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Report on Central Activities on Behalf of the KNOO Consortium  

 

 Prof Robin Grimes 

Introduction 

Keeping the nuclear option open ς KNOO ς 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 scientists and 

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 group together with 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 consortium. 

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 and more able 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. 

/ƭŜŀǊƭȅΣ ƘƻǿŜǾŜǊΣ ŜǾŜƴǘǎ ƘŀǾŜ ǎƻƳŜǿƘŀǘ ƻǾŜǊǘŀƪŜƴ ǳǎ ŀƴŘ ƻƴŜ Ƴŀȅ ŀǊƎǳŜ ǘƘŀǘ ǘƘŜ άƻǇǘƛƻƴέ 

is now well and truly open.  Perhaps the academic community no longer needs to help 

άƪŜŜǇ ǘƘŜ ƻǇǘƛƻƴ ƻǇŜƴέ ǎƻ ƳǳŎƘ ŀǎ Ƴŀƛƴǘŀƛƴ ǘƘŜ ƘŜŀƭǘƘ ƻŦ ǘƘŜ όƴǳŎƭŜŀǊύ ƻǇǘƛƻƴ όaIbO) or 

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 industries and government 

organizations not only remains a priority but the call for such people is even more 

immediate. 
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Goodbye and Hello  

 Dr John Roberts           Michelle Ryder 

You will all be aware that we said goodbye to Dr Mark Levy in January 2008.  Mark did what the project 

intended ς he took an opportunity to join a nuclear energy organization, in this case British Energy.  I would 

like to personally thank Mark for all his work and support and I know he is continuing to follow our progress 

and support 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 annual meeting and he summarises that event below.  Many of you will know John 

from many of the other nuclear energy involvements he has ς clearly he brings with him considerable 

knowledge of what is going on in the nuclear academic community.  Since October we also have Michelle 

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

Annual Meeting 2009 

WƻƘƴ ŀƴŘ aƛŎƘŜƭƭŜ ƘŀǾŜ ōŜŜƴ ǿƻǊƪƛƴƎ ƻƴ ƴŜȄǘ ȅŜŀǊΩǎ ŀƴƴǳŀƭ ƳŜŜǘƛƴƎΣ ǿƘƛŎƘ ǿƛƭƭ ōŜ ƘŜƭŘ ƛƴ ²ƛƭƭǎ IŀƭƭΣ .Ǌƛǎǘƻƭ 

University on the 21st and 22nd July.  I am greatly looking forward to this event and meeting all of you again 

for what will be out finale event.  I suspect the meeting will be not only academically stimulating but a lot of 

fun.  Please let your industrial contact know about the event and that they are especially welcome ς 

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 was demonstrated 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 Westinghouse and GE-Hitachi 

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 his career 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 thaǘ ȅŜŀǊΩǎ ƘƛƎƘƭƛƎƘǘǎ ǎƻ ǘƘŀǘ ǿƛƭƭ ōŜ ǊŜ-introduced next year.  Other suggestions will 

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 which was co-authored 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 programme for many years. 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 nuclear renaissance in the UK, the programme has helped to 

ŦǳƭŦƛƭ ƛǘǎ ǘƛǘƭŜ ƻŦ άYŜŜǇƛƴƎ ǘƘŜ bǳŎƭŜŀǊ hǇǘƛƻƴ hǇŜƴέΦ  ¢ƘŜ ŘŜŎƛǎƛƻƴ ǘƻ ǇǊƻŎŜŜŘ ǿƛǘƘ Ybhh ƛǎ Ŧǳƭƭȅ 

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 long-term research will help the UK to be a leading 

player in the international arena and assist in making informed decisions on the future UK nuclear 

strategy. 

KNOO was established as a consortium programme across a number of universities and 

departments.  The level of co-operation between research groups is very impressive and a major 

success; it is a good example of what 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 research calls 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 every success for the remainder of the 

programme. 

Graham Fairhall 

Chief Technology Officer 

National Nuclear Laboratory 

Peter Storey 

Head of Research and Skills, Nuclear Directorate 

Health and Safety Directorate 
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Work Package 1 - Leader Summary  

 

Work Package Leader Dr SP Walker. 

Imperial College London, Department of Mechanical Engineering, SW7 2AZ 

 

Work Package 1, being undertaken jointly at Manchester University and at Imperial College, 

encompasses 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 heavily in the research of this Work 

Package. At Manchester, Dominique and Laurence Mark Cotton are applying CFD to perform 

large eddy simulations (LES) of reactor-relevant flows for single-phase reactor coolants. 

Such simulations are naturally expensive, and part of the work is aimed at attempting to 

develop an economical one hybrid scheme, employing both Reynolds-averaging and large 

eddy simulation. The CFD work at Imperial, with Geoff Hewitt, Mike Bluck and Simon 

Walker, employs a conventional RANS approach for the 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 supported by 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 measuring 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, species 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, CD-Adapco, Serco, NNL and NII. 

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  

 

 
Dr Yacine Addad 

 

Dr. Mark A. Cotton 
 

Prof. Dominique R. Laurence 

       Researcher         Supervisor         Supervisor 

 

Technical Content  

 

Overall Research Aim  

To produce a refined LES database for verification and validation of CFD 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 

ǳǎŜŘ ǘƻ ŎŀǊǊȅ ƻǳǘ άǘǊǳŜ ǇǊŜŘƛŎǘƛƻƴǎέ όƴƻǾŜƭ ƻǊ ōƭƛƴŘ ǘŜsts as opposed to reproducing 

άƪƴƻǿƴέ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀύ ƻŦ Ŧƭƻǿ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ǿƛǘƘ ŘƛǊŜŎǘ ǊŜƭŜǾŀƴŎŜ ǘƻ ǘƘŜ ƴǳŎƭŜŀǊ 

power industry. Various quality control criteria adopted in LES works are critically evaluated, 

such as ratio of resolved-to-model kinetic energy). 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, CEA and 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 (http://cfd.mace.manchester.ac.uk/Main/KnooWorkshop). More and better test 

cases were deemed necessary, for heat transfer in particular. 

Research Progress  

 

Turbulent Natural Convection between Horizontal Parallel Cylinders. 

The numerical investigation of turbulent natural convection in the space between horizontal 

ǇŀǊŀƭƭŜƭ ŎȅƭƛƴŘŜǊǎ Ƙŀǎ ōŜŜƴ ŎƻƴǘƛƴǳŜŘ ŦǊƻƳ 5Ǌ !ŘŘŀŘΩǎ ǇǊŜ-KNOO work [1]. Large Eddy 

Simulations have been performed on three different geometries. The third LES case consists 

http://cfd.mace.manchester.ac.uk/Main/KnooWorkshop
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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 simpler co-axial cylinder cases.  

LES for Buoyancy-Affected Flow in Vertical Pipes. 

This year the focus has been on LES on pipe flows (see Fig. 1) vertically ascending or 

descending and buoyancy-ƛƴŦƭǳŜƴŎŜŘΣ ώоΣ пΣ рϐΦ ¢ƘŜ ŎƻƴǘƻǳǊǎ ƻŦ ǘƘŜ ΨvΩ ǇŀǊŀƳŜǘŜǊ ŀǊŜ ǎƘƻǿƴ 

and are related to the turbulent motion. More then 16 LES runs have 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 on a 16-processor 

configuration. The database produced is checked against experimental 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 cross-cutting with WP4 with applications to VHTR (Cf. S. Rolfo report). 

 

 

Figure 1.  An example of vortex sizes 

in turbulent pipe flow. 

Figure 2.  Iso-Q contours coloured by the spanwise 

vorticity component. 

 

LES and RANS computations of natural convection in a near-horizontal long cavity  

In opposition to the previous case where gravity is aligned with the mean flow, a nearly 

ƘƻǊƛȊƻƴǘŀƭ ŘǳŎǘ ƛǎ ƴƻǿ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ŜǎǎŜƴǘƛŀƭ ΨǇƘȅǎƛŎǎΩ ƛƴǾƻƭǾŜŘ ƛƴ Ŧƭƻǿ 

stratification [2]. The flow passage 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 ŎŜƴǘǊŜ ƻŦ ǘƘŜ ŎŀǾƛǘȅ ƛǎ ƭŀƳƛƴŀǊΣ ƻǊ ǊŀǘƘŜǊ άǎǘŀƎƴŀƴǘέΣ ŀ ǇŀǊǘƛŎǳƭŀǊƭȅ ŘƛŦŦƛŎǳƭǘ ǘƻ 

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 with RANS [2]. 

Future Research Direction  

Parametric simulations of the near-horizontal cavity will be conducted, then one further test 

case consisting of a negatively buoyant turbulent wall-jet with conjugate heat transfer. This 
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case (without wall heat transfer) ǿŀǎ ǇǊƻƳƻǘŜŘ ōȅ aŀƎƴƻȄ ŀƴŘ .9 [ǘŘ ŀǎ ŀƴ ΨŀǇǇƭƛŎŀǘƛƻƴ 

ŎƘŀƭƭŜƴƎŜΩ ǳƴŘŜǊ ǘƘŜ vƴŜǘ-CFD EU network and is worth revisiting with the refined codes 

and larger computers available today. The aim here will be to provide detailed near-wall 

flow information for RANS models validation and also wall interface temperature spectra for 

analysis and modeling of the temperature fluctuation penetration distance inside the walls 

(cross-cutting with WP2). In addition, a feasibility study of direct numerical simulations 

ά5b{έ ǳsing a commercial/industrial codes is also in progress in collaboration with the 

codes developers from EDF R&D and CD-adapco Ltd. 

 

Publications Emanating from Project  

 

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

/ƻŀȄƛŀƭ /ȅƭƛƴŘǊƛŎŀƭ 9ƴŎƭƻǎǳǊŜǎΥ [9{ ŀƴŘ w!b{ aƻŘŜƭǎΦ Lƴ Ψ¢ǳǊōǳƭŜƴŎŜΣ IŜŀǘ ŀƴŘ aŀǎǎ 

¢ǊŀƴǎŦŜǊ рΩΣ tǊƻŎΦ рǘƘ LƴǘΦ /ƻƴŦΦ ƻƴ ¢ǳǊōǳƭŜƴŎŜΣ IŜŀǘ ŀƴŘ aŀǎǎ ¢ǊŀƴǎŦŜǊ ό9ŘǎΦ YΦ IŀƴƧŀƭƛŏ et 

al.), Dubrovnik, Croatia, 25th-26th September 2006. 

Addad, Y., Mahmoodilari, M. & Laurence, D., 2008. LES and RANS computations of natural 

convection in a nearly-horizontal long cavity. The 4th International Symposium on Advances 

ƛƴ /ƻƳǇǳǘŀǘƛƻƴŀƭ IŜŀǘ ¢ǊŀƴǎŦŜǊ όΨ/I¢-луΩύΣ aŀǊǊŀƪŜŎƘΣ aƻǊƻŎŎƻΣ ммǘƘ-16th May 2008. 

Addad, Y., Laurence, 2008. LES for buoyancy-modified ascending turbulent pipe flow, 7th 

LƴǘΦ 9w/hC¢!/ {ȅƳǇΦ ƻƴ 9ƴƎƛƴŜŜǊƛƴƎ ¢ǳǊōǳƭŜƴŎŜ aƻŘŜƭƭƛƴƎ ŀƴŘ aŜŀǎǳǊŜƳŜƴǘǎ Ψ9¢aaтΩΣ 

Limassol, Cyprus, 4th-6th June 2008. 

[Addad, Y., Billard, F., Cotton, M. A., Keshmiri, A., Laurence, D. & Rolfo, S., 2008. Refined 

eddy viscosity schemes and LES for ascending mixed convection flows. The 4th International 

{ȅƳǇƻǎƛǳƳ ƻƴ !ŘǾŀƴŎŜǎ ƛƴ /ƻƳǇǳǘŀǘƛƻƴŀƭ IŜŀǘ ¢ǊŀƴǎŦŜǊ όΨ/I¢-луΩύΣ aŀǊǊŀƪŜŎƘΣ aƻǊƻŎŎƻΣ 

11th-16th May 2008. 

Addad, Y., Billard, F., Cotton, M. A., Keshmiri, A. & Rolfo, S. Numerical investigation of 

vertical flows in the cores of gas-cooled reactors. The 16th ASME International Conference 

ƻƴ bǳŎƭŜŀǊ 9ƴƎƛƴŜŜǊƛƴƎ όΨL/hb9 мсΩύΣ hǊƭŀƴŘƻΣ CƭƻǊƛŘŀΣ ¦{!Σ ммǘƘ-15th May 2008. 

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 Relaminarisation Gas Reactor 

Flows. KNOO Annual Meeting, The University of Manchester, 17th-18th July 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 analysis of rib-roughness 

effects on the flow between gas-cooled reactor fuel pins. KNOO WP1 Meeting, Imperial 

College London, 29th Aug. 2008. 

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 software V&V with Cd-Adapco 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 benchmarking for CFD. 

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 PhD 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 

Star-CD 

Collaborations/ Interactions with other Academics  

The KNOO Investigators are actively supporting 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 Systems 

 

 
Mr. Stefano Rolfo 

 

Dr. Mark A. Cotton 
 

Prof. Dominique R. Laurence 

       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 in terms of computational resources, if not impossible. Hence 

a hybrid RANS/LES (coupling of an economical near-wall model with the more detailed and 

versatile LES) is being developed, and tested on a triangular fuel rod arrangement. The final 

goal of the investigation is to attempt to study the flow in a fuel pin bundle with helically 

wound spacer wire. 

Research Progress  

 

Flow in a heated fuel rod bundle arranged within a triangular array has been computed 

using a well-resolved LES. Despite the simplicity of the geometry the flow is characterized by 

complicated features as secondary motions and, at very low pitch-over-diameter ratio (P/D), 

by an energetic and almost periodic azimuthal flow pulsation is present in the gap region 

between two sub-channels. Effects of 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 frequencies ( gap,meanU/DSt f= ) are in accordance with the 

experimental value of Krauss and Mayer (Nucl. Eng. Des., 180, 185-206, 1998). 
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Figure 1.  Instantaneous temperature field (left). Dimensionless Reynolds Stress 2u/ww t 

with w being the velocity fluctuations in the azimuthal direction (right). Pitch/Diameter 

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 located in the 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 aerodynamic simulations 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 quite good 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 the blending function, based on more general 

assumption, is under consideration. 

Future Research Direction  

 

Future work: Investigations employing a larger domain are on-going for the current PWR 

type fuel element. The next case to be considered with the spiral spacer 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, Y., Rolfo, S. & Billard, F., 2008. RANS and LES 

investigations of vertical flows in the fuel passages of gas-cooled reactors. tǊƻŎΦ ΨL/hb9мсΩΣ 

16th ASME Int. Conf. on Nuclear Engineering, Orlando, Florida, USA, 11th-15th May 2008, 

Paper ICONE16-48372. 

Addad, Y., Gaitonde, U., Laurence, D. & Rolfo, S, 2008.  Optimal Unstructured Meshing for 

Large Eddy Simulation. Quality and Reliability of Large-Eddy Simulation, Ercoftac Series, Vol. 

12, 93-103. 

Rolfo, S., Uribe J. C., Laurence, D., 2008. LES and Hybrid RANS/LES of turbulent flow in fuel 

rod bundle arranged with a triangular arrayΦ ¢ƻ ŀǇǇŜŀǊ ƛƴ tǊƻŎ Ψ5[9{тΩΣ тth Ercoftac 

Workshop on Direct and Large Eddy Simulation, Trieste, Italy, 8th-10th Sept. 2008. 

Presentations Given/Conferences Attended  

 

Rolfo, S.,  A CFD application in nuclear field: rod bundle arranged into a triangular array. 

British Energy meeting, The University of Manchester, 23rd May 2008. 

Rolfo, S., Study of Non-Conformal Mesh with the Taylor-Green vortices. Post Grad. Research 

Conference, MACE,  Manchester 26th June 2008 

Rolfo, S., LES and URANS of Turbulent flow parallel to PWR and AGR Fuel Rod Bundles. KNOO 

Annual Meeting, The University of Manchester, 17th-18th July 2008. 

Addad, Y., Rolfo, S & D. R. LES studies of buoyancy induced relaminarization and mixing in 

gas reactor flow. KNOO WP1 Meeting, Imperial College London, 29th Aug. 2008. 

Courses Attended 

 

KNOO Training Day on Open Source CFD Codes, The University of Manchester, 15th July 

2008. (with S. Rolfo as Co-Organiser & 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 is on-going with EDF R&D around Code_Saturne, 

Computational Dynamics Ltd. London (developers of the STAR-CD code widely used in the 

nuclear industry - AREVA and Westinghouse ) and 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, NiFe2O4) deposit on the cladding of the upper half of 

nuclear reactor fuel rƻŘǎΣ ŦƻǊƳƛƴƎ ŀ ƭŀȅŜǊ ƎŜƴŜǊŀƭƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŎǊǳŘΩΦ ¢Ƙƛǎ ŎǊǳŘ ƭŀȅŜǊΣ 

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 

ǘƻ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ǿƛŎƪ ōƻƛƭƛƴƎ ƛƴ ǇŜƴŜǘǊŀǘƛƴƎ ŎŀǾƛǘƛŜǎ όΨŎƘƛƳƴŜȅǎΩύ ǿƛǘƘƛƴ ǘƘŜ ŎǊǳŘΦ ¢Ƙƛǎ 

evaporation at the chimney increases the boron (neutron absorber) concentration in the 

ŎǊǳŘΣ ŎŀǳǎƛƴƎ ŀƴ ΨŀȄƛŀƭ ƻŦŦǎŜǘ ŀƴƻƳŀƭȅΩ ό!h!ύΤ ǘƘŜ ǎƪŜǿƛƴƎ ƻŦ ǇƻǿŜǊ ƻǳǘǇǳǘ ǘƻǿŀǊds the 

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, Henshaw (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 un-coupled 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 thermal-ƘȅŘǊŀǳƭƛŎǎΦ ¢ƘŜǊŜ ŀǊŜ ǘƘǊŜŜ ŎƻǳǇƭŜŘ ǇŘŜΩs that together comprise the 

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. 

(ii) Porous flow through the crud, with the mass flux boundary condition at the chimney wall 

derived from the heat flux computed above. 

(iii) Advection and diffusion of various dissolved species through the saturated crud, 

computing inter alia the dissolved 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 of writing the computer code is complete, 

with the first coupled results being obtained. These are now being assessed. 

 

Future Research Direction  

The coupled model will be used to investigate and gain understanding of the heat transfer 

and neutronic significance of the crud. 
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Presentations Given/Conferences Attended  

 

IŀǉΣ LΣΩ ŎǊǳŘ ōŜƘŀǾƛƻǳǊ ƻƴ t²w ŦǳŜƭ ŜƭŜƳŜƴǘǎΩΣ tƻǎǘŜǊ tǊŜǎŜƴǘŀǘƛƻƴΣ нnd Annual KNOO 

Meeting , HMS Sultan, 3-5 July, 2007 

IŀǉΣ LΣΩ/ƻǳǇƭŜŘ ŀƴŀƭȅǎƛǎ ƻŦ ƘŜŀǘ ǘǊŀƴǎŦŜǊ ǘƘǊƻǳƎƘ ŎǊǳŘ ŎƻŀǘŜŘ ŦǳŜƭ Ǉƛƴǎ, Presentation, 

Universities Nuclear Technology Forum 2008, Manchester, 26-28 March, 2008 

IŀǉΣ LΣΩ/ƻǳǇƭŜŘ ŀƴŀƭȅǎƛǎ ƻŦ ƘŜŀǘ ǘǊŀƴǎŦŜǊ ǘƘǊƻǳƎƘ ŎǊǳŘ ŎƻŀǘŜŘ ŦǳŜƭ ǇƛƴǎΣ tǊŜǎŜƴǘŀǘƛƻƴΣ Ybhh 

annual meeting 2008, Manchester, 14-18 July, 2008 

Haq, I et al Heat transfer, fluid flow and species diffusion in crud, To be presented at Icone 

2009, Brussels, May 2009 

Training  

 

ΨaƻŘŜƭƭƛƴƎ ŀƴŘ /ƻƳǇǳǘŀǘƛƻƴǎ ƻŦ aǳƭǘƛǇƘŀǎŜ CƭƻǿǎΩΣ {ƘƻǊǘ /ƻǳǊǎŜΣ ½ǳǊƛŎƘ мн-16 of March 

2007,  Switzerland 

Ψ{ǘŀǊ //aҌ ŀƴŘ {ǘŀǊ /5ΩΣ {ƘƻǊǘ ¢ǊŀƛƴƛƴƎΣ нф-31 October, 2008. 

 

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 inter-related set, all concerned with various aspects of the 

reflood phase following a large break loss of coolant accident in a PWR. 

Following such a design-basis accident, the core of a PWR is voided of water over a period of 

order perhaps 100 seconds. The fission chain reaction is terminated 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 now overheated 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 sub-channels between fuel rods, and this 

vapour and entrained liquid passes up through the core, cooling the fuel. Eventually full 

quenching 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 could form blockages, 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 

fundamental 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 computational tools used 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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ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘƛǎ ¦{ bw/ ŀŎǘƛǾƛǘȅ όŀƴŘ ƛǎ ŎǊŜŘƛǘŜŘ ŀǎ ŀ άŎƻƴǘǊƛōǳǘƛƻƴ ƛƴ ƪƛƴŘέΣ ǊŜŘǳŎƛƴƎ ǘƘŜ 

¦ƴƛǘŜŘ YƛƴƎŘƻƳΩǎ ŎŀǎƘ ǇŀȅƳŜƴǘΦύ 

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 multi-pin, 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 sink, 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 direct measurements of the tiny amounts of heat extracted by sub-millimeter 

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 topic. 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 

 

M. Ahmad 
 

Dr. S. P. Walker 
 

Prof. G. F. 

Hewitt 

 
Dr. M. J. Bluck 

  Researcher   Researcher   Supervisor    Supervisor    Supervisor 

 

Technical Content  

 

Overall Research Aim  

The thermal-hydraulics of the reflood process is naturally complex, with the fuel being 

cooled by a mix of superheated vapour and entrained 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 

single hot channel. Measurements from experiments by Bennett, Keeys and Becker were 

used as a comparison. Constitutive laws will be investigated and a new model for post-

dryout heat transfer will be implemented in TRACE. 

Research Progress  

 

In practical terms, the ultimate outcome of this project is the assessment and 

implementation of new models into the TRACE code. As a starting point, hydrodynamic and 

post-dryout heat transfer calculations were performed using the TRACE Code. Various CHF 

ŀƴŘ ŎǊƛǘƛŎŀƭ ǉǳŀƭƛǘȅ ŎƻǊǊŜƭŀǘƛƻƴǎ όōŀǎŜŘ ƻƴ ǘƘŜ Ψƭƻƻƪ-ǳǇΩ ǘŀōƭŜǎ ƻŦ DǊƻŜƴŜǾŜƭŘΣ ǘƘŜ ΨƭƻŎŀƭ 

ŎƻƴŘƛǘƛƻƴǎΩ ƘȅǇƻǘƘŜǎƛǎΣ ŀƴŘ ǘƘŜ ōƻƛƭƛƴƎ ƭŜƴƎǘƘκǉǳŀƭƛǘȅ ǊŜƭŀǘƛƻƴǎƘƛǇύ ŀǊŜ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ 

TRACE. Each of these has been used to analyse the Bennett, Keeys and Becker experiments. 

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

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

flux applied to a solid surface for which unstable vapour 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 1  CHF position and temperature predictions for a non-uniform heat flux (Keeys data). 

Given these discrepancies, a post-CHF heat transfer model has been proposed and 

implemented in TRACE. This model intends to better the calculations of a two-phase 

enhancement factor, the droplet drag coefficient, the interfacial heat transfer and 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, over-prediction of the temperature 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 Bennett run (figure 2, right), the temperature is slightly 

higher but not high enough to fit the data.  

The same experiments are being analyzed by the GRAMP (General Runge-Kutta Annular 

Modelling Program) code, which is used to predict annular and wispy-annular 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 

steady-state co-current two phase gas-liquid flow up a vertical pipe.  
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The GRAMP code, in its present state, can only be applied to compute the dryout point in 

the tube geometry experiment as in Bennett and Keeys;  it contains no post dryout heat 

transfer model. The analysis carried out regarding 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 account for the droplet-to-wall heat transfer or for radiation. 

The set of correlations we have implemented in the TRACE code is claimed to better 

represent the physics involved, such as the droplet mass evaporation and droplet drag 

coefficient derived from an accelerating cloud of droplets etc. Nevertheless, some results 

(figure 2) exhibited large discrepancies immediately after the CHF point. Therefore, in this 

context, our future calculations will focus on both the droplet diameter and the relative 

velocity, while accounting for droplet-to-wall heat transfer and radiation. An additional 

study on ways to improve two-phase system codes with a better estimation of the 

interfacial area concentration is to be investigated. 

 

Publications 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 Safety- Daejon, Republic of Korea. 

Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational 

Predictions of CHF Position and Post-CHF Heat Transfer in Uniformly and Non-Uniformly 

Heated TubesTOPSAFE 2008, Dubrovnik - Croatia - October 1-3, 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 Post-CHF Heat Transfer in Uniformly and Non-Uniformly 

Heated TubesTOPSAFE 2008, Dubrovnik - Croatia - October 1-3, 2008. 

Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational 

Predictions of CHF Position and Post-CHF Heat Transfer in Uniformly and Non-Uniformly 

Heated Tubes. TOPSAFE 2008, Dubrovnik - Croatia - October 1-3, 2008. 

Belhouachi B (2008) CHF Predictions and Temperature Profiles in Heated Tubes using the 

TRACE code. Spring 2008 CAMP Meeting, Pisa, Italy. 

 

Training Courses Attended  

 

Ψ¦ƴƛǾŜǊǎƛǘƛŜǎ bǳŎƭŜŀǊ ¢ŜŎƘƴƻƭƻƎȅ CƻǊǳƳ нллтΩΣ Ia{ {ǳƭǘŀƴΣ нс-28 March 2007 

ΨaƻŘŜƭƭƛƴƎ ŀƴŘ /ƻƳǇǳǘŀǘƛƻƴǎ ƻŦ aǳƭǘƛǇƘŀǎŜ CƭƻǿǎΩΣ Short Course, Zurich, Switzerland, 

March 2007. 

Ψ2nd KNOO Annual MeetingΩ Training day in HMS Sultan, 3 July 2007. 

Ψ¢ƘŜ ¢w!/9 ŎƻŘŜ ²ƻǊƪǎƘƻǇΩΣ ¢ƘǊŜŜ Řŀȅǎ ǿƻǊƪǎƘƻǇΣ ²ŀǎƘƛƴƎǘƻƴ 5/Σ ¦{!Σ р-7 of September 

2007 

 

External Contact  

 

Collaborations/Interactions with  Stakeholders  

British Energy  (Dr. John Jones) and Serco  (Dr. John Lillington) 

 

Address: Nuclear Engineering Group, Department of Mechanical Engineering, Imperial 

College London 
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Multi -pin Coupled Thermal -hydraulic and Structural Mechanics 

Modelling Post-reflood  

 

 
B. Belhouachi 

 
N. Cinosi 

 

Dr. S. P. Walker 
 

Prof. G. F. 

Hewitt 

 
Dr. M. J. Bluck 

  Researcher   Researcher   Supervisor    Supervisor    Supervisor 

 

Technical Content  

 

Overall Research Aim  

This project builds upon and extends a previous project using systems codes to model the 

process of reflood following a large break loss of coolant accident. Before re-flooding pins 

may overheat such that cladding balloons due to internal fission gas pressure. The cladding 

of adjacent ballooning pins may 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-

ǳǇΧύ ¢Ƙƛǎ ƳŀǘǘŜǊǎ ŦƻǊ ŜȄƛǎǘƛƴƎ t²w ŘŜǎƛƎƴǎΦ 9ǾŜƴ ƳƻǊŜΣ ƛǘ ƛǎ ƛƴŎǊŜŀǎƛƴƎƭȅ ƛƳǇƻǊǘŀƴǘ for more 

advanced designs, with eg. higher burn-ups, high-Niobium cladding, and perhaps higher 

operating pressures. Fission gas release already constrains burn-up and dwell time, and a 

robust understanding of flow blockage issues will become ever more crucial. Analysis 

requires a coupled study of the 3-D transient two-phase 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 flow passages, 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 analysis of a representative 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 differences between 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 multi-channel / multi pin representation of part of 

a core using a systems code.  Multiple sub-channels are represented with a system code, 

and the ability of the coolant to flow laterally from sub-channel to sub-channel is 

represented by the incorporation of cross-flow 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 computes, inter 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 two-way coupled process takes place at every time 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 represented in the systems code thermal-hydraulic model. 

QuickTimeÊ and a
 decompressor

are needed to see this picture.

 

The figure shows results from a multi-pin reflood analysis. A cross section at the axial 

midplane is shown, indicating the radically different degrees of ballooning predicted for 

different pins once realistic 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 stand-alone linkage code TALINK.  The dynamic two-way 

coupling has been achieved, and flow diversion from ballooned 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 differences in burn-up, 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 preferred long-term vehicle for 

systems code licensing analysis. 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 

the neceǎǎŀǊȅ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǘƻ ǘǊŀŎŜΣ ŀƴŘ ǘƻ ƛǘǎ άŜȄǘŜǊƛƻǊ ŎƻƳƳǳƴƛŎŀǘƛƻƴǎ ƛƴǘŜǊŦŀŎŜέΣ ǘƻ ǘǊȅ 

to achieve equivalent coupling. 

 

Publications Emanating from Project  

 

Ammirabile, L., Walker, S.P., Multi-pin modelling of PWR fuel pin ballooning during post-

LOCA reflood, Nuclear Engineering & Design (2007). 

 

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 

Reactors, Korea Institute of Nuclear Safety- Daejon, Republic of Korea. 

Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational 

Predictions of CHF Position and Post-CHF Heat Transfer in Uniformly and Non-Uniformly 

Heated TubesTOPSAFE 2008, Dubrovnik - Croatia - October 1-3, 2008 

Belhouachi B (2007) Multi-Pin 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 ACHILLES tests using the TRACE code. Fall 2007 CAMP 

Meeting, Washington, DC, USA. 

Belhouachi B (2008) Multi-Pin Coupled Reflood Model: General Overview and Modelling of 

the ACHILLES Unballooned Cluster Experiments. Universities Nuclear Technology Forum 

2008, Manchester University- Manchester - UK. 
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Belhouachi B, Walker SP, Hewitt GF, Ahmad M (2008) Analysis and Computational 

Predictions of CHF Position and Post-CHF Heat Transfer in Uniformly and Non-Uniformly 

Heated Tubes. TOPSAFE 2008, Dubrovnik - Croatia - October 1-3, 2008. 

Belhouachi B (2008) CHF Predictions and Temperature Profiles in Heated Tubes using the 

TRACE code. Spring 2008 CAMP Meeting, Pisa, Italy. 

 

Training Courses Attended  

 

Ψ¦ƴƛǾŜǊǎƛǘƛŜǎ bǳŎƭŜŀǊ ¢ŜŎƘƴƻƭƻƎȅ CƻǊǳƳ нллтΩΣ Ia{ {ǳƭǘŀƴΣ нс-28 March 2007 

ΨaƻŘŜƭƭƛƴƎ ŀƴŘ /ƻƳǇǳǘŀǘƛƻƴǎ ƻŦ aǳƭǘƛǇƘŀǎŜ CƭƻǿǎΩΣ {ƘƻǊǘ /ƻǳǊǎŜΣ ½ǳǊƛŎƘΣ {ǿƛǘȊŜǊƭŀƴŘΣ 

March 2007. 

ΨнƴŘ Ybhh !ƴƴǳŀƭ aŜŜǘƛƴƎέ ¢ǊŀƛƴƛƴƎ Řŀȅ ƛƴ Ia{ {ǳƭǘŀƴΣ о Wǳƭȅ нллтΦ 

Ψ¢ƘŜ ¢w!/9 ŎƻŘŜ ²ƻǊƪǎƘƻǇΩΣ ¢ƘǊŜŜ Řŀȅǎ ǿƻǊƪǎƘƻǇΣ ²ŀǎƘƛƴƎǘƻƴ 5/Σ ¦{!Σ р-7 of September 

2007 

Ψ{¢!w-/5 ¢ǊŀƛƴƛƴƎΩΣ Σ ¢ƘǊŜŜ Řŀȅǎ ǿƻǊƪǎƘƻǇΣ [ƻƴŘƻƴΣ hŎǘƻōŜǊ нт-29 

 

External Contact  

 

Collaborations/Interactions with Stakeholders  

British Energy : Dr. John Jones 

Serco : Dr. John Lillington 

US NRC (TRACE developers) 

 

Address: Nuclear Engineering Group, Department of Mechanical Engineering, Imperial 

College London 
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Rewetting Processes During Re-Flooding of PWR Core after LOCA 

 

 
Muhammad Ilyas 

 

Dr. S. P. Walker 
 

Prof. G. F. Hewitt 
 

Dr. M. J. Bluck 

  Researcher  Researcher  Supervisor   Supervisor 

 

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 the understanding 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 intermittent 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 

quantification of this intermittent explosive behaviour. (2) we are attempting to construct 

an analytical model of this process, in an attempt to develop a first-principles explanation of 

it. 

Research Progress  

 

Analytical and Computational Study 

We are attempting to 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 

ǳƴǎǘŜŀŘȅΣ ŜǎǎŜƴǘƛŀƭƭȅ άǎƻƭƛŘ-ǎǘŀǘŜέ ƘŜŀǘ ŎƻƴŘǳŎǘƛƻƴΣ ǿƛǘƘ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǿŀǘŜǊ ƛƴǎǘŀƴǘƭȅ 

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 

ǘŜƳǇŜǊŀǘǳǊŜ ōƻǳƴŘŀǊȅ ƭŀȅŜǊ Ƙŀǎ ōŜŜƴ ƎŜƴŜǊŀǘŜŘ ǘƘŀǘ ƛǎ άƘƻǘ ŜƴƻǳƎƘ ŀƴŘ ǘƘƛŎƪ ŜƴƻǳƎƘέ 

stable bubbles cannot form.   

 

 

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 has occurred up until that point. The metal ahead of the 

rewetting front will have been reduced from its initial temperature by very short-range axial 

heat conduction into the region where the metal is permanently wet. We are employing 

unsteady CFD and conjugate 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 cooling 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 spatially and 

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 order milliseconds, and require a 

temporal resolution of about 1/10 of that. 

The approach adopted is to employ an infrared-transparent substrate, coated with a very 

thin metallic film. Viewed from below with an infrared camera, measurements of the 

temperature of the metallic film can be made as the re-wetting front advances over it. 

Simultaneously, a high-speed optical camera is used to observe the hydrodynamics of the 



 

Page | 33  

 

process from above. Design, procurement and construction are more or less complete, and 

measurements 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 which the microscopic conditions are occurring. Predictions 

from this model will be assessed against experimental results as they become available. 

 

Training  

 

Modelling and Computations of Multiphase Flows, Short Course, Zurich, Switzerland, 11-15 

February, 2008. 

Universities Nuclear Technology Forum 2008, 26th ς 28th March 2008, The University of 

Manchester 

NTEC (Nuclear Technology Education Consortium e) - Short Course, March 2008, Imperial 

College, London 

2nd KNOO annual meeting and CFD Workshop, 15-18 July 2008, Manchester 

STAR CD Training, Oct 29-31, 2008, London 

 

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial 

College London 
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Interactions of Droplets with H ot Walls: Modelling and Experiments  

 

 
D. Chatzikyriakou 

 

Dr. C.P. Hale 
 

Dr S. P. Walker 
 

Prof. G. F. Hewitt 

  Researcher  Researcher  Supervisor   Supervisor 

 

Technical Content  

 

Overall Research Aim  

After a Design-Basis Loss of Coolant Accident in a PWR, cold water is reintroduced to the 

core by bottom-up reflooding. 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 region above the rewetting front, the conditions are thus characterized by a 

flow of superheated vapour between even hotter metal surfaces, with a population of small 

saturated droplets entrained in the vapour flow. Cooling of the fuel by this droplet-steam 

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 of just how 

much heat is extracted during this interaction by a combination of direct measurement and 

computational simulation. 

Research Progress  

 

Experiments:    The interaction cools a sub-millimetre region of surface, for ~100ms. Our 

experiments are aimed at direct measurement of the heat transferred during this 

interaction. We have developed a novel infra-red technique, which allows the spatially and 

temporally varying surface temperature to be measured. Transient finite element methods 

are then used, with these measurements as boundary conditions, to compute the heat 

extracted. Simultaneously, the hydrodynamics of the interaction are observed via high 

speed optical photography. Initial results indicate heat removal (1mm droplet) of ~10-2J. 
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Numerical Simulations:  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 Navier-Stokes and the energy equations throughout the 

computational domain. This enables 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 semi-analytical estimate to be made of the 

augmentation of the convective reflood heat transfer by droplet interactions. 

Futur e Research Direction  

Initial results indicate that the computations and measurements of the heat extracted are in 

reasonable agreement, and further investigation into this is the next step. Experiments, 

focusing on the hydrodynamic behaviour of the droplet, and 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. The resǳƭǘǎ ǿƛƭƭ ōŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ŀ ΨƳŀŎǊƻǎŎƻǇƛŎΩ 

analysis of the reflood process, to determine the significance of these droplet-wall 

interactions in the overall precursory cooling. 

     

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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Publications Emanating from Pro ject  

 

5Φ /ƘŀǘȊƛƪȅǊƛŀƪƻǳΣ {ΦtΦ ²ŀƭƪŜǊΣ DΦCΦ IŜǿƛǘǘΣ ά¢ƘŜ wƻƭŜ ƻŦ 9ƴǘǊŀƛƴŜŘ 5ǊƻǇƭŜǘǎ ƛƴ tǊŜŎǳǊǎƻǊȅ 

Cooling During PWR Post-[h/! wŜŦƭƻƻŘέΣ ¢ht{!C9 нллуΣ5ǳōǊƻǾƴƛƪΣ /ǊƻŀǘƛŀΣ ол {ŜǇǘŜƳōŜǊ- 

3 October 

D. Chatzikyriakou, S.P. Walker, G.F. Hewitt, C. Narayanan, D. LŀƪŜƘŀƭΣ  ά/ƻƳǇŀǊƛǎƻƴ ƻŦ 

Measured and Modelled Droplet-Iƻǘ ²ŀƭƭ LƴǘŜǊŀŎǘƛƻƴǎέΣ !ǇǇƭƛŜŘ ¢ƘŜǊƳŀƭ 9ƴƎƛƴŜŜǊƛƴƎΣ 5hLΥ 

10.1016/j.applthermaleng.2008.02.012 

5Φ /ƘŀǘȊƛƪȅǊƛŀƪƻǳΣ {ΦtΦ ²ŀƭƪŜǊΣ DΦCΦ IŜǿƛǘǘΣ /Φ bŀǊŀȅŀƴŀƴΣ 5Φ [ŀƪŜƘŀƭΣ άaƻŘŜƭƭƛƴƎ 5ǊƻǇƭŜǘ-

Hot Wall Interactƛƻƴǎ ƛƴ ǘƘŜ tǊŜǎŜƴŎŜ ƻŦ ±ŀǇƻǳǊ DŜƴŜǊŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ [ŜǾŜƭ {Ŝǘ aŜǘƘƻŘέΣ 

10th National UK Heat transfer Conference, Edinburgh, UK, 10-12 September 2007 

 

Presentations Given/Conferences Attended  

 

ά¢ƘŜ wƻƭŜ ƻŦ 9ƴǘǊŀƛƴŜŘ 5ǊƻǇƭŜǘǎ ƛƴ tǊŜŎǳǊǎƻǊȅ /ƻƻƭƛƴƎ 5ǳǊƛƴƎ t²R Post-[h/! wŜŦƭƻƻŘέΣ 

Presentation, TOPSAFE 2008,Dubrovnik, Croatia, 30 September- 3 October, 2008 

ά¢ƘŜ /ƻƻƭƛƴƎ ƻŦ Iƻǘ {ǳǊŦŀŎŜǎ ōȅ .ƻǳƴŎƛƴƎ 5ǊƻǇƭŜǘǎΥ ! bŜǿ 9ȄǇŜǊƛƳŜƴǘŀƭ aŜǘƘƻŘέΣ  Ybhh 

Work Package I Meeting, Presentation and Poster, Imperial College London, 29 August 2008 

ά¢ƘŜ wƻƭŜ ƻŦ 9ƴǘǊŀƛƴŜŘ 5ǊƻǇƭŜǘǎ ƛƴ tǊŜŎǳǊǎƻǊȅ /ƻƻƭƛƴƎ 5ǳǊƛƴƎ t²w tƻǎǘ-[h/! wŜŦƭƻƻŘέΣ 

Presentation, 3rd Annual KNOO Meeting , University of Manchester, 15-18 July, 2008 

άLƴǘŜǊŀŎǘƛƻƴǎ ƻŦ 5ǊƻǇƭŜǘǎ ǿƛǘƘ Iƻǘ {ƻƭƛŘ {ǳǊŦŀŎŜǎέΣ tǊŜǎŜƴǘŀǘƛƻƴΣ LƳǇŜǊial College - IRSN 

LEMTA meeting, Imperial College London, 1 February, 2008 

 

Training 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 Nuclear Power Plants Applications, 

University of Manchester, School of MACE, 16 July, 2008 
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External Contact  

 

Collaborations/Interactions with Stakeholders  

ASCOMP GmbH, Zurich, Switzerland 

This work was carried out as part of the TSEC programme KNOO and as such we are grateful 

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 

 

Technical Content  

 

Overall Research Aim  

This project aims to increase understanding of the macroscopic behaviour 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 

quenched.  With the external pressure removed, the fuel rod cladding is likely to balloon, 

constricting the flow passage between individual fuel pins.  It is important to understand 

how this ballooning would divert the two-phase flow.  The vapour flow will be diverted by 

the balloons, and will presumably take with 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 diversion of the vapour by a balloon and the diversion or otherwise of 

untrained droplets. 

Research Progress  

 

Two main experiments are underway as part of this research project: 

1.  Flow Diversion Studies 

An annular test section with the central member having a profile similar 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 flow.  The objectives of this experiment are: 

1. Visualisation of the macroscopic flow and droplet diversions due to a simulated 

ballooned pin; 

2. To provide well defined experimental data for validation of the STAR-CD (CD-adapco) 

Computational Fluid Dynamics code before it is extended to the more complex 

geometries encountered in fuel rod bundles. 
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Figure 2  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 the tube wall and the surface of the ballooned pin illumination is provided in the 

form of a light sheet.  A schematic of the overall flow loop is shown in Figure 1.  To 

determine individual particle trajectories a particle tracking velocimetry (PTV) algorithm has 

been developed.  Some sample results illustrating the 3-D trajectory mapping of a single 

particle are shown in Figure 2. 
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Figure 3: Sample results from preliminary PTV experiments 

 

2  Reflood Experiment 

To examine the thermal-hydraulic effects occurring during bottom reflooding, a single tube 

reflood experiment (with and without an insert) is currently under construction.  In this 

experiment the test section is initially preheated to temperatures up to 600°C and then 

quenched by introducing water at the bottom of the tube at atmospheric pressure. The 

objectives of this experiment are: 

¶ To provide axial temperature and heat flux profiles during the course of this 

transient process, which extends the existing databank of cases for code validation; 

¶ To elucidate the reflood process, by producing high-speed axial view visualisation of 

the advancing quench front and any pre-cursory droplet entrainment events. 

This experimental test-section is designed to operate as part of an existing low 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 STAR-CD.  This experiment 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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Presentations Given/Conferences Attended  

 

Y.J. Zeng, C.P. Hale, G.F. Hewitt, and S.P. Walker, ΨThermal-Hydraulic Studies of Reflooding 

inside a Fuel Bundle in a PWR during a LOCAΩΣ tǊŜǎŜƴǘŀǘƛƻƴΣ Universities Nuclear Technology 

Forum 2008, University of Manchester, 26-28 March 2008 

Y.J. Zeng, C.P. Hale, G.F. Hewitt, and S.P. Walker, ΨThermal-Hydraulic Studies of Reflooding 

inside a Fuel Bundle in a PWR during a LOCAΩΣ tƻǎǘŜǊ tǊŜǎŜƴǘŀǘƛƻƴΣ оrd KNOO Annual 

Meeting, University of Manchester, 15-18 July 2008 

 

Training C ourses Attended  

 

FORTRAN Course, Imperial College, 12-16 May 2008 

Site visit: Oldbury Power Station, 16 September 2007 

STAR-CD Basic Training, CD-adapco, 29-31 October 2008 

 

External Contact  

 

Collaborations/Interactions with Stakeholders  

CD-adapco: Dr. Simon Lo 

 

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial 

College London 
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Modeling of H eat Transfer Through  Nuclear Fuel Crud  

 

 
Dr. E. Burlutskiy 

 

Dr. M.J. Bluck 
 

Dr. S. P. Walker 
 

Prof. G. F. Hewitt 

  Researcher  Supervisor  Supervisor   Supervisor 

 

Technical 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 construct using TRACE complex multi pin 

models of the flow in a ballooning core during re -flood 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 balloon, the 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 not balloon in this way, 

The details of the flow of vapour around balloons, and the diversion of this vapour away 

from sub-channels that have been constricted by the ballooning of pins, affecting the 

cooling of the pin, cannot be well predicted by a system code such as TRACE. This is even 

more so when the flow is a two-phase 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 ballooned fuel rod bundle. This 

understanding will then be used to generate semi-empirical 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 

modelling of such phenomena using the system code. 

Research Progress  

 

Numerical CFD studies of vapour flow diversion in a rod bundle with a ballooned central rod 

are being carried out using the Star-CD code. Non-isothermal fluid flow is calculated by 

solving the compressible steady Reynolds-averaged conservation equations, which are 

closed using the low-Reynolds number k-ʶ ǘǳǊōǳƭŜƴŎŜ ƳƻŘŜƭΦ 

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 here reduces the 

sub-channel flow area by 25%. The graph showing mass flow rates in each channel. 

 
 

There is a very marked reduction in mass flow in the ballooned subchannel, with the 

displaced flow distributing itself fairly uniformly over the other sub-channels.  
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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 droplets is 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 heat sink, are seen to be diverted from the 

blocked sub-channel 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 and droplets to be diverted by 

ballooned pins and collections of such pins. 

 

Presentations Given/Conferences Attended  

 

Universities Nuclear Technology Forum, University of Manchester, 26-28 March, 2008. 

KNOO annual meeting, Hulme Hall, University of Manchester, 14-17 July, 2008. 

 

Training  

 

Star-CD user training, UK, London, 29-31 October, 2008. 

Modelling and Computation of Multiphase Flows, Zurich, Switzerland, 11-15 February, 2008. 

 

Address: Nuclear Engineering Group, Mechanical Engineering Department, Imperial 

College London 
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Work Package Leader: Prof. 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 non-invasive inspection and monitoring 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 consideration 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 University 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 degradation 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 of mechanical 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 SpecƪƭŜ tŀǘǘŜǊƴ LƴǘŜǊŦŜǊƻƳŜǘǊȅΩ ǘŜŎƘƴƛǉǳŜΦ ¢ƘŜ ŎǊŜŜǇ ōŜƘŀǾƛƻǳǊ ƻŦ ŀǳǎǘŜƴƛǘƛŎ 

stainless steel, including the effect of load history (simulating start-up and shut-down), 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 alongside in-situ uniaxial mechanical test. 

Research at the Universities of Manchester and Cardiff is addressing the development of 

microstructural damage 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 behaviour ς information 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 successfully employed to 

investigate the damage caused by the ion irradiation. 
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The understanding and prediction of the electrochemical degradation of stainless steels in 

nuclear applications is being addressed in research at the University of Manchester. An 

understanding 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 irradiation-induced 

chromium depletion at grain boundaries and subsequent intergranular SCC during the pond 

storage of spent AGR fuel bundles. Chloride-induced 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 microstructurally small SCC cracks to 

form a dominant crack. 
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Innovative Approaches to Nuclear Industry Inspection and Monitoring  

 

 

       Researchers     Supervisor 

From 1st September 2009 Dr. Davies replaces Dr. Cegla as researcher for the KNOO project. 

 

Technical 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 inspection tool 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 physics 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 

crack 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 

experiments 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 agreement with 

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 acquisition. 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 

ΨǊŜŀƭΩ cracks in harsh environments.  Following successful high temperature lab trials, the 

technology will be tested in an operational power plant. 

 

 

 

 

Figure 1    Model setup, 6dB Contour and 

processed image using and SH wave array 

for 20mm thick steel plates with a) no notch 

b) 3mm vertical notch c) 5mm vertical notch 

and d) 10mm vertical notch. 

 

 

Publications Emanating from Project  

 

F. B. Cegla. Energy concentration at the centre of large aspect ratio rectangular waveguides 

at high frequencies. Journal of the Acoustical Society of America, Vol. 123 ,No. 6, pages 

4218-4226, Mar. 2008 

Presentations Given/ Conferences Attended  

 

KNOO Annual meeting, Manchester July 2008: Ultrasonic crack monitoring using SH waves 

in extreme and inaccessible 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 (National Nuclear Laboratory), Dr. N. Habgood (Rolls-Royce 

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 with Prof. A Sherry and Dr. T.J. Marrow (Manchester University) regarding the 

making of Stress 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 

 

Technical Content  

 

Overall Research Aim  

The overall objective of the research is to develop the capability for 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 that deep hole drilling can be applied to reactor core (PGA 

and Gilsocarbon) graphite for through thickness residual stress measurement [1, 2].  It has 

also been applied to porous (filter) graphite (48% porosity) used as a surrogate for service 

exposed material. In addition, incremental centre hole drilling has also been explored for 

measuring near surface (1 to 2mm) residual stress in graphite [3].  Digital image correlation 

has been explored to measure surface stresses in the graphite.  This has been done without 

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 ENGIN X instrument 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 the correlation 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 example, trials 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.  A sample container 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 been commenced to estimate the level of residual 

stress in the glass inside the container. 
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Figure 1    This figure illustrates internal 

stress in a glass sample subjected to 

compression.  The experimental results 

obtained using deep hole drilling are 

compared with surface strain gauge 

results. 

 

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 

undertaken to compare different measurement methods, and with UIC, USA to develop 

methods of predicting residual stresses created in glass containers. 

Publications Emanating from P roject  

 

{Φ bŀƪƘƻŘŎƘƛΣ tΦ9ΦWΦ CƭŜǿƛǘǘ ŀƴŘ 5ΦWΦ {ƳƛǘƘΣ ά! ƳŜǘƘƻŘ ƻŦ ƳŜŀǎǳǊƛƴƎ ǘƘǊƻǳƎƘ-thickness 

ƛƴǘŜǊƴŀƭ ǎǘǊŀƛƴǎ ŀƴŘ ǎǘǊŜǎǎŜǎ ƛƴ ƎǊŀǇƘƛǘŜέ !ŎŎŜǇǘŜŘ ŦƻǊ ǇǳōƭƛŎŀǘƛƻƴ ƛƴ  {ǘǊŀƛƴ 

{Φ bŀƪƘƻŘŎƘƛΣ /Φ9Φ ¢ǊǳƳŀƴΣ tΦ9ΦWΦ CƭŜǿƛǘǘ ŀƴŘ 5ΦWΦ {ƳƛǘƘΣ άaŜŀǎǳǊŜƳŜƴǘ ƻŦ LƴǘŜǊƴŀƭ {ǘǊŀƛƴǎ ƛƴ 

DǊŀǇƘƛǘŜ ¦ǎƛƴƎ 5ŜŜǇ IƻƭŜ 5ǊƛƭƭƛƴƎ ¢ŜŎƘƴƛǉǳŜέ Wǳƭȅ нллуΣ tǊƻŎŜŜŘƛƴƎ ƻŦ !{a9 Pressure 

Vessels and Piping Division Conference, Chicago, Illinois, USA, 27-31 July 2008 

{Φ bŀƪƘƻŘŎƘƛΣ tΦ9ΦWΦ CƭŜǿƛǘǘ ŀƴŘ 5ΦWΦ {ƳƛǘƘΣ ά!ƴ ƛƴǘŜƎǊŀǘŜŘ ŀǇǇǊƻŀŎƘ ŦƻǊ ǊŜǎƛŘǳŀƭ ǎǘǊŜǎǎ 

ƳŜŀǎǳǊŜƳŜƴǘ ƛƴ ƎǊŀǇƘƛǘŜέ !ōǎǘǊŀŎǘ ŀŎŎŜǇǘŜŘ ƛƴ {ŜŎǳǊƛƴƎ ǘƘŜ {ŀŦŜ tŜǊŦƻǊƳŀƴŎŜ ƻŦ Graphite 

Reactor Cores Conference, Nottingham, UK, 24-26 November 2008. To be published by the 

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

 

Oral presentations atΣ άaŜŀǎǳǊŜƳŜƴǘ ƻŦ LƴǘŜǊƴŀƭ {ǘǊŀƛƴǎ ƛƴ DǊŀǇƘƛǘŜ ¦ǎƛƴƎ 5Ŝep Hole Drilling 

¢ŜŎƘƴƛǉǳŜέ tǊŜǎǎǳǊŜ ±ŜǎǎŜƭǎ ϧ tƛǇƛƴƎ /ƻƴŦŜǊŜƴŎŜΣ /ƘƛŎŀƎƻΣ LƭƭƛƴƻƛǎΣ ¦{!Σ ом Wǳƭȅ нллуΤ Ybhh 

annual meeting and poster presentation, University of Manchester, July 2008; oral 

presentation, progress in project, KNOO WP2 meeting, Open University, Nov 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. 

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 influence the 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: 5ŜǇŀǊǘƳŜƴǘ ƻŦ aŜŎƘŀƴƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎΣ vǳŜŜƴΩǎ Building, University Walk, 

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

 

 
Dr Supriyo Ganguly (PDRA) 

 

Prof. Mike Fitzpatrick 
 

Prof. John Bouchard 

       Researcher         Supervisor         Supervisor 

 

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 life limiting in many applications. 

Research Progress  

Welding of structural components introduces significant residual stress, which together with 

the applied stress at high temperature can lead to in-service cracking. Fracture mechanics 

based methods such as R6 are widely 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-thickness that 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 detailed residual 

stress measurements. 

Lƴ ƭŀǎǘ ȅŜŀǊΩǎ ǿƻǊƪ ǊŜǎƛŘǳŀƭ ǎǘǊŜǎǎ ƳŜŀǎǳǊŜƳŜƴǘ ƛƴ ŀ ǊƻǳƴŘ Ǌƻōƛƴ ōŜŀŘ-on-plate specimen 

performed within the European NET collaboration [1] was reported. The NET measurements 

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

ǿƛǘƘ ǎǘǊŜǎǎ ΨƘƻǘ-ǎǇƻǘǎΩ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ǿŜƭŘ ǎǘƻǇ Ǉƻǎƛǘƛƻƴ ŀƴŘ ŀ ǊŜƭŀǘƛǾŜƭȅ ƭƻƴƎ ǘǊŀƴǎƛǘƛƻƴ 

to steady-state residual stress generation during welding. The critical inputs to weld 

modelling are the material properties, 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, heat-affected-zone (HAZ) and parent 

metal of Type 316 anŘ 9ǎǎƘŜǘŜ мнрл ǿŜƭŘƳŜƴǘǎ ǳǎƛƴƎ ǘƘŜ ǊŜƭŀǘƛǾŜƭȅ ƴŜǿ Ψ9ƭŜŎǘǊƻƴƛŎ {ǇŜŎƪƭŜ 

tŀǘǘŜǊƴ LƴǘŜǊŦŜǊƻƳŜǘǊȅΩ ǘŜŎƘƴƛǉǳŜΦ ¢ƘŜǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛƭƭ ǇǊƻǾƛŘŜ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘƛƻƴ ƻŦ 
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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 a cross-sectional view of 

the Esshete multi-pass weld and the relative position from where specimens were machined 

out to see the thermo-mechanical effect of pass III (sample-1) on previously deposited weld 

metal of pass I (sample -2). Fig. 2 shows the constitutive stress strain data of pass I & III weld 

metals. The full work can be seen at [2]. 

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 Multi-Pass 

Austenitic Stainless Steel Weld Specimen. in 2008 ASME Pressure Vessels and Piping 

Conference. 2008. Chicago, Illinois: ASME. 

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 stresses during thermal exposure. We will carry out 

both in-situ and ex-situ experiments to correlate stress relaxation behaviour after heating 

and following creeping. Detailed investigation of microstructure and a digital image 

correlation (DIC) based study of accumulated plastic strain in multi-pass 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 Bead-on-Plate Simulation Benchmark Sample. Materials 

Science Forum, 2008. 571-572: p. 367-373. 

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 Multi-Pass Austenitic Stainless Steel Weld 

Specimen. in 2008 ASME Pressure Vessels and Piping Conference. 2008. Chicago, Illinois: 

ASME. 

[Φ 9ŘǿŀǊŘǎΣ aΦ /Φ {ƳƛǘƘΣ aΦ ¢ǳǊǎƪƛΣ aΦ 9Φ CƛǘȊǇŀǘǊƛŎƪΣ tΦ WΦ .ƻǳŎƘŀǊŘΣ ΨwƻƭŜ ƻŦ ŀŘǾŀƴŎŜŘ 

residual stress modeling and measurement in structural integrity assessment of welded 

ǘƘŜǊƳŀƭ ǇƻǿŜǊ ǇƭŀƴǘΩΣ !ŘǾŀƴŎŜŘ aŀǘŜǊƛŀƭs Research, 2008:41-42:391-400. 

http://safelife.jrc.nl/net/
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Presentations Given/ Conferences Attended  

 

tǊŜǎŜƴǘŜŘ tŀǇŜǊ ŀǘ ǘƘŜ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǎǘǊŜǎǎ ŎƻƴŦŜǊŜƴŎŜ ΨaŜŎŀǎŜƴǎ L±Ω ƘŜƭŘ ŀǘ ±ƛŜƴƴŀΣ 

September 2007. 

tǊŜǎŜƴǘŜŘ ǇƻǎǘŜǊ ƻƴ ά{ǘǳŘȅ of Residual Stress in a Stainless Steel Bead-on-Plate (BOP) 

{ƛƳǳƭŀǘƛƻƴ .ŜƴŎƘƳŀǊƪ {ŀƳǇƭŜέ ŀǘ ǘƘŜ Ybhh ŀƴƴǳŀƭ ŎƻƴŦŜǊŜƴŎŜΣ Wǳƭȅ нллт ŀǘ ǘƘŜ Ia{ 

Sultan naval base at Portsmouth. 

tǊŜǎŜƴǘŜŘ tƻǎǘŜǊ ƻƴ άaŀǘŜǊƛŀƭǎ tŜǊŦƻǊƳŀƴŎŜ ƛƴ bǳŎƭŜŀǊ !ǇǇƭƛŎŀǘƛƻƴέ ƛƴ ǘƘŜ {ǳǇŜǊƎŜƴ 

workshop, Oxford, June 2008.  

tǊŜǎŜƴǘŜŘ tƻǎǘŜǊ ƻƴ ά{ǘǳŘȅ ƻƴ [ƻŎŀƭƛǎŜŘ tƭŀǎǘƛŎ Cƭƻǿ tǊƻǇŜǊǘƛŜǎ ƛƴ /Ǌƻǎǎ ²ŜƭŘŜŘ {ǇŜŎƛƳŜƴ 

¦ǎƛƴƎ 9{tL ¢ŜŎƘƴƛǉǳŜέ ƛƴ ǘƘŜ нnd KNOO annual meeting, July 2008, Manchester. 

hǊŀƭ ǇǊŜǎŜƴǘŀǘƛƻƴ ƻƴ ά!ǎǎŜǎǎƛƴƎ IƛƎƘ ¢ŜƳǇŜǊŀǘǳǊŜ aŀǘŜǊƛŀƭǎ Response for Improved 

{ǘǊǳŎǘǳǊŀƭ LƴǘŜƎǊƛǘȅ ƻŦ bǳŎƭŜŀǊ tƻǿŜǊ tƭŀƴǘέ ƛƴ ǘƘŜ нnd KNOO annual meeting held between 

17th and 18th of July 2008, Manchester. 

tǊŜǎŜƴǘŜŘ tŀǇŜǊ ƻƴ ǘƘŜ άCǳƭƭ CƛŜƭŘ aŜŀǎǳǊŜƳŜƴǘ ƻŦ tƭŀǎǘƛŎ Cƭƻǿ tǊƻǇŜǊǘƛŜǎ ƛƴ ŀ aǳƭǘƛ-Pass 

Austenitic StaiƴƭŜǎǎ {ǘŜŜƭ ²ŜƭŘ {ǇŜŎƛƳŜƴέ ŀǘ ǘƘŜ ά!{a9 нллу t±t /ƻƴŦŜǊŜƴŎŜέΣ /ƘƛŎŀƎƻ 

between the 27th and 31st of July 2008. 

Training Attended  

WJS (Welding and Joining Society) meeting held at Manchester on the 23rd November 2006. 

Attended full day practical training programme at the HMS Sultan on the 3rd of July 2007. 

Attended the WJS (Welding and Joining Society) meeting held at TWI, Cambridge on the 27th 

November 2007. 

External Contact  

 

Collaborations/ Interactions with other I ndustry  

British Energy  

Collaborations/I 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 

 

Dr Keyun Wen 
 

Prof. Barry Marsden 
 

Dr James Marrow 

  Researcher  Researcher  Supervisor   Supervisor 

 

Technical Content  

 

Overall Research Aim  

To understand the relationship between the microstructure, dimensional change and 

materials properties of both unirradiated and irradiated nuclear graphites.  To do this, we 

need experimental measurements to validate models for structure/property relationships of 

nuclear graphites.  This currently being achieved using thermal strain measurements by high 

resolution image correlation of microstructures.  The effects of ion-irradiation 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 Ion Beam milling was used to obtain a sufficiently large electron transparent region 

of interest (<100 nm).  Image correlation techniques were used with in-situ TEM 

observations at temperatures up to 600°C to measure micro-strains.  The measured 

coefficient of thermal expansion (CTE) along the c-axis was 34 x10-6/K and -0.5 x10-6/K 

parallel to the a-axis.  The respective values for bulk single crystals (from X-ray diffraction 

methods [1]) are 27 x10-6/K and 1.0 x10-6/K.  The difference in our measurements is 

attributed to elastic constraint.  Work is in progress to assess unconstrained samples.  These 

observations provide confidence in the modelling of the larger-scale structures of filler and 

binder in nuclear graphites.  The aim is to now examine irradiated samples by the same 

methods and thereby explain the effects of fast neutron irradiation on the bulk and local 
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thermal expansion coefficients of nuclear graphites.  This is a necessary basis for the 

prediction of irradiation on dimensional change and related properties.  Complementary 

work is being done using synchrotron X-ray tomography. 

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

Publi cations 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) 152ς157 

Microcracks in nuclear graphite and highly oriented pyrolytic graphite (HOPG), K. Wen*, J. 

Marrow and B. Marsden Journal of Nuclear Materials, Article in press 

The microstructure of nuclear graphite binders K.Y. Wen *, T.J. Marrow and B.J. Marsden, 

CARBON, 46 (2008) 62-71 

HRTEM and thermal strain TEM analysis of nuclear graphite using Focused Ion Beam SEM 

sample preparation, A. N. Jones* , K.Y. Wen, T.J. Marrow and B.J. Marsden, Paper in 

preparation for CARBON, October 2008 

 

 

 600°C  
Figure 1. TEM images at 0°C 

and at 600 °C showing the closure 

of Gilsocarbon microcracks. 

 

Figure 3. Displacement map from Image 

Correlation on heating graphite from 0-

100°C. 

 

Figure 2.       Diffraction pattern showing 

local crystal orientation.  Sample plane 

parallel [2110] zone axis. 
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Presentati ons Given/Conferences Attended  

 

Oral presentation: British Energy Graphite Meeting, The University of Manchester, 15th April 

2008 

Oral presentation: INGSM 9 Holland, 15th ς 17th September 2008 

Oral presentation: EPRI Decommissioning and Radioactive Waste Management, Lyon, 

France 28th ς 30 November 2008. 

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 Windscale Piles on a research visit away day earlier 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 (Cardiff University) was a visiting researcher to the Nuclear Graphite Research 

during July 2008. He has spent time in Manchester using the DCS and Raman 

instrumentation, and also presented work at our monthly group meetings. 

Collaboration/ Int eractions 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 

 

Technical Content  

 

Overall Research Aim  

Graphite is widely used as a neutron moderator in nuclear fission reactors across the world; 

however, upon interaction with high-energy neutrons, the graphite lattice 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 project aims to try and simulate the effects 

of the neutron irradiation of graphite by using various ions, typically inert gas ions, to 

irradiate the samples under Ultra-High Vacuum (UHV) conditions. Differential Scanning 

Calorimetry (DSC) is employed to monitor the release of any Wigner-like energy generated 

through the ion bombardment, and a variety of other analytical and surface-science based 

techniques are also used to investigate further the changes caused through ion 

bombardment. 

Research Progress 

Raman spectroscopy has been successfully employed to investigate the damage caused by 

the ion irradiation. Fig 1 shows that for both He+ and Ar+, as the dose increases then so does 

the intensity of the disorder-induced band (D-band) at 1350 cm-1, with respect to the 

graphite band (G-band) at 1580 cm-1. 
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Figure 1 Raman analysis of Ar+ (left) and He+ (right) irradiated HOPG at increasing ion 

dose. 
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Figure 2 DSC trace obtained from 3 KeV Ar+ irradiated Graphite. A clear exotherm is 

displayed at 171 oC. 

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, which is in 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. Ion irradiation at several keV 

has however generated graphite samples which exhibit an exothermic release (Figure 2) in 

the temperature regime associated with Wigner energy (150-250 ºC). 

This exotherm is not present in the virgin material and is also not observed in the second-

heating cycle. Thus, we suggest that it reflects Wigner-like 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 irradiation. We 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.  

 

Presentati ons Given/Conferences Attended  

 

INGSM-9, Netherlands, Sept 2008 

KNOO annual meeting, Manchester, July 2008 

Training Attended  

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

 

External Contact  

 

Collaborations/I nteractions with other KNOO Members  

Manchester NGRG, headed by Prof Barry Marsden. Work closely 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 Lyon. 

 

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                          Supervisor 

Technical 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 cross 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 understood that Zr crystals, because of their hexagonal close packed structure 

at room temperature, present a strong anisotropy, thermally as well as mechanically[1]. This 

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 integrity of strained 

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. I am focusing 

on two alloys: Zircaloy-4 and zr-2.5%Nb. I use neutron and synchrotron diffraction facilities 

to perform in-situ uniaxial mechanical test and determine how the load is shared between 

grains of different crystal orientation. Elasto-Plastic self consistent (EPSC) models can then 

be used to determine what are the crystal 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. 
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Research Progress  

Following the in-situ compression tests carried out previously on the single phase Zircaloy-4 

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 compressed in-situ at the ENGIN-X 

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 corresponding peaks relative 

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 beta phase, 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 deformation 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 around ς700MPa and ς600MPa before and after 

heat treatment respectively. 

 

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 zircaloy-4 which suggest that depending on the 

strain rate, the load is shared differently between the different reflections at the onset of 

twinning. A proposal has been submitted at ISIS for a set of tests aimed at investigating 

further this phenomenon. 
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Publications E manating from Project  

 

hΦ ½ŀƴŜƭƭŀǘƻΣ aΦ 9Φ CƛǘȊǇŀǘǊƛŎƪΣ aΦ wΦ 5ŀȅƳƻƴŘΣ [Φ 9ŘǿŀǊŘǎΣ aΦ ¢ǳǊǎƪƛΣ Ψ5ŜǾŜƭƻǇƳŜƴǘ ƻŦ 

intergranular stresses during in-situ compression tests in Zircaloy-пΩΣ aŀǘŜǊƛŀƭǎ Science 

Forum, 2008:571-2:149-154. 

Presentations Given/ Conferences Attended  

 

Presentation - MECASENS IV Conference, September 2007 

Neutron and Muon Users Meeting, March 2008 

ICRS 8 Conference, August 2008 

External Contact  

 

Collaboration/ Interactions with other Academics  

¢Ƙƛǎ ǇǊƻƧŜŎǘ ƛǎ ōŜƛƴƎ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ ŎƻƭƭŀōƻǊŀǘƛƻƴ ǿƛǘƘ tǊƻŦŜǎǎƻǊ aŀǊƪ 5ŀȅƳƻƴŘ ŀǘ vǳŜŜƴΩǎ 

University, Canada. 

 

Address: Materials Engineering, The Open University, Walton Hall, Milton Keynes, MK7 

6AA 
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Mechanical Performance of Nuclear Structural Material s 

 

 
Ashwin Rao 

(Research student) 

 

Prof. Mike 

Fitzpatrick 

 

Dr Martin Rist 
 

Prof. John Bouchard 

  Researcher  Supervisor  Supervisor   Supervisor 

 

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 life limiting in many applications. 

Research Progress  - Creep Damage Evolution  

In the nuclear power industry, austenitic stainless steels are widely used as structural 

materials. They are used for their corrosion resistance properties and also for their high 

temperature strength. Components like heat exchangers, re-heater tubes are generally 

fabricated using austenitic stainless steels.  

Creep is one of the dominant material degradation process which affects the overall 

efficiency of a power plant. The overall combination of stress and temperature results in 

various levels of deformation. Design codes like the R5 and R6 codes used by power 

generation companies, including the nuclear companies such as British Energy, present a 

very conservative prediction of 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 modelling techniques.  

Current tests are focussed on simulating the effects of start-up and shut down loading on 

the creep behaviour of austenitic stainless steels. These situations are important due to the 

varying nature of the loads which are being applied. The strain behaviour of one of the 
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ongoing tests is shown below in fig 1. One observation that has been in this regard is the 

ŀƳƻǳƴǘ ǘƘŜ ƳŀǘŜǊƛŀƭ ΨǊŜŎƻǾŜǊǎΩ ǿƘŜƴ ǘƘŜ ƭƻŀŘ ƛǎ ǊŜƳƻǾŜŘΦ ΨwŜŎƻǾŜǊȅΩ Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ 

amount of time the material requires to achieve a certain amount of strain. By comparing 

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

removed, one can see the change in material behaviour (figure 2). 

Future Research Direction s 

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

development of creep cavitation (fig 3), using TEM and small-angle neutron scattering. 

Another developing research area is the residual stress relaxation in welded structures 

during creep. Residual stresses in welds can drive fatigue crack and creep cavitation, 

particularly for components that see high temperatures in 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 nuclear power plants as there will be need to perform lifing on start-of-life weld 

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

where a crack would grow under the influence of applied and residual stress field. 

  

Figure 1    Strain Behaviour when Loads 

were Applied and Removed 

Figure 2      Recovery during load removal 

 

Figure 3     Cavities along grain boundaries observed in a specimen which ruptured after 810 

hours. Test conditions were 550°C and 335 MPa 
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Presentati ons Given/Conferences Attended  

tǊŜǎŜƴǘŜŘ tƻǎǘŜǊ ƻƴ άaŀǘŜǊƛŀƭ tŜǊŦƻǊƳŀƴŎŜ ƛƴ bǳŎƭŜŀǊ !ǇǇƭƛŎŀǘƛƻƴέ ƛƴ ǘƘŜ {ǳǇŜǊƎŜƴ 

workshop held at Oxford on June 2008.  

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

Collabora tions/I 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 microstructurally- short 

Intergranular stress corrosion cracks.  The approach is based on a three-dimensional 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, the mechanical driving force for 

cracking, and the kinetics of crack growth.  The 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 predictions are being assessed against experimental 

observations of short intergranular stress 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 dominates until coalescence occurs.  Such behaviour is 

observed in real cracks. 

Future Research Direction  

(1) Laboratory work to understand the effects of grain boundary character on the crack 

growth rate and thereby calibrate the model. 

(2) Assess the magnitude of the interaction between crack pairs, and thereby develop crack 

interaction rules. 
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a.Initial crack-pair nuclei b. Both cracks develop 
c. One crack begins to 

dominate 

  

Figure 1   Coplanar-pair crack 

growth process, with no 

resistant grain boundaries, 

and a centre-centre distance 

of 7 grains. 
d. The dominant crack 

grows until coalescence 

occurs 

e. The coalesced crack grows 

 

Publ ications Emanating from P roject  

 

Y. Zhang, T. J. Marrow, A. H. Sherry, 3D Modelling of Intergranular Stress Corrosion Cracking 

(IGSCC), 12th International Conference on Fracture, ICF12, Canada, (2009) (paper submitted) 

Presentati ons Given/Conferences A ttended  

 

Y. Zhang, T. J. Marrow, A. H. Sherry, άModelling Stress Corrosion Cracking in Corrosion-

Resistant Materialsέ, Presentation, KNOO Quarter Meeting, Milton Keynes, November, 

2007. 

Y. Zhang, T. J. Marrow, A. H. Sherry, ά3-D Interaction of IGSCCέ, Presentation, Universities 

Nuclear Technology Forum, Manchester, March, 2008. 

Y. Zhang, T. J. Marrow, A. H. Sherry, άThe Modelling of Intergranular Stress Corrosion 

Cracking (IGSCC) in Austenitic Stainless Steelέ, Presentation and Poster, 3rd KNOO Annual 

Meeting, Manchester, July, 2008. 

Y. Zhang, T. J. Marrow, A. H. Sherry, ά3D Modelling of Intergranular Stress Corrosion 

Cracking (IGSCC)έ, Presentation, EuroCorr, Edinburgh, September, 2008. 
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External Contact  

 

Collaborations / Interactions with Stakeholders  

Dr David Tice (Serco), Mr Ian Armson (Rolls-Royce) 

Collaborations/ Interacti ons with other KNOO Members:  

Links within the University of Manchester in the field of stress corrosion cracking.  Links with 

Imperial College, to prepare samples in which stress corrosion cracks are to be grown for 

non-destructive examination. 

 

Address: Materials Performance Centre, the University of Manchester 
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Mechanistic Understanding and Predictive Modelling of Atmospheric 

Chloride -Induced Stress Corrosion Cracking (AISCC) in Austenitic 

Stainless Steels 

 

 
Dr. Anthony Cook 

 

Prof. Stuart Lyon 
 

Prof. Andrew Sherry 

       Researcher         Supervisor         Supervisor 

 

Technical Content  

 

Overall Research Aim  

To determine, via systematic study, the likely impact, if any, of AISCC on 304L and 316L 

austenitic stainless steels (ASS) - the current materials of choice for the storage of cement 

encapsulated intermediate level nuclear waste (ILW) - under their service conditions. 

Research Progress  

To date the occurrence of AISCC in types 304L and 316L ASS has been demonstrated via 

environmental exposure (typically 600 hours at 80oC and 40% RH) of tensile specimens, 

loaded with a symmetrical stress distribution of 0.7sy to 1.2sy either side of the central axis, 

containing a known density thin-film of MgCl2. In 304L severe AISCC was observed with 

cracks ranging from a few microns in length to a few millimeters; 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 316L during longer term exposure, 15 weeks 

at 80oC and 40% RH followed by 6 weeks at 80oC and 28%; no complete failures were 

observed. Cracking showed no obvious correlation with chloride-deposition density, 

followed a predominantly trans-granular pathway, appeared to be associated with sites of 

localized corrosion and on <111> crystallographic planes. 
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Tensile specimen in proving ring assembly. 

The specimen thickness at the central axis is 

3 mm 

Failure by AISCC of sensitized (A and B) and 

non-sensitized (C and D) 304L. 

Future Research Direction  

Further assessment of the relationship between materials and environmental parameters 

and the occurrence of AISCC in tensile and U-bend specimens including: 

(i) Investigation of the effect of surface finish, 

(ii) Testing of ILW container material, 

(iii) 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. Lyon, Atmospheric-Induced Stress Corrosion Cracking in 

Austenitic Stainless Steels for Nuclear Waste Containers. To be published in the Proceedings 

of the 17th International Corrosion Congress, Las Vegas, USA, 2008. 

A. Cook, A. Sherry, J. Walton, D. Phan and S. Lyon, Towards an Understanding of 

Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 316L Stainless 

Steels. To be published in the Proceedings of the ACA Conference on Corrosion Control (The 

impact of Corrosion on our Lives), Wellington, New Zealand, 2008. 
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Presentati ons Given/Conferences Attended  

 

D. Phan, A. Cook, A. Sherry and S. Lyon, Atmospheric-Induced Stress Corrosion Cracking in 

Austenitic Stainless Steels for Nuclear Waste Containers, 17th International Corrosion 

Congress, Las Vegas, USA, 2008. 

A. Cook, A. Sherry, J. Walton, D. Phan and S. Lyon, Towards an Understanding of 

Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 316L Stainless 

Steels, ACA Conference 2008 (The impact of Corrosion on our Lives), Wellington, New 

Zealand, 2008. 

A. Cook, A. Sherry, D. Phan, N. Stevens and S. Lyon, Towards an Understanding of 

Atmospheric Induced Chloride Stress Corrosion Cracking of Type 304L and 316L Stainless 

Steels. RWIN meeting on waste disposal, University of Sheffield, 2008. 

 

External Contact  

 

Good working relationships have been established with Cristiano Padovani of the NDA and 

Mr. Neil Fairweather of Serco Assurance. 

Collaboration/I 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 

       Researcher         Supervisor         Supervisor 

 

Technical Content  

 

Overall research aim:  Simulating in-service neutron irradiation effects on AGR fuel cladding 

through two methods (e.g. thermal sensitization and proton irradiation) and evaluating the 

subsequent 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 cladding 

material has been thermally treated or 

proton irradiated (to 3 and 5 dpa) at the 

University of Michigan. 

The degree of chromium depletion in both 

batches of material has been measured 

using the analytical Transmission Electron 

Microscope (ATEM), see figure.  The 

thermally treated material shows greater 

chromium depletion (8 to 15 wt% Cr) 

compared with proton irradiated material 

(13 to 19 wt% Cr for 5 dpa). 
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Figure 1  Grain boundary chromium 

depletion measured by ATEM 

The influence of chromium depletion on corrosion behaviour has been investigated through 

Double loop Electrochemical Potentiokinetic Reactivation Tests and slow strain rate tests in 

simulated pond water.  The resultsShow the influence of electrochemical potential on the 

transition from ductile fracture to intergranular stress corrosion cracking and pitting. 
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Future research direction: Further electrochemical testing is aimed at identifying the critical 

pitting potential for the thermally treated and proton irradiated cladding material in 

simulated pond water.  Slow strain rate tests will be undertaken on proton irradiated 

material in due course. 

 

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 in several 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 seminar  at the 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). 

!ǘǘŜƴŘŜŘ ¢ƘŜ ǿŜƭŘƛƴƎ ŀƴŘ ƧƻƛƴƛƴƎ ǎƻŎƛŜǘƛŜǎ ŎƻƴŦŜǊŜƴŎŜ Řŀȅ άƳŀǘŜǊƛŀƭǎ ¢ŜŎƘƴƛŎŀl Group 

aŜŜǘƛƴƎ άbŜǿ 5ŜǾŜƭƻǇƳŜƴǘǎ ƛƴ aŀǘŜǊƛŀƭǎ ŀƴŘ WƻƛƴƛƴƎ ŦƻǊ ǘƘŜ bǳŎƭŜŀǊ LƴŘǳǎǘǊȅέέ ό¢ƘǳΦ но 

November 2006) University of Manchester Conference Centre). 

 

External Contact  

 

Several visits and meetings in Nuclear site such as (Springfield and Sellafield ςplant and the 

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. G. Whillock, Mr. Walter Weaver and Dr. Brian Hands (UK National 

Nuclear Laboratory)  

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

Yi Zhang, Fabien Leonard 

Collaboration/I nt eractio 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, UK) and Prof. Gary Was and Dr. Ovidiu 

Toader (at the University of Michigan, USA). 

 

Address: Materials Performance Centre, The University of Manchester, The Mill - A11 

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 

Technical Content  

 

Overall Research Aim  

A viable option to dispose nuclear waste is the phase disposal concept, storing nuclear 

waste in large underground repositories. Throughout the various stages of this process and 

ǘƘŜ ƭƛŦŜǘƛƳŜ ƻŦ ǘƘŜ ǿŀǎǘŜ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ƳƻƴƛǘƻǊ ǘƘŜ ǿŀǎǘŜΩǎ ƛƴǘŜƎǊƛǘȅ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ƛǘ 

does not have an impact on the environment 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 work package is investigating the feasibility 

of an autonomous wireless monitoring system that can measure and transmit the required 

information post-ŎƭƻǎǳǊŜΦ ¢ƘŜ ǇǊƻǇƻǎŜŘ ŘŜǾƛŎŜ ǿƻǳƭŘ ΨǿŀƪŜ-ǳǇΩ ŀŦǘŜǊ ŀ ƭƻƴƎ ŘǳǊŀǘƛƻƴ ƻŦ 

time (circa 50-100 years), generate sufficient power, and then acquire and wirelessly 

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

in Figure 1, ŀƴŘ ǿƻǳƭŘ Ŏƻƴǎƛǎǘ ƻŦΥ ŀ ǘƛƳŜǊ ΨǿŀƪƛƴƎΩ ǘƘŜ ŘŜǾƛŎŜ ǳǇ ŀŦǘŜǊ ŀ ŎŜǊǘŀƛƴ ǇŜǊƛƻŘ ƻŦ 

time by releasing energy from a stored energy source; a power module comprising this 

stored energy source and conditioning electronics; a 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: 

ω Developing the sensors and electronics of the monitoring system. 

ω Developing the power module that would supply sufficient energy to the sensors and 

electronics. 

ω 5ŜǾŜƭƻǇƛƴƎ ŀ ǘƛƳŜǊ ŦƻǊ ǘƘŜ ŘŜǾƛŎŜ ǘƻ ŀƭƭƻǿ ƛǘ ǘƻ ΨǿŀƪŜ-ǳǇΩ ŀŦǘŜǊ at least 50 years.  

ω Devising a transmission concept that would allow the data from the wireless sensor 

node to be transmitted from a repository that is 300-1000m below the surface. 

ω Developing a protective shell that would protect the system from the harsh nuclear 

environment for at least 50 years.   

Timer

Processor  
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Transmitter

Conditioning 

electronics

Energy 

source

Power module
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Figure 4 Proposed 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 comprises a coil spring and an electrical generator. 

Tests on this device, occupying ~2300cm3, indicate 100J of energy can be supplied, although 

the measurements show that the conversion mechanism has an efficiency of only 10%. This 

is sufficient to power a sensor module. A 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 been evaluated 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 developed.  

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 good radioactive and 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 footprint and cost. 

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. 
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A meeting with the Nuclear Decommissioning Authority has been held at the University of 

Bristol with the objective of attaining industry requirements. 
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