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A MODEL OF IODINE TRANSPORT AND REACTION KINETICS
IN A NUCLEAR FUEL REPROCESSING PLANT

Nallace Davis, Jr.
ABSTRACT

A model is presented to des.ribe the time-dependent flow
and retention of stable iodime is&topes and, additionally, the
extent of radioactive decay of ¥ in a nuclear fuel repro-
cessing plant. The plant, which is similar to, but slightly
more comwplex than, Allied-General Nuclear Services' plaant at
Barnwell, South Carolina, consists of 16 units of equipment
such as a voloxidizer or graphite burner, fuel dissolver, sol-
vent extractors, storage tanks, vaporizers, primary iodine
sorbers, and silver zeolite. The rate of accumulation of bulk
and radiocactive iodine in these units and in the enviromment
is described in terms of two sets of 19 differential eguations
that contain parameters representing experimental data, in-
cluding flow rates that are functions of physical or chemical
kinetics in each process unit. In the absence of experimental
data, the ruaction rates were assumed to obey first-order
kinetics with individual time constants related to estimates
of unit capacity for iodine. Isotopic exchange equilibrium is
assumed to be maintained in all units.

Based on the meager experimental data and "reasonable”
values of bulk-iodine retention times for use in the kinetic
processes, reasonable time-dependence of fodine retenticn
factors (RFs) [alternatively designated as decontamination
factors (DF8) or confinement factors (CFs)] by the plant has
been calculated. In particularl RFs for a new plant in excess
of 10‘ fur stable fodine and '?°I decrease to the range of 10°
to 102 as ?lant operating times exceed 50 to 100 days. The
RFs for '3'I also decrease initially, for a period of 10 days,
but then increase by several orders of magnitude due to radio-
active decay and isotopic exchange. Generally, the RPs for

311 exceed those for stable iodine by factors of 10° or
larger, depending on the operating time and on many other
variables.

The computer programs written to solve the two sets of 26
mags flow rates and to integrate the two sets of 19 differential
equations can easily be modified to utilize experimental data
which will be obtained in the future, including data that might
demonstrate one or more of the rate processes not to be first-
order.




1. INTRODUCTION

Radioactive iodine isotopes, both short-lived '?'I1 (hali-life of
8.05 days) and the long-lived '2°I (half-life of 16 million years), are
generated in nuclear fuels; very small amounts will be discharged to the
enviromment both at the reactors, where they are formed, and at fuel
reprocessing plants, where they will be encaimulated for permanent storage.
The Eavironmental Protection Agency has issuedl’? standards that will re-
quire normal operations within the uranium fuel cycle to be conducted in
such a manner as to provide reasonable assurance that: (a) the annual
dose equivalent does not exceed 25 millirems to the whole body, 75 milli-
rems to the thyroid, and 25 millirems to any other organ of any member of
the public; (b) the quantity of 1291 released to the enviromment per giga-
watt-year of power produced by the entire fuel cycle does not exceed 5
millicuries.

A Light-Water Reactor (LWR) fuel reprocessing plant, such as that of
Allied-General Nuclear Services at Barnwell, South Carolina,3 annually will
process fuel that contained 1500 metric tons of heavy metal (MTHM = uranium

+ plutonium) as charged to reactors which produce 42,000 MW(e) -year of energy

during 1 year of operation. This 150¢ MTHM will contain more than 50 Ci
1297 (>300 kg) and, when processing is performed 160 days after discharge
of fuel from the reactors, more than 1000 ci !3'I (>10 mg). This spent
fuel will pass thtoughl' process operations involving fuel dissolution,
solvent extraction, sorption in solutions [such as Hg(N( -)2-HNO;], and
sorpticn on silver-exchanged zeolites and on ion exchange resins. These
and other unit operations, such as neutralization of solutions and dis-
tillatizn, are parts of an extremely complicated system of iodine trans~
port to "a few”" final storage stations.

A quantitative description of the movement of iodine in a fuel
reprocessing plant on the basis of laboratory experimental data does not
appear to be possible at the present time since many of the plant processes
have not been studied in sufficient detail. For example, the kinetics of
iodine sorption in Hg(NO3)2-HNO; solution or on silver-exchanged zeolites
can not be determined on the hasis of existing data. 1In the absence of



laboratory data, descriptions of the chemistry and kinetics of a number
of the processes involving iodine retention may not be possible unless
appropriate data are obtained at the fuel reprocessing plant itself.

A nuclear fuel reprocessing plant, such as that at Barnwell, is
designed to operate, and probably will operate, without the maintenance
of constant flows of materials from one equipment unit to another. Be-
cause of expected discontinuities in such flows, mathematical calculations
concerning the movement of iodine through an actual plant could become
extremely comwlicated. The time scales of flow discontinuities are not
kzown but may be in the range of a few days to a few weeks. However,
much can be learned about the kinetics of many chemical or physical proc~
egsges from a model that assumes some type of constancy or regularity of

thes=2 flows.

The present report is concerned with a model of the time-dependent
flow of ifodine, stable and radioactive, thrcugh a fuel .eprocessing plant.
This plant was first described by Finney et al.k in a generic cost/benefit
analysis of the environmental impacts of reprocessing LWR fuel; it is
similar to, but somewhat more complicated than, the Barnwell plant. The
mathematical model of the concepftual plant is based on particular, poten~
tially realistic assumptions of continuous flow of iodine from ome unit
to the next; on the radioactive decay of a short-lived isotope; on physical
and chemical retention of fodine in various process units; and on the
discharge of part of the iodine into the envircmment. Transfer of iodine
and decay of 1317 in the conceptual plant under steady state conditions
were described by Davis et al.5 in a generic cost/benefit analysis of the
environmental impact of reprocessing High-Temperature Gas~Cooled Reactor
(HTGR) fuel.

Two of the primary purposes of this report are to identify most of
the variables that control the flow of iodine and to identify some of
the various types of laboratory data, such as kinetic rate constants and
equipment holdup times, that could simplify the description of iodine flow
in the reprocessing plant. By identifying these data, the extent to

wvhich such a plant must serve as an erperimental unit could be reduced.



It should be noted that iodine is showm to be discharged to the
eavironment in two streams, Q150E sud Ql60E. These, and the-corresponding

environmental sinks, units 17 and 18, are retained as separate itees in
the msthematical analysis to differentiate between iodine that is dis-
charged in the conventional off-gas stream (Ql60E) and jodine discharged
vith steam (QISOE). The model plant is assumed to discharge excess wacer
as steam carrying volatile components such as iodine, but nct as liquid
vater, vhich wuld contain sany radiocactive nuclides at low concentrations.

Flows of total iodine or !3'I are.expressed in Fig. 1 by the letter
Q followved by four alphanumeric characters. The first two characters
specify the unit from which iodine flows; the second two characters specify
the unit to which iodine flows. Each flow variable has two possibie sub-
scripts; subscript 1 refers to total iodine, and subscript 2 refers to the
short-half-l1ived isotope !'3'I. For example,

Q0001(1) = the rate of flow of total iodine from fuel storage to the

graphite burner or voloxidizer;
Q0103(2) = the rate of flow of '3'1 from unit ' to unit 3;
Ql1011(1) = the rate of flow of total iodine from unit 10 to unit 11;
Q160E(1) = the rate of flow of total iodine from unit 16 to the environment.

Equations that describe the flow of total iodine or 1317 1n the fuel
reprocessing plant are expressed as a function of flows into and out of
individual units as follows:

(Accumulation of _ (Flow of iodine _ (Flow of iodine _ (Decay of fodime

iodine in unit K) into unit k) ~ out of unit K)  1in unit K) - W)
For example,

¥, = QO001(1) - [Q0102(1) + Q0103(1)} - An, (B-1)
- .

n = Q0001(2) - [Q0102(2) + QO0103(2)) - An; , (B-2)

where !.h and t'n represent the rates of accumulation of total iodine and of
131y, regpectively, in unit 1. The flow terms Q0001(1), Q0001(2), etc.,
are described above, while the term An; corresponds to the decay of '3!1



in unit 1. Due to its long half-life, 1297 i3 stable in the context of
this report since the longest real time of significance is the lifetime
(30 to 40 years) of the fuel reprocessing plant.

Terminology of equations such as (B-1) and (B-2), and their counter-
parts for each unit of equipment of Fig. 1, has been modified in this
report to be suggestive of FORTRAN programing. This permits a close
identification with the computer programs that are used to solve the
mathematical model for the desired quantities. Calculation of these
quantities is based on numerical integration of two sets of 19 differential
equations, each set inwolvirg 27 flows, one radioactive-decay comstant, and
15 physical or chemical rate processes. The total-iodine inventory and its
rate of accumulation in unit K (Fig. 1) are symbolized by EN(K,1) and
DER(K,1), respectively, instead of the K and K , which would correspond
(with k = 1} to Eq. (B~1). The '?'I inventory and its rate of accumulation
in unit K are symbolized by ER(K,2) and DER(K,2), respectively, instead of
n and I.Ik, which would correspond to Eq. (B-2). Analytical descriptions of
time derivatives (DER) of inventories of iodine in the various units, with
L = 1,2, are given by Eqs. (1) to (19).

DER(1,L) = [Q0001(L)-T(1)]-(Q0102(L)+Q0103(L)] , )
DER(2,L) = [Q0102(L)+Q0402(L)+Q0502(L)+Q1202(L)

4+Q14602(L)-T(2) }-[Q0209(L)+Q0216(L)} , (2)
DER(3,L) = [Q0103(L)+Q1303(L)-T(3)]-[Q0304(L)+QG305(L)} , )
DER(4,L) = [Q0304(L)-T(4)]-[Q0402(L)+Q0409(L)] , 4)
DER(S5,L) = [Q0305(L)-T(5)1-[Q0502(L)+Q0506(L)+Q0507/L)], (5)
DER(6,L) = QOSO6(L)-T(6) , (6)
DER(7,L) = {Qn507(L)-T(7)}-[Q0713(L)4+Q0714(L)) , ¢)]
DER(8,L) = [Q1008(L)+Q1308(L)-T(8))-[Q0810(L)+Q0815(L)] , (8)
DER(9,L) = [Q0209(L)+Q0409(L)-T(9)])-[Q0910(L)+Q0919(L)]) , )
DER(10,L) = [Q0810(L)+Q0910(L)-T(10))~-[Q1008(L)+Q1011(L)] , (10)
DER(11,L) = [Q1011(L)-T(11))-Q1112(L) , 11)




DER(12,L) = [Q1112(L)-T(12)1-Q1202(L) , (12)
DER(13,L) = [Q0713(L)-T(13)]-{Q1303(L)+01308(L)] , (13)
DER(14,L) = [Q0714(L)-T(14)]-Q1402(L) , (14)
DER(15,L) = [QO81i5(L)-T(15)]-Q1S0E(L) , (15)
DER(16,L) = [Q0216(L)-T(16)]-Q160E(L) , (18)
DER(17,L) = QL50E(L)-T(17) , a7)
DER(18,L) = Q160E(L)-T(18) , and (18)
DER(19,L) = Q0919(L)-T(19) (19)

In these equations, T(K) corresponds to lnk of Eq. (B-2) and is defined

T(X) = EL*EN(K,2) , (20)

vhere

EL = the radioactive decay comstant, A, of '*'I (0.0861/day), and
EN(K,2) = the inventory of '2'I in unit K.

The two sets of 19 differential equations, Eqs. (1) to (13), of the
time-dependent model of iodine accumulation can be integrated when we specify
the initial inventory in each unit, the initial value of each flow, and a
method for evaluating the time dependence of these flows. In this report,
we have congsidered only a new plant in which all initial inventories are
zero and all initial flow rates are zero except those into unit 1, QOOOl(l)
and Q0001(2). The value of Q0001(1) is set equal to 1.0 (i.e., 1 day's
input/day), and the value of Q0001(2) is set equal to 1.0D-7* in accord
with previous discussions’ concerning the activity of '*'I in an LWR fuel
reprocessing plant, wherein the fuel is processed 160 days after discharge
from the reactor. The assumptions used to calculate the remaining two
sets of 26 flows and tre use of available experimental data are described
in the next section.

*The D refers to double precision., Thus, 1.0D-7 means 1. x 1077 in
double-precision calculations.



3. EXPERIMENTAL DATA AND ASSUMPTIONS CONCERNING FLOWS

Most of the available experimental informatiom pertaining to iodine
flow in process units shown in Fig. 1 are summarized in Table 1 as DFs,
as fractions (Al3 or AS1 and A52) of iodine flowing in one of two or three
possible directions, as the ratio of flows (Al, A3) in two possible dir-
ections, or as the fractional rate of recycle (due to sparging, purging,
or venting) of iodine from storage tanks (RECYCL and HLVENT). The values
of these variables are not knowm very accurately; in addition, all values
depend upon how a particular unit of process equipment is operated. For
example, the variable RECYCL will be as large as 0.00216 only if the
sparge or purge rate at the MLW storage tank, Fig. 1, is sufficiently low
so that iodine fa liquid and vapor phases is in thermodynamic equilibrium
and the equilibrium conditions correspond5 to an iodine egquilibrium con-
centration ratio [C(liq)/C(vap)] of 5000.

Each pair of equations, (1) to (19), contains terms for fodine enter-
ing a unit and fodine leaving a unit; in the case of units 17 and 18, each
the environment, and unit 19, containing permanently isolated iodine, only
1317 Jeaves the unit, by decay. The model of this report is based on the
assumption that the rate at which fodine (total, stable, or radioactive)
leaves a unit is proportional to the amount of fodine in the unit (more
specifically, the degree to which the unit is saturated with iodine). This

approach was used previously7 and is expressed as:
Total Flow of I, out of unit K = [Total Flow of I, into unit K - T(K)]
*EN(K,1)/ENMAX (K} . (21)
Here,
ENMAX(K) = the capacity of unit K for fodine.

To maintain consistency with the definition of EN(K,1), ENMAX(K) {s
expressed in units of days of fodine input to the plant. For example, the
graphite burner or voloxidizer unit 1 may have a capacity of a few hours
of input of iodine; that is, after a few hours of operation, iodine leaves

unit 1 as fast as it enters the unit, except for radioactive decay.



Table 1.

Experimental information used in analyzing the reference fuel reprocessing plant

Variable

Definition and value

Reference

Q0001(1)
Q0001 (2)

Al

DF2

Ad

Set, for conveunience, equal to 1.000 units of iodine input per day.

Set equal to 1.0D-7 times Q0001(1); that is, the mass flow of '’!1 will
be in the oxder of 1.0D-7 times the total-iodine flow.

This is the ratio, Q0102(L)/Q0103(L), of iodine that vaporizes in the
head-end step (unit 1 of Fig. 1) to that which remains in the fuel
particles. Vaporized iodine enters the off-gas system (unit 2) while
iodine remaining in the fuel flows to the dissolver (unit 3) and
becomes part of the more complex liquid stream (unit 5, etc.).

= 0.0 for an LWR fuel reprocessing plant not having'a voloxidizer
system.

= 0.6 approximately, for a voloxidizer unit applicable to Lw¢ ard
LMFBR fuel reproceasing planats.

= 0.67 approximately, for the graphite burner system of an HIGR
fuel reprocessing plant.

This is the DF of unit 2 (which might be Hg(NOjs)2-~HNOs solurion or
othe orimary iodine-removal unit] for a nonradiocactive iodine species.
It also is equal to [Q0209(L)+Q0216(L))/Q0216(L).

= 100. very conservatively, for Hg(NOs)2-HNOs solutions.
a 1000, conservatively, for the Iodox process.

This is the ratio [Q0304(L)/Q0305(L)], similar to Al, of iodine that
vaporizes in the dissolver (unit 3 of Fig. 1) to tlat which remains
in the liquid. Vaporized iodine flows to unit 4 while unvaporized

iodine flows to the solvent extraction system (unit 5) and remains

in the liquid system.

10
11

ot
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Table 1. (Continued)

Variable

Definition and value

Reference

DF4

AS52

DF?7

DF8

A91

= 9.0 (i.e., 90X vaporized to unit 4) for simple diasolving.
= 99, or 9%7.5 when iodine-evoluticn techniques are used.

This is the DF of unit 4, which may be the same as or different from
DF2. It is also equal to [Q0402(L)+Q0409(L)]/Q0402(L}.

This is the fraction, Q0502(L)/[Q0502(L)+Q0506(L)+Q0507(L)], of iodine
that is vaporized from the solvent extraction syatem (unit 5),

thereby reporting to the off-gas system. This parameter is not well
known.

= 0.04 in the calculations of this report.
This is the fraction, Q0506(L)/[Q0502(L)+Q0506(L)+Q0507(L)], of

iodine that flows to and remains in the solvent purification system
(unit 6). This parameter also is not well known.

= 0.06 in the calculations of this report.
This is the DF, [Q0713(L)+Q0714(L)]/Q0713(L), of unit 7, possibly

a high-level waste (HLW) evaporator system. This parameter is nnt
well defined.

= 3, in the calculations of this report.
This is the DF, [Q0810(L)+Q0815(L)}/Q0815(L), of unit 8, possibly an

iodine-removal partial evaporator. Efficiencies of evaporators depend
on many variables, but DF8 may not be large.

= 4.0 1in the calculations of this r¢port.
Tais is the fraction, Q0910(L)/[Q0910(L)+Q0919(L)], of iodine that

flows from unit 9 to unit 1C, thereby being recycled to the plant
rather than to the "permanent" fixation unit 19.

12
12,13

14



Table 1. (Continued)

Variable ' Definition and value

= 1, 41f no fixation is performed.
= 0. 4f all fodine from unit 9 goes to unit 19; but A91 must be greater
than 0. for purposes of computation.

DF10 This is the DF, [Ql008(L)+Q1011(L)]/Q1008(L), of unit 10, the MLW
evaporator. This parameter may be very large, depending on the design
and care of operation of the unic.

= 100. in the calculations of this report.
Al3 This is “he fraction, Q1303(L)/[Q1303(L)+Q1308(L)], of iodine leaving
unit 13, a nitric acid recovery system, that enters unit 3.
= 0.0 if iodine 1s not recycled t.c the dissolver aystem.
= <1,0 1if iodine is recycled, in recovered HNO3, to the dissolver.

R({=RECYCL) Fractional rate of recycle of iodine from the MLW storage tank.
<0.00216 .

ELVENT Fractional rate of recycle of ivdine from the HLW storage system.

14

Reference

[A |
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Equation (21) describes one of the assumptions that defines the
wodel of this report. A second assumption is that iodine remcval in each
equipwment unit (units 6 and 17 through 19 excepted since they are infinite
sinks) is described by the first-order kinetic Eq. (22):

S(K) = 1 - exp[-A(K)*T] , (22)

where

S(K) = EN(K,1)/ENMAX(K), the fraction of the capacity cf umit K
already used;
A(K) = the time constant for iodine retention in unit K (day !); and
T = time (days of reprocessing plant operation under the ideal
conditions of constant iodine input and the absence of any
flow disturbances). [This T should not be confused with
T(K) defined in Eq. (20).]

The assumption of first-order kimetics is made because of the absence
of experimental data on rates of reaction of iodine in the various units
of Fig. 1. It is recognized that this assumption is not accurate for all
units, particularly the silver zeolite bed of unit 16 and the ion exchange
bed of unit 15. Further discussion of reaction rates is included in Sect. 5.
However, regardless of how S(K) is calculated, it is used to evaluate flows
according to Eq. (21). as shown in detail in Appendix A.

Equatiocs (21) and (22) are writen to apply to torai iodine, BHowever,
an additiona'l assumption concerning the model is that cowplete isotopic
exchange cccurs in each of the 16 units (1-5, 7-16) of equipment of Fig. 1.
As a result of this assumption, Eqs. (21) and (22) slso apply to '3'I.

Such an assumption is nearly correct as it pertains to the flow of iodine
species from a fuel dissolver, the solvent extraction system, waste ctorage
tanks, distillation units, Hg(NO3;)2-HNO; scrubbers (used in units 2 and 4
at Barnwel]3), the Iodox systen,ll and some other possible components of a
fuel reprocessing plant. Assumptfon of complete exchange of molecular-
iodine species also probably applies to the flow of ivdine in and through
silver zeolite, as previously discuased;7 however, there is uncertaiﬁty

concerning the degree of exchange of iodine present in organic ifodides.
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The quantities A(KX) are actually calculated from the equation:
A(K) = fn 2./TENMAX(K) , (23)

vhere TENMAX(K) is a measure of iodine-retention time in unit K. Individual
values and definitions of TEMMAX(K) are given in Appendix B.

Two other specifications are used in the present model, namely, that
iodine flow from both the MLW aud ! ¥ storage systems, urits 11 and 14 of
Fig. 1, is controlled by reprocessing-plant operators iudependently of
flows into these units. In bdoth cases, the flow of iodine from the unmit
is szssumed to be proportional to the imnventory of iodine in the uni®.
This corresponds to a purge if there is flow, or to zero if there is no
purge.

Based on the definitions and specifications given above, the following
sequence of operations leads to determination of all flow rates.

1. Solve the five pairs (L = 1,2) of flcw equations, (24) to (28).

Q0103(L) = {10001(L)-T(1)]*s(1) , (28)
Q0102(L) = QO103(L)*Al , (25)
QLI12(L) = R*RU{IL,L) , (26)
Q1202(L) = Q1112(L)*S(12), and (27)
Q1402(L) = HLVENT*EN(14,1) . (28)

2. Solve the system of 18 simultaneous equations, expressed in matrix
form in Eq. (29), by numerical mthods.]'5 It should be noted that,
for brevity, S(K) and T(K) are expressed as SK and TK, and the sub-
script (L) has been omitted from flow terms in this equation. It
should also be noted that A91 occurs as 1/A91. To avoid numerical
‘difficulties, A91 should always be set to a value greater than 0.0,
even if 2311 the iodine reaching unit 9 is permanently fixed. In
this case, a value such as A91 = 1.0D-10 is effectively equivalent
to A91 = 0.0.

3. Solve the final three pairs of equations, (30) to (32).

Q0919(L) = Q0910(L)*(1-A91)/A91 , (30)
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QISO0E(L) = [Q0815(1.)-T(15)]*S(15), and (31)
QI60E(L) = [Q0216(L)-T(16)]*S(16) . (223

Following evaluation of flows according to Eqs. (24) through (32), the
two sets of 19 differential equations, (1) to (19), cen be integrated by

numerical methods. 16

The entire process f evaluating thr two sets of 26 flows and then
integrating the two sets of 19 differential equations by the methods out-
lined above requires less than (.1 sec per time step with the IBM 360/91
computer. In the present studies, initial time steps were 0.02 days and
were increased to 5 and 10 davs after 100 days or more of plant operation.
Computer execution time can be shortened V302 on che IBM 360/91 as described
in Appendix C. However, programs listed in Appendix C are based on Steps
1, 2, and 3 (above).

4. EXAMPLES OF CALCULATIONS

Examples of calculated relative flow rates, of plant RFs, of unit
DFs, of relative radioactivities, and of total iodine inventories are
shown in Figs. 2 to 12. The first five figures are for Case 1, which
corresponds to Case 2a of Finney et 31.4 and of Davis et 81.5 Case 1 of
this report differs from Case 1 of refs. 4 2and 5 by having an iodine-
removal ion exchanger (unit 15); in other aspects, it is the same as Case 1
of these references. For example, only 901 of the contained iodine is
vaporized from the dissolver solution, and iodine fixation is not employed.
Figures 2 and 3 contain plots of relative flows of iodine in some of the
liquid and gasborne streams during the first '.00 days of operatior.
of a plant initially containing no iodine. As expected, the flows all
increase; some of the flows attair constant values, correspouding to steady,
state conditions and to saturation of various units with iodine, while
" others continue to increase. The curves in these figures are determined
by the particular values of input parameters. Those values used to
. derive Figs. 2 to 6 are listed in Table 2 under Case 1. Two parameters,
namely TENMAX(11) and TENMAX(14), in this table require further comment
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Table 2. Values of parameters used in some case studies®

Value of parameter for Case
Parameter’ 1 -2¢ 38 4

Q0001(1)
Q0001(2)
Al

DF2

A3

DF4

A51

AS52

DF7

DF8

A91

DF10

Al3

RECYCL

HLVENT

Ty2

TENMAX (1)

TENMAX (2)

TENMAX (3)

TENMAY (4,

TENMAX (5)

TENMAX (6)D

TENMAX(7)

TERMAX (8)

TENMAX (9)

TENMAX (10)

TENMAX(11) 1

TENMAX (12) 4

TENMAX (13) 1

TENMAX (14) 1.
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2.0D+3

TENMAX (15)
TENMAX (16)

2.0D+3
2.0D+4

aBeyond Case 1, only changed parameters are shown. Each change applies
to all subsequent case calculations.

l"‘l‘El!lAJ((6) is actually not used in the model since unit 6 (solvent
purification) is assumed to be a permanent sink for iodine.

Ccas. ? corresponds to the discharge of 99.9%2 of the iodine collected
in unit 9 to unit 19, where the iodine is permanently isolated.

dCase 3 corresponds to in:reasing the capacities of units 15 and 16

until their time constants are 2000 days (5.5 years) and 20,000 days
(55 years), respectiveiy.

Ccase 4 corresponds to reducing rates of sparging HLW (unit 14) and
- MIN (unit 11) storage tanks and increasing capacity of unit 12.
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because of the very large value, 1.0D+6 days, assigned to them. By
assigning large values to these parameters, it is apparent that the
corresponding values A(11) and A(14) of Eq. (23) will be very small and,
therefore, that S(11) and S{14) of Eq. (22) will be vearly zero. Thus,
a large value of TENMAX(K) mathematically corresponds to a very large
capacity of a unit for retaining iodine, or to the escape of very little
fodine from the unit. The units of interest here are as follows: (1)
the MLW storage tank (unit 11), and (2) the HLW storage tank (unit 14).
There is nothing unique about the assignment of 1.0D+6 days of iodine
feed since any value greater than V1.0Z+ would adequately represeant a
very large iodine storage capacity. If the value of TEMMAX(14) is ir
the range of tens to hundreds of days, then unit 14 can be considered
equivalent to a HILW solidification system from which all contained iodine
is returned to the main process as flow Q1402.

Liquid and gasborne plant RFs for botlh total iodine and for nlI,
shown in Figs. 4 and 9, are defined as:

Rate at which element or nuclide enters the plant in
RF = the designated stream

Rate at which element or nuclide leaves the plant imn

the designated stream

. (33)

Unit DFs shown in Figs. 6, 8, 10, and 12 are defined for total iodine
and for '%!1 as:

Rate at which element or nuclide enters the unit

DF = Rate at which element or nuclide leaves the unit

. (34)

Many aspects of Figs. 2 to 6, Case 1, require minimal discussion
vhen the various curves are viewed in terms of Fig. 1. For example,
steady state flow of ifodine is achieved within less than 20 days of the
start-up of a new plant in the following streams (as expected from the
input data of Table 2): Q0102 and Q0103 from the graphite turmer or
voloxidizer; Q0305 from dissolver to solvent extraction system; Q0502,
Q0506, and Q0507 from the solvent extraction syster; and Q0713 and
Q0714 from the HLW evaporator. However, steady state is not achieved
for iodine flow from the MLW evaporator to the MLW storage tank, Q1011,
nor for iodine flows Q0209, Q0409, Q1112, Q1202, or Q1402.
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‘Plant RFs in Fig. & are defined as follows:
RF(L} = Q0103/Q150E ,

RF(v) = Q0102/Q16CE ,

RF(p) = (Q0102+Q0103)/(Q1S0E+Q160E) .

The subscripts £, v, and p correspond to liquid stream, gasborme stream,
and plant composite, respectively. Here, the subscripts 1 (for total
iodine) and 2 (for '3'I) have not been includel in the £lw terms for
brevity. With these definitions and with numerical examples, it is easy
to show that the value of RF(p) is less than the large. value of either
RF(L) and RF(v) but greater than the smaller of these.

Figures 4, 6, 8 to 10, and 12 show reversals of CFs and DFs for
1317 that are readily explained. As described in ref. 7, the DF for
1311 exceeds that for stable iodine and '2°I by an amount that depends
on the extent of isotopic exchange, the holdup time during which radio-
active decay can occur, the extent of iodine recyclz, and the sorber
operation time. In the present report, complete isotopic exchange has
been assumed. The ratio DF(’?!'I)/DF(equipment), where DF(equipaent)
applies to stable 1271 or to long~lived 1297, 1s shown for ome set of
conditions in Fig. 13 (taken from Fig. 6b of ref. 7). The parameters of
this two-unit system are shown in Fig. 13. As can be seen, the ratio
of DFs will be 1.0 only if the degree of isotopic exchange is 0.0; for
all values of fractional isotopic exchange greater than 0.0, there will
be an initial increase in the ratio DF(’3'I)/DF{ecuipment), followed by
a decrease. For the parameters used to obtain Fig. 13, the ratio ceases
to increase after V100 days. This figure is based on a constani. feed
rate of '3'I and stable iodine; the increase in the ratio of DFs
corresponds to the increase shown in Figs. 4, 6, 8 to 10, and 12 start-
ing after V10 days of operation of the model plant of this report.

The decrease in the RF or DF of !3'I that is shown for the first
10 days in Pigs. 4, 6, 8 to 10, and 12 does not appear in Fig. 13 be-
caugse of differences in initial flow conditions. Thus, Fig. 13 is based
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on a constant flow of !3'I and stable iodine into the system; by coantrast,
the flows of radiocactive and stable iodine into units 15 and 16 are
initially zero, but these flows increase rapidlv. The flow of stable
iodine to unit 15, Q0815(1), parallels that of Q0810(1), and the flow of
stable iodine to unit 16, Q0216(1), parallels that of Q0209(:) (Fig. 2).
Mathematically, the first reversals in Figs. 4, 6, 8 to 10, and 12 occur
as a result of the differences:

[Q0815(2)-T(15) ], from Eq. (A-28,

[Q0216(2)-T(16)], from Eq. (A-20) .

Initially, the terms Q0815(2) and QU216(2) of '’'I flow into wumnits 15
and 16 dominate the terms T(15) and T(16), which are the decay rates

Amys and Anj¢ of 2’1 in these units. However, as a result of isotopic
exchange and long holdup times, the terms T(15) and T(16) increase faster
than the flow terms Q0815(2) and Q0216(2). These changes lead tc re-

versals in DFs for '3'1.

The second reversals in the RFs and DFs of '’'T are due to a
reduction in the residual capacity (an approach to saturation) of umits
15 and 16. In an actual plant, these units would be replaced or they
might initially be considerably larger than those corresponding to Case 1
of thi;s report (Figs. 4 and 6). Such an increase is shown in Cases 3 and
4 (Figs. 10 and 12) wherein the variables TENMAX(15) and TENMX(16) were
increcred to 2000 days (5.5 years) and 20,C00 days (55 years), respectively.
This value for TENMAX(16) implies that the silver-exchanged zeoli’e unit
16 would not need to be replaced during the 30~ to 40-year life of the
fuel reprocessing plant.

The permanent removal of 99.9Z of the iodine reaching unit 9 by
discharge from u.its 2 and 4 through fixation in unit 19 produces a
significant increase in plant CFs, as shown by a comparison of Figs. 4
and 9. However, there are other important factors, such as the rates of

purging or sparging units 11 and 14. Thesge rates are reduced in Case 4.
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For the purpose of modelling the time-dependent flow of iodine
through a particular nuclear fuel reprocessing plant, it would be more
efficient to include only those equipment units actually coantained in
the plant. For example, the Barmwell plant does not contain units 1, 8,
and 15 of Fig. 1; hence, elimination of the equaticns for these units
would simplify the computer calculations. However, some equipment units
in Fig. 1 can be "deleted™ ‘in a process sense) by the appropriate choice
of time constants. For exa 2, units 8, 10, and 12 can be deleted by
decreasing their time comnstants (TENMX) to 0.01, 0.01, and 3 days,
respectively, from the values 5, 5, and 400 days used in generating the
Case 1 plots of Figs. 2 to 6. Gross reduction of a time coustant [e.g.,
reducing TERMAX(12) to 0.00i davs] can lead to numerical instabilities,
including the values of 1317 flows becoming negative after periods
corrzsponding to days or weeks of plant operation. This effect has not
been investigated in much detail; it is, however, associated with dif-
ferences between numbers being very close to 0.0,

5. DISCUSSION AND CONCLUSIONS

Many experimental data are needed in order to determine the time-
dependent flows and invertories of total fodine and '3'I 1n a fuel re-
processing plant. These include the 13 parameters listed in Table 1 and
rate constant to calculate the 15 fractions S(K) described by the first-
order time constants TENMAX(K) in Sect. 2.* All of these parameters are
needed if the fuel reprocessing plant actually contains all of the units
shown in Fig. 1. Excluding the values of Q0001(1) and Q0001(2), which
are well known, the parameters of Tsble 1 are probably uncertain by
factors ranging froa 1.25 to 10, or larger. Hence, numerical values
pertaining to the examples discussed in Sect. 4 are more qualitative than
quantitative. Overall, calculated total-iodine RFs, Fig. 4, are consistent
with those assumed or calculated in the steady state wmodels used in refs.
4 and 5. However, a few aspects do need further comment. First, plant

*TENBAX/6) is not actually used in model calculations because unit 6 is
considered to be a permanent sink for iodine.
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RFs for '*'I will exceed those for stable iodine by values in the range
of 10" (Fig. 4), including Case 1. Studies in which the capacities of
units 15 and 16 are increased to many years, perhaps as long as the life-
time of the plant (Cases 3 and 4), show that the DF value of '?!I will
exceed that of stable iodine by 10° or more. Such factors are considerably
higher than those used in refs. 4 and 5. Second, no studies described
here sre based on parameters that wouid lead to the "near zero” release
described by Yarbro, Harrington. and Jov;]J however, only a few of the
parameters listed in Tables 1 and 2 would need to be changed to produce
this near zero release. Changes that would be required are as follows:
(1) increase A3 from 9 to 99 or 99.5, corresponding to the evolution of
9% or 99.5% of iodine from the dissolver insrtead of the 902 used in all
studies reported here; (2) increase DF2 to 103 or 10%, corresponding to
the use cf the Iodox processn or to the operation of a Hg(NO;)2-HNO3
scrubber solution at a significantly higher efficiency than has been
assumed thus far;l.’5 (3) increase A91 to 10" or 10° from the value 103
used in this report, corresponding to the more complete discharge of
iodine from unit 9 for permanent isolation im unit 19. Finally, it should
be noted that the case studies reported here and modiZications that could
lead to still greater retention of fodine are all based on the assumption
that the process equipment containing iodine does not leak. Any fodine
léaking from process equipment would enter the cell-ventilation off-pas
equipment, thereby partially invalidating the model plant defined in

Fig. 1.

It is difficult to assess the accuracy of the assumption of first-
order kinetics, Eq. (22), as it applies to a process unit for ifodine
removal. The volumetric change in each unit due to iodine removs” (FPig. 1)
is so small that liquid and sol. phase processes may be consideres o
occur at constant volume. For example, an iodine flow7 of V10 g-atoms/day
in an LWR fuel reprocessing plant having a capacity of 5 metric tons (Pff)
of (uranium + plutonium) per day corresponds, &t a maximum concentration
of 300 g uranium/liter, to a maximm of 0.0005 ¥ I, or 0.00025 ¥ I.
Removal of all of tihis iodine would produce a trivial change in the
volume of the dissolver solution in unit 3 of Pig. 1. As a second
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example, sorption of iodine on a 262 silver-exchanged sodium zeoli.t:el8
will probably not exceed 25 to 50 mg of iodine per milliliter of zeolite
before the zeolite is replaced; this corresponds to less than a 1Z
change in the volume of the zeolite.

Without going into details, such 2s those found in ref. 19, the
nearly-constant-vclume process of iodine removal in each of the many
units of #n LWR fuel reprocessing plant would appear to be fairly
accurately represented by first-order kinetics. This comment applies to
the following potential process units: (1) a batch dissolver and (2) a
continuous dissolver, the solvent extraction system, or distillation
units wvhich nearly correspond to back-mix flow reactors. Sorption on
silver zeolite or om ion exchange resin are probably more accurately

represented by the jlug-flow processes.]'9

The present model of iodine transport and chemical reaction or
physical retention is capable of being accommodated to any ~xperimental
data that may be obtained in the future. For example, no difficulty
would be encountered if any, or all, of the rate processes were found
to require replacement of first-order kinetics by more complicated
processes. Each replacement of a first-order kinetic equation, as in
Eq. (22), would be simple from the standpoint of computer programming.
Su~h replacement would produce small changes in the curves of Figs. 2 to

12 but could not produce major changes.
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7. APPENDICES

APPENDIX A. EVALUATION OF IODINE FLOW RATES

As noted in Sect. 2, the model of this report is based on the
assuaptions that (1) each equipment unit through which iodine flows has a
definable maximm capacity (holdup) for i1odine and (2) the rate at which
iodine leaves the unit is proportional to the degree of saturation of this
maximum and to the rate at which iodine enters the unit. For unit 1, the
model therefore corresponds to:

DER(1,L) = [Q0001(1)-T(1)]*[1I-s(1)] , (A-1)
or to the equivalent form

Q0102(L)+Q0103(L) = [QO001(1)-T(1)]}*S(1) . (a-2)

In Table 1, the experimental datum Al provides the equation:

Q0102(L)-A1*Q0103(L) = 0 . (A-3)

From Eqs. (A-2) and (A-3) we thus obtain

Q0103(L) = [QO001(L)-T(1)]}*S(1)/(1+Al) , (A-4)
and from Eq. (A-3) we obtain

Q0102(L) = A1*Q0103(L) . (A-5)
Equations corresponding to other wunits are as follows;
Unit 2:

Q0209 (L)+Q0216(L)-Q0432 (L) *S(2) ~Q0502(L)*S(2) =

(Q0102(L)+Q1202(L)4+Q1402(L)~T(2) }*s(2) (A-6)
and
Q0209(L)+Q0216(L)*(1-DF2) = 0 . (A-7)
Unit 3:
Q0304 (L)+Q0305(L)-Q1303(L)*S(3) = [Q0103(L)-T(3)]}*s(3) (a-8)

and
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Q0304 (L)-Q0305(L)*A3 = O . (A-9)
Unit 4:

Q0402 (L)+Q0409(L)-Q0304 (L)*S(4) = -S(4)*T(4) (A-10)
and | |

Q0402 (L) *(DF4-1)-QO409(L) = O . (A-11)
Unit 5:

—Q0305 (L) *S(5)+Q0502 (L) +Q0506 (L)+Q0507 (L) = ~S(5)*T(5) , (A-12)

Q0502 (L) *(1-A51)-Q0506 (L) *A51-Q0507 (L)*A51 = O , (A-13)
and

-Q0502 (L) *A52+Q0506 (L) * (1-A52)-Q0507 (L)*A52 = 0 . (A-14)
Unit 6:

This is the solvent purification unit; the cquations refer to the
net accumulation of iodine. Thus, this unit i3 treated as a permanent
sink for fodine, which is lost only by radioactive decay.

Unit 7:

=Q0507 (L) *S(7)+Q0713(L)4+Q0714(L) = ~3(7)*T1(7) (A-15)
and

Q0713(L)*(DF7-1)-Q0714(L) = O . (A-16)
Unit 8:

Q0810(L)+Q0815(L)~-Q1008(L)*S(8)-Q1308(L)*S(8) = -S(8)*T(8) (A-17)
and

-Q0810(L)+Q0815(L)*(DF8-1) = 0 . , (A-18)
Unit 9:

-Q0209 (L) *S(9)-Q0409 (L) *S(9)+Q0910(L)+Q0919(L) = -S(9)*T(9) (A-19)
and

-Q0910(L)*(1-A91)+Q0919(L)*A91 = O . (A-20)
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Unit 10:

-Q0810(L)*S$(10)-Q0910(L)*S(10)+Q1008(L)+Q1011(L) = -S(10)*T(10) (A-21)
e Q1008(L)*(DF10-1)-Q1011(L) = O . (A-22)
Unit 11:

This is the MLW storage tank system. Iodine leaves this unit only if
it is purged, or sparged, at a rdte

Q1 12(1) = R*EN(11,L) , (A-23)

where R is the sparge rate in units of day ! and EN(11,L) is the inventory
of component L 1in unit 11.

Unit 12:

Q1202(L) = [Q1112(L)-T(12)]*S(12)

= [R*EN(11,L)-T(12)]*S(12) . (A-24)
Unit 13:
-Q0713(1.) *#S(13)+Q1303(L)+Q1308(L) = -S(13)*T(13) (A-25)
and
Q1303(L)*(A13-1)4Q1308(L)*A13 = 0 . (A-26)
Unit 14:

This is a permanent HLW storage system that is vented to the off-gas
system. The rate of venting is considered to be operator-controlled

according to
Q1302(L) = HLVENTZEN(14,L) , (A-27)

where HLVENT is a vent rate (similar to R), in units of day !, and EN(14,L)
is the inventory of component L in unit 14.

Unic 15:
Q1SOE(L) = [Q0815(L)-T(15)1*S(15) . (A-28)
Unit 16:

Q160E(L) = [Q0216(L)-T(16)])*S(16) . (A-29)
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Unit 17:

This is the environment, which receives iodine due to the vaporization
of iodine-containing excess water from the plant. This is a permanent sink
for iodine, which i- lost ouly by radiocactive decay.

Unit 18:

This is the envirorment, which receives iodine from the off-gas system.
This, also, is a permanent sink for iodine, which is lost only by radioactive
decay.

Unit 19:

This is a permanent sink corresponding to any method of parmanent
removal of iodine from the system.

Equations (A-4), (A-5), (A-23), (A-24), and (A-27) can be solved for
values of Q0102(L), Q0103(L), Q1202(L), and Q1402(L,. These four flow
rates plus Q0001(L) are then used in the 18 by 18 matrix Eq. (29) to solve
for Q0209(L), Q0216(L), Q0304(L), QO305(L), Q0402(L), Q0469(L), Q0502(L),
Q0506(L), Q0507(L), Q0713(L), Q0714(L), QO810(L), Q0815(L), Q0910(L),
Q1008(L), Q1011(L), Q1303(L), and Q1308(L). Three of these 18 flow rates,
nasely Q0815(L), Q0216(L), and Q0910(L), are then used to solve for the
three remaining flows Q150E(L), Q160E(L), and Q0919(L).
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APPENDIX B. DEFINITIONS AND VALUES OF PARAMETERS

The values of TENMAX(K) defined in this report are mot the same as
those that would normally be determined in laboratory experiments. In
the latter, a constant flow of ifodine in a liquid or gas stream would be
used to introduce this element into some type of sorber; in a fuel
reprocessing plant, this inlet flcw would continually increase until the
preceding unit(s) was(were) saturated with iodine. Thus, for exasple,
the constant used for the iodinme-sorber umit 2 (Fig. 1) will be influenced
by the buildup of iodine in units 1, 4, 5, 12, and 14. Individual values
of TENMAX(K) are described as follows.

TENMAX(1) = the holdup-time constant of iodine in a head-end voloxidizer
or grapnite burmner. It is presumed to be on the order of
a few hours, or M0.1 days, in units consistent with those

used in this report.

TENMAX(2) = the holdup-time constant of iodine in the primary iodine
sorber in the off-gas system. If unit 2 is a Hg(NO;)3-HNO;
scrubber and if this solution is continuously partially
replaced, then the equivalent holdup time may be V1 week.
Concentrated nitric acid of the Iodox process11 or an
efficient metal-exchanged zeolite might provide holdup times
significantly longer.

TENMAX(3) = the holdup-time constant of iodine in the unit in which
U0z, Pu02, ThO2, etc., of the nuclear fuel, are dissolved.

This time is in the order of a few tenths of a day.

TENMAX(4) = the holdup-time constant of iodine in any iodine-retention
unit in the dissolver off-gas stream. This may be as long
as 8 days if a Hg(NO;)2-HNO; scrubber solution is used and
as short as 0.01 days if no such unit is used.

TENMAX(5) = the holdup-time constant of iodine in the solvent extraction
system. This is probably in the order of a few tenths to
0.5 days.
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TENMAX(6) = the holdup-time constant of iodine in the solvent recovery
(repurification) system. Iodine arriving at this umit,
wvhich may be a Nay;C0;-Ra0H scrubber-washer systea, is not
expected to return to the solvent extraction system. For
this reason, there is no flow from unit 6 [see Fig. 1 ard
Eq. (6)], and TENMAX(6) is not actually used in the model;
it is assigned a nonzero value, such as 1.D+6 days, for

convenience.

TENMAX(7) the holdup-time constant of iodine in a HLW aqueous waste

evaporator. This is presumed to be 1 to 3 days.

TENMAX (8)

the holdup-time constant of iodine in the iodine-removal
partial evaporator. It is considered to require a small
number of days to approach steady state operation.

TENMAX(9) the holdup-time constant of iodine in what may be a
neutralization unit from which fodine may be discharged
for permanent isolation. The retention time will probably

be only a few days.

TENMAX (10) the holdup-time constant of iodine in the MIW evaporator.
If such a unit is used, the time constant may be on the

order of a few days.

TENMAX(11) = the holdup-time constant of iodine in the MLW storage tank.
The holdup-time is assumed to be very long and set equal
to 1.D4+6 days in this study.

TENMAX(12) the holdup-time constant of iodine in any unit through which
gnarge gas from the MIW storage tank passes before reaching
the off-gas system. This time will be short (0.01 to 1 day)
if no such unit is used and may range from many days io many

years if, for example, a silver-exchanged zeolite is used.

TERMAX (13) the holdup-time constant of iodine in the nitric-~acid

recovery system. This will be on the order of a few days.



TENMAX(14) =

TENMAX(15) =

TNMAX(16) =
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the holdup-time constant of iodine in the HLW storage
systea (probably very long unless this system is comsidered
to include waste solidification). A value of 1.D+6 is used
in this study.

the holdup-time constant of fodine in the iodine-removal
ion exchange. This constant will range from hundreds of
days to many years wvhen such 2 unit is used.

the holdup-time constant of iodine in the silver-exchanged
zeolite of the off-gas system. It will range from hundreds
of days to many years.
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APPENDIX C. DSCOMPOSITION OF MATRIX EQUATION (29)

The matrix Eq. (29) can be decomposed into a 9 by 9, a &4 by 4, and
& 5 by 5 matrix, shown in Egs. (C-1) to (C-3). To take advantage of this
decomposition, these equations must be solved in the order listed since
flows Q0304 and Q0502 determined in Eq. (C-1) are used in Eq. (C-2); fiow
Q1308 from Eq. (C-1) and flows Q0209 and Q0409 from Eq. (C-2) are used in
Eq. (C-3). Several time checks show that a computer program based on
solving these three smaller matrices executes and prints V“30% faster than
a program based on the 18 by 18 matrix of Eq. (29). However, the program
listed in this appendix is based on Eq. (29).

Samples of calculations showm in Figs. 2 to 12 pe.tain to an initially
"aev” plant; that is, one not exposed to iodine before the zero time of
these plots. The computer programs are not so restricted; instead,
SUBROUTINE FRP requires that initial inventories bde provided as input.

All input values of initial inventories were set to zero in this example.
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NEWN

102

182
152

202

COaBOU/TA FES/UTIV, FT00, BTHP, FTTOC
STIB « 9

e = &

e s 7

srrac «» 26

CALL LISTIT (0S5, BTOC,5TIN)

SEOIND STIB

CALL TBP

TP 1387

ike

SETISE I (1IN, 23, 220)
IGPLICIT SRAL™S (A-E,0-T}
MINESSIOB ES(19,2), DER(19,2)
SINRESTOS PATIO (19

BIEEBSIOS CEXIT (%,2)

COREDB/BECAYV/R Y, A), ASY, 252, AOY, AV), BP2, BDPS, BI7, P8,
1 8Pie, L, RMAI(Y6), ELVEFY, QRATIO, RATIO(I®),

CICL, TPORX

CORNOB/LCORIAALARDA(16), C(16), S(16),

(29

COREOB/RATRIZ /A (10,18), SA(10,18), 9(18,]), X(¥0.D)
CONEDE/00CAN0, J0001(2), QOWI (), QOV03(D), Q209 42), Q0236 (2),

QYR Q2), GWOE(D)
DATA OWE/1.080/

Q0308 ¢2), QUINS (D), QON82(D), UGN (D, QUS82(D).
00506 (1), QEIET (D), 0BTII), QIR 2), QO WQ),
QO8I (2), QMO N, QOVIN(D), QIONN (D, QWII(D),
QIN2(), QN2 (2). AVIVID), NVVA D). OWRO2(D).

CALCULATION OF THE KIURTIC PACTOPS, S (I), COES ERERR, wEDRl
S() = FPACIION OF A BPTIS CAPACITY TO SORD [ODINE THAT MAS

ALDRADY BEPF OSED.

0 W21~ 3,1
IP (I .CY. ¥6) GO TO 92
IP (S¢I) -RQ. OP) €O 12 02

S@) = CBE - PLIP(- ALANA(NL) ° TIAE)

T = 8”& * I8(1,2)
COSTI T

E8D CALCULATION OF S{I)

bo 302 F * V,2

QEXTIT(I, M) = (UOGBTI(K) - T(T)) = S(V)

Qe103(X) = QEXIT 1 ,H) * C(V)
QOV102(X) = Q0103 (K} = A9
QIV112(K) = RECYCL « 2§ (W1, K)

Q1202(K) = QVII2(K) * S(12)
QWO2(¥) = ELVEIT = TH(W,K)
pO 152 I = 1,18

00 1823 = 1,18

A(Id) = SA(I)

comt1pee

8({1,Kk) = 0.0
cosTImE
A2, = - S(D
[ X7 ] = - $(2)
AS, 1 = -~ S5(})
A5, =~ 3
A (9,8 =~ $(%)
A30,9 = - S(7)
A(13,15) = - S
A(13,58) = - S(0)
AQIn, 5 = - (9
AQ18,8) = - S(9)
A(15,12) = - S(10)
A(1S,I8) = - S{10)
A(17,90) = - S(V9)
s@,x =
LN = mmm -~ T0N) * 5(»
B{S,K) = - S(8) = 7(¥)
3(.x) =-S(5) * T(5)
0(10,%) = - S(7) * T(7)
(13, M = - S(M) * T(H)
B(18,K) = -~ S(9) * T(9)
BIS,K) = - S{0) * TEIy
B(17,K) = - S(13) = T(1})
CALL BWATEG (A, B(V,K), 18, 1, 19)

00 2129 = 1,18
X(3,X) = 94d.0)

coBTINE

Q0209(F) = B(1,K)
QO2156(F) = 8(2,K)
Q0108 (K) = 8(3,%)
0030S(K) = B(8,K)

(00 Y02(X; » QI202(X) » QINO2(K) - T{2)) ~ S{2)
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aose2ex) = 3(%.0)
oWmeOE) -~ 85,0
Q8502¢x) = 8(7.0)
Q3 ) = (0. )
) = 519, M)
QWIE) = W,
QeTIRE) = (11,0
QMeE) = (12,0
oMIIE]) =~ (I, 0
QOEE) = B(W,N)
QEIE) = QIO * (WM(V14,18) - D)
QWN(E) » 13,0
QWIIIE) = §(%,.0
QVOIE) = (17,0
QUINIE) = ¥(W,N
QBIR) = (OSIS(X) - TIISY) ° (V%)

QNBE) = (QI2WM - T(%)) * 3(16)
832  SEx{1,K) = (00801 (K) -~ T(V)) ° (WK - (W)
PERIZ,E) = (QON2(K) ¢ JIMA(X) * QOSO2(M) + QINICW) o

gra2(X) - T(2]1) ~ (o8L - S(N)
PER(3,8) = (GO103(K) * QVII(K) -~ T(H) ® (WX - S({W)
SER{N,K) = (ERNS{) - 7(%)) * (OS2 - S(V))
I3 (3,8) = (BWI(E) - T(S)) ~ {(09L - S(N)
sERES,2) = géseem - 1(6)
mM(7,E) = (WSO X) - P(7)) * (OBF - S(M)
DB I,E) = (QI00U(X) ¢+ QIIMM(K) - T(B)) * (O - S(W)
PER(I,K) = (QR209(X) o JORGV(X) - T(9)) * COBR - 3(¥))
BEI(10, M) = (CREW(K) + JOIW(N) - T(I0)) * OBE - S{W))
P11, 5) = L) - T(IN) - NI
BER(I2, B = QVNI2(K) -~ T(12) - 9V2€2(D
PER(II, B} = (BTVIE) - T = (OFE -~ (M)
P (I8, 0) » QEPIR(E) - T(VN) - JIM2¢K)
SER (13, M) = (PO (K) - T{IN) = (INR - $(1Y))
PR, ) = (QOIWE) - T('Q) ° (IPE - 5(16))
E (17, |} - QTSORQ) - T('N)
PRI, E) > QWOE(E) - T('Y)
PM(IS, K) = QOO TN(E) - T(VY)
362 cowTIPeE
mr|ms
[

SEBUITSE PRP

ISPLICIT REML*0 fA-R,0-1)

DINERSIOD CIPIC (V6)

PINENSION PEIT(M)

PINRUSION EF(19,2), RV (19,2], EFRATD (250,19)

PINEPSION WL(50), FS(Y9)

IMENSION Q(250,28)

PIRENSION 2(250,28)

PINRISTOP ST{290), SUBRN (150), SPme)1 (254)

PINENSION TEBEAX(Y6)

MIBINSION Y(39), YY (250,10

COBROB/DRCATI/ZAY, A, ASY, AS2, 893, Al), DP2, OFe, DFY, OPS,

] o710, TL, TMAX(Y6), NLYEFT, QRATIO, BATIO(20),

2 IKYCL, IMKX

CORNDB/LBCORY/ALARDI(V6), €(16), S(V6), T(2®

CONME/SATRIE/R (10,100, SA(10,10), B(V0, ), (9. D)

COBNDI/00CO0C/Q0001(2) , Q0102@@), QO103(2), Q0209 (2), QO216 (),
QIR 2), QOIS D), QOR02(D), O], oosozm.
Q8506(2) ., Q9507 02), Q8713 (21, 26718 (1, Q8810
Q0815 (2), QE910¢2), QE9NV(D, QYN (D), onnm.
Qv un ., a2z, o'ulm. 100 (), QUB02(D),
QISeR(2), ¢

COREDON/TAPES/P1 80,00, RTTOC

COBRDD/UBITI /OFY (250,2), OP12(250,2), DF13(250,2), PP1%(250,2),

] Br1&(250, D)

REALSS CAPAC, DF9, PPI2, SETM, DF1S, DPVG, ZERATO, Q, P

SZALSs ST, SRRV, SRRV, TEL, TEXP, TERIP, 1T

EQUIVALESCE (BB (Y, %), Y ()

EXTEROSL EQOA

N

TRIS PROGRAR APALYZIES THE FLOYS OF I00INE ISOTOPES LD A PUCLEAR-
TURL SEPROCESSING PLAWT TEMT WAS A NEAD-EWO TBRATHONT, SWCNH AS
YOLOL {RATION TOB L¥) AUD LAPOS PUFLS OF DURSYBEG rci ETeR FOELS,
FLUS SOLYEWT EXTRACTION AFD SASTZ-STREAG-NASOLITG 28ICRSSES
SINILAY 16 TROSE AT THE PARSWELL PLAWY OF 3353,

4 s { gErEes 10 TOMmL footee
= 2 BYRRS 10 1-1)%
Q0001 (1) « PALE OF PFLOW IFTO OBI(T 1
$0102 (1) = RATE OF PLOW P%OM MWIT 7 ToO ONIT 2
90103 (1) = BATE OF FLCD FPOR OBIT 3 7O UPIT )
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QU I02¢1) ~ Q0103 (M)
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9. (APRROT) IR BGPEAL OPERATIOPS

199. (APFROT) SNEN ICDINE EVOLUTION IS OSED

Q582(8) 7 (Q0S02(T) + QU506 (1) + 20507 (T))
PRACTIOR OF IODINE LEAVING THE SOLVEST EXTRACTION
SYSTER TAAT PEFORTS TO TBE OPF-GAS {PNTLY AS
OFGABIC 10DIDES)

Q0506 (1) 7 (W0502(1) + QU506 (1) + QOSOT(Y))
PEACTION OF TODIFE LEAVING TNE SOLVENT EXTRACTION
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Q0910 (1) / (Q0910(1) + QO0%19(1))

PRACTIOF 0P IODIN? LEAVING TBE IODIDE-COLLECTION
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Q1303 (1) / (Q1303(1) » g1300(1))
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(QO7T13(T) » QOTIAEY} 7 QO7II(1)
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(Q081n (1) » QOBT5(1)) / QO8YS(T)

DQOIPALST DF ACROSS TAR IODINE~REAGYAL PARTIAL
ZVAPORATOR

L B

101008 (1) + Q1011(1)) / QINOS(T)
PQUIPAENT OF ACROSS THE RISCELLAWZOOS LIQOLID
WASTZ EYAPORATOR

#OLOUP TIAE IF OUNST I3, DAYS

rm

ORRIV (2N (1,7)) / DT
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[ 3]
53
(3]

5

17

2 = DIRIV (RE(Z. M)} / DT

Q) = BROIV (EN(3. %), 7/ OT

'8 = BERIV (EB(1,2)) / OT

rom = MBIV (EB(2,2)) 7 DY

e = DERIV (EN(3, D)) / OT

" = M(1,7) *© ELINESTAL TOTAL I¥ O9IT 1
Q) s EB{2,1) © ELENESTAL TOTAL IN W§ET 2
o = M{3,1) °* ZLMSETAL TOTAL L6 %9IT 3
6 s ER(1,2) ° SHORT-LIVED ISOTOPE IS UBIT 1
"N = M,2) * SNORT-LIVED ISOTORE IN WSIT 2
T8 = MmM{,2) * SECRT-LIVED ISOTOPE IM UNIT )
CALL INISBL

UROXES = 16

om = 1.008

RIAD (NI, 9001)
BEAD (I, 9011)
RIAD (DY, 9051)
ir P2 -

mp (81, 9051)
BAD (NI, 9051)
READ (BI, 9951)
B (B], 9951}
EEAD (VI, 9951)

MCURC, DRL, THAR, WP

53PS, TIARS, (BS{I), DELT(I), I = 1,B$86)
w2, oIS, W7, PP, DPFVO

we1, W1, 61

M, 13, a8y, A52, A91, AV)

WAPLIF, BLVENT, QSATIO, RECYCL
IRBSAX{I), I = 1, BROXES)

@y, 1), 2 = 1,19

arey,2), 3= 1,19

RL = DLOG (2.080) / WAPLIF
G\1) = OBE / (OFE * Al)

L= 1

LoeER » 1
LUPPER = BS({l)
0WoI(N = ek

Q0001 (2) = QRATIO * Q0001 (1)
RCEP * OFL / QBATIO

" = 0.0
TRes L

TEIF * QRATIC / fL

B0 1511 = 1,19
() =90,
(1N = EWI. D

ConTISNE

SA(1,2) = OBE - BP2
sa(2,1) s=om
SAf3. % = - A}
SA(S,3) e oS
SA{S,6) =gmE
SA(6,5) = DPY - ot
SA(6,6) = - ONE
sa(7,7) = OFE - ASY
SA(7.8) =~ AST
SA(7,9) = - ASY
SA(8,7) = - AS2
SA(0,0) = OWEZ - AS2
SA(0," = - A%2
SA(9,7) =ofE
SA(9,9) = ONE
SA(1C,11) = oMt
SA(11,10) = DP7 - OFE
$3{11,17) = - oy
SA(12,12) = - OBR
SA(12,13) = DPS - OBE
SA(13,12) = OOt
SA(1,18) = O / M99
SA(15,16) = OBE
SA(¥,15) = DPIO - OBE
SA(16,16) = - OE
SA(17,19) = oM
SA(1,17) = A1} - OFE
SA(19,18) = A1

DO 171 1 = 1,5B0XES
ALARDA (I) = DLOG(2.000) / TEREAX(I)
~ATIO(I) = QRATIO

COBTI NOR

RATIO (17) = QOATIO
RATIO(18) = QBATIO
RATIO (1) = QRATIO
201 po 301 J = LOoWE, tOPPRR

0= T

TV« T1 & DRLT(L)
CALL ROTIA(TC, 19, T, WEZ, DFL, ACCURC, IAAY, QUM

oP9(I, ) & (QD209(T) » GOBOOI (1)} / QO9IO(T)
DI, 2 = (00209(2) » QORO9(2)) / Q0910(2)
DrI2¢3, 1) = Q11912(1) , @1202(V)
DF12(3,2) = Q1192(2) /7 91202(2)
DPIN(I, 7) = QO718(1) , QIa02(N)
DP18(3,2) = QOT18(2) s Q1802(2)
DPIS(Z, 1) = QORIS(Y) , 0150%(H)
DS (S, 2) = 00015¢2) , CI150%(2)
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G, 1) = QE2W{1) / QWEOER(T)
P, D = QO2%W(D s Qr60E(N
QiI,1) = cO8OI(Y)
GU.2) = QIve2(nH
aW.3) = ge103 (i)
QU.% = Q8283 (M
Q082,33 = 002W 11}
Q3.6 = gadta())
oP.7) = Qel3esy)
Q. B = ge802(N)
QE. M = gmsesy)
- 93, = gase2(M
Q43,1%) = Q9586 (V)
Q.1 = geSeTIN
QW ¥ = g7VI(Y)
AP .18 = Q7Y
9E.15) = Qo8 (1)
CE.16) = Qa8I15(Y)
0$3, 1N = Q998 (Y
AU, 15 = 99%1%({Y
QW19 = g6l (1)
QP ,20) = gOINN
QEr,27) = Q1112(¢Y)
eW,22 = gr202(N
QW23 = Q1303 Y)
QU,2% = grieeyn
Q4,25 = gwez(y)
Q3,260 = QIS0R(M)
Q2,27 = QIBBR(Y)
243,97 = Q000N (D)
RH,2) = QON02(2,
BRI, = Q003 1Y
R§J.08) = Q0209 D)
20.5 = Q2% L

I, IR = GOANE (D)
03,12 = E5OT )
83,1 = 08713 (D)
1¢3,18) = QTN ()
8¢, 15 = QIR (D)
R§I,16) = Q0815 (2)

RJ,200 = QO Q2)

63,.2%) = @V192(D)

2&3,22) = Q1202¢2)

103,29 = @Q1303())

243,28) = Q1308 (2)

243, 29) = QI802(D)

143,26) = QI50R(2)

83,27 = Q160E(D)

ST = M

SUREN(I) = 0.0

SERPEIT(I) = 0.0

80 2351 3 = 1,19
SEEEW (J) = SOREN(J) ¢ RW(N,H)
SEREIVEN] = SERR3IN(T) ¢ ER(II,D)
I @ EN) 221, 229, 31

221 PATIO (35) = QPATIO

80 20 291
M IATTO W) = EPLII,2) s EP WL}
an CTURATO(I, JJ) = RATIO(IN) * PECIP

257 cosTimet
PO 28y JL = 1,30
17(J,31) = T{JIL)
8% contimge
301 COWTINOB
IF & - §SIG) 311, A01, BO1
INMNL=L s
LONER = LORPPR ¢ ¥
LOPPER = LOPPER ¢ US(L)
Ir G OPPED .LE. 2530} GO TO 201
801 CoOuTINOR
CALL OSTPPT@BRATO, Q, K, ST, SUREW, SONE3Y, YY, TFL, TEZP,
A LO0PPER, ML)
CALLl PLOTIZ (ENPATO, Q, B, ST, 'Y, LOPPERM
60 T0 8%
1001 "RITF (90,9101}
9001 roRm*T (2110.0, 21%)
9011 PORUAT (5 (1%, £10.0))
9051 70REAT (8210.0)
10V PORMAT (ID1)
PETORY



SEBBOUTISE IPISH
INLICIT PEAL®® (3-8,0-1)
CONROB/LECOR/ALARGA (16) ., (16, S(16), T(2®)
CORSER/RMATRIT/ZA (18,19, SA{16,18), B(18,2), X(10, D)
CORBOR/00CCOR/Q (59)
oz = 1,000
20 M3 X = 1.5
oq) = 0.
193 CoRTI N
B0 %23 1 = 3,16
s@) = 0.
12) COUTINR
20 N3 X = 1,18
50 133 3= 1,18
SA(E. ) = 0.
133 cosTINNR
(L, = 0O,

183 cosTIE

SERBOUTINE OUTPET (EFBATO, 2, ¥, ST, SUNEE, SEERII, YY, TIL, TEIP,
] Lerres, SL)
MINEZISION EFRATO(256,19)
DIWESSIOS SL(58)
PIREESION Q259,10
PINEDSION §(250,20)
DINEBSION ST(25%y
PINEUSION SUEES (258), SSRLI1ITSH)
PIRENSION TYY (250, 19)
CORSOS/TAPRS/SY 5O, ¥P, STTOC
I = LePRR / SO
JoP = W ° WP
IP (JUP - LCPPRE) 811, 821, SN
81V IOP = O o
&2 1P = TOP -
BL(IVP) « LOPPER - 10PY * SO
IP (TP -LE. 1) GO TO 88}
PO 831 LK = 1,I9PY
sL(lE) = 58
831 coBTIVOR
889 911 = - 89
2 =0
o0 %6V I = 1, IOP
SRITE (WD,9101)
SELTE (PO,9801)
SEXTE (PO, 9851
JLY = J1Y » SO
JL2 = JL2 ¢+ BL(D)
b0 851 & = JLY, JL2
URITE (90,301} ST(M, (QM.AM, MR = 1,10)
857 conrIvet
861 contIvEER
LY » - 89
L2 =0
00O %Y T =9, 100
SRITE (FO,9100)
SNITE (90,9811)
PEITE (BO,9851)
JLY = J1V + 50
JL2 = JL2 * WL(D)
DO &6V A = JLY, JL2
SRITE (BD,9907) ST(M), (QM,AM, WA = $1,20)
as1  cosrIsel
501 COBTINDER
JLY = - 8%
Lz = 0
00 529 1 = 1, I0P
"RITE (90,910 7%)
YRI TR (BO,9821)
SIITE (90,9857)
JLY = JL1 ¢ SO
JL2 » JL2 & BL(D)
00 STV B = JLY, JI2
WRITE (BO,9901) ST(M, (QM,AM, 88 = 21,27
5¢1 costINoR
$21 cowTiwoe
It = - 89
2= 0
DO %% I =3, 1OP
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SHETE (W0,%101)

oRITE (D, 9% M)

YIRTE {90,935Y)

Jiy = 3LV + S5O

JI2 = J12 » BL{Y)

0 3 E =Ny N2

SEITE {90,3931) S (6), {*@,.08, "™ = 1,0

55 CauTINGE
56 Con1x M8

Jil s - &9

N2 =90

WBII= I 1IN
SKITR (90,970 0)
UKITR (BD,987H)
IRITR (PO, %35 1)

JLY = JLY & SO
312 * JI2 & BLID)
80 S8 & e 1Y, 12
SRITE (P0,9901) ST(N), (RT@m.BW, BB =» V1,20
561 CORTIFEE
60 ConTY DS

Jil s -89

Ji2 = @

MeE2V1 = 1, IW
ORETR (90,910 1)
WRITR (DO,208 1)
TR (0,93 )

JLY = JLY » SC
JI2 = 12 * BL(I)
20 611 3= LY, L2
SRITE (WD,%98%) 3T(E), (BQN, BN, BB =« 21,27)
an CouTINNE
621 ConTy R

Jit s ~ 89

=0

DG 7271 = 1, 1IOP
WAL TE (PO,9%1)
YRITE {PD,958 %
IR (B0,9511)
TRITE (BO,905D)

JLt = J1V + 58
JLZ2 = JL2 » BL{Y)
20 7% B = JLY, 12
SRITE (W0,9901) 3T %), {ETMATO(R, B, AR = 1,10)
m couTINR
729 CoBTINWE

JLl = -~ &9

J2 =0

D0 wt I =1, IOP
SRITE (BO,%9%00)
SRETE (90,95071)
*pITt (90,9520
PRITE (9D,%9857)

JLY = JLY » SO
JI2 = JI2 ¢ ¥L()I)
90 N R =LY, N2
¥2ITE (PO,9901) ST(N), (EBPATO(N, BN), RN = 11,19}
™ cosTINE
T3 CONTIIR

JL) = - B9

Ji2 = 0

DO G2V X = 1, IW
SRITE (RO,%2101)
RITE (0O,960T)
YRITE (DO,9511)
ePETY (00,905 1)

JLY = JIT o 56
J12 = JL2 » WY}
po 6f! N = JLE, IL2
OBITE (PO,9907) ST(M, (YY(A.PR), AW = 1,10}
()] cCouTImOR
821 comrINGE

JILY = -~ B9

JL2 = 0

MO MI I =9, 10P
OPITE (90,9100
WTTE (00,960))
*PITE (W0,9%21)
WRITE (D0,93S1)
I8 » JLY » S0
JI2 * JL2 » WL(Y)
PO 831 A = %, J12

WRITE (DO,9901) ST(R), (YY({",AM), %4 =« 11,19), SOREN(N)
[ 3] conrIe:
987 CONTI WOB

JL1 = « 89

J2 = 0

DO BT X = 1, 10P



57

SIITE (PO,9W0H
SHITE (90,%611)
oIt (90,951
SHTE (W,%31)
JEt = JLY » 50
Ji2 = 3i2 ¢ BL(D)
90 851 B = WY, J12
SEITE (30,9901) ST(N), (TY(R, B, BN = 20,29)
31 coeTINNR
967 COBTIVEG
JLt = - &9
Jiz = ®
50 901V X * 3, IOP
ST (B0,9901)
SHITE (9610
SHITE (80,93527)
eRITE (PO,9050
358 = 311 » 59
Ji2 = JL2 * PL(D)
80 87V 0 = JLY, J12
TEXP = TREP ® (1.0 - EEP(- TEL * ST(H))
ABATIC = SUERIV(M) / TEXP
FRITE (BD,9907) 3T (), (IY(R,M), = 30,39, AMATDDY
97; COWTINE

891 CONTI DOR

9107 PORBAT (12D

%9%eY FemT (* e Qee0 T (1) Q0 1Ye2(N) Q003¢1) Q0289 (Y
)] W214¢n Qees (1) w®IeS(N J0002(N Qea09(") [
»eun N

211 POBMAT (° iee Q0506 (N QeSe(Y) 0013(Y [ 2ALTR)
n QeeIe(n QeeIsS(Y) ae9e(l) QeI Q108 (V) [
nnyun ‘'

9827 PORBAT (° TINR ANy QI202¢( M) Q1383¢1) 21300(*
1) QI 2(N QIseE(N) Qlsee(y)
z [ ]

9851 PORBAT (° mTs N

9867 POBRAT (° nm [ 117 0 W2 Q003(2) Qe289(2
%) W21e( Qo3es () @3e5(n 00802(D Q8889 (D) [}
neuUD N

9871 PORMAT (° TIEE Q9306 (D) S0 (D) FLARTT QOTa(2

1) [ addnl ] QeeIS(n Q9910() 0919 () Qte08 (2 Q
20 N
958 PORBAT (* TR QIN2(D Qr92(n Q1383(2) atden2
" Q102( 03502 (2) Q1s0e(2)
L]

2
9501 PORBAT (° BRLATIVE RAPIDACTIVITY = SPECIPIC ACTIVITY AT STATED
198IT / SPECIFIC ACTIVITY OF IWLET IODINE

z L)

9517 PORSAT (° 88 ueIT owIr 2 omIT 3 oslT &
1 oIT S UBIT ¢ miT 7 osIT ¢ wIT 9
1T 0 '

9521 POREAT (* I oNIT M osI? 12 9EIT 13 eIt 1
1] o9IT 15 WIT 16 TV (1) (4008, osIT 19
z 1)

9697 PORBAT (° JOVENTOST CF TOTAL 10DINE ‘N

9611 FORBAT (* IR9EFTIORY OF I-1)Y N

99907 PORBAT (2X, 78.2, I, 1910R12.%)

seTRy
L]

SWBBOOTINE OFTRNG (Y, T, TMRZ, IRIY, LEAT)
PINRNSION D(250), R(250), T(2%)
DIRERSION XQ1), YW
2O WE T = 1,LAAX
2ad) = YI)
106 CONTIDOR
Ip=0
206 IA » O
26 1P =~ IP ¢ 3
226 IF (IP .CT. LAAY) RETORS
IP @(IMY .12, ININ .OR. B(IP) .GT. YWAY) G TO 216
20 IA s IR ¢ 1
oM =2 (IM
T(IN = X(IM
LAX » IA
256 1P = P ¢
266 IF (1P .GT. LEAY) BETOPD
276 1P (R(IP) .LE. YYIF .OR. R(IP) .5T. YWAX) 30 1O )06
208 LA = 1D 0
D(XA) = E(IPM
T(IN > (I
LM = IA
17 (1P .RQ. LRAN) GO To 30¢
GO 10 2%
306 £aLL CORVE(T, D, LAX, 100)
¢G 10 206
| 4]
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SEBNOSTIVE MLOTL? ("NBATO, Q. R. ST, YE¥. LEAT)

PTOSL(250), SPIOOP Q58), DPIIV(I58)
PIIL{250), FFVIPQSN), PPN (25¢E)
981D 5), YPEALLS)
PRATO(256, 191, Q(2%9,28), B(238,28)

T3S

TTITLE(20, 10}
RIS (5), IMAR(S), ESTRR(S), ISTR(3)
TAX TS (5), YR (290, 39)
COBSOR/TA 123/81 50,70, FTTC
CONNOB/SBITIN /07 (509, 5)
ARME*S IOLAYS, DOSEAX
BATA EEXV /200000088,

- — —

AT TRE CORRESPOMING PLOUS OF I-13Y

[ [-3)] <CORRESPOSDS
Q®.2) CORRESPONRS
eP,3) COMESPONES
Q3,8 CORRESPORDS
Q¢.5) CoRRESFOUMS
oAy e ESPONS
QU,7) HIRESPORES
Q.8  CORRESIOBPS
QE,9  COPRESPOBOS
Q.16  DRPESPONES
QW,1N CORRESPOBDS
QW,') COBAESPONDS
Q.1  CORBESPONDS
Q.15 COBPEIROSDS
QE.1% CORRESPONDS
C,16) CORRESPOND3
Q.17 CORRESPONDS
Q(7.18) CORRESPODS
Q3,19 CORRESPOBDS
0¢3,20) COMRESPOWDS
063,27 CORRESPOBDS
QW.22) CORPESPOPDS
Q.23 CopBTSPONDS
GE,28) CORRESPONDS
Q.,2% CORPESPOSDS
Q. 26) CORRESPONDS
QW.27)  CORRESPODS
ren
A

J -

433332333 32

3333 3333333323333

SEIESSIVE
SKTESSIvVE
SEIessIvE
S|CESSIvE
SKcEssive
SeCCessIvE
sweessive
sSKTeEssive
ssessive
SECESSIvE
SWCEssSIvE
SKcessive
sSecCessIve
scIessive
SECCESSIvE
SECCESSIvE
sSecCessIve
SECCESsSIvE
sSicCessIve
scessive
SETESSIV?
sccessive
sKT2ssive
s|ccessive
seccessive
sccessive
seessive

11897 co 10 2%

sTD (B1,9005)
AEAD (I, 9005)
BEAD (BI,900%)
AEAD (DX, 9005)
SEAD (DX, 9005)
costiver

BEAD (V1,9015)

1rigr
CALL IFTORC(PCASE, STB)
ASTEP (1) » (XMAX(T) - KA / KARIS(T)
ISTEP(2) = (SMAN(2) - INIW / TARKIS(2)

VALOES W
VALORS oF
VALGES OF
vALOES oF
TLLERS OF
VALURS Ov
VALOSS or
VALOSES Or
VALORES OF
vaLeLS O°
vALOES OF
vALESES OF
YALOLS oF
VALUES oF
VALOES OF
VALSES or
VALURS OP
YALOES oF
vILOURS NP
YALUERS OF
YaL08S oF
YALIES OP
YALORS OF
TALOES OF
VALUES OF
VALORS oF
VALURS OP

o[y
qete2( ")
WY
Qe203¢ %)
Qe216¢(M
Qe
Qo3es( 1)
cese2¢"
[ L)
Qo302¢(1)
Qosds(Y,
QeseT(ly
[ AkTL}
Qo18(Y)
Qes104)
Qo8 YS¢( M)
QoI0¢ M
Qo%19(Y)
Qe ("
QTN
Q1IN
Q1202¢ ")
Q1303¢(1)
grIon¢y
Qe o2(m)
qrsoe(n
QlsoE(m

ACTNAT, ACTNIN, TOOBAY, I0081®
OFEAT(T) , WPRAX(D), OFRIN(Y), OPRIR(2)
SANIS (), MXIS(2), IRAL(N, IRAX(D)
IRIN, YSTP(N), XSTP (D)

TASIS (1), YAKIS(2), INAX, YRIS
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17 @ICASE .6%. W) J = 2
CALL BEMACETITLR(Y, V), §, 33, *L{IQUIN) S(TREMES) - CAE) $%)
CALL EERLACOITITLE(YV, D), %, D), *GASOONSE) S(TREARY - C(ASD) s

")
CALL EEFLACEITITIE(Y, D), 1, 0& °"L{IQOIS M C(ASIDEEE) S{IVEAPFS)
' -~ ClASR $v)

CMLL MSFLAC(TEITIE(I. W), |, 2, (as®yy $%)

CML EERLACEIRITLR(V,S5), V 37, "TOTAL YOBIBE IBVARTIAIES - C(A3E)
1 8%

CALL BESLAC(TTITLE(1.6), I, 18, °Clasm) $°)

CMLL PEVLAC(TYITLE(L, W, 29, I, STH)

Caly MFLACTITITLR(V D). 3T, 3, STRY

CME EFLACCITITLE(I, M, &, J, STHY

CALL BSPLACIIITLE(Y,.S) ., 6, 3, STH)

CAML MM ITIREI(L, PN, B, J, STH

CALZ BEMLACTTITIE(N6), 8, J, STH

CAMLL REFLACCTYITLE(Y, W . X, ©, sexY)
CML JEFLAC(ITITIR(I,2), 3, &, REXY
CR1L REFLACEITITLE(I, B, W7, &, BERY)
CALL SRPLOC(TYITIR(I, %), W1, &, BIXY
CMLL BEFLAC{ITITLE(L.5), 3, &, BEXY)
CILL BMICTITIE(S,6), 71, &, EERY)
PLOTTING IS PREFODEED BT WS OF THR PISSPLA SYSYER OF
ISTECEATEE SOPTEARE SYSTRES CORP.
CRL CALCRP W)
es CAL MIFL (IPLOT) Leves o0,
CML UCBPL(IPLOT)
e CAL BASAYF (*ALPEABEY®) eyl 1,2,) /s
CMLL BASALP(* STASPARE®)
s CALL NIZALP (°32LPEABERT") et 1,2,3 s
CALL SIRALP {* L/CSYP)
es CALL GRBACE(EPACEN) eVl 1,2, s
CALK CBERCE(.)
se CARL IIFTAX eeeL 1,2,3 s
CALL TIPTAR
te CML PRTSCE (EOB,T08} LeveL s
CALL mersceei2., 6.)
«e CALL TASABG (AFQ) gL 1,2,3 s
CALL TAXADE 9.9)
ee CALL TITLY (LTITLL ITIVIL LIWNE.IIDINE,
LI ] LYSARE, YYBARE, TAYIS, YAXIS) LevEL 1
CALL TITLE(TTITIR(I, V), 100, O, O,
] nm, 7, IAKIS(N, MIIS(Y))
TCYCLE = YALIIS(1) / ALOCIO(IRAK 7/ TRIM
es CML TLOGC (ROBIC,ISTEP,P0RIC,YCICLE) Lever 2
CALL YLOG (INID, ISTEP ('), TAIP, TCYCLE)
Lo Clll IGRAXS (OB IG, ISTP, IAX, XANNS,
oo LENARSE, IXUARE, INOS, YPIS) LevEL )
CI.L ICEAXS(ININ, KSTP(V), IRAN(Y), XAXISIW, & , 1, 0., O.)
*e CALL FOABE Lever 2,3
CALL PRANE
TS 19 » )
1er = 1
115 IS = ICT - 1
e CALL BABEER (ISYR) Ly 1,2,3 s

CALL BANE ER(IS)
CAtL wﬂ‘ﬂf, Q¢1,19), TRAX, TRIN, 162)
60 T0 (12%, ¥3%, 185, 135, 165, 20%) , ICT
125 1V = &
1cr = 2
CALL CawPO?
€0 10 1S
135 1v = 7
Icr = 3
CALL CWWDSE
60 T 115
185 17 =« 9
ICT = &
CRLL DASR
€0 10 113
155 1v = 12
Icr = 35
CAZL DOT
¢ 10 1S
165 1v = 18
ICr = 6
CALL PESET('DOT*)
60 10 1S
205 conTINNE
CALL BPOC (V)
CALL PHISOP(2., 1.9)
CALL TITIR(0, O, 0, O, Y8 , ¥, EAYIS(V), TARIS(V))
CALL TLOG (XNLD, XSTEP(2), TWIP, TCICLE)
CALL TGBARS(INIP, XSTP(25, TRAI({2), XARLIS(V),
\J 'OPERATIRG “INE ((OATS))$°*, 100, 0., O.)
CALL FRANT
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s

335 Jv

s

155

363

s

[

‘G(5T, @(V.IV), WAL, T8YD, LMAN
I

e 295, 293, 29Y ., W6

CEL ANRE.)

CALL PmEsSEeR 2., 6.)

CALL rnummw.n. e, o, 0,
3

m, v, IBXIS(W, mlsu”
CML TLOG (I8, XSTEP(V), TBIS, ICTICLD)
CML WMIS(IUIS, ISTP(1), TaM(Y), BARIS(T;, ™ , 1, 0., O.)

CILL ATREE ¢ST, Q(1.JV), TMAX, TRIS, t62)
€0 10 (323, 333, W5, 335, XS, ¥ . XxT
JNes

Xt =2

CALL Casoor

<0 T0 37%

=6

T = )

CRLL Casosa

<0 ™ IS

Jv e g

JXT =8

CALL bASE

€0 ™ NS

A7 = 30

XT =5

CML ®ot

€O 10 315

Jv = 13

XT = §

CALL PRSET("DOT")

€O T 113

corTINet

CALL ZDOGE {3)

CAEL MRTSOR(2., 1.9

CALL TITIEQS, O, O, @&, R , 1, XAXIS(V), TARIS(V))
CALL YLOG (XNIB, ISTEP (1), YNIF, TCYCLE)

'Clll. TCRAXS (XNIE, ISTP(N), IMAI(2), ENRIS(Y),

LY -]

(3 )

[1}]

[}

*OPERATIVG TINR ((PATS)) F°, 100, 0., 0.)
CALL Faamf
JV = 16
T = 7
J$ = XT - 9
CALL MANE TR IS
caLL mn:m, QU IV), TRAT, TRI¥F, LEAN)
JCTé = JCT -~
60 70 (825, l”. a5, 5%, w63, 30%) , JCUe
J = T
J? =0
CALL CdOT
€0 1T a13
Jv = 9
)XY = §
CALL CWPsR
€O 10 ¥18
v
JCT = 10
CALL DASE
60 10 815
Jv = 22



1]

)r=1n
cagL ser
® ™ S
s Iv = 23
3T = 12
CALL MSSET("9OT")
s ™ %S
$05 CoNTIveR
CALL TORS3(D
TIREC = XSESS (*PRELITIVE IoBIBE FLOW 2ATESS, 169)
YORK = 8. - 0.5 ® TLERG
CMLL ADGLE(99.)
CALL BESSAC(*BEIATIVE 100IST FLOS BATESS®, W6, - 1.0, YORIG)
CALL BESEI(APEGLE®)
CALL TWPL(D
90 60S I = t,LAMK

SPIeSL(D) - Q(I. 3 / Q(I,26
SFIOBR(I) = QE.Y) / U, 20 * Qr,2m)
SFIOBv (L) = QX.2) / Q(1.27
IIN(N = RN / la.ztl
IdIN(I) = 3¢1,T) / (AQ.26 ¢ B{I,27))
PIIN(I) = B(X, D) / B(L,2T)

605 CoutIpeR

cnu m:mnuu.n. - 100, 0, 0,
PLAFY AETYEVTIGS FACTORSS®, 100, IARIS{2), TAXIS(D))
!acu = uns(zs /7 ALOGCW(FMI(YN 7 SPEIE(N)
CALL TLOG (SRID, ISTER(DY), SPRIN(1), TCYCLE)
CALL BEBATS(RINIE, ISTP(2), KMAX(2), YARIS(D).
] "OPERATIVG TIR (BAYS))S°, 1068, 0., 0.)
CALL reast
T =0
725 ICT = ICT o V
IS = ICT - ¢
CALL BASSSS(1S)
€0 10 (735, 785, TS5 , ICT
735 CALL BESRI(*POT’)
CALL OUTEIE (3T, DFIOSL, MFEAX(}), DPRIB(® , LEAD)
60 ¢ 125
78S CALL WS
CALL OUTRPE(ST, OPIOOY, PPEAX (W), ODPRIN(Y), LUAN)
€0 ™ 725 .
758 CALL POT
CALL OUTRPG (ST, DFIOBP, SPEAX (V). DRIN(V), LWRX)
77% 100 = ICT
705 ICT = ICT & 9
IP (ICT .61. 6) GO TO 935
ICT = ICT - IOM
1S = ICT - ¥
CALL mANEZR(1S)
0 10 (795, 813, Y% , 1CY
795 CaLL BRSEI(°DOT*)
CALL OUTRPG (ST, BPPI3TL, PPBAX(Y), DPAIB(Y), LAAN)
€0 ™0 7¢S
815 CALL AN
CALL OUTEPG (ST, PPF131V, DFRAX(V), DPRIN(Y), LEAN)
G0 0 78%
033 CuL POT
CALL OOTRIC (ST, DPIIIP, DMAX(S), OFRIN(T), LNAK)
935 CopTINOR
CALL PESBI(°BOT")
CALL EOPPL(D)
CALL TITLR(TTITLE(I 8}, - 100, O, O,
] RELATIVE RADIGACTIVITYS®, 100, XAXIS(2), YAXIS(D))
TCYCLE = TAXIS(Z) / ALOGIO(ACTNAX / ACIRIN)
CRLL YLOC (XWXB, ISTEP(2), ACTRIF, YCYZLE)
CALL XGBAXS (XRIF, KSTP(2), XBAX(2), IAXIS(D).
s *OPERATING TIAE (PATS))S*, 100, 0., 0.)
CALL PRANE
1005 1V = 2
IC? =
1615 IS » ICT - §
CALL RAREER(IS)
CALL OUTPPG (3T, EWAATO(1,IV), ACTRAX, ACTRIN, LEAT)
60 TO (1025, 1033, 1085, 1055, 1065, 110%) , ICT
1025 19 = 11
1cr = 2
CaLL cAmoT
60 10 101¢
1035 1v « 18
1t = )
CALL CADOSR
c0 10 101%
1085 19 » 16
Icr = 8
CALL DASH
6o 10 W1t
1055 1v = 17
IcT = S



62

CiLL EEDPL @)
[CALL TIMLEETITLRALY), - 100, 0, O,
I”TENTO®Y ((LAYS OF Freen))s*, 106, IAXIS(2 TAKLS
TCICLR « IATIS(2) / ALOGIO(IOBEAI / [0ORIM e on
CatLl YLOE (NEXD, XISTYP (2), I008IS, TYCICLE)
CaLL RCRTS(EZNIN, ISTP({2), IMAR(2), VAXIS(D),
' TOPERATING TINE (WATS))S°, 108, 0.. 3.}
caLL Peanme
1205 Iv = 2
ICT =« 1
1215 18 = 1CF - 1
CALL mesTags)
CALL OUTREG (ST, YEN(1,IV), ICOBAI, I0DWNIF, LNAN
€0 T0 (1225, 1275, 1285, 1255, 1245, 1275, 1285, 1295, 1305,
' NS, 125, 13I8, 153y , 1cT
1235 1v = )
ICY = 2
CALL CamtoY
co T 1215
i35 1y = &
1cr = 3
CALL CEWSE
&0 To 1215
1265 ¥ = S
Ice =8
CML wASE
co T 1215
1255 Iv = 7
IcTes
cAL vor
S0 T0 115
PP I
T 6
cALL cawoor
SO 10 121%
121 1v= N
=7
caLL cuspsa
€0 TO 1235
1205 t¢v = W
)
CALL DASF
Go YO 1213
1295 v » 1S
R
TALL DOT
30 0 1218
1305 IV = 16
ICT = 10
CALL BES*T(*DOT")
G0 ™0 1215
115 =
icrs 1N
CALL CWEECY
co T 1218
1325 1v « 18
Icr = 12
CALL CEBDSH
co ™ 1215
1335 tv = V9
Icr= 1
CALL BASE
Go 10 1218
135S cowtIvse
CALL PESET('OASH’)
caLL ZEOPL(5)
CALL PRYSCRI2.. 5.)
CALL “ITLR(TTITLE (1,6}, 10, 0, 0, 10 , 1, EARIS(Y), TAXIS(N)
TCYCLE = TAXIS(Y) / ALOGIO{1.0 * 06)
CALL YLOG (XWX, YSTEP({2), 0.7, YCYCLE)
CALL IGRAXS(XMIN, ISTP({2), TNAL(2}, IARIS(Y), W& , ¥, O., 0.)
CALL TOANE
oo 1495 1 = 1,5
GO TO (1665, 1625, 1615, 1685, 655) , 1
1625  CALL CRRDOT

GO TO 1665
153% CML CRUDSH

60 TO 1665
1685 CALL OASE

GO TO 1665

1685  CALL DO?T



1663
\[1.]

CAMLL sasxes (1)
CALL @OTIUG (3T, W (231,]), LOE 03, 9.1, LSAX)
CouTING
CALL "RSEI("0OT°)
CALL EmBCB (V)
CALL MYSCR(2., -5
CALL TITLZ @O, 7, 6, O, 1, ¥, YAXIS(D), TARIS(D))
CALL TLOGC (XR1¥, IST2P(2), ¢.1, TTWLY)
CALL ICBAXS(RNIB, ISTP(2), I=**(2), TARIS(T),

\ SOPZBATING TIER ((AYS})S°®, 100, O., 2.}

125
e s
1083

1853
1865

093

003
°0T3

CALL PEARE
50 WIS T = V1,5
SO0 0 (W63, 1925, 1835, Y0NS, 19%%) , I
CALL CRBSOT
€0 10 T85
CALL cwuesa
S0 T 1885
CALL BASE
G0 0 1M45
CML pOt
CBLL wa B5ER (I)
CALL QUTIOG (ST, BF(l, (), 1.9 75, 0.1, LEAY)
cConTI R
CALL Wose (D)
TIEUE = XEESS ("OSIT DR COTARITATI 'S FACTORS®’, 100)
YORIE = &, - 0.5 ® TLING
CALL ABSLE(Y® .}
CALL RESSAC{*WIT DIFOSTANTEATION FAZTORS®®, 100. - 1.0, TORIG)
CALL RESRY(*ASGLE")
CALL EEBPL %)
CALL DOSZIL
ETWRE
TORBAT (9EW. 0,
roREaT (10(27, 13))
50
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