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ABSTRACT where

Effective maintenance will be an essential
Ingredient in determining fusion system productiv-
ity. This level of productivity will result
only after close attention is paid to the
entire system as an entity and appropriate
integration of the elements is made. The
status of fusion maintenance is reviewed in the
context of the entire system. While there are
many challenging developmental tasks ahead in
fusion maintenance, the required technologies
are available in several high-technology indus-
tries, including nuclear fission.

INTRODUCTION

Any discussion of the status of fusion
maintenance must be conducted from the point of
view of the total fusion production system.
Hence, this discussion will present the fusion
maintenance problem as one inherently involving
the fusion device as well as the maintenance
equipment, facilities, etc.

The ultimate aim of a fusion maintenance
approach is to enhance the productivity of the
system. This productivity may be defined in
several ways, depending on the mission of the
device. If the mission is to produce commercial
electric energy, then the productivity may be
written as shown by Eq. (1):
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C = Total capital cost per unit
C power, S/KW

PRATED * Rated P ° W e r outPut> ™

FCR - Fixed charge rate

N = Number of staff

C_ •= Average annual salary

Cp « Annual fuel cost

Cp_ « Annual cost of replacement parts

Fp_ = Plant utilization factor = 1.00

The graphical expression of this equation
for assumed values of the parameters is shown
in Fig. 1. It can be seen that for a level of
COE at or below 50 mills per KW hr, the avail-
ability of the plant must be at least 78%.

If the mission of the fusion device is an
experiment (the demonstration of engineering
feasibility, for example), then the productivity
may be defined as the cost per test hour; for
typical parameters, the productivity (CPTH) is
shown in Fig. 2.

It is clear from both of the examples
shown above that the productivity of the device
is related to three factors: (1) cost, (2) per-
formance, and (3) availability. It is also
clear that availability is just as valid an
objective as are cost and performance. The
balance of this discussion will deal with
availability and its dependence on maintainabil-
ity.

AVAILABILITY

Availability is defined as the ratio of the
time the machine is available, or "ready to go,"
to the total time in a given period. It is
expressed as follows:
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Fig. 1. Availability is an important element in
the cost of electricity.

Fig. 2. Fusion experimental productivity is
closely tied to availability

Availability, A •= T o t a l PerloTof Time < 2 )

(3)
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Downtime
Total Period of Time

It is easier to quantify the time that the
machine is unavailable for operation, hence,
the use of the term downtime.

Downtime is related to two parameters, as
shown in Eq. (4):.

Downtime
Frequency of Downtime per
O c c u r r e n c e Occurrence

and may be either scheduled or unscheduled.

Major scheduled downtimes are based on
planned preventive maintenance periods and are
determined according to vear-out characteris-
tics of key components in the system. Other
preventive maintenance activities may be sched-
uled during these periods. The dominant type
of maintenance activity conducted during these
scheduled downtimes is the replacement of the
"worn-out" items.

The unscheduled downtimes are the result
of failures of components in a single string or
non-redundant configuration. There are gener-
ally two causes of failures. One type is asso-
ciated with the break-in period of operation
and is related to the quality assurance program
for the device. The other type is related to
the intrinsic reliability of a component and is
a function of design complexity, type of func-
tion, severity of environment, etc.

Both the scheduled and unscheduled down-
times discussed above have a frequency of
occurrence that is important to the determina-
tion of availability. One io related to the
life of the components, and one is related to
failure rate.

The other important ingredient in the
determination of availability is the mean time
to repair. This is a function of the time for
environmental conditioning, the ease of access
to the subject components, the time for discon-
nect, the time for transport to a refurbishment
site, the availability of a spare component or
module, the time for installation of the spare,
the time for checkout and test, and the time
for reconditioning the environment.

IDENTIFYING THE STATUS OF FUSION MAINTENANCE

The approach employed to assess the status
of maintenance for fusion operations is as
follows: First, the maintenance system func-
tions are defined. These functions are based
on a refurbishment concept where components are
kept in service to a maximum degree (minimum
waste disposal, minimum spares inventory).



Second, a maintenance system Is deduced from the
maintenance functions. Third, the characteris-
tics of a fusion maintenance system which
determine the level of availability and overall
productivity is discussed. This will include
the following:

• Fusion concept configurations and environ-
ments

• Modularity in design

• Fusion maintenance technology

• Performance of fusion maintenance system
elements

• Availability of maintenance system elements

MAINTENANCE SYSTEM COMPOSITION

The maintenance system elements are those
which perform the functions of fusion mainte-
nance. It should be noted that the fusion
production and fusion balance of plant compon-
ents are included, since they are an integral
part of any maintenance operation. However, a
breakdown of elements to a lower level is
reserved for those activities which are
unique to the maintenance operation.

The system composition is shown in Table 1.
There is no attempt to differentiate hardware
from software. It should be emphasized,
however, that software is frequently implied.
For Instance, in the status reporting category,
No. 10, almost all of the elements are software.

Man-in-the-loop control will be a neces-
sary feature in the early stages of develop-
ment. Basically, the control techniques are
well developed in the aerospace field. They
do, however, need to be adapted to the unique
requirements of the fusion power plant.

FEATURES OF FUSION MAINTENANCE

It is the purpose here to discuss some of
the features of fusion production machines
that will influence the characteristic inputs
to the availability expression of Eqs. (3) and

Fusion Concept Configurations and
Environments

Several concepts are under consideration
for fusion power production. Two of these are
the tokamak and the tandem mirror. The tokamak
is characterized by a toroidal-shaped fusion
chamber. An external view of the Toroidal
Fusion Core Experiment (TFCX) is shown in
Fig. 3. The TFCX is a planned next step after
demonstration of fusion power breakeven in TFTR
in 1986. Access is provided to internal com-
ponents at the outer periphery of the vessel
and from the top by removal of the dome. A
view of the internal structure and some of the
structural modularization is shown in Fig. 4.
The plasma vacuum vessel is formed by the ring
modules, the window modules, and the shield
sector door. This plasma vacuum vessel bound-
ary is common with the magnet system (supercon-
ducting) vacuum vessel. The balance of the
magnet system cryostat is made up of the dome
and the cylindrical outer wall.

Table 1. System composition.

There is a conscious effort to include
the personnel, their training program, simula-
tion facilities requirements, and procedures
in the system composition.

Fig. j. Peripheral access to the toroidal
fusion core experiment — TFCX



Fig. 4. Internal access to the toroidal fusion
core experiment — TFCX

The environments include a hard vacuum
(10~8 torr), high-em=rgy deposition (3 x 1011*
neutrons/sec-cnr), and high temperature (300-
400°C). Hence, it Is in the region of the plasma
chamber where failure rates are apt to demand
close attention to the design, where material
erosion is apt to severely limit component life,
and where access for maintenance tasks is most
challenging. It is also in this region where
the power-producing, tritium-breeding blankets
would be installed in a commercial device. In
addition to the cooling requirements and heat
extraction requirements, the tritium produced
must be extracted in a reliable and efficient
manner.

Shown in Fig. 5 is an external view of the
Mirror Fusion Test Facility Upgrade (MFTF-a+T).
This configuration represents a tandem mirror
concept consisting of a center cell and two end
cells. The mission of this device is to demon-
strate aggressive end cell physics and to inte-
grate relevant fusion technologies. Provisions
are made for the removal of a single component
without disturbing its neighbors through hatches
in the top of the vessel. The plasma is linear
in this concept, and the diameter of the plasma
is much siiialler than in the tokamak. The
environment is, however, similar to the tokamak,
i.e., a iiard vacuum with high temperatures. The
erosion conditions are transferred to the end
cells and specifically occur at the halo scraper
direct converter and locally on the beam dumps.

Modularity in Design

This discussion is directed at the division
of tasks between the fusion production cell
and the hot cell. The ultimate objective is
availability in the fusion production cell.
Hence, the maintenance activities in the
fusion production cell should be, from a
machine stanrV'int, kept as simple as possible.
Simplification is made easier if components

are modularized. This permits easier access
generally and alio permits less complex kine-
matics in removal. A maintenance failure in
the fusion production cell has serious direct
consequences for availability. In the hot
cell, on the other hand, the modules are
placed in fixtures, the maintenance activities
are concentrated on smaller components, and
they are off-line. Viewing is easier because
camera location and lighting can be brought
closer to the components.

Somi components will have relatively
small radiation levels and can be worked on
with contact (hands-on) techniques. A separate
facility (warm-room) is thus desirable and
will avoid saturating work space in the hot
cell.

Fusion Maintenance Technology

There is no actual maintenance experience
with a deuterium-tritium plasma and, hence,
with a highly activated fusion device requiring
a significant amount of remotely controlled
handling of components. There is a large body
of experience with fission fuel reprocessing,
either with fixed work stations1 or with
canyon configurations.2 There is some experi-
ence, also, with complete systems maintenance
planning.3

Many of the fusion components are quite
large. For instance, the shield sector of
Fig. A is on the order of 140 metric tonnes.
The positioning of this component in the basic
body of the machine will require positioning
accuracies on the order of 1 cm. The masses
can clearly be handled by existing bridge
crane technologies, but fixtures shown in
Fig. 6 and control equipment will require
significant development.

Connecting techniques such as welding/cut-
ting procedures and manipulator-held impact
wrenches exist for conducting remote types of
activities, but the installation and initial
alignment will require development.

In-situ inspection is a desirable mainte-
nance capability. It appears that programmable
features would enhance this activity. Recently,
CAD/CAM software programs have become available
for simulating the kinematics of existing
robots and, through the animation capability,
for designing the necessary kinematics from
scratch. These programs also permit the
operator to do off-line programming of existing
robotic hardware.

Performance of Fusion Maintenance System
Elements

The performance of the maintenance system
is measured in terms of the time it takes to



Fig. 5. External access to MFTF-a+T tandem
mirror experiment is from overhead.

Another example is where similar opera-
tions are repeated at more than one work
station around the periphery of a tokamak
fusion production device. Such an activity is
one involving removing 12 limiter blades. A
section through a typical station is shown at
the right of Fig. 7. These blades are subject
to erosion and, if installed at the same time,
will wear out at the same time because of
plasma symmetry. The work stations in the
plan view are showr. schematically at the left
in Fig. 7. The downtime required to remove
the blades is shown in Fig. 8 as a function of
the number of simultaneous work stations.
Clearly, there is an advantage to working at
least four stations in parallel. This has
implications for equipment, however. If an
overhead crane system is employed for removing
the blades, there would have to be two cranes,
each with two trollies per bridge, to handle
the task of four parallel work stations. This
is not a new technique, but careful study is
warranted to justify the expense of additional
crane equipment.

Fig. 7. Simultaneous limiter replacement
activities at periphery of tokamak
suggest a challenge to overhead
crane utilization

Fig. 6. Peripheral access in tokamak may be
achieved with overhead crane and
fixtures.

restore operation after either a scheduled or
an unscheduled shutdown.

For repetitive operations in the fusion
production cell, the tasks are of two types:
One task is at a single location and may
Involve, for example, a large number of bolts
which must be removed fron a port cover. This
task may be accomplished with robotic techniques
and programed. Fig. 8. Simultaneous activities have large

leverage on limiter removal downtime



Availability of Maintenance System Elements

There, are several aspects related to mainte-
nance system availability. These have to do with
the same characteristics ascribed to in the
fusion production components. They are:
(1) inherent reliability, (2) personnel skills,
(3) personnel training, (4) procedures, and
(5) status reporting.

Failure conditions in the maintenance sys-
tem must be identified and recovery scenarios
described, with procedures well defined.

STATUS OF FUSION MAINTENANCE

Shown in Table 2 are fusion maintenance
issues. Because they are issues requiring
resolution through tradeoffs, some perception
of status may be obtained by simply recognizing
their existence.

Table 2. Fusion maintenance issues

The first item addresses the tradeoff
between the design of the fusion device compon-
ent for remote activities, i.e., considering
limitations in equipment capability, and design-
Ing the equipment to handle intrinsic features
of the fusion device. There is at this time
considerable reluctance to redesign standard
fittings and attachment devices to acconoodate
existing equipment limitations.

Next is fie ever-present concern with
properly utilizing man-s kinetic and sensory
capabilities. Limiting the full and exclusive
application of man's capability is the necessary
provision for accident scenarios which night
require full and exclusive remote capability.

The degree of modularization is a tradeoff
between access, reliability, and spare parts

cost. The larger the module, the higher che
spares cost.

Improvement in downtime for scheduled
activities may come from increasing component
life or decreasing the meantime to replace.
The scales will probably always be tipped
toward increasing component life. However,
the value of quick response and rapid replace-
ment is great because of unscheduled events
requiring the same equipment.

There is no question but that software
will play an important role in the fusion
maintenance system, such as status reporting.
In the case of simulation techniques, the
computer-aided design and computer-aided
maintenance will alleviate to a significant
degree some of the functions of the mockup.
In this sense, the mockup and the computer
will be co-equal team members, each having a
unique and vital role.

Robots are inherently valuable for highly
repetitive tasks. However, the point at which
the man-in-the-loop control is more flexible
and therefore quicker to res. pond is not clear
and is probably somewhat design specific.

Status or performance monitoring must
always be carefully evaluated since installing
sensors in the equipment may reduce reliabil-
ity based on false signals.

Crane operations have certain perceived
benefits associated with the simplicity of
lifting operation. However, the benefits are
mitigated by at least two considerations. One
is that to lift, the component must be
designed with lift lugs in order to accept the
lift loads with impunity. Second, the over-
head space is at a premium since the use of
more than one crane begins to make the entire
facility more complex and costly. In both
crane and surface operations, floor traffic is
a concern; hence, studies are required in some
depth to determine aisle widths.

A summary is provided in Table 3 of the
types of generic maintenance activities and
the basic status of each. The technology for
each is available, though perhaps from another
discipline. A great deal of development is
required. It should be emphasized that soft-
ware development should parallel the hardware!
If left to the last minute, unfortunate delays
will occur.

A large, complex system is like an
orchestra. The proper instruments must be
available, must all work, and must be in
proper tune. Otherwise, the music will not be
pleasant.



Table 3. Fusion maintenance status
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DATA GATHERING AT LOW AVAILABILITY
IS COSTLY
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IABLE |
SYSTEM COMPOSITION

SYSTEM ELEMENTS

FUSION ISLAND COMPONENTS
B.O.P. COMPONENTS
FACILITIES 3.1. FUSION PRODUCT.

3.2-HOT CELL
3.3-WARM CELL
3.4-SPARES STORAGE
3.5-CONTROL ROOM
3.6- SIMULATION

MAINT. EQUIP. 4.1-FUS. PROD. CELL

4.2-HOT CELL
4.3-SIMULATION CELL

CELL

h |

4.1
4.1
4.!
4.1
4.1
4.1

FAILURE MODES SIMULATION, 1NCL. MAINT.
PERSONNEL
TRAINING PROGRAM
PROCEDURES

.1.

.2-

.3-

.4-

.5-

.6«

.7-

CONNECT & RECONN.
DEVICES
TRANSPORT DEVICES
POSITION. DEVICES
• INSPECT. DEVICES
CONTROL SYSTEMS
VIEWING SYSTEMS
POWER SYSTEMS

EQUIP.

9
10

SPARES INVENTORY
SYS. STATUS 10.1-
REPTG. 10.2-

10.3-
10,4-
10.5-

FAIL DETECTION & ISOLATION
REDUN, COMP. KAIL. STATUS
SERVICE LIFE STATUS
SPARES STATUS INV. & PROCUREMENT
f.OMPON. REFURBISHMFNT

10.6- MAINTENANCE ACT.

. 10.7- KAiLURE DATA COLLECT

FUNCTION(S)

PRODUCTION OF FUSION ENERGY
CONVERSION & DIST. OF FUSION ENERGY

II MAINT. SCHEDULING
s in SPA h 11

MAKE & CUT WELDS; BOLT RUN DOWN;
LATCHING
MOVE COMPONENTS FUSION-HOT CELL, ETC.
LINE UP AND FIT-UIJ HOLDING
VIEW SURFACE CONATIONS IN-SITU
NAVIGATION 8 STEERING
REPLACE DIRECT MANNED VIEWING
POWER TO TRANSPORT & DISCONNECT ACT.
SAME AS ABOVE FOR FUSION CELL
SAME AS ASOVE FOR FUSION CELL
SHOWS SYS. RELATIONSHIPS DYNAMICALLY
PROVIDE PLANN. & SCHED. DECISIONS, ETC.
DEVELOPS HIGH PERSONNEL SKILL LEVELS
DESCRIBES REPLACEMENT ACT. S RESOURCES
PROVIDES PROMPT REPLACEMENT COMPONENT
SIGNALS FAILURE & LOCATION
SIGNALS TIME FOR SCHED. MOD. REPLACE.
INDICATES OVERATING TIME LEFT
SIGNAL REORDER TIME BASED ON REFURB.
PROVIDE ESTIMATE OF TIME TO ENTER
SPARES

STATUS OF FUSION CELL EST. TIME
TO COMPLETE
PROVIDE BASIS FOR COMPON. IMPROVE-
MENT
CONTROL SEQUENCING OF MAINT. ACT.
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Adjustable Link
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Shield
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FOUR WORK STATIONS HAVE LARGE LEVERAGE
ON UMITER REMOVAL DOWNTIME
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TABLE/, FUSION MAINTENANCE ISSUES

• DESIGN SIMPLICITY AND COMPATIBILITY WITH REMOTE OPERATIONS

• CONTACT (HANDS-ON) ACTIVITIES VS. REMOTE

I DEGREE OF MODULARIZATION

• DOWNTIME PER OUTAGE VS. COMPONENT LIFE

• DEGREE OF COMPUTER-AIDED TECHNIQUES

T PROGRAMMED (ROBOTIC ACTIVITIES) VS. MAN-IN-THE-LOOP CONTROL

• STATUS MONITORING VS. TOTAL SYSTEM RELIABILITY

• CRANE OPERATIONS VS SURFACE ACTIVITIES



TABLE/. rUSION MAINTENANCE S1A1US

TYPE OF ACTIVITY

COMPONENT LONG-LIFE DESIGN
SHIELDING

SPARES INTERCHANGEABILITY

SEALS
ATTACHMENT TECHNOLOGIES
REMOTE HANDLIK-3 WITH LARGE WEIGHT & PRECISION

MANIPULATIVE DEXTERITY
SIMULATION AND ROBOTIC DESIGN

CONTROL

VIEWING AND LIGHTING
INSPECTION
DOWNTIME ANALYSIS
PERFORMANCE MONITORING
FAILURE MODES AND EFFECTS
FAILURE RATE ANALYSIS
INFORMATION SYSTEMS SOFTWARE

CONTAMINATION CONTROL

STUDIES OF INTEGRATED MAINTENANCE SYSTEM
ACTIVITIES

f-AILURE RATE DATA COLLECTION AND
ORGANIZATION

STATUS

.-''NEEDS DEVELOPMENT; BOTH MAT'LS 8 PROCESS

NEEDS DEVELOPMENT

ECONOMIC CONSIDERATION

NEEDS DEVELOPMENT

NEEDS DEVELOPMENT

NEEDS DEVELOPMENT

FAR CRY FROM HUMANS; OK IF KEPT SIMPLE

NEEDS EXPLOITATION

AVAILABLE .AEROSPACE TECHNOLOGY

NEEDS DEVELOPMENT

NEEDS DEVELOPMENT

COMPUTER SOFTWARE SIMULATION

AVAILABLE AEROSPACE TECHNOLOGY

AVAILABLE AEROSPACE TECHNOLOGY

AVAILABLE AEROSPACE TECHNOLOGY

AVAILABLE AEROSPACE TECHNOLOGY

AVAILABLE NUCLEAR TECHNOLOGY;

TRITIUM CONTROL NEEDS DEVELOPMENT

NEEDS ADDRESSING

NEED BADLY


