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Abstract: The upgrade of the Mirror Fusion Test
Facilicy (MFTF-B) tandem mirror device incorporates che
operation of advanced systems plus tha requirement fou
remote maintenance. To determine if the operating
availability goal of this device is achievable, an
agsessmant of component lifetimes was made, along with
sstimates of device downtime. Key subsystem components
were considared from the magnet, heating, impurity con-
trol, pumping, and test module systeas. Component
replacements were grouped into three categories, and a
lifetime operating plan, including component replace-
ments, vas developed. It waa determinad that this
device could achieve a 102 operating availability.

Introduction

The MFTF-a+T is an upgrade of the MFTF-B which will
incorporate a deuterium=tritium (D=~T) axicell design,
negative~ion beamlines, a direct convertar system, and
remots maintenance operations. Incorporating these
advanced features into the existing tandem mirror device
necessitates un assessment of maintenance and availabil-
%ty in order to effectively influence the configuration
development of the MFTF-a+T. An availability goal of
10% for machine operations has been established for the
a+T. To develop a maintenance program for scheduled
operations which meets the availability requirement, an
assessment of component lifetimes was made. The focus
of this work is on replacement of limited-life compon-
ents. Key subsystem components of each major system
were considered either by extrapolating the work cf pre-
vious lifecime estimates or by assuming lifetimes based
on the judgement of the component designers. Due to the
lack of real opereting data for D-T fusion systems, this
compilation is largely subjective, but it does establish
a starting point for a maintenance plan.

Operating Availability and Component Lifetimes

Plan of lifetime operations: Table 1 is the plan
of operationa for the 10-year lifetime of o+T. The 10

years of devigce operation are divided into four phases.
The first phase occurs during the first year and is
essentially an integrated systems checkout to verify the
performance characteristics of all of the systems and
subsystems and to establish operating capabilities, It
is envisioned that active operations on the device will
be scheduled for 6 d/week at two shifts per day. No
distinction is mzde here between maintenance activities
and device operarion, since this shakedown phase implies
an intermingling of both, The operating availability
goal is expected to be about 1% (7 h/month) to evaluate
performance of the systems. It should be noted that
certain systems will be operational for considerably
longer pericds, such as the turbomolecular pumps and the
cryogenic zagnets.

Phase 1I occurs during the second year and consists
of high-performance deuterium plasma operaticns. The
operating schedule is the same as that of Plase I,
except the availability is expected to be st 3Z. During
this phase, remote maintenance equipment is in place and
tested on the device. Earlier development and testing
of this equipment is accomplished on the device mockups.

*Research sponsored by the Office of Fusion Energy, U.S.
Department of Energy, uncer Contract No. W-7405-eng-26
with the Union Carbide Corporation.
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Phase III occurs in the third year and represents
high-performance D-T operations and checkout. At this
point, the device is activated; and subsequent opera-
tions will routinely require remote handling equipment.
Deavice operationa are envisioned to be scheduled for
5 d/week, two shifts per day. Two weeks out of every
month, the device is down for scheduled operations.
This amount of downtime is assumed adequate to allow
for several 24-h waiting periods prior to personnel
accesa and one vacuum vessel pumpdown. If the super-
conducting coils require thermal cycling, 2 weeks dowm
is not sufficient. On the other hand, if the device
operates without major problems, it should be assumed
that such operations would be continued, and “sched-
uled" downtime would be waived. A 3% availebility is
assumed to be an achievable goal, since this translates
to approximately 1 h of D-T operation during each shift
when the device is not shut down; this is 22 h/month of
full-power operations (Table 1).

Phase IV encompasses the blanket testing program
during the last 7 years of operation. The operating
schedule ig the same as Phase III, except that the
availability is up to 10%; and the 2-week downtime per
wonth is an average for scheduled majintenance activ-
ities. In a month vhen test module replacement or ion
source replacement is not scheduled, the device will be
kept in operation.

The availability in Table 1 is defined as the time
when the device 15 actually operated (to create plas-
mas) divided by the total calendar time (including
planned shutdowns). For example, in Phase 1V, 72 h of
operation is planned over the total 720 h in a typical
wonth {n order to achieve 10Z. This translates inteo
2 h of device operation in an 8-h shift.

Scheduled operations and component lifetimes: One
of the major missions of a+T is to successfully com—
plete a blanket testing program. These results will
become the bagis for future devices which will have
full-scale breeding blanket designs for use in future
devices. The total program requires six blanket module
replacepents during the last 7 years of operation, and
the downtime for each of these is sxpected to vary
according te the particular module being installed. A
brief discussion related to device downtime follows and
is also described in Fig. 1.

During vears 4 and 5, two different liquid metal
{LM) modules will be tested, followed by two different
90lid breeders in years 6 through 8. The evaluations
of the test results for these four designs will be used
to develop and test one prototype for each concept
which is to be operated during years 9 and 10,
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Fig. 1. Lifetime plan for scheduled operations.
Figure 1 shows the four phases of device operation and
the relationship to the blanket tests. The following Table 2. Eacimeted Component Liferime for at7
assessaent of device downtimes for blanket changeouts Mo. of MITR  Lifstime
is a postulation based on estimating the requiresents Systen/subsysten wodules HIBF (h) (days) (FPT)
for these blanket installations.
Test modules
NN 1 -_ - .10
LM Blanket 1 is estimated to require 2 weeks of n”n 1 -— - 1o
around-the-clock remote operations. This period is sNn 1 - - .15
based on the assumption that prior to beginning D-T :: :: cotvoe : - = :g
operations (the last 6 months of year 2), the interface 53 Prototype 1 - oy 20
connections, piping, valves, and any necessary device Tast module coil (CCO) 1 >>8800 47 L
modifications are carried out using contact operations. Solenoid coils (CS) 2 >:::gg >>:; Lzs
These modifications are envisioned to be sufficient for x:ﬂ::‘::éfcg) 1: 228800  >>47 L
LM Blankets 1 and 2. Consequently, the installation of Choke coils (CC2) 2 ~2200 &7 .25
these modules appears reasonable at 2 weeks each at Cos coils 1: »::gg »:'71 1':
D.C. coils >> >
year 3 and the beginning of year 5. Dottt cotle ‘ »8800 prs L
Balc scraper 2 ~8800 &7 1 (L)
Similarly, the solid breeder (SB) test phase has Direct convarter 2 ~83800 o7 1)
an interface modification period which is assumed to be ¢.c. ‘I"ll“-"‘ 16 900 100 <a
6 weeks of around-the-clock operations. These will Ton dump 2 ~1800 e 2
essentially be fully remote and will benefit from the Cryopanels 2 ~4400 47 .5
uge of the full-scale mockup system prior to actual Bending magnets 2 >>8800 %7 L
operations. Following these changes, both 5B modules 51"'“!:: :::z:"‘“ . 400 e <
are assumed to vequire 2 weeks for installation and Ton dump 2 ik 00 7 .5
checkout early in year 6 and in the middle of yeaz 7. Cryopanels 2 ~4400 47 .5
C.C. hoamdumps 2 ~1800 :; ;
boandumps ley! .
The prototype modules presumably utilize some of :g;h"'::‘“. f .,“33 7 .28
the original interface equipment and should be designed pix | 8 »>8800 »%47
to require minimal device modifications for their ‘h-rbowucuhur s 4 4000 . _
installation. One month of downtime for each module :::g:..n:'u::cm 425000 3 -

appears reasonable at the beginning of years 9 and 10.

Component lifetimes: Ideally, scheduled replace-
ments should coincide with the mandatory downtimes for
the blanket installations. To determine the impact
that limited-life componenta may have on the tast pro-
gram and the device operating availability, an estimate
of component lifetimes has been compiled. Table 2 is s

“Raplace all sowtces.

the vault have not been considered.
because of the modular nature of many of the compon~
ents, such as the halo scraper, subunits like the
leading edge of the scraper are not considered sep-

Tn additionm,

arately, because their failure requires removing the
entire scraper module. The same is true for the
direct converter, the beamline dumps, and che test
sodule (which contains a high-field resistive coil).

listing of systexm and subsystem components on the
device island. Related items such aa power supplies,
refrigerators, and radioc frequency (RF) drivers outside



1t should be pointed out that the component lifetime
gstimates in the table are indeed estimates, since no
precedent exists for the device components in the oper-
ating onvironment of a D-T fusion raactor, Many of
these aumnbers are taken from the estimates derived for
the Tandem Demonatration Facility (IDF) design {1].

Table 2 13 intended to be a representative liating
of components which comprise many of the key o+T sys-
tems, Of these, approximately half are expected to
Tequire at leest one replacement duriang the operating
life of the machine. The remainder are primarily life-
zime components, such as the superconducting coils,
which would be expected to operate for many full-power
years (FPY) and limited-life components with lifetimes
greater than that of the full-power operating lif= of
the device. Examples of this category are the halo
scraper and the direct converter, which have expected
operating lifetimes of approximately 1 FPY,

From the availability listing in Table 1 for the
four phases of operation, the full-power opevations in
the device lifetime are derived by multiplying the
availability for each year by the number of hours in a
year. N corresponds to the number of yaars in each
phase. The totel full-power lifetime operations (IFPLO)
equation is:

0.01(8640)N, + 0.03(B640)N; + 0.03(8640)N;
+0.10(8640)N,,, vhere N; = 1, N = 1, N3 = 1,
N, = 7, so that TFPLO ~ 6652 h (0.77 FPY). To

derive full-power operations for D-T, the first two
terms are omitted.

The D~T full-power operations (DTFPQ) equation is:

0.03(8640)N; + 0.10(8640)N,, so that DTFPO = 6307 h
(0.72 FPY).

The column that lists the number of modules indi-~
cates the component replacement in its modular form.
For example, the Electron Cyclotron Resonant Heating
(ECRH) system is listed as 4. In fact, the ECRH is
made up of l4 waveguides (7 in each end cell), but they
are installed as modules, with one module consisting of
six waveguides and another consisting of one waveguide
for each cell. Hence, replacing the ECRH (because of
damaged windows) requires four separate removals, not
14.

The mean time between failures (MIBF) is the number
of hours that the component is expected to operate.
From this and the availability distribution cowponents,
replacements can be converted to calendar time in order
to develop the replacement schedule. For example, the
18-T choke coil (CC2) has an FPY of 0.25, which cor-
responds to 2160 h of operation. Using the availabil-
ity frowm Table 1, annual hours of operation for the

device are: y ... P 2 35 4 S & 7T 8 9 10

Oparating hours/yr 86 259 259 64 364 064 854 364 BBA W4
Meplace cC2-d -4
Consequently, coil CC2 requires the first changeout
after 4.8 CY and every 2.5 years after that, as shown
above and in Fig. 1.

The turbomolecular pumps (TMP) are a slightly dif-
ferent example. Their scheduled maintepance operations
are not for component raplacement due to failure.
Nevarthaless, these operations require shutting down the
device; hence, they are included. Two operations have
been identified: (1) an oil changeout after 4,000 h of
operation and (2) replacemeni of bearings after
n25,000 h of operation [2]. For these, the FPY
calendar-time equivalents are not applicsble, since the

N

pumps are expected Co operate wheunever the machine 13
not down for maintenance; this 1s to sustain the vacuum
environment in the device., From Table }, this time is
assuped to be 2 weeks/month (24 h/day), according to
the column for operating guidelines. Therefore, the
4,000 h corresponds to V1 CY and the 25,000 h to

5.7 cY, as shown in Fig. 1.

The MIBF for tha choke coils has an indirect rela-
tionship with several other compunents. The test
uodule coil (CCO) ie an integral part of the test
module, and even though it is estimated to be a life-
time component, it will he removed when blanket tests
are changed. Tais occurs six times in the l0-year life
of the device. If could be postulatid thet the same
coil will be used for each blanket module; that is, 1t
can be remotely removad from the used blanket module
and installed into the new module in the hot cell.

This may increase the dowmtime estimsred for bhlanket
installarion because of the extra handling and integ~
rity testing operations required; and, in addition, it
may compromise the design features and reliability of
the blanket design. It appears more reasonauple at this
time to assume that the CCO will be fabricated into
each blanket module at the manufacturer's facility,
where it becomes an integral part of a test module.
This approach 1s based on the modularity concept, which
is the basis for the development of the a+T device con-
figuration. Therefore, in the 10-year lifetime, seven
CCO coils are required: one for initial operations
during the first 3 years, and six to be furnished to
the manufacturers of the test blankets. Figure 1 indi-
cates thege replacements using ypaide~down triangles to
indicate that they are not required by component fail-
ures, Also, the location of these triangles conven-
iently aligns them with the blanket installations for
the purpose of discussion here. Clearly, these compon~
ents must be delivered ro the blanket manufacturer

wmany monthe prior to completing a test module assembly.

The 12-T choke coils (CC1l) have a limited life and
are mounted to their supporting shield segments, which
are lifetime comwponents. The two coil/shield modules
are replaced as units through the blanket access hatch.
A new coil is mated to its shield segment im the hot
cell for reinstallation. The 18-T choke coil set (€C2)
is composed of two subassemblies. One is the outer
superconducting coil, a2 lifetime component, and the
second is the inner normal conducting insert coil,
which has a limired life. The two coils will be lifted
out as a single module, and the inmert coil will be
replaced in the hot cell. These two situations are the
only exceptions to the modular independence of compon~-
ents vhich have different lifetimes. The removal of
the two 12-T coil/shield modules and the two 18-T coil
gets will have an additional impact on device downtime
since their replacement requires more than the instal-
lation of spare choke coils. Additional remote handling
operations are required in the hot cel-.. as well as an
integrated system checkout prior to reinstallation into
the device.

The mean time to repair (MITR) for each scheduled
comp \t repla 1t is the number of hours required
to remove and replace a module and includes the follow-
ing general procedures: 24~h device shutdown period;
remove/replace operations; repair time, where appli-
ceble (choke coils, TMP); thermal cycling of the super-
conducting coils, where applicable; testing and check~
out; and vacuum pumpdown, except for TMP and jor source
replacements. Except for blanket module replacements,
which assume around-the-clock maintenance operations,
MITRs are based on two 8-h shifts per day.




Availability and Maintenance

Down time: Four major activities impact on the
total time during which the device is shut down:
(1) initisl shutdown to reduce activity to levels which
allow parsonnel access; (2) maintensnce operations dur-
ing which components are removed and replaced using both
contact and remote means; (3) thermal cycling of the
superconducting coil systems if maintenance activities
require in-vessel operations or coil replacements; and
(4) pumpdown of the vessel and possible reconditioning
of the internal surfaces.

Shutting down the device to begin maintenance-
related operations requires two approschea, depending
upon the nature of the activities. If a maintenance
activity can be accomplished remotely, then the 24-h
waiting period after shutdown csn be waived, and only
the time required to de-energize the coils is required
prior to introducing remotely operated equipment. Thia
scenario 1s not considered here, since a+T is based on
contact operations for initiating many of the
maintenance-related activities.

Thermal cycling of the coil systems represents the
most significant potential impact to device downtime,
since it 1s estimated to require spproximately 2 to 3
waeks each for coil warmup and cooldowm. It should be
pointed out that these numbers are astimates bssed on
extrapolating from the experience of the Large Coil
Program (LCP), and even though they essentially dupli-
cate the experience at Lawrence Livermore National Lab-
oratory (LLNL) for the technology demonstration for
yin-yang coils, a detailed analysis which includes the
econonic consideration of refrigeration has not been
done. Where it is appropriate to do so, 6 weeks are
assumed to be required for any operations which affect
coil replacements, as discussed in the next subsection,

Similarly, the pumpdown time required for the
plasma chamber after extended maintenance operations
has not been analyzed to any detail. Under ideal condi-
tions, it has been estimated that »10 h of pumping using
the TMPs in the end cells and the cryopanels in the
beamline drift tubes may be sufficient to achieve the
base operating vacuum. In light of this uncertainty, a
more appropriate number may be in the range of 3 to 6 d,
for two reasons. First, the operating experience for
the Tandem Mirror Experiment (TMX) indicates that a 3-d
pumpdown is achievable but often becomes 6 d due to

ous unfor problems in operating large, complex
vacuum systems. It appears reasonable to assume {(at
least for the time being) thst a+T will be similar.
Second, the experience for tokamaks indicates again that
days of pumpdown are required, particularly if che ves-
sel 1s open to atmospheric conditions for extended per-
iods (days to weeks) and if replacement components such
as limiters have not been "conditioned"” prior to instal-
lation. In Dylla's article {3] on conditioning tech-
niques for toksmaks, three methods are discussed: bake-
out, discharge cleaning, and gettering. In one example,
he cites 100 h (4 d) of glow discharge conditioning for
the Polcidal Divertor Experiment (PDX) to achieve
acceptable levels of cleanliness for operation. While
it is not clear that any of these will be required for
a+T, it seens prudent to assume punpdown may have an
impact on downtime. Of the three techniques stated
above, gettering may be the most efficient; however,
because of tritium inventory buildup, it does nct appear
appropriate in a D-T device. Hence, in light of the
uncertainty for pumpdown, 6 d is assumed to be the
requirement.

It should be noted here that pessimistic estimates
for coil ¢cycling and pumpdown are used in order to test
their impact on achieving the 10X operating availability
of the device., Clecrly, if the availability ohjective

H

can be achieved under these conditions, the uncertain-
ties above will not be a factor. This is shown to be
the case for achieving 10Z availability.

Scheduled replacements: The chart of Fig. 1 sim-

plifies general operating dsta for the device and com-
pared it to blanket test operations, blanket instslla-
tions, and scheduled component replacements. Full-
power operations are showm in annual hours for both
hydrogen and D-T phases, along with thc assumed avail-
ability for cthe four opersting phases. The blanket
testing during Phase IV is also shown in conjunction
with the expected blanket installatious. Scheduled
component replacements taken from Table 2 are also
plotted in a time-line manner. These replacements
comprise 14 components for this preliminary
investigation,

It is not surprising to note that virtually all of
the replscements occur during the D-T phases of opera-
tions, which in general require the use cof remote
hsndling equipment. The first operation shown is an
01l replacement for the TMPs at the end of Phase III.
Since the opportunity to accomplish this remotely (as
a learning process) is likely during Phases I and 1I,
oil changeouts should not present any unforeseen
problems. In fact, this task is one that may be eas-
ily autonated, considering its frequency. Therefors,
the initlal challenge is expected to be replacement of
the central cell and sloshing beamline ion sources.
These replacement scenarios, as vell as all of the
other scheduled replacements, will be done in a routine
manner, since the maintenance equipment and the opera-
tors will have had ample opportunities for development
and learning using the mockup systems,

To assess the impact of all of the scheduled
replacements on the device operating availability,
each of the 14 replacements was studied with regard to
required down times. Figures 2 and 3 sre time-line
charts for these components, which show (to first
order) the stepwise procedures und an estimate of the
time rejuired. Three group categories for components
were established.

Group I consists of components that exhibit
similarities regarding the procedures for replacement.
In addition, replacing these raquires bringing the ves-
sel up to atmospheric pressure, which also entails
warming the superconducting coils. Figure 2 shows that
these operations require 47 d of device shutdown, pri-
marily as a rasult of thermally c¢ycling the supercon-
ducting coils.

Group II consists of the teamline fon sources.
Their replacement does not affert the vacuum of the
plasma chamber since each source will have a vacuum-
tight valve. Rsplacement of Group 11 components is
estimated to require 9.5 d of Jevice dowm time.

Group III consists of the two maintenance activ-
ities for the TMPs. Because of the vacuum valves,
these do not affect the vacuum of the plasma chamber.
01l changeouts are antual but only require 1.5 d of
down time. The bearing changeout after 5.7 years can
be accomplished either by hot cell repair, vhich will
be time consuming because of remote opersations, or
simply by pump replacement. The latter ia assumed to
be the maintenance mode.

Using the downtime required for each group from
Figs., 2 and 3 applied to Fig. 1, a compilation of the
down time for esch calendar year can be derived using
the very conservative assumption that no compcaent
replacements are done in parallel. This approach can
be used to establish an upper bound on achieving devica
availability and acts as a test for the feasibility of



attaining a 10% operating availabilicy. The results of

this compilation are shown below.
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From the plan of operations (Table 1), down time
was scheduled for ? weeks per calendar month. For any
year, this is equivalent to 144 d, assuming maintenance
is accomplished for 6 d/week. In the previous chart,
years 5, 7, B, and 9 exceed this annual value. However,
an investigation of year B with the most-scheduled, ser-
ial down time (302.5 d) still shows that a+T could
exceed the 10Z availsbility requirement, For year 8,
the operating availability could be 17%. Although this
theoretically demonstrates that the upper bouad for
achieving 10Z availability has not been reached, the
assumption of serial component replacements is unreason-
able for several reasons: it places unrscessary cycling
on the cryogenic structures, requires an inefficient use
of manpower and equipment, and uses up time which could
be allocated for unscheduled occurrences. Consequently,
component replacements are scheduled as parallel opera-
tione whever possible.

As an example, the scheduled replacements during
year 8 can be accompliyhed as follows:

Calendar yesr 1 2 3 4 ] [ 7 8 ] 10

Total dowmtise 1.5 1.5 15.5 34.5 285.3 37.5 175.5 302.5 181.5 127
(days)

(n

REPRODUCED FROM
BEST AVAILABLE COPY

Weeks
Shutdown and coil warmup a3
Serial replacement of all Group I
components (8 operations at 1
veek each) A8
Coll cooldown and vessel pumpdown A3
Total down time 14
(~100 d)

Therefore, v200 d are gained for other activities.

Spares: An analysis for a spares inventory vas
not undertaken for this study; however, it appears that
a winimum requirement for spare comp ts is
sary 30 that device operations are not unduly impacted.
Figure 1 lists the total number of replacements for
components over the device lifetime, and this repre-
sents the total number of spares. Clearly, these do
not have to be stored in inventory at one time since
components are cycled in intervals of one to several
years,

Unscheduled maintenance operations: Considera-
tions for unscheduled replacements have been factored
into the configuration development, and it appears that
there is ample time in the operating schedule to accom-
mcdate a limited number of such occurrences. The
unscheduled replacements which potentially have the
greatest impact on device svailability are for the
superconducting coils. Although time studies for
unscheduled replacements were not developed, some
judgements can be made with regard to their impact on
the operating availability of the device. During the
10-year device lifetime, V1100 d were estimated for
total down time resulting from scheduled component
replacements (from the previous subsection). Also,

2 weeks per month were essumed to be devoted to sched-

uled shutdowns, which is ~1700 d in 10 years. The dif-
ference between these two numbers is potentially sched-
uled down time, which can be allocated to unscheduled

component replacements and is +600 d. Clearly, a lim-

ited number of unforeseen component replacements can be
accommodated during the device lifetime.

References

{1) Tandem Mirror Technology Demonstration Facility,
UCID-19328, Lawrence Livermore National Laboratory,
1983.

{2] C. A. Flanagan et al., Fusion Engineering Design
Description Document, ORNL/TM-7948, December 1981,

Vol. I, pp. 3-50,

(3

—

H. F. Dylla, "A Review of the Wall Problem and
Conditioning Techniques for Tokamaks," J. Nucl.
Mater., Vols. 93 & 94, pp. 61-74, 1980.



