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In nuclear reactors, the fuel temperature affects the reactivity of the
system through the Doppler broadening of resonance peaks in cross
sections.

Introduction

To explicitly model this, three different parts have been implemented
in Serpent 2:

m Explicit treatment of thermal motion (ETTM) of target nucleil.
m Temperature solver for pin-geometry type.

m Internal correlations for temperature dependent properties.

IT. VIITANEN and J. LEPPANEN, “Explicit Treatment of Thermal Motion in
Continuous-Energy Monte Carlo Tracking Routines” in Nucl. Sci. Eng. 171, 165-173
(2012)
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Works for the pin-geometry type sss2 TFB
V. Valtavirta
pin 1
fuell 0.04095
fuel2 0.0819 N
fuel3 0.12285
fueld 0.1638
fuels 0.20475
fuel6é 0.2457
fuel7 0.28665
fuel8 0.3276
fuel9 0.36855
fuell0 0.4095
gas 0.418000
clad 0.475000
cool

Solves the 1-dimensional radial heat conduction equation for each

ring:
10 0 q”
r8r<r8r7—'(r)> )T*O

Power density ¢’ and heat conductivity A are assumed to be
constant in each material zone.
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11
12 (L) o

can be solved by assuming that

m the centerline temperature is finite

m the cladding outer temperature is a user given constant

m the heat flux is continuous in the pin

m the temperature distribution is continuous in the pin

m the heat transfer has reached a steady state

The general solution for temperature distribution in ring i is

Ti(r)=Cr* +ClInr+Cj



Temperature solver (3)

After the transport simulation of each neutron batch the constants in

Ti(r)=Cir* + Clinr+C}

are solved and stored for each ring.

The constants are then used in the simulation of the next batch for
re-calculation of the temperature at the points of interaction. This
allows the usage of continuous temperature distributions with
minimal memory usage.
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Internal material property correlations

To complete the temperature feedback system, internal material
property correlations have been implemented for

m Thermal conductivities of
m UO,

m Helium
m Zircaloy

m Thermal expansion of
u U02

m Zircaloy
m Gas gap heat transfer model
m Pellet relocation

e Chosen by a comparison between widely used correlations.

Material properties are updated after each neutron batch, before
solving the temperature distribution.
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Internals

Materials are identified by the following rules:
m Fissile materials are assumed to be UO; (also MOX etc.)

m Materials with a zirconium content > 90 at% are assumed to be
Zircaloy

m Materials with a helium content > 90 at% are assumed to be
helium

Material properties are not updated for materials that can not be
identified.



Initial validation

Obtained temperature distributions are realistic.
Serpent 2 is not a fuel performance code.

Validation against FEMAXI-6 showed that for three different pin
types, and 25-300 W/cm LHRs

m Centerline temperatures were accurate to 3 %.

m Pellet surface temperatures were accurate to 5 %.

Correspondence was even better when the default internal
correlations were replaced with those from FEMAXI-6 giving Tcr,
accurate to 1 % and Tpg accurate to 3 %.
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Usage — remarks

Cross section data generated at 0 K are needed for the nuclides
in TFB-monitored pins.

Oscillations in temperature distribution can be minimized by
increasing the number of neutrons per batch.

A higher number (+5) of inactive cycles should be used.

TFB should not be used for materials containing bound
scatterers.

Depletion calculations are not yet supported
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pin 1
fuel  0.4095
gas 0.418000
clad  0.475000 Usage

cool

it is possible to give a TFB-definition

tfb 1 1 600.00 fuel 3000.0 0.05 gas 1500.0 0.0025 clad 1000.0 0.2

The form is
tfb <pin> <mode> <Tlim> <matl> <Tmax1> <hcl> <mat2> <Tmax2> <hc2> ...

<pin>: Number of the pin universe.

<mode>: 0 = no internal correlations used, 1 = int. corr. used for hc & dimensions, 2 = int.
corr. used only for hc

<Tlim>: User specified cladding outer temperature (K).

<mat1>: Name of the material.

<Tmax1>: Majorant temperature for the OTF-Doppler treatment (K).

<hc1>: Heat conductivity of the material in W/(cm-K).
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Statistical averages with relative statistical errors are printed in
<inputfile>_tfb.m for

. . Usage
m Linear power of each ring.

Volume averaged temperature of each ring.
Flux averaged temperature of each ring.
Maximum temperature of each ring (Equivalent to T7).

Minimum temperature of each ring (Equivalent to T/ ).

Mass density of each ring.
m The radii of each ring boundary.

mesh 10 <ax> <nx> <ny> will give a mesh plot the temperatures
and the thermal flux.



Example results

An assembly level calculation to show the effect of TFB on results.
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Figure: Green pins are Gd-doped, cyan ones are guide tubes.



17x17 PWR-assembly — temperature distribution A
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Figure: Plotted with mesh 10 600 600.
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Figure: Temperatures volume averaged over fuel part.
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Summary
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Figure: Continuous temperature Figure: Single temperature (1002 K =
distributions with TFB & ETTM. volume average from first case) for
whole assembly & doppler preprocessing.



17x17 PWR-assembly — effect on results

Comparison of the accurate TFB-calculations to calculations with a

single volume averaged fuel temperature in the assembly.

Table: The results of the quantitative PWR analysis, the memory need and the
total calculation time per million neutron histories 7.
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Results

1002 K/preproc. 1002 K/OTF  Accurate Difference
k:pfp 1.13017 + 0.00001 1.13157 + 0.00002 40.12 + 0.003 %
Reactivity | 11518 4+ 1 pcm 11627 + 2 pcm 109 £ 3 pcm
Power 51731 + 2 W/cm 51629 + 1 W/cm —0.20 + 0.004 %
Memory 2544 MB 1819 MB 2127 MB —16.4 %
T 4.7 min 14.1 min 16.1 min +243 %




Future

Future development will focus on

Updated dimensions for transport calculations.
Added correlations.

Thorough validation.

Depletion calculations.

Considering the axial dimension.

Spherical geometries.

Temperature solver + temperature discretization +
preprocessing?
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A temperature feedback system has been implemented in Serpent 2.

m Temperature feedback by modeling the interdependence of
m Nuclear cross sections.
m Temperature distribution.
m Material properties.

Summary

m Continuous temperature distributions with

m Maximal accuracy.
® Minimal memory usage.
m Increase in calculation time.

No need for approximations in Doppler treatment.

An important step towards a complete TFB-consideration.

More validation, testing & correlations are still needed.



Thank you!

Ideas, suggestions and questions are appreciated.

This work has been funded by SAFIR2014, the Finnish Research
Programme on Nuclear Power Plant Safety 2011 — 2014.
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