LOCKHEED MARTIN ENERGY RESEARCH LIBRARIES

R oRNLs85
3 u45hL 0515456 D (\(‘0“‘,.7.;

CALCULATIONS ON THE PERFORMANCE

OF THE KALC PROCESS

M. E. Whatley




Printed in the United States of America. Available from
National Technica! Information Service
U.S. Depariment of Commerce
5285 Port Royal Road, Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.95

This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States Atomic
Energy Commission, nor any of their ermployees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, complateness or
usefulness of any information, apparatus, product or process disclosed, or
represents that its use would not infringe privately owned rignts.,




ORNL~4859

Contract No. W-7405-eng-26

Unit Operations Section
CHEMICAL TECHNOLOGY DIVISION

CALCULATIONS ON THE PERFORMANCE OF THE KALC PROCESS

M. E. Whatley

APRIL 1973

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORAT ION
for the
U.S5. ATOMIC ENERGY COMMISSTION

LOCKHEED MARTIN ENERGY KESEARCH €3

[T

3 4456 O5Lb45L O







CONTENTS
ABSTRACT & & v v v 4 v et et e e e e e e e e e e e e e e e e e
L. SUMMARY . . v v b v i b b e e e e e e e e e e e e e e e e
2 INTRODUCTION . . . .t v v e s e e e e v s s e s s e e e e a s
3. DESCRIPTION OF THE KALC PROCESS . . v ¢ 4 4 v o v o o = o o
4. EQUILIBRIUM DATA . . . . . &+ v e e e e e e e e e e e e e e
4.1 Solubilities of 02, NZ' and CO in Liguid C02 v e e e e .
4.2 Solubility of Krypton in Liquid C02 e b e e e e e e e e
4.3 Mathematical Model . . . . . . . . . « « o o . .. ...
5. STRUCTURE OF THE PARAMETRIC STUDY . . . « ¢ +v o & o v o o o .
5.1 BAbsorber-Fractionator . . . . . .+ « « ¢ v 4 4+ v 4 4 e W
5.2 Stripper~Rectifier . . . . . . . . ¢+ . . 4 e e e e . .
6. STUDY OF THE ABSORBER-FRACTIONATOR SYSTEM . .+ + « & o = o « &
6.1 Effect of Boilup Rate on the Absorber-Fractionator System
6.2 Effect of Intercolumn Condenser in Absorber-Fractionator
Operation . . . .+ . . v b h e a e i e e e e e e e e e
6.3 Effect of Scrub Rate . . . . . . . . . & v v o v e . .
6.4 Effect of Scrub Temperature . . . . . ¢« ¢ v v o o + o o =
6.5 Effect of Feed Concentration . . . . . . . . « + « . . .
6.6 Effect of Krypton in the Scrub Stream . . . . . . . . . .
6.7 Effect of System Pressure . . . . . « v v o « o o + =
6.8 Effect of Number of Stages on the Performance of the
Absorber-Fractionator System . . . . . . ¢« v « v e o« . s
7. STUDY OF THE STRIPPER-RECTIFIER SYSTEM . . . . v +v + v o « o« -
7.1 Effect of Boilup Rate on the Stripper-Rectifier System .
7.2 Effect of Intercolumn Condenser in the Stripper-Rectifier
System . o & v v v e h v s e e e e e e e e e e e e e e
7.3 Effect of Effluent Gas Rate on the Stripper-Rectifier
SYSE@M . & . v i s h i e a e e e e e e e e e e e e e e
7.4 Effect of Feed Concentration on the Stripper—-Rectifier
SYstem . o v o 4 e h 4 e e e e e e e e e e e e e e e
7.5 Effect of System Pressure on the Stripper-Rectifier System
7.6 Effect of Number of Stages on the Performance of the
Stripper-Rectifier System . . . . ¢ ¢ . . . . . 4 . 4.
8. CONCLUSIONS . & « & 2 o e o o s o o o « = o o o o o o o o« o

.

Page

O W~

13
15
16
22

24

31
37
39
40
42
44

47
47
48

53



10.

REFERENCES . . .

APPENDIXES . .

10.1 Appendix A:
10.2 Apprendix B:

10.3

10.2.1 Nominal Reboiler Vapor Rate .

10.2.2 Nominal Effluent Gas Rate for

iv

CONTENTS (continued)

Computer Program Input

Nominal and Actual Input

Fractionator System

10.2.3 Nominal Effluent Gas Rate for

Rectifier System . . .

Appendix C:

Computer Program .

.

Variable Values

Absorber-

Page
63
65
66

68

70

72
73



CALCULATIONS ON THE PERFORMANCE OF THE KALC PROCESS

M. E. Whatley
ABSTRACT

The KAIC (Kr Absorptien in Liquid C€O.,) process for
removing Kr from the burner off-gas qené}ated in the repro-~
cessing of HTGR fuel elements was shown to be feasible in
a calculational study using a mathematical model in the form
of a computer program. The XKALC process uses liquid CO, to
scrub Kr from the burner off-gas which contains about 90% CO, .
some 02, N, and CO,, and traces of Kr and Xe. 1t operates
at pressures from 13 to 20 atm and temperatures from ~20°C
to -40°C. This study did not include Xe. The absorber~
fractionator system, which separates Kr from the other light
gases in the CO, solvent, was found to require close control
for satisfactory performance. A good variable for adjusting
performance, and the one used in this study, is the reboiler
vapor rate at the bottom of the fractionator. This study
also showed the need for some condensation at the feed point,
and a molar scrub rate at least 20 times the feed rate. The
stripper-rectifier system, which removes Kr and other light
gases from the solution produced by the absorber-fractionator,
was studied separately. This system showed no critical
variables, performing better at higher reboiler vapor rates
and easily yielding Kr concentrations of several percent in
the product. The main condenser load for this system should
be at the feed point rather than in the final condenser in
order to keep flows in the rectifier section small. Signif-
icant variables in the operation of KALC were examined, and .
their effects on overall performance were noted and discussed.

1. SUMMARY

The KALC (Kr Absorxption in Liguid CO,) process was conceived spe-

2
cifically for the removal of Kr from the burner off-gas generated in the
reprocessing of HTGR fuel elements. The process also has potential for
removing other contaminants such as Xe, 3H, I2, and possibly particulates:;
in addition, it now seems possible that the KALC process or modifications
thereof may be applied to off-gas problems beyond those for which it was

initially designed. This report, however, deals only with the original



and singular purpose. The process requires that the feed gas be predom-

inantly CO, plus, perhaps, 10% light gases such as O

2 20 Nav
contaminated with trace amounts of Kr. The yas is compressed and scrubbed

CO, and

with clean liquid C02 in an absorber tower above and connected to a
fractionation tower through a condenser. A reboiler below the fractionator
provides vapor which serves to fractionate the 02, N2, and CO from the Kr,
producing a ligquid C02 stream containing the Kr and only small amounts of
the light gases. This ligquid stream is fed to another system which removes
the Kr and concentrates it. The stripper-rectifier system consists of a
small, final condenser located above a rectifier tower which is separated
from a stripper tower by a larger, main condenser. Below the stripper is

a reboiler.

A computer program was written in which the best available equilibrium

57 and CO in liquid C02 are incor-
porated. An equilibrium stage model was developed which sequentially and

data on the selubilities of Kr, 02, N

repetitively drew mass and enthalpy balances around each stage in the cas-
cade while satisfying the equilibrium condition. The absorber-fractionator
system was studied separately from the stripper-rectifier system. This
report is basically an organization of many series of cases. Within each
series all parameters were held constant except the reboiler vapor rate,
which was varied from case to case. It was necessary to select from among
all of the calculated variables those dependent variables which would best
characterize system performance for correlating the results. The decon-~
tamination factor (DF) and concentration factor (CF) were selected for

the principal dependent variables for the absorber~fractionator system,
and the loss of Kr to the exit liquid C02 stream was chosen for the

stripper-rectifier system.

It was established that the KALC process is feasible, at least on
paper. In order to meet the requirement of a DF of several hundred and
a CF of at least a thousand, the absorber should have at least 22 theo-
retical stages, the fractionator at least 16, the stripper at least 14,
and the rectifier at least 6. The scrub rate must be at least 20 times
the feed rate when the feed contains as much as 10% light gases. The

fractionator reboiler vapor rate will be between 2.5 and 4 times the feed



rate for best operation and will require adjustment to within *0.2% to
maintain satisfactory operation under any given set of conditions. Con-
densers are required at the feed stage of both the absorber—~fractionator

system and the stripper-rectifier system.

The absorber-fractionator system operates most effectively at a
pressure of about 20 atm, but the stripper performs better at about 15
atm or less. The performance of the stripper-rectifier is simpler than
that of the absorber-fracticonator system. It can be expected that the Xr
content of the stripped liquid C02 (which serves as scrub for the absorber)
will routinely be less than 10-6 times the Kr content of the stream enter-
ing the stripper. The other light gases will be more completely removed.
About half of any Xr in the scrub stream will report to the decontaminated
gas leaving the process. The required boilup rate for the stripper-
rectifier system is about 30% of its feed rate (and perhaps six times the
feed to the absorber). The bulk of the condensation load should be assumed
by the feed stage condenser, leaving only about 10% of the heat for the

final condenser, which operates at a significantly lower temperature.

The results of this study form an important link between the early,
highly simplified calculations upon which the decision to pursue develop-
ment was based and the experimental engineering development: program that
is just emerging. A more accurate understanding of the effects of the
important design and operating variables will assist in the design of
experiments, and subsequently, experimental data may be interpreted with

the assistance of the computer model of the process.
2. INTRODUCTION

The KALC process is a significant part of the HTGR fuel recycle
program. The original decision tq study liquid C02 as a medium for
fractionating the HTGR fuel reprocessing off-gas to effect its decontam-
ination was made on the basis of highly simplified calculations using
Raoult's law. Several such calculations indicated process feasibility.
Since 02 ’ N2 P
tures at process conditions, the calculations required the choice of a

CO, and Kr would all be well above their critical tempera-



method for extrapolating vapor pressures; results based on the various
methods all were somewhat different. None of these calculations took

into account the nonidealities of the system. The only documented cal-
culation was made by Leuze,l who assumed isothermal conditions. Other
calculations, made assuming Dalton's law, accounted approximately for
temperature variations within the towers. All of the calculations assumed
constant molal overflow. The approximate nature of these calculations

and their inherent uncertainty were understood at the time. The next
step, however, was not simple. Improvement upon these preliminary calcu-
lations required a treatment which took heat effects into account and used

actual equilibrium data.

Thermodynamic equilibrium data for 02, N2, and CO in CO2 were accumu-
lated from the literature. Distribution data on Xe are not yet available.
Distribution data on Kr were obtained within Oak Ridge National Laboratory
(ORNL) by Notz and Meservey.z’3 At this point, work on the calculational
anélysis of KALC was temporarily stopped. The effort required to correlate
the information into a model compatible with the computer program required

for the calculation was subordinated to the more pressing task of initi-

ating a meaningful experimental program.

It was intended that the feasibility of KALC be demonstrated in the
Rare Gas Removal Pilot Plant at the Oak Ridge Gaseous Diffusion Plant4
in a series of four campaigns. Unfortunately, this intention was not
realized. Only one preliminary campaign of three weeks' duration was
actually executed. Tt was the purpose of this campaign to gain experience
in moving and handling liquid COz. Although it was not part of the
original plan, radiokrypton was introduced during the last phases of this
campaign. A few scouting runs gave, at best, only a rough indication of
the probability of KALC's success. Significant DFs and product concen-
trations were not achieved simultaneously (they were achieved separately),
and no reportable system performance data on the plant operation were

produced.

Upon resumption of the calculational study of XALC, the most important
objective was still to verify feasibility. Equilibrium and thermodynamic

data were correlated and incorporated into a computer program model. The



program was used to study the effects of the number of stages, flow rate,
temperature, operating pressure, etc., on the performance of the system.
Results of these studies, which are presented in this paper, indicate the

attainment of the objective.

The level of confidence that one may place in a theoretical study
such as the one presented in this report merits discussion. It is hoped
that computer calculations will subsequently bé used in concert with the
experimental program, resulting in a validation of conclusions from the
calculations and providing a guide for the more expensive experimental
work. In the interim, however, it should be noted that the calculations
are as accurate as the assumptions upon which they are based. The more

important of these assumptions are:

(1) The equilibrium stage model is valid.

(2) The literature equilibrium data on ¢ and CO are accurate.

57 N2,
(3) The Kr distribution data from Notz and Meservey are accurate.

In each case a high order of confidence is warranted.

Assumptions relative to the heat of solution of the light gases in
liquid CO2 are known to be in error. These are used only in enthalpy
balances and, because of the small concentrations of light gases in the

liquid phases, will affect the flow rates to a negligible extent.

If later information changes the magnitude of some numbers used to
describe the system, the reported calculated numbers are expected to change
only slightly. The conclusions presented here are thought to be at least

gualitatively correct.
3. DESCRIPTION OF THE KALC PROCESS

The off-gas from the reprocessing of High Temperature Gas-Cooled
Reactor (HTGR) fuel elements is uﬁique among processing plant off-gases
because the graphite and other carbon components of the HTGR fuel will
be burned.s-_7 Hence the chief component of the off-gas is CO2. Each
HTGR fuel block produces about 11,000 scf. The burning operations are



performed at temperatures between 700 and 1000°C with a slight excess of
oxygen to avoid the formation of CO. However, complete absence of CO
cannot be assumed at this time. Commercial oxygen is used rather than

air to avoid handling large quantities of N but some inleakage of N

27 2

is unavoidable. Krypton, xenon, and tritium are quantitatively released
in the burning step. Although significant amounts of particulates will
be present in the burner off-gas, this presentation is not concerned with

their removal.

The problems of concern here are the separation and concentration of
the Kr. After a thorough literature search and an evaluation of alter-

natives, a process using liquid CO, as a solvent was selected for develop-

2
ment. This process, called KALC, operates at pressures from 13 to 20 atm
. 8
and at temperatures from approximately -40°C to u20°C.3' The flowsheet,

in simplified form, is shown in Fig. 1.

The basic system consists of an absorber-fractionator portion and a
stripper-rectifier portion. In the absorber-fractionator system, the Kr
is selectively absorbed in the liguid phase, while gas components with
solubilities less than Kr (e.g., 02, N2, and CO) are returned to the gas
phase and discharged from the top of the absorber along with much of the

CO2. Gases more soluble than Kr (e.g., Xe) follow the ligquid CO2 to the

stripper-rectifier portion where the Kr is removed and concentrated.

The CO2 from the bottom of the stripper would contain components of

low volatility. Xenon could be allowed to accumulate in the CO2 to the

point where it would eventually be discharged from the top of the absorber,
or it could be removed by a separate distillation operation on the recycle
C02 stream. Since at this writing no data are available on the behavior

of Xe in a CO2 system, Xe is omitted from the analysis. Because water is

very much less volatile than CO it is expected that tritium would be

2 14
concentrated in stripping; this subject is also ignored here.
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4. EQUILIBRIUM DATA

4.1 Solubilities of O_., N

5 57 and CO in Liquid CO

2
The literature provided a reasonable amount of data on the solubility

. . . 9-~-11 )
of 0, in liquid CO,, somewhat less on N, in COZ?’11’12

. 13 .
small amount on CO in C02. No data on Xe in CO2 were found. Most of

these data were obtained at high concentrations, and hence at higher

and only a very

pressures, than are of interest to this work. When the light gases com-~
prise less than 50% of the gas phase, at total pressures less than 50 atm,
the liquid phase contains less than 10% dissolved light gases. As the
concentration of light gases decreases from this level, data become sparse
and their accuracy diminishes; however, theoretical considerations have
helped us Lo extrapolate the available information inte low-concentration

regions.

Equilibrium data from the literature have been fitted to a model which,
over the range of conditions of interest, describes the KALC system gquite
satisfactorily. Of necessity, this model is based on binary system data.
The only ternary data obtained under conditions close to those used for

the KALC system were for the O0.-N_-CO_, system at pressures higher than

22 2

50 atm. Even though they were out of the proper range, these data and
equilibrium numbers calculated from the model were in reasonable agreement.
The model is most simply expressed in the following form: given a liquid

phase composition and a temperature, calculate the total pressure and the

vapor phase composition.

The total pressure was found to fit the empirical relation

* *
P =P + Za.X. + b.x.P + Ix, Zc.x,, (1)
t CO 11 11 CO J 11
2 2
where

Pt = total pressure (atm),
PZO = saturated vapor pressure of CO2 at system temperature (atm),

2 . . . .
X = mole fraction in liguid phase,
i, = index subscripts applied to all components except CO

2[
a,b,c = empirically determined constants.



The compressibility of CO, vapor is such that a correction for nonideality

2
is reguired. All other components have critical points sufficiently
removed from KAIL conditions that gas-phase ideality can be assumed. A

reasonable form for the gas-phase composition then becomes:

= )

Yo (Prg /2)/1 Py + (P 72)1] (2)
2 2 2

vy, = p./[lp, + z)1,

vy, = p;/1 Py (pcoz/ )] (3)

where

Z = the compressibility factor for saturated CO2 at the temperature
of the system,

p = partial pressure,

y = mole fraction in the wvapor phase.

The partial pressures are defined so that

P =p

- + Ip, - (4)

CO2

Because the concentration of the dissolved light gases is small, Raoult's

law was applied to the CO It was necessary, however, to make a Poynting-

5
2
a better fit, the molar volume of the liquid phase was not used; instead,

type correction of the CO., vapor pressure. As an expedient in obtaining
a fictitious molar volume about a factor of 3 times the real molar volume
was employed.

The partial pressure of C02 is, then,

P ) = p (1 - EX.)/ (5)
co, co, 3
where
* *
P = -
o PCO, exp [k(Pt PCO Y/T], (6)
2 2 2
and
P = effective vapor pressure of CO, (atm),
C02 2
T = absolute temperature (°K),
k = a determined constant = 1.7 °K/atm.

The partial pressure of the ith component is given by:

= * % . (7)

2 2
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where
* %
= + JIX. .
bpomoagx Y biXiPCO2 % mXy (8)
For a binary system, Eq. (7) reduces to:
Py = By m (- Xi)Pcoz' (9)

These equations comprise a set from which equilibrium can be calculated.
Table 1 gives the numerical values for the constants, along with the
expressions used in this study to compute the compressibility factor, Z,
*
, P .
2 CO2

and the saturated vapor pressure of CO

4.2 Solubility of Krypton in Liquid CO2

Accurate understanding of the behavior of Xr in the system is essen-
tial to the success of a computer simulation of the KALC process. Since
the beginning of the work on KALC we have had Kr distribution data from
KFA Jiilich. However, deviations of these data from certain theoretical
predictions14 made us sufficiently skeptical to undertake our own experi-
mental determination. Measurements, made at ORNL by Notz and Meservey,2'
disagreed significantly with the Jiilich data.15 The ORNL technique in-
volved an in-situ measurement, counting tracer 85Kr, and results of
replicate runs were in good agreement. Validity of the technique was
established by comparing a determination of the solubility of Kr in
water with previous measurements reported in the literature; the values
checked closely. Further, the data on Kr distribution from Notz and
Meservey are not inconsistent with applicable theoretical predictions.

These data are shown in Fig. 2.

The distribution data on Kr were taken at tracer level and reported

3,7

as K = y/x. It was necessary, for incorporation into the computer program,

that these data be expressed in the same form as used for the other light
gases. By employing Egs. (3), (9), and (6), and neglecting terms that
vanish at small values of x, we can write

*
P (1~k—¢_ + 2
C02 Tx b4

= K = * ’ (10)

%



Table 1. Coefficients Used to

Correlate Equilibrium Data for the

KALC System

Component
i a b c
02 532.33 -2.7153 ~-484 .72
N2 720.22 -5.9729 -553.88
CO 484,39 -1.8473 -395.10
Xr 188.0 2.80 +3000.0
* *
= =P + ,X. L%, .
Total pressure Pt CO2 + aixi biXiPC02 + clxl xj
Saturation vapor pressure of C02:
* T T 600
in (pcoz) = -8.175626 + 26.27742 {666) - 23.76839 1n (5664 8.62709785 ( = .

Compressibility of C02 = Z =

3.21203 - 0.029634967T + 1.3757 x 10—4 T2 -

T = absolute temperature (°X).

2.2960 x 10/ T

3

TT
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where, for Kr,
o +bx P 4 oxt (8a)
= ax X X .
co a

2

Clearly, the term c¢x® must be neglected; thus, by solving Eg. (10) for

¢/x, we obtain:

K
s . 1'?coz Z -1
L = g3 + b P = . (11)
X C02 1 - P* E

C02 T

The term on the right in Eg. (11) can be evaluated from the data presented,
making it possible to evaluate the constants a and b for Kr by using stan-
dard regression techniqgues. The constant ¢ is relatively unimportant,
although a large positive value for it apparently tends to keep the value
of K constant in the presence of large amcunts of other light gases. A

few exploratory experimental data points are indicative of this effect.

The constants for Kr shown in Table 1, when applied through the computer
equilibrium program, reproduce the curve shown in Fig. 2 within experi-

mental error over the temperature range -45 to 0°C.

4.3 Mathematical Model

The computer program, QUEST, simulates the KALC system using an
equilibrium stage model. The definition of the system for the calculation
includes the number of stages above and below a feed point at which a
condenser can be simulated by appropriately specifying the enthalpy of
the feed. The feed rate is taken to be unity, forming the basis for other
rates in the system. A feed composition is required. Conditions at the
top and bottom of the cascade are specified from a set of alternatives
which provide for the simulation of either an absorber~fractionator com-
bination or a stripper, but not both simultaneously. Isobaric operation
is assumed at a specified pressure. Details on input to the calculation

are given in Appendix A.

A profile of the variables for each stage of the system is updated
repeatedly until steady state 1s adequately apprcached. Stored variables

include, for each stage: temperature, vapor and liguid rates, vapor and
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liguid enthalpies, and vapor and liquid compositions. The profile is
updated starting at the bottom and working up. For the calculation of
cach stage, vapor is received from the stage below and liquid is received
from the stage above. Enthalpy and mass balances are imposed, and the
equilibrium conditions are satisfied, yielding again the temperature, the

vapor and liquid rates, and the composition of each phase.

Since the standard form of the equilibrium equations is such that the
pressure and the vapor composition are explicit in temperature and liguid-
phase composition (and since the equations cannot be made explicit in
pressure, gross enthalpy, and gross composition), an iterative method was
emplovyed to solve the implicit relations. Temperature was taken as the
ultimate variable for iteration. The equations were rearranged to incor-
porate the material balance into the equilibrium equations. The fraction
of the vaporized material was calculated from an enthalpy balance; then
the vapor pressure of C02 was extracted as a function of other system
vafiables and used to correct the assumed temperature. The computer
program to effect this is found in subroutine QUEST (see Appendix C).

At the top of the cascade for certain cases, and also occasionally at the
bottom, it is desirable to specify a fraction of the material reporting
to the vapor phase instead of honoring the enthalpy balance. This is
equivalent to specifying a reflux ratio or a boilup ratio. Subroutine
QUEND serves this purpose. The algorithm is similar to that used in

QUEST, but simpler.

When the light gases comprise less than 0.003 mole fraction of the
material, simplifying assumptions which allow more rapid convergence on
stage equilibrium are possible. Subroutines LISWT and LILEND (see
Appendix C) supply this need. The vapor pressure of C02 is written as a

FUNCTION, as is its reciprocal, the temperature at which CO_, has a spec-

2
ified pressure. The compressibility factor of C02 vapor is also written
as a FUNCTION. The enthalpies are given by subroutine ENTHAL, and the
temperature at which the liquid phase has a specified enthalpy is given

by subroutine TENTH.
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Since it was found that the cascade profile converged slowly when the
number of stages exceeded about 30 and when conditions were conducive to
reflux, a subroutine was incorporated to periodically extrapolate each
concentration either to an anticipated steady-state value or by several
hundred iteraticns, depending upon the manner in which it was changing.
This is subroutine ZAPPO. Control of the stage calculation is in sub-
routine STAGE; and control of the cascade calculation is in subroutine
STEP, which also includes the convergence criteria. Input and output are

in separate subroutines. The MAIN program is essentially executive.

5. STRUCIURE OF THE PARAMETRIC STUDY

The absorber—-fractionator syStem was decoupled from the stripper-
rectifier system for this study. By expending sufficient computer time,
it would have been possible to consider the entire system simultaneously;

nevertheless, for the reasons given below, this was not done.

In KALC, the absorber is coupled to the stripper by the scrub stream
composition. Normally, Kr is completely removed by the stripper and this

stream is pure CO Under these circumstances the absorber-fractionator

-
system is independent of the stripper. Only if the stripper returns
significant amounts of Kr to the absorber is the coupling significant.

any O or CO in the stream will be thoroughly swamped by the amounts

27 N2’
of these components already present at the point of entry of the scrub,
and can be of no consequence. If Xe had been included, it would have

been transported between the two systems in large amounts, thereby com-
plicating the calculation. Here, the effect of Kr in the scrub stream

was treated as a system parameter.

The absorber—-fractionator system supplies a feed stream to the
stripper~-rectifier system. This, again, was readily characterized by
treating the stripper feed as a system parameter. Analysis of the stripperx
system is quite straightforward and simple in comparison with that of the
absorber-fractionator system. The latter system will, therefore, receive

the bulk of our attention.
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5.1 Absorber-Fractionator

When the feed and scrub compositions are fixed, eight remaining
independent variables (see Fig. 3) fix the system. The stages above and
below the feed point comprise two of the variables; a third is the feed
rate, which is arbitrarily taken as unity. The remaining five, which are
essentially operating variables, include: system pressure, feed enthalpy
(or intertower condenser load), scrub rate, scrub temperature, and boilup

rate in the fractionator reboiler.

Variations on these are possible, widening the field of ways that the
program can be used. Clearly, it is necessary to have some system of
exploration which will allow characterization of the principal effects
by a reasonable expenditure of effort. At the beginning of the study,
it was thought that an objective function might be invented quantifying
the desirable and undesirable attributes of each variable in a pseudo-
economic form so that an optimization calculation could be made, producing
the one best case. It was quickly realized that the status of the develop~

ment of KALC and its application precluded this approach.

The selection of meaningful dependent wvariables involved a degree of
arbitrariness. The use of the Kr DF, defined as

Kr entering with feed
Kr leaving in effluent gas

r

Dr =

is obvious. When the scrub stream contains Kr, this definition could

yvield values less than unity.

A complementary dependent variable indicating the extent to which
the other light gases are separated from the Kr was regquired. For this

purpose, a Kr CF was defined as follows:

CF = Kr leaving bottom stage / [Kr in feed
Other light gases leaving stage) Other light gases in feed|’

This definition is less seriously confused by the presence of Kr in the
scrub. Good system performance requires that both the CF and the DF for
Kr be high. Generally, a change in an independent variable results in
an increase in one of these factors and a decrease in the other. Since
their relative importance has not been established, most of the results

of this study are reported over a range encompassing the region of interest.
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The feed composition was arbitrarily fixed. While this decision at
first seems to neglect an important variable, its rationale is straight-
forward. The light gases behave similarly in the XKALC system. The
solubilities of O, and CO are quite similar, while N

2 2
soluble in liquid CO2. Since some of each gas was included, the relative

is slightly less

behavior of the gases is observable. Krypton is present in such small
amounts that the magnitude of its concentration is unimportant. The total
light-gas content of the feed is important; however, since the ratio of

the scrub rate to the feed rate is generally high, the effect of the
light~gas content of the feed can be inferred directly from the studies

in which the scrub rates are varied. Specifically, the effect of increasing
the scrub rate by a factor of 2 is similar to that of decreasing the

light-gas components in the feed by a factor of 2.

The nuwber of stages in the system is a very important variable.
Early attention was devoted to establishing a least number of stages
which would effect a significant separation, and to gaining an apprecia-
tion for the number that might be required in applications of the KALC
process. Since these studies were made while reasonable operating domains
were being established for the variables (and while the program was being
debugged), few of the results are presentable. Bmong the facts which
emerged are that the system performance is markedly improved with a larger
number of stages and that calculation time isg greatly increased with a
larger numbexr of stages. Accepting the former, but in deference to the
latter, it was decided to undertake the parameter study of the operating
variables using a system with sufficient stages to give meaningful results
(if not adequate to meet final KALC specifications) but not so large as
to incur excessive computer charges. The standard system used 12 absorber
stages and 12 fractionator stages. This system usually had a region in
which the DF and the CF were each about 100. The parameter study was

supplemented by calculations for systems having a larger number of stages.

It was found that the KALC system, like a large class of separation
processes, had to be "tuned" to yield both satisfactory recovery and

concentration. When one variable was displaced from a good operating
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point, another could be altered to bring the system back to a different,
satisfactory operating point. Or, if all variables but one were arbitrar—
ily fixed, that one could be adjusted to bring the system to a relatively
"best" operating point. In order for the parametric study to be meaning-
ful, the system had to be compared at "best" operating points. This
required the selection of an adjusting variable, or, as it is designated
here, a "primary" variable. For this study, the boilup rate in the
fractionator reboiler, VB, was attractive. A "series" of "cases'", then,
consisted of a set of runs holding every parameter except VB constant and
allowing VB to vary from case to case through the region of "best" oper~
ation. One additional aspect of the primary variable must be explained.
The program is written to accept a heat input teo the bottom stage, and
not a vapor rate from that stage. Consistently throughout our study, this
heat input was specified in terms of an equivalent number of moles of CO2
converted from a liguid to a gas at saturation at the pressure of the
system. Such a number is handy and unambiguous but actually equals the
vapor rate leaving the bottom stage only when the liquid entering the
bottom stage is essentially at the saturation temperature of pure CO2.
The primary variable is, therefore, the nominal V;. The difference between

VB and V; is treated further in Appendix B.

By restricting the scope of the study and establishing the format by
which it was conducted, the parameters to be investigated were established.
The most significant were the scrub rate and the enthalpy of the feed
{(which, as previously stated, includes the heat'removal rate from the
condensexr between the absorber and the fractionator). The temperature of
the scrub proved to be important in determining the amount of the CO2
leaving with the effluent gas. It was studied by comparing operation at
constant scrub temperature with that at a specified effluent gas rate.

The effect of system pressure was established in a straightforward study,

as was the effect of Kr in the scrub stream.

Table 2 lists the standard feed compositions for all series of runs.
Table 3 1s a summary of all series of runs made ‘in the absorber-fractionator

study; it lists all input conditions and a few of the important results.



Table 2.

Standard Feed Compositions Used in Calculations

A. Absorber-Fractionator Stripper-Rectifier

Mole Fraction <x106) for Feed Type:

Constituent Mole Fraction Constituent I II I1I
o, 0.06 o, 1.0 0.1 0.1

N, 0.03 N, 0.4 0.04 0.1

Co 0.005 co 1.2 0.12 0.1

Kr 0.00001 Kr 0.4 0.04 0.7

Xe 0.000 Xe 0.0 0.0 0.0

Co 0.905 Total 3.0 0.30 1.0

(6)4



Table 3. Summary of the Series of Runs Calculated for the Absorber-Fractionator System

Stages Stages System Feed Scrub Effluent . V; c¥

in in Pressure Feed Enthalpy Scrub Temp. Vapor Rate "Best" Vv DF=CF When When

Series Absorber Fractionator (atm) Type (cal/mole) Rate {°C) {at DF=CF) {at DF=CF} {("Best Pt.") DF=100 DF=100
24A001 12 12 20 std. -200 22 -30.0 4.907 2.786 88 2.775 48
24R002 12 12 20 std. +800 2 -30.0 ¢.920 2.460 63 2.375 12
244003 12 12 20 std. -1000 22 -30.0 0.902 3.051 102 3.050 ioo
248004 12 12 20 std, -2000 22 -30.0 0.899 3.385 120 3,389 250
24B003 12 12 20 std. -1000 26 -30.0 0.950 3.404 132 3.41 260
24C003 12 1 20 std. -1000 390 ~36,0 0.988 3.749 155 3.757 340
240003 12 12 20 Std. -1000 34 -30.0 1.025 4.090 174 4.107 370

24E003 12 12 20 sta. -1000 16 -30.0 0.813 2.503 59 2,378 7.8
24P003 iz 12 20 std. -1000 18 -30.0 0.848 2.694 73 2.627 14
24R903 12 12 20 std. ~1000 22 -29.988 6.90 3.051 102 3.050 100
24B903 12 12 20 std. -1000 26 -30.340 Q.90 3.418 135 3.427 270
240903 12 12 20 std. -1000 30 ~30.574 0.90 3.780 162 3.794 398

24F903 12 12 20 std. -1000 18 -23,417 0.90 2.676 70 2,553 a.4
248913 12 12 20 std. (-1000) 26 -30.34 0.90 (3.418) 132 — 250
24B923 12 12 20 std. -1000 26 -30.34 0.90 3.418 135 3.427 270
24P9AA 12 12 15 std. -1000 26 -36.893 0.90 2.710 143 2,719 900

24P9AB 12 12 25 std. ~-1000 26 -25.225 G.90 4,255 53 4.240 56.4
24B9F3 12 12 20 0.5 x stad. -1000 26 -27.618 0.90 2.985 200 3,28 400
24BSG3 i2 12 20 1.444 x std. -1660 26 -32.386 G.90 2.731 86 3.677 28
38B903 22 16 20 std. -10C0 28 -30.792 ©.990 3.4939 180C 3.532 70,006

1
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5.2 Stripper—Rectifier

The performance of the stripper-rectifier system is much less complex
than that of the absorber-fractionator system, primarily because Kr is much
easier to separate from CO2 than from 02. The format for the stripper
study is similar to the absorber-fractionator study in that the heat input
to the reboiler at the bottom of the stripper (V;) was taken as the primary
variable, and each of the other variables had its counterpart in the other
system. The number of stages in the stripping section, the number of
stages in the rectifying section, the system pressure, the feed composition,
the enthalpy of the feed, and the effluent gas rate were considered as
parameters in the study. The effluent gas rate was the only variable
associated with the top of the cascade since, in the stripper-rectifier
system, there is no entering scrub stream. The specification of an effluent
stream as an input to an iterative calculation such as is used for this
study can pose some special problems. The method by which the program used

this input variable is explained in Appendix B.

The only meaningful dependent variable in the stripper system study
was the fraction of the Kr entering the stripper-rectifier system which
reported to the liquid stream leaving the bottom of the system (referred
to as the Kr "loss"). This is a consequence of restricting the domain of
feed compositions to those likely to be produced by the absorber-fractionator
system (light gases, V1 ppm) and the domain of Kr losses to realistic values
(losses, <1%). The O., N

2 2!
and their losses will be much less than the Kr loss. It is clear

and CO are all less soluble than Kr in liquid
COZ'
that the effluent gas composition (and the concentration factor implied

by it) is fixed by and immediately calculable from the input variables.

The feed compositions used for the study are listed in Table 2. Table
4 is a summary of all series of runs made in the stripper-rectifier study;
it lists all of the input conditions and some of the results, the signifi-

cance of which will be covered in the subsequent discussion.



Table 4. Summary of the Series of Runs Calculated for the Stripper~Rectifier Systen

Maan
System Feed Concentration Erroxr §r Loss
Stripping Rectifying Pressure Feed Enthalpy Factor exp (56 in Fit (Vg = 0.3)
Series Stages Stages (atnm} Type {cal/mole) tx 1076 -2 {x 1077 -B {%) (%)
Sie6Blz1l 12 4 20 I 100 0.06666 24.736 ¢.181 11.973 5.0 0.8717
S168122 12 4 20 I 100 0.10 24,212 G.305 11.785 3.6 00,0945
$16B123 12 4 20 I 100 0.13333 23.88%9 C.422 21.700 2.7 0.1249
816B131 12 4 20 I 800 0.06666 23.571 Q0.580 11.014 4.0 0.0624
S16B132 12 4 20 I 800 0,10 23.363 0.714 11.085 6.1 0.0856
S16B133 12 4 20 T 80O 3.13333 23.180 0.857 11.101 4.9 0.1059%
$168141 12 4 20 I 1200 0.06666 23.734 G.493 11,107 4.7 0.0614
SieBl4z 12 4 20 I 1260 0.10 23.390 0.694 11.090 4.9 ¢.0845
$16B143 12 4 20 I 1200 $.13333 23.153 0.881 11.973 5.2 0.1049%
$16B231 12 4 20 1z 800 0.06666 23.789 0.466 11.287 1.8 0.0723
SleB232 12 4 20 It jfele] 0.10 23.384 0.699 11.269 1.8 0.1066
$16B233 12 4 20 B 800 0.13333 23.097 0.931 11.2586 1.9 0.1395
S$16B331 12 4 20 I11 800 C.068866 23.978 0.386 1.288 1.7 ¢.0604
S16B332 12 4 20 Iz 800 0.1C 23.587 G.565 11.267 1.7 0.085%
S16B333 12 4 20 111 8§00 0.13333 23.340 G.731 11.257 1.8 0.1095
5148122 12 2 20 I 100 0.10 18.607 82.998 10.789 7.6 6.671
sisBl22 12 3 20 I 100 0.10 21.397 5.096 11.258 1.6 0.765
$17B122 12 5 20 I ioe 8.10 27.239 0.0148 12.792 3.5 02,0215
S18B122 1 7 20 I 100 0.10 3C.637 0.000488 14.726 3.2 0.0123
S21B122 12 9 20 I 100 0.10 30.742 0.000446 14.793 3.8 0.0122
1slepl22 12 4 18 I 100 0.100 25,740 0.0663 11.723 C.88 0.01%2
2816P122 12 4 15 I 160 0.100 28.634 0.00367 11.814 ©¢.35 0.00122
3slepi22 12 4 25 I 160 0.10C 23.664 0.528 14,252 40.5 9.32
S22BB122 16 6 20 I 100 G.10 38.636 0.0000002 18.15% 5.2 0,000¢64
$22BB132 1€ & 20 I 800 C.16 36.581 0.00000123 15.955 4.3 0.000196

€
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6. STUDY OF THE ABSORBER-FRACTIONATOR SYSTEM

The effects produced by changing each of the important variables in
the absorber-fractionator system will now be considered separately. The
first would logically be the primary variable around which the study is

built.

6.1 Effect of Boilup Rate on the Absorber-Fractionator System

As a primary variable for this study, the boilup rate from the bottom
stage proved to be quite satisfactory. The CFs and DFs for two series of
runs, believed to be nearly optimum for the KALC system, are shown in Fig.
4. Series 38B903 used 22 stages in the absorber and 16 stages in the
fractionator, and series 24B903 used 12 stages in the absorber and 12
stages in the fractionator. This figure serves to illustrate the effect
of increasing the number of stages as well as the effect of boilup rate.
The two series are identical with regard to scrub rate, feed composition,

feed enthalpy, and system pressure.

It is interesting to note a slight shift in the location of the break
in the curves when the number of stages is increased. This is due to the
difference in operating temperatures caused by the increased reflux possi-

ble with the additional stages.

For boilup rates below optimum, the DF is high and the CF is low. As
the optimum point is reached, the CF increases sharply and the DF drops
precipitously. At boilup rates greater than optimum, the DF is low and the
CF is high. There is no region where the highest values of both the DF
and the CF factor are realized; a relatively narrow region exists where
both are acceptable. Difficulties in process control may be implied by
this, but fortunately, system temperatures follow system performance
sufficiently to provide an index for control. It should be mentioned in
passing that, if the control problems associated with the operation of a
single absorber-fractionator unit become intractable (an unexpected
situation), two KALC units could be used to achieve high performance by

operating in series on different sides of the critical boilup rate.
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The unacceptable stream from the second unit could be recycled back to the
first. Since the necessity for multiple units seems improbable, the

problem receives no further attention in this report.

The explanation of the sharp change in performance of the system at
a critical boilup rate is not simple. Figures 5-~7 show the concentration
profiles for three successive cases (25, 26, and 27) of series 24B003 in
the critical region. The boilup rates are 3.39, 3.40, and 3.41 moles per
mole of feed, respectively. Series 24B003 is identical to series 24B903
except that the scrub temperature was held at -30°C rather than the efflu-
ent gas rate being held at 90% of the feed rate. The resulting effluent
gas rates were 0.939, 0.946, and 0.953. It is established elsewhere that
this change has a negligible effect on the system. It can be seen that the
Kr concentration falls to very low values at the top of the absorber-
fractionator and that the light gases O

N and C02 fall to very low

20 2!
concentrations at the bottom. The light gases are refluxed and accumulate
in the proximity of the feed point. Krypton, on the other hand, accumu-
lates at a point about one-thixd of the way down the fractionator. The
accumulation of the light gases causes the temperature to decrxease, which,
in turn, affects the distribution of both the light gases and Kr. In

Fig. 5, the lower boilup rate permits a higher reflux of light gases,
which raises their profiles in the fractionator and allows more light
gases to accompany the Kr. As the boilup rate is increased, the concen-
tration profiles for the light gases are lowered, resulting in higher CFs.
However, the concentration profile for krypton is raised by about 25%,
resulting in the discharge of 25% more Kr from the top of the absorber.
Although the differences among Figs. 5-7 appear slight, they do, in fact,
account for an increase in CF from 55.8 to 261 and a decrease in DF from

164.5 to 99.5.

The effect of small increases in the boilup rate over this critical
region is also emphasized by the temperature profiles shown in Fig. 8.
The temperatures in the center of the column are about -32°C, while those
at the bottom of the fractionator and on top of the absorber are -19°C
and -24°C, respectively. The differences between temperatures for cases

25-27 are apparent, and each generally coincides with the appropriate
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concentration profile. The temperature gradient in the absorber does

not level off, implying that the addition of more stages would result in

a lower temperature at the center of the cascade. This is not the case,
however, since series 38B903 had about the same temperatures near the

feed point and showed pronounced leveling at the top of the absorber. On
the other hand, a temperature effect causes the slight shift in the location

of the break in the curves from series 24B003 to 38B903.

The extraction factors for cases 25 and 27 are plotted in Figs. 9
and 10. The extraction factor is defined as a product of the distribution
coefficient and the ratio of flow rates. When the extraction factor for
a component on a given stage 1s greater than 1, that component tends to
progress up the cascade; when it is less than 1, it tends to move down
the cascade. Ideally, the extraction factor for the light gases would
always exceed 1 and the extraction factor for Kr would always be less
than 1. As shown in Figs. 9 and 10, the temperature variation in a cas-
cade results in a variation in the extraction factors such that this ideal
situation is not realized. For case 25 (with the lower boilup rate), the
Kr extraction factors are less than 1 for the whole cascade except at the

very bottom, but the extraction factors for O, and CO dip below 1 for

2
several stages close to the feed point. When the boilup rate is increased

(case 27), the extraction factor for O, does not drop below 1, and the

2

extraction factor for C02 is less than 1 for only two stages. The extrac-
tion factor for Kr, however, is significantly increased in the lower part

of the fractionator and slightly exceeds 1 for several stages.

6.2 Effect of Intercolumn Condenser in Absorber~Fractionator Operation

A condenser placed between the fractionator column and the absorber
column can be considered an equilibrium stage, and introduction of the
feed to this stage entails no significant loss in generality. The input
to an enthalpy balance around this stage involves the liguid entering
from above, the vapor coming from below, the entering feed, and the heat
removed by the condenser cocolant. Total input enthalpy must be accounted

for in the exit vapor and liquid from the stage. Since the same effective
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condition can be achieved by an entering feed with various enthalpies via
appropriate adjustment of the heat removed by the condenser, it becomes
clear that the independent specification of both of these quantities is
superfluous. For this study, the heat removed by the condenser was in-
corporated into the enthalpy of the feed. Values of feed enthalpy above
about 3600 cal/mole (depending on the system pressure and feed composition)
represent superheated vapor. Values between about 600 and 3600 cal/mole
representi: a mixed feed (partially vaporized). Values below about 800
cal/mole can be interpreted either as a subcooled liguid or as the operation
of an intercolumn condenser. Negative feed enthalpies are inherently

ictitious and must represent the operation of an interceolumn condenser.
fictit a t sent th t f te 1 nd

The introduction of a condenser between the fractionator and the
absorber has the effect of decreasing the vapor rate in both columns;
however, when a "best" operating point is obtained by increasing the
boilup rate, the liquid-to-vapor (L/V) ratio in both columns is brought
close to the values obtained at a "best" operating point without a con-
denser, and the net effect is that the L/V ratio is slightly increased
in the absorber and slightly decreased in the fractionator. This results

in an increased refluxing of light gases to the feed point.

Results of a parametric study varying the feed enthalpy from ~2000
to +800 cal/mole has shown that there is a wide band of acceptable feed
enthalpies but that an intercolumn condenser is desirable. Figure 11
illustrates this study by showing plots of DF and CF vs boilup rate for
series 24A001, 242002, 24A003, and 24A004, which are identical except for
feed enthalpy. At feed enthalpies less than about -1500 cal/mole, both
the DF and the CF are high at the "best" operating point, but the width
of the band of acceptable boilup rates becomes intolerably narrow. In
series 242004 it is seen that the DF plummets to very low values when the
boilup rate is increased only slightly beyvond the "best" point. At feed
enthalpies above zero the DF and CF at the "best" operating point become

unattractively low.

Figure 12 shows that the feed enthalpy might have been used instead

of boilup rate as the primary variable. In this study (series 24B913),
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the conditions were identical to those used for series 24B903, except that
the boilup rate was held constant at near the best value for that series

and the feed enthalpy was varied. The form of the increase in CF, and the
decrease in DF, with increasing feed enthalpy is very similar to that seen
when boilup rate is used as the primary variable. Such results also imply

that feed enthalpy would be a good control variable.

6.3 Effect of Scrub Rate

At a "best" operating point the boilup rate must accommodate the
scrub rate in order to yield the proper flow ratios (extraction factors).
Since the boilup rate increases with scrub rate, the net effect of in-
creasing the scrub rate is to decrease all effects contributed by the
feed. The most important of these are the amount of'light gases in the
system and the temperature effects associated with them. Because the
scrub stream must be at least 16 times the feed stream, the C02 introduced
with the feed is of little importance. The effect of the enthalpy of the

feed also tends to diminish with increasing scrub rate, but not drastically.

Figure 13 shows the results of the parametric study in which the
scrub rate was varied. Two sets of series are shown: the 24X003 and the
24%X903 (X = A, B, C, D, E, or F}). The scrub temperature was kept constant
at -30.0°C for the 24X003 set, which allowed the effluent vapor rate at
the "best" operating point to vary from 0.813 for 24E003 to 1.025 for
24Dp003. For the 24X903 set, the condition of constant effluent vapor
rate was imposed, causing the scrub temperature to vary at the best
operating point from -29.42°C for 24F203 to -30.57°C for 24C903. This

effect is discussed in more detail later.

The variables for the series shown are all identical (subject to the
comments above) with the exception of scrub rate. One concludes that the
system performs more effectively at higher scrub rates. Decontamination
and concentration factors at the "best" operating point decrease at the
lower scrub rates, and the range of acceptable scrub rates also becomes

smaller.
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These effects are not surprising since nonidealities are reduced by
dilution at the higher scrub rates and are aggravated at lower scrub rates.
The size of the system, however, is roughly proportional to the scrub
rate. Economic considerations, which are beyond the scope of this work,
will set an optimum scrub rate that will probably be near the middle of

the range covered in Fig. 13.

6.4 Effect of Scrub Temperature

The ratio of liquid-to-vapor molar rates in the absorber ranges from
about 12 to 20. The latent heat of CO2 is about 3000 cal/mole, and the
specific heat is of the ordexr of 20 cal/mole-°C. These values imply that
12°C subcooling of the scrub stream could condense the entire vapor stream

were it pure CO The capacity of the scrub stream to condense and reflux

5°
vapor is exploited in the KALC system calculation to control the amount
of CO2 in the effluent gas. Characteristically, the rate at which vapor
enters the top stage is 2 to 3 times the feed rate, whereas the effluent

vapor leaves the top stage at about 0.9 times the feed rate.

The computer program was written to accept either a scrub temperature
or a nominal effluent vapor rate. In Table 3, which summarizes all of the
run conditions for the study, scrub temperatures of -30°C were specified
for all runs with a series containing 0 as the fourth digit. For these
the effluent vapor rate varied from run to run, yielding the tabulated
value at the "best" operating point. The series having 2 as the fourth
digit are those for which a nominal effluent vapor rate of 0.9 was speci-
fied. In these series, the scrub temperature was deduced and varied from
run to run, yielding the tabulated value at the "best" operating point.
Figure 13 shows a comparison of the series made using each mode. One
must conclude that neither the scrub temperature nor the amount of effluent
gas has a strong effect on the DF or CF; and, indeed, the principal impor-
tance of the scrub temperature is that it does determine the amount of CO2
in the effluent vapor.

At a given scrub temperature in a given series of runs, the effluent
vapor rate changes with the boilup rate. In a first approximation, it

would be expected that the plot of effluent gas rate vs boilup rate would
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have a slope of unity. Such a plot is shown in Fig. 14 for series 24B003.
An increase in the boilup rate by one unit does not result in an increase
in effluent gas rate by one unit because the process increases the CO2
content of the effluent gas, which increases the eguilibrium temperature

on the top stage, consuming part of the available enthalpy.

Also shown in Fig. 14 is a plot of scrub temperature and effluent
gas rate vs nominal boilup rate for series 24B3903 (the counterpart of
24B003) . Perhaps the most significant inference to be drawn is that a
change of less than 2.0°C in scrub temperature is required to effect a
10% change in the effluent gas rate. It is doubtful that sufficient pre-
cision can be obtained in scrub tewperature to permit the operationof a

real system in the mode used for these calculations.

The deviation of the actual effluent vapor rate from the nominal
effluent vapor rate in series 24B903 and the deflection in the effluent
vapor rate curve in 24B003 are attributed to the fact that the temperature
of the liquid leaving the bottom of the fractionator is colder than the
pure CO2 saturation temperature for boilup rates lower than the value at

the "best" operating point. This is treated further in Appendix B.

6.5 Effect of Feed Concentration

Determining the effect of feed concentration on the absorber-
fractionator system was not made a major part of this study because it
was assumed that changing the feed concentration would be similar to
changing the scrub rate. Instead, a standard feed composition was used
throughout the study in order to establish the effects of other parameters.
Two series of runs were made, however, in which the feed concentration
was varied to test this asgumption and to look for unanticipated relation-
ships. Series 24B9F3 was identical to 24B903 except the concentrations
of light gases were reduced to half the standard values. The results
were expected to be similar to those obtained for a run series with a
scrub rate of 52. Although such a series 1s not available for comparison,
the expected high values of DF and CF at the "best" operating point and
the smooth, insensitive relationship of DF and CF to boilup rate were

attained.
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Series 24B9G3 was identical to series 24B203 except that the concen-
tration of each light gas was increased to 1.4444 times its standard
concentration. Consequently, the results for series 24B9G3 should be
similar to those for series 24F903 (if the assumption stated above is valid)
since the scrub rate for 24B903 was 1.4444 times the scrub rate for 24F903.
Such a similarity was established by the plots of DF and CF vs boilup
rate, which, by visual comparison, are much alike. Table 5 compares
series 24B9G3 with series 247903 and 24B903, emphasizing the rate of change
of DF and CF with boilup rate. Some differences between 24B9G3 and 24¥903

are noted. These can be attributed to three effects:

(1) There is less C02 per unit of light gas entering with the feed
in series 24B9G3.

(2) The effect of feed enthalpy is relatively less in series 24B9G3.

(3) The light gases are 44% more concentrated in the effluent gas

of series 24B9G3, causing a lower temperature on the top stage.

Even with these effects, it is clear that series 24B9G3 more nearly resem-

bles 24F903 than 24B903.

Although the noted effects are significant, they are not large; there~
fore, it is the opinion of the author that they have been sufficiently

quantified for the purposes of this study.

6.6 Effect of Krypton in the Scrub Stream

It was presumed earlier that a small amount of Kr in the scrub stream
to the absorber would produce a small, predictable, and easily described
effect. One series of runs appears to justify such a presumption. Series
24B923 is identical to series 24B903 except that a boilup rate close to

the "best" was chosen and fixed while the scrub composition was varied.
\$J

At this point, it should be established what range of concentrations
of Kr in the scrub stream is considered to be reasonable. TIf the feed
contains lOw5 mole fraction of Kr, then the solution entering the stripper
will contain ~107® mole fraction. The stripper will remove at least 99%

of this (it will probably be designed to remove 99.992% or more). It would
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Table 5. Comparison of Series 24B903, 24B9G3, and 24F903
to Establish the Effect of Feed Concentration

Series®
24B203 24B9G3 24F903

Feed concentration std. 1.444 x std. Std.
Scrub rate 26 26 : 18
"Best" boilup rate 3.418 3.731 2.676
Boilup/scrub rate ratio 0.1315 0.1432 0.1482
"Best" CF = DF 135 86 70
Percent increase in boilup rate

required to:

Change CF from 100 to 1000 0.906 0.563 0.563

Change CF from 100 to 10,000 >10 3.34 2.88

Change DF from 50 to 10 2.61 0.75 0.674

Change DF from 10 to 3 >5 2.69 2.21

a ..
See Table 3 for run conditions.
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be expected, then, that the concentration of Kr in the scrub stream would
-8 .
not normally exceed 10 “ mole fraction.

Some relevant results from series 24B923 are tabulated in Table 6.

The Xr content of the scrub stream had three values: 10—9, lOm8, and

10,7 mole fraction. The largest value amounts to an input of Xr to the
system by the scrub stream equal to 26% of the input by the feed. The
main conclusion to be drawn is that a fixed fraction of the Kr entering
with the scrub stream will report to the effluent gas. Calculations

made by comparing each case with the case containing no XKr in the scrub
gave 55% in this series. In simple theory, with a constant distribution
coefficient and constant molal overflow, the fraction lost to the effluent
gas would be equal to the extraction factor for the system. However, our
system is not this simple. The extraction factor for Kr on the top stage
was 0.3198; values for successive stages down the absorber were 0.7702,
0.7606, 0.7502, etc., decreasing to 0.5473 at the feed stage. The observed

fraction 0.55 is not inconsistent.

The reported DFs decrease, while the reported CFs slightly increase,

with increasing amounts of Kr in the scrub stream.

6.7 Effect of System Pressure

The choice of 20 atm as the standard pressure to be used for the bulk
of the study was based on qualitative consideration of the requirements
of a real KALC plant, balancing refrigeration reguirements against struc-
tural requirements, with superficial recognition of equilibrium effects.

It is gratifying that calculations support and justify this choice.

Series 24P9AA and 24P9AR are identical to series 24B903, except that
they were made at system pressures of 15 and 25 atm, respectively. Plots
of DF and CF against nominal reboiler vapor rate (boilup rate) are shown
for the three series in Fig. 15. It is seen, first, that the boilup rates
required for "best'" operation are changed drastically by operating pressure.
Increasing the pressure from 20 to 25 atm required an increase from 3.42
to 4.25 in the boilup rate, while decreasing the pressure to 15 atm allowed

a reduction to 2.71L. Further, it is seen that operation at higher pressure
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Table 6. Summary of Calculations of the Effect
of Xr in the Scrub Liquid

Series 2489237 s

Kr entering with feed = 100 x 10 mole
Scrub rate = 26 (feed rate = 1)
Effluent gas rate = 0.902

Extraction factor on top stage = 0.3198

Case
1 3 2
{(Reference)
Kr entering in scrub:

Conc., mole fraction (x 107) 0 0.01 0.1 1.0

Amount, moles (x 107) 0 0.26 2.6 26
Kr leaving in effluent gas:

Conc., mole fraction (x 107) 0.878 1.04 2.47 16.8

Amount, moles (x 107) 0.792 0.938 2.228 15.15
Kr leaving in effluent gas in

excess of reference_case:

Amount, moles (x 107) 0 0.146 1.430 14.36
Excess amoun? le§v1ng 0.56 0.552 0.552
Amount entering in scrub
Decontamination Factor 126.2 106.9 44 .85 6.6
Concentration Factor 168.7 169.2 171.0 188.7

aSee Table 3.
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results in lower CF and DF values around the "best" operating point.
Operation at the lower pressure increases the "best" values of CF and

DF but gives rise to a critical operating condition where a slight increase
in boilup rate causes a drastic reduction in DF. Operation at the lower
pressure also entails a 5 to 10°C decrease in temperature, which is

probably significant.

It appears that little can be gained by using pressures either much

higher or much lower than 20 atm.

6.8 Effect of Number of Stages on the Performance
of the Absorber~Fractionator System

A series of absorber-fractionator runs was made to establish that the
system performance improves with the addition of more stages. In series
38B203, the absorber had 22 stages and the fractionator had 16. The plot
of DF and CF against nominal boilup rate for this series (see Fig. 4)
compares it to series 24B903, which, except for the number of stages, was
made using identical conditions. Adding 14 more stages to the 24-stage
system effected about a factor of 10 improvement in both dependent vari-
ables and established a region of operation which meets the requirements
of KALC as presently understood (a DF of several hundred and a CF of at
least 1000.) This and other calculational runs with large numbers of
stages indicate that any reasonable specifications could be met by in-

creasing the number of stages sufficiently.
7. STUDY OF THE STRIPPER-RECTIFIER SYSTEM

Two simple conclusions quickly derivable from this study are that a
stripper-rectifier system for XKALC can be easily designed to perform to
any desired specifications (within liberal bounds), and that the system
can be expected to meet such specifications over a comfortable range of
operating conditions. These conclusions are almost satisfactorily
established by the examination of a single typical case. A few variables,
such as the boilup rate, are seen to have a controlling effect, while some
(e.g., the feed composition or effluent gas rate) have surprisingly little

effect.
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The stripper-rectifier system used as a point of departure for the
parameter study had 12 stages in the stripping section and 4 stages in
the rectifying section. BAs in the absorber~fractionator study, the number
of stages used here is less than would be desirable in a plant. The
reasons for the choice are the same as previously discussed: improved
accuracy, higher concentrations, and less computer time. The feed was
introduced into the lowest stage of the rectifying section, and the top

stage of the rectifying section was the condenser.

The computer printout from series S16B122, case 3, is shown in Table
7. The temperature {(in °C) and flow rates (L and V, referxrred to unit feed)
are seen to be uniform in the stripping section, and the vapor rate equals
V;. The flow rates change abruptly at the feed point, but vary slightly
in the rectifying section, as the concentration of light gases increases.
The temperature in the condenser is the dew point of the effluent gas
whose composition was simply fixed by the input variables. The quantities
H LIQ and H VAP are the specific enthalpies of the liguid and gas phases,
respectively, expressed in calories per gram*mole, referred to liquid C02
at -56.6°C as zero.

The concentrations (in mole fractions) of each component in the gas
(y) and liquid (x) phases is given for each stage in the system in the
right-hand portion of the table. The Kr concentration gradient is steep
throughout the entire cascade,decreasing from several mole percent at the
top to 10~8 mole fraction at the bottom, where the O, N2, and CO are found

2
in amounts about four orders of magnitude below that of the Kr.

7.1 Effect of Boilup Rate on the Stripper-Rectifier System

For each of the series in this study, the value of the boilup rate
was varied from 0.2 or 0.25 up to 0.5 in increments of 0.05. This inter-
val was usually ample to change the Kr loss by three orders of magnitude.
In a few of the series the Xr loss exceeded 1% for the lower boilup rates;
in scome of the series with low feed enthalpy, the lower boilup rates were
not usable because the incoming cold feed would condense all of the vapor.

For a stripper-rectifier system having a fixed number of stages and
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operating at a specified pressure, there is no other operating variable
which produces an effect remotely comparable to that of the boilup rate.

Fortunately, this effect yields to a relatively simple correlation.

First, it is accepted that the ratio of vapor (V) to liquid (L) flow
in the stripping section is a better correlating variable than the boilup
rate per se. By noting that a unit feed rate was used in the study, and
that the liquid removal rate essentially equaled the feed rate (effluent
gas <0.002% of feed), we have

V —_—
L= ) (12)

Figure 16 is a logarithmic plot of the krypton loss vs this flow ratio.
Series $16B141 and S16B123 are typical, and all series designated by

S16B.. - .. are more or less bounded by the curves shown in the figure. The
plotted peints gave essentially straight lines, which led to a corxrelation

of the form:

In (Kr loss) = A+ B * 1n . (13)

‘The constants A and B were determined by a least-squares fit. This corre-
lation, in addition to describing the effect of boilup rate, provides us
with two numbers (A and B) that are independent of boilup rate and can be
used to evaluate the effects of other variables. The values of A and B
for all the series comprising the study are tabulated in Table 4. Also
shown is the mean error in the fit, which can be interpreted as a measure
of the curvature of the data. The tabulated value of the mean error for
series 3S516P122 is 40.5%, which identifies this series as unique in the
study. Characterized by a high Kr loss and generally unacceptable system
performance, it was included in Fig. 16 only to point out a limitation on

the correlation.
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it is interesting Lo attempt to attach some physical significance to

. . 16
A and B. The best approach is through the Fenske equation, ’

B . LE-1 (14)
which describes a very simple distillation tower, of n stages, that is
fed at the top with a stream containing Xo and discharges a stream con-
taining Xy mole fraction of solute from the bottom. Both the equilibrium
distribution coefficient, K = y/x, and the V/L flow ratio must be constant
in order to give a constant extraction factor, E % XK V/L. 1In some impor-

tant respects this expression is a crude model of our system.

Further simplification and approximation are called for. By noting

En+l >> 1, Eg. (14) can be written as:
x
B -n
2 -s"a - (15a)
F
or
X
1n B in (1 - %ﬂ - n * 1ln E . (15b)
X E

The slope of a plot of 1n XB/XF vs 1n V/L is obtained by taking the deriv-
ative with respect to ln E, which is the same (if K = constant) as taking

the derivative with respect to In V/L. This yields:

1
slope = -n + - . (16)

The smallest wvalues of E for Xr in this study were about 3, introducing a
varying error, not usually exceeding 0.5, in the slope. Since this modi-
fied Fenske eguation has a form similar to our empirical correlation, we
might expect B to be some effective number of stages. In spite of the
dubious justification for such an expectation, we find that the tabulated
values of B are close in magnitude to the number of stages in the stripping

section.

From the form of the correlation we see that exp (A) represents a
limiting Kr loss when the boilup is increased to large values. It is
significant that, even under the worst circumstances, this numbex has a

ridiculously small value.
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7.2 Effect of Intercolumn Condenser in the Stripper-Rectifier System

As in the absorber-fractionator system, the effect of an intercolumn
condenser was studied by varying the enthalpy of the feed to the system.
Unlike the absorber-fractionator system, all of the material above the
feed point will have passed the intercolumn condenser; there is no scrub
styeam. The liquid flow in the rectifier comes from condensed vapor and,
since only a very small fraction of the vapor stream leaves the top con-
denser, the ligquid and vapor streams are nearly equal. When the condenser
at the feed point condenses most of the vapor from the stripping section,
represented in the study by a low feed enthalpy, the flow rates in the
rectifier are small. When no condensation occurs at the feed point, or
when the feed is introduced partially vaporized, the flows in the rectifier

are large.

Three feed enthalpies were used: 100, 800, and 1200 cal/mole. The
highest value, when the system pressure is 20 atm, represents a condition
under which about 15% of the feed is vaporized. The 800-cal/mole value

is closge to the enthalpy of saturated liguid CO and considerable conden-

2!
sation occurs at 100 cal/mole. Some of the intended runs at low boilup
rates were not possible with the lowest feed enthalpy because all of the

vapor was condensed at the feed stage.

The results of the study of the intercolumn condenser are clearly
shown in Table 4. Comparison of runs in the $16B.__ group, which differ
only with regard to enthalpy of feed, show that the effect of this param-—
eter on Kr loss is negligible. Upon reflection, such results are not
surprising. The rectifier section operates at nearly total reflux,
regardless of the amount of condensation at the feed point (within reason-
able operating bounds), and the flow rate ratio in the stripping section
is set by the feed and boilup rates, independent of where condensation
occurs. Only in one stage, the feed stage itself, is the flow ratio
changed by the feed enthalpy. The concentrations in the effluent gas
stream are fixed by the flow rate of this stream, and the liquid leaving
the condenser must be in equilibrium with it. The concentration profile,

then, should be essentially unaltered by condensation at the feed point.
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It is significant that the flow rates in (and hence the size of) the
rectifying section are determined by the intercolumn condenser. It is
also significant that the feed point condenser operates at a temperature
higher than that of the rectifier condenser, requiring less severe refrig-
eration per unit of heat removed. Apparently, then, the bulk of the
condensation should be provided at the feed point, limited in application
by process control or by the extreme in which the effluent gas becomes a

significant fraction (perhaps >1%) of the rectifier vapor flow.

7.3 Effect of Effluent Gas Rate on the Stripper-Rectifier System

The effluent gas from the stripper-rectifier system in the KALC
process is the "product" stream containing all of the Kr that has been
scrubbed from the decontaminated plant off-gas stream. Ideally, this
stream should be as small, and therefore as concentrated, as possible.

In addition to Kr, it contains all of the light gases that entered the
stripper-rectifier system, and, necessarily, it contains COZ' Under
process conditions that might be expected in HTGR fuel procesesing, an
effluent gas from KALC containing 20% light gases, half of which were

Kr, would represent a reduction in the volume of the gas containing Kr

by a factor of 104. The Kr in a 50-scfm off-gas stream would terminate in
a 140~cc/min product stream. Since the Kr is actually diluted in the
absorber~fractionator system, the required concentration factor over the
stripper~rectifier system must be of the order of 105.

For this study three stripper-rectifier CFs were used: (2/3) x 105,
1 x 105, and (4/3) x 105. These corresponded to effluent gas rates
(based on a unit feed rate) of 1.5 x lOwS, 1 x 10”5, and 0.75 x 10~5, and
light~gas concentrations of 20, 30, and 40%, respectively, when standard

stripper feed type I was used.

As the effluent gas flow rate was reduced and the concentration of
light gases in the condenser was increased, it might have been expected
that the Kr losses would be proportional to the Kr concentration in the
effluent gas. Indeed, the results very nearly confirm this expectation.

For example, Table 4 shows that, for each set of series where the effluent
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gas concentration was varied, a doubling of light-gas concentration corre-
sponded to an increase in Kr loss by a factor between 1.6 and 2.0; the

series using the more dilute feeds approached the limit 2.0 more closely.

In considerations of accuracy, it should be noted that no multicom-
ponent equilibrium data were available at the high Kr concentrations found
in the rectifier condenser, and that the required extrapolation by the
computer model here may entail more error than calculations in concentra-
tion regions for which the correlations were developed. Because of this,

the study was not extended to even higher effluent gas concentrations.

7.4 Effect of Feed Concentration on the Stripper-Rectifier System

The feed to the stripper comes from the absorber-fractionator system,
and its Kr and light-gas concentrations will depend on that system and
its load. However, the Kr will certainly be diluted by a factor from 10
te 50 from its concentration in the original off-gas. The concentrations
of the other light gases might be more or less than the concentration of
Kr. The three standard feeds that were used are described in Table 2.
The concentration of feed II was one—~tenth that of feed I; feed III con-

tained much less O., N and CO than Xr.

2" 27
Because all of the system except the top few stages operates at very
dilute concentrations, one would not expect feed concentration to have a
large effect. The data in Table 4, which summarize all the series of runs
with the stripper-rectifier system, indicate a small, but probably signif-
icant, effect of feed concentration. The losses appear to be slightly
higher with the more dilute feed, possibly because the solubility of XKr

is slightly decreased in the rectifier condenser when the light gases are

at higher concentrations.

7.5 Effect of System Pressure on the Stripper-Rectifier System

The stripper-rectifier system was found to be very sensitive to
operating pressure. Series 516B1l22 was replicated with pressures varying
from 14 to 25 atm (making the S16P122 series). The amount of Kr lost to

the stripper bottoms {(recycled with the absorber scrub stream) changed by
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four orders of magnitude over this pressure range. The results are shown
in Fig. 17, where the fraction of Kr lost is plotted against the system
pressure for V; = 0.3 and V; = 0.5. The two curves, which are approxi-
mately parallel, clearly show that the system performs dramatically
better at the lower pressures. This is contrasted by the conclusion
that pressure is a variable of secondary importance in the absorber-~
fractionator system. The only penalty for operating at a lower pressure
is that the system temperature will be lower. This temperature must not
approach the freezing point, -56°C, too closely; however, at 13 atm this
temperature 1is ~44°C, which allows a comfortable margin. The additiocnal
refrigeration load required by the 12°C lower temperature is probably
tolerable. The scrub stream for the absorber would have to be pumped

up through the pressure difference between the stripper~rectifier and
the absorber~fractionator, involving an additional cost which probably

would be insignificant.

It must be concluded that all factors point toward the desirability
of operating the stripper-rectifier system at pressures several atmospheres
lower than the absorber-fractionator system. There is only one reservation:
the ease with which the stripper-rectifier system meets the reguired
performance at a pressure of 20 atm allows little incentive to pay any
price for improvement. This would apply particularly to the implicit

cost of complicating the operation of the plant.

7.6 Effect of Number of Stages on the Performance
of the Strippexr-Rectifier System

Varving the number of stages in the system produces the expected, and
largely predictable, effect. The use of additional stages in the stripping
section reduces the Kr losses by an amount approximately equal to the Kr
extraction factor per stage. The effect of varying the number of stages
in the rectifying section is more interesting. The flow ratio in this
section is very near unity {(almost total reflux). This section must span
the gap between the effluent gas concentration and the feed concentration.

It can do so exactly for only one component. A study was made in which
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the number of stages of rectification was varied from 2 (the smallest
number admissible by the program) to 9, using series S16B122 as a refer-
ence. The results are plotted in Fig. 18. Addition of the third stage
accounted for nearly an order-of-magnitude reduction in the Kr loss,and
the fourth had a similar effect. The sixth and seventh stages, however,
contributed little. Examination of the concentration profiles from series
S21B132 (9 rectifier stages) shows that concentrations in the rectification
section have "pinched" near the feed stage, and that additional stages
would have contributed nothing. This effect is not likely to be altered
by reasonable variations in feed composition or reasonable changes in the
effluent gas concentration. The performance of the rectifier will be
completely unaffected by the performance of the stripper as long as the Kr
losses do not exceed a few percent. One concludes that there should be

some rectifier stages, but that more than about six or seven are unnecessary.

Two series (S22BB122 and S22BB132) were run to demonstrate that sys-
tems with an adequate number of stages (but still a quite reasonable num-
ber) could reduce the Ky and light-gas content of the stripped CO2 to a
negligible value. Series S22BB122 and S22BR132 were identical except forx
enthalpy of the feed; the former used 100 cal/mole (sufficient condensation
to reduce the vapor and liquid rates in the rectifier to 7.7% of the feed

rate at Vg = 0.3), and the latter used 800 cal/mole (which resulted in

about a 1.3% increase in the vapor rate from the stripping to the rectifying

section). Sixteen stripping stages and six rectifying stages were used
* -4 -4
(see Table 4). At VB = 0.3, the Kr losses were 6.4 x 10 and 2.0 x 10 %,
16

respectively. The 02 and CO concentrations were of the order of 10

. . ~18 .
mole fraction, and the N2 concentration of the order of 10 mole fraction,

in the stripped CO2 stream. This more than meets every desired performance

specification.

The value of the correlating parameters, A and B, for these runs is of
some interest. The value of ~B was expected to be about 16, or possibly
a little higher, in view of the large number of stages in the rectifying

section. In fact, S22BB122 and S$22BB132 yielded different values: 18.1
. . -17
and 16, respectively. The corresponding values of exp (A) were 2 x 10

-17 .
and 13 x 10 . Although these are sufficiently close to the expected
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value to satisfy theory, the magnitude of the difference between them

is puzzling.

8. CONCLUSIONS

This study has examined independently the absorber-fractionator system
and the stripper-rectifier system of the KALC process, exploring design

parameters and operating variables that:

(1) Are amenable to study by a computer program built around a
steady-state model of the KALC system using less than 50
eguilibrium stages.

{2) ¥all within the range of operating possibilities currently
thought to be plausible for KALC.

(3) Do not require inordinate amounts of computer time.

(4) Are thought by the author to be important.

No claim is made that this study is complete. Furthex, although the most
accurate data available were used to formulate the program, its accuracy
in representing the systems must be considered guestionable until experi-
mental validation (or basis for revision) is forthcoming. The results

of this study do, however, allow some conclusions. The KALC system passes
the test of mathenatical simulation. The calculations show that, at

least on paper, the process will work.

The absorber will require at least 22 theoretical stages and the
fractionator at least 16. Control of the effluent gas flow rate from the
absorber by control of the scrub temperature is theoretically feasible,
but is too sensitive for practical application; a condenser at the top
of the absorber seems to be required. The scrub rate will have to be at
least 20 times the feed rate when the feed gas contains as much as 10%
light gases, and will have to be higher for higher light-gas concentrations.
A condenser is required at, or close to, the absorber feed stage. BAppar-
ently, there is an optimal condensation rate involving factors which were
not gquantified in this study. The boilup rate at the bottom of the frac-

tionator was used as the primary variable in this study and proved to be
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very important. When all the other variables are specified, a "best"
operating point can be found by adjusting this rate. At higher boilup
rates the DF decreases, and at lower rates the CF decreases. The allowable
operating band for this variable is only about 0.2%, but the temperature
profile in the fractionator provides an excellent indication of the location
of the "best" operating point and can probably be used for contrcl. The
required boilup rate ranges from 2.5 to 4 times the feed rate, depending

on other variables., The feed concentration is an important variable which
was given only cursory attention since changes in the scrub rate and in

the feed concentration produced about the same effect in the steady-state
model. Feed concentration fluctuations will be large and fregquent in the
application of KALC to HTGR burner off-gas processing. In application, a
scrub rate high enough te handle the feed most of the time will probably

be fixed,and the other variables (i.e., the condenser on the absorber
effluent, the condenser at the feed stage, and the boilup rate) will be
adjusted to give the most effective operation under the prevailing feed

load.

Conclusions from the study of the stripper-rectifier system are more
straightforward. Results indicate that the stripper section will require
about 14 stages to reduce the Kr concentration by a factor of 1006 when
the stripper boilup rate is 0.3 times the stripper feed rate. The higher
the boilup rate, the cleaner the recycle stream. B»About six stages of
rectification should be used above the feed stage, but more than about
eight stages would provide no advantage. The main condenser should be
located at the feed stage, reducing the flow in the rectifier section to
not more than 0.1 times the flow in the stripper. Reduction of the efflu-
ent gas flow rate from the final condenser to 10_5 times the feed and
accommodation of light-gas concentrations as high as 50% at this point
seem feasible. In an actual system, this would be effected by controlling
the temperature of the effluent gas. One important conclusion from this
study is that operation of the stripper-rectifier system at 15 atm gives
much better performance than operation at 20 atm; performance at 25 atm

is correspondingly less satisfactory. This effect of pressure was not
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observed in the absorber-fractionator study, where a rather obscure opti-

mum at about 20 atm was deduced from qualitative arguments.

The decoupling of the absorber-fractionator system from the stripper-
rectifier system proved to be justified. It was established that about
half of the Kr, left in'the scrub stream by imperfect stripper operation,
reports to the decontaminated gas leaving the top of the abscorber. There
were no complicating subtleties. The feed to the stripper-rectifier sys-
tem, produced by the absorber-fractionator system, had little effect on
the performance of the stripper-rectifier system, which readily accommo-

dated to a range of feed concentrations.

This study provides a basis for planning in the experimental phase
of the program which, with the completion of the facilities presently under
construction, will soon be under way. Subsequently, the computer program
will be used to complement the experimental work, attempting to simulate
particular experimental runs to assist in the interxpretation of the data
as well as to validate the computer program. Tf a sufficient degree of
confidence in the computer program can be established, future studies will
explore the operating regions of interest more thoroughly and modifications
will be attempted to permit studies of system transients and economic

optimization.
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10.1 2Appendix A: Computer Program Input

The computer program, QUEST, for performing calculations on the KALC
system can handle two connected towers with feed and condensation between
them. The input to the program has been tailored to provide flexibility
to accommodate several different modes of KALC operation. The IBM 360/91
computer, on which the program is run, is addressed through the PDP-10
system, making it convenient to format the input with only one number pexr
record. All real numbers are read into a Gl0.3 field. All integers are

read into an I2 field.

The first number in each case must be an integer, which, if positive,
is interpreted as a case number. For the initial case in a series, the
first number must be zero. The next record is the name of the series,
which may be eight characters long. The following record is an integer,
the case number of the first case. The subsequent two records are integers
that designate the numbers of stages in the upper tower (the absorber)
and the lower tower (the fractionator). (The reboiler at the bottom of

the lower tower is counted as a stage.)

All remaining input numbers for a case are real. The recoxrd that
follows is the system pressure in atmospheres; the subsequent five records

are the composition of the feed with regard to O CO, Kr, and Xe

2! N2’
(expressed in mole fractions), respectively. The program is not capable
of describing the Xe performance; thus the Xe concentration should be
zero. The next record is the enthalpy of the feed (in calories per mole),
which, as noted elsewhere, includes the heat removed from the intertower
condenser. The subsequent record is the scrub rate, the next the temper-
ature of the scrub {in °C), and, finally, the nominal boilup rate at the
bottom of the lower column. The nominal boilup rate is given in terms of
the moles of saturated C02 vapor, which the program converts into heat
units. The calculation literally yields a vapor rate from the first stage
equal to this number only when the liguid entering the first stage from

the stage above is very close to the saturation temperature of pure C02.

The case number for each case after the initial case appears in the

first record. The program retains the number of stages, the system
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pressure, and the feed composition given in the initial case. It also
remembers the calculated profile of compositions and temperatures from
the previous case. The records following the case number are: the
enthalpy of the feed, the scrub rate, the scrub temperature, and the
nominal boilup rate. If it is desired to change the number of stages,
feed composition, or system pressure, a zero should be entered instead
of the case number, and the format for initiating a series should be

repeated.

The description given above may be considered a standard case. Its
variations will now be enumerated. If it is desired to specify a boilup
ratio rather than a boilup rate (a heat input) to the bottom stage, a
negative number is used. The magnitude of this number is interpreted as
the ratio of the vapor leaving the bottom stage to the liquid entering

that stage.

If a scrub composition is to be specified, then the scrub rate should
be entered as zero. The scrub temperature and boilup rate follow in stan-
dard seguence. The scrub temperature should be a negative number. Fol-
lowing the boilup rate, five records designating the composition of the
scrub are entered in the same format used for the feed. Finally, the
actual scrub rate is entered. The scrub composition, once established,
will be remembered and used until changed or until the series is reini-

tialized. The default option gives pure liguid COp scrub.

If it is desired to specify the vapor rate leaving the top of the
top tower rather than the temperature of the scrub, this can be done by
entering a positive number between 0 and 1 for the scrub temperature. This
is interpreted as the difference between the feed rate and the exit vapor
rate (or the net CO2 removal from the feed). For instance, to specify an
exit vapor rate of 0.9, the number 0.1 should be entered in the record
normally used for the scrub temperature. An enthalpy balance is made to
arrive at the scrub temperature that yields the specified vapor rate, and
this temperature is printed. It is not possible to specify a boilup ratio

for the bottom stage and a vapor rate for the top. It is possible to

specify a scrub composition and a vapor rate at the top.
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The upper tower can be run with a condenser rather than a scrub
stream. This is effected by entering a scrub rate less than 1. If the
numbexr lies between 1 and 0, it is interpreted as a condensation ratio,
R, which is the ratio of the vapor leaving the top stage to the vapor
entering the top stage. If the number is less than 0, it is interpreted
as a condensation rate, based on the heat required to condense the given
number of moles of saturated C02 vapor. When calculations are being made

in the condenser mode, the condenser is considered a stage. The scrub

temperature must be given but is ignored.

If it is desired to specify an effluent vapor rate for a stripper
system (when the top stage is a condenser and there is no scrub), this
can be done by setting the scrub rate equal to 0 and the "scrub tempera-
ture" to the desired value for the effluent vapor rate. The method by
which this is effected is treated in Appendix B. The output is automati-
cally modified to report the effluent gas rate, reflux ratio, and fraction

of Kr lost to bottoms when a stripper mode calculation is made.
When the case number is negative, the run is terminated.

A typical input is shown in Table 8.

10.2 Appendix B: Nominal and Actual Input Variable Values

10.2.1 Nominal Reboiler Vapor Rate

The primary variable used throughout this study was the heat input
to the reboiler. Using the heat equal to the latent heat of a quantity
of CO2 was thought to be more desirable than using calories per unit molar
feed rate, a number whose magnitude requires some mental manipulation to
interpret. The obvious basis was pure CO2 at saturation at the pressure
of the system. Thus the heat to the reboiler was specified in terms of
the number of moles of C02 per mole of feed; when the light-gas content
in the lower part of the fractionator was small, it numerically equaled
the vapor rate from the bottom stage. This suggested the name "nominal

reboiler vapor rate" for this number. When the liguid entering the

bottom stage was colder than the saturation temperature, part of the heat
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Table 8. Typical Input for the Computer Program.
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was used to warm the liguid and the vapor rate was less than nominal.

Since the variable used is clear and unambiguous, the relationship of

the actual vapor rate to the nominal rate is of superficial significance
to the study, but is interesting. No simple analysis was successful in
expressing this relationship, although the ratio of actual to nominal
boilup rate correlated approximately with the CF¥F for the run. A plot of
this correlation using a large sample of runs is shown in Fig. 19. The
group of points is bounded below by series 24P9AA, at 15-atm pressure,

and above by series 24P92B, at 25 atm. At values of CF equal to 10, 100,
and 1000, all of the values for the ratio lie above 0.95, 0.995, and 0.9995,

respectively.

10.2.2 Nominal Effluent Gas Rate for Absorber-Fractionator System

When an effluent gas rate (net CO. removal) was specified, an appro-

2
priate temperature for the scrub stream was calculated by the following

method:

(1) The effluent gas was assumed to contain all of the light gases
entering with the feed; its composition, dew point, and enthalpy
at. the dew point were calculated.

{2) The liquid rate leaving the bottom stage was computed by an
overall material balance; it was assumed to be pure CO2 at
saturation temperature at the pressure of the system. Its
enthalpy was calculated.

(3} The enthalpy of the entering scrub was computed from an overall

enthalpy balance. Its temperature was calculated from the

specific enthalpy.

Assumptions required for steps (1) and (2) are invalid when signifi-
cant amounts of light gases leave with the exit liquid from the bottom of
the fractionator. At the time of input to the calculation, the sc¢rub
temperature is established; hence the deviation appears in the calculated
effluent gas rate. Only a swmall decrease in temperature of the liguid
stream leaving the bottom of the reboiler causes a significant increase

in effluent gas rate above the nominal value.
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Since the major dependent variables of the study, DF and CF, were
very insensitive to effluent gas rate, and since values of the actual efflu-
ent gas rate were never greatly different from the nominal (see Fig. 14)
and quite close for CF values above about 50, the simple method described
above of using the input nominal effluent gas rate was thought to be

appropriate.

10.2.3 Nominal Effluent Gas Rate for the Stripper-Rectifier System

Some manipulation is involved in satisfying a specified effluent gas
rate from a condenser when that condenser is fed vapor by a cascade and
99.999% of the vapor is condensed. The computer program is written to
allow the use of a specified number, R, on the top stage (condenser) of
the stripper. This number is interpreted to be the fraction of the total
material fed to the stage remaining in the vapor phase at eguilibrium
(normally, R is determined by an enthalpy balance). The following proce-
dure is used to obtain R from input variables that include a specified

effluent gas rate:

(1) All light gases are assumed to report to the effluent gas,
and the composition of the gas is calculated from an overall
material balance.

(2) The liquid phase in equilibrium with the effluent gas is
calculated, along with its temperature and specific enthalpy.

(3) An enthalpy balance is made over the whole system, excluding
the top stage and assuming zero light-gas concentration. This
yields an approximate value for the vapor rate entering the top
stage.

(4) The composition of this entering vapor is calculated from a
material balance, using its approximated rate. Since all
reflux ratios of interest are very high, this composition
calculation is quite accurate.

(5) The dew point and the specific enthalpy of the entering vapor

are calculated.
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(6) An enthalpy balance (similar to step 3) is made over the whole
system, excluding the top stage, using the calculated specific
enthalpies to yield an accurate value for the vapor rate
entering the top stage.

{7) R is set equal to the ratio of the specified effluent gas rate

and the vapor rate entering the top stage.

This procedure proved to be surprisingly accurate, generating effluent
gas rates that deviated as much as a few tenths of a percent from the

specified rate only when the Xr losses exceeded 10%.

10.3 ZAppendix C: Computer Program

The listing of the computer program used in this study is given on

the pages that follow.



T THYS DORS ! COLUMN CRTC 0STIXA QueeT

THPITICTT FRRIAB (A-F) ,TTRT AR (N.7))

DIMENSTON BT (%)

TOMMON /TED/TREN RETERD L XF(S)

CAMMON/IONM /TE(S2) , W2 (52) , V8 (52), X2 (5,52),¥Y 2 (5,52),
T HTR{%2),RBV2(52),Tt (52)

COMMON /7000 /Y2 (3,5 52} ,¥715(3,5,52)
COMMON/NUMR/NUD , NAMTF (2} N™NAD W2 AN

roIfrAp TT O = STNP, ¥Q 0 = FRYFSH STIET, GT 0 = KTED POAVITT

15¢C
1%
1
3z
135
32

31
130

28

2
13

3
u

12

2n

D09J0OR=1,200

®PIT 150,100P

FOEMAT(T2)

PETNT 151,100F

FOPXAT(THITOOF =,73)

TP(1OrP}) 30, 1,1

CALL S?TnE

IF(100P)3%,32,32

heB-Rg \0) 125

FORNAT(Y ., ,TO0 BAD, TAMIL TNONT FEEAT,, )
507N a

NT = NTOP + 1

TF(NTOD-50) 28,28, 31

PPTNT 130

FOPMAT {1 TON MANY STARGFS! /20X,' YAU BIRW TTY)
3070 30

100T = 0

1LFY = &4

DN11ITH=1,1 FX

CALL STPD

TR(IONDY 7,7, 19

NN TN

pOLT=1, 8

BL(T) = 1.

TP(XF(TY) Y, L, 2

BL{™) = (Xi (T,2)%W> (2) ¢ YR (T, W7y &y2(N"))/
1 (TF{T) *FFTD4RA (NT+1) *¥XA {I,¥T+1))

nN3J=2, X7
XA{T,J) = XA(T,d)/BL{T)
YA{T,T) = YR(I,J)/EL{T)
CONTTNNT

PRINT 116, (BY{T),I=1,5)
DOBIUX =1,12

JaX = 2 + JUX/4

JTT = JRY + JUX/3
D0O20K2=1,JT%

CALT STEP

TP {LONBY7,7,20
CONTIYNT

DO21KA=1,3
PN25KB=1,32X

TALL STFP

IF(L00PY 7,7, 25
TONTINUF

DN22K=1,87

pN223=1,5

X2C (K1, 0, %) = X2 (T,N)

22

YAS(KE,J,%) = Y {(J,YN)
conmTRy

DN2uT=1%,5

BT (Ty = 1,
TR{XF{T))20,24,26

26 BTLA{T) = (YR {T,2VkER {2)4Y2 (T, NTYRVR(FT)) /

27

113

1

(XF(T) *FETD+ WA (NT+ 1) *X2{T,NT+1))
CONTTINTT
pRTYT 106, (BL{T},I=1,95)
COXTINGT
CAL1 ZRPDC
FOSMAT(SH MATL/6H BRL ,5F10.4)
CANTTIYIE
POTAT 113
JX = 2*J2X
nN27JTM=1,J2X
Cavt STED
TE(100P}7,7,27
CONTTRTT
507029
TOPMAT{' ... GRORM ,,.')
DETRT 10
catL POUT
CONTTNUR
CONTINUR
smOT
FOBMAT (' GOT TT 11yt
XD

174



111

101
100
02

11
20
21

10u

10%8

SUBRQUTINE JETOD
THDITCTT TPATAR{A-E) IFSIRR(0-Z)
COMNON/WFT £OXY {5}, HOOM, PTOT
TORMRN/ZEGR/T, T, XS,V (D)

COMMON/TYNTH JRITC L, RYED

CONKAY FIA0N 172 (52, WD (S52), VA (52}, {5 ,52) ,¥2(5,52)
1T OHTE{E2) ,EVR(F2),TE(52)

COMMNY /FUN/TFFD  BFFED, XF (0}
COMMAN/XTNE ARUD, MK T(2) NTOF, RF,IO0F

¥ur = 1L00P

IT (100D} 30, 10,29

BRAD (€1, NRNF

oFan 150, WGP

FOPUAT (240}

RTET 111, ¥RME, %yP

RAEMAT(! SEETFS !,2Rk,? CrSF 1, T3]

evyn {50,%PRS

Rl

TAoKATEl ST2GES TR RESOPRFRY, T 3)
FATMET (D10, 3)

FAEREm (Y TR FRROTMIONITADY T
PEAR 150, HF¥C

PN (T2}

PRTNT 102, WFC

FT x FEOe

NTAT = ¥PC 4+ Y1BS

¥L = NTOP +2

FePD = 1,

Y= -ty

®TLD 100, TTOT

FORMA™{' SYS POESSYST =1,78,3)
DO2T=1,9L
TH{Ty = 0
pETNT 103

POEMAT (! FFTD COMT:; 02,N2,00,KP,XEY)
SXF =0,

na1I=1, 5

Y2(3,1y =0

(3, =0

Y2 (3,81} = O,
Y1(J,¥L) = O.
PELD 100, %F ()

SYFS=SKFS+X F ()

PRINT 110 ,X¥(J
TF{SXES-1,)21,21,31

FOEME™ (14 , F12,9)

PPTHT 111, NAIMP, NUD

pE2T 100, HFEFD

PETNT 104,UFFED

TOEMIT (T FEED SHTURPIDY =9,F10,3)
¥L = NTOP +2

PEND D0, WR (Y

WE(Y¥I-1) = WR{NL)

THT 105,WE (ML)

AmMA™ (' SCPUR/YEFD =1,%8.3)

g g

N9

117

26

I7

oFrn 100, TC

tm, D YIRLDS TERD, TC,GT.0 TS FPXIT GAS TNTO
TEEmCY 13,12 ,12

TELHL(¥I)} 50,51, 50

poTRT Y1k, 7C

FODMAT (Y ETFLUENT GAS PATF = ,713.9)

T = TYP(RPTOTY

[e1sialab )

gPrwT 109, TC

PORMAT (' EYT CO2 PEBCVRIL = v,F10.5)
T=2U8, 15

TA(NLY = T

TP(TC-1.+3X PS) 1L, 31,31

10T = -1

GO TC b

poYNT 06, TC

FATRAT(! SCOUB DFEG £ =',F10,3)

"= ome o+ 273,15

mAENTY) = T

r033=1,5
X3y = 0.
t3)y = 0.

CRLYT ENTHRL

H1M (NI} = HITQ¥HA{YL)
eREn 100,VE {2}

PINT 107,V3(2)

ToEML™ (1 BOTIFP V2D RATF =} ,TR.3)

T = TYP(ETOT)
Tat2) =T

CRLY FXRTHRL
RIBCT = HITQ

HYBOT=HVAP?

HYR ¢1) = (RUAP=HLTQ}*V2(2)

yr(n = 0,

RE{YH = 0.

922} .1T.0, TNTFRDYETED 1S ROTIVD PATTR
IP(VA{2)) 27, 26, 26

TR} = 1

WAL = ~VE (D

B¥L (1) = BVRDP-BLIQ
Y2y = L
TP(TT}26,2%,29

me o= =30,

TA(NL) = 7C 4+ 273.1%
o= TR(NL)

SRLY TETHAL

HYA (Y1) = HLTORRR (11
poryn 106, 1€

RIWY = 1000.*W2 (N1}
TTEYLWE) 22, 23,25
SCoPR - L1T.0; TEKTN RS PATT FOP CONDENSITICN

SCOUB=G, TC NFG, RNRBLYSTIS BYQUYRDR - ANWD KPW STRUBR RETT
SC;’UB='O, wec pee, ¥C STFUE AND TC = RFPLUFNT GRS S27F
-¥ 1 ,GT, SCPUR .GT, O, TARYR AS FIYED P BAP CONDEFSATION

22 H1A2{NL)

= § (FL)}* (BVRE~H1TQ)
WA(NTL-T} =83 (K1)

WE(YL) =
GOTO2U

0.

GL



23

TE(TCH (1, -TCYYUT,6U,EU

C ST7TUP POP STRIDDFPP

£
£2
68

6%

(3]

6

1

5

no

12
25
28
()

u1

u2

°F = VA{2) 4+ (FFFEL-HIPOT) /(HYROT-HIBAT)
TF{TF}£2,R2 ,6R

rent=-1

RWEFT = FFP*{HVECT -HIBCT)
TP(TCILE,67 ,8%

SXS = 0.
D060 &=1,°
YR{I,NL) = XTI} /70

GXY (J) = Y3 (J,N1)*, 09C*¢

SXS = SYS +GXY(J)

TP(1.-SXS)6T,€7,¢€8

o = ,499

To= TRA{Z) -SXEX (TP (2)-220.)

C:LL QUFND

HITAP = HITQ

nnEl J=1%,°%

GEY (J) = QONC¥ {X(T)%TF4YR {J,NL)*TT) /{Z7+™0)
= ,9%

= (T2 {2)y /2,

CaTY QUFND

WR{F¥L-1) = (HNRT-TC*HITOP) /(FVRT-KI "0OT)
Y2 ({FL) = TC/¥r{Ni-1)

HAML) = 0,

507 06€E

2X¢e=0.

n6J=1,5

BEAD 100, T (D

S¥S=SKS+X {J)

X2 {I,Y) = X{J)

TP(SX8-,1)L&,3%,31

RERD 100, WR{NI)

WR(¥L-1) = RA(XNLY

™ = T 4+ 273,15

CrIT FMTHT

HIE (N1) = WA(NL}*HLTQ

BPRINT 132, {¥(1),7=1,5)

TOOMAT(Y SCRUR IWATYSTS =t/EDTILL)
TR{RM(N1)-9.)03,u3,28

TF{™C)y 2L, 40, u4d

® = .99

T o= M2

posty = 1,%

CXT (XY = XT(IY 7 (1.-T)

CRI1 QUFYND

TrL23 = 1,5%

]

El

X{Jy = XL {J,VL)
HIR (NI} = BVIT* {1.-TCY4 (W2 {(NL)+TCY)*HIROHT-HEPED ~ BYI({ 1)
ET™OT = HL2 {XY) /7HA (N1

CRIT EWTHAL
CRLT TFYNTH
TRE(NLY) = T

™ o= T -273.15
PPTNT 106, TC
30 70 24
TA(FL) = W2 (¥I,
Wi(¥L) = 9,

fE

113
20
11

€3

n

30

WA {NT-1)=,0 14DABS ({HFEFD+HVE (1) =BLTQ) *(3.-VE (NI)) /{HVEOT-HLBCT))
TR{NI-1y = 2

PO o= (1,-VB{NTY) /VE (NI)

SRTNT 113,VE (VL) ,°F

TOPMAT (SF ©-TATD=,TIN, 3, 15F DFPIAX D17TA =,F 10, 3)
T®(1T00P) 30, 11, 30

YA {2) = VA (2)¥HVROT

TF(eFy7,7,63

WP (2} = 1. + VA{2)

HLB(2) = HLEOT*H2 (2)

s6mA 8

HL} (2) = WA (NI-1)*HTBCT

WR{2) = WR{NT=1) + ,K

NT o= NFC o+

rruT=2, N7

HYA(T) = HVA(D)

413 {T)=HLI (2)

FA(TY=WA{2)

VL (TYy=V2 {2)

THETY = TI{2)~-.01

pOLI=1,5

X {J,7T)=0,

Y2{J,7) =0,

CONTTNDE

N1 = ¥L=1

T o= NP4l

WA{NT) = WA (NI

YA(NT) = YB {2} + .5* (FFEFD-HLBOT)/(BVENT-HLEOT)
H13 {NT}) = HLBOTH*HA(NL)

HYA{NT) = V2 {NT)*HV2P

YIETY=VA(NT)
HIZA {T)=HLE(NT)
HYA (T)= BV 2 (NT)
mA{TY = mA{2) -5.

12(J3, Ty = X{J) /FT

YA (J,T) = XF{d)+ Y{J) /EF
CONTTIVIF

TL(NT) = -1

RETORY

END
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20t
202

18
293

21¢

19

218

217

4

DAVTINE BOT

MEITCT T ST RLIRB (A-F) ,FEIIAR(0-2)

DINFRSTAN RBY (T} ,NDRTE (2}
TOMMAN/FED/RTED, HRTED YT (F)

TAKNAN/RERT /GRY () ,HTOT, PTOT

COMMOY /LOO® /TR (52}, WD (T2} ,V1(52), X8 (5,52} ,¥2 (7,2,
f (52) ,8VL{=2)Y ,T2 (55}

CONMOY /KGMB #RUD, NEMF {2) ,NTOD, XF, 100D

ITE = -100P

CRLL TDRRY(NDITE)

FAPMET{IN I/ /Y SROTRS 1 Dp L, Y, CREF LT3, 207,200
PRINT 3G,1TD

TAPWAT(® ITEPATIONS =1,TR)

FFC = ¥F -1

¥ERS = WTOP -NTC

NL = ¥TND +3

TE{WA (NI} )A16,17,16

BRTRT 213,V RBS

3 WEDMYT(Y STRIGFS TN PRCTIFTIED =1 ,T3

BPOTNT 214,NFC

D POATMRAT{Y STAGFS IN STPIPPRFR =9,713)

BoTaE

paTy™ 201,8RBS

FOFMATYY ST RGPS IN RBSORRTR!, T3
FOPMAT{Y TH FTACTICNATCGR!,ID

DeTRT 202, NFC

FOSMAT(Y YPFR COMPy O2,N2,C0,K?,XEY)
PRINT 219, (X7 (Jy,J=1,5)

POFMAT{IR ,SD13. 1)

BRINT 204 ,RFFED

TORMR™ (' FEED FHTHIIDY =',T10.3)
ZRYNT 205 ,%2 (FI)

TODHAT (Y SCPURBR/FEED =?,¥8.3)

TE (WL (WI}) 1L, 13, %8

SF = §R(NI- 1) /VR{NI-1)

poTRT 20Q,°F

FOFMRT(Y PEFLUY FATTO =1,F10, 3)
PRTNT 212,VRE{YL-1}

TOPMEM (Y EFFLUTNT GRS =',F12.9)

DRI NT 215

FAPMAT(V COMDPRSITION =V)

PRTNT 210, (Y2 (T, NI~ ,T=1,%)

5%
pPO1%I=1,5
SYX=S+Y R (T, ¥1-1)
S¥%=1,~-S%

PETRT 216,5X%

TOFMAT (10X, SHCO2 =, F10.T)
SX=WA{2) %X (L ,2) 7XF (8)
TRTHT 217,8%

FOTFMAT(Y PRRACTTON KF TOST =1,T12,9
GoTe1S

Hme = RIR(NLY /WA (NI}

T = TR {81} -273.1%

R w

o

101

112
111

102

]

-

106

¥e)

AND Y TH MOLRS PP kx, 8 TN CAL ¥

BRTNT 21, °C

t 3T SCPUB TEMT =1,F9,3)
TORTNT 2NE,HTC

POEMAT (Y SCFUBR THTHITLEY =',F717,3)

FOEMET (F BOTIFP VAF PR7F =¢,¥8,3)

pRPINT 203,0T0T

PODMAT (! TYS PORSSURE =',TR. Y

PETNT 100

TOPUAT (/Y ZTAGE T T ¥ /v ¥OrTg B VLDV
4

DO1ER=1, WTOD

J = HTOD +2-K

¥sT = J-1
sury = 0,
SHYA = O

TFRRA(I)Y L, 8,3

SHI2 = BLA{J) /WR (D

TE{YR(IV}E, 6,5

SHY2 = RVA{OY/VRL{D)

%0V = WE(3) /VE (3}

T = MA{Iy-273,15

PRTNT 101,887, T,WA{D) ,VE{J},HCV,SHLE, SHVR

FOTMAT (1H ,T3,F8,2,3%7,3,279,2)

coanmiNnyE

HBLL = {HVE {RTOP+1)+BLE {2}/ (UTTTD #HYE(1) +RL2(N¥T2P+2))
pEYRT 112, HEML

FOPHMAT (AT HERT BAITANCE =1,T7,8)

DRINT 111

FPOPMAT (1H 1Y
peTRIT 102

DOPMAT (/S STEGE
Do2 , HTO®

d = ¥T0OT +32<«K

NET = -1
DRTET 103,887, (YR (I,3},T7=1,5)

BRTHT 104, (¥R (T, 3 ,T=1,5)

FORMAT (IR ,73,3¥ Y,5%F10.3 )

FAPMAT (1R , 3X,3H  Y,5F10.31

CONTINYR®

nnTg=1, %

BL(N = 1.

TRLEE(INY 77,8

BL{J) = (W} (2)*AR(J,2)+ V2 (NTOT+ 1) A2 (I, UTOP+Y}) /
(XF{3) + WA (NI)*XR(J,NL})

CONTIFOR

pRTNT 106, (BL{I),I=1,5}

PATMAT (ZH MATL/6H  BRL L, 5¥10.4)

PF = X®(U) /(VE(NTOP+1) *¥E (L, NTOT+1y)

n21,8X,2HY2,8Y,2HC0C, 8%, 2BK?, BX,2HXE/)

B1g = 0.
B¥3 = 0.
noeJy=1, 3
BTG = BFG + X¥{J)
BLG = BIG + ¥} {J,2)
BPG = BEG/YT {4}
PLG = BRIG/XE {L,2)
RTG = RFG/BLG

m

PRINT 111

LL



197
108

10

"
12
1C
109

poTyT 107, DT

PRTXNT 108, BLG,RBFG

FOSMAT (1 DF, = !,T0,D)

POTMAT (' LTGHT GRSTS s KT =',v8,3,' , CONC, TICTOE =0 ,T5,2//)
TTTNT 110

TARMA™(//SK, TEXTPRCTION FRCTADSY)
SRTRT 102

DO10R=1,NTrD

J = N™TP +2~-K

r*ST = 3-1

9M127=1,5

TRNR(T, N 12,12, 11

BL(T) = YR (T, AXVA{J) /X3(T,J /W2 (J)
coumryne

PRTE™ 100,NS™,(R1(T},7=1,5)
FOPMAT(1H , T3,3X,5710,4)

ODTNT 105

T TOPMAT (/)

RET NDV
Fwp

w

ug

us

oy

43
uu
21

1

SURPAYTTNE ZRTDPN
TMTTITCTT ETRRTES (A-F) TFAIXR(N-7)
CAMMCY /FPD/FEFN  BFFED, XF{ &Y

CAMMAN /TACY /T? (52) , WE (52} ,VP (52),%2 (5,52),Y2({5,52),

HT 2 {52} ,BYA({52), T (52)

TOMMON /VOME /NUD, N ¥¥ (2) ,NTNT, NT,
COMMON/ZZONM /XS (3, 5,52} ,Y25(3,5,
ML o= NTAD o+ 1

DAINNS = 2, N1

DARND=T,2

Do6I=1,5%

TF(XT{I))6,6,1

T®(XP-1)8,2,3

X1 = Xre(1,J,¥NS)
X2 = X?S(2,3,NS)
X3 = X28(3,J,¥%%)
Lol

X1 = Y3 €(1,3,%S)
X2 = Y€ (2,J,%8)
X3 = YAS(3,J,¥S)

nX2 = X3 - X2

X1 = X2 - X1
TP(DX2*DX1) 6,6,
TPL(DX2/DY 1) - ,98)20,20,L0
XT = (X2%X2-X1*YX3) /(X2+4X2-X3-X1)
30T0L5

DFL = 25,%(X3-11)

XT = %2 + DEI
TP{XTYL1,L1,42

Xt = 0,0
TP(LT/¥3)~25,) 44,048, 03
XT = 25.%%3

TP (NP-1)8,21,22

X2 {(J,NS) = XT

GOTO6

Yr{J,¥8) = X7

CONTINOR

CONTINDF

CONTINDE

A-2-0 ”?‘7

END

1
e

crt

=2)

8/



SURRGUMTYHR STTD

THDPITCT™ TRAI®G (RN}, EFEIXA (N-7)
PIMPNSTICY THKY(S,

nN3™r CHKY /15%0,0/

COPMON/PATH /L TCK

TCMMAN SFED SFPED  HFFFD YT (%)
COMRGH/EMNB/RGE, FAME (2) ,FTOT, NP, 100T

TORMON/TAOM /TR L52) , WE(52) VR {52}, X (5,%2),72 (5,52},

1 OHTA(R2),HVE(52) TR (52)
TAY = 1 4 RTOT/ID
pO13¥60=1,72Y
1ToK = 0
POTTT=1,S
PO6TS=1,NmAn 2

¥ o= fers

CATL STRGPLY)
CO¥TINOT
nOSTSa2,NTOF, 2

N o= 1478

CALL STR3IT(N}
CORTTNUP

10RT = 100D + 1
ToNTINgT

C CHECK CONVR¥GTVOF TROUPLE

18
130

TE {14 {"5*WTAR/IEOPY)} - LICK} 15,16,17
TeTEm 110

POIMAT (' CONVFRGENC® TROURIP! /)
peTORY

C CHECK CONVERGENC®

1"

2

18

11
12
1@
20

i

BLGS = 0,

oT o= 0,

Dot T= 1, ©

TP(XT{I}}L,L,2

LG = {XR{T, 2)%W2 {2) YR (T, NTOP+1)RYR (NTNT41}) /
1 (XFT (I} *PFED + W2 (NTODE Ny YT, KTOP42))
BLGS = RLGS + D2BS(1,-BiG)

SRAT = SBOT o+ X: (7,2}

CORTTERE

£8CT = SBOTAY,D-6 + 1,D-23

TF(RLGS ~,01)18,18,13

eC¥ = 0.02/L00P

nORJ=1, ¢

1N

A
D
5]
3

[$+]
—t

¥1 = ¥b (J,87CT-1)
¥2 = YPEF,NF-B
Y3 = y8 (3,2}

IF(Yi-sBOT} 10, 10,9

SCK = SCK + DREBS{{Y1- CHKY{J, 1}}/Y¥1H)
CHRY{J, 1} = ¥1

TE(Y2-SBO7Y 12,12, 1Y

¢C¥ = SCK + DRBE((Y2- CHRY(J,2)}/Y2}
CHRY(J,2) = ¥2

TP (Y3-SBAT) 20,27,19

SCK = SrK o+ DRBS({Y3- CHEY(J, 3} }/YY)
CHKY{J,3) = Y3

CONTIVUE

IT{SCK -, 004 14, 13,13

CANTIVGE
PRTNT 00,1007

FAPMAT (13F TTERATIONS = ,Th)
PETIRY

LOND = -100P

PETIRY

Jan sl

SUBFOUTTINT STRGR (W)

C ™HTS MAKES BALANCE 2% A STAGT MFD CILIS QUWST

0y

-
T

1

1
1

r
3

¢

i)

o

>,

TUMPITCT™ PPRL*B(A-R) ,PERL*3(N=7)

TOMMON/ICOM 7T (52} ,WE (52} , V2 {52},X2(5,52),¥Y2(5,%2),

1 HT R8T L HYE(R2), TR (52)
COMMOK/ENTH/BI IO, HY LD

SAMMON JTRD/FEED L HFRED AP (F)

C NR/NOW/T,T,X A5, Y {5)
TOMMON ZWRET /GXY (S) ,HTOT,PTOT

G o= YM(N-1} + WE(N+1}

HTO™ = (HILM {W31) + HYR{Y- 1} /G
Po= YR (N} A (VELNY 4WD (V}))

GXY (I} = (VR N~1)RYR{J,H=1) 4+ WRW+1) XXX LI, N+ ) /G

TT(TA(F}} 5, 2,0
CALL QUFST
TA(N) = T

YA {F) = B*C
WE(Y) = G-V ()

HIZ (N} = HITQ*H ("
BYY (N} = HVRDRYL (M)

pr3g=1,5%
XB{I,M = X (D)
YALI, M) = T
eETHON

= % DEWOTERES TEBOTLFR

= 2 DRNCTES CCNDENSFP
TRLTA(MY -2 10, 11,2

R = WE (%=1}

GATO12

B o= ¥B(N+1)

CRLL QUFND

6oTO"

GF = G + FYFD

HTC™ = (GRHTOT 4 BTEEDY} /GF
noEd=1, S

GEY (I} = (CEXY(I)*G + XF (J) *FEPD) /GF
G = G¥

50702

FHD

6L



laXals!

SEETOUTTNT COFST

RTYTS THF PQUILTRETNX CANCENTERTTONC ANT THEGW
SETTT TOOM AYFPAGT COMP AND TACRT FRTREI Y
OYYRFN = 7, NITPNGEY = 2, CF = 3, R® = 04 , Y¥ = €

21

22

13

33
32

W
(e

)
-

34

&

102

2¢
29
19
2¢

IMDITCI " DEATHR {B-4) ,TEATR (0-7)

COMMNK/TATY /LTCK

COMNON/WETT/GXT{R), HTOT, TTOT

COMMONZ¥OW/®, 7, X (5),Y (5)

SAMMON/TNTH /HT TG, UV D

DIMTECTON TETX (5,3

DRTE CPTX (1, 1),CPTX (1,2),C07Y (1,3) #€32,3%,-2,7153,-494, 72/
CATE CPTX(2,T ,CPTX{2,2),C0°T¥{2,3) /720,22,-5,072G,-553,8R/
DATE CPTX{3,1),CPTY {3,2),CTTX (3,3)/48L,39,- 1,873, - 305, 1/
DATA COTX (L, 1), CPTY (L, 2),00TX (U, 3) /18R, 2,2.8,3000, /

DATE CPTX(S,1) ,CT7Y(5,2),C0TR(5,3) /10, ,0.,0./

~C =T
X1 = 0,
¥y = 0
sY = 0,
re173=1,5
LEIY = GXY{d)
¥ {3) GXY ()
Y = SX + GXY{J)

SG = SX

TF(SX-.093)21,21,22

CMT TTSHT

RATODN

s® = 0,

sno= 1,

on133=1,%

SN = SN 4 (CPTX{S,1) +CDTY(J,2}) %SX) *GXY (J)
SD = SD +CPTX (J,2V*GYY (J)

2 = (PTCT - SW) /SD

THTN = "YD(P)

TF(217, -THTHY 32, 32, 33

217,

Mmoo

a2 e
3
LR ;
3
8 o]

0.

PTOT® (1, -SX)
TVP (P}
TMLX-T)35,35,30
o= 7C
TRTFT 103, THTH,THAX
FOPNAT (12H TEMD LT MITS,278,2)
TE((T-THMIN) * (TM2X-T)) 28,28,29
= L 4ETMTN + L €RTHRX
TF(F}19,19,20
T = ,01
SX = SY¥({1.-W)*¥{1,-F

]

26

-

-

i6

e7

18

L C3NTPY =1, 1%
Em =1,0

Z Z2CO2{m

? VPCO2 (T}

LVRXP = DEXT (1,78 {PTNT-D3/T)
PHF =T

DATINGO=1, 18

IP{8X-5G)27 ,2€,26

€% = 56

S75 = SX

CcT™ = (1.-STG) *TFXP

Sx = 0.

sY = C.

D = PTOT + DXCT*{(1,-2)/2

TF(STG* {PTOT-F} -1.F-8)12,14, 14

£50 = 0,
30 70 18
DSO = D*(1,-CT) 7 (PTNT-D)
nr1g=1, s

B o= (DSC#1,)* (CPTX(J, ) +CO™X (J,2)%P +CPTY(J,3) #5765

X{J) = GRY(J) /{TX(H/D =-1.)+ 1.)
Y(I) = GXY(J) - {1.-R) *X{J)) /R
°f = SX + X {3)

SY = ST + Y{J

CONTINUT

SAYT FNTHAL

TF({ET) 18,16 ,1€

RA = DAES (R)

R = (HTOT - HITQ) /{HY?P - HLTOQ)
PRTNT 87, ®

FORMAT (F11.6)

TP(N 5, 5, f

R = RH/2.

TE(1,-7y8,7,7

TT(0.80-5Y) 10,10,9

R = RHk(SY+,3F)

GOTOT1

R = 1.0

TAC = 2.%(1.-5Y) /{2.~<Y)

ERTNT 102,FiC

FOFMAT (6H FAC =,F5, 3

R = FACHR ¢ (1,-FAC)*3H

BT = DARS ({STE-S¥)/3X) +DABS ((R¥-R)/R) =-1.D-5
TONTINOF

LICK = 1TCK + 1

DETNT 101

FORMAT (10H NC X PTT, /)

TE{HTOT -HLTQ) 25, 25, 18

THRY = T

PRTNT 103,THIN,THAY
X1 = 0,

vy = 0,

T o= {TMRX + TRTY) /2,
GOm03

ey = 0,

sp = 1,

DN2a=14,5

SN = SN 4 (CPTY(J,1) + CETY(JI,2)#TY) *X {J)

08



(s Ra)

un

21

42

L3

ug

at
45

24

1cu
a8

SD = €D + TTTX{T,2) *X (1)

DEINT 160,858,890

FOPMAT {LH S¥=, F€,3,UF SD=,76,3)
D o= {PTDT -~ S¥y /D

X2 = Txi

™ =T

TLY = (T « "MTN) /7 ("MAX -T)
Y2 = T

T = TYD (D)

TH = TMiY - 7

TFRLTH)L 0,080,081

™™ = 0, TR (TEAX-TH)
T = MMRY - TH

XY = T - THTN
TRLIXX) 2,842,483

TEX = 0, VR{TH=THTY)
TYY = TXX/TH
T = {(TX2-TX1}* (1, -SY*%Y¥)

TP{TETY U6, Ll , uf

DHI = (TY2-TYY) /PHT
TF(OHT® (S0, +PHT) L5 ,L5, 40

DHI = -20.%S5Y

TXX = (TY1 « THI*TX1) /(1. -PEI})
T o= (TUMXFTEX ¢ THTH) Z(TXX + 1.)

P = DABS{TR~T} + 100,00*D2BS({3IHR~T)

DeryT 88,%,T
POOMAT(SE TX1 ,PT,3,58 7yl ,°7,3)
FODNR™ (* R=',7R,5, 48 T=,¥0, 3/}
TP -, 00Myu, e, 3

coNTIRYE

PET Y

rD

¢

SUBBOUTTNT TTSY"

USED WHTH S¥ < ,003

THTITCTT ORATRO(2-H), TERAI#O(0-7)

CCENON JWEFT /GXY(B), ETOT, ©TAM

COMMAN/NOR/E,T X (5) ,Y (5)

COYMNN/PNTY /HLTC,EVAD

DINTHST AN CTTY(S,3)

pATL COTX (1, 1}, CETY (1,2),007X (1,3) #532.33,-2,7153,- 404, 72/
DATY CPTX{2,%) ,CPTY (2,2} ,CF"X(2,3) /720,22,-5.5729,-553.88/
PET: CPTX (3,1} ,0P7X (3,2),C07K (3,3} FUBE, 39, -1,80873,-355, 1/
DATY CPTE (L, 1, CBTXL,2) ,CPTR (4, 3) £188,2,2,8,3000, /

DATE COmX(5,1) ,CPTX(S,2) ,CP7R (5,3} 710, ,0.,0./

Pse = 0,

™ o= TYD (PTOT)

D017I=1,5

X{J} = GXY{J)

17 Y Iy = GXY ()

SBLL PNTHAL
® = (ETOT & HLIQ) /{H¥IP = HLTQ)
D o= DIAT/ICC2(T)

EOY = 1,B-12

X = 0.
sS¥ = 0,
D = 1,

1% p01J=1,5

¥ o= CPTXK(J, 1} +CPTY (I, 2)*PTOT
X{J} = GXY(J} /{F*(W/D =104+ 1))
T{(I) = (GXY(J}) - {1,=-D)*2 (3} /®
PUN = PUN + W*x{ (T}

SX = 8X + ¥ {3
SN = SY + X (J)*CPTX (I, 1)
SD = &P+ X({J) *CPTX(I,2)

-

CONTIFUE

IF(SY}8,30,L

DOTIICR=1,18

= (PTOT -8V} /2D

TYD (?)

THTHRAL

{HTOT - HITQ) /{HVED = HLZQ)

T = PHN/ (1.4P850)

= DA(SX/DELD «(1,-SX)*(1.7/T* (1.4 (L ES*DRIP/T)}))
{PUCT-(1.-2CC2(T))*PUN} /2CO2 (T

=

o
I

MBIV Ry 3D
o g
Z DN Ot

16 SY

il 1.7-12

X = 0.

SH = 0,

sSD o= 1,

£033=1,5%

W= (PSOLY ) #{CETYA(T, 1) #CPTE (T, 2)%P +CPTX(3I,3) *5TG)
b SRY(I) F{P*{H/D ~1,}4+ 1)

Y{3) = {GYY (J} - (1.~D)*X(J}) /P

BOR = POY + WaX{J)

SX = S + X (D)

SW = SN % X(I)FLCPTX (I, 1) + CPMX (I, ) %STE)
SD = SD + X{J)¥CP"X{J,2)

3 COPTTEYT

18



ST {DIBS ((STG-SX) /SX) -2.D=") 30,30, 1% SUBRBAITINT ENTEAT
11 CONTINGF TMTITCT T PRATHR (A-F) ,STRI*8{0-Z)
30 =TTOON DTETNSTAN CI (4, 3),CV (L, V)

AN

SURPONTINF TFXTYH

TMPTTICTT PTURT*B {RA-H),PERT*S(0-7)
TOMMOY ZWRFT /GXY (), H€TOT, DPTOT
CO¥MAN/NOW/T 7, ¥ (5} ,Y (5}
COVMMON/ENTH/HLIQ, HY 2D

C GIVES TOKE !T WHTICH HITQ = HTOT

TK/600.

¥yoC22 = DEXP(D)

-8, 175€2621D00 +, 26277U2298D 027
T «,23768393D02%DI0G {T) ~-.RE2TOOTESDNY/T

TOMMON/YOW/T,T, X (D) ,Y (D)

COMMON/®NTH /HIIQ,HVRP

naTr €T (1,1),CL(1,2y,CL(%,3)/20.75187,-,05896506,,00125142L/
pATr CL(2,M) ,C14¢2,2),C0(2,3) /6, 912656F,~1,220R637F-0,1,30707-5/
na™r €L {3,1),014¢3,2),C1(3,3)/6.979%%, -2, 1412687-4,-3, 75L39F-€/
ramp Cl(u,1),CL(u,2),CL(%,3) /6.85,-1.88-1,0,0/

DATE CV(1,1),0V{1,2),Cv{(},3) /2. 4MGsRS52,.021725119,-.0009370543 7/
HATE CV ¢2,1),0% {2,2},CV {2,3)/6.9126566,-1,22U8637FP-0, 1. 3079w-5/

™2 =7 DATE CV{3,1),CV¢(3,2),0V{3,3) /6.87951,-2, 1412687-1,-3,750397-6/
T = L9B*T DFTE CV gk, 1) ,CV{4,2),CV (8,3} 76,95, -1, 8%-4,0,0/
Dr1J=1, 10 TT o= T - 216,88
52 = HITQ HLTQ = 0,
CATT FNTHRL £YET = 0,
Py = HZ2 - HITQ SPMX = 0.
TF{CRES(DH) - 00N L, 0,6 spmy = 0,
4 TF(DE)S,2,5 nosT=1,%
5 pH = (,001/DHy*DASS (DH) SURY = SUMX + ¥ (7T)
6 DT = (HITQ -HTOT)*{T2-T) /DH SUMY = SUMY + Y(T)
T2 =T X1 = 1, - UMY
™= T - DT vy = 1, - SaMy
TIF (DRBS{DT/T) - 1.T=712,2,% N013=1, L
1 CONTINTE €1 = TTR(CL(JI, 1) + TTH(CL(I,2) ¢ TTHCI(I,3)))
1C TORMAT (' TRXNTH = ', T3 SY = TTH{CV(JI,1) + TTH(CV(JI,2) + TTCV(J,3)))
2 CONTTYUFR e (3-1312,3,2
RETURN Sy = €y + 3661.3%7
D HLTQ = HLTQ + SI*XI
BYRP = HVRP + SV*YV
FANCTTON VECO2(TK) XL = X(J)
TTCT ™ DRALAG (A-H) ,PFPLI*B(0-2) YYo= Y{J)

HLTQ = HLTQ + S.0%{x(Ly + X(
HYAP = HV2TD 4 S.0* (Y (L) + Y(
TF(HV?P - HLTQ - 100.)6,7,7

51
D))

£ HVAD = HLIQ + 100,

RRTYRY CONTTNUF
FND sEmoN
A4

FUNCTTION ZCO2(T)

TMPIICTT FFRI*B(}-H) ,PERI%*3{0~Z)

ZC02 = 3,2120264 + T («2,963096TF-2 + T*(1,375700L32F-14
1-T*2, 2959922797-7))

FRTORY

END

Z8



~ GTYPY PRE FQUTITROTIM SONCTMTRATTONS
C AVEPRGT CCKP, OYYGTW = 1, ¥IT

17

21

22

20

2€
27

sY

AEEY = 2
TRBITOTT TTALKR (A-UY,TTBLAD (D7)
COMMCY/PATR /L ICK
~OMNON /WPPT /GRY(E), BTOT, TTAT
COMMAN/NCRZT,™, X 5Y Y (5)
CONMON/ENTH /HITQ,HVAE

DIMENSTON CETELS,3)

DATE CDTK (%, 1), CETX (1,2),C0TY (1,3) #532.33,-2.7153,- 490,72/
DE™Y COTY (2,1 JOPTX(2,2) ,CBTX(2,3) #720.22,-5.9729,-553. 887
prTy CDTY (3, 1) ,CPMY (3,2),C07X (3,3) /888,39, ~ 1. BLTY, - 395, 1/
DITY CPTX(L, 1} ,CETY (4,2),CPTX (4,3} £186.2,2.8,3000,/

DATA CRTE(E,1) ,C07L (5,2} ,C07X(5,3)/10.,0.,0./

X1 = 0.

~yy = 0,
€% = T
on1t3=1,5

Y (I} = GXY ()

N = SN 4 {CTTX(IN +CPTX(J,3) A5X) *6XY (I}
gD =-SD +CTTX(J,2Y*BAY {I)

T o= ({PTOT - SN} /5D

CMTN = TYP{F)

IF{217, ~THTN) 32,372, 33

TN = 217,

THAY = TYDYPTOTE {1,-5K))
FADHAT P12H TFYP LIMTTS 278,23
TE({T-THTN} ¥ (THRX-T)) 28,28, 20
T o= L URTETN 4 (ERTERX

SY = SX#{1, ~Fy* (1,-TF}

DOIRTEY =1,15

2 = 1,0

7 = ZCO2{TY

P = VPCCZ{M)

e¥YE = DEYT {4, T* (FTOT-P)/T)
DOYINGN=1,15

TP (SX-3C) 27 ,26,2€

Y = 56

sTe = SX

CT = (1.-5T@)*DFYD
sy = 0.

C.

D= DPTOT 4 PRCTR{1, -2} /L
TE(STER (DTOT-F) -1, T-8) 12,018,140
ven = 0,

GO D 18

Yy

T
15

101

18

uQ

uq

L2

u3

4€

a4
us

24

104
28]

D w

£EN = PR{1,=0T) /{PTAT=D)

prfr=1, 8

7= (DECHT )R (CPTE(I, ) +CDTYAI, 2 ¥D +CPTL{I, T *STH
LI} = XTI A{PRH/D -10h e 1)

Y {3} = GXY (I} - (1.=F}FX{)} /T

Sy = SX 4+ X {J)

SY = SY + Y ()

CONTTIYO®

CONTYINE

LICK = ITCK + 1

peTyT 101

»oPMyT (10H NC X FTT./)
PRTINY 1063, 7RIV, THLY
1 =0,

7Yt = 0.

T o= (THRX 4+ THNIN}/Z,
50703

sy o= 0,

Sp = 1.

no23=1,5

SE = SN ¢ (CPX{J, 1} + CPTXAT, 3y*EX)*¥(J}

€8

M o= THAY - T
E{TMYLO,u0 51
e = G, 1K (TRAX-TE)
o= oTHRY - TH

TYXY = T - THIN

TETAN) 42,82,U3

TIX = 0.1 {TH=-THTN}

Y1 x TXX/TH

PET = (TX2-TX1)* (1, -SY*SY)
IP(THT) 86, 8L,0L6

PET = {TY2-TYY /BHT

TE{PHT® {50, +PHT) ) 45,45, UL

PR = ~20,%35Y

mYY = {TYt - PRI%*TX1)/ (1, -PHI)
Tz (THERMYTEX 4 THTN) /{TXX + 1.}

F = DRBE(TE~T)

eI 104,7%¥1,7Y1
PETNT 3R, T, T
FOSMAT(ZH "¥1 ,P7,3,%% 7Y}
rorgaT (* P=!,F8.5,48 T
TR(T -.00001)L,2L,3
CONTINYP

CALT ENTHIL

PETURY

L)

L. 3)
=, P8, 3/}



¢ MEET

LK
29

SUBEAUTINE TTIEND
WATN SY LTT, ,003
TMPTITCTT TFAL®B(E-F),FRIIFR(N-Z)
TOMMAN JREET /GXY(SY, BTOT, PTOT
COMMAE/ZHOR/E, ™, X (5),Y {5)
SRMMAKR ZTNTH ZHITQ, NV 2D
DTMRNSTEN TETX(5,3)
nam CcPTY (9, 1), CPTX (1,2),CPTY {1, 3) F£32,33,-2,7153,-0494, 72/
3™y CDTH{2,7) ,CD7K (2,2} ,CTTX {2, /720.22,-5,972%,-553, 887
p2ETr CPTX(3, 1) ,CPTX (3,2),C007 {3,3) /LAL, 39, -3, R0, - 395, 1/
SATE COTX {4, 1), CPTX {6,2),C3TX{U,?) /IRA,2,2.8,3000,/
DAT? COTX(S,1y ,CPTY(R,2),0 07X (5,3) /10, ,0.,0,/
pso = 0,
™ = TYD (PINT)
D= DPTOT/ZCO2{T)
DN = 1,2-12

SY = 0.

sy = 0.

sn o= 9,

"N1g=1, S

W = CPTX(J, 1) +CPTY({J,2)*PmCT

X(J) = GXY (T)/{PR (/D =1.)+ 1.)
= (GXY(J) - {1.-F) *X{J))

DUN = PUN + WX (J)

= 8% + X ()

SN = € + X {J)*CPTX {J,1)

SD = SD 4 X (J}*CPTY {J,2)

CONTINUF

TF(SX)&,30,0

DOY1ICF=1, 1L

D = (PTOT =-§¥) /SD

T = TYP (D)

DFLP = PUN/ (1.+PSD)

PSO = PH(SX/DFIP = {1, =-SX)* {1.7/T* (1,4 {(RS*DELP/T))})
D = (PPOT-{1,~ZCO2(T))*PUNY /ZCAZ(T)

SI6 = SX

PUN = 1.F-12

sx = 0,

sY = 0,

1,
n03J=1,5
¥ o= (PSO+1.)*(CETX(J, 1) +CPTY(J,2)*P +CETX (J,3)*S76G)
X} = GXY{J)/(R*(4/D -1.)+ 1)
Y{I) = (3XY () - {1~y E(I))
DUN = POY + WX ({3}
SY = SY 4 X (J)
SN = SN + X (J)*(COPTX(J,1) + CTTX(J,3) *STG)
Sn = SD + ¥ (J)*CPTX (J,2)
CONTINDT
TP {DRBS {(STG-SX) /SX)~2. D-7)29,29, 11
CONTTYOE
CRLT FNTHRYL
PRTYOY
END

W

TONCTTON TV P (D)

THTLTATT BYRT&R(2-H) , TFRAI*R(0-Z)
TT(T S, 5, F

myT = 216.01

507NN

TYD = (=1990,527)/(DLCG(P) - 10.£271)
™ = myD /600,

2y =T
ur1g=1, 10

PD = ~R,17562621D00 +,262778228L02%T
~.237£83093LH2*L1OG {T) =, RE2TCCTESDOI/T

YE = DFYD(PD)

5t =,262770228D02 - ,23768393D02/7 +.862709785001/7 /T

Yo = VEXT1

D® = (PY-VP) /D¥YT

= T & DP

TP (DEBS{DRY} -~ 1.D-8)2,2,1

CONTINMF

TVD = §00.%*7
RFTYRN

F5PHAT (Y Typ TTEP

FOPMAT (' D = !, Fii
END

2

]

¥8
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