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Abstract. Until the end of the first part of the basic despdrase (2017), the ASTRID project

has made the choice of studying a power conversystem (PCS) based on a Brayton cycle
with nitrogen as coolant. The justification is telh to a safety and public acceptance
considerations in order to inherently eliminate thedium-water and sodium-water-air

reactions risks. The objective of the studies eadag to enhance the level of maturity of the
gas PCS. The choice of two PCS of 300 MWe eachbhas made in order to limit the gas

inventory, the size and length of gas pipes as agethaintaining a high level of availability.

This paper presents specific operating procedusestat-up and normal shutdown of the
plant, scram, rapid shutdowns, gas inventory comsystem, house load and grid frequency
control. The current procedures of the plant aral ékpected regulation are presented. A
focus will be made on the nitrogen inventory conhtrbich takes part of the electric power

regulation provided to the grid.

Finally some perspectives of remaining operatiardiss to be performed until the end of
2017 will be presented. Indeed the level of majwftthe gas PCS must be at a similar level
than the classic water-steam Rankine cycle in adim@nake the best choice for the future of
the sodium fast reactors in terms of better cdste@feness and reliability through
optimization of the Brayton cycle technology ane@ions.
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1. Introduction

The Sodium-cooled Fast Reactor (SFR) is one of3eeration IV reactor concepts selected
to secure the nuclear fuel resources and to marsafj@active waste. Within the framework
of the June 2006 act on the sustainable manageofeatlioactive material and waste, the
French Government asked CEA to conduct design edudlor the Advanced Sodium
Technological Reactor for Industrial Demonstrat®&TRID) project [1] in collaboration
with industrial partners [2].

ASTRID will be an integrated technology prototypeesmined for industrial-scale
demonstration of %generation Sodium-cooled Fast Reactor (SFR) sadety operation
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aiming at improving safety, operability and robests levels against external hazards
compared with previous SFRs.

The pre-conceptual design phase — AVP1 conducted mid-2010 to the end of 2012 — has
been focused on innovation and technological bheakghs, while maintaining risk at an
acceptable level. This phase was followed by th&2¥onceptual design phase planned until
the end of 2015 whose objectives were to focushendesign in order to finalize a coherent
reactor outline and to finalize by December 2016 8afety Option Report. The ASTRID
conceptual design is based on a sodium-cooled peamttor of 1500 MWth with an
intermediate circuit in sodium generating about 608e. Two Power Conversion Systems
(PCS) were studied in parallel during the AVP2 @apiaal design phase: a Rankine steam
cycle and a Brayton gas cycle.

The closed Brayton gas PCS option has been coesdidas the likely choice for High
Temperature Reactors (HTR), as it provides at 80@i@perature range better cycle net
efficiency than the best Rankine cycle. ApplicatmnNitrogen closed Brayton cycle for a
sodium cooled fast reactor in the 500°C temperatamge is mainly justified for safety and
acceptance considerations by inherently eliminatiggsodium-water reaction risk existing in
a Rankine cycle.

During the ASTRID AVP2 phase from 2013 to 2015{rarsgg R&D effort was focused on the
gas PCS in order to increase its maturity levebrider to bring it at the end of 2017 to a
similar level compared to the Rankine cycle witlvell-documented comparison between the
two systems will be therefore facilitated [3].

The 2016-2017 phase, in which the Gas PCS is mttegnin the overall layout of the reactor,
will allow to better specify the technical and ecoric assessments of the gas PCS.

This paper discusses operation studies of the GagmPConversion System coupled with the
Astrid nuclear island. This includes the regulatmmciple , normal start-up and shutdowns,
the SCRAM and the rapid shutdown, the house loatl aaninnovative procedure for the

frequency load regulation. A focus will be madetba gas inventory system to master the
changes of the output power

2. Brayton cycle description:

At the end of the AVP2 Phase (2013-2015), the esiez cycle for the ASTRID Power
Conversion System is closed Brayton cycle in put®gen at 180 barHG 1). The plant is
composed with 2 GTA (group turbine alternator) watlthermal power of 750 MWth each.
The turbine and the compressors are placed ondame shaft line as the turbogenerator.
Aiming at optimizing the cycle, the gas is cooleddre the high pressure compressor inlet to
limit the compression work and an economizer alloaising the temperature of the gas
returning to the Sodium Gas Heat Exchangers (SGtiie)heat extracted from turbine outlet
gas. The reference solution for the heat sinkvitcooling tower. The closed cooling water
system provides the cooling medium for the pre-emoand coolers.

The main boundary conditions for the thermodynarmgas cycle calculations are the
following:

» Thermal power delivered to the gas cycle (2 GTAPAMWth
e Sodium gas heat exchanger outlet temperature: 515°C

e Sodium gas heat exchanger outlet pressure: 180 bar

e Sodium gas heat exchanger inlet temperature: 310°C

e Cooler outlet temperature: 27°C
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The expected gross efficiency at the end of the AYRase (2013-2015) is around 37.4 %,
not taking into account auxiliary power [4].

Pure nitrogen
Brayton cycle
Primary Secondary
sodium loop sodium loop
545°C 530°C 515°C
| v - 180 bar

‘ % g o f |
. “Q < 30c
400°C 345°C . 180D Ecomomizer

FIG.1. AVP2 Reference Brayton cycle

3. Regulation principle:
3.1. The overall control

The control of the gas PCS is designed to regtit@tenain operating parameters of the cycle,
while limiting the use of the bypasses on the gas FIG.2), namely:

- Regulate the sodium temperature at the outlft@ECSG (ECSG by-pass);
- Rapidly varying the electrical power and thenulaging it around a set value (by-pass 1),

- Regulate the speed of the turbomachine at itsimamalue due to power changes (by-pass
turbine).

During power operation, the gas flow cannot be stéjh by varying the speed of rotation of
the turbomachine, set by the frequency of the n&¢(8000 rpm); It is adjusted by a nitrogen
inventory management system for each GTA, allowhrgy scheduled power variations(cf §
6).

PRECOOLER INJERCOOLER

LP COMPRESSOR HP|COMPRESSOR

N

Bypass2

m

Bypass
turbine

Bypass1

AAY

T RECUPERATOR

Bypass récupérateur HP

FIG.2: Scheme of several by passes tested on Brayte
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4. CATHARE code description:

All results given hereunder in this paper are idsinem the V2.5 CATHARE system code.
This version is the outcome of more than 30 yedrgiot development effort by CEA
(French Atomic Energy Commission), EDF (Electricky France), AREVA and IRSN
(Radio-protection and Nuclear Safety Institute).

CATHARE is a system code originally devoted to best esBmatlculations of
thermalhydraulic transients in Water-Cooled Reacsaich as PWR, VVER or BWR.

The two-fluid model with non-condensable gasessjpart equationswith light water as the
main fluid, was extended to GCR, SCWR, (IAPWS taplBFR (with Na sodium as main
fluid) and for non-nuclear industrial applicaticsisch as cryogenic rocket engines

CATHARE code has now a multi-purpose multi-reactor consgptem code as it has many
advantages to be extended easily to other appulicsti

o The numerical solver is reliable, efficient and gen

0 The existing tools for pre-processing and postg@semg can be used for ail
applications,

o Basic modeling features, like circuits with heatcleangers, various hydraulic
elements, valves, walls, already exist, are welkotidated, and can be re-utilized.

The code is used for research, safety and desigroges in France by about 50 full time
scientists and is released abroad in about 30gdiorigistitutes. The applications are mainly
for:

0 plant system and component designs,

0 the definition and verification of emergency opergiprocedures,

0 investigations for new types of core management, neactors and systems designs,

0 the preparation and interpretation of experimeptagrams,

Ofor safety analysis, a methodology has been deedlopm order to evaluate
uncertainties of the code calculations.

5. Normal start-up and shut down:

The main functional specifications and procedurestlie start-up and shutdown phases of
ASTRID plant with a gas PCS have been establish@dder to preserve the kinetics and the
control capacities similar to those obtained witeam Rankine PCS. The procedures can be
carried out either on 1 or simultaneously 2 GTAsl,annlike the full power operation
connected to the grid, the gas flow can be adjubtesiarying the speed of rotation of the
turbomachine.

The main phases of a start-up from the cold s206 ¢leg.) are as follow§IG. 3):
- preheating, divergence and beginning of isothérisa of temperature,
- starting of the turbomachine and preheating @8 gas,

- during the isothermal rise, increase of the daw fate by increasing the rotation speed of
the turbomachine (with successive steps from 100t rand then 1500 rpm) and
simultaneously by gradually increasing the nitrogemntory in the PCS,

- coupling to the network when the speed of thbdarachine reaches 3000 rpm,

- increasing of the power up to 100% Pnom. (nompwler) keeping a kinetic adjusted to
limit the thermal solicitations of the primary aiit structures.
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For the normal shutdown, the different phases saifelbbws:

- power reduction from 100% PN to 20% PN accordimdinetics faster than start-up and
simultaneously reduction of gas flow by reductidmitrogen inventory,

- rapid shutdown (motorized drop of control rod#gcoupling to the network and switch of
the turbomachine in motor mode (inversed supplfati@alternator),

- decreasing the gas flow by reducing the speeithe@turbomachine and reducing the PCS
nitrogen inventory to regulate the primary circtatnperature as a function of the residual
power.

- ContirulinecRalinnsutbesnaldstate

550 — - 100%
500 90%
‘ Core outlet T ‘ I
450 1 Coreinlet T I 80%
- = = Normalized core power
400 1+ I T B
= Normalized speed rotation t 70%
Normalized gas inventory
350 =
L 60%
0 [ A ||
— d— — ] 50%
g =
| 40%
200 U
30%
150
100 0%
50 — 10%
0de==T""7F""" — 0%
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

t(h)

FIG 3: Operating parameters evolution during a rashutdown

6. The nitrogen inventory gas control:

In order to manage the start-up, the shutdown dher specific sequences, the quantity of
nitrogen contained in the Brayton Cycle (130 tors), called Gas Inventory, can be
withdrawn from the High Pressure level of Braytortle or injected to the Low pressure
level of Brayton cycle thanks to the Gas Inventdignagement SystenkIG 4).

. 1 Braytonigas Il r=uss ) [es=

:________7____' i]
! 1
¥ * Tinter-tooler
:
s g /1 | geherator
1 A
]

'- -L higgh™ pressure ™'
9= compressor
low pressure
compressar
Shutdown sequence
[ Start-up sequence o from HP pressure level
to LP pressure level ' — 180 bar
60 bar

Gas Inventory
Management System

FIG 4: Scheme of gas inventory management system
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During the first phase of the start-up or shutd@&guences, nitrogen is transferred by direct
pressure letdown and when pressure is at equitibrithe transfer is finalized with gas
compressorsHG. 5). The Gas Inventory Management System is compostd6 large gas
storage vessels (600 m3 under 50 bar each, imptechem the ground floor of the Brayton
Cycle Building, below the Brayton Cycle Hall) andet of gas compressors (implemented in
a dedicated building).

Evolution of the pressures of the Brayton Cycle and the Storage Vessels during shutdown and start-up sequences
Pressure A

P6
180 bar

8,

]
J'f% P3
J’t‘/@ Pmaxvessels

f

Max campression
2 atio
bar

P1 P7 \
Pminvessels

P9
61,1 bar

-

Max
compression
ratio

\

P5
Pminballon

P8
Pmin Brayton Cycle

transferwith direct transferwithuse of
letdown compressor

transferwith transferwith use of
directletdown compressor time
S

>

O0h 2h 4h 10h

Shutdown = withdrawal sequence Start-up = filling seqeunce

FIG 5 : Evolution of the pressures of the cycle #ralstorage vessels during shutdown and
start-up sequences

In addition, a liquid nitrogen storage unit, ansled of nitrogen cylinders under 200 bar, allow
to perform first filling and continuous make-up (flompensate leakage) of the Gas Inventory.

In a next phase of studies it will be examinatee plossibility to use the Gas Inventory
Management System to control permanently the preseti Brayton Cycle by nitrogen
withdrawal and/or re-injection.

7. SCRAM and rapid shutdown procedures:

In case of unscheduled shutdown of the reactorptbeedures of SCRAM (gravity falling of
control rods due to safety purpose) or rapid shutd@motorized insertion of the control rod
mainly due to initiating event from secondary otigey circuit) are triggered.

Both procedures exhibit similar kinetics of poweranisfer to the gas PCS; For the SCRAM
procedureKIG 6):

- on SCRAM signal, opening of bypass 1 in ordegtadually reduce the electrical power
produced by the PCS before disconnection from liwrecity network,

- in the short term (about 75 s), maintaining th&ation speed of the turbomachine at its
nominal speed as long as the alternator of the @&drAains in a power production mode
(3000 rpm and positive power balance on the shBityjng this phase, the opening of the
bypass 1 allows a first reduction of the gas flovthe ECSGs, thus anticipating the reduction
of the thermal power coming from the primary citcdue to the stopping of the nuclear
power,

- as soon as the alternator goes into engine ntbeepeed of rotation of the turbomachine is
slowed down to a folding speed (from 1000 to 12380)to minimize as much as possible the
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power consumed in motor mode (~ 1 MW); The duratidnthis ramp is around 200 s
(comparable to that applied simultaneously to teeosdary flow), then keeping of the
turbomachine at this speed rate with by the geaenatmotor mode.

- Normalized rotation speed

- Normalized shaft power
Normalized turbine flow

= = Normalized compressor flow

-~ = Normalized by-pass flow

Normaliszed rvalue

300 400 500 600 700 800 900 1000 1100 1200

Time (s)

FIG.6: Evolution of the shaft speed and flowratefmalized by its nominal value) during a
SCRAM.

The regulation of the sodium temperature at théebaf the ECSGs, ensured by the bypass of
the heat exchangeFIG. 7) allows to reach the setpoint temperature corneding to the hot
shutdown condition (320 deg.) at the end of thegdare.

In parallel with this regulation, the inventory wetion is carried out so as to adapt the gas
flow to the level to the residual power to be eaed, which also leads to further reduction
of the power required for the rotation of the turtachine.

In case of a failure leading to the loss of one G rapid shutdown procedure can also be
performed on the remaining GTA.

~—SGHE sodium inlet T
\ ~—SGHE sodium outlet T
SGHE gazinlet T
\ — =SGHE gazoutlet T

Température (°C)

Time (s)

FIG 7 : Evolution of inlet and outlet ECSG temparatduring a SCRAM.
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8. House load procedure:

The house load transient is triggered just afteorfirmed loss of electrical supplies which
necessitates to quickly reduce the plant electoogihut power produced in order to match it
to the level of power required by the auxiliaries 1% nominal output electric power) to
maintain the whole plant in operation. This mustdo@me under the required conditions of
frequency and voltage to avoid risk of procedurifa and a shutdown of the plant. A longer
restart procedure is then necessary to returnwepoperation which may be not compatible
with the safety of the external grid.

The adjustment of the plant electrical output pomesst therefore be carried out within a few
seconds following the loss of the network, whiclinsompatible with an action from the gas
inventory system (this can be done easier for &msteam PCS by reduction in water flow).
The big decrease of electrical production is thust fachieved by opening the by-pass 1,
which severely degrades the efficiency of the cyeeyway this house load state is only
lasting few hours). At the same time, the neutrower is also reduced (at ~ 80% Pnom.
power) with an automatic decrease of reactor pdidentical to that used for the water-steam
PCS).

In the very short term, the disconnection of theemal grid induces an initial overspeed of
the turbomachine which must be limited by acting the bypass turbine valve. The
simulations validate the principle of regulati¢inG. 8):

- the initial overspeed may be limited to about +d8fsidering a rapid opening of the turbine
bypass valve which allows a 90% bypass of the nahfiow rate in about 1 s,

- opening of the turbine bypass allows a rapid céda of the generated electrical power
which falls to ~ 20% of the nominal output elecpmwer in a few seconds. Its stabilization at
7% is achieved by means of the bypass 1 which esaith maximum opening after 100 s to
allow approximately 40% of the nominal flow to passough.

The feasibility of valves to achieve the above megfulevel of performance is under study.

P

- Normalized rotation speed

—— Normalized shaft power

- = Normalized turbine flow

- = Normalized compressor flow

- = Normalized by-pass flow

- = Normalized turbine by-pass flow

Vitesse normalisée

0 10 20 30 40 50 60 70 80 9 100
Temps (s)

FIG 8: Shaft speed and gas flowrate (normalizedsoyominal value) during a house load
procedure.
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In the longer term, the neutron power is graduabuced to ~ 50% Pnom. as well as the gas
inventory, which makes it possible to optimize tperating point by limiting the amplitude
of the bypass flows.

During these different phases, the regulation aléevmaintain the temperature at the output
of the ECSG at its nominal valuelG. 9).

———SGHE sodium inlet T
~——SGHE sodium outlet T
SGHE gazinlet T

405 = =SGHE gaz outlet T

Température (°C)
PR

100 200 300 400 500
Temps (s)

FIG. 9: Evolution of inlet and outlet temperatufdalee ECSG during a house load operation.

8.1. Grid frequency following:

Within the framework of the French legislation, dretause of its importance for the network
safety, it is required (for production facilitiesitv a power of more than 40MWe) to
participate in the primary and secondary frequesettings. This leads of having the capacity
to keep a reserve of electrical power to be praviaethe grid on demand coming from the
French network management company (RTE). The epgedoenario for the reserve design is
the cumulative request for primary and secondaguency control which corresponds to a
power call of + 7% with a ramp of 5% Pnom/min. gominimum of 1/4h duration permanent
level. For the water-steam PCS, this requiremesaiisfied with a specific regulation on core
power and on the secondary loop [5].

For the gas PCS the inertia of the tertiary circomild not allow this regulation, therefore a
very innovative regulation scheme has been devdlopEhis regulation scheme is
unfortunately still under a pending patent prodasswill be presented in details during the
oral presentation at the conference.

8.2.Conclusions

Since the beginning of the ASTRID pre-conceptuasgh significant studies on technology
and dynamic simulation of a gas PCS for ASTRID @cbjhave been performed in order to
achieve (at the end of 2017) to a maturity as cksspossible to one of the water-steam PCS.
The following operating sequences and dedicatedilaégn have been calculated with
CATHARE code and presented in this paper: startagpmal shutdown, SCRAM and rapid
shutdowns, gas inventory control, house load, fyaduency control. Any of these sequences
have encountered unfeasibility or critical issuetfe deployment of such gas cycle for a SFR
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which has the big advantage to not address anyther@roblematic sodium-water reaction
risk.

Until the end of 2017 (when decision of retainimg tcycle option) the program includes

finalization of OC2 (operation category 2) to OCdnsients: long term loss of grid, loss of
cold source, gas pipe breaks, changes of Na flewrat single secondary loop, changes of
N2 flowrate for several events in the tertiary gitcfeasibility of using the gas cycle for long

term residual power and impact on the primary cotwe startup, spurious triggering of by-

passes...

Despite the gas cycle is innovative we must ardieighe potential risk of technology and
operations failure for such cycle in order to ea#duthe impact on the number of incidental
events that would lead to a shutdown. Indeed,ishi$ importance for the lifetime that will
be permitted for ASTRID and due to the steam-waigie feedback experience on SFR
operations, a lot of such events come from théatgrtircuit, therefore the reliability of this
new Brayton gas cycle must be at least at the $aweéthat the Rankine cycle reliability.
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