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Kinetic parameters of a nuclear reactor are essential in reactor dynamic and safety related
characteristics. Kinetic parameters of the Dalat nuclear research reactor were evaluated using
the MCNDP6.3 code and a new nuclear data library (JENDL-5). Numerical calculations were
performed for the core configuration consisting of 92 low-enriched uranium fuel bundles for
obtaining the effective delayed neutron fraction f g, the neutron generation time A and the
prompt neutron lifetime /,. Two methods were used to calculate the f.4: the adjoint weighted
method based on perturbation theory and adjoint flux, and the prompt method using the ra-
tio of prompt and total fission neutrons. To calculate the A and the /,,, the adjoint weighted
method and the 1/ absorber insertion method were used. The values of S, A and /,, at the
beginning of cycle and the end of cycle obtained with the adjoint weighted method are 760
and 708 pcm, 86.99 and 82.41 us, 79.01 and 82.76 us, respectively. Comparing among the
methods, the kinetic parameters were predicted with the discrepancy of about 1.0-1.6 %. The
kinetic parameters will be utilized in the safety analysis report of the Dalat nuclear research re-

actor.
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INTRODUCTION

Kinetic parameters of a research reactor such as
effective delayed neutron fraction (8.4), neutron gen-
eration lifetime (A), and prompt neutron lifetime (/,)
are among important characteristics related to the re-
actor safety, kinetic and transient analysis [1-9]. De-
layed neutrons in a reactor core are generated during
the decay process of radionuclides which are the prod-
ucts of fission reactions. For example, neutrons emit-
ted during the beta decay of iodine, bromine and other
nuclei. The temporal delay of neutrons is dependent on
the lifetime of fission products. Though the delayed
neutrons occupy less than 1 % of the total neutron pop-
ulation, they have a significant effect on the safety re-
lated characteristics of the reactor core [9, 10-12]. Ki-
netic parameters are influenced by burnup, fuel type,
core configuration and other reactor operation condi-
tions [3, 5, 10, 11]. Thus, precise evaluation of the ki-
netic parameters contributes to improving the safety
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and the effective operation of the reactor. Several stud-
ies were conducted to estimate the kinetic parameters
of various research reactors using continuous-energy
Monte Carlo transport codes [1-3, 8, 10, 13-21]. Ki-
netic parameters of the 20-MW D,O-moderated re-
search reactor (NBSR) were estimated using the
MCNPS code and the ENDF/B-VII library, which
yielded the most accurate estimates for the delayed
neutron fraction and the prompt neutron lifetime [22].
Assessment of the kinetic parameters was conducted
for the initial core of the Indonesian 30-MW Multipur-
pose Research Reactor using continuous energy
Monte Carlo codes (MVP3 and MCNP-6.2) and the
nuclear data libraries of JENDL-4.0, ENDF/B-VII.O
and ENDF/B-VII.1. The results indicated that the
MVP3 calculations with the ENDF/B-VIIL.O library
agreed well with those obtained using the MCNP-6.2
(JENDL-4.0, ENDF/B-VIL.O, and ENDF/B-VIL.1)
and the MVP3 (JENDL-4.0) results [23]. Kinetic pa-
rameters were estimated for the Ghana Research Reac-
tor 1 (GHARR-1) after 19 years of operation using
MCNPS. The results aligned closely with the initial
Safety Analysis Report [24]. Kinetic parameters based
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on burnup were investigated to improve the perfor-
mance of aresearch reactor [3]. It was reported that the
By decreased with burnup, while the /, exhibited an
inverse tendency [3].

The Dalat Nuclear Research Reactor (DNRR) is
a 500 kW pool-type research reactor, operated by
Dalat Nuclear Research Institute (Dalat, Vietnam). In
1983, the DNRR core was upgraded from the
TRIGA-MARK II research reactor with the power of
250 kW and loaded with highly enriched uranium
(HEU) fuel of the Russian WWR-M2 type. In 2011,
the core was completely converted to low-enriched
uranium (LEU) fuel with the 233U enrichment of 19.75
wt. % [25]. The operation of the DNRR is essential for
the development of many scientific activities and ap-
plications including nuclear physics, nuclear engi-
neering, biology and agriculture, as well as radioactive
isotope production for medical and industrial applica-
tions [25-30].

To support the operation of the DNRR, core
physics and safety-related analysis have been per-
formed based on the ENDF/B and JENDL data librar-
ies. However, the kinetic parameters of the DNRR
have not been reported in any publication. Thus, it is
beneficial to conduct calculations of the kinetic pa-
rameters of the current DNRR core using a Monte
Carlo method code and the latest data library. The
present work reports the kinetic parameters of the
DNRR core with LEU fuel using the MCNP6.3 code
[31] and the latest JENDL data library (JENDL-5)
[32]. Two methods used to calculate the B4 were the
adjoint weighted method and the prompt method.
Whereas, to calculate the /,, the adjoint weighted
method and the 1/v absorber insertion method were
used. The adjoint weighted method based on perturba-
tion theory and adjoint flux, and the prompt method
using the ratio of prompt and total fission neutrons.
The 1/v absorber insertion method is based on the as-
sumption of the linear dependence of the reactivity
with a small '°B content uniformly inserted into the
core. The adjoint weighted method provides a high-fi-

delity evaluation, while the prompt method and the 1/v
absorber insertion method serve as comparative base-
lines. The kinetic parameters were evaluated at both
the beginning of cycle (BOC) and the end of cycle
(EOC) of the DNRR core in comparison among the
methods. By comparing among the methods, the reli-
ability and the accuracy of the calculated kinetic pa-
rameters of the DNRR are ensured.

THE DALAT NUCLEAR RESEARCH
REACTOR AND CALCULATION MODEL

The Dalat Nuclear Research Reactor

The DNRR consists of a cylindrical aluminum
tank of 6.26 m in height and 1.98 m in diameter. The
active core has a cylindrical shape with a height of
60 cm and the diameter of 44.2 cm. The core includes
121 hexagonal cells for loading fuel bundles, control
rods, irradiation channels and beryllium blocks. The
control rod system includes: one automatic regulating
rod (AR), four shim rods (ShR) and two safety rods
(SR). The absorption length of the control rods is 65
cm to completely cover the active core. The dry and
wet irradiation channel are covered by aluminum cyl-
inders with a thickness of 0.5 mm. The neutron trap at
the core center is a water cylinder with 6.5 cm in diam-
eter and 60 cm in length surrounded by twelve beryl-
lium blocks. The beryllium block has the same outer
shape as the fuel bundle. A beryllium ring is located
between the active core and the graphite reflector and
serves as an additional reflector. The thickness of the
graphite reflectoris 30.5 cm. Further description of the
DNRR core can be found in [25-30]. Figure 1 shows
the core configuration of the DNRR consisting of 92
LEU fuel bundles [1]. Table 1 provides the main de-
sign specifications of the DNRR core and the
VVR-M2 LEU fuel [25].

Figure 2 displays the cross-sectional view and
the design parameters of the LEU fuel bundle having

O Beryllium block

@) Neutron trap

@ Dry channel
O Wet channel

Figure 1. Configuration
of the DNRR core with 92
LEU fuel bundles
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Table 1. Design specifications of the DNRR core
with LEU fuel

Parameter [ Value
Reactor
Reactor type Pool type
Fuel element type Russian VVR-M2
Cooling system Natural convection
Moderator and coolant Water
Reflector Grapgllitg,\saegrl lium
Nominal power [kW] 500
Core
Number of fuel bundles 92
Regulating rod (Stainless steel) 1
Shim rod (B4C) 4
Safety rod (B4C) 2
Beryllium rod 12
Irradiation channel 4
Fuel
350 enrichment (wt.%) 19.75
Number of fuel elements in a bundle 3
Outermost element (Hexagonal shape)
Inner elements (Circular shape) 2
Fuel element thickness [mm] 2.5
Fuel meat thickness [mm] 0.94
Cladding thickness [mm] 0.78
Fuel clad material Al
Fuel meat material Al-UQ; alloy
Coolant channel width [mm] 2.5-3
Total length of a fuel bundle [mm] 865
Active fuel length [mm] 600

three concentric annular tubes, along with a header
and a tail. The outermost fuel tube is hexagonal, with
parallel sides of 32 mm in width. The two inner fuel el-

ements have circular shapes, with the outer diameters
of 22 mm and 11 mm, respectively. The fuel employed
comprises a mixture of uranium dioxide and alumi-
num (Al-UO,).

Calculation model

Kinetic parameters of the DNRR core with LEU
fuel were calculated using the MCNP6.3 code [31] and
the JENDL-5 nuclear data library [32]. Figure 3 dis-
plays the vertical and horizontal cross-sectional views
of the DNRR core model in the MCNP6.3 code. The
model is expanded from the active core to the reactor
tank, with dimensions of 198 cm in diameter and 184.5
cm in height. The MCNP6 calculations were con-
ducted with 200 cycles and 10° neutron histories per
cycle for obtaining the statistical error of k g less than
20 pcm (1 pcm = 107). The kinetic parameters were
calculated at the beginning of cycle (BOC) and the end
of cycle (EOC) to evaluate the effect of fuel burnup.

KINETIC PARAMETERS
Effective delayed neutron fraction

Radionuclides emitting delayed neutrons are
called the delayed neutron precursors. Depending on
the half-life of the radionuclides, the delayed neutron
intensity and their effect also change with time. Thus,
the delayed neutron precursors are divided into six
groups based on their half-life. The delayed neutron
fraction in a precursor, 3, is defined as the ratio of the
delayed neutrons in this group to the total neutrons
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Figure 2. Cross-sectional view of the Russian VVR-M2 type LEU fuel bundle
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(a) Vertical cross-section

(b) Horizontal cross-section

Figure 3. Vertical (a) and horizontal (b) cross-sectional views of the DNRR core model in the MCNP6 code

generated in a fission reaction. The effective delayed
neutron fraction, denoted as 84, is the sum of the de-
layed neutron fractions over the six precursors. Two
methods employed to calculate the effective delayed
neutron fraction i were the adjoint weighted method
and the prompt method.

T CEDY G E W (BN (E'.Q — E.Q) ¢ (7', Q)dE'dY dEAQdF

(E',2)of the total and delayed neutrons produced by
incoming neutrons with (E', "), respectively; £, —the
macroscopic fission cross section, 7#—the neutron posi-
tion; E — the neutron energy; Q is neutron direction.
From egs. (1-3), the effective delayed neutron frac-
tion, [ can be written as

eff

Adjoint weighted method

The equation to calculate the effective delayed
neutron fraction 4 is written as [13, 15, 33]

(1

where ¢ and ¢" are the forward and adjoint neutron
fluxes, respectively, B — the delayed neutron operator,
F —the fission term operator, {.) — the integration over
space and energy.

The terms in the numerator and denominator of
eq. (1) can be elaborated as follows

(¢67Bp)=[ 9" (FE. X, (FE vy (E')
24 (E'.Q — E,QWW(F,E',Q)dE'dQ' dEdQd7F (2)

and
(67 Fp)=[ 9" .Y, . E WE)
2(E', Q' — E,Q)(#,E',Q)dE'dQ' dEAQdF (3)

where v(E") and vq4 (E") are the average of total and de-
layed neutrons at energy E' generated per fission, re-
spectively; y(E',Q' — E,Q)and y ;(E',Q' — E,Q)
are the spectra of energy and angular distribution

¢ GEDY, GEWE ) (E.Q —E.Q)¢ (7 E . Q)E A dEQd7

“

To simplify eq. (4), the operator (.) is used to
carry out the integration over the spatial, angular, and
energy variables. This integration is expressed as eq.
(5) using simplification

<¢+:Zdvd Zf¢> N (Xava)
<¢+ZVZf¢> (2v)

Spriggs reformulated the S 4 from the above
equation to concentrate only on quantifying the de-
layed neutron fraction, hence, the k-ratio is subse-
quently introduced as follows [13, 34]

Bew = ®)

< <Zdv><ld"d> <
P )

z<?Cd"d><7(d">z <de>zﬂ kaq
() " () Tk

The calculation of S, using MCNP code is
straightforward and is accomplished by counting the
total and delayed neutrons generated during fission
events, whereas ks derived from the delayed neutron
energy spectrum.

(6)

Prompt method

From eq. (5), one can rewrite the expression for
B as follows [13]
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z<%d"d> _ _<ZV—ZdVd> _
Bete (2v) 1 (v
<Z"d ~(Xa —Z>Vd> ~ 1_<Zdvd>

(2v) (xv)

The estimation in the final phase is founded on
the subsequent rationale. The term (y, — x )v, is two
orders of magnitude less than the one with yv,, be-
cause v, is two orders of magnitude smaller than v,,.
Due to the same rationale, the shape of y is almost
equal to that of y,,. At this point, an important step is
carried out. The S can be estimated as follows

=1- ™)

XpVp p kp
oA A BNy S it 8
<ZV> k ﬁeff k ( )

where k is the eigenvalue for all neutrons and &, — the
eigenvalue for prompt neutrons only.

Neutron generation time
and prompt neutron lifetime

Adjoint weighted method

The neutron generation time A, and the prompt
neutron lifetime /, are calculated based on the follow-
ing equations [13, 15, 33]

(€)]

In which

i
=[¢" (*.E Q)—¢(r E',Q')dE'dQ dEdQd7
&) (10)

From equations (3), (9), and (10), the neutron
generation time (A) can be estimated by eq. (11)

(67 GE.O) - g E' O )EAD dF D &7
WE)

where ks is the effective multiplication factor and v —
the neutron speed. The prompt neutron lifetime /, was
calculated using the adjoint weighted method, which
was implemented in the KOPTS card of the MCNP
code [35].

1/v absorber insertion method

The prompt neutron lifetime /, was calculated
using the 1/v absorber insertion method [35]. This
method involved the introduction of a small addition
of 1B as a perturbation in the core materials. The ap-
pearance of the absorber content results in a negative
change of reactivity. The negative reactivity insertion
is calculated as

A1 1

P - 14
ko ko Koy (14

where ke, is the effective multiplication factor with-
out the '°B addition (unperturbed) and kerp —the effec-
tive multiplication factor with additional '’B content
(perturbed).

The ke, is calculated by changing the 1B con-
tent added to the core materials. The reactivity inser-
tion due to the addition of the '°B content is

—A?k =N-cyvy-l,
where N is the atomic density of the '’B absorber (at-
oms/(b.cm)), oy — the thermal neutron absorption cross
section in barns (b) (1 b=10"* cm®) of the absorber, v,
— the speed of thermal neutrons, and / ;J— the prompt
neutron lifetime when '°B absorber is added.

The prompt neutron lifetime /; is calculated
when the '°B content approaches zero [14 35]

(15)

l,= hm(l’ )= lim Ak L (16)
N0\ bk N-oy-v,

:j¢* (F.E, Q)Y (FEWE (E',.Q — E,Q) ¢ (7, E',Q)dE'd2 dEAQd7

and the prompt neutron lifetime /, defined as

1
[p :M (12)
(97 )

Fromegs. (3), (10), and (12), the prompt neutron
lifetime (/,) can be estimated by eq. (13) as

(11)

In the present work, the '°B content was added
uniformly to all core materials with the concentration
from 4.0-10° to 15.0-10” atoms/(b.cm). The ket
value was then calculated at each step of the !B con-
tents for determining the linear dependence of the re-
activity with the '°B content. The [, is obtained when
the '°B content approaches to zero.

ke[ (?,E,f))v(1m¢(;7,E’,f2')dE'dfz’dEdf)d? (13)

r _j¢+ (7 E, Q)Y (F,E'WE(E',.Q — E,Q) ¢ (7, E', 2 )dE'dQ'dEd Q' dF



D.-T. Dau, et al., Kinetic Parameters of the Dalat Nuclear Research Reactor with ...
6 Nuclear Technology & Radiation Protection: Year 2025, Vol. 40, No. 1, pp. 1-9

RESULTS AND DISCUSSION
Effective delayed neutron fraction

The MCNP6.3 calculations were set up to estimate
the k. of the DNRR with 92 LEU fuel bundles with the
standard deviation (1o) of 15-21 pcm. Figure 4 depicts
the dependence of the B4 as a function of burnup ob-
tained from the adjoint weighted method. It can be seen
that the S decreases rapidly in the first 200 effective
full power days (EFPD), which is then followed by a
gradual decline. The 8 decreases from the BOC to the
EOC (800 EFPD) by about 52 pcm. The adjoint
weighted method predicts the B4 values of 760 pcm at
the BOC and 708 pcm at the EOC, respectively. Table 2
shows the 3¢ values of the DNRR core at the BOC and
the EOC in comparison between the adjoint weighted
method and the prompt method. The prompt method es-
timated the S lower than those from the adjoint
weighted method by about 8-12 pcm. Comparing be-
tween the two methods, a good agreement was found
with the discrepancy less than 1.6 %. Comparing to other
research reactors, the B of the first core of the RSG
GAS using MVP3 and MCNP-6.2 with various data li-
braries was reported approximately 738.3 pcm [23]. The
B of the TRIGA Mark II reactor were 800 pcm for a
small core (43 fuel rods) and 750 pcm for a full core (90
fuel rods), respectively [5]. Thus, the 8.4 values obtained
for the DNRR are approximate that of other research re-
actors.

Neutron generation time and
prompt neutron lifetime

Table 3 presents the calculated values of neutron
generation time and prompt neutron lifetime using the
adjoint-weighted and 1/v insertion methods. The val-
ues of neutron generation time, A, at the BOC and the
EOC, obtained by using the adjoint weighted method

Table 2. Effective delayed neutron fraction of the DNRR
with LEU fuel calculated by the adjoint weighted
method and the prompt method

p . Adjoint weighted Prompt
arameter

" | Boc | EOC | BOC | EOC
P (pcm) 760+4 | 708 £21 | 748+9 | 700+ 18

Table 3. Neutron generation time and prompt neutron
lifetime of the DNRR with LEU fuel calculated by the
adjoint weighted method and the 1/v insertion method

Adjoint weighted 1/v insertion

BOC EOC BOC EOC

A (us) [86.99 +0.11182.41 = 0.45 — -

I, (us) [79.01 £0.1182.76 + 0.1579.72 + 0.45/82.98 + 0.19

Parameter

and the JENDL-5 library, are 86.99 and 82.41 ps, re-
spectively. Figure 5 presents the prompt neutron
lifetime /, as a function of burnup obtained from the
adjoint weighted method. The /, increases linearly
with burnup due to the decrease of the production rate.
The [, values at the BOC and the EOC are 79.01 and
82.76 s, respectively. Figure 6 depicts the determina-
tion of the /; values using the 1/v absorber insertion
method by varying the B concentration from
4.0-10" to 15.0-10~" atoms/(b.cm). The /, values at the
BOC and the EOC are 79.72 and 82.98 us, respec-
tively. Comparing between the two methods, the dis-
crepancy of the /; values is within 1 %. The tendency
of the kinetic parameters agrees with that reported by
Atta Muhammad et al. [3].

CONCLUSIONS

Kinetic parameters of the DNRR with 92 LEU
fuel bundles were evaluated using MCNP6.3 and the
JENDL-5 library. The S+ decreases gradually with
burnup time, and the values at the BOC and the EOC

770 T T T T T

[« JENDL-5.0
Polynomial fit of JENDL-5.0

760 -

750 -

740

730 -

720

Effective delayed neutron fraction (pcm)

710

700 -

690

Figure 4. Effective delayed neutron
fraction B as a function of burnup
time obtained from the adjoint
weighted method (1 pem =107)
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KHHETNYKHN ITAPAMETPU UCTPAXKHNBAYKOI HYKIIEAPHOTI'
PEAKTOPA DALAT CA HUCKO OBOTABREHMM YPAHMIYMCKHUM ITOPUBOM
KOPUINREILEM BUBJIMOTEKA MCNP6 U JENDL-5

Ilo3HaBame KMHETHUKHX IapaMeTapa HYKJIEapHOI peakTopa HEONXOAHO je y AUHAMMIU
peakTopa M INOBE3aHUM KapakTepucTukama Oe30efgHocTH. KMHETHUYKM HapaMeTpH HCTPaKMBAYKOT
HykJIeapHOT peaktopa Dalat mpouemenn cy kopumrheweMm kKoga MOCNP6.3 m HOBe OumbOnmoTeke
HykseapHux noparaka JENDL-5. Hymepnuku npopadyHu U3BpIIEHH CY 32 KOH(UTYpalLKjy je3rpa Koja ce
cactoju of 92 ropuBHa CHoOma HHUCKO oboraheHor ypaHujyma pagu fobujama epeKTUBHE (ppakuuje
3aKaCHENNX HEYyTPOHA f3 4, BPEMEHA TEHEPHCatha HEYTPOHA A M BpeMeHa XKuBoTa Op30r HeyTpoHa [, 3a
u3pauyHaBamwe f . KopultheHe cy Be METOfAE: METOAA ca IMOHJAEPHCAHNM aJjjyHTOBaHMM HEYyTPOHHMA
3aCHOBaHa Ha TeOpUju NepTypOaluja u ajyHropaHoM (hIIykcy, 1 MeTofa Op30r IpopadyHa Koja KOPUCTH
OAHOC Op3UX M yKYNHUX (DUCHOHNUX HEYTPOHA. 3a u3pavyHaBatbe A u/, kopuurheHe cy MeTojie ajijyHroBaHe
TeXXWHE M yMeTama 1/v ancopbepa. Bpennoctn ¢, AU/, Ha MOUYETKY 1 Kpajy UKITyca JOOUjeHE METOTOM
apjyHroBaHe Texxnne, n3Hoce 760 pcm u 708 pcm; 86.99 us n 82.41 us ;1 79.01 us m 82.76 us , pecneKTUBHO. Y
nopebemy MeTofa, KHHETUYKY IapaMeTpu npefBubenu cy ca opcrynameM off oKo 1.0-1.6 %. Kunetnuknu
napaMmerpu 6uhe kopuitheHu y u3BelITajy o aHanusu 6e36ennoctu Dalat peakTopa.

Kwyune peuu: uciipaxcusauxu HyxaeapHu peaxitiop Dalat, Zopugo ca Hucko 060zaheHum yparujymom,
KuHeiuyxu apameiiap, MCNP6, JENDL-5




