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ABSTRACT

This paper presents the results of system thermalhydraulic code using the sub-channel
analysis approach in predicting the Neptun boil off experiments. This approach will be
suitable for further works in view of coupling the system code with a 3D neutron kinetic one.
The boil off tests were conducted in order to simulate the consequences of loss of coolant
inventory leading to uncovery and heat up of fuel elements of a nuclear reactor core. In this
framework, the Neptun low pressure test N°5002, which is a good repeat experiment, is
considered. The calculations were carried out using the system transient analysis code
Relap5/Mod3.2. A detailed nodalization of the Neptun test section was developed. A
reference case was run, and the overall data comparison shows good agreement between
calculated and experimental thermalhydraulic parameters. A series of sensitivity analyses
were also performed in order to assess the code prediction capabilities. The obtained results
were almost satisfactory, this demonstrates, as well, the reasonable success of the “sub-
channel analysis” approach adopted in the present context for a system thermalhydraulic code.

1 INTRODUCTION

Recent progress in computer technology has increased the possibilities for code
calculations in predicting realistically transient scenarios in nuclear power plants.  In this
context, several attempts have been engaged in order to enlarge the domain for code
application, and to allow best estimate core simulation including interaction effects between
neutronics and thermalhydraulics. Actually, important research activities have been completed
or are in progress aiming at coupling thermalhydraulic system with neutron kinetics codes.
The main aim of this study is to assess the degree of success in using system code as a sub-
channel code for the analysis of transients in nuclear reactors. This may constitute a
fundamental step of a 3D-core simulation approach in view of coupling the system code with
a 3D neutron kinetic code. The paper discusses the results of the application of
Relap5/Mod3.2 as a sub-channel code in predicting the Neptun test facility boil off
experiments [1]. The experiments were conducted  to investigate the mixture level decrease
and heat-up of the uncovered rods for conditions simulating a nuclear reactor small break loss
of coolant accident leading to a core uncovery. The Neptun boil off experiment constitutes
one of the separate effects test (SET) in the OECD/CSNI matrix for thermalhydraulic code
validation related to phase separation, and vertical flow “with or without mixture level”[2]. In
this framework, the Neptun test N°5002, which is a good repeat experiment, is considered.
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This experiment was carried out at low pressure and low power levels, hence the drying out of
the heated elements is expected to occur at very low coolant flow rates. These particular
operating conditions are suitable to check the reliability of the adopted system code. In fact,
previous attempts using older versions of the code were unsatisfactory in predicting the
selected experiment with acceptable accuracy [3] and [4]. For this purpose a reference code
run based on detailed nodalization including sub-channel modeling of the test section, has
been performed. The calculated results are compared with the experimental ones. This is
followed by sensitivity analyses in order to characterize the reasons of discrepancies between
measured and calculated trends [5].

2 DESCRIPTION OF THE NEPTUN TEST FACILITY AND EXPERIMENT

2.1 Test Facility

The Neptun bundle arrangement corresponds to a section of the loft nuclear fuel
bundle [3]. It was designed for low-pressure reflood experiments, as well as to simulate
nuclear reactor small break loss of coolant accident leading to an uncovery of the core. The
Neptun test bundle consists of 33 electrically heated rods and 4 unheated guide tubes placed
in an octagonal inconel 600 housing (Figure 1). Eight evenly spaced measurement levels are
located along the bundle length. At these levels local fluid temperature, pressure, and
differential pressure are measured. The instrumentation also allows the measurement of the
cladding surface temperature of each rod. For the central ones LOFT-type external surface
thermocouples are added. The rods are maintained in their position by five, equally distanced,
spacer grids.  The heater rods have an active length of 1680.0 mm and an outer diameter of
10.72 mm, while the guide tubes have an outer diameter of 13.87 mm. The cosine axial power
distribution is obtained by an inner kanthal heater rod of axially changing diameter.

Figure 1: Neptun test bundle configuration.
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2.2 Test Procedure

In the present framework, low-pressure test number 5002 is chosen. the experiment is
performed at a constant pressure, the control system is set to maintain a  pressure level of
approximately 1.1 bar. The test section is filled to its top with stagnant water at quasi-zero
subcooling degree. all the heater rods and guide tubes are initially kept at the saturation
temperature of water. At a certain pre-established time, when the desired steady state
conditions in the test section are reached, the power is turned on from zero to the full-desired
value of about 24.6 kw over a short time (≅16 s). This power is kept at this level until the end
of the test, when the maximum rod temperature reaches 850°c.

2.3 Experimental Results

When the power is turned on after 50.0 s of steady state, the saturated liquid in the test
section begins to boil-off in responses to the heat input. large voids are formed, and a certain
amount of water inventory is immediately expelled from the test section during a short time.
as the upper parts of the test section are uncovered, heat up of the rods is initiated. the
measured rate of temperature increase depends on the axial location of the power distribution.
as soon as the maximum rod temperature reaches 850°c, the power supply system is shut off.
after that time, the heated element temperatures begin to decrease thanks to radiation heat
transfer. The course of the main thermalhydraulic parameters during the experiment number
5002 are shown in Figure 3 [3]. This figure displays histories of the core power, the core total
pressure drop, and typical response of the heater rod thermocouples.

Figure 2: Neptun system response to heat input experiment 5002.
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3 CODE AND MODELING DESCRIPTION

The Relap5/Mod3.2 [6]code has been used in the present study to simulate the
thermalhydraulic phenomena of the Neptun boil off experiment number 5002. In the present
work a detailed test section nodalization is adopted. This nodalization includes sub-channel
modeling in order to take multidimensional effects related to heat exchanges between the rods
themselves and the ambient into account. Each of the 37 subchannels rods of the test section
is hydraulically and thermally modeled. The developed nodalization allows the simulation of
local phenomena close to the boundaries of validity ranges of the used code. The sketch of the
Neptun facility test section nodalization is shown in Figure 3.

Figure 3: Sketch of the Adopted Nodalization for the Neptun Test Section.

4 COMPARISON BETWEEN EXPERIMENTAL AND REFERENCE
CALCULATION RESULTS

The main calculated results are summarized, in comparison to the experimental ones, in
Table 1. Only minimum and maximum values are presented. Indeed, these parameters can be
related either to central rods (as Rod 120), to peripheral rods with one side area of heat
exchange with the housing (as Rod 111), or finally to peripheral corner rods with two housing
sides area of heat exchange (as Rod 135). The overall data comparison is outlined below.
- Generally, in all the cases, steady state is well calculated by the code. On the other hand,
good agreements between the calculated and the experimental results are observed during the
transient. Figure 4 displays the test section pressure drop curve, which is the main critical
quantity during this experiment. This parameter is well predicted by the code calculations.
The differences at the beginning of the transient (50 to 70 s) are due to the fact that the liquid
is assumed to be at saturation temperature when the power is turned on. Hence, the calculated
pressure drop falls immediately after that time. After the aforementioned time interval the
pressure drop (and consequently the calculated collapsed liquid core level and the amount of
expelled water out of the test section) is quantitatively well predicted.
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Table 1: Experimental and Relap5/Mod3.2 Base case output data

Level Experimental
CHF time

occurrence (s)

Calculated
(Min/Max)

CHF time occurrence (s)
2
3
4
5
6
7
8

535.0
353.6
274.0
231.5
197.0
185.7
170.1

560.0/560.0
361.0/366.0
270.0/273.0
212.0/216.0
176.0/188.0
169.0/192.0
170.0/192.0
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              Figure 4: Base Case calculated and experimental Pressure drop (Rod 111).

- For the CHF occurrence time along the heated length (See Figure 5 to Figure 8, and Table
1, results for Rod 111), the code predictions agree with the experimental data. Reasonable
accuracy is obtained in this case for all the axial nodes. We can notice also on these figures
(Figure 6 to 10), that discrepancies between the predicted and experimental axial nodes
maximum temperatures are less than 18%. These ones seem to be affected by the real position
of the thermocouple and the code node axial position. The discrepancies between
experimental and calculated rod surface temperature became more pronounced after the
temperature peak time occurrence. These discrepancies can be reduced when the radiation
model of the code is used.
- An overview of the above figures shows that throughout the nucleate boiling regime
calculated surface temperature matches well with the experimental ones.
- Figure 9 displays typical temperature histories of rods (Rod 120), (Rod 111), and (Rod
135). Differences between these temperatures profile are due to air natural convection heat
exchange (Heat losses) between the housing and the ambient outside the test section.
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Figure 5: Base Case calculated and experimental rod temperature (Rod 111)
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Figure 6: Base Case calculated and experimental rod temperature (Rod 111).
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    Figure 7: Base Case calculated and experimental rod temperature (Rod 111).
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Figure 8: Base Case calculated and experimental rod temperature (Rod 111).
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Figure 9: Base Case calculated rod temperature for different nodes in the test
section.

5 SENSITIVITY ANALYSES

In order to check the code prediction capabilities related to the Neptun experiment, a
series of sensitivity analyses are performed. These evaluations are based on uncertain
thermalhydraulic parameters test facility, as well as initial and boundary operating conditions.
Considering the reference calculations, the sensitivity analyses are carried out by altering
some parameters that are mostly related to the CHF and maximum temperature predictions.
From the overall data summary, it can be pointed out that computed data envelops the
experimental one throughout the major part of the transient time span (see Figure 10). Indeed,
the maximum rod temperature ranges from 722°C to 891°C. On the other hand the CHF time
occurrence ranges from 253 s to 343 s.
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The results of the sensitivity analysis give an idea of the uncertainty that can be associated
with the performed reference calculation. On the whole, the results show typical uncertainty
bands that are expected in the prediction of the boil off phenomena at low pressure in typical
nuclear power plant situations. Namely the error range is consistent with those predicted by
the recent uncertainty method proposed by the University of Pisa (Internal Assessment of
Uncertainty [7]).
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Figure 10: Uncertainty bands (typical) derived from the sensitivity study: surface
temperature for rod 111.

6 CONCLUSION

An assessment study of a system thermalhydraulic code was performed in the
framework of enlarging the domain for code application in predicting complex transients in
nuclear reactors. In fact, it is now feasible, thanks to recent progress in computer technology,
to incorporate full three-dimensional models of the reactor into system transient codes. In this
context, the system thermalhydraulic code Relap5/Mod3.2 was used as a sub-channel code
for the simulation of the low-pressure boil off experiment of Neptun test facility. A reference
calculation based on a detailed nodalization reproducing hydraulically and thermally each of
the test section rods was carried out.

On the whole, the performed calculations predict with reasonable accuracy all the
thermalhydraulic parameters, such as the collapsed liquid level, CHF time occurrence, and
heaters surface temperature that have been made available from the experiment.

The sensitivity runs showed how the expected overall code accuracy, in predicting the
CHF time occurrence as well as the maximum temperature, is affected by initial and
boundary conditions. The resulting error bands are those typically expected from
thermalhydraulic system code application to Nuclear power plant transient analysis (Chapter
5 and ref. [7]). More accurate results are expected if the surface to surface radiation heat
transfer model and cross flow between the nodes of the test section, are considered.

The overall analysis confirms, with reasonable success, the possibility of using the
Relap5/mod3.2 system thermalhydraulic code as a sub-channel code to predict the evolution
of relevant local quantities measured during a ‘relevant’ experiment.
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