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ABSTRACT

A study was conducted of a process to concentrate 15

N,
from its natural abundance, by exchange between ammonia and ammonia
solutions in packed columns.

The theoretical part of the investigation covered the
gas-liquid transfer process and the packed co]umﬁ dvnamics.
Equilibrium data were available in literature for a variety of
solvents and these data suggested a new interpretation for the
transfer process. The dynamic studies consisted of the development
of a mathematical model for the unsteady and steady operation of é
packed column, covering both total and partial reflux operation.
Steadyv-state solutions were obtained by direct integration for the
non-linear and for a linearized equilibrium relation.The unsteady-
state analysis was restricted to the linearized case and solutions
were obtained by the Laplace transform method. The model wuses a
generalized type of boundary conditions, which take into account
the dynamic behaviour of the reflux equipment at botﬁ end§ of the
column. ParE%cu]ar cases and approximate solutions are also discussed.
Two immediate application areas of this model are proposed. They
are the estimation of the column separation performance using the
operation start-up data and the simulation of the start-upwhen the
feed and product flow-rates are not constant.

The experimental part of the study consisted of the
design, construction and operation of a pilot plant to implement
the process. Measurements of packing pressure drop and liquid hold-

-up were undertaken. Performance data were then obtained from

transient runs at total reflux, the isotopic content of samples



being determined by mass-spectrometry. These results and similar
data available in the Titerature were treated by the model, and a
correlation for the overall mass transfer coefficient was obtained.
The results suggest that the transfer process is gas-phase controlled,

thus confirming published qualitative evidence.
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CHAPTER ONE
INTRODUCTION

The separation of isotopes is an intrinsically difficult
process, because the physical and chemical properties of 1isotopic
compounds are very similar. In other words, the mass transfer
driving force is in general so small, that the "single stage sepa-
ration factor" (which is a measure of the separation achieved in an
equilibrium stage) is very close to unity.

The influence of the separation factor on the economic
viability of any separation process can hardly be exaggerated. Under
the same conditions, processes with small separation factors require
a large number of separation stages and/or a high reflux ratio,thus
affecting the plant size and/or the operating costs. This influence
is specially critical when a Tlarge "separative duty" is required (i.
e. when a very pure product is sought from a depleted feed). In the
field of isotope separations this has almost invariably been the case,
since the natural abundances of the isotopes of interest are general-
ly small and, for most applications, a very concentrated product is
required. It is not surprising, therefore, that a great deal of
research has been devoted over the past four decades to the study
of any new small difference in the properties of isotopic compounds
in an attempt to devise new and more favourable separation methods.

15N, there is now reason to

However, in the case of
believe that a process which was originally devised in 1936 (25,43)
(but was never implemented because of its small separation factor),
may have regained economic competitiveness. This process involves a

gas-liquid contact between a saturated solution of ammonia in a

certain type of solvents and a gas phase containing ammonia - and



solvent vapour. The heavy component (]SNHB) is found to concentrate
in the liquid phase, even at room temperature when the saturation

14y and 1°

vapour pressures of N ammonias are the same.The separation
factor varies with the solvent employed, but is generally smaller
than the separation factor of the currently used Nitrox process.The
gas-liquid and liquid-gas refluxes are performed in absorption and
desorption columns and only involve the withdrawal and supply of
beat. |

J The present renewed interest (53-60) in this process may

be understood in the light of specific new applications for 15

N and
also because of the récent drastic increase in utilities costs. }he
small separation factor seems to have acquired a less critical role
because there is now a growing demand for large quantities of

moderatly enriched (5-10% in 15

N) ammonium compounds for agricultural
research (9,10). Also, the supply of heat needed to perform the
liquid-gas reflux in this process is of lnw energy content and can
be eventually recovered in part from the highly exotermic absorption
of ammonia taking place in the top reflux section (gas-liquid reflux).

]SN in the form

In contrast, in the Nitrox process (which produces
of HNO3 and would require, for the above mentioned application, 'an
additional reactor ), the liquid-gas and gas-liquid refluxes are
chemically obtained, consuming large quantities of sulphur and
oxygen (38).

These qualitative arguments suggest that a reassessement
of the present economic viabilities of ]SN separation methods is
imperative. The last known cost analyses (30,33,38) are outdatednot
only because of the above mentioned change in general economic

15

conditions and in "N market needs, but also because of technological

innovations (new materials, more efficient packings, etc.) not
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available at that time.In order to include the ammonia/ammonia solution
process in such comparative analysis, updated column performance data
of this process are needed.

In this context, the work now being reported attempted to
model the process, to gainpractical experience from the design and

operation of a pilot plant and to collect data of plant performance.
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CHAPTER TWO
LITERATURE SURVEY

2.1 The separation of isotopes

The discovery of isotopes - atoms of the same element
with different masses - was a direct consequence of two lines
of research being conducted at the end of the 19th century:
(a) The discovery of natural radioactive salts and the
chemical analysis of their decay products -
Becquerel (1896), P. and M. Curie (1896) - and
Rutherford (1902) (1);

(b) The studies on the conduction of electricity
through rarefied gases - Goldstein (1886), J. J.
Thomson (1894) (2) and Roentgen (1895).

The identification of the same types of radiation in

hoth natural and artificially induced phenomena Tled to

ha
ural an reaTicially anquced 34 HES e

concept of the isotope, and later made possible the dispersion
studies which were to be of great importance inestablishing the
basic features of the structureofthe atom. The concept of the
isotope in itself had also profound effects onmodernchemistry;
ranging from the reformulation of the Periodic Table and the use
of new scales of atomic weights,to tracer chemistry (3-5) and
to its well-known structural and mechanism applications.

A very accurate measurement of atomic masses was made
possible by the development of "mass-spectrographs"-Aston(1918)
(6) - and these mass measurements were, strictly speaking ,
“isotope separations".

The physical and chemical properties of isotopic

compounds started being systematically determined as soon as
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sufficient amounts of enriched material were obtained in the
laboratory, and the observed small differences in these
pfoperties suggested, in turn, new isotope separationmethods.

By the end of the 1930's, the atomic energy

235U and/or 2H were established, and war-time

applications of
priorities imposed a quick extrapolation of 1laboratory-scale
units into huge plants-(7). Very large amounts of very pure
material were needed in a short period of time, and economic
implications were relatively unimportant éompared with these
objectives. This large scale production was, however, -to be
generally discontinued at the end of the war when,for instance,
several deuterium plants were shut down (7).

Since then, there has been an increasing interest
in the uses and separation of stable isotopes. This shift from
radioactive towards stable isotopes was partly made possible
by the development of new analytical techniques such as  the
optical spectroscopic analysis of ]5N (8,9) and the nuclear
magnetic resonance spectroscopy of nuclei with non-zero spin

]3C, 15N and 18

quantum number (e.q. 0). In addition, there is
an increasing research effort in fields such as biology ,
- medicine and agriculture (10), and the elements N and 0 - ,
which are abundantly present in living matter, have no suffi-
ciently 1ong-1ived alternative radioisotopes.

Nevertheless, the separation of isotopes remains a
"marginal" field in a chemical industry context, and can be
characterized by relatively small capital investments, extre
mely small production levels, very high unit costs (e.g. the

15

market price of one mole of 99.9% “N is of the order of
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US § 6000.), and a fairly elastic demand, particularly for

isotopes exclusively used in research.

15

2.2 Special uses of N

The separation of 15

N followed the general pattern
outlined above, i.e., has been almost exclusively oriented
towards small-scale production for 1aboratory research.

Two particular uses which could eventually lead to
large-scale production will now be mentioned:

(a) A few years ago there was some interest in the

]SN as thorium nitrate solution

15N

possible use of

in homogeneous nuclear reactors (7,38). is

of interest in this respect because it has a

cross-section for thermal neutron capture of

2.4x107° an® compared with 1.81 am® for 17N (81).
Comparative economic analysis of different sepa
ration methods were made (30,33) but were not’
very encouraging;

(b) Recently there is interest in the use of mode-

ratly enriched (5-10% in 15

N) ammonium ferti-
lizers for agriculture field research (9,10).
This large-scale application seems to have been
enhanced by the development of the previously

]5N,which requires

mentioned optical analysis of
less sophisticated equipment than the traditional
mass spectroscopy, while still having a reaso-

nable accuracy (= 1%).



2.3 The separation of

15N

14

15

A large variety of methods for the separation of N

have been proposed or actually used in laboratory or industrial

scale. A list of these methods is presented in Table 2.1. .

Table 2.1 19N separation methods
'METHOD CHEMICALS | SEPARATION FACTOR |REFERENCES
Gaseous diffusion N2 1.018 (calc.) 11,12
Thermal diffusion N, 1.009 13,14
Sorption on zeolites N2 1.030 (78K) 15
Electrolysis NHZ 1.008 (303K) 16
Ion exchange &HZ - 17
Distillation NH, 1.0024(10°N m %) | 18,19
Distillation N, 1.0047(10°N w %) | 20-22
Distillation NO 1.026 (b.p.) 23,24,38
Exchange HCN/CN™ 1.003 (298K) 25,26
Exchange NO/NO,, 1.006 (773K) 27-29
Exchange NO/N,04 1.031 (264K) 30,31
Exchange NO/HNO3 1.055 (10M sol.) 32-42
Exchange NH3/NHZ 1.031 (.058M sol.)| 25,43-51
Exchange NHg(g)/NHy(s0l.)| 1.004-1.011 43-60
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Although their separation factors are very small, the
distillations of liquid nitrogen and ammonia were industrially
used owing to the availability and low costs of the rawmaterials
and to the traditional character of the required "know-how".

The distillation of nitrogen oxide has a much Tlarger
separation factor and although no pilot-plant studies are yet
known, it seems rather promising, at least for the laboratory
scale production of highly enriched material.

The vapour pressures of these nitrogen compounds were

experimentally determined and correlated by
Tog (p2/p0) = A/T - Bx1077 (2.1)

where the subscripts 1 and h denote the 1ight and heavy compo-

nents. The constants A and B are given in Table 2.2.

Table 2.2 Vapour pressures of N compounds

*

LIGHT/HEAVY | A(K) 5| Tp0.p0(K) | REFERENCES
Uy, | L7974 | 6o 115.4 23
Y, /o0 | 3085 | 3.43 | 1162 23

V4160154160 | 3.0230 | 13.40 | 225.6 23
VN, Sy | 1.3665 | 4.632 | 295.0 19

(*-extrapolated)
These ratios of vapour pressures are plotted, within

the experimental temperature ranges, in Figure 2.1.
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Figure 2.1 Vapour pressures of N compounds

The iiquid nitrogen sorption on CaA type zeolites (15)
also has a large separation factor, and the development of a
mobile-bed column for continuous operation seems perfectly
justifiable.

Two exchange processes will be réviewed in greater
 detail:
(a) The Nitrox process (32-42) which is very widely

used at present;

(b) The NH3(g)/NH3(soln) process (43-60) which will be

the subject of the present work and is closely

related to the NH3/NHZ exchange.
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2.3.1 The Nitrox process

The method was originally developed by Spindel and

15

Taylor (32,34), who obtained 99.8% "“N in a two-column plant.The

gas phase contains a mixture of nitrogen oxides (NO, N02, N204 ,

N203) and the 1iquid phase is a solution of nitric and nitrous

15

acids. The concentration of '°N in the 1iquid phasewas attributed

to the principal equilibrium reaction

1 +~ 14

N0 (aq.) T o) + o]

5N0(g) + H "Nog(aq.)  (2.2)
the equilibrium constant being greater than one. The conversion
of HN03(aq.) to NO(g) at the bottom end of the column was

performed by adding SOz(g), according to the overall reaction

2HNO.,, + 3SO

3 2( SO

g) + 2H,0 < 2NO(g) + 3H (2.3)

2 2774

Reflux at the top end of the columns was not envisaged.

As the preliminary experiments were very promising, a
cost estimate was made (33). With some optimistic assumptions,
(material losses were neglected, the separation plantwas assumed
to be located near a 502 plant and the by-product sto4 was
assumed to be produced in concentrated form - 60°Be -), the net

15N

cost (after crediting for the by-products) of 95% at a

production rate of 5.3x10_3 g s'1 was estimated at US'$4200 kg']
(1955 prices), which was about 50% of the NH3/NHZ(CO§) process
costs.

The separation factor was later determined by single-

-stage equilibrations (35-37) and from column operationdata (37),
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and was found to depend on the HNO3 concentration in the liquid

5 N m-2

phase. The proposed operating conditions were 298K, 1x10
énd 10M HN03, in which case the separation factor was found to
be 1.055 + .005 (average of the values given by the two methods).

In 1961 Gowland and Johns (38) introduced a waste end
reflux to oxidize NO to HN03, by feeding oxygen according to the
overall reaction

aNo(g) + 30,(g) + 2H,0 T 4HNO (2.4)

3

the strengthof the acid being controlled by the water and oxygen

6

flow rates. A pilot plant capable of producing 3.5x10 g 51 of

99.8% 1°

N was installed and construction details were described.

A two-stage reflux reactor for the total reduction of
HNO3 into pure NO was later introduced by Mahenc and Pompidor
(39), since when pure NO is fed to the column, the exchange
reaction (2.3) is accompanied by a partial oxidation of NO

into NO,, and this favours the 15

N transfer into the Tliquid
phase (30,42). The separation factor was estimated from column
start-up data and was found to agree with the value previously
referred to.

More detailed experiments were recently performed on
a similar plant by Guernier and co-workers (40-42), who obtained
the following empirical relation between the number of theore-
tical plates and the 1iquid flow-rate, for steady-state and
total reflux conditions

= .52 h
NP

1.23 2

(9.62 Ly

- 25.96 L + 30.47) (2.5)
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where Np is the number of theoretical plates, h is the height
of packing (m) and Lv is the volumetric 1iquidf10wrate(cm3s-]).
The separation factor estimated from produciion data was
1.055 + .008 for a 57wt% acid strength.

In conclusion, the Nitrox process has a very favour
able separation factor and has therefore received considerable
attention. It is very widely used, and relatively large-scale
columns (5 cm i.d. and 20 m height) are known to be in operation.
The main relative disadyantages are:

(a) An absolute need for strict safety precautions

due to the use of 302 (toxic) andNOz(poisonous);

(b) The very large consumption of S (estimated (38)

at 25 kg per gram of 15

N produced);
(c) The very low commercial value of a diluted by-

-product (H2304).

2.3.2 The ammonia exchange processes

The ]5N exchanges between ammonia and ammonia solu-
tions in water and in methanol, and between ammonia and ammo-
nium salts (nitrate and sulphate) solutions, were originally
investigated by Urey et.al. (25,43) in 1936. The separation .
apparatus consisted of a large steel column 10.5 m high and
15 cm i.d., containing 621 pairs of alternate stationary and
. rotating cones (61). The conversion of NH3(soln) or NHZ into
NH3(g) was performed by adding NaTOH™ solution and by steam
stripping.

The separation factor for the systenlNH3(g)/NH3(so1n)

was taken as 1.006 (25), and the number of theoretical plates

obtained with this system for given operating conditions, was
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used under the same conditions to estimate the separation
factor for the system NH3(g)/NHZ(SO§'). The obtained value

(1.021 for a 31% NHZ'so1ution) was confirmed by analysing

samples of the gas leaving the column and the top reflux
section (differing by one equilibrium stage). The separation
factors for the systems NHy(g)/NH;(CH,OH) and NH3(g)/NHZ(N05)
were assumed by comparison to be 1.006 and 1.021 respectively.
The authors conclusions on the relative merits of
the two basic processes were:
"...It would be most desirable from the stand-
point of operatidn and expense, to use NH3(g)/NH3(H20) in

ISN, since no sodium hydroxide would be neces-

concentrating
sary and a considerable fraction of the NH3 could be refluxed
at the top of the column. These advantages, however, are more
than compensated by the much higher fractionation factor
found for the concentrated salt solutions...".

More detailed studies of thesystemNH3(g)/NHZ(NO§)
were later performed by Kirshenbaum et. al. (47), who were
able to correlate the separation factor with the NHZ concen-

tration in the solution. It was assumed that two isotopic

equilibria were present

14 1

+ 5
NH4 + NH3(g) < NH4 +. NH3(g) (2.6)

1 14

4
NH3(soln) + NH3(g) < NH3(soln) + NH3(g)

(2.7)

the equilibrium constants being,
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K, = C.D / (A.B) K, = D.F / (B.E) (2.8)

1 2

where,

15,,,+

A= (i) o= (Puy) o= (P

(2.9)
(14NH3so1n.) F = (15NH3soln.)

_ (14
D = { NH3) E
The separation factor is given by
a = (D/B)/{(A+E)/(C+F)} (2.10)

and the ratio of moles of ammonia in solution to moles of ammonia

. plus ammonium ion (M) was defined as

-
-

I
~
m
-+
"
~—
~.
~~~
I
_'.
(]
4
mn
+
M
~
-
[a]
~

15

For small N enrichments F<<E and C<<A. Thus

M=E / (AR+E) (2.12)
and from (2.8), (2.10) and (2.12)
a =M (K2 - Kl) + K] (2.13)
Equation (2.13) was fitted by a least-squares technique

to experimental data, and K] and K2 were found to be (see Figure

2.2),
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Figure 2.2 - Separation factor as a function of M
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In 1951 Sugimoto et.al. (48) studied the NH3(g)/NHZ(No§)

15

system and obtained a 9.3% "N product. The plant consisted of

two packed columns and was operated at 9.3x103 N m-z. The gas-
" =Tliquid reflux was obtained; in both columns, by adding HNO3 .
The packing consisted of Fenské type he]ixes-of 2 mm and 2.4 mm
in diameter made up of aluminium wire, and was previously treated
" by boiling it in a Na® cog' solution. This treatment covered the
packing surface with A]ZO3 crystals which were claimed to be
virtually corrosion free.

In 1952 Nakane (49,50) determined the temperature
dependence.of K] and K2 (see Table 2.3). In addition, the steady-

-state total separation Sw(ratio“of liquid concentrations in the

top and bottom of the column) was correlated by,
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pNH3 a-1

S_ = exp {97.8 (ha /L ) =
s’y (pNH3+pH20) A (NH )+(NHs)

1 (2.16)

where h is the column height(cm), ag is the interfacial area/
/length of bed(cm), L, is the 1Tiquid flow-rate (cm3 s-]) ,
o« is the separation factor, p are partiaT pressures (atm.) and
the NH3 and NHZ concentrations are in mol 1']. The process was
assumed to be gas-phase controlled and the gas-phase mass

transfer coefficient was expressed by

Ky = 1.22x107° -7 (2.17)

(Pyy + Py o)
NHy ¥ PHL0

Table 2.3 Temperature dependence of K] and K2 (49)

TEMPERATURE (K) Ky Ky
278 1.038 1.006
283 1.037 1.006
288 1.036 1.005
293 1.035 1.005
298 ©1.034 1.005
303 1.033 1.005
308 11.032 1.005
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A closed-cycle variation of the ammonia/ammonium jon
excha'nge process was developed in 1956 by Palko et.al.(51).The
basic difference consisted in the use .of ammonium carbonate

instead of ammonium nitrate (see Figure 2.3).

Watef

e

L o Waste

e Feed

- Cco
NH,C00 1 | NH3 2
NHj,
o Product
|
CQCO3
CCl(OH)2 - >
H20 - < CaO
I .

Figure 2.3 Flow diagram of the carbonate system
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+
4 73

solution, thus producing CaC03. This was then calcinated to

The NH, - NH, reflux was obtained by adding Ca(OH)2 to  the
give CO2 and Ca0. The carbon dioxide was used to convert NH3
to NHZ at the top of the column, and the calcium oxide was
mixed with water to regenerate Ca(OH)Z.

The chemical composition of the 1iquid phase is more
complex than can be deduced from the above description,because

it contains hydrogencarbonate (HCO%) and carbamate (NHZCOO-)

ijons. Since the later contains N atoms, it is also involved in
15

the "N isotopic exchange according to the reaction
,c00™ + Py(g) T PONH,C007 + TN, (g) (2.18)
The equilibrium constant is
K3 = D.H/(G.B) (2.19)
where
_ (14 -
G = ( NH2000 ) (2.20)
_ ,15 -
H=( NH2C00 ) (2.21)

and the concentrations B and D were defined in (2.9). Thus the
exchange equilibria (2.6), (2.7) and (2.18) are all simulta-

]SN.

neously contributing to the gas-liquid transfer of
Using a treatment similar to that of Kirshenbaum et.
al. (47) previously discussed, Palko and coworkers (51) expres

sed the separation factor in terms of K], K2 and K3 by
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(a-1) = My(Ky=1) + My(Ky=1) + My(K3=1) (2.22)

where
M] = (A+C)/(A+C+E+F+G+H) = A/(A+E+G) (2.23)
J M2 = (E+F)/(A+CfE+F+G+H) = E/(A+E+G) | (2.24)
M3 = (G+H)/(A+C+E+F+G+H) = G/(A+E+G) (2.25)

The separatioﬁ factor was experimentally determined
in the temperature range 289-317 K, and using the temperature
dependence of K] and K2 reported by Nakane (49) itwas possible
to estimate the temperature dependence of K3. The values of KP
K2 and K3 and the isotopic fractions M], M2 and M3 are  shown

in Table 2.4 for four different temperatures.

Table 2.4 Temperature dependence of o (51)

TEMP(K) | M

288.8 213 | .595 | .192 | 1.036 | 1.005 | 1.023 | 1.015+.003

299.0 .325 | .385 | .290 | 1.034 | 1.005 | 1.021 | 1.019+.002

309.6 .399 | .269 | .332 [ 1.032 | 1.005 | 1.021 | 1.021+.003

317.5 477 | 147 | .376 | 1.030 | 1.004 | 1.019 | 1.022+.004

Although the values of K], K2 and K3 are seen to decrease with

increasing temperature, the separation factor seems to increase,
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this being due to the decreasing isotopic fraction of dissolved
ammonia (MZ). |

In conclusion, the essencial features of the ammonia-

-ammonium ion processes canbe summarized as follows:

(a) The separation factors for these systems are large,
although smaller than the separation factor of the
Nitrox process;

(b) The NHy(g)/NH}(NO3) and the NH,(g)/NH}(S05") pro-
cesses consume large quantities of chemicals on
the refluxes NHy(g) - NH, and NHy > NH3(9);

(c) The closed-cycle carbonate system does not possess
this disadvantage but the capital investment s
high (it was estimated (33) to be approximately
four times the investment on a Nitrox plant for
equal production);

(d) The corrosion on common stainless steels is consi
derable.

The original NH;(g)/NH;(soln) method of Urey and co-

-workers (25,43) was recently the subject of extensive research
by Kuznetsov and Panchenkov (53-60), fo]]owinglthe development
of similar systems for the separation of ]OB, ]BC, ]7C1 and 345
(reference 55 lists twelve references on these systems). A wide
range of solvents and operating conditions were covered, and
this work will now be reviewed.

The first system to be studied was NH3(g)/NH3(]-C3H70H)

(54) ina 1.4 m height 1.6 cm i.d. column, packed with 2 mm
stainless steel wire rings and pperating at atmospheric pressure.
A total separation of S_ = 1.49 was obtained at 279 K and with
3 -1

a liquid flow-rate of 16.7 mm” s '.
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Similar experiments using the same apparatus (54) with
straight-chain and branched-chain alcohols (55) and with acetone
and water (56) were later reported. In the case of acetone no
separation was detected.

Qualitative conclusions on the influence of column
temperature (278-333 K) and Tiquid flow-rate (8.3-50 mm°> s™') on
the total separation and on the time to reach steady state were
reported (57):

"...When the process temperature is reduéed the total
separation S_ tends to increase slightly, but there is at the
same time a marked increase in the time required for the attain-
ment of the steady state". ‘ “

A tentative investigation (58) of the kinetics of the
gas-liquid transfer process, suggested that the transfer is "very
rapid" and that "...the rate-limiting stage is not the isotobe

14N and 15

exchange itself but the mixing of N ammonias... in the
gas stream".

The separation factors of the systems under study were
later experimentally determined (59) by single-stage equili-
brations, and the separation factors and the HETP were calculated
from the column experimental data. The results are summarized in
. Table 2.5.

These results suggest that:

(a) The calculated values of the separation factors are
within the experimental error involved in the
single-stage equilibrations method;

(b) The separation factors for the alcohol solvents

investigated are of the order of magnitude of the
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Table 2.5

SOLVENTS | TEMP(K) | L (mm’s™') | s_ | HETP(cm) |a_ Sexp
Methano 293 16.7 1.8 3.1 [1.0135{1.011+.004
‘Ethanol 293 16.7 1.8 1.6 |1.0067|1.008.003
1-Propanol | 288 8.3 2.5 .8 |1.0055[1.007+.002
2-Propanol 293 20.0 1.57 1.8 1.0062|1.007+.002
1-Butanol 293 8.3 2.6 1.3 |1.009 |1.007+.002
2-Butanol 293 17.5 1.47 | 2.4 |1.007 -
3-Pentanol | 284 20.0 1.33 | 2.7 |1.0087|1.004%.002

Water 293 1.7 1.65 | 1.6 |1.006 -

separation factor of the NH3(g)/NH3(HéO) system

(the o for methanol being the exception

consistently higher);

and

The separation factors seem to increase when the

length of the hydrocarbon group of the alcohol

decreases;

(d) Apparently there is no correlation between HETP

and the liquid flow-rate (Lv), but S_ seems to

increase when Lv decreases.
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In conclusion, the basic features of the NH3(g)/NH3(soln)

systems are:

(a) Their separation factors are small compared with
the Nitrox process, but still slightly larger
than the separation factors of the distillations
of liquid nitrogen and ammonia;

(b) The gas-1liquid and liquid-gas refluxes do not
consume any additional chemicals andonly involve
the supply and withdrawl of heat;

(c) The chemicals used in the process are cheap and
do not require any special handling care;

(d) The separation plant is simple and can be operated

at atmospheric pressure and room temperature.

2.4 Dynamic behaviour of mass transfer columns

A common feature of all the isotope separation proces
ses reviewed in section 2.1, is that they lead to long column
start-up periods. This feature is by no means characteristic of
isotope separations. Indeed, it is well known that separation
systems with a small driving force, large material hold-ups and
Jor exacting product specifications usually show a slow column
start-up. In extreme cases, this non-productive period can take
several years (62), but eVen the more common order of magni-
tude of months is sufficient to illustrate the economic
implications of the problem and the need for accurate descrip-
tions of the phenomenon.

The dynamic behaviour of mass transfer columns  has
been extensively studied in the last four decades,particularly

in the context of process control, i.e., with emphasis on small
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perturbations around the steady-state. The intrinsically tran-

sient batch operations, where there is no steady-state, have

also been widely investigated. These two dynamic situations lie

outside the scope of the present investigation and will  thus

‘ ﬁot be specifically covered here. In addition, plate columns

are also excluded, since the mathematical modelling of processes
taking place in stagewise equipment is different from the

treatment of packed columns. Literature surveys on these topics

~ can be found elsewhere (63,66).

The basic principles of isotope separations are
treated in books by Cohen (64) and Rozen (65), anda less formal
account of unsteady behaviour in continuous countercurrent
separations can be found, for instance, in reference (66).

The first attempt to model the transient start-up of
a separation column with two moving phases seems to be due to
Uréy et.al. (43,61). Assuming an infinite reservoir at one end
of the column (the concentration at that point was taken as
time-independent), a relation between concentration and time
was derived for total reflux conditions, which in the present
notation is

1-x

(1-x) In(—) + x 1n(x/xo) = {a=1) In(a) vaNpt/(AHh) (2.26)

1-x0

where x(t) is the liquid mole fraction of the heavy component
at one end of the column, Xo is the constant mole fraction at
the other end, « is the separation factor, Lv is the volumetric
liquid flow-rate, Np-is the number of theoretical plates, t is

the time variable, A is the column cross-sectional area, H is
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* the liquid hold-up in the column per unit volume of bed and h
is the column height. Equation (2.26) was used to estimate Np
from start-up data.

A different mathematical approach was later used by
- Cohen in 1940 in a much quoted paper (67). The use of a
. continuous height variable led to a second-order pdrtia]
differential equation. Both exact and approximate (for linear
equilibrium relation) steady-state solutions were obtained by
direct integration, for production conditions. A transient
series solution for total reflux conditions was obtained by
the use of Laplace transforms. The reverse transformation was
based on the "Heavyside expansion theorem" and the series of
transient terms was found to converge very rapidly. The
concentration at one end of the column was assumed constant
with time throughout the derivation, and the interfacial masé
transfer flux was expressed as the rate of a "bimolecular
reversible reaction" (the separation process under study was

3¢ by exchange between HCN and CN7).

the concentration of

This treatment was later used by Dostrowski et.al.
(68) to cover the transient operation with a "finite supply
reservoir without production" and with a "infinite supply
- with production from the boiler", and was applied by Nakane
(69) to the NH3(g)/NHZ 15N separation process.

In 1956, Rozen (70) published a more comprehensive
treatment of the unsteady-state operation of packed columns,
for a variety of boundary conditions. Solutions were obtained

by the Laplace transform method and by separationof variables.
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The similarity conditions

x(z,t) - x(z,0)
= f(t) (2.27)
x(z,*®) - x(z,0)
and
x(z,t) - x(0,t)
= g(2) (2.28)
x(1,t) - x(0,t)

where x(z,t) is the liquid mole fraction of heavy component,
t is the tiﬁe variable and z is the height variable (0 at the
top of the column and 1 at the bottom), were shown to be a good
approximation to the exact solution, near the steady state or

when the material hold-up in the column is small. This asymp

by several authors (39,41,71).

In 1962, Babkov et.al.(71) developed a model for the
total reflux transient operationof a packed column, assuming
that the degree of approach to the steady state was the same
at all levels in the column (condition (2.27)) and using the
HETP concept (which leads to an ordinary differential equation
instead of a partial differential equation). The model was
applied to published data (30) on the Nitrox process.

The same basic assumptions were recently used by
Guernier et.al. (41), who extended Babkov's model to cover the
operation with draw-off. The HETP was assumed independent of

height, time and of the column mode of operation, and the model
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represented well the authors's results on the Nitrox process.

In all the models so far mentioned, the equilibrium
distribution relationship was linearised assuming small
enrichments. A linearisation near the steady statewas used by
Heinke and Wagner (73) who obtained a series solution with
separated variables.

A similar perturbation method was used by Elliev et.
al. (72), who also considered the effect of small changes in
the feed mixture composition after the attainment of a steady
state. The solution of the model was consistent with experi-
mental results of the distillation of mixtures of organic
compounds with similar vapour pressures ( e.g. n-heptane /
methylcyclohexane and benzene/dichloroethane).

A method to estimate the steady-state overall sepa-
ration in a given column, from unsteady-state data, was propo
sed in 1967 by Zhavoronkov et.al. (74). The solution of the
model was obtained by separation of variables and yielded the

relation
1/10g St = c/(t Tog S_) + 1/10g S, (2.29)

- where St is the ratio of the concentrations at both ends of
the column at time t, Sm is the same ratio at steady state, t
is the time variable and ¢ is an empiric constant. Givena set
of data points St vs. t, S°° can be obtained by linear extrapo
lation from a plot of 1/log St as a function of 1/t.

Finally, the ten models that were briefly mentioned

in this section suggest the following comments:
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(a) The formulation of mathematical models for the
unsteady operation of pécked columns is highly
diversified, both in terms of physical concepts
and of methods of solution;

(b) In several models (41,61,70,71,74) the gas-phase
hold-up was neglected and the‘transiént:behaviour
was»assumed exclusively due to 1iquid - phase
accumulation;

(c) Different types of boundary conditions were
covered. However, the reflux equipment was -
always assumed to behave 1like a well-stirred
tank;

(d) The initial condition was always taken as cons-
tant (independent of height).

More general formulations of the initial and boundary

conditions will be proposed in Chapter Three, where the need

and applications of these improvements are mentioned.
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CHAPTER THREE

MODELLING OF THE PROCESS
15

3.1 The gas-liquid transfer of "“N ammonia

The Titerature search on the NH3(g)/NH3(so1n) processes
(see section 2.3.2) showed two important points concerning these

~ systems:

14 15

(a) The Vapour pressures of pure "N and "N ammonias
are equal at approximately 295 K (19);

(b) The transfer phenomenon is usually explained in
terms of a "very rapid" reversible reaction,

Ny (g) + MNHg(soln) 2 Hy(g) + Pg(soln) (3.1

and the separation factor is taken as the equilibrium
constant (greater than one) of this reaction.
The consideration of reversible reactions in gas-liquid
mass tTranster pnenomena is relatively recent (75), and is only
relevant when the reaction, taking place inside the liquid film,

15

enhances the transfer process. If the present '“NH, transfer is

3
gas-phase controlled as the literature seems to suggest (50,58),
the use of a "reaction approach" is not only irrelevant but can
also be misleading. Thus, a more fundamental explanation for the

transfer process is proposed subsequently.

3.1.1 The separation factor

Two other points not specifically mentioned in chapter

two need to be emphasized at this stage:
(a) The values of the separation factors experimentally
determined for the§e systems can not be attributed

to the ammonium ion that is always present in the
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solution owing to the ionisation of dissolved ammonia.

For water the ionisation equilibrium is

NHE + OH (3.2)

NH3 + HZO 4

->

P

and the ionisation constant is
Ki = (NH}) (OHT)/(NH5) = 1.8 x 107 mo1 171(3.3)

5 2

At 293 K and 10° N m “ the solubility of ammonia in

water is of the order of

S = (NHy) + (NH}) = 30 mo1 171 (3.4)
and by manipulation
(NHg) / (NHg) = 7.7 x 107 '~ (3.5)

Therefore, although the separation factor for the
+ 15
NH3(9)/NH4

NH3(soln) processes, the influence of NHZ on the

N exchange is larger than for the NH3(g)/

separation facilur is praticaiiy negiigibie.

No theoretical confirmation of the experimental values
of these separation factors is yet known. The equili-
brium constants of a great number of exchange reactions
were theoretically determined (5,22) in terms of
ratios of partition functions estimated from spectros-
copic data. Vapour pressure corrections were used for
condensed phases and in general the agreement with
experiment was remarkably good. But these calculations
are not possible for the present systems because these
involve association species which only exist in the
liquid phase and in addition, the vapour pressures of
the two‘isotopic ammonias are equal at the temperafures

of interest.
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A thermodynamically based interpretation of the separation
factor, which also considers molecular scale evidence is now put
forward. Consider a two-phase (gés and liquid) closed systém, contai
ning three components A,B and C in equilibrium, with ~ A = 1*NH, ,
B = 15NH3 and C = solvent. The separation factor of A versus B (“AB)

~ between the two phases is, by definition
AR (.YA/.VB) / (XA/XB) (3.6)

where x and y are 1iquid and gas mole fractions and the subscripts
denote the appropriate component. Assuming an ideal gas phase, (3.6)
becomes (82)
apg = (va Pp) / (vg Pg) (3.7)
where pg and pg are the vapour pressures of pure A and B ( at the
temperature of the system ), and the activity coefficients YA and A\l
express deviation from Raoult's law, i.e., Ya > 1 when Xp 1, and
Yg 1 when Xg > 1.
Now, since pz = pg at room temperature (19) and apg> 1 for
the systems under consideration, it follows from (3.7) that
YpA > Y - (3.8)
Note that the solutions of ammonia in water and in several alcohols
show negative deviation from Raoult's law, i.e., Ya and yg are both
-smaller than one. Thus, equation (3.8) implies that the solutions of
B in these solvents are more deviated from ideality then the solutions
of A in the same solvents.
The non-ideality of solutions was recently correlated (76)
in terms of hydrogen-bonded molecular associations. In general these
associations can be of three types:

(a) between two solvent molecules;
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. (b) between two solute molecules;
»’> (c) between solvent and solute molecules.
However, the first two types of hydrogen-bonded associétions must be
considered irrelevant to the present problem becauéeﬁ 4
(a)Athe interédtion between solvent molecules is obvioﬁs]y

unaffected by the 15

N isotopic substitution, and vice-i
versa;
(b) the association between two ammonia molecules can be
~expected to be statistically less significénf than the
ammonia-solvent interaction, and since the separation
factors are experimentally found to depend on . the
solvent (different « for different solvent), the over-
‘all influence of the ammonia-ammonia association | on
the isotopic transfer can not bé de%ermining.
Thus,'equation (3.8) suggesté that the mo]ecuiar associa-
tion between B and the solvent is "stronger" than the association
between A and the solvent.
Now, two types of hydrogen-bond associations between NH3

and water are possible |

H
N N
/O—H - IN " He 0
/ §:\ H \}1 ):) H

H H H

- Type 1 - Type I

"Figure 3.1 Ammonia-water H-bonds
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These two types of H-bonds were detected (77) in the
crystal structure of éolid ammonia monohydrate (m.p. = 194 K) ,
where no ionic bonds where found. The x-ray diffraction method
showed that the distance between the 0 and N atoms is .278 nm

for type I and .321 for type II bonds, i.e., type I bonds are

stronger than type II. These measurements of the relative strength

of type I and type II bonds are in good agreement with the fact

that the group |0-H is a better proton donor than [N-H (electro-
 negativity of 0 is greater than the electronegativity of N).

On the other hand, type I bonds can be expected to be

14 15

more sensitive to the replacement of "N by “N than type I1

bonds, because in the later the isotopic substitution only pro-
duces a "secondary effect" (5).
Theoretical considerations (78,79) suggest that both

the zero-energy level and the reduced mass effects contribute to

the 15N---H-O bond to be stronger than ]4N---H-0, thus confirming

the previous assessement based on equation (3.8).

In conclusion it is suggested that at room temperature:

15

(a) The "°N ammonia concentrates in the 1liquid phase

owing to a different non-ideality of the solutions

14 15

of ~'N and "“N ammonias in proton-donor solvents;

(b) This isotopic difference in non-ideality can be
attributed primarily to type I H-bonds between the
solvent and the solute;

(c) The separation factors for these systems are greater

15

than one because the H-bond energy of '“N--<H-0 is

14

greater than "~'Ne-<H-0.
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This explanation is consistent with two other experi-
mental observations:
| (a) No separation was detected (56) with the solvent
acetone - (CH3)2C0 - where type I bonds can be
expected to be much rarer than type II  bonds,
(ketones are extremely poor proton-donors | since
.the electronegativity of C is still smaller than
the eléctronegativity of N);
(b) The separation factors with alcohol solvents
depend on the hydrocarbon chain (55) (see section
2.3.2), since this affeéts the acid character of
the proton of the group |0-H of the alcohol
(which is involved in the H-bond).
Finally note that at temperatures other than  room
temperature, this non-ideality effect is accompanied by the

effect of the ratio of vapour pressures, according to (3.7).

3.1.2 Temperature dependence of the separation factor

Very little is known about the temperature dependence
of the separation factors of the NH3(g)/NH3(soln) systems. How-'
ever, the available information (49,57) seems to indicate that
the separation factor increases very slightly when the tempera-
- ture decreases.

The approach outlined in the previous section could
provide a better insight into the problem, because the tempera-
ture dependence of the activity coefficients can be expressed
as

3 log Yl . _ AHA (3.9)

a(V/T) 4 2.303 R
P,nA,nB,nC
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where T is the absolute temperature (K), n is the number of moles,

1

R is the ideal gas constant (8134 J mol™' K1) and aH the

A is
difference between the partial molar enthalpies of A in solution
and in the pure state. |

Since @pp is given by (3.7) and the temperature depen-

dence of px/pg is known (see Table 2.2), it is found that

— =+ 1.3655 (3.10)
3 (1/7) 2.303 R | ‘

where the condition P,nA,nB,nC = constant was neglected because a
small temperature interval was assumed.
Equation (3.10) could be used to estimate the temperature

Anmamdaman AL mismism daad Llhhadk A wwanmAWA Ll amnes
Jucpciiuciiee uvi uAB M VIUCTU LvHiae A 1 Cadviiautry aveu

AHA - AHB could be made. As a first approximation and since the
non-ideality was attributed to the ammonia-solvent association,the

. _ f_ uf f f
difference AHA AHB can be taken as AHA AHB where AHA and AHB
are the enthalpy changes in the formation of the A-solvent and

B-solvent type I associations. For the case of water

14 > 14 - f

NH3 + H0 < NH3-H20 AHA (3.11)
15 15, .

NHy + Ho0 2 TONHy=H 0 AHE (3.12)

The difference in these enthalpy changes céuld be esti-
mated from the total energies of the NH3, H20 and H-O-H---NH3
species recently reported (78), provided that the difference  of
the pressure-volume terms is neglected. The total energies of the
three species were theoretically computed for assumed geometric

parameters using LCAO-SCF molecular orbitals, and an attempt was
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made to estimate the 15N isotope effect on these energies (assuming
that the species H-O-H---NH3 vibrates harmonically and using both

zero-point energy and reduced mass corrections). The estimated value

of MM - AHY was -75 J mol™! (79) which would indicate from (3.10)
that
? 1og'aAB ) ) :
<0 (3.13)
3 (1/T) '

This is contrary to the available experimental evidence,
but the assumptions throughout the derivation and the estimation

X - AHE can introduce very large errors, particularly due to

of AH
the vibrational anharmonicities which were not considered.

" In conclusion, a new tentative approach to the estimation
of the temperature dependence of @ap did not prove conclusive, and
until more experimental evidence is available %ap has to be taken

[N

as approximately constant with temperature in the range 288-298 K.

3.1.3 The interphase mass transfer flux

It will be assumed that the equilibrium distribution is
instantaneously established at the gas-liquid interface and in
addition, the two-film model of interphase mass transfer will be
used. Thus, the interphase mass transfer flux can be expressed by
- the product of an overall transfer coefficient and. an overall
driving force. Kyq will be used instead of KOL (although this is
irrelevant to the modelling problem) because the process is "a
priori" believed to be gas-phase controlled. The literature quali-
tative conclusions (58) on the transfer process support this view
and a similarity with the absorption of ammonia in water (where at

least 85 % of the total transfer resistance lies in the gas film)
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can also be argued for.

Nevertheless, the possibility of liquid-phase control
was examined by assuming that the reversible reaction (3.1) was
taking place in the liquid film (see Appendix A).Using Olander's
model (75) for absorption with reversible chemical reaction,the
enhancement factor was found to depend on the 1liquid phase

concentration in 15

N but to be always larger than one (e.g.,Ef=
= KL/KE = 1.029 for x = .01). Since KE is assumed to be of the
same order of magnitude as the liquid phase coefficient for the
absorption of ammonia in water (i.e., KE >> Ko), then this reVeE
sible reaction model seems to rule out the possibility of liquid

phase control.

3.2 Dynamic model of the process system

In order to make the derivation more concrete, the
present dvnamic model was developed for the particular bprocess
under study. This does not affect however, the generality of
most of the mathematical treatment and of the initial and
boundary conditions in particular.

Three basic assumptions of the treatment, which seem
perfectly justifiable for the present process, need to be kept
in mind when applying this model to a different process:

(a) The gas-phase hold-up is neglected;

(b) The equilibrium relation is linearized assuming

small enrichements;

(c) Thermal effects are not considered because any

small difference in the heats of solution of the

14 15

N and "“N ammonias is neglected.
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3.2.1 Flow diagram

The proposed flow chart is shown in Figure 3.2, where Fm’
Gm and wm are the feed, gas and waste molar flo@—rates, Lv and Pv
are the 1liquid and product volumetric flow-rates and S is the NH3
solubility in the particular solvent being used.

The product is withdrawn from the process system at the
bottom of the column as liquid, since the desired isotope concen-
trates in this phase. |

The feed is gaseous ammonia at the operating temperature
and pressure, with a constant composition. This is the case in the
installed pilot plant and will presumably be also the case in any
industrial plant, which would ideally be located adjacent to an
ammonia production plant.

Two alternative feed locations are shown in the diagram:

(a) At the top of the column, i.e. the Qaste and feed

compositions only differ by one equilibrium stage;

(b) In the column,

The mathematical advantages of the first case are obvious
because the differential mass balances are the same all over the
column and a top boundary condition can be obtained without any
particular assumptions concerning the feed location. In the second

. case however, the differential mass balances below and above feed
locationaredifferent, and unless it is assumed that the concentra-
tion at feed height is always equal to the feed concentration
(optimum feed location), it is not possible to derive an independent
boundary condition at this height and thus, the two sets of diffe-
rential equations (above and below feed point) are coupled.

Apart from this mathematical convenience, the economic
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implications of the first case may not necessarily be disadvan-

tageous, because if this 15

N separation plant is adjacent to an
ammonia plant, large feed flow-rates are available at negligible
costs. In addition, the total height of the plant (which can be
a limiting factor) is used for enriching purposes since the
stripping section is reduced to the top reservoir. This feed
location will thus be adopted throughout the treatment, but - a
solution for the second case is nevertheless presented in Appen-
dix B. |

Before deriving the differential mass balances, it is

15

appropriate to consider the "total ammonia" (]4NH3 plus NH

3)
balances. As mentioned earlier, the process can be assumed an
equimolecular mass transfer between the two phases. Since the
pressure drop for the type of packing used is usually small, the
solubility of total ammonia in the inert solvent can be assumed
height and time independent, and therefore the total ammonia flow
rates are also independent of these two variables. That is, the
unsteady state refers only to the ]SNH3-]4NH3 separation.

Thus, from Figure 3.2, the total ammonia mass balances

at the bottom and top sections are

LVS - PVS =G, (3.14)
Gm + Fm = wm + LVS (3.15)
and the overall balance is
Foo= W, +PS ' (3.16)
It is also convenient at this stage to define two

ratios of flow-rates as the "product .ratio" (R) and the "feed

ratio" (r)
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~
[}

PVS/Gm ’ L | _(3}17)

r = R/ (LyS) - - (3.18)

It will later be shown that the different groups of flow-rates

- appearing in the differential equations and in the boundary condi-

tions can be expressed in terms of these two parameters.

3.2.2 Differential mass balances

Consider a differential height dz in the packed bed.

gas  liquid

) y X
, 1 1

dz>o | - . NpagA-dz
. | .
Vz+dz- ' —
] l

Figure 3.3 - Differential element of packing

Assuming "plug-flow", a mass balance of the "heavy" component for

the liquid phase gives

. Lvs'x + N a  Adz - LS x = 3 (AHS x dz) (3.19)
z ‘ z+dz ot .

15

where x is the 1iquid phase isotopic fraction of
15

NH3 ( number of

moles of 15NH3 over the number of moles of
14

NH3 plus the number
of moles of ""NH, )> A is the column cross-sectional area,. ag is
interfacia] area of bgcking per unit volume of bed, H is the volu-
metric 1iquid hold-up per unit volume of bed and Nh is the inter-

facial mass transfer flux of the heavy component.



49

Now, since
< = x + %; dz + . (3.20)
z+dz Iz z
equation (3.19) become§
LS o+ msdE - N oa A (3.21)

V™ 3z ot

Neglecting the gas-phase hold-up, a similar balance for

this phase gives

Gm y - ma y = Nh ag A dz (3.22)
z+dz z
and as before
Yy = y + % dz + L (3'23)
'z+dz z z

Thus, equation (3.22) becomes

6 A - N

n hag A (3.24)

The interfacial mass transfer flux Nh can be expressed
in terms of an overall driving force and an overall mass transfer

coefficient
Ny = Ky (x - x) = Kog (¥ - y) (3.25)

where x and y are the liquid and gas concentrations in equilibrium
with the actual gas and 1iquid concentrations.
The equilibrium-distribution relationship defines the

separation factor o

s = x (1) / (1)} (3.26)
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Note that the separation factor so defined is greater than
one, because x and y are isotopic fractions of the heavy component
and this concentrates in the liquid phase.

15

For small "“N enrichments {i.e., x and y less than , say,

~ 5%) equation (3.26) can be linearized by taking x << 1 and y << 1,

to give
a = X[y (3.27)
This linear approximation will be used throught the deri-
vation of the dynamic model, but a steady-state solution using

equation (3.26) is derived in Appendix C.

With this Tinear approximation, equation (3.25) becomes
Nh f KOL(ay -x) = KOG(y - x/a) (3.28)

and therefore the two differential equations (3.21) and (3.24) become

Kip a_ A
A
By mx . WS (y - xa) (3.29)
Vv v
Knp a_ A
- B2 (y- wa) (3.30)
m

By definition, the heights of overall transfer units based

-on the liquid and gas phase driving forces are
HOL = LVS/(KOL ag A) = h/NOL (3.31)
HOG = Gm/(KOG ag A) = h/NOG (3.32)

where h is the bed height and N, and NOG are the corresponding

oL
numbers of overall transfer units.
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From equations (3.14), (3.17), (3.28), (3.31) and (3.32)

the relationships between KOL and KOG’ HOL and HOG and NOL and NOG

are
Kog = @ Ko (3.33)
Ngg = N, o (1+R) ' (3.35)

By analogy, a time of a transfer unit for the 1iquid

phase can be defined (80) as

_ __AHS )
Toy = ———— = RAHHy /L, (3.36)

oL
KOL 8 A
this being equal to the liquid average residence time in each
height of a transfer unit.

The parameters HOG (or HOL) and TOL could be used as
height and time references for the definition -of dimensionless
variables. However, it can be shown that Hog (or HOL) cannot be
eliminated from the equations and boundary conditions by including
it in the dimensionless variables (the same applies to a). Thus,

the "best" choice of dimensionless variables is

_ Lt
* =X .o oyx =Y . oLk Z . * - _V
X—xo 5 Yy X y 2 -H, t KH-H (3.37)
0
where X is some reference concentration.
With these dimensionless coordinates the system of

equations becomes
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* * |
R R L (3.38)
-9z

*

%L* = Ny (¥* - x¥/a) . (3.39)
Z

Equations (3.38) and (3.39) are two first-order simul-
taneous linear partial differential equations with constant coeffi
cients. This equation-pair is hyperbolic, since the determinantal

equation

=0 (3.40)

has two real and distinct roots. The equation characteristics are

dt*

g, = = 0 (3.41)

! dz*

g = 32 - (3.42)
dz*

i.e., the two one-parameter families of integral curves are given

by

-t*

]

constant (3.43)

t* z* + constant (3.44)

and are shown in Figure 3.4. They are a direct consequence of the
assumptions made and of the dimensionless coordinates used for the
derivation of the equation-pair, because the gas-phase hold-up was

neglected (and therefore the discontinuities in the boundary
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Figure 3.4 Characteristics of differential equation

conditions propagate instantaneously in this phase) and the liquid
hold-up and flow-rate were included in the dimensionless time and

thus the slope of the second characteristic is one.

3.2.3 Generalized initial condition

For most cases the initial concentration in the column
will be constant with height, and the reference variable xo can be
taken as that initial concentration. The initial condition would

then be

at t* = 0, x*(z*,0) =1 for 0 gz* g1 (3.45)

However, a more general initial condition will be used
at t* = 0, x*(z*,0) = f(z*) for 0 ¢2z* ¢ 1 (3.46)

'wheré the function f(z*) is still to be determined. The.reason for
this generalization Ties in the possibility of using the model for
the optimization of the column start-up procedure. Whatever the
optimization criterioﬁ, the parameters r and R should be considered

as functions of time and included in the set of vafiab]es to be
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. optimized. But to obtain a solution for this type of problem wifh'
time-dependent parameters presents obvious difficulties. However,
if r(t*) and R(t*) éoh]d be assumed stepwisé functions of time,
then it would be possible to model the whole start-up period by
~shifting the time origin at each disdontinuity in’either r(t*) or
R(t*). At such discontinuities, the concentration profile in the
column would be fitted to a function f(z*), and this function
could then be used as the initial cohdition for the next step.

| | It will be shown later that the steady-state  .concen-
tration profiles in the column are given by a constant plus the
product of a constant and an exponential of NOGBZ*, where B is a
constant (function of a and R). It seems therefore reasonable to

assume that transient profiles can be fitted to

f(z*) = Ay exp(A,z¥) + A (3.47)

3

where A], A2 and A3 are constants to be numerically determined.
| Experience’has shown that in fact this function fits
.very well most transient profiles, with a standard deviation smal
ler than 1%, although two exponehtials would give a still better
fit for very short times.
Obviously equation (3.47) includes (3.45) either for
"A] =0and Ay =1, 0r Ay = 0and Ay + Ay =1,

3.2.4 Boundary conditions

The boundary conditions at the top of thé column (z*=0)
and at the bottom (z*=1) were obtained from transient mass balances
over the top and bottom reflux sections.

The dynamié behaviour'of the reflux devices was taken

into account, and two time-constants were considered at each
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reflux section. The use of a time-lag in addition to the usual
stirred-tank time-constant is believed to providé a more
complete description of the reflux equipment, particularly for
the separation processes under study, because: |
(a) Both reflux sections include columns (absorption
column at the top and ammonia-solvent separation
column at the bottom); 7
(b) Since these processes use saturated so]utiohs,
it is usually necessary to provide the installed
pumps with large static suction heads ( in order
to avoid cavitation ) and this leads to relati-
vely large hold-ups in pipesf
In order to make the derivation of the boundary
conditions more concrete, the two time-constants at each reflux
section were assigned (with no loss of generality) to separate
equipment pieces: |
(a) A reflux reservoir assumed to béhave like a
well-stirred tank;
(b) A transportation-lag in the pipe connecting the
reservoir and the column.
Now, consider section I in Figure 3.2.A mass balance
. for the bottom stirred-tank gives
(L, - P)SXx - G ¥y =V (3.48)

3y
BS S 3t

Z=h z=h

where VBS is the volume of 1iquid in the bottom stirred-tank R
and x is the composition in the Tiquid stream entering the
tank (different from the composition of the Tiquid leaving the

the column at the same instant of time).
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_ The balance on the connecting pipe is

x(t) = x(t - (3.49)

TBL)

where

and‘VBL is the 1iquid hold-up in the pipe. Introducing the dimension
less variables defined in (3.37) and the parameter R defined in

(3.17), equations (3.48) and (3.49) become

x* - y* = X y* (3.51)
- BS ¢«
z2*=] z*=]
x*(t*) = x¥(t* - T§L) | (3.52)
where the new time-constants are
TES = VBS (T14R) / (AHh) ‘ (3.53)
T§L = VBL (T4R) / (AHh) (3.54)

Similar balances for section II in Figure 3.2 yield

- W ox/a = Vo s %

m o v = m 3

(3.55)

p)
3
~<
+
-n
>
1
-
w
K

TS

and

x(t) = x(t (3.56)

- T

where x_ is the feed composition, V¢ is the volume of Tiquid in
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the top stirred-tank, x is the Tiquid concentration in the stirred-
tank (different from the concentration entering the top of the

column at the same instant of time) and TIL is given by -
L = VTL/LV ‘ (3.57)

where VTL is the volume of liquid in the pipe. Introducing the para
meters r and R and the dimensionless variables previously defined,

equations (3.55) and (3.56) become

y* . + M- Nx* = ¥ T k3-53)

x*(t*) = x*(t* - r?L) ' (3.59)
where the new time-constants are

T?S = Vg (14R) / (AHh) (3.60)

< VTL / (AHh) | (3.61)
and the constants M and N are given by

M = r (14R) (3.62)

N = (1+R) + (M-R) / «a (3.63)

3.2.5 A Laplace transform solution

The system of two first-order partial differential equations
(3.38) and (3.39) can be rearranged into a single second order

equation. From (3.38)
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ax* | ox* .
y* = ( -a? + Fl ) (1+R) / NOG + X* / a (3.64)
and with (3.39)

2 2

20y AXE oy g 2Ty XE g (3.65)
9z* 9z*pt* 9z* at*
where
B = {a(1+R) - 1} / {a(14R)} (3.66)

Using the initial condition (3.46) the unilateral Laplace

transform of (3.65) is

dx* ; axx e = df(zF) *
;;;Z f (s NOGB) o Nog S X* = o Nog f(z*) (3.67)

where X* is the transtorm of x* and s is the transtorm variable.
Similarly, the transforms of equations (3.51), (3.52),
(3.58) and (3.59) are

X* - ¥* = h (s ¥ - £(1)} (3.68)
z*=] z*=] v
X* = X exp(-st§ ) + (1) {1 - exp(-st} )}/s (3.69)
z*=]
y* + M/s - NE* = ko {sE* - £(0)} (3.70)
z*=0
X* = X* exp(-st¥) + f(0) {1 - exp(-st} )}/s (3.71)
z*=0

where Y*, X* and X* are the transforms of y*, x* and x* and no
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distinction is being made between the initial concentrations of the
Tiquid and gas phases.
Eliminating the dummy variables X* and X* from (3.68)

and (3.69), and from (3.70) and (3.71) respectively

y* = X* 2 - (1) (8 - 1)/s - (3.72)
z*=] z*=]

-
*
1]

>
*

¥y - M+ f(0) (v - N)}/s (3.73)
z*=0 z*=0

where the transfer functions ¢ and ¥ are

©
|

exp(-s 1§L) / (s T§S +1) v | (3.74)

g
[}

(s 1?5 + N) / exp(-s rfL) (3.75)

To arrive at the boundary conditions in terms of X* only,
Y* can be eliminated by considering the transform of (3.64) which
is

LA R Y R Gl (14R)/Ngg  (3.76)

Finally upon substitution of (3.72) and (3.73) “into

(3.76), the boundary conditions become

Y%
AR
X% fap-l- —S—} = 2] + of(1)(8-1)/s (3.77)
2%=] NOG(]-B) NOG(1-B) .
"L
& 0o
X*|  {a¥-1- —5 3 = 2*=0 + afM+F(0) (¥-N)}/s (3.78)

2%=0 Nog(1-#) Nog(1-8)
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Now, the general solution of equation (3.67) is
X* = Ag/s + Ajexp(A,z*)/(s-K) + Ciexp(D;z*) + Coexp(D,z*) (3.79)
where the first two terms are particular integrals and the other two

terms are the solution of the homogeneous equation. The constants

A], A2 and A3 were defined by (3.47) and the constant K is
K = A2 (NOGB - Az) / (A2 - NOG) (3.80)

01 and D2 are the roots of the characteristic equation

D,(s) = A(s) + e(s)? (3.81)

Dy(s) = A(s) - e(s)? (3.82)
with

A(s) = (NggB - s)/2 (3.83)

8(s) = A(s)® + Ny s (3.84)

01 and C2 are the integration constants. Using the boundary conditions

" (3.77) and (3.78) they are found to be given by

P,n, - Piy,exp(D,)
C. = - ' 22 112 2 (3.85)
s(s-K) {nzy]exp(D]) - n]YZexp(Dz)}

. P,nq - P.y,exp(D
c - oM - Pyvyexp(Dy) (3.86)

s(s-K) {nzY]exP(D]) - n]YzexP(Dz)}
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where Y1° Y25 Nps Noo P.| and P2 are functjons of s defined by

() = @ - 1 - (s4D)/{Ng(1-8)} - (3.87)
yz(s) = ad- 1 - (s+Dz)/{N0G(1—s)} (3.88)
n1(S) = a¥- 1 - (s+D])/{NOG(1-s)} : (3.89)
np(s) = a¥ - 1 - (s4D)/Nog(1-8)} (3.90)
_ A2+K )
P](s) = sA]{aw-l }-+(s—K)A3(aN-1) - (s-K)a{M+A](w-N)} (3.91)
NOG(]-B) '
' A2+K
Pz(s) = sA]{a¢-1—————————} exp(Az) + (s-K)A3(a-1) -
NOG(]-B) )
- (s-K)o A](¢-1) exp(Az) (3.92)

Therefore the full transform solution is

X* = Ag/s + Aexp(A,z*)/(s-K) + F(s) (3.93)

. where

'{Pzn]-P]y]exp(D])}exp(Dzz*);{Pznz-P1y2exp(Dz)}exp(D]z*)

F(s)= (3.94)

S(S'K)A{nzY]exP(D]) - n1Y29XP(Dz)}

Note that for K = 0 (i.e., either for A2 =0 or A2 = NOGB) s

s = 0 is not a double root of F(s) because equation (3.93)°
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simplifies to

X* = {A]exp(Azz*) + A3}/ s + G(s) -~ (3.95)

where

'{an1-Q]Y1exp(D]z*)}exp(Dzzf)Q{anz-Q]Yzexp(Dzz*)}exp(D]z*) (3.96)

G(s)= .
s {n271exp(D]) - n]yzexp(Dz)}
and
_ A, .
Q, (s)=A, {a¥-1-————1}+A, (aN-1)-a{M+A, (¥-N) } (3.97)
1 1 No(1-8) 3 1
0G
A
Qz(s)=A1{a¢-1m———————-}exp(A2)+A3(a-1)-aA1(¢-1)exp(Az) (3.98)
N -
0G
3.2.5 Reverse transformation

The reverse transforms of the first two terms of(3.93)
and the first term of (3.95) are immediate. G(s) has two types

of singular points

s=0 | (3.99)

Ny Yy exp(D]) Yo exp(Dz) (3.100)

and F(s) has a third singular point
s =K (3.101)

Using the "theorem of residues" the solutions for the

cases K=0and K £0 are
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(a) k=10

x*(z*,t*) = Ay + Ajexp(A,z*) + 113 {s G(s) exp(st*)} +
s

+ 7 Jim {(s-s ) G(s) exp(st*)} (3.102)
2 sss n
Sn n

where the s, are the roots of (3.100);
(b)K#0

x*(z*,t*) = Ay + A]exp(Azz*)exp(Kt*) + lig {s F(s) exp(st*)} +

“+ 1im {(s-K) F(s) exp(st*)} + § Tim {(s-s )F(s)exp(st*)} (3.103)
s+K L osas n

S n n :

However, it can be shown'(see Appendix D) that

Tim {(s-K) F(s) exp(st*)} = -A,exp(A,z*)exp(Kt*) (3.104)
S+K : &

and therefore equation (3.103) simplifies to

x*(z*,t*) = A3-+11m (sF(s)exp(st*)} + ¥ 1im {(s-sn)F(s)exp(st*)j
s-0 S5
s n
n
(3.105)
“5 The limits when s + 0 lead to time-independent terms

and the 1imits when s » Sn lead to transient terms.

3.2.6.1 The steady-state term

It can be shown (see Appendix E) that whether K = Oor
K # 0 the steady-state term x*(z*,») is always given by the same

expression, that is
x*(z*,0) = Ay + A exp(A,z*) + Tim {s G(s) exp(st*)} =
3 1 2 ",

= A3 + Tim {s F(s) exp(st*)} (3.106)
s-+0
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However, x*(z*,~) is given by different équations
depending on whether r = R = 0 or either r # 0 or R # 0.
(a) Either r # 0or R#£ 0

In this case the limits 1im {s G(s) exp(st*)} and

' ' s-+0
Tim {s F(s) exp(st*)} are obtained by direct substitution and
s-»0 : S

" the steady-state profile is given by (see Appendix E)

erR+reg exp{NOGS(z*-l)}
X*(z*,») =

‘ , (3.107)
R (e#r) + & {r - R/(1+R)}exp(-N0Gs) ! a

where

e=a-1 (3.108)

"Equation (3.107) suggests the following comments:
(i) It is indeterminate (0/0) for r = R = 03
(ii) It can also be obtained by direct integration
of (3.65) with 3 / at = 0 (see Appendix C);
(iii) It is not a function of the constants A],A2 and
Aj(the initial condition does not affect  the
steady-state);
(iv) It is only a function of four parameters a, r,
R and NOG(the feed point is specified);
(v) However, the ratio of the bottom and top concen
trations (x§/x}‘) is only a functionof two groups

of three parameters, and is given by

X5/ %% = {1 + (aR/e)} / {(aR/e) + exp(-NyaB)} (3.109)

RSk .
The ratio xB/xT is plotted as a function of NOGB

and with aR/e as parameter in Figure 3.5.
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Note that from (3.109)

Nog = = Tn {(x§/xg)(1+aR/e) - aR/el/ 8 ‘ (3-.”0)

and that this equation can also be obtained from

the integral definition of Nog
Yg |

Nog = [ dy*/{y* - x*/a) (3.111)
%

Using the operating line

y* = (1+R) x* - R x& (3.112)

the calculation of the integral in (3.111) gives

Nop = = Tn {(y3/y%)(ap/e) - R/ (e(1+R))} / 8 (3.113)

and since from (3.112) the relation between

y?/yg and x?/xg is
yE/yE = (14R) x&/x% - R (3.114)

equation (3.110) is obtained.
(b) r=R =0
In this case, the Timits 1im {s G(s) exp(st*)} and
s=0

lim {s F(s) exp(st*)} have to be evaluated wusing L'Hopital's
s-0
rule and the steady-state profile is givenby (see Appendix E)

(P + <} + 1f) exp(Nye 8 2%)
X*(2%,0) = - T8 06

: : (3.115)
17 + 1§ exP(NggB) + {exp(Nyeg) - 11/ (Nygs)
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where
fg = w5+ w5 = (14R)(VpgtVp, )/ (AHh) (3.116)
= o+ ke = {(14R) Vyg + Yy J/(AHh) (3.117)

That is, the steady state is now a function of the total dimen-

sjonless hold-ups in both reflux sections.

3.2.6.2 The transient terms

The determination of the transient terms of the solution
requires the knowledge of the roots of (3.100). This is an

implicit equation in s which can be rearranged into
nvo/(nov,) = exp(26?) (3.118)
I C (4 |

In general the roots of (3.118) can only be obtained
numerically and are found to be real and negative. The minimi;
zation routine used to determine these roots numerically is Tisted
in Appendix G. However, for a special situation it is possible
to obtain these roots in an explicit form and this case is
discussed in section 3.2.7. ~

Note that e%, Ts Tgs Vg and Y, are complex variab]es
in the interval between the roots of the quadratic e(s) = 0, and

these roots are

s = - Nygl(2 - 8) £ 201 - &)}y (3.119)
Both roots are hegative because by definition a > land R 20 ,

and therefore
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0<p <1 (3.120) -
~and
(2 - 8) ; 2(1 - B)i = {(1 - B5£ - 1}2‘> 0 '(3.121)
The function 8(s) - is schematically shown in Figure 3.6.

e .
2o/ Ceeh/27
——si :
T
!

7 0

Figure 3.6 Function e(s)

Once the sn are known the transient terms can Dbe

calculated because

(s-s,)

lim '{(s-sn)F(s)exp(st*)} = lim {— —} .
R ac : | $¥s, n2v1e§p(D])-?szgxp(Dz)g

{pyn;- P]Y1exp(D])}exp(Dzz*)F{Pznz—P]Yzexp(Dz)}exp(D1z*)].

. lim
s*s, s (s=-K)

. exp(snt*) ‘ o ;> - (3.122); ’

The first limit in (3.122) is evaluated using L'Hopital's rule.
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and the second by direct substitution.

Note that ft is implicit in the derivation that s = K
is not a Eoot of (3.118). Although no proof of this ~ statement
can be offered (because A2 is obtained by a numerical fit) , K
was always found to be positive in contrast with the Sh which
are negative. Also note that no distinction needs to be made
from now on between the cases K = 0 and K # 0, because the
second limit in (3.122) is equal to the equivalent 1imit'fdr'the
case K = 0 (in terms of Q1 and Qz). |

Finally the full solution can be expressed as

X*(z%,t*) = x*(z*%,=) + ) C(z*,s,) exp(s t*) (3.123)

*n

where x*(z*,») is either given by (3.107) or (3.115) depending
~on the values of r and R, and the coefficients C(z*,sn) are

given by

'({Pzn]-P]y]exp(D])}exp(Dzz*)'—{Pznz-P1yzexp(D2)}exp(D]z*)]s=sn

' C(z*,sn)=
sn (5070 { Gatngny@m(01)-my,exp(0) Vg g
(3.124)
3.2.7 Explicit case
The roots of (3.118) can be made explicit if
MY, = NoMy (3.125)

The non-trivial solution of this equation is

¢ =Y (3.126)
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which can only be satisfied for all s, if
¢ =¥ =1 A (3.127)
i.e., if
r=R=rtf =tfg =14 =1k =0 (3.128)

That is, the roots of (3.118) can only be made exp]iéit for the
total reflux operation of a column whose reflux sections have

negligible hold-ups. For this case equation (3.118) becomes
exp(20%) = 1 = exp(2nin) with n = 0,1,2,..  (3.129)

Therefore
8 ==-a n (3.130)

and using (3.66), (3.83), (3.84) and (3.128)

s, = = Noglet)/a = 2 Nygll/a - (n/Ngg) B3t (3.131)

n OG)

with n = 0,1,2,... The two roots for n = 0 are the roots of
8(s) = 0 given by (3.119). _

Note that due to the appearance of exp(snt*) in the
transient terms, the approach of the system to the steady state
is ultimately controlled by the largest Sh (smallest inabsolute

value). This corresponds to the "plus" sign in (3.131), i.e.,

\

Sg.= = Nog {(@+1) - 2a%} / o . (3.132)
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Note that expanding aé in a Taylor series

N O LICK Y, S S (3.133)

and neglecting terms of order greater than two, it is found that

sg = - Nyg £°/(20) | (3.134)

which shows the well-known (65,67) dependence on these two para
meters of the rate of approach to the steady state.

Now, since the roots are explicitly given by (3.131),
the coefficients of the transient terms can be calculated from
(3.124) and, after considerable manipulation (see Appendix F) ,

they are found to be

- 2mwnR exp(xnz*)'{1 - (-1)" exp(-xn)}

C(‘Z*’Sn) = z
S {sn + Nog (2-8)}

'.{(sn - NogB) sin wnz* - 2mn cos mnz*} (3.135)

where A = is the value of A for s = s . From (3.115), (3.128) and
(3.135) the full solution at the bottom of the column (z*=1) is

o = nP01-(-1)"exp(r )}
8] —
exp(NOGB)-l n=1 sn{sn+NOG(2-s)}

NOGBexp(NOGB) i

x*(1,t*)= exp(snt*)

(3.136)
and since it is a function of only two parameters (a and NOG) s
if one is known the other can be measured by a single experi-
mental determination’of x*(1,t*) at any particular t*. Figure

3.7 was obtained using the first ten terms of (3.136) andallows
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the number of transfer units in any packed column to be determined
for systems with a = 1.006. |

In conclusion, for this special and rather restriqtive
case it is possible to arrive at an exﬁ]icit series of transient
terms and to assess how the approach to steady state depends on «a
and NOG' The influence of r, R and the reflux time-constants in a

general situation can not, however, be determined in this way.

3.3 Applications of the model

Two particular application areas of this model will now
be discussed. They are the experimental determination of the column
separation performance using transient data and, the simulation of
the column start-up when the feed and product flow-rates are not
constant.

3.3.1 Parameter estimation

. - The slow dynamic behaviour of packed columns mentioned in
séctgon»Z.i, nas very undesirable impiications trom a research
point of view. If only a steady-state model is available, the
column separation performance can only be experimentally assessed
after the attainment of a concentration steady state. This means
that the equipment has to be operated continuously during long
periods of time, thus incurring in large operating expenditure. In
addition, the maintenance of steady-state flow conditions during
such long periods requires additional control equipment, thus also
affecting the capital costs. A method that allow the prediction of
steady-state performance from start-up data is now proposed.

Numerical calculations have shown that the series in

equation (3.123) converges very rapidly, because

|51| << |52| < |s3| < ... (3.137)
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and

IC(Z*,S])I >> lC(Z*,Sz)l > IC(Z*,S3)| > ... (3.138)

particﬁ]ar]y near both ends of the column (see example 1ﬁ Tables
3.4 and 3.5). Therefore, after an initial period of operationwhose
magnitude depends on the reflux time-constants, all but the first
term can be neglected. Hence, for z* = 1 the solution (3.123) can

be approximated to

X*(1,8%) = x*(1,0) + C(1,5;) exp(sqt*) (3.139)
or

In {x*(1,=) = x*(1,t*)} = s]t* + 1In {—C(l,s])} (3.140)

Thus, given a set of experimental points x*(1,t*) atdifferent times
t* it is possible to optimize the steady-state concentration at the
bottom of the column x*(1,=) that gives the "best" log-linear fit
of the data. And since x*(1,«») is only a function of «, NOG and
other known parameters (either T§ or 1? for tota1 reflux operation
or r and R for production conditions), it is thué'possible to esti-
mate NOG if o« is known, and vice-versa, simply by following - the
approach to steady state at the bottom of the column.

The estimation of x*(1,=) was performed by a standard two
~-parameter minimization routine, which only requires function eva-
luations (no derivatives). The function to be minimized is arrived
.at by using the least-squares technique,and the necessary cohstraints
are that x*(1,«) has to be greater than any of the x*(1,t*) and of
the same order of magnitude as the larger x*(1,t*).

A computinq programme (TRUNIT) implementing this method

was written and a documented listing is presented in Appendix G.
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This version was run on the I.C.C.C. CDC 6400 and Cyber 7314 compu |
ters under the Kronos 2.1 operating system. In general terms, the
program optimizes the number of transfer units in a gfven column
from transient start-up data, and then successively computes the
steady-state concentration profile, a user-specified number of roots
of equation (3.118), the same number of coefficients of the transient
terms at several values of z*, the transient concentrationprofiies
at a set of user-specified times and, the approach to steady state
at both ends of the column. Moreover, it produces three microfilm
plots of the log-linear fit used to estimate NOG’ the transient and
steady-state concentration profiles, and the concentrations at both
ends of the column as a function of time.

The total computing costs are very small. Storage requi-
rements are under 20 K and execution times (ihcludingthenﬁcrofi1m
plots) are of the order of ten seconds.

This method was first tested by simulation. The transient
performance of the installed column (h = 510 cmand A = 5 cm2) was
computed for a given set of conditions, which included the = value
HOG = 1.5 cm. Six calculated values of the concentration at the
bottom of the column for six different times were then treated by
TRUNIT and the results are shown in Figures 3.8 and 3.9. The esti-
_mated value of Hog Was 1.52 cm (relative error of 1.3%).The method
was subsequently used in the treatment of the transient data (see
~ section 5.3), and proved to be very satisfactory even for rather

scattered data.

3.3.2 The column start-up

It was previously mentioned that in the case of isotope

separation processes the dynamic behaviour of packed columns can be
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extremely slow. Therefore, the optimization of the to]umn start-up
can be, in these cases, parfiéu?ar]y rewarding.

The consideration of optimum control problems is outside
the scope of the present work. However, the dynamic model derived
in section 3.2 can be used to simulate the column start-up for a
variety of conditions, provided that two input controls (the feed
and product flow-rates) are assumed stepwise functions of time.

For}exemplification purposes, consider the | simplest
possible case, i.e. only one discontinuity in r(t*) at the time t;

and another in R(t*) at tﬁ, according to Figure 3.10.

r{t¥)
N |
r PASES SITRNEE ot g S—
0 —
0 | i
R(t*) y
R o e E—— S CEEE, CEE— CEE—— TS NS SR SES  SEESEEERERSUTENEINER
| | _
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0 _—
* *
0 t: tR t

Figure 3.10 Unit-step functions
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“The start-up period can now be divided into three zones:
(a) A "total refiux" zone (A), where r(t*) = R(t*) = 0;
(b) A "build-up" zone (B), where r(t*) = r and R(t*) = 0;
(c) A "production" zone (C)s where r(t*) = r and R(t*) = R.
That is, in each of these intervals both r(t*) and R(t#)arecnnstahf.
' AThe first zone is covered by the model proposed in section
3.2, using a cpnstant initial condition,i.e. with f(z*) = 1 (A] =0
and A3 =1 or A] + A3 = 1 and A2 = 0). The transienf ~ concentration
profile thus computed for t* = t; is numerically fitted to a new
function f(z*), which is then used as the "initial" condition for
zone B. Similarly, the concentration profile at tﬁ is again fitted
to f(z*) and fhis is then used as the "iﬁitié]" condition for zbne
C. Thus; the whole period can be modelled by simply shifting the -
time origin at each discontinuity in either r(t*) or R(t*).
A numerical example is shown in Table 3.1.The steady-state
“profiles indicated for the zones A and B are those that would
eQentua]]y be attained if the feed and product flow-rates were not
started. Details of the two fittings at tr = 40 hours and tR = 400

hours are shown in Table 3.2.

Table 3.2 The fittings of f(z*) -

STANDARD
TIME | Ay Az A3 |pEviaTION
t. .073 2.464 774 J2°%
to 531 2.133 .452 .09 %
A two-exponentials function f(z*) would result in a better fit,

‘particularly when the discontinuities occur at very small times, but

even the adopted function gives quite acceptable errors.
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Table 3.1 Concentration profiles
Z0NE z*n(wf 0. | 10 | 40 | 50 | 120 { 250 | 400 | 600 | LY
0. |1.] .952| .83 412
Q1 | 1. | .968| .864 .505
.2 | 1.] .980| .898 .619
= .3 | 1. | .989| .935 .759
- 4 | 1. | .99 .978 .931
= | .5 | 1. |1.003]1.029 1.142
& | 6 |1.[1.013/1.00 1.400
= 7 | 1. [1.029(1.178 1.717
= .8 | 1. |1.059]1.290 2.106
.9 | 1. [1.110]1.440 2.582
1. | 1. 1.197(1.642 3.167
0. .847| .909| .959] .971| .980 1.006
R .867| .915{1.002(1.060(1.108 1.234
.2 .895| .929/1.057/1.170(1.265 1.513
.3 .927| .955/1.125/1.306{1.459 1.855
) 4 .969| .994{1.212[1.475|1.699 2.275
g .5 1.025(1.048(1.324(1.687|1.994 2.790
= .6 1.095[1.123[1.467{1.950|2.361 3.421
3 .7 1.183(1.223[1.650|2.279|2.814 4.195
.8 1.297{1.355|1.8856|2.6903.375 5.145
.9 1.445[1.529|2.187/3.205[4.071 6.309
1. 1.634(1.761|2.575/3.849|4.934 7.737
0. .982| .974| .972
N 1.109(1.075| 1.065
2 11.265(1.203| 1.183
= .3 1.458(1.365| 1.332
- 4 1.698(1.571| 1.522
§ 5 1.994(1.832| 1.763
S .6 2.360|2.162| 2.068
S .7 2.814(2.580| 2.456
= .8 3.377/3.109| 2.948
.9 4.071|3.780| 3.572
1. 4.934(4.629| 4.364
Variables employed: o = 1.006 h = 510 gm
Nog = 340 A=5cm
tr = 40 hours H=.13 2 3
tR_= 400vhours Lv =2 x 10 3mm S
r=.1 VTS = 750 cm
R = .001 zss - ‘1150 Smg
BL = ‘1L = Y
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Note that in this example, the concentration at the bottom
of the column at tR = 400 hours has already reached a level greater
than the production steady state. That is, in zone C there is a
continuous decrease in concentration towards the steady-state profile,
in contrast with zones A and B in which there is a continuous build-
-up of enriched material.
| This behaviour is more clearly shown in Figure 3.11 where
the concentration at the bottom of the column is plotted against
time for five different situations. The product withdrawal time tﬁ
was kept constant and five different values of t; were considered.
A1l the other variables were as indicated in Table 3.1. This plot
exemplifies the obvious conclusion that the quickest path to a
production steady state is obtained by starting the feed stream at
t* = 0 and initiating production as soon as the concentrationat:the

bottom of the column reaches the design level.

A Fortran IV computi
this calculation technique was written, and is listed in Appendix H.
Storage requirements are under 21 K and the total compilation and
execution time for the example shown in Table 3.1 was less than
thirteen seconds.

More realistic start-up situations in which the feed aqd
product flow-rates are gradually increased, can also be treated by
_Athis method, by considering a larger number of zones. The present
version of STARTUP shows that for most applications this extenéion

should not prove prohibitive in terms of computing time.

3.4 An approximate solution

In the present notation, the similarity conditions (2.27)

and (2.28) can be expressed as
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X*(Z*,t%) - 1

x*(z*, ) - 1

- f(t*) (3.141)

and

X*(z*,t%) - 1
x*( 1,t%) - 1

= g(z*) (3.142)

Since there is a height zg defined by
: X*(Zg,w) = 1 (3.143)

and eduation (3.7142) is supposed to be satisfied at any height z*
as close to.zg as required, condition (3.142) implies that all the
fransient profiles contain zg. This suggests that approximate
solutions for the zones above and below zg can be obtained ( using

| the same method as in section 3.2 ) with the boundary condition
x*(zg,t*) =1 forall 0 ¢ t* ¢ =» (3.144)

Two examples of the concentration profiles produced by
these solutions are shown in Figures 3.12 and 3.13. In Figure 3.12
the total'ho1d-ups of the two reflux sections are zero. Itis clear

that the transient profiles above zg and for small times are not

similar. This means that equation (3.144) is not sufficient for the

condition (3.142) to be satisfied. In the second case (Figure 3.13)

3

~ the hold-ups in the reflux sections are VT = 484 cm~ and Voo =

S BS

IS and VBS was chosen so that zg

is the same in both cases). A1l the other variables are as in the

= 250 cm3 (the relation between V

first case. The hold-ups in the reflux sections are now responsible
for a much slower approach to the same steady-state. This can be
detected by comparin§ the times of the transient profiles in the

two cases, and is more clearly shown in Figure 3.14, where the
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evolution with time of the concentrations at the bottom and top
of the column, for the two examples, are plotted.

Note that the similarity conditions (3i141) and (3.142)
are not exact solutions of equation (3.65). Aseparation(}fvgriab1es
solution of the problem involves not only leaving-out the  cross-
-derivative term in (3.65), but also the use of less general
boundary conditions. However, this analysis confirms the asymptotic
character (near steady state) of the similarity solutions. This
was mentioned in greater detail in section 2.4, where the available
experimental evidence was also quoted. The present approximate
solution based on the constancy of zg supports those views.

Similar conclusions can also be drawn from Table 3.3
and Figure 3.15. These show the profiles obtained by the exact
solution (section 2.3) for the same conditions as in Figure 3.13.
Although, strictly speaking, the transient profiles for very
short times do not contain 23: it seems that the condition (3.144)
is reasonably accurate . For reference purposes, the values of S,
and C(z*,sn) computed for this example are shown in Tables 3.4
and 3.5, respectively.

A1l these considerations about the validity of appro*i-
mate solutions may also be used to support the parameter estimation

method proposed in section 3.3.1. Note that from (3.139)

(e s L) Es) g (3.145)
x*(z*,=) - x*(z*,t*) C(z*,s])

that is, the use of only the first of the transient terms implies

a similarity condition which is analogous to (3.142).
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Table 3.3 Transient and steady-state concentration

- profiles (exact solution) for the example withV

TS =

= 484 cm3 and VBS = 250 cm3.

t(hours)| 10 50 150 200 | STEADY

z* N\¢*| 19.9 | 99.6 | 298.6 | 398.3 | STATE
0. 9292 | .7184 | .4541 | .3949 | .3065
1 9520 | .7505 | .5132 | .4580 | .3756
.2 .9694 | .8024 | .5830 | .5337 | .4603
.3 9819 | .8483 | .6661 | .6251 | .5641
4 9911 | .8990 | .7659 | .7360 | .6913
5 9987 | .9572 | .8868 | .8709 | .8472
.6 1.0070 |1.0263 |1.0341 | 1.0358 | 1.0382
.7 1.0191 |1.1112 [1.2147 | 1.2378 | 1.2723
.8 1.0396 |1.2184 |1.4372 | 1.4861 | 1.5591
.9 1.0748 |1.3563 | 1.7121 | 1.7918 | 1.9107
1. 1.1336 | 1.5360 |2.0528 | 2.1686 | 2.3415

Table 3.4 Values of the first eight roots of (3.118)

for the example shown in Table 3.3.

$1 -.005155
Sy -.041496
S3 -.129550
Sa -.274336
Sg -.476677
S¢ -.736787
Sy -1.054781
Sg. -1.430760




Table 3.5 Values of the coefficients C(.z*.sn) for the example shown in Table 3.3.

z¢ [ C(sy) C(s,) | C(sy) | Clsy) | Clsg) | Clsg) | Clsp) | Clsy)

0. .687996 .003759 .001462 .000113 .000096 .000024 .000008 .000004
.1 .641414 | -.004102 | -.008311 | -.001386 | -.001904 .000626 | -.000494 | -.000260
.2 .571816 | -.013139 | -.016494 | -.001926 | -.001409 .000020 .000340 .000353
.3 .475351 -.022217 | -.018815 | -.000733 .001497 .000827 .000423 | -.000128
A .347824 | -.029937 .012756 .001483 .002821- | .000011 | -.000773 | -.000320
.5 .184692 | -.034785 .000827 .002831 .000020 .001091 | -.000010 .000629
.6 | ~-.018919 ( -.035347 .017298 .(101776 | -.003639 .000006 .001060 | -.000431
7 -.268201 | -.030547 .029525 | -.001281 | -.002430 .001439 | -.000762 | -.000286
.8 -.568626 | -.079894 .030675 | -.003885 .003038.| -.000035 | ~.000886 .001010
9 | -.925913 | -.003693 .017526 | -.003387 .005173 .001898 .001687 | -.001013
1. [ -1.345963 .016816 | -.007126 100534 | -.000413 .000080 | -.000029 | -.000007
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CHAPTER FOUR

EXPERIMENTAL

4.1 Pilot plant

In order to measure the steady-state and transient
performances of a packed column operating on the present type of
]SN separation processes, a pilot plant was deSignedandconstructed.

Details of the plant are subsequently reported.

4.1.1 General description

A schematic flow diagram of the complete plant is shown
in Figure 4.1 and the principal pieces of equipment are identified

in Table 4.1.

Table 4.1 Plant equipment

CODE DESCRIPTION

Ti 15N separation column

T2 Ammonia-solvent stripping column
El ~ Reboiler

E2 Partial condenser

E3 Ammonia absorption column

D1 Solvent storage tank

D2 Ammonia waste disposal tank

LC Level controller

The plant was designed to operate at atmospheric pressure
and room temperature and is composed of three main sections:
(a) The 15N separation column T1 where the gas-liquid

transfer of 15

NH3 takes place. The liquid phase 1is a saturated
solution of ammonia and the gas phase is essentially = ammonia

containing the amount of solvent corresponding to its vapour tension
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at the operating conditions; |
. (b) A top reflux section E3 where the gas stream is absorbed
'in the recycled solvent in order to produce the liquid solutioq;‘
(c) A bottom reflux section T2, E1 and E2 where the Tliquid
phase is stripped of_ammonia by solvent vapour. |
These three sections could be installed one on fop ‘of the
other, in which case the total liquid hold-up would be much ~ smaller
and only one pump would be réquired. However, in the present plant

they were mounted side by side, because the total available roomheight

was used for the separation column.

4.1.2 Equipment

Both the columns and heat exchangers were in QVF glass (dJ.A. |

Jobling & Co. Ltd.), with the dimensions shown in Tables 4.2 and 4.3.

Table 4.2 Columns characteristics

DIMENSIONS

EQUIPMENT PACKING
Height(cm) | Diameter(cm) Type Size(mm)
T 510 2.5 Raschig 2
T2 100 7.5 Dixon 3

Table 4.3 . Heat transfer equipment

2

EQUIPMENT | HEAT TRANSFER AREA (dm®)
El 6.3
E2 20.
E3 20.

gaskets were used throughout.

Owing to the corrosive properties of ammonia and its solutions,P.T.F.E.
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Micrometering pumps (type 2/30 D by Metering Pumps Ltd.)
with mechanically actuated diaphragms were used, the maximum pumping

3571, The pump heads were  in

capacity being of the order of .5 cm
18/8/3 stainless steel and the nitrile rubber diaphragms were P.T.F.E.
faced. A peristaltic flow inducer (type MHRE/200 by Watson-MarlowLtd .)
was also ocasionally employed. In order to eliminate pump cavitation,
large static suction heads were installed and entry lines were fitted
with water jacketed coolers.

Flow rates were measured with previouslyca]ibrétedrﬂtameters
(by Glass Precision Instruments Ltd.), fitted with stainless steel
floats and coupled to pulsation dampers. Gas flow rates were also
checked with bubble meters.

Gas pipings were in 1.25 cm i.d. semi-rigid pb1yethy1ene
and liquid lines were in silicone rubber of .8 mm i.d. for delivery
and 8 mm i.d. for suction. Non-controlling va1ves were of thev ball

type in polyethylene. The ammonia cylinder was fitted with a  two-
| -stage pressure regulator (Air Products Ltd.) containing a stainless
steel needle valve. |

The reboiler E1 was externally heated by a heating tape
manually controlled by a "Variac" rheostat. The maximum power output
was 1.5 Kw. The liquid level in the reboiler was automatically
controlled by a pressure-difference driven control element, which
operated a P.T.F.E. faced on/off solenoid valve (Alexander Controls
Ltd.). This specially designed controller achieved reasonable operation
stability, which was virtually unaffected by the operating conditions
(pressure drop, etc.) of column T1. A schematic diagram of the
controller is shown in Figure 4.2.

"~ The cooling water for the heat exchangers E2 and E3was not

recycled, but the inlet temperature was controlled via thermostatic
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baths. E3 was fitted with a one-way air inlet, to prevent admission

. of solution from the ammonia waste disposal tank D2, in case of a

sudden pressure drob in the System. Continuous operation

of this

tank was not envisaged because all runs were at total reflux.

Co]umnS'T1 and T2 were packed with stainless steel

‘wire

gauze rings of the type and size 1nd1cated in Table 4.2. Add1t1onal'

data for similar r1ngs are shown in Tab]e 4.4,

Table 4.4 Packing characteristics

TYPE |SIZE(mm) | MESH/cm | no./dm® | WEIGHT(g dm>) | FREE GAS SPACE(%)
Dixon | 3.2 32 1.8x10* ;18 95
“ | 1.6 | 40 8.1x10% 611 93
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Both'packings were Chemical]y pre-tfeated in order to remove
gfease fi]ms and to increase surface roughhess. This treatment consisted
of pro]ohged boiling in a 10w%,NaOH solution, followed by etching in
a .2M F_e2(504)3 solution containing 4 v% of HF. The'etching so]ution'
was heated until a gas-producing reaction started and, the reaction
was allowed to proceed for five minutes. The paéking was then _rinsed

in cold water and dried with prdpano].

4.2 Anaiytica] method

Liquid samples collected during p]ant operationwere analysed

1-‘or-,]5

N content by mass-spectrometry. Details of the sample preparation :'
and analysis are now described.

4.2.1 Sample preparation

It is not possible to determine directly the ]SN atomic

]SNH3 and water-

give the same 18-mass signal and are thus undistinguishable. It is

abundance of ammonia aqueous solutions, because both

therefore necessary to oxidize the ammonia into nitrogen and then

determine the 15

N content of the nitrogen samples via the peaks of
_masses 28 and 29. The oxidation can be done in two ways:
(a) Liquid-phase oxidation by a sodium hypobromite solution

(43); |

~ (b) Gas-phase catalytic oxidation over cupric oxide at 773K
(55). |
The first method was adopted. The oxidation was performed in a  two-
-compartment glass cell, connected to the inlet system of the mass
spectrometer. The sample (.1-.3 cm3) and an excess of hypobromi te
solution were introduced in separate compartments in the cell, which
was then imersed in 1iguid nitrogen and evacuated. The oxidizing

solution was subsequently defrozen and added to the sample.The nitrogen

thus produced was finally admitted into the mass spectrometer.
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_ This_method proved satisfactory and the only relative
dfsadvantage is the handling of the hypobromite solution ( prepared
by adding equal volumes of a 8 w/v % solution of potassium bromide
and a 31 w/v % solution of Na20). The excess of hypobromite solution
prevents selective oxidation of the sample, thus avoiding separation
of the two N isotopes during the oxidation.

4,2.2 Mass spectrometer

- A11 the analysis were performed in an ATLAS M-86 mass
- spectrometer using a double collector measurement technique. The
high voltage supply is adjusted in such a way that peaks 28 and 29
fall into two different collectors. Alternate admission of the sample
and of a standard allows direct determination of the]SN/14Nisotopic
rqtio, with a claimed precision of the order of .01%. The standard
used was air, since analysis of several air samples at different

times showed a negligible difference between them.



CHAPTER FIVE

RESULTS AND DISCUSSION

5.1 Pressure drop and liquid hold-up.

=)

-up, in the installed column and for the system air-water,

98

Some measurements of pressure.drop and dynamic liquid hold

. were

initially undertaken. At the start of the experiments the column was

preflooded and operating flow-rates were then imposed. Readings were

taken after the attainment of steady flow conditions.

Pressure drops were measured with an open water manometer

connected to the bottom of the column. Saturated air was blown up the

column, which was open to the atmosphere at the top. The

pressure drops for the dry packing and for three different

measured

Tiquid

~ flow rates are shown in Table 5.1 and arerp1otted in'Figure’S.l.

-1

Table 5.1 Pressure drops in cm H20 m

G x 10° (g em? s'])
4.4|8.8]13.2[14.1|19.8} 35.2| 41.0 | 44.0 | 48.4 | 52.8 | 56.0
_~|ory|.23] - |1.45| - [2.38]5.93] - [8.90| - |11.78|12.20
"o o}” 1.3|.49| - | - |2.43]3.60]8.35|11.0512.70}15.40] - | -
. 5 |5.7|.5701.47] - |2.80}a.35]9.50 [13.30]15.50] - | - | -
_J'oﬁi 6.7|.6a| - | - |s.38]5.11hs.25]16.00 - | - | - | -

Dynamic 1iquid hold-ups were measured by stopping the opera

tion and collecting the drained 1iquid at the bottom of the

column

for 24 hours. The results are shown in Table 5.2 and are plotted in

Figure 5.2.
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Figure 5.1 Pressure drop for 2 mm s.s. wire gauze Raschig rings
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Figure 5.2 Liquid hold-up for 2 mm s.s. wire gauze Raschig.rings

(system air-water)




5.2 Column separation performance
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The installed column was used to separate 15NH3 from its

natural'abundance, with the system ammonia-water. A1l the runs were

at total reflux and the column was always preflooded.

of the column and were then analysed for

15

Liquid samples were periodically collected at the bottom

N content by the method

described in section 4.2, The operating conditions and the measured

concentrations are shown in Table 5.3.

Table 5.3 Experimental data for the System ammonia-water,

at total reflux and room temperature

RUN 1 2 3
%Mm3s_1) 83.3 166.6 249.9
H .09 13 .18
V() 100 100 100
vy, {on”) 50 50 50
Vg (om®) 1000 300 1000
Vp, (cn®) 100 100 100
t(hours) |x(1,t)% | t(hours) | x(1,t)% | t(hours) | x(1,t)%
5.5 .377 5.5 .433 10.0 451
20.0 477 18.0 .496 22.5 .534
34.0 512 | 30.5 577 43.0 .628
41.0 558 | 60.0 .663 68.0 .707
60.0 .570 76.0 673 | 114.0 | .766
85.0 .661 | 100.0 | .715 | 195.0 | .834
130.0 | .751
250.0 | .876
452.0 | .978

Other variables: A=5 cm’; h=510 cm ; «=1.006 3 x,=- 365%
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‘Other published data obtained on simi]ér packings are

'shown in Table 5.4. Five runs with three different so]venté and

covering a wide-range of flow rates were considered.

‘Table 5.4 Experimental data of Kuznetsov and Panchenkov

RUN I I1 111 IV v
SOLVENT water 1-propanol | 1-propanol T-propanol 2-propanol
a 1.006 1.0055 1.0055 1.0055 1.0055
Nnds™hy | 1147 16.7 30. 83.3 8.3
H .08 .10 .15 .20 .05
xo 751 .746 737 1. 1.
REFERENCE (56) (54-Rund) | (54-Run2) | (57-Figl) | (57-Fig4)
t | x(Lt)] t [x(WE)] t |x(W)] t [x(Lt)] t [x(Lt)
(hrs)l (%) [(hrs)] (%) J(hrs)| (%) |(hrs)| (%) [(hrs)| (%)
2. 17720170, 1.830 1 11, | 8251 5.2 11 nazi12 711 194
5. | .828 | 44, (1,032 18. | .887 | 17.4 |1.120] 50.3 |1.455
7.75| .845 | 82. |1.085(30.5] .922 {29.0 |1.172{138.3]1.512
19. | .930 [131.5[1.103| 55. | .986 | 81.2 [1.257]|194.3]|1.534
32. }1.005]183. {1.106] 79. |1.026]243.6{1.386 240. 1;556
60. {1.060
99. |1.114
120, {1,115
191.|1.135
2

Other variables: A = 2 cm”™ ; h = 140 cm (except in Run I where

it was h = 135 cm) ; hold-ups in the reflux sections

estimated from the description of apparatus :

3.
3 Vs

_ 3 -
= 5000 cm” and VTL = 10 cm .

VBs =5 ¢m
3

were
3

.
?



5.3 Analysis of results
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The eight runs described in the previous section were

treated by the model developed in Chapter Three. The separation

performancewas estimated by the method described in section 3.3.1.

The log-linear fit used to determine HOG and the time dependence

of the concentration at both ends of the column are shown,

for

the eight runs, in Figures 5.3 to 5.10. The results are summarized

in Table 5.5.

Table 5.5 Data analysis

L 5(82,84) G H Knned
RUN| SOLVENT | 5 Y, N L P B 06" s, _
(mm“cm “s ") |(mmol mm “)| (mmol cm “s (em) [(mmol cm. s )
1| water 16.7 .031 52 2.17 .235
2 " 33.3 " 1.03 2,23 .462
3 " 50.0 " 1.55 2.49 .619
I " 5.9 " .18 1.94 .093
-
II propanol 8.4 .018 .15 1.87 .080
ITI " 15.0 " .27 2.10 .129
v " 41.7 " .75 2.26 .332
2- '
v propanol 4,2 ! .08 1.71 .046
A simple empirical relation for the overall mass

transfer coefficient was derived. This was obtained by a least-

~squares fitting of an expression of the type ]og(KOGaS)=f(1ogGm)

to the data. The Tinear regression analysis showed that the data

were well correlated by

K

0G ag

= .43 Gm'

88

(5.1)
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where Ko.a_ and G are expressed in mmoT em 3 5”1 and mmol cm 2 5_1,

'respectivevly. The sum of the squares of the residuals was 8.4 x 10-4.

From (3.32) and (5.1)

H

) 12 | —
Hyg = 2.33 6 62

-],respectivew.

where HOG and Gm are expressed in cm and mmol 'cm'2 s
The experimental points and équations (5.1) and (5.2) are plotted
in Figures 5.11 and 5.12. - |
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Figure 5.11 The overall mass transfer coefficient as a function of

the gas flow rate. -
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,Fighre 5.12 The height of the overall transfer unit as a function

of the gas flow rate.

Equation (5.1) suggests that the transfer process is gai‘
-phase controlled, and this confirms published qualitative evideqce
- (50,58). The fact that a reasonable correlation is obtained without
correction for physical properties, is due to the small concentrations
of solvent vapour in the gas phase. In addition, any 'smé1l
differences in the gas denéity and viscosity between the eight runs,
have an even smaller effect on the gas-phase Sherwood number. In
fact, most empirical correlations for the gas transfer coefficient
are of the form

b

Sh = a Re ScC

(where b and c are positive constants, smaller than one). Therefore

the overall effect of p and u on Sh is only (p/u)b-c.
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CHAPTER SIX
CONCLUSIONS

The conclusions of the present work can be summarized

as follows:

15

1. A method to separate “N using a gas-liquidcontact

between ammonia and ammonia solutions was investigated. The fact

15

that NH3 concentrates in the liquid phase even at room tempe-

14 15

rature (when the saturation vapour pressures of pure ' 'N and "°N

ammonias are equal), was attributed to the isotopic selectivity
of certain H~-bonded molecular associations between the so]ufeand
the solvent. The solvent dependence of the single stage separation
factor was thus explained, and jonic effects were shown to be
negligible.

2. The interphase mass transfer process was modelled

as an equimolecular cbdnterdiffusion of 14 15

&4
through an inert solvent. Differences in the solubilities and
14 15

N and "°N ammonias,

heats of solution of " 'N and "“N ammonias were neglected.
3. Experimental results on the separation performance
of a packed column suggest that the transfer process is gas-phase
controlled. A simple correlation for the overall mass transfer
coefficient was obtained, and since the concentration of solvent
vapour in the gas phase was always small no correction for gas
physical properties was needed.
4. A mathematical model for the transient operation of
a packed column was developed, and the agreement withexperimental
data was good. The solution of the model allowed the estimation
of HOG from column start-up data. It was also possible topredict

the column start-up with varying feed and product flowrates,using

a mixed analytical-numerical method which is based on the
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I

inclusion in the model of a height-dependent initial condition.

Suggestions for future work

1. A preliminary cost estimate on these processes should
now be made, using the equilibrium data available in the Titerature
and the present correlation for the overall mass transfer coefficient.

2. Additional experiments with other solvents (methanol,
ethanol, etc.) should be carried out.

3. An attempt should be made to improve the accuracy of
the experimental determinations of single-stage separation factors,
and to measure their temperature dependence.

4. Other ]5N separation processes (suchas thedistillation
of.1iquid NO and the Tow-temperature sorption of liquid nitrogen in

CaA zeolites) deserve further exploration at pilot plant scale.

2
<
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APPENDIX A

A TENTATIVE INTERPHASE TRANSFER MODEL IN TERMS OF A LIQUID-PHASE

REVERSIBLE REACTION

(a) Assumptions

i)

i)

iii)

(b) Material

Apart from the solvent there are four distinguishable

15

species A,B,E and F in the solution, with A = “NH

]4NH3-so1vent, E = 14NH3 and F = ]5NH3-solvent.

Instantaneous equilibrium between these four species

3°
B =

is attained inside the liquid film and the mass action

law is maintained throughout the diffusion path (75),

i.e.,
Ky
-3
A+ B <« E + F (A.1)
ky
. = {E)-(F) _ 0 _ Tl
[ (A).(B) N . AR

The flow of these four species is unidirectional and
under zero-nett flux conditions.

Species B and F are non-volatile, i.e., the mass
transfer flux of these species across the interface
is zero.

The transfer of the other two species across the
interface is equimolecular, because the solution is

assumed saturated and differences in the solubilities

of A and E are neglected.

balances

The unsteady-state mass balances for the four species in

a slab of lenght dz across the diffusion path give:
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2
A 3°A »

33 = Dy 2 k, AB + k, EF (A.3)
oB - a%

3T = Dy = - kyAB + Kk, EF (A.4)
E - %E L W EF o4 K AB (A.5)
93t =~ E a22 2 1 :
L (A.6)
at =~ °F a22 2 1 :

where D are binary effectfve diffusivities, t is time,z is the
diffusion path (0 at the interface) and Ky and k, -are the

| forward and reverse rate constants, respectively.
At steady state and eliminating k] and k2' these

four equations become

D -;L:% + D -Z—i% =0 (A.7)
Dp :dj;; + Dp % = 0 (A.8)
Dg —:—z—g + Dg :j—g = 0 (A.9)
Dg fg% + D —:—i—g— = 0 (A.]O)

Only three of these four equations are independent.

Discarding (A.8) and integrating

DyA + DLE = Cz + G (A.11)

Dg B + Dg E C3z + C4 (A.12)
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DgB + D F = Coz + C (A.13)

where C], C2, C3, C4, C5 and C6 are integration constants to
be determined by the boundary conditions.

From assumption (iv)

NB = NF = 0 v (A.14)
z=0 zZ=
that is,
dB _ dF _
DB i DF ria = 0 » (A.15)
z=0 z=0

Thus, from (A.15) and the derivative of (A.13)

Cc = 0 (A.16)

Na = - N (A.17)
- |z=0 z=0
dA dE -
Dy 47 t D gm = 0 (A.18)
z=0 z=0
and from (A.18) and the derivative of (A.11)
¢, = 0 (A.19)
Thus, equations (A.11), (A.12) and (A.13) become
Dy A + D E = C, (A.20)
DpB + D E = C3z + Cy (A.21)
Dg B + D F = Cg (A.22)
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~ (¢) Boundary conditions

(i) At the interface (z=0)

Dy A; + D E. = C, (A.23)

Dy B, + D E; = C, (A.24)

-DB B, + Do F, = C (A.25)
(ii) At the liquid bulk (z=3)

Dy A, + D E = C (A.26)

DgB, + DE = Cis + C (A.27)

Dg B, + D F, = C (A.28)

where the subscripts i and b denote interface and bulk,
respectively, and § is the liquid film width.
These six equations determine the four remaining

integration constants and, in addition, lead to

D

(A; - A

i Ay D¢ (E, - E;) (A.29)

A

D, (B; - B

g (B - B) D (F, - Fi) (A.30)

(d) The transfer rate of A

The transfer flux of A across the interphase is equal

to the "total" A (A+F) flux inside the liquid film, i.e.,

o dA o dF _ )
Mo =D - Dp gz Gy Gy G (A.31)

and since C1 and C5 are both zero
NA = C3 (A.32)

Then, from (A.24) and (A.27)
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C36 = Dy (B - By) + D (E - E) (A.33)

E ‘b

- or in terms of A and F (using (A.29) and (A.30))

36 = Dp (Ai - Ab) + DF (F; - Fb) (A.34)
Therefore from (A.32) and (A.34)

(A.35)
Defining the 1iquid phase mass transfer coefficients

with and without reaction by

K =Np/ (A, -A) (A.36)
KD =Dy / 6 (A.37)

equation (A.35) becomes
—-— O— - -
Ee = KL/KL =1+ (DF/DA)(Fi Fb)/(Ai Ab) (A.38)

(e) Measurable variables

In the previous section the enhancement factor was
. expressed in terms of the interphase and bulk concentrations

of the "bonded" and "free" 15

N species. The ratio between the

fbonded“ and "free" species can be expressed in terms of the

"H-bonding factor" (o) as defined by Hayduk and Laudie (76).
A11 together, four variables can be measured in the

solution:
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(i) The ammonia solubility (S)

1

S = Ab +B +E +F (mol1 177) (A.39)
(ii) The ]5N isotopic fraction (x)
X = Ay +Fp ) /s (A.40)
(iii) The separation factor (a)
«=E F / ( Ay By ) (A.41)
(fv) The H-bonding factor (o)
a=1+(1- SVm) Eb / By (A.42)

where Vi is the molar volume of the saturated solution (SVm is
the solubiiity in moie fraction).

By manipulation

A, =S x (o-1) / {a(1-SV, ) + (0-1)} (A.43)
B, =S (1-x) (1-SV.)) / (o-SV,) (A.44)
E, =S (1-x) (o-1) / (o-SV,) (A.45)
Fp = Sax (1-SV) / {a (1-SV) + (o-1) }  (A.46)

The concentration of A at the interface can be

expressed in terms of the gas phase partial pressure

Ay =pp /B (A.47)
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The diffusivities of the
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where H is Henry's constant.

In addition and acéording to assumption (ii)
a = Ei Fi / (Ai Bi), | (A.48)

Therefore, the four interphase concentrations can be expressed
in terms of pp, o and bulk concentrations using (A.29), (A.30)
(A.47) and (A.48).

(f) A numerical example

Assume that the solvent is water and the operating

2 and 293 K. Then S = 31 mol 17

5 2 ]-]

conditions are 10° N m~ (82) ,

SV = .35 (82), # = .033 x 10° N mol m" (82), o = 1.006 (60)

and o = 2.46 (76).
~ The four binary diffusivities were estimated as

follows. DE was taken as the diffusivity of ammonia ina dilute

-5 ..2.-1_ . oo .n-6 2 -1
Tton =1.73x 10 " cm™ s

(@)

aqueous soiution DE =6.9 x1i
(83). DB was estimated from the diffusivity of a saturated solu

tion, assuming that

(E+B) =D_E+D, B (A.49)

Dsat E B

5 t2 -1

where D__ = 4.9 x 107 f =1.23 x 10°° cm? s”1(83).Using

-1

h
(A.42) it is found that E/B = 2.25 and Dy = 1.05x10™° cn s
]SN species (A and F) were estimated

using a molecular weight correction

(1/18 + 1/17)% = 1.015 (A.50)

DE/DA +

Dg/Of = (T77g—T738) = 1+008 (R.51)

Then, for a 1% enrichement (x = .01 and pA=(x/a).105

N m-2) it is found that E

. = 1.029.
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The consideration of the presence of the equilibrium
reaction (A.1) wouid thus enhance the transfer process. Since
KE can be expected to be of the order of magnitude of the 1iquid
phase coefficient for the absorption of ammonia in water
(KE >> KG)’ it seems that this reaction approach tends to rule
out the possibility of Tiquid phase control in the present

case.
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APPENDIX B
FEED POINT BETWEEN z =0 AND z =1

As diécussed in the té;t, an explicit solution for this
case can only be obtained for optimum feed location.  Since the
differential mass balances above and below feed point are different,
two solutions are needed, one for each zone. Only the Tower section
of the column will be treated here, but the differential equation
and the boundary conditions for the upper zone will also be
presented.

A new boundary condition at feed height is required
fdr both zones. Assume that the feed is introduced in the column
at a given height Zg, or in dimensionless coordinates z; = zF/h
Then, assuming optimum feed location, the concentration at this

height is always equal to the feed concentration, i.e.,

* * * *
y (zF,t y=1fort 20 (B.1)
or from (3.64)
* . * *
X =a-f (2 3 (B.2)
2z ot
with
E= «a (1+R)/N0G (B.3)
Using the initial condition (3.45), the Laplace

transform of (B.2) is

X (i+ s) + di*|
" $S)FE g

. *-a/S-E=O (B.4)
Z7=Z
F
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and\fhis is the new boundary condition at z*ézF. With the same

jnitial condition, the Laplace transform of (3.65) is

*
+ (s - BNyg) ToF - Ngg(s¥*-1) =0 (B.5)

a’

Q;\J
Ny
]
*

Z*

and the boundary condition at the bottom of the column is,from
(3.77) with f(1) =1,
v * - dx*
X (ad-1-£s) = E(HET -1) + a(2-1)/s (B.6)
| 2*=1 - fz*=l
The solution of equation (B.5) subject to boundary

conditions (B.4) and (B.6) is

Dy (1-z%) D, (z*-z%) D,(1-2%) Dy (z*-z%)
- {ny-vqe ] F e 2 F -{n,-v,e 2 F'te 1 F
X*=1/s + £ . 2 2
n2Y1exp{D](1-z§)}—n]yzexp{02(1-zg)}
(8.7)

where D1, Dss vy and Y, are the functions of s definedin (3.81),

(3.82), (3.87) and (3.88), and ul and n, are now given by

n](s) ==1 - (s+D]) (B.8)
Obtaining the reverse trahsform as in the: case

discussed in the text, the solution is

X*(z%,t%) = x*(z%,°) + € | C(z*,s,) exp(s t*) (B.10)

°n

where

a R + e exp{BN; (z*-1)}
x*(z* ) G

(B.11)

R + ¢(1+R) exp{BNOG(zE-l)}
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Dy(1-z%) D,(z*-z%) D,(1-2z*) Dy(z*-z¥k)
C(\; ) {(n]-Y]e 1 F )e 2 F ’(”Z'Yze 2 F )e,] F }s=_sn
z*,s )=
n
Dy (1-2%) D,(1-z%)

, *n {%g (noyvqe 1 F Ny Yo 2 F )} s=s

‘ (B.12)
" and the sn's are the roots of

nyvo/ (ny1q) = expi2et(1-z%)} | (B.13)

For the zone above zf the differential equation is

azx’; L o0 MNogKaxr o Mog s | (8.13)
az* az*ot* (T4M) az* (T+M) oat*
where
K=8-r/la (B.15)

and M is given by (3.62). The boundary condition at z*=0 is now

(instead of (5.58)),

y* - N /(M) = oy T (B.16)
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APPENDIX C
STEADY-STATE SOLUTIONS FOR THE NON-LINEAR AND LINEAR EQUATIONS

Using the non-linear equilibrium relation

a = x(1 - y)/{y(1 - x)) | (c.1)
the mass transfer flux of the heavy component is, from (3.25)
N, = Kog O = %/ = eX)3 = Ky (a¥/(1 + e¥) - %) (c.2)

Using the dimensionless variables z* and t* defined in

(3.37), equations (3.23) and (3.24) become

N

ax x _ 06 X

sz Ttk T {(T+R) (v - a-ex) (€.3)
a.Y =N (y _ X ) (C 4)
az* 0G a-€x :

and the equivalent second-order equation is

2 2
3 X 3 X o ax X
+ - Non {1 - }= =Ny — =0 (C.5)
2 azmtr 0 (TWR)e-ex)? az¢ 0O gt
At steady state, (C.5) becomes

2

d™x - o dx
g - Ny {l - — =0 : C.6
‘g2 - 0G (1R (a-cx)2 . dz* | ( )

(a) The linear approx{mation

The linear approximation used throughout the text s
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a - eX =g ' v (C'7)
in which case equation (C.6) becomes

gzl - N 8
dg+2 06

& .9 (C.8)

dz*
where g is the constant defined in (3.66). Apart from the use
of x instead of x*, this is equation (3.65) for steady-state
conditions.

The solution (3.107) can also be obtained by direct
:integration of (C.8). Introducing x* (to use the samenotation)

the general solution of (C.8) is

x* = C] exp(NOGez*)/(NOGB) + C2 (C.9)
From (3.51) and {3.58) the boundary Conditions are
at zx = 1, x¥* = y* 3 (C.10)
at z*x =0, y*+M=Nx* (C.11)
From (3.64)
n (14R) dx* .
y* = NOG ax t X / o (C.12)

From (C.10), (C.11) and (C.12) the integration constants are

)
o~ e BMN
A 06 (C.13)
e(M-R)/a + R(aN-1) eXp(NOGB)
a MR exp(N,.B)
Cp= 06 (C.14)

i e(M-R)/a + R(aN-1) exp(NOGB)
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~ and using the definitions of g, M and N, equation (3.107) is

obtained.
(b) A non-lTinear approximation
Equation (C.6) can be integrated and the solution is
-z* 2“+€§’A tanh_1(2Ax;B)-+(e/2A)1n|Ax2+Bx+C| + C, (C.15)
e(1+R) D D

where the constants A, B, C and D are

A== Nyg @ (14R) (C.16)
B = e(14R) (Nyg - €Cy) (C.17)
C=-aiNyg - ¢ Cy (14R)) (C.18)

2
-B°-4npC

(3=
t
~~
<«
o
[S=
~

and C] and C2 are the integration constants.
An explicit solution of (C.6) can be obtained if the

coefficient of dx/dz* is expanded in series

' (1 R)(a 2 6 - 2¢(1-8)x/a = 3(c/a)*(1-8)% +...(C.20)
+R) (a~eX

and terms of order greater than x are neglected. Then (C.6)

becomes
d2x : dx
— = NOG {8 - 2¢(1-B)x/a} —= =0 (C.21)

dz* dz*

and the solution of (C.21) is
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3
x=—B 9" amng(c, - 2%) 0t / 2) (C.22)
2e(1-8) ZNOGE(]-B)
where
D = (NgB)® + MNpge(1-8)Cy/a  (c.23)

and C] and C2 are the integration constants.

The boundary conditions are now

at z*=1 , y = X (C.24)
at z*=0 , y + Mx, - (14R)x - (M-R)x/(a-ex)=0 (C.25)
where x is the feed composition and y is, from (C.3)

X _ 4 (14R) dx
a - eX NOG dz*

y = (C.26)
The constants C] and C2 were determined numerically from (C.24)
and (C.25), and a 1isting of the computer program written for
this purpose is included at the end of the appendix.

(c) A numerical example

In order to compare the concentration profiles given
by the linear and non-linear approximations (i.e., equations
(3.107) and (C.22)), two numerical examples were computed and
the results are shown in Table C.1. A large value of NOG was
chosen in order to emphasize that the Tinear approximationcan
give concentrations greater than 100%. The results for case !

are also plotted in Figure C.1.



131

TABLE C.1  CONCENTRATION PROFILES AT STEADY-STATE

x(z*,=) (%)
7 “CASE 1 (R=0) CASE 2 (R=5x10""%)
LINEAR EQN. [NON-LINEAR EQ.] LINEAR EQN. NON-LINEAR EQ.
0 .367 .362 .347 .347
0.1 .667 .588 .353 .353
0.2 1.210 .994 .365 .364
0.3 2.198 1.722 . 387 .385
0.4 3.990 3.017 429 .425
0.5 7.244 5.280 .509 .501
0.6 13.153 9.128 .661 .647
0.7 23.881 15.368 .948 .925
0.8 43.358 24.751 1.490 1.456
0.9 78.722 37.372 2.505 2.469
1.0 142.928 52.024 4.401 4.382
Parameters used: X, = -365 (%)

a = 1.006

r=.1

N,~ = 1000
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T I I —
NON-LINEAR APPROX.
——— LINEAR APPROX.

DIMENSIONLESS  HEIGHT |

0 0-2 0-4 0-6 0-8 1
ISOTOPIC FRACTION

Figure C.1. Steady-state concentration profiles given by the linear

and non-linear approximations for the case of R=0.
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JCB(UMECP25,J1)

FASSHOP (AMMONTA)
FCRTRAN(C=_ 40 er=2+R=AIN)
MAP(P)

BIN.

PROGRAM NONLIN (OUTPUTTAPLA=UUTCNT)
COMPL X SUeFl1aFJeFSeGlaG2eF 4
DIMENSION XSTrR{21)44(21)
COMMON HLFAQA\OG’AL,AN’ELTA,Cl,P?,CprLO R!CQ’XXJ’AQP9RH
ALFA=j,7
ANOG= IC'ia
XXT=4 311365
R=e1l
RR="o - .
EPSILo=4LFA-1, . ¢
BITA=(ALF A= (1,+533)=1,) /(ALFA%(L,+pR))
88=1-"P:".TA . .
Al=ALFasun#c
AZ=EPSILO#R
A3=IXP (ANOGHRT TA)
AL=RR¥ (TPSILG+R
A5=EPSILO*(Q-”Q/(1.+99))/#LFA
AG=AY*A3
AT=(A4%A3+A5) /XX
AR=L6 /47
AS=Aa2/47
AM=R# (], +3R)
AN=]1,+RR+(A/=DR) JALFA
CALL CONST
D={ANGG®E.S TA)**(+4.**PbILU*AﬂOG“C /ZALF As#R3
IF(DeGTeN.) G TO iy
AD=ARS (L)
SRD=SGRT (aAN)
ST=CMRL A 95D
GO T0 2.
) SPDﬁSDPT(D)
SPD=CHPLX (SPDs )
25 Fl=—ALFA¥SDZ (2, 24NOR%E pSILU*:I-*)
F2=ALFARA TA/Z (2. %ZPSILO=8E)
F3=50/2.
WRITE (Al 112) NeF14F24F3
WRITE (Hell2)
DO 12 I=1ls21
. AI=1
ZSTAR=(AI-1.,)*,.5
ZZ2=2STAR=C?
Fo==F2%27Z
RE=RE AL (FS)
RAT=AIMAG (F3)
IF(RELGTeluSe) RI=145,
IF (RILLT.=145,) RT==346,
Fo= WHLX(« ar¢ 1)
Gl=CEXP(FS)
GZ2=1./G1
Fa=(G1=C2)V /(G +52)
X{I)Y=F1#Fa+F2 :
XSTAR(I) =ad+AS#E XP(ANQG-BETARZITAL)
WRITE (6ol ue) TSTAQSX(I) 9ASTAR(I) oF 4
17y COMTINUZ
1,8 FORMAT (1 )X (T RaG4SX) 4R Xy (FI.5,5%)) ‘
1-12 FOPMAT (1 xs?ﬁu—vFQ G93XKe3RF 1= 2(F2e595A) 9 3RF2=¢F9,54EXs3FF3=
12(FGa548X))
1.2 F'()QIM\T(lc’)(,:H?aTAE,‘.,Xoﬂh)\(I);SX,’HXbTHN(I)vl XedatTAKNK)
STOP
END



N

134

SUSROUTINI CCLSTY

EXTERN2AL CTALCFX

DIMENSTIGH X{2) ol (P oW (1) :

COMMON, ALF ae ANOG A g Aty ITASC1 e C24EPSTLORecReXXS9AygBeRR
DATE [ /le =601 429/

DATA X/=i.s%4/

M=?

IPRINY=Z

£SCALZ=3.24+46

. ICON=2

ot

N3N=N# (N+73)

MAXFUN=1 " ##480

MAXIT:A,-,*N*#R )

CALL VA GA(Xs7 gNeF9ZSCALE s IPRINTSICONsMAXTITaCALCF X9 WaNINoMAXFLN)
Ci=X(1) .

Cz2=X(2)

WRITE(As2.13) CasCPeF

FORMAT(I X g3H 1297 F.595X93HC2=9F9,545X9Z2HF=9E1n0e3)

R TURH

END _

SUSRIUTINTG Cal CFX(MeXsF)

DIMENSION X{2) o2 (2) e (1)

CCOMPLAX SiaF 1aF39aA 190 A 9AAT  eAl ANl LAY JAAR AT 9SATeSALSDX Y
IDX19X :aXi ol :

. CoMMONM M FheANOGan A9 ANaBETAICLsC2yTP2ILORINTaXXuoAgB s8R

D= (ANCORBITA) vtz +4,#TRSTLURANOLEX (1) FALFARLR

IF(D.GT«"u) G0 TO 1.

AD=ABS (D)

SRD=SnRT (4D)

SN=CMPLXL:,957D)

GO T0 2.

SRO=SCRT (D)

SN=CMPL X (S20e &)

Fl==ALFAa#SN/ (2 2ANQGREPSILO#AS)

FR=ALFARBITA/ (7. %ZP3ILG -Eb)

F3=5D/2.
AAC=X(2)®F3
RI=REA (AAT)
ALS=ATIMAG(AA L)
IF(R [ «GTs1454) R’
TF(R s LTe=145,)R == {4
AL SCHPLX (R «21.)
BAAL=CEXP Lpa)

AAS =l /Al

A= (AALL=2AR Y/ (AAAL+ALB )

AAl=(X(2)=1,)%F3

R1=RELL (AAY)

All=AIMaG(AaY)

IF(R1,6Tet45,) Ri=ls3,

IF(RIQLT.-IQS.) R1="1‘+50

AAT=CHELX(RLa0T 1)

ARAT=CZXP (aal)

AAC1=1e/7A0R10

Al=(AAL1=AARL1Y/ (RAAT+AAK])

SAg=A s

SA)=AjukZ

DO=ALFASGY/ (4, ANOGRIRSILG¥AR)

DXL=0N#(Y.=Sh.)

DX1=0N%(1.=SA1)

X5=F 1A +F 2

X1=F1#A1+F2
E1=0DX1+ANGAETPSTLOAXI# (X1=14) /7 ((1,+RR) ¥ (ALFA=-PSTLO%X]))

JEDXI LS 4 RR) JANRGHANEXA L= (L P RER) BXGAGH (Ta= v +RI) / (ALF A-EPSILO®

1x)

F=CaBS(Sw)+CARS(L])

F=Fty

RETURN .

IND ..
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APPENDIX D
THE RESIDUE AT s = K

To prove that equation (3.104) is satisfied, recall

that K was defined by

K= Ay (NggB = Ay) / (Ay = Ny (D.1)

Therefore A2 is, in terms of K,

: 2 1
Ay = - (K- Nyes)/2 £ {(K - Nyeg)™ + 4KNgo32/2
(D.2)
From the definitions of A(s) and e(s) ( equations

(3.83) and (3.84)), it follows that

A, = A(K) £ o(K)? (D.3)
where A(K) and ¢(K) are the values of A(s) and a(s) for s=K .
From (D.3), (3.81) and (3.82) it follows that either A2=D](K)
or A2=DZ(K). It will be shown subsequently that (3.104) is
valid = 1in both these cases.

(a) A2 = D1(K)

From (3.91) and (3.92)

| Atk
P](K) = K A-l {a¥-1- ———} : (D.4)
» A2+K
PZ(K) =K A1 {ap-1- ——1} exp(Az) (D.5)
No(1-8)
0G

and from (3.87) and (3.89)
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Py(K) = KA} ny(K) | (0.6)

P,(K) = K Ay v{(K) exp(A,) (D.7)

Therefore

- 1im {(s-K) F(s) exp(st*}} = exp(Kt*) .

s-+K

KA-I {Y] n] exp (Az) "n'l 'Y] EXP(D]- ) lexp (DZZ*) _KA] {Y'l nzeXD(Az)'ﬂ1 YzeXp( Dz) }exD(D] z*})

K {nyy;exp(Dy) - nyv,exp(D,)}

(D.8)

But since A, = D,
1M {(s-K) F(s) exp(st*)} = - Ay exp(A,z%) exp(Kt¥) | (D.9)
. (b) A, = D,(K)
From (D.4), (D.5), (3.88) and (3.90)
PT(K):= KAy np(K) | (D.10)
nPZ(K) = KAy v,(K) exp(A)) (D.11)

and the 1imit is again given by (D.9).
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THE RESIDUE AT s = 0

(a) r#0orR#D0

137

It was stated in the text (section 3.2.6.1) that in

this case the steady state is, for K =10

x*(z*,w)=A1exp(Azz*) + A3 + 1im {sG(s)exp(st*)}
s->0 :

and for K #0

X¥(z*,0) = A, + 1im {s F(s) exp(st*)}

s->0

3

These two limits will now be calculated in order to
(3.107].

(1) k£ 0

From (3.91) and (3.92)

P](O) - K A3 (aN - 1) + Ko {M+ A](w - N)3

Pp(0) = - Ke Ay + Ka A (2 - 1) exp(A,)

But

2(0) = 1

v(0) = N

2(0) - 0(0)} - Nogh/2

D, (0) = Nogs

(E.1)

(E.2)

prove

(E.3)

(E.4)

(E.5)

(E.6)

(E.7)

(E.8)
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Dz(o) =0 (E.9)
¥1(0) = - oR (E.10)
vo(0) = ¢ (E.11)
n1(0) = a N - (1+R)} : (E.12)
n,y(0) = oN - 1 (E.13)
Thus

P1(0) = - K {Ay (aN - 1) - o M} (E.14)

P,(0) = - K e Ag (E.15)

and by direct substitution it is found that

‘ , arR+re exp{NOGB(Z*-l)}
1im {sF(s)exp(st*)} =-A,+
s-+0 R(e+r)+e{r-R/(1+R)}exp(—NOGB)/a

(E.16)
thus proving (3.107).
(i) k=0
From the definition of K (equation (3.80)),this

can arise in two casesk either A2=0 or A2=NOGB.
For A2=0,
01(0) = (A] + A3)(aN - 1) - aM (E.17)
QZ(O) = (A] + A3) € ' » (E.18)
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and by manipulation

arR+re exp NOGB(Z*-l)

1im‘{sG(s)exp(st*)}=-(A]+A3)+
s-0 R(€+r)+g{r-R/(1+R)}exp(-NOGs)/a
(E.19)

again leading to (3.107).
For AZ:NOGB’

Qp(0) = Ay {aN - 1 - 8/(1-g)} + Ag(ali=1) - oM (E.20)

Q,(0) = Ay exp(NygB) {e - 8/(1-8)} + ehq (E.21)
but since

e - B/(1-B) = - oR (E.22)

aN - 1 - 8/(1-8) = N - (14R)} (E.23)

it is found that

lim {s G(s) exp(st*)} = - {A, + A, exp(N,.gz*)} +
>0 3 1 0G

e rR+reg exp{NOGs(Z*-1)}
. _ _ (E.24)
R(e+r) + e{r-R/(14R)yexp(-Nyo8)/a

again proving (3.107)
(b) r=R =0
For simplicity, the discussion will now be restricted

to a constant initial condition. Take for instance Aj = 0 and
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A, = 1 which do not affect K. Then,

3
M= v(0) = n(0) = D,(0) = 0 - (E.25)
N = 2(0) = ¥(0) = 1 | (E.26)
2(0) = 8(0)? = Nypr2 ()
B =cla | (E.28)
D1(0) = Nyg8 (E.29)
¥,(0) = n,(0) = P(0) = Py(0) = ¢ (E.30)
As mentioned in the text (section 3.2.6.1(b)), the
Timit 1im {s F(s) exp(st*)} has to be evaluated _ using

s
L'Hopital's rule. Thus,

Tim {s F(s) exp(st*)} =
s+0

gg{{P2n1-P]Y1exp(D1)}exp( Dpz*)-{P,n,- ]YZEXP(DZ)}EXP(D1Z*))Sgo

%g ((S'K){ﬂzY]EXp( ]) - n]YZEXp(DZ)})s=O

(E.31)

The derivative in the denominator of (E.31) is

dDen ( Yy
=1 = nov1exp(Dy) - nqiy,exp(D,)})
S 1 &xP(0y) = myraexp(Dpll)
dY] dn]
= S0 exp(NOGB) - ag—-szo} (E.32)

But from (3.87), (3.89), (3.74) and (3.75)
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i ae (1 il )/{N,~.(1-8)} (E.33)
= - + —_— -B .
ds 5=0 HE'S=0 ds <=0 0G
dnl dD
dy 1 : :
= - (1 + Y/AINL(1-8)} (E.34)
ds =0 a§-s=0 ds <=0 0G
do - (T + TE) = - ok (E.35)
ds <=0 BL BS ] :
dy _
= <0 = ¥ + 'r?s = T (E.36)
Also
dD
1 dx de 1
= + ( )/ {26(0)21} = 1/¢ (E.37)
ds™ s=0 H§'s=0 ds s=0
because
dxa
= - 1/2 (E.38)
ds s=0
i 9 _n 39
s=0
Therefore equation (E.32) becomes
dD -
S o Kae (¥ + ©& exp(NygB) + {exp(Nyc8) =13/ (Nyg8))
(E.40)

Similarly, the derivative in the numerator of (E.31)

is,
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dn dy
dNum : 1 1] -
= - Ke {5— - exp(N.B) } -
ds |._g ds |._g 06™" ds . g
4
- exp(NygB82*) Lag{Pznz-P]yzexp(Dz)})S=o (E.41)
But since
dP] dP2
= =-Ke - (E.42)
. 95 |0

the derivative in the second term of (E.41) is

(GstPanyPy1,exe(0,))) g =-Ke<§-2—2 -Sr:—z ":;? )
s=0 s=0 s=0
(E.43)
Also,
dn2 ‘
o N w7 + 1/(NygB) (E.44)
S=
d‘yz
ag— N == 0 TE + ]/(NoGB) (E'45)
S=
dD2
&, =-1/8 - (E.46)
Thus,
dNum B
E | T Koo exPgsz) (1 of + ) -

- Ka e (1§ + tf exp(Nyg) - {1 - exp(NyaB)H/ (Nyg8)) (E.47)
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Finally from (E.31), (E.40) and (E.47)

dNum '
* * *
ds |s=0 1. (1 + Tf ¥ TB)EXP(NOG Bz*)

dDen * + 1% exp(N,B) + {exp(N,~8)-13/(N.~B)
s 0 T B 0G 0G 0G

(E.48)

and since the term -1 cancels out with A3=1 in (3.105) ,

equation (3.115) is obtained.
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APPENDIX F

THE RESIDUES AT s =s FOR ¢ = ¥ = 1

Recall that the special case (section 3.2.7) implies

r =R =7£; =t =M=0 (F.1)
oY (F.2)
Ny = ¥y (F.3)
N =1 (F.4)

Since this is a total reflux situation, a height-
-independent initial condition will be used. Take for instance,

LY -

A _._3 n 1 -1
H]=U aliu I‘\3=|- (K}

et
P1(sn) = P2(sn) =g (sn - K) (F.5)
and the numerator of (3.124) becomes

| Num= (s -K) Tim &j{1-exp(D])}exp(Dzz*)-né{1-exp(D2)}exp(D]z*))

$*S
(F.6)

From (F.2) and (F.3) it follows that

exp(D1) = exp(Dz) (F.7)

and therefore, the derivative in the denominator of

(3.124) is
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E%E{“ZY1eXp(D])_”]YZeXP(DZ)}]s=sn=“1“2(g§{exP(D1)_exP(Dz)})s=sn

C(z*,sn)=

A
~

Therefore, equation (3.124) becomes

Tim
S-S

"(F.8)

(n1{1-exp(D])}exp(Dzz*)—nzﬂ-exp(Dz)}exp(D]z*))S=S

n

Sn'"](Sn)'nz(sn)(%E{exP(D])-eXp(DZ)}]s=s
n

From (3.89) and (3.90)

2
ﬂ1(sn)'n2(sn) =-a Sn/NOG

Also

db,
ds

where An and en are the

Now,

tag{exp(D])-exp(Dz)})S=Sn=exp(xn){a§—

1
exp(-e;)}
s=s

(F.9)

(F.10)

(F.11)

values of A(s) and e(s) for S=S -

(F.12)

(F.13)

(F.14)
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98 = s+ Nye(2-8) 12 (F.15)
s=s
n
Therefore,
q s + N..(2-8)
fag{eXP(D])'EXP(DZ)})S_S n " gG .cosh(ea) -
= ]
n n
- sinh(s})} (F.16)
Now from (3.130)
cosh(e%) = cosh wni = cos wn (F.17)
sinh(e) = sinh wni = 1 sin mn (F.18)
and therefore (F.16) becomes
(-1 exp(x ){s +N (2 B)3
Getexp(D)-exp(D,)Y) = 0G (F.19)
5=5
On the other hand, the 1imit in the numerator of

(F.9) is obtained by direct substitution

Num

{a & exp(r 2*%) /Ny ((s

Ngg#) sinh(elz*) - 2 o2 cosh(62z) -

- (s~ NOGB)exp(kn)sinh{ei(z*-l)} + 2 eiexp(xn)cosh{eﬁ(z*_1)})

But,

(F.20)

sinh{e%(z*—l)} = sinh(eaz*).cosh(ei) - cosh(e%z*).sinh(ei)

(F.21)
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cosh{ea(z*-1)} = cosh(aﬁz*).cosh(aa) - sinh(eﬁz*).sinh(eﬁ)

(F.22)
and using (F.17) and.(F.18), equation (F.20) becomes
- p1 - g_1y\N
Num =€ exp(xnz*) {1 - (-1) exp()\n)}/NOG .
(s - N..8).sinh(622%) - 2 o} cosh(siz*)3 (F.23)
B (! 0G™/" n N (N n '

Thus, from (F.10), (F.19) and (F.23),the coefficients

of the transient terms are

28 e:“] exp(h z*) {1 = (-1)"exp(-1 )3

C(z*,s ) =
n 2
Sh {sn + NOG(Z—B)}
, . 1 3 1
.{(sn - NggB)-sinh(eZz*) - 2 en.cosh(e;z*)} (F.24)

Finally since

eﬁ sinh(eﬁz*) = - 7 n sin(mnz*) (F.25)
8, cosh(eﬁz*) = - nz n2 cos(mnz*) (F.26)

equation (F.24) becomes

-27nsB exp(xnz*){l - (-1)nexp(—xn)}
C(z*,s ) = 5 '

n
Sh {sn + NOG(Z-B)}

.{(sn - NOGB).sin (mrnz*) - 2 w n cos(wnz*)} (F.27)
At the bottom of the column (z* = 1)

sinwn =0 | (F.28)
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cos = n = (-1)" | -~ (F.29)

and therefore equation (F.27) becomes

Y (-1)"exp(2 )3
C(1ss,) = — (F.30)
Sn {sn + NOG(Z-B)} _
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- APPENDIX G

PROGRAM TRUNIT

JOB(UMECR25¢J1)
PASSWOR (AMMONIAY

ATTACHUICLIB/UN=_ IBRARY)
MNF(D«E=2+R=RIN)

LIBRARY (ICL IB)
CETIMICMHMNF /UN=CMAAEQ9)
CALL«MICMNF (LL=RIN)

]

PROCGRAM TRUNITI(CUTPUT s TAPES=OUTPUT « TAPES2)

TRUNIT ~ A PROGRAM TC COMPUTE THE NUMBER OF OVERALL TRANSFER
UNITS "IN A PACKED COLUNMNs USING DATA FROM
UNSTFADY-STATE CPERATION.

VERSION 3 ~ 74/02/28 ~ JeJe ROMAC DE SOUSA

cC THECRETICAL RASIS

e e . . e S i s Bl st e, P e i

THIS PROGRAM 1S BASED ON A LINEAR MODELe+ DEVEL. OPED FOR
ISCTOPE SEPARATION CHEMICAL EXCHANGE SYSTEMS. WITH THE ASSUMPTIONS

13- A LINEAR GAS-L1QUID EQUILISRIUM LINEe
2)- ISOTHERMAL AND EQUIMOLECULAR INTERPHASE MASS-TRANSFER..
31~ NEGLIGIBLE GAS-PHASE HOLD-UP

THE MODEL INCLUDES TWO TIME~CONSTANTS AT EACH REFLUX
ECHIONs IN ORDER TO FULLY ACCOUNT FOR THEIR DYNAMIC BEHAVIOUR.,.

THE MASS BALANCE IN A DIFFERENTIAL HEIGHT IN THE COLUMN
PRODUCES AN HYPERROLIC PARTIAL DIFFERENTIAL EQUATIONs A LAPLACE
TRANSFORM SOLUTIOM OF THE PRCSLEM IS GIVEN BY A STEADY-STATE
TERM AND A SFRIES OF TRANSIENT TERMS (THE SUMMATION REFING
EXTENDED IN GENERAL TC THE ROOTS OF A TRANSCENDENTAIL EGNe) e

FOR FURTHER DETAILS SEE THE DOCUMENTATICN [N EACH ROUTINE.

SR NNt e Ne e N NeNe NoNoNsNeNs Ne NeNa N NeNs Na N Ne Ne NeNe N Nyl

USING THE PROGRAM

0
0O

THE USER MUST SPEZCIFY (IN DATA STATEMENTS).THE FOLLOWING
VARIABLES AND ARRAYS:

1)Y= CHEMICAL SYSTEM DATA

e B iy s T e i i e B e b B e D S e

ALFA ~ SEPARATION FACTOR

2)= COLUMN SPCCXFICATIONS
AHEIG ~ HEIGHT OF PACKING (METERS)
AREA — CROSS-SECTIONAL AREA (SQUARE METERS)

" 3)— OPERATING CONDITIONS

FLLCW - VOLUMETRIC LIQUID FLLOW RATE (CUSIC METERS/HOUR)

Ol.oUP = VOLUMETRIC LIQUID PHASE HOLD-UP PER VOLUME OF PACKING
STVT — STIRRED-TANK VOLUME FOR TOP REFLUX SECTION (M3)

sSTVR -~ [} ’ ] ¢ 3OTTOM ] ] ]

[t Ne s Ns s e Ns NaNeNe NesNs NeNe NsNe N NaKa Xa Na)
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TLVT ~ TRANSPORTATION LAG VOL. FOR TOP REFLUX SECTION (M3)

TLve -

] ] [] 't BCTTOM ] ] ]

R —~ RATI!O OF FEED TO LIQUID~PHASE FLOW-RATES
RR — RECIPROCAL REFLUX RATIO
X0 -~ INITIAL CONCENTRATION

4)—~ EXPERIMENTAL POINTS

NDP ~ NO, OF DATA POINTS (UP TO 50)
BOTCON(NDP) - CONCENTRATION AT SOTTOM OF COLUMN AT T TIME
TIME(NDP) = TIME (HOURS)

S)—~ USERtS RFQUIREMENTS

NROOTS ~ NOs OF TRANSIENT TERMS REQUIRED IN SERIES(UP TO 10)
NPROF —- ¢+ ¢ ' PROFILES ' tup TQ 10D
TPROF(NPROF) ~ TIMES OF TRANSIENT PROFILES (IN HOURS)sy OR INSTEAD
TIMESI(NPROF) - * ' L ' (DIMENSIONLESS)
NPRINT -~ cONTROLS PRINTING
- IF NPRINT=0 THERE WILL BE NO PRINTING
~ IF NPRINT=1 THERE WILL BE PRINTING FROM
- PROGRAM TRUNIT
- ROUTINE OPTIM
~ ROUTINE £NCTIM
- IF NPRINT=-1 THERE WILL BE PRINTING FROM ALL ROUTINES
{APPROXe 200 LINES)
ITIM - CONTROLS TIMES OF TRAMS,. PROFILES xNDUT.
—~ IF 1IMESINPROF)Y 1% SPECIFIED THEN SET ITIM=0
- INSTEAD» IF TPROF(NPRCF) 1S5 SPECIFIEDs SET 1TIMst
IFILM — CONTROLS CALLING OF SUSROUTINE FILM
~ IF IFILM=0 THE Sus. WwIlLL NOT 8E CALLED
- IF IFILM EQUALS ANY [NTEGER(+ OR =) SUBe WILL BE CALLED
XLEN = LENGHT IN INCHES OF. X-AX1S (FOR MICROFILM PLOTS )
YLEN ~ LENGHT IN INCHES OF Y~AXIS (FOR MICROFILM PLOTS )
LIMITATIONS

1)~ THOSE ARISING FROM THE THEORETICAL BASIS
2)~ THE DIMENSIONAL LIMITS

PROGRAM CALLS

——— e o s et o ot e e

SUBROUT INE
SUBRROUT INE
SUSROUT INE
SURBROUT INE
SUBRDUTINE
SUBROUT INE
SUBROUT INE
SUBROUT INE

SETPAR

oRPTIM

STEADY -
ROOTS . |

conF "

PROF 1L

ENNTIM

FILM (OPTIONAL)

MACHINE DEPENDENCE

—— —— - s e e
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D

10
20

COMM
COMM
1R«RR
comm
COMM
coMM
1T.T8
2XSTA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DaATA
NATA
DATA
DATA
CcALL
calLl
calL
call
caLL
caLL
Cal
IF (
calLl.
STOoP
END
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PROGRAM HEADER CARD -~ THE PROGRAM WAS WRITTEN ON A
CDC 6400 COMPUTER WHICH USED THE KRONOS OPERATING SYSTEM
(VER 2) AND A PROGRAM CARD WAS NEEDEDe 1TS PURPOSE 1S
TO ASSIGN INPUT/QUTPUT DEVICES.

ALGOR1THM ~

ON/SI1ZES/XLENs YLEN
ON/DATA/AHE Gy ALFA-AREAvBOTcON(=O)cFLow.NDp.OLDuP.TxME(SO)-xo-
1STVB «STVT«TLVBs TLVT
ON/SPECIF/IT!M'NPROF-NROOTSoTPROF(10>vTIMES(IO)vlFILM
ON/PRINT /NPRINT
OM AsAMINI11)+BaC{ 103101 ) +DENOMEFACTIEPSILOsFACTsHTUYSTB+STTs
.TLB.TLT.T%TAR(SO).TT.TU.TXSTARclo.101)~X558.X5TAR(101)o
RB(S0) +Z5TARC101)

XLENsYLEN/S4410,.,/

AHE IGs ALFA+AREA/Se1 110069 .0005/
FLOWsOLDUP ¢ X0/ e 000664131356/

TIME/S0e 480412006 1301e5+1402.01+500.7/

BOTCON/ e 827418744501 408211 425711 e36861+144393/

RIRR/7 4144001/
STVT«TLVYT+STYBsTLVR/ 0005+ 00025160001+ ¢00005/
ITIMINPRINTSIFILM/ 1 e=10¢1/

NDP/&/

NPROF ¢« NROOTS/5« 10/

TPROF/104¢50,91004+2004 4004/

SFTPAR

ORPTIM

STEADY

ROOTS

COEF

PROF TL

ENDTIM

IFILM) 10420410

FiLm
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SUBROUTINE SETPAR
SETPAR -~ REARRANGES THE USER'S DATA INTO DIMENSIONLESS FORM
AND WRITES 1T OUT,.
SUBROUT INE CALLED RY
PROGRAM TRUNIT
SURBROUTINE CALLS

NO ROUTINE

COMMON BLOCKS ASSOCIATED WITH THIS ROUTINE

———— s s 4 1 e S e e - ——————— e St

BLANY COMMON
COMMON DATA
COMMON PRINT

VARIABLES ASSACIATFN WITH TWIS oouTisuc

—— e o . . Ty T T s g " S s A o i P ot B A ey O T o A ey e e

ADDITIONS -~

TNOT ~ REFERENCE TIME

TSTAR - DIMENSIONLESS -TIME

XSTARB ~ DIMEMSIONLESS CONCENTRATION AT BOTTOM OF COLUMNI(E
STT - DIMENSILESS TIME CONSTANT (STIRRED-TANK AT TOP )

8STB - DIMENSILESS TIME CONSTANT (STIRRED-TANK AT BOTTOM )
TI.T -~ DIMENSILESS TIME CONSTANT ( TRANSP. LAG AT TOP )
TLO -~ DIMENSILESS TIME CONSTANT ( TRANSPe LAG AT BOTTOM )

ALGORI THM

o o et

XPe)

COMMON/DATA/AHE IG+ALFA +AREA +BOTCON(S0) + FLOWINDR 4OLDUR + TIME{(S0) # X0

IR«RR STV STVT s TLVBTLVT

COMMON/PRINT/NPRINT
COMMON/SPECIFZITIMINPROFINROOTS«TPROF(10)+ TIMES(10Y S IFILM

COMMON AsAMINIC11)eB¢Cl100101) sDENOMIEFACTEPSILOYWFACTaHTUISTBsST T
ITeTBeTLB+TLTs TSTARI(SO) s+ TT e TULTXSTAR(10+101) +XSSB«XSTAR(101)
2XSTARPB(50)+Z5TAR(101)

COMPUTE DIMENSIONLESS TIME(TSTAR) AND BOTTOM CONCs (XSTARB)
EPSI1LO-ALFA~1e
FASAREA#AHE 1 GH#OLDUP
STT=STVT% (1 .+RR)/FA
STB=STVB#({1.+RR)/FA
TLT=TLVT/FA



100

oo

10
200
20

300
30

ann

40

TLB=TLVEBX(1.+RRY/FA
TNOT=AREA¥AHE 1 G#OLDURP/FLOW
DO 100 1=1+NDP
TSTAR(I)I=TIME([)/TNOT
XSTARB( 1)=ROTCONI(]1)/XO0

CONTINVE

COMPUTE E1THER TPROF (NPROF)

Ir (ITIM)

20410420

DO 200 1=1+NPROF
TPROF(1)1=TIMES(1)%*TNOT

CONT INUE
GO TO 30

DO 300 1=1+NPROF
TIMES(1)=TPROF (1) /TNOT

CONTINUVE
Ty =STB+TLB
TT=STT+TLT

IF (NPRINT) 40:¢504.40

WRITE

WRITE(64+1000)
VRITE(6+41010)
WoITE(6+1020)
VWOITE(641030)
W ITE OG0T
WRITE(6.1050)
WRITE(641C60)
VRITE(6+1070)
WRITE(6.1080)
VWRITE(6+1000)
WRITE{(6+1100)
WoITE(6+1110)
WRITE(6+1120)

OUT DATA

ALFA
AHF1G
ARE A
FLOW
OLOUP

=]

RR
STVTsSTT
TLVTTLT
STva+STR
TLVR*TLR
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OR TIMES(NPROF) .

ACCORDING TO ITIM

VWOlTFE(6+1130)
VRITE(641140)

DO 400 1=1'NDP
VRITE(611150) TIMEC(T)+ TSTAR(1)I+BOTCON(]) +XSTARBI(IT)
CONTINUE :
FORMAT (1H1 49X+ | 7HR*HUSER 1S DATA¥%%)
FORMAT{10Xsy | 7TH======zsxzc======xx) ’
FORMAT(IHO 220X 27HSYSTEM SEPARATION FACTOR = sF7¢4)
FORMAT({ IHC +20X ¢ 16HCOLUMN HEIGHT = +FSe3s7H METIRS)
FORMAT (1HO + 20X+ 26 HCOLUMN CROSS—-SECTe AREA =
FORMAT( 1HO+ 20X+ 19HLIQUID FLOW-RATE =
FORMATIIHO 20X+ 1 7THLIGUID HOLD-UP = +FSe3)
FORMAT (1HO s 20X 31 HDIMENS IONLESS FEED FLOW-RATE =
FORMAT (1 HO « 20X+ 26HRECIPRCOCAL REFLUX RATIO = 1F7.5)
FORMAT(1HO s 7ZHSTVT 1FQe6 e [2HCUBIC METERS+2X+8H( STT
FORMAT({HO s 7HTLVT tFSe6e12H ' +2X«8HO TLT
FORMAT (1 HO« THSTVR +WFOe6112H ' +2X+8H( STB
FORMAT ( IHO « 7THTLVH tFGa6Hr12H . +2XeBHI TLB

400
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130

munmn
nu un

1)

¢FT7eS5011H SGe
1FBe64+18H CUBIC METERS/HOUR)

1FSe3)

0F7.3'2H
vFT7e34¢2H
vFT7e3+2H
yFT7e3e2H

1140 FORMAT(21Xs ] lH=====as2cs2 49X sSH=s==2= 01 3X16H=mms2= 4 1 2Xe6H=S=2zx=)

1150 FORMAT{1HD 10Xea(QXsFG,4))
50 RETURN
END

METERS)

))
))
»
»)

FORMAT (1HO 20X+ 1 1HT IME (HOURS ) ¢ @X+SHTSTAR 1 3X s 6HBOTCON . 1 2X « 6HXSTARB
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SUSROUTINE OPTIM

OPTIM -~ DETERMINES THE STEADY-~-STATE CONCe AT THE BOTTOM OF
COLUMNes BY MINIMIZING THE SUM OF SQUARES OF DEVIATIONS
BETWEFN EXPERIMENTAL POINTS AND THE LOG~LINEAR DERPENDENC
OF XSSB-XSTARB(I) AND TSTAR(]) GIVEN BY THE MODEL o

SUBRQUT INE CALLED BY
PROGRAM TRUNIT

SUBROUTINE CALLS

- —— — = ot i T

ROUTINE VAO4A

COMMON BLOCKS ASSOCTATED WITH THIS ROUTINE

- - s n S S e ot e T B G it D S s s et B - S Y e, W P o - B —

BLANK COMMON
COMMON DATA

COMMON PQINTS
COMMON PRINT

VARIABLES ASSOCIATED WITH THIS ROUTINE

ADDITIONS -

xXss8 -~ STEADY—STATE CONCe AT BOTTOM OF COLUMN
TU -~ NO. OF OVERALL TRANSFER UNITS
HTU - HEIGHT OF OVERALL TRANSFER UNIT

ALGORITHM

P e

EXTERNAL CALCFX _

DIMENSION X(2)1E(2)eW(10)

COMMON/DATA/AHE TGy ALFA sAREA +BOTCON(S0) o FLOW NDP ¢ OLDUR « TIME(S0) 4 X0 »
IR'RReSTVE «STVT +TLVB« TLVT

COMMON/POINTS/CALC (50) +DEVIS0) +EXPT(S0)

COMMON/PRINT /KPR INT

COMAON AsAMIN(11)+B4C( 101101 +DENOMIEFACTEPSILOFACT+HTUISTB«STT s
1T+ TEs TLE«TLT+ TSTAR(SO) s TT+TUCTXSTAR(10+101 ) +XSSBeXSTARC1O01) »
2XSTARI(S0) « ZSTAR(101)

DATA X/5044=,000017

DATA E/.CC1+10,E-87

N=2 .

ESCALE=10.E+3

1CON=2

NaN=N%4{N+3)

MAXFUN=10#%43%N



10

20
30

40

100

1000
1010
1020
1030
1040
1080
1C&C

A~
1vry

50
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MAXTIT=100%N -

IF (NPRINT)Y 10+20+20

IPRINT=2

WITE(6+1000)

Wl TE(S+1010)

GO TO 230

IPRINT=0

CALL. VAO4A(X+E+NeF+ESCALEWIPRINT s ICONsMAXIT+CALCFX e W«N3NsMAXFUN)
Tu=X(1)

HTU= AHFE 1G/TU

I (NPRINT) 40450440

WRlTE(&+1020)

WnlTE(641010)

WRITE(6+1030)

WRITE(S5«1040)

DO 100 1=1+NDP

WoITS(6+41050) EXPTII)«CALC(I)DEVI(T])
CONTINUE R
WoITF(6:1060) XSSn

WRITE(6+1070) HTU

FORMATIIHI 29X 26H*%%SURe VAO4A PRINT-OUTH%%)
FORMAT(10X ¢+ 26H= == =z zasx=czccsucssnz=g=)
FORMAT(I1H1 +OX 26145 %¥%SUB, OPTIM PRINT-QUT*%%)
FORMAT (1 HO 29X+ HEXPTe 10X +4HCALC s J OX s 3HDEV)
FORMAT(30X s4H====4 10X e 4H=o===2¢ } OX s 3H===
FORMAT(IHO «20Xe3(Fl4e61}) :
FORMAT(1HQ+20X+36HBOTTOM STEADY-STATE CONCENTRATION = +F7e48)
FORMATOI MO 120X e 34HAS IGHT UF OVERALL TRANSFER UNIT = «F7.4+84 METE
1RS)

ReTURN

END
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SUBROUTINE STEADY

STEADY - COMPUTES 101 POINTS OF THE STEADY~STATE PROFILESs
( WITH AN INCREMENT OF ZSTAR = .01 )

SUBROUTINE CALLED BY

- Ly e . . S S Y . e . g ™ S e 8 T

PROGRAM TRUNIT

SUBROUT INE CALLS

. 2 . . e e e g T

NO ROUTINE

COMMON BLOCKS ASSOCXATED'WfTH THIS ROUTINE

BLANK COMMON
COMMGCN DATA
COMMON PRINT

VARIABLES ASSQCIATED WITH THIS ROUTINE

ADDITIONS -

Iy,
XSTAR — STEADY-STATE DIMSLESS CONCENTRATION

ALGOR1THM

COMMON/DATA/AHE 1G ALFA»QREA-BOTCON(SO)-FLOW.NDPvOLDUP'TXME(SO)-XOO
1RRRs STV STVT « TLVB s TLVT

COMVMON/PRINT/NPRINT

COMMON A+AMIN(11)+B¢C(101101) +DEMNOMIEFACTERPSILOWFACT+HTUSSTBeSTT s
1T TR TLE « TLT s TSTARISO) s TT e TUTXSTAR( 10101 ) + XSSBeXSTAR(101)
2ASTARB(50) +2S5STAR(101)

FACT=TU¥ (ALFA%{1¢4RR)= 1)

EFACT=EXP(FACT)

Y=10,6~10

IF (ReLTeYeANDSRR,LT,Y ) GO TO 10

co To 20 :

T=TT4+TB+1e

DIEENOM=TT+TS*EFACT+ {EFACT =14 /FACT

DO 100 1=1.+101 '
Ar=1-1

ZSTAR(1)=A1%,01

XSTAQ(l)-1*EXP(FACT*ZqTAR(I))/DENOM

CONT INUE

Gn TO S0 )

DENOMzRR* (R+EPSILO)XEFACTHERPSILO¥ (R-RR/ (1 «+RR) ) FALFA

AUX= ALFASRIRR#¥EFACT



200
30

000

40

30¢C
1010
1020
1030
1040
1030
S0

BUX=EPSILO¥*R
DO 200 1=1+101
Ar=I1-1
ZSTAR(1)=Al%.01
XSTAR( 1) = ( AUXH+BUXXEXP(FACT*ZSTAR( 1)) /DENOM
CONTINUE
IF (NPRINT) 40¢50.+50

PRINT 21 POINTS ON LINE-PRINTER

WoITE(641010)
VpITE(5+1020)
Wo lTE(601030)
WplTE(6+1040)
DO 300 1=1+101+5
WRITE(6+1050) [+ ZSTAR(I)s XSTAR(1)}

CONTINUE

FORMAT(1H] + X2 2THRFESURe STEADY PRINT-0UT*%%)
FoQMAT(1OX.27H=:::::::::::;::::::::::::==)
FORMAT(1HO 20X s 1HI * 11X sSHZSTAR 1 IX+SHXSTAR)
FOPMATI21Xs 1H= e 11Xt SH==s==4 ] I X4SH=s====)
FORMAT(1HO+ 18X+ 13+2(9XeFT44))

RETURN

END
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SUBROUTINE ROOTS

Cc
C ROOTS ~ FINDS THE FIRST NROOTS ROOTS OF THE TRANSCENDENTAL EQN.
Cc

Cc

cc SUBROUTINE CALLED BY

C ———————— ————— 0 o —— -

C

Cc PROGRAM TRUNIT

C

Cc

CcC SUBROUTINE cCALLS

c ________________

C

C ROUT INE VDO1A

Cc

Cc .

CcC COMMON BL.OCKS ASSOCIATED WITH THIS ROUTINE

c ——————————————————————————————————————————

C

Cc RLANK COMMON

Cc COMMON DATA

C COMMON PRINT

C COMMON SPECIF

c v

C - .

cc VARIABLES ASSOCIATED WITH THIS ROUTINE

C ———————————————————————————————————————

C

c ADDITIONS -

C )
C F — FUNCTION WHOSE ROOTS ARE TO 8E DETERMINED o8
C AMIN = MINIMUMS OF F

C FUN -~ VALUES COF F AT MINIMUMS

C AMAX — MAXIMUMS OF F

C

cc ALGOR1T THM

C —————————

c

C

COMPLEX SRTETADONE«DTWOID] «D2+AONE ATWO + BONE+BTWOFC

DIMENSION FUN(11)eAMAX(11) '
COMMON/DATA/AHEIGALFAZAREA+BOTCONIS0) « FL.LOWWNDP s OLDUR s TIME(S0) + XO s
IRWRRSTVH«STVTHTLVByTLLVT

COMMON/PRINT /NPRINT
COMMON/SPECIF/ITIMINPROF «NROOTS+TRROF (1C)s TIMES(10)« IFILM

COMMON AsAMINI11)482CI104101) +DENOMEFACTIEPSILOFACT eHTUSSTSaSTT
1T,TB*TLB-TLTvTSTAQ(SO)vTToTUvTXSTAR(lO-lOl)vXSSBaXSTAR(loz)'
2ASTARB(S0)ZSTAR(101)

S:”IOQE“OQ

ITEST=2

RELACC=10.E~15

ARSACC=10.E-10

MAXF UN=4000

SSTEP=10,E-05 e

A=l 1+PR) ¥ (RIEPSILOYI+ 14 )7ALFA

BeR* (1 4+RR)

1= (NPRINT) 10412012

10 WRITE(6+1010)



00

aoon

12

14
16

18
20

22

24
26

28

30

32
34
36

38
40

a2

aa
46
4B

WRITE(6+1020)
DO 100 t=1+NROOQTS

FIND MINIMUM

caLtl VDO}A(ITEQT:S'F-MAXFUNvABSACCvR"LACCvSSTEP)
GO TO (20+416416+16) + ITEST

1r (NMPRINTY 18440440

GO TO (20¢34436438) ¢ ITEST

IF (Se GEe 0,0 ) Go TO 32

Ir (1s NEs 1) GO TO 22

Go TO 24

I1=1-1

1F (Se GEe AMAX(I!))Y GO TO 32

GO TO 26

I ( Se GTe =1045-09, AND o Se LT o 0,0 ) GO TO 32
TAMADA=(FACT~S)/2¢
TETA=TAMBEDA*E2+TUXALFAXS% (] o +RR)

IF ( TETA o GT o 0s) GO TO 28

ATETA=ABS(TZTA)Y

RTETA=SORT(ATETA)

SRTETA=CMPLX(0.+RTETA)

Go TO 30

RTETA=SOGRT(TETA)

SRTETA=CMPLX(RTETA*O,4) » '
DONS=TAMBDA+SRTETA
DTWO=TAMRDA--SRTETA

AMZF XP(~S¥TLR)I/(S*STR+14)
ANEXP(S*TLT)H(S%¥STT+A)
AA=ALFA%AN=] e ~5/TU
BR=AlFAXAM=14=-S/TU

D1 =DONEZTU

D2=DTWO/TU

ADNT=AA~D1

ATWO=AA-D2

BONE=R8~D1

BTWO=RR-D2

FC=CEXP{ 2 ¥SRTETA)~AONEXBTWO/(ATWOXBONE)
FzCARS(FC)

GO TO 14

FeleE+10%(5410,)

GO TO 14

WRITE(S+1030) [+SsF

GO TO 40

WolTE(611040) 1

GO TO 40 :
WRITE(6+1050) 1 C
AVINCI)=S . '
FUN(1)=F T

1ITEST=2

FIND MAX[IMUM

CALL VDOIA(ITEST «SeF eMAXFUN+ABSACC+RELACC+SSTERP)
GO TO (4Bsad4e44484) o (TEST

17 (NPRINT) 4664464

GO TO (4B8:+56+58¢60) ¢ JTEST

IF ( Se GFE o AMIN(1)~10,E~07) GO TO 5S4
TaMBDA=(FACT-S)/2,

159
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TETAzTAMBDA**¥24+TUXALFA#SH*#( ] « +RR)
IF ( TETA « GT 4 0Oe¢) GO TO 50
ATETA=ABS(TETA)
RTETA=SGRT{ATETA)Y
SPTETA=CMPLX(0, sRTETA)
Go TOo 52 :
50 RTETA=SCRT(TETA)
SRTETA=CMPLXIRTETAO,)
52 DONE=TAMBDA+SRTETA
OTWO=TAMBDA-SRTETA
AM=EXP(=S%¥TLB) /{S*#STR+1.)
AN=EXP(SETLT)I*(S%STT+A)
AA=ALFA#AN~-]2~=S/TU
BR=ALFA%XAM~1,-5/TU
D1 =DONE/TU
D2=NTWO/TU .
AONE=AA~D1
ATWO=AA-D2
BONE=BB-D1
8TWO=88-~D2
Fe=CEXP{2.#SRTETAJ—=AONEXBTWO/{ ATWOXBONE )
F=1e¢/CABS(FC)
IF (F o« LTe 10.E-05) GO TO 62
Go TO a2
54 F=1eE+05%(S+10,)
Go TO a2
56 WRITE(611060) 1+SF
GO TO 64
58 WolTE(641070) 1
GO TO 64
60 VIRITE(5+41080) 1
GO TO 54 '
62 Sz=S-—-10,E-07
GO TO 58
64 AMAX(1)=S : e
ITEST=2 .
100 CONTINUE
KOUNT=0
DO 200 1=1+NROOTS :
IF( FUN(I) o GT o, l.£-05) GO TO 68 -
66 10UM=1~KOUNT
AMINCGIDUMY =aMIN( T )
FUNC IDUMY=FUNLT)
AMAX ( IDUM) =AMAX( 1)
GO TO 260 i
68 KOUNT=KOUNT+1
1F (1+KOUNT o« GT o NROOTS 3y GO TO 70
200 CONTINUE
70 1F (KOUNT LLTe 1) GO TO 72
NROOTS=NRGOTS~KOUNT
WRITE(6+1000) NROOTS
T2 1F (NPRINTY 7447878
74 WeITE(G641100)
WRITE(6+1110) -
76 DO 300 1=1+NROOTS
VRITE(6+41120) 1sAMINCI)«FUNIT) vAMAX(])
300 CONTINUE
1010 FORMATU(1H] +OX e 26H*¥3#S5UBR. ROOTS PRINT—OUTH#3#%)
1020 FORMAT(10X+26H=sazSsassasosoSxanscs=zsxas)
1030 FORMAT(30Xe4HMIN{ e I2+7H) FOUNDsSOX14HS = sFOe615XsaHF = 1FGeb)
1040 FORMAT(30X:23HROUNDING ERRORS AT MIN(+I12¢1H))
1050 FORMAT(AOX s 26HMAXEUN EVALUATIONS AT MIN(«I241H))
1060 FORMATIEOX AHMAX{ « [2+e7H) FOUND20Xs4HS = sF9e6+SXe4HF 5 4FGeb)
1070 FORMAT(EOX«23HRCUND ING ERRORS AT MAX(sI12¢1H))
1080 FORMAT{A0X26HMAXTUN EVALUATIONS AT MAX(«12+1H))
1090 FORMAT(10Xs29HNOTE = NROOTS WAS REDUCED TO «I2+42X+67HIF MORE TRANS
1ICNT TERMS ARE REQUIREDs INCREASE ITS SPECIFJED VALUE))
1100 FORMAT{IHO +21Xs 1HI* 10X e3HMIN ¢ 11 XeSHFUNCT 1 1X e 3HMAX)

a

1110 FORMAT(ZEX.1H=o10x-3H=:=61‘X95H=====01!X03H===) .
1120 FORMAT(LIHO «20Xe12¢3{(5X+sF1046))
78 RETURN

END
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SUBROUT INE COEF

COEF =~ COMPUTES THE COEFFICIENTS OF THE TRANSIENT TERMS (WHICH
ARE A FUNCTION OF HEIGHT ONLY)s AND STORES THEM IN
C{NROOTS+ZSTAR)

SUBROUTINE CALLED BY

e e s e 4= o e e g T = e S i

PROGRAM TRUNIT

SUSROUTINE CALLS

e o o e e e 2= 222 e s P e

NO ROUT INE
COMMON BLOCKS ASSOCIATED WITH THIS ROUTINE

BLANK COMMON
COMMON DATA

COMMON PRINT
COMMON SPECIF

VARTABLES ASSOCIATED VITH THIS ROUTINE

- e e S B e e o e, T T o e S S e o e P A B e e P S S S A g A

ADDITIONS -

C - COEFFICIENTS OF TRANSIENT TERMS

ALGORITHM

o e o 2 w0

COMPLEX SRTETA+DONEsDTWO1D1+D2+AONE+ATWOBONE +BTWO +DSRTET v DDONE 4
10DTWODDY +DD2sDAONE vDEONE +DEBTWOSFLIMITsSLIMITs Vi V2
COMMON/DATA/AHE IGy ALFA1AREA +BOTCON(50) « FLOWYNDP yOLDUP+ TIME (50} +XO's
IR«RRsSTVE+STVT s TLVB»TLVT

COMMON/PRINT/NPRINT
COMMON/SPECIF/ITIMYNPROF sNROOTS« TPROF (10 s TINES(10) s IFILHM

COMMON A¢AMINT11)1+4B+Cl109101) sDENOMEFACTsERPSILO«FACTIHTUSSTSsSTT
1T TBeTLBs TLY « TSTARISO) s TT+ TUI TXSTAR(104101) 1 X553+ XSTAR( 101 ) s
2XSTARB(50) «ZSTAR(101)

SIGMA=(ALFA#(A-B)—1,4)/EPSILO

DO 100 M=1+NROOTS

S=AMIN(M)

U=TLA*S

Uy=TLT*S

UU=STR%¥S+1 e

UUUU=STT*S+A

TAMBDA=(FACT=-5S)/2,

TETA=TAMBDAX 24+ TUXALFAXS# (| « +RR)

IF ¢ TETA o« GT « 0Oe) GO TO 10
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ATETA=ABS(TETA)
RTETA=SQRT(ATETA)
SeTETA=CMPLX{(04+RTETA)
Go To 20
10 RTETA=SQRT(TETA)
- SHTETA=CMPLX(RTETA*O,)
20 DONE=TAMBDA+SRTETA
DTWO=TAMBDA~SRTETA
AM=E XP (- U) /UUY
AN=E X {UU Yy %UUUY
DM==aM®* ( TL.B+5STB/UUV)
DN=EXP (UU)Y* (STT+TLTXUUUY)
AA=ALFA¥AN=-] ¢ ~=S/TU
BR=ALFA%XAM=14~5/TU
D1 =DONE/TU
De=DTWO/TU
AON==AA-D1
. ATWO=AA~D2
BONE=88~D1
BTWO=BB-D2
DTAMBD==4+5
DTETA=2. *TAMBDA*DTAMRD+ALFA*TU*(1.+RR)
DSRTET=DTETA/(2.%SRTETA)
DDONE=DTAMBD+OSRTET
DR TWO=DTAMBD-DSRTET
DAA=ALFA¥DN=1,/TU
NoA=A! FAXNDM=1 . /Tl)
DN 1=DDONEZ/TU
DR2=0DTWO/TU
DAONF=DAA~-DD1
DATWO=DAA~DD2
De ONE=DBB8~-DD1
DRTWO=DBR3~-DD2
V]—AOV”—BONE*CEXD(DONc)*olGMA )
Vo= ATWO-BTWOXCEXP(DTWOY®*SIGMA ~
SLIMIT= CEXP(DONc)*(DATWO*BONE+ATWO*DBONE+ATWO*BONE*DDONE)”CEXP(
1DTWO) * (DAONE#BTWO+AONE#DBTWO+AONEXG TWOX DD TWO)

DO 200 1=1+101
FLIMIT=(VI#CEXPIDTWORZSTAR(I))~V2%XCEXP{DONE*ZSTAR{1))) /S
C{Me 1 )=EPSILO¥FL IMIT/SLIMIT

200 CONTINUE

100 CONTINUE
IF {(NPRINT) 30+40,40
30 WplTF(6+1030)
WRITE(5+1040)
WRlTE(6+1000) -
WRITE(6+1010) -
DO 300 1=1+¢101.%
WRITE(8+1020) ZSTAR(I I+ (C(M+]) M= +NROOTS)
3C0 CONTINUE .

1000 FORMATIIX+EHZSTAR«3IX e9HIST COEF 993X «9GH2ND COEF e ¢ 3X4GH3RD COEF e ¢ 3Xs
191H4TH COEF 0 43X s GHSTH COEF o ¢ 3X+IGHETH COEF ¢ 1 23X «9HTTH COEF e 33X« GH8TH
2COFF 6 93X+ QHOTH CCEF 03X« 1 0H10TH COFFe)

1010 FORMAT( 1x,5H====:.3X.QH==‘=======‘3)(,9H===:=====.3X.9H:==a=:===.3)(.,
{9z 43X Oz oomanzn s 3RNsOHaossmamns= ¢ 3XsIHTT=a=m3T ¢ IXeFHE ==
Pz e 3N IHs sz eIy AX e |OHeesz2sn==s)

1020 FORMATUIHGC s FS3+10{(AXeF946))

1030 FORMAT(IH] +9X 258 ##8UB ., COEF PRINT~-OUT#¥%)

1040 FORMAT{I10X +20H==s "o xassnssnoxsxreaTa)

40 RETURN
END



SUBROUTINE PROFIL,

Cc
c PROFIL = COMPUTES NPROF TRANSIENT PROFILES STORING THE CONCe
C IN TXSTARINPROF +Z25TAR)

c

c

cc SUBROUT INE CALLED BY

C . A " S S o W0 s b 0 e gy T T o -

c .

c PROGRAM TRUNIT

c

Cc

cc SUBROQUTINE CALLS

C ________________

c

C NO ROUTINE

c

Cc

cc COMMON BLOCKS ASSOCIATED WITH THIS ROUTINE
C ——————————————————————————————————————————
Cc

c BLLANK COMMON

c COMMON PRINT

c COMMON SPECIF

Cc

C .

cC VARIABLES ASSQOCIATED WITH THIS ROUTINE

C ————————————————————————————————————— -

C

Cc ADDITIONS -

Cc .

c TXSTAR - TRANSIENT CONCENTRATIONS

Cc

cc ALGORITHM

C = eecaaccsaas

c

COMMON/PRINT/NPRINT
COMMON/SPECIF/ITIMNPROF+MNROOTS+TPROF(10)+TIMES(10) » IFILM

COMMON A+AMIN(11)+BeC(10+101) +sDENOMEFACTEPSILO'FACTIHTUSSTSsSTTs

1T+TBITLBITLT+ TSTAR(B0) s TT« TUSTXSTAR{10+ 101 ) +XSSB+XSTARI 101 )+
2XSTARB(SO) v ZSTAR(101)
DO 100 1=1.101
DO 200 N=1sNFROF
SymM=0,
. DO 300 M=1eNROOTS
SUM=SUMLCIM I X¥EXPIAMINI(MI®TIMESINY )
300 CONTINUE
TYSTARING 1 Y=SUM+XSTAR( 1)
200 CONTINUE ’
100 CONTINUE
IF (NPRINT) 10420420
10 WRITE(&+1000)
WoITE(S5+1010) - .
WRITE(6+1020) (TPROF(1)41=1]+NPROF)
WplTR(6+1030) (TIMES(1)+1=1+NPROF)
W [TE(6+1040)
DO 400 1=1+101.45
WRITE(6+1050) ZSTARII) « (TXSTARIN 1) 1N=1 +NPROF)
400 CONTINUE
1000 FORMAT(IHY sOX s 27H%¥¥SUBe PROFIL PRINT-0UT*%3t)

~

1010 FOQMAT(10X027H===========:=======:=:::===)
1020 FORMAT(1HO»9X s 1 4HTPROF {HOURS) ~110(4X+F6e2))
1030 FORMAT (1 HD+OXs 1 4HTIMES ~elXe 10O IXeIHIFTa2¢1H)))
1040
osnuToRTos
1050 FORMAT(IHOWIX s F5,3917Xs10(4XFH44))
20 RETURN

END
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SUBRROUTINE ENDTIM

ENDTIM ~ COMPUTES THE TIME DEPENDENCE OF THE CONCENTRATION
AT THE TOP AND BOTTOM OF COLUMN,

SURROUTINE CALLED BY

PROGRAM TRUNIT

SUBROUTINE CcALLS

NO ROUTINE

COMMON BLOCKS ASSOC!ATED'WfTH THIS ROUTINE

- " o B . e o0 B B M ., O P b e S S O el e e - - .

BRLANK COMMON
COMMON ENDS

COMMON PRINT
COMMON SPECIF

e e s o e e e T e e . g T P e e P P s S o A M . S g P e e W W

ADDITIONS ~

BSST -~ STRADY-STATE. CONCe AT BOTTOM

TSST ~ STEADY~-STATE CONCe AT TOPR

TTSTAR -~ DIMENSIONLESS TIME

XBOT - TRANSIENT CONCe AT BOTTOM USING NROOTS

XBOTOM ~ TRANSIENT CONCe AT BOTTOM USING FIRST ROOT ONLY
XTOR = TRANSIENT CONC. AT TOP USING NROQTS

ALGOR] THM

COMMON/ENDS/ TTSTAR(S01) +XB80TIS01) +XBOTONIS01 ) ¢ XTORP(501)
COMMON/SPECIF/ITIM«NPROF « NROOTS« TRPROS(10) s TIMES (10 ¢ IFILM
COMMON/PRINT/NPRINT '

COMMON AsAMINI11)¢BsCl{10+101) ¢DENOMEFACT+ERSILOFACTHTUISTB«STT»
ITeTBeTLBsTLT e TSTARISO) s TT s TUSTXSTAR(10¢101) ¢ XSSBs XSTAR(10]1)
2USTARBIS0) « ZSTAR(101))

TSST=XSTAR(1)

BSST=XSTAR(101)

DO 100 1=1+501

N=141-~2

TTSTAR(])=N

SUMA=0,

SUMT=0.

DO 200 M=1+NROOTS

V=EXP(AMIN(M) #TTSTAR( 1))
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SUMT=SUMT+C (M1 )%V
SUMB=SUMB+C(M+101 ) ¥V
200 CONTINUE
XaOT(1)=855T+SuUMR
XTOP(1)=TSST+SUMT
XOTON(T)=C 14101 )y ¥EXPIAMINCIIX*TTSTAR(] ) )+BSST
100 CONTINUE
IF (MPRINT)Y 10420410
10 WolTE(6+1000)
WRITF(6+1010)
WRITE(&«1020)
WRITE(6+1030)
WRITE(S5+1040)
DO 300 1=1+4501410
WRITE(6+1050) TTSTAR(I)I+X3OT(1)+XBOTONI 1)+ XTORP(])
300 CONTINUF
1000 FORMAT(IH] +OX e 27H#*%¥SUBs ENDTIM PRINT—-QUTH*#%%)

1010 FORMATI1OX+27HE o= Sxocanzzzsnx=coxsa=xs=ssa)

1020 FORMAT(1HO+20Xs 18HDIMENSIONLESS TIMC30X.12HBOTTOM comc..aox.gHTOP
1 rONCe)

1030 roQMAT(Elx,18H========::====:===.3ox,12H:===:=:=:=:=,30x.9H=======

=) . .
1040 FORMAT(S54X+21HINROCTS TRANS, TERMS) e2X+ 17H(ONE TRANS, TERM))
1050 FORMAT(IHO 125X eF 741 427X sF 7444 15SXaFTe4122X0F7e4)
20 ReETURN
END
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SUBROUT ITNE CALCFX(NiXeF) 166

0O

CALCFX(NsXsF) = EVALUATES Fs GIVEN X(1)e

SUBROUTINE CALLED BY

—— - 08 i s S Bt it W e s " et B e

ROUT INE VAOaa
SUBROUTINE CALLS
NO ROUTINE

COMMON BL.OCKS ASSOCIATED WITH THIS ROUTINE

T 08 A e e e T P08 et . T S s e S T e Bt et T T e A s T S T s e ot > ™ b R W e

BLANK COMMON
COMMON DATA
COMMON POINTS

ALGORITHM

—— s g e

DIMENSION X(g)'E(p).wtlo)
COMMON/DATQ/AHClGoALrA'AR:AvBOTCONtSO)oFLOWohOP'OLOUPOTIMEISOIvXOf
IRWRRISTVE+STVT «TLVEs TLVT

COMMON/POINTS/CALC {S0) +DEV IS »EXPT (S0)

COMMON A.AMIN(!I).B.C(10.101)vDENOM'EFACTsEPSILOvFACTsHTU-STBoSTT'
1T.TB'TLB~TLTvTSTAR(EO)oTT-TUoTXSTAR(lO-101)-XSSB'XSTAR(101)o
2XSTARBIS0)+ZSTAR(10])

AN 0OBVIOUS CONSTRAINT IS THAT TU MUST BE GREATER THAN ONE

IFIX(1)4l.Teta) GO TO 30 .
FACT=X(1)%(ALFA%({e+RR)~1,)
EFACT=EXP(FACT)

Y=10,F=10

I=

(RLTaYe ANDSRR,LT,Y ) GO TO 10

Xs8SR= RXtALFA*RR+FPSXLO)/(RR*tQ+FPSILO)+FPSILO*(Q -RR/Z7{(1++RR) Y/
1 {EFACT*ALFA)Y)
Go TO 20
10 T=TT+TB+1e :
XS SB=T*EFACT%XFACT/(TT4+TBX¥EFACTHEFACT~14)
20 DO 100 I=1sNDP

. DIF=

XSSB-XSTARB(])

AND XSs@ MUST BE GREATER THAN EACH XSTARBI(1)

IF(DIFeLTe0a) GO TO 40
100 CONTINUE : -G

SyUM=

Oe

DO 200 [=1sNDP
EXPT(1)=ALOG{XSS8-XSTARB (1))
CALC (1) =ALLOGIXSSa—-14)+X(2)%TSTARCI)

DEVI I =CALLC(IY-EXPT(])
SUM=SUMIDEV (] ) %%

200 CONTINUE
ANDP =NDP -
AN=N -

THE USE OF XSsB¥*#2 IN F IS TO PREVENT THE OPTIMIZATION TO
PROCEED TO A MINIMUM CORRESPONDING TO A VERY LARGE X558+

(IN WHICH CASE THE DIFFERENCES XSSn-XSTARB(1) wOULD BE SMALL

AND THE LINEAR FIT WOULD BE ARTIFICIALLY FAVOURED

F=SQRT{SUM/ZIANDF~AN) } #XS5Sa%45
RFETURN
30 FulOdF+10%(1e1~%X(1))
RETURN
40 F=10,£4+10/X(1)
RFETURN

END
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SUBROUT INE FILM

FILM = PRODUCES 3 MICROFILLM PLOTSs
1)= A ZSTAR V. XSTAR GRAPHe« SHOWING THE STEADY-STATE
AND NPROF TRANSIEMT PROFILES (WHOSE TIMES ARE
TIMES(NPROF)Y) s GIVEN BY THE MODELS

23~ A XSTAR V. TTSTAR GRAPHs SHOWING THE EVOLUTION WITH
TIME OF THE CONCe AT TOP AND BOTTOM OF COLUMN (ALSO-
PLOTTING EXPERIMINTAL PCINTS) »

3)= A LN(XSSB-XSTARS) V. TTS3TAR GRAPHs SHOWING THE

LOG-LINEAR FITTING EXECUTED BY SU3.
PLOTTING EXPes POINTS)

OPTIM (ALSO

SUBROUT INE CALLED BY

—— - ———— = - " - -

PROGRAM TRUNIT

SUBROUT INE

SUBROUTINE
SUBROUT INE
SUBROUTINE
SURROUT INE
SURBROUT INE
SUBROUT INE
SUBROUTINE
SUaROUTINE
SUBROUT INE
SUBROUTINE

AXIS
ENPLOT
GRAF
LINE
NFWPAGE
NUMBER
PLOTY
ScalE
START
SYMBoL.

COMMON BLOCKS ASSOCIATED WITH THIS ROUTINE

——— s e -t -t ot e i " T iy e e St S e et T TS oy e g b e 78 e e o 2 2 P
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DIMENSION XAX(1120)sYAX(1120)+NUM(T4)sBA(11)EB8(11)
COMMON/DATAZ/AHE IGsALFA'AREA +BOTCON(I50) « FLOWSNDP +OLDURYy TIME(50) ¢ X0
IRRIZeSTVR«STVT S TILLVB OTl vT

COMMON/ERNDSY TTSTAR 01)'XHOT(HOI).XBOTON(50170X1OP(HOI)
coMMON/POlNTS/CALC(ﬁO)oDEV(JG)cEXPT(SO)

COMMON/STIZES/XLENS YLEN
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COMMON/SPECIF/1ITIMINPROFsNROOTS+TPROF(10) s TIMES{10) ¢ IF LM

COMMON A+AMIN(11)+BeC(10+101) +DENOMIEFACTIEPSILOYFACTYyHTUISTB+STT
1T+TEB«TLB+TLT«TSTARISO) s TT«TU«TXSTAR(IO 101 ) ¢ XSSBeXSTARI101)
2XSTARB(50)+ZSTARL101)

CALL START(1)
FIRST PLOT -~ CONCENTRATION PROFILES

DO 100 1=1,101
XAX({1)=XSTAR( 1)
YAX(1)=14-2ZSTAR(])

DO 180 N=1NPROF
J=101%¥N+1
XAaX{JY=TXSTAR(N1 1)
YaXi)=1,—~ZSTAR(])
CONT INUE
CONTINUFE
N=NPROF+1

DO 200 1=1«N
NUM(1)=101
CONT INUE

DO 250 1=1+3
NN=N+1
NUMI{NN) =2
CONT INUE
WoITE(Ae1010Y )
FORMAT(10XeaHJ = 119)

J=J+ 1

XAaXt{U)=0,

YaX({Ji=t,

calll, SCALE(XAX+XUENs Je1)

N=J+1

XAXC J) =XAXIN) -
Mz=N+ 1

KAXINY=XAX (M)

FIRSTV=XAX(J)

DELTA=XAKX(N)

Jad~-1

GREATV=F IRSTV+NELTAXXL_EN

WPITE(6«1000) FIRSTVIGREATV ;

FORMAT (10X 2 QHF IRSTV = +F 7.3+ 10XeQHGREATV = «+F74¢3)
DO 300 1=1 4 +NPROF

11=101%(1+1) -

Ba (1) =XAX(I 1) #XLEN/ (GREATV~FIRSTV) +¢9

CONTINUE

N=NPROF+1

Ba IN)=XAX (101 ) #XLEN/(GREATV-FIRSTV)++9
DO 350 I=1eN

BRI1)=BA(I)+s07

CONTINUE

BJ=J+1
DO 400 [(=1.+2

N=J+ 1

AN=N

At=1

YAXI{N)=1«

XAX{N) = (AN-BJ)#CREATV

JU=N+2

e
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XAXC JJ)=GRFATV
YAaX(JJ)=2.—Al
Je=JdI+2

XAXEUIK)I=1e
YAXC UK =2 e—-A1

CONT INUE
1TOT=NPROF+4

CALL PLOT(34¢34¢=2)
CALL GRAF (XAXsYAX+NUMs ITOT10+29HDIMILESS 1S0Ts FRACTION(¥100)+29¢2
Sle = DIMENSIONLESS HEIGHT « 25+ XLEN YLEN)

DO 450 I=1eJUK

XAX(13)=0,

YaX(1)=0,

CONTINUE

YLEN1=YLEN+1e48

Cabll PLOT(O,s=YLENL-3)

ONE=XLFN/{GREATV~FIRSTV)

APD1=(XLEN-ONE=3,08)/2,

XLEN1=ONE+ADD1+49

XLEN2=XLEN1 4493

CALL SYMBOL (XLEN] +YLEN¢+a214+22HCONCENTRATION PROFILESO4+22)
YLENI=YLEN~2e5 ’

XLEN1=XLEN1+o5

CALL SYMBOL (XLEN] «YLENI 1208+ 1OHPARAMETERS+0e ¢ [0)

YLENT=YLEN!~a2

CALL SYMBOL (XLENT «YLENT + 07« 20HSEPARATION FACTOR = +0e +20)
ON=XLEN1+1 .4 '

Ccall. NUMRER(ON¢YLENT ¢ o071 ALFA+Oe14)

YLENT=YLENI-62

CALL SYMBOL(XLEN1 +YLFNI4++07+34HHE IGHT OF TRANSFER UNIT
O0.,34)

ON=XLEN1+1.82

CALL NUMBER(ONSYLFEN1 ¢4 O7+HTU0e4)

YLENI=YLENI =2

calL SYMGOL(XLENIoYLENI‘e07926HRECIPROCAL REFLUX RATIO = »0ev26)
ON=XLEN1+1 .82

CaALL NUMBER(ONIYLENT e 07sRR+0s16)

YLENI=YLENI=o2 o~
CaLl SYMBOL(XLEN] sYLENI ¢ e07+28HFEED TO LIQUID-FLOW RATIO = +0.4+28)
ON=XLEN1+1.,96 -
CALL NUMBER(ONsYLENI +e07+Rs04+3)

YLFNI=YLEN]I—o2

CALL SYMBOL(XLFN:.YLENI-.07029HDIMENSIONLESS TIME~CONSTANTSe 00 s
20)

ONeX{_EN1+.05 , C
YLENI=YLEN] =2

[}

My

o

CALL SYMBOL(ONsYLEN[s07¢40HTORP REFLUX =~ STT AND TLT =
Qo040 i .
YLENI=YLENI~e2
cALL SYMBOL(ONsYLENI+407+40HBOTTOM A - ST8 = AND . TLB =
‘ O 'Rl 40 ’

ON=XLEN1+1 .28

CALL NUMBER(ONsYLEN] ¢+ 4 D74STB 04 ¢3)
YLENI=YLENI+e2

CALL NUMBER(ONIYLENT+,07sSTT+0443)
ON=XLENT+245

CALL NUMBER(ONYYLEN]+407+TLT+0403)
YLENT=YLENI=.2

CALL NUMBER(ON+YLENT ¢ .07+ TLB 0« ¢3)
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AN=XI_EN2+.,28
DO S00 1=1NPROF

At=1

ON=9 «S5—~-Al%,2

1IF (1ITIM) 10420.10

CALL SYMBOL(XLEND2 ONseO7e14H( )= HOURS +0e61+14)

CALL NUMRER(ANSONy»«O7+TPROF(1)90es~1)

Gn TO Ss00

CALL SYMBOL (XLEN2+ONeeO724H( )—~s0s9a)

CALL NUMABER(ANIONI«O7sTIMES(1)10e2)

CONT INUE

ON=ON=s2 .

CALL SYMBOL(XLEN2+ONe o071 16H( )=STEADY STATE+O0e16)

ON2=XILEN2+07

N=NPROF+1
DO 550 [=1.N

Ar=1

ON=9+5—-Al %42

CALL SYMBOL(RA(I) 4095 207+3HT ) +0,493)

550

60C

650

700

750

CALL NUMRER(ON2YON® « 0718 304 v~1)
Call. NUMBERIEB([) 1095+ s071A1+¢0e0~1)
CONT INUE

SECOND PLLOT ~ COLUMN ENDS RELAXATION TIME

CALL NEWPAGE
CALL PLOT(3,+349-=-3)

LU 600 J=1+501
XAX(1)y=TTSTAR([)
YAX(1)y=XBOT (1)

J=5014+1
XAX(J)=TTSTAR(1)
YAX(J)=XTOP (1)
CONTINUE

BUu=J+1

DO 650 1=1+2
NUM( 1)=501
Ned+1
AN=N
Ar=1
XAXAN)=(AN-BJ)I¥ 1000,
YAX{N)=GREATV
JJI=N42, -

XaX(JJy=1000,

YAX( JJY=(AN-BJ)*GREATV
Jr=JJI+2

XAX( UK Y= ( AN-~-BJ) #1000, -
YAX(IK)I=1a

CONT INUE

DO 700 1=14+3
11=1+2
NUM(TI1)Y=2
CONT INUE
CALL GRAF(XAXsYAX NUMsS5+0: 1 BHDIMENSIONLESS TIME118¢29HDIM'LLESS

~

1T, FRACTION(#100) 429+ YLEN«XLEN)

DO TS0 1=1eUK i
XAX(11=0,
YAX(1)=0,
CONT INUE

150
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1110

171

XLEN1=XLEN+S
CALL PLOT(49+s=~XLFN]¢~=3)
DO 800 1=1NDP -
TSTAR(I)=TSTAR(I) *YLEN/1000,
XSTARB( 1 )=XSTARB( 1) ¥XLEN/(GREATV=FIRSTV)
Cal.L SYMBOL(TSTAR(I)IaXSTARS([)*e14111049~1)
CONTINUE
CON=XLEN/(GREATV-FIRSTV)
YL=TTSTAR(SO1)*YLEN/1000e~e35
BA(1)=XBOT(501)%CON+415
BA(2)~XTOP(5O1>*CON—.15
DO 820 1=1.+2
Ar=1
Cabll. SYMBOL(YL+BA(I)se07+3H( )v0,41+3)
YL=YL++07
catt. NU“EER(YLaBA(I)o.O?vAlcO.'—l)
YL YL".O7
CONTINUFE
YL =YLEN=3,
CON=CON+«21 , :
CALL SYMBOL (YL +CON®¢O7s31H{1) — CONCe AT BOTTOM OF COLUMN+Oes31)
CON=CCN~J14 ' ,
CALL SYMBOL(YL+CON+e07431H(2) = CONCe AT TOP OF COLUMNIOe+31)

THIRD PLOT -~ LINEAR FIT TO OPTIMIZE NOL

Call. NFWPAGE

DC 850 =i
TSTAR(I):TSTAQ(I)*IOOO./YLEN
YaAX(1)=CALLC(I)Y
J= T4+NDP
YAXCOY=EXPT(T)
CONTINUE
DO 950 l=1+J"
WRITE (6410203 vYax(l1)
FORMAT{20X+F1066)
CONTINUE
CALL SCALE(YAXaYLENsJo=1)
J=J4d
FIRSTY=YAX(J)
J=J+ 1
DFLTAY=YAX( )
CRTVY=zFIRSTY+YLEN*DFLTAY
WRITE (6+1100) FIRSTY+DELTAY +GRTVY

1tF9.%)

J=NDP+1{ )

YAX(J)y=FIRSTY _

J=J+1

YAX( ) =DEL.TAY

CALL SCALE(TSTARWXLEN'NDP¢1)
J=NOP+ 1

FIRSTX=TSTAR(Y)

Ja=J1

DFLTAX=TSTAR(Y)
GQTVX‘FIRSTX+YLEN*DFLTAX

WRITE (6+41110) FIPSTXvDrLTAXoGQTVX
FORMAT(JOXsOHF IRSTX = «FQeSs 1 0XeGHDELTAX
1FQe5)

1FOe5s 1OX«BHGRTVYX

11
-
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CALL PLOT(3445,4-3) :
CALL AXIS(0.0s04N418HDIMENSIONLESS TIME e~ 184 XLEN+ Qe +FIRSTXsDELTAX)
CALL AXIS(0c0¢0e04 18HLNIXSSS-XSTARS(1))+18+YLEN+90esFIRSTY«DELTAY)
J=NDP+1
YAXU D) =F IRSTY
J=J+1
YAXUJ)=DEL.TAY
CAl.L LINE(TSTAR«YAXINDP1410s0)
DO 900 I=1e«NDP
YAX( 13 =EXPT (1)
900 CONTINUE
J=NDP+1
YAX{ J)Y=F IRSTY
J=J+ ]
YAXC Y =DNELTAY
CALL LINE(TSTARSYAXWNDPv1v~11+2)
CALL ENPLOT
RETURN
END
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- | PROGRAM STARTUP

JOBIUMECR25+J1)
PASSWOR (AMMONIA)
COPYCF ( {NPUT+AB)
SUBM1ITsABD=CE200,
]
JOB(UMEAR25+¢J7+CM29000,T24)
PASSWOR ( AMMONTA)
SETOT(R)
ATTACH(!CLIB/UN’LIBRAQY)
FORTRAN(D'E=2+R=2+1C=0sRE BIN)
LIBRARY (ICLIS)
GET(MICMNF /UN=CMAAE24)
CALL +MICMNFIL=RIN)
. :
PROGRAM STARTUP (OUTPUT+TAPEG6=0UTPUT+ TAPE62)
NOLIST
_COMMON/SPECIF/ITIM+NPROFsNROOTS+ TPROF(10)+ TIMES(10) v IFILM
COMMON/DATA/AHE IG s ALFA +AREA«FLOWIOLDUP s RIRRsSTVBsSTVT s TLVT» TLVB
1 TR« TRRI X0 ' -
COMMON/PRINT/NPRINT
COMMON AMIN(15-3)'Ap(go).ap<10).C(1o.21.3).co<1o;.cp(10).oTR.DTRR.
1EFACT+EPSILOFACT FBaHTUWKZ +»TLT s TUIXSTAR(21+3) ¢2STAR(21)
DATA AHEIGWALFA+AREA/Se141006940005/
DATA FLOWIOLDUP + X0/ e 000661130365/
DATA STVT.srva.TLVB.TLVT/.ooovs..ooo15.0..o./
DATA lTleNPRINTvIFILM/I-chl
DATA NPROF sNROOTS/Se 12/
DATA TPROF/1069504¢120e¢240¢+600e/
Ruel '
Rfy=4001
FFR=AREA*OLDUP#AHE | G/FLOW
TRR=800,,%FF
TU=340,
DO 100 NN=1.5
AT aNN
TR=A1#100.%FF
NROOTS=12
CALL SET.
CaLL STEAD
CALL ROOT
CALL COEF
caLl ENDTINN)
100 CONTINUE
CALL FILM
sSTOP
END
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suenourrNE SET.

COMMON/DATAZAHE 1G +ALFA v AREA + FLOW + OLOUP s ReRR v STV + STVT ¢ TLVT+ TLVB
1 TP+ TRR+XO0

COMMON/PRINT/NPRINT
COMMON/SPECIF/ITIMINPROF s NROOTS+ TPROF (10) « TIMES(10) + IFILM
COMMON A~1N<15.3;.Ap<1o).aptxo>.C(10.21.3).c0(1ox.cp(10,.DTQ.DTRR.
1EFACT+EPSILCFACTsFBIHTUSKZ s TLT s TUSXSTAR(21+¢3)+ZSTAR(21)
EDSILO=ALFA-1.

FB=AREA* AHE 1 G*OLDUP

TLT=TLVT/FB

TNOT=FB/FI.OW

OTR=TR/TNOT .

OTRR=TRR/TNOT S T

IF(DTRLTe1e) KZ=2 ‘

KZ=1

COMPUTE E1THER TPROF (NPROF) OR TIMES(NPROF)s ACCORDING TO ITIM

ano

tF (ITIM) 20,10+20 ' <
10 DO 200 1=1NPROF
TPROF(1)=TIMES(I)*TNOT
200 CONTINUE
GO TO 30
20 DO 300 1=1+NPROF
TIMES(1)=TPROF (1) /TNOT
300 CONTINUE
30 IF (NPRINT) 40+50+440

WRITE OUT DATA

noon

A0 WRITE(6+1000)
WRITE(6+1010)
Wp1TE(6+1020) ALFA
WRITE(6+1030) AHE1IG
WRITE(G64+1040) AREA
WRITE(64+1050) FLOW
WRITFtaes1060) OLDUPRP
WRITE(&+1070) R
WRITE(6:1080) RR
WRITE(6+1130) TR :
WRITE(6+1140) TRR ’ -
WRITE(6+1090) STVT )
WRITE(6+1110) STve
1000 FORMAT(1H] +O9Xe | THERXUYSERS DATA***)
1010 FORMAT(10Xel TH=====s======z====)
1020 FORMAT(IHO»20X+27HSYSTEM SEPARATION FACTOR = +F7e4)
© 1030 FORMAT(1HO 120X+ 16HCOLUMN HEIGHT = +F6e3+7H METERS)
1040 FORMAT(1HO »20X+26HCOLUMN CROSS—SECTe AREA = +F7+45+11H 5SQe METERS)
1050 FORMAT (1HO+20Xs 1OHLIOUID FLOW-RATE = +F8e6+18H CUBIC METERS/HOUR)
1060 FORMAT(1HO 120X 1 7HLIQUID HOLD=UP = +FS5.3)
1070 FORMAT(1HO+20X«31HDIMENSIONLESS FEED FLOW-RATE = +FS5e3)
1080 FORMAT(1HO 20X+ 26RECIPROCAL REFLUX RATIO = +F7.5)
1090 FORMAT(1HO+20X+7THETVT = +F9.6+12HCUBIC MFTERS)
1110 FORMAT(IHO 120X s THETVR = +F9.6912H ' )
1130 FORMAT(1HO 20X+ 21HFEED STARTING TIME = +F7.2+6H HOURS)
1140 FORMAT(1HO 20X+ 24HPRODUCT STARTING TIME = +F72+6H HOURS)
S0 RETURN
END
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SUSROUT INF STEAD
coMMON/DATA/AHExG.ALFA-AREA-FLow.OLDUP.R.RR.STVB.STVT.TLVT.TLva.
1 TR +TRR+X0

COMMON/PRIMT/NPRINT

COMMON AMIN(15+33)+AP(10)eBP{10)+C(10¢213+3)+CO(10)1+CP{10)»DTR+DTRRY
1EFACT-EP$IL0'FALT.FB.HTU-KZ-TLT.TU.XSTAR(Z:~3)oZSTAR<21)

[o]6] 300 J:Kan

U=sR :

UU=RR
GO TO (10~20.30).J
U=0, .
UU‘O.
GO T0 30 . .
vy=0, ’ !
FACT=TU#(ALFAX(144+UU)—14) ~ . :
EFACT=EXP(FACT) : -
IF (JsEQel1) GO T0O 40 :
Go To SO ' B .
STB=STVE*(].+UU)/FB L -
STT=STVT*( 1 ,+UU)/FB '
TLB=TLVB* (1 .+UU)/FB’
T=STT+STB+TLT+TLB+1e _,
DENOM= STT+STB*EFACT+(EFACT—1-)/FACT

DO 100 1=1+21

Al=1-}
ZSTAR(1)1=A1%,05
xsTAQ(1oJ)-T*ExptFACT*ZSTAR(x))/DENOM
CONTINUE
GO TO 300
DENOM= uu*<u+EPst0)*EFACT+EPSXLO*(u—UU/(1.+UU))/ALFA
AUXzALFA%UxUUXEFACT
BUX=EPSILO*U

DO 200 1=1+21
Arzl-}
ZSTAR(1)=AI%#,05 )
XsTAQ(loJ)=(AUX+BUX*EXP(FACT*ZSTAQ(I)))/DENOM
CONTINUE
CONTINUE
IF (NPRINT) 60+270,70

PRINT 21 POINTS ON LINE-PRINTER

WRITE(6+1010)
WRITE(6+1020)
WoITE(6+1030)
WRITE(6+1040)
DO 400 =121
WRITE(6+1050) 1+ ZSTARC1) « (XSTAR(I «J)sJ=1+3)
CONTINUE -
FORMAT ( 1H] 19X+ 26HX¥%SUR, STEAD PRINT-QUT%#%)

FORMAT (10X +26H=s=====x SsSszscosoS=zmoTsxzo=)
FORMAT(1HOs20Xs 1HT 11X +5HZSTARY { 1 X« SHXSTAR)
FORMAT(21X+ IH=111X1SH=====,]1Xs5H=s=s=x)
FORMAT(1HOs 18X+ [23+4(9XsFT7e4))

RE TURN

END e

o e —— e

o s g

Lo
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SUBROUTINE ROOT

COMPLEX D1+D2¢DONEIDTWOIETAL +ETA21GAMAL sGAMA2FCySRTETA
DIMENSION FUN(1S5:3) v AMAX(1543)

COMMON/DATA/AHE 1G+ALFASAREAsFLOWIOLDUP +ReRRISTVBSTVT s TLVT+TLVE »
1 TRsTRR+XO

COMMON/PRINT /NPRINT
COMMON/SPECIF/ITIMINPROF s NROOTS+ TPROF (10) s TIMES(10) s IFILM

COMMON AMIN(15+3) +AP(10)sBP{10)+C{10+21+3)+CO(10)+CPR(10)+DTRDTRR -

1EFACT.EPSILﬁ.FALT.Fa.HTU.KZ.TLT.TU.XSTAR(21.3)-ZSTAR(ZI>
ITEST=2

RFLACC= 10.5—15

ARSACC=10,E~10

MAXFUN=4000

SSTEP=10,E~05

IF (NPRINT) 441646 .

WRITE(6+1010)

WRITE(&+1020) -

DO 400 JU=KZe¢3
WRITE(6+1130) J
S==10,E-09
U=R ’
Uy =RR -
GO TO (8+310612)ed
U=0,
UyY=0 »
Go TO 12
UU'O Y
FACT= TU*(ALFA*(1.+UU)—1.)
STT=STVT#( ] ,+UU)/FB
STE=STVE+ (1 ,+UU)Y /FB
TLB=TLVB*(].,+UU)/FB
AN= ({1 o +UU)I ¥ (U+EPSILO) +1 4 ) Z/ALFA
AM=U# (1 44UU)

DO 100 1=1+NROOTS

FIND MINIMUM

CALL VDOL1A(ITEST+S+sF+sMAXFUNABSACC+RELACCSSTER)

GO TO (20e¢16916v16) « ITEST

I (NPRINT) 18+40+40

GO TO (20+344356+38) s ITESTY

IF (Se GEe 040 ) GO TO 32

IF (le NESe 1) GO TO 22

GO TO 24

11=1=-1""

IF (Se GEe AMAX{I1+J)) GO TO 22

Go TO 26

IF { Se GTe =10,E-09¢ AND o Se LT 4 0.0 ) GO TO 32

TAMRDA=(FACT~S)/2. :

TeTA=TAMBOA# %24+ TUXALFA%S* (1 4 +UV)Y

IF ( TETA o+ GT + Oe) GO 7O 28

ATETA=ABS({TETA) :

RTETA=SORTIATETA)

SHTETA=CMPLX( 04 +RTETAY

6o To 20 ;

RTETA=SQRT(TETA)Y

SRTETA=CMPLX(RTETA*O,)

DONE=TAMBDA+SRTETA

DTWO=TAMBDA-SRTETA

FI=EXP(=S*TLB)I/Z(S*STA+14)

PS 1= EXP(S*TLT)*(S*STT+AN)
AASALFA%PS=14~S/TU

BA=ALFA¥F l=14-5/TU:

D1=DONE/TU

D2sDTWO/TU

ETA1=AA-D}

ETA2=AA~D2

GAMA1=8R~D1

GAMA2=BB-D2

Fc= CEXP(Z.*SQTETA)‘ETAI*GAMAZ/(ETAz*GAMAl)

F=CABS(FC)

GO TO 14 -

leoE+lO*(S+loo)

GO TO 1a

-
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WRITE(64103C)H IvSoF
GO TO 40
WQITE(601040) 1

GO TO 40
WRITE(6+1050) 1
AMIN(T+J) =S
FUN(T+J)=F

ITEST=a2

F IND MAXrMUM B .
caLL voolAcxTEqT.SoF.MAXFUN.ABSACC.RELACC.SSTEP)
GO TO (4a8+44+444848) o [TEST
Ie (NPRINT) 465¢644648
GO TO (48B+56+58+60) s+ 1TEST
IF { Se GE o AMIN(I+U)—10,E-07) GO TO 54
TAMBDA=(FACT-S)/2,.
TETA=TAMBDA**2+TU#ALFAXS%* (] 4 +UU)
Ik ( TETA « GT o 0¢) GO TO S0
ATETA=ABSITETA)
RTETA=SORT(ATETA)
SRTETA=CMPLX(0,+RTETA)

GO TO 52

RTETA=SOGRT(TETA)
SRTETA=CMPLX(RTETA+0,)
DONE=TAMRDA+SRTETA
DTWO=TAMARDA-SRTIETA
F1=EXP(~S*TLB)/(S*5TR+14)
PSI=FEXPISHTLTI*®(S*STT+AN)
AAZALFA¥PSI—1 4-S/TU
BR=ALFA¥F1—14=-5/TU

D1 =DONE/TU

Do=DTWO/TU

ETA1=AA-D1

ETA2=AA~D2

GAMA1=RB-~D1

GAMA2=RR-D2

FezCEXP(2 «#SRTETA ) ETA1*GAMA2/(ETA2*GAMA1)
F=1e /CABS(FC)

IF (F o LTs 10,E-05) GO TO 62 b
Go TO a2

Fs= 1.F+05*(s+10.)

Go TO a2

WRITE(6+1060) 145+F

GO TO 64

WRITE(&6+1070) |

GO TO 64 -

WRITE(S,1080) |

GO TO 64 '

S=5=10,£=-07

Go TO sa

AMAX(19+0)=5

ITEST=2

CONT INUE -

KOUNT=0

. DO 200 1=1+NROOTS

1Fl FUNC1+J) o GT o [+4E-05) GO TO &8
10UM=1-KOUNT
AMINC(IDUMSJ)=AMINI( T v )

e et o S~ et sy
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FUNCITDUMS J)=FUN( 1 +J)
AMAX( 1DUMe J)=AMAX (] ¢ )
GO TO 200
KOUNT=KOUNT+1 ,
IF ([4+KOUNT o GT . NROOTS ) GO TO 70
CONTINUE s
IF (KOUNT LLT, 1) GO TO 72
NROOTSz=NROOTS-KOUNT |
WRITE(631090) NROOTS
IF (NPRINT) 7444002400
WRITE(64+1100)
WRITE(S5:1110)
DO 300 1=1+NROOTS
WRITE(6+1120) 1+AMINCI +J)sFUNIT+J) s AMAX (T J)

CONTINUE v

CONTINUE ‘ a ‘

FORMAT( 1H]1 19X+ 25H4%%#SURs ROOT PRINT-OUT#%%)y) ..

FORMAT (10X +25H=S=xSSS=SS=ISSSSSSST=SSSS) ‘
FORMAT(30X+GHMINC ¢ [ 22 7H) FOUNDSOX1aHS = sF9s63S5Xs4HF = +F3eb)
FORMAT(30X+23HROUNDING ERRORS AT MIN(aI241H))
FORMAT (30X e 26HMAXFUN EVALUATIONS AT MIN(«1291H))

FORMAT (60X ¢ aHMAX( « I247H) FCUND+s20X+4HS = sFQeb3S5X+4HF = sF9e6)

FORMAT ( 60X « 23HROUND ING ERRORS AT MAX{+12+1H))
FORMAT (60X s 26HMAXFUN EVALUATIONS AT MAX (s I2+«1H))
FORMAT (10X +29HNOTE = NROOTS WAS REDUCED TO +112:2X+67HIF MORE TRANS

1IENT TERMS ARE REQUIREDs INCREASE 1TSS SPECIFIED VALUE))

FOQMAT(1H0|2!X01H1010X03H@IN'1IXOSHFUNCTO11X03HMAX)
FORMAT(22Xs I1H=3 10X 13H===3]1 1 XeSHza===4 1] X4 3H===)
FORMAT(IHO 20X [2¢3(SXsF1046))

FORMAT(IXesgHJ = «12)

RETURN

Lo X1
[T

e T ——

o e gy

| ey ey
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SUBROUTINE COEF
COMPLEX D1 +D2+DDONEDDTWOIDD 1 +DD2+DETAL +DETA2+DGAMA L sDGAMA2 «DONE »
I1DSRTET+DTWOSETAL ETA2+GAMAL yGAMAZ2+SLIMITeSRTETAWVI V2 -
COMMON/DATA/AHE G +ALFAJAREAIFLOW+OLDUP +R4RRSTVBeSTVTs TLVTs TLVB »
1 TR +TRR X0
COMMON/PRINT /NPRINT
COMMON/Sptch/lTxM'NPROFvNQOOTSnTPROF(10)-TIMES(10)w[FlLM
COMMON AMIN(1S+¢3)4AP(10)93P(10)+C(]10¢21¢3)+COC10)+CP(10)1DTRIDTRR
lEFACT‘EPSlucmFACT.FB:HTU.KZ.TLT.TUoXSTAR(EJc3)cZSTAR(21)
DT=DTRR~DTR

DO 400 U=KZ+3a .
U=R.
Uu=RR
GO TO (10+124¢14)4y
U=0' N
Uy=0,
GO TO 16 .
UU—O. -7
caLl mﬂomq.uu: ' ‘
GO TO 16
CALL FlT(DTc2~UU)
FACT=TURX (ALFA* (] ,4UUT=14)
STB=STVB*(1.+UU)/FB
STT=STVT*(1.+UVY/FB
TLB=TLVB*(1.+UU)/FB
AN= ((1.+UU)*(U+EPSILO)+14)/ALFA
AMz=U* (1 4+0UV)

.DO 200 M:z.NROOTS
S=AMIN(M+ )
TaAMBDA=(FACT=-S)y/2,
TETA=TAMBDA%¥¥ 2+ TURALFAXSH (| 4+UUY
IF { TETA o GT ¢« Ce) GO TO 18
ATETA=ABS(TETA)
RTETA=SAQRT(ATETA)
SRTETA= CMPLX(O..RTETA)
GO TO 20
RTETA=SQRT(TETA)
SRTETA=CMPLX(RTETA10,.)
DONE=TAMBDA+SRTETA
DTWO=TAMBDA~SRTETA
F1=EXP(~S5%*TLB)/(S*STAr1e) -
PSI=EXP(SXTLTI*(S%STT+AN)
DEI=~FI#(TLB+STR/(STR*5+1¢))
DPSI=EXP(S*TLT)* (STT+TLT*(STT*S+AN))
AA=ALFA%XPS =1 ,,~S/TU
Ba=ALFAXF1=-1.=-S/TU
D1 =DONE/TU
D2=DTWO/TU
ETAl=AA-D1 . : .
ETA2=AA-D2 . .
GAMA1=88-D1 ’
GAMA2=88B-D2
DTAMBD==65
DTETA=2, % TAMBDAXDTAMSD+ALFA*TUX (] 4, +UU)
DSRTET=DTETA/ (2., #SRTETA) '
DDONE=0OTAMBD +DSRTET
DDTWO=DTAMBD-DSRTET
DAA=ALFA*®DPSI—~1 o/ TU
DRB=ALFA¥DF1~1./TU
DOI=DDONE/TU
DO2=DDTWO/TU .
DETA1=DAA-DD1 -
DETA2=DAA-DOD2
DGAMAL =D8A-DD1
DGAMA2=DRB-DD2




180

g —-

SLIMIT= CEXP(DONE)*(DETAZ*GAMAI+ETA2*DGAMA1+ETA2*GAMA1*DDONE)—
lCEXP(DTWO)*(DETAI*GAMA2+ETA1*DGAMA2+ETA1*GAMA2*DDTWO)
GO TO (22:26+26) ¢4
22 Pi=ALFA*(AN-AM) =1,
P2=EPS1ILO
24 V1 z=P2#ETA1-P I #*GAMA I #CEXP (DONE}
Vo=P2¥ETA2-P 1 ¥*GAMAZX*CEXP(DTWO)
DO 100 I=1+21
C(Mo1oJ)a(V1*CEXP(DTw0*ZSTAR(I))-VZ*CEXP(DONF*ZSTAQ(I)))/(S*SLIM[T
1) .
100 CONTINUE
GO TO 200
26 Jys=Jd-t
Ag=APLUDN)
Bu=BPLJID)
Cc=CcPt I
cn=ColJd) .
XT=S+8J% (1 .+TU/CC)H ‘ ) . T
XZ=14~RJI/CC
Pl=—ALFA%¥{ AMFAJX(PST=AN) ) =S*AIN {XZ~ —~ALFA#PST)/XT4H+CD#*(ALFAXAN—-14)
P?--AJ*FXD(BJ)*(S*(XZ-ALFA*FI)/XT+ALFA*(FI-1.))+CD*EPSIL0
GO TO 24
200 CONTINUE
IF (NPRINT) 2804000400
28 WPITE(64+1030)
: WRITE(6+1040)
WRITE(6+1050) U
WRITE(6+1000)
WRITE(64+1010)
DO 300 =121
WRITE(6+1020) ZSTAR(1 Y« (C(Molad) +M=1NROOTS)
300 CONTINUE
400 CONTINUE
1000 FORMAT( 1 X+SHZSTAR«3X+9HIST COEF ¢+ 3X+9HZND COEF » 1 3X+SH3RD COEF ¢ ¢ 3X s
1OHATH COEF 4+ 3X+IHSTH COEF 4 93X« IHOETH COEF e +3X+GHTTH COCF ¢+ 3XFHB8TH
2COEF ¢« 43X sOHITH COEF«93X»10H10TH COEF ) .
1010 FOQMAT(1X05H====='3X09H=========03X99H

2:—:::.3x.9H===:=:===.3x.1QH==========)
1020 FORMAT(1HOFSe3+10(2XsF9.5))
1030 FORMAT(1H] s9X+25HX**5UB, COEF PRINT-OQUT#**¥)
1040 FORMAT(10X125H==z====zs=SsxS=SS=ss=====)
1050 FORMAT(IXedHJI = 1)
30 RFTURN -
E£ND

- et e it e e e
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SUBROUTINE ENDTI(NNY :
COMMON/SPECIF/1T 1M eNPROFINROOTS«TPROF(10) ¢ TIMES(10)+IFILM
COMMON/PRINT /NPRINT

COMMON/PLOT/TS(405) ¢+ XR(405+5)

COMMON AMIN(15¢3)+AP(10)+BP(10)+C(10¢21+3)+CO(10)«CP(10)+1DTRDTRRY

1EFACT+EPSILO+FACT +FBeHTUIKZ+sTLT s TUIXSTAR(2]1+3)+ZSTAR(21)
DIMENS {ON XBOT(AOq-a)
K=1 ~
Do 100 1= 10401
At=(14+1-2)%25
P=A1-DTR ) )
tFi{P) 10412416 : Coe
Ts(1)=At . /
GO TO 100 '
TS{(1)=DTR
K=K+ 1 : :
GO TO 100 : : .
IF(KeGTo1) GO TO 18 . P
TS(t+1) =Al
Go TO 12
Q=A1-DTRR . -
IFr (Q) 20422424
Tsl1+1)=AtL
Go TD 100
Ts{1+1)=DTRR
GO To 14
IF (KeGT42) GO TO 26
Ts(1+2)1=At1
Go To 22
Ts(t+2)=A1
CONTINUE _
DO 400 JU=KZ+3 .
IF (JsLTe2) GO TO 28
JoEJ-1
AJd=ARP{UJ)
B8u=BRP(JJ)
Cc=CP(JU)
BSST=XSTAR(21+J)})
DO 300 1=1+403
IF (JsEQe3sANDSTS( 1) LT«DTRR) GO TO 300
IF (JeEQe1eANDTS(1)eGTDTR)Y GO TO 400
IF (UeEQe2ANDSTSII) LTeDTR) GO TO 300
IF (JeEQe24AND TSI )4GT, DTRR) GO TO 400
SUMB=0,.
DO 200 M=1+NROOTS
GO TO (304324344
T1=04
Go TO 36
T1=DTR
Go TO 36
T1=DTRR
V=AMIN(Me J)H*(TS(1)>~T1I) .
!F(V GT.IOO..OR.V.LT-—IOO.) GO TO 37
VVy=EXP (V)
GO TO 38
Vv=1e
SUMB=SUMB+C({Me21 ¢ J) ¥VV

. .
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200 CONTINUE .
XROT(1+J)=RSST4+SUMB

300 CONTINUVE :

400 CONTINUE
DO 600 1=1.403 - Y
IFITS(1)elLT.DTRY XB{TWNN)=XBOT(]+1)
IF(TS(]).GE.DTQ-AND.TS(I)QLEDDTRR) XBC1+NNY=XPROT( [2)
IF (TS(I)«GT«OTRR) XBI(I+NN)=XBOT(I+3) .

600 CONTINUE '
IF (NPRINT) 40+42,40

40 WRITE(6+1000)
WRITE(6+1010)
DO 500 1=1+103

WRITE(6+1050) TS(I)e(XBOT(I+J)sJU=1+3)

500 CONTINUE - : '

1000 FORMAT(1H] vOXs2SHR%¥SURe ENDT PRINT-OUT*#%) "

1010 FORMAT(10X+25H====S2=z=zz=>r===3==s==az=z)
1050 FORMATI{IHOsSXeF 742 ISXe3(5XsFBe3))
42 RETURN ) )
END ' -

SUBROUTINE FILM
COMMON/PLOT/TS(40x) s XB(40545)
DIMENSION Y(2025) +NUM(S) + X(2025)
DO 200 NN=1¢S
NUM(NN)=4023
DO 100 1=1+403
NA=4O03% (NN~ )+1
Y{NA)=XB(]+NN)
X(NAY=TS(1])
100 CONTINUE
200 CONTINUE
CALL START(2)
CALL INTENSE(24)
CALL PLOT(5,3154175¢~3)
CALL GRAF{XsYsNUMsS+0+ 184D IMENS IONLESS TIME«184+21HBOTTOM DIMILESS
1CONCa121+10,145,)
CALL PLOT (~5.53,91~3) _
CALL SYMBOL(4e5+2.1e1+41HOARAMETER - DIMENSIONLESS FEED START TIME
190ev41) . R
CALL SYMBOL (4.Ss1¢751 ¢!l ¢3SHDIMILESS PRODUCT WITHDRAWAL TIME = 10
1+39)
Calll NUMBER(Set1¢751e19800,¢040~1)
CALL NUMBER(! 48542754 61110065009 ~1)
CALL NUMBER(2:15+2¢75¢014¢2004¢5069~1)
CALL NUMBER(2 645126751 6193006 ¢50es1~1)
CALL NUMBERI(2e¢7042¢755 419400445069 ~1)
CALL NUMBER({341042¢75e 01150075069 ~-1)
Cal.lL ENPLOT
ReETURN
END
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SUSROUTINE FIT(TIM JALUU)
EXTERNAL FTN
DIMENSION X(3)+£(3) e W(20)
COMMON/DATA/AHtlG.ALFAoAREAoFLOWoOLDUPcR'RRoSTVBvSTVT'TLVT-TLVB.
1 TRsTRR+XO
COMMON/SPECIF/ITIMINPROF s NROOTS « TPROF(10)s TIMES(IO) s IFILM
COMMON/PROFLI/TXT(21)
COMMON AMIN(15¢3)4AP(10) 8P 10) +C(10¢21+3)+CO(10)+CPL10)+OTR+DTRR,
1EFACT sEPSILOF L T FBIHTUIKZ s TLTs TUSXSTAR(21+3) +2STAR(21) .
DATA X/e932e0! o/ -
DATA E/oOOOOEo.OOOOi'o00001/
WRITE(6+41000) -
WRITE(6+1010)
DO 100 1=1.21
SuM=0,
DO 200 M=1+NROOTS
SyM= SUM+C(M11oJA)*EXP(AMIN(M-JA)*T]M;
200 CONTINUE
TXT(1)=SUM+XSTAR([*JA)
100 CONTINUE
catL VAOQA(XQE'B!F'100.0001OEOOOFTNOWO2012000) )
ApP{JAY=X(]) :
BR{JA)=X(2) o
Col(JAY=X{3)
CprJAY= BP(JA}—TU*ALFA*(1.+UU)
F=SQRT(F/20,)%100,
WRITE(6+1020) JAsF
WRITE(6+1030) JA-APlJA)-JA-athAJ.JA-cotJA)
1000 FORMAT(1HO+OX+PaH###SUB. FIT PRINT-0UTH#%%)
1010 FORMAT (10X +24H==s=Ss=ca==r=s====I=S=====)
1020 FORMAT(IHO+OX+8HFITTING +11+10Xe21HSTANDARD CEVIATION = eFS5e292Xe
18HPER CENT)

1030 FORMAT(1HO +9Xs3HAP s +4H) = 'FT7e4+10Xe3HBP(41144H) = sF7e4+10Xe¢3H
1CO(sI1eaH) = +F7.4)
ReTURN
END

SURROUTINE FTN{(N«X*F)
DIMENSION X(3)sE(3)+W(20)

COMMON/PROFI/TXT(21)
COMMON/SPECIE/ITIM'NPROFsNROOTS s TPROF(10) + TIMES(10) «1FILM

COMMON AMIN(15+3) sAP({0)+BP(110)+C{10:21423+CO(10)+CPU10)+sDTRIDTRR
IEFACTOEPSIL0|FACT1FB|HTU|K21TLT0TU!XSTAQ(21;3)'ZSTAR(EI)
DO 100 1=1+21
CAL=X(1)Y#EXPIX{(2)*ZSTAR(1))+X(3)
F=F+{(TXT(1)1~-CAL)I**2
100 CONTINVE
RETURN
END
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NOMENCLATURE

A cross-sectional area of column -
constant defined by eqn. (2.1)
" " " " (C.16) (Appendix C)
concentration defined by egqn. (2.9)
" (Appendix A)

A], A,» A3 constants defined by eqn. (3.47)
ag interfacial area per unit volume of packing
B constant defined by eqn. (2.1)

" ! " " (C.17) (Appendix C)
concentration defined by eqn. (2.9)
" (Appendix A)

‘ C constant defined by eqn. (C.18) (Appendix C)
concentration defined by eqn. (2.9)
C(z*,sn) coefficients of the transient terms of the solution
C] to C6 integration constants
c constant in egn. (2.29)
D constant defined by eqn. (C.19) (Appendix C)

concentration defined by eqn. (2.9)
binary effective diffusivity (Appendix A)

D, D, functions of s defined by eqns. (3.81) and (3.82)
E concentration defined by eqn. (2.9)
“ (Appendix A)
Ef enhancement faftor
F concentration defined by eqn. (2.9)

" (Appendix A)

F molar feed flow-rate

m
F(s) function of s defined by eqn. (3.94)

f(t),f(t*) functions of time defined by egqns. (2.27) and (3.141)
f(z*) initial condition (3.47) |

Gm molar gas flow-rate

G concentration defined by eqn. (2.20)



G(s)

9(z),9(z*)

AH

0G
oL
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function of s defined by eqn. (3.96)

functions of height defined by eqns. (2.28) and (3.142)

concentration defined by egn. (2.21)
volumetric 1iquid hold-up per unit volume of bed

enthalpy difference

Henry's Law constant

height of overall gas transfer unit
oo " Tliquid " "

height of column

constant defined by eqn. (3.80)
" " * " (B.15) (Appendix B)

equilibrium constants
ionisation constant
gas-phase mass transfer coefficient

liquid-phase mass transfer coefficient, with chemical
reaction

liquid-phase mass transfer coefficient for physical
absorption

overall gas mass transfer coefficient
" liquid " " "

rate constants

volumetric liquid flow-rate

constant defined by egn. (3.62)
molar fraction defined by egn. (2.11)

molar fractions defined by eqns. (2.23),(2.24) and
(2.25) )

constant defined by eqn. (3.63)

interfacial mass transfer flux of the heavy component

number of overall gas transfer units
u H] 1

liquid " "

" " theoretical plates
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number of moles (section 3.1)
indice in series (section 3.2)

total pressure

functions of s defined by egns. (3.91) and (3;92)
volumetric product flow-rate

partial pressure

vapour pressure

functions of s defined by eqns. (3.97) and (3.98)

product ratio

ideal gas constant
feed ratio
ammonia solubility

ratio of the concentrations at both ends of the column,
at time t

idem, at steady state

Laplace transform variable

absolute temperature

liquid average residence time in each transfer unit
time variable

feed start time

product withdrawal time

volume of Tiquid

molar volume

molar waste flow-rate

Lap]acé transform of x

| <

1>

isotopic fraction of the heavy component in the
liquid pHase, in the column

idem, entering the bottom stirred tank
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idem, in top stirred tank

jdem, in equilibrium with the actual gas isotopic
fraction

Laplace transform of y
isotopic fraction of the heavy component in the gas
phase, in the column

idem, in equilibrium with the actual 1liquid
isotopic fraction

height variable
axis normal to gas-liquid interface (Appendix A)

dimensionless height defined by eqn. (3.143)

Greek letters

a

B
8
Y]aYz
n] 3712

§]’€2

Superscripts

separation factor
parameter defined by eqn. (3.66)
liquid film thickness
o -1
functions of s defined by eqns. (3.87) and (3.88)
" v " o (3.89) " (3.90)
characteristics of hyperbolic equation
activity coefficient '
function of s defined by eqn. (3.83)
" o " " (3.84)

H-bonding factor

time constant

transfer function defined by eqn. (3.74)
1] i " n " (3.75)

*

f

dimensionless variable

formation -
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Subscripts

A,B,E,F component

i interface

b bulk

1 light component

h ' heavy "

B bottom of the column

T top v "

F feed height

L transportation‘lag

S stirred tank

n value of function of s for s =5

n
0 - reference value
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