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ABSTRACT 

Instability events take place in several BWR nuclear power plants due to the complex 

dynamic responses of these facilities. These events have occurred along the time during 

normal operation or during some test. There are commonly three instability types observed in 

BWR: Control system instabilities, channel thermal-hydraulic instabilities and coupled 

neutronic-thermal-hydraulic instabilities. The last type involves two feedback loops, on the 

one hand, the neutronic feedback, where reactivity changes are caused by variations in void 

fraction, and on the other hand the thermal-hydraulic feedback, which affects the inlet flow 

rate and pressure drop. In this loop, the channel flow becomes unstable and starts to oscillate 

due to a positive pressure drop feedback, for instance, or because of density wave oscillations. 

When this event occurs, two modes of oscillations can be observed within the channels, the 

core-wide or in-phase oscillation and the regional or out-of-phase oscillation. 

Since performing empirical test in nuclear power plants means great difficulty, as well 

as high costs, in order to simulate complex scenarios as those related to BWR instabilities, the 

use of coupled thermal-hydraulic and neutron kinetics system codes is a very interesting 

option. But these codes need to be validated previously, because it is necessary to verify that 

programs work as they are supposed to, in order to give reliable results. 

The aim of this work is to represent through the coupled codes TRACE/PARCS the 

phenomena occurred on an operational point, called PT_UPV, in Peach Bottom Unit-2 BWR. 

The analysis point selected is situated inside the exclusion region of the operating power-flow 

map. 

The reactor core has been modeled with 72 thermal-hydraulic channels, 71 represent the 

active core and one representing the core bypass. With the performed mapping, it is pretended 

to avoid any kind of external influence in the oscillation pattern. Moreover, it allows an 

acceptable accuracy without significant computational time. 

Once the simulation has been performed, the results are compared to the obtained ones for the 

same model but using RELAP5-MOD3.3 coupled with PARCS v2.7. This comparison allows 

the validation of the procedure effectuated with TRACE/PARCS. 
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INTRODUCTION 

The stability of BWR has been a great concern from the safety and design points of 

view since their beginning. The adoption of safety margins as well as operating procedures to 

avoid the unstable regions have significantly limited safety concerns [1], [2]. 

With regard to BWR safety, the most important type of power instability is the one that 

involves the neutronics and the thermal-hydraulics. As said, two kinds of instability can be 

found in this field: In-phase (core-wide) instability, in which the whole core oscillates at the 

same frequency; and out-of- phase instability, in which the power increases in one half core 

while it decreases in the other half. 

Different codes have been developed along years in order to represent the phenomena of 

these instabilities and to get a full comprehension of the dynamics that take place in these 

cases. One of the latest codes developed by the UNRSC has been the thermal-hydraulic 

system code TRACE, which coupled with PARCS allows the simulation of coupled thermal-

hydraulic-neutronic instabilities. However, this procedure is still under validation. 

The aim of this work is to contribute to the validation of this methodology. With this 

purpose, one of the low flow stability tests made in Peach Bottom Unit-2 NPP has been 

selected for simulation. The results obtained have been compared with those obtained for the 

same case, but realized in a previous work by means of the code RELAP-5 coupled with 

PARCS. This work was previously verified. 

In Peach Bottom Unit-2 NPP, four low-flow stability tests were realized in 1977 at the 

end of cycle 2 to characterize the unstable behavior of this NPP. The conditions of the 

different test are shown in the next table: 

Table 1: Peach Bottom-2 low flow stability tests conditions [3]. 

Test 

Number 
Reactor Power Core Flow Rate 

Core 

Pressure 

 (MWt) (% Rated) (kg/s) (% Rated) (MPa) 

PT1 1995 60.6 6753.6 51.3 6.89 

PT2 1702 51.7 5657.4 42.0 6.84 

PT3 1948 59.2 5216.4 38.0 6.93 

PT4 1434 43.5 5203.8 38.0 6.89 

PT_UPV 1997 60.6 4660.7 34 7.02 

 

Departing from test point 3 and performing a control rods movement, which is 

represented at the same way as in real nuclear power plants, one can achieve point PT_UPV, 

which is inside the exclusion region of the operating power-flow map, as can be seen in 

Figure 1. Conditions of PT_UPV has been also included in Table 1, although they do not 

belong to the original benchmark. 

This paper is organized as follows: in section one a description of the model is included. 

Section 2 shows the results so as their justification and some statements about the behavior 

obtained. Finally, the conclusions have been developed in section 3. 
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                     Figure 1: PT_UPV location.         Figure 2: SNAP representation of the model. 

 

1 DESCRIPTION OF THE MODEL 

The computer code used to realize the simulations was TRACE v5.0/PARCS v3.0. The 

model selected for this work includes just the reactor core. 

TRACE is a best-estimated reactor system code developed for analyzing steady-state 

and transient behavior in light water reactors. Steam/water flows are modeled by using a set 

of six partial differential equations, which consists of a separator mass, energy and 

momentum conservation equations for both liquid and gas fields [4]. 

The reactor core has been modeled with 72 thermal-hydraulic channels (chan in 

TRACE), 71 represent the active core and one represents the core bypass. In addition to the 

chan components, a fill and a break have been used in order to define the boundary conditions 

(mass flow and temperature at the inlet and pressure and void fraction at the outlet). The 

graphical representation obtained from this model using the SNAP tool can be observed in 

figure 2. 

The reactor core has been modeled with the purpose that the possibility of conditioning 

the oscillation configuration was avoided. The objective was that the oscillation pattern could 

not be affected by the influence of any external issue, as for instance any parameter of the 

input. Thus, the reactor core thermal-hydraulic to neutronic representation, also called 

mapping, has been divided into four quadrants according to the fundamental, first and second 

power harmonics (Lambda modes), obtained previously by the VALKIN code. These modes 

are shown in Figure 3, Figure 4 and Figure 5. The mapping performance took also into 

account the assembly power and the fuel type map. By this procedure, the thermal-hydraulic 

map obtained is represented in Figure 6. 
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Figure 3: Fundamental mode 

 

 

Figure 4: First mode. 

 

 

Figure 5: Second mode. 

 

Fuel designs have been taken from the reference case, the RELAP5/PARCS model. 

Originally, the core was divided into 26 axial nodes including top and bottom reflectors, but 

due to some initial results with a several problem of numerical damping, the core is finally 

axially divided into 30 nodes, where the first and the last node represent the bottom and top 

reflectors respectively. Figure 7 shows the connection between thermal-hydraulic and 

neutronic axial nodes, being these last 26 nodes (24 active nodes). The new division allows to 

deal with the numerical diffusion, inherent to TRACE. New axial nodalization have not a 

uniform size, but their size depend on their location. Thus, as seen in Figure 7, first and 
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second nodes have their original size, but from node 3 up to node 9 they have been split into 2 

equal nodes each one with the half size [5]. These are the nodes where the void fraction 

profile changes and the accuracy is essential. Nevertheless, upwards the mass flow becomes 

completely gas and the void profile remains quite constant. Since the changes in void fraction 

are less significantly, node size can be larger.  Bottom and top reflector remain constant in 

order not to modify the active length. 

Regarding to the neutronic code, a set of cross sections with 435 compositions has been 

selected. The cross section library has been taken from the Peach Bottom Turbine Trip 

Benchmark [3]. The Xenon conditions considered for this simulation are the same 3D 

conditions given by SIMULATE-3 code, which were also obtained from the same 

Benchmark. 

The solver used in PARCS v3.0 was the HYBRID method. This method is a mixture of 

ANM/NEM methods. The solution method selected in TRACE is the Semi-implicit method. 

 

 

Figure 6: Thermal-hydraulic map. 
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Figure 7: Relation between thermal-hydraulic and neutronic nodes [5]. 

2 STEADY-STATE RESULTS 

First step in the procedure was to ensure conditions of PT3, initial operating point. The 

objective was to obtain the same initial mass flow distribution along channels as in RELAP5, 

the reference case. For achieving the same distribution, the friction coefficients of the bypass 

were adjusted. A correct mass flow distribution results in a correct initial behavior, and this is 

reflected in the reactor parameters. In order to compare initial conditions of both reference 

and present cases, a comparison of the final axial power for the steady state is shown in 

Figure 8. 

 

 

Figure 8: Axial power profile in steady state case 
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Conditions in steady state differs slightly to reference case. Figure 8 shows that the axial 

power profile in TRACE is shifted with respect to the reference case (RELAP5), although in 

general, the profiles behave very similar.  

 

This axial power profile can attract attention due to the movement of the peak to the 

high part of the reactor, it is important to remark that the simulation departs from a point with 

low mass flow (60% nominal mass flow approximately) and high power, conditions of PT3. 

 

As a summary of the current work, it is necessary to adjust the pressure drop along the 

channels in order to fit better the axial power profiles, which deals directly to the friction 

coefficients. 

 

It is also significantly the influence of the different types of friction factor correlation 

that contains TRACE (Represented as nff parameter). Each of them introduce differences in 

pressure drop along the channel that condition the model, even influencing the capacity of 

simulate the oscillation or not. For this work, option nff=-1 has been used, which means that 

not only the factor introduced by the user is taken, but also a factor calculated by the code 

plus another factor that represent the irrecoverable pressure loss due to an abrupt area change. 

Literature recommend this option for comparisons to RELAP. 

 

3 SIMULATION RESULTS 

The simulation starts from PT3 and the operational conditions are shifted to the 

exclusion region, reaching the point called PT_UPV. In order to represent this action, a 

control rods movement is performed, as it is usually done in real NPP’s. The different banks 

were progressively pulled out until all the banks were almost completely withdrawn. The 

movement lasted 5 seconds [6]. 

Before the rod movement start, a null transient of 50 seconds was performed, so the 

transient starts at second 50 and finishes at 55 s. Then, the transient continues for 45 seconds 

more. 

One of the most important parameters is the total reactor power. Figure 9 shows the 

power using TRACE and RELAP5. 

 

Figure 9: Total reactor power by TRACE (left) and RELAP5 (right). 

Looking at the figure, one can clearly see the step at which the perturbation starts (t =50 

s), but after the control rods movement, the oscillation in TRACE and in RELAP5 become in 

different way. In both RELAP5 and TRACE simulations power starts to oscillate but in case 
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of RELAP5 these oscillations are more unstable with time, whereas in TRACE the oscillation 

reach a maximum and then, after 60 s returns to stability (It has been represented only 50 

seconds more after the perturbation for a better comparison to RELAP). 

The main reason explaining TRACE behavior is the numerical damping. In order to 

minimize this damping, it would be necessary to adjust the mesh and time step to be as near 

as possible to the Courant limit (under the limit) [7]. Following this argument, the presented 

TRACE case, has been readjusted to 30 nodes (the reference case has 26 axial nodes) as 

explained before, but this was not enough to “excite” an oscillation. It is also remarkable the 

maximum time step used, Δt =0.01 s, and the calculation method selected, which in this case 

has been the Semi-implicit method. This method means less numerical damping than SETS 

method. 

Next figures show the total power oscillation between 55 and 90 seconds, in order to a 

better analysis. 

 

Figure 10: Total Power evolution after perturbation 

 

After the perturbation the oscillation in TRACE starts very similar to the reference case, 

but after 20 second, about second 75 approximately, the oscillation profile changes in TRACE 

with respect to RELAP, and meanwhile this last become more unstable, TRACE oscillations 

are gone down to stability. 

In order to analyze the results, both inlet and outlet conditions have been studied. Four 

channels have been analyzed, one per each quadrant. The channels selected are placed 

approximately in the center of each quadrant and represents only one fuel assembly each one 

(Figure 6). In addition to that, next figures will show from second 50 (perturbation origin) up 

to 90 s, because from that moment, the simulation in RELAP5 become chaotic since the 

thermal-hydraulic conditions were extreme and they are not included in the cross section 

tables. 

Figure 11 represents the power generated by each of these selected chan components 

with TRACE and RELAP5 compared one to one to the opposite chan regarding their 

diagonal, as Figure 6 shows (from RELAP5 case it is known how will be the instability). 
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Figure 11: Power evolution for reference chan components. 

Red and blue curves represent RELAP5 simulation and green and magenta represent 

TRACE simulation. Right picture is the comparison between 103 and 156 chan and left 

picture show the comparison between 121 and 138 chan. TRACE oscillation are significantly 

lower than RELAP oscillations, but despite their amplitude, one can appreciate there is a shift 

between chan waves, reaching an out-of-phase oscillation.  In addition to that, it could be said 

that the convergence point of TRACE simulation is equivalent to the average value of the 

oscillations in RELAP5.  

In order to see more clearly the oscillation and the differences between codes, Figure 12 

represent the power evolution during 20 seconds. 

  

Figure 12: Generated power evolution for chans 103,121,138 and 156 

 

Regarding to the mass flow, Figure 13 and Figure 14 show the comparison between 

codes for the same chans as before. 

In TRACE simulation, the mass flow remains all time below the RELAP5 mass flow, 

but the figure where chans 103 and 156 are represented show the same profile in oscillations 

in RELAP and TRACE. This means that TRACE is able to represent the shift between chan 

103 and chan 156 oscillation, thus an out of phase oscillation is detected. The same argument 

can be used for chans 121 and 138, although is not so easy to see it due to the overlapping of 

curves. 
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Figure 13: Inlet mass flow evolution for reference chan components. 

 

It is also remarkable the difference in mass flow between RELAP and TRACE, which 

in relative terms reaches 15% at the inlet and outlet, particularly in chans 103 and 156. This 

difference is determining the model, since the inlet massflow is a boundary condition, which 

means that in other channel the massflow as higher than they should, and thus the model does 

not behave as it should. 

 

Figure 14: Outlet mass flow evolution for reference chan components. 

In order to get more information about the possible problems, other variables have been 

analyzed. Figure 15 shows the void fraction at the outlet for chan components number 103 

and 121. 

 

Figure 15: Outlet void fraction evolution for chan 103 (left) and chan 121 (right). 
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Void fraction values are lower in TRACE than in RELAP. Although the difference is 

not high, it is enough to introduce variations. The maximum difference gets up to 6%. Void 

fraction in the outlet is a boundary condition, so there is no variation along time. 

In addition, moderator temperature has also been studied (Figure 16 and Figure 17). 

 

Figure 16: Inlet moderator temperature evolution for chan 103 (left) and chan 121 

(right). 

 

Moderator temperature difference attract attention. During and after the perturbation 

moderator temperature in TRACE remains constant at the inlet, while in RELAP it starts to 

oscillate since the beginning of the perturbation. It would be necessary to go deeper in 

possible causes for this behavior, in order to get the correct conditions for the case. 

However, it occurs the opposite at the outlet. TRACE starts to oscillate when control 

rod movement start while RELAP takes time to oscillate. The behavior of TRACE moderator 

temperature is bound to pressure, as it will be seen next.  

 

Figure 17: Outlet moderator temperature evolution for chan 103 (left) and chan 121 

(right). 
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Figure 18: Inlet and outlet pressure evolution. 

 

Finalizing, it is interesting to analyze the pressure. This is a boundary condition at the 

outlet, so it is normal that the lines are constant and overlapped (Figure 18). In case of inlet, 

pressure in TRACE is higher than in RELAP5, which means greater pressure drop in TRACE 

than in RELAP5. 

Moreover, TRACE pressure pattern is the same that follows moderator outlet 

temperature. 

Change in pressure returns the matter to the friction coefficients, since TRACE 

calculates the inlet pressure from the outlet pressure and the pressure drop along the channels. 

Moreover, one of the features that differentiates TRACE from RELAP5, is the use of chans 

instead of pipes, which has also influence in friction calculation. 

 In addition, the need for dealing with the Courant limit redefining the mesh and the 

time step size has been shown. Nevertheless, it is important not to forget that the present 

TRACE model is very constrained due to the boundary conditions and the limitations of such 

a simple model. Next step will be the addition of all the elements of the vessel with the 

consequent freedom of some parameters. 

4 CONCLUSIONS 

In this work, we have performed a TRACE model to characterize Peach Bottom Unit-2 

NPP and study possible in-phase and out-of phase instabilities. 

The input consists of a core model formed by 71 thermal-hydraulic channels plus one 

that represents the bypass. Besides, boundary conditions define this case. On the neutronic 

side, 435 compositions form the cross section set. The mapping is based on the spatial shape 

of the Lambda modes, obtained with VALKIN code, developed in the UPV. 

The stability analyses are performed in point PT_UPV situated in the exclusion region 

and the results are compared to a previous case, which represent the same case but executed 

with the coupled codes RELAP5/PARCS. 

The results obtained show that TRACE cannot represent the oscillations that define the 

instability founded in this situation with the same accuracy as the reference case. Further 

works will have to deal with the friction factors and Courant number, trying to approximate 

the model variables to the Courant limit. 
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