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a  b  s  t  r  a  c  t

Future  fusion  reactors  are  asked  to deliver  large  amount  of  energy  in  a  continuative  way  to electrical
power  grids.  In this  frame  it is  very  important  to  care  the  availability  of  the  reactors  since  the  preliminary
phases  of  the  design.  Techniques  to assure  high  levels  of  reliability  must  be extensively  used  and  accu-
rate  programmes  of  maintenance  must  be  studied,  caring  in  the  same  time  the training  of  maintenance
personnel.  Finally  the  layout  of  the  reactor  and  of all its auxiliary  systems  must  be  carefully  examined  in
order  to  assure  an  easy  inspectability  and  a fast  recovery  of the  power  station  after  unavoidable  failures.
All  the  previously  listed  activities  are  summarized  by the acronym  RAMI (reliability,  availability,  main-
tainability  and  inspectability).  The  basics  of the RAMI  analysis  for a  conceptual  LHCD  system  for  DEMO
are  given  in  the paper.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

ITER is the next step toward the future thermonuclear fusion
reactors; it will be followed by DEMO, a prototype class of reac-
tors delivering energy to electrical power grids. Therefore a DEMO
reactor, a really complex system including several auxiliary sub-
systems and plants, must assure continuity of operations for very
long periods of time. It is therefore very important to care the
RAMI aspects of DEMO, to be considered as a “conventional” power
station. Usually the values of the parameters involved in the analyt-
ical computation of the RAMI branches of a system are determined
starting from experimental data obtained from similar systems.
Presently no one of the existing experimental fusion devices works
in the expected DEMO regimes, hence data coming from these
devices are really not useful for the RAMI evaluation of DEMO. In
particular there are very few significant data related to LHCD sys-
tems. Therefore in this preliminary phase, where the LHCD system
for DEMO has been only defined in its general outlines, data coming
from generic, but well assessed, databases have been used. Tech-
niques to increase the RAMI values of this system have been also
examined.
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2. Definitions and basic theory

2.1. Reliability

Reliability is the probability that an item (system, subsystem,
unit or component) is correctly running over a given period of
time.

The reliability R(t) of whichever item is obtained starting from
its “failure rate” �(t), defined as the number of items “dn” failing
during the time interval (t, t + dt)  related to the number of items
still in operation at the time t:

�(t) = − 1
n(t)

· dn

dt
(1)

the minus sign indicating a reduction of operational units deter-
mined by the failures.

Generally the failure rate as function of time follows the shape
given in Fig. 1: the “bath tube” curve. In this curve three different
life phases are discernible. The first phase is the early life, character-
ized by an initial high failure rate decreasing with time and the last
one is the wear-out phase where the failure rate is increasing with
time.

The intermediate phase is the useful life of the item, charac-
terized by a constant failure rate at its lowest value. The failure
distribution function of components in their useful life is there-
fore exponential and the reliability of the component, obtained by
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integration of Eq. (1) in the time interval (0, t), with initial condition
n(t = 0) = N, is simply given by:

R(t) = e−�t (2)

For items with only two states (operational or failed) the probability
of failure F(t) is complementary to the reliability R(t), that is:

F(t) = 1 − R(t) (3)

The inverse of the failure rate is the mean time to failure (MTTF).
In this preliminary analysis of the DEMO LHCD system all the

components have been considered in their useful life and with only
two states.

An accurate and comprehensive treatise on the reliability theory
and related statistical methods can be found in [1,2].

2.1.1. Experimental evaluation of �
The failure rates of elemental components are statistically

obtained either from existing operational systems including those
components or by experimental “ad hoc” set-ups. In synthesis,
considering N similar components, with N → ∞,  in operation for
a given time t, their average failure rate can be determined accord-
ing to Eq. (1). Usually, mainly due to economical reasons, the initial
number of components N0 is limited and the tests cannot be lasted
for very long times, so that the failure of only a limited number of
components can be observed and recorded during the tests. These
limited data are then statistically elaborated [2] for obtaining rea-
sonable evaluation of failure rates usable for reliability forecasts of
systems since their initial design phases. Before starting the evalua-
tion procedure for a batch of unprocessed components, an accurate
“burn-in” process will be used to eliminate the fraction of those
components subject to early failures (Fig. 1). On the other hand the
evaluation procedure must be stopped just upon the beginning of
the wear out phase (Fig. 1), pointed out by a consistent increase of
failures per unit time.

2.1.2. Available databases for failure rates
In the preliminary design phases of a system, or when specific

experimental or field data from existing system are not available,
failure rates can be effectively obtained from specialized databases.
For electronic components the most important and widely used is
the MIL-HDBK-217F [3]. Even if not revised since the 1995 [4], this
handbook is still considered an actual source of data. For each class
of components it gives a failure rate model of the form:

� = �B ·
∏

i

�i · 10−6 failures/hour (4)

where �B is the base failure rate characterizing the specific
components and �i are correction factors (i.e. environmental, tem-
perature, power rating, quality factors, etc.). In particular the
quality factor depend on component screenings made according
to well-defined rules given by military standard (MIL STD) pub-
lications issued by the US Department of Defence. A more recent
database for electronic components and equipment is the FIDES

Fig. 1. Bath-tube curve.

Guide 2009 [5]. The very detailed mathematical models given by
this handbook for the evaluation of the failure rates suggest the use
of the FIDES guide only once a detailed system design, also including
construction and environmental details, is available. Failure rate for
fusion related components and subassemblies (vacuum units, heat
transfer assemblies, etc.) could be found in [6]. Reliability data for
electrical power units and subassemblies are collected in [7]. Fail-
ure data for non-electronic parts are given by the actually recent
NPRD 2011 databook [8].

2.2. Maintainability

Maintainability is defined as the probability of a failed item to
be repaired in a given period of time, when the maintenance is per-
formed in accordance with prescribed procedures and resources.

The maintainability of reparable components or units is univo-
cally defined by their “repair rate” �(t). If the time needed for a
maintenance action of a unit is independent from previous main-
tenances, the repair rate is constant with time and the related
probability density function is exponential [1]. In this hypothesis
the maintainability function is:

M(t) = 1 − e−�t (5)

The reciprocal of the repair rate is the “mean time to repair”
(MTTR). MTTR includes diagnostic time, time for preparation and
time for validation of the repair, but does not include administrative
and other logistics delays. The MTTR of reparable complex units is
given by:

MTTR =
∑

i�i · MTTRi∑
i�i

(6)

as shown in [1], where �i is the failure rate of the ith repairable
component of the unit and MTTRi the average mean time to repair
of the same component.

Evaluation of the repair rate or MTTR of selected components
can be found in some of the databases listed in Section 2.1.2 of this
paper.

2.3. Availability

Availability is the probability that a repairable item, required
to operate continuously for a given calendar time and considered
to be in only two possible states: operating (up) or in repair after
a failure (down), is satisfactorily operating at any random time t
after the start of operation. The availability can be then expressed
as the ratio of expected uptime to the expected aggregate values of
up and down time:

A = E(uptime)
E(uptime) + E(downtime)

(7)

The availability of whichever item depends therefore on its
reliability and maintainability. For reparable units the mean time
between failure (MTBF), defined as the ratio of the total operating
time to the number of failures, is used instead of MTTF. In case of
constant failure rate and replacement upon failure MTBF = MTTF.

The intrinsic availability of a system, as defined in [1], can be
then computed as:

A = MTBF
MTBF + MTTR

= �

� + �
(8)

2.4. Inspectability

Inspectability is a measure of productive time lost for inspection
and testing of a failed item.
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