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Summary

Availability studies have been undertaken as
part of the preconceptual design of ETF. The
report discusses a simulation model developed to
assess ETF availability. An assessment is made of
ETF availability and operational characteristics.
ETF availability drivers are identified. The
impact of availability on schedule and cost is
discussed.

Introduction

Availability studies are being performed
during ETF preconceptual design to

• ascertain whether ETF is capable of com-
pleting its mission within a reasonable
time period, and

• promote cost effective design improvement.

ETF operations would consist of two phases—
a plasma operations testing phase which would cul-
minate in the repeatable production of a long
pulse, ignited plasma, and an engineering testing
phase for reactor relevant technologies. The
plasma operations testing phase is anticipated
to require -̂ 3 years. The engineering testing
phase is anticipated to require M O years during
which time 5 x iO5 pulses may be initiated.

1 In
order to complete the engineering testing phase
in 10 years, an availability >20% will have to be
demonstrated. The relationship between availa-
bility and mission time is shown in Figure 1.

Availability studies are also performed to
promote cost effective design improvement. By
improving availability, the downtime associated
with a given mission is reduced. Many operating
and support (06S) costs such as personnel and
overhead utility costs accrue during downtimes
as well as during operating times. By improving
availability, Ogs cost savings would be realized.
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Fij:uro Mission time is directly related to
availability.

If the added development and capital (DSC) costs
required to effect the availability improvement
are less than the anticipated O6S costs savings,
it would be cost effective to incorporate the
design improvement.

If this procedure was systematically applied,
a minimum life cycle cost (LCC) design would
evolve. This concept is depicted in Figure 2.
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Figure 2. A design can be optimized for
availability on the basis of life
cycle cost.

Approach to Availability Modelling

Availability is defined as the ratio of
operating time to operating time plus downtime.
Figure 3 describes typical operational and
nonoperational states for a device such as ETF.
When the device is operational, it may be
operating or idle. ETF availability studies to
date have been premised on the device being
operated whenever possible, i.e., idle time
would be negligible.
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MAINTENANCE

ETF may be rendered nonoperational for
scheduled or unscheduled maintenance. Unscheduled
maintenance periods result primarily from equip-
ment failures. The duration of an unscheduled
maintenance period is determined not only by
maintenance time required to effect repair but also
by the time required to obtain replacement parts,
maintenance personnel with necessary skills, and
support equipment. On ETF, these factors are
expected to add substantially to unscheduled down-
times.

Scheduled maintenance requirements will exist
for various components. In order to minimize
impact on availability, scheduled maintenance
should be performed during maintenance opportunities
afforded by random failures. A significant impact
on availability would still be expected however,
for life-limited elements such ar divertor
collector plates which require substantial mainte-
nance time,

In order to make a reasonable assessment of
availability, all of the above factors must be
considered. Nonmachine parameters such as avail-
able spares and remote maintenance equipment must
be modelled as must machine parameters such c-3
failure rotes and active repair times. On ETF, a
simulation model was developed for assessing avail-
ability. Simulation models have several important
advantages over deterministic models which make
them more appropriate for this application.

Simulation models are more accommodating to
the wide range of inputs, particularly nonmachine
parameters. Suppose it was desired to determine
the impact on mission time of scheduling machine
operations for one shift per day, five days per
week versus three shifts per day, seven days per
week. A simulation model could easily accommodate
the change whereas the whole foundation of a
deterministic model might be severely undercut. In
general, simulation models for availability model-
ling of complex systems are based on fewer, more
tenable assumptions than deterministic models
which consider the same parameters.

The availability modelling effort on ETF is
still in its early stages. Machine parameters have
been generated for about 150 components or groups
of components based on inputs from reliability
handbooks2 and cognizant personnel. While machine
parameters will be modelled to greater depth,
future efforts will also be aimed at the develop-
ment of nonmachine parameters. Areas of concern
include spares, remote maintenance equipment, and
operations scheduling. To date, the impacts of
these factors on availability are not reflected
in the availability assessments. Until the impacts
of these factors are adequately .-eflected, the
availability model will provide a conservative
upper bound on ETF availability.

Figure 3. ETF operational status



Preliminary Availability Assessment

ETF availability was assessed to be 40% with-
out maintenance delays due to lack of spares,
unavailability of remote maintenance equipment,
etc. (Assuming maintenance delays account for
less than half the total downtime, ET1 avail-
ability should in the range of 25-35%.)

The analysis assumed ETF would be operated
whenever possible. The mean operating time
was 1.8 days. Figure 4 shows the distribution
of operating times. Note that the probability
of continuous operation for nore than a week is
small {*Z¥).
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Figure 5. ETF downtime distribution.

A breakdown of ETF availability to the system
level is shown in Table 1. It may be clearly seen
that the first wall/sM^ld system, magnetic field
systems, divertor system, and heating systems have
a dominant impact on availability.
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Figure 4. ETF operating time distribution.

The mean downtime was estimated to be 2.7
days. Although 70% of all downtimes should
require less than 24 hours to effect repair, 1%
of all downtimes may require more than a month.
Figure S shows the distribution of ETF downtimes.
It should be noted that a 24 hour cooldown period
was assumed before contact maintenance could be
performed in the reactor hall. (If the impact
of maintenance delays was considered in the model,
the distribution would shift to the right.)

System

First wall/shield
Bundle divertor
Neutral beam
Poloidal field
ilF heating
Toroidal field
Plasma ISC
Fueling
Torus vacuum pumping
Tritium
Electrical s tg . /d is t .
Heat transport
Experimental

* ETF TOTAL *

Availability

0.65
0.75
0.88
0.89
0.90
0.92
0.96
0.96
0.96
0.97
0.97
0.98
0.98
0.40

Table 1. ETF system availabilities.

Select systems are discussed individually in the
following sections.



First Wall/Shield System

Toroidal Field [TF) System

One of the biggest risks in regard to avail-
ability is represented by TF coils and, to a lesser
extent, by other superconducting coils. Any
failure that would require replacement of a TF
coil would exert a significant impact on the ETF
mission because the device may be rendered
inoperable for six months to a year. The ~isk of
this consequence can be controlled only by
controlling coil reliability.

If the probability of a coil failure is to be
kept acceptably low, the failure rate per coil
will have to be less than 1 per million hours
over the life of the device. The only possible
way to achieve such high reliability is through
extensive testing during coil development and
production. Every process involved in coil
construction has to be demonstrably repeatable.
When evaluating candidate TF coil designs,
demonstration of process repeatability should
be required. In the production phase, additional
test programs will have to be devised to ensure
a minimum probability of failure. Even so,
the reliability that can potentially be demon-
strated in the test programs may be much less
than the reliability required; hence, consider-
able risk may be involved. Also, there will be
insufficient operating experience with large 10-12
tesla superconducting magnet systems to give
great confidence that the required coil relia-
bility can be achieved on ETF.

Superconducting coils require extensive
detection systems to prevent potentially hazardous
situations from occurring. Monitored parameters
might include local temperature, helium flow, and
internal arcing. Some sensors may be impossible
to repair; i.e., they may be an integral part of
the coil. Hence, loss of failure detection
capability could prompt coil removal. Detection
systems must be designed for adequate fault
tolerance such that coil reliability is not com-
promised by sensor failures.

TF system availability is impacted by the
availability of coil associated equipment, e.g.,
coil leads, dewar, and cryogen manifolds, as well
as by coil availability per se. Repair of coil
associated equipment will require weeks if the
coil must be let up to ambient temperature to
effect repair. Superconducting coils character-
istically require long periods of time to warm
up and cool down. Hence, failures that would
require thermal cycling of a superconducting coil
should be safeguarded in design to minimize impact
on availabi ty.

The first wall/shield system includes the
first wall, bulk shield, armor, and associated
vacuum seals, dielectric breaks, and cooling
connections. (There is no limiter on current ETF
designs incorporating a bundle Jivertor.) The
availability of the first wall/shield system was
assessed to be 65%. As such, the first wall/
shield system appears to be the foremost avail-
ability driver in ETF design.

System availability will be greatly
influenced by:

• plasma disruption characteristics,
• fault detection and isolation capability,

» the quality and durability of vacuuir.
seals, dielectric bre&KS, and cooling
connections, and

• radiation-induced damage to the first wall.

It is difficult to project ETF disruption
characteristics with the limited empirical data
available. Each plasma disruption is expected to
ablate substantial amounts of material. Due to
the circumferential nature of plasma thermal
energy deposition, armor replacement necessitated
by disruptions requires replacing armor in all
torus sectors. This promises to be a time-
consuming operation, perhaps requiring several
weeks at best. For this reason, disruption
characteristics are critical to system avail-
ability.

Fault detection and isolation capability is
also critical to the availability of the first
wall/shield system. Particular failure modes of
concern include pinhole coolant leaks in the first
wall, small leaks along vacuum seals, and broken
disruption armor. Many fault detection and
isolation schemes have yet to be developed. If
effective schemes are not developed, maintenance
times will be considerably longer than otherwise
would be the case.

Bundle Divertor System

The availability of the bundle divertor
system was the most difficult to assess. Current
ETF bundle divertor designs are less detailed
than most other systems. It seems clear though
that system availability will be influenced by
collector plate life and divertor coil reliability.
The peak power density on the collector plate is
5 MW/m2. In that environment, collector plate
designs have an expected life of T-2-3 months of
machine operating time. The four divertor coils
will be subject to high levels of stress. Also,
it may be a problem to pro.ide more than marginal
shielding to the divertor coils. (Superconducting



jivertor coils are not a viable option for current without compromising reliability remains to be
designs due to insufficient space for shielding.) seen.
Hence, divertor coil reliability is a concern.
More detail is necessaTy before a more confident
assessment of bundle divertor availability can be
made.

Neutral Beam System

Neutral beam system availability is sensitive
to the reliability and maintainability of the ion
sources. In a neutral beam workshop conducted
at ORNL on February 20-21, 1980, the consensus
was that a life of 101* pulses might be achievable.
This equates to about two weeks of continuous
machine operation. On ETF, 16 sources are
required to provide 60 MW total injected power.
Additional sources were provided for redundancy
so the mean-time-between failure (MTBF) of the
ion sources collectively would approximate the
life of an individual source. In order to
minimize the impact of ion sources on system
availability, strong provisions for maintain-
ability of the ion sources were made. The ion
sources are maintained remotely so the 24 hour
cooldown period is not a factor. Maintenance
is performed concurrently on all four beamlines.
Furthermore, sources must be preconditioned.
With these provisions, it may be possible to
replace all of the ion sources and resume
operations in less than a day.

The neutral beam system has four identical
beamlines (each with six sources). In the event
of a beamline failure, the failed element would
be replaced as part of a large module. Modular-
ization r; beamline design improves maintain-
ability by reducing the number of interfaces
disturbed, impruving transportability, and lower-
ing the cost of spares.

Neutral beam system availability was assessed
to be 88% on the basis of the provisions made for
maintainabi1ity.

RF Heating System

RF heating is provided on ETF for startup
assist. It should be noted that RF bulk heating
which is an alternative to neutral beam injection
was not considered as part of the baseline design.
The baseline design calls for 1 MW of ECRH for
plasma initiation and an additional 4 MW for
supplemental heating. This will be supplied by
thirty 200 KW gyrotrons with one launcher per
gyrotron.

Two key availability issues for the RF
heating system are gyrotron and launcher relia-
bility. High power RF devices historically
have high failuie rates. The gyrotrons v.ill
operate at frequencies ai-ound 140 GHz. This
represents a significant a-<;p beyond current
28 GHz gyrotrons. Whether this can be achieved

Thirty launchers will be located at various
positions around the torus. The susceptibility of
the launchers to radiation-induced damage in the
ETF environment will be a determining factor
for RF heating system availability.

Conclusions

ETF availability will determine the minimum
time required to complete the ETF mission.

ETF availability should be optimized so that
the mission cr.n oe achieved at minimum life-
cycle-coit.

ETF availability is currently assessed to be
25-35%. With continuous operations, the
mean operating time is estimated to be 1.8
days. The mean downtime is estimated to be
greater than 2.7 days.

Many of the impediments to achieving high
availability on ETF are relevant to com-
mercial fusion reactoTS and indicate where
development efforts are required.

References

ETF Design Center, "ETF Mission Statement
Document," ORNL/TM-6733, April 19S0.

"IEEE Guide to the Collection and Presentation
of Electrical, Electronic, and Sensing
Component Reliability Data for Nuclear-Power
Generating Stations," IEE Std 500-1977;

H. P. Balfanz. "Failure Rate Compilation,"
(Translated from 'Wissenschaftliche Berichte.
Ausfallratensammlung1), NASA N75-14159;

"Nonelectronic Reliability Notebook,"
RADC-TR-7S-22;

"Reliability Prediction of Electronic
Equipment," MIL-HDBK-217B.


