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Abstract—A code-based Kartini reactor simulator was improved as a facility for the human resource development of a nuclear reactor. 

The simulator simulates the plant dynamics regarding a change of a control rod position. Reactor operation parameter calculations of 

the reactor power, coolant flow, and fuel temperatures adopt a one-channel method with assumptions of homogeneous radial power 

distribution and a cosine function of the axial power distribution. Point reactor kinetics, radial conduction heat transfer, and mass and 

energy conservation are the calculation code's governing equations. Reactivity feedback due to the coolant density and fuel temperature 

changes are considered. Reactor pressure is fixed at 1 atm due to an open pool-type research reactor. A graphical user interface was 

developed to operate the simulator. The operation results of the simulator show that the power calculation agrees well with the 

experimental data. An accident of excess reactivity due to a control ejection is assumed to happen, causing a positive reactivity insertion 

of 1.11$. However, the safety criterion of the cladding temperature is satisfied due to the negative reactivity feedback. Besides, early 

application of 3D virtual reality was carried out to provide an immersive interaction between the users and the virtual Kartini reactor 

plant. The further development of integrating both the virtual reality and the simulator in the recent Kartini reactor-based internet 

reactor laboratory is interesting to provide a facility with features of remote as well as immersive education and training. 
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I. INTRODUCTION

Experiences of the past three major reactor accidents of 
TMI-2 (1979), Chernobyl (1986), and Fukushima Daiichi 
(2011) have given a lesson learned of the potential hazard of 
long-term radiation exposure to the surrounding environment 
[1]–[3]. Since that, strict safety standards have been applied 
in nuclear-related activities. To avoid direct radiation 
exposure, reactor simulators have played important roles in 
nuclear activities, such as reactor design, safety analysis, 
conducting nuclear facility tests, and educating and training 
nuclear reactor personnel [4]–[7]. Well-trained reactor 
operators will determine the safe and efficient operation of 
nuclear power plants, and it is not an option to conduct the 
training using a real nuclear power reactor. Meanwhile, a 
target of zero carbon emission in 2060 might encourage the 
use of more nuclear power plants in the future [8], [9]. Given 
its technology, developments of new concepts of nuclear 

power reactors require computer-based codes for reactor 
design and safety analyses [10]–[12]. 

A long-term experience in the development and operation 
of nuclear reactors in the world has pushed many applications 
of computer-based reactor simulation for reactor research and 
for education and training [13], [14]. A computer code 
validated experimentally was used to determine the specific 
dimension of coolant flow channels of a generation-IV 
sodium-cooled fast power reactor [10]. It relates to satisfying 
the desired flow distribution for cooling the reactor core. A 
point neutronic calculation model is useful for analyzing a 
specific case of a power reactor system. In a large-scale 
system, a 3D neutronic calculation model was developed to 
analyze the plant system [15] more accurately. Using a 3D 
model applied in an established VVER-1000 NESTLE code 
also enhances the calculation of the spent nuclear fuel of a 
power reactor [16]. In case of abnormal conditions, codes of 
transient thermal-hydraulics were developed particularly for 
the safety analysis of power reactors [17], [18]. Some codes 
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were also developed for analyses of research reactors [19]–
[22]. These codes were used to calculate the reactor 
parameters and for safety analyses. A lot of the reactor 
parameters cannot be measured experimentally. Validated 
codes are useful for the prediction of the parameters. 

Recent development of 3D virtual reality (VR) technology 
has pushed its application to improve the effectiveness and 
efficiency of computer-based simulation tools [23]–[25]. 
Three basic features of immersion, interaction, and 
imagination of the VR technology enhance the improvements 
[26]. Its application in the nuclear field as an education and 
training tool stimulates a real-like experience without the 
potential of critical radiation exposure [27]. It is also used for 
understanding the physical constraints before 
decommissioning a research reactor. The complex behavior 
of a nuclear reactor plant during emergency conditions was 
studied by using a virtual nuclear power plant [28]. The 
environment of radiation sources and its shielding walls was 
built based on VR to give the experiences of the beginners and 
non-expert personnel in handling the radiation sources [29]. 
A virtual reactor laboratory was also developed in Bangladesh 
to provide distance learning of the reactor [30].  

Kartini research reactor, which belongs to the National 
Research and Innovation Agency of Indonesia, has been 
dedicated to nuclear reactor education and training for more 
than three decades [31]. It covers understanding reactor 
physics, reactor kinetics, and reactor operation. Furthermore, 
an online platform called Internet reactor laboratory (IRL) 
based on the reactor has been developed to provide distance 
learning of the reactor. These educational activities, however, 
are performed based on the operation of the real reactor, 
which lacks conducting a course of reactor operation in case 
of abnormal or emergency conditions. It is possible to be 
simulated through a simulation. 

A reactor simulator is unique for each reactor. A code-
based Kartini research reactor simulator was developed to 
enable the courses related to emergency conditions [32]. The 
simulator is intended to have functioned as both a computer-
based simulation tool on reactor physics and a code for safety 
analysis. However, improvement of this simulator is 
necessary due to a large error in the power data calculation. 
This current study focuses on code improvement by 
considering the calculations of control rod worth and 
temperature reactivity feedbacks and optimizing the neutronic 
parameters of the delayed neutron fraction, the conduction 
radial heat transfer coefficient, and the hydraulic diameter. A 
recent study of experimental-based thermohydraulic analysis 
of the Kartini research reactor shows interesting results in 
finding the three stages of heat transfer from the fuel to the 
coolant. This results in a novel correction factor to quantify 
the influence of coolant flow on the fuel temperature [33]. The 
results might be useful for validation of the recent code. The 
improved code might be further developed by integrating it 
with the recent IRL and applicating the VR to get an 
immersive distance learning of the reactor. In this research, an 
early development of 3D virtual reality model is carried out 
to create an initial immersive IRL platform based on the actual 
reactor and the simulator. 

 
 

II. MATERIALS AND METHOD 

A. Description of Kartini Reactor 

Kartini research reactor is a water-cooled TRIGA Mark-II 
reactor with an open pool tank. It was designed with thermal 
power of 250 kWth but was allowed by the Nuclear Energy 
Regulatory Agency (BAPETEN) to be operated at rated 
power of 100 kWth. The core characteristics are shown in 
Table I. It comprises 68 fuel rods with three control rods of 
safety, shim, and regulating rods. The outside diameter of the 
fuel is 35.60 mm, surrounded by cladding with a thickness of 
0.5 mm. Fig. 1 shows the arrangement of the Kartini reactor. 
The core diameter is 1.97 m, located at the bottom of the pool 
tank. It is 4.85 m under the coolant surface of the pool. A 
passive core coolant flow cools the core. However, an active 
coolant system is available to circulate hot water, passing two 
heat exchangers of a flat type and cylinder heat exchangers. 
This coolant circulation does not affect the core coolant flow. 
At rated power of 100 kWth, the bulk temperature of the 
coolant is about 40 oC. The water volume in the tank is so 
large that the operation of the coolant system does not 
influence the bulk temperature significantly. 

TABLE I  

SPECIFICATION OF THE KARTINI REACTOR CORE [32] 

Parameter Value 

Thermal power (kW) 100.00 
Core pressure (bar) 1.013 
Active core height (mm) 380 
Fuel rod number 68 
Outside diameter of the fuel (mm) 35.60 
The fuel gap (mm) 0.20 
Outside diameter of the cladding (mm) 37 
Hydraulic diameter (mm) 20.976 
Cladding thermal conductivity (W/m.K) 16.2 
Fuel gap conductivity (W/m.K) 1721 

B. Method 

The calculation code is built by using Fortran. The code 
development focuses on the reactor part with boundaries of 
passive coolant flow and constant reactor pressure of 1 atm. 
The passive coolant flow is assumed to be one kg/s. The 
calculation model of neutronic and thermal hydraulics in the 
reactor is shown in Fig. 2. Three parts are considered in the 
calculation. The first part is the core, which consists of 
numerically thirty-six nodes (meshes). The second part is the 
upper compartment above the core, and the third part is the 
lower compartment below the core with ten nodes, 
respectively. The flowchart of the calculation code is shown 
in Fig. 3. Control rod position and reactivity are taken as the 
inputs. Besides normal operation, an emergency condition is 
assumed to happen through a case of reactivity insertion 
accident, in which the reactivity is increased suddenly due to 
a control rod ejection. In this study, the excess reactivity of 
1.11 $ is assumed to happen, referring to another similar 
reactor [4]. 

The code calculation uses one channel method by 
considering the average radial power. Meanwhile, the cosine 
function is taken to approximate the axial power distribution, 
as shown in Fig. 4 [34]. This study considers one control rod 
instead of three control rods. During the reactor operation, 
safety and shim control rods are assumed to be at constant 
positions of 100% and 70%, respectively. 
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(a) 

 

 
(b) 

Fig. 1  The Kartini reactor view: (a) Horizontal view of the core; (b) Vertical 
view of the reactor 

 

 
Fig. 2  Model of calculation of the Kartini reactor simulator 

 
Fig. 3  Flowchart of the calculation code 

 
Fig. 4  Power distribution with cosine function approximation [38] 

Calculation of neutron flux in the nuclear fuel is described 
by point reactor kinetic model as shown in Eqs. (1) & (2) [35]. 
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Where n(t) is the total number of neutrons at time t,  is 

reactivity, β is delayed neutron fraction, � is a neutron life 

time, � is the decay constant, and Ci is the number of 
radioactive precursors. Generated heat due to the fission 
reaction is assumed to be proportional to the neutron flux. The 
fraction of delayed neutron (β) refers to that of U-235 fuel as 
shown in Table II [34]. 
 

TABLE II 
FRACTION OF DELAYED NEUTRONS FOR U-235 FUEL [34] 

Group (i) Half-time (s) ��(s-1)  � 
1 55.72 0.0124 0.000215 
2 22.72 0.0305 0.001424 
3 6.22 0.1115 0.001274 
4 2.30 0.301 0.002568 
5 0.61 1.138 0.000748 
6 0.23 3.01 0.000273 

 
The generated heat produced by the fuel spreads into the 

coolant through the fuel gap and the cladding wall by 
conduction heat transfer. Fig. 5 shows the radial heat transfer 
model from fuel to coolant. Heat conduction is calculated 
based on Eq. (3) where q is the transferred heat, Z is length of 
the mesh, K is thermal conductivity, Ta and Tb are 
temperatures at point a and b with b > a, ra and rb are radius of 
point a and b [35]. 

 ! � "#∆%&
'�()* )+, -

�./ � .0� (3) 

Thermal-hydraulic is calculated using mass and energy 

conservation models, as shown in Eqs. (4-5) where  is the 
coolant density, G is mass flux, h is enthalpy, z is position, t 
is time, lf is mesh height, Af is the outside surface area of the 
fuel, and q’’ is the heat flux. The equations are discretized 
using the upwind difference and fully implicit schemes [35]. 
Reactivity feedback due to temperature changes of the fuel 
and the coolant are considered. A model of the reactivity 

feedback due to the temperature is shown in Eq. (6), where δ 
is the change of reactivity due to the feedback, αT is the 
coefficient of temperature reactivity feedback, and δT is the 
average temperature change causing the reactivity feedback. 
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The coefficient of fuel temperature reactivity feedback is 

assumed to be constant of -1.2 x 10-4 δ/oC. 
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Fig. 5  Radial heat transfer model 

 
3D virtual reality (VR) model is developed using Unity 

software. Fig. 6 shows the framework of the 3D virtual 
reality-based platform of the Kartini reactor simulator. The 
simulator has a function of calculating the reactor data for the 
given inputs. GUI has a function of a 2D interface for 
operating the simulator. The 3D virtual reality model allows 
access to the simulator based on a virtual environment using 
a VR machine of Oculus. 

 

  
Fig. 6  Framework of 3D VR-based Kartini reactor simulator 

III. RESULTS AND DISCUSSION 

A graphical user interface (GUI), as shown in Fig. 7, was 
developed to operate the simulator. It was developed by 
referring to the GUI used for the operation of the actual 
Kartini reactor. The regulating control rod (CR) position is set 
as the input, which the operator can change, while the safety 
and shim rods are set at a fixed position. 

 

 
Fig. 7  Graphical user interface of the Kartini reactor simulator 

 
The regulating CR worth is calculated based on 

experimental data of the CR calibration of the Kartini reactor. 
The measured data of the CR reactivity as a function of its 
position is shown in Fig. 8. Withdrawal of the CR results in a 

positive reactivity insertion and vice versa. At lower and 
upper positions, the change of CR position slightly changes 
the reactivity. At the core's center position, the CR position 
changes the reactivity significantly. It aligns with the 
assumption of using the cosine function for the power 
distribution in the code [34]. 

 

 
Fig. 8  Experimental data of regulating control rod’s reactivity 

 
Figs. 9-12 show the calculation results regarding the 

insertion of the regulating control rod (CR) by 5% from its 
rated power position. The decreased position of the CR leads 
to a negative reactivity insertion of about -0.38$. The power 
is decreased rapidly within less than 10 s. In turn, it causes a 
decrease in the coolant bulk temperature. The average density 
of the coolant is increased. 

Meanwhile, the average fuel temperature decreases. Both 
changes in the coolant average density and the fuel 
temperature give a positive reactivity feedback that 
compensates for the control rod insertion, as shown in Fig. 9. 
Within about 150 s, the total reactivity achieves zero, and the 
power gets to its stable condition. Since a research reactor has 
a large negative coefficient of the temperature reactivity 
feedback, steady state condition of the power could be 
achieved rapidly. These calculation results show that the 
Kartini reactor's plant dynamics can be simulated sufficiently. 

 
Fig. 9 Change of reactivity due to insertion of CR 

 
Fig. 10  The power change due to the CR insertion 
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Fig. 11  The density change due to the CR insertion 

 
Fig. 12  The fuel temperature change due to the CR insertion 

 
A sensitivity study was carried out to observe the influence 

of the coefficient change of the temperature reactivity 
feedback towards the power and the reactivity. The datasheet 
of the Kartini reactor shows that the coefficient of fuel 

temperature reactivity feedback is -1.2 x 10-4 Δ/oC. The 
coefficient of the coolant density reactivity feedback is taken 
the same as the previous code [32]. Fig. 13 shows the 
calculation results regarding the sensitivity simulation. The 
plant dynamics due to a decrease of the regulating CR position 
by 5% from its rated power is observed with variation in the 
coefficient of the fuel temperature reactivity feedback. The 
decreased position of the CR inserts a negative reactivity and 
then decreases the power. The more negative the coefficient, 
the smaller the change of the power. It agrees with the 
characteristics of the Kartini research reactor, which was 
designed to have inherent safety by a large coefficient of 
negative reactivity feedback. The reactor power is not 
sensitive to perturbation. 

 
Fig. 13  Variation of coefficient of fuel temperature reactivity feedback 

Kartini reactor uses U-235 as the fuel and relatively has a 
larger delayed neutron fraction than a nuclear power reactor. 
Fig. 14 shows the influence of delayed neutron fraction 
change on the power and the reactivity regarding a 5% 
decrease in the regulating CR position. Kartini reactor has a 
total delayed neutron fraction of 0.007, which is double that 
of a nuclear power reactor [35]. The figure shows that a 
smaller delayed neutron fraction increases the time responses 
of both the reactivity and the power changes. It means a 
decrease in the reactor period. Since the Kartini reactor is a 
research reactor for education and training purposes, it has a 
high delayed neutron fraction to result in a large reactor period. 

 
Fig. 14  Variation of delayed neutron fraction 

 
Fig. 15 shows the power changes due to variations of the 

radial heat conductivity of the cladding. Kartini reactor has a 
cladding radial heat conductivity of 16.2 W/m.K. The smaller 
the radial heat conductivity, the smaller the heat transfer from 
the fuel to the coolant. As a result, the generated heat should 
be more accumulated in the fuel, increasing the fuel 
temperature. However, since the Kartini reactor has a low 
power density, the heat conductivity coefficient variation does 
not influence the power change significantly [33]. The change 
of CR position is much dominant in determining the plant 
behavior. 

 

 
Fig. 15  Variation of cladding thermal conductivity 
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Hydraulic diameter is an important parameter in the fuel 
channel. A smaller hydraulic diameter might be meant a 
smaller volume of the coolant. Based on the fuel channel 
dimension of the Kartini reactor, its hydraulic diameter is 
0.02098 m. Variation of the hydraulic diameter is applied to 
observe its influence on the power and the reactivity. The 
simulation results are shown in Fig. 16. It is shown that the 
smaller hydraulic diameter leads to a higher effect of the 
reactivity feedback. A half value of the hydraulic diameter 
results in about 5% higher power at a steady state.  

 
Fig. 16  Variation of hydraulic diameter (Dh) 

 
The power calculations as a function of the CR position are 

shown in Fig. 17. The calculation is carried out at steady-state 
conditions referring to a previous study [36]. The simulation 
data are validated with the experimental data. It is shown that 
the power calculations using the improved code have a much 
better agreement to the experimental data than the old code. 
Since the Kartini reactor's 100% actual power capacity is 250 
kWth, the allowed rated power of 100 kWth is achieved at the 
regulating control rod position of around 41.6%. Therefore, 
the simulator can be used for data generation of the Kartini 
reactor's plant dynamics.  

 

 
Fig. 17  Power calculation as a function of the CR position 

 
An accident of a CR ejection is simulated as an emergency 

condition. It inserts a reactivity of 1.11$, and the simulation 

results are shown in Fig. 18. The power is increased rapidly, 
increasing the fuel temperature to reach about 200 oC. Large 
negative reactivity feedback, however, mitigates the accident 
by decreasing the power. A stable condition can be achieved 
within around 80 s. The research reactor safety analysis 
satisfies the criterion of considering similar cladding material 
to that of a power reactor [35], [37]. Given emergency 
simulation, the generated data of the accident can be used for 
operator training in abnormal conditions. A lot of alarms 
might be initiated, and the operator must do the designated 
procedures for emergency situations so that the reactor can be 
shut down safely. The features will be the next study of 
developing the virtual reality-based platform of reactor 
simulator for education and training. 

 

 
Fig. 18  Simulation of reactivity insertion accident by 1.11 $ 

 
In this study, early development of the 3D VR model of the 

Kartini reactor was conducted, and the results are shown in 
Fig. 19. An Oculus VR machine as shown in Fig. 19(a) is used 
for access the 3D VR models as shown in Fig. 19(b-d). 
Immersive interaction can be experienced by the user, just like 
in the real Kartini reactor. However, further development is 
necessary to improve the immersive feature of the simulator. 
Operating the simulator which is just like operating the real 
Kartini reactor, might be achieved through the further 
development of the 3D VR-based simulator platform. 

 

 
(a) 
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(b) 

 
(c) 

 
(d) 

Fig. 19  Model of 3D virtual reality of the Kartini reactor 

IV. CONCLUSION 

A code-based Kartini research reactor simulator was 
improved. The power calculation agreed with that of the 
experimental data of the Kartini reactor operation. Simulation 
of the reactor dynamics due to insertion and withdrawal of the 
regulating CR shows satisfactory characteristics as the actual 
reactor. The sensitivity studies show that the simulator might 
have the flexibility of modification to be used to simulate 
another water-cooled research reactor.  

The simulator can simulate an abnormal condition of 
excess reactivity accident, and the maximum cladding 
temperature safety criterion is satisfied. In the future study, 
the accident data might be used to initiate a lot of alarm which 
force the trained operator to strictly do the designated safety 
procedures to bring the reactor in safe condition.  

An early interactive and immersive reactor teaching tool 
based on 3D VR model was developed. However, further 
development of the 3D VR model should be carried out to 
enhance the effectiveness and efficiency of education and 

training by using the simulator. Integration among the Kartini 
reactor simulator, the reactor 3D VR model, and the recent 
existing facility of the internet reactor laboratory will be 
interesting further development to provide a facility for 
nuclear reactor education and training with features of both 
remote and immersive. 
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