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ABSTRACT 

Nowadays, an extensive R&D program is in progress in order to maximize the safety of 
the Lead-Bismuth Eutectic alloy (LBE) ADS plants and optimise their layout. Recently, in the 
framework of the collaboration between the Department of Nuclear Engineering of the 
University of Palermo and the ENEA "E. Clementel" Research Centre in Bologna, validation 
works on the LBE RELAP5mod3.2.2β code, were carried out. The validation was based on 
the experimental tests performed on the CHEOPE (CHEmical OPErational transient) facility, 
an experimental rig built up to evaluate the heat transfer performances between the LBE and a 
diathermic oil secondary fluid, in support to the MEGAPIE (MEGAwatt PIlot Experiment) 
project, aimed at testing the LBE spallation target technology at 1 MW proton-beam power. 
As expected, the comparison between the experimental results and post test calculations 
highlighted not fully satisfactory RELAP5 evaluations of the oil-side heat transfer coefficient, 
due to RELAP5 code inadequacies in predicting the 3D effects induced in the oil bulk by the 
facility peculiar geometry, about which is referred in the following. In the present paper we 
have suitably modified the RELAP5 heat transfer model, to take into account the consequent 
improved heat transfer conditions. The obtained results show very good performance of the so 
modified RELAP5 code.  

1 INTRODUCTION 

The Accelerator Driven Systems (ADSs) seem to supply an adequate answer to the 
problem of the closure of the nuclear fuel cycle [1]. These systems couple a proton accelerator 
and a subcritical fission core by means of a spallation target, where the additional neutrons 
necessary for the criticality are produced. Among the alternatives proposed to the 
international attention, it is worth to mention the one consisting in a LBE (Lead-Bismuth 
Eutectic) cooled ADS concept. An example is the XADS (eXperimental Accelerator Driven 
System) project, an 80 MWth prototype experimental facility in which the LBE circulation is 
enhanced by resorting to the gas-lift principle [2]. 

An extensive R&D program is in progress in order to maximize the safety of the LBE 
ADS plants and to optimise their layout. So, several facilities have been built up in the world, 
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to support preliminary experimental plant designs and various experimental programs are in 
progress to investigate different component concepts. Among the most important research 
initiatives, it is worth to mention the MEGAPIE one, set up in the framework of an 
international collaboration, aimed at testing the LBE spallation target technology at 1 MW 
proton-beam power [3].  

Recently in the framework of the collaboration between the Department of Nuclear 
Engineering of the University of Palermo and the ENEA "E. Clementel" Research Centre in 
Bologna, validation works on the RELAP5mod3.2.2β code [4] (the best estimate nuclear code 
modified to deal with the fluids used in LBE-ADS) were carried out. Among other, this 
activity was based on the experimental tests performed, in support to the MEGAPIE studies, 
on the CHEOPE facility, an experimental rig built up to carry out measurements on the heat 
transfer performances between the lead-bismuth eutectic alloy and a suitable diathermic oil. 
Indeed this facility was modified to be a heat exchanger. Moreover, to improve the above 
mentioned performances, a spiral has been welded in the secondary side of the heat exchange 
element, so as to induce 3D effects in the bulk of the oil. 

Due to RELAP5 code inadequacies in making previsions for such effects, it was 
decided to modify the code heat transfer models so as to take into account the improved heat 
transfer situation.  

In the present paper we refer on the work carried out for the implementation of such 
model in the code, as well, on the activities performed for the validation of the model by 
experimental data obtained by CHEOPE [5]. 

2 THE CHEOPE FACILITY  

In the framework of the international agreement with PSI (Paul Scherrer Institut) and 
other European research organizations about the research program on ADS, it was agreed to 
design, build and manage a device that could provide thermal fluid dynamic data on the LBE 
in support to MEGAPIE project. To the aim, new equipment was set up employing some 
components of CHEOPE device, just working inside the reactor PEC (Prove Elementi 
Combustibile) area of the ENEA Centre in Brasimone. The device was recently operated to 
check the heat transfer and thermal stability performance on a prototype of heat exchanger 
between oil and LBE, similar to one of the 12 heat exchangers to be used in the MEGAPIE 
experiment. 

The CHEOPE experimental equipment consists of two circuits inside of which the 
organic oil and the LBE separately flow exchanging heat in a heat transfer element (the 
cooling pin) whose performances have to be tested.  

The cooling pin is a bayonet type heat exchanger with three coaxial cylinders (see Figure 
1). The Pb-Bi enters the top and, flowing down along the external cylindrical shell (region a, 
in Figure 1), transfers the power absorbed from the heater to the oil, swimming against the 
tide in the intermediate shell (region b). Finally, goes out from the bottom coming back to the 
pump. On the other hand, the oil comes in from the top, flows along the heat exchanger 
internal shell (region c) and, at the bottom, goes back up flowing through the intermediate 
annular gap between the internal and the external cylindrical shields. After removing the heat 
from the Pb-Bi, the oil goes out through a suitable collector and is directed to a areotherm 
system where it transfers the absorbed heat to the environment. It is worth to note that two 
organic oils were candidates as secondary coolant: Dowtherm A and Diphyl THT. The first 
one is endowed with better heat transfer properties, but poorer behaviour under irradiation, 
vice versa the second. Preliminary numerical simulations [6] showed, that it is possible to use 
the second one, provided that its heat transfer characteristics were improved, promoting 
turbulence inside of it. As previously said, to this aim a metallic wire was helicoidally welded 
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on the external surface of the most internal cylinder (rising oil side). This, forces the flow to 
rotate while rising, so producing a helical flow superimposed to the axial one, then increasing 
the main flow velocity. It follows that the oil path become similar to that inside a helical duct, 
with an almost rectangular section. What’s more, the helical wire behaves like roughness 
elements which affect the velocity distribution, the turbulence level and the turbulent wall 
shear. 

 

 a  b   c     

Fig. 1: Cooling pin 
 
Table 1 reports the facility nominal conditions and the main pin cooling geometrical 

parameters. 
 

Table 1: CHEOPE facility nominal conditions and main pin cooling geometrical parameters. 
 

LBE mass flow rate 0.33 l/s Heat exchanger height 1200 mm 
Oil mass flow rate 0.83 l/s Spiral diameter 1.5 mm 
LBE inlet temperature 623.15 K Oil annulus internal diameter 47 mm 
Oil inlet temperature 413.15 K Oil annulus width 2.1 mm 
LBE Reynolds number 40660 Steel wall width 1.5 mm 
Oil Reynolds number 6386 PbBi annulus width 4.25 mm 

 
The test section has been equipped with 18 suitably located thermocouples, in order to 

gather temperatures. Flow meters and differential pressure meters have been inserted to check 
the parameter involved in the heat transfer phenomena. 
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3 RELAP5 CODE MODIFICATION 

As it is known, the RELAP5Mod3.2.2β code, as it is, does not include the peculiar 
geometry nor the thermalfluidynamics to deal with the matter at hand. Therefore, it does not 
allow to take into account the improved heat transfer situation. So, we have decided to 
supplement the code with a suitable model which, traduced in FORTRAN subroutines, could 
allow to evaluate a heat transfer coefficient able to simulate the thermal exchange situation. 

The thermal-hydraulic behavior of fluids along helical pipes is not yet well understood. 
In any case, collecting experimental results, various authors [7-9] suggested many 
correlations (unfortunately not always in agreement to one another) to be used to calculate 
heat transfer and friction factors in curved tubes.  

Among the correlations available in literature we thought to utilize, as given also in 
[10], the Gnielinski correlation [11] for the heat transfer, together with the Ito’s proposals [12] 
for friction factors. 

Indeed, an equation developed by Gnielinski especially for technical proposal has been 
used. Such an equation, at first obtained for straight tubes [13], subsequently has been 
extensively tested also for curved ducts and, provided suitable friction factors are employed 
together it, good performances in foreseen the Nusselt number, also in this case, has been 
found. The formula is: 
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where Nu, Re and Pr are, in the order, the Nusselt, Reynolds and the Prandtl number; Prw is 
the Pr evaluated at wall temperature and, finally, fc is the Fanning friction factor. 
The Fanning friction factor losses from Ito’s proposals are shown in Table 3 at different 
Reynolds number intervals. 
 

Table 3: Fanning friction factor losses from Ito’s proposals. 
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In Table 3 D is the effective helically coiled tube diameter and d the internal duct one. 
As above said, since in CHEOPE the spiral in the oil cylindrical channel induces a 

horizontal component of velocity to the oil rising axially the annular gap, the oil path results 
similar to that inside a helical duct, where the D is the internal diameter of the intermediate 
shell (region b in Figure 1), and d is the hydraulic equivalent diameter of the oil cross section, 
in helical flow (see Figure 2). 
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Fig. 2: sketch of the cooling pin 
 

It is to be remarked that, so doing, the resulting geometry simulates the effective flow 
situation only approximately. In fact, as there is a tolerance between the spiral and the oil 
shell, it there will be some very small vertical out flow whose effects will not be accounted 
for. Owing to the foreseeable poor extent of such effects, for the moment we decided to pass 
by this aspect. 

 

4 RELAP5 NODALIZATION 

Figure 3 shows the nodalization used for the Relap5Mod3.2.2β analyses. 
The cooling pin has been schematized by tree vertical annuli, respectively numbered as 

520, 530, 460 , each one subdivided in 21 sub-volumes, the first one 0.078 m length and all 
the others 0.0561 m length. As the analyzed experiments are performed in steady state 
conditions, during the test the LBE and oil mass flow rates keep constant values, therefore no 
pumps have been schematized and the constant mass flows are assured by the two time 
dependent junctions 105 and 345, for LBE and oil, respectively. 

To simulate the power absorbed by LBE in the heater the heat structure 1410 has been 
used. Moreover, to better simulate the heat transfer inside the cooling pin, several heat 
structures have been introduced. In particular, in the central zone, the heat structure 1520, 
subdivided in 21 sub-structures on the base of the vertical subdivision of the above mentioned 
annuli, simulates the exchanged power between the flowing down oil and the one rising the 
intermediate cylindrical shell, whereas the heat structure 1530, also this subdivided in 21 sub-
volumes, allows to represent the heat transfer surface between oil and LBE. 

In the annulus 530, which schematizes the region where the spiral welded is located, we 
have imposed a flag for the application of the Gnielinski heat transfer correlation. 
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Fig. 3: RELAP5 nodalization 
 

5 RELAP5 ANALYSES 

For these analyses it was referred to a couple of test conditions termed E1 and E2, as 
well to the relevant experimental data supplied by the ENEA Centre in Brasimone [5]. Table 
3 shows the test imposed conditions and the main experimental results. 

 
Table 3: RELAP5 imposed conditions relevant the E1 and E2 tests 

 E1 E2
Power [W] 27430 21590 
LBE mass flow [l/s] 0.147 0.155 
Oil mass flow [l/s] 0.563 0.556 
LBE inlet T [K] 579.05 537.25 
Oil inlet T [K] 410.15 409.35 
LBE outlet T [K] 455.95 445.85 
Oil outlet T [K] 436.65 430.25 
Pressure in the LBE pressurizer (MPa) 1.1E5 1.1E5 
Pressure in the Oil pressurizer (MPa) 1.1E5 1.1E5 

 
Table 4 reports, in terms of oil and LBE inlet and outlet temperatures, the comparison 

between the experimental data and the results obtained in the simulation by modified 
RELAP5 code. As a reference, also reported in Table 4 are the results obtained by using the 
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not modified code. The input data are the LBE and oil mass flows, the power absorbed by 
LBE in the heater and the oil inlet temperature. 

The results obtained by using the modified RELAP5 code show very good agreement 
between experimental data and calculated results, the percent error being around 1% only in 
one case whereas in the others cases is of an order of magnitude lower. 

 
Table 4: Comparison between the experimental data and the RELAP5 simulations 

 E1 E2
 experim. unmodified modified experim. unmodified modified
Power [W] 27430 21590 
Oil inlet T [K] 410.15 409.35 
Oil outlet T [K] 436.65 436.90 436.90 430.25 430.79 430.8
LBE inlet T [K] 579.05 592.31 579.94 537.25 550.82 535.33
LBE outlet T [K] 455.95 473.19 461.38 445.85 462.64 447.71

 
Note that, in both experiments, unmodified and modified RELAP codes predict LBE   ∆T 

which differ from each other for abaut 0.56 K. However, both of them underestimate those 
deduced by the experimental data. 

Table 5 reports the logarithmic mean temperature difference, LMTD, defined as: 
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where Tfinlet and Twinlet  are, respectively, the fluid (LBE or Oil) and the wall temperatures at 
the inlet and Tfout and Twout the corresponding ones  at the outlet (one of the components of 
the global heat exchange capability) whose percent errors result 4.7% and 0.4% for E1 and E2 
cases respectively, however collapsing from 20% and 25% relevant the not modified case. 

It should be noted that the results obtained by using the not modified RELAP5 code, 
whereas reproduce in good way the oil outlet temperatures, show, as it was expected, not so 
negligible overestimate of the Pb-Bi inlet and outlet temperatures. Such overestimate has 
obviously to be charged to the code underestimate of the global heat transfer coefficient, 
which just induced us to add a different heat transfer model in the code. Table 5 reports the 
global heat exchange evaluation, together with the relevant error, performed by using the code 
temperature results in conjunction with LMTD method. 
 

Table 5: LMTD, and global heat exchange coefficient  
 E1 E2
 experim. unmodified modified experim. unmodified modified
LMTD 85.16 102.37 89.16 65.55 82.19 65.81
Percent error  20.21% 4.7% 25.39% 0.4%
H global W/(m2K)] 1790.04 1407.2 1596.68 1831.14 1368.57 1714.52
Percent error  21.4% 10.8% 25.3% 6.4%
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Figure 4 : inlet and outlet calculated temperatures against experimental ones, for E1 test 

 

E2

430

463

496

529

562

595

430 463 496 529 562 595
Texperimental [K]

T 
ca

lc
ul

at
ed

  [
K

]

Toil out_modified relap5
TLBE in_modified relap5
TLBE out_modified relap5
Toil out_relap5
TLBE in_ relap5
TLBE out_relap5
CRS4_Toil out
TLBE in_CRS4
TLBE out_CRS4

 
Figure 5: inlet and outlet calculated temperatures against experimental ones, for E2 test 
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In order to have an independent confirmation of the results, a comparison has been made 
with data computed by CRS4 Institution [6] using the STAR-CD 3Dym code with a very 
accurate meshing, as one can see in Figures 4 and 5 where the inlet and outlet temperatures of 
the both fluids are reported, for the two cases E1 and E2, respectively. 
 

6 CONCLUSIONS 

The present paper dealt with the validation works of the RELAP5mod3.2.2β code, the 
well known nuclear best estimate code, modified to deal with the fluids used in LBE-ADS 
plants, that have been carried out in the framework of a collaboration between the Department 
of Nuclear Engineering of the University of Palermo and the ENEA "E. Clementel" Research 
Centre in Bologna. 

This validation has been performed by using the experimental data supplied by ENEA 
Research Centre in Brasimone, in the framework of XADS and MEGAPIE projects. The 
experimental tests have been carried out by using the CHEOPE facility, an experimental rig 
already working for research activities in the area of the Italian fast reactor PEC, suitable 
fitted to check the heat transfer performances of 1 of the 12 heat exchangers foreseen in the 
MEGAPIE demonstration facility. 

It is worth to note that a metallic spiral has been welded on the surface of the oil rising 
shell, in order to improve the oil turbulence and then enhance the heat transfer. 

As the RELAP5 thermalhydraulical models are not able to deal with the peculiar 
geometry of the so modified region, we have thought to add an additional heat transfer model 
in the code, to take into account the improved heat transfer conditions and to test at which 
extent it was possible to better approach the experimental results by using a one-dimensional 
code. 

To the purpose, we have introduced some new subroutines which allowed the code to 
evaluate the heat transfer situation by using the Gnielinski correlation [11] oil side. In fact, the 
spiral there induces a helical flow component. 

The performed simulations produced very good agreement between the experimental 
data and code calculations. 

In order to have an independent confirmation of the results obtained by us, a comparison 
has been made with data computed by CRS4 using a 3Dym code. 

This comparison resulted quite satisfactory. 
Finally, a more refined modellization ought to be adopted in order to account for the 

effect of a slight vertical flow, due to the tolerance between the spiral and the oil shell, and 
this with minor effort. However, given the obtained results, this could be the subject of further 
deepening, if is the case. 
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