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FOREWORD

This report highlights the progress of activities
carried out during the year 1968 in Reactor Physics Division in
the form of brief summaries. The topics are organised under the
following subject categories:

1. Nuclear Data Evaluation, processing and Validation
2. Core Physics and Analysis
3. Reactor Kinetics and Safety Analysis
4. Noise Analysis
5. Radiation Transport and Shielding

It is observed that the larger effort on the detailed
physics design of PFBR has been continued this year also towards
the preparation of the Detailed Project Report.

The work on the development of nuclear data processing
codes and generating multigroup cross section sets for various
materials of interest as required by different users of nuclear
data has continued during this year also. The evaluation and
validation of nuclear data for Th-232 and U-233 under the IAEA
Co-ordinated Research Project was completed and an Indian cross
section data file for these two materials has been sent to IAEA
nuclear data section.

Detailed neutronics studies made for PFBR carbide
fuelled core along with 3-D simulations of control rod studies
have been reported in section 2. Some studies on the application
of diffusion and transport theory codes in higher dimensions for
specific problems of neutronics design are also included in this
section.

The kinetics and safety analysis studies for various
incidents and accident situations foreseen in PFBR are covered in
section 3 of this report. Work done on the development of
computer codes using space time kinetics and for structural
interaction calculations and studies pertaining to Equation of
State for mixed carbide fuel have also been included in
section 3.

The section on Noise Analysis covers the studies
carried out on the signal processing techniques for sodium
boiling detection for the IAEA Co-ordinated Research Project on
this topic as well as a proposal for such analysis for acoustic
leak detection in steam generators.

The section on Radiation Transport and Shielding
includes all the detailed calculations carried out for the
complete shielding design of PFBR reactor assembly and for
estimation of various fission product inventories and their
release to the primary coolant and cover gas circuits under
different conditions of fuel failure during reactor operation.



A list of publications made by the members of the
Division and the Reactor Physics seminars held during the year
1988, is included at the end of the Report. A large number of
internal reports published during this year is indicative of the
larger effort on the PFBR design studies during this period.

(R.Shanka? Singh)
Head, Reactor Physics Division
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1.1

1.0 NUCLEAR DATA PROCESSING, EVALUATION AND VALIDATION

Multigroup Constants Based on JENDL-2 Nuclear Data Library
(M. M. Ramanadhan, V. Gopalakrishnan and S. Ganesan)

The adjusted, 25 group French (Cadarache) cross section
set containing data for 39 materials is frequently used in fast
reactor physics calculations in our centre. To augment this, to
update this and to provide the data for the missing materials in
this set, we have developed an infrastructure to create
multigroup constants based on an evaluated data library in the
BNDF/B format. Mostly we use/1/ ENDF/B-IV (1974,USA) data for
this purpose, and ENDL/84-V or parts of ENDF/B-V in some cases,
and activity of updating or improving our multigroup data from
these data bases continues. On taking stock of the present
situation, we felt the need of parallel multigroup data set,
based on JENDL-2 (Japanese Evaluated Nuclear Data Library -
Version 2, 1982; distributed by IAEA) which enjoys a general
international feeling to be among the recent good evaluations.

The IGCAR system of preprocessing and processing codes
Viz. LINEAR, RECENT, SIGMA1, FIXUP, REXl-87, REX2-87, REX3-87 and
LCAT are being used to calculate the required unshielded and
shielded cross section averages, group to group transfer matrices
etc. and to store them in a format required by the code RECRHOM
(the earlier version known as EFFCROSS) which prepares the
mixture cross sections for a given assembly. we presently
consider 4 temperatures viz. 300, 900, 1500 and 2100 kelvin and 6
dilutions viz. 0.0 (or 1.0), 10, 100, 1000, 10000, and 100000
barns. The UNRESR of NJOY, coupled to REX3-87 is being used for
processing unresolved resonance region.

So far we have completed multigrouping the data for the
following materials from JENDL-2:

SI.NO.

1
2
3
4
5
6
7
8
9

10
11
12

Material

Li-6
Li-7
B-10
C-12
Na
Si
Cr

Mn-55
Fe
Ni
Mo
Mo-9 2

MAT Number

2031
2032
2051
2061
2111
2140
2240
2251
2260
2280
2420
2421

SI.NO.

13
14
15
16
17
18
19
20
21
22
23
24

Material

Mo-94
Mo-9 5
Mo-96
Mo-9 7
Mo-98
MO-100
Th-232
U-235
Pu-239
Pu-240
Pu-241
Pu-242

MAT Number

2422
2423
2424
2425
2426
2427
2903
2923
2943
2944
2945
2946

1. P.V.K. Menon (Ed.), Activity Report of Reactor Physics
Division - 1987, IGC-98 (198E), page 1.



1.2 ABAREX-PC, the Personal Computer Version of the Optical-
Statistical Model Code ABAREX
(S. Ganesan)

The code ABAREX, of late Prof. P. A. Moldauer, which
calculates the energy averaged cross section at a given energy
point of a neutron-nuclear interaction process based on optical-
statistical nuclear reaction model, taking into account the width
fluctuation corrections, has already been adapted to our main
frame computers, Honeywell and Norsk Data.

The main frame version was received from Nuclear Energy
Agency - Data Bank, Saclay, Prance.

Necessary modifications were made to run the code on an
IBM/PC-AT and equivalent desk-top computers. Comment cards were
added to document the changes. Input Specifications along with
some details on the theory, and capabilities of the code has been
brought out as a document/I/. The code was tested on our
Kicroway PC/AT. The code was also demonstrated on the Olivetti
PC/AT, to the participants of the recent Workshop on Applied
Nuclear Theory and Nuclear Model Calculations for Nuclear
Technology Applications, at the International Centre for
Theoretical Physics, Trieste, itaiy,( 15 Feb - 18 Mar, 1988)/2/.

A sample calculation for Th-232, using the model
parameters reported earlier/3/, was done on the PC/AT. Table
1.2.1 gives a sample result from this version of the code,
showing the effect of the width fluctuation correction factor on
the inelastic scattering cross sections for various residual
nuclear levels. The results agree with those obtained on the
main frame computers.

This version, called ABAREX-PC, along with its document
and sample input and output, has been submitted to the NEA-DATA
BANK, Saclay, on a request from there and is available for
general distribution.

1. Ganesan S. "input Specifications and Sample Problems for
ABAREX, the Optical Statistical Model Code', Internal Note
RPD/NDS-19,(1988).

2. S. Ganesan, rStatistical Theory of Fluctuations in Neutron-
Nucleus Cross Sections and Use of "ABAREX", the Optical-
Statistical Model Code', lecture notes to be published by
World Scientific Publishing Co. Pvt. Ltd., Singapore, in
the Proceedings of the ICTP Workshop.

3. P.V.K. Menon (Ed.), Activity Report of Reactor Physics
Division - 1987, IGC-98 (1988), page 9.



Table 1.2.1

Effect of width Fluctuation Correction (HFC) on Inelastic
Level Excitation Cross Sections (Thorium-232 + Neutron)

Level
(MeV)

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0000
0494
1621
3331
5569
7143
7304
7741
7744
7852
8274
8296
8730
8833
8901
9602

Energy =

With WFC

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

68452
79414
38031
02343
00005
20810
13391
27042
10884
25730
08708
15119
05713
00221
04727
00516

Cross section in barns

1.0 MeV Energy =0.1 MeV

Without WFC With WFC Without WFC

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.37815 2.50319 2.05959

.91909 0.56575 0.95894

.41637

.02324

.00004

.24758

.15589

.29923

.11774

.28378

.09851

.15926

.05769

.00218

.04743

.00506

1.3 Developments in Codes REXl and REX2
(V.Gopalakrishnan and S.Ganesan)

The code REXl, which calculates the unshielded average
multigroup cross sections, scattering matrices etc., and the code
REX2, which calculates the self shielding factors in the resolved
resonance region, have undergone drastic restructuring to
accommodate many of the present day requirements. The present
versions of these codes are called respectively REXl-87 /I/ and
REX2-87 /2/.

On a request from the Nuclear Energy Agency - Data
Bank, Saclay, France, these two codes have been submitted for
general distribution. The following will bring out the major
differences between the older and the present versions of the two
codes:



Feature

Precision

Integrations

Old version

Single

All numerical

New version

Double

Analytical
whereever feasible

Upto 620

Cadarache(25),
WIMS(69),
DLC-2{100) and
3AND-2(620)

No limit

Less than 80 kwords

Faster

High
(uses almost
primitive
FORTRAN-IV)

Available

Number of groups Only 25

Builtin group
limits

Number of energy
points handled

Memory required

Speed

Tr ansportability

PC Version

Only cadarache
(25 groups)

Maximum 20,000

Nearly 180 kwords

Relatively slow

Less
(uses CHARACTER,
NAMELIST, ENCODE
DECODE etc.)

Not possible

1. Gopalakrishnan V. and Ganesan S. *REXl-87, A Code for
multigrouping Neutron Cross Sections from preprocessed ENDP/B
Basic Data File', Internal Note RPD/NDS-13.

2. Gopalakrishnan V. and Ganesan S, *REX2-87, A Code for
Calculating Self-shielded Multigroup Neutron Cross Sections
and Self-shielding Factors from Preprocessed ENDF/B Basic
Data File', internal Note RPD/NDS-18.

1.4 EXFORET, an EXFOR Data Retrieval Programme
(M. M. Ramanadhan, S. Ganesan and V. Gopalakrishnan)

In the EXFOR (Exchange Format) data library, which
contains experimental data and related information of nuclear
data measurements, viz., cross sections, angular distributions,
associated errors etc., the information content for each material
(element or isotope) is so huge that a computer program for
selective retrieval or for editing is unavoidable. Since we
attempted a limited evaluation of the Th-232 cross sections
under an IGCAR-IAEA contract, we scanned the information in the
EXFOR library and the fission cross sections of Th-232 given by
Meadows were preferred to those given by others based on our



judgement. During this work, we developed a program EXFORET, for
selective retrievals from this huge data library. EXPORET
retrieves a cross section information along with the associated
errors and necessary bibliographic details based on some simple
keywords. The output of EXFORET is simple enough for
comparisons, plotting and analyses.

A copy of the program EXFORET has been given to BARC
on request. The program details and the input specifications are
given in an internal document /I/.

Fig 1.4.1 gives a plot of the Meadows' fission cross
section for Th-232 versus energy retrieved from EXFOR. The
recent EXFOR data was obtained fum IAEA in March, 1988/2/

1. Ramanadhan M.M., Ganesan S. and Gopalakrishnan V., VEXFORET,
A Program for Selective Retrieval of Cross Sections and other
Relevant Data from EXFOR Library', internal Note RPD/NDS-21.

2. Hans D. Lemmel, IAEA Nuclear Data Section, Private
Communication (March 1988)

1.5 Services Rendered by Nuclear Data section

1. Services to BARC

On a request from Reactor Engineering Division, BARC,
two sets of unshielded cross section averages for Th-232 in WIMS
69 group structure have already been obtained by processing two
evaluated data files viz. ENDF/B-V (Rev. 2) and JENDL-2. The
processing of these files were carried out using Kalpakkam
processing code system. In continuation, the self-shielding
factors both in the resolved and in the unresolved resonance
regions have been calculated for two temperatures and 12
dilutions. The ENDF/B-V (Revision 2) data was processed by
LINEAR, RECENT, FIXUP, SIGMAl, REXl-87, REX2-87 and REX3-87 for
this purpose. In addition, Maxwellian averaged cross sections
were calculated for several values of temperature, for WIMS
groups lying below 0.625 eV.

2. Services to Radiation Shielding and Statistical Physics
Section of Reactor Physics Division

i. For the study of the regeneration strength of the
neutron Source, i.e. the Sb-Be subassembly, in the FBTR
spectra, the cross sections (shielded and unshielded)
and the scattering matrices were requested by the above
section. The request was met by processing antimony
data from ENDF/B-IV by our code system. Since the
self-shielding was very significant, the dilution cross
section was computed taking into account all the
nuclides around antimony in the source region and the
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shielded cross sections were calculated at 625 kelvin
temperature. Nuclear data of both the stable isotopes
antimony viz Sb-121 and Sb-123 were processed.

ii. Activation cross sections in the DLC-2 type 100 group
structure were given for all the nuclides of FBTR, in
addition to the average fission spectra for Pu-239 from
ENDF/B-IV.

iii. In order to take into account the sharp dips in the
total and elastic cross sections ("windows"), a new 117
group structure was arrived at, and average unshielded
cross sections and transfer matrices were obtained for
fuel, structural and coolant materials of FBTR.

3. Services to the Material Science Laboratory, IGCAR.

For a comparison of the experimentally determined
helium production from stainless steel irradiated in fast neutron
spectra, with that obtained by calculations, the necessary cross
sections for all the components of stainless steel have been
multigrouped into a 53 energy group structure. The well known
two step reaction in Ni-58 was taken into account. The Ni-59
cross sections involved in this calculation were obtained from
KEDAK-4 evaluated data library, the only library available giving
evaluated Ni-59 cross sections.

1.6 Development of Indian Cross Section Data Files for Th-232 and
U-233 and Integral Validation Studies
(S.Ganesan)

An invited talk was given on the above topic at the
International Conference on Nuclear Data for Science and
Technology, held during May 30 - June 3, 1988/ at Mito, Japan.
The following is the abstract/1/:

This paper presents an overview of the tasks performed
towards the development of Indian cross section data files for
Th-232 and U-233. Discrepancies in various neutron induced
reaction cross sections in various available evaluated data files
have been obtained by processing the basic data into multigroup
form and intercomparison of the latter. Interesting results of
integral validation studies for capture, fission and (n,2n) cross
sections for Th-232 by analyses of selected integral measurements
are presented. In the resonance range, energy regions where
significant differences in the calculated self-shielding factors
for Th-232 occur have been identified by a comparison of self-
shielded multigroup cross sections derived from two recent
evaluated data files, viz., ENDF/B-V (Rev. 2) and JENDL-2, for
several dilutions and temperatures. For U-233, the three
different basic data files ENDF/B-IV, JENDL-2 and ENDL-84/V, were
intercompared. interesting observations on the predictional



capability of these files for the criticality of the spherical
metal u-233 system are given. The current status of Indian data
file is presented.

1. S. Ganesan, "Development of Indian Cross Section Data Piles
for Th-232 and U-233 and integral Validations Studies", pp.
929-936 in S. Igarasi (Ed), Proceedings of the International
Conference on Nuclear Data for Science and Technology, May 30
- June 3, 1988, Mito, Japan, Saican Publishing Co. Ltd.

1.7 Exact Analytical Evaluation of Doppler Effect in Low Energy
Neutron Resonance Reactions
(R.S. Keshavamurthy and R. Harish)

One of the main problems in neutron resonance spectroscopy
as well as in reactor physics is to take into account Doppler
effect, arising due to thermal motion of target nuclei, properly
as it can drastically distort the shapes of resonances.
Analytical evaluation of this effect would prove very useful in
extraction of resonance parameters. Recently Hwang has given an
exact analytical evaluation starting from the solbrig Kernel/1/.
We have evaluated it analytically through a different approach
and expressed it in terms of complex probability functions. Our
result agrees with that of Hwang but for some errors in his paper
in identifying complex probability function through its integral
representation, we have also shown the approximation under which
the exact result reduces to the approximate 1^- function approach.
we have further suggested the use of Pade approximation for
complex probability function. Our calculations show that
'4'— function approximation works very well for most of the

resonances but for the very low energy sharp ones. Typically,
for these low energy sharp resonances, the deviations are upto
0.9% for U-238, 1.1% for Th-230, 0.9% for Pu-240 at room
temperature. If the temperature is increased four-fold the
respective deviations go up to 2.6%, 3.7% and 3% thus making the
exact treatment important.

1. R.N. Hwang, Nucl. Sci. Eng. 96, 192 (1987)

8



2.0 CORE PHYSICS AND ANALYSIS

2.1 Neutronics of PFBR Carbide Core
(P.V.K. Menon and T.M. John)

(Pu, U)C is one of the candidate fuels for the proposed
500 MWe PFBR. A detailed neutronics study of the PFBR core with
this fuel covering the following areas was completed this year :

1. Enrichment requirements of the fresh core to override
reactivity losses due to temperature rise, power rise, and
burnup.

2. Flux and power distributions, and heavy metal buildup in the
core and blankets as a function of burnup.

3. Breeding ratios, doubling times and the effect of core
configurational changes on these parameters.

4. Fuel management schemes for a target burnup of 50000 MWD/Te.

5. Reactivity coefficients for fresh and equilibrium cores.

6. Reactivity consequences of likely fuel handling and related
errors.

The main results are summarized in the tables and
figures that follow. The eigenvalue calculation and burnup
studies were done using 25 group diffusion theory in cylindrical
geometry. The spatial dependence of burnup was treated by
dividing the core and blankets into several zones and solving the
burnup equations in each zone using appropriate spatially
integrated 2D R-Z fluxes.

The cycle length was optimised for minimum whole core
loss of burnup due to batch unloading for a two cycle campaign.
A scatter load refuelling scheme has been suggested for fuel
management. The reactivity coefficients were calculated using
first order perturbation theory.

1. P.V.K. Menon and T.M. John, Power and Discharge Burnup in
PFBR Subassemblies, PFBR/0113/DN/1013/R-A, 1987

2. P.V.K. Menon and T.M. John, Neutronics of PFBR C-87B,
PFBR/01113/DN/1016/R-A, 1988



Table - 2.1.1

PPBR Carbide core Characteristics

Thermal power, MWth

No. of subassemblies:
Inner core/outer core/GEM*/
Radial Blanket/Primary Control/
Secondary control

Vol. fractions in core
Fu el/Sodi um/Stee1

Core enrichments, w/o PuC
Inner core/outer core

Plutonium composition, a/o
PU-239/PU-240/PU-241/PU-242

Total Pu inventory, Te

Max. discharge burnup, MWD/Te
2

Flux at core centre, n/cm /s

1250

91/90/54/126/9/3

35.93/40.6/23.47

15.95/22.78

68.79/24.6/5.26/1.35

1.93

50,000
15

8.5 x 10

* Gas Entrapped Module. A column of sodium topped by Argon at
the core-radial blanket interface. If the coolant flow decreases
(say due to an accidental pump trip), the gas will descend and
drive out the coolant. This results in increased neutron leakage
and provides a swift negative reactivity feedback.

Table-2.1.2

Variation of K-eff and Power with Burnup

Reactor
State

Cold shutdown (450 K)

At zero power (653 K)

Full power, Beginning
of Life (no diluents)

BOEC*, fresh radial blanket

EOEC,fresh radial blanket

MOEC

K-eff

1.05519

1.04933

1.04213

1.027871

1.00587

1.0204

Total Power
(+5% MWth)

-

-

1226

1210

1245

1250

Breeding
Ratio

-

-

1.162

1.177

-

1.157

* Cycle length is 140 full power days.
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CONTROL CONTROL

Fig.2.1.1 Subassembly wise power (in KWth)
at Beginning of Life

Fig.2.1.2 Subassembly wise plutonium gain
(in grams) in one cycle



Table 2.1.3

Reactivity Coefficients for Fresh Core

Temp. isothermal Power Doppler Coef f T ^~- (pern)
range temp, coeff coeff --*-
{ K) (pem/ K) (pern/ Core R.B A.B Total

MW)

450-653 -2.88 - -764.3 -54.7 -53.01 -872.5

653-full
power - -0.645 -674.7 -48.6 -46.1 -769.5

2.2 Control Rod worths and Power Distribution in PPBR Core using
3D Simulations
(B. Hahalakshmi and P. Nohanakrishnan)

The code combination of ALCIALMI-ALTOTR-TREDFR have
been used for determination of control rod worth and power
distribution in PFBR core. The 25 group crosssections were
generated by the code EFPCROSS. ALCIALMI uses these cross
sections to generate the 25 group fluxes in coarse mesh. ALTOTR
condenses the multigroup crosssections to few group crosssections
using the 25 group fluxes as the weighting spectrum. The few
group crosssections are used in the 3D calculation performed by
TREDFR.

The influence of inserted control rod on the neutron
spectrum in the core 87A was studied and the results are given in
Table-2.2.1/1/. A comparitive study using 2,4 and 6 group cross
sections in 3D calculations for PFBR core configuration 87B was
made and the results have been summarised in Table-2.2.2/2/. It
was found that 2 group cross sections are not sufficient for
accurate determination of control rod worth and power
distribution in blanket. The worth of control rods for
asymmetric insertions in core 87A were determined and the results
are presented in Table 2.2.3. Fig. 2.2.1 represents the
reactivity curve for a single control rod inserted through
different distances in the core. Fig. 2.2.2 gives the radial
power distribution when all primary control rods are inserted.

The control rod worth and power distribution, for
different asymmetric insertions in core 87B were also determined.
The effect of antishadowing was found to be predominant except
for the case where two adjacent control rods are inserted
simultaneously. The results are presented in Table 2.2.4. Fig.
2.2.3 is the power distribution in the core when all the primary
control rods are inserted by 30 cm. The peak occurs at the
central subassembly.

12



The control rod influence on power distribution was
studied. Fig. 2.2.4 and Fig. 2.2.5 represent the variation of
axial power profile in control subassembly and in a subassembly
adjacent to the primary control rods, for partial insertions of
the primary control rods in core 87B. When the primary control
rods are inserted by 30 cm, the central subassembly peak power
increases by about 4.6%/2/.

1. B. Mahalakshmi and P. Mohanakrishnan, Control Rod Worths of
PFBR by 3D Simulations for Core Configuration C-87A,
PFBR/01113/DN/1015/R-A (1988)

2. B. Mahalakshmi and P. Mohanakrishnan, Control Rod Worths and
Power Distribution of PFBR Core C-87B by 3D Simulations,
PFBR/01113/DN/1017/R-A (1988)

Table 2.2.1

Control Rod Worths without and with Accounting of Neutron
Spectrum Changes

Case description Worth in pern

1. Single control rod fully inserted
into the core

a. Effect of inserted control on
neutron spectrum is not taken into 1317
account, i.e. The cross section of
control material in the core same
as that outside the core

b. The effect of the spectrum in the 1274
vicinity of the control rod alone
considered

c. The effect of the inserted control
rod on the neutron spectrum in all 1097
the regions considered

13



Table 2.2.2

Comparison of 2 Group 4 Group and 6 Group Calculations

Case Description
2 Group 4 Group 6 Group

Keff Worth Max. S.A power Keff Worth Max. S.A power Keff Worth Max. S.A power
in in in
pern Axial Total

in in
KWt/cm MWt

pern Axial Total
in in
KWt/cm MWt

pern Axial Total
in in
KWt/cm MWt

All control out

Single inner ring
control rod fully
inserted

All control rods
fully inserted

1.03746 93.64 7.707 1.03527 93.49 7.661 1.03515 93.42 7.656

1.02673 1073 107.79 8.869 1.02389 1138 106.78 8.747 1.02381 1134 106.42 8.718

0.91194 12333 0.91081 12434

Table 2.2.3

Control Rod Worths

Case description Worth in pem

1097

9275

3714

1. Single control rod fully inserted
into the core (inner ring)

2. All primary control rods fully
inserted into the core

3. All secondary control rods fully
inserted into the core

4 . S i n g l e c o n t r o l r o d i n o u t e r r i n g 6 8 9
f u l l y i n s e r t e d i n t o t h e c o r e

5. All outer ring control rods fully
inserted into the core

5358
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Table 2.2.4

Control Rod worths. Shadowing and Antishadowing Effect and Maximum Power

Case Description Keff Worth Calculated Difference Worth Maximum S.A power Sub-
in Worth in in worth difference assembly
pern pern pern in % Axial Radial No.
(1) (2) (l)-(2) in KWt/cm in MWt

All control rod out 1.03527 - - - - 93.49 7.66 265

Single inner rod
fully inserted 1.02389 1138 - - - 102.9 8.42 401

Single outer ring 1.02817 710 - - - 104.3 8.55 401
rod fully inserted

Adjacent control rod 1.01503 2024 2276 -252 -11.1 120.12 9.84 401
in inner ring in by
100 cm

All secondary control 0.99795 3732 3414 318 9.3
rods inserted fully

All inner ring
control rods fully 0.9668 6847 6828 19 0.3 - -
inserted

All outer ring 0.98428 5099 4260 839 19.7 - - -
control rods fully
inserted

All primary control
rods in by
a. 30 cm 1.01569 1958 - 97.76 7.84 265
b. 50 cm 0.99075 4452 - 100.08 8.06 265
c 80 cm 0.95438 8189 - 102.7 8.42 265
d. 100 cm 0.94532 8995 7674 1321 17.2 - -

All control rods in 0.91194 12333 11088 1245 11.2

Maximum powers are not given in those core configurations for which power operation of reactor is not
envisaged.



0. 18.18 36.36 56.55 12.13

DISTANCE IN CD

Fig. 2.2.1 Reactivity curve for control rod in PPBR

90.91

Fig.2.2.2 Radial power distribution for primary control rods in
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2.3 Fuel Pins of Non-Circular cross section for Enhanced
Inherent safety in LMFBRs
(S.M. Lee)

The response of Liquid Metal cooled Past Breeder
Reactors (LMFBRs) to the unprotected loss of flow transient is an
important measure of the inherent safety of this type of reactor.
Recent studies have shown the advantages of fuel with high
thermal conductivity, like metal alloy, in attaining nuclear
shutdown with no sodium boiling during the course of the above
transient. On the other hand, in the case of a fuel type with
low thermal conductivity, like oxide, the sodium temperatures
tend to approach boiling point during the transient. The main
reason for the poorer response in the case of oxide fuel is the
high temperature prevailing in the fuel on account of its low
thermal conductivity. Consequently, there is a large positive
Doppler reactivity insertion when the core power decreases which
prevents nuclear shutdown being achieved before near sodium
boiling temperatures are achieved. To mitigate this effect in
oxide fuelled LMFBRs several design modifications have been
proposed such as : increase in the flow coast down time which
slows down the rate of rise of sodium temperature allowing more
time for nuclear power to decrease; increase in the relative
core/control rod expansion effect in which negative reactivity
tends to counterbalance the Doppler effect; decrease in the fuel
pin linear power which reduces the Doppler contribution, and so
on. in this work a suggestion was made for lowering of fuel
temperatures in oxide fuelled LMFBRs by using fuel pins of non-
circular cross section. The specific case of fuel pins of
elliptic cross section was analysed and an estimate of the
temperature reduction obtained.

Fast power reactor fuel elements are conventionally
made in pin form instead of plate or radiator form since pins can
be more easily supported to accommodate the differential thermal
expansion caused by the large temperature rise. Secondary
reasons for the choice of the pin form are the more uniform and
symmetrical temperature distribution; easier accommodation of
thermal stress; better accomodation of fission gas pressure and
irradiation growth; and simpler fabrication procedure.

Fuel pins of circular cross section have the minimum
surface to volume ratio thus aggravating the already difficult
problem of heat transfer from the oxide fuel. It is possible to
lower fuel temperatures by use of pins with non-circular cross
section which would increase the surface to volume ratio thereby
improving the heat transfer properties of the pin. While it will
not be possible to consider oxide fuel pins of square or
rectangular shape on account of problems associated with the
sharp corners, it may be possible to consider pins of smooth oval
shapes. For ease of analytical treatment the case of pins of
elliptic cross section has been considered and an estimate of the
temperature reduction has been obtained/1/.
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By analytical treatment of the heat conduction equation
in the fuel using elliptic coordinates it can be shown that the
conductivity integral is given by the following expression where
W is the linear rating and a,b are the semi-major axis and semi-
minor axis of the elliptic pellet:

X W 2 b/a
-~ ..1..

47T 1 + 3

Eq.l shows that the conductivity integral in the elliptic cross
section fuel pellet is equal to the conductivity integral in a
circular cross section pellet multiplied by a factor F(b/a)
where,

2 b/a
P(b/a) --- ..2..

1 + (b/a)2-

The function F(b/a) is always less than unity, attaining the
value of unity for a circular shape with b/a = 1. Thus the
conductivity integral and consequently the fuel central
temperature will be correspondingly lower for the elliptic cross
section pellet as compared to the circular cross section pellet
for a given linear pin power W.

Table 2.3.1 depicts the values of F(b/a) for selected
values of b/a. It is seen from the table that for b/a = 1/2
there is a 20% decrease in the temperature of the elliptic pellet
as compared to the circular pellet for a given value of the
linear pin power.

The actual impact of this temperature reduction on the
response of an oxide fuelled LMFBR to the unprotected loss of
flow transient will depend on the details of the core and plant
design. In the case of the large 1000 - 1500 MWe oxide fuelled
LMFBR studied by Coffield et al./2/, a 10% reduction in linear
pin power with corresponding reduction in fuel temperature led to
a 28 *C reduction in the maximum sodium temperature for a
unprotected loss of flow transient. Thus the use of elliptic
cross section fuel pellets of b/a ratio of 1/2 should lead to the
order of over 50 C reduction in the maximum sodium temperature
for this transient.

1. S.M. Lee, Fuel pins of non-circular cross section for
enhanced inherent safety in LMFBRs, Submitted to Nuclear
Engineering & Design, May 1988

2. R.D. Coffield, R.A. Doncals, R.A. Markley and J.E. Schmidt,
How to achieve inherent safety capability in a large LMFBR,
Trans. Am. Nucl. Soc. 53 (1986) 304.
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Table - 2.3.1

Values of the Function P(b/a)

b/a

F(b/a)

1

1

1/2

4/5

1/3

3/5

1/4

8/17

2.4 Comparison of the Response to Small Perturbations in Metal-
Fueled and Oxide-Fueled LMRs
(S.M. Lee)

In a recent paper/1/ Ott has brought out the
differences in the response of oxide-fueled and metal-fueled
liquid-metal-cooled reactor cores to the unprotected loss-of-flow
and unprotected loss-of-heat sink incidents. For the particular
reactor design considered, Ott's asymptotic analysis reveals that
for the oxide-fueled core the asymptotic state is a zero
reactivity state (stable low power criticality) while for the
metal-fueled core there exists a semi-asymptotic subcritical
state with zero fission power. The reactivity coefficients of
the considered cores are reproduced in Table 2.4.1.

From Table 2.4.1 it is clear that the essential
difference between the two cores is the order of magnitude
smaller value of /£ for the metal-fueled core as compared to the
oxide-fueled core. The present work/2/ points out that while
such a distribution of coefficients appears to lead to a better
response of the metal-fueled core in the case of low probability
incidents like ULOF or ULOHS, it leads to a larger sensitivity of
the power plant to small perturbations during normal operation.

We have first considered the case of a reactivity
perturbation with no change in flow or inlet temperature. We

-
Here, T x is the inlet temperature, <£ is the power to flow ratio
and p the power

For no change in flow <T$ ~ (f^ and as cTTl — 0 so

Using this equation the perturbation in power for a 10£ change in
reactivity has been calculated for the metal-fueled and oxide-
fueled cores and given in the first column of Table 2.4-2
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We have next considered the case of an
temperature perturbation with no change in flow and zero
reactivity. For this case,

A )

inlet
input

The calculated values of perturbation in power for a 10 K change
in inlet temperature is given in the second column of Table
2.4.2. The larger sensitivity of the power in metal-fueled LMRs
to small perturbations is evident from the numbers in Table
2.4.2.

In the future, with LMR power plants having load
following capabilities, it is possible that control
instrumentation would link the flow to the power so as to have a
constant power-to-flow ratio in normal operation. For the case
of constant power-to-flow ratio Eqs (2) and (3) become
respectively,

(5)

The resulting perturbations have been calculated and given in
Table 2.4.3. It is seen that, for the constant power-to-flow
ratio case, while there is not much increase in the power
perturbation in the oxide-fueled core, the power perturbations
become very large in the metal-fueled LMR.

To summarize, the oxide-fueled core appears to have a
desirable, highly damped response to small perturbations during
normal operation whereas the metal-fueled core is much more
sensitive to such perturbations. it should be noted that this
difference in response to perturbations is prominent only for
large cores, in small test fast reactors like EBR-II (metal) and
RAPSODIE (oxide) the Doppler contribution is small and the
dominating coefficient is /^which makes the responses of the
differently-fueled cores to small perturbations similar.

1. K.O. Ott, Nucl. Sci. Eng., 99, 13 (1988)

2. S.M.Lee, Nucl. Eng., 101, 94 (1989).

Table 2.4.1

Comparison of Reactivity Feedback Coefficients (900 MWt LMR)

LMR
Type

Inlet
Temperature
Coefficient

Power
Coefficient

Power-to-Flow
Ratio

Coefficient

Oxide-Fueled
Metal-Fueled

- 0.4
- 0.3

- 170
- 15

- 40
- 30
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Table 2.4.2

percentage Perturbation in power for Small Perturbations

in Reactivity or inlet Temperature (Constant Plow)

LMR
Type

Oxide-Fueled
Metal-Fueled

10 if Change in
External

Reactivity

4.76 %
22.22 %

Table 2.4.3

10 K Change in
Inlet

Temperature

1.90 %
6.67 %

Percentage perturbation in Power for Small Perturbations in

Reactivity or Inlet Temperature (Constant Power-to-Flow Ratio)

LMR
Type

10 $ Change in
External

Reactivity

10 K Change in
Inlet

Temperature

Oxide-Fueled
Metal-Fueled

5.88 %
66.67 %

2.35 %
20.00 %

2.5 Neutronic Modelling for Streaming Effects in Low Density
Channels in LMFBRs
(S.M. Lee, S. Aoki* and T. Takeda*)
(* Osaka University Nuclear Engineering, Dept. Osaka, Japan)

For enhancement of the inherent safety in advanced
LMFBRs it is recently proposed that flow activated reactor
shutdown devices, called gas expansion modules (GEMS), be
incorporated at the core/blanket boundary. Diffusion theory
fails to apply for such low density gas filled voids and it is of
interest to test efficient modified diffusion theory methods for
application to such problems.

A study was planned and made/1/ of the use of modified
diffusion theory for calculation of the reactivity worth of gas
expansion modules incorporated in a medium sized fast breeder
reactor. Three dimensional normal and modified diffusion theory
calculations using various definitions of modified neutron
diffusion coefficients in the low density regions were compared
with each other and with three dimensional transport theory
computation. It was found that normal diffusion theory makes

23



considerable over-estimation of the negative reactivity worth of
gas expansion modules and indicates an exaggerated sensitivity of
the worth to the amount of wall steel and interstitial sodium
associated with the module. The performance of four formulations
of modified diffusion theory was tested in comparison with
transport theory and found to be adequate for such computations.
It was also found that proper modelling of the small thickness of
steel wall and interstitial sodium is important for accuracy.
The reactor considered for evaluation was a medium sized mixed
carbide fuelled LMFBR(500 MWe). The reactor model was simplified
to an XYZ representation as indicated in Fig. 2.5.1. The
simplified model contains only two GEMs located symmetrically on
opposite sides of the core at the core/radial blanket interface.
The calculations have been made in one energy group obtained from
a 70 group cross section set based on the JENDL-2 data file.

Normal and modified diffusion theory calculations for
the reactivity worth of the GEMs in the considered reactor model
have been made by difference-of-keff method using the CITATION
computer code in three dimensional XYZ geometry. Corresponding
discrete S w transport theory calculations have been made in the
same geometry using the TRITAC computer code. The reference mesh
structure has 48x48x32 meshes with an average mesh spacing of 3
cm and permitting 16 square meshes across the square cross
section of a GEM. To study the effect of mesh spacing,
calculations have been also made by doubling the mesh width
giving a mesh structure with 24x24x16 meshes.

Three types of GEMs have been considered with
respective volume fractions of steel and interstitial sodium as
0% and 0% (GEM Case 1), 4% and 4.8 (GEM Case 2), 8% and 4.6%(GEM
Case 3). It is noted that GEM Case 1 is an extreme case with no
steel wall or interstitial sodium layer.

For GEM Cases 2 and 3 two alternate smearing models
have been considered. In the first, a conventional smearing of
the wall steel and interstitial sodium over the whole volume of
the GEM is made. Such a smearing increases the cross sections of
the material (pure sodium/pure void) inside the GEM and is
denoted as smeared modelling or SM. In the second type of
smearing, denoted as void modelling or VM, the wall steel and
interstitial sodium are smeared into the whole surrounding core
and blanket regions, and the cross sections of the pure
sodium/pure void in the gas expansion module are unchanged.

The formulae used for modified diffusion coefficients in
the present study have been obtained from the paper of Rowlands
and Eaton/2/. The Bonalumi, Yoshida, Seki-Sasaki, Rowlands and
Rowlands Buckling Modified diffusion coefficients are
respectively denoted as D , D', D£S , DR and D . The reference
modified diffusion theory calculations have used foe the GEM
regions, D̂  = Dy = D and D = D* or Dsr or DR or D .
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Table 2.5.1 compares the keff and GEM reactivity worth
using normal and modified diffusion theory for the case of void
modelling (VM) of the steel wall and interstitial sodium of the
GEM. Conventional diffusion theory gives too high GEM reactivity
worths while the alternate formulations of modified diffusion
theory agree within about 10%.

Table 2.5.2 gives the results for smeared modelling
(SM) of the wall steel and interstitial sodium of the GEM.
Comparing with the results of Table 2.5.1 it is observed that the
k-eff values of the sodium-in cases are hardly affected by the
type of modelling of the wall steel and interstitial sodium of
the GEMs. On the other hand the k-eff values of the sodium-out
cases are increased by SM relative to VM. Consequently SM gives
lower GEM reactivity worths as compared to VM for the modified
diffusion theory calculations. Using SM with normal diffusion
theory reduces the inaccuracy of normal diffusion theory
especially for thick steel walls and interstitial sodium layers.

It was found/1/ that the approximation of a radial
diffusion coefficient equal to the modified axial diffusion
coefficient (D^ = Dy = D?) decreases the GEM reactivity worth by
15 to 25%, and also increases the differences between the various
formulations of modified diffusion theory.

For comparison with transport theory the GEM Case 1 has
been selected. Table 2.5.3 presents the diffusion theory results
for the reference mesh structure (48x48x32) and a coarser mesh
structure (24x24x16). Table 2.5.4 presents the results using
three dimensional transport theory for different mesh structures
and different angular quadratures. The agreement with the
modified diffusion theory values of GEM Case 1 reactivity worth
is adequate.

1. S.M. Lee, S. Aoki and T. Takeda, "Neutronic modelling for
streaming effects in low density channels in LMFBRs",
submitted to J. Nucl. Sci. Tech. (1988).

2. J.L. Rowlands & C.R. Eaton, Nucl. Sci. Eng. 76, 263 (1980)
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Table 2.5.1

k-eff and GEM Worths for Alternate Axial Diffusion Coefficients*

GEM Parameter Normal Yoshida Seki- Rowlands Rowlands
Case Sasaki Buck.

Mod.

k-eff
(Na in)

k-eff
(Na out)

GEM Worth
( % 4k)

1.09654 1.09693 1.09684 1.09684 1.09685

1.08840 1.09477 1.09477 1.09455 1.09463

0.814 0.216 0.207 0.229 0.225

(VM)

k-eff
(Na in)

k-eff
(Na out)

GEM Worth
( % Ak)

1.09683 1.09719 1.09712 1.09712 1.09713

1.08925 1.09523 1.09523 1.09503 1.09511

0.758 0.196 0.189 0.209 0.202

(VM)

k-eff
(Na in)

k-eff
(Na out)

1.09676

1.0899r

GEM Worth 0.681
( % 6k)

1.09719 1.09713 1.09712 1.09719

1.09538 1.09538 1.09519 1.09526

0.181 0.175 0,193 0.193

= DB for modified difusion theory

D = Dy = for normal diffusion theory
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Table 2.5.2

k-eff and GEN Worth for smeared modelling*

GEM Parameter Normal Yoshida Seki- Rowlands Rowlands
Case Sasaki Buck.

Mod.

(SM)

k-eff
(Na in)

k-eff
(Na out)

GEM worth
( % dk)

1.09687 1.09719 1.09713 1.09713 1.09713

1.09318 1.09545 1.09537 1.09528 1.09533

0.369 0.174 0.176 0.185 0.180

(SM)

k-eff
(Na in)

k-eff)
(Na out)

GEM worth
( % Ak)

1.09709 1.09732 1.09726 1.09726 1.09726

1.09425 1.09576 1.09566 1.09561 1.09565

0.284 0.156 0.160 0.165 0.161

g
* D^ = Dv = D for modified diffusion theory

- D_ for normal diffusion theory
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Table 2.5.3

Dependence of k-eff and GEM worth on mesh size*

Mesh Parameter
Case

Normal Yoshida 8eki- Rowlands Rowlands
Sasaki Buck. Mod.

48x k-eff
48x (Na in)
32

k-eff
(Na out)

GEM Worth
( % ̂ k)

1.09654 1.09693 1.09684 1.09684 1.09685

1.08840 1.09477 1.09477 1.09455 1.09463

0.814 0.216 0.207 0.229 0.222

24x k-eff
24x (Na in)
16

k-eff
(Na out)

GEM Worth
( % /Ik)

1.09845 1.09879 1.09871 1.09871 1.09872

1.09104 1.09682 1.09682 1.09661 1.09670

0.741 0.197 0.189 0.210 0.202

D. = = D̂

for modified diffusion theory

for normal diffusion theory

Table 2.5.4

k-eff and GEM worth by XYZ discrete SN calculations
(GEM Case 1)

Mesh Case

48x48x32

24x24x16

Parameter

k-eff (Na
k-eff (Na
GEM worth
( % flk)

k-eff (Na
k-eff (Na
GEM worth
( % flk)

in)
out)

in)
out )

S4

1.09857
1.09635
0.222

1.09808
1.09590
0.218

1
1
0

1
1
0

S8

.09811

.09594

.217

.09763

.09550

.213

1
1
0

1
1
0

S16

.09750

.09526

.224

.09710

.09471

.239
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2.6 Observations on Convergence criteria used in Three
Dimensional Transport Theory Computer Code TRITAC
(S.M. Lee, S. Aoki* and T. Takeda*)
(* Osaka University Nuclear Engineering Department, Osaka,
Japan)

TRITAC is a three dimensional (XYZ) discrete S^
transport theory code for flux and keff calculations in nuclear
reactors/1/. convergence criteria which have been generally
found suitable for TRITAC calculations are 5x10"*on eigenvalue
and 5x10"* on flux. However, it was recently found that for
certain Liquid Metal cooled Fast Breeder Reactor problems
involving a purely sodium filled channel, these criteria did not
permit a convergence better than 10x10"^to lOOxlO'^on keff. A
desirable convergence of 5xl0"ffon keff was obtained only on
reducing the flux convergence criterion to 2x10" . Such purely
sodium filled channels occur in recently proposed flow activated
reactor shutdown devices called "gas expansion modules"/2/.

Three dimensional, one group, discrete S<y calculations
were made with TRITAC code to calculate the reactivity worth of
the gas expansion modules by difference of keff for "sodium-in"
and "sodium-out" cases. Calculations were made with a mesh
structure of 24x24x16 meshes with an average mesh spacing of 6
cm, and also for a fine mesh structure of 48x48x32 meshes.
Angular quadratures of S. , Sg and S,^ have been used.

For the "sodium-in" case with the 24x24x16 mesh
structure, the following were observed :

1. When diffusion theory starting fluxes are used, the standard
convergence criteria of 5xlO"yon eigenvalue and 5xlO~* on flux,
gives keff of the order of 50xlO"Jto lOOxlO^away from the final
converged value.

2. When better starting flux guess is used (eg. S^ start for S9
calculation) the standard convergence criteria give keff closer
to the final converged value but still some difference of the
order of 10x10 to 40xl0"yin keff remains.

3. On account of the lack of complete convergence the computed
keff shows a dependence on the starting flux used.

4. Adequate convergence is attained on using a convergence
criterion of 2xl0~*on flux.

For the "sodium-in" case with the fine mesh structure
of 48x48x32 the same trend is observed, though the error made in
using the standard convergence criteria is smaller than for the
coarse mesh case.

For the "sodium-out" cases it was found that the
standard convergence criteria of 5.0E-5 on eigenvalue and 5.0E-4
on flux were adequate to force convergence of keff to better than
5.0E-5, provided diffusion theory starting flux guesses were used
uniformly in all the cases. However, these standard convergence
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criteria were not adequate when better starting flux guess is
used (eg. S4 start for S8 calculation), and give rise to
differences of the order of 10.0E-5 to 40.0E-5 in keff. For
these latter cases it was found necessary to use convergence
criteria of 2.0E-4 or smaller on flux in order to obtain
properly converged values of keff independent of the starting
flux guess.

Based on the above observations it is recommended that
for problems of this type the convergence criteria to be used
should be 1.0E-5 on eigenvalue and 2.0E-4 on flux.

1. Bando, M., Yamamoto, T., Saito, Y., Takeda, T., : J. Nucl.
Sci. Technol., 22[10], 841 (1985).

2. Waldo, J.B., padilla Jr., A.., Nguyen, D.H., Claybrook, S.W.
Trans Am. Nucl. Soc, 53, 312 (1986).

2.7 Measurement of Resonance Cross Section Overlap Effects in
Advanced Reactor Fuel
(S.M. Lee, K. Kobayashi*, Y. Fujita* and I. Kimura**)
(* Kyoto University Research Reactor Institute, Kumatori,
Osaka 590 - 04, Japan
** Kyoto University Nuclear Engineering Department, Kyoto,
Japan)

In advanced thermal reactors based on U-233/Th fuel
there is overlap between the resonance cross sections of U-233
and Th which affects the resonance integral of U-233. In fast
breeder reactors too, resonance cross section interference
effects between different nuclides can affect the reactor core
multigroup cross sections. Direct measurement of such overlap
effects is useful for validation of the multigroup cross section
processing procedures in which various approximations are made in
the treatment of resonance overlap and resonance interference.

An experiment to directly measure the resonance overlap
effect between Th-232 and U-233 was carried out using neutron
time of flight technique. The measurements were made using LINAC
machine, neutron production target and time of flight setup at
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Th-232 Detector

(E) (E) exp(-NWt<E>)
 Tl u" 233

Detector

Fig.2.7.1 Schematic for Resonance Overlap Time of Flight
Measurement

the Kyoto University Research Reactor Institute. The neutron
beam transmitted through a thorium sheet of variable thickness
(0.5 mm, 1 mm, 1.5 mm, 1/8", 1/4", 1/2", 1" and 3/2") was allowed
to traverse a 6.5 m flight path and impinge on a U-233 sample and
the fission (and capture) gammas from the sample were measured,
using CfcDfc detector, in 2048 neutron time of flight channels.
The same measurement was also performed using a boron detector in
place of the u-233 sample. Comparison of the neutron attenuation
as a function of thorium thickness for the U-233 and boron
detectors enables evaluation of the resonance overlap effect in
different energy regions.

From the transmission measurements using boron detector
one can calculate the transmission ratio given by

where Of is the thorium total cross section.
Similarly from the measurements using U-233 capture sample
can calculate the indication ratio given by,

one

where Q£is the U-233 absorption cross section

From the experimental measurements of T[f) and ̂  ffj
can evaluate, f *

one
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one

;",„«

In the case the resonance overlap and interference is
negligible the ratio will be near unity. The deviation of the
ratio from unity indicates the degree of resonance overlap
correction in the different energy groups. If there is
appreciable overlap effect in some of the enrgy groups then the
measured data provides useful information for testing the
capability of the nuclear data files and the processing codes to
reproduce this effect.

All the planned measurements have been completed and
a preliminary analysis in some energy groups has been made. The
main difficulty faced in the analysis is the strong gamma
background emanating from the daughter products of U-232 content
(about 0.42 ppm) in the U-233 sample.

Fig. 2.7.2 and 2.7.3 present the results obtained for
the"fc(#and R.{^functions for two energy groups.
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Channtls 35-46
16-2-40*4 ktV

Fig.2.7.2 Boron and U-233 normalized reaction rates as a function of thoriua thickness

Channels 4 7 - 5 7
8 - 6 7 - 15-16 keV

1 2 4 8 12 Th(1/6)

Fig.2.7.3 Boron and U-233 nonulised reaction rates as a function of thoriua thickness
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2.8 Diagonalisation of Albedo Matrix
(P. Mohanakrishnan)

In many cases, use of albedo boundary condition to
replace reflector region is a convenient procedure. In general,
for a "G" neutron energy group problem, the albedo at any
blanket-reflector interface will be a matrix of order G. Even
when no upscattering is present between groups, the number of
nonzero elements in the albedo matrix is (G+DG/2. Further,
significant modifications are required in the source term
calculation of boundary meshes in the computer code. To avoid
these problems the following new scheme was developed for
diagonalising the albedo matrix. Use is made of fluxes in the
reflector meshes from a sample calculation including reflector.
Average fluxes in the blanket-reflector interface are found for
axial and raidal blanket boundaries. Non diagonal terms of the
albedo matrix are from slowing down of neutrons from higher
energy groups. The removal in any group was effectively reduced
by an amount equivalent to the scattering-in sources. Then,
only the now enhanced diagonal contributions to the albedo matrix
need be considered. The number of albedo parameters at any
blanket-reflector interface reduces to %G' and their usage is
also simple. In four neutron energy groups a PFBR problem was
analysed including reflector and also with the diagonalised
albedo matrix. The core multiplication factor (keffs) in the two
cases were 1.01495 and 1.01494 respectively. The fission rate
distributions are compared in Fig. 2.8.1. The very close
agreement of keffs and fission rate distributions prove the
efficacy of this scheme. The savings in computer CPU time and
memory are more than 40%.

1. Use of Albedo for Neutron Reflector Regions in Reactor Core
3-D Simulations - Submitted for consideration to be
published in "Computer Physics Communications".

2.9 Analysis of Proposed Purnima-Ill/Kamini Core Design
(N. Sathyabama and P. Mohanakrishnan)

Kamini reactor is being set up in IGCAR as a source of
neutrons for radiographic studies. It is planned that before the
core is assembled at Kalpakkam, a set of experiments lasting less
than six months be conducted at Purnima labs BARC using the same
core and reflector assemblies. This experimental set up is
called Purnima-lii. The main objectives for settingup Purnima-
III experiments are for verification of physics calculations,
especially determination of small reactivity effects which are
expected to generate information valuable for Kamini operation.
In the safety assessment report of Purnima - III, results of
detailed physics calculations done by the Neutron Physics
Division of BARC, using KENO code and HANSEN ROACH cross section
library are presented. Our calculations were done using the 3D
diffusion theory code COMESH and WIMS cross section set and
lattice cell homogenisation code SMAXY. Our analysis can be
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considered in four stages viz. cell homogenised cross section
preparation, keff calculation, estimation of the worth of three
horizontal beam tubes and one vertical sample housing tube in the
reflector blocks and finally the calculation of negative
temperature coefficient of reactivity.

1. Cross section preparation

The well tested 69 neutron energy group WIMS library
with 47 groups above 0.4 ev and 22 groups below 0.4 ev was
condensed to 27 group which has 7 groups below 0.4 eV, with the
spectra representative of LWRs. Using this condensed WIMS
library, first plate cell calculations were performed to get the
homogenised assembly parameters in 27 groups. Then the effect of
BeO reflector on core is simulated using a 1-D cylindrical
supercell (Fig.2.9.1) of core and reflector. Spectra in
different regions of the supercell are used to condense the cross
sections of different materials appearing in the core to 5
groups. Computer code SMAXY which is a zero burnup version of
computer code SUPERB was used for the above steps.

2. k-eff Calculations

Using the condensed 5 group cross section which has two
groups below 0.625 ev, k-eff calculations were performed using
the diffusion theory code COMESH in X-Y and R-Z geometry in 2-D
(Figs.2.9.2, 2.9.3) and in X-Y-Z geomtry (Fig.2.9.2). The results
of the calculations are tabulated in Table-2.9.1. Since the
original core is in rectangular shape, the X-Y-Z gemetry
calculation can be considered to simulate the core almost exactly
along with the three beam tubes and one sample housing tube, in
this stage, calculations were done for two different core
configurations, one with 9th subassembly as carbon and the other
as BeO. A 27 groups R-Z calculation was also performed to
determine the condensation error in 5 group cross sections.

3. Beam tubes worth estimation

The core has three horizontal beam tubes to be used for
experimental purposes and one vertical pneumatic fast transit
sample housing tube penetrating the reflector blocks (Fig.2.9.2).
The beam tubes are supposed to be empty during reactor operation,
but there exists a possibility of water ingress into the
beamholes. Hence 3-D calculations were done with full BeO
reflectors and BeO reflectors penetrated by the water filled
tubes for both cases of core configuration i.e. 9th subassembly
as carbon and BeO. The difference in K-eff value of cases with
tubes and without gives the worth of beam tubes and sample
housing tube and it was found to be 0.011 (Table 2.9.1).
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4. Temperature coefficient of reactivity calculation

Since there is no resonance absorber like U-238 in the
fuel, the fuel temperature coefficient of this reactor is likely
to be very small in magnitude. The main contribution to
coefficient of reactivity will be that due to the moderator. The
moderator temperature coefficient of reactivity has two
contributions. One due to the decrease in the density of water
and the other due to change in scattering cross sections at
different temperatures. Hence plate and super cell calculatins
were perfomed to obtain the exact cross section of water at 30 ,
70 and 100 °C, and these cross sections were used* to calculate
the K-eff value with the corresponding decreased number densities
in the 3-D code. From the differences in K-eff values, the
temperature coefficient of water was calculated to be - 0.176
ink/ °C in the range 30 °C- 70"C and - 0.215 mk/t in the range
70*C - loot when while the value reported by the designers is -
0.06 mk/°C at 30°C.

•
Conclusion

All the results of the calculations are tabulated in
Table 2.9.1 along with the corresponding results of the
designers. it could be seen from Table 2.9.1 that the corrected
multiplication factors (K-effs) for the two configurations
analysed are very close to those reported by designers though
their cross section library and calculational code were different
from ours. Moderator temperature coefficient of reactivity
calculated by us is found to be more negative than that quoted by
the designers. Fig. 2.9.4 depicts the flux in Y direction
through the BeO ninth subassembly which represents the flux in X-
Y plane. Fig. 2.9.5 shows the flux in Z direction in R-Z
geometry. Comparing these two figures, it could be seen that the
two peaks in thermal flux near the reflectors are more prominent
in axial plane (Fig. 2.9.51 than in X-Y plane (Fig. 2.9.4) which
is due to the fact th'at the axial reflectors are grided ones with
watergaps in between whereas the radial reflectors are solid BeO.
This proves the better reflecting capability of BeO and good
slowing down property of HjO.
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Table - 2.9.1

Comparisons of Keffs for ton Different Core Configurations

Description WIMS-SMAXY-COMESH Calculated Keff HANSEN-ROACH-KENO Calculated Keff

Uhcorrected Corrections

Radial water
1.0729 reflector=0.0l3

Beam tubes worth
BeO to H 0 -0.020
or 0.011
Condensation error
(27g to 5 g )
-0.030

Same as above
1.0771 (Total-0.063)

(or 0.054)

Corrected

1.0099

1.0189

1.0141

1.0231

Uhcor-
rected

1.078

1.083

Corrections
Fuel Hetero-
genity

0.075

0.066

0.075

0.066

Corrected

1.003

1.012

1.008

1.017

Eight fuel(233U) assembly,
one graphite, beam holes filled
with water, no water reflector
outside BeO (RC-1)

Eight fuel (233U) assembly,
one BeO, beam holes filled
with water, no water reflector
outside BeO (RC-2)
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2.10 Mitigation of Fundamental Mode Contamination by Metric
Matrix Technique
(P.T. Krishnakumar)

Sensitivity analysis using Generalised Perturbation
Theory involves the solution of inhomogeneous transport equation
with singular operator /I/. A unique solution to such an in
homogeneous equation may not be easily obtained due to
Fundamental Mode Contamination/2/. We proposed a novel
iterative scheme to mitigate fundamental mode contamination using
metric matrix technique for orthogonalization/3/. The above
procedure is conceptually more elegant as the metric metrices
depict the non orthogonality and the overlap between the true
solution of the inhomogeneous equation and the fundamental mode.
Further the usage of successive inversion in metric metrix
technique is computationally easier to implement. The technical
details can be seen from/3/.

1. P.T. Krishnakumar, "Solution of inhomogeneous Boltzmann
Equation with singular operator and its application to
sensitivity study of radiation transport", Seminar on
Transport Problems, North Bengal University (1985)

2. P.T. Krishnakumar, "Indirect effect contribution to
sensitivity study of radiation transport", Sixth National
Symposium on Radiation Physics, Kalpakkam (1986)

3. P.T. Krishnakumar, "Mitigation of fundamental mode
contamination by metric metrix technique", Accepted for
Publication, ANNALS OF NUCLEAR ENERGY

2.11 Study of FBTR Physics parameters Using IGC Set
(P.T. Krishnakumar)

This study was motivated by the fact that so far all
the reactor physics calculations of FBTR were performed using
Cadarache version 1 and 2 cross section sets. Hence for a
comparative study and to quantify the correctness of results
using cadarache cross section set, calculations were performed
using the IGC (Indira Gandhi Centre) cross section set. The IGC
set is a 25 group nonadjusted set and has been created for usage
in fast reactor physics calcuation by preprocessing the evaluated
neutron point cross section data in the ENDF/B format. The
details of the above set can be found in ref. 1.
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The parameters which were considered for comparison are
the following :

1. Effective multiplication factor
2. Control rod worth
3. Reactivity loss due to burn up
4. Danger coefficients

These parameters were compared both for FBTR-27 and FBTR-23 and
are tabularly depicted from tables 2.11.1 to 2.11.3. The details
of the above study can be seen in ref. 2.

1. IGCAR-77, Kalpakkam Multigroup cross section set for Fast
Reactor Applications - M.M. Ramanadhan and V. Gopalakrishnan

2. Comparative study of FBTR Physics parameters using SETR and
IGC cross section sets : RPD/CPOS/5 (1988)
P.T. Krishnakumar

Table - 2.11.1

Comparison between Cadarache Version 2 and IGC Cross Section

Sets for FBTR-27 Reactor Physics Parameters

NO. Parameter Cadarache IGC

Effective multiplication
factor(Keff ) with all
control rods in

Effective multiplication
factor (Keff) with all
control rods out

0.95201

1.05080

0.93812

1.03302

3. Control rod worth (Total
worth of all six control
rods) in pern

4. Reactivity loss due to
burn up in pem/day

9879

12.12

9490

11.46
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Table - 2.11.2

Comparison between Cadarache and IGC cross section

sets for FBTR-23 Reactor Physics Parameters

No. Parameter Cadarache IGC

Effective multiplication
factor(Keff ) with all
control rods in

Effective multiplication
factor (Keff) with all
control rods out

3. Control rod worth (Total
worth of all six control
rods) in pern

0.89644

0.99751

10107

0.88586

0.98193
(1.0195)*

9607
(6160)*

* Experimental values with 23 subassembly core.

Table 2.11.3

Core Averaged Danger Co-efficients Using

Cadarache and IGC Sets

NO

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Nuclide

U-235
U-238
Pu-239
Pu-240
Pu-241
Ni
Cr
Fe
Na
MO
C

Core averaged
Danger co-efficients

pem/kg
Cadarache

782.37
90.88

1282.85
505.37
1779.73
140.60
165.23
119.21
427.41
70.95
770.07

IGC

782.39
80.70

1269.14
514.83
1495.65
124.78
178.50
141.55
413.89
83.15
843.8

Danger co-efficients
Relative to U-235

Cadarache

1.0
0.116
1.639
0.646
2.274
0.179
0.211
0.152
0.546
0.090
0.984

IGC

1.0
0.103
1.622
0.658
1.911
0.159
0.224
0.180
0.529
0.106
1.078
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3.0 REACTOR KINETICS AND SAFETY ANALYSIS

3.1 Static Reactivity coefficients for PFBR with Carbide Fuel
(S.Ponpandi and Om pal Singh)

The knowledge of static reactivity coefficients
(defined as the reactivity change due to unit change in one of
the concerned operating parameters of the reactor while
maintaining the steady state before and after this change and
retaining all other parameters constant) is useful in evaluating
control rod worths and safety analysis of the reactor.
Therefore, the calculations were performed for the static
temperature, power, flow and A T (temperature drop across the
core) reactivity coefficients of PFBR fuelled with cabide. The
values of temperature and power coefficient are reported in table
3.1.1 to 3.1.2 and have been calculated using the basic data
provided by Menon and John/1/ in the form of reactivity worths of
core materials in 2-D (r,z) geometry and boundary movements.
Other details are given in reference 2.

1. P.V.K.Menon and T.M.John, xPersonal Communication', Jan. 1988.

2. S.Ponpandi and Om Pal Singh, "Static Reactivity Coefficients
for PFBR with Carbide Fuel' PFBR/01117/DN/R007/R-A/1988.

3.2 Dynamic Reactivity Coefficients and an Assessment of the
Stability of PPBR
(Om Pal Singh and S.Ponpandi)

The reactivity of a reactor is a function of reactor
power, P, inlet coolant temperature, T , and coolant flow
velocity . Therefore, reactivity coefficients of a reactor are
obtained when any one parameter is varied and the other two are
kept constant. If the variation of the concerned parameter is
such that the reactor goes from one steady state to another, then
the reactivity coefficients are referred to as static
coefficients. However, if the variation brings the reactor from
a steady state to a transient state, then the reactivity
coefficients are referred to as dynamic coefficients. Obviously,
the dynamic reactivity coefficients also contain the information
about the time constants of the system and hence are also useful
for studying the stability of the system. Calculations were made
for dynamic power, inlet temperature and flow coefficients of
reactivity of PFBR with carbide fuel. The methodology followed
is same as given in Ref.l It has been found that the magnitude
of these coefficients decreases monotonically beyond 1 Hz and
hence the coefficients can be considered effective in low
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Table 3.1.1

Isotheraal Temperature Reactivity Coefficients for PFHR-C and Other Reactors

S.N. Parameters Core

PFBR

Rest Total

Phenix

Total

SPX

Total

Rapsodie

Total

1. Doppler (pern) -663 -61 -724

2. Doppler

3. Fuel axial
expansion
(pcm/°C)

-0.712 -0.089 -0.801 -0.6
(-1.422)$ (-0.162)$ (-1.584)$

-0.275 -0.004 -0.279 -0.3

-0.617£ -0.5£

-0.8

-0.2

-0.3t

4. Clad and sheath
expansion +0.092 -0.018 +0.074
(pcm/°C)

5. Coolant expansion +0.426 -0.100 +0.326
(pcm/°C)

0

6. Grid plate
expansion (pcm/*C) -1.110

7. Differential
CR-Expansion
(pcm/°C)

-1.110 -1.2

-0.8

8. Total
With grid plate -1.589 -0.211 -1.790 -3.4

(2.289)$ (-0.284)$ (-2.573)$

* Without grid plate -0.469 -0.211 -0.680 -1.4

+0.5

-1.0

-0.8

-2.6

-0.8

0.

-2.4**

-1.8

-0.6

-4.8

-2.4

@ 380 °C to 1007 °C range; L Fuel jamned with clad;
* Without differential CR - expansion
$ 150 °C to 380 °C
** Fuel + Coolant

Note 1

Note 2

Note 3

For PFBR fuel axial expansion density effect is - .436 pcn/*C and the
axial boundary movement effect is + .161 pcm/*C.

Grid plate expansion : Core fuel density effect • - 1.558 pcm/rC,
Core 2 boundary fuel movement * + 0.825 pcm/^D, Core 1 - boundary
movement * - 0.518 pem/t Blanket density effect - - 0.015 pcm/°C,
stainless steel density effect • + 0.248 pcm/°C.

Reactivity change in attaining cold (150 °C) shutdown to hot (380 °C)
shutdown state - * - 2.573 * 230 • - 591.8 pem
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frequency region. Using dynamic power coefficient and the zero
power transfer function of PFBR, the stability of the reactor is
studied using Nyquist criteria. The study indicates that the
reactor is stable with respect to small fluctuations in
reactivity. The detailed results are presented in Ref.2.

1. Om Pal Singh and S.Ponpandi, ^Dynamic Power/ •Temperature and
Flow coefficients of Reactivity for PBTR Small Carbide core'
RG/01140/RP-283 (1983).

2. Om Pal Singh and S.Ponpandi, ^Dynamic Reactivity Coefficients
and an Assessment of the Stability of PPBR' RG/RPD/0117/SNAS-
6 (1988).

Table 3.1.2

Power Coefficient of Reactivity (pcm/MW) - PFBR-C for Nominal
Power of 1250 HWt

S.N. Reactivity Ti and flow constant Ti and 21T constant
component

Core Rest Total Core Rest Total

1. Doppler -0.2628 .0056 -.2684 -.2316 .0024 -.2340
(-0.3570)*

2. Fuel axial - .1520 -.0016 -.1536 -.1335 -.0002 -.1337
expansion

3. Clad & sheath
axial -.0088 0. +.0088 +.0028 .0 +.0028
expansion

4. Sodium +.0283 -.0026 +.0257 .0 .0 .0
expansion

5. Pad effect -.0845 0. -.0845 .0 .0 .0

6. Total -.4622 -.0098 -.4720 -.3623 -.0026 -.3649
(-.5564)* (-.5562)*

* Average value when power is raised from zero to nominal value

Note 1 : when fuel is jammed with clad the fuel axial expansion
component of the power coefficient in the above two
cases is -.053 pcm/mw and -.020 pcm/mw respectively.

Note 2 : The power coefficient with Ti and T constant, for
Rapsodie, Phenix and Superphenix is 0.0, -0.40 and -0.20
pcm/mw respectively (Ref.4).

Note 3 : Reactivity change for bringing the reactor to full
power (1250) = 1250 * - .5662 - - 707.8 pcm
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3.3 Experimental Determination of Period Reactivity Relationship
and Zero Power Frequency Response Function of Indonesian
Multipurpose Reactor*
(Om Pal Singh, Liliana+,Arlihan Kusunowo+, Uju
Jujuratisbela+ and Bakrie Arbie+)

+ National Atomic Energy Agency, Indonesia

The period reactivity relationship and zero power
frequency response function of Indonesian Multi Purpose Reactor
(MPR-30) have been measured experimentally. Initially, the
search was conducted to find the neutron source free power level
of the reactor, linearity range of the start up channels used in
the tests and power level most suitable for the test. A good
agreement has been found between the experimentally measured and
theoretically calculated values of the period reactivity
relationship and zero power frequency response function of the
reactor. This verifies experimentally the correctness of the
inhour equation of the reactor and hence the calculated values of
the delayed neutron parameters of the reactor which are vital
input parameters in several operational and other safety analysis
of the reactor. The test is first of its kind performed on the
reactor. The details of the results of the measurements, the
theory and experimental procedure are described in Ref.l.

1. Om Pal Singh et. al., "Experimental Determination of Period
Reactivity Relationship and Zero Power Frequency Response
Function of Indonosian multipurpose Reactor", Annals of
Nuclear Energy (Sent for publication).

* work done by Om Pal Singh during his foreign service
assignment in Indonesia as IAEA Expert in 1988.

3.4 Reactivity Addition Rates Needed for Achieving Required
Power Setback in PFBR
(R. Harish and Om Pal Singh)

It is desirable to avoid frequent reactor scrams and
manage with power setback or reactor shutdown by lowering of
control rods - particularly for minor reactor incidents.
Whether the reactor be scrammed or shutdown by lowering of rods
(LOR) is very much dependent upon the safety philosophy to be
followed and the consequences that an incident can ultimately
lead to. For those incidents that are to be protected against by
achieving the desired power setback, one requires to know the
negative reactivity addition rates and hence the number of
control rods needed to get the desired effect for automatic power
setback. For this, a detailed study is required to be made by
analysing the incidents case by case. Before taking up such a

49



detailed study, we made a preliminary study to check how the
power will behave for different rates of negative reactivity
addition. This helped in having an idea of the magnitude of
power reduction and the time involved in achieving it when
different rates of reactivity addition are effected in PFBR.
This preliminary analysis indicated that a LOR initiated by 4 to
6 rods could be adequate to achieve 10 to 90% power setback in
reasonable times.

1. R. Harish and Om Pal Singh, "Reactivity Addition Rates
Needed for Achieving Required Power Setback in PFBR",
RG/RPD/01117/SNAS-5 (1988).

3.5 Maximum Permissible Seismic Reactivity Fluctuations in PFBR
(R.Harish and Om Pal Singh)

An earthquake can lead to reactivity changes in a
nuclear reactor in a very complex way. Seismic induced vertical
and horizontal oscillations of the reactor core can lead to
reactivity changes in the reactor due to control rod oscillations
in the core and core compaction etc. A precise evaluation of
such neutronic and seismic interaction effects requires three
dimensional seismic response analysis of the reactor with
suitable experimental back up. However, these neutronic seismic
interaction effects are expected to be of periodic nature
depending on the kind of earthquake that takes place at or near
the reactor site. Since one can always synthesise a periodic
complex vibration from a linear combination of several sinusoidal
vibrations, one can study, as a first approximation, the maximum
tolerable seismic reactivity fluctuations by subjecting the
reactor to sinusoidal reactivity fluctuations and analysing its
effect on the reactor power and core material temperatures. Such
a study was taken up and results obtained for PFBR with carbide
fuel, it was found that the seismic events leading to reactivity
fluctuations with a peak reactivity of 1.0 $ and frequency of 1.0
Hz or above would be safe for PFBR. The studies were conducted
by simulating numerically the sinusoidal reactivity with varying
amplitude and the frequency and then checking whether the reactor
core material temperatures cross their limiting values. The
details of the study are given in Ref.l.

1. R. Harish and Om Pal Singh, "Maximum Permissible Seismic
Reactivity Flucutations in PFBR" RPD/01117/SNAS-4 (1988)
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3.6 A Study of Control Rod withdrawal Reactivity Transients in
PFBR With Metallic Core
(R. Harish and Om Pal Singh)

Results were obtained of reactor power and temperature
behavior for different control rod withdrawal rates in PFBR with
metallic core. The aim was to find out the maximum permissible
reactivity addition rates in PFBR with metallic fuel. The prompt
and delayed neutron parameters of metallic core are not
drastically different from the PFBR carbide core. However, the
reactivity coefficients are different; the Doppler reactivity
coefficient being small and fuel axial expansion and sodium
expansion reactivity coefficients being larger than the
corresponding values for the carbide or oxide cores. Also due to
better thermal conductivity of the fuel, the operating fuel
temperatures are lower. Clad eutectic temperature is reported in
the range 750 °C to 800°C.

Since the prompt and delayed neutron parameters of PFBR
with metallic core are not drastically different from the carbide
core and the reactivity feedback effects are absent during start
up, the course of the transient during start up for metallic and
carbide core would not be much different from each other. For
metallic core also the maximum permissible control rod speed is
same as in carbide core i.e. 4 pcm/s or 2 pcm/s depending ,on
whether the.detectors used for power monitoring are of 4 cps/ (Pth
or 2 cps/<fth efficiency respectively and the neutron guide tube
is provided at the blanket second row position in the reactor.
Transients at low power indicated that a rod speed giving upto 10
pcm/s reactivity ramp rate is all right and temperatures do not
cross their limiting values. Similar considerations pointed out
that if transient starts at full power than reactivity ramp rates
upto 50 pcm/s are safe. The detailed results of this study are
presented in Ref. 1.

1. R. Harish and Om Pal Singh, "A Study of Control Rod
Withdrawal Reactivity Transients in PFBR with Metallic Core"
RPD/01117/SNAS-13 (1988)

3.7 criteria for Selection of Main Design Parameters for Primary
Control Rod Drive Mechanism
(Amitav Sur*, Om pal Singh and G. Muralikrishna**)
(* NSD, ** PPCD)

The design of primary control rod drive mechanism is
done using parameters arrived at by several studies like drop
time and speed of the rods, total, braking and gripper travel,
misalignments and absorber lengths. The studies related with
these parameters were conducted the details of which are given in
Ref. 1.
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The tentative recommendations made are :

- Drop time including instrument response < 1 s
- Raising and lowering speeds 2 mm s"'
- Total travel 1085 mm
- Braking travel 250 mm
- Gripper travel 120 mm
- Absorber length 1110 mm
- Misalignment

- during fuel handling < 25 mm
- during normal operation < 30 mm
- during operating base earthquake (OBE) < 45 mm
- during safe shutdown earthquake (SSE) < 60 mm

Appropriate changes will be made in these values after refined
calculations are carried out,

1. Amitava Sur, Om Pal Singh and G. Muralikrishna, "Criteria
for Selection of Main Design parameters for Primary Control
Rod Drive Mechanism" PFBR/31430/DN/1011/R-A (Dec. 1988)

3.8 Inherent Safety Concepts in Nuclear Power Reactors
(Om Pal Singh and R. Shankar Singh)

After the TMI-I accident in 1979/ an awareness has
grown among the nuclear reactor designers to design and
incorporate as many inherent safety features in nuclear reactors
as possible. Though, there have been several concepts that have
been considered for inherent safety in Light Water Reactors
(LWRs) and in Liquid Metal Fast Breeder Reactors (LMFBRs), two
concepts, one for LWRs and another for LMFBRs are being persued
seriously. In LWRs, the PIUS (Process inherent Ultimately Safe)
and HTG (High Temperature Gas) reactors are gaining the
confidence of designers. Both concepts rely on the pool concept
(that is, reactor core and primary heat transport system to be
kept immersed in a big pool of coolant) and large negative
reactivity feedback in case of overheating of the fuel. In PIUS
- reactor, the large negative feedback is assured by entry of the
borated water into the core as soon as the coolant is overheated.
The large inventory of the water in the pool is expected to take
care of the decay heat removal. in HTGRs, the high thorium
inventory provides the large negative reactivity on overheating
of the fuel, in LMFBRs also, pool concept is accepted for better
inherent safety potential. Further, detailed analyses indicate
that small reactors have better inherent safety potential than
the large size reactors. Among the fuels, metal fuel has the
best potential for inherent safety followed by carbide and oxide
fuels. Decay heat removal is possible through natural convection
process.
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An exhaustive review was made of all the above
concepts. The details of this are given in Ref. 1.

1. Om Pal Singh and R. Shankar Singh, "Inherent Safety Concepts
in Nuclear Reactors" SADHANA (Paper accepted for publication
in Sadhana)

3.9 Dynamic Analysis of inherent Safety of PFBR Carbide With GEM
Features
(P. Bhaskar Rao and Om Pal Singh)

The dynamic inherent safety study/1/ of PFBR with
carbide fuel, had indicated that for a flow halving time of 80s
in LOFA, the reactor is inherently safe. That is, the reactor
shuts down itself without coolant boiling. A similar study was
undertaken to examine the influence of Gas Expansion Module (GEM)
provided at the core-blanket boundary. The GEM device
constitutes a subassembly containing stagnant sodium upto the
core top level above which the inert gas is sealed. The coolant
level is maintained by the pressure exerted by the coolant
flowing at the foot of these subassemblies. A flow coastdown
leads to a drop in coolant level and hence the expansion of the
inert gas providing negative reactivity and acting as a good
passive reactivity feedback.

The analysis of LOFA for PFBR with GEM and void worth
of 550 pern indicated that the system is inherently safe even with
LOFA of low halving time of 3 s. However, the results are
sensitive to the void worth of GEM. A 20% reduction in void
worth, leads to a safe flow halving time of 8 s for LOFA. The
details of this study are given in Ref. 1.

1. P. Bhaskar Rao and Om Pal Singh, "Dynamic Analysis of Safety
of PFBR Carbide With GEM Features" RPD/01117/SNAS-10 (1988)

3.10 SPATKIN - A Space Time Kinetics Program based on Adiabatic
Approximation
(P. Bhaskar Rao)

In fast reactors, particularly in those of sizes much
smaller than their thermal counterpart, it has been presumed that
point model approximation for the neutron kinetics is adequate.
There are, however, situations in fast reactor accident scenarios
where gross material redistribution occur and there are doubts
about the use of point model.

53



In this work a systematic study of the space-time
effect, the sources and their influence on accident scenario has
been made. It has been concluded that in extreme situations
involving large scale material redistribution through coolant
boiling, clad dry out and fuel slumping the space-time effect
could become important. This too is true only for a large fast
reactor of 1000 MWe or larger size. Further, it has also been
concluded that the adiabatic approximation is quite adequate for
the purpose of considering the space-time effect on the neutron
kinetics. As a next step a computer programme for Space-Time
Kinetics has been developed based on adiabatic approximation. A
large amount of numerical experimentation has been done to
arrive at (i) optimum spatial mesh sizes, (ii)
inclusion/exclusion of after-core regions like blanket,
reflectors, shields etc. (iii) number of energy groups, (iv) fine
and coarse time steps, all of which have a large influence on the
accuracy and the computing time speed. Certain important
conclusions have been drawn in the work. For example, it has
been concluded that (i) 4-group calculations, (ii) inclusion of
after-core regions in lumped manner as single mesh, (iii) mesh
sizes as large as thermal hydraulic channel sizes, (iv) a large
coarse step for recalculation of neutron physics and kinetic
parameters are optimum.

The code has been successfully tested against the
results of already validated codes like FX2TH (for neutron
kinetics part) and PREDIS (for thermal hydraulics steady state
part)

1. P. Bhaskar Rao, "SPATKIN - A Space Time Kinetics Program
based on the Adiabatic Approximation", Report
RPD/01117/SNAS-9 (July 1988)

3.11 A PCS Equation of State for Mixed Carbide Fuel of PFBR
(P. Bhaskar Rao)

A PCS equation of state has been developed for the
mixed carbide fuel of PFBR/1/. The program PCSEOS has been used
for the calculation of the critical constant, Reidel factor and
critical compressibility for the mixed carbide.

A parametric study on /̂ , and tCf. have been carried
out to find the sensitivity of the variation of the critical
constants due to uncertainity in these data. The input data like
melting point, density, pressure and thermal expansion
coefficient at melting point have been used from those given by
Pratzke.

The results are shown in Tables 3.11.1 and 3.11.2.

1. P. Bhaskar Rao, "PCS Equation of State for the mixed carbide
Fuel of PFBR Reactor" Report RPD/01117/SNAS-8 (July 1988)
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Table 3,11.1

Critical Constants

parameters

Pc, atm

Tc, K

/c, g/cc

Zc

Boiling point, K

Latent heat of
vapourization, J/g

Present work

1659

9764

2.014

0.27

4633

2170

Earlier work

1657

7672

2.4

0.41

3337

1408

Table 3.11.2

The variation of the values of the critical constants with /^ <f

Para-
meters

(/K) n (g/cc)

1 2.08

4266 2079

20625 11436

2.064 2.038

.32412 0.29

2.6 3.1 50 10 8.9 8

1659 1372 818 1860 1659 1454

9769 8668 6617 9774 9769 9764

2.014 1.985 1.87 2.26 2.01 1.82

.274 .259 .215 .273 .274 .274

Pc, atm

Tc, K

fz, g/cc

Zc

Latent heat,
J/g 1859 4864 4633 4464 1108 4610 4633 4652

Reidel
factor 4.559 5.961 6.73 7.53 1.06 6.75 6.73 6.71

fL.-=. density at melting point

.- thermal expansion coefficient at melting point
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3.12 MECEL - A Computer Code based on coupled Euler Lagrange
Method for Containment Analysis
(P. Bhaskar Rao)

A review of the literature pertaining to the problem of
fluid structure interaction specific to containment analysis was
made earlier. In the review some of the best available computer
codes, and their numerical techniques had been brought out. As a
followup, a computer code MECEL has been developed using finite
difference technique alongwith coupled Euler Lagrange method.
The code is similar to the the code PISCES-2DELK and is different
in some aspects. The code can be used for structure response
studies for the LMFBR primary containment. It has been tested
using test problems and its results compared with those obtained
using PISCES-2DELK. The code runs for slab and R-Z gemetries and
all the physical problems can be solved using appropriate R - z
selector.

The basic conservation equations solved in space and
time are described in a detailed note. The specific features of
the code and its validation have been described.

The features of the code are :

It can consider the problems of perforated grid plate,
dip plates, flow around irregular obstacles and large scale and
violent fluid motions. Such features are not possible in any
other scheme like Arbitrary Lagrange Euler (ALE) or Implicit
Continuous Euler (ICE) schemes.

It can be used specifically for reactor containment
analysis.

1. P. Bhaskar Rao," MECEL - A Coupled Euler Lagrange (CEL)
Finite Difference (FD) Computer Program for Fluid Structure
- interaction problems", RPD/01117/SNAS-ll (1988)

3.13 Review of the work done in the Study of Pluid Structure
Interaction Specific to Containment Analysis
(P. Bhaskar Rao)

The problem of shock structure interaction is very
complex and its study very essential in the reactor containment
design. There have been considerable efforts all over the world
to study this problem, understand it and utilize the results in
the containment design.

In this work a large number of publications have been
studied and a review of the status of this work has been
presented. In the first part the experimental approaches have
been described alongwith the techniques adopted. Various
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categories in this approach, viz. simulation tests, full scale
tests, scaled down tests and specific tests have been described
alongwith their specific goals and successes achieved. In the
second part the theoretical approach has been described starting
from the Newtonian model. The numerical schemes and
discretization technques have been described in the
chronological order in which they have been developed. The
merits of the numerical schemes have been intercompared. The
success achieved and the work remaining to be done are described.

The conclusions drawn are the following :

1. The coupled Euler Lagrange numerical scheme appears very much
suitable for containment analysis.

2. A coupled technique, with finite element modelling for the
important structures and finite difference modelling for other
structures, fluids and gases can be the ultimate scheme for the
containment analysis.

3. Scaling down in Experimental approach is well validated.

4. Simulants (at room temperature) have been identified for the
reactor materials in accident conditions for experimental studies
of containment.

5. Presently available codes based on Coupled Euler Lagrange and
Arbitrary Lagrange Euler have been reasonably well validated and
can be used for containment analysis.

1. p. Bhaskar Rao, "Fluid Structure interaction Specific to
Containment Analysis", RPD/01117/SNAS-ll (1988)
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4.0 NOISE ANALYSIS

4.1 Study of the Energy and Anisotropic Scattering Effects on the
Neutron Noise Transmission Characteristics in Pinite Non-
Multiplying Media
(A.K.Jena and Otn pal Singh)

in some of our recent communications, we had reported
the results of our investigations on neutron noise transmission
characteristics of non-multiplying media in LMFBRs using neutron
transport theory. The main emphasis in these studies has been to
examine whether the noise transmission through the non-
multiplying media is frequency dependent and how the reactor
neutron noise source characteristics would really appear at the
excore detector locations. These studies were conducted with one
group and isotropic scattering approximations and considering
the noise signal transmission through infinite and finite non-
multilplying media. This work was further extended by
incorporating in the mathematical formulation, the energy
dependence and anisotropic scattering of neutrons. The results
indicate that the break frequency of the APSD of neutron flux and
detector response are governed by high energy and low energy
neutron fluxes respectively and anisotropic scattering
considerations lead to the decrease in the break frequency. The
results of the detailed numerical calculations are in conformity
with analytical results. The details of the work are given in
ref.1.

1. A.K.Jena and Om Pal Singh, "Study of the Energy and
Anisotropic Scattering Effects on the Neutron Noise
Transmission Characteristics in finite Non-Multiplying Media"
Annals of Nucl. Energy (accepted for publication).

4.2 Preliminary Neutron Noise Characteristics and Prompt
Neutron Decay Constant Measurements on Reactor Serba Guna
(MPR-30)+
(Om Pal Singh, Liliana*, Arlinah Kusunowo*, Uju
Jujuratisbela* and Bakri Arbie*)
(•National Atomic Energy Agency, Indonesia)

Nuclear reactors operating in steady state depict
fluctuations in neutron level around a steady mean value. These
fluctuations in nuclear reactors are normally referred to as
neutron noise and these arise basically due to statistical nature
of nuclear reactions taking place inside the reactor core. As
can be expected, the analysis of neutron noise signals and their
interpretation provide useful information about the dynamic
behaviour of the reactors.

Neutron noise measurements in nuclear reactors at low
power such that the reactivity feedback effects are negligible,
have been utilised in the past to measure the prompt neutron
decay constant, subcriticality of the reactor, reactor power and
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fraction of delayed neutrons emitted as a consequence of fission.
A similar attempt was made to measure the prompt neutron decay
constant of the Reactor Serba Guna and its other neutron noise
characteristics. The variance to mean method and correlation
techniques were employed to make these measurements. while the
former method failed to disclose any information about the
physical parameters of the reactor (mainly due to lower
efficiency of the detectors employed), the latter technique (auto
correlation) could provide the value of the prompt neutron decay
constant. The comparison of the theoretically calculated and
experimentally measured values is given in table 4.2.1. The
details of this study are given Ref. 1.

1. Om Pal Singh et. al., "preliminary Neutron Noise
Characteristics and Prompt Neutron Decay Constant
Measurements on Reactor Serba Guna (MPR-30)" ATOM INDONESIA
(Sent for Publication)

Table 4.2.1

Measured and Calculated Prompt Neutron Decay Constant

Experiment (ô J Theory
f-/-~ B/JP \

No. of values range of «=C

1 125 - 130 P= 0.00765
3 131 - 135
3 136 - 140 n
3 141 - 145 •£ = 61.3E-6
3 146 - 150
3 151 - 155 0̂
3 156 - 160

oC(Average) = 146

fWork done by Om Pal Singh during his foreign service assignment
in Indonesia as IAEA Expert in 1988.

4.3 MuItifeature pattern Recognition Analysis of BOR-60 Data
(G.S.Srinivasan and Om Pal Singh)

The data provided by IAEA on sodium boiling noise of
BOR-60, was analysed using pattern recognition analysis. This is
essentially a more detailed study of what had been initiated
earlier/1,2,3/. The study is carried out using four-features,
namely mean, standard deviation and the two segmented areas of
probability density function/4/. The previously selected
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features i.e. skewness and kurtosis were rejected in this
analysis because of inconsistancy observed in their values. The
results were obtained in the form of time of onset of boiling,
the boiling threshold and the probability of spurious and missing
the boiling detection. The dependence of the results on
averaging time and their sensitivity to the correlations existing
among the features were also studied. Present selection of
featutres, predict the onset of boiling with distinct clarity and
further proved clearly that the multifeature analysis is superior
to individual feature analysis in terms of reliability. The
details of theory and results are presented in Ref. 1.

1. Om Pal Singh et. al., * second Year Progress Report ; IAEA-
CRP on Signal Processing Techniques for Sodium Boiling Noise
Detection', RCM Vienna, Austria Dec. 9-11, 1986

2. Om Pal Singh et. al., sThird year Progress Report ; IAEA-
CRP on Signal Processing Techniques for Sodium Boiling Noise
Detection', RCM Oct. 7-9, 1987

3. Om Pal Singh et. al., * Summary Report ; IAEA-CRP on Signal
processing Techniques for Sodium Boiling Noise Detection',
RCM Oct. 7-9, 1987

4. C.P. Reddy, Om Pal Singh, R.K. Vyjayanthi and R. Prabhakar,
SA New Approach in Signal Processing for Sodium Boiling
Noise Detection by Probability Density Function Estimates',
Nuclear Technology, Vol. 80, p. 371, March 1988

5. G.S. Srinivasan and Om Pal Singh, "Multi-feature Pattern
Recognition Analysis of BOR-60 Data" RPD/01117/SNAS-7 (1988)

4.4 coordinated Research Programme on Signal Processing
Techniques for Sodium Boiling Noise Detection
(Om Pal Singh, C.P. Reddy, G.S. Srinivasan, R.Prabhakar* and
R.K. Vyjayanthi*)
(*Engineering Development Division)

Coordinated research programme on signal processing
techniques for sodium boiling noise detection was initiated four
years back to develop optimal methods of signal processing
techniques for sodium boiling noise detection. The out of pile
KNS and in pile BOR-60 sodium boiling noise data have been used
for this purpose. The extensive analyses of these data led to
the identification of features that are sensitive to sodium
boiling. Using these features, two methods, namely the
Multifeature Pattern Recognition and Adaptive Learning Network
(ALN11 methods were evolved and their suitability for sodium
boling noise detection was established. The work was continued
on these two methods to improve them further.
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For Multifeature Pattern Recognition method, it was
found that standard deviation and the segmented areas of
probability density functions are the most suitable features for
sodium boiling noise detection and the method predicts the onset
of boiling more distinctly. The boiling threshold can be
selected by maximising (l-Ps)d-Pm) or minimising (Ps+Pm) where
Ps and Pm are respectively the probabilities of spurious and
missing the boiling detection. Calculations indicated that the
assumption that the features distributed in a Gaussian way is
reasonable.

With regard to Adaptive Learning Network (ALN) method,
the conceptual design was evolved using 2-generation ALN and the
three features, viz. two segmented areas and the number of pulses
above threshold. To apply the technique for on-line boiling
detection, a hardware based system with minimum software
requirements was conceptually designed and is shown in Fig.4.4.1.
In the proposed concept, the network is trained using the
features calculated from the background noise of the reactor and
the statistically assumed features in the boiling region. The
details of the studies are given in Ref. 1.

1. Om Pal Singh et. al., "IAEA-CRP on Signal Processing
Techniques for Sodium Boiling Noise Detection - Fourth Year
Progress Report" RCM Vienna, Sept. 14-16 (1988)

4.5 Signal Processing Techniques for Sodium Boiling Noise
Detection
(V. Arkhipov*, and participants of CRP)
(* IAEA, Vienna)

On recommendations from International Working Group on
Fast Reactors (IWGFR), International Atomic Energy Agency (IAEA)
initiated a coordinated research programme (CRP) on Signal
Processing Techniques for Sodium Boiling Noise Detection to
develop an optimal on-line method of sodium boiling noise
detection in LMFBRs. Australia, Japan, Federal Republic of
Germany, German Democratic Republic, India, and United Kingdom
participated in this programme. The work continued on the
project for 5 years (1983-1988) and the BOR-60 in-pile and KNS-I
out-of-pile, sodium boiling noise data provided by IAEA, were
used to develop the technique. The detailed results of the CRP
have been compiled in Ref. 1. The summary and main outcome of
the studies are given below. in India, at Kalpakkam, Om Pal
Singh, C.P. Reddy and G.S. Srinivasan from Reactor Physics
Division and R. Prabhakar and R.K. Vyjayanthi from Engineering
Development Division participated in this project.

In India at IGCAR, investigations carried out on the
noise-data revealed that the segmented areas under the
probability density function of the noise data are more sensitive
to the sodium boiling noise and hence can be considered as good
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features for sodium boiling noise detection. For fixing the
boiling threshold, the maximisation of the product of
probabilities of non-spurious boiling and non-missing the boiling
detection is found to be most suitable. Evaluation of the
quality of the signal processing techniques in terms of their
capability to detect sodium boiling with desired reliability is
an important step in the development of methods of sodium boiling
noise detection. Work on the evolution of such a methodology led
to the result that the binomial probability density function and
the criteria that out of a given number of evaluated feature
values, certain fixed number of values should cross the boiling
threshold for declaring boiling, can be used to achieve the
target values of the probabilities of spurious/missing the
boiling detection. Using the sensitive features of sodium
boiling noise, the methods of multivariate pattern recognition
and adaptive learning network were developed and their
effectiveness established at IGCAR.

In Japan, sodium boiling noise detection technique is
based on the use of the known high frequency content of the
boiling signal, using high pass filters to limit the background
noise and then to square the signals. This enhances the
impulsive nature of the boiling signals and the signal to noise
ratio. A second stage high pass filtering and squaring is then
integrated to generate the feature signal for boiling detection.
In U.K. Berkeley Nuclear Laboratory uses the Adaptive Learning
Network (ALN) for sodium boiling noise detection. The parameters
used in the application of the network are taken from the
amplitude statistical data like mean, skewness, kurtosis and the
count of low values. At Northern Research laboratory, Risley,
U.K., high pass filtering followed by pulse counting have been
found satisfactory in detecting well developed boiling. For
incipient boiling detection, the pattern recognition method using
the components of the frequency spectrum and of the probability
density of the captured pulses, is found satisfactory.
Australian approach is based on the enhancement of the high
frequency signal by higher order differentiation of the data.
German Democratic Republic find the features like normalised
variance, the counts above a given threshold and the energy in
the pulse as sensitive features for the sodium boiling noise
detection. Federal Republic of Germany uses pattern recognition
method using various features of boiling background signals that
distinguish sensitivly boiling from the background noise.

Thus, different countries have identified the
characteristics of the boiling signal which are most effective in
discriminating boiling noise from the background noise in KNS
loop and in BOR-60 reactor and there are different techniques
that provide reliable and sensitive detection of acoustic noise
generated by the boiling process in sodium.
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The techniques developed for sodium boiling noise
detection are to be further developed to cover the acoustic
detection of leaks in steam generators.

1. V. Arkhipov, Om Pal Singh et. al., "Signal Processing
Techniques for Sodium oiling Noise Detection" IAEA Report
No. 1988 (under preparation).

4.6 Acoustic Leak Detection in Steam Generators
(G.S. Srinivasan and Om Pal Singh)

In LMFBRs steam generators (SGs), the leakage of high
pressure water/steam into sodium is a likely event. Chemical
reaction between water and sodium produces hydrides and oxides
of sodium and hydrogen at high pressures. The propagation of
high pressure waves in sodium and the structure of SG, can lead
to damage and hence a concern of operating safety and structural
integrity of SGs. Rupture discs with response time of the order
of milliseconds are provided to protect the system against high
pressure build up due to large leaks. For small leaks, hydrogen
detectors with response time of the order of one minute, are
provided for their detection and subsequent action. However, in
SGs there may be leaks giving pressures too small to rupture the
disc but large enough to cause damages to the internal sturcture
of SGs within the response time of hydrogen detection system.
Therefore, a third device with intermediate sensitivity and quick
response time is needed. Acoustic noise leak detection is such
a device. The technique also has the potential to identify the
leak location and capability to detect leak in stagnant sodium.
Therefore, there is considerable worldwide interest in these
techniques to develop them to a level of regular leak detection
in SGs. IAEA intends to initiate a CRP in this area so that an
otpimal reliable method of acoustic noise leak detection method
could be developed. A review of this area was undertaken so that
we can contribute effectively as participants of the CRP. The
significant points that emerge fro;n *-his review are the
following :

The acoustic noise is generated due to leak of
water/steam into the water, from the fluctuation in the flow
momentum across the fixed crack surface and the frequency of the
noise generated is greater than 100 kHz. Acoustic noise is also
generated in frequency range from 20 kHz to 100 kHz due to
expansion of steam and evaporation and condensation of sodium.
Generation of pressure waves due to bubbling give rise to
acoustic noise in the range of few kHz to 20 kHz. The background
noise which is of different origin but has considerable frequency
overlap with the acoustic noise from leak, is uncorrelated with
latter. RMS value of transucer output or variance has been found
as a good discriptor of acoustic leak noise. Pulse rate
counting above the background threshold also appears to be a
suitable descriptor for leak detection.
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With the above information available, the following
recommendations are made for the forthcoming IAEA-CRP.

The data to be provided to the participants of the CRP
should represent the background noise that may be generated in
different load factor state of the SG in plants. The signals
from leak should cover the full frequency range. Artificial
signals should be generated by mixing the acoustic leak noise
with the background noise in different proportions so that the
signals are available with signal to noise ratio of even - 40 dB.
Methods developed for sodium boiling ndise detection should be
tested on these signals and further developed to cover the
acoustic leaks in SGs.

4.7 criteria for Fixing the Threshold in Pattern Recognition
Technique for Malfunction Detection
(C.P.Reddy)

Noise analysis techniques are being used to diagonise
any malfunction. The main advantage of this method is that it
will not interfere in the normal functioning of the system.
Various techniques have been developed to detect malfunctions.
Pattern recognition has been considered as one of the suitable
methods for the malfunction detection.

Malfunction detection by pattern recognition techniques
involves the following:

1. Data acquisition; 2. Data processing and 3. Decision making.

Noise data is normally obtained from the signals which
are being monitored for the purpose of system operation. Data
processing involves extracting a suitable feature which has
distinct values or behaviour in normal and maloperation.
Decision making involves )£$r6lving a procedure to take a decision
whether the feature value is an indication of normal or abnormal
state. The decision criteria should be such that the decision is
taken,

1. using minimum amount of data,

2. satisfy the limits on spurious signals and missing the signal.

Quality of any feature is determined by the

1. difference of the feature value in normal and abnormal state,
2. distribution of the feature in the normal state and
3. the distribution of the feature in the abnormal state

Based on the above qualities of the feature one has to
fix a threshold value for the value of the feature which will
decide whether the system is normal or abnormal. Most often it
so happens that there is good amount of overlap between the
distributions of the feature in normal and abnormal states. In
such cases whatever may be the value of threshold one cannot
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avoid spurious signals or missing of the signals. In order to
reduce the probabilities of spurious signals and probability of
missing the signals, we have suggested that threshold can be
fixed at a place where the product of the probability that the
signal is not spurious and the probability that the signal is not
missed is maximum. And the decision is not taken based on single
feature evaluated, but many features say No . The system will be
declared abnormal only when n0 out this No will cross the
threshold. This we call n0/No criterion. The values of Noand n0
will be fixed depending upon target accuracies required on the
probability of spurious signal and probability of missing the
signal and also probability of obtaining spurious signal and
missing the signal based on single feature estimate.

The above method of fixing the threshold is independent
of n0/N0 criterion and the target limits of probability of
spurious signal and the probability of missing the signal. The
value of No also indicates the amount of data required to take a
decision. When the threshold is fixed based on the maximisation
of the product of the probability that the signal is not spurious
and the probability that the signal is not missed, the amount of
data required to take a decision within the target limits of
probabilities of spurious and missing the signal, will not be
minimum. An optimum threshold which minimises the amount of data
is again a function of the target values of probability of
missing and probability of spurious signal. We found in many
cases there are two thresholds which requires minimum data. The
paper presents the details of this threshold in various cases.

In case of non stationary processes like sodium
boiling, the malfunction has to be detected within a given
amount of time say t which is fixed on operating characteristics
of a reactor. Depending upon the risk the probability of missing
the detection B^ is also fixed. The need to keep the
availability factor high decides the probability of the spurious
signal. If It is the time required to evaluate the features and No
is the total number of feature to take a decision then N̂ fcis the
total amount of time required to take a decision. Then the

. , .Afc/v/0/tprobability of missing per decision can be \Pn ) and

probability of spurious signal can be Ps Ne6$/t . This means, the
probability of missing the signal and spurious the signal are
again function of time required for taking a decision. This
again has influence on the threshold. This work discusses the
formalism and results in detail. In particular cases, the
threshold can be such that the probability of missing greater
than 0.5 can also be afforded to achieve target requirements.
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5.0 RADIATION SHIELDING AND STATISTICAL PHYSICS

5.1 Neutron source Regeneration in PBTR
(A.K. Jena and G. Radhakrishnan)

In FBTR the auxilliary neutron source consists of
a Beryllium block at 0528 location and Sb 0 pin at the centre.
Initially the SbjOjpellets are irradiated at CIRUS/Dhruva. We
investigated the activation of Sb-123 to Sb-124 in FBTR small
core when operated at 250 W/cm linear power. The neutron flux at
the location 0528 in FBTR was obtained from one dimensional
cylindrical geometry calculation using S/P, approximation and 100
group DLC-2 data set. The unshielded average activation cross
sections of Sb-123 were obtained from Nuclear Data Section/1/,
in the same group format. It was observed that the cross
sections in groups 77 (101.3 ev to 130.07 ev) and 84 (17.603 ev
to 22.603 ev) are very high having values of 20.4 and 478.9 barns
respectively. Hence to obtain energy and spatial self shielding,
self shielded average cross sections corresponding to the
composition at the Sb - Be source region and 625 Kelvin
temperature, were obtained from Nuclear Data Section/2/ and a
cell calculation was performed using code DTF, suitably modified
for this purpose. The following was the modification: The
incoming flux from the outer boundary is set to be equal to the
flux input for cell calculation in each energy group. Source
check and neutron balance checks were suppressed. The saturation
activity of Sb-124 was estimated to be 426 Ci for the full
pin when operated at 250 W/cm linear power. This assumes that
flux is constant axially for the entire pin. It may be noted
that 407 Ci of Sb-124 is produced by operating FBTR for 9 months.
Details of calculation are given in ref. 3.

1. V. Gopalakrishnan et. al., Sb-121 and Sb-123 unshielded
average cross sections in 100 group DLC-2 structure,
RPD/NDS/16 (1988).

2. V. Gopalakrishnan et. al., *Self shielded cross section
averages of Sb-121 and Sb-123 for the calculation of neutron
source regeneration in FBTR', RPD/NDS/20 (1988)

3. A.K. Jena and G. Radhakrishnan, Neutron Source Regeneration
in FBTR, RPD/RSSP/25 (1988).

5.2 Gamma Source Strength and Spectra in the Bent Fuel
Subassembly of FBTR
(M.S. Sridharan)

In order to assess the shielding requirements for
handling the bent carbide fuel subassembly of FBTR, the gamma
source strength and its spectra in 17 groups were generated using
a computer program developed earlier in the division. After
enlarging the scope of the program to take into account an
irradiation history, data pertaining to FBTR irradiation history
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was used and the spectral results were obtained for post-
irradiation times in steps of 15 days spread over a period of 1
year. The gamma source results are briefly presented in tables
5.2.1 and 5.2.2. The total gamma source is found to be 0.713E12
and 0.667E10 gammas/sec for 15 d and 1 year cooling times
respectively. For more details including that of the
irradiation history please see ref.l below :

1. M.S. Scidharan, Gamma Source Strength and Spectra in the
bent fuel Subassembly of FBTR, RPD/01115/RSSP/9, (1988).

Table-5.2.1

Gamta Source strength from FBTR Bent Fuel Subassembly

S.N. Post-irradiation time
(days)

Gamma Source strength
(gammas/sec) (1.0E11)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

15
26
30
52
75
90
105
120
135
150
165
180
195
210
225
240
255
270
285
300
315
330
345
360

7,
4,
4.
2.
1.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

.13

.57
,05
,38
,53
,19
,937
749
606
495
408
339
284
241
205
176
152
133
116
102
0915
0819
0737
0667
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Table-5.2.2

Spectral Gaima Source Strength fro» Bent Subasseably

S.N.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

X-

Gamma Energy
Group (Mev)
(lower bound)

0.01
0.02
0.03
0.06
0.1
0.2
0.4
0.6
0.7
0.8
1.0
1.5
2.0
3.0
4.0
5.0
6.0 - 7.5

TOTAL

cooling time

Gamma Source
X = 15 d

0.163E10
0.147E11
0.110E12
0.328E11
0.633E11
0.640E11
0.152E12
0.227E11
0.102E12
0.408E11
0.678E10
0.977E11
0.515E10
0.119E09
0.484E08
0.600E07
0.238E06

0.713E12

Strength (gammas/sec)
% = 360 d

0.621E07
0.253E07
0.316E09
0.741E08
0.572E09
0.438E07
0.121E10
0.111E10
0.316E10
0.227E08
0.138E09
0.147E08
0.411E08
0.505E02
0.947E00
0
0

0.667E10

5.3 PFHR Radial Shield Optimisation Studies
(R. Indira)

with B,. C Powder

Radial shield optimisation earlier done had led to an
acceptable configuration of one row of SS and one row of B̂ . C
(consisting of hexagonal subassemblies), before sotrage, 3 rows
of SS, 2 rows of Bij. C, 4 rows of SS and one row BtfC of
cylindrical subassemblies following storage/1/. The present
studies have been carried out, consequent to the proposal of

î  C pellets (density 2.3 gms/cc) to powder (density
for the blocks following storage. The optimum

of the radial shield conserving the total
shield as 10 rows after storage has been worked

out. Calculations have been done using the one dimensional
transport code ANISN and 121 group neutron photon coupled
library DLC-37. Details of the calculational procedure is given
in Ref. 2. Table 5.3.1 gives the various configuration studied
and the secondary sodium activation at IHX surface for these
configurations. It is seen that configuration 4 (See table-

changing the
1.9 gms/cc)
configuration
thickness of
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5.3.1) with one row of SS, 1 row of B^ C (density 2.3 gms/cc), 1
row of storage, 3 rows of SS, 2 rows of B14. C (density 1.9
gms/cc), 3 rows of SS, 2 rows Bî . c (density 1.9 gms/cc) is the
optimum configuration. The finer details are given in ref.3.

1. R. Indira, PFBR Radial Shield Optimisation Studies, Addendum
to the note PFBR/01115/DN-1004/R-A (1987)

2. R. Indira, PFBR Radial Shield Optimisation Studies,
PFBR/01115/DN-1004/R-A (1986)

3. R. Indira, PFBR Radial Shield Optimisation Studies, with
boron carbide of density 1.9 gms/cc, PFBR/01115/DN-1017/R-A
(1988)

Table 5.3.1

Secondary Sodium Activity at IBX surface for Various
Configurations

Number of rows
Confi- Shield Shield thickness Secondary sodium
guration following following storage activity in

Storage Ci/cc

1 3 SS, 2 B4C* 40 cm SS, 27 cm 7.09 x 10~3

4 SS, 1 B4C B4C, 54 cm SS

13.5 cm B4C

2 2 SS, 3 B4C 27 cm SS, 40 cm 4.42 x 10~3

4 SS, 1 B4C B4C, 54 cm SS

13.5 cm B4C

3. 2 SS, 3 B4C 27 cm SS, 40 cm 7.93 X 10"4

3 SS, 2 B4C B4C, 40 cm SS

27 cm B4C

4. 3 SS, 2 B4C 40 cm SS, 27 cm 1.22 x 10~3

3 SS, 2 B4C B4C, 40 cm SS

27 cm B4C

* B4C density is 1.9 gm/cc
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5.4 Estimation of Excore Detector Flux with Neutron Guide
Tube in PFBR
(R. Indira)

In PFBR/ neutron detectors are located below the
reactor vessel in the concrete. To enhance the flux level at
this excore detector location, provision of neutron guide tubes
has been envisaged/1/. we have considered the guide tube to
have the same lateral dimensions as that of a fuel subassembly.
The guide tube is assumed to extend from top of the core to the
bottom of the reactor vessel and is empty. The calculations have
been done using two dimensional transport code DOT in R-Z
cylindrical geometry. The source for the calculation has been
taken from the earlier two dimensional calculations carried out
by John/2/ using SETR data set.

The total neutron flux, flux above 0.1 Mev, B-10
equivalent flux and U-235 thermal equivalent fluxes have been
computed at the detector location, for various positions of guide
tube. The locations considered for the guide tube are core
centre, core-2 periphery and second row of blanket. The neutron
fluence seen by the grid plate, at the guide tube location has
also been computed. Results of the study is depicted in table
5.4.1. It is observed that the presence of a guide tube at the
core-2 periphery, enhances the B-10 and U-235 thermal equivalent
fluxes by a factor 20. However the fluence seen by grid plate
is 2.0E22 ns/cm which is higher than the permissible limit of
5.0E21 ns/cm. Neutron guide tube at second row of blanket
enhances the B-10 and U-235 thermal equivalent fluxes by factor
of three and grid plate fluence is below the permissible value.
Having the guide tube beyond blanket is of no use, since the flux
due to streaming is less than the flux present in the absence of
guide tube. The details are given in Ref. 3.

1. G. Muralikrishnan, Personal communication

2. T.M. John, Personal communication

3. R. Indira, Neutron Guide Tube for PFBR, RPD/RSSP/24
(1988)
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Table - 5.4.1

Neutron Fluxes in PFBR (with Neutron Guide Tube) at full Power Operation

Guide Tube cylindrical tube of 13.5 cm dia.

Radial
Posi-
tion

Axial
Posi-
tion

Total n-Flux Thermal
Flux >0.1 MeV gp.

B-10* U-235*
thermal thermal
eq.flux eq.flux

Core
centre

Core Centre
line

Grid plate

Detector
location

8.25(+15) 5.2C+15) 1.8(+6)

4.9(+13)
3.2(+22)+

2.4(+8) 5.3(+10) 8.8(+10) 9.0(+10)

Core-2
Peri-
phery

Core Centre
line

5.0(+15) 3.5C+15) 1.0(+6)

Grid plate 8.9(+14)

Detector
location

3.0(+13) 5.4C+11)
2.0(+22)+

3.2(+10) 5.3(+10) 5.5(+10)

Blanket
2nd row

Core Centre
line

6.4C+14) 3.0(+14) 1.3(+7)

Grid plate 1.2(+14) 4.K+12) 7.3(+10)

Detector
location 7.7(+10) 2.0(+7) 4.4(+9) 7.2(+9)

Reflec-
tor

Core Centre
line

Grid plate

Detector
location

6.6(+13) 2.8(+13)

1.2(+13) 4.0C+11) 7.K+9)
2.6(+20)+

7.5(+9) 1.9(+6) 4.2C+9) 7.0(-t6) 7.2(-*«)

+ Fluence at Grid Plate for 30 years operation with load factor (0.7)

* B-10 capture cross section for thermal neutrons * 39596

U-235 fission cross section for thermal neutrons • 5776
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5.5 Neutron Shielding for Fresh and Spent Fuel Subassembly of
PFBR
(A.K. Jena)

PFBR core consists of two types of fuel zones with
15.72% and 22.46% of PuC. Fresh fuel in core 1 produces 1.5 E2
ns/cc.sec and core 2 produces 2.2 E2 ns/cc.Sec/1/. Total number
of neutrons produced per subassembly are 2.4 E6 and 3.5 E6 ns/Sec
for that of core 1 and core 2 respectively. Fresh fuel without
any shielding gives 213 and 305 mRem/hr for core 1 and core 2
respectively on the surface of the subassembly. At 1 meter
distance from surface of subassembly respective dose is 12.2 and
17.5 mRem/hr. For the shielding of fresh fuel Iron and Permali
(with 2% natural Boron by wt.) were considered. Calculations
were performed using one dimensional DSN code ANISN and CASK data
library in cylindrical geometry. The table 5.5.1 gives the doses
at the surface and at 1 metre distance from the surface for
various thicknesses of Iron and Permali for core 2 subassemblies.
The details are given in Ref. 2.

Dose from the spent fuel arises from that of gammas
arising from fission products and from neutrons arising due to
spontaneous fission and («C/n) reaction in light elements. The
shielding requirement for the spent fuel arising due to fission
product gammas were worked out earlier/3/. We have detailed here
the shielding requirement arising due to neutrons. The spent
fuel subassemblies produces 1.01 E8 ns/Sec per subassembly in
core 1 and 1.05 E8 ns/Sec in core 2 for 673 days of irradiation
and 100 days of cooling. The doses due to unshielded spent fuel
subassemblies are 905.7 Rem/hr and 941.6 Rem/hr for core 1 and
core 2 subassemblies respectively from neutrons. The transport
calculations for shielding of neutrons were performed exactly in
similar manner as that for fresh fuel. Axial corrections were
obtained by using 135 cms for buckling for all calculations. The
results of the calculations is given in table 5.5.2. In this
table the gamma doses are taken from ref.3. It is observed from
the above table that 62 cms Iron followed by 7 cms Permali
reduces the total dose to 0.25 mRem/hr on the surface. For the
purpose of transport of spent fuel subassembly 45 cms Iron with
5. cms Permali will be adequate. The details are given in ref. 4.

1. M.S. Sridharan and R.S. Keshavamurthy, Inherent Neutron
Source Strength in Fresh/irradiated Fuel of PFBR,
RPD/RSSP/11 (1988)

2. A.K. Jena, Neutron Shielding for Fresh Fuel Subassembly of
PFBR, RPD/RSSP/22 (1988)

3. R. Indira, Gamma shielding for PFBR Spent Fuel Subassembly,
RPD/RSSP/1 (1987)

4. A.K. Jena, Shielding Requirement for PFBR Spent Fuel
Subassembly, RPD/RSSP/26 (1988)
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TabU - 5.5.1

Dose Rates from Fresh Fuel Assembly with various Shields

SI.
NO.

1
2
3
4
5
6
7
8

Thickness
of Fe
(cms)

10
20
15
20
15
20
-
10

Thickness
of Permali

(cms)

2
-
5
5
7
7
2
—

Dose at
surface

(mR/hr)

24
26

3
1.3
1.5
0.6

153
66

Dose at
1 mt. distance
(mR/hr)

3.5
4.6
0.6
0.3
0.3
0.1
12

8

Table-5.5.2

Dose rates fro* PFBR Irradiated Fuel (Core 2 Subaa—bly) with varioua ahialde

(673 days irradiation: 100 days cooling; neutron source t lCfti aec'^.per S.A.)

SI .
No.

1

2

3

4

5

6

7

8

9

10

11

12

Thickness
of Fe
(cms)

40

45

45

50

50

55

55

60

60

65

65

62

Thickness
of Permali

(cms)

5

0

5

0

5

0

5

0

5

0

5

7

Total
thickness

(cms)

45

45

50

50

55

55

60

60

65

65

70

69

Gamma Dose
(mR/hr)

Surface 1 metre
from

Surface

133.8

26.0

26.0

5.1

5.1

1.1

1.1

0.2

0.2

0.05

0.05

0.1

35.0

7.2

7.2

1.5

1.5

0.3

0.3

0.1

0.1

.01

.01

.04

Neutro
(mR/

Surface

2.9

117.3

1.8

87

1.2

64

0.8

46

0.5

33

0.4

0.1

n Dose
hr)

1 metre
from

Surface

0.8

28.7

0.5

20

0.3

15

0.2

11

0.2

8

0.1

0.05

Total Dose
(mR/hr)

Surface

136.7

143.3

27.8

92.1

6.6

65.1

1.8

46.2

0.7

33.0

0.45

0.2

1 metre
from

Surface

35.8

35.9

7.7

21.5

1.8

15.3

0.5

11.1

0.3

8.0

0.11

0.09
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5.6 Experience with NORSE Code Adoptation and Utilization
(G. Radhakrishnan)

General purpose multigroup Monte Carlo Neutron and
Gamma transport Code MORSE-CG (with combinatorial geometry) was
adopted in the Honeywell Bull DPS-8 computer. Some of the
machine dependent routines were rewritten to suit the local
computer and suitable random number generator for the above 36
bit machine was tested and appended with the code. Alongwith
MORSE geometry module debugging program PICTURE was also
commissioned in the same computer. A sample problem supplied
alongwith the MORSE code (i.e. Point fission source in air) was
successfully run with the adopted MORSE-CG Code. To study
various aspects of MORSE code, a benchmark problem/2/ on Neutron
transmission through 2% Borated Polyethylene slab of thickness 15
cms with fission neutrons incident monodirectionally on one side
of the slab was taken up. In this study, two transport
calculations were done, one with one dimensional discrete
ordinates code ANISN with 0.25 cm mesh width and S^Po , other
calculations with MORSE code using the collision density
estimator with 1000 histories. Russian roulette, splitting and
non leakage biasing were used to make the simulation more
efficient. DLC2, 100 group cross-section set was used in both
cases. Fluence averaged over the entire slab volume was computed
for the two cases, the results are compared for all the 100
energy groups and the deviations were found to be around 15%.

1. MORSE-CG, a general purpose Monte Carlo multigroup neutron
and gamma ray transport code with combinatorial geometry,
RSIC Code package CCC-203-user's manual.

2. C.E. Burgart, Neutron and Secondary gamma ray fluence
transmitted through a slab of Borated Polyethylene.
Shielding Benchmark problems ORNL-RSIC-25, ANS-SD-9.

5.7 Gamma Shielding Estimations for Various Parts
Around Reactor Assembly of PFBR
(A.K.Jena and G.Radhakrishnan)

Gamma shielding requirements for the peripheral parts
of the reactor assembly were computed/1,2/. In these
calculations

(a) Shielding requirements of Top shield, Reactor vault,
Complimentary shielding for various openings (like Main
vessel inspection access hole, Access hole over IVTP port,
SRP observation facility), annular gaps of penetrations of
primary pump, control plug, IHX, DHX and at the outer step
region of the roof slab were computed for the dose limits of
0.25 mRem/hr, 2.5 mRem/hr, 0.5 mRem/hr, 5.0 mRem/hr, 1.125
mRem/hr and 11.25 mRem/hr/3/.
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(b) Shielding requirements for sodium fill and drain line/
Sodium inlet and outlet line, syphon break line, Argon
purification line, Argon sweep line, Nitrogen pipe line, Top
lead shield for the IHX portion above the roof slab were
computed for the dose limits of 0.25 mRem/hr, 2.5 mRem/hr,
0.5 mRem/hr/3/.

(c) Activity buildup of Top shield coolant Nitrogen was computed
for a reactor operating period of 30 years/4/.

(d) Induced activity and contact dose rates at various parts of
the CRDM were calculated; shielding requirements were also
computed/5/.

1. Shri K.P.N. Murthy's letter dated June 3, 1988

2. Shri A.K. Jena's letter dated July 18, 1988

3. S.R. Raghupathy, G. Radhakrishnan et. al., "Conceptual
design of shielding for Reactor Assembly joint RPD, NSD Note
PFBR/31000/DN/1010/R.A.

4. G. Radhakrishnan, Activation of control rod drive
mechanism in PFBR, RPD/RSSP/20 (April 1988)

5. G. Radhakrishnan's letter dated June 3, 1988

5.8 Cover Gas Activity in PFBR
(K.P.N.Hurthy)

The purpose of this work was to study systematically
and quantitatively the radioactivity content of PFBR cover gas.
we have restricted the scope of this study to noble fission and
activation gases. we have considered cover gas activity under
three conditions : (1) normal operation (2) in the event of fuel
pin failure and reactor is shutdown immediately and (3) in the
event of continuous operation with failed fuel pins present in
the core.

In all our calculations the phenomenon of degassing has
been properly taken into account. The tendency of the gas atoms
to coalesce to form bubbles before rising in the primary sodium
and eventually reach the cover gas is called degassing. This
phenomenon introduces the concept of degassing half life which,
e.g., has been found to range from 50 - 80 minutes in the Phenix
reactor for Ne-23/1/.
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1. Normal operation

The important activation gases are Ne-23, Ar-41 and Ar-
37 produced respectively through the reactions Na-23(n,p)Ne-23,
Ar-40(n,V")Ar-41 and (n, oC ) reaction (predominantly) on Ca-40.
The effect of degassing is nowhere as striking as in the case of
Ne-23. The rate of production of Ne-23 from the entire primary
sodium of PFBR is 0.57 million curies. If we assume this to be
instantneously released into PFBR cover gas, we would get a
stupendously high concentration of 8143/ici/cc of Ne-23. But,
with degassing properly taken care of, the Ne-23 activity work3
out to be between 63 to 104 microcuries/cc in cover gas.
More than 98% of the Ne-23 produced stays within the primary
sodium. Only 0.8 to 1.3% comes to the cover gas. On the basis
of these calculations, a value of 7300 curies of Ne-23 content in
the cover gas or a concentration of 104/ici/cc of Ne-23 in the
cover gas is recommended for PFBR. Results of calculations for
Ar-41 and Ar-37 are given in Table 5.8.1. Results for noble
fission products in PFBR cover gas under normal operation due to
natural uranium impurity in primary sodium is given in Table
5.8.2. Plutonium contamination in the fuel pin clad surface also
gives rise to noble fission products. Results are almost
similar, order of magnitudewise, to those in Table 5.8.2 when we
assume 1.0E-9 gms of plutonium contamination per sq.cm area of
the fuel pin clad surface.

2. Fuel Pin Failure

In the event of fuel pin failure, there will be a
sudden increase in the activity of cover gas. we have estimated
the concentration of noble fission product gases in PFBR cover
gas under such a situation. We have assumed that the reactor
would shutdown as soon as pin failure occurs. After going
through the existing literature on recent fast reactor
operational experience, we made the following reasonable
assumptions in our calculations.

(a) The fraction of the fission gas inventory in the failed fuel
pin that would be released through the clad rupture is taken to
be 100%.

(b) There is no delay time for fission gas to diffuse through the
fuel and the rupture into the primary sodium and eventually into
the cover gas.

Table 5.8.3 presents the concentrations of important
noble fission products in the PFBR cove gas for a single pin
failure case. Though no delay time is recommended for PFBR, we
have also given in Table 5.8.3, the activities corresponding to
delay times of 10 minutes, 1 hour and 5 hours.
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3. Cover Gas Activity Under Reactor operation with railed Fuel
Pins

Shutting down a commercial LMFBR immediately when pin
failure is detected may be uneconomical/2/. It should indeed be
desirable to continue operating the reactor, with failed fuel
pins, at least until the immediately following planned shutdown.
Besides, most likely pin failure is expected to occur in the
plenum region, where the welds would be present. It would be
virtually impossible even to detect such a failure by the present
DND system planned for PFBR, not to speak of localising the
failed subassembly and removing it. Hence it may become an
operational necessity to continue reactor operation with failed
pins. Keeping these facts in mind, we have calculated steady
state activities of various noble fission products in the cover
gas when failed fuel pins are continuously present in the core
and these are given in table 5.8.4.

The results that we have obtained would provide basic
information for studies pertaining to (1) cover gas monitoring
systems, (2) cover gas purification system (3) gaseous effluents
and their release through stack etc.

1. R.Michaille and R.Clerc, IAEA/IWGFR Specialists' Meeting on
Fast Reactor Gas Purification, HEDL, Richland, USA, 24-26
Sept. 1986, pp.21-65 in the Proceedings.

2. R.Lallment and Mikailoff, in Proc. ANS Int. Conf. on
Reliable Fuels for Liquid Metal Reactors, 7-11, Sept. 1986,
Tucson, Arizona, USA, pp.1-1 to 1-15.

Table 5.8.1

Steady State Activities of Ar-37 and Ar-41 in the Cover Gas for
Six Cover Gas Sweep Rates. The Cover Gas Voluae is taken to be

70 M5 in the Calculations

Cover gas
sweep rate
M 3 /hr

0.5
5.0

10.0
20.0
30.0
40.0

Concentration of
Ar-37 in the cover gas

/<£i/cc

0.20
0.022
0.011
0.0057
0.0037
0.0029

Concentration of
Ar-37 in the cover gas

yUCi/cc

0.041
0.036
0.031
0.024
0.020
0.017
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Tabl* 5.0.2

Noble Fiaaion Products in PTBR Cover Caa Under Normal Operation due to Fiaaiona in Natural
Uraniun Iapurity in Priaary Sodiua

No. Nuclicle Half life Produc- Steady State cover gas activity Ci, Sweep rate u is in 3
tion rate M /hr
r ci

v = 0.5 5 10 20 30 40

1. Kr-89 3.07 min 0.107 0.006 0.006 0.006 0.006 0.006 0.006
2. Xe-137 3.63 min 0.206 0.015 0.015 0.015 0.015 0.015 0.014
3. Xe-138 14.13 min 0.2 0.045 0.044 0.043 0.041 0.040 0.038
4. Xe-135m 15.7 min 0.037 0.0091 0.00B9 0.0086 0.008 0.008 0.007
5. Kr-87 1.27 hrs 0.063 0.038 0.034 0.031 0.025 0.22 0.019
6. Kr-83m 1.83 hrs 0.015 0.01 0.009 0.008 0.006 0.005 0.004
7. Kr-88 2.86 hrs 0.086 0.065 0.052 0.042 0.031 0.024 0.020
8. Kr-85m 4.36 hrs 0.03 0.024 0.017 0.013 0.009 0.007 0.006
9. Xe-135 9.08 hrs 0.233 0.196 0.111 0.075 0.045 0.032 0.025
10. Xe-133m 2.19 days 0.0066 0.004 0.001 0.0005 0.3E-3 0.2E-3 0.15E-3
11. Xe-133 5.29 days 0.232 0.1 0.016 0.008 0.004 0.003 0.002
12. Xe-131m 11.9 days 0.0012 0.3E-3 0.4E-4 0.2E-4 0.1E-4 0.7E-5 0.1E-5
13 Kr-85 10.7 yrs 0.64E-2 0.7E-5 0.7E-6 0.3E-6 .2E-6 0.1E-6 0.8E-7

Table 5.8.3

Noble Fission Products in PFBR Cover Gas Under One Fuel Pin
Failure Condition)

NO.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12
13

Nuclide

Kr-89
Xe-137
Xe-138
Xe-135m
Kr-87
Kr-83m
Kr-88
Kr-85m
Xe-135
Xe-133m
Xe-133
Xe-131m
Kr-85

Half

3.07
3.83
14.13
15.7
1.27
1.83
2.86
4.36
9.08
2.19
5.29
11.9
10.7

Life

min
min
min
min
hrs
hrs
hrs
hrs
hrs
days
days
days
yrs

PFBR

0

843
3039
2570
717
552
163
670
304
3570
89

3420
30
11

cover gas

10 min

88
496
1574
461
504
153
643
297
3530
89

3410
30
11

activity (curies)
Delay time

1 hr

.001

.06
135
51
320
112
526
260
3310
83

3400
29.7
11

5 hrs

0.0
0.0
0.0
0.0
36
24
199
137
2440
79

3326
29.4
11

Note : Except Kr-85 all nuclides saturate, in the fuel pin. The
value given above for Kr-85 corresponds to release from pins
having 150,000 MWd/Te burnup. The Kr-85 ctivity in the cover gas
shall be 3.9 ci for release from pins of burnup of 50,000 MKD/Te
and 7.6 ci for release from pins of a burnup of 100,000 MWd/Te.
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Table 5.8.4

Reactor operation with One pin Failure - Steady State
Activities for Different Sweep Rates

NO.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12
13

Nuclide

Kr-89
Xe-137
Xe-138
Xe-135m
Kr-87
Kr-83m
Kr-88
Kr-85m
Xe-135
Xe-133m
Xe-133
Xe-131m
Kr-85

Steady

is in

v > .5

843
3039
2570
717
543
160
652
291
3270
54

1480
7.6
.07

State cover gas
j

M /hr

5

839
3020
2500
700
487
137
517
209
1850
13
243
1

7.0E-3

10

835
300
243
683
439
118
421
160
1240

7
126
.5

3.5E-3

activity

20

826
2960
2340
648
362
93
309
109
752
3.7
64
.25

1.7E-3

Ci, Sweep

30

817
2920
2240
617
309
77
242
82
539
2.5
43
.17

1.3E-3

rate v

40

809
2890
2150
591
269
65
200
61
421
1.88
32.3
.13

8.7E-4

5.9 inference on Fuel Pin Failure Rate or PFBR, drawn fro*
European Experience
(K.P.N.Murthy)

When a commercial fast reactor is shutdown, there is a cost
penalty. Unplanned shutdowns caused by fuel pin failures are as
undesirable as those caused by other events. However fuel pin
failures can not be ruled out completely. If fast reactors have
to become economically viable it is indicated that the fuel pin
failures should not exceed 0.002% per year/1/. But such a low
failure rate is extremely difficult to achieve and is not borne
out by the operating experience, limited though, so far. Thus
it becomes imperitive that at the design stage, one should
provide for a resonable number of fuel pin failures per year.
This leads to the question : How many fuel pin failures per year
should one consider for PFBR design ? To get an answer to this
question we undertook a statistical analysis of the European
experience on fuel pin failure taking the probability of
failure as a binomial distribution/2/. Analysis of the full
data showed that fuel pin failure in a fast reactor can be in the
range 0.11% to 0.15%. However, it must be mentioned that the
associated statistical error is greater than 10%, and hence this
estimate should be considered as providing only a guide line. On
the basis of this guideline, we have concluded that it is
reasonable to assume 0.1% fuel pin failure for PFBR design.
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1. R. Lallment and Mikailoff, Fuel performance and
Reliability : The current status and Future Requirements,
in proc. ANS Int. Conf. on Reliable Fuels for Liquid Metal
Reactors, 7-11 sept 1986, Trucson, Arizona, USA pp. 1-1 to
1-15 See p. 1-7.

2. K.P.N.Murthy, Inference on Fuel Pin Failure Rate for PFBR
Drawn from European Experience, RPD/01115/RSSP/21 (1988).

5.10 Reactor Containment Building (RCB) Contamination and Stack
Release in the Event of Fuel Pin Failure in PFBR
(R.S. Keshavamurthy and K.P.N. Murthy)

The experience with operating reactors shows that fuel
pin failures are unavoidable/1/. we assumed in this study that
on clad rupture the entire inventory of fission gates in the
failed pins reaches the cover gas instantaneously. Since the
leakage of cover gas into RCB is again something unavoidable,
activity in RCB increases in such & situation. increase in RCB
activity can be reduced if the RCB air is let out through the
stack. But this will result in increase in site boundary doses.

We developed a mathematical model/2/ for evolution of
RCB activity under two situations :

i. Reactor shutdown immediately after pin failure
detection.

ii. Run Beyond Clad Rupture (RBCR).

As far as stack release is concerned we used the same model
as was used earlier for FBTR/3/.

The results based on our modelling are summarized in table
5.10.1 for various scenarios.

1. K.P.N. Murthy, cover gas activity in PFBR,
PFBR/01115/DN/1012/R-A March 1988

2. R.S. Keshavamurthy and K.P.N. Murthy, RCB contamination and
stack release in the event of fuel pin failure in PFBR,
PFBR/01115/DN/1015/R-A March 1988

3. K.P.N. Murthy, Radioactivity release through stack under
normal operation and its impact on environment FRG/00150/RP-
167, 1979
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TaMa 5.10.1

SuMMry of tha Raaulta for Various Sanarioa of Activity Ralaaaa

Scenario No. of Reactor RBCR Leak Rate Sweep No. of Site boundary
Pint power dura- of cover rate tlmae pina annual doee
failed tion gas into MVhr fail in a (atack height«
at a RCB cc/sec Year 100 metres)
time

Annual
RCB dose
mRem £

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

IB

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

23

23

Full

Full

10«i

10*

10*

10%

Full

Full

Full

Full

10*

10%

10%

10%

Full

Full

Full

Full

0

0

1 day

1 day

1 day 10

1 day 10

1 year 1

1 year 1

0

0

1 day

1 day

1 day 10

1 day 10

1 year 1

1 year 1

0.5

40

0.5

40

0.5

40

0.5

40

0.5

40

0.5

40

0.5

40

0.5

40

0.5-

40

10

10

10

10

10

10

1

1

5

5

5

5

5

5

1

1

4

4

0.36

0.46 .

0.365

0.46

0.365

0.46

2

37.5

0.36

0.46

0.365

0.462

0.365

0.462

4

75

3.31

4.25

374

34

406

41

4060

410

10900

2510

374

34

406

41

4060

410

21800

5000

3440

313

£ What is given here is the dose present in addition to the radiation doses from other sources
like gammas and neutrons from core and doses coming due to fuel handling etc.
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5.11 RCB Contamination Under Normal Operating conditions in PPBR
(R.S.Keshavamurthy and K.P.N.Murthy)

Under normal conditions of operation, contribution to
cover gas activity comes from a) Ne-23, b) Ar-37 and Ar-41, and
c) Fission product noble gases, mainly xe-133 and Xe-135, coining
from fissions in natural uranium impurity in sodium and in the
Plutonium sticking to the surface of the clad.

RCB contamination occurs due to leakage of cover gas
activity into RCB. under steady state operation the RCB activity
saturates and the saturated activity R of a radionuclide per
cubic meter of RCB volume divided by its MPC level is given by
/I/

:« i f
R =

34oo
where

= Leak rate of cover gas into RCB in cc/sec

Co = Steady state activity of the nuclide in cover gas (ci)

V = volume of cover gas, taken to be 70 M3

/ = Decay constant of the nuclide (sec~l)

K = number of air changes/hour, taken to be 3

B = Volume of RCB taken to be 50,000 M3 t
Steafk state. acKvifcej Co CoWtOfcmd to Co\NK <%& Awep Mil of
0.5M3/hr/5/. We assume that the leakage from core plenum to RCB
is instantaneous/2/.

The MPC values for Neon-23 is not available in the
literature. Therefore we follow the prescription/3/ that for any
radionuclide (for which MPC value is not available) with decay
mode other than alpha emission or spontaneous fission with half ,
life less than 2 hours the (MPOL should be taken as 10life less than 2 hours, the ( M P O L ^ should be taken as 10

uci/cc.

Table 5.11.1 gives the value of R for Ne-23, Ar-37, Ar-
41, Xe-133 and Xe-135 for a leak rate of 1 cc/sec. Since there
are radiation doses coming from other sources also in RCB, it has
been recommended/4/ that permissible concentration of a
radionuclide should be taken as one twentieth of its MPC value.
This recommendation leads to a Ne-23 concentration (in RCB) value
more than twice the permissible value. Thus even under normal
operating conditions, Ne-23 would pose radiological problems even
for a leak rate of 1 cc/sec.
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Table - 5.U.I

Saturated Activities, R of Radionuclidea per Cubic Metre of RCB
Divided by their MPC Levels

Nuclide

Ne-23

Ar-37

Ar-41

Xe-133

Xe-135

(MPC)
air

of the
nuclide

10-6

6E-3

2E-6

10-5

4E-6

Steady state
cover gas activity
Co ci (for a sweep
rate of 0.5 M* /hr

7300

14.28

2.9

0.31

0.64

R
(with leak rate
« 1 cc/sec)

0.11

0.82E-6

0.4E-3

0.11E-4

0.55E-4

See Ref. 5

1. K.P.N.Murthy, Cover Gas Purification System (CGPS) : is it
required for PFBR? and Why? (unpublished) Feb. 1988.

2. S.C.Chetal, Personal Communication, Feb. '88.

3. Bernard Shleien and Michael S. Terpilak, The Health Physics
and Radiological Health Hand Book, 1984 (Nuclear Lectern
Associates).

4. Minutes of the Eighth SEWG Meeting held on Aug. 2-3, 1973,
prepared by L.V.Krishnan in Aug. 1973.

5. K.P.N. Murthy, Cover Gas Activity in PFBR, Report :
PFBR/01115/DN/1012/RA March 1988.

5.12 Fission product Decay Heat and Ganna Source Strength
Spectra in PFBR
(M.S. Sridharan)

Estimates were made for fission-product decay heat and
17 group gamma source spectra from PFBR central subassembly
(carbide) irradiated to 336 days (50 GWD/Te burnup). The decay
heat results are presented in Table 5.12.1. For more details
including the results of spectra gamma source strength, please
see ref. 1.
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As regards decay heat the present results are close to
those of higher burnups of 100 & 150 GWD/Te (ref.2) for short
cooling times. with increased cooling times, the present values
differ more and more with corresponding values of higher
burnups. The present values are, of course, lower.

In the case of comparison with spectral gamma source
results of higher burnup (100 & 150 GWD/Te, ref.3) present
results are almost the same upto cooling times of about 10 days
or so; gradual deviation is noticed thereafter until about 100
days. Above this significant difference is observed. Wherever
differences exist, the present values are lower as expected.

Decay power in PFBR inner core at long cooling times
ranging from 6 months to about 6 years were also coumpted (ref.
4). For this, an irradiation period of 2 years was considered.
Component sources such as fission-product decay, higher actinides
decay, Sodium activation gammas and SS activated gammas had been
taken into account while computing the decay heat. An uncertainty
margin of +20% was envisaged in the calculation. The decay heat
estimates are given in Table 5.12.2.

1. M.S. Sridharan, Fission Product Decay Heat and Gamma Source
Strength Spectra from a PFBR subassembly irradiated to 50
GWD/Te Burnup, RPD/01115/RSSP/7 (1988)

2. M.S. Sridharan and K.P.N. Murthy, Fission Product Decay
power for PFBR Fuel and Blanket Subassemblies, Page 77,
Activity Report of Reactor Physics Division (1986)

3. M.S. sridharan and K.P.N. Murthy, Data on Spectral Gamma
Emission from a Burnt PFBR subassembly, Page 77, Activity
Report of Reactor Physics Division (1986)

4. Letter RSSP/RPD dt 30.6.88 from Shri A.K. Jena to Shri S.C.
Jain, FHS, NSD
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Table 5.12.1

Pission product Decay Heat from PFBR Central subassembly Burnt to

50 GWD/Te Burnup

Cooling Time Decay Heat (kw)

0
1
2
5

10
1
2
6

10
20
50

100
180
260
340
420
500
600

sec
hr
hrs
hrs
hrs
d
d
d
d
d
d
d
d
d
d
d
d
d

394.07
78.95
63.04
47.88
39.10
29.87
24.09
16.87
13.87
10.11
6.12
.91
.48
,77
,36
,08
,89

0.71

Table - 5.12.2

Decay Heat Estimates in inner Core (90 Subassemblies) of PFBR
following 2 Years of Operation

Cooling Time (days)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

X
X
X
X
X
X
X
X
X
X
X
X
X
X

180
ISO
180
180
180
1&0
180
180
180
180
180
180
180
180

Nominal

321
175
115
81.1
61.5
48.2
38.5
31.8
27.0
23.6
21.4
20.0
19.2
18.6

Decay Heat in KW

With 20% margin

385
211
138
97.3
73.8
57.8
46.3
38.2
32.4
28.4
25.7
24.0
23.0
22.3
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5.13 Fission Product Inventory in PFBR Carbide fuel
(M.S. Sridharan)

Fission-Product (FP) Inventory following specified
burnup of 100 GW/Te has been computed using CHANDY Code system.
A list of selected FP inventory for the entire core is prepared
and given in Table - 5.13.1. For more detail, see ref.l.

1. M.S. Sridharan, Fission-Product Inventory in PFBR Fuel,
RPD/01115/RSSP/6 (1988)

Table - 5.13.1

Selected Fission Product Activities

Fission
Product

Total
(all FPs)
Sr-90
1-131
1-132
1-133
Cs-137
Kr-85
Kr-87
Kr-88
Kr-89
Xe-131m
Xe-133
Xe-133m
Xe-137
Xe-138

Activities
0 s

5295

1.02
39.1
51.9
67.4
2.91
0.16
11.0
13.4
16.9
0.59
67.6
1.65
60.1
51.0

(MCi) at Post-irradiation Times of
1/2 hr

2367

1.02
39.1
51.7
66.9
2.91
0.16
8.5
11.9
0.02
0.59
67.6
1.65
0.28
11.7

10 d

598

1.02
16.9
6.12
0.02
2.90
0.16
0.00
0.00
0.00
0.50
22.1
0.11
0.00
0.00

40 d

347

1.02
1.27
0.01
0.00
2.90
0.16
0.00
0.00
0.00
0.14
0.44
0.00
0.00
0.00

5.14 Inherent Neutron Source in Fresh/irradiated Carbide Fuel of
PFBR
(M.S. Sridharan and R.S. Keshavamurthy)

The inherent neutron source strength and its spectra in
fresh as well as irradiated carbide fuel of PFBR has been
computed. This is accomplished by the use of NESCAFE, a computer
program, earlier developed in the section. The total neutron
source strengths in fresh fuel are ->stimated to be 2.4E6 and
3.5E6 neutrons/sec per subassembly in Core-1 and Core-2
respectively. it is observed that Pu-240 is the highest
contributor for the neutron yield (87% of the total). Of this,
82% of neutrons result from spontaneous Fission (SF) while rest
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(5%) is due to (alpha, neutron) reactions in Carbon. Next to Pu-
240, 9% of contribution comes from Pu-242 almost through SF and
4% from pu-239 almost through (alpha, neutron). As a whole SF
accounts for 91% of the neutrons while (alpha, neutron) accounts
for 9%.

The total inherent neutron source in PFBR burnt fuel
(100 GWD/Te) is found to be 0.6E8 and 0.7E8 neutrons/sec per
subassembly in Core-1 and Core-2 respectively. It is found that
Cm-242 and Cm-244, though present in low concentrations
contribute almost all the neutron source. it is also noted that
Pu-238 and Am-241 whose concentrations are also low, contributes
to the source, though very small. 85% of the neutrons result
from SF while 15% from (alpha, neutron) reactions. Cm-242
contributes most (87%) followed by Cm-244 (9%) and Pu-240 (4%).

Further, average number of inherent neutrons emitted
per SF and per oC— particle is evaluated for consituent heavy
nuclides. The neutron yields per atom and per gram of heavy
isotope of fuel (carbide/oxide) are also evaluated. A comparison
of our work with others (ref. 2 & 3) as regards neutron yield per
gm of each isotope is also made (Table 5.14.1).

For more details, see ref. 1.

1. M.S. Sridharan and R.S. Keshavamurthy, vInherent Neutron
Source Strength in Fresh/Irradiated Fuel of PFBR',
RPD/01115/RSSP/ll (1988)

2. Paride A., Ombrellaro and David L. Johnson, "Calculation of
Neutron Source Strength in Fast Flux Test Facility Fuel as a
Function of Irradiation', Nucl. Tech. Vol. 54, (1981)

3. E.W. Lees and D. Lindley, "Neutron Production from (alpha,
neutron) Reactions in 241-AmO , Annals of Nucl. Ener., Vol.
5, p. 133 (1978)
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Table-5.14.1

Neutron Yield per gram of Heavy Nuclei - A Comparison

Heavy Neutron yield (n/g.s)

nuclei •

Oxide/Carbide Oxide

Spontaneous Fission (o£>n) reactions Total

Our Work Johnson Our Work Johnson Lees Our Work Johnson

(Ref.2) (Ref.2) (Ref.3)

(est) (meas) (est) (meas) (est.)

U-235 0.00 2.727E-4 0.00 0.00 0.00 0.00 0.00

U-238 0.02 1.079E-2 0.01 0.00 0.00 0.02 0.01

Pu-2?8 2657 2197 2540 12826 13962 15483 161159

PL-239 0.02 0.02082 0.02 38.64 39.905 38.66 39.93

Pu-240 996.2 895 895 143.6 149.44 1140 1044.44

Pu-241 0.05 0.04939 1.22 1.3789 1.27 1.43

Pu-242 1870 1716 1577 1.94 2.0682 1872 1718

Am-241 1.30 0.5686 2571 2789.5 (2.78+ 2572 2790
0 . 4 1 M 0 3

Cm-242 2.178E7 1.969E7 1.9677 3.480E6 3.9434E6 2.526E7 2.363E7

Cm-244 1.113E7 1.159E7 1.151E7 7.253E4 B.1461E4 1.121E7 1.167E7

est. - estimated value; meas - measured value
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List of Publications for the Year 1988

A. Journals

1. S. Ganesan, V. Gopalakrishnan, M.M. Ramanadhan and D.E.
Cullen,
Verification of the Accuracy of Doppler Broadened Self-
Shielded Multigroup Cross Sections for Fast Power Reactor
Applications,
Annals of Nuclear Energy, Vol. 15, No. 3, pp 113-140 (1988).

2. C.P. Reddy, Om pal Singh, R.K. Vyjayanthi and R. Prabhakar,
A New Approach in Signal Processing for Sodium Boiling Noise
Detection by Probability Density Function,
Nuclear Technology, 80, No.3, p.371 (1988).

B. Conference/Symposia/Workshop

1. V.Sathiamoorthy, C.P.Reddy and S.M.Lee,
PC Based System for Reactor Control Rod Calibration,
National symposium on Personal computers in Science and
Engineering, BARC, Bombay, Feb. 1988.

2. C.V.Sundaram and S.M.Lee
Importance of Nuclear Power and Special Materials
Development-The Indian Experience,
BE College Centenary Lecture, Calcutta, Feb. 88.

3. S. Ganesan,
Development of Indian Cross Section Data Files for Th-232 and
U-233 and Integral validations studies,
Invited talk at the International Conference on Nuclear Data
for Science and Technology, May 30 - June 3, 1988, Mito,
Japan.

4. S.M. Lee and I. Kimura,
On the utilisation of Thorium in Fast Breeder Reactors,
Proc. summer seminar on Reactor Physics of Atomic Energy
Society of Japan, Koyasan University, Koyasan, 25 - 27, July
1988.

Om Pal Singh, C.P. Reddy, G.S.Srinivasan, R. Prabhakar and
R.K. Vyjayanthi,
Presentation at IAEA Research coordination Meeting on Signal
Processing Techniques for Sodium Boiling Noise Detection,
Vienna, Sept. 14 - 17 (1988).
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6. S.M.Lee,
Development of Fast Reactors in India especially Carbide
Fuelled LMFBRs,
Fall Meeting of Atomic Energy Society of Japan, Marine
University, Kobe, 8 - 10 Oct., (1988).

7. T.M. John, P. Mohanakrishnan, B. Mahalakshmi and R. Shankar
Singh,
Control Rod Studies in Small and Medium Sized Fast Reactors,
Paper presented at the Specialists Meeting on "Methods for
Reactor Physics Calculation of Control Rods in Fast
Reactors", Winfrith, Dec, 1988

8. R.S. Keshavamurthy and R. Harish,
Exact Analytical Evaluation of Doppler Effect in Low Energy
Neutron Resonance Reactions,
Paper presented at Symposium on Nuclear Physics, Bombay
(1988).

9. S. Ganesan,
Statistical Theory of Fluctuations in Neutron-Nucleus Cross
Sections and Use of NABAREX' the Optical Statistical Model
Code,
Lecture delivered at the Workshop on "Applied Nuclear Theory
and Nuclear Model Calculations for Nuclear Technology
Applications' held at International Centre for Theoretical
Physics, Trieste, Italy, To be published by World Scientific
Publishing Co. Pvt. Ltd., Singapore, in the Workshop
Proceedings (1988).

10. R.Shankar Singh,
Role of Reactor Physics in Nuclear Power Programme,
IGC Symposium on vProgressive Use of Hindi : Development of
Nuclear Power'IGCAR, Kalpakkam, April 8, 1988.

11. Om Pal Singh,
Inherently Safe Fast Reactors,
IGC Symposium on vProgressive Use of Hindi : Development of
Nuclear Power'IGCAR, Kalpakkam, April 8, 1988.

12. Om Pal Singh,
Safety surveillance of Atomic Reactors by Fluctuating Signal
Analysis
IGC Symposium on ^Progressive Use of Hindi : Development of
Nuclear Power'IGCAR, Kalpakkam, April 8, 1988.

13. R.Shankar Singh,
Five Decades of developments in Reactor Physics,
Paper published in the Special Bulletin of Indian Association
of Nuclear Chemists and Allied Sciences (IANCAS) on Fifty
Years of Nuclear Fission, Vol.No.5, No.l,, Jan. 1989.
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C. Internal Reports

1. P.Bhaskar Rao, Om Pal Singh and R.Shankar Singh,
Design Basis Accident Analysis of PFBR, with Carbide Fuel,
PFBR/01117/DN/R008/RA.

2. Amitava Sur, Om Pal Singh and G.Muralikrishna,
Criteria for Selection of Main Design Parameters for Primary
Control Rod Drive Mechanisms,
PFBR/31430/DN/1011/R-A (1988).

3. B.Mahalakshmi and P.Mohanakrishnan,
Control Rod Worths of PFBR by 3D Simulations for Core
configuration C-87A,
PFBR/01113/DN/1015/R-A, 1988.

4. P.V.K.Menon and T.M.John
Neutronics of PFBR C-87B
PFBR/01113/DN/1016/RA, (1988)

5. B.Mahalakshmi and P.Mohanakrishnan
Control Rod Worths and Power Distribution of PFBR Core C-87B
by 3-D Simulations
PFBR/01113/DN/1017/RA, (1988)

6. K.P.N.Murthy,
Cover Gas Activity in PFBR,
PFBR/01115/DN/1012, (1988).

7. A.K.Jena,
Shielding for DND Modules in PFBR,
PFBR/01115/DN/1013/RA, (1988).

8. M.S.Sridharan and K.P.N.Murthy,
Total Decay heat Generation in PFBR
PFBR/01115/1014/R-A, (1988).

9. R.S.Keshavamurthy and K.P.N,Murthy,
RCB Contamination and Stack Release in the Event of Fuel Pin
Failure in PFBR,
PFBR/01115/DN/1015/RA, (1988).

10. R.S.Keshavamurthy and K.P.N.Murthy,
RCB Contamination Under Normal Operating Conditions in PFBR
PFBR/Cdll5/DN/1016/RA, (1988).

11. R.Indira,
PFBR radial Shield Optimization Studies with Boron Carbide of
density 1.9 gms/cc,
PFBR/01115/DN/1017/RA, (1988).

12. R.Indira,
Shielding for the Fresh Fuel Storage Yard of PFBR,
PFBR/01115/DN/1018/RA, (1988).
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13. R.Indira,
Studies on the Effect of Streaming in the integrated Axial
Shield of PFBR,
PFBR/01115/DN/1019/RA, (1988).

14. P.T. Krishanakumar,
Criticality Study of PFBR Storage Area under Handling
Incident Conditions,
PFBR/01116/DN/1008/R-A (1988).

15. S.Ponpandi and Om Pal Singh,
Static Reactivity Coefficients for PFBR with Carbide Fuel,
PFBR/01117/DN/R007/RA, (1988).

16. P.Bhaskar Rao, Om Pal Singh and R.Shankar Singh,
Design Basis Accident Analysis of PFBR,
PFBR/01117/DN/1008/RA, (1988).

17. S. Ganesan, M.M. Ramanadhan and V. Gopaiakrishnan, "Use of
Personal Computers in Nuclear Data Processing for Reactor
Applications", RPD/NDS-12 (1988).

18. V. Gopaiakrishnan and S. Ganesan, "REXl-87, A Code for
Multigrouping Neutron Cross SEctions from Preprocessed ENDF/B
Basic Data File", RPD/NDS-13 (1988).

19. M.M. Ramanadhan and V. Gopaiakrishnan, "A 117 Group Stucture
for Respecting iron Cross section window and Multigroup Cross
Sections for 15 Nuclides in this Group Structure for PFBR
Shield Applications", RPD/NDS-17 (1988).

20. V. Gopaiakrishnan and S. Ganesan, "REX2-87, A Code for
Calculating Self-Shielded Multigroup Neutron Cross Sections
and Self-Shielding Factors from Preprocessed ENDF/B Basic
Data File", RPD/NDS-18 (1988).

21. S. Ganesan, "input Specifications and Sample Problems for
ABAREX, the Optical-Statistical Model Code", RPD/NDS-19,
(1988).

22. V. Gopaiakrishnan, M.M. Ramanadhan and S. Ganesan, "Self-
Shielded Cross section averages of Sb-121 and Sb-123 for the
Calculation of Neutron Source Regeneration in FBTR", RPD/NDS-
20, (1988).

23. M.M. Ramanadhan, S. Ganesan and V. Gopaiakrishnan, "A Program
for Selective Retrieval of Cross Sections and Other Relevant
Data from EXPOR Library", RPD/NDS-21, (1988).

24. R.Harish and Om Pal Singh,
Maximum Permissible Seismic Reactivity Fluctuations in PFBR,
RPD/01117/SNAS-4, (1988).
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25. R.Harish and Om Pal Singh,
Reactivity Addition Rates Needed for Achieving Required
Power Setback in PFBR,
RPD/01117/SNAS-5, (1988).

26. Om Pal Singh and S.Ponpandi,
Dynamic Reactivity Coefficients and Assessment of Stability
of PFBR,
RPD/01117/SNAS-6, (1988).

27. G.S.Srinivasan and Om Pal Singh,
Multifeature Pattern Recognition Analysis of BOR-60 Wave
Guide Data,
RPD/01117/SNAS-7, (1988).

28. P.Bhaskar Rao
PCS - Equation of State for Mixed Carbide Fuel of PFBR,
RPD/01117/SNAS-8, (1988).

29. P.Bhaskar Rao
SPATKIN - A Space Time Kinetics Programme Based on Adiabatic
Approximation,
RPD/01117/SNAS-9, (1988).

30. P.Bhaskar Rao and Om Pal Singh, Dynamic Analysis of Inherent
Safety of PFBR with GEM Feature,
RPD/01117/SNAS-10, (1988).

31. P.Bhaskar Rao
Fluid Stucture Interaction Specific to Containment Analysis,
RPD/01117/SNAS-ll, (1988).

32. P.Bhaskar Rao
MECEL - A coupled Euler Lagrange (CEL) Finite Difference (FD)
Computer Programme for Fluid Stucture Interaction Problems,
RPD/01117/SNAS-12, (1988).

33. R. Harish and Om Pal Singh,
A Study of control Rod withdrawal Reactivity Transients in
PFBR with Metallic Core,
RPD/01117/SNAS-13, (1988).

34. R. Harish, P.Bhaskar Rao and Om Pal Singh,
Evluation of EOS and Thermophysical Parameter of Uranium
Carbide using Significant Structure Theory,
RPD/01117/SNAS-14, (1988).

35. G.S.Srinivasan and Om Pal Singh,
Acoustic Leak Detection in Steam Generators,
RPD/01117/SNAS-15, (1988).

36. P.T. Krishnakumar,
Comparative Study of FBTR Physics Parameters using SETR and
IGC Cross Section Sets,
RPD/CPOS/5
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37. N.Sathyabama and P.Mohanakrishnan
Analysis of proposed PURNIMA-III/KAMINI Core Design,
RPD/CPOS/6, 1988.

38. M.S.Sridharan,
Fission Product Inventory in PFBR Fuel,
RPD/RSSP/6, (1988)..

39. M.S.Sridharan,
Fission Product Decay Heat and Gamma Source Strength from a
PFBR Subassembly Irradiated to 50 GWD/Te Burnup,
RPD/01115/KSSP/7, (1988).

40. M.S.Sridharan,
Gamma Source Strength and Spectra in the Bent Fuel
Subassembly of FBTR,
RPD/01115/RSSP/9, (1988).

41. M.S.Sridharan and R.S.Keshavamurthy.
Inherent Neutron Source Strength in Fresh/Irradiated Fuel of
PFBR,
RPD/01115/RSSP/ll, (1988).

42. M.S.Sridharan,
Fission Product Decay Heat Generation in PFBR,
RPD/RSSP/13, (1988).

43. R.Indira and M.S.Sridharan.
Decay Heat from Sodium Activation and SS Activation in PFBR,
RPD/RSSP/14 (1988).

44. A.K.Jena,
Shielding Requirements for the Gaps/Penetration in PFBR Top
Shield,
RPD/RSSP/16 (1988).

45. G.Radhakrishnan.
Activation of Control Rod Drive Mechanism in PFBR,
RPD/RSSP/20 (1988).

46. K.P.N.Murthy,
Inference on Fuel Pin Failure Rate for PFBR Drawn from
European Experience ,
RPD/01115/RSSP/21, (1988).

47. A.K.Jena,
Neutron Shielding for Fresh Fuel of PFBR,
RPD/01115/RSSP/22, (1988).

48. R.S.Keshavamurthy and K.P.N.Murthy,
Run Beyond clad Rupture (RBCR) : A Study of Recent Experience
and Recommendations for PFBR,
RPD/01115/RSSP/23, (1988).
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49. R.Indira.
Neutron Guide Tube for PFBR,
RPD/01115/RSSP/24, (1988).

50. A.K. Jena and G. Radhakrishnan,
Neutron Source Regeneration in FBTR,
RPD/01115/RSSP/25, (1988).

51. A.K. Jena,
Shielding Requirement for PFBR Spent Fuel Subassembly,
RPD/01115/RSSP/26, (1988).

D. IGCAR Report

1. P. Mohanakrishnan,
Development of 3-D Core Simulation Methods for Fast Reactor
Core,
IGC - 97 (1988)
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RPD Seminars held in 1988

1. The Computer Based Gamma Scanner at DPEND, B.Venkataraman
(DPEND)

2. A Simplified Approach to Fission Product Decay Heat
Calculations, M.S.Sridharan.

3. Review of a paper in Nucl. Tech. (June 1987) : Measurement
and Evaluation of Neutron Dose and Spectra at the Reactor
Top of the LMFBR JOYO, A.K. Jena.

4. Review of a Paper in Ann. Nucl. Energy, 14, 1987 , vHow
Good is the Estimation of Variance in Monte Carlo
Computations' R.Indira.

5. SPATKIN - A Space Time Reactor Kinetics Code, P.Bhaskar Rao.

6. Fluctuation Phenomena in Model Non Equilibrium Systems,
K.P.N. Murthy.

7. Highlights of the Workshop on Applied Nuclear Theory and
Nuclear Model Calculations for Nuclear TechnoJogy
Applications (15 Feb. - 18 Mar. 1988, Trieste, Italy)
V.Gopalakrishnan.

8. Reactivity Fluctuations in PFBR during Seismic Events,
R. Harish.

9. Fuel Pin Failures in Fast Reactors, K.P.N. Murthy.

10. Guide Tube Profiling Using Ultrasonics, L.Pathak (EIL).

11. Vectorization of the Neutronics Code 3-DB, S. Krishnan (CO.

12. Highlights of the International Conference on Nuclear Data
for Science and Technology, Mito Japan, May 30 - June 5,
1988, S.Ganesan.

13. Energy Dependence and Anisotropic Scattering Studies for
Neutron Noise Transmission, A.K. Jena.
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14. Updated Results of PFBR Neutronics calculations, P.V.K.
Menon.

15. Static and Dynamic Reactivity Coefficients calculation in
PFBR Carbide Core, S. Ponpandi.

16. MORSE - A General purpose Monte Carlo Neutron and Gamma
Transport Code, G. Radhakrishnan.

17. FEDGROUP-C : A Nuclear Data Processing Code for Reactor
Applications, Andrej Trkov, Josef Stefan Institute,
Yugoslavia.

18. Experience with 3-D Core Calculations for PFBR, B.
Mahalakshmi.
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