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ABSTRACT 

Nowadays, the coupled codes technique, which consists in incorporating three-
dimensional (3D) neutron modeling of the reactor core into system codes, is extensively used 
for simulating transients that involve core spatial asymmetric phenomena and strong feedback 
effects between core neutronics and reactor loop thermal-hydraulics. So, in this work, the 
coupled codes technique using RELAP5/3.3-PARCS is applied to simulate stability transients 
in a BWR (Boiling Water Reactor). Validation has been performed against Peach Bottom-2 
Low-Flow Stability Tests. In these transients dynamically complex neutron kinetics coupling 
with thermal-hydraulics events take place in response to a core pressure perturbation. The 
calculated coupled code results are herein compared against the available experimental data. 

1 INTRODUCTION 

Instability events had been observed in several BWR NPPs (Nuclear Power Plants) 
during normal or abnormal operations [1, 2]. The oscillations may be originated by different 
reasons ranging from delays between pressure and density waves propagation velocities, to 
change in the flow regime, to the interaction between conduction and convection heat transfer, 
to the relationship between thermalhydraulic and neutronic parameters, to the presence of 
different parallel channels and of loops in parallel or in series to the boiling channel. However 
two kinds of power oscillation have been observed in BWR cores. One is an in-phase (core-
wide) and the other is an out-of-phase (regional) oscillation.  

The BWR instability is a complex phenomenon, which depends on the state of the 
thermal hydraulic behaviour of the system, neutronic feedack effects due to the void, fuel 
temperature and fuel time constant [3]. The current trend of increasing reactor powers and of 
applying natural circulation core cooling has major consequences for the stability of new 
BWR designs. These modifications have allowed BWRs to work at high nominal power, but 
they have also favoured an increase in the reactivity feedback and a decrease in the response 
time, resulting in a lower stability margin when the reactor is operated at low mass flow and 
high nominal power [4]. Also, the increase in core size has led to a weaker spatial coupling of 
neutronic processes, which result in a stronger susceptibility to out-of-phase oscillations. In 
comparison to the situation in the seventies, the region of the power-flow map which has to be 
avoided grew to a respectable size. Some of the several instability events in BWR plants were 
inadvertent and other ones were induced intentionally as experiments.  

Several incidents of coupled neutronic-thermohydraulic instabilities in operating BWRs 
occurred in the past. Oscillations were observed in the La Salle 2 and Caorso plants. Then 
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many investigators have attempted to model and understand the instabilities occurring in 
BWRs both time domain and frequency analysis codes: 
• Time Domain Codes, which include analysis tools specifically developed to simulate the 

transient behaviour of plant systems; these codes have the capability to deal with the non-
linear features of BWRs and are based in simulation techniques.  

• Frequency Domain Codes, whose purpose is the linear stability analysis of BWRs or other 
boiling systems. In the frequency domain, perturbing and Laplace transforming the neutron 
kinetics equations allow to easily include the fission power dynamics into the linear model 
for BWR stability.  

The coupled codes method is herin considered since it is particularly suited for 
simulating transients that involve core spatial asymmetric phenomena and strong feedback 
effects between core neutronics and reactor loop thermal-hydraulics. The recent 3D nodal 
neutron kinetic models usually employ planar meshes that are of the size of the fuel 
assemblies (or part of assemblies). At the present work, the coupled codes RELAP5/PARCS 
have been used for the simulation of the instability transients. Validation has been performed 
against Peach Bottom-2 Low-Flow Stability Test PT3 [5]. This point is close to the stabilitty 
boundary in the Power/Mass Flow map, and besides, its axial power profile is not bottom 
peaked. The calculated coupled code results are compared against the available experimental 
data. 

2 PROCEDURES 

2.1 Peach Bottom-2 Low Flow Stability Tests  

It has been performed three turbine trip tests and four series of Low-Flow Stability 
Tests at Peach Bottom, Unit 2 BWR during the first quarter of 1977 at the end of cycle 2. For 
both types of tests, the dynamic measurements were taken with a high speed digital data 
acquisition system capable of sampling over 150 signals every 6 milliseconds and the core 
distribution measurements were taken from the plants local in-core flux detectors.   

The Low-Flow Stability Tests were intended to measure the reactor core stability 
margins at the limiting conditions used in design and safety analysis, providing a one-to-one 
comparison to design calculations. Four test conditions for the low-stablility tests were 
planned to be as close as possible to one of the following reactor operating conditions [5]: 

1. points along the rated power-flow control line (PT1 and PT2); 
2. points along the natural circulation power-flow control line (PT2, PT3 and PT4); 
3. extrapolated rod-block natural circulation power (test point PT3). 
The planned test conditions are showed in the Figure 1. 
The main objective of these tests is to provide a data base for the qualification of transient 

design methods used for reactor analysis at operating conditions. 
Three dimensional time domain BWR stability analysis were performed for the core 

wide oscillation mode. In these transients dynamically complex events take place, and an in-
phase oscillation has been developed. The tests were performed in the right boundary of the 
instability region of the Power/Flow map as shown in Figure 1.  

The core and neutronic data used in all the calculations of this work are specified in ref. 
[6]. The reactor operating conditions at which the tests have been conducted are listed in the 
Table 1 [5]. 
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Figure 1. Peach Bottom-2 Low-Flow Stability Tests. 

 
 

Table 1. Peach Bottom-2 Low-Flow Stability Test conditions. 
Tests Power (%) Core mass flow 

rate (%) 
Core Inlet  

Enthalpy (kJ/kg) 
PT1 60.6 51.3 1183.93 
PT2 51.7 42.0 1174.63 
PT3 59.2 38.0 1228.13 
PT4 43.5 38.0 1179.74 

 
2.2 RELAP5 and PARCS Codes 

In this work, the RELAP5 (a thermal-hydraulic system code) and the PARCS (a 3D 
neutron kinetic code) has been coupled for the simulation of the transients. The PARCS code 
is used to evaluate 3D space-time core power history and group fluxes. It uses a non-linear 
nodal method to solve two energy groups’ diffusion equations.  In the calculation, the PARCS 
code uses the moderator temperature and density and the fuel temperature calculated by 
RELAP5 to incorporate appropriate feedback effects into the cross sections. Likewise, 
RELAP5 takes the space-dependent power calculated in PARCS and solves the heat 
conduction in the core heat structures. The time coupling betwen both codes is managed by 
PVM library. This technique constitutes a powerful calculation tool to perform best-estimate 
simulations in nuclear power plants [7]. In fact, RELAP5/PARCS calculations were validated 
against Peach Bottom Turbine Trip Experimental Tests [8].  

 
2.3 Nodalisation 

The general methodology followed in setting up the plant nodalisation for the RELAP5 
code is described in [3]. While for the PARCS code, the reactor core was discretized into 
nodes where the nuclear properties are supposed to be constant. Hence, radially, 18 fuel types 
and one reflector node are defined. Whereas, axially, the core is subdivided into 26 axial 
nodes; the first and the last one are considered to be reflector zones. In total, 435 
compositions or neutronic nodes are considered to represent the kinetics behavior of the core. 
The diffusion equation is solved by considering the nodal two neutron energy group. The 
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tabular form of homogenized cross-section libraries are organized based upon two 
independent thermal-hydraulic parameters: fuel temperature and moderator density (Tf, ρm). 
The cross sections are provided for six fuel temperatures and six coolant densities. A bilinear 
interpolation scheme is used for intermediate values of (Tf, ρm) as well as for the effective 
rodded fraction ζ. However, for additional precision, more spectral branch variables should be 
added even though the size of the library files becomes very large. 

3 CALCULATION 

The following steps were accomplished to perform all the RELAP5/PARCS coupled 
calculations: 
1. The RELAP5 code was run stand alone for 100 s with the 33 thermalhydraulic channels 
nodalization, in order to allow the parameter to reach stable values. 
2. The RELAP5 and PARCS codes were then run coupled in a steady state until a stability 
convergence value for keff (effective multiplication factor) was found. 
3. The RELAP5 and PARCS codes were run coupled for a null transient to make it sure that 
the stable conditions exist (100 s are required to reach stable conditions in the simulation 
performed with the 33 T/H channels model). 
4. The RELAP5 and PARCS were run coupled to perform the transient calculation. 

 
3.1 Steady State Coupled Calculation 

The steady state coupled calculations with RELAP5/PARCS were performed for the 
PT1, PT2, PT3 and PT4. However, stable calculation conditions were reached only for PT3 
test (after 100 seconds steady state). Further work will be investigated to get stable conditions 
for the remaining tests (PT1, PT2 and PT4). Results for PT3 are outlined against experimental 
data in the Table 2. Figure 2 shows the steady state mean axial power distribution in 
comparison with the measured one. Good agreement is observed between the two trends. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Steady State mean power axial distribution. 
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Table 2. Steady State reactor parameters. 

Parameter Measured Calculated  
(33 channels) 

Core Thermal Power, MWt 1948.0 1949.0 
Reactor Flow, kg/s 4907.7 4918.8 
Core Inlet Temperature, K 544.1 542.1 
Core Inlet Enthalpy, kJ/kg 1229.058 1179.400 
Pressure at Core Outlet, MPa 6.929231 6.7215 

 
 
In Figure 3, a two dimensional (2D) core flux distribution is sketched. As can be 

verified in this map, there is a spatial flux asymmetry in the core. The power distribution is 
essential for the subsequent thermal-hydraulic analysis of the core since the core behavior as 
well as its fuel depletion will affect both core composition and microscopic cross sections [7].   

 
 
 

 
 

Figure 3. Steady State 2D flux core distribution. 
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3.2 Transient Calculation 

The validation of the coupled code calculations has been made considering one 
boundary condition perturbation case. The reactor is disturbed with two peak pressure of 
0.055 MPa. This magnitude of pressure gave a good signal-to-noise ratio in the neutron flux 
response and did not cause operational difficulties during the testing. The analyses were 
carried out and the results are presented next. The Figure 4 shows the pressure perturbation 
downstream the Turbine Stop Valve (TSV) zone. After the perturbation, the pressure 
oscillation decreases rapidly and, in few seconds, turns to the initial value. However, the 
pressure perturbation will propagate through the Steam Lines at sonic velocity and 
consequently the core power experiences the same behavior. The core power evolution in 
response to the pressure distubance is reported in Figure 5.  
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Figure 4. Pressure perturbation in the TSV zone. 
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Figure 5. Total reactor core power. 

 

4 CONCLUSIONS 

In order to investigate and validate the coupled code technique in simulating the 
stability issues in BWR NPP, the RELAP5/PARCS code has been used for predicting the 
Peach Bottom-2 Low-Flow Stability Tests.  

In the steady state analysis, only the PT3 test has shown stable trend. The calculated and 
experimental data has shown good agreements for the axial distribution of the reactor power. 

For the perturbation analysis, the reactor was disturbed with two peak pressure of 0.055 
MPa. After the perturbation, the pressure oscillation is completely damped in few seconds. 
The same comportament was observed for the core power which exibit damped in-phase 
oscillations ranging between 0.3 and 0.4 Hz. These values are typical frequency range of this 
kind of instability event. 

In the future, sensitivity analysis will be performed in order to qualify the calculated 
results as well as to identify reasons for calculation faillure in getting stable steady state trend 
for Low-Flow Stability Tests (PT1, PT2, and PT4) conditions.  
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