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ABSTRACT 

The European project LEADER (Lead-cooled European Advanced DEmonstrator 
Reactor) aims to demonstrate the feasibility of Lead-cooled Fast Reactor (LFR). One of its 
main objectives is the conceptual design of a scaled down lead cooled nuclear power plant 
named ALFRED (Advanced Lead Fast Reactor European Demonstrator). ALFRED is a 300 
MWth pool-type fast reactor. Its design includes eight once through steam generators based on 
the super-heated double wall bayonet tube bundle configuration. Two main requirements 
should be fulfilled by this configuration. The first deals with safety enhancement. It is pursued 
providing a double wall tube barrier between lead and water sides coupled with the capability 
to monitor leakages from the tubes by means of gap pressurization (with helium). The second 
deals with the achievement of high temperature superheated steam.  

The present activity focuses on this last item. The single bayonet unit is assessed by 
means of RELAP5 code. The aim of the simulations is to assess the conceptual design and to 
highlight the main aspects that impact on the tube performance. Particular emphasis is given 
to two main issues. The first concerns the design techniques proposed to minimize the heat 
transfer between the descendent feedwater and the concentric annular riser in which the 
superheated steam is generated. The last one focuses on the opposite purpose: the heat 
exchange maximization in the annular pressurized gap. 

1 INTRODUCTION 

The Generation IV initiative was launched in 2001, with the aim to develop innovative 
nuclear systems, likely to reach technical maturity by 2030[1]. One of the most promising 
concepts of GEN IV is the Lead cooled Fast Reactor (LFR). The European project 
LEADER[2] aims to demonstrate its feasibility using simple but innovative design features. 
The conceptual design of a 300 MWth LFR named ALFRED, is the main objective of 
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LEADER. In this framework, a new configuration of SG has been proposed: the super-heated 
steam double wall once through bayonet type. The single vertical unit consists of three 
concentric tubes, Figure 1. The feedwater flows downward in the inner tube, then it enters the 
annular riser in up-flow where it starts to boil. The third concentric tube separates the molten 
lead from the water-steam side and provides a small annular gap between the two tubes. This 
configuration is motivated by safety improvement. In fact, it allows the double physical 
separation between lead and water. Furthermore, it provides the capability to detect leakages 
by pressurization of the gap with He. On the other hands, its thermal efficiency requires 
detailed investigations. In particular, in order to generate superheated steam, it is required to 
enhance the heat exchange in the annular gap by means of high conductivity powders and to 
minimize the heat exchange between the descending feedwater and the steam that flows in the 
annular riser (insulating paint is proposed). 

The objective of the activity is to provide a thermal hydraulic assessment of the single 
bayonet tube performance by means of RELAP-5 version 3.3[4]. The code has been adapted to 
treat LBE and lead coolants. The paper presents the simulation of the single tube as defined in 
the conceptual design. Systematic comparison with the ANSALDO calculations (RELAP-5-
3D/2.4) are given. Selected sensitivity analysis are presented to highlight the influence of both 
design parameters and modeling issues. 

 
Figure 1: Scheme of the SG double wall bayonet tube of ALFRED 

2 DEVELOPMENT OF THE REFERENCE INPUT DECK 

The nodalization adopted is depicted in Figure 2. The model includes: the feedwater 
tube, the annular steam riser and the equivalent lead channel. The analysis has been developed 
on the basis of the following assumptions: 

• The geometry and the materials are those of the conceptual design (Table 1) except the 
high conductivity powder (not yet determined in the conceptual design. 

• The heat exchange between the annular steam riser and the Ar zone has been neglected. 
• The conductivity of the insulating paint has been fixed, in agreement with ANSALDO 

Nucleare recommendations, to 0.05 W/mK. 
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• The filling powder is assumed as 0.3 porosity (φ) sintetic diamond based on preliminary 
experimental tests and pretest calculations conducted at ENEA CR Brasimone[6]. Two 
different equations are adopted to calculate its conductivity km (see Eqs. 1 and 2). It is 
assumed that they bound the effective conductivity. They are labeled Case 1 and Case 2. 

• The heat transfer between the lead side and the annular riser is modeled according to the 
Mikityuk correlation that has been developed for fuel rod bundle[6]. 
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Table 1: ALFRED SG main data (from the conceptual design) 
Steam Generator general properties 

Description Quantity Description Quantity 
Removed Power [MW] 37.5 Number of tubes 510 
Feed-water flow rate [kg/s] 24.1 Water pressure [bar] 180 
Bundle geometry triangular Pitch / tube diameter 1.42 
Feed-water temperature [°C] 335 Steam outlet temperature [°C] 450 
Lead inlet temperature [°C] 480 Lead outlet temperature [°C] 400 

Bayonet tube geometry 
Description Quantity Description Quantity 

Slave tube outer diameter [mm] 9.52 Slave tube thickness [mm] 1.07 
Inner tube outer diameter [mm] 19.05 Inner tube thickness [mm] 1.88 
Second tube outer diameter [mm] 25.40 Second tube thickness[mm] 1.88 
Third tube outer diameter [mm] 31.75 Third tube thickness [mm] 2.11 
Powder annular gap width [mm] 1.07 Length of heat exchange [mm] 6000 
Argon plenum height [mm] 1000 He plenum height [mm] 800 
Steam plenum height [mm] 800 T91 plates thickness [mm] 250 
Feed-water flow rate [g/s] 47.3 Tube material T91 

 
Figure 2: ALFRED SG double wall bayonet tube, RELAP-5.3.3 model 
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3 ASSESSMENT OF THE REFERENCE SIMULATIONS 

The main results of the simulations are summarized in Table 2. The quantities refer to 
Case 1, Case 2 and ANSALDO Nucleare calculations. It should be mentioned that 
ANSALDO calculation models the annular riser by means of the annulus component and 
accounts the powder conductivity as 55 time that of He. 

The details of the thermal-hydraulic parameters are depicted in Figure 3 (it refers to 
case 1). In agreement with ANSALDO simulations, both case 1 and case 2 predict a 
temperature increase in the feedwater tube in the range of 1.0 °C – 1.2 °C. The maximum 
steam temperature falls in the range 438-456 °C depending on the diamond conductivity 
(Case 2 and Case1 respectively). The ANSALDO calculations agrees with Case 1. 
Superheated steam is always predicted with a lead temperature drop of about 80 °C. The void 
fraction becomes close to 1 within the first 3 meters of the annular riser. The total pressure 
drop in the bayonet tube is in the range of 2.6 bar – 2.8 bar. These values are close to the 
ANSALDO results even if they are lower.  

In Figure 4 (top) the flow regimes and the corresponding void fraction in the annular 
riser are reported. Bubbly flow, slug flow and annular mist flow are predicted to occur within 
2 meters in the void fraction range 0.0-0.9. Mist flow dominates the remaining part of the 
active length with the exception of the last nodes in which post CHF mist flow takes place 
(that corresponds to feedwater tube wall post dry-out). Above the active length pre CHF mist 
flow is predicted, this is connected with condensation that occurs at tube outlet. In fact, the 
feedwater tube outer wall highlights the following heat transfer modes (Figure 4 bottom):  

• The figure includes the temperature difference ΔTgw “steam – wall” and the Heat 
Transfer Coefficient (HTC) at the tube wall. 

• A first zone in which single-phase liquid convection at low void fractions takes place. 
• Two large zones in which condensation occurs at low and high void fractions (>0.9). 

They are separated by a zone in which relatively high temperature liquid film is 
predicted at tube surface (ΔTgw < 0 in this zone) that induces the code to assume 
single-phase liquid convection at supercritical pressure mode. 

• Wall drying and single-phase vapour convection takes place in the higher part of the 
active length. 

• Condensation starts again at the tube outlet, 2.5m far from the active length. The liquid 
fraction is very low: 1.1E-06 (comparable to the cutting error). 

 
Figure 3: SGBT case 1, void fraction, water steam and lead temperatures 
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Figure 4: SGBT case 1, annular riser, flow regimes 

 
Figure 5: SGBT case 1, feedwater tube outer surface heat transfer modes 

 
Table 2: SGBT, reference simulations 

Parameter Unit Calc. CASE 1 Calc. CASE2 Calc. ANSALDO 
Lead inlet temperature °C 479.3 479.0 480.0 
Lead outlet temperature °C 398.7 402.1 401.0 
Feedwater inlet temperature °C 334.4 334.4 335.0 
Feedwater tube temperature increase °C 1.2 1.0 ~5.0 
Immersed tube steam temperature °C 456.1 438.3 450.1 
Superheated steam outlet temperature °C 453.9 436.1 450.1 
Void fraction -- 1.0 1.0 1.0 
Pressure drop bar 2.8 2.6 3.3 
Lead velocity m/s 0.652 0.652 -- 
Lead velocity peak factor -- 1.004 1.004 -- 

4 SENSITIVITY ANALYSIS  

Several sensitivity analyses were executed to assess the nodalization effects, materials 
changes, alternative design solutions, ageing effects during operation of the tube and 
boundary and initial conditions. Selected results are presented in the following. 

4.1 Annulus Component 

The annular riser is modeled as an equivalent pipe component. Annulus component is 
assumed in this sensitivity analysis, in agreement with ANSALDO calculations. RELAP-5 
treats the annulus component as identical to the pipe component, except the annulus 
component must be vertical and the annular-mist flow regime is different. In particular, 
annular-mist flow modeling considers all the liquid in the film and none is in the drops. The 
annulus component is explicitly recommended for the reactor vessel and SG downcomer[4]. 
No major differences are observed between temperatures (Figure 6) and void fractions (Figure 
7) at tube outlet. Nevertheless, the shape of the curves are different. In particular, in the 
reference simulation, void fraction reaches the unit in a smoother manner than in the 
sensitivity. This is connected to modeling of mist flow regime. 
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Figure 6: SGBT annulus component case 1, 

steam temperature 
Figure 7: SGBT annulus component case 1, 

void fraction 

4.2 High Conductivity Materials 

The sintetic diamond powder has been selected as the high conductivity filler of the gap. 
The main drawback of this material is its cost. A preliminary characterization pursued at 
ENEA CR Brasimone by means of experimental campaigns identified the Silicon Carbide 
powder as second potential candidate, due to its conductivity. In this analysis, SiC powder has 
been tested. This material could be considered an effective alternative (Figure 8) since it 
allows to reach steam outlet temperature of about 445 °C (Case 1). 

 
Figure 8: SGBT Si-C case 1, steam temperature 

4.3 Alternative Insulating Materials 

In agreement with ANSALDO calculations, the reference conductivity of the insulating 
layer between the feedwater and the steam-water side has been imposed equal to 0.05 W/mK. 
Five candidate materials have been selected as potential solutions to minimize the heat 
exchange[7], they are described in Table 3. In addition, vacuum condition has been considered.  

Table 3: SGBT, insulating materials 
Material Category Conductivity [W/mK] 

Stone wool wool 0.04 (35°C) 0.22 (650°C) 
Gemcowool® wool 0.05 (200°C) 0.23 (980°C) 
Pyrogel® alternative composite 0.02 (0°C) 0.09 (600°C) 
Supertherm paint 0.019 (25°C) 
RLHY-12 paint 0.03 (25°C) 
Vacuum  -- 1x10-6 
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The temperature increase along the feedwater tube is showed in Figure 9. In all the 
simulations it does not overpass 3 °C. Vacuum allows the minimum temperature increase. 
None of the considered materials eliminate condensation at tube outlet, Figure 10. Only 
vacuum seems to avoid its occurrence. 

  
Figure 9: SGBT insulating materials case 1, 

feedwater temperature 
Figure 10: SGBT insulating materials case 1, 
condensation at feedwater tube outer surface 

4.4 Initialization Effects 

The reference simulation has been developed with the following initialization, “cold 
start-up”: 

• At time 0s lead and water are flowing at 335 °C. The tube walls are initialized at this 
temperature. 

• At time 100s lead is assumed to enter the channel at 480 °C. After 1100s the system is 
found to be in equilibrium (based on simulations extended up to 6000s). 

This sensitivity allows the development of the “Improved” input deck. It assumes the 
following hypothesis, “hot start-up”: 

• At time 0s lead is flowing in the channel at 480 °C. The tube wall in contact with lead is 
initialized at 480°C, the remaining are initialized at 450 °C. Water does not flow and the 
tube is empty. 

• At time 100s water is assumed to enter the tube at 335 °C. The calculation has been 
extended to 6000s in order reach steady state conditions with high confidence. 

The tube performance is not affected by this simulation except the heat transfer modes 
at feedwater tube outer surface. Condensation at tube outlet resulted eliminated, Figure 11. 
This could be connected with the code numeric.  

 
Figure 11: SGBT case 1, feedwater tube outer surface heat transfer modes 
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5 CONCLUSIONS 
The SG design of ALFRED deals with the double wall once-trough bayonet tube bundle 

type. The aim of this concept is to improve the reactor safety by physical separation of lead 
and water with an annular gap easily monitored by He pressurization.  

The objective of this activity is to provide a thermal hydraulic assessment of the single 
bayonet tube by means of RELAP-5. The analyses bring to the conclusions hereafter reported: 

• The reference simulation (case 1) is in agreement with the ANSALDO calculations and 
seems to match the design requirements if sintetic diamond or silicon carbide powders 
are used as high conductivity gap filler coupled with helium. 

• The conductivity of the powders is an important parameter that deserves experimental 
characterization. In fact, minimizing the powder conductivity (case 2), the steam 
temperature can decrease of about 20 °C. 

• The insulating paint proposed by ANSALDO considerably reduces the heat exchange 
between the descendent water and the ascendant superheated steam. Several alternative 
materials were considered. Anyway, whatever is the material the temperature change in 
the descending tube remains in the order of few Celsius degree. Therefore, among these 
candidates, the selection of the insulating material depends on economic and ease of 
installation. 

• The use of the annulus component instead of pipe to model the steam riser does not 
affect largely the results of the simulations. 

• The descending tube is characterized by condensation phenomena at its outer surface. 
The input deck initialization can affect the predictions of the heat transfer modes at the 
tube outlet: cold initialization promotes condensation and vice-versa. Based on this 
sensitivity, an improved input deck is developed (that assumes hot start-up). Should be 
pointed out that condensation is not expected in the normal operation of the main 
nuclear power plants that rely on U-tube or straight tube SG. RELAP5 code has been 
designed for Light Water Reactor (LWR) and it is suitable for these types of SG. 
Therefore, it is not completely accurate in simulating the bayonet tube configuration. 
Nevertheless, although the accuracy of the results should be verified, condensation 
phenomena are predicted and expected to take place in the bayonet tube close to the 
feedwater tube surface. 

AKNOWLEDGMENTS 

We acknowledge Marco Gregorini who provides fruitful recommendations for the 
development of the Steam Generator Bayonet Tube improved input deck. 

LIST OF SYMBOLS 

ALFRED Advanced Lead Fast Reactor European Demonstrator  
CHF Critical Heat Flux 
ELSY European Lead cooled SYstem 
ENEA Italian National agency for new technologies, Energy and Environment 
HTC Heat Transfer Coefficient 
LBE Lead Bismuth Eutectic 
LEADER Lead-cooled European Advanced DEmonstration Reactor 
LFR Lead cooled Fast Reactor 
SG Steam Generator 
SGBT Steam Generator Bayonet Tube 
φ Porosity 
km Powder conductivity 
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