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INTRODUCTION

In the past years, strong interests have risen in the design
of passive heat exchanger for the nuclear industry. In partic-
ular, Safety Condensers (SACOs) are designed to operate at
pressures close to the atmospheric pressure. These designs
combine several advantages, namely their inherent safety and
robustness. Nevertheless, their stability regarding thermal
hydraulics phenomena is strongly dependent on the design
(geometry, pressure losses), but also on the expected working
conditions (inlet temperature and wall heat flux). For instance,
flowrate instability and reversal may induce vibrations or have
thermomechanical effects on the exchanger.
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Fig. 1. Standard natural circulation loop investigated here.

We focused here on a standard two-phase natural circula-
tion loop, as depicted in Fig. 1. The test section is constituted
of a single cylindrical channel. The water, initially at tempera-
ture Tin, receives thermal power Pin through the heated section,
rises and by mass conservation, it induces circulation through
the whole loop. For low Pin, the water will not reach its boiling
point, and the flow will remain liquid. Such loops are uncon-
ditionally stable [1]. On the opposite if Pin is large enough,
boiling occurs in the heated section and nonlinear phenomena
happen. Past works [2–12] have shown that natural circulation
exchanger are stable at low Pin and high subcooling Tsat − Tin
(with Tsat the saturation temperature), and exhibit strong flow
reversals at high Pin and low Tsat − Tin. These works included
theoretical, experimental and numerical studies. Stability anal-
yses suggest that the destabilization results from density waves
in the heated section [3]. Although the findings are consis-
tent on the boundary shape between these two regimes, it is
strongly dependent on upstream and downstream hydraulic
conditions, i.e. on the exchanger and loop designs. In this
summary, we investigate numerically and experimentally the
influence of upstream and downstream pressure losses on the

stability boundaries. A dedicated platform called EXOCET1

has been built in CEA Cadarache (France) to study their influ-
ence and a 1D numerical model of the facility was developed
with the thermal-hydraulic code CATHARE [13]. We compare
and validate our data with results from [12], as the geometrical
data is close to ours, and investigate the effects of pressure
losses on the stability diagram with experimental results from
the EXOCET facility.

We first describe the physical problem and define quan-
tities of interest, which are the phase change number Npch
and the subcooling number Nsub (later defined). In the results
section, we describe and discuss our results, regarding compar-
ison of experimental and numerical data. Once the validation
is carried out, we discuss the influence of the input parameters
and of the upstream and downstream pressure losses on the
flowrate.

PROBLEM MODELING

Physical Modeling

We perform a dimensional analysis to establish relevant
nondimensional parameters for the study. Given a standard
circulation loop as shown in Fig. 1, we assume that in the
tank there is a perfect heat exchanger and at the tank exit, the
temperature is constant Tin and the absolute operating pressure
P is fixed. We also assume that the cold leg (CL) and hot leg
(HL) are constituted of adiabatic walls. We follow [4, 6] in
establishing nondimensional quantities. First we determine
reference values for velocity, time, mass flowrate and input
power. Su et al. [14] determined the reference velocity for a
closed-square natural circulation channel as

Ure f =

gdRe0.241
re f

0.416

1/2

, (1)

with Rere f = Ure f d/νl the characteristic Reynolds number of
the loop. Solving for the reference velocity gives

Ure f =
1.62g0.569d0.705

ν0.137
l

. (2)

Here all dimensions and physical quantities are taken in SI
units. The characteristic velocity Ure f takes into account the
acceleration of gravity g, the heated section diameter d and
the kinematic liquid viscosity νl. As suggested in [5–7], we
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TABLE I. Values of Npch and Nsub for the considered configu-
rations.

[12] [12] EXOCET EXOCET

P [bar] 3 4 1.1 1.7
Nsub [-] 40-80 30-65 50-250 50-180
Npch [-] 7-20 5-20 0-25 0-20

then define the reference quantities as

tre f = h/Ure f ; (3a)
Qre f = ρlUre f S ; (3b)

Pre f = Qre f Llv
ρv

ρl − ρv
. (3c)

Here the reference time tre f is the characteristic time of
rising through the heated section of height h at the velocity
Ure f . The characteristic mass flowrate is the flowrate through
the heated section of cross-section S = (πd2)/4. The charac-
teristic input power Pre f is a function of Qre f , the latent heat
Llv and the liquid and vapor densities ρl and ρv. All physical
quantities are computed at the saturation temperature Tsat for
each operating pressure. According to [4, 6], we define the
phase change and the subcooling numbers as

Npch =
Pin

Pre f
; (4a)

Nsub =
cp,l(Tsat − Tin)(ρl − ρv)

Llvρv
, (4b)

with Pin the input power, cp,l the liquid heat capacity, Tsat the
saturation temperature, Tin the inlet temperature. According
to [4], these two parameters are the main ones governing
stability. The other nondimensional groups are either outputs
of the system or quasi-constant. The range of Npch and Nsub is
given in Table I for each configuration.

With these definitions, a steady-state enthalpy balance
over the heated test section gives

Npch = Q⋆av

(
Nsub + xv

ρl − ρv

ρv

)
, (5)

with xv the vapor quality and Q⋆av the average nondimensional
mass flowrate. Here we see that Q⋆av and xv are related by
Eq. (5) and by the nonlinear momentum balance and mass
conservation. These equations are solved using the CATHARE
code.

Numerical Modeling with CATHARE

We use the system-scale code CATHARE to solve
thermal-hydraulics in the natural circulation loop. The code is
a two-fluid six-equation model based on finite differences for
scalar fields and finite volumes for vector fields [13]. More-
over, heat conduction in the wall is computed, between the
internal and external sides, using three cells. The CATHARE
simulation is initialized with homogeneous pressure and zero
velocity. First no power is provided and the code converges
to the hydrostatic state. Then the input power is progressively

imposed by a linear ramp during 500 s. After the transient
regime, a steady-state regime is reached. We focused here
on the steady-state regime. The robustness of the model with
regard to the mesh was checked in a separate study. As shown
in Fig. 2, three types of regimes were identified, based on the
time-evolution of the nondimensional flowrate Q⋆(t⋆), simi-
larly to the experimental results from [12]:

1. Stable regime : constant flowrate 0.1 ≤ Q⋆(t⋆) = Q⋆av ≤

0.4;

2. Oscillatory regime : oscillating flowrate which remains
positive Q⋆(t⋆) ≥ 0, and with average 0.3 ≤ Q⋆av ≤ 0.6;

3. Flow reversal regime : strongly oscillating flowrate which
becomes negative. In extreme cases, the maximum ac-
ceptable pressure or temperature were reached, which
lead to stopping the computation.

In general, when the computation stopped, it occured after
several cycles of flow reversals. Therefore, this regime is well
observed and it highlighted the possibility of strong tempera-
ture or pressure increase. The observed regimes are discussed
in the following Section.
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Fig. 2. Types of regimes observed based on the time evolution
of Q⋆.

RESULTS AND ANALYSIS

Comparison with Results from Chen et al. [12]

Based on geometrical data from [12] and pressure losses
estimates from [15], upstream and downstream equivalent
singular pressure loss coefficients ξin and ξout were estimated
between 1 and 100. A sensitivity study with ξout = 1 and 100
was carried out and has not highlighted significant differences
in the stability diagram. Computations were carried out on
a large number of (Npch,Nsub) for a geometry close to [12].
An example of stability diagram is shown in Fig. 3. There is
a great agreement on the stability domains obtained in [12]
and obtained with CATHARE. In both cases, the boundary is
given by a straight line of similar slope and origin. For the
experimental case, a thin zone of oscillatory flows between
the two domains is observed. This situation was difficult to
reproduce numerically as the step for the computation grid was
larger than the zone width. Moreover, experimental boundary
between the stable regime and the unstable ones is given by
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Fig. 3. Phase diagram obtained with CATHARE at P = 3 bar
compared with [12].

xv = 0, meaning that instabilities are linked to significant
vapor apparition. Moreover, in [12], the condensation tank
was placed horizontally, contrary to the numerical model used
here.

Comparison with EXOCET Results

For the EXOCET facility, it was assumed that 1 ≤
ξin, ξout ≤ 106, and depends on the valve opening xin or
xout only. An example of singular pressure loss coefficient
ξout as a function of the valve opening xout is given in Fig.
4. To estimate them, flowrate (i.e. the Reynolds number
Re = UD/νl) was fixed in the loop and no heating was pro-
vided; and ξout = ∆Pout/

1
2ρlU2 was monitored, with ∆Pout the

pressure difference upstream and downstream of the valve. It
is seen that ξout mainly depends on the valve opening. We
observe that the dependence of ξout with xout is strong for
xout ≤ 40%. On the contrary, the curve is nearly flat for
xout ≥ 60%, and in this region ξout weakly depends on xout.
Nevertheless, there is a strong dispersion of experimental
data. For example with a given xout, the experimental value
of ξout may vary by a factor 2 for xout ≥ 40. The dispersion
is higher for lower xout Therefore, this may lead to additional
uncertainty in determining experimental and numerical regime
boundaries. Another source of uncertainty lies in the fact that
ξout was determined with an imposed isothermal flow, whereas
in an actual case the flow is not imposed, and two-phase phe-
nomena may also influence its value.
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Fig. 4. Singular downstream pressure loss coefficient ξout as a
function of the valve opening xout, with an imposed isothermal
flow.

In the EXOCET experiments, Pin was progressively im-

posed, initially with fully opened valves. It was observed that
the upstream valve had no influence on the stability bound-
aries, both experimentally and numerically. The downstream
valve was then progressively closed (i.e. ξout was increased)
until the apparition of flow reversals. The stability boundaries
were then reconstructed in the (Npch,Nsub)-plane by interpo-
lating the boundaries. The results are shown in Fig. 5, with
experimental data as dots. The stability boundaries for differ-
ent values of valve opening xout are straight lines, similarly to
the observations of [12]. For a given xout, the region above the
boundary is stable and the region below it is unstable.

10 15 20
Npch

60

80

100

120

140

160

180

N
su

b

30 %

30
 %

35 %

40 %

45 % 50 %
60 %
70 %
80 %
90 %

30

40

50

60

70

80

90

100

x o
ut

 [%
]

Fig. 5. Experimental phase diagram of EXOCET. The dots
show the experimental data points and the colors show the
valve opening xout at which reversal was observed. The lines
are the interpolated boundaries for various xout.

Based on Fig. 4, we see that a valve opening xout ≈ 40%
corresponds to ξout ≈ 104. The comparison of EXOCET
experimental results with the numerical results is given in
Fig. 6. There is a good agreement between experimental and
numerical data. However, uncertainties on the estimate of
ξout lead to slight difficulties in reproducing exactly the same
boundaries.
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Fig. 6. Example of phase diagram obtained with CATHARE in
the EXOCET configuration and comparison with experimental
results at P = 1.1 bar. Here, the valve opening xout ≈ 40%
corresponds to ξout ≈ 104. The dotted lines show the experi-
mental stability boundaries for ±5 percentage points of valve
closing/opening.

Indeed as seen in Fig. 4 for fully open valves, there is
an uncertainty on the ξout value, as it is comprised between
100 and 103. A sensibility study with CATHARE for 1 ≤
ξin = ξout ≤ 103 was carried out in the stable regime and the
results are shown by the lines in Fig. 7 for three values of Npch.



In general Q⋆av decreases with Nsub. It is observed that the
singularities have a weak influence on Q⋆av in the stable regime.
Moreover, experimental results are shown by the symbols,
with fully open valves. In the stable regime for Nsub ≥ 100,
there is an excellent agreement between experimental and
numerical data. For lower values of Nsub, the agreement is
less good. The flow is closer to the instability boundary, and
the destabilization mechanism becomes highly sensitive to the
input parameters. Nevertheless, as highlighted before, there is
an excellent agreement between the phase diagrams.
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Fig. 7. Flowrate sensitivity analysis. The shaded area shows
the possible flowrates for 1 ≤ ξin, ξout ≤ 103. In all cases
shown here, we fixed ξin = ξout.

CONCLUSIONS

In this summary, we have highlighted new numerical and
experimental results that show the capacity of the CATHARE
code to predict quantitatively flow reversals in natural circula-
tion loops. The numerical results were compared to available
results from the literature [12] and with recent results obtained
from the EXOCET facility in CEA Cadarache, and showed
excellent agreement. For low Npch and high Nsub, the flow is
stable and for high Npch and low Nsub the system exhibits flow
reversals.

The boundary between these regimes is given by a straight
line in the (Npch,Nsub)-plane, whose slope and origin depend
essentially on the downstream pressure loss coefficient ξout,
and practically not on the upstream coefficient ξin. Between
the two regions, a thin zone with flow oscillation and without
reversals exists, but is difficult to observe numerically.

We showed that increasing ξout favors flow reversals and
drastically reduces the stable area. In the context of nuclear
safety, it is essential to design heat exchangers for which the
flow will remain stable, and therefore reduce the downstream
pressure losses. In the future, it could be interesting to study
the time frequency of flow reversals, or to focus on the geome-
try of the heated section.
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