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Report on Central Activities on Behalf of the KNOO Consortium

\Ué Prof Robin Grimes
Introduction

Keeping the ndear option openg KNOCQ; the community chose this name at a time when
supporting the option seemed of paramount importance. For those of us who find good
reason to recognize that fission has a central role to play in energy generation, it was critical
to maintain what was left of the academic research skill base by: supporting those
practitioners who had continued to be active in the field, providing opportunity to those
who wished to contribute and finally developing a new generation of nuclear scieatmst
engineers. Those of us in academia were fortunate indeed that a group of industrial and
government people had been working on our behalf to persuade the research councils
(RCUK) that it was time to renew funding for fission research. This groefhéogvith key
people from RCUK provided us with the opportunity to build a consortium. Evidence that
their decision was justified lies within this report and the impressive range and quality of the
research results presented by each member of the comsart

Our consortium will continue to work towards the goals of providing valuable research and
motivated scientists and engineers during our last year of activity. Post docs and PhDs are
finishing and looking for jobs. Research groups are stronger amd aide to respond to

the challenges and opportunities set them by industry and governments (UK, EU and
abroad). Of course, we are writing more papers and attending more conferences! Again
details are provided by consortium members in the following pages

/| £t SIENI &z K2gSOSNE S@Syita KIFI@S az2YSeKI G 23SNI
is now well and truly open. Perhaps the academic community no longer needs to help
G1SSL) GKS 2LJiA2y 2LISyé a2 YdzOK & YPpoyidl Ay
perhaps just support the option (SNO)! More seriously, it is clear that while the specific
research challenges and focus of a future project will be different, the central objective of
training new research scientists and engineers for nuclear tnéssand government
organizations not only remains a priority but the call for symople is even more
immediate.
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Goodbye and Hello

DrJohn Roberts Michelle Ryder

You will all be aware that we said goodbye to Dr Mark Levy in January 2086 did what the project
intended ¢ he took an opportunity to join a nuclear energy organization, in this case British Energy. | would
like to personally thank Mark for all his work and support and | know he is continuing to follow our progress
and supprt our aims.

After two searches for a suitable manager we decided on a slightly different plan. This first involved Dr John
Roberts stepping into the breach to work for KNOO one day per week. John had an especially strong
involvement in the last annuaheeting and he summarises that event below. Many of you will know John
from many of the other nuclear energy involvements he laslearly he brings with him considerable
knowledge of what is going on in the nuclear academic community. Since Octobdsavhaae Michelle

Ryder on the KNOO team. Michelle, who has a biosciences background, is working half time for KNOO.

Annual Meeting 2009

W2KYy YR aAOKStfS KIFI@BS 0SSy ¢2NlAy3I 2y ySEG &SI NDa
Universily on the 21st and 22nd July. | am greatly looking forward to this event and meeting all of you again
for what will be out finale event. | suspect the meeting will be not only academically stimulating but a lot of
fun. Please let your industrial contakhow about the event and that they are especially welcome
sponsorship is also welcome.

Annual Meeting 2008

Ninety-four delegates attended the KNOO Annual Meeting in 2008 held at Hulme Hall at The University of
Manchester. The breadth of KNOO research wamonstrated by excellent talks and posters from both
students and postdocs and with an industrial presentation kicking off each session, the delegates experienced
an interesting and stimulating programme. Special thanks must be extended to Westinghwli&=Hlitachi

for their generous sponsorship that allowed so many people to attend. The Meeting Dinner was held at the
nearby Whitworth Art Gallery with Harry Eccles of Nexia Solutions providing the after dinner entertainment
with a speech reflecting on $icareer in the nuclear industry and looking forward to the vast array of
opportunities that are now opening up for KNOO members.

Feedback on the meeting suggests that people missed the introductory session where each WP leader
introduced and described thia & S| N & KA 3K Aidridiiced nex year KOther ségiestions &is  NB
also be acted upon!
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Prize

The Pinkerton Prize was awarded by the Institution of Nuclear Engineers for the best paper in their
journal 'Nuclear Futures'. The paper whichsixceauthored by all Investigators in WP4 was entitled
Safety and Performance for Innovative Reactors.

Foreword
We are delighted to provide an input to the 2007/08 KNOO Annual Report.

KNOO was the first major Research Council funded nuclear programmaurfigryears. It was a joint

industry and EPSRC objective to create a university consortium that would develop and help
maintain the UK academic research capability at a time when UK energy policy was uncertain. Now,

with clear Government support for a nualerenaissance in the UK, the programme has helped to

Fdzf FAE AdGa GAGES 2F aYSSLAY3A (GKS DbdzOf SFNJ hLIWGAZ2Y
justified and provides an excellent basis for further development of the academic research capability

as the UK implements its nuclear programme in future years.

It is very clear that the research undertaken across all 4 work packages is innovative and of high
quality. From an industry perspective it is relevant to the current nuclear programme but also
includes fundamental and important research for future reactor systems; an area that would have
limited funding without KNOO. Undertaking this letlegm research will help the UK to be a leading
player in the international arena and assist in making infaindecisions on the future UK nuclear
strategy.

KNOO was established as a consortium programme across a number of universities and
departments. The level of emperation between research groups is very impressive and a major
success; it is a good exampléwhat universities can achieve if they work proactively with each
other. The KNOO programme has attracted some excellent students and provided them with
networking opportunities as well as an insight into the nuclear industry. There will be many
opportunities for working in the sector in future and we hope many of the students take advantage
of them.

We are currently working with EPSRC to develop a joint research council/ industry vision for UK
research in the nuclear sector which includes follow on regea&alls after KNOO. This current
programme has helped to develop new skills and competencies in the university sector which will be
essential to build upon in a future research programme.

Congratulations on your excellent research to date and everyessctor the remainder of the
programme.

Graham Fairhall Peter Storey
Chief Technology Officer Head of Research and SkiNsiclear Directorate
National Nuclear Laboratory Health and Safety Directorate
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Work Package 1

Work Package Leter: Dr Simon Walker
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Work Package 1 - Leader Summary

Work Package Lead&r 3> Walker.

Imperial College London, DepartmentMéchanicaEngineering, SW7 2AZ

Work Packagel, being undertaken jointly at Manchester University and at Imperial College,
enconpasses a variety of projects aimed at gaining greater understanding of the
performance of current and future reactor systems. This involves a mix of experimental,
analytical and computational work.

Computational fluid dynamics (CFD) naturally features ieav the research of this Work
Package. At Manchester, Dominique and Laurence Mark Cotton are applying CFD to perform
large eddy simulations (LES) of reaatlevant flows for singlghase reactor coolants.

Such simulations are naturally expensive, gadt of the work is aimed at attempting to
develop an economical one hybrid scheme, employing both Reyawkisging and large

eddy simulation. The CFD work at Imperial, with Geoff Hewitt, Mike Bluck and Simon
Walker, employs a conventional RANS apprdacithe study of the two phase vapour and
liquid flows arising in PWR design basis accidents. Much of the work here is focused on
studying fluid flow and heat transfer in ballooned rod bundles following a loss of coolant
accident.

The CFD work is supportég a complementary experimental programme, aiming to make
direct observations on the flow characteristics in these bundles. Cooling of the fuel is by a
mixture of hot vapour and entrained saturated droplets, and one notable series of
experiments is measing directly the tiny amount of heat extracted by a single droplet
during the few milliseconds that is taken to bounce off a hot surface without wetting it.

Finally (and at very much lower Reynolds numbers!) we have a programme of work studying
flow, speces diffusion, and heat transfer within PWR crud.

We are pleased to acknowledge here the extensive supportive interactions we have with
outside organizations, including (overseas) EDF (France), NRC (USA), Ascomp / ETH
(Switzerland), and (UK) BE,-B@apco,Serco, NNL and NiIlI.

More details of all of these projects are given in the pages that follow.
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Large Eddy Simulation for Thermal -Hydraulics in Reactor Systems

Y S

Dr Yacine Addad Dr. Mark A. Cotton Prof. Dominique R. Laurenc

Researcher Supervisor Supervisor

| Technical Content

‘ Overall Research Aim

To produce a refined LES database for verification and validaficdFD software with

classical Reynolds Averaged turbulence models (RANS), as short term objective, and on the
longer term, to establish a reliable framework whereby Large Eddy Simulation (LES) can be

dzZa SR (2 OF NN®B 2dzii & G NUzS stsLas®ppasédiita pegraédécingd y 2 @S
Gly26yé SELSNAYSyidlt REFEGIO 2F Ft26 02y FAIdzN
power industry. Various quality control criteria adopted in LES works are critically evaluated,

such as ratio of resolvet-model kineticenergy). Adapting the numerical mesh to Taylor
turbulence length scale (middle of the spectrum) is expected to be a more reliable criteria.

Stakeholders in the UK (British Energy; Nexia Solutions; H&S Lab., Lea CFD Associates), and
the continent (AREVA, &&nd EDF), have recognized the value a high quality LES database
for the purpose V&V of CFD codes and models. A CFD Workshop focusing on Quality and
Trust in codes and models was organised in Manchester, next to the 2008 KNOO Annual
Meeting fttp://cfd.mace.manchester.ac.uk/Main/KnooWorkshppMore and better test

cases were deemed necessary, for heat transfer in particular

Research Progress

Turbulent Natural Convection between Horizort®arallel Cylinders.

The numerical investigation of turbulent natural convection in the space between horizontal
LI N> £ £ St Oef AYRSNAR KI & 0 S-BNOO Wvark [A]A hadeS Rddy T N2 Y
Simulations have been performed on three different georestr The third LES case consists
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of three internal cylinders. This final test case is representative of AGR decay heat pens and
reveals that flows are considerably more complex than in the simplaxa cylinder cases.

LES for Buoyaneiffected Flow inVertical Pipes.

This year the focus has been on LES on pipe flows (see Fig. 1) vertically ascending or
descending and buoyandyy ¥ f dzZSY OSR>X woX nX p8d ¢KS Oz2yiz2d
and are related to the turbulent motion. More then 16 LESsrimave been conducted for

this test case for different flow regimes, on meshes with 3 to 5 Million cells. The CPU time

for a single LES run is around 12 days when using a parallel code oipracéssor
configuration. The database produced is checked agarperimental data or correlations

for integral values such as Nusselt numbers, but also offers to turbulence modellers refined
information such as detailed stress and heat flux profiles down to the wall [4 & 5]. The RANS
exploitation is crossutting wth WP4 with applications to VHTR (Cf. S. Rolfo report).

N [ T T T 7T e

215 -1 050 05 1 15 2 25 3 35 4 45 5 _ 4

Figure 1. An example of vortex size Figure 2. 1Iso-Q contours coloured by the spanwis
in turbulent pipe flow. vorticity component.

LES and RANS computations of ma convection in a neahorizontal long cavity

In opposition to the previous case where gravity is aligned with the mean flow, a nearly
K2NAT 2y il tf RdzOG A& y2¢6 O2yaAiARSNBR (2 KAIKC
stratification [2]. The flowpassage consists of a long heated cavity which may be inclined at
different angles to the horizontal. The small angles considered only generate enough fluid
motion leading to transition to turbulence only near the top and bottom walls (Figure 2),

while the OSY G NBE 2F GKS OF@Aade Aa fFYAYFNE 2N NI
predict feature for classical turbulent models. So far one LES case has been completed, and

a parametric exploration of increasing angle and Rayleigh number effects Wit8 RA

Future Research Direction

Parametric simulations of the nedworizontal cavity will be conducted, then one further test
case consisting of a negatively buoyant turbulent y&tliwith conjugate heat transfer. This
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case (without wall heat transfegy & LINRY2 3SR o0& al 3y2E |yR .9
OKIffSyaSQ @yDREMMEtvioik 8nd s yW&ih revisiting with the refined codes

and larger computers available today. The aim here will be to provide detailedwadiar

flow information for RAN&odels validation and also wall interface temperature spectra for
analysis and modeling of the temperature fluctuation penetration distance inside the walls
(crosscutting with WP2). In addition, a feasibility study of direct numerical simulations

a 5 b {sihg adlzommercial/industrial codes is also in progress in collaboration with the
codes developerfom EDF R&D and &dapco Ltd

| Publications Emanating from Project

Addad, Y., Laurence, D. & Rabbitt, M., 2006. Turbulent Natural Convection in Horizontal

/| 21 EAL € /| @t AYRNX O f oy Of 2adzNBay [ 9¢ YR w!
CNIYAFSNI pQ> tNRO® piK Lydoe /2yFd 2y ett dzND dzf
al.), Dubrovnik, Croatia, 25tB6th September 2006.

Addad, Y., Mahmoodilari, M Laurence, D., 2008. LES and RANS computations of natural
convection in a neariorizontal long cavity. The 4th International Symposium on Advances

AY 1 2YLdzi I GA 2y a0yl B0 atk NNKNA &1 TSSO aR2B082 O02 X MM
Addad, Y., Laurence, @®. LES for buoyanegodified ascending turbulent pipe flow, 7th

Lydod 9w/ hCe!/ {@8YLIDd 2y O9YIAYSSNAYy3I ¢dzNDbdz Sy
Limassol, Cyprus, 46th June 2008.

[Addad, Y., Billard, F., Cotton, M. A., Keshmiri, A., Laurence, Df& 80l2008. Refined

eddy viscosity schemes and LES for ascending mixed convection flows. The 4th International
{e@YLRaAdzy 2y ! RAlIyOSa Ay [ aYQdekl aix 2NWNE f] SIOKIZ G
11th-16th May 2008.

Addad, Y., Billard, F., Cotton, M. Keshmiri, A. & Rolfo, S. Numerical investigation of
vertical flows in the cores of ga&®oled reactors. The 16th ASME International Conference
2y bdzOf SINJ 9y IAYSSNAY3I o6 WL /-16thMay2008Q0 > h NI | Yy R2

I Presentations Given/Conferences Attended

Addad, Y., CFD Quality & Trust: mixed and natural convection test cases, CFD Workshop on
Test Cases, Databases & BPG for Nuclear Power Plants Applications, 16 July 2008.

Addad, Y., Large Eddy Simulation Studies Of Buoyancy Induced Relanoma@satReactor
Flows. KNOO Annual Meeting, The University of Manchester;18tthJuly 2008.
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Addad, Y., Eddy Simulation Studies Of Buoyancy Induced Relaminarisation Gas Reactor
Flows, KNOO WP1 Meeting, Imperial College London, 29th Aug. 2008.

Keshmiri, A Addad, A., Cotton, M. A. & Laurence, D. R. RANS analysisraigiiness
effects on the flow between gasooled reactor fuel pins. KNOO WP1 Meeting, Imperial
College London, 29th Aug. 2008.

I External Contact

‘ Collaborations/Interactions with Stakeholder s

British Energy, Barnwood (Dr Mike Rabbitt) and Nexia Solutions, Risley (Dr Steve Graham) to
discuss future directions for KNOO and other research collaborations (Held at MACE, 21st
March 2007).

Non-contractual but very regular collaboration on CFD sofev®&V with CeAdapco Ltd.

London (Dr. Francesca Di Mare), EDF R&D (Dr. Sofiane Benhamadouche, Dr. Richard
Howard). Dr Chris Lea of Lea CFD Associates, and Dr. Simon Gant H&S lab. Buxton, all of
them CFD experts with interest is in quality and benchmarlan@FD.

\ Collaborations/Interactions with other KNOO Members

Research interaction established with the Applied Modelling and Computation Group, Dept.

of Earth Science and Engineering, Imperial College London (Professors Chris Pain and Tony
Goddard). One D student from the group of computational mechanics of Imperial College
visited the MACE for a period of one month to gain hands with using the commercial code
StarCD

Collaborations/ Interactions with other Academics

The KNOO Investigators are activelpmarting the establishment of a Reactor Technology
Centre within the University of Manchester Dalton Nuclear Institute (Dr Paul Howarth).

Address: School of MACE, The University of Manchester, Manchester M60 1QD.
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LES and Hybrid RANS/LES for Reactor Sytems

Mr. Stefano Rolfo Dr. Mark A. Cotton Prof. Dominique R. Laurenc

Researcher Supervisor Supervisor

| Technical Content

‘ Overall Research Aim

To develop a methodology for refined numerical simulations of flow features, instabilities
and heat transfer between fuel rods. At high Reynolds numbers a well resolved Large Eddy
Simulation (LES) is very costly imtsrof computational resources, if not impossible. Hence

a hybrid RANS/LES (coupling of an economicahwafirmodel with the more detailed and
versatile LES) is being developed, and tested on a triangular fuel rod arrangement. The final
goal of the invesgation is to attempt to study the flow in a fuel pin bundle witblically
wound spacer wire.

Research Progress

Flow in a heated fuel rod bundle arranged within a triangular array has been computed
using a welresolved LES. Despite the simplicity af teometry the flow is characterized by
complicated features as secondary motions and, at very low fut@rdiameter ratio (P/D),

by an energetic and almost periodic azimuthal flow pulsation is present in the gap region
between two subchannels. Effectef flow fluctuations are very clear in figure 1, where an
instantaneous temperature filed, in the mid plane of the geometry, is shown. The figure
clearly shows a meandering behaviour of the temperature field in the gap region. The
dimensionless dominant déguencies $t=fD/Uyeangs) are in accordance with the

experimental value of Krauss and Mayer (Nucl. Eng. Des., 1820633998).
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Figure 1. Instantaneous temperature field (left). Dimensionless Reynolds Stfess/u?

with w being the velocity fluctuations in the azimuthal direction (right). Pitch/Diam
P/D=1.06 and Re = 6000

All Reynolds stresses are also computed and an example is shown in figure 1. In the gap
region the peak for the azimuthal fluctuations is locatedthe middle of the geometry,
instead of near the wall as in usual pipe and channel flows. In order to reach the higher
Reynolds number of actual reactor, a hybrid RANS/LES approach is under development, as
an extension of progress achieved for aerodymasimulations in the U. Man. CFD group.
The heat transfer component is now included in the a hybrid RANS/LES model and
preliminary results, on the fuel bundles, shows that the method is able to capture the flow
pulsations previously mentioned with a quitgood agreement with the experimental
results. On the other hand the model cannot be fully trusted in the near wall region. The
problem has been identifying in the blending function used to merge the RANS and the LES
velocity fields. New formulation of theblending function, based on more general
assumption, is underansideration.

Future Research Direction

Future work: Investigations employing a larger domain areggoimg for the current PWR

type fuel element. The next case to be considered with theasgipacer wire as found on

SFR poses a real challenge and various meshing strategies are being tested. It should
however demonstrate the full potential of LES as it is probably impossible to conduct any
flow measurements in such a densely constrained media

| Publications Emanating from Project
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Keshmiri, A., Cotton, M. A., Addad, Rolfg S. & Billard, F., 2008RANS and LES
investigations of vertical flows in the fuel passages ofgmased reactorst NP O® WL/ hb 9 m
16" ASME Int. Conf. on Nuclear Eregiring, Orlando, Florida, USA,™15" May 2008,

Paper ICONE143372.

Addad, Y., Gaitonde, U., Laurence, [Rdlfg S, 2008.Optimal Unstructured Meshing for
Large Eddy Simulatiouality and Reliability of Largeddy Simulation, Ercoftac Series, Vol.
12, 93103.

Rolfg S., Uribe J. C., Laurence, D., 205 and Hybrid RANS/LES of turbulent flow in fuel
rod bundle arranged with a triangular arrdy ¢ 2 | LILIS | NI A% Ercofti® O W5 [
Workshop on Direct and Large Eddy Simulation, Trieste, I{&ly08 Sept. 2008.

l Presentations Given/Conferences Attended

Rolfo, S., A CFD application in nuclear field: rod bundle arranged into a triangular array.
British Energy meetindhe University of Manchester, 93lay 2008.

Rolfo, S.Study of NorConformalMesh with the TayleGreen vorticesPost Grad. Research
Conference, MACE, Manchestef'2hine 2008

Rolfo, S.LES and URANS of Turbulent flow parallel to PWR and AGR Fuel Rod in6dles.
Annual Meeting, The University of Manchester, 218th July 208.

Addad, Y., Rolfo, S & D.LHES studies of buoyancy induced relaminarization and mixing in
gas reactor flownKNOO WP1 Meeting, Imperial College London, 29th Aug. 2008.

I Courses Attended

KNOO Training Day on Open Source CFD Codes, The University lbédtand5th July
2008. (with S. Rolfo as @rganiser & Software Demonstrator)

KNOO Workshop on Best Practice Guidelines in CFD, The University of Manchester, 16th July
2008.

http://cfd.mace.manchester.ac.uk/Main/KnooWorkshop (S. Rolfo as webpage manager)
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| External Contact

‘ Collaborations/Interactions with Stakeholders

A close collaboration on LES V&V isgoing with EDF R&D around Code_ Saturne,
Computational Dynamics Ltd. London (developers of the SIARode widely used in the
nuclear industry AREYA and Westinghouseand with British Energy Ltd.

Address: School of Mechanical, Aerospace & Civil Engineering (MACE), The University
of Manchester, Manchester M60 1QD
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Modeling of H eat Transfer Through Nuclear Fuel Crud

Inam ul Haq N. Cinosi Dr. S. P. Walker Prof. G. F. Hewitt

Researcher Researcher Supervisor Supervisor

| Technical Content

‘ Overall Research Aim

Various oxides (metal oxides, NiO, N®# deposit on the cladding of the upper half of

nuclear reactor fuelz2 R4~ F2NXAY3I | fF&SNJ ISySNrtfe NBT
usually porous, hinders heat transfer from the fuel pin to the primary coolant. One notable
feature is that the crud largely transforms the heat transfer process from wholly convection

02 LINBR2YAYlLyGfte A0l o02AFtAy3a Ay LISYSGNF GAy
evaporation at the chimney increases the boron (neutron absorber) concentration in the
ONXzRSE Ol dzaAy3 +y WIEAILIf 2FFasSit Fyz2ddthee Q 06! h
bottom of the core due to reduced neutron flux in the upper half of the core. This can have

major economic consequences. Currently both the formation of crud and the heat and mass
transfer mechanisms through crud are poorly understood. Recently,shiem (2006)

developed a 1D model, which gave increased insight into the crud chemistry.

We aim to build on this model by developing a series of coupled two dimensional models for
heat transfer, fluid flow and solute concentration throughout the porous crud

Research Progress

Initial unrcoupled finite element studies demonstrated the importance of the various-feed

back effects, and confirmed the need to develop a model incorporating the coupled
chemistry and thermak @ RNJ dzf A O& ® ¢ K S NBs thiatkaBethér KddibriSe ti@2 dzLJ S
model we are developing.
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(i) Conductive heat transfer from the water through the crud, with the boundary condition
at the chimney being the saturation temperature. Inter alia, from this we compute the heat
flux into the chimney

(i) Porous flow through the crud, with the mass flux boundary condition at the chimney wall
derived from the heat flux computed above.

(i) Advection and diffusion of various dissolved species through the saturated crud,
computing inter alia the disse¢d species concentration in the vicinity of the chimney, from
which the saturation temperature is obtained.

This procedure is detailed in the figure below. As is plain, these three are all tightly coupled,
and need to be solved iteratively. At the time wfiting the computer code is complete,
with the first coupled results being obtained. These are now being assessed.

oT
Heat Transfer -k, P h(T-T,)
F=P
2 . z A system
V T_O ‘\CZCM,{
. T —
Fluid Flow @=L
P _ _pm(z)
or K p
V:P=0
-D S +V C=0
or
Species Concentration

~-DV’C+VVC=0

Future Research Direction

The coupled model will be used to investigate and gain understanding of the heat transfer
and neutronic signi€ance of the crud.
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I Presentations Given/Conferences Attended

IS LEZQ ONHzZR 06SKIFGA2dzNI 2y t 2 W ARndes KNOSt SYSy
Meeting , HMS Sultan;3 July, 2007

| FljX L>XQ/ 2dzLJ SR Fylteara 27F KSI @reséntdfioy, a TS NJ
Universities Nuclear Technology Forum 2008, Mancheste282@arch, 2008

| FljZ LZIQ/ 2dzLJ SR ylfeaira 2F KSIFG GNI yaFSNI GF
annual meeting 2008, Manchester,-18 July, 2008

Haq, | et al Heat tranef, fluid flow and species diffusion in crud, To be presented at Icone
2009, Brussels, May 2009

| Training

Waz2RStEfAY3I YR /2YLWzil 6A2ya 27F aEoliMatdkKl aS C
2007, Switzerland

W{GFENI //ab | yR { {I-3NOc¢obed,2008. K2 NI ¢NIAYAY3IAS HD

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial
College London
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Reflood Following PWR Loss of Coolant Accidents

Dr. S. P. Walker

The following six reports form an inteelated set, all conamed with various aspects of the
reflood phase following a large break loss of coolant accident in a PWR.

Following such a desigrasis accident, the core of a PWR is voided of water over a period of
order perhaps 100 seconds. The fission chain reacticermsinated by this, but decay
heating at perhaps 6% of the core thermal power continues. Water is reintroduced to the
core from various emergency tanks, flowing down around the periphery of the vessel,
pooling in the base, and gradually rising up the rewerheated fuel rods.

As it encounters the hot fuel, the water wets it and boils violently. Vapour is generated,
which entrains slugs of liquid into the narrow sabannels between fuel rods, and this
vapour and entrained liquid passes up through the ca®gling the fuel. Eventually full
guenching is achieved as the liquid level rises up the core. This precursory cooling, by the
mixture of water vapour and entrained saturated liquid, is vital in keeping fuel temperatures
tolerable before final quenching.

With the external coolant pressure removed, internal fission gas pressures stress the fuel
cladding, and at the high temperatures reached during this process the cladding can creep,
such that individual pins balloon to touch their neighbours. This coutd fdockages, which
could possibly render regions of the core inaccessible to coolant.

The research projects that follow address various aspects of this process.

The act of final rewetting is surprisingly complex, and one project is studying the
fundamentd aspects of this.

An ability to model the cooling of the rods by the entrained droplets and the vapour flow is
obviously vital in demonstrating a benign outcome to this design basis accident. Systems
codes such as Relap and TRACE are the main computdtoisaused for this, and we are
working to improve the models employed in this area. This work forms part of the UK
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If the cladding does balloon, that of course changes the geometry of the flow passages
available for further cooling, and we are working on developing Apiii multichannel
models to compute dynamically the pin deformations, and feed these back into the thermal
hydraulics model, allowing the consequent flow diversion to be predicted.

Whilst system codes like this are essential, we are using both computational fluid dynamics,
and experimental measurements, to try to obtain a deeper understanding of the diversion
both of vapour and of entrained droplets, to allow better incorporation of these into what is
necessarily empirical treatment in the system codes.

Although the primary cooling of the pins is by vapour, within entrained droplets primarily
acting as a heat sk there is some augmentation of this by direct cooling by droplets which
approached the pins, but bounce off them because the cladding is too hot to make contact.
We have a coupled computational and experimental programme, which has succeeded in
making diect measurements of the tiny amounts of heat extracted by -sulimeter
droplets during the 10 ms or so they take to bounce off a hot surface.

A better understanding of reflood is desirable in its own right, as it would be for any such
vital safety topct. There are practical benefits to that could follow, if this greater
understanding allowed reduction in conservatism in safety cases, reducing unnecessary
constraints of the operational envelope with regard to matters such as burn ups and pin
powers.

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial
College London
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Modelling Single Channel Post-Dryout Heat Transfer During the
Reflood Phase of a LB LOCA

/)
B. Belhouachi

Dr. S. P. Walke Prof. G. F. Dr. M. J. Bluck
Hewitt
Researcher Researcher Supervisor Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

The thermalhydraulics of the reflood process is naturally complex, with the fuel being
cooled by a mix of superheated vapour agmtrained droplets. The objective of this current
study is to investigate the capability of the US NRC code TRACE to predict the CHF position
and temperature profiles for different axial heat flux distributions in the reflooding of a
singlehot channd. Measurements from experiments by Bennett, Keeys and Becker were
used as a comparison. Constitutive laws will be investigated and a new model fer post
dryout heat transfer will be implemented in TRACE.

Research Progress

In practical terms, he ultimate outcome of this project is the assessment and
implementation of new models into the TRACE code. As a starting point, hydrodynamic and
postdryout heat transfer calculations were performed using the TRACE. CVadeus CHF

FYR ONXGAOLI € jdzl f Ale OZNNBEGlIaAh3§a260DANBRY 8¢
O2YyRAGAZ2YAEAQ KeLRiIKSaAax YR GKS o02AftAy3 Sy
TRACE. Each of these has been used to analy$etineett, Keey and Beckeexperiments.

Geometric factors and operating parameters (pressure, power profiles, mass flow rates,

inlet subcooling to name a few) affecting the Critical Heat Flux (CHF), the maximum heat

flux applied to a solid surface for which unstablepear patches appear, have been
investigated. Whilst agreement is good for uniform heat flux distributions, those for non

uniform heat flux distributions are poor (Figure 1).
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Figure 1CHF position and temperature predictions for a aonform heat fux (Keeys data).

Given these discrepancies, a pofsIHF heat transfer model has been proposed and
implemented in TRACE. This model intends to better the calculations of ghase
enhancement factor, the droplet drag coefficient, the interfacial heat tfanand the wall
heat transfer In the case of the Becker experiments, the results showed significant
improvement (figure 2).
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Figure 2 Assessment of the proposed model for the Becker Run 232

There is still, however, ovgarediction of the temperatee due to poor precursory cooling
effects. In this model, there is excessively rapid evaporation of the droplets beyond the
dryout point leading to single phase vapour convection, with the vapour not cooled further
by the dispersed droplets. As for the Bt run (figure 2, right), the temperature is slightly
higher but not high enough to fit the data.

The same experiments are being analyzedthiyy GRAMP(General Rung&utta Annular
Modelling Program) code, which is used to predict annular and vaspylar flows
properties such as: pressure drop, entrained fraction, (i.e. the fraction of liquid flowing in
the gas core as entrained droplets), film thickness and dryout. The GRAMP code simulates
steadystate cocurrent two phase gabquid flow up a vertichpipe.
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The GRAMRode in its present statecanonly be applied tocomputethe dryout point in
the tube geometry experimenas inBennett and Keeysit contains no post dryout heat
transfer model. The analysis carried out aedjng the prediction of dryout location for the
Bennett experiments is summarized in Fig. 3.

CHF Predictions for the Bennett tests with the GRAMP Code
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Figure 3 Comparison of calculated position of CHF using the GRAMP vs. the measured CHF
position

Future Research Direction

In our modelling, we do not accounbrfthe dropletto-wall heat transfer or for radiation.
The set of correlations we have implemented in the TRACE codRimed to better
represent the physics involveduch as the droplet mass evaporati@md droplet drag
coefficient derived fom an accelerating cloud of droplets etc. Nevertheless, some results
(figure 2) exhibited large discrepanciesmediatelyafter the CHF point. Therefore, in this
context, our future calculations will focus on both the droplet diameter and the reativ
velocity, while accounting for dropldb-wall heat transfer and radiation. An additional
study on ways to improve twophase system codes with a better estimation of the
interfacial area concentration t® beinvestigated.

IPuincations Emanating from Project

Walker SP, Moriconi D, Belhouachi B, Ahmad M, Hewitt GF (2007) Analysis and Assessment
of the TRACE Code Reflood Model Advanced Safety Assessment Methods for Nuclear
Reactors, Korea Institute of Nuclear Saf@gejon, Republic of Korea.

Behouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational
Predictions of CHF Position and RG$tF Heat Transfer in Uniformly and Némiformly
Heated TubesTOPSAFE 2008, Dubrev@ikatia- October 13, 2008
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| Presentations Given/Conferen ces Attended

Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational
Predictions of CHF Position and RG$tF Heat Transfer in Uniformly and Némiformly
Heated TubesTOPSAFE 2008, Dubrewikatia- October 13, 2008

BelhouachiB, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational
Predictions of CHF Position and PG$tF Heat Transfer in Uniformly and Ndémformly
Heated Tubes. TOPSAFE 2008, Dubre@ri&atia- October 13, 2008.

Belhouachi B (2008) CHF Predicsiand Temperature Profiles in Heated Tubes using the
TRACE code. Spring 2008 CAMP Meeting, Pisa, Italy.

ITraining Courses Attended
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P KNOO Annual Meetig raining day in HMS Sultan, 3 July 2007.
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I External Contact

‘ Collaborations/Interactions with  Stakeholders

British Energy (Dr. John Je)@ndSerco (Dr. John Lillington)

Address: Nuclear Engineering Group, Department of Mechanical Engineering, Imperial
College London
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Multi -pin Coupled Thermal -hydraulic and Sructural Mechanics
Modelling Post-reflood

Dr. S. P. Walke Prof. G. F. Dr. M. J. Bluck
Hewitt

Researcher Researcher Supervisor Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

This project builds upon and extendgrevious project using systems codes to model the
process of reflood following a large break loss of coolant accident. Befdteoging pins

may overheat such that cladding balloons due to internal fission gas pressure. The cladding
of adjacent ballooning pinsiay ultimately touch, preventing access to the pins by the re
flooding coolant.

Ensuring that these conditions do not occur shrinks the operational envelope (rating, burn
dzLIX0 ¢ KA & YIFGUGSNE F2N SEAalGAY3T t2wfoRd@AIdyaod
advanced designs, with eg. higher bwps, highNiobium cladding, and perhaps higher
operating pressures. Fission gas release already constrainsupuamd dwell time, and a
robust understanding of flow blockage issues will become ever moreiatrusnalysis
requires a coupled study of the3 transient twephase reflood flow, and the mechanical
response of the fuel as it is subjected to this flow. Crucially, these two processes are
coupled. The deformations of the pins change the coolant flosspges, and this changing

of the cooling conditions modifies the subsequent mechanical response of the pins. This
feedback needs to be incorporated into both the thermofluids and the structural/thermal
mechanics models. Further, modelling via analysisrepeesentative pin is very misleading.

If ballooning of that pin is predicted, it is necessarily predicted for each pin it represents,
and a prediction of a large coherent blockage results. However there are many stochastic
and deterministic differencesdiween pins, which cause the responses of one pin to differ
from another. (Examples include local rating variations, proximity to control rod tubes,
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proximity to subassembly edges, random variations in fill gas pressure, random pellet
eccentricities, etc.)

Research Progress

The approach adopted has been to take a meittannel / multi pin representation of part of
a core using a systems code. Multiple sliannels are represented with a system code,
and the ability of the coolant to flow laterally fromsub-channel to sub-channel is
represented by the incorporation of croiew components.

The results from this systems code model are used to provide thermal boundary conditions
to a fuel pin modelling code. The fuel pin code then computasy alia the creep of the

fuel cladding. The resulting axial variation in pin diameter is then returned to the systems
code, allowing an axial variation in flow channel area to be incorporated into the systems
model. This tweway coupled process takes place at evamge step, allowing what is in
principle a mechanistic fully coupled representation of the processes. Multiple instances of
the fuel pin modelling code run simultaneously, each one associated with one of the pins in
the bundle of pins which are representadthe systems code thermdlydraulic model.
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The figure shows results from a mylin reflood analysis. A cross section at the a
midplane is shown, indicating the radically different degrees of ballooning predicte
different pins once realt& inhomogeneity is incorporated in a mechanistic fashion.

Initial work involved the coupling of the RELAP code with the MABEL fuel pin analysis code,
with the coupling effected via a staralone linkage code TALINK. The dynamicviag
coupling has bee achieved, and flow diversion from ballcggh pins, with associated
changes to the flow in those channels, and in neighbouring channels, has been
demonstrated. Incorporation of realistic heterogeneity between pins, allowing for factors
such as differencem burnup, and differences in thermal conditions (caused by proximity

to control rods for example) clearly demonstrates that neighbouring pins can behave in a
very different fashion from each other. This is obviously of some significance in when trying
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to assess whether or not the design basis accident will give rise to unacceptably large
regions of coherent blockage.

Future Research Direction

Work on coupling has now moved on to the TRACE code, the preferretelongehicle for

systems code licensing alysis. The computational structure of TRACE is rather different,

and its mechanisms for exterior communications, both into and from the code, are different

from RELAP, and in practice are rather less well developed. Work is now focusing on making
thenecéta NB Y2RAFAOIGA2Yya G2 GNIXOSZ FyR (2 Ada
to achieve equivalent coupling.

IPuincations Emanating from Project

Ammirabile, L., Walker, S.P., Myin modelling of PWR fuel pin ballooning during post
LOCA refloodNuclear Engineering & Design (2007).

l Presentations Given/Conferences Attended

Walker SP, Moriconi D, Belhouachi B, Ahmad M, Hewitt GF (2007) Analysis and Assessment
of the TRACE Code Reflood ModelAdvanced Safety Assessment Methods for Nuclear
ReactorsKorea Institute of Nuclear Safetpaejon, Republic of Korea.

Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational
Predictions of CHF Position and RG$tF Heat Transfer in Uniformly and Némiformly
Heated TubesTOPSAFE 2008,rbwiik - Croatia- October 13, 2008

Belhouachi B (2007) MulRin Coupled Reflood Model: Assessment of the TRACE Code
Reflood Model. Keeping the Nuclear Option Open (KNOO) Annual Meeting, HMS Sultan
Portsmouth- UK.

Belhouachi B (2007) Analyses of the ACHS tests using the TRACE code. Fall 2007 CAMP
Meeting, Washington, DC, USA.

Belhouachi B (2008) MuRin Coupled Reflood Model: General Overview and Modelling of
the ACHILLES Unballooned Cluster Experiments. Universities Nuclear Technology Forum
2008,Manchester UniversiManchester- UK.
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Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational
Predictions of CHF Position and PG$tF Heat Transfer in Uniformly and Ndémformly
Heated Tubes. TOPSAFE 2008, Dubre@ri&atia- Odober 1-3, 2008.

Belhouachi B (2008) CHF Predictions and Temperature Profiles in Heated Tubes using the
TRACE code. Spring 2008 CAMP Meeting, Pisa, Italy.

ITraining Courses Attended
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| External Contact

‘ Collaborations/Interactions with Stakeholders

British Energy : Dr. John Jones
Serco : Dr. John Lillington

US NRC (TRACE developers)

Address: Nuclear Engineering Group, Depment of Mechanical Engineering, Imperial
College London
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Rewetting Processes During Re-Flooding of PWR Core after LOCA

Muhammad llyas Dr. S. P. Walker Prof. G. F. Hewitt Dr. M. J. Bluck

Researcher Researcher Supervisor Supervisor

I Technical Content

‘ Overall Research Aim

The rewetting of very hot metal surfaces is one of the most crucial stages in recovery from a
design basis loss of coolant accident in a PWR. The detailed physics of the local rewetting
process is very complex, and thederstanding of it at present is rather incomplete. Very
steep gradients in axial metal temperature occur over a very short distance ahead of the
rewetting front. There is some experimental evidence that just ahead of this point, liquid
water makes an imrmittent contract with the hot metal before being explosively
vaporised. This intermittent contact occurs at a frequency of the order of 1000 Hz. The main
aims of the project are twofold. (1) We hope to obtain better experimental evidence for and
guantification of this intermittent explosive behaviour. (2) we are attempting to construct
an analytical model of this process, in an attempt to develop affiisiciples explanation of

it.

Research Progress

Analytical and Computational Study

We are attemptingo model the behaviour of water brought into contact with metal at a
temperature well above its saturation temperature. Initially the only processes at work are

dzy a0 S Re8z S&AIFYICKl (KB (o a@AYARRIZOGA2Y S gAUK GKS
taking on a value that is some weighted average of the initial water and metal
temperatures. This brings the water temperature well above the saturation temperature.

This temperature disturbance propagates into the water following the normal error function

form. Initially, no boiling occurs. For any particular water temperature, there is a minimum
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bubble radius below which any incipient vapour bubble is unstable, and it collapses. Until a
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stable bubbles cannot form.
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The time to reach a temperature profile within which bubbles can form depends strongly
upon the initial metal temperature. That temperature itself however is a complex function
of the flow and cooling that & occurred up until that point. The metal ahead of the
rewetting front will have been reduced from its initial temperature by very shange axial

heat conduction into the region where the metal is permanently wet. We are employing
unsteady CFD and cowgjate heat transfer methods in an attempt to obtain these
macroscopic temperature variations, on to which these intermittent perturbations are
imposed. This poses some problems, not least because of the very different length scales,
with the precursory coahg caused by the axial conduction being over a scale of millimetres,
whilst the transient boundary layer thickness is of order micrometres, as noted above.

Experimental Study

In the experimental study the objective is to measure the variation, both dpatiand
temporally, of the temperature in the immediate vicinity of an advancing rewetting front.
Spatially, the region of interest extends a few 10s of microns ahead of the rewetting front.
Temporally, the events being studied have a period of ordersadbnds, and require a
temporal resolution of about 1/10 of that.

The approach adopted is to employ an infratteaihsparent substrate, coated with a very
thin metallic film. Viewed from below with an infrared camera, measurements of the
temperature of themetallic film can be made as the-weetting front advances over it.
Simultaneously, a higbpeed optical camera is used to observe the hydrodynamics of the
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process from above. Design, procurement and construction are more or less complete, and
measuremens are about to begin.

Future Research Direction

Work is continuing on attempting to combine the transient analytical model of heat
conduction, coupled to the bubble nucleation model, with the CFD analysis providing the
macroscopic conditions under whichethmicroscopic conditions are occurring. Predictions
from this model will be assessed against experimental results as they become available.

ITraining

Modelling and Computations of Multiphase Flows, Short Course, Zurich, Switzerlab8l, 11
February, 2008.

Universities Nuclear Technology Forum 2008, 26#8th March 2008, The University of
Manchester

NTEC (Nuclear Technology Education ConsortiumSéprt Course, March 2008, Imperial
College, London

2nd KNOO annual meeting and CFD Worksh648 July 2008Manchester

STAR CD Training, Oct2B 2008, London

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial
College London

Page |33



Interactions of Droplets with H ot Walls: Modelling and Experiments

D. Chatzikyriakou Dr. C.PHale Dr S. P. Walker Prof. G. F. Hewitt

Researcher Researcher Supervisor Supervisor

| Technical Content

‘ Overall Research Aim

After a DesignBasis Loss of Coolant Accident in a PWR, cold water is reintroduced to the
core by bottomup refloodirg. At the rewetting front, violent boiling generates slugs of
liquid, which are entrained in the upward flow of vapour, and then break up and form
drops. In the regiorabove the rewetting front, theconditions are thus characterized by a
flow of superheatd vapour between even hotter metal surfaces, with a population of small
saturated droplets entrained in the vapour flow. Cooling of the fuel by this dregiéstm
mixture is vitally important in the reflood process. Cladding temperatures are such that
wetting of the metal by the entrained droplets does not occur, with droplets instead
rebounding from a cushion of vapour generated between the droplet and the surface while
they are close together. The aim of this project is to gain a greater knowledge dfoust
much heat is extracted during this interactiby a canbination of direct measuremerdnd
computational simulation.

| Research Progress

Experiments The interaction cools a suillimetre region of surface, for100ms. Our
experiments are aimed atlirect measurement of the heat transferred during this
interaction. We have developed a novel infied technique, which allows the spatially and
temporally varying surface temperature to be measured. Transient finite element methods
are then used, with hese measurements as boundary conditions, to compute the heat
extracted. Simultaneously, the hydrodynamics of the interaction are observed via high
speed optical photography. Initial results indie&teat removal (mm droplet) of ~F0.
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Numerical Simulatbns. We are using TransAT, a Finite Volume, unsteady RANS
computational algorithm. It employs the Level Set Method for the tracking of the interface
and it solves both the Navietokes and the energy equations throughout the
computational domain. This ables us to compute the evaporation rate at the interface of
the droplet in a mechanistic way based on the temperature field of the domain. We are able
to simulate the approach of the droplet to a hot surface, the generation of the vapour film,
and the bouncing of the droplet from this film. The heat extracted from the surface is also
computed.

These results have already permitted a semalytical estimate to be made of the
augmentation of the convective reflood heat trdasby droplet interactions.

Futur e Research Direction

Initial results indicate that the computations and measurementthefheat extracted are in

reasonable agreement, and further investigation into this is the next step. Experiments,
focusing on the hydrodynamic behaviour of the dropland how this affects the heat

transfer process during the interaction of the droplet with the hot wall, are planned. The
behaviour of a saturated droplet travelling in superheated steam and impinging on a hot

wall is the final stage of the study. Thedes G a At 0SS Ay O2NLIZ2NI GSR
analysis of the reflood process, to determine the significance of these droglibt
interactions in the overall precursory cooling
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Figure 1. (a) Temperature profile throughout the computational domain computed with
TransAT, (b) Temperature profile inside the solid as computed by a FE software using
the experimental measurements.
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IPuincations Emanating from Pro ject
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I Presentations Given/Conferences Attended
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Presentation, TOPSAFE 2008,Dubrovnik, Croatia, 30 Septedretober, 2008

Ge¢KS [/ 22fAy3a 2F 120G {dzZNFIF OSa o6& . 2dzyOAy3a 5N
Work Package | Meeting, Presentation and Poster, Imperial College L&#ldmgust 2008
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Presentation, 3rd Annual KNOO Meeting , University of Manchestet8 1kily, 2008
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LEMTA meeting, Imperial College London, 1 February, 2008

lTraining Courses Attended

Open Source CFD Codes training day , University of Manchester, School of MACE, 15 July,
2008

CFD Workshop on Test Cases, Databases & BPG for NRoilgar Plants Applications,
University of Manchester, School of MACE, 16 July, 2008
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I External Contact

‘ Collaborations/Interactions with Stakeholders
ASCOMP GmbH, Zurich, Switzerland

This work was carried out as part of the TSEC programme KNOO and a® suehgrateful
to the EPSRC for funding under Grant EP/C549465/1

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial
College London
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Thermal -Hydraulic Studies of Reflooding inside a Fuel Bundle in a
PWR following a LOCA

Miss Y. J. Zeng Dr. C.P. Hale Dr S. P. Walker Prof. G. F. Hewitt

Researcher Researcher Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

This project aims to increase understanding of the macroscbheiaviour of the steam
water flows occurring during the reflood phase of a PWR LOCA, where water droplets
entrained in the vapour flow play a vital role in the cooling of the hot fuel pin before it is
guenched. With the external pressure removed, thelfrgd cladding is likely to balloon,
constricting the flow passage between individual fuel pins. It is important to understand
how this ballooning would divert the twphase flow. The vapour flow will be diverted by
the balloons, and will presumably takeith it the smallest of the droplets, but larger
droplets may tend to be less easily diverted, and could possibly bounce from or even wet
the ballooned fuel pin surface. In this project we are conducting experiments in which we
can observe the diversionfdhe vapour by a balloon and the diversion or otherwise of
untrained droplets.

Research Progress

Two main experiments arenderwayas part of this research project:
1. Flow Dversion Studies

An annular test section with the central member having a iEcfimilar to that of a typical
ballooned pin is used.
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An upwards flow of air is introduced, in which entrained particles serve to represent
entrained droplets in the steam flowThe objectives of this experiment are:

1. Visualisation of the macroscopic Woand droplet diversions duéo a simulated
ballooned pin;

2. To provide well defined experimental data for validation of the STRRCEadapco)
Computational Fluid Dynamics code before it is extended to the more complex
geometries encountered in fuel rod hdles.

Particle Air
in supply
v

Flow

Air + particle meter
into test
section

P Needlevave  [X<] Ball valve

Air + particles
out of
test section

fiSolid filtero

atmosphere

fOil filtero

Figure2 Test loop schematic

In this experiment the trajectories of cellulose acetate particles (representing entrained
water droplets) are determined during flow past a simulated ballooned pin. In the region
between thetube wall and the surface of the ballooned pin illumination is provided in the
form of a lightsheet A schematic of the ovetaflow loop is shown in Figure. 1To
determineindividualparticle trajectories a particle trackingelocimetry (PTV) algorith has
been developed Some sample results illustrating theD8trajectory mapping of a single
particle are shown in Figure 2.
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Figure3: Sample results from preliminary PTV experiments

2 Reflood Experiment

To examine the thermehydraulic effects occurring during bottom reflooding, a single tube
reflood experiment (with and without an insert) is currently under constructidn. this
experiment the test section is initially preheated to temperatures up to 600°C and then
guenchedby introducing water at the bottom of the tube at atmospheric pressurbe
objectives of this experiment are:

1 To provide axial temperature and heat flux profiles during the course of this
transient process, which extends the existing databank of casette validation;

1 To elucidate the reflood procesisy producing higkspeed axial view visualisation of
the advancing quench front and any prarsory droplet entrainment events.

This experimental tessection is designed to operate as part of an existowg pressure
boiling facility.

| Future Research Direction

Regarding Experiment 1, the immediate action will be to perform a series of test matrix.
The results obtained from these tests will be compared with modelling work carried out
using STARD. Thigxperiment will be carried out in parallel with the manufacture and
commissioning of the test section for the AVR facility. Upon completion of the AVR facility
construction, experiments will be performed to extend the current reflood databank.
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I Presentations Given/Conferences Attended

Y.J. ZengC.P. Hale, G.F. Hewitt, and S.P. Wal&ermatHydraulic Studies of Reflooding
inside a Fuel Bundle in a PWR during a KOEA t NJ dUSiveisitie§ Nu2lgat Technology
Forum 2008University of Mancheste26-28 March 2008

Y.J. ZengC.P. Hale, G.F. Hewitt, and S.P. Wal&ermalHydraulic Studies of Reflooding
inside a Fuel Bundle in a PWR during a IlDEA t 2 & 0 SNJ ' KEQOSAAuAl G A 2y =
Meeting, University of Manchestel5-18 July 2008

| Training Courses Attended

FORTRAN Course, Imperial Collége,6 May 2008
Site visit: @bury Power Station, 16 September 2007

STARCD Basic TraininGDBadapco,29-31 October 2008

I External Contact

‘ Collaborations/Interactions with Stakeholders

CDadapco: Dr. Sion Lo

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial
College London
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Modeling of H eat Transfer Through Nuclear Fuel Cud

Dr. E. Burlutskiy Dr. M.J. Bluck Dr. S. P. Walker Prof. G. F. Hewitt

Researcher Sugervisor Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

Systems codes such as trace are very widely used for reactor studies, including reactor
safety analyses. They are designed for this purpose; to be able to model the large and
complex networks of pipes and other components whose coupled behaviour needs to be
taken into account. They are naturally not able to perform detailed mechanistic studies of
the flows in individual components.

One part of the work of Work Package one is to cargdtusing TRACE complex multi pin
models of the flow in a ballooning core during-fimod following a loss of coolant accident.

The ballooning of the fuel pins plays a significant role in the PWR design basis accident. If
multiple adjacent pins balloornthe cladding of these adjacent pins will touch, and will
deform to block the flow of coolant in the ballooning bundle. Decay heating will of course
continue regardless, and fuel melting may follow. It is obviously vital that a collection of pins
does notballoon in this way,

The details of the flow of vapour around balloons, and the diversion of this vapour away
from subchannels that have been constricted by the ballooning of pins, affecting the
cooling of the pin, cannot be well predicted by a systerdeceuch as TRACE. This is even
more so when the flow is a twphase mixture of vapour entrained water droplets.

In this project, we are attempting to use CFD to develop a more detailed, and more
mechanistic, understanding of the flow behaviour in a balkwrfuel rod bundle. This
understanding will then be used to generate sesmipirical models of a kind which are able
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to be incorporated into system codes such as TRACE, and thereby improve the fidelity of the
modeling of such phenomena using the systemeod

Research Progress

Numerical CFD studies of vapour flow diversion in a rod bundle witti@obad central rod
are being carried out using the St@b code. Now#sothermal fluid flow is calculated by
solving the compressible steady Reynedderaged coservation equations, which are
closed using the loviReynolds number-k (G dzNb dzf Sy OS Y2 RSt o

As an example we show below modelling of a 7 by 7 rod bundle, with a central ballooned
beginning 200mm from the entrance to the region modelled. The balloon hengcesdthe
sub-channel flow area by 25%. The graph showing mass flow rates in each channel.

15

00

L 1 L
0 200 400
Axial location (mm)

There is a very marked reduction in mass flow in the ballooned subchannel, with the
displaced flow distributing itself fairly uniformly over the other sthimnnds.
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The vapour flow is of course only part of the story. Entrained saturated droplets in the
superheated vapour flow act as a major heat sink, and understanding whether or not these
too are diverted with the vapour is crucial. The flow of entrained detspls being studied
using a Lagrangian tracking approach. The figures below show sample droplet trajectories in
the same ballooned bundle, for droplets of 1.0mm and 0.01mm. The smaller droplets, which
per unit droplet mass are more important as a heatksiare seen to be diverted from the
blocked sukchannel much more readily.

Future Research Direction

More detailed studies of the flow diversion are in hand, aimed at providing some- semi
empirical quantification of the propensity of both vapour adcbplets to be diverted by
ballooned pins and collections of such pins.

l Presentations Given/Conferences Attended

Universities Nuclear Technology Forum, Universitylafchester, 2&28 March, 2008.

KNOO annual meeting, Hulme Hall, University of Mancihe$tel7 July, 2008.

ITraining

StarCD user training, UK, London ;2B October, 2008.

Modelling and Computation of Multiphase Flows, Zurich, Switzerland51Aebruary, 2008.

Address: Nuclear Engineering Group, Mechanical Engineering Department, khperi
College London

Page |44



Work Package 2

Work Package LeadeProf. Andrew Sherry
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Work Package 2 - Leader Summary

Research being undertaken within Work Package 2 is focused on materials performance
issues and noimvasive inspection and mdoring within nuclear applications.

Research at Imperial College London is focusing on the development of a remote capability
for the inspection of nuclear pressure vessels and piping based on an ultrasonic inspection
via waveguides. This includes the ddesation of optimal waveguide geometry and
material, signal quality, and waveguide end coupling to enable the detection and monitoring
of cracks. The most promising technique was found to be imaging using an array of
waveguide strips. Research at the Umsity of Bristol has demonstrated the capability of
deep hole drilling to quantify residual (internal) stress levels in nuclear graphite (relevant to
AGR cores) and glass (relevant to immobilized high level nuclear waste).

The prediction of materials degdation over extended timescales is a challenge due to the
complexity and interaction of mechanical, microstructural and electrochemical degradation
mechanisms that occur during service. Research at the Open University is addressing the
development ofmechanical degradation, including creep damage, the driving force for
which arises from weld residual stresses. The characterisation of the yield and flow
properties of welds (including heat affected zone properties) has been achieved using the
Electronic Spdct S t F GGSNY LYGSNFSNRYSGINEQ GSOKYAI dzS
stainless steel, including the effect of load history (simulating starand shutdown), are

being explored experimentally. Research into the crystallographic properties and
development of intergranular stresses in zirconium alloys is being undertaken using neutron
and synchrotron diffraction facilities alongsidesitu uniaxial mechanical test.

Research at the Universities of Manchester and Cardiff is addressing the development of
microstructuraldamage in nuclear graphite due to irradiation. The work has used high
resolution transmission electron microscopy to characterize the crystalline structures of
unirradiated nuclear graphites and their thermal strain behaviqunformation which is
valuable to understand macroscopic properties. Irradiation effects in graphite is being
simulated by using various ions, typically inert gas ions, to irradiate samples under Ultra
High Vacuum conditions. Raman spectroscopy has been successfuliipyedch to
investigate the damage caused by the ion irradiation.
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The understanding and prediction of tledectrochemicatlegradation of stainless steels in
nuclear applications is being addressed in research at the University of Manchester. An
understandirg of the key parameters that influence the potential development of stress
corrosion cracks (SCC) in austenitic stainless steel is being addressed through experiments
and supporting finite element modelling. This work has included the use of the proton
irradiation facilities at Michigan University to simulate neutron irradiaiiotuced
chromium depletion at grain boundaries and subsequent intergranular SCC during the pond
storage of spent AGR fuel bundles. Chlofittuced SCC in humid air has been studied
experimentally to map the susceptibility of ILW waste container materials to transgranular
SCC as a function of temperature, relative humidity and chloride concentration. Modelling
work has focused on the simulation of coalescence of microstructurallyf 864 cracks to
form a dominant crack.
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Innovative Approaches to Nuclear Industry Inspection and Monitoring

Dr. Frederic Ceglo Dr. Jacob Dovies Prof. Peter Cawley

Researchers Supervisor

From 1stSeptember2009 Dr. Davies replaces Dr. Ceglaeasarcher for the KNOO project.

ITechnicaI Content

‘ Overall Research Aim

To provide proof of concept for remote acoustic inspection technology, including
consideration of optimal waveguide geometry and material, signal quality, and waveguide
end coupling. To develop a prototype inspecttonl trialed using instrumented test cases.

Research Progress

Crack sizing techniques were investigated in depth. It was found that the time of flight
diffraction technique can only be successfully applied to monitor surface breaking cracks
due to the plysics of the diffraction of shear horizontal (SH) waves. Furthermore shadowing
techniques that look at the drop in backwall echo due to the presence of a crack were
investigated. The shadowing could be successfully employed to detect the presence of a
crak and its rough size however it was deemed impractical for permanently installed
monitoring techniques. The most promising technique for crack monitoring was found to be
imaging using an array of waveguide strips. Finite element simulations as well as
expeaiments showed that by processing the data from an array it was possible to obtain
images of vertical notches in thick steel plates. These results are shown in figure 1. The
image sizes of the simulated data and the experimental result show good agreevitent

the actual notch sizes underlining the potential of this method for crack monitoring in harsh
environments.
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Future Research Direction

Future work will focus on building an experimental waveguide array prototype that can be
used for automised data gaisition. The new acquisition system will then be used to collect
more experimental results from notches of different sizes and real cracks. Finally the system
will be tested at high temperature demonstrating the capability of crack monitoring for
W NKtack®in harsh environments. Following successful high temperature lab trials, the
technology will be tested in an operational power plant.

Model setup

a)

Figure 1 Model setup, 6dB Contour an
processed image using and SH wave a
for 20mm thick steel plates with a) no notc
b) 3mm vertical notch ¢) 5mm vertical robt
and d) 10mm vertical notch.

b)

)

d)

lPuincations Emanating from Project

F. B. Cegla. Energy concentration at the centre of large aspect ratio rectangular waveguides
at highfrequencies. Journal of the Acoustical Society of America, Vol. 123 ,No. 6, pages
42184226, Mar. 2008

IPresentations Given/ Conferences Attended

KNOO Annual meetinglanchester July 2008: Ultrasonic crack monitoring using SH waves
in extreme and inaccedse environments

World Congress of NDT, Shanghai October 2008, Ultrasonic crack monitoring using SH waves
in extreme and inaccessible environments
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| External Contact

‘ Collaborations/ Interactions with Stakeholders

Discussions with Dr. S. Stanley (Natiddatlear Laboratory), Dr. N. Habgood (RBls/ce
Naval Marine)

‘Collaborations/ Interactions with other Industry

Discussions with Dr C. Brett (Eon UK), P.Crowther (RWE Npower), T. Knox (BP)

‘ Collaborations/ Interactions with other KNOO Members

Discussion witiProf. A Sherry and Dr. T.J. Marrow (Manchester University) regarding the
making of Sess Corrosion Cracked samples.

Address: Mechanical Engineering Department, Imperial College London, Exhibition
Road, London SW7 2AZ
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Residual Stress Measurement in Non-Metallic Materials

Mr Soheil Nakhodchi Prof. David Smith Prof. Peter Flewitt

Researcher Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

The overall objective of the research is to develop the cdjpalior in-situ residual stress
measurement in reactor core materials and waste containment materials such as graphite
and glass respectively and examine the concept of a small sample extraction device.

Research Progress

It has now been demonstrated thateep hole drilling can be applied to reactor core (PGA
and Gilsocarbon) graphite fahrough thicknessesidual stress measuremefit 2. It has

also been applied to porous (filter) graphite (48% porosity) used as a surrogate for service
exposed materik In addition, incremental centre hole drilling has also been explored for
measuringnear surfacgl to 2mm) residual stress in graphlfé Digital image correlation

has been explored to measuseirface stresseis the graphite. This has been done aut

the need to introduce the currently adopted method that uses a sprayed pattern onto the
material surface.

More recently the neutron diffraction method has been used to measure applied stresses in
AGR graphite. This work was conducted using ENQibtr¥nment at the ISIS, Rutherford
Appleton Laboratory. Initial results show some promise and comparisons between single
peak and Reitveld analyses are being carried out but further analysis of the currently
acquired data and experiments to establish theretation between surface strain gauge
measured and though sections strains are required.

Techniques for measuring residual stresses in glass, particularly vitrified glass typical of that
used for high level waste storage, are being explored. For examniglie, have been carried
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out on an amorphous glass to measure stresses when the sample is subjected to
compression. A typical result is shown in Figure 1. Usually, waste vitrified in glass is poured
into and sealed in a stainless steel container. Apancontainer has been provided by
Nexia Solutions (now the National Nuclear Laboratory). Preliminary near surface residual
stress measurements have revealed very high tensile stresses in the stainless steel
container. Finite element analyses have beemmenced to estimate the level of residual
stress in e glass inside the container.

15

®  DHD stress in ydirection

10 —s— Strain gauge reading in y direction

Figure 1  This figure illustrates interne
0 stress in a glass sample subjected
* . compression. The experimental resu
“’N obtained using deep hole drilling ai
NS compared with surface strain gaug
results.

Stress, MPa

-20

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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‘ Future Research Direction

The research studies will continue to explore the development and application of residual
stresses in graphite and glass. Collaborative work with University of Sheffield is to be
undertakento compare different measurement methods, and with UIC, USA to develop

methods of predicting residual stresses created in glass containers.

| Publications Emanating from P roject

{® bl 1K2ROKAZ t d9dWd CfSgAGd | YR -thickiass { YA O
AYOSNYLFtE adNIXAya yR adNlaasSa Ay 3IANILIKAGSE !

{® bl 1K2ROKAZ / ®9® C¢NMHzYl yZ t P9 dWd Ct SgAld |y
DN} LIKAGS ' aAy3d 5SSLI 12ftS S5NAEEAYPrésSu@KYy A lj dzS
Vessels and Piping Division Conference, Chicago, lllinois, USAJaly 2008

{® blI1K2ROKAZ t ®90oWd CfSgAlGG YR 50Wd { YA
YSFadzNBYSy(d Ay 3INILKAGSE 1 0adGN) Ol Grapbts LIG SR
Reactor Cores Conference, Nottingham, Uk2@4November 2008. To be published by the

Royal Society of Chemistry in early 2009
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| Presentations Given/ Conferences Attended

Oral presentations & da Sl AdzNBYSy G 27F Ly SNgplHble Drillinyd Ay a

¢ SOKYAIldzS¢ t NBaadaNE +SaasSta g tALAYy3I /2y FSNE

annual meeting and poster presentation, University of Manchester, July 2008; oral
presentation, progress in project, KNOO WP2 meeting, Open Unywex®eyv 2007; poster
presentation, progress in project, KNOO annual meeting, HMS Sultan, July 2007; oral
presentation, progress in project, KNOO WP2 meeting, University of Manchester, May 2007

I External Contact

‘Collaborations/ Interactions with Stakeholde rs

British Energy has provided additional support for undertaking a feasibility study.

Nexia Solutions have provided a High Level Waste Container and glass contents for residual
stress measurement studies.

\Collaborations/ Interactions with other Industry

Dr Alan Steer, British Energy; Dr Nick Gribble, Nexia Solutions

‘ Collaborations/ Intera ctions with other KNOO Members

We have had extensive discussions with Manchester University (Dr J Marrow) about how
the presence of residual stresses in graphite infleetiee mechanical behaviour of graphite.

Collaboration/ Interactions with other A cademics

Prof. Mark Daymond, Queen's University, Canada, has provided support for analysis of
neutron diffraction data

Address: 5SLI NIYSyld 27F aSOKI y ABRildihg, UnieiskyyVW&aE& NR v 3 =

University of Bristol, BS8 1TR
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Mechanical Performance of Nuclear Structural Materials

Dr Supriyo Ganguly (PDR# Prof. Mike Fitzpatrick Prof. John Bouchard

Researcher Supervisor Supervisor

I Technical Content

Overall research aim: High temperature structural integrity is key to the design of nuclear
and other types of power generating plant. We are concentrating on two aspects: weld
residual stresses and creep damage, both of which are liférignin many applications.

Research Progress

Welding of structural components introduces significant residual stress, which together with
the applied stress at high temperature can lead tes@vice cracking. Fracture mechanics
based methods such as R@&awidely used to determine the structural integrity significance

of postulated cracks, manufacturing flaws or service induced cracking. For simplified
engineering fracture assessments, a representative stress profile along a line through the
wall-thicknessthat applies across the full width of the crack is usually assumed. Recently,
the option to use more realistic profiles has been allowed, but only where such profiles are
based on finite element (FE) weld residual stress simulations supported by detslddal
stress measurements.

Ly frFad &SINRa ¢2N)] NBAARdzZ f ZodpgERsgecimés | & dzNB

performed within the European NET collaboratidnwas reported. The NET measurements

have highlighted that the weld residual field is auless uniform than had been assumed,

gA0K adaNBRaEs K233 20AF0SR gAGK GKS gStR adz2Ll

to steadystate residual stress generation during welding. The critical inputs to weld

modelling are the material propads, including the detailed hardening behaviour, and the

heat input. The technical objective of the current work is to investigate the localised

variation of tensile properties across the weld metal, hatiectedzone (HAZ) and parent

metal of Type 316 R 9aaKSGS wmupn ¢St RYSylGa dzaAiy3da (KS

tF GGSNY LYGSNFSNRBYSUOUNEQ GSOKyAldzSe® ¢KSasS YS
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new weld metal constitutive models. The constitutive material property data will be a vital
input for FE based simulation of weld residual stress. Fig. 1 shows aseaigmal view of

the Esshete mulipass weld and the relative position from where specimens were machined
out to see the thermeamechanical effect of pass Ill (samyileon previously eposited weld
metal of pass | (sampl). Fig. 2 shows the constitutive stress strain data of pass | & 11l weld
metals. The full work can be seen‘%t

Network on Neutron Techniques Standardisation for  Structural Integrity
http://safelife.jrc.nl/net/ 2003

Ganguly, S.et al. Full Field Measurement of Plastic Flow Properties in a NPais
Austenitic Stainless Steel Weld Specimen. in 2008 ASME Pressure Vessels and Piping
Conference. 2008. Chicago, lllinoisM&S

Future Research Directions

Work is ongoing to determine the effect of weld metal texture on the mechanical
performance and residual stress magnitude in the weld. Neutron diffraction is being applied
to study the relaxation of weld residual stressesidgrthermal exposure. We will carry out
both in-situ and exsitu experiments to correlate stress relaxation behaviour after heating
and following creeping. Detailed investigation of microstructure and a digital image
correlation (DIC) based study of accuatad plastic strain in mulpass components will
supplement these studies.

| Publications Emanating from Project

Ganguly, S., S. Pratihar, M.E. Fitzpatrick, and L. Edwards, Study of Residual Stress
Distribution in a Stainless Steel BeawtPlate Simulatn Benchmark Sample. Materials
Science Forum, 2008. 5BY2: p. 367373.

Ganguly, S., M. Turski, M.E. Fitzpatrick, L. Edwards, M.C. Smith, and P.J. Bouchard. Full Field
Measurement of Plastic Flow Properties in a MBlliss Austenitic Stainless Steel Weld
Specimen. in 2008 ASME Pressure Vessels and Piping Conference. 2008. Chicago, lllinois:
ASME.

[ ® 9RGINREAE ad /& {YAGKI ad ¢dz2NE]IAZ ad 9o
residual stress modeling and measurement in structural integrity assedsofewelded
OKSNXYFf L3¢ SN LI | yyResearch!2608:4#43/398160. a | 0 SNA | €
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| Presentations Given/ Conferences Attended

t NEBASYGSR tFLISNI d GKS AyadSNYyFrGAz2ylf adaNBa.
September 2007.

t NBaSyidSR Ll afiRedtlual Sfressiifi & ®tRidless Steel Beddlate (BOP)
{AYdzE F GA2Yy . SYOKYFN)] {lFYLXtSé¢ 4G4 GKS Ybhh I\
Sdtan naval base at Portsmouth.

t NBASYUGSR t2aGSNJ 2y dGal GSNAIFfa tSNF2NXYIyOS
workshop, Oxford, June 2008.

t NBASYUiSR t2aGSN) 2y a{lGdzRé 2y [20FtA&aSR tfl :
PaAY 3 9{tL ¢ SWKNYDahmed meeting July R0OS8, Manchester

hNIf LINSaASyYyGlraAz2y 2y  a! aasRaésporse for knfréved ¢ S Y LIS

{ GNHZOGdzNI £ Ly GSaINRKiGe ZURNOU2a0MuS medding Ield Beldeen £ | y (i ¢
17" and 18" of July 2008, Manchester.

t NBaSyiSR tILISN 2y (GKS acCcdzZ t CAStfR &8k adsaNBY
Austenitic Staf f Sda {(0S5SSt 2SfR {LSOAYSy¢ |G GKS a! {
between the 2% and 3F' of July 2008.

| Training Attended

WJS (Welding and Joining Society) meeting held at Manchester on"tHéc®@mber 2006.

Attended full day practical training pgpamme at the HMS Sultan on thé 8f July 2007.

Attended the WJS (Welding and Joining Society) meeting held at TWI, Cambridge ofi the 27
November 2007.

l External Contact

‘Collaborations/ Interactions with other | ndustry

British Energy

\ Collaborations/l nteractions with other KNOO M embers

Manchester University

Address: Materials Engineering, The Open University, Walton Hall, Milton Keynes, MK7
6AA, UK
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Microstructural Characterisation of Nuclear Graphite

Dr Abbie N Jones Prof. Barry Marsde  Dr James Marrow

Researcher Researcher Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

To understand the relationship between the microstructure, dimensional change and
materials properties of both unirradiated and irradiated rearl graphites To do thiswe

need experimental measurements to validate models for structoreperty relationships of
nuclear graphitesThiscurrently beingachieved usinghermal strain measurements bygh
resolutionimage correlatiorof microstructires The effects of iofirradiation on properties

are also to be examined, to assess its suitability to simulate fast neutron damage. The
intention is to examine neutron irradiated samples using the facilities of the National
Nuclear Laboratory.

Research Progress

The crystalline structures of unirradiated nuclear graphites and their thermal strain
behaviour have been evaluated using HRTEM and in situ TEM thermal experiments.
Focused lon Beam milling was used to obtain a sufficiently large electrompéams region

of interest (<100 nm). Image correlation techniques were used witlsitin TEM
observations at temperatures up to 600°C to measure rmstrains. Themeasured
coefficient of thermal expansion (CTE) along thaxis was 34 xIUK and-0.5 XL0%K
parallel to the aaxis. The respective values for bulk single crystals (¥@ay diffraction
methods ™) are 7 x10%K and 1.0 x18/K. The difference in our measurements is
attributed to elastic constraint. Work is in progress to assess unconstrained sariiplese
observations provide confidence in the modelling of the largeale structures of filler and
binder in nuclear graphites.The aim is tonow examine irradiated samplelsy the same
methodsand therebyexplain the effects of fast neutron irradiation on the bulk and local
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thermal expansion coefficients of nuclear graphites. This is a necessaryfdrasie
prediction of irradiation on dimensional change and related properties. Complementary
work is being done using synchrotrorray tomography.

1. B.T. Kelly, The physics of graphite, Applied Science Publishers, London, 1981.

IPuincations Emanating from Project

Microstructural Characterisation of Nuclear Grade Graphite. A. N. Jones*, G. N. Hall, M.
Joyce, A. Hodgkins, K. Wen, T. J. Marrow and B. J. Marsden. Journal of Nuclear Materials 381
(2008) 152157

Microcracks in nuclear gphite and highly oriented pyrolytic graphite (HOPG), K. Wen*, J.
Marrow and B. Marsden Journal of Nuclear MateriAldicle in press

The microstructure of nuclear graphite binders K.Y. Wen *, T.J. Marrow and d&sHew,
CARBON, 46 (2008)-82

HRTEM ath thermal strain TEM analysis of nuclear graphite using Focused lon Beam SEM
sample preparation, A. N. JorigsK.Y. Wen,T.J. Marrow and B.J. MarsdeRaper in
prepaation for CARBON, October 2008

Figure 2. Diffraction pattern shwing
local crystal orientation. Sample plane
parallel[2110] zone axis

it
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Figure 1. TEM imagesit 0°C  Figure 3 Displacementmap fromlmage
and at 600°Cshowing the closure Correlation on heating graphite from 0

of Gilsocarbomicrocracks. 100°C
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l Presentati ons Given/Conferences Attended

Oral presentation: British Energy Graphite Meeting, Unéversity of Manchester15" April
2008

Oral presentationINGSM 9 Holland, 15th17th September 2008

Oral presentation EPRIDecommissioning and Radioactive Waste Managementn,Lyo
France 28 ¢ 30 November 2008.

I External Contact

We have established good working contacts Serco Assurance Collaborations/interactions
with stakeholders: We have tried to access the microscopy suit at the NNL. We have also
visited the NNL and the Wisdale Piles on a research visit away day eatrlier this year

\Collaborations/ Interactions with other Industry

The microstructural work is communicated to British Energy on a regular basis.

‘ Collaborations/ Inter actions with other KNOO Members

Alex Theo (Cardiffniversity) was a visiting researcher to the Nuclear Graphite Research
during July 208. He has spent time in Manchester using the DCS and Raman
instrumentation, and also presented work at our monthly group meetings.

Collaboration/ Interactions with other Academics

Francis Livens WP3 (UoM) use for Radiochemistry Active lab for future Raman analysis of
irradiated graphite materials.

Address: School of MACE, the University of Manchester, Sackville Street, Manchester
M60 1QD
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Simulation of Irradiated Gra phite

Alex Theodosiou Dr Albert Carley Dr. Stuart Taylor

Researcher Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

Graphite is widely used as a neutron moderator in nuclear fission reactors across the world;
however, upon interaction with highnergy neutrons, the graphite late can become
distorted and carbon atoms can be displaced from their equilibrium positions. This can lead
to many changes in the physical properties of the graphite and can also lead to a build of
potential energy, known as Wigner energy. This projectsaiontry and simulate the effects

of the neutron irradiation of graphite by using various ions, typically inert gas ions, to
irradiate the samples under Ultdigh Vacuum (UHV) conditions. Differential Scanning
Calorimetry (DSC) is employed to monitor tieéease of any Wigndike energy generated
through the ion bombardment, and a variety of other analytical and surfaience based
techniques are also used to investigate further the changes caused through ion
bombardment.

Research Progress

Raman spectrecopy has been successfully employed to investigate the damage caused by
the ion irradiation. Fig 1 shows that for both Hed Af, as the dose increases then so does
the intensity of the disordeinduced band (Eband) at 1350 ci, with respect to the
graphite band (Gand) at 1580 crh.
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Figure 1 Raman analysis of Afleft) and Hé (right) irradiated HOPG at increasing ion
dose.
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Figure 2 DSC trace obtained from 3 KeV' Aradiated Graphite. A clear exotherm is
displayed atL71°C.

The ID/IG ratio is known to be a sensitive measure of the disorder of the graphite lattice and
is inversely proportional to the crystallite size. We have found that upon ion irradiation, the
sample tends to a more amorphous type structure, whighni agreement with published
work on neutron irradiated graphite.
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DSC measurements have been carried out on many ion irradiated samples to date, but we
have encountered problems in achieving consistent results. lon irradiation at several keV
has however gnerated graphite samples which exhibit an exothermic release (Figure 2) in
the temperature regime associated with Wigner energy (250 °C).

This exotherm is not present in the virgin material and is also not observed in the second
heating cycle. Thus,evsuggest that it reflects Wigndike stored energy, produced through
ion bombardment.

Future Research Direction

Future work will involve the use of microscopy techniques such as Scanning Electron
Microscopy (SEM) to study the effects of ion irradiatidfe will also investigate irradiating

the graphite with neutral particles, rather than charged ions, using a Fast Atom
Bombardment (FAB) source, operating at up to 10 keV.

I Presentati ons Given/Conferences Attended

INGSM9, Netherlands, Sept 2008
KNOO anmal meeting, Manchester, July 2008

Training Attended

Attended both Materials workshop and CFD training at KNOO annual meeting, July 2008

l External Contact

‘ Collaborations/I nteractions with other KNOO Members

Manchester NGRG, headed by Prof Barry MarsdeorkWlosely with Dr Abbie Jones and
Michael Lasitihoakis

Collaboration/ Interactions with other Academics

Work with Dr David Lane at Cranfield Univeristy, Dr Nianhua Peng at Surrey University and
will soon be interacting closely with the University of iyo

Address: Chemistry Department, Cardiff University, Main Building, Park Place, Cardiff,
CF10 3AT
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Micromechanical Behaviour of Zirconium Alloys

Olivier Zanellato Prof. Mike Fitzpatrick

Researcher Supevisor

ITechnicaI Content

‘ Overall Research Aim

In the nuclear power industry some structural elements, such as fuel cladding tubes or
reflector vessels, have to be inherently transparent to neutrons. Only a few materials
combine a small enough neutron @® section with the necessary mechanical properties
required for these applications. Zirconium alloys fulfil these conditions, in addition to having
excellent corrosion resistance, and are therefore widely used for such applications.

It is now well undersiod that Zr crystals, because of their hexagonal close packed structure
at room temperature, present a strong anisotropy, thermally as well as mechaHicalhis

is particularly true when yielding occurs, as the number of deformation modes available is
limited and the available slip systems are not easily activated. During the deformation of
polycrystals, the difference of behaviour between the grains can give rise to misfits and
intergranular stresses. These can be high enough to threaten the integfritstrained
structures.

My reasearch is part of a wide scheme that aims at better understanding the crystal
properties and the development of intergranular stresses in zirconium alloys. | am focusing
on two alloys: Zircaley and zf2.5%Nb. | use neutromd synchrotron diffraction facilities

to perform insitu uniaxial mechanical test and determine how the load is shared between
grains of different crystal orientation. Elas®astic self consistent (EPSC) models can then
be used to determine what are therystal mechanical properties in the particular alloy with

a given crystallographic texture.

1. E. Tenckhoff, Deformation Mechanisms, Texture and Anisotropy in Zirconium and
Zircaloy, ASTM, Philadelphia, 1988, p. 77.

Page |63



Research Progress

Following the irsitu compression tests carried out previously on the single phase Zirdaloy
plate, we have done a set of similar tests on Zr2.5Nb pressure tube material. The material
contains two phases: 90% alpha and 10% beta. It was compress#d gt the ENGIX
diffractometer at the STFC ISIS pulsed neutron source. The loading was performed in stages
and for each strain increment a diffraction spectrum was recorded. The lattice strains of
different diffraction planes were derived from the shifts of the correspondingkseelative

to the first measurement. The results for compression in the axial direction before and after
heat treatment are shown in Figure 1.

In the compression direction, the alpha basal {00.2} planes bear most of the load and are
assisted by the betgphase, while the other reflections yield quite early (yielding is
characterised by a concave inflection). The strong relaxation experienced by the {00.2}
reflection is usually due to twinning. Some texture measurements performed at different
stages of defamation confirmed that twinning is activated despite the fine grain size of the
material. The effect of heat treatment is particularly visible on the activation of this
deformation mechanism: it initiates at arountfOOMPa and¢600MPa before and after
heattreatment respectively.

Lattice Strain / pstrain Lattice Strain / pstrain
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Figure 1 Lattice strain evolution during compression in the axial direction (a) before

and (b) after Heat treatment.

‘ Future Research Direction

There is still much to understand about the deformation mechanisms in hexagonal close
packed materials such as zirconium, especially about twinning. Some interesting features
came up on the results of compression of zircadowhich suggest that depending on the
strain rate, the load is shared differently between the different reflectiangshe onset of
twinning. A proposal has been submitted at ISIS for a set of tests aimed at gaviesi
further this phenomenon.
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I Publications E manating from Project

hed %lySttliz2z ad 9 CAGTILIGNARO]IE ad wod 5] &°
intergranular stresses during -Bitu compression tests in ZircaloyQ> a I Sciénhdk | £ &
Forum, 2008:572:149154.

IPresentations Given/ Conferences Attended

Presentationr MECASENS IV Conference, September 2007
Neutron and Muon Users Meeting, March 2008

ICRS 8 Conference, August 2008

| External Contact

‘Collaboration/ Interactions with other Academics
¢CKA& LINRP2SOG Aa o0SAy3a OFNNASR 2dzi Ay O2ftftl o
University, Canada.

Address Materials Engineering, The Open Umaity, Walton Hall, Milton Keynes, MK7
6AA
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Mechanical Performance of Nuclear Structural Material s

éﬁ &

Ashwin Rao Prof. Mike | Dr Martin Rist Prof. John Boucharo
(Research student) Fitzpatrick
Researcher Supervisor Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

High temperature structural integrity is key to the design of nuclear and other types of
power generating plant. We are concentrating on two aspects: weld residual stresses and
creep damage, both of which are liieniting in many applications.

Research Progress - Creep Damage BEvolution

In the nuclear power industryaustenitic stainless steels amgidely used as structural
materiak. They are used for their corrosion resistance properties and also for their high
temperature strength. Components like heat exchangersheater tubes are generally
fabricatedusing austenitic stainless steels.

Creep is one of the dominant material degradation process which affects the overall
efficiency of a power plant. The owr combination of stress and temperature results in
various levels of deformation. Design codes like the R5 anaddés used by power
generation companies, including the nuclear companies sucBriéish Energypresent a

very conservative predictioaf life. Also, many of the design codes do not take into account
the microstructural evolution during creep. The aim of this project is to understand the
micro-structural degradation that happens during the various stages of creep and apply
them to different modeing techniques.

Current tests are focussed on simulating tiéects ofstart-up and shut dowrloading on
the creepbehaviour ofaustenitic stainlessteels. These situations are important due to the
varying nature of the loads which are being appliede Btrain behaviour of one of the
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ongoing tests is shown beloim fig 1 One observation that has been in this regard is the
GKS YI SN §

FY2dzyi

the creep rupture test where in the load was constant and the test where in loads were

WNBE O2 S NE Q
amount of time the material requires tochieve a certain amount of strain. Bypmparing

removed, one can see the change in material behavifigure 2)

Future Research Direction s

gKSYy GKS

The macroscopic creep resmm will be correlated by direct observation of the

development of creep cavitation (fig 3), using TEM and samgjle neutron scattering.

Another developing researclarea is the residual stress relaxation in welded structures

during creep. Residual stressen welds can drive fatigue @la and creep cavitatign

particularly for components that see high temperataiia service. This is a problem that is
still being addressed in existing plant, and the problem is likely to be even more critical for

future nudear power plants as there will be need to perform lifing on stdrtife weld

repairs, and to demonstrate safety for defects below the detection limit in such welds

wherea crack would grow under the influence of applied and residual stress field.
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‘ Presentati ons Given/Conferences Attended
t NBASYUISR t2aliSN) 2y dGal GSNAIE t SNF2NXIyYyOS
workshop held at Oxford on June 2008.

Paper presented at Universities Nuclear Technology Forum, University of Manchester, 2008.

Collaborations/l nteractions with other Industry

British Energy

Address: Materials Engineering, The Open University, Walton Hall, Milton Keynes, MK7
6AA, UK
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Modelling SCC in Corrosion-Resistant Materials

Yi Zhang Prof. A.H. Sherry Dr. T. J. Marrow

Researcher Supervisor Supervisor

| Technical Content

‘ Overall Research Aim

To develop a modelling approach to predict the behaviour of microstructuratyrt
Intergranular stress corrosion cracks. The approach is basedtireedimensional model
that simulates the growth and coalescence of Intergranular cracks.

Research Progress

A model for 3D IGSCC crack growth has been applied, using finite element analysis, to
describe the interactions between the microstructure, tiheechanical driving force for
cracking, and the kinetics of crack growtifhe model has been used to investigate the
interaction between adjacent cracks, and the sensitivity of short crack behaviour to random
variations in microstructure. The model pretiims are being assessed against experimental
observations of short intergranularrstss corrosion crack behaviour.

Results

An example of the 3D simulation of the interaction between a pair of cracks is given in the
figure. It shows how one crack dominatentil coalescence occurs. Such behaviour is
observed in real cracks.

\ Future Research Direction

(1) Laboratory work to understand theffects of grain boundary character on tleeack
growth rateand thereby calibrate the model

(2) Assess the magnitudd the interaction between crack pairs, and thereby develop crack
interaction rules.
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c. One crack begins to

a.Initial crack-pair nuclei b. Both cracks develop dominate

Figure 1 Coplanaspair crack|
growth process, with ng
resistant grain boundaes,
and a centrecentre distance
of 7 grains.

d. The dominant crack
grows until coalescence | e. The coalesced crack grow
occurs

| Publications Emanating from P roject

Y. Zhang, T. J. Marrow, A. H. SheBy Modelling of Intergranular Stress Corrositracking
(IGSCC), Tnternational Conference on Fracture, ICF12, Canada, (2088¢r submitted)

I Presentati ons Given/Conferences A ttended

Y. ZhangT. J. Marrow, A. H. SherrdModelling Stress Corrosion CrackingGorrosion
Resistant Materiaks Presentation, KNOO Quarter Meetingfilton Keynes November,
2007.

Y. ZhangT. J. Marrow, A. H. Sherrg3-D Interaction of IGSECPresentation, Universities
Nuclear Technology Forum, Manchester, March, 2008.

Y. ZhangT. J. Marrow, A. H. SherrgiThe Modeling of Intergranular Stress Corrosion
Cracking (IGSCC) in Austenitic StainlesséSteisentation and Poster, 3rd KNOO Annual
Meeting, Manchester, July, 2008.

Y. Zhang T. J. Marrow, A. H. Sherrg@D Modelling of Intergranular Stress Corrosion
CrackindIGSCE) Presentation, EuroCorr, Edinburgh, September, 2008.
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| External Contact

‘Collaborations / Interactions with Sakeholders
Dr David Tice (Serco), Mr lan Armson (Redgce)

‘ Collaborations/ Interacti ons with other KNOO Members:

Links within the Univery of Manchester in the field of stress corrosion cracking. Links with
Imperial College to prepare samples in whicstress corrosion crackare to be grownfor
non-destructive examination.

Address Materials Performance Centre, the University of Marstee
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Mechanistic Understanding and Predictive Modelling of Atmospheric
Chloride -Induced Stress Corrosion Cracking (AISCC) in Austenitic
Stainless Steels

fﬂ*;

Dr. Anthony Cook Prof. Stuart Lyon Prof. Andrew Sherry
Researcher Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

To determine,via systematic study, the likely impact, if any, of AISCC on 304L and 316L
austenitic stainless steels (AS$he current materials of choice for the storage of cement
encapsulated intermediate level nuclear waste (Il-\W)der their service conditions.

Research Progress

To date the occurrence of AISCC in types 304L and 316L ASS has been demonatrated
environmental exposure (typally 600 hours at 8C and 40 RH) otensile specimens,
loaded with a symmetrical stress distribution of §,70 1.2s, either side of the central axis,
containing a known density thifim of MgC}. In 304L severe AISCC was observed with
cracks ranging from a few microns in length to a fewllimeters; several sensitized
specimens underwent rapid and complete failure. By contrast 316L displayed a far greater
resistance to AISCC, showing no evidence of attack by this or any form of localized
corrosion. However cracking was observed in 316iinduonger term expsure, 15 weeks

at 80°C and 406 RH followed by 6 weeks 80°C and 280; no complete failures were
observed. Cracking showed no obvious correlation with chledgj@osition density,
followed a predominantly trangranular pathway, appead to be associated with sites of
localized corrosion and on <111> crystallographic planes.
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Tensile specimen in proving ring assemi Failure by AISCC of sensitized (A and B)
The specimen thickness at the central axi. non-sensitized (Crad D) 304L.
3 mm

Future Research Direction

Further assessment of the relationship between materials and environmental parameters
and the occurrence of AISCC in tensile adzebd specimens including:

(i) Investigation of the effect of surface finish,
(ii) Tesing of ILW container material,
(iif) Simulation of corrosion conditions during storage

(iv) Image correlation to measure crack growth kinetics and Scanning Kelvin probe force
microscopy as a means of studying local electrochemical potential.

| Publi cations Emanating from Project

D. Phan A. Cook, A. Sherry and S. Lyammospherieinduced Stress Corrosion Cracking in
Austenitic Stainless Steels for Nuclear Waste Contaiferbe published in the Proceedings
of the 17th International Corrosion Congress, Yagas, US&008.

A. Cook, A. Sherry, J. Walton, D. Phan and.y8n Towards an Understanding of
Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 316L Stainless
SteelsTo be publishedh the Proceedings of the ACAr@erenceon Corosion @ntrol (The

impact of Corrosion on our Lives), Wellington, New Zealadds.
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| Presentati ons Given/Conferences Attended

D. Phan,A. Cook, A. Sherrgnd S.Lyon,Atmospherielnduced Stress Corrosion Cracking in
Austenitic Stainless Steels for NacleNaste Containersl7th International Corrosion
Congress, Las Vegas, UZR8.

A. Cook, A. Sherry, J. Walton, D. Phan and.ySn Towards a Understanding of
Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 316L Stainless
Steds, ACA Conference 2008 He impact of Corrosion on our Liye8Vellington, New
Zealand2008

A. Cook, A. Sherry, D. PhaN. Stevensand S Lyon Towards a Understanding of
Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 31éis Stainl
Stees. RWIN meeting on waste disposal, University of Sheffield, 2008.

l External Contact

Good working relationships have been established with Cristiano Padovani of the NDA and
Mr. Neil Fairweather of Serco Assurance

Collaboration/l nteractions with o ther Academics:

Working relationship with Dr. Geraint Williams and Professor Neil McMurray of Swansea
University has been established with regards to the use of scanning Kelvin probe force
microscopy (SKPFM) for the study of corrosion processes.

Address: Materials Performance Centre, The University of Manchester
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Mechanistic Understanding of Irradiation Effects on Stress Corrosion
Cracking of Austenitic Stainless Steels

'{-’(\ |

Abdulla Faisal Al Shater Prof. Stuart Lyon Prof. Andrew Sherry

Resarcher Supervisor Supervisor

| Technical Content

Overall research aimSimulating irservice neutron irradiation effects on AGR fuel cladding
through two methods (e.g. thermal sensitization and proton irradiation) and evaluating the
subsquent corrosion behaviour in simulated pond water in an effort to emulate post
service wet storage conditions and understand the influence of irradiation damage on
corrosion mechanisms.

Research progress: AGR fuel cladc 30
material has been thermally tréed or .
. R
proton irradiated (to 3 and 5 dpa) at th T 20
University of Michigan. 5
o
. L. = _ *®
The degree of chromium depletion in bo 5 10 . y:g;”a' treatment
batches of material has been measur i \5dpa
. . . 0 . -
using the analytical Transmission Electi ! ! !
. . -50 -25 0 +25 +50
Microscope (ATEM), see figure. T Distance from
thermally treated materi shows greater grain boundary (nm)

chromium depletion (8 to 15 wt% C
compared with proton irradiated materie
(13 to 19 wt% Cr for 5 dpa)

Figure 1 Grain boundary chromiun
depletion measured by ATEM

Theinfluence of chromium depletion on corrosion behaviour has bieeestigated through
Double loop Electrochemical Potentiokinetic Reactivation Tests and slow strain rate tests in
simulated pond water. The resuBow the influence of electrochemical potential on the
transition from ductile fracture to intergranular gss corrosion cracking and pitting.
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Future research directiorfzurther electrochemical testing is aimed at identifying the critical
pitting potential for the thermally treated and proton irradiated cladding material in
simulated pond water. Slow strainteatests will be undertaken on proton irradiated
material in due course.

I Presentati ons Given/ Conferences Attended

Poster at NACE conference (New Orleans March 2008)
Talk and poster at Eurocorr conference (Edinburgh September 2008)
Talks and posters iregeral KNOO meetings.

| Training Attended

Carbon and Alloy Steel Metallurgy and Processing, at Corus and National Metals Technology
Centre (NAMTEC), Sheffield (11th and 12th of April 2006).

Introduction to Nuclear Technology course and seminarthat University of Manchester
(April 2006)

SEM, FIB, TEM, EPRT and SSRT training at the University of Manchester.

KNOO workshop, Imperial College, London (21st of September 2006).

l G0SYRSR ¢KS gStRAY3I YR 22AYyAy3a &eraupSiASa
aSSUAYy3 abS¢ 5S@PSt2LISyda Ay al iGSNAFfa | yR
November 2006) University of Manchester Conference Centre).

l External Contact

Several visits and meetings in Nuclear site such as (Springfield and Sejl@datdandthe
UK National Nuclear Laboratory at Sellafield). Three week visit to Michigan University to
undertake proton irradiation experiments under the supervision of Prof. Gary Was.

Collaborations/I nteractions with Stakeholders

Dr. C J Donohoe, Prof. Whillock, Mr. Walter Weaver and Dr. Brian Hand$K(National
Nuclear Laboratory)

Mr. Paul Stirzaker (Springfield Fuketd) for provision of material
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‘ Collaborations/ Inter actions with other KNOO Members

Yi Zhang, Fabien Leonard

‘ Collaboration/l nteractio ns with other Academics

Prof. Andrew H. Sherry, Prof. Stuart B. Lyon, Prof. Bob Cottis, Dr. Nick Stevens, Dr. James
Marrow, Mr. Teruo Hashimoto, Dr. Dirk Engelberg, Dr. Fabio Scenini, Dr. Jonathan Duff and
Dr. Paul Wood (at the University of Manchester,) dKkd Prof. Gary Was and Dr. Ovidiu
Toader (at the University of Michigan, USA).

Address Materials Performance Centre, The University of Manchester, The Kill
Office Suite, Sackville Street Campus, Manchester, M60 1QD
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Remote Post-Closure Monitoring of Nuclear Waste

Peter Constantinou Dr. Neville McNeill Prof. Phil Mellor Prof. David Smith

Researcher Supervisor Supervisor Supervisor

ITechnicaI Content

‘ Overall Research Aim

A viable option to dispose nuclear waste i thhase disposal concept, storing nuclear

waste in large underground repositories. Throughout the various stages of this process and
GKS tAFSGAYS 2F GKS 41 aGS AG Aa AYLRNLIFYyG &
does not have an impact on tlevironment and society

Ideally the repositories would remain completely isolated from the outside environment

once closed. Therefore a viable method of acquiring information about the nuclear waste
within the sealed environment is required. This worlckage is investigating the feasibility

of an autonomousvirelessmonitoring system that can measure and transmit the required
information postOf 2 3 dzNE® ¢ KS LINRPLRAAR RTOSQS | ¢ F &ty
time (circa 50100 years), generate sufferit power, and then acquire andwirelessly

transmit data about the environment. Such a device will comprise of several units, as shown

in Figure 1 yR g2dzZf R O2yairaid 2FY | GAYSNI Wgl {Ay3Q
time by releasng energy froma stored energy source; a power module comprisihig

stored energy sourcand conditioning electroni¢sa suite of low power sensors acquiring
information about the environment; a transmitter that can wirelessly transmit the data out

of the repository;and a processor platform providing local intelligence.
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The research undertaken is to develop such a system that would survive and operate in the
harsh nuclear environment. Key challenges include:

w Developing the sensors and electronics of the monitoriysjesn

w Developing the power module that would supply sufficient energy to the sensors and
electronics.

w 5SPSt2LIAY3 | GAYSN F2 NizIU® Sdt leaswyaars. G2 € 2

w Devising a transmission concept that would allow the data from threless sensor
node to be transmitted from a repository that390-1000m below the surface

w Developing a protective shell that would protect the system from the harsh nuclear
environment for at least 50 years.
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Figured Propo®d configuration of the monitoring system

Research Progress

To date the work has focussed mainly on the power module and electronics. A mechanical
energy source has been evaluated and congw& coil spring and an electrical generator.
Tests on this dewg, occupying-2300en?, indicate 100J of energy can be suppliatthough

the measurements show that the conversion mechanism has an efficarayly 10%. This

is sufficient to power a sensor moduléd wireless transmission system, acquiring
information from a temperature sensor has been evaluated and shown to consume
approximately 5mJ of energy.

The energy supplied from the generator needs to be conditioned prior to being supplied to
the load electronics. Several sets of conversion electronics have éesdnated with the
best having an efficiency of 50%.
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A low power strain gauge amplifier has been developed and is aimed to monitor the
structural integrity of the nuclear waste containers. Additional sensors such as temperature
and humidity will be develeed.

Finally the examination of a potential material for the protection of the energy source and
monitoring system has been implemented and appears that Borosilicate glass is an option
with goodradioactiveand thermal properties.

Future Research Directio n

Alternative higher efficiency storage and power generation systems will be evaluated and
compared. The successful generator(s) will then be further optimised alongside with the
conditioning and load energy consumption to minimise the system footprintcarstl

A critical element of the work would be the analysis and implementation of a release
mechanism that will activate the device after a fixed period of time.

I Presentati ons Given/Conferences Attended

a2YAG2NAY 3 bdzOf St NI 2 | & i tBeSUhivetsiteB Bluslgat Techhobgy LINE 2
Forum, University of Manchester, March 20@8. NRA 2 G2t | YADBSNEAGE& 2 ANEX
University of Manchester, May 20074 . NA &G 2t ! yADGSNRERAGE 2 ANBt Sa
Annual Meeting, HMS Sultan, Hampshire, J0R72

lCoIIaborations/ Interactions with other Industry

A meeting with the Nuclear Decommissioning Authority has been held at the University of
Bristol with the objective of attaining industry requirements.

lCoIIaboration/I nteractions with other Academics

The help and advice received from, Mr. Peter Mitchell, Mr .Lindsay Clare and Dr. Steve
Burrow, Department of Aerospace Engineering, University of Bristol, is gratefully
acknowledged.

Address: Department of Electrical and Electronic Engineering, Univerditristol,
Merchant Venturers Building, Woodland Road, Bristol, BS8 1UB
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