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ABSTRACT 

 
The International Atomic Energy Agency recommends the use of safety and friendly interfaces for monitoring 

and controlling the operational parameters of the nuclear reactors. The most important variable in the nuclear 

reactors control is the power released by fission of the fuel in the core which is directly proportional to neutron 

flux. It was developed a digital system to simulate the neutron evolution flux and monitoring their interaction 

on the other operational parameters. The control objective is to bring the reactor power from its source level 

(mW) to a few W. It is intended for education of basic reactor neutronic principles such as the multiplication 

factor, criticality, reactivity, period, delayed neutron and control by rods. The 250 kW IPR-R1 TRIGA research 

reactor at Nuclear Technology Development Center - CDTN (Belo Horizonte/Brazil) was used as reference. 

TRIGA reactors, developed by General Atomics (GA), are the most widely used research reactor in the world. 

They are cooled by light water under natural convection and are characterized by being inherently safety. 

The simulation system was developed using the LabVIEW
® 

(Laboratory Virtual Instruments Engineering 

Workbench) software, considering the modern concept of virtual instruments (VI’s). The main purpose of the 

system is to provide to analyze the behavior, and the tendency of some processes that occur in the reactor using 

a user-friendly operator interface. The TRIGA simulator system will allow the study of parameters, which 

affect the reactor operation, without the necessity of using the facility. 

 

 

1. INTRODUCTION 

 

Rising concerns about global warming and energy security have spurred a revival of interest 

in nuclear energy, giving birth to a “nuclear power renaissance” in countries the world over. 

As humankind seeks abundant and environmentally responsible energy in the coming 

decades, the renaissance of nuclear power will undoubtedly become reality as it is a proven 

technology and has the potential to generate virtually limitless energy with no greenhouse gas 

emissions during operations. In addition, basic research and nuclear technology applications 

in chemistry, physics, biology, agriculture, health and engineering have been showing their 

importance in the innovation of nuclear technology applications with sustainability. 

Nuclear reactor instrumentation is designed so as to emphasize the reliability, redundancy 

and diversity of control systems. Power monitoring in nuclear reactors is of crucial 

importance with respect to safety and efficient operation. Since the first criticality of a 

nuclear reactor carried out by Fermi and collaborators on December 2, 1942 at the Chicago 

University, there has been concern about safely monitoring the parameters involved in the 

chain reaction. 

Nuclear reactor simulation involves mainly neutronic (neutron physic) and thermal hydraulic 

(fluid and heat transfer). The dynamic behavior of a reactor is associated with an important 

property known as its reactivity. This property changes when the fuel temperatures are 

changed. The changes of reactivity occasioned by fuel changes of temperatures form the 



INAC 2015, São Paulo, SP, Brazil. 

 

effect which is called the “temperature coefficient of reactivity”. For the IPR-R1 TRIGA 

reactor this effect appears when the reactor operates in power above nearly 1 kW. For low 

operating power level there is not the influence of temperature. In this work the simulation 

was developed for the reactor operating at a power of a few watts, so only the neutronic 

parameters were simulated. Other operational parameters like the fission product poisoning 

will also not be simulated by this program. 

 

 

Figure 1. Digital control system simulation for nuclear reactor parameters. 

Nuclear reactor operating is moving toward a wider use of digital computers 

(microprocessor) for monitoring and controlling the plant. The simulation system described 

here has been developed and experimentally validated in the IPR-R1 TRIGA research reactor. 

The methodologies and graphical interfaces implemented provide greater reliability and 

transparency in nuclear reactors operations.  Besides allowing visualization and transmission 

through the internet or in the networks, the data is stored and can be made available. 

Developments and innovations used for research reactors can be later applied to larger power 

reactors. Their relatively low cost allows research reactors to provide an excellent testing 

ground for the reactors of tomorrow. The work presented here contributes to the safe and 

reliable  operation  of  nuclear  reactors  by  training   of  the  operational  staff.   The  reactor 

simulator was developed using the software LabVIEW
®
,  where the user defines the required 

final power and some of the plant and controller parameters were graphically and numerically 

available to the operator [1]. 

Figure 1 shows two user interface of the simulation system in two computer video screens. 

 

 

2. THE IPR-R1 TRIGA REACTOR 

 

The IPR-R1 TRIGA (Instituto de Pesquisas Radiativas - Reactor 1, Training Research 

Isotope General Atomic) reactor, located at the Nuclear Technology Development Center - 

CDTN (Belo Horizonte/Brazil), is a typical TRIGA Mark I light-water and open pool type 

reactor. The fuel elements in the reactor core are cooled by water natural circulation. The heat 

removal capability of this process is great enough for safety reasons at the current maximum 
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250 kW power level configuration. However, a heat removal system is provided for removing 

heat from the reactor pool water. The water is pumped through a heat exchanger, where the 

heat is transferred from the primary to the secondary loop. The secondary loop water is 

cooled in an external cooling tower. 

 

 
 

Figure 2. The IPR-R1 TRIGA nuclear reactor. 

 

TRIGA reactors are the most widely used research reactor in the world. There is an installed 

base of over sixty-five facilities in twenty-four countries on five continents. General Atomics 

(GA), the supplier of TRIGA research reactors, since late 50’s continues to design and install 

TRIGA reactors around the world, and has built TRIGA reactors in a variety of 

configurations and capabilities, with steady state thermal power levels ranging from 100 kW 

to 16 MW. TRIGA reactors are used in many diverse applications, including production of 

radioisotopes for medicine and industry, treatment of tumors, nondestructive testing, basic 

research on the properties of matter, and for education and training. The TRIGA reactor is the 

only nuclear reactor in this category that offers true "inherent safety", rather than relying on 

"engineered safety". It is possible due to the unique properties of GA's uranium-zirconium 

hydride fuel, which provides unrivaled safety characteristics, which also permit flexibility in 

sitting, with minimal environmental effects [2]. Figure 2 shows two photographs of the pool 

and the core with the IPR-R1 TRIGA reactor in operation. 

The reactor TRIGA IPR-R1 operating variables are shown by analog indicators located on 

the operation table. Operators record the most important operating parameters manually. The 

control board uses discrete electronic components and operation logic is performed by relays. 

The CDTN has tried to adopt in their laboratories to ISO (International Organization for 

Standardization), to show reliable results. According to the standard ISO 9000, an institution 

must meet certain requirements to be certified. Among these, it can be mentioned: measuring 

and monitoring processes to ensure the quality of the product/service through performance 

indicators and deviations; implement and maintain appropriate and necessary records to 

ensure traceability of the process and conduct systematic reviews of processes and the quality 

system to ensure its effectiveness. 

The IPR-1 TRIGA is used for training, research and neutron activation analysis. The core is 

placed at the bottom of an open tank of about 6m height and 2m diameter, able to assure an 

adequate radioactive shielding. The core has an annular graphite reflector and cylindrical 

configuration of six rings (A, B, C, D, E, F) with 90 positions able to host either fuel rods or 



INAC 2015, São Paulo, SP, Brazil. 

 

other components like control rods, graphite dummies (mobile reflector), irradiating and 

measurement channels (e.g. central thimble alias A ring). A simplified view of the TRIGA 

current configuration is show in Figure 3, anyway there is a very high number of reactor 

loading configurations, so that it is possible to obtain the sub-critical level required simply 

loading/unloading fuel rods from the core. The prototypical cylindrical fuel elements are a 

homogeneous alloy of zirconium hydride (neutron moderator) and uranium enriched at 20% 

in 
235

U. The reactor core has 58 aluminum-clad fuel elements and 5 stainless steel-clad fuel 

elements. One of these steel-clad fuel elements is instrumented with three thermocouples 

along its centerline. This instrumented fuel element was inserted by Mesquita [3] in the 

reactor core in order to evaluate the thermal hydraulic performance of the IPR-R1 reactor. 

The fuel rod has about 3.5 cm diameter, the active length is about 37 cm closed by graphite 

slugs at the top and bottom ends which act as axial reflector. The moderating effects are 

carried out mainly by the zirconium hydride in the mixture, and on a smaller scale by light 

water coolant. The characteristic of the fuel elements gives a very high negative prompt 

temperature coefficient, is the main reason of the high inherent safety behavior of the TRIGA 

reactors. The power level of the reactor is controlled with three independent control rods: a 

Regulating rod, a Shim rod, and a Safety rod. 

Power monitoring of nuclear reactors is always done by means of nuclear detectors, which 

are calibrated by thermal methods. In the IPR-R1 reactor four neutron-sensitive chambers are 

mounted around the reactor core for flux measurement. The departure channel consists of a 

fission counter with a pulse amplifier that a logarithmic count rate circuit. The logarithmic 

channel consists of a compensated ion chamber, whose signal is the input to a logarithmic 

amplifier, which gives a logarithmic power indication from less than 0.1W to full power. The 

linear channel consists of a compensated ion chamber, whose signal is the input to a sensitive 

amplifier and recorder with a range switch, which gives accurate power information from 

source level to full power on a linear recorder. The percent channel consists of an 

uncompensated ion chamber, whose signal is the input to a power level monitor circuit and 

meter, which is calibrated in percentage of full power. 
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Figure 3. Core configuration of IPR-R1 TRIGA  research  reactor. 

 

2.1. Digital Instrumentation for Nuclear Reactors 

 

Control and instrumentation of nuclear power plants has improved rapidly and significantly 

in recent years as demands for reactor safety, availability, and reliability increased. 

Development and design of modern, highly automated systems have become possible as new 

measurement and control methods were introduced together with new data processing 

techniques based on recent advances in electronic components, transducers, and computers. 

There is now a new generation of computerized nuclear power plant control systems which 

meet the high demands for reactor safety and decrease the risk of accidents. The experience 

gained using computers in reactor-control systems and in monitoring the status of safety 

systems, has shown the benefits which can be gained from fully computerized shutdown 

systems. They are reliable, flexible in design, and give a better man-machine interface. 

Microcomputers and their software will dominate future systems. Computers and their 

peripherals, e.g. graphical color screens will become the major source of information for the 

reactor operator. The new digital control includes automatic start-up and shutdown 

procedures to reduce risks for potential errors and to improve operational management. The 

control methods employed are mainly supervisory computer control and direct digital control 

[4]. 
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2.1.1. Virtual Instruments 

 

The proposed system, among other tools, can be developed using the LabVIEW
®
 software 

(Laboratory Virtual Instruments Engineering Workbench). This program uses the modern 

concept of virtual instruments (VI's) using microprocessors and visual interface for video 

monitors [1]. The icons represent the LabVIEW
®
 controls and functions available in software 

menus, called visual programming. The LabVIEW
®
 breaks the paradigm of text-based 

programming language for programming based on objects. The user interface consists of two 

parts, which are: the front panel and the block diagram, similar to traditional instruments, 

which have a front panel and printed circuit board on which is the electronic circuit. 

LabVIEW
®
 on the front panel can be created controls buttons, keys, LED indicators and 

graphical displays to present the data, while in the block diagram reside blocks, properly 

connected, are the electronic circuit. 

The rapid adoption of the PC in the last 20 years catalyzed a revolution in instrumentation for 

test, measurement, and automation. One major development resulting from the ubiquity of 

the PC is the concept of virtual instrumentation, which offers several benefits to engineers 

and scientists who require increased productivity, accuracy, and performance. A virtual 

instrument (VI) consists of an industry-standard computer or workstation equipped with 

powerful application software, cost-effective hardware such as plug-in boards, and driver 

software, which together perform the functions of traditional instruments. The VI appearance 

and operation imitate physical instruments. Traditional hardware instrumentation systems are 

made up of pre-defined hardware components, such as digital multimeters and oscilloscopes. 

These systems are more limited in their versatility than virtual instrumentation systems. The 

primary difference between hardware instrumentation and virtual instrumentation is that 

software is used to replace a large amount of hardware. Virtual instruments are computer 

programs that interact with real world objects by means of sensors and implement functions 

of real or imaginary instruments. They can acquire, simulate and analyze data. Virtual 

instruments represent a fundamental shift from traditional hardware-centered instrumentation 

systems to software-centered systems that exploit the computing power, productivity, display, 

and connectivity capabilities of popular desktop computers and workstations. Although the 

PC and integrated circuit technology have experienced significant advances in the last two 

decades, it is software that truly provides the leverage to build on this powerful hardware 

foundation to create virtual instruments, providing better ways to innovate and significantly 

reduce cost. With virtual instruments, engineers and scientists build measurement and 

automation systems that suit their needs exactly (user-defined) instead of being limited by 

traditional fixed-function instruments (vendor-defined). The synergy between them offers 

advantages that cannot be matched by traditional instrumentation [5]. 

The most popular software used in virtual instrumentation is the LabVIEW
®

 programs. 

LabVIEW
®
 contains a comprehensive set of tools for acquiring analyzing, displaying, and 

storing data. This software is used in conventional plants and in some nuclear reactor, 

replacing the analog control system with modern, user-friendly digital control [6]. 

LabVIEW
®
 developed by National Instruments [1] is an amazingly intuitive program. It 

allows you to create programs using a graphics-based programming language called G. This 

means there are no longer lines upon lines of text-based code with hard-to-remember syntax 

(e.g., C++, Fortran). You just drag the functions onto the screen and wire them together. 

Also, LabVIEW
®
 is equipped with some very easy-to-use functions that take care of the dirty 

low-level work of configuring the computer hardware to establish communication between 

the computer and the instrument. 
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LabVIEW
®

 software was used, in the work present here, to simulating the thermical and 

neutronic parameters evolution of nuclear reactor. LabVIEW
®
 VIs contain three components: 

the front panel, the block diagram, and the icon and connector panel. In LabVIEW
®
, the user 

builds an interface, or front panel, with controls and indicators. Controls are knobs, switches, 

push buttons, dials, and other input devices. Indicators are graphs, meters, and other displays 

that simulate the front panel of a real instrument. The code and structures to control the front 

panel objects is added to the user interface. The block diagram contains this code. The block 

diagram resembles a flowchart [1]. 

Digital electronics technology has rapidly taken over the bulk of new electronic applications 

because of its vastly increased functionality, lower cost, improved reliability and reduced 

maintenance requirements. With their capability for convenient programming of complex 

tasks, they have found applications in a phenomenally wide range of applications. The 

extraordinary increase in computing power and the simultaneous dramatic reduction in cost 

of computing hardware have made it possible to develop high performance plant monitoring 

and control systems with a wide range of functions and features. Their most recognizable 

feature is user friendly human–machine interfaces (HMIs) with graphical displays [7].  

Virtual instruments, by virtue of being PC-based, inherently take advantage of the benefits 

from the latest technology incorporated into off-the-shelf PCs. These advances in technology 

and performance, which are quickly closing the gap between stand-alone instruments and 

PCs, include powerful processors such as the Pentium i7 and operating systems and 

technologies such as Microsoft Seven and Eight. In addition to incorporating powerful 

features, these platforms also offer easy access to powerful tools such as the Internet. 

Traditional instruments also frequently lack portability, whereas virtual instruments running 

on notebooks automatically incorporate their portable nature. Engineers and scientists whose 

needs, applications, and requirements change very quickly, need flexibility to create their 

own solutions. You can adapt a virtual instrument to your particular needs without having to 

replace the entire device because of the application software installed on the PC and the wide 

range of available plug-in hardware [8]. 

 

2.2. Parameters to be Simulated 

 

The parameters to be simulated are those that appear in the reactor startup caused by the 

control rods movement, leading to neutron flux multiplication. As mentioned the reactor 

reference is the IPR-R1 TRIGA research reactor. In this reactor the reactivity control and 

consequently the power level is done by three control rods that can be inserted into or 

withdrawn from the core. They are: a Safety Rod, a Shim Rod and a Regulating Rod. 

The front panel of the simulator system displays the responses of the two main power 

measure channels, the Linear Channel and the Logarithmic Channel. The reactivity () the 

period (T) and the inhour equation are variables derived from these two channels. 

The boundary conditions are: 

 

 The inhour equation is only valid for stable period. 

 The Safety Rod can be moved from position 150 (fully inserted) to position 890 

(totally removed). During reactor operation this rod is completely out. 

 The Shim Rod, during the reactor operation, normally works in an intermediate 

position. It can be moved from position 161 (fully inserted) to position 890 (totally 

removed). 
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 The Regulation Rod also works in an intermediate position. It can be moved from 

position 171 (fully inserted) to position 900 (totally removed). 

 The simulation is valid for operations up to a maximum of 1 kW. For higher power 

the fuel temperature increased causes the appearance of a negative reactivity in the 

core, not simulated by the program. This property is called the "temperature 

coefficient of reactivity". 

 

The main VI’s developed for the simulator were: the VI that relates the control rod position 

with the reactivity inserted in the core (calibration rod equation), the VI that relates reactor 

period with reactivity (inhour curve) and the VI that relates the neutron multiplication in the 

Linear Channel and Logarithmic Channel. Some VI’s were developed to manage the 

program. These instruments were called "structure events”. 

 

2.2.1. Routine Startup and Shutdown of the TRIGA Reactor 

 

It is described here the steps that are followed for the routine startup and shutdown the 

TRIGA reactor. With the control rods of the reactor calibrated and a neutron source provided, 

the reactor might be taken up to power from its shutdown condition by slowly withdrawing 

the Safety rod to its ready position, followed by small stepwise withdrawal of the Shim rod 

and the Regulating rod, maintaining approximately symmetrical positions for this two rods. 

The multiplication of the neutrons is followed with the period meter, the fission chamber 

(Startup Channel) and the ionization chamber (Logarithmic Channel), while the reactor is still 

subcritical. If the motion of the shim or regulation rods under withdrawal is stopped while the 

reactor is in this condition, the meters will come to rest and the period meter will return to the 

infinite-period position [9]. 

The slow adjustment of the shim rod and the regulating rod by the operator is continued. 

There will come a time when, with the rods stationary, the period meter not indicate an 

infinite period, but some finite, large value. This indicates that the reactor is slightly 

supercritical. The shim rod positions should then be left as they are, and the regulating rod 

adjusted slightly to set the period to a moderate value. In this state, the reactor power is 

slowly rising and may be followed by the meter of the logarithmic channel and later by the 

linear channel. When the desired power level is obtained, the regulating rod should be 

slightly inserted until the power level remains constant and the period meter returns to the 

infinite-period position. The reactor may be shut down by one or more methods. To shutdown 

the reactor, the “scram” button is pressed, thereby releasing the control rods. They will then 

be quickly insert the rods by gravity and shut the rector down [9]. 

 

2.2.2. Development of the Simulator 

 

The system simulator design followed the methodology shown in the flowchart of Figure 7 

[10]. After being selected the parameters were created several virtual instruments (VI’s) and 

for each VI had developed a LabVIEW
®
 block diagram. 
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Figura 7. Steps followed in developing the simulator system. 

 

2.2.3. The Control Rods Worth VI 
 

The determination of the reactivity worth of individual control elements and the effects of 

such elements on the power distribution in the core is important to the safe and efficient 

operation of a nuclear reactor. Once a control rod is calibrated, it is possible to evaluate the 

magnitude of other reactivity changes by comparing the critical rod positions before and after 

the change. All three-control rods are calibrated by the positive period method. The method 

consists of withdrawing the control rod from a known critical position through a small 

distance. This adds a positive reactivity to the system and the reactor power increases in an 

exponential manner with time, and establishes a stable period that is measured using the 

doubling time, that is the time required for the power to increase by a factor of two. Each 

successive step is compensated by lowering the other control rod just enough to reestablish 

criticality. The reactivity associated with the measurement is gotten from the graphical form 

of the inhour equation that gives the relationship between reactivity and the stable reactor 

period. 
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The experimental data obtained in the control rods calibration, and the integral fitted worth 

curve of Shim Rod as a function of their positions are shown graphically in Figure 8. The 

equation representing the fitted model, and the coefficients of determination R
2
, that confirm 

the goodness of the fit are also shown in the figure. The integral control rod worth curve is 

particularly important in research reactor operation. The measured values of the Shim rod 

worth for the IPR-R1 TRIGA reactor is 3.1 cents [5]. 

 

 

Figure 8. Reactivity as function of insertion of Shim control rod. 

 

It was building the VI named “Control Rods Worth” and the control rods worth curves were 

added to the block diagram of LabVIEW
®
 program. In this VI there are switches and 

indicators that allow the user to simulate the reactivity inserted into the core as a function of 

the rods positions.  

 

2.2.4. The Inhour Equation VI 

 

The relationship between the reactivity (ρ) and period (T) for the IPR-R1 TRIGA reactor, 

which is not far above the critical condition of operation, is given by the inhour equation, this 

equation was inserted into the LabVIEW
®
 simulator program. 

 

 

Figure 9. Inhour equation curve. 
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For IPR-R1 TRIGA reactor: the neutron generation average lifetime ( =100µs), the delayed 

neutron fraction and its decay constant, and the multiplication factor (k ≈ 1 and k ≈ 0.001) is 

known so the period can be determined when the reactivity is known and vice versa. It was 

considered the properties of the six known groups of delayed neutrons emitted during the 

fission of 
235

U. Figure 9 shows the graphic interface of the program. 

 

2.2.5. The Control Panel VI 

 

On the VI "Control Panel" the user must enter the following variables concerning the inhour 

equation which is specific for the IPR-R1 TRIGA reactor: 

 

 The excess of the multiplication factor “Delta K” which is used in the inhour 

equation. The default value for the IPR-R1 reactor is 0.001s. 

 The neutron average lifetime “L” [s], for IPR-R1 TRIGA is 100µs or 0.0001s. 

 

The block diagram of the control panel is shown in Figure 10. In all other VI's of the program 

were developed block diagrams similar to this. 

 

 

Figure 10. Block diagram of the Control Panel. 

 

  



INAC 2015, São Paulo, SP, Brazil. 

 

3. CONCLUSIONS  

 

The IPR-R1 TRIGA nuclear reactor at Nuclear Technology Development Center (CDTN) is 

used for education, particularly for the needs of the Brazilian Nuclear Power Plants operators 

training. Thus it was developed a digital system that simulates the behavior of the main 

variables related to the routine startup of the reactor in order to assist in the training 

conducted in this reactor. Students of physics and post-graduate students of nuclear 

engineering can carry out practical exercises on this reactor simulator system. 

The variables derived from the neutron multiplication that can be simulated are: the inhour 

curve (relationship between the reactivity ρ and the stable period T ); the control rods worth; 

the neutron multiplication (power). The control panel shows the reactor power in Linear and 

Logarithmic Channels. With the simulator several exercises can be performed by simulating 

various operation scenarios, such as neutron multiplication as a function of the rod position or 

as a function of a given period. 

With the program can evaluate the effect of extreme values of several variables, allowing 

understanding the process behavior and its implications. This is of extreme importance for the 

safe operation of nuclear reactors. The use of video screens for monitoring the operational 

parameters is important in the normal operation and to perform basic operator training.  

The system simulator was developed using the LabVIEW
®
 software that is the most 

commonly program used for monitoring, control, simulation and data acquisition. In 

LabVIEW
®
, the user builds an interface, or front panel, with controls and indicators. The use 

of customizable software and modular measurement hardware to create user-defined 

measurement systems is called virtual instruments (VI’s). Their appearance and operation 

imitate physical instruments. The resulting system has a user-friendly operator interface. 

Advanced human-system interface technology is being integrated into existing nuclear plants 

as part of plant modification and upgrades. 

A new version of the simulator is being developed to simulate the entire power range of the 

IPR-R1 TRIGA reactor (until 250 kW). For this upgrade must be insert a mathematical 

expression that takes into account the temperature coefficient of reactivity that occurs in 

operation powers above about 1 kW. 
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