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ABSTRACT 
Coupled calculations are important for the simulation of nuclear power plants when 
there is a strong feedback between the neutron kinetics and the thermal-hydraulics. A 
general coupled model of the Ringhals-3 Pressurized Water Reactor has been developed 
for this purpose. The development is outlined in the thesis with details given in the ap
pended papers. A PARCS model was developed for the core calculations and a RELAP5 
model for the thermal-hydraulic calculations. The RELAP5 model has 157 channels for 
modelling the flow in the fuel assemblies. This means that there is a one-one correspon
dence radially between the neutronic and thermal-hydraulic nodalization. This detailed 
mapping between the neutron kinetics and the thermal-hydraulics makes it possible to 
vise the model for all kinds of transient. To provide realistic material data to the PARCS 
model, a cross-section interface was developed. With this interface one can import mate
rial data from a binary CASMO-4 library file into PARCS. Due to the one-to-one mapping, 
any any core loading can easily be considered. The PARCS model was benchmarked 
against measurements of the steady-state power distribution of Ringhals-3. The power 
shape was well reproduced by the model. Validational work for steady-state conditions 
of the thermal-hydraulic was also successfully performed. The most challenging part 
of the validation of a coupled model is for transients. This is much more difficult since 
the dynamics of the system becomes very important. Two transients that occurred at 
Ringhals-3 were chosen for the validational work. The first transient was a Load Re
jection Transient. In general the model gave good results but some problems were ex
perienced, e.g. the pressurizer pressure turned out to be more difficult to be correctly 
simulated. The second transient was a Loss of Feed Water transient. A malfunctioning 
feed water control valve closed, and therefore shut down the feed water supply to the 
steam generator in one of the loops. Low level in the affected steam generator led to the 
SCRAM of the reactor. Finally, the model was applied to the simulation of hypothetical 
Main Steam Line Break transient. Several cases were simulated. Both Hot Full Power 
conditions and Hot Zero Power conditions were used. The effects of SCRAM timing, 
mixing, and delayed neutrons were investigated. 

Keywords: core calculations, thermal-hydraulics, coupled calculations, measurements, re
actor transients, MSLB, load rejection, loss of feedwater 
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Chapter A 

Introduction 

There is a strong interest in nuclear power today. Several different reasons are creating 
this. Firstly, the fact that nuclear power releases very small amounts of greenhouse gases. 
This is important for a world that is increasingly worried about global warming. Sec
ondly, interest in energy security is also important since most of the uranium is supplied 
from politically stable countries like Australia and Canada. Thirdly, a high electricity 
price makes it profitable to invest both in existing and new power plants. This interest 
creates a lot of work in all areas of nuclear engineering including safety analyses. 

Traditionally, safety analyses of nuclear power plants have been performed using so 
called conservative methods. These methods often lead to perhaps unnecessarily high 
safety margins. 

With more powerful computers, it has become easier to use best estimate methods 
for safety analyses. With these methods one tries to model the physical phenomena as 
accurately as possible. Since a nuclear power plant is a complex system the resulting 
model will also be complex. This also means that some simplifications must be done. For 
example, when one models the thermal-hydraulics of the plant with a so called system 
code, most of the fluid flows are modelled as one dimensional. 

In Sweden and also worldwide, there is a significant interest in increasing the thermal 
power of existing nuclear power plants. One is of course very interested in the conse
quences of these uprates for the safety of the power plant. 

The aim of this work was thus to create a versatile model of the Ringhals-3 Pressur
ized Water Reactor (PWR), i.e. a model that can be used for all possible transients. The 
scope of this work also included testing and application of the model. It was decided that 
the codes PARCS and RELAP5 should be used. An already existing RELAP5 model [1] 
served as a starting point for further development. The resulting model is the first of 
its kind in Sweden and it will hopefully find more applications in the future, both for 
Ringhals-3 and the other PWRs at the Ringhals site. 

This report is divided into four major parts. First some short background on codes for 
neutronic and thermal-hydraulic calculations will be presented. The following chapter 
describes the models for Ringhals-3. It contains information both on the development 
and features that are specific for this model. Chapter 4 describes validational work done 
for steady-state and transient conditions. In the fifth chapter, the model is applied to 
a hypothetical Main Steam Line Break (MSLB). In the appendices, one can find articles 
related to the work presented in this thesis. 
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Theoretical Background 

Basically, there are two problems to be solved when modelling a nuclear reactor. First one 
wants to calculate the power distribution as a function of time. Obtaining this by the use 
of diffusion equations will be described in the first section of this chapter. The material 
data in the diffusion equations are dependent on temperature and density of the mod
erator and on fuel temperature. Second, one must know the fluid flows, temperature, 
density, pressure, and phase distributions. This subject is called thermal-hydraulics and 
is presented in the second section. The power distribution affects the temperature distri
bution of the reactor, which in turn affects the material data of the diffusion equations. 
In other words, one gets a feedback, and coupled calculations with both core calcula
tions and thermal-hydraulic calculations become important for accurate modelling of the 
nuclear power plant. 

2.1 Neutronic Modelling 

PARCS [3] is a 3-D core simulator for steady state and transient problems developed for 
the Nuclear Regulatory Commission (NRC) by Purdue University. It uses multi-group 
diffusion and SP3 transport equations. For Light Water Reactors (LWRs), two energy 
groups give satisfactory results and have been vised in all cases described in this thesis. 
The two-group diffusion equations are shown below. Index 1 indicates the fast neutron 
group and 2 the thermal group. 

-DiV2</>! - S1^2<^1 - E a l ^ l + ^lS/i«^>i + Z^S/202 = KT (2-l) 
V\ Ot 

D2S72<t>2 + S i ^ 2 0 i - Sa2</»2 = - ^ (2.2) 
v2 ot 

In addition, one needs equations for the delayed neutrons. The index % indicates the 
group number of the delayed neutrons. 

dC-
-J. = -Xid + 0i (vXfifa + v^f24>2) (2.3) 

C is the concentration of the precursors, A the decay constant of the precursors, and (3 
the fraction of delayed neutrons. One usually model the delayed neutrons with 6 groups, 
which gives satisfactory results. 
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Chapter 2. Theoretical Background 

One way to provide material properties for PARCS is to use the PMAXS files. There 
is one PMAXS file for each fuel and reflector type. These files are used for macroscopic 
cross sections, microscopic cross sections for Xe and Sm, yields for Xe, Sm and precur
sors, 0 and A for the delayed neutrons, inverse velocities, and discontinuity factors. In 
the PMAXS files, all necessary cross-sections are written for a number of different val
ues of the interesting variables. For the PWR case the interesting instantaneous variables 
are effective rodded fraction, boron concentration, temperature of moderator, and fuel. 
The history variables are history of boron concentration and history of moderator tem
perature. Interpolation is used between the data points. The data functionalization is 
carried out differently for the fuel and reflector segments. For the fuel segments, the data 
functionalization of any parameter P is performed according to: 

P (b, HDm, HCb, acr, Dm, Cb, Tf) = 
P(b,HDmfi,HCb ,o, acRfi, Dmfi, C)>,o, 27,0) + 

dP 
(b,HDm,HCb,aCR,ref) {-aCR ~ a C R ^ + 

daCR 
dP 

dDm 

dP 
dCb 

dP 

(b,HD,n,HCb,acn,Dm.ref) (Dm D™fi) + 

'b,HDm,HCb,acR,D,„,Ch!l,:f) (Cb ~ Cbfi) + 

d,/Tf {b,HDm,HCb,acn.,Dm,Cl„TJ,rRj) 'Tf - JTf j) (2-4) 

where b represents the burnup, HDm and HCb represent the history of the moderator 
density and of the boron concentration, respectively, Cb represents the instantaneous 
boron concentration, Tf represents the instantaneous effective fuel temperature, Dm rep
resents the instantaneous moderator density, and UCR represents the effective rodded 
fractions. The subscript 0 denotes the base case, whereas the subscript ref represents the 
reference point, defined as the midpoint between the instantaneous value and the base 
value. This can be written in a generic form as: 

Vref = 2 ( 2 - 5 ) 

For the reflector segments, the data functionalization of any parameter P was per
formed according to: 

P (Cb) = P (Cbt0) + H J (c. r<;f) (Cb - Cbfi) (2.6) 

One may notice that there is no dependence on moderator density in the equation 
above due to a limitation in PARCS. As shown in the equations above the cross-sections 
are described as a sum of a base value and a number of partial derivatives. 

An in-house code was developed at our department to create the PMAXS files from 
the CASMO-4 [6] binary library file. The procedure for creating the PMAXS files starts 
with obtaining a SIMULATE-3 [7] restart file for the actual cycle and a CASMO-4 library 
file for all the fuel and reflector types. A script executes SIMULATE-3 to determine which 
fuel and reflector types are loaded in the core. This is followed by another script which 
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2.2. Thermal-hydraulic Modelling 

runs SIMULATE-3 to retrieve the cross-sections and kinetic data for the different values of 
moderator density, boron concentration, rodded fraction, fuel temperature, and histories. 
Finally, all this information is written to the PMAXS files. A detailed description of the 
cross-section interface can be found in paper I in the appendices. 

2.2 Thermal-hydraulic Modelling 

As seen in the previous section the macroscopic cross-sections are dependent on mod
erator density, fuel temperature, and boron concentration which are thermal-hydraulic 
variables. The determine these variables and also others like flow velocity, pressure, 
phase distributions, one needs equations for fluid mechanics, and heat transfer. Correla
tions and additional models are also needed. In fluid mechanics there is one conservation 
equation each for mass, momentum and energy. Presented below are the conservation 
equations in the integral (global) form. 

f p(r,t)dV+(f p (r, t) (v - wa) • ndS = 0 (2.7) 
Jv(t) Js(t) 

d_ 
dt -)V(t) JS(t) 

-£ f (pv) (r, t)dV+i (pv) (r, *) (v - vfl) • ndS 
dt JV(t) JS(t) 

= f (pg) (r, t)+(f (f- pi) (r, t) • ndS (2.8) 
JVU) Js(t) V J 

d_ 
d~t E+V-y^{v.,t)dV + j>^ (p (E+Y)) (r'*) (v " Vs> • ndS 

" / / (p— + %-A{r^ + j> ( - q " + ( r - p / ) - v ) ( r , « ) - n d S (2.9) 

V is the volume of interest and S the surface bounding V. p is the density, v velocity of 
the fluid, and vs the velocity of the surface, f represents the stress tensor, and I represents 
the unit tensor. E is the internal energy, q'" the volumetric heat generation rate, g the 
gravitational acceleration, and q" the surface heat flux. In many cases, one is interested 
in two-phase flow and then one set of equations may be needed for each phase. 

During normal conditions in a nuclear power plant, heat transfer is dominated by 
two processes, namely convection and conduction. Shown below is the fundamental 
equation for conduction, Fourier's law. 

q" = -kVT (2.10) 

One important application of Fourier's law, is to determine the temperature distri
bution in the fuel pins. Convection is important for heat transfer between fuel pins and 
the coolant but this is difficult to model and requires the use of correlations based on 
experimental data. This also applies to heat transfer in the Steam Generators (SGs). 

RELAP5 [8] stands for Reactor Excursion and Leakage Analysis Program. It is a one 
dimensional system code developed for the US Nuclear Regulatory Commission (NRC). 
The code is capable of analyzing a wide range of transients in light water reactors. 
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Chapter 2. Theoretical Background 

The hydrodynamic model is a one dimensional transient two fluid for flow of a steam 
water mixture that can contain non condensible gases (e.g. air) and a soluble compo
nent (e.g. boron) in the water phase. RELAP5 uses a six equation model, one continuity 
equation, one momentum equation, and one energy equation for each phase. State equa
tions are also needed to determine thermodynamic variables like temperature, density, 
enthalpy, void fraction, and pressure. In addition to these equations, there are consti
tutive models for flow regimes, wall friction, wall heat transfer, inter phase drag and 
shear, inter phase heat and mass transfer etc. There are also special process models for 
choked flow, horizontal stratification, crossflow junctions, countercurrent flow, thermal 
stratification. 

There is a point-kinetic reactor model included in RELAP5. This makes it possible 
to run stand alone simulations of nuclear power plants with RELAP5. The point-kinetic 
approximation assumes that the neutron flux can be separated into space and time func
tions. This is of course a limitation when the perturbation of the reactor is spatially de
pendent. 

A RELAP5 model consists of different types of components. There are hydrodynamic 
components for fluid flow. Examples of this type are pipes, valves, and pumps. Heat 
structures are used to model fuel pins, pipe walls, and heat exchanger tubes. Trips are 
logical statements and model the logic of the plant. They are used for among other things 
opening/closing valves and for the SCRAM signal. 
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Chapter **J 

Presentation of the Models 

3.1 Neutronic model 

A number of core models for different cycles have been constructed for this work. To 
carry out this work a certain number of things are required for the creation of a neutronic 
model. One must know which fuel types are loaded in the core, and also the macroscopic 
cross-sections for the fuel. The cross-sections depend on among other things, the isotope 
content of the fuel. The isotope content, in turn depends on fuel type and on the neutron 
energy spectrum during the operation of the reactor since the startup. To model this, 
one uses history variables, which are exposure weighted averages of the instantaneous 
variables. History of moderator density, history of boron concentration, and of course ex
posure are the most important history variables for PWRs. The instantaneous moderator 
density, boron concentration, fuel temperature must also be known. The effect of control 
rods on the macroscopic cross-sections are also essential. The modelling of the reflector 
surrounding the core is easier since the cross-sections in this case are only dependent on 
the instantaneous moderator density and boron concentration. The core loadings have 
been transferred from SIMULATE-3 files into PARCS. An example of the exposure of a 
core loading is shown i Fig. 3.1. In some of the assemblies there is an axial zoning which 
has been taken into account. There are four different types of reflector used. One type 
each for the top and bottom reflectors. For the radial reflectors there is one type that takes 
into consideration only the baffle, and one type that takes into consideration both the 
baffle and barrel. Considering nodalization, axially 24 nodes are used for the active core 
plus one each for the top and bottom reflectors. Radially, each fuel assembly is split into 
2x2 nodes. The method for producing the macroscopic cross-sections has been described 
previously. As mentioned before, one important parameter is the history variables and 
since the complete history of Ringhals-3 plant has been modelled in SIMULATE-3, it 
is very useful to take advantage of these data. It is also easy to import data from the 
SIMULATE-3 summary files to PARCS. The two group diffusion equations are solved in 
a finite space, and thus boundary conditions are needed. Using zero incoming current as 
boundary condition gave the smallest error for the effective multiplication factor when 
comparing the calculations with critical operation modes of the reactor. This option was 
used for all of the simulations. For the poisons, the steady-state option has been used 
for steady-state and transient for the transient simulations. Further information on the 
neutronic modelling is presented in paper I. 
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Chapter 3. Presentation of the Models 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Burnup (GWd/t) 

Ringhals 3, c22 

Figure 3.1: Assemblywise bumup for cycle 22, BOC. 

3.2 Mapping Between the Neutronic Model and the Thermal-
hydraulic Model 

The weighting factors of the mapping describes how much one RELAP5 node contributes 
to one PARCS node and vice-versa. Two mappings must be specified for a coupled cal
culation. First a mapping between the neutronic nodes and the pipe components of the 
core. Second, a mapping between the neutronic nodes and the heat structures is needed. 
The RELAP5 model distinguishes between flow in the baffle-barrel space and flow in the 
core periphery. Proper weighting factors must be assigned to these nodes and it was 
decided that neutron flux weighting should be used to calculate these factors. The neu
tron flux for the different parts of the reflectors was calculated with CASMO-4. Further 
information is found in papers II-V. 

3.3 Thermal-hydraulic Model 

The Ringhals-3 PWR is of a 3 loop Westinghouse design. The original design thermal 
power is 2783 MWth (100%). An extended power uprate is planned for this reactor. The 
final goal of the power uprate is a thermal power of 3144 MWth (113.5%). In the RELAP5 
nodalization, which can be seen in Figs. 3.2 and 3.3, one can see the three loop structure in 
both the primary and secondary side. There are 157 pipes for the active core which means 
that there are radially a one-to-one correspondence between the neutronic and thermal-
hydraulics. Axially, each pipe has 8 nodes. Originally, the intention was to have 24 axial 
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3.4. Control System 

nodes, i.e. the same number of nodes as in the neutronic calculation, unfortunately this 
proved to not be possible due to some limitation in RELAP5. All of the coolant will 
not be heated by the fuel assemblies. The unheated flow are modelled with three types 
of by-pass flow, flow in the baffle-barrel space, flow in open guide thimbles and gaps 
between fuel assemblies, and flow in the core periphery. The distinction between baffle-
barrel space and core periphery is made to model the radial reflector in a more accurate 
way for the PARCS neutronic modelling of the reflector nodes. As mentioned earlier two 
types of radial reflector assemblies are used in the neutronic model. One of the types 
takes into consideration only the flow inside the baffle, i.e. in the core periphery, and the 
other type takes into consideration the flow both in the core periphery and baffle-barrel 
space. The by-pass for the flow in open guide thimbles and gaps between fuel assemblies 
is modelling the unheated part inside the core. These components must be included to 
obtain correct flow in the core. The reason for this detailed modelling of the core, is that 
the model can be used for all types of transients. This is important when one is modelling 
phenomena of asymmetric nature. In the primary side no mixing between the different 
loops was assumed before the upper plenum. It is difficult to determine the actual mixing 
in a real vessel, so to start with the case with no mixing was implemented. It should also 
be mentioned that it is easy to change to full mixing in the lower plenum. One can 
assume that, the real case should be somewhere in between these two extremes. The 
safety systems are also modelled, including accumulators, high pressure safety injection, 
and low pressure safety injection. 

A number of things can be noticed in the nodalization of the secondary side. The 
feed water and turbines are modelled as boundary conditions. The modelling of the 
Steam Generators is more complicated since both steam separators and dryers must be 
included. The purpose of these two components are to separate liquid water from the 
steam. More information about the thermal-hydraulic modelling can be found in papers 
II-V. 

3.4 Control System 

The control system of the plant will of course have an important influence on transients. 
The control system was already implemented in the original RELAP5 model mentioned 
in the introduction and in most of the cases only minor modifications have been made. 
The feed water control compensates for two things, level deviation in the SGs, and differ
ence between feed water flow and steam flow. The level is determined by the difference 
of two pressure measurements at two elevations in the steam generators. The set point 
for the SG level is dependent on the power of the reactor. To stabilize both the measure
ments and the setpoint a low-pass filter is applied. A Proportional-Integral-controller 
(PI) calculates a compensation for each of the level deviation and flow difference. The 
compensation is low-pass filtered and fed to the feed water control valve. 

The biggest change made in the control system is the modelling of variable speed 
pumps for the feed water. The original RELAP5 model included a model of a constant 
speed feed water pump. The speed of the pumps are controlled so that the minimum 
pressure drop over the Feed Water Control Valves (FWCV) is 6.5 bar. The error is passed 
to a Pl-controller and the compensation is added to the set-point of the pump speed. A 
Pl-controller compensates for both the current error, and the time integral of the error. 
The pressure is modelled as proportional to the pump speed squared. The pressure de-
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Chapter 3. Presentation of the Models 

/ ^ \ 

Figure 3.2: Nodalization of the primary side. 



3.4. Control System 

592 Relief Valve 

SG1 

Dump (Atmosphere) 

Figure 3.3: Nodalization of the secondary side. 
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Chapter 3. Presentation of the Models 

pendence on flow is modelled with a second order polynomial. The resulting pressure 
from the combination of these two parts is calculated by multiplying flow compensated 
pressure with the normalized pump speed pressure. An overview of the model can be 
seen in Fig. 3.4. 
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3.4. Control System 
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Figure 3.4: Control system for variable speed feed water pumps. 





Chapter T 

Validational Work 

Without knowledge on how well the model represents reality, it is rather useless. In 
order to determine the quality of our model, several comparisons with plant measured 
data were carried out. First, validational work on the power distribution and effective 
multiplication factor for the neutronic model were benchmarked against plant measured 
data. Following this, the stand-alone RELAP5 model was validated. This work was 
only for steady-state conditions so further work was necessary for transient conditions. 
Transient conditions are much more challenging due to the dynamics of the system. 

4.1 Neutronic model 

Since the cross-section interface used for the model was specifically developed for this 
work, it had to be tested. So to start with) a validation of the cross-section interface was 
necessary. The work was carried out in the following way. The cross-sections calculated 
by CASMO-4 are recovered by using SIMULATE-3 to read the library file. So what one 
would like to know is whether the cross-sections in the SIMULATE-3 output file are the 
same as the ones used by PARCS. The cross-sections are provided for different values 
of moderator density, fuel temperature, boron concentration, rodded fraction, history of 
moderator temperature, history of boron concentration, and exposure. This means that 
many cases must be tested and some automated testing is necessary. For this purpose a 
program was written to read all the cross-sections and corresponding thermal-hydraulic 
conditions from the SIMULATE-3 output file. The thermal-hydraulic conditions were 
vised to construct PARCS input files for all the cases. Each input file has one fixed thermal-
hydraulic condition but several different values of exposure. PARCS is also requested to 
write an output for the cross-sections used. The output from PARCS is finally compared 
with the data in the SIMULATE-3 output file. Figure 4.1 shows some of the result from 
this validation. As can be seen the agreement is excellent and therefore one can conclude 
that the cross-section interface is working properly. 

For the purpose of validating the neutronic model, a number of measurements from 
Ringhals-3 were obtained. These measurements were taken during several cycles and 
times in the cycles. The comparisons provide both a validation of the model and also of 
the PARCS code. The measurements consisted of the Relative Power Fractions, which 
provide a three dimensional power distribution. These numbers are normalized and 
provide no measure of the absolute power of the reactor. The power distribution is ob
tained by measuring the neutron flux in the core. Unfortunately it is only possible to per-
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Chapter 4. Validational Work 

20 30 40 
Burnup (GWd/tHM) 

Figure 4.1: Variation of kx as a function of burnup, instantaneous and history variables. The 
infinite multiplication factor calculated from the original data is represented by lines, whereas the 
infinite multiplication factor calculated from the reconstructed data is represented by crosses. 
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4.2. Thermal-hydraulic model 
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Figure 4.2: Assemblywise power difference, cycle 22,4.6668 GWd/tHM. 

form measurements in certain fuel assemblies, so to obtain a complete three dimensional 
power distribution one must do an interpolation for the nodes where measurements are 
lacking. This interpolation cannot be done with PARCS since it does not contain detec
tor data, so for this purpose SIMULATE-3 was used. PARCS managed to reproduce the 
power profile well. Some systematic deviations were nevertheless found. These devia
tions seem to be dependent on the cycle exposure. The best agreement is obtained for 
middle of cycle conditions. Figure 4.2 shows the assemblywise difference between mea
surements and PARCS for one of the burnups of cycle 22. A complete account of this 
validational work can be found in paper I. 

4.2 Thermal-hydraulic model 

The RELAP5 model has been validated against steady-state measurements taken at the 
Ringhals-3 plant. Measurements of cold-leg and hot-leg temperature, primary side pres
sure, flow rates in both the primary and secondary side were obtained during steady-
state operation. Constant time and spatial averages were used in the validation. After 
some adjustment of the model, it agreed very well with the measurements. Figure 4.3 and 
4.4 shows that after some initial oscillations, the model reproduces the measured values 
well. The steady-state validation is described in paper II. 

For the higher power level (P=3144 MWth) measurements are not yet available. For 
this reason the validations of the increased power was based on set-points from the Plant 
Input Data Document. 
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4.3. Coupled model 

4.3 Coupled model 

Coupling was first achieved for steady-state conditions to test if the model worked prop
erly. Steady-state calculations were performed by PARCS which means that the total 
power is constant. That means PARCS only provided the power distribution. The overall 
behaviour of the RELAP5 model is not affected much by this coupling but the steady-
state coupling is still important for two reasons. First it demonstrates that the model is 
capable of being used for coupled calculations, and second the steady-state temperature 
distributions calculated are necessary as starting point for the transient calculations. As a 
conclusion, one can say that the agreement with measurements at steady-state conditions 
was very good. 

For validating the coupled model during transient conditions, a load rejection tran
sient was chosen. This particular transient occurred on January 8, 2005. This is an inter
esting but also challenging transient. It is interesting for coupled calculations because the 
power of the reactor is gradually decreased to about 60%. The power decrease gives rise 
to important feedback effects. The transient start when the electric grid is disconnected 
which means that the load of the generator decreases to only the power needed for the 
plant. This causes a temporary increase of the speed of the turbines and also an increase 
in the frequency of the plant electric grid. The reactor coolant pumps speed up due to this 
frequency increase. Due to this extra cooling the power increases for a short time. The 
turbine valves close to 5-7% and the rest of the steam is sent through the steam dump 
valves. In the first phase of the transient the steam dump valves are fully open. This lasts 
for about 50 s and then the dump valves starts to close. During the second phase the 
dump valves are partially open. During the first phase the model managed to reproduce 
the measurements quite well but the second phase turned out to be more difficult. Even 
if exact matching was not achieved the model reproduced the trends of the transient. Fig
ure 4.5 shows the power during the transient. The power is reproduced quite well except 
for the peak at 150 s. The simulations reproduce the pressurizer pressure (Fig. 4.6) well 
during the initial 50 s of the transient, but a larger discrepancy occurs afterwards. For a 
complete description of this transient, please refer to paper III. 

In addition to this validational work, analysis of a loss of feed water for one of the 
SGs was done. This transient took place on August 16, 2005 at Ringhals-3. Due to a 
malfunctioning feed water control valve for SG 2, the level of SG 2 dropped significantly, 
which led to a reactor SCRAM. In general, a very good agreement between measurements 
and simulations was achieved. The transient is presented in detail in paper IV. 
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Hypothetical Main Steam Line Break 

This accident is initialized by a break in one of the steam lines. A number of new com
ponents was added to the RELAP5 model in order to simulate a MSLB. The break is 
modelled with a valve connected to the steam line in loop 2. The valve is connected to a 
volume modelling the containment atmosphere. The steam flow is reduced by flow re-
strictors in the top of the SGs. The cross-section of these restrictors (0.13 m2) are less than 
the cross-section of the steam lines (0.4351 m2). The transient can be initialized either 
at Hot Full Power (HFP) conditions or Hot Zero Power (HZP) conditions. HFP condi
tions means that the reactor is at 100% power. For HZP conditions the reactor has been 
scrammed but not significantly cooled down. Both of these cases will be considered in 
the following sections. Figure 5.1 shows the steam flow in the loop with the break. The 
increased steam flow gives a significant increase in the heat transfer from the primary 
side to the secondary side. The temperature of the primary circuit corresponding to the 
broken loop drops significantly. Figure 5.2 shows the evolution of the cold leg temper
ature corresponding to the loop with the break. The figure shows the temperature in 
component 290 which is close to the reactor vessel. It takes about 10 s for the temperature 
decrease to reach the core. These two figures were obtained with HFP conditions and 
a power of 2783 MWth. Since the Moderator Temperature Coefficient (MTC) should be 
negative the reactivity increases. EOC conditions give the most conservative result since 
the MTC is most negative then. There are two things of interest in this transient, the possi
bility of a positive reactivity and the Departure from Nucleate Boiling Ratio (DNBR). Pa
per V describes MSLB simulations for the Ringhals-3 PWR with with the original power 
of 2783 MWth. This chapter deals with the uprated power, i.e. 3144 MWth. The cycle 
burnup is 15.0 GWd/tHM. 

5.1 Hot Full Power Conditions 

As mentioned earlier the break is opened at full power in this case. The cooling of the 
core gives a positive reactivity and the power increases as shown i Fig. 5.3. The SCRAM 
is triggered by nuclear over power. A typical time evolution of the reactivity for a MSLB 
at HFP conditions is shown in Fig. 5.4. The insertion of the control rods creates a large 
negative reactivity. This component is fairly constant through the whole transient. As 
soon as the power decreases, the moderator and fuel temperature decreases, which intro
duces two positive reactivity components. The Safety Injection (SI) which injects boron 
into the primary circuit introduces a reactivity which decreases linearly with time. All 
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Figure 5.3: Power during a MSLB. 

safety systems are assumed to work. As can be seen in Fig. 5.4 there is no risk of the 
reactor becoming critical after the SCRAM. 

After the reference case where all safety systems were assumed to work, a number 
of cases with malfunctioning safety systems were considered. Normally, the Feed Water 
Isolation Valve (FWIV) should close to lessen the effects of the MSLB. Two cases where the 
FWIVs failed to close were simulated. In one of these cases one control rod was stuck in 
the withdrawn position. The stuck rod was chosen as the rod having the largest reactivity 
effect. In the other case the SI did not work. The reactivity for these cases including the 
reference case is shown in Fig. 5.5. In the long run the case with no SI gives the highest 
reactivity but there is still no risk of positive reactivity after the SCRAM. 

5.1.1 Influence of the SCRAM timing 

The influence of scram timing was investigated by either having almost immediate SCRAM 
after the MSLB or letting the SCRAM signal be triggered by nuclear overpower. The lat
ter case will input more energy into the system. Figure 5.6 shows the reactivity for two 
different cases. In the first case the SCRAM was triggered by nuclear over power which 
occurred 10 s after the break, and in the second case the scram occurred 0.5 s after the 
break. One may notice a larger reactivity insertion in the case with an early scram. A 
possible explanation for this is that in the case with the later SCRAM more heat is enter
ing the system which might counteract the subsequent cooling to some extent. This will 
decrease the amount of reactivity inserted. 
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Figure 5.6: Effect of delayed scram. 

5.2 Hot Zero Power Conditions 

It should be mentioned that all simulations have been performed for the uprated power, 
i.e. 3144 MWth. To simulate HZP conditions, the steady-state calculation was performed 
at nominal uprated power. Thereafter the transient simulation is started. The SCRAM 
occurs two seconds after the start of the simulation. Not all of the control rods are inserted 
but all of the control rods that are inserted are inserted completely. By changing the 
number of control rods inserted, one can adjust the initial reactivity for the MSLB. This 
corresponds to simulations of different shut down margins. The inserted control rods 
have been chosen so that the core still is symmetrical after the insertion. The reactivity 
stabilizes after a few tens of seconds. 50 s after the SCRAM, the break opens. Figure 5.7 
shows the reactivity for a number of different cases. The most interesting thing in this 
figure is that the cases where the SI was not working reached positive reactivity after the 
SCRAM and remained critical. Similar results was found in [10]. The case with the stuck 
rod also reached positive reactivity but decreases afterwards. 

Figure 5.8 shows the power for two cases where positive reactivity was reached after 
SCRAM. Due to delayed neutrons an increase of the power is observed before the reactiv
ity becomes positive [11]. The power seems to stabilize at around 27% for the case with 
malfunctioning SI. The asymmetrical nature of the MSLB transient raises questions about 
the power distribution in the core, especially when one observes an increase in power af
ter the SCRAM. Figures 5.9 and 5.10 shows the assemblywise power distribution these 
two cases. The scale is normalized with assembly average power at nominal power. One 
can notice that the power distribution is asymmetrical but there is no assembly which 
exceeds normal steady-state power. 
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Figure 5.11: Reactivity during MSLB, no mixing and full mixing. 

5.2.1 Effect of mixing 

In all the previous cases, it is assumed that there is no mixing between the loops in the 
primary circuit before the upper plenum. This is a strong assumption and to test the 
influence of mixing, another simulation was made. In this simulation complete mixing 
was introduced in the lower plenum of the reactor vessel. The mixing was implemented 
by connecting components 17, 18, and 19 to 20. From component 20 connections were 
made with components 23, 24, and 25. Figures 3.2 and 3.3 shows the numbering used in 
the nodalization. It turned out that the model with no mixing gave more conservative 
results for the MSLB that the model with mixing. The result is not obvious but quite 
reasonable. On one hand when no mixing occurs, one third of the coolant in the core gets 
significantly cooled but on the other when mixing occurs the temperature of the coolant 
is less affected but the whole core will be subject to this cooling. The results are shown in 
Fig. 5.11. 

5.2.2 Effect of delayed neutrons 

Since the MSLB occurs fairly soon after the SCRAM, one can expect that the delayed 
neutrons will have some influence on the results. To investigate this, the time between 
the SCRAM and the break was changed. In the previous cases a period between scram 
and the break of about 50 s was used. This period was increased to 100 s. In Fig. 5.12, one 
can notice that all cases except the reference reach positive reactivity after the SCRAM. 
The case with no SI and only 50 s between SCRAM and break also stays critical for the rest 
of the simulation. With 100 s between SCRAM and break both cases return to subcritical 
conditions. 
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Chapter V y 

Concluding Remarks 

A coupled PARCS/RELAP5 model were developed for the Ringhals-3 PWR. 
A cross-section interface was developed to provide the PARCS model with realistic 

material data. The interface uses SIMULATE-3 to read a CASMO-4 binary library file. 
The advantages of this interface is that no transport calculations have to be performed 
and it is not necessary to have access to the CASMO-4 input files. 

The PARCS model includes all the different types of fuel loaded in core. Axial zoning 
is also included. Four different types of reflectors are modelled, one that takes the baffle 
into consideration, one that takes both the baffel and barrel into consideration, and one 
type each for the top and bottom reflectors. 

The RELAP5 model include 157 channels to model the fuel assemblies, which means 
that there is a one-to-one correspondence between the neutronic and thermal-hydraulic 
modelling of the core. The model maintains the three loop structure of the plant in both 
the primary and secondary sides. The thermal-hydraulic modelling is detailed in order 
to be able to reproduce all kinds of transient. 

Validational work was done both for steady-state and transient conditions. The PARCS 
model was benchmarked against measurements of the steady-state power distribution. 
Comparisons were made for several different cycles and cycle burnups. In all the cases 
the PARCS model managed to reproduce the power profile well. The RELAP5 model 
also reproduced the steady-state conditions very well. For validation of transient condi
tions two real transients were chosen. The first one was a Load Rejection transient. The 
model required extensive improvements in order to reproduce the measurement data in 
this case. The second transient to be used for validational work was a loss of feed water 
transient. In general the models agreed with the measurements satisfactorily. One can 
conclude that the models are thus well validated. 

A hypothetical MSLB was also simulated. Several different cases were investigated. 
The most interesting aspect of this transient was the effect of the delayed neutrons. The 
simulations demonstrated that a temporary recriticality is possible in some cases. If the 
MSLB occurs shortly after a reactor SCRAM, the simulations also showed that the reactor 
can become critical again and remain critical if a rod is stuck and if the safety injection 
fails. 
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Development and validation of a cross-section 
interface for PARCS 

Mathias Stalek and Christophe Demaziere * 
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Goteborg, Sweden 

A b s t r a c t 

This paper deals with the development of a cross-section interface for PARCS and 
its full validation. The interface is used to feed PARCS with realistic material con
stants for Pressurized Water Reactors (PWRs). These material constants are ob
tained from a CASMO-4 library file and the SIMULATE-3 code is then used to read 
this library file. This interface allows a full dependency of the material constants on 
exposure and on instantaneous and history variables. Since the functionalization of 
the cross-sections in CASMO-4/SIMULATE-3 is different from the one in PARCS, 
the conversion of the material data from the CASMO-4/SIMULATE-3 formalism to 
the PARCS formalism is not trivial. As a first verification of the proper conversion 
of the data by the interface, the cross-section files created by the interface were 
read by PARCS. The data were thereafter edited for all possible burnup, instan
taneous and history parameters and compared to the original data used to create 
the files. After this successful validation, a benchmark between PARCS and plant 
measured data was carried out. For this benchmark a number of measurement sets 
from the Swedish Ringhals-3 PWR were obtained. These data were measured dur
ing different cycles and at different core exposures. The spatial distribution of the 
instantaneous variables, the history variables and the exposure were calculated by 
SIMULATE-3 and used by PARCS to retrieve the actual 3-dimensional distribution 
of the material data. The deviation of the effective multiplication factor keff from 
criticality was found to be within ± 200 pcm. Both the measured axial and radial 
power profiles were adequately reproduced by the PARCS simulations, although 
some discrepancies with plant data need to be further investigated. 

Key words: code development, validation, core calculations, measurements, 
material constants 
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1 Introduction 

In order to perform realistic core calculations, material constants and kinetic 
parameters representative of the actual local conditions, of the exposure, and 
of the history effects should be used for defining the complete heterogeneous 
structure of a nuclear core. Nevertheless, the dependency of the material con
stants and kinetic parameters cannot be determined simply. Rather, detailed 
2-dimensional transport calculations should be performed for each fuel as
sembly loaded in a nuclear core. Purdue University has recently developed 
an interface allowing feeding the 3-dimensional core simulator PARCS (Dow-
nar et al., 2002) with the results of such transport calculations. PARCS is 
actually using so-called PMAXS (Purdue MAcroscopic Cross-Section) files, 
constructed by this interface, named GenPMAXS (Generation of the Purdue 
MAcroscopic Cross-Sections) (Downar and Xu, 2004). So far, GenPMAXS is 
only able to create such PMAXS files from the Studsvik Scandpower HELIOS 
code (Casal et al., 1991). Purdue University is actually working on extend
ing this interface to the Studsvik Scandpower CASMO-4 code (Ekberg et 
al., 1995). The CASMO-4 code is the code predominantly used in Sweden to 
perform routine transport calculations and cross-section generation. A prelim
inary study actually revealed that developing an interface based on the use of 
the Studsvik Scandpower 3-dimensional core simulator SIMULATE-3 (Cov
ington et al., 1995) was both feasible and could be a very good complement 
to the solution Purdue University is currently working on (Demaziere and 
Stalek, 2004). Namely, SIMULATE-3 can be used to read the binary library 
file containing all the material constants and kinetic parameters of all the fuel 
assemblies loaded in a specific core. Since SIMULATE-3 is used to read the 
binary library file, no new transport calculation is required, i.e. constructing 
the PMAXS files is rather fast. Furthermore, using SIMULATE-3 allows edit
ing the data in a formalism consistent with CASMO-4/SIMULATE-3, before 
using these data to construct the PMAXS files in a formalism consistent with 
PARCS. More precisely, the data need to be edited at specific operating con
ditions, burnup, and histories in order to construct the PMAXS files properly. 
When using SIMULATE-3 for such a task, the interpolation of the data to the 
required operating conditions, burnup, and histories, is performed according 
to the interpolation scheme of CASMO-4/SIMULATE-3. Since this interpo
lation scheme is well validated, the data can be reliably used for constructing 
the PMAXS files. 

The purpose of this paper is to present the interface in more detail (Demaziere, 
2006) and thereafter to check its proper implementation. Since the data func-
tionalization is different between CASMO-4/SIMULATE-3 and PARCS, the 
conversion of the data from one formalism to the other is not trivial. This 
paper is thus organized as follows. The cross-section models in CASMO-
4/SIMULATE-3 and PARCS are first presented. Thereafter, the cross-section 
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interface allowing converting the cross-sections from the CASMO-4/SIMULATE-
3 formalism to the PARCS formalism and constructing the corresponding 
PMAXS files is touched upon. Finally, a validation of the cross-section inter
face is presented. The proper conversion of the data by the interface is first 
verified. For that purpose, the cross-section files created by the interface are 
read by PARCS. The data are thereafter edited for all possible burnup, in
stantaneous and history variables and compared to the original data used to 
create the files. A benchmark between PARCS and plant measured data repre
sentative of the Swedish Ringhals-3 Pressurized Water Reactor (PWR) is then 
carried out. For this benchmark a number of measurement sets corresponding 
to different cycles and different core exposures are analyzed. 

2 Description of the cross-section models in C ASMO-4 /SIMUL ATE-
3 and PARCS 

2.1 Cross-section model in CASMO-4/SIMULATE-3 

SIMULATE-3 is an advanced 2-group nodal code for the analysis of both 
PWRs and BWRs (Covington et al., 1995; Demaziere, 1999). The code is 
based on a neutronic model which uses the transverse integration technique 
with quadratic transverse leakage integration, for both static cases and ki
netic cases. The 2-group, 3-dimensional, transverse-integrated neutron diffu
sion equations are solved using fourth-order fast group flux expansions and 
fourth-order or analytic thermal flux expansions. Regarding the thermal-hydraulics, 
an explicit channel hydraulic calculation is performed for each fuel assembly. 
Two models are available, especially for BWRs: a simple transient mixture 
mass and energy model, and an explicit mixture mass, energy, and momen
tum model that solves the drift flux equations. 

This thermal-hydraulic model gives a set of thermal-hydraulic conditions from 
which the actual nuclear cross-section can be obtained for each node. Ac
cording to the methodology used in the CASMO-4/SIMULATE-3 codes, the 
macroscopic and microscopic two-group cross-sections, discontinuity factors, 
fission product data, and detector data are developed as the sum of partials, 
where each partial can be a function of up to three variables (Ver Planck et 
al., 1995). Any of these parameters P can thus be expressed in a generic form 
as: 

P(A,B,C) 

= P (A), B0, Co) + APA {A) + APB (A, B) + APC (A, B, C) 
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where P (A0, B0,CQ) is the base value and 

APA (A) = J —P (A', Bo, Co) dA' (2) 
A0 

(A being the primary variable), 

APB (A, B) = J —P (A, B\ Co) dB' (3) 
So 

(J5 being the primary variable and A the secondary variable), 

c „ 
A P C (A, £ , O = / -^P (A, B, C) dC (4) 

Co 

(C being the primary variable, B the secondary variable and A the tertiary 
variable). 

The construction of the data from Eqs. (1) - (4) is graphically represented in 
Fig. 1. The CASMO-4 raw multi-dimensional data are reduced into additive 
series of tables containing the partial functions. No more than three vari
ables can be handled for the dependency of the macroscopic and microscopic 
two-group cross-sections, discontinuity factors, fission product data, and de
tector data. Consequently, assumptions have to be made to reduce the number 
of variables used to describe these parameters with three or fewer variables. 
Where assumptions of separability are needed, the variables that are not var
ied are supposed to be at their base case conditions, usually taken as the 
reactor-averaged or beginning-of-life states. When data from the CASMO-4 
lattice calculations are not available for constructing the tables, second-order 
Lagrangian interpolation is used to generate the missing values. 

For the pin-by-pin power distributions, corner-point flux ratios, detector flux 
peaking factors, detector microscopic cross-sections, two-group neutron veloc
ities, effective neutron precursor yields, and precursor decay constants, only 
one-dimensional table sets in exposure are used for representing the principal 
variation of the data (Ver Planck et al., 1995). The additional dependencies of 
the data are modeled by one-dimensional tables of the derivatives of the data 
as a function of exposure. Any of these parameters P can thus be expressed 
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c A 

P(A0,B0,C0) 

APC(A, B, C) 

Fig. 1. Construction of the macroscopic and microscopic two-group cross-sec
tions, discontinuity factors, fission product data, and detector data in the CAS-
MO-4/SIMULATE-3 code package [derived from (Ver Planck et al., 1995)]. 

in a generic form as: 

P(b,B,C,...,Z) 

= P(b,B0,C0, ...,ZQ) + APB (b) + APC (b) + ... + APZ (b) 
(5) 

with b representing the exposure (burnup) and: 

8 APB {b) = I W P (6'5'' Co> -'Zo) dB' 
Bo 

(6) 
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APc(b) = I —P(b,B0,C',...,Z0)dC' (7) 
Co 

Z 8 
APz(b) = J —P(b,B0,C0,...,Z')dZ' (8) 

Zo 

Since the additional dependencies are only functions of exposure, the base 
values for the independent variables have to be chosen in the mid-range of 
variation. A second-order polynomial fit to the base value and its two neigh
boring points is used for the evaluation of the additional dependencies, i.e. for 
Eqs. (6) - (8). 

Table 1 summarizes the data functionalization usually performed for PWR 
cases (Ver Planck et al., 1995; Garis, 1995). This Table is intended to give an 
overview of the most typical dependency of the data. In some specific cases, 
additional variables and different data dependency might exist, depending on 
the user's needs. The different variables used in this Table are abbreviated by 
b for the exposure (burnup), Tj for the fuel temperature, HTf for the history-
averaged fuel temperature, Tm for the moderator temperature, HTm for the 
history-averaged moderator temperature, C^ for the boron concentration, HCb 
for the history-averaged boron concentration, ctcn for the control rod insertion, 
HacR for the history-averaged control rod insertion, bsp for the burnable 
absorber exposure (burnup). and Tcooung for the shutdown decay time. As can 
be seen from Table 1. the data are represented as multidimensional tables 
of three variables at the most for both the base values and the additional 
dependencies (referenced in some cases as deltas). 

2.2 Cross-section model in PARCS 

PARCS is a 3-dimensional reactor core simulator (Odar et al., 2003). The dy
namic response to any external perturbation is calculated by solving the space-
and time-dependent 2-group or multigroup neutron diffusion equations, or the 
SP3 transport equations (Downar et al., 2002). The spatial discretization is 
based on either fuel assemblies or fuel cells. The coupling with the thermal-
hydraulic part of TRACE or RELAP5 provides the temperature and flow field 
information, that allows updating the two-group cross-sections according to 
the actual operating conditions of the reactor. A Coarse Mesh Finite Dif
ference (CFMD) formulation is used to determine the neutron fluxes for the 
homogenized nodes, while the Analytical Nodal Method (ANM) is used to 
estimate the accurate coupling between adjacent nodes in the core. PARCS is 
able to perform eigenvalue calculations, transient (kinetics) calculations, de-
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Table 1 
Typical data functionalization for PWR cases in the CASMO-4/SIMULATE-3 code 
package (the variables in bold represent the primary variables). 

Parameter P Fuel segment Reflector segment 

D\, D2, Ei- ,2) 

S a , l , Sa,2j ^ / , 1 ; 

l /S / j 2 , K/V, cr|i°, 

aa,2 

P(b,HTm) + APHCb(b,HCb) 

+APCb (b, Cb) + APTm (b, Tm) 

+APTf (b, Tf) + APacR (b, aCR) 

+i\rTcooling [0, I cooling) 

[+optionallyAP fesp (b, bBp)] 

P(Cb) for radial 
and bottom reflec
tors, P (Cb, Tm) for 
top reflector 

V, 7/135, 7x e 135 , + 

7 P m « 9 > 7 5 m 1 4 9 

r l e 1 3 5 „Sm149 

ua,2 
Gd 

°a,2 
fraction 

P(b,HTm) + APHCb{b,HCb) 

+APCb (b, Cb) + APTm (b, Tm) 

APTf(b,Tf)+APacR{b,aCR) 

+/\PTcooling [0, 1 cooling) 

[+optionallyAP6 s p (b, bBp)] 

remaining 

discontinuity fac
tors 

P(b,Tm) + APCb(b,Cb) 

+APTf(b,Tf)+APacR(b,aCR) 

+APTc cooling ('• cooling ) 
[+optionallyAJPfeBP (b, bBp)) 

P(Cb) for radial 
and bottom reflec
tors, P (Cb, Tm) for 
top reflector 

pletion calculations, Xenon transient calculations, decay heat calculations, pin 
power calculations, and adjoint calculations. 

Originally in 1997, PARCS used a ra ther simple macroscopic cross-section 

model since the code was not intended to perform any depletion calculation. 

Namely, the macroscopic nodal cross-sections were functionalized as a function 

of the boron concentration (Cb), the square root of the effective fuel tempera

ture (Tf), the moderator density (Dm) and tempera ture (Tm), the void fraction 
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(a) and the effective rodded fractions (Q>CR) according to (Odar et al., 2003): 

P (Cb, Tf,Tm, Dm, a, aCR> 

P {Cb,o,Tffl, Tmfl, Dmfl, OLQ, acR,o) + -Q^r x (Cb — Cb,o) 

+ dP x(y/Tf-y/T^) + §it\TxFm-Tr mfl) 
mfl 

^\Dm0
 x (Dm ~ Dm^ + ^M:\Dm0

x("Dm~ Dmfi 

' / ,0 

dP \ .. / n n ^ i i 92P I w / n n 2̂ 
(9) 

+ S l x ( a - a o ) + 5 0 | x ( a - a 0 ) 
i 9 ^ 

9 « C f i l a C i ? n 
X (aCR - « C f l ; 0 ) 

where the subscript 0 denotes the base case. Here, P has a broad meaning, and 
can be any parameter such as a macroscopic cross-section, a microscopic cross-
section, an Assembly Discontinuity Factor (ADF), a kinetic parameter, etc. In 
this simplified model, the partial derivatives with respect to a given variable 
were assumed to be independent of the variation of the other variables, i.e. the 
model provides only first-order accuracy. This model is satisfactory when the 
actual operating conditions are very close to the base case. Nevertheless, for 
transients (which usually cover a wide range of thermal-hydraulic conditions), 
the actual operating conditions might be far from the reference case. 

In 2000, PARCS was made capable of performing core depletion analysis via 
an external depletion module called DEPLETOR, where the node-wise power 
determined from PARCS is used to calculate the region-wise burnup incre
ment. Recently, a new cross-section model was also added to PARCS so that 
the rather simple model given by Eq. (9) could take the burnup and history ef
fects of the macroscopic cross-section dependency into account. Furthermore, 
the partial derivatives in Eq. (9) were made dependent on the other vari
ables. The purpose of the aforementioned GenPMAXS code is to construct 
the PMAXS files for this new cross-section model (Downar and Xu, 2004). 
It has to be pointed out that PARCS currently uses a macroscopic deple
tion model in which the microscopic cross-sections and number densities are 
not tracked individually (except for the nuclides involved in the Xenon and 
Samarium poisoning). Compared to the simplified model given by Eq. (9), the 
macroscopic cross-sections are now functionalized as a function of burnup (6), 
up to two history variables (HI and H2), and as before the boron concentra
tion (Cb), the square root of the effective fuel temperature (Tf), the moderator 



density (Dm) and temperature (Tm ), and the effective rodded fractions {acn)'-

P(b,H 

= P (6, iJ, acfi,o, An,o, Cb,o, 2~/,o> rm>0) 

+ &\(hHr. ^(acR-acRfi) 

+ ^\(b,H,aCR,Dm,ref)
 X ( j D m ~ ^ (10) 

x (Cb - Cbfl) + dP_ 
^ dCb 

+ 
OP 

dWTf 

b,H,aCR,Dm ,C \ r e / ) 

"{y/Tf-yfih) 
b,H,acR,Dm,Cb,Tf,ref) 

+ «£l(6,H,Q C«,Dm ,C f c ,T / ,Tm , r ^ X ( T m ^ 0 
-/ 

where H represents either one history variable or a vector of two history vari
ables. Each history state is fully determined by two history variables together 
with the fuel burnup. Here, P has a broad meaning, and can be any parameter 
such as a macroscopic cross-section, a microscopic cross-section, an Assembly 
Discontinuity Factor (ADF), etc. Kinetic parameters are treated as history-
and burnup-dependent only parameters. Another main difference with Eq. (9) 
is that the partial derivatives with respect to a given variable are now depen
dent on variation of some of the other variables1. Due to the dependency of 
the partial derivatives on the actual operating conditions of the reactor, the 
quadratic dependency on moderator density/void fraction is not necessary any 
longer. As before, the subscript 0 denotes the base case, whereas the subscript 
ref represents the reference point, defined as the midpoint between the in
stantaneous value and the base value. This can be written in a generic form 
as: 

Vref = —Z— (11) 

where v is the instantaneous value. Consequently, the reference point depends 
itself on the instantaneous value. This way of doing provides a second-order 
accuracy in the estimation of the cross-sections (Downar and Xu, 2004). The 
partial derivative required in Eq. (10) for any parameter P with respect to a 
variable v can thus be calculated according to the following generic formula-

1 Sensitivity studies demonstrated that the sequence of the independent variables 
for each partial derivative in Eq. (10) affects significantly the accuracy of the cross-
section model (Downar and Xu, 2004). The sequence adopted in Eq. (10) for the 
dependency of each partial derivative is the recommended one, where the indepen
dent variables were put in decreasing order of influence on the partial derivatives. 
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tion: 

dP 
dv 

In this Equation, u represents all the variables having their instantaneous val
ues, whereas WQ represents all the variables having their base values (therefore 
explaining the subscript 0). The sequence of the independent variables in the 
partial derivatives was chosen so that there is no dependency of the partial 
derivatives on any of the variables WQ • 

PARCS follows an innovative structure for storing the data. For each param
eter P, the data structure has three levels (Downar and Xu, 2004), each level 
having a "tree-leave" structure. Such an example of a "tree-leave" structure is 
given in Fig. 2 for PWR cases. The highest level represents the history cases, 
i.e. corresponds to depleting the lattice with different sets of operating con
ditions. The second level represents different possible instantaneous states for 
each history case, i.e. corresponds to perturbations at given burnup points of 
the instantaneous variables from the state used to deplete the history case. 
Finally, the third and lowest level is the subsequent burnup dependency of the 
data after the perturbation. Usually, the first level has a two-level tree struc
ture, with several branches for the history variable HI and for each HI branch, 
several leaves for the history variable HI. For the second level, the states are 
divided into 6 groups: a base branch and different branches corresponding to 
different values of OLCR, Dm, Cb, Tf, and Tm. The partial derivatives are thus 
evaluated between the different leaves of the different branches, as illustrated 
by Eqs. (11) and (12). When any parameter is needed by PARCS at a given 
set of operating conditions, the data are retrieved within PARCS via two mod
ules: a DEPLETION module (which deals with the dependency of the data 
on the history variables HI and H2 and the burnup b), and a FEEDBACK 
module (which deals with the dependency of the data on the instantaneous 
variables CXCR, Dm, Cb, Tf, Tm). The DEPLETION module performs multi
dimensional linear interpolation with respect to the history variables and to 
the burnup for P (b,H, acR,o, Dm,o, Cfe.o, Tf$, Tm 0) and each partial derivative 
in Eq. (10). The FEEDBACK module performs multi-dimensional linear in
terpolation with respect to the instantaneous values of the variables acR, Dm, 
Cb, Tf, Tm for the partial derivatives from the set of partial derivatives stored 
in the PMAXS files. It has to be pointed out that the set of branches does 
not need to form a regular grid, and the points in each linear interpolation 
do not need to be equidistant. This demonstrates the obvious advantage of a 
"tree-leave" structure compared to a table form. 
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P(u,v,w0) - P{u,v0,w0) 

? — f v - v0 
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H\,H2 

Upper level 
(dependency on histo

ry effects) 

aCR,0 

aCR,l 

D, m,0 

D, m,l 

D, m.O 

D, m,l 

Q bfl 

Q b,l 

c, b.O 

Q b,l 

Q b,0 

C, b,l 

c, bfi 

c. b.l 

i 
Tf.' i 

TfJ 

Tf,o 

Tf.i 

TfJ 

>f,0 

Hi 

Tffi 

'fJ 

lf,o 

Tf.i 

TfJ 

Jf,0 I 
I 

bi(i=l,...,N) 

b{ 0=1,..., N) 

bi(i=l,...,N) 

bj(i=l,...,N) 

bj(i=l,...,N) 

"l0 , bid^.-.N) 

bi(i=l,...,N) 

...bJ(J-!•:••: Ni 

bj (i=l,..., N) 

biO=l,...,N) 

bi0=J,-,N) 

yi0 I biQ=i,...,N) 

biO=l,..,N) 

Intermediate level I Lowest level 
(dependency on in- (dependency on bur-
stantaneous varia- , nup) 

bles) • 

Fig. 2. I l lus t ra t ion of the "tree-leave" formalism in P A R C S for a given set of his

tory variables (HI, H2) for P W R cases; each ins tan taneous variable is assumed 

to have two possible values (0 for t h e base value, and 1 for t h e p e r t u r b e d value); 

t he " tree-leave" s t ruc tu re in bold represents the base case wi th in the set of his tory 

variables; t he last ramification (ramification due to the b u r n u p dependency) is not 

explicitly represented for reasons of clari ty of the char t ; any p a r a m e t e r P is thus 

functionalized as P (b, H1,H2, acR, Dm, Q,, Tf). 

3 D e s c i p t i o n o f t h e c r o s s - s e c t i o n i n t e r f a c e 

T h e in te r face t h a t t h e D e p a r t m e n t of N u c l e a r E n g i n e e r i n g , C h a l m e r s U n i v e r 

s i ty of T e c h n o l o g y d e v e l o p e d is b a s e d o n t h e use of t h e S I M U L A T E - 3 c o d e for 
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retrieving the data necessary to construct the PMAXS files from the binary 
library file. Consequently, access to the SIMULATE-3 code as well as to the 
binary library file (containing the data for all the fuel/reflector assemblies) is 
a prerequisite. Furthermore, a binary SIMULATE-3 restart file corresponding 
to the fuel cycle being studied is requested. The purpose of this restart file is 
to know which fuel assemblies are actually present in the core, so that con
structing the PMAXS files for fuel/reflector assemblies present in the library 
file but not loaded in the specific core being analyzed can be avoided. It has 
to be emphasized that only binary files (both the library file and the restart 
file are binary files) are required. 

This interface has the following properties: 

• the PMAXS files contain all the cross-section data, the discontinuity fac
tors, the fission yields for 1-135, Xe-135, and Pm-149, and the microscopic 
absorption cross-sections of Xe-135 and Sm-149 explicitly; 

• the fission yields are functions of burnup, history of moderator density, 
and history of boron concentration, i.e. any of these parameters can be 
generically represented as P (b, H); this representation is in accordance with 
the PARCS formalism; 

• all the other data are functions of burnup, history of moderator density, 
history of boron concentration, instantaneous control rod position, instan
taneous moderator density, instantaneous boron concentration, and instan
taneous fuel temperature, i.e. any of these parameters can be generically 
represented as P (b, H, CXCR, Dm> Cb, 7/); it has to be noted that there is no 
explicit dependency on the moderator temperature as in Eq. (10), since for 
PWR cases the dependency on the moderator density is redundant with the 
dependency on the moderator temperature. 

The limitations of this interface are as follows: 

• only PWR cases are handled by this interface for the time being; 
• the kinetic data (precursor decay constants, fractions of delayed neutrons, 

inverse velocities) cannot be retrieved individually for each fuel/reflector 
assembly but only globally for the whole core at the considered operating 
conditions of the reactor; 

• the corner discontinuity factors cannot be retrieved; 
• the power form factors cannot be retrieved. 

All the scripts allowing constructing the PMAXS files were developed un
der a UNIX/LINUX environment and are based on the ksh (korn-shell) and 
nawk/gawk programming languages. These scripts can also be run on Win
dows systems by using a UNIX emulator, such as Cygwin for instance. The 
only parameters the user needs to set up are the location of the SIMULATE-3 
script (i.e. the script used for executing SIMULATE-3) and whether the nawk 
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or gawk programming languages has to be used. 

Thereafter, three scripts need to be run consecutively for properly constructing 
the PMAXS files. The first script is meant for finding out what information is 
available from the library file. Based on this information, the second script re
quests editing the data in a formalism corresponding to PARCS, while making 
use of the interpolation scheme of SIMULATE-3 for editing the data. Finally, 
the last script constructs the PMAXS files. These three scripts are described 
in detail in the following. 

The purpose of the first script is to determine which fuel/reflector assemblies 
are loaded in the core being studied (information retrieved from the binary 
SIMULATE-3 restart file) and which operating points, burnup, and histo
ries are available in the library file for each of those assemblies (information 
retrieved from the binary SIMULATE-3 library file). More specifically, the 
script runs SIMULATE-3 to get hold of this information from the library and 
restart files, and then creates an output file containing a summary for each 
fuel/reflector segment, where the following data are gathered: 

• the segment number, its name, whether it is a fuel or reflector segment, 
the number of rods present, the number of heated rods present, the average 
enrichment; 

• the burnup points present in the library; 
• for the fuel temperature, moderator density/temperature, boron concentra

tion, and control rod position, the instantaneous values and the histories 
present in the library, as well as which of these points represent a base 
condition or a branch; 

• the shutdown cooling times, as well as which of these points represent a 
base condition or a branch. 

^From this summary file, the second script constructs a SIMULATE-3 in
put file for editing the data in the PARCS formalism and then executes 
SIMULATE-3. Editing the data from the binary library file is possible via 
the use of the audit cards (AUD) in SIMULATE-3 (Covington et al., 1995). 
The use of the audit cards is usually for debugging purposes. The purpose of 
this second SIMULATE-3 run is to reproduce the " tree-leave" structure for the 
dependency of the data in PARCS, as illustrated in Fig. 2. The highest level of 
this structure represents the history conditions. For PWR cases, these are the 
history of the moderator density and the history of the boron concentration. 
The second level represents the different possible instantaneous states of the 
control rod insertion, of the moderator density, of the boron concentration, 
and finally of the fuel temperature. It is essential to notice that the hierarchy 
in the branching process affects directly the determination of the PMAXS 
parameters and has thus to be carried out in the following order (Downar 
and Xu, 2004): control rod branches, moderator density branches, boron con-
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centration branches, and finally fuel temperature branches. The third level 
allows reproducing the dependency on burnup of the data. The list of burnup 
points was forced to be identical for a given fuel assembly between the dif
ferent branches as well as between the different histories, since a single list of 
burnup points per fuel assembly was originally required by PARCS. This "tree-
leave" structure does not correspond to the way the data are functionalized in 
CASMO-4/SIMULATE-3, as can be seen in Table 1. In PARCS, the data are 
functions of seven variables for PWR cases. In CASMO-4/SIMULATE-3, the 
data are sums of base values and partials, each of those being a function of 
up to three variables for PWR applications. Nevertheless, the SIMULATE-3 
interpolation procedure can be used with confidence for following each branch 
in Fig. 2 and then editing the corresponding data. The value of the variables 
for editing the data corresponds to the value of the variables present in the 
library file. Since PARCS interpolates between the history cases, the interface 
allows editing the data for all possible combinations of history variables, i.e. of 
the history of the moderator density and of history of the boron concentration 
(Xu, 2005). The SIMULATE-3 output file containing the edit of these data for 
a complete core can thus be very large, since a core typically contains more 
than 10 different fuel/reflector segments. Furthermore, such a SIMULATE-3 
run might take a couple of hours for a full core. 

^From the results of this SIMULATE-3 run, the third script has to be run. The 
purpose of this script is to build up the PMAXS files for each fuel/reflector 
segment or for a specific fuel/reflector segment specified by the user. This 
is done by successively stacking the results of different sets of values for the 
history variables. For each set of values for the history variables, the results 
corresponding to the reference branch (the one represented in bold in Fig. 2) 
are first stored for each burnup point. The partial derivatives associated to 
each instantaneous variable are then computed for each branch associated to 
a change of the considered instantaneous variable according to Eq. (12) and 
for each burnup point. As can be noticed from Eq. (12), the computation of 
the partial derivatives on a branch containing sub-branches has to be carried 
out at the base conditions for the variables associated to these sub-branches. 

When constructing the PMAXS files, care has to be taken about the transport 
cross-sections and the macroscopic thermal absorption cross-section. For the 
former, the transport cross-sections Etr>, are not given by SIMULATE-3, but 
can be calculated from the diffusion coefficients D{ as follows: 

EtTii = 1/(3A) (13) 

where i represents the group index. For the latter, the macroscopic thermal 
absorption cross-section might contain the effect of the Xe-135 and Sm-149 
poisons, depending on how the binary library file was created (Vanevenhoven, 
2005). More specifically, if the library was created with equilibrium fission 
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products, the macroscopic thermal absorption cross-section E0)2 includes the 
effects of the Xe-135 and Sm-149 poisons, and their concentrations (NXe

135 and 
Afgmi49, respectively) as well as their microscopic thermal absorption cross-
sections (a*2 a n d aa™ ) a r e a^so explicitly given. If PARCS is used for 
calculating the concentration of the poisons explicitly (case which is preferred 
especially for transients where the concentration of the poisons is different from 
the equilibrium concentration), the effect of the poisons has to be removed 
from the macroscopic thermal absorption cross-section as follows: 

Swithout poisons v->with poisons (AT „Xe135 , AT ^Xe149\ (-\A\ 

o,2 = L a , 2 - {Nxe^Va,2 + ^Sm^^a,2 ) (U) 

It has to be noticed that if the power level of the reactor from the restart file is 
zero, the concentration of Xe-135 is zero since this Xenon isotope is unstable, 
whereas the concentration of Sm-149 is non-zero since this Samarium isotope 
is stable. This corresponds to the fact that any Xe-135 (as well as 1-135 and 
Pm-149) from the cross-section library is adjusted to the level that would be 
present under equilibrium conditions at the specified power level, whereas the 
Sm-149 equilibrium concentration does not depend on the power level of the 
reactor (Vanevenhoven, 2005). 

4 Validation of the cross-section interface 

4-1 Verification of the proper implementation of the interface 

This verification exercise was aimed at checking that the data used for creat
ing the PMAXS files can indeed be correctly retrieved by PARCS when read
ing the PMAXS files. When comparing Eq. (1) (representing the CASMO-
4/SIMULATE-3 cross-section model) to Eq. (10) (representing the PARCS 
cross-section model), it can be noticed that the data that are actually stored 
in the PMAXS files (the base data and the deltas for all possible branches) 
have very little in common with the original data stored in the SIMULATE-3 
library file. Therefore the conversion of the data from one formalism to the 
other is far from trivial. 

Before using the cross-section interface for practical applications, it is thus es
sential to verify that PARCS can correctly reconstruct the data that were used 
for generating the PMAXS files. For that purpose, all the sets of instantaneous 
and history variables used for creating the PMAXS files were used as sets of 
operating conditions at which PARCS was run. When PARCS is used, the data 
are reconstructed according to Eq. (10). From each of the runs, these data can 
then be edited and compared to the original data that were used to create the 
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PMAXS files [data that are actually reconstructed from the SIMULATE-3 
library file according to Eq. (1)]. Since a very high number of cases need to 
be considered due to the dependencies on instantaneous variables, on history 
variables, and burnup, such a verification cannot be performed manually. A 
program was thus written in C for performing this validation in an automatic 
manner. 

This program reads the content of the SIMULATE-3 binary library file (via the 
use of SIMULATE-3 in debugging mode), where all the cross-sections are re
trieved for all the possible values of the instantaneous variables, of the history 
variables, and of burnup at which the material data are available. Thereafter, 
the program constructs PARCS input files for each of these sets of variables. 
In order to reduce the computational effort required by such a benchmark, 
a pseudo-assembly was actually modeled in each PARCS simulation, where 
segments covering the whole range of exposure were axially stacked. Conse
quently, the whole dependency of the material data on burnup (for a given set 
of instantaneous and history variables) is handled in one single PARCS run. 
This means that the burnup is changed along the z-axis, whereas the mod
erator density, fuel temperature, boron concentration, control rod position, 
history of moderator density and of boron concentration are constants in each 
input file. Only one assembly is defined per input file since PARCS can only 
give a 1-dimensional edit of the cross-sections due to a limitation in PARCS for 
editing the cross-sections. If more assemblies were defined, the cross-sections 
in the output files would be averaged for each horizontal plane and it would 
not be possible to retrieve information for the individual assemblies. 

PARCS is then run, the material data used by PARCS are edited at the cor
responding values of burnup, instantaneous variables, and history variables, 
and then compared to the original data directly coming from the SIMULATE-
3 binary file. The aforementioned program also converts all the PARCS and 
SIMULATE-3 data into MatLab data, so that MatLab can be used for easily 
visualizing the results. No difference was found between the data reconstructed 
by PARCS and the original data coming from SIMULATE-3, therefore demon
strating the proper implementation of the interface. This can be illustrated 
in a condensed manner by calculating the infinite multiplication factor k1O0 

using the cross-sections coming from the SIMULATE-3 edits and using the 
cross-sections coming from the PARCS edits for the same conditions (bur
nup, instantaneous variables, history variables). In these comparisons, fc^ was 
evaluated according to: 

k^ = —— x —— x — — — (15) 

where the geometrical buckling B2 was taken as a constant representative of 
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a typical PWR core. 
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Fig. 3. Variation of k^ as a function of burnup, instantaneous and history variables. 
The infinite multiplication factor calculated from the original data is represented by 
lines, whereas the infinite multiplication factor calculated from the reconstructed 
data is represented by crosses. 

Such comparisons are presented in Figs. 3(a) to 3(d) for different combinations 
of instantaneous and history variables. For the sake of simplicity, only a few 
combinations are shown in these Figures. It has nevertheless to be pointed 
out that all possible combinations were investigated to check the proper im
plementation of the interface. As can be seen in these Figures, there is excel
lent agreement between the data edited by PARCS and the data edited by 
SIMULATE-3. It can therefore be concluded that the cross-section interface 
is correctly retrieving the SIMULATE-3 data for creating the PMAXS cross-
section files. The cross-section interface and the PMAXS files that it creates 
can thus be used with confidence. A practical application of the interface is 
presented hereafter. 
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Table 2 
Operating conditions corresponding to the measurement sets. 

Fuel cycle 

10 

10 

10 

19 

19 

19 

22 

22 

Core-
averaged cy
cle exposure 
(GWd/tHM) 

0.2208 

4.8136 

9.5929 

0.3694 

4.5983 

9.8300 

0.1442 

4.6668 

Relative power 

99.8 

99.8 

99.8 

100.0 

100.0 

100.1 

99.1 

100.1 

(%) Tavg{°C) 

303.3 

303.0 

303.2 

301.4 

301.4 

301.2 

301.2 

301.3 

Cb (ppm) 

965 

524 

79 

915 

519 

25 

1270 

828 
Where Tavg is the core-averaged coolant temperature and Cb is the critical boron 
concentration. In all of the cases the control rods are out of the core. 

4-2 PARCS modeling of the Ringhals-3 PWR and comparisons with plant 
measurements 

Since the cross-section interface was demonstrated to properly reproduce the 
dependency of the material data on burnup, instantaneous variables, and his
tory variables, it was applied to a commercial reactor, namely the Swedish 
Ringhals-3 PWR unit. Ringhals-3 is a 3-loop PWR of the Westinghouse type 
with a design power of 2775 MWth. The core is composed of 156 assemblies 
with 17x17 fuel rod lattice. 

Several sets of measured data from Ringhals-3 were obtained from Ringhals 
AB, which is the utility operating the four Ringhals units. These measurements 
are representative of steady-state conditions and were recorded at different 
core exposures and for different fuel cycles (fuel cycles 10, 19 and 22). The 
operating conditions for each of the measurements analyzed in the following 
of this paper are summarized in Table 2. 

The neutron flux measurements were carried out using Movable In-Core (MIC) 
detectors, which are fission chambers. These detectors can only be positioned 
in the central instrumentation tube of certain assemblies (50 out of 157 fuel 
assemblies). The possible positions of the MIC detectors are indicated in Fig. 
4. Since it is not possible to measure in all positions throughout the core, an 
interpolation for the remaining fuel assemblies was necessary. SIMULATE-3 
was used for the interpolation and the conversion of the detector signals into 
Relative Power Fraction (RPF). The RPF is the ratio between the actual 
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Possible incore detector positions 

Ringhals 3 

Fig. 4. Locations for the MIC detectors. The black squares represent the possible 
radial positions of the detectors. 

power in each node and the core-averaged power. This way a complete 3-
dimensional distribution of the RPF is obtained. It is not possible to convert 
the detector signals into RPF in PARCS since PARCS does not contain any 
detector data. 

On the modeling side, since history effects are important to be taken into 
account, the complete history of the Ringhals-3 reactor had to be recovered. 
All the SIMULATE-3 input files modeling the history of the plant since the 
start of its commercial operation until December 2004 were obtained from 
Ringhals AB, representing a total of 22 fuel cycles. Modeling the whole history 
of the Ringhals-3 PWR with PARCS would have been another alternative. 
Nevertheless, since Ringhals AB has been using SIMULATE-3 for in-core fuel 
management and core follow of Ringhals-3, using the history computed by 
SIMULATE-3 was preferred. The binary library file containing the results of 
the transport calculations for each of the fuel/reflector segments loaded in 
Ringhals-3 was also obtained, from which the PA4AXS cross-section files were 
constructing using the interface presented previously. For each cycle considered 
in this benchmark, i.e. for each core loading, the PMAXS files had to be created 
accordingly. 

The data functionalization was carried out differently for the fuel and reflector 
segments. For the fuel segments, the data functionalization of any parameter 
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P was performed according to: 

P(b,HDm,HCb,acr,Dm,Cb,Tf) 

= P(b,HDmfi,HCb 

(b,HDm,HCb,aCR,ref) (aCR ~ aCRfi) 

(b,HDm,HCb,aCR,Dm,ref) (Dm ~ Dm>°) 

b,HDm,HCb,aCR,Dm,Cb,ref) \Cb ~ Cbfi) 

dP 
dacR 

dP 
dDm 

(16) 

^dCb 

dP 
dy/Tf (b,HDm,HCb,acR,Dm,Cb,Tfiref) ^V / V / ' ° 

where b represents the burnup, HDm and HCb represent the history of the 
moderator density and of the boron concentration, respectively, Cb represents 
the instantaneous boron concentration, Tf represents the instantaneous ef
fective fuel temperature, Dm represents the instantaneous moderator density, 
and acR represents the effective rodded fractions. The subscript 0 denotes the 
base case, whereas the subscript ref represents the reference point, defined 
as the midpoint between the instantaneous value and the base value [see Eq. 

(11)]-

For the reflector segments, the data functionalization of any parameter P was 
performed according to: 

P(Cb) = P(Cbfi) + ^ -
^pb,ref (cb - cM) (17) 

It has to be noted that the cross-section interface reconstructs for the reflector 
segments the dependency of the material data on the instantaneous moder
ator density as well. Nevertheless, a limitation in PARCS prevents using the 
instantaneous moderator density from the SIMULATE-3 results for the reflec
tor nodes (Xu, 2005). 

History variables (such as the history of the moderator density and of the 
boron concentration) and exposure distributions were then transferred from 
SIMULATE-3 to PARCS for the fuel cycle and exposure corresponding to each 
of the sets of measured data. Although PARCS has the ability to calculate 
the spatial distribution of the moderator density and of the fuel temperature 
throughout the core, once the core inlet temperature and thermal power are 
given, the spatial distribution of these instantaneous parameters was also ob
tained from SIMULATE-3 calculations. The 3-dimensional spatial distribution 
of the moderator temperature history, boron concentration history, burnup. in
stantaneous moderator temperature and instantaneous fuel temperature were 
obtained from the SIMULATE-3 summary file. In all the investigated cases, 
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Fig. 5. 2-dimensional burnup distribution, fuel cycle 10, core-averaged cycle exposure 
of 0.2208 GWd/tHM. 

1 2 3 4 5 6 7 8 9 101112131415 

Burnup (GWd/t) 

all the control rods were out of the core. The instantaneous boron concentra
tion taken from SIMULATE-3 was assumed to be constant throughout the 
core. The assembly-wise burnup distribution is shown in Figs. 5 to 7. These 
figures show the exposure corresponding to the first measurement set for each 
cycle. With some minor modifications, the 3-dimensional SIMULATE-3 data 
contained in the SIMULATE-3 summary files are readable for PARCS. The 
knowledge of these parameters allows retrieving the correct material data for 
each fuel/reflector segment in the PARCS model. The concentration of the 
poisons was calculated by PARCS, based on the corresponding microscopic 
cross-sections and fission yields stored in the PMAXS files. In all cases, equi
librium poisoning conditions were assumed. 

Concerning the PARCS model itself, the 157 fuel assemblies constituting the 
active core were represented. An explicit treatment of the bottom, top, and 
radial reflectors was carried out. Two different radial reflector models were 
used: one that only took the baffle into account and one that took both the 
baffle and core barrel into account. Axially, each fuel/reflector assembly in 
PARCS was modeled by an active region corresponding to the core active 
height, surrounded by a bottom reflector and a top reflector. In some of the 
fuel assemblies there was an axial zoning which was also taken into account. 
The active core is thus surrounded by 64 reflector "assemblies". The model 
has 26 axial nodes (24 for the active core and one each for the top and bottom 
reflectors). Radially each assembly is divided into 2 x 2 nodes. In total there 
are thus 5746 (26 x (157 + 64) x 4) nodes in the model. Concerning the 
options for the calculations, zero incoming current was assumed as boundary 
condition for the neutron flux. A hybrid neutronic solver was used to calculate 
the neutron flux. This hybrid solver is based on the Analytic Nodal Method 
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Fig. 6. 2-dimensional burnup distribution, fuel cycle 19, core-averaged cycle exposure 
of 0.3694 GWd/tHM. 
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Fig. 7. 2-dimensional burnup distribution, fuel cycle 22, core-averaged cycle exposure 
of 0.1442 GWd/tHM. 
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(ANM) and on the Nodal Expansion Method (NEM) (Downar et al., 2004). 

For the comparisons between the PARCS calculations and the measurements, 
the parameters of interest were the core criticality and the Relative Power 
Fraction (RPF). The relative difference between the PARCS calculations and 
the measurements is defined as follows: 

A = 
jyppPARCS _ D p pmeasurea 

pp p-measured 
(18) 
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The results of these comparisons are presented in Figs. 8(a) to 10(c). These 
figures represent the validations made for cycle 19. 
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(c) 3-dimensional power difference. 

Cycle 19. Cycle exposure 0.3694 GWd/tHM. 

Axially, a systematic deviation of the PARCS results from the measurement 
data can be noticed. As mentioned earlier, PARCS is currently not able to use 
the instantaneous moderator density provided by SIMULATE-3 for the reflec
tor nodes. Assuming density-independent material data for the top reflector is 
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Fig. 9. Cycle 19. Cycle exposure 4.5983 GWd/tHM. 

an assumption that might not be valid. This approximation could explain the 
larger discrepancy of the RPF close to the top of the active core. The axial 
leakage of neutrons through the top reflector might therefore be erroneously 
estimated, resulting in an underestimation of the RPF by PARCS. PARCS is 
nevertheless able to correctly reproduce the overall axial power profiles. 

Radially, differences can be seen between the PARCS calculations and the 
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Fig. 10. Cycle 19. Cycle exposure 9.8300 GWd/tHM. 

measurements. When looking at the results from cycles to cycles, the following 
trend can be noticed. At beginning of cycle conditions, there is an overestima-
tion of the power in the center of the core in PARCS and an underestimation 
at the periphery of the core. At end of cycle conditions, there is an underesti
mation in the center of the core and an overestimation at the periphery of the 
core. At middle of cycle conditions, the deviation of the PARCS results from 
the measured data does not exhibit any systematic behavior, i.e. the overall 
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Table 3 
Summary of the assembly-wise deviations in power density. 

Fuel Core- Calculated Mean Standard Minimum Maximum 
cycle averaged keff devi- devi- devi- devi-

cycle ation ation ation ation 
exposure (%) (%) (%) (%) 
(GWd/tHM) 

10 

10 

10 

19 

19 

19 

22 

22 

0.2208 

4.8136 

9.5929 

0.3694 

4.5983 

9.8300 

0.1442 

4.6668 

0.99865 

1.00116 

1.00189 

0.99986 

1.00052 

1.00120 

0.99764 

1.00017 

-0.91% 

-0.21% 

0.11% 

-0.68% 

0.02% 

0.22% 

-0.40% 

0.17% 

4.22% 

1.49% 

2.10% 

2.16% 

1.56% 

2.63% 

2.73% 

1.59% 

-10.22% 

-4.81% 

-5.14% 

-6.72% 

-4.27% 

-5.67% 

-5.10% 

-3.54% 

8.95% 

5.07% 

7.01% 

5.25% 

3.70% 

5.56 % 

5.79% 

4.47% 

agreement between calculations and measurement data is best. Nevertheless, 
an asymmetry in the radial relative deviation can clearly be noticed in some 
cases, notably for the fuel cycle 19. When looking at the corresponding expo
sure distribution in Fig. 6, such an asymmetry is not present in the loading 
pattern. This asymmetry in the relative deviation of the RPF could either be 
due to measurement errors or due to effects related to the actual conditions 
in the core. 

In the 3-dimensional plots, the same trends can be noticed. Nevertheless, it 
can also be seen that for most of the nodes the deviation is within a few 
percents. At the top and bottom of the core there are some larger discrepancies, 
probably due to the moderator density-independent material constants used 
for the reflector nodes. 

A summary of the deviations can be found in Tables 3 and 4. It seems that 
the best agreement between the PARCS calculations and the measured data 
is to be found at middle of cycle conditions. Bigger discrepancies appear at 
beginning and end of cycle conditions. As can be seen in these Tables, PARCS 
is able to reproduce the RPF rather well, although minor discrepancies exist 
for some isolated cases as pointed out previously. The effective multiplication 
factor keff also shows the same behavior, with a deviation from the expected 
criticality within typically 200 pcm. 
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Table 4 
Summary of the node-wise deviations in power density. 

Fuel 
cycle 

10 

10 

10 

19 

19 

19 

22 

22 

Core-
averaged cy
cle exposure 
(GWd/tHM) 

0.2208 

4.8136 

9.5929 

0.3694 

4.5983 

9.8300 

0.1442 

4.6668 

Mean de
viation 
(%) 

-0.91% 

-0.21% 

0.11% 

-0.68% 

0.02% 

0.22% 

-0.40% 

0.17% 

Standard 
deviation 
(%) 

5.69% 

3.68% 

4.90% 

4.52% 

3.78% 

4.97% 

3.98% 

3.96% 

Minimum 
deviation 
(%) 

-25.4% 

-19.3% 

-22.2% 

-32.8% 

-17.0% 

-19.7% 

-17.2% 

-15.3% 

Maximum 
deviation 
(%) 

29.1% 

17.5% 

22.4% 

19.1% 

24.1% 

25.7 % 

16.1% 

23.7% 

5 Conclusions 

A unique interface between CASMO-4/SIMULATE-3 and PARCS was de
veloped for feeding PARCS with realistic sets of material constants for any 
heterogeneous PWR core. Once the data files are created by the interface, 
PARCS can be used to study any operating PWR, since the dependency of 
the data on instantaneous variables, history variables and burnup is fully rep
resented in the data files. One of the main advantages of the interface is the 
fact that the inconsistencies in the representation of the data dependency 
between CASMO-4/SIMULATE-3 and PARCS are handled by the interface. 
More specifically, the interface uses the SIMULATE-3 interpolation procedures 
to reconstruct the data in a formalism consistent with PARCS. 

The cross-section interface was then validated by confirming that the ac
tual cross-sections reconstructed by PARCS using the data contained in the 
PMAXS files were identical with the cross-sections used for creating these files. 
Thereafter, a benchmark against plant measured data from the Ringhals-3 
PWR in Sweden was carried out, where the relative power distribution and 
the core criticality were the parameters looked at. Several fuel cycles and core 
exposures were considered. The 3-dimensional spatial distributions of the his
tory of the moderator density, of the history of the boron concentration, of 
the exposure, of the instantaneous moderator density, and of the instantaneous 
fuel temperature were obtained from SIMULATE-3. Based on these distribu
tions, together with the position of the control rod and the instantaneous 
boron concentration, the material data could be retrieved. These validation 
tasks demonstrated that PARCS was able to reproduce the main variations of 
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the power distribution within the core. The RPF deviations were found to be 
in the range of a few percents. PARCS seems to overestimate the power frac
tion in the center of the core at beginning of cycle. At end of cycle there is an 
underestimation in the center of the core. The deviation of the effective mul
tiplication factor keff was found to be within ±200 pcm for most of the cases. 
Since the cross-section interface was separately validated, these discrepancies 
cannot be attributed to the interface. 

The cross-section interface thus allows using PARCS for modeling actual op
erating PWRs when the cross-sections are generated by the CASMO-4 lattice 
code. Such an interface has already been used in many other applications, 
such as coupled neutronic/thermal-hydraulic calculations based on the RE-
LAP5/PARCS codes for the Ringhals-3 PWR in both steady-state (Banati et 
al., 2006) and transient conditions (Banati et al., 2007; Stalek et al., 2007). 
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Development of a coupled PARCS/RELAP5 model of the Ringhals-3 PWR 
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412 96 Goteborg, Sweden 

Abstract 
This paper deals with the development of a coupled PARCS/RELAP5 model 

of the Swedish Ringhals-3 pressurized water reactor. The stand-alone PARCS 
and RELAP5 models are first presented. On the neutronic side, the dependence 
of the material constants on history effects, burnup, and instantaneous 
conditions is accounted for, and the full heterogeneity of the core is thus taken 
into account. The reflectors are also explicitly represented. On the thermal-
hydraulic side, each of the 157 fuel assemblies is modeled. The model is 
furthermore able to handle possible asymmetrical conditions of the flow field 
between the loops. The coupling between the two codes is then reported, with 
emphasis on the mapping between the hydrodynamic/heat structures and the 
neutronic nodes. Preliminary coupling tests for steady-state calculations were 
successfully performed and comparisons against plant measured data 
demonstrate a very good agreement of the model with the measurements. The 
coupled model will be later on used for analyzing the consequences of the 
power uprate planned for this reactor, via the simulation of a few limiting 
transients. 

KEYWORDS: model development, coupled neutronics/thermal-hydraulics, 
reactor calculations, reactor transients 

1. Introduction 

Many power utilities worldwide are applying for power uprates, i.e. for increasing the power 
output of their reactors. The Swedish Nuclear Power Inspectorate (SKI) recently received 
applications for new power uprates in Sweden, and among others, an application related to the 
Ringhals-3 Pressurized Water Reactor (PWR) in March 2004. 

The increase of the thermal power in Ringhals-3, which can be performed via core 
optimization and/or use of fuel assemblies with a higher enrichment in U-235 and/or a higher 
density of the uranium dioxide, is planned to be earned out in two steps [1]. During the first step, 
the thermal power will be increased from 2778 MWth (original power level - 100%) to 3000 
MWth (108%). This first power uprate can be done without major modifications of the actual 
design of the plant, since new steam generators were installed in 1995. These new steam 
generators have a heat transfer area increased by 60% compared to the original model, which 
thus allow extracting more heat from the core. For the second step of the power uprate, the 
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thermal power will be increased from 3000 MWth (108%) to 3160MWth (113.5%). This second 
step requires rather extensive analyses and major hardware modifications, mostly on the turbine 
side (possible change or upgrade of the turbine, change of the generator and of the main 
transformer). 

It is essential to identify the main consequences resulting from the increased power level of the 
reactor, and their impact on the safety of the plant. SKI has to decide whether such power uprates 
still fulfill the requirements for a safe operation of the Ringhals-3 PWR. Performing an 
independent safety analysis of the Ringhals-3 power uprate was thus given by SKI as a research 
project to the Department of Nuclear Engineering, Chalmers University of Technology. 
Chalmers should be prepared to analyze unintentional control rod bank withdrawal at power, 
feedwater disturbances, Loss-Of-Coolant Accidents (LOCAs), steam line breaks, and local boron 
dilutions. Based on the preliminary analyses of those, a few limiting transients have to be 
selected together with SKI. 

The first step of this project was the development of a complete model of the Ringhals-3 
PWR. A nuclear power plant is a strongly coupled and complex system, in which there is a 
strong interaction between the neutron kinetics and the thermal-hydraulics. Consequently, only 
coupled neutronic/thermal-hydraulic tools are able to solve this kind of problem. In this paper, 
the PARCS (Purdue Advanced Reactor Core Simulator) [2] and the RELAP5 (Reactor Excursion 
and Leakage Analysis Program) [3] codes were used for the neutron kinetics and the thermal-
hydraulics, respectively. 

This paper is organized as follows. First, the development of the PARCS model of the 
Ringhals-3 unit is reported. Thereafter, the development of the RELAP5 counterpart is 
presented. Finally, some results of coupled steady-state calculations are touched upon. 

2. Development of a stand-alone PARCS model of Ringhals-3 

In this Section, the neutronic modeling of the Ringhals-3 PWR is presented. The main purpose 
of this Section is the development of a PARCS model corresponding to the Ringhals-3 unit, so 
that such a model can be later on coupled to the RELAP5 thermal-hydraulic code. Since history 
effects are important to be taken into account while modeling a nuclear core, the complete 
history of the Ringhals-3 reactor had to be recovered. The SIMULATE-3 code [4] was used to 
model the Ringhals-3 reactor from the start of its operation until December 2004, since Ringhals 
AB, i.e. the power utility operating the four Ringhals units, has been using SIMULATE-3 for in-
core fuel management and core follow of Ringhals-3. History variables such as the history of the 
moderator density and of the boron concentration were then transferred from SIMULATE-3 to 
PARCS. Such a transfer was made possible since a unique cross-section interface was developed 
for feeding PARCS with realistic sets of material constants for any heterogeneous PWR core, i.e. 
the dependence of the data on instantaneous variables, history variables and burnup is fully 
accounted for. The development and validation of such a cross-section interface are reported in 
two companion papers [5-6]. 

21SIMULATED modeling of foe Ringhals-3 history 

All the SIMULATE-3 input files modeling the complete history of the plant since the start of 
its commercial operation until December 2004 were obtained from the Reactor Physics group at 
Ringhals AB, representing a total of 22 fuel cycles. In the following, any fuel cycle is referred to 



as cxx, where xx represents the fuel cycle number. Note that the fuel cycles 01 and 12 are 
actually split into two cycles as cOla and cOlb, and as cl2a and cl2b respectively. The binary 
library file containing the results of the transport calculations for each of the fuel/reflector 
segments loaded in Ringhals-3 was also obtained, from which the so-called PMAXS cross-
section files were constructing using the interface mentioned previously. 

The results of these calculations are represented in Fig. 1. In this Figure, different parameters 
are given as functions of the cumulative core burnup, i.e. the burnup of the core since the start of 
commercial operation. The reactor status is entirely determined by the core power, the insertion 
of the control rods, and the core inlet temperature, while the boron concentration is determined 
via calculation for keeping the reactor critical. Since the material data and kinetic parameters of 
each fuel/reflector segment are highly dependent on the history of the moderator density and of 
the boron concentration, it is thus essential to determine these quantities accurately. 

These SIMULATE-3 simulations thus provide the full 3-dimensional spatial distribution of the 
history of the moderator density, of the history of the boron concentration, and of the burnup 
throughout the core. The knowledge of these parameters allows retrieving the correct material 
data for each fuel/reflector segment in the PARCS model, provided that the instantaneous 
conditions (control rod insertion, moderator density, boron concentration, and fuel temperature) 
can also be determined/known. 

12 PARCS mode! development 

The first step was to model in PARCS an actual core loading. In this paper, only the core 
loading corresponding to the fuel cycle 22 is considered. 157 fuel assemblies constitute the 
active core. An explicit treatment of the bottom, top, and radial reflectors was carried out. 
Radially, the fuel region is made of a combination of 8 different fuel assemblies, while the 
reflector region is constituted by 2 different segments (one segment only taking the baffle into 
account, and another segment taking both the baffle and the core barrel into account). Axially, 
each fuel/reflector assembly in PARCS is modeled by an active region corresponding to the core 
active height, surrounded by a bottom reflector and a top reflector. Some fuel assemblies even 
present an axial zoning of the core active height. Combining the radial and axial zoning of the 
core, as well as the different types of fuel and reflector assemblies, 10 different segments are 
necessary to completely define the core. The second step in the set-up of the PARCS model was 
to associate a PMAXS file to each of these 10 segments. Although only 10 PMAXS files are 
necessary to fully describe the core, the actual heterogeneity of the core was accounted for, i.e. 
each node is represented by a set of variables (burnup, history variables, and instantaneous 
variables) which differ significantly throughout the core. The core is actually represented by 
5746 regions [26 axial nodes x 221 radial nodes (157 fuel assemblies and 64 reflector 
assemblies)]. Thereafter, the spatial distribution of the exposure and of the history variables 
(moderator density and boron concentration) throughout the core were obtained from 
SIMULATE-3 at a cycle exposure of 6.8118 GWd/tHM and were fed into PARCS. The space-
dependence of these variables is represented in Fig. 2. As can be noticed in these Figures, all 
these variables are strongly radially heterogeneous, whereas the axial heterogeneity is primarily 
seen in the exposure and the history of moderator density. 

Concerning the options for the calculations, zero incoming current was assumed as boundary 
condition for the neutron flux. A hybrid neutronic solver was used for determining the neutron 
flux. This hybrid solver is based on the Analytic Nodal Method (ANM) and on the Nodal 
Expansion Method (NEM) [7]. 



Figure 1: SIMULATE-3 calculations of the history of the Ringhals-3 PWR (from cycle Ola to 
cycle 11 in the upper figure, and from cycle 12 to cycle 22 in the lower figure). 
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Figure 2: Spatial distribution of the exposure (upper figure), of the history of the moderator 
density (lower left figure), and of the history of the boron concentration (lower right figure) for 

the fuel cycle 22, cycle exposure of 6.8118 GWd/tHM. 
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3. Development of a stand-alone RE LAPS model of Ringhab-3 

The current model of Ringhals-3 was built on the basis of a legacy input created by Studsvik 
EcoSafe [10] for RELAP5 Mod 3 in 1994. Obviously, the RELAP5 code itself has been changed 
extensively since Mod 3. Consequently, it was not possible to make the 12-year old input 
running with the Mod 3.3 Patch 2 version of the code. Therefore, the model had to be thoroughly 
modified in order to represent the current situation at Ringhals. 

The majority of syntactical changes were related to the new volume and junction control flags, 
and the new connection coding requirements. The description of crossflow junctions is easier and 
more logical with the application of the new expanded connection codes. Since the Henry-
Fauske critical discharge flow model is the default for the valve components in Mod 3.3, the 
corresponding valve parameters were updated accordingly. 

The development of the model was carried out in successive steps. At first, the original 
structure of the cold leg, including the ECC mixer components were modified, following the 
explicit recommendations of the input manual. Further structural changes were necessary on the 
secondary side. In order to capture the pressure pulse propagation, the number of sub-volumes of 
the steam line was increased by a factor of 10. 



Figure 3: Nodalization schemes of the primary and secondary sides. 

The largest modifications were related to the reactor pressure vessel internals. The initial 
model had only one downcomer and two channels in the core: one "hot channel" representing a 
single fuel bundle, and one "average channel" representing the all the rest of the core. 

It is essential that some specific phenomena, for instance an asymmetric behavior of the loops 
could be captured properly. For this reason, the downcomer and the core were split into 3 parallel 
channels in order to retain the 3-loop primary side structure even within the RPV. It is also 
important to distinguish between the coolant flowing through the fuel assemblies while being 
heated, and the remaining part of the main loop flow. Thus, the core has been extended with 
altogether 3 bypass channels per loop: one is representing the baffle-barrel space, the other one is 
modeling the open guide thimbles, and the third channel is created for the flow path at the core 
periphery. Figure 3 shows the nodalization schemes of the primary and secondary sides of 
Ringhals-3. 

A successful validation of the simplified model against a measured plant database was 
followed by further refinement in the core. The ultimate goal was to increase the resolution to the 
reasonably highest level, both in the radial and axial directions. This meant incorporation of all 
the 157 fuel assemblies in the model and splitting the core channels into 24 axial nodes. Such a 
fine meshing resulted in a huge number of sub-volumes and heat structures that exceeded the 
capabilities of the RELAP5 code. Consequently, the number of axial nodes had to be reduced to 
8, which might be considered as a very good compromise. 



The inclusion of each of the fuel assemblies also challenged the code from another point of 
view. The connection of 157 channels to the 3 "internal" loops would require 52 or 53 links to 
each of the 3 volumes under the core and the inlet of the fuel assemblies. However, the maximal 
number of possible connections from a branch component is limited to 9. In order to overcome 
this limitation, altogether 18 branches had to be inserted at the bottom and top of the core. 

4. Results of the coupled PARCS/RELAP5 model 

One of the most crucial steps in the process of preparing input files for coupled calculations is 
the mapping between the neutronic and the thermal-hydraulic codes. More precisely, two 
mappings are necessary to be set up: one mapping for the neutronic/hydrodynamic structures, 
and one mapping for the neutronic/heat structures [8]. The first mapping allows specifying in the 
neutronic code which fuel temperature, moderator temperature/density from the thermal-
hydraulic code needs to be associated with a specific neutronic node. The second mapping 
allows specifying in the thermal-hydraulic code which fission power needs to be associated with 
a specific thermal-hydraulic "node". In both mappings, weighting factors have to be defined for 
each of the links between the neutronic and the thermal-hydraulic nodes. Although PARCS has 
the ability to automatically generate the mapping file based on a minimal amount of mapping 
information provided by the user, the applicability of such an automatic mapping is restricted to 
very simple cases. For instance, the Ringhals-3 PARCS model contains 26 axial planes, 157 fuel 
and 64 reflector assemblies, whereas the radial nodalization is 2x2 per fuel/reflector assemblies. 
The number of neutronic nodes thus amounts to 22984. This high number of neutronic nodes and 
the need for properly taking the effect of the reflector into account in the neutronic model 
prohibit the use of the automatic mapping. Tools for generating the mapping tables for the 
neutronic/hydrodynamic structures and neutronic/heat structures were thus created. Weighting 
factors between the neutronics and thermal-hydraulics were required in each of these mapping 
files. A weighting factor defines the actual weight of a given cell belonging to a specific 
component. The sum of the weighting factors of RELAP5 components and cells belonging to a 
specific PARCS neutronic node should be equal to unity. The weighting factors thus represent 
how much a RELAP5 component and/or cell contribute(s) to a PARCS node in terms of 
feedback (hydrodynamic structures mapping) and how much this PARCS node contributes to the 
heat generated in a given RELAP5 component and/or cell (heat structures mapping). Very often, 
geometrical considerations can be used to estimate the weighting factors, i.e. the weighting 
factors can be seen as the volume fraction of each component and/or cell in the corresponding 
neutronic node. 

Concerning the radial mapping, the RELAP5 core is modeled by 157 channels, whereas in 
PARCS the core is modeled by 157x2x2 nodes. For the mapping of the hydrodynamic structures 
of the reflectors, the bottom reflector under the active core was associated to the components 
modeling the lower plenum, whereas the top reflector above the active core was associated to the 
components modeling the upper plenum. The radial reflector was associated to the RELAP5 
components representing the bypass flow in the core cavity inside the core baffle, and the bypass 
flow in the baffle/plate gap and in the baffle/barrel region, with weighting factors of 0.272 and 
0.728, respectively. These weighting factors were determined from the results of CASMO-4 
calculations performed for retrieving the spatial distribution of the flux in the bypass active 
core/baffle, baffle, and bypass baffle/barrel regions [9]. 



Concerning the axial mapping, the active core discretization in PARCS consists of 24 axial 
planes of equal height, whereas the core discretization in RELAP5 consists of 8 axial planes of 
equal height. No axial discretization of the bottom/top reflectors was carried out, i.e. both the 
bottom/top reflectors and the corresponding lower/upper plenums were assumed to be 
represented by one axial level only. 

Some results of the corresponding coupled calculations are presented in Figs. 4 - 7 at the 
nominal power level. In this paper, only steady-state results are touched upon. The coupled 
model is representative of the fuel cycle 22, at a cycle exposure of 6.8118 GWd/tHM, with 
equilibrium poisoning and at full power. The boron concentration in the entire RELAP5 model 
was further set to 1132 ppm, concentration required have a critical reactor according to 
SIMULATE-3 calculations. The instantaneous thermal-hydraulic conditions were directly taken 
from the RELAP5 model, whereas the history effects and exposure distribution were taken from 
SIMULATE-3. 

The calculated parameters are compared to a measured database recorded at Ringhals-3 under 
steady-state conditions in 2005. The plant data showed only minor variations in time and also 
negligible differences between the 3 loops. Therefore, constant values of the spatial and time 
averages were used in the validation. 

In a RELAP5 calculation, the user can specify only approximative initial parameters, 
obviously introducing imbalanced conditions. However, the code takes care of eliminating these 
preliminary non-equilibrium states. 

Figure 4: Pressures in the upper plenum and in the pressurizer. 
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Fig. 4 shows the primary side pressures in the upper plenum and the pressurizer. It can be seen 
that the system undergoes rapid changes during the first 40 seconds, mainly because of the fast 
reaction of the control components and partly due to the imbalances. While the overprediction is 
less than a fraction of a bar in the case of the upper plenum pressure, the agreement is perfect for 
the pressurizer pressure. 

The quality of a model can be characterized by how accurately the system can reproduce the 
temperature increase over the core. The temperatures of the hot-leg and the cold-leg are shown in 
Fig. 5. A large peak can be observed right after the initiation in the hot-leg. However, the 
amplitudes of the oscillations are smoothed out gradually and the differences became negligible 
near the end of the calculation. 
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Figure 7: Spatial distribution of the instantaneous moderator density (on the left) and fuel 
temperature (on the right) for the coupled PARCS/RELAP5 steady-state calculations. 
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Figure 5: Hot-leg and cold-leg temperatures. 
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The mass flowrates of the primary and secondary side loops are also very important 
parameters. The variations of these parameters are plotted in Fig. 6. The measured mass flowrate 
is reached faster in the primary side. Due to the perfect functioning of the feedwater control 
system, the discrepancy is also completely eliminated in the steam generators after 80 s. 

Figure 6: Primary and secondary side mass flowrates. 
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4. Conclusion 

In this paper, the development of a state-of-the-art coupled neutronic/thermal-hydraulic model 
of the Ringhals-3 PWR was reported. This model is based on the use of the PARCS and 
RELAP5 codes, respectively. Very good agreement between the results of steady-state 
calculations and plant measured data was obtained. The results of some transients will be 
presented at the conference, with possible comparisons with experimental data. Thereafter, some 
limiting transients will be selected, and the consequences of the uprate to the 113.5% power level 
will be investigated. 

Acknowledgements 

The authors wish to thank Kjell Ringdahl, Class Andersson, Urban Sandberg, and Gustav 



Paper III 





The 12"1 International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-12) Log Number: 128 
Sheraton Station Square, Pittsburgh, Pennsylvania, U.S.A. September 30-October 4,2007. 

Coupled Neutronic/Thermal-Hydraulic Calculations 
in Support to the Power Uprate of the Ringhals-3 PWR 

Mathias Stalek1, Jozsef Banati, and Christophe Demaziere 
Department of Nuclear Engineering 
Chalmers University of Technology 

412 96 Goteborg Sweden 
stalek@nephy.chalmers.se, joska@nephy.chalmers.se, demaz@nephy.chalmers.se 

ABSTRACT 

Many power utilities worldwide are applying for power uprates, i.e. for increasing the power 
output of their reactors. The Swedish Nuclear Power Inspectorate (SKI) received an application 
related to the Ringhals-3 Pressurized Water Reactor (PWR) in March 2004. The increase of the 
thermal power in Ringhals-3 is a relatively large one: from 2778 MWth (original power level -
100%) to 3160MWth (113.5%). It is essential to identify the main consequences of the increased 
power level of the reactor, and their impact on the safety of the plant. For that purpose, coupled 
neutronic/thermal-hydraulic calculations have to be performed. This paper presents the on-going 
efforts to develop a state-of-the-art coupled Ringhals-3 model based on the use of the PARCS 
and RELAP5 codes, for modelling the neutron flux and the flow velocity/temperature fields, 
respectively. On the neutronic side, a unique cross-section interface, allowing feeding PARCS 
with realistic data, was developed. On the thermal-hydraulic side, each of the 157 fuel 
assemblies is modelled. Validation of the coupled model against measured plant data at steady-
state conditions is then reported. Comparisons between calculated/measured parameters 
demonstrate that the coupled model is able to correctly represent the steady-state conditions of 
the plant. The validation of the coupled model against measured transient plant data is then 
described. The transient chosen for this validation task was a house-load (load rejection) 
transient, which occurred on January 8, 2005. It is demonstrated that the coupled model is able to 
catch the main features of the transient with a sufficient level of accuracy. 

KEYWORDS 
model development, model validation, coupled neutronics/thermal-hydraulics, transients 

1. INTRODUCTION 

Worldwide there are many applications for power uprates. This is also the case in Sweden and 
the Swedish Nuclear Power Inspectorate (SKI) has given the department of Nuclear Engineering 
at Chalmers University of Technology a research project related to this. The purpose of this 
project is to investigate the possible safety issues related to the power uprate of the Ringhals-3 
PWR on the west coast of Sweden. An old RELAP5 model for the thermal-hydrualics of 
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Ringhals-3 was updated and a PARCS model was created for the neutronics. Part of this work is 
to validate the model for the reactor. A load rejection transient that occurred on 2005-01-08 was 
chosen to be one part of this project. In this case the electric power produced by the reactor 
decreases from 100% to the amount needed to run only the plant itself. In this case this reduced 
electrical power is 7% of full power. Since the reactor is not scrammed but only reduced to about 
60% of full power, the feedback from the thermal-hydraulics to the neutronics will be important. 
The decrease in load leads to a complete opening of the dump valves which will send most of the 
steam directly to the condenser. Only a small amount of the steam goes through the turbines. The 
thermal power is then decreased due to the gradual insertion of one of the control rod banks. The 
control system plays an important role in this transient. The dump valves starts to close when the 
power decreases and will be partially open during the rest of the transient. The feedback from the 
thermal-hydraulics and the gradual insertion of the control rods makes this transient interesting 
for a coupled calculation. 

This paper starts with a description of the models in PARCS and RELAP5 followed by the 
coupling between the codes. The next two sections describe first a steady-state validation and 
then a transient validation. 

2. PARCS/RELAP5 MODEL 

2.1. The PARCS Model 

The model was developed for PARCS version 2.61 (Downar, T., et al, 2004). The Ringhals-3 
reactor is a Westinghouse PWR with 157 fuel assemblies which are modelled individually. The 
thermal power of the reactor is 2775 MWth. In some of the fuel assemblies there are an axial 
zoning which is taken into account. Eight different types of fuel are loaded in core. Four types of 
reflector nodes are used, one each for the top and bottom reflectors, one that takes the baffle into 
account and one that takes both the baffle and barrel into account. Since the complete operation 
of the reactor has been modelled with SIMULATE the three dimensional burnup distribution was 
obtained from these calculations. The assemblywise burnup for the beginning of cycle 22 is 
shown in Figure 1. The cycle burnup is 8.831 G Wd/tHM for this transient. 

Since the history effects play an important role they were obtained from SIMULATE-3, which 
is used by Ringhals AB, i.e. the utility that operates the Ringhals-3 reactor. Dependence on the 
three dimensional distribution of the history of boron concentration and moderator temperature 
was included in the model. Since Ringhals AB is using CASMO-4/SIMULATE-3 (Ekberg et al, 
1995) to simulate the reactor, the cross-sections had to be obtained from CASMO-4 calculations. 
This was done with an interface developed for this purpose. For a complete description, please 
refer to (Demaziere, C, 2006). This interface then produces the PMAXS cross section files used 
by PARCS. These files are used for the macroscopic cross sections, microscopic cross sections 
for the poisons, fission yields for the poison precursors, discontinuity factors and kinetic data. 
The cross section interface allows dependence on history of boron concentration, history of 
moderator density, boron concentration, moderator density, fuel temperature and control rod 
position. Unfortunately there is no dependence on moderator density for the reflector due to a 
limitation in PARCS. This limitation has some effect on the power distribution in the core (Stalek 
M., Demaziere, C, 2006). 

r?/in 
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The control rod movements had to be simplified 
to some extent due to the fact that only ten 
positions as function of time can be specified in 
PARCS. Fortunately the transient can be divided 
into a number of parts in which the speed of the 
control rods is fairly constant, as shown in Figure 
2. For modelling the Xe/Sm poisoning the 
transient option was used in PARCS. The boron 
concentration is set to 430.72 ppm. This gives 
keff=0.999909 in the initial coupled steady-state 
calculation. The boron concentration is constant 
through the whole transient. 

Figure 2. Control rod positions 

2.2 The RELAP5 Model 

The current model of Ringhals-3 was built on the basis of a legacy input created by Studsvik 
EcoSafe (Eriksson, 1994) for an earlier version of RELAP5 in 1994. Obviously, the RELAP5 
code itself has gone through extensive changes during a more than 12 years period. Therefore, 
the model had to be thoroughly modified in order to satisfy the syntax rules of the new code 
version; to represent the current situation at Ringhals; but most crucially for having a very 
detailed core description in accordance with the PARCS model. The majority of syntactical 
changes were related to the new volume and junction control flags, and the new connection 
coding requirements. The description of crossflow junctions is easier and more logical with the 
application of the new expanded connection codes. Since the Henry-Fauske critical discharge 
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flow model became the default option for the valve components in Mod 3.3, the corresponding 
valve parameters were updated accordingly. 

The development of the model was carried out in successive steps. At first, the original 
structure of the cold leg, including the ECC mixer components were modified, following the 
explicit recommendations of the input manual. Further structural changes were necessary on the 
secondary side. In order to capture the pressure pulse propagation, the number of sub-volumes of 
the steam line was increased by a factor of 10. The largest modifications were related to the 
reactor pressure vessel internals. The initial model had a very coarse nodalization, including only 
one downcomer and two channels in the core: one "hot channel" representing the hottest fuel 
bundle, and one "average channel" representing all the rest of the core. Therefore, the most 
significant refinement was done in the core region by modelling each of the 157 fuel assemblies 
individually, both for the hydrodynamics and for the heat structures. Axially, the active core was 
discretised into 8 levels. The core inlet and outlet needed special considerations due to a 
limitation in RELAP5, that a branch component may be connected to maximally 9 other 
volumes. Arrangement of altogether 157 junctions to the fuel assemblies was realised by 
application of 3 * 6 additional branch components both at the bottom and the top of the core 
(Fig. 3). It is essential that some specific phenomena, for instance an asymmetric behaviour of 
the loops should be captured properly. For this reason, the downcomer and the core were split 
into 3 parallel channels in order to retain the 3-loops structure of the primary side even within the 
reactor pressure 

Figure 3. RELAP5 nodalization of the primary and secondary sides 
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vessel (RPV). It is also important to distinguish between the coolant flowing through the fuel 
assemblies while being heated, and the remaining part of the main loop flow. Thus, the core has 
been extended with altogether 3 bypass channels per loop: one is representing the baffle-barrel 
space, the other one is modelling the open guide thimbles, and the third channel is created for the 
flow path at the core periphery. Beyond the RPV, the current nodalization of the Ringhals-3 
model includes the following major parts: 

• 3 hot-legs and 3 cold-legs, 
• a pressurizer model with spray system and electrical heaters, 
• 3 main circulating pumps, 
• residual heat removal systems, 
• 3 steam generators with vertical heat exchanger tubes, 
• feedwater, charging, and letdown systems, 
• 2 simplified turbine models, 
• steam dumping lines, 
• safety and relief valves. 

The control and protection systems were designed carefully and the parameters strictly follow 
the values laid out in the Ringhals-3 PLS document (Ringhals AB, 2004). 

2.3. The Coupled PARCS/RELAP5 Model 

An important part in the coupling is the mapping between the neutronic and thermal hydraulic 
calculations. Two mappings must be specified, one mapping for neutronic/hydrodynamic 
structures and one mapping for the neutronic/heat structures. This is done using a maptab file 
which contains all the necessary mapping information. To specify how much different RELAP5 
nodes contributes to a PARCS node weighting factors must be specified. The sum of the 
weighting factors of the RELAP5 nodes connected to one PARCS node should equal to unity. 
The bottom reflector is mapped to the components modelling the lower plenum and the top 
reflector to the components of the upper plenum. The radial reflector was associated to the 
RELAP5 components representing the bypass flow in the core cavity inside the core baffle, and 
the bypass flow in the baffle/plate gap and in the baffle/barrel region, with weighting factors of 
0.272 and 0.728, respectively. These weighting factors were determined from the results of 
CASMO-4 calculations performed for retrieving the spatial distribution of the flux in the bypass 
active core/baffle, baffle, and bypass baffle/barrel regions. 

3. STEADY-STATE RESULTS 

A number of validations were carried out for the models in steady-state. First, results from the 
stand-alone models were compared with measurements. For the PARCS model 8 measurements 
of the power distribution from Ringhals-3 were obtained. The measurements were taken during 
several different cycles and burnups. Only a summary of the results will be presented here. For a 
more complete description please refer to (Stalek, M, Demaziere, C, 2006). In the validations 
the 3-D distribution of exposure and thermal-hydraulic variables were obtained from 
SIMULATE-3 calculations. Also the boron concentration came from SIMULATE-3. For the 
comparisons with measurements the Relative Power Fraction (RPF) was used. The relative error 
of the RPF was found to be within a few percents. As was mentioned earlier in the article the 
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lack of dependence of the moderator density for the cross sections of the reflector will cause 
some deviations between the RPF calculated by PARCS and the measured one. The comparisons 
between simulations and measurements showed an overestimation of the power in the centre of 
the core by PARCS at beginning of the cycle and an underestimation at end of cycle. The axial 
and radial power distributions are correctly reproduced by PARCS. The deviation of the effective 
multiplication factor keff is within about ±200 pcm. 

Thereafter, the stand-alone RELAP5 model was benchmarked against a set of measured data 
(Demaziere and Banati, 2006). The database consisted of the main parameters of the plant during 
steady-state operation at full power recorded for a period of 2 hours. The time-averaged constant 
values were used as bases for comparison (Fig. 4). The steady-state RELAP5 calculation was 
performed with application of realistic parameters for the control system. A steady-state solution 
could be found by RELAP5, i.e. a solution fulfilling all the boundary conditions could be 
determined by the code. The discrepancy between measured and calculated values was a fraction 
of a percent in most of the cases. 

Finally, a coupled steady-state calculation was performed (Banati, Demaziere and Stalek, 
2006). The validation of the coupled model was performed using the same database as the one 
used for the validation of the stand-alone RELAP5 model. The difference on the modelling side 
was the coupling with PARCS and the fact that the 3-dimensional heterogeneous core was 
explicitly accounted for as described in Section 2.1. Since no flux measurement was available for 
that specific measurement, the calculated power distribution throughout the core could not be 
checked. Nevertheless, it was found that the criticality calculated by PARCS was within 
reasonable limits (core subcritical by 482 pcm). As can be seen in Figs. 4 and 5, an initial 
oscillation of the parameters was observed. Stabilisation took place at approximately 100 s of the 
simulation time and the calculated values converged to the measured ones. Agreement with the 
steady-state parameters was excellent. 
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Figure 4. Cold leg and hot leg temperatures 
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Figure 5. Feedwater mass flow 

4. TRANSIENT RESULTS 

The transient chosen for this validation task was a load rejection ("house-load") transient, which 
occurred on January 8, 2005 (Nordquist, 2006). In this transient, the interaction between the 
neutron kinetics and the thermal-hydraulics needs to be properly accounted for. Therefore, taking 
the nature of the transient into account, it will equally be challenging for both PARCS and 
RELAP5. However, it has to be underlined that the developmental process of the model is still in 
an intermediate phase; especially that part, which has important roles in taking care of the 
dynamical issues during a fast transient (e.g. components of control systems, etc.). The sequence 
of events during this transient is summarized in Table 1. 
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Figure 5. Hot leg and cold leg temperatures 

Coupled RELAP5/PARCS calculations were then performed in order to model this transient. The 
steady-state initialization process of RELAP5 took approximately 100 s; therefore, this period 
was left out from the following transient curves. Just before the transient initiation, the electric 
generators were disconnected from the grid, causing a load rejection from the turbines. The 
automatic protection systems provide a nearly standardized procedure in such a case, preventing 
the reactor to be scrammed. With insertion of the control rods, (Fig. 2), the core power was then 
reduced to a level appropriate for the "house load" and the electricity supply was maintained 
sufficiently at approx. 5 - 7% of the nominal value, in order to run the main circulation pumps 
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and providing proper cooling in the reactor. Instead of the normal path, the majority of the 
generated steam was dumped to the condensers through by-pass lines by opening the dump 
valves. These valves were controlled by the steam dump controller system. The input signal for 
controlling the dump valves opening or closing is a function of the primary side loop average 
temperature. At the very beginning of the transient, the reactor power is actually increasing due 
to the increase in the speed of the reactor coolant pumps (overcooling of the core at ~150s, Fig. 
6). PARCS manage to reproduce the power during the transient rather well as can be seen in Fig. 
6. There are nevertheless discrepancies between the calculated and measured power at the 
beginning of the transient (at around 150 s) where the increase of the reactor power due to core 
overcooling is not reproduced by the codes. 

Reactor Power 
1.05 
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0.95 

S. 0.85 
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Figure 6. Reactor power. 

The temperature and pressure on the secondary side then increase when the high-pressure turbine 
control valves are closing. This leads to an increase of the primary coolant temperature, a 
pressurizer surge, and consequently to a decrease of the reactor power. Simultaneously, the 
control rods are inserted with maximum speed. The model therefore needs to handle all these 
phenomena. As Fig. 7 shows, the code was able to capture the sharp drop in the mass flowrate in 
the steam-lines at the transient initiation. This was due to the temporary isolation of the steam 
generators by closing the turbine valves and opening of the dump valves occurring 1.65 s later. 
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Figure 7. Steam Mass Flow. 

The dump capacity was nearly 100% between 150 s and 200 s. RELAP5 could simulate the 
steam dumping process quite well, with exception of a period at around 250 s, while the 
sophisticated dump control system regulated the valves from fully open position to an 
intermediate position. 

—1 

1 1 1 1 1 

RELAP5 -
Measured 

Time 
147.00 s 
147.00 s 
147.35 s 
148.25 s 
148.65 s 
148.65 s 

Table 1. Sequence of events 
Event 
Initiation of the transient 
Turbine control valves begin to close 
Turbine control valves are closed 
Dump valves begin to open 
Dump valves are fully open 
Control rods insertion begins 

The consequence of the dump control on the steam-line pressure is even more enhanced in Fig. 
8. Isolation of the steam generators (SGs) resulted in a large jump in the pressure. At the end of 
the full dumping, the pressure nearly reached its steady state value. RELAP5 could simulate the 
repressurization of the secondary side with excellent matching. 
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Figure 8. Steamline Pressure. 

In the primary side, a minor initial peak was observed in the hot-leg temperature, followed by a 
nearly constant cooling. Again, RELAP5 was able to reproduce the temperature decrease, with a 
small deviation, starting at -200 s (Fig. 5). The general trends of the cold-leg temperatures are 
qualitatively similar to the steam generator pressure curve demonstrated before. As depicted in 
Fig. 5, the cold-leg temperature dropped below 555 K at the end of full dump valve opening. 
This did not happen in the code calculation, therefore a remaining discrepancy of approximately 
1.5 - 2 K could be observed in the rest of the transient after 280 s. The continuous decrease of 
energy during the dump process is well represented in the primary side pressure (Fig. 9). The 
transient initiation resulted in a large jump followed by an uninterrupted decrease of the pressure 
until 200 s. Repressurization of the pressurizer started at approximately 210 s. The timing was 
well captured by the code. However, most probably due to the different intervals and magnitude 
of the pressurizer spraying and heating, the pressure decreased nearly 5 bars between 280 s and 
320 s. This resulted in a discrepancy of roughly 3 bars but the calculated curve remained 
basically parallel with the measured one afterwards. 
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Figure 9. Pressurizer Pressure. 
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5. CONCLUSIONS 

PARCS and RELAP5 models were developed for the simulation of the Ringhals-3 unit. The first 
approach was to validate the stand-alone and their coupled models against a steady-state 
database. Thereafter, the coupled model was benchmarked for a large disturbance originating 
from the secondary side. It was found that the coupled codes could reproduce the measured 
steady-state data with a very good accuracy. A parametric study during the initialization process 
revealed that the heat transfer between the primary and secondary sides was sensitive to one 
specific parameter, namely the heated equivalent diameter of the steam generator heat exchanger 
tubes. Modelling of a bundle of several thousands of tubes needs special considerations. The 
following conclusions can be drawn from the transient validation. The process may essentially be 
split into two parts. The first part is basically the dumping with fully open dump valves. This 
period was relatively well reproduced by the RELAP5 code. The second period starts with a 
sharp re-pressurization of the secondary side, when the dump control system actuates the dump 
valves to close. Larger discrepancies were observed in this period, indicating that further efforts 
are necessary, mainly focusing on the improvement of the control system. Since the dump 
capacity (Fig. 10) is controlled by the signal generated from the average primary temperature, 
this parameter has to be simulated with a higher accuracy. Further improvements may be 
achieved by taking the amount of steam into account that flows through the almost completely 
closed turbine valves. The current model has ignored this quantity, which can be estimated to ~ 7 
% of the total nominal mass flowrate. It would also be useful to review the control system since 
it has an important role in transients. 
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Figure 10. Steam Dump. 
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ABSTRACT 
This paper deals with the development and validation of a 

coupled RELAP5/PARCS model of the Swedish Ringhals-3 
pressurized water reactor against a Loss of Feedwater transient, 
which occurred on August 16, 2005. 

At first, the stand-alone RELAP5 and PARCS models are 
presented. On the thermal-hydraulic side, each of the 157 fuel 
assemblies is modeled. The model is furthermore able to handle 
possible asymmetrical conditions of the flow velocity and 
temperature fields between the loops. On the neutronic side, the 
dependence of the material constants on history effects, burnup, 
and instantaneous conditions is accounted for, and the full 
heterogeneity of the core is thus taken into account. The 
reflectors are also explicitly represented. The coupling between 
the two codes is touched upon, with emphasis on the mapping 
between the hydrodynamic/heat structures and the neutronic 
nodes. 

This transient was initiated by malfunction of the 
feedwater valve at the 2nd steam generator. Consequently, the 
turbines were tripped and, because of the low level in the SG-2 
the reactor was scrammed. Activation of the auxiliary 
feedwater provided proper amount of cooling from the 
secondary side, resulting in safe shutdown conditions. 

Capabilities of the RELAP5 code were more challenged in 
the thermal-hydraulic part, however, influences of the feedback 
were taken into account from the neutron kinetic side in the 

analysis. The calculated values of the parameters show good 
agreement with the measured data. 

1. INTRODUCTION 
Many power utilities worldwide are applying for power 

uprates, i.e. for increasing the power output of their reactors. 
The Swedish Nuclear Power Inspectorate (SKI) received 
applications for new power uprates in Sweden, and among 
others, an application related to the Ringhals-3 Pressurized 
Water Reactor (PWR) in March 2004. This unit is has a 3-loop 
Westinghouse type reactor. 

The increase of the thermal power in Ringhals-3 is planned 
to be carried out in two steps. During the first step, the thermal 
power will be increased from 2778 MWth (e.g. the original 
power level, 100%) to 3000 MWth (108%). For the second step 
of the power uprate, the thermal power will be increased from 
3000 MWth (108%) to 3160MWth (113.5%). 

It is essential to identify the main consequences resulting 
from the increased power level of the reactor, and their impact 
on the safety of the plant. SKI has to decide whether such 
power uprates still fulfill the requirements for a safe operation 
of the Ringhals-3 PWR. Performing an independent safety 
analysis of the Ringhals-3 power uprate was thus given by SKI 
as a research project to the Department of Nuclear Engineering, 
Chalmers University of Technology. 
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The first step of this project was the development of a 
complete model of the Ringhals-3 PWR. In this paper, the 
PARCS (Purdue Advanced Reactor Core Simulator) (Downar, 
2002) and the RELAP5 (Reactor Excursion and Leakage 
Analysis Program) (Information System Laboratories, 2006) 
codes were used for coupling the neutron kinetic and the 
thermal-hydraulic fields, respectively. 

This paper is organized in such a way that the development 
of the PARCS and RELAP5 models of the Ringhals-3 unit is 
detailed first, as well as their coupling. Thereafter, the 
validation of the model against a measured plant transient is 
presented. Finally, conclusions are drawn, and the on-going 
efforts for improvements of the model are summarized. 

2. DEVELOPMENT OF THE PARCS/RELAP5 MODEL 

2.1 Development of the PARCS Model 
Since history effects are important to be taken into account 

while modeling a nuclear core, the complete history of the 
Ringhals-3 reactor had to be recovered. The SIMULATE-3 
code (Covington, Cronin, Umbarger, 1995) was used to model 
the Ringhals-3 reactor from the start of its operation, since 
Ringhals AB, i.e. the power utility operating the four Ringhals 
units, has been using SIMULATE-3 for in-core fuel 
management and core follow of Ringhals-3. All the 
SIMULATE-3 input files modeling the complete history of the 
plant since the start of its commercial operation until May 2005 
were obtained from the Reactor Physics group at Ringhals AB, 
representing a total of 22 fuel cycles. 

History variables such as the history of the moderator 
density and of the boron concentration were then transferred 
from SIMULATE-3 to PARCS. Such a transfer was made 
possible since a unique cross-section interface was developed 
for feeding PARCS with realistic sets of material constants for 
any heterogeneous PWR core, i.e. the dependence of the data 
on instantaneous variables, history variables and burnup is fully 
accounted for. The development and validation of such a cross-
section interface were reported in Demaziere (2006) and Stalek 
and Demaziere (2006). The binary library file containing the 
results of the transport calculations for each of the fuel/reflector 
segments loaded in Ringhals-3 was also obtained, from which 
the so-called PMAXS cross-section files were constructed 
using the interface mentioned previously. 

Each of the 157 fuel assemblies was thus modeled 
individually. An explicit treatment of the bottom, top, and 
radial reflectors was carried out. The radial reflector region was 
further modeled by 2 reflector types: one only taking the baffle 
into account, and the other one taking both the baffle and the 
core barrel into account. 

The actual heterogeneity of the core was accounted for, i.e. 
each node was represented by a set of variables: burnup, 
history variables, and instantaneous variables, which differ 
significantly throughout the core and the reflector regions. 

2.2 Features of the RELAP5 Model 
The current model of Ringhals-3 was built on the basis of a 

legacy input created by Studsvik EcoSafe (Eriksson, 1994) for 
an earlier version of RELAP5 in 1994. Obviously, the RELAP5 
code itself has gone through extensive changes during a more 
than 13 years period. Therefore, the model had to be 
thoroughly modified in order to satisfy the syntax rules of the 
new code version; to represent the current situation at Ringhals; 
but most crucially for having a very detailed core description in 
accordance with the PARCS model. 

The majority of syntactical changes were related to the 
new volume and junction control flags, and the new connection 
coding requirements. The description of crossflow junctions is 
easier and more logical with the application of the new 
expanded connection codes. Since the Henry-Fauske critical 
discharge flow model became the default option for the valve 
components in Mod 3.3, the corresponding valve parameters 
were updated accordingly. 

The development of the model was carried out in 
successive steps. At first, the original structure of the cold leg, 
including the ECC mixer components were modified, following 
the explicit recommendations of the input manual. Further 
structural changes were necessary on the secondary side. In 
order to capture the pressure pulse propagation, the number of 
sub-volumes of the steam line was increased by a factor of 10. 

The largest modifications were related to the reactor 
pressure vessel internals. The initial model had a very coarse 
nodalization, including only one downcomer and two channels 
in the core: one "hot channel" representing the hottest fuel 
bundle, and one "average channel" representing all the rest of 
the core. Therefore, the most significant refinement was done 
in the core region by modeling each of the 157 fuel assemblies 
individually, both for the hydrodynamics and for the heat 
structures. Axially, the active core was discretised into 8 levels. 

The core inlet and outlet needed special considerations due 
to a limitation in RELAP5, that a branch component may be 
connected to maximally 9 other volumes. Arrangement of 
altogether 157 junctions to the fuel assemblies was realized by 
application of 3 * 6 additional branch components both at the 
bottom and the top of the core. 

It is essential that some specific phenomena, for instance 
an asymmetric behavior of the loops should be captured 
properly. For this reason, the downcomer and the core were 
split into 3 parallel channels in order to retain the 3-loops 
structure of the primary side even within the reactor pressure 
vessel (RPV). It is also important to distinguish between the 
coolant flowing through the fuel assemblies while being 
heated, and the remaining part of the main loop flow. Thus, the 
core has been extended with altogether 3 bypass channels per 
loop: one is representing the baffle-barrel space, the other one 
is modeling the open guide thimbles, and the third channel is 
created for the flow path at the core periphery. 

The flow resistances were set according to the plant data 
and therefore resulted in a realistic pressure loss distribution. 
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Beyond the RPV, the current nodalization of the Ringhals-
3 model includes the following major parts: 

• 3 hot-legs and 3 cold-legs, 
• a pressurizer model with spray system and electrical 

heaters, 
3 main circulating pumps, 

• residual heat removal systems, 
• 3 steam generators with vertical heat exchanger tubes, 
• feedwater, charging, and letdown systems, 
• 2 simplified turbine models, 
• 2 steam dumping lines, 
• safety and relief valves. 

The control and protection systems were designed 
carefully and the parameters strictly follow the values laid out 
in the Ringhals-3 PLS document (Ringhals AB, 2004). 

2.3 The Coupled PARCS/RELAP5 Model 
One of the most crucial steps in the process of preparing 

input files for coupled calculations is the mapping between the 
neutronic and the thermal-hydraulic codes. More precisely, two 
mappings are necessary to be set up: one mapping for the 
neutronic/hydrodynamic structures and one mapping for the 
neutronic/heat structures (Downar et al., 2004b). The first 
mapping allows specifying in the neutronic code which fuel 
temperature, moderator temperature/density from the thermal-
hydraulic code needs to be associated with a specific neutronic 
node. The second mapping allows specifying in the thermal-
hydraulic code which fission power needs to be associated with 
a specific thermal-hydraulic "node". In both mappings, 
weighting factors have to be defined for each of the links 
between the neutronic and the thermal-hydraulic nodes. 
Although PARCS has the ability to automatically generate the 
mapping file based on a minimal amount of mapping 
information provided by the user, the applicability of such an 
automatic mapping is restricted to very simple cases. Tools for 
generating the mapping tables for the neutronic/hydrodynamic 
structures and neutronic/heat structures were thus created. 
Weighting factors between the neutronics and thermal-
hydraulics were required in each of these mapping tables. A 
weighting factor defines the actual weight of a given cell 
belonging to a specific component. The sum of the weighting 
factors of RELAP5 components and cells belonging to a 
specific PARCS neutronic node should be equal to unity. The 
weighting factors thus represent how much a RELAP5 
component and/or cell contribute(s) to a PARCS node in terms 
of feedback (hydrodynamic structures mapping) and how much 
this PARCS node contributes to the heat generated in a given 
RELAP5 component and/or cell (heat structures mapping). 
Very often, geometrical considerations can be used to estimate 
the weighting factors, i.e. the weighting factors can be seen as 
the volume fraction of each component and/or cell in the 
corresponding neutronic node. 

Concerning the radial mapping, the RELAP5 core is 
modeled by 157 channels, whereas in PARCS the core is 
modeled by 157*2*2 nodes. For the mapping of the 
hydrodynamic structures of the reflectors, the bottom reflector 
under the active core was associated to the components 
modeling the lower plenum, whereas the top reflector above the 
active core was associated to the components modeling the 
upper plenum. The radial reflector was associated to the 
RELAP5 components representing the bypass flow in the core 
cavity inside the core baffle, and the bypass flow in the 
baffle/plate gap and in the baffle/barrel region, with weighting 
factors of 0.272 and 0.728, respectively. These weighting 
factors were determined from the results of CASMO-4 
calculations performed for retrieving the spatial distribution of 
the flux in the bypass active core/baffle, baffle, and bypass 
baffle/barrel regions (Ekberg et al, 1995). 

Concerning the axial mapping, the active core 
discretization in PARCS consists of 24 axial planes of equal 
height, whereas the core discretization in RELAP5 consists of 8 
axial planes of equal height. No axial discretization of the 
bottom/top reflectors was carried out, i.e. both the bottom/top 
reflectors and the corresponding lower/upper plenums were 
assumed to be represented by one axial level only. 

3. VALIDATION OF THE MODEL 

3.1 Description of the Transient 
The feedwater control valves were retrofitted during the 

outage in 2005 and, among others they were equipped with 
new digital valve positioners. The feedwater valves were tested 
after the outage and everything worked properly. On August 
I6,h 2005, however, an electrical filter in the position 
transducer malfunctioned and therefore, the control signal to 
the valve failed. In such a case the valve immediately closes 
since that is the safe position of the valve and the normal 
feedwater flow to steam generator becomes blocked. Sequence 
of the main events is summarized in Table 1. 

Table 1 Sequence of events during the transient 

Time 
0 s 

38 s 

39 s 
47 s 

77 s 

Occurrence 
FW valve of SG-2 is closing 
Turbine control valve starts closing to 5 % 
Level in SG-2 reaches 12.4 %: SCRAM 
Turbine control valve closed 
Control rods fall into the core 
Actuation of the auxiliary FW 
Turbine dump valves start opening 
Loop average temp, below 295 C 
SG-1 and SG-3 FW control valves closing 
Turbine dump valves are closed 
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Initially, the lack of feedwater of SG-2 resulted in an 
increased amount of feedwater to the other two SGs before the 
control system acts. The steam production of the SG-2 was 
temporarily higher due to practically zero water inflow, while 
the heating power remained the same from the primary side. 
This change was represented by an increased primary system 
temperature and consequently, a higher pressurizer level and 
pressure. 

The level in the malfunctioning SG started to drop rapidly. 
At 38 s after shutting of the FW valve it reached the setpoint of 
the reactor trip, which is 12.4 % of narrow range span. The 
SCRAM signal triggered the control rods mechanism and the 
reactor was shut down. The trip logic and the control system 
provided a standardized procedure for such a case, including 
the trip of the turbines, isolation of all the SGs, and a 
simultaneous actuation of the auxiliary feedwater system. 

There are three pumps operating in the auxiliary FW 
system: two electrical pumps and one steam-driven pump. Each 
pump feeds one separate SG. The steam-driven pump delivers 
twice as much flow as the motor-driven ones, and it is 
connected to the steam generator three. 

Shutting down of the chain reaction was followed by a 
turbine trip. Consequently, the pressure increased in the SG 
secondary side. With much less steam outflow, the temperature 
will also rise in the primary side. Therefore, the turbine bypass 
system actuates the steam dumping directly to the condenser in 
order to control the temperatures back to normal. 

The reactor SCRAM resulted in a radical decrease of the 
heat input to the primary side. The steam content of the SG 
secondary side started to drop. The auxiliary FW system 
provided the necessary amount of heat sink, which was 
adequate for removal of the residual heat, bringing the SG 
levels back to normal. Finally, the plant was stabilized in a hot 
standby mode. All the systems behaved as postulated after the 
initiating event. 

3.2 Results and Discussion of the Code Calculations 
The main objective of this validation study has been to 

evaluate the capabilities of the model for reproduction of the 
system response during a large disturbance originating from the 
secondary side. Testing of the dynamical behavior is in the 
focus of the investigations. Last but not least, justification of 
the performance of the control system and the trip logic has 
also been targeted. 

The steady-state initialization took approximately 300 s, 
running the codes with transient option. Using this option 
instead of steady-state was necessary in order to avoid a 
premature termination of the calculation. (Earlier test-runs 
resulted in false indications of reaching steady-state). At the 
end of initialization process, all the calculated parameters 
became stable and reflected the measured plant data with a 
good degree of accuracy. 

The transient started with malfunctioning of the FW 
control valve in the line connected to SG-2. The loss of FW is 
modeled with a prompt closure of valve, as shown in Fig. 1. 

R3 LONF: Feedwater Mass Flowrates to SG-2 
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Figure 3 Closure of the feedwater control valve 

Sinking of the level started immediately as it can be seen in 
Fig. 2, reaching the so called "Low-Low LeveT' reactor trip 
condition at approx. 34 s. The narrow range measurement 
supplies higher resolution data, however, it obviously indicates 
zero value when the level passes below its lower differential 
pressure transducer. Hence, the wide range measured data are 
used here for comparison. 

R3 LONF: Levels in SG-2 (Wide Range) 
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Figure 4 Collapsed levels in the SG-2 

The code was able to reproduce almost the entire period of 
level decrease. Dropping of the level stopped at approx. 35 % 
and at it was followed by a slow increase. However, regaining 
of the level took place with a lower gradient than in the 
measurement. This was partly due to the slightly smaller 
amount of auxiliary FW injected to SG-2. 

Because of reaching the "Low-Low Level" condition, the 
reactor was tripped. Most importantly, the code was able to 
capture the timing of the SCRAM signal. While the neutronic 
power data was based on the neutron flux measurement, the 
simulated decay heat power was calculated by PARCS and 
supplied to the thermal-hydraulic part of the coupled system. 
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R3 LONF: Pressures in SG-2 
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Figure 7 Pressures in the malfunctioned SG-2 

Figure 5 shows the values of the relative power. The 
measured data represent the average of four neutron flux 
transducers. The comparison indicates a minor discrepancy 
after the SCRAM. 

Variation of the pressures in the (intact) SG-1 is depicted 
in Fig. 6. Matching of the measured and simulated data is 
excellent. A small deviation can be observed soon after the 
initiation of the transient. Re-pressurization of the secondary 
side took place when the turbine control valves started to close 
gradually. Since the characteristics of these valves were not 
known at the time of model development, the pressure data are 
slightly different during a short interval between 15 and 37 s. 

R3 LONF: Pressures in SG-1 
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Figure 6 Pressures in the SG-1 

Simulation of the pressure has been achieved with a same 
degree of accuracy in the malfunctioned SG-2. The code 
managed to reproduce the sudden increase of the pressure 
during the closure of the turbines, followed by dumping of 
steam into the condenser (Fig. 7). 

Response of the system to such a large disturbance can 
induce asymmetric behavior in the loops. One example for the 
different performance is the amount of steam produced by 
steam generators. The mass flowrates in steamlines 1 and 2 are 
shown in Figs. 8 and 9. 

R3 LONF: Steam Mass Flowrates in Steamline-1 

250 

Figure 8 Steam mass flowrates in steamline 1 

The steam flow started to decrease from the intact SG-1 
soon after the transient initiation, reaching a value of approx. 
480 kg/s. Just around the time of the reactor SCRAM, the 
steam production was reduced almost instantaneously. This was 
interrupted by a small increase a few seconds later and 
followed by a continued dropping. The simulation could not 
reproduce this phenomenon, but instead it calculated a 
monotonous decrease, down to a full closure of steam. 

Opening of the steam dump valves resulted in a minor 
increase of the mass flowrate in the steamlines at around 50 s. 
This was also captured by the code, as well as the small amount 
of steady flow for the rest of the transient. 
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Figure 9 Steam mass flowrate from the malfunctioned SG-2 Figure 11 Collapsed levels in SG-3 

In the case of SG-2, the initial amount of steam increase 
was present in the calculation, however, it was a bit 
overestimated. Timing of the sudden closure was perfectly 
matched. The intermittent dump valve opening resulted in a 
peak mass flowrate above 200 kg/s. The code calculated half as 
much steam dumped to the condenser during this short period. 
This is an indication for necessity of further improvement of 
the dump control system in the model. 

Concerning the collapsed levels in the other two intact 
steam generators, performance of the code is sufficiently good 
(Figs. 10 and 11). The narrow range measurements were 
available for the whole duration of the transient in this respect, 
since the levels were maintained above the lower taps of the DP 
transducers. 

R3 LONF: Levels in SG-1 (Narrow Range) 
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Figure 10 Collapsed levels in SG-1 

The dynamic response of secondary side is really good 
until approx. 100 s in both cases. Slower increase of the level is 
a clear indication of underestimated amount of auxiliary FW. 

Approximation of the flowrate of the auxiliary FW was 
based on the available plant documentation. However, these 
values seem to be inadequate for regaining the levels at the 
same speed as it was observed in the transient. A sensitivity 
analysis will be performed with using the measured auxiliary 
FW flow given as boundary condition to the code in order to 
filter out other possible reasons of these discrepancies. 

Regarding some primary loop parameters, such as 
temperatures, behavior of the model is excellent. As Fig. 12 
shows, both the initial and final temperatures have been very 
well matched in the hotleg. A small delay of a few seconds 
duration can be observed in the timing of the sudden 
temperature drop. Two possible explanations may exist for this 
phenomenon. On one hand, the inertia of the temperature 
sensors could not obviously taken into account in the 
calculation. On the other hand, the location of the temperature 
measurement is just approximative, which may result some 
transition time, as well. 

R3 LONF: Hotleg Temperatures in Loop-2 

Figure 12 Temperatures in hotleg 2 
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R3 LONF: Coldleg Temperatures in Loop-1 

Figure 13 Coldleg temperatures in loop 1 

The temperature curve of the coldleg (Fig. 13) is much 
similar to the shape of the secondary side pressures shown in 
Figs. 6 and 7. This strong correlation is quite obvious because 
the temperature of the fluid in the returning part of the primary 
loop is determined by the corresponding saturation pressure in 
the SG. 

Looking at the value of the simulated temperature, it can 
be concluded that this parameter is well within the accuracy of 
its sensor. This is true even at the peak temperature just before 
50 s, when the difference is less than 0.8 K. 

During the simulation, the largest discrepancies were 
found in the parameters related to the pressurizer. For instance, 
the code could not reproduce the pressure measured at the top 
of the pressurizer. Figure 14 depicts this deficiency: the code 
first underestimated the peak reached before the reactor 
SCRAM. The timing of the depressurization is quite good but 
its minimal value is overestimated by more than 2 bars. 

R3 LONF: PRZ Pressure 
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Figure 14 Pressures in the pressurizer 

4. CONCLUSIONS 
A validation study has been presented in this paper in order 

to test the applicability of a coupled thermal-hydraulic / neutron 
kinetic model for the Ringhals-3 NPR The current model is 
under development within the framework of the power uprate 
project. Verification of the applied components and techniques 
against a realistic measured database was an important 
milestone. 

It has been proven that, even at this intermediate stage of 
developmental process, the coupled codes are capable of 
reproducing all the general trends in the Loss of Main 
Feedwater transient at a very good accuracy. Matching of the 
recorded plant parameters and the code calculations is excellent 
in most cases. Admittedly, some components need further 
analysis and revision. This fact is more enhanced, for instance 
in the case of the pressurizer model, even though the 
discrepancies are acceptable. Refinement of the electric heater 
and the spray system, as well as application of more accurate 
values of the auxiliary feedwater flowrate may solve the 
problems. 

Another study is being published, focusing on a postulated 
Main Steam Line Break with stuck/ejected rod. These works, 
together with the present one are planned to contribute to the 
decision-making process for evaluation of the operation at a 
higher power without compromising the plant safety. 

NOMENCLATURE 
AFW Auxiliary Feedwater 
ECC Emergency Core Cooling 
FW Feedwater 
PARCS Purdue Advanced Reactor Core Simulator 
PWR Pressurized Water Reactor 
RELAP Reactor Excursion and Leakage Analysis Program 
RPV Reactor Pressure Vessel 
SCRAM Safety Control Rod Axe Man 
SG Steam Generator 
SKI Swedish Nuclear Power Inspectorate 
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ABSTRACT 
A Main Steam Line Break (MSLBj is an important transient 

for Pressurized Water Reactors (PWR) due to the strong positive 
reactivity introduced by the over-cooling of the core. Since this 
effect is stronger when the Moderator Temperature Coefficient 
(MTC) has a large amplitude, a conservative result will be ob
tained for a high burnup of the fuel due to the more negative MTC 
late in the cycle. The calculations have been performed at a cycle 
burnup of 12.9742 GWd/tHM. The Swedish Ringhals-3 PWR is a 
three loop Westinghouse design, currently with a thermal power 
of 3 000 MW. 

The PARCS model has 157 fuel assemblies of 8 different 
types. Four different types of reflector are used. The cross 
sections, and kinetic data were obtained from CASMO-4 cal
culations, using a cross section interface developed at the de
partment. There are 24 axial nodes, and 2x2 radial nodes for 
each assembly. The transient option for calculating the effect 
of poisoning was used. The PARCS model has been validated 
against steady-state measurements from Ringhals-3 of the Rela
tive Power Fraction (RPF) and of the core criticality. 

The RELAP5 model has 157 channels for the core which 
means that there is a one to one correspondence between the 
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thermal hydraulics model and the neutronics model. There is 
eight axial nodes. Originally, the intention was to have 24 axial 
nodes but this proved not to work because of some limitation 
in RELAP5. There is currently no mixing between the different 
channels in the core. The feedwater, and turbines are modelled as 
boundary conditions. The stand-alone RELAP5 model has been 
validated against steady state measurements from Ringhals-3. 

A number of different cases were considered. In the first 
case, both the isolation of the feedwater for the broken loop, and 
all the control rods were assumed to work properly. For the sec
ond case one of the control rods was assumed to be stuck. The 
stuck rod was located in the fuel assembly with the highest power. 
This rod has also one of the highest rod worths. In the final case, 
the feedwater control valve for the broken loop was fully open. 
None of the cases led to any recriticality. 

The increase in power for each fuel assembly was also in
vestigated. With the control rod located in the assembly with the 
highest power, the maximum power increase before scram turned 
out to be about 25% compared to the initial power. 

INTRODUCTION 
Worldwide, there are many applications for power uprates 

of nuclear power plants. This is also the case in Sweden, and 
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the Swedish Nuclear Power Inspectorate (SKI) has asked the 
Department of Nuclear Engineering at Chalmers University of 
Technology, to perform a number of independent analyses for the 
power uprate of the Swedish Pressurized Water Reactor (PWR) 
Ringhals-3. Ringhals-3 is a three loop Westinghouse PWR with 
an original nuclear power of 2775 MWth. It is currently operat
ing at 3000 MWth and the power uprate application is for a final 
power of 3160 MWth, i.e. an increase of 13% from the original 
design power. A part of this project is the simulation of a Main 
Steam Line Break (MSLB), which is important for PWRs. In 
this transient, there is a strong interaction between the neutronics 
and the thermalhydraulics. This combined with the asymmetri
cal nature of the transient, means that there is a need for coupled 
calculations. The high steam flow in the MSLB transient leads to 
an over-cooling of primary side of the loop with the break. Since 
this effect is strongest with a more negative Moderator Temper
ature Coefficient (MTC), the simulations should be performed at 
the End Of Cycle (EOC), when the MTC is most negative. 

The paper starts with a description of the PARCS and RE-
LAPS models, followed the coupling between them. The subse
quent section describes some validation work done for the mod
els. In the final parts, the results and conclusions of the simula
tions are presented. 

DESCIPTION OF THE PARCS MODEL 
The PARCS [Downar et al.(2002)] model has 157 fuel as

semblies of 8 different types. In some of the assemblies, there is 
an axial zoning which is taken into account. Four different types 
of reflector are modelled, one type for the top reflector, one for 
the bottom, one that takes into account the baffle, and one that 
takes both the baffle and barrel into account. Radially, each as
sembly is divided into 2x2 nodes. There is 26 axial nodes (24 for 
the active core and 2 for the top and bottom reflectors). It is also 
important to include history effects. Since the whole operation 
of the reactor has been modelled with SIMULATE-3 [Covington 
et al.(1995)], the three dimensional distributions of the history 
variables were obtained from these calculations. 

To obtain macroscopic cross-sections, discontinuity factors, 
kinetic data, microscopic cross-sections and yields for the poi
sons, PMAXS files were used. These files were constructed from 
data obtained from CASMO-4 [Ekberg et al.( 1995)] calculations. 
The creation of the PMAXS files was done with an interface [De-
maziere(2006)] developed at the Department of Nuclear Engi
neering at Chalmers University of Technology. The interface is 
based on the use of SIMULATE-3 to read the CASMO-4 library 
file. To use this interface one needs the CASMO-4 library file 
and SIMULATE-3 restart file for the core to be studied. The first 
step in the procedure is to obtain information on which fuel types 
are loaded in the core. When this is known, an edit of all rele
vant parameters for all fuel types at all conditions found in the 
library file is requested. Finally these data are converted to the 

PMAXS formalism and written to the PMAXS files. For more 
information on this cross section interface please refer to [Stalek 
and Demaziere(2008)]. 

On the numerical side, a hybrid neutronic solver was used 
to calculate the neutron flux. This hybrid solver is based on 
the Analytic Nodal Method (ANM) and on the Nodal Expan
sion Method (NEM) [Downar et al.(2004)]. For the boundary 
conditions, zero incoming current was used. 

DESCRIPTION OF THE RELAP5 MODEL 
The RELAP5 [Information System Laboratories(2006)] is 

based on an old input deck [Eriksson(1994)] and a number of 
changes has been done to improve its suitability for a number of 
transients. Since the MSLB transient is asymmetric with respect 
to the loops, it is important that the loop structure of the primary 
side is also modelled inside the reactor vessel. For this reason 
the downcomer and lower plenum were split into three parts. 
It is also important to distinguish between the coolant flowing 
through the fuel assemblies while being heated, and the remain
ing part of the main loop flow. Thus, the core has been extended 
with altogether 3 bypass channels per loop: one is representing 
the baffle-barrel space, the other one is modelling the open guide 
thimbles, and the third channel is created for the flow path at the 
core periphery. The model has 157 channels for the active core, 
which means that there is a one-to-one correspondence radially 
between the neutronics and the thermalhydraulics. There are 8 
axial nodes in the active core. Originally, the intention was to 
have 24 nodes but this proved not to be possible due to a limita
tion in RELAP5. There is currently no mixing between different 
channels in the core. The primary and secondary side nodaliza-
tions are shown in Figs. 1 and 2. The feed water and turbines are 
modelled as boundary conditions. The break is located on the 
main steam line of the second loop, before the isolation valve. 
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DESCRIPTION OF THE COUPLED MODEL 
An important part in the coupling is the mapping between 

the neutronic and thermalhydraulic sides of the model. Two map
pings must be specified, one between the neutronic and hydro-
dynamic components, and one between the neutronic and heat 
structures. This is done by using a maptab file, which contains 
all the necessary mapping information. To specify how different 
RELAP5 nodes contribute to a PARCS node weighting factors 
must be specified. The sum of the weighting factors of the RE-
LAPS nodes connected to one PARCS node must be equal to 
unity. The bottom reflector is mapped to the components mod
elling the lower plenum and the top reflector to the components 
of the upper plenum. The radial reflector was associated to the 
RELAP5 components representing the bypass flow in the core 
cavity inside the core baffle, and the bypass flow in the baf
fle/plate gap and in the baffletoarrel region, with weighting fac
tors of 0.272 and 0.728, respectively. These weighting factors 
were determined from the results of CASMO-4 calculations per
formed for retrieving the spatial distribution of the flux in the 
bypass active core/baffle, baffle, and bypass baffle/barrel regions. 

VALIDATION 
A number of comparisons between simulation and measure

ments from the Ringhals-3 PWR have been performed. Only a 
summary will be presented here. A validation of the coupled 
model has also been done using a Load Rejection and Loss of 
FeedWater transients from Ringhals-3. 

Neutronic modelling 
For comparisons between PARCS calculations and measure

ments, two parameters were used, the effective multiplication 
factor keff, and the Relative Power Fraction (RPF). A number of 
measurement sets from Ringhals-3 were obtained. The measure
ments were performed using Movable In-Core Detectors. Since 
these probes can only be inserted in certain positions of the core, 
one had to do an interpolation for the rest of the core. In this case 
the interpolation was done with SIMULATE-3 since there are 
no detector data in PARCS. The history variables (in the PWR 
case, history of moderator density and boron concentration), and 
exposure were transferred from SIMULATE-3 to PARCS. For 
a more complete description of the validation of the neutronics 
please refer to [Stilek and Demaziere(2006)] and [Stalek and De-
maziere(2008)]. The relative error of the RPF was found to be 
within a few percents. Due to a limitation in PARCS, the lack of 
dependence of the moderator density for the cross sections of the 
reflector will cause some deviations between the RPF calculated 
by PARCS and the measured one. The comparisons between 
simulations and measurements showed an overestimation of the 
power in the centre of the core by PARCS at beginning of the cy
cle and an underestimation at end of cycle. The axial and radial 

power distributions are correctly reproduced by PARCS. The de
viation of the effective multiplication factor is within about ±200 
pcm. 

Thermal hydraulic modelling 
Thereafter, the stand-alone RELAP5 model was bench-

marked against a set of measured data [Demaziere(2006) and 
Banati]. The database consisted of the main parameters of the 
plant during steady-state operation at full power recorded for a 
period of 2 hours. The time-averaged constant values were used 
as bases for comparison. The steady-state RELAP5 calculation 
was performed with application of realistic parameters for the 
control system. A steady-state solution could be found by RE-
LAPS, i.e. a solution fulfilling all the boundary conditions could 
be determined by the code. The discrepancy between measured 
and calculated values was a fraction of a percent in most of the 
cases. 

Finally, a coupled steady-state calculation was performed 
[Bdndti et al.(2006)]. The validation of the coupled model was 
performed using the same database as the one used for the vali
dation of the stand-alone RELAP5 model. The difference on the 
modelling side was the coupling with PARCS and the fact that 
the 3-dimensional heterogeneous core was explicitly accounted 
for as described in Section 2.1. Since no flux measurement was 
available for that specific measurement, the calculated power dis
tribution throughout the core could not be checked. Neverthe
less, it was found that the criticality calculated by PARCS was 
within reasonable limits (core subcritical by 482 pcm). An ini
tial oscillation of the parameters was observed. Stabilisation took 
place at approximately 100 s of the simulation time and the cal
culated values converged to the measured ones. Agreement with 
the steady-state parameters was excellent. 

A Load Rejection transient that occurred on 2005-01 -08 was 
also chosen for the validation of the model [Banati et al.(2007)]. 
In this transient steam flow to the turbines are significantly re
duced. The control rods are gradually inserted and decrease the 
power to about 60-70%. This power decrease introduce a strong 
coupling between the neutronics and thermalhydraulics. The 
transient can be split into two parts, one when the dump valves 
are fully open, and another when the dump valves are only par
tially open. During the first part the validation gave good results 
but the second part turned out to be more difficult. 

A Loss of Feedwater transient has also been used in the val
idation of the model. A description of this validation is found in 
a companion paper [Blnati et al.(2008)]. 

MSLB MODELLING AND RESULTS 
The cycle burnup for the simulations was 12.9742 

GWd/tHM. In the first part of the simulation, a steady-state so
lution is obtained by RELAP5 in transient mode, and PARCS in 
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Figure 3. STEAM FLOW IN THE SECOND LOOP FOR THE REFER
ENCE CASE. 

Figure 4. COLD LEG TEMPERATURE IN THE SECOND LOOP FOR 
THE REFERENCE CASE. 

steady-state mode. The purpose of this is to obtain the correct 
temperature distribution in the core before the start of the 3D ki
netics simulation. Simulations showed that 150 s is enough to 
achieve good steady-state conditions. The actual transient simu
lation is restarted from the end of the previous simulation. The 
initial power level is 100%. The break is opened at 160 s and the 
steam flow through the steam line of the second loop is shown in 
Fig. 3. 

This increased steam flow leads to a significant drop in the 
temperature of the cold leg in the second loop as shown in Fig. 
4. The reactor is scrammed at 8% nuclear overpower, and after 
3 s the control rods are fully inserted. After the simulation of 
the reference case, which assumes that all safety systems work, a 
number of different scenarios were considered. In the first case, 
one control rod was stuck in the withdrawn position. The posi
tion of this rod is column 3 and row 7, in Fig. 7. The location 
of this rod was chosen as the assembly with the highest RPF 
in steady-state. The rod has also one of the highest control rod 
worths. The location was even more conservative by the fact that 
it is located in the part of the core corresponding the second loop 
and that no mixing between the loops is assumed in the model. 
In the second case, the Feed Water Isolation Valve (FWIV) was 
assumed to remain in the open position. As a consequence, the 
cooling of the primary circuit is further increased. This of course 
leads to an increased reactivity, as shown in Fig. 5. 

Figure 5 summarises the reactivity trends of the different 
cases. None of the simulated cases led to a recriticality. The 
main events are an initial increase of the reactivity around 5-10 
s after the break. Nuclear overpower triggers the scram, which 
causes a large negative reactivity. The same signal that caused 
the scram also starts the Safety Injection (SI) of borated water. 
After the scram the temperature of the primary circuit continues 
to drop and increases the reactivity. Around 50 s after the break, 

250 300 
Time (s) 

Figure 5. REACTIVITY FOR FOUR DIFFERENT CASES. 

enough borated water has been injected to cause a decrease of 
reactivity. The time evolution of the different contributions to 
the total reactivity in the reference case is shown in Fig. 6. As 
shown in Fig. 7, the largest power increase occurs around the 
position of the stuck rod. The upper left part is connected to the 
second loop, which can be seen from the fact that most of the 
power increase occurs there. 
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Figure 6. DIFFERENT REACTIVITY CONTRIBUTIONS. 

CONCLUSIONS 
Four different scenarios of a MSLB have been simulated 

with a well validated model. First, a reference case with all 
safety systems working were simulated. In the second case a 
control rod was assumed to be stuck in the withdrawn position. 
The third case also has one rod stuck and the FWIV does not 
close. In the forth case all safety systems except the SI worked 
properly. In these simulations of different scenarios correspond
ing to a MSLB there was no return to criticality. The reactivity 
increase due to the MSLB is between 3.5 and 5 $ in the scenarios 
considered in this paper. Malfunctioning of the SI system causes 
the highest reactivity increase in the long run. 

Considering possible improvements for future work, one 
should investigate the effect of the nodalization of the active core. 
In all of the simulations so far the assemblies have been modelled 
as pipes in RELAP5. This means that there are no mixing be
tween different channels. This is also true for the lower plenum. 
Including mixing in the model might have some influence on the 
result. 
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CASE WITH ONE STUCK ROD. 
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There is also a significant drop of the moderator temperature 
in primary circuit of the affected loop. As a consequence it would 
be useful to investigate the validity of the macroscopic cross-
sections for low moderator temperatures, since the cross sections 
were not tabulated for so low moderator temperatures. 
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