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Abstract

The kinetic response of a boiling water reactor (BWR) equilibrium core using thorium as a nuclear material, in an integrated blanket—
seed assembly, is presented in this work. Additionally an in-house code was developed to evaluate this core under steady state and tran-
sient conditions including a stability analysis. The code has two modules: (a) the time domain module for transient analysis and (b) the
frequency domain module for stability analysis. The thermal-hydraulic process is modeled by a set of five equations, considering no
homogeneous flow with drift-flux approximation and non-equilibrium thermodynamic. The neutronic process is calculated with a point
kinetics model. Typical BWR reactivity effects are considered: void fraction, fuel temperature, moderator temperature and control rod
density. Collapsed parameters were included in the code to represent the core using an average fuel channel. For the stability analysis, in
the frequency domain, the transfer function is determined by applying Laplace-transforming to the calculated pressure drop perturba-
tions in each of the considered regions where a constant total pressure drop was considered. The transfer function was used to study the
system response in the frequency domain when an inlet flow perturbation is applied. The results show that the neutronic behavior of the
core with thorium uranium fuel is similar to a UO; core, even during transient conditions. The stability and transient analysis show that
the thorium-uranium fuel can be operated safely in current BWRs.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The use of thorium in light water reactors has several
potential advantages over the uranium-plutonium cycles
in commercial nuclear power plants. First, thorium is a
more abundant resource than uranium and second, the
thorium cycle has the capability to improve the fuel conver-
sion in a once-through cycle in thermal reactors. Other
important point is that the thorium cycle tends to reduce
the proliferation of spent fuel, this is much more favorable
because it reduces the plutonium production and the decay
heat amount. Finally, the thorium cycle reduces the long-
lived minor actinides production compared with the ura-
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nium and plutonium cycle; and the radiotoxicity level of
spent fuel is less in the thorium cycle than the others, in
the case of the once-through cycle in light water reactors
(LWR). Due to this characteristic and the increasing
demand of clean electricity, many research institutes have
projects related with the thorium nuclear fuel cycle.

The work of Todosow et al. (2005), summarizes some of
the results of recent studies of the performance of thorium-
based fuels in LWRs. It concludes that the use of heteroge-
neous U-Th fuel provides higher neutronic potential than a
homogeneous fuel. The U-Th fuel can yield reduced spend-
fuel volume, toxicity and decay heat. Additionally, the mix
of Pu-Th increases the burnup of Pu.

An equilibrium fuel cycle for a pressurized water reactor
(PWR) loaded with an homogeneous mixture of uranium-—
thorium (ThO,-UQO,) was studied by Saglam et al. (2005),
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their results indicated that the design is technically feasible
in modern PWRs, however there is an additional cost asso-
ciated with the use of this kind of nuclear fuel. The use of
weapons-grade plutonium in PWR fuel assembly was stud-
ied by Dzjadosz et al. (2005). This work examined the core
safety parameters for a LWR. The analysis of selected tran-
sient showed the feasibility of licensing thorium mixture
fuel, becasuse it has less severe consequences than a core
with low enrichment uranium fuel. Previously, Macdonald
and Lee (2004) studied the neutronic, economic and
mechanical behavior of the thorium—uranium dioxide fuel
in light water reactors, under normal operation and acci-
dent conditions. One of the main results is that the tho-
rium—uranium spent fuel is much more stable waste form
than uranium oxide spent fuel. Shwageraus et al. (2004)
studied the spatial separation of the uranium and thorium
parts of the fuel to improve the achievable burn-up of the
thorium—uranium fuel, through more effective breeding of
U-233 from Th-232, however the large power imbalance
between the uranium and the thorium regions creates sev-
eral design challenges. Joo et al. (2004) showed alternative
applications of homogeneous thoria—urania fuel in PWR.
Their study shows that the neutronic behavior of a mixed
thorium and uranium dioxide (Th + U)O,, is not signifi-
cantly different from the UO, core. This means that homo-
geneous thorium—uranium fuel can be used without any
important mechanical modification of the fuel and design
limits. Nunez-Carrera et al. (2005) proposed a design of
thorium—uranium fuel using the blanket-seed concept.
They showed that the main operational parameters of a
thorium—uranium core are similar to that of a standard
BWR with uranium fuel, and the economic analysis shows
that the fuel cost can be competitive with the cost of a stan-
dard uranium core (Nunez-Carrera et al., 2008).

In this work, the study of some typical transients and
stability analysis of a BWR, using the thorium—uranium
fuel designed by Nunez-Carrera et al. (2005), is presented.
The first part of this paper briefly describes the thorium-
uranium fuel and the model used to evaluate the core
behavior during transient conditions. The last part of the
paper shows the results of the simulation of three transients
and the stability analysis. These results show that the pro-
posed fuel design can work safely, and can be easily imple-
mented in current BWRs, but this could be take a long time
because the actual technology of the BWR is based in the
uses of the traditional uranium enrichment fuel.

2. Fuel design

The objective of this work is to study the dynamic
response of the core of a typical BWR using the tho-
rium—uranium fuel and to show the safety operation of this
core under transient conditions. The design and analysis of
the thorium—uranium fuel was performed using the lattice
physics code HELIOS (Studsvik Scandpower, 1998), which
was previously validated for thorium applications in LWRs
by Nunez-Carrera et al. (2004). An in-house code was

developed to perform the stability and transient analysis.
The description of the models and the performance of this
code are presented in the work of Espinosa-Paredes et al.
(2006).

The thorium—uranium fuel is designed under the inte-
grated blanket-seed concept (Nunez-Carrera et al., 2005),
it means that the blanket and the seed rods are together
located in the same fuel assembly and are burned-out in
a once-through cycle to improve the conversion capability,
in order to have sufficient control reactivity and to obtain
negative Doppler and void reactivity coefficients. The blan-
ket-seed concept was adopted and a triangular pitch lattice
was designed. This design includes the blanket sub-lattice
(ThO, rods, located in the corners) and the seed sub-lattice,
with U-235 enriched uranium and designated by U-235/Zr
(located in the center), in a heterogeneous arrangement
integrated in one standard BWR assembly, as it is shown
in Fig. 1. In this concept, blanket regions contain higher
fraction of fertile material and the blanket volume is higher
than the seed regions volume (Ronen, 1986). The blanket
rods have only thorium in the form of ThO, and the seed
rods are made of metal fuel in the form of U-235 enriched
uranium-zirconium alloy (U-235/Zr), as it is proposed by
Galperin et al. (1997) and Kim and Woo (2000). The
defined triangular blanket-seed lattice is composed by the
blanket sub-lattice and the seed sub-lattice. The blanket
sub-lattice will be first loaded in the core (one cycle) in
order to produce its own fuel (mainly U-233). At this step,
the center of the triangular lattice is occupied by a dummy
zircaloy rod instead of the seed rod. At the next cycle, the
blanket sub-lattice will be assembled with the fresh seed
sub-lattice to form the blanket—seed lattice (the dummy zir-
caloy sub-lattice is retired at this time).
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Fig. 1. Integrated blanket (white pin)-seed (dark pin) fuel design.
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Table 1
Blanket-seed fuel assembly parameters

Parameter at cold zero power Blanket-seed/Dummy

Pitch 1.91 cm

Fuel pellet outer radius (blanket) 0.4025 cm
Clad inner radius (blanket) 0.411 cm
Clad outer radius (blanket) 0.4759 cm
Fuel pellet outer radius (seed/dummy) 0.400 cm
Clad inner radius (seed/dummy) 0.400 cm
Clad outer radius (seed/dummy) 0.44 cm
Fuel channel inside dimension 13.4061 cm
Fuel channel wall thickness 0.1651 cm
Density of thorium dioxide 9.424 g/cm’®
Density of uranium-zirconium 16.50 g/cm®
Zirconium (clad) 6.40 g/cm®
Thorium mass fraction in the core 0.476
Uranium-zirconium mass fraction in the core 0.469
Zirconium (clad) mass fraction in the core 0.055
Thorium volume fraction in the core 0.576
Uranium-zirconium volume fraction in the core  0.324
Zirconium (clad) volume fraction in the core 0.100

The proposed design has a good reactivity performance
with a U-235 enrichment of 5.5%. Regarding the reactivity
void coefficient, the proposed uranium-thorium fuel has
always a negative value: —240 pcm at beginning of life
(BOL) and —54 pcm at a burn up of 60,000 MWd/T. Table
1 shows the main design parameters of the proposed fuel at
the cold zero power condition (Nunez-Carrera et al., 2005).

3. Equilibrium core design

The core of Laguna Verde Nuclear Power Plant was
chosen as base case for the design of a typical BWR core.
This is a small core with 444 fuel assemblies, rated at
2027 MWth; therefore the challenge was to locate the blan-
ket-dummy assemblies and the blanket-seed assemblies in
such way to achieve the U-233 breeding while keeping a
reasonable power distribution to obtain a desired cycle
length. Calculations were performed with CM-PRESTO
code (Scandpower, 1992a), which is a three-dimensional
neutronic-thermal-hydraulic steady-state code. Nuclear
data banks were generated with the HELIOS system and
they were processed by TABGEN (Scandpower, 1992b)
to produce tables of nuclear cross sections depending on
burn-up, void and exposure weighted void (void history)
which are used by CM-PRESTO. The Hailing (1963) strat-
egy was used in order to obtain an equilibrium cycle length
of 365 effective full power days (EFPD) with an assumed
end of cycle target eigenvalue. In a multi-cycle procedure,
sufficient number of cycles were run until no changes were
observed in cycle length, power, burn-up and void distribu-
tions in the core (equilibrium cycle).

4. Model descriptions

The numerical model developed is described with detail
in Espinosa-Paredes et al. (2006), and was used to perform

transient and linear stability analysis for a boiling water
reactor core based on an integrated blanket-seed tho-
rium—uranium concept. This model was based in lumped
and distributed parameters approximations, which includes
the vessel dome and the downcomer, the recirculation
loops, the neutron process, the fuel pin temperature distri-
bution, the core lower and upper plenums and the pressure
and level controls. The stability was determined by study-
ing the linearized versions of the equations representing
the BWR system in the frequency domain. The thermal-
hydraulic model that describes the dynamic behavior of
the lower and upper plenums and the reactor core, as well
as the fuel temperature model, was based on the distributed
parameters approximation. The vessel dome, downcomers,
recirculation loops and neutron process models were based
on the lumped parameters approximation.

4.1. Thermal-hydraulic model

The thermal-hydraulic model consists in five equations
model, which are based on liquid and gas phase mass bal-
ances, mixture momentum, mixture energy and liquid phase
energy, together with a drift flux approach (Zuber and
Findlay, 1965), for the analysis of phase separation. The
non-equilibrium two phase flows for the volumetric vapor
generation rate in subcooled boiling (Lahey, 1978) was con-
sidered using Saha and Zuber (1974) approximation.

A multi-node fuel pin model was developed to describe
the heat transfer process. Three regions were identified as
minimum to be considered in the heat transfer analysis:
The first region corresponds to heat transfer in the fuel;
the second region corresponds to heat transfer in the gap
and the third region corresponds to heat transfer in the
clad, whose temperatures were determined by the rate of
heat convection due to the core flow.

The reactor power is calculated from a point reactor
kinetics model with six groups of delayed neutrons. The
reactivity due to Doppler effect, void fraction, moderator
temperature and control rod were considered in this model.
In order to complete the study, an analytical procedure
with linear analysis in frequency domain is presented to
calculate the BWR instability physical parameters.

The recirculation model includes the pressure drops and
flows from the downcomer, recirculation pumps, nozzles,
jet pumps throat and diffuser, lower and upper plenum,
reactor core and steam separators, in order to obtain the
momentum balances. The recirculation system flow path
is shown in Fig. 2.

Fig. 3 is a schematic diagram of the boiling water reactor
where the arrangement of the computational cells of the
BWR-5 mode is shown. The reactor vessel was divided into
five zones. Two of these zones, the vessel dome and the down-
comer, have a variable volume according to the vessel water
level. The three fixed volume zones are the lower plenum,
which includes the jet pump volume; the upper plenum and
the steam separators, and the reactor core. Due to its impor-
tance on the model performance, the latter was subdivided
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Fig. 3. Arrangements of the computational nodes in the BWR model.

into 12 one-dimensional nodes. The reactor model is com-
pleted by including the recirculation loops, the neutron kinet-
ics, the fuel rod temperature and the control models. In

addition, this model uses a set of empirical correlations valid
for the normal range of BWR operating conditions.

4.2. Stability model using frequency-domain linear analysis

Since secure power generation is the main task in BWR,
the understanding of the physical mechanism that induces
the observed power oscillation is of paramount importance
for BWR operation. In principle, the understanding of
such physical mechanisms would lead to improved BWR
reactor design, operation strategies and control. The inter-
action and feedback mechanisms between heat transfer
process, thermal-hydraulic (single phase and two-phase
flow patterns) and neutronic dynamics in BWRs lead to
complex behavior with stationary and no-stationary power
oscillation. In the last few decades, research by Lahey and
Podowski (1989) and March-Leuba (1990, 1991, 1993),
amount many others has been devoted to the study of
the nature of power oscillations and the mechanisms that
generate them. Several approaches have been taken to
address the stability of BWRs, March-Leuba (1986) pio-
neered the study of reduced-order models for coupled ther-
mal-neutronic dynamics.

In this work, the stability model considers an aver-
aged fuel channel, which was divided into two regions.
The first region corresponds to one phase flow and the sec-
ond region corresponds to two-phase flow. The fuel chan-
nel is uniformly heated and the total pressure drop is
considered to be constant. The pressure drop in each of
the regions is affected as a result of the perturbation
influence.
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The block diagram of a BWR in liberalized model is
shown in Fig. 4. The complicated thermohydraulic transfer
functions are collapsed into one transfer function to inves-
tigate dynamic stability:

1
= 1
O =TT M)
here H(s) is the transfer function given by
II(s)
H(s) = 2
=T @)

where I1(s) and I'(s) are transfer functions, which are given
in Appendix A.

The thermohydraulic system is in the threshold of insta-
bility if the denominator of the transfer function G(s) is
equal to zero. This means that the operating conditions
have to be such that H(s) = —1.

If (¢") is the density power that depend on the void
fraction, as in a nuclear reactor, and a perturbation is
introduced in the reactivity, as a movement of a control
rod, two important effects are identified: a variation in
the power reactor due to changes in the average void

fraction in the fuel channel and changes in the pressure
drop. This is shown in Fig. 5.

4.3. Point reactor kinetics model and power generation

The reactor power is given by
P(t,z) = n(1)F(z)Po, 3)
where F(z) is the axial power factor, P, is nominal power
and n(z) is the normalized neutron flux, which is calculated

from a point reactor kinetics model with six groups of de-
layed neutrons:

_ 6

%@:Wﬂ(l) +;lici(t)7 (4)
dci(t) _ B: P

=LE =S + ka0, i=1.2.....6, ©)

where ¢; is the delayed neutron concentration of the Ith
precursor group normalized with the steady-state neutron
density, p is the net reactivity, f is neutron delay fraction,
A is the mean prompt neutron generation time, 4, is the
decay constant of the ith delayed neutron precursor, f; is

Fig. 4. Block diagram of a BWR in the linearized model. J is perturvation in variable je,, jsa, P14 and po4; I and IT are transfer functions without feedback.

0 Jsa

Fig. 5. Block diagram of a BWR in the linearized model. o is perturvation in variable r,, q.,, p14 and p.4; E, P, I' and IT are transfer functions with

feedback.



A. Nuriez-Carrera et al. | Annals of Nuclear Energy 35 (2008) 1550-1563

the portion of neutrons generated from the ith group pre-
cursor. The initial conditions are given by

n(0) = o ©)
a(0) =T, )

The net reactivity of the nuclear reactor includes four main
components: feedback reactivity due to the void fraction in
two-phase flow (py), Doppler effect (pp) due to fuel temper-
ature, moderator temperature (p.,) and reactor control rods
(per). Therefore, the total feedback reactivity is written as

p(t) = py((ee)) + Po((T5)) + pi((Tm)) + per (CRP), (8)

where (T7) is the average fuel temperature, (ey) is the aver-
age void fraction, (T},) is the average moderator tempera-
ture and CRP is the control rod position. The volume
averaged values are calculated by

W=y [ [ v

where  is the generic variable.
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The point kinetic equations are stiff in the coefficients
because they are different in several orders of magnitude,
especially in Eq. (4). The variable implicit integration
method, as reported in Wulff et al. (1984)), was used to
solve Eq. (4), and the Euler method in explicit form was
used to solve the delayed precursor concentration given
by Eq. (5).

Since the thermal-hydraulic and neutronic model uses
an average fuel channel to represent the full core, it was
necessary to collapse the main parameters to introduce
them into the in-house computer code (Espinosa-Paredes
et al., 2006). This collapsing process is described in the fol-
lowing section.

4.4. Collapsing of kinetics parameters

Figs. 6 and 7 show the steady-state radial power and
burnup distributions, respectively, for a quarter of core.
These values were obtained with CM-PRESTO (Scand-
power, 1992a) for an equilibrium core (Nunez-Carrera
et al., 2005).
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. Relative radial power x 100 for a quarter of core loaded with blanket—seed fuel.
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Fig. 7. Burnup (MWd/T)/100 for a quarter of core loaded with blanket-seed fuel.
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The main parameters of the numerical point kinetics
model per neutronic channel are the neutron delay frac-
tion, the mean prompt neutron generation time, the decay
constant of the delayed neutron precursor and the portion
of neutrons generated from the ith group precursor. For
the collapsing of these values used in Eqs. 4, 6 and 7, a
numerical regression was used to fit these values under
the following criterion:

e The delayed neutrons fraction, 5, was fitted using a lin-
ear regression as a function of burnup.

e The final kinetic parameters collapsing were obtained
using the neutron flux as weight function according with
the following expressions:

a) The delayed neutrons fraction is calculated using the
neutron flux ¢, per node as follows:

ﬂ — Ziﬁid)i
PO

b) The neutron generation time (A) for the whole core is
calculated using the following expression:

(10)

1

A= , 11
(Za1 + DB} + 24 + DyB3)v (11)

where v is the velocity of the neutrons, X, is the absorp-
tion macroscopic cross-section, D is the diffusion coeffi-
cient and B is the geometric buckling for the fast group
(subindex 1) and thermal group (subindex 2). These
parameters where obtained from PETRA (Scandpower,
1992c) computer code. The averaging schemes in PET-
RA are based on the principle of preserving reactivity ef-
fects by importance weighting of diffusion equation

than U-235, and for thorium, it is about one order of
magnitude higher than U-235; being therefore is the most
dominant. A higher delayed neutron fraction causes that
the period of the reactor be higher and therefore improves
the control of the neutronic population.

Table 2 shows the 4; values used for U-235 and Th-232.
This table shows that the decay constant for these fuels are
very similar. Therefore, Table 2 shows that the kinetics
behavior of both fuels is almost the same.

4.5. Collapsing of geometric parameters

The next step was the collapsing of geometric parame-
ters for the calculation of thermal-hydraulic properties of
the fluid. These properties are evaluated in the center of
the core and we assume that the coolant is uniformly dis-
tributed. Two types of fuel assemblies were considered:
blanked-seed and blanket dummy. These were defined
using the unitary cell. Using this cell, we define parameters
as well as cross-sectional area of the channel (wet perime-
ter), heated perimeter, hydraulic diameter and heat transfer
area.

The geometrical dimension of the blanket, seed and
dummy pins are almost the same. Table 3 shows these
dimensions. The model considered only one hydraulic
channel divided in 12 hydraulics nodes.

All the geometrical parameters were referenced respect
to unitary cell. We considered that the core of the reactor
has 444 fuel assemblies. Each fuel assembly has 49 unit
cells. Under this consideration we obtain the following
parameters.

The equivalent hydraulic diameter is defined by

parameters. Kappa-sigma fission is collapsed by PET- 44,

RA by simple volume weighting in order to preserve Dy = zZ (12)

the axial power shape. Table 2 shows a comparison be-

tween the typical values of the delay neutrons fraction _——

for UO, fuel and those obtained for the blanket seed  pain parameter in the design of the fuel pin

thorium fuel. The values of this table for UO, corre- Symbol Description Value

spond to the beginning of cycle (BOC) and were taken .

from the final safety analysis report (FSAR) of a typical =~ 2¢ = DPe —Ee Inner diameter of the clad 0.00822 m

L., .. D, External diameter of the clad 0.009518 m
BWR-5 (Comision Federal de Electricidad, 1979). P Pitch 00180 m
Dy Diameter of the fuel pellet 8.050 x 107> m

Table 2 shows that the total delayed neutron fraction f L Length of the fuel, bar 3.81m
for the blanket-seed fuel is about 10% higher than that of  La Length of the node 0.3175m
the UO, fuel. U-233 has a delayed neutron fraction lower ¢ Thickness of the clad 649 x 10 "m
Table 2
Kinetics parameter values for the blanket—seed fuels UO, fuels
Delay neutron fraction Blanket-seed U0, Decay constant (s™}) Blanket-seed UO,
B 2.72x 1074 247 x 1074 pr 0.0130 0.0127
B 126 x 1073 1.38 x 1073 I 0.0321 0.0317
Bs 1.20 x 1073 1.22 x 1073 3 0.13 0.12
Ba 2.86 x 1073 2.65%x 1073 Ja 0.35 0.31
Bs 1.21 x 1073 8.32 x 107* s 1.40 1.40
Be 455 x 1074 1.69 x 107 P 3.96 3.87

B 7.16 x 1073 6.50 x 1073
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Table 4

Parameters of blanket-seed and UO, fuels

Description Blanket-seed U0,

Flow area per assembly 176.7 cm? 190.3 cm?
Hydraulic diameter 1.26 cm 1.52 cm
Heat transfer area 429.95 m* 328.56 m>
Total flow area 78460.24 cm? 84483.53 cm?
Fuel mass 7.31 tons 8.93 tons
Clad mass 2.34 tons 3.07 tons
Table 5

Total volume fraction of the materials in the reactor with blanket-seed
fuel

Material Volume fraction
Blanket (thorium) 0.58
UZr (dummy-seed) 0.32
Zirconium (clad) 0.10

where 4, _, is the flow area and Z is the wetted perimeter of
the flow, which are given by

A, =P =2+ G)Dge (13)
Z = TCDce7 (14)

respectively. In these equations, P is the pitch and D, is the
diameter of the fuel element.
The volume of the node in the core is given by

Va = Axf.VLn; (15)

where L, is the node length.

The fuel assembly of Fig. 1 is an array of 7 x 7 pins of
blanket and 6 x 6 pins of seed (or dummy), i.e., 85 pins per
fuel assembly. The core of the reactor has 444 fuel assem-
blies, 104 are located in the external part of the core and
correspond to the blanket—-dummy fuel elements. Each fuel
element has 85 rods per assembly, therefore, there are 3774
pins of zirconium (dummy). These pins were not consid-
ered in the total heat transfer area because they do not pro-
duce heat. According to this, the number of active pins
elements in the core is 33,996. The total cross-sectional
Dy is obtained by multiplying of the hydraulic diameter
(Dy) by the number of active pins:

Dy = 33996D;,. (16)
The heat transfer area is obtained using the following
equation:

AHT = TEDHLn. (17)

The results of
Tables 4 and 5.

these parameters are shown in

5. Simulations

An in-house code was developed to evaluate the thorium
equilibrium core under steady-state and transient condi-
tions; also a stability analysis was performed. The code
has two modules: (a) the time domain module for transient

analysis and (b) the frequency domain module for stability
analysis. Thermal-hydraulic effects are modeled by a set of
five equations (Espinosa-Paredes et al., 2006). The neu-
tronic phenomena are calculated with a point kinetics
model. Typical BWR reactivity effects are considered: void
fraction, fuel temperature, moderator temperature and con-
trol rod density. Collapsed parameters were included in the
code to represent the core with an average fuel channel. For
the stability analysis, in the frequency domain, the model of
Lahey and Podowski (1989) was used, where the system
transfer function is determined by applying Laplace-trans-
forming to the calculated pressure drop perturbations in
each of the considered regions; the assumption of a constant
total pressure drop was applied. The transfer function was
used to study the system response in the frequency domain
when an inlet flow perturbation is applied.

5.1. Transient analysis

The nominal values used in the transient simulations,
presented in this section, correspond to Laguna Verde
nuclear power plant, which is a typical BWR-5. The anal-
ysis of the events assumes normal functioning of the plant’s
instrumentation and controls, plant protection and reactor
protection systems.

5.1.1. Closure of all main steam line isolation valves

The main steam isolation valves close in 3 s and the posi-
tion switches of the valves initiate a reactor scram when the
valves are less than 90% open. The closure of these valves
inhibits the steam flow to the feedwater turbines terminat-
ing the feedwater flow (Fig. 8a). Pressure mitigation of
increase is accomplished by initiation of the reactor scram
via MSIV position switches, the protection system
(Fig. 8b), and the opening of the safety relief valves (SRVs),
limiting the system pressure (Fig. 8c). The peak pressure will
still remain considerably below the ASME code limit of
1375 psig (9.48 MPa) (Fig. 8d). The loss of feedwater flow
causes a fast water level decrease, enough (Fig. 8¢) to pro-
duce the recirculation system trip; this is a protection
against cavitations. The starting signal of the emergency
core cooling systems (ECCS) system starts at approximately
33 s; however, there is a delay up to 30 s, before the water
supply enters the vessel. Nevertheless, there is no change
in the thermal margins. The thermal power peak reaches
120% of the rated value after approximately 3s, due to
the drastic reduction of the void fraction in the core.

5.1.2. Simulation of two recirculation pumps trip

In this transient there is a recirculation pump trip,
increasing the water level in the reactor vessel due to the
reduction of the void fraction. The analysis assumed a
pump inertia time constant of 3.0 s, this value was found
during the plant startup testing for Laguna Verde nuclear
power plant (CNLV) (Fig. 9a). In this transient, the water
lever rises in approximately 3 s, but never peaks over the
high setpoint, avoiding the reactor trip, as is shown in
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Fig. 8. Closure of all main steam line isolation valves. (a) Feedwater flow during the closure of main steam valves, (b) shutdown of the reactor due to high
pressure and high neutron flux during the closure of main steam valves, (c) safety relief valve actuation due to high pressure in the reactor vessel, (d) peak
of pressure in the reactor vessel during the closure of main steam valves and (e) reactor level reduction due to the opening of safety relief valves.

Fig. 9b. The increase of the void fraction is shown in
Fig. 9¢c. Since no SCRAM occurs for the trip of two recir-
culation pumps, no immediate operation action is required.
Fig. 9b shows, graphically, that the vessel water level swells
due to the rapid flow coastdown, without reaching the high
setpoint. The pump trip reduces the core flow and therefore
the power decreases to approximately 40% of the rated
value (natural circulation), as are shown in Fig. 9d and e,
respectively. The core flow reduction involves the reduction
of the steam flow and the feedwater due to the actuation of
the controllers, as it is shown in Fig. 9f.

The pressure at the dome of the vessel stays very stable
due to the action of the control pressure and remains below
the 9.48 MPa limit, allowed by the applicable ASME code.

5.1.3. Loss of feedwater flow

In this transient, the feedwater flow terminates at
approximately 5s (Fig. 10a). The loss of fedwater results
in a proportional reduction of the water inventory, causing
the vessel water level to drop (Fig. 10b). Subcooling
decreases causing a reduction in the core power level and
the pressure. As the power level is reduced (Fig. 10c), the
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Fig. 9. Recirculation pumps trip. (a) Recirculation flow rate reduction due to trip of pumps, (b) reactor level increases due to reduction of recirculation
flow, (c) void fraction increases due to reduction of recirculation flow, (d) core flow reduction after recirculation pump trip, (¢) thermal power reduction
due to recirculation pump trip and (f) behavior of feedwater, following the steam flow production after recirculation pump trip.

turbine steam flow starts to drop off because the pressure
regulator is attempting to maintain the pressure for the first
5 s or so. Water level continues to drop until the scram trip
set point of the vessel level is reached (L3), whereupon the
reactor is shutdown within 1 s after this trip is activated
(Fig. 10c). The main steam line isolation occurs at 19s
because the vessel water drops to the L2 trip. Also at this
time, the recirculation system is tripped (Fig. 10d) and
the high pressure core spray system (HPCS) and the RCIC
operation is initiated.

Operation of the RCIC or HPCS systems is not included
in the simulation of the first 25 s of this transient, since the

startup of these pumps occurs in the latter part of this time
period, and therefore these systems have no significant
effects on the results of this transient. The operation of
the safety relief valves at 23s allows the decay heat
removal.

5.1.4. SCRAM manual

In the case of a transient with SCRAM, the fast inser-
tion of negative reactivity does not produce significant dif-
ferences between the case of the ThO, and the UO, cores in
the short term. The main differences occur in the long-term
mainly due to the decay heat. On the other hand, the
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differences in the loss coefficient due to the different
geometrical configuration in the fuels are very important.
In the case of the thorium fuel, it is higher, because the pins
in the fuel assembly are very tight (see Fig. 1), therefore the
pressure drop and the water lever reduction during the
transient is higher in the thorium fuel than in the uranium
fuel.

5.2. Stability analysis

The operation conditions for the stability analysis can
be obtained with previous models in the time domain;
using the thermal power and core inlet flow for analysis
in the frequency domain.

The instability zone is defined by four points where the
system tends to be instable. The borders of this zone are
not well established and there are small variations from
cycle to cycle. The operational procedures remark the
importance to avoid this zone during startups, and opera-
tional transients, as the recirculation pump trip.

Five operational states were considered in the study that
corresponds to the four corners that define the instability
region of the flow—power map, an additional point corre-
sponds to the rated power (100%). Table 6 summarizes
the stability results. Analyzing the different values of the
boiling length (4¢) for each state, it can be observed that
decreasing the flow through the core, the value of /g

Table 6
Main parameters obtained from the stability analysis

Operational Relation Boiling length 4y (m)  Frequency (Hz)
state P/t Blanket-seed UO, Blanket-seed UO,
fuel fuel fuel fuel

1 1.427 0.884 0.928 0.575 0.377
2 1.739 0.725 0.761 0.590 0.391
3 1.201 1.050 1.103 0.797 0.491
4 1.476 0.854 0.897 0.750 0.487
5 1.050 1.201 1.261 >1 1.000

% P is the power rate and W is the mass flow in the core.

decreases, as it was expected. It is known that with a high
power—flow relation, the system stability is reduced, this
means that 1y is a good indicator of the system stability.
This is confirmed with the Nyquist diagrams for each state,
showed in Fig. 11. The Nyquist stability criteria states that
if the close loop function G(s), when plotted on the complex
plane, encircles the —1 + 0i point in a clockwise sense, then
the closed loop system will be unstable. According to with
this, the operational states number 3 and 5 (Fig. 11c and
e) are stable — this result was expected-because they have
the lowest values in the power—flow relation and the highest
values in the boiling length Ay. The conclusion is that the
most unstable operational state is the number 2 (Fig. 11b)
because it posses the highest value in the power—flow rela-
tion and the lowest values in the boiling length.
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The predicted frequency interval value, obtained with
this model in the instability regions, goes from 0.377 to
0.49 Hz in the oscillation frequency. While the prediction
considering the overall system effects goes from 0.38 to
0.53 Hz, as it is shown in Table 6. This interval is in agree-
ment with that observed with the power oscillation event,
because it includes the frequency reported for LVNPP,
which is about 0.5 Hz (Espinosa-Paredes et al., 2005).

The results obtained with the thorium fuel show that the
characteristic frequency is about 0.5 Hz, which is very typ-
ical value for a BWR (NEA, 1997; Verdu et al., 2001).

The table shows that the boiling length for the blanket
seed fuel is lower than that of the UO, fuel. This is and
important point, because the pressure drop is higher for
the thorium fuel and therefore is more instable whit higher
probability to present the density wave oscillation for oper-
ational conditions with low core flow and low power. The
operational states 1 and 2 (Fig. 11a and b) are more unsta-
ble for the blanked-seed fuel, and the operational states 3
and 4 (Fig. 11c and d) are more unstable for the UO, fuel.
The operational states 3 and 4 are the more important
because they are very close to the startup line after the
shutdown of the reactor.

Regarding the instability analysis, five operational
states were analyzed; four of them define the traditional

instability region corner of the power—flow map, and the
fifth one is the operational state for the full power condi-
tion. The frequency and the boiling length were calculated
for each operational state (Table 6). The frequency of the
operational states 1, 2, 3 and 4 is similar to that reported
by other authors (NEA, 1997; Verdu et al., 2001); these
are instable points that occur due to the density wave
oscillation phenomena in some nuclear power plants.

6. Conclusions

A core with thorium and uranium fuel was tested using a
simplified model for transient and linear stability analysis
in BWR. This model was based on the lumped and distrib-
uted parameter approximation, which includes the vessel
dome and the downcomer, the recirculation loops, the neu-
tron kinetics, the fuel temperature, the lower and upper
plenums reactor core, and the pressure and the level con-
trols. Three transients were presented as an example of
application: closure of main steam isolation valves, recircu-
lation pump trip and loss of feedwater. The numerical
results obtained with the model show that the transient
behavior is similar to the results reported by the FSAR
for a typical BWR, as it is illustrated in Figs. 8-10.
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Additionally, a stability analysis was performed, where
five operational states were considered that corresponds
to the four corners that define the instability region of
the flow—power map. The fifth operational state corre-
sponds to the rated power (100%), which was used to dem-
onstrate that is fully stable. The results obtained, using the
model of this work, are congruent with previous BWRs sta-
bility analysis, and the main stability parameters, as the fre-
quency, are very similar for the thorium—uranium fuel and
the traditional UO, fuel. The same behavior has the boiling
length, as it is shown in Table 6.

One of the main conclusions of this work is that the tho-
rium fuel is relatively easy to implement in thermal reactors
(BWR), without important changes in the safety systems of
the nuclear power station (Nunez-Carrera et al., 2008).

Appendix A.  The transfer functions I'(s) and I1(s) of Eq.
(2) for case that is illustrated by Fig. 4, are defined as follows:

o)
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where p is the density of saturated liquid, f'is factor fric-
tion, g is the acceleration of gravity A is the length boiling,
K., inlet core loss coefficient, j., is inlet core superficial
velocity, s is Laplace variable. The steady state of the mod-
el is denoted subscript “0”.

The steady state of length is given by
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where Ahgyp ¢ is the subcooling, g; is the heat flux, Pyy is the
heater perimeter. The auxiliary variable E(s) is given by
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where H, is the heat transfer coefficient and Z(s) is de-
fined by
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where Ay is the heat transfer area and V. is the fuel
volume.

MI(s) = prfenolF1(s) = Fa(s)E(s)]- (A7)

The auxiliary variables Fi(s) and F5(s) are defined as
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where Lc is the core length, 71 ¢ is the time constant and
K, is the outlet core loss coefficient. Finally
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In these equations, v, and /iy, are the difference of specific
volumes (v, — vy) and latent heat of vaporization (=h, — hy),
respectively.
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