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Abstract

To satisfy the teaching and research demands for reactors in general universi-
ties, point reactor neutron kinetics, xenon and samarium poisoning, temper-
ature feedback, and lumped-parameter thermal-hydraulic dynamic models for
TRIGA (Training, Research, Isotopes, General Atomic) reactors—primarily uti-
lized for training, research, and isotope production—were constructed based on
the increasingly prevalent Modelica simulation technology. Simulations of pulse
startup and emergency shutdown under large step reactivity perturbations, as
well as power regulation under small step reactivity perturbations, were per-
formed. Key dynamic response results, including pulse peak power, pulse re-
leased energy, pulse full width at half maximum, maximum xenon and samar-
ium concentrations, and power variations, are essentially consistent with exper-
imental or theoretical results. Consequently, the Modelica simulation model
developed in this study can be employed to predict the fundamental dynamic
characteristics of TRIGA research reactors, thereby providing support for reac-
tor teaching and research.

Full Text
Abstract

To meet the teaching and research needs of ordinary universities for nuclear
reactors, this study constructs point reactor neutron kinetics, xenon and samar-
ium poisoning, temperature feedback, and lumped-parameter thermal-hydraulic
dynamic models for the TRIGA (Training, Research, Isotopes, General Atomic)
research reactor based on the increasingly popular Modelica simulation tech-
nology. Simulations of pulse startup and emergency shutdown with large step
reactivity disturbances, as well as power regulation with small step reactivity dis-
turbances, were conducted. Key dynamic response results including pulse peak
power, pulse released energy, pulse full width at half maximum, maximum xenon
and samarium concentrations, and power variations show good agreement with
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experimental or theoretical results. Therefore, the Modelica simulation model
established in this study can be used to predict the basic dynamic characteris-
tics of TRIGA research reactors and provides support for reactor teaching and
scientific research.

Key words TRIGA research reactor, Modelica, Dynamic response, Pulse,
Power regulation

1.1 Neutron Kinetics Model

A point reactor neutron kinetics model with six delayed neutron groups is em-
ployed:

ac,(t) B, )
= Bip) —\.C, =1,2,..
dt An(t) A7,Cfl(t)7 ? ) ) )6

where n(t) is the neutron density (m ?), ¢ is time (s), p(¢) is reactivity (pcm,
i.e., 10 ), B is the total delayed neutron fraction, A is the neutron generation
time (s), A; is the decay constant of the i-th delayed neutron precursor group
(s1), C;(t) is the concentration of the i-th delayed neutron precursor (m 3), S
is the external neutron source strength (m 3s '), and S, is the delayed neutron
fraction of the i-th group.

Reactivity comprises several components:

p(t) = Po + pXe(t) + pSm(t) + pf(t) + pw(t)

where p, is the sum of excess reactivity at cold clean condition and reactiv-
ity introduced by control rods; px.(t) and pg,,(t) are the poisoning reactivity
caused by fission products '**Xe and '?Sm, respectively; p;(t) and p,,(t) are the
reactivity changes due to fuel temperature variation and coolant temperature
variation, respectively.

1.2 Xenon and Samarium Poisoning Model

Fission products ?°Xe and '#?Sm have strong neutron absorption capabilities
and cause significant reactivity changes. Their dynamic models are as follows:

TV 5 506(0) ~ AN (1)
%g(w = Yxe2p(t) + ArNp(t) — (Axe + 0xc0(t)) Nxc(t)
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where N;(t), Ny.(t), Np,,(t), and Ng,, (t) are the concentrations of 351, 13°Xe,
149Pm; and 9Sm (m 3), respectively; oy, and og,, are the microscopic absorp-
tion cross-sections of 13Xe and 9Sm (m2); 7;, Vy., and vp,, are the fission
yields; A\;, Ay, and Ap,, are the decay constants (s '); ¥ is the macroscopic
fission cross-section (m'); and ¢(t) is the core neutron flux density (m 2s1),
related to n(t) by ¢(t) = n(t)v, where v is the neutron velocity (m/s). In equa-
tions (8) and (9), X yn(t) is approximated to be equal to the total core absorption
cross-section.

The reactivity effects are given by:

_ _UXENXe(t)
pXe(t) - Ea

_ 7O—SmNSm(t>
pSm(t) - D

a

1.3 Temperature Feedback Model

Both fuel temperature feedback and coolant temperature feedback are consid-
ered:

py(t) = ap(Ty(t) —Thy)

pw(t) = aw<Tw(t) - TwO)

where a; and a,, are the fuel and coolant temperature coefficients (pem/°C),
respectively; T(t) and T,,(t) are the average temperatures of fuel and reac-
tor pool. For the TRIGA MARK II reactor, the fuel temperature feedback is
negative (a; < 0) while the coolant temperature feedback is positive (a,, > 0).

1.4 Thermal Model

Using the lumped parameter method, the fuel and coolant regions are modeled
as:
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dT,
Cw ;t(t) = wa (t) - Qair(t) - Qconcreta (t) - Qactive (t)

where C'y and C,, are the heat capacities of fuel and coolant (J/K); P, (t), Py, (t),
Quir(®)y Qeoncrete(), and @ .ive(t) are the reactor power, heat transfer from
fuel to coolant, heat loss from pool to air, heat transfer from pool to concrete
wall, and active cooling power (W), respectively.

The heat transfer terms are calculated using empirical correlations. For Py, (t),
the relationship from JSI is adopted:

where h is the heat transfer coefficient and A is the heat transfer area. Q.0 ()
can be specified manually. For natural convection to air and concrete, the
following correlations are used:

Qair(t> = kair(Tw(t) - Tambient)
Qconcrete (t> =k ﬂu (t) - T

concrete( ambient)

The reactor power is related to neutron flux by:

o(t)

v

Bo(t)

B3V,
where E} is the energy per fission (J), V, is the core volume (m?®), and other
parameters are as defined previously.

1.5 Coupling Relationship Between Models

The various models are coupled to form a multi-physics system, as illustrated
in Figure 1 [Figure 1: see original paper]. The neutron kinetics model couples
with other models through reactivity and neutron density: changes in reactivity
affect neutron density, which directly influences xenon and samarium poisoning
and indirectly affects fuel and coolant temperatures through power. Conversely,
changes in xenon / samarum poisoning, fuel temperature, and coolant tempera-
ture all affect reactivity. These models employ lumped parameter treatment of
spatial variables, which limits simulation of spatial distributions but captures
the fundamental dynamic behavior of the system, making them suitable for
teaching, training, and basic dynamic analysis.
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1.6 Determination of Steady-State Initial Values

When simulating from a steady-state condition, initial values must be deter-
mined. At steady state, with a given steady-state power P, all time derivatives
are set to zero, yielding the neutron density and nuclide concentrations. For
Ty, T,y po, and P,, the total reactivity p must be zero, leading to the following
relationships:

P+ xe(0) + 5 (0) + p5(0) + p,,(0) = 0

¢

v

P, =YEz,V,

Quctive = wa - Qai'r‘ - Qconcrete

There are four unknowns but only three equations, requiring manual specifi-
cation of one quantity. For example, by specifying the active cooling power
@ getives the remaining variables can be determined.

2 Simulation Results and Discussion

Based on the above models, the governing equations were coded in the
open-source Modelica platform OpenModelica, which automatically couples
and solves the system using the default DASSL solver with implicit high-order
multi-step characteristics, enabling multi-physics dynamic simulation.

2.1 Verification of Point Reactor Kinetics Equation Solution

Reactivity is a crucial parameter measuring the deviation of a nuclear reactor
from criticality, and reactivity response simulation relies on solving the point
reactor kinetics equations, which are inherently stiff. The solution accuracy of
OpenModelica was first verified. Using identical parameters, the simulated and
analytical values for different reactivity disturbances are presented in Table 1 ,
showing good agreement. This demonstrates that solving stiff point reactor ki-
netics equations with OpenModelica is feasible, and the computational accuracy
is not significantly affected by step size.

2.2 Pulse Startup

Pulse startup simulations were performed based on the JSI TRIGA MARK II
reactor with a simulation step size of 0.001 s. The specific model parameters
for this reactor are listed in Table 2 , and the model diagram is shown in Fig-
ure 2 [Figure 2: see original paper]. During simulation, a large step positive
reactivity greater than the total delayed neutron fraction was introduced to
simulate control rod ejection, causing a prompt supercritical transient where
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power increases rapidly but then decreases quickly due to strong negative fuel
temperature feedback, forming a pulse. The main pulse parameters, including
pulse peak power, pulse released energy, and pulse full width at half maximum
(FWHM), vary with the magnitude of introduced reactivity. The simulated
and experimental values are compared in Figure 3 [Figure 3: see original paper],
where pulse energy is defined as the total energy generated while power exceeds
1% of the peak power. For pulse peak power, simulation and experimental val-
ues show consistent trends and close agreement. For pulse released energy and
FWHM, deviations are small at large reactivity insertion but larger at small re-
activity insertion. In addition to model errors, this is primarily because at small
pulses, the power shape is asymmetric and the pulse energy is small compared
to measurement resolution, resulting in larger measurement uncertainties.

2.3 Emergency Shutdown

Using the same model parameters as Section 2.2 with a simulation step size
of 1 s, all variables were initialized to steady-state values at 200 kW power.
After 10 hours, a -5000 pcm reactivity insertion was introduced for emergency
shutdown. The simulated concentrations of 13°Xe and '4?Sm are shown in Figure
4 [Figure 4: see original paper]. The *9Sm concentration gradually approaches
the theoretical stable value of 2.2 x 102! m 3, while the ®Xe concentration first
increases then decreases, creating an “iodine well.” The maximum concentration
matches the theoretical prediction of 2.9 x 102° m 3, and the time of occurrence
(9.2 h after shutdown) agrees with theoretical formulas, which is shorter than
the 11.2 h typical for large reactors due to the lower steady-state neutron flux
density (10'3 ¢cm 25 1) in this reactor.

2.4 Power Variation

Model parameters were set to match the TRIGA MARK II reactor at the Uni-
versity of Pavia (Table 2) with a simulation step size of 1.0 s. All variables were
initialized to steady-state values at 50 kW power, and an 89 pcm step reactiv-
ity was introduced at 50 s. The simulated and experimental power values are
compared in Figure 5 [Figure 5: see original paper|, showing good agreement.
After introducing positive reactivity, power gradually increases, reaching a peak
of approximately 75 kW after about 30 s, then gradually decreasing to a new
power level of approximately 70 kW.

Conclusion

A dynamic model for the TRIGA research reactor was constructed using
Modelica simulation technology, incorporating point reactor neutron kinetics,
xenon and samarium poisoning, temperature feedback, and lumped-parameter
thermal-hydraulic models. Simulations were performed for various step reactiv-
ity insertion scenarios. Under pulse, shutdown, and power variation conditions,
key simulation results show good agreement with experimental or theoretical
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values, demonstrating that Modelica can accurately and conveniently perform
dynamic simulations of TRIGA research reactors. The dynamic model devel-
oped in this paper captures the fundamental dynamic physical characteristics
of TRIGA research reactors and provides valuable reference for teaching,
training, and basic dynamic characteristic analysis of TRIGA reactor physics
and operation.

Author Contributions XU Zhitao was responsible for drafting the article,
guiding and implementing the overall research. NIU Aijun was responsible for
article revision, data analysis, and material support. LV Yufan was responsi-
ble for implementing preliminary multi-physics research. ZHOU Chuangye was
responsible for implementing point reactor neutron kinetics research.

References

1. CHEN Xiaoliang, HAN Peng, ZHU Jiyin, et al. Design and prospects of
small multifunctional pool research reactor[J]. Nuclear Techniques, 2025,
43(03): 030002-030002. DOT: 10.11889/;.0253-3219.2025.hjs.48.240303.

2. CHEN Wei, JTANG Xinbiao, CHEN Lixin, et al. Physical and safety anal-
ysis of uranium-zirconium hydride pulse reactor[M]. Beijing: Science Press,
2018.

3. HUANG Yanping, ZENG Xiaokang, DING Ji. Simulation model architec-
ture and concept validation for thermal hydraulic characteristics of two-
phase fluid based on Modelica[J]. Nuclear Power Engineering, 2021, 42(1):
1-7. DOT: 10.13832/j.jnpe.2021.01.0001.

4. LIANG Yangyang, ZHANG Huimin, WANG Li, et al. The appli-
cation of modelica simulation technology in micro gas-cooled re-
actor[J]. Nuclear Power Engineering, 2022, 43(2): 152159. DOL
10.13832/j.jnpe.2022.02.0152.

5. Riede J, Boeck H. Numerical simulation of non-steady state neutron ki-
netics of the TRIGA Mark II reactor Viennal[J]. Nuclear Engineering and
Design, 2013, 265: 872 879. DOI: 10.1016/j.nucengdes.2013.06.030.

6. Introini C, Cammi A, Lorenzi S, et al. An improved zero-dimensional
model for simulation of TRIGA Mark IT dynamic response[J]. Progress in
Nuclear Energy, 2019, 111: 85 96. DOI: 10.1016/j.pnucene.2018.10.025.

7. Malec J, Toskan D, Snoj L. PC-based JSI research reactor sim-
ulator[J]. Annals of Nuclear Energy, 2020, 146: 107630. DOL
10.1016/j.anucene.2020.107630.

8. CHEN Lixin, ZHAO Zhumin, YUAN Jianxin. Thermal-hydraulic anal-
ysis and pulsed characteristic analysis for Xi’ an pulsed reactor[J]. Nu-
clear Power Engineering, 2006, 27(6): 14, 17. DOI: 10.3969/j.issn.0258-
0926.2006.06.001.

chinarxiv.org/items/chinaxiv-202506.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202506.00069

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

ChinaRxiv [$X]

. ZHU Lei, CHEN Lixin, ZHAO Zhumin, et al. Transient behaviours analy-

sis of Xi’ an pulsed reactor under beyond design basis accident[J]. Atomic
Energy Science and Technology, 2012, 46(S2): 800 806.

ZHANG Liang, YUAN Jianxin, ZHAO Wei, et al. Study on dynamic
characteristics of Xi’ an pulsed reactor under non-pulse transient
condition[J]. Nuclear Power Engineering, 2020, 41(5): 17. DOL
10.13832/j.jnpe.2020.05.0001.

ZHAO Wei, CHEN Lixin, LIU Guodong, et al. Multi-scale coupling
transient characteristics of Xi’ an pulsed reactor based on RELAP5
and CTF[J]. Nuclear Power Engineering, 2023, 44(3): 5964. DOL
10.13832/j.jnpe.2023.03.0059.

GUO Shuwei, CHEN Zhenping, JTJANG Xinbiao, et al. Research on the in-
fluence of reflected neutrons on the characteristic parameters of metal neu-
tron pulsed reactors[J]. Nuclear Techniques, 2024, 47(6): 121 128. DOI:
10.11889/;.0253-3219.2024.hjs.47.060602.

Boarin S, Cammi A, Ricotti M E, et al. Setting-up a control-
oriented model for simulation of TRIGA Mark II dynamic re-
sponse[J]. Nuclear Engineering and Design, 2018, 331: 103 115. DOL:
10.1016/j.nucengdes.2018.02.019.

SHEN Shugiu, XIONG Jinbiao, LIU Xiaojing, et al. Research on startup
transient simulation of heat pipe reactor nuclear-thermal-hydraulic cou-
pling based on reduced-order models[J/OL]. Nuclear Techniques, 2025,
48. DOI: 10.11889/j.0253-3219.2025.hjs.48.240471.

ZHU Guifeng, YAN Rui, ZOU Yang, et al. Toward the instantaneous
short reactor period and rate constraint of reactivity insertion[J].
Nuclear Techniques, 2024, 47(03): 030601. DOI: 10.11889/j.0253-
3219.2024.hjs.47.030601.

WANG Kai, WANG Chaoqun, YANG Qun, et al. Uncertainty and
sensibility analysis of reactivity insertion transient accident for 150 MWt
molten salt reactor (SM-MSR)[J]. Nuclear Techniques, 2024, 47(11):
110602. DOI: 10.11889/j.0253-3219.2024.hjs.47.110602.

HE Fan, CAI Xiangzhou, GUO Wei, et al. The transient analysis of molten
salt reactor reactivity insertion based on RELAP5/FLUENT coupled pro-
gram[J]. Nuclear Techniques, 2021, 44(03): 030601. DOI: 10.11889/j.0253-
3219.2021.hjs.44.030601.

Henry R, Jazbec A. Experimental determination and calculation of the
temperature reactivity coefficients for TRIGA MARK II reactor[C]. In
26th International Conference Nuclear Energy for New Europe-NENE
2017. Nuclear Society of Slovenia, Bled, Slovenia Ljubljana, 2017.

Svajger I, Cali¢ D, Pungerci¢ A, et al. Evaluation of reactor pulse exper-
iments[J]. Nuclear Engineering and Technology, 2024, 56(4): 1165 1203.

chinarxiv.org/items/chinaxiv-202506.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202506.00069

ChinaRxiv [$X]

DOI: 10.1016/j.net.2023.11.021.

20. Patra A, Ray S S. The effect of pulse reactivity for stochastic neutron
point kinetic equation in nuclear reactor dynamics[J]. International Jour-
nal of Nuclear Energy Science and Technology, 2014, 8(2): 117-130. DOL:
10.1504/IJNEST.2014.060096.

21. YUAN Hongqiu, HU Dapu. High-order end floating method —for solving
point reactor neutron kinetics equations[J]. Nuclear Power Engineering,
1995, 16(2): 124-128.

22. Ingrid V, Luka S. Evaluation of approximations in reactor pulse[C].
EPJ Web of Conferences, 2021, 247, 08006. DOI: 10.1051/epj-
conf/202124708006.

23. XIE Zhongsheng, WU Hongchun, ZHANG Shaohong. Nuclear reactor
physical analysis[M]. Revision. Xi’ an: Xi’ an Jiaotong University Press,
2004.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202506.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202506.00069

	Modelica-Based Simulation of Step Reactivity Dynamic Response in TRIGA Research Reactor
	Abstract
	Full Text
	Abstract
	1.1 Neutron Kinetics Model
	1.2 Xenon and Samarium Poisoning Model
	1.3 Temperature Feedback Model
	1.4 Thermal Model
	1.5 Coupling Relationship Between Models
	1.6 Determination of Steady-State Initial Values
	2 Simulation Results and Discussion
	2.1 Verification of Point Reactor Kinetics Equation Solution
	2.2 Pulse Startup
	2.3 Emergency Shutdown
	2.4 Power Variation

	Conclusion


