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Abstract. This work describes a compact simulator for training of the Research Reactor (RR) operating personnel. The Brazilian IEA-R1 RR was taken as reference. The implementation of the simulator consists of 1) simplified modeling of the cooling, reactivity control and protection systems and 2) development of man-machine interface through visual interactive screens. The cooling system model use reactor core, heat exchangers and cooling towers thermal hydraulics. The reactivity control system model use point kinetics, feedback effects (xenon, samarium, temperature coefficients), control and safety rods curves, and reactivity control logic. The protection system model use simplified logic of the safety circuit with operational limits and conditions. Simulation models, its numerical solution, and graphics lay-outs were implemented in Visual C++. The simulator allows simulation of start up, power maneuver, and shut down. It can be used by students, professors, and researchers in teaching activities in reactor and thermal hydraulics theory.
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1. INTRODUCTION

The training in some type of simulation of severe accident and operation is a method important for reducing or eliminating effects from stress sources. The use of training simulators increase ability to develop expectations about some event, increase ability to control the event, and increase ability to obtain feedback of the control action (He et al., 2001; Wei et al., 2001).

After the Three Mile Island nuclear plant accident on March 28, 1979, the Reactor Operator (RO) training changed considerably. The RO trainee began to attend a minimum of 1 year in class – 8 hours by day, 5 day by week – training the fundamentals of RR operation. Other changes were also realized as improvement of the emergency operational procedures, improvement of the safety parameters visualization, biggest dependency of exams in simulator during operator qualification/authorization/license, and use of Systematic Approach to Training (SAT) as base for reactor personnel training programs (IAEA, 1991; IAEA, 1999).

Training and retraining programs are established for the operating personnel, including the reactor manager, shift supervisors, ROs, radiological protection workers, maintenance personnel and others working in the RR plant. Regular training and retraining are provided to enhance the knowledge and abilities of personnel continually (IAEA, 2005a).

Computational tools have been used in training courses with the objective to supply a simulated condition of the real operation. The operator trainee can realize operational tests often until that his ability in operating the RR has high performance in emergency, abnormal, and normal situations (IAEA, 2005a; IAEA, 1998).

In 1981, the industry developed ANSI/ANS-3.5 standard for power reactor operator training simulators. The US Nuclear Regulatory Commission (NRC) Guide 1.149 has revisions of industrial standard and also acceptable methods in services of power reactor simulation for use in exams of operator license and training (US NRC, 2001). Same rules also are valid for a research reactor operator training. However, the RR operator will be familiarized with few numbers of operational conditions and also with low operational limits (IAEA, 2000a; IAEA, 2000b).

The International Atomic Energy Agency (IAEA) has motivated training courses with nuclear reactors simulators that operate on personal computer. The combination of lectures on the physics and control of reactors together with the opportunity to test out the understanding on simulators has been very effective in keeping up the interest of participants and of imparting knowledge about the operational characteristics of the reactor systems (Badulescu and Lyon, 2001; IAEA, 2001; IAEA, 2005b; IAEA, 2005c; IAEA, 2005d). This simulators are designed for entertain the user with a nuclear reactor model.

During the RO selection for a nuclear plant the safety culture fundamentals aspects are: a question attitude before to begin any task related with safety, an approach careful and strict for working in RR plant, and an approach communicative with other professional (IAEA, 1991; IAEA, 2002).

The training helps developing knowledge deep of RR practice and theory, his functions man-machine interface and operation. The main training simulators types are: part task, basic principle, compact, graphical, multi-functional, and plant analyzer (IAEA, 1998). However, a good structure for visualization of the information results in better knowledge of the simulation models.

For example, the interaction between user and simulator is realized through graphical screens and physics interfaces of a personal computer. These screens are representations partial or wholly of RR instrumentation and controls devices (bottoms, interrupters, and keys) so that the RO trainee keeps familiarized with the RR operation (Augusto et al., 2005; Etchepareborda et al., 2003; Shi et al., 2004).

The Brazilian IEA-R1 RR was taken as reference. It is pool type, cooling and moderated with light water. The Fig. 1 illustrates his main components.
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Figure 1. Typical scheme of a pool type research reactor

The IEA-R1 was the RR first to operate on South Hemisphere and today it is one of the older in operation in world. Since his first critically, in 1957, it was by several operation regime. During the first years, it operated only in 1MW. In the year 1960 the power level was raised to 2MW the reactor was operated 8 hours by day and 5 day for week. In 1995 it operated continually Monday to Wednesday by 64 hours by week. In this same year changes were realized for increment the reactor power limit to 5MW (IPEN, 1996).

The IEA-R1 RR reactivity control and shut down are realized through the safety and control rods. Its cooling is obtained through a light water forced flow in core for powers above 200kW and also by natural flow down this. The IEA-R1 RR operational limits and conditions are used to provide the framework for the safe operation of the RR. Limiting conditions for safe operation are conditions established to ensure that there are acceptable margins between normal operating values and the safety system settings.

The aim of this work is describe the development of a training simulator for RR operating personnel. The steps of the work are: 1) simplified mathematical modeling of the RR cooling, reactivity control and protection systems and 2) development of man-machine interface through visual interactive screens.

2. MATHEMATICAL MODELING

2.1. Reactivity control system

The eigenfunctions of the nuclear reactor characteristic equation are neutrons distributions and these may be distributing in spatial and time terms. The point kinetics model is a representation time approximated and spatial normalized of the neutrons population (Duderstadt and Hamilton, 1976). The RR dynamic is described by:
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Where 
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 is the normalized power, 
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 is the total reactivity, 
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 is the delayed neutrons effective factor, 
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 is the mean generation time (s), 
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 is the precursor decay constant 
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 (s-1), 
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C

 is the precursor isotope concentration 
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, 
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b

is the average fraction 
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 of delayed neutrons, and 
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 is the extern neutrons source.

The Eq. (1) and Eq. (2) are a set of seven coupled ordinary differential equations in time that describe both the time-dependence of the neutron population in the reactor and the decay of the delayed neutron precursors. The reactivity is usually a function of time and in fact frequently depends on the neutron population itself. Hence the equations will be nonlinear. Reactor dynamics occur on a time scale characterized by the delayed neutrons. However, if smallest reactivity changes occur in the model then the equations will be linear. So a stable numerical solution is possible by the 4th order Runge-Kutta method with a time constant from 10-3 seconds.

The reactor stability conditions are: 
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Where 
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a

 is the temperature coefficient of reactivity (pcm.K-1) and 
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D

 is the temperature average variation during time in fuel (F) and moderator (M) (K).

The cold core reactivity 
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Where 
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k

 is the reactor effective multiplication factor. This is a parameter calculated for a new reactor core configuration considering the cold core and without rods.

The safety (shim1, shim2, shim3) and control (reg) rods calibration data were adjusted in 3rd order functions by the square minimum method (Carvalho, 2006). In Eq. (5) a sum of safety and control rods reactivity is considered,
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Where 
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 is the rod position in relation to height of the reactor core. The conditions are: 
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The poison production in RR may be represented by (Lamarsh, 1966):
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Where 
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 is the isotopic concentration (cm-3), 
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 is the average microscopic absorption cross section (cm2), 
[image: image31.wmf]f

s

 is the average microscopic fission cross section (cm2), and 
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 is the neutrons number liberated in one fission of 
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Where 
[image: image36.wmf]T

f

 is the normalized thermal neutrons flux (n.s-1). An initial concentration of 
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235

 was assumed considering all fuel elements news and enriched to 20 w/o (Carvalho, 2006).

The normalized thermal neutrons flux was defined in relation to normalized power by:
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Where 
[image: image39.wmf]Y

 is the power average density (W.m-3) and 
[image: image40.wmf]w

 is the recoverable energy by fission of 
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235

 (J). The normalized thermal neutrons flux obtained was of ~1013 n.s-1 in nominal condition.
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 fission. In Eq. (9) and Eq. (10) its dynamic is represented.


[image: image45.wmf]I

I

T

U

U

f

I

I

135

135

235

235

135

135

N

N

dt

dN

l

f

s

g

-

=

,
(9)


[image: image46.wmf](

)

Xe

T

Xe

a

Xe

T

U

U

f

Xe

I

I

Xe

135

135

135

235

235

135

135

135

135

N

N

N

dt

dN

f

s

l

f

s

g

l

+

-

+

=

.                                                      (10)


[image: image47.wmf]Sm

149

 is produced through 
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 decay. In Eq.(11) and Eq. (12) its dynamic is represented.
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Where 
[image: image51.wmf]g

 is the fission yield and
[image: image52.wmf]l

 is the isotope decay constant (s-1).

The temperature coefficients of reactivity were utilized of the configuration 219 specifications.

The IEA-R1 RR control system have only one automatic control loop and it is connected only one actuation mechanism (reg). During the RR start up the operator action normally the control rod in manual mode until he approximating of the operating nominal condition and next he action the automatic control. In modeling the control rod velocity was limited in ~18 positions by sec with reactor period limit from 30 seconds during super-critical operation.

The 16N monitoring is used to measure core global power and it is also used to regulate RR operation. The neutronic activation of the water by 
[image: image53.wmf](

)

N

,

n

O

16

16

g

 was assumed in modeling.


[image: image54.wmf]N

N

T

O

H

O

a

N

16

16

2

16

16

N

N

dt

dN

l

f

s

-

=

                                                                                                                             (13)

2.2. Reactor cooling system

In reactor cooling system modeling was realized for the components RR core, heat exchangers and cooling towers. In RR core was assumed heat transfer in plate (fuel and cladding) half with flow and without phase change in average channel. The configuration 219 was designed for the reactor operating to 3.5 MW with 20 standard fuel elements and 4 control fuel elements with 18 plates and 12 plates respectively. The thermal hydraulics models are derived from the principles of conservation of mass and energy. The finite differences method was used for spatial numerical solution.

The RR core thermal model is represented by:
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Where 
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 is the thermal capacitance (J.K-1), 
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m

 is the mass flow (kg.s-1), 
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c

 is the specific heat (J.kg-1.K-1), 
[image: image61.wmf]T

 is the temperature (K), 
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A

 is the area (m2), 
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 is the thermal conductivity (W.m-1.K‑1), 
[image: image64.wmf]h

 is the forced convection coefficient (W.m-2.K-1), and 
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q

 is the heat source (W) . The natural convection not was considered.

The heat source in half of one fuel plate is calculated by:
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Where 
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,

p

F

 is the axial peak factor 
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 in average channel, 
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P

 is the nominal power, and 
[image: image70.wmf]n

 is the plates number.

The heat exchanger adopted is hull (h) and pipe (p) type. Its thermal modeling is described by:
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In cooling tower modeling was considered only the one-dimensional drop free fall process (Hawlader, 2002). The drop motion equation is described by:
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Where 
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u

 is the velocity of drop in free fall (m.s-1), 
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 is the air velocity (m.s-1), 
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 is the ratio between air and drop specific mass, 
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 is the drag coefficient, 
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d

 is the drop diameter (m), and 
[image: image79.wmf]g

 is the gravity (m.s-2). The air velocity in cooling tower was obtained of the design specifications (IPEN, 1996).

The thermal model of spherical drop in free fall was defined by:
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The Dittus-Boelter correlations were considered for heating and cooling respectively by:
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Where 
[image: image83.wmf]Re

 is the Reynolds number, 
[image: image84.wmf]Pr

 is the Prandtl number, and D is the hydraulic diameter (m).

The Ranz-Marshall correlation for one sphere water drop in free fall (Hawlader, 2002) was considered.
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In pumps, valves, and fans modeling were considered functions step and exponential. Logic of the primary and secondary cooling systems was implemented.

2.3. Reactor protection system

The RR has only a protection system and it consist of a safety circuit compost of contacts normally opened (IPEN, 1996). The operational limits of a safety circuit logic simplified were accomplished to each contact (temperature limit in hot leg, scram signal, low primary flow etc).

Table 1 lists operational limits and conditions used in protection logic.

Table 1. Operational limits and conditions.

Protection Variable
Limit (1)

Safety channel
<10%

Safety channel
>105%

Hot leg (°C)
>48

Power (kW)
>200

Primary flow
<90%

Period (sec)
<12

HV15, HV17
Closed contact

shim 1, shim 2, shim 3, reg
Opened contact

Scram manual
Opened contact

                                                                                         (1) : conditions of shut down

3. RESEARCH REACTOR SIMULATOR

The Visual C++ was used to implement the simulation models and to develop the graphical layouts. The simulation models (mathematical models and logics) were integrated as the RR systems. The graphical layouts were organized through a sequence of screens for use in a personal computer. The screens illustrate a partial representation of the RR systems. The monitoring and control devices were represented as an illustration simple.

The Fig. 2 shows the screen of the reactivity control system. The user can to action the safety and control rods mechanisms, executing scram, programming the operation mode (manual or automatic), adjusting the power demand, and monitoring the neutronic process variables. The user can shut down the reactor using keys in the operation console. Scram can be realized by the fall of all control and safety rods or a rod fall one by one.
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Figure 2. Screen of the reactivity control system

In the screen of the reactor cooling system, the user can to action valves, pumps, and fans on screen of the reactor cooling system. In the screen of the reactor protection system, the user can monitor the operation state and also reset contact states after a scram in the reactor protection screen. The contact state is modified case any event that the operation of the reactor deviates from one or more operational limits and conditions (Carvalho, 2006).

4. PROCEDURES AND RESULTS

Verification and validation of models not were the purpose of this work, but yes the development of simulation models simplified that illustrate the operational dynamic of RR.

The initial conditionals of the simulator are: RR shutting down, safety and control rods totally inside of the core, all rods magnets are energized, pumps and fans turn off, valves totally opened, cooling system to ambient temperature, and safety circuit turn on.

Two operational procedures were simulated: nominal power and power maneuver. The procedure of nominal power was realized in sequence by 1) the operation of pumps of the cooling circuit A and all fans on the screen of the reactor cooling system, 2) the operation of safety rods in sequence until position 600 on the screen of the control system, 3) the adjust the power demand to 100%, 4) the selection of the operation mode in automatic, and 5) the manual scram, after a operating time until xenon equilibrium. Power maneuvers were realized by execution of the items 1) and 2) previous and after was realized power demand changes to 50%, 100%, 25%, 75%, and 0%.

The Fig. 3 illustrates operational transients during RR start up. The Fig. 3a illustrates the evolution of the power channel. The Fig. 3b and 3c show the Log (P) and Period channels. In Fig. 3d rods operation and action of the control rod is illustrated. In Fig. 3e the temporal evolution of the inlet and outlet temperature is illustrated. The Delta T channel is difference between inlet and outlet temperature.
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Figure 3. RR start up

The Fig. 4 illustrates reactivity transients during RR operation. The Fig. 4a shows rods reactivity changes due to increase of xenon and samarium reactivity in reactor. After the reactor scram there is an increase in the xenon production. In this case the RR will can be operated after the xenon decay (dead time).
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Figure 4. RR operation

The Fig. 5 illustrates operational transients during RR shut down. The Fig. 5a shows reactor shut down. The time of rods free fall is ~1 s. In Fig. 5b the evolution of inlet and outlet temperature after scram is illustrated. After reactor scram the pumps and fans not were turn off.
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Figure 5. RR shut down

The Fig. 6 illustrates power maneuver transients. The Fig. 6a shows maneuvers to 50%, 100%, 25%, 75%, and 0%. The Fig. 6b and 6c show the Log (P) and Period channels. The Fig. 6d shows rods reactivity increase and decrease. The Fig. 6e illustrates the evolution of inlet and outlet temperature during power maneuvers.
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Figure 6. Power maneuver

5. CONCLUSIONS

The main benefits and advantages this simulator are: ability to train in operational transients, risk reduction for reactor equipment and personnel, and ability to repeat a scenario often how many necessary for the trainee known the RR operation.

The simulator allows simulations of the main RR operational transients. It also allows easy navigation of screens and it shows a supervision of the neutronic, thermal and hydraulic processes. The simulator allows demonstrations of the RR dynamic through graphical screens and simulations of the start up and shut down procedures. It also can be used by students, professors, and researchers in teaching activities in reactor and thermal hydraulics theory.
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