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Abstract. The real-time simulator of nuclear reactor basic processes
(neutron kinetics, heat generation and its exchange, poisoning and burn-
ing up fuel) build in a network environment is presented in this paper.
The client-server architecture was introduced, where the server is a pow-
erful computing unit and the web browser application is a client for user
interface purposes. The challenge was to develop an application running
under the regime of real-time, with a high temporal resolution, in an
environment which is not a native real-time. The problem of a real-time
operation taking into account the variable time of calculations and a
communication latency was solved using the developed mechanism of
step length adaptation. Results of multiple studies of a numerical com-
pliance with the reference simulator proved correctness of the developed
application.

1 Introduction

Simulators can be used for educational and dissemination purposes supporting
the classical teaching process. Real-time simulators have the additional property
because they offer a familiarization with the dynamics of processes and their
temporal interrelationships. The basic principles nuclear reactor (NR) simulator
presented in this paper is designed to work in a real-time based on a network
environment and a web browser which does not work natively in a real-time
regime. The real-time simulator is expected to deliver simulation results at cer-
tain moments in time, on-line, with a reference 1:1 to a real-time. A simulation
time resolution associated with a simulator step is a very important parame-
ter. Acquisition of input signals, mathematical calculations and presentation of
simulation variables in one simulator iteration shall be performed faster than a
simulation step.The real-time simulator needs a fast, time-efficient solver able to
generate results in a finite, predictable time to produce the results with a pre-
scribed temporal resolution. The deterioration in the accuracy of calculations is
expected comparing to non real-time simulators, but a numerical stability must
be ensured.
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The subject of non real-time simulation of nuclear reactor basic principles can
be found among others in [1]. The conception of the real-time simulation with a
web browser as a user interface can be found e. g. in [2] but this application is not
used with processes requiring a high computing performance like NR processes.

Authors previously developed a cross-platform real-time NR simulator tar-
geted for different hardware-software platforms (like PC or RaspberryPi) [3]. In
the following paper [4] authors introduced the algorithm for maintaining a real-
time operation in case of delays in simulations in non real-time environments.
The usage of this method on different hardware platforms revealed the restric-
tions on the length of a simulation step and the need for estimating a maximal
length of a simulation step for specific hardware-software platforms [5]. Previous
works were concerned only about a standalone simulator, without the usage of a
network, a web browser or simultinous access of many users. The comprehensive
theory on a real-time simulation with many applications in different areas can
be found in the book [6].

2 Physical and control processes in the nuclear reactor
and their temporal characteristics

One of the simplest models but well reflecting the nature of the processes in the
NR is the point model [7], in which all variables are averaged over the volume
of the core. Figure 1 presents processes and control effects of NR included in
presented simulators. All of these processes have different time scales. Table 1
summarizes the various processes and their transition times.

Fig. 1. Main processes occurring in a nuclear reactor affecting its state
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Another approach to the modeling of nuclear processes and equipment can
be found e.g. in [8], [9]. The comprehensive information about reactor physics
and related topics can be found in [10], [11].

Table 1. Processes occurring in the reactor and their duration of transient states

The process The duration of transient
states

Neutron kinetics 1E-5 to 1E-3 seconds

Heat transfers between fuel and coolant/ moderator,
Changes in reactivity resulting from changes in temper-
atures of the fuel and the coolant/ moderator

3 to 6 minutes

Changes in reactivity caused by changing positions of
control rods

up to 125 s

Changes in reactivity caused by changing the concentra-
tion of boric acid in the moderator

several hours

The xenon poisoning occurring while changing the power
level of the reactor

up to 60 hours

The samarium poisoning up to 60 hours

The nuclear fuel burnup tens of days and months

3 Simulator design assumptions and requirements

The aim of the study was to develop a real-time basic principle nuclear reactor
simulator operating in the regime of real-time in a network environment that can
support the interface prepared in a web browser. Specific assumptions include:

– an implementation of mathematic point model of nuclear reactor basic pro-
cesses,

– a real-time operation in a network environment with the usage of Internet
network,

– the ability to present the results to the users and input control signals to the
simulator from multiple clients simultaneously,

– the user interface in the form of the web browser application,

– the ability to change while in a simulation following parameters: the level of
the control rods, the density of boric acid, the coolant temperature at the
inlet to the reactor,

– the numeric compatibility with the reference simulator build in the MAT-
LAB/Simulink environment with the ability of archive data in a form com-
patible with the MATLAB for further processing,

– the software-hardware independence on the client side,

– the client-server topology with the use of the widely available Ethernet and
the TCP protocol.
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Fulfilling all the assumptions, especially working in the regime of real-time
in a networked environment required development of a mechanism to adapt the
computation step that would provide a real-time simulation in environments
without real-time kernel even in a case of a large load on the server and the
network at the expense of compromising the accuracy of the calculations.

4 The issue of nuclear reactor mathematical model
real-time calculations in a network environment

The mathematical model mentioned in the previous chapter consists of 18 dif-
ferential equations and several algebraic equations. Due to different scales of dy-
namics the problem called stiffness can be expected during calculations. In [12]
it can be read ”An ordinary differential equation problem is stiff if the solution
being sought is varying slowly, but there are nearby solutions that vary rapidly,
so the numerical method must take small steps to obtain satisfactory results”.
Unfortunately, exactly the kind of situation was faced during the construction
of the basic principle nuclear reactor simulator. To calculate the results of the
differential equations, the stiff or non-stiff methods can be used. Again quoting
[12] ”Stiffness is an efficiency issue. If we were not concerned with how much
time a computation takes, we would not be concerned about stiffness. Non-stiff
methods can solve stiff problems; they just take a long time to do it”. Unfortu-
nately, in real-time simulations implementation of both stiff or non-stiff methods
with very small steps and long calculations cannot be applied. Methods with a
fixed or variable step can be used to solve systems of differential equations. Con-
stant step methods are easier to implement. In this article the method with a
variable step was applied not only from the need to step reduce but also to take
account of major changes and to avoid stiffness. In a non real-time environment
unexpected incidental delays may occur due to e.g. communication, data load-
ing and operating system interrupts. Then there may be situations where the
computation time for a single-step of a simulation exceeds a prescribed simula-
tion step. To maintain the synchronization with a simulation time lengthening
simulation steps is used - in order to catch up a simulation time. The multi-step
catch up simulation time algorithm is described in the following section. The
most commonly used methods for solving differential equations are the Euler or
Runge-Kutta methods. Higher order methods are numerically stable and more
accurate. Taking into account all the above issues the variable step Runge-Kutta
(specifically forth order) method was applied in the simulator.

5 The mechanism of a simulation step adaptation in the
web simulator

The real-time supervision mechanism was located on a client side to ensure that
the user gets simulation results on time. The time between sending the request
of the results from the server and getting answer is counted by the supervision
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mechanism. This value is used to determine if current data is on time. The
algorithm of step adaptation will be used when the mechanism detects the delay
in data delivery. The delay means difference between the simulation time and the
real-time. It must be compensateted by algorithm. The basis for the development
of a step adaptation mechanism is presented in [4]. The idea assumes that in case
of a simulation delay, the next simulation step will be as long as the previous cycle
time. It is assumed that occurred delay will cause the same communication time
extension in the next program cycle. The new simulation step is then extended
to multiplicity of the base step to maintain the real-time regime. The principle
of step adaptation is shown on fig.2 chart a).

Fig. 2. Charts showing the idea of step adaptation

The base steps are indicated on the x-axis. The communication starts at the
beginning of the k period. The cycle of the program should be shorter than
the established simulation step Tkb. The cycle, however, exceeds simulation step
and is Tck, almost two and half-step base. Assuming that the next cycle time
also will be Tck, the next calculation point was set at the end of 5k period.
The new simulation step is the period from the end of the last step to a new
calculation point (Tkn). A new simulation step has the length of four base steps.
Such a step would compensate the delay between the simulation time and the
real-time. However, the studies have shown that eliminating the delay in one
step has a big impact on the quality of the simulation results and can lead to a
numerical instability. To prevent that, the new simulation step is calculated by
an operation that divides the base simulation step Tkn on the m shorter periods
( shown on fig.2 chart b) ). This operation will achieve the final step in several
cycles of a simulation and reduce the negative effects of its changes. The current
step will be increased by Tknm period in each simulation cycle up to the final
step Tkn.
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6 The realization of network simulator

6.1 Hardware-Software platform of simulator

After considering all the requirements and objectives software-hardware envi-
ronment for the implementation of the simulator was selected. The hardware
platform for the simulator server was a mainstream Intel i7 PC class computer
with the Ubuntu 14.0 operating system. Such configuration has been chosen be-
cause of their popularity, availability, reliability and software security in server
environments. In addition, the Node.js environment was used which made it pos-
sible to ensure the real-time communication with clients that use web browsers.
The only requirements on the client side were access to the Internet network and
a modern web browser.

The client hardware-software platform can be any device that utilize Eth-
ernet networks (including mobile, e.g. using Wi-Fi) which are equipped with a
web browser compliant with modern standards of displaying Web pages (the
JavaScript is required).

6.2 Web communication methods used in simulator

It is assumed that only one client device is a real-time maintaining unit in a
simulation. The user interface has authorisation system with three types of users.
Simulation can be configured and run only by the user with full permissions
(administrator). The rest of the users participate in the real-time simulation
maintained by the administrator unit. However, non administrator users have
the ability to change the control values and have an impact on the simulation.

In order to achieve the two-way real-time communication between clients
and the server, WebSocket (WS) technology was used. WS technology offers
standard virtual channels, allowing the server to communicate with some or all
users. The protocol creates a ”Socket” in a browser that have the IP address and
the port, maintains a two-way, simultaneous communication between the client
and the server. The technology uses the TCP transport layer and allows to
bypass the interpretation of messages over HTTP. WS reduces the unnecessary
network traffic and shortens the waiting time for the information in the relation
to conventional methods of a communication, because if the communication is
once established the server can send informations at any time, as soon as they
are ready to transfer.

6.3 The user interface of web simulator

The user interface was made as a web browser application. Static elements on
the site were designed using HTML5. Animations, an event handling and data
operations were developed in the JavaScript. The user interface was designed to
present as much relevant information and be able to adjust the displayed objects
to the client needs. User interface is presented on fig.3.
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Fig. 3. The user interface

The interface consists of three main columns. The left column of the interface
is a control panel, where objects are arranged for the simulation control and
interface. The middle column is an area for record of all important actions during
the simulation. The right column is an area for displaying charts of all available
values. The user can adjust number and type of displayed charts.

6.4 The data archiving

The application has the ability to save data to a file. The user can select the
values wanted to store, and then download the results in the zip file after the
simulation. The file contains a text in form of a matrix with data, where the
columns are separated by commas and rows are separated by semicolons. The
columns represent selected variables in the similar order to that in the user
interface.

7 Simulator tests

7.1 The verification of simulator

The verification of the correct operation of the simulator and the quality of its
results was made by comparing its simulation results with the reference simulator
developed in the MATLAB / Simulink. The reference trajectory of the levels for
the control rods of the reactor was prepared for both simulators. It assumed a
step change in the set point position of control rods at defined levels of 175 cm,
225 cm, 200 cm and 150 cm changing in the sequence every 120 s. The results of
the reference simulator have been saved directly into the MATLAB workspace.
The simulation on the network simulator was initiated by one of the clients from
the web browser and the results were saved to the file, which later also have been
imported into the MATLAB workspace where the comparison with the reference
simulator was made. The network simulator worked with the mechanism of step
adaptation in the simulation with the initial step of the calculation set on 20 ms.
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The reference simulator base step was determined to be 10 ms. Waveforms of
neutron density were selected to the comparison. The resulting waveforms from
both simulators rearranges fig.4.
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Fig. 4. The results of simulations - values of neutron density

The visual analysis of neutrons density waveforms did not show any signifi-
cant deviations between the two simulators. The dynamics of the processes were
recreated with the acceptable accuracy.

The direct numerical analysis of the results of both simulations was not possi-
ble due to the step-variable network simulator, which varied between 20 - 50 ms.
To determine a quantitative measure of the quality of the simulation, the network
simulator results were interpolated using the linear interpolation to match the
number of the measurements of the reference simulator. The simulation errors
were calculated using (1):

σ =
Σ|∆X|
ΣX

∗ 100% (1)

where: ∆X− the difference between the pair of results from the network and the
reference simulator at the specific time, X− the result of the reference simulator
at the specific time

The calculated average error was 0.0064%. The largest relative errors could
be observed at the time of a step change in the position of control rods. The
maximal observed relative error of simulation results was 17.9602%, wherein it
could be observed by only one step of the simulation. It is fully justified given
the nature of the network simulator, the minor latency and the step change in
the reference signal.

In the case of this simulator, in which changes in control signals do not occur
too often, such errors have a marginal effect on the quality of the simulation.
The resulting low average error proves the numerical correctness of the developed
simulator.

7.2 The step length impact on a calculations quality

The quality tests in the network load conditions were performed. During the sim-
ulation repeatedly occurring delays were observed, resulting in frequent changes
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of the simulation step length. The chart of neutrons density acquired during
the test is presented in fig.5. Changes in the waveform of neutrons density not
caused by the operation of the control system can be observed in the marked
areas . The noise in waveforms can be seen especially in the area of the third
minute of simulation.

Due to the impossibility of the stiffness elimination in the real-time simula-
tor the numerical stability analysis with different simulation step lengths were
performed. Increasing the simulation step, the extortion in the form of chang-
ing the position of the control rods and other factors were applied. Thus it was
estimated that for the presented mathematical model and specified solver, nu-
merically stable results can be obtained when the step length is not more than
50 ms.

Fig. 5. The neutrons density waveform noise caused by aggressive simulation step
changes under high load conditions

7.3 The web environment impact on a quality of simulation

The study involving the observation of the simulation step while communicat-
ing with different numbers of users was performed. The study began with four
connected users. The application was tested with the maximum number of 15
clients. The negative impact on the communication time with the server was
observed, what caused simulation delays when connecting with a larger number
of clients at the same time. However, no impact on the step length of the con-
tinuously connected clients were found, because the server generates and sends
the same version of the results for a group of connected clients in every cycle. In
summary, the effect of the number of clients connected applications at the same
time has a marginal impact on the quality of the simulation.

8 Summary and conclusions

The concept of the real-time basic principles nuclear reactor simulator based on
the network environment is presented in the paper. The main considered prob-
lem was to achieve the numerically stable real-time simulation with the high
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temporal resolution in the environment which is not a real-time for the plant
with the extremely different time scales. The multi-step adaptation algorithm of
the simulation step length was proposed for dealing with the real-time. The sim-
ulator program in the client-server architecture in the network environment was
developed. Several studies were performed to test the developed simulator. The
high compliance with the reference simulator was achieved and the maximum
length of the step size was determined for ensuring the numerical stability. The
only free and open software environments were applied. The user interface of the
developed simulator is based on the web browser accessible on almost every op-
erating system and computer hardware including the mobile. As a result of work
undertaken in the article very useful education tool with the huge dissemination
potential was developed.
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