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HIGHLIGHTS

® Three LOCA sequences in one EU HCPB blanket module (2014) have been investigated.

e MELCOR 1.8.6 for fusion is used for the simulation.
e Transient results for different LOCA scenarios have been discussed.
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Safety analysis for the design basis accident (DBA) is essential to support DEMO blanket concept design.
It is necessary to study the pressure behaviour in the blanket and the connected systems during the loss
of coolant accident (LOCA) in a blanket module, as well as the temperature evolution in the coolant flow
and the associated structures. For the Helium Cooled Pebble Bed (HCPB) blanket concept (version 2014)

three representative accidental sequences of LOCA have been simulated using system code MELCOR 1.8.6

for fusion. The LOCA is identified to be the failure of cooling channels in the stiffening grid, in the FW or

g;yMM/SZ?Eety in the breeder unit. Simulation results are discussed in this paper.

HCPB © 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
LOCA license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
MELCOR

1. Introduction

Helium Cooled Pebble Bed (HCPB) blanket concept is one of
the DEMO (Demonstration Power Plant) blanket concepts running
for the final design selection. It is necessary to study the pres-
sure behaviour in the blanket and the connected systems during
the loss of coolant accident (LOCA) in a blanket module, as well
as the temperature evolution in the coolant flow and the associ-
ated structures. Three representative accidental sequences for the
design basis accident (DBA) have been selected. The HCPB design
version 2014 is adopted as the reference design [1]. MELCOR 1.8.6
for fusion is used for the LOCA simulation [2]. For the cooling circuit
redundancy of the primary heat transfer system (PHTS) two sepa-
rate cooling loops are modelled. The accident is initialized during
the normal operation at the steady state. Steady state and transient
results are presented in this paper. Impact of MELCOR versions and
the break size of the FW cooling channels are discussed as well.
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2. Relevant design for the LOCA analysis

For DEMO design 2014 with 16 toroidal fields and a fusion power
of 1572 MW [3] the whole HCPB blanket system is subdivided into
16 sectors [1]. Each blanket sector comprises three outboard (OB)
and two inboard (IB) segments, leading to a total number of 48 OB
and 32 IB segments respectively. Each IB or OB segment contains 6
blanket modules; hence one sector has totally 30 blanket modules.
The equatorial module in the OB (OB4) is selected as the affected
reference module for the LOCA analysis. It has an ITER-like HCPB
TBM design with modular breeder unit (BU) embedded in the stiff-
ening grids (SGs) that consist of horizontal grids (HGs) and vertical
grids (VGs) (Fig. 1). The top and bottom of the module is covered by
caps. A set of BUs for tritium production is located behind the first
wall (FW), containing lithium orthosilicate (Li4SiO4) as breeding
material and Be as neutron multiplier in form of pebble beds. The
FW has to absorb high heat fluxes from the plasma and it is cooled
down with helium in counter flow for the redundancy. After the
FW one flow goes to the SG and caps, while another flow goes to
the BUs separately. If one cooling circuit fails due to the LOCA or
loss of flow accidents (LOFA), the half of the FW is still cooled by
another one to avoid rapid temperature increase on the FW. The
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Fig. 1. OB4 of HCPB 2014 and LOCA locations.

design data for OB4 are: mass flow rate (m) of 6.323 kg/s, temper-
ature of 300°C and pressure of 8 MPa at the blanket inlet, 500°C
at the blanket outlet, the surface heat flux of 500 kW/m?2, and the
thermal power of 6.572 MW. The cross section of the FW channel is
10 mm x 15 mm. EUROFER is used as structural material and tung-
sten as plasma facing component (PFC) with a thickness of 2 mm.
The produced tritium is purged away from Li4SiO4 pebble beds in a
separate helium purge gas (PG) system operated at a low pressure
of 0.2 MPa.

A layout option of the PHTS is selected from [6], for which each
cooling train is an independent system serving two of 16 sectors.
Therefore each cooling loop has a cooling ability for 60 blanket
modules and each sector is supplied by two separate cooling loops
for the cooling circuit redundancy.

The free volume of the vacuum vessel (VV) is designed with
2243 m?3 [3,5]. The VV-PHTS using water as coolant is not consid-
ered in this study for the temperature behaviour of the VV. An
expansion volume (EV) is required in use of gas coolant in the PHTS
to assure the VV integrity. It is defined at the environment temper-
ature of 20°C, the subatmospheric pressure of 0.09 MPa, and the
volume of 9.1e4 m3 in [4]. Temperature of the VV, PHTS and PG are
assumed to be the same as the blanket inlet temperature of 300 °C.

3. LOCA scenarios

A LOCA can be caused by rupture/leak of sealing weld or cooling
channels inside the blanket box. Concerning cooling channel loca-
tions in the HCPB blanket design, which are identified as the FW,
the horizontal and vertical plates (HP, VP) of the SG, and the cooling
plate (CP) of the BU, three representative accidental sequences have
been selected (Fig. 1): case I in-box LOCA to the breeding blanket
(BB) with failure of one HP in the SG; case II in-vessel LOCA with
failure of 10 FW channels; and case Ill in-box LOCA to the PG system
with failure of one CP in the BU.

4. MELCOR modelling, simulation and results

MELCOR 1.8.6 for fusion is selected for the LOCA simulation. It is
improved against the previous MELCOR 1.8.2 with double precision
and helium properties.

4.1. Modelling and simulation

Fig. 2 shows MELCOR nodalization for case I/II (Fig. 2(a)) and
case Il (Fig. 2(b)). All components are modelled as control volumes
(CVs) connected with flow path (FL). The affected blanket module
OB4 is started with its inlet pipe CV702 or CV701 and ended with
the outlet pipe CV734 or CV733. 95 cooling channels of the FW are
divided in 47 channels as FW1 (CV712) and 48 channels as FW2
(CV715). Caps, HG and VG are modelled with CV762, CV774 and
CV822 respectively in Loop 1, while CV881 models the BU in Loop
2. Heat structures (HSs) are modelled for OB4 components such as
the manifolds (MFs), the FW, the HG, the VG, the caps and the BUs

considering the pebble beds volume. Convective boundary condi-
tion is applied with the heat transfer coefficient (HTC) calculated
by the HS package. To avoid high FW temperature on the plasma
side due to the simplified 1D-HS modelling, heat exchange to other
HSs between cooling channels and on the FW rear side is modelled
with MELCOR function as well. The surface heat flux is multiplied
with the FW surface area facing the plasma to be surface power
source of the HS. The nuclear heating [5] and the decay heat are
the internal power source of the HS. The decay heat is assumed
to be 1.7% of the full power. A cooler is modelled at the down-
stream of OB4 to remove enthalpy source that the flow is cooled
down to the module inlet temperature. A pump is modelled with
QUICK-CF pump model to evaluate its pressure boost. PHTS1 for 2
sectors is simplified as one CV in Loop 1 (CV551) with a volume of
133 m?3 scaled from the selected layout in [6], and PHTS2 in Loop
2 (CV571). Except the affected module all other modules are mod-
elled in one CV (CV552 or CV572), together with the CV for the
PHTS, the total helium inventory can be estimated. The roughness
in FL is assumed to be 20 wm. Proper energy loss coefficients are
assumed for pressure loss. Double pipe break is considered for the
break size (Ab).

IfLOCA occurs, helium ingresses into the blanket box, into the VV
or into the PG system in case I, case Il or case Ill respectively. In case
I, failure of one HP is modelled with FL775. For the design option
of the blanket box with the pressure limit of 1.0 MPa, a pressure
relief system allows helium ingress into the VV (FL777) from one
segment (CV880). It is assumed that if the VV pressure exceeds
90 kPa, which is below the VV pressure limit of 200 kPa, the rupture
disc to the EV is opened (FL403). In case II, failure of the FW is
modelled with FL401. It is assumed that all 10 FW channels fail in
one flow direction. In case III, failure of the one CP in the BU is
modelled with FL780. Helium flows into the free Li4SiO4 pebble
volume of one BU firstly (CV860); then into the whole free volume
of the module filled with PG (CV861); after that into one segment
with 6 modules (CV862). It is assumed that the PG from 5 segments
is collected in a header (CV863) which is connected to the EV via
PG line and pipe in a total length of 40 m. If the PG pipe (CV865)
exceeds the pressure limit of 0.5 MPa, the rupture disk to the EV
(FL405) is opened.

The normal operation is achieved at the steady state of 1000s.
At that time the LOCA takes place and it is simulated with a time
step (dt) of 0.5 ms. The pump is assumed to be shut down in 3 s after
the LOCA, while a fast plasma shutdown (FPSS) is activated in 4s
based on the FW temperature behaviour studied in [7]. A plasma
disruption following the FPSS is not considered, since the plasma
disruption time and the plasma surface heat flux during the dis-
ruption are not yet available in DEMO. Simulations are also carried
out for different break sizes of the FW on case II. The assumed FW
break size is ~6 times larger than the HP break size in case I and ~4
times larger than the CP break size in case IIl. In order to compare
pressure and temperature behaviour with equivalent break size,
scenarios with a break of one or two FW channels are simulated
as well. For the failure of one channel as case Ila the break size is
3.0e-4m?, and it is 6.0e-4 m? for the failure of two channels as case
IIb.

4.2. Steady state results

Table 1 shows the steady state results for Loop 1 and Loop
2. Helium inventories for the PHTS and the associated 60 mod-
ules are conservatively estimated to be 1016.7 kg in Loop 1 and
998.6 kg in Loop 2, because CV551 for PHTS1 and CV571 for PHTS2
are assumed at the blanket inlet (300°C and 8 MPa) with helium
density of ~6.63 kg/m3. However the PHTS part at the blanket out-
let (500°C and 7.6 MPa) has a lower density of ~5.46 kg/m3. Thus
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Fig. 2. MELCOR nodalization.

Table 1
Steady state results.
Parameter Steady state
Loop 1 2
Inventory (kg) 1016.7 988.6
FwW Inventory (kg) 3.1617 3.1615
m (kg/s) 7.89 8.00
p-inlet (MPa) 172.0 89.0
T(°C) inlet 295.7  300.7
outlet 364.0 3727
EUROFER 5222 5584
PFC 564.0 5928
SG/BU m (kg/s) HG/BU 1.7042 3.1615
VG 0.6602 -
Caps 0.7972 -
T(°C) He outlet 387.6 503.1
Be - 554.7
LisSiO4 - 632.7

the real inventory will be less than the simulation results. Detailed
PHTS design is required to determine the exact helium inventory.

Different helium outlet temperatures in Loop 1 from the SG
(387.6°C)and in Loop 2 from the BU (503.1 °C) have impact on com-
ponents design in two separate cooling loops of the PHTS. The FW
temperature of Loop 1 (522 °C) is higher than 502 °C using RELAP5-
3D and 453 °Cwith CEXin[7] due tolow HTC calculated by MELCOR.
The temperature exceeds the operating limit of 550°C in Loop 2
(558.4°C), because the coupling of two loops for the heat exchange
of the counter flow is not investigated. Taking a packing factor of
63% for the pebble beds, beryllium and Li4SiO4 temperatures are
controlled below their design limits of 650°C and 920°C respec-
tively. For more detailed modelling the HS for single pebble should
be considered.

The mass flow rate in the HG is much more than it in the VG or
caps. However the mass flow distribution will not be assessed since
the SG design is not optimised. In the new HCPB design 2015 the
SG is removed [1].
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Fig. 4. Helium inlet temperature (CV704/CV703).

4.3. Transient results

Case I: the mass flow rate drops below 1kg/s after the pump
shut down. Helium ingresses into the VV at 1s, which means that
the blanket box exceeds the pressure limit of 1.0 MPa immediately.
Then 37 s later helium ingresses into the EV. The FW inlet pressure
drops to 1.0 MPa at 630s and to 0.116 MPa at 2000s (Fig. 3). The
start time in Fig. 3 is reset to 0.0 for the transient. At 2000 s helium
mass reaches 260 kg in the VV and 678 kg in the EV.

Case II: helium ingresses into the EV at 7.9 s. The largest break
size makes the quickest pressure drop in the blanket module
(Fig.3). Small FW break size decelerates the helium loss speed, pres-
sure drop, and temperature decrease in the affected module, and
helium accumulation in the VV. Within 400 s Helium mass in the
VV reaches 173 kg, 209 kg and 281 kg in case Ila, case IIb and case Il
respectively.

Case III: without the VV, helium ingresses into the EV at 1.4s.
The FW inlet pressure drops to 1.0 MPa at 690s and to 0.155 MPa
at 2000 (Fig. 3). At that time helium mass in the EV is 899 kg. The
PG pressure in the free Li4SiO4 pebble volume (CV860) reaches the
first peak of 7.18 MPa at 0.5 s and the second peak of 7.284 MPa at
3.5s. Then it drops below 1.0 MPa at 650s These pressure peaks
may have impact on the BU design.

The FPSS without plasma disruption makes temperature
decrease in the fluid (Fig. 4) and structure. The largest tempera-
ture gradient is found in case II due to the quickest gas expansion.
Temperature drops to very low value of —180°C, since the HS are

modelled for the affected module OB4 only. The remaining com-
ponents in the loop are considered as adiabatic due to missing
design data so that their heat storage in the structure does not take
into account. Therefore at this stage the temperature value is not
credible for the safety assessment.

5. Conclusions

The DBA analysis for LOCAs in one EU DEMO HCPB blanket mod-
ule (2014) has been studied for three representative accidental
sequences. Helium inventory has been estimated at ~1000 kg in
one loop. Small FW break size decelerates the helium loss speed,
pressure drop, and temperature decrease in the affected module,
and helium accumulation in the VV. The FPSS without plasma dis-
ruption makes temperature decrease in the fluid and structure.
Pressure increase in the free Li4SiO4 pebble volume over 7.1 MPa
may have impact on the BU design. To avoid extreme low tempera-
ture due to adiabatic gas expansion in large volume all components
and piping in the loop should be modelled with detailed HSs, which
is being investigated in EUROfusion safety program [8] with the
updated design data for the HCPB blanket concept and the associ-
ated PHTS.
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