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The Dip Cooler Instability (DCI) Test Facility is designed to investigate the thermal-hydraulic behavior of two
parallel bayonet tubes, and aims at supporting the characterization of the dip cooler Decay Heat Removal (DHR)
system employed in newcleo's 30 MWe Amphora-Shaped Lead-cooled Fast Reactor (LFR-AS-30).

Within the framework of newcleo's Verification and Validation (V&V) roadmap, this study presents a code-to-
code benchmark based on the pre-test model developed with the system thermal-hydraulic codes AC2-ATHLET
3.4.1 and RELAP/SCDAPSIM/MODA4.1.

Focusing on a subset of cases in the experimental test matrix, the numerical results are compared to assess the
level of agreement between the codes. The comparison highlights significant differences mainly stemming from
the determination of the heat transfer mode and from the interphase mass transfer model.

Then, the comparison with the experiments reveals discrepancies caused by the deviation of the measured wall

temperature from the setpoint, as well as by a possible underestimation of the effective thermal conductivity of
the helium gap in the numerical models. This consideration is corroborated by a preliminary uncertainty
quantification analysis performed with the ATHLET code. Future activities will focus on the post-test analyses
performed with a more detailed model of the DCI Test Facility.

1. Introduction

Lead-cooled Fast Reactors (LFRs) are considered among the most
promising next-generation nuclear technologies due to their enhanced
safety and sustainability features [1]- [2]- [3]. This vision is shared by
newcleo and represents the foundation of the design of a 30 MWe
first-of-a-kind Amphora-Shaped LFR (LFR-AS-30), planned for 2031 [4].
A conceptual sketch of the LFR-AS-30 is presented in Fig. 1a.

Decay Heat Removal (DHR) systems play a crucial role in ensuring
reactor safety during shutdown scenarios. The primary DHR system
(DHR-1) employed in the LFR-AS-30 is based on a dip cooler design,
consisting of multiple bundles of bayonet tubes immersed in the reactor
primary coolant. A conceptual scheme of a single bayonet tube is re-
ported in Fig. 1b. The use of bayonet tubes has been also conceptualized

* Corresponding author.

for the steam generator (serving also as DHR) of the ALFRED reactor [5]-
[6]. One of the options presently being investigated for the DHR-1 of the
LFR-AS-30 consists in a passive system operating at atmospheric pres-
sure: water is driven by gravity from a reservoir (positioned at an
appropriate height) toward each dip cooler heat exchanger.

Within each bayonet tube, the coolant flows downward through the
downcomer (i.e., inside the inner tube) and then upward within the riser
(i.e., in the annular gap between the inner and intermediate tube),
where it reaches saturation conditions. Regenerative heat transfer may
occur between the downcomer and the riser, especially if the inner tube
is not insulated. The gap between the intermediate and outer tubes is
filled with pressurized helium, enabling a prompt detection of possible
ruptures. The design of passive systems requires a thorough thermal-
hydraulic investigation from both the experimental and numerical
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point of view [7]. Moreover, one of the phenomena to be characterized
is the potential onset of two-phase flow instabilities [8].

Experimental facilities dedicated to passive bayonet-type DHR sys-
tems included: PROPHET, operated at Politecnico di Torino (now
decommissioned) to investigate the thermal-hydraulic behavior of a
single bayonet tube of the ALFRED DHR-2 [9]; SIRIO, operated by ENEA
to test the ALFRED DHR system using a bayonet tube bundle and a
passive power regulation mechanism based on non-condensable gas
concentration [10]; the coupled HEXACOM and COMPLOT facilities at
SCK-CEN which aimed at investigating the thermal-hydraulic behavior
of a single double-wall bayonet tube immersed in LBE and reproduced
from the MYRRHA primary heat exchanger serving also as DHR system
[11]; CIRCE LBE integral facility at the ENEA Brasimone Research
Centre, equipped with the HERO test section, which included a bayonet
tube bundle for the heat removal [12]; and the HERO-2 facility operated
by ENEA to investigate the behavior of two bayonet tubes at high
pressure [13].

Although many experimental facilities dedicated to bayonet tube
heat exchangers are available, the thermal-hydraulic performance and
instability characteristics of the LFR-AS-30 DHR-1 system under passive
operation and atmospheric pressure still require dedicated investiga-
tion. To this aim, newcleo is deploying an extensive experimental pro-
gramme aiming at investigating specific phenomena, qualifying
components and validating scientific computing tools. Overall, this
programme encompasses both Separate Effect Test Facilities (SETFs)
and Integral Test Facilities (ITFs), including Precursor, a 1:9 scaled ITF
designed to be representative of the LFR-AS-30 design. In this frame-
work, the Dip Cooler Instability (DCI) Test Facility has been designed to
fill the gap identified into the characterization thermal-hydraulic
behavior of the LFR-AS-30 DHR-1 system.

This work aims at supporting newcleo's experimental programme on
the DHR-1 focusing on the pre-test analyses of the DCI Test Facility.
Specifically, a code-to-code benchmark between the two system
thermal-hydraulic codes AC2-ATHLET 3.4.1 [14] and RELAP/SCDAP-
SIM/MODA4.1 [15] is proposed in order to highlight the main differences
stemming from the implemented numerical models. Then, a preliminary
code-to-experiment comparison is presented in order to critically
investigate the discrepancies between the yielded numerical results and
the experiments. Some of the considerations drawn from the discrep-
ancies between the experiments and the codes are supported by a
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preliminary uncertainty quantification activity performed with the
ATHLET code.

2. The DCI test facility

The Dip Cooler Instability (DCI) Test Facility, designed and built by
newcleo, is located within the Energy Department of Politecnico di
Torino. It consists of a water tank, a feedwater pipeline, a test section
and a steam pipeline. A schematic of the setup, as well as pictures of the
key components, are shown in Fig. 2. A simplified PI&D is presented in
Fig. 3, and the operating conditions are summarized in Table 1. The
experimental data presented in this work are acquired at a sampling
frequency of 2 Hz. However, provisions have been made to enable
higher sampling rates and the installation of high-frequency sensors for
the analysis of two-phase flow instabilities.

2.1. General overview

The water tank, shown in Fig. 2b, is positioned at a sufficient height
(approximately 7 m from the test section) to ensure enough gravity head
(approximately 0.7 barg) to drive the desired water flow rate. A level
sensor (LS in Fig. 3) constantly monitors the available water inventory
within the tank. To further expand the scope of the experimental in-
vestigations, the tank can be pressurized with nitrogen or air through a
dedicated pneumatic circuit. The pressure and the temperature sensors
(PS-1 and TC-1 in Fig. 3) provide information about the internal con-
dition of the tank. The desired mass flow rate is achieved by using a PID-
controlled valve located along the feedwater line, near the inlet of the
test section (see Figs. 2b and 3). With reference to Fig. 3, a Coriolis-type
sensor (FT) measures the mass flow rate within the feedwater line. The
line is also equipped with a pressure sensor before the feedwater valve
(PS-2) and a thermocouple downstream of the valve (TC-2).

The steam pipeline redirects the two-phase mixture flowing out of
the test section toward the environment. As illustrated in Fig. 3, the
steam pipeline is equipped with a pressure and a temperature sensor (PS-
3 and TC-3, respectively). Condensed water is removed by a ball float
steam trap placed along the line (as in Fig. 3), while generated steam is
released into the environment thanks to a dedicated chimney.

A first experimental campaign has been carried out according to the
test matrix which covers three types of tests:
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Fig. 1. Conceptual representation of newcleo's LFR-AS-30 reproduced from Ref. [16] (1a); conceptual representation of a single bayonet tube (1b).
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Fig. 2. The DCI Test Facility. Namely, the conceptual scheme of the facility (a), the water tank (b), the test section scheme (c), and the test section view (d).
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Fig. 3. Simplified P&ID of the DCI test facility.

Table 1
General operating conditions of the DCI Test Facility.
Min Max
Pressure (bar) 1 20
Temperature (°C) 20 650
Mass Flow Rate (g/s) 3.5 10

e A: characterization of heat losses toward the environment;
e B: characterization of steady-state behavior;
e C: characterization of the start-up phase of the DHR-1.

The activity discussed in this work focuses on the test section at
steady-state (i.e. during tests of type B) at a system pressure of 1 bar.

2.2. Test section

The test section, shown in Fig. 2¢ and d, consists of a feedwater
collector, two parallel bayonet tubes (of the type presented in Fig. 1b)
and a steam collector. The two bayonet tubes are made of AISI 316
stainless steel, with their indicative inner and outer diameters reported
in Table 2.

Under normal operating conditions, subcooled water flows down-
ward from the feedwater collector towards the two inner tubes (with a

Table 2
Indicative diameters of the bayonet tube.

Inner Diameter (mm) Outer Diameter (mm)

Inner Tube 2 6
Intermediate Tube 11 14
Outer Tube 15 20

length of 2.6 m each). An initial portion of the inner tubes runs across
the steam collector as illustrated in Fig. 2c. The regenerative heat
transfer between the steam collector and the inner tube causes pre-
heating of the coolant. As the flow reaches the bottom of each inner
tube, it turns upwards through the intermediate tube (having a length of
2.1 m), where saturated conditions are typically achieved. The two-
phase mixture flows upward and, depending on the operating condi-
tions, saturated or superheated steam reaches the steam collector.
Regenerative heat transfer also occurs between the intermediate and
inner tube as shown in Fig. 2c.

A uniform external temperature is applied to each bayonet tube using
ten PID-driven electrical heaters, coiled around the outer tube as illus-
trated in the scheme in Fig. 2¢c. The nominal power of each heater is 923
Ww.

The heated length extends for 1.9 m, and is covered with an insu-
lating jacket (see Fig. 2d) to reduce heat losses toward the surrounding
environment. Each bayonet tube features also an outer tube filled with
pressurized helium. Concentric alignment between the outer and inter-
mediate tubes is ensured by metallic spacers uniformly distributed along
the bayonet tube.

3. Numerical model

This section describes the pre-test numerical model of the DCI Test
Facility developed using the system thermal-hydraulic codes AC?-
ATHLET 3.4.1 and RELAP/SCDAPSIM/MODA4.1.

The modeling approach used in the pre-test analysis embodies sim-
plifications (especially in the application of the boundary conditions)
designed to reduce complexity while maintaining an acceptable repre-
sentativity of the facility. In both codes a two-phase equation system (6
equations model) is resolved and a total of 3600 s are simulated.
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3.1. Nodalization

The following nodalization has been chosen after a sensitivity anal-
ysis to enhance numerical stability and minimize the required elapsed
time (further details are presented in Appendix A).

With reference to Fig. 4a, the considered feedwater pipeline
(fwline4) starts from the location of the feedwater valve. The feedwater
collector, or plenum (DC.PL), at the entrance of the test section is rep-
resented with a branch. Each bayonet tube is modeled with two pipes —
downcomer (DC) and riser (RS) for tube 1 and tube 2 — while the steam
collector, or plenum (RS.PL) is represented with a branch. Flow inver-
sion is allowed thanks to the tube plena at the bottom of the bayonet
modeled as branches (PL.1 and PL.2). Three types of heat structures are
used, namely:

1. The wall coupling each inner tube on the left (or inner) side and the
steam collector on the right (or outer) side (DC.1.W and DC.2.W) to
model the regenerative heat transfer;

2. The wall coupling each inner tube on the left (or inner) side and its
respective intermediate tube on the right (or outer) side (DC.RS.1.W
and DC.RS.2.W) to model the regenerative heat transfer;

3. The heated wall coupled with each intermediate tube on the left (or
inner) side (RS.1.W and RS.2.W); the helium gap in the wall is
modeled as a purely conductive layer.

The steam pipeline in Fig. 4b is represented by four pipes (slinel,
sline2.in, sline2, sline3). Condensed water is drained by gravity and
collected in a pipe (wtcoll) located between sline2.in and sline2. How-
ever, as mentioned above, the facility features a ball float steam trap,
used to separate and release condensate. The remaining steamline sep-
arations are used to account for the presence of additional valves. These
additional valves are modeled just as localized pressure losses since they
are not utilized during normal operations, hence always open. Finally, a
time-dependent volume (sline.tdv) is used at the end of the steamline,
where the chimney for the steam release is located.

3.2. Boundary conditions

In the experimental setup, the PID control logic regulates the valve
opening to achieve the desired mass flow rate. Rather than explicitly
modelling the PID logic, during the pre-test analyses the mass flow rate
is imposed as an inlet boundary condition, and the inlet temperature is

fwline4

DC.1.W
N
RS.1
N DC.1 DC.2 7 =i
RS.1LW = e~ RS.2.W
—— < DC.RS.1.W
pLilos—

Nuclear Engineering and Technology xxx (xxxx) xxx

set to a fixed value of 20.0 °C. In ATHLET, such conditions are enforced
using a FILL object, whereas in RELAP a time-dependent volume and a
time-dependent junction are used. The wall temperature is fixed to a
prescribed value and is applied to the outer (or right) side of each heat
structure representing the outer tube (i.e. Dirichlet boundary condition).
Therefore, the PID logic controlling the power supplied by each heater
based on the difference between the wall temperature and the setpoint
has not been included in the presented numerical models. Outlet pres-
sure is set to atmospheric thanks to the time-dependent volume located
at the end of the steam pipeline.

3.3. Initial conditions

The feedwater pipeline, collector and both downcomers are initially
filled with stagnant subcooled water (zero velocity). Conversely, both
risers, the steam collector and the steam pipeline are initialized with
stagnant steam (also at zero velocity). Specifically, the two-phase system
is initialized at 1 bar, with the liquid phase at the inlet temperature (i.e.
20 °C), and the vapor phase at around 130 °C. The initial external wall
temperature is set to 130 °C as well. It should be noticed that such initial
conditions are not intended to replicate the test procedure adopted for
the DCI Test Facility. Instead, they serve as a means to quickly and stably
achieve the steady state of the system.

3.4. Test cases

The cases analyzed in this work (listed in Table 3) aim at investi-
gating the effect of the mass flow rate at a wall temperature of 350 °C.
The selected mass flow rate values are consistent with those explored
during the experimental campaign. However, the lowest mass flow rate
investigated experimentally (i.e. 3.5 g/s) is not included in the present
analysis, as it may lead to flow instabilities (as observed in the

Table 3
List of simulated cases.

Case # Feedwater mass flow rate (g/s)
01 10

02 8

03 6

04 5

05 4.5

06 4

sline.tdyv

sline3

| wtcoll

(®)

Fig. 4. Schematic (not to scale) of the adopted nodalization, representative of both ACZ-ATHLET 3.4.1 and RELAP/SCDAPSIM/MOD4.1 models. Namely, the
simulated feedwater line and test section (a), and the steam pipeline (b). Unfilled boxes represent hydraulic components, whereas shaded boxes represent

solid structures.
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experiments). The investigation of this unstable regime is beyond the
scope of the proposed work and will be addressed in future studies. The
value of the wall temperature (i.e. 350 °C) is chosen because its corre-
sponding experimental setpoint is achieved more consistently and uni-
formly along the tubes (as discussed later in this work) compared to
higher setpoints. Thus, the selected value of the wall temperature is
more representative of steady operation of the test section.

4. Main results and discussion

The analysis in this section proposes a code-to-code comparison of
the time-averaged numerical results within the two bayonet tubes in a
time frame between 3000 s and 3600 s. The standard deviation of the
numerical results, intended to provide a quantification of the oscillations
within the time span considered for the averaging, is also represented
with bands colored with the respective tube and code color. Fig. 5 shows
that, for some of the selected operating conditions (e.g. Fig. 5a for 10 g/
s), the numerical results are substantially stable and display a relatively
small standard deviation. Thus, although represented in Figs. 6-9, the
band size may appear almost negligible compared to the marker size of
the respective time-averaged value.

Additionally, some of the numerical cases discussed reveal a sym-
metric behavior of the tubes. Only in these cases, the numerical results
yielded by the same code for the two tubes tend to perfectly overlap.
Nevertheless, the numerical results for both tubes are shown to provide
evidence of the observed symmetry.

The analysis then compares the computed total power and power
distribution against the experimental results, discussing possible limi-
tations of the adopted modelling approach.

Finally, a preliminary uncertainty quantification analysis has been
conducted with the modified ATHLET model to evaluate the influence of
some key parameters on the computed extracted power and power
distribution.
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4.1. Code-to-code comparison

The time-averaged numerical results in Fig. 6 highlight the nearly
symmetric condition computed within the test section, as demonstrated
by the overlapping lines belonging to the two tubes. Although the curves
almost coincide, both sets of data are intentionally plotted to explicitly
demonstrate the symmetry of the solution and to confirm that the
behavior in the test section is virtually identical. However, decreasing
the mass flow rate causes the test section to deviate from this symmetric
condition, as suggested by the increasing standard deviation in Figs. 7
and 8 as opposed to Fig. 6, as well as by the more noticeable differences
in the average results belonging to the same code.

Generally, ATHLET predicts the onset of the nucleate boiling regime
slightly before the flow inversions, as demonstrated by the increase in
the void fraction (Figs. 6b and 7b) and in total vapor generation (see
Figs. 6e and 7e). As a result, the pressure distribution (Figs. 6a and 7a) is
significantly different between the two codes.

Differences in the aforementioned quantities can be attributed to the
interphase heat and mass transfer model implemented in ATHLET,
specifically, to the reduction of the evaporation rate in the near-wall
region (Figs. 6f and 7f) enforced by ATHLET when the operating pres-
sure is below 10 bar.

Another key difference stemming from the ATHLET interphase heat
and mass transfer can be observed in the temperature of the phases
(reported in Fig. 6¢, d, 7c and 7d). As a result of the reduced the near-
wall evaporation model, ATHLET predicts a liquid temperature signifi-
cantly above saturation. Moreover, as opposed to RELAP, the vapor
temperature can be also significantly above saturation, even before wall
dryout occurs.

The different implementation of the heat transfer modes can be
another major source of discrepancy between the codes. Both codes rely
on the same correlations (Dittus-Boelter for subcooled water [17] and
Chen for nucleate boiling [18]) and use the same physical parameters (e.

—— ATHLET Tube 2 RELAP Tube 2
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Fig. 5. Evolution of void fraction (left) and pressure (right) within each intermediate tube at the end of the heated length for Case01 (a)-(b), and Case03 (c)-(d).
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---- begin of regenerative section --== inversion —— RELAP Sat. Temp.
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Fig. 6. Time-averaged distribution of the main quantities in both tubes (curves belonging to the same code may overlap) for a mass flow rate of 10 g/s (Case01). The
standard deviation (although negligible compared to the marker size of the time-averaged value) is represented as bands of the corresponding tube color.

g., enthalpy quality, wall surface temperature, and void fraction) to
determine the validity of each mode. However, ATHLET relies on nu-
merical heat transfer modes in order to model a numerical blend be-
tween different boiling regimes.

These “blending” modes affect the distributions of the heat transfer
coefficient (HTC) calculated on the left (or inner) side of the heat
structures (in Figs. 6g and 7g). Specifically, ATHLET smooths the HTC

transition in the proximity of the wall dryout using a cosine-shaped
interpolation. Conversely, RELAP does not apply a gradual variation.
Instead, the HTC calculated by RELAP increases to higher values before
dropping abruptly in correspondence to the dryout. The location of the
dryout is influenced by both the interphase model and the heat transfer
modes. As can be seen in the distribution of the HTC and in the wall
temperature (Fig. 7h), ATHLET predicts an earlier onset of the dryout,
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Fig. 7. Time-averaged distribution of the main quantities in both tubes (curves belonging to the same code may overlap) for a mass flow rate of 6 g/s (Case03). The

standard deviation is represented as bands of the corresponding tube color.

which causes the wall temperature to increase. Such behavior is also
observable for a mass flow rate of 10 g/s (Case01). Even if, for such mass
flow, wall dryout condition is not fully achieved in both codes, Fig. 6g
and h indicate the onset of the dryout predicted by ATHLET, as sug-
gested by the decrease in the HTC and in the rise of the wall temperature.

As expected, tuning the ATHLET code parameters to disable the
reduction of the evaporation rate and reduce the validity range of the

blending heat transfer modes leads to an improved agreement between
the codes, as shown in Fig. 8.

Namely, Fig. 8f displays better agreement in the near-wall evapo-
ration rate with respect to Fig. 7f. Additionally, the HTC distribution
predicted by ATHLET more closely resembles the distribution predicted
by RELAP. However, major differences can still be observed, especially
right before dryout. Nevertheless, the location of the dryout (observable
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Fig. 8. Time-averaged distribution of the main quantities in both tubes (curves belonging to the same code may overlap) for a mass flow rate of 6 g/s (Case03). With
respect to Fig. 7, ATHLET model is modified (disabled reduction of the evaporation rate and reduced validity range of the blending heat transfer modes). Standard
deviation is represented as bands of the corresponding tube color.

especially in Fig. 8g and h) is more consistent between the codes. Such
modifications in the ATHLET model improve also the agreement with
the experimental results, as further discussed in the next section.

4.2. Code-to-experiment comparison

A preliminary comparison of the pre-test ATHLET and RELAP

models, described in the previous section, is performed focusing on the
cases listed in Table 3.
Three different experimental tests are considered, here referred to as

Exp. 1, Exp. 2 and Exp. 3, and have been performed with a wall tem-
perature setpoint of 350 °C. During these tests, the controlled mass flow
rate has been changed using a stepwise approach in the range between

3.5 g/s and 10 g/s. The experimental results, presented with time-
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averaged values and standard deviations, are obtained once steady-state
conditions are achieved for each mass flow rate. During Exp. 1 the
feedwater mass flow rate has been decreased starting from 10 g/s,
whereas during Exp. 2 the mass flow rate has been increased starting

Setpoint  WWW Exp. 1

from 3.5 g/s. During Exp. 3 the mass flow rate has been decreased
starting from 5 g/s with a finer step. As mentioned, the experimental
results concerning 3.5 g/s are excluded from this study due to the onset
of an unstable behavior of the test section, which is currently out of the

EEE Exp.2 N Exp. 3

400
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wu
o
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150 -
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0 4.5 5

6 8 10
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Fig. 10. Representation of the average (measured) wall temperature of the test section as a function of the mass flow rate. The standard deviation is represented by a

black error bar (although almost negligible in some cases).
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scope of the comparison.

Fig. 9 shows a good agreement between the experimental data and
the code results, except for the ATHLET results calculated with the un-
modified near-wall evaporation model and heat transfer mode selection.
Specifically, the relative error (in Fig. 9b, d, and 9f) of the default
AHTLET model reaches 20% as the mass flow rate increases. Conversely,
the relative error of the RELAP and modified ATHLET models remains
below 10%, except for the mass flow rate of 10 g/s, for which all errors
remain below 20%.

Such discrepancy can be attributed to the modelling approach
implemented in the pre-test models which is not fully representative of
the DCI Test Facility.

Nuclear Engineering and Technology xxx (xxxx) xxx

In fact, Fig. 10 shows that the facility is unable to reach the wall
temperature setpoint at high mass flow rates, particularly in the lower
section of the tubes. In contrast, in the simulations the wall temperature
is imposed as a boundary condition and is therefore inherently achieved.

Fig. 11 compares the power supplied by each electrical heater in the
experimental setup with the power delivered by the corresponding heat
structure in the computational models. The first heater is located at the
bottom of the bayonet tube. The results indicate that, for all three cases,
the experimental power supplied to the lower section of the bayonet
tube is approximately 20% higher than that in the numerical
simulations.

Consequently, Figs. 10 and 11 suggest that the main issue is a
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Fig. 11. Comparison of the power distribution in correspondence of each electrical heater for three different mass flow rates: (a) 10 g/s or Case01, (b) 8 g/s or

Case02, and (c) 6 g/s or Case03. The standard deviation is represented by a black error bar. Power percentages refer to the nominal power of a single electrical heater.
Heater 1 is located at the bottom of the tube.
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discrepancy in the overall thermal resistance of the tubes. In fact, while
the wall temperature is prescribed in the simulations, the numerical
power remains generally below the nominal value (100% value in
Fig. 11).

In particular, the higher experimental power supplied to the bottom
of the tubes might suggest a lower effective thermal resistance of the
helium gap in the experimental setup with respect to the one computed
in the simulations. The possible reasons may be associated to the pres-
ence of metallic spacers within the helium gap, which contribute to
reduce the effective thermal resistance of the tubes. Additionally, de-
viations of the helium gap from its nominal value (potentially arising
from manufacturing or assembly processes and not easily inspectable)
may contribute to increase the thermal conductivity.

To quantify the influence on the numerical results of helium gap
conductivity among other influential parameters, a preliminary uncer-
tainty quantification analysis is performed using the ATHLET code, and
is discussed in the following section.

Finally, the power distribution provides useful insight into the pre-
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judgment for the application considered in this work. Namely, the pa-
rameters involved in the analysis are those affecting the validity of the
blending heat transfer mode between the nucleate boiling and the film
boiling regimes, the dryout and post-dryout regime, the evaporation rate
(at low pressure), the helium conductivity, and the wall temperature
boundary condition. The perturbation ranges have been chosen based on
the authors’ engineering judgment.

A total of 93 simulations (according to the one-sided second order
Wilks” formula [20]) of the UQ set have been run using a Monte Carlo
method, which simultaneously assigns random samples inside the given
probability distribution to each parameter.

Fig. 12a shows the evolution of the power extracted by the test
section for each simulation. Overall, the computed power lies in a range
between approximately 6.0 kW and 20 kW. In addition, Fig. 12b reports
the probability density of the extracted power and highlights how the
peak lies between 12 kW and 14 kW and encompasses the experimental
values.

Finally, Fig. 12c reports the quantification of the influence of each

diction of the dryout location. Both the RELAP and the modified ATH-
LET models predict a delayed onset of the dryout, whereas the
unmodified ATHLET model generally predicts an earlier onset of the
dryout.

parameter on the extracted power with the partial correlation co-
efficients (PCCs). PCCs can be used as a measure of the influence of a
parameter on the extracted power, once the influences from all other
parameters are eliminated. The higher the value of a PCC, the greater the
influence of the parameter on the extracted power. From the plot, it can
be observed that, as expected, the thermal conductivity multiplier
(cond_mul) and the wall temperature multiplier (temp_mul) exert the
highest influence on the computation of the extracted power. Future
work will focus on post-test analyses that will encompass a compre-
hensive evaluation of the effective thermal conductivity of the helium
gap as well as the implementation of the heater PID control logic to
better reproduce the behavior of the test section.

4.3. Preliminary uncertainty quantification analysis

To improve the agreement of the numerical results obtained with the
ATHLET code with both the RELAP code and the experiments, it has
been necessary to adopt a different modelling approach, especially
concerning the interphase heat transfer model and the heat transfer
mode selection. To assess if the achieved level of agreement with the
experiments can be further improved, and to determine the influence of
the thermal conductivity of the helium gap and of the wall temperature,
a preliminary uncertainty quantification (UQ) analysis has been carried
out taking as reference the modified ATHLET model (with disabled
reduction of the near-wall evaporation and reduced validity of the
blending heat transfer modes) for a mass flow rate of 6 g/s (Case03).
This case has been selected due to the presence of the dryout, while
being also sufficiently far from a possible unstable behavior of the test
section.

The perturbed parameters, listed in Table 4, are selected from a
subset of those presented in Ref. [19], as well as based on engineering

5. Conclusions

A code-to-code benchmark has been performed taking advantage of
the pre-test analysis of the DCI Test Facility, carried out with the system
thermal-hydraulic codes AC2-ATHLET 3.4.1 and RELAP/SCDAPSIM/
MOD4.1.

The comparison between the time-averaged results points towards
two main sources of discrepancy: one in the methodology used for
determining the heat transfer mode, and the other in the near-wall
evaporation implemented in the heat and mass transfer model.

The preliminary comparison with the experimental results has been
focused on the extracted power and on the power distribution. A good
agreement in the power extracted by the test section has been observed
for the proposed RELAP model and for the modified ATHLET model

Table 4
List of the perturbed parameters.

Name Description Reference Distribution (Min, . . . .
P Value Max) (namely with disabled reduction of the near-wall evaporation model and
reduced validity of the blending heat transfer mode). Specifically, the
ohwnb Nucleate Boiling HTC 1.0 Normal (0.8, . .
Multiplier 1.2) discrepancy from the experiments decreases as the mass flow rate de-
ohwfb Film Boiling HTC 1.0 Normal (0.65, creases. At high mass flow rates, the numerical models are not capable of
Multiplier 1.3) fully reproducing the behavior of the facility, namely the reduction of
ohvfe Forced Convection 1.0 Normal (0.85, the average wall temperature as observed in the experiments.
(vapor) HTC Multiplier 1.25) The comparison of the power distribution highlights the capability of
otmfb Minimum Film Boiling 1.0 Normal (0.2, A
Temperature Multiplier 1.8) the codes to predict the onset of the dryout. Overall, the RELAP model
otrnb Minimum Critical Heat 1.0 Normal (0.2, and the modified ATHLET model predict a delayed onset of the dryout as
Flux Multiplier 1.8) compared to the experimental findings. Such difference could be due to
oaddi Evaporation Rate atlow 0.2 Uniform 0.1, the higher effective thermal conductivity of the helium gap in the
pressure Multiplier 0.5) experimental facilit
polll Minimum Void Fraction 0.995 Uniform (0.967, P . Y . . . X
for the validity of the 0.998) A preliminary uncertainty quantification analysis performed with
blending heat transfer the modified ATHLET model seems to endorse the latter hypothesis.
mode between nucleate Future work will focus on a more comprehensive uncertainty propaga-
and film boiling ) tion analysis, including also the proposed RELAP model. Additional ef-
cond_mul Multiplier of the thermal 1.0 Uniform (0.5, f 1l b d he d . . f the effecti h 1
conductivity of the helium 3.0) orts will be centered on the determination of the effective therma
gap conductivity of the helium gap thanks to a more accurate model of the
temp_mul  Multiplier of the wall 1.0 Uniform 0.8. facility, which will include the PID logic determining the power supplied
temperature boundary 1.1)

by each heater. In fact, post-test upgrades will be implemented in the

condition model to improve the comparison with the full set of experimental cases
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Fig. 12. (a) Evolution of the extracted power for the 93 simulations (in grey); (b) Probability density of the extracted power; (c) representation of the Partial

Correlation Coefficients relative to the power extracted.

and measurements, taking also into account the onset of two-phase flow
instabilities.
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The nodalization analysis has been focused on increasing the number of volumes used for the discretization of the heated length of each tube.
Namely, 40, 60, and 80 vol have been simulated. Focusing on a single case (i.e., 8 g/s or Case02), Fig. 13 shows that the total extracted power is not
significantly affected by the number of volumes. Fig. 14 shows instead that the extent of the numerical oscillations (represented by a black error bar)
increases as the number of volumes increases, especially in RELAP (Fig. 14a). To limit the numerical oscillations and to minimize the required elapsed
time, 40 vol are used in the simulations presented in this work. Whereas future work will address more thoroughly the causes of the observed

oscillations.
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