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The	strategic	areas	of	activity	of	NES	comprise	the	following:	

•	 contributions	to	the	safe	and	economic	operation	of	the	existing	Nuclear	Power	Plants	

(NPP)	 in	Switzerland	and	proof	of	 the	safe	geological	storage	of	 radioactive	waste	by	

reinforcing	the	scientific	bases	of	the	technologies	in	the	appropriate	areas;

•	 support	to	the	reactor	operators	and	safety	authority	in	Switzerland,	as	well	as	the	secur-

ing	of	stand-by	functionality	in	key	areas,	particularly	those	requiring	the	services	of	a	

Hot	Lab;

•	 preparation	of	inputs	to	‘stakeholders’	for	decision-making	purposes;

•	 promotion	 of	 nuclear	 energy	 by	 means	 of	 R&D	 in	 terms	 of	 increased	 sustainability,	

safety	and	economy;

•	 training	of	young	nuclear	specialists	over	a	broad	spectrum	of	disciplines,	including	those	

with	experience	of	other	energy	systems;

•	 support	and	participation	 in	 the	worldwide	 ‘renaissance’	of	nuclear	energy,	and	of	 its	

relevance	to	the	current	needs	within	Switzerland.	

NES	 is	 structured	 into	 five	 research	 laboratories	 according	 to	 its	 specific	 scientific	 and	

technical	areas	of	competence.	It	operates	the	only	Hot	Laboratory	in	the	country,	and	the	

Reactor	School	offers	education	and	training	programmes	for	present	and	future	reactor	

operators.

Nuclear Energy and Safety  
Research Department (NES)
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The Nuclear Energy and Safety Department and 
the safe and sustainable use of nuclear energy

Jean-Marc	Cavedon	

Nuclear Energy and Safety Department, PSI

Nuclear	energy	is	an	integral	part	of	not	only	the	Swiss	but	also	the	global	sustainable	energy	mix,	and	as	such	

is	an	important	component	of	PSI’s	energy	research	portfolio.	The	scientific	and	technical	challenges	of	further	

enhancing	the	safety	and	cost-effectiveness	of	nuclear	electricity	production,	and	at	the	same	time	decreasing	

the	associated	risks,	can	be	very	effectively	influenced	by	the	work	at	PSI.	The	PSI	campus	brings	together	a	

rare	blend	of	highly	qualified	physicists,	chemists	and	solid-state	scientists,	large-	and	medium-scale	experi-

mental	facilities	of	world	class,	and	internationally	recognized	engineers	in	all	the	key	disciplines	of	energy	

production.	Highlights	of	the	scientific	and	technical	contributions	made	during	2008	in	this	stimulating	envi-

ronment	constitute	the	sections	which	follow.

“The	debate	over	the	benefits	and	risks	of	nuclear	energy	has	

certainly	not	ended,	but	the	tide	of	opinion	has	turned.	The	

turbulence	in	the	oil	and	gas	markets,	and	the	now	obvious	

need	 to	 restrict	 the	 emission	 of	 greenhouse	 gases,	 jointly	

compel	today’s	governments	to	look	with	new	eyes	at	their	

nuclear	options.	Public	opinion,	until	now	cautious,	is	finally	

leaning	towards	the	positive.”	This	is	not	the	isolated	opinion	

of	 the	 NES	 management,	 but	 is	 actually	 epitomized	 in	 the	

headline	of	a	recent	compilation	of	newspaper	articles	from	

Spain,	the	United	Kingdom,	Germany,	India	and	Japan	entitled:	

“Nuclear,	the	great	comeback”	(Courrier	International,	Nr.	956,	

Feb.-March,	2009).	A	growing	number	of	European	govern-

ments	 are	 starting	 to	 invigorate	 their	 civilian	 nuclear	 pro-

grammes,	and	presenting	them	as	the	most	pragmatic	option	

for	fighting	greenhouse-gas	emissions.	Sweden	and	Italy	are	

the	most	spectacular	examples:	their	governments	have	very	

recently	 announced	 a	 ‘phase-out	 of	 the	 previous	 nuclear	

phase-out	policy’.

In	Switzerland	too,	the	wind	of	change	in	the	attitude	to	nu-

clear	energy	is	also	blowing	more	strongly.	During	2008,	three	

requests	for	general	site	permits	for	nuclear	power	plants	have	

been	 submitted:	 for	 Beznau,	 Mühleberg	 and	 Niederamt.	 In	

addition,	the	national	nuclear	waste	cooperative,	Nagra,	has	

disclosed	six	potential	sites	for	underground	waste	repositor-

ies,	all	accompanied	by	a	rather	moderate	level	of	protest	from	

the	media.	

For	us	researchers,	geared	towards	the	safe	and	sustainable	

use	of	nuclear	energy,	all	this	is	a	sign	of	the	growing	accept-

ance	of	our	basic	conviction:	that	nuclear	electricity	generation	

is	a	recognized	asset	to	life	in	Switzerland	today,	and	one	that	

will	remain	tomorrow.	Our	goal	is	to	integrate	nuclear	energy	

in	the	sustainable	energy	mix	even	more	comprehensively	by	

reinforcing	its	positive	side	(low	cost,	very	low	CO2	emission,	

independence	 of	 energy	 supply,	 etc.)	 while	 simultaneously	

reducing	its	negative	image,	through	reduced	risk,	and	less	

waste	for	long-term	disposal.

Strategic collaborations and tools

The	Nuclear	Energy	and	Safety	Department	(NES)	is	an	active	

partner	in	the	overall	Swiss	energy	scene.	It	is	our	privilege	

and	duty	to	deliver	objective	judgments	and	rational	methods	

to	 the	 stakeholders	 involved	 in	 the	 decision-making	 proc-

esses.	We	 are	 also	 strongly	 embedded	 in	 the	 international	

nuclear	 energy	 research	 community,	 where	 we	 collaborate	

formally	or	informally	with	our	contemporaries	in	other	coun-

tries.	Examples	of	this	involvement	are,	for	example,	our	active	

presence	in	the	EU-based	Sustainable	Nuclear	Energy	Technol-

ogy	Platform;	our	formal	commitment	in	support	of	the	VHTR	

and	GFR	systems	within	the	Generation	IV	International	Forum	

(GIF);	and	our	membership	of	the	numerous	working	groups,	

committees	and	projects	of	the	IAEA	and	the	OECD	Nuclear	

Energy	Agency.

Last	but	not	 least,	NES	 is	 fully	 integrated	 in	PSI’s	 research	

portfolio.	For	example,	the	use	of	the	large	facilities	at	PSI	for	

addressing	basic,	as	well	as	far-reaching,	problems	regarding	

the	structure	of	matter	is	combined	with	application	to	practi-

cal,	present-day	issues,	such	as	the	sorption	mechanism	of	

radionuclides	on	specific	clays	or	cements,	and	 the	ageing	
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process	of	the	metals	used	in	current	reactors.	The	state-of-

the-art	analytical,	experimental	and	computer-supported	tools	

available	at	PSI	are	an	asset	to	the	technologies	of	today,	and	

will	serve	future	applications	in	the	decades	to	come.

Fundamental and applied research 

In	nuclear	research,	the	focus	on	practical	applications	can	

be	seen	in	our	involvement	in	the	safety	and	operational	issues	

relevant	to	present-day	operating	plants	(Generation	II),	as	

well	as	our	drive	to	a	deeper	understanding	of	plants	offering	

even	higher	safety	and	 reliability	standards,	such	as	 those	

(Generation	III	plants)	now	being	constructed	worldwide,	and	

envisaged	for	Switzerland	too.	The	development	of	the	next	

generation	of	nuclear	plants,	for	which	increased	sustainabil-

ity	is	a	central	issue,	is	our	contribution	to	the	long-term	nu-

clear	perspective.	Further,	we	participate	in	the	advancement	

of	Generation	IV	designs,	which	aim	to	maintain	the	advan-

tages	of	safety	and	cost-effectiveness	of	today’s	plants,	while	

decreasing	dramatically	the	consumption	of	the	planet’s	fissile	

resources	and	recycling	a	significant	share	of	the	radioactive	

waste.	

Six laboratories and a common strategy

Our	portfolio	concentrates	on	selected	topics	of	nuclear	sci-

ence	and	technology.	It	is	organised	into	six	units.	The	Labo-

ratory	of	Reactor	Systems	(LRS)	focuses	on	the	high-fidelity	

numerical	simulation	of	nuclear	reactor	systems	under	normal	

operational	conditions,	and	their	transition	to	abnormal	situ-

ations.	As	a	counterpoint,	an	experimental	platform	on	reactor	

physics	 is	 maintained,	 providing	 hands-on	 experience	 of	

neutronic	behaviour	for	various	reactor	concepts.	LRS	is	also	

involved	 in	 developing	 better	 understanding	 of	 advanced	

reactor	cores	operating	with	fast	neutrons.

The	Laboratory	 for	Thermal	Hydraulics	 (LTH)	addresses	 the	

reactor	cooling	issues.	For	Generation	II	reactors,	the	coolant	

is	water	at	high	pressure	and	temperature.	Both	single-	and	

two-phase	 flows	 are	 studied,	 the	 latter	 including	 mixtures	

containing	water	and	steam	bubbles,	steam	with	water	drop-

lets,	and	their	related	heat	transfer	phenomena.	The	long-term	

goal	of	the	research	is	to	link	instrumentation	of	high	spatial	

and	time	resolution	with	solutions	of	the	basic	equations	of	

fluid	motion,	not	only	for	water-cooled	reactors,	but	for	the	

variety	of	coolants	which	feature	in	future	design	concepts,	

such	as	gases,	liquid-metals	and	(possibly)	molten	salt.

Materials,	either	in	the	form	of	oxides	or	ceramic	fuels,	or	as	

metallic	 structural	 components,	 ultimately	 determine	 both	

the	reliability	and	lifetimes	of	nuclear	reactors,	and	thereby	

their	overall	economic	viability.	Material	behaviour	also	de-

termines	the	operational	limits	for	reactors.	The	Laboratory	

for	Nuclear	Materials	(LNM)	has	a	long	tradition	in	the	study	

of	nuclear	fuels,	and	in	the	ageing	of	structural	components	

under	the	hostile	conditions	that	exist	in	nuclear	power	plants	

over	decades	of	active	service.	With	an	eye	to	the	future,	LNM	

has	recently	developed	experimental	and	modelling	skills	in	

advanced	ceramics	and	metals	for	high-temperature	environ-

ments.

Examination	of	materials	following	irradiation	is	the	main	focus	

of	 the	Hot	Laboratory	at	PSI.	The	Hot	Lab	 (AHL)	serves	 the	

users	of	all	the	PSI	irradiation	facilities,	both	in	regard	to	their	

industrial	operational	needs,	and	in	the	context	of	advanced	

materials	research.	Dedicated	measurement	points	for	the	safe	

handling	 of	 radioactive	 samples	 are	 also	 installed	 in	 other	

large,	less-specific	facilities	at	PSI,	such	as	SINQ	and	SLS.

Nuclear	reactions	produce	fission	products	as	waste,	and	with	

an	 associated	 risk	 of	 radioactive	 contamination	 of	 the	 bio-

sphere.	The	Laboratory	for	Nuclear	Waste	(LES)	investigates	

the	retention	capabilities	of	certain	geological	layers	in	isolat-

ing	the	waste	from	the	biosphere	over	the	long	time	periods	

commensurate	with	the	longest	decay	times	of	the	radionu-

clides	present:	that	is,	from	tens	of	thousands	to	millions	of	

years.	

Finally,	the	responsibility	of	the	Laboratory	of	Energy	Systems	

Analysis	(LEA),	which	is	associated	with	both	Energy	Depart-

ments	at	PSI,	is	to	offer	a	global	perspective	of	nuclear	en-

ergy,	vis-à-vis	the	other	sustainable	energy	technologies	of	

interest	to	Switzerland.	The	technologies	are	considered	over	

their	 entire	 life-cycles,	 encompassing	 their	 ecological,	 eco-

nomic	and	social	implications.

Highlights

It	is	my	pleasure	to	introduce	you	to	the	following	pages	of	

selected	highlights	of	our	activities	over	 the	past	year.	The	

articles	aim	to	give	a	representative	view	of	the	variety	of	tasks	

needed	to	further	our	understanding	of	nuclear	reactors,	both	

present	and	future,	and	of	the	nuclear	fuel	cycle.
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The	 International	 Conference	 on	 the	 Physics	 of	 Reactors	

(PHYSOR	2008)	was	held	under	the	theme	“Nuclear	Power:	a	

Sustainable	Resource”	from	14-18	September,	2008	in	Inter-

laken,	 Switzerland.	 PSI	 and	 the	 Swiss	 Nuclear	 Society	 –	 in	

collaboration	with	the	American	Nuclear	Society	and	the	OECD	

Nuclear	Energy	Agency	–	were	the	main	organizers,	with	EPFL,	

Swissnuclear	and	AREVA	as	the	principal	sponsors.	The	confer-

ence,	the	largest	of	its	kind	ever	held	in	Switzerland,	carried	

on	the	tradition	of	the	previous	(bi-annual)	PHYSOR	confer-

ences;	 the	most	recent	were	held	 in	Seoul	 (2002),	Chicago	

(2004)	and	Vancouver	(2006).

The	PHYSOR	2008	conference	structure	was	defined	from	the	

outset	in	terms	of	16	technical	tracks:	

1.	 Nuclear	Data

2.	 Transport	Theory	

3.	 Monte	Carlo	Developments

4.	 Core	Analysis	Methods

5.	 Advanced	Fuel	&	Core	Design	

6.	 Criticality	Safety	

7.	 NPP	Transients	

8.	 Actinide	Management

9.	 Fast	Reactor	Design	&	Safety

10.	 Research	Reactors	&	Spallation	Sources

11.	 Integral	Experiments	&	Analysis	

12.	 Nuclear	Standards	&	Benchmarks	

13.	 Fuel	&	Materials	Behaviour

14.	 Facilities	for	Safety	Research

15.	 Radiation	Applications	&	Nuclear	Safeguards

16.	 Nuclear	Power	&	Sustainable	Development.

While	many	of	the	tracks	correspond	to	the	“usual”	areas	(e.g.	

Core	Analysis	Methods)	which	have	characterized	past	PHYS-

OR	conferences,	certain	tracks	(e.g.	Fuel	and	Materials	Be-

haviour)	served	to	emphasize	the	fact	that	the	scope	of	the	

R&D	interests	of	reactor	physicists	has	broadened	consider-

ably	in	recent	years.	

The	PHYSOR	2008	Technical	Program	Committee	(TPC)	con-

sisted	 of	 170	 experts	 from	 universities,	 research	 centres,	

regulatory	bodies	and	industry	from	as	many	as	21	different	

countries.	Together,	 they	 reviewed	 well	 over	 600	 extended	

abstracts	from	potential	contributors,	with	between	10	and	13	

TPC	members	constituting	the	reviewing	body	for	each	of	the	

16	tracks.	As	such,	all	abstracts	submitted	received	multiple	

reviews,	with	the	track leaders coordinating	the	final	selection	

process.

Finally,	 450	 papers	 were	 accepted;	 see:	 http://www.

physor	2008.ch/.	These	papers	were	presented	orally,	during	

The	International	Conference	on	the	Physics	of	Reactors	(PHYSOR	2008)	was	held	under	the	theme	“Nuclear	

Power:	 a	 Sustainable	 Resource”	 from	14-18	 September,	2008	 in	 Interlaken,	 Switzerland.	 PSI	 and	 the	 Swiss	

Nuclear	Society	–	in	collaboration	with	the	American	Nuclear	Society	and	the	OECD	Nuclear	Energy	Agency	–	were	

the	main	organizers,	with	EPFL,	Swissnuclear	and	AREVA	as	the	principal	sponsors.	The	conference	structure	

was	defined	from	the	outset	in	terms	of	16	technical	tracks	resulting	in	62	separate	technical	sessions	which	

covered	a	very	wide	variety	of	topics.	These	ranged	from	basic	neutronics,	through	operational	and	safety	aspects	

of	current-day	reactors,	to	the	multi-physics	modelling	of	advanced	systems	and	the	closure	of	the	nuclear	fuel	

cycle.	The	PHYSOR	2008	Technical	Program	Committee	finally	accepted	450	papers	(see	http://www.physor2008.

ch/)	out	of	well	over	600	extended	abstracts	from	potential	contributors.	These	papers	were	presented	orally	

either	during	five	parallel	sessions	on	each	of	the	four	principal	conference	days,	or	as	part	of	the	three	separate	

poster	sessions.	The	record	conference	attendance	of	more	than	550	participants	from	35	different	countries	is	

a	clear	reflection	of	the	worldwide	renaissance	which	nuclear	power	is	currently	undergoing,	and	identifies	nu-

clear	power	as	a	potentially	strong	contributor	to	a	sustainable	energy	supply	of	the	future.

Rakesh	Chawla

Laboratory for Reactor Physics and Systems Behaviour

PHYSOR 2008: International Conference on the 
Physics of Reactors 
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five	parallel	sessions	on	each	of	the	four	principal	conference	

days,	or	as	part	of	 the	three	separate	poster	sessions.	The	

record	conference	attendance	of	over	550	participants,	from	

35	different	countries,	is	a	clear	reflection	of	the	worldwide	

renaissance	that	nuclear	power	is	currently	undergoing	as	a	

potentially	strong	contributor	to	a	sustainable	energy	supply	

of	the	future.

The	62	separate	PHYSOR	2008	technical	sessions	covered	a	

very	 wide	 variety	 of	 topics,	 ranging	 from	 basic	 neutronics,	

through	operational	and	safety	aspects	of	current-day	reac-

tors,	to	the	multi-physics	modelling	of	advanced	systems	and	

the	closure	of	the	nuclear	fuel	cycle.	The	scientific	quality	of	

the	papers	presented	was	unusually	high.	Apart	from	the	Best 

Student Paper	 (see	Fig.1)	and	Best Poster	prizes,	26	of	 the	

PHYSOR	2008	papers	were	selected	for	publication	in	a	special	

issue	of	the	journal:	Annals	of	Nuclear	Energy	(ANE).	These	

papers	had	been	 identified	by	 the	various	 track	 leaders	as	

reflecting	 the	 conference	 in	 a	 representative	 manner,	 the	

criteria	for	selection	being:	(a)	one	to	two	papers	per	track,	

(b)	originality,	novelty	and	potential	 impact	of	the	reported	

work,	 and	 (c)	 the	 quality	 of	 the	 presentation	 given	 at	 the	

conference.	

Following	detailed	peer	review,	the	selected	papers	have	now	

been	brought	together,	and	constitute	the	April	2009	issue	of	

the	journal	(ANE,	Volume	36,	Issue	3).	This	is	available	on-line	

at	the	following	web	address:

http://www.sciencedirect.com/science/journal/03064549

In	addition	to	the	various	technical	sessions,	two	workshops	

were	also	held	as	part	of	the	PHYSOR	2008	conference,	one	

entitled	Monte Carlo Methods Development,	and	 the	other	

Reactors for Actinide Management.	Finally,	on	the	closing	day,	

a	choice	of	technical	tours	was	made	available	to	the	partici-

pants:	 to	 CERN,	 PSI,	 or	 the	 Grimsel	 Laboratory.	 The	 next	

PHYSOR	conference	will	be	held	 in	Pittsburgh,	USA	 in	May	

2010.	

Figure 1:  Hanna Kröhnert receiving one of the Best Student 

Paper awards from Nam Zin Cho, Technical Co-chair of PHYSOR 

2008. Hanna is a NES-EPFL doctoral student carrying out her 

research at the PSI experimental reactor PROTEUS.
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General Situation

Whereas	the	1990s	were	characterised	by	a	steep	decline	in	

federal	funds	for	nuclear	research,	which	could	only	be	par-

tially	compensated	by	third-party	financing,	the	funding	situ-

ation	stabilized	after	the	year	2000.	Indeed,	since	2005,	even	

a	small	growth	could	be	sustained.	This	general	trend	seems	

to	have	accelerated	during	2008,	and	is	based	solely	on	the	

additional	third-party	funding	that	has	become	available	dur-

ing	the	year.

Despite	the	positive	overall	climate	for	nuclear	research,	the	

employment	situation	in	2008	for	NES	remained	as	difficult	

as	it	was	in	2007.	Some	experienced	staff	left	to	go	to	jobs	in	

industry,	new	recruitment	was	sluggish,	and	the	year	saw	a	

larger	than	average	number	of	people	seeking	early	retirement.	

Personnel

The	staff	turnover	within	NES,	which	was	very	high	in	both	

2007	and	2008,	has	resulted	in	an	accelerated	change	in	the	

overall	age	structure	of	the	department.	For	each	of	these	two	

years,	more	than	30	people	have	been	recruited,	partially	to	

compensate	for	a	high	number	of	retirements,	a	situation	that	

was	particularly	exacerbated	in	2008	by	the	new	government	

pension	scheme	coming	into	force	on	June	1,	which	resulted	

in	13	senior	members	of	NES	going	into	early	retirement	at	

the	end	of	May.	

The	high	number	of	open	positions	advertised	during	this	time	

very	much	reflects	this	general	picture,	which	is	also	mirrored	

in	the	major	restructuring	of	the	senior	management	of	NES	

which	has	taken	place.	Over	these	same	two	years,	about	two	

thirds	of	the	management	staff	has	had	to	be	replaced,	though	

in	most	circumstances	suitable	replacements	could	be	found	

internally.

The	number	of	open	positions	peaked	at	over	30	during	2008,	

but	had	been	reduced	to	15	by	the	end	of	the	year.

In	total,	35	NES	staff	 left	during	2008,	out	of	which	6	were	

Federal	funds	for	nuclear	research	have	remained	stable	in	recent	years,	and	the	small	annual	growth	in	third-

party	funding	continued	during	2008.	The	turnover	rate	of	personnel	within	NES	remained	high,	as	in	2007.	The	

renaissance	in	nuclear	energy	has	resulted	in	many	attractive	options	becoming	available	to	suitably	qualified	

individuals	in	the	nuclear	sector.	This	meant,	from	the	NES	standpoint,	that	the	recruitment	market	was	“dry”	

in	some	research	areas.	In	addition,	major	changes	in	the	Swiss	pension	scheme	led	to	a	number	of	senior	NES	

staff	taking	early	retirement.	In	total,	32	new	staff	members	were	recruited	during	the	year,	almost	compensat-

ing	for	the	35	who	left.

Peter	Hardegger	

Nuclear Energy and Safety Research Department, PSI

NES facts and figures for 2008
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Figure 2: Age structure of 2008 recruitmentsFigure 1: History of NES funding resources
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The staff turnover position within NES, which was very 

high in both 2007 and 2008, has resulted in an 

accelerated change in the overall age structure of the 

department. For each of these two years, more than 30 

people have been recruited, partially to compensate for 

a high number of retirements, a situation that was 

particularly exacerbated in 2008 by the new government 

pension scheme coming into force on June 1, which 

resulted in 13 senior members of NES going into early 

retirement at the end of May.  

The high number of open positions advertised during this 

time very much reflects this general picture, which is 

also mirrored in the major restructuring of the senior 

management of NES which has taken place. Over these 

same two years, about two thirds of the management 

staff has had to be replaced, though in most 

circumstances suitable replacements could be found 

internally. 

The number of open positions peaked at over 30 during 

2008, but had been reduced to 15 by the end of the 
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doctoral	students	who	had	successfully	completed	their	the-

ses.	The	vacancies	created	could	almost	be	compensated	by	

the	new	staff	members,	doctoral	fellows	and	doctoral	students	

recruited	during	the	year	(32	in	total).	Indeed,	the	number	of	

doctoral	 students	 and	 postdoctoral	 fellows	 has	 increased	

substantially	in	recent	years,	and	now	stands	at	24	and	17,	

respectively.

Finances

PSI	resources,	that	is	the	money	made	available	through	direct	

ETH-domain	funding,	remained	constant	during	2008.	How-

ever,	 the	 funds	 made	 available	 for	 consumables	 and	 ex-

penses	were	reduced	slightly.

Over	the	last	two	years,	third-party	funds,	based	to	a	large	

extent	 on	 long-term	 contracts,	 have	 been	 updated	 to	 take	

account	 of	 inflation.	 In	 addition,	 some	 new	 contracts,	 with	

new	partners,	could	be	initiated,	so	that	overall	third-party	

funding	increased	slightly.

In	 total,	 6.9	 Mio	 CHF	 were	 available	 for	 investments	 and	

maintenance,	made	up	of	1.7	and	5.2	Mio	CHF	from	PSI	and	

third-party	funds,	respectively.

Partners/Contracts

The	main	emphasis	of	the	research	within	NES	(38%)	is	on	

safety	research	for	the	existing	nuclear	plants	within	Switzer-

land.	These	activities	are	mainly	supported	by	Swissnuclear	

(the	 association	 of	 operators	 of	 the	 Swiss	 nuclear	 plants),	

which	is	the	largest	single	third-party	funding	source	for	the	

department.	Research	on	new	and	future	reactors	(17%)	is	

mainly	funded	from	international	collaborations	(e.g.	EU	and	

OECD	projects).	The	third	largest	activity	is	waste	management	

research,	at	13%,	partly	funded	by	Nagra.

On	 the	 expenditure	 side,	 an	 important	 part	 (9%)	 of	 the	

budget	is	the	investment	made	in	Energy	Systems	Analysis,	

a	common	venture	with	the	General	Energy	Department,	and	

the	costs	associated	with	the	operation	of	large	facilities,	e.g.	

the	Hot	Laboratory	and	PROTEUS,	which	amounted	to	about	

23%	of	the	available	funds	during	2008.

In	2008,	several	 important	new	contracts	were	signed.	The	

most	important	was	the	renewal	of	the	contract	with	Nagra	

for	the	funding	of	the	waste	management	activity.	In	addition,	

several	new	EU	contracts	were	signed	(FUEL-BRIDGE,	ACSEPT,	

NURISP,	RECOSY),	and	a	new	infrastructure	cooperation	with	

AREVA	was	started.	

Within	the	framework	of	our	existing	contracts,	16	work	state-

ments/orders	were	signed	(2	on	HRA,	3	on	STARS,	6	for	the	

Hot	Laboratory	and	5	with	Swissnuclear).	Finally,	a	Systems	

and	Project	Agreement	 in	the	GIF	 framework	was	signed	in	

connection	with	the	Very	High	Temperature	Reactor	(VHTR)	

initiative.
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Current	activities	within	LRS	are	centred	on	four	principal	project	areas.

LWR-PROTEUS

Measurements	 are	 being	 taken	 of	 basic	 reactor	 physics	 data	 for	 modern,	 complex	 fuel	

bundles	in	a	critical	facility	(PROTEUS).	The	data	collected	are	subsequently	used	for	the	

validation	of	computer	codes,	and	the	reduction	in	their	uncertainties.

LWR-UPGRADE

The	project	is	concerned	with	the	conversion	and	fitting	of	the	PROTEUS	reactor	for	meas-

urements	of	highly	burnt	fuel.

STARS

STARS	is	a	long-standing	project	aimed	at	the	development,	maintenance	and	application	

of	a	complex	code	and	database	system	to	be	used	for	investigations	on	the	behaviour	of	

the	 Swiss	 nuclear	 reactors.	 Focus	 areas	 include	 combined	 system	 transient	 and	 uncer-

tainty	analysis,	fuel	modelling	and	neutronics.

FAST

Appropriately	named,	this	activity	is	aimed	at	the	development	and	implementation	of	a	

code	system	representing	state-of-the-art	safety	analyses	of	nuclear	systems	incorporating	

fast	neutron	spectra.

The	research	projects	within	LRS	additionally	provide	motivation	and	subject	material	for	

doctoral	and	diploma	theses	in	support	of	training	in	nuclear	technology	at	EPFL,	and	are	

strongly	coupled	with	the	joint	EPFL-ETHZ	Nuclear	Masters	programme.	

Laboratory for Reactor Physics and 
Systems Behaviour (LRS)
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Coupling classical thermal hydraulics with Compu-
tational Fluid Dynamics for nuclear reactor systems

Davide	Bertolotto,	Annalisa	Manera,	Rakesh	Chawla,	Laboratory for Reactor Physics and Systems Behaviour, PSI	

Simon	Frey,	Horst-Michael	Prasser,	Laboratory for Thermal Hydraulics, PSI

The	use	of	Computational	Fluid	Dynamics	(CFD)	codes	to	address	nuclear	safety	issues	for	improving	the	ac-

curacy	 of	 nuclear	 system	 transient	 analyses	 has	 grown	 significantly	 in	 recent	 years.	 Nonetheless,	 the	 high	

computational	costs	associated	with	CFD	simulations	have	restricted	their	use	to	local	areas	of	the	plant.	Con-

sequently,	traditional	1-D	system	codes	still	represent	the	main	workhorses	for	analysing	thermal-hydraulic	

plant	behaviour.	Within	the	STARS	project	at	PSI,	a	tool	capable	of	simultaneously	performing	detailed	3-D	CFD	

component	and	traditional	1-D	system	analyses	is	being	developed.

As	part	of	the	safety	assessment	and	licensing	procedures	for	

Nuclear	Power	Plants	 (NPPs),	a	wide	range	of	analyses	are	

carried	 out	 using	 best-estimate	 system	 codes.	 These	 have	

been	 developed	 and	 validated	 over	 many	 years	 for	 a	 wide	

variety	of	accident	scenarios	and	transients.	In	these	codes,	

the	conservation	equations	(mass,	momentum	and	energy)	

describing	two-phase	flow	and	heat	transfer	are	based	on	1-D	

approximations,	the	thermal-hydraulic	models	employing	an	

appropriate	 set	 of	 correlations	 (closure	 relationships)	 to	

represent	the	phase	exchanges.	The	model	for	a	specific	NPP	

is	then	constructed	by	connecting	together	a	number	of	1-D	

modular	components	(pipes,	tees,	pumps,	valves,	etc.).

There	are,	however,	certain	components	for	which	strong	asym-

metries	may	occur	(e.g.	in	boron	concentration	and	tempera-

ture)	in	the	flow	of	coolant	in	the	Reactor	Pressure	Vessel	(RPV).	

These	asymmetries	depend	largely	on	the	coolant	mixing	tak-

ing	 place	 in	 the	 downcomer	 and	 lower	 plenum.	 The	 mixing	

phenomena	 are	 turbulent,	 and	 strongly	 3-D	 in	 character.	 In	

such	circumstances,	1-D	approximations	are	inappropriate.

For	single-phase	mixing	applications,	CFD	codes	have	reached	

a	satisfactory	level	of	maturity	for	providing	reliable	modelling	

for	such	multi-dimensional	flows,	but	have	the	disadvantage	

that	their	computational	overheads	are	large.	The	coupling	of	

system	and	CFD	codes	is	therefore	a	logical	step	in	nuclear	

safety	 applications,	 especially	 for	 those	 in	 which	 3-D	 flow	

plays	an	important	role.	

Coupling

A	 coupling	 algorithm	 has	 been	 developed	 between	 the	 US	

NRC	best-estimate	system	code	TRACE	and	the	commercial	

CFD	code	ANSYS-CFX	[1],	with	the	PVM	(Parallel	Virtual	Ma-

chine)	 environment	 being	 used	 to	 manage	 the	 information	

exchange	between	the	two	codes.	The	exchange	of	variables	

takes	place	at	the	common	boundaries	between	the	codes.	

The	 conversion	 from	 a	 1-D	 to	 a	 3-D	 boundary	 condition	 is	

crucial,	since	additional	 information	on	the	flow	is	 then	re-

quired:	 for	 example,	 the	 inlet	 velocity	 profile,	 which	 is	 not	

accessible	using	a	1-D	approximation.	Another	critical	issue	

is	the	numerical	stability	of	the	coupling	procedure:	namely,	

whether	it	is	developed	following	an	explicit	or	semi-implicit	

scheme,	which	limits	the	choice	of	the	temporal	and	spatial	

discretization	schemes	that	can	be	adopted.

The	currently	implemented	coupling	algorithm	is	being	verified	

against	simple	numerical	 tests,	and	 is	now	being	validated	

against	data	from	an	experiment	involving	3-D	mixing	effects.

Double	T-junction	experiment

The	 experimental	 set-up	 used	 for	 the	 validation	 procedure	

consists	of	two	loops	connected	by	a	double	T-junction,	with	
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Figure 1: Schematic of the double T-junction experimental 

arrangement.
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a	recirculation	loop	connecting	the	two	branches	(Fig.	1).	The	

operating	fluid	is	tap	water,	and	the	mass	flow	rate	ratio	be-

tween	the	inlet	and	the	re-circulating	path	is	1:1.	The	loop	is	

instrumented	with	 three	wire-mesh	sensors	 [2]	 to	measure	

the	cross-sectional	distribution	of	a	tracer	injected	at	location	

WM1,	 labelled	 in	 Fig.	 1.	 During	 the	 transient,	 the	 tracer	 is	

partially	re-circulated	to	location	WM2,	and	partially	ejected	

via	WM3.	Eventually,	the	tracer	is	completely	expelled	from	

the	 system.	 To	 test	 the	 coupling	 algorithm,	 the	 double	 T-

junction	was	modelled	using	ANSYS-CFX,	while	the	recircula-

tion	loop	was	modelled	using	TRACE	[3].

Results

The	 velocity	 field	 inside	 the	 double	 T-junction	 is	 strongly	

multi-dimensional	(Fig.	2),	and	a	TRACE	simulation	alone	could	

never	capture	the	correct	amount	of	tracer	recirculated	in	the	

side	loop	(a	1-D	code	will	partition	the	tracer	according	to	the	

mass	flow	ratio	between	the	junctions	themselves).	A	clear	

improvement	of	the	computational	results	is	obtained	when	

the	coupled	tool	CFX-TRACE	is	employed	(Fig.	3),	with	some	

small	discrepancies	due	to	the	unstable	velocity	field	in	the	

proximity	of	the	outlet	boundary	at	WM3.

Parametric	studies	indicate	a	clear	influence	of	the	inlet	veloc-

ity	 profile	 on	 the	 simulation	 results	 [1].	 In	 the	 results	 pre-

sented	 here,	 a	 fully	 developed	 turbulent	 profile	 has	 been	

employed,	this	being	representative	of	the	actual	experimen-

tal	conditions.

Conclusions

A	coupling	algorithm	between	the	1-D	system	code	TRACE	and	

the	3-D	CFD	code	ANSYS-CFX	has	been	developed,	and	the	

first	steps	are	being	undertaken	in	the	verification	and	valida-

tion	procedures.	A	validation	experiment	has	been	carried	out,	

in	circumstances	in	which	the	3-D	nature	of	the	flow	is	impor-

tant.	Comparison	between	experimental	and	simulation	re-

sults,	as	measured	by	the	averaged	concentration	histories	

at	 the	wire-mesh	sensor	 locations,	 indicates	 that	 there	are	

definite	advantages	in	using	the	coupled	tool,	as	opposed	to	

the	stand-alone	system	code.	
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Figure 2: Velocity field in the double T-junction configuration, as 

computed by the CFX code.

Figure 3: Comparison of experimental data with TRACE and 

coupled TRACE/CFX simulation results at each wire-mesh sensor 

location at early and late times: injection and first splitting (left); 

first and second re-circulations (right).



A	new	model	for	fission-gas	release	(FGR)	and	gaseous	swell-

ing	in	uranium	dioxide	fuel	has	recently	been	developed	at	

PSI.	In	general,	the	model,	GRSW-A	[1],	predicts	macroscopic	

characteristics	of	the	state	of	the	fuel	by	analysing	the	meso-	

and	microscopic	processes	which	occur	in	the	fuel	material.	

Specifically	included	in	the	model	are:	(1)	intra-granular	proc-

esses,	including	the	kinetics	of	point	defects	in	the	lattice,	gas	

mono-atom	diffusion,	as	well	as	nucleation,	migration,	coa-

lescence,	trapping,	irradiation-induced	resolution	and	point-

defect-diffusion-controlled	growth	of	 the	gaseous	bubbles;	

and	(2)	processes	related	to	the	grain	boundaries	of	the	fuel:	

namely,	formation	and	growth	of	large	gaseous	pores	(result-

ing	in	grain-boundary	swelling)	and	FGR	into	the	free	volume	

of	the	fuel	rod.	

The	latter	group	of	phenomena	are	represented	in	the	GRSW-

A	model	using	an	original	dynamic	approach	[2].	Both	intra-	and	

inter-granular	behaviour	are	considered	to	be	closely	linked	

to	the	phenomena	of	intra-granular	fuel	polygonization	and	

high	burn-up	structure	(HBS)	formation	under	low-temperature	

irradiation,	 as	 is	 the	 process	 of	 equiaxial	 grain	 growth	 at	

higher	 temperatures.	 Also	 included	 is	 a	 special	 model	 de-

voted	 to	 the	 behaviour	 of	 the	 as-fabricated,	 intra-granular	

pore	 behaviour,	 related	 to	 the	 macroscopic	 effects	 of	 low-

temperature,	 irradiation-induced	 densification	 and	 high-

temperature	sintering.

Previously,	the	GRSW-A	model	was	explicitly	coupled	to	the	

FALCON	code	[3].	With	this	new	configuration,	a	comprehensive	

verification	and	validation	programme	needs	to	be	carried	out.

FGR and gaseous swelling during base  
irradiation

The	improved	FALCON	code	has	been	successfully	applied	to	

the	analysis	of	the	thermo-mechanical	behaviour	and	FGR	in	

high	burn-up	fuel	rods	from	the	Leibstadt	nuclear	power	plant	

(KKL),	 from	 base	 irradiation	 to	 a	 peak	 of	 70	 MWd/kgU.	 As	

shown	in	Fig.	1,	a	significant	improvement	over	the	standard	

FALCON	 code	 results	 has	 been	 achieved	 in	 predicting	 FGR	

during	base	irradiation.

Moreover,	 calculated	 pellet	 swelling	 during	 steady-state	 ir-

radiation	in	a	LWR	is	found	to	be	consistent	with	the	experi-

mental	data	 for	pellet	burn-up,	extending	up	to	100	MWd/

kgU,	as	shown	in	Fig.	2.	

There	is	very	good	agreement	between	the	calculation	made	

using	FALCON-PSI	and	experiment	[4]	in	regard	to	the	decrease	

in	intra-granular	pellet	swelling	rate	with	burn-up.	This	is	due	

Grigori	Khvostov,	Martin	A.	Zimmermann

Laboratory for Reactor Physics and System Behaviour, PSI

After	the	GRSW-A	model	for	fission	gas	release	and	gaseous	swelling	in	the	uranium	dioxide	fuel	was	explic-

itly	coupled	with	the	FALCON	code,	an	exhaustive	verification	and	validation	programme	has	been	followed	to	

ensure	adequacy	and	numerical	robustness	of	the	improved	code	over	a	wide	application	area.	This	includes	

analysis	of	fuel	behaviour	during	base	irradiation,	slow	power	ramps	and	fast	transients.	Progress	made	during	

the	year	2008	is	reported	here.

FALCON-PSI: an improved tool for evaluating  
fuel performance
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Figure 1: Calculated and measured FGR as a function of 

rod-averaged burn-up for selected fuel rods irradiated in KKL



to	depletion	of	the	matrix	fission	gas	on	the	pellet	periphery	

subjected	to	intra-granular	polygonization,	which	entails	the	

onset	and	further	growth	of	grain-boundary	bubble	swelling	

due	to	the	formation	of	High	Burn-up	Structure	(HBS)	pores.	

The	resulting	increase	in	the	rate	of	total	pellet	swelling	with	

burn-up,	as	predicted	by	the	calculation,	also	shown	in	Fig.	2,	

is	likewise	in	a	good	agreement	with	the	available	experimen-

tal	 data	 for	 pellet	 density,	 as	 measured	 by	 the	 immersion	

method.

Gaseous swelling during power ramps

The	power	ramps	conducted	in	the	Studsvik	research	reactor	

within	 the	 SCIP	 project	 have	 also	 been	 analysed	 using	 the	

modified	version	of	the	FALCON	code.	This	exercise	has	ena-

bled	validation	of	the	code	to	be	carried	out	against	data	from	

fuel	rods	with	different	cladding	materials:	namely,	re-crystal-

lized	Zry-2	and	M5,	as	well	as	stress-relieved	Zry-4	and	ZIRLO.	

The	tested	fuel	segments	had	been	extracted	from	both	BWR	

and	 PWR	 fuel	 rods,	 and	 subject	 to	 different	 power	 ramps:	

short-term	 and	 long-term,	 high-power	 hold,	 with	 stepwise	

increase	 in	 the	 heat	 generation	 rate.	 Analysis	 of	 the	 SCIP	

cases	has	significantly	contributed	into	the	code’s	validation	

matrix.

It	is	worth	noting	that	the	predicted	radial	deformation	of	the	

cladding	caused	by	the	power	ramps	is	in	perfect	agreement	

with	measurement,	confirming	the	efficacy	of	the	code	modi-

fication,	and	implicitly	providing	evidence	of	the	significant	

impact	of	gaseous	swelling	on	 fuel	 rod	 thermo-mechanical	

behaviour	during	slow	thermal	transients.

RIA test analysis

Important	results	have	also	been	obtained	from	application	

of	the	improved	FALCON	code	to	the	analysis	of	fuel	rod	be-

haviour	during	 the	Reactivity-Initiated	Accident	 (RIA)	simu-

lated	in	the	Nuclear	Safety	Research	Reactor	(NSRR)	in	Japan	

within	the	ALPS	project	[5].	On	the	one	hand,	previous	calcu-

lations	indicated	only	a	minor	role	being	played	by	gaseous	

swelling	on	the	failure	of	the	LS-1	test	fuel	rod,	evidently	due	

to	the	relatively	early	cracking	of	the	cladding,	which,	accord-

ing	to	the	present	analysis,	is	expected	to	occur	at	a	cladding	

tensile	strain	purely	in	the	elastic	regime.	On	the	other	hand,	

the	more	recent	analysis,	which	took	into	account	the	extra	

residual	cladding	ductility	under	the	higher	temperature	and	

pressure	conditions	(HTHP-capsule)	 typical	of	a	LWR,	high-

lighted	the	potentially	significant	effect	of	gaseous	swelling	

on	the	cladding	stress-strain	conditions	during	the	RIA.	This	

hypothesis	 has	 been	 shown	 to	 be	 consistent	 with	 the	 pre-

dicted	cladding	hoop	stress,	which	displayed	early	transfer	to	

the	plastic	regime	under	the	HTHP-capsule	conditions.	

In	summary,	by	taking	into	account	gaseous	swelling	of	the	

pellets,	an	increase	in	plastic	strain	of	the	cladding	of	about	

150%	was	predicted.
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Figure 2: Predicted pellet-averaged swelling in a high 

burn-up LWR fuel rod during irradiation compared with 

experimental data



The	SFR	is	currently	considered	by	the	Generation-IV	Interna-

tional	Forum	(GIF)	as	one	of	the	most	promising	candidates	

in	the	near	future	for	offering	safe	and	reliable	fast-breader	

reactor	 technology.	 One	 of	 the	 key	 R&D	 issues	 is	 to	 fully	

demonstrate	the	safety	of	the	reactor.	In	this	context,	sodium-

boiling	phenomena	play	an	important	role,	since	(i)	the	void	

distribution	in	the	core	is	one	of	the	parameters	controlling	

the	reactivity	during	a	(postulated)	accident,	and	(ii)	boiling	

may	 lead	 to	 dryout,	 and	 ultimately	 the	 melting	 of	 the	 fuel	

cladding.	As	SFR	transient	behaviour	depends	strongly	on	the	

coupled	neutronics/thermal-hydraulics	response	of	the	core	

to	 external	 perturbations,	 extension	 of	 the	TRACE	 thermal-

hydraulics	code	[1]	to	model	two-phase	sodium	flow	is	pres-

ently	being	undertaken.	

Extension of the TRACE two-fluid model

The	 original	 non-homogeneous,	 non-equilibrium	 model	 for	

steam-water	flow	in	TRACE	has	been	adapted	for	the	repre-

sentation	of	two-phase	sodium	flow.	The	two-fluid,	six-equa-

tion	model	considers	each	phase	separately	in	terms	of	a	set	

of	 conservation	 equations	 governing	 the	 balance	 of	 mass,	

momentum	 and	 energy	 for	 each	 phase,	 together	 with	 the	

exchange	terms	between	the	phases.	The	code	modifications	

include	a	number	of	changes	to	the	internal	logic,	the	addition	

of	equations	of	state	(EOSs)	for	liquid	and	gaseous	sodium,	

and	the	implementation	of	sodium-specific	physical	models	

for	the	representation	of	the	interfacial	exchange	terms.	The	

EOSs	 have	 been	 tested	 and	 validated	 against	 an	 existing,	

well-established	 ‘sodium’	 code:	 SIMMER-III	 [2].	 Different	

closure	relations,	specific	to	liquid	metals,	have	been	imple-

mented	as	options	in	TRACE	for	two-phase	sodium	flow	rep-

resentation.	The	set	of	models	used	in	the	SABENA	code	[3],	

which	uses	a	simplified	flow-regime	map,	with	annular	flow	

dominating,	is	currently	considered	the	best	option	available	

for	representing	interfacial	heat	and	momentum	exchange.	

In	the	framework	of	the	FAST	code	system	being	developed	at	PSI,	the	TRACE	thermal-hydraulics	code	is	being	

extended	to	model	two-phase	sodium	flow.	As	the	most	recent,	official	code	version	(TRACE	v.5)	is	limited	to	the	

modelling	of	single-phase	sodium,	its	applicability	range	is	insufficient	for	studying	the	behaviour	of	a	Gener-

ation-IV	Sodium-Cooled	Fast	Reactor	(SFR)	during	transients	in	which	boiling	is	anticipated.	Through	the	simu-

lation	of	a	Loss-Of-Flow	(LOF)	experiment,	it	has	been	shown	that	the	current	extension	of	the	TRACE	code	is	

capable	of	reproducing	the	main	sodium-boiling	phenomena	(including	2D	effects)	quite	satisfactorily.	Sup-

plementary	studies	are	needed,	however,	for	the	further	improvement	in	accuracy.	
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Figure 1: Simplified diagram of the KNS sodium boiling loop, 

showing details of the bundle cross-section



Simulation of the 37-pin bundle LOF experiment

The	Kompakter	Natriumsiede-Kreislauf	(KNS)	facility,	shown	

schematically	 in	Fig.	1,	was	a	sodium	loop	used	for	boiling	

tests	in	the	1980s.	One	experiment,	simulating	a	loss-of-flow	

accident	in	a	37-pin	bundle	[4]	with	thermal-hydraulics	condi-

tions	representative	of	a	SFR	fuel	element,	has	been	selected	

to	assess	the	capabilities	of	the	new	computational	tool.	Both	

1D	 and	 2D	TRACE	 representations	 of	 the	 test	 section	 have	

been	considered.	As	there	are	significant	spatially-dependent	

effects	in	the	transient,	2D	calculations	are	to	be	preferred.	

Results	are	discussed	below.	

Figure	2	shows	the	predicted	and	measured	inlet	and	outlet	

mass	flow-rate	variations	during	the	transient;	the	character-

istic	 events	 are	 labelled.	 After	 the	 inception	 of	 boiling,	 the	

boiling	region	expands	radially	(Fig.	3),	the	pressure	oscillat-

ing	around	a	constant,	average	value.	This	period	is	well	re-

produced	 by	 TRACE,	 as	 can	 be	 seen	 from	 the	 calculated	

pressure	evolution	shown	in	Fig.	4(a),	while	Fig.	4(b)	shows	

the	void	fraction	history	at	the	centre	(r1)	and	periphery	(r4)	

of	the	bundle.	

It	is	seen	that	TRACE	is	capable	of	reproducing	the	radial	ex-

pansion	of	vapour	during	the	first	stage	of	boiling	(the	incep-

tion	of	boiling	in	the	outer	subchannel	is	predicted	1.5s	after	

the	onset	of	boiling	in	the	centre	of	the	bundle).	As	soon	as	

the	boiling	front	reaches	the	wall	of	the	test	section,	the	pres-

sure	 rises	 abruptly,	 and	 the	 decrease	 in	 flow	 is	 faster.The	

downward	expansion	of	vapour	also	compares	very	well	with	

experiment.	The	calculated	duration	of	boiling	of	4.5s	(Fig.	1)	

is	about	2s	shorter	than	the	experimental	value:	the	results	

indicate	a	numerical	instability	at	the	time	of	void	collapse.	

The	study	of	different	interfacial	closure	relations	indicates	

that	the	prediction	of	boiling	collapse	is	very	sensitive	to	the	

correlations	used	 in	 the	model.	Further	study	 is	needed	 to	

improve	 the	 correspondence	 between	 calculation	 and	 ex-

periment	for	the	two-phase	flow	period.

Conclusions

The	modifications	currently	being	implemented	in	the	TRACE	

code	 have	 extended	 the	 code’s	 capabilities	 to	 predict	 two-

phase	sodium	flow.	Sensitivity	analyses	confirm	the	depend-

ence	of	the	accuracy	of	the	two-phase	model	on	the	assumed	

constitutive	relations.	From	the	investigations	conducted	to	

date,	it	has	been	found	that	use	of	a	simplified	flow	regime	

map	(with	annular	flow	dominating),	in	conjunction	with	the	

interfacial-exchange	models	used	in	the	SABENA	code,	yield	

the	best	results.	Supplementary	studies	of	the	appropriate-

ness	 of	 the	 physical	 models	 in	 the	 simulation	 of	 other	 ex-

periments	are	planned	to	further	improve	the	two-phase	so-

dium	modelling	capability	in	TRACE.
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Figure 2: Inlet and outlet mass flow rates

Figure 3: Expansion of the boiling region

Figure 4: Time histories of (a) absolute pressure and (b) void 

fraction 





The	activities	within	LTH	are	concerned	with	the	application	of	state-of-the-art	technologies	

to	the	heat/mass	transfer	processes	and	hydraulics	relevant	to	the	safety	and	efficiency	of	

current	and	future	nuclear	reactors:	both	design-basis	and	beyond-design-basis	accident	

conditions	are	considered.	

Efforts	fall	broadly	into	two	main	project	areas.

ALPHA

The	project	was	originally	conceived	to	provide	confirmation	of	the	characteristics	of	passive	

safety	systems	for	advanced	LWRs,	and	was	centred	around	the	large-scale,	integral	test	

facility	PANDA.	More	recently,	the	experimental	base	has	been	broadened	to	incorporate	

investigations	of	fundamental	phenomena	in	both	the	primary	circuit	and	containment,	and	

includes	the	study	of	two-phase	flow	phenomena	(such	as	bubbly	flows),	the	prediction	of	

critical	heat	flux,	and	mixture/stratification	phenomena.	A	number	of	additional	small-	and	

medium-scale,	single-effect	test	facilities	are	now	also	included	under	the	project	heading.	

At	all	three	scales,	experimentation	is	accompanied	by	the	development	and	application	of	

novel	instrumentation	techniques	able	to	measure	the	distributed	parameters	characteris-

tic	of	3D	flow	fields.

In	parallel,	there	is	an	ongoing	development	and	validation	programme	for	the	accompany-

ing	numerical	tools,	particularly	CFD	(Computational	Fluid	Dynamics),	but	including	also	

multi-scale	modelling	approaches	to	basic	phenomena	such	as	boiling.

Source-Term	Evaluation

Activities	here	are	centred	around	the	ARTIST	test	facility,	which	reproduces,	at	reduced	

scale,	aerosol	deposition	behaviour	during	a	severe	accident	following	a	postulated	steam	

generator	tube	rupture.	General	considerations	of	iodine	chemistry	are	being	investigated,	

with	specific	application	to	nuclear	power	plants.	The	experimental	programme	is	balanced	

by	the	development	and	validation	of	numerical	models,	the	overall	theme	being	aimed	at	

replacing	the	existing	empirical	models	by	mechanistic	modelling	using	CFD.	All	activities	

are	directed	towards	source-term	evaluation	relevant	to	the	Swiss	NPPs.	

Laboratory for 
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In	T-junctions,	particularly	in	the	regions	where	hot	and	cold	

streams	meet,	but	are	not	completely	mixed,	significant	tem-

perature	fluctuations	can	occur	at	the	pipe	walls.	Such	fluc-

tuations	may	induce	cyclic	thermal	stresses	in	the	wall	mate-

rial,	 and	 may	 eventually	 lead	 to	 fatigue	 cracking.	 These	

problems	were	first	investigated	for	Liquid-Metal	Fast	Breed-

er	Reactors	(LMFBRs)	in	the	1980s.	Although	the	problem	is	

particularly	relevant	to	such	reactors,	due	to	the	high	thermal	

conductivity	of	the	liquid-metal	coolant,	cyclic	thermal	loading	

is	also	an	issue	for	Light	Water	Reactors	(LWRs).	Incidents	of	

high-cycle	fatigue	have	been	observed	in	T-junctions,	such	as	

the	 one	 at	 the	 Civaux-1	 plant	 in	 France	 in	 1998	 [1].	 Recent	

research	activity	 in	 this	area	 includes	 the	experiments	and	

benchmarks	 undertaken	 by	 Vattenfall	 in	 Sweden,	 and	 the	

comprehensive	European	5th	Framework	Programme	THERFAT.	

Currently,	similar	research	is	being	undertaken	at	PSI,	as	part	

of	the	Plant	Life	Management	(PLiM)	project	of	Swiss	Nuclear.

Experiments

The	high-cycle	nature	of	the	phenomena	makes	them	difficult	

to	monitor	using	conventional	thermocouple	instrumentation,	

due	to	the	limited	sensor	response	time.	Nonetheless,	reliable	

prediction	 of	 thermal	 fatigue	 loads	 is	 an	 important	 part	 of	

managing	the	risk	posed	by	the	loads.	Temperature	fluctua-

tions	at	frequencies	up	to	several	Hz,	 induced	by	turbulent	

motions,	present	the	highest	risk	in	terms	of	material	thermal	

fatigue.	Significantly	higher	 frequencies	 than	 these	appear	

not	to	pose	a	threat,	as	they	are	strongly	attenuated	by	the	

thermal	inertia	of	the	pipe	material.	

Using	the	analogy	between	turbulent	mass	and	thermal	trans-

port	in	mixing,	isothermal	experiments	have	been	performed	

using	ionized	and	de-ionized	water.	The	set-up	consists	of	a	

horizontal	T-junction	geometry	comprising	Plexiglas	pipes	of	

50	mm	inner	diameter.	Regular	(ionized)	tap	water	flows	in	

the	main	pipe,	and	de-ionized	water	in	the	branch	pipe.	

A	photograph	of	the	test	section	is	shown	in	Fig.	1.	The	two	

streams	mix	at	and	downstream	of	the	T-junction,	the	mixture	

being	drained	through	the	(green)	flexible	hose	shown	on	the	

right.	 Close	 to	 the	 inlets	 of	 the	 pipes,	 honeycomb	 flow-

straighteners	are	positioned.	Both	pipes	are	sufficiently	long	

to	ensure	developed	flow	profiles	as	the	fluids	arrive	at	the	

T-junction,	 giving	 well-defined	 boundary	 conditions	 for	 the	

accompanying	CFD	simulations.	In	the	arrangement	shown,	

the	 instrumentation	 consists	 of	 two	 wire-mesh	 sensors	

(WMSs),	placed	one	behind	the	other,	50	mm	downstream	of	

the	junction.	The	wire-mesh	sensors	consists	of	a	matrix	of	

1616	wires,	constituting	a	grid	of	236	measurement	points	

(of	the	256	possible	combinations,	some	points	are	missing	

in	the	corners	due	to	the	circular	pipe	geometry).	The	3	mm	

pitch	of	the	measurement	grid	defines	the	spatial	resolution	

of	the	measurements;	the	time	resolution	is	600	frames	per	

second.

As	nuclear	plants	age,	and	as	it	is	generally	desirable	to	extend	their	lifetimes,	the	issue	of	high-cycle,	thermal	

fatigue	to	structures	becomes	increasingly	important.	Cyclic	thermal	loads	can	occur	in	different	parts	of	the	

plant,	and	are	invariantly	associated	with	the	mixing	of	coolant	streams	of	different	temperatures.	One	example	

of	such	mixing	occurs	in	T-junctions,	where	hot	and	cold	streams	meet,	but	are	not	completely	mixed.	Here	we	

report	on	activities	aimed	at	developing	methods	to	measure	and	numerically	predict	these	phenomena.	
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Figure 1: The PSI T-junction test section
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Calculations

The	calculations	presented	here	are	based	on	the	Large	Eddy	

Simulation	(LES)	model	of	turbulence,	and	were	carried	out	

using	 the	 FLUENT	 6.3	 commercial	 CFD	 package.	 Previous	

studies	[2,3]	showed	this	model	to	be	superior	to	the	Reynolds-

Averaged	Navier-Stokes	(RANS)	and	Scale-Adaptive	Simula-

tions	(SAS)	models.	However,	LES	computations	are	an	order	

of	 magnitude	 more	 computationally	 intensive	 than	 those	

employing	SAS,	and	two	orders	of	magnitude	more	expensive	

than	RANS	[3].

Results

Figure	2	shows	a	comparison	of	the	conductivity	distributions	

over	the	pipe	cross-section	at	a	distance x/D	=	1	downstream	

the	tee.	As	can	be	seen,	the	LES	model	is	able	to	quantita-

tively	predict	the	conductivity	distribution	very	well.	

The	 high	 conductivity	 region	 has	 a	 distinctive	 ‘half-moon’	

shape,	which	is	well	captured	by	the	LES	calculation.	The	most	

obvious	difference	 is	 the	slight	anti-clockwise	tilt	visible	 in	

the	experiment,	which	is	due	to	the	buoyancy	of	the	side	flow,	

and	 not	 accounted	 for	 in	 the	 simulation.	 The	 recirculation	

region	(blue	in	Fig.	2)	exhibits	a	characteristic	feature	in	which	

higher	conductivity	fluid	is	transported	back	to	the	measuring	

plane.	This	effect	is	also	well	captured	by	the	simulation.	

The	root-mean-square	(rms)	values	of	conductivity	at	the	same	

location	are	shown	in	Fig.	3,	and	are	accurately	reproduced	

by	the	calculation.	The	sharp	interface	region	(red)	is	associ-

ated	with	high	rms	values,	and	is	a	consequence	of	the	strong	

shear	between	the	two	streams.	The	rms	value	has	a	minimum	

in	both	the	high-velocity	and	the	recirculation	regions,	since	

they	are	not	yet	mixed	at	this	location.	The	interface	region	

(crescent-shaped)	is	thin	for	both	the	experiment	and	the	LES	

simulation,	and	has	a	similar	thickness.	

Figure	4	shows	the	mean	and	rms	values	of	conductivity	along	

the	midline	of	the	measuring	plane.	The	accuracy	of	the	LES	

predictions	is	striking	for	both	quantities.

Conclusions

Studies	 are	 being	 performed	 with	 the	 objective	 of	 finding	

suitable	measuring	techniques	for	supplying	data	to	improve	

the	numerical	modelling	aspects	of	mixing	in	T-junctions.	The	

use	of	WMSs	is	particularly	suited	for	such	flows,	because	of	

the	 fine	 spatial	 resolution	 and	 high	 frequency	 of	 the	 data.	

From	the	numerical	point	of	view,	LES	offers	the	most	accurate	

modelling	approach	due	to	its	ability	to	capture	the	details	of	

the	 large,	coherent,	 turbulent	structures	of	 the	flow,	but	 is	

very	intensive	computationally.	Future	experimental	and	nu-

merical	investigations	will	focus	on	the	important	near-wall	

region.	

References

[1]	 D.	Jungclaus	et	al.,	NEA/CSNI	Specialist	Meeting	on	Ex-

perience	with	Thermal	Fatigue	in	LWR	Piping	caused	by	

Mixing	and	Stratification,	OECD/NEA,	Paris	France,	8	–	

10	June,	1998

[2]	 R.	Zboray	et	al.,	Proc.	NURETH-12,	Pittsburg	PA,	USA,	30	

Sept.	–	4	Oct.,	2007

[3]	 B.	Niceno	et	al.,	Proc.	TOPSAFE,	Dubrovnik,	Croatia	30	

Sept.	–	3	Oct.,	2008

Figure 2: Computed (left) and measured (right) conductivities in 

the measuring plane at x/D = 1 

Figure 4: Mean conductivity (left) and its rms value (right) at the 

midline of the measuring plane at x/D = 1

Figure 3: Computed (left) and measured (right) rms values of con-

ductivity in the measuring plane at x/D = 1
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Hydrogen	 generation,	 transport	 and	 accumulation	 in	 Light	

Water	 Reactor	 (LWR)	 containments	 in	 the	 context	 of	 severe	

accident	scenarios	 is	of	serious	safety	concern	for	some	nu-

clear	plants.	The	subsequent	build-up	of	a	hydrogen-rich	layer	

in	the	upper	part	of	the	containment,	and	the	possible	mecha-

nisms	by	which	the	concentration	may	be	diluted,	thereby	re-

ducing	 the	 risk	of	a	possible	explosion,	 is	one	of	 the	 issues	

being	addressed	in	the	experiments	currently	being	conducted	

in	the	PANDA	facility	at	PSI	as	part	of	the	OECD/SETH-2	project.	

These	 investigations	 are	 aimed	 at	 creating	 an	 experimental	

database	suitable	for	the	improvement	and	validation	of	ad-

vanced	lumped-parameter	and	3-D	simulation	tools.	The	issue	

is	important	in	view	of	the	use	of	the	codes	in	safety	analyses	

[1],	 and	 with	 respect	 to	 reactor	 lifetime	 extension	 or	 power	

upgrading,	which	may	necessitate	reducing	the	degree	of	con-

servatism	in	estimating	safety	margins	by	using	more	accurate	

simulation	models	that	properly	account	for	the	heterogeneity	

in	the	distribution	of	steam	and	non-condensable	gases	in	the	

containment.	Large-scale	facilities,	such	as	PANDA,	approach-

ing	prototypical	thermal-hydraulic	conditions,	enable	the	distor-

tion	effects	associated	with	geometrical	scaling	to	be	minimised.

Experiments

For	 the	 tests	 under	 consideration,	 two	 large	 vessels,	 each	

having	a	volume	of	90	m3,	and	connected	by	an	elbowed	pipe	

of	about	1	m	diameter,	are	first	heated	and	pressurised	using	

steam	[2].	Then,	helium,	which	is	used	to	simulate	the	hydro-

gen	released	during	a	severe	accident,	is	introduced	through	

a	pipe	at	the	top	of	one	of	the	vessels	to	create	a	helium-steam	

layer	of	2	m	depth,	the	volume	below	remaining	filled	with	

pure	steam.

	Jets	of	different	strengths	are	created	by	injecting	steam	from	

a	vertical	pipe,	located	at	the	centre	of	the	vessel,	2	m	below	

the	 helium-steam	 mixture	 (Fig.	 1).	 The	 main	 experimental	

parameters	are:	(i)	the	steam	injection	flowrate,	and	(ii)	the	

helium-steam	composition.	Measurements	of	fluid	and	wall	

temperatures,	absolute	and	differential	pressures,	flowrates,	

For	some	accident	scenarios,	hydrogen	accumulation	in	the	upper	part	of	the	containment	vessel	is	a	serious	

concern	in	regard	to	plant	safety.	In	the	framework	of	the	OECD/SETH-2	project,	the	PANDA	facility	is	being	used	

to	study	the	transport	of	steam,	air	and	hydrogen,	and	possible	stratification	break-up,	in	a	model	containment,	

induced	by	vertical	jet	flow.	These	tests	will	be	used	to	validate	and	improve	advanced	lumped	parameter	and	

3-D	codes	which	aim	to	capture	the	fundamentals	of	post-accident	thermal-hydraulic	conditions	in	containments.

Vertical jet impact on a density-stratified  
atmosphere in a model LWR Containment
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Figure 1: Jet flow in a stratified atmosphere in PANDA. 



gas	concentrations	and	flow	velocities	have	all	been	taken	[2].	

For	the	low	momentum	jet	case,	two	components	of	the	gas	

velocity	were	measured	in	the	x-y	plane	(Fig.	1)	by	means	of	

Particle	Image	Velocimetry	(PIV).

Results

Axial	velocity	measurements	are	displayed	in	Fig.	2.	The	initial	

transition	region	between	helium	and	pure	steam	is	located	

in	the	middle	of	the	image.	Distortions	imposed	by	an	instru-

mentation	wire	have	been	eliminated,	and	the	velocities	ac-

cordingly	set	to	zero	(shadows).

The	helium-steam	layer,	being	less	than	the	pure	steam	below	

it,	initially	(t=16s)	acts	as	a	‘soft’	obstacle,	the	jet	being	de-

flected	horizontally	outwards,	and	even	downwards	near	the	

vessel	walls.	Accordingly,	the	initial	jet	penetration	depth	is	

weak,	and	the	velocities	measured	in	the	upper	part	of	the	

vessel	(y	>	6000	mm)	are	close	to	zero.	The	jet	experiences	

negative	buoyancy	as	a	consequence	of	the	jet/layer	interac-

tion,	and	continuously	erodes	the	helium	layer,	transporting	

the	helium	mixture	downwards	(16s	to	216s).	This	process	

decreases	the	helium	concentration	continuously	in	the	heli-

um-rich	layer,	and	accordingly	decreases	the	negative	buoy-

ancy	force	acting	against	the	rising	jet.	Once	the	lower	part	of	

the	helium-rich	layer	has	been	eroded	(1096s),	a	flow	similar	

to	a	classical	jet	with	vanishing	horizontal	velocity	component	

in	the	field	of	view	(FOV)	is	observed.	Whereas	the	low	mo-

mentum	jet	needed	220s	to	erode	the	He-layer	in	the	FOV	(Fig.	

2),	in	the	case	of	a	high	momentum	jet,	this	already	occurs	

after	11s	(Fig.	3)	for	the	same	penetration	depth.

Conclusions

Tests	to	investigate	the	effects	of	the	impingement	of	jets	of	

different	 strengths	 on	 helium-rich	 layers	 have	 been	 con-

ducted	 in	 the	 framework	 of	 the	 OECD/SETH-2	 project.	The	

helium	layer	acts	as	a	‘soft’	barrier,	and	initially	deflects	the	

jet	horizontally,	so	that	the	jet/layer	interaction	takes	the	form	

of	an	erosion	process,	transporting	the	helium	outwards	and	

downwards.	 Increasing	 the	 jet	 momentum	 effectively	 in-

creases	the	initial	penetration	depth	into	the	helium	layer,	and	

results	 in	enhanced	mixing,	 leading	to	faster	 layer	erosion.	

Further	analysis	of	these	experiments	will	help	improve	the	

understanding	of	buoyant	jet	behaviour	in	initially	stratified	

conditions	and	provide	data	for	code	validation.
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Figure 2: Axial velocities for the low momentum jet case at 

different times.

Figure 3: Axial velocity for the high momentum jet case at t=11s.
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A	total	of	15	QUENCH	experiments	have	been	performed	since	

the	beginning	of	the	programme	in	1994	[1].	The	bundle	con-

tains	typically	20	fuel	rod	simulators,	electrically	heated	over	

a	length	of	one	metre.	The	facility	and	bundle	cross-section	

are	shown	schematically	in	Figs.	1	and	2.	

The	first	experiments	in	the	series	covered	a	range	of	reflood	

conditions,	such	as	the	rate	and	timing	of	water/steam	injec-

tion.	More	recent	experiments	have	addressed	the	effects	of	

different	bundle	configurations	(Western	PWR,	VVER),	cladding	

alloys	(Zircaloy-4,	M5,	etc.),	the	presence	of	an	Ag-In-Cd	or	

B4C	control	rod,	and	air	ingress,	all	of	which	may	influence	

the	accident	progression	and	its	possible	consequences.

Each	experiment	comprises	five	phases:	(i)	establishment	of	

stable	initial	conditions,	(ii)	a	power	ramp	to	achieve	a	pre-

scribed	temperature,	(iii)	pre-oxidation	at	constant	tempera-

ture,	(iv)	thermal	escalation,	and	(v)	reflood.	All	the	QUENCH	

experiments	 have	 been	 supported	 by	 systematic	 planning	

calculations	and	post-test	interpretive	analyses,	activities	in	

which	PSI	has	played	a	prominent	role	since	2001,	collaborat-

ing	closely	with	FZK	in	all	phases	of	the	test	preparation.

The	prediction	of	reflood	criteria	for	a	PWR	core	under	design-basis-accident	conditions,	i.e.	at	temperatures	up	

to	1200°C,	has	long	been	established	with	a	high	degree	of	confidence.	The	QUENCH	programme	was	launched	

at	the	Forschungszentrum	Karlsruhe	(FZK)	to	address	the	core	reflood	issue	at	temperatures	up	to	2000°C,	where	

the	rapid	exothermic	reaction	between	the	Zircaloy	cladding	of	the	fuel	and	steam,	together	with	the	onset	of	

clad	melting,	can	hinder	the	reflood	process,	and	could	trigger	a	major	oxidation	excursion.	The	QUENCH-13	

experiment	focussed	on	the	release	of	Ag-In-Cd	absorber	materials,	which	can	affect	the	transport	and	release	

of	fission	products.

Jon	Birchley,	Bernd	Jaeckel,	Tim	Haste,	Terttaliisa	Lind

Laboratory for Thermal-Hydraulics, Nuclear Energy and Safety, PSI

Outcome and analysis of the QUENCH-13 experiment 
on the release of Ag-In-Cd control-rod material

Figure 1: Schematic of the QUENCH facility at FZK

Figure 2: Cross-section of the QUENCH bundle
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Experiment

The	QUENCH-13	experiment	was	successfully	carried	out	in	

November,	2007	[2].	The	test	needed	to	be	carefully	defined	

in	order	to	achieve	suitable	conditions	for	studying	the	control	

rod	behaviour,	and	planning	support	was	performed	by	means	

of	a	coordinated	effort	[3]	between	PSI,	FZK,	Gesellschaft	für	

Reaktorsicherheit	(GRS),	and	Electricité	de	France	(EDF).	The	

transient	is	summarised	in	Fig.	3,	which	shows	the	control	rod	

temperature	and	observed	aerosol	release	histories,	and	to-

gether	with	the	control	rod	behaviour.	

PSI	also	installed	and	operated	an	aerosol	sampling	system	

in	the	off-gas	line,	to	provide	continuous	on-line	monitoring	

of	the	aerosol	transport,	and	to	collect	samples	at	discrete	

times	during	the	period	following	failure	of	the	control	rod.	

The	PSI	measurements	were	complemented	by	those	from	the	

sampling	system	installed	and	operated	by	AEKI,	Hungary.	[4].

Analyses and discussion

Analyses	of	the	QUENCH-13	data	by	PSI,	GRS,	EDF	and	IRSN	

(Institut	de	Radioprotection	et	de	Sûreté	Nucléaire)	showed	

that	the	thermal	response	could	be	satisfactorily	reproduced.	

However,	the	calculated	releases	exhibited	large	discrepancies	

compared	with	measured	data,	indicating	a	need	to	acquire	

additional	data	on	the	release	process	[5,6].	This	is	evident	

from	Table	1,	showing	comparisons	of	the	Ag-In-Cd	releases.	

The	predicted	release	of	cadmium,	the	most	volatile	compo-

nent,	is	in	quite	good	agreement	with	measurement,	but	the	

releases	of	Ag	and	In	differ	from	experiment,	and	from	each	

other.	The	experiments	showed	that	some	of	the	aerosol	re-

lease	mechanisms	appear	not	to	be	taken	into	account	in	the	

current	models,	or	are	 incorrectly	 represented.	The	release	

models	are	all	based	on	direct	evaporation	from	a	molten	pool,	

but	with	a	range	of	assumptions	for	heat	transfer,	and	for	the	

activation	parameters	that	characterise	the	non-ideality	of	the	

Ag-In-Cd	mixture.	Current	investigations	by	IRSN	aim	to	close	

the	gaps	in	the	thermodynamic	data.	

In	addition,	liquid	droplets	may	have	been	entrained	due	to	

rapid	 boiling,	 especially	 at	 the	 time	 of	 the	 observed	 peak	

aerosol	 transport.	However,	 this	effect	 is	not	considered	 in	

any	of	the	models.	FZK	have	also	performed	tests	on	control	

rod	 samples	 to	 characterise	 the	 mode	 and	 temperature	 of	

failure	that	might	occur	under	the	different	conditions.	Wide-

ly	contrasting	failure	modes	were	observed,	depending	on	the	

sample	configuration,	all	of	which	would	be	expected	to	result	

in	different	release	kinetics.

The	combined	test	preparation	and	analysis	effort	was	part	

of	 the	Source	Term	work	package	of	 the	EU	6th	 Framework	

Programme,	SARNET.	Studies	are	continuing	within	the	follow-

up	programme:	SARNET-2.
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Ag In Cd

MELCOR  (PSI) 11 11 23

ASTEC (IRSN) 0.008 17 21

ATHLET-CD (GRS) 0.02 0.11 21

MAAP-4 (EDF) 2.5 4.5 8.5

Experimental estimate ~ 0.1 ~ 1.5 ~10

Figure 3: Summary of the QUENCH-13 transient

Table 1: Comparison of calculated and measured Ag-In-Cd 

releases as a percent of the total inventory 





LES	has	two	principal	functions:	(a)	to	carry	out	a	R&D	programme	to	strengthen	the	scien-

tific	basis	for	the	ultimate	disposal	of	nuclear	waste;	and	(b)	to	operate	a	microXAS	beam-

line,	a	joint	venture	with	the	SLS	(Swiss	Light	Source)	team.	

Current	LES	activities	devolve	around	the	following	two	projects.

NAGRA	Support

This	is	an	ongoing	commitment,	overseen	by	the	federal	government,	to	ensure	the	safe	

disposal	of	radioactive	waste	from	the	medical	and	nuclear	industries,	but	including	also	

that	arising	from	nuclear	research.	The	activities	cover	fundamental	waste-disposal	chem-

istry,	 the	 physics	 and	 chemistry	 of	 radionuclides,	 and	 investigation	 of	 the	 geological	

boundaries	for	radionuclide	transport.	Results	will	ultimately	find	use	in	the	comprehensive	

application	of	safety	criteria.

MicoXAS	Beamline

The	aim	here	is	to	employ	a	SLS	beamline	to	perform	spectroscopic	studies	using	hard	X-

rays	to	achieve	high	spatial	 resolution.	The	FEMTO	project	 for	 the	 investigation	of	 time-

dependent	phenomena	is	encompassed	in	this	undertaking.	

To strengthen the scientific 

basis for the ultimate  

disposal of nuclear waste  

many fields of competence 

work together at LES.

Laboratory for  
Waste Management (LES)
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Assessing	 the	 long-term	 safety	 of	 a	 radioactive	 waste	 re-

pository	can	be	greatly	assisted	by	a	molecular-level	under-

standing	of	the	behaviour	of	radio-nuclides	in	the	geo-sphere.	

This	 knowledge	 is	 needed	 to	 establish	 reliable	 thermody-

namic	data	to	quantify	the	retention	and	transport	of	radio-

nuclides	in	deep	groundwater.	The	transport	of	released	radio-

nuclides	in	geological	environments	is	primarily	controlled	by	

the	 sorption/desorption	 processes	 occurring	 on	 mineral	

surfaces.	Clay	minerals,	as	major	constituents	of	the	potential	

host	rock	formations,	thus	need	to	be	considered	in	the	design	

of	a	high-level	radioactive	waste	repository.	

The	 sorption	 of	 metal	 ions	 is	 strongly	 dependent,	 among	

other	things,	on	the	ionic	strength,	pH	value,	and	the	presence	

of	organic	or	inorganic	ligands	in	solution.	A	detailed	under-

standing	 of	 the	 sorption	 mechanisms	 taking	 place	 at	 the	

mineral	surface	over	a	representative	range	of	relevant	condi-

tions	is	essential	for	performance	assessment	studies.

Dissolved	carbonate	is	ubiquitous	in	deep	groundwater,	and	

has	 a	 large	 complexation	 affinity	 for	 actinides.	 Such	 com-

plexes	in	the	aqueous	phase	can	potentially	lead	to	a	decrease	

in	 sorption,	 and	 thus	 an	 increase	 in	 the	 migration	 rates	 of	

actinides.	

Thermodynamic	and	structural	data	for	lanthanide/	actinide,	

carbonate-mineral	systems	are	sparse,	though	the	data	are	

needed,	since	clay	rock	pore-waters	often	contain	quite	high	

carbonate	concentrations.	For	trivalent	actinides	and	U(VI),	it	

has	been	reported	[1–3]	that	the	formation	of	ternary	(hydroxo-)

carbonate	surface	complexes	may	contribute	to	surface	sorp-

tion	reactions	(Fig.	1).	Taking	the	latter	into	account	neces-

sitates	the	unambiguous	identification	of	the	mixed-surface	

species.	The	objective	of	the	current	study	is	to	determine,	

with	a	combination	of	wet	chemistry,	geochemical	modelling	

and	 spectroscopic	 studies,	 whether	 or	 not	 ternary	 Ln(III)/

An(III)-carbonate	complexes	actually	 form	at	the	surface	of	

clay	minerals.

Macroscopic and microscopic investigations 

To	quantify	the	influence	of	inorganic	carbon	on	the	sorption	

of	trivalent	actinides/lanthanides	on	different	clay	minerals,	

macroscopic	sorption	experiments	have	been	carried	out,	both	

in	the	presence	and	absence	of	carbonate.	Sorption	measure-

ments	were	made	as	functions	of	pH	value	in	the	presence	of	

various	inorganic	carbon	concentrations.	The	measurements	

show	that	there	is	a	pronounced	decrease	of	sorption	in	the	

presence	of	carbonate	(Fig.	2).	

Radioactive	waste	has	to	be	isolated	from	the	environment	for	the	duration	of	its	toxicity.	Deep	geological	dis-

posal	offers	continuous	protection	from	the	dangers	over	long	time	periods.	Physical	and	chemical	retention	of	

radio-nuclides	on	clay	minerals,	important	constituents	of	the	back-fill	material	and	host	rock,	is	an	important	

safety	barrier	for	preventing	radioactive	substances	dissolved	in	water	being	transported	to	the	biosphere.	The	

presence	of	inorganic	carbon	in	the	deep	groundwater	can	have	a	significant	effect	on	the	retention	of	trivalent	

actinides/lanthanides,	since	they	form	strong	aqueous	complexes.	Recent	investigations	have	clearly	indicated	

that	ternary	actinide/lanthanide-carbonate	surface	complexes	actually	form	on	the	clay	surfaces,	and	hence	

contribute	in	a	significant	manner	to	their	immobilization.

Maria	Marques	Fernandes,	Bart	Baeyens,	Mike	Bradbury

Laboratory for Waste Management, PSI

Influence of carbonate complexation on  
the sorption of actinides/lanthanides on clays

Figure 1: Schematic representation of the formation of ternary 

Ln(III)/An(III)-carbonate complexes on clays.
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Simulation,	 using	 the	 2-Site	 Protolysis	 Non-Electrostatic	

Surface	Complexation	and	Cation	Exchange	(2SPNE	SC/CE)	

sorption	 model	 [4]	 under	 the	 assumption	 that	 carbonate	

complexes	do	not	sorb,	largely	underpredicts	the	experimen-

tal	data	(red	dashed	line	in	Fig.	2).	Consequently,	other	surface	

sorption	reactions,	ones	involving	carbonate	complexes,	must	

be	considered.	The	experimental	data	for	Ln(III)/An(III)	could	

only	be	successfully	reproduced	using	the	2SPNE	SC/CE	sorp-

tion	model	by	including	two	additional	surface	complexation	

reactions:	 those	 forming	 ≡SSOAnCO3	 and	 ≡SSOAnOHCO–
3		

surface	species	[3].	

Time-resolved	 laser	fluorescence	spectroscopy	(TRLFS)	has	

proven	to	be	a	versatile	tool	for	Cm(III)	speciation	studies,	as	

well	 as	 for	 sorption	 studies	 on	 various	 solids	 [5,6].	 TRLFS	

measurements	have	been	carried	out	on	Cm(III)-loaded	clay	

pastes	at	T	<	20	K.	 In	a	preliminary	step,	an	 iron-poor	clay	

mineral,	kaolinite,	was	chosen	in	order	to	avoid	any	fluores-

cence	quenching	by	iron.	The	excitation	spectra	of	the	Cm(III)	

kaolinite	samples	were	measured	by	scanning	the	excitation	

wavelength	in	the	range	of	the	6D7/2	→	8S7/2	transition	[595–

625	nm],	recording	simultaneously	the	corresponding	Cm(III)	

emission	spectra.

Figure	3a	shows	the	excitation	spectra	of	the	Cm(III)/kaolinite	

samples	prepared	both	in	the	absence	(black	line)	and	in	the	

presence	(red	line)	of	20	mM	NaHCO3.	Figure	3b	shows	the	

fluorescence	emission	decay	curves	of	Cm(III)	obtained	 for	

both	systems,	exciting	at	two	different	wavelengths.	Similar	

behaviour	was	observed	for	the	montmorillonite	system.	The	

fluorescence	 features	of	 the	Cm(III)-carbonate-mineral	sys-

tems	(red-shift	and	 the	shape	of	 the	excitation	spectra,	bi-

exponential	decay	and	increase	of	the	fluorescence	lifetime)	

differ	strongly	from	those	of	the	carbonate-free	systems,	in-

dicating	different	coordination	environments	for	Cm(III).	This	

is	 clear	 evidence	 that	 ternary	 An(III)/(hydroxy)-carbonate	

surface	complexes	form	on	the	clay	edge	surface,	as	postu-

lated	in	the	macroscopic	study.
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Figure 2: Sorption of Eu(III) on clay, both in the absence of 

carbonate (■), and in the presence of 20 mM NaHCO3 (▲). The 

respective modelling predictions are shown by the solid lines.

Figure 3: (a) Excitation spectrum of Cm(III)-loaded clay samples prepared in the absence of carbonate (—) and in the presence of 20 

mM NaHCO3 (—); (b) fluorescence lifetimes of the same samples in the absence of carbonate (black symbols) and in the presence of 

20 mM NaHCO3 (red symbols).

a) b)



32 Laboratory for Waste Management (LES) NES Scientific Highlights 2008

Several	European	countries	(including	France,	Belgium	and	

Switzerland)	are	considering	deep-lying	argillaceous	forma-

tions	as	potential	host	rocks	for	the	safe	disposal	of	radioac-

tive	waste.	The	underlying	reasons	for	this	choice	are	that	the	

hydraulic	permeability	of	such	formations	are	very	low,	and	

their	capability	 for	an	efficient	 retardation	of	mobile	 radio-

nuclides	is	high.	These	features	make	them	most	suitable	for	

isolating	radioactive	waste	over	very	long	periods.	Due	to	the	

absence	of	fractures,	even	on	a	microscopic	scale,	and	because	

of	the	low	hydraulic	permeability	of	the	clay,	the	main	transport	

process	for	radionuclides	is	molecular	diffusion.	It	is	therefore	

essential	to	understand,	at	a	fundamental	level,	the	diffusion	

and	sorption	of	radio	nuclides	in	such	compacted	argillaceous	

formations,	and	to	determine	radionuclide-dependent	values	

for	the	diffusion	coefficient	and	sorption	capacity.	

It	is	common	practice	to	determine	the	diffusion	and	sorption	

coefficient	values	from	small-scale,	through-diffusion	experi-

ments,	and	from	diffusion	tests	in	the	field.	In	order	to	achieve	

tracer	breakthrough	within	reasonable	times	in	such	small-

scale	 diffusion	 tests,	 only	 non-sorbing	 and	 weakly	 sorbing	

tracers	can	be	used.	With	regard	to	nuclide/rock	interaction,	

such	diffusion	studies	have	to	be	supported	by	specific	(batch)	

sorption	investigations,	for	which	the	partition	of	the	tracer	

between	the	solution	and	the	solid	phase	is	studied.

There	are	marked	differences	 in	 techniques	between	batch	

sorption	tests	and	diffusion	experiments.	Batch	sorption	tests	

are	carried	out	with	a	high	liquid/solid	ratio,	while	diffusion	

experiments	are	carried	out	with	a	very	low	liquid/solid	ratio.	

Batch	sorption	experiments	are	the	favoured	method	for	de-

termining	the	sorption	behaviour	of	a	given	argillaceous	rock,	

since	such	experiments	are	much	less	time-consuming	than	

diffusion	tests,	and	allow	sorption	models	to	be	developed.	

However,	 it	 is	 still	 a	 somewhat	 unresolved	 issue	 whether	

sorption	data	from	batch	sorption	experiments	can	be	com-

pared	with	data	deduced	from	(small-scale)	diffusion	experi-

ments.	In	general,	single-species	models	are	applied	for	ana-

lysing	diffusion	tests,	though	more	complex	models	are	also	

used,	especially	in	those	cases	for	which	single-species	mod-

els	fail.	In	our	study	[1],	we	have	demonstrated	that	even	for	

chemically	simple	tracers	such	as	caesium,	the	single-species	

models	 are	 not	 capable	 of	 adequately	 reproducing	 results	

In	the	frame	of	the	long-term	activities	of	LES,	small-scale	diffusion	experiments	have	been	carried	out	and	

analysed.	The	study	has	clearly	shown	that	simplified,	single-species	models	are	inappropriate	for	correctly	

accounting	for	the	observed	tracer	breakthrough	data.	Only	a	more	sophisticated,	multi-species	model	for	ra-

dionuclide	transport,	incorporating	the	entire	water	chemistry,	a	complex	sorption	model,	and	accounting	for	

the	effects	of	sorption	competition,	is	able	to	model	the	data	and	to	produce	reliable	predictions.
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Reactive transport modelling of laboratory  
experiments: caesium diffusion in Opalinus clay

Figure 1: Cross-section through the stainless steel diffusion 

apparatus (blue and pink). Continuous tracer injection occurs via 

a circular channel on top of the upper filter plate. The diffused 

tracer is collected at the centre port of the lower re-circulation 

loop, providing the time history of tracer breakthrough.
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from	 such	 diffusion	 experiments.	 Instead,	 a	 multi-species	

model	 for	 solute	 transport,	 together	 with	 a	 sophisticated	

sorption	model	for	caesium,	is	needed	to	successfully	repro-

duce	the	experimental	data,	and	to	make	reliable	predictions.

Experiment

The	Opalinus	clay	(OPA)	sample	used	in	the	diffusion	experi-

ment	originated	from	the	Mont	Terri	underground	rock	labora-

tory	near	Saint	Ursanne	in	Canton	Jura.	A	cylindrical	sample	

of	diameter	2.54	cm	and	thickness	1.1	cm	was	machined	from	

a	 bore	 core,	 bounded	 by	 two	 porous	 stainless	 steel	 filter	

plates,	and	placed	 in	a	diffusion	apparatus;	a	schematic	 is	

shown	in	Fig.	1.	The	diffusion	experiment	was	carried	out	us-

ing	134Cs	as	tracer	on	the	10–3	molar	total	caesium	concentra-

tion	 level.	 In	order	 to	avoid	additional	gradients	as	driving	

forces	for	migration,	an	artificial	Opalinus	porewater	was	ap-

plied.	As	 illustrated	in	Fig.	1,	 the	temporal	evolution	of	the	

caesium	concentration	in	the	reservoirs	was	monitored	at	both	

boundaries.	 Complementary	 to	 the	 long-term	 diffusion	 ex-

periment,	batch	sorption	tests	were	also	carried	out	to	deter-

mine	the	nature	and	strength	of	caesium	sorption	onto	OPA.	

Analysis

A	first	analysis	of	the	experimental	data	was	undertaken	using	

a	single-species	model,	which	only	accounted	for	transport	

and	non-linear	sorption	of	caesium	(sorption	is	dependent	on	

the	caesium	concentration	in	solution).	The	through-diffusion	

data	could	only	be	modelled	if	the	sorption	data	were	strong-

ly	reduced.	Such	a	procedure	is	in	total	contradiction	to	results	

of	sorption	measurements	carried	out	on	intact	OPA	samples.	

In	addition,	tracer	out-diffusion	and	mass	balances	could	not	

be	predicted,	clearly	demonstrating	the	shortcomings	of	this	

type	of	model.	

In	 a	 second	 attempt,	 a	 multi-species	 transport	 model	 was	

applied	which	included	the	entire	water	chemistry	and	a	so-

phisticated	sorption	model	for	caesium	[2].	Adjusting	the	ef-

fective	diffusion	coefficient,	De,	both	through-	and	out-diffu-

sion	data	could	be	predicted	satisfactorily,	as	well	as	the	mass	

balances.	

Main results and conclusions

A	best-fit	in	terms	of	the	multi-species	model	was	achieved	

with	De	=	1.810–10	m2	s–1,	which	appears	to	be	rather	high,	

but	is	corroborated	by	the	results	from	a	parallel	molecular	

modelling	study.	

When	caesium	diffuses	through	an	OPA	sample,	ions	of	potas-

sium,	sodium,	calcium,	etc.	are	released,	and	caesium	ions	

are	sorbed.	The	released	cations	diffuse	to	lower	concentration	

regions	according	to	their	individual	concentration	gradients	

within	the	OPA	sample.	Since	locally	the	cation	concentration	

for	potassium,	etc.	is	increased,	sorption	of	these	cations	is	

also	locally	enhanced,	affecting	in	turn	the	sorption	behaviour	

of	the	migrating	caesium.	Hence,	caesium	sorption	is	influ-

enced	by	sorption	competition	effects	 from	all	of	 the	other	

cations	in	solution,	and	consequently	the	sorption	behaviour	

of	caesium	in	such	diffusion	experiments	can	no	 longer	be	

modelled	by	a	simple,	non-linear	 isothermal	 formalism.	An	

analysis	of	such	single-tracer	diffusion	experiments,	and	any	

predictive	modelling,	therefore	requires	the	combined	descrip-

tion	of	transport	(diffusion)	and	sorption	of	many	cations,	as	

well	as	the	entire	complex	water	chemistry	of	the	system.	We	

conclude	that	single-species	models	can	only	be	applied	with	

caution	in	the	concentration	ranges	considered	here.
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Cement	 is	 the	 major	 constituent	 of	 the	 engineered	 barrier	

system	of	a	deep	geological	repository	for	low-	and	interme-

diate-level	radioactive	waste.	The	latter	may	contain	significant	

inventories	 of	 trivalent	 actinides,	 such	 as	 241/243Am(III)	 and	
239/240Pu(III).	 Trivalent	 lanthanides,	 such	 as	 Eu(III),	 are	 re-

garded	as	suitable	chemical	analogues	for	trivalent	actinides,	

based	on	their	comparable	ionic	radii	and	similarities	in	their	

complexation	behaviour.	The	release	of	trivalent	lanthanides/

actinides	from	the	cementitious	near-field	into	the	surround-

ing	host	rock	is	primarily	controlled	by	their	interaction	with	

cement	 minerals.	 A	 molecular-level	 understanding	 of	 the	

chemical	processes	governing	radionuclide	immobilisation	by	

cement	has	been	gained	from	the	use	of	laser-	and	synchro-

tron-based	 spectroscopic	 techniques,	 and	 has	 greatly	 as-

sisted	in	the	improvement	of	detailed	long-term	predictions	

of	the	safe	disposal	of	cement-stabilized	waste	forms.

Calcium	 silicate	 hydrates	 (C-S-H)	 are	 the	 most	 important	

constituent	of	hydrated	cement,	since	not	only	are	they	abun-

dant,	but	they	exhibit	a	wide	diversity	of	structural	sites	ex-

posed	for	cation	binding.	In	addition,	C-S-H	phases	are	the	

most	stable	cement	minerals	during	the	evolution	of	the	ce-

mentitious	near-field.	For	example,	11Å	tobermorite	(Fig.	1)	

is	 a	 crystalline	 C-S-H	 phase	 for	 which	 the	 structure	 is	 well	

known	 [1].	The	 layered	structure	 is	built	up	of	sheets	of	Ca	

polyhedra,	linked	through	non-bridging	oxygens	to	chains	of	

silicate	tetrahedra	on	both	sides.	The	interlayer	space	between	

the	sheets	may	contain	water	and	calcium	cations.	The	struc-

ture	of	tobermorite	is	also	closely	related	to	those	of	amor-

phous	C-S-H	phases,	which	form	in	hydrated	cement	[2,3].

Three	different	modes	of	Eu(III)	 interaction	with	11Å	tober-

morite	can	be	envisaged:	(1)	surface	complexation,	label	1;	

(2)	uptake	in	the	interlayer,	label	2;	and	(3)	incorporation	in	

the	Ca	sheets,	label	3.	Time-resolved	laser	fluorescence	spec-

troscopy	(TRLFS)	has	proven	to	be	a	versatile	tool	in	Eu(III)	

surface	speciation	studies	aimed	at	elucidating	binding	mech-

anisms	on	solids	[4].	Hence,	TRLFS	measurements	have	been	

carried	 out	 on	 Eu(III)-loaded	 C-S-H	 pastes	 at	 T<20K	 using	

different	Eu(III)	 loadings.	The	samples	had	been	aged	for	1	

day,	90	days	and	570	days,	respectively.	The	excitation	spec-

tra	were	measured	by	scanning	the	excitation	wavelength	in	

the	range	of	the	5D0	→7F0	transition	(576–582	nm),	and	re-

cording	simultaneously	the	Eu(III)	emission	spectra.

Figure	 2	 shows	 the	 fluorescence	 emission	 decay	 curves	 of	

Eu(III)	obtained	at	a	loading	of	7	μmol/g.	The	decay	curve	of	

the	fluorescence	lifetime	of	the	sample	aged	for	1	day	could	

be	fitted	using	a	tri-exponential	function,	revealing	the	pres-

The	release	of	radionuclides	from	the	cementitious	near-field	of	a	repository	for	low-	and	intermediate-level	

radioactive	waste	is	primarily	controlled	by	their	interaction	with	cement	minerals.	Calcium	silicate	hydrates	

(C-S-H)	are	the	most	important,	and	most	stable,	minerals	in	hydrated	cement.	Recent	spectroscopic	studies	of	

the	binding	mechanisms	of	Eu(III)	clearly	show	that,	in	the	long	term,	trivalent	lanthanides/actinides	will	be	

immobilised	in	the	C-S-H	structure.	This	process	significantly	retards	their	release	to	the	geological	environment.
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Chemical mechanisms for the immobilisation  
of lanthanides in cementitious materials

Figure 1: The crystalline structure of 11Å tobermorite showing 

possible positions of Ca in the Ca layers and interlayer Ca (•), 

together with those of structural oxygens and water molecules 

in the interlayer (•). Labels 1, 2, 3 refer to potential sites for Eu 

sorption and structural incorporation (•).
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ence	of	3	Eu(III)	species	with	different	lifetimes	(τ1	=	200±10	

μs,	τ2	=	650±60	μs	and	τ3	=	2020±150	μs).	Previous	studies	

for	 comparable	 systems	 [4]	 showed	 that	 the	 fluorescence	

lifetime	decreases	with	increasing	number	of	water	molecules	

bound	 to	 Eu(III).	 Using	 a	 well-established	 relationship	 to	

determine	 the	hydration	state	of	 the	Eu(III)	species	 [5],	we	

found	that	the	fluorescing	species	with	the	shortest	lifetime	

had	 about	 five	 H2O	 molecules	 in	 its	 coordination	 sphere,	

consistent	with	the	notion	of	a	surface-bound	Eu(III),	as	seen	

in	Fig.	1.	The	two	other	Eu(IIII)	species,	with	longer	lifetimes,	

have	 one	 or	 no	 H2O	 molecules	 in	 the	 coordination	 sphere,	

which	can	be	explained	by	Eu(III)	being	incorporated	in	the	

interlayer,	 or	 in	 the	 Ca	 sheets	 of	 tobermorite,	 respectively.	

Furthermore,	Fig.	2	reveals	that	with	increasing	ageing	time,	

the	concentration	of	the	incorporated	Eu(III)	species	increas-

es,	while	that	of	the	surface-bound	Eu(III)	species	decreases.

The use of EXAFS spectroscopy

Incorporation	 of	 Eu(III)	 in	 the	 structure	 of	 11Å	 tobermorite	

was	further	confirmed	using	extended	X-ray	absorption	fine	

structure	(EXAFS)	spectroscopy.	EXAFS	measurements	were	

carried	out	on	Eu(III)-loaded	samples	(7	and	35	μmol/g)	which	

had	been	aged	for	120	and	480	days.	Figure	3	shows	the	ex-

perimental	and	modelled	EXAFS	data.	The	type	of	neighbour-

ing	atoms,	as	well	as	the	coordination	number	(N)	and	bond	

distances	 (R)	 of	 the	 neighbouring	 atoms,	 were	 determined	

from	a	multi-shell	analysis	in	the	range	R+ΔR	=	1.5–4.0	Å.	The	

radial	structure	functions	(RSFs)	of	all	samples	show	a	peak	

at	R+ΔR	~	2.0	Å,	which	reflects	the	presence	of	seven	oxygen	

atoms	at	a	distance	of	REu-O	=	2.39–2.40	Å.	The	presence	of	

further	back-scattering	atoms	is	indicated	by	the	broad	peak	

in	the	Fourier	transforms	at	R+ΔR	~	3.0Å.	This	peak	could	be	

fitted	by	considering,	about	five	neighbouring	Si	atoms	(REu-Si	

=	 3.76±0.02	 Å)	 and	 four	 neighbouring	 Ca	 atoms	 (REu-Ca	 =	

3.82±0.02	Å),	 respectively.	The	structural	parameters	were	

found	to	be	similar	at	high	and	low	Eu(III)	loadings.	The	high	

coordination	numbers	determined	with	EXAFS	spectroscopy	

confirm	that	Eu(III)	was	bound	in	the	structure	of	11Å	tober-

morite.	

Conclusions

Both	TRLFS	and	EXAFS	spectroscopy	provide	clear	evidence	

for	 the	 incorporation	 of	 Eu(III)	 in	 the	 structure	 of	 C-S-H	

phases.	The	latter	finding,	in	combination	with	the	observed	

long-term	stability	of	C-S-H	phases	in	the	cementitious	near	

field,	implies	that	trivalent	lanthanides/actinides	will	be	in-

corporated	in	the	structure	of	C-S-H	phases	for	very	long	times,	

strongly	reducing	their	release	rates.	This	knowledge	is	im-

portant	for	long-term	predictions	of	the	behaviour	of	trivalent	

lanthanides/actinides	in	cement-based	repositories.
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Figure. 2: Time dependency of the Eu(III) emission: Eu(III)-loaded 

11Å tobermorite (7 μmol/g), aged for 1 day, 90 days and 570 

days.

Figure 3: (a) The k3-weighted EXAFS spectra, and (b) the 

corresponding Fourier transforms, of experimental (solid line) 

and modelled (dashed and dotted lines for the imaginary and 

the real parts, respectively) Eu LIII-EXAFS of Eu(III)-loaded 11Å 

tobermorite (7 and 35 μmol Eu/g) for different reaction times.





LEA	is	an	interdisciplinary	laboratory	supporting	both	NES	and	the	General	Energy	Depart-

ment	(ENE).	The	Laboratory	aims	to	contribute	to	effective	decision-making	on	long-term	

technology	strategies	in	energy	supply	and	demand	by	ensuring	the	full	integration	of	the	

relevant	environmental,	economic	and	social	 factors.	LEA	also	develops	methodologies,	

and	carries	out	 the	associated	risk	analyses,	within	 the	 framework	of	Human	Reliability	

Assessment	(HRA).

The	activities	within	LEA,	in	cooperation	with	its	external	partners,	cover	the	following	three	

project	areas.

Technology	Assessment	(GaBE)

The	project	 involves	analyses	of	fossil,	nuclear	and	renewable	energy	technologies.	 It	 is	

based	on	an	interdisciplinary	framework,	thus	enabling	comparisons	to	be	made	between	

current	and	future	options	for	the	electricity,	heating	and	transport	sectors.	

Energy	Economics

Analyses	are	undertaken	of	energy	systems,	and	associated	technological	changes,	at	the	

Swiss,	European	and	global	levels,	all	aimed	at	improving	understanding	of	available	options	

for	the	realization	of	more	sustainable	energy	mixes	for	the	future.

Risk	and	Human	Reliability

Main	contributions	here	are	 to	 the	solution	of	current	and	 future	 issues	concerning	 the	

handling	of	human	factors	in	the	context	of	Probabilistic	Safety	Assessment	(PSA).	Further-

more,	innovative	PSA	applications	for	complex	facilities	are	pursued.

Laboratory for 
Energy Systems Analysis (LEA)
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The research and activities  

of LEA’s three groups  

produce results that inform 

decision-making related  

to a range of issues in energy 

technology and policy.
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The	recently	completed	EU	project	NEEDS	(New	Energy	Exter-

nalities	 Developments	 for	 Sustainability)	 incorporated	 a	

comprehensive	environmental	and	economic	assessment	of	

a	 broad	 spectrum	 of	 current	 and	 future	 power	 generation	

technologies.	This	evaluation	underpins	the	further	develop-

ment	of	a	sound	European	energy	strategy.	Among	other	tasks,	

and	in	collaboration	with	IER,	PSI	has	taken	responsibility	for	

the	 assessment	 of	 advanced	 fossil	 systems,	 including	 CCS	

technologies	[1].

Scope and methodology

The	analysis	undertaken	covered	hard	coal,	lignite	(both	in	the	

form	of	pulverized	coal	and	integrated-gasification-combined-

cycle	 (IGCC)	 units)	 and	 natural-gas-combined-cycle	 (NGCC)	

power	plants	(with	and	without	CCS),	as	well	as	natural-gas-

fuelled	 plants,	 for	 decentralized	 combined	 heat	 and	 power	

generation.	Three	scenarios	were	identified	by	the	study:	es-

timation	of	pessimistic,	realistic/optimistic	and	very	optimistic	

technology	developments,	all	of	which	could	reflect	evolution-

ary	technological	progress	up	to	2050.	The	three	most	promis-

ing	options	for	CO2	capture,	post-,	pre-	and	oxyfuel-combustion,	

have	been	considered,	along	with	CO2	storage	in	saline	aquifers	

(to	a	depth	of	800	m)	and	depleted	gas	fields	 (at	2500	m),	

these	representing	the	two	types	of	storage	sites	most	likely	

to	be	implemented	in	Europe	on	a	large	scale	[2].	

The	environmental	assessment	was	based	on	LCA	methodol-

ogy,	taking	into	account	complete	energy	chains,	and	includ-

ing	not	only	the	operation	of	power	plants	but	all	steps	in	the	

energy	chain:	e.g.	the	extraction	and	processing	of	resources,	

Power	generation	based	on	fossil	fuels	will	continue	to	contribute	substantially	to	the	world’s	growing	electric-

ity	demand	in	the	few	decades	to	come.	Nonetheless,	considering	the	ambitious	goals	set	for	climate	change	

mitigation,	and	the	increasing	scarcity	of	resources,	further	improvements	in	fossil	technology	are	essential.	

Application	of	the	Life	Cycle	Assessment	(LCA)	method	indicates	that	a	significant	reduction	in	Greenhouse	Gas	

(GHG)	emissions	can	be	achieved,	but	that	only	the	employment	of	Carbon	Capture	and	Storage	(CCS)	will	allow	

the	targeted	renewable	technology	GHG	levels	to	be	achieved	by	2050.	However,	CCS	will	substantially	increase	

the	costs	and	consumption	of	fossil	resources.
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Figure 1:  GHG emissions from hard coal (PC) chains according to 

the ‘worst case’ scenario.

Figure 2:  GHG emissions from hard coal (PC) chains according to 

the ‘best case’ scenario.
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the	 construction	 of	 an	 infrastructure,	 transport	 and	 waste	

disposal.	 Cumulative	 environmental	 burdens	 (emissions	 to	

air,	 water	 and	 soil,	 land	 use,	 and	 the	 consumption	 of	 re-

sources)	were	calculated	per	kWh	(electric)	at	the	busbar	of	

a	power	plant	using	ecoinvent,	the	world’s	leading	LCA	data-

base	[3].	Central	elements	of	these	data,	such	as	the	Euro-

pean	electricity	mix	 (and	considering	new	generation	 tech-

nologies),	the	production	processes	for	metals	and	building	

materials,	and	transport	processes,	were	modified	to	reflect	

technological	progress	throughout	the	economy	[4].	The	es-

timates	of	future	electricity	production	costs	given	here	are	

based	on	learning	curves	and	literature	sources	[5,6].

Selected results and conclusions

The	LCA	results	given	in	Figs.	1, 2	show	the	‘worst	case’	and	

‘best	case’	scenarios	for	hard	coal;	the	former	assumes	CCS	

with	post-combustion	capture	and	depleted	gas	field	storage	

of	CO2,	while	the	latter	(very)	optimistic	scenario	considers	

CCS	with	oxyfuel-combustion	capture	and	saline	aquifer	stor-

age.	Advanced	power	plants	with	higher	efficiencies	(due	to	

the	use	of	new	Ni-based	alloys,	which	can	withstand	combus-

tion	temperatures	up	to	750°C)	will	allow,	in	the	best	case,	

GHG	emissions	to	be	reduced	from	the	840	g(CO2-eq.)/kWh	

achievable	 today	 to	 around	 650	 g(CO2-eq.)/kWh	 by	 2050,	

which	still	exceed	the	emission	levels	of	the	natural	gas	chains	

by	almost	100%.	Application	of	CCS	leads	to	a	more	substan-

tial	reduction,	with	about	30–250	g	(CO2-eq.)/kWh	of	cumula-

tive	emissions	(red	lines	in	Figs.	1, 2).	While	hard-coal	supply	

alone	is	responsible	for	about	100	g	(CO2-eq.)/kWh,	lignite	

with	CCS,	due	to	the	minor	emissions	associated	with	mining	

and	transport,	and	natural	gas	chains	with	CCS,	could	reach	

GHG	levels	of	30–40	g	(CO2-eq.)/kWh.	The	rate	of	CO2	capture	

(90%	 for	 post-	 and	 100%	 for	 oxyfuel-combustion),	 energy	

demand	for	CO2	injection	(which	depends	on	the	depth	of	the	

reservoir),	and	the	contributions	from	the	fuel	supply,	are	the	

principal	factors	determining	the	GHG	performance	of	fossil	

energy	chains	with	CCS.

Using	Life-Cycle	Impact	Assessment	(LCIA)	methods	and	ex-

ternal	costs,	and	aggregating	a	wider	spectrum	of	environ-

mental	impacts,	reduces	the	advantages	of	CCS	(Figs.	3, 4).	

Carbon	dioxide	capture	considerably	decreases	power	plant	

efficiency,	and	so	more	fuel	is	required	for	the	same	power	

generation,	 which	 in	 turn	 results	 in	 higher	 environmental	

burdens	 being	 placed	 on	 the	 fuel	 supply.	 Coal	 chains	 with	

IGCC,	and	PC	plants,	perform	similarly	in	terms	of	environmen-

tal	burdens.	Due	to	the	high	weighting	of	the	scarcer	natural	

gas	compared	to	hard	coal	and	(especially)	 lignite,	the	gas	

chains	perform	less	efficiently	using	the	LCIA	method.	How-

ever,	 the	 external	 costs	 (not	 including	 the	 monetization	 of	

resource	consumption)	of	those	natural	gas	chains	that	emit	

less	CO2	and	fewer	pollutants	are	lower.

The	economic	assessment	performed	indicates	a	reduction	of	

capital	costs	of	a	few	percent	only	for	fossil	plants	by	2050.	

However,	CCS	will	 increase	electricity	generation	costs	sig-

nificantly	by	2050:	for	hard	coal	and	lignite	by	approximately	

35%	(resulting	in	production	costs	of	about	4	€cents/kWh)	

and	for	natural	gas	by	almost	50%	(resulting	in	8.7	€cents/

kWh).
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Figure 3:  LCIA results for the fossil electricity technologies for 

the year 2050 according to the realistic/optimistic scenario.

Figure 4:  External costs of fossil electricity technologies for the 

year 2050 according to the realistic/optimistic scenario (GHG 

low: 5 €/t (CO2-eq), high: 52 €/t (CO2-eq)).

0.0E+00 

5.0E-03 

1.0E-02 

1.5E-02 

2.0E-02 

2.5E-02 

E
co

 In
di

ca
to

r 9
9 

(H
,A

) p
oi

nt
s 

/ k
W

h Fossil fuels Minerals 
Land use Acidification/Eutrophication 
Ecotoxicity Ozone layer 
Radiation Climate change 
Resp. inorganics Resp. organics 
Carcinogens 

Hard Coal Lignite Nat. gas

0.00 

0.01 

0.02 

0.03 

0.04 

0.05 
20

00
 / 

kW
h 

GHG high GHG low 
Other air pollutants Radioactive emissions 
NMVOC 

Hard Coal Lignite Nat. gas



40 Laboratory for Energy Systems Analysis (LEA) NES Scientific Highlights 2008

The	 European	 energy	 conversion	 sector	 faces	 a	 number	 of	

challenges	during	the	first	half	of	the	21st	Century,	including	

satisfying	increased	energy	demand,	replacing	old	electricity	

generation	capacity,	mitigating	greenhouse	gas	(GHG)	emis-

sions,	 and	 managing	 the	 security	 of	 the	 energy	 supply.	 In	

addition,	the	energy	conversion	sector	faces	a	challenge	from	

the	increasing	temperatures	resulting	from	climate	change:	

higher	temperatures	lead	to	reduced	generation	efficiencies,	

reduced	cooling	water	availability,	and	higher	transmission	

losses	of	fuels	and	electricity.	Further,	higher	temperatures	

are	expected	to	shift	peak	electricity	demand	from	winter	to	

summer	[1],	and	the	availability	of	renewable	energy	(espe-

cially	hydropower)	will	also	change	[2,3].	The	objective	of	our	

research	is	to	determine	the	impact	of	climate	change	on	the	

energy	conversion	sector	in	depth,	and	to	quantify	the	addi-

tional	investments	needed	in	the	sector	to	cope	with	any	re-

lated	challenges.

Approach

Different	 adaptation	 options	 have	 been	 investigated,	 to-

gether	 with	 the	 associated	 costs	 to	 the	 energy	 conversion	

sector	under	different	scenarios	of	climate	change.	Particular	

attention	is	paid	to	the	need	for	investment	in	new	electricity	

generation,	 installation/retrofitting	 of	 cooling	 towers,	 and	

upgrades	to	transmission	lines	to	cope	with	the	combination	

of	 higher	 temperatures,	 changes	 in	 water	 availability,	 and	

changes	 in	 demand.	 To	 this	 purpose,	 the	 multi-regional	

MARKAL	model	EuroMM	is	used,	this	being	a	partial-equilib-

rium,	 perfect-foresight,	 ‘bottom-up’	 model	 with	 a	 detailed	

representation	of	energy	technologies	[4].

EuroMM	describes	 the	energy	conversion	sector	 for	 the	27	

members	of	the	EU	(plus	Norway	and	Switzerland),	separated	

into	 18	 distinct	 European	 regions.	 The	 model	 is	 calibrated	

according	to	today’s	electricity	and	heat	generation	mix	and	

refining	 capacities,	 and	 accounts	 for	 the	 future	 production	

and	 trade	 of	 energy	 carriers,	 the	 necessary	 infrastructure	

(including	new	capacity	investment),	as	well	as	CO2	emissions.	

Moreover,	a	high	level	of	detail	is	included	in	the	representa-

tion	of	the	technology	options	in	the	electricity	sector,	beyond	

that	seen	in	many	other	similar	models	[5],	including	the	impact	

of	higher	temperatures	on	energy	technologies	up	to	the	year	

2050.	Under	a	business-as-usual	scenario,	the	average	global	

temperature	is	estimated	to	increase	by 2°C	during	this	pe-

riod.	A	submodel	has	been	developed	to	assess	the	impact	of	

higher	air	temperatures	on	river	water	temperatures,	which	

have	 a	 direct	 impact	 on	 the	 effciency	 and	 availability	 of	

power	 plants	 [6].	Together	 with	 changes	 in	 the	 river	 runoff	

patterns	(in	terms	of	quantity	and	seasonality),	the	parameters	

for	 generation	 technologies	 within	 the	 model	 were	 also	

modified.	Other	parameters	 influenced	and	depicted	 in	the	

model	 under	 changed	 climate	 conditions	 include	 the	 effi-

ciency	of	the	electricity	transmission	and	distribution	network,	

and	changes	 in	 the	demands	 for	electricity,	heat	and	other	

energy	carriers	[1,7,8].

Impact on energy supply

Among	the	demand-side	changes,	one	of	the	most	important	

is	the	shift	in	peak	electricity	demand	from	winter	to	summer,	

as	a	result	of	climate	change.	Northern	European	countries	

may	profit	from	lower	demand	for	heating,	reducing	the	need	

The	Energy	Economics	Group	at	PSI	 is	undertaking	first	of-a-kind	research	to	analyze	the	 impact	of	climate	

change	on	the	energy	sector	using	detailed,	bottom-up	energy	systems	models.	This	work	aims	to	provide	in-

formation	 concerning	 adaptation	 strategies	 to	 policy	 and	 other	 decision-makers	 in	 the	 energy	 sector.	 The	

analysis	identifies	which	technology	changes	are	needed	to	adapt	the	energy	system	to	climate	change,	some	

of	the	potential	costs	and	investment	needs,	and	generally	provides	guidance	on	the	choice	of	the	most	promis-

ing	technologies	to	lower	the	costs	associated	with	climate	change.	

Ulrich	Reiter,	Hal	Turton

Laboratory for Energy Systems Analysis, PSI

Climate change adaptation measures in the  
European energy conversion sector



NES Scientific Highlights 2008 Laboratory for Energy Systems Analysis (LEA) 41

for	investments	in	heat	production	capacity	and	distribution	

networks	for	 low	temperature	heat,	 in	addition	to	reducing	

primary	fuel	demand.	In	particular,	Nordic	countries	such	as	

Norway	and	Sweden	will	profit	from	lower	heating	demands	

in	winter,	as	well	as	from	higher	hydropower	output,	as	a	result	

of	increased	precipitation	(~10	percent,	[3]),	and	higher	res-

ervoir	availability.	However,	new	investment	in	storage	capac-

ity	may	be	needed	to	fully	exploit	the	additional	hydropower	

potential.	

Southern	Europe	is	likely	to	see	higher	electricity	demands	

for	space	cooling	in	summer,	coinciding	with	lower	power	plant	

availability	and	efficiency.	With	rising	air	 temperatures,	 the	

efficiency	of	conventional	thermal	power	plants	will	be	reduced	

by	about	0.1%	for	each	additional	degree	(C)	of	the	cooling	

medium.	In	addition,	water	availability	for	cooling	purposes	

is	likely	to	decrease	due	to	changing	runoff	patterns,	prima-

rily	through	changes	in	precipitation	and	evaporation.	More-

over,	environmental	 regulations	regarding	the	use	of	water	

for	cooling	purposes	may	restrict	whether	power	plants	can	

operate	at	all	during	certain	periods.	

Higher	temperatures	in	countries	such	as	Italy	and	Greece	will	

therefore	create	higher	adaptation	pressures	for	investment	

in	new	cooling	systems,	as	well	as	a	greater	need	for	addi-

tional	generation	capacity	to	overcome	an	expected	decline	

in	hydropower	output.	

As	can	be	seen	in	Figure	1,	which	shows	the	electricity	gen-

eration	mix	in	southern	Europe	under	the	scenario	of	climate	

change	without	mitigation	efforts,	higher	temperatures	require	

a	shift	away	from	conventionally-cooled,	thermal-based	elec-

tricity	plants	over	the	first	half	of	the	century,	with	all	power	

plants	requiring	improved	cooling	systems	by	2050	to	avoid	

production	 shortages	 during	 summer.	 The	 total	 output	 of	

hydropower	may	be	reduced	by	about	15%	relative	to	that	of	

today	[3].

Adaptation and investment

Adapting	to	climate	change	will	require	additional	investment	

in	the	energy	conversion	sector	in	Europe,	amounting	to	an	

increase	of	about	6%	compared	with	a	scenario	assuming	no	

climate	change	(representing	US$80	billion	by	2050).	How-

ever,	more	than	50%	of	the	additional	investment	would	be	

required	 in	 the	 southern	 European	 countries,	 representing	

overall	a	much	larger	increase.	In	the	light	of	these	consid-

erations,	 it	 is	 clear	 that	 utilities	 and	 regulatory	 authorities	

need	 to	 begin	 planning	 appropriate	 investment	 and	 policy	

measures	 to	guarantee	secure	power	generation.	 It	should	

also	 be	 mentioned	 that	 some	 of	 the	 potential	 impacts	 not	

considered	here,	such	as	a	higher	incidence	of	extreme	heat-

waves,	and	additional	electricity	needs	for	irrigation	and	de-

salination,	could	pose	further	adaptation	challenges	to	the	

electricity	sector.

Further	 work	 on	 the	 model	 will	 include	 considerations	 of	

scenarios	with	CO2-emission	reduction	targets	for	estimating	

the	cost	of	limiting	climate	change.
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Probabilistic	 Safety	 Assessment	 (PSA)	 is	 an	 accepted	 methodology	 for	 the	 analysis	 and	 quantification	 of	

safety	in	the	context	of	nuclear	power	plants.	But	it	can	also	be	applied	to	other	complex	systems.	The	PSA	

recently	undertaken	for	the	Target	Collimator	Dump	Quadrupole	(TCDQ)	system	at	the	CERN	Large	Hadron	Col-

lider	(LHC)	has	demonstrated	that	the	novelty	of	such	studies	actually	lies	in	the	adaptations	required.	The	

present	study	has	resulted	in	the	quantification	of	the	safety	level	afforded	by	the	TCDQ	system,	and	in	the	

identification	of	the	most	significant	system	weaknesses.	

Two	Target	Collimator	Dump	Quadrupole	(TCDQ)	systems	have	

been	installed	at	point	IR6	of	the	Large	Hadron	Collider	(LHC)	

accelerator	ring	at	CERN,	one	per	beam,	as	seen	in	Fig.	1.	Each	

system	 contains	 a	 mobile	 dilution	 block	 to	 protect	 the	 Q4	

quadrupole	magnet	and	the	downstream	LHC	machine	ele-

ments	from	damage	in	the	event	of	an	asynchronous	beam	

dump,	a	situation	which	occurs	if	the	LHC	Beam	Dump	System	

(LBDS)	fails	to	switch	on	within	a	3μs	particle-free	energy	gap	

[1].	The	time	stamp	of	this	event	is	90	μs,	the	beam	revolution	

frequency	in	the	(27	km)	LHC	ring.	

The	 present	 study	 focuses	 on	 the	 risk	 associated	 with	 the	

TCDQ	not	being	in	the	configuration	required	to	protect	the	

LHC	machine	elements	at	the	instant	of	an	asynchronous	beam	

dump.	A	PSA	approach	has	been	applied,	and	the	results	in-

terpreted	in	the	framework	of	the	IEC	61508	safety	standard	

[2,	3].

The functioning principles of the TCDQ

The	TCDQ	system	is	controlled	and	supervised	by	a	Program-

mable	Logic	Controller	(PLC),	which	generates	the	inputs	to	

the	two	DC	motors	which	move	the	absorber	block	in	and	out	

of	the	beam	vacuum	chamber	[4,	5].	The	position	of	each	block	

is	calculated	according	to	the	actual	beam	position	and	size,	

these	depending	on	the	beam	energy	and	the	current	opera-

tional	phase.	During	the	ramping	phase	(about	30	minutes),	

the	 beam	 energy	 changes,	 and	 the	 TCDQ	 has	 to	 adjust	 its	

position	 accordingly.	 However,	 the	 beam	 energy	 does	 not	

change	at	injection	(450	GeV),	nor	during	the	colliding	phase	

at	peak	energy	(7	TeV),	and	during	these	phases	the	position	

of	the	TCDQ	remains	fixed.	

TCDQ	operation	is	monitored	continuously.	Detected	errors	

in	alignment	generate	an	interlock	(ILK).	The	local	Beam	In-

terlock	Controller	(BIC)	oversees	the	ILKs	from	the	PLC,	and	

issues	a	beam	dump	request	to	abort	operation	if	necessary.	

During	 operation,	 the	 operator	 in	 the	 control	 room	 may	

manually	adjust	the	position	of	the	block.	After	a	beam	dump,	

but	before	the	new	fill,	the	TCDQ	is	moved	back	to	the	initial	

injection	 position.	 This	 is	 actually	 an	 implicit	 check	 of	 its	

functionality.

Risk assessment and PSA

PSA	methodology	[3]	has	been	applied	to	calculate	the	prob-

ability	of	the	TCDQ	not	being	properly	configured	to	protect	

the	LHC	elements,	TCDQ	failure	due	to	misalignment	being	
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Figure 1: A view of the TCDQ assembly in the LHC tunnel (by 

courtesy of CERN)



modelled	using	a	fault-tree	approach.	The	data	used	for	the	

analysis	are	the	probabilities	and	rates	of	failure	events,	in	

part	collected	from	previous	reliability	studies	[1].	

Quantification	of	the	risk	is	made	in	terms	of	the	frequency	of	

the	asynchronous	beam	dump	event,	which	actually	occurs	

about	once	per	year,	or	more	precisely	0.8/y	[1].	The	conse-

quences	are	considered	to	be	serious:	 i.e.	more	than	three	

months	downtime,	and	involving	very	expensive	repair	costs.	

This	criterion	determines	the	Safety	Integrity	Level	(SIL)	of	the	

TCDQ,	and	is	used	as	the	basis	of	the	risk	reduction	value	[2].

Results and design implications

The	operation	scenario	comprises	400	beam	fills,	each	of	10	

hours	duration,	during	which	the	TCDQ	system	is	assumed	to	

maintain	 its	 position	 for	 78%	 of	 the	 time,	 and	 to	 track	 the	

beam	for	the	remaining	22%.	The	analysis	has	returned	an	

average	probability	of	failure	of	the	two	TCDQs	of 3.6410–5.	

Two	major	underlying	assumptions	are:	(1)	the	input	data	to	

operate	the	TCDQs	are	correct;	and	(2)	the	system	is	operated	

only	in	servo	(automatic)	mode,	with	no	manual	adjustment	

of	the	TCDQ	position	being	undertaken.	Under	these	assump-

tions,	the	TCDQs	will	satisfy	the	SIL4	requirement	[4].	

Three	 dominant	 contributions	 to	 TCDQ	 failure	 have	 been	

identified,	see	Fig.	2.	The	most	important	ones	are	listed	below.

1.	 Failure	of	the	PLC	timing	card	to	transmit	the	start	signal	

to	the	PLC	at	the	start-up	of	the	LHC	ramp	(60%):	a	pos-

sible	remedial	measure	is	to	acknowledge	the	start	signal,	

and	to	verify	that	the	PLC	state	is	consistent	with	the	LHC	

operational	phase.

2.	 Failure	of	the	PLC	central	processor,	affecting	both	TCDQ	

controls	and	their	supervision	(28%).	A	possible	remedial	

measure	here	would	be	to	implement	the	controls	and	the	

supervision	in	two	separated	PLCs.

3.	 Another	10%	contribution	to	failure	is	due	to	the	possible	

failure	of	the	interlock	functions.	The	risk	can	be	reduced	

by	checking	them	at	regular	intervals.

A	sensitivity	analysis	has	revealed	a	vulnerability	to	manual	

operation	of	the	TCDQ,	thereby	increasing	the	probability	of	

it	not	being	properly	configured.	At	an	assumed	rate	of	one	

intervention	per	ten	fills,	the	TCDQ	failure	probability	would	

drop	to	SIL2	[110–3 to 110–2].	However,	detailed	analysis	

of	this	vulnerability	effect	has	not	yet	been	carried	out.	

Conclusions and Outlook

A	 safety	 study	 of	 the	 Target	 Collimator	 Dump	 Quadrupole	

(TCDQ)	 systems	 in	 the	 Large	 Hadron	 Collider	 at	 CERN	 has	

returned	a	low	probability	for	TCDQ	failure	in	the	event	of	an	

asynchronous	beam	dump,	corresponding	to	a	safety	level	of	

SIL4.	Possible	system	modifications	have	been	suggested	to	

address	 the	 specific	 weaknesses	 identified	 by	 the	 PSA.	 In	

particular,	single	points-of-failure	events	can	be	eliminated.	

While	the	risk	associated	with	automatic	TCDQ	operation	is	

found	to	be	low,	a	sensitivity	analysis	has	shown	that	the	risk	

may	increase	significantly	if	the	TCDQ	is	manually	operated.	

As	 a	 consequence,	 it	 is	 recommended	 that	 analysis	 of	 the	

manual	adjustment	tasks,	procedures	and	human	performance	

conditions	be	performed	in	order	to	confirm	the	effectiveness	

of	the	defences	currently	in	place,	and	to	highlight	possible	

improvements.
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Figure 2: Contributors to TCDQ unavailability
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The	primary	function	of	LNM	is	to	examine	and	understand	the	changes	that	take	place	in	

the	structure	of	(in	particular,	strongly	radioactive)	materials	and	components	in	an	intense	

radiation	environment.	Activities	incorporate:	(a)	the	study	of	the	ageing	process,	and	as-

sociated	component	damage;	(b)	analysis	of	the	behaviour	of	current	and	future	nuclear	

fuels;	and	(c)	modelling	of	the	micro-structural	changes	occurring	in	nuclear	materials,	and	

the	associated	experimental	validation	of	such	models.	

Currently,	LNM	focuses	on	three	main	project	areas.

High-Temperature	Materials

This	activity	involves	characterisation	of	materials	to	be	used	in	the	future	Generation	IV	

reactors	(particularly	gas-cooled	reactors),	which	will	operate	at	significantly	higher	tem-

peratures,	and	are	subject	to	a	more	intense	radiation	environment	than	current	Gen	II	reac-

tors.	Mechanistic	models	are	being	developed	for	the	prediction	of	material	behaviour,	from	

the	atomic	level	up	to	the	scale	of	the	continuum.	Experimental	validation	of	the	models	is	

also	 undertaken	 using	 advanced	 spectroscopic	 methods	 and,	 in	 particular,	 synchrotron	

radiation.

Nuclear	Fuels

This	project	involves	micro-structural/micro-mechanical	examination	of	the	ageing	of	core	

internals	(fuel	rods,	structural	materials),	and	the	development	of	associated	theoretical	

models.	In	particular,	investigation	of	fuel	damage,	and	identification	of	possible	causes	of	

failure,	are	also	being	carried	out.	Methods	for	the	production	of	Gen	IV	fuels,	and	their	

associated	fuel	cycles,	are	also	under	consideration.

Component	Safety	

The	focus	here	is	the	detection	of	fatigue	and	stress	corrosion	cracks	at	an	early	stage	of	

their	development	by	means	of	non-destructive	examination	techniques	based	on	micro-

structural	changes	(e.g.	electro-chemical	noise,	Seebeck	coefficient	and	micro-magnetic	

characteristics).	In-house	experiments	are	conducted	(as	part	of	international	efforts)	to	

collect	quality-assured	data	on	stress-corrosion	cracking	and	thermo-mechanical	fatigue	in	

reactor-grade	steels	under	conditions	appropriate	to	operating	nuclear	plants.

Laboratory for 
Nuclear Materials (LNM)
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Reactors,	and	particularly	advanced	reactors,	are	exposed	to	

high	temperatures,	non-aqueous	environments,	and	high	dose	

levels.	 In	 addition,	 the	 reactor	 materials	 (coarse-grained,	

nickel-based	alloys,	etc.)	are	expected	to	differ	considerably	

from	those	used	in	present-day	plants.	These	facts	suggest	

there	 is	 a	 need	 for	 Non-Destructive	 Evaluation	 (NDE).	 One	

major	challenge	is	the	initial	envisaged	plant	design	lifetime	

of	 60 years,	 and	 possibly	 beyond.	 For	 such	 circumstances,	

information	describing	 the	actual	condition	of	components	

becomes	 extremely	 important,	 as	 no	 long-term	 experience	

has	yet	accrued	for	such	plants.	Complementary	to	conven-

tional	NDE	techniques,	analysis	of	very	small	samples	taken	

from	key	locations	in	the	plant	could	provide	more	detailed	

information	regarding	damage	potential.	

Stress-strain	information	can	be	obtained	from	punch	tests,	

in	which	discs	of	3	mm	diameter	and	about	200	μm	thickness	

are	deformed,	either	using	a	small	ball	(of	1	mm	diameter)	or	

by	a	cylindrical	punch	of	similar	diameter.	The	resulting	load-

displacement	curves	can	be	converted	into	stress-strain	curves	

using	finite	element	analysis	–	a	well-established	method	for	

determining	irradiation	hardening.	Dog-bone-shaped	samples,	

100–200	 μm	 thick,	 can	 be	 used	 for	 performing	 tensile	 and	

creep	tests.	Even	less	material	is	needed	for	nano-indentation	

of	micro/nano-sized	samples,	such	as	for	so-called	micro-bend	

bars	and	micro-pillars.	

Figure	1	shows	the	load-displacement	response	of	a	ferritic-

oxide-dispersion	strengthened	(ODS)	steel,	tested	before	and	

after	irradiation.	The	implantation	creates	irradiation	damage	

(point-defect	clusters),	leading	to	hardening	of	the	material,	

which	can	be	clearly	seen.	

Samples	of	μm	dimensions	can	be	manufactured	using	a	fo-

cused	ion	beam	(FIB),	the	samples	then	being	deformed	using	

the	head	of	the	nano-indenter.	Figure	2	shows	a	small	pillar,	

tested	under	compression.	The	material	is	again	the	ferritic	

ODS	steel.	This	alloy	has	very	large	grains,	and	so	the	pillar	

Nuclear	plants	are	designed	for	long-term	operation	in	demanding	environments.	Limited	operational	experience	

with	 the	materials	used	 in	such	plants	necessitates	reliable	assessment	of	damage	and	the	residual	 life	of	

components.	Non-destructive	monitoring	of	damage	is	difficult,	if	not	impossible,	for	many	materials.	Nonethe-

less,	periodic	examination	of	small	samples	taken	from	well-defined	locations	in	the	plant	could	provide	an	

attractive	method	of	damage	assessment.	The	possibilities	are	being	explored	at	PSI.	

Manuel	Pouchon,	Maria	Samaras,	Jiachao	Chen,	Annick	Froideval,	Wolfgang	Hoffelner

Laboratory for Nuclear Materials, PSI

On the mechanical testing of micro- and  
nano-sized samples

Figure 1: Nano-indenter signals for the oxide-dispersion-

strengthened (ODS) material PM 2000 (annealed) in both 

non-irradiated and irradiated conditions.

Figure 2: Micro-pillar of 

a ferritic ODS steel after a 

compression test. 
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consists	of	a	single	crystal.	The	shear	plane	is	clearly	visible,	

and	a	correlation	with	 the	critical	shear	stress	can	 thus	be	

established.	 The	 shear	 stress	 measured	 using	 dog-bone	

samples	in	tension	compare	very	well	with	the	measurements	

obtained	from	micro-pillar	compression.	This	is	not	necessar-

ily	always	the	case,	and	considerable	size-dependent	effects	

can	be	found	in	some	micro-pillar	tests,	particularly	for	single-

phase	materials	[1].	Most	important	for	condition	monitoring	

is	the	relative	change	in	mechanical	properties	resulting	from	

damage.	

Figure	3	shows	results	from	compression	tests	of	the	ferritic	

ODS	steel	before	and	after	helium	implantation.	The	sample	

material	was	the	same	as	that	for	the	nano-indenter	case,	the	

results	of	which	are	shown	in	Fig.	1.	Irradiation	hardening	of	

about	20%	was	found	for	both	the	indenter	and	the	micro-

pillar	tests.	

Important	additions	to	micro-mechanical	 investigations	are	

micro-characterisation,	 using	 an	 electron	 microscope,	 and	

advanced	beamline	techniques,	such	as	extended	X-ray	ab-

sorption	fine-structure	(EXAFS)	measurements.	These	tech-

niques	allow	quantitative	assessments	of	damage	to	be	made,	

such	as	the	analysis	of	point-defect	clusters,	or	coordination	

analysis.		

Mechanical Properties

Another	important	issue	concerns	the	quantitative	understand-

ing	of	damage	with	respect	to	component	 life.	Constitutive	

equations	and	other	parameterisations	of	material	properties	

are	usually	applied	with	 time-independent	coefficients	and	

exponents	using	the	properties	of	the	virgin	material.	These	

can	change	as	the	microstructure	changes.	Conversion	of	these	

changes	into	mechanical	responses	could	provide	for	better	

assessments	 of	 the	 development	 of	 mechanical	 properties	

with	 time.	 The	 inclusion	 of	 multi-scale	 modelling	 tools	 for	

describing	 materials	 over	 several	 length	 (and	 time)	 scales,	

starting	at	the	atomic	 level	up	to	that	of	the	finite	element	

analysis,	is	also	expected	to	enhance	the	capabilities	of	the	

current	 modelling	 schemes.	 Dislocation	 dynamics	 (DDD)	

modelling	 is	 a	 tool	 for	 linking	 mechanical	 properties	 with	

micro-structural	 features,	such	as	dispersoids,	precipitates	

or	helium-bubbles.	A	detailed	discussion	of	these	methods	is	

given	in	[3].

Conclusions

Surveillance	 sampling	 and	 non-destructive	 testing	 are	 cur-

rently	used	to	determine	the	damage	to	the	structural	materi-

als	of	Gen	II	reactors.	Mechanical	testing	of	small	samples,	

together	 with	 advanced	 analytical	 methods	 and	 materials	

modelling,	provide	a	very	promising	alternative	for	the	future,	

though	 too	 new	 a	 technique	 to	 be	 used	 at	 present.	 These	

combined	tools	could	be	used	to	assess	the	residual	life	of	

components	with	expected	lifetimes	of	60	years	or	more.	Even	

very	small	samples	(not	affecting	the	integrity	of	the	compo-

nent)	 can	 be	 examined.	 Taking	 such	 a	 “fingerprint”	 of	 the	

condition	of	the	material	at	scheduled	time	intervals	would	

provide	the	exact	local	exposure	parameters	as	functions	of	

time,	and	assist	in	applying	the	correct	material	parameters	

and	design	rules.	Using	these	fingerprints	in	a	synergy	with	a	

multi-scale	modelling	scheme	would	result	in	a	more	funda-

mental	understanding	of	 the	mechanisms	causing	material	

ageing.	Information	from	such	methods	of	condition	monitor-

ing	 goes	 far	 beyond	 the	 possibilities	 of	 current	 NDE	 ap-

proaches.	It	is	proposed	that	micro-sample/micro-scale	mod-

elling	for	condition	monitoring	should	be	used	to	complement	

conventional	non-destructive	methods	in	providing	a	reliable	

picture	of	the	status	of	the	material	of	a	component.	This	in-

formation	 could	 then	 be	 used	 for	 safety	 analysis	 and	 risk	

assessment.	
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Figure 3: Stress-strain curve of a ferritic ODS steel before 

and after helium implantation, as determined by micro-pillar 

compression.
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Oxide-dispersion-strengthened	 (ODS)	 steels	 are	 candidate	

materials	for	a	variety	of	nuclear	applications,	including	ad-

vanced	 cladding	 concepts	 and	 structural	 components.	 The	

main	 interest	 in	 this	class	of	materials	comes	from	its	very	

good	thermal	creep	properties,	making	them	ideal	for	high-

temperature	applications.	Deformation	under	static	load	oc-

curs	at	much	lower	temperatures,	if	simultaneously	irradiation	

occurs,	 and	 is	 known	 as	 irradiation	 creep.	 Technically,	 this	

type	of	creep	is	important	only	at	temperatures	below	550°C.	

Irradiation	creep	could	become	a	design	issue	for	components	

exposed	only	to	moderate	temperatures	during	steady-state	

or	transient	conditions,	such	as	start-up	in	high	temperature	

reactors.

Materials and Testing

The	investigations	were	performed	with	two	ferritic	ODS	steels	

containing	about	20%	chromium.	The	first	one	(PM2000)	is	

commercially	 available	 in	 annealed	 condition,	 supplied	 by	

Plansee,	Austria.	(It	should	be	mentioned	that	this	material	

is	no	longer	produced	by	the	company.)	The	other	material	is	

a	fine-grained	Japanese	ferritic	ODS	steel	(19	Cr	ODS)	called	

K1,	with	nano-sized	dispersoids	supplied	by	Kyoto	University.	

Typical	dispersoid	distributions	in	both	materials	are	shown	

in	Fig.	1.	The	size	and	number	densities	of	dispersoids	are	28	

nm	and	5.11020/m3	in	PM2000,	and	2.1	nm	and	1.21024/

m3	in	19	Cr	ODS,	respectively.	The	grain	sizes	of	PM2000	and	

K1	vary	from	below	500	nm	to	several	cm.	

In-situ	irradiation	creep	under	He-implantation	was	performed	

at	 the	compact	cyclotron	at	FZJ,	 Juelich.	Dog-bone	samples	

with	a	gauge	length	of	10	mm,	width	2	mm,	and	thickness	of	

0.1	mm	were	used.	Creep	strains	were	estimated	based	on	an	

average	of	two	linear	variable	differential	transformer	(LVDT)	

signals	from	two	rod-pipe-type	extensometers;	the	resolution	

of	the	creep	strain	measurements	was	310–6.	More	details	

of	the	experimental	set	up	are	described	in	[1].	Samples	of	0.1	

mm	thickness	were	homogeneously	irradiated	in	three	dimen-

sions,	under	constant	uniaxial	stress	conditions,	using	24	MeV	
4He++	ions	passing	through	a	magnet	scanning	system,	and	a	

degrader	wheel	with	24	Al-foils	of	different	thicknesses.	The	

dose	level	reached	per	creep	test	at	each	temperature	was	

about	0.2	dpa.

Ferritico	ODS	(oxide-dispersed-strengthened)	steels	with	different	micro-structures	have	been	in-beam	creep	

tested	 for	 a	 temperature	 range	 of	300°C	 to	500°C;	 irradiation	 was	 by	 means	 of	 He-ions.	 Elongation	 of	 the	

specimens	was	determined	as	a	function	of	stress	and	irradiation	dose,	and	damage	ascertained	by	transmission	

electron	 microscopy.	Thorough	 analysis	 of	 the	 loops	 developing	 during	 irradiation	 creep	 did	 not	 reveal	 any	

dependence	of	orientation	or	size	on	the	direction	of	the	applied	stress.	In	contrast	to	expectations	from	the	

literature,	no	pronounced	influence	of	micro-structure	or	dispersoid	size	on	the	irradiation	creep	behavior	has	

been	detected.	

Jia-Chao	Chen,	Wolfgang	Hoffelner

Laboratory for Nuclear Materials

Irradiation creep behaviour of ODS steels

Figure 1: Dispersoid sizes, distributions and micro-structural 

features of the materials investigated. Note that the two 

micrographs are at different magnifications
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Results and Discussion

Micro-structural	changes	occurring	as	a	result	of	irradiation	

creep	 have	 been	 analyzed	 for	 PM2000	 using	 transmission	

electron	microscopy.	Loops	of	types	1/2	<111>	(111)	and	<100>	

(100),	 respectively,	 were	 detected	 at	 300°C	 and	 400°C.	 At	

500°C,	a	dislocation	network	was	observed	in	addition	to	the	

loops.

Loop	diameters	varied	with	temperature	by	up	to	one	order	

of	magnitude,	and	loop	densities	by	three	orders	of	magnitude.	

The	most	important	result,	however,	was	that	the	loops	were	

circular,	and	no	correlation	between	loop	orientation	or	ge-

ometry	and	the	direction	of	the	applied	stress	could	be	estab-

lished,	as	can	be	seen	from	Fig.	2.	This	is	in	contradiction	to	

current	 understanding	 of	 irradiation	 creep,	 as	 described	 in	

more	detail	in	[2].	

Strain	rates	determined	from	irradiation	creep	curves	showed	

a	steady-state	creep	behaviour	similar	 to	thermal	creep.	 In	

Fig.	3,	the	ratio	between	strain	rates	and	dose	rates	is	plotted	

as	a	function	of	the	applied	stress.	Some	scatter	in	the	data	

can	be	observed,	which	is	usual	for	the	mechanical	properties	

of	small	samples.	However,	no	significant	differences	between	

the	two	materials	PM2000	and	19	Cr	ODS	could	be	found.	The	

slopes	of	the	creep	curves	(irradiation	creep	compliance)	are	

listed	in	Table	1	(see	also	[3]).	

T (°C) PM2000 ODS 19 Cr

300 5.710–6 4.010–6

400 5.710–6

500 1810–6 1110–6

Table 1: Irradiation creep compliances (in units of dpa-1MPa-1) 

for the two steels at different temperatures

Conclusions 

Irradiation	creep	of	ferritic	20%	Cr	ODS	alloys	has	been	inves-

tigated	 in	 the	 temperature	 range	 300°C	 to	 500°C.	 Micro-

structural	investigations	revealed	no	correlation	between	loop	

size	 or	 loop	 shape	 and	 the	 applied	 stress.	This	 behaviour,	

which	 is	 not	 predicted	 from	 established	 irradiation	 creep	

models	for	bcc	matrix	alloys,	warrents	further	investigation.	

The	most	interesting	finding	is	that	the	size	and	distribution	

of	dispersoids	do	not	have	a	significant	influence	on	the	ir-

radiation	creep	behaviour.	Thus,	it	might	be	inferred	that	ir-

radiation	creep	is	a	purely	matrix	phenomenon.
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Figure 3: Ratio of strain rate and dose rate as a function of 

applied stress for two ferritic ODS steels measured at 300°C to 

500°C.

Figure 2: Bright-field TEM images taken from z=[011] under 

2-beam dynamical conditions for a sample implanted at 400°C. 

The g-vectors are shown as thick black arrows, while the (111) 

and (111) planes are indicated by the thin lines. The direction of 

the applied stress is indicated by the thick white arrow.
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The	formation	and	growth	of	cracks	due	to	SCC	in	the	otherwise	

corrosion-resistant	 stainless	 steel	 and	 Nickel-based	 alloy	

components	 of	 the	 primary	 circuit	 of	 Nuclear	 Power	 Plants	

(NPPs),	induced	by	the	combined	influence	of	tensile	stress	

and	a	corrosive	environment,	has	 led	to	dramatic	 losses	 in	

capacity	worldwide	over	the	last	three	decades.	Therefore,	an	

issue	of	increasing	importance	is	the	implementation	of	op-

timised,	strategic	and	pro-active	plant	ageing	and	life-man-

agement	methods	for	cost-effective	operation	of	NPPs	at	high	

safety	levels.	Advanced,	non-destructive	monitoring	tools	are	

required	for	the	early	detection	of	SCC	initiation	in	the	techni-

cal	 pre-crack	 stage.	 The	 EN	 measurement	 technique	 is	 a	

promising	tool	for	continuous,	in-situ	corrosion	monitoring	of	

structural	components	of	Light	Water	Reactors	(LWRs),	and	

has	the	potential	to	detect	SCC	initiation	[1,2].	The	potential	

and	limitations	of	the	technique	for	the	detection	of	SCC	ini-

tiation	 in	 austenitic	 stainless	 steels	 under	 simulated	 BWR	

conditions	is	thus	being	investigated	in	the	context	of	a	small	

feasibility	study.

Materials and experimental procedures

For	 the	 SCC	 initiation	 tests	 with	 EN	 measurements,	 a	 rod	

material	of	the	high-carbon	austenitic	stainless	steel	AISI	304	

was	 used,	 since	 this	 steel	 could	 be	 easily	 sensitised,	 and	

showed	a	sufficiently	high	susceptibility	to	intergranular	SCC.	

The	tests	were	conducted	with	both	round	and	flat	tensile	and	

compact-tension	specimens.

Sophisticated,	refreshing,	high-temperature	water	loops,	with	

autoclave	and	integrated	electro-mechanical	loading	systems,	

were	used	for	the	CERTs	under	simulated	BWR	conditions.	The	

tests	were	performed	in	oxygenated,	high-purity,	high-tem-

perature	water	at	250°C	or	288°C,	and	with	2	ppm	dissolved	

oxygen	 and	 50	 ppb	 sulphate	 content.	 To	 initiate	 SCC,	 the	

specimens	were	loaded	with	a	constant	pull-rod	stroke	rate.

Electrochemical	potential	(EPN)	and	electrochemical	current	

noise	 (ECN)	 were	 either	 recorded	 simultaneously,	 as	 sche-

matically	shown	in	Fig.	1,	or	the	EPN	was	measured	alone.	In	

some	tests,	SCC	initiation	in	compact-tension	specimens	was	

simultaneously	monitored	using	the	reversed	direct-current	

potential-drop	(DCPD)	method.

Results and discussion

The	SCC	initiation	tests	in	autoclaves	usually	revealed	a	si-

multaneous	cathodic	drop	of	the	EPN	signal,	and	an	anodic	

increase	of	the	ECN	signal,	with	superimposed	characteristic	

potential	and	current	 transients,	 indicating	crack	 initiation.	

Stefan	Ritter,	Hans-Peter	Seifert	

Laboratory for Nuclear Materials, PSI

The	electrochemical	noise	(EN)	measurement	technique	is	a	promising	tool	for	continuous,	 in-situ	corrosion	

monitoring	in	industrial	systems,	and	has	the	potential	to	detect	nucleation	and	initiation	of	localised	corrosion	

processes.	The	potential	and	limitations	of	this	technique	for	the	detection	of	stress	corrosion	cracking	(SCC)	

initiation	in	austenitic	stainless	steels	under	simulated	Boiling	Water	Reactor	(BWR)	conditions	has	been	in-

vestigated	using	notched	tensile	and	fracture	mechanics	specimens	in	autoclaves	by	means	of	Constant	Exten-

sion	Rate	Tests	(CERTs).	These	have	revealed	that	early	SCC	detection	by	EN	is	possible	in	oxygenated	high-

temperature	water	under	stable	and	stationary	laboratory	conditions.

Detection of stress corrosion cracking in a BWR 
environment by electrochemical noise

Figure 1: Schematic of the experimental EN measurement set-up: 

RE = reference electrode, WE = working electrode.



NES Scientific Highlights 2008 Laboratory for Nuclear Materials (LNM) 51

Figure	2	shows	results	from	an	experiment	involving	the	si-

multaneous	measurement	of	two	EPN	signals	(measured	at	

different	 distances	 from	 the	 specimen	 surface):	 the	 typical	

course	of	the	EPN	during	SCC	initiation	can	be	clearly	seen.	

This	test	was	used	to	investigate	the	effect	of	the	distance	of	

the	electrode	to	the	specimen	surface	(or	cracking	location)	

on	the	EPN	behaviour,	as	this	plays	an	important	role	in	high-

purity	BWR	water	of	very	low	conductivity.	After	SCC	initiation,	

the	drop	in	the	EPN	signal	for	single	EPN	transients	could	be	

increasingly	resolved	with	decreasing	distance	to	the	specimen	

surface.	This	is	in	good	agreement	with	the	limited	‘throwing	

power’	of	the	current	in	the	high-purity	water.	The	experiments	

confirmed	that	detection	sensitivity	increases	with	decreasing	

distance	between	specimen	surface	and	reference	electrode.

To	confirm	these	results	with	a	second	independent	SCC	detec-

tion	method,	tests	were	performed	with	combined	EPN	and	

DCPD	measurements	using	compact-tension	specimens.	The	

result	of	one	such	test	is	shown	in	Fig.	3.	After	about	eight	

hours	of	constant	straining	of	the	specimen,	the	EPN	signal	

started	to	drop,	indicating	SCC	initiation.	This	was	confirmed	

by	 the	 DCPD	 technique,	 which	 showed	 the	 onset	 of	 crack	

advance	at	the	same	time.	Subsequent	fractographic	analysis	

using	a	scanning	electron	microscope	revealed	intergranular	

SCC	initiation,	and	growth	along	the	whole	notch-root.	Due	to	

disturbances	in	the	EPN	signal,	the	expected	individual	po-

tential	transients	in	the	EPN	from	single	crack	initiation	events	

could	not	be	resolved.	About	three	hours	after	SCC	initiation	

had	been	detected	according	to	the	DCPD	signal	(Fig.	3),	the	

loading	mode	was	switched	to	constant	load:	the	crack	con-

tinued	 to	 grow.	 Rather	 surprisingly	 at	 first	 glance,	 the	 EPN	

signal	rose	again,	ending	up	near	the	original	level.	The	reason	

for	this	is	probably	the	absence	of	any	further	surface	crack	

growth	along	the	notch-root	and	the	high-purity	water	elec-

trolyte	of	very	low	conductivity.	Once	the	SCC	surface	crack	

had	spread	along	the	whole	notch-root,	the	active	crack-tip	

apparently	grew	in	depth	only,	moving	away	from	the	surface	

and	reference	electrode.	Thus	the	EPN	signal	from	the	crack	

front	accessible	outside	the	crack	became	small.	It	appears	

then,	 that	 only	 crack	 initiation	 and	 subsequent	 surface	 (or	

near-surface)	crack	growth	are	detectable	using	EN	measure-

ments	in	low-conductivity	electrolytes.

Summary and conclusions

The	SCC	initiation	experiments	with	independent	online	crack	

growth	monitoring	using	DCPD	indicate	that	early	SCC	detec-

tion	by	EN	measurements	is	possible	under	stable	and	station-

ary	 laboratory	 conditions	 in	 oxygenated	 high-temperature	

water.	Individual,	small,	intergranular,	semi-elliptical	surface	

flaws	with	a	surface	crack	 length	and	crack	depth	of	about	

150	 μm	 can	 be	 detected	 by	 EN	 measurements.	 Only	 crack	

initiation	and	the	subsequent	surface	or	near-surface	growth	

can	 be	 detected	 by	 EN	 measurements	 in	 high-purity	 water	

with	low	conductivity.	Maintaining	a	small	distance	between	

the	 surface	 of	 the	 specimen	 (or	 cracking	 location)	 and	 the	

reference	electrode	is	crucial	in	achieving	high	sensitivity.	
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Figure 3: Mean values of the potential noise <EPN> and crack 

advance, as measured by the DCPD method.

Figure 2: Effect of distance between reference electrode (RE) and 

specimen surface on the EPN during a CERT with a flat tensile 

specimen and two REs (Pt-wires). SCC was confirmed by 

post-test fractography using a scanning electron microscope.





The	Hot	Laboratory	(Hot	Lab)	is	the	largest	nuclear	research	facility	under	the	supervision	

of	the	Swiss	Federal	Nuclear	Safety	Inspectorate	(ENSI),	and	the	only	Swiss	research	facil-

ity	capable	of	examining	large	quantities	of	radioactive	materials.	The	Hot	Lab	incorporates	

a	 complex	 infrastructure	 to	 ensure	 that	 all	 radioactive	 materials	 inside	 the	 building	 are	

contained,	and	to	guarantee	a	safe	workplace	for	its	staff.	AHL	is	the	operator	of	the	Hot	

Lab,	as	well	as	being	its	main	user.	The	two	main	tasks	of	the	division	are	to	ensure	a	safe	

and	efficient	utilization	of	its	infrastructure,	and	to	conduct	state-of-the-art	service	work	for	

the	Swiss	nuclear	industry.

Highlights	of	current	activities	are	listed	below.

•	 AHL	offers	Hot	Lab	users	modern	analytical	tools	for	the	manipulation	and	investigation	

of	radioactive	materials.	In	particular,	the	laboratory	is	very	well	equipped	for	structural	

and	 chemical	 analyses	 of	 the	 materials	 used	 in	 nuclear	 power	 plants	 and	 accelerator	

facilities.	

•	 The	Hot	Lab	is	one	of	the	nominated	‘PSI	User	Lab	Facilities’,	and	is	responsible	for	the	

preparation	and	handling	of	radioactive	specimens	prior	to	their	deployment	in	the	large	

facilities	at	PSI:	namely,	SINQ,	SLS	and	PROTEUS.

•	 AHL	has	strong	links	to	the	Swiss	nuclear	power	plants,	and	undertakes	the	necessary	

detailed	material	investigations	for	ensuring	their	continuing	safe	and	economic	opera-

tion.	AHL	also	collaborates	with	several	research	projects	concerned	with	the	fuel	and	

structural	 materials	 used	 in	 nuclear	 installations.	 Through	 this	 involvement,	 AHL	 has	

established	within	the	nuclear	material	research	community	worldwide	recognition	of	its	

competence.

•	 AHL	benefits	directly	from	its	very	competent	staff,	in	that	it	is	also	successfully	develop-

ing	 new	 analysis	 methods	 and	 infrastructure	 for	 tackling	 the	 challenging	 and	 ever-

changing	needs	of	the	nuclear	community,	and	is	also	able	to	undertake	its	own	safety	

evaluation	to	ensure	its	continuing	safe	operation.
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Hotcell line for research on 

nuclear fuel rods, for material 

testing and mechanical material 

processing. Manipulators are 

being operated through walls 

of one meter in thickness.
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The	Hot	Laboratory	(HOTLAB)	began	operation	in 1963,	at	the	

time	of	the	Eidgenössiches	Institut	für	Reaktor-forschung	(EIR).	

Since	then,	it	has	been	extended	to	include	the	Pu-Laborato-

ries,	dealing	with	 the	production,	study	and	storage	of	ad-

vanced	(non-irradiated)	nuclear	fuel	for	future	generations	of	

nuclear	reactors.	The	infrastructure	of	the	HOTLAB	has	been	

steadily	upgraded	to	meet	the	ever	more	stringent	safety	re-

quirements	for	the	safe	handling	of	hazardous	materials,	and	

major	efforts	have	been	made	over	the	years	to	keep	the	facil-

ity	 abreast	 of	 the	 needs	 and	 expectations	 of	 its	 users,	 but	

also	to	offer	new	possibilities	for	detailed	analysis	of	radioac-

tive	materials.	Most	of	the	research	activities	realised	in	the	

HOTLAB	start	with	the	delivery	of	highly	radioactive	batches	

of	materials	in	the	large,	concrete	hot-cell	chain,	and	continue	

with	detailed,	and	often	very	sophisticated,	analysis.	

The concrete hot-cell chain

The	heavy	transport	flasks	used	for	the	(often	international)	

transport	of	radioactive	materials	are	unloaded	in	one	of	the	

five	large	concrete	hot	cells.	Cell	No.	1	can	accept	full-length	

Light	Water	Reactor	(LWR)	fuel	rods	for	detailed,	non-destruc-

tive	examination.	Visual	inspection	of	the	rod	surface,	meas-

urement	 of	 the	 oxide	 layer	 depth,	 and	 the	 variation	 of	 rod	

diameter	and	rod	length	with	regard	to	their	nominal	values,	

enable	a	detailed	assessment	of	 the	state	of	 the	rod	to	be	

given.	This	first	characterisation	of	the	flaws	resulting	from	

service	life	of	the	rod	in	the	reactor	is	essential	for	the	predic-

tion	of	the	lifetimes	of	new	rod	designs.	

Smaller	batches	of	material,	those	irradiated	in	accelerator	

facilities	 at	 PSI,	 and	 in	 small	 research	 reactors	 around	 the	

world,	are	unloaded	in	the	smaller	concrete	cells.	For	example,	

irradiated	test	materials	for	future	neutron	sources	based	on	

liquid-metal	technology	are	delivered,	sorted	and	cleaned	in	

these	cells	for	the	target	development	group	at	PSI.	Likewise,	

irradiated	materials	developed	for	future	fusion	reactors	by	

the	 fusion	 technology	group	at	EPFL	are	similarly	handled.	

After	delivery,	the	smaller	samples	must	very	often	be	prepared	

for	further	detailed	analysis.	

The	HOTLAB	has	to	modify	commercially	available	equipment	

on	a	regular	basis	for	remote	handling	in	the	cells.	An	example	

is	the	Electrical	Discharge	Machine	(EDM),	which	is	used	to	

produce	specimens	of	complex	shape,	as	seen	in	Fig.	1.

After	cutting,	the	samples	are	dispatched	to	the	many	shield-

ed	analytical	facilities	available	in	the	laboratory,	where	further	

inspection	of	the	material	structure	is	often	required.

The	Hot	Laboratory	(HOTLAB)	at	PSI	is	a	unique	facility	in	Switzerland	for	the	handling	and	analysis	of	large	

quantities	of	radioactive	materials:	in	particular,	components	from	the	nuclear	power	plants	in	Switzerland	are	

routinely	examined.	The	facility	hosts	different	internal	and	guest	(EPFL)	research	groups	active	in	the	analysis	

of	radioactive	materials.	In	short,	the	HOTLAB	at	PSI	offers	a	wide	spectrum	of	analytical	tools	for	the	experi-

mental	investigation	of	highly	radioactive	materials,	together	with	the	basic	infrastructure	needed	for	their	safe	

handling,	storage	and	disposal.

Didier	Gavillet,	Ines	Günther-Leopold,	Daniel	Kuster,	Matthias	Martin	

Hot Laboratory, PSI

The Hot Laboratory – multiple facilities for the  
examination of radioactive samples

	Figure 1: Sub-specimen production in large cells
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Solid-surface analytical tools

Irradiation	 induces	 changes	 in	 material	 structures	 through	

neutron	 bombardment,	 as	 well	 as	 inducing	 thermal	 and	

chemical	processes.	These	changes	can	be	observed	at	micron	

and	submicron	length-scales	on	polished	specimens	using	an	

Optical	 Microscope	 (OM),	 a	 Scanning	 Electron	 Microscope	

(SEM),	or	Electron	Probe	Micro-Analysis	(EPMA).	The	HOTLAB	

has	two	shielded	cells	dedicated	to	the	preparation	of	such	

specimens,	enabling	structural	modifications	to	a	material	to	

be	observed,	such	as	in	the	case	of	the	nuclear	fuel	restruc-

turation	occurring	at	very	high	burn-up	(Fig.	2,	left).	

Elemental and isotopic analytical tools

Irradiation	also	induces	modification	of	the	element	distribu-

tion	in	materials.	EPMA	allows	the	distribution	of	the	major	

elements	in	a	sample	to	be	visualised,	which	helps	to	under-

stand	the	thermal	and	nuclear	processes	that	had	occurred	

during	 reactor	 operation.	 For	 example,	 observation	 of	 the	

Uranium	 distribution	 at	 the	 fuel/cladding	 interface	 (Fig.	 2,	

right)	provides	information	on	the	corrosion	processes	relevant	

to	the	integrity	of	the	LWR	fuel	rod.

Often	the	elemental	information	alone	is	not	sufficient,	and	

isotopic	details	are	needed	to	fully	understand	the	effects	of	

irradiation.	This	is	often	critical	for	the	validation	of	the	very	

sophisticated	modelling	software	available	today.	The	HOTLAB	

is	a	leader	in	the	development	of	Secondary	Ion	Mass	Spec-

trometer	(SIMS)	and	Inductively	Coupled	Plasma	Mass	Spec-

troscopy	(ICP-MS)	techniques	for	the	isotopic	examination	of	

highly	 radioactive	materials.	For	example,	 ICP-MS,	coupled	

with	High	Performance	Liquid	Chromatography	(HPLC),	enables	

the	separation	of	different	isotopes	of	neighbouring	elements	

to	be	observed,	as	shown	in	Fig.	3	for	the	analysis	of	fission	

products	in	nuclear	fuel.

Mechanical properties

Finally,	structural	and	chemical	modification	of	materials	can	

have	 a	 critical	 effect	 (often	 a	 degrading	 one)	 on	 their	 me-

chanical	properties.	The	HOTLAB	offers	the	basic	infrastructure	

for	examining	irradiated	specimens	in	shielded	environments,	

including	the	transfer,	loading	and	unloading	of	specimens	in	

dedicated	test	facilities.	Different	machines	have	been	devel-

oped	for	the	shielded	boxes.	These	are	operated	by	PSI	and	

EPFL	research	groups,	and	allow	detailed	investigation	of	the	

mechanical	 properties	 of	 irradiated	 materials	 at	 different	

temperatures	and	in	different	environments	to	be	performed	

(Fig.	4).

Summary

The	PSI	Hot	Laboratory	offers	a	state-of-the-art	infrastructure	

for	the	experimental	study	of	radioactive	material	behaviour,	

and	is	constantly	used	by	many	internal	and	external	research	

groups.	 Further	 information	 can	 be	 found	 on	 our	 website:	

http://ahl.web.psi.ch.

Figure 2: EPMA observation of fuel restructuring at high burn-up. 

Left: sub-micron grains and fission products are seen in the 

pores. Right: U-distribution at the fuel-cladding interface ─ blue 

indicating low and red indicating high concentrations. 

Figure 3: ICP-MS elemental and isotopic separation of Sm, Pm and 

Nd with the HPLC-ICP-MS technique.

Figure 4: A remotely operated mechanical test machine, as seen 

behind its shielding.
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Analysis of unexpected corrosion damage on  
stainless steel tanks for effluent radioactive water

Roland	Brütsch	&	Didier	Gavillet

Hot Laboratory Division, PSI

All	the	sewage	water	from	the	laboratories	of	PSI	(East)	handling	radioactive	materials	are	collected	and	trans-

ferred	to	special	steel	tanks	in	the	Hot	Laboratory	(HOTLAB)	for	treatment,	filtering	and	control.	At	the	beginning	

of	2008,	periodical	inspection	revealed	traces	of	corrosion	damage	in	the	upper	section	of	some	of	these		tanks.	

Detailed	analysis	of	the	damage	has	been	undertaken	in	the	HOTLAB	itself,	and	the	cause	of	the	problem	iden-

tified	as	a	pitting	corrosion	due	to	deposits	on	the	inner	surface	of	the	tanks.	The	analysis	has	led	to	remedial	

procedures	being	defined	to	insure	the	continued,	long-term	and	safe	use	of	the	tanks.

Radioactive	materials	are	routinely	investigated	in	different	

buildings	of	PSI	(East).	All	the	sewage	water	from	these	build-

ings	 is	 transferred	 to	 special	 stainless	 steel	 tanks	 located	

inside	 the	 Hot	 Laboratory	 (HOTLAB)	 for	 treatment,	 filtering	

and	control.	The	tanks	are	part	of	the	safety	infrastructure	of	

the	HOTLAB,	and	are	regularly	inspected	to	insure	safe,	leak-

free	treatment	of	(possibly)	radioactive	water.	

During	a	regular	inspection	at	the	beginning	of	2008,	corrosion	

damage	 to	 the	 inner	 surface	 of	 some	 of	 the	 tanks	 was	 de-

tected.	The	corrosion	was	unexpected,	and	led	to	a	detailed	

investigation	of	the	stainless	steel	material	being	launched.	

The	HOTLAB	is	well-equipped,	and	has	the	necessary	compe-

tence	to	carry	out	such	an	investigation.

The	main	goal	of	the	analysis	was	to	determine	the	root	cause	

of	the	corrosion	process,	in	order	to	instigate	an	appropriate	

reparation	plan	to	 insure	the	further,	 long-term	safe	use	of	

the	tanks.

Damage Analysis

In	order	to	perform	a	detailed	analysis	of	the	steel,	two	small	

(about	100	cm2)	samples	were	cut	from	the	top	of	one	of	the	

corroded	 tanks,	 at	 the	 location	 of	 the	 inlet	 of	 the	 sewage	

water.	The	first	sample	(Sample	1),	acting	as	reference	mate-

rial,	was	extracted	from	the	upper	region	of	the	tank,	where	

the	steel	was	almost	never	in	contact	with	the	effluent	water.	

The	second	sample	was	cut	from	a	lower	region,	where	the	

sewage	water	would	be	flowing	almost	continuously	over	the	

wall	surface,	and	also	where	the	highest	traces	of	corrosion	

had	been	detected	(Sample	2).

Visual	inspection	of	Sample	2	indicated	the	presence	of	thick	

deposits,	 and	 a	 highly	 corroded	 inner	 surface	 of	 the	 tank		

(Fig.	1).	In	contrast,	the	upper	sample	(Sample	1)	exhibited	

only	 light	 staining	 of	 the	 surface	 (in	 the	 form	 of	 brownish	

spots).	

Following	visual	inspection,	the	deposit	layer	was	removed,	

dissolved	in	nitric	acid,	and	then	filtered	to	remove	any	non-

dissolvable	residue.	During	the	dissolution	process,	some	gas	

(CO2)	was	discharged,	indicating	the	presence	of	carbonates.

The	resulting	solution	was	analyzed	using	Inductively	Coupled	

Plasma	 Optical	 Emission	 Spectroscopy	 (ICP-OES)	 and	 Ion	

Chromatography	(IC)	for	the	presence	of	steel	elements,	the	

usual	water	contaminants,	and	anions	such	as	chloride	and	

sulfate.	Mainly	steel	elements	(Fe,	Cr,	Ni)	were	present,	 to-

gether	with	sulfur.	Some	75%	of	the	sulfur	was	in	the	form	of	

sulfate,	the	rest	could	have	been	sulfide	(bad	smell).	The	sum	

total	of	all	the	analyzed	elements	amounted	to	about	one	third	

of	the	total	mass,	the	rest	must	have	been	organic	material	

and	carbonate.	However,	the	analyses	gave	no	clear	insight	

into	the	root	cause	of	the	corrosion.
Figure 1: Macro-photograph of the inner surface of the corroded 

tank showing deposit layer (Sample 2)
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The	cleaned	inner	surface	of	the	tank	was	subsequently	ana-

lyzed	using	Scanning	Electron	Microscopy	(SEM).	This	revealed	

that	the	metal	exhibited	very	intense	corrosion	due	to	pitting,	

with	grain	disintegration	(Fig.	2).	Even	on	the	reference	sam-

ple,	a	light	inter-granular	attack	has	been	detected.	

In	order	to	obtain	a	better	picture	of	the	extent	of	the	pitting,	

cross-sections	of	both	specimens	were	prepared	and	analyzed	

using	SEM.	On	the	corroded	piece	(Sample	2),	massive	loss	

of	material	due	to	corrosion	is	clearly	visible,	accompanied	

by	a	reduction	of	about	50%	in	the	tank	wall	thickness	in	the	

observed	region.	The	fact	that	some	trace	of	corrosion	had	

been	observed	on	the	external	surface	of	the	tank	proves	that,	

at	least	in	some	regions,	the	pitting	had	locally	produced	small	

holes.

The	shape	of	the	corroded	patch	seen	in	Figs.	2, 3	is	typical	

of	corrosion	due	to	pitting	in	stainless	steel,	when	stagnant	

water	is	present,	together	with	some	material	deposits	or	very	

rugged	surfaces.	This	type	of	corrosion	is	known	to	occur	in	

almost	all	steels,	proceeding	at	different	rates,	even	with	very	

low	concentrations	of	the	corrosive	material	in	the	water	[1].

Root cause of the corrosion process

The	deposit	layer,	and	the	continuous	presence	of	corrosive	

media	(sewage	water	with	chemical	contaminant),	provided	

ideal	conditions	for	crevice	corrosion,	and	subsequently	pitting	

corrosion,	even	in	stainless	steel.	Between	the	deposit	layer	

and	the	underlying	metal,	the	corrosive	elements	present	in	

the	waste	water	(chlorides,	sulfides,	salts,	organic	and	inor-

ganic	dirt,	etc.)	will	be	concentrated,	creating	highly	corrosive	

conditions.	The	continuous	flow	of	water	had	ensured	a	regu-

lar	 supply	 of	 corrosive	 chemicals,	 and	 additionally	 had	 re-

moved	the	water-soluble	corrosion	products,	thereby	cleaning	

the	surface	for	further	corrosion	activity.

Conclusion

Careful	and	detailed	analysis	of	the	corroded	material	in	the	

sewage	tank	for	lightly	radioactive	water	in	the	HOTLAB	has	

enabled	 the	 root	 cause	 of	 the	 corrosion	 to	 be	 determined.	

Understanding	the	corrosion	process	has	also	provided	infor-

mation	of	the	repairs	necessary	to	restore	the	integrity	of	the	

tank,	and	to	prevent	further	corrosion.	The	corroded	parts	of	

the	 tanks	 will	 first	 be	 removed,	 and	 then	 replaced	 by	 new	

material.	Then,	a	new	immersion	pipe	for	the	sewage	water	

inlet	will	be	inserted	to	avoid	any	new	deposit	on	the	inner	

tank	surface	from	occurring.	The	proposed	repair	to	the	tanks	

has	 been	 approved	 by	 the	 regulatory	 authority	 (ENSI),	 the	

procedures	implemented	during	2009.

In	summary,	regular	inspection	of	the	relevant	infrastructure,	

combined	with	the	general	safety	awareness	of	PSI,	and	in	

particular	by	the	HOTLAB	employees,	have	resulted	in	early	

detection	of	a	possible	threat	to	the	integrity	of	the	(lightly)	

radioactive	sewage	system	at	PSI	(East).	Also,	the	competence	

at	PSI	in	regard	to	its	research	goals,	in	particular	in	the	field	

of	materials	research,	has	enabled	the	corrosion	process	to	

be	rapidly	identified.	
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The	 elemental	 composition	 of	 CRUD	 deposit	 on	 a	 nuclear	

fuel	rod	is	made	up	of	oxides	of	Fe,	Zn,	Ni,	Mn	and	Cr.	It	has	

been	investigated	using	two	analysis	methods:	electron	probe	

micro-analysis	 (EPMA)	 and	 scanning	 electron	 microscopy	

(SEM).	The	first	employs	wavelength	dispersive	X-ray	spec-

troscopy	(WDS),	while	the	second	uses	energy	dispersive	X-ray	

spectroscopy	(EDS).	Both	techniques	[1,2]	measure	the	char-

acteristic	X-rays	generated	from	the	chemical	elements	present	

in	a	sample	taken	from	the	rod	surface	by	bombardment	with	

a	high-voltage	electron	beam.	By	this	means,	in	addition	to	

obtaining	 the	 scanning	 electron	 microscopy	 (SEM)	 image,	

local	quantitative	element	concentrations	can	be	measured,	

as	well	as	the	element	distribution	mappings	of	the	surface.

Data	acquisition	and	analysis	by	EDS	is	very	fast,	since	the	

necessary	information	is	contained	in	a	single	spectrum,	all	

the	X-ray	lines	being	acquired	simultaneously.	With	WDS,	the	

lines	 are	 obtained	 sequentially.	 Calibration	 of	 a	 reference	

material	is	then	necessary,	which	makes	quantification	very	

time	consuming.	However,	WDS	spectrometers	are	shielded	

against	the	β-	and	γ-radiation	emitted	by	the	sample,	which	

can	cause	high	‘dead	times’	and	spurious	background	count	

rates.	 Further	 important	 advantages	 of	 WDS	 are	 the	 much	

better	 spectral	 resolution	 it	 offers,	 and	 the	 peak-to-back-

ground	ratio,	particularly	useful	for	measuring	low	concentra-

tions.

The	 characteristics	 of	 the	 two	 methods	 are	 compared	 in		

Table 1.	In	drawing	up	this	Table,	it	has	been	assumed	from	

the	composition,	and	from	the	porous,	granular	texture	of	the	

CRUD,	that	the	unshielded	SEM-EDS	is	comparable	to	WDS	

for	this	type	of	analysis,	even	for	dose	rates	up	to	100	μSv/h	

in	10	cm.

EPMA-WDS SEM-EDS

Spectra acquisition 
and element 
identification

slow fast

Speed of element 
quantification

very slow,  
sequential, necessity 
to calibrate

fast, simultaneous

Spectral resolution, 
line width

very good, 10 eV poor, 138 eV

Peak/background 
ratio

high low, especially for  
active samples

Quality of point 
analysis

very good good, but with  
some interference, 
no trace analysis

Topographical 
influence

high moderate

Element mapping only qualitative or  
semi-quantitative 
with old EPMA

fully quantitative
mapping possible

Analysis of active 
samples

very good limited

Table 1: Comparison of EPMA-WDS with SEM-EDS X-ray 

spectroscopy techniques

Sample preparation

In	5	mm	long	segments	of	an	irradiated	fuel	rod,	longitudinal	

cuts	were	made	using	a	diamond-tipped	wheel	saw.	To	reduce	

the	dose	rate,	segments	of	1	mm	length	were	then	cut	using	

In	Boiling	Water	Reactors	(BWRs),	corrosion	products	are	deposited	on	the	fuel	rods	during	their	service	life-

time.	This	deposit,	which	is	called	CRUD,	can	have	a	significant	influence	on	corrosion	of	the	cladding	material,	

and	also	on	the	fuel	behavior	through	decrease	in	thermal	conductivity.	The	exact	CRUD	formation	process	is	

still	not	fully	understood	and	a	basic	study	of	its	structure	and	composition,	comparing	two	available	analysis	

methods,	are	being	undertaken	at	the	PSI	Hot	Laboratory.

Renato	Restani	&	Roland	Brütsch

Hot Laboratory Division, PSI

Comparative study of X-ray micro-analyses of 
CRUD deposit on nuclear fuel rods

Figure 1: Cross-section of an embedded and polished segment of 

a fuel rod (SEM-image).
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a	diamond-tipped	wire	saw	and	the	pieces	embedded	in	epoxy	

resin.	 Polishing	 of	 the	 samples	 was	 then	 performed	 using	

diamond	paste	to	a	finish	of	1	μm.	A	typical	cross-section	is	

shown	in	Fig.	1.

Results

Images	of	a	section	of	a	fuel	rod	segment	with	CRUD	are	shown	

in	Fig.	2	using	elemental	EPMA-WDS	mappings	made	by	beam	

scanning	of	the	surface	(qualitative),	and	by	SEM-EDS	map-

pings	 (quantitative).	 The	 cross-section	 (SEM/BSE-image)	

reveals	the	base	metal	zircaloy	and	the	granular	CRUD	adher-

ing	to	a	corrosion	layer	of	ZrO2.	The	overall	acquisition	times	

for	both	methods	were	the	same.	Nonetheless,	the	acquisition	

time	for	each	element	in	the	WDS	modus	was	about	four	times	

less,	which	led	to	a	decrease	in	lateral	resolution,	even	though	

the	 spectral	 resolution	 was	 good.	 The	 qualitative	 element	

mappings	obtained	using	EDS	were	also	poor,	because	of	line	

overlaps	and	low	peak-to-background	ratios,	there	being	ad-

ditional	fluorescence	and	absorption	effects	 for	both	these	

methods.	

In	contrast,	the	quantification	of	the	EDS	mappings	reveals,	

through	the	higher	spatial	resolution,	that	the	element	distri-

butions	are	in	fact	much	more	scattered,	and	that	there	are	

distinct	concentration	changes	on	a	micron	scale.

Quantitative	point	analyses	of	the	CRUD	on	two	rod	segments	

(HA3,	QB2)	taken	at	different	rod	elevations	were	made	using	

the	two	techniques.	The	results	are	illustrated	in	Fig.	3.	More	

than	 30	 measurement	 points	 were	 taken,	 which	 is	 statisti-

cally	narrow	with	regard	to	the	heterogeneous	element	dis-

tribution,	 as	 already	 indicated	 by	 the	 dot	 mappings.	 The	

standard	deviation	bands	reflect	the	scattering	of	the	concen-

trations.	Differences	in	results	are	well	within	the	individual	

error	 bands,	 so	 that	 analysis	 by	 SEM	 may	 be	 regarded	 as	

equivalent	 to	 that	 of	 WDS.	 The	 Cr	 concentrations	 display	

larger	differences,	due	to	its	very	heterogeneous	distribution.

Conclusions

SEM-EDS	is	an	efficient	and	fast	surface-analysis	method,	and	

for	the	kind	of	analyses	performed	here	is	equivalent	to	EPMA-

WDS.	 Moreover,	 SEM-EDS	 has	 the	 advantage	 of	 providing	

quantitative	 elemental	 mappings,	 with	 much	 better	 lateral	

resolution.	Only	the	new	EPMA	facility	(now	in	construction	

in	the	PSI	Hot	Lab)	will	be	able	to	match	this	feature.	How-

ever,	SEM	analysis	does	require	sophisticated	sample	prepa-

ration	to	reduce	background	radiation	exposure.	
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Figure 3: Quantitative point analyses of CRUD deposits on 

nuclear fuel rods measured using EPMA-WDS and SEM-EDS 

showing concentrations of metal atoms in at%. The histogram is 

shown in logarithmic scale. 

Figure 2: SEM/BSE images and corresponding element mappings 

of a cross-section of the outside surface of a fuel rod made using 

SEM-EDS (left: quantitative) and EPMA-WDS (right: qualitative).

low high



Reactor Physics 
and Systems 

Behaviour (LRS)

M. Zimmermann a.i.

4100

Thermal  
Hydraulics 

(LTH)

Prof. Dr. H.-M. Prasser

4200

Waste  
Management 

(LES)

Dr. M. Bradbury

4400

Experimental  
Reactor Physics

M. Murphy a.i.
4101

Fuel Modelling
M. Zimmermann i.P.

4103

Research Department

Nuclear Energy and Safety (NES)
Dr. J.-M. Cavedon

4000

Research Department

General Energy (ENE)
Prof. Dr. A. Wokaun

5000

Systems Behaviour 
Dr. A. Manera

4104

Thermodynamics
Dr. U. Berner

4401

Clay Sorption  
Mechanisms
Dr. B. Baeyens

4402

Geosphere  
Transport

Dr. S. Churakov
4403

Diffusion Processes
Dr. L. Van Loon

4404

XAS Beamline
Dr. D. Grolimund

4405

Cement Systems
Dr. E. Wieland

4406

Reactor School
Dr. W. Rohrbach

4030

Fast Reactors 
Dr. K. Mikityuk

4105

Experiments 
Dr. D. Paladino

4201

Modelling and 
Analysis 

Dr. B. Niceno

4202

Source Terms 
S. Güntay

4203

Core Behaviour
H. Ferroukhi

4102

Energy Systems 
Analysis 

(LEA)

Dr. S. Hirschberg

4500

Technology  
Assessment
Dr. P. Burgherr

4501

Energy Economics
Dr. H. Turton

4502

Risk and Human 
Reliability

Dr. V. N. Dang
4503

Hot Laboratory 
(AHL) 

Dr. D. Gavillet

4300

Operation
Ch. Gerber

4301

Hot Cells
D. Kuster

4302

Surface and  
Solid State Analysis

M. Martin
4303

Nuclear  
Materials (LNM) 

K. Foskolos a.i.

4600

High Temperature 
Materials

PD Dr. W. Hoffelner
4601

Nuclear Fuels
Dr. J. Bertsch

4602

Component Safety
H.-P. Seifert

4603

Isotope and  
Elemental Analysis

Dr. I. Günther-Leopold
4304



List of publications 2008 61

Organisational chart of the 

Nuclear Energy and Safety 

Research Department.



62 List of publications 2008 NES Scientific Highlights 2008

Publications in Scientific and Technical Journals

Alam A., Hellwig C.
“Cladding	Tube	Deformation	Test	for	Stress	
Reorientation	of	Hydrides”,	J.	ASTM	Int.	(ISSN	1546-
962X),	5(2),	Paper	ID:	JAI101110,	15	pages	(2008)	

Aounallah Y.
“A	Separate-Effect-Based	New	Appraisal	of	
Convective	Boiling	and	its	Suppression”,	J.	of	Nucl.	
Sci.	and	Techn.	(ISSN	0022-3131),	45(2),	149-159	
(2008)	

Bako B., Weygand D.1, Samaras M., Hoffelner W., 
Zaiser M.2

“Dislocation	depinning	transition	in	a	dispersion-
strengthened	steel”,	Phys.	Rev.B	(ISSN	1098-0121),	
78,	144104-1,	5	pages	(2008)	
1	 University	of	Karlsruhe,	DE
2	 University	of	Edinburgh,	UK

Bart G., Botta F., Hoth C.1, Ledergerber G.2, 
Mason R.1, Stratton R.3

“Comparative	Irradiation	Test	of	Mixed	Carbide	Fuel	
in	the	US	Fast	Flux	Test	Facility	with	Focus	on	Sphere-
Pac	Fuel	Behaviour;	Summary	of	a	Joint	USA-Swiss	
Experiment”,	J.	Nucl.	Mater.	(ISSN	0022-3115),	
376(1),	47-59	(2008)	
1	 LANL,	Los	Alamos,	US
2	 KKL,	Leibstadt,	CH
3	 NOK	AG,	Baden,	CH

Barten W., Jasiulevicius A., Manera A.,  
Macian-Juan R., Zerkak O.
“Analysis	of	the	capability	of	system	codes	to	model	
cavitation	water	hammers:	simulation	of	UMSICHT	
water	hammer	experiments	with	TRACE	and	RELAP5”,	
Nucl.	Eng.	Des.	(ISSN	0029-5493),	238,	1129-1145	
(2008)	

Barten W., Manera A., Macian-Juan R.1

“One-	and	two-dimensional	standing	pressure	waves	
and	one-dimensional	travelling	pulses	using	the	US-
NRC	nuclear	systems	analysis	code	TRACE”,	Nucl.	
Eng.	Des.	(ISSN	0029-5493),	238,	2568-2582	(2008)	
1	 TUM,	Garching,	DE

Birchley J., Haste T., Richner M.1

“Accident	Management	following	Loss	of	Residual	
Heat	Removal	during	Mid-Loop	Operation	in	a	
Westinghouse	Two-Loop	PWR”,	Nucl.	Eng.	Des.	(ISSN	

0029-5493),	238(9),	2173-2181	(2008)	
1	 NOK	AG,	Baden,	CH

Blair P., Khvostov G., Romano A.1, Hellwig C.2, 
Chawla R.
“Interpretation	of	High-Burnup	Fuel	Annealing	Tests”,	
J.	of	Nucl.	Sci.	and	Techn.	(ISSN	0022-3131),	45(7),	
639-646	(2008)	
1	 ENUSA,	Madrid,	ES
2	 NOK	AG,	Baden,	CH

Blanchet D., Huot N.1, Sireta P.1, Serviere H.1, 
Boyard M.2, Antony M.1, Laval V.1, Henrard P.3

“Qualification	of	a	gamma-ray	heating	calculation	
scheme	for	the	future	Jules	Horowitz	material	testing	
reactor	(JHR)”,	Ann.	Nucl.	Energy	(ISSN	0306-4549),	
35,	731-745	(2008)	
1	 CEA,	Cadarache,	FR
2	 AREVA	TA,	Aix-en-Provence,	FR
3	 University	Blaise	Pascal,	Clermont-Ferrand,	FR

Bubelis E., Castelliti D.1, Coddington P., Dor I.2, 
Fouillet C.3, de Geus E.4, Marshall T.5, 
van Rooijen W.6, Schikorr M.7, Stainsby R.8

“A	GFR	benchmark:	comparison	of	transient	analysis	
codes	based	on	the	ETDR	concept”,	Prog.	Nucl.	Energ.	
(ISSN	0149-1970),	50,	37-51	(2008)	
1	 CIRTEN,	Pisa,	IT
2	 CEA,	Saclay,	FR
3	 AREVA	NP,	Paris,	FR
4	 NRG,	Arnhem,	NL
5	 ANL	Argonne,	Idaho	Falls,	US
6	 TU	Delft,	NL
7	 FZK,	Karlsruhe,	DE
8	 AMEC	NCC	Ltd.,	Knutsford,	UK

Bubelis E., Coddington P., Mikityuk K.
“Verification	of	the	TRACE	Code	against	the	MEGAPIE	
Transient	Data”,	Ann.	Nucl.	Energy	(ISSN	0306-4549),	
35,	1284-1295	(2008)	

Bukowiecki N.1, Lienemann P.1, Zwicky C.1, Furger 
M., Richard A., Falkenberg G.2, Rickers K.2, 
Grolimund D., Borca C., Hill M.1, Gehrig R.1, 
Baltensperger U.
“X-ray	fluorescence	spectrometry	for	high	throughput	
analysis	of	atmospheric	aerosol	samples:	the	benefits	
of	synchrotron	X-rays”,	Spectrochimica	Acta	(ISSN	
0584-8547),	B63,	929-938	(2008)	
1	 EMPA,	Dübendorf,	CH
2	 DESY,	Hamburg,	DE

NES – Nuclear Energy and Safety



NES Scientific Highlights 2008 List of publications 2008 63

Cammelli S., Degueldre C., Kuri G., Bertsch J.
“Study	of	a	neutron	irradiated	reactor	pressure	
vessel	steel	by	X-ray	absorption	spectroscopy”,	Nucl.	
Instrum.	Meth.	B	(ISSN	0168-583),	266,	4775-4781	
(2008)	

Caruso S., Günther-Leopold I., Murphy M.,  
Jatuff F., Chawla R.
“Comparison	of	optimised	germanium	gamma	
spectrometry	and	multicollector	inductively	coupled	
plasma	mass	spectrometry	for	the	determination	of	
134Cs,	137Cs	and	154Eu	single	ratios	in	highly	burnt	
UO2”,	Nucl.	Instrum.		Methods	Phys.	Res.,	Sect.	A	
(ISSN	0168-9002),	589,	425-435	(2008)	

Caruso S., Murphy M., Jatuff F., Chawla R.
“Nondestructive	Determination	of	Fresh	and	
Spent	Nuclear	Fuel	Rod	Density	Distributions	
through	Computerized	Gamma-Ray	Transmission	
Tomography”,	J.	of	Nucl.	Sci.	and	Techn.	(ISSN	0022-
3131),	45(8),	828-835	(2008)	

Chawla R., Jatuff F., Tani F.
“Diagnostic	analysis	of	pin-removal	reactivity	worth	
experiments	in	a	SVEA-96+	test	lattice”,	Ann.	Nucl.	
Energy	(ISSN	0306-4549),	35,	495-502	(2008)	

Chen J.C., Jung P.1, Pouchon M.A., Rebac T., 
Hoffelner W.
“Irradiation	creep	and	precipitation	in	a	ferritic	ODS	
steel	under	helium	implantation”,	J.	Nucl.	Mater.	
(ISSN	0022-3115),	373,	22-27	(2008)	
1	 FZJ,	Jülich,	DE

Churakov S.
“Hydrogen	bond	connectivity	in	jennite	from	ab	initio	
simulations”,	Cem.	Concr.	Res.	(ISSN	0008-8846),	38,	
1359-1364	(2008)	

Churakov S., Mandaliev P.
“Structure	of	the	hydrogen	bonds	and	silica	defects	
in	the	tetrahedral	double	chain	of	xonotlite”,	Cem.	
Concr.	Res.	(ISSN	0008-8846),	38,	300-311	(2008)	

Cometto M., Wydler P., Chawla R.
“Management	of	actinide	waste	inventories	in	nuclear	
phase-out	scenarios”,	Ann.	Nucl.	Energy	(ISSN	0306-
4549),	35,	1447-1460	(2008)	

Dai Y., Gavillet D., Restani R.
“Stressed	capsules	of	austenitic	and	martensitic	
steels	irradiated	in	SINQ	Target-4	in	contact	with	
liquid	lead-bismuth	eutectic”,	J.	Nucl.	Mater.	(ISSN	
0022-3115),	377,	225-231	(2008)	

de Crécy A.1, Bazin P.1, Glaeser H.2, Skorek T.2, 
Joucla J.3, Probst P.3, Fujioka K.4, Chung B.5, Oh D.6, 
Kyncl M.7, Pernica R.7, Macek J.7, Meca R.7, Macian-
Juan R., D’Auria F.8, Petruzzi A.8, Batet L.9, Perez 
M.9, Reventos F.9

“Uncertainty	and	sensitivity	analysis	of	the	LOFT	L2-5	
test:	results	of	the	BEMUSE	programme”,	Nucl.	Eng.	
Des.	(ISSN	0029-5493),	238,	3561-3578	(2008)	
1	 CEA,	Grenoble,	FR
2	 GRS,	Garching,	DE
3	 IRSN,	Cadarache,	FR
4	 JNES,	Tokyo,	JP
5	 KAERI,	Daejeon,	KR
6	 KINS,	Daejeon,	KR
7	 NRI,	Rez,	CZ
8	 UNIPI,	Pisa,	IT
9	 UPC,	Madrid,	ES

Degueldre C., Abolhassani-Dadras S., Kuri G., 
Raabe J.
“Zircaloy-2	secondary	phase	precipitate	analysis	by	
X-ray	microspectroscopy”,	Talanta	(ISSN	0039-9140),	
75(2),	402-406	(2008)	

Degueldre C., Kastoryano M., Dardenne K.1

“Variable	incidence	angle	X-ray	absorption	fine	
structure	spectroscopy:	a	zirconia	film	study”,	Talanta	
(ISSN	0039-9140),	76(4),	731-735	(2008)	
1	 FZK,	Karlsruhe,	DE

Dehbi A.
“A	CFD	model	for	particle	dispersion	in	turbulent	
boundary	layer	flows”,	Nucl.	Eng.	Des.	(ISSN	0029-
5493),	238(3),	707-715	(2008)	

Dehbi A.
“Turbulent	particle	dispersion	in	arbitrary	wall-
bounded	geometries:	a	coupled	CFD-Langevin-
equation	based	approach”,	Int.	J.	Multiphase	Flow	
(ISSN	0301-9322),	34(9),	819-828	(2008)	

Desgranges L.1, Pasquet B.1, Roure I.1, Portier S., 
Brémier S.2, Walker C.2, Hasnaoui R.2, Gavillet D., 
Martin M., Raimbault L.3

“Assessment	of	the	Nd/U	ratio	for	the	quantification	
of	neodymium	in	UO2”,	Appl.	Surf.	Sci	(ISSN	0169-
4332),	255,	863-865	(2008)	
1	 CEA,	Cadarache,	FR
2	 JRC/ITU,	Karlsruhe,	DE
3	 Ecole	des	Mines,	Paris,	FR

Fazio C.1, Gröschel F., Wagner W., Thomsen K., 
Smith B.L., Stieglitz R.1, Zanini L., Guertin A.2, 
Cadiou A.2, Henry J.3, Agostini P.4, Dai Y., 
Heyck H., Dementjevs S., Panebianco S.3, 
Almazouzi A.5, Eikenberg J., Letourneau A.3, 
Toussaint J.3, Janett A., Perret Ch., Joray S., 
Patorski J., Leung W., Meloni P.4, Turroni P.4, 
Zucchini A.4, Benamati G.4, Konys J.1, Auger T.6, 
Gessi A.4, Gorse D.6, Serre I.7, Terlain A.3, 
Vogt J.B.7, Batta A.1, Class A.1, Cheng X.1, 
Fellmoser F.1, Daubner M.1, Gnieser S.1, 
Grötzbach G.1, Milenkovic R., Latgé C.3, Knebel J.1

“The	MEGAPIE-TEST	project:	supporting	research	and	



lessons	learned	in	first-of-a-kind	spallation	target	
technology”,	Nucl.	Eng.	Des.	(ISSN	0029-5493),	
238(6),	1471-1495	(2008)	
1	 FZK,	Karlsruhe,	DE
2	 SUBATECH,	Nantes,	FR
3	 CEA,	Gif-sur-Yvette,	FR
4	 ENEA,	Bologna,	IT
5	 SCK-CEN,	Mol,	BE
6	 CNRS-CECM,	Vitry,	FR
7	 CNRS-LMPGM,	Villeneuve	d’Ascq,	FR

Froideval A., Degueldre C., Segre C.1, 
Pouchon M.A., Grolimund D.
“Niobium	speciation	at	the	metal/oxide	interface	
of	corroded	niobium-doped	Zircaloys:	an	X-ray	
absorption	near	edge	structure	study”,	Corros.	Sci.	
(ISSN	0010-938X),	50,	1313-1320	(2008)	
1	 CSRRI+BCPS,	Illinois	Institute	of	Technology,	Chicago,	US

Gavillet D., Martin M., Dai Y.
“SIMS	investigation	of	the	spallation	and	
transmutation	products	production	in	lead”,	J.	Nucl.	
Mater.	(ISSN	0022-3115),	377,	213-218	(2008)	

Gimmi T.
“Modelling	field	diffusion	experiments	in	clay	rock:	
influence	of	numerical	representation	of	borehole	and	
rock	interface”,	J.	Environ.	Sci.	for	Sustainable	Society	
(ISSN	1881-5073),	2,	61-68	(2008)	

Girardin G., Rimpault G.1, Morin F.1, Bosq J.1, 
Coddington P., Mikityuk K., Chawla R.
“Development	and	characterization	of	the	control	
assembly	system	for	the	large	2400	MWth	Generation	
IV	gas-cooled	fast	reactor”,	Ann.	Nucl.	Energy	(ISSN	
0306-4549),	35,	2206-2218	(2008)	
1	 CEA,	Cadarache,	FR

Glaus M., Müller W., Van Loon L.R.
“Diffusion	of	iodide	and	iodate	through	Opalinus	
Clay:	monitoring	of	the	redox	state	using	an	anion	
chromatographic	technique”,	Appl.	Geochem.	(ISSN	
0883-2927),	23,	3612-3619	(2008)	

Glaus M., Van Loon L.R.
“Degradation	of	cellulose	under	alkaline	conditions:	
new	insights	from	a	12-year	degradation	study”,	
Environ.	Sci.	Technol.	(ISSN	0944-1344),	42,	2906-
2911	(2008)	

Glaus M., Van Loon L.R., Schwyn B.1, Vines S.2, 
Williams S.3, Larsson P.3, Puigdomenech I.3

“Long-term	predictions	of	the	concentration		
of	a-isosaccharinic	acid	in	cement	pore	water”,		
Mater.	Res	Soc.	(ISSN	1615-2298),	1107,	605-612	
(2008)	
1	 NAGRA,	Wettingen,	CH
2	 NDA,	Harwell,	UK
3	 SKB,	Stockholm,	SE

González F., Juranji F., Gimmi T., Van Loon L.R., 
Seydel T.1, Unruh T.2

“Dynamics	of	super-cooled	water	in	highly	compacted	
clays	studied	by	neutron	scattering”,	J.	Phys.	Cond.	
Matter	(ISSN	0953-8984),	20,	415102,	9	pages	(2008)	
1	 Institut	Laue-Langevin,	Grenoble,	FR
2	 Forschungsneutronenquelle	Heinz	Maier-Leibnitz,	Garching,	DE

González F., Juranji F., Gimmi T., Van Loon L.R., 
Unruh T.1, Diamond L.2

“Translational	diffusion	of	water	and	its	dependence	
on	temperature	in	charged	and	uncharged	clays:	a	
neutron	scattering	study”,	Journal	Chem.	Phys.	(ISSN	
0021-9606),	129,	174706-(11)	(2008)	
1	 Forschungsneutronenquelle	Heinz	Maier-Leibnitz,	Garching,	DE
2	 University	of	Berne,	CH

González F., Van Loon L.R., Gimmi T., Jakob A.,  
Glaus M., Diamond L.1

“Self-diffusion	of	water	and	its	dependence	on	
temperature	and	ionic	strength	in	highly	compacted	
montmorillonite,	illite	and	kaolinite”,	Appl.	Geochem.	
(ISSN	0883-2927),	23,	3840-3851	(2008)	
1	 University	of	Berne,	CH

Günther-Leopold I., Kivel N., Kobler Waldis J., 
Wernli B.
“Characterization	of	nuclear	fuels	by	ICP	mass-
spectrometric	techniques”,	Anal.		Bioanal.	Chem.	
(ISSN	1618-2642),	390,	503-510	(2008)	

Hartmann E.1, Baeyens B., Bradbury M.H., 
Geckeis H.1, Stumpf T.1

“A	spectroscopic	characterization	and	quantification	of	
M(III)/clay	mineral	outer-sphere	complexes”,	Environ.	
Sci.	Technol.	(ISSN	0944-1344),	42,	7601-7606	(2008)	
1	 KIT,	Karlsruhe,	DE

Hummel W.
“Radioactive	contaminants	in	the	subsurface:	the	
influence	of	complexing	ligands	on	trace	metal	
speciation”,	Monatsh.	Chem.	(ISSN	0026-9247),	139,	
459-480	(2008)	

Iannuzzi Mauri M.
“X-ray	absorption	spectra	of	hexagonal	ice	and	liquid	
water	by	all-electron	Gaussian	and	augmented	plane	
wave	calculations”,	J.	Chem.	Phys.	(ISSN	0021-9606),	
128,	204506-(12)	(2008)	

Johnson S., Beaud P., Krasniqi F., Milne C.1, 
Kaiser M.1, Grolimund D., Abela R., Ingold G.
“Nanoscale	depth-resolved	coherent	femtosecond	
motion	in	laser	excited	bismuth”,	Phys.	Rev.	Lett.	
(ISSN	0031-9007),	100,	155501	(2008)	
1	 EPFL,	Lausanne,	CH

Kolbe E., Vasiliev A., Ferroukhi H.,  
Zimmermann M.A.
“Consistent	evaluation	of	modern	nuclear	data	

64 List of publications 2008 NES Scientific Highlights 2008



libraries	for	criticality	safety	analyses	of	thermal	
compound	low-enriched-uranium	systems”,	Ann.	Nucl.	
Energy	(ISSN	0306-4549),	35,	1831-1841	(2008)	

Kosa M.1, Krack M., Cheetham A.K.2, Parrinello M.1

“Modeling	the	Hydrogen	Storage	Materials	with	
Exposed	M2+	Coordination	Sites”,	J.	Phys.	Chem.	C	
(ISSN	1932-7447),	112,	16171-16173	(2008)	
1	 ETHZ,	Zurich,	CH
2	 University	of	Cambridge,	UK

Kosakowski G., Churakov S., Thoenen T.
“Diffusion	of	Na	and	Cs	in	montmorillonite”,	Clays	
Clay	Miner.	(ISSN	0009-8604),	56,	190-206	(2008)	

Kosakowski G., McDermott C.1

“Modelling	matrix	diffusion	–	results	of	a	benchmark	
study”,	J.	Env.	Sci.	for	Sustainable	Society	(ISSN	
1881-5073),	2,	57-62	(2008)	
1	 University	of	Edinburg,	UK

Krepel J., Rohde U.1, Grundmann U.1, Weiss F.P.1

“Dynamics	of	molten	salt	reactors”,	Nucl.	Technol.	
(ISSN	0029-5450),	164,	34-44	(2008)	
1	 FZD,	Rossendorf,	DE

Küpper F.C.1,2,3, Carpenter L.J.4, McFiggans G.B.5, 
Palmer C.J.5,6, Waite T.7, Boneberg E.-M.2,8, 
Woitsch S.2, Weiller M.2, Abela R., Grolimund D., 
Potin Ph.9, Butler A.3, Lther III G.W.7, Kroneck P.2, 
Meyer-Klaucke W.10, Feiters M.11

“Iodide	in	kelp:	an	inorganic	antioxidant	in	life-
impacting	atmospheric	chemistry”,	Proc.	Nat.	Acad.	
Sci.	(ISSN	0027-8424),	105(19),	6954-6958	(2008)	
1	 Dannstaffnage	Marine	Laboratory,	Oban,	UK
2	 University	of	Konstanz,	DE
3	 UCSB,	Santa	Barbara,	US
4	 University	of	York,	UK
5	 University	of	Manchester,	UK
6	 University	of	Capetown,	SA
7	 University	of	Delaware,	US
8	 Biotechnologie	Inst.,	Kreuzlingen,	CH
9	 UPMC,	Paris	VI,	FR
10	European	Molecular	Biology	Laboratory,	Hamburg,	DE
11	University	of	Nijmegen,	NL

Kuri G., Gavillet D., Doebeli M., Novikov D.1

“Structural	changes	in	helium	implanted	Zr0.8	Y0.2	
O1.9	single	crystals	characterized	by	atomic	force	
microscopy	and	EXAFS	spectroscopy”,	Nucl.	Instrum.	
Methods	Phys.	Res.,	Sect.	B	(ISSN	0168-583),	266(8),	
1216-1223	(2008)	
1	 DESY,	Hamburg,	DE

Lenz M.1,2, Van Hullebusch E.1,3, Farges F.4,5, 
Nikitenko S.6,7, Borca C.N., Grolimund D., 
Lens P.N.L.1,8

“Selenium	speciation	in	anaerobic	biofilms	assessed	
by	X-ray	absorption	spectroscopy	and	sequential	
extraction	procedures”,	Environ.	Sci.	Technol.	(ISSN	

0944-1344),	42,	7587-7593	(2008)	
1	 University	of	Wageningen,	NL
2	 University	of	Paris-Est,	La	Marne,	FR
3	 FHNW,	Muttenz,	CH
4	 MNHN,	Paris,	FR
5	 Stanford	University,	US
6	 NWO	Den	Haag,	NL
7	 ESRF,	Grenoble,	FR
8	 UNESCO-IHE,	Delft,	NL

Liao, Y.
Letter	to	the	editor:	comment	on	the	paper	“Extensive	
study	on	laminar	free	film	condensation	from	vapor–
gas	mixtures,”	Int.	J.	Heat	Mass	Transfer	(ISSN	0017-
9310),	doi:10.1016/j.ijheatmasstransfer.2008.10.002	
(2008)

Liao, Y., Vierow, K., Dehbi, A., Guentay, S.
“Transition	from	natural	to	mixed	convection	for	
steam–gas	flow	condensing	along	a	vertical	plate”,	
Int.	J.	of	Heat	and	Mass	Transfer	(ISSN	0017-9310),	
doi:10.1016/j.ijheatmasstransfer.2008.06.008	(2008)

Liu L.1, Krack M., Michaelides A.1

“Density	Oscillations	in	a	Nanoscale	Water	Film	on	
Salt:	Insight	from	Ab	Initio	Molecular	Dynamics”,	J.	
Am.	Chem.	Soc.	(ISSN	0002-7863),	130,	8572-8573	
(2008)	
1	 University	College,	London,	UK

Maass R., Van Petegem S., Grolimund D.,  
Van Swygenhoven H., Kiener D.1, Dehm G.1

“Crystal	rotation	in	Cu	single	crystal	micropillars:	in 
situ	Laue	and	electron	backscatter	diffraction”,	Appl.	
Phys.	Lett.	(ISSN	0003-6951),	92,	071905-071907	
(2008)	
1	 Montanuniversity,	Leoben,	AT

Maass R., Van Petegem S., Zimmermann J., Borca C., 
Van Swygenhoven H.
“On	the	initial	microstructure	of	metallic	
micropillars”,	Scripta	Materialia	(ISSN	1359-6462),	
59,	471-474	(2008)	

Manera A., Ozar B.1, Paranjape S.1, Ishii M.1, 
Prasser H.-M.
“Comparison	between	wire-mesh	sensors	and	
conductive	needle-probes	for	measurements	of	two-
phase	flow	parameters”,	Nucl.	Eng.	Des.	(ISSN	0029-
5493),	doi:10.1016/j.nucengdes.2008.06.015	(2008)	
1	 Purdue	University,	West	Lafayette,	US

Marques Fernandes M., Baeyens B., Bradbury M.H.
“The	influence	of	carbonate	complexation	on	
lanthanide/actinide	sorption	on	montmorillonite”,	
Radiochim.	Acta	(ISSN	0033-8230),	96,	691-697	
(2008)	

Merlet, C.1, Llovet, X.2, Aufore, L.3, Brémier, S.4, 
Deschanels, X.5, Dugne, O.5, Lamontagne, J.3, 

NES Scientific Highlights 2008 List of publications 2008 65



Restani, R., Roche, C.5, Tribet, M.5, 
Van Renterghem, W.6

“Analysis	of	Pu	by	Virtual-Standard	WDS-EPMA.	Results	
of	an	Interlaboratory	Round-Robin	Test”,	Microsc.	
Microanal.	(ISSN	1431-9276),	14,	1094-1095	(2008)	
1	University	of	Montpellier	II,	FR
2	University	of	Barcelona,	ES
3	CEA,	Cadarache,	FR
4	JRC/ITU,	Karlsruhe,	DE
5	CEA,	Marcoule,	FR
6	SCK	CEN,	Mol,	BE

Merlet C.1, Llovet X.2, Dugne O.3, Brémier S.4, 
Van Renterghem W.5, Restani R.
“Virtual	standard	for	wavelength-dispersive	electron-
probe	microanalysis”,	Microchim	Acta	(ISSN	0026-
3672),	161,	427-432	(2008)	
1	 University	of	Montpellier,	FR
2	 IEC,	Barcelona,	ES
3	 CEA	VRH,	Pierrelatte,	FR
4	 JRC/ITU,	Karlsruhe,	DE
5	 SCK,	Mol,	BE

Mikityuk K., Coddington P., Gröschel F.
“Analysis	of	radioactivity	releases	in	the	MEGAPIE	
reference	accident”,	Nucl.	Eng.	Des.	(ISSN	0029-
5493),	238(7),	1838-1844	(2008)	

Murphy M., Jatuff F., Perret G., Plaschy M.1, 
Bergmann U.2, Chawla R.
“Comparison	of	3D	reaction	rate	distributions	
measured	in	an	Optima2	BWR	assembly	with	MCNPX	
predictions”,	Ann.	Nucl.	Energy	(ISSN	0306-4549),	
35,	2042-2050	(2008)	
1	 EOS,	Lausanne,	CH
2	 Westinghouse	Electric	Sweden	AB,	Västeras,	SE

Niceno B., Dhotre M., Deen N.1

“One-equation	sub-grid	scale	(SGS)	modelling	
for	Euler–Euler	large	eddy	simulation	(EELES)	of	
dispersed	bubbly	flow”,	Chem.	Eng.	Sci.	(ISSN	0009-
2509),	63(15),	3923-3931	(2008)	
1	 University	of	Twente,	NL

Niffenegger M., Leber H.
“Sensitivity	of	the	magnetization	curves	of	
different	austenitic	stainless	tube	and	pipe	steels	
to	mechanical	fatigue”,	J.	Nucl.	Mater.	(ISSN	0022-
3115),	377,	325-330	(2008)	

Nilsson A.1, Hedqvist I.2, Degueldre C.
“Granitic	groundwater	colloids	sampling	and	
characterisation:	a	strategy	for	artefact	elimination”,	
Anal.		Bioanal.	Chem.	(ISSN	1618-2642),	391,	1327-
1333	(2008)	
1	 Geosigma,	Dandery,	SE
2	 SKB,	Figeholm,	SE

Paladino D., Huggenberger M., Schäfer F.1

“Natural	Circulation	Characteristics	at	Low	

Pressure	Conditions	–	PANDA	Experiments	
and	ATHLET	Simulations”,	Sci.	Techn.	Nuclear	
Installations	(ISSN	1687-6075),	Article	ID	874969,	
doi:10.1155/2008/874969	(2008)	
1	 FZK,	Karlsruhe,	DE

Paladino D., Zboray, R., Benz, P., Andreani, M.
“Three-gas-mixture	plume	inducing	mixing	and	
stratification	in	a	mulit-compartment	containment”,	
Nucl.	Eng.	Des.	(ISSN	0029-5493,	doi:10.10.16/j.
nucengdes.2008.07.014	(2008)

Perret G., Plaschy M., Murphy M., Jatuff F.,  
Chawla R.
“Characterisation	of	radial	reaction	rate	distributions	
across	the	92-pin	section	of	a	SVEA-96	Optima2	
assembly”,	Ann.	Nucl.	Energy	(ISSN	0306-4549),	35,	
478-484	(2008)	

Raabe D.1, Ramesh M., Zhao Z.2, Cuitiño A.3, 
Raddovitzky R.2

“Investigation	of	three-dimensional	aspects	of	grain-
scale	plastic	surface	deformation	of	an	aluminum	
oligocrystal”,	Int.	J.	Plasticity	(ISSN	0749-6419),	
24(12),	2278-2297	(2008)	
1	 Max-Planck-Institut,	München,	DE
2	 MIT,	Cambridge,	US
3	 Rutgers	University,	Piscataway,	US

Ritter S., Seifert H.P.
“Effect	of	Corrosion	Potential	on	the	Corrosion	
Fatigue	Crack	Growth	Behaviour	of	Low-Alloy	Steels	in	
High-Temperature	Water”,	J.	Nucl.	Mater.	(ISSN	0022-
3115),	375(1),	72-79	(2008)	
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Appl.	Math.	Stat.	(AMS)	Seminar,	Technical	University	
of	Munich,	Garching,	Germany,	19	November	2008

Kivel N., Kobler Waldis J., Wernli B.,  
Günther-Leopold I.
“Determination	of	xenon	isotope	ratios	in	fission	
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of	SGTR	Fission	Product	Release	Fraction”,	ANS	
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carbide	measured	by	X-ray	absorption	spectroscopy”,	
Eur.	Materials	Research	Soc.	(E-MRS),	Strasbourg,	
France,	21-25,	May	2008

Pouchon M.A., Chen J.C., Hoffelner W.
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NES Scientific Highlights 2008 List of publications 2008 77



Annual	Meeting	of	the	Int.	Co-operative	Group	on	
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Günther-Leopold I.
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l’environnement”,	Centre	universitaire		
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Master	of	Nuclear	Engineering,	EPFL,	Lausanne,	
Switzerland,	Autumn	Semester,	2008

Grolimund D.
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