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ABSTRACT

In recent years, interest in Liquid Metal-cooled Fast Reactors (LMFRSs) has grown due to
increased energy demand and the need for sustainable energy production. The Lead-Cooled
Fast Reactor (LFR) is a promising solution, with compatibility for fast neutron spectra and
safety-oriented characteristics. However, limited operational experience and scarce
experimental facilities necessitate reliance on simulations for design and safety analysis.

System codes (STH), commonly used for simulating nuclear power plant behaviour, can
be extended to liquid metal-cooled reactors. One critical issue is simulating the liquid-gas
interface, especially its impact on reactor operational transient simulations.

This paper analyses the behaviour of the liquid-gas interface in a U-shaped tube partially
filled with lead-liquid and argon as cover gas. Various system codes (STH), including
RELAP5/Mod3.3, ASYST-LM and ATHLET, are used for assessment. The study highlights
different codes’ capabilities and identifies parameters for optimisation when safety analyses
must be carried out for LFR.

1. INTRODUCTION

The increasing energy demand worldwide and the need for sustainable energy production
have recently focused interest on fast reactors. Their features allow the use of uranium resources
to the greatest extent possible and reduce nuclear waste [1][2] through the possible closure of
the nuclear fuel cycle. Furthermore, the new concept of nuclear plants should meet the needs
of better affordability, shorter construction time, wider range of users, site flexibility, reduction
of greenhouse gas and pollution and integration with renewables [3][4]. The Lead-cooled fast
reactor technology can cope with those requirements.

The lead’s high boiling temperature eliminates pressurization and reduces boiling
concerns, thus enhancing the inherent safety of the reactor core. However, different core layouts
and fuel compositions are still under investigation. Other characteristics to be mentioned are
the expected low reactivity associated with hypothetical voiding of coolant, the potential high
actinide solubility in the coolant that minimises the potential for the core melts re-criticality,
and the absence of chemical reactivity with air and water. These behaviours allow us to rely
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further on passive safety, even in support of any other active safety system, and enable compact
and small reactor design [5].

The LFR operational experience was gained with the lead-bismuth submarines [6] built
in the USSR in the *60s and further studied in Russia. One of the most important lead drawbacks
that emerged was the corrosion of steel. However, the recent findings concerning suitable
structure materials for such reactors [7][8] have shown a possible solution to this issue, thus
renewing the interest in LFR reactors.

Given the limited experience, the role of numerical simulations in supporting the design
of LFR is crucial. System codes (STH) like RELAP5 [9], RSSIM [10], and more recently
ASYST-LM [11], and ATHLET [12] are used for the simulation of the nuclear system
behaviour and applied to a wide range of safety scenarios, including Design Basis Accidents
(DBA) and Design Extension Conditions (DEC), especially for Light Water Reactors [13].
Their development started in the *70 and required extensive validation activity, which brought
them to a high maturity level [14].

This level of maturity is not reached in their application to liquid metals. Experiments are
needed for validating the codes and solving open issues. One of these is the correct evaluation
of the liquid metal-non-condensable gas interface. This may affect the establishment of natural
circulation, which represents one of the most important safety features in lead-cooled reactors.

2. U-TUBE TEST CASE: ANALYTICAL MODEL

The U-tube manometer problem is among the reference cases proposed for testing the
robustness of the numerical scheme adopted in thermal hydraulic codes. It has been used as a
reference test for benchmarking the dispersive and dissipative characteristics of a numerical
prediction [15][16] but also for evaluating the role of numerical damping in a system where
damping exists inherently. This is of particular interest in LFRs thermal-hydraulic simulations,
in which the problem involving liquid lead and non-condensable gas interface affects the
correctness of the free-level evaluation. This plays a crucial role in the characterization of the
natural circulation established in a pump coast-down scenario, which is one of the relevant
hypothetical accidents in this kind of reactor.

The model considered in this work refers to the U-tube scheme shown in Figure 1. Itis a
U-tube manometer with constant cross-sectional area A, filled with liquid lead. The elevation
of the free liquid level is different in the two legs, and the upper part of the U-tube is filled with
argon which is maintained at constant pressure.

At time t=0, the incompressible fluid is supposed to be
at rest in a condition where the two free levels are at differ-
ent elevations. Subsequently, the liquid starts to oscillate, (0
until it reaches an equilibrium condition. The current analyt- I o
ical model aims to describe this oscillatory behaviour of the A(t)
liquid levels inside the U-tube.

The transient, during which the fluid level is oscillat-
ing, is governed by the continuity and momentum equations:
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Figure 1: Scheme of a U-tube
manometer
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where G is the mass flux of the fluid in the cross-section, s is the coordinate in the flow direction
along the channel length and 6 is the angle between the s-coordinate direction and the positive
vertical.

Since the cross-sectional area remains constant along the s-coordinate and the density can
be considered constant (incompressible liquid), according to the continuity equation the speed
averaged on the cross-sectional area, w, will not depend on s, but it only depends on time.

The quantities z, (t) and z,(t) represent the elevation of the free level in the two vertical
legs of the U-tube at the generic instant t and Ao indicate the initial difference between the free
levels. Additionally, the quantity A representing the difference between the two free levels at
the given instant t, can be defined as follows

A=1-1, 3)
Considering that is:

dz dz
G=-p—2 and G=p—= 4
P P4 (4)
a relationship can be established between the mass flux G and the quantity A:
1 dA
G=—p— 5
2P (5)

This last expression can be substituted inside the momentum equation, which will be in-
tegrated along the entire length of the tube filled with the liquid (i.e. from s=0 to s=L). In this
way, the differential equation of motion of the incompressible liquid is obtained in terms of A:

2
d—2A+Ld—Ad—A+2—gA:0 (6)
dt 4D|dt|dt L

The above differential equation allows for the analysis of the oscillatory motion of the
liquid inside the U-tube legs over time.

The friction factor f was obtained using the same correlations employed in the RELAP5
code. In particular, in laminar flow conditions (Re < 2200):

64 64v
lam s~ o~ (7)
Re |wD
If Re has values in the range from 2200 to 3000, the following expression for f is used:
fie = fiam (2200)+ (3.75 —Sliﬂj[ o (3000) — f,. (2200) ] (8)
e
If the flow is turbulent (Re > 3000), the Zigrang-Sylvester correlation is used.
-2
/D 251 21.25
fturb :—2|Oglo |:?+¥(114—2|0910 (8/ D+Wj]i| (9)

The Eq.(6) has been solved using MATLAB [17] in order to have a reference solution of the
analytical model, whose results have been compared with those obtained by the STH codes. A
very important characteristic of the analytical model is that the expected results must be
independent from the cross-flow area A.

3. RELAP5/MOD3.3 AND ASYST-LM CODE SIMULATIONS
The STH code simulations have been performed by using the RELAP5/Mod 3.3,

modified at the University of Pisa to be able to account for liquid metals as working fluids [18],
ASYST-LM [11] and ATHLET [12].
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In particular, the validation of RELAPS5 for liquid metals has been carried out by using it
for the simulation of several experimental tests, such as those performed at ENEA R.C. with
the facilities NACIE [19], CIRCE[20], THALLIUM [21] and LIFUS V[22].

The U-tube domain has been reproduced in RELAP5 and ASYST-LM using the
geometrical nodalization shown on the left side of Figure 2, while the main characteristics of
each component are reported on the right side.

100% Ar Tli\é(?L TIZ\(;(())L 100% Ar Component Main Characteristic

T’UN'15° T’UN'55° TDVOL 100 A=1.0 m?; L=1.0m; Dh=1.0m;
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PiPE L | 1 m = PiPE ( y Arg % 1=
200 500 Inc_angle=90
JUN-250 JUN-460 PIPE 200 A=7.854¢5 m%; L=1.0m; D,=0.01m;
10 Subvolumes) Inc_angle=90°
SGVL SGVL ( .
260 0lm 0.1m 460 First 2 sub-volumes filled by Argon
A
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(50 Subvolumes) Incl_angle=90"
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Figure 2: Domain’s nodalization for RELAPS and ASYST-LM (left) and its main
characteristics (right)

The domain is made of two vertical legs that on the bottom side are reproduced by PIPE
300 and PIPE 400, connected by junction 350. Both are 10 m tall and 0.01m in diameter. Above
these two pipes there are the single volumes 260 and 460. The liquid free level is inside the
pipes 200 and 500. These two pipes are 1 m tall and are divided into 10 cells. As initial
condition, pipe 200 has been filled at 80% with lead, while pipe 500 has been filled with lead
only for 20% of the volume. Two separate time-dependent volumes (TDVOL 100 and 600)
maintain the constant pressure of the cover gas. The nodalization used for the ASYST-LM is
practically the same as that used for the RELAP5/Mod3.3 code. The temperature of both liquid-
led and argon has been initialized at 700 K.

In the initial phase of the work, sensitivity studies have been carried out using RELAP5
and ASYST-LM, while in the final part of the work the ATHLET code is also used.

In the following, the most representative results of the sensitivity study are presented. For
reasons of brevity, not all the results obtained using the ASYST-LM code have been reported,
also because they were almost coincident with those of the RELAP5 code.

3.1 Level tracking option

Level tracking in RELAPS refers to the modelling and simulation of fluid levels within
various components of a nuclear reactor system and it is critical for accurately predicting the
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performance and safety of these systems. The two options for level tracking
(activated/deactivated) have been analysed for the two PIPES 200 and 500.

As can be seen in Figure 3, the level tracking activation plays a key role in the
simulation's correctness. The prediction of the system oscillations differs in dependence on its
activation. The oscillation dampens faster, and the values are slightly different in the case of
deactivation, too. A full agreement of RELAPS results with analytical data is obtained if the
level tracking is activated, while different damping of the oscillations is obtained when the level
tracking option is not activated.

Figure 3: Obtained results for level tracking activated, I=1 (left), and not activated, 1=0 (right)

3.2 Hydraulic diameter

Given the thermal-hydraulic importance of the hydraulic diameter, which helps to
determine the flow regimes and the pressure drops, two different hydraulic diameters have been
considered: 0.01 and 0.1 m. The obtained results concerning the two hydraulic diameters are
shown in Figure 4.

The comparison of the results obtained from the two codes and the results from the
analytical model has shown a full accord among them. As can be seen for both the considered
cases, the results obtained by RELAPS are in perfect agreement with the analytical model
results.

Figure 4: Obtained results for D=0.01 m (left) and D=0.1 m (right)

3.3 Cross-flow area

As already said in section 2, the analytical solution is independent from the crossflow
area.
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The two values for the cross-section area of 7.854e-5 and 7.854e-4 m2 have been
considered to investigate any possible effect of the area variation in the simulation results.

As can be seen from Figure 5, the variation of the cross-sectional area does not produce
any appreciable effect on the RELAP5 and ASYST-LM simulation results. In addition,
comparing the two diagrams of Figure 5, it is possible to see that the RELAP5 and ASYST-LM
codes give the same results.

Figure 5: Obtained results for the two values of cross-flow area: RELAPS (left), ASYST-LM
(right)

4. ATHLET MODELING

The domain nodalization (see table in Figure 6) is made of two pipes (PIPE1 and PIPE2),
which are 10 m tall, whose diameter is 0.01 m, and divided into 20 cells, whose length is 0.5 m
each. They are filled with lead at a temperature of 700 K. Other two pipes (PIPE1_UP and
PIPE2_UP) are placed above PIPEL and PIPE2. They are 1 m tall divided into 10 cells, whose
diameter is 0.01m and the length is 0.1 m each. They are filled at 50% with lead and 50% argon
at 700 K and 3.5 MPa. Another pipe called PIPEL_IN is inserted between PIPEL and the
PIPE1_UP to trigger the pressure perturbation and start the oscillations.

100% Ar| BRANCHOUT1 BRANCHOUT 2 100% Ar Initial Temperature 700
T ¥ Conditions of | [K]
PIPEL_UP non-
b im
S condensable gas | pregsure [Pa] 3.5:10°
PIPEL_IN PIPE2_IN and lead
q: 04m EF 0.4m
Boundary "[F::J]le erature 700
Conditions
(Branchout) Pressure [Pa] 3.5-10°
10 m 10m PIPEL
PIPE — - donal PIPE2
2 10ss Sectiolia® | preE1_up 7.854-10°
area [m-“] =
PIPE2 UP
PIPEl IN
Fluid Argon
Inlet Conditions | Temperature 700
PIPEl_IN (K]
Pressure [Pa] 4.5:10°

Figure 6: Domain’s nodalization for ATHLET (left) and its main characteristics (right)
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It is filled with Argon at 4.5 MPa and has a diameter of 0.01 m with a length of 0.4 m.
The boundary conditions (see table in Figure 6 are represented by the elements BRANCHOUT1
and BRANCHOUT?2. Both are filled with argon.

Figure 7 shows the time-trend results for the velocity of the fluid inside the manometer
and the displacement of the free level obtained from the ATHLET code and the analytical
model. It must be pointed out that the level tracking has not been activated in ATHLET for
these simulations.

The velocity time trend (Figure 7, left side) overlaps the corresponding analytical trend,
showing a good agreement, especially concerning the frequency.

Similar analogies are exhibited in the free-level displacement during the first 40 s, too.
Similarly to what was observed for RELAP5/ASYST simulations in Section 3.1, without the
level tracking activation, the oscillation dampens faster with respect to the analytical model and
minor differences are highlighted in the free level displacement values, which range from about
1to 3 mm.
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Figure 7: Comparison between ATHLET results and analytical model: velocity (left) and free
level displacement (right)

5. CONCLUSIONS

A U-tube manometer has been chosen as a reference test case for validating different
system codes against the problem of the lead-argon interface, whose correct evaluation can
affect the simulation results in LFRs. Two test cases have been developed based on this
reference case.

The first test case had the goal of investigating the influence of important parameters on
the simulations carried out with RELAP5/Mod3.3 version beta, developed by the University of
Pisa and with ASYST-LM. The comparison among the results has shown a full agreement
between the two codes, thus assessing their capability to simulate the dynamic motion of the
manometer.

The sensitivity analysis has highlighted the dependence of the results from the activation
of the mixture level tracking model and their independence from time step, numerical scheme
and hydraulic diameter. The comparison between the results from the simulations carried out
with RELAP5/Mod3.3v.beta and ASYST-LM and from the analytical model developed with
MATLAB has shown full agreement.

A preliminary assessment of the test case has also been performed with ATHLET Code.
The simulation results agree with the dynamic behaviour described by the analytical model.
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However, further investigations are needed to complete the analysis, in order to deepen the
effects of the level-tracking activation.
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