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REACTOR CORE MODELING PRACTICE :
OPERATIONAL REQUIREMENTS, MODEL CHARACTERISTICS, AND
MODEL VALIDATION
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Abstract

The physical models implemented in power plant simulators have greatly increased in
performance and complexity in recent years. This process has been enabled by the ever increasing
computing power available at affordable prices. This paper describes this process from several
angles:

- First, the operational requirements which are more critical from the point of view of model
performance, both for normal and off-normal operating conditions.

- A second section discusses core model characteristics in the light of the solutions
implemented by Thomson Training & Simulation (TT&S) in several full-scope simulators
recently built and delivered for Dutch, German, and French nuclear power plants.

- Finally we consider the model validation procedures, which are of course an integral part of
model development, and which are becoming more and more severe as performance
expectations increase.

As a conclusion, it may be asserted that in the core modeling field, as in other areas, the general
improvement in the quality of simulation codes has resulted in a fairly rapid convergence towards
mainstream engineering-grade calculations. This is a remarkable performance in view of the stringent
real-time requirements which the simulation codes must satisfy, as well as the extremely wide range
of operating conditions that they are called upon to cover with good accuracy.
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1. INTRODUCTION

The impressive increase in the availability of computer power at affordable prices which
has taken place during the past decade has had dramatic repercussions in practically all
application fields, and power plant simulation has of course followed this trend [1].

Within power plant simulators, massive computing power has been applied in three main
areas :

• Graphic user interfaces for Instructor and Trainees.
• Power plant database management.
• High-grade simulation models.

The evolution of the reactor core model in the last few years is a good case study of this
improvement process. Based on the characteristics of core model development for several full-
scope nuclear power plant simulators (for Germany, the Netherlands, and France), this paper
contends that the evolution of specification requirements and the ready availability of high-
power computers are combining to make simulation modeling rejoin the mainstream of
engineering calculations.

The basis for this paper are the following full-scope simulators, designed and built by
Thomson Training & Simulation (TT&S) in the period 1994-1997 :

Power plant

Unterweser

Neckarwestheim

Borssele

Obrigheim

Fessenheim

Bugey-1

Country

Germany

Germany

Netherlands

Germany

France

France

Type and Rating
(MW)

PWR- 1350

PWR - 840

PWR-480

PWR-350

PWR - 900

PWR - 900

Vendor

Siemens

Siemens

Siemens

Siemens

Framatome

Framatome
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2. OPERATIONAL REQUIREMENTS

In all the above cases, the specified scope of simulation covered of course all operating
conditions from cold shutdown to full power, including situations arising from the activation
of malfunctions and/or erroneous operator actions/omissions.

The seamless coverage of a very wide range of situations has traditionally been one of
the major hurdles to be overcome by a simulation code, and also a significant difference with
respect to engineering codes. All experienced simulation engineers worth their salt feel acute
pangs of jealousy at their colleagues in engineering departments, who can usually afford to
apply very precise spatial meshes and complex correlations, because their calculations do not
run in real-time and, even more important, are generically intended to cover only a restricted
field of conditions.

This wide range of applicability of the training models has necessarily been compensated
- up to now - by a limited accuracy, and by the need for extended model tuning.

This situation is, however, fundamentally changing :
• On the one side, users are increasingly requesting the capacity to update the core

characteristics in a simulator, with a minimum amount of work. This can only be
obtained if the simulation model is as close as possible to the design code being used for
fuel management and safety studies at the simulated plant.

• On the other side, the operational requirements from the training area are becoming
such, that only good quality models can really satisfy them.

The following sections summarize the operational requirements which, in our
experience, have proved more critical for the reactor core model.

2.1 OFF-NORMAL OPERATING CONDITIONS

Three off-normal transients impose particularly severe requirements on the core model :
• Large LOCA, leading to core uncovery.
• Anticipated Transient Without Scram.
• Control Rod Ejection.

In order to successfully negotiate these transients, the core model must be intrinsically
robust. The large and fast variations in moderator temperature and density which take place
shall seriously test its capacity to converge numerically within the very short time steps
necessary to have a valid overall plant dynamic response.

2 2 NORMAL OPERATING CONDITIONS

Although the off-normal operating conditions are certainly the most taxing from the
point of view of model robustness, the normal operating requirements are also, perhaps
somewhat unexpectedly, extremely demanding, especially concerning model accuracy over a
wide range of conditions.

Requirements affect both the overall model response as well as detailed model
characteristics, as shown in the tables hereunder.
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2.2.1 Requirements concerning overall mode! response

Operation

Load following.

Load rejection.

Turbine trip without reactor scram.

Core divergence at lower moderator
temperatures.

Limitation actions (for Siemens nuclear power
plants):

Fast reactor reductions via programmed
sequences of control rod drops .

Required model characteristic

Accurate reactivity calculation (feedback
effects).

Accurate control rod effects.

Very precise dynamic response.

These transients usually determine the overall
plant dynamic response and the maximum
value of the simulation time step, in order to
adequately take into account the interaction of
plant physics with instrumentation and control.

They involve the dynamic response of
practically the entire plant, including reactor
coolant system, steam generators, turbine, and
turbine bypass system.

Accurate cross section representation over a
wide temperature range.

Accurate reactivity calculation (feedback
effects).

Accurate control rod effects.

Very precise dynamic response.

The special requirements introduced by the Siemens limitation systems are particularly
significant. One of the purposes of this system is to avoid unnecessary reactor scrams by
lowering reactor power very quickly in case of incident, for instance the trip of a reactor
coolant pump. The dynamics of the incident are necessarily very fast: the pump trip must be
detected nearly instantaneously, and the programmed control rod drops must then lower
reactor power to within a rather narrow interval. Otherwise, reactor scram intervenes.

In some cases, the plant dynamics are such that several consecutive rod drops must take
place at very short intervals. In our experience, the model performance must be extremely
accurate in order to obtain in the simulator just the precise rod drop sequence for which the
system has been designed. This applies, of course, for any of the limitation cases, and naturally
no ad-hoc tuning is possible, because of the multiplicity of possible patterns.
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2.2.2 Requirements concerning detailed model characteristics

Incore thermocouples,
(especially for Framatome nuclear power
plants)
Incore mobile detectors,
(for Framatome nuclear power plants)
AXI/AXA relationship.
OFI/OFA relationship,
(for Siemens nuclear power plants)
Nuclear Logs (Nuklearprotokolle).
(For Siemens nuclear power plants)

Accurate radial power density.

Accurate 3D flux distribution.

Very accurate 3D flux distribution.
Very accurate reproduction and calibration of
incore and excore nuclear detectors.
Very accurate 3D power density distribution.
Very accurate reproduction and calibration of
incore and excore nuclear detectors.

where:
• AXI and AXA are (roughly defined) composite signals, which give the difference

between the flux in the upper half of the core and the flux in the lower half. AXI is
determined in a rather complex manner as a function of the incore detectors, and the
excore detectors are used for AXA.

• OFI and OFA are also composite signals, which give the difference between the fluxes in
the upper and lower halves of the core, but this time divided by the average flux level.
OFI refers to the physical 3D flux distribution, whereas OFA is determined on the basis
of the excore measurements.

The relationships between the inner and the outer signals reflect basic differences in the
axial flux distribution "seen" by both instrumentation systems. These differences result in fact
from the detailed internal 3D distribution. Therefore, in order to correctly reproduce them at
all significant reactor power levels, the 3D flux distribution has to be determined, and
furthermore the nuclear detector signals must take the axial and radial detector positions quite
precisely into account.

2.2.3 Reference codes

The fact that a given fuel management or design code is intended to be used as a
reference for purposes of simulator validation is in itself a requirement, and certainly not the
least one, although it tends to be overlooked. In fact, given the above stringent requirements, a
simulation model has very little chance to fulfill them unless it closely approaches its modeling
technique.

The reference codes for the TT&S simulators listed in §1 were:
• Framatome power plants: LIBELLULE.
• Siemens power plants (except Obrigheim): MEDIUM-2.
• Obrisheim: RSYST3.

2.2.4 Miscellaneous requirements

We have included this category in order to show that in some (admittedly minor)
aspects, simulation models may sometimes be required to be even more realistic than design
codes. These aspects concern fundamentally the wide range scope of simulation already
mentioned.
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A typical case is the influence of reactor coolant density on the readings of the excore
detectors. This effect is usually corrected for in the nuclear instrumentation system, and few
design codes take it explicitly into account. On the other hand, in training simulators this effect
(and, of course, also its correction) must be well represented, from cold shutdown to hot full
power.

It actually happened, during a recent Acceptance Test, that a discrepancy between the
design code and the simulation model was resolved in favor of the latter. The coolant density
effect, which the simulator model took properly into account, was found to be more important
than the intrinsic differences between both codes.

3. MODEL CHARACTERISTICS

We stated above that the only practical way to satisfy the increasingly demanding
requirements assigned to simulation core models was to adopt a high-quality model, as close
as possible to the actual code being used for fuel management in the reference plant.

This has been the TT&S solution for all the simulators listed in section 1:

3.1 CORE MODEL FOR FRAMATOME POWER PLANTS

In the case of EdF power plants built by Framatome, TT&S adopted the outright real-
time implementation of the EdF fuel management code, LIBELLULE.

LEBELLULE is a classic axial code, based on the diffusion equations with two neutron
energy groups. It has a very detailed axial mesh, typically from 40 to 60 points. It is of course
complemented by a 2D calculation, provided by TT&S, which supplies the radial flux
distribution and the control rod absorption cross section.

Further developments along this line shall involve the real-time implementation of the 3D
code COCCINELLE, also developed by EdF, and, in the case of the French Atomic Energy
Commission (CEA), the implementation of the APOLLO-CHRONOS code set in the SIPA-2
simulator.

• In the case of the Siemens power plants, it was clear from the outset that, aside from
proprietary issues, the reference fuel management codes could not be implemented in
real time within the computer resources available.
The only solution, therefore, consisted in approaching their formulations as closely as
possible. The final model characteristics are described in the following.

3.2 CORE MODEL FOR SIEMENS POWER PLANTS

In the case of Siemens power plants, it was established very quickly that the real time
implementation of the applicable reference codes was unfeasible. The only solution, therefore,
consisted in approaching the physical formulation and the spatial meshing of these reference
codes as closely as possible.

The main model characteristics are described in the following.
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3.2.1 Basic equations

• A 3D diffusion model is applied, based on the neutron diffusion equations with two
energy groups:

(1.1) V - ( Z ) i V - 0 i ) - I a i - O i - I , - O i +(vI/i-Oi+v£/2-O2) = — • —
vi dt

(1.2) V-(D2V-O2)-I*2-O2+Zr-Ol = —• —
V y v2 dt

where notation is standard:

- Dl, D2: diffusion coefficients.

- Sal, Za2: absorption cross sections.

- Zr: removal (moderation) cross section.

- vZfl, v2f2: neutron production cross sections.

- vl, v2: neutron speeds.

• In order to solve these equations, the classic separation method is applied [2, 3], which
assumes that the flux solutions may be written as a product:

(2.1) <&i(x,y,z,t) = Si(x,y,z,t) x T(t)

(2.2) <S>2(x,y,z,t) = Sz(x,y,z,t)xT(t)

where:

- S! : fast flux shape function;

- S2 : thermal flux shape function;

- T : overall flux level function.

• The S shape functions are computed using the adiabatic method, i.e., they are obtained
by solving the stationary form of equations 1.1 and 1.2.

• The T function is computed by solving the standard reactor kinetic equations with 6
groups of delayed neutron precursors:

n n dT p ~P r ^ V3 r ^ c
(,.l) - = - _ . r + 2 > G + S
(3.2) f = f - r - A , G

dt A

where:

- p: overall core reactivity.

- Pi: production yield of each delayed neutron precursor group.

C;: concentration of each delayed neutron precursor group.

A: average prompt neutron lifetime.

S: independent neutron source.
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Both the S functions and the T function are computed at every simulation cycle, i.e.,
every 0.125 seconds. This time step value is appropriate for rendering fast overall plant
transients, such as load rejection (see §2.2.1).

3.2.2 Spatial mesh

The basic principle of approaching the reference codes as closely as possible is also
applied to the choice of the spatial model mesh:

• the core height is thus divided into 13 axial layers in the case of MEDIUM-2, and 16 in
the case of RSYST3, plus two upper and two lower reflector layers.

• in the radial direction, each individual fuel assembly is separately considered.

Accordingly, the elementary unit for the 3D model is the core "cell", which is defined as
the intersection between any axial layer and any individual fuel assembly.

The thermodynamic conditions and the physical properties (cross sections) are assumed
uniform within each individual cell (see below, §3.2.3 and §3.3). However, in order to follow
the steep flux changes which take place between adjacent fuel assemblies when MOX fuel is
used, 4 distinct radial flux values are calculated inside each cell.

3.2.3 Model parameters

The model parameters, i.e., the coefficients appearing in the equations hereabove, are
supplied by the reference codes for each individual fuel cell as a function of the relevant
operating conditions:

• fuel temperature.
• moderator temperature.
• moderator density (steam/water density and void fraction).
• boron concentration.

Their variations are parameterized by means of least-square polynomial approximations,
covering the entire range of simulated operating conditions.

3.2.4 Ancillary calculations

• Iodine/xenon and promethium/samarium concentrations are dynamically calculated for
each individual 3D core cell by applying the standard production/absorption/decay
equations.

• Decay heat is calculated dynamically for each individual 3D core cell, using 11 fission
product groups. Actually, the number of decay heat groups is largely immaterial;
eleven groups proved more than enough to cover with good accuracy more than
several months of continuous simulation. The computing power required is low, and
there is no practical objection to the outright implementation of any specific standard
calculation such as ANS, DIN, or SERMA.
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3.2.5 Required computer power

The available computer power was one of the main project. In the case of the largest
core (Unterweser) the final model requires somewhat less than 60% of a time cycle in an SGI
Challenger-4400 processor running at 250 MHz.

3.3 DETAILED THERMOHYDRAULIC MODEL FOR SIEMENS POWER PLANTS

It became apparent during model development that the gain in quality which resulted
from "copying" the 3D spatial mesh of the reference codes as closely as possible was partially
lost if the thermohydraulic calculations in the core were carried out using a coarser mesh. This
was particularly clear in the case of the drop of individual control rods, when the
thermohydraulic conditions in the affected fuel assembly cannot be adequately represented by
the average values in a larger region.

The final model thus incorporates the thermohydraulic calculation of each individual fuel
assembly channel. Moderator enthalpy is integrated along each channel; moderator
temperature and density, and also fuel temperature, are then determined at each individual 3D
core cell.

Finally, the correct determination of the fuel temperature required a rather detailed
calculation of the pellet-gap-cladding heat transfer characteristics for each 3D core cell, as a
function of the local power density. The correlations for thermal conductivity were again
obtained from the reference codes.

4. MODEL VALIDATION PROCEDURE

The model validation procedure was the object of detailed analysis and discussion
between all the parties involved, viz. :

- the Customer, i.e., KSG and the respective Utilities.

- the Customer consultants.

- the independent Core Data suppliers.

- TT&S.

The computer codes applied for the generation of the Core Data and the validation
references were fully 3D codes:

- Siemens AG and PreussenElektra AG : MEDIUM-2.

- IKE: RSYST3.

The following test categories were defined :
a) "separate-effects" tests.
b) global tests in stand-alone mode, under normal operating conditions.
c) global tests in coupled mode, under normal and off-normal operating conditions.

The respective tests are described in the following.
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4.1 STAND-ALONE "SEPARATE-EFFECTS" TESTS

These tests were designed to ensure that each individual effect was correctly taken into
account. Even though the tests inevitably appear artificial, and actually so they are, they were
nevertheless extremely helpful in ensuring that all the calculations were individually correct,
and that coincidental error masking by compensation was not taking place, for example in the
rather delicate matter of temperature effects.

The following tests were performed :

- stand-alone kinetics tests.

- individual feedback effects (only one parameter varied at a time) :

• moderator temperature.
• moderator density.
• fuel temperature.
• boron concentration.

- fission product poisoning.

4.2 STAND-ALONE GLOBAL TESTS

These tests were performed using the complete core model (neutronics and detailed
thermohydraulics) for fixed values of the inlet core coolant temperature :

- operating conditions at several power levels: critical boron concentration, 3D flux
and power distributions, coolant and fuel temperature distributions.

- critical boron concentration at zero power, for several coolant temperatures, down to
50_C.

- integral control rod worth at different temperatures and for several rod
configurations.

- integral control rod worth at different power levels.

- differential control rod worth as a function of insertion depth.

- reactor scram.

- control rod drops.

- xenon axial and azimuthal oscillations.

4 3 COUPLED GLOBAL TESTS

These tests were performed during the Acceptance Test phase in the complete simulator
environment, the Core model being coupled to the RCS model and the control rod drives. The
specific operating procedures for the reference plant were strictly applied :

- normal start-up and shut-down procedures.

- core physics tests, according to the operating procedures.

- load changes; control rod insertion vs. reactor power.

- Incore vs. Excore evolution of axial offset.
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integral and differential control rod worth at different plant conditions.

control rod shadowing on Incore detectors.

loss of a reactor coolant pump and recovery without scram.

control rod drops, faulty insertion/withdrawal, ejection.

xenon oscillations.

LOCAs.

ATWS.
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4.4 MODEL RESULTS

4.4.1 Critical Boron Concentrations (Borssele, BOC)

Reactor power
%

0

0

0

0

3

50

100

Coolant Temperature
°C

50

J50

250

292

292

304

304

Critical Boron Cone,
ppm

Reference
1431

1437

1438

1418

1375

1098

980

Critical Boron Cone,
ppm

Model
1422

1429

1434

1418

1378

1098

980

4.4.2 Moderator Temperature Effect (Borssele, BOC)

Reactor power
%

0

0

0

0

100

100

Coolant Temperature
°C

50

200

250

292

304

330

Reactivity Effect
pcm/°C

Reference
2.8

3.4

0.8

-5.3

-16.8

-40.9

Reactivity Effect
pcmPC

Model
3.6

3.2

0.6

-5.7

-20.5

-42.5
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4.4.3 Control Rod Worth (Borssele, BOC)

4.4.3.1 All rods

Reactor power
%

0

0

0

0

50

100

Coolant Temperature
°C

50

150

250

292

304

304

Control Rod Worth
pcm

Reference
-5150

-5760

-6650

-7180

-7560

-7480

Control Rod Worth
pcm

Model
-5130

-5740

-6670

-7220

-7410

-7380

4.4.3.2 Partial rod configuration (Dl ± D2 rod banks)

Reactor power
0/
/o

50

100

Coolant Temperature
°C

292

304

304

Control Rod Worth
pcm

Reference
-1890

-1950

-1960

Control Rod Worth
pcm

Model
-1880

-1940

-1930
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4.4.4 Flux Distribution (Unterweser, EOC)

1,2 -

= 0.4 +
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£ i
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Z 0,2 {

0 4-

KKU - EOC - Fuel assembly C04

- Nuclear Log (real plant) |

-Model !

Aerobal l measurement positions
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Session 4:

Use of Simulators for Training and
other Purposes


