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Abstract

The HTS conceptual design developed for the PPCS plant model is com-
pliant with the single failure criterion - i.e., the failure of a single active
component (e.g., pump) will not cause the reactor to shutdown. The system
effective availability (capacity factor), however, is only marginally better
than that of the SEAFP design, as the number of loops could not be
decreased further, due to coolant inventory limitations.

The PPCS Plant Model A has about 70 % more fusion power than the
SEAFP model. Therefore, keeping the same number of loops as in the
SEAFP model would have implied a 70 % larger inventory. To improve
plant availability and safety, however, the number of blanket and first wall
loops have been reduced from eight to six, implying a further increase in
loop inventory of about 25 %. For these and other reasons, the coolant
inventory, at risk from a loss-of-coolant accident, has increased
significantly, relative to the SEAFP design (-130 vs. 50 m3).

The proposed heat transport system conceptual design meets, or exceeds, all
project specifications.
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1 Introduction

A new round of Power-Plant Conceptual Studies (PPCS) was recently
undertaken, in the framework of the European Fusion Development
Agreement (EFDA). The PPCS is undertaken for its strategic importance in
setting a good basis for further research and development in fusion energy.

The Euratom/VR Fusion Association (VR) is participating in various aspects
of the PPCS and in the case of the cooling system conceptual design their
participation is through Studsvik EcoSafe. Under a separate agreement,
between Studsvik EcoSafe and ENSAC Associates, this Canadian con-
sulting firm has participated in the development of the cooling system
conceptual design for plant model A (Task PPCS1).

The Heat Transport System (HTS) of a future fusion power plant is a non-
nuclear system interacting with the reactor - a key nuclear component. The
design of the HTS is thus important to reactor safety and to power pro-
duction - the objective of a power plant. The objective of this task was to
develop the conceptual design of the PPCS1 HTS paying attention to both
the power production mission and the safety issues.

One of the key safety issues is the loss-of-coolant accident, which has the
potential to release radioactive material to the environment through con-
tainment leakage, or containment bypass. The impact of the HTS on the
containment design is via the HTS inventory at risk during a loss-of-coolant
accident. Therefore, the safety objective was to maintain the at-risk
inventory to as low a level as practical, within the power production
imperatives of high plant availability, reliability and maintainability.

This report describes the HTS concept developed for the PPCS Plant
Model A.
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2.1

Background

PWR

The pressurized water reactor (PWR) is the most common nuclear power
reactor in the world, with installations in most nuclear countries as well as in
naval vessels and merchant marine ships. The heat transport system (HTS)
of the PWR has been extensively studied and has been optimized, with
respect to availability, maintainability, operability and safety. Accordingly,
the PWR HTS provides a good benchmark for fusion reactor HTS design
concepts.

A simplified version of the PWR HTS is shown schematically in Figure 1.
The key system elements shown in Figure 1 are the pressure vessel, four
cooling loops and a pressure control system. Two of the loops are connected
to the Chemical and Volume Control System (CVCS) and two of the loops
are connected to the Shutdown Cooling System (SCS). The pressure control
system comprises a pressurizer and a number of relief valves (not shown in
Figure 1). Each of the four cooling loops contains a single pump and single
steam generator.

Figure 1
Typical PWR Primary HTS Schematic
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All four loops are required to produce foil power, but the plant could operate
with three loops up to about 80 - 85 % of full power, or with two loops up
to about 60 - 65 % of foil power.

2.2 SEAFP

The SEAFP power reactor study was the first major European attempt at
quantifying the safety and environmental aspects of fosion power.
Accordingly, the focus of the SEAFP heat transport system was safety and
there was no attempt made to optimize the design with respect to other
important parameters, such as availability, operability, maintainability and
cost. A simplified schematic of the SEAFP primary heat transport system is
shown in Figure 2. The secondary heat transport system (the turbine plant)
would be very similar to that of a standard PWR plant and is not shown in
Figure 2.

The overriding safety design objective for the SEAFP primary heat transport
system was that the vulnerable coolant inventory, from a single cooling
system pipe rupture, be limited to ensure minimal environmental releases.
This led to a design concept with a large number of independent systems,
each with a coolant inventory less than 50 m3 (25 m3 for the divertor).

As shown in Figure 2, the tokamak has 16 sectors and eight blanket and
first-wall cooling loops. Each cooling loop serves two sectors. In addition,
there are two divertor cooling loops, with each loop serving 8 tokamak
sectors.

2.3 Blanket and First-Wall

Each of the blanket and first-wall cooling loop comprises a self-sufficient
primary heat transport system. As shown in Figure 2, each loop has a single
pump and steam generator and a pressure control system. Although not
shown in Figure 2, for clarity, each loop has its own shutdown cooling
system and its own chemical and volume control system. Compared to the
PWR primary heat transport system, the SEAFP system has significantly
more equipment, but has a significantly lower availability (see following
section), as all the equipment must function properly for the reactor to
operate at high power. In fact, this reactor does not have the capability of
operating at less than foil power, if there is a pump failure, for example. Any
such failure would cause the reactor to shut down, and, given the large
number of components, the failure probability would be high, relative to the
PWR.
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2.4 Divertor

As shown in Figure 2, each divertor cooling loop is an independent primary
heat transport system. It also has its own shutdown cooling system and
CVCS (not shown in Figure 2). Likewise, the divertor primary heat transport
system does not have any key component redundancy, hence, a pump
failure, for example, would also cause the reactor to shut down.

Figure 2
Schematic of the SEAFP Primary HTS (Blanket & First Wall system at top
and Divertor system at bottom).
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2.5 SEAL

The SEAL (safety and environmental aspects long-term) study followed the
SEAFP study, with a more long-term focus on fusion R&D needs. Although
safety and environmental aspects were still prominent in the study, a heat
transport system concept was developed, which attempted to take into
account other important parameters, such as availability, operability, main-
tainability and cost. A simplified schematic of the SEAL primary heat
transport system is shown in Figure 3.

2.6 Blanket and First-Wall

As shown in Figure 3, the blanket and first wall is served by three
independent primary heat transport systems. Each of two systems serves 5
sectors and one system serves 6. This design concept offered the following
improvements relative to the SEAFP design concept:

® Lower failure probability, and hence better reliability, by

reducing the number of loops from 8 to 3

• Reduced maintenance cost

» Reduced maintenance dose

This design concept, however, did not eliminate the restriction that a single
pump failure, for example, will cause the plant to shut down.
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2.7 Divertor

As shown in Figure 3, the SEAL divertor primary heat transport system is
identical to that of the SEAFP Plant Model.

Figure 3
Schematic of the SEAL Primary HTS (Blanket and First Wall system at top
and Divertor System at bottom).
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2.8 PPCS Model A

The power plant conceptual study is now moving closer to an optimized
plant design, giving relatively more importance to plant availability and the
unit cost of electrical power. For this reason, the key design objective of the
PPCS heat transport system is to ensure that a single active component
failure (e.g., pump) would not force the reactor to shut down. Accordingly,
each loop has two pumps, but a total of six blanket and first wall loops are
needed due to the higher power and coolant inventory of the PPCS Plant
Model A, relative to the SEAFP and SEAL Plant Models. The proposed
PPCS Plant Model A primary HTS is shown in Figure 4.

Figure 4
Schematic of Proposed PPCS Plant Model A Primary HTS.
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It should be noted that to achieve the same level of pumping redundancy as
the PWR would have required all sectors to be served by the same ring
header. This, however, would have increased the coolant inventory at risk by
a factor of six, and would have been unacceptable from a safety perspective.
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3 Availability Considerations

3.1 Design Objective

The design objective is to minimize the heat transport system unavailability
and to ensure that a single component failure will not force the reactor to
shutdown. The heat transport system has two components - the primary side
and the secondary side. The secondary side of the heat transport system is
effectively the power conversion equipment (i.e., the steam turbine). As the
power conversion equipment has been optimized and standardized for
fission power reactor plants there is not much value in studying it further.
Therefore, the focus of this study is the primary side of the heat transport
system, where there is significant scope for improvement.

3.2 PWR HTS Availability

The average plant availability for US PWRs is of the order of 85 %, which
implies that 15 % of the time the plant is unavailable to produce power. This
unavailability is equivalent to 1.8 months of calendar time. One month of
each year is typically dedicated to the annual planned maintenance,
therefore, 0.8 months is attributable to unplanned events. Assuming that half
of this unplanned unavailability (0.4 months) is due to the primary heat
transport system and 0.4 months to the secondary heat transport system, then
its unplanned unavailability would be 0.0333 (0.4/12). Although this is
likely to be a high value, as all unplanned unavailability is assigned to the
HTS, it is adequate for the purposes of this study - i.e., as a benchmark for
fusion power reactor designs.

As shown in Figure 1, the PWR primary heat transport system comprises
four cooling loops and a pressurizing system. From a system unavailability
perspective, the key components of each loop are a pump, pump motor,
steam generator and component isolation valves. The pressurizing system
comprises the pressurizer vessel, heaters, steam nozzles and pressure relief
valves. Assuming, for simplicity, that the pressurizing system has the same
unavailability as a single cooling loop, then the following is true:

Aioop = Apress = 0.0333/5 = 0.00666 [ 1 ]

This simple equation will be used to estimate the primary heat transport
system availability of the various fusion designs.

c:\dokunKnt\stur20O2\es02-35.doc ea
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3.3 SEAFP HTS Availability

As shown in Figure 2, the SEAFP primary heat transport system has 10
cooling loops (8 blanket/first wall loops and 2 divertor loops) and 10
pressurizing systems. The system unavailability is thus

ASEAFP = 10 Ajoop + 10 Apress = 0.0666 + 0.0666 = 0.1332 [2]

As shown in equation 2, the resulting unavailability for the SEAFP primary
heat transport system is 0.1332 (6.9 weeks/a), or four times that of the PWR.
Assuming that the secondary heat transport system unavailability is 0.0333
(the same as the PWR), the total SEAFP heat transport system unavailability
would then be 0.1665 (2 months per year). Therefore, the SEAFP heat
transport system unavailability would be 2.5 times that of the PWR
(2 months/0.8 months).

Moreover, assuming that all other fusion systems (fuelling, vacuum
pumping, plasma heating, and plasma control, for example) have zero
unavailability, and adding the planned unavailability of 1 month per year,
the lowest possible plant unavailability would be 0.25 (3 months per year).
This is equivalent to a plant availability of 75 %, however, as the other
fusion systems have a non-zero unavailability, the SEAFP plant availability
would be significantly lower. This simple calculation, thus underscores the
need for availability improvements.

3.4 Availability Improvements

As shown in Figure 3, the SEAL primary heat transport system design
represents a significant improvement in unavailability, having reduced the
number of cooling loops and pressurizing systems from 10 to 5. This
reduces the primary heat transport system unavailability from 0.1332 to
0.0666 and the total heat transport system unavailability from 0.1665 to
0.0999. While this improvement is significant, it only addresses one half of
the problem.

The reason fission power plants can achieve lifetime capacity factors in
excess of 85 % is that failure of a single heat transport system component
cannot cause the reactor to shutdown. Therefore, it is possible for a fission
power plant to operate an entire year with only three of the four loops and
achieve a capacity factor in excess of 75 %. This, however, is not practical
in a fusion power plant, due to the large coolant inventory that would be at
risk during a loss-of-coolant accident. Accordingly, the heat transport
system for the fusion power plant must be more reliable and have a shorter
repair time, when equipment failure occurs.

c:\dokuraenl\stur2002\es02-35.doc ea
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The component that dominates the cooling loop unavailability is clearly the
pump, or more precisely, the pump/motor set, as it is the only active
component in the loop (the pressurizing system is considered independent of
the loop). Improving the loop reliability therefore, means introducing
pumping redundancy - i.e., adding another pump in parallel. To illustrate
the impact of a second pump, consider the following example.

Assume that the failure frequency of a cooling system pump is one in ten
years (i.e., a probability of 0.1 that it will fail in a one-year interval). Also
assume a repair time of one week, then the pump unavailability will be
about 0.002 (0.1*1/52), or 17.5 hours per year. If, instead, there are two
pumps operating in parallel, each pumping 50 % of the loop flow, than the
probability that both pumps fail at the same time, during a one-year period,
is 0.01. Assuming the same one-week repair time, the unavailability is thus
reduced by a factor often to about 0.0002 (0.01 * 1/52) - i.e., for 1.75 hours
per year both pumps are unavailable. And, for 33.25 hours per year, the loop
operates with a single pump. As illustrated below, however, even though the
pump unavailability is higher, a loop with two 50 % pumps has a slightly
higher capacity factor than a loop with one 100 % pump.

Assume the power plant operates 11 months and is shutdown for planned
maintenance for one month. For the loop with a single pump, the loop is
shutdown 17.5 hours per year, due to a pump failure, and therefore trans-
ports 8 012.5 full-power hours of heat energy (8030-17.5). This corresponds
to a capacity factor of 99.78 %. For the loop with two 50 % pumps, the loop
is shutdown 1.75 hours per year, when both pumps are down, transports heat
energy at about 65 % for 33.25 hours (35-1.75), when only one pump is
down, and at 100 % for 7 995 hours, when both pumps are running. This is
equivalent to 8 017 full-power hours of heat energy, with a corresponding
capacity factor of 99.83 %. The effective availability is therefore higher with
two pumps per loop.

The loop effective availability (capacity factor) would increase even more by
replacing the two 50 % pumps with three 33.33 % pumps, however, such an
increase would be achieved at the expense of additional maintenance cost
and additional worker radiation exposure. Moreover, at some point, the
primary heat transport system unavailability becomes dominated by the
pressurizing system unavailability, making further reductions in loop
unavailability less significant.

3.5 PPCS Availability

For the PPCS primary heat transport system configuration shown in Figure 4
the primary HTS unavailability, calculated using the PWR example, is
0.160, which is higher than that for the SEAFP primary HTS. In fact, as

c:\dokumcnt\stur2002\cs02-3S.doc ea
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discussed above, the effective availability (capacity factor) of two-50 %
pumps is slightly better than that of one-100 % pump. Therefore, as the
proposed PPCS design has eight loops, while the SEAFP design had ten, the
effective availability (capacity factor) of the PPCS is higher.

As shown in Table 1, the probability of no coolant flow to the in-vessel
components is significantly lower (0.08 versus 1.0). That is, with the
proposed PPCS design, there is an 8 % probability of a loss-of-flow event
(pump failure) in one reactor sector. With the SEAFP design, however, the
probability is 100 %. This probability is excessively high, considering the
potential of the event for causing structural damage to the reactor sector
affected.

Table 1
Comparison Failure Probabilities for Various Plant Designs.

Plant
Design

PWR

SEAFP

SEAL

PPCS1

No. of
Pumps

4

10

5

16

Single pump failure
frequency (event/year)

0.1

0.1

0.1

0.1

Pump failure frequency
(event/year)

0.4

1.0

0.5

1.6

Probability of no
coolant flow to IVCs

0.0001

1.0

0.5

0.08

From a maintenance perspective, the collective pump failure frequency is an
important parameter, as that is indicative of the unplanned maintenance
requirements and worker dose exposure. From this perspective, the PPCS1
PHTS design is inferior to the SEAFP design. From a plant operations and
safety perspective, however, the probability of no coolant flow to in-vessel
components is the most important parameter. Therefore, as shown in
Table 1, from this perspective, the PPCS1 PHTS design is far superior to the
SEAFP design and is the closest to the PWR. Having a low probability of no
coolant flow to IVCs, therefore, justifies the higher pump failure frequency
and higher maintenance and worker exposures.
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4

4.1

PHTS DESIGN

Design Specifications

The PPCSl design specifications, relevant to the heat transport system, are
given in Table 2.

Table 2
Heat Transport System Design Specifications.

Reactor
Component

Breeding Blanket

First Wall

Divertor

Total power

Thermal Power
(MW)

3892

1438

984

6314

Inlet Temperature
<°C)

285

285

140

Outlet Temperature
(°C)

325

325

167

Coolant Velocity
(m/s)

20.0

20.0

20.0

The other design specification is a net electrical output of 1500 MW, giving
a net electrical output efficiency of 23.8 % (1500/6314). The electrical
output of 1500 MW is net of 260 MW needed by the plasma-heating and
current drive equipment.

Table 3 compares the reactor thermal power of PPCSl with that of the
earlier SEAFP study, as specified by the respective projects. As shown in
Table 3, while the PPCSl fusion power is about 70 % higher, the divertor
power is about 100 % higher. It is not clear, however, why the divertor
power is so much higher in PPCSl. Moreover, such a large fraction of low-
grade heat reduces the thermal power conversion efficiency.

Table 3
Thermal Power Comparison between PPCSl and SEAFP.

Reactor Component

Breeding Blanket

First Wall

Divertor

Total

PPCSl

3892

1438

984

6314

SEAFP

2300

900

500

3700

PPCS1/SEAFP

1.69

1.60

1.97

1.71
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4.2

4.2.1

Design Concept

Primary Heat Transport System

The design concept is similar to that of the SEAFP power reactor study.
That is, the heat removed from the divertor will be used for preheating the
steam generator feedwater, and the heat removed from the blanket and first
wall will be used to produce steam (see Figure 5). As shown in Figure 5, the
inlet to the breeding blanket segments has an orifice to compensate for the
lower coolant velocity inside the blanket. The first-wall coolant velocity is
more than twice that of the breeding blanket, hence the pressure drop in the
first wall would be more than four times of that in the blanket. The orifice
balances the pressure drop so that the proper flow distribution between the
first-wall and blanket can be achieved.

Figure 5
Schematic of Primary Side Coolant Distribution Scheme.

The steam-generating capacity of the plant is 5 388 MW. Assuming a steam
generator size of about 1 000 MW (well within the PWR range of
experience), implies the need for six first-wall and blanket cooling loops.
Five cooling loops would also have been acceptable form a proven
technology perspective, but, six loops are proposed, each serving three
sectors. Two divertor cooling loops, as in the SEAFP design, are sufficient,
although the preheaters are almost equivalent in size to the steam generators.
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4.2.2 Secondary Heat Transport System

The power conversion system for PPCS1 is assumed to be standard PWR
technology. A schematic of a typical PWR Secondary Heat Transport
System is shown in Figure 6 and that for the PPCS1 in Figure 7.

As shown in Figure 6, some of the steam from the steam generators goes to
the high-pressure turbine and some to the steam reheater/moisture separator.
From the high-pressure turbine, some steam is taken to heat the feedwater,
in the first stage of the high-pressure heater (HP1 - condensing heat
exchanger), and the rest is reheated before going to the low-pressure turbine.
The moisture removed from the low-pressure steam in the moisture
separator is sent to the feedwater tank. The high-pressure steam used to
reheat the low-pressure steam is condensed in the reheater and the con-
densate is used to provide the last stage of feedwater heating, in high-
pressure heater HP2. From there, it is sent to the feedwater tank where it
does additional heating.

The steam discharged from the low-pressure turbine is first passed through
the first stage of the low-pressure heater (LP1), where some condensation
occurs, and then it reaches the condenser, where all remaining steam is
condensed. The condensate flow is typically about 60 % of the feedwater
flow. The condensate is first heated in the LP1 heater and then in the second
stage low-pressure heater (LP2). The LP2 heater receives extraction steam
from the low-pressure turbine, at a higher enthalpy than the discharge steam.
Therefore it further raises the temperature of the condensate. The condensate
water is then sent to the feedwater tank where it mixes with hot water from
the moisture separator, the high-pressure heaters (HP1 and HP2) and the
low-pressure heater (LP2). Significant heating thus occurs in the feedwater
tank.

In the typical PWR power plant, the high-pressure turbine operates with
steam at an inlet temperature and pressure of about 285 °C and 69 bar,
respectively, and the low-pressure turbine with steam at an inlet temperature
and pressure of about 266 °C and 10 bar, respectively. The feedwater
temperature is about 230 °C.

In adopting the PWR power conversion system to the PPCS design, low-
pressure heater LP1 was eliminated, and LP2, instead of receiving heat from
the low-pressure turbine, as it does in the PWR, receives heat from the
divertor cooling system. The rest of the equipment is the same as in the
PWR plant. The LP1 heater had to be eliminated due to the low outlet
temperature of the divertor loop. Even without the LP1 heater, the
temperature of the condensate water leaving the divertor preheater is
147 °C, just 20 °C below the cooling water temperature from the divertor
(167 °C). As a result of this low temperature difference, the divertor
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preheater needs to be relatively large. Moreover, because the divertor
cooling system temperature is capped at 167 °C, the divertor heat is used to
replace the low-pressure heater instead of the high-pressure heater, which
would have been more effective, but would have required a divertor outlet
temperature of at least 250 °C.

Figure 6
Simplified Schematic of PWR Secondary Heat Transport System.

Divertor
I Prelieater J

Figure 7
Simplified Schematic of PPCS1 Secondary Heat Transport System.
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4.3 System Parameters

The heat transport system design parameters are summarized in Table 4. The
blanket cooling system outlet temperature was specified at 325 °C. At this
temperature the saturation pressure is about 12 MPa. To prevent local
boiling at the outlet of the first-wall and breeding blanket, a higher pressure
is required. An operating pressure of 15 MPa is selected, providing a sub-
cooling margin of about 20 °C. The divertor cooling system outlet
temperature was specified at 167 °C. At this temperature the saturation
pressure is about 0. MPa. A pressure of 5.5 MPa is proposed to provide a
sub-cooling marging of about 100°C, hence an operating pressure of
6.0 MPa would be reasonable.

Table 4
Heat Transport System Design Parameters.

Design Parameter

Primary Heat Transport System (PHTS)

Blanket and First Wall System
Inlet Temp (C)
Outlet Temp (C)
Operating Pressure (MPa)

Divertor System
Inlet Temp (C)
Outlet Temp (C)
Operating Pressure (MPa)

Secondary Heat Transport System (SHTS)
Steam Temperature (C)
Steam Pressure (MPa)
Feedwater Temperature (C)
Condenser Pressure (mbar)

Design Value

285
325

15

140
167

6.0

285
6.9

230
50

4.4 Heat Balance

The heat balance results for the PPCS1 parameters specified above are
summarized in Table 5. Note that with the divertor inlet temperature at
140 °C, and the outlet at 167 °C, the flow rate in the divertor cooling loop is
relatively large 4 298 kg/s. That of the blanket and first wall loop is
3 883 kg/s.
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Table 5
Summar of Heat Balance Results.

Component

Primary Side

Breeding Blanket (285-325C)

First Wall (285-325C)

Blanket and First Wall

Pump Heat

Total Blanket and First Wall

Divertor(140-167C)

Pump Heat

Total Divertor Power

Total Primary Side Power

Secondary Side

Steam Generator (230-285C)

LP Heater (Divertor Heat)

(33.2-147.1C)

FeedwaterTank(170C)

HP Heater (171-230C)

Thermal
Power
(MJ/s)

3892

1438

5330

57.6

5388

984

21

1005

6393

5388

1005

Inlet
Enthalpy
(J/kg)

1263.6

1263.6

589.1

990.3

139.0

725.0

Outlet
Enthalpy
(J/kg)

1494.9

1494.9

706.0

2772

614.2

719.1

990.3

Required
Mass Flow
(kg/s)

16830

6218

23049

23298

8596

8596

3024

2115

3024

3024

Loop

Mass Flow
(kg/s)

2805

1036

3841

3883

4208

4298

Table 6 summarizes the thermal power conversion results and gives a
comparison with the PWR. As shown in Table 6, the PPCS1 gross power
conversion efficiency is about the same as that of the PWR (37.7 % vs.
38 %). This implies that the amount of low-grade heat from the divertor
loop, as a fraction of the total reactor power, is about right for preheating the
feedwater (a larger fraction would reduce the efficiency). This efficiency is
before taking into account primary and secondary side pumping, line heat
and steam losses and turbine and generator mechanical efficiencies. For the
PWR, the steam and heat losses account for about 2 % of the thermal power,
the mechanical efficiency of the turbine and generator is each about 98 %,
and the pumping power is about 60 MW. Therefore, when these factors are
taken into account, the net power conversion efficiency for the PWR is
about 34 %. That is, the net electrical power is 1 304 MW
(1 450 x 0.98 x 0.98 x 0.98 - 60), which corresponds to a net efficiency of
34.2 %.
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6393

825

1590

2415

3980

37.7

3810

562

887

1450

2360

38.0

Table 6
Comparison of Power Conversion Results with PWR.

Parameter PPCSl PWR

Thermal Power (MW)

Mechanical Power from high-pressure turbine

Mechanical Power from low-pressure turbine

Total Mechanical Power

Thermal Power to the environment

Gross power conversion efficiency

Applying the same steam and heat losses and mechanical efficiencies
assumed for the PPCSl design, the gross electrical output for the PPCSl
design would be 2 270 MW. The heat transport system pumping power for
the PPCSl design is summarized in Table 7 and the total is 147 MW.
Therefore, the net electrical power for the PPCSl plant design would be
about 2 120 MW (33.2 %). After subtracting 260 MW for the plasma
heating and current drive equipment, the net power to the grid would be
about 1 860 MW, giving a net electrical output efficiency of 29.1 %. This is
higher than the 1 500 MW (23.8 %) specified by the project.

Table 7
Heat transport system pumping power (PPCSl).

System

Blanket and First Wall
Divertor
Condensate
Feedwater
Total

No. of
Pumps

12
4
2
2

Pump
Power
(MW)

7.0
8.0
1.5

14.0

Total Power
(MW)

84.0
32.0

3.0
28.0

147.0
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4.5 Equipment Sizes

4.5.1 Loop Piping and Loop Inventory

Blanket and First Wall Cooling Loop

The loop piping segments are identified and dimensioned in Table 8. In this
table, M is the coolant mass flow rate, Q is the volume flow rate, V is the
flow velocity and A is the flow area. As shown in Table 8, the total loop
volume (loop coolant inventory) is significant (-130 m3). Relative to the
SEAFP coolant inventory, it is significantly larger. There are several reasons
for this: one is the higher reactor power (71 % more power), and another is
the larger loop (six loops versus eight in SEAFP). The higher coolant
temperatures, relative to SEAFP, also increase the coolant volumetric
inventory.
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Table 8
Blanket and First Wall Coolant Loop Component Dimensions.

Length Diameter Volume M Q V A
(m) (m) (m3) (kg/s) (m3/s) (m/s) (m2)

34.5
11.3

7.5

6

7.5

6

0

10

15

0.615
1.230

0.615

0.615

0.1

0.1

0.408

0.408

0.408

10.2
13.4

2.2

1.8

0.06

0.05

35.0

0.0

1.3

2.0

3883
3883

3883

3883

1941.5

1941.5

1941.5

5.94
5.94

5.94

5.94

2.62

2.62

2.62

20
5

20

20

20

20
20

0.297
1.187

0.297

0.297

0.131

0.131

0.131

High Temp. Components
IVC to outlet header

Outlet header

Outlet header to SG - vertical

Outlet header to SG - horizontal

Pressurizer piping - vertical

Pressurizer piping - horizontal

Pressurizer

Low Temp Components
SG to pump - vertical

SG to pump - horizontal

Pump discharge to inlet header -
vertical

Pump discharge to inlet header - 5 0.408 0.7 1941.5 2.62 20 0.131
horizontal

Inlet header 11.3 1.155 11.8 3883 5.24 5 1.048

Inlet header to IVC 34.5 0.578 9.0 3883 5.24 20 0.262

Pump bowls 2

Low & High Temp. Components

Steam generator (high temp) 30.0 3883 5.94 4.95 1.20
Steam generator (low temp) 4.37
In-Vessel components (high temp) 10.1 3883 5.94 20.0 0.297
In-Vessel components (low temp) 17.6

Loop Coolant Inventory 129.6

Divertor Cooling Loop

The dimensions for the divertor loop components are given in Table 9. As
shown in Table 9, the coolant inventory for this loop is significantly higher
than that of the blanket and first wall loop (179 vs. 130 m3). The divertor
loop energy, however, is less than that of the blanket and first wall loop (110
vs. 120 GJ). This is due to the much lower divertor coolant temperatures.
Consequently, from a safety analysis perspective, this loop should be less
demanding on the containment
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Table 9
Divertor Coolant Loop Component Dimensions.

High Temp. Components

IVC to outlet header

Outlet header

Outlet header to preheater - vertical

Outlet header to preheater - horizontal

Pressurizer piping - vertical

Pressurizer piping - horizontal

Pressurizer

Low Temp Components

Preheater to pump - vertical

Preheater to pump - horizontal

Pump discharge to inlet header -
vertical

Pump discharge to inlet header -
horizontal

Inlet header

Inlet header to IVC

Pump bowls

Low & High Temp. Components
Feedwater Preheater (high temp)
Feedwater Preheater (low temp)

In-Vessel Components (high temp)
In-Vessel Components (low temp)

Loop coolant inventory

Length
(m)

103.5

33.8

7.5

6

7.5

6

0

10

15

5

33.8

103.5

Diameter
(m)

0.551

1.103

0.551

0.551

0.1

0.1

0.384

0.384

0.384

0.384

1.087

0.544

Volume
(m3)

24.7

32.2

1.8

1.4

0.06

0.05

25.0

0.0

1.2

1.7

0.6

31.4

24.0

2

25.0

8.1

179.3

M
(kg/s)

4298

4298

4298

4298

2149

2149

2149

2149

4298

4298

4298

4298

4298

Q
(m3/s)

4.77

4.77

4.77

4.77

2.32

2.32

2.32

2.32

4.64

4.64

4.77

4.77

V
(m/s)

20

5

20

20

20

20

20

20

5

20

4.44
4.32

20.0
19.4

A
(m2)

0.239

0.955

0.239

0.239

0.116

0.116

0.116

0.116

0.928

0.232

1.075

0.239

4.5.2 Pumps and Steam Generator

Blanket & First Wall Cooling Loop

Each blanket and first-wall cooling loop has two pumps and one steam
generator. The design parameters for these components are given in
Tables 10 and 11.
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Table 10
Pump Design Parameters.

Parameter Value

Flowrate (m3/s) 2.62

Mass Flowrate (kg/s) 1942

Head (m) 250

Temperature (°C) 285

Power (MW) 7.0

Table 11
Steam Generator Design Parameters.

Parameter

Thermal Power (MW)

Coolant Flowrate in (m3/s)

Coolant Flowrate out (m3/s)

Coolant Mass Flowrate (kg/s)

Temperature in (°C)

Temperature out (°C)

Heat Transfer Area (m2)

Tube Inside Diameter (mm)

Number of Tubes

Feedwater Temperature (°C)

Steam Temperature (°C)

Steam Flow (kg/s)

Value

898

5.94

5.24

3883

325

285

6527

17

5027

230

285

504

Divertor Cooling Loop

Each blanket and first-wall cooling loop has two pumps and one feedwater
preheater. The design parameters for these components are given in Tables
12 and 13.
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Table 12
Pump Design Parameters.

Parameter Value

Flowrate (m3/s) 2.32

Mass Flowrate (kg/s) 2149

Head (m) 250

Temperature (°C) 140

Power (MW) 8.0

Table 13
Feedwater Preheater Design Parameters.

Parameter

Thermal Power (MW)

Coolant Flowrate in (m3/s)

Coolant Flowrate out (m3/s)

Coolant Mass Flowrate (kg/s)

Coolant Temperature in (°C)

Coolant Temperature out (°C)

Heat Transfer Area (m2)

Tube Inside Diameter (mm)

Number of Tubes

Condensate Water Temperature in (°C)

Condensate Water Temperature out (°C)

Condensate Flow (kg/s)

Value

503

4.77

4.64

4298

167

150

5970

17

4598

33.2

147.1

1058
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4.6 Equipment Layout

The layout of the key primary HTS equipment, for both the divertor and the
blanket and first wall systems is shown in Figures 8 and 9.

Steam generator

Blanket
imp

Divertor pump Feedwater preheater

Figure 8
Plan View of proposed PPCS PHTS Equipment Layout.
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Figure 9
Elevation View of the Proposed PPCS PHTS Equipment Layout.
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5 Summary

The HTS conceptual design developed for the PPCS plant model is com-
pliant with the single failure criterion - i.e., the failure of a single active
component (e.g., pump) will not cause the reactor to shutdown. The system
effective availability (capacity factor), however, is only marginally better
than that of the SEAFP design, as the number of loops could not be
decreased further, due to coolant inventory limitations.

The PPCS Plant Model A has about 70 % more fusion power than the
SEAFP model. Therefore, keeping the same number of loops as in the
SEAFP model would have implied a 70 % larger inventory. To improve
plant availability and safety, however, the number of blanket and first wall
loops have been reduced from eight to six, implying a further increase in
loop inventory of about 25 %. For these and other reasons, the coolant
inventory, at risk from a loss-of-coolant accident, has increased sig-
nificantly, relative to the SEAFP design (-130 vs. 50 m3).
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6 Conclusion

The proposed heat transport system conceptual design meets, or exceeds, all
project specifications. At 1860 MW, the net plant output power, in fact, is
considerably higher than the 1500 MW specified by the project. This gives a
net plant output efficiency of 29.1 % versus 23.8 %.
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