be fitted with 5:1 reduction gear.
This immediately has the effect of producing 'slugs' of solute rather
than a continuous input. More importantly perhaps is the fact that the
discontinuous nature of operation at the end of a sequencing interval
involves a pressure change of approximately 20 kN m_2, as the feed port
is switched to an adjacent column. Accurate monitoring of feedrate
requires that the pressure in the central feed distributor be equalised
with the pressure in the columns to which the solutes are to enter.

The sudden change in column pressure of 20 ]{I\T.m—‘2 will produce a surge
of feed from the distributor into the column and whilst at the most this
will be only 1-2 cm3 it does mean that possibly 25% of the feed due to
enter the column during a sequencing interval is entering in one surge.
Obviously at higher feedrates the effects of this surge will be greatly
reduced.

The results shown in Figures 8.16 to 8.19 show the sensitivity
of the system to changes in Gm.c/Ll' For Run 100-120-150-A the
Product 2 purity is considerably higher than Product 1 and yet changing
the Gm.c/L' value by only 10, i.e. Run 100-110-150-A, has the effect

of retarding the movement of solute in the direction of carrier flow

and reversing the relative product purities. Reproducibility of the
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profiles and purities as such proved impossible. Run 100-120-150-B

was performed to try to duplicate the profile for Run 100-120-150-A

but as comparison of the respective profiles shows little success was
cbtained. Not only was reproducibility between successive runs
unobtainable, but the concentration profile between successive cycles

of operation also changed appreciably and an equilibrium situation was
never attained. The separation of Arklone.P./dichloromethane into even
one pure product stream was thus thought to be beyond the separating

capabilities of the SCCRI.

8.3.4 Results Taken after the Design Changes

For the system Arklone.P./dichloromethane a further modification
to the unit was adopted, in that the reciprocating feed pump was fitted
with a smaller delivery head thereby allowing the removal of the
reduction gear. Greater accuracy in the monitoring of solute feed
throughputs resulted.

Three runs, were performed in which the ratio of Gm_c/L' varied
between 135 and 115. Further tests were then carried out to observe the
ability of the unit to reproduce the profiles. All runs were at a
constant feedrate of 100 cm3.hr~l, and a sequencing interval of 150

seconds. The results are given in Tables 8.6, 8.7, Figures 8.20 to 8.24,

and Appendix A.7.19 to A.7.25.

B8.3.5 Discussion
The definition of a successful separation for Arklone.P./
Genklene.P. has been given as one having product purities in excess of

99.5% and reproducible sclute concentration profiles. The same
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stringent limits cannot be applied to a system possessing a separation
factor of 1.17, however an arbitary definition gives a successful
separation as one in which the concentration profile can be easily
reproduced and one product is at a purity of greater than 99%.
Comparing the results for the experimental runs conducted at
constant solute feedrate of 100 cm3.hr—l, re-emphasises the importance
of the Gm. _/L' ratio to the successful separation of this chemical
system. The shape of the solute concentration profiles given in
Figures 8;20 to 8.24, are as expected for a system having similar
partition coefficients, with the maximum concentrations for both solutes
centreing around the feed point. The profiles then fall away gently
to their respective product streams. Sharp leading and trailing edges
to the profiles, common to the system Arklone.P. and Genklene.P. were
understandably not present for the above system. Run 100-135-150-A
produced a Product.2 purity of 99.2% but with very poor Product 1.
purity (59%). Decreasing the value of G . /L' leads to the two
components exhibiting a greater preference to move in the direction of
the packing, and as Run 100-125-150-A demonstrates, the expected increase
in Product 1 purity occurs without any loss of Product 2 purity.
Further reduction of Gm.c/L' retards the progress of the concentration
profile to the point where the Arklone.P no longer extends over the
whole of the separating section, and avery high value for Product 1. is
recorded for Run 100-115-150-24. The retardation of the profiles has
however lead to contamination of the bottom Product,2, where purity has
now fallen to approximately 8l%. Continued investigations at a Gm. JL°
value of 115 demonstrated the stability of the separation and several

profiles have been plotted to show the reproducibility of the separation,

Figures 8.22 to 8.24. A profile recorded eleven cycles after
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equilibrium had been reached, possessed the same levels of concentration
and purities as those recorded at 4, 5 and 6 cycles after equilibrium.
These results were also able to be repeated in separate runs, i.e.

Run 100-115-150-B4 a fact which fulfills perhaps the most important
criteria for separation and in complete contrast to earlier separation
studies with the system Arklone.P./dichloromethane.

The results discussed above demonstrate the capabilities of
the SCCR1l in dealing with a system having a low separation factor.

The conditions of operation may be far from being the optimum values
and in any further investigations a study into the optimum sequencing
interval is essential. With the SCCR1 having a finite column length,
it would seem very unlikely that the situation will be reached where
two pure product streams can be obtained. However, in an industrial
situation a majority of separations would be concerned in the upgrading
of the purity of a chemical substance, or the removal of a specific
compound from a mixture, both of which require only one pure stream.
The ability of the SCCRl to produce either a pure top or bottom product
has already been shown, although studies into the recycling of the
impure product are still required.

In concluding the studies into the system Arklone.P./
dichloromethane it is anticipated that were the design changes
recommended in Chapter 10 to be adopted a substantial increase in
throughput may be effected and separations of systems having lower
separation factors than 1.17 should be possible provided the purity

of only one product is specified.



Table 8.5

System Arklone.P/Dichloromethane, Study of Gmc/" ratio

Experimental

Settings

Run Title

Solute
Feed

[
Rate >

Separating Section

Purge Section

T
a GO.

Pin |Pout

Gmdl-| Sa

Pin | Pout

Sl

et hr S

cn'p‘.-:}

KN 4

e 3

*C

KN kN e

cPs!

kN M kN

100-120-150-A

1125 148

2866| 101

210 | 941

376 | 166

117 {1730

235 | 197

282

100-115-150-A

1125 | 148

2866| 101

220 (917

376 | 173

113 11730

235 | 197

288

100-110-150-A

11.6 | 148

2866 | 100

210 | 883

376 | 173

108 | 1770

234 | 196

287

100-120-150-B

110.0 | 148

2866 | 101

210 [ 941

376 | 170

11651770

235 | 197

288

Computed Results

KQ: Kmax

Sepn’ Sect’

Purge Sect’

Run Title

AP |(dcm

miN | “max

Smin Smax

°lo Product
Purity

Lo

L ok

AP |dcm

Conc’
Analysis
Results

in Appendix

Conc’
Profile
in

Figure

100-120-150A

138 | 126

88 | 200

259 | 309

>84 | >68

8 .16

100-115-150-A

131 | 122

86 | 187

265 | 317

>63 | >85

8.17

100-110-150-A

1389 | 127

82 | 178

264 | 316

>(63|>83

8.18

100-120150-B

138 1 125

88 | 193

265 | 317

>73

8.19

>87,5

cEC



Table 8.6

Separation

Studies for the System Arklone .P/Dichloromethane

Experimental Settings

Run Title

Solute
Feed

Rate

Separating Section

Purge Section

Cq | Pin |Pout Grncl'#

Sa

Pin

F’out

Sl

cm3ﬁ;l

31
cm s

by

eS| kN mElkN e

cn’s

kN m

2

kNm

=2

100-135-150-A

113

148

2.633

215

1000 | 375 | 158 | 135

1690

236

188

302

100-125-150-A

113

148

2.633

215

941 | 375 1165 | 126

1690

236

188

302

100-115-150-A4

130

148

2633

225

875|375 | 176 | 116

1650

236

188

294

100-115-150A5

130

148

2633

225

875 | 375 | 176 | 116

1650

236

188

294

100-115-150-A6

130

148

2633

22.5

875 | 375.{ 176 | 116

1650

236

188

294

100-115-150-A11 130

148

2633

2.5

875 | 375 | 176 | 116

1650

236

188

294

100-115-150-B

130

148

2633

225

875 | 375 | 176 | 116

1650

236

188

294

S S



Table 87 Separation Studies for the System Arklone.P/Dichloromethane

Computed Results

K Keax [Sepn’ Sect’ |Purge Sect’| %% Product " Conc’ Conc’

Run Title [ap |pcM G (G5 S5 Purity ;r;cstl:[st;s Pr?r:ile
U] U] U | L [AP |DCM |inAppendix Figure

100-135-150-A | 136 | 122 | 101 | 240 | 272 | 341 |>99.2/>59 | A.7.19 8.20
100-125-150-A [ 136 | 123 | 95 | 217 | 272 | 341 |>995(>72 | A.7.20 8.21
100-115-150:A4 131 | 119 | 89 | 189 | 266 | 333 [~ 92 [-995| A.7.21 | 8.22
100-115-150-A5{ 131 | 119 | 89 | 189 | 266 | 333 (>80 |~995| A.7.22 8.23
100-115-150-A6| 131 | 119 | 89 | 189 | 266 | 333 |>81 |>995| A.7.23 8.23
100-115-150A11| 131 [ 119 | 89 | 189 | 266 | 333 |>81 [>995| A.7.2 8.2
100-115150-B | 131 | 119 | 89 | 189 | 266 | 333 |>81 |>995| A.7.25 8.25

- pET -



Figure 8.16 Standardised Concentration Profile for Run 100-120-150-A
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Figure 8.17  Standardised Concentration Profile for Run 100-115-150-A
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Figure 8.18 Standardised Concentration Profile for Run 100-110-150-A
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Figure 8.19 Standardised Concentration Profile for Run 100-120-150-B
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Figure 8.20 Standardised Concentration Profile for Run 100-135-150-A
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Figure 8.21 Standardised Concentration Profile for Run 100-125-150-A
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Figure 8.22 Standardised Concentration Profile for Run 100-115-150-A4
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Figure 8.23 Standardised Concentration Profile for Runs 100-115-150-A5 & 100-115-150-A6
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Figure 8.24 Standardised Concentration Profile for Runs 100-115-150-A11 & 100-115-150-B4
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CHAPTER 9

MATHEMATICAL MODELLING OF THE CONTINUQUS COUNTER-CURRENT

CHROMATOGRAPHIC PROCESS
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2 I Introduction

A statistically based model for the moving-bed form of
continuous chromatography has been developed by Sciance and Crosser
(190) , relating the operating flowrates, feed-point location, degree
of separation and the required column length for a binary feed mixture.
For components A and B introduced into the mid-point of the column they

obtained:

f‘ k"
fn (u) - - 8 ©
z o (Ki V) (9.1)
-4k"
= ) 0o

tn [1=tn), ] = o= UK, V) (9.2)
(uz)i = Bottoms/feed mass flowrate ratio of component A
(uz}ii = Tops/feed mass flowrate ratio of component B
xY = rate constant of desorption
u = average mobile phase velocity
U} = operating mobile phase/stationary phase velocity ratio
g = required column length

Although experimentally determined values of k;, k;i have to be used
as published values are scarce, Equations 9.1 and 9.2 do yield the

inequality:

K, Y Ky (9.3)

The fundamental criteria for continuous operation.
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Applying the random walk approach (Section 2.2.3.2),
Al-Madfai (38) obtained the expression to describe zone broadening

in continuous counter-current g.l.c.:

2
2D 2t - u +
H=d +—4+ 2200 ( uL,,) (9.4)
P u u.r'-u r phiar
r' = rate of transfer of molecules from gas to liquid
r" = rate of transfer of molecules from liquid to gas
u, = stationary phase velocity

Equation 9.4 is of a similar form to a static column expression for
HETP, which does not include a zone broadening term to account for

movement of the stationary phase:

2D G
Hm 4 s —'5—152 (9.5)
P u {rl+rl|)

The theoretical plate height determined from a continuous
counter-current model is not equivalent to the co-current plate height
usually associated with elution chromatography. Al-Madfai (38) using
the work of Gluekauf (53) as a basis, related the two plate height

definitions through the equation:

N
cc

- 3(a"-1) (9.6)

Ncc = number of counter-current theoretical plates or stages

N = number of co-current theoretical plates (elution
chromatography)

0" = separation factor = KZ/Kl
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The inference from the above equation is that for separation
factors below 1.33, less theoretical plates would be required for the
continuous case than for a static column. As 0 approaches unity,
NCC/N tends towards zero indicating that continuous counter-current
operation may be especially viable for difficult separations. Rony
(191-193) developed the relationship between the number of stages in a
counter-current multistage system (operated at total reflux) , Ncc'
that are required to obtain a separation identical to that achieved in

a co-current chromatographic system with N theoretical plates:

Ncc ( 1_+Ki ) e
. (9.7)
y2m (u_.t/0)

Ki = partition coefficient of component i
LTt molar velocity of mobile phase

b = time

0 = peak standard deviation (units of length)

Following the work of Fitch et al (135), Barker and Huntington
(33,37,41) adapted the theory of stagewise liquid/liquid extraction
given by Alders (194), for the separation, to an equal degree of
purity, of a two component equimolar feed mixture. For a solute

mixture feed point at the centre of the separating section:

(G/L) (E,) (B )

== 2 T ii
log w5y = 109 (;;/Ky) +§ [log(1~- ———1 + log — 1]  (9.8)
S cc i ii
where (G/L)R'(G/L)S = ratio of gas to liquid phase flowrates in

the rectifying and stripping sections

respectively
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(Ei)l' (Eii}l = mass production rates of component i and
ii at the top of the column
fi' fii = mass feedrates of components i and ii to the

column.

One major disadvantage of Equations 9.7 and 9.8 is the inherent
assumption of a constant partition coefficient, i.e. the infinite
dilution value. Introduction of a non-linear absorption isotherm
into a stage-to-stage calculation for a vertical moving-bed column
was accomplished by Tiley (195), who studied the effect of stage number,
flow conditions and temperature on the column concentration profiles.
Two significant conclusions were drawn in that a limiting feed
throughput was found for a given solvent rate, product purity and
number of stages which is dependent on the phase equilibrium
characteristics, and secondly Tiley found an optimum operating
temperature just below the main boiling points of the feed mixture.

In a later paper Pritchard et al (136) compared the results of a
multi-stage computational procedure with experimental results and
provided an HETP of 13-18 mm was assumed, very approximate agreement
was obtained between experiment and theory. Pritchard et al (136)
also argue that a theoretical analysis of the process in terms of the
height of a transfer unit (H.T.U.) is the more logical concept for the
packed columns in their work, although plate to plate models are more
amenable to computation in non-equilibrium systems. From theoretical
considerations Arkenbout and Smit (196) conclude that it is incorrect
to assume that the H.T.U. analysis will always be more satisfactory
than a theoretical-plate analysis. Holland et al (197) have attempted

a synthesis of the two concepts by introducing the idea of a 'mass
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transfer section' enabling the computational procedure for a packed
column to be similar to that for a stagewise process. Rony (193)
has suggested the use of the concept of 'extent of separation' to
enable valid comparisons to be made between various types of separation
processes.

Methods employing the H.T.U. concept for treatment of the
counter-current gas/liquid chromatographic process have been developed

by Barker and Lloyd (30,41), who derived the following equations:

e T i oal MA/KQL-Yl (QG/KQL-l} A
0G'R QG/(KQL—I) MA/KQL-Y2 (QG/KQL-I}
M_/KQ -y (1-Q_/KQ._)

Ny e o[ Bre T G5 L (9.10)

1
o6's ~ (1-0_/KQ) iy /K9 -y, (-0 /¥Q)

QG = gas volumetric flowrate
QL = liquid volumetric flowrate
MA'MB = mass flowrate of solute leaving the column in the
product A and Product B streams respectively
(NOG}R (NOG)S = number of overall gas phase transfer units in the
'rectifying' and 'stripping' sections respectively.
yl,y2 = gas phase solute concentrations at points 1 and 2

in the column.

Barker and Lloyd applied this technique to the vertical moving-bed
column shown in Figure 2.7, and found a first order relationship

between the logarithm of H

0G and the solvent phase flowrate, with H

oG

values of the order of 10 cm for the systems and conditions studied

(29,30,41) .
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Sunal (50) developed a computer model of the continuous
chromatographic process based on the 'two film theory' of mass
transfer. Comparing the experimental results of Huntington (33)
with predicted values he concluded that the effect of axial mixing
on separation efficiency was negligible.

The theoretical treatments of the counter-current chromatographic
process discussed above are all based upon a true steady state process
and as such should only be applied to the moving bed or moving
stationary phase systems, discussed in Sections 2,4.2 and 2.4.3.

For the sequential units, the operating principle is similar to the
frontal elution technique with an imposed column sequencing action
necessitating the introduction of time as an additional variable.
Sunal (50) has developed a computer model based on a plate to plate
operation to describe the operation of the compact circular counter-
current chromatograph discussed in Section 2.4.3.2.1, and a similar
approach was adopted by Deeble (45) for the simulation of the
functioning of the SCCR1. TIn this latter model, inherently requiring
many experimentally determined parameters, Deeble (45) investigated the
effects of number of theoretical plates per column, feedrate, and
column temperature, and one of the most significant conclusions drawn
was that the inclusion of a temperature profile would greatly enhance
the accuracy of the simulation.

Sakodynskii et al. (198,199) have developed a plate model of
a chromatographic column to include the effects of a non-linear
isotherm and interaction between feed components. In a recent
publication (200) they have developed a model for calculating the
distribution of concentrations at the column outlet based on a
semicontinuous chromatographic column model and using as their initial

equation a material balance of the form derived by Deeble (45).
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In the present work the concept of the plate to plate model
used by Deeble has been retained with theoretically determined
temperature, pressure and concentration profiles being introduced.
The H.E.T.P. has also been determined from a purely theoretical
background in an attempt to exclude all experimental results from the

model.
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922 The Computer Model

9.2.1 Estimation of the Theoretical Plate Height

Chapter 2 presented several theories expressing the behaviour
of a chromatographic column in terms of the H.E.T.P. Giddings (11)
developed the non-equilibrium theory in which the mass transfer or
non-equilibrium terms were expressed as functions of diffusivity, particle
diameter, stationary phase dimensions, etc., and obtaiﬁed a definition

of the theoretical plate height as Equation 2.19;

2 -1
2 Y'Dm df.u 1 Dm
- e L -
H = + q'R(1-R) — +[2>“3 + 5 ] (2.19)
s P w.dp.u

In developing the above equation to apply to the SCCR1 unit the
evaluations of many physical parameters are required, many of which are
specific to individual solute components, e.g. molar volumes, collision
diameters. To attempt to evaluate certain parameters inherent in
Equation 2.19 in terms of individual solutes is too complex a problem
and therefore the simplifying assumption has been made that in the cases
where parameters vary for the individual solutes (i.e. Arklone.P/
Genklene.P), the mean value is taken.

Individual terms from Equation 2.19 will be discussed below

with an estimation of their physical value.

a) Labyrinth Factor Yy'

The structural parameter Y' is found to be a function of the
independent terms for tortuosity and constriction and has been

evaluated at Y' = 0.46 for crushed firebrick (186).
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b) Configuration factor g'

The above factor is to allow for the shape of the stationary
phase layer, and Giddings (11) has given a typical value of 0,25,

c) Retention Ratio R

The fraction of solute in the mobile phase (R) is given by

\)
m
R = V——-IW (9.11)
m s

which for the solutes Arklone.P, Genklene.P. evaluates at 0.0096.

d) Stationary Phase Film Thickness d_

Giddings (11) has related the film thickness to the particle
a

diameter via EE-S 0.03, for the solid support in question we find that
=4 ¥
df €12 x 1D e = 12 1.
e) Particle Diameter d
e

The size range of Chromosorb P, used as packing in the SCCR1l
was between 500 and 355 micron, giving a mean particle diameter of
4.28 x 10 %a,

£) Flow Velocity u

The mean flow velocity will obviously change as the carrier
gas expands during its passage through the SCCRl. The variation in
HETP with mobile phase velocity has been illustrated in Section 2.2.3.1
and therefore it is necessary to define a mean column velocity, B
for use in Equation 2.19. A typical value for u o is 0.09 m.s-l.

g) Mobile and Stationary Phase Molecular Diffusion

Coefficient D ,D
=S
The mobile phase diffusion coefficient may be calculated from

the Hirschfelder-Bird-Spotz equation (187).



1 1 £
y gatg)
0.00186 T i 2
B = > (9.12)
" Bafiyn wifne
where Ml = molecular weight of solvent (carrier gas)
M2 = molecular weight of solute
p = absolute pressure in atmospheres
r}_2 = mean collision diameter
e ). # @)
. sl o 2 (9.13)
2
(ro}l(ro)z = individual solvent, solute, collision diameters
012 = collision integral for diffusion

The collision diameters may be calculated directly from viscosity

measurements, or from the empirical equation below (181)

1/3
r = 1.18 Vb (9.14)

where Vb is the molar volume of the fluid at the normal boiling point

determined by the method of addition. For air, Vb was found to be 20.1

cm3, and for a 50:50 mixture of Arklone.P/Genklene.P, VB was evaluated

as 122.1.

The collision integral, O o is a function of Kb.T/512 where

1

Kb is Boltzmann's constant and €., is the energy of molecular interaction.

12
Values of, 012, are tabulated in reference (181).

Substitution into Equation 9.12 yields a value for Dm at
20°C of 0.059 cmz.s_l. It must be emphasised that this value is an

average value for the two solutes. Arklone.P/Genklene.P. evaluated

at a mean column pressure of 2.46 atmospheres.
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A recommended relation (18l) for estimation of diffusivities
of non-electrolytes in liquids at low concentration of the diffusing

component is the Wilke and Chang equation (188).

5
DU (x.ML)
8 e -8
T = 7.4 %106 S (9.15)
VB

where M viscosity of liquid phase

]

X

-

association parameter (1.0 for non-associated liquids)

I

molecular weight of liquid phase

The above equation shows that DS depends strongly on the
solvent mainly through reciprocal viscosity, l/u, but this effect is
tempered somewhat by the fact that Ds increases with the square root
of solvent molecular weight. It can be seriously questioned whether
the inverse viscosity relationship holds for the long snake-like
molecules used as solvents in gas chromatography (189) and therefore
it is perhaps fortunate that the plate height terms containing Ds
terms contribute very little to the overall plate height. The
absolute value for the viscosity of the silicone oil solvent has not
been tabulated and neither is it possible to calculate it. An
estimation of this value based on similar solvent phases can be given
as 2000 cp, resulting in stationary phase molecular diffusion coefficient
in the order of 1 x 10-6 cm2.s-1. Whilst this value can be no more than
an estimation it does hold with the opinion of Giddings (11) that for
gas chromatography the ratio of diffusion coefficients, liquid to gas,

is about 10-5.
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h) Eddy Diffusion Factor A

The above factor, present in the coupled part of Equation

B. A g

where w;.wx is evaluated for each of 5 categories of velocity inequality
highlighted ,in Section 2.2.3.2. Giddings (11) has estimated the

individual contributions to li as approximately,

giving Ai ag . .1 % 104.

This value for A can only be a very approximate value,
however, as the term for eddy diffusion, (ij%ja—a, in the coupled
expression (Equation 2.19), is not the dominantpterm, contributing
less than 1% for SCCR1l conditions, then further accuracy in the

estimation of A is not thought necessary,

i) Diffusional Flow Parameter w

In a similar manner to evaluating A, the parameter w may be

defined as

2 2
v, = wa.wB/Z (9217)
evaluated again for the five types of velocity inequality occuring
within the packed columns. The non-equilibrium approach to evaluating
w requires specific information regarding the velocity profile, which

for the SCCR1 is not available. However Giddings (11) has also
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evaluated w for use in the 'random-walk'method of determining, H, and
has reported that the numerical results so obtained were not inferior
to those developed from the non-equilibrium theory. The approximate

magnitude of the velocity inequalities are as follows:

Transchannel, Tl 0.01

Transparticle, wy = 0.10

Short-range interchannel, ¥, = 0.5

Long-range interchannel, W, = 2.0 7

Transcolumn, We = 0.001 (th
P

It is the final velocity inequality for the transcolumn
effects that is of particular importance to large diameter columns
and from the above definition it becomes apparent that the plate height
becomes a function of the column diameter squared for a constant particle

diameter. Contrary to this definition, Pretorius and de Clerk (76)

da
indicate that plate height increases with dc at constant EE- and
d c
reaches a maximum at EE = 0.05 and then decreases with increasing dc.

C
Support for this theory is given by Spencer and Kucharski (77) and

Knox (78). Taking the value to give a maximum plate height contribution,
We is calculated at 0.4. The overall summed value for W then becomes
3,01,

Having defined and estimated all the parameter in Equation

2.19 the theoretical plate height is given by:

2

q = 2.X0.46 x 0,059  0.25 x 0.,0096 (1-0.0096) (12x10" % 9.0
9.0 1.0x10"°
-1
- [ i + 0.059 ]

2 % 1.1x10%0.0428 3.01x (0.0428) %x9.0
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= 0.876 cm

In Section 2.3.1.1 further mechanisms leading to zone
broadening were discussed. Of particular importance to the SCCRL
were two additional plate height contributions resulting from cross-

column temperature fluctuations, H_, and the unevenness of the flow

112
velocity, Hc' The contribution from these terms must be evaluated
and added to the overall plate height.

Ht' has previously been defined (11) in Section 2.3.1.2 and
is given by

(2.26)

AT in the above equation is the temperature difference between the
column axis and wall, which will have a specific value for each axial
point within the SCCR1. As the HETP defined by Equation 2.19 is not
a point value but an average value for conditions within the SCCR1,
the average temperature difference between the axis and wall for the
eleven separating columns is required. For a typical separation run
this average temperature difference was found by integration of the
axial temperature profile to be approximately 3.0°C, giving a
contribution from Ht of 0.09 cm.

Many approaches have been made for theoretically formulating
the term HC, (68,19,75,76) . Hupe (19) using a statistical treatment

generated an expression of

B - = (9.18)



e

and whilst the cross-sectional velocity profile corresponding to this
relationship was an unusual sﬁape, the fit to a variety of experimental
results on columns between 1.3 and 10 cm diameter was very good.

For SCCR1l conditions the contribution Hc makes to the overall
plate height is 0,096 cm.

The final height equivalent to a theoretical plate expression

becomes
-1
2y'D 2 D
H = = % q'R(l-—R)df ik o : + 2—1] +H4+H (9.19)
u P 2.4k.4 (o it =
Ds P w.dp.u

It is the opinion of the author that the above equation may
be rewritten to include the term Hc as a coupled parameter. Hc is
included in the van Deemter equation to allow for cross column velocity
fluctuations and will therefore inherently contain the transcolumn
velocity inequality defined by Giddings as ws. The addition of
separate contributions to plate height is only valid if those
contributions are independent from one another [c.f. addition of
variances in the random-walk theory]. Therefore if the term HC
includes a contribution for the transcolumn velocity inequality it
will not be independent from the other velocity correction terms

(wl—w4) and may be included in the coupled part of Equation 9.19 to

give

2
2y'D d_.u D =1
m 1 s £ 1 m i

+ g'RII-R) —= A — i i ek H, (9.20)
s P W dp.u c

where w' does not include a contribution from w the transcolumn effect.

5!’
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G2 2 Development of a Concentration Profile

9.2.2.1 Mass Balance over a Theoretical Plate

G Vn{G) Ch G
—_—— e e ———
Ch 1 v q C et
p n(L) *n
Plate n

The chromatographic column is considered to consist of a series of
idealized mixing stages or theoretical plates. Vn{G) and vn(L} are
the gas and liquid phase volumes respectively with o and qn being

the average gas and liquid phase concentrations of a single solute
occurring in plate n over a small time increment t+t+At. G represents
the gas phase volumetric flowrate and is assumed to be constant over
plate n.

A mass balance over plate n for the time increment t>t+At

gives:

dcn dqn
Ge@c P B % vn(s.) " Yum) B (9.21)
Substituting K= qn/cn:
an
GsC i S, Vo™ Yaay) T 8128}
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If the time increment, At, over which Equation 9.22 is integrated, is

sufficiently small so that Cn” may be considered constant, then

1
integration of Equation 9.22 gives:

G.At G.At

v Vn
X Cn(O}e (9.23)

where Vh is known as the effective plate volume, equalling (Vn{G)+K'vn(L})'
reference (8).

The first term on the right hand side of Equation 9.23 represents
the contribution to cn on plate n, from the preceding plate, (n-1).
For the plate which is receiving solute feed, this term will include
a factor Cer to give the total input gas phase concentration to that
plate. The second term in Equation 9.23 represents the contribution
from material present on the nth plate at the start of the time
increment, and is equivalent to the average gas phase concentration in
plate n in the preceding time interval.

Starting from time zero, a plate to plate calculation for a
single solute may be performed by substitution of successive values of
C

into Equation 9.23, c being zero for the first time increment.

n-1 n(0)

The resultant concentration profile is then updated by repeating the
calculations for successive time increments, cn in the first time
increment becoming cn{o) in the second and so on. The sequencing action
occurring in the SCCR1 unit is superimposed on the plate to plate
calculations by stepping the concentration profile backwards, by one
column, at the end of a sequencing interval. Mathematically this

technique is identical with the port advancement found in the practical

operation but provides a more compact method for digital programming.
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9222 Solute Concentration Effects

With the solute partition coefficients not being constant, a
factor must be introduced into the model to allow for the relationship
between the partition coefficient and the gas phase concentration.

The non linear relationship is best represented by a polynomial of the
form
+ (a (9.24)

2 3
cnli + (a3.c )

o), riase) R

i ni 20

however it was found (Section 5.2.1.2 and Appendix 3), that for the
gas phase concentrations present in the SCCR1l, the above relationship
could be approximated to a straight line without any significant loss
of accuracy. Above gas phase concentrations of 0.5 x lO-Bg.cm-3, a
full polynomial expansion for the dependence of K upon concentration
should be used.

A further correction resulting from the presence of solute

molecules in the gas phase needs to be made to the value of the gas

flowrate, G.

e o]
n(i) . n(ii) )]

M M

G'=G[1+Mv (
i ii

(9.25)

where G = volumetric flowrate of solute free carrier gas
Mv = molar volume at column operating temperature
Mi'Mii = respective molecular weights

For solute feedrates below 600 cm3.hr_l the contribution from
the solutes may be assumed negligible, but at higher throughputs a

correction is required with a contribution of approximately 8% to the
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total gas flowrate at the maximum feedrates.

9.2.3 The Introduction of a Pressure Gradient

For flexibility in the computer model a relationship between
pressure drop and gas flowrate that was applicable to all types of flow

was introduced (201):

AR G_u
&TP . g_ =150 (1'3’ == + 1.75 ¢ ;’ 4 SR (9.26)
>4 D! € D!
P
where u, - superficial velocity measured at mean column pressure
GE = mass flow rate of gas
2 = length of column
€ = voidage
p; = effective particle diameter as defined by:
-€
g S (9.27)
P ¢' s
s
where ¢' = shape factor for non-spherical particles = 0.65, ref. (181)
Ss = specific surface of particle per unit volume of bed =

1.9 mz.cm“B, reference (45).

In practice the type of flow found in the SCCR1l was laminar,
with Reynolds numbers based on the above definition for effective particle
diameter, being well below 1.0. Equation 9.26 for these conditions
approximates to the Kozeny equation (202) in that the second term on
the right hand side of Equation 9.26, to account for kinetic energy
losses becomes negligible. Inclusion of this second term will allow

the model to simulate the chromatographic process at pressures and



- 264 -

flowrates far in excess of those available in practice, under which
conditions it is believed that improved separations will result.
Considering the possible inaccuracy in determining ¢' and Ss' the
predicted values for pressure drop were in close agreement with those
found in practice. The overall pressure drop for a typical experimental
separation run has been recorded as 199 kN mﬁz, whereas under identical

flow conditions the model will predict a pressure drop of 204 kN.mrz.

9.2.4 Development of a Temperature Profile

9.2.4.1 Heat Balance over a Theoretical Plate

Scott (83) has derived an expression relating the excess
temperature of a plate to the volume of gas flowing through the plate
(expressed in plate volumes) during a specific time interval. The

final expression is a standard differential equation of the form:

& % pEe - o Zan (9.28)
av & (o av

GC,BC = constants (functions of plate heat capacity and
heat losses)

8] = excess temperature of plate above its surroundings

v = volume of gas passed through a plate in terms of
"plate volumes"

xgn = concentration of solute in the gas phase in plate n.

Solution of Equation 9.28 is a complex procedure and requires
the use of statistical tables, making the derivation unsuitable for

inclusion in the digital computer simulation. For use in the SCCR1
dxn
model, Equation 9.28 may be greatly simplified as the term —E%— P

i,e. the change in gas phase concentration during the passage of a
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certain volume of gas, is not an unknown factor but is inherently
calculated by the program for each time increment.

The following postulates will be made; a) The gas flowrate
through the plate is constant. b) The temperature of the surroundings
of the plate is constant. ¢) The heat capacity of the gas in the
plate is insignificant compared with the heat capacities of the liquid
phase and support. d) Linear absorption isotherms are assumed.

Considering a heat balance over the plate, then;

(Heat capacity of plate) X (rise in temperature) = (heat evolved in plate) -
- (heat conducted radially from plate).

Considering the number of plates in a column the temperature

of adjacent plates may be assumed to be the same, so that axial heat

conduction is negligible compared with heat conducted radially from the

column, hence,

(v2pL.sL + vl.pp.sp)e = [hi.Ki % ]- Ap.z. dt.e (9.29)
Vl, V2 = volumes of liquid phase and solid support

SL, SP = specific heats of liquid phase and solid support

pL, pp = densities of liquid phase and solid support

hi = heat of solution of component i in the liquid phase

AP = surface area of theoretical plate |

z = composite thermal conductivity of packed bed

d.c

The term [hi'k —EEEJ in Equation 9.29, has to be evaluated

i
for each of the components Arklone.P., Genklene.P. Values for hi were
obtained from Sunal (52), whilst the composite thermal conductivity, Z,

was evaluated from the expression given by Perry (181).
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Knowing the change in gas phase concentration over the time
increment dt, Equation 9.29 may be solved to yield the change in

temperature of the plate during the same dt.

9.2.4.2 Limiting Saturated Vapour Pressures

Experimentally it has been shown that the under certain
conditions the gas phase concentration may reach saturation point and
condensation may even occur (Chapter 8). To attempt to program for
condensation and the inherent effects such as multiple feed points,
rate of condensation and rate of re-evaporation, is beyond the scope
of the present work, and may well be unneccessary as condensation is
not a fault of the mathematical simulation but of the experimental
equipment and can be prevented by a redesign of the unit. However,
for the present model the maximum permissible gas phase solute
concentrations must be specified for each plate to prevent the on-column
concentrations rising above saturation point. The saturated vapour
pressures are therefore calculated for each plate, at the temperature
of the plate, and if the on-column concentration reaches this level it
is assumed that the condensate has no further effect on the simulation

and is simply removed from the unit in the purge column.

9.2.5 The Program

Figure 9.1 gives a detailed flow chart of the computation,
with the listing of the program written in Fortran IV presented in
Appendix 2. A listing of the variable names is also given in Appendix 2.
The program is compatible for running on 'International Computers
Limited' machines, and was computed on a series CDC 7600 machine at

the University of Manchester Regional Computer Centre.
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Figure 9.1
Flowchart for the Computer Simulation of the SCCR1

(_s1aRT )

READ CFLOW, DFLOWV1,V2, CFEED,DFEED, NFEED,
DT, NNBED , KTOTAL , KKINK , KKTYPE ,NNTYPE ,DP,
VISC DENS VOID AREA COLLEN SS SL COMPK

LATGP LATAP PAMB PINC PINP GC MWTAP
MWTGP MOLVOL TAMB

INITIALISE All Arrays at
0.0

2
SPECIFY All Plate Temps to TAMB
All SVYP’s to SVP at TAMB

' 3

\WRITE All Input Data /
S

SPECIFY N° of Simulations required
with derived Temp Profile

[CORRECT MOLVOL to Standard Conditions |

SPECIFY N°of Plates, 1st plate in final
column, Position of Feed Plate. 1st plate

in Sepn Section, Point at which concs
are stored for Temp Profile, Initial
Pressure Drop guess.

@_,liEEQIE_Y N° of Columns in Separating Section
@—{CALCULATE Mass flowrate of Carrier Gas
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Figure 9.1 (contd)

|CALCQL§T§ Mean Column Pressure —I
|

CALCULATE

Gas Velocity,

Pressure Drop (Eqn 9.26)

AP(I+1) =AP(I)

G)-

Is
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Figure 9.1 (contd)
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Figure 9.1(contd)
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Figure 9.1(contd)
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Figure 9.1 (contd)
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Figure 9.1(contd)
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9.3 Results

Five computer runs are given for a range of solute feedrates.
For all runs, the sequencing rate, number of plates per column,time
increment, ambient temperature, and column packing characteristics are
held constant. In developing the model to its present state several
parameters have had to be optimised with a view to curtailing the
execution time of the program.

The time increment (At) over which the column concentrations
are assumed to be constant has been determined as 1 second. Using a
At greater than ls was found to invalidate the constant concentration
assumption and resulted in the program not reaching an equilibrium
value. For values of At below ls the change in level or form of the
respective concentration profiles was minimal and did not warrant the
increase in computational time.

In Section 9.2.1 the theoretical plate height was estimated
as 1,062 cm, yielding 57 plates/column. It has been shown (45) that
for the system Arklone.P./Genklene.P. with a separation factor of
approximately 2.7, that the number of plates/column is not a major
factor in determining a successful separation until either the number
of plates/column is reduced to below 20, or the difficulty of
separation is increased. As the program execution time is in direct
proportion to the number of theoretical plates in the model, then as a
compromise between accuracy and time, the number of plates per column
was specified as 40. It must be emphasised however that the above
findings recorded by Deeble (45) and further substantiated with
unrecorded runs of the present model, apply only to a system of high
separation factor and that for a system such as dichloromethane/Arklone.P.

with a low separation factor, the number of plates is expected to be a
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major influence in the type of separation obtained. Conder (121,122),
working with large scale batch units has also arrived at similar
conclusions.

The concentration profiles for solute feedrates of 600,800,
1000,1200, and 1400 cm3.hr-l are given in Figures 9.2 to 9.6 with the

input data required by the model having the same values as that set

experimentally.
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9.4 , Discussion

The major criticism of the model is the execution time of the
simulation. The plate to plate calculation method requires that more
than lO8 calculations be performed and hence the necessity for optimising
the time increment and the number of plates per column. It has been
suggested (204) that considerable time will be saved if the basic mass
balance differential equation (9.22) is solved by a method of numerical
integration incorporating the Runge-Kutta-Merson technique (205). Without
a basic mathematical restructuring of the model, further refinements
will be limited by the processing time and therefore cost of running

the model.

9.4.1 Accuracy of the Simulation

The five runs presented in Figures 9.2 to 9.6 may be compared
with the experimental profiles shown in Chapter 8. In so doing it
will be noticed that the shape of both solute profiles are of a similar
form to that found experimentally although the Arklone.P. profile from
the model does possess a more pronounced 'plateau region'. The levels
of concentration predicted for Arklone.P., are in close agreement with
experimental values up to a feedrate of 1200 cm3.hr-l., after which
predicted levels tend to exceed the measured values. Regarding the
Genklene.P. profile, the predicted values whilst accurately modelling
the profile shape, consistently give values in excess of those found
experimentally. The explanation for this is probably because the
model is not capable of dealing completely with situations where solute
condensation from the gas phase may occur. In practice any condensed
Genklene.P. will revaporise and cool the localised region of the packed
bed. Although the model is programmed so that the s.v.,p's of

Genklene.P. may not be exceeded, it cannot allow for the heating/cooling



S

effect of any condensing/revaporising of the solute, and it is this
anomaly which it is believed is resulting in the predicted values for
Genklene.P. being higher than those measured experimentally. As
previously mentioned (9.2.4.2) preventing condensation of solutes is
a relatively simple matter and if this were to be implemented then it
is believed that the experimentally determined concentrations would
increase, and match more closely those predicted by the model.

Although it is not possible to present it graphically, the
rate of build up of concentrations is of importance. At the start
of each simulation the rate of build up in gas phase concentration of
the component with least affinity for the stationary phase (Arklone.P.),
is faster than for the Genklene.P. gas phase concentration. The
reason for this is that the Genklene.P. has a larger liquid volume
accessible to it in the column, and consequently its concentration
in the mobile phase is reduced to a greater degree than for the Arklone.P.
The time taken for the profiles to reach pseudo-equilibrium was therefore
not only dependent upon the input concentrations but also upon the
component K values. For the simulation of Run 1200-265-262,
Arklone.P. had reached equilibrium after only 9 sequences whilst the
Genklene.P. required more than 15 sequences. In practice observations
from the Katharometer product traces showed that Arklone.P. required
12 sequences with the Genklene.P. reaching pseudo-equilibrium after
approximately 19 sequences, which perhaps demonstrates the idealistic
nature of the simulation.

Using numerical integration techniques to solve the mass
balance equation is one approach that will improve the efficiency of
the model. The accuracy of simulation may also be improved, and

possible ways of achieving this are listed below.
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9.4.2 Methods for Improving the Accuracy of Simulation

(1) Temperature Profile:- At present the temperature profile is

calculated under equilibrium concentration conditions, and the
concentration profile is then recalculated with the equilibrium
temperature profile present. Ideally, as temperature is a function

of the rate of change of concentration within the columns, a non-
equilibrium temperature profile should be developed concurrently with
the concentration profile. The importance of including a temperature
profile can be seen from Figure 9.6, where the concentration profiles
are portrayed for operation of the model under both isothermal and
non-isothermal conditions. The change in levels of concentration for
both modes of operation can be seen to be greater than 10% and hence it
is desirable to model a temperature profile as accurately as possible,
however small the fluctuations may be. The heat balance over a
theoretical plate is at present calculated based on the concentration
change over the plate during one sequencing interval. Again accuracy
may be improved if this calculation were to be accomplished based on the
concentration change over the plate during one time increment.
Programming-wise this may be accomplished basically by placing the
temperature difference equations inside the inner loop of the
mathematical simulation. The reason this has not been performed is the
execution time limit, as the time required in the production of the
temperature profile then becomes comparable to that required by the

concentration profile, and the program again becomes too lengthy.

(ii) H.E.T.P.;- The value for H.E.T.P. defined in Section 9.2.1
can be considered as the mean column value and is used as an input

parameter by the model. Throughout the simulation this value for
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H.E.T.P. is regarded as a constant, independent from concentration,
temperature, and more importantly mobile phase velocity. Equation
9.20 shows H to be a complex function of the velocity, u, which may

be simplified to yield,

H=A+ B/u + csu + cmu (2.16)

The fact that the mobile phase velocity may change by more than 100%
within the separating section of the SCCR1l emphasises the importance
of defining H.,E.T.P's at different positions within the unit. In
the above expression it has been found that it is the mobile phase
resistance to mass transfer term {cmu) which predominates, and that
therefore H can be considered to increase in the direction of mobile
phase flow. In practice the solutes are fed to the unit at
approximately the mid-point of the separating section. In terms of
number of theoretical plates available for separation the feed
location may be well away from the mid-point of the separating section.
Whilst the assumption of a constant H.E.T.P. may remain valid
for an easy separation it is anticipated that for more difficult
systems H will be evaluated in conjunction with the pressure drop
calculations so that each column then has a unique number of plates

dependent upon the flow conditions.

(iidi) Physical Data:- The absorption isotherms for Arklone.P. and

Genklene.P. have been considered as linear in the simulation, a valid

assumption up to gas phase concentrations of 0.5 x lf:J_3 g.cm_3. At

solute feedrates of greater than 1200 cm3.hr-l these concentrations are



- 280 -

being predicted, and therefore the absorption isotherms should then
be described by a more accurate non-linear polynomial.

A further source of error may occur through the assumption that
the two solute profiles are independent from each other. Sunal (50) has
experimentally measured and correlated activity coefficients for the
solutes Arklone.P., Genklene.P, on the silicone fluid phase, in the
presence of each other. Improvement may be gained by using this data
for the prediction of partition coefficients within the unit, although
Sunal (50) reported that the accuracy of the interaction correlation

data was less than for the pure solute case.

9.4.3 The Role of the Model

In conclusion several possible uses for the model will be given.
Perhaps the major practical limitation in continuous gas-liquid
chromatography is the compressible carrier gas giving rise to large
changes in Gmc/L' within the units. A possible way to minimise this
effect is to have the carrier gas entering at a very much higher pressure.
Practically this cannot be achieved as the present unit is not designed
to operate at pressures greater than 500 kN.ﬁ-z, and therefore the model
should be able to provide answers to the question of high pressure
operation.

A further practical application concerns the optimum sequencing
interval. Experimental results presented in Section 6.3 indicated
that the separating efficiency increased as the sequencing interval
was reduced. Mechanical limitations prevented any definite
conclusions to be drawn from the study, and hence the model could be

used to further investigate this area of study.
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Work is presently being conducted in the Chemical Engineering
Department of Aston University into continuous g.l.c. separations of
industrial importance. The sequential unit used for these studies has
been reported briefly elsewhere in this thesis and the above mathematical
model may be readily converted to simulate these type of separations
provided the necessary physical data ia available. Ellison (49), has
used a precursor of the model to simulate gel-permeation chromatographic

separations in a5.2 cm diameter sequential unit with encouraging results.
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Figure 9.3 Computer Simulation for Run 800-265-262
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Figure 9.4 Computer Simulation for Run 1000-265-262
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Figure 95 Computer Simulation for Run 1200-265-262
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Figure 9.6 Computer Simulation for Run 1400 —265-262
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CHAPTER 1O

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
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The ability of a sequential continuous chromatographic unit
to fractionate the system Arklone.P./Genklene.P. at high purity, on
the phase silicone fluid DC 200/50 at equivolume feedrates up to
1400 t':::lB.h:r:—l has been demonstrated. Bbove this throughput it is
believed that a significant proportion of the higher boiling point
solute (Genklene.P) is reaching saturation point in the gas phase and
condensing out. For future investigations it is recommended that the
ambient temperature of the unit be raised by enclosement in a
thermostatically controlled environment. Literature suggests (133)
the optimum temperature of operation near to the solute boiling points
although consideration must be given to product degradation and the
maximum allowable temperature of the solvent phase.

It has been shown that temperature has a significant effect
upon the solute distribution coefficients, and that a reduction of
temperature perturbations within the sequential unit leads to higher
separating efficiencies. The deleterious results from feeding the
solutes in the liquid state emphasises the need for their introduction
in the gaseous phase. The low, uneven, thermal conductivity possessed
by the packed columns has led to very poor heat redistribution. To
overcome this, internal fins may be placed in the columns prior to
packing. As well as increasing radial heat transfer, it has been
suggested (113) that the creation of smaller partially enclosed cross-
sections should aid in reducing column profiles. A final recommendation
to reduce the temperature fluctuations is to provide heating/cooling
facilities for individual columns. Through monitoring changes in
column concentration via a katharometer, a suitable control network

may be constructed to provide a positive or negative external heat



= 280 —

flow to each column and so cancel the internal heat changes.

The ability of the SCCR1 to separate a more difficult
chemical system of Arklone.P./dichloromethane, (separation factor 1.17)
has been investigated. Results have shown that the present unit is
incapable of producing two pure product streams, although either
product may be produced above 99.5% purity provided the second stream
is not required at greater than 80%. Because of the closeness of the
solute partition coefficients it is essential to have an accurate
knowledge of the stationary phase liquid loading. Over the period of
operation of the SCCR1l, it has been shown that a considerable
redistribution of liquid phase has occurred and also that the original
25% wt/wt loading has been reduced to below 23%. It is strongly
recommended therefore that prior to any further investigations the
stationary phase is recoated and that regular checks be carried out to
determine the on-column liquid phase loading. 'Purging off' of
expensive liquid phase has been one of the major reasons why the large
diameter columns at Abcor Inc. (20-22) have proved uneconomic.

Using a compressible gas as a carrier fluid produces a wide
variation in the Gm. /L' ratio throughout the columns. Minimising the
change in Gm.c/L' is particularly important when difficult separations
are being attempted, and operation of the unit at higher pressures
would have this desired effect. The type of solenocid valves in
operation on the SCCRl make this recommendation impractical, however,
it may be possible to investigate this proposal with the pneumatically
operated SCCR2.

To summarize, the practical recommendations may be defined

in two categories.
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For production purposes, throughputs and efficiencies should
be increased in one or more of the following ways:
(i) Operation at a temperature closer to the solute boiling
points.
(ii) Temperature programming of individual columns
(iii) Redesign of columns to incorporate internal fins
(iv) Packing the inlet/outlet cones with inert glass or
metallic spheres.
(v) Increasing the diameter of the columns

(vi) Re-coating of the stationary phase.

Future areas of investigation, which have been indicated by

the present research, are:

(i) Investigation of the effect of inlet pressure upon
separating capabilities.

(ii) Determination of the optimum sequencing rate.
Results have indicated the use of faster sequencing
rates in conjunction with increased carrier gas
flowrates. The resultant increase in pressure
gradient may be reduced by using a larger particle
size solid support.

(iii) Investigation of the effect of changing the feed input
position within the separating section of the SCCR1
unit to enable a more efficient use of the available

separating length.
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(iv) Investigation into the length or number of columns
required to meet given product specifications.

(v) Investigation into the carrier gas velocity profile
and solute zone velocity profile. The literature has
reported (68-80) the differences of opinion that
exist as to the shape and effect of velocity profiles in
large diameter columns, and these differences have given
rise to a number of conflicting expressions to account

for zone broadening in large diameter columns.

From a theoretical standpoint a digital computer model has
been developed to simulate the operation of the SCCR1l, the model is also
readily convertable to simulate other SCCR machines. Based on the
development of concentration, temperature, and pressure profiles,
continuously over a series of theoretical plates, the predicted results
have been compared with experimental values. Agreement of the two sets
of results becomes less accurate at high feedrates although methods by
which the accuracy of the simulation may be improved have been reported,
with the most important recommendation being the inclusion of a variable
H.E.T.P. parameter. Under dilute conditions the accuracy is such that
useful predictive information may be produced with possible avenues of
research being:

(i) Investigation of high pressure operation

(ii) Determination of optimum operating conditions

(iii) Determination of the minimum number of theoretical
plates for a given separation.

(iv) Investigating in isolation, the individual factors

affecting the performance of the sequential unit,

defined by Equation 5.18.
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Two final theoretical considerations concern the degree of
non-equilibrium and the significance of the zone spreading cross-column
velocity inequalities. The effect of the finite time required by the
mass transfer process may be investigated by redefining the basic mass
balance equation so that the gas phase solute concentration on plate n
is not in equilibrium with the liquid phase solute concentration on that
plate but with the concentration on plate (n-1l) or (n-2),(n-3) etc.

An attempt has been made to include the largely empirical
term Hc' as a coupled parameter in the plate height equation 9.20.

The relationship between this term and the velocity inequality terms

defined by Giddings (1l1) as W, =W, may prove useful.
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Figure A1.2 GO, versus Rotameter Scale for
various Column Inlet Pressures
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Figure A1.3 Smc versus Rotameter Scale for
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Figure A.1.4 Feed Pump Calibration
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Figure A1.5 Calibration of Automatic Timed
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Figure A.21 Listing of Program to Calculate
K value Polynomials
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Figure A22 Listing of Program for the Calculation

and Plotting of the Standardised
Concentration Profile

MASTER SQUIRREI

10

ZO
30
4()

READCY,50)(B(1Y,T121,12)

50

86

<01

€02
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<03
oL
€05
né
€n?

cN8

100

PIMENRTON &(Sn\.8(50),C(Sn):D(SU).E(SO)nF(50).G(50)rH{50J:U”(50
DIMENRTION YYL200) ,M(50) vV (50),Wtd0) ,X(50)rv(50)+,2(50)
DIMENSTON AAC200),XX(200),22(200) .

DO 1314 J=1,4 By
READCA ,10n) LSPATE,LFRATE ») oUNNO,LDATE, | FTIMEsLSTIME
FORMAT(14,14,%4,164,14,14)

READC(1,2n) TAMB ,AVPPIN,AVPOUU,AVLATN,AVCAUU,PURROT,CARROT
FORMAT(7F10.5)

FORMAT(1212)

FORMAT (12F5,2)

READ (1 FSNY(M(TY, Te1 ¢12)

READC1,40)¢ACy),121,12)

READC(T,40)CAACTY, 121,12)

READCT,50)¢C(y),1=21,12)
READC1,50)¢DCy),1=1,12)

READCY ,80)CECT), I=21,12)

FORMAT(1nFR, 1)

VO1L=0 1

N=14Z

SENS=200 0

CA=¢0 _0/340000 0

G6=¢V_0/455000.0

NN=128

WRITE(2,80)

WRITE(2,848)
FORMAT(QﬁX;'******T***********i*************')
WRITE(2,201) 1 RUNNO,LDATE

WRTTE(2,R6)

FORMAT(4LOX, "RUN NUMBER'.ra,bx,-uATE'.zx.Ib)
WRITEC(?,70)

WRITE(2,202) | SRATE, LFRATE, TAMA

FORMAT(4NX, 'SWITCHING RATE'+2X.14,'FEED RATE',14,'AMBIENT TEMP' .,
2X. kb 1)

WRITE(?2,70)

WRITE(2,2n03) AVPPIN

FORMAT (40X . "AVERAGE PURGE PRESSURE IN' ,F5.2)
WRITE(?2,204) AVPPOU

FOPMAT (40X, 'AVFRAGE PURGE PRESSURE QUT'+F5. 2)
WRITE(2,205) avrAIN

FORMAT(4nX,'AVERAGE CARRIESR PRESSURE IN',F5,2)
WRITE(¢2,204) avCAQU

FORMAT (40X ."AVFRAGE CARRIER PRESSURE 0UT'/E5,2)
WRTTE(2,2n7) PURRANT

FORMAT(4nX,'PURGFE RUTAMETER READING' rE5.2)
WRITE(2.,208) CARRQT

FORMAT (40X, 'CARRIER ROTAMETER READING' ,F5.2)
WRTTE¢2,70)

WRITE(2,70)

WRITE(2,70)

WRITEC(?,70)

WRITE(2,70)

PO 100 121,12

Ff!}=t(4rr1+1a.?)/1&.7>*Vo|
GCTI=CCAACTI)+14,7)/14,7) %yl

CONTINUE

AN
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Figure A.2.2 contd

€00

300

400
60

70

—

200

000

DO £U0 1=1.12
WCT)=(R(1)*GAY/F(T)

X(1)=(0(1)%GGY/F (1)

YC1)=(DCr)wGAY/6¢T)

ZCI)S(ECTIYIWGBY/GCT)

CONTINUE

WRITE(2,110)

WRITE(?2,111)

BO-S0n. Jm1.,52

WRITE(2,40) MC1)ACI),FCIY,BCY) W(I)oCCI)ex(])
CONTINYE

WRITE(2,80)

WRYITE(?2,110)

WRITE(?2,111)

DO 400 1=1,12

WRYITE(2,40) M) AACT) G 1Y eDCI)ev (1), gC1),2¢)
CONTINDE

FORMAT (10X, 12,5XsF5.2,5X, F6.64,5XrFB.1,5XsF6.2,5X,FBs1,5X1F6.2)
WRTTEC(?2,80) N
FORMAT (1 un) =
FORMAT(1HTY

DC 500 131,200

WWeld)=0.0

*Kfl)-'-'ﬂ.ﬂ

Y¥(ld=n-n

272¢i)=0._.0

CONTINIIE

WWI*0)=W(l)

XX (1*10)=x (1)

YV F*A Y wYV-EY )

Z7C1%10)=72(1)

CONTINUE

WRITE(?2.,1422)

WRITE(?2,121)

WRITE(2,422)

CALL GRADHE (WL, XX, XXsNN)

CONTINUE

WRITE(2,8n)

WRITE(?2.,422)

WRITE(2,425)

WRITE(?2,422)

FORMAT (44X, 'BFED" ¢ 4X+"'PRESCSURE"',3X, 'VOLUME' ,6X," ARKLONE'" 15X,'CO

'rﬂXf'GFNKlENF'l6X"C0NC'\
FnQMﬁT{(Ev,'lanATED',Sx,'nSI'.ﬂX,'MLs',bx,'PEAK AREATY ,4X , " wE
'YAKIVPEAK AREA' s AX ) "*E=QR1))

FORMAT CANN o 1 Yook e v s o v v ot sk o e % ok e sk Ve K e e v o e e 20 3 e o 0 s e e o e W o o W e e e W
FORMAT(4nY,'CONCENTRATION pROFTLE FOR ARKLONE/GENKLENE AT 100
1y

FnamATranx,'ConcﬁuTRATIUN pROFILE FOR ARKLONE/GENKLLNE AT 250
12y

CaLL GRApHA(YY,2Z,ZZ,NN)

CONTINDFE

CONTINUE

STOP

END
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Figure A.2.3 Listing of Program for the
Simulation of the SCCRI1

PRBGRAM_PLITESZHNPUT UUTT-’UT ThPE1=INPUT TAPE? BUTPUTJ

R DIMENSION C(720),D(720),X(60),Y(60)
- DIMENSIAN DELTUETJJ;TEHFI?ZOJ,TUZB} PLZ20)SVEZoD————

DIMENSION DDF(720), 0DL(720):tCF(??U).CCL(?ZD) DELD(??O) DELC(TQ

iiggtzzgfnsAL:ﬁL—HSEEITGEitlflP,LRI?E}ﬂnSS :::%;:ﬂnfrf

'E

c

— — DIMENSI®N PINCAR(20) e e

REAL MIAP,M2AP,M3AP, Mle;HiGP,HEGP MSGP.H!‘GF‘ HWTAP HHTGP MBLVQL

READ INPUT DATA
~ READ(1,3) CFL@W,SFLOW,V],V2,CFEED,DFEED, DT — = =

~ READ(1,4) NFEED,NNBED,KTATAL,KKINK, KKTYFE.NNTYPE

— READ(1,716) DP,VISC,DENS, VAID, AREA, CALLEN —— —

~ READ(1,794)85,5L,COMPK,LATGP, LATnﬁ" i)

= ;ﬁ&&D(l;5)PAHB_FINQ;PINP-@c—;T“_:*“‘*":*;F??7?;éi_;-Z? =

- CONTINUE= —_— s

READ(1,14)MWTAP,MWTGP,MALVAL, TAMB
—SET DUMMY-ARRAYS EQUAL T@ ZERA —— —— —
D@ 1 NN=1,720

= etV = ——

SVP(NN)=0,69E-03 _ - e = =

— BUTPUT DAT“ il ———— —— - ———— — e e —
= 5 . - - @@~ -
WRITE(2,23)

==seiRt Ve —

= __QRI-TE(Q'z-‘Sj - e === e _—

———RRITEl ' _—

—— WRITE(2,25)

——WRIIE(Zps—
“WRITE(2,28) | |

Rt WPITE(?:?)CFLG‘IN,SFLQW Vl;V? === —_—

“WRITE(2,27) e e

WRITE(2,28)

WRITE(2,29)
SRRy
R S R T (A= o TR T :
= reiecienae————

CWRITE(2,25) =———
- WRITE(2,B)CFEED, DFEED DT i RTINS o e Lo ol .
—WafrEfs.ogy—— = — ——

WRITF(?:Q)NFEED, NNBED KT?TAL; KKINK KKTYPE,NNTYPE

=—WRITE(2;28) — : = e=—— = =

WRITE(2,10)PAMB, PINC PINP LA —

=—WRITE(2;08) ——— -

WRITE(2,720) DP, VISC DENS, VoI, #REA ClLLEN
= WRITEC a5 — = ——
CWRITE(2, 19)HHTAP,HwTGP MaLvuL TAMB Al T &

"_:-__':“__%;.__' NRITE (2'25) = == T%;—-':-':'_'_..".'“ = = 2 —

WRITE(2,1095) ss.éL tnnpx LATGP LATGﬁ_ ————

=== WRITE(2,25) —— —_— . =

567 XX= xx+1.n g | = =
466 CANTINUE — = —_—

- ﬁrRITEt?p22) - — —— e e
=

—DEFINE _PROGRAM PARAMETERS ————
XX21,0 ' i
6P TG 466

DE, 9'3? NN 1 720 - ——— — - __T_T - e '__'___Z' ____._.._.'E';'__'_ —- = e




i =305 =

= F:gure—AZB.__contd e — N e T

P(NNJIO e ISVl ol

37 CONTINUE e
D@ 2 NN=1,60 i

— RN =

Y(NN)=0,0

M1APZ0,0 ' . W
== "Em:.Z =
MI,GPI‘O 0

NNBEIDIIBNNBEDH AT A
- KKKKE(KTOTAL*KKINK)=(KKINK=1) =

KKKEKTOTAL*KKINKe 1 )
————— PINCARCEImPING ———— "r = =

'€ START PRESSURE DROP C caLcuL Lodbioss SRR n !
_'—:-___—:_—'EE_-__ﬁ-aELH_aQ Q—_—_i:i__ —_— . =

~ A1=150,0%( (1= vew)nz:wxscwEL/’t_t'vamnancnpuzaJ ; 5
e l_fﬁttl-VHIDJstSQFJVELH(VBIDaaShDP; =

" DELP=(A1+A2)*CALLEN/(GC*10000,0) o ; o
——  IF(ABS(DELP{=DELP),LE, a.irs_@_'rﬂ Hoe—————— =
AT DELPI®DELP : -

s ry_""-""-"">-> = =
710 CONTINUE B VAR LA T & L R a7
= PNt ————— - =

= RINPURSRINE—
[ DELP1=20, ﬁ_'____' '

= "&SSF‘ﬁENSI e - =
714 PHEAN=PINPUROGELP1/2 0 g = '
- — —VELS(SFL@WaPAMB)/ i:(%ﬂiﬂ! BMEAN)Y—— =

A1=150, 0*((1-vHIDJ**2)*VISC*VEL/((vaDt*S)*(DPfﬁziJ

':‘ E::-;—j.::&l@ﬁf( 1=VBID) %M Esi-‘_i_veg,fﬂvslaifj_]_tﬁa,__
= DELP=(AL1+A2)*CULLEN/(GC*10000,0)

= —:FIFtQESTDE_LPIvDELfHTE}ﬂ.5]"65 = 716—————————— — - =
] DELPL=DELP ' W

—————Ce —————

- = ___712 CG_N E - — _—'_—____ = e —= ——— = —

718 CGNTINUE — = = == 5

HNHEDZiHHBEDt2+1 - 1

————WNBEDSSNNBEDERI| ———
N - NNBED4=NNBEDwd#+{|

———— NUBEDSSNNBEDwBs—— =
~ NNBEDG6=NNBED#*6+1 ; =R

—————  NNBEDZENNREDW VI ———

O NRAEUBENNBEDRBE] = - oo '
e NNBEDgENNBED — =

= _NNBTEN= Nuaso_*?nir"‘——‘{;"—':"_':'"—"—‘ - T T =
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NDUM;:NNBED*? £ 4 3 '
';532?:::::ngHziﬁﬁasna;;525;;§§£££?2;;ZEETﬁd“‘ = : ;

NDUMS'NNBED*4 = BT

NDUMgzuuaﬁﬁw!U y 21 T
=—————— NOUMIDENNBEDS | ———
NDUM1 1 =NNBED®x12 ) i iy
— D@ 210 NN=NNBEDI ,NDUMI— — :;:f@fZ-f::- = =
~ P(NN)S(PINCAR(1)e ((tPINCAR(iJ-Pf
=i _—l—;‘_;:__ e _-'_-. —
e 210 CANTINUE LR VIR T S RS W
———DU-—ga0-NNsNNBEDZNDUM ————————————

. P(NN)= =(PINCAR(2)« (((PINClRCZJ-PINCAR(SJ) (NNBEDJ)*(NN.NDUH1;;;
"'__:_———-_iJP_AMB _"——:__——- == — =

_220 CBNTINUE e = —
D@ 230 NNaNNBED3I, NDUM3I : -

P(NNJ-tPINCth3> tf(PINCAR(S} PINCAR(4))/(NNBEDJ}*{HN;NDUHQJff_
/AN — = hd

' 230 teNntivge.....—— ——>———
= —D@ 240 NN=NNBED4, Npug‘ = RSN a7y i

' 240 CARTINUE: . T
~— ——— DB 250 NM=NNDEDS,NDUMB — —

=—————cirne———

CP(NN)= rpchantsa (ItPINC&R(S)-PINCnRtBJ)/(FNBEDjfl(&NiNUU 37Tt‘

AN ———

-2 250 CHNTxﬂUE T e ——— B = ‘ == - =
— D260 NNSNNBEDS DI s
P(NN):(PINCAR(G) t((PINCAR(o) pl”c“ﬁf733/fNNBEDJf*(NN-NDUns—T;

= =——— -~
280 CBNTINOE . ... @ . —— = =
—— D@ 270 NNSNNBED7,NDUMZ —— =——————————————

P(NN)'tPINCAP(7) (((PINClR(7} PINCAﬁtﬁfi;(NNBED))*tNN-NDUHG))J
—1/PAMB e —_— —
270 DoNthoE. .. i P e ' : T
'L_-_:“_gz “280-NNSNNBEDE,NDUMB——

P(NN)= (PINC&R(BJ (((PINCAR(B)-PlncAR(Q)J/(NNBED))a(NN-NDUM?JS)
. __:'_ . IIP_‘HB_ == = ?:._ e e ——— __-_

230 CBRIINE G s s s -
~—— D@ 290 NN=NNBED9,NDUM9  — e '3 i g

P(NN)= {PINCARIQ} t(tPINCAR(g)-pzncAntlcj)/(N a )j*[NN-NUUMSj)j
- 1/PAMB ——— — =
290 CBNTINUE Vi e o L e AT by
————— D030 NNSNNRTENNDOWID————————— =

P{NN)=(PINCAR(lDJ'TfrpINClP{IU)*PINCARfIf))/(WBED,I !NN_NW_J
= APAMB—— = = — =

310 TONTINUE— — 3 =
_i};;:43- DG 320 NN=NNELEV,NDUMI§— — e

Pc~N3=tPI~CAnt11) (ItPINCARTlI) PINCLR(I_TfiENNBED)E*(NN-NDUMIGT
=Eieaa——————— e

i e o o S L AR | =
—— D@-JII0V-NNs1, NNBED ————— =

‘"_P(NN) tPINPUR-({(PINPUR';b UR)/(NNBED))*(HN)JT?P&M& ' o=
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=== Flgure A 2 3 contd—— E——— S

N 33?3 cammue

=il

KKSUM=1

=———0-—— S TARL-SCORF BINOEATION"——

C SWTTCHTFC EBBP

ISTKK:KKINK*:K-!J+1

= — LS TKKSKKINKaK =

e DY LWaP,DT SET AT 1 SEC@OND, CGNC§ AS§UMED CONSTANT @GVER DT

— DA 200 KKs1STKK, LSTKK =

NﬁSUM:l .

AL NUMBER-BF CULUNMNS USED

CN, LE, (NFEEDSK)) —GA-T8=500 — — - =

~ NNFSTSNNBED# (Nef)41

———————  NNCSTRNNBEDRN— =

o - O NN LPBP FOR TATAL NUHBER @F'PLleé-IN Rl

————— == NNgMﬂPSTjﬂﬂ

= 'E—_-'_Iﬁt {TINNY _LE 294,_1)1;!]39_{71%1}) GE" EEZ_BT}E@:TBT_!E_‘____

'__”'_";___IF{(T(NNJ LE_292 0) +AND, (T(NN) ,GE,290, O)SGE_TG 133"_“'

L LE. 290,060 Te 464

== NV 3385605

—==———N4APuO J30BFOY— e =

=~ W3GPs0,3D8VEDS

___'ZZ'_:TEEEPa_ﬂ__Bﬂ7&503’2:'17:.;:—:_;]_5:—%-:;5__;_ _— —

AR I BN e

——abg MIARSD4T9IFs—— e e e e =—

MdAP=0,1405E03

= Therae——0Kx———————

M4aGP=0,4200E03

z ___-:—_i_:.—_T—_:'_G_ﬁ T_ﬂ_—dﬂ——_———‘___—_f:_ —_—————

463 M3AP=0,4890E05

———— WA APRO IS I7EDY ————— = —————=- — —

M3IGP=0,4281E06

=———erRsaseEn—b0J -

T GO T8 465

= =—coonpiie——0Bb . =

M4AP=0,1640E03 _

S W3GP=0,5068606

M4GP=0,4956E03

'___._:__ ﬂﬁﬁ——cﬁmINUE— ﬁ_ﬂ-—_- ____ — = — _:..‘; ————
LR e SRR § 41 o T B TR R "

=t re) o AND, (NN,EG,NNFST)) G¥ T@-40 — —

o R ENNS R NNFEED)GG T8 50

ff51323:1——CC3N=C!NN-J}—i;::::;;;;ngrﬁgjg§£:g ==

~ DC@N=D(NNwil)

=————Chuurebi————— —

DINFUT=D 0 2

=1 =505 —_——_:—‘—-___—___?:--.-:_

i _CCBN=CTNN)

= ieiee— — =
BT PO 1 T8 I (R USRI 45 3

50 CINPUTSCFEED = — =
s ___'__DINPUTIDF'EED v >



_ﬂ:wN tfﬁPunttm.n R ==
TT;DCQNSDJNPUT+D(MN-1} — 0 —— ———
60 IF(C(NN=1),LT,0,1E=10)C(NN=1)=0,0 R R T A =y
"1E£EINH_iI“E1 n,iE-in}bt&N-igsc,n;;t;;;??f=:rf;L=:?ffh———_;_*_;
70 CCﬁLJtCBN*P(NN) WD i :
—— OLoLeotamptun-— : e
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FlC]ure A 2 3 cont’d == =———

IF(DCOL ,GE,SVP(NN))DCOL=SVP(NN)

-f‘gj;féﬁ_ﬁ?ﬁt=§_hﬁﬁ!{1 ihﬁ[yﬂLi(CCBN/HHTAP§DCﬁﬂ7R#T§EI} =

k=CFLBNC*DT/P(NNJ

ZZ=A/tnITE i =T = = =

:;?_Aﬁ-EXPfiAJ(VI+v2t{(lﬂliPnECBL+H2aP)wCEGL+H31F1iECEE¥HEi R

GG= EXP{~A/(V1+V2*(((MtGP*DC9L+MEGPJ*ﬁCBL*HSGP)*DCBL*HdGP)i)
WHEC((M]1APCCOL4MIAP)ACCEL+MIAP) wCCAL4HAAP) — — S

RR=(((MIGP*DCUL+M2GP) #DCAL+MIGP) *DCAL +MAGP)

-~ C(NN)= (1.’““)!{Cﬁﬁmzi)+CINPUT)#AL3C(NN};-f—?¥#zﬁfﬁ%£*?;z;;;££?§

90

95

Az SFLBNC*DT/P(NN) : = : =

-~ GB Te _18p

e = GO TTDTRPUTINORRD N

IFfNR EQ, NNFS1)GU Tﬁ 90

IF{C{NN'i) LT,0,1E=10)C(NNei)=0,0 : =
IF(D(NN=1) L T,0,1E= IOJD(NN 1)20,0 - ——
CCQ}NIC(NNni J = == : - = T__—_-_—'—T:j_?"—'_—?f_"'_:_—_'.'_:

DC@N:D(NN-;) = 5 =3 - =
C(NN-IJ U 0 ] = g : -

- HQ§NM=1)§0.O:H == ' : =
~ CCON=C (NN) =

DCBNZ=D{NN) ' —_——
chL_ CCQN*P ( r‘NJ —— —— — — —— - — — — e e e ———
DCAL=DCONAP(NN) = ————— ——
IF(DCBL,GE,SVP(NN))DCOL=SVP (NN) SR R R e
SFLOWCS SFLaugtg +HELVﬁLn(CCBN}MHTAP+DCGN}M&T{P}y—{}—;_T;f?iil?'

~LRATES4676,0/(12,08KKINK) = —————————————

Z2=A/LRATE : i Vi g
AA=m EXP(-AI(UI+V2!({(HlAP*CEQL+H2AP)&CCBL§HBA
GGSEXP (= A/(V1+V2*({(H1GP*DCHL+H20P)*DCUL+H3G

T
|
| llﬂl

cta EfHle}}-nwgé
DCAL+MAGP)))

WWE(((MIAPRCCOL +M2AP) #CCRL+MIAP) % CCOAL+MAARY ——————————

RR=(((MlGP*DCUL+HEGP)tDChL+MSGPJ*DcaL+M4GP§

—CENN) = (L, e =AAYRC(NNm]YaAARC (NN) ~ ——

CD(NN)Z(1,=66)#D(NN=1)+GG*D (NN) —————

150

160
170
400

500
300

- IF(KK,EQ, {KKTYPEtKKSUH)J Ga TB 180 —————

=L80

212

- G@-T2-200 =——> -~ =

IF( (NN, Em ANNTYPEXNNSUM) ), AND, (KK, EQ,  (KKTYPE#KKSUMY)IGO TO-160—
GA T8 170

WRITE(2,161)K,KK,N,NN,C(NN), DINN) WG RRG I e ——————
IF(NN,EQ, (NNTYPE*NNSUMJ)NNSUH NNSUH+1 i :
caMTINUE ==——— . _—
BY- 18 3005 =0 == P :

NNSUM= NNSUH+hHBED/NNTYPE == —_————
C@NTINUE = e e

6o 1o o1 ———————— =
KKSUMSKKSUMey————— =
WRINECRABEY  — = v e 1 e R R A

CONTINUE
IF (KK, NE,KKKK) G2 =i

D@ 779 I l.NNTmT




= 309 =

—_—ZT—T Elure =A23 contd—-——‘;':.'e;f-—" ==

CccF(hEC() SR TR

f:—f“.;__—_::-—:obﬂ At ===

?79 CONTINUE

= —————— D) ®b(Y) —

ceL(necey

7tr1 cammus *“_'_'_‘ i

—————— DO ebiaNAD) ————— ==
————p0f0 NNADJSNNs[sNRELEV ———— _ =

5;§%ﬁf-—f-NMADJ:H&aﬂHBE&;f:f—T—-;;1;ffstnn-?:}-ﬂ

= o=l —»——— . —

NN=1,NNBED — "_______ ______ =

n-'ww GE NNELEV)G® Te 2010

C(NNYSC(NNADJ)

G@ Te 2000

C(NN)=X(NNADJ) T el Bl T
= ﬁﬂg}:ﬁ;{ﬂ_ﬂﬁﬁd—} _— e e = =
-2 00 CONTINUE TR T - o
== LeaNpNNeE—————————
WRITE(2,25) Gnlflc- ¥ SR d

C TEMPERATURE CALCULATION

———— DE-BOS Ial NN — ==

':._':_—'f e _ﬂ RIYE(2,26 — —  — =E—

DECCITYSEELCIISCEr(IY . . . o .
————mrgEmEgERn = 3
~ BO3 C@ANTINUE =

WRITE(2,804)(DELC(I),I=1, NNTHT)
= SHEEIEE SO e
~ WRITE(2,804) (DELD(I),I= NNTBT) e h

= .___;_'.—_'-—1—': __—_HLIA‘Ea_ﬁ_‘mEEE—b'_‘iE; . — e . —

LGN LSS ————
= IF (1) 6E 294, 0) VPRI )=S0, 76EaD3— =

M§=14805,0/ (NNBED*12) ;:;:;“"__“_ E
___suaaa:445a —SZNNBED—————————————————
T HATCP=( MS*SSJ +(ML*SL) e s e e e

HYLAS8S= CGHPK&SURAR&XXX*

'>f:i;-f““—XIXH—K&1NK = . = ==

= S EE R NSRS = —— 3

DELT(I)=((LATAP*125, stvz*DELchjJ¥cLATsp*372 Q*DELD(T)#v2))/ (HTC

TC(I)=TAMB+ DEFI'{I) LIR g

IFC(T(I),LE,294,0),AND, (T(T),GE,292,0))8VP(T)=0,69E=03

 TF((T{I),LE,292,0),AND, (T(1),GE,290,0))8VP {1} =0, 64E=0:

“‘“‘—‘“—‘_IFTXX.EG 2,0360 Tn—zea ) e =

IF(T(1),LE.290,0)SVP(1)=0,586E=03
90 CONTINUE—— = —

=\ RTTE(2,002) (T(D) . TsL.NNTOT)
~ 902 FORMAT (10X,F10,5,10X,F10,6,10X,F10,5,10%F10,5) ——




= Blgi=
————Figure=A.23=contd= SSe=mm e
=== _“;;?;:E;:ff?fiiuil:nm; s
=——asrcoNrpipe—-—___...

3 FORMAT(7F10,0) :
= = iczsrasre————— o

5 SR T L G R A R e LR g 1
= c=cerieene—— o =

7 FORMAT(IR ,7HCFL@W= ,F .3,4x.7Hs LOWE .PB 3.4x 4HV1= .Flo 5,
'*iﬂf;zz:lﬂil4&”23_,F15.51;"_“""; e e

8 FARMAT({H ,7HCFEED= ,E13, 6 ,4X ,7HDFEED= .Els 6.4x 4HDT= ,F10,5)
‘"tz_———:g FEHEI?Iiﬁ_;7ﬁNFEED= ,!2,jX}THENBEﬁIZiia;tt“ﬁuxiaiifiz;fg,_—

— .lﬂ_FERMAL(;H_;BHPlHB-‘?FB 11X, 6HPINCS F6,1, %6

i 11 FORMAT(1H ,6HMIAP=E ,EiJ 6,10X,6HMIGP= ,E13,6)

: ———12 FORMATLIH ,2H K, 5X, 50 KK, 5X,3H N B6X, 6 NN 8%;———
e s teR O NN ,5x,1dH RS D(NN) Singal Fow A e W R

—— 4 FORMATHIELD 0 -———
S I8 FURMAYTABLE 8 = 7 TNy e 3 b e W)

— 16 FORMAT(1H ,6HMRAPE ,£13,6,10X%,6HH26P= ,E13,6)
17 FBRMAT(1H ,6HM3APs ,E13,6,10X,6HM3GP= ,E13,6)
— 18 FORMAT(1H ,6HMAAPE ,E13,6,10X,6HMAGPE ,E13,6) = ————
“19 FORMAT(IH ,7HMWTAP= ,F6,2,2X, BHMNTGP-__pFG 2, 2x, aHMaLvﬁL=';_
1 F6,0,2X,6HTAMBE ,F8,1) g =
21 FARMAT(20X,E13, 6,1ux E!S 6 10x E13, 6 1ox 513 6)
=SB FTORMALLENS — '-——-:n-n =
23 FORMAT(IOX, " SCCRI CBMPUTER SIMULATIBN l)'"'“"
24 FOARMAT(IOX, ! *akkAkhkhhkhkakhhhkrrkhnn 1)
- 25 FPRMAT(1HO) i
—— 26 FORMAT(10X,'RUN NUMBER154A, PRADUCED @N- 16/47/77 4NEW CANDTITIUNS Fdi
~ 1AP/GP AT APPR#4X G/L=260 AMB TEMP SET AT 20,0 DEG C')

=27 FORMAT(10X;1SYSTEM ARKLONE P /GENKLENE PIj——————

28 FORMAT(10X, 'FEED RATE=1000MLS/HR!) SEaR s R

€ FURTHER INFURMATIUN REGARDING THIS M@DEL MAY BE UBTAINED FRUMTI
c AUTHAR AT 1 THE HEADLANDS DARLINGTON CO,DURHAM

29 FORMAT(10X, 'CARRIER GAS ®20,7CM AT as.upsri
31 FORMAT(1X, 'INPUT DATA 1)
161 FBRMAT(IN ,12,5%,15,5%,13;5%,15,5X,E14,6,5%,;Efd,6,——
3 15x,F10, 4 5%, FlU.d SX.FIU " R

—— 85 Faanarcan »32HNEXT TIME INTERVAL FOR PRINT BUTy = — ————
190 FORMAT(IH ,23HNEXT SWITCHING INTERVAL) s
196 FORMAT(IM ,2H K,5X,5H KK ,BX,3H N BX, 60 NN 8%, —
114H C(NN)  ,5X,14H D(NN) il -

— 715 FORMAT(6F10,0) = —— =

794 FORMAT(5F10,0)

~ 720 FORMAT(1H ,4HDPs ,E11,4,3X,6RVISCE ,E11,4,3X,6HDENSS E{1,4;
~ 13X,6HVAID= ,E11,4,3X, 6HAREA- ,FlO 4,3X%, BHCmLLEN- F8, 4)"_“__
777 FARMAT(10X,E15, 6,1nx E15,6) ‘::::—-f:ri_ =
804 FORMAT(10X,E15,6,10X,E15,6, 1ox €15,6, 10x yE15,6) T
1096 FORMAT(1H ,4Hss-:.Fin " 4HSL= $F10,4, ?HEBHPKE—fﬁiﬁ16_?Bziikﬂg;p_

{F10, 4'7ﬁfi?hb- .F10.4) ''''
E_ND“-'_ == -"_-;'_:.' _—_'_;' — .-:__T:' — - _ ________:% _75__?_:?_?___:_‘_:;;;____:———“‘_?:-



Figure A.2.4 Example of SCCR1 Simulation Output

NEXT=TIMEINTERVALCFEREPRINT BT ——+—— P

NEXT SNITCHING INTERVAL Ty X ¢
=K Ke——— NN C (N ————— S a8 k(ae) dep—
22 U 5568 R T 20 0, 2 778082E 06 151,7000 456,4066
2o————8shn————1+——— 4¢————¢0_—— —'-—‘—'2ﬂ9££hm:~ummr—;r:3§ﬁm
22 §EO8T a2 S0 R L T T 4 I7AB0TEsDY 140,5000 670,6770
22———5868—— > 80— @0, :_"I?{AﬁiEnﬂi:;“——tziﬁﬁfﬁaﬂﬁzzzzzfz5552925?5
22 - 5568 N FO0 0 L0, . ok e i A RO SR ~ 140,5000 = 665,6060
=P =68568———3—— —¢20———39. 1 77642€=03— 14 . 183
22T RSO N e RGO, - L171849E=03 140,5000 649,4272
az——  RR68—— 43— —%F60—————@,—————— |71 OLwDS :téﬁéﬁaaazzssezzsiiiﬁﬁﬁ9:
2 URENGTENER N . 180 0. i T L,177245E=03 140,5000 649,5503
22— 5568-:;:¢§§§-,__,m_20333;5;;i‘itfigéi;_jggggézfnJtla&zifﬁ;ﬁszzzzzzzitu;Sﬂﬂﬂ;zz:;:zﬁsi:azii_
5 B RO e 22D 0. = ,175‘542E-03 140,5000 627 ,4082
P2———&568———8¢ 40— 0o, _J25?35593———t:z5339§3395555555533EZ§5f3
o & B LI 7

~ 260  ,44B46BE=04 1540365-03 145,0356 605,6735
22— 5568 ———)——9oso————— rk193A953ﬁ3::;==;-;”i&f&ZﬁﬁEﬁ4__:——::%$3;552¥———*-w144;3357‘
25 ihime 300 ,423194E=03 .293714E=06 194,5153 420,6416
Pe———9fo6——— 8§ 320 40 1723£_ﬁ3———~é2553:n_-":::5_;;TCZ-_1£3ﬁgaﬂszzzzzeinza—naee—
TR KEGE. . - 9 340  L.396830E-03 R 1B7,3264 420,0000
?ﬁﬁi-f“['giﬁﬁﬁ?f?i'":ﬂiléigﬁii-'235525352239&§§£§§ﬁ3:;—u_—;;ﬁ: === -_-+§3E§ﬂﬂﬂEEEEEEEEIE£,BHBO‘
EXREE . R U L L 398B244E=03 0, 184,0271 420,0000
2E————Blb————1{0——— '——Lv::;taﬂéf?iﬁiﬁ‘;'""L ——————— —*ﬂ2§2§ﬁﬂszzzzszizaiaﬁﬂﬂé

22 cs T L ,398328E=03 0O, 180,2674 420,0000
22— 59b8—— 440 ———— 30845 IE gﬁfj—‘l‘rj —f,,————— =43 E;:g;:g__z__il 2&;&@0_

_22. ~5568 == S . L 3abranwns. . 0, T59.1307 387,4000
Se0— 8568 ————f2 — 480 {B){27Ew03————,000340Fe$3— 4, =———387,4000

“NEXT TIME INTERVAL F@R PRINT GUT

22 SaNe. e 0, = === 60— ———456,0000
g5 BRSNSy . 40 O, s 5 866347E-06 140,5000 423,2940
22— ——5665————» 9§ @6, tIa04 - = —%earr
2% L DOpuNN D 2" 080 Sl A .172?555.63 ~ 140,5000  667,8637
22= =5668————3———¢poc— o0, 5 g 8n0g—— 667 5406

32 5655 3 R 0, . .17'49165.03 140,5000 659,1788

R R A
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in SCCR1 Model

Figure A 25 Variable Parameters

LBCAL VARIABLES IN PRHGRAM Pl.ﬁTES2

==—— NAWE—— T¥yPE—— ———— CURRENT VALUE —
: C  "REAL  ARRAY (720) _ STANDARDISED. CONC
= =R AR DT = — ==
] X " REAL ARRAY (60) DUMMY VARIABLE
————— Y ——REAL——ARRAY_(60) ==
=R il DELT d REAL  ARRAY (720) AT O_VER PLATE
T ~ REAL ARRAY (720) ABSOLUTE  FEMP. -
= P — REAL——ARRAY (720) ABSOLUTE PRESSURE —
) SVP REAL ARRAY (720) SAT' VAP’ "
=l —REAL— ARRAY (720) Lol
> DOL REAL  ARRAY (720) ) 5
—————CCF———— —REAE_—___ARRAYEL{720) “ —u =
TR REAL  ARRAY (720) 2 R
= DEE————REAE——ARAAT {7 20) " e =
SUROEE W REAL  ARRAY (720) W Ny e
- PINCAR —— REAL — ARRAY (20) CARRIER INLET PRESSU
M1AP RERL » 0, K_VALUE COEFFICIENTS
—=———MN2AP= =REAM— a, C e
~ M3AP REAL 41920,0000000 I TR
= MdAP———-RELL 140,500000000 T S
M1GP REAL 0, i "
M2GP REAL—— O, " = =
M3GP REAL 363300,000000 " "
M4GP REAL 420,000000000 " 1 ==
MWTAP REAL 187,400000000
——— MW ————REAL— —133,400000000 MOLE\?ULBR WE;Ei—T_:?
e MAL VAL REAL 26647 ,9448865 3  VOLUME
] ——REAL————— 944875000000 WT LIQUID —PHASE — —
MS - REAL 30,8437500000 WT PACKING L
LATGP —REAE— 86, 8000000000 LATENT HEAT a——
f AR NEXL & ace 38,0200000000 I e e R
— —LRATE REAL—== 1,49207573436 L/ =
CFLOW REAL 1150,00000000 CARRIER GAS FI.OWRAT!
SFLAW REAL 2300, 00000000 PURGE i =
Vi REAL 47 ,9000000000 PLATE VOLUME i
- = Ve REAL——— 8,90400000000 = ————
CFEED REAL e 206760000000E=03 FEED CONCENTRA‘!’ION
DFEED REAL . 175340000000E=03 — e
DT REAL 1,00000000000 ‘TIME INCREMENT
NFEED INTEGER 7 —FFED—Rb——————————
NNBED INTEGER 40 L TND PLATES/BED
KIBTAL— - INTEGER-— 24 ——TOTAL N SEQUENCES —
KKINK INTEGER 261 SEQUENCING INTERVAL_
=R ERE LRGN 87 —  PRINTING —INTERVAE=
T T TN EE INTEGER 20 ~ PLATE PRINT W
= op — i +149000000000E=03= pARTICLE —DIAM————
VISC REAL '.ISQUUHUOOOOOE-U3 GAS NIECORITY A - e BE
DENS REAL — «122500000000E=02=—=" " —pENSITY ————
valn REAL 2693000000000 'VOIDAGE
AREA REAE—/-= 45'.610()000000 —PEATE—=AREA——
CALLEN REAL 61,0000000000 COLUMN LENGTH
88 WA= 200000000000 SPECIEIC—HEAT———
SL REAL L,200000000000
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Figure A.2.5 contd St -
: == _— "-;{--_— - - T—
— CAMPK REAL 370000000000&-03 —THERMAL CONDUCTIVE "?
N i PAMB REAL 101 330000000 ! AMBIENT PRESSURE iy
= FINE=—— R S DUNODDON0-—— AR ———
an *PINP UG . REAL 273,700000000 | PURGE " i
——————— G0 —————— —REAE—————9381,000000000" '--I——--gAs_c_QNStAN _4_”._h§
I TAMB REAL T 293,200000000 AMBIENT TEMPERATURE 2
——————NN-—— """ JNTEGER——— : ESRs— jg@;pﬁ_:__#i
¥ -1 R R T R uuouoonouno '_ CONSTANT
—INTESER————— 480  ——FOTALN=PIATES —=
NNELEV INTEGER 441 LAST BED, 15'[ PLATE
TR NNBEDi‘“"_'"TNTEGtR = b a1 ssg_§5§1; " __J_y_t
e AR ER=—————— S04 -_;;ECOUNTER"T:ZEEEE§§§
KKK ~  INTEGER . 6263 o i i
E =—DELPI——— RLAL——— 48 080/ 3085 _-:éggggljgiEDRGEiEEugggég
) ) 5% ' INTEGER 12
== MASSF—— — _INTEGER — - = 1 ‘.;%mﬁgﬁowm;—__,,35;
PMEAN REAL - 251,069611346 ~_ MEAN PRESSURE d
— VEL - —REAL—=—————R0  3SPP 1 I7 943 ——GAS —VELOCITY ——
Al REAL 7087267 ,31233 DUMMY ALY
AP = REAE———22096 7070 —————————————
DELP REAL 45,4407344734 i 'CGRRI:CTED el
PINPUR REAL—————— -2_73.?0('}000000 : :_:PURGE PRESSURE rN_:
PAPUR REAL 228,259265527 ¥ -
NNBED2 INTEGER— 81 == Eia .ELA._.[E:_.IN::_B_ED;-_
NNBED3 INTEGFR 121 O e :
NNBED4 INTEGER — 161
NNBEDS INTEGER 201
NNBED6 INTEGER—— 241
NNBED7 INTEGER 281
NNBEDB INTEGER 321
NNBEDS9 INTEGER 361
NNBTEN INTEGER - a0y
NDUM] INTEGER B0
NDUM2 INTEGER —— 120
NDUM3 INTEGER 160
NDUM4 ENFEGE R 200
NDUMB INTEGER 240
NDUME INTEGER— 280
NDUM7 INTEGER 320
e NDLIMB INTESER=———— 360
NDUMY INTEGER 400
= NDUMIO — —  INTEGER — a40
NDUMI 1 INTEGER 480
KKSUM INTEGER 62
K 3 INTEGER 21 e
I8TKK IVEGER &, 5221 " R
LSTKK === INTEGER———— Tl .
T & %4 i INTEGER 5370 S LR T A T
= NNSUM INTEGER = e e
N INTEGER 9
== BRESY——— I NIEOER—————— 321
NNLST INTEGER iy 360
CC@N REAL 254683757 38B7E=03 - PLATE SO
DCBN FEAL 2528313701808k m04
CINPUT REAL——"0, - PLATE N FEED CONC
DINPUT REAL - U W =




= 314 =

Figure A.2.5 contd

— - ———— e —_—————a —— e —
£r —-——— e — P e e ]

=———CCo———RE————— BRSNS te 00 — UN—CQI_.U MN- - CONC.
=Y REAL = ,153064648746E=03 . T
= FW}T_C_%__?&EMF_;%_: ~ 1247,74867009  ~ CORRECTED FLOWRAT
i3 i ~ +REAL 430,669756140 DUMMY
e REAL?.:——'__——_;t_._Z‘Bﬂ_déd{‘.'OEﬁIﬁ e

L _?5“_7-' 814708136245 '___ DUMMY

'——_—_'— —— |‘ s

REAL — 207,026772654 K ARKONE P
AR -_-_-_T;LL'___"’?E_i____;_—;475.4t18513225""" K GENKLENE P ————
~ SFLOWC  REAL  2317,25051480  pURGE FLOWRATE.

14 VY= NN#DJ:__:__'_____IMTEGER = 40 '—__—DUMM"_
¥ SURAR____ _ REAL ~36,4150000000 SURFACE AREA :
e W RE&E——t"_T;' ,BEBEDOUGGDUﬁ_‘_—f_ HEAT.; C_APAC_I,.L_—____?:_

AL ””-E’?E_ o ““E___ S TP aon0ueg A T D REES
18 Vs —_——— —_——  —
i TRACE_BACK TRAIL END IN 5RBGRhH _ ) F‘LATES2 ___
0 _%'__ = —_—
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Figure A.3.1 K Value Coefficients for Arklone.P

K=A +Blconcentration )2

Temperature \]é?_'ggé"& e A B
“C millibar
283.2 236.5 2087 | 92578.5
284.2 247.2 2004 | 853031
285.2 258.4 1924 | 786465
286.2 269.9 1848 | 725523
287.2 2819 177.6 | 669696
2882 2944 1706 | 61852.3
289.2 307.3 1640 57158.8
2902 320.7 157.7 | 52851.5
2912 3346 151.7 | 48896.2
292.2 348.9 1460 | 452620
293.2 363.8 140.5 | 419211
2942 379.2 1355 | 36508.8
295.2 3952 130.5 | 338506
296.2 4117 12556 31402.7
297.2 4287 121.1 29147.2
2982 446 4 116.7 270678
2992 4646 124 251497
3002 4835 1084 | 233796
3012 503.1 1046 21745.1
3022 523.3 | 1009 202349
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Figure A3.2 K Value Coefficients for Genklene.P
K=A+B(conc )2

Temperaturg \g:.%osl;[,re A B
i millibar
283.2 87.5 641.1 846344
284.2 918 613.7 715537
285.2 96.2 587.7 711107
286.2 100.7 562.9 652441
287.2 1055 539.4 598990
288.2 110.5 516.9 550250
289.2 115.6 495.6 505795
290.2 121.0 475.3 465210
291.2 126.6 456.0 428135
292.2 132.3 437.6 394250
293.2 138.4 420.0 363258
2942 1446 403.3 334897
2952 1511 387.4 308928
296.2 1877 372.1 285134
2972 1647 3576 263321
2982 1719 3438 243312
299.2 1794 3304 224947
300.2 187.2 3179 208082
301.2 1952 305.8 192585
3022 2035 294.3 178 337
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Figure A.33 K Value Coefficients for Dichloromethane
K=A+ B(cc:mc)2

Vapour

Temperaturg pracsre A B
s millibar
283.2 296.4 1947 117383
284.2 310.7 186.4 107532
285.2 3257 1784 98569.9
286.2 341.2 1709 | 90412.1
287.2 357.5 1637 82981.3
288.2 3743 1569 762084
2892 3918 1504 | 700312
290.2 4100 1442 | 643937
291.2 4289 138.3 | 59245.7
2922 4486 132.7 | 545415
293.2 469.0 1274 | 50240.4
2942 490.1 122.3 | 463054
295.2 512.1 117.5 | 42703.2
296.2 535.0 112.8 394036
297.2 5587 | 1084 | 363794
2982 5832 1042 | 33606.2
2992 608.6 1002 | 310615
300.2 635.0 96.3 | 28725.2
3012 662.4 927 | 26579.0
302.2 690.7 892 | 246064
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Figure A41 Calculation of Gmc/L (Run 300-275-400-A

2
j = 3(P10)2-1 = 3 (?—g%) -1 -‘=0635
2(R 1 2 (3783 4
186

G =G xjxP = 875x0.635 x101 =301-7cm35_1
R S : 101

P, 186
' =

Total volume of solvent in columns
Time for 1 cycle

: 5090
12 % IS
Ig= Sequencing interval
g o R0l 1.063 cm3s]
12 %399
T P

—
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Figure A 4.2 Calculation of Partial Pressure of Genklere P

As an example, use results from run 800-265-262-A

For an ideal gas P =R »y;

and substituting for Yj from equation 5.17

Pi= RoCistd)Rg xT

M; x Pstd

From run 800-265-262-A the maximum value of
Cerlstd) = 0.097g cmd (Appendix 5),at a pressure of

379 kN rﬁz, and minimum {emperature of 8°C
=3 4
379 x 0.097.107« 0.896 « 10« 281.2
133.4 x1011
6.868 kN m?

Hence P!

]

The saturated vapour pressure of Genklene.P at
8°C = 7.14 kN.mé (reference 190 ), and therefore the
gas phase was very close to being saturated
with Genklene P
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Figure A4.3 Calculation of Liquid Phase Loading

Weight of packing in analytical column -=9.828 g

Column temperature = 60.5°C
Ambient temperature = 225°C
Column inlet pressure = 180.1 KN.me
Column outlet pressure (ambient ) = 101.1 kN m?
Flowrate (F) of carrier gas = 1165 e min.
Retention time for methane (unretained)= 11.5 s
Retention time for Arklone.P =72.0 s
Ky, at 605 = 40.79
j =0.700
Vi = FxToxPxjx( t. -t )/K
Ta Fa
= 1165 x333.7x1.0x0.7x(72.0-11.5) «_1
295.7 60 40.79

= 2275 cnt

. Weight of liquid phase - Vi xp = 22079

and °e liquid loading = 2.207 2245

———

9.828
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Figure A.5.1  Concentration Profile Results Run300-265-400-

Distance | Time |[Sample| Peak Area Column Standardised
from |after |Point ConcentrationfConcentration
Carrier |[SequendPressure
Bae it | AP |GP [AP|GP|AP]|G.P
cm | s [kNm 10% cm3 [103g cm3
717 100 | 207 | 2243 38080 |0002]0.014{0Q01/0.007
717 1300 | 204 | 1022 1471 | O 0 0 0
656 | 100 | 193 [145700| 715 [0.082| O [0.043| O
656 | 300 | 197 [222300| 1233 (0.128| O (0.066| O
595 100 | 211 1225200( 1579 |0.127| O [0061| O
595 300 | 211 [315000| 1323 [0.179| O (0086| O
934 | 100 | 232 | 265000 2302[0.151| O {0.066| O
534 | 300 [239 |261200| 1350 [0.153| O |0065| 0
473 100 | 245 |287300| 2603 {0.162| O [0.067| O
473 300 | 259 | 286700 224 10.164| O [0.064] O
412 100 | 266 | 288600| 828[0.163| 0 [0.062| O
412 300 | 273 | 273000[ 1133 |0.156| O |0.058| O
351 100 | 290 | 297300( 18360 |0.166 |0.006|0.058(0.002
351 300 | 290 | 258300144100 |0.143 |0.0480.050/0.017
290 | 100 | 304 195800 334000/0.111|0.114[0.037/0.038
290 | 300 | 307 | 8780(365100/0.006]0.127 [0.0020.042
229 | 100 | 321| 3130/480100{0.003|0.165 |0.001/0.052]
229 | 300] 321 | 1403 [351400]0.001/0.120 | O (0038
168 100 | 338 | 2729|567400/0002(0.197| 0O [0.059
168 | 300 | 338 | 1121]592500/0001]0.207[ 0 [0.062
107 | 100 | 359 3711 520000f O [0.181| O |0.051
107 | 300| 359 714 | 5146000 O |0.182] 0O ]0.051
46 | 100 376 | 1400 [311900( O [0.107| O [0.029
46 300f 376 | 7100[43950010004(0.152|0001/0.041
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Figure A5.2 Concentration Profile Results for Run300-265—300-_{

Distance | Time |Sample Peak Area Column Standardised
from after |Point Concentration |Concentration

Carrier [Sequencq Pressurj

Gas Inlet A.P | G.P |AIP|G.P |AP |GP
cm | s [kNrP 10° g ¢ [10 g crid
717 | 100 [ 233 [<100 [ 5824 | 0 |0.032] 0 |oot4

717 1250 1233 |<100| 769 | O |0.004| 0 [0.002
656 | 100 | 190 | 15150 | 987 [0.139]0004|0.074[0.002

656 | 250|197 | 17880 | 171 |0.163] O [0.084] 0
595 | 100 | 214 | 19140 |<100 [0.175] O [0.083| 0
595 | 250| 214 | 21430 |<100 [0.197| O |0093| O
534 | 100 | 238 | 23160 |<100 [0.212] 0 [0.090 O
534 | 250|238 | 24750 |[< 100 |0.226] 0 [0.096| 0
473 | 100 | 262 | 23090 [<100 [0.212] 0 [0.082] O
473 250| 262 | 21890 | <100 [0.199] 0 [0.077 O
412 100 | 287 | 24680 | <100 [0.227| 0 (0.080| O
412 250 | 287 | 32910 | <100 |0.304 O 10.107| ©
351 | 100 | 307 | 29130 177 10.267] 0 |0.088| 0

351 | 250 | 307 | 20990 | 1005 |0.191|0.006/0063(0.002
290 | 100 | 324 | 5608| 4231 [0.051[0.022/0016 |0007
290 | 250 328 | 1192 | 14140 10.010/0.074]0.003(0.023

229 | 100| 341 992 | 13600]0.010/0.070{0.003]0.021
229 |250] 341 164 | 28560| O |0.155| O [0.046

168 | 100 | 362 |<100 | 32860| O [0.175| 0 |0049
168 | 250 | 362 |<100 | 31810 | 0 [0.172] 0 0048
107 ] 100 | 383 |<100 | 22520, O [0.121]| O |0032
107 | 250 | 383 |<100 | 207401 0 |0.113] 0 [0.030
46 | 100 | 396 |<100 | 32020 O |[0.172| O |0044
46 | 250] 403 |<100 | 30510| O [0.163| 0 [0041




- 326! =

Figure A53 Concentration Profile Results Run 300-265-250-A

Distance |Time [Sample Peak Area Column Standardised
from after |[Point Concentration |Concentration
Carrier |Sequence|Pressure|

Gas Inlet A-P | GP A.P|GP|AP|GP
cm s [kNm? 10° g o [10° g s
Al 50 | 225 | <100 | 16700 [ O ]0.089] O |0.040

717 12000225 1<100 1 <1004 "0 0 0 0
656 | 50| 156 | 9612 | <100 [00S0| O |[0.058] O
656 | 200 | 156 | 10480 [ <100 |0.087| O ]0.063| O
D85 50 190 | 12650 | <100 [0.116] O [0062| O
595 | 200 190 | 14120 | <100 |0.131f O [0070| O
534 50 | 218 | 16050 | <100 |0.148] O [0.069] O
534 | 200 | 218 | 17750 | <100 |Q164| O ]0.076] O
473 90| 24219370 |<100 |0.178] O |0075| O
473 | 200| 242 | 21820 | < 100 |0.203] O [0.085] O
412 50| 266 | 24130 |< 100 [0.223] O 10.085 O
412 200 | 269 | 25150 [< 100 {0234 O |0.088| O
351 804 293] 23920 | =100 102231 @ 100774 0

351 | 200 | 293 | 16320 | 4667 |0.150{0026]0.052{0.009
290 50 | 314 | 7635 | 14160 {Q070 [0077]0.023]0.025

290 | 200 | 314 223 {27850 | O [0.149] O [0048
229 50| 335 | <100 [ 28340 | O 0152 O [0.046
229 | 200 | 335 | <100 | 29450 | O ]0.159] O ]0048
168 50 | 362 [<100 |31990 | O 10.172] O [0048
168 | 200 | 362 | <100 {32420 | O [0.175] O [0049
107 50| 379 |<100 | 33820 | O [0.183] O 0049
107 2001 379 |<100 [ 32500 O 101761 O 10.047
46 50{ 396 [<100 | 32360 | O |0176| O [0.045
46 200 | 396 |<100 [30980 | O [0.168] O [0043
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Figure A5.4 Concentration Profile Results Run 400-265-262:

Samples 200s after sequence

DisfﬂnceqSu mple Peak Area Column Standard ised
from |Point Concentration Concentration

Carrier|Pressure

Gas Inlef AP |GP | AP [GP | AP | GP
cm kN2 103 g cmi3 10° g cm
717| 221 | <100 (<100 0 0 0 0
656 | 163 | 17250(< 100 | 0.160 0 0.099 0
595| 190 | 19350 |< 100 | 0.179 0 0.095 0
534 221| 24270|<100 | 0.225| © 0.103 0
473 | 249 | 30950 (< 100 | 0.288 0 0. 147 0
412 | 273 | 35750 |<100 |0.332 0 0.123 0
351 | 300 | 32350 | 11680 | 0.300 | 0062 0.101 {0.021
290 | 321 | 4727| 28330 | 0.044 |0.156 0.014 [0.049
229 | 342 164 | 40880 0 0.223 0 0.066
168 | 362 131 | 30980 0 0.168 0 0.047
107 | 383 129 | 32550 0 0.178 0 0047

46 | 400 | <100 (35400 0 0.190 0 0049




Figure AS5 Concentration Profile Results Run 500-265-262-A
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Samples 200s after sequence
Distance |Sample Peak Area Column Standardised
from |Point Concentration Concentration
Carrier |Pressur
Gas Inlet AP TGP | AP 6.2 |'A.P | G.P
cm  [kNm2 10° gcrﬁ3 103 gcrﬁa
TAT 1225 1=100 |"'1143 0 0.006 0 0.002
656 | 159 | 18780 | <100 |0.173 0 0.110 0
595 | 194 | 24550 |< 100 |10.229 | © 0.119 0
534 | 218 | 29300 [< 100 (0.272 | © 0.126 0
473 | 245 | 35940 |<100 |0.332 | © 0.137 | @
412 | 273 | 44040 |< 100 [0.408 | O 0-151 0
351 293 | 46980 | 12080 [0.435 |0.064 |0.150 [0.022
290 | 321 | 24170 | 16890 |0.222 (0092 [0.070 |0.029
229 | 338 | 1225 | 31450 |0.010 |0.170 |0.003 |0.051
168 1 362'1<100 133390} 0 0.183 0 0.051
107 383 | <100 | 32500 O 0.174 0 0.046
46 | 400 [<100 | 38330 O 0.210 0 0.053
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Figure A56 Concentrmation Profile Results Run 600-265-262-A

Samples 200s after sequence

Distance [sample]  Peak Area Column Standardised
from Point Concentration Concentration

Carrier |Pressurd

Gas Inlet AP 6 A.P G.P A.P G.P
cm  [kNmY 10° g s 0° g e
717 238 |[<100 K100 0 0 0 0
656 | 149 | 22720[<100 | 0211 | 0 [0.143 | ©
595 | 183 | 29250 k<100 10.272 0 0.150 0
534 | 214 | 325201<100 |0.301 0 0.142 0
473 | 238 | 37860 [<100 |0.316 0 0.149 0
412 266 | 51690 <100 |[0.479 0 0.182 0
391 293 | 54170 | 13260 | 0.502 |0.072 |0.173 [0.025
290 | 311 [40660 | 13620 [ 0.378 |0.073 [0.123 |0.024
229 335| 657 [48900 [{0.006 }0.268 {0.002 |0.081
168 | 35 159 | 57500 0 0.319 0 0.091
107 | 376). 191 /| 85800 0 0.304 0 0.082

46 | 393[<100 | 46470 O 0.252 0 0.065
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Figure A5.7 Concentration Profile Results Run700-265-262-A

Samples 200s after sequencing

Distance [Sample Peak Area Column Standardised
from Point Concentration Concentration
Carrier |Pressure
Gas Inlet AP|IG.P| AP|GP | A.P|GP
cm KN 10° g cm 10° g cm
717 | 225|<100 | 1097 | 0 [0.006 | 0 |0.003
656 | 153| 19840| 2850185 | 0 |0.122 | ©
595 | 187 | 33420 <100 |0.311 | 0 |0.168 | ©
534 | 214 | 38140 |<100 |0354 | 0 |0.167 | ©
473 | 238 | 52770|<100 |0.490 | 0 |0.208 | ©
412 | 266 | 53930 |<100 [0.500 | 0 |0.190| 0
351 | 293 | 54030 | 12840 |0.502 | 0.070 |0.173 |0:024
290 | 317 | 52430 | 20820 0.493 [0.116 | 0.157 |0.037
229 | 338 | 15420 | 25800 | 0.144 [0.141 | 0.043 |0.042
168 | 362| 1053|56150|0.011 |0.304 |0.003 |0.085
107 [379 | <100 |64700| O (0352 | 0 [0.094
46 |400|<100 |43920| 0 |0.242| 0 |0.061
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Figure A58 Concentration Profile Results Run 800-265-262-A

Samples 200s after sequence

Distance|Sample| Peak Area Column Standardised
from |Point Concentration Concentration

Carrier [Pressu

Gas Inlet AP G P A.P | G.P AP | GP
cm |kNm 10% g cm 3 10_39 cm
717 | 214 |<100 |<100 0 0 0 0
656 | 156 | 31570 |<100 0.293 0 0.190 0
595 | 187 | 39200 <100 0.364| O 0.197 0
534 | 221 | 50660 |<100 0.468 0 0.214 0
473 | 245 | 54570|<100 | 0.499 0 0.206 | O
412 273 | 59980/<100 | 0.566 0 0.206 | O
351 297 | 54800 [ 10030 {0.508 |0.052 |0.173 [ 0.018
290 | 321 | 54960 | 25430 [0.508 | 0.139 |0.160 |0.044
229 338 | 19460 | 39650 | 0.180 |0.217 |0.054|0.065
168 | 359 213 [ 52310 | 0.001 | 0.284 0 0.080
107 | 379 |< 100 | 66830 0 0.363 0 0.097
46 | 400 | <100 (49760 0 0.269 0 0.068




= 332 =

Figure A59 Concentration Profile Results Run1000-265-262-A

Samples 200s after sequence

‘Dis'tance Sample Peak Area Column Standardised
from Point Concentration Concentration
Carrier |Pressure

aax e A.P|GP | AP |GP | AP | GP
cm [kN M2 10° g cm3 10° g e
717 |214 | 100 | 248 | © 0 0 0
656 | 156 |37120 | 100 |0344 | O 0223 | O
595 | 190 {52400 | 100 [0.485 | O |0.258 | O
534 | 218 [52020| 100 |0.483 | 0 |0.224 | O
473 | 245 | 63470| 100 |0.579 | O |0.239 | O

412 | 276 | 64410| 100 (0.598 0 02191 0

351 | 297 |67290|19960 |0.626 | 0.108 | 0.213 | 0.037
290 | 314 | 66380 | 26640 {0.615 [0.146 |0.198 |0.047
229 | 338 | 66540( 31410 {0.619 |0.170 |0.185 [0.051
168 | 362 | 62060 | 41800 | 0.577 {0.161 [0.229 |0.064
107 | 379 | 26110 | 48700 | 0.243 |0.065 |0.262 [0.070

46 | 403 290( 73430 | 0.001|0.267 0 0.067
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Figure A510 Temperature Profile Results Run 400-265-262-BI

Bed | TC1 TCL TC5 1C6
Isol- |EMF | Temp EMF | Temp|EMF |Temp |EMF [Temp
atedmV [°C [mV [%C mV [°C [mV |°C

9 18550.41507|-9.8/789 |-1.7|658(-5.5
10 |854/0.1 |893]4.2 |801|-1.4|703|-4.2
11 [841]-0.3/918| 20 |814|-10[860-0.3
12 {787(-1.8|849 0.0 |810 |-1.1|834}-05
1 |731|-34| 55784 737|-32| 646-5.8
2 |778|-2.1]677|-4.7| 733|-0.5 679-4.9
3 |7971-1.5|816|-1.0| 756/-2.7| 77422
4 |804-1.3|848-0.1| 777|-2.1(801]-14
S 1807/-1.21822-08| 788-1.8|803|-1.3
6

7

8

813|-1.1/830{-06] A7-15|810|-1.1
8241-0.7| 765|-2.4| 807/-1.2 862 0.3

812-11 | 336139 784-19[638]-61

Figure A5.11 Run 400-265-262-C1

Bed IC1 TC2 T1C3 TC4 1CH TC6
Isol-| emf| Temp emf [Temp| emf |Temp| emf [femp | emf | Temp| emf |[Temp
ated| mV |°C |mV [°C | mV[°C|mV [°C |mV [°C [mV [°C

842| 21|814{13 77201 |805|10 |702}.9 |779|0.3
807|1.1|811/1.2]782|03 |826| 1.6 |818| 14 [818(1.4
816/1.3 [807] 1.1 {789{0.5|808| 1.1 |823] 1.5|821] 1.5
822 1.5]814{1.3]793/0.6 816/ 1.3 |819] 1.4(816] 1.4
851] 23| 1331-182(800(0.9 | 740|-09 | 920 43|916| 4.2

B14] 1.3 | 174[-170) 784/ 0.4 | 304|-133| 544|-6.5| 474-85
876| 30 [85¢ 25| 797| 08 | 460[-8.9 | 506|-7.5| 47086

10 1893| 35|880[ 3.1| 814] 1.3 | 837 19 | 511|-7.4| 47684
11 [830] 1.7|862] 26( 813} 1.2| 87 30|869| 28|822| 1.5
12 {756[0.4|797(0.8 | 796/0.7 |833| 1.8 | 873 2.9(873] 29
1 _{576[-84| 442-94|6982.1 [530{-69|570\-5.7(567-58
2 |1811] 12| %701 | 734{-1.0 [ 701|-20 [ 544-6 5[ 51673 |

Clglo|lo | |w
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Figure A5.12 Temperature Profile Results Run 400-265-262-C3

Bed TC1 TC2 TC3 TC4 TCS TC6
Isol-| emf |Templ emf |Temp|emf | Temp| emf [Temp| emf | Temp| emf| Temp
atedl mV i 2C I mmV | 2C | mV¥ L2C {mV ]°C | mV |°C {mV |°C

867)28 [ 868 2.8859|2.5|862 2.6|770/0.0]| 710-10
839]20883/32|878|31|885 33(796/0.7 {829 1.7
800|11(833/1.8|883 35|876] 3.0{809| 1.1 {838 2.0
671(-28(720|-0.6|810{ 1.1 | 801 0.9 {797| 0.8|804| 1.0
77310.1 |623-4.2|484|8.2 | 442/-9.4|704}-1.9 |627]-4.1
796/0.7|801109|736/1.0 | 773 0.1|718|-1.5| 72§-1.3
78910.5(819]1.4799|0.8 {806] 1.0 | 746]-0.7| 763/0.2
79310.71788/{0.5(810| 1.1 |8041.0 | 76302 | 779|0.3
801]0.91799|08 {797/ 0.8]801{0.9[774|0.1 [ 782 0.3
804{1.01806( 1.0 | 807 1.1 |809] 1.1 |780] 0.3 | 788 0.5
823[1.51831] 1.7 | 536-6.7 | 116187 782| 0.3] 734-.0
788|0.5]794| 0.7 | 610{-46 | 259|-14§ 753-0.5| 590-5.1

w

o

—_—
—_—3

—
N

IVl |WIiN—

Figure A5.13 Run 400-265-262-D1

Bed Te1- TC2 TC3 TCA4 TCS TC6

Isol-) emf [Temp| emf|Temp| emf|Temp| emflTemp| em{|Temp| emf |Temp
ated| mV | °C | mV |°C | mV | °C|mV SC I mY 1 2C ¥ mV |26

3 [847/09(837/06 |839|0.7 | 854 1.1 |858 1.2 |900}2 4
855| 1.1 [8400.7 |843]| 0.8 |B54] 1.1 |854| 1.1 |848|0.9

862/ 13 |B45 09848 0.9 |866] 1.5|864] 1.4|861| 1.3
884 20(851]| 1.0 {854| 1.1 [871/1.6|869| 1.5(869] 1.5

5
6
7 _|860]1.3{85¢ 1.2|863| 1.4 190§ 26 (902 2.5{904| 25
8
9

901]25(856] 1.2 [859] 1.3 864 1.4]1862 1.3 |872]| 1.6
863 1.4[861] 1.3 875 1.71957] 4.1 |951] 3.9/940; 3.6
10 |8340.5(850] 1.0 1865 1.4 {850 2.1 |897{ 24 949|3.8
11 1796/-0.51833] 0.5 (848 0.9 (830 0.4 |1840] 0.7 {867| 1.5
12 (838] 0.7/800[-0.4| 789-0.7|563-7.2 | 622-55| 752}-18
1 1847 09(812|-0.1| 8011-0-4| 852 1.1 |838] 07|624-55
2 |83405|823]| 0.2/822]0.2(882 19 871] 1.6/869 1.5
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Figure A5.14 Temperature Profile Results Run 400-265-262-D3

Bed TCI1 TC2 TC3 TC4 TC5 TC6
Isol-| emf |Temp| emf|Temp| emf |Templ emf |Temp|emf | Temp | amf|Bmp
ated | mV | °C | mV |°C |mV | °C|mV |°C |[mV]|° |mVv |°C

847109 {837]0.6839[0.7 |855| 1.1 [852] 1.2 [900| 24
848 09|838|0.6|851{1.0 |843| 0.8 | 8420.8 |833|05

3

4

5 [|856]1.2 {846/0.9862| 1.3 [854] 1.1 [ 852 1.1 1839/0.7
6 [881]19(848/1.5(/871|1.6(862 1.3 |860(1.3 |838(0.7
7

8

9

850| 1.0 {842|0.8|871{1.6|860| 1.3 {859| 1.3 {850| 1.0
89|24 (892 22|895| 23 |889( 21 [883] 1.9 |857] 1.2
848/ 1.0 [844| 08 [904| 25 | 836| 2.3 | 894 2.3 |876|1.7
10 |1819/0.1{818 0.1 |857| 1.2{846{ 0.9 862 1.3 |871/1.6
11 [792]-0.7| 784{-09|792-0.7| B0}-0.7 |818| 0.1 |852] 1.1
12 |860] 1.3|838]0.7|511{-8.7| 518-8.§ 602|-6.1{ 796{-0.5
1 |867] 15]851|1.0|864] 1.4] 849 1.0 |833) 0.5/786}-08
2 |848 09|838/06]|851|10|843 08 (842 08|833{ 0.5

Figure A5.15 Run 600-265-262-B1

Bed TC1 1C2 TC3 TC4 TCS TC6
Isol-| emf|®rmp|emf|Templem{ | Temp| emf|Temp| emnf |Temp| emf|Temp
ated| mv |°C | mV |°C [ mV | °C |mV |°C |mV |°C |[mV |°C

12 1836 0.3]816-0.2| 272-158352|-135490}-9.5| 784{-1.1
858] 10 |847| 0.7|844| 0.6{837 0.4|816-0.2/752-2 1
P21-:091797|-081909|2.4|89¢ 2.11861] 1.1]796/-0.8

811-0.4/807;-:0.5/808-0.5 [812-0.3|821/-0.1|811|-0.4
828/ 0.1({823] 00]829( 0.1 |821]-0.1{821{-0.1{813}-0.3

837] 0.41833|0.3|842| 0.5/841]| 0.5[839] 0.4{821-0.1
873|1.4(8701.3/863] 1.1 | 862] 1.1 |1857/0.9]829] 0.1
840/ 0.5/836{0.3863[1.1 |870] 1.3 |863| 1.1 {848|0.7
813[-0.3|81010.4]799}-0.7 | 797}-08809-0.4 |826] 0.1
831/0.2|843|0.5|891{ 1.9893 2.0|887]1.8 [ 8340.3

7911:0.91797-081841]/ 05]856] 0.9{862] 1.1 |843(0.7
7711-1.5|774]-1.4179910.7]813(0.3 | 830{ 0.2 [8410.5

— |t
— 1O




- 336 -

Figure A5.16 Temperature Profile Results Run 600-265-262-B3

BED TC1 1C2 TC3 TC4 TC5S IC6
Isol-{ emf |Temp emf [Temp| emf|Temp| emf | Temp|emf |Temp| emflTemp
ated|mV | °C [mV | °C |mV [ °C [mV | ° |mV]| 2 |mv |°C

8161-0.2|810}0.4 | 811]-0-4/823 0.0 823/ 0.0{817-0.2
828/0.1(818;02 {819|-01|842| 05(840|0.5 836/ 0.3
861|1.1 [829]0.1]829| 0.1/854]0.9 (852 0.8(851/0.8
832/0.2(836{0.3|843]{ 0.5[904 2.3{902 22[902 2.2
812 -0.31824/0.0|8221-0.1 | 792|-0.9] 791{-0.9/83010.2
8490.7(832 02{86| 03|878| 1.5/876| 1.4] 834 0.3
810}-0.4{826] 0.1 [840]{0.5|920| 2.8917| 26922 2.8
7921-0.9|814/-0.3|827/ 01 |857| 0.9 {854 0.9/903 2.3
12 |786|1.1 |761|-18|736-25 | 620-58|614|-60]809-0.4!"
1 [8131-03]778-1.3]| 760-18 | 821|-0.1 |821}6.1 | 615-6.0
2 |791[-09]792[-0.9/7971-08 |873| 1.4[872{ 1.4 |854 0.9
3 1793-09]|7931-09] 799:0.7|820-0.1 |819-0.2/ 876 1.5

TIa|lo|le|gla|lo|s

Figure A5.17 Run 600-265-262-B5

Bed TC1 TC2 TC3 TC4 1C5 1C6
Isol-)emf |Temp| em f[Temp emf [Temp| emf| Temp| em f| Temp emeemp
atedmV | C|mV ]| ImV]°C|mV] € ]|mV]®° [mV]°C

12 |684{-39(817-0.1 889 1.9 |880] 1.7 {850 1.0 | 852,09
788|-09 [549|-78|400}-120|360}-13 2| 602-6.2 | 624/-5.6
837| 0.5/851] 09| 779]-1.2|799-0 6| 747|-2.1 | 747|2 1
8161-0.1(874] 15|849] 08850 0.8|794{-08|789}0.9
8141-0.2|18101-0.3|848|0.8 [839¢0.5]818[-0.1 | 813]-0.2
827]0.21829] 0.2|1826|0.1 |828/0.2|814-02| 812/-0.3
833|103 |841/06]841/0.6{8420.6|826 0.1 |823/0.1
875/1.5 [894] 2.1 | 364|-131| 351{-13579210.8 | 788/-0.9
791109823/ 0.1 | 620{-58| 159|-189 588|-6.7 | 6 10[-6.0
859] 1.11826]0.1 | 829|0.3 (820]0.0 |576]-7.0] 594{-6.5
868] 1.91912 |2.6|882| 1.3 [887| 19 | 76G-1.6 | 774{-1.3
846] 0.7 [B94] 2.11914(2.7 [913| 26 |856|1.0 {850/ 0.8

p— Y

ol g0 |lw]ir

P RN
— 1O
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Figure A.5.18 Temperature Profile Results Run600-265-262-C!

Bed TC| TC2 TC3 TC4 ICS TC6
Isol-{emf|Temp] emf|Temp| emf lemp|emf |Temp|em{ [Temp | emf[Tem
ated| mV | °C | mV |°C | mV]|°C | mV] °C |mV]| °C |mV|©°C

807| 15| 796| 1.2 | 761|0.2| 578-5.0]481|-7.7 k59-8.4 ,
744|-03|78110.7 | 760 0.2|830] 22 [499-7314927.5
516/-6814221-9 5(6293.6 [468]-8.1 [538-6.1/542-6.0
752/ 00{722|-0.9|6861-1.9 |626|-3.6| 444-88]407+-9.9
774) 0.6751-0.1| 720,-1.0| 764 0.3|727}-0.7|731}0.6
74610.2|7441-0 3| 731+0.6|793| 1.1|778 0.7]790) 1.1
753 0.0 | 7411-0.3| 733}0.6| 756| 0.1 | 774 0.6|781/08
766|04 |753[00| 74203 773[0.6 | 77005 [ 773 0.6
802 14(506-7.1 {751 0.1]71911.0(901| 4.2 | 904 4.3
7640 3[713[-1.1 | 735}0.5|306|-128578|-5.0|524-6 5
7221-0.9|710}-1.2| 713]-1.1 | 226-151{ 261|-14.1{ 197159
70| 1.1 [766] 0.4] 731+06| 386|-105436-9.1/398/-101

—_—
—

8(9m-amm£~wm_.§

Figure A5.19 Run 600-265-262-C3

Bed TC1 TC4 TC5 T1C6

Isol-|emf|Temp| emf |Temp | emf |Temy emf
ated mV | °C [mV | °C | mV | °C | mV | °C

4 |763|-1.1(829/0.8|736/-19|768-1.0
5 |7781-0.7| 791-03| 75813 | 7760.7
6 |789-04| 811 0.3| 774-0.8] 79110.3
7 18111 04| 783-05| 791|-0.3{ 864 1.8
8
9

802 0.0[347]-130 782[-0.6| 666-3.9
780-0.6(235-162 724-2.3|520-81
10 |801|00|386|-119| 724|-22 |573]-6.5
11 (816 0.4]769-09]7521.4 [6344 8
12 1798-0.1|880, 2.2 | 773108 783-0.5
1 1693-3.1 [546|-73 69730 |604]-57

2 |761-1.2]| 620-52| 702|-2.9| 62§-50
3 |787-0.4] 821| 0.6] 736|-1.9] 764/-1.1




Figure A5.20 Temperature Profile Results Run 800-265-262-B1
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TC1

I1C2

TC3

TC4

TC5

1C6

emf |Temp

emf | Temp

emf [Temp

em f |Temp

emf | Temp

emf|Tem

L e

mV | °C

mV | °C

my | °C

mV | °C

°C

830-0.2

832102

830/-0.2

836101

819

809-0.8

882]1.3

1.3

872|110

870 0.9

852| 0.4

81806

859, 0.6

859 0.6

894 16

893/ 1.6

8690.9

836[-0.1

852/ 0.4

851{04

857/0.5

853|0.4

0.1

844 0.2

791]-1.3

793-1.3

808109

808t0.9

8111-0.8

823104

77418

782|-1.6

776418

773)-1.8

79313

796}-1.2

77418

790[-14

83401

837| 0.0

836}-0.1

8060.9

810108

780(-1.7

310|-15.1

340]-14.2

470105

77019

836-0.1

830[-02

823-0.4

820-0.5

787|-15

122r35

773119

786-1.5

900 1.7

891(+1.3

839/0.0

772]-1.9

780-1.7

783|-16

78316

782|-16

7911413

787|-1.5

804{-10

804{-10

806[-0.9

80§-0.9

806/-0.9

NOH.4

Run 800-265-262-C1

Fiqure A.5.21

Bed
Isol-

TC1

TC 2

TC3

TC4

TCS5

TCH

emf [Temp

emf |Temp

emf |Temp

emf |Temp

emf |Temp

emf|Bmp

My | °C

mV | °C

mV 'C

mV | °C

my | °C

my 1 °¢c

756 0.8

730103

7271-0.4

760 0.6

753| 0.4

7590.5

759 0.6

742{0.1

750 0.3

824|24

817| 2.2

82023

776] 1.1

75304

76206

B14| 21

809 2.0

84229

758/ 0.5

752(0.3

7630.7

804| 1.8

798| 1.7

810 20

722-0.5

742/0.1

7520.3

760| 0.6

759 0.8

7800 1.1

677-18

71308

7122|-05

673-1.9

678/-1.8

6984.2

650-1.4

670120

650-26

=b.7

570/-4.9

£30-31

730103

6901-14

67220

79003

73003

530-60

707 r0:9

711108

71208

809(2.0

792|115

791115

700{-11

707|-0.9

7121-08

725 H0.4

729|-0.3

816|22

720

713108

718[0.6

71710.7

717|-0.7

08}-09

7361-01

72405

730-03

746| 0.2

764 0.1

740100




Figure A5.22 Temperature Profile Results Run 800-265-262-D1
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Bed

TC1

TC2

TC3

TC4

TC5

TC6

Isod-

emf |Temp

emf|Temp

emf | Temp

emf| Temp

emf| Temp

emf

ated

mV 0.6

mV | °C

myYrRe

mV | °C

mY A6

mV

804 0.1

82708

862/1.8

856 1.6

734{-19

330

10

761 |-1.1

773|-08

804/ 0.1

793]-0.2

720|-2.3

270

11

710(-26

68|29

738-1.8

729(-20

703|-28

248

12

650|-4.2

714|-2.5

731]-20

726-21

G96/-3.0

376

691-31

318{-138

43006

388[118

603/-56

440

o313

783]-0.5

672-3.4

71425

636-47

616

74615

802 0.1

78205

784-0.5

=32

753

733-18

737\-1.8

790-03

778|-0.6

714(-2.5

782

754-1.3

7413

757|-12

756]-13

728

754

7681-0.9

7771-0.7

779706

77910.6

7411-17

769

821106

84G+.3

467-9.5

387 [-11.8

752|-14

690

816|005

862/ 1.8

643-45

272131

736|-1.8

364125

JJeNo o|dlwin|—

Figure A5 23 Run 800-265-262-E1

Bed

TC1

TC2

TC3

TCA4

TCS5

TC6

Isol-

emf |Tem

emf |Temp

emf|Temp

einf |Temp

emf|Temp

emf | Temp

ated

mvil 2C

mV C

mV

mV

mV

mV

810|-1.1

803|-1.3

772-22

446115

4460-117

420122

811]-1.1

826[-0.7

91=1.7

573|-79

527-9.2

490-103

707]-41

454|113

656|-5.5

46111

711261

493101

8101|-1.1

7841-19

3333

762|-25

994-73

498-10.1

830/-06

809-12

766|-2.4

821-08

-14

803}-1.3

788|-1.8

800|-14

77721

845 01

836-0.4

848-0.1

806{-1.2

804(-13

=17

816[-10

840-0.3

859/ 0.3

8241-0.7

8231-0.7

804 [-13

0.6

840}-0.3

8490.0

870| 0.9

09972

817109

771123

987] 39

38

874] 0.7

8331-05

816 |-1.0

47211108

65¢-5.5

710140

826[-0.7

840103

808-1.2

390-131

507|-98

529

Sw{m\lmmbwm-—*ﬁ;‘!

784]-2.2

790-1.7

783|-1.9

326}-150

355}-14.1

3771385
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Figure A.5.24 Temperature Profile Results Run 800-265-262-E2

Bed TCI TC4 TED TC6
Isol-|emf | Templem f | Temp| emf | Temp| em f {Temp
atedfmV ]| °C [mV | °C| mV | °C|mV|e°C

806113 1333148 738-32| 552-85
-14 |743|-31|760|-26 | 640-6.0
720|-37 | 516/9.5 | 682-4.8| 579|-7.7
787\-18 |757-27 | 10442 | 658-5.5
814[-1.0|859 02747 |-29]| 794-1.9
812 |-1.1 |898-1.4 | 779|-20{831] 05
81910.9/849 00(800|-1.4|837-0.4
827-0.7/860| 0.3 | ®13|-1.1| 842-0.2
866} 0.5{84010.3 | 840[-0.3|949| 2.8
860 0.3{508-98|834/-0.5] 796[-1.5
837-0.4|386]-133 799|-1.5| 661|-5 4
801]-1.4)285|-161| 753|-2 8| 548-86

—_—
—_

8

—

olo|le|wlalo] s~ lwln

—
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Figure A.6.1 Feed Distributor Analysis (AP/GP 400cm3 hr
Feed Bed

Arklone.P Genklene.P
Time Peak Std’ Time | Peak | Std’
Area Conc’ Area Conc’
S 10'3; cm3 S 103g cm?3
10 1162 0.003 50 1347 0.002
100 8762 0.020 150 4164 0.006
200 12690 0028 312 5801 0.008

262 13770 0028 474 6371 0,008
362 12960 0027 674 12130 0.015

4L62 - 9079 0019 836 10900 0.013
524 5955 0.012 998 7585 0.009
624 1197 0.002 | 1198 1134 0.001
Feed Cone
50 17470 0.038 50 17820 | 0026

150 22770 0.053 150 24740 | 0035
250 23330 | 0.056 250 23670 | 0034

J12 21140 0044 312 29010 | 0038
362 504 | 0001 362 12010 | 0016
462 206 0 462 1413 | 0002

524 <100 0 524 314 0
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Figure A6.2 Feed Distributor Analysis (A.P/G.P 600cm3hF1)

Feed Bed
Arklone. P Genklene, P
Time Peak Std’ Time | Peak Std’
Area Conc* Area Conc’ -

s 105 cmi3| s 105g cr?d
10 3329 0.007 50 2940 0.004
100 15730 0035 212 6535 0.009
200 18650 0.041 474 8651 0011
362 20000 0040 736 18000 0.021
462 17200 0.035 598 17830 0.020
624 9123 0.018 1198 12970 0.014
724 2503 0.004 1460 4688 0.005
786 222 0 1622 3780 0.006

Feed Cone

50 20380 0045 50 18470 0.026
150 25650 0066 150 30020 | 0.043
250 26630 Q071 250 32150 | 0.046
312 24620 0057 312 36120 | 0.048
412 3074 0008 412 36350 | 0.048
512 340 0 612 5822 | 0008
574 <100 0 574 855 | 0.001
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Figure A6.3 Feed Distributor Analysis (AP/GP SOOcn'?hﬂ)
Feed Bed

Arklone.P Genklene.P
Time Peak Std’ Time Peak | Std’
Area Conc’ Area Cong’
S 105 crrid S 107 cmd
10 5897 0.013 50 3290 0005
100 19560 0.044 212 6822 0.009
200 22300 0.053 412 9426 0.013
262 23470 0.052 574 10720 0.013
362 22740 0.050 836 19190 0022
462 20620 0.042 1098 22380 | 0025
524 19670 0.035 1360 16520 | 0018
624 17800 0.034 1460 1654 | 0.002
724 13290 | 0.026 1522 37130 | 0.063
786 7803 0.014 15672 29650 | 0.050
886 1834 0.003 1672 6437 | 0.011
Feed Cone
50 23260 0.055 50 21140 | 0.030
150 28330 0.081 150 35030 | 0.050
250 29500 0.089 250 38440 | 0.055
312 27910 0.072 312 40310 | 0.057
412 B784 0.052 412 43880 | 0.068
512 379 0.001 812 11610 | 0.015
574 100 0 574 1767 1 .0002
674 0 0 67 385 o)
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Figure A6.4 Feed Distributor Analysis (AP/GP 1000 cridhi)

Feed Bed

Arklone.P Cenklene.P
Time Peak Std’ Time | Reak | Std’
Area Conc’ Area | Conc'
S 10° g ¢ S 10°g cmd
10 5696 0.013 50 5015 | 0.007
100 22440 | 0.053 150 7755 100711
200 23950 | 0.059 312 8649 | 0.011
262 23260 | 0.051 574 11540 | 0.014
- 3672 22500 | 0049 936 22140 | 0.026
462 20770 0.043 1198 21530 | 0.024
624 18340 | 0.035 1360 16590 | 0.018
724 12650 0.024 1460 13880 | 0.015
786 7822 | 0.015 1522 35120 | 0.060
| 886 1250 0.002 1622 3322 | 0.006
986 258 0 1672 448 | 0.001
Feed Cone
50 25390 | 0.065 50 23220 0.033
150 30540 | 0.096 150 36940 | 0.053
250 31550 0.104 250 41460 | 0.062
312 30490 | 0.090 312 42760 | 0064
412 21880 | 0.047 412 45860 | 0.074
512 2754 | 0005 512 44190 | 0069
564 370 | 0001 564 15120 | 0.019
664 283 0 664 2413 | 0.003
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Cooling Rates Within the Columns

Temperature | Temperature } Temperature
Time | 3.8cm from 1.3cm from |26cm from
Column Wall | Column Wall | Column Wall
S MY ] 20 mvV o mV °C

0 300 | -128 500 | -7.1 414 1-9.3
10 328 |-121 507 |-69 429 |-8.9
50 368 |-109 637 1 61 468 |-78
100 462 | =82 561 =54 508. 1-6.7
150 004 (=170 581 |[-48 53] =59
200 538 |- 6.1 602 |-4.2 566 |-5.1
250 568 |-5.2 621 |-3.7 687 |-45
300 584 |~4.7 633" 1=33 605 |-4.0
350 603 |-4.2 648 | ~28 620 +i-3.6
400 619 |-3.7 661 |-2.5 634 |[-3.2
500 646 |-3.0 g8s |=1.9 663 |-2.4
600 666 |-2.4 703 |-1.3 681 |-1.9
700 684 |=1.9 720, 1=0.9 696 |[-1.5
800 698 |-1.5 132 3=0H ne: - 3=09
900 727 -1 745" 1 =0.1 732 |=0.5
1000 722 | ~08 783 |—0.1 739 4z0.3
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Figure A.7.2 Temperature Profile Results Run 600-265-262-E1
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Figure A.7.3 Run 600-265-262-E4
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Figure A74 Temperature Profile Results Run 600-265-262-E6

Bed TC1 TC2 763 TCL T1CS TE6
Isol-| emf[Temp|em f|Temp| emf |Temp| emf | Temp| emf|Temp| emf|mp

ated|my | oC [mV |°C |mV | °C [mv | eCc [mVv | ¢ |mVv |°C

748|0.2 [ 741100 (763(0.7 | 765|0.7 | 743]0.1 | 740/0.0
758|05 | 751]0.3] 758|0.5[762| 0.6 763 0.7 | 764 0.7
7631 0.7 | 764/0.7 | 7640.7 | 762{ 0.6]/760, 0.6 | 7640.7
728-0.3|836|2.7 | 93015.4/852 3.2| 786/ 1.3]| 779 1.0
696i-1.3 |648/-2.6 1907 4.8(917| 5.1 {890 4.3/913|4.9
722/-0.6|596[4.1 | 70910.9|860; 3.4 [859| 3.4 |878(3.9
760| 00 |690[-1.4{594(4.2| 760{ 0.6 [801{ 1.7]829] 2.5
74602 [690[-1.4|691|-14 | 67120 |728| 0.4] 776/ 1.0
11 | 744|102 |73110.3|74010.0]626-33 |678-1.9 | 705-1.0
12 |746]|02 732102 529160721105 701 [-1.1 |656|-2.4
1 | 746|102 [738]-0.1[741]00 | 51963 | 529-60 | 521|-6.3
2 742|101 17160.7{ 77110.9]742{0.1 {707}0.9 | 640{-2.9

olol@|lwu|lo v |w

Figure A.75 Run 600-265-262-F1

Bed TCH TC2 TC3 TC4 TCS TC6
Isol-| emf{|Temp|em{ |Temp| em{|Temp! emf{ | Temp|emf|Temp| emf|Temp
ated| mV A EmY e EmNol 2CTlEmY { 2C. fmV il 2°C |mM | °C

776 1.1 1761]0.6 | 759]0.5]748|0.2 [738-0.1|723|-0.5
782|113 | 764|07 | 764]0.7 761|106 {756| 05 | 745| 0.1
783| 13 |769{08 | 767|0.8 | 765|0.7 {763| 0.7 | 760{ 0.6
705{-1.01812 (2.1 |806] 1.9 | 780| 1.1 |780| 1.1 | 768|0.8
701| 1.1 |763]0.7 |833] 27 |B42| 29 |834| 2.7 |810(20
758| 05(73810.1 | 783] 1.2 |824| 2.4|830 26 812 | 2.1
770|108 742|0.1 |746] Q2 [ 786] 1.3|796] 1.6 | 793]| 1.5
773109 7520 4| 740( 00| 751} 0.3|771/0.9 | 780j 1.1
761(0.6|754|0.4 | 745/ 0.1 | 738{-01 | 741| 0.3 {754 0.4
7741101728103 [ 722106 |742|0.1 | 743{0.1 | 746]0.2
764]0.7 | 7331-0.2 | 688[-1.5 | 660[22 | 664{-22 | 681[-1.7
759/0.5]751/0.3 | 742] 0.1 [ 718]0.6 | 707-0.9]| 693-1.3

m—-l;o*‘ja“comﬂmmbw
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Figure A.7.6 Temperature Profile Results Run 600-265-262-F3

Bed TC2 TE3 TC4 TCS5
isol- | emf|Temp| emf |Temp| emf|Temp|em | Temp
ated | mV | °C | mV | °C | mV o A e

520[-63 [409-95 [ 411]-94 | 728]-0.3
734102 | 762| 06| 765| 0.7 | 734[-0.2
770{09 [812] 21 |816] 22 | 801] 1.7
758|051773]109]776] 1.0 1828 2.5
763/0.7 | 779|1.1 | 781| 1.2|788| 1.4
767,08 |783| 12 | 788| 1.4|785| 1.3
687]1.5 (891 4.3[963| 6.3 914| 50
682 1.7 |1810] 2.0{770{0.9 | 753 0.4
654 25553/ 53 | 542| 5.7 | 833| 2.7
696-1.3 |704|-10| 713;-08/677|-1.8

730r03(75304] 757 05 | 55815 2
73101 |76410.7 | 76708 [725M0 4

'
B

el S (ol [e SN R Fo 2N (S 1 NN (U [NCY
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Figure A.7.7 Concentration Profile Results Run 400-265-262-E

Samples at 200s
Distance |Sample Peak Area Standard ised
from Point Concentration
Carrier |Pressure
i o AP |G.P |A.P |G.P
cm kNt 193 g cms
717 | 242 |<100 | 375 | 0 |0.003
656 [197 | 6360 |<100 | 0091| 0O
595 | 224 | 8951 (<100 | 0:113 | O
534 | 249 {10040 |<100 [0.114| ©
473 | 273 (11013 [<100 |0.114 | 0 |
412 | 290 [ 13770 |<100 |0.134| ©
351 | 307 | 2238 | 7760 |0.021 | 0.050
290 |324| 218 | 10100 |0.002 |0.062
229 |341|<100 | 9037 | O |0.053
168 |359 |[<100 [10150 | O |0.056
107 |379 |[<100 | 841 | O |0.045
46 | 396|<100 | 8360 O |0.042
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Figure A78 Concentration Profile Results Run600-265-262-D

Samples at 200s

Distance |Sample Peak Area Standardised
from Point Concentration
Carrier |Pressure

Gas  Tnlet AR tGe Pap loe
cm  |kNmé 103 g.cmd
717 | 225 |<100 |<100 | 0 o
656 | 190 | 7195 |<100 |0151 | ©
595 | 214 | 11800 |<100 | 0156 | ©
534 | 238 | 18420 |<100 | 0218 | O
473|262 | 16160 [<100 (0174 | ©
412|287 | 23000 <100 |0.227 | ©
351 [304 | 4181 |12740 | 0039 | 0083
290 324 | 330 |12940 |0003 | 0079
229 [341 |<100 | 11320 | 0 | 0066
168 |359 |<100 | 10890 | O 0060
107 | 379 |<100 | 12510 | 0 |0066
46 |396 [<100 | 12690| 0 |0064
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Figure A.79 Concentration Profile Results Run 800-265-262-F

Samples at 200s

Distance |Sample|  Peak Area Standardised
from Point Concentration
Carrier Pressure
wwi i AP | G.P AP |G.P
cm | KNt 16° gcm'3
1% 2211 [=100 1<100° |50 0
66 | 190 | 13060 |[<100 |0.195 | 0
595 | 225 | 18870 |<100 |0.238 | ©
534 |252 | 20430 |[<100 |0.229 | ©
473 [273 | 24690 |[<100 | 0.286| ©
412 293 | 28800 | 100 | 0278 | ©
351 307 | W60 | 11640 | 0.073 | 0075
290 |324| 852 | 13260| 0007 | 0081
229 |341 |<100 | 13080 | 0 |0076
168 |359 |<100 | 11400| 0 |0063
107 |376 |<100 | 14020 | 0 | 007
46 396 [<100 | 13640 | 0 | 0068




Figure A.7.10 Concentration Profile Results Run 1000-265-262-B

Samples at 200s

Distance |Sample Peak Area Standardised
from Point Concentration
Carrier |Pressurg
Go it AP | GP AP |G.P
cm kN 10° g cme
717 | 211 |<100 |<100 0 0
656 |[190 | 17460 |<100 | 0.242| O
595 [221 | 21990 |<100 | 0.273| O
534 | 256 | 26160 |<100 | 0.289 | O
473 | 280 | 30120 (<100 [0.316 | O
412 | 297 | 33660 |<100 |0.338 | O
351 | 310 | 11810 | 14360 | 0.096 | 0090
290 |[324 | 2066| 14680 | 0015 | 0087
229 |345| 502 | 17390 | 0004 |0.098
168 [362| 642 | 15000 [ 0.004 |0.081
107 [376| 277 | 15080 {0.002 |0.078
46 |396 |<100 | 16270 O |0.080
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Figure A.7.11 Concentration Profile Results Run 1200-265-262-A

Samples at 200s

Distance |Sample Peak Area Standardised

from Point Concentration

Carrier [|Pressure

Gas Inlet AP | GP | AP | GP
cm kN 1(53g cm®

717 | 214 [<100 | 228 0 (0002
656 200 | 23140 <100 | 0319 | ©

595 |232| 26680|<100 [0.328 | O

534 | 249 | 27710 [<100 | 0.321 | 0

473 | 276 | 33960 |<100 | 0372 | O

412|293 | 38770 [<100 [0.416 | O

351 |310 | 19900 | 18430 |0.171 | 0116
290 [328 | 3565 | 20070 |0.027 | 0119
229 |345 | 961 | 17560 |0.007 | Q099
168 |362 | 707 | 18500 |0.005 |0.099
107 |383| 398 | 21210 |0.003 |0.108
46 396 | 146.| 22200 |0001 (0109
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Figure A.7.12 Concentration Profile Results Run 1300-265-262-A

Samples at 200s

Distance |Sample| Peak Area Standardised
from Point Concentration
%qursrifr: let PR

AP Lep | AP TGP
e kNt 10° g cm3
717 197 |<100 |<100 Sl iR v
656 | 201 | 20440 [<100 |0274 | ©
595 | 225 | 23220 [<100 | 0302 | 0O
534 | 245 | 27480 |<100 |0.321 | 0
473 | 272 {33320 |<100 | 0367 | O
412 290 | 35960 | 1321 | 0.382 | 0.009
351 |307 | 18620 | 17680 | 0.161 |0.112
290 | 324 | 4531 | 16630 | 0034 |0.100
229 |348 | 826 | 16800 | 0006 [0.094
168 (362 | 668 | 18700 | 0005 [0.101
107 |283 | 379 | 19780 | 0,003 |0.101
46 396 |<100 | 20830 0 [0.102




Figure A.7.13 Concentration Profile Results Run1400-265-262-A

Samples at 200s

Distance |Sample Peak Area Standardised

from Point Concentration

Carrier |Pressure

Gas Inlet AP | GP AP | GP
cm  |kNrf 103 g cmd3

77 21 [<100 ] 1180 | 0 . | oon
656 | 204 | 24600 | <100 (0338 | 0

595 |235 | 27980 [ <100 [0.343 | ©

534 | 259 | 31030 [< 100 [0.355] ©

473 | 276 | 36060 | < 100 |0.403 | ©

412 | 297 38220 | - 474 | 0.401 | 0003
351 | 317 | 26760 | 20710 |0.240 | 0.127
290 | 331 | 13190 | 18200 |0.102 | 0.107
229 | 348 | 1893 | 17220 | 0.013 | 0096
168 | 365 | 1024 | 19240 |0.007 0103
107 | 383 | 766 | 22360 | 0005 |0114
46 | 400 |<100 [ 23100 | 0 [0.113
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Figure A7.14 Concentration Profile Results Run 1500 -265-262-A
Samples at 200s

Distance |Sample Peak Area Standardised

from Point Concentration

Carrier |Pressure

M AP |G.P AP | GP
cm  [kNm2 10° g e

717 | 211 <100 | 3128 | 0 | 0029
656 | 201 | 25510 | 7432 | 0357 |Q072
595 | 228 |28710 | 5242 | 0.364 |0045
534 | 256 33330 | 4110 | 0.392 | 0031
473 276G | 38600 | 2274 | 0.440 | 0016
412|293 42210 | 1389 | 0.466 | 0009
351 | 310 | 32080 18070 | 0.309 | 0.113
290 | 324 | 24590| 15380 | 0.210 | 0,092
229 |345 | 15930 13210 | 0.121 |0.075
168 | 362 | 11040 | 11490 | 0.076 | 0.062
107 |379 | 6253| 16030 | 0.041 |Q082
46 396 | 153618700 [0.009 |0.092
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Figure A.7.15 Concentration Profile Results Run 100-120-150-A

Samples at 75s
Distance Sample Peak Area Standardised
fro!'n Point Concentration
cas met| [ AP | DCM | AP | DCM
cm | kNmé 103 gcm3
290 | 309 [31000 | 20940 |0.070 | 0045
229 | 329 |26540 | 11220 | 0.057 | 0023
168 350 |17740 | 5001 {0036 |0.009
107 | 361 |18610 | 4136 |0.036 |0.007
46 378 | 18620 | 3972 |0034 [0.007
717 214 2670 | 350 |[0.009 |0.001
656 177 2521 | 5497 | 0010 |0.021
595 200 6046 | 9597 | 0022 | 0032
534 221 9900 | 14330 (0032 |0.044
473 246 112330 | 14150 | 0.036 |0.039
4512 267 25190 | 28800 | 0.067 |0.073
351 290 33830| 33770 | 0.083 | 0.079
Figure A.7.16 Run 100-115-150-A
717 214 | 9112 3409 | 0030 | 0011
656 177 829 | 4832 | 0003 | 0017
595 200 | 1608 | 8720 | 0006 | 0029
534 221 11690 | 13810 {0005 | 0040
473 246 | 3067 | 20790 | 0009 (0057
412 267 | 4736 | 26600 |0013 (0067
351 290 | 23410 | 42160 | 0.058 | 0.098
290 309 | 36620| 45070 | 0.083 | 0096
229 329 |36850 | 34640 |0.079 | 0070
168 350 | 39220 127580 [ 0075 | 0.050
107 361 | 38540( 31550 |0.078 | 0.060
46 378 | 32010 ) 19640 [0.061 | 0035
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Figure A.7.17 Concentration Profile Results Run 100-110-150-A

Samples at 75s

Distance |Sample Peak Area Standardised
frorn Pornt Concentration
as et | " [ AP |DCM |AP |DCM
cm | kNm 10° gem™
717 216 | 1529 | 366 | 0005 | 0.002
656 179 | 1189 | 5764 |[0004 | 0002
595 201 1905 [ 13020 | 0007 | 0042
534 221 2933 | 17570 10009 | 0051
473 264 | 6167 | 29220 | 0.018 | 0078
412 265 110670 | 36710 (0028 | 0093
351 288 36100 | 42910 | 0088 | 0107
290 306 [43030 | 45180 {0099 | 0.106
229 | 325 | 31030 | 29290 | 0085 | 0060
168 348 | 38360| 26970 | 0078 | 0052
107 361 36860| 20150 | 0072 [ 0037
46 378 | 34930 | 21320 | 0065 | 0.037
Figure A.7.18 "Run 100-120-150-B
77 214 3361 414 | 0011 | 0002
656 168 910 | 326 | 0004 | 0001
595 200 | 6632 | 10330 (0023 | 0035
534 222 112590 | 15420 | 0039 | 0045
473 244 | 17320 | 18279 | 0.050 | 0.050
412 266 | 20840 | 20160 | 0056 | 0.051
351 287 | 25760| 23630 | 0063 | 0055
290 305 | 32400 | 18280 | 0074 | 0039
229 327 31650 | 15230 | 0069 | 0.031
168 349 | 3200| 7842 |0067 | 0015
107 363 | 19900 | 3286 |0.039 | 0.006
46 378 15000 | 2520 [ 0028 | 0.004
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Figure A.7.19 Concentration Profile Results Run 100-135-150-A

Samples at 100s

Distance | Sample Peak Area Standardised
from Point Concentration

Carrier |Pressure

Gas Inlet AP |DCM | AP |DCM
cm | kNmié 1073 gemd
717 204 (<100 {<100 0 0
656 164 | 1844 | 2740 | 0014 | 0020
595 197 3788 | 4183 | 0025 | 0.027
534 220 | 5894 | 5085 |[0034 | 0.029
473 242 | 8660 | 6939 | 0045 | 0.035
412 264 118750 [ 10830 | 0.08S | 0.043
351 286 (14770 | 2312 | 0065 | 0010
290 304 8795 | <100 | 0036 0
29 327 6654 | <100 | 0026 0
168 348 5721 |<100 |0021 0
107 365 [ 5809 |<100 |0020( O
46 378 | 4569 |< 100 | 0.015 0

Figure A.7.20 Run 100-125-150-A

717 204 |<100 | <100 0 0
656 168 1134 | 2882 | 0008 | 0.020
595 | 197 | 1983 | 4898 | 0013 | 0030
534 222 | 2822 | 5890 | 0016 | 0.032
473 244 | 5987 | 9814 | 0031 | 0049
412 266 |18000 |16815 | 0086 | 0.077
351 286 [16550 | 4751 | 0073 | 0020
290 305 |[11550 | 405 | Q047 | 0002
229 327 9052 |<100 |0.035| O
168 348 | 8711 [<100 (0032 | O
107 365 7172 |< 100 |0025( O
46 378 | 5900|<100 {0020 | O
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Figure A7.21 Concentration Profile Results Run 100-115-150-A4

Distance

Sample

Peak Area

Standardised

y fr:_:m Point Concentration
o ] ol ar Jocw T ar Tocw
cm | kNm?Z 103 gcm3
717 204 |<100 | <100 0 0
656 179 |<100 | 3644 0 0.025
595 204 | <100 | 5399 0 0.032
534 222 256 | 8497 | 0001 | 0.044
473 244 861 |13820 | 0004 | 0.065
412 265 | 6167 [ 22650 | 0028 |{0.100
| 351 288 (18570 | 21820 | 0.082 |0.093
290 306 (13870 | 8486 | 0057 | 0034
229 | 325 |11410 | 5271 |0043]0020
168 348 9683 | 3923 |0035 | 0014
107 361 8886 | 3036 [0.031 |0.010
46 378 9400 | 1086 |0032 |0.003

Figure A.7.22 Run 100-115-150-A5
717 204 |<100 | <100 0 0
656 179 |<100 | 3246 0 | 0022
595 204 |<100 | 4949 0 0.030
534 222 217 | 7998 |0.002 | 0.041
473 244 825 (13360 | 0004 | 0063
412 265 | 7787 23920 | 0036 | 0.106
351 288 18060 {21050 |0.080 | 0.090
290 | 306 [13710 | 8216 |0.056 | 0.033
229 325 11240 | 4870 |0044 | 0.018
168 348 9447 | 3563 |0035 | 0013
107 361 8762 | 2909 (0031 | 0010
46 378 8420 | 2219 | 0.028 | 0007
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Figure A.7.23 Concentration Profile Results Run 100-115-150-A6

Distance | Sample Peak Area - Standardised
frgm Point Concentration
sastmet || AP | DcM | AP | DCM
cm | kN il 103 gcm3
717 204 <100 <100 0 0
656 | 179 (<100 | 3387 0 10.023
595 204 <100 | 5336 0 0.032
534 222 263 | 8821 | 0001 | 0045
473 244 800 | 12770 | 0.004 | 0060
412 265 | 5594 | 21600 | 0.026 | 0.096
351 288 17950 | 20500 |0.079 | 0087
2950 306 113410 | 8142 [ 0055 | 0032
229 325 11010 | 4700 | 0043 | 0018
168 348 9344 | 3423 | 0034 | 0012
107 361 8331 | 2439 |0029 |0.008
46 378 7941 | 2311 | 0027 {0007

Figure A.7.24 'Run 100+-115-150 -A 11

717 204 |<100 |<100 0 0
656 | 179 |<100 | 3111 0 |0022
595 204 (<100 | 4788 0 0.029
534 222 270 | 7450 |0.001 |0.038
473 244 | 1047 13060 |0.005 {0.062
412 265 | 6303 [ 20920 {0029 |0.093
351 288 119120 | 21610 |0084 [0.092
290 306 [13360 | 7841 [ 0055 {0031
229 325 [ 11310 | 4508 |[0.044 [ 0.017
168 348 9318 | 3034 |0.034 | 0.011
107 361 8285 | 2295 [0.029 [ 0.008
46 378 76485| 1718 | 0025 [ 0006
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Fiqgure A7 25 Concentration Profile Results Run 100-115-150-_84

Distance | Sample Peak Area Standardised
from Point Concentration
cos et | [ AP |DCM | AP | DCM
cm | kNm? 103 gecm3
717 201 [<100 (<100 | O 0
656 173 |<100 | 3400 0 0.023
595 201 |< 100 | 4950 0 0030
534 224 205 | 7574 | 0001 | 0039
473 246 871 | 13160 | 0004 | 0062
412 266 5687 | 21100 | 0026 | 0094
351 285 17590 [19420 (0077 |0.083
290 305 12650 | 7321 [0052 | 0.029
229 327 | 10430 | 4487 |0040 |0.017
168 349 8932 | 3255 | 0033 | 0012
107 363 7975 | 2445 |0.028 | 0008
46 378 7524 | 1864 |0.025 | 0.006
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Nomenclature

Al

A"

Bl

Cl

(Ei

ii}l

term accounting for eddy diffusion in chromagraphic
theoretical plate height equation

constant in the theoretical costing equation
molar heat of wvaporisation
cylindrical surface area of a theoretical plate
3 a=1, K
factor in the costing equation defined by a = 2 (—) (=—=)

a+l" 14K

term accounting for longitudinal diffusion in chromatographic
theoretical plate height equation

constant in theoretical costing equation
constant in theoretical costing equation

term accounting for mobile phase resistance to mass transfer
in chromatographic theoretical plate height equation

term accounting for stationary phase resistance to mass
transfer in chromatographic theoretical plate height equation

solute concentration in mobile phase

mobile phase molecular diffusivity

effective diameter of particles, as defined by Equation 9.27.
radial diffusion coefficient

stationary phase molecular diffusivity

internal column diameter

thickness of stationary phase liquid film

mean particle diameter

ratio of particle to column diameter

eddy diffusivity

mass production rates of components i and ii at the
top of a column.

production rate of a given component

carrier gas volumetric flowrate measured at ambient conditions
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Nomenclature continued...

Fm fractional volume of mobile phase in a chromatographic column

Fs fractional volume of stationary phase in a chromatographic
column

£ feedrate of component to a column

£ factor to allow for the effect on column length of increasing
the mole fraction of solute in the liquid phase

G gas phase volumetric flowrate in the main separating section
of the sequential unit, solute free.

G' gas phase volumetric flowrate in the main separating section
of the sequential unit including a contribution from solute
molecules.

GE mass flowrate of fluid as defined by Ergun equation

(G/L)R,(G/L) ratio of gas to liquid flowrates in the rectifying and

stripping sections of the column

Gm o gas phase volumetric flowrate measured at mean column pressure

GT : summation of capital and running costs for a production

: chromatograph

G2 constant in the plate height equation for large diameter
columns

0 gravitational constant

H height equivalent to a (chromatographic) theoretical plate,
HeELT.Fe

H' intrinsic plate height for packing, as measured on an
analytical column

H'c theoretical plate height of a large diameter column without
mixing devices.

Hc contribution to H in large diameter columns caused by
non-uniformity of the velocity profile

HCN theoretical plate height for a large diameter column with
mixing devices.

Ht contribution ot H, caused by thermal fluctuations across the
column

Htp contribution to H produced by thermal lag in temperature

programmed columns
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Nomenclature continued (2)

AK

AK!

kl

heat of solution of component i in the liquid phase

0.5
reference value of H as defined by hO é%fh- (gﬂ
Aris integral describing the velocity profile gradient in the
chromatographic plate height equation for large diameter
columns
the length of a sequencing interval

James and Martin gas phase compressibility factor

partition coefficient of solute between mobile and stationary
phases

partition coefficient of component i

partition coefficient at infinite dilution

change in K? with increasing solute concentration
change in K with change in temperature

mass distribution ratio = Fm/K.Fs

rate constant of desorption in probabilistic model (190)
Boltzmann constant = 1.38 x 10_6 erg/OK

liquid solvent volumetric flowrate

apparent liquid solvent flowrate in the sequential unit
distance migrated by the centre of a component zone
column length

root mean square step length in random walk model

mass flowrate of solute leaving the column as product A stream,

H.T.U. model

mass flowrate of solute leaving the column in the product B
stream, H.T.U. model

molecular weight of feed component
molecular weight of solute
molecular weight of solvent liquid phase

solute molar volume at column operating temperature
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Nomenclature continued (3)

Ml molecular weight of mobile phase

M2 molecular weight of solute

m' factor to allow for shape of velocity profile in chromatographic
plate height equation for large diameter columns

m, mass of component i in given sample

ﬂmi mass of component i, recycled during fraction cutting

mi(L) mass of solute in the liquid phase

mi(G) mass of solute in the gas phase
m mass of solvent per unit volume
N number of theoretical co-current chromatographic plates,

or stages, within a column (N.T.P.)

Ncc number of counter-current theoretical plates

Nf number of theoretical plates occupied by feed band at column
inlet

{NOG)R number of overall gas phase transfer units in the rectifying
section of a column, H.T.U. model

(NOG)S number of overall gas phase transfer units in the stripping

section of a column, H.T.U. model

n normalised v§lue of the number of theoretical plates in the
column = N.a /36

n' number of steps in random walk model

ne normalised value of the number of theoretical plates in the
column, defined by ng = Nf.a/6.

n, number of mixing devices in chromatographic plate height
equation

Pa ambient pressure

Pi vapour pressure of component

PIO ratio of column inlet to outlet pressure

P0 column outlet pressure

p absolute pressure in atmospheres

Pe partial pressure of feed component in gas stream, immediately

before entering column
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Nomenclature continued (4)

QG gas volumetric flowrate from H.T.U. model

QL liquid volumetric flowrate from H.T.U. model

q solute concentration in stationary phase

q' configuration factor dependent on shape of stationary phase layer

q, throughput of a production chromatograph

R retention ratio = elution volume/total bed volume

Rg gas constant

R, resolution = tRz-tRl/% (wy+w,)

r recovery ratio after fraction cutting

zd rate of transfer of molecules from gas to liquid phase in
random walk model for continuous chromatography.

b rate of transfer of molecules from liquid to gas phase in
random walk model for continuous chromatography

rc column radius

r individual molecular collision diameter

o mean molecular collision diameter for components 1 and 2

S volumetric gas flowrate in the purge section of the sequential
unit.

SL specific heat of liquid phase

Sm.c volumetric gas flowrate measured at mean purge column pressure

SP specific heat of packing

Ss specific surface of particle per unit volume of bed

4 absolute temperature

AT temperature difference between column axis and wall

Ta ambient temperature

Tc column temperature

t time

15 cycle time between repetitive injections
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Nomenclature continued (5)

Wtt.')

elution or retention time of unretained component
elution or retention time of retained component
average interstitial gas phase velocity

stationary phase velocity in random walk model for continuous
chromatography

interstitial gas phase velocity at mean column pressure
superficial column velocity

bottoms/feed mass flowrate ratio of component, i, in
probabilistic model

tops/feed mass flowratio of component ii in probabilistic model
molar volume at boiling point

volume of gas phase in a column corrected for gas compressibility
= j.v
m

volume of liquid phase impregnated on the solid support
mobile phase volume of column

gas phase volume in plate n of a chromatographic model
liquid phase volume in plate n of a chromatographic model
elution or retention volume of component

corrected retention volume

stationary phase volume in column

volume of packing per theoretical plate

volume of liquid phase per theoretical plate

volumetric gas flowrate expressed in terms of plate volumes

characteristic baseline width of a single solute chromatographic
peak

chromatographic baseline peak width at column outlet

w,wa,ws,wl factors in chromatographic theoretical plate height

equation to allow for non-uniformity of the velocity
profile.
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Nomenclature continued (6)

Greek

association parameter in Wilke and Chang equation

concentration of solute in gas phase over the nth plate of

theoretical model proposed by Scott
mole fraction in the gas phase

gas phase solute concentration at point 1 in the column,
H.T.U. model.

gas phase solute concentration at point 2 in the column,
H.T.U. model

composite thermal conductivity of packed bed

relative volatility of key solute components

packing geometry factor in chromatographic plate height
equation for large diameter columns

chromatographic separation factor = KZ/Kl
constant in the excess plate temperature equation

constant of value 0.004 in the theoretical plate height
equation for heating rate

heating rate

a.tR prf

factor in costing equation defined by ¥ T BT
- C g.

constant in excess plate temperature equation

labyrinth factor

activity coefficient at infinite dilution

activity coefficient at infinite dilution including correction

for non ideality
activity coefficient for component i in the liquid phase

obstructive factor within solid particles

series of factors to correct theoretical operating (G/L)

limits of the SCCR1 unit

void fraction of a packed bed
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Nomenclature continued (7)

€12

C

energy of molecular interaction

excess temperature of plate above its surroundings
eddy diffusion factor

dynamic viscosity

reduced velocity = u dp/Dm

density

density of liquid phase

density of solid support

standard deviation

variance

standard deviation at column outlet

collision integral for diffusion

fitted experimental constant in Flory-Huggins equation
shape factor

operating mobile phase/stationary phase velocity ratio in
probabilistic model

fitted experimental constant in Flory-Huggins equation
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