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GIF as 
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Lead-cooled Fast Reactor 

• One of the six 
technologies 
selected by the 
GIF as 
Generation IV 
reactor 
candidates. 

• One of the two 
backup options 
(to SFR) for a 
European FR 
technology chain 
(with GFR). 



LEADER: ELFR… 

Within the EURATOM 
6th and 7th 
Framework 
Programmes, the 
ELSY and LEADER 
projects have been 
proposed and funded 
for the design of a 
reference, industrial-
size European LFR. 



LEADER: …and ALFRED 

In support to the deployment of the ELFR, and according to 
the Strategic Research Agenda of SNE-TP, a Technology Pilot 
Plant (Multi-purpose hYbrid Research Reactor for High-tech 
Applications – MYRRHA) 
and a Demonstrator 
(Advanced LFR 
European 
Demonstrator – 
ALFRED) are being 
developed within 
the CDT and 
LEADER EURATOM 
FP7 projects. 



The ELFR – system layout 

Is the reference system for the LFR technology chain: a 
simple, innovative, compact, pool-type, Pb-cooled, 600 MWe 
reactor exploiting all the design and safety features of Lead. 
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The ELFR – core design 

Among the features of 
the ELFR is that its core is 
designed so to allow the 
possibility of its adiabatic 
operation, with: 
 

BG = 0 
 

∆𝑘 = 0.66 $ 
(maximum swing = 0.8 $) 
 

along a 2.5 y cycle. 



The ELFR – the FA concept 

The design of all European LFRs share the idea of simplifying 
the refueling machine by extending the FA above the Lead 
free level, so to operate in the 
cover gas. This allows also for 
counterbalancing the buoyancy 
of the FA in Lead. 
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The ELFR – control system 

The density of Lead allows for a passive actuation of control 
systems by buoyancy: according to this, the CRs can be 
designed so to enter the core from the bottom. 
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The coolant void coefficient 

A typical effect the core designer must be aware of is the 
one due to coolant voiding in the active region. 
This effect, analyzed mainly on Sodium-cooled FRs, made 
designers conceive and propose an integral parameter for 
the evaluation of its reactivity worth: the coolant void 
coefficient. 
 
The hypotheses understood in the definition of this 
parameter are the complete voiding of the active region 
only, the axial and radial reflector zones being still filled by 
coolant. The corresponding scenario was associated to the 
massive boiling of the coolant in the region where heat 
production occurs. 



Coolant void effect in SFRs 

In SFRs: 
 effective heat removal capability 

 high coolant velocity through the core 
- Tight coolant channels (that is: “low” coolant volume 
fraction) 
 
- “High” moderation 
 
- “High” absorption 
 
 Typical SFR designs exhibit a positive void coefficient, 
several $ high. 



Coolant void effect in LFRs 

In LFRs: 
 low heat removal capability 

 low coolant velocity through the core 
- Wide coolant channels (that is: “high” coolant volume 
fraction) 
 
- “Low” moderation 
 
- “Low” absorption 
 
 Typical LFR designs exhibit a positive void coefficient, 
several $ high. 



Countermeasures in LFR 

Since moderation and absorption are physical properties, 
the main design strategy left for reducing the overall void 
coefficient in a LFR is the reduction of the active height, in 
order to: 
• narrow the fuel pins, hence reduce the coolant VF; 
• decrease the axial buckling, hence increase the leakage 

during voiding. 
 
This strategy might allow for a significant reduction (by a 
factor 2 to 3) of the void coefficient. 

BUT. Does it make sense for a LFR speaking of complete 
coolant voiding of the active region only? 



Which coolant void effect? 

• No coolant boiling can be physically assumed in a LFR, 
the boiling point of Lead being above the steel melting 
point. 
 

• A voiding of the active zone can be supposed in case of 
rupture of all the fuel pins, releasing all the GFPs to 
form a bubble as wide as the core. But is this a 
reasonable scenario, without involving – at least – the 
upper Lead reflector? 
 

• Is the whole active region passible of a bulk injection of 
steam due to a SGTR, without involving the lower 
(together with the upper and radial) Lead reflector? 



Coolant effects 

Boiling excluded, in all remaining cases, even accepting the 
remote possibility of a complete voiding of the active region, 
it is required to discuss also the voiding of the regions 
surrounding the core, like core inlet and outlet axial zones 
and the dummy region at the radial periphery of the core. 
 

Several scenarios must be therefore taken into account, 
combining the reactivity effects of the voiding of different 
regions. 
 

In typical LFR designs, the voiding of the active region 
together with one of the zones mentioned above leads to an 
overall negative reactivity effect thanks to the increase of 
neutrons leakage following the reduction of Lead reflection. 



Coolant effects 

 It seems more appropriate for LFRs to speak only about 
 

“local coolant voiding effects” 
or 

“partial coolant voiding effects” (meaning: density effects) 
 

concerning the core. Both may introduce positive reactivity 
(depending on the region that undergoes voiding or the sign 
of Lead density change), and accidental scenarios must be 
carefully looked for and investigated. 
 
In any case, a “coolant voiding reactivity coefficient” – as 
defined in the previous slides – is not representative of any 
physical accidental scenario, thus has no meaning for LFRs. 
 



Control systems 

As seen, the density of Lead allows for a passive actuation 
of control systems by buoyancy. 
 

From a safety point of view, the detriment to the insertion 
speed is moderated: even assuming for conservativeness† 
that CRs are of solid steel (the most dense material they are 
made of), the acceleration they undergo because of 
Archimedean force is ~ 2

5  the gravity acceleration, 

resulting in a time of insertion not longer than ~ 2.5 times 
(= 60% more) the one necessary for an equivalent rod falling 
by gravity in void. 
____________ 

† The real acceleration is much higher than the one here assumed, 
given the presence of B4C and plena in the CRs and the drag by 
flowing Lead. 



Control systems 

According to this, the CRs can be designed so to enter the 
core from the bottom, the withdrawn position 
corresponding to rods just below the active region. 
 
This implies that, in case of axial expansion of the core - 
pushed downwards by the dilation of the inner vessel and 
FA structure - the differential dilation of the CR drives 
implies a relative insertion of the CRs into the active 
region (instead of the typical extraction of control systems 
positioned above the core), providing further anti-
reactivity to the other physical and geometrical feedback 
effects (instead of positive reactivity counterbalancing the 
negative feedbacks). 
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Reactivity effects 

In order to get a better understanding of the reactivity 
effects playing a role on a system, an accurate analysis of 
the system itself is required in order to: 
 
1. identify the reactivity effects which could actually 

occur on the system itself; 
 

2. point out the single elementary effects concurring 
at composing each global reactivity effect; 
 

3. associate the proper physical phenomena driving 
each of the elementary effects. 



Reactivity effects – 1. 

A typical set of reactivity coefficients, together with the 
driving temperature assumed for its simulation, is shown 
in table: 

Reactivity effect Driving temperature 

Doppler effect Fuel 

Core axial expansion Fuel / Cladding 

Lead dilution Coolant average 

Core radial expansion Coolant inlet 

Pins radius Cladding 

CRs repositioning Coolant outlet 

This list is often influenced by the simulation capability of 
system codes, forcing to exclude some (minor) effects. 



Reactivity effects – 1. 

Considering a bit more physics, a wider set of reactivity 
coefficients can be considered, as shown in table for the 
ELFR: 

Reactivity effect Driving temperature 

Doppler effect Fuel 

Core axial expansion Fuel / Cladding 

(Cladding dilution) Cladding 

Core radial expansion Coolant inlet and outlet 

Coolant channels restriction Cladding 

Lead dilution Coolant average 

Lead reflection change Coolant inlet, average and outlet 

CRs repositioning 
Fuel, Cladding, Coolant inlet, 
average and outlet 

SRs repositioning Coolant outlet 



Reactivity effects – 2. 

The reactivity effects can be evaluated in two ways: 
• reproducing the exact configuration corresponding to 

every effect, acting simultaneously on several core 
parameters at once; 

• evaluating the impact on reactivity of changing every 
single parameter separately, and then composing the 
single effects (under the hypothesis of linearity of the 
effects themselves) to get the overall reactivity change 
corresponding to the desired integral reactivity effect. 

This second approach is the most desirable, allowing also 
to deepen the reactor physics, and to rely on a database of 
single effects which can be used at any time for further 
analyses (not only safety- but also design-oriented). 



Reactivity effects – 2. 

Two alternative lists of elementary changes for neutronic 
simulations are shown in the tables below as an example. 

Radial extension of the core 

Axial extension of the core 

Reduction of coolant density in the core 

Reduction of coolant density above the core 

Reduction of coolant density below the core 

Reduction of coolant density aside the core 

Reduction of fuel density 

Reduction of clad density 

Reduction of wrapper density 

Reduction of absorber density 

Increase of FA pitch 

Increase of fuel pin pitch (wrapper follows) 

Axial dilation of the core (includes dilution) 

Increase of clad radius (includes dilution) 

Reduction of coolant density in the core 

Reduction of coolant density above the core 

Reduction of coolant density below the core 

Reduction of coolant density aside the core 

Reduction of clad density 

Reduction of wrapper density 

Elementary physical effects Single reactor effects 



Reactivity effects – 3. 

Once pointed 
out the ele-
mentary 
effects to be 
considered, 
the correspon-
ding driving 
mechanisms 
(hence the 
related 
temperatures) 
must be 
identified. 

Driving temperature Reactivity effect 

Fuel Doppler effect 

(Core axial expansion) 

CRs repositioning 

Cladding Core axial expansion / Cladding dilution 

Coolant channels restriction 

CRs repositioning 

Coolant inlet Core radial expansion 

Lower reflection change 

CRs repositioning 

Coolant average Lead dilution 

Radial reflection change 

CRs repositioning 

Coolant outlet Core radial expansion 

Upper reflection change 

CRs repositioning 

SRs repositioning 



The ELFR – “Diagrid” effect 

All this approach is very useful for having 
the most physical description of the 
phenomena occurring into the reactor. 
A representative example is given by the 
s.c. “diagrid effect”, that is: the loss (gain) 
of reactivity for dilation (contraction) of 
the diagrid the FAs are engaged to. 
A correct simulation of this reactivity effect 
is fundamental during transients implying 
variations of the coolant inlet or outlet 
temperatures. 



The ELFR – “Diagrid” effect 

For a description of the modeling of this 
effect, it is more useful to refer to a simple 
scheme, where 
 
• the FAs are assumed like beams, 

 
• the diagrid is a plate FAs are mortised 

into 
 

• and the upper grid a matrix of balls, 
each one engaging an apposite socket 
to form a joint providing the second 
constraint to the FAs. 



The ELFR – “Diagrid” effect 

For a description of the modeling of this 
effect, it is more useful to refer to a simple 
scheme, where 
 
• the FAs are assumed like beams, 

 
• the diagrid is a plate FAs are mortised 

into 
 

• and the upper grid a matrix of balls, 
each one engaging an apposite socket 
to form a joint providing the second 
constraint to the FAs. 

FA pitch at 
core midplane 



The ELFR – “Diagrid” effect 

The traditional way of accounting for the 
diagrid effect is imposing an increase of 
the FA pitch as set by the corresponding 
dilation of the diagrid, in its turn driven by 
the coolant inlet temperature. 

𝜕𝑘

𝜕𝑇𝑖𝑛𝑙𝑒𝑡
=

𝜕𝑘

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑇𝑖𝑛𝑙𝑒𝑡
 

𝛼𝑑𝑖𝑎𝑔𝑟𝑖𝑑 𝑇𝑖𝑛𝑙𝑒𝑡  



The ELFR – “Diagrid” effect 

The first step for a refined approach is to 
scale the whole FA pitch stretch due to the 
dilation of the diagrid, according to the 
second constraint of the FAs with the 
upper grid. 

𝑑𝑢

𝑑
𝛼𝑑𝑖𝑎𝑔𝑟𝑖𝑑 𝑇𝑖𝑛𝑙𝑒𝑡  

𝑑𝑢 

𝑑𝑙 

𝑑 

𝜕𝑘

𝜕𝑇𝑖𝑛𝑙𝑒𝑡
=

𝜕𝑘

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑇𝑖𝑛𝑙𝑒𝑡
 



The ELFR – “Diagrid” effect 

A further improvement can be brought by 
accounting for the contribution due to the 
dilation of the wrappers. 
Although no upper diagrid properly exists, 
the pads made by bumping the wrapper 
surfaces can be designed to go in contact 
at working temperature, so to provide a 
further constraint for the FA. 
In a standard approach, this “pad 
flowering” phenomenon could not be 
simulated, or – at least – would be 
alternative to the lower diagrid dilation. 



The ELFR – “Diagrid” effect 

On the other hand, the approach of decom-
posing the integral effect into elementary 
mechanisms allows, in this specific case, to 
correctly model the former as it actually is, 
each elementary mechanism depending 
from the proper driving temperature. 

𝜕𝑘

𝜕𝑇
=

𝜕𝑘

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑝𝑖𝑡𝑐ℎ𝐹𝐴
𝑝𝑖𝑡𝑐ℎ𝐹𝐴

𝜕𝑇
 

𝑑𝑝

𝑑𝑓
+ 1 − 𝑈 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑐

𝑑𝑎

𝑑
𝛼𝑑𝑖𝑎𝑔𝑟𝑖𝑑 𝑇𝑖𝑛𝑙𝑒𝑡 + 

+𝑈 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑐

𝑑𝑙

𝑑𝑓
𝛼𝑤𝑟𝑎𝑝𝑝𝑒𝑟 𝑇𝑜𝑢𝑡𝑙𝑒𝑡  

𝑑𝑎 

𝑑𝑝 

𝑑𝑓 



The ELFR – “Diagrid” effect 

Since the effect of the pads exists only upon 
dilation, in the previous expression it has 
been introduced the Heaviside step 
function for the coolant temperature 
𝑈 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑐  with respect to a reference 
temperature 𝑇𝑐 which determines whether 
the contact between the pads is there or 
not, as a function of the actual dilations of 
the diagrid and the wrapper and according 
to the geometrical arrangement of the FA.  

𝑇𝑐 = 𝑇𝑜𝑢𝑡𝑙𝑒𝑡
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 + 𝑇𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡

𝑛𝑜𝑚𝑖𝑛𝑎𝑙
𝛼𝑑𝑖𝑎𝑔𝑟𝑖𝑑 𝑇𝑖𝑛𝑙𝑒𝑡

𝛼𝑤𝑟𝑎𝑝𝑝𝑒𝑟 𝑇𝑜𝑢𝑡𝑙𝑒𝑡

𝑑𝑎

𝑑
 



The ELFR – “Diagrid” effect 

This accurate modeling is fundamental when 
simulating – for instance – a ULOF transient. 
As a matter of facts, the natural circulation 
regime brings to a higher outlet temperature, 
which in turn implies an over-cooling at the 
core inlet. 
Without discriminating the two opposite 
effects, an incorrect simulation would result, 
with a fictitious positive reactivity insertion in 
the core that could have been avoided 
through proper anti-reactivity simulation by 
means of the more accurate methodology 
here presented. 



Conclusions 

• The safety of Lead-cooled Fast Reactors can rely on 
intrinsic features such as: 
• the impossibility of Lead boiling, hence the 

unreliability of core (only) voiding; 
• the buoyancy of Control Rods in Lead, allowing their 

safe positioning also below the active region. 
 

• For heightening the safety features of LFRs in safety 
analyses it could be required to approach the evaluation 
of the reactivity coefficients from a more physical point 
of view, including more elementary mechanisms, each 
one related to the proper driving temperature. 



The Adiabatic reactor concept 

Homogeneous 
reprocessing: 

Actinides 
vs 

all the rest 
 

Alternatively: 
Depleted 
Uranium 

 

Interesting also for 
proliferation resistance 

 

The actual 
closure of 
the fuel cycle 
requires a 
reactor able 
to manage a 
fuel whose 
composition 
is the one 
resulting 
from the 
reprocessing 
of its own 
waste. 



Adiabatic reactor concept 

Reference: 
C. Artioli, G. Grasso & C. Petrovich 
A new paradigm for core design 
aimed at the sustainability of 
nuclear energy: The solution of the 
extended equilibrium state. 
Ann. Nucl. En. 37:915-922 (2010) 

The idea behind the adiabatic reactor concept is the s.c. 
extended equilibrium state, that is: the maintaining of a 
constant isotopic composition of the fuel through in pile 
irradiation, cooling, reprocessing and fabrication (except 
for Uranium). 

𝑁 𝑡𝑖𝑟𝑟 = 𝐼 ∙ 𝑁 0  

𝑁 𝑡𝑖𝑟𝑟 + 𝑡𝑐𝑜𝑜𝑙 = 𝐶 ∙ 𝑁 𝑡𝑖𝑟𝑟  

𝑁 𝑡𝑖𝑟𝑟 + 𝑡𝑐𝑜𝑜𝑙 + 𝑡𝑓𝑎𝑏𝑟 = 𝐶 ∙ 𝑅 ∙ 𝑁 𝑡𝑖𝑟𝑟 + 𝑡𝑐𝑜𝑜𝑙  

𝑁 𝑡𝑖𝑟𝑟 + 𝑡𝑐𝑜𝑜𝑙 + 𝑡𝑓𝑎𝑏𝑟 + 𝐹 = 𝑁 0  



The Adiabatic core 

The hard neutron spectrum allows for a low equilibrium 
concentration of MA in the fuel, 
as well as for iso-breeding with a 
moderate Pu content: 
 
 
The equilibrium fuel composition does not change 
significantly the safety parameters of the adiabatic ELFR 
with respect to the ones of the start-up ELFR, the main 
differences being 

Element at.% 

U 80.6 

Pu 18.1 

MAs 1.3 

Parameter Adiabatic ELFR Start-up ELFR 

βeff [pcm] 320 340 

Doppler constant [pcm] -760 ~ -900 


