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Abstract

In this paper decay heat removal scenarios ofahé tooled European reactor generation IV concept
ELSY are presented. Based on a CFD model of timegpyi loops with all their components, an analy-
sis of the steady state operation mode is perforsmnedthe critical issues of the concept are present

In case of a reactor shutdown the decay heat ofdreecan be removed by several passive systems. It
can be shown that for all scenarios taken into @acthe temperatures can be stabilized within an
acceptable range and a safe state is achievedex@eption is demonstrated in case of heat removal
by isolation condensers, where in the lower paftthe steam generators at certain conditions lead
freezing occurs.

1. Introduction

The nuclear reactor concept ELSY (European Leadedo®ystem), presented in Fig. 1, is character-
ized by its very compact, innovative design. Indide reactor vessel 8 primary loops and all their
components like steam generators (SG) and primampp are integrated. Furthermore, 4 decay heat
dip coolers (WADHR — Water Air Decay Heat Removsg)mmetrically distributed around the core,
are foreseen. For
the permanent
cooling of the outer
vessel a piping
system  operating
with air and con-
sisting of 8 loops is
foreseen. The
RVACS system
(Reactor  Vessel
Air Cooling Sys-
tem), whose U-
pipes are mainly
located in a gap
between the reactor
vessel wall and a
heat-resistant con-
crete layer, which
is not shown here,
collects cold air by
its inlets and heats
- it up along its way
L through the U-pipe
‘ loops by radiative
- heat transport be-
Fig. 1: Configuration of the ELSY reactor tween the outer
vessel wall and
RVACS U-pipe surfaces. The hot air is removed agtshe plant building by a piping system with 2
chimneys at a height of 30 m acting as outlet.
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For the primary loops lead is considered as coddastuse of its chemical inertia against water and
advantageous thermodynamic properties. The maaddahtages are the high solidification tempera-
ture of 327°C and the oxidation and corrosion thake the use of a purification system mandatory.

The thermal power of one unit at nominal conditiovib be 1500 MW at a total mass flow rate of
about 126 tons/s. As for the secondary cycle s@aeeldl water-steam is used, the thermal efficiency
due to the electrical power conversion will be ab#8% , which converts to an electrical power re-
lease of 600 MW. For the coolant, temperaturesO6F@ at the core inlet and 480°C at the outlet are
taken into account. A detailed description of th&¥ reactor is presented by Cinotti (2008).

As it is presently not possible to run a CFD mottef is able to simulate the complete primaryuitrc
and the decay heat removal systems of a nucleetoreia detail, several models covering only one
component were developed, such as for the RVAC&syby Bottcher (2009) and for the SGs by
Onea et. al. (2009 and 2010). For the dip coolev&HR), simulations with the system code
TRACE were performed by Imke (2008) in order to pome the amount of heat removed from the
primary system at specific lead temperatures. Theselts were used as source terms for a global
CFD model (by applying ANSYS CFX 11.0), that takelvantage of the reactor symmetry and covers
a 90° part of the vessel including 2 of 8 primarguits with all their components.

2. Model description
To model the ELSY reactor several individual CFDdelg were developed. The vessel model, which
is mainly described in this paper, considers a0t of the vessel with all its components and con-

sists of a hybrid mesh of about 20 million cellse §ig. 2. The dimensions of the vessel are abéut 8
m (height) by 12 m (diameter).
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Fig. 2: The vessel model Fig. 3: Detail of the ekssodel

The lengths of the cells vary between 10 mm inaegjiwith large gradients and approximately 75
mm. Solid structures like the vessel wall, the doaerel and pipe walls are represented by the grid
cells with corresponding heat conduction mechansee, Figs. 2 and 3. Fig. 3 shows details of the
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mesh inside the steam generator. The coolant eimterghe lower center of the SG through radial
pipes coming from the core. The lead passes thrtglpump impellers which are not shown here
and flows upwards along the axis of the pumps. t®madial way through the SG a perforated wall
(W1) has to be passed. Between W1 and the outésrptad wall W2 the heat is removed by a sec-
ondary flow cycle consisting of superheated watar through a couple of spiral type rods. The heat
sink is modeled here by a volumetric energy soteca derived from a RELAP model by Barucca
and Gregorini (2008). The pressure loss of W1, W@ at the region between W1 and W2 covered
with spiral type tubes is computed by using losefitdents derived from detailed CFD models by
Onea et. al. (2009), and from correlations takemfl/DI Warmeatlas (2006).

2.1 The core model
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Fig. 4: Assembly power factors Fig. 5: Assemblyahpiower distribution

For the core, which is resolved on assembly basisgpen square sub-assembly design is chosen. It
consists of 170 fuel assemblies with different @mment zones with an active length of about 1 m.
The active part of the core is indicated by theaegvith a temperature rise in Fig. 2. Each fuel as
sembly with a cross section of 294 x 294 Teontains 428 fuel pins of mixed oxide (Y&nd PuQ).

Fig. 4 shows the assembly power factors. The adgssnimntaining control rods are providing only a
small amount of power and are left empty. Eachsceestion is meshed by 5 x 5 hexagonal cells with
an axial length of 50 mm. The volumetric heat sewtthe core is assembly dependent with an axial
power distribution given in Fig. 5. The power distition is following the proposals of Travieev
(2009).

Pressure loss coefficients based on the work ofriRefl973) are implemented, which take into ac-
count the losses at the inlet and outlet of thecthre losses by the flow through the subchanmels a
of 6 spacers. At nominal conditions of 126 ton#ie pressure loss is about 0.85 bar with an average
velocity in the power assemblies of 1.38 m/s. Thelant temperature in the average assembly is as-
sumed to be 400°C at the inlet and 480°C at thieto'he inactive upper part of the core above the
radial outlets towards the SGs is considered ad wath the density, heat capacity and conductiaity
liquid lead. The region between the reflector amal active part of the core is filled with dummy as-
semblies without power production. A bypass flowaibut 3% is assumed, which is achieved by
setting loss coefficients 400 times larger thantlfierpower assemblies.



2.2 The SG model

Because of computational limitations it is not pokesto resolve the perforated walls and the heat
exchanging spiral pipe structures. As consequehedrictional losses and the heat exchange have to
be implemented by volumetric source terms.

The standard operation conditions of the 8 SG umiésgiven by an average inlet temperature of
480°C and 400°C at the outlet. At standard conaitieach unit has to remove 187.5 MW at a coolant
flow rate of 15.75 tons/s. The formulation of theat sink of the SGs is of main interest for thelaip

as it is used for establishing the temperaturel lefvehe primary loops. The heat release of the gsr
considered as temperature independent. The systelmsied and the boundaries are treated as adiabat-
ic except the outer vessel wall. The RVACS systemermanently removing heat, but its capacity is 3
orders of magnitude lower (at standard conditidinah the heat production by the core

The secondary system is operating with superckitieger with a temperature of 335°C at the inlét. |
the coolant on the primary side has reached thipéeature, no heat is transferred anymore. A linear
dependency of the heat flux based on the two fieegperatures at inlet and outlet of the SGs is as-
sumed. Furthermore, the influence of the local legldcities is neglected and the heat sink is eonsi
dered to be spatially constant. The volumetric setierm is implemented as

_ Q — Tlead,in B 335)C
14£°C

where \4g is the total volume of heat exchanging region dpg i»is the averaged lead temperature at
the SG inlet.

[1875MW /V, (1),
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Fig. 6: Component pressure los Fig. 7:Loss coefficients of compone

The SGs are treated as porous media with a porokily65 for the pipe region. For the perforated
wall regions a porosity of 1 is assumed. Otheniligeradial discretization by 3 cells at a radiallwa
thickness of 60 mm leads to convergence difficsiltieoss coefficients for the perforations and the
pipe bundle region are assumed based on the résul@ea et al. (2008 and 2010). Fig. 6 presents
the main pressure losses within the ELSY primarguiis. At standard conditions the pressure loss in
the core is about 0.89 bar, while for the SGs abBdibar is reached. The pressure loss inside@se S
is 0.103 bar for the inner perforated wall, 0.1 twarthe pipe region and 0.078 bar for the outefgee
rated wall. At standard conditions the pressure inside the core is dominant, but at free conaecti
conditions with low flow rates the situation is aging and the influence of the losses by the SGs
becomes more important. The loss coefficients efwlrious components are shown in Fig. 7. The
implementation of the pressure losses is donerastitinal loss model given by

op_ ,u°
L 2),
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where) is the loss coefficient, u the velocity componienk direction andp the coolant density. For
the SG perforations in radial direction loss casdints specified by Fig. 7 are used, while forakel
and circumferential direction the loss coefficieatse multiplied by a factor of 10. For the spinabe
region and for the core an isotropic loss modapiglied.

For large Reynolds numbers the loss coefficiergsagproaching an asymptotic value, while for low
Reynolds numbers they are increasing significamlyconsequence, the design of the SG due to its
perforated walls becomes the limiting factor of tetural convection flow rate, if the pumps are
switched off and the decay heat production of tre becomes the driving force due to density differ
ences.

2.3 The pump model

Each of the 8 primary loops contains a pump, foictvtonly its impeller axis is considered as non-
rotating solid. The impellers are located below bloétom of each SG inside the annular channel be-
tween the pump axis and the inner perforated wall(Wg. 3). They are not taken into account by the
computational mesh but in terms of a volumetric raotum source. The vessel model is a closed sys-
tem, so that in case of forced convection the ctadlaw has to be fixed by the imposed momentum
source terms of the pump impellers. A simple apginda given by a formulation of a Dirichlet type
condition (see ANSYS User Manual (2009)):

_P k-
I KU-Uge)  (3),

where K is set to a large number, e.d’ Kgim’s, u is the velocity component in x-direction, whis
equivalent with the pump axis, angddis a specified velocity. For the flow volume, whiis occupied

by the pump impellers but left free in the CFX mipdeg,.cis set to a constant value derived from the
theoretical mass flow, the density of the coolard the local cross section area. For the components
in transversal direction an equivalent formulatisrused, but the specified velocity component ts se
to 0, so that the solution is pushed towards alleaflow with a constant velocity 4k, For more ad-
vanced models it would be possible to implement\v&lbcity profiles obtained from a standalone
pump model or even to resolve the pump impellerhbycomputational mesh and to simulate its rota-
tions with a frozen rotor approach.

24 The dip cooler model

WADHR Heat Removal (WADHR)
alpha=1880 W/(m"2 K)
8000

Each of the 4 dip coolers (Fig. 1) is
7500 | > made of a bayonet tube bundle, which
can be operated in case of decay heat
. 7000 1 removal, if the isolation condenser
€ o500 | systems (ICS), acting through the SG
§ secondary circuits, are not available.
6000 Each WADHR loop, for which a power
6500 | / of 5 MW is envisaged in case of a lead
temperature of 430°C, is constituted by
5000 ‘ ‘ ‘ a cooling water storage tank vertically
300 350 400 450 500 above, so that the coolant flow is

ead Temperatre [ driven by gravity. Alternatively, in
. '

Fig. 8 : Power of a single dip cooler (TRACE model)case of low decay heat production, an
air operation mode with less power is

foreseen. In the CFD vessel model the WADHR systarasconsidered as porous media with volu-

metric heat sinks, which are obtained from a TRAG&del by Imke (2008) based on a heat transfer
coefficient of 1880 W/(i#K) and a mass flow of water of 0.023 kg/s on thepsdary side, see Fig. 8.
Between 0 s and 750 s after the shutdown is iadian operation level of 16.6% (due to flow indtabi
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ities on the secondary side) is assumed. Betwe@rs #hd 1000 s the level increases with linear time
dependency to 100%. For larger times full availgbit assumed. The instantaneous heat exchange of
the WADHR system is calculated by evaluation of $patially averaged lead temperature inside the
WADHR’s volume.

2.5 Model assumptions and boundary conditions

For the spatial discretization & @rder donor cell method is applied in order td#ize the simula-
tions, especially for the transients. The timegna¢ion is performed with a"2order Euler-backward
method with an adaptive time step management ofdher. As mentioned before a closed system is
modeled, where the temperature and the mass flewantrolled by source terms. As boundary condi-
tions a heat flux derived from RVACS CFD resultsnigposed on the outer vessel wall, furthermore
symmetrical zero-gradient boundary conditions aseduin circumferential direction. The RVACS
system removes 0.83 MW at a vessel wall temperatud®0°C and 1.04 MW at 500°C with a quasi-
linear dependency on the wall temperature. So lfgprasented cases the RVACS heat flux is eva-
luated by the mean vessel wall temperature anddotred as a local constant, but it needs to be
pointed out that for the presented cases it isooder of magnitude lower than for the other systems

Because the free lead surface is not taken intousxtcthe top of the model is treated as a singulifi
free-slip adiabatic wall. With the exception of thessel wall all model boundaries are considered as
adiabatic. For all simulations ANSYS CFX 11.0 ieds

3. Results for the standard operation conditions
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Fig. 9: Steady state temperature distribution atinal operation conditions

As mentioned before the reactor is operating atinahtonditions, which means a thermal power
production of 1500 MW and a coolant flow rate o61@ns/s. Fig. 9 presents the temperature distribu-
tion for a case where the core reflector is comsifi@s liquid lead and a bypass flow of 3% through
the dummy assembilies is assumed. In the left padial cut through a control rod position is shown
An unheated jet-like structure propagates throinghdore just into the pipe towards the SG. Due to
the high density of the liquid lead the crosswidgtane is rather small and the influence of the low
power control rod assembly is — together with theaated bypass flow- responsible for temperature
differences of about 20°C at the inlet of the S@rtlermore, strong temperature differences at the
radial core pipe outlets up to 60°C are predictatich may cause material problems due to thermal
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stresses. Those temperature differences can beddwg a core reflector of solid steel to aboutG30°
but the constructive details for these parts alleastopen issue.

4. Decay heat removal scenarios

Two different cases of DHR are inves-
tigated in this paper. The first one con-

1090 siders the heat removal by isolation

INR Core Data condenser systems, which are operat-

o o ing through the secondary circuits of

Power - 41C on the SGs, while for the other case the

= 100 \ WADHR's on decay heat is removed by the WADHR
= systems in water operation mode. In
g - Fig. 10 the decay heat production of
< N > the core and the heat sinks of the ICs

and the WADHR systems are pre-
sented. 0.1 s after the control rods are
inserted the heat production of the core
has decreased very rapidly to 6% of its
initial level of 1500 MW. Up to about

0.1 1 10 100 1000 10000 100000

time [s] 1000 s the isolation condensers are
removing more heat than produced,
Fig. 10: Heat production and consumption while the WADHRs are starting at

about 3 MW and are reaching 20 MW
after 1000 s. The data for the ICs are taken froRE&AAP model simulation by ANSALDO (2008)
and are used as input data for the CFD simulatierit is presently not possible to model the secon-
dary circuit due to multiphase flow effects. The AR data are based on the temperature difference
between lead on the primary side calculated byGkD model and the secondary side. The volumet-
ric averaged coolant temperature at the WADHR logatis used and the total heat consumption is
derived from TRACE simulation results (Fig. 8). l&ntioned before for both scenarios the heat con-
sumption is introduced as a locally constant, v@trio sink term which is updated after each time
step. Up to 10000 s are simulated by using a secoel Euler-backward method with adaptive time
steps. At average time steps of 6 s about 3 weleksroputational time (using 12 parallel processes)
are necessary. It has to be mentioned that conveegeriteria are weakened compared with the steady
state calculations, because otherwise a compugdtione of about half a year would have been nec-
essary. Precisely the convergence level was inedelag a factor of 5 to 5e-04 for the normalized re-
siduals, furthermore 0.01 for the global balances applied. Compared with the standard high order
discretization method the applietl drder donor method has a higher damping and allakger tim-
steps . The accuracy of the transient simulatismeduced but at least sufficient to obtain a guali
understanding of the flow field.

5. Results of DHR studies

Fig. 11 shows the mass flow through one pump @eston for the two cases. Together with the reac-
tor scram the pumps are shut off and because dfdredfects it is assumed, that the impellerstiota
has decreased to 0 after a delay time of 5 s. [blaedonditions are very rapidly changing from faice
convection to buoyancy driven natural convectiohe Thass flow per pump decreases from initially
15.75 tons/s to values below 500 kg/s.

The design of the steam generator is importanthipaiecause of the wall perforations. The heatfup o
the coolant in the core is the driving force ofaiumal convection circulation due to density difer
ences, but the core temperatures should be kejpinwiasonable limits. The temperature minima and
maxima for the core are shown in Fig. 12. At staddanditions the average heat up of coolant in the
core is about 80°C and the maximum differencex(tatled by the CFD model) are about 110 °C.
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In case of natural convection and decay
heat release the temperature differences
become significantly smaller and are
only reaching about 50°C for both sce-
narios.

However, there is one exception where
the coolant temperatures are outside an
acceptable range. Inside the steam gen-
erators the lead velocity is significantly
lower close to the bottom and larger
towards the top of the SG. If the heat is
removed by isolation condensers, then
the local heat flux mainly depends on
the large temperature differences be-
tween the fluids on the primary and
secondary side, while the compara-
tively low velocity on the primary side
is of less influence. So the simulation
locally predicts lead temperatures be-
low the freezing point. 5 minutes after
the ICs are started solidification at the
bottom of the SGs takes place. The
situation is shown in Figs. 13 and 14.
Within a short time interval between
300 and 500 s the temperatures are
locally below the melting point of lead
(827°C), which is indicated by an iso-
surface with metallic texture.
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333.3
320.0
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Fig. 14: IC scenario at 353 s

As consequence, a modification of the IC system/anis operational logics seems to be necessary.
The time dependent development of flow patterngtierWADHR scenario, in terms of streamlines
coloured with the local temperatures, is demorestré Fig. 15. At O s the flow is in forced convec-
tion conditions which are visible by a straightlggdflow circulation nearly without secondary struc

tures. The core is still operating at 100% of ieninal power, which is visible by the average heat
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of about 80°C of the lead passing through the obtrd..9 s the flow is utmost transient dominated by
the primary pumps shut off and the sudden decrefffee core power. The initial structures of the
forced convection flow are still visible, but addital large scale structures similar with a stopeso
below the SG bottom level are developed now. Fanbee the flow seems to be noisier in detail,
which may be due to the reduced convergence eitdrihe transient calculation against the steady
state solution. After 1000 s the average lead teatpe has increased by more than 20°C because up
to thistime the decay heat of the core is larger than the rechdeat of the WADHR systems. At
10000 s the average coolant temperature has dedregsin because now more heat is removed as
produced. It can be stated that the natural comreet stable for both scenarios and for all tirties
coolant temperature is well above the melting paiith one exception discussed before. Also, the
structural integrity of core materials is not compised.
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Fig. 15: Flow situation for the WADHR scenario

6. Summary and conclusions

In this paper a detailed CFD investigation of tHeSFE reactor concept at nominal operation condi-
tions and for decay heat removal scenarios is ptedelt is shown that the concept is working in
principle but there are some points which stilldaw be improved, mainly strong temperature gradi-
ents at the core outlet. In case of a reactor sinridhe passive heat removal systems are working in
stable conditions and the temperatures can bedtautrin an acceptable range. For the case of heat
removal by isolation condenser systems a solidifiosof lead close to the steam generator bottom is
possible. Apart from a modification of the IC systethe flow through the steam generators could be
homogenized by the introduction of an axial depengeessure loss of the perforated SG inner and
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outer walls, which should be larger in the uppetgd-or future Gen. IV systems the innovative com-
pact design of ELSY provides an interesting apgndsecause of its safety and commercial aspects.
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