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Abstract
This report presents the analysis of the transient thermal-hydraulic system be-
haviour inside the first wall/blanket cooling system and the resulting temperature
response inside the first wall and blanket of the ITER-EDA (International Ther-
monuclear Experimental Reactor - Engineering Design Activities) reactor design
during a:
• loss-of-coolant accident caused by a rupture of the pump suction pipe;
• loss-of-flow accident caused by a trip of the recirculation pump. \
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SUMMARY

The central objective of this report is the description of the analysis of the transient
thermal-hydraulic system behaviour inside the first wall/blanket cooling system
and the resulting temperature response inside the first wall and blanket of the
ITER-EDA (International Thermonuclear Experimental Reactor - Engineering
Design Activities) reactor design during a:
• Loss-of-Coolant Accident (LOCA) caused by a rupture of the pump suction

pipe;
• Loss-of-Flow Accident (LOFA) caused by a trip of the recirculation pump.

The ITER-EDA reactor design considered is the reactor design which has been
presented at the sixth meeting of the Technical Advisory Committee, San Diego
Joint Work Site, July 18,1994.

The analyses have been performed using the thermal-hydraulic system analysis
code RELAP5/MOD3.

The LOCA scenario has been analysed without taking into account plasma shut-
down or operation of the safety systems in order to determine the worst case
conditions. The analysis results can be used to determine the time available for
the plasma shutdown mechanism and the safety systems to come into operation
following a rupture of a main cooling pipe. The calculated characteristics of the
break flows can serve as input for containment response calculations.

The LOFA scenario is considered to result from a loss of electrical power of the
recirculation pump in the primary system. The LOFA has been analysed under
the condition of a linear" plasma shutdown in 10 s which is initiated 10 s after
pump trip. Main objective of the analysis is to determine:
o the temperature increase in the first wall;
• the occurrence of natural cirulation flow conditions.
During the LOCA scenario, significant loss of heat removal occurs due to dryout
in the outboard first wall cooling channels about 21 s after break initiation. As a
result, the temperature in the Cu-lZr-1 Cr layer at the midplane of the outboard first
wall reaches the melting temperature (1356 K) about 68 s after break initiation. At
this time, the temperature of the Be-coating at the midplane of the outboard first
wall equals 1359 K. During the first 28 s of the accident, about 96 % (34625 kg)
of the initial coolant inventory has been discharged into the containment.

During the LOFA scenario, the temperature in the Be-coating at the midplane
of the outboard first wall reaches a maximum of 547 K (which corresponds to
a temperature increase of 22 K) about 13 s after pump trip. At the midplane of
the inboard first wall, the temperature in the Be-coating reaches a maximum of
549 K (which corresponds to a temperature increase of 4 K) about 8 s after pump
trip. The coolant mass flow through the inboard modules stagnates from 75 s
until 550 s after pump trip due to boiling in the inboard blanket cooling channels.
During this flow stagnation, the temperature in the Be-coating at the midplane of
the inboard first wall increases from 466 K to 488 K. Following flow stagnation
in the inboard modules, natural circulation flow establishes in the entire cooling
system. During the remaining calculated transient time (i.e., until 2 hours after
pump trip), the natural circulation flow, the system pressure, and the coolant and
structure temperatures decrease gradually.
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1. INTRODUCTION

The central objective of this report is the description of the analysis of the transient
thermal-hydraulic system behaviour inside the first wall/blanket cooling system
and the resulting temperature response inside the first wall and blanket of the
ITER-EDA (International Thermonuclear Experimental Reactor - Engineering
Design Activities) reactor design during a:
• Loss-of-Coolant Accident (LOCA) caused by a rupture of the pump suction

pipe;
• Loss-of-Flow Accident (LOFA) caused by a trip of the recirculation pump.

The ITER-EDA reactor design considered in this report is basically the reactor
design which has been presented at the sixth meeting of the Technical Advisory
Committee, San Diego Joint Work Site, July 18, 1994. The most important
primary cooling systems of this reactor design are the first wall/blanket cooling
system (2322 MW) and the divertor cooling system (230 MW). In close cooper-
ation with the ITER-Joint Central Team (ITER-JCT) [1, 2], it has been decided
that the analysis of the above-mentioned LOCA and LOFA accident in the first
wall/blanket cooling system forms the contribution of the Netherlands Energy Re-
search Foundation ECN to the ITER task NID 7a (Nuclear Intergration Division).

In general, a LOCA results from a rupture of a cooling pipe. In this report, the
rupture of the pump suction pipe is considered. A double-ended guillotine break
of this pipe has the largest break area (2 x 0.238 m2). As a result, the rupture of
the pump suction pipe results in the most rapid drainage of the primary cooling
system. This accident has been analysed without taking into account plasma
shutdown or operation of the safety systems in order to determine the worst case
conditions. The analysis of this LOCA scenario can be used by the ITER-JCT to
determine the available time in which the plasma shutdown mechanism and the
safety systems have to come into operation following a rupture of a main cooling
pipe. In addition, the calculated characteristics of the break flows can serve as
input for containment response calculations.

In general, a LOFA results from a loss of the forced coolant flow. In this report,
the loss of the forced coolant flow is caused by a loss of electrical power of the
recirculation pump in the primary system. In close cooperation with the ITER-
JCT [2], it has been decided that the LOFA will be analysed under the condition
of a linear plasma shutdown in 10 s. This plasma shutdown is initiated 10 s after
pump trip. Main objective of the analysis of this LOFA scenario is to determine:
• the temperature increase in the first wall;
• whether natural cirulation flow will occur.
The analyses have been performed using the thermal-hydraulic system analysis
code RELAP5/MOD3 [3].

Chapter 2 of this report presents a detailed description of the ITER-EDA reactor
design that has been considered. Chapter 3 describes the RELAP5/MOD3 input
model of this reactor design. Chapter 3 also includes the calculated steady state
operating conditions which form the starting point for the transient LOCA and
LOFA analysis. The results of these analyses are presented in chapter 4. For
each accident, the presentation consists of a short discussion of the results and a
detailed analysis. Finally, the main results are summarized in chapter 5.

ECN-R--94-032
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2. DESCRIPTION OF THE ITER-EDA
REACTOR DESIGN

2.1 General Configuration
As mentioned in the introduction, the reactor design which has been presented
at the sixth meeting of the Technical Advisory Committee (TAC-6), San Diego
Joint Work Site, July 18,1994 is the ITER-EDA reactor design considered in this
report. A vertical cross-section of the torus of this reactor design is shown in
Fig. 2.1, whereas a 3-D view of one sector is shown in Fig. 2.2. The torus consists
of 24 toroidally assembled sectors [4]. A number of separate primary cooling
systems is foreseen to remove the power from these sectors. The most important
primary cooling systems are:
• the first wall/blanket cooling system (2322 MW);
• the divertor cooling system (230 MW).

The first wall/blanket cooling system removes the heat generated in the first
wall and blanket, and the divertor cooling system removes the heat generated in
the divertors. These cooling systems transport the heat via heat exchangers to a
secondary system which is directly connected to a cooling tower [4]. Low pressure
and low temperature water is used as the coolant in the cooling systems [4]. In this
document, two accident sequences are analysed for the first wall/blanket cooling
system.

2.2 The First Wall/Blanket Cooling System
The first wall/blanket cooling system considered consists of twelve separate 1/12
first wall/blanket cooling systems [4]. Each 1/12 first wall/blanket cooling system
removes the heat generated in two adjacent sectors. The layout of the out-of-core
cooling system has been determined in close cooperation with the ITER-JCT and
is shown in Figs. 2.3 and 2.4. As can be seen in these figures, the out-of-core
components of the cooling system are:
• an U-tube heat exchanger for heat transfer between the primary cooling circuit

and the secondary cooling system;
• a 550 mm diameter pump suction pipe between the heat exchanger and the inlet

of the recirculation pump;
• a recirculation pump;
• a 550 mm diameter pump outlet pipe which forms the connection between the

pump outlet and the inlet headers;
• two 400 mm diameter inlet headers which feed the inlet feeders of the modules;
• ten 178 mm diameter inlet feeders. Each inlet feeder is connected to one

module;
• ten 178 mm diameter outlet feeders. Each outlet feeder is connected to one

module;
• two 400 mm diameter outlet headers which form the connection between the

outlet feeders and the heat exchanger;
• a pressurizer which is connected to one of the outlet headers via the surge line.

The geometrical data of these out-of-core components are shown in Table 2.1.
The flow area of the pipe sections has been calculated based on the design coolant
velocity of 4 m/s. The center of the heat exchanger is located 3 m above the center
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Loss-of-Coolant and Loss-of-FLow Accident in the ITER-EDA First Wall/Blanket Cooling System

of the sectors. The total out-of-core coolant inventory equals 26.2 m3. Table 2.2
presents the design characteristics of an 1/12 first wall/blanket cooling system as
obtained from [4]. For the specified primary coolant temperatures in this table, a
primary mass flow rate of 882 kg/s and a secondary mass flow rate of 1544 kg/s
are required to remove the specified thermal power. The design characteristics of
the heat exchanger, the pressurizer, and the main recirculation pump have been
determined by ECN and are presented in Table 2.3. The heat exchanger U-tubes
are assumed to be made of Incoloy 800, and the heat exchanger shell is assumed to
be made of Carbon steel. Up to now, emergency cooling systems are not included
in the present design of ITER-EDA.

Each sector consists of two inboard and three outboard first wall/blanket modules
[4] (Fig. 2.2). Figure 2.5 presents a horizontal cross-section of an outboard first
wall/blanket module, whereas Fig. 2.6 presents a horizontal cross-section of an
inboard first wall/blanket module. AISI 316L stainless steel has been selected as
the structural material applied in these first wall/blanket modules [5]. The 7 mm
thick first wall forms the plasma facing surface of the first wall/blanket modules.
The first wall surrounds most of the region where the plasma is magnetically
confined. The total plasma facing surface area equals 1340 m2 [6]. The horizontal
cross-section of the first wall consists of an 1 mm thick Be-coating on a laminated
panel which consists of 5 mm Cu-lZr-lCr and 1 mm AISI 316L stainless steel
U).

The blanket is located between the first wall and the back plate. The blanket
provides the bulk shielding material (AISI 316L stainless steel) and the cooling
channels. The coolant flow direction in these channels is shown in Fig. 2.7. As
can be seen in this figure, the coolant enters at the rear side of the blanket and
feeds the so-called Feed How F which is located just behind the first wall. The
coolant flow direction in this Feed Flow F is from the top to the bottom of the
module. Thereupon, the coolant flows to the top again via the Intermediate Flow
II and to the bottom again via the Intermediate Row 12. Finally, the coolant flow
direction is from the bottom to the top of the module in the Return Flow. The
coolant leaves at the rear side of the module.

The 100 mm thick steel back plate is located at the rear side of the modules. The
back plate is the anchoring structure for the modules.

The required geometrical data of the in-core components have been obtained
mainly from the drawings of the TAC-6 modules which have been provided by
the ITER-JCT. These data are presented in the Tables 2.4 and 2.5. In Table 2.4,
Feed Flow F has been subdivided in Feed Flow Fl and Feed Flow F2. Feed How
Fl is located directly behind the first wall, and Feed How F2 is located at the
front side of the blanket. As can be seen in Table 2.4, the total in-core coolant
inventory equals 18.3 m3. So, the total primary coolant inventory of an 1/12 first
wall/blanket cooling system equals 44.5 m3 which corresponds to about 36000 kg.

10 ECN-R-94-032



Description of the ITER-EDA reactor design

Table 2.1 Geometrical data of the out-of-core components of the 1/12 first wall/blanket
cooling system (i.e. 2 sectors).

Pipe sections

Out-of-core components:
Inlet headers
Outlet headers
Pump suction pipe
Pump outlet pipe

Inlet feeders to the
- 6 outboard modules
- 4 inboard modules

Outlet feeders from the
- 6 outboard modules
- 4 inboard modules

Heat exchanger
Pump bowl
Pressurizer
Surge line

Number

2
2
1
1

6
4

6
4

1
1
1
1

Total out-of-core coolant inventory

Diameter
[m]

0.4
0.4
0.55
0.55

0.178
0.178

0.178
0.178

0.189

Length
[m]

11.5
20.5
3.0
2.4

6.5
5.0

5.5
4.0

12.0

Flow area
[m2]

0.251
0.251
0.238
0.238

0.149
0.100

0.149
0.100

0.028

Volume
[m3]

2.89
5.15
0.71
0.57

0.97
0.50

0.82
0.40

3.43
0.50
5.89
0.34

22.2

Elev. ch.
[m]

-1.0
-1.0
+3.0
+0.0

-5.5
-4.0

+4.5
+3.0

ECN-R--94-032 11



Table 2.2 Design characteristics of the 1/12 first wall!blanket cooling system.

Process parameter
Design parameters:
Thermal power
Coolant temperature primary system
-inlet of modules
-outlet of modules
- difference
Pressure inlet modules
Coolant velocity main circuit
Feedwater temperature
- inlet
- outlet
- difference

Calculated parameters:
Primary coolant mass flow rate
Secondary coolant mass flow rate

System characteristics:
Coolant inventory
Pressurizer pressure
System friction

(units)

(MW)

(K)
(K)
(K)

(MPa)
(m/s)

(K)
(K)
(K)

(kg/s)
(kg/s)

(kg)
(MPa)
(MPa)

value

193.5

423
473
50
2.2
4.0

308
338

30

882
1544

36000
2.0

0.43

12 ECN-R--94-032



Description of the ITER-EDA reactor design

Table 2.3 Design characteristics of the heat exchanger, pressurizer and recirculation
pump.

Component
Heat exchanger:
Number per reactor
Heat rate
Primary mass flow rate
Secondary mass flow rate
Number of U-tubes
Inside tube diameter
Primary heat transfer area
Outside tube diameter
Average length U-tubes
Shell diameter
Shell height
Coolant inlet temperature
Coolant outlet temperature
Feedwater inlet temperature
Feedwater .outlet temperature
Pressure primary side
Pressure secondary side

Pressurizer:
Number per reactor
Height
Inside diameter
Water volume
Steam volume
Pressure

Recirculation pump:
Number per reactor
Mass flow
Head
Moment of inertia
Time constant of flow coastdown
Pump speed
Pump motor torque

(units)

(MW)
(kg/s)
(kg/s)

(mm)
(m2)

(mm)
(m)
(m)
(m)
(K)
(K)
(K)
(K)

(MPa)
(MPa)

(m)
(m)

(m3)
(m3)

(MPa)

(kg/s)
(MPa)

(kg.m2)
(s)

(rad/s)
(N.m)

value

12
193.5

882
1544
975

15
620
18.4
13.5
2.1
7.6
473
423
308
338
2.0

0.55

12
8.0

1.25
5.89
3.93
2.0

12
882

0.43
1C0
12

188.5
2477

ECN-R--94-032 13
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Table 2.4 Geometrical data of the in-core cooling channels of the II12 first wall/blanket
cooling system (i.e. 2 sectors).

Pipe sections

in-core cooling channels:
Feed Flow in rear side blanket:
- 6 outboard modules
- 4 inboard modules
Feed Flow Fl for:
- 6 outboard modules
- 4 inboard modules
Feed Flow F2 for:
- 6 outboard modules
- 4 inboard modules
Intermediate Flow 11 for:
- 6 outboard modules
- 4 inboard modules
Intermediate Flow 12 for:
- 6 outboard modules
- 4 inboard modules
Return Flow R for:
- 6 outboard modules
- 4 inboard modules

total in-core coolant inventory

total coolant inventory

Length

[m]

1.3
1.5

10.6
12.0

10.6
12.0

10.6
12.0

10.6
12.0

9.3
10.5

Row area

[m2]

0.294
0.101

0.093
0.097

0.172
0.105

0.303
0.112

0.311
0.103

0.276
0.088

Volume

[m3]

0.39
0.15

0.99
1.16

1.82
1.26

3.21
1.34

3.30
1.23

2.56
0.92

18.3

40.5

Heat transfer
area

[m2/m']

15.98
7.25

12.57
8.25

17.95
6.60

39.86
13.50

40.94
12.85

30.26
7.25

elev. ch.

[m]

+1.10
-0.20

-8.80
-9.00

-8.80
-9.00

+8.80
+9.00

-8.80
-9.00

+7.70
+9.20

Table 2.5 Module specifications.

inboard outboard
Number of modules
Poloidal length module
First wall plasma facing surface area
First wall Be-protection thickness
First wall Cu-lZr-lCr composite thickness
First wall stainless steel thickness
First wall structure volume
Blanket structure volume
Back plate thickness
Back plate structure volume

[m]
[m2]

[mm]
[mm]
[mm]
[m3]
[m3]

[mm]
[m3]

48
12.0

10.17
1
5
1

0.07
2.94
100

0.93

72
10.6

11.83
1
5
1

0.08
3.72
100

1.00

14 ECN-R-94-032



Description of the ITER-EDA reactor design
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Figure 2.1 Vertical cross-section of the ITER-EDA reactor design.
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Figure 2.2 3-D view of one sector of the ITER-EDA reactor. (One sector consists of 2
inboard modules, and 3 outboard modules.)
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Description of the ITER-EDA reactor design

Figure 2.3 Side view of an 1112 first wall! blanket cooling system.
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Figure 2.4 Top view of an 1112 first wall/blanket cooling system.
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Figure 2.5 Horizontal cross-section of an outboard first wall/blanket module. (3 outboard
first wall/blanket modules per sector.)
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Description of the ITER-EDA reactor design

•<
°<
2 .
*~

coefc_
»̂

I S

o

•o

«3

<o

O

«o

**

o
"O

et

o
03

fS,

« ^

te.

1
— o
o —

"1 .

I
o o
~^>
"oai_

Figure 2.7 Layout of the flow paths in the outboard first wall/blanket modules.
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3. RELAP5/MOD3 INPUT MODEL

3.1 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 light water cooled nuclear fission reactors during transients
and accidents. Two-phase flow conditions are computed by the so-called 6 con-
servation equations model. 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 develop-
ment effort under contract of 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 observó'j :i;ive been integrated in the
latest version of the code RELAP5/MOD3. This version is being verified in the
framework of the Code Assessment and Maintenance Program (CAMP).

ECN is also participating in ICAP/CAMP and is closely cooperating with the
Idaho Engineering Laboratory (INEL) that developed and maintains the code
under contract of the US-NRC.

The latest version RELAP5/MOD3.1 has been used for the current analyses. This
version has been installed on an IBM RISC System/6000 workstation.

3.2 Characterization of the Heat Loads
Nominal power
The power generated in the first wall, the blanket, and the back plate is given in
Table 3.1. This table has been obtained as follows. In [5], a total thermal power
of 2322 MW has been calculated based on a total fusion power of 1800 MW. The
total thermal power has been calculated as the sum of a total surface power of
276 MW and a total volumetric power of 2046 MW. Of the total power, 32 % is
generated in the inboard modules, and 68 % is generated in the outboard modules
[5,8]. The distribution of the volumetric power between the first wall, the blanket,
and the back plate is based on the nuclear heating data presented in [6].

As can be noted from Table 3.1, about 29% of the total power is generated in the
first wall, about 70% is generated in the blanket, and about 1% is generated in
the back plate. Of the total power generated in the first wall, 41% is deposited as
surface power, and 59% is generated as volumetric power. The total thermal power
of 2322 MW for the complete first wall/blanket cooling system corresponds to a
total thermal power of 193.5 MW for an 1/12 first wall/blanket cooling system.

Poloidal power distribution
The poloidal distribution of the volumetric power follows in first approximation
the one of the neutron wall loading. This poloidal power distribution of the neutron
wall loading has therefore been applied to the distribution of the volumetric power.
The poloidal distribution of the neutron wall loading has been obtained from [8].
The surface power is as usually assumed to be uniformely distributed across the
first wall surface. The resulting poloidal power distribution for the first wall,

ECN-R-94-032 23



Loss-of-Coolant and Loss-of-FLow Accident in the ITER-EDA First Wall/Blanket Cooling System

blanket, and back plate is shown in Table 3.2. As can be seen in this table, the
first wall, blanket, and back plate have been modelled using 8 axial subvolumes.

Radial distribution of nominal volumetric power
Averaged power densities have been made available in [6] for each material applied
in the first wall. Therefore, a uniform radial power distribution has been used
within each first wall material. The radial distribution of the volumetric power in
the TAC-6 blanket is based on the radial distribution of the volumetric power in
the TAC-4 blanket as presented in [6]. A uniform radial power distribution has
been applied within the back plate.

Decay power
The decay power generated in the first wall, the blanket, and the back plate is
given in Table 3.3. The total decay power versus time has been obtained from [6].
Concerning the radial distribution of this decay total power, it can be concluded
that [6],
• the decay power in the first wall Be-coating is nearly zero;
• the radial distribution of the decay power in the back plate, the blanket, and the

remaining part of the first wall is approximately equal to the raidal distribution
of the generated power in these components during steady state conditions.

In the present RELAP5 input model, the following assumptions have therefore
been made
• the decay power in the first wall Be-coating is zero;
• the radial distribution of the decay power in the back plate, the blanket, and the

remaining part of the first wall is equal to the raidal distribution of the generated
power in these components during steady state conditions.

The poloidal distribution of the modelled decay power equals the poloidal distri-
bution of the nominal power. The total initial decay power of 20 MW amounts to
almost 0.9 % of the nominal power of 2322 MW.

3.3 Thermal Property Data

The next thermal porperty data have been used:
• the RELAP5 built-in data for carbon steel, i.e., a constant thermal conductivity

of 46 W/m.K, and a constant volumetric heat capacity of 3.88 MJ/m3.K.
• data for Incoloy 800, see Table 3.4;
• data for AISI316L stainless steel, see Table 3.5;
• data for beryllium, see Table 3.6;
• data for Cu, see Table 3.7;

Linear interpolation is used for intermediate temperatures. The thermal property
data of Incoloy 800 have been obtained from [9]. The thermal property data
of the AISI 316L stainless steel have been obtained from [10]. The melting
temperature of AISI 316L stainless steel is 1700 K. For beryllium, the thermal
property data until 1073 K have been obtained from [11]. For temperatures higher
than 1553 K, the thermal properties have been obtained from [10]. The melting
point of beryllium equals 1553 K. In close cooperation with the ITER-JCT, it has
been decided that the thermal poperty data of Cu-lZr-lCr will be approximated
by the thermal property data of Cu. The thermal poperty data of Cu are shown in
Table 3.7 and have been obtained from [12,13]. The melting temperature of Cu
equals 1356 K.
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3.4 Design Assumptions
Pump
The assumed head-capacity curve of the recirculation pump is shown in Fig. 3.1.
This curve is based on data from existing pumps in light water cooled nuclear
fission reactors. As illustrated in Fig. 3.1, 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 head of 0.43 MPa (to overcome the pressure losses in
the system) and a mass flow rate of 882 kg/s.

The important parameters of the recirculation pump are presented in Table 2.3.
The total moment of inertia equals 100 kg.m2 and corresponds to a time constant
of flow coastdown of 12 s.

System pressure
In order to protect the primary system against overpressurization, three safety
valves have been modelled on the top of the pressurizer. The setpoint pressures for
the safety valves equal 3.00 MPa, 3.05 MPa, and 3.10 MPa repectively (, whereas
the nominal pressure in the pressurizer equals about 2.0 MPa). The flow area of
each safety valve equals 0.0077 m2, and the opening time of the valves equals
0.1 s. At 3.1 MPa, the safety valves have a maximum discharge capacity of
saturated steam of almost 108 kg/s.

Pressurizer
The pressurizer contains water and steam at saturation conditions. The pressurizer
is filled for 60% with saturated water. Pressurizer heater elements and spray have
not been modelled. This has no significant effect on the results of the present
analyses.

3.5 Modelling Assumptions
Energy losses
As can be obtained from refs. [14] and [15], the wall roughness of commercial
steel equals to 5.10"5 m. This wall roughness has been used for the calculation
of the wall friction terms. Energy loss coefficients for flow area changes, elbows,
and T-junctions have been also obtained from refs. [14] and [15].

Recirculation pump
The recirculation pump is susceptible to cavitation in case of a decrease in system
pressure following a LOCA. Cavitation in the pump during the LOCA reduces the
forced flow through the cooling system. RELAP5/MOD3 does not have a pump
cavitation model. In the analysis, pump cavitation is simulated by a pump trip as
soon as the void fraction at the inlet of the pump exceeds a value of 0.2.

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

Heat transfer between the in-vessel components
During the accidents considered in this report, the temperature differences between
the inboard and outboard first wall surface will be small. For this reason, heat
transfer by thermal radiation between the inboard and outboard first wall surface
has been considered negligible. This radiative heat transfer has therefore not been
included in the present RELAP5 input model.

Heat transfer by conduction between the first wall and the blanket can not be
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modelled. In steady state conditions, this conductive heat transfer is very small
compared to the heat transfer from the first wall to the coolant. Following a loss
of active cooling by the coolant (dryout), the conductive heat transfer becomes
rapidly small compared to the radiative heat transfer between the first wall and
the blanket and can therefore be neglected. Radiative heat transfer between the
first wall and blanket and within the blanket is taken into account in the present
REL AP5 model. For that purpose, an emissivity of 0.6 has been assumed for AISI
316L.

3.6 Nodalization Scheme
The nodalization of the out-of-core components of an 1/12 first wall/blanket
cooling system is shown in Fig. 3.2, whereas the nodalization of the in-core
components of one sector is presented in Fig. 3.3. The nodalization is based
on the geometrical data as given in the Tables 2.1, 2.3, and 2.4. The 1/12 first
wall/blanket cooling system has been subdivided in 248 volumes, 254 junctions,
and 358 heat structures with a total number of mesh points of 2760. Modelling
experience with the first wall and divertor cooling system of NET/ITER and
the first wall/blanket cooling system of the SEAFP design has provided sufficient
insight into the present nodalization of the first wall/blanket cooling system, so that
a sensitivity study concerning this nodalization is not considered to be necessarry.

In the nodalization of the 1/12 first wall/blanket cooling system, several parallel
cooling pipes have been lumped together into one main cooling pipe. In this
pipe, the essential thermal-hydraulic behaviour of the separate cooling pipes is
simulated. Per sector, the following cooling pipes have been lumped together (see
Fig. 3.3):
• 2 inlet feeders to the 2 inboard modules;
• 3 inlet feeders to the 3 outboard modules;
• 12 Feed Flow Fl inboard cooling channels;
• 12 Feed Row F2 inboard cooling channels;
• 27 Feed Flow Fl outboard cooling channels;
• 27 Feed Flow F2 outboard cooling channels;
• 48 Intermediate Flow II inboard cooling channels;
o 162 Intermediate Flow II outboard cooling channels;
• 48 Intermediate Flow 12 inboard cooling channels;
• 162 Intermediate Flow 12 outboard cooling channels;
• 16 Return Flow R inboard cooling channels;
• 33 Return Flow R outboard cooling channels;
• 2 outlet feeders from the 2 inboard modules;
• 3 outlet feeders from the 3 outboard modules.

As can be seen in Fig. 3.2, the 975 U-tubes in the heat exchanger have been
lumped together into one main U-tube.

The first wall/blanket module has axially been subdivided in 8 heat structures and
8 hydraulic volumes (Fig. 3.3). Fig. 3.4 shows the actual cross-section of 1/9 of an
outboard first wall/blanket module and the corresponding modelled cross-section
using rectangular heat structures. The hydraulic diameter and flow area of the
modelled cooling channels equal the hydraulic diameter and flow area of the actual
cooling channels. The thickness of the heat structures has been determined such
that the modelled mass of the components is equal to the actual mass.
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3.7 Steady State Conditions
The steady state conditions have been computed using the RELAP5/MOD3 input
model. These conditions form the starting point for the transient analyses. Ta-
ble 3.8 presents the design parameters, the corresponding calculated parameters,
as well as a number of important calculated process parameters in the main circuit.
The differences between the design parameters and the corresponding calculated
parameters are small. Of the total system pressure loss of almost 0.43 MPa, the
pressure loss in the:
• core modules equals about 0.10 MPa;
• out-of-core cooling pipes equals about 0.04 MPa;
• steam generator U-pipes equals about 0.29 MPa.

At the inlet plenum of the heat exchanger, the coolant has a subcooling margin of
14 K.

Table 3.9 presents a number of important calculated process parameters in the first
wall/blanket modules. Per sector, the mass flow rate through the inboard modules
equals 140.5 kg/s, whereas the mass flow rate through the outboard modules
equals 300.3 kg/s. The coolant has a maximum coolant temperature of 474 K at
the outlet of the inboard modules. At this location, the coolant has a subcooling
margin of 14 K.

A number of calculated important steady state temperatures in the inboard first
wall is shown in Table 3.10, whereas the steady state temperatures in the outboard
first wall are given in Table 3.11. The Be-coating has a maximum temperature of
546 K at the inboard first wall.
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Table 3.1 Total thermal power generated in the 24 core sectors.

First wall surface power
First wall volumetric power
Total first wall power
Blanket volumetric power
Back plate volumetric power
Total thermal power

Inboard
(MW)

88
159
247
489

7
743

Outboard
(MW)

188
237
425

1146
- 8

1579

Total
(MW)

276
396
672

1635
15

2322

Table 3.2 Poloidal distribution of the generated power in the modelled components.
(From top to bottom.)

axial
vol. nr.

1
2
3
4
5
6
7
8

IFW
{%)
13.5
12.5
11.6
12.1
13.6
13.5
12.3
10.9

OFW
(%)
12.0
12.6
12.9
13.0
13.0
12.8
12.3
11.4

IBL
(%)
14.5
12.5
10.8
11.8
14.7
14.4
12.1
9.2

OBL
(%)
11.5
12.7
13.3
13.5
13.6
13.2
12.1
10.1

IBP
(%)
14.5
12.5
10.8
11.8
14.7
14.4
12.1
9.2

OBP
(.%)
11.5
12.7
13.3
13.5
13.6
13.2
12.1
10.1

Table 3.3 Decay power generated in the 24 core sector.

time

0.0 s
5 min
10 min
30 min
lhr
3hr
10 hr
I d
3d
1 week
1 month
3 month
1 year

IFW
MW
1.6
1.2
1.1
0.8
0.7
0.4
0.15
0.12
0.10
0.09
0.08
0.06
0.05

OFW
MW
2.3
1.7
1.6
1.2
1.1
0.6
0.22
0.19
0.15
0.14
0.12
0.09
0.07

IBL
MW
4.8
3.6
3.3
2.4
2.3
1.3
0.45
0.38
0.31
0.29
0.24
0.19
0.15

OBL
MW
11.2
8.4
7.8
5.6
5.3
3.0
1.06
0.90
0.73
0.67
0.56
0.45
0.34

IBP
MW
0.07
0.05
0.05
0.03
0.03
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00

OBP
MW
0.08
0.06
0.05
0.04
0.04
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00

total
MW
20
15
14
10
9.5
5.3
1.9
1.6
1.3
1.2
1.0
0.8
0.6
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Table 3.4 Thermal properties oflncoloy 800.

temperature
(K)

293.0
373.0
473.0
573.0
673.0
773.0
873.0
973.0

1073.0
1173.0
1273.0
3000.0

thermal conductivity
(W/m.K)

11.5
13.0
14.7
16.3
17.9
19.5
21.1
22.8
24.7
27.1
31.9
31.9

volumetric heat capacity
(MJ/m3.K)

3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524
3.6524

Table 3.5 Thermal properties ofAlSI 316L stainless steel.

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
4.02
5.00
5.31
4.46

Table 3.6 Thermal properties of beryllium.

temperature
(K)

273.0
373.0
473.0
573.0
673.0
773.0
873.0
973.0

1073.0
1553.0
2273.0

thermal conductivity
(W/m.K)

173.0
155.0
137.0
122.0
110.0
102.0
95.0
90.0
85.5
60.0
47.0

volumetric heat capacity
(MJ/m3.K)

3.54
3.99
4.44
4.75
4.97
5.16
5.31
5.48
5.65
6.49
5.83
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Table 3.7 Thermal properties ofCu.

temperature thermal conductivity volumetric heat capacity
(K) (W/m.K) (MJ/m3.K)

3.20
3.37
3.45
3.52
3.61
3.79
3.89
3.91
4.02
4.11

200.00
250.00
300.00
400.00
500.00
600.00
800.00
1000.00
1200.00
1356.00

413.0
404.0
398.0
392.0
388.0
383.0
371.0
357.0
342.0
330.0
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Table 3.8 Design process parameters, corresponding calculated steady state process
parameters, and calculated main circuit steady state process parameters of an
II12 first wall!blanket cooling system.

Process parameter
Design parameters:
Thermal power
Coolant temperature primary system
-inlet of modules
-outlet of modules
- difference
Pressure inlet modules
Coolant velocity main circuit
Feedwater temperature
- inlet
- outlet
- difference

Corresponding calculated parameters:
Thermal power
Coolant temperature primary system
-inlet of modules
- outlet of outboard modules
- outlet of inboard modules
- difference outboard
- difference inboard
Pressure
-inlet of modules
-outlet of modules
Coolant velocity
- inlet headers
- outlet headers
Feedwater temperature
- inlet
- outlet
- difference

Calculated main circuit process parameters:
Coolant temperature
- inlet plenum of heat exchanger
- outlet plenum of heat exchanger
- pump outlet
Pressure
- inlet plenum of heat exchanger
- outlet plenum of heat exchanger
- pressurizer
Pump
- pump head
- pump mass flow rate
Secondary coolant mass flow rate

ECN-R--94-032

(units)

(MW)

(K)
(K)
(K)

(MPa)
(m/s)

(K)
(K)
(K)

(MW)

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

(MPa)
(MPa)

(m/s)
(m/s)

(K)
(K)
(K)

(K)
(K)
(K)

(MPa)
(MPa)
(MPa)

(MPa)
(kg/s)
(kg/s)

value

193.5

423
473
50
2.2
4.0

308
338
30

193.5

423.4
473.3
473.6

49.9
50.2

2.2
2.1

3.8
4.1

308
338

30

473.3
423.3
423.4

2.07
1.78
2.0

0.43
882

1544
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Table 3.9 Steady state process parameters ofthe first wall/blanket modules.

Mass flow rate per sector
Coolant heat-up
Pressure loss
Inlet conditions:
- coolant temperature
- saturation temperature
- pressure
Outlet conditions:
- coolant temperature
- saturation temperature
- pressure

[kg/s]
[K]

[MPa]

[K]
[K]

[MPa]

[K]
[K]

[MPa]

inboard
140.5
50.2
0.11

423.4
490.5
2.20

473.6
487.9
2.09

outboard
300.3

49.9
0.11

423.4
490.5

2.21

473.3
488.1

2.10

Table 3.10 Calculated steady state temperatures in the inboard first wall. (From top to
bottom, Cu = Cu-lZr-lCr.)

axial nr.

1
2
3
4
5
6
7
8

coolant
temp.
[K]
430
435
440
445
451
457
462
466

coolant
side steel

[K]
498
497
497
501
508
509
509
508

interface
steel/Cu

[K]
528
526
524
529
538
540
537
533

interface
Cu/Be

[K]
533
530
528
533
543
545
541
537

plasma
side Be

[K]
535
532
529
535
545
546
543
538

Table 3.11 Calculated steady state temperatures in the outboard first wall. (From top to
bottom, Cu = Cu-lZr-lCr.)

axial nr.

1
2
3
4
5
6
7
8

plasma
side Be

[K]
503
512
519
525
530
533
535
533

interface
Be/Cu

[K]
501
510
517
523
528
532
533
532

interface
Cu/steel

[K]
496
505
512
518
523
526
528
527

coolant
side steel

[K]
468
475
482
487
493
497
500
501

coolant
temp.
[K]
429
436
442
448
454
460
465
470
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Figure 3.1 Head-capacity curve of the recirculation pump.
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Figure 3.2 Nodalization scheme of an 1/12 first wall/blanket cooling system as used in
the RELAP5IMOD3 calculations.
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inlet header $ 400 mm

module outlet
feeders

Feed Flow Fl

Feed Flow F2

Intermediate Flow II

Intermediate Flow 12

Return Flow R

Intermediate Flow II

Intermediate Flow 12

Return Flow R

inboard outboard

Figure 3.3 Nodalization scheme of one sector as usedin the RELAP5IMOD3 calculations.
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back plate

Return Flow

Intermediate
Flow 12

actual cross section:

Intermediate
Flow II

Feed Flow F2-

Feed Row Fl-

firstwall

plasma side

modelled cross-section:

plasma side

back plate

Return Flow R

Intermediate
Flow 12

Intermediate
Flow II

Feed Flow F2

Feed Flow Fl
first wall

Figure 3.4 Actual cross-section of 119 of an outboard first wall/blanket module and the
modelled cross-section using rectangular heat structures.
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4. RESULTS

The analysis of the following two accidents in an 1/12 first wall/blanket primary
cooling system will be presented:
• a LOCA caused by a rupture of the pump suction pipe;
• a LOFA caused by a trip of the recirculation pump.

These accidents start at t=0 s.

4.1 LOCA resulting from Rupture of the Pump Suction
Pipe

4.1.1 Introduction

The pump suction pipe connects the outlet plenum of the heat exchanger with the
inlet of the pump. The location of the rupture is shown in Fig. 3.2. The pump
suction pipe is the largest diameter pipe (0.55 m diameter) of the primary cooling
system. A double-ended guillotine break of this pipe has a break area of 2 x
0.238 m2. The rupture of the pump suction pipe is assumed to take place at t=0 s.

The LOCA resulting from the rupture of the pump suction pipe will be analysed
without taking into account plasma shutdown or operation of the safety systems
in order to determine the worst case conditions. The analysis can be used to
determine the available time in which the plasma shutdown mechanism and the
safety systems have to come into operation.

The calculations show that the two core sectors show the same thermal-hydraulic
behaviour during this LOCA.

4.1.2 Short discussion of the results

Breakflows
Immediately following the rupture of the pump suction pipe, coolant is discharged
from the double-ended guillotine break into the containment. The break flows
are shown in Fig. 4.2. At the time of the break, the pressure at the break loca-
tion immediately drops to the local saturation pressure which equals 0.48 MPa
(Fig. 4.1). As will be explained later, the pump behaves as a large resistance
during the accident. As a result, the pressure and the break mass flow rate at
the downstream break location are initially much smaller than the pressure and
the break mass flow rate at the upstream break location (Fig. 4.1 and Fig. 4.2).
Within the first 28 s of the accident, the break flows decrease to 0 kg/s due to the
rapid depressurization of the cooling system (Figs. 4.17 and 4.18). About 96 %
(34625 kg) of the initial coolant inventory has been discharged at the two break
openings during the first 28 s of the accident (Fig. 4.3).

Behaviour of the pump
The pressure at the inlet of the pump drops to the local saturation pressure
(0.48 MPa) immediately following break initiation (Fig. 4.17). As a result, flow
reversal occurs in the pump (Fig. 4.13). That is, the pump behaves as a large
resistance. After 10 s, the pump is tripped due to pump cavitation. Following the
pump trip, a maximum reversed flow rate of about 750 kg/s occurs (Figs. 4.13).
Thereafter, the reversed flow through the pump decreases gradually to 0 kg/s due
to the depressurization of the cooling system.
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System pressure
Immediately following the break, the pressure in the pressurizer decreases gradu-
ally due to the outsurge from the pressurizer (Figs. 4.15 and 4.16). The pressurizer
is empty after 17 s. Because the discharge mass flow rate at the double-ended guil-
lotine break is many times larger than the outsurge from the pressurizer, large scale
flashing starts in the cooling system immediately after break intiation. Because
the coolant is initially subcooled, this means that the pressure drops to the local
saturation pressure in a large part of the cooling system immediately following
break initiation. The system pressure remains more or less constant until about
17 s after break initiation, when the pressurizer becomes empty. During the next
12 s, the system pressure decreases gradually to about 0.1 MPa (ambient pressure,
Figs. 4.17 and 4.18).

Thermal-hydraulic behaviour in the outboard modules
After 21 s, the mass flow through the first wall cooling channels becomes almost
zero (Fig. 4.19), and the flow regime changes to mist flow (mostly vapour with
dispersed liquid droplets) due to the rapid drainage of the cooling system. As
a result, dryout of the wall of the first wall cooling channels occurs after 21s .
This results in a significant loss of heat removal capacity from the first wall
(Figs. 4.22 and 4.23). The temperature in the Cu-lZr-lCr layer at the midplane
of the outboard first wall reaches the melting temperature (1356 K) after 68 s
(Fig. 4.24). At this time, the temperature in the Be-coating at the midplane of
the outboard first wall equals 1359 K. The temperature in the blanket is much
lower than the temperature in the first wall. Fig. 4.25 shows the temperature at the
midplane of the AISI 316L stainless steel blanket surface at the first wall facing
side. This temperature is the highest temperature in the blanket.

Thermal-hydraulic behaviour in the inboard blanket segments
The thermal-hydraulic behaviour in the inboard blanket modules is almost identi-
cal to that in the outboard blanket modules.

The calculated sequence of events for this LOCA is shown in Table 4.1.

4.1.3 Detailed analysis

Graphs presenting the behaviour of pressure, temperature, mass flow, and heat
transfer in the 1/12 first wall/blanket cooling system are given in Fig. 4.1 through
Fig. 4.26.

Characteristics of the break flow at the upstream break opening
At the time of the break, the pressure at the break opening immediately drops to
the local saturation pressure. For an inital coolant temperature of 423 K, the initial
saturation pressure equals 0.48 MPa (Fig. 4.1). During the next 26 s, a saturated
two-phase mixture is discharged from the upstream break opening. At the time
of the break, this two-phase break mass flow immediately reaches a flow rate of
about 2000 kg/s (Fig. 4.2) due to the low ambient pressure (containment pressure
has been assumed constant at 0.1 MPa). The break mass flow rate remains more
or less constant until 14 s. Within the next 12 s, the break mass flow rate decreases
gradually to 0 kg/s due to the depressurization of the cooling system (Figs. 4.17
and 4.18). Of the total break mass flow rate, the liquid mass flow rate is shown
in Fig. 4.4, whereas the vapour mass flow rate is shown in Fig. 4.8. A total of
23400 kg of liquid mass and a total of 125 kg of vapour mass have been discharged
at the upstream break opening (Figs. 4.5 and 4.9). The temperature of the saturated
two-phase break flow decreases to 373 K during the considered discharge time
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(Figs. 4.6 and 4.10). The specific enthalpy of the saturated break flow is only a
function of the temperature or pressure of the break flow. This can be seen by
comparing Figs. 4.1,4.6,4.7,4.10, and 4.11.

Characteristics of the break flow at the downstream break opening
At the time of the break, the pressure at the break location immediately drops
to the local saturation pressure which equals 0.48 MPa (Fig. 4.1). As will be
explained later, the pump behaves as a large resistance following the pipe rupture.
As a result, the pressure and the break mass flow rate at the downstream break
location are initially much smaller than the pressure and the break mass flow rate
at the upstream break location (Fig. 4.1 and Fig. 4.2). Pump trip due to cavitation
occurs after 10 s. As a result, the break mass flow rate and the pressure at the
downstream break opening show an increase folowing this time. The break flow
is a saturated two-phase mixture during the first 22 s of the accident. During
the next 6 s, the break flow consists of single-phase superheated steam. During
the first 22 s of the accident, a total of 9990 kg of saturated liquid and a total of
955 kg of saturated vapour have been discharged at the downstream break opening
(Figs. 4.5 and 4.9). During this period, the temperature of the saturated two-phase
break flow decreases to about 390 K (Figs. 4.6 and 4.10). During the next 6 s,
the superheated steam mass flow rate decreases gradually to 0 kg/s (Fig. 4.8).
Following this period, the total amount of steam discharged at the downstream
break opening equals 1110 kg. The specific enthalpy of the liquid break flow is
shown in Fig. 4.7, whereas specific enthalpy of the vapour break flow is shown in
Fig. 4.11.

About 96 % (34625 kg) of the initial coolant inventory has been discharged at the
break during the first 28 s of the accident (Fig. 4.3).

Behaviour of the pump
The pressure at the inlet of the pump drops to the local saturation pressure
(0.48 MPa) immediately after break initiation (Fig. 4.17). As a result, flow
reversal occurs in the pump (Fig. 4.13). That is, the pump behaves as a large
resistance during this accident. For reversed flow in the pump, the pump head
increases with the flow rate (Fig. 3.1). For the present analysis, pump cavitation
is simulated by a pump trip when the vapour volume fraction at the outlet of the
pump exceeds 0.2. This occurs about 10 s after break initiation (Fig. 4.14). The
reversed flow through the pump increases following the pump trip. A maximum
reversed flow of about 750 kg/s has been reached (Figs. 4.13). Thereafter, the
reversed flow through the pump decreases gradually to 0 kg/s due to the depres-
surization of the cooling system. The pump head corresponds to the pressure
difference across the pump (Fig. 4.17).

Behaviour of the pressurizer
Figure 4.15 shows the pressure in the pressurizer. The mass flow from the
surge line into the main cooling circuit is presented in Fig. 4.16. Because the
outsurge from the pressurizer can by no means compensate for the loss of coolant
at the break, the pressure in the outlet header connected with the surge line
drops to the local saturation pressure (1.57 MPa) immediately following break
initiation. Due to the suddenly created pressure difference, the mass flow rate
from the surge line into the outlet header immediately increases to about 435 kg/s.
The pressure in the pressurizer decreases gradually due to the outsurge from the
pressurizer. The pressure difference between the pressurizer and the outlet header
decreases gradually during the outsurge. Consequently, the mass flow rate from
the pressurizer into the outlet header descreases gradually. The pressurizer is
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empty about 17 s after break initiation.

System pressure
Because the discharge mass flow rate at the double-ended guillotine break is
many times larger than the outsurge from the pressurizer, large scale flashing
starts in the cooling system immediately following break intiation. Because the
coolant is initially subcooled, this means that the pressure drops to the local
saturation pressure in a large part of the cooling system immediately following
break initiation. As can be seen in Figs. 4.17 and 4.18, the system pressure remains
more or less constant until about 17 s after break initiation, when the pressurizer
becomes empty. During the next 12 s, the system pressure decreases gradually to
about 0.1 MPa (ambient pressure).

Thermal-hydraulic behaviour in the outboard modules
The thermal-hydraulic behaviour at the midplane in the outboard first wall cooling
channels is shown in Fig. 4.19 through Fig. 4.24. At the midplane of the outboard
first wall, flow reversal occurs almost immediately following break initiation
(Fig. 4.19). 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, there is a sharp decrease of the saturation temperature due to the sharp
pressure decrease in the cooling system immediately following break initiation.
As a result, the coolant in the outboard first wall becomes saturated after about
2 s. (Fig. 4.20). Within the next 19 s, the coolant in the first wall becomes
almost completely single-phase vapour (Fig. 4.21). During this time, the pressure
and temperature of the saturated two-phase mixture in the outboard first wall
remain almost constant (Figs. 4.18 and 4.20). Once the coolant has become
almost completely single-phase vapour, the temperature of the vapour increases
gradually during the accident (Fig. 4.20).

Fig. 4.22 presents the heat flux to the coolant at the midplane in the cooling
channels of the outboard first wall. The heat transfer coefficient at this location
is shown in Fig. 4.23. During steady state conditions, the generated heat is
transferred to the coolant by means of single-phase liquid convection1. The
saturation temperature drops below the temperature of the wall of the cooling
channels immediately following break initiation due to the sharp depressurization
of the cooling system. As a result, transition to subcooled nucleate boiling takes
place. Because the coolant in the first wall becomes saturated after about 2 s,
saturated nucleate boiling occurs following this time. During saturated nucleate
boiling, the temperature of the saturated coolant in the first wall (Fig. 4.20), the
heat flux (Fig. 4.22), and the temperature of the first wall (Fig. 4.24) remain more
or less constant. After about 21 s, the flow regime changes to mist flow (mostly
vapour with dipersed liquid droplets), and the reversed mass flow becomes almost
zero (Fig. 4.19). As a result, dryout of the wall of the cooling channels occurs after
about 21 s. Consequently, the heat transfer coefficient and the heat flux decrease
dramatically (Figs. 4.22 and 4.23).

As described before, the temperature of the first wall remains more or less constant
during the first 21 s of the accident. Following this period, dryout occurs in the
first wall cooling channels which causes an almost linear temperature increase

'Below the midplane, the temperature of the wall of the cooling channels is above the local
saturation pressure, whereas the coolant is subcooled. As a result, the heat is transferred by
subcooled nucleate boiling below the midplane. The vapour volume fraction is negligible below the
midplane.

40 ECN-R--94-032



RESULTS (rupture of pump suction pipe)

in the first wall. The temperature in the Cu-lZr-lCr layer at the midplane of
the outboard first wall reaches the melting temperature (1356 K) about 68 s after
break initiation (Fig. 4.24). At this time, the temperature in the Be-coating at the
midplane of the outboard first wall equals 1359 K. In the present RELAP5 model,
the radiation heat flux at the midplane from the rear side of the first wall to the
front side of the blanket at 68 s equals about 12 % of the nominal heat flux to the
coolant during steady state conditions. For this reason, the temperature increase
in the first wall is still nearly adiabatic at 68 s (Fig. 4.24).

Fig. 4.25 shows the temperature at the midplane of the AISI 316L stainless steel
blanket surface at the first wall facing side. This temperature is the highest
temperature in the blanket. The behaviour of this temperature is similar to the
temperature behaviour in the first wall. However, the temperature in the blanket
is much lower than the temperature in the first wall.

Thermal-hydraulic behaviour in the inboard modules.
The thermal-hydraulic behaviour in the inboard modules is almost identical to
that in the outboard modules. Dryout of the inboard first wall cooling channels
starts about 23 s after accident initiation. About 68 s after break initiation, the
maximum temperature in the Cu-lZr-lCr layer of the inboard first wall equals
1352 K (Fig. 4.26), whereas the maximum temperature in the Be-coating equals
1355 K.

Table 4.1 Calculated sequence of events for the rupture of the pump suction pipe.

time (s) event
0 Break initiation
10 Pump trip due to cavitation
17 Pressurizer is empty
21 Dryout in the outboard first wall cooling channels

Significant loss of heat removal from the outboard first wall
23 Dryout in the inboard first wall cooling channels

Significant loss of heat removal from the inboard first wall
28 About 96 % (34625 kg) of the initial coolant inventory

has been discharged into the containment
68 Melting temperature (1356 K) has been reached in the Cu-1 Zr-1 Cr

layer in the outboard first wall
Maximum temperature in the Be-coating of the outboard first wall
equals 1359 K
Maximum temperature in the Cu-lZr-lCr layer in the inboard first
wall equals 1352 K
Maximum temperature in the Be-coating of the inboard first wall
equals 1355 K
End of the calculation
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Figure 4.18 Pressure at the inlet and outlet of the outboard core modules.
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Figure 4.19 Mass flow at the midplane in the outboard first wall cooling channels.
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Figure 4.21 Void fraction at the midplane in the outboard first wall cooling channels.
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Figure 4.22 Heat flux to the coolant at the midplane in the outboard first wall cooling
channels.
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Figure 4.23 Heat transfer coefficient at the midplane in the outboard first wall cooling
channels.
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Figure 4.25 Structure temperature at the midplane of the blanket surface at the first wall
facing side.
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4.2 LOFA with plasma shutdown in 10 s

4.2.1 Introduction
The LOFA case that has been studied results from a trip of the recirculation
pump which causes a loss of the forced coolant flow in the primary system. The
following assumptions have been made in close cooperation with the ITER-JCT
[2]:
• a delay of 10 s occurs between the pump trip and the initiation of the plasma

shutdown;
• during plasma shutdown, the generated power decreases linearly from 100 %

power to the initial decay power in 10 s;
• the forced coolant flow in the secondary system remains constant;
• the coolant inlet temperature at the secondary side of the heat exchanger remains

constant at 308 K.

The fraction of the nominal generated power versus time during this LOFA is
shown in Fig. 4.27.

The two core sectors show the same thermal-hydraulic behaviour during this
LOFA.

4.2.2 Short discussion of the results
System pressure
The coolant flow through the system starts to decrease gradually following the
pump trip (Figs. 4.29 and 4.34). As a result, large scale vapour generation due to
boiling starts in the inboard and outboard Feed Flow Fl cooling channels (first wall
cooling channels, see Figs 3.3 and 3.4) after about 5 s (Fig. 4.36). Consequently,
the system pressure starts to increase (Figs. 4.30 through 4.32). Due to the plasma
shutdown (which starts at 10 s), the system pressure starts to decrease gradually
after about 14 s.

As will be explained later, significant vapour generation resulting from boiling
starts in the inboard blanket cooling channels after about 23 s. As a result, the
system pressure starts to increase again after about 23 s. After about 50 s, the
vapour generation rate in the inboard blanket cooling channels starts to decrease
gradually, because large parts of these channels contain single phase vapour only
by then. In the remaining part of the system, the temperature of the coolant
decreases gradually (Fig. 4.35), which causes shrinkage of the coolant volume.
As a result, the system pressure starts to decrease again after 93 s. At 93 s,
the pressure in the pressurizer reaches a maximum of 2.99 MPa (Fig. 4.30).
The setpoint pressures of the safety valves equal 3.00 MPa, 3.05, and 3.10 MPa
respectively. So, the safety valves remain closed during this accident.

Thermal-hydraulic behaviour in the core modules
Immediately following pump trip, the first wall temperature, the blanket temper-
ature, and the coolant temperature start to increase (Figs. 4.39, 4.41, 4.43, and
4.35) due to the decrease of the forced coolant flow through the core modules
(Fig. 4.34). During the plasma shutdown, these temperatures and the heat flux
(Fig. 4.37) start to decrease due to the decreasing power. As a result, the tem-
perature in the Be-coating at the midplane of the outboard first wall reaches a
maximum of 547 K (which corresponds to a temperature increase of 22 K) about
13 s after pump trip.

In the outboard modules, the heat remains transferred by means of single-phase
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liquid convection heat transfer in the Intermediate Flow II, Intermediate Flow
12, and Return Row R cooling channels (Figs. 3.3 and 3.4) during this accident.
At the top of the Intermediate Flows II and 12 cooling channels in the inboard
modules, significant vapour generation due to nucleate boiling heat transfer starts
after 23 s. Most of the generated vapour accumulates gradually in the upper section
of the Intermediate Flow 12 cooling channels. Consequently, the driving force for
natural circulation flow through the inboard modules decreases gradually. As a
result, the coolant flow in the inboard Intermediate How II, Intermediate Flow
12, and Return Flow R cooling channels stagnates after about 75 s (Fig. 4.42).
Due to the stagnating coolant flow, the temperatures in the inboard modules
increase gradually (Fig. 4.43). The coolant in the bottom subvolume of the
inboard Intermediate Flow 12 model becomes single-phase vapour after 550 s.
As a result, the vapour generated in the Intermediate Flows II and 12 obtains
a pathway to escape via the backplate. Due to the resulting escape of steam,
coolant from the Feed Hows Fl and F2 enters the Intermediate Flow II, which
causes large scale vapour generation due to boiling. During the next 110 s, an
unstable boiling process takes place in the Intermediate Flows II and 12 until the
temperature of the wall of the corresponding cooling channels is cooled down
below the local saturation temperature. This unstable boiling process causes
the pressure increases (Fig. 4.45) and the mass flow oscillations (Fig. 4.44) that
occur after 550 s. Following the unstable boiling process, a natural circulation
flow establishes in the inboard modules (Fig. 4.46). This natural cirulation flow
is similar to the natural circulation flow in the outboard modules (Fig. 4.40).
Following the unstable boiling process, the natural circulation flow (Fig. 4.44), the
system pressure (Fig. 4.45), and the coolant and structure temperatures (Figs. 4.47
through 4.49) start to decrease gradually. During the flow stagnation in the inboard
modules, the temperature of the Be-coating at the midplane of the inboard first
wall increases from 466 K to 488 K (Fig. 4.49).

The calculated sequence of events for this LOFA is shown in Table 4.2, whereas
Table 4.3 presents a number of calculated main circuit process parameters at
2 hours after pump trip.

4.2.3 Detailed analysis

The short term behaviour of pressure, temperature, mass flow, and heat transfer in
an 1/12 first wall/blanket cooling system during the first 300 s of the accident is
shown in Figs. 4.28 through 4.43, whereas the behaviour during the first 2 hours
of the accident is presented in Fig. 4.44 through Fig. 4.50.

Short term system behaviour during the first 300 s of the accident:

Behaviour of the pump
Following the trip of the recirculation pump, the pump velocity decreases. As
a result, the pump head and the coolant flow through the pump start to decrease
gradually following the pump trip (Figs. 4,28 and 4.29). The present total moment
of inertia of the pump and rotating components coupled to the pump (100 kg.m2)
results in a time constant of flow coastdown of about 12 s (Fig. 4.29).

System pressure
Large scale vapour generation starts in the inboard and outboard first wall cooling
channels (Feed Flow Fl cooling channels, see Figs 3.3 and 3.4) after about 5 s
(Fig. 4.36). Mainly due to this vapour generation, the system pressure starts to
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increase after about 5 s (Figs. 4.30 through 4.32).

During the plasma shutdown, the vapour generation in the inboard and outboard
first wall cooling channels decreases gradually to zero, whereas the vapour which
has been generated in the first wall cooling channels condensates in the blanket
cooling channels. As a result, the system pressure starts to decrease gradually
after about 14 s.

As will be explained later, the coolant mass flow rate in the inboard blanket cooling
channels decreases gradually and results eventually in flow stagnation after about
75 s. Due to the gradual reduction of the cooling capability resulting from the
decrease of the forced coolant flow, significant vapour generation resulting from
boiling starts in the inboard blanket cooling channels after about 23 s. As a result,
the system pressure starts to increase again after about 23 s.

After about 50 s, the vapour generation rate in the inboard blanket cooling channels
start to decrease gradually, because large parts of these channels contain single
phase vapour only by then. In the remaining part of the system, the temperature of
the coolant decreases gradually (Fig. 4.35), which causes shrinkage of the coolant
volume. As a result, the system pressure starts to decrease again after 93 s. At
93 s, the pressure in the pressurizer reaches a maximum of 2.99 MPa (Fig. 4.30).
The setpoint pressure of the safety valves equals 3.00 MPa, 3.05, and 3.10 MPa
respectively. So, the safety valves remain closed during this accident.

Thermal-hydraulic behaviour in the outboard modules
The thermal-hydraulic behaviour at the midplane in the outboard first wall cooling
channels is shown in Fig. 4.34 through Fig. 4.39. During steady state conditions,
the heat generated in the first wall is transferred to the coolant by means of single-
phase liquid convection Heat transfer in the four top subvolumes of the first wall
model. In the four bottom subvolumes, the temperature of the wall of the cooling
channels is higher than the saturation temperature of the coolant, while the bulk (or
mean) coolant temperature is still below the saturation temperature. The generated
heat is therefore transferred by means of subcooled nucleate boiling heat transfer
in these subvolumes. During subcooled nucleate boiling, the generated vapour
bubbles do not detach from the wall but grow and collapse while they are still
close to the wall. This results in a small nonzero void fraction (or vapour volume
fraction) which may be neglected. So, the void fraction in the outboard first wall
cooling channels may be neglected during steady state conditions. Following
pump trip, the coolant in the first wall cooling channels heats up gradually. As
a result, the vapour bubbles generated by the subcooled nucleate boiling process
can grow larger, and the possibitily that they will detach from the channel wall
into the flow stream increases. In addition, the bubbles start to condense more
slowly. As a result, the void fraction starts to increase. Once the bulk of the
coolant becomes saturated, the vapour bubbles do not collapse any more, and
the void fraction continues to increase (Figs. 4.35 and 4.36). The coolant at the
midplane in the outboard first wall cooling channels becomes saturated about 12 s
after pump trip.

The forced coolant flow through the outboard first wall cooling channels starts to
decrease gradually immediately following pump trip due to the decreasing pump
performance (Fig. 4.34). Consequently, the temperature of the coolant in the
first wall starts to increase (Fig. 4.35), and the heat transfer coefficient starts to
decrease (Fig. 4.38). As a result, the heat flux starts to decrease (Fig. 4.37), and
the temperature of the first wall starts to increase immediately following pump
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trip (Fig. 4.39).

At the midplane of the outboard first wall, the temperature of the wall of the cooling
channels exceeds the saturation temperature of the coolant after 2 s, which causes
transition from single-phase liquid convection heat transfer to subcooled nucleate
boiling heat transfer2. As a consequence, the heat flux starts to increase following
the transition to subcooled nucleate boiling (Fig. 4.37).

The generated power starts to decrease 10 s after pump trip due to the plasma
shutdown. Rapidly following this time, the first wall temperatures, the coolant
temperature, and the heat flux start to decrease due to the decreasing power
(Figs. 4.39, 4.35, and 4.37). As a result, the temperature in the Be-coating at
the midplane of the outboard first wall reaches a maximum of 547 K (which
corresponds to a temperature increase of 22 K) about 13 s after pump trip. The
boiling front starts to move upwards during the plasma shutdown. About 30 s
after pump trip, the heat is transferred by single-phase liquid convection again in
the entire outboard first wall cooling channels.

During the initial phase of the plasma shutdown, the largest part of the outboard
Feed Flow Fl cooling channels (or first wall cooling channels, see Figs. 3.3
and 3.4) contains mainly vapour, while the Feed Flow F2 cooling channels still
contain almost only single phase liquid. During the plasma shutdown, the vapour
generation in the outboard first wall cooling channels decreases gradually to zero.
As a result, a net driving force develops which results in a natural circulation
flow which flows from the top to the bottom in Feed Flow F2, and a part of this
flow branches into Feed Flow Fl where it flows from the bottom to the top. The
remaining part branches into the Intermediate Flow II which is located in the
blanket (Fig. 4.40).

Fig. 4.41 shows the temperature at the midplane of the AISI 316L stainless steel
blanket surface at the first wall facing side. This temperature is the highest
temperature in the blanket. The behaviour of this temperature is similar to the
temperature behaviour in the first wall. However, the temperature in the blanket
is somewhat lower than the temperature in the first wall.

Thermal-hydraulic behaviour in the inboard modules
Compared with the thermal-hydraulic behaviour in the outboard modules, the
thermal-hydraulic behaviour in the inboard modules shows one major difference.
This difference will be explained now. Nucleate boiling does not take place in the
Intermediate Flow II, Intermediate How 12, and Return Flow R cooling channels
in the outboard modules (Figs. 3.3 and 3.4). As a result, the coolant remains
single-phase liquid in these cooling channels. At the top of the Intermediate
Flows II and 12 cooling channels in the inboard modules, the wall of the cooling
channels exceeds the local saturation temperature after about 20 s. As a result,
significant vapour generation due to nucleate boiling heat transfer starts at this
location after about 23 s. Most of the generated vapour accumulates gradually in
the upper section of the Intermediate Flow 12 cooling channels. Consequently, the
driving force for natural circulation flow through the inboard modules decreases
gradually. As a result, the natural circulation flow through the inboard modules
stagnates after about 75 s (F.g. '• >>2). As can be seen also in Fig. 4.42, the internal

2 As explained before, subcooled nucleate boiling occurs in the four bottom subvolumes during
steady state conditions. About 7 s after pump trip, subcooled nucleate boiling takes place in the
entire outboard first wall.
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natural circulation flow in the inboard Feed Flows Fl and F2 remains. The flow
direction of this natural circulation flow is from the top to the bottom in Feed FLow
F2 and from the bottom to the top in Feed Row Fl. Because the net mass flow
rate through the inboard modules is zero for this flow situation, the temperatures
in the inboard modules increase gradually (Fig. 4.43).

The temperature in the Be-coating at the midplane of the inboard first wall reaches
a maximum of 549 K (which corresponds to a temperature increase of 4 K) about
8 s after pump trip (Fig. 4.43).

System behaviour until 2 hours after pump trip:

As explained before, the coolant flow through the inboard modules stagnates after
about 75 s due to boiling in the inboard Intermediate Flows II and 12, whereas
the natural circulation flow in the main circuit maintains (Fig. 4.44)3. Starting
at the top subvolume of the Intermediate Flow 12 model, the coolant becomes
gradually completely single-phase vapour. The coolant in the bottom subvolume
becomes single-phase vapour after 550 s. As a result, the vapour generated in the
Intermediate Flows II and 12 obtains a pathway to escape via the backplate. Due
to the resulting escape of steam, coolant from the Feed Flows Fl and F2 enters the
Intermediate Flow II. Because the temperature of the wall of the cooling channels
is above the local saturation temperature in the largest part of the Intermediate
Flow II, large scale vapour generation resulting from nucleate boiling starts
after 550 s. During the next 110 s, an unstable boiling process takes place in the
Intermediate Flows II and 12 until the temperature of the wall of the corresponding
cooling channels is cooled down below the local saturation temperature. This
unstable boiling process causes the pressure increases (Fig. 4.45) and the mass
flow oscillations (Fig. 4.44) that occur after 550 s. Following the unstable boiling
process, a natural circulation flow establishes in the inboard modules (Fig. 4.46).
This natural cirulation flow is similar to the natural circulation flow in the outboard
modules. The steam generated in the inboard modules condenses in colder parts
of the system following the start of the natural circulation flow. As a result, the
system pressure decreases rapidly following this event (Fig. 4.45).

Following the unstable boiling process, the natural circulation flow (Fig. 4.44), the
system pressure (Fig. 4.45), and the coolant and structure temperatures (Figs. 4.47
through 4.49) start to decrease gradually. During the flow stagnation in the inboard
modules, the temperature of the Be-coating at the midplane of the inboard first
wall increases from 466 K to 488 K (Fig. 4.49). After 2 hours, the maximum
temperature in the:
e outboard first wall equals 319 K;
• inboard first wall equals 321 K;
• outboard blanket equals 325 K;
• inboard blanket equals 324 K;
• outboard back plate equals 333 K;
• inboard back plate equals 337 K.

Fig. 4.50 shows the total power transferred to the coolant in the 2 core sectors
and the power removed from the coolant in the heat exchanger. This figure
indicates that the temperature of the primary coolant decreases during most of the

3That is, this natural circulation flow removes the heat from the outboard modules only.
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considered transient time.

Table 4.2 Calculated sequence of events for the LOFA with plasma shutdown in 10 s.

time event
0 s Pump trip.
5 s Significant vapour generation due to boiling starts in the inboard and

outboard Feed Flow Fl (or first wall) cooling channels.
10s Initiation of the plasma shutdown mechanism.
20 s Plasma shutdown completed.
23 s Significant vapour generation due to boiling starts in the inboard Inter-

mediate Flow II and 12 cooling channels.
30 s Heat is transferred by single-phase liquid convection again in the entire

outboard Feed Flow Fl cooling channels.
31s Heat is transferred by single-phase liquid convection again in the entire

inboard Feed Flow Fl cooling channels.
75 s Coolant flow in the inboard Intermediate Flow II, Intermediate Flow 12,

and Return Flow R cooling channels stagnates.
550 s Unstable boiling process starts in the inboard Intermediate Flow II and

12 cooling channels.
660 s Heat is transferred by single-phase liquid convection again in the entire

inboard modules.
660 s Coolant flow in the inboard modules does not stagnate any more.

7200 s End of the calculation.

Table 4.3 Calculated main circuit process parameters of an 1112 first wall/blanket cooling
system 2 hours after pump trip (plasma shutdown in 10 s).

Process parameter
Thermal power
Coolant temperature primary system
- inlet of modules
- outlet of outboard modules
- outlet of inboard modules
- difference outboard
- difference inboard
- inlet plenum of heat exchanger
- outlet plenum of heat exchanger
Pressure
- inlet of modules
- outlet of modules
Primary coolant mass flow rate
Secondary coolant mass flow rate
Coolant velocity
- inlet headers
- outlet headers
Feedwater temperature
- inlet
- outlet
- difference

(units)
(MW)

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

(MPa)
(MPa)
(kg/s)
(kg/s)

(m/s)
(m/s)

(K)
(K)
(K)

value
0.617

308.3
323.0
325.5

14.7
17.2

324.4
308.3

1.8
1.8

12.2
1544

0.05
0.05

308.0
308.1

0.1

60 ECN-R--94-032



RESULTS (LOFA with plasma shutdown in 10 s)

Figure 4.27 Generated power versus time for the LOFA.
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Figure 4.28 Pump head.
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Figure 4.29 Mass flow through the pump.
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Figure 4.30 Pressure in the pressurizer.
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Figure 4.31 Pressure at the inlet and outlet of the outboard core modules.
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Figure 4.32 Pressure at the inlet and the outlet of the pump.
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Figure 4.33 Discharge mass flow rate through the safety valves and mass flow rate from
the surge line into the main cooling circuit.
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Figure 4.34 Mass flow at the midplane in the outboard first wall cooling channels.
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Figure 4.35 Liquid temperature, vapour temperature, and saturation temperature of the
coolant flow at the midplane in the outboard first wall cooling channels.
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Figure 4.36 Void fraction at the midplane in the outboard first wall cooling channels.
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Figure 4.37 Heat flux to the coolant at the midplane in the outboard first wall cooling
channels.
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Figure 4.38 Heat transfer coefficient at the midplane in the outboard first wall cooling
channels.
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Figure 4.39 Structure temperatures at the midplane of the outboard first wall (Cu =
Cu-lZr-lCr, SS = AISI316L stainless steel).
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Figure 4.40 Coolant mass flow rate through the outboard Feed Flow Fl (from top to
bottom), Feed Flow F2 (from top to bottom), and Intermediate Flow 11 (from
bottom to top).
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Figure 4.41 Structure temperature at the midplane of the blanket surface at the first wall
facing side.
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Figure 4.42 Coolant mass flow rate through the inboard Feed Flow Fl (from top to
bottom), Feed Flow F2 (from top to bottom), and Intermediate Flow II (from
bottom to top).
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Figure 4.43 Structure temperatures at the midplane of the inboard first wall (Cu = Cu-
IZr-l Cr, SS = AISI3I6L stainless steel).
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Figure 4.44 Mass flow through the pump.
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Figure 4.45 Pressure at the inlet and outlet of the outboard core modules.
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Figure 4.46 Coolant mass flow rate through the inboard Feed Flow Fl (from top to
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bottom to top).

600.0

300.0

liquid temp
vapour temp
saturation temp

2000.0 4000.0

TIME(s)

6000.0 8000.0

Figure 4.47 Liquid temperature, vapour temperature, and saturation temperature of the
coolant flow at the midplane in the outboard first wall cooling channels.
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Figure 4.48 Structure temperatures at the midplane of the outboard first wall (Cu =
Cu-lZr-1 Cr, SS = AISI316L stainless steel).
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Figure 4.49 Structure temperatures at the midplane of the inboard first wall (Cu = Cu-
lZr-lCr, SS = AISI 316L stainless steel).
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removed from the coolant in the heat exchanger.
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5. SUMMARY OF MAIN RESULTS

The main results of the LOCA and LOFA scenario which have been analysed for
the ITER-EDA TAC-6 design can be summarized as follows:
• LOCA resulting from rupture of the pump suction pipe:

- Significant loss of heat removal due to dryout occurs in the outboard first wall
cooling channels about 21 s after break initiation. As a result, the temperature
in the Cu-1 Zr-1 Cr layer at the midplane of the outboard first wall reaches the
melting temperature (1356 K) about 68 s after break initiation. At this time,
the temperature of the Be-coating at the midplane of the outboard first wall
equals 1359 K.

- During the first 28 s of the accident, about 96 % (34625 kg) of the initial
coolant inventory has been discharged into the containment.

• LOFA with plasma shutdown in 10 s:
- The temperature in the Be-coating at the midplane of the outboard first wall

reaches a maximum of 547 K (which corresponds to a temperature increase
of 22 K) about 13 s after pump trip.

- In the inboard first wall, the temperature in the Be-coating at the midplane
reaches a maximum of 549 K (which corresponds to a temperature increase
of 4 K) about 8 s after pump trip.

- The system pressure reaches a maximum of 2.99 MPa about 93 s after pump
trip. The safety valves on the pressurizer remain therefore closed during this
accident, because the lowest setpoint pressure equals 3.0 MPa.

- The coolant mass flow through the inboard modules stagnates from 75 s until
550 s after pump trip due to boiling in the inboard blanket cooling channels.
During this flow stagnation, the temperature in the Be-coating at the midplane
of the inboard first wall increases from 466 K to 488 K.

- Following the flow stagnation in the inboard modules,natural circulation flow
establishes inside the entire cooling system. During the remaining calculated
transient time (i.e., until 2 hours after pump trip), the natural circulation flow,
the system pressure, and the coolant and structure temperatures decrease
gradually.
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