AAEC/E173

AAEC/EI73

AUSTRALIAN ATOMIC ENERGY COMMISSION
RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

THE SPACE DEPENDENT TREATMENT OF PEBBLE BED REACTOR FUEL
MANAGEMENT USING THE BURNUP CODE FRIZLE

by

E. W. HESSE

March 1967






AUSTRALIAN ATOMIC ENERGY COMMISSION
RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

THE SPACE DEPENDENT TREATMENT OF PEBBLE BED REACTOR FUEL
MANAGEMENT USING THE BURNUP CODE FRIZLE

E. W. HESSE

ABSTRACT

An outline is given of the model used in the FRIZLE code complex in order to treat the
two dimensional space dependent fuel management problem. The model is an extension of the
zero dimensional burnup model, which allows the linking up of some existing codes. The code
complex is capable of determining, for all envisaged pebble bed reactor fuel management schemes,
the core power distribution based on the calculated average composition and temperature in specified
core zones.

The code is used for assessing several practicable management schemes applicable to a
pebble bed reactor. These show that the same achievable burnup is obtained as with the zero
dimensional method, based on the assumption of infinite recirculation. However, because of the
markedly different core power distributions produced by various schemes, it is more important to
atrange the management to reduce the core size and capital cost, than to increase burnup.

Details are given of the code complex and data requirements.
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1. INTRODUCTION

Burnup predictions for a pebble bed reactor operating at equilibrium conditions have been
made using the zero dimensional constant flux model (Bicevskis and Hesse 1966) which assumes
that the neutron flux which the pebble sees during burnup is constant throughour its lifetime. This
model is easy to calculate and fairly realistic, provided the core is large, (to reduce effects of
reflectors) and the number of passes of randomly loaded fuel pebbles is large (to average out flux
and temperature variations). However, any deliberate fuel management scheme will try to alter
these conditions, For example, in an effort to reduce fuel handling costs, the number of pebble
passes through the core may be reduced. This, however, will upset the condition of the average
mixture of fuel being evenly distributed throughout the core, and make the variation of flux and
temperature down and across the coré more pronounced.. Again, the average will not be representative
of the actual conditions, in a scheme which gives a radial bias to the fuel leading in order to flatten
the power distribution or to improve neutron economy. C

. Hy -

. Economic considerations will have the main influence in determining the best fuel management
scheme, The main factors having a bearing on the power production costs are the achievable burnup
and core power density. These two conflict with one another; increase in one brings about a reduction
in the other, limiting the possible overall gains, In the Pebble Bed Reactor (P.B.R.), high ¢ore power
density is limited by the maximum power obtainable from a fuel pebble without exceeding its permissible
thermal stress. As the thermal stress is a function of power density, temperature, and irradiation dose,
it is necessary to obtain the history of these factors in the pebble lifetime for assessing a feasible
management scheme.

Although it is not possible to examine each pebble, the FRIZLE code has been written to
calculate the equilibrium spatial flux, power, and temperature distributions'in order to examine a
number of representativé pebbles undergoing most practicable P.B.R. fuel management schemes. In
addition, by calculating the space dependent burnup, it is'possible to check on the accuracy of predic—

tions made by the zero dimensional burmup methods used for surve urposes. : -
y mel 3 p p

2. MODEL CHOSEN FOR':TREA_TING SPACE DEPENDENT P.B.R. BURNUP AND FUEL MANA GEMENT
"The model for treating P.B.R. management was chosen because it is an extension of the -

constant flux zero dimensiohal‘model and also allows the use of two available large codes. 0T
Inthe zero dimensionhl model thé reaction rates per atom arc based 'on the neutron flux

spectrum produced by the average fuel mixture and temperature of a complete infinite core. The

average fuel mixture is thus simply the time averaged composition of one fuel pebble. In.the

FRIZLE model the reaction rates per atom are based on the neutron flux spectrum of 2 small region

of the core; the flux spectrum is dependent on the average fuel mixture and temperature within the

region, as well as on the effeéts of surrounding regions, The average fuel mixture of a region is

then made up of the average tdmposition over the dwell time, within the region, of a number of

different fuel pebbles. Ve

e . v

The calculational prot:"éfiure for the zero dimensional model is to find the avérage composition
of a pebble for a set burnup time and flux levél, in an assumed environment composition (and therefore
neutron flux spectrum). By an iterative procedure the environment composition is changed to converge
to the calculated average composition of a pebble. In FRIZLE a similar technique is used to find
the average composition in each region. However, in this case the code calculates the flux level
and dwell time in each region to satisfy the required core power and excess reactivity. It also estimates
the temperature in each region‘fo allow for tempetrature effects. Hence finally, on convergence, the
calculated average composition  and flux in each region is the same as was initially used to set the
neutron spectrum for calculation of the pebble reaction rates. -

The user splits up the core into many regions or zones, in each of which the energy dependent
flux spectrum is determined by the average composition and average temperature of the zone. This
spectrum, which is calculated from a multigroup cross section library incorporating @ resonance treat—
ment, is used to obtain a set of few group cross sections. ' These are used to link the zones together
by meansofa two dimensional (or one dimensional) multigroup flux calculation, to obtain the spatial
multigroup fluxes in each zone. The isotopic reaction rates per atom for determining the burnup in
each zone are then C(ialcula.ted from the space and energy dependent fluxes and energy dependent cross
sections,
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Figure 3 details the core geometry and properties used. in these calculations to simulate a
200 MWe pebble bed reactor design. A fuel mixture of 3 parts of plutenium to” 20 parts 6f thorium
(see definitions of Bicevskis 1966) was used as the standard reference fuel mixture. The four groups
used in the CRAM calculation were based on those used in previous work (Hesse 1966)... A 40 group,
23 nuclide, condensed GYME A l1brary, with 4 scattering matrix temperatures, was used to calculate,
the four group microscopic cross sections, This library was compared with the normal full GYMEA. .
library, as used in the fuel survey (Bmevskm 1966) and was shown to give slightly optimistic valucs
of F.LLF,A, (a library having a better fissjon, product treatment, has been prepared from more recent. .
work, see Appendix 3, though the present one is quite adequate for comparison). Two per cent, excess .
reactivity at equilibrjum was allowed for control and other losses.

For the tempe rature calculations, it was assumed that the core had upflow cooling w1th an inlet

temperature of 320°C, and that the average rise in gas temperatufe across the core was 49°C per watt/cm?
of average core power. The pebble to gas temperature difference was 8°C per watt/cm® of- average cote

power. These values were based on detalled des1gn calculations. .

4,1 Seven Pass Recuculatxon Scheme w1th Random Radual Loadmg

_iA practicable scheme of seven tecirculations of a standard fuel was calculated in orde: to
compare the achievable value of F,I.LF.A. with that produced by the zero dimensional model which, in
effect, assumes an infinite recirculation rate, The active core was divided into six equal axial zones
to allow for variation in temperature and fuel composition with:its associated variation of flux spectrum,
down the core (see Figure 3), It also allowed for any effects created:by realistic axial and radial
reflectors. For this scheme, it was assumed that the mixing during the seven passes would even out
the fuel composition radially.

4,2 One‘Pass Scheme.. :

There is a justification for installing fuel recirculation equipment if it can be demonstrated. ..
that a significant improvement in burnup or power density can be obtained, beyond that of a one. pass
fuel management scheme. A management scheme having only one pass was compared with the above
reference case by treating a core subdivided into two radial and six axial zones (see Figure 3).
Splitting the core radially allowed for the effect of slower burning of the fuel away from the centre.
Two radial regions, although not adequate, served to give preliminary results for comparison with
other schemes,

4,3 Controlled Seven Pass Recirculation Scheme -

As a compromise between the previous schemes, one was considered where the first pass of
the fuel pebble would be down the centte tegion of the core and the six subsequent passes would be
down the outer region., This would be practicable for the P,B.R, reference design, which has one:
central and six equally spaced radial Inlet.and discharge ports. The six subsequenr passes of. _fuel
pebbles dowa the outer zones would be arranged to achieve angular flux symmetry. The scheme has -
the advantage that since all fuel from the outlet of the centre zone would be returned to the top, no. . .
detection equipment would be necessary. Also it would allow the full utilization of the creep properties
of the pebble in the hottest part of the core while it was producing its maximum power, Creep would
reduce the thermal stress produced in the pebble. In the first instance, a fuel composition of “‘extra
plutonium’’ than the reference mixture (that is, 5 parts of plutonium to 20 of thorium) was tried, but
was found to give an unacceptable power peak, A fuel composition of "‘extra thorium’’ than the reference
mixture (that is, 3 parts of plutomum to 30 parts of thorium) was found.to give a more acceptable power
distribution. -

5. RESULTS

The results produced by the FRIZLE code for these preliminary cases are now dlscussed in
two partst: effect on achievable bumup and effect on power distribution. - :
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5.1 Effect of Fuel Management on Burnup

To study the effect of management on burnup, the achievable value for F.I.F.A.. calculated
by the zerto dimensional burnup method using the same cross section library, was compared with
those obtained by the FRIZLE code, For the cases considered (see Table 1), the same value was’
achieved regardless of the type of fuel management, or type of calculation. The case of “‘extra
plutonium’’ was not completed because of the excess power being produced in the middle top zone
(zone temperature > 1500°C) and the corresponding estimated value of F.ILF.A., even if cotrect, -
is not realistic. : ' : :

TABLE 1

MAXIMUM POVWER DENSITIES AND COMPARISON OF VALUE FOR 'F.LF.A.

AS PREDICTED BY FRIZLE CODE AND ZERO DIMENSION METHOD

Maximum Power, W/cm® F.I.LF.A. Predicted
Fuel Passes _ _
Type- In Zone In Pebble FRIZLE - Zero Dimension
L neo Code Method
Reference 7 25 69 1.4 }
- 1.41
Reference 1 26 32 i.4 )
Extra .
Plutonium 1 +6 50 ’ 50 1,6 * 1.45
Extra : .
Thorium . 1+6 19 : 29 1.0 1.05

* Case pot converged owing to its non—feasible, high temperatures.

The results demonstrate that the zero dimensional calculations give just as accurate predic—
tions of obrainable F.I.F.A. as the two dimensional calculations.  This-also applies in fuel burnup
conditions quite different to those assumed in the zero dimensional model.

As shown in other work (Hesse 1966) the reference 200 MWe core thas only 5 per cent. leakage
through the reflectors and therefore little gain in reactivity can be achieved by.any management scheme
attempting to increase burnup. In attempting to gain this reactivity the power form factor will become
much worse than the cosine is already (by conventional reactor standards), - As shown in the next
section, if one is:to achieve any acceptable temperatures and power distributions by flattening,
there must be aniincrease in leakage (more neutrons near the reflector), which will reduce F.I.F.A.

5.2 Effect of Fuel Management on Power Density

Although fuel management appears not to improve the achievable burnup, it can have a
significant effect on the power distribution and feasibility of operation, as Figures 4 to 11 show.
In each figure the thin, stepped lines are produced by the code because of the use of discrete zones.
and stepwise movement of the fuel. The thick lines are drawn to approximate the true condition.

Figure 4 compares the axial power distribution at the centre of the core, obtained by the
FRIZLE code for the reference seven—pass recitculation scheme, with that of an infinite recircula~
tion. - This shows that the seven—pass case is very close to that of the infinite case, with only a
slight movement of the maximum point towards the newer fuel in the upper part of the core.

A time history of the power density, approximate temperature, total power. and irradiation
dose is givenin Figure 5, for the representative pebble travelling at the average pebble speed in
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the average flux of each zone., The temperatures,as previously stated,are those of the zones. The
power density for this scheme shows the effect of the plutonium being quickly depleted an the first
pass, leaving virtually only U233. In this case, the maximum pebble power density is approximately

69 W/cm?,

Figute 6 and 7 show the radial and axial power distribution for the one pass scheme. Despite
the poor axial distribution, the improvement in the radial distribution leads to a low maximum pebble
power density (see Table 1 above), which results from the outer fuel initially burning more slowly
than the centre fuel, Further down the core the ouyter zone has more fissile material than the centre
and is thus able to keep the flux level and power high. - This effect of teducing the power demands
from the centre region is shown clearly in Figure 8 where the outer pebble total power is nearly equal
to that at the centre. - Although the axial distribution is very peaked, it may be turned to advantage in
that a steel supporting grid can be used with little loss in neutron economy.

Although to examine the scheme in detail, additional radial zores should be used, the results
. indicate that an approximate improvement of 2 can be expected on the maximum pebble power over

that of the seven~pass scheme. - Provided that the limit of maximum pebble power is the only limitation
.and the reference case of seven passes is acceptable, then the core could be reduced in volume by this

factor. Although the reduction in core volume would slightly reduce the achievable burnup, the reduction
of fissile investment and core capital cost would easily outweigh this loss,

Figures 9 and 10 show the radial and axial power distribution for the controlled seven—pass
recirculation scheme using ‘‘extra thorium’’. - As pointed out above, in order to obtain acceptable temp—
erature at the top of the centre zone, additional thorium had to be added to the fuel pebble to improve
its fuel breeding for subsequent passes. This had the effect of improving the radial form factor and
reducing the maximum pebble power, which then occurred on the second pass where the benefit of creep
could not be used, owing to the lower, gas temperatures (see Figure 11). Thus,if not striving to utilize
the creep properties to allow an increase in the pebble output power, it is p0551b1e with this scheme,
and by a careful choice of fuel, to reduce the maximum pebble power. However, the one pass scheme
gave approximately the same results as this scheme.

6. CONCLUSIONS

(a) The zero dimensional, constant flux model, as used for burmup survey work, gives similar
" results to the spatially dependent model used in the code FRIZLE and thus is completely adequate
for predicting the burnup of the reference design of pebble bed reactor.

(b) Ln:tle gam in fissjons per initial fissile atom can be expected from any feasible management
scheme.

(c) However it appears that large gains in form factor and pebble maximum power can be
achieved by either skilful choice of fuel composition and selected radial loading or adopting a one
pass fuel management scheme. -

(d) These improvements in core power density would allow large reductions in core volume
(possibly by a factor of 2), leading ro reduced fissile investment, core capital cost, and pebble
handling cost, with only a slight reduction in fissions per initial fissile atom.
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APPENDIX 1

DETAILS OF EACH CODE WITHIN THE FRIZLE COMPLEX

1. General

The three codes are all separate and have been written to read card input and to produce
card output data. When coupled together in the complex, the card image data is written onto a
scratch tape for the next stage to read in. The code complex was written for an IBM 7040 computer
with 7 tape units,

2. GYMEA

For details of this code, reference should be made to the GYMEA report {(Pollard and
Robinson 1966). The function of the GYMEA code in the complex is to calculate the multigroup
flux spectrum for the average zone nuclide concentration and temperature, to produce few group
{(<6) microscopic and macroscopic cross sections. As the GYMEA inpurt control data are read in
at execution time, it is entirely the user’s prerogative to decide how the spectrum calculation or
condensation is to be camried out. Thus, the user may change the group structure, libraries, add
self-shielding factors {to simulate fuel rods), etc. The only necessary conditions are:

(1) The nuclides used in the GYMEA calculation may not exceed twenty—five.
{2) The GYMEA job must be capable of:

(a) Reading a temperature card for each burnup zone, followed by one title
card, then cards containing the nuclide concentrations. (It is not necessary
for the code to use the first two cards, as would be the case for a temperature
independent library, This is required because of the manner in which output
from the FRIZLE code is produced).

(b) Calling exit on reading a temperature card.equal to zero, which signals the
end of data.

{c) Producing zone microscopic cross sections on tape unit 4 (X(50) = -1, and
MATS (1,25) see example) and macroscopic data in CRAMbb2 form.

(3) In addition to the above requirements a few control cards which are not supplied by
the yser are produced by the BOSS code, namely the JOB, HEAD, USE~,—~,— 4DATA
and CEASE cards. Details of loading data are given in Appendix 2.

3. CRAM

For details of this code reference should be made to the CRAM report (Hassitt 1962).

The function of the CRAM code in the complex is to calculate the k ;¢ and the flux distribu-
tion in the core. A special "‘routine 5’ has been written and added to this e'.7640 CRAM version, which

will produce the power distribution in the cote, in addition to calculating:
(1) Average group fluxes, reaction rates, and power of each active burnup zone.

(2) Effective core excess neutron production (CENP) for the specified excess reactivity
(SEC). This is required forthe FRIZLE code andis obtained from the following:

CENP - (SEC—(keg-1)) + ‘2fi=2a
2a
where keff = CRAM “keogf )

_— NEZ .
2 = 2 (L) P Vol
2
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(¢2); = Average macroscopic reaction rate in zone i

Vol.

i Volume of zone i

n

NEZ Number of active zones

This processed data are written on tape unit 4 as the thitd CRAM dump file.
Data:are supplied in the normal manner to CRAM with the following modifications:

(1) Burnup zones must be numbered consecutively from one to NEZ (the number of .
burnup zones used in the FRIZLE burnup calculation) The zones must be numbered
down the core and from the centre outwards

P
(2) Non—burnup zones such as reflectors must obviously have zone numbers greater

than NEZ.

oy
(3) As the BOSS code will only supply ""isotopic™ data {I1 etg‘;"’ig\,:for the burnup zones,
which are macroscopic data, the user must supply the requited M and Z data cards.

(4) For slug flow the axial heights of each zone should be the same The zone volumes
should be constructed with the desired fuel management scheme,

(5) In addition to the above requirements the title and the cards following the SP data
are not supplied.

Details of loading this data are given in Appendix 2.
4. FRIZLE

The function of the FRIZLE code in the complex is to calculate the burnup of various fuel
pebble streams for a residence time and a flux level which achieves the required core reactivity,
and power output,  From this it produces the average isotopic composition and tempe:atﬁre in each
zone to be fed back into the GYMEA code for a further “‘outer’* iteration.

The outline of the FRIZLE code may be obtained from Figure 2. As can be deduced from
this figure, the major part of the code is concerned with the necessary interpreting. handling. storing,
and updating of data, rather than with calculation of the bumup. The burnup is calciilated by a
modified version of a GYMEA burnup subroutine, which calculates "“After®’ and“AveEage” fuel
composition for a given burnup time, having been given the required ““Before’’ composition, reaction
rates, decay constants, and fission yields. The required zone reaction rates and fuel composition
are supplied by the mainline in their correct order and the decay constants and fission yields are
read in, initially, from a burnup table which is similar to that of the GYMEA library {see Appendix 2).

The code treats the management burnup problem as a series of separate burup calculations,
each representing the burnup in a reactor zone through which a pebble stream passes. These reactor
zones have been previously specified in the CRAM input data. The number of burnup calculations
for one inner iteration is limited to € 50 in the present version of the code. In the input schedule
data, only the top zone of the CRAM calculation is given to specify a complete pass. The code will
treat up to five separate streams of pebbles, each representing different numbers of similar pebbles.
This makes it possible to treat a fuel management such as a stream consisting of fou:r plutonium
pebbles and a stream consisting of one thorium pebble entering a zone. by only two burnup calcula~
tions rather than five. A new pass introducing anew pebble stream is specified by a negative top
zone number and the number {or weight) of pebbles in the stream is given with the fuel composition
specification, To treat the case of delay of fuel otitside the core befoze re--entering, the pebble is
made to pass through a zone numbered zero.

The following are the methods employed by the code to produce zone. co_sé_? and convergence
data: :
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(a) The average zone power (POW) is obtamed from 7
Passes NN
% Z AN (bop); /3 12141070 *WTl
. M=1 = -l 1,
(POW); = ’
Passes
WT
M=1
where Nfl = Average isotopic composition j of pebble stream | during time in zone i
wT, = Number of pebbles this stream | represents.
Passes = Total number of passes of all streams through zone i.
{¢of )ij = Average zone reaction rate for isotope j in zone i calgulated from

the GYMEA gtoup cross sectionsand CRAM fluxes,

{(b) The core power (POWREA) is obtained from:

NEZ
POWREA = X (POW), *Voli,
1=1
where Vol; = Volume of zone i obtained from the CRAM calculation,
(c) The approximate average zone temperature (TEMP); is obtained from
- . . (L AIg
(TEMP); = TIN; + (POW); (2 SES M)
whete ™ = Average temperature difference between gas and material per average
core power density.
ATG = Average core temperature rise per average cote power density,
NAX = Number of axial zones.
TIN; = Zone i inlet temperature

= TIN;_, + (POW);_,* ATG/NAX.

1

(d) The FRIZLE calculated excess neutron production (FENP) is obtained in a similar
*'flux squared’’ manner as in the ROUTINE 5 stage,

(e) The relatienship found to be reliable for obtaining the correct flux level and dwell—time
which satisfies the reactivity and power requirements is:

da = ¢y x Power required/power calculated
ta = tx ¢a/Pg
and t = 1/¢5-s [¢2xt2 . (CENP - (FENP)») x ($2 Xt"’._c‘bixtl):l
(FENP), — (FENP),
wi‘nere subscripts 1 = Previous iteration
2 = Current iteration
3 = Next iteration..

For the second iteration the equations used are:

s = [952 x (1 +AM)/2] or = I:qng 2/(1 +AM):|
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and tg = [:tngM] or = [tg/AM] ,

depending on the value of FENP,

AM = step length,

(f) The average core F.LLF.A, is obtained from the summation of all the pebble fissions divided
by the total pebble fissile content.

(8) The fast flux dose experienced by a pebble is calculated simply by integrating the flux
in group 1 of each zone through which the pebble travels, over time, and multiplying this
by the fraction of flux above 1 MeV in this group. This factor is supplied as input data.

(h) The conversion rate is defined as the percentage absorptions in materials labelled as
fertile in the input burnup table, to the total absorptions in all materials in the zone.

5. BOSS

The function of the BOSS code is to supervise the three codes. As well as attending to all the
necessary preparation of card data and binary tapes for the separate stages it takes care of updating
all output card and binary data.

The role of the BOSS code in the code complex is shown in Figure 1.

All the latest output information from any of the codes, together with the two GYMEA libraries
- and the BOSS common, is held on the BOSS dump tape for future restarts. Most of the input data
sections may be altered at the beginning of a restart calculation which can take place at any stage

of the complex.

The preparation and reading of card output data to and from the codes is achieved by switching
the card reader and punch to tape units 2 and 3 at the required times by means of a MAP subroutine
called SWITCH. Copying or skipping ‘binary files such as the GYMEA cross section library, CRAM,
and GYMEA dump information for updating the BOSS tape, is also achieved by MAP subroutines, COPY
and SKIP.made available by the Computer Section of the A.A,E.C. The calling of the codes is achieved
by the use of NXPROG, which ison the system library tape,

In addition, the BOSS code checks on the convergence of the complete cycle, as well as the
number of allowable “‘outer’’ iterations. It also determines whether there is sufficient time available for
another "outer’ iteration. :
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CODE DATA SPECIFICATION

1. General

Data are loaded in sections headed by one of the following cards; CONTROL, *GYM1*,
*GYM2*, *CRM1*, *CRM3*, or *FRIZ* (columns one to six). Data following * cards may be
loaded:in any.order and hold information read in by one ofitha three.codes.. The final card,.: ., . -
DATEND, signals the end of data.

LIS T

For a restart or continuation of a job any or none of the above data may be inserted aftgr:
the card

pogn

RESTAR*————*bYY co : LR

g

where YY = NFILE

: ST
NFILE = Number of files on the BOSS dump tape _ : C b
This is given as output and equals (NSCAT +
(NN+1) + 3 + NEZ), which is explained later,

—_———— = Any of the * names above. These indicate the
point at which the code should restart.

2. CONTRL data

This section, consisting of four cards, contains the information used by the BOSS code.’

Some of the data on card number 4 (marked 1 to 4) are required by, ot have bearing on, data m other
sections.

CARD 1, FORMAT (11A6,3X,13) S

Identical to the CRAM title card, with the maximum CRAM running time before
the dump should occur. (If left blank the code will insert thirty minutes).

CARD 2 FORMAT (715)

Maximum number of iterations; Estimated running time of “outer'’iteration minus
time of CRAM calculations; Successive allowable time for CRAM calculations.
(If left blank the code will insert title time for each iteration).

CARD 3 FORMAT (4E10,3)

Percentage convergence criteria for successive CRAM kefff FRIZLE FIFA;4
Zone 1 temperature; Zone 1 power.

CARD 4 FORMAT (8I5)

Number of bufnup zones (NEZ)*; Number of zone compositions supphed for, first. T
.GYMEA calculation (NEZST)*; Number of neutron groups (NG < 6)?; Number of -
burnup nuclides (NN £25)*; Number of files in GYMEA scattering 11brary (N_SCAT);.

Whether flux supplied (YES = 1); Whethéer CRAM output in PRINT 2 or PRINT 3 form
(if not equal to 2, assumed to be 3).
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1 See *CRM3*

2 See *CYM2*

3 See *GYM2* (Number of condensed groups) and *CRM1* (GC card)
4 See *GYM1* and *GYM2* (Number of concentrations read in).

For a restart, card 4 is not required, if CONTRL data is loaded. If the card is left in, the code
will ignore it.

3. GYMEA data
This is divided into two parts,

3.1 *GYMI1* Section

This data is like a normal GYMEA job specification in GYMEA, Fostran—like cards, with
some modifications (see Appendix 1),

3.2 *G_YM2* Section

This is normal free format data for a GYMEA job. consisting .of NEZST sets of zone data:
CARD 1 Temperature (°C) of zone
CARD 2 Title card of zone
CARD 3 NN nuclide concentrations of zone.

If the user has no knowledge of the distribution of the nuclide concentration of the reactor at
equilibrium he may put NEZST equal to one, and supply only one set. This will mean that the CRAM
calculation will have a basically cosine shape. The user may also use the 6*2--6 GYMEA convention

for this data,.

4. CRAM data

The CRAM data is divided into three parts. The middle part (*CRM2*) consists of the [ data
of the burmup zones, which is supplied by the BOSS code.

4.1 *CRMI* Section

. This is the normal first part of CRAM data, up to but not including the Il card and without
the title card, which is inserted by the BOSS code with the appropriate dump time. The GC card
must have the correct number of neutron groups.

4,2 *CRM3* Section

This is the normal CRAM data starting from the I data of the non-burnup zones, th:ough to
the SP data, with some modifications (see Appendix 1).

5. FRIZLE data
The FRIZLE data gonsists of 7 types of_(_:axd data as follows:
CARD 1 FORMAT (3I5)—-———Fuel management details.
Total number of pebble stream axial passes down the core (IPASS); Number of core axial

burnup zones (NEZ); Reduced print out of microscopic cross secr1ons (1) of full print
out (=0).
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CARD 2 FREE FORMAT-———Route of fuel pebble streams.

Inlet top zone numbers are specified only for each successive pebble pass. If new

fuel is to go in at a given pass, the zone number is put negative, otherwise the rejected
fuel from the previous pass is inserted. (The code will assume that the first number

should be negative). If the fuel is to be delayed, it is treated as passing through zone zero.

CARD 3 FORMAT (4F10)~-~—Cote temperature and dose details.

Gas inlet temperature °C (put neganve if downflow cooling is required); Gas temperature

rise per average core power density ( C/W/cm ); Temperature difference between pebble
and gas per average core power density ( °C/W/cm?®); Average fraction of neutrons above

1 MeV in the first neutron group of CRAM.

CARD 4 FORMAT (4F10.)—-———Convergence and time data,
First time guess for average pebble core residence time (days): Step length as fraction

of first guess; Percentage convergence criteria on excess leakage and specified power;
Time of delay outside core (days),

CARD 5  (or cards of type 5) FORMAT (A5, 3(2X, I3), 5E10.)———— Nuclide burnup table and constants,

" This table is similar but not identical to the GYMEA library table and consists of NN cards of:

Nuclide name; Type; Nuclide decays to; Nuclide capture to; Decay constant (1/10* SEC);
Yields from fuel type 1,2,3,4.

The type of nuclide is given by a fixed point number having the following meaning.
1to 4 = Fission material giving fission products with yields of type 1 to 4.

£e

>4 = Designated as a ‘‘fertile’’ material for use for obtaining percentage absorptions.
in these designated materials.

Negative = Fission product.

The ''Decays to’’, and ""Capture to’’, are in absolute position and only downwards, that is,
I1 (Pu240) goes to 12 (Pu241) via capture in example given in the appendix.

CARDS 6 and 7
New fuel composition of pebble stream, one set for each negative number in card 2.
CARD 6 - FORMAT (1F5., A5, 6 (5X,A5)12)
Weight fraction; Nuclide names (as in burnup table)
- Continuation (see note below),
CARD 7 FORMAT (7E10)
Nuclide concentration (atoms/barn cm) of pebble within stream.
Note — If composition of fuel read is continued onto the next cards, insert a positive number in

column 72 on card 6 and follow by additional sets of cards G and 7. If the nuclide concentration
is to represent more than one pebble, put weight fraction in columns 1 to 5 (F format) on card 6.
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6. Computer Job Layout

$IBSYS
$joB

$EXECUTE AEIOCP

$*

$PAUSE REPLACE MONITOR LIBRARY
WITH FILE PROTECTED TAPE 146

$SWITCH s SLBl 8.SLB1

$PAUSE LOAD TAPE...ON 1 AND
TAPE... ON 2(VIA 1401)

sMe

$E)§ECUTE BOSS

CONTRL  (or RESTAR*....%b) -

DATEND

$IBSYS

$=* SAVE TAPE CON 2(VIA 1401)

$PAUSE RELOAD MONITOR LIBRARY ON.9 ).
$SWITCH S.SLB1, 8.8LB1 )

$1BSYS

7. Tape Specification

(A) For a New Job

(a) On unit 1

{b) On unit 2 (via 1401)

Comments
—_—

To make sure 1401 is available for 2
(via 1401) . :

Dummy card.

BOSS monitor library tape.

To reposition library tape.

Must have a library or BOSS tape on unit 1.

‘Must be either one to start, then any order

under headings of CONTRL *GYM1* *GYM3*,
*CRM1* *CRM3%* *FRIZ* |

Final card of data.

If tape on 2 is to be sav_ed.

This may be left until later if there are more
jobs to follow.

A tape (file protected), which must have a
GYMEA scattering library of NSCAT files,

followed by a GYMEA cross section library

of NN +1 files.

The tape may have, in addition two mote files
holding a CRAM flux dump from a previous-
suitable job.

A scratch tape, or preferably a tape (with ring
in), which can be saved from later restarts.
Once the job starts this tape will hold all
necessary information, including files copied
from tape on unit 1.



(B) For Restart or Continuation Jobs

(a) On unit 1

(b) On unit 2 {via 1401)

~15—

A previous BOSS job tape from unit 2. This
should have NFILE files of information, -
followed by a file holding the BOSS common
information. '

As with new job.
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APPENDIX 3

: "'h'j

LR ST A

The followmg example is for amore tecent investigation of a two zone, one pass fuel
management scheme. The inner zone has a fuel composition of 30 parts thorium to three parts
plutonium, and the outer zone has:a“filel "composition of 20 parts thotium to' 3.5 pares ‘plutonium.
The outer zone is split into two, to treat the 'slower burnup of the outer pebbles more correctly,
This is simulated by having two similar pebbles. The coreis split up into six axial regions.
The pebbles are delayed for a hundred days after rejection to get an idea of the pebble makeup
for reprocessing purposes. The bottom reflector has been replaced by a steel grid. The CRAM

calculation is carried out now in five groups.

The system library containing the complex of codes is on tape 146 on unit 9.

The tape 147 on unit 1 contains the GYMEA reduced 30 groups libraries of 30SE and 30FE
(Pollard and Rabertson 1967). The scattering library contains only BeQ at 4 temperatures and the
cross section library contains only the first 24 nuclides which are used in the calculation.

The tape 5 on unit 2 (Via 1401) will contain these libraries plus the CRAM flux dump and

18 sets of GYMEA 5 group-microscopic cross sections as well as the BOSS common data, which can
be used for future restarts.

Input Card Data pages 17 — 19

Output Printed Data  pages 20 - 29
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$IBSYS

$J0B 2302 ELHESSE 1BOSS!
SEXECUTE AE10CP

$* | o
$PAUSE PLEASE LOAD FILE PROTECTED TAPE 146 ON UNIT 9,  THANKS.
SSWITCH SeSLB1s5S,5LB1

$% PLEASE LOAD TAPES ———mm-o

s FILE PROTECTED TAPE 147 ON UNIT 1,173 WITH RING IN ON
s 2 (VIA 1401) AND SCRATCH TAPES ON UNITS 0s2s3 AND 4. PLEASE
$SPAUSE NOTE - THIS JOB NEEDS ALL UNITS. THANK: YOU,

STIME 20

SEXECUTE BOSS

CONTRL

1 PASSy 2 FUELS (3X30 + 3.,5X20)s 3 RADL ZONES WITH ABSORBING GRID _'30
4 40 10 15 20 ‘

18 1 5 24 5 -0 0

YBEOY =] 4BEG1,01690,? :
tCRAMY =0, 'RED? T-467016’0.(3’25)90."
* TO OBTAIN MICROSCOPIC DATA (1+25) AND CRAM OUTPUT (IN THIS ORDER)
MATS (1525} 'CRAMY 1
QUTPUT 1 CRAM 2
* FIX MICRO, OUTPUT. TO G0 ON- TAPE
X(580)= -1}
* DEPENDENT ON NO, OF GROUPS USED
GROUPS 59196914920s25430
*¥ READ FRIZLE OUTPUT ——TEMP.9TITLE9C0MP (DEPENDENT ON NO NUCLIDES USED)
/ 1 RZS 19480

* CHECK FOR EXIT
IF(20450)) 39342
/ 2 RXS O
* DEPENDENT ON NO. OF NUCLIDES USED
RX 51 74 1
~Zt48TY = X(52)~— XtSl) ' o ' S '
* . FIX TEMPERATURE TO KELVIN + 150 AND FIND NEAREST SCAT. LIB.

2(4530) = 20450)+423,
- JI0Y = Z(450)/300,
# CHECK IF OUT OF RANGE.
CJl1) = J{0y-4
IF(J(1)) 45495
/0 4 J(0) = JLOY*2

GO TO O
. CONTINUE
"SCAT 300, *BEO!' CRY "
G0 TO & ' N ‘
SCAT 600, 'BEOY CRY - 11
GO0 TO & '
SCAT 900, 'BEO! CRY ¢
GO TO & o
¥4 5 SCAT 1200, 'BEO' CRY" te
* PUT IN RESONANCE TEMP,
/6 Xt40) = 2(450)~150 | ‘ _
* CHECK IF PREVIOUS FLUX IS ACCEPTABLE (SAME SCAT. LIBe)
S J01) = J(2y=J(0) B
Jiz2y = JtO)y
/ T T = 0432040
%  WRITE OUT ZONE TITLE
/

9 WXS 0



# SKIP FILE ON TAPE
X149)=X{49)+1,

GO TO 1
/ 3 CALL EXIT
.END

SUBROUTINE SEND . ..

CALL
END
®#GYM2*
900,
GUESS COMPOSITION o . S
44000E=02 44100E~02 - T4806E=~07 24414E-04 Be¢1l01lE-07 54121E-06
5¢69TE-0T7 B4985E~08 4,076E-09 54655E~06 2+845E~06 3,168E-06"
54393F~07 44585E~10 14380E~07 2,106E-09 1.028E-09 7.289E-09
1e333E~07 3,54TE«08 64853E-08 4,041E-08 3.071E-06 1,739E-05
*CRM1*
GC 5 0 11 1,0
ACCURACY 0,0005 0,0005 0,001 06,0001 0,05

RM 0(12)6f8)10(12)15U8)19(12)21(8)23(5}25(7 5)27f10)?0
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M 0(20)1(10)4(9]5f12)8(15)23(10)24(15)25

BC 0(1E9})25.
*¥CRM3* :
120

3+74783£+00
Te95559E-02

O,

1,00203E-03

44,44B00E+00
1,51405€-01
O
7485539E-02
0.

1,80597E-02

O,
O,
1,00001E-03

4o 448T2E+00
T7459325E~01
Oe

O,
1450405E~ 01
0s
247912001
3e64723E-03
1,05457E=-03

4445000E+00 ¢
1624911E400

O
Ve
0.'

Oe
Tel2465E-01

1460873E-03

44450 TOE+00
7e49070E~01
O

. De
oo o 0De
e 28266E 01

1419454E~ 02
9668380E~ 01

Oe -

2495 T763E- 03

Oe :

74 365425~oi
7494117E~01
0e

" Da

. De

1

111
117

M5
MI1
M17

0. 0. OO 00
121 | o
2.64860E—03 5,94346E-02 2,51266E-01 4,30395E-01
2e94608E— 03 5,9506TE-02 . 2, 51030E‘01 by 307525-01.
0. : 0. ."'_00 llo.,
O, Oa O Oe
0. 0. 0. 0‘
0. 0. 0. 0.
0. O, O, Oe
04 0. Os 0o
2¢94608E~03 5,95067TE~02 2,.51030E-01 4,30752E~ 01
0, O. O. Oe
M 1T 11,0M 2 1 2 10M 31 3 1,0M4 1 4 1,0M35
M71 7 1.,.0MB81 8 1,0M 9 1T 9 1,0 M10 110 1,0 M11
M13 113 1,0 M14 114 1,0 M1I5 115 1,0 M16 116 1,0 M17
M20 120 0,06 121 0,01 M21 121 0,18 M22 120 0,08 .
Z1M11,0Z 2M2 1,02 3 M3 1,0Z 4M4 1,025
Z.TM 7 1,0 Z 8M8 1,06 2.9 M9 1,0 210 M10 1,0 Z11.
213 M13 1,0 214 M14 1,0 Z15 M15 1,0 Z16 M1é 1.0 217
Z20 M20 1,0 221 M21 1.0 Z22 M22 1.0

Ci1 0 Z20 4 21 8 Z2 11 I3 14
C2 0 220 4 Z7 8 Z8 11 Z9 14
€3 0 220 4 713 8-Z14 11 215

C4 0 Z22 25 1E9 1E9

CA 0 C1l 8 C2 17 €3 24 C4 30

SP

1+,00000E+00 O,

Os

De

o P

7.94117E—01
Oe

5 140
10
1,0

M 6
M12
M18

Z 6
Z12
218

1,0
10
.0

Z4 17 25 20 Z6 23 221 25 1ES - 1E9
210 17 211 20 212 23 1221 25 1E9 1lE9.

Oe

O

14 21617 Z217:20 Z18 23221 25 1E9 1E9

H_Ool

Iis

M &
M12
M18

I 6 1.0
112

1.0
140

[N g

o 0

QOO



e
ia0
Qe
O,
0,
Os
2292BE417
0,
O
04
0o
0o
Oa
1:,690E415
O
2.093E+19
Oo
1.48B8E+18
1e9THE+H1T
0o
Os
,@@
Os
O,
B,48TE412
3,453F+15
TH232
3,00E-04
TH23z
2000E°04
TH232
2o00E=04
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Ho000E-02
2o OUOE--02
100 E“O?
Oe
To900E=-03
O
3,300E=03
ZeZ200E-03
1,100E-0%
2e4221E~01
2,055E+00
FU239
2s34E-05
PUZ39
2,80E=05
PUZ39
2e80E—~08

i00q
Oe
Oe
D
Os
Uo
Oe
Us
Oe
Do
€
5("’&
Oo
Oe
650410E=-07
e 150E-02
1.0 E=02
Os
1020802
Oe
4,000E=03
2.,8600F =03
1e500F =03
2o TH1E-Q1
1.986E4+00
PUZ240
geiOE*O@
pPU240
e 12E-06
PU240
bol2E—=08

Oe
Oe
Os
Os
Ue
Oe
Oe
Oe
0o
0s
0,
Os
T+ 400E-G2
2-050E-02
1,0 E-02
Oa
1e320E=-02
Oe
8,000E~-03
€,000E-03
3.400E-03
30 TOBE-0O1
1.8T74E+00
PU241
1e50E-06
PUZ41
1.80E~06
PUzZa4l
1.80E=06

PLEASE UNLOAD AND SAVE THE TAPE ON UNIT 2 AND

IF READY PUSH START

000 500@
*¥FRIZ*
& 6 1
-1 0 =7 0 -=i3
3226 484
1200, 09
BE ¢ 0 0 3
0 16 0 0 0
LY 6 0. ¢ ]
TH232 9 o 5
PA233 0 & 7
U 233 i O 7
U 234 o) 4] 8
U 238 2 0 g
U 236 0 0 =1
PUZ39 E} 0 1i
PUZa0 ) 0 17
PUZ43 & -3 13
puz&? 0 0 =1
XE135 -1 =1 ~3
PM147 -1 0 17
PM148 -1 =1 is
TPMEBM =7 =1 18
SM149 -3 0 19
SM1i50 -1 0 20
5M151 -1 ¢ 21
SMi52 -1 o 22
FU152 =1 G =1
Pl 0 =] -1 = F
PP =1 =1 -1
1, BE 9 O 1ié
4,00E=02 4,10E-02
1l BE © O 18
4 o00E~0U2 &,10FE=02
le¢ BE 9 0 16
4 o00E=02 4,10E=02
DATEND
$IBSYS
$IBSYS
$* 5 .
$PAUSE
$PAUSE
S$SWITCH.

$IBSYS

5.5LB1+s5,5LB1

Oe
Os
Qe
Qe
Oe
Oe
Os
Qe
Qo
Oe
Oe
Os
Qe
6eB500E-02
2e200E=02
i«0 E-0QZ
Oe
10200Eq02
D9
5o 000E~-03
3.000E~073
26 000E~013
helB50E-01
1 763E400

PLEASE REPLACE THE SYSTEM MONYTOR LTBRARY ON ¢
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Read and Store

& 25 nuclides)

Constant Input Data for Each Code

Estimate of Average Composition and
Temperatures/Zone,

Resonance Cross Section Library (€100 Groups

Scattering Cross Section Library

[ Prepare Data

|

-

GYMEA Instructions

— —— — — b

Zione Composition

and Temperature

]

Load in Two Libraries

Store Data

t

Prepare Data

\———Corc Power |

Reactor Details
Macroscoplc

|

GYMEA
Group Spectrum and
Condensation Calculation

¥

Few Group (<€ 6)

Cross Sections
Microscopic/Isotope/Zone
Mactoscopic/Zone

Cross Section

|

I_Prepate Data

e

Fuel Composition and
Management Burn—up Table
Microscopic Cross

" Sections/Isotope/Zone

— [ _.Store Data = F/TA
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