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Stability threshold for stratification-induced flowrate oscillations
in PLANDTL-2 sodium natural circulation experiment

S. Renaudière de Vaux a,∗, S. Lia, A. Marrela, T. Ezureb, M. Tanakab

aCEA, DES, IRESNE, DER, Cadarache, France
bJapan Atomic Energy Agency (JAEA) of Oarai, Japan

Abstract

Thermal stratification in the hot and cold pools of sodium-cooled reactors during loss of flow accidental

transients competes with natural circulation and might affect the reactor core cooling. One of the goals

of the PLANDTL-2 facility is to study this type of issues, in an integral configuration, representative of a

reactor case. In this paper, experimental results on sodium natural circulation in PLANDTL-2 are reported.

Eight transient scenarios are studied. The investigated parameters are the initial state of the primary circuit,

the shutdown inertia of the secondary circuit, and the operating mode of the Decay Heat Removal (DHR)

system. It appears that in cases where the heat removal via the DHR circuit is the highest, flow reversals can

be observed in the primary circuit, in the long-term range, more than 100 min after the transient starts. These

thermalhydraulic instabilities are linked to an enhancement of stratification caused by the strong heat removal

at the DHR system, leading to a cliff effect, both on thermal stratification and primary flowrate. Counter-

intuitively, to avoid the apparition of these instabilities, the heat removal via the DHR system should be

delayed, after the full establishment of natural circulation. A novel method is introduced to estimate the

delay between DHR system activation and increase in stratification. The results show that smaller power

ramps favor flow stability. Finally, some guidelines for future investigations are given in order to avoid the

presently described instabilities. Prospective tests are also proposed to study more in depth this cliff effect.
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Nomenclature

Abbreviations and acronyms

AC Air Cooler (ultimate heat sink)

CEA Commissariat à l’Énergie Atomique et aux

Énergies Alternatives

CFD Computational Fluid Dynamics

DHR Decay Heat Removal

DHX Dipped Heat eXchanger

EMF ElectroMagnetic Flowmeter

EMP ElectroMagnetic Pump

HEX Heat EXchanger

IET Integral Effect Test

IHX Intermediate Heat eXchanger

IWG InterWrapper Gap

JAEA Japan Atomic Energy Agency

PLANDTL-2 Plant Dynamics Test Loop 2

UIS Upper Internal Structure

Greek letters

β Thermal expansion coefficient, [K−1]

κ Thermal diffusivity, [m2/s]

λ Thermal conductivity, [W/m.K]

µ Dynamic viscosity, [Pa.s]

ν Kinematic viscosity, [m2/s]

ρ Density, [kg/m3]

τ System response time, [s]

Latin letters

Q̇ Power, [W]

A, B Normalized signals, [-]

cp Heat capacity, [J/K]

H Height, [m]

h Heat transfer coefficient, [W/m2.K]

T Temperature, [°C]

U Velocity, [m/s]

W Mass flowrate, [kg/s]

Nondimensional numbers

Gr Grashof number, D2
Iρ

2βg∆T/µ2

Nu Nusselt number, hH/λ

Pr Prandtl number, ν/κ

Ra Rayleigh number

Re Reynolds number

St Stanton number, Nu/(Re Pr)

Subscripts

core relative to the core

DHX, IHX relative to the DHX, the IHX

heat, unheat relative to the heated and unheated

channels

I, II relative to primary, secondary circuit

in inlet

out outlet

pl plenum

r reference
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1. Introduction

Heat removal from the core during loss of flow accidental transients in nuclear reactors is a crucial safety

matter. Indeed, it is necessary to ensure that the core is properly cooled in order to avoid severe accident

sequences, where the core, the assemblies and the structures supporting them can be irreversibly damaged. In

this context, passive systems are promising as they avoid human intervention and the need for external energy

sources to cool the reactor (i.e. electrical pumps). These systems operate in natural circulation and were

adopted by several Sodium-cooled Fast Reactors (SFRs) concepts, including the ASTRID prototype [1, 2].

One way to passively remove the decay heat during an accidental transient is to use a Dipped Heat eXchanger

(DHX) installed directly in the hot pool, as part of the Decay Heat Removal (DHR) system [3, 4].

In the context of liquid metal reactors, many challenges remain regarding the development and the design

of such systems. For example, in order to properly model the 3D effects in the hot and cold pools of

SFRs, Computational Fluid Dynamics (CFD) codes still require databases for validation [5]. Stratification

in the pools is also the subject of active research for SFRs [6, 7], as well as for lead-cooled reactors [8, 9].

Indeed, thermal stratification in pool-type reactors may alter the primary flowrate [10–12]. In particular,

in the case of primary pumps trips, natural circulation occurs and results show in addition that the Upper

Internal Structure (UIS) plays a role in the mitigation of stratification [6]. The transition from forced to

natural circulation is usually not well captured by system-scale codes and CFD (or multiscale simulations)

is required [10]. In addition, large thermal fluctuations can be observed in the pool [13]. In worst cases,

thermal stratification could impede the establishment of natural circulation, thus affecting the cooling of the

core during accidental transients. Other experimental facilities such as STELLA-2 [14, 15] have highlighted

possible strong stratification in the sodium pool. Similar conclusions were drawn thanks to CFD simulations

of the lead-cooled facility CLEAR-S [8]. The typical approach to investigate numerically stratification was

to use CFD of the pool [10, 16], or with multiscale simulations [2, 9]. Some more recent approaches dealt

with the 1D modeling of stratification [10–12]. This type of approach could enable more computationally

accessible methods, compared to CFD or multiscale simulations.

Experimentally, it has been shown on the previous configuration of the PLANDTL (Plant Dynamics Test

Loop) facility (studied here), that the interwrapper gap flow (IWG flow) could significantly contribute to the

core cooling, due to lateral fluid motion [17]. In a more recent configuration of the facility, called PLANDTL-

2, the effect of the DHR system was monitored [18]. The results highlighted that the radial distribution of the

temperature at the exit of the core was relatively flat, confirming that the IWG flow contributes significantly

to the core cooling, in the presence of the DHX. The stability of passive systems, which is necessary in order

to ensure the correct evacuation of decay heat to an ultimate heat sink, is of particular interest. Instabilities
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in such systems can be of multiple types, usually related to two-phase instabilities [19, 20]. Such effects

can be captured by system-scale codes [21, 22]. Instabilities also exist in 1D single-phase natural circula-

tion [23–26]. Usual investigations of accidental transients focus on short (tmax ≈ 16 min [8]) or medium-term

phases (tmax ≈ 160 min [9, 14]), but the long term behavior, tmax ≈ 600 min, is often overlooked (except for

example in [12]). In this paper, we report on the onset of instability and flow reversals due to strong thermal

stratification in the hot pool of the PLANDTL-2 facility, with DHR systems operation. We identify cliff

effects occurring on the long term, approximately 100 − 200 min after the start of the transient. In addition,

the intuitive way to deal with an accidental scenario is to cool the hot pool quickly in order to remove the

decay heat as fast as possible. We show here that this approach might lead to unstable behaviors and that,

counter-intuitively, the cooling rate of the safety system should be moderated in the first hundreds of minutes

of a transient in order to prevent flow instabilities.

In natural circulation cases, physical mechanisms at play need to be studied in depth to understand

the system behavior, regarding heat transfer and flow paths. To address this matter, a sodium loop called

PLANDTL-2 [27, 28], was developed by JAEA. This Integral Effect Test (IET) was designed to study the

decay heat removal when the safety exchanger (thus the DHX) is dipped into the hot plenum; and also how

the IWG flow could participate to the reactor cooling. In the framework of an international collaboration

with CEA, the loop was used to study decay heat removal under several natural circulation conditions.

The purpose is first to understand the dominant effects that govern natural circulation in PLANDTL-2, and

second, to provide a validation database for multiscale computations. In this second context, preliminary

analysis of experimental results is helpful to set up a modeling strategy, namely the use of system-scale

codes, CFD codes or multiscale approaches [10–12]. Some conclusions are given in this paper to address

these aspects.

Such loops are prone to instability [24, 26, 29], even in single-phase cases, as observed experimentally

here (see Section 3.1). The stability boundaries are typically characterized by the Grashof Gr and Stanton St

numbers. These nondimensional numbers compare different effects:

Gr =
buoyancy effects
viscous forces

, (1)

St =
convective heat transfer
heat capacity of the fluid

. (2)

The definition of each number is strongly case-dependent. In the case of PLANDTL-2, the effects of the IHX

and the DHX have to be compared. The precise definitions of Gr and St will be discussed in Section 3.2.

As discussed later, the cases where instability and flow reversals were observed correspond to high St

situations, contrary to the usual stability maps [24, 26, 29]. This counter-intuitive result originates primarily
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from the loop geometry. A physical mechanism involving the effect of thermal stratification is proposed and

the experimental threshold is determined. Guidelines for future designs of sodium natural circulation loops

and decay heat removal management are also given. In particular, in all cases, turning on the AC of the

DHR system leads to an increase of the power extracted by the DHX, which increases the stratification. The

response time of the system is not instantaneous, but depend on the jump in extracted power. To estimate

the delay of the system response, we propose a new method inspired by a statistical dependence measure to

extend the notion of deterministic cross-correlation usually used in signal processing to assess the similarities

between two signals. Where standard correlation measures the simple linear similarity between signals as a

function of a certain delay (between the two signals), the new proposed measure captures a broader spectrum

of similarity. As a result, we find that the typical response time is of the order of magnitude of the typical

timescales of buoyant structures. Furthermore, the higher the jump in power, the shorter the response time.

The loop geometry and test-cases are described in Section 2. Experimental results are presented in

Section 3.1 and discussed in Sections 3.2 and 3.3. Final conclusions and guidelines are given in Section 4.

2. Loop and test-cases description

The loop is first presented in this section. Then, the transient test-cases are introduced.

2.1. Geometry and design of the loop

A simplified sketch of the PLANDTL-2 experimental setup is shown in Fig. 1. The test section is

representative of pool-type SFRs, and the heat from nuclear fission is replaced by a simulated electrical core.

Moreover, the primary loop is deported and the IHX is outside of the pool. The IHX is constituted of a tubes

and shell Heat EXchanger (HEX) with baffle plates.

To simulate the pool behavior, four dummy cold legs are placed inside the hot pool to mimic the fluid-

structure interaction. The DHX is dipped inside the hot pool and connected to the DHR circuit. Its role is to

take over the IHX in accidental transients, in order to cool the hot pool and in term ensure removal of decay

heat. As explained later, the DHR circuit and its AC can operate in several modes. In accidental situations

the primary EMP is shut off and bypassed. The simulated core transfer a residual power of Q̇elec = 110 kW

to the fluid.

In normal operation, the IHX ensures the cooling of the primary circuit, and the flow is forced by elec-

tromagnetic pumps (EMPs). During the accidental transients studied in this paper, the secondary side and

the EMPs are shut down. The primary loop thus operates in natural circulation. In such cases, as presented

later, there is a competition between the effects of the DHX on the cooling of the pool and thermal losses of
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IHX

DHR circuit
Primary
circuit

Air cooler (on or off)

EMP

Air cooler
(off in all scenarii)

Secondary
circuit

EMPValve

EMP

𝑧 = 0 m

DHX

EMF

EMF

Heated ch.

Unheated ch.

𝐷𝑐𝑜𝑟𝑒

𝐷𝑝𝑜𝑜𝑙

𝐻𝑐𝑜𝑟𝑒

Test-section

Figure 1: Simplified flow diagram in PLANDTL-2, as used in the present study. The upper internal structure (UIS) is not shown in

the plenum for clarity. For convenience, only one HL is represented. Arrows indicate flow direction in nominal conditions. Not to

scale. The EMPs and EMFs are indicated.

the IHX. As their elevation is higher than the core, they both provide a buoyancy driving term, entering in

competition in ensuring circulation through the primary circuit and through the hot pool. A sketch of the hot

pool is shown in Fig. 2. Two hot legs, at 180° from each other, collect the hot sodium in the pool towards the

IHX. A close-up view on a vertical cross-section is shown in Fig. 2. The dimensions of the main components

are summarized in Tab. 1. More details about the HEXs can be found in [18].

Table 1: Main dimensions of PLANDTL-2 loop.

Core diameter Dcore 0.9 m

Core height Hcore 0.9 m

Hot pool diameter Dpool 1.95 m

External DHX diameter DDHX 0.27 m

HL inlet diameter 0.106 m
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Figure 2: Cross-view of PLANDTL-2 test-section.

Figure 3: Heated (numbers) and unheated (letters + central) channels disposition in the simulated core.
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The total primary flowrate WI is measured upstream of the test-section, thanks to an electromagnetic

flowmeter (EMF). Upstream of the core, the primary flow is divided in two, in order to feed separately the

heated and unheated channels in the core, as shown in Fig. 1. The mass flowrate towards the unheated

channels Wheat is measured by an EMF, and the flow through the heated channels Wunheat can be deduced by

mass conservation, as:

WI = Wheat +Wunheat. (3)

The core is constituted of 30 electrically heated assemblies, placed on a hexagonal lattice. In addition,

24 non heated channels are placed at the outer core. The central rod is also not heated. A thermal liner

is placed near the pool shell. A cross-sectional view of the simulated core is given in Fig. 3. Several

ThermoCouples (TCs) and TC-trees are placed at key locations in the pipes, in the plenum and in the core.

In particular, one TC-tree is placed near the HL inlet, as shown in Fig. 2.

Experimental data are recorded at a rate of 10 Hz during the first 3.5 hours of the transient. Then, after

an interval of 15 min, data are further recorded at a sampling rate of 5 Hz for the next 7 hours, and so on.

The 15 min interval is necessary due to data saving and the change of the record setting.

2.2. Transient test-cases

The typical transient scenario is as follows:

• Two initial primary flow conditions are tested, with an initial flowrate of 400 L/min or 800 L/min in

the primary circuit;

• First, at the start of the transient, the primary pumps are stopped and bypassed;

• Then the secondary circuit valve is closed, and the AC of the secondary circuit is shut down. The

time of secondary circuit closing is varied depending on the scenario. Two operating modes of the

DHR circuit are investigated: in forced circulation along with the AC, or in natural circulation, with a

delayed activation of the AC.

The transients can be described by three parameters, representing the aforementioned parameters. Eight

accidental scenarios are investigated experimentally. The key features of each transient are summarized

in Tab. 2. The three parameters of interest X1-X2-X3 are respectively the initial temperature levels in the

primary circuit X1, the inertia of the secondary side X2, and the operation of the DHR circuit in forced or

natural circulation X3. Each parameter Xi can take two values. To modulate each of these parameters Xi in

practice, it was proceeded as follows:
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• X1: flowrate is imposed in the primary circuit prior to the startup of the test. It is either imposed at

800 L/min, or 400 L/min. As a result, the temperature levels in primary circuit are cold X1 = C, or

hot X1 = H;

• X2: the inertia of the secondary circuit is simulated by closing the regulating valve at t = 100 s, or at

t = 1000 s. These two cases are referred as low inertia cases X2 = L, or inertial cases X2 = I;

• X3: the operating mode of the air cooling in the DHR circuit is either in forced circulation X3 = F, or in

natural circulation X3 = N.

The test conditions are summarized in Tab. 2.

Table 2: Experimental conditions.

Primary circuit Secondary circuit DHR circuit

Test ID Flowrate

(L/min)

Core power

(kW)

Flowrate

(L/min)

Valve closing

time (s)

A/C power

(kW)

Flowrate

(L/min)

A/C power

(kW)

C-I-F 1000 500
30 s
−−−→ 0 0

620 s
−−−→ 110

C-L-F
800

10 s
−−−→ 0

100 500
10 s
−−−→ 0 0

620 s
−−−→ 110

H-I-F 1000 500
30 s
−−−→ 0 0

620 s
−−−→ 110

H-L-F
400

10 s
−−−→ 0

100 500
10 s
−−−→ 0

90

0
620 s
−−−→ 110

C-I-N 1000 500
30 s
−−−→ 0 0

9600 s
−−−−→ 110

C-L-N
800

10 s
−−−→ 0

100 500
10 s
−−−→ 0 0

620 s
−−−→ 110

H-I-N 1000 500
30 s
−−−→ 0 0

9600 s
−−−−→ 110

H-L-N
400

10 s
−−−→ 0

500
10 s
−−−→ 0 250

5 s
−−→ 0

100 500
10 s
−−−→ 0

90
10 s
−−−→ 0

0
9600 s
−−−−→ 110

3. Results and discussion

We discuss in this Section the experimental results and provide an interpretation for the observations.

When used, values of thermo-physical properties (density, viscosity, etc.) of sodium are taken from [30].

3.1. Experimental results

The time-evolution of the flowrate in the primary circuit WI is shown for all eight cases in Fig. 4, as

well as Wheat and Wunheat. The initial value of the flowrate is WI = 5.7 kg/s for hot cases (= 400 L/min)

or WI = 11.4 kg/s for cold cases (= 800 L/min). When the primary pump is stopped, the primary flowrate

falls to WI ≈ 0.05 kg/s in a few minutes. For cases X3 = N where natural circulation occurs in the DHR

circuit, after a quick decrease of WI , the flowrate increases, until t ≈ 150 − 200 min, then slowly decreases
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Figure 4: Primary flowrate.

over hundreds of minutes towards a steady-state value WI ≈ 0.05 kg/s. This local maximum is typical of

natural circulation transients [2, 9]. The time-evolution is more complex in forced circulation cases X3 = F.

As a matter of fact, flowrate instability and reversals are observed from t ≈ 100 min to t ≈ 220 min, except

for C-L-F. The reversals then stop and the flowrate remains quasi-steady, with irregular oscillations, with a

typical oscillation timescale of ∼ 20 min.

Moreover, it is seen that for all cases, Wheat ≈ WI . This means that most of the flowrate goes through the

heated core channels, as it is driven by buoyancy (induced by the heating). Also, for all cases (except during

the oscillation phase), Wunheat < 0 showing, that some fluid goes down through the outer channels. At it will

be discussed, the counter-flow through the outer channels is caused by thermal stratification in the plenum.

Indeed, colder and denser fluid accumulates near the bottom plenum wall, and dives near the external sides

of the core.

Both the DHX and the IHX participate in the primary circuit cooling at different rate, but only the IHX

provides a driving term for the natural circulation within the whole primary circuit. The DHX, due to its

location, cools the plenum and generates a buoyancy term that lead to a secondary flow inside the hot pool,

but not through the primary pipings. The temperature evolution at the inlet and outlet of the IHX, Tin,IHX

and Tout,IHX respectively, is shown in Fig. 5. Here again, the temporal evolution depends on the natural or

forced circulation in the DHX.

In X3 = N cases, Tout,IHX decreases at the start, then reincreases and finally stabilizes around Tout,IHX ≈

300°C. For Tin,IHX , a slight decrease is observed, then an increase, and finaly a stabilization around Tin,IHX ≈

400°C. It is also observed that ∆TIHX = Tin,IHX − Tout,IHX becomes small around t ≈ 100 min, but there is
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Figure 5: Temperature at inlet and outlet of the IHX (primary side).

no pinching and ∆TIHX > 0 for all cases.

This observation is not true for X3 = F cases. There, a steep decrease of Tin,IHX is observed. Conse-

quently, pinching is actually observed, Tin,IHX ≈ Tout,IHX between t = 100 min and t = 220 min approxi-

mately. The pinching is simultaneous with the flowrate oscillations from Fig. 4. Moreover it is observed that

the pinching occurs earlier and the oscillations last longer in the X1 = H cases, than in the C cases. As a

matter of fact, the cooling rate in H cases is higher, due to the larger temperature difference between the hot

pool and the DHR circuit. As a consequence, Tin,IHX decreases quicker than in X1 = C cases, and leads to

the pinching.

The thermal power exchanged at the IHX is computed as:

Q̇IHX = WIcp∆TIHX . (4)

Its evolution over time is shown in Fig. 6. For all cases, it promptly decreases in less than 20 min, as the

secondary circuit is closed. Because of the pinching in X3 = F cases, Q̇IHX falls to zero during the pinching

duration. It then increases to a quasi-steady value Q̇IHX ≈ 2 kW. This is not the case for X3 = N cases.

Indeed during the instability time frame 110 min ≤ t ≤ 220 min, Q̇IHX reincreases, reaches a maximum

value and finally converges towards a similar quasi-steady value Q̇IHX ≈ 2 kW.

Similarly, the power exchanged at the DHX is written as:

Q̇DHX = WDHXcp∆TDHX , (5)

with ∆TDHX the temperature difference at the secondary side of the DHX. The DHX power evolution is

shown in Fig. 7. First, the power removal by the DHX is an order of magnitude larger than the heat removed
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Figure 6: Exchanged power at the IHX over time. The instability time frame is indicated by the area shaded in grey.

by the IHX. Second, contrary to the IHX, it is not affected by the instability. This means that the heat

transfer from the plenum to the DHX is not affected by the global circulation in the primary circuit. The

power slowly increases for X3 = N cases. A steep jump is observed when the air-cooling is activated, at

t = 160 min for C-I-N, H-I-N and H-L-N, and at t = 10 min 20 s for C-L-N. The jump is higher for X1 = H

cases (around 60 kW), than for the C-I-N case (around 40 kW). Indeed, for X1 = H cases, the temperature

difference between the primary circuit and the DHR circuit is higher than in the C-I-N case, leading to a

higher increase in the heat flux Q̇DHX .
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Figure 7: Exchanged power at the DHX over time.

For forced cases X3 = F, the steep increases occur right after the start of the transient, as the flow is

imposed in the DHR circuit. For forced hot cases H-I-F and H-L-F, the increase is steeper. Indeed, the

temperature levels are higher in the primary circuit. Thus the temperature difference between the primary

circuit and the DHR circuit is higher, as well as the heat flux. It is observed that, at the peak, Q̇DHX ≈ 125 kW,
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which is larger than Q̇elec = 110 kW. This cold shock shows that on a global scale, the primary circuit is

strongly cooled after the transient beginning.
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Figure 8: Instantaneous vertical temperature profiles near the HL inlet.

In the following, we discuss specifically the cases H-I-N, H-I-F, C-I-F and C-L-N, which are repre-

sentative of all cases. We show in Fig. 8 the instantaneous vertical temperature profiles near the HL inlet,

as shown in Fig. 2, for the selected cases. This specific TC tree was chosen as it is near one of the HL

inlet. However, comparison with the other TC trees in the plenum did not show significant differences in

the azimuthal direction. The overall dynamics of the temperature strongly depends on the forced or natural

circulation case, X3 = F or X3 = N. In the case H-I-N the temperature levels rise from T ≈ 360°C to

≈ 430°C at t = 125 min. Then, as the circulation in the DHR circuit is imposed, the rate of increase of the

temperature levels in the plenum abruptly slows down and remains around T ≈ 450°C.

For the X3 = N cases, the final temperature levels are similar, T ≈ 450°C. However, the rate at which the

temperature rises differs, as shown by the successive shifts in the temperature profiles. First, in the H-I-N

case, the temperature levels rise at a constant rate, until t = 160 min, when the DHR circuit AC is activated.

After the activation, the rate at which the temperature increases drastically drops, as the successive profiles
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are closer. This is in agreement with the steep increase of Q̇DHX (shown in Fig. 7) at t = 160 min for H-I-N,

as more thermal energy is removed. On the opposite, the rate of temperature increase in the C-L-N case

is constant during the whole transient. Indeed, the DHR circuit AC is turned on at the beginning of the

transient, after t = 10 min 20 s. The increase rate is coherent with the value of Q̇DHX for this case, which is

comprised between the value of Q̇DHX for the case H-I-N, before and after the AC activation, as shown in

Fig. 7.

In the H-I-F case, the DHR circulation is immediately imposed. As a consequence, the temperature

levels in the plenum quickly drop from T ≈ 365°C to ≈ 340°C. The dynamics in the C-I-F case is opposite

to this. It is observed that the temperature levels increase quickly to reach the same temperature levels as in

H-I-F. This difference is due to the difference in initial condition, X1 = C or H. Nevertheless, all F cases

converge towards the same final state. Similar conclusion was drawn for the N cases.

As reversals are observed in H-I-F and C-I-F, it can be concluded that the overall temperature levels

are not only responsible for the apparition of the reversals. As seen from the height of the HL inlet and the

shape of the temperature profile with colder temperature near the bottom, this shows that stratification in the

plenum plays a key role.

The evolution of the vertical temperature gradient near the HL is shown in Fig. 9 for the selected cases.

It highlights the stratification level in the plenum. With the chosen coordinate system, with z in the upward

direction, dT/dz > 0 indicates that the temperature increases with z. For each case, several profiles are

shown, averaged over the indicated time window. The profiles are time-averraged over the selected temporal

windows, as indicated in Fig. 9, in order to highlight the effect of the DHR circuit AC activation. At the start

of the transient for the H-I-N case, the gradient is dT/dz ≈ 20°C/m near the lower wall. It then decreases to

values close to zero around z ≈ 600 mm, and increases again slowly for higher z-values. When the transient

starts, the stratification remains close to the initial stratification. When the DHX cooling is activated at

t = 160 min, a quick shift in stratification is observed. The temperature gradient near the bottom is then

dT/dz ≈ 50°C/m, showing that colder fluid is at the bottom. Given the location of the HL inlet, colder fluid

is therefore more likely to enter the HL. Moreover, it seen that the increased thermal stratification persists in

time.

On the other hand, for the forced cases H-I-F and C-I-F, the forced circulation in the DHR circuit

directly induces the shift in temperature gradient. Right after the start of the transient, the values of the

gradient in the lower part are dT/dz ≈ 60°C/m. It is noticeable that H-I-F and C-I-F have the same temporal

evolution of the temperature gradients, and the same instantaneous gradients, despite having completely

different temperature profiles. This highlights the enhancing effect of the DHR circuit on the stratification.
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Figure 9: Vertical temperature gradient profiles near the HL inlet, time-averaged over the selected temporal windows. The shaded

areas shows ± the Root-Mean Square value over the time frame.

In the H-I-N case, global natural circulation occurs when the fluid is rather homogeneous in temperature

and is slowly cooled. On the other hand, for the case H-I-F, circulation occurs the fluid is highly stratified

and is cooled quickly. The combination of these two effects leads to blocking the natural circulation through

the IHX. This effect could be diminished if hotter fluid enters the HL, for example in a higher part of the

plenum, or by mixing the fluid more efficiently in the plenum.

For the case C-L-N, one observes that the stratification increases progressively. In this case, the DHR

circuit AC is activated earlier than in other X3 = N cases, at t = 10 min 20 s, against t = 160 min for the

others. In this case, the DHR circuit is let free, and consequently the extracted power at the DHX has an

intermediate value compared to N and F cases, as seen in Fig. 7. This confirms that the increase in Q̇DHX

enhances the thermal stratification.

In the end, the increase in Q̇DHX can be achieved by activating the DHR circuit AC and/or imposing the
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circulation in it. The increase has thus two effects:

1. The overall heat transfer is increased, therefore the average temperature in the plenum quickly drops;

2. Due to its geometry, the DHX mainly cools the lower part of the plenum. Consequently, the plenum is

highly stratified.

In all cases, it is observed that the stratification shift appears at the DHR activation, at t = 10 min for

forced circulation cases, and at t = 160 min for natural circulation cases. The effect on the upper pool

stratification is weak, and the latter remains similar to the situation before the activation of the DHR circuit

AC.

In the C-L-N case, the increase in stratification is progressive, due to the early activation of the DHR

circuit AC. An slower drift is observed, compared to other cases. Indeed, same stratification levels are

reached, more than 200 min of transients, against in less than 10 min for the other cases.

In addition, it is seen that the temporal fluctuations remain weak, and that the thermal stratification

is stable in time. Two key learnings can be retrieved from this observation. First, the operating mode

of the DHR circuit (forced or free flow) does not play a direct role on the thermal stratification increase.

Nevertheless, it has an impact (i) on the rate at which the stratification increases; (ii) on the extraction

of thermal energy, at the global scale. The difference between the cases is explained by the effect of the

operating parameters (forced or natural circulation; AC activated or deactivated) on Q̇DHX . Second, once the

enhanced stratification is established, it persists in time, as indicated by the low RMS values (shaded area on

Fig. 9).

3.2. Stratification and instability

As seen on the experimental results, the apparition or not of flow reversals results from the competition

between the cooling of the primary circuit by the DHX, and the buoyancy source term from at the IHX. From

the analysis of the temperatures pinching at the IHX, it can be concluded that the reversals are linked to the

loss of the driving term between the core and the IHX. As seen from Fig. 1, the fluid exiting the plenum

and entering the IHX is taken near the bottom of the hot pool. The fluid taken here is strongly subjected to

the cooling of the plenum, because of the DHX. As Q̇DHX is approximately ten times Q̇IHX , the fluid in the

plenum is cooled much quicker than the fluid cooled through the IHX. Thus, the fluid entering the hot leg

of the primary circuit is already cold, which in turns annihilates both the heat transfer at the IHX, and the

global driving term in the primary circuit.

In turn, the global circulation does not occur anymore, and a secondary flow between the top and bottom

of the plenum occurs within the hot pool. By continuity and 3D effects, flow reversals are induced, which
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Figure 10: Evolution of the stratification with (a) time; (b) Q̇DHX .

ultimately leads to removing the cold plug in the primary circuit hot leg. In turn, overall circulation starts

again, through the primary circuit.

We use the vertical temperature gradient value near the HL inlet as marker of the thermal stratification,

(dT/dz)HL,in = (dT/dz)z=58 mm. The evolution of (dT/dz)HL,in is shown in Fig. 10. We stress that the data

shown in Fig. 10 are averaged over a temporal window of 10 min, in order to remove the fast fluctuations

of (dT/dz)HL,in, and to improve the readability. First, Fig. 10a shows the evolution of (dT/dz)HL,in as a

function of time. It is quite striking that (dT/dz)HL,in follows the same evolution as Q̇DHX . Indeed, as

shown in Fig. 10b, the curves representing the evolution of (dT/dz)HL,in with Q̇DHX all collapse onto a single

curve, with a quasi-linear dependence. This shows that the extracted power Q̇DHX directly enhances the

stratification, regardless of the heat transfer at the IHX and flow dynamics. It can also be noticed that the

response curve is quasi-flat for low Q̇DHX . Indeed, for Q̇DHX ≤ 40 kW, we have a constant stratification

level, (dT/dz)HL,in ≈ 20°C/m. This shows that for low extraction power, there is no increase in stratification,

and the establishment of natural circulation should not be perturbed if the power extraction is limited. The

same comment can be made for high Q̇DHX ≤ 90 kW, where the curve is once again flat, showing that a

maximum stratification is reached, with (dT/dz)HL,in ≈ 60°C/m.

In addition, a slight deviation to the master curves is observed for X1 = H cases. These deviations

occur simultaneously with the steep jump in Q̇DHX , observed at t = 10 min 20 s for X3 = F cases, and

at t = 160 min for the X3 = N cases. This is due to a delay in the stratification response time regarding

the Q̇DHX increase. The curves merge back to the master curve after the steep jump. Moreover, in the

studied cases, Q̇DHX only increases with the course of the transient. It would be interesting to see if the high

17



stratification persists or evolves if Q̇DHX starts to decrease. Particular attention is dedicated to analyzing the

response time of the loop in Section 3.3.

The competition between the heat removal via the DHX and via primary circuit circulation can be ana-

lyzed thanks to the Stanton number St. In the case of PLANDTL-2, it is defined as:

St =
NuDHX

ReI Pr
. (6)

We define the Reynolds number of the primary circuit as:

ReI =
UIDI

ν
=

4WI

πDIµ
, (7)

the Prandtl number Pr = ν/κ, and the Nusselt number at the DHX as:

NuDHX =
hDHXHDHX

λ
. (8)

We introduce here some thermophysical properties of liquid sodium taken from [30]:

• ν and µ: kinematic and dynamic viscosity;

• ρ: density;

• κ: thermal diffusion coefficient;

• β: thermal expansion coefficient.

Rigorously, St should be defined using steady-state quantities. It is here assumed that the flow and heat

transfer evolve slowly and that instantaneous values of the flowrate and heat flux can be used to define S t.

The time-evolution of St is shown in Fig. 11. We also define the Grashof number, which compares the

buoyancy effects to the viscous dissipation, as:

Gr =
D2

Iρ
2βg∆T

µ2 , (9)

∆T =
Q̇elecHcore

Acµcp
, (10)

with the cross-section Ac = πD2
core/4. In the studied case, as Q̇elec is constant, the Grashof number is also

constant, with Gr = 1.51 × 1018.

For X3 = N cases, St always follows the same evolution. It slowly increases towards an asymptotic value

10 ≤ St ≤ 20. For the X3 = F cases, the evolution differs. First, a steep increase of St is observed in the early

moments of the transient. It then stabilizes temporarily, before the onset of instability and reversals around

t ≈ 50 min. It is noticeable that the case C-L-F has the lowest St value among the forced case, with St ≈ 20.
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Figure 11: Stanton number of the primary loop over time.

For all cases displaying instability, St > 20. The value St ≈ 20 is therefore the stability threshold for the

natural circulation experiments in PLANDTL-2. As St increases, instability and reversal appear in the time

slot 110 min ≤ t ≤ 220 min. During this period of time, St values have no meaning, as the flow cannot be

considered as quasi-steady. After the oscillations phase, St slowly decreases and converges towards values

St ≤ 20. This threshold value corresponds to the maximal heat that can be stored and conveyed through

the primary circuit. We stress here that the value of St ≈ 20 is anecdotal, as it raises from arbitrary choices

of length scales in particular. Nevertheless, the stability of the system considered here is subjected to a

threshold and the Stanton number as defined here compares the DHX cooling to the circulation through the

HL. The results obtained here contradict the presupposed effect of the DHX, which was to cool the plenum

while avoiding stratification.

It is clear from these trials that the stratification increase persists in time. Nevertheless, if the circulation

through the primary circuit is primed before the increase in stratification, the loop remains stable. Here, high

NuDHX are synonym of high stratification level, whereas high ReI are synonym of well-primed circulation.

The Stanton number St as defined in Eq. (6) compares the stratification in the hot pool to the circulation

through the primary circuit. As shown in the present study, it can be used to highlight the stability of the

loop.

In addition to these observations, we emphasize that the flow oscillations and stratification do not affect

the temperature levels in the core. Indeed, the temperature at the exit of the heated channels, near the of

the core, are shown in Fig. 12. First, the flowrate oscillations are not reflected on the temperature evolution,

showing that they do not influence the maximal core temperature. This is likely an effect of the IWF, which

smooths the temperature evolution. Second, the temperature evolution mainly depends on the operating of

the DHR system, i.e. forced or natural circulation. In forced cases, the temperature quickly stabilizes around
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390°C in about 30 min. In natural circulation cases, the temperature slowly rises from 400°C to 500°C, as

Q̇DHX does not compensate fully the thermal input Q̇elec = 110 kW, as shown in Fig. 7. For these cases, the

slope decreases as the DHR system AC is activated, at t = 160 min. For the case C-L-N, the slope is smaller,

as the AC is activated at t = 10 min 20 s. In all natural circulation cases, the final temperature stabilizes

around 500°C.
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Figure 12: Time-evolution of temperature at the exit of heated channels.

3.3. System response time to the jump in Q̇DHX

As seen from Figs. 7 and 10a, the stratification levels follow a similar evolution as Q̇DHX , with some

delay in time. It is interesting to quantify this delay, as it indicates the response time of the stratification

to the modification of the extracted power at the DHX. In particular, a jump ∆Q̇DHX occurs when the DHR

circuit AC is turned on. As stratification plays a key role in the loop stability, it is interesting to quantify

more precisely the delay between the jump in extracted power and the stratification increase.

To estimate the response time of the stratification to the abrupt increase in Q̇DHX , a time-window around

the jump is selected for each case. The re-scaled signals of Q̇DHX and stratification can be written as:

A =
Q̇DHX − µDHX

σDHX
(11)

B =
(dT/dz)HL,in − µstrat

σstrat
(12)

where µ and σ are the average and standard deviation operators over the selected time-window. These

transformations are applied in order to have µA = µB = 0 and σA = σB = 1.

Classically, the method used to estimate a time delay, denoted τ⋆, between two signals for which only

one observation (of the pair) is available, consists firstly in calculating the deterministic cross-correlation

between one signal and the other signal shifted by τ [31]. Then, the optimal time shift τ⋆, for which the sim-

ilarity between the two signals is greatest, is determined by maximizing the absolute value of the correlation
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function. This indicates the delay such that the signals are best aligned. For simplicity and without loss of

generality, we assume in the following that the signal B is shifted by a positive τ, which consists in practice

in assuming the knowledge of a causal relationship between the signals A and B. The notations can easily be

extended to the case of a negative τ (e.g. by swapping A and B in the notations), or to any τ, but this would

complicate the notations without any real interest here. Considering two discrete time series A and B, the

cross-correlation for a discrete shift k is given in its deterministic formulation by:

CAB(k) =
∑

n

AnBn+k, (13)

where n and n + k are the indices of the discrete time series. Note that, in practice, for two finite non-

periodic sequences, the sum is truncated at Nmax − k terms, where Nmax is the maximum time index of signal

observation. So, to ensure a fair comparison of CAB(k) values calculated for different k, it is preferable to

consider the following normalization:

CAB(k) =
1

Nmax − k
CAB(k). (14)

The estimate of the “discrete” delay k⋆ is given by the arg max of |CAB(k)|:

k⋆ = arg max
k
|CAB(k)| .

The time delay τ⋆ is then deduced by τ⋆ = k⋆δt, where δt = 1/ fs and fs is the signal sampling rate.

Note that Eq. (13) is the deterministic formulation of cross-correlation, as opposed to the stochastic cross-

correlation of a pair of random processes. The latter is calculated for two given times and is defined as the

statistical correlation (i.e. Pearson correlation) between the values of the two processes for these two instants

(see [32]). We can then compute the time average of this stochastic cross-correlation using double time

integration. Stochastic cross-correlation takes into account signal variability and is more robust to noise than

deterministic correlation, but it requires several realizations of the signal, which is not possible in our case.

Consequently, only the deterministic formulation can be considered here.

However, the analogy between deterministic and stochastic correlation paves the way for a deterministic

extension of other, more powerful, stochastic dependence measures than the simple Pearson correlation.

Indeed, Pearson correlation, by definition, only takes into account a linear form of dependency between

signals, unlike other broader-spectrum statistical measures which can detect highly non-linear dependencies.

Among these, the distance correlation [33] is of particular interest: on the one hand, its nullity is equivalent

to probabilistic independence, and on the other hand, its statistical estimation is highly accurate even for

limited sample sizes, making it a dependency measure of first choice in many applications [34]. For signal
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processing applications, the concept of distance correlation has been extended by [35] to propose an auto-

distance (or cross-distance for 2 signals) correlation function to measure the temporal dependence structure

(linear but also non-linear) in time series. But again, this cross-distance is a stochastic formulation that

requires multiple signal realizations.

Based on these considerations and relying on the analogy between deterministic correlation and statistical

correlation, we propose to consider a “deterministic” version of the cross-distance correlation as a relevant

alternative to deterministic cross-correlation. For this, we first define the cross-distance covariance for two

discretized signals A and B as:

DAB(k) =
√∑

n

∑
l

ãn,l b̃n+k,l+k, (15)

where ãn,l (resp. b̃n,l+k) are all doubly centered pairwise distances computed for signal A (resp. for signal B

shifted by k). More precisely ãn,l is defined by:

ãn,l := an,l − an• − a•l + a••, (16)

where
an,l = |An − Al|, an• =

∑
l

an,l,

a•l =
∑

n

an,l, a•• =
∑

l

∑
n

an,l.

(17)

Similar notations apply to b̃n+k,l+k values. Moreover, for discrete finite series, each sum is truncated at

Nmax − k terms. So, as for CAB, it is more accurate to consider the following normalization:

DAB(k) =
1

Nmax − k
DAB(k). (18)

Finally, we can define a cross-distance correlation by dividingDAB(k) by the square root of the product of the

distance covariances of each signal (as it is done to define the distance correlation from distance covariance):

DAB(k) =
DAB(k)√

DAA(0)DBk Bk (0)
. (19)

where Bk denotes the signal B shifted by k. Finally, k⋆ is estimated by k⋆ = arg maxkDAB(k) and τ⋆ is

deduced, as for CAB. To illustrate the performance of DAB and compare it with that of CAB for estimating

τ⋆, we carried out a benchmark on virtual signals generated with a known τ⋆, and that closely mimics the

signals observed in our application (similar shape and noise level). More precisely, the generated signals

have a prescribed delay τ⋆ ∈ [1, 7] min and a noise level σB ∈ [0.1, 0.6]. These ranges were chosen because

they encompass the empirical observations. This benchmark on virtual data and the results obtained are
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presented in Appendix A: they show that DAB yield more reliable estimates of τ⋆ than CAB, for the type of

signals considered.

Strengthened by these results, DAB is then applied to the observed signals. The plot of DAB according

to τ is given by Fig. 13a and shows that the estimated delay is 3 min 19 s for the case H-L-N. Fig. 13b

shows the re-scaled A and B signals, and the re-timed B signal (delayed by 3 min 19 s): a good agreement is

observed between the A signal and the re-timed B signal.
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Figure 13: Delay estimate for H-L-N case.
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Figure 14: Evolution of the response time τ⋆ with the jump ∆Q̇DHX .

The delay estimate process based on cross-distance correlation is repeated for all cases. As shown in

Fig. 14, it is striking that the response time depends on ∆Q̇DHX . For lower ∆Q̇DHX (i.e. X3 = N cases), the

response time is τ ≈ 5 min, whereas for higher ∆Q̇DHX (i.e. X3 = F cases), the response time is τ ≈ 1 min.

The typical Reynolds number Repl = UplHpl/ν for the buoyant plumes in the hot pool can be estimated
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thanks to typical scaling laws for Rayleigh-Bénard convection [36] as a function the effective Rayleigh

number Rapl inside the plenum:

Repl ∼ Ra1/2
pl Pr−3/4 (20)

with Rapl =
gβ∆TplH3

pl

νκ
, (21)

and Hpl the plenum height, ∆Tpl a characteristic temperature difference for buoyancy. Here it is taken

between the bottom and top of the UIS, at the center of the pool, and it is weakly on the transient scenario.

Finally, assuming a unit proportionality constant, this leads to the typical timescale of the buoyant plumes:

τbuoy =
Hpl

Upl
=

H2
pl

ν
Ra−1/2

pl Pr3/4 = 1 min 16 s ± 15 s. (22)

As τ⋆ and τbuoy have the same order of magnitude, the stratification process and buoyant motions in the

plenum interact strongly. In cases where the response time τ⋆ is quick compared to the buoyant plumes

timescale τbuoy, stratification increase becomes the dominant mechanism. In such cases, there is a risk to

impede the proper establishment of natural circulation throughout the primary circuit. These findings are

consistent with the instability mechanism proposed in Section 3.2.

4. Conclusions

Sodium natural circulation tests were carried out on the PLANDTL-2 experiment. The purpose was to

understand the effect of several parameters on the global flow dynamics in this IET, and also to develop a

database for multiscale codes validation. Long term instabilities and reversals were observed in the time

frame t = 110 min to 220 min, but only for cases where the heat removal by the DHX is strongly dominant.

This means that instability is observed when the primary circuit is quickly cooled. This counter-intuitive

observation is actually due to the combination strong plenum cooling by the DHX and high stratification

level near the entrance of the HLs. This increase in thermal stratification is enhanced by the DHR circuit

forced circulation, combined with its AC system. These effects are unfavorable to natural circulation at the

circuit scale. They are tempered by the heat evacuation via convection through the primary circuit. The

comparison of these contributions can be analyzed using the Stanton number, which compares the cooling

due to the DHX to the convection in the primary circuit. It is found that stable circulation occurs below a

threshold Stanton number, which value depends on the loop geometry.

In addition, a method to estimate the system response time was developed. The results highlighted that

the stratification response time was dependent on the jump in DHX extracted power, when the AC is turned
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on. The stratification increase is quicker as the jump in Q̇DHX is higher. In order to maintain the flowrate

stability, it is needed that the rise in Q̇DHX remains low, so that it does not interfere with the establishment of

natural circulation.

As PLANDTL-2 is designed to be representative of actual pool type SFR concepts, such as ASTRID,

some guidelines to avoid flow instability can be given:

1. the cooling rate of the DHX needs to be limited to avoid pinching at the IHX;

2. or conversely, the DHX activation needs to be delayed after the full priming of circulation in the

primary circuit;

3. hot fluid circulation towards the primary circuit HL can be privileged by having the hot leg piping

higher in the plenum (avoid the stratification issue) or by increasing the elevation of the DHX;

4. completely close the primary circulation and remove global circulation. The core cooling is thus

ensured by the DHX only and the prefered flow path goes through the IWG;

5. increase mixing in the plenum to avoid stratification by using passive vannes for example.

These guidelines are not necessarily compatible among each others and experimental investigation remains

necessary in order to evaluate which ones are of interest for the design of passive safety devices for SFRs.

Moreover, the expected benefits of the proposed guidelines should be balanced by the effect on the maximum

core (and more precisely cladding) temperature. As a matter of fact, in PLANDTL-2, the flowrate oscillations

do not impact the core temperature evolution, but this conclusion can be hard to be generalized to all concepts

and accidental transients. The operating mode of the DHR system (i.e. Q̇DHX) remains the main parameter

affecting the core temperature in this case.

In the framework of code validation, this work shows that 3D effects such as stratification play a key

role in the global dynamics. Consequently, 0D homogeneous models cannot be used to properly represent

the dynamics in the plenum. Thus, the use of 3D codes, such as CFD codes or multiscale coupled strategies

are necessary to capture even the long term dynamics (t ≥ 100 min) of these systems. Another possible

approach is the 1D modeling of the pool stratification in the vertical direction.
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Appendix A. Benchmark of Methods for Optimal Time Shift Estimation

The aim here is to compare the two methods cited in Section 3.3 for estimating the optimal delay τ⋆.

More precisely, we want to evaluate the performance of the method based on cross-distance correlation

DAB (Eq. (19)), compared to the standard cross-correlation method CAB (Eq. (14)). To do this, we run a

benchmark on virtual signals that are representative of the signals of the application case, but for which we

know the theoretical delay. More precisely, we consider for signal A the re-scaled signal Q̇DHX (Eq. (11)) of

test-case H-L-N. And for signal B, we simulate a virtual signal as equal to signal A shifted by τ⋆ plus a white

noise of constant standard deviation σB. The objective is then to recover the prescribed delay τ⋆ from the

single observation of the pair of signals (A,B), applying either the cross-correlation CAB or the cross-distance

correlation DAB. The optimal time delays estimated with both methods are respectively denoted τ̂⋆
C

and τ̂⋆
D

and are then compared to the prescribed delay τ⋆. In practice, this procedure is carried out for different delay

τ⋆ values ranging from 2 min to 6 min 30 s, and for σB values ranging from 0.1 to 0.7. Moreover, for each

combination of τ⋆ and σB, 50 repetitions are performed with independent and identically distributed noise

realizations. Each time, the relative absolute error RAEτ̂⋆ =
∣∣∣∣ τ̂⋆−τ⋆τ⋆ ∣∣∣∣ is computed for each of the 2 methods.

The mean value MRAEτ̂⋆ , over the 50 repetitions, is given by Figure A.15, as a function of τ⋆ and σB.
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Figure A.15: Mean Relative Absolute Error according to prescribed delay τ⋆ and standard deviation of noise σB. The cross-

correlation CAB and cross-distance correlation DAB are defined in Eqs. (14) and (19), respectively.

The results show that the cross-distance correlation leads to a more accurate estimate of the delay over

the whole range of τ̂⋆ and σB considered. Cross-distance correlation produces an MRAEτ̂⋆ four times

smaller for noise levels lower than 0.4. This superiority then tends to decrease for higher noise levels. In

addition, we can analyze the estimates for specific τ⋆ and σB values. Let us consider, for example, the case
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τ⋆ = 4 min 20 s and σB = 0.3, which are close to those of the observed signals, as illustrated by a basic

denoising of signal B using a low-pass Butterworth filter (Figure A.16). We find a mean absolute error of

around 40 s (mean relative error of ∼ 20%) with a standard deviation of 5 s for the standard cross-correlation

CAB, compared with a mean error equal to 10 s (mean relative absolute error of ∼ 5%) with a standard

deviation of 10 s for the correlation cross-distance DAB. This virtual specific example, close to the real case,

gives us an insight into the estimation error of each method.
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Figure A.16: Illustration of signal B denoising using a low-pass filter with different filter parameters on the H-L-N case. The

estimated standard deviation of noise σB is indicated in each case.
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