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PREFACE

The work reported here was sponsored under the Fissile M aterials Disposition Program in the
U.S. Department of Energy. Program data were supplied to the Oak Ridge National Laboratory
(ORNL) by the Russian Research Center, Kurchatov Ingtitute. The transfer of these datato ORNL
was facilitated by the efforts of Dr. A. Lazarenko at the Kurchatov Ingtitute. Thisreport has asits
primary objective the documentation of the results of simulations performed at ORNL and their
comparison with the results of chemical analyses carried out in Russia. In doing this, the main body
of this document explains how ORNL made use of the information that was supplied. For
completeness, the description that accompanied the data obtained from Russia is included in an
appendix. Asaresult, the reader may notice a small amount of repetition between the main body of

the report and the appendix.
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ABSTRACT

The HELIOS reactor-physics computer program system was used to smulate the burnup of
UO, fud in three VVER reactors. The manner in which HELIOS was used in these smulations is
described. Predictions of concentrations for actinides up to **Cm and for isotopes of neodymium
were compared with laboratory-measured values. Reasonable agreement between calculated and
measured values was seen for experimental samples from afue rod in the interior of an assembly.
Agreements were poorer for rods on the outside edge of an assembly
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1. INTRODUCTION

Post-irradiation data are available for three assemblies discharged from three Russian
VVER-1000 reactors. These datawere transmitted to the Oak Ridge National Laboratory (ORNL)
by staff at the Russan Research Center, Kurchatov Ingtitute. The three reactors are

1. Kdlinin-1, located at Udamlya, Tver;
2. Balakovo-2, located at Balakovo, Saratov; and
3. Balakovo-3, dso located at Balakovo, Saratov.

For each of the three assemblies (one from each of the three reactors), ORNL received
analysisresultsfor two samples. In the case of each assembly, both sampleswerelocated in the same
fue rod but at different heights (each one of the two samples would experience a different burnup).
For all samples, measured concentration values were transmitted to ORNL for actinides from 2°U
to Cm, as well as for neodymium isotopes with mass numbers 142 through 146. All measured
concentration values were taken at the end of irradiation.

These post-irradiation data of fered an opportunity for ORNL to compare predictionsof spent
fuel composition with actual measurements. These comparisons are part of an ongoing effort at
ORNL. Inthisparticular instance, the opportunity to do comparison studiesfor VVER reactorswas
of specia interest because plans are to dispose of weapons-useable plutonium in the Balakovo
reactors. Work isbeing done at the Kurchatov Ingtitute that compares the spent fuel measurements
with smulations performed using Russian codes. The work to be reported below involves
comparisons with the HELIOS' code that has been in use at ORNL for about three years.

The main part of thisreport describes how the Russian data were employed and interpreted
for burnup smulation and were compared with experimentally measured concentrations. For
completeness, al data obtained from the Kurchatov Institute, together with the accompanying
descriptive information, are reproduced in Appendix A.






2. BACKGROUND

Amongthesixirradiated samples, the burnup conditionsvaried dightly with differencesin fuel
composition, location in the VV ER assembly, and burnup amount.

The VVER-1000 reactor is a pressurized-light-water-moderated and cooled reactor with a
power of 3000 MWth (1000 MWe). The VVER-1000 standard core conssts of 163 hexagonal fuel
assemblies arranged in the hexagonal lattice with a lattice pitch of 23.6 cm. A diagram of a
VVER-1000 assembly is shown in Each assembly contains 312 UO, fuel pins, 18 guide
thimblesfor control rods or burnable poisons and a central guide/instrumentation tubeB all arranged
in ahexagonal lattice with apitch of 1.275 cm. Thefuel rodsare annular UO, pellets with zirconium
aloy cladding. Inthe Balakovo-3 assembly the fuel was of uniform composition, but in the other two
assembliesthe fuel enrichment was non-uniform. Uniform fuel assemblies are composed of 312 fuel
pins of the appropriate enrichment. The non-uniform assemblies contained 246 pins with 4.4% U
and 66 pinswith 3.6%2*U. [Figure 1 $howsthe locations of the 4.4-wt % ?*U and the 3.6 wt % U
for the cases of Kalinin-1 and Balakovo-2. Figure 2|is adiagram of the Balakovo-3 assembly, where
al of thefuel rods contained 4.4-wt %%°U. The captionsfor Figs. Zjand 2jalso contain the reference
numbers for the experimental assemblies to which they refer.

In the Kdinin-1 case, the sample rod was exposed for one reactor cycle and the sample
burnups were estimated to be 13.7 and 15.6 GWd/t. The Kalinin-1 fuel assembly is designated as
ED-0623. The samples studied in the Kalinin-1 case are from one of the 3.6-wt % **U rods on the
periphery.

In the case of both Balakovo-2 and Balakovo-3, the sampleswereirradiated for three reactor
cycles and al burnup values were estimated to be in the range of 44.9 and 47.3 GWd.
TheBalakovo-2 fuel assembly isdesignated asED-1476. The samplerod from thisassembly isa4.4-
wt % **U rod from the interior region. The sample rod in the Balakovo-3 assembly (E-1591) was
located at the periphery. The positions of the three rods that contained the samples are also shown

inFigs Tpn 2|

2.1 MEASUREMENT METHODS

M easurements were carried out using nondestructive and destructive methods. Axial **'Cs
digtributionsin fuel rods of thefuel assembliesinvestigated were measured by gamma scanning using
adlit collimator and agamma spectrometer. Nondestructive fuel burnup estimates were obtained by
comparison of **¥'Cs gamma count ratesin fuel rodsinvestigated and in astandard. Fission-product
concentrations in the standard were measured by destructive methods.
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Fuel rodsfor destructive examination were selected on the basisof gamma-scanning(i.e., rods
and sections of rod were identified that had roughly experienced the desired burnup). The 10-mm-
thick pellet samples were taken at different distances above the bottom of the fuel rods. The pellet
samples were dissolved in 8 M nitric acid, and the separation of uranium, plutonium, americium,
curium and neodymium was carried out using ion-exchange chromatography and extraction
chromatography. Uranium, plutonium, americium and neodymium concentrationswere measured by
an isotope dilution technique in combination with mass-spectrometric analysis. Concentrations for
#8py and the curium isotopes were measured by a combination of alpha-spectrometry and mass-
spectrometry. Fuel burnupswere aso estimated as part of the measurement program by examination
of the build-up of **Nd + ***Nd. The burnup values that were estimated in this manner are shown
in Table 1. These burnup values (estimated from the measured concentrations) are dightly different
from the burnup estimates used in the smulations. Furthermore, the former are given kg/t initial
uranium (in[Table 1)| whereas the latter are in MWd/t initial heavy metal (see later discussions on
HELIOS simulations).

2.2 MEASUREMENT RESULTS

In summary, actinide and neodymium concentration measurements were reported by the
Kurchatov Ingtitute for the six samples. The nuclidesfor which measurementswere reported arethe
following:

Uranium: 35 230y, 2%y

Plutonium: 28py, 29py, 20py, #py, *’py
Americium: 2IAm, 22Am

Curium: 22Cm, 2Cm

Neodymium:  “2Nd, 3Nd, Nd, “5Nd, “6Nd

In the case of the Kalinin-1 samples, no concentrations were reported for 22Cm.

Concentration values were reported as kg/tonne of initial uranium. The reported values are
shown in Table 1. Nuclide concentrations in Table 1 refer to end of irradiation. Presumably, the
measurements were carried out at some time after the end of irradiation and the end-of-irradiation
values were estimated from these measurements. The reported uncertainties that are also shown in
Table 1 refer to the 95% confidence limit. Extensive details of the measurement techniqueswere not
reported.



Table 1. Nuclide concentrationsin spent fue (kg/t initial uranium)

Reactor Kalinin-1 Kalinin-1 Baakovo-2 Baakovo-2 Baakovo-3 Baakovo-3
assembly ED-0623 ED-0623 ED-1476 ED-1476 E-1591 E-1591
rod 312 312 42 42 23 23
sample 33 448 6 15 912 581
=y 23.42 £ 0.09 20.97 £ 0.09 10.27 £ 0.07 10.64 £ 0.07 10.18 £+ 0.07 8.18 £ 0.06
=y 2.90+0.02 3.20+0.02 6.11+0.05 6.17+0.04 6.15+0.04 6.34+0.05
=8y 962.98 + 0.08 952.69 + 0.09 925.18+0.08 926.55+0.09 92548+0.09 925.66 + 0.08
Z=8py 0.016 + 0.001 0.022 + 0.001 0.31+0.02 0.30+0.01 0.32+0.01 0.3310.02
=py 4.75+0.03 4.87+0.04 6.10 £ 0.05 6.07£0.04 6.26 +£ 0.05 6.08 £ 0.05
20py 0.88+0.01 1.05+0.01 2.67+0.02 258+ 0.02 2.62+0.02 2.68+0.02
21py 0.42+0.01 0.52+0.01 1.76 £ 0.02 1.70+0.01 1.76 £ 0.02 1.76 £ 0.01
22py 0.044 + 0.001 0.068 + 0.001 0.72+0.02 0.69 + 0.01 0.75+0.01 0.88+0.01
2Am 0.018 + 0.001 0.025 + 0.001 0.066+0.002 0.048+0.002 0.054+0.002 0.071+ 0.002
28Am 0.0027 + 0.0001 0.0050+0.0001 0.157+0.004 0.141+0.004 0.151+0.004 0.192+ 0.005
22Cm ---a ---a 0.024+0.002 0.021+0.002 0.021+0.002  0.023 + 0.002
24Cm 0.00039 + 0.00004 0.00044 + 0.00004 0.059+0.005 0.055+0.006 0.059+0.005 0.079 + 0.007
12Nd 0.0033 + 0.0001 0.0043+0.0001 0.034+0.001 0.033+0.001 0.034+0.001 0.037+0.001
Nd 0.433 £ 0.004 0.482 + 0.004 1.070+0.008 1.053+0.008 1.056+0.008  1.099 + 0.009
Nd 0.483 + 0.005 0.561 + 0.005 1821+0.012 1.761+0.011 1.797+0.010 1.938+0.010
“Nd 0.312 + 0.003 0.351 + 0.003 0.912+0.008 0.889+0.006 0.899+0.007 0.922+ 0.007
18Nd 0.271+ 0.003 0.308 + 0.003 0.975+0.008 0.948+0.006 0.961+0.008 1.007 + 0.008
Burnup 143+0.2 16.3+0.3 46.7+£ 0.7 451+0.7 46.2+ 0.7 479+ 0.7

2 Vaues were not reported.



2.3 SIMULATIONS

The smulation results reported here were performed a8 ORNL using the code system
HELIOS| This is a two-dimensional (2-D), current-coupling, collison-probability code. The
verson of HELIOS used in thiswork was HEL10S-1.4 and its associated nuclear datalibrary based
on ENDF-B/VI. HELIOS alowsthe user to definethe components of areactor assembly (or awhole
reactor core) with varying degrees of complexity. Typicaly, the defining componentsin aHELIOS
assembly will be the pin cells composed of fuel, clad and surrounding moderator. The fuel or the
clad can be subdivided into zones, and the moderator region can be subdivided in numerous ways.

The VVER assemblies described here were modeled in the following manner: the fuel pellet
was annular (i.e., it contained an inner void). The fud itself was surrounded by a gap, and the gap
was surrounded with cladding material. Thus, afuel rod is defined by four zones. void, fuel, gap,
and clad. The VVER pin cdll is hexagonal and, therefore, the water moderator was divided into
sx regions surrounding the fuel pin.

Three types of pin cells are located in each VVER: the fuel pin cell, the burnable absorber
pin cell, and a central water hole. Each of these was modeled with a central cylindrical section
surrounded radially by six water regions. For the burnable absorber cell, the central cylindrical
portion consists of absorber material followed by agap, cladding, water, and acylindrical guide tube.
The circular part of the central water hole consists of water surrounded by a cylindrical guide tube.

Because of the symmetry of an assembly, the smulations can be carried out on a triangular
section equal to one-sixth of the assembly, with the appropriate boundary conditions. Figure 3isa
diagram of a triangular section of a VVER-1000 assembly (one-sixth of the assembly) that was
modeled with the HELIOS system. The locations of the fuel samples are shown asrods of alighter
shade. One of these fuel samplesisin the bottom corner and is therefore shared by two adjacent
triangular sections; asaresult, half of it isshown in each bottom corner. Four burnable absorber pins
are shown: two of these are in the interior, and two are on the edge of the triangular section. The
ones on the edge are shared with adjacent triangular sections. In modeling this triangular section,
only half of each pin on aborder with another section istreated, and boundary conditionsareimposed
that match the edgesthat are connected to other similar triangular sections. The left-hand side of the
triangular section shown lies along the right-hand side of asimilar triangular section, and vice versa.
Theboundary conditions employed were to match the right-hand and | eft-hand boundaries (periodic)
and to impose awhite boundary condition on the third side that isto the outside of the assembly. The
burnable absorber material consists of pellets containing natural boron in a matrix that is primarily
composed of aluminum (as reported in Appendix A for the case of Balakovo-2, burnable absorber
rods were present for only one cycle and the HELIOS model for Balakovo-2 reflected this fact).
Thedimensionsof variousVV ER-1000 componentsare shownin Thematerial-composition

dataare shown in



The datain[Tables 2Jand E were used asinput data for the HELIOS smulations. These data
were transmitted to ORNL by the staff at the Kurchatov Ingtitute. As regard it isunlikely
that the compositions of the various material are known with the precison implied by some of the
weight percentagesthat are quoted. We surmise, rather, that because of the small percentages quoted
for some of the minor elements, the unrealistic precison for the dominant elementsis for purposes
of producing atotal of 100% (but note that, for the burnable-absorber material, the total isnot quite
100).
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Fig. 3. Thetriangular section of a VVER assembly that was modeled with HEL1OS.



Table2. Dimensions of VVER-1000 reactor components

Parameter Vaue (cm)
Fuel assembly:
Distance across assembly (between flats) 234
Digtance between fuel assembly centers 23.6
Fuel pin lattice pitch 1.275
Inner diameter of guide thimbles 1.09
Thickness of guide thimbles 0.08732
Central instrumentation tube inner diameter 0.96
Thickness of central instrumentation tube 0.0826
Fuel rod:
Inner clad diameter 0.772
Clad thickness 0.07220
Fuel pellet diameter 0.755
Central hole diameter 0.23
Height of fuel column 355 (hot)

Burnable absorber pin:

Absorber diameter 0.758
Clad inner diameter 0.772
Clad thickness 0.069

10



Table 3. Composition of materialsin a VVER-1000 fuel assembly

Weight Concentration
Isotope % (per barn cm)
1. Fuel rod pellet:
el 4.4/3.6 1.0068E13/8.2378E!14
8y 95.6/96.4 2.1600E!12/2.1781E12
%0 NA? 4.5214E12/4.5210E12
2. Fud rod cladding:
Zr 94.21849 4.095E!12
Nb 0.95199 4.062E!14
Hf 0.02856 6.343E!16
Fe 3.35491 2.382E13
Ni 0.50410 3.403E!14
Cr 0.88818 6.772E14
Ti 0.04801 3.976E!15
C 0.00576 1.902E15
3. Burnable absorber pellet:
B10 0.226 3.943E14
B11 1.015 1.610E!3
Al 91.742 5.933E!12
Fe 0.192 5.999E15
Ni 1.915 5.689E!14
Cr 2.992 1.004E!3
Zr 1.915 3.663E!14
4. Burnable absorber cladding:
Zr 98.97 4.250E12
Nb 1.00 4.225E14
Hf 0.03 6.597E!16
5. Central instrumental tube:
Zr 95.60715 4.143E12
Nb 0.96602 4.110E!14
Hf 0.02898 6.418E!16
Fe 2.37441 1.681E!13
Ni 0.35677 2.402E14
Cr 0.62860 4.779E14
Ti 0.03398 2.806E!15
C 0.00408 1.342E15
6. Guidetube:
Fe 69.88 5.933E!12
Ni 10.5 8.477E13
Cr 18.5 1.687E12
Ti 1.0 9.904E!14
C 0.12 4.737E14

#Not applicable. For the fuel, weight percentages refer only to the
uranium isotopes.

11



24 BURNUP AND IRRADIATION HISTORY

Data were obtained for each cycle for which each sample was irradiated. This method
allowed the determination of the total burnup of a sample and how that burnup was apportioned
among cycles. The amount of burnup experienced by the samples is of prime importance in the
prediction of final nuclide concentrations. Determining each sample's burnup can be difficult, and
uncertainties in burnup are a serious hindrance when assessing the validity of a particular smulation
approach because the process is reasonably sensitive to variations in burnupE] Thenuclide*Nd is
generally consdered agood indicator of burnup.E Alternatively, the total neodymium concentration
has been suggested asaburnup indicatort4 Burnup valueswere quoted for the samples, however, no
18N d concentrations were quoted. The **Nd and ***Nd concentrations were reasonably well
predicted when the reported burnup valueswere used. The **“Nd, **Nd, and **“Nd concentrations,
however, were not as well predicted. In the case of both Kalinin-1 samples, ***Nd and ***Nd were
poorly predicted. On this basis it was decided to use the **Nd and ***Nd concentrations as burnup
indicators. The practical manner in which this was employed was to use a burnup value in each
instance that produced a calculated-to-measured (experimental) value that was on average unity for
1°Nd and ***Nd.

The Kalinin-1 samples (assembly ED-0623) were irradiated for one reactor cycle C acycle
of 250 daysduration. Consequently, the smulations employed a constant burnup, over 250 daysthat
yielded the reported ***Nd and ***Nd concentrations. No doubt, thereactor power level varied during
this cycle. However, in the absence of any data about such variations, a constant power level
assumptionisappropriate. Only in the case of extreme power variationsand with short-lived nuclides
might such an approach be inappropriate.

For Balakovo-2 and Balakovo-3 (assembliesED-1476 and E-1591), irradiation wasover three
reactor cyclesin all cases. An average power dengity was reported for each sample location and for
each cycle for these irradiations. The length of each cycle was aso reported. Thus, the irradiation
histories for the Balakovo samples were constructed by requiring that (1) the **Nd and **Nd
concentrations be used as indicators of total burnup, (2) each cycle be of the appropriate duration
(and with the reported downtime between cycles), and (3) the power levels for the three cycles for
any one sample be in the same ratios as the power densties reported.

@ able4 Fhows details of theirradiation history used in the HEL1OS smulations. The sample
burnup values shown iethose that are based on the three criteriaabove. In al casesthe
cumulative burnup at the end of the relevant cycle is indicated. Burnups are shown in units of
megawatt days per tonne of heavy metal. These units must be used when exercising HEL10S (the
burnup values obtained from staff at the Kurchatov Institute were in units of kg/tonne of initial
uranium). Furthermore, when executing HELIOS, the burnup valuesthat are input to the model are
those for the structure that is being smulated. These structure burnup values are also shown in

Table4. [The burnup at the sample location is obtained as part of the HEL1OS output. Because the

Structure being modeled refersto the axial position of the sample, the structure burnup valuesfor two
sampleson the samerod will be different. Notethat for theinternal rod (42), structure burnup values
are greater than sample burnup values and for rods on the periphery; structure burnup valuesareless.
This stuation is what one might expect. The cycle lengths are shown in days, and the downtime
shown with each cycleisthe downtime at the end of that particular cycle before the next cycle begins.
Thus, no downtimeis shown for thefinal cycle of each irradiation (the reported concentrations refer
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to the end of irradiation, and no information was available asto when the actual measurementswere
carried out). The cycle numbers are those used by the reactor operators.

Table4. Irradiation historiesfor the VVER samples

Cumulative Cumulative

Cycle length/ sample structure

downtime burnup burnup

Reactor Unit Rod Sample Cycle (days) (MWdrt) (MWdrt)
Kalinin 1 312 33 5 250/NA 13,660 12,955
Kalinin 1 312 448 5 250/NA 15,632 14,839
Balakovo 2 42 6 3 283/189 16,506 16,633
Balakovo 2 42 6 4 322/76 32,604 32,855
Balakovo 2 42 6 5 359/NA 46,200 46,556
Balakovo 2 42 15 3 283/189 15,579 15,705
Balakovo 2 42 15 4 322/76 31,681 31,938
Balakovo 2 42 15 5 359/NA 44,903 45,267
Balakovo 3 23 912 2 297/94 11,373 10,488
Balakovo 3 23 912 3 350/78 28,541 26,321
Balakovo 3 23 912 4 413/NA 45,600 42,053
Balakovo 3 23 581 2 297/94 13,527 12,490
Balakovo 3 23 581 3 350/78 30,046 27,744
Balakovo 3 23 581 4 413/NA 47,318 43,692
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Table 5 contains other data pertinent to the smulations (i.e., moderator densities, fuel
temperatures and boron concentrations). The boron concentration is given as boric acid
concentration per kilogram of moderator water. These values were converted to atom dengtiesfor
use in HELIOS. For these smulations, a moderator temperature of 575 K was assumed. In
executing HEL IOS, the burnup and power levelsinput to the model are "assembly-average " values,
rather than actual valuesfor the location of the samples. However, the code provides the burnup at
aparticular location aspart of the output. Therefore, the procedure adopted in these simulationswas
to use an assembly-average burnup that resulted in the measured ***Nd and ***Nd concentrations, and
the actual burnup at the sample location is obtained as part of the smulation results. Furthermore,
because HELIOS isa 2-D code, the term "assembly-average burnup” is a misnomer. Rather than
dealing with the whole assembly, HELIOS models a 2-D cross section of the assembly using power
levels and conditions at the actual height of the sample. Thus, burnup and power levelsare for that
axial pogstion rather than for the assembly as a whole.

Table5. Other relevant irradiation parametersfor VVER samples

M oderator Fuel Boric acid
density temperature content

Reactor Unit Rod Sample Cycle (g/ml) (K) (g/kg)

Kalinin 1 312 33 5 0.68 963 4.01

Kalinin 1 312 448 5 0.74 988 4.01
Balakovo 2 42 6 3 0.72 1002 2.52
Balakovo 2 42 6 4 0.72 877 2.45
Balakovo 2 42 6 5 0.73 809 2.72
Balakovo 2 42 15 3 0.69 966 2.52
Balakovo 2 42 15 4 0.69 874 2.45
Balakovo 2 42 15 5 0.71 811 2.72
Balakovo 3 23 912 2 0.70 853 2.10
Balakovo 3 23 912 3 0.69 881 2.35
Balakovo 3 23 912 4 0.70 824 2.62
Balakovo 3 23 581 2 0.74 891 2.10
Balakovo 3 23 581 3 0.74 892 2.35
Balakovo 3 23 581 4 0.74 822 2.62
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3. RESULTS AND COMPARISONS

In reporting these results we show ratios of calculated values to experimenta values (C/E).
"Calculated" meansthat the values are determined from the smulations, and the words experiment
or experimental refer to the results obtained by laboratory experimental measurements. The word
measured is sometimes used interchangeably with experimental.

Calculated-to-experimental ratios for the various samples are listed in Table 6, and they are
plotted in Figs. 4 through[9] In the figures, actinide and neodymium resuts are shown together for
each sample. Theexperimental resultswerereported askg/t of initial uranium. Thevaluescalculated
by HELIOS are atom densities. For comparison purposes, both calculated and experimental values
have been converted to mg/g of 22U in the spent fuel. Strictly speaking, this removes one degree of
freedom from the comparison process, and it automatically results in a C/E ratio of unity for *2U.
However, thisis not of great practical concern. Because U is so dominant, its final concentration
is always well predicted. By the same token, agood prediction for the final concentration of 22U is
not meaningful. (What is of interest in the case of U is the amount that is removed by neutron
capture and thismay, in fact, be difficult to measure because it involves the small difference between
the amount present in the fresh and spent fuel.) For these reasons, the 22U concentrations are not
included in[Figs. 4 through9lor in[Table 6. |

From{Figs. 4 through[9 ¢ne can see that the resuilts for Rod 312 are noticeably poorer than
for the other two rods. The predictionsfor Rod 42 are superior to the others. It is noteworthy that
Rod 42 isan internal fuel rod, so perhaps, the other two rods could be better smulated by including
adjacent assembliesin the HELIOS models. In general, 2®Pu and the higher actinides (starting with
241py) tend to be underpredicted. However, the predictions for most of the actinides are reasonable
in the case of Rod 42.

Wehaveindicated earlier that the concentrationsof both **Nd and ***Ndwerewell predicted.
The*Nd concentration is consistently underpredicted. Predictionsfor *Nd and ***Nd are poor for
Rod 312. The *Nd and ***Nd values are dightly underpredicted in all other cases, thus, for both
actinides and fisson products there is noticeably poorer agreement in the case of Rod 312. In the
case of the fisson products (neodymiun isotopes), the predictability is about equal for Rods 42 and
23. However, for the actinides, it might be argued that there isbetter predictability in the case of Rod
42 than in the case of Rod 23.

An objective of this work was to determine how well one can predict the nuclide
concentrations in spent UO, fuel with burnup codes commonly in use at ORNL, and, specifically, to
do so for VVER fue assembliesusing the HELIOS code. Comparisons using the SAS2H sequence
of the SCALE system would also be of interest, but resources did not permit such an effort to date.
For many practical applications, such as burnup credit caculations, the SCALE system has proven
to be effective. Furthermore, the SAS2H sequence in the SCALE system has been found to perform
reasonably well when compared with HEL1OS.
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Table6. Summary of C/E valuesfor VVER LEU samples

Reactor Kalinin-1 Kalinin-1 Baakovo-2 Baakovo-2 Baakovo-3 Baakovo-3
assembly ED-0623 ED-0623 ED-1476 ED-1476 E-1591 E-1591
rod 312 312 42 42 23 23
sample 33 448 6 15 912 581
=y 0.98 1.01 0.95 0.98 0.92 1.07
=y 0.83 0.83 0.96 0.94 0.94 0.92
Z=8py 0.72 0.67 0.75 0.75 0.65 0.69
=py 0.93 0.91 0.95 0.99 0.88 0.91
20py 0.94 0.91 1.02 1.04 0.98 0.99
21py 0.87 0.84 0.89 0.93 0.85 0.88
22py 0.81 0.75 0.90 0.88 0.84 0.78
2Am 0.17 0.15 0.80 113 0.85 0.67
28Am 0.91 0.77 0.92 0.95 0.90 0.79
22Cm ---a ---a 0.84 0.92 0.86 0.86
24Cm 0.56 0.86 0.90 0.88 0.79 0.70
12Nd 0.62 0.61 0.91 0.88 0.90 0.90
Nd 0.92 0.92 0.98 0.99 0.97 0.95
Nd 0.33 0.33 0.79 0.78 0.79 0.77
145Nd 1.01 1.01 1.00 1.01 1.01 1.02
18Nd 1.00 1.00 1.00 0.99 0.99 0.99

2@ Vaues were not reported.
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Fig. 4. Calculated-to-experiment ratiosfor Sample 33 from Rod 312 exposed in

Kalinin-1. Theburnup used in the smulation was 13,660 MWd/t.
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Fig. 5. Calculated-to-experiment ratios for Sample 448 from Rod 312 exposed in
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Kalinin-1. Theburnup used in the smulation was 15,632 MWd/t.
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Fig. 6. Calculated-to-experiment ratiosfor Sample 6, Rod 42 exposed in

Balakovo-2. Theburnup for the smulation was 46,200 MW d/t.
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Fig. 7. Calculated-to-experiment ratiosfor Sample 15, Rod 42 exposed in

Balakovo-2. The burnup value was 44,903 MWd/t.
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Fig. 8. Calculated
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Fig. 9. Calculated-to-experiment ratios for Sample 581, Rod 23 exposed in

Balakovo-3. Burnup for the smulation was 47,318 MWd/t.
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A.1l. INTRODUCTION

Thecomparison of calculated and measured isotopic composition of spent fuel isanimportant
stage of the computer codes validation process. Such a comparison gives information about code
accuracy in reference to conditions of real power operation.

However, data of nuclide composition measurementsasarule are rather difficult to interpret
for many reasons. uncertainty of some parameters (fuel temperature for example), incomplete
information about operation history, difficultiesin accounting for the effect of nearby assemblies.

Destructive analyses of V'V ER-1000 spent fuel are not numerous because of their complexity
and high cost. The selected experiments that are described below reflect the most typical Stuations
of fuel sample’sirradiation conditions. The following parameters were varied:

$ fue assembly type (uniform or profiled);
$ location of investigated fuel rod (in central or periphera assembly region);
$ irradiation time (1 or 3 years);

The measurements were carried out in State Scientific Center Research Ingtitute of Atomic
Reactors (SSC RIAR).

A.2. FUEL CHARACTERISTICSAND IRRADIATION HISTORY

A.2.1 VVER-1000 Core

TheVV ER-1000 reactor isapressurized-light-water-moderated and cooled reactor with the
power 3000 MWth (1000 MWe). The VVER-1000 standard core consists of 163 hexagonal fuel
assembliesarranged in the hexagonal lattice with alattice pitch of 236 mm (Fig. A.1). Each assembly
contains 312 UO, fuel pins, 18 guide thimbles for control rods or burnabie poisons and a central
guide/instrumentation tube arranged in a hexagonal lattice with a pitch of 12.75 mm.

Thefud rodsare annular UO, pelletswith zirconium aloy cladding. Uniform fuel assemblies
are composed of 312 fuel pins of appropriate enrichment, as shown in [Fig. 2 (in main text).
The non-uniform assemblies are composed of 246 4.4% pins and 66 3.6% pins, as shown in|Fig. 1
(in main text).

The details of the VV ER-1000 core and fuel assemblies with nominal parameter values are
presented by Styrin.®

A.2.2 Fue AssembliesInvestigated

The fuel assembly designated ED-0623 with non-uniform fuel enrichment was selected for
nuclide composition and burnup measurements of aVV ER-1000 spent nuclear fuel assembly at low
averageburnup. Thefuel assembly designated ED-1476 wasselected for theanalogousmeasurements
(with non-uniform fuel enrichment insde the fuel assembly) at practicaly interesting high burnup.
The fudl assembly designated E-1591 with uniform fuel enrichment was selected for measurement at
high burnup.
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position of fuel assembly Ne0623 in the core

movement of fuel assembly Ne1476 in the core

T <

movement of fuel assembly No1591 in the core

- Fig.A.1- Simplified design of the VVER-1000 core.
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- burnup
- assembly type
assembly number

Fig. A.2. Kalinin-1 coreloading pattern, cycle 5 (60E symmetry sector).
Burnup distribution and type of assembly (assembly ED-0623 is of No. 10).

A.2.2.1 Fud assembly ED-0623 (K alinin-1, cycle 5)

The fud assembly ED-0623 was irradiated for 236.8 effective days in the Kalinin-1
VVER-1000 during cycle 5 to an estimated average burnup of 13.5 MWd/kg U. The irradiation
history of the fuel assembly is shown in Figure A.2 shows a 60-degree symmetry sector
of the Kalinin-1 core loading pattern for cycle 5. The fuel assembly consisted of 66 fuel rods of
3.6-wt % initial 2°U enrichment (all fuel rods in the periphera row and 6 corner fuel rods in the
second row), 246 fuel rods of 4.4-wt % initial 2°U enrichment and 18 burnable absorber rods (Fig. 1
in main text). Theassembly type sgn "EECHB" presented in thisfigure has the following meaning:

29



EE B the average assembly enrichment multiplied by 10;
C B typeof spacer grids and guide tubes material (F-stainless steel, Z-zirconium aloy);
H B diameter of fuel pellet central hole (L = 2.5 mm, S= 1.5 mm);

B B designates the amount of natural boron in burnable absorber (A B 0.02 g/cn’,
B B 0.036 g/cm?, C B 0.05 g/lcm?, D B 0.065 g/cm®)

Table A.1. Theirradiation history of the fuel assembly ED-0623

Cycle
Coordinates according to Figure A.1
Position in 60-degree symmetry sector

Date of loading/discharge
(day, month, year of 20" century)

Burnup period:
Caendar dayg/Effective days

5
09822
10
10.10.88/17.06.89

250/236.8

A2.2.2 Fue assembly ED-1476 (Balakovo-2, cycles 3-5)

The fuel assembly ED-1476 was irradiated for 863.2 effective days in the Balakovo-2
VVER-1000 during cycles 3B5 to an estimated average burnup of 42.5 MWd/kg U. The irradiation

history of the fuel assembly is shown in Table A.2.| Figures A.3BA.5 show 60-degree symmetry

sectors of the Balakovo-2 core loading patterns for

absorber rods were inserted during cycle 3 only.

ycles 3B5. The design of the assembly is the
same as for assembly ED-0623, and it isillustrated in Fig.

L (in main text). Note that 18 burnable

Table A.2. Theirradiation history of the fuel assembly ED-1476

Cycle 3 4 5
Coordinates according to Fig. A.1 06819 07B22 07824
Position in 60-degree symmetry 24 19 14

sector
Date of loading/discharge 13.02.90/23.11.90 31.05.91/17.04.92  02.07.92/26.06.93

(day, month, year of 20" century)
Burnup period:
Calendar dayd/effective days 283/246.5

322/290.9 359/325.8
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- bumup
- assembly type
assembly number

Fig. A.3. Balakovo-2 coreloading pattern, cycle 3 (60E symmetry
sector). Burnup distribution and type of assembly (assembly ED-1476
isof No. 24).

burnup
assembly type
assembly number

Fig. A.4. Balakova-2 coreloading pattern, cycle4 (60E symmetry
sector). Burnup distribution and type of assembly (assembly ED-1476
isof No. 19).
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- burnup
- assembly type
- assembly number

Fig. A.5. Balakovo-2 coreloading pattern, cycle 5 (60E symmetry
sector). Burnup distribution and type of assembly (assembly ED-1476 is of
No. 14).

A.2.2.3 Fud assembly E-1591 (Balakovo-3, cycles 24)

The fuel assembly E-1591 was irradiated for 895.1 effective days in the Balakovo-3
VVER-1000 during cycles 2B4 to an estimated average burnup 41.4 MWd/kg U. The irradiation
history of the fuel assembly is shown in[Table A.3. | Figures A.6BA.8 show 60-degree symmetry
sectors of the Balakovo-3 core loading patternsfor cycles 2B4. The fuel assembly consisted of 312
fuel rods of 4.4-wt % initia **U enrichment and 18 burnable absorber rods for the cycle 2 only
(Fig. 2 i|n main text ).
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Table A.3. Theirradiation history of the fuel assembly E-1591

Cycle 2 3 4
Coordinates according to Fig. A.1 06B17 03B22 07B22
Position in 60-degree symmetry 27 12 19

sector
Date of loading/discharge 11.05.90/04.03.91  06.06.91/21.05.92  07.08.92/24.09.93

(day, month, year of 20" century)
Burnup period:
Calendar daydeffective days 297/273.1 350/307.0 413/315.0

©. > - bumnup
ve | - assembly type
'~ - assembly number

Fig. A.6. Balakovo-3 coreloading pattern, cycle 2 (60E symmetry
sector). Burnup distribution and type of assembly (assembly E-1591 is of
No. 27).
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- burnup
- assembly type
- assembly number

Fig. A.7. Balakovo-3 coreloading pattern, cycle 3
(60E symmetry sector). Burnup distribution and type of assembly
(assembly E-1591 is of No. 12).

burnup
assembly type
assembly number

Fig. A.8. Balakovo-3 coreloading pattern, cycle 4
(60E symmetry sector). Burnup distribution and type of assembly
(assembly E-1591 is of No. 19.




A.3. MEASUREMENT METHODS

M easurements were carried out using nondestructive and destructive methods. Axial **'Cs
digtributionsin fuel rods of the fuel assembliesinvestigated were measured by gamma scanning using
a dit collimator and a gamma spectrometer. Nondestructive fuel burnup estimates were made by
comparison of *'Cs gamma count rates in the fuel rods investigated and in the standard.
Fisson-product concentrations in the standard were measured by a destructive method.

Fuel rodsfor destructive examination were selected on the basis of gamma-scanning. The 10-
mm-thick-pellet samples were taken at different distances above the bottom of the fuel rods.

The pellet sampleswere dissolved in 8 M nitric acid and the separation of uranium, plutonium,
americium, curium and neodymium was carried out using ion-exchange chromatography and
extraction chromatography. Uranium, plutonium, americium and neodymium concentrations were
measured by an isotope dilution method in combination with mass-spectrometric analysis. The*®Pu
and curium isotopic concentrations were measured by alpha-spectrometry in combination with
mass-spectrometric analyss.

Fuel burnups were measured by the **Nd + ***Nd buildup method.

A4 MEASUREMENT RESULTS

The nuclide composition and burnup measurement results of V'V ER-1000 spent nuclear fuel
at the end of irradiation are shown irj Table 1 ij the main text. Measurement errors correspond to
a confidence probability P = 0.95.

In addition to destructive analysis, results of (-scanning are presented. Peak and averagefuel
burnups of some fuel pins aswell as axial pin **’Cs peaking factor (k,) for fuel assemblies ED-0623,
ED-1476 and E-1591 are shown inthrough A.6] Numeration of fuel pins are partially
given iand the main text.

A.5. BENCHMARK PROBLEM FORMULATION

A.5.1 Influence of Various Operational Parameterson Nuclide Content

Calculationsof spent fuel isotopic composition areusually carried out for single-fuel-assembly
configurationswith operational parameters averaged over time (TUOZ » T p,0» POWEr densgity, boron

content in moderator, and so on) under the supposition that taking accounting for their real time
dependence does not practicaly influence the calculation. As a rule, the influence of nearby
assemblieson nuclide composition isalso neglected. 1n addition, notethat experimental datafor most
of the lattice parameters (such as fuel temperature, local power density and so on) are absent and
should be obtained from other calculations. This situation introduces additional uncertainty.
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Table A.4. Peak and average fuel burnups (MWD/kg initial U) and
axial pin *¥'Cs peaking factor (k,) for fuel assembly ED-0623

Fuel rod Peak burnup Average burnup k,

1 15.8 13.0 121
11 15.8 12.9 1.22
13 14.8 12.1 1.22
22 14.9 12.2 1.22
47 15.3 12.7 1.20
55 15.3 12.5 1.22
89 14.9 12.3 1.20
119 14.9 12.6 1.18
121 14.9 12.2 1.22
148 16.3 134 121
149 15.2 12.4 1.22
152 15.2 12.4 1.22
155 15.1 12.3 1.22
158 14.9 12.2 1.22
161 14.8 12.1 1.22
164 14.3 11.7 1.22
165 15.2 12.6 1.21
175 155 13.0 1.19
176 154 13.0 1.19
209 15.0 12.6 1.20
228 15.0 12.3 1.22
266 16.0 134 1.19
273 15.8 12.9 1.22
291 15.6 12.8 1.22
300 15.4 12.6 1.22
302 17.0 14.0 121
312 16.8 13.8 1.22
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Table A.5. Peak and average fuel burnups (MWd/kg initial U) and
axial pin ¥'Cspeaking factor (k,) for fuel assembly ED-1476

Fuel rod Peak burnup Average burnup k,

1 41.7 37.5 111

5 40.1 35.7 1.12
11 41.1 37.4 1.10
12 41.2 36.7 1.12
26 42.6 38.3 1.11
33 42.1 37.5 1.12
34 42.4 38.0 1.12
42 42.1 37.8 111
58 42.8 38.2 1.12
60 42,5 38.0 1.12
79 41.1 36.6 1.12
85 43.6 38.9 1.12
104 43.7 39.0 1.12
137 44.0 39.0 1.13
138 44.0 39.0 1.13
139 43.8 39.1 1.12
148 42.4 38.0 1.12
150 43.6 38.8 1.12
151 43.5 38.9 1.12
153 43.8 39.1 1.12
156 44.1 39.2 1.13
157 44.1 39.2 1.13
160 43.9 39.1 1.12
163 43.1 38.4 1.12
165 41.5 37.6 1.10
175 44.4 39.2 1.13
176 44.6 39.4 1.13
209 44.6 39.3 1.14
210 44.8 39.9 1.12
228 44.7 39.8 1.12
236 44.7 39.8 1.12
252 44.4 39.6 1.12
253 44.3 39.3 1.13
261 44.5 39.7 1.12
279 44.9 39.6 1.13
287 44.5 39.6 1.12
296 45.0 40.1 1.12
302 43.6 38.8 1.12
312 43.6 38.7 1.13
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Table A.6. Peak and average fuel burnups (MWd/kg initial U) and
axial pin *¥'Cs peaking factor (k,) for fuel assembly E-1591

Fuel rod Peak burnup Average burnup k,

1 41.7 37.0 1.13
10 45.2 40.1 1.13
11 46.8 415 1.13
13 39.3 349 1.13
22 44.3 39.3 1.13
26 394 349 1.13
34 43.0 38.1 1.13
55 40.3 35.7 1.13
60 425 37.7 1.13
102 41.1 36.4 1.13
121 425 37.7 1.13
137 42.3 375 1.13
147 475 42.1 1.13
148 39.5 35.0 1.13
149 37.9 33.6 1.13
150 375 33.2 1.13
151 37.8 33.6 1.13
152 38.8 344 1.13
154 41.2 36.4 1.13
156 424 375 1.13
157 43.0 38.1 1.13
159 42.7 38.2 112
160 43.1 38.3 1.13
161 43.2 384 1.13
163 44.1 39.1 1.13
164 454 40.2 1.13
165 48.5 43.0 1.13
174 41.8 37.1 1.13
175 42.9 38.1 1.13
176 42.9 38.1 1.13
209 42.3 375 1.13
224 41.8 37.0 1.13
228 43.2 38.3 1.13
253 41.1 36.5 1.13
258 43.2 38.3 1.13
263 41.0 36.3 1.13
273 42.8 37.9 1.13
276 46.0 40.8 1.13
279 40.9 36.3 1.13
287 43.6 38.7 1.13
290 42.3 375 1.13
291 41.9 37.2 1.13
300 45.2 40.1 1.13
302 44.4 394 1.13
312 48.2 42.7 1.13

38



To estimate the sengitivity of the calculated results to the uncertainties mentioned above, a
series of fuel assembly burnup calculations were performed with the use of TVS-M code. Asa
reference variant a serial VV ER-1000 assembly of 4.4% enrichment with nominal parameter values
(given in Table A.7) was chosen. Other variants differ from the reference variant in:

$ fud temperature;

$ moderator density;

time-averaged value of boron;

accounting for the time dependence of boron concentration;

»Hn B ®

removing the burnable absorbers(BA) from the assembly (in reference variant BAswere
inserted during first year B up to 12 MWd/kg);

$ accounting for the exposure time between reloadings (at burnups of 12 and 35 MWd/kg
exposure time is equal to 60 and 90 days, respectively);

Averaged over the assembly, nuclide contents of spent fuel corresponding to burnup vaue
of 40 MWd/kg are compared with the reference variant. Results of the comparisons are presented
inNTableA.8.]Asisseen from thetable, the spent fuel isotopic composition issensitive to disturbances
of moderator dengty (considerable), fuel temperature and to the presence of BA rodsin the assembly.
Accounting for fuel exposure time affects only unstable nuclides.

A.5.2 Benchmark Specification

A proposed benchmark specification was formulated within the approach of an isolated fuel
assembly with a zero-current boundary condition and averaged operationa characteristics. These
characteristics (such as local power density, moderator density and temperature, boron acid
concentration) were obtained from NPP operational dataand from calculations smulating the whole
core operation. These calculations were performed with the use of BIPR-7 codé.” | The fud
temperature was estimated using the TOPRA-S code.®

Geometric and material characterigtics of aVVVER-1000 fuel assembly are given in Tables 2

and31n themain text. Datafor these tableswere taken from the report by Styri & Note that Spacer
grids are effectively taken into account by changing the width and content of the fuel pin cladding and
of the central and guide tubes.

[ TableA.9bontainsdataon local (for given level) irradiation conditionsof theinvestigated fuel
assemblies.
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Table A.7. Nominal operating parameters of VVER-1000 fuel assembly

T, K T., K D,, glcm? N, MW/m? Cs, g/kg

1027 575 0.72348 108.0 0.6

Table A.8. Senditivity of nuclide content to irradiation conditions

Difference from reference variant, %

=y =y =y ZNp #pu Py  Hpy  Mpy  2py 2AmM #MAm 28Am
T, =900K 10.78 0.30 0.03 1!'053 11014 1181 11044 1155 1046 1197 1205 10.66
D,=D,"x 0.95 194 1006 1006 269 443 457 137 397 036 428 652 330
Cs; = 0.5 gkg 10.39 0.04 0.01 !'054 1083 1ro.7s5 1012 110.77 1022 1084 1129 10.77
Cs=Cq(t) 0.16 0.06 0.00 !'0.03 0.01 !002 008 021 012 001 059 0.28
Without BA 1148 10.15 0.03 !0.60 11119 11087 1113 1141 1135 1273 1310 11.88
tsorage 0.00 0.00 000 0.00 163 110.02 10.04 1!0.63 1!0.22 2831 3113 10.09
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APPENDIX B

HELIOSINPUT INSTRUCTIONSUSED IN SIMULATIONS
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B.1. HELIOSINPUT FOR SIX LEU SAMPLES

Input data used in the HELIOS simulations are listed below. Six separate input streams are
listed C one for each of the sx LEU samples studied. Each of the input streams is identified and
comment cards are used to explain the function of the various parts of the input instructions. When
studying these input streams, the reader should keep|Fig. 3|(in the main text) in mind. The overall
structure of the assembly sector modeled wasthe samein al instances. Most of the differencesin the
input streams that follow are related to fuel composition, location of the sample pin, moderator
dengty, temperature, boron concentration, and irradiation history.
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LI STI NG No.

+THEL
vverkal 133 =
!

CASE('library.bin'/"vverkal 133. hrf' /"' VWER-

1, THE HELI OS I NPUT FOR SAMPLE 33 I N KALI NI N-1:

Sinulating 1/6 of Kalinin-1 Assenbly
This one is for sanple 33

Geonetry data

Kalinin-1; Sanple 33")

! d obal
$Assenbl yPi t ch = PAR("23.6")

$Pi nPi t ch = PAR("1.275")

! Fuel

$Fuel Hol eRadi us = PAR("O0.115")

$Fuel Radi us = PAR("0.3775")

$Fuel I nner Cl ad = PAR("O0.386")

$C adRadi us = PAR("0. 4582")

! Gui de tube
$Cui deTubel nner Radi us = PAR("O0.545")

$Gui deTubeQut er Radi us = PAR("0.6323")

! Central tube
$Cent r al Tubel nner Radi us = PAR("O0. 48")

$Cent r al TubeQut er Radi us = PAR("0.5626")

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")

$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us = PAR("O0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad
$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") I gui de tube inner radius
$rgto = PAR(" $Cui deTubeQut er Radi us") I gui de tube outer radius
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--
! Sone of this may be needed, some may not

$k = PAR(4) I Internal coupling order

$kb = PAR(4) I Boundary coupling order
white = ALB(1/1/1) I Di agonal, equal elenents
$Power Densi ty = PAR(52. 40) I Power density (WgU)

$Fuel Templ = PAR(963) I Kalinin-1 Hot fuel (K)
$Fuel Temp2 = PAR(579) I varm fuel (K)

$Fuel Temp3 = PAR(300) I Cold fuel (K)

$Cool Tenpl = PAR(575) I Hot cool ant (K)

$Cool Tenp2 = PAR(300) I Cold cool ant (K)

$Buckl i ng = PAR(0. 003) I Axial buckling (cm?2)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
TS I
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c) 1 1-3
( $%a $b )( $a ,"-$b")(0,"-$c") | 4-6
("-%d" "-$e")("-$d", $e ) (0, $f ) 1 7-9
( %d $e )( $d ,"-%e")(0,"-%f") ! 10-12
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool;
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c")("-%a","-3%b" )( 0) 1 1-3
( %a, 0)( $%a," -$b)( $f 0) I 4-6
( s, 0)("-$d"."-$e")( $d ."-$e") I 7-9
( 0 ,"-$f") ! 10
/ 5,cool / Fpin(0,0)4/ 6,8,2,3,cool; 4,5,9,7,cool;
1, 10,9, 5, cool)
$GapThi ckness
= PAR("$Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h = PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(("- "-$b") ("-%$a",$h)( $a, $h)(%a,"-3$b")(0,"-%c") 1 1-5
("- $b ) ( 0, $h)( $a, $b)( O, $c ) 1 6-9 !
("- "-$e")("-$d", $e ) (0, $f ) ! 10-12 !
($d, $e )( $d ,"-%e")(0,"-%f") ! 13-15 !
/ 5,cool/ Fpin(0,0)/ 1,6,11,10,cool; 6,9,12,11, cool;
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool ;
2, 7,9, 6, cool )
$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*3$p")
$x7 = PAR("-3**0.5/2*$h")
$y7 = PAR("$h/2")
$x3 = PAR("-3**0.5/3*$h")
$y3 = PAR( $h)
$Fuel cornr = PAR(($x1,"-$yl1l") ($x3,9%y3) ($a, $h) (%a,"-$b") I 1-4
(%e,"-3$d") ("-%e",$d) ("-%$x1", $y1) (0 $h) (%a, $b) I 5-9
(0, $c)( 0, $f )( $d, $e)( $d ,"-Se") | 10-13 !
/4,cool / Fpin(0,0)4/ 6,7,10,11,cool; 2,8,10,7,cool;
3,9,10,8,coo0l; 9, 12,11, 10, COO| ; 4,13,12,9,cool)
$Fuel cornl = PAR( ( $x1 -$yl1t)("- -$b") (" $a $h)( -$x3",$y3) ! 1-4
("- $b)(0 $h)($x1 $y1)($e $d) (" - -$d") I 5-9
(0, $c)( -$e") ("-%d", $e) (0, $f) | 10-13
/4, cool / Fpi n(O, 0)4/2,5, 12, 11, cool ; 5, 10, 13, 12, cool ;
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )
$Gui det = PAR(("-%a","-$b")("-%a", $b )(0, $c) 1 1-3
( $a, $b)( %a ,"-$b")(0,"-%c") | 4-6
("-$D1","-$E1") ("-$D1", S$E1 )(0, $F1) 1 7-9
( $D1, S$E1 )( $D1 ,"-8$E1")(0,"-$F1") I 10-12

/6,cool / Gin(0,0)/ 1,2, 8, 7,coo0l; 2,3, 9, 8,cool;
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)
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$Gui det hal f

$Central t

! Materials for The Kalinin-1 and Bal akova-1 and -2 VVER reactors
There are two fuel types, 3.6 wt% and 4.4 wt % U 235

!

!
fuel 36
fuel 44

]

= PAR((O0,"-%$c")("-%a","-3%b")("-%a",0)(%a, 0)(%a, "-%b") I
(II - $F1II , O) ($F1’ 0) (ll - $Dlll , " - $E1Il) ($D1’ n - $E1II) !
(0,"-$F1")/5,coo0l / Gpin(0,0)5/ 6,8,2,3,cool; !
4,5,9,7,coo0l;1,10,9,5, cool)

PAR((O,"-%$c") ("-$x1","-$y1") (0, 0) ($x1,"-syl1")
/ 4,cool / Cpin(0,0)2/)

MATERI ALS

MAT( /92235, 8. 2378E- 4, 92238, 2. 1781E- 2; 8016, 4. 5210E- 2)
MAT( /92235, 1. 0068E- 3; 92238, 2. 16E- 2; 8016, 4. 5214E- 2)

I Four types of cladding: Fuel, Absorber, Central and CGui de tubes !

]
fclad

abscl ad

cencl ad

gui decl ad

]
!
absor ber

IOron>»0mn

$Layout =

MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;

72176, 3. 3E-7; 72177, 1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,

6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

MAT( /40000, 4. 259E- 2; 41093, 4. 225E- 4; 72174, 1. 069E- 8;

72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

MAT( /40000, 4. 143E- 2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;

72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E- 7,
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4,
22000, 2. 806E- 5; 6000, 1. 342E-5)

MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)

Absor ber !
MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,
5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
Mbder at or !
Kalinin-1, sanple #33 (density = 0.68 g/m) !

Boron concentrations from average BORIC acid wei ght given. !
Keep constant (average) boron concentration in noderator !

MAT(NB/ /8016, 2. 2750E- 2; 1001, 4. 5500E- 2; 5010, 5. 2868E- 6;
5011, 2. 1280E- 5)
Kalinin-1, sanple #448 (density = 0.74 g/nl) !
MAT(NB/ /8016, 2. 4757E-2; 1001, 4. 9514E- 2; 5010, 5. 7533E- 6;
5011, 2. 3158E-5)
Gap Material (Air) !
MAT( /8016, 9. 78E- 6; 7014, 3. 912E- 5)
End of materials data !

Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

PAR( o)

A A
A F A
A F, G A
A F F F A
HF FF FH
AFFGFFA
AFFFFFFA
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al | fuel

al | nod
all cl ad

al | abs
al | gap
nos
all'T

t os
alld

N

ok

[EnY
wN

=
PRPW MARG ARO BRO RRW AL RO RO ®

gaobhw B WN WWN NN -

N
Lo ARPOXN

NP F

Noo »rEDN

AFRFFFFFEFA
AFRFFRFFFEFEFA
L,S,SS,S,S,S,S, S, S, R

AR( $Layout /

2

, 1) $k( 2,
, 2) $k( 4,

L 2) $k( 7,
5) $k( 10,

2) $k(11,
5) $k( 14,

2) $k( 16,
5) $k( 19,

2) $k( 22,
5) $k( 25,
. 5) $k( 28,

2) $k( 29,
. 5) $k( 32,
5) $k( 35,

, 2) $k( 37,
5) $k( 40,
5) $k( 43,

2) $k( 46,
5) $k( 49,
. 5) $k( 52,
5) $k (55,

, 2) $k( 56,
. 2) $k( 59,
. 2) $k( 62,
. 2) $k( 65,

CNX( $Assem)

BDRY( (56, 4) (1, 3) 3( 66, 2) (1,

OVLM f uel 44/ *-*-fuel /fuel 36/ 46-*-fuel,

»

5)

~ — — —

~ — — —

Assenbly Connectivity

(2
( 4,
(7

64, 65, 66) - *-fuel )
OVLM nodl/ *-*-cool , *-0-cool )
OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/

gui decl ad/ *-*-gcl ad)

OVLM absor ber/ *-*-abs)
VLM ai r/*-*-
OvSM al | fuel , al I nod, al | cl ad, al | abs, al | gap)

OVLT($Cool Tenpl/ *-** | $Fuel Tenpl/ *-*-fuel

ovsT(al I T)

OVLD( 1. 0/ *- **)

ovsD( al | d)

STAT( nps, dos, t os, 51. 82)

gap)

H O H Ol &)

AT AP A O

PR RN

a1

a1

PATH( /(st1), 12955/ 10)

, 1) $k( 3,
, 1) $k( 5,
, 1) $k( 8,

, 1) $k( 12,
, 5) $k( 15,

, 1) $k(17,
, 5) $k( 20,

, 1) $k( 23,
, 5) $k( 26,

, 1) $k( 30,
, 5) $k( 33,
, 5) $k( 36,

, 1) $k( 38,
, 5) $k(41,
, 5) $k( 44,

, 1) $k(47,
, 5) $k( 50,
, 5) $k(53,

, 3) $k( 57,
, 2) $k( 60,
, 2) $k( 63,
, 2) $k( 66,

3)/ (66, 2) (56,

2,1)
2,1)

N

1)

Moo Db

DA A R S
[
~

Lol s

/

I (5,4,5)8$k(6, 2,
/I (8,4,5)$k(9, 2,
I (12, 4,5)$k(13,
/

I (17,4, 5)$k(18,
I (20, 4, 5) $k( 21,
I (23, 4, 5) $k( 24,
I (26, 4, 5) $k(27,
I (30, 4, 5) $k(31,
I (33, 4,5)$k(34,
/

I (38, 4,5)$k(39,
I (41, 4,5)$k(42,
| (44,4, 5)$k(45,
| (47,4, 5)$k(48,
I (50, 4, 5) $k(51,
I (53, 4, 5) $k(54,
I (57,1, 2)$k(58,
/I (60,1, 2) $k(61,
I (63,1, 2)$k(64,
)

4) 3(whi te))

Mo

oy

A L

Lol

/!
/!

/!

rowl+2!
row 3 !

row 4 !

row 5 !

row 6 !

row 7 !

row 8 !

row 9 !

row 10!

row 11!

(55, 56, 57, 58, 59, 60, 61, 62, 63,



Gl

&3
Abor
AlLef t
ARi ght
Lbrn
Rbrn
Bi so
Li so
Ri so
vver kal 133

GROUP( N/ 0)
GROUP( N/ 1. OES, 0. 5, 0)
AREA( 56- 0- cool )

AREA( 56-*-f uel )

AREA( 66-*-f uel )

MACRQO( G1, ALeft /
MACRQO( G1, ARi ght /
M CRO( Gl, Abor /
M CRQO( Gl, ALeft /
M CRO(Gl, ARight [/
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LI STING No. 2; THE HELI OS | NPUT FOR SAMPLE 448 I N KALI NI N-1:

+THEL
kal 448
!

CASE('library.bin'/"'kal 448. hrf'/'VER- Kalinin-1; Sanple 448")
! Sinulating 1/6 of Kalinin-1 Assenbly
! This one is for sanple 448

e Geonetry data
!

! d obal
$Assenbl yPi t ch = PAR("23.6")

$Pi nPi t ch = PAR("1.275")

! Fuel

$Fuel Hol eRadi us = PAR("O0.115")

$Fuel Radi us = PAR("0.3775")

$Fuel I nner Cl ad = PAR("O0.386")

$C adRadi us = PAR("0. 4582")

! Gui de tube
$Cui deTubel nner Radi us = PAR("O0.545")

$Gui deTubeQut er Radi us = PAR("0.6323")

! Central tube
$Cent r al Tubel nner Radi us = PAR("O0. 48")

$Cent r al TubeQut er Radi us = PAR("0.5626")

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")

$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us = PAR("O0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad
$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") ! guide tube inner radius !
$rgto = PAR(" $Cui deTubeQut er Radi us") ! gui de tube outer radius !
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--
! Sone of this may be needed, some may not

$k = PAR(4) I Internal coupling order

$kb = PAR(4) I Boundary coupling order
white = ALB(1/1/1) I Di agonal, equal elenents
$Power Densi ty = PAR(58. 88) I Power density (WgU)

$Fuel Tenpl = PAR(988) I Kalinin-1, 448 Hot fuel (K)
$Fuel Temp2 = PAR(579) I varm fuel (K)

$Fuel Temp3 = PAR(300) I Cold fuel (K)

$Cool Tenpl = PAR(575) I Hot cool ant (K)

$Cool Tenp2 = PAR(300) I Cold cool ant (K)

$Buckl i ng = PAR(0. 003) I Axial buckling (cm?2)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c)
( %a $b )( $a ,"-$b")(0,"-%c")
("-%d" "-$e")("-$d", $e )(0, $f )
( %d $e )( $d ,"-%e")(0,"-%f")
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c") (" $a "-$b") ("-%a", 0)
( %a 0)( $%a —$b")("-$f", 0)
( $f , 0 )("-%d" "—$e")( $d ,"-%e")
( 0 ,"-$f")
/| 5, cool [/ Fpln(O 0)/ 6,8,2,3,co0l; 4,5,9,7,cool

1, 10,9, 5, cool)
$GapThi ckness
PAR(" $Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(

("- "-$b")("-$a",$h)( $a, $h)(%a,"-$b")(0,"-%$c")
("- $b ) ( 0, $h)( $a, $b)( O, $c )

("- "-$e")("-$d", $e ) (0, $f )

( $d , $e )( $d,"-$e")(0,"-$f")

/ 5,cool/ Fpin(0,0)/ 1,6,11,10,coo0l; 6,9,12,11, cool
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool
2,7,9,6,cool)

$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*$p")
$x7 = PAR("-3**0. 5/ 2*$h")

$y7 = PAR("$h/ 2")

$x3 = PAR("-3**0. 5/ 3*$h")

$y3 = PAR( $h)

$Fuel cornr PAR( ($x1, "-$yl1l") ($x3,3$y3) (%$a, $h) (%a, "-$b")
($e,"-%d") ("-%e",$d) ("-%x1",%yl) (0,$h) (%a, $b)
(0, $c)( 0, $f )( $d, $e )( $d ,h "-%e")
/4,cool / Fpin(0,0)/ 6,7,10,11,coo0l; 2,8,10,7,cool

3,9,10,8,coo0l; 9,12,11, 10, cool ; 4,13,12,9,cool)

$Fuel cornl = PAR( ( $x1 -$y1")("-%a","-$b") (" $a $h)( - $x3", $y3)
("- $b)(0 $h)($x1 $y1)($e $d) (" - -$d")
(0, $c)( -$e") ("-%d", $e) (0, $f)
/4,cooI/Fpin(0,0)/2,5,l2,11,cooI;5,10,13,12,cool
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )

PAR(("'$a","'$b")("'$a", $b )(O, $C )
( $a’ $b)( $a,"-$b")(0,"-$c")
(II - $Dlll , " - $Elll) ( n - $D1II , $El ) (O, $Fl )
( $D1, S$E1 )( $D1 ,"-8$E1")(0,"-$F1")
/6,cool / Gin(0,0)/ 1,2, 8, 7,coo0l; 2,3, 9, 8,cool
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)

$Gui det
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$Gui det hal f

$Central t

! Materials for The Kalinin-1 and Bal akova-1 and -2 VVER reactors
There are two fuel types, 3.6 wt% and 4.4 wt % U 235

!
]
fuel 36

fuel 44
!

PAR((O,"-%c")("-%a","-$b")("-%$a",0) (%a, 0) ($a, "-$b")
("-$F1",0) ($F1,0)("-$D1", "-$E1") ($D1, "- $E1")
(0,"-$F1")/5,cool / Gpin(0,0)/ 6,8,2,3,cool;
4,5,9,7,coo0l;1,10,9,5, cool)

PAR((O,"-%$c") ("-$x1","-$y1") (0, 0) ($x1,"-syl1")
/| 4,cool / Cpin(0,0)/)

MATERI ALS

MAT( /92235, 8. 2378E- 4, 92238, 2. 1781E- 2; 8016, 4. 5210E- 2)
MAT( /92235, 1. 0068E- 3; 92238, 2. 16E- 2; 8016, 4. 5214E- 2)

I Four types of cladding: Fuel, Absorber, Central and CGui de tubes !

]
fclad

abscl ad

cencl ad

gui decl ad

]
!
absor ber

IO on>»0mn

$Layout =

MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;

72176, 3. 3E-7;72177,1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,

6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

MAT( /40000, 4. 259E- 2; 41093, 4. 225E- 4; 72174, 1. 069E- 8;

72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

MAT( /40000, 4. 143E- 2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;

72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E- 7,
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4,
22000, 2. 806E- 5; 6000, 1. 342E-5)

MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)

Absor ber !
MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,
5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
Mbder at or !
Kalinin-1, sanple #33 (density = 0.68 g/m) !

Boron concentrations from average BORIC acid wei ght given. !
Keep constant (average) boron concentration in noderator !

MAT(NB/ /8016, 2. 2750E- 2; 1001, 4. 5500E- 2; 5010, 5. 2868E- 6;
5011, 2. 1280E- 5)
Kalinin-1, sanple #448 (density = 0.74 g/nl) !
MAT(NB/ /8016, 2. 4757E-2; 1001, 4. 9514E- 2; 5010, 5. 7533E- 6;
5011, 2. 3158E-5)
Gap Material (Air) !
MAT( /8016, 9. 78E- 6; 7014, 3. 912E- 5)
End of materials data !

Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

PAR( o)

A A
A F A
A F, G A
A F F F A
HF FF FH
AFFGFFA
AFFFFFFA
AFFFFEFFFA
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al | nod
all cl ad

al | abs
al | gap
nos

all T

B T
>
P

gaobhw A WN wWWN NN -

S pPROXN
PRPW ARRAW ARW ARW ARW AW AW AL W N

NP F

Noo »rEDN

AFRFFRFFFEFEFA
L,S,S,S,S,S,S, S, S, SR

$Layout
, 1) $k( 2,

»2) $k( 4,

»2) $k( 7,
. 5) $k( 10,

, 2) $k( 11,
, 5) $k( 14,

, 2) $k( 16,
, 5) $k( 19,

. 2) $k( 22,
. 5) $k( 25,
5) $k( 28,

. 2) $k( 29,
5) $k( 32,
. 5) $k( 35,

2) $k( 37,
, 5) $k( 40,
, 5) $k(43,

, 2) $k( 46,
. 5) $k( 49,
5) $k( 52,
. 5) $k( 55,

, 2) $k( 56,
. 2) $k( 59,
. 2) $k( 62,
. 2) $k( 65,

CNX( $Assem)

BDRY( ( 56, 4) (1, 3) 3( 66, 2) (1,

OVLM f uel 44/ *-*-fuel /fuel 36/ 46-*-fuel,

OVLM ai r/ *-*- gap)

DM R NDR DN R NDR DR DR NA R AT

PhhApR

~ — — —

~ — — —

Assenbly Connectivity

(2
( 4,
(7

64, 65, 66) - *-fuel )
OVLM nod2/ *-*-cool , *-0-cool )
OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/
gui decl ad/ *-*-gcl ad)
OVLM absor ber/ *-*-abs)

O H O &)

AT A~APAO ADhO

RPN

a1

, 1) $k( 3,
, 1) $k( 5,
, 1) $k( 8,

, 1) $k(12,
, 5) $k( 15,

, 1) $k(17,
, 5) $k( 20,

, 1) $k( 23,
, 5) $k( 26,

, 1) $k( 30,
, 5) $k( 33,
, 5) $k( 36,

, 1) $k( 38,
, 5) $k(41,
, 5) $k( 44,

, 1) $k(47,
, 5) $k( 50,
, 5) $k(53,

, 3) $k( 57,
, 2) $k( 60,
, 2) $k( 63,
, 2) $k( 66,

2,1)
2,1)

N

1)

Moo Db

DA A R S
[
~

Lol s

3)/ (66, 2) (56,
|

I (5,4,5)%k(6, 2,
I (8,4,5)%k(9, 2,

I (12, 4, 5) $k(13,

I (17,4, 5) $k( 18,
I (20,4, 5)$k(21,
I (23,4, 5)$k(24,
I (26,4, 5)$k(27,

I (30,4, 5)$k(31,
I (33,4, 5)$k(34,

I (38,4, 5)$k(39,
I (41,4, 5)$k(42,
| (44,4, 5)$k(45,
| (47,4, 5)$k(48,
I (50,4, 5)$k(51,
I (53,4, 5)$k(54,
I (57,1, 2)$k(58,
/I (60,1, 2)$k(61,
I (63,1, 2)$k(64,
)

Mo

oy

R L

Lol

rowl+2!
row 3 !

row 4 !

row 5 !

row 6 !

row 7 !

row 8 !

row 9 !

row 10!

row 11!

(55, 56, 57, 58, 59, 60, 61, 62, 63,

OvSM al | fuel , al | nod, al | cl ad, al | abs, al | gap)

= OVLT($Cool Tenpl/ *-** | $Fuel Tenpl/ *-*-fuel )

= OVST(allT)
OVLD( 1.0/ *-**)

ovsD( al | d)

STAT( nps, dos, t os, 59. 36)
PATH( /(st1), 14839/ 10)

GROUP( N/ 0)



&3
Abor
ALef t
ARi ght
Lbrn
Rbrn

Bi so
Li so
Ri so
kal 448

GROUP( N/ 1. OES, 0. 5, 0)
AREA( 56- 0- cool )
AREA( 56-*-f uel )
AREA( 66-*-f uel )

AlLef t
ARi ght
Abor
AlLef t
ARi ght
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LI STING No. 3; THE HELI OS I NPUT FOR SAMPLE 6 | N BALAKOVO- 2:

+THEL
bal 206
!

CASE(' li brary. bin'/"bal 206. hrf'/'VER- Bal akova-2; Sanple 6')

! Sinul ating 1/ 6 of Bal akova-2 Assenbly
! This one is for sanple 6

e Geonetry data -------------------"------------
!

! d obal
$Assenbl yPi t ch = PAR("23.6")
$Pi nPi tch = PAR("1.275")
! Fuel
$Fuel Hol eRadi us = PAR("O0.115")
$Fuel Radi us = PAR("0.3775")
$Fuel I nner Cl ad = PAR("O0.386")

= PAR(" 0. 4582")

$Cl adRadi us
! Gui de tube
PAR(" 0. 545")

0

0

0

0

$Gji deTubel nner Radi us 0
PAR("0.6323")

0

0

0

0

0

$CGui deTubeCut er Radi us

!

$Cent r al Tubel nner Radi us
$Cent r al TubeCQut er Radi us

Central tube
. 48")
.5626")

PAR("
PAR( "

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")
$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us PAR(" 0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad
$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") ! guide tube inner radius !
$rgto = PAR(" $Cui deTubeQut er Radi us") ! gui de tube outer radius !
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--
! Sone of this may be needed, some may not

$k = PAR(4) I Internal coupling order

$kb = PAR(4) I Boundary coupling order
white = ALB(1/1/1) I Di agonal, equal elenents
$Power Densi ty3 = PAR(56. 35) I Cycle 3 Power (WgU)

$Power Densi t y4 = PAR(49.53) I Cycle 4 Power (W gU)

$Power Densi t y5 = PAR(36.71) I Cycle 5 Power (W gU)

$Fuel Temp3 = PAR(1002) I Cycle 3 Fuel Tenp. (K)
$Fuel Tenp4 = PAR(877) I Cycle 4 Fuel Tenmp. (K)
$Fuel Temp5 = PAR(809) I Cycle 5 Fuel Tenmp. (K)
$Cool Tenmpl = PAR(575) I Hot cool ant (K)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c)
( %a $b )( $a ,"-$b")(0,"-%c")
("-%d" "-$e")("-$d", $e )(0, $f )
( %d $e )( $d ,"-%e")(0,"-%f")
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c")("-%a","-%b")("-%a", 0)
( %$a, 0)( %a ,"-$b")("-sf", 0)
( $f , 0 )("-%d","-%e")( &d ,"-%e")
( 0 ,"-$f")
/ 5,cool / Fpin(0,0)/ 6,8,2,3,coo0l; 4,5,9,7,cool
1, 10,9, 5, cool)

$GapThi ckness

PAR(" $Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(

("- "-$b")("-$a",$h)( $a, $h)(%a,"-$b")(0,"-%$c")
("- $b ) ( 0, $h)( $a, $b)( O, $c )

("- "-$e")("-$d", $e ) (0, $f )

( $d , $e )( $d,"-$e")(0,"-$f")

/ 5,cool/ Fpin(0,0)/ 1,6,11,10,coo0l; 6,9,12,11, cool
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool
2,7,9,6,cool)

$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*$p")
$x7 = PAR("-3**0. 5/ 2*$h")

$y7 = PAR("$h/ 2")

$x3 = PAR("-3**0. 5/ 3*$h")

$y3 = PAR( $h)

$Fuel cornr = PAR(($x1,"-$yl1l") ($x3,9%y3) ($a, $h) (%a,"-$b")
($e,"-$d") ("-%e",$d) ("-$x1", $yl) (0 $h) ($a, $b)
(0, $c)( 0, $f )( $d , %e )( $d ,"-%e")
/4,cool / Fpin(0,0)/ 6,7,10,11,coo0l; 2,8,10,7,cool
3,9, 10, 8, cool ; 9,12,11,10,Cool; 4,13,12,9,cool)

$Fuel cornl = PAR( ( $x1 syt (- -$b") (" $a $h)( - $x3", $y3)
("- $b)(0 $h) ($x1, $y1)($e $d) ("- -$d")
(0, $C)( -$e") ("-%d", $e) (O, $f)

/4,cooI/Fpin(0,0)/2,5,l2,11,cooI;5,10,13,12,cool
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )

PAR(("-%a","-$b")("-%a", $b )(0, $c)
( $a, $b)( %a ,"-3%b")(0,"-%c")
("-$D1","-$E1") ("-$D1", S$E1 )(0, $F1)
( $D1 , $E1 )( $D1 ,"-SE1")(O0,"-$F1")
/6,cool / Gin(0,0)/ 1,2, 8, 7,co0l; 2,3, 9, 8,cool
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)

$Gui det
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$Gui det hal f

$Central t

!

!
fuel 36
fuel 44

]

! Four types of cladding: Fuel, Absorber, Central and Guide tubes !
I

fciad

abscl ad

cencl ad

gui decl ad

]
!
absor ber

Materials for The Kalinin-1 and Bal akova-2 VVER reactors
There are two fuel types, 3.6 wt% and 4.4 wt % U 235

= PAR((O0,"-%$c")("-%a","-3%b")("-%a",0)(%a, 0)(%a, "-%b")
(II - $F1II , O) ($F1’ 0) (ll - $Dlll , " - $E1Il) ($D1’ n - $E1II)
(0,"-$F1")/5,coo0l / Gpin(0,0)/ 6,8,2,3,cool;
4,5,9,7,coo0l;1,10,9,5, cool)

PAR((O,"-%$c") ("-$x1","-$y1") (0, 0) ($x1,"-syl1")
/ 4,cool / Cpin(0,0)/)

MATERI ALS

MAT( /92235, 8. 2378E- 4, 92238, 2. 1781E- 2; 8016, 4. 5210E- 2)
MAT( /92235, 1. 0068E- 3; 92238, 2. 16E- 2; 8016, 4. 5214E- 2)

MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;

72176, 3. 3E-7; 72177, 1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,

6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

MAT( /40000, 4. 259E- 2; 41093, 4. 225E- 4; 72174, 1. 069E- 8;

72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

MAT( /40000, 4. 143E- 2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;

72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E- 7,
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4,
22000, 2. 806E- 5; 6000, 1. 342E-5)

MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)

Absor ber !
MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,
5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
Moder at or !

! Bal akova- 2, sanple #6 (densities = 0.72, 0.72, 0.730 g/m) !
Boron concentrations from average BORIC acid wei ght given. !
I Keep constant (average) boron concentration in noderator !

IOron>»0mn

$Layout =

MAT(NB/ /8016, 2. 4088E-2; 1001, 4. 8176E- 2; 5010, 3. 5178E- 6;
5011, 1. 4160E- 5)
MAT(NB/ /8016, 2. 4088E-2; 1001, 4. 8176E- 2; 5010, 3. 4201E- 6;
5011, 1. 3766E- 5)
MAT(NB/ /8016, 2. 4423E-2; 1001, 4. 8845E- 2; 5010, 3. 8498E- 6;
5011, 1. 5496E- 5)
Gap Material (Air) !
MAT( /8016, 9. 78E- 6; 7014, 3. 912E- 5)
End of materials data !

Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

PAR( o)

A A
A F A
A F, G A
A F F F A
HF FF FH
AFFGFFA
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AFFFFFFA
AFFFFEFFFA
AFFFFEFFFFA
L,S, S S, S, S,S,S, S, S, R

Assenbl y

Connectivity

| 234567890123456789012345678901234567890123456789012345678901234567890!

$Assem

al | fuel

al | nrod3
al | rod4
al | rod5
all cl ad

A~~~ A~~~ —~~—~ —~~—~ —~~—~ —~— —~— —~— —~ —~

(o2l ep &) I

PAR( $Layout /
2,1)$k( 2,4,5) /

2,3,2)$k( 4,4,5) /

4,3,2)$k( 7,4,5) /
9,4,5)$k(10,2,1) /

7,3,2)$k(11, 4,5) /
13, 4,5)$k(14,2,1) /

,2) $k(16, 4,5) /
. 5)$k(19,2,1) /

)$k(22, 4,5) /
$k(25,2,1) /
k(28,2,1) /

2
, 5
5

~k o ®

k(29,4,5) /
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CNX( $Assem)

BDRY( (56, 4) (1, 3) 3( 66, 2) (1, 3)/ (66, 2) (56
|

(2,5 1)8k( 3,2,1)
( 4,5 1)8k( 5,2,1)
(7,5 1)8k( 8,2,1)

OVLM fuel 44/ *-*-fuel / fuel 36/ 46-*-f uel

64, 65, 66)
OVLM nod3/ *-*- cool
OVLM nod4/ *-*- cool
OVLM nod5/ *- *- cool

-*-fuel)

(11,5, 1) $k(12, 2, 1)
(14, 4,5) $k(15, 2,1)
(16,5, 1) $k(17,2,1)
(19, 4, 5)$k(20,2,1)
(22,5,1)$k(23,2,1)
(25, 4,5)%$k(26,2,1)
(29,5,1)$k(30,2,1)
(32,4,5)%k(33,2,1)
(35, 4,5)8$k(36, 2,1)
(37,5,1)$k(38,2,1)
(40, 4, 5)$k(41, 2, 1)
(43,4,5)%k(44,2,1)
(46,5, 1)$k(47,2,1)
(49, 4, 5)$k(50, 2, 1)
(52, 4,5)8$k(53,2,1)
(56, 2, 3) $k(57, 4, 3)
(59,1, 2) $k( 60, 4, 3)
(62,1, 2)$k(63, 4, 3)
(65,1, 2) $k( 66, 4, 3)
Overl ays

, *-0-cool)

, *-0-cool)

, *-0-cool)

/
/

~—~~~

(5,4,5)%k(6,2,1)
(8,4,5)%k(9,2,1)

(12, 4, 5) $k(13, 2, 1)

A bMDb

o1 o1 o1 o1

—— o —
- 0

NN NN

e

AAAA
NN N R
ow O~
BB LB
~Xx XX
AR AA
NN NBR
NA

e

AN NS

OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/
gui decl ad/ *-*-gcl ad)

absor ber

present for cycle 3 only

OVLM absor ber/ *-*-abs)

OVLM nod4/ *- *- abs)
OVLM nod5/ *- * - abs)
OVLM ai r/ *-*- gap)

OVSM al | f uel
OvVsSM
OvVsSM

= OVLT($Cool Tenpl/
= OVLT($Cool Tenpl/
= OVLT($Cool Tenpl/

*.** [ $Fuel Tenp3/
*.** [ $Fuel Tenp4/
*.** [ $Fuel Tenp5/

59

,all nmod3, al I cl ad, al | abs, al | gap)
nos3/ al | nod4, al | cl ad, noabs4, al | gap)
nos4/ al | nod5, al | ¢l ad, noabs5, al | gap)

/!
/!

/!

rowl+2!
row 3 !

row 4 !

row 5 !

row 6 !

row 7 !

row 8 !

row 9 !

row 10!

row 11!

, (55, 56,57, 58, 59, 60, 61, 62, 63,



tos3 = OVST(all T3)

t os4 = OVST(all T4)

t osb5 = OVST(all T5)

alld = OVLD(1.0/*-**)

dos = OvSD(al |l d)

| e e e e m e e e e e f e e e e m e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, m—— .- - -
! State and Burnup Descriptions !

| e e e e m e e e e e f e e e e m e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, m—— .- - -

st3 = STAT(nos3, dos, t 0s3, 58. 77)

st4 = STAT(nos4, dos, t 0s4, 50. 38)

st5 = STAT(nos5, dos, t 0s5, 38. 17)

uspal | = PATH( /(st3),16633/10,(189), (st4),32855/5,(76),

(st5), 46556/ 5)

| e e e e m e e e e e f e e e e m e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, m—— .- - -
! Qut put s Needed !

| e e e e m e e e e e f e e e e m e e e e e m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, m—— .- - -

Gl = CGROUP( N 0)

&3 = CGROUP(N 1. 0ES6, 0.5, 0)

Asanpl e = AREA(34-*-fuel)

Sbrn = MACRO( Gl, Asanpl e /bu)

Snpi so = M CRO(GL, Asanple //)

bal 206 = RUN()
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LI STING No. 4; THE HELI OS | NPUT FOR SAMPLE 15 | N BALAKOVO 2:

+THEL
bal 215
!

CASE(' library. bin'/"'bal 215. hrf'/'VWER- Bal akova-2; Sanple 15')

! Sinul ating 1/ 6 of Bal akova-2 Assenbly
! This one is for sanple 15

e Geonetry data -------------------"------------
!

! d obal
$Assenbl yPi t ch = PAR("23.6")
$Pi nPi tch = PAR("1.275")
! Fuel
$Fuel Hol eRadi us = PAR("O0.115")
$Fuel Radi us = PAR("0.3775")
$Fuel I nner Cl ad = PAR("O0.386")

= PAR(" 0. 4582")

$Cl adRadi us
! Gui de tube
PAR(" 0. 545")

0

0

0

0

$Gji deTubel nner Radi us 0
PAR("0.6323")

0

0

0

0

0

$CGui deTubeCut er Radi us

!

$Cent r al Tubel nner Radi us
$Cent r al TubeCQut er Radi us

Central tube
. 48")
.5626")

PAR("
PAR( "

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")
$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us PAR(" 0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad
$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") ! guide tube inner radius !
$rgto = PAR(" $Cui deTubeQut er Radi us") ! gui de tube outer radius !
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--
! Sone of this may be needed, some may not

$k = PAR(4) I Internal coupling order

$kb = PAR(4) I Boundary coupling order
white = ALB(1/1/1) I Di agonal, equal elenents
$Power Densi ty3 = PAR(53. 20) I Cycle 3 Power (WgU)

$Power Densi ty4 = PAR(47.47) I Cycle 4 Power (WgU)

$Power Densi t y5 = PAR(35. 70) I Cycle 5 Power (W gU)

$Fuel Temp3 = PAR(966) I Cycle 3 Fuel Tenp. (K)
$Fuel Tenp4 = PAR(874) I Cycle 4 Fuel Tenmp. (K)
$Fuel Tenp5 = PAR(811) I Cycle 5 Fuel Tenmp. (K)
$Cool Tenmpl = PAR(575) I Hot cool ant (K)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c)
( %a $b )( $a ,"-$b")(0,"-%c")
("-%d" "-$e")("-$d", $e )(0, $f )
( %d $e )( $d ,"-%e")(0,"-%f")
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c")("-%a","-%b")("-%a", 0)
( %$a, 0)( %a ,"-$b")("-sf", 0)
( $f , 0 )("-%d","-%e")( &d ,"-%e")
( 0 ,"-$f")
/ 5,cool / Fpin(0,0)/ 6,8,2,3,coo0l; 4,5,9,7,cool
1, 10,9, 5, cool)

$GapThi ckness

PAR(" $Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(

("- "-$b")("-$a",$h)( $a, $h)(%a,"-$b")(0,"-%$c")
("- $b ) ( 0, $h)( $a, $b)( O, $c )

("- "-$e")("-$d", $e ) (0, $f )

( $d , $e )( $d,"-$e")(0,"-$f")

/ 5,cool/ Fpin(0,0)/ 1,6,11,10,coo0l; 6,9,12,11, cool
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool
2,7,9,6,cool)

$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*$p")
$x7 = PAR("-3**0. 5/ 2*$h")

$y7 = PAR("$h/ 2")

$x3 = PAR("-3**0. 5/ 3*$h")

$y3 = PAR( $h)

$Fuel cornr = PAR(($x1,"-$yl1l") ($x3,9%y3) ($a, $h) (%a,"-$b")
($e,"-$d") ("-%e",$d) ("-$x1", $yl) (0 $h) ($a, $b)
(0, $c)( 0, $f )( $d , %e )( $d ,"-%e")
/4,cool / Fpin(0,0)/ 6,7,10,11,coo0l; 2,8,10,7,cool
3,9, 10, 8, cool ; 9,12,11,10,Cool; 4,13,12,9,cool)

$Fuel cornl = PAR( ( $x1 syt (- -$b") (" $a $h)( - $x3", $y3)
("- $b)(0 $h) ($x1, $y1)($e $d) ("- -$d")
(0, $C)( -$e") ("-%d", $e) (O, $f)

/4,cooI/Fpin(0,0)/2,5,l2,11,cooI;5,10,13,12,cool
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )

PAR(("-%a","-$b")("-%a", $b )(0, $c)
( $a, $b)( %a ,"-3%b")(0,"-%c")
("-$D1","-$E1") ("-$D1", S$E1 )(0, $F1)
( $D1 , $E1 )( $D1 ,"-SE1")(O0,"-$F1")
/6,cool / Gin(0,0)/ 1,2, 8, 7,co0l; 2,3, 9, 8,cool
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)

$Gui det
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$Cui det hal f = PAR((0,"-$c")("-%$a","-$b")("-%a",0)(%a, 0)(%$a, "-$b")
(II - $F1II , O) ($F1’ 0) (ll - $Dlll , " - $E1Il) ($D1’ n - $E1II)
(0,"-$F1")/5,coo0l / Gpin(0,0)/ 6,8,2,3,cool;
4,5,9,7,coo0l;1,10,9,5, cool)

$Central t = PAR((O,"-$c") ("-$x1","-$y1")(0,0)($x1,"-3$y1")
/ 4,cool / Cpin(0,0)/)
| T I !
! MATERI ALS !
! Materials for The Kalinin-1 and Bal akova-2 VVER reactors !
! There are two fuel types, 3.6 wt% and 4.4 wt % U 235 !
! !
f uel 36 = MAT( /92235, 8. 2378E-4; 92238, 2. 1781E- 2; 8016, 4. 5210E- 2)
= MAT( /92235, 1. 0068E-3; 92238, 2. 16E-2; 8016, 4. 5214E- 2)

fuel 44
I

! Four types of cladding: Fuel, Absorber, Central and Guide tubes !
I

fclad = MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;
72176, 3. 3E-7; 72177, 1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,
6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

abscl ad = MAT( /40000, 4. 259E- 2; 41093, 4. 225E-4; 72174, 1. 069E- 8;
72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

cencl ad = MAT( /40000, 4. 143E-2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;
72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E-7;
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4;
22000, 2. 806E- 5; 6000, 1. 342E-5)

gui decl ad = MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)
! !
! Absor ber !
absorber = MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,

5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
!
! Moder at or
! Bal akova- 2, sanple #15 (densities = 0.690, 0.690, 0.710 g/m)
! Boron concentrations from average BORI C acid wei ght given.
I Keep constant (average) boron concentration in noderator !

nod3 = MAT(NB/ /8016, 2. 3084E- 2; 1001, 4. 6169E- 2; 5010, 3. 3713E- 6;
5011, 1. 3570E- 5)

nod4 = MAT(NB/ /8016, 2. 3084E- 2; 1001, 4. 6169E- 2; 5010, 3. 2776E- 6;
5011, 1. 3193E- 5)

nod5 = MAT(NB/ /8016, 2. 3753E- 2; 1001, 4. 7507E- 2; 5010, 3. 7443E- 6;

5011, 1. 5071E- 5)
! Gap Material (Air) !
air = MAT( /8016, 9. 78E-6; 7014, 3. 912E- 5)
! End of materials data !

! Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

IO on>»0mn

$Layout = PAR( o}
A A,
A F A
A F, G A,
A F, F F A
HF F F F H
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$Assem

al | nrod3
al | rod4
al | rod5
all cl ad

AFF,GFF A
AFFFFFFA
AFFFFEFFFA
AFFFFEFFFFA
L,S, S S, S, S,S,S, S, S, R

PAR( $Layout /
2,1)$k( 2,4,5) /

2,3,2)8k( 4,4,5) /

4,3,2)$k( 7,4,5) /
9,4,5)$k(10,2,1) /

7,3,2)$k(11, 4,5) /
13, 4,5)$k(14,2,1) /

,2) $k(16, 4,5) /
. 5)$k(19,2, 1) /

$k(22, 4,5) |
$k(25,2,1) /
k(28,2,1) /

11
18
6, 3,2
4 5
7,4,5

k(29,4,5) /
(32,2,1) |
(35,2,1) /

2
4,5
5

(37,4,5) |
40,2,1) /
43,2,1) |

2
5
5

6, 4, 5)
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2, 1)
2, 1)

U1 .01 01 N
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1, 4, 5) $k
4, 4, 5) $k
9, 3, 2) $k
9, 4, 5) $k
2, 4, 5) $k
3, 2) $k
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(
(
(4
(4
(5
(5
(5
(5
(6
(6

APOO® AP O

2
5
6,
9
2
5

(o) e)Né RN
~~

2
2 3)
2 3)
' 2 ,3)

CNX( $Assem)

BDRY( (56, 4) (1, 3) 3(66, 2) (1, 3)/ (66, 2) (56
|

Assenbly Connectivity

(2,5 1)8k( 3,2,1)
( 4,5 1)8k( 5,2,1)
(7,5 1)8k( 8,2,1)

OVLM fuel 44/ *-*-fuel / fuel 36/ 46-*-fuel

64, 65, 66)
OVLM nod3/ *-*- cool
OVLM nod4/ *-*- cool
OVLM nod5/ *- *- cool

-*-fuel)

(11,5, 1) $k(12, 2, 1)
(14, 4, 5) $k( 15, 2, 1)
(16,5, 1) $k(17,2,1)
(19, 4, 5)$k(20,2,1)
(22,5,1)$k(23,2,1)
(25, 4,5)8k(26,2,1)
(29,5, 1)$k(30,2,1)
(32,4,5)%k(33,2,1)
(35, 4,5)8$k(36,2,1)
(37,5,1)$k(38,2,1)
(40, 4,5)%k(41,2,1)
(43, 4,5)$k(44, 2, 1)
(46,5, 1)$k(47,2,1)
(49, 4, 5)$k(50, 2, 1)
(52, 4,5)8$k(53,2,1)
(56, 2, 3) $k(57, 4, 3)
(59,1, 2) $k( 60, 4, 3)
(62,1, 2)%$k(63, 4, 3)
(65,1, 2) $k( 66, 4, 3)
Overl ays

, *-0-cool)

, *-0-cool)

, *-0-cool)

I (5, 4,5)%k(6,2,1)
I (8,4,5)%k(9,2,1)

/ (12,4,5)$k(13,2,1)

~—~~
—~
(o2}
w
[EEN
N
~——

OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/
gui decl ad/ *-*-gcl ad)

absor ber

present for cycle 3 only

OVLM absor ber/ *-*-abs)

OVLM nod4/ *- *- abs)
OVLM nod5/ *- * - abs)
OVLM ai r/ *-*-gap)

OVSM al | f uel
ovVsSM
ovVsSM

OVLT( $Cool Tenpl/
OVLT( $Cool Tenpl/

*.** [ $Fuel Tenp3/
*.** [ $Fuel Tenp4/

64

,all nmod3, al I cl ad, al | abs, al | gap)
nos3/ al | nod4, al | cl ad, noabs4, al | gap)
nos4/ al | nod5, al | ¢l ad, noabs5, al | gap)

*-*-fuel )
*-*-fuel )

rowl+2!
row 3 !

row 4 !

row 5 !

row 6 !

row

row 8 !

row 9 !

row 10!

row 11!

, (55, 56, 57, 58, 59, 60, 61, 62, 63,



OVLT($Cool Tenpl/ *-** | $Fuel Tenp5/

ovsT(al | T3)
ovST(al | T4)
ovsT(al | T5)
OVLD( 1. 0/ *- **)
ovsD( al | d)

STAT(nDs3, dos, t 0s3, 55. 49)

STAT( nps4, dos, t 0s4, 50. 41)

STAT( nps5, dos, t 0s5, 37. 13)

PATH( /(st3), 15705/ 10, (189),
(st5), 45267/ 5)

GROUP( N/ 0)

GROUP( N/ 1. OES, 0. 5, 0)
AREA( 34-*-fuel)

MACRO( G1, Asanpl e /bu)
M CRO(Gl, Asanple //)
RUN( )

(st4),31938/5, (76),

65

*-*-fuel

)



LI STING No. 5; THE HELI OS | NPUT FOR SAMPLE 912 | N BALAKOVO- 3:

+THEL
bal 3912 = CASE('library.bin'/'"bal 3912. hrf'/' VWER- Bal akova-3; Sanple 912')
|

! Sinul ating 1/ 6 of Bal akova-3 Assenbly
! This one is for sanple 912

e Geonetry data -------------------"------------
!

! d obal
$Assenbl yPi t ch = PAR("23.6")
$Pi nPi tch = PAR("1.275")
! Fuel
$Fuel Hol eRadi us = PAR("O0.115")
$Fuel Radi us = PAR("0.3775")
$Fuel I nner Cl ad = PAR("O0.386")

= PAR(" 0. 4582")

$Cl adRadi us
! Gui de tube
PAR(" 0. 545")

0

0

0

0

$Gji deTubel nner Radi us 0
PAR("0.6323")

0

0

0

0

0

$CGui deTubeCut er Radi us

!

$Cent r al Tubel nner Radi us
$Cent r al TubeCQut er Radi us

Central tube
. 48")
.5626")

PAR("
PAR( "

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")
$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us PAR(" 0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad
$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") ! guide tube inner radius !
$rgto = PAR(" $Cui deTubeQut er Radi us") ! gui de tube outer radius !
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--
! Sone of this may be needed, some may not

$k = PAR(4) I Internal coupling order

$kb = PAR(4) I Boundary coupling order
white = ALB(1/1/1) I Di agonal, equal elenents
$Power Densi ty?2 = PAR(36.82) I Cycle 2 Power (W gU)

$Power Densi ty3 = PAR(47.16) I Cycle 3 Power (WgU)

$Power Densi t y4 = PAR(39.71) I Cycle 4 Power (W gU)

$Fuel Temp2 = PAR(853) I Cycle 2 Fuel Tenp. (K)
$Fuel Temp3 = PAR(881) I Cycle 3 Fuel Tenp. (K)
$Fuel Tenp4 = PAR(824) I Cycle 4 Fuel Tenp. (K)
$Cool Tenmpl = PAR(575) I Hot cool ant (K)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c)
( %a $b )( $a ,"-$b")(0,"-%c")
("-%d" "-$e")("-$d", $e )(0, $f )
( %d $e )( $d ,"-%e")(0,"-%f")
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c")("-%a","-%b")("-%a", 0)
( %$a, 0)( %a ,"-$b")("-sf", 0)
( $f , 0 )("-%d","-%e")( &d ,"-%e")
( 0 ,"-$f")
/ 5,cool / Fpin(0,0)/ 6,8,2,3,coo0l; 4,5,9,7,cool
1, 10,9, 5, cool)

$GapThi ckness

PAR(" $Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(

("- "-$b")("-$a",$h)( $a, $h)(%a,"-$b")(0,"-%$c")
("- $b ) ( 0, $h)( $a, $b)( O, $c )

("- "-$e")("-$d", $e ) (0, $f )

( $d , $e )( $d,"-$e")(0,"-$f")

/ 5,cool/ Fpin(0,0)/ 1,6,11,10,coo0l; 6,9,12,11, cool
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool
2,7,9,6,cool)

$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*$p")
$x7 = PAR("-3**0. 5/ 2*$h")

$y7 = PAR("$h/ 2")

$x3 = PAR("-3**0. 5/ 3*$h")

$y3 = PAR( $h)

$Fuel cornr = PAR(($x1,"-$yl1l") ($x3,9%y3) ($a, $h) (%a,"-$b")
($e,"-$d") ("-%e",$d) ("-$x1", $yl) (0 $h) ($a, $b)
(0, $c)( 0, $f )( $d , %e )( $d ,"-%e")
/4,cool / Fpin(0,0)/ 6,7,10,11,coo0l; 2,8,10,7,cool
3,9, 10, 8, cool ; 9,12,11,10,Cool; 4,13,12,9,cool)

$Fuel cornl = PAR( ( $x1 syt (- -$b") (" $a $h)( - $x3", $y3)
("- $b)(0 $h) ($x1, $y1)($e $d) ("- -$d")
(0, $C)( -$e") ("-%d", $e) (O, $f)

/4,cooI/Fpin(0,0)/2,5,l2,11,cooI;5,10,13,12,cool
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )

PAR(("-%a","-$b")("-%a", $b )(0, $c)
( $a, $b)( %a ,"-3%b")(0,"-%c")
("-$D1","-$E1") ("-$D1", S$E1 )(0, $F1)
( $D1 , $E1 )( $D1 ,"-SE1")(O0,"-$F1")
/6,cool / Gin(0,0)/ 1,2, 8, 7,co0l; 2,3, 9, 8,cool
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)

$Gui det
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$Cui det hal f = PAR((0,"-$c")("-%$a","-$b")("-%a",0)(%a, 0)(%$a, "-$b")
(II - $F1II , O) ($F1’ 0) (ll - $Dlll , " - $E1Il) ($D1’ n - $E1II)
(0,"-$F1")/5,coo0l / Gpin(0,0)/ 6,8,2,3,cool;
4,5,9,7,coo0l;1,10,9,5, cool)

$Central t = PAR((O,"-$c")("-$x1","-$yl1")(0,0)($x1,"-$yl1l")
/ 4,cool / Cpin(0,0)/)

| e o e e e e e e e e e e e e e e e eeeeaaon a1

! MATERI ALS !
! Materials for the Bal akova-3 VVER react or !
! !
! only one fuel type in Bal akova-3 VVER !
! !

fuel 44 = MAT( /92235, 1. 0068E-3; 92238, 2. 16E- 2; 8016, 4. 5214E- 2)

! !
! Four types of cladding: Fuel, Absorber, Central and Guide tubes !
I

fclad = MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;
72176, 3. 3E-7; 72177, 1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,
6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

abscl ad = MAT( /40000, 4. 259E- 2; 41093, 4. 225E-4; 72174, 1. 069E- 8;
72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

cencl ad = MAT( /40000, 4. 143E-2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;
72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E-7;
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4;
22000, 2. 806E- 5; 6000, 1. 342E-5)

gui decl ad = MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)
! !
! Absor ber !
absorber = MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,

5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
!
! Moder at or
I Bal akova-3, sanple #912 (densities = 0.747, 0.747, 0.748 g/m)
! Boron concentrations from average BORI C acid wei ght given.
I Keep constant (average) boron concentration in noderator !

nod2 = MAT(NB/ /8016, 2. 4991E- 2; 1001, 4. 9983E- 2; 5010, 3. 3311E- 6;
5011, 1. 3408E- 5)

nod3 = MAT(NB/ /8016, 2. 4991E- 2; 1001, 4. 9983E- 2; 5010, 3. 7801E- 6;
5011, 1. 5215E- 5)

nod4 = MAT(NB/ /8016, 2. 5025E- 2; 1001, 5. 0050E- 2; 5010, 5. 0759E- 6;

5011, 2. 0431E-5)
! Gap Material (Air) !
air = MAT( /8016, 9. 78E-6; 7014, 3. 912E- 5)
! End of materials data !

! Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

IO on>»0mn

$Layout = PAR( o}
A A,
A F A
A F, G A,
A F, F F A
HF F F F H
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I $Assem

all cl ad

al | abs
al | gap
nos?2
nos3
nos4
all T2
all T3
all T4
t 0s2

t 0s3

t os4
alld

AFF,GFF A
AFFFFFFA
AFFFFEFFFA
AFFFFEFFFFA
L,S, S S, S, S,S,S, S, S, R

Assenbly Connectivity
PAR( $Layout /

1,2,1)$k( 2,4,5) / ( 2,5 1)$k( 3,2,1) /
2,3,2)$k( 4,4,5) / ( 4,5 1)$k( 5,2,1) / (5,4,5)%k(6,2,1)
4,3,2)$k( 7,4,5) / ( 7,5, 1)$k( 8,2,1) / (8,4,5)%$k(9,2,1)
9, 4,5)$k(10,2,1) /
7,3,2)$k(11,4,5) / (11,5,61)$k(12,2,1) / (12, 4,5)$k(13, 2,
13, 4,5)$k(14,2,1) / (14, 4,5)$k(15,2,1) /
11, 3,2) $k(16,4,5) / (16,5,1)$k(17,2,1) / (17,4, 5)$k(18, 2,
18, 4,5)$k(19,2,1) / (19,4,5)$k(20,2,1) / (20,4, 5)$k(21, 2,
16, 3,2)$k(22,4,5) / (22,5, 1)$k(23,2,1) / (23,4,5)$k(24,2,
24,4,5)$k(25,2,1) / (25,4,5)$k(26,2,1) / (26,4,5)$k(27, 2,
27,4,5)$k(28,2,1) /
22,3,2)$k(29,4,5) / (29,5, 1)$k(30,2,1) / (30,4,5)$k(31, 2,
31,4,5)$k(32,2,1) / (32,4,5)$k(33,2,1) / (33,4,5)$k(34, 2,
34, 4,5)$k(35,2,1) / (35,4,5)$k(36,2,1) /
29,3,2)$k(37,4,5) / (37,5,1)$k(38,2,1) / (38,4,5)$k(39, 2,
39, 4,5)$k(40,2,1) / (40,4,5)$k(41,2,1) / (41,4,5)%$k(42,2,
42,4,5)$k(43,2,1) | (43,4,5)$k(44,2,1) | (44,4,5)$k(45,2,
37,3,2)$k(46,4,5) | (46,5, 1)$k(47,2,1) | (47,4,5)$k(48,2,
48, 4,5)$k(49,2,1) / (49, 4,5)$k(50,2,1) / (50, 4,5)$k(51, 2,
51, 4,5)$k(52,2,1) / (52,4,5)%$k(53,2,1) / (53, 4,5)$k(54,2,
(54, 4,5)$k(55,2,1) /
(46, 3,2)%k(56,1,2) / (56,2,3)$k(57,4,3) / (57,1, 2)3$k(58, 4,
(58,1,2)%k(59,4,3) / (59,1,2)%$k(60,4,3) / (60,1, 2)$k(61, 4,
(61,1,2)$k(62,4,3) / (62,1,2)$k(63,4,3) / (63,1,2)$k(64,4,
(64, 1,2)$k(65,4,3) / (65,1,2)%$k(66,4,3) )
CNX( $Assem)

BDRY( (56, 4) (1, 3) 3( 66, 2) (1, 3)/ (66, 2) (56, 4) 3(whi te))

OVLM f uel 44/ *-*-fuel)

OVLM nod2/ *-*-cool , *-0-cool )

OVLM nod3/ *-*-cool , *-0-cool )

OVLM nod4/ *-*-cool , *-0-cool )

OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/
gui decl ad/ *-*-gcl ad)

OVLM absor ber/ *-*-abs)

OVLM ai r/ *-*- gap)

OvSM al | fuel , al | nod2, al | cl ad, al | abs, al | gap)

oOvSM nmos2/ al | nod3, al | ¢l ad, al | abs, al | gap)

oOvSM nos3/ al | nod4, al | ¢l ad, al | abs, al | gap)

OVLT( $Cool Tenpl/ *-** | $Fuel Tenp2/ *-*-fuel )

OVLT( $Cool Tenpl/ *-** | $Fuel Tenp3/ *-*-fuel )

OVLT($Cool Tenpl/ *-** | $Fuel Tenpd/ *-*-fuel )

OVST(al | T2)

OVST(al | T3)

OVST(al | T4)

= OVLD(1.0/*-**)
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Abor
Asanpl e
Sbrn
Snpi so
bal 3912

ovsD( al | d)

STAT(nps2, dos, t 0s2, 35. 31)
STAT(nDs3, dos, t 0s3, 45. 23)
STAT( nps4, dos, t 0s4, 38. 09)
PATH( /(st2), 10488/ 10, (94),

GROUP( N/ 0)

GROUP( N/ 1. OES, 0. 5, 0)
AREA( 56- 0- cool )

AREA( 65-*-f uel )

MACRO( G1, Asanpl e /bu)
M CRO(Gl, Asanple //)
RUN( )

(st3),26321/5, (78),
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LI STING No. 6; THE HELI OS | NPUT FOR SAMPLE 581 | N BALAKOVO- 3:

+THEL
bal 3581 = CASE('library.bin'/'bal 3581. hrf'/'VWER- Bal akova-3; Sanple 581")
|

! Sinul ating 1/ 6 of Bal akova-3 Assenbly
! This one is for sanple 581

e Geonetry data -------------------"------------
!

! d obal
$Assenbl yPi t ch = PAR("23.6")
$Pi nPi tch = PAR("1.275")
! Fuel
$Fuel Hol eRadi us = PAR("O0.115")
$Fuel Radi us = PAR("0.3775")
$Fuel I nner Cl ad = PAR("O0.386")

= PAR(" 0. 4582")

$Cl adRadi us
! Gui de tube
PAR(" 0. 545")

0

0

0

0

$Gji deTubel nner Radi us 0
PAR("0.6323")

0

0

0

0

0

$CGui deTubeCut er Radi us

!

$Cent r al Tubel nner Radi us
$Cent r al TubeCQut er Radi us

Central tube
. 48")
.5626")

PAR("
PAR( "

! Absor ber Rod
$Absor ber Radi us = PAR("0.379")
$Absor ber I nner Cl ad = PAR("O0.386")

$Absor ber d adRadi us PAR(" 0. 455")

$rhol e = PAR(" $Fuel Hol eRadi us") ! Pellet hole radius

$rf uel = PAR(" $Fuel Radi us") I Pellet radius

$rcladi = PAR("$Fuel | nnerCl ad") ! Clad inner radius

$rcl ad = PAR(" $Cl adRadi us") ! Clad outer radius

$rcti = PAR(" $Cent r al Tubel nner Radi us") I Central Tube inner rad
$rcto = PAR(" $Cent r al TubeCut er Radi us") I Central Tube outer rad

$r bpa = PAR(" $Absor ber Radi us") | absorber radius

$r bpb = PAR(" $Absor ber | nnerd ad") ! clad inner radius

$r bpc = PAR(" $Absor ber Cl adRadi us") ! clad outer radius

$rgti = PAR(" $Cui deTubel nner Radi us") ! guide tube inner radius !
$rgto = PAR(" $Cui deTubeQut er Radi us") ! gui de tube outer radius !
Fpin = CCS($rhol e, $rfuel, $rcl adi, $rclad //gap, fuel, gap, cl ad)

Cpin = CCS($rcti, $rcto//cool, ccl ad)

Gpin = CCS( $r bpa, $rbpb, $rbpc, $rgti, $rgto//abs, gap, acl ad, cool , gcl ad)

[ LR R Coupling order, power density, tenps --------------cmmom--

! Sone of this may be needed, some may not

$k PAR( 4) Internal coupling order

$kb PAR( 4) Boundary coupling order
white ALB(1/1/1) Di agonal , equal el enents

$Power Densi ty?2 PAR( 40. 460) Cycle 2 Power (W gU)

$Power Densi ty3 PAR(41. 929) Cycle 3 Power (W gU)
$Power Densi t y4 PAR(37. 149) Cycle 4 Power (W gU)
$Fuel Temp2 PAR(891) Cycle 2 Fuel Tenp. (K)
$Fuel Temp3 PAR(892) Cycle 3 Fuel Tenp. (K)
$Fuel Tenp4 PAR(822) Cycle 4 Fuel Tenmp. (K)
$Cool Tenmpl PAR(575) Hot cool ant (K)

$p = PAR("$Pi nPitch") I pin pitch

$a = PAR(" $p/ 2")
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$b PAR(" $p* 3**0. 5/ 6")

$c = PAR("$p*3**0.5/3")
$d = PAR("$rcl ad*3**0.5/2")
$e = PAR("$rcl ad/ 2")
$f = PAR(" $rcl ad")
$x1 = PAR(" $p/ 4")
$yl = PAR("3**0.5*$p/ 4")
$D1 = PAR("$rgto*3**0.5/2")
$E1 = PAR(" $rgto/2")
$F1 = PAR("$rgto")
$D2 = PAR("$rcto*3**0.5/2")
$E2 = PAR(" $rcto/ 2")
$F2 = PAR("$rcto")
$Fuel = PAR(( a","-$b")("-%a", $b )(0, $c)
( %a $b )( $a ,"-$b")(0,"-%c")
("-%d" "-$e")("-$d", $e )(0, $f )
( %d $e )( $d ,"-%e")(0,"-%f")
/ 6,cool / Fpin(O0, 0)/ 1,2, 8, 7,cool; 2,3, 9, 8,cool
3,4,10, 9, cool; 4,5,11, 10, cool 5,6,12,11, cool)
$Fuel hal f = PAR(( 0,"-%c")("-%a","-%b")("-%a", 0)
( %$a, 0)( %a ,"-$b")("-sf", 0)
( $f , 0 )("-%d","-%e")( &d ,"-%e")
( 0 ,"-$f")
/ 5,cool / Fpin(0,0)/ 6,8,2,3,coo0l; 4,5,9,7,cool
1, 10,9, 5, cool)

$GapThi ckness

PAR(" $Assenbl yPitch - 32*3**0.5/3*$Pi nPitch")
$h PAR("$c + $GapThi ckness/2")
$Fuel si de= PAR(

("- "-$b")("-$a",$h)( $a, $h)(%a,"-$b")(0,"-%$c")
("- $b ) ( 0, $h)( $a, $b)( O, $c )

("- "-$e")("-$d", $e ) (0, $f )

( $d , $e )( $d,"-$e")(0,"-$f")

/ 5,cool/ Fpin(0,0)/ 1,6,11,10,coo0l; 6,9,12,11, cool
9,8,13,12,cool ; 8,4, 14, 13, cooI 4,5, 15, 14, cool
2,7,9,6,cool)

$x2 = PAR("-3**0.5/2*$h - $p/4")
$y2 = PAR("$h/2 - 3**0.5/4*$p")
$x7 = PAR("-3**0. 5/ 2*$h")

$y7 = PAR("$h/ 2")

$x3 = PAR("-3**0. 5/ 3*$h")

$y3 = PAR( $h)

$Fuel cornr = PAR(($x1,"-$yl1l") ($x3,9%y3) ($a, $h) (%a,"-$b")
($e,"-$d") ("-%e",$d) ("-$x1", $yl) (0 $h) ($a, $b)
(0, $c)( 0, $f )( $d , %e )( $d ,"-%e")
/4,cool / Fpin(0,0)/ 6,7,10,11,coo0l; 2,8,10,7,cool
3,9, 10, 8, cool ; 9,12,11,10,Cool; 4,13,12,9,cool)

$Fuel cornl = PAR( ( $x1 syt (- -$b") (" $a $h)( - $x3", $y3)
("- $b)(0 $h) ($x1, $y1)($e $d) ("- -$d")
(0, $C)( -$e") ("-%d", $e) (O, $f)

/4,cooI/Fpin(0,0)/2,5,l2,11,cooI;5,10,13,12,cool
3,6,10,5,coo0l ;6,4,7,10,cool ; 7,8, 13, 10, cool )

PAR(("-%a","-$b")("-%a", $b )(0, $c)
( $a, $b)( %a ,"-3%b")(0,"-%c")
("-$D1","-$E1") ("-$D1", S$E1 )(0, $F1)
( $D1 , $E1 )( $D1 ,"-SE1")(O0,"-$F1")
/6,cool / Gin(0,0)/ 1,2, 8, 7,co0l; 2,3, 9, 8,cool
3,4,10,9,coo0l; 4,5,11,10,coo0l; 5,6,12,11, cool)

$Gui det
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$Cui det hal f = PAR((0,"-$c")("-%$a","-$b")("-%a",0)(%a, 0)(%$a, "-$b")
(II - $F1II , O) ($F1’ 0) (ll - $Dlll , " - $E1Il) ($D1’ n - $E1II)
(0,"-$F1")/5,coo0l / Gpin(0,0)/ 6,8,2,3,cool;
4,5,9,7,coo0l;1,10,9,5, cool)

$Central t = PAR((O,"-$c")("-$x1","-$yl1")(0,0)($x1,"-$yl1l")
/ 4,cool / Cpin(0,0)/)

| e o e e e e e e e e e e e e e e e eeeeaaon a1

! MATERI ALS !
! Materials for the Bal akova-3 VVER react or !
! !
! only one fuel type in Bal akova-3 VVER !
! !

fuel 44 = MAT( /92235, 1. 0068E-3; 92238, 2. 16E- 2; 8016, 4. 5214E- 2)

! !
! Four types of cladding: Fuel, Absorber, Central and Guide tubes !
I

fclad = MAT( /40000, 4. 095E- 2; 41093, 4. 062E- 4; 72174, 1. 028E- 8;
72176, 3. 3E-7; 72177, 1. 18E-6; 72178, 1. 731E-6; 72179, 8. 645E- 7;
72180, 2. 226E- 6; 26000, 2. 382E- 3; 28000, 3. 403E- 4; 24000,
6. 772E- 4; 22000, 3. 976E- 5; 6000, 1. 902E- 5)

abscl ad = MAT( /40000, 4. 259E- 2; 41093, 4. 225E-4; 72174, 1. 069E- 8;
72176, 3. 434E-7; 72177, 1. 227E-6; 72178, 1. 8E-6; 72179, 8. 99E- 7;
72180, 2. 316E- 6)

cencl ad = MAT( /40000, 4. 143E-2; 41093, 4. 110E- 4; 72180, 2. 253E- 6;
72179, 8. 747E-7; 72178, 1. 752E-6; 72177, 1. 194E-6; 72176, 3. 34E-7;
72174, 1. 04E- 8; 26000, 1. 681E- 3; 28000, 2. 402E- 4; 24000, 4. 779E- 4;
22000, 2. 806E- 5; 6000, 1. 342E-5)

gui decl ad = MAT( /26000, 5. 933E- 2; 28000, 8. 477E- 3; 24000, 1. 687E- 2; 22000,
9. 904E- 4; 6000, 4. 737E- 4)
! !
! Absor ber !
absorber = MAT( /5010, 3. 943E- 4; 5011, 1. 61E- 3; 13027, 5. 933E- 2; 26000,

5. 999E- 5; 28000, 5. 689E- 4; 24000, 1. 004E- 3; 40000, 3. 663E- 4)
!
! Moder at or
I Bal akova-3, sanple #581 (densities = 0.736, 0.736, 0.740 g/m)
! Boron concentrations from average BORI C acid wei ght given.
I Keep constant (average) boron concentration in noderator !

nod2 = MAT(NB/ /8016, 2. 4757E- 2; 1001, 4. 9514E- 2; 5010, 3. 0130E- 6;
5011, 1. 2128E- 5)

nod3 = MAT(NB/ /8016, 2. 4757E- 2; 1001, 4. 9514E- 2; 5010, 3. 3716E- 6;
5011, 1. 3571E-5)

nod4 = MAT(NB/ /8016, 2. 4757E- 2; 1001, 4. 9514E- 2; 5010, 3. 7590E- 6;

5011, 1. 5131E-5)
! Gap Material (Air) !
air = MAT( /8016, 9. 78E-6; 7014, 3. 912E- 5)
! End of materials data !

! Showi ng the assenbly as it is and as it |ooks !

STR( $Fuel )
STR($Central t)
STR( $Fuel hal f)
STR( $Fuel si de)
STR( $Fuel cornr)
STR( $Fuel cornl)
STR( $Cui det)
STR( $Cui det hal )

IO on>»0mn

$Layout = PAR( o}
A A,
A F A
A F, G A,
A F, F F A
HF F F F H
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AFF

GFF A

AFFFFFFEA

A F FF

F.FFFA

AFRFFRFFFEFEFA

L,S, S S, S,

S,S,S'S, S R

Assenbl y

Connectivity

' 234567890123456789012345678901234567890123456789012345678901234567890!
PAR( $Layout /

$Assem

all cl ad

al | abs
al | gap
nos?2
nos3
nos4
all T2
all T3
all T4
t 0s2

t 0s3

t os4
alld

(2l el é) I

1,2,1)$k( 2,4,5) /
2,3,2)8k( 4,4,5) /

4,3,2)$k( 7,4,5) /
9,4,5)$k(10,2,1) /
7,3,2)$k(11, 4,5) /
,5)$k(14,2,1) /

,2) $k(16, 4,5) /
. 5)$k(19,2, 1) /

$k(22, 4,5) |
k(25,2,1) /
k(28,2,1) /

(29,4,5) |
(32,2,1) |
(35,2,1) /

(37,4,5) |
40,2,1) /
3,2,1) /

6, 4, 5)
2, 1)
2, 1)
2, 1)

~ — — —

1, 2)
. 4,
. 4,
4

XX XX XX XX XXX XXX

$
$
$
$
$
$
$k(
$k(4
$k(4
$k(49
$k( 52
$k(55
$k( 56,
$k( 59
$k( 62
$k( 65

~ — — —

3)
3)
3)

CNX( $Assem)
BDRY( (56, 4) (1, 3)3(66,2)(1,3)/(66, 2)(56,

(2,5 1)8k( 3,2,1)
( 4,5 1)8k( 5,2,1)
(7,5 1)8k( 8,2,1)

OVLM f uel 44/ *-*-fuel)

OVLM nod2/ *-*- cool
OVLM nod3/ *-*- cool
OVLM nod4/ *-*- cool

(11,5, 1) $k(12, 2, 1)
(14, 4, 5) $k( 15, 2, 1)
(16,5, 1) $k(17,2,1)
(19, 4, 5)$k(20,2,1)
(22,5,1)$k(23,2,1)
(25, 4,5)8k(26,2,1)
(29,5, 1)$k(30,2,1)
(32,4,5)%k(33,2,1)
(35, 4,5)8$k(36,2,1)
(37,5,1)$k(38,2,1)
(40, 4,5)%k(41,2,1)
(43, 4,5)$k(44, 2, 1)
(46,5, 1)$k(47,2,1)
(49, 4, 5)$k(50, 2, 1)
(52, 4,5)8$k(53,2,1)
(56, 2, 3) $k(57, 4, 3)
(59,1, 2) $k( 60, 4, 3)
(62,1, 2)%$k(63, 4, 3)
(65,1, 2) $k( 66, 4, 3)
Overl ays

, *-0-cool)

, *-0-cool)

, *-0-cool)

/
/

~—~~~

(5,4,5)%k(6,2,1)
(8,4,5)%k(9,2,1)

(12, 4,5) $k(13, 2, 1)

OVLM fcl ad/ *-*-cl ad/ abscl ad/ *-*-acl ad/ cencl ad/ 1- *- ccl ad/

gui decl ad/ *-*-

gcl ad)

OVLM absor ber/ *-*-abs)

VLM ai r/*-*-
OVSM al | f uel
OVSM
OVSM
OVLT( $Cool Tenpl/
OVLT( $Cool Tenpl/
OVLT( $Cool Tenpl/
OVST(al | T2)
OvVST(al | T3)
OVST(al | T4)
OVLD( 1.0/ *-**)

gap)

*.** [ $Fuel Tenp2/
*.** [ $Fuel Tenp3/
*.** [ $Fuel Tenp4/
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,all mod2, al | cl ad, al | abs, al | gap)
nmos2/ al | nod3, al | ¢l ad, al | abs, al | gap)
nos3/ al | nod4, al | ¢l ad, al | abs, al | gap)

*-*-fuel )
*-*-fuel )
*-*-fuel )

/!
/!

/!

rowl+2!
row 3 !

row 4 !

row 5 !

row 6 !

row 7 !

row 8 !

row 9 !

row 10!

row 11!



Abor
Asanpl e
Sbrn
Snpi so
bal 3581

ovsD( al | d)

STAT(nDs2, dos, t 0s2, 42. 05)
STAT(nDs3, dos, t 0s3, 43. 58)
STAT( nps4, dos, t 0s4, 38. 61)
PATH( /(st2), 12490/ 10, (94),

GROUP( N/ 0)

GROUP( N/ 1. OES, 0. 5, 0)
AREA( 56- 0- cool )

AREA( 65-*-f uel )

MACRO( G1, Asanpl e /bu)
M CRO(Gl, Asanple //)
RUN( )

(st3),27744/5, (78),
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(st4), 43692/ 5)
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