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Abstract

The present report is a summary report including thermal-hydraulic analyses
made at Studsvik Eco & Safety AB for the ITER NSSR-2 safety
documentation.

The objective of the analyses was to reveal the safety characteristics of
various heat transfer systems at specified operating conditions and to indicate
the conditions for which there were obvious risks of jeopardising the
structural integrity of the coolant systems. In the latter case also some
analyses were made to indicate conceivable mitigating measures for
maintaining the integrity.

The analyses were primarily concerned with the First Wall and Divertor
heat transfer systems. Several enveloping transients were analysed with
associated specific flow and heat load boundary conditions. The analyses
were performed with the ATHENA and INTRA codes.
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1 Introduction

The present report is a summary report including thermal-hydraulic analyses
made at Studsvik Eco & Safety AB for the ITER NSSR-2 safety
documentation.

The objective of the analyses was to reveal the safety characteristics of various
heat transfer systems at specified operating conditions and to indicate the
conditions for which there were obvious risks of jeopardising the structural
integrity of the coolant systems. In the latter case also some analyses were made
to indicate conceivable mitigating measures for maintaining the integrity.

The analyses were primarily concerned with the First Wall and Divertor heat
transfer systems. Several enveloping transients were analysed with associated
specific flow and heat load boundary conditions.

The analyses were performed with the ATHENA and INTRA codes. They are
briefly described in chapter 2.

One of the reports included here has previously been issued as a Studsvik
Technical Note and is therefore only summarised here, see chapter 3.11. The
other reports, chapters 3.1 - 3.10, are presented in unabbreviated form.
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2 The ATHENA and INTRA Codes

For the works presented in this report two different codes have been used: the
ATHENA and the INTRA codes.

2.1 The ATHENA code

The ATHENA code [2.1] is basically equivalent to the RELAP5/MOD3 which
is an advanced code for best estimate thermal-hydraulic simulation of scenarios
caused by accidents and transients occurring in cooling systems of reactors. By
extensive amount of analyses, particular within international co-operative
projects, ATHENA has been thoroughly assessed and is now a well qualified
thermal-hydraulic code.

The code models by a 1-D representation the multi-phase fluid flow in global
cooling systems, the transfer of heat between coolant and material structures
and the transport of heat within these. A number of different hydraulic
components are available such as pump, turbine and valves which facilitate the
complete configuration of a cooling system where fluid basically is routed
through tubes, tees and different types of junctions.

ATHENA has a flow regime mapping encompassing correlations for mass,
energy and momentum transfer between the phases of the fluid as well as energy
exchange between fluid and structure. The code also executes the calculation
for sucooled, transition and film boiling as well as critical heat flow and steam
condensation using a full-range convective heat transfer package. Additional
processes as horizontal stratification, critical heat flow and counter-currant flow
limitation are calculated if required.

2.2 The INTRA code

INTRA (In-Vessel Transient Analysis Code) was developed by GRS
(Gesellschaft fur ReaktorSicherheit), Germany. The code is based on the
German codes CRDLOC and RALOC. INTRA is developed for use mainly in
accident analysis of Tokamak type fusion reactors.

The INTRA code is specified as a reference code for ITER. The code performs
thermal-hydraulic calculations in order to predict pressures, temperatures and
flows in a fusion reactor vessel and its surrounding compartments resulting from
system failure due to various equipment malfunctions. It also addresses
chemical reactions between air or steam/water and hot surfaces.
The INTRA code and its capabilities are described in detail in [2.2, 2.3]
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3 ITER NSSR-2 Analyses

3.1 Divertor Pump Trip, BOL CFC Thickness

3.1.1 Identification of causes and accident description

The accident postulated is a pump trip in a cooling loop of the Divertor Primary
Heat Transfer System during plasma bum. This event leads to a loss of flow in
the related primary cooling loop. Once the coolant flow in the failed loop drops
to 80% of its nominal value (pump coast down 32 s, [3.1], Section 3), the
Fusion Power Shutdown System (FPSS) will stop plasma burn in three seconds
(active fast plasma shutdown, [3.1], Section 9). The fusion power is assumed
constant until plasma shutdown.

This event was selected as one of the Category II reference accidents since it
envelopes all sorts of Category IIPHTS loss of flow events. The divertor
system was chosen because the large heat fluxes experienced by this component
makes it the most sensitive to loss of coolant flow events.

Listed below are all the safety relevant systems for this accident:

- FPSS fast train (three seconds);

- All non-affected cooling loops are assumed to be functioning.
They will cool down the in-vessel components.

Table 3.1.1 lists the time sequence of events.

During reactor operation at 110% fusion power (1.65 GW) with the PHTS in
steady state condition, a pump trip in one of the four divertor primary cooling
loops results in a coolant flow reduction. A low flow signal (set point 80% of
nominal value) triggers the FPSS after about 3 seconds. The fast train of the
FPSS will result in a plasma disruption with 1.86 GJ of energy delivered to the
DV. Once plasma burn stops, the decay heat of the divertor plate materials is
considered as the only heat source for the DV PHTS. The FPSS causes a
plasma disruption.

The temperature/pressure conditions on the secondary side of the failed DV
PHTS have been assumed as constant.
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Table 3.1.1
Time Sequence of Events for Pump Trip Divertor

Event Sequence
Total fusion power 1.65 GW (nominal value + 10% measuring/normal
control band)
Pump trip in a divertor primary heat transfer loop
Primary coolant flow in failed loop at 80% of nominal value
Fusion Power Shutdown System (fast train) intervention (with
associated plasma disruption), nuclear heating ramps down
Plasma disruption, nuclear heating drops to decay heat
End of plasma energy quench.
Plasma heat flux vanishes, only decay heat remains
Voiding occurs in outboard and inboard vertical targets
Voiding in inboard outboard vertical target vanishes
Safety valve opens
Pressurizer level reaches maximum of 63%
Safety valve closes
Primary pump velocity drops to 11% of the nominal value
Outlet divertor collector temperature rises to 167.2 °C (maximum)
End of calculation

Time
<0

0 seconds
1 seconds
4 seconds

4 ~ 5 second
5 seconds

5.3 seconds
8.8 seconds

21.2 seconds
22.3 seconds
22.4 seconds
22.4 seconds
60 seconds
60 seconds

3.1.2 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The transient has been simulated for 60 seconds, a time which is
necessary and long enough to reach stable conditions in the system. The
temperature control by HX servo valve has been assumed disabled during the
transient, implying that the servo bypass mass flow and flow through HX were
made constant. These flows were kept at exactly the same levels, throughout
the entire transient, as before the start of the transient.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/ra2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
On the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety
factor of 1.3 has been considered on the decay heat values to account for
uncertainties in the activation calculations and nuclear data.

Table 3.1.2 lists the most relevant assumptions used in the transient calculation.
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Table 3.1.2
Parameters and Initial Conditions Used in Transient Calculations

Parameter
Fusion nominal power
Fusion power at accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressure relief valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW

1.65 GW
see SADL, section 2.4

5.0 MPa
3s

1.86 GJ
0.52 MW/mj

3.1.3 Transient analysis results

The following wave forms are shown in Figures 3.1.1 for the first 60 seconds of
the accident:

- DV pump mass flow rate;

- Heat flux, critical heat flux and heat transfer coefficient in the
lower outboard vertical target;

Pressurizer pressure;

- DV copper temperatures in the lower outboard vertical target
structures;

For this case, the highest DV copper temperature is reached on the lower
outboard vertical target after 6.5 seconds from the accident start. The maximum
temperature value is 308°C on the first Cu layer (plasma side) and 282°C on the
last layer (coolant side). The highest heat structure temperature is reached on
the outboard vertical target after 4.2 seconds from the accident start. The
maximum temperature value is 1317°C on the first CFC layer (plasma side).
Note that the Outlet divertor collector temperature is still slowly increasing at the
end of calculation, i. e, at t=60 sec.

Figure 3.1.1 also shows the pressurizer pressure and the outlet coolant
temperature. The later is used to trigger the FPSS. Because the pressure in the
pressurizer exceeds slightly the set point value, about 0.5 kg of vapor are
released from the pressure relief valve and discharged into a dedicated dump
tank inside the lower vault, about 22.4 seconds after the accident start. The
maximum vertical target temperatures are mainly driven by the disruption
energy deposition.
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No structural damage is expected and no loss of coolant will result as a
consequence. Long term decay heat removal will be achieved by the small
pumps.

3.1.4 Evaluation of radiological release

Due to the DV PHTS integrity, no radiological release is expected from this
accident. No environmental radiological release is expected.

3.1.5 Uncertainties in the results

The assumptions considered for the effects of the plasma disruption are
conservative due to the hypothesis of the heat deposition of 18.6 MW/m2 on the
whole divertor surface. More detailed modelling may be needed to ensure
structural integrity.

The decay heat values applied in the analysis are referenced to the tungsten
activation, and the uncertainties in activation calculation and nuclear data are
taken into account by using a safety factor 1.3.

In the present analysis, using the design pump coast down curve leads to that
the pump's velocity decreases to the value that will give 10% of the nominal
pump mass flow in 22.4 seconds. In the ATHENA input deck, we try to respect
the total coast down time of the pump, which is approx. 30 sec. Increasing the
pump inertia gives a better simulation of the pump coast down in the time
period of t=5-10 sec, but at the expense of a longer coast down time.

3.1.6 Summary

Consequences of a pump trip in a divertor primary cooling loop have been
investigated. The pump trip was assumed during plant steady state operation at
110% of nominal fusion power (i.e., 1.65 GW). The DV pump coast down from
full speed to 11% is assumed of 22.4 seconds. The coolant flow reduction in the
failed cooling loop will trigger (at 80% of the nominal flow value) the FPSS, 1
second after pump trip. The fast train is assumed to terminate plasma burn in the
following three seconds, resulting in a plasma disruption. The plasma energy
delivered to the DV is of 1.86 GJ including a peaking factor of three. Active
cooling is realised through the 10% flow pump after the pump trip.

For this case, the highest DV copper temperature is reached on the lower
outboard vertical target after 6.5 seconds from the accident start. The maximum
temperature value is 308°C on the first Cu layer (plasma side) and 282°C on the
last layer (coolant side). The major source of energy is coming from the plasma
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disruption load. No coolant leak results from the accident and no radiological
release is expected.
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3.2 Divertor Pump Trip, EOL CFC Thickness

3.2.1 Identification of causes and accident description

The accident postulated is a pump trip in a cooling loop of the Divertor Primary
Heat Transfer System (DV PHTS) during nominal fusion plasma power. This
event leads to the coasting down of the primary pump and associated loss of
flow in the related cooling loop. Once the coolant flow in the faulty loop drops
to 80% of its nominal value (pump coast down 32 s, [3.1], Section 3), the
Fusion Power Shutdown System (FPSS) will initiate the termination of the
plasma burn after three seconds (active fast plasma shutdown, [3.1], Section
10). The fusion power is assumed constant until plasma shutdown begins. An
independent emergency pump is assumed to maintain a minimum loop flow rate
of about 10% of nominal flow at the cessation of DV pump capacity.

It is assumed that the event will occur at an end of lifetime condition concerning
the CFC armor in the lower parts of the inboard and outboard vertical targets.
This implies that the thickness of the CFC armor facing the plasma has
decreased from about 20 mm at beginning of lifetime to about 2 mm ([3.1],
Section 2.4, June 30, 1997).

This event was selected as one of the Category II reference accidents since it
envelopes all sorts of Category II PHTS loss of flow events. The divertor
system was chosen because the large heat fluxes experienced by this component
makes it the most sensitive to loss of coolant flow events.

Listed below are all the safety relevant systems for this accident:

FPSS fast train (three seconds);

The DV PHTS secondary side is assumed to retain full capacity
throughout the transient;

All non-affected cooling loops are assumed to be functioning.
They will cool down the in-vessel components.

Table 3.2.1 lists the time sequence of events.

During reactor operation at 110% fusion power (1.65 GW) with the PHTS in
steady state condition, the pump trip in one of the four divertor primary cooling
loops results in a coolant flow reduction. The low flow signal triggers the FPSS
after 0.8 seconds. Following the initiation of the FPSS, the fast train of the
FPSS will shutdown the plasma after three seconds. The associated disruption
will result in an energy pulse of 1.86 GJ to be delivered to the DV (disruption
heat load). Once the plasma fusion power generation has been terminated, the
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decay heat of the divertor plate materials is considered as the only heat source
for the DV PHTS.

The inlet temperature and outlet pressure as well as the mass flow rate on the
secondary side of the faulty DV PHTS have been assumed as constant
throughout the event.

Table 3.2.1
Time Sequence of Events for Divertor Pump Trip

Event Sequence
Total fusion power 1.65 GW (nominal value + 10% measuring/normal
control band)
Pump trip in a divertor primary heat transfer loop
Coolant flow in faulted loop reaches 80% of nominal value
Fusion Power Shutdown System (fast train) intervention (with
associated plasma disruption), nuclear heating ramps down
Plasma disruption, nuclear heating drops to decay heat
Voiding occurs in outboard and inboard vertical targets
End of plasma energy quench.
Plasma disruption heat flux vanishes, only decay heat remains
Voiding in inboard and outboard vertical target vanishes
Pressurizer safety valve opens
Pressurizer level reaches maximum of 64.5%
Pressurizer safety valve closes
Outlet divertor collector temperature rises to 167.3 °C
End of calculation

Time
<0

0 seconds
0.8 seconds
3.8 seconds

3.8-4.8 seconds
3.9 seconds
4.8 seconds

8.8 seconds
19.0 seconds
21.3 seconds
21.4 seconds
60 seconds
60 seconds

3.2.2 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The transient has been simulated for 60 seconds, a time which is
necessary and long enough to reveal critical parameter values. Some analyses
have also been made for 2000 seconds transient time in order to find specific
values. The temperature control by HX servo valve has been assumed disabled
during the transient, implying that the servo bypass valve area and the valve area
for primary flow through the HX were retained at the steady state values
throughout the transient analysis. Also the pressurizer pressure and level
controls were disabled for the transient analysis.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
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to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
The heat loads on the lower part of the inboard and outboard vertical targets
have thus retained the values corresponding to beginning of lifetime conditions
for the CIC armor and Cu section of the related heat transfer structures. On the
port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety factor of 1.3
has been considered on the decay heat values to account for uncertainties in the
activation calculations and nuclear data.

Table 3.2.2 lists the most relevant assumptions used in the transient calculation.

Table 3.2.2

Parameters and Initial Conditions Used in Transient Calculations

Parameter
Fusion nominal power
Fusion power at accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressurizer safety valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW
1.65 GW

see SADL. section 2.4
5.0 MPa

3s
1.86 GJ

0.52 MW/m3

3.2.3 Transient analysis results

The following parameters are shown in Figures 3.2.1 for the first 60 seconds of
the transient:

- DV pump mass flow rate;

- Heat flux and critical heat flux in the lower outboard vertical
target;

Void fractions in the outlet section (lowest part) of the outboard
vertical target and in the outlet of the top section of the
hypervapotron

- Pressurizer pressure;

Pressurizer level;

Mass flow rate through the pressurizer safety valve;
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- Highest DV copper temperatures and CFC armor temperature on
the plasma facing side in the lower outboard vertical target
structure;

For this case, the highest DV copper temperature is reached on the lower
outboard vertical target after 4.7 seconds from the accident start. The maximum
temperature value is 1261 °C at the CFC - Cu interface and 1233 °C on the heat
transfer surface facing the coolant. Similar results are also found for the lower
part of the inboard vertical target. These temperature levels are far above the
melting point of Cu (about 1080 °C), and thus a rupture of these structures
would occur for the applied conditions. However, no such behavior is modelled
in the current analysis and consequently the results of the analysis after the time
point for the Cu melting and rupture is somewhat hypothetical.

It is obvious from the obtained results that for the applied presumptions an end
of lifetime thickness of 2 mm for the CFC armor is far to small. However, in
order to evaluate the level of accuracy and help clarify the flow and heat
transfer situation and applied conservatisms, a thorough examination of the
conditions in the lower parts of the inboard and outboard vertical targets could
be beneficial. Some sensitivity analyses could be done concerning for instance
the applied disruption heat load (the CFC heat transfer area facing the plasma is
maybe somewhat altered when the CFC thickness decreases from about 20 mm
to 2 mm), ATHENA models for transition to film boiling regime at low void
fraction, replacement of the Cu with more temperature resistant material, and
the effect from inclusion of heat transfer promotors in the lower part of the
vertical targets.

Apart from the problem with the Cu temperatures, the following (hypothetical)
results from the analysis can be mentioned:

The highest heat structure temperature is reached on the outboard vertical
target after 4.7 seconds from the accident start. The maximum temperature
value is 1334 °C on the CFC surface facing the plasma. Substantial voiding in
the hypervapotron is found around 15 to 23 seconds into the transient, and the
voiding causes the pressurizer pressure and level to increase. The pressurizer
safety valve set point is reached and some discharge through the valve is
obtained for a few seconds.

Not shown in the figure is the DV collector temperature, which during the 60
seconds of the transient is increased to 167.3 °C and is still increasing at the end
of this calculation. Some additional analyses revealed that the maximum
temperature is about 177 °C obtained at 230 seconds, after which time point the
temperature decreases.
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With the used presumptions for the analysis some structural damage is expected
to occur in the lower parts of the inboard and outboard vertical targets, and a
loss of coolant will result as a consequence.

3.2.4 Evaluation of radiological release

Due to the failure of the DV PHTS integrity, radiological releases from the
PHTS are expected from this accident.

3.2.5 Uncertainties in the results

The assumptions considered for the effects of the plasma disruption are
conservative due to the hypothesis of the heat deposition of 18.6 MW/m2 on the
whole divertor surface. More detailed modelling may be needed to find out
whether the failure of the structural integrity is a result of modelling strategy
and set up.

The decay heat values applied in the analysis are referenced to the tungsten
activation, and the uncertainties in activation calculation and nuclear data are
taken into account by using a safety factor 1.3.

In the current analysis, using the design pump coast down curve, resulted in a
pump velocity decrease such that the value corresponding to 10% of the
nominal pump mass flow rate was obtained after 22.7 seconds. In the ATHENA
input deck, it was tried to maintain the specified coasting down time of the
pump for single phase conditions, which is 32 seconds. Increasing the pump
inertia would provide a better simulation of the pump coasting down especially
during the time period where voiding in the PHTS occurred.

3.2.6 Summary

Consequences of a pump trip in a divertor primary cooling loop have been
investigated. The pump trip was assumed during plant steady state operation at
110% of nominal fusion power (i.e., 1.65 GW). The DV pump coasting down
from full speed to 10% is assumed during 22.7 seconds. The coolant flow
reduction in the faulted cooling loop will trigger (at 80% of the nominal flow
value) the FPSS, about 0.8 seconds after pump trip. The fast train is assumed to
terminate plasma burn within the following three seconds, resulting in a plasma
disruption. The associated plasma energy delivered to the DV is 1.86 GJ
including a peaking factor of three. Active cooling is realised through a 10%
flow pump after the pump trip.
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For this case, the highest DV copper temperature is reached on the lower
outboard vertical target after 4.7 seconds from the accident start. The maximum
temperature value is 1261 °C at the Cu - CFC interface and 1233 °C on the Cu
surface facing the coolant, thus far above the melting point of Cu. It seems not
possible to allow an end of lifetime thickness of 2 mm for the related CFC
armor. The major source of energy is coming from the plasma disruption load.
Due to the failure of some of the Cu structures leakage will result from the
PHTS and some radiological release from the PHTS is expected.
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3.3 Divertor Pump Trip, Sensitivity Analysis

3.3.1 Identification of causes and accident description

The accident postulated is a pump trip in a cooling loop of the Divertor Primary
Heat Transfer System (DV PHTS) during nominal fusion plasma power. This
event leads to the coasting down of the primary pump and associated loss of
flow in the related cooling loop. Once the coolant flow in the faulty loop drops
to 80% of its nominal value (pump coast down, [3.1], Section 3), the Fusion
Power Shutdown System (FPSS) will initiate the termination of the plasma burn
after three seconds (active fast plasma shutdown, [3.1], Section 10). The fusion
power is assumed constant until plasma shutdown begins. An independent
emergency pump is assumed to maintain a minimum loop flow rate of about
10% of nominal flow at the cessation of DV pump capacity.

This event was selected as one of the Category II reference accidents since it
envelopes all sorts of Category II PHTS loss of flow events. The divertor
system was chosen because the large heat fluxes experienced by this component
makes it the most sensitive to loss of coolant flow events.

Listed below are the safety relevant systems for this accident:

FPSS fast train (three seconds);

- The DV PHTS secondary side is assumed to retain full capacity
throughout the transient;

All non-affected cooling loops are assumed to be functioning.
They will cool down the in-vessel components.

During reactor operation at 110% fusion power (1.65 GW) with the PHTS in
steady state condition, the pump trip in one of the four divertor primary cooling
loops results in a coolant flow reduction. The low flow signal triggers the FPSS
and after its initiation the fast train of the FPSS will shutdown the plasma after
three seconds. The associated disruption will result in an energy pulse of 1.86
GJ to be delivered to the DV (disruption heat load). Once the plasma fusion
power generation has been terminated, the decay heat of the divertor plate
materials is considered as the only heat source for the DV PHTS.

The inlet temperature and outlet pressure as well as the mass flow rate on the
secondary side of the faulty DV PHTS have been assumed as constant
throughout the event.
The DV pump trip event can occur at any time point between beginning and end
of lifetime condition when concerning the CFC armor layer in the lower parts of
the inboard and outboard vertical targets. This implies that the thickness of the
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CFC armor facing the plasma can vary from about 20 mm at beginning of
lifetime to about 2 mm at the end of lifetime ([3.1], Section 2.4, June 30, 1997).
However, it is of crucial importance that the CFC armor thickness is large
enough, also at the end of lifetime conditions, to properly protect the underlying
copper cooling pipings from excessive temperature levels at various postulated
transient situations. Thus, for the case of a DV pump trip, a sensitivity analysis
has been made regarding the CFC armor thickness of the lower parts of the
inboard and outboard vertical targets. The result of this analysis will indicate the
dependency of the copper temperature with the respect to the CFC thickness,
and will contribute to information necessary to specify the minimum beginning
of lifetime CFC thickness.

3.3.2 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The sensitivity analysis included the following 7 CFC thicknesses,
each of which has separately been analyzed: 2, 3, 4, 5, 7, 10, and 12 mm. Each
of these transients has also been analyzed with two different pump coasting
down curves, one faster coasting down curve called the baseline coast down
and a prolonged curve called the long coast down. The baseline curve implied a
coasting down time of 32 s, while the long curve had a coasting down time of
147 s ([3.1], Section 3). The transients have been simulated for time periods
long enough to reveal critical copper temperature values.

The temperature control by HX servo valve has been assumed disabled during
the transients, implying that the servo bypass valve area and the valve area for
primary flow through the HX were retained at the steady state values
throughout the transient analyses. Also the pressurizer pressure and level
controls were disabled for the transient analyses.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
The heat loads on the lower part of the inboard and outboard vertical targets
thus have retained the values corresponding to beginning of lifetime conditions
for the CFC armor and copper section of the related heat transfer structures. On
the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety factor of
1.3 has been considered on the decay heat values to account for uncertainties in
the activation calculations and nuclear data.

Table 3.3.1 lists the most relevant assumptions used in the transient
calculations.
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Table 3.3.1
Parameters and Initial Conditions Used in Transient Calculations

Parameter
Fusion nominal power
Fusion power at accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressurizer safety valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW

1.65 GW
see SADL, section 2.4

5.0 MPa
3s

1.86 GJ
0.52 MW/mJ

3.3.3 Sensitivity analysis results

The following parameters are shown in Figures 3.3.1 and 3.3.2:

Highest DV copper temperatures on the plasma facing side in the
lower outboard vertical target structure;

- Pressurizer pressure;

- Pressurizer level;

For each case included in the sensitivity analysis, the highest DV copper
temperature is reached on the lower outboard vertical target at the CFC -
copper interface. The maximum temperature value is 1261 °C obtained for a
CFC thickness of 2 mm and with a baseline pump coasting down curve, Figure
3.3.1. This temperature level is far above the melting point of copper (about
1080 °C), and thus a rupture of the associated structures would occur for the
applied conditions. However, no such behavior is modelled in the current
analysis and consequently the results of the analysis after the time point for the
copper melting and rupture is somewhat hypothetical.

It is also revealed from Figure 3.3.1 that the long coasting down curve generally
will provide somewhat lower copper temperatures than the baseline pump curve
at otherwise similar conditions. Despite the applied pump curve it is indicated
that from about 3 mm thickness the temperature will be about or below the
copper melting point. However, due to the uncertainty in the modelling and
presumptions and due to the limited structural strength of copper (if not
alloyed) when at higher temperature levels, it can be envisioned that the
temperature limit for not jeopardizing the cooling piping integrity when in a
pressurized system is far below the melting point, maybe as low as about
600 °C. In such a case the minimum CFC thickness should not be less than
about 10 mm if the baseline pump curve is used. If the long coasting down
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curve is applied the corresponding minimum thickness is about 7 mm. Similar
results are also found for the lower part of the inboard vertical target, although
the temperatures are for this component on a somewhat lower level.

In Figure 3.3.2 the pressurizer response is provided for the cases with 2 and
12 mm CFC thicknesses which envelope all the cases included in the sensitivity
analysis. As can be seen from the figure the baseline coasting down case with 12
mm CFC thickness was not simulated for more than about 23 s. Despite this
rather short time period it is felt that all critical responses have been
encountered and thus no impairment of the results is imposed. It is revealed
from the figure that if the long coasting down curve is applied no pressurizer
safety valve opening will occur, despite the used CFC thickness. On the
contrary when applying the baseline pump characteristics there will be an
opening in both the cases, although a very short opening period for the 2 mm
CFC thickness. It is also realized that at the time periods when the highest
copper temperatures were encountered the system pressure was above 4.2 MPa
for all the analyzed cases. Thus the retainment of the copper piping's structural
strength and integrity is of utmost importance.

In the sensitivity analysis only the CFC thickness and the pump characteristics
have been varied. Extended sensitivity analyses could be done concerning for
instance the applied disruption heat load (the CFC heat transfer area facing the
plasma is probably somewhat altered when the CFC thickness decreases from
about 20 mm to 2 mm), ATHENA models for transition to film boiling regime
at low void fraction, replacement of the copper with a more temperature
resistive material, and the effect of heat transfer promoters in the lower part of
the vertical targets.

3.3.4 Evaluation of radiological release

If the minimum CFC armor thickness is above about 7-10 mm dependent on
the pump coasting down characteristics no failure of the DV PHTS integrity is
envisioned, and consequently no radiological releases from the PHTS would be
expected from this type of accident. If a prolonged pump coasting down curve
is used also no pressurizer safety valve opening is expected.

3.3.5 Uncertainties in the results

The assumptions considered for the effects of the plasma disruption are
conservative due to the hypothesis of the heat deposition of 18.6 MW/m2 on the
whole divertor surface. More detailed modelling may be needed to find out
whether the failure of the structural integrity is a result of modelling strategy
and set up.
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The decay heat values applied in the analysis are referenced to the tungsten
activation, and the uncertainties in activation calculation and nuclear data are
taken into account by using a safety factor 1.3.

3.3.6 Summary

A sensitivity analysis concerning a pump trip in a DV primary cooling loop has
been performed. The pump trip was assumed during plant steady state operation
at 110% of nominal fusion power (i.e., 1.65 GW). The DV pump coasting
down from full speed was specified according to given data in [3.1], Section 3.
The coolant flow reduction in the faulted cooling loop will trigger (at 80% of
the nominal flow value) the FPSS within a short time period after pump trip.
The fast train is assumed to terminate plasma burn within the following three
seconds, resulting in a plasma disruption. The associated plasma energy
delivered to the DV is 1.86 GJ including a peaking factor of three.

The sensitivity analysis concentrated on the maximum copper temperature
response of the cooling pipings in the lower outboard vertical target when
varying the associated CFC armor thickness and the coasting down
characteristics of the coolant pump. It was found that the prolonged coasting
down curve generally would provide somewhat lower copper temperatures than
for the baseline pump curve at otherwise similar conditions. Despite the applied
pump curve it was revealed that from about 3 mm CFC thickness the maximum
copper temperature will be about or below the associated melting point.
However, it was envisioned that the temperature limit for not jeopardizing the
cooling piping integrity when in a pressurized system is far below the melting
point, maybe as low as about 600 °C. In such a case the minimum CFC
thickness should not be less than about 10 mm if the baseline pump curve is
used. If the long coasting down curve is applied the corresponding minimum
thickness would be about 7 mm.

When concerning the pressurizer response it was revealed that if the prolonged
coasting down curve was applied no pressurizer safety valve opening would
occur, despite the used CFC thickness. On the contrary when applying the
baseline pump characteristics there would always be a valve opening, although a
very short opening period in the case of 2 mm CFC thickness.
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3.4 Divertor Pump Trip, FPSS Delay Sensitivity Analysis

3.4.1 Identification of causes and accident description

The accident postulated is a pump trip in a cooling loop of the Divertor Primary
Heat Transfer System (DV PHTS) during nominal fusion plasma power. This
event leads to the coasting down of the primary pump and associated loss of
flow in the related cooling loop. Once the coolant flow in the faulty loop drops
to 80% of its nominal value (pump coast down, [3.1], Section 3), the Fusion
Power Shutdown System (FPSS) will initiate the termination of the plasma burn
after three seconds (active fast plasma shutdown, [3.1], Section 10). The fusion
power is assumed constant until plasma shutdown begins. An independent
emergency pump is assumed to maintain a minimum loop flow rate of about
10% of nominal flow at the cessation of DV pump capacity.

This event was selected as one of the Category II reference accidents since it
envelopes all sorts of Category II PHTS loss of flow events. The divertor
system was chosen because the large heat fluxes experienced by this component
makes it the most sensitive to loss of coolant flow events.

Listed below are the safety relevant systems for this accident:

FPSS fast train (3 seconds);

The DV PHTS secondary side is assumed to retain full capacity
throughout the transient;

All non-affected cooling loops are assumed to be functioning.
They will cool down the in-vessel components.

During reactor operation at 110% fusion power (1.65 GW) with the PHTS in
steady state condition, the pump trip in one of the four divertor primary cooling
loops results in a coolant flow reduction. The low flow signal triggers the FPSS
and after its initiation the fast train of the FPSS will shutdown the plasma after
three seconds. The associated disruption will result in an energy pulse of 1.86
GJ to be delivered to the DV (disruption heat load). Once the plasma fusion
power generation has been terminated, the decay heat of the divertor plate
materials is considered as the only heat source for the DV PHTS.

The inlet temperature and outlet pressure as well as the mass flow rate on the
secondary side of the faulty DV PHTS have been assumed as constant
throughout the event.
The DV pump trip event can occur at any time point between beginning and end
of lifetime condition when concerning the CFC armor layer in the lower parts of
the inboard and outboard vertical targets. This implies that the thickness of the
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CFC armor facing the plasma can vary from about 20 mm at beginning of
lifetime to about 2 mm at the end of lifetime ([3.1], Section 2.4, June 30, 1997).
However, it is of crucial importance that the CFC armor thickness is large
enough, also at the end of lifetime conditions, to properly protect the underlying
copper cooling pipings from excessive temperature levels at various postulated
transient situations. Thus, for the case of a DV pump trip, a sensitivity analysis
was made and reported (E-mail from A. Sjoberg to H-W. Bartels, March 24th
1998) regarding the influence of the CFC armor thickness on the copper
temperature.

As an additional analysis it has been suggested that the influence of the time
delay between the initiation of the FPSS and the actual plasma shutdown on the
copper temperature should be addressed (E-mail from H-W. Bartels to A:
Sjoberg, April 7th, 1998). Thus a separate analysis has been made regarding the
influence of this parameter on the copper cooling piping temperature in the
lower parts of the inboard and outboard vertical targets, which is discussed
below.

3.4.2 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The current sensitivity analysis included 1 second time delay
between the initiation of the FPSS and the actual plasma shutdown compared to
the baseline 3 seconds. In the analysis a CFC thickness of 5 mm has been
assumed as well as the baseline pump coasting down curve (32 seconds coasting
down time). The transient has been simulated for a time period long enough to
reveal critical copper temperature values.

The temperature control by HX servo valve has been assumed disabled during
the transients, implying that the servo bypass valve area and the valve area for
primary flow through the HX were retained at the steady state values
throughout the transient analyses. Also the pressurizer pressure and level
controls were disabled for the transient analyses.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
The heat loads on the lower part of the inboard and outboard vertical targets
thus have retained the values corresponding to beginning of lifetime conditions
for the CFC armor and copper section of the related heat transfer structures. On
the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety factor of
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1.3 has been considered on the decay heat values to account for uncertainties in
the activation calculations and nuclear data.

Table 3.4.1 lists the most relevant assumptions used in the transient
calculations.

Table 3.4.1
Parameters and Initial Conditions Used in Transient Calculations

Parameter
Fusion nominal power
Fusion power at accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressurizer safety valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW

1.65 GW
see SADL, section 2.4

5.0 MPa
1 s

1.86 GJ
0.52 MW/nv3

3.4.3 Sensitivity analysis results

The following parameter is shown in Figure 3.4.1

- Highest DV copper temperatures on the plasma facing side in the
lower outboard vertical target structure;

The highest DV copper temperature is reached on the lower outboard vertical
target at the CFC - copper interface. The maximum temperature value is 803 °C
obtained at 3.0 seconds for the case with 1 second delay. This can be compared
with 856 °C obtained at 5.0 seconds when the baseline 3 seconds delay is
assumed, Figure 3.4.1. This temperature level is below the melting point of
copper (about 1080 °C), and thus a rupture of the associated structures would
in a first view not occur for the applied conditions. However, due to the
uncertainty in the modelling and presumptions, and due to the limited structural
strength of copper (if not alloyed) when at higher temperature levels, it can be
envisioned that the temperature limit for not jeopardizing the cooling piping
integrity when in a pressurized system is far below the melting point, maybe as
low as about 600 °C. Thus it is likely that a rupture of the copper piping
actually would
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occur in the analyzed case even though the temperature levels are lower than
the actual copper melting point. The decrease of time delay from 3 to 1 second
would not essentially improve the situation. Similar results are also found for
the lower part of the inboard vertical target, although the temperatures are for
this component on a somewhat lower level.

3.4.4 Evaluation of radiological release

If the minimum CFC armor thickness is about 5 mm some failure of the DV
PHTS integrity is envisioned, despite the decrease of time delay from 3 to 1
second between initiation of FPSS and plasma shutdown. Consequently, for the
given presumptions certain amount of radiological releases from the PHTS
could be expected from this type of accident.

3.4.5 Uncertainties in the results

The assumptions considered for the effects of the plasma disruption are
conservative due to the hypothesis of the heat deposition of 18.6 MW/m2 on the
whole divert or surface. More detailed modelling may be needed to find out
whether the failure of the structural integrity is a result of modelling strategy
and set up.

The decay heat values applied in the analysis are referenced to the tungsten
activation, and the uncertainties in activation calculation and nuclear data are
taken into account by using a safety factor 1.3.

3.4.6 Summary

A sensitivity analysis concerning a pump trip in a DV primary cooling loop has
been performed. The pump trip was assumed during plant steady state operation
at 110% of nominal fusion power (i.e., 1.65 GW). The DV pump coasting
down from full speed was specified according to given baseline data in [3.1],
Section 3. The coolant flow reduction in the faulted cooling loop will trigger (at
80% of the nominal flow value) the FPSS within a short time period after pump
trip. The fast train is assumed to terminate the plasma burn shortly afterwards,
resulting in a plasma disruption. The associated plasma energy delivered to the
DV is 1.86 GJ including a peaking factor of three.

The sensitivity analysis concentrated on the maximum copper temperature
response of the cooling pipings in the lower outboard vertical target when
decreasing the time delay between the FPSS initiation and plasma shutdown. It
was found that a decrease of the time delay from 3 to 1 second with a CFC
thickness of 5 mm and with baseline pump coasting down characteristics, would
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provide about 50 °C lower copper temperatures at otherwise similar conditions.
However, it was envisioned that the temperature limit for not jeopardizing the
cooling piping integrity when in a pressurized system is far below the melting
point, maybe as low as about 600 °C. In such a case the CFC thickness of 5 mm
is too small to properly protect the underlying copper pipings, despite the
decrease of FPSS time delay.
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3.5 Divertor LOOP for 30 Seconds

3.5.1 Initiating event assumptions

The accident postulated is a loss of off-site power (LOOP) for a duration of up
to one hour. The accident is assumed to be an event of Category II. Emergency
Class III power is assumed to be available. The event is assumed to occur when
the plant is in pulse operation with nominal fusion power of 1.65 GW and with
all systems in nominal conditions.

No further aggravating failures need to be considered [3.3].

The safety relevant systems in this accident are:

The Class I and Class II power, needed to maintain control and
instrumentation;

- The Class III power, used to power small pumps that provide
circulation in the Divertor;

- FPSS fast train (three seconds).

All non-affected cooling loops are assumed to be functioning. They will cool
down the in-vessel components.

3.5.2 Description of reference sequence

This section gives an overall description of the sequence.

The Class IV power from 220 kV grids is lost. After the loss of power, the
pumps of the primary coolant loops and in the intermediate loops for the
divertor are tripped and coast down, so are the secondary pumps. Since the
Class III power is also lost, no active circulation of flow is reestablished during
30 seconds. After 30 seconds the on-site emergency diesel generators pick up
the loads and after 1 hour it is assumed that the external grid is again available
and that Class IV power is restored.

Shortly after the loss of power, the primary pump mass flow goes below 80% of
its nominal value. This triggers plasma shutdown by which after three seconds
the plasma disrupts.

Table 3.5.1 lists the time sequence of events.
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The transients in the divertor PHTS are described in detail below. The divertor
PHTS is more critical than the other PHTS's because of the high heat fluxes and
because the heat exchangers are located at a lower elevation than the divertor.

Table 3.5.1
Time Sequence of Events for Blackout

Event
Total fusion power 1.65 GW (nominal value + 10% measuring/normal control band)
External grid is lost, PHTS and HRS pumps run down
Primary coolant flow in failed loop at 80% of nominal value
Fusion Power Shutdown System (fast train) intervention (with associated plasma
disruption), nuclear heating ramps down
Plasma disruption, nuclear heating drops to decay heat
Voiding occurs in DV inboard and outboard components (excl. Port limiter)
End of plasma energy quench.
Plasma heat flax vanishes, only decay heat remains
Pressurizer safety valve opens for the first time
Pressurizer top pressure reaches 5 MPa,
HX secondary pump velocity reaches zero
Pressurizer safety valve closes, total relief at 2.1 kg/s
Pressurizer level reaches the maximum of 63.7%
Primary pump mass flow below 10% of the nominal value
Voiding in DV inboard and outboard components vanishes (excl. the wings)
Class III power takes over emergency loads
DV primary and HX secondary pump roll up
DV primary pump flow at minimum of 6.3 kg/s
HX power drops to the minimum of 14 MW
HX secondary pump flow reaches 10% of the nominal value
DV primary pump mass flow reaches 10% of the nominal value
Voiding in DV inboard and outboard components vanishes
Divertor outlet coolant reaches maximum temperature of 178 °C
End of calculation
Pressurizer level at 12.2%
HX power at 14.1 MW
DV pump mass flow at 105.2 kg/s
PRZ top at pressure 3.51 MPa

Time
< 0 sec.
Osec
0.8 sec.
3.8 sec.

3.8-4.8
sec.
4.8 sec.

19.5 sec.
20 sec

21 sec.

23.6 sec.
24.5 sec.
30 sec

33.5 sec.
38.6 sec.
40 sec.
48 sec.
68-75 sec.
252.4 sec.
1000 sec.

3.5.3 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The transient has been simulated for 1000 seconds, a time which is
necessary and long enough to reach stable conditions in the system. The
temperature control by HX servo valve has been assumed disabled during the
transient, implying that the servo bypass mass flow and flow through HX were
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made constant. These flows were kept at exactly the same levels, throughout
the entire transient, as before the start of the transient.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
On the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety
factor of 1.3 has been considered on the decay heat values to account for
uncertainties in the activation calculations and nuclear data.
The decay heat is modeled as a volumetric heat source. The decay heat data
from [3.1] are used.

Table 3.5.2 lists the main parameters assumed in the analysis.

Table 3.5.2
Parameters Used in the Transient Calculation

Parameter
Fusion nominal power
Power at time of the accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressure relief valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW

1.65 GW
see SADL, section 2.4

5.0 MPa
3 sec.

1.86 GJ
0.52 MW/mj

3.5.4 Analysis results of transient in the divertor primary heat
transfer system

The following wave forms are shown in Figure 3.5.1 for 100 seconds of the
accident:

Divertor plasma facing surface temperature;

- Volume liquid temperature;

- Liquid void fraction;

Pressurizer pressure;

- Pressurizer inlet mass flow rate;

- Divertor loop mass flow rate.

And Figure 3.5.2 shows DV primary loop temperature in 1000 seconds.
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Figure 3.5.1 shows the behavior of the key parameters during the transient: heat
structure temperature distributions in the dome and in the lower vertical target,
liquid fraction in these components, pressure in the pressurizer, mass flow in a
divertor PHTS loop, and mass flow at the pressurizer inlet.

Following the parameters in Figure 3.5.1 and 3.5.2, we can describe the detailed
sequence of events as follows:

t=0-3.8 seconds: The pumps trip and coast down. At t=0.8 sec,
the primary pump mass flow is below 80% of its nominal value,
thus triggering the FPSS. System pressure increases and stabilises.
At t=3.8 seconds, the plasma disrupts and the heat load from the
disruption leads to a sharp temperature increase of the plasma
facing surface.

- t=3.8-4.8 seconds: Plasma disruption. Voiding occurs in divertor
inboard and outboard components except in the port limiter.

- t=4.8-30 seconds: The plasma is extinct. The only heat load is the
decay heat. First the disruption heat flux results in a sharp
temperature increase in the plasma facing surfaces. The maximum
plasma facing surface temperature is reached at the level of
1573°C, which occurs at the lower outboard vertical target. The
maximum copper temperature has been found to be 521°C, which
occurs at the dome. Pressurizer level increases rapidly. Heat
structure temperature decreases with the plasma power since
considerable mass flow is maintained by the coasting down pumps.
System pressure increases sharply and surpasses the set point of
safety valve of 5 MPa. Pressurizer safety valve opens at t=19.5
sec. The secondary pump stands still. Voiding in DV inboard and
outboard components vanishes at t=24.5 sec.(excl. the wings). The
wings continue to be voided;

t= 30-100 seconds: The primary and secondary pumps restart,
yielding 10% of the nominal mass flows. Pressurizer level starts to
decrease. HX power is 14 MW. Voiding in the wings has
disappeared at about t=75 sec. System pressure continues to
decrease.

t= 100-1000 seconds: Divertor coolant becomes and remain
subcooled. The primary and secondary loop mass flow stabilise, so
does HX power (at 14.1 MW). System pressure drops almost
linearly, reaching 3.5 MPa at t=1000 sec. Hot leg, cold leg and
HX outlet temperature are stable at 138, 110 and 61°C
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respectively. Pressurizer level decreases almost linearly to reach
about 12% at t=1000 sec.

3.5.5 Radiological releases

Since the steam generation is very limited and can be accommodated by the
loop itself, only small amount (2.1 kg) of release of steam to the dump tanks or
through the pressurizer safety valve is needed and no release of radioactivity in
the HTS vaults is anticipated.

3.5.6 Uncertainty in the results

The time it takes to speed up the DV primary as HX shell side pumps to a
specified velocity is uncertain. Another source of uncertainty may be the HRS
pump coast down time. In the present analysis, it has been assumed that the DV
pump speeds up to 10% mass flow in 15 seconds, the HRS pump does this in
10 seconds. Also the HRS pump mass flow drops to zero in 20 seconds. This
may change when more detailed pump models are used with respect to the
speed-up characteristics.

A safety factor of 1.3 was used for assessing the decay heat values.

3.5.7 Summary

Although the blackout is a very unlikely accident, the design is such that no off-
site consequences are present and that the transient for the machine itself is
relatively mild. The peak temperature at plasma facing surfaces can be as high
as 1573°C (W or CFC) and the maximum copper temperature is 521 °C.

Once the 10% flow pumps restart, coolability is soon restored. The disruption
and decay heat driven temperatures reached in the most critical parts of the
divertor are far below the melting points (W or CFC) and therefore, it is
assumed that the machine can be brought back to normal operation without
damage once the grid is restored.
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Figure 3.5.1
Various DV Cooling Loop Parameters in Case of LOOP for 1 Hour and Class
III Power Reestablished in 30 Seconds
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Figure 3.5.2
DV Cooling Loop Temperatures in Case of LOOP for 1 Hour and Class III
Power Reestablished in 30 Seconds
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3.6 Divertor LOOP for 5 Minutes

3.6.1 Initiating event assumptions

The accident postulated is a loss of off-site power (LOOP) for a duration of up
to one hour. The accident is assumed to be an event of Category II. Emergency
Class III power is assumed to be available. The event is assumed to occur when
the plant is in pulse operation with nominal fusion power of 1.65 GW and with
all systems in nominal conditions.

No further aggravating failures need to be considered [3.3],

The safety relevant systems in this accident are:

The Class I and Class II power, needed to maintain control and
instrumentation;

The Class III power, used to power small pumps that provide
circulation in the Divertor;

FPSS fast train (three seconds).

All non-affected cooling loops are assumed to be functioning. They will cool
down the in-vessel components.

3.6.2 Description of reference sequence

This section gives an overall description of the sequence.

The Class IV power from 220 kV grids is lost. After the loss of power, the
pumps of the primary coolant loops and in the intermediate loops for the
divertor are tripped and coast down, so are the secondary pumps. Since the
Class III power is also lost, no active circulation of flow is reestablished during
5 minutes. After 5 minutes the on-site emergency diesel generators pick up the
loads and after 1 hour it is assumed that the external grid is again available and
that Class IV power is restored.

Shortly after the loss of power, the primary pump mass flow goes below 80% of
its nominal value. This triggers plasma shutdown by which after three seconds
the plasma disrupts.

Table 3.6.1 lists the time sequence of events.

The transients in the divertor PHTS are described in detail below. The divertor
PHTS is more critical than the other PHTS's because of the high heat fluxes and
because the heat exchangers are located at a lower elevation than the divertor.
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Table 3.6.1
Time Sequence of Events for Blackout

Event
Total fusion power 1.65 GW (nominal value + 10% measuring/normal control
band)
External grid is lost, PHTS and HRS pumps run down
Primary coolant flow in failed loop at 80% of nominal value
Fusion Power Shutdown System (fast train) intervention (with associated plasma
disruption), nuclear heating ramps down
Plasma disruption, nuclear heating drops to decay heat
Voiding appears in DV inboard and outboard components (excl. Port limiter)
End of plasma energy quench.
Plasma heat flux vanishes, only decay heat remains
Pressurizer safety valve opens for the first time
Pressurizer top pressure reaches 5 MPa,
HX secondary pump velocity reaches zero
Pressurizer safety valve closes, total relief at 2.1 kg/s
Pressurizer level reaches the maximum of 63.7%
Primary pump mass flow below 10% of the nominal value
Voiding in DV inboard and outboard components vanishes (excl. the wings)
DV primary pump stands still
DV primary pump mass flow reverses
DV primary pump reverse flow at maximum of 27.7 kg/s
Class III power takes over emergency loads
DV primary and HX secondary pump roll up
HX power drops to the minimum of 1.3 MW
HX secondary pump flow reaches 10% of the nominal value
DV primary pump mass flow reaches 10% of the nominal value
Voiding in the wings vanishes
Port limiter outlet coolant reaches maximum temperature of 217°C
DV cassette outlet coolant reaches maximum temperature of 181°C
Divertor outlet coolant reaches maximum temperature of 177°C
End of calculation
Pressurizer level at 23.9%
HX power at 15.5 MW
DV pump mass flow at 104.4 kg/s
PRZ top at pressure 3.68 MPa
Hot leg, cold leg and HX inlet coolant temperature at 146, 116 and 65°C

Time
< 0 sec.

Osec
0.8 sec.
3.8 sec.

3.8-4.8 sec.

4.8 sec.

19.5 sec.
20 sec

21 sec.

23.6 sec.
24.5 sec.
32 sec
35.5 sec.
56.4 sec.
300 sec.

310 sec.
315 sec.
318 sec.
338 sec.
400 sec.
558 sec.
1000 sec.

3.6.3 Method of analysis

The ATHENA code was used to model a DV primary cooling loop [3.2] and to
simulate the DV PHTS components steady state condition during plasma burn
at 1.65 GW. The transient has been simulated for 1000 seconds, a time which is
necessary and long enough to reach stable conditions in the system. The
temperature control by HX servo valve has been assumed disabled during the
transient, implying that the servo bypass mass flow and flow through HX were

es9821 l.doc AS



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-98/21 36

1999-02-18

made constant. These flows were kept at exactly the same levels, throughout
the entire transient, as before the start of the transient.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m2 on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
On the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety
factor of 1.3 has been considered on the decay heat values to account for
uncertainties in the activation calculations and nuclear data.
The decay heat is modeled as a volumetric heat source. The decay heat data
from [3.1] are used.

Table 3.6.2 lists the main parameters assumed in the analysis.

Table 3.6.2
Parameters Used in the Transient Calculation

Parameter
Fusion nominal power
Power at time of the accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressure relief valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW

1.65 GW
see SADL. section 2.4

5.0 MPa
3 sec.

1.86 GJ
0.52 MW/m3

3.6.4 Analysis results of transient in the divertor primary heat
transfer system

The following wave forms are shown in Figure 3.6.1 for 1000 seconds of the
accident (logarithmic time scale is used to show the transients at early stage):

- Divertor plasma facing surface temperature;

Volume liquid temperature;

- Liquid void fraction;

- Pressurizer pressure;

Pressurizer inlet mass flow rate;

Divertor loop mass flow rate.

And Figure 3.6.2 shows DV primary loop temperature in 1000 seconds.
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Figure 3.6.1 shows the behavior of the key parameters during the transient: heat
structure temperature distributions in the dome and in the lower vertical target,
liquid fraction in these components, pressure in the pressurizer, mass flow in a
divertor PHTS loop, and mass flow at the pressurizer inlet.

Following the parameters in Figure 3.6.1 and 3.6.2, we can describe the detailed
sequence of events as follows:

t=0-3.8 seconds: The pumps trip and coast down. At t=0.8 sec,
the primary pump mass flow is below 80% of its nominal value,
thus triggering the FPSS. System pressure increases and stabilises.
At t=3.8 seconds, the plasma disrupts and the heat load from the
disruption leads to a sharp temperature increase of the plasma
facing surface.

- t=3.8-4.8 seconds: Plasma disruption. Voiding occurs in divertor
inboard and outboard components except in the port limiter.

- t=4.8-30 seconds: The plasma is extinct. The only heat load is the
decay heat. First the disruption heat flux results in a sharp
temperature increase in the plasma facing surfaces. The maximum
plasma facing surface temperature is reached at the level of
1573°C, which occurs at the lower outboard vertical target. The
maximum copper temperature has been found to be 521°C, which
occurs at the dome. Pressurizer level increases rapidly. Heat
structure temperature decreases with the plasma power since
considerable mass flow is maintained by the coasting down pumps.
System pressure increases sharply and surpasses the set point of
safety valve of 5 MPa. Pressurizer safety valve opens at t=19.5
sec. The secondary pump stands still. Voiding in DV inboard and
outboard components vanishes at t=24.5 sec.(excl. the wings). The
wings continue to be voided;

- t= 30-300 seconds:. Pressurizer level continues to decrease. The
primary pump stands still and then its mass flow reverses at t=35.5
sec. Primary pump reverse flow reaches maximum of 21.1 kg/s.
DV loop coolant temperature decreases or stagnating. HX power
continues to decrease. System pressure continues to decrease.

- t= 300-1000 seconds: The primary and secondary pumps restart,
yielding shortly 10% of the nominal mass flows. HX power
increases from 1.3 MW to about 15 MW. DV primary loop
coolant temperature increases at the restart and reaches the
maximum 207°C (port limiter outlet), 17 PC (DV cassette outlet,
prior to merging with mass flow from port limiter) and 167°C
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(collector). These temperatures then decrease monotonically.
Towards the end of this period, divertor coolant becomes and
remain subcooled. The primary and secondary loop mass flow
stabilise, so does HX power (at 15.5 MW). System pressure drops
almost linearly, reaching 3.7 MPa at t=1000 sec. Hot leg, cold leg
and HX outlet temperature are down at 146, 116 and 65°C
respectively. Pressurizer level decreases almost linearly to reach
about 24% at t=1000 sec.

3.6.5 Radiological releases

Since the steam generation is very limited and can be accommodated by the
loop itself, only small amount (2.1 kg) of release of steam to the dump tanks or
through the pressurizer safety valve is needed and no release of radioactivity in
the HTS vaults is anticipated.

3.6.6 Uncertainty in the results

The time it takes to speed up the DV primary as HX shell side pumps to a
specified velocity is uncertain. Another source of uncertainty may be the HRS
pump coast down time. In the present analysis, it has been assumed that the DV
pump speeds up to 10% mass flow in 15 seconds, the HRS pump does this in
10 seconds. Also the HRS pump mass flow drops to zero in 20 seconds. This
may change when more detailed pump models are used with respect to the
speed-up characteristics.

A safety factor of 1.3 was used for assessing the decay heat values.

3.6.7 Summary

Although the blackout is a very unlikely accident, the design is such that no off-
site consequences are present and that the transient for the machine itself is
relatively mild. The peak temperature at plasma facing surfaces can be as high
as 1573°C (W or CFC) and the maximum copper temperature is 521°C.

Once the 10% flow pumps restart, coolability is soon restored. The disruption
and decay heat driven temperatures reached in the most critical parts of the
divertor are far below the melting points (W or CFC) and therefore, it is
assumed that the machine can be brought back to normal operation without
damage once the grid is restored.
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Figure 3.6.1
Various DV Cooling Loop Parameters in Case of LOOP for 1 Hour and Class
III Power Reestablished in 5 Minutes
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3.7 Divertor Blackout for 1 Hour

3.7.1 Initiating event assumptions

The accident postulated is a loss of off-site (Class IV) power and of on-site
emergency (Class III) power for a duration up to one hour. The accident is
assumed to be an event of Category IV. The Class I and Class II battery
powered busbars are assumed to be available for powering instrumentation. The
event is assumed to occur when the plant is in pulse operation with nominal
fusion power of 1.65 GW and with all systems in nominal conditions.

No further aggravating failures need to be considered [3.3].

The safety relevant systems in this accident are:

The W cooling loops are used to remove the decay heat;

- The Class I and Class II power (needed to maintain control and
instrumentation);

The coil discharge system is used to discharge the energy stored in
the magnets;

- The expansions systems and valves that capture evaporating
cryogenics in the coils and in the fuel processing systems.

3.7.2 Description of reference sequence

After the loss of power, the plasma is terminated by the Fusion Power
Shutdown System (FPSS) once low flow is detected inside the cooling loops.

At blackout, the pumps of the primary coolant loops and in the intermediate
loops for the divertor are tripped and coast down, so are the secondary pumps.
Since the Class III power is also lost, no active circulation of flow is
reestablished during 1 hour. In addition, the temperature control system at HX
will be lost when blackout occurs.

After one hour, it is assumed that the external grid is available again and that the
Class III and Class IV power can be restored.

The transients in the divertor PHTS are described in detail below. The divertor
PHTS is more critical than the other PHTS's because of the high heat fluxes and
because the heat exchangers are located at a lower elevation than the divertor.
The system is intended to remove the decay heat in this accident.
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Table 3.7.1
Time Sequence of Events for Blackout

Event
Total fusion power 1.65 GW (nominal value + 10% measuring/normal control band)
External grid is lost, PHTS and HRS pumps run down
Low flow (80%) in primary cooling loops
Fusion Power Shutdown System (fast train) intervention (with associated plasma
disruption), nuclear heating ramps down
Plasma disruption, nuclear heating drops to decay heat
Voiding occurs in DV inboard and outboard components (excl. Port limiter)
End of plasma energy quench.
Plasma heat flux vanishes, only decay heat remains
Pressurizer safety valve opens for the first time
Pressurizer top pressure reaches 5 MPa,
HX secondary pump velocity reaches zero
Pressurizer safety valve closes, total relief at 2.1 kg/s
Pressurizer level reaches the maximum of 63.7%
Primary pump mass flow below 10% of the nominal value
Voiding in DV inboard and outboard components vanishes (excl. the wings)
Class III power fails to take over emergency loads
DV primary pump stands still
DV primary pump mass flow reverses
DV primary pump reverse flow at maximum of 27.7 kg/s
Some port limiter plasma heated components start to be voided
Pressurizer pressure at minimum of 4.3 MPa
Pressurizer level at minimum of 55%
DV primary loop mass flow stagnates
Voiding in outboards components completely disappears
Port limiter plasma heated components completely voided
External grid is again available to power Class III and Class IV loads.
End of calculation
Pressurizer level at 60% and its pressure at 4.71 MPa
HX power at 11.2 kW
Hotleg, coldleg and HX outlet coolant temperature at 136.6, 141.4 and 96.7°C
Port limiter and DV outlet coolant temperature at 233 and 141°C respectively

Time
< 0 sec.
0 sec
0.8 sec.
3.8 sec.

3.8-4.8
sec.
4.8 sec.

19.5 sec.
20 sec

21 sec.

23.6 sec.
24.5 sec.
30 sec.
32 sec
35.5 sec.
56.4 sec.
480 sec.
639 sec.
660 sec.
800 sec
1326 sec.
2650 sec.
60 min.

3.7.3 Method of analysis

The thermal-hydraulic transients in the divertor cooling loop is calculated by the
ATHENA code [3.2]. The code was used to model a DV primary cooling loop
and to simulate the DV PHTS components steady state condition during plasma
burn at the power of 1.65 GW.

The transient has been simulated for about 3600 seconds. The temperature
control by HX servo valve has been assumed disabled during the transient,
implying that the servo bypass mass flow and flow through HX were made
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constant. These flows were kept at exactly the same levels, throughout the
entire transient, as before the start of the transient.

The thermal effect of the disruption triggered by the FPSS is taken into account
by assuming a constant uniform heat load of 18.6 MW/m^ on the plasma
exposed components of the involved DV loop for 1 second, which corresponds
to 1.86 GJ of energy delivered to the DV including a peaking factor of three.
On the port limiter plasma facing surfaces, 4.2 MW/m^ is applied. A safety
factor of 1.3 has been considered on the decay heat values to account for
uncertainties in the activation calculations and nuclear data.

Table 3.7.1 and 3.7.2 lists the main parameters assumed in the analysis.

Table 3.7.2
Parameters Used in the Transient Calculation

Parameter
Fusion nominal power
Power at time of the accident starting
Surface DV heat load, volumetric heating, decay heat
Set point for pressure relief valve
Fast train FPSS time intervention
Post disruption plasma energy delivered to DV
Specific DV tungsten decay heat at plasma shut down

Value
1.5 GW
1.65 GW

see SADL, section 2.4
5.0 MPa

3 sec.
1.86 GJ

0.52 MW/nr3

3.7.4 Analysis results

The following wave forms are shown in Figure 3.7.1 for 3600 seconds of the
accident (logarithmic time scale is used to show the transients at early stage):

- Divertor plasma facing surface temperature;

- Volume liquid temperature;

- Liquid void fraction;

- Pressurizer pressure;

- Pressurizer inlet mass flow rate;

- Divertor loop mass flow rate.

And Figure 3.7.2 shows DV primary loop temperature in 3600 seconds.

es9821 l.doc AS



STUDS VIK ECO & SAFETY AB STUDSVIK/ES-98/21 44

1999-02-18

Figure 3.7.1 shows the behavior of the key parameters during the transient: heat
structure temperature distributions in the dome and in the lower vertical target,
liquid fraction in these components and the port limiter, pressure in the
pressurizer, mass flow in a divertor PHTS loop, and mass flow at the
pressurizer inlet.

Following the parameters in Figure 3.7.1 and 3.7.2, we can describe the detailed
sequence of events as follows:

t=0-3.8 seconds: The pumps trip and coast down. At t=0.8 sec,
the primary pump mass flow is below 80% of its nominal value,
thus triggering the FPSS. System pressure increases and stabilises.
At t=3.8 seconds, the plasma disrupts and the heat load from the
disruption leads to a sharp temperature increase of the plasma
facing surface.

t=3.8-4.8 seconds: Plasma disruption. Voiding occurs in divertor
inboard and outboard components except in the port limiter.

- t=4.8-30 seconds: The plasma is extinct. The only heat load is the
decay heat. First the disruption heat flux results in a sharp
temperature increase in the plasma facing surfaces. The maximum
plasma facing surface temperature is reached at the level of
1573°C, which occurs at the lower outboard vertical target. The
maximum copper temperature has been found to be 521°C, which
occurs at the dome. Pressurizer level increases rapidly. Heat
structure temperature decreases with the plasma power since
considerable mass flow is maintained by the coasting down pumps.
System pressure increases sharply and surpasses the set point of
safety valve of 5 MPa. Pressurizer safety valve opens at t—19.5
sec. The secondary pump stands still. Voiding in DV inboard and
outboard components vanishes at t=24.5 sec.(excl. the wings). The
wings continue to be voided;

t= 30-660 seconds:. Pressurizer level continues to decrease. The
primary pump stands still and then its mass flow reverses at t=35.5
sec. Primary pump reverse flow reaches maximum of 27.7 kg/s.
DV loop coolant temperature decreases or stagnating. Some port
limiter components get voided at t=480 sec. HX power and system
pressure continue to decrease with pressurizer pressure at
minimum of 4.3 MPa at t=639 sec.

t= 660-3600 seconds: Due to voiding in port limiter and the wings,
pressuirzer level starts to increase, so does the pressurizer
pressure. Primary loop mass flow stagnates. Pressurizer level
reaches minimum of 55%. DV primary loop coolant temperature
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stabilises and port limiter coolant temperature increases
monotonically. At t=1326 sec. voiding has disappeared from
outboard components. Towards the end of this period, divertor
coolant becomes and remain subcooled. The primary and
secondary loop mass flow disappear and HX power is at 11.2 kW.
System pressure increases, reaching 4.71 MPa at t=3600 sec. Hot
leg, cold leg and HX outlet temperature are stable at 136.6, 141.4
and 96.7°C respectively. Pressurizer level reaches 60% at t=3600
sec.

3.7.5 Radiological releases

Since the steam generation is very limited and can be accommodated by the
loop itself, only small amount (2.1 kg) of release of steam to the dump tanks or
through the pressurizer safety valve is needed and no release of radioactivity in
the HTS vaults is anticipated.

3.7.6 Uncertainty 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 HRS pump goes down in 20
seconds. This may change when more detailed pump models are used.

A safety factor of 1.3 was used for assessing the decay heat values.

3.7.7 Summary

Although the blackout is a very unlikely accident, the design is such that no off-
site consequences are present and that the transient for the machine itself is
relatively mild. The peak temperature at plasma facing surfaces can be as high
as 1573°C (W or CFC) and the maximum copper temperature is 521°C.

The disruption and decay heat driven temperatures reached in the most critical
parts of the divertor are far below the melting points (W or CFC) and therefore,
it is assumed that the machine can be brought back to normal operation without
damage once the grid is restored.
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Figure 3.7.1
Various DV Cooling Loop Parameters in Case of Blackout for 1 hour (No Cat
4 and 3 Power)
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3.8 First Wall Blackout

3.8.1 Accident description

The accident is initiated by loss of the off-site power and in addition the site
emergency power fails. The situation is assumed to last for 1 hour.

As a consequence of the power loss both the primary and the secondary coolant
pumps will stop. Likewise the fuelling stops and the FW/shield heating will
result from decay heat only after an early plasma rupture.

The facility is initially operated at 100% power i.e. with 128 MW nuclear
heating and 22 MW surface heat load per PFW/IBB cooling loop:

Primary mass flow rate 680 kg/s and HX shell side mass flow rate
1400 kg/s.

- A coolant temperature rise of 52.5 °C in each PFW modules is
maintained by individual flow orifices. The IBB temperature rise is
33.1 °C.

- The temperature at the pump outlet is maintained at 140 °C by a
valve couple by which a FIX bypass flow is controlled.

Prior to black-out the power is raised to steadily 110 % with the remaining PRZ
controls:

The pressures in the FW cooling pipes of the modules remain at ~
4.0 MPa and the PRZ level is 55% of full height.

The heating due to nuclear decay after blackout is assumed to follow from the
100% power level.

The present study focuses on the efficiency of the residual cooling capability to
protect the PFW/IBB structures during the blackout.

Since the shell side pumped HX mass flow ceases shortly after the blackout the
on-going decay heating will continue to store in the isolated system
encompassing the primary and secondary coolants and structures. The total
release of decay heat during 1 hour amounts ~ 7.3 GJ per cooling loop. If
natural circulation of coolant continuities efficiently to distribute this energy
over all the loop the structures should stay at reliable temperatures. However,
there is a rather complex manifolding of the global flow into individual modules
with different geometry and decay heating power. Consequently the natural
circulation at least through some of the modules could slow down or even stop
with consequences of risky local heat up.
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With the assumed initial and boundary conditions the analysis revealed the
following time sequence of major events, Table 3.8.1.

Table 3.8.1
Time Sequence of Events for PFW/TBB blackout,

Event Sequence
Total fusioirpower 1.65 GW (imposed)
Blackout occurs
Secondary pump stops (imposed)
Begin of voiding in modules
Main circulation pump stops (imposed)
PRZ relief valve open - close
PRZ filled with water (does not occur)
Circulation through a module stops (Module #13)
Voided coolant in the collectors
Begin of voiding FW (Module #13)
End of calculation

Time (seconds)
<0
0.
10.
22.
32.

45.- 110.
-

80.
111.-350.

121.
3600.

3.8.2 Method of analysis

The initial steady state at 100% power was calculated using a model initially
received from BELGATOM but which has been further developed to
represent new parameters available [3.1] together with a more realistic
calculation of heat distribution in the PFW/IBB modules:

- Search for maximum orificing valve areas in all modules to satisfy
the predetermined temperature rise from inlet and outlet.

- Main circulation pump head determined for the correct mass flow
rate.

- HX bypass valves adjusted for the correct fluid temperature at the
pump outlet.

- Faster steady state convergence by improved initial conditions of
volumes and mass flow rates.

- Enhancements in the reproduction of 2-dimensional heat
conduction in the 1-dimensional ATHENA calculations.

Implementation of heat conduction between adjacent layers of
shield structures which are separated by coolant pipe rows.

In the second part of the steady state calculation the power was raised to 110%
with fixed pump velocity and valve adjustments but for the time with the
pressure and the level in the PRZ regulated. At the beginnig of the blackout the
average module temperature was ~ 230 °C for module 13.
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After blackout the following conditions are imposed:

The main circulation pump is coast down with a time dependence
given in [3.1] (ATHENA built-in Westinghouse pump
characteristics assumed). The HX shell side mass flow rate
terminates linearly over a period of 10 s.

- The fuelling stops instantly followed by decreasing surface heat
load and direct nuclear heating at a rate of 5 s half-time.

- At 15 s the plasma ruptures and during one more second the 1.66
GJ stored as plasma energy is apportioned to the plasma facing
surfaces applying also a peaking factor assumed to be 3, Figure
3.8.1 Plot 1.

From 16 s on the FW/shield integrated baseline decay heat [3.1,
Table 5.1-5] is applied to the module structures. A safety factor
of 1.2 was applied to the decay heat values

- The PRZ relief valve opens at 20% overpressure, i.e. at 4.4 MPa.
There is no opening hysteresis implemented on this valve.

3.8.3 Transient analysis results

The calculation ended 3600 s after blackout. A few significant results are shown
in Figure 3.8.1

Surface and decay heat loads (time zoom 50 s)
Voids in Module 13 (time zoom 1500 s)
Pressurizer pressure
HTS coolant mass flow rates

- Structure temperatures in Module 13

Voiding in the PFW/IBB tubes will displace coolant into the PRZ though not
filling it up. As a the pressure increases the PRZ relief valve opens at 45 s, Plot
3, thus only a few seconds after the circulation pump has eventually stopped.
The relief valve closes after another 65 s and thereafter a steady decrease of the
system pressure follows.

Plot 4 of Figure 3.8.1 shows how the coolant flow rates through the HX and its
bypass vary. The total HTS flow rate through the pump remains constantly
positive which means that natural circulation is maintained. In particular the
flow rate through the HX stays large compared to the flow rate in the HX
bypass.
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Shortly after and even before the circulation pump stopped void turns up in
some modules. Since the wall friction pressure losses in coolant channels
depends less on the flow rate than discrete pressure losses do the relative
distribution of the flow through the different modules will shift after transition
from pumped high flow rate to the low flow rate of natural circulation. As a
consequence the appearance of void depends sensibly on the degree of
individual orificing needed to fulfil the coolant temperature rises set at 100%
power level.

Coolant passing most of the modules remains single-phase water until end of
calculation. A typical thermal transient for a module with natural circulation
flow is shown for module 4 in plot 6.

Already at 22 s void appears in the outlet end of the Plug flow path thus before
the pump has come to rest. The FW tubes get voided during a period from 62 to
110 s. Voiding in the Plug module terminates at 140 s and the circulation
resumes fully. Similarly considerable voiding occurs slightly later also in Module
7 during a limited period with interrupted flow. In these two modules only small
structure temperature peaks are observed.

In Module 13 with comparatively high decay heating power void appears at the
outlet from 48 s on. After 60 s there is principally no flow at all through the
module and the voiding increases rapidly in all parts of the piping whereby the
FW pipes are fully voided at 122 s, Plot 2. Mean structure temperatures except
that of the shield backside increase continuously from that time on, Plot 5. The
flow of coolant through Module 13 is stopped and not resumed any more with
the consequence of a continuos increase of the PFW temperatures. The same
scenario also occurred in Modules 5 and 10 but causing lower structure
temperatures partly due to later begin of the initial voiding. Module 10 shows
fluctuations in the passing flow of coolant and the FW pipes newer get fully
voided.

3.8.4 Evaluation of radiological release

A very limited release occurs due to once opening of the PRZ relief valve
whereby 11 Kg pure steam is discharged.
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3.8.5 Uncertainties in the results

The calculation presented here applies two important improvements developed
in order to achieve more realistic temperature distributions in the structures:

- A methodology by which the real 2-dimensional heat conduction is
approximated by 1-dimensional conduction in individual shield
layers.

Implementation of heat transfer between neighbouring layers.

The reason urging this development is the intrinsic limitation of the ATHENA
code to calculate 1-dimensional heat conduction defined to take place between
two hydraulic boundaries. Since several thousands of model input lines had to
be replaced in the existing model auxiliary calculation programs were developed
and assessed to minimise uncertainties evolving from the amount of new data.

The routing of the coolant flow behind the row 1 tubes is divided into a left and
a right hand branch were coolant and structure temperatures differ. Heat
transfer which to some extent takes place between the two branches is
disregarded.

The model used in the calculation involves the FW and shield structures down
to the row 4 backsides but not the manifold blocks and the backplates. With
these two structures included which are cooled until blackout and in adequate
thermal contact with the shield back side the FW/shield structure temperatures
are expected to show different scenarios compared to the present results.

Additional development of the model to meet the two shortcomings discussed
above could be done with limited efforts as auxiliary tools have been developed.
However, the model used now most likely gives the higher calculated
temperatures.

Short ATHENA calculation time steps repeatedly occurred when modules were
emptying due to void figures close to one and perhaps also due to frequent use
of x-junctions in the model. The calculation was performed with a
recommended time advancement option. The cumulative quantity named 'mass
error' reflecting the accuracy of the thermal-hydraulic calculation remained very
low.
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3.8.6 Conclusions

Consequences of a blackout lasting 1 hour to the cooling of the PFW/IBB
structures has been calculated assuming conservatively high power conditions.
The differences between the present calculation and a previous one with closely
the same model [3.2] is a safety factor of 1.2 applied for the FW/shield decay
heating and implementation of enhancements in the FW/shield heat conduction.

The results reveal that due to the heating of the fluid in the modules and cooling
in the HX a natural circulation through the HTS follows on the stop of the
primary pumps.

Good cooling of most modules was maintained until end of the calculated time.
However, in the three modules 5, 10 and 13 voiding began at the piping outlet
ends causing lower flow rates and by feedback further void growth in all the
modules. Virtually steam pockets arose in the module pipes which hindered any
significant flow to resume until end of the calculation. After 1 hour (end of
calculation) the highest calculated mean structure temperature 370 C had been
reached in the PFW of Module 13.

Any study to locate the root cause why the circulation stops in some modules
has not been attempted but there are circumstances suspected to contribute.
One is just the differences in the module decay heat. An other cause of hydraulic
origin is the variation of relative pressure losses between the individual modules
when flow rates decrease.

The HTS natural circulation of coolant behaves well and most modules are
continuously decreasing in the temperatures which indicates that problems
displayed by the present calculation might be overcome by further development
as discussed. Thus presumably the problems reported here emerge from a not
yet adequate calculation model rather than an intrinsically insufficient real
configuration.
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3.9 Plasma Transient with no Disruption

3.9.1 Accident description

The postulated accident is characterized as a loss of plasma control transient. In
the current accident the plasma fusion power will increase according to given
specifications up to a prescribed level, which when once reached is assumed to
remain throughout the transient. It is assumed that all affected cooling loops of
the system will be functioning as intended without degradation. The primary
side circulation pumps will operate at their normal speed throughout the
transient, while any primary side controls like for example the pressurizer
pressure and level controls are disabled. The secondary side heat transfer system
will operate at its normal capacity and as a consequence of the increased fusion
power, the tempertures in various structures of the primary cooling loops as
well as the coolant temperature will be affected. In the ITER plant the plasma
fusion power will eventually be terminated because of activation of the Fusion
Power Shutdown System (FPSS), and this termination results in a turn around
of the temperature levels of the cooling loops. The FPSS is activated when the
collector outlet temperature of the divertor cassettes reaches a specified set
point, currently a temperature level of 200 C.

The present study is focussed on the length of the time period from initiation of
the fusion power increase until the FPSS set point is reached and on the
corresponding transient response of the cooling loops of the Divertor Primary
Heat Transfer System (PHTS), and specifically on associated temperature levels
in pipings and cooling structures. The FPSS and its influence on the transient is
consequently not included in the presumptions for the study, thus the transient
response during the time period after the FPSS set point has been reached, is
somewhat hypothetical.

For the specified event it is assumed that the cooling capacity of the secondary
side of the heat exchanger systems remains at its normal level and that the
capacity of the system is high enough to keep the secondary side inlet
conditions (pressure, temperature and mass flow rate) unaffected throughout
the transient. Thus the fusion power increase will result basically in a gradual
increase of the coolant temperature of the PHTS, and as a consequence the
pressure and pressurizer level will increase. The pressure will reach the
pressurizer safety valve set point (5 MPa) and due to the continued high fusion
power (no FPSS included) the relief flow through the valve will thereafter
remain during the transient. Thus a loss of primary coolant inventory can be
expected, which has to be compensated for during the cooling down period
after activation of the FPSS in order to prevent complete drainage of the
pressurizer liquid inventory into the loop.
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The initial condition prior to the loss of plasma control event corresponds to a
stationary PHTS operation at 110 % fusion power (1.65 GW). The 10 % over
power allows for measuring uncertainties and normal control band width during
power operation and adds some conservatisms to the temperature response
during the transient.

The specification of the plasma fusion power boundary conditions is given in
[3.4] for Category II, loss of plasma control events. Complementary
information was provided by E-mail after the Garching Summer Workshop
1997. According to this latter information the fusion power will be varied as
follows: From an initial power level of 1.65 GW (the 10 % over power
inclusive) a linear increase by 0.06 GW/s will be applied for 17.5 seconds, thus
resulting in a final power of 2.7 GW that remains constant throughout the
remainder of the transient.

With these boundary conditions the analysis revealed the following time
sequence of major events, Table 3.9.1

Table 3.9.1
Time Sequence of Events for Loss of Plasma Control,
Increase of Plasma Fueling, Case a

Event Sequence
Total fusion power 1.65 GW (nominal value + 10% measuring/normal
control band)
Fusion power increase is initiated
Fusion power reaches 2.7 GW and remains constant
Pressurizer safety valve opens and remains open
(pressure > 5 MPa)
Collector outlet coolant temperature reaches 200 °C
Pressurizer becomes solid
End of calculation

Time (seconds)

0.0
17.5
24.0

150.6
187.0
300.0

3.9.2 Method of analysis

The ATHENA code with a model of the DV primary cooling loop [3.2] was
used to simulate the DV PHTS components steady state condition during
plasma burn at 1.65 GW. The transient has been simulated for 300 seconds, a
time which was long enough to pass beyond the FPSS set point. The
temperature control by heat exchanger servo valve has been assumed disabled
during the transient, implying that the servo bypass mass flow and flow through
heat exchanger unit were varied only as a result of the thermal-hydraulic
transient response of the system. The associated valve flow areas were kept at
the steady state values, throughout the entire transient.
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Also the pressurizer pressure and level controls were disabled for the transient
analysis. The pressurizer safety valve was in the model simulated as a check
valve that opened when a positive pressure difference over the valve was
obtained. The back pressure of the valve was set to 5 MPa through a time
invariant pressure boundary condition. The closing negative pressure difference
over the valve was specified to 1.0 kPa.

3.9.3 Transient analysis results

The following calculated results are shown in Figure 3.9.1 for the first 300
seconds time period of the accident:

- Pressurizer pressure;

- Pressurizer level;

Collector outlet temperature;

- Circulation pump mass flow rate;

- DV structure temperatures in the lower part of the outboard
vertical target;

For this case, the highest temperature in any structure of the DV PHTS was
found in the lower part of the outboard vertical target. The structure
temperature was increased as a result of the power increase sequence and
leveled out after about 30 seconds from the accident start. Only a very slow
temperature increase followed after this time point due to the increase of the
PHTS coolant temperature. As can be seen in the lowest graph of Figure 3.9.1
at the time point for initiation of the FPSS (150.6 s), the structure temperatures
were moderate. The temperature value was 230 °C on the Cu surface in contact
with the coolant, and 270 C at the interface between the Cu and the CFC. On
the plasma side CFC surface the temperature was 1725°C. These values were
much below any critical temperature levels for the used materials. However, the
temperature gradient across the geometrical dimensions of the heat structure
CFC part was notably.

Figure 3.9.1 also shows the pressurizer pressure and level. Due to the fusion
power increase and about constant heat transfer through the heat exchanger, an
increase of the coolant internal energy was obtained, and as a consequence the
pressure and pressurizer level increased. As no voiding of the loop coolant was
observed, the level increase was a result of thermal expansion of the single
phase coolant and possibly also due to flashing in the saturated part of the
pressurizer liquid inventory. The pressure reached the pressurizer safety valve
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set point (5 MPa) at about 24 seconds after transient initiation, and as the fusion
power remained at a high level (no FPSS included) the relief flow prevailed
during the transient. The capacity of the safety valve was assumed high enough
to prevent the pressurizer pressure to increase by any notable amount above the
set point.

The pressurizer level increased due to the increased temperature of the PHTS
coolant. Finally the pressurizer became solid at about 187 seconds. The
assumption of high safety valve capacity also for low void two-phase flow
resulted in keeping the pressure around 5 MPa. However this assumption is
somewhat questionable as it is well known that a valve or nozzle capacity will
drastically decrease when a transition from single phase vapor to a two-phase
flow occurs. This can be counteracted by using a series of safety valves that
open successively at increased pressure and is consequently a design related
issue.

A slow decrease of the PHTS coolant mass flow rate can be observed from the
figure. This can be expected in view of the elevation relationship between
different components of the PHTS. The layout is such that a higher temperature
level will decrease the contribution from natural circulation in the loop.

The DV collector outlet coolant temperature reached the FPSS set point 200 C
at 150.6 seconds. Thus the transient response after this time point was
somewhat hypothetical as no FPSS activation was simulated in the analysis. It
was noted that the set point value and the time point when this was reached
were not critical for this type of loss of plasma control, especially in view of the
heat structure temperature. The transient response would not be much different
if the set point was altered by say ± 10 C.

3.9.4 Evaluation of radiological release

Because the DV PHTS integrity would not be jeopardized, no radiological
release would be expected from this accident, provided that the pressurizer
relief flow could be kept within the containment system. Given this requirement
no environmental radiological impact would be expected.

3.9.5 Uncertainties in the results

As no critical thermal-hydraulic phenomena were involved in the analyzed
scenario apart from the discharge through the pressurizer safety valve, the
uncertainty in obtained results was expected to basically be linked to the used
model of the DV PHTS. The model philosophy (level of detail, lumping of
components, disregarding of less important systems, etc.) and the nodalization
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of both the hydraulic components and the heat structures were contributors in
this respect. The influence could partly be found by nodalization and parameter
studies, but this has not been included in the current analysis.

The assumptions made in the analysis of no heat exchanger bypass control as
well as no pressurizer pressure and level control could be expected to imply
some conservatisms in the obtained system response. As the transient was fairly
slow these types of controls could be able to decrease the rate of temperature
increase of the PHTS and also the rate of pressurizer level increase. Some
detailed modelling and sensitivity analyses may be needed to verify the degree of
this conservatisms.

However, as the transient response of various parameters was not approaching
any critical values, uncertainties in the analysis would not adversly influence the
obtained results.

3.9.6 Summary

Consequences of a loss of plasma control event have been investigated. The loss
of plasma control was initiated during plant steady state operation at 110% of
nominal fusion power (i.e. 1.65 GW). Due to overfueling of the plasma the
fusion power was linearly increased during 17.5 seconds up to a power level of
2.7 GW. This power was thereafter retained throughout the transient. The
transient was analyzed with no activation of any process control. The
temperature of the PHTS coolant increased gradually and reached the specified
FPSS set point 200 °C at 150.6 seconds after transient initiation. The
pressurizer safety valve opened at 24 seconds and remained open during the
remainder of the transient. The pressurizer level increased as a result of
increased temperature level in the PHTS, and became solid at about 187
seconds.

For this case, the highest DV copper temperature was reached on the outboard
vertical target lower part at the time for FPSS initiation (150.6 seconds) and
revealed a very slow increase during the transient. The temperature value was
230 C on the Cu surface in contact with the coolant, and 270 C at the interface
between the Cu and the CFC. On the plasma side CFC surface the temperature
was 1725 C. No failure of the PHTS coolant piping would be expected during
this transient and also no radiological release to the environment.
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Responses from an Increase of Plasma Fueling
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3.10 Plasma Transient Including Disruption

3.10.1 Accident description

The postulated accident is characterized as a loss of plasma control transient. In
the current accident the plasma fusion power will increase due to doubling of
the plasma energy confinement time with a subsequent disruption of the plasma.
The resulting power and heat loads to different components of the system are
explicitly specified. According to these specifications the power will increase
linearly up to a prescribed level. When this power level has been reached the
plasma will disrupt, and associated disruption heat loads will be applied during a
short time period to related components. After the disruption of the plasma the
only long term power will be the decay heat that is applied to some parts of the
system. It is assumed that all affected cooling loops of the system will be
functioning as intended without degradation. The primary side circulation
pumps will operate at their normal speed throughout the transient, while any
primary side controls like for example the pressurizer pressure and level
controls are disabled. The secondary side heat transfer system will operate at its
normal capacity and as a consequence of the initially increased fusion power
with a subsequent disruption followed by the decay heat, the temperatures in
various structures of the primary cooling loops as well as the coolant
temperature will be affected. In the early phase of the transient the temperatures
will increase but will in the long term decrease to levels corresponding to the
applied decay heat and heat transfer through the heat exchangers.

The present study is focussed on the transient response of the cooling loops of
the Divertor Primary Heat Transfer System (PHTS), and specifically on
associated temperature levels in pipings and cooling structures. The Fusion
Power Shutdown System will never be activated in this transient as the plasma
is assumed to inherently be shutdown due to instabilities in the plasma when the
power has reached the prescribed level.

For the specified event it is assumed that the cooling capacity of the secondary
side of the heat exchanger systems remains at its normal level and that the
capacity of the system is high enough to keep the secondary side inlet
conditions (pressure, temperature and mass flow rate) unaffected throughout
the transient. Thus the fusion power increase and the disruption heat loads will
result in a short term increase of the coolant temperature of the PHTS followed
by a gradual temperature decrease.

The initial condition prior to the loss of plasma control event corresponds to a
stationary PHTS operation at 110 % fusion power (1.65 GW). The 10 % over
power allows for measuring uncertainties and normal control band width during
power operation and adds some conservatisms to the temperature response
during the transient.
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The specification of the plasma fusion power boundary conditions is given in
[3.4] for Category II, loss of plasma control events. Complementary
information was provided at the GRS Summer Meeting 1997. According to this
latter information the fusion power will be varied as follows: From an initial
power level of 1.65 GW (the 10 % over power inclusive) a linear increase by
0.5 GW/s will be applied for 3.3 seconds, thus resulting in a power of 3.3 GW.
At this power the plasma disrupts and the effect of associated disruption heat
load is taken into account by assuming a constant uniform heat load of 18.6
MW/m2 on the plasma exposed components for 1 second, which corresponds to
1.86 GJ of energy delivered to the DV including a peaking factor of three. On
the port limiter plasma facing surfaces, 4.2 MW/m2 is applied. A safety factor of
1.3 has been considered on the decay heat values to account for uncertainties in
the activation calculations and nuclear data.

With these boundary conditions the analysis revealed the following time
sequence of major events, Table 3.10.1

Table 3.10.1
Time Sequence of Events for Loss of Plasma Control,
Increase of Plasma Fueline, Case b

Event Sequence
Total fusion power 1.65 GW (nominal value + 10% measuring/normal
control band)
Fusion power increase is initiated
Fusion power reaches 3.3 GW and plasma power is decreased to
corresponding decay heat
Disruption heat load is initiated
Disruption heat load is terminated to zero
Dome outlet temperature reaches its maximum (230.9 °C)
Pressurizer pressure reaches its maximum (4.88 MPa)
Pressurizer level reaches its maximum (61.3 %)
Collector outlet temperature reaches its maximum (173.1 °C)
Complete drainage of the pressurizer vessel
End of calculation

Time (seconds)
<0

0.0
3.3

3.3
4.3
5.2
10.0
10.5
22.9
190.0
200.0
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3.10.2 Method of analysis

The ATHENA code with a model of the DV primary cooling loop [3.2] was
used to simulate the DV PHTS components steady state condition during
plasma burn at 1.65 GW. The transient has been simulated for 200 seconds, a
time which was long enough to ensure a clear temperature decrease of the
system. The temperature control by heat exchanger servo valve has been
assumed disabled during the transient, implying that the servo bypass mass flow
and flow through heat exchanger unit were varied only as a result of the
thermal-hydraulic transient response of the system. The associated valve flow
areas were kept at the steady state values, throughout the entire transient. Also
the pressurizer pressure and level controls were disabled for the transient
analysis.

3.10.3 Transient analysis results

The following calculated results are shown in Figure 3.10.1 for the first 200
seconds time period of the accident:

Pressurizer pressure;

- Pressurizer level;

- Collector and dome outlet temperatures;

Circulation pump mass flow rate;

Heat structure temperatures in the lower part of the inboard
vertical target;

- Heat structure temperatures in the outlet section of the dome;

For this case, the highest temperature in any structure of the DV PHTS was
found in the lower part of the inboard vertical target. The structure temperature
was increased basically as a result of the disruption heat load and decreased
quickly after cessation of this heat load. As can be seen in the next to lowest
graph of Figure 3.10.1 the peak structure temperature value was 1818 C on the
CFC - plasma side at time 4.2 seconds after transient initiation. The
corresponding Cu temperatures were much lower, around 250 C.

The maximum Cu temperature in any structure of the system was found in the
outlet part of the dome component. At the Cu - W interface the temperature
reached 461 C at 4.8 seconds. The peak temperature on the W - plasma surface
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was 1376 C at 4.2 seconds and on the Cu - coolant surface 311 C at 5.2
seconds. These values were much below any critical temperature levels for the
used materials. However, the temperature gradient across the geometrical
dimensions of the heat structure W part was notably.

Figure 3.10.1 also shows the pressurizer pressure and level. Due to the initial
fusion power increase followed by a quick decrease to the decay power and
about constant heat transfer through the heat exchanger, a temporary increase
of the coolant internal energy was obtained, and as a consequence the pressure
and pressurizer level experienced a corresponding initial increase and
subsequent decrease. The maximum pressurizer pressure was 4.88 MPa found
at 10 seconds after transient initiation. Thus the pressure never reached the
pressurizer safety valve set point (5 MPa) and consequently no relief flow was
obtained.

As no essential voiding of the loop coolant was observed, the pressurizer level
increase was a result of thermal expansion of the single phase coolant. The level
reached its maximum 61.3 % at 10.5 seconds. Because of continued cooling
down of the PHTS coolant the pressurizer vessel became completely drained at
about 190 seconds, and at about 198 seconds also the expansion line
approached a complete drainage with some void propagating into the cold leg.
This void was collapsed to some degree in the cold leg and caused a
degradation of the coolant mass flow rate. In order to retain an adequate mass
flow of the PHTS and associate cooling capability, these findings clearly
indicate the advantage and necessity to have some pressurizer level control
system activated during this type of cooling down transient.

The DV collector outlet coolant temperature reached its maximum 173 C at
22.9 seconds after transient initiation. The dome outlet coolant temperature had
a peak value of 231 C at 5.2 seconds. In the dome only a very small amount of
subcooled void was found around this time of the transient. Due to
condensation this void quickly collapsed shortly afterwards.

A slow increase of the PHTS coolant mass flow rate can be observed from the
figure. This can be expected in view of the elevation relationship between
different components of the PHTS. The layout is such that a lower temperature
level of the coolant will decrease the counteraction of the contribution from
natural circulation in the loop.

3.10.4 Evaluation of radiological release

Because the DV PHTS integrity would not be jeopardized, no radiological
release would be expected from this accident. Also no pressurizer safety valve
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flow would be obtained. Consequently no environmental radiological impact
would be expected from the transient.

3.10.5 Uncertainties in the results

As no critical thermal-hydraulic phenomena were involved in the analyzed
scenario, the uncertainty in obtained results was expected to basically be linked
to the used model of the DV PHTS. The model philosophy (level of detail,
lumping of components, disregarding of less important systems, etc.) and the
nodalization of both the hydraulic components and the heat structures were
contributors in this respect. The influence could partly be found by nodalization
and parameter studies, but this has not been included in the current analysis.

The assumptions made in the analysis of no heat exchanger bypass control as
well as no pressurizer pressure and level control could be expected to imply
some conservatisms in the obtained system response. As the transient was fairly
slow these types of controls could be able to for instance limit the decrease of
pressurizer level to certain allowable amount. Some detailed modelling and
sensitivity analyses may be needed to verify the degree of this conservatisms.

However, as the transient response of various parameters was not approaching
any critical values, uncertainties in the analysis would not adversly influence the
obtained results.

3.10.6 Summary

Consequences of a loss of plasma control event have been investigated. The loss
of plasma control was initiated during plant steady state operation at 110% of
nominal fusion power (i.e. 1.65 GW). Due to doubling of the plasma energy
confinement time the plasma fusion power was linearly increased during 3.3
seconds up to a power level of 3.3 GW. When this power had been reached
instabilities resulted in a disruption of the plasma with associated disruption heat
loads on related components of the PHTS. Following the disruption the only
power to the system was the decay heat. The transient was analyzed with no
activation of any process control. The temperature of the PHTS coolant
increased initially as a result of the early power increase and experienced a peak
with a subsequent gradual decrease. A corresponding variation of the
pressurizer pressure and liquid level was also obtained. The maximum coolant
temperature was 173 C at 22.9 seconds obtained in the outlet part of the
collector and 231 C at 5.2 seconds in the outlet of the dome. The pressurizer
pressure never reached the safety valve set point and consequently there was no
safety valve opening during the transient.
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Because of the cooling down of the PHTS coolant the pressurizer vessel
became completely drained at about 190 seconds, and also the expansion line
approached a complete drainage about 8 seconds later. Some void was found to
propagate into the cold leg where it was partially collapsed. This voidage
caused some degradation of the coolant mass flow rate. In order to avoid
drainage of the pressurizer and to retain an adequate mass flow rate of the
PHTS, the importance of a pressurizer level control system was obvious for this
type of cooling down transient.

For this case, the highest temperature of any heat structure of the PHTS was
found in the lower part of the inboard vertical target. At the CFC - plasma
surface the temperature was 1818 C at 4.2 seconds after transient initiation. The
highest Cu temperature was found in the wall of the dome outlet section. The
temperature at the interface between Cu and W was for this location 461 C at
4.8 seconds. No failure of the PHTS coolant piping would be expected during
this transient and also no radiological release to the environment.
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Responses from a Doubling of Confinement Time
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3.11 ITER-LOVA Accident Sequenses

Two Loss of Vacuum accident sequences were analyzed for the ITER NSSR-2
design. The analyzed cases were selected so as to be included in the group of
Category IV and Category V reference accidents respectively thus enveloping
all sort of loss of vacuum accidents for each of the two categories. The analyses
were made with the in-vessel transient analysis code INTRA.

For the Category IV accidents two cases were analyzed. In addition to a base
case also an alternative case was included which encompassed the situation
when temperatures of the in-vessel components passed a peak value of 465 °C
after 24 hours.

The results from the analyses of both the Category IV and V accidents indicated
that no significant chemical reaction occurred because of the limited in-vessel
component temperatures.

For further details see [3.5].
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