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Calculations on a Boiling Water Reactor
as a Test of the Risg Reactor Code Complex

by

A.M. Hvidtfeldt Larsen, H, Larsen and T, Peters

Danish Atomic Energy Commission
Research Estsblishment Risg
Reacior Physics Department

Abstract

_ The boiling water reactor calculation methods used at Risg are de-
scribed. A series of test calculations performed on the DRESDEN 1 reac-
tor is presemted. The code system used span the area from 78-group iso-
topic cross sections via box calculations to three-dimensional overall cal-
culations inclusive of the void and temperature distributions.
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1. INTRODUCTION

This report describes the methods used for stationary and quasi-
stationary boiling water reactor calculations at Risg. Moreover, a series
of test calculations performed on the DRESDEN | reactor is presented.

The ¢ode system used span the area from 76-group isotopic cross sec-
tions to three-dimengional overall calculations inclusive of the void and
temperature distributions. The Ris# 76-group cross section system is
rather new and based on fundamental nuclear data. This data system sup-
plies the box code with collapsed, 10-group, cross sections. Box
calculations are performed in order to find the isotopic composition n-a\
function of the burn-up for the diffei-ent pin locations in the box; moreover,
the box code supplies the overall code with few-group macroscopic hom-
ogenized box cross sections, The three-dimensional overall calculations
are based on a flux synthesis program including routines for calculation of
the void and temperature distributions in the reactor core.

To periorm test calculations with this program complex, the DRESDENI
reactor was chosen, QOunly few measurements on boiling water reactors are
available in the literature., For the DRESDEN 1 reactor, however, the fol-
lowing measurements are available: some dethiled box burn-up measure-
ments 0-20 000 MWD/TU; initial critical control rod configurations, cold
and hot; a few power distribution measurements; and the box average ex-
posure distribution end of cycle 1, On the basis of such integral measure-

. ments it is not possible to test the individual programs one by one, but

only the whole complex simultaneously. For example a 3D full power cal-
culation involves uncertainties from the void calculation, the flux synthesis
approximation, - the box caleulation, the cross sections and so on, )
Parts of the program complex have been used previously for calcula-
tions on the Yankee rwt"-‘.orl ). But in these calculations, the data gener-

" ating system and the 8D program were not yet operational. Concurrently

with the DRESDEN 1 calculations, the program compiex is for the moment
wed for test ealculations on the Connecticut Yankee reactor.

3. DXSCRIPTION OF THE DRESDEN | REACTOR

/

The DRESDEN 1 is a boiling water reactor of 180 MW electric and 620
“Mmﬂ. .The reactor 1s built by General Electric Company for the

vmmcm It is situated 50 miles southwest of
: mm. mmmmmwmmumnummn




power operation in June 1960,

The reactor is light water moderated and cooled. In the calculations
described in this report only the first core was investigated, and therefore
only the first core data are given here. The main sources of design data
are refs. 2 and 3, The fuel in core 1 consists of slightly (1. 5%) enriched

02 lnhblez a, the main data for core | are given. The cruciform
conhnlmdﬂmdﬂotﬁbomummmqphm However,
after a short run these coutrol rods were replaced by B,C stainless steel
rods, This change was not implemented in the present investigations,

The control rods enter from the bottomn of the core. - As cladding, -
channel and spacer material, Zircaloy-2 is used. In the DRESDEN | nore )
no burnsble poison or curtains were used. In fig. 2.a. a bhorizontal section
of a fuel assembly surrounded by light water and a quarter of a control rod
is shown. In fig. 2.b. a horizontal section of a quarter of the core is shown.
Fig. 2.c. shows a vertical section of the core,

The main data for a unit cell, dimensions and number densities at dif-
_ ferent temperatures are given in table 2.d. The pellet-to-clad gap was
;- homogenized with the Zircaloy-2, In table 3.c. the control rod number
.- densities are given,

.. The main bydraulic festures of the cors are given in table 2.b, .Each
fuel elemeont is surrounded by a sircaloy shroud and is thus eonsidered a
coolant channel, Different throttlings at the fuel channel inlets distribute
the flow approximately proportional to the heat tramsfer load. At the top
nndboﬂomucnppoﬂﬂntunnddmﬁechmd.ﬂrnlmdwm,
.all giving rise to singulerities in the flow. - :

Nwoverylcwdnhhanbenuﬂkbh, thcmndnpsnenuth
different singulavities have been adjusted to give the correct pressure drop
agross the core at.the rated exit void:and jotal mass flow. '

umg i tw.?,,xw': mﬁ‘ Jamzem: e
: ] *;ﬁb:‘i &‘lﬂmmmnmoa

Table 2. a
DRESDEN1 core ] description

Core data

Heat output (MW)

Net elect. (MW)

Active core height (cm)

Equivalent diameter (cm)

Fuel enrichment (w/o U2>°)
Number of fuel boxes max.
Number of rods in each box

Namber of cruciform control rods

Fuel element pitch (cm)

Fuel rod pitch (cm)

Fuel rod ocutside diameter (cm)

Fuel rod zircaloy-2 cladding thickness (cm)
Fusl pellet dinmeter (cm)

Moderator tempersture (°C)

Average clad temperature (°C)
Average fuel temperature (°C)
Average power density in core (w/cm’)
Average power density (W/cm rod)
Connector length (cm)

620
180
275.4
326
|
488
36

12.65
1. 8034
1.448
0. 0762
1.255
204
294
541
31.2
143.0
4.45

Mags density ooz (‘[en )

Mass density zirealoy-2 (g[cm )

Mass density H,0 20°C (gfem® )

Mass density 50 3M°C (g/em’)

00, Hnear expatisioh coefficient (10'5I°C)
menq.:m expensica cosfficient (10 ~5/c)

10. 44
6.51
0. 9981
0.7442
. 0.794
0.685




Table 2. h.

Core hydraulics data

System pressure (bar) 69 s
Total mass flow rate (kg/s) 4.764- 10
Inlet subcooling (°C) 2.8
Pressure drop across the core (bar) 0.53
Coclant channel flow ares {cm?) 61.50
Coolant charnnel hydraulic diam, (m) 0. 1444
Moderator channe) flow area (m ) 1.691
Moderator chamnel hydraulic diam. (m) 0. 02199
Shroud perimeter (m) ' 0. 4420
Fuel pin perimeter per chamel (m) 1,6174
Chamel height (m) . 2,7535
Table 3.c..
Control rog Mq
e ) (w” utmlcms)

T Qs luileon
1.0

01671 10" 2’

mm- 103

Table 2,d.

DRESDENT unit cell description

' Hot full
Region type Cold Doppler 1 power Doppler 2
Outer region radius (cm)
Fuel (0O,) 0.6274 | o0.8288 0.6300 | o0, 6323
Clad (sircaloy-2) 0.72% | o.7252 0.7252 | 0.7252
Mod. (H,0) 10175 | 10188 1.0188 | 1.0193
Temperature (°C)
Fud 20 300 541 1000
Clad 20 204 204 204
Mod, § 20 264 284 264
24 3
Number density (10°" atoms/cm”)
e 0.000354 | 0.000352 | 0.000350| o0, 000346
Fuel: { 0?38 0.02285 | 0.02280 | o0.03266 | o.02242
o 0.04661 | 0.04650 | 0.04604 | 0.0655¢
Zr 0.034¢ | 0.0%42 0.0347 | o,0855
Clad ipe 0.000073 | 0.0000731] 0.000074| o, 0000757
B ) per cent vota | 0-09880 | 0.08980 | 0.04980 | 0. 04080
- lo , . 0.03340 | 0,02490 | 0.02480 | 0.02490
siot, |B 35 par cent vaid 0.03788 | 0.03738 | o0, 03736
e 0.01868 | 0.01868 | 0.01668
i , 0.02490 | 0,02490 | 0, 02490
o 50per cent vald 0.01245 | 0.01245 | 0.01245 !

T WEE o
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3. CROSS SECTIONS

The basis of the cross sections used in these calculations is the SIGMA
/_\ MASTER TAPE” which contains 76-group cross sections generated from
- the UK.NDLS). The MASTER TAPE cross sections must be supplied with

tﬁérmal scattering data at the actual temperature and with shielded reson-
) ance cross secticns, This is done by the program CRSG), which can then

do a spectrum calculation, collapse the cross sections into fewer groups

and edit the collapsed cross sections in formats suitable for the next stage
bo———— 326cm ——i of computer codes,

For the generation of thermal scattering cross sections, the present
r version of CRS contains a routine NELKINSCM'”. NELKINSCM calculates
group transfer cross sections from the Nelkin model for H bound in }Izo
and from the similar model for D, For all other materials the free gas
s model is used. For U238, 235
- g constants may be calculated by the RESAB PROGRAMME SYSTEM
Control rod _ | | in CRS itself by the routine RESOREX'?), which utilizes tabulations from
' . RESAB by means of an equivalence principle. For all other resonant ma-
11 - : terials thg infinite dilute cross sections from the MASTER TAPE are kept
be Bottom grid ! 4 1 unaltered. In all the DRESDEN calculations of this report RESOREX is
~‘T' used for the resonance treatment.

- For burn-up calculations a special library of fission product data, the
FIPO l.ibrary" ),is used., It contains yields, decay constants and absorption
cross sections for 166 different fission products from the three nuclides
Uzss,; Uzss, Puzas. ‘The absorption cross sections for some of the fission
products originate in the UKNDL and are given in 10 groups, for other mu-
clides only a thermal cross section or a rescnance integral or both are
found in the library,

"rop grid

Ful element
Spacer

652cm
)

and Pu239 in the resonance region group
8, 9)
or

3.1, . Energy Group Structures

In tables 3.1.a. and 3.1.b. the energy boundaries of the group struc-
tures applied in the different types of calculations are shown. The 10-, 5-
and !-m structures are subsystems of the original 76-group structure
ud ﬂ\ly are yoed subsequently in the calculations go that more and more
, . :' ; dm spatial reprumtltlonl are made possible by reductions in the en-

' cm“lnﬁou
ﬂc &ﬁ, QW'MMM%' ﬂ‘r}"?_ |.” s 16 groups of the MASTER TAPE are divided into 41 fast and 35

w' &OT.H m which mm that the calculation of thermal transfer ma-

e — i i
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trices is limited to the 35 lowest energy groups. Thermal cutoff is thereby
defined to be 1. 855 eV and upscattering above this limit is neglected,
Shielded resonance croés sections are introduced for U 238 in the 22 and
tor U2 and Pu®? in the 14 groups just above the thermal limit so that Unit cell description

the resonance region of Uz“ is 1. 855 eV - 111.09 keV and that of the two

fissile isotopes is 1, 855 eV - 3. 8546 keV,
For burn-up calculations at the pin cell level, the 10-group subsystem

is used. It consists of 4 fast and 6 thermal energy groups. One of the
thermal groups, group no. 6, is very narrow and is situated round the MASTER ELKI ESOR Dancotf factor
Pu?%? resonance at 1.056 V. The 5-group, 3 fast and 2 thermal groups, TAPE NELKINSCM R & — for regular lattice

system is used for two-dimensional calculations of the box flux-distribution.
Overall calculations in three dimensions are performed in only 2 energy

groups. 76 growp Thermal Resonance
The 10-, 5-, and 2-group systems have previously been applied to cal- cross sections %mnshr matrices cross tions
culations on the Yankee PWR reactor as described in ref, 1. n 35 groups nnd 'Suz in 1‘l:pgsroups

3,2, 10-group Cross Sections for Burn-up Calculations

The generation of a 10-group set of microscopic cross sections. for the
. burn-up codes CEB and CDB') is shown in the block-diagram fig. 8.3.a,
; CDB is the burn-up program employed for the calculations on the DRESDEN 1.
fuel box; it combines collision probability theory on pin cells and diffusion
i theory for the box flux-solution, The fast unit cell burn-up program CEB is
; used for investigations previous to the CDB calculations, Both codes need "0"'99"_"0“ spectrum
microscopic nuclear data with the same format, calculation
i A 10-group data set refers to a given unit cell for which the geometric
data, isotopic comnositions and temperatures in fuel, clad and moderator |
must be specified. For the condensation from 76 into 10 groups a homogen-
eous spectrum is calculated. The three reglons of the unit cell are smeared
out, and the 0-dimensional flux spectrum is calculated in 76 groups for the
resulting mixturs with an imposed overall buckling,

The homogenization before the spectrum calculation is of course.an
approxtmation, which limits the degree of group collapsing, especially-in
the thermal region whers.the flux deprésaign in thy fuel js most important, o ,
It is hoped that the 6 thermal groups of the 10-group system give s sufs: L e ,mwnzpzcwwbo:ro:gu;mu
“ Mnﬂdmru sclution so that tdo severe errars are not litrodied = s ot et
a ;tmmmudon. ror.bomngmroacwrnkommnnfmf,m 1L e—
. sty camuumuuapmm W-xtzqommﬁ, : N P SO ST
iR TR WS G Betaen Too basi, WA Wk i WADIRbIS Fig 324 Génaration” of microscopic cross sections for
burn-up . calculations.

Condensation
76 groups—10 groups




~18 -

program is able to handle this effect properly, the simplest possible spec-
trum calculation was chosen,

Two sets of resonance cross sections are produced by the routine
RESOREX: One set averaged for the fugl and one averaged for the whole
cell, The cell averaged set is used for the homogeneous spectrum calcula-
tion, but is replaced by the fuel averaged set before the condensation, be-
cause the subsequent calculations are collision probability theory in three
regions with the fuel as one of them,

As it ses that the RESAB - RESOREX resonance treatment over-

. predicts the U 238 resonance integral, a correction to the resonance group
cross section i8 introduced. The correction is that proposed by Fayers et
al, in ref, 12;

a8 _8 1€
T-O.Zx(l 2.qlt)barn.

1€ is the group resonance integral, T the lethargy width of the group
and ¢_ is the effective NR-scattering cross section per U238 atomm). ‘This
correcting term is subtracted from the shielded cross sections of u?8 i
the groups 28-41 of the 76-group system corresponding to the energy region
1.855 eV - 3,3546 keV, by which the total resonance integral is reduced by
about 10%.

Besides the effective resonance cross sections, RESOREX gives the
Daznicoff factor to be used later in the box calculation, In fact two different
Dancoff factors are calculated, a narrow resonance and a wide resonance
Dancoff factor, with different treatments of the cladding region. The cor-
rect Dancoff factor should lie somewhere between the two values. Fortunate-
1y the difference between them is small, and in the present calculations the
DArTow r Dancoff factor has been 'c‘hoﬁen.

In the burn-up codes CEB and CDB'), the heavy nuclide chains of y233
and U3%B are treated 8o that the UZD chain is terminated after U2>° and
the last isotope in the UZ%8_Pu system 18 Pu4%, In the UKNDL, and con-

.gequently on the BIGMA' MASTER TAPE, the cross sections of Uzss are
incomplete (only given for engrgiss. ).1 keV) and Pu"42 cross sections are
completely missing, Nmm;xabmm ; hupp!y u“mmg data from

‘other sources; loﬂubum-nﬁcﬂﬂﬁﬁm wo?_

sections for U2*° at low enengtes -ané for-Putt

Fhiw-of cosrse inflsences
?m%mwummhmwm but ae nelther is very impertant

p: ol thwls %)

g ST !u "z%‘}%‘?sﬂ ‘;.z‘.‘gi"z
Arcitplading gu-oited
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sections and the low concentration of Ptluz, this lack is supposed to be un-
important for the rest of the burn-up calculation.

3.3. 5- and 2-group Cross Sections for Non-burnable Regions

Besides the unit cell microscopic data in 10 groups, macroscopic cross
sections are needed for the zircaloy channel round the fuel box, the water
filling the gups between the boxes and the water reflector surrounding the
core. All of these materials are situated outside unit cell regions and con-
sequently their flux spectrum differs from that used for generating the cell
cross sections, Furthermore, the cross sections for non-burnable regions
must be given in the few-group structures applied in the box and overall
flux calculations, i.e. 5 and 2 groups, which stresses the need for a good
spectrum determination for the regions in question. A homogenization
corresponding to the unit cell treatment is therefore not adequate.

In the block-diagram fig. 3.3.a, the calculation flow is shown for a few-
group macroscopic cross section generation. At first macroscopic cross
sections for the non-burnable material compositions in the 76-group MASTER
TAPE structure are produced together with a set of 76-group macroscopic
croas sections for a homogenized unit cell, which in fact is the same cross
section set as the one used for the homogeneous spectrum calculation of
section 3. 2. These data are fed into the one-dimensional collision prob-
ability theory program GP'3), which is able to do a flux calculation in 76
groups. The non-burnable material cross sections are then collapsed into
few groups with the fluxes found in the corresponding regi The specific
composition of the homogenized fuel-moderator region is not considered to
be very important a8 it is only used as a "driver zone" in the flux calculation,
and therefore a stafidard fael mixture (isotopic composition corresponding
to a burn-up of about 1000 MWD/TU, mean void = 25% and terperatures as
for hot, full power conditions) is applied in all calculations,

Por the CDB box calcilations, cross sections in the 5-group structure
for the water gap betwosn the boxes and the zircaloy-2 channel round the
fuel element argnuded: Mﬂ'ﬁhe generation of cross sectiors for control rods
is described in chapter 6). Figs. 3.3.b, and 3.3.c. show the channel and
gap dimensions for the two cases with and without a control rod position,

A foel element in the interior core has the broad gap at two adjacent sides
Mggmwnﬁo other twp. In the water gap between the boxes no
occurs, but in the ery narrow water gaps between the channel and

;‘1

Hoiling s v e.
the it b il refhok e veld tqntéat is varying together with that of the fuel
be




Line of symmetry

! Water gap
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fluk calculation l-=—{1 dimensional flux calculation
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06406
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Fig.3.3.c. Fuel box gap without control.
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element. In principle the few-group cross sections of channel and water
gaps are therefore dependent both upon the height in the reactor core and
upon which side of the box is referred to; for practical r , b ver,
it was decided to generate ounly one set of "mean" cross sections.

In fig. 3.3.d. the set-up of the GP-calculation is shown. The width of
the water gap is taken as the mean value between the broad and the narrow
ones, Of regard for the difference equation technique used in CDB the
zircaloy channel is combined with the narrow water gap inside the box and
some of the water from the inter-box gap, to form a homogenized material
gone which can be used as one mesh in CDB, The void content inside the
chammel was chosen to be 25%, Of the zircaloy coﬁxpanents only Zr and Fe
were accounted for. The most important alloying component, Sn, is not
included in the data library and the zircaloy-2 in the calculations is there-
fore Zr containing 0.13% Fe. The mesh division and boundary conditions
for the collision probability calculation appear from fig. 3.3.d. The com-
positions 1 and 2 are collapsed into 5 groups for CDB,

2-group cross sections for the reflector water to be used in overall

calculations are generated by a similar glab geometry cﬂcﬂnﬂon. The
transition from core to reflector is sketched in fig. 3. 3. e. beginning from
the middle of the edge fuel box, ' The reflector water has on the average a
thickness of about 10 cm. In fig. 3.3.f. is shown the collision probability
theory calculation which produces the reflector spectrum, A symmetry
line is placed in the middle of the fuel box, the box channel is represented
by the same zircaloy- water mixture as in the inter-box calculations and a
black boundary is assumed after 10 cm of reflecting water. The water,
composition no, 3, is condensed into 2 groups after the spectrum calcula-
tion. This is done with 0-void water to be used at the bottom of and beside
the core and with water containing 50% void for the top reflector.

For use in calculations on initial criticality the whole procedure for
non-burnable materials was repeated, the only differences being that cold
dimensions and room temperature were ulnl together with isotopic com-
position in fuel mixtyre corresponding to cold clean condition with no void
in the coohnf. : : .
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4. UNIT CLLL BURN-UP INVESTIGATIONS

Because of the small number of fuel rods in a BWR-element (in the case
of DRESDEN 1 6x6) and the influence from the broad water gaps, no asymp-
totic unit cell exists; in fact the smallest unit in the core treatment is the
fuel box surrounded by the water belonging to it. A box burn-up calculation
is, however, a time-consuming matter, and t! 'refore a number of unit cell
burn-up calculations were carried out prior to the elaborate box calcula-
tions to check the significance of a more or less refined data supply, the

time-step etc. The unit cell burn-up code used for these investiga-
tions is CEB'?, which is also the cell burn-up code incorporated in the box
program CDB.

The CEB program is a collision probability theory code which calcu-
lates the flux in the regions asked for at the beginning of each time step and
assumes the flux distribution to be constant during the step (quasi-station-
ary approach). Common to all unit cell calculations described here is that
they are burn-up calculations in cylinder geometry for a fuel rod surrounded
by moderating light water with white surface as boundary condition. The
calculations are performed in three regions: fuel, clad and moderator, and
with only one mesh in each region. The cross sections applied are 10-group
microscopic cross sections g d as d ibed in tion 3. 2,

4.1. Description of Unit Cell Calculations

All burn-up calculations at the unit cell and box level have to be per-
formed in 10 groups partly in regard to computing time and partly because
of the fission product library, which is given in the 10-group structure.
But if the cross sections are collapsed from 76 to 10 groups at the start of
the calculation, i. e, at clean conditions, the influence of burn-up on the
fine group spectrum will be ignored. Furthermore, as demonstrated in
ref, 10, the group cross sections for Pu>>? generated by the routine
RESOREX are inaccurate for mixtures with very low concentrations of the
isotope, To find out the importance of these effects, unit cell burn-up cal-
cuhﬂmmpuiomd’vlthkm-urqmdmw-mupml
section set as the change in fuel isotopic composition proceeded.

In fig. 4.1.a. the calculated Pu build-wp is shown for a unit cell con-

taining 25% void in the maderating water and with the detailed fission product

treatment of the FIPO-routine. The cross sections were regenerated twice,
st 1035 MWD/TU and at 4712 MWD/TU. For comparison the concentrations

~ 27
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Fig.43.a. Pu build-up with and without regeneration of

the 10-group data set. Unit cefl calculations.



obtained by using the clean condition cross sections are shown with dotted
lines. It is seen from the figure that the effect of fine group spectrum re-
calculation is of minor importance for the burn-up of this type of fuel cell.
The effect on keﬂ was correspondingly small, Calculations for other void
fractions showed a similar small influence from the recalculetions, and for
the following unit cell investigations it was therefore decided to use only
one set of microscopic 10-group cross sections all through the burn-up,
This cross section set was in all cases generated for the isotopic composi-
tion found at 1035 MWD/ TU.

The d rated i ibility of the 10-group cross sections to fine
group spectrum recalculations is a very fortunate thing for the present cal-
culations, as it is almost impossible to regenerate cross sections during
burn-up for the different pins in a fuel box, but it cannot be expected to be
valid in general. Especially in fuel cells where burnable poisons, for
instance Gd, are present, the fine group spectrum and therefore also the
10-group cross sections may be strongly dependent on burn-up.

One place where computer time saving approximations is relevant is in
the calculation of fisgion product poisoning. In a unit cell calculation with
the program c‘E‘B‘ ), it is possible to use the detailed fission product burn-up
by using the FIPO routine' '), But in fact when CEB-FIPO is used most of
the computer time used is spent in the FIPO-calculation, go in the more
expensive box calculation with the program CDBI) there is mnuch time to
save by avoiding the use of FIPO., This is8 most easily done by taking the
fission product poisoning in 10 groups as calculated by FIPO at a selected
burn-up stage in the unit cell calculation and from this generate a 10-group
fission product cross section per fission, which is then used instead of
FIPO. To check how serious errors are introduced by this procedure a
series of unit cell calculations was performed with fission product cross
sections taken at different burn-up values for comparison with the detailed
FIPO-tireatment,

In figs. 4.1.b. and 4,1.¢, the results of such calculations are drawn.
The pin cell is again & DRESDEN 1. 6% enriched untt cell with a void content
of 26%, which is about mean void for the reactor. The FIPO-calculation is .
compared with two spproximsie caloulations - one haying & fission product
cross section taken at 4712 MﬁD[TU and the other wh.h a fission product .
from 13884 MWD/TU. The influence on the build-up of Pu is rather small

as seen Hom S 457180 in i cilite 0P i PeP4Y b cistohent T ©

curves may pot Ay distiuished; Mathe;other bapd shahrestin k o
is very important, except for the burn-up values close to where the fission
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Fig-41b. Pu build-up with ditferent fission product
treatments. Unit cell calculations. 25% void.
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product cross section was generated. This indicates that although the mag-
nitude of tha fission product paisoning is wrong (error in k eﬂ) the spec-
trum calculation must be rather unspoiled by the approximation to give the
good agreement in isotopic compositions.

The influence of the moderator void content on the build-up of l’nz39 is
shown in fig. 4.1.d. for 0%, 25% and 50% void, and the corresponding koo
curves are given in fig. 4.1.e. The very great differences in the Pu-con-
centration show that it is important to be able to calculate the actual void
cantent accurately in order to predict the isotopi positions during
burn-up. From fig. 4.1.e. it is seen that the increasing Pu-production for
higher vaid contents gives a sl fall in ko A similar variation in the
burn-up picture may be obtained by adding more water round the unit cell
without varying the water density. The rather low values of k ofr SUEZEBting
that the reactor might fail to get critical are only due to the hct that the
calculations were performed for asymptotic unit cells without regard to the
great influence from the water gaps surrounding the fuel box,

In order to ascertain if the dependence of the 10-group microscopic
cross sections on the void content is amall enough to allow the use of only
one et of 10-group croas sections for all voids, the calculations for 50%
void were repeated, but with the cross sections generated for the 0% void
case. The result is shown as the dotted lines on the figs. 4.1.d. and 4.1, ¢,
The influence of water density on the 10-group cross sections does not seem
to be negligible.

Finally a series of unit cell burn-up calculations was run to examine
the significance of the time step length. Twice as long time steps mean
nearly halving of computing time and quently it is important to know
exactly, with a view to time-consuming burn-up calculations, at which length
of the burn-up steps serions errors begin to arise, In figs. 4.1.1. and
4.1.g. the results of such calculations are shown. The shortest time step,
60 dayn, corresponding to 800 MWD/TU, is small enough to be taken as a
reference since shorter steps do not practically make any difference. The
curves for a step length of 180 days are shown for comparison, A calcula-
tion with a 120-day step length gave results lying half-way between the two

curves, In all cases the burn-up was started by two steps of 4 and 12 days

to secount for Xe and Sm build-up and thereafter three 30-day steps to give

gxgtgwmdm'muhmpMMbmdm kogg-curve.

BEQUOOY oy foguedhin L




-32-

Number density x 107°

20 50°/s void, but 0void
) 10-group cross sections,

25°/. void

Burn-up

0 20
Fig.41.d. Production of Pu™ for difierent void fractions.

(RN §7 G

1
20 GWD/TU

1

09

- 33 -

Koty

L
30 GWDI/TU

25°/. void

50°, void, but 0 void

> ! N
S J0-group cross sections
. -~ -
— -~

~
 ———
——
e R

Fig.4.1.e. key as a function of burn-up for different void
“fractions. Unit cell calculations.



Number density x 120

Time step length =60 days

15

05

Burn-up
1

1 1
.10 20 30 GWD/TU

Fig.4.).f. Pu build- up for dlfferont tlmg stcp lengths
Unit cell calculations. 25% void. '

SR e e

09

-35 -

L\ Burn-up
1 1 ]

20 30 GWD/TU

Time siep length =60 days

Time step length = 180 days

Fig.4.1.g ket versus burn-up as a function of time
step iength.Unit cell calculations. 25% void.


file:///nOdays

- 36 -

4.2, Strategy in Unit Cell Data Supply for Box-calculations

As a conclusion to the unit cell burn-up investigations the following
microscopic 10-group cross section treatment was decided upon for the

box burn-up calculations:

1) Onme ‘set of 10-group microscopic cross sections was used for all values
of burn-up from 0 to 30000 MWD/TU. This crosas section set was
chosen to be the one generated for the isotopic composition taken from
an asymptotic unit cell calculation at 1035 MWD/TU. The errors
introduced Sy this approximation, i. e. afew per cent too low Pu-
production at very high burn-up values, are thought to be insignificant
compared to the prohibitive t of work ded to regenerate crosa

sections during burn-up.

2) In one single case a box burn-up calculation was carried out with the
detailed FIPO fission product treatment to serve asa reference, but
for all other calculations a fixed 10-group cross section per fission
had to be used. Out of the results of the unit cell calculations the
fission product cross section taken at 12884 MWD/TU was chosen.
This is not expected to introduce errors in isotopic composition at
reasonable burn-up values; as to the value of k o> which is becoming
far too low from about 15000 MWD/ TU, it is interesting only in the
three-dimeneional overall calculations, and these will only be carried
out for the first fuel cycle, i. e. until a mean exposure of about 6000
MWD/ TU. '

3) It was decided to do the box calculations for three different void contents,
0%, 25% and 50% void, corresponding approximately to the bottom, the
middle and the top of the core. From the experience with unit cells it
was concluded that the microscopic 10-group cross section had to be
generated for the acturl void content, which means that three sets of
microscopic 10-group data, for 0%, 25% and 50% vold, are necessary.,

4) The time step length for the box burn-up calculations was chosen to be
120 days after the inifal short steps, because the 180-stép curves
drawn in figs. 4.1.f. and 4.1. g. were found to deviate a little too much
from the 60-day calculations. The burn-up steps of 120 days will give
a build-up of Pu which is a bit too low, but not more than tolerable, the
saving in computer time taken into consideration. The time steps from

clean box start will then be 4, 12, 30, 30, 30 and 120 days during

ﬁ rest of the burn-up. .
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All condensing of microscopic cross sections from 76 into 10 groups
was performed with a spectrum calculated by assuming a buckling corre-
sponding to the reactor overall buckling in all energy groups. This buckling
was shown to have only a very small influence on the calculated spectrum,
and it is therefore quite unimportant for the 10-group cross sections too.

Finally it should be pointed out that all microscopic 10-group cross
sections have been generated for an asymptotic unit cell, i.e. a fuel pin
surrounded by the water belonging to it according to the pitch, but without
regard to the influence form the water gaps between the boxes, Perhaps a
better approach would have been to define a sort of equivalent cell containing
a proper amount of additional water. No investigations of this kind have
been carried out,

5. FUEL BOX CALCULATIONS

For the depletion calculations on fuel assemblies the fuel box burn-up
code CDB, described in ref. 1, was used. This program combines the unit
cell depletion calculation and a two-dimensional diffusion theory flux solu-
tion for the fuel element with it surrounding water-gaps.

The box calculations performed are intended to serve two, in principle
different, purposes:

1) The calculated isotopic compositions and reactivity values as functicn
of burn-up may be compared first of all with available measurements,
but also with box burn-up calculations published from other places.
Such comparisons form to a certain degree a control of the calculations
until thie point.

2) By homogenization of the fuel box at intervals during the burn-up,
cross pections are produced for use in the subsequent three~-dimen-
sional overall burn-up calculations, The box calculations for this
purpose are described in chapter 9,

It seems that only few depletion measurements have been published for
boiling water reactors. For the DRESDEN 1, however, some isotopic com-
position data from the end of the first fuel cycle are found in ref, 14. In
ref, 15 measured isotopic compositions have been reported for exposure
values until 20000 MWD/TU. Besides these measurements, the calcula-
tions of ref. 16 will be used for comparisons; they are box burn-up calcula-
tious fn the IBOCHECK series carried out by Combustion Engineering for
the: USAEC,; = S



5.1, Description of the Box Calculations

The program CDB for box depletion calculations must be supplied with
two sorts of cross sections: microscopic unit cell data for the burn-up of
the individual fuel pins and macr pic cross 211 for non-burnable
regions. The microscopic data sets are selected on the basis of unit cell
calculations as described in chapter 4 and generated by the methods of sec-
tion 3.2. All unit cell depletion calculations are performed in the 10-energy-
group structure. For the box flux-solution the 5-group structure was used,
and h the macr pic cross sections were generated in 5 groups by
the procedures described in section 3.3. No control rod data are needed
for the calculations of this chapter as fuel boxes here are only depleted in
the control-rod-out condition. The reason for this simplification was that
no information is given concerning the control rod movements in the neigh-
bourhood of the measuring points; it is only said that the fuel assemblies
from which the experimental samples were taken were chosen sc that most
of the time in the core they had been operated with the adjacent cantrol rods
withdrawn.

The mean outlet void content is about 47% for the DRESDEN 1 reactor.
In ref. 15 measurements are given for different axial pogitions from the no
void condition at the bottom of the core to the maximal void at the top. The
calculations in ref. 16 were performed with 0%, 25% and 50% void. It was
therefore decided to carry out box depletion calculations for the three values
0%, 25%, and 50% of void to allow direct comparison with the calculations of
ref. 16, at the same time achieving good comparability to the experiments.

The DRESDEN 1 fuel element with its 6x8 fuel rods surrounded by shroud
and water gap is shown in fig, 2.a. in chapter 2. The mesh division for the
box burn-up calculations can be seen from fig. 5.1.a. The numbers in the
figure are the composition numbers in the calculations and their meaning is
as foliows: '

Composition no, 1: white boundaries

1 (1] z: “m
" " 3: homogenized water and zircaloy as described in
section 3.3,

Composition nos. 2-3 represent non-burnable regions and their cross
sections are thersfore not changed during the burn-up,

The burnable regions are given the composition numbers 4-9. Fuel
pins having the: same compositien number are treatsd as identical - ia other
words the box calculations are performed as if only 6 different isotopic com-

-39.
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Fig.5.1.a. Cpmpositim numbers and mesh division
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positions of fuel were present. Test runs were made with more detailed
description, but the difference in calculated isotopic compositions was very
small whereas computing time increases rapidly with the number of fuel
pins individually accounted for.

The resonance shielding for fuel rods at different places in the as-
sembly is taken into account in CDB by means of the Dancoff correction

pc = YLE&,

which must be specified as input for ea:h type of fuel pin. The value of 1-C
is obtained from the generation of microscopic cross sections; it is the
Dancoff factor for the asymptotic fuel rod which is calculated by RESOREX
The factor g on C is determined by the number of missing near neighbours
to the fuel rod in question, i.e.

IO)'

1 for interior rods,
gr= % for edge rods,
% for corner rods.

The resulting Dancoff corrections for the three cases of different void
contents are shown in table 5.1.a. The numbers of the fuel rods refer to
the composition numbers of fig. 5.1.a, The value of the resonance absorp-
tion crose section of U238 is in CDB multiplied by the factor DC, which
means that the production of Puzz‘19 is increased for the edge and corner
rods. In this respect no difference is made between fuel rods adjacent to
the broad and narrow water gaps, because even the narrow water gaps are
considered to be broad enough to make the shielding from the fuel in the
next assembly negligible,

Dancoff corrections for CDB calculations

5 3
[Void content 1-c C DC,g=1 DC.g=3 DC,g=3
i Rod no. 9 Rod nos.7,8 | Rod nos, 4-6
o% 0.7352 | 0.2648 T 1. 088 1.107
259 0.6863 | 0.3438 1 1.084 1.152
50% 0.5437 | 0.4868 1 1.146 1.284

-4 .

5.2. Comparisons with Other Calculations

In ref. 16 a series of calculations for the DRESDEN 1 reactor run by
Combustion Engineering is reported, The purpose of these burn-up calcu-
lations was to produce input data for the overall nodal code FLARE‘ 7).
FLARE requires as input the beginning-of-life k, and the migration area
M, and these quantities are therefore given in the report for the three
void levels of the calculations. In table 5.2.a. our calculated keﬂ' k, and
M2 from the CDB box calculations are shown and compared with the Com-
bustion Engineering calculated values of k, and Mz. The corresponding
values from the CEB unit cell are likewise given. k_ is the value calculated
with zero buckling, whereas the k gr i8 obtained by putting the overall
buckling B 2 = 0,00033 cm™2. M? bas been calculated on the basis of the
homogenized 2-group cross sections from CEB and CDB respectively.

The combustion Engineering calculations of isotopic depletion are given
in ref, 16 for exposures up to 30000 MWD/TU. Infigs. 5.2.a. and 5.2.b.
the box- average number densities as a function of burn-up calculated by
CDB for the 0 void case ava shown together with the corresponding curves
from ref. 16. The degree of agreement was quite similar in the cases of
25% and 50% void,

Measured values of isotopic compositions are only available in very
few points for exposure values greater than i0000 MWD/ TU; up to that
value the agreement in the two calculation sets is pretty good. 1n ref. 15,
however, some measurements are reported for first core fuel elements
which have beex irradiated in the core during the succeeding fuel cycles up
to an exposure of 20000 MWD/ TU before the analysis. Nothing in the
measurements indicates that the concentration of Puzas falls off drastically
after 10000 MWD/TU, For comparieons with the measurements see sec-
tion 5.3,

A possible explanation of the discrepancy in the Pu build-up might be
that the Combustion Engineering calculations were performed for a pin cell
equivalent to the average box, i.e. 4 unit cell in which the influence from
the water gaps round the box was accounted for in some approximate’ way,
11, for instance, water from the inter-box gaps is placed around the asymp-
totic unit cell, its influence on the depletion is overestimated with the re-
sult that the Pu-production is lowered. To check this an "equivalent unit
cell’ was constructed by simply increasing the cell radius so that the amount
of extra water eoi'r-pondod to sharing the water from the gaps equally be-
tween the pins. The results of the depletion of the equivalent cell is also

St
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Table 5. 2. a.

k ot k and M2 for the unrodded fuel box at hot, clean
full power conditions
2
Kogr k, |[Mem
Combustion Engineering - 1.1414 56.402
CDB, box 1. 1157 1.1.376 59.420
CEB, asymptotic pin 1.0985 | 1.1202 | 59.450
keﬂ ke Mz cmz
Combustion Engineering - 1.1263 | 70.676
CDB, box 1. 0968 1.1232 72.824
CEB, asymptotic pin 1.0426 1.0708 81.137
Koot K, M* cm*
Combustion Engineering - . 1.0099 | 92.590
_ CDB, box 1.0647 | 7.0071 | '92.130]
| CEB, ssymptotic pin. | 0.9438 | 0.9814 | 120.13

0% void

25% void

50% void

- 43 -

Number density x 10-2° Number density x10-2 4

Ull! and uzu UIJI

-123

~———— CDB , box average

~— = — Combustion Engineering calculation
o CEB, equivalent unit cell

1 | Bum-up
10 20 30GWD/TU
Mi a;:0, " DRESDEN 1. Coloulated m-cnroge isotopic
‘ depletion 0 % void,




st e

- 44 .
Number density x10°2
CDB , box average
10 ~— —  Combustion Engineering calculation
o CEB, equivalent unit cell

[11:]

06

04

02

R Bum-up
30 GWD/TU

Fig.5...0.- - BRESDEMN & Calculated bd%-average isotopic
depletion. 0°%kxoid: o ;.oie

i i |
10 20

- 45 -

ghown in the figures. Even though a tendency in the direction of the Com-
bustion Engineering calculation is present, the depletion of the equivalent
unit cell still looks more like the CDB box results, The reason for the
large discrepancy is therefore most likely to be found in the cross section
data.

The kef! of our equivalent unit cell was about 3% too high for all burn-
up values compared to the 0 void box calculation with the same detailed
FIPO fission product treatment. In this connection the very good agree-
ment between the beginning-of-life infinite multiplication factors, K,, of
the CDB and Combustion Engineering calculations should be noted.

5.3. Comparisons with Measurements

The appearance of k eff calcul:ted by CDB a8 a function of burn-up is
shown in fig. 5.3.a. for the three different void contents considered, It
may be noted that the curves intersect at high burn-up values because of
the lower production of Pu in the more well-moderated low-void cases, tut
it must be remembered that for exposures higher than 15000 MWD/TU the
calculated values of k off DAY be far from the truth owing to the fission
So the results between 20000
and 30000 are only suitable for mutual comparisons,

product treatment as shown in section 4. 1.

The intersection between the k eff~CUrves and the line keﬁ‘ = 1 may be
compared with the observed average exposure of core 1 at the end of the
first fuel cycle, which is obtained from ref. 18. At reactor shut-down, the
average exposure was 4927 MWDt/short ton U. The exposure worth of the
power shaping control rods partially inserted in the core at the end of
cycle 1 and one rod fully inserted due to malfunction is in ref, 18 estimated
to be 445 MWDt/short ton U. By adding these two values and multiplying
by ?“P{% the theoretical end-of-life average exposure in MWD thermal per
metric ton of U is found to be 5822 MWD/ TU,

A more correct value for comparisons with the box calculations should
be slightly emaller, because the reactor was run at half power during a
short period after reactor start-up .nd at derated power for the last 550
MWD/ TU. As seen from fig, 5.3,a. the end-of-life average exposure of
core 1 falls as expected a little before the intersection point of the mean
void calculated kd! and the line of unity,
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Table 5. 3.a.

Fuel assembly power peaking factors

Power form factor

CDB box calculation 0% void 1.318
Beginning-of-life 25% void 1.3837
50% void 1.347

Atom ratio

Gamma scan measurement, ref. 19 | less than 1. 39_

During the early operation of the DRESDEN 1 reactor the power distri-
bution for the core and for the fuel assemblies was tested by gamma activity
measurements to ensure that the power peaking factors allowed full power
operation. In ref, 19 is reported the results of gamma scan measurements -
of a fuel assembly irradiated in the core during the firat 4000 MWD of
operation. Table 5.3.a. gives the CDB calculated power peaking factors
at beginning of life. The calculations are in agreement with the conclusion

; of ref, 19 to the effect that the power peaking factor in the DRESDEN 1 first
core fuel element must be lese than 1,39,
‘ To determine experimentally the initial conversion ratio of the DRESDEN
1 fuel a test element was inserted during the initial reactor operation and 001
discharged for analysis after an exposure of 100-200 MWD/TU. After the
; end of cycle 1, a number of fuel samples irradie’ ~d to 1000-3500 MWD/ TU
: were collected and analyzed. The results of isotopic composition measure-
. ments from these two experimental series are reported in ref. 14,
The samples were taken from different positions in the fuel assembly
and from fuel elements with different histories as to control rod movements. .vv
As no information is given as to which irradiation history belongs to the Burn -up (MWD/TU)
mﬂﬁdudmeuum;mmumethwdoinwcomparothemeuure-_ 0.002 I 1 t 11111 | i Ll 111
ments with the CDB box average calculations for mean void, i.e. 25%. The 100 1000 . 10000
: experimental uncertaintiss are estimated in rel. 14:to be : Fig.5.3¢c. Pu%9/ Pu2® atom ratio versus burn-up
o 1-15% for ratios of the isotopes of U ' ' ’
1-13% for ratios for the isctopes of Pu,
2-5% for the Pu/U ratio,

6% for the concentration of burn-up indicators.
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The measured values are given as the concentration ratios of pairs of
succeeding isotopes in the depletion chains versus exposure. The com-
parisons with the CDB calculated values are shown in figs, 5.3.b,-5.3.e.

Pig. 5.3.b. shows the Puz> /UZ®8 atom ratio as a function of burn-up.
The agreement is good, but there is a tendency to slightly underestimate
the ratio for higher exposures, which might be interesting compared with
fig. 5.3.c., showing a clear overprediction in the calculations of the
Puz‘m/ l=’u239 ratio at very low exposures., At the low Puuo concentrations
at the beginning of irradiation, the atom ratio of Pu??’ to Pu?3? ie deter-
mined mainly by the capture rate of Pu239, and a too high Pu283 capture
cross section might as well explain a low Puzsg/ U23B atom ratio at higher
expozures, However, the discrepancies are not large enough to allow de-
finitive conclusions concerning cross sections.

About the pu?t! / Pu?0 ratio of fig. 5.3.d. the only thing to say is that
the agreement between calculation and measurements is quite satisfying.
This is not the case in fig. 5.3.e, where the calculated ratio of Uz to
0235 is lying far below the measured values. The reason for this discrep-
ancy is that the initial content of U236 in the fuel was ignored in the calcu-
lations, At the low exposures the experimental points are simply a measure
of the initial Uz38 concentration, which was set to zero in the calculations.
According to ref. 14 the initial enrichment of Uzss is still the cause of 10%
of the total U_238/ UZ:‘:5 atom ratio at the exposure of the last experimental
point. This explains about half of the deviation at 3500 MWD/ TU.

The measurements of the Puuz/ l’uu'1 atom ratio from ref. 14 were
omitted here because of the lack of data for Pu24=2 in the calculations.

In ref. 15 isotopic composition measurements are given for fuel from
the first core irradiated in the subsequent cores to exposures of up to
20000 MWD/TU, The samples were taken at four axial positions from the
fuel element and come partly from corner rods and partly from rods in the
middle of the assembly. Most of the samples are taken from the corner
rods because they are easier to remove.

The fuel elements from which the samples were taken were most of
the time operated in the core with the adjacent control rods withdrawn.
However, the dispersion in measuring results may partly be explained by
the unknown influence from control rods. The corner rod samples were
taken from the corner with the greatest water gap, i.e, at the control rod
position, but according to ref. 15 some of the fuel elements were rotated
at refuelling so that they were partly irradiated at the narrow water gaps.
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Only the data from three of the four axial positions were used for the
present comparison. These were data from the top of the core, corre-
sponding to maximal void, the data from position II, correspon:'l.lng to
average void, and the data from the bottom, corresponding to no void. Th
measured ratios of total Pu to U288 concentrations were compared wi.th )
the CDB calculated values for 0%, 25% and 50% void respectively., The
corner rod of the calculations was the fuel rod type 4, and for the interior
rods the calculated isotopic compositions of rod type 9 were used (see fig
5.1,a.). ' i

. In the case of interior rods only average void measurements were
given, These are shown together with the CDB 25% void results in fig
5.3.1. Infig. 5.3.g. the corner rod data are compared with the 0%, 2'5$
and 50% void calculated curves for the corner pin. The measured p;ints
are somewhat dispersed due to the varying irradiation conditions mentioned
above, but nevertheless the agreement between calculation and measure-
ments is quite satisfying,
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8. CONTROL ROLS

In the box burn-up program CDB, the power distribution is found by
using the diffusion theory procedure TWCDIM. When a control rod is
present, the use of diffugion theory, without special treatment cf the con-
trol rod, is not justified. Some authors claim that even when a control
rod is not present will the rather broad water gaps surrounding the fuel box
necessgitate a better treatment, since diffusion theory will not represent
the effect of these gaps correctly.

In order to estimate the errors introduced in using diffusion theory,

a mumber of computations have been carried out on a typical DRESDEN 1
fuel box, comparing diffusion theory and S, theory. The chrice ofa S,
calculation to carry out reference calculations has not been made because
the S, theory yields the correct answers, since it is still an approximate
method. But the S, calculation with isotropic scattering is a realistic
alternative to diffusion theory in a burn-up code and it is believed to give

better results.

6.1. Croas Sections for Control Rods

The cross sections for the B-SS countrol rods are obtained by means of
CRS program®). The reduction of the 76-group cross sections from CRS
to 5-group cross sections is carried out in a similar way as is the reduc-
tion for the water gaps. A one-dimemsional collision probability calculation
has been performed with the GP program’ ) in a geometry shown in fig,
8.1.a, The spectrum thus obtained is used to calculate 5-group cross sec-
tions, both for the conirol rod and the nearby water gap. In the same cal-
culation a set of homogenized cross sections for the control rod and the

same water gap has been found,
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6.2. 5, Calculations

For the S‘l calculations has been used the SN code 'rworrnAN“) with
isotropic scattering and reflecting boundary conditions at the outer surfaces
of the box. The scattering croes sections have to be transport corrected in
the usual way. The geometry is shown in fig. 6.2.a. The actual size of
the box can be found elsewhere in this report. Two calculations have been
carried out. One, a8 shown, with a control rod, and one in which the con-
trol rod is replaced by H,0.

Zr» H,0

7
?
¢
4
¢
¢
4
7z
4
4
2
4
?
/

Fig.6.2.a. Dresden I fust box. Geometry for S,
ond diffusion calculotion.

homogenized

6.3. Diffusion Calculations

In this case the progam Diff 2D based on the TWODIM procednrez')
has been used. In the same geometry as before {fig. 6.2.a.) with the con-
trol rod present, two calculations have been carried out. In the first, the
homogenized cross section set for the control rod and the water gap be-
tween the control rod and the Zr + nzo zZone has been used. In the second,
the control rod and water gap were considered an outer zone to the fuel box.
In this case a set of boundary conditions for the interface between the Zr +
nzo and water gap was used.

The boundary is repr
the equation

¢ by a Y-matrix; a Y-matrix is defined by

i=Xs,

where J and # are cok tors ining the group currents and group
finxes on the boundary., The Y-matrix is calculated by the collision prob-
ability code HECS?2),

For the unrodded box two similar computations have been performed.
Only, in this case, the representation by Y-matrices has been extended to
all water gaps around the box.

6.4. Results

In all cases, thgﬂ:umnormalizedinsuchawaythnt&nepower
levels were the same, The results are found in table 6.4.a., 6.4.b, and
6.4.c. The mesh rumbers refer to the numbers in fig, 6.2.a.

Finally 1t should be mentioned that the increase of the order of N in
the 8,, calculation does not seem io alter the resuits for the DRESDEN 1
fuel box significantly,



Table 6.4.a.

Comparisons between power distribution calculated by s4 theory

and diffusion theory.

DRESDEN 1. Unrodded box

Mesh no.

Power deviation
- P,

®gyer - Ps, W Ps,
(%)

Water gaps repr.
by cross sect.

Power deviation
(Pgyee - PS4)/P34
(%)

Water gaps repr.
by Y-matrices

DWW -

+1.07
- 1.86
- 0.81
- 2.54
- 4.7
- 3.35

+ 0.80
- 2.25
- 0.59
- 2,22
- 4.60
- 3.43

Table 6.4.b.

Comparisons between power distribution calculated by S, theory
and diffusion theory. DRESDEN 1. Box with control rod.

Power deviation

Mesh no. Power deviation
P - P )P,
Pyt - P, )/ Ps, (Pyysr - Ps M Ps,
' ® (%)
Control rods repr, Control rods repr.
by cross sect. by Y-matrix

1 - 20.5 - 0.82

2 - 12,6 - 2.94

3 + 17.54 + 4,88

4 + 4,69 +1.20

5 + 0,31 - 1.4

6 + 6.17 - 2.83
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Table 6.4.c,

Comparisons between the effective multiplication constant k
for the DRESDEN 1 fuel box calculated by S4 theory and diffugion theory

84 Diffusion Diffusion
theory theory theory
cross sect. | Y-matrix
Box with control rod 0.8225 0.8131 0.827
Unrodded box i.1168 1.1155 1.1294

6.5. Conclusion

Two conclusions can immediately be drawn. For the unrodded box, the
somewhat more elaborate method of first finding a Y-matrix and then doing
a diffusion calculation is not justified. The improvements in the determina
tion of the power distribution are rather small, and the reactivity seems to
be even more in error than without the Y-matrices.

For the fuel box with a control rod, the use of a ¥-matrix does improve
the results considerably, and it seems reasonable to treat a rodded box by
diffusion theory only, if the control rod itself is treated by a better method
than by diffusion theory.

1f one treats the unrodded box by diffusion theory, and the rodded box
by diffusion theory and Y-matrices, the deviations from an 8, calculation
are within 5% in the power distribution, Since S4 calculation need not yield
the correct results, and since experimental data for direct comparison

have not been available, the use of diffusion calculations in this case scems
to be reasonable.

7. SYNTRON/VOID A THREE-DIMENSIONAL OVERALL
BURN-UP PROGRAM

For the overall calculation at the DRESDEN 1 reactor the SYNTRON/
VQID program has been used, In this section a brief description of this
program will be given,

The SYNTRON/VOID program consists of the following three main
blocks: multl-group flux and power distribution calculations, multi-channel
void and temperature calulations, and burnup caleulations based on the



For the multi-group flux calculations the three-dimcnsiomll flux -.y;:
thesis program SYNTRON™") is used. The SYNTRON program is 2 sing
channel variational flux synthesis program primarily based on Kaplan's
met.hodu). Besides the actual synthesis, the program co_nmns a rw:‘n;e
for the calculation of the two-dimensional expansion Iuncmfns by uem-
ordinary difference equation technique. The three-dimensional ﬂn.xt
bution Qg(z, ¥, x) is found by the expansion of f(x, y, x) after some ':;.1
dimensional flux functions, ug(y, x), called trial funcﬁons;‘ (s-) is Jt:e :
and (y, x) the radial directions. The trial ‘ﬁn i are ca y using

-di ional difference equation routine.
e z ::::ed in ref. 23 the group flux vg(s, y, x) is found by means of

the following expall:(sion :

4
Fen s ) 2fe- mea, @.1)
k=1
where
K = number of trial functions in group g
4 .

H.ﬁ(y, x) = trial function number k in group g

Zg(z) mixing function number k in group g.

" The methods used for the multi-channel void and temperature cakfn.\a-
uons are described in the following section in this report. For the 'vmd
calculations the reactor is divided into some parallel channels; typically
each channel consists of four fuel boxes with a control rod in the middle,
On the bagis of an input power distribution the void routines calculate the
void and temperature distributions up through each channel.

A quasi-stationary burn-up treatcent is used in the program. Th:h
power, vold and temperature distributions are held constant during ea
bnm'l‘l::pe Bct::s'- pections for the burnable materials n the reactor are taken
from a precalculated burn-up table. The cross sections in the burn-up .
table represent macroscopic homogenized box cross gections, Dﬂferen'm‘
burn-up tables are allowed for different types of fuel boxes, viz. boxes
and without control rod and boxes with different mﬂchmun The burn-up
hblu are limited to three dimensions, i.e. to three m.rpohum param-
eters. To find the sctual cross:sections for a flux ¢calculation lnear l.ni:r-
polation in the three-dimensional parameter space is performed for eacl

burn-up region in the reactor. Commonly the following interpolation
parameters are used: burn-up in MWD/TU, average void during the burn-
up and the actual void content.

In addition to the cross section interpolation the SYNTRON/VOID
program containg some routines for adjustment of the tabulated cross
sections,

The cross section tables are assumed to be calculated with constant
power and fael temperature during the burn-up, reference values.

The deviation between the reference fuel temperature and the actual
fuel temperature, the Doppler effect, is taken into by a poly ial
correction to the interpolated cross sections. In a two-energy-group treat-
ment the Doppler corrections are put on the fast absorption cross section
and the removal cross section. These cross sections are selected because
the influence of the Doppler effect is most significant for the resonances in
U?%8, and in our two-group treatment with the boundary between fast and
thermal groups at 1.855 eV these resonances are found in the fast group,

The correction polynomials have the following form:

83 = (A1+ A2 BU)- (1 +A3- a+ Ad- o%). (- VT 0. (1.2)

Where Al... A4 are input coefficients, BU burn-up in MWD/TU, o the actual
vuoid fruction, and Toet and T are respectively reference fuel temperature
and actual fuel temperature in degree absolute, Later in this report further
argumentation for the use of this polynomial is given,

The cross section tables are assumed to be generated with an equilib-
rium xenon term included. 1If the actual power level is different from the
reference power the xenon content change. To account for this effect an
equilibrium xenon term is implemented. The equilibrium xenon concentra-
tion ie given by the following upreuionzs)

L Rl T S

e’ %a,Xe" *

"Xe,eq (1.3)

where \ is the decay constant, V the fission yield, ¢, the microscopic
absorption cross section and ¢ the group flux, l! is the macroscopic
fiseion cross section, ..' is supposed to include summation over all
energy groups. Similarly, YE ¢ includes summation over all energy groups.
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The correction term is then

A, = %5, Xe {Bxe, eq actual ~ "Xe, eq ref! * .4

Besides this equilibrium xenon treatment, the program contains a
routine for non-equilibrium xenon treatment="’. This routine is used for
investigations of xenon-induced spatial power oscillations,

The calculation scheme for the SYNTRON/VOID program is shown in
fig. T.a. The calculation starts with a guessed power distribution, or the
previous power distribution if the job is restarted. As the void distribution
exerts a drastic influence on the power distribution the coupling between
void and power is underrelaxated.

The SYNTRON/VOID program is more detailed described in refs. 27

and 28.
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8. HYDRAULICS

The typical design of a BWR core makes the calculation of the hydraulic
perfor swhat simpler than that of a PWR core, since the flow in
the channels can be treated one-dimensional.

8.1, Flow ina Single Vertical Ch 1

The equations for the flow in a single channel are derived from the
three-dimensional equations. To describe the flow, we have three conser-
vation equations of the type

‘!; +9-3=8§ (8.1)
for the property p, where S is a source, and

i=ey
and v a velocity vector.

Since the flow i8 considered one-dimensional and since we only deal
with steady state conditions, {8.1) can be reduced to

= 8. (8.2)

(8. 2) is now used for mass, energy and momentum,
Since we have two-phase flow, the equations become

for mass:;
25 [0-0)py vy + 00 v, J= 0 .3)

for emergy:

3o [0-adpy vyby + ap v B 1= o/A (8.4)
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for momentum:
L [(-a)e vz + ap v2]= :.E [o F
= 1t e g z ~8l0-apgtap ]- 5= (8.5)

where
e is void fraction
v  is velocity
p  is density
h  is specific enthalpy
A is cross section area of channel
q  is heat input per unit length
g is gravity
;-:j is friction force per unit length and unit area
and subscripts f and g refer to water and steam respectively.

[}
For '-ZE is used

3
"E E “Rpfvz .

The friction factor f is
C
i= ——'F—_ )
2DR_ 2
where

C, and ¢, are constants,
D is the hydraulic diameter

R, is the Reynolds number;
f becomes the Weisbach's formula for smooth pipes for C;=:.184and
c’ = 0,2,

" The two-phase friction factor R is, according to Becker,

R_”m(%)o.u'



where
x is the steam quality

p is the pressure in ata,

Since boiling takes place along the channel, we also have the equation

(-2 8.6
.-.;[cvg*'(l-e)v,]-(-’—g- ’f)t. (8.6)

where ¢ is the evaporation rate per unit volume; (8.6) expresses conser-

vation of volume. -
‘When solving (8. 3) and (8. 6) we have the three unknown vp, v‘ o,

that is we must have a third equation. This is

"g‘svt"' Vo (8.7)

< 30
where the Solberg alip formula )
S=8 +50"

is used.
The steam velocity due to the buoyancy v, is determined from

= =8 cos?
vo Sg ’

where @ is the angle between the gravity and the direction of flow. s,, S,,
S_ and r are input constants.
Lastly we must have a model for boiling, which will be discussed in

the next part of this chapter,

8;2. Models for Boiling and Heat Transfer

30
The boiling model used s the Ramona bofling model ), wis is

Yevy V.
¥ nmwmumnu,'-_!'slumwmmm Yoy is the botling
at the heat transfer surface.
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For the bulk term is used

vVi(T-T.)
| L
B EI ’
{4
V  is the volume in which boiling takes piace
T is the temperature of the water
T_ is the saturation temperature

hfg is the evaporation enthalpy

and

[R,+Rya(l -a)](1 #n) for T) T,
[4
f=
[R,+8; o(i -a)] (1 -x) for T(T,,

where R, R, and = are constants.

(8.8)

(8. 9)

The model describes both boiling and condensing, and it is seen that

these processes take place at different rates if x ¢ 0.
The surface term is obtained from

s

where
Cp is the specific heat at constant pressure

T ca is the heat transfer surface temperature

Fm  Pg Pf
Q" is determined from

‘ 4
A, Kg(Toa-T,)  for T, )T,

4
@ {o for T, {T,,

- 9
NL S d
by, + Cy(T, - T)ng + 3 Cy(Ty, - 'rs);#

(8.10)

(8.11)
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where .
Kg = 1.266 e!-61-10 " p
. 2
P is the pressure in N/m
A‘ is the heat transfer surface area.
(8.11) is the Jens-Lottes correlation for boiling heat transfer.

Tea is calculated from

- {T,+,;';(§§:)' o
T +% ': .

Q is the power
3 is the fractions of energy released as Y-energy.

Kyp is the Colburn singlephase heat transfer coefficient:

0.8 0.4, 0.6
Pevees! G N

K = o.oza—v—’-—,n——fr—— ,

by Dy
where
vf,cl is the velocity at the channel inlet
LY is the thermal conductivity of the water
Ars is the dynamic viscosity

Dy is the hydraulic diameter.

8.3, Numerical solution
mlyn!ureﬁnrhmthenmerlullohﬂondenlopedmrd. 31 shall

be made.
Thcoquaﬁm(s.!)m(n.i)'luhrelormulndlnddhcroﬂzed.
The channels are divided into & number of nodes, and all the quantities
are svalusted at the boundary butween the nodes. Properties calculated
like this are ascribed to all the preceding node.

-7 -
At first we introduce the mass flow rates

wy, = A(l-a)pyv,
v " Adlg Vg
and the energy flow raies
Wer = h‘wr 'eg = hg 'g' Weo = Wt 'eg'
The enthalpies are
by = eg+ p/pg = C(T-T)) + pfpy
by = e+ phy = Cy(T,-T ) + he + pfoy,

where T ° is some arbitrarily selected reference temperature and where
we have used the relationship

CTy Ty + by = o+ By

Using k to indicate the node number, equations (8, 3) and (8. 6) can be
written

ek ~ gkt " "k (8.19)
Yok " Vet *Vio (8.14)

where 'k is the total evaporation rate in node k., Equation (8. 4) is written

Yek" Yo,k-1 * %% ' (8.15)

where qk is the power dissipated in the k*'th node, )

By means of (8.13), (8.14), (8.15) and the different models discussed,
one can find Yk Yok and Yok when k10 Vg k10 Ve k-1 and Q.
are known. .

Lastly, the pressure drop across the node is calculated, using equation
(8.5).

The right-band eide of (8. 3) ylelds the terms

~opy - 8l0-odeg  + opp, 4 ]- g.k“k'
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Since o is the value at the boundary k, one will obtain a better result
using
o = lop* oy g)/2.

The right-hand side then becomes

- - aF
-ap, - gl (1-adpg p + QyPg i 1- .—,’knk-
The left-hand side, the acceleration pressure drop, is written

Uy - Uy g -
where
21
U, = x (wg vg + wgkvgk] .

1f there are singularities in the channel (spacers, restrictions, expan-
sions, etc.) these will be represented by

8Py g -FLU,

where L is an input quantity which is positive for pressure drop in the flow
direction, negative for pressure rise in the flow direction. Equation (8. 5)

then becomes

]
p nglO-5) 0, + TR, 1t | (Aot WU )+ AP
(8.16)

8.4, Hydraulics Calculation for the Core

It has now Baen demonstrated how a flow calculation is performed for
a single channel, In the core, we have several paralle]l coolant channels,
and these are all surrounded by the moderator channel, i, e. there is heat
exchange between the coolant channels and the moderator channel,

To take care of this, Q, in eqmtion (8, 15) is modified to

Qg = Qo -0+ T - Ty )+ Qg
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for the j'th coolant channel and

N
QU om = k 2 (Ty, j - Ty, m) * Q"k.m
=

for the moderator channel,

where
Q'k,j is the power in the j'th channel k'th node
k is the heat transfer coefficient for the shroud
N is the number of coolant channels

Q"k,j is the Y-energy absorbed in the water in the j'th channel k'th
node given as

1
Uy, 3 = Afi-ey ) ‘f Q'k.ilzz A

=
Aj is the §, th channel cross section area and m = N+,

First T, . is set equal to Tyo1, e 20 the T, j's are computed. A
new value of Tk, m ¢an now be found, and the process continues until it has
converged.

An algol procedure VOIDN has been set up to solve the flow problem,

As input data, besides geometrical data and data for the various models
used, must be given the inlet temperature, the pressure in the bottom of
the core and the total mass flow rate

N

Weot ' 2 wj + W

=

The program then adjusts the mass flow rates ¥ until the pressure
drop across all the channels are equal within a prescribed accuracy.

In tho program the properties of the water, Tg Ppe L h,', Cp, and
A are calculated from rational functions, taken from ref. 82, They are all
calculated for saturation conditions at the given pressure.
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8.5. The Fuel Model

The fuel model used is the same as that of the RAMONA codeao).

In the model, axial heat conduction is neglected, and the power is as-
sumed to be generated uniformly throughout the fuel pellet cross section

area.
The heat transfer from the fuel to the canning is given by

Q= -AK (T, - Toan) - 6.17)
where

A is the heat transfer area

T, is the temperature at the fuel surface,

fuelb
The heat transfer coefficient 1(1 is calculated from

1{1=ao+a1'.l-‘f+az'l.“z and if
- -9 N
ao+a.le+a2'1‘f)a3 menK1-a3.

'1-‘f is the fuel mean temperature.
The heat capacity of the gap and canning is assumed to be zero.
From the hydraulics calculation, Tca is known, and from (8.17) Tmelb

can be determined,
The fuel temperature distribution is then found by solving the heat

transmission equation

2. WK, '
T T 1 8T
Lt Et Ny e (8.18)

subject to the boundary condition

T = T
r=re hlfib

where

r is the outer radius of the fuel

4
. .
. L . t
Kz is the conductivity o! the fuel ggvcp as Kz TT"'I'Fz_
Q is the power density per unit ares.
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In order to solve (8.18), the equation is multiplied by 2ar and inte-
grated fvom r; to T (r“_' )ri). One obtains

0y T
22K T ¥ lri_ﬂ - 28K, 1y r,:lr e He0. @9
i

Taking T as linear between the centres of the zones, equation (8.19)
becomes

Moz - T 4=y Ky Mg T Ky o2 2
Tiez - Ty Tt - Fig Qrjzq-ry)=0,

using

Kz, = b‘
Tery TERT]
and selecting ’
i1

5 el
where M is the number of zZones into which the fuel is divided, Each zone
t!m'hnthesameu-eanndiheretorethenmepom.

Estimating a value for TP the Ti's can be found, Mane'i“is .
calculated from

T*n Z T

This continues until convergence has been obtained.
In VOIDN is incorporated the algol procedure TEMP, which carries
out the described calculations.

9. HOMOGENIZED BOX CROSS SECTIONS
FOR THE OVERALL CALCULATIONS

hm-m-d-cmumahmow-udmm;mﬂmot
the macroscopic homogenised few-group cross sections for the overall
calcnlations is given,

The macroscopic homogenised few-group cross sections are constructed
nmhdsddmmmnﬂmmdwmmbum
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CDB‘ ). In principle these box calculations are quite similar to the calcula-
tions described in section 5, but the purpose i8 different.

As a compromise between accuracy and computer time a two-energy-
group treatment is used for the three-dimensional overall calculations. As
described in section 5 the detailed box calculation is performed in a 5-en-
ergy-group structure, These detailed distributed macroscopic 5-group
cross sections must be homogenized and condensed to one set of equivalent
3-group cross sections representing the whole box, The principle for this
space-energy d tion is to ve the reaction rates. In the space
condensation for each energy group, all cross sections, inclusive of the
inverse diffusion constant, i. e. the transport cross section, are flux
weighted, In the energy group collapsing, the diffusion constant and the
different cross sections are flux weighted.

From a theoretical point of view it is possible to couple the box program
and the three-dimensional overall program. This coupling could be estab-
lished in the same manner as the coupiing between the pin cell and the over-
all caleulation in the box program. However, as the box calculations them-
gelves are rather time consuming, such three-dimensional calculations
would be prohibitive as regards the computer time, One way to overcome
this problem is to precalculate some characteristic two-group cross sec-
tions by use of the box program and then interpolate in these cross section
tables to get the actual cross sections. This method has been used in the
SYNTRON/ VOID program for the DRESDEN 1 calculations.

9.1. Construction of the Croes Section Tables

The two-group macroscopic croes gections for the DRESDEN 1 calcu-
lations are tabulated in the following way. Naturally, two different types
of cross section tables are needed: with and without control rod inserted.
The cross sections are tabulated as a function of the burn-up (MWD/TU)
and the actual void fraction, However, in section 5 it was shown that the
U-depletion and, especially, the Pu-build-up are very sensitive to the
average void fraction during the burn-up. This makes it necessary to take
intc account the average vold fraction during the burn-up, As the actual
void fraction and the average void fraction during the burn-up history might
be different, the following three interpolation, and by that tabulation,
parameters should be used: sverage void during thé burn-up, burn-up and
actual void, ’ '

" The box burn-up cglculnﬁou were accomplished wmuﬂudwu
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fraction, the average void fraction, during the burn-up steps. After each
burn-up step a few zero timesteps were performed with different void frac-
tions to get croas sections for the actual void fractions. This procedure
complicates the calculations, because the change of the void fraction nor-
mally requires two or three iterations to make the leakage coupling between
the pins and the overall box converge.

Only burn-up between 0 and 10000 MWD/TU was considered, as only
the first core was of interest in this case, Burn-up calculations, both with
and without control rod inserted, were performed with the average burn-up
void fraction at 0%, 25% and 50%. These void fractions were chosen as the
average outlet void fraction for the DRESDEN 1 reactor is approximately
47%. As the actual void fractions were expected to be not quite different
from the average void, the following actual void fractions were chosen:
average void 0%: actual void 0%, 15% and 25%; average void 25%: actual
void 15%, 25% and 35%; average voic 50%: actual void 35%, 50% and 65%.

These box calculations were set up as simple as justifiable to minimize
the necessary computer time. Only six different pin cells are represented
in the box, The fission products are treated by one set of equivalent ab-
sorption cross sections. The errors introduced by these approximations
are discussed in section 5. The buckling in these box calculations was set
equal to zero. However, investigations have sh that the infl of the
buckling on the resulting two-group cross sections is modest. Two sets of
10-group cross sections were used for each average void fraction: one for
the initial calculations and one for the burn-up calculations, The 10-group
microscopic pin cel) cross sections for the burn-up were generated at 1035
MWD/TU. This procedure is discussed in section 4. To simplify the actual
void calculations, the same set of 10-group cross sections and Dancoff fac-
tors were used for the different actual void fractions and the average void
fraction. This is naturally an approximation; however, as the deviation
between the average vold and the actual void is maximum 15% void, the
accuracy is acceptable, compare the investigations in section 4. The cal-
culation echeme i8 shown in tig. 9.1.a.
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@ =average void fraction, per cent
a = actual "
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Calculation ot 10-group cross sections

Fig.9.1.a. Calculation scheme for the burn-up tables.
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9.2. Fuel Temperature Depend ,_Doppler Effect

So far the cross sections have been considered dependent only on the
burn-up and the void fraction. However, the temperature has a signiticant
influence on the cross sections, especially the fuel temperature, In these
calculations the actual fuel temperature is taken into account by some
polynomial corrections to the tabulated cross sections,

A series of runs has been performed with the box program to study the
influence of the fuel temperature on the resulting two-group cross sections.
Naturally these calculations cught to be performed in the same fashion as
the void burn-up tables with average fuel temperature during the burn-up
and actual fuel temperature. However, the Doppler effect is only a cor-
rection to the burn-up tables and as the fuel temperature in the greater
part of the reactor does not change drastically during the burn-up, these
fuel temperature investigations were limited to the average fuel temperature
during the burn-up.

The average fuel temperature in the DRESDEN 1 reactor is 541°C.
The burn-up tables were generated with this fuel temperature. Box calcu-

lations with changed fuel temperature were performed for the void fractions
0%, 25% and 50% and burn-up between 0 and 10000 MWD/TU. For 0% and
50% void the fuel temperature was increased to 1000°C. For 25% void cal-
culations were performed both with fuel temperature at 300° and 1000°C,
Analogously with the generation of the burn-up tables, two sets of 10-group
microscopic cross sections were applied, The 10-group cross sections
were calculated at respectively 0 and 1035 MWD/TU for the specified fuel
temperatures. Such box calculations were only accomplished for the box
without control rod inserted.

A comparigon between the two-group cross sections calculated at the
selected fuel temperatures shows that all the different two-group cross
sections change with the fuel temperature, However, analysis of the cross
sections has shown, as expected, that the changes in the fast absorption
croes section and in the removal cross section are of the greatest im-
portance, Originated in spectrum effects, the thermal absorption cross
section and the figsion croes sections change, but these changes are of
such a nature that they nearly neutralize each other, For that reason only
the changes in the fast absorption cross section and in the removal cross
section aré taken into account.

In fig. 9.2.a, and 9.2.b, respectively the fast absorption cross section
and the removal cross section are shown as a function of burn-up, void
fraction and fuel temperature,
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On the basis of these curves, Doppler correction polynomiale are con-
structed. For the temperature dependence, the standard square root term
is used. Alﬂ:obum-updepqadnceilmodeﬂ, onlyﬁpolynomialofthe

first degree is used for the burn-up. The void dependence is more pro-
d degree is used for the

nounced; for that r a poly ial of the
vaid term. ) )

The resulting polynomials bave .e form shown in section 7, equation
(7.2

AL = (m+A2-BU)(|+u-o+A4-a3) (T - VT, -

The calculated polynomial coefficients are shown in table 9. 2.a.

Table 9.2.a.

Doppler polynomial coefficients

A Az A3 As
! - -2.322
£, 2.641,- 5 8.7,4- 12 0.2563 2.3
E - - ~3.6, - -0.4342 | -0.0434
R 2.062,, - 5 3.6,5- 1

9.3. Fuel Temperature and Void Coefficients

As a by-product of the croas section calculations described in the
previous sections it is possible to obtain some information about the mag-
nimdeofthe!uelmmameanﬂthevddweﬂdmhrthzractor.
Mnllyrelernﬂonlmtbemadentomeaeresuluuithasmpu-
mbdammomuﬂwmmM&emheronm
basis of simple box calculations.

(htheb-mo!thenvmgo-actulvddcdcﬂnﬂounhpo-dbuto
getmaum-ummmauumm As the average
vddmmthommlcorehapproﬂmndyo.HMMcod-
ficient is calculated as follows:

-

k_l0. 25) - k_ (0. 35)
Ve = dwe)u( fo.1.

The beginning of life Dappler coefficient is calculated in the following
way: average void fraction 0. 25 and fuel temperatures 541 °C and 1000°C.

k 541) - k 1000
Dc’%ﬁu‘—) Jas59 .

In table 9. 3. a, the calculated coefficients are tabulated.

Table 9.3.a.

Doppler and void coefficients

Vc 1 Dc

(&[k)/av, | (8k/k)[AT

CbhB -0, 066 -2, SI 0-5

Calculated ref, 33 -0.1 ~2.2;,-5

10. 3D OVERALL CALCULATIONS ON THE DRESDEN 1 REACTOR

Different stages of the reactor have been calculated through by the
coupled SYNTRON/VOID program by use of the two-group cross section
library described in the previous section. Primarily the start-up stages
have been investigated in detail, cold clean critical, hot clean critical
zero power, hot clean critical full power, and 80 on, to check the reactivity
and the power distribution versus measurements, Great attention has been
paid to these start-up situations because they are simple and rather well
documented with the control rod positions given, These initial calculations
should give a good estimate of the accuracy of the calculations.

Naturally the calculations of greatest interest would be burn-up calcu-
lations to give power and exposure distributions during the burn-up. How-
ever, such burn-up calculations are very expensive and complicated as the
control rod pattern changes almost every day. Moreover, neither the full
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control rod management scheme nor detailed measurements are available
in the literature. Only the box average exposure distribution end of cycle 1,
5000 MWD/ TU, is available, and some gimplified calculations. For that
reason the 3D burn-up calculations could only be approximative and no
direct simulation of cycle 1.

10.1. Initial Calculations, Approach to Criticality

In order to check the accuracy of the calculation methods used, dif-
ferent start situations have been calculated, ranging between the cold clean
minimum critical array and the hot clean full power configuration with void.
The control rod pattern for these critical configurations are given in ref, 19,

The minimum critical array, cold clean, is shown in fig. 10.1.a. This
array was composed of 28 asgemblies in the middle of the reactor, with all
control rods withdrawn except for one control rod. Reactivity measure-
ments with this control rod at various positions were extrapolated to de-
termine a "'rods-sut" Eoor

Cold clean box calculations have been performed with the box program
CDB to give 2- as well as §-group macroscopic box cross sections. Static
eigenvalue calculations were set up with SYNTRON; tbe results obtained
are shown in fig. 10.1.a. for the "rods-out" situation, The SYNTRON 5-
group calculation overestimates k g by 1.5% and the 3-group calculation
by 1.8%. Investigations have shown that only small errors are introduced
from the mesh size used in SYNTRON. The mesh size is 3 cm in the core
for the 5-group calculation. Box calculations were performed both with the
buckling equal to zero and with critical buckling; only small influence on the
cross sections was observed.

The problem seems to be that it is not possible to take into account the
thermalization from the surrounding reflector in the box calculation, This
spectrum effect 18 very importaat for such & small reactor configuration,

The start situation calculated next wae the fully loaded core, cold clean
critical. The control rod pattern shown in fig, 10.1.b. is taken from ref, 19,
Fuel and moderator temperatures are equal to 20°C, The control rods are
either fully ingerted or fully withdrawn. In this overall calculation and all
the following ones the neutronics influence of the three spacer zones in the
core is neglected to simplify the calculations. This siatic three-dimen-

- sional SYNTRON calculation was set up in 40x40x40 mesh and 2 enexrgy

groups. Only one two-dimensional trisl function calculation was performed
as this calculation is essentially two-dimensional. The SYNTRON calcula-
tiott overestimates keﬂ by 0.8%, compare fig, 10.1.b.

Light water

/

28 fuel assemblies

Kett j

SYNTRON 2 energy groups - 1.0203 .
SYNTRON 5 energy groups 1.0171
Measured ‘‘rod-out" 1.0022

Fig.10.1.a. DRESDEN 1, the loading of
criticat, 28 fuel assemblies.

the minimum
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Reflector

4 boxes with fully inserted conirol rod

Kott
SYNTRON 2 groups 1.0080
Measured 10000

Fig: 101 b. DRESDEN 1, cold clean whole core with
control rod pattern.
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The reactor start-up was continued by further removal of control rods
to raise the temperature to operational temperature and zero power, i.e,
the bot clean zero power Stage where fuel and moderator temperatures are
284°C. This situation is sketched in fig. 10.1.c. and the control rod
pattern is taken from ref. 19, Also here the control rods are either fully
inserted or fully withdrawn. In all these calculations 10 cm top and bottom
reflectors are used,

A 3D SYNTRON calculation similar to the cold clean case was performed.
AS no box calculations have been performed with the fuel temperature equal
to zu°c. the two-group cross sections from the burn-up table with the fuel
temperature equal to 541°C were used. By use of the Doppler correction
polynomials these two-group box cross sections were adjusted to the right
fuel temperature, In this case, as seen infig. 10.1.c., keﬂ is under-
estimated by approximately 0, 4%.

The full power calculations were initiated by some investigations re-
garding the necessary number of void ch Is and the importance of the
Doppler effect. These investigations were carried out on the unrodded hot
clean core, B of the gy etry only a quarter of the core was used,
The SYNTRON/VOID calculations were pexformed with 24 x 24 mesh in the
xy (radial) direction and 36 mesh in the axial direction and 2 Energy groups;
only two trial functions were used in each group. As top reflector light
water with 50% void was used. The reactor core was divided into a number
of parallel void channels, each with 10 void points up through the channel,
In the coupling between the power distribution and the void distribution, the
power calculations are underrelaxated to speed up the convergence, Ex-
perience has shown that an underrelaxation factor at about 0. 5 is optimal.
Convergence criteria are put on the puwer and void distributions and k ol
Typically 10 power-void iterations are necessary to make the system con-
verge, Besides the void and power, also the temperature distribution is
calculated; especially the fuel temperature is used for the Doppler calcula-
tions. Such calculations were performed with the reactor divided into 1, 2
and 20 parallel channels plus 1 moderator channel, in table 10.1.a. the
calculated form factors and effective muitiplication factors are shown.
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4 boxes with fully inserted controt rod

Kett
SYNTRON 2groups 0.9957
Mea sured 10000

Fig.10.1.c. DRESDEN 1, hot clean zero power whole
core with control rod pol}ern, fuel
temperature = moderator temperature.
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Table 10.1. a.

DRESDEN 1, unrodded hot clean

Number of Rad. Axial k
channels | form fac. | form fac. eff
1 ‘ 2.12 1.87 1.1008
2 1.61 2.32 1.0908
20 1. 60 2.54 1.0850

From table 10.1.a. the radial power flaltening effect of the void could
be observed. As the ber of void ch 1s increages k off decreases,
originating from the higher void content in the centre of the core. The axial
form factor is observed to increase with the number of void channels. How-
ever, this effect is most prc d for this demic unrodded situation.
In the operational situation with control rods inserted in the centre of the
core the form factor behaviour is more complex. For the following full
power calculations 13 void channels plus 1 moderator channel are chosen.

~ The significance of the Doppler effect is examined by the one-channel

unrodded hot clean calculation. This calculation was repeated with Doppler
effect.

DRESDEN, unrodded hot clean one channel
Axial k "
form fac. e
Without Doppler 1.87 1.1003
With Doppler 1.75 1.0978

From table 10.1.b, the axial power flattening effect of the Doppler ef-
fect could be observed. The Doppler effect decreases the effective multi-
plication factor, as the power distribution is pressed towards regions
with higher void content.
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The start-up of the DRESDEN 1 reactor was continued by further re-
moval of control rods from the hot clean zero power stage to raise the
power level to full power. In fig. 10.1.d. the hot clean full power control
rod pattern taken from ref. 19 is shown. Some of the control rods are left
partially withdrawn for axial power flattening. The control rods in DRESDEN
1 have 13 possible notch positions, 0 fully inserted and 12 fully withdrawn.
The hot clean full power control rod pattern is not quite symmetric, How-
ever, the ption of puter time would be unacceptably great by full
power calculations on the whole core. For that reason an equivalent 1 15
core was used for these calculations. This full power situation was calcu-
iated both with the core treated as one void channel nd with the 1/4 core
divided into 13 parallel void channels. In both cases 24 x24 mesh in the xy
directions and 36 mesh in the axial direction were used for the 2-group flux
calculations. Three trial functions in each group were used, Only in the
13-ch ] case the Doppler effect was accounted for, The calculated ef-
fective multiplication factors are shown in fig. 10.1.d. As expected, the
13-channel calculation gives the best result; in this case the deviation be-
tween the calculated and the measured k g 15 only 0, 6%. Unfortunately
no power distribution measurements are available for this full power condi-
tion. In the next section a power distribution measurement for a hot clean
half power situation is described, but only as a box average radial power
distribution, However, for the illustration of the behaviour of the axial
power, void and fuel temperature distributions for this hot clean full power
situation, a typical calculated centre of core axial distribution of these three
quantities ie shown in fig. 10.1.e. The bump at about 100 cm from the
bottom originates from the partially ingerted control rods.

-9 -
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Fig.10.1.d. DRESDEN 1, hot clean full power.
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10.2. 3D Burn-up Calculations on the First Cycle of the DRESDEN 1 Reactor

The purpose of generating the cross section burn-up tables described
in section 9 was to try to simulate the first cycle of the DRESDEN 1 reactor
by use of the SYNTRON/VOID program, Approximations are necessary to
overcome such a simulation by use of a time consuming calculation method
as that of the SYNTRON/VOID. It is not possible to account for all the
small changes during the whole cycle in the quasi-stationary burn-up cal-
culation. One time step takes about half an hour on the Burroughs B 6700
computer at Risg, naturally dependent on the number of void channels and
the degree of accuracy in the flux solution. This computer time per.time
step is inclusive of 5 to 10 void power iterations.

General Electric has performed such a simulation of the first fuel
cycle of DRESDEN 1 to determine the box average exposure distribution at
the end of the first cycle at about 5500 MWD/TU. The operating history
during the first cycle was divided into ten typical operating control rod
configurations, compare ref, 34. None of the control rod patterns is quite
symmetric. However, the different control rod patterns are selected in
such a way that the effect of the asymmetry is smoothed out during the
burn-up. To diminish the necessary computer time the SYNTRON/VOID
burn-up calculation was set up on a quarter of the core. In table 10. 2. a.
the time steps and the quarter core control rod patterns are shown. These
quantities are taken from ref. 34.

A measurement of the box average power distribution for the initial
half power configuration is reported in ref. 34. A quarter core SYNTRON/
VOID calculation with 13 void channels was set up on this configuration.

As the control rod pattern was not quite symmetric, one extra, partially
inserted, control rod was placed in the centre of the core to account for

the asymmetry (A1, 6). The total mass flow was not stated, In the calcu-
lation half of full power mass flow was used. In fig, 10.2,a. the calculated
and the measured power distributions are shown. The effective multiplica-
tion factor k off is calculated to 1,004, The agreement between the calcu-
lated and the measured power distribution is not quite satisfactory, The
following conclusions may be drawn from this calculation; for an asymmetric
core a quarter core calculation is insufficient; the effect of the control rods
in the rest of the core, especially conirol rods adjacent to unrodded fuel
boxes in the selected quarter of the core, may affect the calculated power
distribution essentially, It is seen that the calculation generally under-
estimaies the power in boxes with control. This comes from the limited



Table 10. 2, a.

Control rod pattern and burn-up scheme for the first cycle of DRESDEN 1.

ime Thermal ftu:z: ue‘:Id ABU Control rod pattern (compare fig. 2.b.)
ep length wer of the step. (Control rod location, notch position)
days) MW) (MWD/TU) (MWD/TU) | notch position; 0 fully inserted, 12 fully withdrawn.
13.0 310 78.0 78.0 C1,0 | E1,4]| A2,5 | B2,0 | D2,0 | B3,2 | D3,9 | A4,0 | C4,0
54.6 620 746.0 668.0 A1,0 |D1,2 | B2,0 | C2,5 | A3,0 | D3,0 | B4,4 | AS5,6
27.5 620 1082, 0 386.0 C1,0 |E1,8 | B2,0 | D2,3 | B3,7 | A4,3 | C4,0
16.1 620 1278.0 196.0 C1,0 |E1,6 | B2,0 | D2,3 | C3,7 | A4,3 | C4,1
64.2 620 2062.0 784.0 A1,0 {C1,0 | D1,38 | B2,8 | C3,9 | D3,2 | B4,0 | A5,7
89.3 620 3153.0 1091.0 Ci1,5 | B2,3 | D2,8 | C3,0 | A4,0 | C4,8
36.4 620 3588.0 445.0 C1,8 [ B2,3 | D2,0 | C3,0 | A4,2 | C4,8
38.0 620 4062.0 464.0 C1,0 | B2,9 | C3,5 | A4,8
27.9 620 4403.0 341.0 A1,0 |D1,8 | C2,0 | B3,7
93.3 620 5548.0 1140.0 A1,2 [ C2,8 | A3,9
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number of void channels used, boxes with and without control rod inserted
being put together, which gives too high void in the rodded box and too low
void in the unrodded box. The recommendations for future asymmetric
core calculations are; full core calculations are necessary, maybe as one-
group calculations. Detailed void calculations are necessary, each box
must be treated separately. Perhaps better results would be obtained if a
more approximative void calculation method be used, which on the other
hand allows detailed representation in space.

What may have affected the results of the calculation is the fact that
the throttlings in the bottom of the channels are not stated in the literature.
The 3D burn-up calculation was run as a single channel calculation;
this was done to diminish the computer time, This simplification is not so

severe for the determination of the exposure distribution at the end of the
cycle, as the control rods are handled in such a way that all boxes are
controlled to the same degree for the whole cycle. The burn-up calculation
was performed as a qﬁasi-stationary burn-up calculation with trial function
calculations and void-power iterations at the beginning of each time step.
The time step lengths, the power level and the coatrol rod patterns for each
step are shown in table 10. 2. a,- Only two trial functions were used in each
energy group, but they were recalculated at the beginning of each time step.
The number of mesh points in flux solution was 24 x 24 x36, Besides the
Doppler correction, the xenon equilibrium correction was included in this
calculation, Ten axial void points were used and the quarter of the reactor
core was divided into 300 burn-up regions,

In fig. 10. 2.b. the calculated and the measured box average exposure
distribution at the end of cycle 1, about 5500 MWD/TU, is shown. The
measured exposure distribution is taken from ref. 35. In great parts of
the core acceptable agreement between the calculated exposure and the
measured one could be observed, In the centre of the core the calculated
exposure is too high; this could be expected for a 1-channel treatment as
the void content in the centre core is underestimated. In fig. 10.2.c. the
effective multiplication factors at the beginning of each times step, with the
given control rod pattern, are shown. It is seen that these calculated reac-
tivities during the burn-up in average are rather close to one. The zigzag
behaviour may originate from the asymmetric core. Another thing which
could affect some of the k oft values is that some of the stated notch posi-
tions in ref, 34 are very indistinctly pictured. Unfortunately no three-
dimensional power distributions during the first cycle are reported in the
literature. However,' in ref. 34 a measured axial centre of core power
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Bottom : calculation
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form factor at 4000 MWD/ TU is reported. The axial form factor is meas-
ured to be 1. 34; the SYNTRON/VOID calculation gave 1. 37.

Unfortunately no further overall measurements are available for the
first cycle of the DRESDEN 1 reactor. The conclusion of the burn-up cal-
culation is the same as that mentioned for the initial power distribution
calculation; detailed void treatment in space is necessary and whole-core
calculations are preferred.

11. CONCLUSION

The following usi are d from these boiling water reactor
investi~.tions. The box burn-up calculations show acceptable agreement
with the few available measurements, and this gives eome indications of
the applicability of the 76-group cross section library. However, the ten
energy groups used for the box calculations are too few to allow the same
set of ten-group cross sections to be used outside a2 narrow vaid interval for
which it has been generated. The Y-matrix-representation of thg_c\gn;u-ol
rod is better than the cross tion repr tation for diffusion theory cal-
culations on the controlled fuel box. The static three-dimensional overall
calculations predict with acceptable accuracy the reactivity for the diiferent
start-up configurations. The Burroughs B6700 computer at Ris¢ is to small
for the detailed calculation method used foi- full power calculations. Quarter
core calculations with only few void channels are unacceptable.

Unfortunately all the available measurements on the DRESDEN 1 reac-
tor are rather integral quantities. More differential measurements are
desirable, especially three-dimensional power distributi ts
and box burn-up measurements with the accurate history given,

ACKNOWLEDGEMENTS

The authors wish to thank the bers of the Reactor Physics Depart-
ment at Ris¢ for their assistance; especially our thanks are due to the com-
puter group for the large amount of computer time placed at our disposal

The continmous help of C.F. Hgjerup with the box calculations is grate-
fully appreciated.




2)

3

4)

5)

6)
7

8)

9)

10)

11)

12)

13)
14)

-100 -
REFERENCES

K. E. Lindstrgm Jensen, Development and Verification of Nuclear Cal-
culation Methods for Light-Water Reactors. Risg Report No. 235
(1970) 161 pp.

A, W, Kramer, Boiling Water Reactors (Addison-Wesley, New York,
1958) 443-499.

Directory of Nuclear Reactors, 4 Power Reactors (IAEA, Vienna,
1962) 91-96,

A. M. Hvidtfeldt Larsen, SIGMA MASTER TAPE, a Multi-group Cross
Section Library. Risg Report No. 262 (1972) 50 pp.

D, S. Norton, The UKAEA Nuclear Data Library, February 1968.
AEEW-M 824 (1968) 23 pp. ’

A. M. Hvidtfeldt Larsen, Risg, Denmark, to be published.

C.F. Hgjerup, Om procedure NELKINSCM til beregning af termiske
spredningsdata. Risg-M-1379 (in danish, 1971) (Internal Report) 11 pp.
J. Mikkelsen, The Neutron Resonance Reactions in Thermal Nuclear
Reactors Determined by Semi-Analytic as well as Numerical Methods.
Risg Report No. 234 (1970) 167 pp.

J. Mikkelsen and P. Kirkegaard, A User's Guide to the RESAB
Program System for the B 6700 Computer. Risg-M-1477 (1972) 53 pp.

H. Neltrup, RESOREX, A Procedure for Calculating Reaonance Group
Cross-Sections, Risg-M-1437 (1971) 25 pp.

L. Mortensen, The Fission Product Treatment in the CEB Unit Cell
Burn-up Programme, Risg-M-1356 (1971)69 pp.

F.J. Fayers, P.B. Kemshell, and M. J. Terry, An evaluation of some
uncertainties in the comparison between theory and experiment for
regular light water lattices, J. Brit, Nucl, Energy Soc. 6 (1967)
161-181,

C.F. Hgjerup, Risg, Denmark, unpublished work,

M. R. Hackney, D.L, West, and R, Protsik, Isotopic Composition
Experiments with Boiling Water Reactor Fael, In: ANS Topical
Meeting-Nuclear Performance of Power-Reactor Cores, San Francisco,
2v-27 September 1963 (TID 7672) (USAEC, DTIE, Oak Ridge, Tenn.,
1964) 288-302. - '

15)

16)

117)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

-101 -

P.G. Aline et al., Fuel Management and Isotopic Composition Predic-
tion and Experiment in Light Water Power Reactors. In: The Physics
Problems in Thermal Reactor Design, Proceedings of an International
Conference at the Institution of Civil Engineers, London SW1, 2%-29
June 1967. (British Nuclear Energy Society, London, 1967) 297-305.

R. Kern and A, T. Shesler, Setup of ISOCHECK Method for determining
heavy-isotope content in the operating fuel elements of DRESDEN 1
Core IV. CEND-289 (1967) 117 pp.

D.L. Delp et al., FLARE-A Three-Dimensional Boiling Water Reactor
Simulator. GEAP-4598 (1964) 95 pp.

C.E. Foreman and A, F, Veras, Dresden Refueling and Physics Testing
Results. In: ANS Topical Meeting-Nuclear Performance of Power-
Reactor Cores, San Francisco, 26-27 September 1963 (TID 7672)
(USAEC, DTIE, Oak Ridge, Tenn., 1964) 247-258,

A.R. Kosmata and W.R. Kanne, Physics Tests at the DRESDEN
Nuclear Power Station, Physics Measurements in Operating Power
Reactors. Proceedings of an International Seminar, Rome 9-13 May
1966 (OECD/EN'EA, Paris, 1967) 215-263,

K.D. Lathrop, User's Guide for the TWOTRAN (x, y) Program, LA
4058 (1968) 23 pp.

C.F. Hgjerup, User's Manual for the Program DIFF 2D. Risg-M-1439
(1971) (Internal Report) 9 pp.

J. Pedersen, Calculation of Heterogeneous Constants for Cylinders

and Slabs. Risg-M-850 (1969) 23 pp.

H, Larsen, SYNTRON, a Three-dimensional Flux Synthesis Program.
Risg-M-1346 (1971) 33 pp.

S. Kaplan, Some New Methods of Flux Synthesis, Nucl. Sci. Eng., 13
(1962) 22-31.

S. Glasstone and M, C, Edlund, The Elements of Nuclear R éactor
Theory (D. van Nostrand, New York, 1952) 332,

Steen Weber, Xenon-inducerede rumlige effekt oscillationer, Master
Thesis, (Danish Atomic Energy Commission, Risg, 1971) (In Danish)
63 pp.

H. Larsen, Experience with Flux Synthesis for Burn-up Calculations on
Light Water Reactors, IAEA Seminar on Numerical Reactor Calculations,

Vienna, 17-21 January 1992, 17 pp.



28)
29)

30)

31)
32)

33)

34)

35)

-102 -

H. Larsen, Risg, Denmark, to be published as Risg Report No. 270.

K. Becker, G. Hernborg and M. Bode, An Experimental Study of
Pressure Gradients for Flow of Boiling Water in a Vertical Round
Duct. Partl1, 2, and 3, AE 69, 70 and 85 (1962) (Aktiebolaget
Atomenergi, Sweden).

P. Bakstad and K. O, Solberg, A Model for the Dynamics of Nuclear
Reactors with Boiling Coolant with a new Appro.ch to the Vapour
Generating Process. KR 121 (1967) 68 pp.

N. Bech, Risg, Denmark, personal communication (1971).

P.T. Hansen and E, Axelsson, HYDRO, A Digital Model for One-
Dimensional Time-Dependent Two-Phase Hydrodynamics, AE-RFR
492/RFN 210 (1965). (Internal Reports).

R. L. Crowther and D.L.Fischer, Nuclear Characteristics of Large
Advanced Boiling Water Reactors. In: ANS Topical Meeting- Nuclear

Performance of Power-Reactor Cores, San Francisco, 26-27 September

1963 (TID 7672) (USAEC, DTIE, Oak Ridge, Tenn., 1963) 381-423.

C.E. Foreman et ul,, DRESDEN Cycle I Discharged Fuel Exposure
and Isotopic Composition Calculations. GECR-4299 (1963) 67 pp.

R.J. Mc Whorter and G.R. Parkos, Nuclear Performance of Boiling
Water Reactors-An Evaluation of Reactor Operating Data and Reactor
Calculations, In: ANS Topical Meeting-Nuclear Performance of
Power-Reactor Cores, San Francisco, 26-27 September 1963 (TID 7672)
(USAEC, DTIE, Oak Ridge, Tenn., 1963) 71-94,



