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ABSTRACT 

This report presents the thermal-hydraulic analysis of three ex-vessel Loss-of-
Coolam Accidents (LOCAs) in the first wall cooling system of the Next European 
Torus (NET) design or the International Thermonuclear Experimental Reactor 
(ITER) design. 

An ex-vessel LOCA may be caused by a rupture of a cooling pipe located outside 
the vacuum vessel. No plasma shutdown and no other counteractions have been 
assumed in order to study the worst case conditions of the accidents. 

The next three ex-vessel LOC'As in the primary cooling system of the first wall 
have been analysed: 

1. a large break ex-vessel LOCA caused by a rupture of the cold leg (inner 
diameter 0.314 m) of the main circuit; 

2. an intermediate break ex-vessel LOCA caused by a rupture of a sector inlet 
feeder (inner diameter 0.158 m): 

3. an intermediate break ex-vessel LOCA caused by a rupture of the surge line 
(inner diameter 0.180 m) of the prcssurizer. 

The analyses have been performed using the thermal-hydraulic system analysis 
code RELAP5/MOD3. In the first two scenarios, melting in the first wall starts 
about 90 s after break initiation. In the third scenario, melting in the first wall 
starts about 323 s after break initiation, jn the analxscs^pecial emphasis has 
been paid to the characteristics of the break flows, the transient thermal-hydraulic 
behaviour of the cooling system, and t''c temperature development in the first 

The calculations of the containment response will be carried out by the Commis
sariat a 1' Energie Atomique (CEA). The analyses of the containment response 
will be based on the characteristics of the break flows provided by ECN in the 
present stud v. 
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l. INTRODUCTION 

Several studies are underway within the European Fusion Safety and Environ
mental Programme [l]. These studies analyse possible accidents and evaluate 
counteractions which can be taken to keep the Next European Tor.*s (NET) or 
the International Thermonuclear Experimental Reactor (ITER) in a safe condi
tion. The main objective of the analyses of the accident sequences is to determine 
the system and containment response. 

After carefully considering a spectrum of accidents, the next Reference Accident 
Sequences (RASs) have been defined within the fusion safety programme [2]: 

• RAS-1: failure in magnets possibly resulting in magnet missiles: 

• RAS-2: failure in tritium system with release of tritium into the contain
ment: 

• RAS-3: Loss-of-Coolant Accidents (LOCAs) outside the vacuum vessel: 

• RAS-1: LOCAs inside the vacuum vessel and Loss-of-Flow Accidents 
(LOFAs); 

• RAS-5: Loss-of-Vacuum Accidents (LOVAs) with air leakage into the vac
uum vessel: 

• RAS-6: total loss of offsite and onsite electrical power. 

The Netherlands Energy Research Foundation ECN is involved in the analysis 
of the accident sequences RAS-3. RAS-4, and RAS-6. The analyses concern 
the Iransient thermal-hydraulic system behaviour inside the cooling system and 
the temperature development inside the nuclear components during LOCAs and 
LOFAs. The analyses have been performed using the thermal-hydraulic system 
analysis code RELAP5/MOD3 [3], 

NET/ITER will be cooled by a number of separate cooling systems. The most 
important cooling systems are: the first Avail cooling system, the blanket cooling 
system, the divertor cooling system, and the shield cooling system. The first wall 
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cooling system consists of four so-called first wall quarter loops. The analysis of 
three ex-vessel LOCAs in a first wall quarter loop will be presented in this report. 
In a previous report [A], the analysis of two in-vessel LOCAs in a first wall quarter 
loop has been described. The analysis of three ex-vessel LOCAs in the divertor 
cooling system was completed in 1990 and has been reported in [5]. The analysis 
of three LOFAs in the divertor tooling system has been presented in [6]. 

An ex-vessel LOCA results from a rupture of a cooling pipe located outside the 
vacuum vessel. Depressurizat ion of the primary cooling system occurs immedi
ately following break initiation. Because no plasma shutdown and no other coun
teractions have been assumed. tlm has a strong impact on the thermal-hydraulic 
behaviour of the cooling system and the thermal response of the first wall. More
over, the containment may be pressurized and contaminated by the release of the 
activated water/steam mixture escaping from the break. 

Three ex-vessel LOCAs in a first wall quarter loop have been distinguished [7]: 

• RAS-3a: a large break ex-vessel LOCA caused by a rupture of tiie I»ot log 
or cold leg (inner diameter 0.31-1 m) of the main circuit: 

• RAS-3b: an intermediate break ex-vessel LOCA caused by a rupture of a 
sector inlet feeder or a sector outlet feeder (inner diameter 0.158 m): 

• RAS-3c: an intermediate break ex-vessel LOCA caused by a rupture of the 
surge line (inner diameter 0.1 SO m) of the pressurizcr. 

The large break LOCA concerns th" rupture of the cooling piping with the largest 
diameter. Of the cooling piping looted inside the Upper Connecting Box (TCB) 
of the containment, the sector inlet i'eeder and the sector outlet feeder have the 
largest diameter. The consequences of he rupture of the surge line are less severe 
than for the large break LOCA. However, a different system behaviour may be 
expected, because the pressurizer is disconnected from the main circuit during 
this LOCA. 

This report presents the analysis of the themal-hydraulic system behaviour of 
these three ex-vessel LOCAs for a coolant temperature of 433 K (160 °C) in 
the first wall outlet manifolds. This temperature h«.s been selected on basis of 
preliminary calculations. 

The operation of XET/ITER will be performed in two phases: a physics phase and 
a technology phase. The physics phase will emphasize physics expeti:nents. and 
the technology phase will focus primarily on technology testing. In this report, 
the configuration and the process conditions will be based on the physics phn-se. 

The calculations of the containment response will be carried out by the Commis
sariat a 1' Energie Atomique (CEA). The analyses of lite containment response 

8 



will be based on the boundary conditions provided by the thermal-hydraulir cal
culations performed by ECN in this report. 



2. DESCRIPTION OF NET/ITER 

2.1 General Configuration 

The general configuration of NET/ITER is shown in Eig. 2.1. The torus is com
posed of 16 toroidally assembled sectors. 

The lotal thermal power to be removed during the burning phase of the physics 
phase amounts roughly to 1800 M\V\ A number of separate primary cooling sys
tems are foreseen to remove this power. The most important cooling systems are 
[8]: 

• the first wall cooling system (510 M\V); 

• the blanket cooling system (665 M\V): 

• the divert or cooling system (170 M\V); 

• the shield cooling system (200 M\V); 

Water is the primary coolant in these cooling systems. 

In this report, the analysis will be limited to postulated ex-vessel LOOAs in the 
first wall cooling system. 

2.2 The First Wall Cooling System 

The conceptual design of the first wfc'l cooling system is shown in Figs. 2.2 through 
2.8. 

The first wall is formed by the 750 m2 plasma facing surface of the in-vessel 
blanket segments and surrounds most of the region where the plasma product ion 
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takes place. For the initial physics pliase. the first wall consists of an array of 
armour tiles mounted on the water cooled first wall segments at the front face 
of the blanket segments. These form the so-called integrated first wall/blanket 
segments (Fig. 2.6 through Fig. 2.S). 

The torus is composed of 16 toroidally assembled sectors. Figure 2.3 presents a 
3-D view of the segmentation of one sector. As can be seen in this figure, each 
sector consists of two inboard first wall/blanket segments and three outboard 
first wall/blanket segments. Figure 2.6 presents the midplane cross-section of an 
inboard first wall/blanket segment, whereas Fig. 2.7 shows the midplane cross-
section of an outboard first wall/blanket segment. In these figures, the half of an 
first wall/blanket segment has been represented according the shielding blanket 
design, and the other half has been represented according the breeding blanket 
design. Each inboard first wall segment has 36 cooling pipes with an inner diam
eter of 0.010 m located in the first wall stainless steel panels and 12 cooling pipes 
with an inner diameter of 0.O3Ö m located in the back plate. Each outboard first 
wall segment has -IS cooling pipes with an inner diameter of 0.010 m locat«*d in 
the first wall stainless steel panels and $ cooling pipes with an inner diameter of 
0.03Ó m located in the back plate. 

The primary cooling system of the Prst wall consists of four separated first wall 
quarter loops. Each first wall quarter loop removes the heat generated in four 
adjacent sectors, which amounts to a quarter of the total generated heat. 

Each first wall quarter loop (Figs. 2.1 and 2.5) has a main cooling circuil which 
consists of: 

• a hot leg: 

• a cold leg: 

• an inlet and an outlet ring collector: 

• a pressurizer connected to the hot leg: 

• a heat exchanger to transfer the heat from the primary cooling circuit to 
the secondary cooling circuit: 

• a recirculation pump located in the cold leg. 

Four sector circuits are connected to the ring collectors of the first wall quarter 
loop. Each sector circuit consists of: 

• two inboard srgmrnt circuits and three outboard srgminf circuits. 

• one inlet and one outlet manifold: 
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• one feeder from the inlet ring collector to the inlet manifold: 

• one feeder from the outlet manifold to the outlet ring collector; 

An inboard segment circuit removes the heat generated in an inboard first wall 
segment. Each inboard segment circvif consists of (see also Fig. 2.6): 

• one feeder from the sector inlet manifold to the inboard first wall segment; 

• 36 cooling pipes with an inner diameter of 0.010 m for heat removal from 
the first wall; 

• 12 cooling pipes with an inner diameter of 0.035 m for heat removal from 
the back plates; 

• one feeder from the inboard first wall segment to the sector outlet manifold. 

Each outboard segment circuit consists of (see also Fig. 2.7): 

• one feeder from the sector inlet manifold to the outboard first wall segment: 

• 48 cooling pipes with an inner diameter of 0.010 m for heat removal from 
the first wall; 

• 8 cooling pipes with an inner diameter of 0.035 m for heat removal from the 
back plates; 

• one feeder from the outboard first wait segment to the sector outlet manifold. 

Geometrical data of the first wall segments have been obtained from the latest 
ITER design as presented in June 1991 [9] 

Table 2.] presents the design characteristics of a first wall quarter loop. For the 
specified temperatures in this table, a primary mass flow of 296 kg/s and a sec
ondary mass flow of 2050 kg/s are required for removal of the thermal power. 
Based on these mass flows and the specified coolant velocity of 4 m/s . the di
ameter of the out-vessel components have been calculated. The geometrical data 
of the components o{ a first wall quarter loop are shown in Table 2.2. The to
tal primary coolant inventory equals about 23 m3 which corresponds to about 
22000 kg. Essential components are the ring collectors above the vacuum -rssel 
which comprise about 25% of the total volume of a first wall quarter loop. 

The design characteristics of the pump, pressurizer, and heat exchanger are based 
on water cooled nuclear fission reactor technology. Up to now, emergency cooling 
systems and protection systems are not yet part of the design. 

The first wall steel panels will be covered completely with armour tiles during the 
physics phase of the NET/ITER project. The first wall steel panels are integrated 
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with the underlying blanket segments. The configuration of these integrated first 
wall/blanket segments is obtained from [9] and shown in Figs. 2.6 through 2.S. 
In the present calculations, the conceptual design with round poloidal cooling 
pipes has been used. Carbon Fibre Composite (CFC) has been selected as the 
reference material for the first wall armour material. AISI316 austenitic steel has 
been chosen as the basic structural material for the first wall steel panels. Use of 
both radiatively and conductively cooled tiles is envisaged (Fig. 2.8). The design 
with the radiatively cooled tiles has a gap between the stainless steel panels and 
the amour tiles. The design with the conductively cooled tiles has a compliant 
layer which is applied to provide the contact between the armour tiles and the steel 
panels. The radiatively cooled tiles are applied at the location of the outboard 
midplane which is exposed to the highest heat fluxes. The radiatively cooled tiles 
cover about 10% of the total first wall surface. For the conductively cooled tiles, 
a compliant layer is applied to provide the contact between the armour tiles and 
the steel panels. 
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Table 2.1: Design characteristics of a first wall quarter loop for a coolant temperature 
of 433 K (160 °C) in the outlet manifolds. 

Process parameter 
Design parameters 
Thermal power 
Coolant temperature primary side 
- inlet manifolds 

outlet manifolds 
- difference 
Coolant temperature secondary side 
- inlet heat exchanger 
- outlet heat exchanger 
- difference 
Coolant velocity in primary piping 

Calculated parameters 
Coolant mass flow 
- primary side 
- secondary sid? 

System characteristics 
Coolant inventory 
Pressurizer pressure 
System friction 

(units) 

(MW) 

(K) 
(K) 
(K) 

(K) 
(K) 
(K) 
(m/s) 

(kg/s) 
(kg/») 

(kg) 
(MPfl) 
(MPa) 

value 

125.5 

333 
433 
100 

308 
323 
15 
4.0 

296 
2050 

22000 
2.12 
0.66 
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Table 2.2: Geometrical data of the components of a NET/ITER first wall quarter loop. 
(Coolant temperature outlet manifold = -133 K) 

Pipe sections 

1 mam circuit: 
- hot leg 
- cold leg 
- 1 inlet ring collector 
- 1 outlet ring collector 

Number Diameter 
[m] 

0.314 
0.314 
0.314 
0.314 

Length 

M 
35.00 
35.00 
31.25 
31.25 

Flow area 
(m2] 

0.078 
0.078 
0.078 
0.078 

Volume 

M 
2.73 
2.73 
2.44 
2.14 

4*1 sector circuits: 4 
- 4*1 inlet feeders 4 0.158 6.00 0.078 0.17 
- 4*1 sector inlet manifolds 4 0.158 6.25 0.078 0.50 
- 4*1 sector outlet manifolds 4 0.158 6.25 0.078 0.50 
- 4*1 outlet feeders 4 0.158 6.00 0.078 0.17 
- 4*2 inboard stgmenl circvils 8 
- 4*3 outboard segment circuits 12 

4*2 inboard segment circuits: 8 
- 4*2 inlet feeders 8 0.100 10.00 0.063 0.63 
- 4*2*36 cooling pipes first wall 288 0.010 11.70 0.0226 0 26 
- 4*2*12 cooling pipes back plates 96 0.035 11.70 0.0923 1.08 
- 4*2 outlet feeders 8 0.100 10.50 0.063 0.66 

4*3 outboard segment circuits: 12 
- 4*3 inlet feeders 12 0.100 800 0.094 075 
- 4*3*48 cooling pipes first wall 576 0.010 13.35 0.0452 0.60 
- 4*3*8 cooling pipes back plates 96 0.035 13.35 0.0923 1.23 
- 4*3 outlet feeders 12 0.100 740 0.094 070 
Other main circuit 
components 

Height 
["0 

Miscellaneous 
parameters 

Flotv area V 'olume 
I m 3 _ 

1 Pressurizer 
1 Surge line 
1 Pump 
1 Heat exchanger 10 

60V(water/40(/{ steam 
00.18m, length=4m 
296kg/s, 0.66MPa 
1075 pipes 0.010m 

0.50 
0.025 

0.155 

2.50 
0.10 
1.00 
1.55 

Total volume 23.3 
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1. inner poloidal coils 

2. blanket 

3. plasma 

4. vacuum vessel-shield 

5. plasma exhaust 

6. biological shield-cryostat 

7. active control coils 

8. toroidal field coils 

9. first wall 

10. divertor plates 

11. outer poloidal coils 

Figure 2.1: An isometric view of the NET /ITER device showing the main components. 
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1. upper divertor plates 

2. lower divertor plates 

3. first wall 

4. inner blanket 

5. outer blanket 

6. toroidal field coils 

7. plasma exhaust 

8. cryostat 

9. feeders to manifold 

Figure 2.2: Vertical cross-section of the in-vessel components of NET/ITER. 
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lower plug 

outboard central upper 
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outboard 
blanket segment 

horizontal port 

outboard central lower 
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lower divertor 
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Figure 2.3: 3-D view of the segmentation of one sector of NET/ITER. 
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outlet ring 
collector 

feeders 

inboard blanket \ 
segment 

outboard blanket segment 

Figure 2.4: Primary piping for the inboard and outboard first walls. 
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Figure 2.5: Design layout of the manifolds, ring collectors, and feeders. 
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shielding blanket 
design 

breeding blanket 
design 

First Wall armour tiles 

First Wall stainless steel panels 

plasma side 

Figure 2.6: Midplane cross-section of an inboard first wall/blanket segment. (2 inboard 
first wall/blanket segments per sector.) 
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shielding blanket 
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First Wall armour tiles 

First Wall stainless steel panels 

plasma side 

Figure 2.7: Midplane cross-section of an outboard first wall/blanket segment. (3 out
board first wall/blanket segments per sector.) 
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Figure 2.8: Cross-sections of the first wall with conductively and radiatively cooled 
tiles. 
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3. DESCRIPTION OF THE 
ACCIDENT SCENARIO RAS-3 

3*1 Introduction 

An ex-vessel LOCA may be caused by a rupture of a cooling pipe located outside 
the vacuum vessel. As stated in the introduction, three ex-vessel LOCAs in a first 
wall quarter loop have been distinguished [7]: 

• RAS-3a: a large break ex-vessel LOCA caused by a rupture of the hot log 
or cold leg (with an inner diameter of 0.311 m) of the main circuit: 

• RAS-3b: an intermediate break ex-vessel LOCA caused by a rupture of 
a sector inlet feeder or a sector outlet feeder (with an inner diameter of 
0.158 m): 

• RAS-3c: an intermediate break ex-vessel LOCA caused by a rupture of the 
surge line (with an inner diameter of 0.180 rn) or the pressurizer. 

The NET/ITER design will enable an active controlled plasma shutdown. How
ever, a LOCA coinciding with a failure of the plasma shutdown mechanism will 
cause more severe conditions in the in-vesscl components. Therefore. LOCAs 
without plasma shutdown will be investigated first to find the worst case condi
tions. 

As stated in chapter 2, emergency cooling aystems and protection systems are 
not yet part of the design. Therefore, the analyses of the accident scenarios have 
been performed without operation of those systems. 

Rapid depressurization of the primary cooling system occurs immediately follow
ing the rupture of one of the above-mentioned cooling pipes. Because no plasma 
shutdown and no other counteractions have been assumed, this has a strong im
part on the thermal-hydraulic behaviour of the cooling system and the thermal 

21 



response of the first wall. Moreover, t he containment may be pressurized and con
taminated by the release of the activated water/steam mixture escaping from the 
break. Depending on the conditions and the amount of the discharged coolant, 
failure of the filters of the ventilation system in the containment or failure of 
the containment by overpressurization may occur. This may lead to a release of 
tritium and activated products into the environment. 

3.2 RAS-3a: Large Break in the Main Circuit 

R AS-3a is a large break ex-vessel LOC A caused by a double-ended guillotine break 
of the hot leg or cold leg of the main circuit. This LOCA concerns the rupture of 
the cooling piping with the largest diameter. The hot leg and the cold leg have an 
inner diameter of 0.31 J m. Compared to a rupture of the hot leg. a rupture of the 
cold leg results in more severe conditions for the in-vessel components. However, 
the rupture of the hot leg will probably result in a larger pressure build-up in the 
containment. For these reasons, the rupture of ihc cold leg and the rupture of 
the hot leg have both been analysed. This report deals with the analysis of the 
thermal-hydraulic system behaviour resulting from a rupture of the coM leg. The 
characteristics of the discharged coolant mass resulting from a rupture of the hot 
leg. which serve as input for containment analysis, will be presented also in th»s 
report (appendix A). Concerning the rupture in the cold leg. the double-ended 
guillotine break is located between the outlet of the recirculation pump and the 
inlet ring collector of the main circuit. 

3.3 RAS-3b: Intermediate Break in a sector 
feeder 

R AS-3b deals with an intermediate break ex-vessel LOCA caused by a rupture of 
a sector inlet feeder or a sector outlet feeder. These feeders have an inner diameter 
of 0.158 m. Of the cooling piping located inside the Upper Connecting Box (1'CB) 
of the containment, the sector inlet feeder and the sector outlet feeder have the 
largest diameter. Compared to a rupture of a sector outlet feeder, a rupture of a 
sector inlet feeder results in more severe conditions for the in-vessel components. 
Therefore, the analysis presented in this report deals with a rupture of the sector 
inlet feeder. The double-ended guillotine break is located between the inlet ring 
collector of the main circuit and the sector inlet manifold of a sector circuit. 
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3.4 RAS-3c: Intermediate Break in the Surge 
Line 

RAS-3c represents an intermediate break ex-vessel LOCA caused by a double-
ended guillotine break of the surge line of the pressurizer. The surge line has an 
inner diameter of 0.180 m. The surge line connects the pressurizer to the hot log 
of the main circuit. The consequences for the in-vessel components during this 
accident are less severe than for a large break LOCA (RAS-3a), but the event is 
more likely to occur. 
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4. RELAP5/MOD3 INPUT MODEL 

4.1 RELAP5/MOD3 Computer Code 

The analyses have been performed using the computer code RELAP5/MOD3 [3] 
which is a computer code developed for the analysis of the thermal-hydraulic 
system behaviour of water cooled nuclear fission reactors during transients and 
accidents. Two-phase flow conditions arc computed by separate one-dimensional 
conservation equations for each phase. Non-homogeneous and non-equilibrium 
phenomena are included. 

RELAP5 is widely applied for the analysis of transients and accidents in nuclear 
fission reactors. RELAP5/MOD3 is the final result of a 20 year code development 
effort in contract for the United States Nuclear Regulatory Commission (US-
NRC) The previous version MOD2 has been validated by several users in the 
framework of the International Code Assessment Program (ICAP). Results of the 
assessment efforts and deficiencies observed have been integrated in ihe latest 
version of the code RELAP5/MOD3. 

ECN is also participating in ICAP and is closely cooperating with the Idaho 
Engineering Laboratory (INEL) that supports the code under contract of the 
United States Nuclear Regulatory Commission. 

The version V5m5of the RELAP5/MOD3 code has been installed on the Convex-
C220S supercomputer of ECN. 

In view of the present study, RELAP5/MOD3 has some new important features. 
The most characteristic new feature of this code is the addition of a time step 
control mechanism suitable for low pressure and low temperature conditions. An
other important new feature of the code is the radiation model which is important 
for the modelling of the radiatively cooled tiles. 
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4.2 Characterization of the Heat Loads 

Nominal power 
The nominal power generarated in the first wall during plasma burning in the 
physics phase is given in Table 4.1, as obtained from (10], Of the total heat load, 
only 24% is deposited as surface heating (o-heating), and 76% is generated as vol
umetric heating (n-heating). About 30% of the total heat load is generated in the 
inboard first wall, and 70% is generated in the outboard first wall. The nominal 
power generated in a first wall quarter loop is given in Table 4.2. The generated 
power remains constant in the calculations, because no plasma shutdown has been 
assumed. 

Poloidal power distribution 
The poloidal power distribution has been obtained from [11] and is shown in 
Fig. 4.1. This poloidal power distribution has been applied to the surface heating 
as well as the volumetric heating. 

Radial power distribution 
The radial distribution of the volumetric heating as obtained from [11] is depicted 
in Fig. 4.2. The volumetric heating in the Carbon Fibre Composite (CFC) is 
about 40% smaller than the volumetric heating in the stainless steel and papyex 
material. 

4.3 Thermal Properties Data 

The next thermal porperties data have been used: 

• data for Carbon Fibre Composite (CFC). see Table 1.3: 

• data for AISI 316 anstenitic stainless steel, see Table 4.4; 

• the thermal conductivity of papyex has been assumed constant at 12 W/m.K, 
and the volumetric heat capacity of papyex has been assumed constant at 
2.86 MJ/m3.K. 

Linear interpolation is used for intermediate temperatures. An emissivity of 0.7 
has been assumed for CFC and AISI 316 austenitic steel. 
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4.4 Design Assumptions 

The next design assumptions have been made in close cooperation with the NET 
team. 

System Pressure 
To assure satisfactory operation of the cooling system, a subcooling margin of 
50 K for the entire system has been assumed to avoid inadvertent boiling. This 
combined with a coolant temperature of 433 K in the outlet manifolds results in 
a pressure setting of 2.1 MPa in the pressurizer. In addition, the pressure at the 
inlet of the pump has to meet the following criterion in order to provide adequate 
subcooling during normal pump operation: 

Ptnltl > Ptaturation + NPSH - -pV*nUt 

where 

Pinitt = required pressure at pump inlet, 
P*atMT<stion — saturation pressure of coolant (333 K) at pump inlet, i.e. 0.02 MPa, 
NPSH = Net Positive Suction Head of the pump, 
p = liquid density at pump inlet, i.e. 985 kg/m3, 
Vintet — liquid velocity at pump inlet, i.e. 4 m/s. 

The NPSH of the pump has been assumed at 0.1 MPa. This results in a required 
pressure at the pump inlet of only 0.12 MPa. The subcooling margin of 50 K is 
the dominating criterion since it corresponds to a pressure of 2.10 MPa at the 
pump inlet for a coolant temperature of 433 K in the outlet manifolds. 

Pressurizer 
The pressurizer contains water and steam at saturation conditions. The pressur
izer is filled for 60% with saturated water. The volume of the pressurizer equals 
about 10% of the system volume. 

Recirculation pump 
By lack of detailed information on the pump, data from existing pumps in water 
cooled nuclear fission reactors have been taken [12}. The head-capacity curve of 
the recirculation pump is shown in Fig. 4.3. In order to obtain a commonly used 
time constant of flow coastdown of 8 s, the total moment of inertia of the pump 
and the rotating components coupled to the pump has been assumed to be equal 
to 1250 kg.m2. The operating point of the pump is determined by the pump 
characteristic (head-capacity curve) and the system characteristic (pressure loss-
capacity curve). During steady state conditions, the pump operates at a pump 

29 



head of 0.66 MPa (to overcome the fractional pressure losses in the system) and 
a mass flow rate of 296 kg/s. 

Emergency cooling systems 
Emergency cooling systems are not yet part of the design. 

4.5 Modelling Assumptions 

Energy losses 
A wall roughness of 5.10"5 m has been used for the calculation of the wall friction 
terms. This value is slightly higher than the roughness of smooth pipes (2.10-5 

m). Energy loss coefficients for flow area changes, elbows, and T-junctions have 
been obtained from [13]. 

Heat exchanger 
For reasons of simplicity, the heat exchanger has been modelled as a straight tube 
heat exchanger. This simplification does not substantially influence the presented 
calculations. 

Recirculation pump 
The pump, which circulates the coolant through the cooling system, is susceptible 
to cavitation because of the decrease in system pressure following a LOCA. Cavi
tation in the pump during the LOCA reduces the forced flow through the cooling 
system, which may result in insufficient cooling of the first wall. RELAP5/MOD3 
does not have a pump cavitation model. In the analysis, pump cavitation is simu
lated by a pump trip as soon as the void fraction at the inlet of the pump exceeds 
0.2. 

Double-ended guillotine break 
The double-ended guillotine breaks have been modelled using quick opening valves 
with an opening time of 0.01 s. Discharge flow coefficients equal to 1.0 have been 
applied. 

Containment pressure 
The containment pressure has been assumed constant at 0.1 MPa. 

Heat transfer by radiation 
Heat transfer by radiation occurs between the plasma facing components (first 
wall and divertor plates), because the plasma is transparent to thermal radiation 
and large differences in 3iii' re temperatures exist. Only radiative heat transfer 
between the inboard and outboard first wall will be modelled, because the present 
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RELAP5 input model does not model the divertor plates. 

4.6 Nodalization Scheme 

The reference nodalization scheme of a first wall quarter loop is shown in Fig. 4.4. 
This nodalization scheme is based on the geometrical data as given in Table 2.2. 
The first wall quarter loop has been subdivided in 102 volumes, 102 junctions, 
and 53 heat structures with a total number of mesh points of 404. Modelling 
experience with the divertor cooling system has provided sufficient insight into the 
nodalization of the first wall cooling system, so that a sensitivity study concerning 
this nodalization need not to be conducted. 

The eight separate inboard segment circuits have been lumped together into one 
main inboard loop. In this loop, the essential thermal-hydraulic behaviour of the 
separate inboard segment circuits is simulated. The main inboard loop is iden
tified with 300-numbers. In a similar way. the twelve separate outboard segment 
circuits have been lumped together into one main outboard loop. This loop is 
identified with 200-numbers. The main circuit of the quarter loop cooling system 
is identified with 100-numbers. 

Figure 4.5 shows the axial subdivision of the first wall in heat structures and 
hydraulic volumes. A subdivision in 8 subvolumes is used. The radiatively cooled 
tiles, which form about 10 % of the total first wall surface, are located at the 
outboard midplane. As shown in Fig. 4.6, the first wall has been simulated using 
rectangular heat structures. The perimeter and flow area of the modelled cooling 
pipes equal the perimeter and flow area of the actual cooling pipes. The thickness 
of the heat structures has been determined such that ihe modelled mass of the 
components (CFC, papyex, and stainless steel) is equal to the actual mass. Use 
of rectangular heat structures as described above overpredicts the CFC tempera
tures. 

Any heat structure may radiate to any other heat structure or set of heat struc
tures in a user-defined enclosure. An enclosure is a set of heat structures that 
communicate via thermal radiation. In the present model, Wo enclosures have 
been defined. One enclosure has been defined to model the radiative heat transfer 
between the back of the radiatively cooled tiles and the stainless steel panels be
hind these tiles. A second enclosure has been defined to model the radiative heat 
transfer between the CFC tiles of the inboard and outboard first wall. For this 
enclosure, the view factors have been calculated using the finite element program 
ANSYS [14]. 
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4.7 Steady State Conditions 

The steady state conditions have been computed based on the RELAP5/MOD3 
input model. These calculated steady state conditions form the starting point 
for the LOCA analyses. Table 4.5 presents the design parameters as well as a 
number of calculated important steady state process parameters. As can be seen 
in this table, the differences between the design parameters and the corresponding 
calculated parameters are small. The coolant temperature equals 332.8 K in the 
inlet manifolds. In the outlet manifolds, the coolant temperature equals 433.3 K. 
The coolant has the highest coolant temperature (437.8 K) at the outlet of the 
outboard first wall segments. The coolant temperature increases by almost 1.7 K 
across the pump. The coolant mass flow equals 296 kg/s in the main circuit. The 
coolant mass flow though the inboard first wall equals 10-5 kg/s, whereas the mass 
flow through the outboard first wall equals 191 kg/s. 

A number of calculated important steady state temperatures in the front side of 
the outboard first wall is shown in Table -1.6. The temperature of the plasma 
facing surface of the radiatively cooled tiles at the midplane of the outboard first 
wall equals 1962 K. The temperature of the plasma facing surface of the ronduc-
tively cooled tiles near the midplane of the outboard fir* wall equals 1171 K. Of 
the generated heat power in the radiatively cooled tiles at the midplane of the 
outboard first wall. 43 % is radiated to colder regions at the first wall, and 57 % 
is radiated to the stainless steel panels behind the radiatively cooled tiles. The 
steady state temperatures in the front side of the inboard first wall are given in 
Table 4.7 



Table 4.1: Total power generated in the first wall cooling system. 
volumetric heating surface heating total 

(MW) (MW) (MW) 
inboard first wall 
inboard back plates 
outboard first wall 
outboard back plates 

114 
3 

262 
1 

32 
-

90 
-

146 
3 

352 
1 

3S0 122 502 

Table 4.2: Total power generated in a first wall quarter loop cooling system. 

inboard first wall 
inboard back plates 
outboard first wall 
outboard back plates 

volumetric heating 
(MW) 
28.50 
0.75 

65.50 
0.25 

95.00 

surface heating 
(MW) 

8.00 
-

22.50 
-

30.50 

total 
(MW) 
36.50 
0.75 

88.00 
0.25 

125.50 
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Table 4.3: Thermal properties of CFC. 
temperature thermal conductivity 

(K) (W/m.K) 
300.0 
500.0 
1000.0 
1250.0 
2000.0 
3250.0 

234.0 
210.0 
150.0 
110.0 
90.0 
50.0 

temperature volumetric heat capacity 
(K) (MJ/m3.K) 

300.0 3.6 
3250.0 3.6 

Table 4.4: Thermal properties of A1S1 316 aiistenitir steel. 

temperature 
(K) 

ICO.O 
300.0 
1700.0 
1701.0 
3000.0 

temperature 

(K) 
100.0 
300.0 
1700.0 
1701.0 
3000.0 

thermal conductivity 
(W/m.K) 

10.8 
14.0 
36.0 
18.0 
22.2 

volumetric heat capacity 
(MJ/m3 .K) 

3.85 
1.02 
5.00 
5.31 
4.46 

31 



Table 4.5: Steady state process parameters of a first wall quarter loop cooling system. 

Process parameter 
Design parameters 
Thermal power 
Coolant temperature 
- inlet manifolds 
- outlet manifolds 
- difference 
Coolant temperature secondary system 
- inlet heat exchanger 
- outlet heat exchanger 
- difference 
Coolant velocity in primary piping 

Calculated parameters 
Coolant temporat ure 
- inlet manifolds 
- outlet manifolds 
- difference 
- outlet inboard first wall segments 
- outlet outboard first wall segments 
- at pump inlet 
Saturation temperature outlet manifolds 
Pressure 
• inlet ring collector 
- inlet of the first wall segments 
- bottom of the first wall segments 
- outlet ring collector 
- pressurizer 
- pump inlet 
Coolant mass flow 
- main circuit 
- inboard first wall 
- outboard first wall 
Coolant velocity 
- main circuit 
- inboard first wall 
- inboard back plates 
- outboard first wall 
- outboard back plates 
Pump 
- pump head 
- pump flow 

(units) 

(M\V) 

(K) 
(K) 
(K) 

(K) 
(K) 
(K) 
(m/s) 

(K) 
(K) 
(K) 
(K) 
(K) 
(K) 
(K) 

(MPa) 
(MPa) 
(MPa) 
(MPa) 
(MPa) 
(MPa) 

IW») 
(kg/s) 
(kg/») 

(m/s) 
(m/s) 
(m/s) 
(m/a) 
(ni/s) 

(MPa) 
(kg/») 

value 

125.5 

333 
433 
100 

308 
323 
15 
4.0 

332.8 
433.3 
100.5 
425.0 
437.8 
331.1 
491.6 

2.74 
2.73 
2.42 
2.22 
2.12 
2.10 

296 
105 
191 

4.2 
4.8 
1.2 
4.4 
2.3 

0.66 
296 



Table 4.6: Calculated steady state temperatures in the front side of the outboard first 
wall. (From top to bottom; axial nr.5 is the radiatively cooled tile; heat transfer by 
radiation is taken into account) 

axial nr. 

1 
2 
3 
4 
5 
6 
7 
8 

plasma 
side CFC 

IK] 
343 
807 
998 
1118 
1962 
1171 
1017 
879 

interface 
CFC/papyex 

[Kj 
342 
762 
927 
1050 
1897 
1071 
974 
832 

interface 
papyex/SS 

[K] 
338 
559 
645 
709 
612 
731 
692 
631 

coolant 
side SS 

[K] 
334 
368 
390 
412 
415 
441 
450 
454 

coolant 
temp. 

[K] 
333 
314 
360 
379 
393 
412 
427 
438 

Table 4.7: Calculated steady state temperatures in the front side of the inboard first 
wall, (From top to bottom; heat transfer by radiation is taken into account) 

axial nr. 

1 
2 
3 
4 
5 
6 
7 
8 

coolant 
temp. 

[K] 
338 
346 
358 
373 
389 
404 
416 
423 

coolant 
side SS 

IK] 
345 
367 
389 
408 
426 
435 
410 
438 

interface 
SS/papyex 

[K] 
393 
512 
607 
664 
705 
685 
648 
574 

interface 
papyex/CFC 

IK] 
448 
692 
891 
1011 
1093 
1030 
932 
755 

plasma 
side CFC 

[K] 
456 
730 
957 
1102 
1207 
1123 
999 
791 
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Figure 4.1: Poloidal distribution of the generated power in the Inboard First Wall 
(IFW) and Outboard First Wall (OFW). 
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Figure 4.2: Radial distribution of the volumetric heating. 
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Figure 4.3: Head-capacity curve of the recirculation pump. 
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Figure 4.4: Reference nodalization scheme of a first wall 
RELAP5/MOD3 calculations. 
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Figure 4.5: Modelling of the first wall using 8 heat structures. 
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actual cross-section: 
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modelled cross-section: 
.1 15.7 mm 
^ : U x 

plasma side plasma side 

Figure 4.6: Actual cross-section of the first wall and modelled cross-section using rect
angular heat structures. 
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5. RESULTS 

The analysis of the accident scenarios RAS-3a, RAS-3b. and RAS-4c concerning 
ex-vessel loss-of-coolant accidents in a first wall quarter loop cooling system will 
be presented in this chapter. 

5.1 RAS-3a: Large Break in the Cold Leg 

As mentioned in chapter 3, the rupture of the cold leg results in more severe 
conditions for the in-vessel components than the rupture of the hot leg. For this 
reason, the thermal-hydraulic system behaviour resulting from the rupture of the 
cold leg will be presented. The characteristics of the break flows resulting from 
the rupture of the hot leg will be presented also in this report (see Appendix 
A), because the rupture of the hot leg will probably result in a larger pressure 
build-up in the containment. The location of the break in the cold leg and the 
indication of the upstream and downstream break opening are given in Fig. 4.4. 

5.1.1 Short discussion of the results 

Break flows 
The accident starts at t=10 s Immediately following the rupture of the cold leg, 
coolant is discharged from the double-ended guillotine break into the containment. 
The break flows are shown in Fig. 5.1. Following break initiation, both break flows 
immediately reach a flow rate of about 1000 kg/s due to the low ambient pressure 
(containment pressure is 0.1 MPa). Within the next 40 s. the break flows decrease 
to 0 kg/s due to the depressurization of the cooling system and the decreasing 
pump performance (cavitation). About 80 % (17600 kg) of the initial coolant 
inventory has been discharged at the two break openings during the first 40 s of 
the accident (Fig. 5.2). 
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Behaviour of the pump 
Figure 5.11 and Fig. 5.12 show the performance of the pump. The pressure at the 
inlet of the pump drops to the local saturation pressure immediately after break 
initiation. This causes voiding at the inlet of the pump (Fig. 5.13). About 2 s 
after break initiation, the void fraction at the inlet of the pump exceeds 0.2, and 
cavitation is simulated by a trip of the pump. This reduces the performance of 
the pump drastically. 

System pressure 
Immediately following the break, the pressure in the pressurizer decreases rapidly 
due to the outsurge from the pressurizer (Figs. 5.14 and 5.15). The pressurizer 
and surge line are empty about 8 s after break initiation. The pressure in the hot 
leg drops to the local saturation pressure (0.61 MPa) immediately following break 
initiation, because the outsurge from the pressurizer can by no means compensate 
for the loss of coolant at the break. The pressure in the ring collectors is shown 
in Fig. 5.17. The pressure in the ring collectors decreases to the local saturation 
pressure during the first 10 s after break initiation. 

Thermal-hydraulic behaviour in the first wall cooling pipes 
Due to the rupture of the cold leg, flow reversal in the first wall cooling pipps oc
curs immediatly following break initiation (Fig. 5.18). Due to the ongoing plasma 
burning coinciding with the rapid decrease of the reversed coolant flow, rapid 
transition from single-phase liquid flow to successively bubbly flow, slug flow, and 
annular-mist flow takes place during the first 3 s of the accident. Immediately 
following this period, the liquid film on the wall of the cooling pipes (annular-mist 
flow) disappears, and dryout of the wall of the cooling pipes occurs. This results 
in a significant loss of heat removal capacity from the first wall (Figs. 5.21 and 
5.22). The temperature in the stainless steel panels behind the radialivtly cooled 
CFCtiles at the midplane reaches almost the melting temperature (1700 K) 90 s 
after break initiation (Fig. 5.23). At this time, the temperature in the stainless 
steel panels behind the conductively cooled CFC tiles near the midplane reaches 
1350 K, whereas the papyex compliant layer reaches 1415 K (Fig. 5.24). 

The calculated sequence of events for this LOCA is shown in Table 5.1. 

5.1.2 Detailed analysis 

Graphs presenting the behaviour of pressure, temperature, mass flow, and heat 
transfer in the first wall quarter loop cooling system are given in Fig. 5.1 through 
Fig. 5.24. 
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Characteristics of the break flow at the upstream break opening 
Figure 5.1 shows the break flow at the upstream break opening, and Fig. 5.2 shows 
the discharged mass at this break opening. At the time of the break, the break 
flow at the upstream break opening immediately reaches a flow rate of almost 
1000 kg/s due to the low ambient pressure (containment pressure is 0.1 MPa). 
Within the next 40 s, this flow rate decreases to 0 kg/s due the decreasing pump 
performance (Figs. 5.11 and 5.12). 

The temperature of the discharged coolant at the upstream break opening is 
shown in Fig. 5.5. The mass flow through the heat exchanger increases im
mediately following break initiation. As a consequence, the temperature of the 
discharged coolant at the upstream break opening increases rapidly after break 
initiation. This temperature reaches a maximum of 356 K about 12 s after break 
initiation. This temperature remains therefore below the saturation temperature 
(373 K) during the accident. The break flow at the upstream break opening is 
therefore completely single-phase liquid (see Figs. 5.1. 5.3. and 5.7). 

Figure 5.6 shows the specific enthalpy of the liquid break flow at the upstream 
break opening. The specific enthalpy of this liquid break flow is almost only 
a function of the temperature of this liquid break flow. This can be seen by 
comparing Figs. 5.6 and 5.5. 

Characteristics of the break flow at the downstream break opening 
Figure 5.1 shows the break flow at the downstream break opening. Figure 5.2 
shows the discharged mass at this break opening. Immediately following the 
break, the break flow at the downstream break opening reaches rapidly a flow 
rate of almost 1000 kg/s due to the low ambient pressure. A gradual decrease 
of this break flow follows due to the rapid depressurization of the cooling system 
(Fig. 5.17). The break flow at the downstream break opening is completely single-
phase liquid during the first 9 s of the accident. As will be explained later, the 
coolant at the downstream break opening becomes saturated following this period. 
Consequently, a transition to a two-phase break flow occurs about 9 s after break 
initiation. The break flow becomes completely single-phase vapour about 20 s 
after break initiation (See Figs. 5.1, 5.3, and 5.7). 

Due to the break of the cold leg. flow reversal in the first wall occurs immediately 
following break initiation (Fig. 5.18). Consequently, the coolant that has partly 
passed the first wall, where it has been heated up, will be discharged at the 
downstream break opening a few seconds after break initiation. For this reason, 
the temperature of the coolant at the downstream break opening starts to increase 
a few seconds after break initiation (Fig. 5.5). This temperature reaches the 
saturation temperature (373 K) about 9 s after break initiation. This explains 
the transition to a two-phase break flow about 9 s after break initiation. The 
specific enthalpy of the discharged coolant at the downstream break opening is 
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shown in the Figs. 5.6 and 5.10. 

About 80 % (17600 kg) of the initial coolant inventory has been discharged at the 
break during the first 40 s of the accident (Fig. 5.2). During the next 50 s of the 
accident, the total discharged mass increases to almost 18100 kg (about 82 % of 
the initial coolant inventory). 

Behaviour of the pump 
Figure 5.11 and Fig. 5.12 show the performance of the pump. The operating 
point of the pump is determined by the pump characteristic (head-capacity curve) 
a" J the system characteristic (pressure loss-capacity curve). During stead}' state 
conditions, the pump operates at a pump head of 0.66 MPa (to overcome the 
frictional pressure losses) and a mass flow rate of 296 kg/s. 

As a result of the break, the frictional pressure losses experienced by the pump 
reduce dramatically. As a result, the pump head drops to almost 0.40 MPa, and 
the forced coolant flow through the pump increases sharply to almost 1000 kg/s 
during the first 2 s of the accident (Figs. 5.11 and Fig. 5.12). 

The pressure at the inlet of the pump drops to the local saturation pressure 
immediately after break initiation (Fig. 5.16). This causes voiding at the inlet of 
the pump. (Fig. 5.13). About 2 s after break initiation, the void fraction at the 
inlet of the Pump exceeds 0.2. and cavitation is simulated by a trip of the pump. 
This reduces the performance of the pump drastically. 

Behaviour of the pressurizer 
Figure 5.14 shows the pressure in the pressurizer. The mass flow from the surge 
line into the main cooling circuit is presented in Fig. 5.15. Immediately following 
the break, the pressure in the pressurizer decreases rapidly due to the outsurge 
from the pressurizer. The pressurizer and surge line are empty about 8 s after 
break initiation. Hereafter, the pressure in the pressurizer equals the pressure in 
the hot leg, and the mass flow through the surge line is zero. 

System pressure 
The pressure in the hot leg drops to the local saturation pressure immediately 
following break initiation, because the outsurge from the pressurizer can by no 
means compensate for the loss of coolant at the break. For an initial coolant tem
perature of 433 K, the initial saturation pressure in the hot leg equals 0.61 MPa. 
Hereafter, the pressure and temperature of the coolant in the hot leg start to 
decrease slowly due to flashing in the hot leg. Figure 5.16 presents the pressure 
at the inlet and outlet of the pump. The pressure at the inlet of the pump drops 
to the local saturation pressure immediately following the break. The pressure 
difference across the pump becomes rapidly small due to the pump trip. The 
pressure in the ring collectors is shown in Fig. 5.17. The pressure in the ring 
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collectors is the local saturation pressure about 10 s after break initiation. 

Thermal-hydraulic behaviour in the outboard first wall cooling pipes 
(loop 200) 
The thermal-hydraulic behaviour in the cooling pipes of the outboard first wall 
is shown in Fig. 5.18 through Fig. 5.24. As explained before, flow reversal in 
the first wall occurs immediately following the break of the cold leg (Fig. 5.18). 
Consequently, the coolant that has already been heated up in the first wall passes 
the first wall again. Thereby, the coolant is heated up further. In addition, 
the saturation temperature decreases sharply due to the depressurization of the 
cooling system. The result is that the coolant in the outboard first wall cooling 
pipes becomes saturated almost immediately following break initiation (Fig. 5.19). 

Fig. 5.21 presents the heat flux transferred to the coolant in the cooling pipes 
at the midplane of the outboard first wall. The heat transfer coefficient at this 
location is shown in Fig. 5.22. During steady state conditions, the generated heat 
is transferred to the coolant by means of single-phase liquid convection. Coolant 
with increasing temperature passes the first wall immediately following break 
initiation (Fig. 5.19). Consequently, the temperature of the wall of the cooling 
pipes starts to increase immediately after break initiation (Fig. 5.23). About 1 s 
after break initiation, the temperature of the wall of the cooling pipes exceeds the 
saturation temperature of the coolant, and transition to nucleate boiling takes 
place. This results in an enhanced heat transfer coefficient. However, the heat 
flux is smaller during nucleate boiling. This can be explained as follows. As 
described above, coolant with a higher temperature passes the first wall after 
break initiation. The difference between the temperature of the wall of the cooling 
pipes and the temperature of the coolant is therefore much smaller during nucleate 
boiling. This results in a smaller heat flux during nucleate boiling. 

Due to the ongoing plasma burning and the rapid decrease of the reversed coolant 
flow, the vapour generation is very extensive during nucleate boiling (Fig. 5.20). 
As a result, rapid transition from single-phase liquid flow to successively bubbly 
flow, slug flow, and annular-mist flow takes place during the first 3 s of the 
accident. Immediately following this period, dryout of the wall of the cooling pipes 
occurs, because the liquid film on the wall (annular-mist flow) disappears due to 
vapour entrapment and evaporation. As a result, the heat transfer coefficient 
and the heat flux decrease dramatically (Figs. 5.21 and 5.22), and the flow regime 
changes to mist flow (mostly vapour with dipersed liquid droplets). 

The radiativtly cooled CFC tiles are applied at the midplane of the outboard 
first wall (subvolume 5). Figure 5.23 shows some structure temperatures at this 
location. During the accident, on the average 40 % of the generated heat power in 
the radiatively cooled CFC tiles is radiated to colder regions at the first wall. 16 % 
is radiated to the stainless steel panels behind these tiles, and only 11 7< remains 
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in these tiles. For this reason, the temperature increase in the radiatively cooled 
CFC tiles remains small (about 70 K) during the considered transient time. As 
described before, the temperature of the wall of the cooling pipes starts to increase 
immediately following break initiation caused b>r the increasing temperature of the 
coolant. About 3 s after break initiation, dryout occurs which causes an almost 
linear temperature increase in the stainless steel panels behind the radiativcly 
cooled CFC tiles. The temperature in these stainless steel panels reaches almost 
the melting temperature (1700 K) 90 s after break initiation. The temperature 
increase in the stainless steel panels behind the condvciirely cooled CFC tiles 
near the midplane (snbvolumes 4 and 6) shows a similar behaviour, but this 
temperature increase is less severe (Fig. 5.24). Namely, the temperature in these 
stainless steel panels reaches about 1350 K 90 s after break initiation. At this 
time, the temperature in the conductively cooled CFC tiles near the midplane 
reaches 1470 K. whereas the papyex compliant layer reaches 1415 K. 

Thermal-hydraulic behaviour in the inboard first wall cooling pipes 
(loop 300) 
The thermal-hydraulic behaviour in the inboard first wall cooling pipes is almost 
identical to that in the outboard first wall cooling pipes. 

Table 5.1: Calculated sequence of events for the large break ex-vessel LOCA. 

t ime (s) event 
10 break initiation 
11 transition to nucleate boiling in the cooling pipes of ihe 

first wall 
12 pump trip due to cavitation 
13 dryout in the cooling pipes of the first wall 
13 significant loss of heat removal from the first wall 
IS pressurizer and surge line are empty 
100 melting temperature is reached in stainless steel panels 

behind the radiatively cooled tiles 
100 about 82 % of the initial coolant inventory has been 

discharged into the containment 
100 end of the calculation 
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Figure 5.6: Speclfir enthalpy of the liquid break flows. 
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Figure 7.8: Discharged vapour mass. 
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Figure 5.12: Mass flow through the pump. 
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*10 B 

3 0 . 0 -

2 5 . 0 -

™ 2 0 . 0 -

tu 
£E 1 5 . 0 -

LU 
£ 1 0 . 0 -

5 .0 -

O.O- l 
2 0 

T I M E (s) 

1 0 0 

8 0 1 0 0 

Figure 5.II: Pressure in the pressurizer. 

01 



600 

T IME (s) 
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Figure 5.23: Structure temperatures at the midplane of the outboard first wall in 
loop 200 (subvolume 5. radiatively cooled CFC tiles). 
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Figure 5.24: Structure temperatures near the midplane of the outboard first wall in 
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5.2 RAS-3b: Intermediate break in a sector in
let feeder 

Nodalization scheme 
The reference nodalization scheme (Fig. 4.4) has been refined in order to accu
rately simulate the thermal-hydraulic phenomena which occur during this LOCA. 
The double-ended guillotine break is located in the inlet feeder of one sector cir
cuit (the so-called broken sector circuit). This feeder has an inner diameter of 
0.158 m. The feeder is located between the inlet ring collector and the inlet man
ifold of the broken sector circuit. The segment circuits are modelled in the next 
loops: 

• outboard segment circuits. 

— loop 400, which simulates the three outboard segment circuits of the 
broken sector circuit; 

— loop 200. which simulates the 9 outboard segments circuits of the three 
remaining intact sector circuits: 

• inboard segment circuits. 

— loop 500, which simulates the two inboard segment circuits located in 
the broken sector circuit; 

— loop 300, which simulates the 6 inboard segments circuits of the three 
remaining intact sector circuits. 

The resulting nodalization scheme is presented in Fig. 5.25 and consists of 165 
volumes. 165 junctions, and 103 heat structures with a total number of mesh 
points of 784. 

After completion of the calculations, it appeared that the thermal-hydraulic be
haviour in the inboard first wall cooling pipes in the intact setor circuits (loop 300) 
is almost identical to that in the outboard first wall cooling pipes in these sec
tor circuits (loop 200). In a similar way, the thermal-hydraulic behaviour in the 
inboard first wall cooling pipes in the broken sector circuit (loop 500) is almost 
identical to that in the outboard first wall cooling pipes in this sector circuit 
(loop 300). In the intact sector circuits, flow stagnation occurs rapidly following 
break initiation. In the broken sector circuit, flow reversal occurs immediately 
following break initiation. However, the reversed flow decreases to 0 kg/s within 
a few seconds. As a result, significant loss of heat removal occurs slightly ear
lier in the intact sector circuits. The presentation of the results will therefore be 
restricted to the results of loop 200. 
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About 63 s after break initiation, very small time steps were needed to advance 
the calculation. In addition, further calculation is not deemed necessary. For 
these reasons, the calculation has been stopped about 63 s after break initiation. 

5.2.1 Short discussion of the results 

Break flows 
The accident starts at t=10 s. Immediately following the rupture of the sector 
inlet feeder, coolant is discharged from the double-ended guillotine break into 
the Upper Connecting Box of the containment. The break flows are shown in 
Fig. 5.26. Due to rupture of the feeder, the break flow at the upstream break 
opening equals more or less the forced coolant flow through the pump (Figs. 5.26 
and 5.37). The result is that the break flow at the upstream break opening 
increases to about 610 kg/s during the first -1 s of the accident. Within the 
next 59 s, this break flow decreases gradually to 0 kg/s. The break flow at the 
downstream break opening reaches rapidly a flow rate of about 300 kg/s due to 
the low ambient pressure (0.1 MPa). A rapid decrease of this break flow follows 
caused by the rapid depressurization of the cooling system (Fig. 5.17). About 
70 % (about 15300 kg) of the initial coolant inventory has been discharged at the 
two break openings during the first 63 s of the accident (Fig. 5.27). 

Behaviour of the pump 
Figure 5.36 and Fig. 5.37 show the performance of the pump. The pressure at 
the inlet of the pump decreases to the local saturation pressure about 20 s after 
break initiation. This causes voiding at the inlet of the pump (Fig. 5.38). About 
23 s after break initiation, the void fraction at the inlet of the pump exceeds 0.2, 
and cavitation is simulated by a trip of the pump. This reduces the performance 
of the pump drastically. 

System pressure 
Immediately following the break, the pressure in the pressurizer decreases rapidly 
due to the out surge of liquid from the pressurizer (Figs. 5.39 and 5.40). The 
pressurizer and surge line are empty about 8 s after break initiation. The pressure 
in the hot leg drops to the local saturation pressure immediately following break 
initiation, because the outsurge from the pressurizer can by no means compensate 
for the loss of coolant at the break. The pressure in the ring collectors is shown 
in Fig. 5.42. 

Thermal-hydraulic behaviour in the first wall cooling pipes 
Due to the rupture of the feeder, flow stagnation occurs in the first wall cooling 
pipes within a few seconds after break initiation (Fig. 5.-13). Due to the ongoing 
plasma burning coinciding with the rapid decrease of the coolant flow, rapid 
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transition from single-phase liquid flow to successively bubbly flow, slug flow, and 
annular-mist flow takes place during the first 5 s of the accident. About 6 s after 
break initiation, the liquid film on the wall of the cooling pipes (annular-mist 
flow) disappears, and dryout of the wall of the cooling pipes occurs. This results 
in a significant loss of heat removal capacity from the first wall (Figs. 5.46 and 
5.47). Following dryout, the heatup of the first wall during this LOCA is almost 
identical to the heatup in the first wall during the LOCA caused by the rupture 
of the cold leg. Based on this insight, it can be concluded that he temperature in 
the stainless steel panels behind the radiatively cooled CFC tiles at the midplane 
will reach the melting temperature (1700 K) about 90 s after break initiation 
(Fig. 5.48). At this time, the temperature in the stainless steel panels behind the 
conductively cooled CFC tiles near the midplane will reach 1350 K, whereas the 
papyex compliant layer will reach 1415 K (Fig. 5.49). 

The calculated sequence of events for this LOCA is shown in Table 5.2. 

5.2.2 Detailed analysis 

Graphs presenting the behaviour of pressure, temperature, mass flow, and heat 
transfer in the first wall quarter loop cooling system are given in Fig. 5.26 through 
Fig. 5.49. 

Characteristics of the break flow at the upstream break opening 
The break flow at the upstream break opening is shown in Fig. 5.26. and the 
discharged mass at this break opening is shown in Fig. 5.27. At the time of the 
break, the break flow at the upstream break opening immediately reaches a flow 
rate of almost 500 kg/s due to the low ambient pressure (0.1 MPa). During the 
accident, the forced coolant flow in the cold leg of the main circuit flows more or 
less completely to the upstream break opening via the inlet ring collector and the 
broken sector inlet feeder. This can be explained as follows. The total hydraulic 
loss factor of that part of the broken feeder located between the inlet ring collector 
and the upstream break opening is negligible compared to the total hydraulic loss 
factor of the intact cooling piping. In addition, the ambient pressure is small 
compared to the system pressure. So, the break flow at the upstream break 
opening equals therefore more or less the forced coolant flow through the pump 
(Figs. 5.26 and 5.37). The forced coolant flow through the pump will be discussed 
later. The result is that the break flow at the upstream break opening increases 
from almost 500 kg/s to about 610 kg/s during the first I s of the accident. Within 
the next 59 s, this break flow decreases gradually to 0 kg/s. 

Figure 5.30 presents the temperature of the discharged coolant at the upstream 
break opening. This temperature remains below the saturation temperature 
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(373 K) during the accident. The break flow at the upstream break opening 
is therefore completely single-phase liquid (see Figs. 5.26. 5.2S, and 5.32). 

Figure 5.31 shows the specific enthalpy of the liquid break flow at the upstream 
break opening. The specific enthalpy of this liquid break flow is almost only 
a function of the temperature of this liquid break flow. This can be seen by 
comparing Figs. 5.31 and 5.30. 

Characteristics of the break flow at the downstream break opening 
Figure 5.26 shows the break flow at the downstream break opening. Figure 5.27 
shows the discharged mass at this break opening. Immediately following the 
break, the break flow at the downstream break opening reaches rapidly a flow 
rate of about 300 kg/s due to the low ambient pressure. A rapid decrease of 
this break flow follows caused by the rapid depressurizat ion of the cooling system 
(Fig. 5.42). The break flow at the downstream break opening is completely single-
phase liquid during the first 3 s of the accident. As will be explained later, the 
coolant at the downstream break opening becomes saturated following this period. 
Consequently, a transition to a two-phase break flow occurs about 3 s after break 
initiation. The break flow becomes completely single-phase vapour about 20 s 
after break initiation (See Figs. 5.26, 5.28. and 5.32). 

The break of the sector inlet feeder causes flow reversal in the broken sector circuit 
immediately following break initiation. Consequently, the coolant that has partly 
passed the first wall, where it has already been heated up. will be discharged 
at the downstream break opening a few seconds after break initiation. For this 
reason, the temperature of the coolant at the downstream break opening starts 
to increase a few seconds after break initiation (Figs. 5.30). This explains the 
transition to a two-phase break flow about 3 s after break initiation. The specific 
enthalpy of the discharged coolant at the downstream break opening is shown in 
the Figs. 5.31 and 5.35. 

Almost 70 % (about 15300 kg) of the initial coolant inventory has been discharged 
at the break during the considered transient time (Fig. 5.27). 

Behaviour of the pump 
Figure 5.36 and Fig. 5.37 show the performance of the pump. The break reduces 
the frictional pressure losses experienced by the pump. As a result, the pump head 
decreases to 0.53 MPa. and the forced coolant flow through the pump increases to 
610 kg/s during the first 2 s of the accident. The pressure at the inlet of t he pump 
drops to the local saturation pressure about 20 s after break initiation (Fig. 5.41). 
This causes voiding at the inlet of the pump (Fig. 5.38). About 23 s after break 
initiation, the void fraction at the inlet of the pump exceeds 0.2. and cavitation 
is simulated by a trip of the pump. This reduces the performance of the pump 
drastically. 
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Behaviour of the pressurizer 
Figure 5.39 shows the pressure in the pressurizer. The mass flow from the surge 
line into the main cooling circuit is presented in Fig. 5.40. Immediately following 
the break, the pressure in the pressurizer decreases rapidly due to the out surge 
from the pressurizer. The pressurizer and surge line are empty about 8 s after 
break initiation. Hereafter, the pressure in the pressurizer equals the pressure in 
the hot leg, and the mass flow through the surge line is zero. 

System pressure 
The outsurge from the pressurizer can by no means compensate for the loss of 
coolant at the break. Consequently, the pressure in the hot leg drops to the 
local saturation pressure immediately following break initiation. For an initial 
coolant temperature of 433 K, the initial saturation pressure in the hot leg equals 
0.61 MPa. Hereafter, the pressure and temperature of the coolant in the hot leg 
start to decrease gradually due to flashing in the hot leg. Figure 5.11 presents 
the pressure at the inlet and outlet of the pump. The pressure difference across 
the pump corresponds to the pump head (Fig. 5.36). The pressure in the ring 
collectors is shown in Fig. 5.42. 

Thermal-hydraulic behaviour in the outboard first wall cooling pipes 
in the intact sector circuits (loop 200) 
Figure 5.43 through Fig. 5.49 present the thermal-hydraulic behaviour of the 
outboard first wall cooling pipes in the intact sector circuits. As explained before, 
the forced coolant flow in the cold leg flows more or less completely towards the 
upstream break opening during the accident. Consequently, the forced coolant 
flow through the intact cooling piping becomes rapidly zero (Fig. 5.13). The 
coolant heats up rapidly due to the stagnating coolant flow and the ongoing 
plasma burning. In addition, the saturation temperature decreases caused by 
the depressurization of the cooling system. The result is that the coolant in the 
outboard first wall cooling pipes becomes saturated about 4 s after break initiation 
(Fig. 5.44). 

Fig. 5.46 presents the heat flux transferred to the coolant in the intact cooling 
pipes at the midplane of the outboard first wall. The heat transfer coefficient at 
this location is shown in Fig. 5.47. During steady state conditions, the gener
ated heat is transferred to the coolant by means of single-phase liquid convection. 
The coolant flow decreases rapidly immediately following break initiation. Con
sequently, the heat flux and heat transfer coefficient start to decrease rapidly, and 
the temperature of the coolant starts to increase. As a result, the temperature of 
the wall of the cooling pipes starts to increase immediately after break initiation 
(Fig, 5.48). About 2 s after break initiation, the temperature of the wall of the 
cooling pipes exceeds the saturation temperature of the coolant, and transition 
to nucleate boiling takes place. This results in an enhanced heat transfer coeffi
cient. However, the heat flux remains small during nucleate boiling. This can be 
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explained as follows. As descibed above, the temperature of the coolant starts to 
increase immediately following break initiation. The result is that the difference 
between the temperature of the wall of the cooling pipes and the temperature of 
the coolant is much smaller during nucleate boiling. Consequently, the heat flux 
remains small during nucleate boiling. 

Due to the ongoing plasma burning and the stagnating coolant flow, the vapour 
generation is very extensive during nucleate boiling (Fig. 5.45). As a result, rapid 
transition from single-phase liquid flow to successively bubbly now. slug flow, and 
annular-mist flow takes place during the first 5 s of the accident. About 6 s after 
break initiation, dryout of the wall of the cooling pipes occurs, because the liquid 
film on the wall (annular-mist flow) disappears due to vapour entrainment and 
evaporation. As a consequence, the heat transfer coefficient and the heat flux 
decrease dramatically (Figs. 5.46 and 5.47). and the flow regime changes to mist 
flow (mostly vapour with dipersed liquid droplets). 

The radialirely cooled CFC tiles are applied at the midplane of the outboard 
first wall (subvolume 5). Figure 5.48 shows some structure temperatures at this 
location. During the accident, on the average 40 % of the generated heat power in 
the radiatively cooled CFC tiles is radiated to colder regions at the first wall. 30 % 
is radiated to the stainless steel panels behind these tiles, and only 10 % remains 
in these tiles. For this reason, the temperature increase in the radiatively cooled 
CFC tiles remains small (about 30 K) during the considered transient time. As 
described before, the temperature of the wall of the cooling pipes starts to increase 
immediately following break initiation caused by the increasing temperature of t he 
coolant. About 6 s after break initiation, dryout occurs which causes an almost 
linear temperature increase in the stainless steel panels behind the radiatively 
cooled CFC tiles. Following dryout. the heatup of the first wall during this LOC A 
is almost identical to the heatup in the first wall during the LOC A caused by 
the rupture of the cold leg. Based on this insight, it can be concluded that he 
temperature in the stainless steel panels behind the rndinfirely coolid CFC Men 
at the midplane will reach the melting U,riper at ure (1700 K) about 00 s after 
break initiation (Fig. 5.4S). The temperature increase in the stainless steel panels 
behind the conduclirely cooled CFC files near the midplane (subvolumes 1 and 
6) shows a similar behaviour, but this temperature increase will be less severe 
(Fig. 5.49). Namely, the temperature in these stainless steel panels will reach 
about 1350 K 90 s after break initiation. At this time, the temperature in the 
conductive!)' cooled CFC tiles near the midplane will reach 1470 K. whereas the 
papyex compliant layer will reach 1415 K. 

Thermal-hydraulic behaviour in the inboard first wall cooling pipes in 
the intact sector circuits (loop 300) 
In the intact sector circuit, the thermal-hydraulic behaviour in the inboard first 
wall cooling pipes is almost identical to that in the outboard first wall cooling 
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pipes (loop 200). 

Thermal-hydraulic behaviour in the first wall cooling pipes in the bro
ken sector circuit (loops 400 and 500) 
Due to the rupture of the sector inlet feeder, flow reversal occurs in the broken 
sector circuit immediately following break initiation. However, the reversed flow 
decreases to 0 kg/s within a few seconds caused by the rapid depressurization 
of the cooling system. The result is that the thermal-hydraulic behaviour in the 
broken sector circuit differs hardly from that in the outboard first wall cooling 
pipes in the intact sector crcuits (loop 200). 

Tabic 5.2: Calculated sequence of events for the intermediate break in a sector inlet 
feeder. 

t ime (s) event 
10 break initiation 
12 transition to nucleate boiling in the cooling pipes of 

the first wall 
16 dryout in the cooling pipes of the first wall 
16 significant loss of heat removal from the first wall 
IS pressurizer and surge line are empty 
30 pressure at pump inlet is at local saturation pressure 
33 pump trip due to cavitation 
73 about 70 % of the initial coolant inventory has been 

discharged into the containment 
73 end of the calculation 
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Figure 5.25: Nodalization scheme of a first wall quarter loop cooling system used for 
modelling the intermediate break in a sector inlet feeder. 
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Figure 5.27: Discharged coolant mass. 
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Figure 5.28: Liquid break flows. 
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Figure 5.29: Discharged liquid mass. 
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Figure 5.30: Temperature of the liquid break flows. 
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Figure 5.31; Specific enthalpy of the liquid break flows. 
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Figure 5.32: Vapour break flows. 
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Figure 5-33: Discharged vapour mass. 
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Figure 5.3-1: Temperature of the vapour break flows. 
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Figure 5.35: Specific entlialpy of the vapour break flows. 
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Figure 5.37: Mass flow through the pump. 
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Figure 5.39: Pressure in the pressurizer. 
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Figure 5.40: Mass flow from the surge line into the main cooling circuit. 
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Figure 5.41: Pressure at the inlet and Ihe outlet of the pump. 
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Figure 5.42: Pressure in the ring collectors. 
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Figure 5.46: Heat flux transferred to the roolant in the outboard first wall at the 
midplane of loop 200 (subvolume 5). 
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Figure 5.47: Heat transfer coefficient in the outboard first wall at the midplane of 
loop 200 (subvolume 5). 
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Figure 5.-48: Structure temperatures at the midplane of the outboard first wall in 
loop 200 (subvolume 5. radiatively cooled CFC tiles). 
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5.3 RAS-3c: Intermediate break in the surge 
line 

Location of the break 
The location of the double-ended guillotine break is shown in Fig. 5.50. 

5.3.1 Short discussion of the results 

Break flows 
The accident starts at t=10 s. Coolant is discharged into the containment imme
diately following the rupture of the surge line. The break flow discharged from 
the pressurizer reaches 730 kg/s immediately following break initiation (Fig. 5.52). 
This discharge flow decreases rapidly to zero within the next 7 s, after which the 
pressurizer is empty. The break flow discharged from the hot leg reaches a flow 
rate of 410 kg/s during the first 1.5 s of the accident. During the next 7 s. this flow 
rate decreases to about 37 kg/s due to the rapid deprcssurization of the cooling 
system. Following this period, the break flow decreases only slightly during most 
of the considered transient time. About 56 % (12250 kg) of the initial coolant 
inventory has been discharged into the containment during the first 323 s of the 
accident (Fig. 5.53). 

Behaviour of the pump 
During about the first 160 s of the accident, the pump head increases gradually. 
and the forced coolant flow through the system decreases gradually (Figs. 5.62 
and 5.63). This is mainly caused by voiding due to flashing which increases the 
friction losses in the cooling system. An unstable boiling process starts in the 
cooling pipes of the outboard first wall about 160 s after break initiation. This 
boiling process causes oscillations in the mass flow in the cooling system. This 
explains the oscillations in the pump head and pump flow which start about 160 s 
after break initiation. About 255 s after break initiation, the void fraction at the 
inlet of the pump exceeds 0.2 (Fig. 5.W). and cavitation is simulated by a trip of 
the pump. This reduces the performance of the pump drastically. 

System pressure 
Immediately following break initiation, the pressure in the hot leg drops from the 
initial pressure of 2.1 MPa to the local saturation pressure which equals 0.6 MPa. 
As a result, an overall pressure drop of about 1.5 MPa occurs in t he cooling system 
immediately after break initiation (Figs. 5.65 and 5.66). The system pressure 
shows oscillations after about 160 s after break initiation. These oscillations are 
caused by the boiling phenomena which occur in the cooling pipes of the first 
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wall. 

Thermal-hydraulic behaviour in the first wall cooling pipes 
Because the mass flow through the outboard first wall cooling pipes decreases only 
gradually (Fig. 5.67), the heat remains transferred to the coolant by means of 
single-phase liquid convection during the first 148 s of the accident. Transition to 
nucleate boiling takes place 148 s after break initiation. During nucleate boiling, 
transition from bubbly flow to successively slug flow and annular-mist flow takes 
place. After about 175 s after break initiation, dryout and rewetting of the wall of 
the cooling pipes takes place alternately. As a result, the heat transfer coefficient 
and the heat flux oscillate heavily (Figs. 5.70 and 5.71), and the flow regime 
changes alternately between mist flow and annular-mist flow. The wall becomes 
to hot for rewetting about 185 s after break initiation. This results in a significant 
loss of heat removal capacity from the first wall (Figs. 5.70 and 5.71). The vapour 
generation is very extensive and shows oscillations during the boiling process. This 
causes the oscillations in the system pressure and mass flow in the cooling system. 

The temperature in the stainless steel panels behind the radiatirtly cookd CFC 
tiles at the midplane reaches t! e melting temperature ('700 K) 323 .-, after break 
initiation. (Fig. 5.72) At this time, the temperature !n the stainless steel pan
els behind the conductivtly cookd CFC tik* near the midplane reaches 1-190 K. 
whereas the papyex compliant layer reaches 1585 K (Fig. 5.73). 

The calculated sequence of events for this LOCA is shown in Table 5.3. Graphs 
presenting the behaviour of pressure, temperature, mass flow, and heat transfer in 
the first wall quarter loop cooling system are given in Fig. 5.52 through Fig. 5.73. 

5.3.2 Detailed analysis 

Characteristics of the break flow discharged fr-jm the pressurizer 
For the present steady-state conditions, the surge line contains subrooled liquid 
of 433 K, and the pressurizer contains saturated liquid of 488 K. At I lie time 
of the break, the pressure at the break opening immediately drops to the local 
saturation pressure. For an initial temperature of the break flow of about 433 K, 
this corresponds to an initial saturation pressure of about 0.61 MPa. The pressure 
in the surge line volume near the break remains close to the local saturation 
pressure during the discharge of the subcooled liquid which is initially present in 
the surge line (Fig. 5.51). The discharge of this subcooled liquid starts at about 
730 kg/s and lasts for about 0.2 s (Fig. 5.52), So, the discharge of the saturated 
liquid which is initially present in the pressurizer starts about 0.2 s after break 
initiation. For this reason, the temperature of the discharged coolant increases 
sharply to about 481 I\ (Figs. 5.56 and 5.60), and the local saturation pressure at 
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the break opening increases sharply to 1.82 MPa about 0.2 s after break initiation 
(Fig. 5.51). This situation results in a sharp decrease of the break flow to about 
255 kg/s. The pressure in the pressurizer decreases rapidly to 0.1 MPa (ambient 
pressure) due to the outsurge of the saturated liquid from the pressurizer during 
the next 7 s. This corresponds to the discharge flow which decreases rapidly to 
zero (Fig. 5.52) and to the temperature of the discharged coolant which decreases 
rapidly to 373 K during this period (Figs. 5.56 and 5.60). The pressurizer is empty 
about 7 s after break initiation. 

Figures 5.57 and 5.61 show the specific enthalpy of the coolant discharged from 
the pressurizer. 

Of the total mass of 1364 kg discharged from the pressurizer (Fig. 5.53), the total 
liquid mass equals 1321 kg (Fig. 5.55). and the total vapour mass equals -13 kg 
(Fig. 5.59). 

Characteristics of the break flows discharged from t he hot leg 
At the time of the break, the pressure at the break opening immediately drops 
to the local saturation pressure. For ?n initial temperature of the break flow of 
about 433 K. this corresponds to an initial saturation pressure of about C.61 MPa 
(Fig. 5.51). The break flow discharger1 * ->m the hot leg reaches a flow rate of 
410 kg/s during the first 1.5 s of the av ... ,t (Fig. 5.52). During the nexl 7 s. 
this flow rate decreases to about 37 kg/s due to the rapid depressurization of 
the cooling system. Following this period, the break flow decreases only slightly 
during most of the considered transient time of 323 s. 

Of the total two-phase break flow discharged from the hot leg. Fig. 5.54 shows the 
liquid mass flow, and Fig, 5.58 shows the vapour mass flow. Figure 5.56 presents 
the temperature of the liquid mass flow, and Fig. 5.57 shows the specific enthalpy 
of this mass flow. For the vapour mass flow. Fig. 5.60 presents the temperature, 
and Fig. 5.61 shows the specific enthalpy. 

Of the total mass of 10SS5 kg discharged from the hot leg during the considered 
transient time, the total liquid mass equals 9584 kg (Fig. 5.55), and the total 
vapour mass equals 1304 kg (Fig. 5.59). 

Almost 56 % (12250 kg) of the initial coolant inventory has been discharged into 
the containment during the considered transient time (Fig. 5.53). 

Behaviour of the pump 
Figure 5.62 and Fig. 5.63 show the performance of the pump. During about the 
first 160 s of the accident, the friction losses in the cooling system increase more or 
less gradually mainly as a result of voiding due to flashing. As a consequence, the 
pump head increases, and the forced coolant flow through the system decreases 

83 



more or less gradually during this period. The voiding due to flashing starts in the 
hot leg at the inlet of the heat exchanger immediately following break inil iation. 

An unstable boiling process starts in the cooling pipes of the outboard first wall 
about 160 s after break initiation. As will be shown later, this unstable boiling 
process causes oscillations in the mass flow in the main circuit. This explains the 
oscillations in the pump head and pump flow which occur after about 160 s after 
break initiation 

About 255 s after break initiation, the void fraction at the inlet of the pump 
exceeds 0.2 (Fig. 5.64), and cavitation is simulated by a trip of the pump. This 
reduces the performance of the pump drastically. 

System pressure 
The initial pressure in the hot leg equals about 2.1 MPa. Following brpak initi
ation, the pressure in the hot leg drops to the local saturation pressure. For an 
initial coolant temperature of 433 K. the initial saturation pressure in the hot 
leg equals about 0.6 MPa. So. an overall pressure drop of about 1.5 MPa. which 
occurs immediately following break initiation, can be observed in the cooling sys
tem. This can be clearly seen in Fig. 5.65 which presents the pressure at the 
inlet and outlet of the pump and in Fig. 5.66 which shows the pressure in the 
ring collectors. The pressure difference across the pump corresponds to the pump 
head. 

The system pressure shows oscillations about 160 s after break initiation. These 
oscillations are caused by the boiling phenomena which occur in the cooling pipes 
of the first wall. 

Thermal-hydraulic behaviour in the outboard first wall cooling pipes 
(loop 200) 
As explained above, the friction losses in the cooling system increase more or 
less gradually during about the first 160 s of the accident. The forced coolant 
flow through the cooling pipes in the outboard first wall decreases therefore more 
or less gradually during this period (Fig. 5.67). The heat flux transferred to 
the coolant remains more or less constant dt*.;;ng the same period (Fig. 5.70). 
Consequently, the temperature of the coolant in the outboard first wall cooling 
pipes increases more or less gradually until the local saturation temperature has 
been reached. The coolant at the midplaneof the outboard first wall cooling pipes 
reaches the saturation temperature about 160 s after break initiation (Fig. 5.68), 
and significant voiding starts at the midplane of t'ne outboard first wall cooling 
pipes (Fife 5.69). 

During steady-state conditions, the generated heat is transferred to the coolant 
by means of single-phase liquid convection. Following break initiation, the tem-
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perature of the coolant in the cooling pipes at the midplane of the outboard first 
wall starts to increase gradually (Fig. 5.6S). The temperature of the wall of the 
cooling pipes increases more or less to the same extent during about the first 160 s 
of the accident (Fig. 5.72). The result is that the temperature of the wall of the 
cooling pipes at the midplane exceeds the saturation temperature of the coolant 
14S s after break initiation. As a result, transition to subcooled nucleate boiling 
takes place. This results in an enhanced heat transfer coefficient (Fig. 5.71). The 
coolant at the midplane of the outboard first wall cooling pipes reaches thp satu
ration temperature about 160 s after break initiation. For this reason, transition 
from subcooled nucleate boiling to saturated nucleate boiling takes place at this 
point in time. The vapour generation is very extensive during saturated nucle
ate boiling (Fig. 5.69). During nucleate boiling, transition from bubbly flow to 
successively slug flow and annular-mist flow takes place. After about 175 s after 
break initiation, dryout and rewetting of the wall of the cooling pipes takes place 
alternately. As a result, the heat transfer coefficient and the heat flux oscillate 
heavily (Figs. 5.70 and 5.71). and the flow regime changes alternately between 
mist flow and annular-mist flow. The wall becomes to hot for rewetting about 
185 s after break initiation. As a /esult, the heat transfer coefficient remains small 
after this instant. 

During the above described boiling process, the vapour generation in the cooling 
pipes of the outboard first wall shows oscillations. This causes oscillations in 
the mass flow at the top of these cooling pipes. Thpse oscillations propagate 
throughout the cooling system. 

The radiotively cooled CFC tiles are applied at the midplane of the outboard first 
wall (subvolume 5). Figure 5.72 shows some structure temperatures at this loca
tion. During the accident, on the average 41 % of the generated heat power in the 
radiatively cooled CFC tiles is radiated to colder regions at the first wall, 51 % 
is radiated to the stainless steel panels behind these tiles, and only 8 % remains 
in these tiles. For this reason, the temperature increase in the radialivrly cooled 
CFC tiles remains small (about 100 K) during the considered transient time. As 
described before, the temperature of the wall of the cooling pipes increases grad
ually after break initiation caused by the increasing temperature of the coolant. 
About 185 s after break initiation, dryout establishes which causes an almost 
linear temperature increase in the stainless steel panels behind the radiatively 
cooled CFC tiles. The temperature in these stainless steel panels reaches the 
melting temperature (1700 K) 323 s after break initiation. The calculation has 
been stopped at this time. The temperature increase in the stainless steel panels 
behind the condvetivcly cooled CFC files near the midplane (subvolumes 4 and 6) 
shows a similar behaviour, but this temperature increase is less severe (Fig. 5.73). 
Namely, the temperature in these stainless steel panels reaches 1490 K 323 s af
ter break initiation. At this time, the temperature in the conductively cooled 
CFC tiles near the midplane reaches 1615 K, whereas the papyex compliant layer 
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reaches 15S5 K. 

Thermal-hydraulic behaviour in the inboard first wall cooling pipes 
(loop 300) 
The thermal-hydraulic behaviour in the inboard first wall cooling pipes is nearly 
identical to that in the outboard first wall cooling pipes. In the inboard first wall 
cooling pipes, the significant loss of heat removal capacity due to dryout occurs 
at 210 s after break initiation. 

Table 5.3: Calculated sequence of events for the intermediate break in the surge line. 

t ime (s) event 
10 break initiation 
17 pressurizer and surge line are empty 
158 transition to subcooled nucleate boiling at the midplane of the 

first wall cooling pipes 
170 transition to saturated nucleate boiling at the midplane of the 

first wall cooling pipes 
185 start oscillatory dryout and rewetting behaviour in the cooling 

pipes of the first wall 
195 significant loss of heat removal capacity from the outboard 

first wall 
220 significant loss of heat removal capacity from the inboard 

first wall 
255 pump trip due to cavitation 
333 melting temperature is reached in stainless sfeel panels 

behind the radiatively cooled tiles 
333 about 56 % of the initial coolant inventory has been 

discharged into the containment 
333 end of the calculation 

Sfi 



surge tine 

hot leg of 
the 

main circuit 

Figure 5.50: Location of the double-ended guillotine break in the surge line. 
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Figure 5.51: Pressure in the surge line volume and the hot leg volume near the break 
location. 
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Figure 5.52: Break flows. 
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Figure 5.53: Discharged coolant mass. 
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Figure 5.51: Liquid break flows. 

89 



* ioa 

l O . O -

4CX> 

Figure 5.55: Discharged liquid mass. 
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Figure 5 56: Temperature of the liquid break flows. 

90 



'icr 

40O 
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Figure 5.58: Vapour break flows. 
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Figure 5.59: Discharged vapour mass. 
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Figure 5.60: Temperature of the vapour break flows. 
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Figure 5.61: Specific enthalpy of the vapour break flows. 
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Figurp 5.62: Pump head. 
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Figure 5.63: Mass flow through the pump. 
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Figure 5.64: Void fraction at the inlet of the pump. 
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Figure 5.65: Pressure at the inlet and the outlet of the pump. 
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Figure 5.66: Pressure in the ring coilertors. 
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Figure 5.67: Mass flow through the cooling pipes at the midplane of the outboard first 
wall in loop 200. 
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Figure 5.68: Liquid temperature and saturation temperature of the coolant flow through 
the cooling pipes at the midplane of the out board first wall in loop 200. 
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Figure 5-69: Void fraction in the cooling pipes at the midplane of the outboard first 
wall in loop 200. 
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Figure 5.70: Heat flux transferred to the coolant in the outboard first wall at the 
midplane of loop 200 (subvolume 5). 
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Figure 5.71: Heat transfer coefficient in the outboard first wall at the midplane of 
loop 200 (subvolume 5). 
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Figure 5.72: Structure temperatures at the midplane of the outboard first wall in 
loop 200 (subvolume 5, radiatively cooled CFO tiles). 
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Figure 5.73: Structure temperatures near the midplane of the outboard first wall in 
loop 200 (subvolume 6T conductively cooled CFC tiles). 
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6. CONCLUSIONS 

• General: 

- The thermal-hydraulic system analysis code RELAP5/MOD3 has proven 
to be a useful tool for NET/ITER LOCA analyses. The calculated sys
tem response during these LOCAs can be explained and understood. 

- For each LOCA considered, transition from single-phase liquid convec-
tive heat transfer to nucleate boiling heat transfer takes place in the 
cooling pipes of the first wall at some point in time. This transition is 
caused by a loss or reduction of the forced coolant flow through these 
pipes and «he ongoing plasma burning. Rapid transition from bubbly 
flow to successively slug flow and annular-mist flow takes place. The 
liquid film on the wall of the cooling pipes (annular-mist flow) becomes 
rapidly depleted, and dryoiit of the wall of the cooling pipes occurs. 
This results in a significant loss of heat removal from the first wall. 
Following dryoiit. the flow regime is mist flow. 

- Each LOCA analysis has been continued until the melting temperature 
is reached in the stainless steel panels behind the radiatively coohd CFC 
tiles. 

• RLAS-3a; Large Break in the Cold Leg: 

- Dryout occurs in the first wall cooling pipes about 3 s after break initi
ation. As a consequence, the temperature in the stainless steel panels 
behind the radiatively cooled CFC tiles at the mid plane almost reaches 
the melting temperature (1700 K) 90 s after break initiation. At this 
time, the temperature in the stainless steel panels behind the conduc-
tirtly coohd CFC tiles near the midplane reaches 1350 K, whereas the 
papyex compliant layer reaches Ml5 K. 

- This LOCA results in a sharp depressurization of the cooling system 
and large break mass flows from each side of the break. During the 
first 40 s of the accident, both break flows decrease gradually from 
1000 kg/s to zero due to the depressurization of the cooling system 
and the decreasing pump performance (cavitation). During this pe-
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riod. about SO % (1T600 kg) of the initial coolant inventory has been 
discharged into the containment. 

• RAS-3b; Intermediate break in a sector circuit: 

- Dryout occurs in the first wall cooling pipes about 6 s after break 
initiation. RELAP5/MOD3 required a ven* small time step to cont inue 
the calculation 63 s after break initiation. Based on the calculated 
transient time, it can be concluded that the heatup rate of the first 
wall following dryout during this LOCA is identical to the heatup rate 
in the first wall during the LOCA caused by the large break of the 
cold leg (RAS-3a). Based on this insight, the calculation has been 
stopped 63 s after break Initiation because it can be concluded that the 
temperature in the stainless steel panels behind the radiatirtly coded 
CFC filfs at the midplane will reach the melting temperature (1700 K) 
about 90 s after break initiation. At this time, the temperature in the 
stainless steel panels behind the conductirrly cooled CFC tilrx near the 
midplane will reach 1350 K. whereas the papyex compliant layer will 
reach 1-115 K. 

- The mass flow from the upstream break opening more or less equals 
the forced coolant flow through the pump. As a result, this break 
flow increases to 610 kg/s during the first 1 s of this LOCA and de
creases gradually to zero within the next 59 s. The break flow at the 
downstream break opening is small compared to the break flow at the 
upstream break opening. About 70 % (about 15300 kg) of the ini
tial coolant inventory has been discharged at the two break openings 
during the first 63 s of the accident. 

• RAS-3c ; In t e rmed ia t e break in t h e surge line: 

- Significant loss of heat removal in the first wall cooling pipes occurs 
185 s after break initiation. As a consequence, the temperature in the 
stainless steel panels behind the radiatirthj cooled CFC tilrs at the 
midplane reaches the melting temperature (1700 K) 323 s after break 
initiation. At this time, the temperature in the stainless steel panels 
behind the conductively coohd CFC tiles near the midplane reaches 
1492 K, whereas the papyex compliant layer reaches 1584 K. 

- The break flow discharged from the hot leg reaches a mass flow rate of 
410 kg/s during the first J.5 s of the accident. During the next 7 s. this 
flow rate decreases to about 37 kg/s due to the rapid depressurization of 
the cooling system. Following this period, the break flow decreases only 
slightly. The break mass flow discharged from the pressurizer reaches 
730 kg/s immediately following break initiation. This discharge flow 
decreases rapidly to zero within the next 7 s. after which the pressurizer 
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is empty. About 56 % (12200 kg) of the initial coolant inventory has 
been discharged into the containment during the first 323 s of the 
accident. 
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A. Break Flow Data for the Hot Leg 
Break 

Compared with the rupture of the cold leg. the rupture of the hot leg will probably 
result in a larger pressure build-up in the containment. For thi» reason, the 
characteristics of the break flows resulting from the rupture of the hot leg are 
presented in this appendix. 
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Figure A.l: Break flows 
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Figure A.3: Liquid break flows. 
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Figure A.4: Discharged liquid mass. 
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Figure A.5: Temperature of the liquid break flows. 
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Figure A.6: Specific enthalpy of the liquid break flows. 
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Figure A.7: Vapour break flows. 
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Figure A.8: Discharged vapour mass. 
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Figure A.9: Temperature of the vapour break flows. 
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