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1. INTRODUCTION 
 
The availability of advanced-coupled neutron kinetics / thermal-hydraulics computational tools and of powerful 
computers enlarged the possibility to perform realistic best estimate analyses of ‘very’ complex transients and, 
possibly, to achieve optimization of EOP (Emergency Operating Procedures) for the existing NPP, ref. [25]. These 
capabilities have not yet been fully exploited by the industry, nor is their adoption formally requested by the 
regulators due to a number of reasons as discussed in a recent international Conference, ref. [26]. The available 
techniques may allow the solution of ‘old-fashioned’ problems (critical issues) in nuclear reactor technology. The 
existence or the solution of issues connected with the interaction between thermal-hydraulics and neutron kinetics 
that still challenge the design and the operation of light water reactors, with main reference to RIA (Reactivity 
Initiated Accidents), shall be seen as the main motivation for the present effort. Furthermore, the following should 
be noted: 
 
• Notwithstanding the demonstration of industrial quality for the available techniques (see below), “spread of 

calculated results” still characterizes the applications.  
• There is not a clear-agreed-common view within the technical community about the safety relevance of issues 

concerned with the application of those techniques. 
• A number of international initiatives are undertaken to produce State-of-the-Art-Reports or Status-Reports 

addressing the two items above. However, mostly owing to limited financing, a deep analysis of existing 
information is not performed. 

 
The wide interest within the technical-scientific community toward three Benchmark activities proposed by the 
OECD/NEA/NSC brought to remarkable achievements in the area.. The benchmarks are: a) the PWR MSLB (Main 
Steam Line Break in the TMI-1 NPP); b) the BWR TT (Turbine Trip in the Peach Bottom NPP Unit 2); c) the 
VVER-1000 MCP-on (restart of one Main Coolant Pump in the NPP Kozloduy Unit 6). The first scenario is 
originated by the Main Steam Line Break in one of the two steam generators of the TMI-1 NPP: asymmetric core 
cooling gives rise to a fission power peak localized in one part of the core. The second scenario is the BWR Turbine 
Trip: closure of the turbine inlet valve causes a pressure wave propagation into the vessel that leads to void collapse 
and, again, to fission power peak. The third scenario implies an increase of the cooling capability with consequent 
fission power increase. The last two scenarios are supported by NPP measured data. All of the transients involve 
tight neutron kinetics / thermal-hydraulic interaction and require, for obtaining adequate simulation results, 3-D 
neutron kinetics tools coupled with system thermal-hydraulic codes.   
 
The present paper reports relevant information gathered from the mentioned OECD/NEA/NSC benchmark activities, 
although the last one is still on-going at the time being. 
 
 
2. OECD/NEA/NSC MSLB PWR 
 
A sketch of the TMI-1 reactor including design data adopted in the MSLB benchmark calculation is given in Fig. 1. 
The two Cold Legs (CL) in each loop and the presence of the OTSG (Once-Through Steam Generators) can be 
observed. The nominal working condition for the plant can be derived from Tab. 1. Superheating at the outlet (i.e. in 
the steam lines) and ‘bypass recirculation’ occurring through holes between riser and downcomer (DC) below the 
feed-water entrance nozzle, characterize the OTSG. 
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Figure 1: OECD/NEA/NSC, PWR-MSLB Benchmark: Sketch and Layout of the TMI-1 NPP. 
 
 
The list of imposed sequences of main events during MSLB accident can be drawn from Tab. 2. The plant status 
relates to hot full power at the end of the cycle. The main assumptions or relevant information for the transient 
calculation are as follows: 
 
1. The assembly relative radial power distribution is given with quarter symmetry. 
2. The axial power is assigned in twenty-four nodes not uniformly spaced. 
3. The break is assumed to be double ended in one of the two 24” Steam Lines (SL) departing from each OTSG, at 

the location upstream of the MSIV (Main Steam Isolation Valves), and one additional 8” break occurs in the 
cross connection pipe. 

4. The PRZ (Pressurizer) is connected to the Hot Leg (HL) of the loop with the broken or affected SG (Steam 
generator). 

5. The four reactor Main Coolant Pumps (MCP) are assumed to not trip in order to maximize the potential for 
reactivity excursion following the MSLB. 

6. Laws for HPIS (High Pressure Injection System) flow versus pressure (two pumps inject cold water in two cold 
legs, one per each loop), of FW (Feed-Water) flow rate and of scram reactivity worth versus time, are assigned.  

7. No credit is given to the operation of the PRZ heaters and to the CVCS (Chemical and Volume Control 
System). 

8. Boron concentration is assumed constant (i.e. notwithstanding the HPIS actuation) and its reactivity coefficient 
is included in the overall moderator coefficient.  

9. The containment is assumed as an infinite volume at 0.103 MPa.   
 

Additional details about the plant, the initial conditions and the imposed sequence of main events can be found in 
refs. [1] and [2].   
 
Physical phenomena of interest  
The steam line break occurrence causes, at first, fast depressurization of the concerned steam generator. Critical 
flow establishes at each of the two sides of the broken SL pipe. The turbine side break flow-rate is ‘early’ (i.e. in a 
time less than a few seconds from the break occurrence event) terminated by the turbine system side 
depressurization and by the isolation of turbine valves.  
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Table 1:  Relevant Initial Conditions for Nominal Operation of the TMI-1 Plant. 
 

 
 
 
The SG system side depressurization implies increase in feed-water (FW) flow-rate toward the affected SG. The FW 
flow-rate increase, in conjunction with the depressurization itself, causes a positive peak in the thermal power 
removal capability from the affected SG. The consequence of this is a ’plug’ of ‘colder’ water exiting from the 
outlet of the primary side SG, i.e. bottom of the steam generator, toward the main coolant pump. 
 
The ‘plug’ of cold water reaches the reactor pressure vessel and the core a few seconds after the break occurrence. 
This is also possible owing to the continuous operation of the MCP that are not tripped for the entire duration of the 
predicted transient (i.e. 100 s after the break occurrence). The plug into the core is asymmetric with colder water on 
the core side ‘nearby’ the broken SG.  
 
The ‘cold’ water into the core is the source of a positive reactivity insertion that causes fission power peak. This is 
terminated at a time less than 10 s (always since the break occurrence) owing to the occurrence of the scram signal 
from high power (120% of the nominal power).  
 
Scram control rod insertion is assumed to be ‘incomplete’ owing to one stuck withdrawal rod, but is enough to shut-
down the core in a few seconds after the scram signal arrival. However, the  scram itself and the MCP operation, 
cause further cooling of the moderator temperature and a total reactivity insertion, that, from a ‘large’ negative value 
connected with the scram rod insertion, achieves values close to zero. The thermal power exchange across both 
steam generators achieves negligible values (compared with core power) at about 30 s into the transient.    
 
At about 60 s after the break occurrence, with the contribution of the ‘peak’ of delayed neutrons produced during the 
“first” fission power peak above mentioned,  a return-to-power is predicted. This shows-up as the ‘second power 
peak’. Termination of the peak in delayed neutrons and the dryout of the steam generators (the consequence of this 
is the strong reduction of the thermal power exchange across the SG), bring to an overall primary coolant heat-up 
that cause the final power reduction, basically via the fuel Doppler feedback. The end of the calculated transient was 
fixed at 100 s after the break occurrence, as already mentioned.    
 
 

Table 2: Imposed Sequence of Main Events for the OECD/CSNI/NSC TMI-1 Benchmark. 
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Conduct of the Benchmark  
The benchmark exercise was hosted by PSU (Pennsylvania State University) and conducted under the supervision of 
the OECD/NEA/NSC (Nuclear Science Committee of the Nuclear Energy Agency of the Organization for Economic 
Cooperation and Development), as already mentioned. The benchmark exercise was conducted into three phases: 
 
• Phase-1: calculation of the system transient by a thermal-hydraulic code and 0D neutron kinetics model. 
• Phase-2: calculation of the core performance by 3D neutron kinetics code adopting assigned thermal-hydraulic 

boundary conditions at core inlet (and outlet, as needed). 
• Phase-3: calculation of the system transient by a thermal-hydraulic code and 3D neutron kinetics model. 
 
 
2.1 Adopted Codes and Nodalizations by UNIPI 
 
2.1.1 Codes 
Four thermal-hydraulic codes and three neutron kinetics codes have been adopted for calculating the 
OECD/NEA/NSC/CSNI MSLB Benchmark based on the TMI-1 transient. 
 
The system thermal-hydraulic codes are the US NRC and the INEEL current versions of the Relap5. These are 
identified as the Relap5/mod3.2 beta and gamma and the Relap5-3D, respectively, refs. [3] and [4]. The (thermal-
hydraulics) sub-channel code is the Cobra, ref. [5]. 
 
The 3-D neutron kinetics codes are Quabbox, Parcs and Nestle, refs. [6] to [9]. Quabbox and Parcs are coupled to 
the Relap5/mod3.2 gamma and beta. Nestle is coupled with Relap5-3D. Coupling of the involved thermal-
hydraulics and neutron kinetics software has been done by (or under the control of) the thermal-hydraulic code 
developers in the case of Parcs coupled with the Relap5/mod3.2 beta and Nestle. Direct coupling between Quabbox 
or Parcs and Relap5/mod3.2 gamma has been completed at University of Zagreb. In all cases ‘officially’ released 
code versions are adopted.  
 
2.1.2 Code coupling 
A technology has recently been developed in relation to code coupling. This is especially true in relation to system 
thermal-hydraulics and 3-D neutron kinetics codes. 
 
System thermal-hydraulics codes have the capability to model the heat transfer and the hydraulic phenomena 
occurring in the core during transient situations by adopting a level of detail that corresponds to one thousand nodes, 
roughly (i.e. having length in the direction of the flow in the range between 0.1 and 0.5 m). However, the neutron 
kinetics model originally embedded into these codes is the punctual kinetics one that solves the diffusion equation 
and makes use of input quantities such as the void and the Doppler (or fuel) reactivity coefficients. Hence the recent 
availability of powerful computers made it possible the coupling with 3-D neutron kinetics codes that have been 
developed in parallel, so far. 
 
It is well beyond the purpose of the present article to discuss with some level of detail the various steps of the 
coupling and the possibilities that exist in this area (details can be found in ref. [25]). Here we only mention that 
‘full dynamic’ coupling was adopted in all cases. This implies that results at an assigned time step (of the order of 
10-3 s in the performed analyses) from one code are supplied to the other code and achieved results affect the 
calculation of the first code in the next time step. The Cobra code is used to predict the core thermal-hydraulic 
performance in combination with Relap that predicts the overall system performance, i.e. the thermal-hydraulic 
conditions at the core boundaries. Cobra performs sub-channel analysis and supplies relevant conditions to the 3-D 
neutron kinetics code at the next time step.  
 
Extensive “qualification” of the code-coupling was performed before the application to the Benchmark. However 
the benchmark itself, although it implies code-to-code comparison, should be considered a step in the qualification 
of coupled codes. This also involved verification of the influence of the time step and search for the optimum time 
step for this transient consistently with the selected code coupling strategy. 
 
2.1.3 Thermal-hydraulic nodalization 
The work performed by the University of Pisa (benchmark participant) is documented hereafter, e.g. refs. [2], [10], 
[11] and [27], although key findings and conclusions are consistent with those of other participants, e.g. refs. [1] and 
[12].  
 
The first activity consisted in developing and qualifying a “reference” thermal-hydraulic-system nodalization for the 
TMI-1 NPP. Then, a number of different nodalizations (or input decks) has been developed to address different 
objectives of the activity, including: 
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• evaluating the influence of hydraulic splitting of the core, 
• evaluating the influence of fluid mixing in the lower plenum and upper plenum.   
 
The various nodalizations, the objectives of their use and the obtained results are described in ref. [10]. In the 
present context (code comparison) only one nodalization is considered. In the concerned input deck, the liquid 
mixing in the lower plenum is minimized, thus creating the largest potential for neutron power excursion. The 
nodalization of the entire system is given in Fig. 2 and the vessel nodalization including the core region is shown in 
Fig. 3.  
 
The subdivision of the core into eighteen channels can be seen in Fig. 4. The host Organization of the Benchmark 
proposes the regions 1 to 18 of the core. Two bypass channels are shown in Fig. 3. Limitations in the maximum 
number of junctions belonging to a single BRANCH (Relap5 code component) imposed the need to split the lower 
(LP) and upper (UP) plena into four parts, at least in the zones of connection between LP and UP with the core itself. 
The DC has been split into four parts, corresponding to the four cold legs of the system. The coolant flowing in each 
part is assumed to not mix with the fluid flowing in the other parts. The UP has been subdivided into two 
 
 

 
 

Figure 2: OECD/NEA/NSC, PWR-MSLB Benchmark: Sketch of theRelap5 Nodalization for the TMI-1 NPP 
developed at University of Pisa (Entire System). 



Francesco D’Auria (UNIPI, Italy) 

 356

 
 

Figure 3: OECD/NEA/NSC, PWR-MSLB Benchmark: Sketch of theRelap5 Nodalization for the TMI-1 NPP 
developed at University of Pisa (Vessel Region). 

 
 

parts because only two hot legs are present in the reactor system. The relative azimuthal positions of the hot and 
cold legs have been preserved. The passive structures, as well as the core active structures, have been split 
consistently with the hydraulic nodes. The ‘N 12’ stuck control rod, ref. [1], is in the vessel quarter pertaining to the 
broken loop cold leg.  The computational resources used in the nodalization can be derived from Tab. 3 where the 
number of neutron kinetics nodes is given too. 
 
 

Table 3: Computational Resources in the Coupled Relap5/Mod3.2-Parcs Input Deck 
developed for the TMI-1  NPP. 
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Figure 4: OECD/NEA/NSC, PWR-MSLB Benchmark: Identification of Fuel and Reflector Assemblies on a Radial 
Plane and Subdivision in Thermal-Hydraulic Zones, ref. [1]. 

 
 

2.1.4 3-D neutron kinetics nodalization 
The layout of the Fuel Assemblies (FA, 177) and of the Reflector Assemblies (RA, dashed zones, 64) is shown in 
Fig. 4. One ‘neutron kinetics node’ is used per assembly in the radial plane and 26 layers in axial direction are 
distinguished. The position of the stuck withdrawn rod can be identified in Fig. 4: this is the “shadowed” fuel 
element on the right side.   
 
Twenty-nine different FA types are selected for cross-section generation assuming a 1/8 core symmetry. Fifteen 
axial layers are used to simulate burn-up distribution. Separate material composition is used to model top, bottom 
and radial reflectors. Total number of un-rodded cross-section compositions is 438. In relation to fuel assemblies 
where control rods can be inserted, an additional set of 195 rodded compositions is needed. Cross section sets have 
been derived by the benchmark host institution (PSU) by applying the Casmo code making reference to each FA and 
RA type. The cross-section library includes dependence of group constants on moderator density and Doppler 
temperature. Two-dimensional linear interpolation scheme was provided together with cross-section data. An effort 
was needed to modify the format of the cross section values to make these consistent with the requirements of the 
adopted 3-D neutron kinetics codes. The digits 1 to 18 (Fig. 4) relate to groups of ‘homogeneous FA’ from the 
thermal-hydraulics point of view. All the RA constitute one group for the thermal-hydraulic simulation. 
 
 
2.2 Analysis of Selected Calculations Performed at University of Pisa 
 
2.2.1 Procedure for the system analysis 
A detailed, step-by-step procedure has been adopted in order ‘to keep under control’ the achieved results, as 
documented in ref. [10]. The starting point for the procedure is the Relap5 calculation considered as reference for 
the Phase 1 of the TMI-1 MSLB Benchmark. This is a standard thermal-hydraulic code calculation where 1D 
thermal-hydraulics models are coupled with the 0D neutron kinetics model. Three main steps constitute the 
procedure for the Phase 3 of the Benchmark: 
 
I  Check of the consistency between results obtained from the application of 0D and 3D neutron kinetics. 
II Use of a ‘fictitious’ 2D core thermal-hydraulics and 3D neutron kinetics (perfect mixing in lower plenum). 
III Use of ‘fictitious’ 2D core and vessel thermal-hydraulics and 3D neutron kinetics (no mixing in the vessel).   
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The results from twenty calculations are discussed in ref. [10] and are related to the Phases 1 to 3 of the Benchmark. 
The influence of the changes in thermal-hydraulic boundary and initial conditions (also as a result of changes in the 
benchmark specifications), of changes in cross section data and of related interpolation scheme and changes in 
steam generator and reactor vessel nodalization structure have been studied. In order to address the steps II and III 
above, different reactor core and vessel nodalizations have been prepared: the nodalization with perfect mixing and 
the nodalization with the core and related parts of the vessel subdivided into four completely separated parts (no 
mixing in the vessel) have been developed. The influence of the mutual position of the four cold legs and the fuel 
assemblies has been considered.  
 
Input decks including 177 and 18 core channels were developed. One nodalization was prepared with the core sub-
divided in the radial plane into two parts and with the inlet and outlet mixing as prescribed by the benchmark 
specifications, but most of the calculations were performed using the nodalization with four core parts without 
mixing.  
 
2.2.2 3D  neutron kinetics evaluation of the core performance (Phase 2 of the benchmark) 
The direct mutual influence of thermal-hydraulics and neutron kinetics coupling in the core was analyzed in frame 
of Phase 2 of the MSLB benchmark. Special versions of the Relap5/mod 3.2 gamma coupled with Quabbox and 
Parcs were developed and applied. Nineteen parallel thermal-hydraulic channels constitute the core (Relap5 pipe 
components) of the base nodalization: eighteen of these are distributed (in spatial terms) as proposed in the MSLB 
Benchmark specification and one channel is used to model the bypass flow. In one calculation, the Cobra sub-
channel thermal-hydraulic model “was added” to the already coupled Relap5 and Quabbox. In this case, the thermal-
hydraulic coupling in the central row of fuel assemblies was based upon “weighted” influence of neighboring 
channels and axial node subdivision and radial meshes for conduction heat transfer were the same as in the original 
nodalization.  
 
Both Quabbox and Parcs used cross section libraries with the same bilinear table interpolation scheme. The 
benchmark boundary conditions are applied using Relap5 time dependent volume components for specifying inlet 
temperature and outlet pressure for each channel, and time dependent junctions for specifying channel inlet mass 
flows.  
 
Calculated total core power is shown in Fig. 5. The physical scenario that causes the time trend for power is 
described in the sections above under the heading “Physical phenomena of interest”. Four calculations are identified 
with labels: r5qc (Relap5/Quabbox), r5qcx (Relap5/Quabbox 177 channels), r5qcv (Relap5/Quabbox/Cobra), and 
r5pa (Relap5/Parcs). In the case of Parcs calculation, reactor trip was predicted slightly earlier than in case of 
Quabbox based calculations and power calculated during the second peak was higher when Cobra was used (small 
differences in fuel rod heat conduction model).  The second power peak calculated in this case is lower than in 
Phase 3 calculations due to mixing built in inlet thermal-hydraulic boundary conditions. 
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Figure 5: OECD/NEA/NSC, PWR-MSLB Benchmark, Phase 2, UNIPI Calculation: Core Power. 
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Figure 6: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 2, UNIPI Calculation: Power Peaking Factor. 
 
 
The ability of different models to predict local core conditions can be derived from Fig. 6. Due to significant local 
thermal-hydraulic feedback the values of power peaking factor (fnq, i.e. ratio between local power and average core 
power)   are lower in cases when detailed thermal-hydraulic feedback is modeled. 
 
The influence of the thermal-hydraulic averaging in the case of the eighteen core channels can be seen in Figs. 7a 
and 7b. Radial distributions of coolant temperatures at core outlet at the time of the second power peak, as predicted 
by r5qc with 18 core channels and by r5qcv with 177 core channels, are reported. Related to both r5qc and r5qcv 
calculations, fluid temperature is higher in the side of the core corresponding to the intact steam generator and 
opposite to the side where the stuck control rod is located. 
 
The increase in the calculation detail going from calculation r5qc to calculation r5qcv brings to higher values for 
fluid temperature around the stuck withdrawn rod (comparison between Figs. 7a and 7b). Local fluid temperature 
increases and coolant density decreases close to the stuck rod position limit the local power increase also causing 
lower power peaking factors in the calculation with 177 core channels compared with the calculation with eighteen 
core channels. 
 
2.2.3 Evaluation of the system performance (Phase 3 of the benchmark), including core 
The Phase 3 coupled code calculations, have been carried out by the coupled Relap5/mod3.2 beta and Parcs codes. 
The run 10b, including ‘fictitious’ 2-D core and vessel thermal-hydraulics (i.e. no mixing in the vessel) and the cross  
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Figure 7: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 2, UNIPI Calculation: Core Outlet Coolant 
Temperature. a-Left) Use of 18 Core Channels; b-Right) Use of 177 Core Channels. 
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section set ‘return-to-power’ (also reported below as ‘scenario B’, ref. [1]) is taken as reference for the present 
comparison calculations. 
 
The list of calculations and the codes considered in the present comparison is given in Tab. 4. The following should 
be noted: 
 
• Complex nodalizations must be developed to run 3-D neutron kinetics code coupled to thermal-hydraulic code. 

These may consist of up to seventy thousands ‘lines’. 
• Several error sources occur during the process of nodalization development and steady-state running. 
• Huge resources are needed for the development of each nodalization and for a suitable evaluation of results 

(long lasting activity). Consideration of Quality Assurance in the process may reveal non-feasible. 
• Feedback (automatic, unavoidable), as expected, occurs between neutron kinetics and thermal-hydraulics. The 

problem derives from achieving steady-state conditions before transient initiation. For instance, differences in 
predicting entrainment in secondary side (affected by the interfacial drag, a model ‘easily’ changed in different 
code versions) causes differences in steam generator removed power, therefore differences in primary system 
temperatures. Definitely differences in core fission power result. These differences can be set to zero by proper 
procedures for achieving steady state. Initial mass in steam generators is also affected by the interfacial drag: 
different transient behavior of the entire system can be predicted. 

• Averaging processes and lumping hydraulic and thermal nodes to neutron kinetics nodes depend upon user 
choices and partly upon the features of the interface between the thermal-hydraulic and the 3-D neutron kinetics 
code.  

 
As a consequence of the above, the processing of the same input information within each of the code runs listed in 
Tab. 4, may give (slightly) different steady state results.  Selected steady state data describing the system before the 
transient start are given in Tab. 5. Relative radial power distribution at the end of the steady state, obtained from 
code run 10b is shown in Fig. 8. 
 
The overall system response during TMI-1 MSLB Phase 3 scenario with return to power and quality of the different 
coupled codes predictions can be derived from the set of Figs. 9 to 13. The most relevant outcome from the study is 
constituted by the prediction of the core power and of the system pressures, Figs. 9 and 10, respectively. The core 
power excursion is controlled by the assumed scram logic; the power does not overpass 120% of the initial value. 
The primary system pressure decreases to a value that allows the actuation of the HPIS. 
 
 

Table 4:  Coupled Code Runs Performed at UNIPI that are considered in the present comparison. 
 

 
 

 
Table 5: Coupled Code Runs Performed at Unipi: Steady State Results. 

 

 
a) Taken at the entrance of SL l 
b) Runs identified in Tab. 4 of ref. [10] 
c) Runs identified in Tab. 4. 
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Figure 8: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation: relative Steady State Radial 

Power Distribution obtained from Code Run 10b (Relap5/Parcs code). 
 
 
Core mass flow-rate slightly increases during the transient (not shown in the figures), owing to improved Main 
Coolant Pumps (MCP) efficiency caused by increased density of the cooler liquid. In the intact loop cold leg fluid 
temperature becomes higher than in the hot leg of the same loop due to the heat transfer reversal in the intact steam 
generator. 
 
The moderator coefficient gives the largest contribution to explain the return to power, Figs. 11 Right and 9, 
respectively. Important changes can be observed in the axial power distribution during the transient, Fig. 12. Finally, 
differences between local predictions of power at the time 60 s, between Parcs and Quabbox based calculations are 
limited to 5% of the local power values considering an assembly-by-assembly power comparison, Fig. 13 Right. 
 
The timing of important values, peak power values just before scram and at return to power, as well as power 
integral up to the scram and for the first 100 s of the transient, for the three calculations identified in Tab. 4 and Tab. 
5 are given in Tab. 6. 
 
The results here discussed obtained by UNIPI are within the dispersion bands obtained from the envelope of results 
predicted by other participants to the benchmark, ref. [28]. Namely, the system performance including the 3-D core 
behavior is similarly predicted. 
 
Differences in the results related to total core power shall be noted that reflect in the prediction of other variables 
that characterize the overall system performance. Those differences are mostly connected with the return-to-power 
phenomenon, while the first power peak has similar features in all the benchmark calculations.  
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Figure 9: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation: Core Power (W *109). 
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Figure 10: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation 
Left) Primary System Pressure (Mpa *10); Right) SG Pressure (Mpa). 
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Figure 11: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation: Left) Keff Calculated by Parcs 

and Quabbox based Coupled Codes; Right) Reactivity Components Calculated by Parcs Based Coupled Code. 
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Figure 12: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation: Axial Power Distributions at 
different Times Calculated by Parcs and Quabbox based Coupled Codes. 
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Figure 13: OECD /NEA/NSC, PWR-MSLB Benchmark, Phase 3, UNIPI Calculation: Radial Power distribution at 
t = 60 s: Right) Relap5/mod3.2 gamma/Parcs; Left) Relative Error in Peaking Factor between Parcs and Quabbox 

based Coupled Code Calculations. 
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Table 6: Coupled Code Runs Performed at UNIPI: Transient Results. 
 

 
a) Runs identified in Tab. 4 of ref. [10] 
b) Read as 2.4 to 2.9 * 104 
c) Runs identified in Tab. 4 above. 

 
 
3. OECD/NEA/NSC BWR TT 
 
A series of experiments was performed at the end of seventies in the Peach Bottom (PB) Unit 2 BWR NPP, refs. 
[13] and [14], to test the system response following perturbations induced at the turbine inlet. A sketch of a module 
of the core of the concerned BWR can be seen in Fig. 14, together with main dimensions. 
 
The experiment was carried out by manually tripping the turbine, i.e. by closing the Turbine Stop Valve (TSV), at 
an operating prescribed power level equal to 61.65% of the nominal value. As a result, a pressure wave is generated 
in the main steam piping and propagates at sound velocity with relatively little attenuation into the reactor core. The 
pressure wave reaches the core zone following two different paths: 
• through the steam separator filled with a mixture of water and steam, 
• through the vessel downcomer filled with water.  
 
The double unsynchronized pressure wave events result in changes of the core void inventory. The inherent 
feedback of the core makes the reactor power to exhibit a rapid exponential rise. Few milliseconds after the TSV 
 
 

 
 

Figure 14: OECD /NEA/NSC, BWR-TT Benchmark: Cross Section of a Module of the Core Region. 
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closure, the Bypass Valve (BPV) to the condenser is opened automatically to reduce the pressure rise in the steam 
line. The TSV closure signal that activates the reactor scram initiation was intentionally delayed to allow a relative 
neutron flux effect to take place in the core. When the scram setting point is exceeded (95% of the nominal power), 
the control rods are inserted after a delay time of 0.12 s. More details about the transient scenario can be found 
below. 
 
 
3.1 Adopted codes and nodalizations by UNIPI 
 
A parallel processing for coupling 3-D kinetics PARCS code with RELAP5 system code was adopted for the 
analysis, refs. [15] and [16] and [29] to [31]. This allows the codes to be run separately and exchange data during the 
calculation.  
 
3.1.1 The neutron kinetics model 
The PARCS/2.3 code is used to evaluate 3D space-time core power history and two groups neutron fluxes. It uses a 
non-linear nodal method to solve two energy groups’ diffusion equations. The PB core is modeled by considering 18 
fuel assembly types and one reflector element. Each composition is defined by the material properties and its burn 
up (exposure, spectral history and control rod history). All necessary data are available from a two-energy group 
cross-section library. The library has two independent variables: the fuel temperature and the coolant density as 
shown in Table 7. For six fixed values of fuel temperature and six fixed values of moderator density, a series of 
cross section data are specified in a lookup table format.  
 
These include the diffusion coefficients, the macroscopic cross sections for scattering, absorption and fission, the 
assembly discontinuity factors, the xenon absorption cross sections, and the detector cross section. A linear surface 
interpolation is straightforwardly performed to derive intermediate cross section values. 
 
3.1.2 The thermal-hydraulic model 
According to ref. [13] four fundamental pre-conditions shall be fulfilled for the correct application of a complex 
thermal-hydraulics system code to the prediction of transient in NPP:  
 
• The code should be frozen. 
• The code should be properly qualified through wide, international, assessment program. 
• The developer of the nodalization should be a qualified code user for the selected code. 
• The nodalization (of the plant) once developed should be properly qualified. 
 
A plant nodalization was developed for the system code RELAP5 Mod3.3 as shown in Fig. 15. This was qualified 
through a series of sensitivity analyses, e.g. ref. [16]. The nodalization includes various vessel components, coolant 
and steam and recirculation loops. For the considered model the four steam lines are lumped into one “PIPE” 
component and each of the two pumps of the recirculation loop drives one jet pump that represents ten jet pumps in 
the real plant. The core region is modeled by 33 heated channels with 24 axial active nodes. Each channel lumps a 
specified number of fuel assembly. These fuel assemblies are grouped according to their thermal-hydraulic and 
kinetic properties which take into account the lattice type (e.g. see Fig. 13), the relative power, the inlet flow area 
and the relative position within the core. 
 
The PB-TT2 experiment was carried out starting from the operating steady state conditions summarized in Table 8. 
For the TSV closure mode, as pointed out in ref. [17], the initial part of the TSV closure causes small amount of 
flow reduction. Hence in the present work it is assumed a non-linear TSV closure in order to better reproduce the 
measured pressure wave amplitude in the core zone. On the other hand, a time linear opening for the condenser 
bypass valve is assumed. Furthermore, it is assumed that 2% of the reactor power is released as gamma heating in 
the in channel coolant and 1.7% in the core coolant bypass with the rest generated in the fuel.  
 
 

Table 7: Macroscopic Cross Section Lookup Tables Format. 
 

 



Francesco D’Auria (UNIPI, Italy) 

 366

-.

 
 

Figure 15: OECD /NEA/NSC, BWR-TT Benchmark: Nodalization Sketch for the Peach Bottom Unit 2. 
3.2 Results 
 
3.2.1 Steady-state 
The two-dimensional power map obtained for the steady state can be seen in Fig. 16: the power peak is located in a 
peripheral zone of the core cross section. The spatial flux asymmetry justify the use of the coupled code technique. 
The values of selected quantities are compared with available reference and experimental data in Table 9. The trends 
of relevant parameters such as the average axial void and power profile are reported in Fig. 17. Discrepancies 
between the measured and calculated axial power shape were attributed to the level of detail resolution of the data in 
the look-up table (Tab. 7) used to derive the cross sections and/or to the accuracy of the system code constitutive 
relations in estimating the void distribution in sub cooled and saturated nucleate boiling zones along the channel 
axis.  
 
3.2.2 Transient  
During the Turbine Trip transient complex neutron kinetics and thermal-hydraulic feedback mechanisms are 
involved. These interactions could be classified, as summarized in Table 10, according to their nature: prompt and 
delayed feedbacks and time of occurrences are used for the characterization.  
 
Transient coupled code results are outlined in Table 11. The key parameters of the Turbine Trip test i.e. the 
amplitude of the pressure wave in the core zone is reported in Fig. 18 that includes the comparison with the 
experimental data. The calculated trend matches the measured pressure wave even though small differences exist in 
the time response prediction. The calculated response is anticipated in time for approximately 0.1 s.  
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Figure 16: OECD /NEA/NSC, BWR-TT Benchmark: Steady State 2D Flux Core Distribution (UNIPI Calculation). 
 
 

Table 9: Steady State Results Compared With Experimental Data. 
 

 
 
 

Owing to the inherent feedback effects, the rapid core pressurization leads to a partial void collapse, this in turns 
results in a positive reactivity insertion within the core. The power response shows an exponential rise with 
decreasing period, ref. [17]. The coupled code calculations predict slower power exponential rise at the beginning of 
the excursion phase, and the power runaway is stopped by control rods insertion. On the other hand, the 
experimental data show a prompt exponential excursion with faster decreasing reactor period. Furthermore, as it is 
pointed out in ref. [18], the power time trend after a rapid runaway exhibits a typical self-limiting behavior slightly 
before the reactor scram.   
 
Discrepancies between the calculated and measured data could likely be explained by either uncertainties related to 
the estimation of the thermal-hydraulic parameters or uncertainties related to calculations of the feedback 
coefficients, ref. [19]. 
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Figure 17: OECD /NEA/NSC, BWR-TT Benchmark: 
Left) Mean Axial Void Profile; Right) Average Power Axial Distribution. 

 
 

Table 10: Events Occurred during the BWR-TT Transient. 

 
 
 

Table 11: Key Parameter Values for the BWR-TT Transient.  
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Figure 18: OECD /NEA/NSC, BWR-TT Benchmark: Left) Vessel Pressure; Right) Core Power. 
 
 
3.2.3 Sensitivity Analyses 
In order to identify the degree of dependence between feedback mechanisms and the power course, a series of 
sensitivity analyses were performed at University of Pisa, ref. [16] (see also ref. [31). Parameters affecting the 
transient are considered in the study, e.g. see ref. [20] and are listed in Tab. 12 together with the related variation 
ranges.  
 
The negative prompt feedback response is a combination of the Doppler effect and the direct gamma heating void 
reformation effect. This feedback governs the self-limiting power peak amplitude and time occurrence. It is assessed 
by varying the gap conductivity or the fraction of gamma heating in the coolant (cases 1, 2, 5 and 6 in Tab. 12). The 
negative delayed feedback response could be assessed by changing the fuel heat capacity which is the main 
predominant effect of the core thermal resistance (cases 3 and 4 in Tab. 12). 
 
The positive void feedback is a result of the first pressure wave amplitude which collapses a certain amount of the 
core void. In absence of the possibility of investigating the slip model closures relationships (this would imply a 
variation of the code models having consequences on the prediction of the initial steady state and upon the 
calculation of heat transfer), the dynamics of void collapse can be considered by varying the number of parallel 
heated channels of the core model (cases 7 and 8 in Tab. 12). In these cases the effects of different void distribution 
profiles during steady state and transient conditions are investigated. 
 
The scenario selected for the sensitivity analysis is a Turbine Trip without Scram since that the main difference 
between the experiment and the coupled code calculations is about the self-limiting power behavior prediction.  
 
The main results of the sensitivity study are summarized in Table 13. The power evolutions are shown in Figs. 19 
and 20 where results differentiate owing to the use of the 3D and the 0D neutron kinetics model, respectively. In the 
case of both the figure the experimental data are reported but this is related to the condition ‘with scram’. More 
details can be found in refs. [16], [30] and [31].  Steady state power distribution for cases 7 and 8 are reported in the 
snap-shots of Fig. 21. It is interesting to notice that a larger number of modeled thermal-hydraulic heated channels 
bring to a lower core power radial peaking factor.  
 
 

Table 12: Parameters Selected for Sensitivity Studies. 
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Table 13: Considered Cases for the Sensitivity Analyses. 
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Figure 19: OECD /NEA/NSC, BWR-TT Benchmark without Reactor Scram: Results from Sensitivity Coupled  
Code Runs listed in Tab. 13 (3D Neutron Kinetics) in Terms of Core Power. 

 
 

The following comments can be added to the evaluation of experimental data and the results in Tab. 13 and in Figs 
19 to 21:  
• The three dimensional coupled calculations (cases 1 to 8 in Tab. 12) show that the time of occurrence of the 

“self-limiting power phenomenon” is almost the same in all cases. This implies that the effect of the prompt 
feedback does not influence significantly the predicted power evolution. Therefore,  unlike in the experiment 
where the power excursion and “quenching” is governed by the prompt void feedback response, the calculation 
predicts a power self-limiting behavior due mainly to delayed moderator feedback contribution (i.e. after the 
release of the peak energy into the coolant). 
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• The experimental self-limiting behavior occurs during the distortion (inflection) of the pressure wave amplitude 
following the bypass valve opening. During this lap of time, see e.g. Fig. 18, the pressure rise stops momentary 
and consequently the void collapsing is relaxed. This phenomenon governed by fast prompt feedback 
phenomena is not observed in the calculated results.  

• The effect of the gamma heating which should be the predominant effect on the power self-limiting behavior 
according to ref. [21] is overshadowed in the performed calculations since no significant effect is observed 
when varying this parameter. 

• The 0D calculations (cases 9 and 10 in Tab. 12) were performed in order to investigate the power evolution 
considering feedback coefficients different from those estimated through the lookup table. For this purpose and 
since the transient is governed by the void dynamics, two extremes values of the void feedback coefficient are 
chosen. The results in Fig. 19 demonstrate that the power self-limiting phenomenon, as well as the changes in 
power peak values, are largely affected by the value of coefficients need for the application of the 0D neutron 
kinetics and the result from the 3D calculation (evidenced by the bleu arrow in Fig. 20) is bounded by the 0D 
sensitivity studies results.  
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Figure 20: OECD /NEA/NSC, BWR-TT Benchmark without Reactor Scram: Results from Sensitivity Code runs 

(9 and 10 in Tab. 12, use of 0D Neutron Kinetics) in Terms of Core Power. 
 

 

 
 

Figure 21: OECD /NEA/NSC, BWR-TT Benchmark without Reactor Scram: Results from Sensitivity Coupled  
Code Runs 7 and 8  listed in Tab. 13 (3D Neutron Kinetics) related to Power distribution at Steady State.  

Left) use of 77 Core Hydraulic Channels; Right) use of one Core Channel. 
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4. OECD/NEA/NSC VVER1000 CT  
 
During the plant-commissioning phase at the Kozloduy VVER 1000 NPP Unit 6, sketch of the core cross section 
with identification of fuel assembly types given in Fig. 22, a number of tests was performed. One of these aimed at 
the investigation of the behaviour of the nuclear power reactor parameters in case of switching on one main coolant 
pump (MCP) when the other three main coolant pumps are in operation, refs. [22] and [32]. 
 
The non-symmetric cooling of the reactor core results in non-symmetric reactivity feedback and subsequently non-
symmetric radial power distribution. Before the experiment the reactor power level was reduced from 75% (2250 
MW) to approximately 21% by consecutive switching off of MCP #2 and MCP #3. A few hours before the 
experiment MCP #2 was switched on, and the power was stabilized at 30% consistently with the requirements of the 
Technical Specifications. During the experiment of switching on the MCP #3 the system and equipment of the Unit 
6 performed according to design requirements for the corresponding level of the reactor power.  
 
The initial power level is about 29.45% of the nominal with control rod group #10 inserted into the core at about 
36% of the reactor core height. Control rod group #10 was not changing its position during the transient. Analysis of 
the initial 3-D relative power distribution showed that this insertion introduced axial power asymmetry in the core. 
At the beginning of the transient there was also a thermal-hydraulic asymmetry caused by the colder water 
introduced in 1/4of the core when MCP #3 was switched on. This caused a spatial asymmetry in the reactivity 
feedback which has been propagated through the transient and combined with the insertion of positive reactivity.  
 
 
4.1 Adopted codes and nodalizations by UNIPI 
 
As in the case of the previous benchmark exercises a parallel processing for coupling 3-D kinetics PARCS code 
with RELAP5 system code was adopted for the analysis, refs. [23] and [33].  
 
4.1.1 The neutron kinetics model 
The PARCS/2.3 code is used to evaluate 3D space-time core power history and two-group neutron fluxes. The core 
region is subdivided considering 9 hexagonal radial rings and 22 core axial planes taking into account peripheral, 
upper and bottom reflector. In total 283 “rodded” and 110 “un-rodded” compositions are adopted. The cross sections 
related to these compositions are read according to five specified fuel temperature and four coolant density values.  
 
A set of cross section data is associated to each composition including scattering, absorption, fission cross sections, 
for each rodded (i.e. presence of control rod in the homogenized lattice) and un-rodded (i.e. homogenized cell 
without the control rod). This particular axial nodalization scheme is necessary to take into account the changes in 
the fuel composition, the exposure and the moderator temperature variations. The Assembly Discontinuity Factors  
 
 

 
 

Figure 22: OECD /NEA/NSC, VVER-1000 CT Benchmark: Sketch of the Core Cross Section. 
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(ADF) as well as the xenon history effect are considered implicitly, and the cross sections are directly read from the 
updated lookup table format for VVER1000 reactor as provided by the host institution (PSU as in the case of the 
previous Benchmark exercises). 
 
4.1.2 The thermal-hydraulic model 
A plant nodalization was developed for the system code RELAP5 Mod3.3. It includes all the primary and secondary 
loop components. Namely, the following items are considered: 
 

 The core fuel assemblies are lumped in 29 channels as shown in Fig. 23. 
 Four loops with four horizontal steam generators are modeled. 
 Twenty axial levels for the core and 48 axial levels for the vessel are considered.  
 All NPP installed Emergency Core Cooling Systems are modeled. 
 The make-up and the let-down systems are modeled. 
 A CFD code has been used to calculate the mixing in the lower plenum and to support/validate the results 

obtained by the Relap5 code, ref. [34]. 
 
 

 
 

 
 

Figure  23: OECD /NEA/NSC, VVER-1000 CT Benchmark: Sketches of the Core Model adopted at UNIPI. 
Top) Thermal-Hydraulic Model; Bottom) Cross Section View of the Model.  



Francesco D’Auria (UNIPI, Italy) 

 374

The main adopted boundary conditions for the simulation of the NPP test concern the stop of the feed-water flow, 
the control of the steam generator pressure and the control of the pump (MCP) velocity in the affected loop (restart 
of the pump). 
 
 
4.2 Results 
 
4.2.1 Steady state calculation 
The main coupled achievements for the steady state are compared with some available code results and with 
experimental data. The results from the hot zero power calculation are sketched in Fig. 24, that include comparison 
with results obtained by the host institution adopting the TRAC-NEM coupled code. 

 
On the radial plane the results of the RELAP5/PARCS are compared with TRAC/NEM results in Fig. 25, while Fig. 
26 gives the deviations, per each fuel assembly, of the RELAP5/PARCS data with respect to the NPP 
measurements. With reference to Fig. 26, deviations between RELAP5/PARCS results and measurements did not 
exceed 10%. Furthermore, the radial discrepancy distribution is not uniform; it is more pronounced at the peripheral 
zone not bounded by the reflector, and relatively small in the internal and the peripheral regions surrounded by the 
reflector. These discrepancies are originated by inaccurate ADF (Assembly Discontinuity Factors) corrections which 
are introduced to smooth the flux differences between neighboring fuel assemblies. 
 
4.2.2 Transient analysis 
During the transient complex neutron kinetics and thermal-hydraulic feedback mechanisms are involved due to the 
asymmetrical phenomena involved by the pump switching event, refs. [23] and [35]. Selected key results from 
coupled code calculation performed at UNIPI are shown in Fig. 27 and compared with experimental data. The 
agreement between various measured and calculated parameters (only two shown here) is considered acceptable. A 
preliminary comparison (derived from the working document at ref. [35]), between total core power (increase) 
predicted by different participants to the benchmark is given in Fig. 28. The spread of results is (still) large, and 
work is in progress to understand the reasons for such large discrepancies. 
 
 
5. RELEVANCE TO NATURAL CIRCULATION 
 
The present document constitutes a support for a lecture in a ‘Natural Circulation’ Course. Therefore, an obvious 
question can be raised in relation to the connection between the content of the lecture and the natural circulation. An 
attempt is made to address this item hereafter. 
 
The operational conditions for nuclear power plants imply the existence of feedbacks between thermal-hydraulic 
parameters and neutron kinetics parameters. However, with the noticeable exception of the Dodewaard BWR 
nuclear plant (in operation till 1999 in Netherlands), all thermal-hydraulic parameter values in all NPP are controlled  
 
 

 
 

Figure 24: OECD /NEA/NSC, VVER-1000 CT Benchmark: Normalized Axial Power distribution at Steady 
State Before the Transient Start. 
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Figure 25: OECD /NEA/NSC, VVER-1000 CT Benchmark: Normalized Radial Power distribution at Steady 
State Before the Transient Start 

 
 

by the operation of pumps (MCP, see also above). Therefore, “forced” circulation thermal-hydraulic parameters are 
expected to impact neutron kinetics parameters. The un-availability of pumps, needed condition for natural 
circulation, is (unavoidably) associated with scram and scram stops the fission reaction. Therefore, natural 
circulation and neutron kinetics have no connection during the nominal operation of nuclear reactors and in all cases 
when reactor scram occurs and is effective. 
 
Notwithstanding the above, there are situations where natural circulation and neutron kinetics may interact: 
 
• Case of new reactors, for instance SBWR (Simplified BWR), where operational conditions are designed in 

natural circulation, e.g. ref. [36]. 
• Stability in BWR: this constitutes the subject of a specific lecture in the present Course, ref. [37]. 
 

 

 
 

Figure 26: OECD /NEA/NSC, VVER-1000 CT Benchmark: Normalized Errors in Predicting Radial Power 
distribution at Steady State by the RELAP5/PARCS Calculation. 
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Figure 27: OECD /NEA/NSC, VVER-1000 CT Benchmark: Transient Prediction by UNIPI and Comparison with 

Experimental Data. Right) Pressurizer Level;  Left) Pressure Increase Across the Affected Main Coolant Pump. 
 
 
 

• Occurrence of ATWS (Anticipated Transient Without Scram) when the trip of MCP is successful, e.g. ref. [38]. 
• Occurrence of boron dilution: a boron diluted plug can be formed in the loop seal of existing PWR and, during 

the course of a typical small break LOCA, the phenomenon of restart of natural circulation (consequence of the 
loop refill) may cause the diluted boron plug to reach the core where a return-to-criticality is in principle 
possible, e.g. ref. [39]. 

• Occurrence of RIA (Reactivity Initiated Accident) type transients at shutdown conditions including the rod 
ejection.    

 
Furthermore, in a broader sense, interaction between natural circulation and neutron kinetics comes from the 
operation of PWR steam generators that shall be considered natural circulation systems.  

 
 
 

 
 

Figure 28: OECD /NEA/NSC, VVER-1000 CT Benchmark: Core Power predicted by Various 
Participants (preliminary result, ref. [35]). 
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6. CONCLUSION 
 

Evaluation of the nuclear power plant performances during transient conditions has been the main issue of safety 
researches since the beginning of the exploitation of nuclear energy. Until recent years most of the safety analyses 
were successfully performed using thermal-hydraulics system codes. However, these codes cannot afford situations 
where complex feedback exists between core neutron kinetics and thermal-hydraulics or when asymmetric 
phenomena are involved. Nowadays, significant improvements of computer technology made possible the switch to 
new generation of computer codes, thus making possible the direct modeling of the interaction between the neutron 
kinetics and the thermal-hydraulics phenomena using the coupled codes calculation method. This technique consists 
in incorporating three-dimensional kinetic modeling of reactor core into thermal-hydraulic system codes. Benefits of 
such technology are expected for the industry, regulatory and licensing bodies. More in particular, relaxation of 
safety margins is expected without compromising the NPP safety, allowing higher operating power and extended 
fuel cycles.  
 
The present document covers the framework of important international activities including the OECDE/NEA 
benchmarks, the EC-CRISSUES and VALCO projects, as well as the IAEA program aiming at characterizing the 
capabilities, validation, and use of coupled codes techniques in simulating realistically complex transients in NPP. 
Three examples of application are considered involving three different transients in PWR, BWR, and VVER NPP. 
In two of those cases measured plant data are available.  
 
Results from the coupled RELAP5/PARCS code have been principally considered. The neutron kinetics code 
(PARCS) is abased upon the solution of diffusion equations by the nodal method with two neutron energy groups 
and specified cross sections depending upon the fuel and coolant temperature. The thermal-hydraulic code 
(RELAP5) is based upon the solution of the two-fluid equations of mass, momentum and energy balance, supported 
by appropriate closure relationships.  
 
The presented approach involving the use of the coupled code should be considered of best-estimate type: results are 
unavoidably affected by errors and uncertainty and sensitivity analyses must be performed in order to quantify the 
errors and possibly to identify the origin of the observed discrepancies. This could be done by considering the “GRS 
method” (Germany) or by the CIAU method developed at UNIPI, e.g. refs. [24], [40] and [41]. 
 
Outcomes from the documents can be summarized as follows: 
 
• The two energy group diffusion equations accuracy is quite good for “common/typical” transients. However, 

better solutions should be obtained with more sophisticate techniques, including Monte Carlo and detailed 
neutron transport or multi-group diffusion equations and multidimensional cross section tables to get more 
realistic flux distribution.  

• Constitutive models used to determine the evolution of the two-phase mixture, being mostly developed under 
steady state conditions, should be made ‘more adapted’ for the simulation of transient situations with main 
reference to empirical correlations connected with the feedback between thermal-hydraulic and kinetic (e.g. the 
sub-cooled boiling heat transfer coefficient).  

• 3-D nodalizations for the core or the vessel regions should be qualified based on proper sets of experimental 
data, as needed for Best Estimate simulation of phenomena like pressure wave propagation and flow 
redistribution in the core.  

• The importance and the need for uncertainty evaluations for coupled codes predictions should be clear based on 
a number of reasons discussed in this work. Therefore, uncertainty must be connected with any prediction.  

• The availability of proper computational resources should encourage the modeling of individual assemblies: this 
appears possible within the neutron kinetics area and may require some effort in thermal-hydraulic area namely 
when large number of channels constitutes the reactor core.  

• Care is needed when specifying spatial mapping between thermal-hydraulic and kinetic nodes of the core 
models, especially when asymmetric core behavior is expected or when phenomena affecting a single a limited 
number of fuel assemblies are important.  

• Finally, the industry and the regulatory bodies should become fully aware about the capabilities and the 
limitations of the coupled code techniques. 

 
Nevertheless, further and continuous assessment studies and investigations should be performed to enhance the 
degree of the Best Estimate simulations and consequently to improve the understanding of safety issues and the 
design/operating conditions of nuclear reactors, definitely putting the basis for advancing the nuclear technology. 
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