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Abstract Major efforts are underway to develop fusion energy for use in electric power production in the
furture. While fusion reactor concepts are being developed, appropriate attention must be given to problems
relvant to the utility requirements which are likely to be encountered in the commercialization phase. In this
paper the expected fusion plant availability is assessed in detail due to the importance of power plant availability
in the commercialization of the use of any energy source. The reliability and availability of fusion plants are
analyzed by using the PREP, KITT—1, and KITT—2 codes (1). Analysis of computer output yields the
availability of 82—82.9 percent for a fusion power plant under investigation during one year operation by
assuming that there would be two schedule outages for first wall replacement. Also, Exploration of those
components which are prone to failure and which may increase the change for forced failures is made.

190 31> S 53034T K138 (s yslitaay sleiud i 1af 5500 51 lital i olyls AsS 1 gt oS>

ol ooges hyloi oo 5o Yl ! o Cilise s caul 03V (haid 518 (5l ,98T, ki Gleon b g b o lejen - 3,8 0
@ 3 Olneb! bl (lgs o Slas adaz (T 51008 cujpw ol sunlys anlse T L (S0 iSile 08 B auSandss « (5008, 5 auie
sas8oulgs saasly ol Hlasl 3500 (G S0l )08 i b &Sl 0 B L 038 o 515 quspr 9390 Zado jeba s ol y0 aS 05 HL |,
it Sy jgBn oy ¢ 2030 510505 0 Jpdnn g ke gu s oG 51 Lag5 ot aoly o il psly Tad ailue 2-5GW Sgam
(FAULT TREE) e 30 5odU Tl 0T g st g o lisab condy B g1 i 5 0.040,8 Lo glainds s 108 5518 (195 puitions JSoow

1) et ilisne 32| (FAILURE) 03! 18 51 0400 (5195 o0 piaar gun i 3 el t il 550y (o w5 i 800, a0 bl
crlslyzl i 5 0049, saliiul ( Prep, Kitt — 1, Kitt2) $59a 8 oS aw 51 (FAULT TREE) S35 31 amy jabisacmdy + 3T cawsy s
Q=2 2ai b padao sl 03Y s 31 Gladl ya ol pees plaul sl p3Y sl e s (FAILURE) (abist ) 51 ol oMbl aaslsy
(SUSION) (ot (105 (5 Lg 89 55 (510 10 i 31 09290 le Mb 1y oyl 5113 a0yl o a90g 1 s (a5 51 50y 3 oiiinno 82y

oy s 59 Hold! B 51wl b 5l el ol 2005 99,800LT 655 puuolS 500l o 51yl 51y Wasala (ol bsays S solisul o i g
Gy |y i 539 Gl l codslB 5 o 51 aliad g2 50yl LB sloyadeyls slge 5l slasi g Gloy caus s guyins Juliyud 4
0133 95 o5 by 01,5 aulow ZAY /4 LAY 9390 shiwd i laS Glaasly gwpins culb 550 ol 5o sl pal ok
agbe slasl ol el sad @338 50,0 (loy 395 18 9ga> pl1aS 4o 58 o ST, Jyloaslens guiSla jebia oy Jh jo pod g5l lae
o199 ol 31 U508 S lpmass slehny S9atms S8 b 5o 5 008y Jgloaslans pame olpe GBI L oy s 0 b asbinudss
.Au,so,.k.'..,ut.,,.,cﬂ, Ao

'INTRODUCTION

The fact that the first generation of fusion
plants is expected to have a large capacity,
hence, reliability and availability are two
of the important requirements for commer-
cialization of fusion concepts which are being

studied in this paper. Frequent changes of
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‘the irradiated wall of the plasma reaction

chamber is expected to have major impact
Also, failure of the
magnetic field may interrupt the operation

on plant availability.

unless redundant and diversified system are
used. Ohter factors which may cause forced
outage are similar to other power plants. The

duration of scheduled plant shutdown depends
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on ease of maintenance and system accessibi-
lity. In this regard, maintenance of the plant
structure, vacuum system, and magnetic
systems is of major importance (2), (3).
Dividing the reactor into modules or segments
is likely to shorten the duration of such
maintenance activities. = Nevertheless, this
depends on the ability to fabricate a sagmented
plant. Based on the operation experience
with nuclear power plants, fusion plants are
expected to have a limited availability of 71%
unless specific plans are made to reduce
scheduled outage duration (4), (5).

In order to analyze the reliability and
availability of fusion system plants, the fault
For

example, the technique is applied here to the

tree analysis technique may be used.

direct cycle gas turbine fusion system shown
in Figure 1. The fault tree itself is a graphical

called primary events (6), (7). The fault tree

is shown in Figure2. The top event is the
outage of the fusion system due to loss of
power generation with the primary events
being failures of the individual components
or some other causes which are related to the
system. Tow assumption are used in evaluating
the fault tree, namely the primary failures
(or components) of the tree are independent;
and the mode failures of the tree are known.
To evaluate the fault tree analysis, the pro-
babilistic information for each primary failure
of the fault,tree, each mode of failure, and
top failure are needed (8).

‘Primary Failure Information

‘Consider and define a single primary failure,

representation of Boolean logic associated A(t)dt = The probability of the failure occur-
with the development of a particular system ring in time t to t + dt given that the
failure, called the TOP event, to basic failures, failure does not exist at time t (1)
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Direct cycle gas turbine with a rusion system
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Figure 2. Fault tree analysis for the reliability of fusion system

that is
u(t)dt = The probability of the failure being f(t,t) = The non-occurrence or non-failure
repaired in time t to t + dt, given or probabilitzl
that the failure is exists at time t. 7f(t L 6) = exp (= S M) di)sE<t, (3)

(2)
The quantities A(t) and u(t) are basic data  ,(¢,t)dt = The probability of the primary

in terms of fault tree analysis, and from these failure first occurring in time
other probabilities are quantities may be t to t +dt given that it does not
obtained for the particular primary failure, exist at time t;
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There are also two other primary failure
characteristics which are essential for any
reliability study (8).
is the primary failure intensity,
defined as

The first characteristic

w(t), which is
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‘Figure 2. (Continued) i
or ) ‘w(t)= The expected number of times that
a(t,t)dt= £(t,t)a () dt. (4) the primary failure occurs at time
and t per unit time
b(t,t) = The probability that the primary or ¢ ¢
failure is repaired at time t to a(0, t) + f dt” w(t’) f dt'b (¢, t)
t+dt, given that it exists at time d(t, t) 0 ¢ (6)
’
t The second primary failure characteristic of
or interest is the primary failure existance pro-
b(t, t) dt = £(t, t) u (t) dt. (5) bability, q (t);

q(t) = The probability of the primary failure
existing at time t

“or

e (&

=1
q(t) X (8]
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‘From the primary failure’s basic data, w(t)
and q(t) can be simply obtained for each
primary failure (8).

‘'Mode Failure Information

‘Since mode failure is a “compounded” type
of failure, the same probability characteristics
which were obtained for a primary failure can
be obtained for the mode failure. Consider
a particular mode failure. Let is consist of
n-primary failures and let these constituent
primary failures be designated with indices
from 1 through n. Assume the primary failure
is independent and that at t=0 it does not
exist (1). Thus

Q(t) = The probability that the mode failure

exists at time t
If all primary failures exist at time t, then

Q= IT 40 ®)
A1

‘The mode failure A(t) is defined in the same

way as for a primary failure;

A(t)dt=The probability of the mode failure
occurring in time t to t + dt given
that the mode failure does not
exist at timet

n n
> wi) [T q(®)
=1 p=1
7A(t) - 7 LF] 7(9)
1-Q(t)

‘The mode failure may be experssed in terms

of the mode failure intensity W(t). That is

W (t) = The expected number of times that
the mode failure occurs at time t per
unit time

or

Wt)=[1 Q)] A() (10)
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‘The quantities Q(t),

and in terms of the constituent pr1mary
failure information,
n n
W)= 5 wio) IT qelt)- (11)
=1 g=1
2Fj
A(t), and W(t), which
characterize the mode failure are thus all
simply determinable from the characteristics
W(t) and q(t) of the primary failure which

comprise the mode failure.

'Top Failure Information

‘The top failure in this study is the plant

outage probability Qu(t); thus

Qq(t) =The probability that outage exists
at time t.

The availability of the plant is the complement

of this quantity, that is,

At) =1 — Qp(t).

‘The exact value for Qp(t) can be determined

as follows
i1 H, J
Qu(®) = Z Q,(t)—ZZ 2 +]]q¢)
=2 j=1

N_1 +1..N
(=1 o+ JI 9

‘where the values of Q; and q(t), as mentioned

before, are the i'® mode failure probability
and the probability of primary failure existing
at time t, respectively.

The outage intensity, W(t), is the expected
number of times that the outage occurs at

time t per unit time, thus
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‘and

W(t; 1, ..., m) =The outage intensity for a
mode failure which has as its
primary failures the primary
failures which are common
member to all the mode
failures 1, ... , m.

If the outage rate Ag(t) is known, the outage

probability Qq(t) can be written as

Wolt) =11 —Qq(t)] Agy(t) (18)

‘Computer Program Description
and Results

'In order to carry out the fault tree analysis,

three computer program have been considered,
(PREP, KITT—1, and KITT—2). The codes are

written in FORTRAN IV for the IBM 360/75
computer. The analysis requires identification

Outege due to
loss of power
generation

@
DOOOOO G

Figure 3. Reduced fault tree for Figure 2.
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“of the mode failures, or critical paths of the
fault tree in order to obtain the top failure
The code PREP obtains the
mode failures either by Monte Carlo simula-
tion or by deterministic testing. Having
obtained the mode failures, KITT—1 or
KITT—2 is then used to obtain the chara-

information.

cteristics for the individual primary failures,
mode failures, and top failure (1), (6).

Figure 3 shows the reduced fault tree for
Figure 2, to make the calculation tractable,
and it makes input data ready for the PREP
code. The input data necessary to run the
PREP codes are the component failure in-
tensities (lambda, A) and repair time 7, which
is based on extrapolation of data from in-
formation and data of the operating experience
of fission system. These values are listed in
table 1.

The KITT-1 is a single phase computer
code. It requires only one A and 7 for each
component as an input with unique minimal
cut sets of the fault tree or the unique minimal
path sets of the fault tree. The KITT-1
code is run to obtain the probability chara-
cteristics of the components; such as the
failure intensity at time, t()); unavailability,
q(t); the expected number of outages occurring
to time t (WSUM); reliability, R(t); and the
outage rate at time t(W(t))."

After obtaining the minimal cut sets from
the PREP code, the KITT—1 code is run to
obtain the probability characteristics associated
with the outage of fusion unit.

If n is assumed to be outages occurred
in a total time, T(WSUM = n in program),
then the total “down” time, or outage time,
T associated with a total time, T, is

To=nr, (19)

where 7, is a fixed time duration which rep-

resents the repair time or its equivalent. For
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‘this study, 7

. Is assumed to be 15 days for

any probable outage. The total time which
the plant will be available or the “up” time,
T,,is :
2 T,=T — o7, (20)

“The second term on the right hand side is the

unavailability, P; that is

‘Table 1. Estimated values of the failure

intensity and repair time for the compo-

nents in Figure 3

Component  Failure ‘Repair time 7
intensity (\) (hours)
1 1.872x10~% 72.0
2 1.141 x 10~10 120.0
3 1.142 x 10~ 50.0
4 1.895x 10~6 10.2
5 2.283 x 106 45.0
6 1.142 x 10~6 50.0
7 6.85 x 106 72.0
8 3.65x 106 60.0
9 1.2557 x 10~ 40.0
10 1.141x 1077 50.0
11 2.28x10°% 40.0
12 3.767x107° 60.0
13 1.2x10°6 19.0
14 1.508x 10~ 70.0
15  1.6x10°6 75.0
16 2.0x105 15.0
17 1.141x10~° 30.0
18 1.141x10~10 35.0
19 1.141x1010 55.0
20 1.141x107? 30.0
21 1.141x10~7 70.0
22 28x10~11 24.0
23 1.0x10~7 160.0
24 1.14x10°11 100.0
25  1.14x10~8 120.0
26 1.14x10~° 100.0
27 1.14x108 72.0
28  42x10~11 100.0
29 1.14x1079 72.0

“Journal of Engineering, Islamic Republic of Iran



‘Table 1. (Continued)

, Failure  Repair time ¢

Component intensity (A\)  (hours)
30 1.0 x 10~4 75.0
31 1.0x10~% 200.0
32 1.2x 104 200.0
33 1.14x10~2  70.0
34 2.283x10~%  720.0
35 1.14x10~7 1200
36 1.14x10~7  100.0
37 1.14x107%  20.0
38 1.14x10~8  60.0
39 6.0x10~7 72.0
40 6.0 x 10~/ 72.0
41 1.0 x 10~/ 162.0
42 1.0 x 10—% 65.0
43 2.28x107%  65.0
44 1.141x10~6 72,0
45 1.141x10~8 72,0
46 1.141x10~2  120.0
47 2.28x10~2  10.0
48 1.141x10-8  60.0
49 1.141x10~7  15.0
50 1.141x 10~  70.0
51 1.141x10~7  60.0
52 1.142x1078 150
53 1.142x10~8  20.0
54 1.142x10~8  20.0
55 1.142x10-8  70.0
56 1.142x10-8  75.0

‘Then the mean availability will be

T —nr _
A=— T (21)
T
and the limiting case of the availability is
, - T—nr, ]
A=lim ——— (22)
- T—)oo T
or
3 ) nr,. .
A=1—1lim (23)
Troo 1
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Figure 4. Availability of fusion plant during one year

of operation.
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‘When an outage occurs only by chance, the

number of outages will be

n=>\Te1

where A is the expected number of outages the

system will suffer per unit time.

Applying these relations to the computer,
output yields Figure 4 which shows the
availability of a fusion plant during one v=ar’s
operation. Also, Figure 5 shows the expected
number of outage to time t and the probabi-

7Vo|. 1, No. 1, February 1988 _T1



lity of outages during one year operation.
From this analysis, the availability of a fusion
unit can be expected to be about 82.0% to
82.9% which appears reasonable by assuming
that there would be 2 outages for the first wall
replacement per year, for 15-day periods
This assumption might be too
optimistic, but, by choosing the right material

each time.

for the first wall and decreasing at the time for
improving remote maintenance, this assump-
tion could be realistic.

CONCLUSIONS
In this paper the availability of a typical

fusion plant is calculated based on fault tree
The probability of plant
outage is estimated based on the effects of

system analysis.

component failures. The results showed that,
for a given plant, an availability as high as
82.9% is possible.

Since fusion plant sizes may exceed present
plant sizes, integration of fusion plants in
the electric grid poses several problems
inlcuding the impact of outages on the network.
The large size service areas can use fusion
plants without any difficulty. However, it is
unlikely that fusion systems will be viable
options for small utility companies which
generate their own electricity without pooling
with neigh-boring utilities. Fusion power
plants are expected to take operational pre-
cedence in a production system over thermal
and fission plants but it would give way to
hydro plants due to low operational ¢ost. Also,
with the development of high voltage dc

72 _ Vol. 1, No. 1, February 1988

transmission lines, power transfer capabilities

will be sufficient to handle large fusion plant
output. Since a generation reserve of 15% to
20% of the total operating capacity is usually
required to cover periods of plant outage, the
introduction of fusion plants would require
relatively larger reserves than those currently
required in the presence of smaller size
plants (10), (11). Nevertheless, reserve require-
ments can be shared by members of power
pools. In this case, institutional problems
may arise since flexibility in plant owner-
ships may not continue to be possible.
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