
Proceedings of the 13th International Conference of the Croatian Nuclear Society 

Zadar, Croatia, June 5 – 8, 2022    Paper No. 140 

140-1 

 
Simulation of the OECD/NEA Rod Bundle Heat Transfer (RBHT) 

Benchmark with RELAP5 
 

Alessandro Del Ferraro, Domenico De Luca, Marco Cherubini, Alessandro Petruzzi 

Nuclear and INdustrial Engineering (NINE) 

Via della Chiesa XXXII 759, Lucca, Italy 

a.delferraro@nineeng.com, d.deluca@nineeng.com, m.cherubini@nineeng.com, 

a.petruzzi@nineeng.com 

ABSTRACT 

The OECD/NEA RBHT (Rod Bundle Heat Transfer) Project is an International three-year 

NEA Joint Project whose objective is to conduct new experiments and evaluate system hydraulics 

and sub-channel codes in the simulation of reflood tests. Such tests are performed in a full height 

rod bundle facility equipped with advanced instrumentations capable to measure the real-time 

droplet field, cladding and steam/fluid temperatures, water carryover fraction and pressure drops. 

The test matrix encompasses both steady and oscillatory reflood inlet flow conditions. Within the 

RBHT project, a challenging benchmark exercise is conducted, including an open and a blind test 

phase providing a unique opportunity to project’s participants to validate codes and nodalization 

techniques. This paper presents a validation study of the RELAP5 code on the RBHT open test 

series. The simulations’ results generally well agree with the measured data, according to the 

accuracy metrics proposed by the benchmark team. A larger discrepancy is detected for 

experimental tests characterized by higher flooding rates with low subcooling degree. Several 

model’s parameters have been investigated including also different nodalization schemes to 

characterize the impact on the predicted results during the sensitivity analysis. 
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1 INTRODUCTION 

Reflood heat transfer and rod bundle thermal-hydraulics have been extensively studied since 

the 1960s, with the aim to demonstrate the effectiveness of the emergency core cooling system 

(ECCS) during a postulated design basis accidents (DBAs) such as loss of coolant accident 

(LOCA). The objective of the OECD/NEA RBHT Project [1] is to provide experimental data for the 

evaluation and validation of system/subchannel codes during reflood conditions. At the end of the 

benchmark open phase, participants are expected to compare their numerical solutions with the 11 

experimental tests characterized by different reflood conditions using several system/subchannel 

codes. 

This paper compares RELAP5 predicted results, obtained at NINE, against experimental 

measured data from the NRC/PSU RBHT facility to investigate possible code models 

improvements and developments. 

Following a description of the RBHT facility and open tests matrix is provided, then the 

RELAP code and the simulation models (SM) are briefly described in section 3. Finally, the results 

and conclusions are presented, respectively, in section 4 and 5. 
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2 NRC/PSU RBHT BENCHMARK 

2.1 Test Facility 

The NRC/PSU RBHT test facility is designed to conduct thermal-hydraulic separate effects 

tests in a rod bundle geometry with advanced measurement capabilities. Figure 1 shows a schematic 

diagram of the RBHT test facility. The major components are: 

• A test section consisting of a lower plenum, a flow housing containing the rod bundle and 

the upper plenum; 

• Injection water (liquid and steam) systems; 

• Carryover tanks, steam separator, pressure oscillation damping tank and steam exhaust 

piping. 

 

The test section consists of 7 x 7 full length (3.66 m) rods bundle with 45 electrically heated 

rods and 4 unheated rods (corner rods) contained in a square flow housing made of Inconel 600. 

The heated rods have a diameter of 9.5 mm, and the rod pitch is 12.6 mm. The bundle has a uniform 

radial power distribution and a top-skewed axial linear profile with the peak power at 2.74 m 

(power peaking ratio of 1.5). The rod bundle has seven mixing vane grids with a similar design of 

those in a PWR 17 x 17 fuel assembly. The test section is highly instrumented to measure rods 

temperature (256 thermocouples distributed at different axial positions to get a quench profile along 

the bundle), droplets size and velocities, spacer grid temperatures, steam temperatures, bundle 

pressure drop distribution, flow housing wall temperatures. Detailed description of each facility 

component and instrumentation can be found in [2], [3], [4] 

 

 

Figure 1: Configuration of the RBHT Test Facility 

 

2.2 Open Phase Test Matrix 

In the framework of the RBHT project, 11 open tests were performed. The open phase test 

matrix with the designed boundary conditions for each test is presented in Table 1. The main 

differences in the boundary conditions are related to the nominal flooding rate (constant, oscillating 

or step-down), the inlet liquid subcooling and the peak power. For all the tests, before reflood start 

(t=0), the rod bundle and flow housing were preheated to a specified temperature. Then the bundle 

power is quickly ramped to the nominal value and the peak clad temperature is monitored for the 

target temperature to start reflood injection. 

 



 

140-3 

Table 1: Open Phase Test Matrix with Designed Boundary Conditions 

Test ID 
U.P. Pressure 

[kPa] 

Flooding Rate 

[cm/s] 

Inlet Subcooling 

[K] 

Peak Power 

[kW/m] 

9021 275.8 2.5 10 1.31 

9026 275.8 2.5 80 1.31 

9015 275.8 15.0 10 2.30 

9014 275.8 15.0 80 2.30 

9005 275.8 5.0 10 1.31 

9027 275.8 2.5 30 1.31 

9012 275.8 2.5 (Sinusoidal) 10 1.31 

9011 275.8 8, 5, 3, 1.3, 1.14 25 1.31 

9043 275.8 0.5 2.8 0.32 

9029 275.8 2.54 47 2.00 (Decay) 

9037 275.8 0.246 10 1.31 

 

2.3 Figures of Merit 

Several parameters have been chosen, as Figures of Merit (FoMs), to characterize the 

experiments and provide metrics for the comparison between measured and predicted results. Two 

types of metrics have been proposed: punctual and time dependent. Table 2 presents the punctual 

FoMs with the corresponding degree of agreement used to characterize the performance of the code 

simulation. 

 

Table 2: Punctual FoMs and Metrics 

Characterization 
PCT 

ΔT [K] 

PCT Elevation 

Δz [cm] 

Quench 

Time 

Δt [s] 

Mass Bundle 

Fraction 

ΔMB [%] 

Carryover 

Fraction 

ΔCO [%] 

Exhaust Steam 

Fraction 

ΔSE [%] 

Excellent <10 <5 <10 <1 <1 <1 

Good <30 <10 <20 <10 <10 <10 

Fair <100 <30 <50 <30 <30 <30 

Poor >100 >30 >50 >30 >30 >30 

 

In addition to the punctual FoMs, the following time dependent FoMs have been considered: 

• Rod surface temperature at 2.69 m and 2.89 m 

• Rod heat transfer coefficient at 2.69 m and 2.89 m 

• Steam temperature at 2.93 m 

• Flow housing wall temperature at 1.56 m, 2.3 m, 2.8 m 

• Bundle pressure drop 

• Droplet size 

• Carryover fraction 

• Exhaust steam mass flow rate 

 

3 SIMULATION MODELS 

3.1 RELAP Simulation Model 

3.1.1 Introduction to RELAP system code 

The RELAP5/MOD3.3Patch05 code has been developed for best-estimate transient 

simulation of light water reactor coolant systems during postulated accidents. The code models the 

coupled behavior of the reactor coolant system and the core for loss-of coolant accidents and 



 

140-4 

operational transients such as anticipated transient without scram, loss of offsite power, loss of 

feedwater, and loss of flow. 

The RELAP5 hydrodynamic model is a one-dimensional, transient, two-fluid model for flow 

of a two-phase steam-water that can contain non condensable components in the steam phase and/or 

a soluble component in the liquid phase. The two-fluid equations of motion that are used as the 

basis for the RELAP5 hydrodynamic model are formulated in terms of volume and time-averaged 

parameters of the flow. Phenomena that depend upon transverse gradients, such as friction and heat 

transfer, are formulated in terms of the bulk properties using empirical transfer coefficient 

formulation. The code includes many generic component models from which general systems can 

be simulated. The components models include pumps, valves, pipes, junctions, heat structures, 

reactor point kinetics, control system components etc. 

Heat structures provided in RELAP5 permit calculation of the heat transferred across solid 

boundaries of hydrodynamic volumes. Modeling capabilities of heat structures are general and 

include fuel pins with nuclear or electrical heating, heat transfer across steam generator tubes, and 

heat transfer from pipe and vessel walls. Heat structures are assumed to be represented by one-

dimensional heat conduction in rectangular, cylindrical, or spherical geometry. Radiation heat 

transfer can be accounted in a simulation only among heat structures.  

A two-dimensional heat conduction scheme is used in the reflood model for cylindrical heat 

structures. Included with the two-dimensional heat conduction scheme is a fine mesh-rezoning 

scheme. 

A detailed description of the reflood heat transfer modelling can be found in the code 

description [5].  

No special model for the grid’s behavior simulation works correctly in this code version. 

 

3.1.2 Reference RELAP simulation model for RBHT facility 

The axial and radial details of the RBHT SM are shown in Figure 2. 

 

 

 

Figure 2: RBHT Reference Simulation Model Schematization 
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The RBHT test section is modelled using a one-dimensional PIPE component (#300) divided 

into 70 almost equally spaced hydrodynamic volumes. The lower plenum (#200) and the upper 

plenum (#475) are simulated using a BRANCH and a PIPE component respectively, each of them 

connected to a TIME DEPENDENT VOLUME component (#100 and #500). The inlet mass flow 

into the test section is simulated by means a TIME DEPENDENT JUNCTION (TMDPJUN #150). 

The component #500 is used to impose the outlet boundary condition setting the nominal pressure 

for each experiment. 

The spacer grids are simulated by means of hydraulic volumes characterized by a reduced 

flow area calculated from the provided blockage ratio [3]. The pressure losses at the grid spacers are 

considered as form loss with a constant coefficient. 

The heated rods are modelled using 5 heat structures (HS). Heated rods are grouped based on 

a view factors analysis (right side of Figure 2, each HS represented by different color). The 5 

equivalent HS are axially subdivided as the test section channel (i.e. 70 meshes), while radially are 

characterized by 21 mesh points to cover the following 3 different concentric regions/materials: 

• Inner region: Monel 500 

• Central region: Boron Nitride 

• Outer region: Inconel 600 

 

The corner rods and the flow housing wall are simulated with two unheated heat structures 

made of Inconel 600, keeping the same radial and axial subdivision of the active rods. 

Heat losses are simulated imposing a constant (and equal for all the experimental tests) heat 

transfer coefficient at the outer side of the flow housing wall, whose value is based on the 

preconditioning phase power balance. The environment temperature is assumed equal to 300 K. 

The radiation model, with an enclosure that includes the 5 heated HSs, the corner rod HS and 

the flow housing wall HS, is activated by the definition of a 7 by 7 view factor matrix for the 

mentioned heat structures. Moreover, the surface emissivity is assumed equal to 0.7 for all HS 

contributing to the radiation heat transfer. 

The KNF reflood model has been activated with a maximum number of axial mesh-rezoning 

equal to 32. 

The ORNL ANS interphase friction model has been applied in all the simulations. 

The preconditioning phase is simulated considering as steady state conditions the 

experimental data just before the bundle power ramp turned off. In fact, each reflood test is not 

preceded by a typical steady state conditions rather by a preconditioning phase, aimed at setting the 

facility in a certain TH condition. Not all the experimental preconditioning phase is simulated, 

rather an attempt to achieve a temperature distribution within the steam and the different structures, 

consistent with the experimental data just before the rod bundle power is turned off, is made. To 

achieve a reasonable temperature distribution a simulation lasting 3000 s is run, after that all the 

phases characterizing each experiment are simulated, namely the phase in which the bundle power 

is turned off; the phase with the bundle power ramp and finally the phase that includes the starting 

of the reflood which occurs when the set-point peak cladding temperature corresponding to each 

test is reached. 

 

3.1.3 Multichannel RELAP simulation model for RBHT facility 

Several sensitivity simulations have been performed with the aim of characterizing the code 

response when different code model options and discretization schemes are considered. Hereafter, 

only the sensitivity on the nodalization is discussed. 

To assess the effect of increasing the SM details, a sensitivity analysis in which the test 

section is represented by using a 3-channels approach has been conducted (Figure 3). In this 

nodalization, the test section is simulated with three PIPE components equivalent to three 

concentric hydraulic channels connected with crossflow junctions at each axial level. Such radial 

subdivision is also kept to model the first part of the upper plenum. 
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The multichannel model has been developed with the twofold aims to achieve more accurate 

TH conditions before the start of the reflood capturing a possible radial steam temperature 

distribution, and to assess how the crossflow between the central (hottest) and lateral (colder 

because closer to the flow housing wall) zones can affect the transient results. 

 

 

Figure 3: RBHT Sensitivity Simulation Model Nodalization – Identification of the 3-Channels 

along the Radial Direction 

4 RESULTS 

4.1 RELAP Results and Discussion 

The obtained results are presented in the next two paragraphs addressing both punctual and 

time dependent Figure of Merits (FoMs). In section 4.1.1 the punctual FoMs results of the reference 

SM for all the open tests are summarized, instead, for the sake of brevity, time dependent results for 

only three experiments (O-1, O-3, O-8) are presented in section 4.1.2, also including the 

comparison with the multichannel SM results. All the results presented in this paper are in 

dimensionless form to meet the OECD/NEA RBHT project requirements. 

 

4.1.1 Punctual FoMs and Metric 

Table 3 provides with the comparison between reference simulation and experimental 

Punctual Metric FoMs in which nominal values (i.e. without measurement uncertainty) are 

considered. For an easier analysis of the results, scatter plots are provided in which the excellent, 

good and fair agreement (as indicated in the technical specification) is indicated, by the green, 

yellow and red area.  

For most of the tests, the predicted PCT (Figure 4) is slightly underestimated (though 

remaining in the yellow area) with an outlier exception, test O-9, that falls outside the red area (poor 

agreement).  

The PCT elevation is always well predicted (just 1 cm of discrepancy which is in the same 

order of the HS axial discretization) except for tests O-4 and O-5 (Table 3).  

Regarding the quenching time (Table 3 and Figure 5), better results for rod D4 at peak power 

elevation are obtained, generally, for the low flooding rate tests. On the contrary, the worst results, 

taking also into account the transient time duration, are computed for the test O-3 (high flooding 

rate test). 

The punctual metric FoMs related to the mass balance at the time when the quenching occurs 

at the peak power elevation shows a general over-prediction of the carryover and an 

underestimation of both steam exhaust fraction and mass bundle storage fraction (see Figure 6 to 

Figure 8). 
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Table 3: Punctual Metric FoMs 

Test 
PCT 

Err [%] 

PCT  

Elevation 

Err [%] 

Quench Time  

at Peak Power Elev. 

 Err [%] 

Mass Bundle  

Fraction  

Err [%] 

Carryover  

Fraction 

Err [%] 

Exhaust Steam 

 Fraction 

 Err [%] 

O-1 -1.7 0.4 -1.1 -44.1 90.8 -20.9 

O-2 -2.6 0.4 6.7 -37.9 103.1 -18.9 

O-3 -2.3 0.4 -58.4 -40.3 8.1 -1.9 

O-4 -1.3 6.3 -14.9 -47.8 38.2 -19.7 

O-5 -3.2 6.3 -17.1 -47.5 41.2 -22.6 

O-6 -0.5 0.4 4.4 -44.1 86.5 -17.2 

O-7 0.8 0.4 18.2 -49.0 54.4 -7.1 

O-8 -3.7 0.4 -13.3 -31.9 139.0 -8.1 

O-9 -10.0 0.4 -16.8 1.5 -80.0 -0.4 

O-10 1.8 0.4 0.2 -33.5 103.5 -23.3 

O-11 -2.4 0.4 -17.2 -48.7 39.3 -20.5 

 

 

 

Figure 4: Comparison between 

measured and reference predicted PCT – all 

tests 

 

Figure 5: Comparison between 

measured and reference predicted Quench 

Time – all tests 

 

 

 

Figure 6: Comparison between 

measured and reference predicted CO 

Fractions – all tests 

 

Figure 7: Comparison between 

measured and reference predicted SE 

Fractions – all tests 
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Figure 8: Comparison between measured and reference predicted 

MB Fractions – all tests 

 

 

4.1.2 Time Dependent FoMs and Metric 

The comparison between the reference and the sensitivity SM results against three selected 

open tests is presented in this section. The selected tests are characterized by different flooding rate: 

• O-1 - Low flooding rate 

• O-8 - Stepwise flooding rate 

• O-3 - High flooding rate  

For each test, the following time dependent FoMs are shown and briefly discussed: 

• Cladding temperature at 2.69 m, rod D4 (Figure 9) 

• Cladding temperature at 2.89 m, rod C5 (Figure 10) 

• Heat transfer coefficient (HTC) at 2.69 m, rod D4 (Figure 11) 

• Heat transfer coefficient (HTC) at 2.89 m, rod C5 (Figure 12) 

• Quench front propagation (Figure 13) 

• Steam temperature at 2.93 m (Figure 14) 

• Exhaust steam mass flow rate (Figure 15) 

• Bundle pressure drop (Figure 16) 

• Shroud surface temperature at 2.75 m (Figure 17) 

 

Time zero in the provided plots corresponds to the reflood start. For ease of description, the 

results of the reference SM (blue color curves) against experimental results are firstly discussed, 

then the improvements obtained with the sensitivity SM (green color curves) will be presented. 

The cladding temperature at 2.69 m is generally well reproduced in the simulations (Figure 9), 

except for test O-3 where the calculated cladding temperature quenches much earlier than in the 

experiment, because the Simulation Model is not able to capture the temperature plateau in the test 

characterized by a high flooding rate and hence by high droplet entrainment. Low flooding rate tests 

with constant inlet mass flow (test O-1 has been chosen as example in this paper) present, generally, 

excellent/good results in terms of PCT, quench time and overall cladding temperature time trends, 

which are in good agreement with the experimental data. Major problems have been found, as 

mentioned above, in the high flooding rate tests (O-3 and O-4), especially with a low subcooling 

inlet mass flow (test O-3). 

Similar consideration to those made for the cladding temperature at 2.69 m elevation are 

applicable to the same parameter at 2.89 m elevation (thermocouple located just above grid #6). The 

main difference is the general overestimation of the cladding temperature during the transient 

(mainly for high flooding rate tests, see Figure 10) due to the lack in the SM of a grid rewet model 

that would enhance the heat transfer between rods and fluids. 

The HTCs at 2.69 m and 2.89 m (Figure 11 and Figure 12) are consistent with consideration 

already made about the cladding temperature results at these elevations. For low flooding rate tests, 
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the HTCs are well reproduced, while for test O-3 there is a quite large anticipation of the quench 

time. 

The RELAP5 quench front propagations are in good agreement with the experimental ones 

for all the low flooding rate tests, with a slightly anticipated quench time for most of the heated 

length below the peak power elevation. Tests with high inlet mass flow rate ended up, instead, with 

a greater discrepancy trend showing a generalized early quench in respect to the experimental front 

progression (Figure 13). 

Due the RELAP5 code features, the comparison between measured and calculated steam 

temperature in meaningful until thermocouple rewets, which occurs almost immediately after the 

start of reflood in the test O-3. Bearing this in mind, the predicted steam temperatures for the low 

flooding rate tests is quite close to the experimental data (Figure 14). 

Regarding the exhaust steam mass flow rate (Figure 15), for most of open tests, there is an 

initial deviation (larger for the high flooding rate tests) with the simulated steam mass flow rate 

generally underestimated. This should be partly related to the lack of the grid enhancement heat 

transfer model that would have increased the steam generation rate, mainly in the first phase of 

transient. 

The rod bundle pressure drop has been predicted, for most of the open tests, with a general 

acceptable agreement in the initial phase of the transients, after which, mainly in low/intermediate 

reflood tests the calculate bundle pressure drop flattens resulting in a general underestimation (test 

O-1 and test O-8 in Figure 16) and highlighting a liquid carryover over-prediction. 

Regarding the flow housing wall temperature at 2.75 m. the reference SM does not provide 

satisfactory results, a higher heating up is generally obtained. The reason for these discrepancies 

(mainly the initial higher heating up) is the limitation of the 1-channel model approach (Figure 17). 

Analyzing the comparison between reference and sensitivity SM results some general 

considerations can be made. The steam temperature in the inner channel is generally higher in the 

sensitivity calculation in respect to the reference simulation, starting with an initial value close to 

the experimental data, which results in a higher PCT for all the open tests. The flow housing wall 

temperature is in better agreement with the experimental data, due to the radial gradient of the 

steam temperature. The presented comparison highlights an additional important general 

conclusion. Namely, from a qualitative point of view both SMs provide similar results, for the three 

tests depicted in the Figures. Thus, it can be stated that a more detailed model, up to a subchannel 

simulation model, could constitute a general improvement (mainly from quantitative point of view), 

but deficiencies that occur in some tests, cannot be solved with this approach because they are 

related to lacks in the code models features (mainly reflood model, interphase friction model, grid 

model, droplets field model, etc.). 

 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 9: Rod Cladding Temperature at 2.69 m 
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Test O-1 Test O-8 Test O-3 

   
 

Figure 10: Rod Cladding Temperature at 2.89 m 
 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 11: Heat Transfer Coefficient at 2.69 m 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 12: Heat Transfer Coefficient at 2.89 m 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 13: Quench Front Propagation 

 

 

 



 

140-11 

Test O-1 Test O-8 Test O-3 

   
 

Figure 14: Steam Temperature at 2.93 m 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 15: Exhaust Steam Mass Flow Rate 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 16: Bundle Pressure Drop 

 

 
Test O-1 Test O-8 Test O-3 

   
 

Figure 17: Shroud Surface Temperature at 2.75 m 
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5 CONCLUSIONS  

In conclusion, the simulations results are generally satisfactory, especially for the low 

flooding rate tests, where the PCTs, the cladding temperatures, the heat transfer coefficients, the 

steam temperatures and the quench front propagations are in good agreement with the experimental 

data. Worse results have been obtained in tests with high/intermediate flooding rate, where quench 

occurs earlier.  

A common problem for all the open tests is the carryover overestimation, that need to be 

better investigated. 

The sensitivity analysis with a multichannel model showed improvements in terms of initial 

conditions and flow housing wall temperature during transients without completely solving the 

identified issues. 

The greater discrepancies obtained in the high flooding rate tests could be related to some 

code deficiencies, as the lack of a grid model and the lack of droplets field. 
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