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This paper describes a myfntenance problem in a
fusion power plant, The problem is ta specify which
Tife Timited parts should be replaced when there is an
opportunity. The cbjective is to minimize the cost rate
of replacement parts and of maintenance actions while
satisfying a power plant availability constraint, The
naintenance policy is to look ahead and replace all
parts that will reach their Jife Vimits within a time
called a screen. Longer screens yield greater system
availabilities because more parts are replaced prior to
their 1ife Timits,

Introduction to Fusion Power Plant Maintenance

Nuclear fusion is the Soining of atomic nuclef--
usually the hydrogen isotopes deuterfum and tritfum,
This process produces energy 1n our sun and other
stars, Fusion releases energy in the form of energetic
neutrons and charged particles. The neutron's energy
can be captured as heal which then boils water to run a
conventional steam-electric generator, The charged par-
ticles can be collected and their energy converted at
high efficiencies into direct electric current.

As & potential source of energy, fusion is attrac-
tive for two reasons: the process praduces a few con-
tainment wastes and the fuel is found in virtually lim-
itless supply in water,

But the fusion process is very difficult to ini-
tiate. In order to fuse, the nuclei of Fuel atoms must
approach each other forcefully enough to overcome their
mutua) repulsion, In magnetic fusion approaches, the
positivelyscharged nuclei and the negatively charged
electrons are separated from each other, farming 2
"plasma,” Since the plasma particles are electrically
cherged, they may be contained by a magnetic field.

Two magnetic field shapes are being studied in
America, The Tokomak {Figure 1), a Russizn invention
shaped 1ike a doughnut, is being studied at the Prince-
ton Plasma Physics Laboratory, General Atemic Co., and
@k Ridge National Laboratory, The Tokomak 1s a pulsed,
clased system, Fuel 13 fnjected and held for relatively
lony times §n the center of the doughnut-shaped plasma,
Afzar “"burning” for as long as several secands, the Sys-
tem must be evacuated to remove engrgy robbing impuri-
ties and the cycle begun anew, In contrast, the magnet-
ic mirror being studied at Lawrence Livermore National
[25oratory {Figure 2) fs 2 steady state system. The
strength of a magnetic mirror field increases from the
center to the sides, The shape of the field resembles
twisted bow tie. Magnets which produce this Field are
built in the shape of a baseball seam or as a pair of
interlocking C-coils (called a “Yin-Yang" configura-
tion), Nuelef are reflected toward the center by the
high field regions at the ends of the magnetic mirror,
Some particles, however, are also lost out the ends,
Lost or consumed fuel is replaced by steady stata neu-
tral tean {njectors,

o~
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Figure 1, Closed system--simple to-us.

Neutral beams grovide a means of heating and fuel-
ing magnetic fusion devices. Because they lack elec-
trica) charge, neutral atoms of fuel pass umaffected
through magnetic fields, whereas charged particles are
deflected away,

Figure 3 shows a typical nautral beam ‘njector.
Neutra] beams are made by creating and accelerating a
beam of positive ions then neutraiizing the fons “on the
run” in a gas cell. The neutral fons then ;5S thraugh
the magnetic field, are re-ionjzed by the f:".ion plasma
and trapped by the same magnetic field. Neu.ral atoms
thus ¥add fuel to the Fire® and maintain the density and
temperature of the fusion plasma,

Figure 4 shows how the Mirror Fusion Test Facility
(MFTF) plasma machine will laok, Please note bath the
size {see scale men mgdels) and the lecation and mumber
{up to 45) of neutral beam injectors. They are the
rectangular protrusions.

Neutral beam injectors have become a key part in the
successful operation of magnatic fusion systems. The
injectors being manufactured today have two repairable
parts with service 1ife cycle times considerably shorter
than most other parts of the Mirror Fusion Test Facility
(MFTF). The MFTF operations goal availability has been
established at 70% successful shots. (A shot Is an
attempt to sustain Fusion for approximately 30
seconds.) Each shot requires most of the neutral beam
injectors to operate for success.

Each neutral beam fnjector consists of many short
11fe components assenbled into two parts, the arc cham-
ber and the accelerator, Failure of either part consti-
tutes injector fallure with consequent system Shytdown.-
a process both time consuming and expensive, Deteriors-
tion of these parts from shot to shot suggests prevens
tive replacement (1ike lightbulbs) before failure, Con-
sequently, 1ife Timits are set on both parts, and the
injector Tife limit is the smaller of the two part life

3 This work was performed under the auspices of the U.S. Department of Enmergy
by Lawrence Livermore National Laboratory under contract no, W-7405-ENG-48.
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Figure 2, {2) Simple magnetic-mirror cell with axisymmetric field concentrated
at the ends (the mirrors) to reflect ions back toward the center,
{b) Current in loffe bars imposes transverse multipole field on the
simple-mirror field resulting in magnetic pocket (minimum-8) at the
center, (¢} The single baseball coil produces the same minimum-3
field configuration more efficiently that the loffe-bar system,
(d} The two nested yin-yang cofls produce the same minfmum-g f{eld
but provide greater flexibility by permitting different currents in
the twa coils, thus diffecent strengths of magnetic mirrors,

Figure 3, Cutaway of neutral beam injector. This
injector produces ¢ 50-R-equivalent cur-
rent of neutral deuterium atoms at an
average enargy of 18 keV. The current
drawn between the Filaments and the anode
fonizes thf deuter1ug gas to about 1%,
roughly 10 2 ions/cm®, Positive ions
and neutrals stream through defining
accel-dece! grids. Subsequent charge-
exchange coliisions between the positive
fons and the deuterium gas result in 2
bezm of mautral deuterium atoms having al-
nost the full energy of the extracted
positiva deuterium fons. The plasma Cham-
ber is yirtually free of magnetic fieids,
and the source plasma in the chamber is
free of instabilities and turbulence. The
unifermity of this source plasma is one of
the Factars contributing ta achieving the
small angular divergence of the emitted
heam, .

limits, TYables 1 and 2 give proposed life limits. They
are chosen 5o that the probabilities of fajlures prior
to the life limits are small,

Shut down of MFTF for repair or service is compli-
¢ated both by the physical difficulty due to its size
and shape and by fts neutronics history, [f the time to
replace for each failure becomes long or the nymber of
spares required becomes too large, inefficiency re«
sults, Any unscheduled shutdown s costly, perhaps
§15,000 per shift, Spare parts are costly alsg--up to
$250,090 per injector, Shutdown to replace an injector
or several injectors takes one shift, An injector can
bs disassembled to replace one of its two parts, reas-
sembled, and reinstalled in one shift, Or another in-
fector may be installed, Perlodic shytdowns to do other

work are scheduled every 13 weeks, At that time many
injectors can be replaced. Repair of an injector takes
approximately 4 man weeks and costs about 35,000.

Table 1. Proposed Life Limits of Neutral Beam Injectors*

Injector Rumber Shot Life Limit  System
Type Requirad Duration (shots} Success Note
{sec)
20Ky start up 0 0.010 16000 1
80Kv sustafning 7 k| 2000 2
80Kv sustaining 16 0.5 10000 3

*The actual design may be different,

System Success Notes:

1. If no more than one startup injector at each end
fails,

2. if no sustaining (30 sec) injectors fail or if anly
the middle injector fails, and

3. if no more than two sustaining (.5 sec) injectors
fail, the shot s a success, unless the two failed
sustaining injectors are adjacent.

Table 2. Praposed Injector Part Life Limits

Part Humber Tnjector Life Limit
Nane Required Typa (shots)
Accelerator 1 30 sec sustaining 4000
Filamant 1 30 sec sustaining 2000
Accelerator 1 Other 20000
F{lament 1 Other 10000

There are two gpportunistic replacement problems in
the fusion power plant. Both have the objective of min-
imizing the cost rate {cost per unit time) of parts and
downtime. One is replacement of injector parts, and the
other is replacement of one or more injectars. If one
injector part has reached its life limit, shall we re-
place the other part toe? If the MFTF system is shut
down to replace an injector, shall we replace some ather
injectors? We will deal with these two probdlems sepa«
rately although this is suboptimal,

Two Part Qpportunistic Replacement

This section shows how to find the optimal statione
ary oppartunistic laok ahead replacement policy for a
two part system. A replacement policy says when to re-
place parts whether worn out or not, A look ahead re-
placement policy says replace 2 part if it reaches its
1ife 1imit withfn a time called a screen, An opportun-
istic policy considers all parts for replacement at
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Figure 4.
support?)

every opportunity such as replacement of another part.
A statianary palicy doesn't change the screen as the
system ages. An optimal palicy minimizes the cost rate
of parts and mafntenance.

An opportunistic Took ahead replacement policy saves
money when the cost of replacing both parts simultane-
ously is less than the cost of replacing them separate-
ly. This is due to reduced downtime or labor cost. Me
recormend an opportunistic replacement policy for the
two parts of neutral bean injectors,

The two parts have life limits that force the system
to ba shut down for replacement whenever 2 life limit Js
reached, The life limits are chosen so that premature
failure 1s untikely.

For example, the two parts of the neutral beam in-
Jectors are easy to separate, so replacement of both
when ong requires replacement costs no more maintenance
time than renlacement of one. Figure 5 shows a two-part
replacement prodlem with part 1ife mits 8 and 11, part
costs $1 and $2, and maintenance cost of $1, The opti-
mal stationary screen §s 2 which eads the life cycle at
time 22. The maintenance cost excludes parts costs, so
the cost rata is (2 + 3 # 2 + 4)/22 = $0.50 per unit of
time.

The first model of opportunistic replacement is sum-

‘marized by Jorgenson, McCall, and Radner (Ref, 1}.

The MFTF-B Vacuum Chamber showing magnets in the cut away area and neutral heam
injectors as rectanqular protrusions. (See man standing by lowsr right hand

A complete cycle for a two-part replace-
ment problem with no ear)y replacement,

If the screen i5 2, the cycle ends at time
22,

Figure 5.

Their model describes several randomly failing compo-
nents one of which may be replaced early at inspection
or at exponantially distribyted failure times of the
other components. The prablem is to cheose inspection
times and the replacement policy. The cost of replacing
the special part at the inspection time or at replace-
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et of another part is less than the cost of replacement 3.

27 the part alone,

Thair solution method was extended to nop-exponential
1ife distributions by Gertshakh (Ref, 2), chapter 2,
saztion 3, Vergin and Scriadbin (Ref, J3) used dynamic
zrogremiing to solve the problem, Sethi (Ref, 4) stud-
24 the problem under the assumpiion of increasing fail-
o2 rate for the special part and formulated the problem
25 2 Markoy decision process. He alsp determined the
catinal replacement policy for a series system of two
2aris with an opportunity to replace efther part at re-
2;2ad cost when the other fails, He assumed both parts
r23 increasing failure rates.

Tha differences between the previous papers and our
s-3512n are that opportunistic replacement can take
5°ace at the time either part reaches its 1ife limit and
<12t premature failure does not occur because life
Tiaits are set so that the probability of failure is low.

Suma notation is necessary to describe our problem.

cost of part J, J:1,2;

life Timit of part J, T(J)E{L2,...};
cost of maintenance;

the logk ahead screen interval,
1€40,1,...,min T(J) - 1};

ury =

wowowom

parts are replaced simultane
ously, min T(d) <T <T(1)T(2);
aunber of replacements of part
J in a cycle; and

numbar of maintenance actfons
in 2 cycle,

Ma,I) =
my(1)=

()

Ny =

Taa stationary oppartunistic replacement policy 1is, at
<ha time of any replacement, Took ahead amount I, If

+~a other part 1s due for replacement at or before I,

replace it. The objective function is

2
win [Z - cto) w3+ (00 CO) AR

The formulas for T, (3} and Hy as functions of [
a2 in George and Lo (Ref, §). The number of values of
1 for which the objective function differs is small, An
afficient enumeration program finds the optimal [, The
4owchart of the program is in figure 6, A FORTRAN
{Write to me at

1isting can be obtained from Georga,
tr2 address in the biography.)

A single screen statiorary epportunistic look ahead
reol2cament policy may not be optimal, There may be a
454172 screen which looks ahead different amounts of
vime for each part and gives a lower cost rate. How-
gy2r, w2 have pever found an example. Therefore we con-
is¢ture that a single screen stationary policy always
scists that yields the same minimal cost rate as the op-
tin2] double screen policy.

Tha conjecture has been proved by enumeration for
a1l integer costs C([) and Cy in 0,1, ..., 10 and
for integer life limits T(1Y < T(2) = 3, 4, ..., 7, 7{1)
7,703 = 11, and T(1) = 8,7(2) = 11.

We balieve a single screzn policy is optimal for a))
integer life limits and costs. This fs because of the
fallowing observations made during enumerations:

4, Areyersal is the second octurrence of a specified
time between scheduled replacements. Reversals oc-
cur symetrically during the time T{1)T{2). {See
Figure 5. Reversals pccur at times 44, 48, 59, 64,
66, 72, and 77.)

2, All screens which change the cycle time T and cost
rets terminate the cycle before the midpoint of
T(1)7(2).

The only reason to have 2 double screen fs to ter-
minate a ¢ycle at a reversal.

4, MNp-garly-replacement §s cheaper than or s cheap 2s
early-replacement at a reversal.

Since the eptimal single screen policy may be chesp-
er than no-early-replacement and since no-early-replaza-
ment is cheaner than early-replacement at 2 reversal, we
recommend 2 single screen policy for a two part neutral
beam §njector,

cycle time, the time until both

Input Life Limits and Parts,
and Maintenance Costs

-
Compute Cycle Time as Least Common
Muitiple of Life Limits

Screen Width = 1

fdvance Clock to Mext Replacement
of Part With Longer Life

it}

Replacement
2]} Withi

Compute Shortened Cycle Time
And Numbers of Parts Used
And Maintenance Actions

L
[Compute Cost Rate for this Screen)

Increase Screen Width

Print Cost Rates, Cycle Times,
Minimum Cost and Corresponding Screen

Flowchart of a Simple Enumeration Solution

of the Two Part Opportunistic Replacement
Problem.

Figure &

Single Screen, Multiple Part Opportunistic
Rcplacement of Injectors

The multiple-part ogportunistic replacement prablem
is to find a stationary screen to minimize the cost rate
of parts and maintenance, Let N be the mumber of parts.
The cost rate is

N
[ Z clan oy ) 1. @

"The numbers of parts required §{J), J = 1,2,..., N, and

maintenance actions Ny and T are functions of the
screen, The maintenance cost is assumed to be the same,
Cy, regardless of the number of parts replaced simul-
tanzausly. MNa early replacement is done unless all
parts are due for replacement within a screen, There-
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fore, early replacement term{ nates cycTe by renewi.ng

“al parts,

The two part replacement prablen is imbedded in the
wultiple part veplacement problem, The solution of the

rultiple part problem uses all gptimal two part screens

as trial screens. The computer program that solves the
prablem 15 in Figure 7. The reason for teying optimal
two part screens s that enumeration of all possible
screens may take too long,

/Read C(3), T(3), and Gy, J = 1,2,..., WPARTS,/
N

Call the two part quportunistic replacement program to
find all(m‘zkw) optinal screens, Add [ =0

and I = min T(J) - 1 eliminate duplicates.
J

1
Compute’the cycle time T, numbers of replacements
K{J), and numbers of maintenance actions Ny for
211 screens. The cycle ends when all parts’
lives expire within the screen, .
L

Compute tota) cost rate per cycie for all screens,

all two part optimal screens or is 1=0 or min T(J)-1,

Wa have not found an exception yet. We have observed the
following results in comparison of complete enumeration
with the enumeration of only optimal twa part screeas, O
and min T(J)-1. (See Figure 7.)

1, We have never had an optimal multi-part screem that
was not an optimal two part screen, zero cr
min 7(J)-1.
2. Complete enymeration is wasteful because there are
only a few screens for which the cost rates differ,
3. When the set of twa part screens plus O and
min T{J)-1 misses a unique cost rate, that missing
cost rate is not minimal,

Therefore, we recemmend the progran in Figure 7 if enu-
meration is impractical. If mia T(3) 1s small, then enu-
meration is practical,

Tables 3 and 4 show several four part probiems, The
input values are in Table 3, and the results are in Table
4, The vector entries are {T{1},...,T{4}}) and
{C(1},404,C(4)), Problems 1 and 4 had the optimal screen
of 2era, Prablems 2, 3, 5, and 6 had optimal screens
which were two part optimal screens.

fiPARTS
2z [etameay + eyt

T
(Print min cost rate and corresponding screen/

Table 3. Input Data for Multiple Part Problems

problem Number  Part lves Part costs Maintenancel
Number  of Parts T{J) times C(J) § cost Cy §

p 1 4 {4,7,11,15) 7,1, 1
Fiqure 7 1tipl z : , 2333 I
iqure 7. The multiple part, single screen computer | |3 12,2,2) 1
progran flowchart. 3 b)) (L1 };
5 #
We conjecture that the optimal single screen station- (6 4 " . 7
2ry policy for the multiple part problem is in the set of
o Table 4. Muitiple Part Optimal Screen Solutions
problem  Screen Cycle  Numbers of Number of Cost Rate
Humber I time T time Parts/cycle N(J) Maintenances Ny §/time
1 0 4620 {1156,661,420,308) 2100 4.308 (opt)
Ix 530 {135,77,49,35) 243 4,308+
2 75 §19,11,7.6) 3% 4,387
3 42 11,6,4,3} 20 4.476
2. 0 Same 2,656
1 2,655 (opt)
2 707
3 2.762
3 0 Same 1.555
* 1.553 (opt)
H 1,567
3 1.619
4 0 21948 (3135,1995,1463,1155) 682§ 664 (opt)
I* 203 (30,19,14,11) 66 6
2,3%,4% 75 (11,7,5,4) 2% .680
5%,6 55 (8,5,1,3) 17 .673
5 0 Same 1,597 [opt)
i* 1.617
2,3,4% 1.690
5,6 1,600
[ 0 Same 2.530
b 2,565
2!!314. 20600
5%, 2.527 (opt)

*These screens ere in the set of aptimal two part screens,
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A Genaral Muitiple ¥art UPBOrLURISTIC KepldCeenL

The policy ¥n the previous section never replaces
any part parly unless al) unexpired part lives end with-
in the screen. This policy fgnores the possibility that
early replacement of 4 subset of parts may be worth-
ahile, It is necessary to specify maintenance costs for
replacemant of subsets of parts before we can determine
whether early replacement of a subset is worthwhile,
Then parhaps a different screen for each subset yields 2
lower cost rata, Replacement costs for subsets of neu-
tral bean infectors are necessary bo plan gpportunistic
rep':cement fa the HFTF system, We know replacement of
all injectors simultancously is too costly.

There 1s same doubt whether complete renswal of a
systen will ever accur if we replace subsets of parts.
fomalate renewal is desirable occasionally, On the
other hand, spare parts supply Timitations may prohibit
simuitaneous replacement of all parts. The three part
aroblem with T{J) = 3,4,5 never terminates if ] »

1. There i5 no time when all thres parts are replaced

@IIMUTUY PUt bd UFl HULPLHUIINe (00 [t o o wocsnee
into 2 sets; Q contafns all parts whose lives end at the
end of the cycle and §’ contains the parts that are re-
placed early at the end of the cycle, The last exponen-
tial 1% the probshility of survival through the last
partia) lifetime of length T mod T(J), (T mod T{J) de-
nates t?e modulo operator; e.g., 8mod 5 %3, 17 mod 2 =
1, etc,

The formula for P(T) 1s approximately

1
m 1= N{u f‘ )r(u)du] .
0

L[(t}]

r{u)du] (6)

(9 T wod
-1 ! (N[ r{uddu+f
XQ 0 0

when the sum of negative terms is small, This approxi-
mation 5 flowcharted in Figure 8. The approximation
failed for long cycles in the example problems,

simuitaneously.

Opportunistic Replacement and System Avaijability

A dasign constraint on the MFTF esperiment states
that neutra) beam injector system availability must be
at Teast 70§, This means that the conditions in Table 1
for successful operation must 21l be satisfied for at
least 70% of the shots,

This section shows how to compute system availabil-
ity and how system availability varies with the oppor-
tunistic replacement policy. Any apportunistic replace-
ment increases avaflability because parts are fresher
then if no opportunistic replacement is done, However,
the lack of {ncrease s surprising., Figure B shows the

a4ailability computation.
Neutral beam injectors have bathtub shaped failure

rates. Assuming a nautra) beam injector survives burn
in, its life is characterized by 2 long interval of

nearly canstant failure rate and then an increasing

Tnput failure rate functions for all parts, screen,
cycle time, and number of replacements per cycle,
]
cycle for each part.

Sum over all parts.

{Plsysten Fait/Cycle] =1 - Exp{-SN)
[AvatTability= 1 - p[System Fail/Cycle]/Cycle Tinel

[Eprute the sum of failure rates

Return

System Availability Computation Fiowchart
Assuming Parts are in Series.

failure rate function. KFTF operatar intervention can
stretch tha life of an injector substantially once an
injactor shons signs of impending failure. Conseguent-
1y, sample injector 3ives can't be used to estimate
failure rate functions of future injectors, This sec-
tion illustratas availability when parts have quadra~
tically {ncreasing faflure rate functions,

The probability a part survives to time t is

t
p [part nfe>t] = exp(~ f r{u)du) (3)
i

where r{u) is the failure rate function, 1f part J fs
replaced H{J) times in a cyele, then the probability it
dozgn't fail in a eycle is

T(3} L))
PlPart J does not fail in (O,T)I = [exp(]{ r(u]du)!

7(3)
a exp[-N(J]é r(u)du]. {4)

This is a Yower bound If part J is replaced early at the
end of a cycle,

{f failure of any part causes system failure, the
arebadility the system survives a cycle is the probabil-
ity of no failurez,

{3}
p(T) -H{exp(-u(-n [ rlulde)
Jeg 2

) T mod (2
n (exp(-mm.n § r(u)du) expl-f #uydu)| (5)
JeQ! 0 0

The probability of at least ong fallure during 2
cycle is 1-P(T). The long run average availability per
shot is approximately 1,0-(1-P(T)}/T 1f 1P(T) 1is
small, Since we assume part lives are chosen so that
the probability of premature fatlure s negligible, the
approximation {5 adequate for short cycles, Table §
gives the availabilities for all problems stuming the
fajlure rate function is r{u) = (1.0E-6)(u¢ + u + 1/6).
The availability could be combined with the ohjective
function and minimized as in Sule and Harmon (Ref, 6},

Table 5. Availability as a Function of Screen
Prablem Screen Cycle Availability
Humber 1,(time) {time} {1-P(TMT
1-3 2 75 ,99855

3 42 .93360
4-6 2-4 75 99753
5,8 55 93756

Ultimately, spares availability should atso be fn-
corporated into the objective function and constraints.
This is because there may not be a spare available to
replace a part even though the opportunisti¢ replacement
policy says replace it, Or there might be twd umequal
spare parts with different residua) lives, The choice
of which of several unequal spares to use is called the
build problem, We've hardly started to study the build
prablem, (See George, et al., Ref, 7, Gearge Ref, 8,
and Friesen and Deuenmeyer Ref, 9.)
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