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ABSTRACT

A three dimensional analysis of NEA-NSC 3-D PWR core transient benchmark of
uncontrolled control rods withdrawal at zero power is presented The analysis is performed
using the three dimensional code QUABOX/CUBBOX-HYCA which combines coarse
mesh neutron flux expansion method with a parallel channel model for the thermal
hydraulics. The results for steady state and transient calculations are prepared in a format
suitable for inter-comparison with results of other groups.

1. INTRODUCTION

The Nuclear Energy Agency Committee on Reactor Physics (NEACRP) initiated a
benchmark, which is aimed at assessing the discrepancies between different codes for transient
calculations in light water reactor cores. The reference problem chosen for simulation in PWR
is the ejection of a control assembly from the core. 13 groups from different countries
provided solutions of this benchmarktH. An inter comparison of the results has been
performed and discussed. As a follow-up of ejection benchmark a slow PWR control rods
withdrawal transient benchmark has been specified and distributed!^]. This transient consists
basically of a continuous reactivity insertion caused by uncontrolled withdrawal of control
rods at zero power.

A modeling of this benchmark is performed using three dimensional code
QUABOX/CUBBOX-HYCA (QCH)[3], developed at the Gesellschaft fur Anlage- und
Reaktorsicherheit in Garching, Germany. The calculational model of the QCH is briefly
described in Section 2, while Section 3 describes the NEA-NSC 3-D PWR control rods
withdrawal benchmark. Analysis of the withdrawal benchmark is presented in Section 4.
Conclusions are given in Section 5.
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2. QUABOX/CUBBOX-HYCA COMPUTER CODE

The QCH code solves the multidimensional kinetics equations by a coarse-mesh flux-
expansion method. Thermal-hydraulic feedback is described by a parallel-channel coolant
flow model, a fuel pin model, and a cross-section library which describes the nuclear data
dependence on the main variables. A brief description of the model is given below.

The basis of the coarse mesh method is the spatially integrated multigroup neutron
diffusion equation

VJ VJ

where \|/=(<E>,C)T5 O and C represent the neutron fluxes and delayed neutron precursors
concentrations, respectively, and L is differential diffusion operator. The regions of integration
V; correspond to rectangular node volumes. These equations are supplemented by continuity
conditions across interfaces between adjacent boxes, and by relations describing the
dependence of the nuclear cross sections on node conditions. Spatial coupling is restricted to
nearest neighbors.

In order to evaluate the integrals in the above equations, the flux O in each box Vj is
approximated by a polynomial. The node center point and the six surface midpoints are used
as support points for the polynomial expansion. Additional conditions are derived by applying
Galerkin weighting to the polynomials.

The solution is advanced in time using a semi implicit scheme (ADI-ADE scheme)
described by the following equation

JJJ(7- aAtL)i/1+ldV = JJJ[7 + (1 - a)AtLJy/1 dV
VJ VJ

with a weighting factor a (0.5 < a < 1.0), obtained by spectral matching. Truncation errors
due to time differencing are reduced by the period factorization method

y y , 0 . j = 1 S

where coj are mean periods calculated from kinetics equations, spatially integrated over the
reactor volume. This time integration method is also used in the static calculations, since the
stationary solution is found as the asymptotic limit of a dynamic solution.

A thermal hydraulic model assumes the core is divided in a set of parallel channels,
and in each channel the heat transfer to the coolant is represented by an average fuel pin
model. The fuel heat conduction model allows any number of radial meshes in the pin and one
radial zone for the cladding. Fuel conductivity is temperature dependent, and the gap and clad
conductivities are assumed to be constant. Axial heat conduction is neglected.

The coolant model consists of mass, energy, and momentum conservation equations in
one dimensional axial geometry. Two phase flow is treated using a slip model and assuming
thermodynamic equilibrium. The channel integral momentum can be solved by providing
either the inlet mass flow rate or the total pressure drop across each channel. In this case, an
iterative procedure is used to calculate the flow distribution between the channels to match the
total pressure drop. The time integration of the flow equations uses a predictor-corrector
scheme to advance the solution from tn to +*
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3. NEA-NSC 3-D PWR CONTROL RODS WITHDRAWAL BENCHMARK

A reference pressurized water reactor for the benchmark is derived from real reactor
and the radial geometry of the reactor core as well as the radial distribution of control
assemblies is depicted in Figure 1. Within the core geometry there are 11 different
compositions corresponding to different U-235 enrichments and different numbers of
burnable absorber rods in fuel assembly. A complete set of macroscopic cross sections for
transport, scattering, absorption and fission and their derivatives with respect to the boron
density, moderator temperature, moderator density, and fuel temperature is defined for each
composition. Two prompt neutron groups, i.e. thermal and fast neutrons, and six delayed
neutron groups are used for neutron modeling. Reference relations for the heat conductivity
and specific heat capacity of fuel and cladding are given as a functions of temperature.

A

D

A

S

S

C

B

B

C

s

s

A

B

D

C

D

B

A

S

S

s

s

D

C

C

D

S

S

S

S

A

B

D

C

D

B

A

S

S

C

B

B

C

S

s

A

D

A

Figure 1. Position of control and safety rods in reference core

It is assumed that the reactor is at the beginning of cycle 1 (no Xenon or Iodine, no
fiiel depletion). The transient to be analyzed as a function of time in three dimensions is
generated by the withd rawal of control rods banks from an initially critical core at hot zero
power. The withdrawal speed is a typical bounding value (72 steps/minute). The reactor trip
signal is generated when the power level reaches a typical setpoint value (35% of nominal);
the control rod banks begin to fall after a conventional delay (a typical conservative value of
0.6 seconds).

Four different cases to be analyzed are:
A) bank D withdrawal,
B) banks B and C withdrawal,
C) banks B and C withdrawal with the constant heat transfer coefficient between cladding

and water,
D) banks A and B withdrawal.

In order to achieve an effective multiplication factor of one, the critical steady state
parameters of the rea.ctor core have to be found from a search calculation of the critical boron
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concentration for the given thermal power and control rod configuration. Transient
calculations have to be performed until 10 seconds after reactor trip signal. Prescribed are
parameters which have to be calculated by steady state and transient calculations.

4. ANALYSIS OF NEA-NSC 3-D PWR CONTROL RODS WITHDRAWAL
BENCHMARK

Three dimensional core modeling for all four cases is performed using 18 nodes in
axial direction and one node per fuel assembly in radial direction. The results for steady state
and transient calculations are obtained. In this paper we are presenting only results for case A.

The steady state results are the following: critical boron concentration is 1281 ppm,
radial shape factor F,^ equals 1.2235, and maximum power peaking factor Fq is 1.8553.
Steady state radial distribution of thermal flux is given in Figure 2.

As the withdrawal of control rods is very slow bigger time steps (10 ms) were used in
modeling of the first 65 seconds of the transient. The rest of the transient in which the core
power increases is modeled with the time step of 1 ms. The transient is limited by reactor trip
which occurs 0.6 seconds after 35% of nominal power is reached. The variation of the relative
fission power of the reactor as a function of time is given in Figure 3. A first power limitation
is caused by Doppler feedback slightly below trip level. The maximum of fission power occurs
at 83.9 s and amounts a little above 35% of nominal power. The change in the coolant outlet
temperature with time is shown in Figure 4. Figure 5. presents the fuel Doppler temperature
as the function of time. Hot pellet relative fission power density dependence on time is
depicted in Figure 6. Figure 7. shows hot channel outlet temperature as the function of time,
and hot pellet centerline temperature change with time is given in Figure 8. The hot pellet
cladding outer surface temperature as the function of time is presented in Figure 9.

The results for steady state calculations and transient calculations are prepared in
format suitable for inter comparison with results of other groups.

5. CONCLUSIONS

The 3-D modeling of a NEA-NSC 3-D PWR core transient benchmark on
uncontrolled withdrawal of control rods at zero power using QUABOX/CUBBOX-HYCA
computer code has been successfully performed. The results will be in the recent future
compared with the results of other benchmark participants.
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Figure 2. Steady state radial distribution of thermal flux, case A
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Figure 3. Relative fission power vs. time, case A
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Figure 4. Coolant outlet temperature vs. time, case A
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Figure 5. Fuel Doppler temperature vs. time, case A
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Figure 6. Hot pellet relative fission power density vs. time, case A
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Figure 7. Hot channel outlet temperature vs. time, case A
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Figure 8. Hot pellet centerline temperature vs. time, case A
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Figure 9. Hot pellet cladding outer surface temperature vs. time, case A
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