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RAMI MODELING OF SELECTED BALANCE OF PLANT SYSTEMS FOR
THE PROPOSED ACCELERATOR PRODUCTION OF TRITIUM (APT) PROJECT

J. A, Radder and D. 8. Cramer
Westingliouse Savannah River Company
Aiken, South Carolina 29808

ABSTRACT

In order to meet Department of Doergy (DOE) Defense Program requirements for tritium in the
2005-2007 time frame, new production capability must be made avaitable. The Accelerator
Production of 'lritium (APT) Plant is being considered as an alternative to nuclear reaclor
production of tritium, which has been the preferred imethod in the past. The proposed APT plant
will use a high-power proton aceelerator 1o generate thermal neutrons that will be captured in 3He to
produce tritium (*11). 1L is anticipated that the APT Plant could be built and operated at the DOR's
Savannah River Site (SRS) in Aiken, South Carolina.

Discussion is focused on Rcliability, Availability, Maintainability, and inspectability (RAMI)
modeling of recent conceptual designs tor balance of plant (BOP) systems in the proposed APT
Plant. In the conceptual design phase, system RAMI estimates are nccessary (o identify the best
possible system alternative and to provide a valid picture of the cost ¢ffectiveness of the proposed
system for comparison with other system alternatives, RAMI estimates in this phase must
necessarily be based on generic data, The objective of the RAMI analyses at the conceptual design
stage is to assist the designers in achieving an optimum design which balances the reliability and
maintainability requircinents among the subsystems and components.

Discussion topics include key model parameters defining the model structnre and parameter values
developed from several sources. These sources are based on: 40 years of multi-facility operations at
the SRS involving pumps, motors, valves and heat exchangers; recent commereial nuclear power
plant experience with large chiller cooling units; and generic operating experience from nuclear
processing facilitics at the SRS and power plants from within the commercial nuelear industry.

Model results are reported in two formats. The first involves total system availability rolled up from
a tabulation of constituent components, with examples given for the APT Llectrical Power and
Accelerator Heat Removal systems. Justification is also provided for approximations, used in licu of
more fraditional Markov meodels, that account for various component stales resulting from
redundancy and repair policies. A sccond Tormal gives results of total system availability based on a
comparison with a similar operating HVAC system at an SRS facility,

Sensitivity and trade studies are illustrated to show potential improvements in overall system
availability that could result from modifications to the base system conceptual design or by adopting
a proactive maintenance strategy such as Predictive Maintenance (PdM).  Certain major
components, such as oil filled (ransformers, are expected to benefit if PdM techniques are used o
identify incipient failures before catastrophic component failure occurs, possibly resulting in a
significant loss of AP availubility. In several instances, this strategy is preferable fo installing or
stocking a spare component.

BRIEF DESCRIPTION OF THE APT PLANT DESIGN

The APT plunt comprises several major system groups that include: Accelerator Systems,
Target/Blankel (1/B) Systems, tritium Separation Facility (TSF) Systems, and Balance of Plant
(BOP) Systems. These system proups are beiefly deseribed in the following paragraphs, i
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Within the Accelerator Systems group, low-energy (75 keV) protons are produced by an m_lector
~ system that directs the resultant beam into a low-energy (LE) linac system..- Here, the beam is both
focused and accelerated to an energy of 217 MeV. The LE linac design is based on normal-
conducting (room temperature), copper accelerating cavities that.are cooled by water.- Upon exiting -
_the LE linac, the beam enters a high- energy (HE) 'linac system where niobium, super-conductmg ;
accelerating cavities further increase beam | energy to 1700 MeV. These super-conductmg cavities
are cooled by a cryogenics system that - uses liquid Helium as a refrigerant. High energy beam
transport and expander systems direct the 1700 MeV beam from the HE linac and convert it.to a

- format that is suitable for the T/B assembly. ‘A radio frequency (RF) drive system transforms ac -

~electric power into RF power to establish acceleratmg fields in both the LE and HE linac systems

‘The prrmary functlon of the T/B Systems group is to produce tritium and dellver 1t to the TSF The :
1700 MeV proton beam, generated in the one mile-long accelerator tunnel, is directed onto .a
tungsten target, which produces neutroris through a spallation process. Additional neutrons are also -
- produced in the blanket assembly that surrounds the target. Neutrons produced by both sources are
. absorbed by a 3He sweep gas, part of which is-converted to tritium by neutron- -proton reactions, This

sweep gas continuously flows between the T/B and TSF Bu1ldmgs Both heavy water and light water -

system coolmg loops operate to remove. heat deposnted in the various T/B components

The TSF receives the. sweep gas stream contammg low levels of tritium, from the T/B assembly -
~ Systems in the TSF group process- the stream to separate out tritium and cleanse the gas of any -
impurities - before it_is returned to the T/B assembly. The TSF systems purify the tritium both
“ chemically’ and lsotoplcally, then store and load 1t mto shlppmg contamers for transportatlon/
'elsewhere ‘ . ~

The BOP Systems group contams 17 conventronal systems that provrde varying degrees of support'
and integration for the other APT plant systems. Of these, only five BOP systems are viewed as

vﬂhavmg a direct, critical lmpact on APT production of tritium operations. Loss of any one of the .
. five is_expected to result in .an immediate forced outage. The remaining 12 systems (e.g.,
Radioactive Waste Treatment, Fire Protection) have the- potential to shutdown APT production
operations should one or more of them be out of service for an extended perxod of time. The ﬁve'
systems that are crltlcal to APT productlon of tritium are as follows: '

vl. Normal Electrrc Power System - supphes and dlstrlbutes ac electrlc power to all Accelerator,
Target/Blanket (T/B), Tr1t1um Separation Facility (TSF), and BOP system electrical loads

2.. Heat: Removal System - consrsts -of four subsystems that must be available. during accelerator
. operatlons ’
+ Accelerator Heat: Removal Subsystem - removes heat generated in components assocrated
- with-the normal-conductmg accelerating structures' (LE' linac section), klystrons for the - RF =
~drive, and the high energy beam transport (HEBT) section of the accelerator.
. Cryogemc Plant Cooling Subsystem ‘provides coolmg to -heat loads produced by the three"
cryogenic plants which are part of the accelerator super-conductmg section.,

. River Water Makeup Subsystem - continuously supplies water to open- loop cooling tower S |

systems to make up for losses caused by evaporatlon and blowdown. Loss of this system does
not result in an immediate APT plant shutdown since the cooling tower basms have sufﬁcnent '
inventory to.allow up to 5 hours of operation without makeup. : ‘
_+ T/B Heat Removal Subsystem provides coolmg to target blanket and window heat loads.

3. HVAC System consists of three subsystems that are requrred to be available durmg accelerator
-operatron
. Accelerator Tunnel and Klystron Gallery: Subsystem - removes heat from wavegulde windows
and pumps ln the accelerator tunnel components in the klystron gallery, and RF- waveguxdes

2 . i
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. Target/Blanket Building Subsystem - removes heat from inside the building but its primary
function is-to. control spread of- contammatron and maintain radronuclrde concentrations '
within acceptable limits. ’ ‘

*  Tritium Separatron Facllrty Subsystem removes heat from inside the facility but its primary

function is to control spread of contammatron and maintain radronuchde concentratrons
wrthrn ‘acceptable hmxts S '

4 Integrated Control System brings subsystem controls for the Accelerator T/B TSF, and BOP
elements together under one main control system

5. Instrument Air System prov1des high- quahty compressed air to control valves in heat removal ‘
systems and HVAC control systems. '

OVERVIEW OF THE BOP RAMI MODEL

The major focus of the RAMI modelmg work at this time, is on the availability of BOP systems as
. mandated by the annual tritium production goal.” Based on requirements for the APT plant, the BOP
systems were assigned an aggregate availability goal of 97.3%. To determine how well this target
goal could be met, system RAMI models were developed to obtain availability estimates for each of
the five critical systems described earlier.. “Where appropriate, trade studies were conducted to -
.determine potential improvements over the base conceptual design for individual BOP systems. This-
paper discusses the. RAMI work that was performed for three of the critical BOP systems (Normal
. Electric Power System, Accelerator Heat Removal Subsystem, and Accelerator Tunnel and Klystron
Gallery HVAC Subsystem) It also includes discussion on the practical aspects of achieving the
avarlabrhty goal. VR : o DI : ‘

' ,:Normal Electrxc Power System

Central to the operation of the APT Plant is the Normal Electrrc Power System, ‘which provides a
© support functlon for all other plant systems.. To. compute the availability of this system, a

spreadsheet was created to roll up tlhie mdrvrdual avarlabrhty contrrbutrons from 10 major groups of

sub—systems or components:

230-kV Service 2 auto-transforme'rs) :
115-kV Service (2 breakers, 2 buses)
Cryoplant Power Supply
Klystron “Power Supplies (16 hrgh-voltage breakers and transformers .32 medium-voltage
breakers and transformers, 32 control power breakers and transformers) ‘ Lo
T/B Building & Tritium Extraction Building: Power Supply ’
RF Control Power Supplies (20 medium-voltage fuses and transformers)
Accelerator Station Power Supplies (10 cooling tower buses 10 cooling statron buses)
" Accelerator Low-Energy Section (1 bus) .
Accelerator Super-Conducting RF Section (8 buses)
- Accelerator Coohng Tower Sectlon (10 buses)

¢« e e o

L] L) * L] L] L]
’

‘Although more components were included in the spreadsheet; only the number of components that
play the most important role is indicated in parentheses, The number and size of buses, breakers, and
transformers, as well as any redundancy, were taken into account using an Event Tree approximation
model! for detailed availability equations. For selected critical components, - the difference between
the results obtained from this approxrmatron and a Markov model was shown to be negligible. The
comparison is discussed in more detail in the next section dealmg with Markov and Event Tree
' 'approxrmatron models P 2
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~Ina number of confi guratlons redundant components reduced the failed state to loss of two- out-of-
" two or two-out-of-three, which provides a very high-availability (~1.0).- Taken into account was the
amount of time the accelerator beam or subsystems would be lost due to brief automatic or manual
sw1tchmg, as well as typical times estimated for re-establishing the beam after specific perturbations -
. occur. Included also for completeness were the loss of more than one high-voltage transformer -

- (230- kV/ 115- kV), loss of 115-kV buses or breakers, loss of two-out-of-three 230-kV mcommg”
commercial power lines, loss of all commercial power lines due to a blackout ‘in the Southeastern
United States, loss of electric power due to tomado and earthquake, and brief electric power losses - -
caused by lightning strikes. .

Accelerator Heat Removal Subsystem o
~ This system was also modeled using the detail of the same spreadsheet format to roll up availabilities .
for the system’s nine cooling stations, which are distributed over the  length- of the mlle-long
accelerator tunnel ‘Major components mcluded in the secondary, open coolmg-water loops were:.

'27 coolmg tower pumps (1743 to 2029 HP each)

27 cooling tower fans (150 HP each)

18 air-operated temperature/flow control valves (24” to 48 each) :

12 heat exchangers (Stations 1&2 each have one 46-MW and one 11-MW heat exchanger ,

Stations 3-8 each have one 60 MW, exchanger Statron 9 has one 60-MW. and one 10- MW heat
: exchanger) . ,

Major components mcluded in the prlmary coolmg-water loops were:

. ‘30 cxrculatmg pumps ( 12 under 500 HP each and 18 over 1000 HP each)

+ 67 air-operated valves (17 @ 12” to 48” each and 50 @ 4” to 10” each) :

'«" 24 Chillers (50% capacity each without any redundancy: two 246- ton, two 268 ton, twelve 279- ,
ton, two 300-ton, two 320-ton, two 714-ton, and two 984-ton) . '

Accelerator Tunnel and Klystron Gallery HVAC Subsystem

. This system was modeled usmg the detail of the spreadsheet format to roll up avallablhtles for the 5
: drfferent HVAC sections. Major components 1ncluded in the coolmg tower section were: ‘

« 3 coohng tower pumps 410 HP each)
+ -3 coolmg tower fans 40 HP each)

- Included i in the chrlled water section were:

. 3 chlller units (50% capac1ty @ 2250 tons each)
.+ 3 chilled water pumps (SO% capacity @ 205 HP each)

= "Included in the accelerator tunnel sectron ‘were:

e 12 air handling units (non-redundant @ 200 tons each) R T
e 6 exhaust air. ﬁltermg umts (24 000 cfm each) :

‘ lncluded in the klystron gallery section were: - | o S

. 20 air handling umts 90 tons each) :
* 25 air exhaust fans (non redundant @ 10, 000 cfm each)

4
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_ Included in the accelerator 'power end injector:section were:

¢ 2air handlmg units (one @ 15 tons the other @ 50 tons)
-« 1 outside air supply fan (30 HP)

"MARKOV AND EVENT TREE APPROXIMATION MODELS

The BOP systems were modeled by usmg a spreadsheet that . incorporates standard reliability -
handbook equations: In certain cases, though, where redundant components are lncorporated in the
system design, input to the spreadsheet consisted of results from Markov and Event Tree modéls.
‘Since the availabilities of many base conceptual designs for the BOP systems are sensitive to single
. component failures, use of these models is best _explained by the following example of a trade study

- where the key element is redundancy or added equrpment capacrty

: The typical trade study, where redundancy or capac1ty is added toa chosen system design, consists of s
lmplementlng one-or both of these optlons : o , '

. Backmg up a smgle 100% capacity- umt in the initial desrgn with a redundant umt that is also
. operating. In this case, instead of a smgle failure being sufficient to fail the system, two out of
two (both) .unit failures are required. System failure consists of the first. unit failing to run,
followed by failure of the redundant unit to continue runmng whlle the ﬁrst one is being repalred

or replaced. ) : s

. Replacmg two normally runmng, 50% capacrty units with two double capamty (100%) units. - In

this configuration, one unit. is normally running and the other redundant unit is in standby. .

System failure consists of the first unit failing combmed with farlure of the second unit to start or
. run, while the first is bemg repalred or replaced -

These optrons were modeled in two ways: by a Markov model and an Event Tree (ET) model. The:‘ L

- solution to the Markov model assumes a steady state equilibrium is reached. as components fail,"
undergo repair and are placed back into service. In the steady state equilibrium solution to the
‘Markov equations, the populations of each of the possible combinations of failures which define the
possible states do not change with time. With .a two component redundant system, where 100%
capacity components are operatmg and sharmg the load, the possrble system states are:

l) Both components are operatmg and the system is operatmg

. 2) One component is operatmg, one is farled and the system is undergomg “tunmg (also called
. “switch-over”) to accommodate the loss of one of the two components that had prevrously‘
shared the load. In this state the system is not operatmg

3) One component is- operatmg, one is falled and: the system is successfully tuned (“swrtched”) to :
- operate on just one of the two components [n thrs state the system s operatmg

"4) Both components are not operatmg and the system is not operatmg
The Markov model is solved by first estxmatmg the failure, sw1tch1ng, and repair rates for each of the -

states (from component-specific operatmg records or generic databases), and then calculating the
probability that the system will be in each state. The failure. rates are typically represented by

lambda (A), which is the inverse of Mean Time Between Failure (MTBF), and the’ repair rates are '

represented by mu (p), which.is the inverse of Mean Time To Repair (MTTR) ‘The MTTR is also
- used for those cases where the failed component is simply replaced by a spare. Equations using
lambda and mu are solved to determme the overall system avallablllty even though some states, for

t5'
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; whlch the system is avarlable may be degraded that is, those states do not have full component
: redundancy :

: The lambda’s and mu’s are usually taken: to be unchanged from state to state This -implies, for N

example that if one component fails, the rate at which the second fails is the same and not enhanced

by: failure of the first. Obviously, in the:case ‘where a single component must take up the load that . -

two shared . previously, there would be a tendency for the failure rate of that component to be
somewhat increased. The lack of change in also implies that, when both components. fail together,
- additional manpower will be scheduled to maintain overall MTTR at the same value 1t would be if just
one c0mponent failed. ~ AR S

" The Event Tree (ET) approx1matlon model was selected due to its srmphcrty and ease in modelmg ;
failures to start-on-demand for standby equipment and various combinations of failed components. ‘
For example, an ET model was used for the. HVAC system where failure can only occur if pairs of -
adjacent fans, or their associated inlet/outlet” dampers, fail together (system failure can also occur if -
three or more combmatlons of any fans and dampers farl) : o "

The ET model uses first order approxrmatrons for fatlure probabilities as a function of ‘time [i.e.,

‘1-exp (-At) = At] and multrphcatron -factors that “count” all those combinations which can fail the
system. Normally, in the ET model, the average time ‘that would be required to repair a component
before the next one failed would be MTTR/2, mstead of MTTR. = This is because the second -
-component could fail at-any point from time ‘zero (i.e., immediately after the first fails) up to time

MTTR. (i.e., just as: reparr of the first is being completed and it is being put back into service). The -

‘average time, MTTR/2, is a consequence of the fact that the event tree starts at time zero, whereas,
.in the Markov model, time zero occurred long ‘ago-and is replaced with steady state equilibrium
between each state of the system. By setting the repair time in the ET model to the value used for.

- MTTR in the Markov model, good agreement between both models can be obtained out to the sixth

“decimal place Availability (or,. unavailability ) due to switching can also be estimated using the ET
~ model, but in most cases this only affects the results beyond the fourth decimal place. ‘The

confidence gained “from _this -agreement supports’ the extension of the ET model to- more. complex,' s

" systems and combmatlons of component failures that: can fail the overall system. Examples of the -
ET model availability estimates are grven for the followmg fallure combmatlons :

. 1 (MTTR/ MTBF) single runnmg component (100% cap ) fails the system

L]

1-2+ (MTTR / MTBF) 1 out of 2 runmng components (50% cap each) fails the system
e 1- 2 * (MTTR / MTBF) 2 out of 2 runnmg components (100% cap each) fail the system

e 1- 6 * (MTTR / MTBF) 2 out of 3 runnmg components (50% cap each) fall the system

e 1-(MTTR/ MTBF) {( FS + MTI‘R/ MTBF)} 2-out of 2- 100% capacrty components fail the -
system. (i.e., one running component fails followed by failure of the standby component to start
or, once started its failure to run until the first can be repalred) where FS is the - probablhty of
Failure to. Start on demand ' : ,

Although it is easy to. mcorporate drfferent lambda’s and mu’s for each state in_either- model this
particular refinement was not made for. the BOP analysis. A further refinement could be made to
these equations by replacing MTBF in the denominator by (MTBF + MTTR).  Except for certain
- components, ‘such as 115 kV transformers, this was not done since the drfferences mtroduced were

well within the uncertamtres of the values used for the MTBFs '

6




"WSR_C'-MS-97-O339

A trade study was performed for a section of an HVAC system where twelve smgle fans were traded _
- out for 40 fans with “overlapping” coverage. This new conﬁguratron was analyzed for combinations
- of component failures that could fail the system. In this case, the ET model was used to determine
- system availability where any two a adjacent fans out of the forty could fail the system but any single -

- failure, or non-adjacent combination of two fans; could. not. - It was assumed tHat failure ‘combinations

of any three or more  fans, whether adjacent or not, could also fail the system.. The’ system‘»
:avarlabllrty for two adjacent fans. farlmg is glven by

1- {(ﬁrst fan falls) (adjacent fan also fails whlle first is being repalred)}

=1- {(40 2 ends) *(2 for elther sxde) + (2 ends) * (l for one fan on 1ts srde)}
v * {(Prob. of one failing in time T is )»T)} *
* {(Prob. of second fallmg in repair time MTTR is A * MTTR)}
- {(time system out of service is MTTR not MTTR/2)}
C® {(l/Total Time T)} ’

=1- {(78) P (k * MTTR) }‘

System avallabrhty for any three fans fallmg is glven by

- 1 - {(lst falls)* (2nd fails while st repalred) (3rd falls whrle other 2 repa1red)}~ ’

I

l - {(any of 40 fans) (any of the remammg 39) * (any of the remammg 38)}
o x {(Prob. of one failing in time T is AT)}
~ % {(Prob. of second failing durmg repair time MTTR is A * MTTR)}
* {(Prob. of third failing during repair time MTTR is A * MTTR)}
© % {(time system out of service is MTTR, not MTTR/Z)}
o {(l/Trme T)}

1 {(59280) * () + (x * MTTR) * (MTTR)}
= 1 - {(59280) s (0 MTTR) }

BOP RAMI MODEL RESULTS

'Avaxlablhty estimates for system base conceptual desrgns and alternative desrgns (trade studles) are
provided for three selected BOP systems:in the: APT plant as described below E

Normal Electrlc Power System

Overall system availability is calculated to be 09933 for the base case conceptual desrgn The
" dominant contributor to-system unavarlabrhty is the klystron (RF- drlve) power-supply segment,
“which is responsible for 67% of the total system unavailability. This is followed by the RF control

power segment and the 230-kV auto-transformers which respect1vely ‘contribute 18% and 9% to
/system unavarlabxlrty : : ;

The relatrvely high unavarlabrhty of the klystron segment is due to the sheer number of electrical
~ components that are required to distribute ac power to 234 klystrons ‘and their associated control -
. power supplies. Starting from the. 115-kV buses, there are 16 hlgh voltage breakers (eight on each
~ bus) that deliver 115-kV to 16 respective step-down transformers, each-of which supplies 4160-V to.

7
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two medlum-voltage ‘breakers. Each breaker 1s then connected to a separate 4160-V supply bus,
‘making a total of 32 breakers and 32 supply buses at the 4160-V level. Each of these 32 buses =

supplies power to a group of seven to eight klystrons and a control . circuit. Each of the 32 control
circuits powers a 4160-V/120-V transformer via a 4160-V breaker. Should any one of the klystron
segment components (a grand total of 160) become unavailable, either 4160-V main power or 120-V

control power would be lost to seven or eight adjacent klystrons. This would result in a loss of the - - '

- accelerator beam and a forced outage to restore the affected electrlcal component to’an available
state ;

The source of unavarlabrlrty for the RF control power segment is also due to a relatrvely large number
of components (54), any one of which causes a loss of the -accelerator beam upon its failure. A
resulting forced outage will last approximately the time it takes to repair or replace a failed .
component. In the case of the 230-kV auto-transformers, unavailability is driven by the long MTTR
of 1 year. A failure in one of these large, 600 MVA transformers would result in a manufacturer
having to build a replacement, since nearly all transformers of this size are special order and the APT
transformers are no exception. However, the conceptual ' design for the APT electrical system is
based on two 100% capacity, fully redundant auto-transformers. Recovery from a failure in one of -
the two is accompllshed by switching its loads over to the other transformer. - -

?Several trade studies  of alternatrve desrgns were conducted to determine if electrlcal system

 availability. could be 1mproved to an even higher value and whether removal of certain redundant ..

compornents, as a cost savings measure, would srgmﬁcantly 1mpact avallabllrty These studies are
_descrrbcd as follows ‘ r v |

Predrctrve Mamtenance Program Added "Cast A :
The 1mpact of a limited predictive maintenance (PdM) program for components that are mcluded in
the sets of dominant contributors to unavailability was examined. The PdM considered for each.
component type and the percentage of incipient failures that are expected to be captured, before
they cause catastrophlc failure, are described below : '

« Oil filled transformers w1th load tap changers gas and oil quality analyses combined with infrared
thermography surveys are estimated to elrmmate 70% of the anticipated fallures S :

. Dry transformers - mfrared thermography is estrmated to. ellmmate 60% of the antlclpated
: fallures ' : :

s . Circuit breakers (115 KV only) - infrared thermography surveys combmed with on-lme duty
monitors (to determme/schedule mamtenance) are estlmated to eliminate 50% of the ant1c1pated
failures.

With a limited PdM program system’ avallablllty mcreases by less than 0.5% to 0.9972. It may not -
~ be possible to justify the cost of including these or other additional components in such a program B
without further detailed analysrs i} .

: : - Redundant Bus-Tle Components Removed Case B
'Approx1mately two dozen, 4160-V bus-ties for loads such as cooling towers, klystron cooling, and
T/B equipment were removed to determine whether this would have a significant impact on overall
electrical system availability. Results show that availability decreases to- 0.9932 by an insignificant
amount (~0.01%). Depending on whether bus-tie removal adversely ‘impacts the ability to perform
. ,electncal system mamtenance while the APT is operatmg, an attractrve cost savmgs measure may be
achlevable : o :
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PdM With Bus-Ties Removed Case’ A & B Combmed

" This case represents a combination of the above two- studies: a limited PdM program combmed with
* the removal of two dozen 4160-V bus-ties. Results show that avaxlabxhty increases by less than 0.5%

over the base case to 0.9971. A summary of availabilities for- the -various cases is- glven below mn.

' .Table 1.

Table 1 - Summary of System Availabilities .

Case | System ‘/C“on‘cept e . Availability
‘Base Base Co.ncep_tual Design - | 99.33%"
A - |Limited PAM S 99.72%

B - |Bus-Ties Removed = ' [ - 99.32% -
A&B PdM With Bus-Ties Removed o 99.71%

Identlficatlon of Transrent Imtlator

: Whlle developmg the base case model for the electric power system, a new effect was identified

where brief (<10 cycles) voltage transients can have a larger impact on APT plant. availability than

“previously expected. Forty 'years of experience with both the 115-kV -transmission system . and’
'13.8-kV distribution system, on the. SRS 300 square-mile site, indicates that lightning strikes cause

brief voltage transients several times a year. Since these transients are short-lived, and the newer,

1230-kV transmission system has both superior aerial ground-wire protectlon and lower resistivity soil
~ grounds, the previous experience was not expected: to be important to APT plant avallabllrty
However, it is now recogmzed that this may not be the case, as 1llustrated by the following scenario.

: A nearby llghtnmg strike on the transmnssron lines causes 230-kV bus voltage at the APT substation

_to approach zero as 230-kV, breakers operate to clear the disturbance. Although the transient is over
.in3to 5 cycles (0.05 to 0.08 ‘seconds), the accelerator protective trip system- reacts at least 500
times faster to simultaneously trip the beam and shed, several hundred megawatts of RF load. As

-

required by the Southeastern Electric Reliability Council rules, the electric utility would qulckly g

respond to this load rejection event by immediately backmg off excess power generation. To restore

', APT plant production operations, RF equipment would now have ‘to be re-loaded back onto the grid
_ at the utility mandated ramp rate. Consequently, this new scenario mvolves a “cold start-up” of the\-

accelerator as opposed to a. brref mterruptlon of electncal service.
Accelerator Heat Removal Subsystem

Overall system avallablllty is calculated to be 0. 9361 for the base case, whlch represents the current’

 system conceptual desxgn with major components as described earlier. The dominant. contributor to

system ‘unavailability is the set of non- redundant chiller umts whrch is responsrble for 89% of the

total system unavallablllty

L The set of 24 non-redundant chxller umts makes a significant contrlbut1on to system unavallablllty

because it is assumed that any failure of a smgle unit results in accelerator shutdown. = All of the
chillers are 50% capacity units, conﬁgured in pairs to achieve 100% capacrty for the heat loads they -

~serve. Loss of a single unit in any pair will cause reduced cooling of the components associated with

that pair. Because the MTTR for a chiller is in excess of 40 hours, it is expected that the associated

cooling-loop would experience sxgmﬁcant temperature rise well before chiller repairs can be. "

~completed.: This temperature rise will cause significant dimensional changes to occur in some
“components due to thermal expansion. For components . in the accelerator room- temperature

L sectlon such as the radxo frequency quadrupole (RFQ), coupled cavity hnac (CCL) -and coupled

9
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* cavity drift tube linac (CCDTL), this would likely cause the beam to be out of phase, resulting in a
" protective beam trip.  Other components, like the nine sets of klystron bodies that ‘must be
maintained at 23 °C (77 °F) £2 °C (3.6 °F), would likely force a shutdown of the accelerator after
reaching temperatures significantly hlgher than thelr operatmg band would allow.

- Several trade studies of alternative desrgns were performed to determme if the’ system availability
- could be improved to an acceptable value wrthm some reasonable cost. These studles are descrlbed as

B f_follows

\ Fully Redundant 100% Capaclty Clullers = Case C .
By mcreasmg the coolmg capacity of each chiller unit to 100%, the set of chillers can’ be made fully '
- redundant, requiring only one chiller in a pair to operate while the other remains in standby as an
~ installed spare. Start-up times for the standby chiller are 5 minutes (or less) to fully assume the load -
 that the tripped chiller was previously carrying. If the chiller units were upgraded to 100% capacrty,‘
systém -availability would increase by nearly 6% to 0.9919 and the entire set would then contribute
less than 2% of the unavarlablhty (as opposed to 89% in the base case). Air operated valves would,
then surface as. the dommant yet: smaller contrrbutor to system unavallablllty : PR
‘Adding a thlrd 50% capacrty chlller to each exrstmg parr was not considered for ‘several reasons. -
- First, the footprmt of a chiller skid is approximately 450 sq. ft. for all size units and, therefore,

- significant floor space would be required to install the additional units. Each mechanical service

building would need to be redesrgned {or planned equipment installations. would need to be re-located) .
‘to accommodate one or more additional chillers, depending on where the building is located along the
tunnel. Second, the cost of doubling the capacrty of the 24 existing chillers (making them 100%) is
close to the cost of adding 12 new 50% chillers on skids. Figures provided by a: manufacturer show. -
the incremental cost of upgradmg a chiller from 300 to 600 tons to be $115 per ton, while the cost

for a separate 300 ton unit is $285 per ton.. Costs of upgrading the larger chiller units are about the.
same price per ton as a’separate new unit. ‘The cost of upgrading 24 chillers is estimated to be.
$1.3M, which is close to the $1.1M cost of adding 12 new 50% capacity units. Finally, the cost of
addmonal plumbmg and electrical cablmg for a third set of new chrllers would be srgmﬁcant

' Portable Spare Chiller - Case D :
Provrdmg a portable spare chlller could improve system availability if"it is. assumed that replacement .

time is significantly less than the MTTR for a failed chiller. Replacement time is defined to be the
length of time requited to move and install a spare so that it can take over the function of a failed
. chiller unit.- In order to optimize the maximum gam that a portable spare could be expected to .

‘prowde the following are assumed

e There are two portable spares - one sized for chrllers nominally in the 300 ton range and the

* other srzed for chillers in the 700 to 1000 ton range.. Two spares are assumed in order to reduce
the impact of a second chiller failure when oné of the spares is in use. The large spare would

- purchased as a temporary replacement for the 4 chillers that are in the 700-1000 ton range.
However, it would probably find more use as a spare following a second chiller failure in the set of
20 smaller units. A 1000 ton chrller can be set up to replace a 300 ton unit by loadmg it to
~30% of rated capacrty

. Trallers rlgglng equlpment, and suffi crent manpower are readrly avarlable to move the spare into
,place ' N 3 ‘ k . TN .

e A spare chlller Wlll have a 24 hour replacement time, whlch is ‘one-half the chiller MTTR.

With the spare chrller concept system avarlabllrty increases by nearly 3% from 0 9361 to 0. 9633 :
‘which is about one -half the gain noted in Case C. Although the costs of providing two spares is

o
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srgmﬁcantly less than upgradmg the base conceptual desrgn to 100% capacity units, there are other'

considerations that need to be addressed. Based on a chiller' MTBF of 19,631 hours and 24 chillers, - .

approximately 10 failures per year could be expected to occur in the heat removal system. The time

“and costs involved ‘in- making 20 spare chiller moves (10 round trips) per year must be considered
. before making any valid comparisons between this concept and’the one for chiller upgrade. Also,
* there will be additional costs associated with storing the spare chillers in some. type of “temporary”
shelter to prevent their degradatlon by elements of the weather

o ’ Improved Cluller Dragnostlcs - Case E o
Improved dragnostlcs for failures due to freon leaks (30% of total failures) and control problems
“(31% of total failures) will reduce chiller MTTRs. Early detection of freon leaks can also prevent
more serious consequential failures, such as freezing in evaporator tubes, that require significantly.
long repair times. - By providing the followmg features reductrons in dxagnostrc tlme and preventron
of costly fallures can be reallzed '

e Portable hahde detectors for detecting and locating freon leaks early '

.~ Microprocessor dragnostlcs installed on the chiller Skld packages to- detect both mcrprent and ‘
catastrophlc control system fallures AR - 7 - " >

;Based on dlscussrons with commercral power plant mamtenance personnel who are knowledgeable on
chillers; it is estimated that enhanced dlagnostlcs could reduce the chiller MTTR from 48 to. 30
. hours. The system avallablllty, with such improvements' in place, increases by approximately 2.5%
to 0.9597. Costs for these improvements are not well known but they are expected to be
signifi cantly less than costs assocrated with either. one of the other concepts presented above: i in Cases
Cand D. e « : \ : ~

7’ In Table 2 below avarlabrhty of the Heat Removal System conceptual de51gn is summarlzed along
with avarlabrhtres for the other concepts used in the trade studles

Table 2 Summary of" System Avallabllmes

- Case Sys‘tem‘ Concept_ DR Avallabili‘ty
‘Base | Base Conceptual Design = | t 93.61%
© C . |Fully Redundant Chillers - [~ 99.19%
"D | Portable Spare Chiller -~ | - 96.33%
B »Improved ‘Chiller Diagnostic's o 95.97%

,Accelerator Tunnel and Klystron Gallery HVAC Subsystem \.\/

" Overall system avarlablhty is calculated to be 0. 9848 for the base case, which is derived from the
current system - conceptual ‘design with major components. as described earlier.: Three dominant
contributors provide more than 90% of the system unavarlablllty and are hsted below accordmg to
their percent contnbutnon :

A

.« -RF wavegu1de duct exhaust air fans (41%) 25 fans provrde forced air coollng for the RF

waveguides by drawing air from the Klystron Gallery through the concrete ducts that enclose

‘them. Each exhaust fan provides forced air coolmg to approximately 10 adjacent waveguides. It
is assumed that the accelerator would be required to shutdown if any 1 of the 25 fans were to fail
durmg accelerator operatlon Reasons for this assumptlon follow

1
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‘The waveguides are heated at a rate estimated to' be in the range of 150 to 250 watts per linear
foot, and the cooling fans operate to maintain their temperature below a 140° F limit. With a
loss of cooling due to fan failure, waveguide electrlcal resistance - increases with temperature
~causing the heat-up rate to increase as the waveguide gets hotter. This temperature excursion
“occurs within minutes and would likely cause gaskets and nearby electrical cables to melt. - There
are also concerns that the waveguide warranty would be voided (i.e., temperatures will greatly -
exceed 140° F' limit) and a personnel burn hazard will be created. Consequently, loss of a single
fan is expected to result in accelerator shutdown.. Approxrmately 6 fan faxlures per year are" )
estrmated to result in forced shutdowns : &

. 'Accelerator tunnel air handlmg umts (32%) - 12 air handlmg units (AHUs) are srtuated
' along .the one-mile length of the tunnel and. provrde a heat removal function while the
“accelerator is operatmg The failure of any 1 of 12 AHUs is expected to result-in accelerator

" shutdown due to excessive heat buildup in critical components located within the section.of the:
tunnel that the partrcular AHU serves. - Because each AHU is. ducted to serve a long section of the -
“ tunnel, no cooling is provided to the -area by the other units. It is expected that: there will be 2
- forced shutdowns per year to repair falled AHUs : PR s \
. Motor operated dampers for AHUs (18%) a damper is located on the inlet and outlet of
- each AHU. Spurious closure of either damper orr a partrcu]ar AHU is equivalent to ‘its failure. -
Therefore, closure of any 1 of 24 dampers results in accelerator shutdown. Three forced
shutdowns per year are ‘expected to occur as a result. of damper farlure '

Several trade studies, of alternative designs were performed to determme whether system avallabrhty
could be improved to an acceptable value within some reasonable cost. Thése studres are descrrbed as
follows . : :

All' Handlmg Unit Desrgn Change - Case F , : :
- The i2 AHUs along ‘with their related duct-work and inlet/outlet dampers, could ‘be replaced by a set
of 40 smaller, well- distributed AHUs that " do not require ‘duct-work or dampers. The effects of this

o desrgn change are several. First, no single AHU failure can cause heat buildup in critical accelerator '

. components because adjacent units will provide sufficient heat removal due to ‘overlapping. coverage.
It is estimated that at least two adjacent AHUs would have to fail in'order to cause accelerator.
- shutdown. Second, ductwork and motorized dampers are eliminated by the new design, resulting in a '
“significant potential for cost savings. Repair times are also reduced since the smaller units can. be
located in a more accessible location. Third, more flexibility in operations is realized because
different numbers of AHUs can be scheduled to_run during the year as- outsrde ambrent temperature
_ changes (the ongmal desrgn requrres all 12 AHUs to run).

If this desxgn change were. made system avarlabrhty would increase by ~0. 8% to 0.9921 w1th 76% of
the unavailability coming from the RF waveguide exhaust fans described earlier. No forced shutdowns
are expected to result from AHU failures, and scheduled or correctrve mamtenance could be }
performed wrth the APT on- lme : :

Wavegurde Exhaust Fan Desrgn Change - Case G )
The 25 exhaust fans that provide foreed air cooling could be made redundant by addmg a second fan /
. in parallel. Each set of 10 waveguides would then be served by two fans instead of one. . The size of
each fan is only. 10 HP so costs associated with the change (25 additional fans) .should not be”~
unreasonable. If this change ‘were made instead of .the AHU desrgn change 'in Case F, system '
availability would increase by ~0.6% over the base case to 0.9909. No forced shutdowns: would result
from exhaust fan fallures but AHU failures would still result in-an accelerator shutdown. - '

12
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Exhaust Fan and AHU Design Changes - Cases F & G Combined
If the above changes are combined, system availability increases to 0.9982 which represents a 1.3%
- increase over the base case. This compares well with the measured availability of a similar system at
SRS, where the system was only forced to shutdown for one day in two years of continuous operation
© (i.e., availability of SRS HVAC system is. 0.9986). ' Failures of exhaust fans and AHUs, either
- separately or together, will not result in a forced shutdown and maintenance can be performed when
the APT is operating. However, with this design change, there will be 28 additional AHUs and 25

o .addltlonal exhaust fans that must be maintained when compared to the base design.

- Water Coolmg for Waveguldes - Case H

" A proposal has been madeé to replace forced air cooling of the waveguides with a water cooled system.

- Although there are sparse details on how this system would be designed, the concept is as follows.
Each waveguide would have a set of 1/4” to 3/8” diameter copper tubes bonded to it along its length
for water to flow through. Cooling water would be provided to a header that supplies water to. 10
*individual waveguides. The header would receive water from a section of the accelerator heat
removal system that provides non-chilled cooling water to the. klystron collectors and splitters.
Temperature control for each group of 10 waveguides would be regulated by an’ air operated valve
located between the associated header and the cooling water supply line.  There “would - be
approximately 25 headers with temperature control valves to serve all of the waveguides. " Assuming
that the' AHU design change (described above in Case F) is also part of this proposed water cooling
design, system availability would be 0.9961 which is comparable to the combined fan and AHU desngn \
change Avallablhty results for the above five- cases are presented below in Table 3.

- Table 3 Summary of System Avarlabllmes

Case | System Concept : | Availability
_  Base | Base Conceptual Design . 98.48%
.| F AHU Change ©~ | 99.21%
G | Exhaust FanChange .~ | = 99.09%
| F&G Combined AHU and’_Fans _ . 99,82%
H | water Cdolingand’AHvU o - 99.61%
CONCLUSIONS

Usmg base conceptual designs to compute the aggregate availability of BOP systems. results ina value' "

- of 91.2%, which falls significantly short of the BOP target goal of 97.3% by approximately 6.3%.

In all cases, the- predommant sources of unavailability (~80% for the overall BOP) can be attributed
to non-redundancy in major BOP system components such as chillers, exhaust fans, and air handling .
units.  Limited sensitivity-studies show that one of the few ways to improve availability would be to
dramatically increase MTBFs for these major systém components. However, this seems unhkely ina -
practical sense based on reviews of component-specific operating records and generic databases.

_Decreasing the same major component’s MTTRs, although possible in theory, does not appear to be "

practlcal either since the MTTRs already border on being optimum. Although PdM appears to be
promising, insufficient data is currently available to make the statement that PdM alone - could
‘compensate for lack of redundancy or capaclty in system desrgn Consequently, a change in system
- design may provide the answer. :

By using different combmatlons of alternative system designs from the previous trade studies (Cases
- A through H), the BOP target availability goal of 97.3% can either be met -or exceeded. Four of the
more cost effectwe optlons suggested for consrderatlon are: ‘ ,

Ay
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- Option 1: Provrdmg fully redundant chillers for the Accelerator Heat Removal System would by

itself, increase overall . BOP avarlabrhty to 96.6%. Adding more capacity to the accelerator

. tunnel HVAC, by reconﬁgurmg the air handling units (i.e., replacing 12 existing units with 40
_smaller units that have sufficient cooling capacity to' allow overlap coverage), would build upon. o

the chiller modification and raise BOP. avarlabrlrty to the requlred goal of 97. 3% :

Option 2 Provrdrng additional exhaust fan capacrty to make the forced air coolmg system for
the RF waveguides fully redundant would, if combined with Option 1, increase BOP availability
beyond the budget goal to 97.9%. Implementation of this option would also eliminate 6 forced -
shutdowns (of the APT plant) per year, resultrng from the smgle failure of exhaust fans

‘Optron 3:1fa wavegurde water coolmg concept were traded for the RF forced air coohng system‘ \
- in Option 2, this would result in an overall BOP availability of 97.7% which is again in -excess of

the target goal Agam shutdowns due.to the single farlure of exhaust fans would be ellmmated

Optron 4: Removmg cross-ties between selected, redundant buses in the electrlcal power system
would be a cost. savrngs measure that. could be applied to any of the above optlons wrthout a

_measurable change i in overall BOP avarlabrhty
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