N

N

Interfacial heat transfer with non-condensable gas in
ASTEC V2.2: Application to severe accidents study
during PWR cold shutdown states

Julie-Anne Zambaux, Laurent Laborde

» To cite this version:

Julie-Anne Zambaux, Laurent Laborde. Interfacial heat transfer with non-condensable gas in ASTEC
V2.2: Application to severe accidents study during PWR, cold shutdown states. Nuclear Engineering
and Design, 2023, 411, pp.112434. 10.1016/j.nucengdes.2023.112434 . irsn-04130158

HAL Id: irsn-04130158
https://irsn.hal.science/irsn-04130158
Submitted on 16 Jun 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://irsn.hal.science/irsn-04130158
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Revised Manuscript (Clean version) Click here to view linked References %

1

2

3

4

2 INTERFACIAL HEAT TRANSFER WITH NON-CONDENSABLE GAS IN ASTEC

7 V2.2: APPLICATION TO SEVERE ACCIDENTS STUDY DURING PWR COLD

8 SHUTDOWN STATES

9 J-A. Zambaux!, L. Laborde'
ig ! Institut de Radioprotection et de Sfireté Nucléaire (IRSN), PSN-RES, Cadarache, 13115 Saint-
17 Paul-lez-Durance, France
13 julie-anne.zambaux@jirsn.fr, laurent.laborde@irsn.fr
14
15
16
17 Abstract
18
ég In a diphasic flow, the presence of non-condensable gas has an important impact on interfacial
21 heat transfer, especially at low global pressure. In severe accidents studies, such flow can be
22 commonly encountered. For example, in pressurised water reactors, high concentration of non-
23 condensable gas can be found in the reactor coolant system in case of late core reflooding with a
24 high oxidation rate (high hydrogen concentration) or in case of accidents happening during the
25 . . .
26 cold shutdown of the reactor, when the reactor coolant system has been partly drained (high air
27 concentration). Such flows with non-condensable gas are challenging to compute for severe
28 accident system codes. A new model is implemented in ASTEC v2.2 to improve the interfacial
29 heat transfer calculation in presence of non-condensable gas. The model gives a more accurate
2(1) estimation of the heat transfer by assuming that it is mainly driven by vapour diffusion in the gas
32 phase. The new model is applied to study cold shutdown states for 1300 MWe pressurized water
33 reactors. A complete calculation of the cooling, depressurisation and draining of the reactor can
34 be successfully performed. In order to show ASTEC new capabilities, a first accident scenario
22 with loss of the residual heat removal system is also presented.
37
38 1. Introduction
28 Heat transfer and subsequent phase change phenomena are deeply affected by the presence of non-
41 condensable gas in the gas phase. This has first been evidenced by Othmer [1] who showed that
42 steam condensation is highly decreased by the presence of a small amount of air. In his
43 experimental work on wall condensation, the heat transfer coefficient on the wall is decreased by
jg 50% by adding a volume fraction of air of 0.5%. Since then, many authors have studied this
46 influence and shown that every non-condensable gas has a similar effect, as it is reported in Huang
47 et al. review paper [2]. They also reported that the influence of non-condensable gas becomes
48 stronger at low operating pressure. The effect of non-condensable gas on the heat transfer is
ég generally explained by an extra resistance layer added at the interface, as stated by Ren et al.[3].
gé In nuclear safety analysis, and more importantly in the study of severe accidents, such flows are a
53 common occurrence (as in most industrial processes implying diphasic flows). This is a crucial
54 issue in nuclear installations such as spent fuel pools but also in nuclear power plants including
55 pressurized water reactors (PWR). Such flows can be encountered for example in loss of coolant
gs accident (LOCA), in case of late core reflooding after the degraded core has been fully oxidised.
58 In that case, there is a high amount of hydrogen flowing in the gas phase. Another example
59 concerns accidents happening during the cold shutdown of the reactor and more specifically during
60 mid-loop operations, when the reactor has to be stopped and partly drained. Such operation occurs
61
62
63
64
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regularly either for fuel rods changing or to perform maintenance operations for example on steam
generators. Reaching the cold shutdown states involves the depressurisation and cooling of the
coolant system. For mid-loop operations conditions, steam generators are completely drained. In
that case, a diphasic flow with a lot of air in the gas phase is to be expected in the coolant system
along with low pressure and low velocities. During this phase, the reactor core cooling is ensured
by the residual heat removal system (RHR). Incidents can happen such as the loss of this RHR
system and can lead to accident conditions. Due to the specific conditions attached to cold
shutdown states and the unavailability of many safety devices, such kind of accidents must be
thoroughly studied in safety analysis as stated in [4]. Still few studies either experimental [5] or
numerical [6] concern this type of accidents but it is a growing issue. As stated by Aksan [7],
system code results validity in cold shutdown conditions (with low pressure, low velocities and a
lot of non-condensable gas) is yet to be demonstrated.

In the ASTEC code [8], the coolant system thermohydraulic is modelled by the CESAR module.
In order to model flows with high non-condensable gas concentration, a crucial point is the
accurate modelling of the interfacial heat transfer. Different kind of models can be found in the
literature to take into account the presence of non-condensable gas for the interfacial heat transfer
calculation. Huang et al. [2] give a thorough review of different modelling approaches, among
which the diffusion layer model. Basis assumption for this approach is that the diffusion of the
vapour in the gas phase is the interfacial heat transfer driving mechanism. Diffusion layer models
have been extensively studied and use an iterative process to assess the liquid-gas interface
temperature and corresponding interfacial heat transfer. Kageyama et al.[9] present the calculation
method in detail for film condensation in vertical tubes. In the case of system codes, this approach
has been used for example for the thermal-hydraulic in the containment modelling with MELCOR
[10] or MARS [11]Error! Reference source not found.. In the reactor coolant system (RCS), in
the CATHARE code, a model derived from this approach has also been developed for flow with
moderate amount of non-condensable gas [12].

The present paper shows the implementation in the CESAR module of a new model for interfacial
heat transfer for the flow in the reactor coolant system, based on the diffusion layer approach. The
new model is then applied to perform primary calculations in cold shutdown states conditions with
the ASTEC code.

2. Interface temperature model for ASTEC V2.2
2.1  Model description

The interfacial heat transfer in CESAR is calculated as the sum of the heat flux between the gas
and the interface, and between the liquid and the interface. Both those heat fluxes can be
approximated by the classical expression given in Equation (1). The subscript i stands for values
at interface while & can be either / for the liquid phase or g for the gas phase. 4; is the interfacial
area between the two phases and D is the flow characteristic length (usually the hydraulic
diameter for flow in the coolant system) while V" is the volume. T is the temperature, 4 is the
phase heat conductivity and Nuy; is the flow Nusselt number. In CESAR, depending on the flow
configuration, Nuy; is evaluated through different correlations from the literature.

AgNuy;
Qui = A *—2 (T = TV €8]
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To calculate this heat transfer accurately, the interface temperature 7; has to be determined. As
stated in introduction, this temperature mainly depends on the vapour pressure at the interface.
Hence this temperature can be written as T (Pv). Assessing the interfacial heat transfer
correctly can thus be done by finding the vapour pressure value at the gas-liquid interface.

In CESAR default approach, the vapour pressure at the interface is assumed to be the same as
the vapour pressure in the whole volume. This approach gives reasonable results for low non-
condensable gas mass fraction, when the vapour pressure is close to the total pressure. However,
when the non-condensable gas mass fraction increases, this approximation can be questioned.
As ASTEC is a system code, large volumes are usually considered in CESAR and the vapour
amount close to the gas-liquid interface can be expected to be quite different from the mean
total vapour amount in the volume. Moreover, such an approach can lead to numerical stability
problems: when there is close to no vapour in the gas phase and P, is null, a corresponding
saturation temperature close or even below 0°C can be calculated which will lead to property
assessment issues in the code (and obviously results accuracy problems).

The new model implemented in CESAR proposes a better assessment of the vapour pressure at
the interface by adopting a model based on the diffusion layer approach, as outlined in [2].

Under the assumption of no vapour accumulation at the interface, it can be written that there is
a balance between all vapour mass fluxes received by the interface. The two main vapour mass
fluxes at the interface are the vapour mass flux due to vaporization/condensation and the vapour
mass flux by diffusion in the gas phase, as illustrated on Figure 1. Hence at the interface
Equation (2) can be written:

mvap/cond = mdiff (2)

Figure 1 Vapour mass flux balance at the interface

Both these mass fluxes must be assessed at interface conditions. The vapour mass flux due to
vaporization/condensation can be directly derived in Equation (3) from the interfacial heat transfer
0, expressed from the liquid and gas phase to interface heat transfers expressed in Equation (1),

while L is the latent heat also calculated at the interface conditions.
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Myap/cond = Tl 3)

The diffusion mass transfer in the gas phase is given in Equation (4). This mass flux is classically
estimated from the flow Sherwood number S% with a correction factor for suction effects of the
boundary layer due to mass transfer. In that equation, p. is the gas phase density and D is the
vapour diffusion coefficient in the gas phase. V is the volume, while, as before, 4; is the interfacial
area and Dthe flow characteristic length. f, is the vapour molar fraction in the whole volume while
Jvi 1s the vapour molar fraction at the interface. The Sherwood number compares diffusion and
convection. Based on the heat and mass transfer analogy, S& can be calculated using the same
correlations as the one used for the Nusselt number in the corresponding flow conditions, by
replacing the Prandtl number that compares viscous and thermal diffusivity (Pr = ugC,4/24, with
Ue the gas dynamic viscosity and Cpe the gas heat capacity) by the Schmidt number that similarly
compares viscous and mass diffusivity (Sc = ug/pyD).

In both Equations (3) and (4), the molar vapour fraction at the interface appears as the unknown
(directly and through dependant parameters). In order to find this molar fraction, an iterative
approach has to be adopted in order to satisfy Equation (2). Under the hypothesis that the gas
mixture is ideal, vapour partial pressure at the interface can be deduced from this newly calculated
molar fraction through P,;=f,i;P::. Corresponding saturation and interfacial heat transfer terms can
therefore be determined.

In CESAR, this new interface model has been implemented as an independent iterative loop
performed at the beginning of each iteration of the Newton-Raphson method used by the CESAR
solver. An additional dedicated Newton-Raphson scheme is used to reach a converged state. The
output result is the molar fraction at the interface which can be used to calculate the interface
temperature. Corresponding interfacial heat transfer is subsequently used during the main CESAR
iterations.

2.2 Model effect analysis

In order to check the model effect, it is tested on a simple test case in which a single CESAR mesh
is considered. The void fraction in the considered volume is 0.99. The gas phase is a mix between
vapour and a non-condensable gas, hydrogen in the present case. Initially, the amount of hydrogen
is really low, with a molar fraction of 0.0001. Both the liquid and the gas phase are at the same
temperature Tsa«(Pros), close of the equilibrium. The volume is open with a fixed outlet pressure
boundary condition at the top with a / m? section. At the bottom, gas is injected at a fixed /m/s
velocity through a / m? section. As only Hb is injected, it corresponds to an inlet mass flow rate of
0.064 kg/s. The inlet gas is only hydrogen with total pressure and temperature conditions identical
to the initial conditions. All the test case initial and boundary conditions are summed up on Figure
2. Volume considered is /m’.
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IFixed Pressure P, = 1 bar

Piet = 1 bar

Te = T = TaarlPiot)
fuc = 0.0001

a =099

IFIow inlet mg;, = 0.064 kg/s

PT.Dt — 1 bar
Te = TsatlProt)
fNC - 1

Figure 2 Test case initial conditions

In order to illustrate the effect of the new CESAR interface model, two calculations were
performed. In the first one the default CESAR modelling is used while in the second one, the
interface model is activated. Figure 3 presents the temperature evolution observed for the two
calculations. Since the volume is open, the total pressure and the corresponding saturation
temperature remain constant. The gas phase temperature is here controlled by the gas injection
temperature. Hence, in both cases, gas temperature remains constant at the injection temperature
(which is here the saturation temperature at total pressure).

As the vapour pressure decreases due to the hydrogen injection, the corresponding saturation also
decreases. In both cases, this temperature reaches values very close to 0°C. As stated before, the
vapour amount decrease has an impact on the interface temperature which is expected to decrease
also. The liquid phase will then become superheated and can be expected to vaporise. Hence the
liquid phase temperature evolution in this test case is mainly driven by interfacial heat transfer and
its equilibrium value is the interface temperature.

In the first calculation (default case), the interface temperature is the saturation temperature at
vapour pressure. It can be seen on Figure 3(a) that the liquid phase temperature (in blue) decreases
towards this saturation temperature at vapour pressure. However, some numerical limitations were
introduced in the code to prevent calculating liquid temperatures too close to 0°C, based on a direct
convective-like heat transfer between gas and liquid. The liquid temperature stays around 7°C at
minimum to avoid numerical problems due to water properties calculation from tables. This very
simple test case illustrates arbitrary numerical limitations that had to be introduced in CESAR in
order to avoid numerical problems due to a non-satisfactory modelling.

Figure 3(b) presents the results obtained when the new model is activated in CESAR. The interface
temperature is now calculated using the interface vapour composition. The liquid temperature is
equal to this new interface temperature in this case. The calculated interface temperature is
considerably higher than the saturation temperature at vapour pressure which means that here the
model estimates that the vapour concentration at the interface is higher than the global vapour
concentration in the volume. It must also be noted that the interface temperature takes a longer
time to reach its steady state. As long as there is still liquid that gets vaporised in the volume, the
vapour composition at the interface keeps evolving here while the global vapour composition
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remains quite unchanged due to the volume size (it should be reminded that in system codes
similarly large volumes are usually considered).
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Figure 3 Comparison of the new interface model effect on the temperature evolution

The new model includes a new iterative loop and can be expected to affect the calculation time.
Indeed, for reactor accident scenario analysis with system codes, calculation time is an important
concern. On the very simple test case presented here with only one mesh and one ASTEC module
is involved, no real analysis of the model impact on the calculation time can be made. First reactor
scale calculations have shown that the model tends to increase the calculation time by few percent
in general but also limits, in specific cases, the numerical issues due to problems in fluid properties
calculations. In tested scenarios, the calculation time still remained reasonable (less than a week
of calculation for a complete accident scenario calculation on a plant scale dataset). In the ASTEC
v2.2 release, the new interface model is proposed as an optional model as it is still under study.

The test case presented here is a simple verification case that helps understanding why the model
is needed and its effects. This is not however a validation study and it cannot be concluded that
the new approach gives more accurate results (although they seem empirically more satisfactory).
First validation elements are given in the next section.

2.3 Validation elements

ASTEC V2.2 with the new interface model is used to simulate analytic experiments that focus on
specific flow regime and heat and mass transfer types often encountered in the calculation of PWR
severe accident scenarios.

The first experiment considered is the COSI experiment and deals with direct vapour condensation
during cold water injection in a horizontal pipe. A complete description of the facility is presented
in [13]. Specific experiments in presence of nitrogen were performed at a working pressure around
20 bars. Initial conditions and experimental results are given in [12] and used to perform
CATHARE simulations. The four cases presented in [12] are reproduced here in ASTEC v2.2
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using the same modelling strategy. Table 1 sums up for each case, the initial conditions considered
along with the experimental evaluated condensation mass flow rate m.,,, and the one calculated
by ASTEC v2.2. my ;, is the gas mix mass flow rate while m, ;,; is the cold water injection mass
flow rate. Xy is the nitrogen mass fraction. As in what is shown experimentally, the presence of
even a small amount of non-condensable gas visibly decreases the condensation.

Calculations were run for the four sets of initial conditions with and without the new interface
temperature model activated. Results for both cases are given in Table 1. Globally the agreement
between the experimental results and the numerical results seems quite satisfactory (as no
experimental uncertainties are provided in [12]). Differences range from 5% to 20% with the
model activated and from 5% to 25% without the model activated. It is worth noting that the new
interface temperature model activation does only slightly improve the results.

Despite the high void fraction, the non-condensable gas mass concentration remains at most
around 30% in these experiments. Results given by the new model remain quite close to the default
model, which was expected as the default modelling (without the new interface model activated)
is supposed to give valid results in these conditions. Higher non-condensable gas concentration
than the ones considered experimentally should lead to a larger deviation between both models.

Run | P My in My inj XN2 Meond-CXP | Meona-calc (g/s) | Meona.calc (g/s)
(bar) | (g/s) (g/s) (g/s) new model default model

1 23.3 | 170. 200. 0. 83. 88. 88.

2 21.8 | 180. 199. 0.094 72. 81. 0.

3 20.5 | 217. 198. 0.249 59. 69. 72.

4 22. | 238. 199. 0.319 57. 69. 71.

Table 1 Comparison between the experimental results and the calculations for COSI with non-
condensable gas

The second type of flow configuration considered concerns film condensation in a vertical pipe.
Experiments performed in the presence of air by Tanrikut and Yesin [14] are used as they
investigated flows with larger amount of non-condensable gas. A vertical counter-current
exchanger is considered with a working pressure around 4 bars. Initial conditions of the chosen
tests are presented on Table 2. A mix of steam and a varying mass fraction of air is injected
downward at a total mass flow rate 71, ;, in the inner pipe while coolant water at a mass flow rate
M, i, flows upward in the outer pipe. Geometrical data of the experiments are all extracted from
[14]. Both the inner and the outer pipe are modelled in ASTEC. For the sake of simplicity, air is
replaced by nitrogen in the simulations.
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Run | P (bar) | 1ity 1n (&/5) | 1ityn (&/5) | Xai
1.4.1|3.96 27. 225. 0.

44.113.94 30. 231. 0.28
6.4.1 1391 15. 253. 0.56

Table 2 Initial conditions for the film condensation simulation from [14]

In the experiments, temperature was measured in different positions using thermocouples
including at the centre of the inner pipe, on the whole device length. These local measurements
can be compared with the numerical results.

As stated in [ 14], the plotted centre line temperature value at 0 is the entrance gas temperature (that
was also used in the calculations) while after, it corresponds to the interface temperature (a mixture
of gas and liquid is expected at the centre of the exchanger), hence the decrease observed at the
beginning of the experimental curve. The centre line temperature is thus compared with the
interface temperature given by the new model and by the default model (assumed to be saturation
temperature at the global volume vapour pressure in that case). Figure 4 presents the obtained
results for the three sets of boundary conditions (on the Figure, dots correspond to the experimental
results while the continuous lines correspond to the numerical results).
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Axial Position (m)

Figure 4 Comparison of the longitudinal temperature evolution for a vertical heat exchanger

On the numerical results, the experimental non-condensable mass fraction was used as the inlet
condition. However, due to the vaporisation, this mass fraction increases along the tube length.
Therefore, the interface temperature tends to decrease. On a qualitative point of view, the new
interface model temperature gives a rather improved agreement with the experimental results. As
observed previously, for the lower non-condensable mass fractions, both models give nearly the
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same results, as the default model is still in its validity range. The increase of the non-condensable
gas concentration leads to further difference in results between the two models. It is difficult to
give a quantitative assessment of the modelling validity due to the rather large uncertainties on the
experimental data (stated in [14]).

As it can be seen here, ASTEC v2.2 with the new interface model seems to give a good agreement
with analytic scale experiments designed to study specific heat transfer configurations compared
with results obtained with the default model, especially at higher non-condensable gas
concentration values. Hence it can be seen that the new developed model gives satisfactory results.
A more complete and extensive validation is still underway with also global scale experiments
such as the analysis described in [15]. Nevertheless, it can already be used for specific calculations
with high non-condensable gas amount which are numerically difficult to calculate with the default
modelling such as mid-loop operation cold shutdown states.

3. Cold shutdown states calculation
3.1 Dataset and boundary conditions

In the calculations presented in this section, the equation system solved by CESAR is a classical
two-fluid 6 equations system. A thorough description of CESAR 6 equation flow modelling can
be found in [16], while validation elements are exposed in [17]. For complete plant calculations,
CESAR is used along with ASTEC other modules. In the present calculation, the ASTEC modules
used in addition to CESAR are ICARE for the in-vessel structures definition and heat transfer
calculation (and core degradation calculation in severe accident scenarios), CPA for the
containment thermal-hydraulic calculation and SOPHAEROS for fission product transport and
inventory (see complete ASTEC code description in [8]). In the current paper, analysis and
discussion will be focused on the CESAR module, coupled with ICARE for the vessel description.

The reactor type considered for this study is a French 1300 MWe pressurised water reactor with
four steam generators and corresponding primary coolant system loops. A simplified visualisation
of the ASTEC meshing for the reactor coolant system is presented on Figure 5. Secondary circuit
is in green while the primary circuit is in blue. Only the first loop which is connected to the
pressuriser is represented here for more clarity. In the dataset, the chemical and volume control
system (CVCS), let-down and charging lines are not meshed but represented by boundary
conditions.
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Figure 5 Mesh of the primary (in blue) and secondary (in green) coolant systems

To study cold shutdown states, the RHR system must also be taken into account in the dataset. On
1300 MWe PWRs this system is made of two symmetric parts each connected to two loops. Water
is extracted from the hot leg of one loop, cooled and then reinjected in the cold leg of another loop.
There is also a direct connection between the RHR system and the let-down line of the CVCS
(boundary condition in the ASTEC dataset). Pressure regulation during cold shutdown or draining
is achieved through this let-down line. Cooling is performed through an exchanger with the
Component cooling water system (CCWS), which is supplied by the environment. A simplified
representation of the RHR system is presented in blue on Figure 6 while the CCWS is in green.
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Figure 6 Simplified representation of the RHR system

3.2 Reaching cold shutdown states

In the frame of Probabilistic Safety Analysis of level 2 performed at IRSN, ASTEC is required to
be able to compute accidents occurring at any instant of the cold shutdown process. Indeed, these
scenarios represent a significant part of the most frequent accidents revealed by PSA level 2 studies
Therefore, it is important to simulate with ASTEC the whole cold shutdown sequence. Initially,
the reactor is taken at normal functioning conditions with /00% nominal power (NP). In the
primary coolant circuit, pressure is /55bar while the temperature is 307°C. Nominal power is then
set to 0%. This is the so-called hot shutdown state (P=155bar and T=297°C). To reach cold
shutdown states, both the pressure and temperature must be decreased. This must be done while
remaining in a given pressure-temperature domain. Figure 7 shows the authorized pressure-
temperature domain for the primary coolant system. At low pressure, the domain is limited at 7a-
30°C to ensure that the fluid remains in the liquid state. Additional limitations are also introduced
to prevent thermal or pressure stress on components such as the pressuriser surge line or the steam
generator tubes.

As it can be seen on Figure 7, when the pressure P is lower than 30bar, steam generators can no
longer be used to ensure an efficient heat removal and the RHR system has to be connected. From
that point, the RHR system is ensuring the cooling, this system being qualified for pressure lower
than 3/bar. Once the RHR is connected and temperature is further decreased, pressuriser is
completely filled with water and pressure regulation is now ensured by discharge through the
CVCS system. When the temperature is low enough, the primary pumps are stopped and the RHR
system is thus the only one ensuring the flow circulation. Both the pressure and temperature can
then be decreased till room conditions are achieved (cold shutdown state for intervention is reached
for a primary system pressure below 5bar and a temperature between /0°C and 60°C for 300We
PWR).

Using ASTEC v2.2, it is possible to model the complete cold shutdown sequence using coded
events to simulate the operator actions. On Figure 7, the blue line shows the calculation results
(evolution of the primary circuit mean pressure and temperature). No particular calculation issue
was detected during this phase.
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Figure 7 Pressure-Temperature domain for reaching cold shutdown states

In the frame of cold shutdown states studies, it is crucial to be able to calculate accident during
mid-loop plant operations. In that case, the primary coolant circuit is opened (at both the
pressuriser and the upper head of the vessel) and the water level is decreased till half of the cold
and hot legs height. In that state, the steam generators are completely drained but there is still
enough water in the primary loops to ensure that no gas is aspired into the RHR system (hence
avoiding damaging the RHR pumps). This is a delicate part to simulate with system codes as flow
becomes diphasic, stratified, with a gas phase mainly composed of air.

Using the new interface model developed for ASTEC v2.2, achieving that state can be done
without calculations issues. In the calculation, only N> was considered instead of air to simplify
the dataset. Liquid is discharged through the CVCS let-down line (see Figure 5) which is treated
as a flow boundary condition. Discharge is stopped when the target liquid mass remaining inside
the primary system is reached (chosen close from real plants data). In order to help replacing the



O JoyUdbd WM

OO O OO U U OO BB DRSS DNWWWWWWWWWWNDNDNDNDNDNDNDMNNNMNNNNRERERRRRRRERRRE
G WNhHFHROoOWwWOJdJOUbdWNREFOOWOJIOUDd WP OOOJOOUIPd WNREPOOWOJoOYYOUDd WDNRE OWOWJoyUdwWwNEFE O

liquid by outside air, a N> mass flow source term is used in the vessel upper head and pressuriser.
Moreover, a fixed outside pressure condition is also set on both volumes to ensure no pressure
accumulation.

Figure 8 presents the evolution of the total fluid mass in the RCS and the pressure in the pressuriser.
It can be seen from Figure 8(a) that the draining starts around 244 after the reactor shutdown and
is achieved after 36A4. During the draining phase, the total fluid mass in the RCS decreases as liquid
water is replaced by air. The pressuriser is the first volume to be drained as one of the openings is
located at its top. It can be seen on Figure 8(b) that as soon as the draining starts, the pressuriser
gets completely filled with nitrogen.
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Figure 8 RCS state during the cold shutdown of the reactor

It is difficult to assess the model gain in terms of accuracy since there is no comparison data as
this is a global ASTEC reactor scale calculation. However, the gain in terms of numerical stability
is obvious. With the new model, no temperatures below 0°C were calculated during the draining
phase which leads to a smoother fluid properties assessment. Hence the calculation can be
performed in a reasonable calculation time (comparable with ASTEC v2.2 usual CPU time for
reactor scale transient calculation).

3.3  First accidental configuration

A first feasibility study for accident calculations during cold shutdown states is performed. The
scenario considered is a loss of the RHR system during mid-loop operations. As mentioned in the
previous section, RHR system is the only system ensuring the fluid circulation (main coolant
pumps of the primary circuit are all switched off) and cooling of the residual heat. In case of RHR
loss, the fluid can heat up and this can lead to water vaporisation and subsequent core uncovery
and degradation. The previous presented calculation is used for initiating the accident phase,
starting 4 hours after the achievement of the mid-loop operation state (to ensure a steady state is
reached). In this new calculation, RHR pumps are both stopped at the beginning of the sequence.
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In this very simplified test sequence, the fixed pressure boundary conditions set during the
discharge on the pressuriser and vessel upper head volumes remain active to model the fact that
both volumes are open. To get a more realistic sequence, a connection should instead have been
established between those volumes and the containment. This will be the case in future studies.
No specific operator action is also modelled here as it is only a test sequence.

Figure 9 describes the evolution of the RCS behaviour during the accident. On the left, the
evolution of the total fluid mass inventory in the RCS is plotted. It can be seen that after the RHR
pumps are stopped, the total mass decreases as liquid is converted to vapour and temperature
increases. Degradation of the core starts around 50/ and the vessel lower head fails around 704.

On the right of Figure 9, the evolution of the pressure in the pressuriser is presented. It can be seen
that quite quickly the nitrogen present in the RCS is ejected outside and replaced by the generated
vapour. Pressure increases till an equilibrium is reached between the vapour production and the
mass flow rate at both fixed pressure outlet conditions set on the pressuriser and vessel upper head.
Then, pressure increases drastically when the degradation starts as vapour production becomes
more intense. At that point, hydrogen also starts appearing due to core oxidation.
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Figure 9 RCS behaviour during the accident

The whole accident calculation runs without crashes, for approximately 4 days which is not
deemed excessive considering ASTEC usual calculation time for other kind of accident scenarios
using the same meshing.

4. Conclusions

e A new model has been introduced in the ASTEC module CESAR in order to calculate
more accurately flows with high non-condensable mass fractions. To be able to take into
account this kind of flow with system code is crucial for safety analysis, especially in
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specific situations such as accident scenarios occurring during mid-loop operations in
cold shutdown states.

Based on a physical approach from the literature, this new model enables to better
qualify the gas-liquid interface vapour composition and temperature in order to assess
the interfacial heat transfer correctly. Some validation elements are given in the present
paper, but an extensive study of this approach is still under way and will be specifically
addressed.

The new model also helps improving the code numerical stability. By no longer
estimating interface temperature close to 0°C in case of low vapour concentration in the
gas phase, fluid property evaluation remains in the code available tabulation and
calculation can run in a smoother way.

It is now possible to investigate reactor cold-shutdown study, while it was difficult with
ASTEC previous versions. Results provided in the paper constitute a feasibility study
and show that both the complete cold shutdown sequence of the reactor and a first
example of an accidental event can be calculated in ASTEC with a reasonable
calculation time and no major numerical issues encountered. This first calculation study
does not discuss the results validity as it should be done through further work but aims
at showing new investigation fields possible with ASTEC.

Nomenclature
A; Interfacial area (m™')
Cp Heat capacity at constant pressure (J.kg'.K™")
D Flow characteristic length (m)
D Diffusivity coefficient (m?.s™)
f Molar fraction (-)
h Heat transfer coefficient (W.m'z.K'l)
K Mass transfer coefficient (m.s‘l)
L Latent heat (J.kg™!)
m Mass flow rate (kg.s™)
P Pressure (Pa)
0 Heat transfer (W)



T Temperature (K)

v Volume (m?)

O JoyUdbd WM

X Mass fraction (-)

=
[@>2aNe)

1 é Greek symbols
1

1 2 a Void fraction (-)

15 , 3

16 p Density (kg.m™)

17

18 A Thermal conductivity (W.m™.K™!)
19
20
21
22 . .
23 Adimensional numbers
24

25 Nu Nusselt number (DD)

U Dynamic viscosity (Pa.s)

Schmidt number

T

26 T
29
30
)
pD
33 KD
34 Sh Sherwood number ( )
37 Subscripts
38

27
C
28 Pr Prandtl number (%)
31 Sc

32

35 D
36

39 cond Condensation

40

jg diff Diffusion

4

4 i g QGas

45

46 i Interfacial
47

48 in At inlet
49
50
51
52
53 k Phase

54

55 1 Liquid

56

g; NC Non-condensable
59

60

6l

62

63

04

65

inj Injected
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sat Saturation
tot Total
v Vapour
vap Vaporisation
Acronyms
CCWS Component cooling water system
CVCS Chemical and volume control system
LOCA Loss of coolant accident
NP Nominal power
PWR Pressurised water reactor
RCS Reactor coolant system
RHR Residual heat removal
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