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Abstract

The ITER-FEAT Generic Site Safety Report includes evaluations of the
consequences of various types of conceivable transients that can occur
during operation. The transients that have to be considered in this respect
are specified in the Accident Analysis Specifications document of the
safety report. For the divertor primary heat transport system the ranges of
transients include amongst others a loss of heat sink at full fusion power
operation. The thermal-hydraulic consequences related to the coolability of
the divertor primary heat transport system components for this transient
have been evaluated and summarised in the safety report and in the current
report an overview of those efforts and associated outcome is provided.

The analyses have been made with the ATHENA thermal-hydraulic code
using a separately developed ATHENA model of the ITER-FEAT divertor
cooling system. In the current report results from calculations with an
updated pressurizer model and pressurizer control system are outlined. The
results show that the pressurizer safety valve does not open, that the
pressurizer level increase is moderate and that no temperature increases
jeopardize the structure integrity.
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1 Introduction

A Loss of Heat Sink transient has been calculated as specified in the
Accident Analysis Specifications (AAS) [1]. The analyses have been made
with the ATHENA thermal-hydraulic code [3], and with a separately
developed ATHENA model of the ITER-FEAT divertor cooling system [4
and 5].

Results from earlier studies [6], indicated that this transient could lead to
an opening of the pressurizer safety valve and that there was a risk of
completely filling up the pressurizer vessel. These results invoked changes
in the pressurizer design, and the pressurizer volume is now increased from
the original 14.1 m3 to 23.0 m3.

For the current analyses a pressure control system has been added to the
ATHENA divertor model, which includes pressurizer heaters and a spray
system, all being controlled by a PID controller.

In the previous study of this transient the heat exchanger (HX) servo valve
was assumed disabled during the transient. This is changed in the present
work and the HX servo valve is active throughout the transient, which
resulted in a delay of plasma disruption. This is described in more detail in
chapter 3, which also includes a description of the transient, general
assumptions and initial conditions.

Chapter 2 deals with the ATHENA model. Results are found in chapter 4
and the conclusion in chapter 5.

c:\dokurnent\wur2001\es01-19.doc a
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2 ATHENA divertor model

An ATHENA calculation model of the ITER-FEAT divertor primary heat
transport system (PHTS) is intended to be used for thermal-hydraulic (T/H)
analyses of various types of incidents as specified in the AAS [1] of the
Generic Site Safety Report (GSSR). The specified incidents range from
transients with and without plasma shutdown through small break loss of
coolant accidents up to large breaks of the PHTS pipings. The main
objective of the T/H analyses is to determine the transient system response
margins to unwanted conditions like exaggerated structure temperatures
and extreme pressurizer levels.

The ITER-FEAT divertor PHTS loop layout and pipings are described in
ITER-FEAT Safety Analysis Data List 3 (SADL-3) [2]. Figure 1 presents a
simplified layout of the PHTS cooling loop. The divertor PHTS has the
main components located in the Tokamak Cooling Water System (TCWS)
vault. These components include HX, pressurizer, pumps, heaters, and
associated pipings. The external heat rejection system (HRS) connected to
the heat exchanger secondary side is not modelled as a separate system but
its influence on the divertor PHTS (heat exchanger primary side) is
invoked by providing adequate boundary conditions. In the lower part of
the ITER-FEAT vacuum vessel ( W ) the divertor components are located.
These components comprise 54 identical cassettes placed side by side
extending throughout the W lower end in a ring-shaped form. One single
coolant loop is used for all 54 divertor cassettes which are operated in
parallel from a cooling point of view. Also two port limiters are cooled by
this system.

The present ATHENA model of the divertor and port limiter cooling loop
comprises 661 volumes, 671 junctions and 674 heat structures including
totally 5486 mesh points. The total internal volume of this loop is about
182 m3 and the total initial mass inventory is 169244 kg which correspond
closely to the specifications in [2].

For a detailed description of the ATHENA DV model see [5].

c:\dokummlVinir2001\a01.19.doc e>
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3 Loss of divertor heat sink

3.1 Accident description

The event postulated is a pump trip in divertor (DV HRS) which leads to
flow reduction to 50 % nominal flow in the HRS during plasma burn. The
Fusion Power Shutdown System (FPSS) will be initiated from the DV high
outlet temperature trip limit set point (170 °C) to terminate plasma burn.
The FPSS will terminate the plasma burn in one second after a three
seconds activation time period (active plasma shutdown, [2, Sections 2.2
and 9]). The fusion power is assumed constant until plasma shutdown.

This event was selected as one of the incidents to envelop a number of
likely loss of heat sink events. The divertor system was chosen because the
large heat fluxes experienced by these components makes it the most
sensitive to loss or reduction of coolant flow events.

Some of the general assumptions of this accident analysis are as follows
[1]:

• as a baseline 500 MW plasma power shall be used as initial
condition

• a conservative degraded heat exchanger condition shall be
used (5 % tube plugging, tube inside fouling factor 0.00018
m2-K/W and tube outside fouling factor 0.00009 m2-K/W)

• beginning of lifetime (BOL) thicknesses of the divertor
protective armour materials are assumed which for the carbon
fibre composite (CFC) means 20 mm

• irradiated CFC properties are assumed

• as a baseline all non-affected cooling loops are assumed to be
functioning

As a result of having all non-affected cooling loops fully functioning the
cooling down of the in-vessel components can be assured.

Table 1 lists the most relevant assumptions used in the transient cal-
culation.

Two parameter studies were performed. One, where the accident is
analysed with the pressurizer spray and heaters removed from the model,
and a second where the CFC armour is modelled with end of lifetime
(EOL) thickness, which means a CFC thickness of 5 mm.

c:\dokumnu\Mur2001\ei01-l9.doc c
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During operation at 100 % fusion power (500 MW) with the PHTS in
steady-state condition, a pump trip of one of the two divertor HRS pumps
results in a coolant flow reduction from the nominal value to 60 % in 20 s
and to 50 % in 30 s. Because of the decreased HRS flow the capacity of the
HX will decrease and as a consequence the temperature level of the DV
primary heat transfer system (PHTS) gradually increases. The DV outlet
high temperature trip set point (170 °C) will eventually be reached thus
triggering the FPSS. The fast train of the FPSS will result in a plasma
disruption with a maximum energy of 20 MJ/m2 delivered to exposed high
heat flux parts of the DV. Once plasma burn stops, the latent and decay
heat of the divertor plate materials is considered as the only heat source for
the DV PHTS.

Table 1
Parameters and initial conditions used in transient calculations.

Parameter

Fusion power at initiation of transient

Surface DV heat load, volumetric heating,
decay heat

HRS pump coast down time

Set point for pressurizer safety valve (20 %
above nominal pressure)

Pressurizer low level where heaters are
switched off

HX tube plugging

HX tube inside fouling factor

HX tube outside fouling factor

Value

500 MW

see SADL, sections 2.4
and 5.1

30 s

5.16 MPa

40 %

5.0 %

0.00018 m2-K/W

0.00009 m2-K/W

3.2 Method of analysis

The ATHENA code [3 and 7] was used to model the DV primary cooling
loop [4 and 5] and to simulate the DV primary heat transport system
(PHTS) components steady-state condition during plasma burn at nominal
power of 500 MW. This was achieved by running the code for a simulation
time of about 3000 s with time invariant boundary conditions. During this
period, nominal operating conditions were attained. This long time was
required in order to obtain a stable solution.

c:\dokument\Kur2001\et01-19.doc e>
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In a second step of the steady-state solution, the pressurizer boundary
condition and level control were removed from the model and replaced
with pressurizer spray and heaters, which were controlled by a PID
controller. Another 3000 s of time invariant simulation were executed and
a stable operating condition was obtained before initiating the accident
transient analysis, i.e. the HRS pump trip.

The transient was simulated for about 3000 s. The temperature control by
HX servo valve was assumed enabled during the transient, implying that
the servo bypass flow valve and the servo valve for the direct flow through
the HX were trying to keep the temperature at the level specified for the
cold leg, which is 100 °C.

The trip of HRS pump was modelled by reducing the HX secondary side
mass flow rate from the nominal 1260 kg/s linearly to 60 % i.e. 756 kg/s in
20 s and thereafter to 50 % during another 10 s. This 50 % flow was
thereafter retained throughout the transient simulation.

The accident transient analysis was ended 3000 s after HRS pump trip.

c:\dokumml\nur2001\w01-19.doc «
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4 Results

4.1 Baseline case

The time sequence of events for the divertor loss of heat sink is found in
Table 2, and the following wave forms are shown in Figure 2 for 3000 s of
the accident:

PHTS hot leg temperature

Pressurizer level

Pressurizer pressure

Heat fluxes in the DV outboard vertical target high heat flux
zone

Maximum structure temperatures in the DV outboard vertical
target high heat flux zone

Starting with the HRS pump trip, the HX secondary side mass flow rate
was assumed to be reduced as outlined above during 30 s. Because of the
degraded capacity of the HX and continued plasma operation the PHTS
temperature increased, top diagram of Figure 2, and as a result the PHTS
liquid inventory expanded. This resulted in a pressurizer level increase,
which can be observed in the second diagram from top. In the top diagram
also the FPSS trip set point on high temperature is indicated (170 °C)
which was reached after about 1625 s from the HRS pump trip, top
diagram.

c:\dokumait\Bur2001\es01-19.doc a
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Table 2
Time sequence of events for divertor loss of heat sink.

Event Sequence

Total fusion power 500 MW (nominal value)

A pump trip in divertor Heat Rejection System

HX secondary side mass flow drops to 60 % of
the nominal value

HX secondary side mass flow drops to 50 % of
the nominal value

D V outlet high temperature trip set point is
reached (170 °C)

FPSS activation with associated plasma disruption
and initiation of decay nuclear heating

Plasma disruption, nuclear heating drops to decay
level

End of plasma energy quench. Plasma heat flux
vanishes, only decay heat remains

Pressurizer low level reached, pressurizer heaters
switched off

End of calculation

Time

<0

0 seconds

20 seconds

30 seconds

1625 seconds

1628 seconds

1628-1629 seconds

1629 seconds

1880 seconds

-3000 seconds

Because of the pressurizer spray and heaters the system pressure remained
at 4.3 MPa until at about 1629 s after the trip, where it started to quickly
decrease due to termination of plasma burn, see Figure 2 third diagram
from top and more clearly observed in bottom diagram of Figure 3. The
power to the pressurizer heaters is modelled to be switched off when the
level in the pressurizer drops below 40 % in order to protect the heaters.
The low-level set point was reached at about 1880 s.

No voiding occurred in any part of the DV, nor in the port limiter. This
was a result from retaining the PHTS flow rate at its nominal value. The
heat structure maximum temperature was found on the CFC plasma facing
surface in the high heat flux regions of the DV outer vertical target. This
temperature was about 2234 °C, lowest diagram of Figure 2. Highest
temperature at the interface between CFC and Cu was found in the swirl
pipe section of the lower parts of the outboard vertical target, about
230 °C, which was only about 30 °C above the corresponding steady-state
temperature.

c:\dokument\stur2001\o01-l9.doc a
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No structural damage was expected and no loss of coolant would result as
a consequence. Heat removal was achieved by the remaining pump in the
secondary side of the divertor cooling loop, which provided 50 % of the
nominal mass flow, i.e. 630 kg/s.

An active HX servo valve throughout the transient resulted in a delay of
plasma disruption, compared to earlier calculations where the servo valve
was disabled during the transient. The delay was more than 800 s.

4.2 Case with no pressurizer heaters and spray

Figure 3 top diagram shows the pressurizer pressure in the case where the
pressurizer spray and heaters are removed. The dashed line at 5.16 MPa
represents the set point for the pressurizer safety valve. The pressure
reached a maximum of 4.96 MPa at about 1210s after the trip. Thereafter
it remained fairly constant until at about 1617s after the trip, where it
started to decrease due to plasma termination, which occurred only 12 s
earlier than in the case where the pressurizer spray and heaters were
activated in the model, see bottom diagram. The safety valve was not
opened in either of the two transients.

4.3 Case with end of lifetime CFC thickness

Figure 4 shows the CFC temperature for the high heat flux regions of the
DV outer vertical target from a sensitivity analysis. The sensitivity analysis
included in addition to the basecase with 20 mm CFC thickness also a case
with 5 mm CFC thickness. The solid and dashed lines represent the
temperatures on the plasma facing surface and at the CFC - Cu interface
respectively. The bottom diagram of Figure 4 reveals the temperatures for
20 mm CFC thickness while the top diagram shows the results for 5 mm
thickness, hi the case of a thinner protective CFC layer the temperature of
the plasma facing surface was decreased while the temperature at the
CFC - Cu interface was somewhat increased, also the plasma disruption
occurred earlier, top diagram of Figure 4. The temperature levels are low
enough not to jeopardize the structural integrity of the Cu coolant
channels.

C:\dokumrnt\jtur2001\ei01-19.doc a
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4.4 Uncertainties in the results

One source of uncertainty may be the HRS pump coast down time. In the
present analysis, it has been assumed that the velocity of the pump drops in
20 s to 60 % of the nominal value during an additional 10 s to 50 %. This
may change when a more detailed pump model is used. Also the details of
the FPSS trip set points could be necessary to review.

c:\dolcunwit\Kur2001\M0l-l9.doc ea
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5 Conclusion

Consequences of a pump trip in a divertor secondary cooling loop,
resulting in a partial loss of heat sink, have been investigated. The pump
trip was assumed during plant steady-state operation at 100 % of nominal
fusion power (i.e. 500 MW) with a coasting down during 30 s. The coolant
flow reduction in the divertor secondary cooling loop caused the FPSS to
be activated due to high temperature levels in the PHTS loop. It was found
that pressurizer pressure remained at 4.3 MPa, due to the pressurizer spray
and heaters, until the plasma disruption, that the pressurizer safety valve
did not open, and that the pressurizer level increase was moderate. All the
non-affected cooling loops were assumed to be functioning.

Highest heat structure copper temperature was found in the swirl pipe
section of the lower high heat flux parts of the outboard vertical target,
about 230 °C. For the case of end of lifetime CFC thickness this
temperature reached only somewhat higher levels. Thus the loss of heat
sink does not pose any substantial risk for the PHTS coolability.

Also no thermal crisis (critical heat flux condition) was obtained. No
coolant leak resulted from the accident and no radiological release was
expected.

c:\dolcument\stur2001\a01-19.doc i
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Figure 1
The divertor PHTS loop layout.
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Figure 2
Loss of Heat Sink (Pump Trip on Secondary Side): Primary Coolant Hot
Leg Temperature, Pressurizer Level and Pressure, Structure Heat Fluxes,
and Structure Temperatures.

c:\dokunKnt\Kur2001Ves01-19.doc ea



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-01/19 14

2001-05-22

5.5

5

'4.5

3.5

3

5.5

No pressurizer spray and heaters

3.5

pressunzer
safety valve set point

Pressunzer spray and heaters

pressunzer
safety valve set point

0 500 1000 2000 25001500
Time (s)

Figure 3
Loss of Heat Sink (pump trip on secondary side): pressurizer pressure.
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