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In this study kinetic parameters, effective delayed neutron fraction and prompt neutron gen-
eration time have been investigated at different burn-up stages for research reactor's equilib-
rium core utilizing low enriched uranium high density fuel (U;Si,-Al fuel with 4.8 g/cm3 of
uranium). Results have been compared with reference operating core of Pakistan research Re-
actor-1. It was observed that by increasing fuel burn-up, effective delayed neutron fraction is
decreased while prompt neutron generation time is increased. However, over all ratio /A is
decreased with increasing burn-up. Prompt neutron generation time A in the understudy core
is lower than reference operating core of reactor at all burn-up steps due to hard spectrum. It
is observed that f 4 is larger in the understudy core than reference operating core of due to
smaller size. Calculations were performed with the help of computer codes WIMSD/4 and

CITATION.
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INTRODUCTION

Kinetic parameters play important role in pre-
dicting control and safety performance of any reactor
system. Kinetic parameters are a function of core pa-
rameters like fuel enrichments, fuel density, neutron
spectrum, core size and geometry, moderator type and
fuel composition, etc. Reactor transient response
strongly depends upon the kinetic parameters ratio
B/ [1, 2]. Values of effective delayed neutron frac-
tion and prompt neutron generation time vary with in-
creasing fuel burn-up. Changes in the kinetic parame-
ters depend upon the burn-up limit and must be
considered in transient analysis [3, 4]. Fuel density
variation results in alteration of fuel to moderator ra-
tio, which causes the change in neutron energy spec-
trum. By utilizing high density fuel, neutron spectrum
becomes hard [5] and in the hard spectrum, fast fission
factor is increased. Variation in fast fission factor
changes the delayed neutron fraction and average in-
verse velocity of neutrons which causes a change in
the prompt neutron generation time. Effective delayed
neutron fraction 3 strongly depends on the core size
[6] therefore it must be evaluated if core size is
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changed. Another factor that affects the kinetic param-
eters is the positive insertion of reactivity due to which
reactor power jumps to a higher level. Due to heating
of fuel and coolant, the neutron spectrum becomes
hard and variations in kinetic parameters occur for a
short time but the effect of this short time is negligible
[7].

On improved performance base, equilibrium re-
search reactor core was proposed utilizing low en-
riched uranium (LEU) high density fuel (U;Si,-Al)
[8]. The proposed core with high density fuel (uranium
density 4.8 g/cm®) without any changes in the standard
and control fuel elements of Pakistan Research Reac-
tor- 1 (PARR-1) comprises 15 standards and 4 control
fuel elements. Proposed core is shown in fig. 1 with
water boxes at C7 and C4 positions. This is compact
and highly under moderated core with 23°U enrich-
ment of 19.99% [8]. From three sides it is reflected by
graphite blocks while on one side there is graphite
thermal column to minimize the neutron leakage and
flatting the flux profile. Depletion analysis of core re-
veals that it can be operated for 41 full power days at
9 MW continuously [8]. Therefore every standard fuel
element will be irradiated for 205 full power days
while every control fuel element will be for 164 full
power days [8].
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Figure 1. Proposed equilibrium core configuration

Flow of kinetic parameters in a typical swim-
ming pool type research reactor was investigated in [9]
while kinetic parameters of material test reactor with
higher density silicide dispersion fuel for a 10 MW
IAEA benchmark reactor was studied in [ 10]. Calcula-
tion and measurement of kinetic parameters of
PARR-1 reference operating core was studied in [ 11].

In the current analysis, burn-up dependency of
effective delayed neutron fraction and prompt neutron
generation time has been studied for the above men-
tioned equilibrium core [8] for further investigation of
the transient analysis.

CALCULATION OF /A

Reactor kinetic parameters (effective delayed
neutron fraction and prompt neutron generation time)
have been calculated for proposed equilibrium core
utilizing higher uranium density of 4.8 g/cm?®. Burn-up
(% age of 33U) for proposed core at beginning of equi-
librium core (BOEC) and end of equilibrium core
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Figure 2. Burn-up (% age of 2**U) for proposed core at
BOEC

(EOEC) is shown in fig. 2 and fig. 3, respectively. Ten
energy groups' microscopic cross-sections were ob-
tained through the use of MTR PC26 package. The
energy group structure used is givenin tab. 1 [4,9, 11].
All cross-sections were calculated at 40 °C. Unit cell
shown in fig. 4 [12] was selected for generation of
cross-sections and number densities of fuel part of
standard and control fuel element. Number densities
and cross-sections generated by WIMSD/4 [13] and
BORGES [14] from MTR _PC26 package were uti-
lized in CITATION [15] for 2-D analyses of the core.
Axial buckling of the core was employed in third di-
mension. All calculations were performed with xenon
in equilibrium condition. Average values of thermal
and fast flux of the core were evaluated through CITA-
TION. Fast and thermal flux distributions in the core
configuration are shown in fig. 5. It is clear from fig. 5
that thermal flux is significantly higher at C4 and C7,
the water boxes for sample irradiation. However,
among these two locations, maximum thermal neutron
flux has been observed at central irradiation facility
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where vy; is the total delayed neutron yield of jy, group,
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weighted average values of delayed neutron yields for
F-A A E-B- Fissi . . - .
F-A, F-B: Fission chamber A and B the above mentioned isotopes were utilized at the input

Figure 3. Burn-up (% age of **U) of proposed core
at EOEC

C7. However, fast flux is higher in the central fuel re-
gion of the core and decreases due to leakage at periph-
eries shown in fig. 5. For both thermal and fast fission,
values of six group delayed neutron yields vy;(th) and
vgi(fast) for 27U, 28U, 2Py, and **'Pu were taken
from [16] given in tab. 2. Weighted flux average of

of CITATION. Through the use of perturbation calcu-
lations option in CITATION, effective delayed neu-
tron fraction was obtained according to relation
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where V; represent the volume of region 7, y'(j, g) —the
delayed neutron distribution function, 8, ; — the de-

Table 1. Ten energy group structure for microscopic cross-sections

Energy Upper |WIMSD4 energy| Average energy Remarks

group [eV] energy group [eV]
1 10-10° 1-5 2.87-10° Above threshold fission of 2*U and no delayed production
2 0.821-10° 6-7 4.98-10° Average energy of 2 to 6 delayed neutron group produced
3 3.025-10° 8 2.353-10° Average produced energy of first delayed neutron group
4 0.183-10° 9-20 8.2:10° Fourth and fifth groups are of equal lethargy intervals in WIMSD
5 367.262 21-33 20.551 groups from 9-33
6 1.15 34-40 1.057 Group covers the resonance of ***Pu i. e. at 1 eV
7 0.972 41-45 0.78 The group 7 separates the energy boundaries of group 6 and 8
8 0.625 46-55 0.296 This group covers the resonance of *’Pu i. e. at 0.3 eV
9 0.14 56-60 0.0837 Ninth group is based on the gﬁcien\l/u?sl {(h]ie)nnal neutron cut-off energy,
10 0.050 61-69 22107 Remaining thermal groups
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Figure 5. Fast (upger value) and thermal (lower values)
neutron flux (x10” em™s™) in the proposed core

layed neutron fraction of delayed family ; at location i
for nuclide b and N, ;— the number density of nuclide b
at location 7, ¢ — the neutron flux, ¢ — the adjoint flux,
x —the distribution function, and v — the average num-
ber of neutron per fission. For prompt neutron genera-
tion time, the CITATION code calculates the prompt
neutron life time (/) and multiplication factor (k) can
then be calculated by relation A =1/ks. For estimation
of prompt neutron lifetime through CITATION, the
code requires as its input the flux weighted, average
inverse velocity, for each energy group according to
relation

o

— J—¢( XE

= o
J $(EXE
0

where v(E) is the energy dependent neutron velocity.
The value of (1/v) is calculated by introducing small

where,o=1.0b(1b=10""*m?) in WIMSD/4[18] li-
brary at most probable velocity i. e. vy = 2200 m/s at
most probable energy, i. e. 0.0253 eV.

By introducing (1/v) absorber in WIMSD/4 in-
put and keeping the neutron velocity at most probable
energy v, = 2200 m/s in BORGES input, BORGES
calculates the average inverse velocity of neutron for
each group and writes it in the microscopic cross-sec-
tion output file in the CITATION input format. Utiliz-
ing the average inverse velocities of neutron, the CI-
TATION code computes the prompt neutron life time
by the relation
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v(n) is the neutron velocity and X, is the macroscopic
fission cross-section.

RESULTS AND DISCUSSIONS

Effective delayed neutron fractions and prompt
neutron generation times were calculated at different
steps of burn-up cycle for the understudy proposed
core. Table 3 indicates that by increasing core burn-up,
effective delayed neutron fraction is decreasing while
prompt neutron generation time is increasing. With in-
creasing burn-up of fuel, initial loading of >*3U is de-
pleted; 23°Pu and its higher isotopes are produced due
to internal conversion of 233U, Plutonium isotopes are

Table 2. Group based delayed neutron yield of different isotopes for fast and thermal flux

Isotopes Yield Group-1 Group-2 Group-3 Group-4 Group-5 Group-6
235 vgi(fast) 0.000630 0.003510 0.003100 0.006720 0.002110 0.000430
vgi(th) 0.000520 0.003460 0.003100 0.006240 0.001820 0.000660

29p, vgi(fast) 0.000240 0.001760 0.001360 0.002070 0.000650 0.000220
vgi(th) 0.000210 0.001820 0.001290 0.001990 0.000520 0.000270

By vgi(fast) 0.000540 0.005640 0.006670 0.015900 0.009270 0.003090
#0py vgi(fast) 0.000280 0.002380 0.001620 0.003150 0.001190 0.000240
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Table 3. Burn-up dependent effective delayed neutron fraction and prompt neutron generation time

Reference operating ore of PARR-1 Proposed core of PARR-1
Effective delayed neutron | Prompt generation time | Effective delayed neutron | Prompt generation time
fraction S A [s] fraction fefr Als]
BOC 0.00730" 4.276:10>" 0.00753" 3.2517:10%
14 full power days o Sk P o
bum-up 0.00728 4.3609-10 0.0075 3.3256-10
35.26 full power o sk * sx
days burn-up 0.00725 4.5032-10 0.00748 3.4252-10

“present study, *Igbal ef al., 2008 [8], ""Muhammad et al., 2011 [11]

contributing in power generation as burn-up increases
and neutron flux spectrum is also changed. The de-
layed neutron energy spectra y ;(E) depend upon the
isotope from which the delayed neutrons are emitted.
Due to plutonium contribution in power generation,
the delayed neutron yield and energy spectra y (E) is
changed. Therefore with increasing burn-up B4 is
changed and prompt neutron generation time is mainly
changing with changes in average inverse velocities of
the neutron in different regions of the core. The effec-
tive delayed neutron fraction is decreasing while
prompt neutron generation time is increasing with
burn-up; therefore reactor response to transient is also
changing with increasing burn-up. The spatial and en-
ergy distortion in the neutron flux during burn-up cy-
clechanges the B yand A.

Higher fuel density of proposed core results in
higher fuel to moderator ratio in proposed core as com-
pared to the reference operating core of PARR-I.
Higher fuel to moderator ratio in proposed core causes
neutron energy spectrum to be harder [8]. Low aver-
age inverse velocities in harder neutron energy spec-
trum of the proposed core place prompt neutron gener-
ation time on lower side. Therefore, prompt neutron
generation time in the proposed core is lower than ref-
erence operating core of PARR-1 at all burn-up steps
(tab. 3). However, due to smaller size of reference
core, increase in fast non leakage probability domi-
nates the decrease in fast fission factor by delayed neu-
trons and importance of delayed neutrons is increased.
In general, proportion of B.4/A is decreasing with in-
creasing burn-up for both analyzed cores as shown in
fig. 6.

CONCLUSION

Prompt neutron generation time is low, while ef-
fective delayed neutron fraction is high for the smaller
sized higher density proposed core as compared to the
larger sized lower density reference operating core of
PARR-1 by keeping enrichment to be conserved in
both reactor cores. Overall ratio (B.4/A) of kinetic pa-
rameters is decreasing with increasing burn-up for
proposed core of PARR-1.
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Figure 6. Effective delayed neutron fraction over
prompt neutron generation time f.4/A as a function of
burn-up
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Ata MYXAMA]/, Macyn UTBAJL, Tajad MAXMY]]

INMPOYYABAIBE KUHETUYKUX ITAPAMETAPA CA U3TAPAILEM
PAIU MMOBO/BITAIBLA CBOJCTABA PABHOTEXHOTI JE3I'PA
NCTPAXKNBAYKOI PEAKTOPA

Y 0oBOM pajly IpUKa3aHO je UCTPaKUBAIE KMHETHUKHUX MapaMeTapa, e(peKTUBHE (pakiyje
3aKacHEeNNX HEyTpOHA M BpeMeHa HacTaHKa IMPOMIITHUX HEYTPOHA, 3a Pa3jMuuTe HUBOE H3rapama, y
PaBHOTEXXHOM je3rpy HCTPasKMBAYKOT peakTopa ca HICKOOOOoraheHNM ypaHMjyMCKIM T'OPUBOM BHCOKE
rycrune (U;Si,-Al ropuBo ca 4.8 g/em? ypamumjyma). Pesynratu cy ynopebenn ca pedepeHTHUM
BpEeIHOCTHUMA pajHoOT je3rpa [TakucTancKor neTpakuBadkor peakTopa-1. 3amaskeHo je 1a ce ca IopacToM
u3rapama ropuBa cMamyje e(peKTUBHA (ppakija 3aKacHeJINX HEYyTPOHa, AOK BpeMe HacTaHKa IIPOMIITHAX
HeyTpoHa pacTe. OTyfa ce yKynaH OffHOC /A cMambyje ca IopacTOM H3rapama. Y cef] TBPOT CIeKTpa, ¥
CBHM KOpaIlyiMa n3rapama BpeMe HacTaHKa IIPOMITHUX HeyTpOHa A y Mpoy4aBaHOM je3rpy kpahe je of
OHOTa y pedepeHTHOM pajHOM je3rpy. 3amaxkeHo je fa je (. Behe y mpoydaBaHOM je3rpy Hero y
pedepeHTHOM paiHOM je3Tpy ycie Mame Beianunte. [Ipopauynu cy o6asbsenn nporpamuma WIMSD/4
CITATION.

Kwyune peuu: ¢ppakyuja 3akacneaux HeyitipoHa, epeme HACHlaHKa UpOoMIEIHUX HeYIpOHa,
uctapaxcusayxu peaxiiop, WIMSD/4, CITATION



