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Abstract

For FPRs with self-cooled LiPb-blanket and He-cooled first wall & divertor
a conceptual design of the power conversion system is developed with
emphasis on component feasibility, safety, reliability and thermal efficiency.

The resulting power conversion system with a steam turbine is based on
proven technology for Na- and He-cooled fission reactors and is assessed to
yield an overall net thermal plant efficiency of-40 % provided the high
primary coolant temperatures of-700 °C can be achieved. The required
complexity of the five linked cooling systems can be expected to influence
plant cost and reliability.
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1 Introduction

As part of the Power Plant Conceptual Study (PPCS), this report describes
the conceptual design of the main primary and secondary cooling systems
of a fusion power reactor (FPR) with a self-cooled LiPb blanket and steam
turbine power conversion system (model C, task PPCS 12/4).

This design study is mainly based on:

• the design requirements specified by the task co-ordinating
organisation FZK

• moderate extrapolations from current technology back ground
primarily from Na- and He-cooled fission reactors

• the aim for component feasibility, passive safety, reliability
and high thermal efficiency.

2 Design requirements

The main primary coolant parameters for model C given in Table 1 were
provided by the project co-ordinator from FZK together with the following
general design requirements (Refs 1 and 2):

• The divertor, the first wall and shield have to be He-cooled
as in model B in order to achieve high coolant temperatures.

• Tritium recovery is performed by cold trapping in an
intermediate NaK- or Na-circuit between the primary LiPb-
circuit and the secondary water-steam circuit, e.g. as shown in
Figure 1, in order to minimize T-losses to the environment.

Table 1
Main primary coolant parameters for model C by FZK (Ref 1).

Component cooling system

Thermal power

Coolant:

- pressure

- temperature in - out

- component pump power

MW

MPa

°C
MW

Blanket

2004

LiPb
?

470 - 700

5

First wall

1451

He

8

300 - 480

68

Divertor

526

He

10

500 - 740

30
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Comments to the divertor parameters in Table 1:

The divertor power of ~11 % of the total thermal power
appears low compared to 17 % for model B.

Scaling of the divertor He-flow from model B with major
radius gives a He-temperature rise of-200 °C, which is used
in the analysis.

The coolant parameters for the divertor are based on
optimistic assumptions concerning critical cooling channels
of 0.2 mm2 cross section, and control of mass flow matching
the heat flux. Hence a significantly lower temperature rise
and higher pressure drop would be realistic resulting in
considerably increased pumping power.

3 Cooling scheme options

3.1 Option 1: as proposed by FZK with double walled steam
generator

Figure 1 shows the principal cooling scheme proposed by FZK for the self-
cooled LiPb-blanket for DEMO and power reactors with the following
main features (Refs 2, 3 and 4):

• T-extraction is performed by cold traps in the intermediate
NaK-loop, which allows low T-concentrations down to 5
wppb and low T-permeation to the water-steam circuit of
20 Ci/day.

• Figure 2 shows the double walled steam generator proposed,
where the intermediate NaK is circulated slowly in a ~1 mm
annular gap between inner tubes containing water-steam and
outer tubes surrounded by LiPb.

However, there are severe objections concerning the feasibility of such
double walled steam generators for a power reactor:

• Based on experience from conventional boilers it is evident
that small primary leaks in the inner tube will propagate to
the outer tube due to erosion from water-steam jets at 150 -
200 bar (Refs 5 and 6).

• Experience from liquid metal cooled fast breeders (LMFBR)
has shown that tube-plate welds in contact with liquid metal
(LM) have high failure rates with a risk for propagation to
significant LM-water reactions (Ref 4).
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• The repair of leaks by e.g. plugging is infeasible in the
annular gap between the double tubes due to lack of access.

Hence an alternative option 2 is proposed without the above feasibility
issues associated with the insufficient separation of LiPb and water-steam
by the double walled steam generator.

3.2 Option 2: as option 1, but with complete intermediate
circuit

The aim with this design is to maintain the key features of option 1
concerning T-extraction and T-losses with a feasible steam generator
design based on LMFBR development - see Figure 3:

• A complete intermediate Na-or NaK-circuit as in LMFBRs
separates the primary LiPb-blanket cooling and the water-
steam secondary circuit via intermediate heat-exchangers
(IHX) and steam generators (SG), so that even hypothetical
major LM-water reactions would not cause damage to the
primary blanket cooling system.

• Na is preferred to NaK since both allow similar low T-
concentration and T-permeation, while Na is less reactive
with water and was selected for the LMFBR development
resulting in a vast data base since 40 years. The T-inventory
in the intermediate circuits with a total volume of -450 m3 is
estimated to acceptable ~28 g assuming a cold trap flow of
2 % of the total Na-flow. The economizer reduces the
associated heat loss in the cold traps to -0.4 of the total
intermediate circuit power of 2 GW (Refs 2 and 3).

• Figure 4 shows the 750 MW steam generator design of Super
Phenix (SPX), which operated with good reliability over 15
years and hence represents a firm basis for extrapolations to
FPRs with liquid metal cooling. Compared to the above
discussed double walled SG, this SPX SG has five times less
tubes, and tube-plates not in contact with Na and easily
accessible for repair by plugging (Refs 7 and 8).

• With three intermediate Na-loops at -665 MW each, all
components become rather similar to those in the four
750 MW loops of SPX except for the -160 °C higher FPR
temperatures requiring material improvements (Ref 7).

• Figure 5 shows the primary, intermediate and secondary
coolant temperatures versus transferred thermal power
including, in addition to the LiPb-blanket cooling, also the
He-cooling of first wall & shield and of the divertor. The
components of the He-cooling circuits are similar to those
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described in task PPCS2/8 for model B (Ref 9). The high
primary temperatures of up to -700 °C in blanket and
divertor allow advanced live steam conditions of 200 bar,
660 °C and reheat to 660 °C.

• An advanced steam turbine plant with feed water heating to
240 °C via steam bleeding produces a gross output of
2033 MWe assuming continental closed tower cooling with
0.07 bar condenser pressure. Other assumptions were: an
optimistic 94 % turbine stage thermo-dynamic efficiency,
1 % efficiency loss per % moisture, 200 m/s exit velocity
after last stage and a total of 2 % for thermal, mechanical and
electrical losses. Subtracting -50 MWe for feed pumps and
other turbine auxiliary "house load" yields a turbine plant net
thermal efficiency of 48.3 % for closed condenser cooling.

• Taking into account the total primary pumping power of
155 MW and the fusion auxiliary power of-210 MW (with a
heating & current drive efficiency of 70 %, Ref 10) the FPR
plant net output becomes 1618 MW corresponding to an FPR
plant overall net thermal efficiency of 40.6 %,which is in line
with advanced fission reactors.

The resulting power conversion system for model C is based on proven
technology for Na- and He-cooled fission reactors and is assessed to have
an excellent thermal performance provided the high primary coolant
temperatures of-700 °C can be achieved. The required complexity of the
five linked cooling systems can be expected to influence plant cost and
reliability.

4 Conclusion

For FPRs with self-cooled LiPb-blanket and He-cooled first wall &
divertor a conceptual design of the power conversion system was
developed with emphasis on component feasibility, safety, reliability and
thermal efficiency.

The resulting power conversion system with a steam turbine is based on
proven technology for Na- and He-cooled fission reactors and is assessed
to yield an overall net thermal plant efficiency of-40 % provided the high
primary coolant temperatures of -700 °C can be achieved. The required
complexity of the five linked cooling systems can be expected to influence
plant cost and reliability.
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Steam Generator

Blanket pbli-Pump
—» Steam Turbine

Purification-
System feed water Pump

Condenser

Figure 1
Systems for heat and tritium extraction from self-cooled LiPb-blankets for DEMO (Ref 2).
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Figure 2

Double-walled LiPb-heated steam generator for DEMO with self-cooled LiPb blanket (Ref 2).
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Figure 3
Main cooling system for a fusion reactor with self-cooled LiPb-blanket and He-cooled divertor
(PPCS model C).
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Na-niva"

« Na-in 525°C

Anga 18MPa,
490°C

** Matarvatten 235°C

345°C

Figure 4
Na-heated 750 MW steam generator for Super Phenix (Ref 8).
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He- STEAM G E N .

Figure 5
Coolant temperatures vs. transferred thermal power in steam generators and reheater
for PPCS model C.
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