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A MODEL OP IODINE TRANSPORT AMD REACTION KINETICS 
IN A NUCLEAR FUEL REPROCESSING PLANT 

Wallace Davis, Jr. 

ABSTRACT 

A model is presented to describe the time-dependent flow 
and retention of stable iodine isctopes and, additionally, the 
extent of radioactive decay of 1 3 1 1 in a nuclear fuel repro
cessing plant. The plant, which is similar to, but slightly 
more co<*plex than, Allied-General Nuclear Services* plant at 
Barnwell, South Carolina, consists of 16 units of equipment 
such as a voloxidlzer or graphite burner, fuel dlssolver, sol
vent extractors, storage tanks, vaporizers, primary iodine 
sorbers, and silver zeolite. The rate of accumulation of bulk 
and radioactive iodine in these units and in the environment 
is described in terms of two sets of 19 differential eauations 
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 reaction 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 iodine retention 
factors (RFs) [alternatively designated as decontamination 
factors (DFs) or confinement factors (CFs)] by the plant has 
been calculated. In particular^ RFs for a new plant in excess 
of 10 6 fur 8table iodine and 1 2 I decrease to the range of 10 3 

to 10 2 as plant operating times exceed 50 to 100 days. The 
RFs for I also decrease initially, for a period of V10 days, 
but then increase by several orders of magnitude due to radio
active decay and isotopic exchange. Generally, the RFs for 
1 , 1 1 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 
mass 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. 
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1. INTRODUCTION 

Radioactive iodine isotopes, both short-lived 1 3 I I (half-life of 
8.05 days) and the long-lived I 2'l (half-life of 16 aillion years), are 
generated in nuclear fuels; very snail aaounts will be discharged to the 
environment both at the reactors, where they are formed, and at fuel 
reprocessing plants, where they will be encapsulated for permanent storage. 

1 2 
The Environmental Protection Agency has issued ' 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 nilli-
rems to the thyroid, and 25 millirems to any other organ of any member of 
the public; (b) the quantity of 1 2 , I released to the environment per giga-
vatt-year of power produced by the entire fuel cycle does not exceed 5 
mlllicuries. 

A Light-Water Reactor (LWR) fuel reprocessing plant, such as that of 
3 Allied-General Nuclear Services at Barnwell, South Carolina, annually will 

process fuel that contained 1500 metric tons of heavy metal (MTSM * uraniua 
+ plutonlum) as charged to reactors which produce 142,000 MW(e)-year of energy 
during 1 year of operation. This 1500 MTBM will contain more than 50 Ci 
1 2 , I (>300 kg) and, when processing is performed 160 days after discharge 
of fuel from the reactors, more than 1000 C.i 1 3 1 I (>10 mg). This spent 

4 fuel will pass through process operations involving fuel dissolution, 
solvent extraction, sorption in solutions [such as Hg(NT-)2-HN0a), and 
sorption on silver-exchanged zeolites and on Ion exchange resins. These 
and other unit operations, such as neutralization of solutions and dis
tillation, 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(NO|)2-IW03 solution or on silver-exchanged zeolites 
can not be determined on the basis of existing data. In the absence of 
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laboratory data, descriptions of the chemistry and kinetics of a number 
of the processes involving iodine retention nay 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 flow.* 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 complicated. The time scales of flow discontinuities are not 
known 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
esses from a model that assumes some type of constancy or regularity of 
these flows. 

The present report is concerned with a model of the time-dependent 
flow of iodine, stable and radioactive, through a fuel reprocessing plant. 

4 
This plant was first described by Finney et al, in a generic cost/benefit 
analysis of the environmental impacts of reprocessing LVR fuel; it is 
similar tof but somewhat more complicated than, the Barnwell plant. The 
mathematical model of the conceptual plant is based on particular, poten
tially realistic assumptions of continuous flow of iodine from one unit 
to the next; on the radioactive decay of a short-lived isotope; on physical 
and chemical retention of iodine in various process units; and on the 
discharge of part of the iodine into the environment. Transfer of iodine 
and decay of 1 3 1 I in the conceptual plant under steady state conditions 
were described by Davis et al. 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 
which such a plant must serve a* an experimental unit could be reduced. 
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It should be noted that iodine Is shown to be discharged to the 
environment in two streams, Q150E rud Q160E. These, and the-corresponding 
environmental sinks, units 17 and 18, are retained as separate items in 
the mathematical analysis to differentiate between iodine that is dis
charged in the conventional off-gas stream (Q160E) and iodine discharged 
with steam (Q150E). The model plant is assumed to discharge excess water 
as steam carrying volatile components such as iodine, but net as liquid 
water, which would contain many radioactive nuclides at low concentrations. 

Flows of total iodine or 1 3 , I are expressed in Fig. 1 by the letter 
Q followed 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 possible sub
scripts; subscript 1 refers to total iodine, and subscript 2 refers to the 
snort-half-lived isotope l l l I . For example, 

QOOOl(l) - the rate of flow of total iodine from fuel storage to the 
graphite burner or voloxidizer; 

Q0103(2) • the rate of flow of X 3 l I from unit 1 to unit 3; 

QlOll(l) « 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 1 3 1 I in the fuel 
reprocessing plant are expressed as a function of flows into and out of 
individual units as follows: 

(Accumulation of m (Flow of iodine _ (Flow of iodine _ (Decay of iodine ,. 
iodine in unit K) " into unit k) ~ out of unit K) ~ in unit K) 

For example, 

N, - QOOOl(l) - tQ0102(l) + Q0103(D) - Am (B-l) 

and 

ni - Q000K2) - IQ0102(2) + Q0103(2)] - Am , (B-2) 

where Hi and ni represent the rates of accumulation of total iodine and of 
1 3 1 I , respectively, in unit 1. The flow terms QOOOl(l), Q0001(2), etc., 
are described above, while the term Ani corresponds to the decay of 1 3 1 I 
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in unit 1. Due to its long half-life, 1 2 , I is stable in the context of 
this report since the longest real tine of significance is the lifetime 
(30 to 40 years) of the fuel reprocessing plant. 

Terminology of equations such as (B-l) 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 FOKTKAlf programming. 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 Involving 27 flows, one radioactive-decay constant, 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 H. and N. , which would correspond 
(with k * 1) to Eq. (B-l). The 1 3 I I inventory and its rate of accumulation 
in unit K are symbolized by EH(K,2) and DER(K,2), respectively, instead of 
n, and n., 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) - fQ0001(L)-T(l)]-[Q0102a)-Ki0103(L)l , (1) 

oER(2,L) - [Q01O2(L)4QO4O2(L)-K)O502(L)-K?12O2(L) 

4Q1402(L)-T(2)J-[Q0209a)-M}0216(L)J , (2) 

DER(3,L) - [Q0103(L)+Q1303(L)-T(3)]-IQ0304(L)+QC305(D] , (3) 

DER(4,L) - [Q0304(L)-T(4)J-[Q0402(L)-K}0409(L)] , (4) 

DER(S.L) - [Q0305(L)-T(5))-[Q0502(L)+Q0506(L)-Kl0507a)], (5) 

D£R(6,L) - Q0506(L)-T(6) , (6) 

DER(7,L) - (Q0507(L)-T(7)J-[Q0713(L)+Q0714(L)) , (7) 

DER(8,L) - [Q1008a)+Q1308(L)-T(8)]-IQ0810(L)+<}0815(L)J , (8) 

DER(9,L) - [Q0209(L)+Q0409(L)-T(9)J-IQ0910(L)+<}0919(L)] , (9) 

DER(10,L) - [Q0810(L)-K?0910(L)-T(10)]-[Q1008(L)+Q1011(L)] , (10) 

DER<11,L) - [Q1011(L)-T(11)J-Q1112(L) , (11) 
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DER(12,L) - lQ1112(L)-T(12)]-Q1202(L) , (12) 

DER(13,L) - [Q0713(L)-T(13)l-tQl303(L)4O1308(L)] , (13) 

DER(14,L) - lQ0714(L)-T(14)]-Q1402(L) , (14) 

DER(15,L) « [Q0815(L)-T(15)]-Q1S0E(L) , (15) 

DE1(16,L) - (Q0216(L)-T(16)]-Q160E(L) , (16) 

DE1(17,L) - Q150E(L)-T(17) , (17) 

DER(18,L) * Q160E(L)-T(18) , and (18) 

DER(19,L) - Q0919(L)-T(19) (19) 

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

T(K) = EL*EH(K,2) , (20) 

where 

EL * the radioactive decay constant, X, of 1 3 1 1 (0,0861/day), and 

EN(K,2) - the inventory of 1 3 1 I in unit K. 

The two sets of 19 differential equations, Eqs. (1) to (19), 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 nave considered only a new plant in which all initial inventories are 
zero and all initial flow rates are zero except those into unit 1, Q000l(l) 
and Q0O0K2). The value of QOOOl(l) 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 3 I 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 t ve use of available experimental data are described 
in the next section. 

*The D refers to double precision. Thus, 1.0D-7 means 1. x 10~ 7 in 
double-precision calculations. 
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3. EXPERIMENTAL DATA AND ASSUMPTIONS CONCERNING FLOWS 

Most of the available experimental information pertaining to iodine 
flow in process units shown in Fig. 1 are summarized in Table 1 as DFs, 
as fractions (A13 or ASl and AS2) 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 HLVEHT). The values 
of these variables are not known very accurately; in addition, all values 
depend upon how a particular unit of process equipment is operated. For 
exaaple, 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 in liquid and vapor phases is in thermodynamic equilibrium 
and the equilibrium conditions correspond^ to an iodine equilibrium con
centration ratio [C(liq)/C(vap)J of 5000. 

Each pair of equations, (1) to (19), contains terms for iodine enter
ing a unit and iodine leaving a unit; in the case of units 17 and 18, each 
the environment, and unit 19, containing permanently isolated iodine, only 
1 3 1 I leaves the unit, by decay. The model of this report is based on the 
assumption that the rate at which iodine (total, stable, or radioactive) 
leaves a unit is proportional to the amount of iodine in the unit (more 
specifically, the degree to which the unit is saturated with iodine). This 
approach was used previously and is expressed as: 

Total Flow of ,I2 out of unit K - [Total Flow of I 2 into unit K - T(K) ] 

*EN(K,1)/ENMAX(K). (21) 

Here, 

ENMAX(K) - the capacity of unit K for iodine. 
To maintain consistency with the definition of EN(K,1), ENMAX(K) is 
expressed in units of days of iodine input to the plant. For exa&ple, 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 uaed In analysing the reference fuel reprocessing plant 

Variable Definition and \alue Reference 

qoooi(i) 

Q000K2) 

Al 

DF2 

A3 

Set, for convenience, equal to 1.000 units of iodine Input per day. 

Set equal to 1.0D-7 times Q0001(l); that Is, the mass flow of '"l will 
be In the order of 1.0D-7 times the total-iodine flow. 

This is the ratio, Q0102(L)/Q0103(L), of Iodine that vaporises in the 
head-end step (unit 1 of Fig. 1) to that which remains in the fuel 
particles. Vaporised iodine enters the off-gas system (unit 2) while 
iodine remainine 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 voloxidiser 
system. 

• 0.6 approximately, for a voloxidiser unit applicable to LC" »%d 
LMFBR fuel reprocessing plants. 

- 0.67 approximately, for the graphite burner system of an HTGR 
fuel reprocessing plant. 

This is the DF of unit 2 [which might be Hg(N0s)a-HN0s solution or 
other- orlmary iodine-removal unit] for a nonradioactive iodine species. 
It also is equal to [Q0209(L)-K}0216(L)]/Q0216(L). 

- 100. very conservatively, for Hg(N0j)2-HN0j solutions. 
- 1000. conservatively, for the Iodox process. 

This is the ratio [Q0304(L)/Q0305(L)J, similar to Al, of iodine that 
vaporises in the dissolver (unit 3 of Fig. 1) to that which remains 
in the liquid. Vaporized iodine flows to unit 4 while unvaporised 
iodine flows to the solvent extraction system (unit 5) and remains 
in the liquid system. 

8 

9 

10 
11 

file:///alue


Table 1. (Continued) 

Variable Definition and value Reference 

- 9.0 (i.e., 90Z vaporized to unit 4) for simple dissolving. 12 
• 99. or 1*3.5 when iodine-evolution techniques are used. 12,13 

DF4 This is the DF of unit 4, vhlch nay be the same as or different from 
DF2. It is also equal to lQ0402(L)+Q0409(L)]/Q0402(L>. 

A51 This is the fraction, Q0502(L)/[Q0502(L)+Q0506(L)-K*0507a) J, of iodine 
that is vaporized from the solvent extraction system (unit 5), 
thereby reporting to the off-gas system. This parameter is not well 
known. 
- 0.04 in the calculations of this report. 

A52 This is the fraction, Q0506(L)/{Q0502a)-K}0506(L)-H}0507(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. 

DF7 This is the DF, (Q0713(L)+Q0714(L)]/Q0713(L), of unit 7, possibly 
a high-level waste (HLW) evaporator system. This parameter is not 
well defined. 
• 3. in the calculations of this report. 

DF8 This is the DF, lQ0810(L)-K)0815(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 in the calculations of this report. 

A91 This 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. 



Variable 
Table 1. (Continued) 

Definition and value Reference 

DF10 

A13 

R(-RECYCL) 

• 1. If no fixation is performed. 
• 0. if all iodine from unit 9 goes to unit 19; but A91 must be greater 

than 0. for purposes of computation. 
This is the DF, [Q1008(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 unit. 
• 100. in the calculations of this report. 

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 is not recycled f.c the dissolver system. 
• <1.0 if iodine is recycled, in recovered HNOj, to the dissolver. 

Fractional rate of recycle of iodine from the MLW storage tank. 
<0.00216 . 

14 

N» 

KLVENT Fractional rate of recycle of iodine from the HLW storage system. 
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Equation (21) describes one of the assumptions that defines the 
model of this report. A second assumption is that iodine removal in each 
equipment 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 unit K 
already used; 

A(K) * the time constant for iodine retention in unit K (day' 1); 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 kinetics 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 IS. 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. 

Equations (21) and (22) are written to apply to tOi_ai iodine. However, 
an additional assumption concerning the model is that complete isotopic 
exchange occurs in each of the 16 units (1-5, 7-16) of equipment of Fig. 2. 
As a result of this assumption, Eqs. (21) and (22) also apply to 1 3 I 1 . 
Such an assumption is nearly correct as it pertains to the flow of iodine 
species from a fuel dissolver, the solvent extraction system, waste rtorage 
tanks, distillation units, Hg(N03)2-HH03 scrubbers (used in units 2 and 4 

3 11 
at Barnwell ), the Iodox system, and some other possible components of a 
fuel reprocessing plant. Assumption of complete exchange of molecular-
iodine species also probably applies to the flow of iodine in and through 
silver zeolite, as previously discussed; however, there is uncertainty 
concerning the degree of exchange of iodine present in organic iodides. 
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The quantities A(K) are actually calculated froa the equation: 

AGO - la 2./TEHMAX(K) , (23) 

where TSMAX(K) is a aeasure of iodine-retention tiae in unit K. Individual 
values and definitions of TEMHAX(K) are given in Appendix B. 

Two other specifications are used in the present model, namely, that 
iodine flow froa both the MLW and I X storage systeas, units 11 and 14 of 
Fig. 1, is controlled by reprocessing-plant operators independently of 
flows into these units. In both cases, the flow of iodine froa the unit 
is assumed to be proportional to the inventory of iodine in the unlr. 
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 flew equations, (24) to (28). 

Q0103(L) - [00001(L)-T(1)]*S(1) , (24) 

Q0102(L) - Q0103(L)*A1 , (25) 

Q1112(L) - R*EHU1,L) , (26) 

Q1202(L) « Q1112(L)*S(12), and (27) 

Q1402(L) * HLVENT*EH(14,L) . (28) 

2. Solve the system of 18 siaultaneous equations, expressed in matrix 
form in Eq. (29), by numerical aethods. It should be noted that, 
for brevity, S(K) and TOO are expressed as SK and TK, and the sub
script (L) has been oaitted froa 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 all 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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Q150E(L) - fQ0815a*-T(15)l*S(15), and (31) 

Q160E(L) - [Q0216(L)-T(16)1*S(16) . (3?) 

Following evaluation of flows according to Eqs. (24) through (32), t>e 
two sets of 19 differential equations, (1) to (19), can be integrated by 

16 nuaerical Methods. 

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 0.1 sec per tiae step with the IBM 360/91 
coaputer. In the present studies, initial tiae steps were 0.02 days and 
were increased to 5 and 10 days after 100 days or aore of plant operation. 
Coaputer execution tiae can be shortened V30Z on che IBH 360/91 as described 
in Appendix C. However, prograas listed in Appendix C are based on Steps 
1, 2, and 3 (above). 

4. EXAMPLES OF CALCULATIONS 

Exaaples of calculated relative flow rates, of plant RFs, of unit 
DFs, of relative radioactivities, and of total iodine inventories are 
shown in Fig*. 2 to 12. The first five figures are for Case 1, which 

4 5 
corresponds to Case 2a of Finney et al. and of Davis et al. Case 1 of 
this report differs froa Case 1 of refs. 4 and 5 by having an iodine-
reaoval ion exchanger (unit 15); in other aspects, it is the saae as Case 1 
of these references. For example, only 90Z of the contained iodine is 
vaporized froa the dissolver solution, and iodine fixation is not employed. 
Figures 2 and 3 contain plots of relative flows of iodine in soae of the 
liquid and gasborne streams during the first .'<00 days of operation 
of a plant initially containing no iodine. As expected, the flows all 
increase; some of the flows attain constant values, corresponding 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(ll) and TENMAX(IA), in this table require further comment 
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Table 2. Values of parai •eters used in soae case s tudies 

meter* 
Value of parameter for Case 

Para meter* 1 2 C 3 d 4 e 

QOOOl(l) 1 . 
Q0001(2) 1 . 0 D-7 
Al 6.67D-1 
DF2 1.0 D+2 
A3 9 . 
DF4 1.0 D+2 
A51 4 .0 D-2 
A52 6.0 D-2 
DP7 3 . 
DF8 4 . 
A91 1 . 
DF10 1.0 IH-2 
A13 0.75 
RECTCL 2.16D-3 
HLVENT 1.0 D-3 
Tyfc 8.05 
TENMAX(l) 1.0 D-l 
TENKAX(2) 6.3 
TENMAXO) 5.0 D-l 
TENnVUr(4: 6.3 
TEHMAX(5) 1. 
TENMAX(6)b 1.0 D+6 
TENMAXO) 2 . 
TENMAX(8) 5. 
TENMAXO) 2 . 
TENMAX(IO) 5. 
TENMAX(ll) 1.0 D+6 
TENMAXU2) 4.0 D+2 
TENMAX(13) 1. 
TENMAX(14) 1.0 D+6 
TENMAX(15) 4.0 IH-2 
TENHAX(16) 4.0 D+2 

1.0D-3 

1.0D-3 
2.0D-4 

2.0D+3 

2.0D+3 
2.0D+4 

aBeyond Case 1, only changed paraaeters are shown. Each change applies 
to all subsequent case calculations. 
TEHMAX(6) is actually not used in the model since unit 6 (solvent 
purification) is assuned to be a permanent sink for iodine. 

cCa8. 1 corresponds to the discharge of 99.9% of the iodine collected 
in unit 9 to unit 19, where the iodine is permanently isolated. 
Case 3 corresponds to increasing the capacities of units 15 and 16 
until their time constants are 2000 days (5.5 years) and 20,000 days 
(55 years), respectively. 

eCase 4 corresponds to reducing rates of sparging HLW (unit 14) and 
MLW (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(ll) and A(14) of Eq. (23) will be very snail and, 
therefore, that S(ll) and S(14) of Eq. (22) will be nearly zero. Thus, 
a large value of TEMMAXOO aatheaatically covresponds to a very large 
capacity of a unit for retaining iodine, or to the escape of very little 
iodine from the unit. The units of interest here are as follows: (1) 
the HLW 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 M..OTM would adequately represent a 
very large iodine storage capacity. If the value of TERMAX(14) is in 
the range of tens to hundreds of days, then unit 14 can be considered 
equivalent to a HLW solidification systea frca which all contained iodine 
is returned to the main process as flow Q1402. 

Liquid and gasborne plant RFs for both total iodine and for 1 3 1 I , 
shown in Figs. 4 and 9, are defined as: 

Rate at which element or nuclide enters the plant in 
__ = the designated stream __ ,_-» 

Rate at which element or nuclide leaves the plant in 
the designated stream 

Unit DFs shown in Figs. 6, 8, 10, and 12 are defined for total iodine 
and for 1 3 I I as: 

D F « Rate at which element or nuclide enters the unit ,~,^ 
Rate at which element or nuclide leaves the unit 

Many aspects of Figs. 2 to 6, Case 1, require minimal discussion 
when the various curves are viewed in terns of Fig. 1. For example, 
steady state flow of iodine is achieved within less than 20 days of the 
srirt-up of a new plant in the following streams (as expected from the 
input data of Table 2); Q0102 and Q0103 from the graphite turner or 
voloxidlzer; Q0305 from dissolver to solvent extraction system; Q0SO2, 
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, 00409, Q1H2, Q1202, or Q1402. 
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Plant RFs in Fig. 4 are defined as follows: 

R*(*> - Q0103/Q150E , 

RF(v) « Q0102/Q16CE , 

and 

RF(p) - (Q0102-K}0103)/(Q150E4Q160E) . 

The subscripts £, v, and p correspond to liquid streaa, gasborne stream, 
and plant composite, respectively. Bere, the subscripts 1 (for total 
iodine) and 2 (for 1 3 1 I ) have not been included in the flow teras for 
brevity. Vith these definitions and with nunerical examples, it is easy 
to show that the value of RF(p) is less than the large:, value of either 
RF(£) 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 
1 3 1 I that are readily explained. As described in ref. 7, the DF for 
1 3 1 I exceeds that for stable iodine and 1 2 , I by an anount that depends 
on the extent of isotopic exchange, the holdup tine during which radio
active decay can occur, the extent of iodine recycle, and the sorber 
operation tine. In the present report, complete isotopic exchange has 
been assumed. The ratio DF(,31I)/DF(equipment), where DF(equipment) 
applies to stable 1 2 7 I or to long-lived 1 2 , I , is shown for one set of 
conditions in Fig. 13 (taken from Fig. 6b of ref. 7). The paraaeters of 
this two-unit systea 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(I31I)/D*(equipment), followed by 
a decrease. For the paraaeters used to obtain Fig. 13, the ratio ceases 
to increase after VL00 days. This figure is based on a constant, feed 
rate of 1 3 1 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 t>10 days of operation of the model plant of this report. 

The decrease in the RF or DF of 1 3 I I that is shown for the first 
10 days in Figs. 4, 6, 8 to 10, and 12 does not appear in Fig. 13 be
cause of differences in initial flow conditions. Thus, Fig. 13 is based 
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on a constant flow of l 3 1 I and stable iodine into the systen; by contrast, 
the flows of radioactive and stable iodine into units 15 and 16 are 
initially zero, but these flovs increase rapidlv. The flow of stable 
iodine to unit 15, Q0815(1), parallels that of Q0810(l), and the flow of 
stable iodine to unit 16, Q0216(l), parallels that of 00209(1) (Fig. 2). 
lfcthesatically, the first reversals in Figs. 4, 6, 8 to 10, and 12 occur 
as a result of the differences: 

[Q0815(2)-T(15)J, froaEq. (A-28), 

and 

(Q0216(2)-T(16)], from Eq. (A-i;) . 

Initially, the tens Q0815(2) and Q0216(2) of 1 3 1 I flow into units 15 
and 16 dominate the tens T(15) and T(16), which are the decay rates 
Anis and Ante of 1 S 1 I in these units. However, as a result of isotoplc 
exchange and long holdup tines, the tens T(15) and T(16) increase faster 
than the flow tens Q0815(2) and Q0216(2). These changes lead tc re
versals in DFs for 1 3 l I . 

The second reversals in the RFs and DFs of 1 3 1 I are due to a 
reduction in the residual capacity (an approach to saturation) of units 
15 and 16. In an actual plant, these units would be replaced or they 
night initially be considerably larger than those corresponding to Case 1 
of thi'i report (Figs. 4 and 6). Such an Increase is shown in Cases 3 and 
4 (Fias. 10 and 12) wherein the variables TEHMX(15) and TDUftX(16) were 
lncreeptfd to 2000 days (5.5 years) and 20,GOO days (55 years), respectively. 
This value for TENMtX(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 uults 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. These 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 contained in 
the plant. For example, the Barnwell plant does not contain units 1, 8, 
and 15 of Fig. 1? hence, elimination of the equations 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 », units 8, 10, and 12 can be deleted by 
decreasing their time constants (TEHMUO 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 constant [e.g., 
reducing TENMAK12) to 0.001 davs] can lead to numerical instabilities, 
including the values of 1 3 1 I flows becoming negative after periods 
corresponding 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 inventories of total iodine and 1 3 1 I in 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 QOOOl(l) and QOO01(2), which 
are well known, the parameters of Table 1 are probably uncertain by 
factors ranging fro* 1.25 to 10, or larger. Hence, numerical values 
pertaining to the examples discussed in Sect. 4 are aore qualitative than 
quantitative. Overall, calculated total-iodine RFs, Fig. 4, are consistent 
with those assumed or calculated in the steady state models used in refs. 
4 and 5. However, a few aspects do need further comment. First, plant 

*TENm\XT6) 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 1 3 l I will exceed those for stable iodine by values in tbs range 
of 10* (Fig. 4), including Case 1. Studies in which the capacities of 
units 15 and 16 are increased to aany years* perhaps as long as the life
time of the plant (Cases 3 and 4), show that the DF value of I 3 1 I will 
exceed that of stable iodine by 10 s or aore. Such factors are considerably 
higher than those used in refs. 4 and S. Second, no studies described 
here are based on parameters that would lead to the "near rero" release 
described bv Tarbro, Harrington, and JOT; 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 
99 or 99.5Z of iodine froa the dissolver instead of the 90Z used in all 
studies reported here; (2) increase DF2 to 10 3 or 10*, corresponding to 
the use cf the Iodox process or to the operation of a Hg(HOsH-HNOs 
scrubber solution at a significantly higher efficiency than has been 
assumed thus far; ' (3) increase A91 to 10* or 10 s froa the value 10 3 

used in this report, corresponding to the aore coaplete discharge of 
iodine froa unit 9 for permanent isolation in unit 19. Finally, it should 
be noted that the case studies reported here and modifications that could 
lead to still greater retention of iodine are all based on the assumption 
that the process equipment containing iodine does not leak. Any iodine 
leaking from process equipment would enter the cell-ventilation off-gas 
equipment, thereby partially invalidating the aodel 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 iodine 
removal. The voluaetric change in each unit due to iodine remove'' (Fig. 1) 
is so small that liquid and sol. phase processes may be considered TO 

occur at constant volume. For example, an iodine flow of M.0 g-atoms/day 
in an LWR fuel reprocessing plant having a capacity of 5 metric tons (MT) 
of (uranium + plutonium) per day corresponds, et a maximum concentration 
of 300 g uranium/liter, to a maximum of 0.0005 M I, or 0.00025 J* I 2. 
Removal of all of this iodine would produce a trivial change in the 
volume of the dissolver solution in unit 3 of Fig. 1. As a second 



35 

example, sorption of iodine on a 26Z silver-exchanged sodium zeolite 
will probably not exceed 25 to 50 ag of iodine per milliliter of zeolite 
before the zeolite is replaced; this corresponds to less than a 12 
change in the volume of the zeolite. 

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

19 represented by the plug-flow processes. 

The present model of iodine transport and chemical reaction or 
physical retention is capable of being accommodated to any experimental 
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-:» 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 aodel of this report is based on the 
assuaptions that (1) each equipaent unit through which iodine flows has a 
definable aaxiaua capacity (holdup) for iodine and (2) the rate at which 
iodine leaves the unit is proportional to the degree of saturation of this 
aaxiaua and to the rate at which iodine enters the unit. For unit 1, the 
aodel therefore corresponds to: 

DER(1,L) - lQ0O01(l)-T(l)]*U-S(l)] , (A-l) 

or to the equivalent fora 

Q0102(L)-KK>103(L) » [Q0001(l)-T(l)}*S(l) . (A-2) 

In Table 1, the experiaental datua Al provides the equation: 

Q0102(L)-A1*Q0103(L) « 0 . (A-3) 

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

Q0103(L) - [Q0001(L)-T(1)]*S(1)/(1+A1) , (A-4) 

and froa Eq. (A-3) we obtain 

Q0102(L) - A1*Q0103(L) . (A-5) 

Equations corresponding to other units are as follows; 

Unit 2: 

Q02O9(L)+QO216(L)-Q0402(L)*S(2)-Q0502(L)*S(2) » 
!Q0102(L)+Q1202(L)+Q1402(L)-T(2)]*s(2) (A-6) 

and 

Q0209(L)-K}0216(L)*(1-DF2) - 0 . (A-7) 

Unit 3: 

Q0304(L)-K}0305(L)-Q1303(L)*S(3) - [Q0103(L)-T(3)J*S(3) (A-8) 

and 



40 

Q0304a)-40305(L)*A3 - 0 (A-9) 

Doit 4: 

Q0402(L)-H)0409<L)-00304(L)*S(4) - -Sl4)*T(4) (A-10) 

and 

Q0402(L)*(DF4-1)-Q0409(L) - 0 . (A-ll) 

Unit 5: 

-00305(L)*S(5)-K}0502a)-Hy)506a)-H}0507(L) « ~S(5)*T(5) , (A-12) 

Q0502(L)*(l-A51)-0O506(L)*A51-O0507(L)*A5l » 0 , (A-13) 

and 

-00502(L)*A52+<J0506a)*(l-A52)-00507(L)*A52 - 0 . (A-14) 

Unit 6: 

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

Unit 7: 

-Q0507(L)*S(7)-K}0713a)-K10714(L) , -3(7)*T(7) (A-15) 

and 

Q0713(L)*(DP7-1)-Q0714a) « 0 . (A-16) 

Unit 8: 

Q0810(L)-K)0815(L)-Q1008(L)*S(8)-Q1308(L)*S(8) - -S(8)*T(8) (A-17) 

and 

-Q0810(L)-KJ0815(L)*(DF8-1) - 0 . (A-18) 

Unit 9: 

-Q0209a)*S(9)-Q0409(L)*S(9)-HJ0910(L)-H}09l9(L) - -S(9)*T(9) (A-19) 

and 

-Q0910(L)*(1-A91)+Q0919(L)*A91 - 0 . (A-20) 
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Unit 10: 

-Q0810(L)*S(10)-Q0910(L)*S(lO)-M}10O8(L)+<}1011(L) - -S(10)*T(10) (A-21) 
and 

Q1008(L)*(DF10-1)-Q1011(L) - 0 . (A-22) 

Unit 11: 

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

Ql 12(1) « R*EN(11,L) , (A-23) 

where R is the sparge rate in units of day l and EN(11,L) is the inventory 
of component L in 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(L)*S(13)+Q1303(L)-K}13O8(L) » -S(13)*T(13) (A-25) 

and 

Q1303(L)*(A13-1)-K)1308(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 

Q1402(L) » HLVEST*EN(14,L) , (A-27) 

where HLVENT is a vent rate (similar to R), in units of day'1, and EN(14,L) 
is the inventory of component L in unit 14. 

Unit 15: 

Q150E(L) - IQ0815(L)-T(15)]*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 envlronaent, which receives iodine due to the vaporization 
of iodine-containing excess water froa the plant. This is a peraanent sink 
for iodine, which i*- lost ouly by radioactive decay. 

Unit 18: 

This is the environaent, which receives iodine froa the off-gas system. 
This, also, is a peraanent sink for iodine, which is lost only by radioactive 
decay. 

Unit 19: 

This is a peraanent sink corresponding to any nethod of peraanent 
reaoval of iodine froa 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), Q0305(L), Q0402(L), Q04G9(L), Q0502(L), 
Q0506(L), Q0507(L), Q0713(L), Q0714(L), Q0810(L), Q0815(L), Q0910(L), 
Q1008(L), QlOll(L), Q1303(L), and Q1308(L). Three of these 18 flow rates, 
naaely Q0815(L), Q0216(L), and Q0910(L), are then used to solve for the 
three remaining flows Q150E(L), Q160E(L), and 00919(L). 
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APPENDIX B. DEFINITIONS AND VALUES OF PARAMETERS 

The values of TENMAX(K) defined in this report are not the same as 
those that would noraally be determined in laboratory experiments. In 
the latter, a constant flow of iodine in a liquid or gas stream would be 
used to introduce this element into some type of sorter; in a fuel 
reprocessing plant, this inlet flew would continually increase until the 
preceding unit(s) was(were) saturated with iodine. Thus, for example, 
the constant used for the iodine-sorter unit 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. 

TENHAX(l) - the holdup-time constant of iodine in a head-end voloxidizer 
or graphite burner. It is presumed to be on the order of 
a few hours, or M).l days, in units consistent with those 
used in this report. 

TENMAX(2) * the holdup-time constant of iodine in the primary iodine 
sorter in the off-gas system. If unit 2 is a Hg(N03)2-HN03 
scrubber and if this solution is continuously partially 
replaced, then the equivalent holdup time may be VL week. 
Concentrated nitric acid of the Iodox process 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 
U0 2, Pu0 2, Th02, 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(N03)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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TBMAX(6) * the holdup-tiae constant of iodine in the solvent recovery 
(republication) systea. Iodine arriving at this unit, 
which aay be a HajCOs-NaOH scrubber-washer systea, is not 
expected to return to the solvent extraction systea. For 
this reason, there is no flow froa unit 6 [see Fig. 1 and 
Eq. (6)], and TEMMAX(6) Is not actually used in the aodel; 
it is assigned a nonzero value, such as 1.IH6 days, for 
convenience. 

TEMHAX(7) * the holdup-tiae constant of iodine in a HLW aqueous waste 
evaporator. This is presuaed to be M. to 3 days. 

TENKAX(8) » the holdup-tiae constant of iodine in the iodine-reaoval 
partial evaporator. It is considered to require a saall 
nuaber of days to approach steady state operation. 

TENMAX(9) = the holdup-tiae constant of iodine in what aay be a 
neutralization unit froa which iodine aay be discharged 
for peraanent isolation. The retention tiae will probably 
be only a few days. 

TEMMAX(IO) = the holdup-tiae constant of iodine in the MLW evaporator. 
If such a unit is used, the tiae constant aay be on the 
order of a few days. 

TE)QfAX(ll) - the holdup-tiae constant of iodine in the MLW storage tank. 
The holdup-tiae is assumed to be very long and set equal 
to l.W-6 days in this study. 

TENMAX(12) - the holdup-tiae constant of iodine in any unit through which 
sparge gas froa the MLW storage tank passes before reaching 
tte 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 to many 
years if, for example, a silver-exchanged zeolite is used. 

TENKAX(13) « the holdup-time constant of iodine in the nitric-acid 
recovery system. This will be on the order of a few days. 
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TEMHAX(14) * the holdup-tiae constant of iodine in the HLW storage 
system (probably very long unless this systea is considered 
to include waste solidification). A value of 1.IH6 is used 
in this study. 

TEMHAX(IS) * the holdup-tiae constant of iodine in the iodine-reaoval 
ion exchange. This constant will range froa hundreds of 
days to aany years when such a unit is used. 

TaiHAX(16) * the holdup-tiae constant of iodine in the silver-exchanged 
zeolite of the off-gas systea. It will range froa hundreds 
of days to aany years. 
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APPEmuIX C. SSCOHPOSITIOB OF MATRIX EQUATIOB (29) 

The matrix Eq. (29) can be decomposed into a 9 by 9, a 4 by 4, and 
a 5 by 5 matrix, shown in Eqs. (C-1) to (C-3). To take advantage of this 
decomposition, these equations Bust be solved in the order listed since 
flows Q0304 and Q05O2 determined in Eq. (C-1) are used in Eq. (C-2); flow 
Q1308 froa Eq. (C-1) and flows Q0209 and Q0409 fro. Eq. (C-2) are used in 
Eq. (C-3). Several tine checks show that a computer program based on 
solving these three smaller matrices executes and prints t30Z 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 shown in Figs. 2 to 12 pertain to an initially 
"new" plant; that is, one not exposed to iodine before the zero time of 
these plots. The computer programs are not so restricted; instead, 
SUBROUTINE FEP requires that initial inventories be provided as input. 
All input values of Initial inventories were set to zero in this example. 
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STSTta T U T i t r o t t s TO TBS soit tar roiiricATioa 
STSTta 

Q0910(1) / (009*0(1) • 00919(1)) 
n*CTioi or lonwt imaias rii iooiat-ceutcnoa 
OBIT 9 TMT IS IFCTCLED TO T i t flABT fATBlt TRAB 
a t i K r i i tD rot rtriaatBT ISOIATIOB 

01303(1) / (01303(1) • OIMO(I ) ) 
t g n m a t sr ACBOSS t a t a«03 a t c o a m STSTRI 

(00209 (t) * 00216(1)) / 00210(1) 
tooirata i a or TRB P I I I I I T OBIT 2 I B T I I orr-eAs 
STttM 
ioo. rot as(ao3)2*aao3 ABO CAORIOB u o t r t t 
looo. roi IOOOI 
(Q0*02(1) • Q0W9(1)) / 30*02(1) 
tooirnfBT or or m IODIBS sotttt i» T B I DISSOLTEI 
orr-o»s STKAB 

(00713(1) • 0071»(1)j / 00713(1) 
teairni iT or ACROSS T i t RLV ETiroAt*}! 
(ooai i ( i ) » QOOIS(1| ) / ooaiS(i) 
tgaitRtsT or ACBOSS T I T IODISE-BMOTAL r u T i n 
tfAPOBATOt 
*. 
(01000(1) •01011(1)) / Q1I»0»(1) 
tooiraiBT or Across THE a i s c n u K o o s LIOOIO 
BASTE tTAFOBATOB 

aotoor t u t I B OBIT 3, OATS 

0t«I» («»<1,1)> / 0T 

http://rotiT.ro


53 

c rm • tun («»<;.?»> / ar 
c r(3| - aiax* ( t a o . i i . / ar 
c n i « « attx* (ta(i .2i i / »T 
c rtiT) • aaai* <aai2.2)i / DT 
c nia» • Dtar* ( E I O . 2 ) ) / DT 
c 
c T(i) .« a ( i . i ) • i m n n L TOTM. ia BBIT i 
c Tpi • nr2, i ) • u n r m i TOTU. ta aaiT 2 
C TO) • B | ) , t | • I i a t n i L TOTU. 1C SSIT 1 
c T(i«i • » ( t .2 ) • saeBT-Ltvea ISOTOPE ia aaiT i 
c T|i7| - 0(2.2) • SBOBT-UTEB ISOTOPE xa aaiT 2 
c i ia> • ta(3.2> • saoar-u*e» xsoropt xa aaiT 3 
c 

CU.L n i s s i 
aaaxxs • i« 
oaa - I . O M 

• i BAD (H.«**i) accaac. DEI . raat, at 
• u i ( iz .Mi i ) asBc. rxata. («J(ii, D E I T ( I ) . i • i.asac) 

S3 BUB (11.9051) BP2. Br*. BP7, BPB, DP10 
i r pp2 - oat) i»oi, »ai, t i 

* i ana (11.9051) n , 13, » S I . »52. M I , ai3 
ana (n.905i) n r t i r , aiacar. gaano, IECTCI 
m i (Bi,MSi) (Ttaaudi , i • i.aasttS) 
i n t (ai .M5i| (Baey.i). j « i . m 
ana (BX.MSD aaap.2) . J • i.i9> 
BL - BlOCt2-0BO) / H f l l f 
C|i) • oat / ton * t i) 
i « i 
10BBB • 1 
IBPPBB - as a) 
owoi(i) • oat 
oooaitf) - OBBTIO * gaoeini 
BBCH> • oat / QI»TIO 
TI • c.o 
i n • n. 
tttt • gaano / t t 
DO 151 I - 1 ,1* 

T P I • t a o p . i ) 
1(1*19) • 1*0(1,2) 

151 coaTiaat 
S*(1,2) * OBI - DF2 
s»(2,i) • oat 
S»(3.») • - »3 
M(«,3) • oat 
S»(5 ,* | - OBE 
H(*,S) • DP* - oat 
SM*,*) - - Olt 
»(7,7) • oat - u i 
S«<7,») » - »5l 
SI (7, 9) « - »SI 
s«(a,7) • - «S2 
si (a,*) • oat - U2 
s»(a,9) • - »52 
si («,7) • oat 
M(9,B) • OBt 
si( ic, i i ) • o n 
S»(11,10) • DP7 - Olt 
s*f»,i>> * - on 
S»(12,12) - - Olt 
St(12,13| • DM - Olt 
s»( 13,12) • oat 
St(M,1*) • OR / Ml 
s»(T5,i*i • oat 
S»(W,1S) • DT10 - Olt 
SR(H,1« • - Olt 
SM17.18) * OBt 
S*(M,17) • »13 - Olt 
s»(ia,iai • »i3 
DO 171 I « 1,1101IS 

aUIDk(I) • DL06(2.000) / TtBIUX(I) 
• »TIO(I) • g«»TIO 

171 COBTIIDB 
»»TI0(1T) • QttTIO 
i m o p i ) • QIITIO 
B*TI0(19) • QlftTIO 

201 DO JOI j » ton; ivmt 
TO • TI 
T I • TI • DILT(t) 
CHL KOTTMTC, T I , T, I I , DEL, »CCn«C, I B M , CQOM 
0P9(J,1) » (00209(1) * 00*09(1)) / 00910(1) 
DP9(J,2) • (00209(2) » 00*09(2)) / 004*0(2) 
DT12(J, 1) • Q1112(1) / 01207(1) 
Ofl J ( J , J) « 01112(2) / 01203(2) 
o n » ( J , 1) » 0071*(1) / gl«02(l) 
o m ( J , 2 ) » 0071*(2) / 01*07(3) 
Of 15(J, 1) • 00*15(1) / 01S0*(1) 
DP1S(J,2) • 00015(2) / C150I(J) 
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* n « p . i ) • o«2 H I D / g i M i ( i ) 
0 * 1 * P . 2) • a U H | 2 ) / «H«C(2| 
O P . D • c * * * i ( i ) 
« (J .2 | - 001*2(1) 
OP.3 ) -eoi<>3(?) 
0 P . « t - «*2*M1) 
OP.S) • 0021ft H) 
• P.«» • «»M« | i ) 
t l l . 1 ) "0 *3*5 (1 ) 
O P . * ) '00*02(11 
0 P . * l • o * * * » « i ) 
« W . M l • 00502(1) 
4(1,111 - 00500(1) 
0(1,121 • 0*507(1) 
QP.13) - 0*113(1) 
OP.1*1 « 007M(1) 
OP.15) - 000W(l ) 
( P . W • 00015(1) 
QP . iT ) - o*9»*( i ) 
0(1,10) •0«919(1) 
OP.19) • 0*000(1) 
OP,20) • 0*011(1) 
OP.21) - 01112(1) 
OP.22) - 012*2(1) 
OP.23) • 01303(1) 
OP.2*1 - 01300(1) 
OP.25) • 01**2(1) 
OP.20) - 015*1(1) 
OP.27) « 01000(1) 
t p . 1 ) •000*1 (2 ) 
I P . 2 ) - 00102(T, 
OP.3) • 00103 r/) 
BP,«) •002(0.-2) 
OP.S) •00210 V 
I P . * ) • 0*3**(2< 
* P . T ) - 0»J*5|2) 
OP.O) •00*02(2) 
• P .9) • 00*09(2) 
CP.10) • 0*502(2) 
0 P , 1 t ) • 0*500(2) 
I P.121 • 005«T(2t 
• P.13) • 00713(2) 
l d . 1 « ) • 0*7** (2) 
a p . i s t - ooo to en 
• p . I t ) • 00015(2) 
i P . 1 7 ) - 00910(2) 
OP,10) • 00919(2) 
t p . 1 9 ) • 01000(2) 
• P.20) • 01011 (2) 
* P . 2 1 ) • 01112(2) 
0P .22 ) • 01202(2) 
I P . 2 3 ) • 01303(2) 
OP,2«) • 01300 (2) 
ap .25) • 01*02(2) 
I P , 2 0 ) • 01500(2) 
OP,27) • 01*00(2) 
ST|J) • T1 
s o a n p ) • o.o 
SOOHl(J) • 0.0 
10 M l M • 1,19 

soanip) • soatap) • ca( ju , t ) 
stntinn • soot J i ( a i * c * p j , 2 | 
I * (TpJ) ) 221, 221, 231 

221 t m o p s ) • oa»iio 
eo so 2*i 

231 OMIOPJ) • CB(M,2) / 0 0 I M . 1 ) 
2*1 CBMTOp.M) • MTIOPJ) • »«C1F 
251 CO* TItO r 

00 201 A « 1,30 
1 T P , A ) • T (A ) 

201 coanoot 
301 COOTtfOt 

i f a - O S R ) i n , * e t , *ot 
311 L • L » 1 

l o a n • t o r n * » i 
t o r n • • Lot rn • as(t) 
IF aim* .It. 250) CO TO 201 

•ot coanaoc 
c m ooT»aT(taitTo, o, * , s r , soata, soat3i, TT , m , T B * , 

I io»raa, ai) 
c m r ior i2 <t*i»TO, o, * . S T , T T , u r r t t ) 
00 TO *1 

toot aaiTF (so .9ioi) 
9001 fO0»»T (2ZfC,0, 2tJ| 
9011 rot«»T (5(15, tlO.O)) 
4051 rotBAT ( i 110.0) 
9101 TOBBkT (tat) 

•no* i 
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S O M D t m i D I S K 
iaraiczT « U 4 (*-B,O~X> 
COUOt /UCM1/aUMM(W) . C(1<|. S ( H ) . T(20| 
c a a a B i / a t n r x / i p * . » ) . H i i t . i t ) . » n t . 2 i . S09 .2 ) 
coaoa vwccooyv iM) 
oat • n o to 
M II) I • 1.M 

• m - o. 
113 c o r a m 

K 12) I • 1,11 
S P I - • • 

• 23 COHTIMt 
M M3 I • 1 .M 

DO 133 J • 1.10 
S tO .J ) • 0 . 

133 COOTI—1 
• P . I ) • 0. 
• 0,2) « • -
i a . i i • o. 
i a.2) • o. 
M ( I . I ) • OR 

1*3 CO! TI01I 
t rno i 

S m s i t n t 0tT»tT(E*MTO, } , », ST. I I B I , S t K 3 1 , I T , W t , T H I , 
i L t r t c t , i i ) 
•nnsiaa tat»To<2So,i9) 
u n r a o ) n.(M) 
•nnsmo o(2So,2*> 
•nmsxo* t(2M,2«) 
•nstsioa sr(ist) 
• i nsno* s t r a p s * ) , ! i i o i > 3 « i 
tnns io* m i M . s t ) 
COMOt/TftttS/tl . M , » . »TT0C 
iot • u t i t t / M 
j » • M • iwr 
xr u«r - tcrrti) « i i . «2i, «2i 

• i i i t r • i t * • ? 
• 2 i m i « i t r - i 

•Mi t t ) • L t t n i - n n • so 
IT an - i t . i) eo TO *«i 
M U 1 U > 1,1111 

t l ( l t ) - SO 
• 3 i c o m t t t 
• • 1 J t l • - »9 

J U • 0 
H H i i • i , t n 

• t i n (•0,9101) 
ran (w.9«ot) 
OtXTK (P0,9*St) 
J t l • J t l * SO 
J U • J12 • 11(1) 
•0 «51 • • JL1, J U 

» » m (»0.9 Jl ) ST(»), (QIR.HH), •» * 1#1«) 
•si c o r a m 
• • i coon««t 

J I I • - «9 
JU • o 
DO SCI t ' 1 , l i t 

•>1TB (•0,9101) 
• I I T l (M,9»11) 
• M T I (•0.9VS1) 
J LI • J t l • SO 
J U • Jt2 • l t ( I ) 
DO M l * • J l l , J U 

• i r r t (10,9901) S T ( R ) , ( o m . i i n , mi * n.JO) 
• •1 COtTXMt 
soi c o t n i o t 

J l l • - »9 
JU • o 
DO S21 1 * 1 , l O t 

• I I T I (M.9101) 
• t i n ( io,9«2i) 
• t i n (to,9«si) 
J t l • Jt1 • SO 
J U • J12 * t t ( l ) 
DO 511 I » J t l , J12 

u r n (•0,9901) sT(iq, ( a m , " " ) , "« • 21,a?) 
s n cotT iwr 
S2i c o t n t o t 

J t l • - «9 
J U • 0 
DO s»i 1 » 1, 1 or 
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•BI*> l » , f M I ) 
•UTS <•».»•* 1| 
i n n <w.9«sn 
J l l • J l l • * • 
J U « J U • a t i i ) 
N M l • - J i t . J12 

MTO |«0»9991» $: . •» , <*<• , • * , M » !,!•» 
SSI U»11—1 
**i c o r a m 

J I I • - «9 
J U « • 
M a t i > i , m 

u r n <M.9t*i) 
m t i tao.««7i| 
wnn (N .MSQ 
J l l « J l l • 5« 
JU • J U • PL(I) 
•O Ml • • 411. J U 

• •III (•0,9901) * » ! • ) , <!(•.>•). •» • 11.201 
s«i cmrtmt 
•oi C M S me 

J I I • - M 
JU • • 
M u i i • i , tm 

•UTS |M.9W1| 
• a n t«9.9Mi| 
•BIB 100.9951» 
J U - J l* • 90 
J U • J U • • l | IJ 
00 Oil • • J i t , J12 

• H i t fB4>.9901| ST(*|, ( • ( • , • • ) , n • 21,21) 
• 11 COXTIOTI 
<2t c o r a m 

J l l • - «9 
JU - • 
M m i • i , i n 

•HTt (M,91«1) 
raw i«o,9Mi| 
»MTt (M.9S11) 
•HTt IM,9«S1) 
JU « J i t * 50 
J U • J12 • 11(11 
t o Til • « J H . J U 

• n r c | R , t w i | st;*». I I I O » T O ; « , M » , M * t.iO) 
Til C M t i m 
i n c o r a m 

J I I « - »9 
J U • • 
K T i l l > I , I I I 

i n n (B0.9t»i) 
• K i t (00,9501) 
• n n (M,952n 
• u n <M,9«si) 
JL1 • J l l • 50 
J U - J U • » l ( I | 
M 1)1 I • JL1, J12 

»«Tt foo,990i) « [ • ) , (twnKota.nnt, »s • n . t t i 
731 COS T i n t 
1*1 c o r a m 

a n . - •» 
J U • o 
M H i I • 1, l i t 

t i lTf 1*0.9101| 
fBTTC IM.9M1) 
•BITB 100.9511) 
tnn (00.90ST) 
J l l • JH • 5« 
J U • J12 • f t | I ) 
OO Oil 0 » J i t . JU 

• m e |«0.9991| ST(M. (TT(»,nn, Ml • 1,10| 
• 11 COtTINt 
•2i c o r a m 

Jll » - 09 
J U • 0 
M M l I • 1 , 100 

• RlTt (00,9101) 
• B U B IN.M*)) 
• t l t l (00,9521) 
* n n (oo,»»si> 
J l l * J l l • 10 
JU • J U • IKt) 
OO Ml 0 « J l l . J12 

m i l (00.9901) ST(«|, (TT(*,int), %U • 11,19|, Miff(H) 
• J l COOTIPOI 
t * i c o r a m 

J l l » - M 
JU ' 0 
03 H I I ' 1. I f f 
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BBITt ( n , « H < 
BBITI (BO.M11) 
• t a t * (M.9S1«j 
•BIT* ( N , W t | 
J i t • J i t • M 
J U • i U < * l | I | 
M « 1 • » J l l . A 2 

f U l l f * 0 , » M l | S T f l l . (TT<• , • • ) , M • 20,29) 
• St C M T I M I 
• • 1 COSH M l 

J i t « - «» 
J U - • 
•o m i » t . i a r 

• • I I I ( I0.9W1) 
i n n ( • n . M i t ) 
i n n (ao.«S2t| 
•sxr t ( B O , 9 * S * 
J i t • J11 • SO 
J U - J U • » l ( I ) 
M B71 I - J i t , J U 

ten* « i m • ( t .c - H K - T I L • sT(B)i) 
I U T I C • M « i m / m t 
• • I T S |aD,99*i> S T I B I , ( T T ( » , M I , aa • N , M > , aatTD 

• 7 i COBTIBBI 
•at coanaaa 

* t a i roaaiT pa t ) 
» • • ! poaaiT {• T I M gatoi(t | got02fi> g o i o j n i aczatft 

i i at2it<T) g a i M n i g o o s m g M i i D aawfen 0 
205021 t» V» 

M t t roaaar c T I B I gtSMi* . oa*a?it) e o t u m Q O T I V I I 
I I gaai«( i | goat*fi> o totom oo9i«<i| giaoaft) a 
2 t a i t | t i «/i 

»«2i rooaiT r n a t g t m t * . gi202(i) o t M i f t i gt)oo<i 
1) 01*0 2 ( t | g l M t l t ) « I M I | 1 | 
2 •/» 

•»5 i raaaftT !• aais • / ) 
9««i roacu c T I B I gooatfZ) gat«2|2| gotai(2i ge20*(2 

1) 0821*12) 00M«<D GBMSI2) 00«02<2) 08*09(2) 0 
20502(2) • / ) 

•«7i raaatT <• T I B I gawatzt g a M i m aoTi3(2) Q C T I « ( 2 
I J gaatai2i oootMn o»»iojn 00919 (2> gtaos(2| o 
2 i a t t | 2 | • / ) 

* *at roaaiT t* T I B I g t i t2 f i t gi 2*2(2) g iM3(2 | gtM»<2 
D gi*c2(2) g;*ae(2i g i t o c m 
2 •/» 

9501 roaaiT i* i t u n t t I I B I O I C T I T I T T • srec inc i c n m i AT S T I T I O 
I B B I T / sr tc i r ic I C T I V I T T or I S I C T l o o m 
2 «/» 

* 5 i i reaai t (• t i a t OBIT I B B I T 2 B B I T J BBIT • 
t aai t 5 n r r t BB IT T as i r • BBIT * 
2BBTT 10 •/} 

9521 roaaiT c TIBB BBIT it OBIT 12 OBIT U BBIT 1 
IB Bait 15 BBIT I f EBBfL) CSfff) BBIT I f 
2 V ) 

• * o i roaait (• r B f t m a r er t o r n iostac •/> 
* c i t roaa»t (• IBTIBTOBT or 1-131 • / ) 
9901 rOBMT | 2 I , r 8 . 2 , 1X, 1f10t12.«) 

BtTBBB 

SBBBOBTIBI o r raacd , t , i « x , T B I B , L « » I ) 
aiansioa t p M i , t ( 2 * 0 ) , T ( 2 « i 
BIBEBSIOB i< i> . t i n 
N * < 1 • i . ia ix 

f O I • IJII 
10* COBTIBBI 

xr • 0 
>M II ' 0 
21* I f • I f • 1 
22* xr f i r . c t . LBBXI irra«B 

xr K f i r ) . i t . TBIB .o r . t f i r j . S T . TBIX) e-> TO 210 
m n • 11 • 1 »ou - mn 

Ta» • n m 
LBl • II 

25* i r « t r • t 
7M I f f i r .CT. LBl I) ItTBBB 
2T« xr i i f i r i . i f . H I B . 0 * . t f t r j . S T . T B I I I 30 TO JO» 
2 M I I • XI • 1 

D(i«) • t a n 
T i m » xur» 
LBl • I I 
i r f i r . t o . i n n so TO J»» 
69 TO 2W 

30* c m c a t t i r r , 0 , tax, 109) 
6 0 TO 20* 
I BO 
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soaaamat K O T O traiira. o. t . sr. r t * . u t i ) 
• D B S S M m o n i i M i , anaaroM), arioariMO) 
axaassxoa • F U U I K * ) , i » m » o W ) , i m n m o 
tummstm span 0 1 . araaip) 
axaaastoa • t a x o t i M . i * ) . oi2sa.2ai, apw.za) 
• n t M I W ST(2»«> 
amasiM Ttm.t12a.101 
U M S I M u t x s e i . iaa i f t i . m t r f S ) . tst*<*) 
• • • m a j n i t s p i , r u i z a . i a ) 
coaaaa/TaRs/ai^o.ar.rrnc 
coaaaa/oamr/artsao.M 
aaax** aotaia. n m i 
•art atai/toaaaaaoa/ 

c 
c 
c ( V . D coaatsroaas TO sarctssivt n u t s or oaaaip) 
c 
c «p.2) cotatsroaos TO sacctssirt n u t s or oaw2|i) 
c 
c OP.J) toaatsroaas TO sacctssirt n u t s or ooMjpi 
c 
c OP.*) coaatsroaas TO sacctssivt n u t s or 0020411) 
c 
c OP.M coaatsroaas 10 sacctssivt n u t s or 002 u p ) 
c 
c QP.t) cotatsroeas TO saccsssirt n u t s or OOM«(1) 
c 
c oP.T) cotatsroaas I D sacctssirt n u t s or ooMtp) 
r 
c o p ^ i coMtsroaas TO sacctssm m a t s or c***2(i) 
c 
c «P.* ) «oaatsroaas to sarctsstrt n u t s or ooaatti) 
c 
c o p . i t l coaatsroaas TO sacctssin* n u t s or QOM2<I> 
c 
c OP. i i ) coaBtsfoaas TO satctssirt m a t s or oosaH't 
c 
c OP.12) coMtsfoaas TO satctssivt n u t s or QOMTII ) 
c 
c «P*i>) cotatsfooas TO sacctssxr* n u t s or ooiiifi) 
c 
c 0P.i*> ootatsroaas TO sacctssire n u t s or ooriafi) 
c 
c op.ist coaatsroaas TO sacctssivt n u t s or goaia<i> 
c 
c c p . i t ) coaatsroaas TO sacctsstre m a t s or ooaiMi) 
c 
c OP.IT) coaaeroaas I D sarcrssir* n u t s or ootio(i) 
c 
c op.i*> coaaasroaas TO saccrssirt m a t s or ooai«(i) 
c 
c OP.i<) coaatsroaas TO sacctssirz n u t s «r o*o«t{i) 
c 
c OP,20) coaatsroaas to sacctssirt n u t s or o w i i n i 
c 
c 0P.21) coastsroats to sarnssi** n u t s or Q111211) 
c 
c OP,22) coattsroaas I D sarctssm n u t s or Qi202(i) 
c 
c OP.23) coaatsroaas TO sarczssirc n u t s or auojoi 
c 
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