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HIGHLIGHTS

« A CFD analysis was conducted for calculating the dynamics of the SSS of an experimental nuclear reactor.
« The numerical model solves coupled dimensionally heterogeneous systems using dynamic boundary conditions.

« The numerical model captures all the features of the physical phenomena.

« Details of 3D CFD simulation and validation procedure are outlined.

« The validated multiscale model points out that safety requirements are accomplished by the SSS of RA-10 project.
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A three-dimensional (3D) computational fluid dynamics (CFD) model is presented for the Second
Shutdown System (SSS) of the experimental nuclear reactor RA-10 under design and construction by
the Argentinian National Commission of Atomic Energy (CNEA). The RA-10 SSS consists on the drainage
of the reflector tank surrounding the reactor core through a system of pipes in a limited amount of time

solely by the action of gravity. The CFD model focuses on the 3D modeling of the reflector tank hydrody-
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namics and links the effects of the draining piping system through dynamics boundary conditions. The
CFD model is first applied to a similar system, the RA-10 SSS Mockup, for which experimental data is
available. Reasonable agreement is observed between the CFD model and the experimental observations

for the RA-10 SSS Mockup. Finally, the validated CFD model is applied to the RA-10 SSS. The model results
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show that the performance of the RA-10 SSS meets the design requirements.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The RA-10 is a new 30 MW, multipurpose nuclear Research
Reactor (RR) currently under design and construction by the
Argentinian National Commission of Atomic Energy (CNEA)
(Blaumann et al., 2013). The main objective of RA-10 will be the
production of radioisotopes for medical purposes. This reactor will
also provide irradiation testing facilities with neutron fluxes of the

order of 1014# to support CNEA programs on material sciences
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and on nuclear fuels design. The reactor irradiation facilities are
located in the heavy water reflector tank surrounding the reactor
core (see Fig. 1a).

The heavy water in the reflector tank plays a central role in
diminishing the neutron losses by increasing neutron re-entrance
to the reactor core. The drainage of the reflector tank provides a
redundant and independent safety system by allowing neutron
losses from the reactor core. This is called the reactor Second Shut-
down System (SSS). The reactor First Shutdown System (FSS) is
based on the insertion of control rods.

Safety requirements to the RA-10 SSS demand the reflector tank
to be drained to half its volume in a limited amount of time (55% of
its height after 155s) solely by the action of gravity. A three-
dimensional (3D) computational fluid dynamic (CFD) model of
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Fig. 1. (a) Reflector tank of RA-10 SSS. (b) Diagram of the RA-10 SSS decomposed into three subsystems. (Black) Reflector tank subsystem. (Red) Drainage network subsystem.
(Green) Pressure equalization line subsystem. The arrows indicates the direction of the flow. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

the RA-10 SSS has been performed in order to confirm that safety
requirements are met. The RA-10 SSS is composed by three differ-
ent subsystems (see Fig. 1b): the reflector tank, the drainage net-
work subsystem and the pressure equalization subsystem.

The reflector tank drainage involves complicated 3D free sur-
face hydrodynamics, which has to be modeled in detail. On the
other hand, the flow through the drainage and pressure equaliza-
tion subsystems can be simplified and described by zero-
dimensional models. This decomposition and conceptualization
strategy was proved to be effective in similar problems (Leiva
et al., 2010; Leiva et al., 2011). The challenge in this modeling
approach is to solve the coupled system (Buscaglia et al., 2005).

The hydrodynamic modeling of the RA-10 SSS implemented in
this work focuses on the 3D CFD modeling of the reflector tank.
The interaction between the reflector tank subsystem and the drai-
nage and pressure equalization subsystems is made possible by
implementing dynamic boundary conditions in the 3D CFD model-
ing using a weak-coupling technique. The 3D CFD model is first
applied to the RA-10 SSS Mockup for which experimental data is
available. The validated model is then employed to make predic-
tions on the performance of the RA-10 SSS.

This work is organized as follows. Section (2) describes the main
features of the RA-10 SSS. Section (3) presents the 3D CFD model of
the reflector tank together with the strategy for connecting the dif-
ferent subsystems by dynamics boundary conditions. Section (4)
presents validation results by comparing experimental observa-
tions to the 3D CFD model results of the RA-10 SSS Mockup. Sec-
tion (5) presents the results of the 3D CFD model applied to the
RA-10 SSS. Finally in Section (6), the conclusions are summarized.

2. General description of the RA-10 SSS.

The RA-10 SSS is mainly composed by three subsystems: the
reflector tank, the discharge hydraulic net and the pressure equal-
ization line. A simple diagram is shown in Fig. 1b. When the SSS is
required to act, a manifold of six valves located in the discharge
hydraulic net opens and the heavy water starts to drain solely by
the action of gravity. The heavy water flows from the reflector tank
through the discharge net to a storage tank located below the reac-
tor core level. The pressure at the storage tank and over the top of
the reflector tank are equalized by a pressure equalization line.

Table 1

Main characteristics of both cases: RA-10 SSS Mockup facility and RA-10 SSS.
Characteristic Mockup RA-10
Tank height [m] 1.215 1.000
Tank radius [m] 1.300 1.000
Diameter of upper connection [m] 0.1524 0.1524
Diameter of discharge pipe [m] 0.2540 0.2647
Net volume [m?] 5.558 2.492
Volume of internals [m?] 1.041 0.649
Working fluid Light water Heavy water
Working cover gas Air He
Working pressure cover gas [Pa] 92000 121300

A cover gas fills up the storage tank, the pressure equalization
line and part of the expansion tank. During the performance of
the SSS, the cover gas enters the reflector tank through a connec-
tion located in the upper part which is partially filled with heavy
water under normal operation conditions. The system cover gas
is helium.

The overall hydrodynamics of reflector tank is mainly con-
trolled by the discharge hydraulic net and the pressure equaliza-
tion line. The discharge hydraulic net imposes a pressure
condition on the outflow of the reflector tank. In the same way,
the equalization pressure line imposes a pressure condition on
the cover gas. Incorporating the complete coupled system in the
modeling for the hydrodynamics of the RA-10 SSS is mandatory.

An experimental facility has been built and operated in the past
to address the hydrodynamics of a similar system to the RA-10 SSS
(Villarino and Doval, 2011). In the context of the present work this
facility is called RA-10 SSS Mockup. The RA-10 SSS Mockup geom-
etry is similar but larger than the RA-10 SSS. Main features for both
cases are listed in Table 1. The experimental observations of the
RA-10 SSS Mockup are used to validate the 3D CFD model.

3. Three-dimensional computational fluid dynamic model for
the reflector tank

The reflector tank geometry is shown in Fig. 1a. All the irradia-
tion facilities are housed inside the reflector tank, which generate a
complicated geometry of the system to model. On the other hand,
as the reflector tank drains, helium fills the system generating a
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free surface flow. In order to incorporate these features in the mod-
eling process, the incompressible, isothermal, multiphase solver
interFoam based on OpenFOAM(R) libraries Version 2.2.2
(Greenshields, 2013; Greenshields, 2013; OpenFOAM, 2016;
Marquez Damian, 2013) has been selected and employed. This sec-
tion describes the main features associated to the implementation
of the RA-10 SSS 3D CFD model with interFoam.

3.1. Mathematical model

Let t,U, o, p,f and T be the time, the fluid velocity, the phase
indicator function, the pressure, body forces and shear stress ten-
sor respectively. The system of coupled partial differential equa-
tions that describe the free-surface flow in the reflector tank are:

V-U=0
%Y 4 7. (pUU) = —Vp+V - T +f (1)
%1V (oal) + V- (o1 — 2)(U, — Ug)) =0

The interFoam solver use an Interface-Capturing Method
approach based on the Volume of Fluid (VOF) technique (Hirt
and Nichols, 1981). By employing this method, a single effective
fluid is considered and the properties are determined by a weigh-
ing averaging with the indicator function:

p =op,+ (1 —0)pg
=0y + (1 — o) Ug
U=aU, + (1 - 2)U,

Here p and u are the density and dynamic viscosity where sub-
script L and G denote the liquid and gas phase respectively.

3.2. Turbulent flow model

In this work two cases were considered. The first did not con-
sider turbulence modeling, that is 7 in Eq. (1) accounts only for vis-
cous effects. For the second case, a two equations k-€ Realizable
model was used (Pope, 2000; Launder and Spalding, 1974; Shih
et al., 1995) to compute 7 in Eq. (1). The transport equations for
the turbulence dissipation rate ¢ and the turbulent kinetic energy
K are:

¢ 1) n d T\ 9E) __ n C,e?
{mmj(va) — (L + ) ) = CiSe -2

P ‘ . . 2
Bt Z(UK) — & (O + D)%) = iS¢

Here v; and vy are the laminar and turbulent kinematic viscosity
respectively, S is the rate of strain defined as S = /25;S; where

S,-j:%<%+z%>, C, =19 is a constant of the model while
: 2

C = max{0.43;%} where 7 :%K The remaining constants are

o.=10and o, =1.2.
3.3. Spatial discretisation of the problem

The simulation domain for the 3D subsystem can be seen in
Fig. 2. The spatial discretisation of the problem has been done
using a non-structured mesh of tetrahedrons.

The surface and volumetric meshes have been generated by
NETGEN under Salome Version 7.2.0 (S. OPEN CASCADE, 2013). Sal-
ome has been selected based on the fact that it handles efficiently
the Boolean operations between bodies needed to produce the
intrincated geometry seen in Fig. 2.

The NETGEN mesh generator allows to obtain a suitable mesh
without slivers, which are badly distorted elements which render
the mesh unsuitable for calculations (Dari and Buscaglia, 1994;
Rechiman et al., 2014).

A reference mesh was used for the calculations in both cases,
RA-10 SSS Mockup case and RA-10 SSS case. Main features of
meshes are listed in Table 2. Moreover, computations on a refined
mesh were also carried out in order to evaluate the grid conver-
gence of solution.

3.4. Discretisation schemes of operators

The temporal term of the Eq. (1) was solved by an implicit and
2nd order accurate method, backward differencing scheme.

An adaptive time step control was employed. Along calculations,
the time step is chosen so it does not exceed the local Courant
threshold defined by the user.

The maximum Courant number was bounded in a value
Co™™ =0.95 in all calculations. This value was set in order to
ensure stability while keeping an affordable time for simulations.

Regarding how differential operators are solved, the integration
and interpolation methods were specified. For the gradient terms
Gauss linear, while for laplacian terms Gauss linear corrected. For
the convective term of the momentum equation, a Gauss lin-
earUpwindV scheme was used, while for the convective term
involved in the transport equation of the indicator function a Gauss
vanLeer scheme was employed.

3.5. Boundary conditions for the 3D model of the reflector tank

The boundary conditions (BC) applied on each physical surface
are sum up in Table 3. Slip BC has been applied on the walls due
to the thickness of boundary layers are much smaller than the typ-
ical dimensions of the tank. The system of Eq. (1) is rewritten in
terms of a field defined by p,,, = p — pg - X, where p is the pressure,
g is acceleration of gravity and X denotes the coordinates of the
point of interest. The last is done in order to avoid the dependence
with depth. By using the p,,, field, the formulation of the BC is
simplified.

The totalPressure BC was used to set the boundary values in the
Gas Connection patch. The reference pressure involved in this BC
has been set to the working pressure, p,,; = 92,000 — pg - X Pa in
the RA-10 SSS Mockup case and p,,; = 121300 — pg - X Pa in the
RA-10 SSS case.

On the other hand, the groovyTotalPressure BC has been
employed to set the values in the discharge patch. This BC is part
of a set of libraries developed by Gschaider (2013). The implemen-
tation of this dynamic BC allows to program an expression for the
reference pressure p,. The pressure p, is determined by the cou-
pling with the hydraulic discharge net and then will be equal to
Po(t) = Peoupiing () — P& - X. This dynamic BC allows to refresh the
value of the boundary in every time step according to the zero-
dimensional model of the piping subsystem calculated with infor-
mation of the previous time-step. This is called a weak-coupling
approach. This BC holds until the average of the indicator function
at discharge patch is < oo >=0.5. When gas enters to discharge
duct and is below < o >= 0.5, the hydraulic net decouples from
the model and the working pressure of the gas will be acting on
the discharge patch.

3.5.1. Model for draining subsystem

A discharge hydraulic net conducts the reflector liquid to a stor-
age tank. This drainage network subsystem imposes a pressure
condition given by P ey (t) over the outflow of the subsystem
of the reflector tank. The piping subsystem is composed by a main
duct (MD) with an internal diameter Dyp, several concentrated
pressure losses represented by "KM, a manifold of six branches
S" K each of one has a length Ly which contain a spherical valve
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Fig. 2. (A) Unstructured mesh of tetrahedrons of the RA-10 SSS Mockup tank. Surface mesh is displayed. (B) Unstructured mesh of tetrahedrons for the geometrical
configuration of interest of RA-10 SSS. Surface mesh is displayed. (Inset) Detail of the outlet connected to the hydraulic net. (Green dots) Location of the virtual ruler (I). (Red
dots) Location of the virtual ruler (II). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Main properties of meshes.
Mesh characteristic Reference mesh Mockup Fine mesh Mockup Mesh RA-10 Fine mesh RA-10
N tetrahedrons 1447277 3931189 1092550 2307495
Faces 3025881 7993705 2252932 4715007
Internal Faces 2763227 7731051 2117268 4514973
Volume [m?] 5.558 5.558 2.492 2.492
Max. Aspect ratio 7.95 6.68 6.67 6.55
Min. Vol. [m3] 6.09 x 107° 6.12x107° 1.61 x 107° 5.09 x 107°
Max. Vol. [m3] 3.48 x 107° 112 x 107° 219 x107° 6.64 x 107¢
Non-orth Max. angle [°] 67.87 67.79 60.37 61.48
Max. Skewness 0.81 0.77 0.68 0.76

with an associated pipe of diameter Dy, and finally a sudden DPeoupiing (£) = Pour + (Zoutlet — Zinlet) P18 + ---

expansion to the storage tank. The hydraulic net has an effective Vo) S D

height given by the difference in the locations of the inlet and N Y { MD DM;) +3 K — 1] + .. (2)
the outflow of the net Zzp = (Zoutlet — Zinlet). A zero-dimensional )

analysis of the hydraulic net allows to estimate the pressure at dis- P @ [fv lL)—“’/ +3 K lv + 1]

charge patch (peouping(t)) given by Eq. (2).
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Table 3

Boundary condition applied on each physical surface.
Physical surface BCU BC Prgn BC o
Discharge patch M=0 po(t) —3 U?| 20
Gas Connection patch % =0 Po — % \UZ‘ A%+ Bo=C
Walls t-(T-A)=0 P _ o m=0

Here popiing (t) is the pressure at the outlet of the tank, p,, is the
pressure at the discharge of the net, which is coincident with the
working gas pressure, zoue: iS the height of the outlet of the net,

Ziner is the height of the inlet of the net, > KMP and Y" K] are the
effective local hydraulic resistances along the main duct and at
each valve’s branch, f,, and f, are the Darcy friction factors at
the main duct and at each branch of the valve’s manifold respec-
tively, Dyp and Dy are the diameters of the pipes of the main duct
and at the branch, "I and Ly are the corresponding lengths of
the pipes to calculate the distributed friction factors and Vyp(t)
and Vy(t) are the average velocities of the flow at main duct and
at valve’s branch. The values for the reference net used along all
the computations presented in this work are listed in Table 4.

In the present model, it is considered the possibility that one
valve could fail to open when the action of the SSS is required, then
five effective parallel paths for fluid flow of the manifold are taken
into account. It is also considered that the valves present no
hydraulic resistance when they are fully open. It should be
remarked that it is assumed that the net full of liquid starts the
evolution with a null mass flow and instantly reaches the station-
ary regime.

3.5.2. Model for pressure equalization subsystem

The upper part of the reflector tank is connected to the pressure
equalization subsystem (Fig. 1).

The pressure difference between the beginning of the equaliza-
tion line located in the storage tank (Point A) and the end of it
located in the upper part of the reflector tank (Point C) is given
by Eq. (3).

DPa — Pc AB Saslas i
Zc—2Za) + 5 +> K
Pcg = (e =) 2g =

Djiz i
Viar |f BC1LBC1 BCZ f BchBcz
E K E K
28 [ Dy, 5 { Dy, e

In Eq. (3) the point B is located in the expansion tank, while
points C1 and C2 refer to the same duct that changes the radial
dimension along its path. In the RA-10 SSS Mockup case the pres-
sure equalization subsystem does not exists and the ambient pres-
sure acts on top of the tank. In the RA-10 SSS case, the parameters
for the equalization pressure subsystem are displayed in Table 5.

A post-facto analysis of this subsystem points out that the
pressure drop along this line is negligible. Then, the working gas

(3)

Table 4

Main geometrical characteristics of the discharge hydraulic piping system.
Characteristic Mockup RA-10
Pour [Pa] 92000 121300
S KM 1) 4.6 2.8
SKY 11 0.7 0.7
S [m] 8.5 145
Ly[m] 1.0 0.9
(Zoutlet - Zinlet) [m] -6.3 —-7.7
Dyp [m] 0.254 0.265
Dy [m] 0.102 0.067

Table 5

Parameters for the pressure equalization subsystem.
Characteristic RA-10
Pout [Pa] 121300
YK (1] 43
SiKer 1] 1.9
ik, (1] 1.0
Lpg [m] 15.7
Lpcq [m] 153
Lpcy [m] 35
(zs — ze) [m] 8.4
DY [m] 0.080
D, [m] 0.108
Dpé; [m] 0.168

pressure acting on top of the tank as a BC for the 3D CFD model
is a good approximation.

3.6. Parallel calculations

The computations were carried out in a cluster of workstations
connected by a Gigabit Ethernet network. Each node is an Intel(R)
Core(TM) i7-3820 CPU 3.60 GHz. To make the domain decomposi-
tion (DD), the graph partitioning method based on the Scotch algo-
rithm was used (Pellegrini, 2009). A performance analysis has been
carried out. This analysis indicates that using 28 processors on 7
nodes and applying the Scotch method to carry out the DD, is the
optimum option for the problem at hand (Rechiman et al., 2014).

4. 3D CFD model validation
4.1. RA-10 SSS Mockup experimental data

The position of the free-surface has been measured in a local
manner in the RA-10 SSS Mockup facility (Garnero, 2014;
Rechiman et al., 2015). This information was used in the validation
procedure of the 3D CFD model. The position of the interface was
track on a vertical ruler along the depth of the RA10-SSS Mockup
tank by using a video camera. It is important to point out that
the time evolution of the system starts (t = 0) when the free-
surface cross the junction between the upper part of the reflector
tank with the pressure equalization line.

4.2. Cases of study for validation procedure

Numerical simulations were carried out for two cases of study
in order to get a model which enables to capture all the physics
features with accuracy without requiring an excessive computing
time. The following cases have been computed:

1. Case I: System of Eq. (1) using the two equation model x — ¢
Realizable to compute 7.

2. Case II: System of Eq. (1) computing T accounting only for vis-
cous effects.

These two numerical experiments allow to quantify the
unevenness in the solution between a complex model (Case I)
and a self-effacing model (Case II).

4.3. Description of events in the RA-10 SSS Mockup case

The initial state of the system is shown in Fig. 3. It can be seen
that the reflector tank is full of liquid as well as part of the pressure
equalization line. The height of this line is 1.5 m.
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Time(s): 0.00

Time(s): 0.50

Time(s): 2.00

Fig. 3. Time evolution sequence of the free-surface inside the tank predicted by the coupled model applied to the RA-10 SSS Mockup geometry.

When the valves in the discharge hydraulic net are open, the
liquid contained in the pressure equalization line fully drains in
approximately ~ 0.35 s. After the plug fall down, a violent liquid
jet with a mean velocity of 7.3 @ and a maximum velocity of
11 %, impacts over one of the cold neutron beams and a bowl-
shaped depression is created. The depression depth is nearly
0.45 m at time 0.50s.

A wide wave starts to travel towards the direction where is
located the discharge pipe. Diffraction and reflection patterns are
generated while the wave interact with the tank internals. The sub-
sequent waves can reach 23 cm of amplitude. The first wave
reaches the opposite side at 3 s of time evolution and reflects. After
this time the waves start to diminish their amplitude until the free-
surface of the liquid is nearly smooth with minor distortions.

Ten seconds after the system starts to evolve, the coupled 3D
CFD model predicts the establishment of a gas pocket at discharge
duct. When this happens, the working gas pressure will be acting
on discharge duct. Moreover, the hydraulic net will no longer influ-

ence the discharge of the tank. Due to the change in the output
pressure, the mass flow drops and the hydraulic net discharges
in a two-phase regime. When the gas pocket is formed, the effec-
tive liquid cross section diminishes down to 35% and is located
as a horizontal half moon on the bottom of the pipe. Moreover,
from now on the discharge dynamic get slower, and a change in
the slope of the draining curve is observed.

4.4. Mass flow, free-surface and velocity results of RA-10 SSS Mockup
case

Fig. 4 shows the computed mass flow curves for the two cases of
study in the RA-10 SSS Mockup. Both cases are in perfect accord
during the acceleration part (first 0.5 s), when the plug flows from
top into the reflector tank. Moreover, they describe in a similar
manner the global behavior of the discharge process, although
the inclusion of the turbulent effect produce a smoother evolution
than the case without it. This may be caused by the fact that the
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Mass Flow [kg/s]

Time [s]

Fig. 4. Mass flow of liquid phase at discharge patch for Cases (I) and (II) for the coupled model applied to the RA-10 SSS Mockup geometry. The sudden drop in the mass flow
at t ~ 10 s is caused by the entrance of gas to the discharge duct. When the average of the indicator function at discharge patch is below < o >= 0.5 the discharge hydraulic

net is decoupled from the model.

turbulent kinematic viscosity could be up to vy = 0.025 mTZ which
is four order of magnitude larger than the fluid kinematic viscosity.
Then, the larger kinematic viscosity may attenuate flow fluctua-
tions in the region where the mass flow is computed.

At time t ~ 10 s the entrance of air is produced on discharge
duct. This fact breaks the depression condition imposed by the
hydraulic net over the tank. Then, the hydraulic net is decoupled
from the model. Due to the sudden change of the indicator

Time(s): 0.40

_)\&

Time(s): 2.90

\_7— -

Time(s): 10.00

£

function in the cross section of the duct, the middle point of
the transition was chosen as a criterion for decoupling the
hydraulic net.

The solution of the spatial distribution of the free-surface has
been compared for the two cases. In particular, Fig. 5 displays con-
tours for a fixed value « = 0.5. Reasonable agreement can be seen
for the two cases except when the gas pocket is established at dis-
charge pipe.

Time(s): 2.00
= B Eamse——

Time(s): 5.00
e——— —————

Time(s): 15.00

f

£

Fig. 5. Time evolution sequence of the free-surface predicted by the coupled model applied to the RA-10 SSS Mockup geometry. The results are shown in a cut along the
diameter of the tank. (Red) Case 1. (Black) Case II. (Blue) Additional simulation taking into account the surface tension effect. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Modulus of velocity field developed in the RA-10 SSS Mockup geometry.

Fig. 6 shows a time sequence of the modulus of the velocity exist within it. Then, possible reductions of the calculation
field for the effective fluid within the RA-10 SSS Mockup tank. domain are not allowed. On the other hand, the average velocity
Despite the large dimensions of the tank, no dead water regions at discharge patch is ~ 4.5 2, while the mean velocity of gas in

13 \ T T T
Experiments —*—
¢ USMMEB Egq. - Without hydr. net - Gauss-Kronrod —
12 USMMEB Eq. - With hydr. net - LSODE = = = - |
Virtual RuleI- Case] ——
11 Virtual Rule I - CaseI -~~~ _|
heffective - Case I ="
T Virtual RuleI-CaseII —
i~ 1.0 [~ Virtual Rule II - Case Il == —"~ 7
heffective - Case Il ===~
09 [~ 7
08~ _
0.7 I | | | \ =

Time [s]

Fig. 7. Draining curves of the RA-10 SSS Mockup facility. The position of the free-surface was computed for the first 15 s of time evolution. The time t = 0 s corresponds to the
moment when the free-surface cross the connection with the pressure equalization line. (Black) Experimental measurements. (Cyan dotted line) Unsteady-state macroscopic
mechanical energy balance (USMMEB) for a kindred model of the problem. Solution for Eq. (4) without the coupling with the hydraulic discharge net solved by a Gauss-
Kronrod quadrature integrator. (Thick black dotted line) USMMEB given by Eq. (5) including the coupling with the hydraulic discharge net solved by an Octave Livermore
ordinary differential equation LSODE integrator. (Solid red line) Local measurement of free-surface position on a virtual ruler located at position I for the Case I. (Thin dotted
black line) Local measurement of free-surface position on a virtual ruler located at position II for the Case I. (Dotted blue line) Global estimation of free-surface position for
Case . (Solid green line) Local measurement of free-surface position on a virtual ruler located at position I for the Case II. (Dotted gray line) Local measurement of free-surface
position on a virtual ruler located at position II for the Case II. (Dotted red line) Global estimation of free-surface position for Case II. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the gas connection line is ~ 17 2 with an associated Mach num-
ber of Ma = 0.05. The last is consistent with the incompressibility
assumption.

4.5. Validation and verification of the coupled 3D-0D CFD model in the
RA-10 SSS Mockup case

In order to evaluate the neutronic impact on the negative reac-
tivity insertion caused by the removal of the reflector, the time
evolution of the position of the free-surface is determined.

Fig. 7 displays the time evolution of the free-surface. The posi-
tion of the free-surface has been determined in a local manner cal-
culating the interface position on virtual rulers located near the
reactor core (see Fig. 2) for the numerical experiments associated
with Case (I) and Case (II).

The local estimators present a delay of 1s for virtual rulers
located at position (I), while for virtual rulers located at position
(IT) the delay is equal to 1.8 s. The delay is attributed to the time

Time(s): 0.00

&
o

Time(s): 5.00

~

Z
R

Time(s): 10.00

4
P

the wave takes to reach these positions. Afterwards, the local esti-
mators oscillate because of the wave motion.

Alternatively, the location of free-surface has been determined
in a global manner calculating in an indirect way a mean effective
position hegecize Of the free-surface by using the mass conservation
law between the cross-section of the tank and the discharge duct.

The global estimator for the liquid height remaining inside the
tank is a decreasing linear monotonic function up to 10s. At that
time, a slope change occurs due to the fact that the lighter fluid
starts to enter through the discharge pipe and then the hydraulic
net is decoupled.

For both cases, the local and global estimation for the location of
the free-surface are alike.

We also compare the numerical results with previous experi-
mental data of RA-10 SSS Mockup reported in Garnero (2014)
and Rechiman et al. (2015). The curves obtained with the present
coupled 3D-0D CFD model behave in a similar manner to the
experimental one specially at t > 10 s. During the initial evolution,

Time(s): 2.00

Time(s): 15.00

Fig. 8. Time evolution sequence of the free-surface inside the tank predicted by the coupled model applied to the RA-10 SSS geometry.
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Fig. 9. Draining curves for the RA-10 SSS case. The position of the free-surface was computed for the first 15 s of time evolution. The time t = 0 s corresponds to the moment
when the valves are open. (Cyan dotted line) Unsteady-state macroscopic mechanical energy balance (USMMEB) for a kindred model of the problem. Solution for Eq. (4)
without the coupling with the hydraulic discharge net solved by a Gauss-Kronrod quadrature integrator. (Thick black dotted line) USSMEB given by Eq. (5) including the
coupling with the hydraulic discharge net solved by an Octave Livermore solver for ordinary differential equations LSODE integrator. (Solid red line) Local measurement of
free-surface position on a virtual ruler located at position I for the Case I. (Thin black line) Local measurement of free-surface position on a virtual ruler located at position II
for the Case L. (Dash blue line) Global estimation of free-surface position for Case I. (Dotted blue line) Local measurement of free-surface position on a virtual ruler located at
position I for the Case II. (Dash red line) Local measurement of free-surface position on a virtual ruler located at position II for the Case II. (Dash dot green line) Global

estimation of free-surface position for Case II. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Mass flow of liquid phase at discharge patch for the RA-10 SSS case. (Black) Case 1. (Red) Case II. At t ~ 8 s the hydraulic net is decoupled from the model when the

average of the indicator function at discharge patch is below < o0 >=0.5.

a mismatch is evident. The main reason of the discrepancy
between the model and the measured height of water is due to
the time it takes the initial emptying wave to reach the measuring
location in the experiments.

The different approaches to estimate the location of the free-
surface were compared with a simple model based on the
unsteady-state macroscopic mechanical energy balance (USMMEB)
(Bird et al., 2002; Rechiman et al., 2014; Rechiman et al., 2016).
Two extreme cases have been considered: A) The simple model
without the hydraulic net attached to the tank. B) The simple
model coupled in a dynamic manner with the hydraulic discharge
net subsystem.

For case A, let t4rqining be the time to drain an initial liquid height
ho contained in a cylindrical tank of radius Ry, with a circular

orifice of radius Ruicharge located at a height Y parge. Following
Bird et al. (2002), the draining time for the tank without the
hydraulic net attached to it is given by Eq. (4).

. [(N=2)h, / dn
draining = —
2g 0 2pN-1)
ViI—=7—

In Eq. (4) g is the gravity acceleration, N = Rk and n= %

discharge

For case B, the previous model was modified by assuming that
a pressure py,, is acting on top of the tank, and that a pressure
imposed by a hydraulic net is acting on the discharge orifice
represented DY Pooping(£). The latter case is expressed by

Eq. (5).

(4)
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Fig. 11. Modulus of velocity field developed in the RA-10 SSS geometry.
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Fig. 12. Mass flow of liquid phase at discharge patch with the configuration of Case II. (Black) Reference mesh. (Red) Fine Mesh. (Inset) Relative difference between the

solutions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In Eq. (5) the peoyying (t) is given by Eq. (2).

2 4 2
h(t)%-ﬁ-% |:l - (M) :| (%) +g(ydischarge + h(t))

Rdischarge

(pcoupling(t) - ptop)
P

(5)

Fig. 7 shows that curves represented by Egs. (4) and (5) enclose
the former results of the 3D-0D CFD model. It can be clearly seen
that the net acts like a pump which accelerates the draining flow.
In consequence, the time required to emptying the same amount of
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Fig. 13. Draining curves for the RA-10 SSS case in the reference mesh and in a fine mesh. The position of the free-surface was computed for the first 15 s of time evolution.
(Solid black line) Local measurement of free-surface position on a virtual ruler (VR) located at position I for the Case I in the reference mesh (RM). (Solid red line) Local
measurement of free-surface position on a VR located at position II for the Case I in the RM. (Dash black line) Global estimation of free-surface position for Case I in the RM.
(Dotted gray line) Local measurement of free-surface position on a VR located at position I for Case I in the fine mesh (FM). (Dotted blue line) Local measurement of free-
surface position on a VR located at position II for the Case I in the FM. (Dash blue line) Global estimation of free-surface position for Case I in the FM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

liquid is faster than if the net would not been there for these set of
parameters. It is important to remark that when the air entrain-
ment at discharge pipe occurs, the USMMEB solution is no longer
valid.

A key issue not addressed at the moment is the effect of the spa-
tial discretization on the solution. A detailed mesh convergence
analysis is shown in Appendix A.

5. Results in the geometry of interest of RA-10 SSS

The validated 3D-0D CFD model was applied to the geometry of
interest of RA-10 SSS. Two cases have been studied, the same two
cases than for RA-10 SSS Mockup.

Fig. 8 shows the 3D time evolution of the free-surface. After the
plug fall into the tank the wave motion vanish and the free-surface
is nearly plannar. The draining with a nearly plannar surface con-
tinue until the gas first enter to discharge patch at t ~ 7.8 s. A dis-
tortion of free-surface in the surrounding of discharge box occurs.
Finally at time t = 15 s, the free-surface is slightly above the upper
edge of discharge box at y ~ 0.53 m . The complete process can be
visualized in the Supplemental material (Rechiman, 2017). These
set of simulations show that the overall motion of flow within
the tank is similar to the RA-10 SSS Mockup case.

Fig. 9 shows the discharge curves for the RA-10 SSS geometry.
The time t = 0 s indicates the moment when the valves are open.
The pressure equalization line connection is fully drained during
the first t ~ 0.65 s. The local estimators show an oscillating behav-
ior due to wave motion generated by the falling plug of liquid from
the pressure equalization line. The evolution of the local estimators
is retarded due to the time that takes the wave to reach each vir-
tual ruler.

On the other hand, the global estimators are coincident with the
simple model with hydraulic net up to a time of 8 s. These predic-
tions are no longer valid for times beyond ¢ > 7 s. This is due to the
fact that a systematic depression is formed in the surrounding of
the discharge box. Then, the solution of mass flow is affected by
a diminishing of cross-section area involved in global calculation
which was considered coincident with the cross-section of the
tank.

At time t ~ 7.8 s the gaseous phase starts to enter to the dis-
charge pipe while the surface is slightly perturbed by the wave
motion. Furthermore, the evolution of different estimators and
the solution of the simple model without the discharge net have
the same trend for t > 8 s.

Fig. 9 also shows that the position of the interface after 15 s of
evolution is in the middle of the tank height y ~ 0.53 m, slightly
above the upper edge of discharge box. These results answer the
main query about the studied configuration.

Fig. 10 shows the mass flow for the two computed cases. It can
be seen that the mass flow reaches a plateau in a value of
m= 144’% At t ~7.8s a gas pocket is formed in the discharge
duct.

The modulus of velocity field is displayed in Fig. 11. The region
of liquid flow with highest velocity is in the surrounding of the dis-
charge box where the mean velocity of the flow at discharge pipe is
Vdischarge = 4 2 similar to RA-10 SSS Mockup.

The mesh convergence analysis of the computational model is
developed in Appendix A.

6. Conclusions

In the present work we have presented and discussed the
results of a free-surface 3D CFD model applied to two geometrical
configurations, the RA-10 SSS Mockup geometry and the RA-10 SSS
geometry.

There were two main objectives in this paper. The first one was
to validate the 3D-0OD coupled methodology by comparing our
results with theoretical and experimental data available for the
RA-10 SSS Mockup configuration. The second one was to present
a detailed analysis of the SSS performance for the RA-10 case.

We have implemented a robust model using OpenFOAM(R)
suite which allows to make massive three-dimensional simula-
tions with the current available facilities in order to contribute to
a design stage of the SSS.

We used this tool to show an assessment of the dynamical
behavior in the RA-10 SSS Mockup. It was proved that the coupling
strategy applied to the complete system can reproduce the overall
behavior regarding the draining dynamics of the reflector tank for
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the 15 s of time evolution. The simulations produced a complex
free-surface behavior in two moments: after the falling plug and
when air entrainment is produced on discharge duct.

We have determined the free-surface location by using local
and global estimators. Both approaches indicate similar results
and reasonable agreement exists with experimental data measured
in a local manner. The results also show that the gas pocket cre-
ation as well as the decoupling moment of the hydraulic net can
not be predicted by any simple model and a full coupled three-
dimensional model is necessary.

We have applied the same framework developed for the RA-10
SSS Mockup model to the geometry of interest of RA-10 SSS case.
Calculations show that after 15 s of time evolution the liquid level
remaining inside the tank is slightly above the upper edge of dis-
charge box y ~ 0.53 m. This result suggest that the safety require-
ments are accomplished by the analyzed SSS.
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Appendix A. Mesh convergence analysis
RA-10 SSS Mockup case

In order to evaluate if the mesh resolution used for the calcula-
tions is good enough, the same problem similar than Case (II) was
computed but with a refined mesh. The refined mesh is composed
by 728283 points and 3931189 tetrahedrons. The general charac-
teristics of this mesh are listed in Table 2.

Fig. 12, shows the drained mass flow calculated with the refer-
ence mesh and with the refined mesh. A good agreement exists
between them. Moreover the integral of the mass flow along the
15s of time evolution was calculated for both cases. The dis-
charged mass of liquid computed with the reference mesh is
m = 2234.41 kg while for the case computed with the refined
mesh is 2234.72 kg. Then the discrepancy in the solution of the
mass leaving the tank is 0.02%. These results suggest that the solu-
tion is converged for the reference mesh used along the present
work.

RA-10 SSS case

The Case (I) was computed but using a refined mesh which
characteristics are displayed in Table 2. Fig. 13 shows in a compar-
ative manner the calculations with the reference mesh and with
the refined mesh. Regarding the position of the interface as well
as the mass flow computed, it can be seen that results of both cases
are alike. The integral in time of the mass flux was also calculated.

Using the reference mesh the result is mfM, . = 1418 kg, while for

the refined mesh is mfM, ., = 1413 kg. These results suggest that

draine
the solutions calculated with the reference mesh are converged.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.nucengdes.2017.
04.024.
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