JAERI-M
84-160

STUDIES ON CRYOGENIC DISTILLATION
COLUMNS FOR HYDROGEN ISOTOPE
SEPARATION

August 1984

Masahiro KINOSHITA

Aok B F N B K M
Japan Atomic Energy Research Institute



JAERI-M L A#— Fid, ARETFHFRFAIFEMHICAT LT 3HRmEETT,

AFEOB &L, DRECIAEMERIEHEEEERSE (T319—11 FRMEIHEEE)
H7T, FRHLILLAZ G, &, DR IHRBART NS EERE ¥ ¥ — (F319-11 Kk
EIEAIRREAT A AR F ABERN) CHETCL3EREGREH I8 THI T,

JAERI-M reports are issued irregularly.

Inquiries about availability of the reports should be addressed 1o Information Section, Division
of Technical Information, Japan Atomic Energy Research Institute, Tokai-murs, Naka-gun,
Ibaraki-ken 319-11, Japan.

©  Japan Atomic Enel‘gy Research Institute, 1984

REFRREIT  NART LW RN
BN Lo H OB OET OB OFF



JAERI-M 8L-160

STUDIES ON CRYOGENIC DISTILLATION COLUMNS FOR HYDRCGEN ISOTOPE

SEPARATION

Magahiro KINOSHITA
Department‘of Thermonuclear Fusion Research

Tokai Research Establishment, JAERI
( Received August 10, 1984 )

Cryogenic distillation is applicable to a number of situations.
The feed condition, column cascade configuration, input and output
specifications very greatly from situation to situation. In the
mainstream fuel circulation syster for a fusion reactor, the feed
composition may fluctuate greatly during the operation, The radio-
logical standards for tritium lost to the environment are increa-
singly becoming stricter. Systematic studies are needed to achieve
the goal of long-term operation meeting the strict regquirements
for products even under great fluctuaﬁion of the feed condition
in all the situations.

The present report gives a critical, brief review of the stu-
dies which have been made by the author, The subjects treated are
development of computer simulation procedures, analysis on an H-T
separation column with a feedback stream, dynamics and control,
propogal of a new cascade, analysis on helium effects on column
behavior, start-up analysis for a cascade, and preliminary

experimental study on dependence of HETP on cperational conditions.
KEYWORDS ¢ Cryogenic Distillation, Isotope Separation, Hydrogen

Isotopes, Fusion Reactor, Tritium System, Column Cascade,
Feedback Stream, Dynamics, Control, Start-Up, HETP
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1. INTRODUGCTION
1.1 Scope and significance of the present report

Cryogenic distillation (see Fig. 1.1) is one of the most
attractive methods for hydrogen isotope separation : the separa-
tion performaﬁce.is relatively high ;3 a large flow rate of
hydrogen iéotopes can be processed ; the system scale is compact ;
and the cryogenic operating temperature eliminates the tritium
permeation problems. An adequately long packed column can be
considered a sort of square cascade composed of a number of
separating elements, and it assures high performance. In many
cases, multiple columns and equilibrators (catalyst beds) are
arranged in cascades to achieve multicomponent separation.
Cryogenic distillation is applicable to a number of situations
separation of H, D and T in the mainstream fuel circulation
system for a fusion reactor (the feed comprises H2’ HL, HT, D2, DT
and T2) ; separation of H and T in the blanket system for the
fusion reactor or in the tritium prodﬁction system (Hz, OT and
T,) ; recovery of tritium from heavy water used in a heavy water
reactor (HD, D2 and DT) ; and concentration of tritium recovered
from glovebox atmospheres and other similar sources (HZ’ HD, HT,

1)

has much experience in

D DT and T Although France

2! 2)‘
a specific situation of tritium recovery from the heavy water
reactor, it is still inadeguate to be applied to other situations
because of ite rather weak theoretical basis. Column cascades

handle a variety of feeds, and the input and output specifica-

tions for the cascades vary greatly from situaticn to gituation.
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In addition, in the mainsitream fuel circulation system for the
fusion reactor, the feed condition may be greatly variable during
the operation. Another fact to be noted is that the radiological
standards for tritium lost tec the environment are becoming
increasingly stricter. Thus, to establish the design, construc-
tion, operatién and control methods for coclumn cascades for

all the Situations, systematic and extensive studies are

further needed. In those studies, both theoretical_énd experi~
mental approaches are imperative on various subjects ¢ physico-~
chemical studies on cryogenic properties of hydrogen isotopes ;
development of a set of computer simulation procedures and
programs ; detailed analyses on steady state and dynamic colunn
behavior 3 laboratory scale experiments measuring fundamental
parameters and verifying some of the slgnificant computer pre-
dictions ; development of analysis techniques for measuring

mole fractions of molecular species with high accuracy, adequately
short time and moderate cost ; and operational tests or engineering
development for a single, practical écale column and multiple
interlinked columns.

Cryogenic hydrogen properties pertinent to fusion technoclogy
have been studied mainly by Souers, He has published a very
useful reportz) presenting a significant amount of information
on cryogenic hydrogen data. However, properties of HT, DT and

T. are uncertain and should further be studied. Development of

2
simulation procedures and computer programs has been made mostly
by the author. Although a great progress has been made and

a number of efficient computer codes sre available, the informa-
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tion on dynamics and control for column cascades is not adequate
yet. Laboratory scale experiments have been performed mainly

by WilkeSB) and Sherman et alé} They have never reported details
on the resuits, so the dependency of the fundamental parameters
(e.g. HETP, flooding velocity) on operational conditions and
column specifﬁcations is quite uncertain, and the reliability

of the briefly described results is not always high., Also,

there is a great discrepancy between the values of HETP reported
by Wilkes and Sherman. As principal part of the Tritium Systems
Test Assembly (TSTA) project, a column cascade of four interlinked
columns is under development at Los Alamos (see Fig. 1.2)%'5)
During this development, the author sincerely hopes that they
will make the most of computer simulation work particularly

for the start-up of the cascade and the design of mofe reliable
control system.

A goal 1s to prove long-term operation of column cascades
neeting very strict requirements for the products even under
great fluctuation of the feed composition. To achieve this
goal, we s8till have to solve many problems or clarify a number of
uncertain subjects. The author believes that the compuﬁer
simulation studies are vitally important in this achievement and,
for instance, saves a remarkable amount of experimental effort
and the time and cost consumed. The present report gives
a critical, brief review of the research results obtained by
the author, and the recent development which has not been re-

ported yet., The readers should refer to the original papers

cited for more details,
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1.2 Outline of the present report

In chapters 2 and 3, efficient simulation procedures best
suited to hydrogen isotope distillation cclumns are briefly
described, and some of the significant simulation results are
alsc given. fhe H-T separation column with a feedback stream
studied iﬁ chapter 3 is highly interesting, and a significant
amount of.further information is presented. In chapter 4,
dynamics and control for a single column are considered and
some of the significant simulation results are summarized.

Chapter 5 gives a brief description of a column cascade proposed
as a possible alternative to the TSTA cascade. In chapter 6,
recent simulation results on the effect of helium on column
behavior are briefly described. Chapter 7 deals with a start-up
analysis for determining a start-up scenario indicating how

the full-normal composition profiles are achieved within all

the columns. Chapter 8 is the only one where experimental

work is treated., The major purpose of the experiment is to

study the dependence of HETP on operational conditions and specifica-
tions of the packings. Thus, chapters 2, 3 and 5 deal with steady
state simulation studies, and chapters 4 and 7 treat dynamic
simulation studies. Chapters 6 and 8 include both steady state

and dynamic research results.
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Cryogenic Distillation Column

—=(Gas ~ 235K
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g—# Helium Gas

. ]

Condenser
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DT, T, (D,)
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A simplified diagram of a cryogenic distillation
column, Helium gas is supplied at ~ 19 K as the

refrigerant at the partial condenser,
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Hp, HD
Essentialy Tritium - Free

Neutral Beam Recycle
D»,HD, DT

D2
Atom Percentoge of D
>99.95%

Column (2}

Equilibrator

Row Fuel Input
Hz, HD, HT,
DZ) DTl TZ

=

Equilibrator

Column (1)
Column (4)

DT (D2, T2
Essentially Protium-Free

Column (3)

Equilibrator : HT + D2 + HD + DT

Tz (,0T)
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Fig., 1.2 TFlow schematic of the column cascade under develop-
ment for the Tritium Systems Test Assembly (TSTA)
at Los Alamos%’5) It simulates & column cascade
for hydrogen isctope separation in the mainstrean

fuel circulation system for a fusion reactor.

This column cascade will be evaluated in chapter 5,
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2, STEADY STATE SIMULATION

2.1 A simulation procedure for hydrogen isotope distillation

columns in tritium systems

The model column considered is illustrated in Fig. 2.1.
The basic equations for solving an operating problem are composed
of the overall and component material balances, vapor-liquid
equilibrium relationships, stoichiometric equations; ancd heat
balancesf) A problenm posed is that the number of the unknown
variables to be calculated is (2m.+ 3)N which is considerably
large. For a column processing the six components (HZ’ HD, HT,

D DT and T2) and having eighty stages, for instance, the nunber

20
is 1200, There are a number of simulation procedures which have
been reported for distillation columns in usual chemical engi-
neering systems. Any of the procedures falls into the three
categories as explained in Table 2,1. When we try to select

one of the procedures, the decision should be made by considering
the special features of hydrogen isotope distillation columns in
tritium systems : the output specifications required are very
strict in most cases ; and the number of stages and reflux ratio
are considerably large. Hence, infinitesimal amounts of compo-
nents are present within the columns. The presence of these
components cannot be ignored, and high accuracy is desired for
the simulation results for their behavior within the columns.
This is particularly true in cases where the infinitesimal

amount of component is HT or DT. As explained in Table 2.1,

one of the most suitable procedures for finding the sclutions
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of the basic equations is the Newton-Raphson method where a set
of temperatures and liquid flow rates (or equivalently, vapor
flow rates) are the independent variables (see Table 2.2).
Namely, after the initial values of temperatures and liquid

flow rates are appropriately assumed, their values are repeatedly
modified by the Newton-Raphson algorithm until the calculation

converges within a prescribed tolerance.

2.2 Determination procedures for initial values of the independent

variasbles

It is well known that the convergence characteristics of
a Newton-Raphson iterative calculation are greatly dependent on
the initial values of the independent variables., In usual cases,
the top and bottom temperatures are appropriately assumed, and
then the other temperatures are determined by using the assump~
tion of linear variation. The 1iquid7flow rates are determined
by neglecting heat balances and using the assumption of equal
molal overflowsa. However, these ways of determining the initial
values often fail to present convergence if they are applied to
hydrogen isotope distillation coliumns. Hence, the author1)
has proposed specific determination procedures.

Column{2) in Fig. 1.2, for instance, has the special feature
that the tritium level in the top gas must be extremely low.
Hence, the percentage of H,-HD in the top gas is almost complete-

ly 100 %. The percentage decreases as the stage number increases,
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but even on the stage having a large number, the percentage
should still be considerably high, Namely, the temperature
gradient is expected to be almost flat within the upper part
of the célumn. The author has proposed for such cases method B
for determining the initial set of temperatures as illustrated
in Fig., 2.2. Some numerical experiments have indicated that
method B is very powerful in spite of its simplicity, and it
assures rapid achievement of convergence even in cases where
the use of method A causes divergencej)
Column(3) in Fig. 1.2, for instance, has a large amount of
tritium inventory. In such cases, the phase flow rates within
the stripping section decrease greatly owing to the large decay
heat effects. Hence, the initial set of liquid flow rates
obtained by the assumption of equal molal overflows are far
from the solutions, and they often fail to present convergence.
The author has proposed an improved procedure as summarized in
Table 2.3 where step 6 utilizes the equations derived in Fig. 2.3.
It has been proved by numerical experiments using the improved
procedure that the number of total iterations needed is not

subject to the degree of the tritium decay heat effectsi)

2,3 Effects of decay heat of tritium and nonideality of the

hydrogen isotope solutions on the simulation results

The computational effort is greatly reduced if heat balances

are excluded and the ideal form of Raoult's Law is assumed in
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the simulation model. However, in cases of considerably high
tritium concentration within the colhmn, the incorporation of
decay heat is highly significant. As proved in Table 2.4,

the neglection of the decay heat causes unacceptable over-
estimation of the column performance and reboiler load. As for
the D,-DT-T

2 2
zation among the components are practlcally insignificant.

system, the differences in latent heat of vapori-

However, for the H2-HT-T2 system, they are as significant as
the decay heat as shown in chapter 3, because of the larger
differences (see Fig. R.4).

It is well known in physical chemistry that the nonideality
of an infinitesimal amount of component is relatively large.
Such situations are often found in hydrogen isotope distillation
in tritium systems. Above all, the nonideality should be
accounted for in predicting the tritium level in the protium
waste gas whose accuracy is highly important.

The conclusions described so far have been drawn from

1)

the results of a number of numerical experiments.

2.4 Great improvement of the simulation procedure

The simulation procedure used in the previous sections can
be described by the brief flow chart in Fig. 2.5. However,

) such as hydrogen isotope solu-

for narrow boiling mixtures
tions, there is no need to treat all the basic equations sinmulta-

heously and apply the Newton-Raphson algorithm. Hence, the
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author10) has divided the inner loop in Fig. 2.5 into two loops @
the Newton-Raphson loop for the temperature corrections and °

the successive iteration loop for the flow rate corrections.

The order of the Jacobian matrix is thus halved in the Newton-
Raphson loop, so the total computation time and computer

storage requirement are greatly reduced. The following modifi-
cation has further been made : the Newton-Raphson method has been

2)

placed by the quasi-Newton method developed by Broydén1 where
the numericel evaluation of the Jacobian matrix and its inver-
sion are needed only once. The improved procedure thus comple-
ted is illustrated in Fig. 2.6. Consequently, the number of
total iterations is increased by the replacement, but the total
computation time is greatly shortened. When the nonideality of
the isotope solutions is incorporated, the corrections of the
deviation coefficients are made simultaneously with the flow
rate corrections in the outer loop as shown in Fig. 2.6,

Some numerical experiments have shown that the total computation

time is shortened by almost one order of magnitude by the above-

mentioned improvement (see Table 2.5)10)

2.5 Concluding remarks

An efficient simulation code, CRYDIS-N, has thus been
developed. The author will continue to improve CRYDIS-N.
Recently, a special subroutine has been added : the tridiagonal

2)

matrix algorithm by Wang and Henke is repeated twice before

12—

re-
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proceeding with the calculation illustrated in Fig. 2.6,
The total computation time consumed by the most recent version

of CRYDIS-N is also given in Table 2,5,

NOTATION

B = flow rate of bottom product (mol/h)

D = flow rate of top product {(mol/h)

Fj = flow rate of feed siream supplied to j'th stage (mol/h)
Lj = flow rate of liquid stream leaving j'th stage (mol/h)
N = number of total thecretical stages (-)

Np = feed stage number (-)

R = reflux ratio (-}

Tj = temperature on j'th stage (K).

Uj = flow rate of liquid sidestream from j'th stage (mol/h)
Vj = flow rate of vapor stream leaving j'th stage (mol/h)
Wj = flow rate of vapor sidestream from j'th stage (mol/h)
Ei,j: deviation coefficient for accounting for nonideality

of hydrogen isotope solutions defined by
Poy; = & sP¥ oxg & (2.2)

T3V, i,jP1,5%1,;

where
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Pj = -total pressure on j'th stage (atm)

p? j= vapor pressure of i'th component on j'th stage {atm)
¥ .

Xy j= mole fraction of i'th component in liquid stream
’ .

leaving j'th stage (-)

Yy j= mole fraction of i'th component in vapor. strean
’

leaving j'th stage (-)

(Subscript)

i = component index

j = stage index
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Table 2.1 Three méjor categories of previously reported simula-
tion procedures for distillation columns in usual

chemical engineering systems.

1. Successive Iteration Method

(e.g, tridiagonal matrix method2))

Simple algorithm and computer programming.

Readiness of incorporation of heat balances and nonideality
of the solutions. |

Poor convergence characteristics in cases of very high

column performance.

2. Unsteady Approach3’4)

Difficulty of incorporating heat balances.

Unacceptably many time steps needed and long computation time.

3. Newton-Raphson MethodE'g)

Greater stability and rapid achievement of convergence
as long as the initial estimates of the independent

variables are good enough.

Note : It is reasonable to select a procedure from category 3
for hydrogen isotope distillation columns. Since infinite-
simal amounts of components are present, procedures where
mole fractions or component flow rates are included in
the independent variables should be set asidejo)

The author believes that the best method is to choose

a set of temperatures and liquid (or vapor) flow rates

for the independent variables.
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Table 2.2 Nonlinear simultaneous equations to be solved by

the Newton-Raphson method.

S1(T1s LIRS ] TN’ L-la “sny LN) = (
Sy(Tys =eer Tys Lys wees Iy) = 0 (2.1)
E1(T1| seey TN’ L-]s ceey LN.) = 0

EN(T1’ sesey TN' L»}p L] LN) =0
(Tj : temperature, Lj : liquid flow rate)

Note : The selected procedure is a modified version of Tomich's
algorithm?) The definition of the S-functions and
E-functions is described in his original paper.

The Jacoblan matrix must numerically be evaluated.
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Table 2.3 Determination procedure for the initial set of

1)

liguid flow rates.

1)

3)

4)

5)

6)

Give the temperature profile (see Fig. 2.2).

Give the vapor and liquid flow rates by using the assumpticn
of equal molal overflows.

Calculate the liquid mole fractions by the tridiagonal

2)

nmatrix algorithm and normalize then.

Calculate the vapor meole fractions by using the vapor-liquid
equilibrium ralationships and normalize them.

Calculate molar enthalpies of vapor and liquid flows.,
Calculate heat generation rates by decay of tritium,
Recalculate the 1liquid flow rates by using the equations

derived in Fig. <2.3. The liquid flow rates thus calculated

are used as the initial wvalues.
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Table 2.4 Comparison among the simulation results obtained

by using three different models.

(D2-—DT-T2 Systen)

Stage Model I Model II Model III

1 560.0 560.0 560,0

10 560.0 555.2 527.7

20 560.0 550.3 489,8
Distribution

30 660.0 646.6 551.9
of liguid :

40 660.0 637.1 507 .4
flow rate

50 660,0 £29.2 457.6
{mol/h)

60 660.0 625.9 405.9

&4 660.0 625.4 385.2

65 30.0 30.0 30.0
Reboiler load (W) 242 229 127

Note : Model I : heat balances are excluded.

Model II : heat balances are included, but decay heat
of tritium is ignored.

Model III heat balances are fully incorporated

inciuding decay heat of tritium.
The three models predict that the purities of the tritium
stream from the bottom are 99.4 %, 99.3 % and 98.2 7,
respectively. The result by model III is apparantly

different.

—19—
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Table 2.5 Comparison between CRYDIS-2 and CRYDIS-N in terms of
)

¥*
the total computation time needed (sec).

Column (1) (2) (3) (4)_
CRIDIS-2 25.0 30.0 15.0_ 21.5

CRYDIS-N 2.79 3.78 1.80 3,71
Most recent version

of CRYDIS-N 0.86 9.87 0.61 0.94

Note : The nonideality and heat balances are both incorporated.

The deviation coefficients are estimated by using
Souers' pfocedurelB)
CRYDIS-2 and CRYDIS-N are computer codes developed
in accordance with the procedures in Fig. <2.5 and
Fig. 2.6, respectively.

Thé four columns in Fig. 1.2 are simulated in this
table. The number of total stages is in the range from
65 {column{3)) to 80 (columns(1), (2) and (4)).

The simulation results obtained by means of the two

computer codes are identical within the convergence

tolerance.

#) The computer used is the FACOM M-380 SYSTEM at

Japan Atomic Energy Research Institute.
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-3 — Vapor
L2 - Liquid
--4--1 | === Vapor or Liquid
or Vapor- Liquid

Y Mixture

Fj : feed flow rate

L, : liquid flow rate

lJN‘l V. 1 vapor flow rate

: flow rate of liquid sidestrean

: flow rate of vapor sidestreanm

Model column for computer simulation. Provision is
made for multiple feeds and sidestreams. The colunn
comprises N theoretical stages. The first stage 1is
the partial condenser and the N'th stage is the

reboiler.
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— Method A —
® B I
5
a
E
K
i N
‘Stage Number
— Method B —
TN [ - —-——
.ég M < NF
2
@D T“ T_I ~ TM
| Tq

1 M N
Stage Number

Fig, 2.2 Comparison between the usual method {method A) and
the proposed method (method B) for determining
the initial set of temperatures. When the specifica-
tions reguired for the bottom product are very strict,

method B should be used with M > NF and TM ~ TN.
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step 6 in Table 2.3.

from the two equations.
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V%z\h +'L1

overall material
balance

heat balance
—=L;=fn (vapor
and liquid enthalpies,
heat generation rates
by decay of tritium )
(j=2,---,N-1)

Ly*B

Derivation method of a set of equations used in

and heat balance equations around the portion
compogsed of stage 2 through stage j include Lj and

The derivation is completed by eliminating

1)

—23—

The overall material balance
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Fig. 2.4 Differences in latent heat of vaporization among
the six molecular species of hydrogen isotopes.

The vapor and liquid molar enthalpy parameters are

given in ref., 6 in chapter 5.
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(START )

Corrections of
Tj's and Lj's

- | Yes

Successive |Corrections of
lteration  [£&i,j s

2N - Variable
Newton-Raphson

Fig. 2.5 Brief flow chart of ihe procedure before the improve-
ment. All the basic equations are treated simultaneously.
When the nonideality.bflthe isotope solutions are

not incorporated, the outer loop is not needed.
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(START)

g

N - Variable Correc'tions
Quasi-Newton of Tjs

=

Yes

Successive Corrections of
Iteration |Lj's and & ;'s

Brief flow chart of the procedure after the improve-
ment. The inner loop treats the component material
balances, vapor-liquid eguilibrium relationships and
stoichiometric equations for the temperature corrections.
The outer loop treats the overall material and hest

balances for the flow rate corrections?o)
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3. CHARACTERISTICS OF H-T SEPARATION COLUMN WITH FEEDBACK STREAM

3.1 Specific simulation procedure developed

Figure 3.1 shows a flow schematic of an H-T separation column.
Because of the presence of HT in the external feed, the complete
separation of H and T cannot be achieved by distillation alcne.
By using an equilibrator, the separation can be accomplished if
the sidestream location is appropriate, As shown 1n Fig. 3.1,

a certain amount of HT is fed to the column per unit time, and

the same amount of HT is destroyed per unit *ime in the equi-
librator by 2HT =+ H2 + T2. A typical composition profile within
the column is shown in Fig. 3.2. The role of the computer simula-
tion is to predict the behavior of the key component HT.

The column with the feedback stream has several special
features which are not inherent in the columns without the feed-
back streams. For one thing, the feedback stream poses a serious
problem in computer simulation as described below??z) To simula-
te the column, the composition of the-internal feed is to be
given., A method which may readily occur to a mathematical
programmer is the following : 1)} Assume the atomic fraction -of
H in the sidestream, zy ; 2) calculate the equilibrium compo-
sition established by H, + T, = 2HT ; 3) calculate the compo-
sition profile within the column by using the procedure developed
in chapter 2 ; 4) calculate the atomie fraction of H in the
gsidestrean, z‘H ; and 5) compare z‘H with Bype If z'H is almost

equal to zy, the simulation problem 1s considered solved.

Ctherwise, repeat from step 2 after substituiing Z'H into By
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However, a special feature to be emphasized is that z‘H is very
close to zy even if zy is far from the solution, Z*H. If zj is
much larger than Z*H, for instance, the flow rate of H fed to
the column is greatly overestimgted. Then, the resultant
composition profile represents a much larger protium percentage.

Thus, the calculated z‘H is also much larger than z*H, and

ZH ~ Z'H . (3!1)

Hence, if "zH ~ z‘H" is used as a convergence critérion,
the mole fractions of HT in the two products can have remarkably

large erfors. The author once considered the function, f(zH),

defined by
flag) = 2y - 2"y . - (3.2)

Then? the solution of "f(zH) = 0" by the Newton method was tested.
However, the absolute value of the function proved not to have

the unimodality, and the solution process often failed to

present convergence. The author has therefore developed another
 function as illustrated in Fig. 3.3. The material balance for
tritium around the column is considered in the figure. As explain-

ed in the figure caption, we obtain

DY, + BX, = B . : | (3.3)

However, XT is almost completely equal to unity in most cases,
nevertheless YT is infinitesimal, Therefore, Eq.(3.3) cannot
be used as a convergence criterion. If XT is replaced by

(1 - X;) in Eq.(3.3), we obtain
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- B, =0 . - (3.4)

T

Then, the order of magnitude of the two terms in Eq.(3.4) are
about the same. By using the approximate equations, YT = yHT/2

and X, = XHT/2, we obtain

H

h(zH) = Dygp - Bxgp = o . ' (3.5)

The new function, h(zH), has thus been developed. Equation (3.5)
(or equivalently, Eq.(3;4))'is solved by the Newton method.
The parameter, I(DyHT - BxHT)/(DyHT)|, has very high sensitivity,
and represents the very sharp minimum value (~ 0) at Zy = Z%H.
Two numerical examples are given in Table 3.1. It is
verified that even in cases of Zy o~ Z*H, the calculated mole
fractions of HT in the products can be quite erroneous.
The proposed parameter represents the minimum value very
sharply at By = z*H. Another useful example is given in Table 3.<.
The usual parameter represents extremely low sensitivity, and
in the simulation on a digital computer, its value can be even
smaller at a worse point.of 2y
Thus, the problem posed by the presence of the feedback

stream has completely been eliminated.

3,2 Separation characteristics

Since a simulation program has been completed in accordance

with the above-explained method (CRYDIS-N is incorporated as one
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of the subroutines)}, the separation characteristics can be
analyzed in detail., Some of the significant results are asg’
follows.’2) The sidestream location has“surprisingly large
effects on column performance. If the location is not appro-
priate, high performance cannot be assured even by an excessively
large number of stages and high reflux ratio. The flow rate of
the sildestream has also large effects., The optimum values of
these two key parameters are strongly dependent on the external
feed composition and almost independent of the other conditions
in usual cases. These results are gquite understandable if we
recall the requirement that the amount of HT destroyed per unit time
in the equilibrator be almost completely equal to the amount of
HT fed to the column per unit time.

As for the HE-HT-T2 system, the differences in latent
heat of vaporization among the components are as significant
as décay heat of tritium. If the heat balances are not accounted
for, the simulation results are considerably errornéous.
Particularly, the reboiler load estiméted can be accompanied by

a remarkable error exceeding + 250 %.

3.3 Recent progress

The variables to be kept as low as possible are the levels
of tritium and protium in the top gas and in the bottom liquid,
respectively. To keep both of the two variables adequately low

by the smallest possible number of stages and reflux ratio,

-~ 30—
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it may be profitable to set the flow rate of the bottom stream

{= B) at & value different from FexZT' Hence, the second

equation in Fig. 3.3 has recently been changed to
F__Zn = NB . (3.6)
Then, the equation to be satisfied is

DYy - BXy = B(n - 1) . (3.7)

The function to be zeroed is expressed by
h(ZH) = DYT - BXH - B(ﬂ - 1) . (3-8)

The equation, h(zy) = 0, is solved without using the approximate
equations, Yo = yHT/2 and X, = XHT/Z. Thus, the column can be

simulated under a variety of input and ocutput specifications.

3.4 Concluding remarks

A computer code, CRYDIS-B, is available to sinmulate
the column shown in Fig. 2.1. The author will continue to
improve CRYDIS-B. The computation time needed to simulate
the column under the conditions given in Table 3.3 by using
the most recent version of CRYDIS-B (by incorporating hesat

balances and the nonideality) is 2.91 sec.
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NOTATION

B £low rate of bottom product (mol/h)

D flow rate of top product {(mol/h)

Fex flow rate of external feed stream (mol/h)

Xy atomic fraction of H in bottom product (-)

Xp atomic fraction of T in bottom product {-)

Xyp = mole fraction of HT in bottom product (-)

Ty atomic fraction of T in top product (=)

yur = mole fraction of HT in top product (-)

Lo atomic fraction of T in external feed stream (-)

Zy input value of atomic fraction of H in sidestream for
main distillation calculation (=)

Z'H output value of atomic fraction of K in sidestream from
main distillation calculation (-)

2%, = correct value of zy (=)

-REFERENCES

1) Kinoshita, M. : "Studies on Simulation Procedures for Stage

Processes in Fusion Fuel Cycle and Distillation Systems,™
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2, 410 (1982).
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Table 3.1 Numerical examples proving that the results can

be quite erroneous unless Z*H is very accurately

foundj)
Case 2y YET . Xy I Dyyp - Bxgpl/(Dyyp)
0.33500 0.1041E-1 0.1177E-3 0.898
1 0.33835 0.1108E-2 0.1234E-3 0.00235
0.33857 0.8822E-3 0,1236E-3 0.261
0.50000 0.3244E-3 0.6254E-5 0.826
0.60663 0,7893E-4 0.7054E-5 0.196
: 0,61567 0.7297E-4 0.8103E-5 0.000589
0.61857 C.7120E-4 0.1912B-4 1.42

Note : The value underlined represents Z*H.

In case 2, for example, Z'H = 0,50002 in the case of

Zy 0.50000 and Z'H = 0,671856 in the case of

Zy 0.61857.
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Table 3.2 Numerical example proving the high sensitivity of

the proposed parameter,

Usual parameter Proposed parameter
z :
H
(ZH - Zﬁ)/ZH . (DyHT - BXHT)/(DyHT)
0.500000 1.24E-7 - 3.47E-1
0.463375 4. T1E=T 8.01E-2
0.470372 3.878-7 4 .52E=-3
0.470782  3.82E-7 | - 5.17E-6
0.470782% 3.82E-7 : 2.30E-6

*) Converged within the prescribed tolerance.

Note : This table gives an iteration history of the Newton
procedure for solving h(zH) = 0 where the solution z¥
is successfully found., The usual parameter remains

essentially unchanged during the iteration.
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Table 3.3 Design specifications for the H-T separation colunn,

Flow rate of external feed = 10 mol/h
Atom fraction of tritium in external feed = 0.9

Number of total stages = 80
External feed stage number = 40
Sidestream stage number = 25
Internal feed stage number = 30

Flow rate of top product = 0.995 mol/h
Reflux ratio = 50 |
Flow rate of vapor sidestream = 15 mol/h

Operating pressure = 1 atm
Heat subtractiocn of 200 cal/h (per stage) is made on stages 41

through 79.

Compositions of input and output streams :

H2 HT T2
External feed 0.1434E-1 0.1713 0.8143
Top product 71,0000 0.1553E-6 0.2619E-15

Bottom product 0.8872E-17 0.7111E-2  0.9989

Flow rate of tritium lost from the tep ~ 40 Ci/y
Protium percentage in bottom product ~ C.05 aton%

Condenser load = 12.4 W
Reboiler load = 20,3 W
Required refrigeration capacity {(excluding heat leak) = 21.5 W
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Flow schematic of an H-T separation column with

a feedback stream, The vapor sidestream abundant
in HT is withdrawn and transferred to the equili-
brator. The equilibrated stream recycled to the
column is called 'Tinternal feed'. OSuch columns
are needed for removing protium from the H-T
mixture in the breeder blanket system and tritium

production system for the fusion reactor.
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Fig. 3.2 Typical composition profile within the H-T
separation column., It should be noted that HT

represents an interesting profile.



JAERI-M 84-150

FexZT = DYT +_BXT
D Fesz = B
I Y -
T DYT + BXT = B
—={}— DY, + B(1 - X;) = B
.
F DYT - BXH =0
X e
ZT DyHT - BXHT =0
L[ B = h(z,) : function to be zeroed

I(DYHT- BXHT)/(DYHT)] < E, 0 < g << 1 3 Convergence
criterion

Fig. 3.3 Development of a new function to be zeroed,
For complete separation of H and T, the flow rates
of the two products are established so that the
following condition can be satisfied : FexZT = B,

The third equation is obtained by eliminating

FexZT from the first and second equations.
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4. DYNAMICS AND CONTROL
4.1 Basic control scheme

To discuss a basic control scheme for a single column,
column{1) in Fig. 1.2 is chosen as an example. The composition
profile within the column is shown in Fig. 4.7. The four species,

H HD, HT and D2, are recovered at the top, and the other spe-

2
cies, DT and T2, are recovergd at the bottom,

The basic control scheme proposed by Evans el al?) is 1llustra-
ted in Fig. 4.2. The variables to be monitored as measures of
column performance are mole fractions of DT in the top gas and D2
in the bottom liquid. In this case, the mole fraction of DT in
the top gas is considered the primary controlled variable. The
manipulated variable is the flow rate of the top gas. The column
pressure and the liquid level in the reboiler are controlled by
the heat removal rate at the condenser and the flow rate of the
bottom ligquid, respectively. The heat addition rate at the re-
boiler is maintained proportional to the feed flow rate. Thus,
the column performance is kept constant even under variations 1in
the feed conditions., The principal concern is how to manipulate
the top gas flow rate against the mole fraction of DT in the top
gas., The other controls are assumed to act instantaneously.

The mole fraction of DT and the top gas flow rate are referred to
as the controlled variable and the manipulated variable,
respectively.

R=4)

Baged on the control scheme in Fig. 4.2, the author has

studied the characteristics of the control operation. First,
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the two responses of the controlled variable were caiculated to

a step increase in the DT mole fraction in the feed and to a step
decrease in the manipulated variable, The results showed that the mean
delay time of the former response was significantly longer than
that of the latter response. Hence, the feedback control seemed
adequate. Figure 4.3 shows a block diagram of the negative
feedback contreol scheme proposed., As illustrated in the figure,
G_(s) can be considered the first order lag system, Acoording to
the calculation results by the author, T/Tp is adequately smaller
than unity. In such cases, the proportional-integral (PI) control
is known to be successful. The dead time in G (s) will be

discussed in detail later.
4.2 Parameter setting procedure for the PI controller

The two PI controller parameters, proportional sensitivity
and integral time, can be determined by investigating the roots
of the characteristic equation for the block diagram shown in
Fig. 4.3. The parameter setting procedure proposed by the author
is summarized in Table 4.1. |

4e3 Dead time in the measurement transfer function

For distillation columns in general chemical systems,

the condenser temperature can be used as a measure of the top
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composition under a successful'pressure control, For a hydrogen
isotope distillation column, however, such methods are im-
practical, because no appreciable change in the condenser tem-
perature occurs even if the DT mole fraction at the top becomes
unacceptably high. Hence, an analytical device must be used

for the direct measurement of the controlled variable. The totsal
time delay (= Tm) in the measurement can be considered to represent
the time required to sample the gas and perfdrm the analysis,

if the time needed to get the signal tco the controller is
negligibly short. If the device gives a continuous reading

after the delay, the dead time in Gm(s) is equal to T_. However,
many of the devices (e.g. gas chromatography) give the analytical
results at discrete times : the sample must be held until the
subsequent measurement is available. As illustrated in Fig. 4.5,
the dead time is to Dbe increased by a factor of about 1.5 in

such sample-and-hold operations., Since the dead time 1s

the key parameter affecting the stability of the PI control to

a large extent, the relation, 7T ~ 1.5Tm, is highly significant.

4.4 Stability of the PI control

Once Th is known, the two PI parameters can be specified
for a successful operation by following the procedure summarized
in Table 4.71. Figure 4.6 shows the response of the controlled
variable to & step change in the feed composition under no contrel,

and Fig. 4.7 shows the same response under a PI control?’A)
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If the PI parameters are inappropriate, the great ihstability
can be caused as shown in Fig. 4.8.

Thus, a procedure is now available to set the two PI
parameters avoiding instability and proportional-only control

behavior.

4.5 Concluding remarks

A1l the calculations have been made by neglecting heat
balances and assuming Raoult's Law and constant molal holdup
speqificatiéns. Namely, a set of ordinary differential equations
have been solved by using the Improved Euler method?’B) The
author believes that this simple model is adequate fto grasp
basic characteristics of the control operation., Unlike in cases
of steady state simulation, quantitatively accurate results are
very difficult to obtain even by a more complicated model, |
owing to the usual assumption that the vapor leaving a stage is
in equilibrium with the liquid leaving that stage at any time.
Also, the hydraulic effects are difficult to account for in the
model. Hence, the author will continue to use the simple model
for the time being.

However, a computer program (CRYDIS-RDS) in which heat
balances, nonideality and constant volume holdup specifications
are incorporated has already been completed?'s) Thus, the author
is ready to analyze the effects of these facltors on the dynamic

simulation results. Unless the complicated model gives resultls
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qualitatively different from the results by the simple model,
the author will not use the complicated model.

The most significant subject to be studied in the near
future is to extend the dynamic simulation to a column cascade
composed of multiple interlinked columns. EKowever, a great
deal of computational effort will be needed. The first thing
to do is therefore to modify the computer code, CRYDIS-D, for
shortening the computation time. The author 1is now testing
several numerical integration techniques other than the Improved
Euier method (e.g. Milne method, Adams-Moulton method, Runge-
Kutta-Gill mebhod, etec.), and developing a more efficient

simulation code.

NOTATION
K = proportional sensitivity (h/mol)
T; = integral time (h)
Tp < time constant in process transfer function (h)
ypp.1 = mole fraction of DT in top gas (=)
1]
T = dead time in measurement transfer function (h)
1, = btime delay in gas analysis (h)
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2-4)

Table 4.7 Parameter setting procedure for the PI gontroller._

1., Calculate responses of the controlled variable assuming
several different magnitudes of step changes iIn the manipula-
ted variable.

2, Determine the process transfer function, Gp(s). The parameters
in Gp(s) are given as functions of the magnitude assumed
in step 1.

3, Determine the open loop transfer function, GC(S)GP(S)Gm(s),
and investigate the roots of the characteristic equation,

4. Set the Pl controller parameters avoiding the instability

and the behavior of the proportional-only control.

Note *: The major point of the procedure is that it accounts
for the strong nonlinearity of the column to scme

extent inspite of its simplicity.
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Feed Stage Number = 50
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Fig. 4.1 Composition profile within column(1) in Fig. 1.2

under the full-normal condition,
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Fig. 4.2 DBasic conirol scheme proposed by Evans et al,
By using this scheme, the author has analyzed

the control characteristics.
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Gc :Controlier Transfer Function
Gq :Disturbance Transfer Function
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Gp :Process Transfer Function

Fig. 4.3 Block diagram of a negative feedback control scheme
considered. The two transfer funections, Gp(s) and
Gm(s), are the first order lag system and the dead
time system, respectively. The préportional-integral
(PI) action is chosen for G (s).
The most significant disturbance is fluctuation or

variation of the feed composition.
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Response of the controlled variable (mole fraction of
DT in the top gas) to a step decrease in the manipula-
ted variable (flow rate of the top gas). An example
is given here., The curve has no inflection point,

and the dead time is zero. Hence, the process
transfer function, Gp(s), can be considered a first
order lag system. It should be noted that the
hydraulic effect is assumed to be negligible.

More details are described in refs. 3 and 5.
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Pure time delay

/

No time delay

e Tm—-
] ™~ Sample -and- hold

ot — Tm—-

Controiied Variable

Time

Fig. 4.5 Three typical cases in the observation of the controlled
variable. Assume that the controlled variable changes
as the line, 'No time delay'. If the analytical
device gives a continuous reading with no time delay,
the exact line 1s observed., If it gives a continuous
reading after the time delay Tt the line, 'Pure time
delay', is observed., If 1t gives the analytical
results discretely, the line, 'Sample-and-hold', is

observed.
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Fig. 4.6 Response of the controlled variable to a step increase

in the mole fraction of DT in the feed.

operation is not performed., An

More details are described in refs.

The PI control

example is given here.

3 and 5.
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Fig. 4.7 Response of the controlled variable calculated under
the condition in Fig. 4.6 with the exception that
a PI control operation is performed. The two PI
controller parameters are determined in accordance
with the procedure explained in Table 4.1.
An oscillatory line which is damped with the itime

increase is obtained, and the control is successful.
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Another example under a PI control where the controller
parameters are inappropriate, Since the integral time
is too small, great instability is caused, This figure

should be compared with Fig. 4.7.
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5. NEW CASCADE AS A POSSIBLE ALTERNATIVE TO THE TSTA CASCADE

5.1 Proposal of a new cascade as a possible alternative to

the TSTA cascade

The cryogenic distillation column cascade shown in Fig., 1.2
is a typical cascade in the mainstream fuel circulation system
for a fusion reactorl) Another cascade developed at Argonne

2,3)

National Laboratory is shown in Fig. 5.1. They assume

rather small numbers of total stages and reflux ratios for the
columns, so the performance is not adequately high. By increasing
those parameters, much higher performance could be obtained, bui
in any case the cascade does not produce a pure tritium strean.
The cascade has no appreciable advantage compared with the TSTA
cascade,

Before describing the new cascade, scme information is given
on a column with a feedback stream shown in Fig, 5.2. It process-
es the six molecular species of hydrogen isot0pesé’5) A certain
amount of HT is fed to the column per unit time, and the same
amount of HT is destroyed per unit time in the equilibrator by

HT + D, * HD + DT. Thus, H2 and HD are recovered at the top,

2
and D2, DT and T2 are recovered at the bottom. A typical compo-
sition profile within the column is shown in Fig. 5.3.

By using the above-mentioned separation column as the lead
column, the authoré) has developed a new cascade shown in Fig. 5.4.
A comparison between the new cascade and the TSTA cascade is made

in Table 5.1. Apparantly, no great advantage of the new cascade

can be found just from the table, Its attractive feature will be
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described in the next section.

5.2 Great flexibility to the feed conditions inherent in the new

cagcade

As for the TSTA cascade, an adequately large flow rate of
deuterium stream as the NBI recycle plays a very impbrtant role
in decreasing the HT mole fraction in the feed to column(Z2) to
an adequately low value. As a conseguence, both an adequately
low tritium level in the top gas from columnf{2) and a highly pure
deuterium stream from the top of column{4) can successfully be
obtained. However, the flow rate of the NBI recycle depends on
the design of the NBI device., There is no gurantee of such an
adequately large flow rate, If the flow rate is not adequate,
the cascade configuration must be changed as shown in Fig. 5.5.
On the other hand, some numerical experiments by the author6)
have shown that the performance of the new cascade is not
subject to the flow rate of the NBI recycle : the same performance'
can be assured even if zs an extireme case there 1s no NBI recycle
stream, just by adjusting the top, sidestream.and bottom flow rates
with the other parameters unchanged,

As shown in Figs. 1.2 and 5.4, the protium percentage in the
raw fuel input was assumed to be 1 %. However, this value is
more or less uncertain. Assume, for instance, that the percentage

is changed to 3 %. Simulation results for the TSTA cascade have

indicated that the condenser load for column(2) must be about
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1.5 times larger to assure the same performance. That is,
the vapor flow rate within column(2) and its inner diameter are
also required to be larger. This requirement is acceptable
to a column cascade which is going to be built, but unacceptable
to a cascade which has already been built, On the other hand,
the new cascade accommodates 3 % H in the raw fuel input only if
the top, sidestream and bottom flow rates are adjusted?)

Thus, the new cascade presents great flexibility to the

feed cenditicns.

5.3 Concluding remarks

A computer code, GCRYDIS-R, is available to simulate the
éolumns in Fig. 5.4. The simulation procedure is described in
refs. 4 - 6. The two columns have 120 stages. The computation
time needed in a typical case is 5.37 sec for column(1) and
7.92 sec for column{2)., The author have dealt mainly with
the TSTA cascade so far, but is now much more interested in
the new cascade., Significant subjects for further study are
analyses on control characteristics of the cascade and on the

start-up scenarios (refer to chapter 7).
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Table 5,1 Comparison between the TSTA cascade and the new

Note

cascade proposed.

TSTA cascade Present cascade

Total refrigeration
capacity required 143 W 143 W
Total tritium
inventory . 62 g 96 g
Packed height of
the highest column 4.25 m 5.9 m
Flow rate of tritium
lest from cascade 5.0 Ci/y 3.7 Ci/y
Purity of deuterium
strean 99.96 % . 99.96 %
Purity of tritium

99.21 % 99.22 %

stream

The HETP value and vapor velocity chosen are assumed Lo
be 5 cm and 9 cm/sec, reSpectively?) The liquid holdup
within the packed section is assumed to be ~ 10 % of

8)

the superficial volume of the section.

In the new cascade, the number of the columns is halved.
The number of the output streams is just three. The DT
stream produced by the TSTA cascade is not practically
needed. The new cascade has ~ 1.5 times more tritium

inventory owing to the large size of the second column.
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Fig. 5.1 Cryogenic distillation column cascade proposed at
Argonne National Laboratory. This figure should

be compared with Fig. 1.%2.



JAERI-M 84-160

Top Product
™ H;,HD

£
g Sidestream
O
External Feed 1 | Equ”ibrator
Hp , HD, HT, 5
Dz,DT,Tz EE
%
(]
Bottom Product
D,,DT, T,
Fig., 5.2 Flow schematic of a column with a feedback strean

processing all the six molecular specles of hydrogen

isotopes. The internal feed location is assumed to

be identical with the external feed location. Protium
and tritium are almost completely separated without
any regard to deuterium. This figure should be

compared with Fig. 3.1.
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Typical composition profile within the column shown
in Fig. 5.2. As in Fig. 3.2, HT represents an in-

teresting profile.
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Fig. 5.4 New column cascade proposed as a possible alternative
to the TSTA cascade shown in Fig. 1.2. The second
column is a D-T separation column with a feedback
stream which 1s similar to the column shown in Fig. 3.1.
In the simulation of the second column, however,

the feed is considered the six component systenm,
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Cascade configuration of the TSTA cascade in the case
where the flow rate of the NBI recycle is too small.
The NBI recycle is combined with the raw fuel input
and the combined siream is fed to colunn(1).

This figure shculd be compared with Fig. 1.2,
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6. EFFECTS OF HELIUM ON CHARACTERISTICS CF HYDROGEN ISOTOPE

DISTILLATION COLUMN
6.1 Steady state simulation

Although it is clear that such impurities as N, 0, C and Ar
must be removed from hydrogen isotopes before the isotope separa-
tion, some workers doubt that helium removal is imperative.

It is a highly interesting subject to analyze helium effects on
steady state and dynamic column behavior. The analysis has
first been performed by the‘author1) choosing the TSTA cascade
as an-example (see Fig. 6.1). Based on design study for the
presently-~-conceived tokamak type reactor, the helium percentage
in the raw fuel input is expected to be in the range from 1 %
to 10 %, All the helium goes to the top of column(2). It is
obvious that column(2) is mainly affected by helium. In the
simulation, the mixture is treated as a seven component systeﬁ
of He, HZ' HD, HT, D2, DT and T2. The most significant physico-
chemical parameter affecting the results of computer simulation
ig doubtlessly the volatility of helium., The calculational
procedure of the volatility of helium is described in ref., 1,

The steady state simulation results are bfiefly summarized
in Table 6.1. - A higher percentage of helium in the raw fuel
input requires a heavier condenser load and a higher column
pressure. If it is 5 %, for instance, both the condenser load
and column pressure are doubled. If it is 10 %, the packed

height is also required to be increased by ~ 25 %, owing to

congiderable decreases in relative volatilities for the six
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molecular species of hydrogen isotopes caused by the high column
pressure. Thus, a higher column pressure, & lower inlet tem-
perature and a larger flow rate of the refrigerant gas at the
condenser, a larger heat transfer area at the condenser, and

a largér inner diameter of the column must be considered in

the design stage to accommodate helium. However, a significantly
high percentage of helium exceeding 5 % in the raw fuel input

may be unacceptable because the pressure required is considerably

high.

6.2 Dynamic simulation

Since the flow rate of the top gas from column{2) is very
small, the flow rate is manipulated essentially by an on-off
mode. If an unacceptably high tritium level is observed
in the top gas, its flow is shut off (actually, a flow of ~ 10 %
of the full-normal flow is withdrawn for the gas analysis) until
the specified low level is recovered. The author has studied |
helium effects on the on-off control operation for the tritium
level, |

Before describing the simulation results, the author wishes
to emphasize the importance of vapor holdups in dynamic simula-
tion?) Table 6.2 gives the component material balances to be
solved. As explained in the table, in cases of no helium « is
not far from unity for all the components, and uHVj can be

neglected compared with HLj (] = 25 vuuy N) or (HLj + ij) can be
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regarded as an 'overall' holdup (3 =107 5 =1, eesy N)u

On the other hand, the order of magnitude of & of helium is

102 - 103. Furthermore, its value varies greatly depending on
the liquid composition and temperature. Hence, in cases where
helium is present, the contribution of the terms including the
vapor holdups is great, and dyi’j/dt must be treated in a rigo-
rous manher. The author1'2) has developed the working equations
for such cases as given in Table 6.3. The calculation of BTj/axi,j
(i =1, vew, m=1 3 3 = 1, «vs, N} and the matrix inversion

at each iterative step are time consuming but unavoidable to
draw qﬁalitatively correct conclusions.

In cases of no helium, the tritium level control is quite
successful as shown in TFig. 6.2. After the top gas is shut off,
the tritium level at the top decreases steadily. During the
operation, the condenser temperature drop is only ~ 0.01 K,
However, in the case of 5 % He in the raw fuel input, the condenser
temperature decreases quite rapidly (from ~ 20.5 K to ~ 16.5 K
in fifteen minuites) after the top flow is shut off (see Fig. 6.3).
It should be noted that the dynanmic simulation was performed
by assuming that the column pressure and heal removal rate at
the condenser are maintained constant during the operation, and
then we obtained Fig. 6.3. In the actual operation, 1t will be
extremely difficult for the condenser capacity to catch up with
the heat addition rate at the reboiler, owing to the dramatical
decrease in the temperature difference for heat transfer at the
condenser. Thus, the liquid in the reboiler will vaporize and

z significant pressure rise will occur. It will be impractical
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to perform all the three control operations successfully :

the tritium level control, pressure control and liguid level
control for the reboiler., In the case of 1 % He in the raw fuel
input, the éondenser temperature drop is not so serious as shown

in Fig. 6.4, and no big problem may be caused,

6.3 Concluding remarks

The effects of helium on dynamic column behavior are much
largef than on steady state behavior. The conclusion is that
if the helium percentage in the raw fuel input has a significant
value (> 1 %), helium must be removed before the isotope separa-
tion system. If the percentage 1is adequately low (<1 %),
no special helium separator may be needed, but a larger condenser
and a larger inner diameter of the column should be considered
in the design stage.

Experimental study on the helium effects 1s strongly desired
in the near future to verify the simulation results. The author
now has two computer codes, CRYDIS-H1 and GCRYDIS-HZ, for
analyzing the helium effects on steady state.and dynamic column
behavior, respectively. It should be noted that CRYDIS-N and
CRYDIS-D are not applicable to such analyses because the simula-

tion models to be used are considerably different,
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NOTATION

flow rate of feed stream supplied to j'th stage (mol/h)
overall holdup on j'th stage (mol)

liquid holdup on j'th stage (mol)

vapor holdup on j'th stage (mol)

vapor-liquid equilibrium ratio for i'th component

on j'th stage (-) .

flow rate of liquid stream leaving j'th stage (mol/h)
total number of components {-)

number of total theoretical stages (=)

temperature on j'th stage (K)

time (h)

flow rate of liquid sidestream from j'th stage (mol/h)
flow rate of vapor stream leaving j'th stage (mol/h)
flow rate of vapor sidestream from j'th stage (mol/h)
mole fraction of i'th component in liquid stream
leaving j'th stage (-) | |

mole fraction of i'th component in vapor stream
leaving j'th stage (-)

mole fraction of i'th component in feed stream

supplied to j'th stage (-)

average volatility (~)
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Table 6.1 Summary of helium effects on steady state

specifications of column(2).

Helium percentage Condenser Condenser Operating Packed
in raw fuel input temperature load pressure height
0% 22.13 K ) 62 W 1 atm 3.9 @

1 9 20.85 K 80 W 1 atm 3.9 m

5 9 20,34 K . 134 W 2 atm 3.9 m

10 % 20.66 K 178 W 4 atm 4.8 m

Note : The flow rate of tritium lost from the top of the column
is almost unchanged in the four cases.
The column pressure is assumed so that the condénser
temperaturé becomes about 20.5 K in cases where helium

is present. More details are described in ref. 1.
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Table 6.2 Component material balances for dynamic simulation.

Hpq(dx; 4/at) + Hy (dy; 4/dt) = Voyy o - Vyyg 4 - Lyxg 4

. .- + . . s = L, -
HLJ(dxl,J/dt) HVJ(dyl’J/dt) LJ—1X1,3—1 + Vj+1yi.j+1

- (L. + U)x., . - (V. + W)y, . + F.z. .,
(Ly # Ugeg 5 - (Vg FWpdys 5 % Fyos
(6.1)
(3 =2, ..., N-1)
Ay (dg q/de) + Hyyldy, o/db) = Ly x5y q = Iyxy,y
- Vyi,w t o fyZaLw .
Yi,j T %X 5 (HLi + aHVi)(dXi.i/dt)

- Hj(dx. j/dt).

1,
¥. = H. ., + H,..
J Lj Vi

Note : The term underlined in Eq.{6.1) is expressed by (HLj + aHVj)o

(dxi,j/dt) (i =1y vewy, N) if o is considered constant.
The decision on whether ij is negligible or not must
be made by conmparing aij with HLj’ In cases of very
large o, the vapor holdup can be highly significant

2
even if HV' is much smaller than H ..)
J Lj
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~Table 6.3 Working equations for dynamic simulation

incorporating vapor holdups.

- — - -
[&x1’j/dt_ Ai1,5 ¢+ A, -1(b1'j
T : ' : i (J = 1- ’ N)p (6'2)
d s I 3 L] - » s
xm,J/d?J Am1,J Amm.j Dm,J ’
el — - — -
where
O B B O L B S AT - P C e PRI E D

Akn,j = xk,jHngk,n,j’ (n =1, .o, m-1 3 k=1, ..., m-1 3

n # k),
Akm,j = 0, (k = 1, vees m—1),
Amk’j - xmrj ngmtklj, (k =1, Lo m-1)r
Aom,s = Bps * Kp sHyge
and

€i,1,5 = aKi'j/Bxk.j + (axi'j/aTj)(aTj/axk’j).

Note : The terms, D. ,'s, denocte the right sides of Eq.(6.1).
RS
The termn, BTj/axi i is calculated from the regquirement
-

3-5)

that the sum of the vapor mole fractions be unity?
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Fig. 6.1 Column cascade chosen for the analysis of the helium
effects. The configuration is identical with that of

the TSTA cascade shown in Fig., 1.2. The composition

of the NBI recycle given here is based on the actual

TSTA operation scheduled in Los Alamos.
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Fig. 6.2 Variation of the mole fraction of HT in the top gas
after the top flow 1s almost shut off. An example
is given here. Helium is not present within the
column. A flow of 10 % of the full-normal flow

is assumed to be withdrawn for the gas analysis.
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Fig. 6.3 Remarkable temperature drop at the condenser
observed after the top flow is almost shut off,
An example is given here in the case of 5 % He
in the raw fuel input. Details on the calculational

conditions are described in ref. 1.
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Fig. 6.4 Temperature drop at the condenser observed
in the case of 1 % He in the raw fuel input
after the top flow is almost shut off.

This figure should be compared with Fig. 6.3,
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7. START-UP ANALYSIS FOR COLUMN CASCADE

7.1 Significance of a start-up analysis for a cascade composed

of multiple columns

In the previous chapters, a variety of computer simulation
studies or numerical analyses were performed, but there still is
a very significant category left with which no workers have
dealt yet. It is a start-up analysis. When the opefation of
a column cascade is started, there is essentially no composi-
tion profile within any of the columns, and the cascade presents
no geparation performance. One of the most serious concerns is
to write a start-up scenario for the cascade indicating hdw
the full-normal performance is successfully attained.

The author1) has performed a start-up analysis choosing
the TSTA cascade shown in Fig. 1.2 as an example, Four scenarios
were considered and analyzed, and the last two were proposed as
successful scenarios. A gignificant amount of information useful
to a start-up of any cascade was obtéined. Here is a brief

summary of the results.

7.2 Scenarios 1 and 2

In scenaric 1, a gas mixture having the average composition
of the two input streams (raw fuel input and NBI recycle) is
prepared and charged into the four columns which have adequately

been refrigerated., Then, the four columns are put into the total
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reflux operation simultaneously. Steady state is reached in

~ 1.5 h, but the composition profiles thus obtained do not meet
the output specifications required yet. Hence, the four output
astreams cannot be withdrawn as products, and the operation must
be switched to the total recycle mode shown in Fig. 7.1. However,
it is obvious that the total recycle operation does not present
the full-normal condition, because the inventories of H, D and T
within the cascade in this stage are far from those in the full-
normal condition.

The inventories of H, D and T within the columns in the full-
normal condition have been calculated by the author and the
results are given in Table 7.7. In scenario 2, the composition
of the gas mixture to be charged into the columns is determined
so that the inventories of the three elements within the cascade
are equal to those in the full-normal condition. However,
the computer simulation predicted that even the use of scenario 2
would not achieve the condition under which the requirements

for the output stireams were met.

7.3 Scenario 3

In scenario 3, four different gas mixtures to be charged
are prepared as per Table 7.1, For example, column(1) has
0.57 % H, 76,73 % D and 22,69 % T in the full-normal condition,
Hence, a gas mixture having this composition is charged into

column(1). However, T is not charged into column{2) and H is
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not charged into columns(3) and (4) as illustrated in Fig., 7.2.
After the charge of the gas mixtures 1s completed, the four
columns are put into the total reflux operation. Steady state
ia reached in ~ 2 h.. Then, the tritium level at the top of
column(2) is zero, the deuterium purity at the top of column(4)
ig almost 100 %, and the tritium purity at the bottom of column(3)
exceeds 99 % : the output streams can be withdrawn as products
(see Fig. 7.3). The computer simulation predicted that the
steady state of the full-normal condition would be achieved in

~ 6 h and the specifications of the output streams would be kept
quite satisfactory until this achievement. As an example,

the variation of the tritium level in the top gas from column(Z2)

after the operation is switched to the full-normal mode is

shown in Fig. 7.4.

7.4 Scenario 4

In scenario 4, the gas mixture prepared in scenario 2 is
charged into column(1), and column(ﬁ) alone is operated at the
total reflux mode {step 1 ; Fig. 7.5(a)). After the éteady
state is reached, columns(2) and (3) are fed from the top and
bottom of column(1), respectively {(step 2 ; Fig. 7.5(b)).

The three columns are operated at the tdtal reflux mode (step 3
Fig. 7.5(c)). While column(3) is still operated at the total
reflux mode, column(4) is fed from the bottom of column(?2)

{(step 4 ; Fig. 7.6(a)). The four columns are operated at the
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total reflux mode (step 5 ; Fig. 7.6(b)). The computer simulation
predicted that the composition profiles achieved in step 5 would
not meet the output specifications required, so the operation

is switched to the total recycle mode (step 6 ; Fig. 7.1).

The purities of the tritium and deuterium streams reach the desired
values in several hours., The tritium level in the top gas from
column{2) decreases rather rapidly in the initial period as shown
in Fig. 7.7, but the decreasiqg rate is greatly decelerated in
several hours. The tritium level after 10 h is approximately
three times higher than the full-normal value. The level remains
essentially constant even if the total recycle operation is
further continued. Hence, the operation must be switched to
another mode. First, the author assumed that the full-normal

mnode was started on condition that the top flow from column(2)

was shut off until the tritium level decreased to the full-

normal level. However, according to the computer prediction,

the purity of the deuterium stream from the top of column(4) was
greatly deteriorated if the above-mentioned operation method was
chosen : while the top flow was shut off, the flow rate of protium
fed to column(4) continued to inerease, with the result that

the deuterium purity was largely deteriorated because all the
protium fed to column{4) was recovered at the top. Next, the
author assumed that the full-normal mode was started by opening
the top flow from column(2). As shown in Fig, 7.8, the tritium
level in the top gas decreases to the full-normal level rather
rapidly, so the assumed operation method seems acceptable. Then,

the steady state is reached in several hours.
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7.5 Concluding remarks

The two scenarios which are expected to present successful
start-up are compared in Table 7.2. Both have advantages and
disadvantages. In any case, the compositions of the gas mixtures
to be charged into the columns must carefully be prepared,
because they remarkably affect the start-up characteristics,

To determine the compositions, the inventories of H, D and T
within each column under the full-normal condition must be
calculated as accurately as possible. The tritiumllevel control
for the column(2) top gas qonflicts with the purity control for
the deuterium stream from column(4). To start the full-normal
operation mode, the tritium level in the column(2) top gas needs
to be adequately low, and the purity of the deuterium stream is
required to be almost 100 %.

| A set of computer codes, TSTA-ISS-S5SA, are available to
perform the start-up analysis for the TSTA cascade. The author
is now ceveloping another set of computer codes for the start-up

analysis for the new cascade proposed in chapter 5.

REFERENCES
1) Kinoshita, M., J. R. Bartlit, and R. H. Sherman : "A& Start-

Up Analysis of Four Interlinked Distillation Columns for

Hydrogen Isotope Separation," Submitted to Fusion Technol.
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Table 7.1 Inventories of H, D and T in full-normal condition.

Column H (g-atom) D (g-atom) T {(g-atom)
(1) o.1i75 15.73 4652
(2) 3.981 10,04 | 0.4451E-1
(3) 0.1063E-5 3.689 11.53
(4) 0.2642E-2 36.38 3.820
Total®)  4.101 65.84 20,05
(4.56%) (73.16%) (22.28%)

%) In scenario 2, a gas mixture (equilibrated at 298 K)
having these atomic percentages is charged into the

four columns,
The four columns are operated at the total reflux

mode and then the total recycle mode.
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Comparison between scenarios

3 and 4.

Scenario

Advantages

Disadvantages

Composed of only two
operation modes.
Comparatively short

time consumed.

Preparation of four
gas mixtures of

different compositions,

Free from complexity of
charging four separate

compositions.

Composed of seven
operation modes.,
Significantly longer

time consumed,.

Note : The total start-up time consumed is ~ 10 h in scenario 3

and ~ 23 h in scenario 4.
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the total reflux operation of the four ceolumns and in
cases where the product streams do not satisfy the

specifications required,
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Fig. 7.2 Compositions of the four gas mixtures charged into

the four columns, respectively. After the charge

is completed, the four columns are put into the

total reflux operation simultaneously.
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Fig. 7.3 Full-normal operation mode. This mode is used after
the total reflux operation of the four columns or
the total recycle operation and in cases where the

output specifications required are almost met.
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8. PRELIMINARY EXPERIMENTAL STUDY
8.1 Significance of HETP and purpose of the experiment

In the previous cﬂapters, the behavior of the model column
was studied in detail on a digital computer. The model column
has separate stages, but the actual column is a packed column.
Hence, to extend the simulation results for the model column
to the actual column behavior, informatién on a key ?arameter
HETP is absolutely needed. This essential parameter is usually
determined so that the computer simulation for steady state
compositions ét the top and bottom gives the best fit to the
experimental observation., It should be noted, however, that
a value of HETP is obtained no matter how a simple model neglecting
many factors is used in the simulation. In such cases, the
measured value will vary toc some extent depending on the experi-
mental condition and becoming a function of the neglected factors.
For instance, let us assume that the simulation model neglects
decay heaﬁ of tritium. When the expefiment is performed under
a high tritium concentration condition, the measured value cof
HETP will be sigrificantly larger than that under a low tritium
concentration condition. Then, let us assume that the model is
too conservative using unnecessarily low relative volatilities
for components. The measured value of HETP will be excessively
small, A problem caused is that in such example cases the HETP
value varies greatly from condition to condition, and HETP looses
ite significance and is not a useful parameter any longer.

The author believes that all the reported values of HETP for
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the mixtures whose vapor-liquid equilibrium data are unknown or
quite uncertain are not reliable at all,

To eliminate the above-mentioned problems, as many factors
as possible should be accounted for in the simulation model.
The number of the factors to be accounted for may be infinite,
but the factors having trivial effects on the simulation results
need not be considered. The author incorporated most of the
significant factors in the model, but there was one egsential
factor neglected : it 1s the so-called hydraulic effect.
A column has a large partial condenser and a wire holding the
packings. The inner diameter of the condenser is far larger than
that of the packed section. Hence, it may not be easy for the
liquid falling from the condenser to the packed gection to wet
the packings near the top sufficiently. This is particularly
true in cases of a rather small liquid flow rate (or equivalently,
smali vapor velocity within the column), and a significant de-
crease in the vapor/liquid interface area may occur near the top.
The flow pattern of the liquid near the bottom of the packed
section is greatly affected by the specifications of the wirej)
and it may be subject to the vapor velocity, Thus, the HETP value
may depend on the vapor velocity. In addition, the vapor/liquid
interface area may be dependent on the specifications of the
packings. Hence, an essential subject is to study how the HETP
value is affected by the factors which are not accounted for
in the stage model, such as the vapor velocity, species and sizes
of the packings. This subject can be studied by using a column

separating N2 and Ar, The vapor-liquid equilibrium for this
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mixturez) has extensively been studied and reliablé data are
available., A feature of columns in tritium systems for the
fusion reactor is the relatively small inner diameter (1 - 10 cm)
of the packed section. Therefore, the study was performed by |

using a column with a small inner diameter (~ 2 cm).

8.2 Experimental procedure and the simulation model used

A simplified diagram of the experimental apparatus is shown
in Fig. 8.1. Liquid nitrogen is used as the refrigerant at the
condenser. The wire holding the packings is conically shaped
and has a large meshj) The inner diameter of the packed section
is 1.94 cm. First, nitrogen gas is charged into the column,

The gas is condensed at the condenser, and liquid thus formed
falls to the packings. The liguid is then vaporized, thus
removing heat corresponding to latent heat of vaporization of
nitrogen. This phemomenon occurs repeatedly until the packed
section is adequately refrigerated. After the refrigeration of
the packed section during which nitrogen gas is charged several
more times is completed, the refrigeration of the reboiler pro-
ceeds in a similar manner. Until the_reboiler refrigeration is
completed, a lafge amount of liquild is held within the packed
section, thus the so-called pre~flooding is performed before
the experiment. After the refrigeration of the whole column,
the column is evacuated, and then a mixture of N2 and Ar is

charged into the column, After the liquid level in the recboiler



JAERI-M 84-180

reaches constant, the electric heater at the botltom is put on
and distillation is started at the total reflux mode, The
variation of the argon concentration in the vapor phase is
measured by the gas chromatograph for the top, middle and botton
of the colunn,

The simulation model incorporates the nonideality of the

N,-Ar system and the large amount of vapor holdup in the con-

2
denseri’B) A set of ordinary differential equaticns are solved
by the Improved Euler method. The number of total thecretical
stages is determined so that the calculated result for argon
concentration for the fop and bottom gives the best fit to the

experimental observation., The calculaticnal procedure for argon

concentration at the middle is illustrated in Fig. 8.Z.

8.3 Effect of the vapor velocity on HETP

First, Dixon Ring whose size was ~ 1/6 of the inner diameter
was chosen and the effect of the vapor velocity on HETP was
studied. An example comparison between the computer calculation
and experimental observation is shown in Fig. 8.3, All the
three calculated lines are in very close agreement with the
measured points. A significant result is that the agreement is
also very good for the middle. This means that the middle point
of the model column can be considered the middle point of the
actual ceolumn, Thanks to this advantage, the étage model is

a powerful tool, because the locations of feeds and sidestreams
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can readily be determined for the actual column by referring to
the simulation result.

Figure 8.4 shows the HETP value is ~ 5.5 cm and almost
independent of the vapor velocity. This result is consistent
with the reported results by Sherman et alé) for hydrogen isotope
distillation and by Yamamoto and KanagawaS) for water distillation,

A feature common in these works is the small inner diameter of

the column, Under our experimental condition, HETP can be ex-

pressed by

CHETP = 2/(N - 2), V(ypgy - yy.p) = J§ r(V,z)az, (8.1)

where r is overall mass transfer rate of argon from vapor phase
to liquid phase and can be regarded as the product of a term
corresponding to the overall mass transfer coefficient and
a tefm corresponding to the vapor/liquid interface area. The
experimental results indicate that if V is halved, the total trans-
fer rate of argon, V(ybot - ytop), is also almost halved. Then,
the term corresponding to the overall mass transfer coefficient
decreases, but is still considerably larger than the half of the
previous value ( note that this ferm is proportional to v
0 <a <1 ), Hence, the term corresponding to the vapor/liguid
interface area decreases also, and as a result the ternm,
fg r{V,z)dz, is also halved,

It should be noted that 1f the vapor velocity i1s too small,
the agreement between the calculated line and experimentally

measured points for the middle is not very good any longer
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as shown in Fig. 8.5. 1In cases where the vapor velocity is very
small, the flow rate of liquid falling from the condenser to

the packings is also very small. 'In such cases, the ligquid falls
along the condenser wall rather slowly and is not capable of
wetting the packings near the top sufficiently. Thus, the vapor/
liquid interface area in the upper half of the column decreases
gignificantly, and the above-mentioned discrepancy is observed

for the middleé)

8.4 Comparison among the experimental results for Dixcn Ring,

Heli-pak, Helix and Coil Pack

The three packings, Heli-pak, Helix and Coil Pack were also
tested, We should choose the packing species which gives the
lowést value of HETP, the lowest pressure drop (or equivalently,
the highest flooding velocity), and the best agreement on argon
concentration between the calculation and experimental observa-
tion for the middle. Among the four species, Dixon Ring gave

the best set of results?)

Dixon Ring has an exceptionally
large void fraction, nevertheless its interface area is fairly
large. The results may be ascribed to this feature. Packings
having small void fractions and densely coiled structure like

Coil Pack give an adeguately low value of HETP, but are unfavora-

ble in the other respects,
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8.5 Ceoncluding remarks

Unless the vap@r flow rate within the column is excéssively
small, the stage model is a powerful tool in simulating actual
column, The author is now investigating how the column perfor-
mance is affected by the inner diameter of the column and the
size of the packings.

After the preliminary experimental study with N2 and Ar,

a hydrogen isotope distillation column will be constructed and

studied,

NOTATION

N = number of total theoretical stages (-)

v = vapor flow rate (mol/h)

Yoot = mole fraction of argon in vapor phase at the bottom of
packed section (-)

ytop = mole fraction of argon in vapor phase at the top of
packed section (=)

Z = height of packed section (cm)
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Both the steady state and dynamic column behaviors

are well described by the computer simulation.
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