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PREFACE

This report summarizes work performed up to June 1973 relative
to the description of the behavior of tritium in a high-temperature
gas—cooled reactor; the main objective was the development of a
computer code with which accurate assessment of tritium distribution in
HTIGRs could be made. The resulting code, TRITGO, is operational and,
subject to the limitations discussed below, may be used for determining
parameter sensitivity and for defining future research objectives.
However, many extensions and amplifications that were evidently desirable
were not included. Some of these are indicated in the text. (For example,
the special role of the fuel element purge system in removing tritium
released by the fuel in a reactor such as the Peach Bottom HIGR is not
fully described.) In addition, it is now recognized that a slow,
temperature-dependent release of tritium must occur from fuel particles,
as well as from graphite and other solids. In the present version of
TRITGO, this is handled by a partition factor corresponding to immediate
release of a small fraction and permanent retention of the remainder.
Similarly, fuel replacement in the core is not presently incorporated in
the illustrative calculation.

Representative values of the input parameters have been taken from
PSAR descriptions of the Fort St. Vrain Reactor. The relationship
between code output and the performance of an HTGR remains to be established

critically.
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DISTRIBUTION AND RELEASE OF TRITIUM IN HIGH-TEMPERATURE GAS~COOLED
REACTORS AS A FUNCTION OF DESIGN, OPERATIONAL, AND MATERIAL
PARAMETERS

E. L. Compere
S. H. Freid
C. W. Nestor

ABSTRACT

Tritium will be produced in high-temperature gas-—cooled
reactors not only by fission, but also to a significant extent
by reactions of neutrons with boron in burnable poison and
control rods, with trace lithium impurity, and with 3He
occurring naturally in the helium coolant flowing through the
core., A portion of the tritium that is formed in solids or
fuel may be released to the coolant. This tritium mingles
with the hydrogen in the coolant and will, in part, chemisorb
on graphite. In addition, it may leak with the coolant from
the reactor vessel, be removed in the bhelium purification
system, or permeate system walls into the steam generator,
where as a result of removal (blowdown) or losses it is
subject to release to the environment.

The differential equations describing the above behavior
are developed. Assumption of steady conditions, including
hydrogen concentration, for a period makes it possible to
express the distribution as well as the production in the form
of coupled sets of linear first-order ordinary differential
equations. A generalized analytical solution of these is
presented.

The above tritium generation and distribution model has
been incorporated in a computer code, TRITGO. An illustrative
calculation using parameters taken from the PSAR description
of the Fort St. Vrain Reactor has been made., This indicates
that most of the tritium emerging from the primary coolant
will have been generated by the 3He(n,p)T reaction. A
significant fraction enters the steam generator. The tritium
in the steam generator blowdown, after proper dilution, may be
considered for release to the environment. The effects of varying
a number of system parameters are considered.

1.0 INTRODUCTION

Tritiuml is expected to be the dominant contributor to the

radiation dose received by the general population as the result of



nuclear reactor operatiom. Although fuel reprocessing comprises the
major pathway to man, reactor operation also has a significant potential.
A recently proposed regulation (10 CFR 50, Appendix I) for light-water-
cooled reactors will permit only very low concentrations (5 pCi/ml) in
liquids that are released to the environment {(usually the turbine-
condenser cooling tower release, in which appropriate other liquid
effluents are diluted).

Tritiumz (3H or T) is a radionuclide of 12,26~year half-life,
decaying with the emission of a 18-keV beta particle. It enters the body
readily, principally in the form of tritiated water, by ingestion,
inhalation, or skin penetration; the biological half-life is about 12
days. In addition to the general whole body dose, detrimental effects
may result2 when 3H is substituted for lH in a cell, due to mass
differences or if lost by decay from a DNA or RNA molecule of which it
was a part. No particular biological concentration processes have been
noted in man or the enviromment.

High~temperature gas—cooled reactors differ from light-water
reactors” ~ in ways that affect tritium paths appreciably. The particle
coating differs from the fuel cladding, and a small fraction of cracked
particles may occur. In addition to formation in fuel by figsion in
HTGRs, tritium can be produced by reactions of neutrons with lithium
impurities in the graphite, with added boron control materials, and with
the 3He occurring naturally in the primary coolant.

Tritium that enters or is formed in the helium primary coolant
mingles with the hydrogen—-containing species found there and can be
chemisorbed on the graphite, as well as being steadily removed by the
coolant purification plant. However, a gaseous mixture of hydrogen and
tritium will dissolve in and diffuse through hot metals containing it,
including steam generator surfaces.

Most of the hydrogen and tritium permeating into the steam generaitor
can be assumed to exchange with, and thus become associated with, the
steam generator water.

The major subsequent tritium pathway is then via steam generator
water leakage or release (blowdown) into the cooling tower water

that is expected to be evaporated or returned ultimately to natural source
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waters (subject to possible regulatory limitations). These pathways
are summarized in Fig. 1.

The following assumptions about the distributions are meaningful
to our analysis:

1. The transient variation of diffusion profiles with time does not

need to be taken into account, This eliminates position as a
variable and reduces the problem to one of keeping an adequate
set of inventory accounts characterizing the amount of tritium
or precursor species in appropriate locations (compartments),

2. The distribution is successive; the path of tritium or its
precursor atoms from any source to any sink follows a given
sequence of downstream transfers and the rate does not depend
on items excluded from the sequence or on feedback considerations.
Distribution is linear so that a branched path can be treated
as the sum of parallel linear paths.

3. Many aspects of the distribution pattern are essentially First
order in terms of the resistances and capacitances asscciated
with the system. This is true of leakages, blowdown removal,
removal by purification plant, formation at steady power by
neutron reaction, and radioactive decay. Although adsorption,
transient diffusional transport, and metal permeation are not
generally first order with respect to tritium amounts, certain
assumptions permitting first-order fepresentation appear to be
applicable to HTGR systems. Consequently, we will justify and
use a first-order approach.

It will be convenient to subdivide the reactor into a number of source
regions having definite parameters (e.g., core, reflector, boronated
reflector, and control rods) te each of which a uniform average slow and
fast full power neutron flux can be assigned; the actual flux is
proportional to the steady fraction of full reactor power that
characterizes the particular period. Because of the additive property
of the linear distribution, each fraction of the tritium entering the
coolant and distributed from it can be asgsociated with a particular source
region, This permits calculation to be made region by region and chain
by chain (and hence compartment by compartment) for both source and

distribution aspects.
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Thus for each region and chain we can write a coupled set of linear

first-order differential equationg of the type

an,
i " 5N

dN,
— = B N, , - S.N,(j =2
& 7 PGen,g Ve T SN0 T 2,

which adequately describe the transfer from any source to any sink
compartment. In these equations, N is the inventory of tritium or
precursor atoms in a given compartment; S is the overall loss rate

(including decay) from a given compartment; is the transfer

Be3-1,m)
rate into a compartment from a prior compartment; and Io (if not zero)
is a steady input or source rate and, consequéntly, a "forcing" term.

It is necessary to identify the regions, chains, and transfer
compartments of a given reactor and to develop the various source
terms and first-order transfer or loss coefficients from the reactor
parameters.

For a sequence of periods, we may then calculate region by region
for each chain the amount of tritium or precursor that exists in each
inventory compartment at the end of the period and was transferred to it
under the operating conditions of the period from the previous inventory
of a given prior compartment. Summation over all transfer sources gives
the new inventory for each compartment. As will be shown later, a general
analytical solution to the coupled sets of linear first-order
differential equations has been developed, permitting explicit calculation
of the results of each source~sink transfer across a set of compartments.

The model discussed above has been embodied in the computer code
TRITGO, which calculates the inventory of source nuclides or tritium at
various accumulation points {(compartments) for a succession of periods
subject to the constraint that changes in the pertinent parameters are
made only between periods., When needed, overall tritium distribution
rates can be obtained from successive inventory values in a straightforward
manner.

The code can be used to evaluate tritlum production and distribution

under normal operating conditions, to provide source term data for
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possible release to the environment, and to assess the adequacy of

possible measures of relief if these are needed or desired.

2.0 SOURCES OF TRITIUM
2.1 Fission

Tritium is formed by ternary fission.2—6 Tritium yields of 0.8 x
- -4
10 4 to 1.2 x 10 " are given for the thermal-neutron fission of

235U.6mll Values for 233U do not differ significantly. Fast-neutron

fission yieldslo of v 2,2 x lOm4 for 235U are indicated. For an HTGR
neutron energy spectrum we use a fission yield of 1.0 x 1()“4 without
specification of flux or fissile parent. Thus the rate of production
of tritium by fission in region r can be expressed in terms of the
associated reactor power:
e OF"
dt

N KPrY - A(NT)r’

where
e N 16 ., . 1 .
K = figsion rate at unit power, 3.121 x 10 fissions sec MW

(NT)r = inventory of tritium atoms as produced in region v,

Pr = powey produced in region r, MW,

t = duration of period, sec,

Y = number of tritium atoms produced per figsion, 1.0 x lOwa,
A = tritium decay constant, 1.793 x 10"9 sec"l.

The power produced in a given region containing fuel is calculated from
the fuel element volume and the flux assigned to the region relative
to the total, the full reactor power, and the relative power for the

period., Hence

Pr - TTPtotal Urﬁr/z(ur¢r)’
where
Ur = yolume occupied by fuel elements in region 5,
nm = fraction of full reactor power,
= gymbol for summation,
$ = neutron flux for region.
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Because assigned reglon neutron fluxes are used here to subdivide the
total power rather than calculate it, we do not need to take burnup into
account, Even though it might affect relative region flux and power

in the long run, this 1s not considered in the present model.

2.2 Neutron Reactions

Tritium 1s formed in appreciable yield by reactions of neutrons
with boron,l2 which is intentionally present as a burnable poison in
the fuel elements and as control rod material, and with lithium, which is
a trace impurity in graphite and other solids. The reactions are

summarized in the following reaction chains:
lOB(n,Zu)T,

lOB(n,d)7Li(n,na)T,
and

lzC(n,u)gBe(n,a)6Li(n,a)T.

Because of the large amount of graphite in a high-temperature gas-
cooled reactor, the latter reaction sequence eventually contributes to

tritium production to a moderate extent even in the absence of lithium

impurities.

The reaction rate equations for these reactions are:
for l2C(n,a)gBe(n,oc)6Li(n,(x)T,

dN

12 \

at " Prasc®12M2

dN9

T " ™eace®12M2 T ™rast”oNo

dN6

T~ ®rase®M 7 Pa10wsMe

dNT

ac = @slowO6N6 - >\NT;

and for lOB(n,(x)7Li(n,nOL)T and loB(n,Za}T,
leO

dt N

= 1(¢

s1ow’10,s1ow T Prast10, fast’) Mo



dN7

ac TmslowOlO,sloleO B ﬂwfastO7N7

dNT

Eg; - ﬂ((bfalstglo,fastNlO + ﬁfastO7N7) - >\NT’

where

N = number of given kinds of atoms in a region,

t = time, sec,

A = tritium decay constant, 1.794 x 10_9 secml,

m = fraction of full reactor power,

0 = neutron cross section of given nuclide for fast or slow
neutrons, sz,

@ = region fast or slow meutron flux at full power, neutrons cm_2

-1

sec .

Subscripts are:
fast = fast neutron,
slow = slow neutron,

6 = lithium-6,

7 = lithium-7,
9 = beryllium-9,
10 = boron-10,
12 = carbon~-12,
T = tritium.

These comstitute, for each chain in each region, coupled sets of linear
first-order differential equations.

In addition, tritium 1s formed by the 3He(n,p)T reaction in the
primary coo]_ant.l'3 Although the natural abundance of 3He in heliun is
given by most handbooks as 1.3 x 10*6, it can be as low as 2 x J.Ow7
in helium obtained from wells, according to information furmnished by
the Bureau of Mines to the General Atomic Company (GAC). The above
reaction of 3He has a relatively high thermal-neutron cross section
(v 5300 barns at 2200 m/sec) such that the reaction rate at a flux of

13 ~2 . .
6 x 10 neutrons cm sec in a high~-temperature gas-cooled reactor

core corresponds to a loss of about 1% of the 3

He in the core per day.
Since about 6% of the helium is in the core, the tritium yield is

appreciable. This reaction is particularly significant because about
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half of the tritons from it do not recoil into solids but remain in the
coolant helium. The coolant is the major distribution transfer
compar tment of the primary system.

The rate equations for production of tritium from 3He will be
considered later.

Calculation of the production of tritium by neutron reactions is
facilitated by the use of "effective' cross sections for an HTGR flux
distribution obtained as follows. The neutron energy spectrum of an

233U ratio of 5000, at a temperature

of 900°K, was obtained* for one source neutrbn cm~3 secmla The energy

infinite homogeneous reactor with a C/

spectrum of such an idealized reactor is believed to correspond usefully
with that of actual high-temperature gas~cooled reactors, although

obviously duplicating none with high precision. Using 2.38 eV as a

7 ~2 -1

cutoff, the calculated "slow" flux was 157 neutrons cm sec for one

s .
- -1 .
source neutron cm 3 sec ~, and the corresponding calculated "fast" flux

was 50 neutrons <:m~2 sec~l.
The values, along with the power density of a fueled region,

could be used to calculate the corresponding estimated fast or slow flux.

- -1
n e n
Estimated flux = (neutro s cm ~ sec s ) % (sour? eutron)
source neutrons cm sec” fission
fission W
Cmsec ) * .

cm
However, the results of more~refined reactor physics calculations are
normally available for both fueled and unfueled regions. In the present
code, such externally obtained values of slow and fast flux are assigned
to their respective regions as input information.

For each reaction of interest the reaction rate for one source

neutron cmw3 sec ~ was calculated using ENDF/B cross section ~ energy
data and the above neutron energy spectrum. Table 1 shows the values
obtained., Also shown are the corresponding effective cross sections, along
with reaction rates (per day) in a core with a slow neutron flux of 6.0
X lO13 neutrons me2 secul and a fast flux of 3.6 x lO13 neutrons cm_2

secwl (similar to the Fort St. Vrain Reactor core). The effective cross

*Courtesy of A. M. Perry, ORNL Reactor Division.



Table 1. Reaction Rate Parameters for Nuclides of Interest

For One Source Neutron cm—3 sec— L Calculated Cored
Flux, Reaction Rate, Effective Reaction Rate
Neutron n cm~2 gec—! sec—1 Cross Section (days'l)
Reaction Group n cm~3 sec—l n cm—3 sec—i (barns)
6. . -20 -3
Li{n,o)T Slow 157 6.40 x 10 408 2.1 x 10
711 (1,00 T Fast 50 3.59 x 10722 0.0072 2.2 x 1070
105 (a, 20)T Fast 50 6.76 x 107 2> 0.014 4.2 x 1078
08 (n,00 711 Slow 157 2.56 x 10717 1630 8.5 x 107>
126 (0,00 Be Fast 50 7.3 x 102 0. 00015 4.6 x 10710
9Be(n,u)6Li Fast 590 8§.26 x 10_25 0.17 5.2 x 10-7
e (n,p)T Slow 157 3.58 x 1077 2280 1.2 x 1072
- -1 -1

a ~ 3 1 -
For a slow flux of 6.0 x lOlj nectrons cm sec or & fast flux of 3.6 x 1013 neutrons cm 2 sec .,
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sections are, of course, appropriately less than the conventionally
tabulated thermal values due to the increased average temperature among
other factors.

The effective burnout half-life for original 6Li in such a reactor
core is indicated to be about 330 days. However, the high mass of graphite
in the core will result in an appreciable buildup of 9Be and subsequent
formation of 6Li in the fast-neutron reactions lzC(n,a)gBe(n,a)GLi.

With an original lithium concentration of 13 ppb (lZC/6Li = 109),

the 6Li concentration would reach a minimum at full power in about four
years; at 50 ppb of Li, the minimum would be attained in about five years.
Thus, 6Li reactions can be expected to be of some significance before

the end of fuel life, even in the initial absence of lithium in core
graphite.

Boron will be added to fuel elements as a burnable control material.
In the assumed core, the burnout half~life is about 82 days.

Helium-3 has an even higher core reaction rate (0.012 per day);
however, only a small fraction (4 to 67%) of the primary coolant is in the
core, so that the net removal rate is of the order of 6 x 10~4 per day.

To some extent, leakage makeup will tend to offset this and to stabilize

the rate of tritium formation from 3He.

2.3 Helium-3

Helium primary coolant circulates through all reactor regiocns. In
order to fit the neutron reactions of -He into a linear, region-by-region
calculation scheme, each region must be assigned its reaction - rather
than its mass fraction of the total, as shown below.

Helium is contained in all fabricated channels or holes, amnuli,
and clearance tolerances, as well as in the pores of graphite or other
solids in the reactor system. The graphite is porous and cross flow is
expected. Therefore, all space accessible to helium in a region is
treated as a single, well-mixed volume with respect to tritium generation.
However, the fraction of tritons which recoil to adjacent solids will
vary with different classes of space, and an estimate of the overall
fraction retained in each region will be presented later. It is assumed
that a triton recoiling to a solid will enter and be retained inter-

stitially.
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First, consider the overall dynamics of 3

He in the primary system.
For any given time, t:

4
atoms of ‘'He in primary coolant system,

N4 =

N3 = atoms of 3He in primary coolant system,

X3 = N /N4 = JHe fraction in coolant,

Xz = gbundance of 3H in input helium,

M = makeup rate constant for primary coolant, gec —,

T = relative reactor power (actual power/full power),

0 = effective cross section of 3He for tritium production.

For each region r1:

Vr = regilon space accessible to helium,

Cr = atoms of helium per unit volume at region temperature and
pressure,

¢r = assigned neutron flux for region at full power,

Relatively rapid mixing in and among all parts of all regions is
assumed, The change in the number of 3He atoms in the reactor as a

function of time is given by:

dN3 o
SO = MN X - MN X - ) (vrcrx3cﬂ¢r).
Now define
Qr - Vrcrawr’
QS = Z(Qr)a
F_= Qr/QS.
Then
dN
3o x® - N, x® - MN X, - TX,Q Z(F)
dt 473 473 4T3 RN

Since Z(Fr) = 1, this factor may be inserted in any desired term. Hence

mQ
2 (F )( > MY KL (F,) ~ MNXT(E) - ( )quvr).
Since, by definition, none of the terms of Q or F is time-dependent,

..... = : F
(N Fr) Z[MNAXBP M(N4X3 >(N X
We are thus interested in the fraction of the total 3He reactions that

are to be associated with each region, rather than the volume fraction of
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the 3He contained in the region. Our primary variable may be defined:

(NB)r = N, X,F,;

473742
the equation for 3He reaction for a region then becomes:
d(N,) ™
3 o 8
dc = MN4X3F - M+ T )(NB)r'

v 4

It follows also that the rate of tritium production associated with

region r from 3He 1s given by:

d(NT)r TQS

These equations are now linear in each region and may be incorporated in

the general set of system equations. Consequently, the number of 3He
atoms to be associated with a given region is given by the product of the
total number in the primary coolant system and the fraction of the e
reactions occurring in that region,

The formation of BHe in the system as a result of tritium decay is
neglected for the following reasons. Tritium entering the primary coolant
is removed fairly rapidly relative to the decay rate, and solids
(especially fuel particles) retaining tritium are expected to also retain
its 3He decay product. Thus, attempts to describe the contribution of
tritium decay to the 3He content of the system would not improve the
accuracy of our model significantly, and would unduly complicate the
present equations and their solution.

Some modification of this approach is undoubtedly necessary for
reactors using purged fuel elements, such as the Peach Bottom Reactor,
However, such changes will not be considered in detail here., In principle,
the distribution remains linear and first order, with an additional path
to be included. The total production should not be significantly changed
in such a calculation, although a somewhat larger fraction would be

diverted to the purification system instead of following other distribution

paths.

2.4 Organization of Source Reactions

Examination of the rate equations for the inventory of the nuclides

in the various chains in each region leading to tritium production indicates
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that, for each chain, these constitute coupled sets of linear first—-order

differential equations of the form

le = Io - SlNl

dN,
@ T B, TSNy G =,
where
IO = fixed input rate for period, atoms/sec, may be zero,
B(j"l,j)z ratf]constant for transfer from (j-1)th to jth compartment,
sec
Nj = atoms in jth compartment,
Sj = rate comnstant for loss from jth compartment, sec—l.
Subscripts indicate the compartment number in a chain sequence of m

compartments. Compartments are the successive atom inventory accounts
for the particular chain and region.
We shall next show that these sets of equations can be extended to

cover tritium distribution.

3.0 DISTRIBUTION OF TRITIUM

3.1 Transfer Compartments

As indicated in Fig. 1, all the various production chains lead to
either retention of tritium in solids or entry of tritium into the primary
coolant system. We shall assume that, in the latter system, rapid
equilibration occurs between the tritium in the circulating primary helium
coolant and that chemisorbed on the graphite.

Tritium may leave the system via leaks of primary system helium;
it is also removed from the stream of coolant which is passed through the
helium purification plant., In addition, it may permeate the metal walls
of the system along with hydrogen, particularly to enter the steam
generator. Tritium entering the steam generator is removed in blowdown
and leakage, Thus it is necessary to keep a number of inventory accounts
with respect to the distribution of tritium. These distribution compart-
ments include, in succession: overall production, bound in solids,
adsorbed on solids, primary gas, primary leakage, purification plant
removal, steam generator entry, steam generator content, and blowdown

removal and loss.
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It may be seen that the inventory of all the sinks named above may
be defined by specification of only a few actual transfer compartments:
(1) production or primary gas content, (2) primary gas losses or steam
generator entry, and (3) steam generator content or blowdown, plus
appropriate partition ratios for: a particular period. We' shall now

consider these in detail.

3.2 Tritium Bound in S5olids

After formation, tritons may come to rest in solids or in the helium
primary coolant gas, Further distribution occurs from the primary coolant
system. In the present computations, an arbitrary factor is used to
calculate the fraction of tritium produced by a given chain in a given
region that is retained or bound ‘in solids; by difference, the fraction
not retained and thereby entering the primary coolant is cbtained,

Although the generalized analytical equations presented later have
been shown, In principle (but with complexity), to be susceptible to
extension to include slow release from solids (see Appendix 1), releagse
is likely to be quite rapid or quite slow. Thus, a useful approach is to
treat release as either being prompt or not occurring at all. When valid,
this approach has the merit of avoiding the need to consider additional
compartments and to have considerably more equations handled in the code,
Furthermore, release constants for tritium are not readily available. If
it should become desgirable to consider release rates from solids,
reprogrammning to extend the code to include this step appears feasible.

Thus, we assign a steady-state retention fraction for each chain that
produces tritium. In the case of fuel, we note that tritium formed in
cracked particles or from contaminants on particles may be assumed to
escape readily, while that formed within intact TRISO (and probably alsc
BISO) particles is strongly retained. Further, the fraction of cracked
particles should be below 1% originally and should not greatly exceed 1%
after extended operation. Consequently, an arbitrary retenition [raction
in fuel particles of 0.99 is used.

The chains that involve reaction of nuclides in the solid phase to
produce tritium depend on the content and location of possible boron and

lithium impurities in graphite, which are poorly known, and of boron in
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burnable poison rods. The release rate of tritilum which is bound
interstitially in graphite is obscure but doubtless quite slow since a
temperature at least several hundred degrees higher than reactor
operating temperature is required to drive out residual hydrogen from
graphite.l7 The use of a retention fraction of 0.99 appears reasonable
and not unconservative. There is no present reason to use different
factors for different chains.

The boron burnout poison rods are treated as if the boron were
dispersed uniformly throughout the core. Such treatment may cause the
average reaction rate for this boron to be too high.

In the case of control rods, the major lithium content is in the
metal; tritium formed from this source wight escape more readily than
tricium that had been formed and retained in graphite. The boron
fraction is obtained by calculating the total boron mass and dividing
by the total control rod mass.

The control rods will, of course, not be fully ionserted. An
insertion fraction of about 11% is frequently cited. The relationship
between extra gas space under rods, degree of rod imsertion, etc. has not
been treated as a variable. Of the gross rod mass, 117 is assumed to be
in the core and thus subject to reaction. The introduction of additional
lengths of rod because of depletion of the existing insertion has not

been included in the calculations since the depletion is not great.

3.3 Tritium Recoil from 3He Reaction

Tritons from the 3He(n,p)T reaction in the primary coolant will come
to rest in solids in fractions which vary from region to region because
of the varying proportion of space associated with channels and fabricated
holes, clearance annuli, and pores. We will now consider the calculation
of the average fraction of such tritium.

The recoil energy of a triton is about 0.2 MeV* leading to an estimated
range of 0.05 cm (500 1) in helium at 47.6 atm and 600°C. "

Because pores generally are smaller than 0.05 cm, the fraction bound ig

taZen as unitw,

*Personal communication from David Kochex, ORNL Nuclear Data Group.
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Clearance annuli are the tolerances between fuel element blocks,
and between the fuel rods and the blocks that contain them; for simplicity,
we use a planar approximation. If the width exceeds the range,

Fraction bound = range/ (2 x width), where range < width,
If the width is less than the range, the relationship is:

Fraction bound = (range - width/2)/range, where range > width,
For large cylindrical channels, or holes:

Fraction bound = raunge/diameter of channel.

The average fraction of retained recoil tritium for a given region
is calculated as follows:

Avg. fraction = I(vol x fraction bound)/% (vol),
where the summation is made over the various spaces of the region in which
helium and tritium may be found (i.e., pores, channels and other holes,
internal and extermal annuli). If the characteristics of the fuel or
reflector blocks comprising a region are given and the mass and density
of a region are known, the desired fractions may be calculated.

The present calculations with respect to the contribution of the 3He
reactions are based on the volume and spacing and other characteristics
of a single fueled element, with extension to a particular region being
based on the mass of the regilon. An allowance for the one element out of
seven that contains control rod passéges is included. While the inserted
part of the rod (taken as 117 of the possible full insertion) is treated
separatély as an individual region, the void in the remainder of the
element is assumed to be part of the array of core fuel elements. It
appears possible that a future revision could take into account the special
characteristics of the control rod channels without undue difficulty,
With values of triton recoil retention for the several chains available
for the various regions, the amounts retained in a given region as
"bound in solids' can be calculatéd from production values. The present

calculations do not consider release of this bound tritium.

3.4 Primary Cooclant Compartment

The amount of tritium not bound in solids is directly calculable as
the supplemental fraction of production. This material dis considered to
immediately enter the primary coolant compartment, which consists of the

tritium present in any form in the helium coolant, as well as the
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considerably larger amount chemisorbed on the carbon surfaces of the
system. Tritium is lost from this compartment by four mechanisms:
primary coolant leakage, removal in the purification plant, permeation
of containment surfaces (in particular, the steam generator tubing),

and decay.

3.5 Tritium and Hydrogen

Tritium entering the primary coolant compariment becomes equilibrated
with the relatively large amount of natural hydrogen In this part of the
system, and its chemical behavior then becomes indistinguishable from
that of the hydrogen. Consequently, we shall determine the rate behavior
for hydrogen, expressing it im "first—order" rate terms (rate/amount
present), and assume that tritium acts similarly in proportion to its
amount and consequently has the same rate constant. This approach
is valid as long as the hydrogen concentration for a pariicular period is
known and remains steady. The first-order loss rate terms allow the
equation for tritium accumulation in the primary coolant compartment

(here, index i) to assume the usual form:

an,
ac = BNy T 5Ny

where Bi is the rate of transfer into the coolant, S is the overall loss
and removal rate from the coolant, Ni is the number of atoms of tritium

in the coolant, and Ni— is the number of atoms in the inventory

1
compartmeunt prior to the primary coolant compartment. This expression
thus continues into the first distribution compartment the coupled set
of linear first-order ordinary differential equations previously obtained
for tritium generation.

Hydrogen concentrations in the primary coclant are input data for
each period and are assumed to remain constant within the period. The

source of this hydrogen is not considered. Levels of 10 to 30 ppm

are anticipated for a reactor similar to the Fort St. Vrain Reactor,.
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3.6 Chenmisorption

Hydrogen is chemisorbed by nuclear—grade graphite,lf’"l8 the
equilibriunm being essentially complete in the order of 1 to 2 hours,l?
Since we do not consider such short time periods here, it is adequate to
regard hydrogen that is present on the surfaces as being in adsorptive
and isotopic equilibrium with hydrogen in the gas. The chemisorption

of hydrogen on graphite is indicated to follow a Temkin isotherm in that,
at intermediate values of €, the amount adsorbed is linear with the
logarithm of pressure,

The Temkin isotherm is as followsil9

1 -8

ape? (1-a8) /RT,

where

~1
a = adsorption constant, atm ~,

= gas pressure, atm,
= heat of adsorption at zexs coverage, cal/mole,
Co, =1 -
gas constant, 1.987 cal mole deg l,

= OK,

= factor for change in heat of adsorption with coverage,

D L H ® a3
i

= fraction of available sites on which chemisorbed atoms are found,

It ids necessary to use the full expression in order to consider
adsorption at lower pressures. The expression above fits literature data
satisfactorily with respect to pressure, but no satlsfactory values of ¢
and a could be extracted to show temperature dependence. As data from
several sources had about the same O-vs-p behavior at a given temperature,
an expréssion independent of temperature was obtained. This implicitly
expresses the amount of hydrogen, A, in cm3(STP)/m3, chemisorbed on a
unit (B.E.T.) surface of graphite as a function of hydrogen partial
pressure (p, torr) and an assumed monolayer saturation value, AO (where
8 = A/Ao):

A= (AO/17°97) In [16.54 p(AO - A)/AY.
This expression may be solved iteratively without difficulty.

The ratio between numbers of adsorbed and gasborne hydrogen atoms is
then calculated using system carbon masses, B.E.T. surfacs, and hydrogen

partial pressure in the total quantity of primary coolant gas. This
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assumes reasonably rapid interchange of coolant gas with all pore gas

and at least similarly rapid adsorptionl7’18

or exchange processes,
Although plausible, the validity of this assumption is not established,
In particular, the exteat of hydrogen and tritium penetration into the
outer reflector blocks, which have much more graphite between surfaces
in contact with flowing gas than do fuel elements, may be somewhat lower
than assumed. Adjustment could be made for this possible discrepancy

in the present calculation scheme by introducing an ad hoc reduction in
the total B.E.T. surface of a region if access to it is restricted.

In any event, the ratio of adsorbed/gasborme hydrogen for the entire
primary coolant system is assumed to hold for tritium throughout a given
period. 1In a new time period, the adsorbed and gasborne tritium would be
redistributed on the basis of the possibly new hydrogen concentration
before other items are considered.

In a reactor similar to the Fort St. Vrain which contains 6140 1b
of helium at 47.6 atm as the primary coolant and a total of 1,400,000 1b
of graphite (core, reflector, and boronated reflector) with a B.E.T.
surface area of 0.2 mz/g, 30 ppmn of hydrogen in the gas will result in
about 25 times as much hydrogen being adsorbed as is gasborne. If
exceptional temperature excursions should occur, considerable desorption
of tritium and hydrogen could result, but the temperature range involved
and the extent of desorption to be expected are not at all clear from the
rather limited information available in the literatrure. Laboratory
investigation in this regard should be of wvalue.

Chemisorption thus acts as a coupled capacitance term for the
hydrogen and tritium in the coolant system, Correspondingly, the removal
terms from the coolant system are conductances in parallel and may be

lumped where appropriate.

3.7 Coolant System Removal Terus

Hydrogen and tritium are removed from the primary coolant system
via (1) leakage of cooclant, (2) passage through the purification plant,
and (3) permeation through various walls of the system (in particular,
the heat transfer surfaces of the steam generator). By regarding the

leakage, purification plant removal, and steam generator entry as final
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accumulation sink compartments (subject only to decay of tritium), we

can obtain their total content for any desired time. Each of the removal
rate coefficients from the primary coolant system is expressed as a
fraction of the content of primary coolant gas lost per unit time,

since loss values in the various paths are most directly related in this
manner to parameters and mechanisms determined independently.

Only 75 to 80% of the total primary system helium is in active
circulation. It appears unnecessary, even though it is possible in
principle, to account for this considering the noncirculating and
clrculating parts to be separate segments with a defined turnover rate.
We will take the mass of actively circulating helium to be the inventory
basis, thereby treating turnover as zero. This will give proper
answers for tritium generation and removal. Leakage (or makeup) is
actually a fixed mass per day. In the case where turnover between
noncirculating and circulating helium is more rapid than makeup or
burnup, the use of the circulating instead of the total helium
inventory will simply modify the time required to reach a burnout-vs-
makeup steady state, rather than affecting the ultimate 3He
concentration, This is thought to be tolerable.

Leakage from the primary system 1is assumed to be equal to the average
expected helium makeup rate. The leakage rate coefficient is then
obtained by dividing the makeup rate by the circulating helium content
of the primary system.

The rate coefficient for purification plant removal of hydrogen is
given as the product of the flow rate of primary system coolant gas to
the purification plant and a removal efficiency factor, divided by the

amount of helium circulating in the primary system.
3.8 Permeation of Steam Generator Surfaces

Tritium will also diffuse through the walls of the variocus components
of the steam generator system. (Moreover, although some diffusion will
occur through all metallic components, their combined surface area,
divided by thickness, is negligible compared with that of the steam

generator system; thus this mode of transport is ignored.)
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Hydrogen dissolves in metal in proportion to the square root of its
partial pressure, according to Sieverts law. If the actlvity of hydrogen
differs between two pointg within the metal,diffusion will occur down the
activity gradient in accord with Fick's first law., These effects are

combined (for constant temperature) so that the hydrogen permeation rate

for a steady gradient is given by:20,21
dD _ area . 1/2 1/2 —E/RT
dt = thickness © (Pl - Py ) x Cxe ,

where D is the amount of hydrogen [in cm3(STP)] permeating through metal of
a given area (cmz) and thickness (mm)} with a metal permeation pre-
exponential term C and activation energy E (cal mole_l), at a temperature

T (°K). Upstream and dowmstream hydrogen partial pressures (in
atmospheres) are indicated by Py and Pys respectively. The value of R is
1.987 cal mole"l degml.

At present, we assume the downstream hydrogen partial pressure (pz)
to be negligible and the upstream pressure of hydrogen to remain the same
throughout the system. Conceivably, the downstream hydrogen pressure in
the steam genevator could be more than trivial, as a result of water
corrosion, hydrazine decomposition, or other processes. However, it is
possible to show that tritium permeation would not be strongly affected
by the downstream hydrogen pressure as long as the downstream tritium
partial pressure was negligible.

The amount of tritium dissolved in wetal in the presence of a dominant
excess of hydrogen will be proportional to the square root of the partial
pressure of total hydrogen (including tritium), and to the atom fraction
of tritium in the total hydrogen. Thus, since hydrogen and tritium have
similar chemistries, the fractional loss rate of hydrogen (the amount
permeating in a unit time, divided by the amount in the primary coolant
system) should hold for tritium. The permeation rate of tritiumzo
is actually about 60% of that for hydrogen (for stainless steel, and
doubtless for these metals also).

Thus, at a reference hydrogen pressure, the hydrogen permeation rates
for the different steam generator components (economizer, evaporators,
superheaters, reheaters, etc.) can be summed if we know the respective

areas, thicknesses, average temperatures, and permeation characteristics
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of the metals. The total hydrogen permeation rate for all components

is divided by the amount of hydrogen in the primary system gas to obtain
the fraction of hydrogen in primary system gas permeating in unit time.
This fraction is then corrected (60%) to apply to tritium, The value may
be adjusted to other system hydrogen pressures by multiplying by the
ratio of the square roots of veference and actual hydrogen pressures.

Fractional loss rates by decay and by leakage, purification, or

permeation, all now "first order,” can then be summed to provide the

overall removal rate for the primary coolant compartment.

3.9 Steam Generator Content

The steam generator content i1s the next compartment in sequence. It
1s the final compartment which we consider, since its output {(blowdown
and loss) can be obtained as the difference between the amount of tritium
entering the steam generator and its tritium content and need not be
treated as an additional compartment. The removal rate is the ratio of
water makeup rate to water content of the steam generator,

The description of the paths by which tritium 1s distributed in the

reactor system 1s now complete.
4.0 SOLUTION OF SYSTEM EQUATIONS

The various coupled differential equations appropriate to the system
are set up and solved as shown below. However, several points need to
be established before the solutions are described:

We deal with a succession of time periods, throughout each of which
all rate terms, partition fractions, and other coefficients are assumed
to be constant., The reactor is treated as a set of regions (core or
core segments, reflector, rods, etc.) in each of which an average fast
neutron flux and an average slow neutron flux characteristic of the
region apply. Moreover, the fluxes are proportional to the relative
reactor power. FEach region has characteristic mass, dimensions, substances,
and physical conditions.

The regions contain similar sets of source and sink compartments,
each generally characterized by the number of atoms of a particular

source nuclide or tritium. The loss from a given compartment, or the
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transfer to another, is given by the product of the first power of
the amount preseni, an appropriate "first order" removal or transfer
rate factor, and possibly a partition fraction.

The system of equations that emerges is a coupled set of linear first-
order ordinary differential equations with constant coefficients. Such
sets may ve solved numerically using Runge-Kutta or other techniques if
the coefficient values are not unduly disparate. Analytical solutions
using Laplace transform techniques are likewise possible. (The Bateman
equation system, for decay and transmutation chains involving a number
of steps, is a classic case of such a wethod of scolution.) Analytical
solutions ordinarily result in faster computation times and are, of course,

inherently more accurate.
4,1 General Solution Algorithm: Functions G and H

A solution algorithm was developed which gives the same results as
other analytical solutions when dealing with a linear system of compart-
ments with only downstream traunsfer and has the advaantage of being more
adaptable to automatic computation. The contents of a given compartment
at the end of a period must have been in some upstream compartment at
the beginning of the period, if the compartment itself and the system
input to the chain are included. Cousequently, the inventory of the sink
compartmwent at the end of the period may be calculated as the summation
of the possible source-sink transfers, based only on period transfer
conditions and the inventories at the beginning of the period. The
calculation of an individual source-sink transfer is facilitated by use of
one or the other of two special functions. Function G is used if the
source compartment inventory is subject to depletion only (no input),
while function H applies if the source is a steady nonzero system input.
It was established earlier that, for the HIGR system, transfers in a set
of chain compartments may be described with a set of linear first-order
differential equations of the type

dN,

o
— = B, LN, . - S.N,
dt (3-1,3) 31 i3

with the addition, where appropriate, of an equation describing system

input to the first compartment:
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TRRE NN
where
Ni = inventory of compartment, number of atoms,
B(j-l,3)= first-order transfer rate coefficient from compartment j-1 to
compar tment j, sec ~,
Sj = overall loss rate coefficient of compartment, sec s
IO = system input rate to first compartment, atoms/sec.

_
=
1

AN =1 xB

The solution to these equations is:

x (...)

Nsource—sink compartment Zsource * B(source,source+l)
X Blgink-1,sink)® (s S @)

input-sink o (1,2)X G..) x %Sink-l,sink) x H(t, 8, 9),
the 1nventory contribution to the sink compartment from given
source, atoms,

Z = 1nventory of the source compartment at the beginning of the
period, atoms,

transfer rate coefficient from preceding compartment to jth
compartment, sec"l,

I = system input rate, atoms/sec

G(t, S, q) and H(t, S, gq) are functions defined below, for a period
of duration t, for a chain span of q compartments with overall
compartment loss rate coefficients § (sec—l).

One or the other of the equations for AN is applicable to each

source-sink transfer to a particular compartment. The function G(t, S, q)

is defined as:

q -q, <

(e, 8, @ = I[85 x T et
1 i=1 "1 73

i3
and H(t, S, q) is defined as:

q =545t g

H(e, 5, @) = 0 [ATE0x Gt
1 3 i=1 °i '



where

Si’ S. = loss rate coefficients, secwl,

(SN

q = number of compartments in transfer chain,

#i

duration of period, sec.

Because a difference of loss terms (Si - Sj) occurs in the
denominator, no pair of loss terms in a given chain should be exactly
the same since such a situation would result in division by zero.

For any chain in any region we will consider a system input rate
and a succession of atom inventory compartments of tritium precursors,
with transfer by neutron reaction, followed by three tritium compartments:
(1) production and coolant; (2) coolant losses, steam generator entry;
and (3) steam generator content. The transfer coefficients are calculated
from reactor parameters and operating conditions as described above.
Compartment inventories are calculated chain by chain and region by region
for a given period. The results are completely additive because all
steps are linear and first order. The full set of inventory wvalues,

period by period, is the fundamental output of the program.

4,2 Code Structure

The code proper contains statements that define and give the units
of all input and output variables and major interim or internal variables.,
Furthermore, as the ionput is read in, a verbatim labeled copy in the
input format [Appendix I[I(a)] is written as output. As this should be
sufficient, the details of the definition of variables or input data
format are omitted. With few exceptions, integers are input with a five-
character format and real numbers are input with a ten~character format,

Double precision computation is used throughout.

4.2.1 Input

The sequence of data input is as follows. The number of cases to
be calculated for e=ach and the numerical sequence of cases are given,
followed by a title line giving the name of the reactor. The reactor
power and core power demnsity are followed by the coolant parameters,
which include helium weight, pressure, temperature, 3He abundance, makeup
rate, and rate of input into the purification plant. The mass of water
in the steam generators and the water makeup rate are then glven and the

fraction replaced per second is calculated.
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We then indicate the number of regions in which tritlum can be
produced. For each region we read in the mass, density, B.E.T. surface
area, temperature, and assigned retention fraction for tritium formed
in the solids. The fraction of the solids having coolant and control
rod channels and the width of internmal and external annuli are read in
next, followed by a fuel presence flag, the fraction carboun in the solids,
and the concentrations {(ppm) of Li, B, and Be. A statement of the assigned
fast- and slow-neutron flux at full power completes the input parameters
of a region. At present we use a composite single region core. The
average region boron concentration is calculated prior to input, with the
assumption that each fuel element contains six boron burnable poison
rods and each control element contains four,

Only a slight modification of the code should be required for a
multiregion case, or one in which parts of the core are replaced at
particular times. Response to an event flag in the history list
(described later) could be used to simulate the effect of fuel removal
or addition.

The reflector is a second region; this includes both the permanent
and the replaceable reflector up to the boronated reflector region, with
coolant and rod holes above and below the core. The boronated reflector
is a third region, and control rods a fourth. Under normal conditions,
the contrel rods occupy about 117 of their full insertion, and the
input mass is this fraction of the rod total mass.

At this point, the mass of carbon and the number of atoms of the
various source nuclides are calculated for each region. Fuel, if present
is given a value of 1.0, Helium-3 is calculated later,

We next provide input to describe the properties of the major heat
transfer surfaces and their hydrogen permeation characteristics. In each
case, we supply the name, area, thickness, mean surface temperature,
and the preexponential and energy term in the permeation rate equation.

This completes the description of reactor properties.

4.2,2 History - Subroutine HISTRY, ADATE

We next input three lists of dates and associated reactor operation
parameters; these should be of particular value when the code is to be

validated by comparison with actual operation of a particular reactor.
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Mock dates may be used 1f actual dates are not appropriate. Each
date is expressed internally after entry as time in days in order to put
it on a continucus scale {(in subroutine ADATE, the scale bhegins arbi~
trarily 1-1-67). The first list shows the fraction of full reactor
power during the period following the date. The second list shows the
hydrogen concentration and the purification plant efficiency. After
the first entry in these lists, only changes need to be shown. An
integer 1, rather than a blank, in the first column of a record indicates
that the list ends with that record. A third list contains event flags.
A zero causes the printout for the ensuing period to be omitted, and other
values might be assigned, for example, to initiate calculation to account
for fuel replacement. The dates at which the computation is to start
and stop complete the lists. These lists are merged into a single
sequence of operating periods, for use in calculations, by subroutine

HISTRY. At this point the data input is complete.

4,2.3 Preliminary Computation - Subroutines RECOIL, CROSS, HTEX

A description of the computation sequence follows. Preliminary
calculations related to the original amount of 3He assigned to various
regions and to the fraction of tritonm recoils striking adjacent solids
(subroutine RECOIL) are followed by branching into several cases in which
operating parameters are varied. Any number of cases may be executed in
any sequence, as given by the appropriate lnput data. Reactor parameters
are output, and the steam generator coefficient is calculated (subroutine
HTEX) with descriptive output, A description of each region is output,
including amounts and standard reaction rates for the various source
nuclides (subroutine CROSS) and the fast and slow neutron flux for the
region., Tritium carryforward for each source, sink, and nuclide is
initially set to zero.

At this point the calculations for the sequence of periods covered
by the computation span begin. After the computation for all regions
has been completed for a given period, the results showing the status
at the end of that period are output., The computation is terminated on

completion of the calculations for all periods.
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4.2.4 Cases

The cases presently programmed include: (1) base case, with anticipated
reactor parameters; {(2) low hydrogen concentration (3 ppm) in coolant;
(3) high hydrogen concentration (300 ppm) in coolant; (4) all tritium
from 3He retained in gas and none retained in solids; (5) purification
plant efficiency set at 50%; (6) all tritium formed in solids irreversibly
bound; (7) heat exchanger permeation reduced21 by a factor of 1/10;
and (8) an increase of coolant leakage by a factor of 10. Possible
modification to the present code would include the handling of case
parameters in a subroutine rather than in the main program. None of the
cases i1s to be taken as necessarily representing a case that is properly

conservative for licensing purposes.

4,2.5 Period Characteristics

The tasks for a given case prior to calculation of inventory changes
for a period are considered next. The length of the period is calculated.
The total number of tritium atoms in a sink, to be summed later, is set
equal to zero. The total B.E.T. surface area for all of the reactor
graphite is calculated, and a (volume-flux-fuel presence) sum for all
regions 1s taken for subsequent use in apportioning reactor power among
the various regions. (This is actually needed only if more than one
core region is used.) At this point, we begin calculation for each
region in succession.

The neutron reaction rate terms for the various source nuclides,
including fuel, are adjusted for the relative power of the period,

For 3He, the rate term is simply the overall reaction rate adjusted for
the relative power for the period, divided by the amount of coolant
helium. The rate at which fission tritium is produced is based on the
total reactor power for the period, the region fraction (based on region
volume and flux), the fission rate at unit power, and the yield of
tritium from fission.

The purification plant removal rate and steam generator entry rates
are adjusted so as to comply with conditions for the period. The
chemisorption of hydrogen is next calculated as a function of pressure,

and the partition ratio between adsorbed and gasborne hydrogen is obtained.
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The distribution of carryforward tritium (from the prior period)
between adsorbed and gas phase in the primary coolant compartment is
adjusted for the current partitlon ratio for each source in each

region,

4,2.6 Production and Distribution

The calculation of tritium production and distribution for the period
is considered mext, Calculations for total tritium production and the
amount of tritium in the coolant gas follow similar patterns except for
branching fractions, partition ratios, and final compartment loss terms.
By altering these appropriately on a second pass down the list of
sources, the amounts produced from each source to these sink compartments
in each region are calculated.

For all the sources, a major fraction of the tritium will recoil into
the solids and is treated as being retained. Thus the "bound in solids"
sink is a fixed fraction of production for each source.

Similarly, "adsorbed on solids" is in a fixed ratlo Lo the tritium
in the primary coolant gas, depending on the hydrogen concentration in
the gas for the period.

The next sequence of calculations is similar, except that it includes
an additional compartment; the coolant gas is now the next-to-last
compartment. A final compartment of "emerged from gas system'" or "retalned
in steam generator' is used. From these we calculate the accumulation
in the purification plant removal, in ithe total gas leakage, and in the
steam generator entry and contents; by difference, we obtain the
accumulation in steam generator blowdown and loss.

Following this, the new inventory of the respective depletable source
altoms associated with the region is calculated. Carryforward tritium
is calculated for each source, sink, and region.

The above calculations are repeated for each region. This completes
the calculations for the new atom inventories from all sources to all
sinks for the period. In the case of the final pexriod, the total
distributed tritium for each region is compared with production. Agreement
between these two values has always been exact to at least 10 significant
figures (usually 15),confirming that the inventory accounts are in good

balance.
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4.2.7 OQutput

Output is organized as follows. The dates covered by the period,
the relative power, the purification plant efficiency, and the hydrogen
concentration applicable to the period are stated, along with the overall
steam generator permeation rate factor and the ratio of adsorbed to gas—
phase hydrogen in the coolant.

Then, for each region, the calculated reccil fraction from the
3He(n,p)T reaction 1s stated, followed by a listing of the number of atoms
of each source nuclide and the number of atoms in each sink of the region
that have accumulated as a result of transfer during each successive
period from the source nuclide.

The numbers of tritium atoms in each sink are totaled for the
region and listed. After values for all regions are complete, the overall
reactor total of tritium atoms in each unit is obtained and printed.
Tritium inventories are expressed as curies. Furthermore, concentrations
are calculated for those regions (sinks) corresponding to tritium
remaining in the reactor, (1) "bound in solids" including fuel, {2)

"adsorbed", (3) in primary coolant gas, and (4) in steam generator water,

In particular, the concentration in effluent fluids may be compared with
applicable regulatory emission limits.

The calculation scheme outlined above is contained in code TRITGO,
a current version of which is presented in Appendix II; an ocutput copy
of an dnput data file for a reactor with parameters similar to those of
the Fort St. Vrain Reactor is given in Appendix III(a).

The code is written in IBM FORTRAN IV, and was run on an IBM 360/91
computer at the 0Oak Ridge National Laboratory. Compilation and
computation for eight cases for one reactor, over six time periods,
required a total of 16 cpu sec and used a maximum of 270K core space.
For convenience, the program and data files were prepared on the
ORNL-DEC-PDP-10 time-sharing computer and submitted from it to the
360/91 system,
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4.3 Code Data and Assumptions

4.3.1 Block Data
In the block data section, the pnumber of source neutrons produced
per megawatt second, as well as the neutron reaction rate constants

3

for one source neutron per em” per second, are listed for the various
reactions considered, These values were obtained as a summation of flux-
cross section products over a neutron energy spectrum characteristic

of an HTGR. The cross sectiong as a function of energy were obtained
from ENDF/B compilations. The flux per source neutron as a function of
energy was obtained from a separate calculation for an infinite
howogeneous reactor with a C/233U ratio of 5000, at a temperature of
900°K. Though these assumptions do not precisely fit the Fort St. Vrain
or any other particular reactor, it is believed that reliable results

can be obtained using data from this base without particular modification,
Results were expressed in terms of a reaction rate constant per source
neutron cmw3 secml. The calculation alsc showed a slow flux of 157

- |

-2 -3
neutrons cm = sec per source neutron cm -~ sec , and a fast flux of

- -1 -3 -1
50 neutrons cm sec per source neutron cm sec .

4.3.2 Data Section of Main Program

The decay constant for tritium, 1.792 x 10 sec—l, corresponds to
a half~life of 12.26 years.

The value of the retention fraction of tritiuwm in fuel (FIRAP)
was arbitrarily set as 0.99. It is based on the postulate that intact
fuel particles retain tritium perfectly, cracked particles permit its
release quite readily, and that the fraction of particles cracked for
a long-term run is of the order of 17, much of which was cracked before
the fuel use began. None of these assumptions is precise, but all are
thought to be reasonable., Modification to take into account experimental
findings may be necessary.

Three coefficients associated with the empirical Temkin isotherm
for the chemisorption of hydrogem on carbon are given in the data
statements. The first is the monolayer saturation value, Ao’ taken as
0.2 cm3 (STP) of H2 per m2 of B.E.T, surface. We note that only two

17 -
literature values are available:; Redmond and Walker found 0.27

Cm3(STP)/m2 and Thomas16 cited values corresponding to 0.07
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cm3(STP)/m20 Chemisorption corresponding to 0.045 cmB(STP)/m2 at 1 torr
and 0.065 cmB(STP)/m2 at 10 torr permits evaluation of the other two
constants in the empirical Temkin equation:

A= (Ao/l7.94) In (16.54 p(AO ~ A/A)).
This equation is solved iteratively for A in the program.

Handbook values (Handbook of Chemistry and Physics, 49th ed., 1968)

were used for the natural abundance of lithium, boron, beryllium, and
carbon 1sotopes and the respective atomic weights for the elements.

For 12.26-year tritium, the number of curies is equal to the number
of tritium atoms multiplied by 4.84 x 10—20.

In subroutine RECOIL, we use a tritium recoil energy of 0.2 MeV
in the reaction 3He(n,p)T.* In this subroutine we also consider the
average mass and space relationships of graphite elements with coolant
and control rod channels, fuel rod annuli, and external clearance
annuli, The number and sizes of coolant and control rod holes, and the
relative number of each type of element, are those characteristic of the
Fort St, Vrain Reactor. However, they are used as ratios to total
carbon volume and thus should be applicable to other similar reactors.

Except for the coefficients of the Pade approximants used in the
evaluation of function H, and of accepted ordinary unit conversion
terms and scientific constants, these are the total of arbitrary

constants and data contained in the code.

4.3.3 Input Data: Fort St. Vrain Reactor Parameters

Data based on parameters of the Fort St. Vrain Reactor have been
used in the illustrative calculation. These data were generally taken
from the PSAR and FSAR documentation (Docket 50-267).

The weight of helium is required in accounting for BHe, hydrogen,
and tritium. About 6170 1b is found in the primary coolant proper, and
about 8040 1b if that in the purification plant holdup (680 1b) and in
the PCRV penetration are included. A single value, 6170 1b, has been
used here. It is suitable for hydrogen and, as discussed earlier, will
only alter the burnout and loss time factors for 3He to a moderate extent,

*David Kocher, ORNL Nuclear Data Group, personal communication.
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Helium pressure is always given as 47.6 atm (700 psia) even though
it 1s actually somewhat lower when the reactor 1s at less than full
power. The average gas Lemperature 1is taken as the mean of core outlet
and steam generator return gas temperatures at full power.

The abundance of 3He in the input helium is given as 2 x 10_7,
as it is expected that this will be a purchase specification.

The helium makeup rate is set at 1% per vear. It is regarded as
unlikely that it would rise as high as 14%/year, but 1% is not thought
surprising, based on PSAR considerations. A value of 10% per year is
considered as case 8.

The purification plant rate constani is based on a throughput of
935 1b/hr and a circulating gas mass of 6170 1b.

The mass of water in each of two of six-module steam generators
is given as 4400 1b, for a total steam generator content of 8800 1b.
The makeup rate is given as 20 gpm or 240,000 1b/day. |

Helijum is contained in channels, intermal and external annuli,
and pores. The description of coolant aud control rod channel volumes is
contained in subroutine RECOIL; it is sufficlent to furnish as input
the fraction of fuel or reflector element mass having such channels
as opposed to none: 1.0 for core, 0.17 for mixed reflector elements
(including elements with such holes above and below the core, and those
without holes around the core) and 0.0 for the horonated reflector
and the control rod regions. Then the width, in inches, for internal
(fuel or poison rod) and for externmal (between elements) annuli is also
input. Pore volume, which is not input, is estimated from density and
mass. Modifications would be required for nonprism elements, in
particular for Peach Bottom elements.

Values of the average concentrations of lithium, boron, and
beryllium in a given region are expressed as parts per million. For
core and reflectors, the detection limit, frequently stated as 0.05
ppm of lithium; is used. This still results in 6Li being the second
highest source of tritium production; however, since most is retained
by solids, the largest fraction of distributed tritium comes from 3He
reaction. (Note that recently obtained values cf 0.0L0 ppm of lithium
on a specimen of "Peach Bottom'" graphite and < 0.005 ppm for lithium on
a specimen of H~327 graphite indicate that the 0,050 ppm value cited

above may be unduly high.)
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Lithium is known to be present in the control rod metal cans.

This concentration value, averaglng 0.27 ppm of the total contrel rod
mass, is evidently real rather than a detection limit. Boron has been
assumed to be present in the core in all six corner positions of each
regular fuel element, and ia four for control elements. The total
amount is expressed as parts per million of the core mass,

The detection limit for boron (1 ppm) is used for the reflector
proper. The boron content of the boronated reflector was calculated to
be equivalent to 6000 ppm. The boron concentration of the control
rods was obtained by dividing the total weight of boron in the rods
by the total weight of the rods.

No beryllium is assumed to be originally present in any region;
however, it does "grow in" from the reaction 120(n,u)9Be and is thus
included in the input as 0.0.

For each reglon the average slow and fast neutvron flux for full-
power operation is given. Some of the data are from General Atomic
Company as supplied In the PSAR, and other consistent values were from
internal documents supplied by GAC as a personal communication.

The six components of the steam generator are: economizer, evaporators
I and 1II, superheaters I and II, and reheater. Lumped values for the two
steam generator loops are used for each component. The area (cmz) and
thickness (mm) of the transfer surfaces of each are followed by the
average gas side temperature (°C) and the preexponential and energy
terms of the standard hydrogen permeation coefficient for the metal.

The hydrogen permeation coefficient for the Croloys used in the

. . .21
first four of the steam generator components is:

2 w2 L 4y o 9100/RT

cm3(STP) H?-mm cm hr—l at
The coefficient for the Incoloy 800 used in Superheater II and the

reheater is:?'l

cmB(STP) H2~mm cm.*2 hr”l at;m_"l/2 = 1210 e~17’500/RT.
An assigned fractional efficiency (assumed to be 1.0) of the purification
plant for hydrogen removal is used. The hydrogen concentration in the
circulating helium is likely to fall in the range 10 to 30 ppm; we have
assumed 30 ppm. Hydrogen concentrations of 3 and 300 ppm and a

purification plant efficiency of 0.5 are used as alternative parameter

values.
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4.3.4 Code Listing

A copy of the code as described above is given in Appendix II.
The output listing of the dnput data used, based on the Fort St.
Vrain Reactor, 1s given in Appendix I1I1(a). Calculated reactor
characteristics are given in Appendix III(b), followed by the output
for the first [Appendix ILi(c)] and sixth [Appendix III(d)] years of the

"base case,"

where the scurce inventories of a region at the end of the
period are given along with the tritium in each sink resulting from all
direct transfers within a region between that particular source and sink,
cumulated for the successive periods. The sum over all source members of
the chain to a given sink as of a particular time, although not specifi~
cally printed, will be invariant with respect to how the period might be
qudivided; however, the contribution of iandividual sources of sink

segments will shift, depending on the subdivision of the period.
5.0 RESULTS OF CALCULATION

Table 2 presents a listing of the source atom inventories for the
respective chains in the various regions and for tritium production from
each chain, at the end of six successive years, as calculated for the
base case, based on Fort St. Vrain Reactor parameters.

All values for tritium inventory are corrected for decay. To
estimate a decay-corrected production during a given interval, the prior
inventory should be decay-corrected (a factor of 0.945 per year).

The 3He values in the table are based on primary coolant leakage
and makeup rates of 17 per year. It is possible that higher makeup

rates (case 8) would tend to offset e burnup more completely.
5.1 Production

Production of tritium is highest in the core, with the fuel being
the principal source. Most of this tritium will be formed in intact
fuel particles and will therefore be retained. The next-highest certain
yield in the core is from 3He; only about half recoils to solids, the
remainder remaining in the primary coolant. The traces of 6Li thought
to be in graphite at the arbitrarily assigned lithium content of 50 ppb

also comprise a tritium source similar in magnitude to the yield from



Table 2. Calculated Inventory of Atoms of Source Nuclide Chains and Tritium Production by Given Chain at End of
Six Years of Reactor Operation .
Conditiona: base case, 80% service factor, Fort St, Vrain reactor parameters

CHAIN: Figsion 3HeM)T mB{n,?_a)T lOB(n,cx)7Li(n,non)'I‘ 12(:(n,a)gﬂe(n,a)eLi(nla)T Toral

Atoms T Atoms 3He Atoms T Atoms lOBa Atoms T Atomsg 7Li Atoms T Atoms lZC Atoms 9Be Atoms 6L:L Atoms T Atoms T

Region: Core
0 0.0 7.89E22 0.00 6,54E26 0.0 7.52E23 0.0 9, 28E3C 0.0 6.03E22 0.9 8.0
1 6.45E22 6.62E22 1.26E22 5.56E25 2.87E21 6.00E26 2.63E21 g 28830 1.24E24 3.25E22 2.69E22 1.09E23
2 1.25E23 5.56E22 2.21E22 4,70E26 2.95E21 6.50E26 6.51E21 g ,ap3p 2. 4B8E24 1.76E22 4.00E22 1.97E28
3 1.83E23 4.63E22 2.97E22 3.95E23 2,81E21 6.55E26 1.03822 g upp3p 3.79E2%4 9.50E21 4.56E22 2.71E23
4 2.38E23 3,96E22 3.55E22 3.35E22 2.66E21 6.55E26 1.39E22 o' 5pp3g 4. S6E24 5.18E21 4,74E22 3.37E23
5 2.89E23 3.36E22 3.98E22 2, 84E21 2.51E21 6.55E26 1.73E22 4 5gp3g 6. 19E24 2.86E21 4.72E22 3. 36823
5 3.37823 2.B6E2Z 4.29E22  2,40E20 2.37E21 6.55E25 2.05E22 3, 78830 7.43E24 1.62E21 4.5%E22 4.43E23
Region: Reflector
0 0.0 5.1BE2L 0.0 2.99E24 9.0 1,10E24 0.0 1.36E31 0.0 8.81E22 0.945 0.0
1 0.0 4.35E21 8,14E20 2.62E24 1,39817 1.47E24 3.40EL6 3 3¢E31 7.54E21 8,53E22 2.77E21 3.58E21
2 0.0 3.65E21 1.45821  2.30E24 2.54E17 1.79E24 7.65E16 3 36E31 1,51E22 8,25E22 5.30E21 6.75E2
3 0.0 3. 08E21 1.95F21 2.0LE24 3.47817 2.07E24 1.22E17 1, 3gE31 3, 26E22 7.98E22 7.61E21 9,56E21
4 0.0 2. 60E21 2,33E21 1,.76E24 4.21E17 2.32E24 1.74E17 1, 36E31 3.02E22 7.72822 9, 71E21 1.10E22
5 8.0 2,21E21 2.61E21 1.55E24 4.80E17 2,43E24 2.28EX7  1.36E3L 3.77E22 7.47822 1.16E22 1/42E22
6 0.0 1.88E21 2,82E21  1.36E24 5,26E17 2.73E24 2.88EL7 1 38831 4.52E22 7.23822 1.33E22 1.61E22
Region: Boronated Reflector
0 0.0 1.317E20 0.0 1,23E28 G.0 7.57E23 2.0 9,34530 0.0 6.06E22 0.0 0.0
1 0.0 9, 83EL9 1.84E19  1.23E28 7.75E17 8.15E25 1.06E15 g, 34E30 6.57EL8 6.06E22 7.27ELS 9.19£19
2 0.0 8,27E19 3.29E1%  1.22E28 1.50E18 1,22826 4.07E15 g, 34E30 1.31E19 6.05E22 1,41E20 1.75E20
3 0.0 5.96E19 4,41E19  1,22E28 2,19E18 1.82E26 8.96EL5 o, 134E30 1.97E19 §.04E22 2,06E20 2.52E20
4 0.0 5.89E19 5.27E19 1.21E28 2,83E18 2.42E26 1.56E16 g 34E130 2.63E19 6.03E22 2.67E20 3,22E20
5 0.0 4,99E19 5.91E19 1.20E28 3.44E18 3.62E26 2.39E16 g, 34E30 3,39E19 6.03E22 3.25E20 3.88E20
6 2.0 4. 25E19 6.37E19 1.20E28 4,0LEL8 3.B1E26 3.38E16 g, 34830 3. 94E19 §.02E22 3.79E20 4,47E20
. Region: Control Rods .
o 0.0 1.51E18 0.0 7.61E26 6.0 1.04E22 0.0 2,38E28 0.0 8.35E20 0.0 0.0
1 0.¢ 1.26E18 2.37E17 7.44E26 3.49E21 1.70KE25 2.13E19 5. 38E28 1.24E21 8.31E20 4.58E18 3.51E21
2 0.0 1.06E18 4.23E17 7.27E26 6.72E21 3.37E25 8.29E19 5 33E28 2.47E21 8.26£20 8.B9E18 6.81E21
3 0.0 8,95E17 5.67EL7 7.11E26 9.69E21 5.00E25 1.82E20 5, 38p28 3,71E21 8.,22E20 1.29E19 9.79E21
4 0.0 7.56E17 6.77EL7 6.95E26 1,24E22 6.59E25 3.1582C 5 138E28 4.95E21 8.17E20 1.67EL9 1.27E22
S 3.0 6.41E17 7.59E17 6.79E26 1.49E22 8.14E25 4.80E2 2.38E28 6.18E21 8.12E20 2.03ELY 1.54E22
6 0.0 5.46E17 7.19E17 6.64E26 1,72£22 9, 66E25 6.73E20 7 38E28 7.42821 8.08E20 2.36E19 1,79E22
Sum Over All Regions to End of Pericd

9 0.0 0.0 0.0 0.0 0.0 0.0
it 6.45E22 1.32E22 6.36E21 2.66E21 2.97E22 1.16E2
2 1,25E23 2.36E22 9,67E21 6,59E21 4,55E22 2,10E23
3 1,83E23 3,17E22 1.25E22 1.05E22 5,34E22 2,91E23
4 7.38823 3.79E22 1.51F22 1.42E22 5.74E22 3.63E23
5 2.89E23 4,25822 1,74822 1,78822 5.91E22 4, 26E23
6 3.37E23 4,58E22 1.96E22 2.11822 5,.96E22 4,B3E23

3Includes both “OB(n,20)T and *CB(n,u)7LL.
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He, Tritium yields in the control rods from the reaction of B

with fast neutrons, and in the reflector from assumed 6Li impurities

(Li ~ 50 ppb), are about 4% of that from the core. Helium-3 yields

in the reflector are also lower but remain significant. The lithium
impurity in the control rod cans is only a minor contributor {(0.1%)

to the tritium yleld from thils region because of the relatively low
thermal flux and the considerably higher amounts of lOB source material.
The boronated reflector has a gross tritium yield of about 0,1% of the
core; again, the assumed lithium impurity provides the major source.
Table 3 shows the production of tritium by chains and regions over

the six-year term.

Table 3. Six-Year Tritium Production by Chains and Regions

Tritium Production

Total Number Ci of

Source of T Atoms Tritium Fraction
Chain
Fuel 3.37E23 16,335 0.698
e 4.58E22 2,216 0.095
10g 4.07E22 1,973 0.084
126 OL1) 5.96E22 2,882 0.123

Total 4,836E23 23,406 1.000
Region
Core 4.491E23 21,736 0.929
Reflector 1.614E22 781 0.033
Boronated reflector 4.472E20 22 0.001
Control rods 1.793E22 867 0.037

Total 4.836E23 23,406 1.000
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5.2 Comments on Sources

Unambiguously the fuel is the dominant source. Our information about
the release of tritium from the fuel is not well developed. In the absence
of other information we would, of course, expect it to be released in a
fashion similar tc that of a vare gas with a comparable half~life -
especially 85Kr. This, however, remains to be considered at a future
date. Because of the low fraction presently assumed to be released,
and the linearity of our expressions, the amounts in various sinks from
fuel will be essentially proportional to the fraction of tritium released
from the fuel.

Helium-3 is possibly the next most important contributor to tritium
production (about 10% of the total), and very likely the major contributor
to the tritium that enters the coolant and is thereby subject to |
distribution. The tritium yield from 3He is, of course, proportional to

3He in the input and makeup helium. Conceivably,

the abundance of
valuesg different from the assigned (2 x 10-7) abundance would be appropriate,
Because we set makeup at a minimum (1%/vear), burnup losses are greater

than leakage. Higher makeup (and leakage) rates would result in somewhat
higher tritium production, even though this is not a dominant effect.

Boron included in the core graphite as a burnable poison and used as
control rod material is also an appreciable contributor. Use of substitute
absorbing materials, although not proposed or expected, would remove this
source,

We find that about 12% of the tritium comes from the l20-9Be-6Li chain.
Almost all of this yield results from the arbitrarily assigned lithium
impurity of 50 ppb. Consequently, verification of the lithium
concentration of core graphite is important because the tritium yield
from this source 1s of gignificant magnitude and the currently assigned

value is arbitrary. As mentiouned earlier, lower values may be in order.

5.3 Comments on Distribution

Table 4 shows the distribution of the accumulated inventory of
tritium (in curies) after six years of operation at a 807% service factor,
as calculated for a reactor with Fort St. Vrain characteristics. These

values will average somewhat lower per year than first-year values



Table 4. Distribution of Tritium {(Ci) After Six Years of Reactor Operatiomn

Source of Tritium

Fuel 34e 10 715y 120611y Total
Tritium Produced 16,334.83 2216.52 1972.94 2882.30 23,406.59
Contained:
Bound in core 16,171.49 1046.58 1095.18 2195.94 20,509.19
Bouné in reflector 0 84.97 0.04 638.23 723.14
Bound in boronated
reflector 0 2.17 0.19 18.18 20.54
Bound in rods 0] 0.03 857.80 1.13 858.96
Total bound 16,171.49 1133.75 1953.21 2853.48 22,111.93
Distributed 163.34 1082.77 19.73 28.82 1,294.66

Tritium Contained:
Adsorbed om solids
In primary ccolant
In steam generator
water

2.27 (0.0035 uCi/g)
0.09 {0.000006 uCi/cm3(STP))

0.005 (0.001235 pCi/g)

Cumulative six-year releases:

Leakage from primary

Purification plant
removal

Steam generator
blowdown and loss

£.007

907.99

384.32

_O %/._.
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because of various burnout effects, etc. Possibly, release rates from
fuel or from solids could become higher as exposure was prolonged;
however, as noted earlier, this consideration has not been included in
the present code.

It is evident that most (83%) of the distributed tritium (i.e.,
that not retained "permanently" by solids including fuel, comes from the
3He(n,p)T chain; less is retained by solids in comparison with other
sources.

It is further evident that of the gross tritium produced in the
reactor over a six-year period (23,406 Ci contained and distributed),
most (22,111 Ci) is bound in solids and is presumably susceptible to
release only at much higher temperatures. A total of 1295 Ci remains
to be distributed throughout the system. About 2.3 Ci is contained in
the primary coolant system, largely adsorbed on graphite. (The
concentration in the primary and secondary coolants is discussed later.)
Major distribution sinks include the purification plant (908 Ci) and
the steam generator blowdown (and loss) (384 Ci).

As may be seen from the discussion of parameter variation to follow,
some modification of the steam genevrator concentration and blowdown
amounts is possible; on the other hand, complete elimination of entry
of significant levels of tritium into the steam generator cannot reasonably
be expected.

Table 5 shows the effects of varying a number of operating parameters
on the tritium inventories and concentrations. The major effects (as
compared with the base case) are described below.

A tenfold increase in hydrogen concentration(to 300 ppwm) in the
primary coolant results in a reduction of the amount going to the steam
generator by a factor of 2.5, and a reduction in the amount of tritium
that 1s adsorbed. Purification plant removal is consequently increased.

Conversely, reduction of hydrogen concentration by a factor of 10
(to 3 ppm) increases the amount going to the steam generator approximately
twofold, diminishes the amount going to the purification plant, and
increases the amount of adsorbed tritium,

If all the tritium produced by the 3He(u,p)T reaction were retained
by the coolant, the amounts lost to the steam generator, to the purification

plant, and to adsorption processes would be almost doubled.



Table 5.

Reactor Operation at 80% Service Factor?»

Effect of Operating Parameter Variations on Tritium Distribution and Inventory {in Ci) After One Year and Six Years of

Casge

A1l T Formed Steam
N in Graphite Gen.
Base Eigh 2 Low Hp All 3He(n,p)T Purif. Plt. Permanently Perm. He Makeup,
(H2, 30 ppm) (300 ppm) {3 ppm) to Gas Eff. = 0.5 Bound Coeff. = 10% 10%/year
Total produced, Ci 5637.37 5637.37 5637.37 5637.37 5637.37 5637.37 5637.37 5639.04
(23,406.6) (23,406.6) (23,406.6) (23,406.6) (23,406.6) (23,406.56) (23,406.6) (23,603.4)
Removed or Released
Primary leakage, Ci 0. 002 0.002 0.00% 0.004 0.0903 0.002 0,003 5,019
(0.907) {0.009) (0.004) {0.013) {0.9011) {0.007) (0.3510) (0.075)
Purification plaat, Ci 251.5 319.1 147.8 478.6 192.4 238.5 341.7 252.1
(958.9) (1141.4) (550.1) {1703.2) (699.2) {873.9) (1239.0) (975.1)
Blowdown and leakage,Ci 106.45 42,7 197.8 202.6 162.9 100.9 14.5 106.7
{384.3) {152.8) (736.3) (720.9) {591.9) (36 .9) {52.4) (412.7)
Contained
Bound in solids, Ci 5274.49 5274.49 5274.49 4946,85 5274.49 5293.26 5274.49 5275.34
(22,111.9) (22,111.9) (22,111.9) (20,978.2) (22,111,9) (22,150.48) (22,111.9) (22,212.%)
Adsorbed, Ci 4.70 0.85 17.06 8.55 7.26 4,49 6.42 4,73
(2.273 (0.41) 8.21) {4.16) {3.49) (2.19) (3.09) (2.843
in primary He, Ci 0.19 0.23 0.11 0.35 0.29 0.18 .25 0.19%
{0.09) (0.11) (0.05) {0.16) (0.14) (0.09) (0.12) (0.11)
Conc. in He,
LCi/std ec, 1 vear 0. 000012 0.00015 0.000007 0.000623 G.000018 0.000011 0.0000%6 0.000012
In steam gen. Hy0, Ci 0.010 0.004 0.020 0.019 0.016 0.010 0.0014 0.9010
{0.005) (£.002; (6.009) (0.009) (0.008) {0.005) {0.0007) (0. 00%)
Conc. in Steam
Gen., uCi/g, 1 year 0.002553 0.001016 0.0046953 0.004876 0.003954 $.00249% 0.0003590 0.002580

a . . .
bReactor characteristics are assumed to be those of the Fort St, Vrain Reactor.

Values for six years of operation are given in parentheses.

The remaining values are for one year of operation.

AT
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If the purification plant efficiency is reduced by 507, the
purification plant removal is about 75% of the base case since primary
coolant concentrations increase. This also results in the permeation
of about 507 more tritium into the steam generator.

The effect of permanent retention of all tritium formed from the
10B—7Li and 12C~9Be—6Li chains, rather than the base value of (.99
retention, is relatively trivial. Use of a helium makeup rate of 10%
per year, rather than the base value of 1% per year, results in somewhat
higher values after extended exposure (six years) due to the more rapid
replacement of 3He burnup. Also, of course, there is a corresponding
increase in the relatively trivial leakage term,

The case In which steam generator permeation coefficients were
reduced to 10% of the base value is significant, in that losses to the
steam generator appear to be reduced about sevenfold relative to the
base case. This case may be closer to reality than the base case in
which permeation coefficients for the pure metals have been used. It
has been shown21 that, under some conditions, oxide films formed on
metal surfaces can significantly inhibit hydrogen and tritium permeation.
However, whether the type of films formed on steam generator surfaces
will provide any significant and assured resistance to hydrogen and

tritium permeation is not established at present.

5.4 Release of Tritjium to the Environment

The tritium in the steam generator blowdown, after proper dilution,
may be considered for release to the environment. The concentration
of any such release would of course depend on system factors affecting
concentration in the blowdown stream as well as the amount of water
used to dilute the blowdown prior to release.

The major system factor that could make release higher is the
assumption of a release rate from graphite or from fuel particles greater
than the 1% used in the present calculation, or lack of retention of
the tritoms that recoil from the 3He(n,p)T reaction. Inadequate tritium
removal by the purification plant would also be unfavorable because a

higher fraction of the tritium would enter the steam generator.
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The principal system factor that could diminish release from
the steam generator is a lower overall permeation coefficient, as
this would reduce entry of tritiunm into the steam generator in almost
direct proportion. The base case used permeation values for clean
metal; consequently, somewhat lower permeation coefficients could
reasonably be expected under more realistic conditions.

It may be possible to release all blowdown tritium to the cooling
tower water, which is the major emergent liquid stream. As an
alternative, some or all of it can be evaporated into a major emergent
gas stream. Tentative calculations suggest that inclusion of all
blowdown tritium in the main stack gas should result in discharge

concentrations well below limits for gasborne emissions.
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6.0 LIST OF SYMBOLS

Quantity adsorbed, cm3(STP)/m2

Rate constant for transfer to given compartment, secml
Atoms per unit volume at region temperature and pressure
Quantity of hydrogen permeating a given surface, cmB(STP)
Activation energy for permeation, cal molew1

Reaction fraction of 3He (in region)

Transfer function from depletable source through to sink,
for time interval t, with loss term S for g compartments
(including source and sink)

Transfer function from comnstant source through to sink,
for time interval t, with loss term 5 for q compartments
(including sink)

Steady system input rate, atoms sec*l

Rate of fission at unit power, 3.121 x 1016, sec'l erl

Loss rate of tritium from compartment, sec

Primary coolant makeup or loss rate as fraction of circulating
gas, sec

Number of atoms of a species in or assigned to a compartment
of a region

Neutron

Region (or total) power, MW

Partial pressure, atm (for chemisorption, torr)

3He reaction rate factor in region at full power, at unit

3He concentration

Number of compartments in calculation span

Gas constant, 1.987 cal mole«1 degm1

Overall loss rate from compartment, including decay, sec
Temperature, °K

Duration of period, sec

Volume occupied by fuel elements in region v

Volume of region in which reaction can occur

Mole fraction (3He in He)

Fractional fission yield
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Amount (atoms) in compartment at start of period

Fraction of adsorption sites occupled by adsorbed atoms

A Decay constant, sec“1

I Mathematical symbol for product

" Relative reactor power (vs "full" power)
z Mathematical symbol for summation

g Cross section, cm2 (effective)

@ Neutron flux, mez sec“l

Subscripts

ior j Compartment iondex

r Region index

s Total: thus Qs = ZQr

T Tritium

3 Helium-3

4 Helium-4

6 Lithium~6

7 Lithium~7

9 Beryllium—-9

10 Boron-10

12 Carbon~-12

fast Region of neutron flux above 2.38 eV

slow Region of neutron flux below 2.38 eV
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9.0 APPENDIXES



-5

9.1 Appendix I: Possible Extension of Code

The assumption of a fixed prompt release ratio for tritium formed
in fuel particles as a fission product (and no slow release), which we
have used in the present version of the TRIGO code, is adequate for
normal conditions but would not give acceptable results for abunormal
conditions. However, the linear atitack we have used in the present code
appears Lo be capable of extension to slow release, which would permit
consideration of reactor cores with different temperature zones, release
rates that vary with temperature and fraction of fuel particles cracked,
and fractions of cracked particles which are believed to vary with time,
temperature, and burnup.

In seeking to extend the code, we first note that the general
approach has been to use first-order transfer rates between compartments
or inventory accounts.

We now wish to add to the fuel accounts (prior to entry to the coolant),
inventory accounts for the fraction of intact particles, a partition
fraction of tritium in whole particles between fuel kermnel and gas phase
(two accounts here), and an account for the tritium in kernels of cracked
particles. After its release from fuel particles, the tritium then
undergoes the same distribution pattern as before.

In this way, properly operating portions of programs for tritium
production from fuel have been written but have not been coupled with the
coolant distribution processes. With the present code, this would require
an accommodation of the code to extra chains and accounts, as well as a
restatement of the equations pertaining to the fuel chain, If these
provisions were added, failure rates and release rates for each period
could be set by the temperature and other factors associated with the
period. Since conditions are regarded as constant within a period,
expressions would be required for transients relating time step and
temperature. Such expressions could be used, if needed, to control the
length of the time step as well as the system responses to the transient
and thus keep the responses reasonably linear from step to step.

The question of penetration of tritium into pores of thick graphite
material, such as reflector blocks, and its movement into such materials

appears to require a distvibuted system attack that is different from that
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used for the present code. However, some approaches to this question
appear to offer useful approximations within the present code structure,
and these should be examined.

In order to facilitate the addition of either sources or distributiom
compartments in particular chains without radical reprogramming, the
organization of transfer terms into an array which will supply the needed
values to the calculation steps is suggested, If this could be done,

the flexibility of this code for a variety of uses would be considerably

enhanced,
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TSN
TSH

TSN

0002
0003

Qo00u

0008

06006

0007

0008

0009

56

CONPILER OPTIONS - MAMF=  MAIN,OPT=00,LINECHNT=60,STZF=0000K,

AN nn

NIt On R

n N

SNURCE,EBCDTC,NOLTST, NODECK,LOAD ,HAP,NORDTT,NOTH ,NOXREF

PROAGRAM TRITGQ - E. L. CCMPFRF,CHEMICAYL TECHNOLOGY DIVTSION, OFRNIL,
S. H. FREID, BECHTEL CORPORATIONW

AND C. W. NESTOR, COMPUTFR SCIFNCES DIVYSYCN,

OAK RIDGE MATICNAL T.ARORATORY

TRITIUM PRODUCTION AND DISTRIRUTION IN AN HTGR

BLOCK DATA
TAPLICIT REAL*B(A-H,0-7)

COMMON/RT1/ANANTE (), SAG (10, 15) , ENS,THW, WTCIX (15), TRAPX (15)
£ ,SIGFL(9) ,SA{10,15) ,ENC (15} ,THE,FISDEN, FFST(15) ,FSLW (15)
& ,FLYPSL,FLXPFS
£ ,TSKIP(15) ,MSKIP(15)

ENS=WENTRONS FER MEGAWATT SFC
DATA ENS/7.R80D16/

LISTING OF NUCLIDES CONSTDERFD FOR TRITIUH® ERCDUCTION
DATA ANAME/®* T1I-6 *,* 1L1I-7 *,' FB-10 ',' SB~-10 *,' C-12
£ ¢ BE-9 *,' HE-3 ',' TFURL ', *TRITIUM '/

LISTING OF THEORFTTCAL FLUX~CROSS-SECTION INTEGRAL OVER FNRRGY,
PER SOURCE NRUTRON/CC-SFC,BA5TS FNERGY SPECTRUM BELOW OR ABOVE
2.38 £V FOR INFINITF HOMOGENECUS RERCTOR AT SO0 DEG K WITH
Cc/1~233=5000, AND USTNG ENDF/B CROSS SFECTTINW NATA
DATR SIGFL/€.U0D-70,3.59D-25,6.76D~25,2.%€D-19,7.30D-27,8.26D-25,
& 3.58n-19, 1.0p~4, 0.0

FLYPFS=FAST NEUTRON FLUY/(SOURCE NEDTRON/CC-SFT)~-ABOVE 2.38 ®Y
FLYPSL=SLOW NFUTEON FLUX/(SOURCE NEUTRON/CC-SEC)~-BELAOW 2.38 EV
DATA FLXPFS,/S0./,FLXBSL/1%7./

TN



TSN
TSN
TSN

TSN

TSN

TSN
ISN
TSN
TSN
IS5N
ISN

noe»
XA
nocH

nons

000A

0007

00o0s

anoa

001D

3011

N2
0012
oniy
2015
antA
noe7

57

CNMPTIRR OPTTONS -~ NaMNE= MATN OPT=00,LTNECHT=R0, STZE=0000K,

o Nole s

oM Ty DY RS N s s RelNs e

30N

SONRCE,PRCDTC NOLTST ,NODECK ,LORD AP, HORDY T, NOT D, NOYPRF

MATY PROGRAM TRITGO, WITH SURRONTINES HYISTRY, ADATE, “ECOTL, HTRY,
CROSS5, AND FUNCTIONS & AND ¥,

TAPLICTIT REAL*S (A-H,0-7)
REAL*U TYTLF, RNAME, XNAWMF
DIMENSTON TITLE(1R), RVANME (10, 15) ,RGNLRS (19}, FHOLES (1%),
WREXTAN (15),DENS £15) , DE™ (15} , RGTEND (15) , 45XY (15) ,SCC (),
FRACC (15) ,DPMLT {1%) ,PPMA (15) , TPMBELIS), SIG(10),S5(4) , 5T (3},
BA(50Y ,7(5C),TNP(R,2) ,X(R,5,158) ,Y(8,9,1%) ,TATOM (R} ,SO{10,15),
ATCC (1), HINTAN (15) ,V {15} ,EPRFECT (15,5 (15), P2 (15}, FUPL {15},
CATOM (8), XATOM (R,
JFLAG (B, 15) ,TB(RY, TC (N

N ]

;AR o™

COMMON /AT/ANAME (9) ,SAC (10, 17), THS,THE, WTCAX(15) , TRADY (17}
£ LSTGRL(9) ,SA{10,15) ,ENC (15} ,THE FTSDEN, FEST(15) ,#5LW {15)
£ ,FLYPSL,FLXEFS

£, TSKIP(15) ,MSKTP (15)

COMMON/B/PRUAR (100} , PRESS, CEATY, 470, GAMY (109} , DT (100),
EPHR (100) , EVNT (100), TEND, THEGTN, WIHE,“FMD NEND

COMMAN/HIST/ESTART(S0) ,THZ {5N) ,CODF (R0}, AM(S0), PH2 {50}, TEV(S0),
SRELPYR {50) ,J%7,77 ,K7

COMMON JHX,/ HEAT{10) ,APEA(10) ,THTCK (10} ,STHP{10) ,CONS(1D),
SENRRGY (10) ,XNAMT (5, 10} ,NCOMD

DCAY=TRITTOM TECAY RATE, PFR SECOND
FTRAP=FRACTION OF TRITTUM PRODUCTN TN FUEL NCT RETLEASED TN COOLANT
SCC (1Y ,S5CC(2),SCC {3) ART CAONSTANTS TN RMPTRTCAL THEMKIN FQUATION
FOR CHPMTSORPTICN NF GYNROGEN ON ARACHTTE., SEE MATN STATEMENT 186,42
NATE BCAY/1.792N=-9/,FTRAD,.90/,S00 /.2, 16,850,179,
JFLAG (1 OR 0y SPECTFTIS PRYNTONT ©F RLY. TRUTIIM STNKS FROM A SIVIN
SCURCFE AND GTYEN R¥GINM, FTGHT SOURCES »rGIeN 1, THEN FIGHT RFATON
2,87C, FTFTEEN R¥GIONS TOTAL, 7¥RC TF NO TRINTOUT DESTRED
DATA JFLAG/8%1,7*1,1,7%1,7,8%1, 3%0 200y
IP TS AN TNDEY USED Th DEFINF  THS [TISTTNG SENISNCE OF $520RCE
NIICTLTORES AND TRITIVM ATOMS TN THE VARTOUS STNKS OF A REGION YROM
TEESE SOURCES WHEN PPTHTTING R¥SOLTS FOR A PFSIND
DATA TPsR,7,7,0,2,5,6,1/

RYGIN RERDING INPHT--3 REPLICE OF TNEUT KECORDS LABELLED WITH THE
ASSOCTATED VARTARLES TS5 QUTPUT AT THF SAME TIMY

READLV,10712) NCASHS

10012 FORMATA(TR)

REAT (1, 10012) (TC(N),N=1,NCAS7?S)

17013 FORMAT (415)

GRTTH(S,20C13) NCRSWS, (TC (M) ,N=1,NCA573)

20013 FORWAT{IHY,Y COPY OF INPNT VARTAELE NAM¥S AND DATA RECORDS?,

£ 9 POLLOAS, ALONG'/
£ WTTH RILATIVE TYHES (1/1/67=1y ASSCCTATED WITH DATES!,
£Y NCASFS'/1RH ,TI5/° TCVNH L RTSY
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TSN
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TSN

TSN
TSN
ISH
ISW

TSN
ISN
ISN
TSN

ISH
TSN
ISH
ISH

TSN
ISN
ISN
TSN
TSN
TSN

1SN
ISwN
TSN
T3N

TSW
ISN
TSN
TSw

TSN
TSN
TSN

0014
no19
0020
0021

0022
no23
0024
0025

002¢
0027
002K
no2a

0030
0031
0032
0033

0034

003S
0036
0037
0038
0039
ooun

0041
0042
oou3
00uu

Joun
QNuAR
gou7
pouR

noun
00%9
0051
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READ(1,1001) TITLE
1001 FORHAT (18AH)
WRTTE(S5,20C1) TITLF
2001  PORMAT {1HO,'TITLEY /18 , 18AL)
C TMW=RFACTOR THERMAL MFGAWATTS AT FULL POWFR//
C FTSDFN= #EAN CORE FISSTON POWFR DENSITY,WATTS PER CC//
READ(1,1002) THW,FTSDEN
1002  FORRAT {2F1C. 2)
WRTTE(S,20C2) THW,FISDEN
2002 FPORWMAT (1H0,AX, *TH¥ FISDEN'/1H ,2F10.2)
WTHE=WEIGHT OF PRTYMARY CCOLAKT HELIUH, LBS// PRESS=PRESSUFE
OF PRIMARY COCLANT HRLIUNM,ATHOSPHERES// TEMC=AVERAGF TEMPERATURF OF
PRIMARY CNOLANT HELYOM, NDEG C// ABUND3=ABUNTANCE OF HRLIN®-3 TN
TNPUT HELIUM TO PRINARY COOLANT SYSTEH// GSCUT=RFPLACEMFNT RATE OF
PRIMARY SYSTEM HRLTUW,PER SFCCND/s CPUR=THE FRACTION OF PRTHMARY
SYSTFEM HELTUM PUT THROUGH THE PURIFICATION SYSTEH PER SECOND
READ(1,1003) WTHE,PRESS,TFMP, ABUHKC3,GS0UT,CPIR
1003 FORMAT {3F10.2,3D10.2)
WRTTE(5,20C3) WIHF,PRESS,TEM®,ABUND3,GSOUT,CPUR
2003  FORMAT (1H0, 5%, 'HTHE PRFSS TPHP RBOND? 65001,
50 CPUR'/1H ,37F10.2,1P3D10.2)
¢ H20=MASS OF WATFR IN SECONDARY (STEAM) SYSTRH,LBS
C  H20M=MAKFUP RATF FOR STEAM SYST®M BIOWDOWN AND LOSSES, LBS/DAY
READ(1, 1004) H20,H?0%
100%  FORMAT (2D10.2)
WRTTR (5,20C4) H2C,H70H
2008  FORMAT (1HO,FX, *H20 H2CM' /18, 1P2D10.2)
C SLOSS=FRACTION OF STRAM SYSTE# WATER RFPLACED PRR SECOND
SLOSS=H20M/H20,86400.

IsEpRsNoRe Ne!

.
¢ WREG=NUMBER OF REGIONS IN WHYCH TRITIUHN GENERATION TS COWSIDERED
WTC=0.0
READ(1,1005) NF¥FG
1005 TFORMAT (T5)
WRTITE(5,20CS) NREG
2005 FORMAT (141,' NREG'/1H ,T5)
Do 91 N=1, ¥REG
C  RNAME=REGTIAN NAMF
READ(1,100F) (RNAMF (T,N),I=1,10)
100/  RORMAT (10AU)
WRITE (S, 20CF) (RNAMF{I,W),I=1,10)
2006 FORMAT ¢1HO,'RNAME'/1H ,10A1)
PGNLYS=MASS OF REGION IN IBS// FHOLES=RT FRACTTON OF REGION WITH
CHANNELS AND RCD HOLES// WRXTAN=WIDTH OF FXTERNAL ANWILAR
CLSAPANCF BETWEEN REGTION ELEMFNTS,INCH®S,/, TENS=BULK DENSITY OF
REGINN SOLIDS,G/CC// BET=R.¥.T SURVACE RREA, SO MFTERS PER GRAM//
WINTAN=WTDTH OF INTERNAL ANNULUS BETWFEN ROT MATRIX AND GRAPHITE//
RGTFMP=AVERAGE TEMPERPATURE OF REGICN SOLITS,BEG C//
TRAPY=FRACTION CF TRITIUM FCRWED IN SOLTIDS WHICH MOES NOT RECOTL INTOH
GAS DHASF:; DRESUMED INTFRSTITIAL AND FTIRMIY ECQOND
PEAD(1,1007) PGNLBS {¥) ,DENS(N},BET (N}, FGTEMDP (N} , TRAPX (N)
1007  FORMAT (1F10.0,U4F10.3)
WRTTE(S,2007) RGNLBS (N) ,NFNS (N}, BET (¥) ,RGTERP (N} ,TRAPX (V)
2007  ROPMAT {1H0,3%, *RGNLRS DENS BET
5 o0 2GTENE TRAPX*/1H ,1F10.0,0710.7)
ROAD(1,10071)y FHCLFS (N),WINTAN (N) ,WFYTAN (N)
10071 SORMAT (3%1C,4)
WRTTE(S,20C71) FHOLES(N) ,UTNTAH (K) ,HFYTAN (N}

EoEsEC NS NeNaND!



TSN

TN
TN
TSN
TEN

TSN
5w
ISy
TSN
ISKN
ISwN

I5N
TSN
TSWN

TSN
ISN
TSN
ISN

1SN

TSN

TSN
TSN

nanns?

IR
00H4y
NOES
00&A

0ns7
NO=R
apso
A0RD
00R1
00&2
00A3

no6L
00€S
NORA
DORT
0068
00FQ

0070

0071
0072

0073
nQ7A4
2078
on1a

0077

0078

0079
o080

0n8

0082

B EaRe LN

0071 FORMAT (1HO,? FHOT FS WYNTAN WEXTAN' /10 L3710, 0)

FUFL=PRESENCFE=1,,0R ABSENCF=0.,0F FOFL TN REGINN
FRACC=FRACTION CARBON IN SOLTDS// PPMLT=AVERAGE LITHTUM CONTRENT
OF S0LINS,PPN// PPME=AVERAGF PORCN CONTENT CF SOLTNS,PPM//
PPMBRE=AVEBAGE BERYLLIUM CONTENT OF SCLTDS,PEM//

NEAD (1, 1008} FUFRL(N), FRACC(N) ,PEMLT (N}, FEMA (M), DPHBR ()

M08 FORMATH{¥10,C,710.7,F10.3,F10.1,F10. )

WRTTE(S,20C8) FUFL (M), FRACC (N),FEMLT (N) ,BOMB{N) ,PDUEF {N)

2008 TORMAT (1HO,UX,* FUEL FRACC PPMIT PPMB DPPMERY /S

C
C

18 L,F10.0,F10.7,F10.3,F10, 1,710, 1%)
FFST=AVFRAGE FAST NEUTRON FIUX OF REGYON AT FOLL POWER//
FSTW=AVERAGE SLOW NFITRON FLOY OF REGTON AT FOLL POWER//
READ {1, 1009) FFST(N), FSLW (N)

1009 TORMAT (2D10. 2)

WRITA(S,20C9) FPSTIN), FSLV (N)

2009  FORMAT (1HO,SY, 'FFS3T FSLU'/1H ,1P2T10.2)

oD e N

> QRGN

WTC1X (N) =RGNTES (N} «FRACC (V)
WTC=ATC+HTCIX (V)
FACTOR=WTC 1Y (N) #0853, 50%K _02D23%1,D-6
SA (%,N) =NUMBER OF ATAMS NF SOURCE NUCLIDE * TN REGTON N
1=LI~6,2=LT~7,3=0-10 {FAST NEUTRONS) ,8=pP-10(SLOW NTUTRONS) ,5=C-12,
f=R¥E-9, 7T=HE-3, B8 REFERS TO FUFL IN REGTOR. TNPUT AT 1. OR 0., NOT
DFOPLETED . AS BURNUP NEGLECTED TN CALCUTATICN.
SR(1,N)=FACTOR®*DPMLT (N} *.0T82/6.639
SA(2,N)=FACTOR*PPMLT (N} %, 9258/€,573¢
SA(3,Ny=FACTOR*PEMB {H) *,19€0,10.811
SA (N, N} =SA (3,N)
SA{5,N)=FACTCR*.9889DA/12,01115
SA(6,N) =FACTCR*POMRE (N} *1.00,9.0122
SA(7,%) WILL BF CALCULATFED LATFR
SA(7,N)=0.10C
SA{9,N) =FUFEL (N)
CONTINUT

HCOMDP=NUMBER CF COMPONTNTS PRCOVIDING PERMFATION AND/OP HFAT TRANSFER
SURFATES FROM THE PRTMARY SYSTFM
READ(1,1010) NCOMD

1010 FORMAT{T)

WRITR (5,2010) WCOMP

2010 PORMATLIHY, 'NCOMP! /1H ,T3)

C
C

[sErEsRaNe]

FOR FACH COMPONENT

nO 4 T=1,NCCMP
XNAMR=COMPONTNT NAMF// RREA=SQ CM HEAT (OF TRITINM) TRANS¥ER SURFACFE
TEICK=THEICKNESS,MH// STMP=SURFACY TEMPEPATURE,NEG C,MTAN OF TNLET
AND OUTLET// CONS=PREEXPONENTIAL TEFM TN ARRHFNIUS FORM OF PEPHEATTON
EQUATTON, STD CC H2*MM/HR/SQ CM AT 1 ATM HZ/,/ EMERGY=ACTTVATION ENERGY
FOR PERMFATION, CAL/GMOL/DEG K

RRAD(1,1011) (XNAME(I,T),J=1,5), AREA(T), THI K (T) ,STP(T),

£ CONS (1), ENFRGY (T)

1011 FORMAT (SAL,D10.2,2710,.2,2010.2)

WPTTE(S,2011) (XNAME(J,T),3=1,%) ,ARFA(T) ,THTCK(T),STMD (T},
£ CONS{T),ENERGY ()

2011 FORMAT (1HO, "XNAME', 20%,  ARFA',S5%, ' TPICK! ,FY, 'STHP' 56X, CONS",

£ UX,'FNRRGY'/1H ,SAU,1EDT0.2,0B2F10.2, 192010, 2)
CONTTNDT

REACTOR DESCPIPTICN COMPLETE
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HFRE BRGTN INEFUT OF THREF LTSTS OF LATF AND TEVPL OF VARIOUS
REACTOR CONDITICNS, AWND FLAGS

DO NN

WHRTTR(5,11C11)

11011 FPORMAT {1H1, *HYSTORY LTSTS~-VALUF CF 1 TN FIRST OOLUMN TNDTCATES *,
£ *FND OF LIST*/1H ,'POWFR HISTORY LIST¢/1H ,*JX J#MS JDS Jysq,
£ RFLPWR DSTART (NOT INFOTY ')

J=0
=0
K=0

[~ J=J341

C JY=FPLAG// JMS,JdDS,JYS=MONTH,DAY,VFAE// RELPUR=RELATIVF

C RFACTOR POWFER BEGINWING AT THIS TIWF

RTAD{1,1101) JX,JIMS,J0S,JYS,RFLEBWER {J)

1101  FORMAT{T1,375,F10.3)

C ADATF CHANGES DATF TO TIME TN DAYS FROM 1/1/87=1 IF ®INAL ARGUMNFNT

C TS 1, AND VICF YERSA T¢ 2
CALL ADATE (JWS,INS,J¥S,DSTART (J) , 1)

WRTTR(%5,21C1) J¥,J¥sS,dDS,JYS,RELEWR(J) ,NSTART (J)

2101 FORMAT (14 ,11,3T5,F10.3,710.1)

I*{JX.NF,1) GO TC ©
-
WRITR(5,11C2 1

11021 "ORMAT(1HO, ' CHEMICAL PARAMETFER LIST(HYLRCGEN CONC IN PPH,AND ',
£ 'PURIFICATION PLANT FPFFICIFNCY) '/1H ,'TX TH D iy,
50 PY2 GAM TH2 (HOT INPUTY ')

S IT=7+1%

C [X=FLAG// I4,1LC,IY=MONTH,DAY,YRAR// PH2=HYDRCGEN CONCENTRATION IW

o PPISARY COOLANT IN VOLUME PP%y// GAB=FURIFICATION PLANT EFFICTENCY

C BEGINNING THIS CATE

READ(1,1102) IX,I®,ID,IY,PH2(T),GhH (L}
1102 FORYMAT (11, 315,2F10.3)
¢ TH2=DAYS FOR FERICD DATE
CALL ADATE(I®,ID,TY,TH2(TY,1)
WRITE(5,21€2) T¥X,I™,ID,TY,EM2(T) ,GAM(T),TH2(T)
2102 FORMAT (1§ ,11,3I5,2F10.3,F10.1)
IF{IX.NZ.1) GO TC <
C
WRTTP (5, 1105 1)

11051 FORMAT (1HO ,*LYST OF EVEWNTS INCICATED BY CCDE., O=NO PRTNTOUT,',
e 'Y =DEFAULT ENTRY.*'/1H ,' OTHFE VALU¥FS MAY RF RASSIGNRPR T0O ',
SYACTIVATE STATEMENTS NOT PRESENTLY PROGRAMMTD'/1H , 'KX KH Kne,
S ! ¥y CCDFE TFY(NOT INEBUT) )

7 K=K+1

C KX=FLAG// K#&,KD KY=MONTH,CAY,YEAR OF TVENT FLAGGED BY CODT(*)

READ(1,110%) KX,K#,KD,KY,CODE (K)

1105  FORMAT({I1,3T5,F10.1

C TEV=DAYS CORRESPONDING TO PERIOD DATE
CALT ADATE{KM,KD,KY,T¥V{X),1)

C

WRITR{5,21C%) KY¥,KM,KD,KY,CODF {K),TEV {K)

21085 FORMAT (1H ,11,315,2Fi0.1)

TF (KX, T, 1Y GO T¢ 7

¥
C KSM,KSD,¥SY AND KFM,XFED,XKEY ARE TDATFS AT ¥HICH COMPUTATTON STARTS AWND
C ENDS IN A POWER HISTORY WHYCH EXTENLS REYCNLT COMPUTATION SOAW

WRTT® (5,21C31)
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ISN 0117 21031 FORMAT (THO,*DATFS STARTING AND STOPPING COMPUTATION SPAN'/1H ,
£ ¢ KRS KSD KSY KEM KED KFY TREGTWN!,* TEND?)
TSN 0118 R¥AD(1,1103) KSM,KSD,KSY,KEM,KED,KFY
TS5 0119 1103 FORMAT {S1S)
C TBEGIN =REGINNING TIME CF COMPUTATICHN SPAN
TSN 0120 CALT ADATE (KSM,KSD,KSY,TBEGIN, 1)
C TEND=ENDING TIME OF COMPUTATICN SPAN
TSN 0121 CALL ADATE (KEM,KFD,KEY,TEND, 1)
TSN 0122 WRITE (S, 21C3) XSM,KSD,KSY,KEM,K¥D,KEY,TBEGTY,TEND
TSN 0123 2103  FORMA™ (1H ,615,2F10, 1)
c
TSH 0120 Jz=3
ISN 0125 T17=T
TS 0126 KZ=K
TSN 0127 DSTART {JZ+ 1) =99999,
ISN 0128 TH2 (IZ41}=99999,
ISN 0129 TEV (KZ+1) =99999,
C
C SUBROUTINE HISTRY MERGES THE DATA TAELFS FOR POWFRR HISTORY,
C CHEMTCAL (PPM HYDPOGFN AND PURTFICATION PLANT EFFICIENCY) AND EVENT
C 10GS TNTO A SINGLE HISTORY, WITH NEX VARTABLE NMAMES ¥OR THES®

ISH 0130 CALL HISTRY

C ATHE=ATOMS HELIUM IN THF PRIMARY SYSTFM
C HFORIG=ATOMS OF HELTUM-3 IN PRYMARY COCLANT AT ORIGINAL CONCENTRATION

TSN 0131 ATHFE=WTHE*US53.6%6.02D23/4. 0026

ISN 0132 HRORTG=ABUNT3I*ATHF
C TN THE FOLLOWING LOOP WE CALCULATF FCR EACH REGTION THF CARBON PORE
C VOLUME FROM DENSITY, THENM TOTAL REGION GAS SPACE, ATOMS PHER CC AT
C REGION CONDITIONS ,THF FRACTICN OF TRITINM FRCM HE3I(N,P)T REACTION
C RECOTLING TO SCLIDS IV THE REGION, AND THF CRIGTNAL NOMEER OF HE-3
C ATOMS TN THE REGION

TSN 0133 RT=0.

TSH 0131 DO 2202 N=1,NREG

ISN 0135 CALL RECOIL {WTCTX(N) ,DENS (¥} ,PRESS, RGTEME (N) ,FINTAN (N ,

£ WEXTAN{N) ,FHOLSS (NY ,V (N) ,HERFCL (N))

ISN 05136 ATCC (N) =4, 02D23/224 10, %PEESS*272 .1/ (27 3. 1+RGTRMP (N} )

ISN 0137 R{N) =V (N} * ATCC {N) *STGFL (7) #"SLW {N} /FLXESL

ISN 0138 RT=RT+R (N)

ISY 0139 2202 CONTINUF
c

TSN 0140 DO 8 N=1,9¥REG

ISN 0101 FR (¥) =R {N) /RT

TSN 0142 SA(7,N}) =HRORIG*FR (V)

ISH N1473 PO 8 T=1,8

TSN 014U SO (T,¥Y=5A {T,N)

TSN 0145 8 CONTINUF
c
¢ DATA TNPUT COMPLETFED
[
C HEP® VARY TH® CASFS- THE EXPRFSSTONS BRTWEFN HTRF AND STATHEMENT 12
C SHOULD BF REPROGRAMMED TO SUYT THE NEFD OF THF USER. SHOWN HERE ART
C SEVEY CASES IN WHICH RFACTCR CR QPERATTON DARAMETERS APF VARIED

ISN D1usA HYT®RM=1.0

C LOOP HERE THE NUMBEF OF CASES TO CONSTDER BEEORE RRTIRY

¢ TC STATEMENT 1 TO BFGIN TNPUT TC RESTAPT CAICTLATION FOR NFY RFACTOR
ISN D147 DO Y4 TCASE=1,NCASFS
ISy D148 HRITR(5,2011M

TSN 2149 20110 FORMAT {191)
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1SN
TSN
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TSN
TSW
ISN
ISwW
ISN
ISN
ISN
ISN
TSN
TSN
I5N
ISN
ISN
ISN
ISN
I5%

TSN
TSN

0150
D151
0152
0153
0154
0155
0156A
0187
0159
p1%Q
0160
N1R1
nN162
D 1A3
0164
nN165
01586
0167
0168
0169
0170
nt171
0172
0173
0174
0175
0176
nN177
N178
0179
0180
0181
0182
0183

ND1RAL
N 185
018~
0187
0188
D189
n0190
0191
n1a2
0193
gleun
0198
0196
0197
ptaa
0199
0200
n201
0202
0207

0204
0205

11

201

20111

202

2021

2022

203

2031

2032

204

2081

20073

2012

205

2053

2091

2052

206

2061

2062

20673

207

5

5

Do 11 1=1,8
DN 11 N=1,NREG
SA(T,N)=801T,W)
CONTINUE
TCC=1C (ICARSE)
GO TO
COWTINUT
WRTTE(5,20111)
TORMAT {1H1,' EASE
GO TO 12
CONTINUR
no 2021 T=1,NEND
PPHMH2 (T)=3.
CONTINUF
WRTTE (5,2022)
FORMAT (1H1, *CASE
GO TO 12
CONTINDE
DO 2031 I=1,NEWD
PPWH2 (1) =300,
CONTINDFE
YRITE(5,2032)
FORMAT (1H1,"CASE
GO TO 12 '
CONTINUE
DO 2081 T=1,NEND
PPMH2 (1) =3C.
CONTINUF
Do 20473 N=1,NPEG
HEXY {N) =HERRCL (¥}
HERFCL (N) =C.
CONTINUF
WRITE(5,20u42)
TARMAT (YH1, ' CASE
¥ONE 1TC
60 TO 12
CONTINUF
Do 2052 N=1,NREG
HERECL (N)=HEXX (XN)
TONTINUE
no 205% 1=1,NFND
GRMM(Ty=."
CONTINUF
HRTTE® (5,2052)
FORMAT (1H1, 'CASE
GO TO 12
CONTINUF
DO 2061 N=1,NREG
TRAPX (N} =1.C
CONTINUE
DO 2062 N=1,NEND
GAMM (N)=1.C
CONTINUF
WRITE(%,20€3)
“"OXMAT {1H1,*CASE
RQUND ")
GO TO 12
COMTINUE

CASE?)

il

1§

SCLIDS')

GAME (1)
PURIFICATION FLANT FFFICTIENCY SET

HIGH

ALT TRITTUM FFCHM

ALL TRITIOM

62

(201,202,203,204,205,206,2C7),TCC

10W HYDROGFHN?)

HYDROGEN')

FCREMED IN

FRLTUM—-3 RETATNFD 1IW

GAS,

TG ',F5.3)

SCLIDS TRREVERSIBLY
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TSN 0206 Do 2071 N=1,NREG

TSN 0207 TRAPY (N) =. 99

TSN 0208 2071 CONTINDF

TSN 0200 HXTERM=. 1

TSN 0210 WRITE(S,2072) HXTERM

TSN 02117 2072 FORMAT {(1H1,'CASE = HEAT EXCHANGEFR PFRMFATTION COEFFYCYENTS REDUCHED
& BRY FACTOR = ',F5.3)

TSN 0212 GO TO 12

C
C FND OF CASES. PREGIN CALCULATION ON GIVEM CASE
C
1

TSN 0213 2 CONTINUF
TSN 0214 WRITE(S,20£0)
ISN 0215 2080 FORMAT (1H , *TRITTUM GENERATTON AND DISTRIRUTION TN A ATGHS,
§' TEMPFRATURE GAS CCOLED FEACTCE')
ISN 0216 WRITE(S,208C1H) TTTLF
TSN 0217 20801 FORMAT (1H , 18A0)
c
ISN 0218 DPUR=CPUR%*BEH00,
TSN 0219 NESOUT=GSOUT*86400.
ISN 0220 WRATE=BEH0C. #*SLOSS
ISN 0221 TFLXSL=FISTFN*ENS*1 . D~6%FLXPSL
TSN 0222 TPLYPS=FISLEN*ENS*1,D~6%FLXPFS
1SN 0221 WRITE(5,20€1) TMH,FISDEN,TEMP,PRESS,DPUR,WTHE, NGSOUT, ABUND3,
£ H20,4RATE,TFLXSL,TFLXFS
TSN 0228 2081 TFOPMAT{140,'FULL RWACTOR PCWER *',FF.0,' MWTH, *,F3.1,' KusL, !,
£ 'AVERAGE GAS TEMP *,F4.0,' DEG C, PRESSORA, 'F4.1,' ATM'//
£ 1%, 'PURIFICATION RATE *,0FF9.6,
£ /DAY s
£ 1X,'HE AMQUNT', 1PD9.2,% LIPS HE MAKEUDE RATE 'L,D9.2,
& /DAY tL,EX, *HEY ABUNLANCY',L9.2/
£ 1Y, 'WATER ',09.2," LBS WATER MAKRUF RATR ',0FFA.3, 37,
S VDAY ',6X,'THEC CORE FLUX-SLOW',1PL%.2,°, FAST',D9.2)
-
TSN 022% CALL HTEX (EXTRRM)
ISN 0224 NENG1=NEND -1
o
ISN 0227 PO 13 N=1, NFEG
TSN 0228 ISKTIP(N) =D
ISN 0229 MSKTIP(N) =0
TSN 0230 WRTTE(S,2082) {(RNAME (J,N},Jd=1,10)
ISN 0231 20382  TFORMAT {1HD, 10R4)
ISN 0232 ARTTE(5,2083) WTCI1Y (N} ,PPMLY (N}, EEMP (N), EEMRRIN) , 20T (¥),
& TRAEX {N)
TSN D233 20873 FORMAT {14 ,'WFIGHT'1PD10.3,' LBS . FEMLI=',(P¥A_,3,% ©Dpum=t,
5, PA,1,' PPHBE=',Ff.3,' SURFACE AREA',Fh.7,' 5S¢ 4/G,'
£ ,' T ROURL TN SOLIDS!',F7.0)
-
TSN 0234 CALL CRCSS (M)
TSN 0235 IF (MSKIP(N).GT.0) 60O TC 2201
TSN Q237 WRITE(S,2200) (SA(I,N),I=1,T)
ISN 023% 2200 FORMAT (1H ,'ORIGINAL NUMRER OF ATOMS TN EEGTOW'/1X,7(3X, 1PD10.1)
§ ,' (REACTICN FRACTICN CF TOTAL EF-3)')
TSN 0239 2201 CONTINGY
TSN Q240 MSK TP (N) =MSKIE (N)+1
C

TSY 0241 Do 13 1=1,8
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ISN
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TSN
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TSN
ISN
TSN
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TSy

02472

0243
Q24

0245

024uF
Q247

024%
0289
0250
0251
0252

0253
0250

02R%
0266
027
0268
02A9
0270
0272

0273

0274
0275

0274
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PO 13 K=1,9
¢ Y=ATOMS TRITIUM FROF SOURCE I,TN STYKK K,RFGICN N, CARRIFD
FORWARD FROM FRIOE FERIOD. HERE INITTALLY 7FFO
Y(T,K,N)=0.0

~

13 CONTINUE

C

C HFRE REGIN CALCULATIONS FOR INDIVILCUAL PERTCDS
c

C TNDEX I TNDICATFES PARTICUIAR EERICC

DO 14 L=1,NEND1

C CALCULATE PERICD LENGTH TN SFCONDS
T=8.6UCU%(CT(L+1)~NT ({L})
TSAREA=0.0

C VFFSUM IS VOLAFLUX*FUEL SUM ¥CR REACTOR
VFFSUN=0.

nO 192 N=1,NREG
TSAREA=TSAREA+WTCIY (N} %453 ,6%BET (N)
VFFSUM=VFFSUA«V (N} *FSLU (N} *FUEL (F)

142  CONTINUF

C

C INDEX K INDICATES PARTICULAR TRITIUM SINK
DO 15 K=1,8

1% T4TON (K)=0.DC

C

C INDEX N INDICATES RFGION FOR WHICH CATCULATICN 1S RELNG MADE
nO 16 N=1,NREG

c
DO 18 T=1,6

C ADJUST SOURCE REACTION RATE FCR FERICD REIATIVE POWRR

18 SYG(I)= SAG(I,N) *PWR (L)

: SIG(7) =PWR {L)*RT/ATHE
FIS=STGFL (8) *PWR (L) *THW#3, 12100 1€*YV (N) *FSLU (N} *FUFL (V) /VFFSUM

PUR=GAMM (L) *CPUR
CHANGE=FPMEZ (1) /EPMH2 (1)
HEATX=CEATX*DSQRT ({CHANGE)
ATGAS=ATHE*PEMH2 (L) *1.T-€
PMM=PRESS*T€G.*PEMH2 (LY *1.C-€

ITERATIV® SNLUTINN TO TEMPFRATURF NCN-DEFENLENT TFMKIN TSQTHFEM
FO® HYDROGEN CEEMISCRPTION ON GRAPHITE
XX=,1
NYX=0
18+ XX0=XX
NYX=NX+1
XX=5CC 1) /SCC (3) ¥*DLOG (SCC (2) *PHH 4 (SCT { 1) -XXN) /XX O)
TE({({DABS { {XX-YX0)/ (¥¥+XX0))).GT..0002).AND. (NX.LT.20)) GO TO 18F
SCCSQM=XX

e NeNe!

ADATOM=TSAR®A*SCCSOM*5,373L19
SAD=ALCATOM,/ATGAS
ADS=1.0+SAT

C TINDFY T INTICATES SCURTF NUCILIDE
D0 17 1=1,8
C REFNTISTRIRUTE THE CARRYFCFWARD TRITIUM RFTWEEN GAS AND ADSNARRKED
C FHASES FOR POSSIBLY CHANGED HYDRCGEN CONCENTRATION TN TERIOD
YT, %, Ny ={%(I,4,N)+¥ (T,3,N)) /ADS
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[SN 027R Y(T,3,N) =Y {I,U,N)*SAD

TSN 0279 no 17 kK=1,6

TSN 0281 X{T,E, M) =0.0

TSN 0281 17  CONTINUF
c
C  CALC RELATED TO GAS SYSTFM
c
¢ CALCULATE EFFECTIVE 1LO3S CONSTANT FRCM PRIMARY CONLANT NODE
€ (GAS AND ADSORBED)

TSN 0282 CLAM={PUR+HFAT X+GSONT) /ADS+DCAY
C

¢ THROUGH STATEMENT 23,J IS AN INDEYX INDICATING WHFETHER WE TALCULATE
C TRITIUM REMAINING IN=1 CR EMERGING FRCM=2 A GIVRN SINK NODFE

TSN D287 N0 19:.3=1,2

TSN 0784 IF(J.EC.2) GC TN 20
TSN N2RA AR=1,0

TSN (287 BE=1.0

TSN 028R TT=DEXP (~DCAY*T)
TSN 0289 Vv=1.0

TSN 3290 FF=1,0

1SN 0291 S{1) =nCAY

TSN 02072 Gn TO 21

TSN 0293 20 AR =ADS

TSN 0294 BB=1.0-TRAFX (M)
1SN 0295 TT=DEXP (-CLAMX*T}
TSN (029n VV=1,0~-HERECL (N)
I8N 0297 FP=1_0~FTRAP

TSN 0208 S{1)=CLAM

ISN 0290 1 IF(L.EC.1) T1T=C.0

2
C
C  Y=ATOMS THITIUM FRCM SOURCE I,IN STNK K OF REGION N AT END
C OF CURRENT PERICD

TSN 0301 S{2) =815 (1)

TSV 0302 TMP (1,J)= (RB/ARY #SIG (1) *#SA (1, N) *G (1,5, 2)

TSN 0303 TFEI.R0. 1) X (1,1, N)y=THB(1,J) +Y {1,1,8) *17T

1SN 030S TF(I.FC.2) X (1,4, Ny =THR (1,3} +Y (1,0, N) =TT
c

TSY 07307 S(2) =516 (2)

ISN 97208 TMD (2, 3) = (EF/BR) ¥51G (2) *SA (2, N) *6{T,5, 2)

TSN 0369 TF(J.FC. 1} X(2,1,0) =THB (2,3} +Y(2,1,N) *IT

ISN 0311 TF{I.EQ.2) K {(2,0,8 =THP(2,3) +Y (2,0,N) *1T
-~

TSN 0313 S{2) =5IG (3) +SIG (4)

ISN D31u TP {3,Jd) = {RE/AR) #51G (3) *SA (3, N} *G (1,5, 2)

TSN 0315 TE(I.EQ. 1) X{3,1,N)=THD(3,3) +Y(3,1,N) *1T

TSN 0317 TP(J.FC.2) X{3,U,N)=THP (3,3 +Y{3,U,N) =TT
c

ISN 0319 S(2)=S1G (2)

TSN 0320 S{3) =STIG (3) +SIG ()

ISN 0321 TMD (1,J) = (EB/AR) #STG (2) *SIG(8) *SA (4, N) #G (1,5, 3)

ISN 0322 IF(J.FQ.1) X (U, 1, Ny =T™MP(4,J)+Y{4,1,N)%TT

ISN 0324 IF(J.F0.2) X(U,0,N)=THE{4,3)+Y (4,4,N) *TT
C

TSN 0326 5{2) =516 (1)

TSN 0327 ${3) =SIG{h)

TSN 0328 TMP (5,09 = (EE/AR) *S{2) #STG {F) *STIG (S) *SA (5, N) *H{T, 5, 3)

TSN 0329 TE(J.EG. 1) X(5,1,R) =THP (5,0) +T(5,1,N) 1T

TSN 0331 IF(J.FC.2Y) X(5,4,N)=THP(5,J) +Y (5,4,8) *1T
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TSN
ISN
TSN
ISN

TSN
ISN
TSN
TSN
ISN
ISN
TSN

TSN
ISN
ISN
1SN
ISN

TSN
TSN
SN
ISw
TISW
Isw
ISHN

0331
03y
0133k

N3
0339

0340
03un

n3oy
D345
nN3u7
03u9

0350
31351
0382
n3ey
01356
03r8
0359

03A0
0361
N362
DA€
0360

G678
0366
0368
0369
0370
0371
0372

0374
81378

0376
0377

0380
01331
J 332

9383
0330
0385

n38~
0337

22
C
C

2u
25

[}
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THP (6,J) =(FR/AR) *SIG (1) *STG {R) ¥SR (A, V) #5 (1,5, 3)
TF(J.RQ.1) X(6,1,8)=THP(6,J) tY (6,1,N)*TT
TF(J.EC.2) X{6,U,N)=TUP(6,J) tY (A ,4,N) =TT

S(2)=GSOUT+ST1G {7)

THP (T,J)=(VYV/AR) ¥STG (7) * {SA(7,N) *G (T,S,2) +GSOUT*HRORIG*
& FR(N) *H(T,S5,2))

IF(J.FQ.1) X(7,1,NY=THP(7,J)+Y (7,1,N) %TT

TF(J.FC.2) X(7,08,Ny=THP(7,J) +Y(7,4,N)*1IT

THP (8,J) = (FF/AR) *FIS*H (T,5,1)

TP{I.FC.1) X(8,1,M) =THP(8,J) +¥ (8,1, N) *1T
TF(J.FQ.2) X (B,4,NMy=THP (8, J) +¥ (R,4,N) *1T
CONTINUE

DO 22 T1=1,¢
X(I,3,M) =X {T,4,N)*SaD
IF(I.LE.6} BR=TRAPX (N)
TF(T.FC.7) EBE=HERECL (N)
TF(1.RQ.8) BB=FTRAP
X(T,2,8)=X¢(I,1,N)*R"
CONTINUF

CALC RELATED TC LOSSES FROM GAS SYSTFM ANLC wATS® SYSTEHM

S(2)=CLAM

AA=ADS
AR=1,0~TRAEX (N)
VV=1,0-HERECT (N)
PP=1,0-FIRAP

no 23 J=1,2
IF(J.EC.2) GC TO 2t
S(1)=rchy

Go Ta 2<%

S (1) =DCAY+SICSS
GK=G (T,S,2)
IF(L.®C.1) GK=0.0

S(3) =STG (1)
THMP (1,J) = {EB/RA) *STG (1) *SA (1, M) ¥G (1,5, 7) +¥ (1,4 ,N) ¥5K

S(3)=ST6(2)
THP (2,3)= (RB/RARY XSTG (2) #SR (2, N} *C(T,S, N +Y(2,4,M 26K

S(3)=STG(3)+STG ()
THP {3,JV=(BE/AR) *XSTG (3)*SA (3, N)*C(T,S, ¥y +Y(3,4,N)*GK

S() =S15(2)
S(1) =SIG{3)+SIG (4)
TFP (4,J)=(FE/RA) *STG (2) ¥STG(4) *SA (L, N} G (T,S,4) +Y (1,4, N) *GK

S(3)=S15(1)
S(LY=SIG(6)
TMD (5,J) = (FB,RA) SSIG (1) *STG(A) *S TG (S) *SA (5, N) *H(T,S,U) +Y (S, 4, M) *GK

S(L) =SIG(2)
TMD (6,0} = (EB/AR) *STG (1) ¥STG(AR) ¥SA(F, M) *5 (T,S,4) +Y (€,2,N) 5K
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¢
TSN 0388 S{3)=GSOUT+51G (7}
TSN 0389 TMP (7 ,3) = (VV/RA) *STG(7) *# (SA{T, W) ¥G(T,S,3) +G50UT«HRORIG*
EOFRANYXB{T,S,3)Y+ Y (7,4, *GK
C
TSN 0390 TMP (B,J) = (FF/AMY*FTS*H(T,5,2) +Y {€,8,N) *CK
TSN Q301 23 CONTINUF
c
THN 0322 Do 26 I=1,8
TSN D0 ZUK=DEXP (~DCAY *T)
TSN Q3an XUK=DEXP {~ (DCAY+ST.055) *T)
TSN n3as TF({L.NE. 1) GC TO 27
TSN 0397 7HK=0.0
TSN D398 XUR=0.0
TSN 0399 27 Y(T,A,N)=TWP (I, 1) &«PUR+Y(I,6,N) *ZUK
ISN OLQo X(T,5,N)=T®D (T, 1) *GSCUT+Y (7,5, N) *70¥
TSN 0401 X{I,9,N)Y=THP{T, 1) *HEATX+Y (I,9,H) *7Z0K
TSN dun? X(T,7,N)=TWE(T ,2Y*HFATX+Y(T,7,N} *XUF
ISN 040? X(I,8,9)=X(1,9,N)-¥(X,7,H)
ISN Qann 24 CONTINUE

C
C  UPDATF THF SOURCE ATCM CONCENTRATIONRNS

TSN 0405 S{1)=SIG (1)
TSN 0ud#h 5{2)=51G(F)
ISN Qun? SA(1,N)=SA (1, N)*DEYP (~S (1) *#T) +S (Z2) *SA (£, W) *5 (7,5,2) +S{2) *51G (5) *
£OSA(S,N)*H(T,S,2)
C
1SN 0uns S{1) =3TC {2)
TSN Quno ${2) =SIG (3Y+STIG (L)
IS 0U10 SA{2,N)=SA{2,N)*DEXP {~S (1) *T) +5IC (U4) *SA (U,N} *G (T,S, 2)
C
TSN OUtY SA{3,N)=SA (2, N)*XDEXP (~ (STG{3) +STC(U)) *T)
C
TSV 0412 SA{0,N)=SA{3,N)
. C
TSN Du13 S (1) =SIG(F)
ISN D41y SA(F,NY=SA(6,NY*DEYP (=S (1) *T) +STGCL{S)*SA {5, N) *1 (T,5, 1)
ISN 0415 S (1) =GSOUT+SIG {7
TSN 0416 SALT,NY=SA (7, N)*DEYP (=5 (1) *T) +GSCUT*HECRTC*®Q (N) *H (T,3, 1)
C
ISN Qu17 Do 28 1=1,8
TSN 0418 DN 28 K=1,9
¢ ATOMS TRITIUM CARRYFORWARD FCR EACH (SOURCF,STHK, RRGION)
TSN Qut9 Y(T,K,N)=X(T,K,N)
C  E¥YPRESS PRFSENT ATOMS AS CURTES FCR OUTPHT
IS8 0u20 X{T,K,8) =X {1,K,N)*0,84D~-20
IS 0421 23 CONTINUF
C
C CALC HERE COMFPLETED FOR PERICE
C
ISN Qu22 TF(EVNT(L) .¥¢.0.) GO TO 18
ISN Hu2n IF(N.GT.1) GO TO 29
ISN 042¢F ATE=DT (1)
C CALCYLATE DATE OF START CF CURRENT EFRIOD
ISN 0427 - CALL ADATE (JW,JD,3Y,ATE,2)
C CMPLCULATE TATE CF END OF CURRENT PEFICD
TSN Qu28 DATF=DT (L+ 1)

ISN 0u29 CALL ACATE (IN,ID,YIY, DATF,2)
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o430
0u31

04132
oul

Ou34d

ou3s
nih3e

nu37
0438

Quup
ouut

ouu?
ouuu
Quus
ou4us

ouu”
ouusg
Quu9g
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ous51
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ousu
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NuUSR
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ouR1
0ur?2

Ou63

Duan
oups
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2085

2096
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C
C OUTPUT RESULTS FOR CURRENT PFRIOD. RERF DT HEADINGS FOR PERTOD

WRITE(5,2085) JM,JdD,J¥,IM,ID,TY, EWR(L) ,GAMN (L} ,HEATX,SAD,PPHH2 (L)
FORMAT (1H1,'DURING THF PERTIOD FRCH ',3773,' 7o ',3713,? THE EDWER L®
SVEL WAS ',F5.2,' AND THF FURTIFICATTON FLANT EREFTCIENCY WAS ',75.2,
£/, THF HFAT FXCHANGER RATF CF *,1PF10.4,' (SFC-1) AND THE ADSORPT
§ION RATIO CF ',0FEF9.4,' WFRE BASEL ON ',F7.2,' PPM H2')

WRTTE (5,20€€)

FORMAT (1HO, 'CUNULATIVE TRTTTUN TNVENTORY IN CURTFS AS 0¥
EPERTIOD END FCR PRODUCTION,AND EISTRIBUTTCN SINKS'/1X,

S4SOURCE -ATOMS', 10X, 'TRITTUM' , BX,'ROUNE TN',2X,

£ *ADSORBED CON',3X,'IN PRISARY',2X,'LFAKAGE FROM',2X,
£ YPURIF#*§®,2X,' H20 TN STE&M ', 3%, 'PLOWDCWN+LOSS'/24%,*PRODICTINN’,
& 5X,'SOLIDS ',2%,'GR.SURFRCE',8%,'COCIANT',5X, ' PRT4ARY', 7YX,

& 'PLANT',RX,'GFNFRATOR',U¥,*STFEAM GFNEFATCR')

CONTTINUE

WRTTE (5,2084) (RNAME {J,N),J=1,10),HERECL (N)
FORMAT (1H0, 1024, ' FRACTION CF HE3(N,P)}T RECOTLS BOUND [N SOLIDS',
L) =1
- 14
§ F8.5)
no 30 1=1,8
TF (JFLAG(T,N).FQ.0) GC TO 30

(]

C OVERALL SUM OF TRITIUM CURIES FOR THE VARIOQOUS SINKS

31
C

2087
30

DO 31 K=1,8
TATOM (K) =TATCH {K) +X {T,K,N)

IF ((Sh (8,N).E0-0.).AND. (IE(I).EQ.8)) GC TcC 30

WRITE(5,2067) ANAME (TE (1)) ,SA (TE(I) ,N), (X(IP(V),K,N) ,K=1,8)
FPORMAT (1H ,A8, 1TEC12.4,CERF13.6)

CONTINUE

C DO SUM OF TRITIUM CURIES FOR THT VATICUS STNKS OF GIVEN PEGION

32

2088

33

DO 32 K=1,F

ST {K) =0.

PO 32 T1=1,R8

STK)=ST(K)+X(I,K,N)

CONTTINUF

WRTITE(5,2088) (STI(K),K=1,8)

PORMAT (1HO,'FEGICN TOTALS *L,RF13.5)
IF(L.NE.NFNC1) GC TO 16

CONTINUF

C TDP=SUM OF TRITIUM DISTPIBUTEL IN REGICN, TO CHZCK AGATINST PRODUCTION

34

2089

1R

C HE

=0,

no W K=2,8

TD=TD4+ST (K)

CONTINUE

YRITE(5,2089) ST{%) ,TD

POPMAT (14 , *TRITIUY EROCUCED IN FEGTON ',3X,1PD22.15,10X,
5 *TRITIOM CISTRIRUTEC IN REGION ',022.1%)

CONTINUF

9% COMPLETEC CUTPUT FOR SIVFN REGICN #CF CURRENT PRRIND,

C OQUTPUT TCTALS FCR FACH STNK A ¥ND CF FERICT

C

2090

35

WRITE (5,2090) (TATOM(K),K=1,8)
FORMAT (1HO0, *TOTAL CURTES®,8Y,RF13.6)
DO 35 K=1,¢

CATOM (K)=TATCH (X)
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REEXPRESS TN MICRCCURTIE,CONCENTRATICN UNITS AS OF VERTND FND

XATOM (2) =CATCH {2} *1.DF/HTC /53,6

XATOM(3) =CATOM (3)*1.DE/HTC /U053, 6

XATOM (UY =CATCM (B) %1, DE¥U . 0026/ (WIHEXUS 3, S9%224 10 ,)

XATOM (7Y =CATCH {7} *1.D6/H20/853.6

WRITE(5,2092) XATOM{2) ,XATOM(3) ,XATOM (&) ,XATOMR{7)
FORMAT (18O, * PYFRAGE ACTIVITY®,19%,1P3D13.6,26%,013. 0,
£4 OF GIVEN RFGIONT', 22X, 'MICROCURIES',2X, ‘MTCROCURTESS, 72X,
SCMYCEOCURTFS', 28X, t MICROCURIRS ,38Y, ' PER GRAM GR',2¥,
§TPER GRAM GR',2X,'PER SCC HE',29%,'PER GRAN H20')
CONTTHUE

5TOP
END
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COMEIIRER CORTTONS - NAMF= ®MATN,OPT=00,LTNFCKNT=60,5T2F=0000K,
SOURCF ,FBCDIC,NOLIST,NODFCK,LOAD ,MAP,NOEDTT,NOTID,NOXREF

C END DOF MATN PECGEA¥
C
c
C SUBPOUTINF HISTIRY MFRGES THF SEVERAL INPUT TABLES NF TIME AND
€ (VRELATIVFE PCWFR, (?)H¥DRCGEN CONCENTRATION AND PHRIFTCATTON BLANT
C EFFICIFNCY,ANT {3) PARTICHLAR FVENTS, AND STTIFULATFED SPAN OF
C COWPUTATION INTO A SINGLE TABLE. IT WILL RECEIVE 50 PRRINDS TN ANY
C INPUT TABLE PBOVIDED THE OUTPUT TABLE LOFS KCT EXCEED 100 PRRTODS

TSN 0007 SUBROUTINE HISTRY

TSN 0003 THMPLICIT RFAL*8(A-H,0-7)
C

[SN 0000 COMMON/HTST/DSTART (50) ,TH2 (50) ,CCDE (50) , GAM{B0) , PM2(50) , TFV{50),

ERELPWR (%0) ,J7,17 ,KZ

C

TSN 000% COMMON/B/PEMH2 {(100) ,PRESS, CEATX, WTC,GAMM (100),DT{100),

§PYR {100) ,EVNT (100), TEND, TBEGIN,WTHE,TEMP ,NEND

-

TSN 0006 JB=0

TSN 0007 Ir=0

TSN 0008 KB=0

TSN 0009 DO 20 J=1,J7

TSN 0010 IF (DSTART {J) .LTI.TBEGIN) GO T0 20

TSN 0012 IF{JR.NF.0)GC TO 20

TSN 0014 JIB=J

TSN 0015 20 CONTINUF

ISN 0016 DO 10 I=1,17

ISN 0017 TF{TH? (T} .LT.TREGIN) GO TC 40

TSN 0C19 IF{IR.NF.0)GC TO 40

ISN 0021 In=1

TSN 0022 40 CONTINUE

TSN 0023 PN S0 K=1,K?

TSN 0024 TF TRV (K} . LT.TBEGIN) €2 TO €0

ISN 0026 IF (KB.N®.0)GC TO 60

TSN 0028 KB=K

ISN 0029 60 CONTINUE

ISN 0030 J=37

TSN 0031 I=TB

ISN 0032 K=KB

ISN 0N33 X1=0,

ISN 0034 X2=0.

TSN 0035 X3=0.

TSN 003A X4=0.

TSN 0037 TF(JB.GT.1} X1=RELPWER(JB~1)

TSN 0039 I9{IB.GT.1) XZ=PH? (IB-1)

ISN 0041 IF({IB.GT.1) X3=GAM(TIB-1)

ISN 0043 IF (KB.GT. 1) X4=CCDE (KB~1)

TSN G045 N=0

TSN DO4E TY=TBEGIN

TSN 0047 N N=N+1
¢ DT=TYMF AT STAET OF CUPRENT EERICD

TSN NQus DT (N) =CHMIN1(CSTART(JY,TH2 (T} ,'TEV (K) ,TX)

TSN 00un TX=TENT
¢ PUR=PRLATIVE EGWFR FOP CURRENT PFRICD

TSN 0050 PRR(NY =X 1

C  PPMH2=HYDKRCGFN¥ CONCENTRATION (VOL EE¥) IN PEIMARY COOLANT,FOR
T CURRENT PEFIOT
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TSN D05 PPHA2 (V) =X 2
C GAMM=PURIFICATTON PLANT RFFICTFNCY FOR CURRENT PRRING
TSN O0R2 GAMM (N)=Y3
 FVNT=FEVENT FLAG VALUE FOR CURFENT PERTIND
1EN 0051 EYNT {N) =X4
1SN 00%n IFP(DSTART (J} .NE.DT(N)) GG TO 302
TSN 005R PWR (N} =RELEWR (J)
TSN 0057 X1=RELEPWR (J)
TSN 0038 J=J+1
TSN 0089 302 TF (TH2{T).NF.DT(N)) GO TO 303
1SN 00A1 PPHHZ (N) =PMZ {T)
TSN ONG? X2=PN2 (1)
TSN 0063 GAMM(N) =GAM(T)
TSN 0ON6s X3I=GAY (1)
TSN 00RS I=T+1
TSN N06A 203 TF(TEV(K).NE.DT{N})} GC To 304
SN 00f8 EVNT {N) =COTE {K)
TSN Q0&9 Xt=CODFE (K)
sy 0070 K=K+1
ISy 0071 308 CONTINUE
TSN 0072 TF(DT(N) .LT.TERD) GO TO 301
TSN 0074 280 NEND=N
1SN 0075 . RETURN

TSN 007k END
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COMPILER CPTTONS - NAMF= MAIN,OPT=00,LTNECKT=F0,STZF=3000K,
SOURCE,EBCNPIC,NOLIST,NODFCK,LCAD ,BAP ,NOEDTT,NOTD,NONYREF

-
C
C

10

20

22

SURRONTINE ADATE CONVFRTS A DATF (MCNTH,DAY,YRAR) TNTH TIMRE TN DAYS
FROM 1/1/67=1 IF FINAI, ARGUMFNT IS 1, AND VICE VERSA IV ?
SUBROUTTNE ATCATE(IM,1ID,IY,CAYS,TFLAG)

I4PLICIT REAL*8 (A-H,0-7)
DIMFNSTION THC{13)

DATA D¥0/0.,31.,59.,90.,120.,151.,181.,212.,243.,273.,304.,334,,

5 165,/

IF(IPLAG.EC.2) GC TO 20
DAYS=~1365.

DO 10 I=67,T%
DAYS=DAYS+2ES,

TF ({4%{T/8)) .EQ.T) DAYS=DAYS+1.
CONTINUF
TF(IM.LE.2 . AND. (4% (TY/U)) .EQ.TY)
DAYS=DAYS+LMC (IK)+ID

RETURN

T7=A7

DAY=DAYS

TF (% (IY/N) .NF.IY) GO TO 22
X=1.

TF (DAY-366.) 3,3,4
DAY=DAY-3E€,

TY=TY+1

60 To 21

X=0.

IF (DAY~2365.) 3,3,5
DAY=DAY-36E.

IY=T7+1

GO TO 21

NG A T=1,12

DX=NMO (T+1)

IF(I.GT.2) DX=DK+X

IF (DAY.LE.LX) GC TN 7

CONTINUF
IF(T.LT.3) X=0.
TM=T
IN=DAY-TMO (1)~ X
RETIRN

ENMD

NDAYS=TCAYE-1
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00013

3004
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0007
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00113
0014
0018
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0017

0018
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0oe21

0022
0023

COMPTLER OPTIONS - NAME= MATN,OFT=00,LTINECKT=60,ST7E=0000K,

T O

Ao e nann

SOURCE, FRCDTIC, NOLYST, NODECK,LOAD, ¥AP,NORDTT,NOTD, NOXREF

SUBRODUTINE RECOTL CALCULRTES (1) THE CM RANGE TN HELIUM AT REACTOR
TEMPERATURE ANLC PRESSURE OF TRITCN ®ECOILS FROM HE-F(N,P}T REACTION,
(2) THE RFGION HRWLIUM SPACE IN CHURIC CFNTIMETERS, .

INCLUDING ANY CHANNELS AND HOL®S, INTERNAL AND EYTFRNAL ANMNULI, AND
PORES, BAND (3) THE OVERALL FRACTION OF RFCOILS WHICH WILL STRIKF
ADJACENT SOLTILCS.

VRALUES OF RATIO CONSTANTS ARE BASED CH¥ FORT 2T, VRATN REACTOR ROUT
SHOULD APPLY ACEQUATFLY TO OTHER REACTORS WITH STHMILAR CONFIGURATINN

SUBROUTINE RECOTL(WTCIX,DENS,PREES, RGTEME WINTAN,WEXTAN,

& FHOLES,V, HFRECL)

TMPLTCTIT REAL*S(A-H,0-7)
WANGE BASED ON FORMULAS TN ETHRRINGTON 57 NOUC ENG HANDRNCK, P,2-34,
WITH TRITIUM RECOIL ENERGY CF .2 MEV

ar=.2

RANGEA=,Sh%ET

RANGEB=.56% {(4.0026) *%,333333333) «RANGEA

NENHE=U002.€,22410. *PRESS*27 3. 1/ {273, 14RGTENDY

RANGE=U4,/3.%RANGEB/DENAE

YO=4206.512

VT=5420.32

VCARB=WICT1¥*U53.€/DENS

VPORES=VCARB* (1.~DENS/2.2%)
RTNTAN=211_859%QTNTAN/. 02/ VC
RHOLES=. 25 €228 7*FHOLFS
VNET=VCARB* (1. 4+RINTAN4RACLES)
REXTAN=ON0.282*%WEXTAN/. 05/ VT

V=VCARB* (REOLES+RINTAN) +UNET¥REXTAN4VPCPES

HRCL1=.028Z2*RANGE/.0°08

HRCL2=1.~-WINTAN/2./RANGE

HRCL3=RANGE/2. /WEXTAN/2, 5U

HERECL= (VCARB* (RHOLES*HRCL 1+ RTINTANYHRCL?) ¢ YNET*RAXTANLHRCL?
£ #VPORES*1 .} sV

RETURN

END
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CO®FIL®R CPTTONS - NAME= MAIN,OPT=00,LINFCNT=60,ST7E=0000K,

R RSO RN

60

51

56

SOURCE,EBCDTC, NOLTST, NODECK ,LOAD , MAD ,NOEDTIT,NOTD,NOXRPF

SUBROUTINF HTEX,PRESENTLY SET UP FOF UF TC 1€ COMFPONENTS OR
SURFACES, CALCULATES THE FRACTIONAL ICS5 FATF NF TRITIOM TN THF
PRTMARY COOLANT BY EFRMEATION TN ASSOCTATTON WITH HYDRCGEN THROUGH
THE SYSTERM SUFFACES. HYTFRM 1S THE FATIO CF CVRRALL PERMEATION
RATE ASSUNFD FOR A PARTICOULAR CASE 0 THAT RESULTING IF ALL PEGINNS
YSED PURF METAL VALUES FOR PFRMFATICN COEFFICTENTS

SUBROUTTHE HTEX (HXTERHM)

IMPLICIT REAL%*8 (A-H,0-7)

REAL*S XNANE

DIMENSION SCCHR (10)

COMMON/HX/ HEAT(10) ,AREA (10} ,THICK (10) ,ST¥P{10),CONS(10),
£ ENFRGY (10),XNAME {5, 10) ,NCOMP

COMMON/R/PEMH? (100) ,PRESS, CRATX,WIC,GAMM (100 , DT {100),

& SWR(100), EVNT (100) ,TEND,TEEGIN, WIHE, TEMF NEND

H3H1=RATIO OF TRITIUM PERMEATION RATE TO THAT NF NATURAL HYDROGEN
H3H1=.60
TOTH2=PPHH2 (1) *1.D-F*WTHE*U53.6,4.0026%22410,
PH2STD=PRESS*PPHH2(1) *1.0-€
CEATY=0.0
DO S0 I=1,NCCHE
CALCULATE THE STANDARD NATURAL HYCRCGEN DPERMEATION COEFFICIENT
FOR GIVEN TEMEEBATURE ANT COMEONENT EBURE METAL
SCCHR (T) =CCNS (I) ¥DFXP (-ENEGGY (1) £ (1.987% (Z73.1+STMP (1) )))
HEAT=¥RACTION CF PRIMARY CCOLANT GAS EHASF® TRITTUM PERMEATING

A FARTICULAR CONPONFNT PFR SECOND FCE PUR¥ METAT,AT REFERENCE INITIAL

HYDROGEN CONCENWTRATION

HFAT (1) =H3E1*AREA(X) /THICK {I) *DSCRT (PH2STL) *SCCHR(T) /TOTH2/3IE00.
Sy OVER ALL CCMPONENTS ANL CCRRECT FOR ALTRRED DHRMEATION
COFTPICIFNT EMBCDIED 1IN HXTERM

CEATX=CEATY+HEAT () *HXTERM
50 CONTINUE

OUTPUT THE RESUITS CF ABOVE CALCULATICNS
WRYTE(S,50) CFATX,PPMF2(1)
"ORMAT (1HO,5%, *TOTAL STEAM GENERATOR RATY® CONSTANT=',1PR1Z.4,
& ¢ SEC-1 W2S BASED CN ',0FF7.2,' EBM H2Y)
Do 56 J=1,NCCHEP
WRITF({5,61) (¥YNAMF(K,J),K=1,5),HFAT{J),A5%A(J) ,THICK (J),
5 STME{J),SCCHE (J)
FORMAT (1H ,SAL,1FD12.4,' SEC-1,"
5 D12,4,' SCCM,',0PFR.2,' MM, ,F7_1,' DEG C,',1°D10.2,
£ ' STD CC H2,MM/SQCH,HR BT 1 ATMY)
CONTINUF

RETURN
END



TSN
I5N

TSN

ISN

ISN
ISHN
ISN
ISN
ISN

ISN
TSN
TSN
ISN
TSN
ISN
1SN

ISN
ISwN

ISH
ISN

TSN
I5N

ISN
ISN
158
IsN
ISN

0002
0003

0008

000s

0006
0007
0008
0009
0010

0011
0012
0013
001L
0015
0015
0017

0018
3010

0021
0022

0023
3024

0025
0026
0027
0028
0029

75

COMFILFER OPTIONS ~ NAME= MAIN,QPT=00,LINRCNT=60,ST2F=0000K,

s NsEaRoNsNe!

[sEsResEeKe!

o NN

78

SOURCE, BECDIC,NOLIST,NODECK,LCAD , MAP NOSNET,NOTD,NOXREF

SUBROUTINE CROSS PRODUCES FULL PCWEF RFACTION RATFES OF THF VARINUS

SOURCE NUCLIDES TN EACH REGION AT THE INPOT SLOW OR FAST FLUX VALURS,
BASED ON THE VALUES GIVEN TN THE BLCCK DATA SECTION FOR THE
CROSS SECLTION FOR SIOW CR FAST NFUTROWS PER SOURCY NEUTROW PER CC
PER SECOND
SUBRCUTTNE CROSS (M) )
IMPLICIT RFAL%8(RA~-H,0~7)

COMMON/B1/ANRMELD) , SAG (10, 15) ,FNS,THW, WTCIX(15) , TRAPX {15}
& ,SIGFL(9) ,S2(10,15) ,ENC(15) ,TBE,FISDEN, FEST(15) ,FSLW{1%)
& JFLXPSL,FILXEFS
& JISKIP{15) ,MSKIP{15})

COMMON/B/PEMH2 (100} ,PRESS, CEATYX, §TC,GAMM (100}, DT (100},
EPWR (100) ,EYNT (100), TEND, TBFGIN, WIHE, TEMP , NEND

FLXPSL=PERRY SLGW FLUX PER SCURCE NEUTRON PFR CC-SFC
FLXPFS=PERRY FAST FLUX PER SOURCE NEUTRON PER CC-SEC
SNCS=SOURCE NEUTRONS PER CM*%3-SEC//
TFLXSL=THEORETICAL SLOW FLUX //TFLXFS=THECRETICAL FAST FLUX
SNCS=FISDEN*ENS*1,.0E~6
TFLXSL=FLXESL*SNCS
TFLXFS=FLXEFS*SNCS
CFSTT=FFST (N) /TFLXFS
CSL¥W =FSLW{N) /TFLXSL
CORRECTION TO SIGFL FOR POWER FACTOF AND TEVIATION 7ROM THEC. FLUX
SAG=RFFECTIVE FULL POWER REACTION RATE FOF A GIVEN S50URCE
NUCLIDE AT THE ASSTGNED FLUX CF A GIVEN RESICN
no 10 I=1,7
SAG{T,N})=SIGFL (I)*SNC3
60 T0(8,9,9,8,9,9,R),T
SAG(I,N) = S2G(T,N) *CSLW
GO TO 10
SAG(I,N)= S5AG {I,N) *CFSTT
CONTINUE
VALTE FOR FUFL IS STIMPLY THT TRITIUM FISSION YTELD. IN MAIN EROGRAM
IT WTLL BRF MULTIPLIED BY THE FISSION RATF RATHER THAT FLUY
SAG(8,%) =SIGFL (8)
IF (ISKIP (N} .NE.() GO TO 78

WRYTE(S5,77) ESLWLN),FFST (V)
77 FORMAT (1H ,'ASSIGNFD SLOW FLUYX=',1BEDR10.2,6X, 'ASSIGNED FAST FLUX=",
£D10.2)

WRTITE{5,102) (ANAMR(I),TI=1,7)

102 FORMAT (1H ,TEFFECTIVE CRCSS SECTICH FLUX ERDDUCTS ', /,7(3X,A8,24},

£ 3, T FISSYICN YIELDY)

WRTTE(5,101) ( SAG(I,N),I=1,8)

101 FORMAT (8(3X,1PE10.U))

ISKIP(N)=ISKIP {N)+1
RETURN
END
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0003
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Q006

0007
0007
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J015
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00192
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COMEILFER OPTTONS — NAME= MAIN,OPT=00,LINECNT=60,STI7E=0000K,

ANOTYTONTONYTAONM N

NN NN

[eEaNeKe!

O 0n

SOURCE,FRCDTC,NOLYST,NODFCK ,1.ORD ,MAP,NOFDTT,NOTD,NOXREF

FUNCTTONS G ANL H USF AS ARGUNMENTS THF TNTIFRVAL DURATION,TH®
OVERALL LOSS TERMS FROM FACH NODE AND THE NUMBER OF LOSS NODES,
FUNCTION G IS USED FOR A SOURCE WHTCH TS LCEELETED DURING THY¥ PERION.
IT IS TO BE MULTIELIED BY THF SOURCE AMOUNT AT THE AEGTNNING OF THE
PERTOD ANC THF TRANSFER RATE TERMS FROM NCDE I NODE,

FUNCTYION H IS USED FOR A STEALY TNPUT CR FORCING FIONCTION FOR

THE PERIOD. IT IS TO BE MULTIPLIFOD #Y THE TINPOT RATF TERM, AND THE
NOLE TO NODE TRANSFFR TERHS.

THESF PUNCTIONS ARE TO RF APPLIED TC ALL FATHS BETWERN ALL SOURCE
AND ALL SYNK NOLES. ( NODE = CCHEAFTMENT )

FONCTIONS G AND H RY C, W. NFSTOR, COMFUTER SCTENCHES DIVISTCN, ORNL

FUNCTIION G (T, S, N)
IMPLICYT BREAL*B (A-H, 0-7)

DOUBLE-FRECISTON CALCULATICN CF

N N
SUM  FXE(-S(J)*T}) * PRCD 1/(S(T)-5(J))
3=1 1=1

I.NE.J

DIMENSTION S (V)
SUM=0.T0
Do 105 J=1,N

CCMPUTE ARGUMENT OF EXPCNENTIAL AND SEE IF IT IS TN RANGE.
IF NOT, SKIP CALCULATICN CF TEE EROLUCT.

X = S(J)*T
IF(Y .GT. 174.D0) GO TO 10°S

CCMTEUTE PPODUCT, SKIPPTIKS THF ¥ = J TFEMS,

PROC = 1.DC

pa 100 1=1,¥W

TF{I.EC.J} GC T0 100

PROD = EROL / (S(IY - S(J))
100 CONTIWOR

SUM = SUM + EFROD*DEXP (-X)
105 CONTINOE

G = S0UM

RETURN

END



TSN 0002
I8N 0001
ISN 000U

0005

Q004

ISN
ISN
TSN
TSN
TsN
ISN
I SN
TSN
TSN
TSN
Isw
ISN
ISN
TSN
IS5N
TSN
1SN
ISN
TSN
ISN

9007
0008
0009
0010
0011
0013
0014
a01s
Q016
0017
0019
0020
0021
0022
0o02u
002%
0025
0027
0928
0029

COMETITFR OPTTONS -

C

AN anNnonan

100

101

102
10%

£

&

NAMT=

77

MAIN,OPT=00,LTNECYT=A0,ST2F=0000K,

SOURCE, EBCDIC, NOLIST, NOCECK,LOAD ,MAP , NOEDTT, NOTD ,NOXREF

FUNCTION
IMPLICIT
DIMENSION

DOUBLE

N
SUM
J=1

CONSTA

DATA A1,
3.D0,
DATA B1,
a.no0,

SUM = 0.1
Do 105 J=
pROD = 1.
no 100 I=
IF(1.780.J
PROD = PR
CONTINOT

X = S({J)*
P = 0.D0

X .GT.

o -

TF
Q
0
GO TO 102
IP (X .LT.
0 {1.00
SUM = SUM
CONTINUE
g o= SUM
RETURN
END

H{Tl, S, M)
RFAL*8 (A-H,
S (M

0-7)

~FRECISION CALCULATICN CF

({1 - EXP(-S5(J}*T)) s S{JI})

NTS FOR PADE’

a2, 23, A6
~4,5D0,
RZ, B3,
45,10,

a4, as,

99.c0/
B4, ®5,
39.D0/

/
B6 /

0

1,8

De

1,4

)y 6C TO 100
0T /7 {5{I} =~ 5{J))
T

£.200) GO TO 101

174.n0) P =

- B /5
+ EROD*Q

DEXP (- X)

APFROXTMAKT FOR
-2.976190-1,

-1.7857143¢-3,

]
* EROD 1/{5(T) -5 {J})
=1
T.NF.J
SMALL

ARGUNENT ( .LF.

L012%00, -.125D0,

. 062500, 1.DO,

((((B1%X + E2) %X + B3}%X + PU)*X + ES)=¥ + BA
T ((({(RAT%X # A2)%X 4 A3) %X + AL) 2X # A5) *¥ + RAA)

/0

0.2)
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9.3 Appendix III: Output (Partial)

9.3.1 Appendix III(a): Replica of Input
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COPY OF INPUT VARIABLE NAMES AND CATA RECORDS FOLLOYS, ALONG
WITH RELATIVE TI®ES (1/1/67=1) ASSOCIATED WITH DATES
NCASES

1

IC
1
TITLE
FORT SAINT VRAIN REACTOR
THW FISDEN
842.00 6.30
WTHE PRESS TEMP ABUND3 GSOUT CPUR
6170.00 47.60 589.00 2.COD-07 3.170-10 4.170C-05
H20 HZ20H

A.80D 03 2.40D 05



NREG
[}

RNANE
CORE

RGNLBS
413000,

FHOLES
0.6250

FUEL
1.

PFST
3.60D 13

RNANME
REFLECTOR

RGMLBS
£03500.

FHOLES
0.1700

FUEL
a.

FFST
1.500 11

RNAME

DENS
1.77¢0

WINTAN
4.0050

FRACC
1.0000000

FSLW
6.00D 13

DENS
1.770

WINTAN
0.0

FRACC
1.0000000

FSLW
3.20D 12

BORONATED REFLECTOR

RGNLBS DENS
415300. 1.770
FHOLES WINTAN
0.0 0.0
FUEL FRACC
0. 1.0000000
FFST FSLW
1.%0p 08 1,200 11
RNAME
CONTROL RODS
RGNLBS DENS
1060, 1.770
FHOLES WINTAN
0.0 0.0
FIUEBL FRACC
0. 1.0000000
FFST FSLW
1.40D 13 5.500 11

BET
0.200

WEXTARN
0.0400

PPMLI
06.050

BET
0.200

WEXTAN
0.0800

PPMLI
0.05¢C

BET
0.200

WEXTAN
0.080Q0

PPMLI
0.050

BET
0.200

WEXTAN
0.0500

PPMLI
0.270

81

RGTENFE
732.000

‘PPRE
320.0

RGTEME
€00.000

PEHE
1.0

RGTEME
€00.000

PPHE
£000.0

RGTEME
6CC.000

PPME
145000.0

TRAPX
€. 990

EPMBE
0.C

TRAPX
0.990

PPMEE
0.0

TRAPX
0.990

FFWBE
0.0

TRAPX
0.990

FPMEE
0.0



NCOMP
6

XNAME
FCONOKIZER

KNAME
EVAPORATOR 1

XNRMF
EVAPORATOR 2

XNANME
SUPERHEATER 1

XNAME
SUPERHFATER 2

XNAME
REHEATER

AREA
1.63In 07

AREA
5.50n 06

AREA
5.00D 06

AREA
5.10n 06

AREA
1.00D0 07

AREM
5.60D 06

82

THICK
5.71

THICK
5.21

THICK
3.56

STHE
3312.00

STHE
410.00

STME
440.C0

STHY
472.00

STME
583.C0

STHP
632.00

CCNS
1.44D 02

CCNS
1.44n 02

CONS
1.44D 02

CCNS
1.44D 02

CCHS
1.21p 03

CCHuS
1.210 03

ENFRGY
9.10D 03

ENERGY
9.101n a3

ENERGY
9.10n 03

ENERGY
9.10n 03

ENERGY
1.75D 04

ENERGY
1.75D Q4



83

HISTORY LISTS~--VALOE OF 1 iﬂ FIRST COLUMN INDICATES END OF LIST
POWER HISTORY LIST

JX JIMS  JDs JYS RELPWR DSTART (NCT INPUT)

1 1 1 T4 0.800 25%E.0

CHEMICAL PARAMETER LIST (HYDROGEN CONC IN PPM,AND PURIFICATICN FIANT EFFICIENCY)
Ix 714 in 1Y PH2 GANM TH2 {NOT INPUT)

1 1 1 4 30.000 1.000° 2558.¢

LIST OF EVENTS INDICATED BY CODE. 0=NO PRINTOUT,9.=DEFAROLT ENTFY,
OTHER VALUFS MAY BE ASSIGNER TO ACTIVATFE STATEKENTS NCT FRESENTLY PROGRAMMECD

KX KN KD KY CODE TEV (NOT INPUT)
0 1 1 74 9.0 25%48.0
0 1 1 15 0.0 2923.0
0 1 1 76 0.0 3288.0
0 1 1 717 0.0 36%4.0
0 1 1 78 0.0 4019.0
0 1 1 79 9.0 4384.0
L] 1 1 a0 3.0 4749.0

DATES STARTING AND STOPPING COMPUTATION SPAN
KSM KSD KSY KEM KETL KF¥y TBEGIN TEND
1 1 74 1 1 80 2698.0 4749.,0
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9.3.2 Appendix I1T(b): Reactor Characteristics:
Base Case



EASE CASE

TRITIOR GEKERATIOR AND DISTRIBUTION IN » RIGH TEZEPERATIAZ

PORT SAIWT YRARIK REACTOR

FOLL REACTOR POWER 842, M¥TH, 6.3 KH9/L,

PURIPFICATION RATF 3.542800/DAY

AYEZRAGE GAS TEMP 589,

DEG C,

G4S COOLED REACTOR

PRESSURE,

47.6 ATH

HE ANODNT 6.97D 03 LBS HE WAKPUP RATE 2.78D-05/CAY HE3 ABOUNDANCE 2.00D-07
AT ER B.800 03 LBS YATER RAEEUP RATE 27.273 /LAY THEO CORE PLUX-SLO¥ T7.71D 43, PAST 2.46D 13
TOTAL STEAM SENERATOR RATE CONSTAST= $.7358D-05 SEC-1 WAS BASEy ON 30,00 PPN H2
ECONONIZER %.63992-06 SEC-1, 1.6300D 07 SQCK, 3.50 #M, 332.0 DEG C, 7.436D-02 STH CC H2,HM/SQCK,HR AT 1
EVAPORATOR 1 3.71540-C6 SEC-1, 5.50000 D& SQCM, 3.50 AN, 410.0 DBG C, 1.765D-01 STD CC H2,M®/SQCH,HR AT 1
EVAPORATOR 2 2.7450D-06 SFC-1, 5.00000 06 SQCH, 5.71 88, H480,0 DEG C, 2.3400D-0%1 STD CC H2,MB/SQCH,HR AT 9
SUPERHEATER 1 3.6892p-06 SECc-1, 5.1000D 06 SQCH, 5.9 KR, U472.0 DEG C, 3.083p-C1 STD CC R2,%M/SQCM,BR AT 1%
SUPERHEATER 2 4.0552D-06 SEC-%, 1.0000D 07 SQCK, 5.21 B, 583.0 DEG C, 4.1030-02 STD CC H2,HH/SQCH,HR AT 1
REAEATER 1.5093p-06 SEC-9, S.6000D 06 SQCH, 3,56 #M, 632.5 DEG C, 7.161D-02 STDL CC H2,MR/SQCH,HR AT 1
CORE
YEIGHT 4,130D 05 LBS PPKLI= 0.050 PPNB=  320.0 PPEBE= 0.0 SURPACE AREA 0.200 SQ #/G, 'T BOJED I# SOLIDS 0.9900
ASSIGHNED SLO¥ PLUX= 6.00D 13 ASSIGNED PAST PLUY= 3.5600 13
FFPECTIVE CROSS SECTION PLUX PROTUCTS
1I-6 LI-7 ?8-10 SB-10 c-12 BE-9 RE-3 T PISSION YIELD
2.44530-08  2.5888D-13  4.86720-%3  9,7838p-08  5.2B48D-15  5.9472¢-13  1.3682D-07  1.0000D-04
ORIGINAL HUMBER OF ATONMS I8 GEGICH
6.0296D 22  7.5232D 23  6.5426D 26  £.5426D 26  $.2849D 30 0.0 7.8887D 22 {REACTIOHN PRACTION OF TOTAL
REYLECTOR
YEIGHT 6.035D 05 LBS PPNLI= 0.050 PPHB= 1.0 PPHBE= (.0 SORPACE AREA 0.200 SO ¥/G, T BOUND IN SOLIDS 0.99G0
ASSIGNED SLO® PLUX= 3.20D 12 ASSIGNEL PAST PLUX= 1.50L 91
ZPPECTIVE CROSS SACTION PLUY PROLUCYTS
LI~6 LI-7 PB-1C SE=10 c-12 BE-9 HE-3 T PISSIO¥ YIELD
1.304850-09  1.0770D-1%  2.02800-15  5.2178D-09  2.20200-17 2.4780D-15  7.2968D-09  1,0000D-04
ORIGIKAL WUKBER UF ATORS IN BEGIOH
8.8308D 22  1.0993D 24  2.9876D 24  2.98760 24  1.3568D 39 0.0 S.1811D 21 {REACTION PRACTION OFf TOTAL
POROBATED REFLECTOR
FRIGHT &,153D 05 LBS PPMLTI= 0.0S0 PPB= 6000.0 PPKBE= 0.0 SURPACE AREA 0.200 SQ 4,6, T BOUND I¥ SOLIDS 0.9900

BE

0.9

-9
3.1388D-18

HE-3
2.73630-190
1.374990 20

SURPACE AREA 0.200 SQ N/, T

AS5SIGHED SLOW FLOX= 1,200 11 ASSIGNED PAST PLUX= 13.90C (8
EPPECTIVE CROSS SECTIOX PLUX PROTUCTS
11-6 LI-7 PB-10 SB-10 c-12
4.8917D-11 1.3642D-18 2.56880-18 1.95670-1%0 2.78920-20
ORIGINAYL HUHBER OF ATONS IF REGICH
5.0632D 22 7.5551D 23 1.23360 28 T.23360 28 9.3366D 30
CONTROL RODS
WE2IGHT 1.0600 03 LBS PPELI= (.270 pPEB=145000.0 PPNBE= (.0
ASSIGHED SLO¥ FLBX= 5,500 11 ASSIGERD ¥AST PLOg=  7.80t 13
EPPECTYIYE CROSS SECTIOR PLUS PROTOCTS
LI-5 LI-7 ¥8-1C SB-140 c=-%2
2.26200-1C 1.0052p-13 1.89280~13 8.9682D~10 2.05520-18
ORIGINAL KMUNBER OF ATONS I¥ BHEGICOH
8.3567D 20 1.08270 22 7.6C89D 26 7.6089D 26 2.3831D 28

B8-9

2.3128D-13

0.0

RE=-3
1.25819-09
1.5058D 18

‘T PISSIOY YIRLD
3.0000D-04

{REACTIOHN ¥RACTION OP TOTAL

BOUG¥D I3 SOLIDS 0.9900

T PISSIOR YTIELD
1.00000-04

{REACTYION PRACTION COF TOTAL

ATH
ATH
ATRE
ATH
ATH
ATH

HE=-3}

HE-3)

HE-3)

HE=-3)

...9 8...
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9.3.3 Appendix III(c): First Year of Reactor Operation



0.80 AND THE PURIPICATION PLAMT EPPICIZHCY WAS *%.00

25.25670 HERE BASED OHW 30.00 ppH H2

7 75 THE POWESR LEVZEL WAS
ANT THE ADSORPTICY HATIO OF

DURI®G THE PERICD PROM 91 74 T0 1
THE HEZAT BXCHAKGFR RATE OF 1.7354T-05 {SEC-1)

CUMULATIYE TRITIUM IHNTEHTORY IR CURIZS AS OF FRRIOD EWD POR PRODUCTION,AND DISTRIBUTION SINKS

SOURCE ~ATOHS TRITIUY BOUBD I8  ADSOREBEL OF Y% PRINARY LEBAKAGE PROM PURIF*E H20 IN STEANM BLOWDO¥KE*LOSS
PRODUCTION SOLTOS GR.S5URFACE CCOLANT PRIBARY PLANT GEZRERATOR STEAN GENERATOR

CORE PRACTICH OF KFI{N,F)T RECOILS BOG#N I¥ SOLIDS = 0.50389

PURL 1.0000D 00 3119.B52553 3088.653872 0.4540224 0.017423 0.000157 21.598798 4.000958 9.74871%1%

HE-3 6.6137D 22 600.2234112 302,487686 3.8%7124 0.152655 0.001596 206, 401365 0.008393 B7.354595

PE-10 5.5437D 25 138.70785¢ 137.320777 0.0Cu685 0.00C185 0.000008 U.971146 0.0000610 C.ut1044

SB-19 5.5%437D 25 127. 109072 125.837985 0.025841 6.00613023 0.000007% 0.8748200 0.000056 0.369954

Li-7 5.9957D 26 0.230863 0.228554 6.000033 0.000001 0.0600000 0.001598 0.000000 0,000676

C-12 9.,2849p 390 0.07864(C 0.077853 ¢.0C0630 0.000001 0.000000 6.000530 0.000000 0.000224

AE-9 1.2379p 218 0.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0

L1-6 3,2539n 22 1302.767€23 128¢,739353 0.7348474 0.005322 0.00G070 9.055082 0.000293 3,832429
REGION TNTALS 5288.96942% 8944.306080 6,352412 C. 176610 0.003847 238,902720 0.009730 101.%110045
REPLECTOR PRACTICH OF HE1(%,E} 7 RACOILS BOUND IH SOLINS = 0.62290

HE-3 4.3470n 21 39.421284 24.5554858 0.1¢2559 0.007621 0.C¢00080 10.308955 0.000619 4.360995

PB-10 2.6%91D 25 0.006736 0.006668 0.0C0001 0.000000 0.000000 0.000087 9.000000 0.000620

SB-10 2,61919D 24 0.000242 €.000241 €.0c0000 0.000000 0.600000 0.000002 0.000000 0,.0000071

LI-7 1.4678BD 24 0.009406 5.001392 0.0C0000 0.0600000 0.,000000 0.0000%0 0.000009 0.300004

Cc-12 1.35680 31 0.00000C £.060000 0.0€0000 06.000000 0.0000C0 0.000000 0.000000 0.000000

BE-9 7.53730 21 6.0 0.0 c.0 ¢.0 0.0 3.0 0.0 0.0

LI-6 B.5255D 22 13%.208033 132.856%953 0.016639 0.0n0738 0.0000G7 0.929338 0.000051% J.393218
REGION TOTALS 173.637702 157,42971%0 0.2%11%99 0.008359 0.000087 19.233551 0.0004560 5.754337
BOROMNATED REFLECTOX PRACTICH COF HEI{N,¥}T RECOTLS BOUND IN SOLIDS = 0.70304

HE-3 9.8319D 139 0.891624 0.626851 0.0C3430 0.00013% 0.000001% G.183525 ¢.000007 0.077673

FB-10 1.22750 28 0.037527 £.037151 C.0C0005 0.000000 0.000000 $.000260 0.000000 0.0001410

58-10 1.22755 28 1.0000590 0.0000u49 0.0£0000 0.000000 0.000000 3.0G06000 0.000000 6.000000C

11-7 5.15019D 25 0.000001 6.000001 0.6C0000 0.000000 0.000000 0.000000 9.000000 0.000C00

Cc=-12 9.3366D0 30 0.00000¢C £.0000600 0.6€0000 0.0600000 0.0G00C0 0.000C0D 0.000000C 0.900000

BE-9 6.570Cn 18 0.0 .0 29.¢ 0.0 0.0 0.0 3.0 0.0

1i-6 5.0557D 22 3.518B9B9 3.4838C0 0.000495 0.600020 C¢.000000C 0.0248362 0.00000% 0.010311
RRGIOK TOTALS 4. 448497 y.1478S3 €.0€393% 0.000156 0.000002 0.208148 0.000009 0.088092
COKTROL RODS PRACTION OF REJ{H,P)T RPCOILS BOUND IW SOLIDS = 0.64005

RE-3 1.2634D 18 0.011457 0.007333 0.G6C0053 0.000002 0.0006003 0.002859 0.000000 0.00%1210

FB-10 T.43870 24 169.045292 167.355829 0.02359% .00G934 9.00000¢9 1.17049% 0.000053 0.4953RY

5$9-10 7.4387D 26 1.C¢290°¢ 1.0%881%4 G.0C0283 £.00007%1 9.00000C 0,007024 0.0600001 0.002972

Ly-7 1.7033c 25 3.00%244 0.001232 0.CL0000 4. 0006000 9.600000 06.000009 0.000000 0.000C0%

C-12Z 2.3831n 28 0.900C6C ¢.0000090 0.080000 8.069060 0.0600000 6.060000C 0.300000 9.0C0000

BE-9 1.2356D 21 0.0 0.0 9.0C 9.0 9.0 0.0 G.0 0.0

L1I-6 8.30980 20 0.221803 0.219585 0,000031 0.000061 0.0€0000 0.,001%536 0.000000 ¢.000650
RBGIOM TCTALS 170.309902 168.602793 0.023962 0.000948 0.000009 1. 187921 0.,000082 0.50021%
TGTAL CURIES 5637.3652918 S5274.486436 $.7L15C3 0.186073 0.001945 251.526339 0.010230 106.1452692
AVERAGE ACTIVITY 8.11530 {0 7.23375-013 1.18750=-05 2.56280-03
OF GIVEN APRGIOR XICROCORYES EICROCGRIES AHICROCURIES EICROCURYES

PPR GRA® GR PRR GRA® GR PER SCC BE PRR GRAK H20

_‘88..
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9.3.4 Appendix ITI(d): End of Sixth Year of Reactor Operation



0.B0 A¥D THE PURIPICATION PLANT BPPICIEHCY ¥AS 1.00

25,2670 WERE BASED OF 30.00 ppa B2

1 BY "EE PO¥TF 1PYPRL ®AS

DURING ThZ PERIOD PRON 1T % 79 10 3
{$EC-%Y AMD THE 3DSORPYICE RATIO OF

TKEZ HEAT PACHAMGER RHATZ OF 9.7354£-CS

CUSULATIVE TRITIOR LHYENTORY IW CURIES AS COF FERYOD 2ZWD POR PRODUCTION,AND DIZTRIBUTION SINKS

..QO()M

SOBACE -~ ATORS CRITICR BOUH¥D I¥  ADSOREEL OF 1% PRIMARY LEBAKAGE PROM PURIP*HN H20 T¥ STEAR BLOHDON®LOSS
PRODICTIOH SOLIDS GR.SURPACE CCOLANT PRIMARY PLANT GEYERATOR STEA® GEHERATOR

CORE PRACTION OF REI{N,E)T RBCOILS BOTHD IW SOLIDS = 0.50389
PUEL 1.0000D 00 95334.840009 16171.890783 0.440224 0.017423 $.000885 114.4548399 0.000958 48.,4481329
HE~3 2.8606N 22 2076.985829 1046.576233 1.5665664 0.0659562 ¢.005988 722,753376 0.003626 305.994389
?E-10 2.40500 29 194,.8455%1 113.697056 0.0600CG0 C.06060000 0.00000% 0.5089130 G.000000 0.3439539
58-10 2.48054n 20 105.244744 108.192297 0.0C00CC G. 900009 9.000066 0. 739855 0.000000 0.3%2987
Ly-7 6.5498D 2% B86.151007 E77.289497 0.028361 0.0C 1122 0.000048 6.205424 0.000062 2.62A493
Cc-12 9.2849n 30 0.412082 0.807961 0.0£€030 0.00606001 0.09000090 0.002873 0.000000 0.001216
RE-9 7.43080 24 3.122907 3.091678 0.GJoC281 €. 000011 0.000000 6.021736 9.000001 ~0.009200
LT-6 1.6178D 271 2214,58798¢ 2192.441%313 0.006369 0.000252 0.000120 15.555144 0.000014 6.5R834973

REGTON TOTALS 29736.189266 20509. 186817 2.143930 0.084772 0.0065653 860.5333%7 3.004661 364.231%16

TRITIUM PRODUCET IN REGIOH 2.173638926612284D G4y TRITIJE DISTRIBOTZD ¥¥ RPSYOM 2.773518926521225D 04

RFEPLECTOR PRACTICH OF R¥I{¥,F)T RBCOILS BCU¥D IW SOLIDS = 0.62290
BE-3 3.65480 21 70.362917% 43.828946 0.1€318990 G9.006407 0.00017413 1B.524644 G.G00352 7.840527
PE-1C 2.2961%D 28 0.01%1227¢ C.0121748 ¢.080001 0.000000 0.000000 0.000086 0.000000 0.00007356
58-10 2.296%0 24 0.000443 0.000u38 ¢.000000 0.0000CC 0.00000C 0.000007% 9.00C0090 ¢.00000
L1-7 1.79090 24 0.003205 C.003173 0.0£0000 0.000000 0.000000 0.000022 0.0060000 0.000009
C-12 1.3568D 319 0.060000C G.000000 6.0€0000 0.000000 0.000000 05.000000 0.000000 0.000000
8E-9 1.5075D 22 0.00000C 0.000000 0.00000¢C 0.0009000 0.000000 0.000000 0.000000 0.00000¢C
Li=6 A.24950 22 256 .697072 254.%301901 C.G1R035 0.0007134 G.00001y 1.790392 0.0000%9 2.78777%8

REGION TOTRLS 327.07590% 297.9748C7 0.179¢27 0.0071%23 0.000157 20.315%48 0.000391% f.,598350

TRITIUK PRODUCED IN REGION 3.2707590136022998 Q2 TRITIUM DISTRIBUTED I¥ REGYIOE 3.2707590713602297D 02

PORONATED REFPLECTOR PRACTICK CF WB3{¥,£) T RECOILS BO0¥D I¥ SOLINS = 0.70304
HE-3 8.2663D 19 1.59145% 1.718865 6.0C2883 0.0001%14 0.000003 0. 329939 0.00000s 0.139646
78-10 1.22140 28 0.072807 0.072079 0.000005 0.0000090 0.000000 0.000508 0.000000 0.000215
58-10 1.22%47 28 0.000096 £.000095 0.6€0000 0.000G09 ¢.000009 0.000001% 0.000000 0.000009
11-7 .21950 26 0.000101 G.0003v00 2.6C0C00 0.923004092 G.0000060 0.0G006001 6.4900000 0.000C00
C-12 9.33667 30 0.00C00C £.000000 2.0C0C00 G.900000 0.009000 G.300000 £.000000 3.0096300
AE-9 1.3140D 1¢ ¢.0000090 0.000000 0.0€C000 0.000000 0.0000090 0.9000C0 0.00000D 6.000900
L1-6 6.05820 22 5.940287 5.77%8E3 0.00C2986 0.000020 0.000060 G. 0476098 0.0006901 ¢.020188

RFGIO® TOTALS BE.50UT740E 7.963022 0.0C¢3384 0.000134 0.000003 6.378146 0.000007 0.160050

TRITIUN PRODUCEL IN REGION 8.508746382759695D 00 TRITIOM DISTRIBUTED IN R2GION B.508736382759695D 00

CONTROL RODS PRACTICH OF HE3 {¥,€£)7 RBCOILS BOUHD IN SOLINS = 0.56400S
AR-3 3.06220 18 3.020%5¢C 0.013089 0,000045 ¢.000002 0.900000 0.005139 £.000000 2.,002975
?8-10 7.27220 26 325.021%65632 32%.771446 0.023C66 €.00081%3 0.090018 2.265770 G.000050 0.9594900
S8-10 7.27220 26 1.9788638 1.956852 0.000278 C.0006C 11 0.000600 0.0137060 2.90000% 0.005798
LI-7 3.35874p 25 2.033833 2.013495 0.000287 €. 000011 0.0000090 0.018080 0.,000001 0.005959
c-12 2.38310 26 0.000001 0.060001 0.6C0C00 0.000600C 0.000CC0 0.00006C 0.,00000¢C 0.090600
AF-9 2.4712n 21 2.000001 0.0000901 ¢.0CCo00 0. 000000 0.000000 0.000000 0.000000 G.00000C0
LT-6 8.2629D 20 0.43017¢C 0.4254868 2.00C031 0.000001 0.000000 0. 003000 0.0800060 0.,001270

REGTOM TOTALS 329.4847S5S 326.182751% 0.0237G65 0.000938 0.000018 2.302689 0.000052 0.9748602

TRITTIOM ERODUCED IN RRGION 3.29884795072168%D 02 TRITIUM DISTRIBUTED IN REGIOR 3.2%4847550721679D 02

TOTAL CURIES 22401.2548659 27159,30739%8 2.348957 $.092965 5.006831 €83.52920C 0.006511%1 373.964117

AVERAGE ACTIVITY 3.2528D 0% 3.6149D-023 5.93300-06 1.28040-073

OF GIYEN BEGION HICROCURIES MICRCCURIES RICROCURIES BTCROCURIES

PER GRA® GR PER GRSH G® F¥R SCC HE PER GRAX H20
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