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Pressurized Water Reactor
General Overview

Reactor Concepts Manual Pressurized Water Reactor Systems

USNRC Technical Training Center 4-2 0603

C O R E

S/G

RCP

AUXILIARY BUILDING

RHR
HX

CONTAINMENT
SUMP

CONTAINMENT BUILDING

P
Z
R

REACTOR
COOLANT SYSTEM

TURBINE BUILDING

FW
HTR

MSR

HP LP

MAIN
CONDENSER

ELECTRIC
GENERATOR

COOLING TOWER

CIRC. WATER
PUMP

RHR
PUMP

MAIN
TURBINE

CONDENSATE
PUMP

MAIN FEED
PUMP

There are two major systems utilized to convert the heat generated in the fuel into electrical power for
industrial and residential use.  The primary system transfers the heat from the fuel to the steam generator,
where the secondary system begins.  The steam formed in the steam generator is transferred by the
secondary system to the main turbine generator, where it is converted into electricity.  After passing
through the low pressure turbine, the steam is routed to the main condenser.  Cool water, flowing
through the tubes in the condenser, removes excess heat from the steam, which allows the steam to
condense.  The water is then pumped back to the steam generator for reuse.

In order for the primary and secondary systems to perform their functions, there are approximately one
hundred support systems.  In addition, for emergencies, there are dedicated systems to mitigate the
consequences of accidents.
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Pressurized Water Reactor
Core Geometry

Fuel cell

Assembly

Reactor vessel
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Neutron Transport
Dependant Variables

I Neutron density: N(r,Ω, E, t) [cm−3]
number of neutrons per unit volume.

I Neutron flux: ψ(r,Ω, E, t) [cm−2.s−1] ψ = v N
number of neutrons crossing a surface element orthogonal to
direction Ω per unit time.

I 7 variables:
I r: position (3 coord.)
I Ω: direction of flight (2 coord.)
I E: energy (or speed: E = 1

2 mv2)
I t: time
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Neutron Transport
Boltzmann Equation

dN

dt︸︷︷︸
accumulation

= 0

=

−vΩ · ∇rN︸ ︷︷ ︸
transport

−vΣN︸ ︷︷ ︸
interactions

+ S︸︷︷︸
sources

− scattering

− fission

− (external)

I N : neutron density

I v: velocity of the neutrons
I Ω: direction of flight
I Σ: cross-section (probability of interaction)
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Neutron Transport
Boltzmann Equation

1
v

dψ

dt︸ ︷︷ ︸
accumulation

= 0

= −Ω · ∇rψ︸ ︷︷ ︸
transport

−Σψ︸ ︷︷ ︸
interactions

+ S︸︷︷︸
sources

− scattering

− fission

− (external)

I ψ: neutron flux (ψ = v N )
I v: velocity of the neutrons
I Ω: direction of flight
I Σ: cross-section (probability of interaction)
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The Method of Characteristics
Classical Approach

I Assumption: homogeneous regions{
Σ(r) = Σi,
q(r) = qi,

r ∈ region i

I Integrating the Boltzmann Equation
over a line segment intersecting a
region yields:

ψ+
i (t,Ω) = ψ−i (t,Ω) e−Σi li(t,Ω)︸ ︷︷ ︸

transmission

coefficient

+sources
t

region i
ψ

i

−(t,Ω)

ψ
i

+(t,Ω)

Ω

ψ
i
(Ω)

ψ
i
(t,Ω)

l
i
(t,Ω)
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The Method of Characteristics
Classical Approach

I Trajectories tracked through the
whole domain

I Several trajectories to cover the
transverse extent

I Transverse integration of the
average flux in a region:

ψi(Ω) =

∑
t ∩ i

∆ li(t,Ω) ψi(t,Ω)∑
t ∩ i

∆ li(t,Ω)

Ω
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The Method of Characteristics
Tracking and Discretization Problems

Approximations due to the tracking:

I Transverse variation of the
angular flux

I Transverse variation of the
intersection length

I Material discontinuities

Ω
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The Macroband Method
Avoiding Material Discontinuities

Direct projection of all
discontinuities:

I Large number of
transverse mesh
cells

I Too onerous

Ω
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The Macroband Method
Avoiding Material Discontinuities

1. Define a constant-step
transverse mesh

2. Split each band into
sections

3. Project the discontinuities
section-wise

4. Propagate the flux across
each sub-band

5. Redistribute the flux at
section interfaces

Ω
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The Macroband Method
Transverse Integration Formula

I Transmission equation:

ψ+
i (t,Ω) = e−Σi li(t,Ω) ψ−i (t,Ω) + sources

I Transverse averaged transmission:

Ti(t,Ω) =
1

∆

Z
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I Taylor expansion of the exponential term:
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Numerical Results

Comparison between the “classical” MOC
and the macroband method

I Reference calculation:
“classical” MOC with ∆ = 5.10−4 cm

I Effective tracking step for the
macrobands:

∆eff =
∆
nsb

nsb: average number of sub-bands per section.

Ω

∆

∆
eff
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Numerical Results
Convergence – Accuracy
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Numerical Results
Accuracy

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1

 0  0.02 0.04 0.06 0.08  0.1  0.12 0.14 0.16 0.18  0.2  0.22

m
ax

. r
el

. e
rr

. o
n 

ab
so

rp
tio

n 
ra

te

tracking step (cm)

classical MOC
macro-bands (nk=5)
macro-bands (nk=3)
macro-bands (nk=1)

Comparison between the “classical” MOC and the macroband technique
RBMK Cell

CEA/DEN/DANS/DM2S/SERMA/LTSD – François FÉVOTTE – MOC for Neutronics Simulation – IYCE 2007 + ENEN-II



Introduction Method of Characteristics Macrobands Numerical Results Conclusion

Numerical Results
Accuracy
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Conclusions

I Numerical results obtained with the macroband method:
I for the same precision: tracking step up to 6× larger;
I for the same number of bands: 2 – 3× more operations;

I up to 30 – 50% gains in terms of computing time.

I Accuracy of the MOC
I Gain in precision with the macroband method

⇒ accuracy of the MOC limited by the transverse
integration.

I Negligible impact of the Taylor expansion order (nk)
⇒ main cause of error: material discontinuities.
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Perspectives

I Optimize the macroband method implementation

I Implement an acceleration scheme for the macroband

I Implement cycling tracking for closed domains

I Use a piecewise linear transverse expansion for the flux

CEA/DEN/DANS/DM2S/SERMA/LTSD – François FÉVOTTE – MOC for Neutronics Simulation – IYCE 2007 + ENEN-II



Introduction Method of Characteristics Macrobands Numerical Results Conclusion

Thank you for your attention

CEA/DEN/DANS/DM2S/SERMA/LTSD – François FÉVOTTE – MOC for Neutronics Simulation – IYCE 2007 + ENEN-II



Introduction Method of Characteristics Macrobands Numerical Results Conclusion

Bibliography

A. Yamamoto, M. Tabushi, N. Sugimura, and T. Ushio.
Non-equidistant ray tracing for the method of characteristics.
In Proceedings of M&C 2005, September 12–15 2005.

R. Sanchez, L. Mao, and S. Santandrea.
Treatment of boundary conditions in trajectory-based deterministic transport
methods.
Nuclear Science and Engineering, 140:23–50, 2002.

M. J. Halsall.
CACTUS, a characteristics solution to the neutron transport equations in
complicated geometries.
Technical Report AEEW-R 1291, Atomic Energy Establishment, Winfrith,
Dorchester, Dorset, United Kingdom, 1980.

CEA/DEN/DANS/DM2S/SERMA/LTSD – François FÉVOTTE – MOC for Neutronics Simulation – IYCE 2007 + ENEN-II



Introduction Method of Characteristics Macrobands Numerical Results Conclusion

Numerical Results
Computing Time

I Comparison of algorithmic complexities:

tracking technique exponentials products additions tracking storage
classical MOC 1 2 2 1
Macrobands with 1 3 + nk + r 2 + nk 1 + nk + 2rTaylor expansion
Macrobands 1 2 + r 2 1 + 2ronly

I r: average cost for flux repartition at interfaces

r ' 0.6
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The Method of Characteristics
Classical Approach

I Transport equation in a geometric domain D:{
(Ω · ∇r + Σ)ψ = q, (r,Ω) ∈ D × SN

ψ = ψ0 + β ψ, (r,Ω) ∈ ∂D × SN−

I D is composed of unstructured homogeneous regions:{
Σ(r) = Σi,
q(r) = qi,

r ∈ region i
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The Method of Characteristics
Classical Approach

Integrating the Boltzmann Equation over a line segment
intersecting a region yields:

I Transmission equation:

ψ+
i (t,Ω) = ψ−i (t,Ω) e−Σi li(t,Ω)

+1−e−Σi li(t,Ω)

Σi
qi(Ω)

I Balance equation:

ψi(t,Ω) =
qi(Ω)
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The Macroband Method
Avoiding Material Discontinuities

Flux redistribution at section
interfaces:

I Preserve the currents
I Flat flux assumption in

each sub-band

I ψ+
k =

∑
k′

∆k,k′
∆k

ψ−k′

∆k = l(I+
k )

∆k,k′ = l(I+
k ∩ I

−
k′)

−
2I

+
2I

+
2

−
2

−
3

−
1

+
1

+
3

−
3I

−
1I

+
3I

+
1I

Downstream section (−)

Interface

Upstream section (+)
Ψ

ΨΨ
Ψ

Ψ

Ψ

CEA/DEN/DANS/DM2S/SERMA/LTSD – François FÉVOTTE – MOC for Neutronics Simulation – IYCE 2007 + ENEN-II



Introduction Method of Characteristics Macrobands Numerical Results Conclusion

The Macroband Method
Transverse Integration Formula

I Transverse averaged transmission:

ψ+
i (t,Ω) = e−Σi li(t,Ω) ψ−i (t,Ω)

+
1− e−Σi li(t,Ω)
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The Macroband Method
Transverse Integration Formula
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The Macroband Method
Transverse Integration Formula

I Taylor expansion for the exponential
term:
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Thank you for your attention
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