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1.1 Executive Study

The purpose of this study is to compare the benefits and costs
associated with personnel access maintenance procedures compared to those
of all-remote maintenance procedures. The INTOR Phase Two A, Part I
configuration was used to make this comparison. For both approaches,
capital and operating costs were considered to first order, maintenance
equipment requirements 'ere investigated, maintenance requirements common
to both approaches and unique to each were identified, tritium handling
requirements were outlined, and maintenance scenarios and device downtime
were developed for both. In addition, estimates of person-rem exposure
were made for the personnel access approach.

Significant differences in costs could not be identified. Capital
cost for maintenance equipment was estimated to be approximately 10% higher
for the all-remote approach, and this small difference is attributed to
the fact that the personnel access approach requires a high percentage
of maintenance to be accomplished remotely. Hence, most of the equipment
requirements are the same for both design approaches. Operating cost in
the form of maintenance staff is essentially the same for both approaches
for normal operations because of maintenance activities which are necessary
outside of the reactor cell while the device is operating. Table VI.2-37
estimates the average annual requirement for personnel is 4300 h in the
reactor cell. This is the equivalent of approximately ten people working
in a 2.5 mrem/h field.

The maintenance equipment requirements differ only in that the all-remote
approach needs as many as six additional manipulator systems to replace
workers used in the personnel access approach. Virtually all other equipment
requirements are the same.

The requirements for tritium handling are also the same since regulations
for the protection of the general public and the environment apply equally
to both approaches, particularly the consideration of accident scenarios and
the impact at the site boundary.

Maintenance scenarios which are representative of scheduled and unscheduled
operations were evaluated for both approaches. For those cases investigated,
the personnel access approach had an average of 15% less device downtime.
Table VI.2-37, which is an estimate of lifetime operations, indicates that
on the average personnel access reduces annual downtime by 50 h. This is
not a substantial reduction.

The evaluation of the personnel access scenarios also estimated exposures.
In general, for all operations these are low, and Table VI.2-37 estimates the
average annual exposure to be approximately 25 M-R for reactor cell operations.

The conclusion of this study is that a configuration based on all-remote
operations which allows limited personnel access is the most effective design
for maintenance. This approach provides flexibility for normal and off-normal
operations and tends to reduce the high degree of risk and uncertainty which
will be inherent in next-generation D-T devices. This approach is further
supported by the fact that the study did not show significant differences
between the two approaches.



1.2 Background

In order to understand the potential differences between a design
based on personnel access and one based on all-remote operations, it is
desireable to have a configuration for the latter approach. Early in
this study, it was anticipated that an all-remote design could be
developed which was very different from the reference design. This
turned out not to be the case since the reference design is ene that
inherently embodies features for remote handling because much of the
component disassembly must be done remotely as a result of high activation
levels "ithin the shield boundary. The reference design incorporates
features which enhance remote maintenance such as modular component
assemblies and access to the torus sectors and the peripheral components.
In order to ensure that additional remote handling enhancements were not
overlooked during the development of the reference design, each major
system was analyzed with regard to component orientation, location, and
quantity. Several secondary modifications were identifieid, but none
that would drastically change the reference design. A detailed discussion
of this investigation can be found in Section VI.2.4.1.

The next logical starting point for developing a configuration
which does not have personnel access requirements was to establish the
minimum shield requirement for the device. This is because a minimum
shiel. suggests minimum cost. This was done on the basis of TF coil
protection considering neutron induced insulation damage, atomic dis-
placements, and heating. In addition, it was assumed that the INTOR
first-wall blanket thickness (50 cm) is 50% effective for the all-remote
shield design. The resulting outboard shield thickness was 50 cm
compared to 105 cm for the INTOR Bseline. The shield reduction allows
the TF coil bore to be reduced by approximately 50 cm along with a
negligible reduction in PF coil diameters. The rerulting peak-to-
average edge ripple for this design is 1.4%, which slightly exceeds the
INTOR Baseline requirement of 1.2%.

It is expected that a smaller TF coil cost may be associated with
the smaller coil size, but whether this will hinder general remote
handling operations is not clear. However, the reduced window opening
does require that the divertor module be split into two segments. Clearly,
removing split modules with translational as well as radial motion is
more difficult and requires handling equipment vjhich is more complex
than that for the reference design.

In addition, several other impacts result from the reduced outboard
shield. These are: the reactOT building wall thickness increases by
more than 50%; activation in the reactor cell increases by 4 orders-of-
magnitude; refrigeration costs for the TF coils doubles, and the TF coil
internal coolant design becomes more complex. All of these impacts
are discussed in detail in Section VI.2.3.



Realizing that the reference design is actually based on reasonable
access to compont ts for remote disassembly, and that reducing the out-
board shield th: k less is not a viable approach, the study proceeded
on the basis of using the reference design for both approaches. Maintenance
assessments were developed using limited personnel access and all-remote
operations.

1.3 Purpose of the Study

The design studies leading to, and including the Engineering Test
Reactor (ETR) , the Fusion Engineering Device (FED), and INTOR have
assumed that personnel access was preferrable to an all-remote design
without providing a basis for comparison. This study attempts to quantify
such a comparison.

The purpose of the study is to compare the benefits and costs
associated with personnel access procedures versus those associated with
all-remote procedures in order to support modifications to the reference
design. For both approaches, capital and operating costs were considered
to first order, maintenance equipment requirements were investigated,
maintenance requirements common to both approaches and unique to each
weTe identified, tritium handling requirements were outlined, and main-
tenance scenarios and device downtime were developed for both. In addition,
estimates of man-rem exposures were made for the personnel access case.

1.4 Basis for the Comparison of the Personnel Access Design and the
All-Remote Design

The U.S. Phase Two A, Part I INTOR design was used as the basis
for comparing both design approaches. Its features include 12 TF coils,
12 torus sectors, one single module divertor for each sector, poloidal
coil locations which provide clear access to the sectors, and a TF coil
bore which permits radial extraction of the torus sectors. The ripple
for this coil set is 0.9%, which is less than the limit of 1.2%.

The personnel access case hcs the specific requirement of allowing
personnel to enter the reactor cell 24 hours after device shutdown. To
accomplish this, the outboard shield thickness is designed to limit the
activation dose rate at the shield boundary to 2.5 mrem/h. Hence,
personnel must wait at least one day before having access to the device.
On the other hand, access for the all-remote case may commence immediately
after device shutdown and de-energization of the coils.

It should be pointed out that for the personnel access case, personnel
are never permitted in the reactor cell during or after the removal of
a component which opens the plasma chamber (torus) . In addition, a
bakeout for detritiating the plasma chamber is required for both design
approaches in order to minimize tritium contamination. This will ensure
that, hands-on operations may continue after remote operations are completed
for the personnel access case and that contamination will be minimized
in the reactor cell also for the all-remote case.



The maintenance scenarios for both designs were developed on a con-
sistent basis, and while the absolute values for device downtime may be
argued, the relative comparisons between the two approaches are valid.
This work is presented in Section VI.2.5.3. For both cases, it was
assumed that maintenance operations are accomplished 24 hours per day,
7 days per week. The scenarios are developed for mean time to replace
(MTTR) and, consequently, they assume that spare components are always
available. Repair time in the hot cell is not considered since it is
not relevant to this study. A more conservative approach to device
downtime is to postulate that maintenance operations will occur for 2 daily
working shifts, 6 days per week. This has the effect of increasing the
device downtime for both approaches by a factor of 1.75.

The basic maintenance and handling requirements for both designs
are: (1) meet availability guidelines for the INTOR design (50%);
(2) meet public radiation regulations and guidelines to insure that the
public hazard is minimized; (3) meet worker radiation regulations and
guidelines to insure worker safety; and (4) provide high vacuum conditions
(10~s Pa) in the reactor chamber. Furthermore, it is assumed that for
both designs the reactor cell has the same leak characteristics. Thus,
to meet public radiation regulations and guidelines, atmospheric tritium
recovery systems of a similar size and cost will be present in each of
the designs to handle both accident and routine releases. A system with
a processing throughput of 0.5 vol %/min is therefore assumed for both
personnel access approach and the all-remote approach.

1.5 Maintenance Scenarios Considered

Maintenance scenarios which are representative of scheduled and
unscheduled operations were selected to assess device downtime and to
estimate personnel exposure levels. Each scenario was developed using
limited personnel access for one approach, and no personnel access for
the other approach. The following replacement scenarios were considered
and are presented in detail in Section VI.2.5.3: divertor modules, rf
heating module, test module, cryopump module, torus sector, and TF coil.

The 12 divertor modules are assumed to require an annual replacement.
This scenario was developed in detail for the replacement of a single
module and then scaled up to 12 modules assuming that operations proceed
simultaneously on pairs of modules. The greatest impact to downtime is
plasma chamber detritiation and reconditioning, which accounts for 40%.

LHRH was assumed for the rf heating module replacement because of
coax feed lines. Clearly, this assessment points out the need to modify
the design of this module in order to minimize the complexity of disassembling
and reassembling approximately 200 coax joints. Approximately 60% of the
downtime is caused by detritiation and reconditioning.

Two test module installations are possible; one that is behind the
vacuum boundary of the plasma chamber and the other in front of the vacuum
boundary. Removal for the first case does not require detritiation and
reconditioning, therefore device downtime is minimal. The second case



was analyzed because it has the greatest impact to downtime and is required
for certain test modules that must view the plasma directly. For this
case, detritiation and reconditioning accounted for 70% of the device
downtime.

Replacement of any cryopump module is the only scenario considered
which does not require venting the plasma chamber. This is because the
pumps are behind vacuum isolation valves. In addition, for the personnel
access aproach, this is the only scenario which does not require any
remote operations.

Removal of the torus sector is required for blanket maintenance
operations in the hot cell. Strictly speaking, the torus is designed as
a lifetime component. For this scenario, the sector which interfaces
with the ICRH heating module was considered and connections to that sector
for the ICRH system and the divertor module are disassembled, but these
modules remain installed in the sector. Approximately 70% of the downtime
results from detritiation and reconditioning.

The TF coil replacement is a major unscheduled occurrence. The
scenario for this operation includes thermally cycling all of the coils
within the common cryostat, removal of two torus sectors, and removal of
the upper PF coils. Reinstalling the new coil and reassembling the
device is assumed to take 50% longer than the initial disassembly. This
is the only scenario which requires warming the coil system; all others are
accomplished with the coils kept at cryogenic temperature.



2. ASSESSMENT AND ANALYSIS FOR BOTH DESIGN APPROCHES

This section comprises the bulk of the study. It attempts to quantify
the differences between the two maintenance approaches in the areas of
safety, tritium handling, shield requirements, facility design, maintenance
scenarios, and equipment requirements. In general, the investigation for
each of these areas did not reveal significant differences for the two
approaches to maintenance, one with personnel access, and the other using
all-remote operations. Thij is primarily because the former only allows
limited personnel access to supplement the use of remote operations.

2.1.1 Radiological Guidelines and Limits

In order to assess a comparison of personnel access vs all-remote
operations, a brief summary of radiation guidelines and limits is necessary
for both workers and the general public. Table VI.2-1 shows this summary.

Specifically for facilities being designed, DOE-5480.1 states:

Exposure rates in work areas should be reduced as low
as reasonably achievable by proper facility design and
equipment layout. Design factors to consider are: occupancy
time, source terms, spacing, processes, equipment, and
shielding. Onsite personnel exposure levels less than
one-fifth of the permissible dose equivalent limits
prescribed in this chapter should be used as a design
objective.

This policy limits onsite workers to less than 1 rem/y (0.5 mrem/h) .
Based on working 8 h/d and 40 h/wk, the occupational exposure is 0.5 mrem/h
for all radiation sources.



Table VI.2-1. Summary of U.S.Policy on Radiation Doses

Operating Conditions

Normal operation
(uncontrolled area)

Moderate frequency
(controlled area)

Infrequent incidents

Limiting faults

Probability of
Occurence

(p/y)

p =

10"

10"

10"

= 1

1 < p < 1

3 < p < 10"1

7 < p < 10"3

On-Site

Guideline

<0.

<1

<5

<25

1 R/y

R/y

R

R

Dose

Limit

<0.5 R/y

<5 R/yc

<25

<25

Off-Site

Guideline

<10 mR/y

<100 mR/y

<1 R

<5 R

Limit

<50 mR/yb

<0.5 R/y

<5 R

<25 R

Per individual.

b (1)
EPA (Environmental Protection Agency) has proposed a guideline of 10 mrem/y.

The NRC
(2)

has a limit of 5 mrem/y (whole body).

'This is yearly limit, the quarter limit is 3 Rem.



Areas where personnel access for extended times for maintenance and
assembly/disassembly operations is expected would be designed to meet
these guidelines. Certainly in off-normal situations, worker access for
short periods (̂1 h.) is possible in areas with high dose rates (<10
R/h), but only a? an emergency measure and not as routine practice. The
assumption made in designing for personnel access is that the worker
will receive no greater than the guideline dose in normal situations.

With multiple radiation sources, the dose the worker receives can
exceed the average dose rate of 0.5 mrem/h. For example, a worker at
the shield might receive up to 6.S mrem/h. This would include that from
(1) gamma at the reactor shield (""0.5 mrem/h]; (2) gamma from unshielded
coolant pipes [3] (~1 mrem/h); (3] tritium dose from the atmosphere
(2.5 mrem/h after continuous exposure to 5 yCI/m3); and (4) tritium dose
from surfaces (2.5 mrem/h after continuous exposure to 5 yCi/m3). If
the worker were suited, the maximum dose would be ~1.5 mrem/h if the
reactor shield was designed for 0.5 mrem/h.

2.1.2 Radiation Safety Design Targets for Personnel Access

The application of the processes for optimization of radiation protection
may not by itself provide sufficient protection for the individual due to
the use of collective dose as a primary criterion. For a given practice,
regardless of the results obtained by application of techniques such as
cost-benefit analysis, the radiation exposure of individuals must not
exceed regulatory dose limits. Generally, however, individual exposure levels
lower than the dose limits may be selected as targets for use during the
design and/or operation of a nuclear facility.

The International Commission on Radiation Protection (ICRP) has
suggested that a valid method for judging the acceptability of the level
of risk in work involving exposure to radiation is by comparing the r^ok
to that for other occupations recognized as having high standards of
safety [4]. Therefore, individual radiation exposure targets may be
selected to establish a level of correspondence between the total occupational
risk, including the risk due to radiation exposure at nuclear facilities and
the total occupational risk associated with conventional industrial
hazards in other industries.

At the current stage of development of the INTOR design, it would
be useful to have target values for the annual individual radiation exposure
for the most exposed work group in the INTOR work force and the mean
annual individual radiation exposure for the work force as a whole. The
former should be set at a level which represents an acceptable maximum
level of occupational risk at INTOR associated with exposure to radiation
and should also be sufficiently below the regulatory dose limits to provide
an adequate level of confidence that these limits will not be exceeded.
The latter should be set at a level such that the average level of occupa-
tional risk at INTOR associated with exposure to radiation is comparable
with the risks encountered in an industry which has high standards of safety.

One of the design objectives considered for INTOR is stated as
follows: "Onsite personnel exposure levels less than one-fifth of the
permissible limits.. .should be used as a design objective" [5].



The design objective for whole-body dose equivalent is therefore
that the onsite exposure levels be less than 1 rem. This exposure level
may therefore be considered to be the target for the an.;ual individual
dose equivalent for the most exposed group in the workforce.

Having established a value for the target annual individual dose
equivalent for the most exposed work group, now consider the mean for the
total exposed workforce, i.e., for all individuals whose radiation exposure
during the course of their normal duties is measurably above natural back-
ground. The ICRP have stated that for an occupational group with a mean
annual dose equivalent of 0.5 rem, the average risk is comparable with the
average risk in other safe industries. The achievability of a mean dose
equivalent of 0.5 rem per year fe- the workforce at nuclear fission plants
has been conclusively demonstrated for gas-cooled reactors and also for
more recent water-cooled reactors. It is proposed that, the target annual
mean individual dose equivalent for INTOR be 0.5 rem. On the basis of
experience at Ontario Hydro's CANDU reactors, the distribution of annual
individual dose equivalent over the workforce which would yield a mean
value of 0.5 rem/y is reasonably consistent with an individual dose equiv-
alent for the most exposed work group of 1.0 Tem/y.

The targets outlined above can now be used to derive targets for
average area radiation dose rates and average area airborne contamination
levels. However, this derivation depends on the composition of the work-
force and also the annual occupancy of the different functional groups in
the workforce in the working areas of INTOR. These factors are design
dependent, so that the derivation needs to be considered separately for
each of the INTOR configurations being considered, i.e.,. the personnel
access design concept and the remote maintenance design concept.

At the current stage of development of the INTOR design, the targets
that may be derived should be seen as tools to give a basis for radiation
safety engineering. While these targets may correspond to radiological
conditions which have been demonstrated as representing ALARA in current
facilities, they may not represent the achievement of ALARA at INTOR.
The INTOR design can only be assessed in terms of ALARA by considering the
specific design measures which contribute to the level of radiation pro-
tection provided, including consideration of both the INTOR work force and
the general public. As a result of this consideration it may be found that
the targets presented here (including the design objective for INTOR
personnel exposures of less than 1 rem/person/y) do not represent an
acceptable realization of the ALARA concept. The INTOR design which rep-
resents the achievement of ALARA may be such that the radiation exposures
of personnel are eitheT greater than or less than the target values. The
only fundamental limitation to ALARA is that the radiation exposure of
individuals must not exceed the regulatory dose limits.

Normal Operation. In order to optimize the setting of design targets,
the wide range of radiation hazards (from the reactor cell to the inactive
workshop) must be taken into account, s* well as anticipated occupancy
factors for all active areas. For the purposes of deriving preliminary
target dose rates, it is proposed that the working areas at INTOR are
grouped into three categories as follows:

10



Type Characterization

I Non-Radiation Area

II Normally Accessible
Radiation Area

Type Description

An area which does not contain items of equipment
that are potential sources of radiation and
for which access is not controlled. This
type includes all areas accessible to visitors
without accompaniment and also the work
locations of personnel not trained and
classified as radiation workers. It includes
the administration offices, workers' canteen,
restrooms, and change rooms.

An area which contains a minimum number of
items of equipment that are potential sources
of radiation, none of which are sources
of high radiation fields. Equipment located
in the area requires frequent access for
inspection or operation. Areas included
in this type are subject to administrative
control to prevent access by non-radiation
workers. However, radiation workers have
unlimited access to these areas. This type
includes the inactive workshop, stores,
health physics laboratories, chemistry
laboratories, and the general accessways
in the reactor building.

An area which contains items of equipment which •
are sources of high-radiation fields and to
which access is restricted. This type includes
areas which are only accessible during INTOR
shutdown periods. It includes the reactor
cell, the coolant systems equipment rooms,
the active workshops, waste management areas,
and tritium processing and recovery areas.

Based on these categorizations, the target annual exposure of
personnel in the different types of areas can be determined. This
requires an allocation of some fraction of the annual individual radiation
exposure to each type of area. To derive average area dose rates, we
must first subtract the contribution to the annual radiation exposure
due to the intake of radionuclides,* which is taken to be 25% of the
total. Then, the maximum annual individual design target radiation is
750 mrem, and the annual mean individual radiation design target for the
whole of the exposed work force is 375 mrsu, Based on these values, the
proposed allocations of annual radiation exposure for the different
types of area are given in Table VI.2-2,

III Limited Access
Radiation Area

The critical radionuclide is expected to be tritium, which is assumed to
be the major contributor to internal dose among facility staff.

11



Table VI.2-2. Proposed target allocation of annual individual
external radiation exposure

Most exposed work Mean for exposed
Area type group (mrem) work force (mrem)

I 30 60
II 120 120
III 60£ 19b_

Total 750 375

These allocations have been conceived on the basis of anticipated work
patterns at INTOR, using radiation exposure distributions at prototype
and production fission plants as a background.

The next step in the derivation of the target dose rates is to
determine the annual occupancy of individuals in the different types of
area. Estimates have been produced of the occupancy of the reactor hall
for maintenance activities [6,7]. These estimates have been modified
here to consider two scenarios of INTOR availability and are taken to be
typical of the occupancy of the most exposed work group in Type III
areas. To arrive at the annual occupancy of the most exposed work group
in other types cf area and also the average annual occupancies for the
whole work force, the estimated reactor hall occupancy for maintenance
has been used as a baseline factor to normalize the anticipated work
patterns at INTOR. Table VI.2-3 gives the estimated annual occupancies
derived in this way for INTOR availabilities of 25 and 50%.

Table VI.2-3. Annual Individual Occupancies

25% INTOR Availability 50% INTOR Availability
Most exposed Mean for Most exposed Mean for
work group work force work group work force

Area type (hours) (hours) (hours) (hours)

I
II
III

600
600
800

1000
800
200

600
1000
400

1000
900
100

From the values given in Tables VI.2-2 and VI.2-3, preliminary target area
dose rates can be calculated. The resulting values are giv^n in Table VI.2-4
for both INTOR availability cases considered.

Table VI.2-4. Target Average Area Dose Rates

25% INTOR Availability 50% INTOR Availability
Area type (mrem/hour) (mrem/hour)

I <0.05 <0.05
II <0.2 <0.1

III <0.75 <1.5



The values given in Table VI.2-4 have been rounded down to reflect any
uncertainties. The validity of the assumptions made regarding the annual
occupancies and the radiation exposure distributions can be evaluated as
the INTOR design progresses- To some extent these assumptions cj;n be judged
by consideration of the values resulting from them, and which, as'; a first
approximation appear to be reasonable. f

j

It is worth noting that the operation of INTOR consists of ah initial
stage of low availability followed by stages leading up to an availability
of 50% towards the end of the life of the facility. It would therefore be
expected that the dose rates existing when the availability is 5CJS will be
higher due to the increased inventories of the longer lived activation
products towards the end of the life of the facility. Clearly, if the
radiation fields during personnel access remained constant throughout the
INTOR life, the annual individual radiation exposure would be expected to
decrease as the INTOR availability increased.

It must be stressed that the target dose rates given in Table VI.2-4
are the average dose rates for the different areas during the time that
those areas are accessed. The averaging involved is both spatial, i.e.,
over the different locations in each area where an individual works, and
temporal, i.e., over the different access periods for an individual during
the course of the year. Thus, the effects of equipment location, local
shielding; and during long shutdown periods, radioactive decay must be
taken into account. In particular, average area dose rates of less than
0.75 mrem/hour and less than 1.5 mrem/hour do not preclude the existence
of items of equipment with contact dose rates considerably higher than these
levels in Type III areas. The requirement in such cases is that individuals
do not spend extended periods of time in the vicinity of equipment which
is the source of elevated radiation fields. For example, the fact that
the radiation dose rate on the outside of the torus at 1 hour after shutdown
has been estimated to be 60 mrem/hour for a 105-cm biological shield does
not preclude personnel access at this time. The limiting factor in such
considerations is the time integrated radiation exposure and not the dose
rate, so that the values given in Table VI.2-2 should be used for guidance.

Accident Conditions. During an accident and the subsequent recovery
period, access to certain areas in the INTOR reactor building may be required
to maintain personnel safety, plant control, and safety system integrity.
In order to design the facility to allow for this contingency, it is necessary
to identify the access requirements and ensure personnel accessibility by
appropriate design.

In accident conditions, some exemption from the normal operation
regulatory dose limits may be allowed, so that in certain situations it
may be acceptable to design for higher radiation exposures to personnel.
However, the use of such exemptions should be limited to cases whore urgent
access is required for a single operation. There are then two dose limits
to be considered. First, the normal regulatory occupational limits: in
accident conditions, the applicable limit will normally be the quarterly
whole-body dose limit of 3 rem. Second, the acceptable dose for single-
operation exposures: the ICRP has recommended that in such cases a
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"planned special exposure: limit of 10 rem be employed [4]. The desigi.
dose rate targets for accident conditions should not be such that personnel
incur radiation exposure equal to these limits since this would be contrary
to the principles of radiation safety engineering. The approach should
be based on the principle that the applicable target individual radiation
exposures are dependent on the accident probability, with the dose limits
only being approached for low-probability events. The fundamental principles
to be employed are that the radiation exposure of personnel should not
preclude their continued operational availability following an accident,
i.e., if feasible, these exposures should be well below the regulatory dose
limits.

A system based on these principles has been developed by Ontario Hydro
for use in design. Application of this system involves an iterative analysis
as indicated in Fig. VI.2-1. The system requires that each of the post-
accident access requirements identified is classified as being on of the
following: continuous access, intermittent access, evacuation, or single-
instance access. The dose and dose rate targets applying in each case are
indicated in Fig. VI.2-2 as a function of accident probability.

IDENTIFY AH ACCIDENT SCENARIO

r

IOENTIFY THE ACCESS REQUIREMENTS
FOR THE ACCIDENT

f

DETERMINE THE RADIOLOGICAL CONDITIONS
AT ACCESS LOCATIONS

(INCLUDING TRANSIT ROUTES)

1

CALCULATE THE DOSE
TO THE OPERATIONS STAFF

DURING THE POST-ACCIDENT ACCESS

t

ARE THE OPERATOR DOSES CONSISTENT
WITH THE ACCIDENT PROBABILITY?

Y «

YES
}

ARE THERE FURTHER CREDIBLE
ACCIDENT SCENARIOS TO BE CONSIOEREC?

NO

t

END

IMTOR-10/»«-PT8-03»

TAKE
CORRECTIVE

DESIGN
ACTION

Fig. VI.2-1. Flow chart of occupational radiation
safety analysis for accident conditions.
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Airborne Radioactivity Concentrations. Based on the area characteriza-
tions and the assumptions regarding personnel occupancy described pre-
viously, target average airborne radioactivity concentrations can be
derived. The main assumption in this derivation is that 25% of the total
annual individual radiation exposure is due to the intake of radionuclides.*
The consideration of airborne contamination is somewhat different from
that of radiation fields, since contamination control is more readily
achievable than the reduction of radiation fields. Airborne contamination
levels can be controlled by way of physical barriers, ventilation cleanup, and
atmospheric pressure differentials to the extent that the levels in the
Type I areas should be negligible. Therefore, the allocation of the annual
radiation exposure due to the intake of radionuclides is as indicated in
Table VI.2-5.

Table VI.2-5. Propose^ target allocation of
annual individual internal radiation exposure

Annual Individual Radiation Exposure
Most exposed work group Mean for exposed work force

Area type (mrem) (mrem)

I
II
III

Total

50
200
250

50
75
125

*This assumption is based on Ontario Hydro operating experience with
tritium control.

15



From the values given in Tables VI.2-3 and VI.2-5, preliminary-
target area airborne radioactivity concentrations can be calculated.
The resulting values are given in Table VI.2-6 for both INTOR availability
cases considered.

Table VI.2-6, Target Average Area Airborne Radioactivity Concentrations

Area 25% INTOR availability 50% INTOR availability
type (effective MPCa*) (effective MPCa*)

I -
II <0.03 <0.02
III <0.1 <0.2

*The design practice for control of airborne contamination should be based on
the concept that for access to certain areas the controlled use of equipment
for respiratory and skin absorption protection of individuals is acceptable.
Therefore, although the actual average concentration of airborne contaminants
in such areas during a period of personnel access may be higher than the
values given in the table, the average concentration to which the occupational
individual is exposed is effectively maintained at less than these values;
i.e., the protection factor associated with the protective equipment must be
taken into account.

It should be noted that all subsequent radiation dose comparisons per-
formed as part of this study deal only with personnel exposures in Area III,
specifically the reactor cell. Dose accumulations in Areas I and II would
be common to both design options and are therefore not relevant to the
comparison between them. Nevertheless, the radiological environment in the
reactor cell can not be properly defined without consideration of relative
hazard levels elsewhere in the facility.

2.1.3 Coolant Leakage Source Term

Leakage Data from Ontario Hydro's CANDU Reactors. Ontario Hydro has
accumulated considerable experience in designing systems to minimize chronic
leakage from components. This has resulted from the consideration of the
economic impact of heavy water losses from the primary heat transport and
moderator systems of CANDU reactors and the radiation safety impacts of
the tritium releases associated with these heavy water losses. In order
to identify areas in which leakage reduction effort should be concentrated,
Ontario Hydro undertook an extensive program of measurement of the chronic
leakage from components outside the reactor hall of CANDU reactors (the
reactor hall being inaccessible during reactor operation). The components
involved were mainly associated with the CANDU moderator and auxiliary
systems, with typical operating conditions of 130 kPa fluid pressure and
40°C fluid temperature. The results of these measurements were reported
by Maan [8]. In addition to this experimental data, information is routinely
collected which gives the heavy water losses in the reactor hall, which are
predominantly due to chronic leakage from components of the primary heat
transport system. This system operated at approximately 10 MPa fluid pres-
sufe and 300°C fluid temperature.
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There are three fundamental difficulties regarding the application of
the Ontario Hydro data in studies of facilities currently being designed.
These are as follows:

1. The data on heavy water losses in the reactor hall of CANDU reactors
is heavily influenced by leakage from the pressure tube end fittings
of the reactors. These fittings are used for on-power refueling
operations and may not be typical of components for systems in other
nuclear facilities, particularly the water coolant systems cf fusion
reactors.

2. The data reported by Maan was collected by measurement of the leakage
from components of systems that were designed more than ten years
ago. By application of readily available engineering technology and
lessons learned in the interim period, considerably higher standards
of leaktightness can now be achieved.

3. To apply the data to other systems, a technique for including the
variation of leakage with operating pressure and temperature is
required.

As a result of these difficulties, the leakage data may not be directly
applicable to INTOR. However, the data reported by Maan is still of con-
siderable use in identifying design features to be avoided and also provides
a basis for validation of techniques for estimating component leakage.

Preliminary Estimates of Chronic Leakage from INTOR Water-Coolant Systems.
A number of calculational techniques based on fluid low theory have been
developed for the estimation of component leakage. One technique appropri-
ate to this study is based on characterization of the coolant leakage from
a component by means of the helium leak rate for the component (see Appendix I)
In order to apply such a technique to the water-coolant systems of INTOR,
it is first necessary to specify an appropriate helium leak rate. As part
of a commitment to reducing the radiation safety impacts of tritium in CANDU
reactors, Ontario Hydro is currently constructing a Tritium Removal Facility
for extraction of tritium from heavy water. The design of this facility
employs standard leakage reduction technology based on well-established
engineering principles. The components of the subsystems of this facility
are being manufactured to a leaktightness standard equivalent to a helium
leak rate of 10"6 cm3 (STP) per component per second, which is considered
to be readily achievable. It is proposed that a similar leaktightness
standard be adopted for INTOR.

This leaktightness standard can now be used to estimate the chronic
leakage from components of the water coolant systems of INTOR. To allow
for the fact that the population of components will exhibit a distribution
of leak rates, some of which may represent a significant increase from the
leaktightness standard as a result of operational conditions, it is assumed
that 5% of the population have a leak rate which is an order of magnitude
higher than the standard. Leakage from these components will therefore be
estimated on the basis of a helium leak rate of 10~5 cm3 (STP) per second.
The inclusion of this 5% of the population as "leakers," together with the
fact that the estimation technique is known to overestimate liquid leak
rates, should result in a fairly reasonable estimate of the chronic leakage.
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The water leak rates for components with helium leak rates of 10~6 cm3

(STP) per second and 10"5 cm3 (STP) per second are plotted in Fig. VI.2-3
as a function of fluid pressure for fluid temperatures of 50 and 100°C.
For the INTOR operating conditions, the water leak rates corresponding
'.o helium leak rates of 10"6 cm3 (STP) per second and 10"5 cm3 (STP)
per second are in the ranges of 0.01 to 0.06 gm/day and 0.15 to 0.9 gm/day,
respectively. It is assumed that the number of components in the water
coolant systems subject to tritiation is in the range 500 to 1000 and that
10% of these are located in the reactor hall, the remainder being in the
coolant equipment rooms. The water leak rate estimates corresponding to
these assumptions are presented in Table VI.2-7.

INTOft-10/S4-rrS-030
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1.0 10.0
FLUID PRESSURE (MPi ibi)

Fig. VI.2-3. Estimated water leak rate per component.
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Impact to Personnel Access. As indicated in Table VI.2-7, chronic
coolant leakage from a system incorporating 1000 components such as
valves, couplings, pumps, etc., is not expected to exceed 100 gm/day.
Specific leakage into the reactor cell should only be a fraction of this,
estimated at no greater than 10 gin/day. Leakages of this magnitude are
not likely to create a significant hazard with respect to airborne
tritium, particularly if the specific activity of tritium in the coolant is
not allowed to exceed 1.0 Ci/£. It would further appear that the recir-
culating atmospheric cleanup '̂"?*em will not have to be in service under
normal INTOR operating co-viveions.

It must "j stressed that these low leakage levels can only be achieved
if the components are selected and specified as per the previously described
leakage standards. In addition, a comprehensive maintenance program must
be implemented to maintain low leakage. Experience with tritiated systems
in CANDU reactors has demonstrated that good maintenance can further reduce
leakages from initial levels by accomplishing the following:

(1) identifying components which are identified as relatively heavy
leakers and refurbishing them

(2) preventing deteriorating performance by applying routine maintenance
up to the end of facility life

Table VI.2-7. Estimated water leakage from INTOR coolant systems
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2.1.4 Control of Radioactive Particulates

The control of radioactive particulate matter (dust) is an important
consideration for maintenance operations for the personnel access design
and the all-remote design. For the former case, activated pcrticulates
may render hands-on operations unacceptable; for the latter case, remote
equipment may become unnecessarily contaminated. Therefore, some degree
of control is required for both design approaches even though quantifying
the requirements can only be estimated at present.

Background. Previous work on the FED design [ 9] identified the
concern for this problem, and estimates of quantities of activated
particulates were made in conjunction with torus sector removal. Approx-
imately 200 g of stainless steel dust with a source term of more than
130 curies was assumed to be available to contaminate the reactor cell.
Because of this, internal cleaning of the torus in the vicinity of the
limiter/divertor was considered to be a requirement prior to removing the
1imiter/divertor or a torus sector.

At the INTOR Workshop in May 1984, the Impurity Control Group was
asked to consider the likelihood of loose particulate matter in the plasma
chamber; the group consensus was that such material would be likely in
INTOR. This is because fine, loose particles are observed in present
tokamak devices. Possible sources of this material are first wall and
divertor plate sputtering and disruption erosion. The total amount of
material that is predicted to be eroded is approximately 3 x 103 kg/y.
However, it is assumed that much of this will redeposit onto the first
wall and divertor surfaces, and the amount of material which remains as
loose particles is highly uncertain. If the amount remaining is only 0.1%
of the total eroded material, then approximately 3 kg/y will accumulate.
This estimate is very close to the estimate for FED since for the ten
sectors of that design, 2 kg is the total available dust foT each sector.

Impact to Maintenance Operations. Collecting the particulates in situ
before removing device components can minimize the potential for contaminat-
ing the reactor cell or maintenance equipment. If this is not sufficient,
area decontamination will be required for the personnel access case prior
to hands-on operations, and equipment decontamination will be required for
the all-remote case after maintenance is completed.

An alternate approach is to remove device components into casks
which are attached (sealed) to the outboard shield so that loose particulate
matter is contained until the component can be appropriately decontaminated.
This procedure implies the use of remotely operated or automated cask equip-
ment; but since component removal must be accomplished without personnel
for both designs in any event, this type of equipment may not add much
additional complexity or downtime. In fact, if casks can be developed with
vacuum sealing capability in addition to the mechanical requirements needed
for remote extraction, significant downtime reductions are possible. This
is because for this approach the plasma chamber may be kept under vacuum,
and the 60 h for detritiation and 168 h for plasma chamber reconditioning
may be waived.
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The NET Design Team has developed several concepts for contained
removal of component sizes up to, and including, divertor modules [10,11]
Some work developed to less detail has been investigated for the U.S.
configuration designs. Figure VI.2-4 is an example of a divertor cask
design.

•SHIELD SECTOR

LIMITER BLADE

VACUUM BOUNDARY

CHAIN DRIVE/
SUPPORT SYSTEM

ELEVATOR MOTOR

Fig. VI.2- 4. Concept for a divertor module
handling machine.

At the May INTOR Workshop, tae Critical Issue Group for Maintain-
ability identified the need for containment and also a number of require-
ments to be considered. These are summarized below:

• Casks will be used for relatively small components

• A shielded cask is desirable for materials test modules

• There is a range of sophistication of cask confinement
methods; the most sophisticated being the double-door,
evacuated cask concept

• Cask containment for scheduled operations, such as divertor
replacements, should be utilized because of the reduced down-
time resulting from elimination of maintenance bakeout and
startup bakeout
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© "After-heat" removal systems may be required

o Large components with unscheduled replacements, su ;. as the
torus sector, may require "vacuum cleaning" and bagging techniques
prior to removal

2.1.5 Feasibility of Using Low-Activation Materials

Background. The use of low-activation materials was considered as
a means to enhance and possibly expand the use of personnel access for
maintenance operations. The potential advantages are reducing the needs
for xemote handling operations and reducing the amount of activated
material to be handled.

Recent consideration of controlling the level of radioactivity
induced in the first wall, blanket structure, shield, and other component
materials of a fusion reactor has succeeded in compartmentalizing the
areas in which materials selection can be effective. The issue was
addressed by the Conn Panel on Low Activation Materials [12,13] in terms
of the structural materials for use in high-flux regions of a reactor.
However, the considerations apply equally to the other components or
materials in a fusion device. The Panel's deliberations established
that in the area of waste management, materials selection to control
activation is practical and can have immediate impact. Use of low-activation
materials can also have significant impact on the safety and maintenance
aspects of reactor design, but these would require considerably more work
to assess the benefit and the practicality of this application.

Radiation levels in the environment of an operating reactor are
determined mainly by the design of the shield zones. This is inf1 jenced
by the materials used, through the neutron scattering and radiation
attenuation properties cf the various materials in the shield. It is
but little affected by the activation and decay characteristics of these
materials. The universal assumption is that during operation the radia-
tion levels in the reactor building will be too high to allow personnel
access.

When the fusion reaction is terminated, neutron production stops.
The radiation field in and around the reactor then comes from the radio-
active decay of materials that were activated by neutron captures during
the reactor operating time. The radiation field at this time is a
function of both material selection and facility design. The radiation
type, intensity, and decay rate at any point is a function of the composi-
tion of materials of the reactor and thus the activated species produced
by neutr^ capture during the reacto^ operation, and of the shielding
effectiveness of material between tlv :easurement point and the "source"
materials. There is considerable railed between elements in the level of
activity produced during service in a fusion reactor neutron spectrum
and in the rate of decay of the activity that is produced. These points
are illustrated in Fig. VI.2-5 from Wiffen and Santoro [14] for a number
of elements calculated to have been subjected to service at the first
wall of a fusion reactor for 9 MW-y/m2.
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Fig. VI.2-5. Activation level and rate of decay for elements exposed
for 9 MW-y/m2 in the neutron flux at the first wall of a
fusion reactor.

The Conn Panel considered three areas related to materials activation:
reactor safety, maintenance, and waste management. These are reviewed
briefly below.

Reactor Safety. Reactor safety may be influenced by material
selection in two ways: by determine g the radioisotope inventory in the
reactor and by controlling the ease with which a portion of the inventory
could be released during an accident. ACter extensive consideration of
these points, the Panel found they could not set quantitative goals for
materials development to meet safety requirements. They concluded that
the issue needed considerably more study before appropriate goals could
be defined.

Maintenance. Maintenance operations at a fusion reactor will start
soon after a shutdown - vault access 24 h after shutdown is a frequently
used goal. Numerous studies have suggested that this can be achieved,
mainly if shield designers have used this goal. If personnel access is
desired after the shield is opened, then materials selection must be
used to limit the activity. In examining this question, the Conn Panel
concluded that appropriate goals for reactor maintenance were that
design and material selection should allow at least limited contact
maintenance of components within the shield but outside the blanket a
short time after shutdown. A more ambitious goal is to achieve limited
contact maintenance everywhere in the reactor after a waiting time of
the order of two weeks.
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Achieving full contact maintenance of the reactor would allow use
of only a few materials; perhaps only graphite, silicon carbide, and
selected aluminum alloys would qualify. It would further require that
these materials be virtually free of impurities and that materials used
in joining be of the same compositions. If high-activation materials
were used anywhere, as for example in impurity control components, these
would have to be removed before personnel access was attempted. Further-
more, the design would have to assure that high-activation materials
from these components were not transferred to other components by
corrosion-erosion processes. Limited contact maintenance of zones
outside the blanket would require use of the same materials in high-
fluence zones of the reactor, but restrictions on impurity content could
be relaxed to the point where graphite, silicon carbide, and aluminum
alloys made by careful commercial practice should be acceptable.

Waste Management. The Conn Panel set as a goal for waste management
the achievement of shallow land burial of all spent material. Under the
least restrictive of the three qualifying categories in current U.S.
Federal Regulations, this would limit the end-of-life content of a
relatively few radioactive isotopes. This can be achieved by limiting
the source elements, or at least the source isotopes, in the materials
of construction. In materials of interest for fusion reactor service,
the elements to be limited or excluded include Cu, Mo, N, Nb, and Ni.
(Limits differ for each of these. The limits on niobium are the most
restrictive.) There is also speculation that the current limits will be
refined when regulatory agencies consider the specific details of fusion
reactor wastes. Limits may be changed, and new limits may be imposed on
materials not now restricted.

Current Research on Low-Activation Materials. There are two
classes of research in the United States related to reduced-activation
fusion reactors. The first is design work, to develop designs using
very low-activation materials that would allow improved safety and
contact maintenance; the other is work to develop materials meeting one
or more of the low-activation goals.

Design work on low-activation reactors has been spearheaded by
GA Technologies. These efforts have led to design concepts adapted to
the requirements of low-activation materials. These designs work around
the low-temperature limits on aluminum alloys and the high compressive
strength but brittle nature of the ceramics C and SiC. While the
concepts evolved are innovative and look viable, there is no detailed
design, fabrication experience, nor operating experience with fusion-
relevant structures made of these materials.

Materials research on low-activation materials is directed primarily
at developing candidate alloys that will satisfy the shallow land burial
waste management criteria. Three alloy classes are included: vanadium
base alloys; austenitic stainless steels, with nickel, molybdenum, and
nitrogen excluded; and ferritic steels, with molybdenum excluded. While
these alloys will simplify waste management, they will not allow contact
maintenance.
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Design Implications of Material Selection to Control Radioactivity
Characteristics. Access to the reactor vault, while the reactor shield
remains intact, is determined mainly by shield design. It is influenced
by material selection only in a secondary way. Access, once the shield
is opened, is determined by the component materials of the reactor and
the reactor operating time. Access, at least to the back of the blanket,
could be achieved by the use of low-activation materials. However, major
design changes would be required to achieve this goal.

Low-activation design for contact maintenance wouid require the use
of Al, C, and SiC structures in the higher flux regions of the reactor.
Aluminum alloys could be used, with a temperature limit near 400 K. If
SiC and C (graphite) are used, very high temperatures are possible; but
considerable development is required in the areas of design with essentially
brittle materials, joining, and repair technologies. The development
efforts required to achieve contact maintenance inside the reactor shield
are too great to be consistent with any near-term reactor project such as
INTOR or ETR.

Figure VI.2-2 [15] shows the dose rate inside the plasma chamber two
weeks after shutdown as a function of operating time for several aluminum
alloys. A-6063 is a commercial wrought Al-Si-Mg alloy containing about
2000 at. ppm of impurities. Alloy 1 is the same alloy based on high-
purity aluminums, which is now available from Alcoa with about 60 at.
ppm impurities at a price about five times that of the commercial product.
Alloy 2 is the alloy based on Alcoa developmental high-purity aluminum
with only 6 at. ppm impurities. Also shown is 100% pure aluminum. Even
with the very pure alloys, access to the plasma chamber is not possible
for the full life of INTOR. It would be possible, however, to have access
during the initial stages of operation, which could be quite beneficial.
The engineering difficulties associated with making all the high-flux
region of INTOR of aluminum and ceramics have not been adequately assessed
but are expected to be formidable.

Materials under development to effect waste management simplification
are less of a step beyond current technology. Vanadium alloys could not
be developed in time for application in INTOR, within current program
efforts, but reduced activation austenitic stainless steels and ferritic
stainless steels can be. These steels are being developed as analogues
of currently available alloys, and when the technology matures, they can
be used as substitutes in designs developed for alloys such as type 316
stainless steel or the HT-9 ferritic steel. Physical and thermal properties
will be very similar to the analogue alloys, and the goal is to achieve
equal mechanical properties and irradiation response.

Conclusions. The use of low-activation materials that could effect
maintenance issues would require major design accommodation. Although
available low-activation aluminum alloys would allow limited contact
maintenance everywhere on the reactor during the initial stages of
operation, access for the full life of the machine would not be possible.
The engineering difficulties of designing a low-activation INTOR have
not been adequately assessed. It would be useful for the INTOR activity
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to continue to examine the benefits and the difficulties associated with
use of low-activation aluminum alloys for near-term fusion devices.
Design with low-activation ceramics would present even greater degrees
of engineering difficulty, beyond the reach of the current INTOR program.

Waste management of discharged reactor components can be simplified
by the use of reduced-activation steels to allow shallow land burial
after service. The vanadium alloys under development for the same goal
would require major design adptation, compared to a steel design. The
data base and industrial experience on vanadium alloys will not be
available in time for INTOR use.
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Fig. VI.2-6. Plasma chamber dose rate for aluminum alloys
two weeks after shutdown.
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2.2 Tritium Confinement and Cleanup

2.2.1 Confinement Boundaries

Tritium confinement in systems. In designing and operating tritium
systems, whether for personnel access or remote operation, standard,
known tritium design practices are followed. Two sources for design
practices are reference [1], and the final safety analysis report for
the Tritium Systems Test Assembly.[2] Some general rules for confinement
are:

(1) All metal systems are used; organics and porous materials are not
used.

(2) Double containment is always provided; triple containment is used
when appropriate.

(3) Glove boxes are the usual secondary containment for most tritium
systems.

(4) For gas lines, a set of concentric pipes with tritium monitoring in
the annulus is used.

(5) Tritium inventory is minimized in components.

(6) Tritium diffusion barriers are provided.

(7) For gross contamination, remote decontamination facilities are
provided, consisting of jet cleaners.

(8) Atmospheric tritium recovery systems are provided.

The confinement boundary for tritium during reactor operation is
the intact reactor and its systems. Permeation occurs, as do leaks,
from corroded coolant equipment. These are not judged to be major loss
pathways since they are within the reactor hall confinement.

In the layout of the tritium facilities, the tritium systems are
located as close as possible to the reactor hall and the hot cell to
minimize the length of the tritium lines. The mass flow pathways are
shown in Fig. VI.2-7.

Atmospheric tritium recovery units are located in a convenient
location to the areas that they are serving. A unit is dedicated to the
tritium processing building. During maintenance, the reactor hall is
the major tritium boundary once the reactor or its systems are broached
for needed work. Because the hall is large, >105 m3, the use of con-
finement control envelopes is recommended. Their use will reduce the
air volume to be processed by the atmospheric tritium recovery systems
and will help reduce the spread of tritium.

Tritium confinement for workers. The magnitude of surface contami-
nation that can be expected at low atmospheric tritium concentration
levels (5 uCi/m3) is shown in Table VI.2-8.[3] To work in areas which
have been exposed to tritium at levels of 5 yCi/m3 or greater, the
worker will be required to wear gloves. The use of gloves has been
estimated to reduce worker efficiency by as much as 50%.[4]
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Fig. VI.2-7. Tritium pathways.

Table VI.2-8. Tritium Contamination of Miscellaneous
Materials as a Function of Tritium Concentrationa

Surface
Surface Level
(cpm/100 cm2)

Aluminum
Painted Unistruct
Stainless Steel
Plexiglass Hood
Copper Tubing
Stone Block
Stainless Steel/Oil Film

0
2

28-140
3-153
831
2053
21,120

Atmospheric concentration 5-10 uCi/m3, HT.

Gloves are requires at >50 cpm.
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The effect of different atmospheric levels of t r i t ia ted water
on surface contamination has been measured.[5] These are shown in
Tables VI.2-8 and VI.2-9. The relationship between atmospheric con-
centration and surface contamination was found to be

y = 0.37 exp (4.6 x),

where y = surface level contamination (cpm x 10 3) and x = atmospheric
HTO concentration (uCi/m3). Thus, as the atmospheric tritiated water
level is increased, the surface concentration is increased significantly.

Table VI.2-9. Surface tritium contamination on stainless
steel glovebox

HTO Concentration Average Surface Level
3 (cpm/100 cm2)

90 350
185-300 880-1600
390 2500
490 6000

600-635 4600-6300
810 14500-16500

Air pumped glovebox (5L/min).

For extended operation at tritium atmospheric concentration levels,
>50 uCi/m3, suits with an air supply are required. Suits are also
required if liquid tritiated water is present. The extent of worker
protection needed near6 tritiated water is shown in Fig. VI.2-8. Exposure
of a man's finger to 10~2 Ci/L tritium solution results in a dose rate
of 0.01 mrem/min or 0.6 mrem/h, equivalent to the dose rate received
from gamma radiation at the shield.

2.2.2 Monitors and Protective Equipment

System requirements for personnel access. The radiation safety
systems provided for the protection of personnel working in the different
areas at a facility such as INTOR would normally include the following:

Radiation field reduction;
Contamination control;
Access control;
Breathing air and communications;
Alarming gamma radiation monitors;
Alarming tritium in air monitors;
Alarming particulate in air monitors.
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Fig. VI.2-8. Personnel tritium exposure after accidental wetting
with tritiated solution.

The provision of installed neutron monitors is not considered to be
required for personnel protection at INTOR. The justification for
this is that, the hazard due to neutron irradiation is not expected to
be significant in any of th2 working areas at INTOR except for the
reactor hall. Further, the neutron hazard in the reactor hall is only
expected to be significant during reactor operation. Therefore, since
personnel access to the reactor hall during reactor operation is not
a viable proposition and is taken to be strictly prohibited, there
is no reason to provide installed neutron monitors for personnel pro-
tection. Dependant on the monitoring capability provided around the
torus, it may be desirable to provide neutron monitors in the reactor
h?ll to facilitate analysis of radiation field trends due to activation.

The radiation sources in the reactor hall that need to be con-
sidered are the plasma chamber and surrounding materials and the com-
ponents of systems carrying radioactive materials. The design of
shielding around potential sources of radiation should aim to achieve
the target average area radiation fields presented in Section VI.2.1.2.
The target appropriate to the reactor hall is the value tor type III
areas. Again, it must be stressed that this is a target average over
the area, taking into account the various work locations occupied by an
individual during the year and the frequency and duration of access
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by individuals. Further, it may be found that the shielding required
to achieve these targets does not represent the optimum design. The
optimum design may result in dose rates that are either higher or lower
than the targets, this being subject to the constraint that given the
number of personnel required for INTOR operations and maintenance, the
radiation exposure of individuals must not exceed the regulatory limits.
It must be recognized that in addition to achieving this target average
dose rate in the reactor hall during personnel access periods, i.e.,
reactor shutdowns, the design of the shield around the plasma chamber
must also take into account the following:

Radiation damage to components outside the shield;
Nuclear heating of materials outside the shield;
Activation of components outside the shield;
Activation of the reactor hall atmosphere;
Radiation dose rates outside the reactor hall, during both
personnel access periods and reactor operation.

Since the equipment in the reactor hall indicated at the current
stage of the INTOR design is limited to those components in the immediate
vicinity of the torus, the work locations that are currently identifiable
are all close to the torus. «The requirements for access to the torus
and the need to allow for the contingency of replacement of major plasma
chamber components imposes a!severe limitation on the provision of
radiation shielding around these work locations. At this stage, the
maintenance requirements, the design of the torus and associated equipment,
and the radiation environment around the torus do not indicate a require-
ment for permanent shielding other than the shield around the plasma
chamber already discussed. However, it would be sensible to provide
sufficient space tĥ vt temporary shielding can be erected as required for
those work locations tht can be identified. For example, if extended
maintenance operations on the vacuum pumps are to be performed by access
through hatches in the reactor hall floor, provision should be made for
temporary shielding between the vacuum pump locations and the torus and
water coolant pipe runs.

Contamination control for personnel access. The inclusion of
features for contamination control in the design of a nuclear facility
is important for radiation protection pf both personnel working at the
facility and the members of the general public due to the impact of such
design features on radioactive emissions. It is assumed that components
in the reactor hall have been designed with high reliability and ease
of maintenance to maximize INTOR availability. It is further assumed
that the materials selection for components located in significant neutron
fields and the shielding around neutron sources are such as to minimize
the total inventory of radioactive materials produced during INTOR
operation. The provision of respiratory protection is discussed later in
this section. This discussion is therefore limited to a consideration
of the reduction of potential releases of radioactive contamination, the
provision of systems to collect/remove contaminants from the working
environment and the reduction of the spread of contamination.
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The design of the various contamination control features in the
reactor hall should aim to achieve the target average area airborne
contimination levels presented in Section VI.2.1.2. The target appro-
priate to the reactor hall is the value for type III areas. Again, it
must be stressed that this is a target average and that the ameliorative effects
of the controlled use of equipment for respiratory and skin absorption protection
of individuals should be taken into account. Further, it may be found
that the design features required to achieve these targets do not ̂ represent
the optimum design. The optimum design may result in contamination
concentrations that are either higher or lower than the targets, this
being subject to the constraint that given the number of personnel
required for INTOR operations and maintenance, the radiation exposure
of individuals must not exceed the regulatory limits. In addition to
achieving the target for airborne contamination in the reactor hall,
the contamination control features must also take into account the
following secondary factors:

(1) Airborne emissions to the environment, e.g., the exhaust clean-up
systems required.

(2) Waterborne emissions to the environment, e.g., the active liquid
waste treatment systems required.

(3) Airborne contamination concentrations in areas adjacent to the
reactor hall.

(4) Contamination of items of equipment transferred out of the
reactor hall, including transfers to the hot cells and active/
inactive workshops, transfers off-site and transfers for disposal/
decommissioning.

The consideration of potential releases of radioactive contamination
includes both chronic leakage from components and acute releases. The
latter include not only releases during accidents, but also releases
which occur when components are disassembled for maintenance purposes.
Since the plasma chamber and the components in the reactor hall which
are associated with INTOR fuel handling are either under vacuum or
have double walls, it is expected that the major source of chronic
leakage of radioactive contamination in the reactor hall will be the
water coolant systems that are subject to tritiation, i.er, the divertor
coolant, the first wall coolant and the blanket coolant. There are a
number of ways in which chronic leakage from the components of these
systems can be minimized, some of which are as follows:

• Replace flanged connections with either welded connections
or low leakage connections such as those manufactured by
Grayloc

e Employ valves which are bellows sealed

• Employ valves with live loaded stem packing

• Employ canned pumps
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• Employ components with leakage collection systems

• Specify an appropriate leak rate acceptance standard for
components

The minimization of acute releases during maintenance operations
can be achieved by the following design features:

(a) Provision of facilities for the isolation of components taht
may require disassembly to limit the inventory of material
available for release;

(b) Provision of suitable facilities for draining and purging components
prior to disassembly.

In areas where there are high radiation fields, component isolation
may best be achieved by use of ice plugs, rather than the provision of
isolation valves due to the maintenance requirements associated with
the latter.

The reactor hall should be provided with floor drains connected
to an active liquid drainage and treatment system, ""he floor should,
to the extent practicable, be sloped towards these drains and should
be smoothly finished. The drains should be sized and located to
prevent liquid release from the reactor hall to adjacent areas during
off-normal conditions. The reactor hall should be provided with a
ventilation system whose flow rate will be determined by either the
need for heat removal, or the need to meet the design targets for
airborne radioactive contamination, whichever requires a greater flow
rate. If the atmospheric emissions or heating/air conditioning con-
sequences of venting the total exhaust from the reactor hall are
unacceptable, a recirculation system may be necessary, in which case
the recirculated air will be cleaned up to maintain acceptable airborne
contamination levels.

The minimization of the spread of contamination is best achieved
by control features close to the source of contamination.

(a) Double containment of potential sources of contamination (where
this feature is employed facilities should be provided for
draining/purging the interspace to radioactive effluent systems)

(b) Establishment of atmospheric pressure differentials, such that
the flow of air will be from areas with low levels of contamination
to areas with higher levels of contamination

(c) Sealing of penetrations between areas, e.g., sealing of personnel
access doors, duct penetrations, pipe penetrations, cable pene-
trations and materials handling doors and hatches

(d) Provision of decontamination facilities for personnel and
equipment transferred from areas with high levels of contamination

(e) Establishment of temporary control features during operations
involving significant potential for the release of contamination.
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The INTOR systems carrying fluids with high tritium concentrations are
doubly contained to control the spread of contamination.

The ventilation system provided for the reactor hall should be
operated in such a manner that the reactor hall is at a lower pressure
than the other areas in the reactor building.

During maintenance operations involving the disassembly of the
plasma chamber (or components connected to the chamber) and also com-
ponents carrying tritiated fluids, it would be desirable to establish
temporary barriers for contamination control to prevent contamination
of large areas in the reactor hall. These barriers might typically
involve erection of a "tent" around components being disassembled. These
tents should be provided with a separate ventilation system to establish
an appropriate pressure differential and allow separate clean-up of the
small air volume contained in the tent.

Access control for personnel access. The intent of an access
control system is to

• Prevent inadvertent access to rooms in which conditions
constituting a hostile environment exist.

• Allow planned access to these rooms in a safe manner.

• Prevent inadvertent access to these areas by other personnel
during planned access conditions.

• Prevent introduction of hazards into these areas during
planned access.

The potential severity of conditions inside the reactor hall is such
that Lhe access control facilities should be based on the provision
of locking physical barriers.

Breathing air and communications for personnel access. The
breathing air system is required for use by personnel wearing air
supplied protective clothing in the reactor hall. Protective clothing
is worn to isolate workers from both airborne contamination (primarily
tritium, bat also radioactive particulates) and liquids and surfaces
contaminated with radionuclides whose principal radiation emissions
are low energy beta radiation, e.g., tritium. A breathing air system
is required to supply high quality clean air to INTOR personnel working
in the reactor hall [and other areas) who find it necessary to wear
protective clothing. The necessity for use of protective clothing is
based upon the realization that the reactor hall will at some point
become contaminated, whether this contamination be temporary or exist
over an extended period.

When wearing air-supplied protective clothing, personnel cannot
converse directly with anyone. A plastic suit presents a barrier
which results in considerable muffling of speech, and the breathing
air supply creates a relatively high level of noise inside the suit,
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iraparing herring. It is essential to provide means whereby personnel
wearing protective clothing can converse without having to disrupt the
protection boundary of the clothing, and also to provide means by
which personnel in the reactor hall can be conversed with by other
operations/maintenance staff. The most effective method of achieving
this is to combine the breathing air system with a communications system.

Ontario Hydro experience has demonstrated that to be effective,
communications systems used in nuclear facilities should be based on
a network of screened cables. Systems using radio transceivers are
generally found to give poor results due to interference from welding
devices, shielding by massive equipment, etc. The cabling required for each
plastic suit can be combined with the air supply line to give an "umbilical cord."

The criteria used by Ontario Hydro for the use of breathing air
supplied suits are that the contamination concentration in an area is
above 100 MPCa or the exposure of personnel to airborne contamination
may exceed 10 MPCA hours during a period of occupancy. For personnel
wearing air-supplied plastic suits with an average protection factor of
100, the airborne contamination concentration in the reactor hall cor-
responding to the target average concentration given in Section VI.2.1.2
for INTOR availability of 50 percent would be 20 MPCa. The breathing
air system should conform to the recommendations given in ANSI Standard
ANSI 288.2.

Alarming radiation monitors for personnel access. The primary
function of gamma radiation monitors installed in the INTOR reactor
hall should be to warn personnel of changes in the radiation fields
in the reactor hall which might lead to undue radiation exposure. A
secondary function of the monitors is the provision of information
on general radiological conditions in the reactor hall to assess the
feasibility of personnel access. Other gamma monitoring functions
such as surveying work locations to assess the hazards associated with
the performance of tasks are best satisfied by the use of portable
monitors.

The determination of the number and location of installed gamma
monitors in the reactor hall should be based on the need to satisfy
the primary function alone. To provide criteria which may be used
for this purpose, it is first necessary to derive a level of radiation
exposure that is considered to be acceptable for an individual to incur
as a result of an unexpected increase in the radiation fields. This
is required because the radiation fields in the reactor hall will
inevitably change during personnel access periods as a result of
operations/maintenance activities. Therefore, it must be determined
what level of change is sufficiently hazardous to warrant personnel
evacuation. Once this level has been established, it will be possible
to identify those events which may result in radiation fields high
enough to justify provision of a monitor.
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The highest level of radiation exposure that should be considered
to be acceptable for the purposes of determining the need for installed
gamma monitors is an exposure which leads to the radiation dose accumulated
by an individual being in excess of regulatory dose limits. Since the
events being considered are those which result in unexpected increases
in the radiation field leading to undue exposure of personnel in thy
reactor hall, the exposure must necessarily be acute, i.e., during the
course of a single occupancy period. The applicable regulatory dose
limit is therefore the quarterly limit which is 3 rem whole body dose
equivalent. To allow for dose accumulated by personnel prior to this
acute exposure, it is proposed that the maximum exposure that is considered
to be acceptable for the purpose stated above should be 2 rem.

It is now necessary to identify those events that may occur in the
reactor hall during personnel access periods and which can result in
radiation fields sufficiently high as to lead to acute radiation doses
greater than 2 rem. Taking 4 hours, i.e., a half shift, to be the maximum
length of a single occupancy period for an individual in the reactor hall,
we need to identify events which may give rise to radiation fields greater
than 500 mrem/hour. The analysis required to achieve this objective is
beyond the scope of this report, although it can be expected that these
events will be limited to operations involving disassembly of the plasma
chamber (and associated components) and the movement of RHDs and AHDs
transporting highly activated components. In order to provide the
capability of monitors in the vicinity of the torus at different points
on its perimeter. Considering the size of the torus, between 10 and 20
monitors would probably be required. It should be noted that gamma
monitors have a limited range of coverage due to the reduction in
radiation field with distance from the source. The laTge size of the
reactor hall therefore imposes limitations on the useful location of the
monitors. There may be difficulties associated with location of the
monitors close to the torus due to the effects of electric and magnetic
fields, and radio frequency radiation during INTOR operation. These
difficulties may dictate that temporary monitoring facilities are
installed in the reactor hall during personnel access periods.

If gamma radiation monitors are permanently installed in the
reactor hall, they should be interlocked to the access control system
to inhibit alarm annunciation when the hall is inaccessible. The
instrumentation employed for gamma monitoring should conform to the
recommendations contained in ANSI Standards ANSI/ANS-HPSSC-6.8.1 and
ANSI N2.3.

The provision of installed tritium in air monitors and radioactive
particulate in air monitors in the reactor hall is subject to the same
considerations with regard to function as the provision of installed
gamma monitors. However, there are a number of additional factors
to be taken into account when determining the number and location of
these monitors. The following list gives the major points to be
considered:
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(1) The distribution of airborne contamination is highly dependent on
the air flow pattern. In a free air volume as large as the INTOR
reactor hall, the air flow will be extremely complex, making the
interpretation of air sampling data and the selection of air
sampling locations difficult. Sampling for installed monitors is
normally performed by use of a fixed sampling probe or probes in
the vicinity of potential sources of radioactive contamination, in
the vicinity of specific work locations, and in ventilation exhaust
ducts.

(2) When operations which involve a potential for significant releases
of airborne contamination are being performed, personnel involved
should be required to wear respiratory protection equipment.

(3) When operations which involve a potential for significant releases
of airborne contamination are being performed, measures should be
taken to alleviate the effects of such releases and to protect
personnel not taking part in these operations. These measures may
include the following:

• The erection of temporary contamination control barriers
around the area that could be affected, e.g., tents with
independent ventilation systems and trays to collect liquid
spills and route them to the active drainage system.

• The location of warning signs around the area that could be
affected and at access points to the reactor hall.

• The deployment of portable and semi-portable alarming monitors
at various locations around the area that could be affected.

As a result of these considerations, it is proposed that installed
monitors only be provided to sample the ventilation exhaust ducts fTom
the reactor hall. A monitor should be provided for each duct to maximize
the ease of identification of release location and to minimize the time
delay between initiation of a release and its identification by monitor
alarm annunciation. The instrumentation employed for airborne contamination
monitoring should conform to the recommendations contained in ANSI
Standards ANSI N13.10, ANSI N13.10, and AN^I N2.3.

Requirements for all-remote operations. It might be assumed that
by acquiring RHDs and AHDs to perform the normal operations and main-
tenance tasks within the reactor hall would lead to a complete relaxation
of the requirements set forth in Section VI.2.1.2 for the radiological
environment within the reactor hall. However, this is not the case.
Although the requirements specified for the purposes of radiation
protection of personnel accessing the reactor hall may be relaxed, they
cannot be totally dispensed with since personnel access must still be
possible to cope with contingencies.
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Radiation safety systems for all-remote operations. The requirements
for radiation safety systems in the INTOR reactor hall for the all-remote
configuration are obviously less than for the personnel access configuration.
It is considered that for the all-remote configuration, the provision of
installed gamma monitors, installed tritium in air monitors and installed
particulate in air monitors is not required. In addition, it is not con-
sidered necessary to provide a permanently installed breathing air and
communications system in the reactor hall for the all-remote configuration.
It would not be sensible to provide the monitors and breathing air and
communications system for personnel access for contingencies due to the
expected infrequent nature of such access. An adequate level of protection
would best be provided by the use of portable and semi-portable monitors
and self-contained breathing apparatus during such access to che reactor
hall as may be required. A temporary communication system can be
established at the time of access. This would avoid the requirement to
maintain permanently installed equipment and would ensure the operability
of the facilities provided. Further, non-provision of a permanently
installed breathing air system will avoid the contamination control impact
of leakage from the system into the reactor hall; i.e., non-provision of
the system will effectively increase the leaktightness of the reactor
hall, thus reducing the balance exhaust air flow (and the corresponding
atmospheric emission) needed to maintain the appropriate pressure dif-
ferentials. Apart from the monitors and the breathing air and communi-
cation system, the other radiation systems outlined in the previous
section must still be provided, although the requirements in some cases
may be less stringent.

Radiation field reduction for all-remote operations. In the
absence of definite information on contingency access frequencies
and durations, it is proposed that for the purposes of initial design
development the average area radiation dose rate in the reactor hall
24 hours after reactor shutdown should be limited to 100 mrem/hour.
This would allow an individual to access the reactor hall for emergency
conditions at a frequency of once per annum for a period of several
hours without accruing an undue level of radiation exposure, i.e., less
than both the 3 rem quarterly dose limit and the 1 rem INTOR design
objective.

The primary radiation field reduction feature in the reactor hall
is the shield around the plasma chamber, whose design is dependent not
only on the dose rates in the reactor hall when the reactor is shut
down; but, as mentioned previously, on factors such as radiation damage
to equipment, and activation of components/materials outside the
shield. In order to assess the impact of the relaxation of the target
radiation dose rates, it is necessary to expand the optimizrtion of
the radiation shielding to include all of these parameters. This process
will involve not only the shield around the plasma chamber, but also
the raactor cell shield wall, the reactor hall ventilation system and
the materials handling systems required for INTOR decommissioning.
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Contamination control for all-remote operations. The general
consideration of contamination control put forward in regard to the
personnel access INTOR configuration applies equally to the all-remote
configuration. As for radiation field reduction, there is a fundamental
difference, however, in that the target average area airborne cor..amina-
tion concentration can be considerably less stringent for the all-remote
configuration. From the point of view of radiation protection of
personnel accessing the reactor hall, we only need to consider infrequent
access for contingencies. As a first approach, using the assumption
that the radiation exposure of an individual due to the intake of
radionuclides accounts for 25 percent of the total exposure, the target
average airborne contamination concentration corresponding to the 100
mrem/hour radiation dose rate proposed would be approximately 10 MPCa.
This value is then proposed as the design limit of the average concen-
tration to which an individual accessing the reactor hall might be
exposed. The controlled use of equipment for respiratory protection
during contingency operations would be acceptable, so that using an
average protection factor of 100 for air supplied plastic suits, the
limit for the actual average concentration in the reactor hall during
personnel access would be 1000 MPCa.

Access control for all-remote operations. The general consideration
of access control given previously with regard to the personnel access
INTOR configuration applies equally to the all-remote configuration.
Design features for controlling access to the reactor hall are required
for the latter although the access control system required need not be
so sophisticated. The fundamental reason for this is that the occasions
when personnel access to the reactor hall is required for the all-remote
configuration will be when special operations need to be performed.
These operations will not be a part of the routine INTOR work program
and will be subject to an appropriate system of work program planning.
In particular, an installed personnel accounting system is probably
not required for the all-remote configuration, since an adequate capa-
bility can be provided by the implementation of appropriate work control
procedures. For similar reasons, the provision of permanent warning
systems inside the reactor hall is probably not justified. In this
case, not only can an adequate capability be installed at the time
when access is required, but also the avoidance of maintenance require-
ments for permanent systems and ensurance of their operability must
also be considered. The access control system provided should as a
minimum employ physical locking barriers with a formalized authorization
procedure and annunciation in the reactor and RHD/AHD control rooms.

2.2.3 Atmospheric Tritium Recovery

Operating parameters. The reactor cell for both design approaches
is assumed to have the same leakage characteristics. Thus, to meet
public radiation regulations and guidelines, atmospheric tritium
recovery (ATR) systeus of similar size and cost will be needed for each.
The total capital cost has been estimated to be $36M.[4] This system [7]
provides 0.5 vol%/min. exhaust for the reactor building having an
internal volume of 1.5 x 105 m3.
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The reactor building has been assumed throughout the INTOR study
to have inleakage of 1 vol%/hr. This translates to an out-leakage of
24 vol%/d in the event of an accident which also disables the equipment
maintaining negative pressure. If the atmosphere is not processed,
then up to 2.4 g of tritium would be released the first day of a 10 g
accident at ground level. This is below the 25 rem accident standard.
Howevers the leakage could continue. This release would surpass the
annual release now estimated at 0.5 g/y (<20 Ci/d) for chronic releases.
Thus, for reasons of safety, a 0.5 vol%/min. system is recommended for
either the personnel design or the all-remote design.

Requirements for both designs

(1) Room volumes should be minimized to reduce pumping loads for
atmospheric tritium recovery systems; compartmentalization is
desirable.

(2) Duct runs for these sytems should be minimized to reduce the
pumping capacity required at the compressor of an ATR.

(3) Good engineering ventilation practices should be followed to
insure that good gas mixing occurs in each area.

(4) Cleanup in <5 days is recommended to minimize tritium permeation
into materials or absorption on surfaces. The extent of the
problem, if long processing times are used, has been recognized
previously. [7]

At the time the ATR specifications were developed, it was assumed
that perfect mixing was achieved. This is not found in actual situations.
Usually, mixing is only one-third to one-tenth efficient. This efficiency
is the mixing factor. The reduction in a containment's concentration is
expressed as

C = Cf-™

where C, is the initial concentration and N is the flow. Figure VI.2-9
is a plot of the effective air changes needed as a function of different
desired dilutions. If a conservative mixing factor is assumed for INTOR
at one-tenth, then 110 air changes are required to reduce the reactor
cell concentration from 1 Ci/m3 C~10-g release) to 10 nCi/m3. With the
given 750 m3/min air flow (0.5 vol%/ndn), >15 days would be required.
If a mixing factor of one-third is assumed, then >5 d is required.

These calculations indicate that the current system proposed for
INTOR requires suits on workers for extended periods after major tritium
releases since the reactor hall would not be cleaned up in <5 d.
Additional capital costs for more ATR units are not justified if com-
partmentalization is designed into the reactor hall with temprary walls
to reduce the air volume handled. In addition, the ATR units dedicated
to the reactor should be located as close as possible to minimize losses
due to poor duct conductance.
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Fig. VI.2-9. Initial and final concentrations of contaminants
for different mixing factors.[1]

2.2.4 Bakeout and Puinpdown Criteria

Bakeout and pumpdown of the reactor vessel are necessary at initial
starting of the reactor and after maintenance operations which require
opening the vessel to air. Bakeout may also be used prior to maintenance
operations if the reactor will be opened, to limit the amount of tritium
released into the reactor cell.

Besides bakeout and pumpdown operations, both hydrogen and oxygen
discharges are needed to achieve good vacuum conditions (<10~6 Pa) in
the plasma chamber after it has been exposed to air. In DOUBLET-III,
baking alone did not effectively remove carbon and water impurities.[8]
Usually the factor limiting vacuum performance is the desorption of
absorbed gases (CHi*, CO, H20, H 2). It has been found that desorption
can be enhanced if the surface of the chamber is bombarded either by
energetic particles [8] or electrons.[9] Therefore, a sequence of
operations will be required in INTOR to achieve the needed vacuum con-
ditions. An example of one of these sequences [10] is shown in Fig.
VI.2-10 for TFTR. Note that the lower'pressure limit is ~5 * 10"8 torr.
(-6 « 10'6 Pa). This requirement applies foT both design options,
therefore the personnel access design and the all-remote design have
bakeout systems that will operate in the range of 150°C - 250°C.[ll]
Bakeout (and discharge cleaning) is estimated to take one week, based on
the experience of TFTR and D-III.
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Fig. VI.2-10. Pumpdown of TFTR vacuum chamber.

Since the introduction of air into the plasma chamber necessitates
a lengthy cleanup procedure, it would be advantageous if the vessel
could be isolated from air during routine maintenance operations. The
use of cask containment is an approach which is discussed in Section
VI.2.1.4.

For cases where the reactor has to be opened to air, tritium
outgassing is expected in the reactor hall. In a small torus reactor,
the deuterium outgassing rate after deuterium experiments has been
measured at 4 * lO"4 torr 5,/s. [12] This is equivalent to a rate of
~50 Ci/d if tritium had been used. For INTOR, with a 200-m2 surface
area, the tritium inventory in the first wall is 0.2 kg after 73 days
of continuous operation (see Fig. VI.2-11). This corresponds to a
20% operating availability in the first year. Heating the first wall
structure at 200°C for 24 h will remove only tritium near the surfaces
(<20 g). The remainder (180 g) .ri.ll be redistributed in the bulk of
the first wall. An exact solution for the tritium remaining after
different bakeout temperatures and times follows.[13]

C(x,t) = C - 2 (2n
O IT Q

I)"1 sin »C2n+l)x
Q exp

1
Dt
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Fig. VI.2-11. Tritium inventory in first wall.

where d = thickness, x = position, C = initial concentration, t = time,

and D = diffusion coefficient at a given temperature. The outgassing
rate expected after 24 h at 300 deg is 2 Ci/d. This assumes a rate of
~3 x 108 molecules/cm2s (MCf11 torr l/s-cm2) found by Horgan, [14] and
that it consists only of T-. At a lower bakeout temperature, ~200°C

for 24 h, the resulting outgassing rate would be ~10 Ci/d. If the wall
is not baked out, the outgassing rate would be approximately 600 Ci/d
after 100 h of pumping. The outgassing rate would be much higher
(-30,000 Ci/d) if no pumping is done (see Fig. VI.2-12. [15]

In addition to baking out the first wall prior to opening the reactor,
a deuterium discharge could be used to replace the surface tritium with
deuterium.[16] This would reduce the tritium outgassing rate. The time
and temperature dependence is not known for this combination. However, a
rate <600 Ci/d could be achieved. An outgassing rate of 600 Ci/d produces
in the reactor cell at atmospheric concentration of 400 Ci/m3, if the ATR
system was not used. A worker in a tritium isolation suit would receive
a dose from the tritium of <2.5 mrem/h. Under these conditions, personnel
access using suited operations is possible.
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2.2.5 Tritium Releases Under Accident Conditions

An assessment estimating the potential tritium dose to the public
was made for various design basis accidents for both design cases. The
dose calculations used are for an individual adult at the site boundary.
The short-term dispersion model is used since the radioactivity release
is assumed to occur for a period of up to one hour. No credit is taken
for the atmospheric tritium removal system in the first hour following
the accident. The radiological dose assessment computer code PATHWAY
developed at Ontario Hydro, is used to calculate the doses using generic
site data.

LOCA. A LOCA (loss-of-coolant-accident) in the reactor hall consists
of a large break in the blanket coolant pipe manifold leading up to the
reactor. It is conservatively assumed that half the contents (100 m3)
of the coolant system spills into the reactor hall. Tritium in the primary
coolant is assumed to be 1 Ci/L. The tritium in air concentration will
then rise to about 0.3 Ci/ra3. To estimate the radioactive emissions to
the public, an exhaust ventilation rate of 2 m3/s, or about one room volume
per day, is assumed. The tritium (HTO) emission for this one-hour period
is about 1000 Ci.
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An "all-remote" (AR) reactor design should enable prompt clean-up and
repair of the ruptured coolant pipe without waiting for reduced radiation
fields required in the personnel access design.

Fueling system failure. A rupture in the fueling system piping
leading to the torus is expected to release up to 10 g of tritium
(105 Ci) in the gaseous form (T_) into the reactor hall. [7] No tritium

oxide is expected to be released from the fueling system; however,
it will be conservatively assumed in this accident scenario that one
percent (103 Ci) of the tritium is oxidized (HTO). This assumption
is based on the experiences at the Savannah River Plant and Lawrence
Livermore National Laboratory where accidental tritium gas releases
(105 Ci) had less than one percent of the tritium in the oxide form.[16]
The release of hydrogen into the reactor hall is net expected to lead
to an explosion because the hydrogen concentration is below that required
to sustain ignition in air.

The difference in the two reactor design configurations will not
impact the public radiation dose from a fueling system failure.

Cryogenic blowdown. The INTOR reactor will require about 70 m3

of liquid helium to cool the superconducting magneto surrounding the
torus. A rupture in the liquid helium system would lead to an over-
pressure in the reactor hall [16] which is relieved by immediate venting
to atmosphere. The gaseous tritium inventory of 0.08 g (800 Ci) is
assumed to be released to the environment during the over-pressurization
period. One percent (8 Ci) of this tritium inventory is assumed to be
oxidized.

If the thermal and mechanical stresses caused by the loss of
helium to the magnets leads to a rupture of one of the vacuum cyropump
units, then a release of 10 g or 10^ Ci of gaseous tritium is plausible,
[7] of which one percent (10* Ci) of this inventory assumed to be is
oxidized.

The difference in the radiological impact and post-accident recovery
from the two reactor design configurations is not considered to be sig-
nificant in the cryogenic blowdown accident scenario.

Vacuum implosion. The existence of diagnostic windows on the INTOR
reactor raises the potential for a plasma vacuum implosion if a leak or
break OCCUTS in one or more windows. The fusion reaction would then
stop and up to 0.08 g or 800 Ci [16] of gaseous tritium from the plasma
-hamber could be released into the reactor hall. One percent or 8 Ci
is assumed to be oxidized.

As with the cryogenic blowdown accident scenario, the radiological
impact and post-accident recovery from the two design configurations for
a vacuum implosion is not ;onsidered to be significant.

Resi•ts and conclusions. The estimated public doses and reactor
design significance for each of the four accident scanarios are listed
in Table VI.2-10. The doses are those to the maximally exposed member
of the critical group (an adult) situated at the site boundary, which
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is assumed to be located 1 km from the reactor. Doses from a LOCA may
exceed 4 mrem if tritium oxide emissions continue beyond the 1-hour
period. Doses from releases of 105 Ci of HT were insignificant compared
with 103 Ci of HTO.

Table VI.2-10. Public Dose Estimate and Reactor Design
Significance For Various Accident Scenarios

Public Dose
Accident (mrem) Design Significance*

1. LOCA 4** All-remote CAR) design pre-
ferred; personnel access
(PA) may require extended
downtime

2. Fueling System 4*** ^R or PA not significant

Failure

3. Cryogenic Blowdown 4*** AR or PA not significant

4. Vacuum Implosion 0.1*** AR or PA not significant

•Significant to radiation exposures and post-accident recovery.

**Dose may exceed 4 mrem if tritium emissions from the reactor hall
continue beyond one hour.

***0ne percent of the release assumed to be To0; the rest T_.
i. L

The doses to an adult living at the station boundary for each
accident scenario were all below 5 mrem. The critical exposure path-
way was air inhalation and the critical radionuclide was tritium oxide.
The all-remote and the personnel access design configurations had
minimal impact on the public dose estimates, except for the LOCA,
where the AR design may be preferred because of the potential for
immediate access.
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2.3 Shielding Requirements

The INTQR, Phase Two A shield was designed to achieve a 2.5 mrem/h
dose equivalent in the reactor hall one day after shutdown with all shields
in place. This dose level permits a "hands-on" mode of operation to
maintain the external reactor components. However, the internal reactor
components (divertor, first wall, blanket, etc.) require remotely operated
equipment for their maintenance. The cost and the availability for these
reactors is believed to be affected by this maintenance approach. There-
fore, one of the objectives of this study is to define and compare the
shield and the building requirements for th£ different maintenance
approaches to help quantify the differences: between the different designs.

In this part of the study, the shield and the reactor building wall
thicknesses for three different configurations are defined. Two configura-
tions permit personnel access one day after shutdown, and the third con-
figuration assumes all-remote maintenance. Two dose equivalent values
are considered for the personnel access configurations, 2.5 and 0.5 mrem/h.
The 2.5 mrem/h represents the limit for the occupational exposure based on
regular operating shifts of 8 h per day during the whole year. The 0.5 mrem/h
satisfies the ALARA and DOE design guideline for occupational exposure.
It should be pointed out here that the discussion in Section VI.2-1.2 indicates
that the average dose rate in the reactor cell should be <1.5 mrem/h.

The remote configuration design is based on providing adequate
protection for the toroidal field coils without any consideration for the
dose equivalent in the reactor cell. For each configuration, the thickness
of the reactor building wall was designed to attenuate the dose equivalent
to 0.05 mrem/h during operation.

2.3.1 Radiation Protection of the Environment During Operation and
Maintenance

Personnel Access Design. For the personnel access mode of operation,
the main function of the outboard shield is to attenuate the decay gamma
rays such that the dose equivalent outside the shield boundary one day
after shutdown is less than the design limit (2.5 or 0.5 mrem/h). Personnel
access to the reactor hall one day after shutdown requires the satisfaction
of regulations pertaining to occupational exposure. Federal regulations
limit the occupational dose to 5 rem/y with a maximum of 3 rem/quarter [1].
Occupational exposure based on working 8 h per day and 40 h per week is
2.5 mrem/h. However, the current practice in the nuclear industry, the
exposure policy of the Department of Energy (DOE) and the national labora-
tories is to reduce radiation exposures to as low as reasonably achievable
(ALARA). Specifically for facilities being designed, DOE-5480.1 states
the following: "Exposure rates in work areas should be reduced as low as
reasonably achievable by proper facility design and equipment layout. Design
factors to consider are: occupancy time, source terms, spacing, processes,
equipment, and shielding. Onsite personnel exposure levels less than
one-fifth of the permissible dose equivalent limits prescribed in this
chapter should be used as a design objective." This policy limits onsite
workers to less than 1 rem/y (0.5 mrem/h). In fact, about 90% of U.S.
radiation workers are exposed to less than 0.2 rem/y (0.1 mrem/h) [2].
In this study, both 2.5 mrem/h and 0.5 mrem/h dose equivalent one day
after shutdown are considered.
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For the general public offsite, the limits are guided by the Environ-
mental Protection Agency [EPA). The proposed radiation dose guideline
in the "Clean Air Act, Radiological Emission Standards" is 10 mrem/y for
any member of the public assumed to reside at the site boundary. With
a site boundary of 800 m [ 3] from the reactor building, the allowable
dose at the outside of the building wall (radius * 35 m) is approximately

10 mrem/y x ̂ =— = 228 mrem/y

INTOR has an availability factor of 0.5

6̂.5 MW-y/:/6

\ 1.3 MW/m

the equivalent dose level is

2 2 8 X 365 x 24 x 0.5 ^ ° - 0 5 m r e m / h-

The wall thickness of the reactor building was designed to attain this dose
level at the outside boundary during normal operation.

All-Remote Design. In the all-remote mode of operation, the dose
equivalent in the reactor hall after shutdown is not a design criterion.
Therefore, the outboard shield has the function of protecting the reactor
components from radiation damage and excessive nuclear heating. It is
assumed here that the outboard shield should have the same or better per-
formance than that of the inboard shield with respect to the nuclear
responses in the TF coils. The thickness of the reactor building was
determined by the requirement that the dosp equivalent at the outer wall
boundary be limited to 0.05 mrem/h during operation, such that the dose
will be limited to 10 mrem/y at the site boundary.

2.3.2 Shield Optimization

Personnel Access Design. The geometry model and material compositions
used in this study are given in Tables VI.2-11 through VI.2-14. The inboard
shield composition and the outboard blanket are based on the INTOR reference
design [ 4-6 ]. The outboard portion has a 50-cm tritium breeding blanket
followed by various zones of shielding materials. The blanket is assumed
to be 50% effective as a shield. The total shield thickness is t cm, which
has to be determined from the analysis using the optimum composition for
the reference design. In fact, only the steel shield zone thickness in the
outboard shield is being varied. In determining the wall thickness of the
reactor (z), the inside radius is kept constant at 3300 cm during the study.
Steel and aluminum liners for the wall are considered. The results from this
study assumed that the DT neutron wall loading and the DT neutron exposure
are 1.3 MW/m2 and 6.5 MW-y/m2 at the first wall, respectively.
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Table VI.2-11. Blanket and shield parameters at-the midplane

Zone Description

TF case

TF coil

TF case

Thermal insulator

TF dewar

Gap

Inboard boron shield

Inboard steel shield

First wall

Armor

Scrape-off

Plasma

Scrape-off

Blanket

Vacuum gap

Outboard shield

Gap

TF dewar

TF case

TF coil

TF case

Gap

Wall Liner

Wall

Radius
From

193

203

270

280

290

295

300

302

374

375

380

410

650

660

710

720

720+t

918

938

948

1015

1025

3300

3302

(cm)
To

203

270

280

. 290

295

300

302

374

375

380

410

650

660

710

720

720+t

918

938

948

1015

1025

3300

3302

3300+z

Thickness
(cm)

10

67

10

10

5

5

2

72

1

5

30

240

10

50

10

t

198-t

20

10

67

10

2275

2

z-2

Composition Percentage
by Volume

100% type 316 steel

2.6% Nb3Sn, 24% Cu, 7.2% insulator
37.7% type 316 steel, 28.5% He

100% type 316 steel

1% insulator

100% type 316 steel

Vacuum

100% B^C (0.7 density factor)

80% type 316 steel, 20% H20

50% type 316 steel, 50% ILjO

100% type 316 steel

Vacuum

Vacuum

Vacuum

see Table VI.1^2

Vacuum

see Table VI.2-3

Vacuum

100% type 316 steel

100% type 316 steel

2.6% NboSn, 24% Cu, 7.2% inr * tor,
37.7% type 316 steel, 28.5% .e

100% type 316 steel

Vacuum

100% type 316 steel or Al

100% ordinary concrete
(see Table 2.3-4)
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Table VI.2-12. Outboard blanket parameters at the midplane.

Zone Description

Amor

Fine n i l

Heutron aultiplier

Second wall

Triciia breeder

Radius,
Froa

660

661

662

669

670

ca
To

661

662

669

670

710

Width
(ea)

1

1

7

I

40

1001

SOZ

1002

SOZ

451
10Z

Competition Percentage
by VOIUM

type 316 i tee l

type 316 Keel , SOZ HjO

Fb

type 316 etael, SOZ HjO

Li4Si04 , 10Z H-0,
type 316 steel , 3SZ He

Table VI.2-13. Outboard shield parameters at the midplane

Zone Description

Shield jacket

Steel shield

Boron shield

Shield jacket

Lead shield

Bxdiua
Froa

720

721.5

709.5*t

714.5*t

716*t

i cm
To

721.5

709.5*t

714.5*1

716*t

720+t

Width
(ca)

l .S

t-12

5

1.5

4

Composition Percentage
by Volume

100Z Fcl422

90Z Fe 1422, 10Z HjO

I0Z B.C (0.7) , 10Z Fel422,
10Z HjO

10JI Fel422

100Z Pb

Table VI.2-14. Ordinary concrete composition

Eleaent

a

0

C

Mg

Al

Si

3

Cu

Hi

Density ( i t o u / c i 3 )

2.892 x 1021

,224.32S x 10

6.518 x 1021

1.204 x 10

2.656 x 10

9.392 x 102

3.606 x 10

8.730 x 10

7.447 x 10

,20

,20

19

,21

.19
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For this design, the main function of the outboard shield is to
limit the dose equivalent outsit the shield surface (one day after shut
S ™ ] t 0 J i °r °'5 mremA- ™ e d0Se t a l e n t , as a function of the

tit £hlckness' 1S 8 l vf ln FiS- VI.2-13 for three different decay times
? the «M Z%tayi ^ T m ° n t h < F r ° m thiS fi^re' U is determined

2 VaS n 5 thickness for personnel access is 105 and 116 cm for
2.5 and 0.5 mrem/h dose equivalent one day after shutdown, respectively.

hall if d e t ^ 0 U t 5 T d f i6ln thickness> t^ "a" thickness of the reactor
hall is determined based on 0.05 mrem/h dose equivalent during reactor

aPnner°f"or III 7^"^ii***% ^ Steel and aluminum' « « considered as
a lmer for the mside walls of the reactor. Ordinary concrete materials
are used for these walls. The dose equivalent as a function of the 111!
thickness of the reactor hall is given in Fig. VI.2-14 for the two outboard
shield thicknesses with different liner materials. For the hands-on mode
of operation with 0.5 mrem/h one day after shutdown, the required waU
thicknesses are 172 and 174 cm for type 316 steel and Al lined walls
respectively. The equivalent thickness for 2.5 mrem/h are 198 S d 200 cm

too u s in its
OUTMMD SHIELD THICKNESS (em)

120

Fig. VI.2-13. Maximum dose equivalent in the reactor hall as a
function of the shield thickness for different
decay times.
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All-Remote Design. The geometry model and materials composition
used for the all-remote design are the same as those for the personnel
access design. The variations in the nuclear responses (nuclear heating
in the TF coil components, neutron fluence in the superconductor, radia-
tion dose in the insulator, and atomic displacement in the copper stabil-
izer) of the outboard portion TF coils are given in Figs. VI.2-15. through
VI.2-19. Depending on the response in question, a minimum shield thickness
is required to satisfy the criterion. Based on the assumption that the
outboard shield should perform better than the inboard shield in terms
of nuclear responses in the TF coils, the largest among these minimum
thicknesses is 50 cm, which is the minimum shield thickness that satisfies
all criteria. Table VI.2-15 shows the performance achieved by the 50-cm
outboard shield, as well as the radiation response parameters in trie inboard
portion of the TF coils.

Table VI.2-15. Radiation response parameters in the inboard
and outboard portion of the TF coils

Paraaeters Outboard Inboard

Maximum nuclear heating in TF coil winding (W/ca3) 4.29 x 10"5 6.07 x 10~5

Nuclear heating in the TF coil winding (W/cm)

Nuclear heating in the TF coil winding & caie (W/ca) 7.92

Maxinum neutron fluence* (E > 0«l MeV) in the
superconductor material (n/cn )

Maxinum dote in the electrical insulator (rada)

Maxiaua atomic displacement in the copper
•tabiliier (dpa)

4.02

7.92

3.89

3.92

1.37

X

X

X

101 7

10*

ID"3

6.J7

8.3?

5.63

6.67

2.54

X

X

X

10

10

10

17

-3
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Fig. VI.2-20 Dose equivalent during operation
as a function of the reactor hall
wall thickness.



The dose equivalent as a function of the wall thickness of the
reactor hall is given in Fig. VI.2-20 for the 50-cm shield with both
aluminum and type 316 steel liners. The required wall thicknesses for
the 0.05-mrem/h limit are 326 and 328 cm, for the type 316 steel and
aluminum-lined walls, respectively.

2.3.3 Activation Analysis

Personnel Access Design. Activation analysis was performed to study
the effect of the outboard shield thickness on the radioactivity production
rates in the Teactor components located in the reactor cell. For example,
the induced activity in terms of radioactivity concentration (curies per
cubic centimeter) and the biological hazard potential (cubic kilometer
of air per kilowatt) in the outboard portion of the reactor are given in
Tables VI.2-16 and VI.2-17.
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All-Remote Design. The induced activity in terras of radioactivity
concentration and the biological hazard potential in the outboard portion
of the TF coils were calculated to study the effect of the reduced
outboard shield thickness. Tables VI.2-18 and VI.2-19 give the activation
results for the outboard portion of the reactor. The all-remote mode of
operation increases the activation level in the reactor hall by about
four orders of magnitude, compared to the personnel access designs.
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2.3.4 Requirements for Streaming through the Divertor

Personnel Access Design. The shielding requirements for the divertor
system aTe based on an elaborate, three-dimensional radiation transport
Tor the complete reactor system [ 4] including the first wall, blanket,
bulk shield, neutral beam injectors, divertor ducts, TF coils, and reactor
building. The general-purpose Monte-Carlo code MCNP was used for the
calculations with a continuous energy representation for the nuclear
cross sections based on ENDF/B-IV nuclear data files. The energy spectrum
and ^patial distribution of the neutron source fTom the D-T plasma weTe
modeled in the calculations. Coupled neutron and neutron-induced photon
transport calculations after shutdown were performed using the same
geometrical model to determine the required shielding thicknesses for
2.5 mrem/h one day after shutdown. The total shield thickness needed for
the divertor system in this case is 70, 50, and 30 cm, respectively,
for the first section attached to the divertor plates, the second section
(the vertical part), and the last section of the divertor duct housing
the vacuum pumps. The corresponding thickness needed for 0.5 mrem/h dose
equivalent are 81, 61, and 41 cm, respectively. Table VI.2-20 gives the
compositions of various layers of the shields.

T'ble VI.2-20. Shield Required for the Divertor t c t Personnel
Access Design

Zone

Zone thickness, cm
configuration

2.5 mrem/h 0.5 mrem/h
Composition percentage

by volume

First section of the

Shield jacket
Steel jacket
Boron shield

Shield jacket
Lead shield

Total (cm)

! divertor duct (R

1
59
5

1
4

70

- 6 . 9 into

1
70
5

1
4

81

R - 13.9 tn)

100% Fel422
90% Fel422, 10% H20
80% B.,C (0.7), 10% Fel422,
10% H20
100% Fel422
100% Pb

Second section of the divertor duct (vertical section)

Shield jacket
Steel shield
Boron shiald

Shield jacket
Lead shield

Total (cm)

Last section of the

Shield jacket
Steel shield
Boron shield

Shiald jacket
Lead jacket

Total (cm)

1
39
5

1
_4

50

divertor duct

1
19
5

1
_4

30

1
50
5

1
4

61

1
30
5

1
4

41

1007. Fel422
90% Fel422, 10% H20
80% B.»C (0.7), 10% Fel422,
10% H20
100% Fel422
100% Pb

100% Fel422
90% Fel422, 10% H20
80% BUC (0.7), 10% Fel422,
10% H20
100% Fel422
100% Pb
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All-Remote Design. The neutron flux at the outer surface of the
outboard shield is used to estimate the shielding requirement for the
divertor system. The divertor shield thickness for the 2.5 mrem/h
design is scaled up to reduce the neutron flux from the divertor duct
surfaces to match the flux level from the outboard shield. The estimated
shield thickness for the first section of the divertor duct (R = 6.9 to
13.9 m) is 20 cm. For the second (vertical part) and last sections of
the divertor duct, only 2 cm of shield jacket is needed. Table VI.2-21
gives the composition of various layers of the divertor duct shield in
this case.

Table VI.2-2l. Shield Required for the Divertor Duct - All Remote Design

Zone

Zone Thickness, cm
First Second Last Composition Percentage

Section Section Section by Volume

Shield jacket
Steel shield
Boron shield

Shield jacket
Lead jacket

1
9
5

1
4

100% Fel422
90% Fel422, 10% H20
80% B^C (0.7), 10% Fel422,
10% H20
100% Fel422
100% Pb

Total 20

2.3.5 Gamma Dose Rates from Coolant Piping

Background. In general, the ambient radiation fields within the
reactor hall after shutdown are largely a function of the bulk shield
design, which has already been extensively studied for INTOR. Such studies,
in assessing the impact on remote maintenance vs personnel access issues,
have concentrated on the in-situ activation of the structure itself and
the resultant dose rates beyond the outboard shield.

However, comparatively little attention has been focussed on the
potential ways in which activity may be transported outside the primary
shielding by recirculating fluid systems, notably the cooling systems
associated with various components of the reactor, and the impact that
this may have on the radiation environment for maintenance. It is well
known from fission plant experience that the greatest contribution to
the collective occupational dose is incurred in "conventional" maintenance
operations associated with the reactor coolant system. Activated cor-
rosion products are the primary source of these radiation fields.

The mechanism of corrosion product generation involves processes
of erosion, transport, activation and deposition. The rates and the
sequence of each are a function of the individual isotope in that particular
environment. Methods of prediction generally follow two stages:

(a) the physical amount of each element at each location within a system
is calculated by a mass balance approach, then
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(b) the level of radioactivity is determined by balancing the rates of
production and removal.

Two different treatments, labelled here as "Reference" [7 ] and "RAPTOR,"
[8 ] , have produced the following estimates of surface activity deposit in
the primary coolant system of STARFIRE and are compared with typical
pressurized water reactors [9] (PWR) values in Table VI.2-22.

Table VI.2-22. Comparison of surface activity
deposits in the primary coolant
system of STARFIRE and PWR

"RAPTOR"
Model PWR

1.7 84
15 44
91 97

4

Isotopic
Surface Activity
(mCi/m2)

Co-60
Mn-54
Co-58
Pe-59
Cr-51
Mn-56

•Reference*
Model

86
152
118

2
94
1

To add perspective to these activity value?, corresponding radiation fields
have been determined for internally contaminated piping of various sizes,
as shown for the two models in Figs. VI.2-21 and VI.2-22.

The dose rate calculations were performed using the QAD computer code
and represent the radiation fields associated with water-filled pipes
effectively infinite in length. Such values would be reasonably applicable
for pipe runs whose length exceeds a few meters. The relative isotopic
contributions to dose rates are shown in Table VI.2-23 below, together
with an overall field strength normalized to unity for the PWR case.

Table VI.2-23. Comparison of isotope contribution
to dose rate for STARFIRE and PWR

Isotope contribution
to dose rate

Co-60
Mn-54
Co-58

Overall field strength
(normalized to PWR)

"Reference"
model

44%
30%
26%

1.37

"RAPTOR"
model

3.5%
12%
84.5%

0.33

PWR

58%
12%
30%

1.0

The difference between the two STARFIRE cases is approximately a factor of
4, with larger differences between specific isotopes. Hence, the results
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obtained from each of the two models applied to the same system indicate
the degree of uncertainty and that predictions of this type rely heavily
on empirical correlation.

Implications for INTOR. Without attempting to extrapolate directly
to the INTOR blanket cooling system, it is worth noting the similarities
between the relevant parameters and the STARFIRE primary coolant system, shown
below.

Parameter STARFIRE INTOR

Coolant H20 H20
Wall Material SS 316 SS 316
Pressure 1 MPa .7-1.5 MPa
Temperature 100°C 50-100°C
Volume 500 m3 100-200 m3

First Wall Neutron Loading 3.6 MW/m2 1.3 MW/m2

Thus, it may be expected that maintenance dose rates around INTOR coolant
pipes are within the same order of magnitude as those calculated above for
STARFIRE and are broadly comparable to those associated with corresponding
components of a PWR.

Dose rates of this order are significant when evaluating contact
maintenance scenarios on the subject system. Where limitations on overall
plant layout preclude separation of equipment, these effects may additionally
impact adjacent areas, making it difficult to attain the taTget of a few
mrem/h for the ambient reactor hall field in the personnel access scenario.
Consideration should therefore be given at an early design stage to aspects
of system layout, material selection, coolant chemistry, purification
systems, and possibly even decontamination systems, such that radiological
consequences may be minimized, in line with ALARA principles.
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2.4 Reactor Configuration and Facility Layouts

2.4.1 All-Remote Configuration Development

Background. The first attempt at the development of an all-remote
configuration was based on providing an outboard device shield sufficient
to protect t" superconducting TF coils to the same degree as the inboard
shield. It was assumed that the additional 55-cm biological component
of the shield for the reference design could be eliminated, and the cost
saving of the reduced shielding would offset cost increases for any
additional remote handling equipment.

The results of this study indicated that this approach to developing
an all-remote configuration was more costly than the reference design and
was driven by the ultimate requirement to provide biological protection
to the general public and the environment. A summary of the results is
shown below.

• The reduced outboard shield requirement at the device was
essentially added to the reactor building wall thickness, which
increased from 1.8 m to 3.2 m in thickness

• The reduced outboard shield increased the reactor cell activa-
tion by four orders-of-magnitude, resulting in the following
impacts:

possible reduced operating life for diagnostics,
peripheral reactor components, and maintenance equipment

handling and disposal of larger volumes of high-level
solid waste at end-of-life decommissioning

• The total nuclear heating to the TF coil system increased from
5 kW to 13 kW, doubling the cost uf the refrigeration system

A detailed discussion and analysis of the shield requirements is
presented in Section VI.2.3.

In order to quantify which configuration would enhance all-remote
operations and maintenance, possibly leading to a configuration different
from the reference design, a .study of each major tokamak system was under-
taken. The objective was to review the basis used for the size, quantity,
location, orientation, etc., for the major components which make up the
tokamak configuration. This approach was taken because it seemed evident
that even though the reference design was based on personnel access, it
actually incorporates features which enhance remote operations, since
virtually every component replacement requires some level of remote handling.
Therefore, personnel access for the reference design is limited to a shielded
device prior to its disassembly.

The basic approach used to develop the reference design was to
modularize each system down to a level where individual components could
be replaced without disturbing other components, wherever possible. FOT
example, the torus sector may be removed without disturbing other systems
such as the magnets; and the divertor is removed independently of all other
modular components on the torus. It is not possible, however, to remove a
TF coil without disassembling other coirponent systems such as the plasma
chamber and the PF coils because of the basic geometry of the tokamak.
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Three modifications to the reference design were identified which
would enhance remote handling operations and access. However, none of
these constitute a major change to the design which alters the configura-
tion. As stated above, this is because the reference design was developed
around the requirements of providing access to independent modules for
component replacements which ultimately require remote handling, regard-
less of the limited personnel access.

1. The lower outboard PF coil is the largest and heaviest component,
weighing 500 tonnes. It is designed to be removed without disassembl-
ing the plasma chamber or the other magnet systems, and it is contained
in a separate cryostat. It can split into *wo identical coils, each
weighing approximately 250 tonnes. It would have a reduced cross-
section but the same diameter. This change would reduce the crane
capacity in the reactor cell and the lifting fixture requirements.

2. Access into the plasma chamber can be accomplished by dedicating
torus ports for that purpose or by removing a major peripheral compon-
ent such as an ICRH module. This approach requires that an in-vessel
manipulator system must be designed for mobility to reach sectors
without port access. Removing the appropriate divertor module for
the sector requiring in-vessel operations provides sufficient access
to introduce a manipulator system at the ground level of the reactor
cell. Hence, the means of introducing the manipulator into the vessel
and the direct access to the particular sector by means of removing
a component already designed for scheduled removal should reduce
device downtime and enhance access and remote operations. Figure VI.2-23
shows access through a divertor opening.

3. The blanket module is a lifetime component and should not require
replacement during the device lifetime. However, its unscheduled
removal requires diassembling a sector and transporting it to the
hot cell for blanket repairs. A re-design of the blanket into smaller
submodules which can be disassembled in-situ may reduce downtime and
remote handling requirements. Figure VI.2-23 shows the potential for
this approach.

A summary discussion which reviews considerations and features of the
tokamak systems follows for: TF coils, PF coils, cryostat, torus sectors,
pumps, OH solenoid, divertor, ICRH/ECRH heating, test modules, fuel injectors,
vacuum boundary, and blanket.
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Fig. VI.2-23. Manipulator access through a divertor module port
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TF Coils. Twelve TF coils with a bore of 9.3 x 6.6 m satisfy the
requirements for ripple and radial extraction of an equal number of torus
sectors. The structure of the coil cases is stiffened and contains
integral upper and lower ring-beam segments. The ring-beam segments are
joined at coil-to-coil flange connections, which eliminate the coil
structure of earlier designs, thereby providing access between the coils,
as shown in Fig. VI.2-24. Each coil assembly weighs 250 tonnes and is
easily handled with the reactor overhead crane. The coils are actually
sized for the access requirements of sector removal resulting in an average
ripple of .9%, which is less than the 1.2% limit. Consequently, the coils
could be made smaller if the 12 torus sectors were split into 24 smaller
modules. Clearly, this would not enhance remote handling since potentially
twice as many modules require handling, with half of them requiring move-
ment other than straight-radial motion.

The only changes which could be considered for the TF coil system
involve the number of coils and the coil size. Other features for access
and handling which are already in place are:

• Upper-ring flange attachments and the coil-to-coil flange
attachments are readily accessible after removing the cryostat
dome, as shown in Fig. VI.2-25

• Lower-ring beam attachments are accessible after partial removal
of the lower cryostat wall

• Lower coil-to-coil attachments are accessible after lowering
the two smaller inboard PF coils, as shown in Fig. VI.2-26

£lluin«ion of Innrcoil
Struemrt

T? Coil lntmfiee

Locally Stiffened C u e
Structure

CEP

Fig. VI.2-24. Elimination of the intercoil structure provides
additional access between TF coils
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Fig. VI.2-25. Remote operations on the upper TF coil
joints and the upper outboard PF coil
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Fig. VI.2-26. Remote operations on the lower TF coil joints

• All service connections to the coils are accessible through the
cryostat dome, or upon removal of the dome

Increasing the number of coils increases the number of sectors to be
handled and reduces the total reliability for the TF coil system.
Reducing the number of coils will increase the 300-tonne weight of each
torus sector, as well as the weight of the coils. Trade studies which
established the 12-coil choice on the basis of economics included considera-
tions for access and handling; therefore, changing the coil number (and
coil size) does not provide a distinct advantage for access and handling
of the TF coils.

PF Coils. The upper and lower PF coils were located to provide
unrestricted window access to the torus sectors. The upper coils are
completely accessible after removal of the cryostat dome; hence, their
replacement is straightforward. The lower inboard coils are replaceable/
removable through the lower tunnel access and may require the use of
temporary support structures and jacking systems. An alternative method
is to use the overhead crane operated through the bucking cylinder, as
shown in Fig. VI.2-27.

Several major features have been designed into the PF coils in order
to minimize their impact on the disassembly of other systems. These are:

• TF coil replacement requires removal of the upper PF coils only
and the disengagement of the lower PF coil structural supports

• Any PF coil can be removed independently of the other PF coils

• The largest coil (lower, outboard) is removed by vertical lifting;
however, it does require that peripheral components (fueling,
heating, coolant piping,...) be disassembled from the device.
In addition, a special lifting fixture and possibly two cranes for
stability are required
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Fig. VI.2-27. Removal of the lower PF coils through the access tunnel
using the main overhead crane

One change to enhance remote operations is possible. The lower out-
board coil may be designed as two identical coils. This will reduce the
weight for lifting from 500 tonnes to approximately 250 tonnes.

NOTE: Additional coils for active plasma control are not shown in
the reference design. If these are jointed, copper coils, access to these
coils will be limited, even with larger bore TF coils. At this time it
appears that active coils will be added to the configuration in the form
of integral "saddle" coils in each sector.

Cryostat. The cryostat containment is common to all superconducting
coils (except the lower outboard coil) and is made up of the upper dome
the lower wall, and the vertical walls around the TF coil legs Port '
openings are provided around the dome for individual coil connections and
at the dome center for access to the OH solenoid assembly. This provides
the option for removing the solenoid without disassembling the dome.

Access through the loweT wall structure is very limited because of
the pump ducts and the TF coil column supports. Consequently, access to
the lower portion of the device for electrical and coolant connections
to the coils is through the tunnel area. Relocating the pump ducts to
provide lower device access would cause other access limitations if they
were located on the reactor cell floor or through the cryostat dome The
ducts were located below the device to provide access to the divertors
and to maximize the use of floor space around the device for access to
other peripheral components.
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The addition of a ring collar at the interface of the dome and the
side wall for electrical and coolant penetrations will greatly reduce
the downtime needed to remove the dome since these service connections
are not part of the dome assembly. In addition, only the connections
requiring maintenance are disassembled, while the others remain undis-
turbed. This was the approach used for the TFCX superconducting
configuration.

Torus Sectors. The torus sectors are the best example of a modularized
system design. The minimum number of sectors is employed in the reference
design (one for each TF coil), each having straight, radial motion for
removal. The peripheral components which assemble into the sectors are
designed for independent removal. Each sector weighs approximately 300 tonnes
and requires the use of a transporter for extraction prior to overhead
lifting. Removal of the sector is required for blanket replacement and
a major replacement of first wall surfaces. Repair or replacement of
a limited number of first wall surfaces or sector-to-sector conductor
attachments can be accomplished as an in-vessel operation. The structural
attachments and the vacuum seals are totally accessible at the window
joints between TF coils, as are the numerous connections for coolant lines.

Remote operations would not be enhanced by increasing the number of
sectors, since sector removal would then require some translation in addi-
tion to radial motion. However, as a minimum, dedicated ports for access
into the plasma chamber should be added to the reference design. These
ports may be allocated to Sectors 8 and 2, as shown in the Phase IIA report
for in-vessel access.

An alternative approach which utilizes access through the divertor
ports has been investigated. Figure VI.2-23 shows the use of a manipulator/
transporter system utilizing access through an open-divertor port. The
advantage of this approach is that each sector can be accessed through its
divertor space, and since the divertors are readily removable, access by
this means is clearly more straightforward than access through a port which
may be located 90° away. This approach may also obviate sector removal
for blanket replacement if the blanket module can be designed into smaller
segments for in-situ handling.

Pumps and Ducts. Tweleve pairs of cryopanel pumps and Telated ducting
make up the pumping system. The ducting and valving is designed so that
12 pumps are operating (one for each sector), while the other 12 are regen-
erating. This cycle recurs for every two hours of operation. The pump system
location is the result of positioning the divertor chamber at the bottom
of the device, where it has minimal impact on other device systems. The
duct is actually the torus platform column support and provides an opening
of 1.0 x 1.2 x 9.0 m long. Isolation valves are installed at each pump so
that units can be replaced without disturbing the vacuum of the plasma chamber.
The pump system is mounted on a mobile platform which is also the handling
fixture for overhead lifting.

The arrangement of the ducts and pumps allows access from the basement
area and from the reactor cell after removal of the floor covers. This is
not judged to be a problem for remote handling. Several design details should
be added to the pump system to enhance remote operations, but these will not
change the basic configuration. These are details for modularized instrumenta-
tion connections and additional clearances for cutting and welding around
bellows joints.

73



OH Solenoid. The OH solenoid assembly is located within the bucking
cylinder and is accessible through the central port on the cryostat dome.
Removal of this module is very straightforward and is completely independent
of disturbing other systems (except for warming the cryostat containment).
Two basic operations are required for removal:

• disconnect the electrical leads and the He inlet/outlet lines
• remove the upper yoke support structure

The OH solenoid is the component which establishes the reactor
building height. Its removal is a simple vertical lift out of the bucking
cylinder and a translation away from the device onto a transporter. This
module is 11.5 x 3.0 m and weighs 220 tonnes. Changes to the reference
configuration will not enhance remote handling.

Divertor. The divertor system is made up. of one module for each
torus sector. These components are assumed to require annual replacement,
which is accomplished by straight radial motion onto a transporter. The
coolant connections, the structural attachments, and the vacuum seal are
accessible on the torus sector. The divertors are located at the reactor
floor level and are removable independently of other components. An
alternative location for the modules would be at the top of the device;
but this may complicate the installation and removal of divertors for the
following reasons:

• lack of a floor structure to support the transporter during
extraction of the modules

• additional ducting around the device from top-mounted cryopumps
to the roughing pumps below the reactor cell floor

• addition of a PF coil in the cryostat to provide the separatrix

• additional coolant lines around the device from the divertor
down to the reactor cell floor

The divertor system is already designed with full access to its interface
connections along with radial motion fcx extraction. Figure VI.2-28 shows
remote operations on a divertor. Changes to the reference configuration
will not enhance remote handling operations.

Heating Modules/Test Modules. The ICRH and ECRH systems are designed
as modules which are independently installed or removed from torus sectors.
The interfaces for structural attachments, vacuum seals, and electrical and
coolant connections are accessible in the window areas between the TF coils.
The location and size of these modules is determined by plasma performance
requirements and component design requirements, and their integration into
the reference configuration has considered access and remote handling
requirements. Figure VI.2-28 shows a remote operation on a coax line. The
test modules, like the other peripheral device cornp̂ r ts, are designed to
be installed into torus sectors as independent unit.,. Full access is
available between the TF coils for all interfaces, and any module may be
replaced without disturbing other test modules.
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Fig. VI.2-28. Remote operations on the divertor module and the ICRH module

Fuel Injectors. The fuel injector system consists of modules which
contain the mechanical equipment for the injector and the refrigerator
equipment for the extruder. In addition, there is a barrel assembly
module which contains part of the injector barrel, valves, and removable
shielding. The system is mounted on a support stand at each of two
windows. All major interface connections for structure and services are
accessible to manipulators which are crane/boom-mounted for overhead
operations. The injectors are located at the device midplane, with a
perpendicular orientation to the plasma. An angle up or down from the
midplane could be accommodated, but this detail will not change remote
handling characteristics. The fuel injectors are already positioned
with full access and have a modular design which permits independent
replacement.

Vacuum Boundary. The location of the vacuum boundary has been
studied extensively and is documented in the Phase IIA report. The
reference configuration has a separate vacuum containment for the cryostat
and the plasma chamber, with a common boundary interface at the cryostat
ring modules. This approach leads to a minimum-size reactor, with
external access to the torus sector vacuum interfaces. The main advantage
is that sealing the plasma chamber is an external operation, and any
subsequent cutting and welding operations are fully accessible between
the TF coil outer legs. In addition, because the vacuum boundary of the
plasma chamber is external, penetrations for peripheral components also
have external vacuum seals. Changing the vacuum boundary location will
not enhance remote operations. Access to the sector vacuum flange is
shown in Fig. VI.2-28.
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Blanket. The blanket module is a lifetime component which is an
integral part of the torus sector. Its replacement requires moving the
sector to the hot cell for remote operations. The present configuration
does not allow for in-situ replacement of the blanket module because it
is designed as a single, large module. Modifying the blanket design to
smaller submodules which can be removed in-situ may enhance remote handling
by avoiding the removal of torus sectors. Figure VI.2-23, which shows
access through the divertor chamber, is an approach which may permit
replacement of the blanket as small modules.
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2.4.2 Reactor cell and site plan

The reactor cell and site plan was investigated to determine if
differences exist between the personnel access design and the all-remote
design. The layouts in Fig. VI.2-29 were developed to show access
requirements for components, the movement of components for maintenance,
and the building locations for an integrated facility. It was determined
that there are virtually no differences for the facilities foT both
design approaches because the reactor cell, maintenance cells, and tritium
processing cells must be designed to protect the general public and the
environment for both designs, and because the personnel access design
includes a great deal of remote operations making it comparable to the
requirements for the all-remote design.

Figures VI.2-29 to VI.2-36 illustrate a first approximation of a site
plan and a main building layout. The intention is that these sketches
be used for:

(a) working out arrangements for the various systems;
(b) examining the operation of the facility;
(c) consideration of the civil design;
(d) examining construction methods;
(e) cost estimating.

The ".entral structure in the main building is a hall that houses the
reactor unit. The width of the hall is set by the withdrawal space
required around the reactOT (60 m) and the length is the same distance
plus space for laydown and transfer hatches (80 m ) . The working floor
is fixed for convenient access to withdrawal ports on the reactor. The
head room above the floor is set to accommodate a 500/600 ton crane (40 m ) .
The depth below the floor is set to accommodate two levels (16 m ) . The
result is a box 60 m * 80 m x 56 m high that must be clear above the
working floor. The walls and roof must provide shielding and a confinement
boundary. What is shown is a concrete structure clear inside abo'e
grade and with external ribs.

The central hall is surrounded on three sides by a structure housing
services where there are potential sources of contamination. Much of
this structure then becomes confinement areas. This structure also
houses other support services necessary for the operation of the facility.
The fourth side of the central hall is left clear for electrical services.

Heavy material handling. The reactor hall is serviced by a 500/600
tonne crane (two 250/300 tonne cranes or one bridge). This crane would
be used for both construction and maintenance.

Two transfer chambers are used to move material in and out of the
reactor hall, one for clean material, and one for active material. The
"clean" chamber is sized to handle a 25 m diameter PF magnet. The
"active" chamber is sized to handle active components and is somewhat
smaller.
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The "clean" transfer chamber is covered with a rolling shield
inside the reactor hall. This shield also serves as a laydown area.
The outside opening is covered with a removable hatch.

The reactor hall opening of the "active" transfer chamber is covered
with a removable hatch. The transfer chamber leads directly to the
decontamination facility.

A 250 tonne crane serves the inactive shops, the clean transfer
chamber, and a loading bay.

2.4.3 Hot cell and maintenance shops

There are three separate shops: a "hot cell" that deals with items
that have a very high level of activit); a "warm cell" or active shop
that deals with items with a low level of activity; and an inactive shop
that deals with clean or inactive items.

The reactor is designed for a field of 2.5 mR/h on its outer surface
24 h after shutdown. Minor adjustment and inspection should present no
serious problems. Operations that require special consideration are:

(a) the spread of contamination from the torus (tritium and
particulate matter);

(b) the spread of moisture and oxygen into the torus;

(c) very high radiation fields of equipment removed from the torus
and from the inside walls of the torus (105 R one hour after
shutdown);

(d) the size and weight of some components (the divertor is 6.4 m
long by 2.5 m wide by 1.75 m high and weighs approximately
50 tonne).

There are two types of operations to be considered: scheduled
replacement of equipment (the 12 divertors have to be replaced with
reconditioned units during each annual shutdown) and unscheduled major
repairs such as those requiring the removal of a section of the torus.
The latter may be considered once-in-a-lifetime events. It is assumed
that the design of the reactor allows for this type of repair and that
the reactor hall would provide the necessary confinement and crane
capacity to carry out the work.

2.4.4 Tritium processing areas

These facilities are located in the auxiliary building on the west
side of the reactor hall. The various collection and storage tanks are
located on the lower floor (grade - elev. 100). The main processing
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equipment is located on the floor above (elev. 110). The ventilating
air tritium recovery and processing systems are located on the floors
above the 110 elevation.

TheTe are four main sources of tritium for the facility design:

(a) The Breeder Blanket

A hot cell in the building basement contains the helium purge
and tritium extraction equipment for the breeder blanket. This
feeds to the processing equipment at elev. 110. Both gamma
shielding and atmosphere control will be required in the hot
cell area.

(b) The Vacuum System

Tritium and other gases from the vacuum system are stored
in a tank that is part of the vacuum system. A feed from this
holding area goes directly to the processing system at elevation
110.

(c) Room Air Treatment

The ventilating air treatment system is designed to remove
tritium using recombiners and water vapor using dryers. This
equipment is assigned to a central location on the floors above
the tritium processing systems rather than adjacent to each
individual confinement area. The arrangement is most convenient
from a system design and maintenance point of view, but it will
lead to long duct runs and difficulty in balancing air flows.

Drainage tanks at elevation 100 would collect liquid from these
systems. With the use of filters close to the sources, no
gamma problems from particulate matter are expected.

(d) Miscellaneous Off Gas and Leakage Collection Systems

The main treatment and processing system at elevation 110 is considered
a "glove box" type of operation. This will provide a triple boundary
arrangement; the system boundary, the "glove box" boundary and the
confinement area boundary. All lines carrying tritium will be double
walled.

2.4.5 Other facility areas

Vacuum system. Because of the presence of active particulate matter,
the vacuum system will require shielding up to and including an absolute
filter. The cryogenic pumps should not be a maintenance problem. The
vulnerable areas are the pump inlet valves, since thay are used to cycle
the pumps and che absolute filter which requires replacement at regular
intervals. Provision should be made to replace the filters using shielded
flask and a purging system for the filter container.
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Gas supplies and cryogenics. It is assumed that helium supplies
would be stored as a gas and nitrogen as a liquid. Helium gas is used
for purging ths breeder blanket and nitrogen gas for the tritium "bake
out" system. Both systems are closed loops with suitable cleanup
provisions. Liquid helium is produced on site and used to cool the
superconducting magnet coils, the fueling machine and the cryogenic
pumps in the vacuum system. No serious activity is expected from any of
these systems although they would be on closed loops for economic reasons.

Cooling water systems. There are separate cooling water systems
used to remove heat from the reactor:

(a) bulk shield cooling;
(b) breeder blanket cooling;
(c) divertor cooling;
(d) first wall cooling;
(e) other peripheral equipment cooling.

Nitrogen system for tritium bake out. During extended shutdowns
this system is used to drive tritium out of materials in the torus
liner. This is done by draining part of the CW system and circulating
hot nitrogen (100 to 250 degrees C) through the system. The bulk of the
tritium would be recovered by the vacuum system. A small amount will be
picked up by the nitrogen, along with some gamma emitters. A limited
confinement area, along with some shielding, will be required for the
equipment. CW piping will have to be designed for the high temperature
used in this process, and insulation will also be required to keep the
building cooling load down.

Ventilating systems. The ventilating systems serve three purposes:
to control the temperature in an area; to remove airborne contamination;
and to prevent the spread of contamination.

Temperature control is carried out by the use of unit coolers
consisting of roughing filters, cooling coils, and fans. The coils are
normally supplied with wateT from the CW system, but in extreme cases
chilled water may be required. To encourage mixing distribution, ducting
may be used.

Removal of airborne contamination consists of an air recirculation
system that filters the air and removes tritium and moisture. If the
level of contamination is low enough, the area can be exhausted directly
to the stack. A single system could serve several rooms.

Control of the spread of contamination consists of an exhaust system
that maintains the confinement area at a slightly negative pressure so
that leakage is always into the area. The exhaust air is always taken
from the clean side of the system.
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Liquid waste management. This system collects liquid waste from
all areas where activity could be present and consists of collecting
drains, sumps and monitors, holding tanks, transfer pumps, filters and
ion exchange beds, arid possibly evaporators. Estimates are required for
the quantities and possible contamination levels of liquid waste. The
area assigned for this equipment is also a confinement area.

Solid waste management. Waste with a low level of activity can
be compacted and stored on the site in special structures. Its ultimate
disposal would be part of the plant decommissioning. The handling and
storage of waste with a high level of activity is dependent on the
volume produced annually from scheduled maintenance operations and on
the level and type of activity present. If the annual volume produced
is small enough and the activity level high enough to make off-site
transport difficult, then consideration should be given to on-site
storage. Again, ultimate disposal would be part of decommissioning.
Since the hot cell will be the primary source of waste with a high level
of activity, any permanent storage facility should be adjacent to this
area.
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2.5 Assessment of Maintenance Scenarios for Eoth Designs

Maintenance operations which are representative of scheduled
and unscheduled events were evaluated for both designs. The purpose
of this study was to assess the impact to device downtime and to estimate
the accumulated exposure to personnel for the reference design. It should
be noted that studies of this type are subjective, for two reasons:

1. A data base of experience fox maintenance on D-T fusion reactOTs
does not exist.

2. The level of detail of configuration drawings is not sufficient
to support time and motion studies beyond a first order of study.

However, this work does provide a basis foi relative comparisons between
both designs, since the assumptions and procedures for both evaluations
were applied consistently.

2.5.1 Assumptions

A number of assumptions and caveats were applied to the evaluations
for both designs. As stated above, they were applied consistently; although,
in some cases the application was relevant to one or the other of the design
approaches. For example, the use of shield plugs to close openings into
the plasma chamber was assumed to be a requirement for the personnel access design
only, in order to allow for a recovery back to hands-on operations after a
component is remotely extracted.

Personnel Access Design Assumptions

• Plasma chamber bakeout for detritiation is required to minimize
the exposure of tritium to personnel. This operation begins
immediately at shutdown and is assumed to take approximately 60 h
of thermal cycling. This time is based on a study which was made
for the FED design.[1]

• Shield plugs ar assumed to cover openings in the plasma chamber
after a component has been remotely removed. This was imposed as
a requirement to the personnel access design to permit a continuation
of hands-on operations by personnel. A large shield cover was also
assumed to close off the two open ends c : the torus during a TF coil
replacement. This approach requires additional study because of the
large size of such structures.

o Plastic suits and breathing apparatus are required for personnel
during maintenance operations in the reactor cell.

• Radiation monitoring by health physicists is required prior to permitting
personnel access into the reactor cell. This monitoring may occur
several times during a maintenance scenario when there is a mix of
hands-on and remote operations.
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All-Remote Design Assumptions

• Plasma chamber bakeout for detritiation is required.

• Radiation monitoring is not required after an initial survey.

Miscellaneous Assumptions Common To Both Designs

• Plasma chamber reconditioning to remove first wall impurities is

' required for both designs prior to startup. Based on the documented
experience of TFTR, Doublet III, and TMX, one week (168 hours) of
pumping and discharge cleaning is assumed.

• The coils are de-energized prior to any maintenance operations.
Five hours are assumed to be required to discharge the stored
energy in the magnets in a controlled manner. For the personnel
access design, this requirement does not impact downtime since at
least 24 h must elapse before personnel entry. For the all-remote
design, emplacement of maintennace equipment used on the device
may proceed after the coils are de-energized.

• For maintenance and disassembly operations which require warming
the cryostat, five weeks of thermal cycling are assumed to be
included in the total device downtime: two weeks for the warmup
phase and three weeks for the cooldown phase.

• All maintenance activities proceed on the basis of operations occurring
24 h per day, seven days per week. This approach was taken because
it simplifies the analysis of maintenance scenarios. However, it
should be pointed out that a more realistic approach is one that
assumes operations will occur for two working shifts per day (16 h)
for six days per week. The result of this is to scale up the numbers
shown in the summary table which follows by a factor of 1.75 for a
more realistic accounting of downtime.

• The maintenance scenarios include component removal and reinstallation;
hot cell repairs are not included.

2.5.2 Summary of Maintenance Comparisons

A number of maintenance scenarios were selected which are representative
of scheduled and unscheduled events. A summary of the downtime for each
design is presented in Table VI.2-24, along with estimates for man-hours
in the reactor cell and total man-rem exposures. The detailed breakdown
of these scenarios is presented in Section 2,5.3. For scheduled events
(Items 1-4^, the device downtime for the personnel access design is less
than the all-remote design by as much as 22% (for the LHRH replacement);
however, in terms of absolute numbers, the differences in downtime are
not significant. Two major unscheduled events were investigated; removal
of a torus sector, and replacement of a TF coil. The sector removal is
necessary to replace armor tiles or blanket segments. The scenario for
the TF coil replacement includes the downtime for the removal of the
upper PF coils.
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Table VI. 2-24. Summary of maintenance comparisons

-}

3.

4.

5.

6.

Task

Divertor Module Replacement

1 Module: Total Down*'"ne

Total Man-Hours

Total Exposure

12 Modules: Total Downtime

(6 pairs) Total Man-Hour.,

Total Exposure

LHkH Module Replacement

Total Downtime

Total Man-Hours

Total Exposure

Test Module Replacement

Total Downtime

Total Man-Hours

Total Exposure

Cryopump Replacement

Total Downtime

Total Man-Hours

Total Exposure

Torus Sector Replacement

Total Downtime

Total Man-Hours

Total Exposure

TF Coil Replacement

Total Downtime

Total Man-Hours

Total Exposure

Personnel
Access Design

290 h

84

0.2 M-R

522 h

592

1.5 M-R

324 h

15S

0.4 M-R

305 h

34

0.1 M-R

47 h

47 h

0.1 M-R

335 h

264

0.7 M-R

144 d

10,900 h

152 M-R

All-Remote
Design

290 h

--

--

556 h

--

--

413 h

--

--

325 h

--

--

42 h

--

--

328 h

--

--

196 d

_..

--



2.5.3 Downtime and Dose Estimates for Component Replacements

Component replacements which are representative of scheduled and
unscheduled maintenance operations have been developed. Each of these
replacement scenarios was investigated for the personnel access design
where limited hands-on operations are permitted and for the all-remote
design where operations with personnel are not permitted. Four of these
are scheduled replacements and include the replacement of all divertor
modules annually, the removal of an rf heating module to replace windows,
the replacement of test modules which are subcomponents of a torus sector,
and the removal of a cryopump to replace collector panels. The pump
removal/replacement scenario has an almost insignificant impact on device
downtime (<2 days) because of che vacuum isolation value for this system.
This arrangement allows pumps to be removed without disturbing the plasma
chamber vacuum; hence, plasma chamber reconditioning prior to device
startup is not necessary.

Of the two unscheduled events chosen, removal of each torus sector
can be expected at least once during the device lifetime based on estimates
of.NTTBF. [2,3] Furthermore, the present reference configuration provides
for blanket replacement by removing sectors. Cn the other hand, TF coil
replacement is extremely unlikely but is nevertheless accounted for in
the configuration arrangement because the potential impact to device
downtime is extremely large. The TF coil removal includes the scenario
for PF coil replacements.

Divertor Module Replacements

The 12 divertor modules require a scheduled replacement which is
assumed to occur every 1-2 years of operation. Figure VI.2-37 shows the
divertor module and its relationship to the torus sector. Table VI.2-25
outlines the removal and replacement procedures and the downtime for a
single-module replacement for the personnel access design, and Table VI.2-26
outlines the same scenario for the all-remote design. The analysis at
the end of Table VI.2-26 scales the single-module replacements up to 12
divertois. Note that the all-remote replacement could require bO h less
downtime, (even though remote operations require more time), if it is
assumed that the bakeout requirement for detritiation could be waived
from the all-remote case and that radiation monitoring for personnel
access could also be waived. The time saved by eliminating these operations
offsets the assumption that remote operations may take up to 1.6 times
longer than suited operations.

The factor of 1.6 was derived in the following manner: unrestricted
personnel operations are based at 1; suited operations with portable
breathing equipment are assumed to take five times longer than the base
case (per fission power plant experience); servo-manipulator operations
typically take up to eight times longer than the base case. Hence, the
ratio of 8:5 is used to scale up operations from hands-on to all-remote.
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Fig. VI.2-37. The divertor j.s a modularized component
which requires annual replacement.

Tables VI.2-25 and -26 were developed for a single-divertor module
replacement. An extrapolation of this data can be used to assess downtime
for replacement of all 12 modules using results obtained from a similar
study for the Tokamak Fusion Core Experiment (TFCX). For TFCX, it was
found that the most cost effective approach was to replace divertor
(limiter) modules in multiples of two.[4] Therefore for INTOR, six
serial replacements are required with each operation simultaneously
handling a pair of divertor modules. By separating the actual time for
removal/replacement (R/R) of one module for both designs and adding the
time for common operations, the total downtime to replace all modules for
both designs results.

Single module R/R

Common operations

Total Downtime (h)

Personnel
Access

6 x 44 = 264

258

522

(21.8

All-Remote

6 x 49 = 294

262

556

23.2 dj
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Table VI.2-25. Ulvertor Module Replacement With Personnel Access Table VI.2-26. Divertor Module Replacement: All-Remote

Steps
Mode of

operation Personnel

la. General device shutdown

b. De-energize coils

c. Drain sectors of coolant

d. Torus bakeout cycle

2a. Radiation survey of entire device* C

b. Disconnect coolant lines

c. Install extractor device to module

d. Extracc module

e. Lift and move module to hot cell
transfer tunnel

3a. Position replacement module onto
extractor device

b. Install module into sector R

c. Inspect module alignment and R
remove extractor

d. Radiation survey; decon as required R

Ce. Inspect bolt alignment of flanges
and seal interface

f. Install flange attachments and
coolant lines

g. Purge plasma chamber with helium
and test module flange; leak test
coolant lines

Ar . Recondition plasma chamber for
startup

Duration
(hrs)

60

168

Total time after shutdown 290 h

(12.1 days)

Total nanhours in cell B4

Total nan-rem exposure 84 x 2.S - 210 (.21 man-rem)

•This pay be accomplished remotely.

Steps
Mode of

operation

la. General device shutdown

b. De-energize coils
c. Drain sectors of coolant
d. Torus bakeout cycle

A

A

A

A

2a. Disconnect coolant lines and structural R
attachments

b. Install extractor device to module R

c. Extract module

d. Lift and move nodule to hot cell R
transfer tunnel

3a.

b.

c.

d.

e.

f.

Position replacement module onto
extraction device

Install module sector

Inspect module alignment and remove
extractor

Inspect bolt alignment of flanges and
seal interface

Install flange attachments and coolant
lines

Purge plasma chamber with helium and
test module flange; leak test coolant
lines

4a. Reconditiop plasma chamber for startup A

Total time after shutdown

Duration
(hrs)

60

13

7

4

13

168

29C

(12.1 days)



The personnel access design requires 84 man-hours in the reactor cell
to accomplish limited hands-on operations. Assuming that the radiation field
does not exceed 2.5 mrem/h, the total exposure is approximately 0.2 man-rems
for this maintenance operation.

LHRH Module Replacement

Tables VI.2-27 and VI.2-28 outline the replacement of the lower hybrid
resonant heating module for the personnel access design and the all-remote
design, respectively. The design details of this system are shown in
Figs. VI.2-38 S VI.2-39. Presently, the INTOR reference configuration
does not include LHRH, but since this system is more complex than the
ICRH system, it was thought that a more detailed maintenance analysis
would be presented. The LHRH design shown in the figures was developed
for TFCX, but it is equally applicable to INTOR.

SUPPORT STRUCTURE

INTOB-10/44-PT3-023

COAX LINE (96)

SHADOW SHIELD

PLASMA^

WAVEGUIDE ARRAY

Fig. VI.2-38. Plan view of two LHRH modules
installed in the torus.

The following information was used to develop the assessments in
Tables VI.2-27 and VI.2-28.
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Table VI.2-27. LHRH module replacement with personnel access Table VI.2-28. LHRII module replacement: all remote

CO

la.

b.

c.

d.

2.

Steps

General device shutdown

De-energize coils

Torus bakeout cycle

Mode of
operation

A

A

A

A

C

Personnel

4

Duration
(hr>)

1

5

60

e

3a. Disconnect and remove sain coolant C
lines

b. Disconnect coax lines and remove C

c. Unfasten shadow shield plug C
attachments

d. Install 0/H extraction fixture for C
plug

e. Extract shield plug and store R

f. Unfasten LHR1I module attachments R

g. Install 0/H extraction fixture for R
LHHH module

h. Extract nodule and transport to hot
cell

5s. Purge plasma chamber with he H U B and C
test nodule flanges; leak test coolint
lines and electrically test coax
connections

b. Recondition plasna chanber for startup A

Total time after shutdown

Total ^an-hours in cell

Total nsn-rem exposure
{158 x 2 .5)

1S8

.4 MR

16

1

4a.

b.

c.

d.

e.

f.

8-

Position replacement LHRL module into
torus sector
Remove fixture and install flange
attachments

Position shield plug into LHRIH module

Radiation survey

Remove fixcure and install flange
attachments

Reinstall coax lines

Reinstall main coolant lines

R

R

R

R

C

c
c

2

2

2

2

4

2

3

1

2

32

2

324
(13.5 days)

Steps
Mode of
operation

la. General device shutdown

b. De-energize coils

c. Drain sectors of coolant

d. Torus bakeout cycle

A

A

A

A

2a. Disconnect and remove main coolant lines

b. Disconnect and remove coax lines

c. Unfasten shadow shield plug attachments

d. Install extraction fixture for plug

e. Extract shield plug and store

f. Unfasten LHRH module attachments

g. Install extraction fixture

h. Extract nodule and transport to hot cell

it

R

R

R

R

R

R

R

4a. Purge plasma chamber and test all LHRH
interfaces

b. Recondition plasma chamber for startup

Total time after shutdown

Duration
(hrs)

1

5

60

4

32

2

2

2

2

4

2

3a. Position replacement LHRH module into torus R 4
sector

b. Remove fixture and install flange attachments R 4

c. Position shield plug into LHRH module R 4

d. Remove fixture and install flange attachments R 4

e. Reinstall coax line R 52

f. Reinstall main coolant lines R 4

13

168

413

(17.2 days)



• Ninety-six coax lines feed the LHRH module; each line must be dis-
connected and removed individually working from the outside to the
inside of the array.

• Removal of one line requires two disconnects; therefore, the total
number of disconnections is 192.

• The coax lines are approximately 4 cm in diameter, and it was assumed
that a "Grayloc" type of coupling could be used.

• For the personnel access case, it was estimated that two mechanics
could uncouple and remove one line in ten minutes; for the all-remote
case, the same procedure was assumed to take 20 minutes/line.

• In general, reassembly was assumed to take twice as long as dissassembly,
and remote operations to take 1.6 times longer than hands-on.

Cryopump and Test Module Replacement

Replacement of the cryopumps has the smallest impact on device downtime
because the isolation valves installed in the main ducts separate the
plasma chamber from the pumps. In addition, the torus bakeout cycle for
detritiation is not required. The scenarios outlined in Tables IV.2-29
and VI.2-30 are for single-module replacements. It can be assumed that
pumps are replaced biannually by replacing one module of the installed
pair on an annual basis. An assessment of replacing 12 modules in pairs
is as follows: from Table VI.2-29, steps 3a through 4f are the remove/
replace operations which total 16 hours; all other operations are common.
Therefore, the total downtime for the personnel access case is

24 + 4 + 6(16) + 3 = 127 h

The total exposure is 6 x 2 x 0.12, or 1.4 man-rems annually; from
Table VI .2-30,steps 2a through 3f are the remove/replace operations totalling
33 h; all other operation* are common. Therefore, the total downtime for
the all-remote case is

6 + 6(33) + 3 = 207 h.

Similarly, replacement of test modules can have minimal impact on
the plasma chamber if the modules are installed behind a vacuum window which
is mounted to the first wall. Figure VI.2-40 shows a typical arrangement
for rest modules with integral shielding, and Fig. VI.2-41 shows two methods
of installing modules: (a) the vacuum boundary at the first wall and
(b) the vacuum boundary at the outboard shield. The scenarios in Tables
VI.2-31 and VI.2-32 are for the case shown in Fig. VI.2-41b, which requires
plasma chamber reconditioning prior to startup, due to the lack of vacuum
isolation. This case was chosen because it has the largest impact on
devr.ce downtime. It should be noted that if test modules are installed
as shown in Fig. VI.2-41a, behind a vacuum boundary, a savings in downtime of
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Table VI.2-29. Cryopump module replacement with personnel access

Steps
Mode of
operation Personnel

la. General device shutdown

b. De-energize coils

c. Close duct isolation valves; bakeout
pump modules

d. Remaining tine for personnel recess

2. Radiation nonitoring of ducting and
pump pits

3a. Disconnect cryo-supply and return lines;
disconnect instruaentation interfaces

b. Remove right-angle duct to TMP

c. Unbolt flange connection to main duct,
pull back module; remove seal

d. Install lifting cables, remove module
to hot cell

4a. Position replacement module in pit C

b. Install new seal; mate module flange to C
duct and install bolts

c. Install duct to TMP c

d. Reconnect cryo-lines and instrumentation C
lines

e. Purge module with helium and leak check C
duet flanges; leak test cryo-lines;
check instrumentation

f. Replace shielded cover over pit C

5. Energize coils for startup

Total time after shutdown

Total man-hours in cell

Total man-rem exposure (1.5 x 47)

47

0.12 MR

Duration
(h)

1

5

2

16

47
days)

Table VI.2-30. Cryopuap nodule replacement: All-Remote

Steps
Mode of
operation

la. General device shutdown

b. De-energiie coils; close duct valves;
bakeout nodules; remove pit covers

2a. Disconnect cryo-lines and instrumentation
interfaces

b Remove duct to TMP

c. Unbolt nain duct; move back module,
remove seal

d. Install lifting cables, remove module to
hot cell

Total tiae after shutdown

R

R/A

Duration
(h)

3a. Position replacement codule in pit R 1

b. Install new seal; mate module flange to R/A 6
duct and install bolts

c. Install duct to TMP R

d. Reconnect cryo-linss and instrumentation R 4
lines

e. Purge aodule with heliun and leak check R/A 4
flanges; leak test cryo-lines; check
instrumentation

f. Replacement shielded cover over pit R 1

4. Energize coils for startup A 3
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ORNL-DWG 81-17354 FED

SHIELD SECTOR
(TYPICAL TWO SECTORS)

TEST MODULE
(TYPICAL)

Fig. VI.2-40. Test module arrangment in a torus sector.

approximately 70% can be achieved. The torus bakeout cycle at 60 h and
the plasma chamber reconditioning at 168 h are unnecessary operations. The
reduction in downtime is as follows: for the personnel access case,
305 h reduces to 77 h; for the all-remote case, 325 h reduces to 97 h.

Torus Sector Replacement

The torus sector replacement scenario is outlined in Tables VI.2-33 and
VI.2-34. The following assumptions were used to develop these tables:

• A sector with an ICRH module was used for this analysis; the ICRK
module remains installed in the sector.

• Number of coolant line interfaces: bulk shield 2
blanket 2
first wall 2
divertor 2

Assume that each line requires operations by 2 mechanics and 1
boom-crane operator; each line requires 2.hours to install a lifting
fixture, disconnect couplings, and store in the reactor cell.
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o
PLASMA

LEAD-CLADDING

SHIELD DOOR

\ \ \
OUTBOARD SHIELD

tVACUUM SEAL NOT REQUIRED

FIRST WALL REGION

0 . 1 5 - • -

PLASMA

1.50

1.15

r PRESSURE WALL

OUTBOARD SHIELD

\ \ \

\

0.10

— 0.05

— 0.05

VACUUM SEAL REQUIRED

( * ) ib)

Fig. VI.2-41. Two types of test module installation.



Table VI.2-31. Test module replacement with personnel access Table VI.2-12. Test module rtrlacenenl: All-Remote

la.

b.

2a.

b.

c.

d.

Steps

General device shutdown* torus
bakeout cycle

Radiation survey

Remove structural attachments froo
backup shield

Install shield backup carriage

Remove backup shield and store in
test cc).

Install floor-aounted manipulator
system

Disconnect coolant lines (4} and

Mode of
operation

C

C

C

R

R

R

Personnel

2

2

4

Duration
(h)

66

i

4

2

1

1

12
flange attachments from each of
6 test nodules

f. Disconnect instrumentation lines R
(6 sets)

g. Install test module handling machine R

h. Extract test modules and place on R
pallet fixture

3a. Install test modules using handling R
machine

b. Install floor-mounted manipulator R

c. Reconnect and test instrumentation R

d. Install coolant lines and secure ft
fliinge attachments

e. Purge, plasma chamber with helium R
and test vacuum flanges; leak

test coolant lines

f. Install backup shield R

g. Remove backup shield carriage C

h. Install shield attachments C

4. Recondition plasca chamber for
startup

10

1

5

12

168

Totai time after shutdown

Total man-hours in cell 34 h

Total man-rem exposure (34 » 2.S mr/h) 0.1 man-rem

305
(12.7 days)

Steps
Mode of
operation

1. General device shutdown,
torus bakeout cycle

3a. Install test modules using handling R
machine

b. Install floor-mounted oanipulator R

c. Reconnect and test instrumentation R

d. Install coolant lines and secure flange R
attachments

e. Purge plasma chamber with helium and
test vacuum flanges; leak test coolant
lines

f. Install backup shield R

g. Remove backup shield carriage R

h. Install shield attachments R

4. Recondition plasma chanter for startup

Total time after shutdown

Duration
(h)

66

2a. Remove structural attachments froo R 13
backup shield

b. Install shield backup R 8

c. Remove backup shield ar.i store in R 1
reactor cell

d. Install floor-mounted manipulator system R 1

e. Disconnect coolant lines C<) and flange R 12
attachments from each of 6 test modules

f. Disconnect instrumentation lines (6 sets) R 3

g. Install test module handling machine R 1

h. Extract test modules and place en pallet R 6
fixture

10

1

5

12

2

1

13

168

32S
(13.S days)



o The vacuum seal length is approximately 22 meters; cutting requires
3 hours using 2 automated cutters; welding requires 4 hours using
2 automated welders.

o Structural bolts are spaced at 3 per meter; 2 remote bolters operate
on each attachment every 4 minutes.

Removal of torus sectors is not a scheduled maintenance operation.
However, it is assumed that each sector will be disassembled once in
the device lifetime to accomplish repairs to first wall surfaces such as
armor tiles and to repair or replace blanket segments. Other components
which interface with the sectors are designed as independent modules.

Approximately 14 days of continuous operations are required to remove
and replace the torus sector for both design approaches. The main reason
for the lack of a difference in downtimes i£ that for the personnel
access case, approximately 75% of the operations must be accomplished
remotely. In addition, there is a time penalty for the setup and disassembly
of work platforms to assist hands-on operations. It is interesting to
note that approximately 70% of the downtime is used for the torus bakeout
cycle and plasma chamber reconditioning. Actual operations to remove and
replace one sector require 4.5 days.

TF Coil Replacement

The procedures for TF coil replacement are outlined in Tables VI.2-55
and VI.2-36 for the personnel access design and the all-remote design.
It is estimated that using all-remote operations will take 52 days
longer. However, as noted below, unless a spare coil is available for
immediate replacement, the total downtime for either design approach is
irrelevant compared to the time required to procure and fabricate a new
coil.

The following considerations were included in the development of
Tables VI. 2-35 and VI.2-36.

® Sector modules A and B are removed serially since the replacement
of a sector is not a scheduled operation; hence, multiple handling
equipment is assumed to be not available.

© For sector removal, use Items 2a-j of Table VI.2-33 for a total of
43 hours (approximately two days)

o For sector replacement, use Items 3a-m of Table VI.2-35 for a total
of 58 hours (approximately three days)

o Assume shield plugs (covers) are available and are installed in
order to permit recovery back to contact operations for the personnel
access case.

© Removal of the window modules, as shown in Fig. III-8 (Phase 2A, Part I report),
limited personnel access because dose rate levels will be higher in
those areas than at the shield boundary; therefore, personnel are
assumed to set up cutting equipment and provide visual inspection
only. The same applies for operations on the cryostat ring module.
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Table VI.2-33. Sector replacement with personnel access

la.

b.

c.

Steps

General device shutdown

De-untTgiie colls; drain
sector of coolant

Torus bakeout cycle

Mode of
operation

A

A

A

Personnel
Duration

00

1

S

60

2a. Radiation survey of entire C 4 8
device

b. Install work platforms and C 4 4
scaffolds

c. Set up two remote cutters C 2 1

d. Cut vacuum seal around sector C 4 2

a. Remove structural attachments C 2 2

f. Remove connections to ICRH C 2 4
nodule

g. Disconnect and remove coolant C 3 12
lines for bulk shield, F/W
blanket, divertor

h.
i.

j.

Remove work platforms
Install sector handling device

Extract module and move to hot
cell

C
C

R

4
4

4
2

4

3a. Position sector onto handling R 2
device

b. Install sector into torus; R 4
remove handling device

c. Radiation survey; decontaminate R 3
as required

d. Install work platforms C 4 4

e. Install and connect coolant C 3 16
lines for bulk shield, F/W,
blanket, divertor

f. Leak test sector coolant C 2 2
connections

2. Install connections to ICRH C 2 6
nodule

3h. Test electrical and coolant C 2 2
connections to ICRH module

i. Install structural attachments C 2 2
to sector

j. Set up two remote welders C 2 1

k. Weld vanuum seal around torus C 4 3

1. Leak check torus vacuum seal C 4 4

m. Remove work platforms

4a. Recondition plasma chamber for A 168
startup

Total time after shutdown 335
(14 days)

Total man-hours in cell 264

Total man-rem exposure 0*7 man-rems
(264 x 2.5)
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Table VI.2-34. Sector replacement: All-Remote

Mode of Duration
Steps operation (h)

la. General device shutdown A 1

b. De-energize coils, drain sector of A 5
coolant

c. Torus bakeout cycle A 60

2a. Set up two remote cutters R 2

b. Cut vacuum seal around sector R 2

c. Set up two remote bolting machines R 2

d. Remove structural attachments R 2

<;. Remove connections to ICRH module R 7

f. Disconnect and remove coolant lines for R 19
bulk shield, F/W, blanket, divertor

g. Install sector handling device R 3

h. Extract module and move to hot cell R 4

3a. Position sector onto handling device R 2

b. Install sector into torus; remove R 4
handling device

c. Install and connect coolant lines for R 16
bulk shield, F/W, blanket, divertor

d. Leak test sector coolant connections R 4

e. Install electrical and coolant R 8
connections to ICRH module

f. Test electrical and coolant connections R 4
to ICRH module

g. Install structural attachments to sector, R 6
including set up of two bolting machines

h. Set up two remote welders R 2

i. Weld vacuum seal around torus R 3

j. Leak check torus vacuum seal R 4

4. Recondition plasma chamber for startup A 168

Total time after shutdown 328
(13.7 days)
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3a.

b.

c.

d.

t-

h.

4a.

b.

Remove cryostat dome C

Remove three inner PF colls C

Remove outer PF coil C

Reaove window Module A C/R

Remove window Module B C/R
Remove cryostat outboard wall C
structure at Window A

Remove cryostat outboard wall C
structure at Window B

Remove cryostat ring module C/R

Reaove torus floor support at Window C/R
A, including part of duct and shield
Remove torus floor support at Window C/R
B, including part of duct an.' shield

c. Reposition two inner, lower PF coils C
d. Unfasten upper and lower coil-to- C

coil structural attachments
e. Unfasten upper intercoil structure C

f. Install lifting fixture on TF coil C
using overhead crane

g. Remove column support for TF coil C

h. Lift out TF coil C

5. Replacement of the TF coil is
assumed to take 501 longer than the
initial removal covered in steps 2-4

C/R

6. Cryostat cooldown, plasma chamber
reconditioning

4

4*

4*

6

71

1

14

T»trle VI.2-35. TF coil replacement with personnel access

Mode of Duration
Steps operation Personnel (h)

la. General device shutdown A

b. Cryostat warmup; torus bakeout; A/C 10
radiation monitoring; equipment
preparation

2a. Remove sector Module A C/R 3

b. Install two torus shield covers R

c. Remove sector Module B C/R 3

d. Install one torus shield cover R

65

21

Total downtime after shutdown 144

Total aan-hours in cell 10,920 h

Total man-rem exposure (including •) 1S2 nan-reas

•Operations which are assumed to expose workers to ten times the shield
boundary dose rate, or 25 mrem/h.

la.

b.

2a.

b.

Steps

General device shutdown

Cryostat warmup; equipment preparation

Remove sector Module A

Remove sector Module fi

Al1-Remote

Mode of
operation

A

A

R

R

Duration
(days)

1

14

2

2

3a. Remove cryostat dome R

b. Remove three inner PF coils R

c. Remove outer PF coil p.

d. Remove outer window Module A R

e. Remove outer window Module B R
f. Remove cryostat outboard wall structure R

at A

Remove cryostat outboard wall structure R
at B

Remove cryostat ring module R

g-

h.

4a.

b.

c.

d.

e.
f.

g-
h.

Remove torus floor support at A; including R
part of duct and shield

Remove torus floor support at B; including R
part of duct and shield

Reposition two inner, lower PF coils R

Unfasten upper and lower coil-to-coil R
structural attachments

Unfasten upper Intercoil structure R

Install lifting fixture on TF coil using R
overhead crane

Remove column support for TF coil R
Lift out TF coil R

6. Cryostat cooldown, plasma chamber
reconditioning

Total downtime after shutdown

2
1

2
1

965. Replacement of TF coil is assumed to take R
50% longer than the initial removal
covered in Steps 2-4

21

196 d



• For the disassembly phase of the personnel access case (Steps 2-4),
181 man-days were expended in 43 days; therefore, the equivalent
of 4.2 people were in the radiation environment during TF coil
removal operations.

Assuming that the same personnel requirement is necessary during
the replacement phase (Step 5), 274 man-days were expended in 65
days. During steps 2-5, the operations marked (*) assume a dose
rate of 25 mrem/h; all others are assumed to be 2.5 mrem/h.

Traditionally, semi-permanent structures such as TF coils have not
been included in maintenance assessments because their replacement due to
failure is considered to have a very low probability. This may be a
reasonable assumption, however, the impact to device operations if no
spares are available could be considerable. Replacement of a TF coil
was estimated to require 144 days for the personnel access design and 196
days for the all-remote design. Either of these is a considerable downtime
for a device with an availability goal of 50%. If a spare replacement
coil is available, then five to seven months will be the downtime, assuming
24-h/day operations continuously. On the other hand, if a spare is not
available, the following impacts to downtime must be considered.

1. Assume three months are required to do a cost/benefit analysis leading
to a decision to proceed with the replacement.

2. Assume one year is required to procure conductor and structural
materials; during this time, tooling can be reassembled and set up for
fabrication.

3. Assume six months are required for coil winding, structural assembly,
and final testing.

If these assumptions are reasonable, then 640 days is ultimately the device
downtime, plus the time required to reinstall the new coil. A major
conclusion from this scenario is that components such as TF coils must
be considered to have spares or the impact to device downtime becomes
unacceptable,

2.5.4 Lifetime Dose Estimate and Downtime for Reactor Cell Maintenance

The tables in the previous section were used to determine downtime
estimates for the personnel access case and the all-remote case and also
to determine exposure estimates for operations involving personnel. The
scenarios which were analyzed were single occurrences during the device
lifetime, such as removing and replacing divertors or a torus sector, and the
comparisons between both design approaches were also for single occurrences.
Expanding these estimates over the device lifetime along with additional
downtime to account for the multitude of secondary scheduled and unscheduled
events allows a total downtime to be developed which can be averaged over
the device life. From this, an easier comparison can be made between
both designs and average annual exposure can be estimated for the personnel
access case. This approach oversimplifies lifetime maintenance analysis
but permits a first approximation of the device availability.
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For this study, only reactor cell maintenance activities are considered
since balance of plant (BOP) maintenance was not relevant to Critical
Issue D. Downtime estimates for the BOP can be derived from fission
plant experience since much of the equipment is similar to that required
for a fusion reactor.

Assuming ten years of D-T operation, the following extrapolation
may be derived for lifetime maintenance for both scheduled and unscheduled
operations based on the assumed replacements listed below.

• biannual scheduled replacement of windows for the heating systems
using the LHRH as .lie basis; four lifetime replacements

• biannual replacement of cryopumps, test modules, and other small
peripheral equipment; four lifetime replacements

• annual replacement of divertor modules; nine lifetime replacements

• A single replacement of each blanket and first wall (i.e., a torus
sector replacement); twelve lifetime replacements

• one TF coil replacement; one lifetime replacement

• one PF coil replacement (derived from the TF coil replacement
scenario); one lifetime replacement

Table VI.2-37 summarizes the maintenance parameters for downtime,
personnel requirements, and exposure to personnel, for both design approaches.
Dividing these totals by ten gives an average annual value. Some interesting
conclusions may be drawn from this table, keeping in mind that this type
of analysis represents a very superficial approach to lifetime maintenance
operations.

Comparison of Downtime and Exposure

A comparison of total downtime for both designs indicates very little
difference between the use of personnel access and all-remote operations.
This is partially explained by the fact that personnel access to the
device is limited and that much of the maintenance and disassembly must
be accomplished remotely. The average annual downtime for the personnel
access case is 4,150 h, and for the all-remote case, 4,200 h. This
means that on average, the device will have approximately 20 less days
of downtime for the personnel access case. This dirference is not
significant because the average annual downtime is at best, a first order
approximation. Therefore, the conclusion is that either design approach
has essentially the same impact to device downtime.

If personnel exposure is a critical issue for maintenance activities,
then the all-remote case may be advantageous. From Table VI.2-37, the
total personnel exposure is 233 man-rems for the device lifetime, or
approximately 25 man-rems per year for reactor cell operations. This
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indicates that 25 mechanics may spend up to 400 h per year at the device
shield boundary if the dose level is 2.5 rarem/h, or 2000 h per year if the
dose level is 0.5 mrem/h. These numbers are based on limiting personnel
exposure to <1 rem/y. An annual exposure level of 25 man/rems in the
reactor cell is quite low, particularly compared to fission plant
experience. Hence, personnel access is an acceptable approach which does
not impose excessive dose levels.

Table VI.2-37. Summary of lifetime maintenance operations
over ten years of D-T operations

Replacement

Divertor

Cryopumps (12 pairs) :

Heating * 4

Torus sector x 12

TF coil

PF coil

Lifetime
occurrence

9

< 10* 4

4

1

1

1

Total lifetime downtime

Personnel Access
D.T.

4700

22600

5200

4000

3500

1500

41500

41.500

M-h

5300

15000

2500

3200

10900

6200

43100

h

M-R

13.5

37.5

6.5

8.0

152.0

15.5

233.0

All-Remote
D-T

5000

20100

6600

4000

4700

1600

42000

(for personnel access)

Total lifetime downtime
(for all-remote)

Total lifetime personnel requirement

Total lifetime personnel exposure

42,000 h

43,100 Man-Hours

233 Man-Reins

*The factor of 10 is used to account for additional lifetime downtime
for the multitude of secondary scheduled and unscheduled events.

Device Availability

The approximate average annual device downtime is 4000 h from
Table VI.2-37 for both design approaches. From this, the device avail-
ability is (8760-4000) - 8760 = 54%. This is marginally close to the
INT0R objective of 50%. The indication is that either design approach
will provide a reasonable operating availability for the device based
on the lifetime maintenance operations assumed in this section. From
the table, almost 40% of the downtime is attributed to unscheduled
events (10,000 h for secondary peripheral equipment, approximately 4000 h
tor one TF coil replacement, and 1500 h for one PF coil replacement).

110



References

1. P. H. Sager et al; FED Baseline Engineering Studies Report,
ORNL/FEDC-82/2, Chapter 7; Oak Ridge National Laboratory, April
1983.

2. INTOR Phase One Report, Chapter XV; STI/PUB/619 ISBN92-0-131082-X;
IAEA, Vienna, 1982.

3. INTOR Phase Two A Part I Report, Chapter XII; STI/PUB/638
ISBN 92-0-131283-0; IAEA, Vienna, 1983.

4. P. T. Sparapinato, Limiter Blade Replacement; Fusion Engineering
Design Center memorandum, FEDC-M-83-SE-001, September 8, 1983;
Oak Ridge, Tennessee.

Ill



2.6. Maintenance Equipment Requirements for Both Designs

An assessment of the maintenance equipment requirements for both
designs was made by analyzing the component replacement scenarios pre-
sented in Section VI.2.5. The comparison between the scenarios which
allow personnel access and those which are accomplished all remotely
indicate no significant difference in downtime using either approach.
The TF coil replacement is an exception which is a special case. This
comparison gives no indications of differences for equipment require-
ments. Further examination of the scenarios for personnel access shows
that a comparison is possible because these include hands-on operations
as well as remote operations. A summary of the percentage of downtime
for contact operations is given below.

Divertor Replacement: 61%
LHRH Replacement- 71%
Pump Module Replacement: 80%
Test Module Replacement: 16%
Torus Sector Replacement: 84%
TF Goil Replacement: 70%

Note that the pump module replacement does not require opening the
plasma chamber and that only disassembly/assembly operations are con-
sidered; the device shutdown and startup procedures are automated and
are not relevant to this comparison.

This shows that a significant amount of downtime utilizes personnel;
however, it is erroneous to conclude that equipment requirements for the
personnel access case are substantially less for the following reason.
Personnel can only operate in the reactor cell when the shield is unopened;
therefore, their activities are limited to operations prior to removing
a component or post installation of a component. As a result, they can
perform inspection, disconnecting structural and service interfaces, and
assist in the setup of remotely operated equipment. These are the
activities that can be performed by manipulator systems. Hence, it can
be postulated that the additional equipment needed for the all-remote
case is two to four mobile manipulators for the scenarios in. Section VI.2.5
and six for the TF coil replacement. All other equipment requirements are
essentially identical, except that "hand tools" normally used by mechanics
mrv require modifications for use by manipulator end-effectors. Mechanical
couplings for structure, piping, and electrical connectors will be the
quick-disconnect type for both designs. This equipment is readily avail-
able vis-a-vis fission plant applications, and its use will reduce downtime
and exposures for the personnel access design and downtime for the all-remote
design.

2.6.1 Listing of Maintenance Equipment

A first-level listing of maintenance equipment [1,2] was compiled
to identify differences in requirements between the two design approaches.
Table V.2-38 lists the equipment and its application to either design, along
with appropriate comments particular to its application. It can be seen
from this table that the equipment requirements are virtually the same
for both designs, except that the all-remote case may require additional
manipulator systems to replace personnel before and after the replacement
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of a component. The difference in equipment costs between the two design
approaches is judged to be minimal if one considers that the total capital
cost for INTOR is in the range of $2 B. An estimate of cost differences
is shown below

Additional manipulator systems for the all-remote design (6)
Transporters for manipulator mobility
Additional control room interfaces for manipulator operations
Inspection and test equipment modifications
Small tool modifications

Estimated additional equipment cost for the
all-remote design

$M

3.0
1.2
1.8
0.5
0.5

7.0

Table VI.2-38. Reactor Cell Equipment Requirements for Both Designs

Equipment Item
Application
? A7R Comments

Mobile manipulators,
Bridge mounted X
Floor mounted X

X
X

Additional bridge-mounted and floor-
mounted manipulators are needed for
the all-remote case

Overhead cranes up
to 500-tonne
capacity

Transporters for RF
heating modules,
divertors,
torus sectors,...

Cutters/welders

Remote viewing X

Decontamination X

Handling fixtures X
for coils,
divertors, sectors,
fuelers, test #
modules,...

Inspection and test X
for electrical,
coolant § vacuum
verification

Cask containers for X
divertors, test
modules, diagnostics

X

X

X

Automated equipment is used for both
designs

May require modification for use by
manipulators
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Table VI.2-38. Reactor Cell Equipment Requirements for Both
Designs (cont'd.)

Application
Equipment Item P/A A/R Comments

Shield plugs X

Small tools, torouing X X May require modification for
machines, power use with manipulators
tools

Radiation monitors X X Additional monitors are
required for the personnel
access case

Based on estimates of equipment capital costs for comparable devices
(TFCX and MFTF-ct+T) which require approximately $60 M and the U.S. INTOR
reference configuration [3]^which estimated .023 of the total direct
capital cost (.023 x 2 x 1CT) or approximately $46 M, the additional
equipment cost for the all-remote design is in the range of 10-15%.

2.6.2 Recovery of Failed Maintenance Equipment

The possibility of maintenance equipment failurer during remote
operations is cause for concern because personnel access into the reactor
cell is prohibited for both design approaches. Therefore, any special
design requirements for the equipment which enable it to be rescued
are common for both designs.

Conceptual designs for fusion reactor maintenance equipment have
not yet considered emergency recovery features. However, some features
can be envisioned which are based on design practices used for designing
fission fuel reprocessing equipment and many of the peripheral components
of a fusion reactor. Equipment systems should be made up of subsystem
modules which have accessible attachments and lifting bales. This allows
the use of backup manipulator systems which duplicate the functions of a
mechanic. In addition, equipment which cannot be disassembled in-situ
must be designed for towing or lifting operations. A thorough considera-
tion of failures requires identifying spare equipment and special purpose
equipment dedicated to maintaining maintenance equipment.

The most basic piece of maintenance equipment in the reactor cell
or hot cell is the overhead crane. Its failure during a remote operation
such as transporting a torus sector will virtually stop all operations.
Clearly, the crane system must be modularized, and one approach to repair-
ing it remotely is to have a secondary bridge and trolley over the main
bridge to maneuver a manipulator for replacement of the failed module.
Scenarios such as this can be postulated for all major equipment listed
in the preceding table. Design requirements and concepts to solve these
problems should be considered for a follow-on phase of INTOR work.
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3. COMPARISON OF BOTH DESIGN APPROACHES

This section summarizes and highlights the comparison of both design
approaches. When this study was started, it was anticipated that signifi-
cant differences between the two cases would be easily quantified and that
a choice would be clear. This was not the case foT several reasons.
First, the INTOR reference design (personnel access) was developed around
the fact that much of the maintenance and disassembly must be done
remotely, hence this design incorporates features which are beneficial
to all-remote operations. "Personnel access" is restricted and is limited
to operations while the shield is intact such as inspection, removal of
service connections and structural attachments, remote equipment setup,
and subsequent testing prior to startup. Second, the capital cost for
maintenance equipment between both approaches is not significantly different
and is estimated to be approximately 10% ($7M). Third, downtime differences
between both approaches is on average, 15%. And fourth, safety requirements
for the general public and the environment are the same for both designs.

The only clear consideration is that of flexibility of operations,
all other things being considered equal. A design which provides the
option for utilizing either limited personnel access or all-remote operations
will best suit the needs of a next-generation device, since such a device
must be viewed in the context of being an experimental prototype with
unquantified uncertainty and risk.

It is for these reasons that this study concludes that the most
sensible approach is the one with maximum flexibility vis a vis the
utilization of limited personnel access.

3.1 Basis of Comparison

Both maintenance approaches were based on the INTOR reference design
for the assessment of maintenance and disassembly scenarios. In addition,
the same requirements for worker and public safety apply to both approaches.
Tritium handling requirements and shield requirements are discussed in
detail in Sections VI.2.2 and VI.2.3.

A listing of maintenance requirements was outlined to identify those
that applied only the personnel access approach, or the all-remote "Toproach,
and those that applied to both designs. These can be found in Section
VI.2.5.1.

3.2 Maintenance Equipment Requirements

There is no significant reduction for the requirements of maintenance
equipment for the personnel access case because personnel operations are
limited to inspection, disconnecting structural and service interfaces,
and assisting in the setup of remotely operated equipment. These are the
operations that are performed by manipulator systems for the all-remote
case. Hence, it was shown in Section VI.2.6 that a maximum of four
additional manipulator systems are required for the all-remote approach.
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All other equipment requirements are identical except that small tools
normally used by mechanics may require modifications for use by manipulators.
In addition, both designs will utilize quick-disconnect type hardware
wherever practical. These additional equipment requirements are estimated
to cost $7M, which is « 1 % of the total capital cost of the device.

3.3 Reactor Availability

An estimate of reactor availability resulting from downtime for
both resign approaches indicates that virtually no difference exists.
Table VI.2-37 summarizes an estimate of lifetime maintenance operations
in the reactor cell. The personnel access approach has an average annual
downtime of 4150 hours which gives a device availability of 52.5%
(8760 - 4150 T 8760), and the all-remote case with an average annual
downtime of 4200 hours gives 52.0%. These are virtually identical and
marginally close to the INTOR objective of 50%. The indication is that
either design approach will provide a reasonable operating availability
for the device based on the lifetime maintenance operations assumed in
Section VI.2.5.4.

3.4 Safety

The safety requirements for both design approaches are based on
the same regulations and guidelines to workers and the general public.
For operations in the reactor cell, it was shown that exposures for the
personnal access case are below acceptable limits, and maintenance opera-
tions outside the reactor cell are expected to be the same for both
designs. The reactor building for both approaches is based on meeting
accident criteria which limits the dose rate at the site boundary to
10 mrem/y. From this, it was shown that tritium handling and cleanup
requirements are the same for both designs. Work previously done for
tritium confinement and documented in the 1982 U.S. INTOR Report supports
the above.

This report contains tabulations of estimated tritium releases
during normal maintenance and accident modes, costs for atmospheric
tritium recovery systems for different operating conditions, environmental
releases, worker dose, and reactor availability achieved based on the
two maintenance approaches. The major conclusions reached were that:
(1) maintenance generates a major fraction of the tritium releases;
(2) leakage from water coolant systems is a major contribution to tritium
releases; (3) environmental releases are the same for either approach;
(4) the environmental release is dependent on the amount of gas vented
and/or leaked frnm a given area; [a tight system with leakage <1 vol %/h
is assumed); (5) an atmospheric tritium recovery system (ATR) for main-
taining levels <50 uCI/m3 is not economically justified for either
approach.
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Section VI.2.3, Shielding Requirements, includes an analyses of
the additional outboard shield required to reduce the dose rate lev2I
by a factor of 5 for the reference design. An additional 11 cm is
required to go from 2.5 to 0.5 mrem/h The reference design can eas." ly
accommodate the extra thickness because the TF coil bore is sufficiently
large. This is one approach to meeting the ALARA requirement stipulated
>' DOE guidelines. Although this is not specially related to the comparison

ji the two approaches, this work was included to show that increased
worker safety for the personnel access case could easily be achieved.

3.5 Flexibility of Operations

The INTOR device, or any next-generation fusion reactor, will b>'
an experimental device to test the developments of physics and engineering
technology. In addition, such a machine will also be operated to achieve
high levels of D-T fusion, inherent to all of t us will be a. high degree
of risk and uncertainty, particularly regarding the operation and mainte-
nance of systems without established reliability data. In order to tip
the balance of uncertainty in the right direction, the greatest amount
of flexbility for operating and maintaining these devices must be incorporated
into their design, consistent with sensible engineering practices and
acceptable costs. A design which is based solely on an all-remote approach,
and which excludes personnel access, clearly does not provide the flexibility
of the present reference design.

Flexibility is a concept which is difficult to quantify in the usual
sense, that is, by measuring materials, time, and cost. This is because
it is extremely difficult to postulate every event that can occur in a
device which has never before been built. Given the boundaries of the
comparison between two approaches, one which permits personnel access
(albeit limited] and the other which excludes personnel access, it is
intuitive that situations will arise which are most effectively handled
by one or the other. For example, under extreme emergency or accident
conditions in which personnel cannot er.ter the reactor cell, the all-remote
design has clear cut advantages. But for the numerous routine and minor
situations, a properly equipped technician can be more effective in less
time if personnel access has been designed for. The design approach which
is based on the full range of possible scenarios obviously provides
maximum flexibility.

It should be pointed out here that the shield analysis of Section
VI.2.3 indicates that it is desirable to place radiation shielding as
close as possible to the source, vis a vis eliminating 50 cm of outboard
shield at the device added approximately 120 cm to the thickness of the
reactor building wall. Therefore, it appear cost effective for the
shield to provide for personnel access in anv event.
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The main conclusion of this study has been influenced by flexibility
considerations irrespective of the facts that the reference design produces
less downtime on average and may require a slightly reduced inventory
of maintenance equipment. The most sensible approach is that which is
based on a design for all-remote operations, but which utilizes personnel
when it is advantageous to do so.

3.6 Costs

The costs which were investigated for this study are only those which
relate to differences between the two maintenance approaches. No attempt
was made at refined economic analyses since only relative cost differences
are important for the comparisons which are presented. These are: the
cost value of device downtime, the cost of person-rem exposure for the
personnel access approach, the cost difference of maintenance equipment
needs, and the cost impact to the reactor building caused by reducing the
outer device shield.

The cost value of device downtime can be estimated by making two
assumptions: (1) that the total capital cost for INTOR is $2B and that
its total operating life is 15 years; and (2) that 140 professional staff
are required for operations at an individual cost of $100 K/y. Then,
the cost per hour for item (1) is $1SK, and for item (2) $7K yielding
$22 K/h for nonproductive operating time. Clearly, this is an extremely
oversimplified approach but, nevertheless, one which provides some means
for comparison. From Table VI.2-37, it was shown that personnel access
operations require approximately 13% less downtime than the all-remote
approach, or 50 h per year. This translates into an annual saving (or
gain in productive use of the device) equal to $1.1M.

Appendix II is a simplified analysis which compares the cost of
substituting personnel operations with additional remote handling equip-
ment. In general, the additional cost of equipment is not justified
because the estimated exposure levels to personnel are extremely low.
This can be used as an argument to support the use of limited hands-on
operations; however, the flexibility of choosing the most effective
approach for a particular maintenance scenario (personnel vs all-remote)
is a stronger argument because cost differences are small.

The cost difference for maintenance equipment was estimated in
Section VI.2.6.1 and indicated that the all-remote approach could require
an additional $7M. This represents a 10-15% increase over estimates
for maintenance equipment capital costs, but is « 1 % of the device capital
cost. On this basis, it is likely that the additional investment for
this equipment should be made in order to provide the capability for all-
remote operations in emergency situations.

An estimate of the cost difference for the reduced outboard shield
was made. Recall that for the all-remote case it is possible to reduce
the outboard shield by 55 cm, contingent upon increasing the reactor
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building wall thickness by approximately 130 cm. The reduction in the
outboard shield volume is ~168 m3; and for an 80/20 steel and water shield
this is -1.17 * 105 kg. Using $21/kg, the reduced shield cost is $24.6 M.

The volume of additional concrete at the building wall was estimated
to be 3 x IO1* m3. Using a cost of $400/m3, the additional building
cost is $12M.

Therefore, an all-remote approach with minimum shielding at the device
appears less costly. However, the $12.6 M difference must be reduced
by the additional $7.0 M for manipulator systems, and the fact that reactor
cell activation is increased by 101* which will impact decommissioning
costs and will double refrigeration costs for the TF coils.
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3.7 General Conclusions

A configuration based on all-remote operations but which permits
limited personnel access is the preferred approach. Some of the general
conclusions which resulted from this study are listed below.

1. No significant cost differences between the two approaches were
identified.

2. Exposure levels to personnel were judged to be acceptable and were
based on estimates of lifetime maintenance operations.

3. Atmospheric tritium recovery systems for the two approaches are of
comparable size and cost. t

4. Bakeout for detritiation and plasma chamber reconditioning are
required for both approaches.

5. Cask containment of components can greatly reduce device downtime,

6. Device availability was virtually the same for both approaches.

7. Tritium safety is not a major issue in evaluating both designs, and
safety issues in general are the same for both approaches.
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4. DATA BASE ASSESSMENT FOR REMOTE HANDLING TECHNOLOGY

The data base assessment (DBA) for remote handling technology
which was included in the INTOR Phase Zero report [1] lacked detail and
perhaps reflected the fact that development was underway and results
were yet to be obtained. The concluding remark for this DAB was "In
general, it is believed that a proper data base can be established in
the next few years to meet these objectives," namely those of achieving
an availability of 50%. Conceptual design studies during the same
period concluded that present state-of-the-art tec ;nology coupled with
further development was sufficient to support next-generation fusion
devices [2,3].

Recently,•two topical conferences dealing with remote handling
technology [4,5] have provided a forum for presenting the latest develop-
ments in manipulator systems, robotics, viewing, etc. These conferences
support earlier conclusions that the technology base does exist for
remote maintenance problems and that additional development will enhance
remote operations on fusion devices.

In the U.S., the largest concentrated effort since the intensive
program at Argonne National Laboratory in the 1950's and 1960's is at
Oak Ridge National Laboratory for the development of manipulator systems.
The ORNL work encompasses a full range of activities from manipulators
and TV viewing through radiation-hardened electronics and remote tooling.
The rapid advances in the late 1970's and 1980's in microelectronics and
materials provide the foundation for new remote systems. In addition,
developments and applications of robotics and simulation techniques will
add a new perspective to fusion reactor maintenance.

Although many of these developments are based on fission fuel repro-
cessing requirements, most of the results are generically applicable
to remote operations in fusion. This section attempts to concisely
outline the DBA and to support the conclusion that the technology base
exists to support a next-generation device in the next five years.

4.1 Computer-Aided Robotic Design and Simulation

This section addresses the application of computer graphics systems
(CAD/CAM) to the maintainability aspects of the engineering development
of INTOR. It begins with some definitions and a brief discussion of the
general nature of the maintenance tasks for INTOR. Next, the unique
capabilities of the CAD/CAM systems to the INTOR maintenance task. Some
discussion is presented at this point on the subject of remote equipment
control. Remote equipment performance requirements are reviewed in the
context of how they might be developed by the use of a CAD/CAM system.
Finally, other graphics imaging techniques are identified.
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Some acronyms are used in the following discussion, and they are
defined as follows:

CAD - Computer aided design
CAM - Computer aided manufacturing
CARD - Computer aided robotic design

The CAD/CAM or CARD work station is illustrated in Fig. VI.4-42 and would
typically consist of the following units: two CRT's, a function keyboard,
control dials, a data tablet, and an alpha numeric keyboard. Functions
of the work station include:

• A vector refresh display
• A separate monitor for menus and messages
• Control of basic operations performed on specific entities
• Translating, rotating, and scaling of the entire three

dimensional display.

Additional equipment, not necessarily at the work station, include
hard copy printing and high speed digital computing facilities.

Fig. VI.4-42. CARD work station.
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The maintenance tasks for INTOR will be performed in the test cell
in the hot cell(s), and in the storage areas. These tasks will consist
of the following functions—inspection, condition assessment, replacement
of components and assemblies, and storage. These functions will involve
viewing inside and outside of the reactor, locating components with some
degree of precision, attaching, detaching, and transporting. Many, if
not all of the tasks must be accomplished remote1--, and a broad range of
manipulative dexterity is required. In general, the size of the components
handled in the test cell will be large and heavy. Hence, .the kinematics
will, of necessity, be as simple as possible. In the hot cell, the
components replaced will be smaller and more complex. Hence, the sophisti-
cation of the kinematics required will be much higher. Since the activities
are off-line, the consequences of delays are less significant.

The basic drawing capability of CAD/CAM is well known. What is
not so well known is the dynamic simulation capability provided by certain
software programs. With this software, the kinematics of an articulated
system may be graphically portrayed through the entire range of motion
as a function of time. In addition to the articulated system, the work
cell may also be simulated in three dimensional isometrics. Yet a third
feature is the representation of the component or part which is to be
manipulated within the work cell by the aritculated device. An example
of a robot simulation in a work cell is shown in Fig. VI.4-43.

Some of the software depicts the kinematics in the form of stick
models. However, more sophisticated programs permit solid model generation
with surface shading features. Other features available include the
ability to adjust the dynamic behavior of the machine from an "as-designed"
situation to an "as-built" situation.

There are three general categories of tasks for which the unique
capabilities of the CAD/CAM systems and their associated software are
applicable. These are:

© Control
e Training
® Design

In the control category, the most immediate application is in the
programming of automated machine functions (robotics). After the
kinematics of the machine have been developed for specific tasks within
the work cell, the program stored within CAD/CAM can be transferred
to the actual robot. This feature eliminates the teach-playback mode
and can be accomplished without the human operator ever entering the test
cell or the hot cell.

In the training category, both basic familiarization skills and
rehearsal for actual maintenance can be accomplished with the CAD/CAM
systems. Procedures can be developed, checked out, and verified. Changes
in configuration of the reactor, facility or equipment can be programmed
in the CAD/CAM and reprogrammed back into the actual equipment.
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ROBOTIC ANIMATION
13-5940

1. ROBOT ATTACHING END-EFFECTOR

3. ROBOT GRASPING PART

2. ROBOT MOVING TOWARD PART

4. ROBOT RIVETING PART

Fig. VI.4-43. Robotic simulation modeling.
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In the design category, all of the maintenance equipment design
features can be developed with the CAD/CAM. Because these features
are uniquely related to the INTOR device features, these latter features
may be modified in the appropriate phase of the design process to optimize
the interface between the reactor and the remote equipment.

There are basically two remote control concepts. The two concepts
are:

0 All programmed control (robots)
• Man-in-the-loop (tele-operator)

Man has the ability, provided he has sufficient data, to make good decisions
without the benefit of having accomplished the identical procedure before.
Hence, the rational capability of man substitutes for what otherwise
would require an extremely large memory storage capability in the computer.
On the other hand, given a boring, repetitive operation, man is prone
to make mistakes due to lack of concentration.

The computer controlled machines (robots), on the other hand, are
very adept at repetitive tasks, do not lose concentration, but are limited
in memory. So far, the machines have little, if any, rational capability.
Hence a tradeoff is required to decide the extent of robotic activities
versus man-in-the-loop.

Because CAD/CAM is basically a simulation technique, the entire INTOR
system may be studied to obtain optimized interface relationships between
facilities, reactor configuration, auxiliary subsystems, and maintenance
equipment. This can all be accomplished before the system components
are subjected to detail design and, subsequently, to hardware. For
instance, this activity could well be during preliminary design at a
time to influence all, or almost all, procurement specifications.

Another type of graphics imagining is the one similar to the flight
simulators used in aerospace [6] and dragline simulators used to train
operators of coal mining equipment.[7] These simulators consist of a
control console and a display screen. The view or display may be created
either by the camera and the scale landscape or by computer. Some example
of computer generated scenes are presented in Ref. 6. The control console
replicates the actual control. On the screen is projected the view that
the operator would see from a selected vantage point. For INTOR, the
vantage point might be the operator's cab location on a bridge crane
or some strategic location on a piece of mobile equipment traveling on
the reactor room floor. The scene displayed is the reactor room from any
vantage point. The applications of this technique are twofold. First,
it may be used as a simulation for training, experimenting and for rehearsal.
Secondly, the control console may be connected to actuation devices on
the actual equipment. Hence, the actual machines are controlled at the
console.
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4.2 Manipulators and Robotic Technology

The development of remote handling techniques for the nuclear
industry began almost 40 years ago with the inception of the first
nuclear reactor. The objective then, and still is, reduced radiation
exposure of operating personnel and increased availability of the nuclear
facility. Contributions toward this effort over the years are numerous.
These include the provision of facilities and equipment to:

• remotely store and ship spent fuel assemblies from nuclear
reactors;
perform detailed examinations on radioactive fuel and materials;
reprocess spent reactor fuel;
consolidate, solidify, and package high-level waste;
contain radioactive contaminants; and

I decontaminate and repair radioactively contaminated equipment.

Of thefexisting nuclear facilities, the most comparable to a fusion reactor
(i.e.,lfrom a maintenance viewpoint) are those used to reprocess spent
nuclear fuel. There is a large quantity of complex process equipment
in these plants—some of which is 14 m high and weighs oS t. The radiation
levels range up to 108 rem/h, and large quantities of radioactive gases
must be contained. The tanks, vessels, and columns are interconnected
by thousands of x'ipes ranging in diameter from 12 mm to 450 mm. Numerous
valves, thermocouples, and diagnostic instruments are used to control
the process operations. The operating goals at these plants are very
similar to fusion and include reducing the exposure of plant personnel
and achieving high plant availabilities.

The technology which has been developed for these fuel reprocessing
plants, as well as developments from fission reactors, is directly appli-
cable to the needs of operations and maintenance in a fusion reactor.
Discussed below are details of the current state-of-the-art in remote
technology and its application in a fusion facility. This discussion
not only covers the design of remote equipment, but also examines the
design "eatures of the facility and process equipment which must be
incorporated in order to successfully employ a remote operation and
maintenance system.

Remote Equipment - Manipulators

There are three main types of manipulators now in use in the nuclear
industry: (1) the mechanical master/slave manipulator (MSM), (2) the
power manipulator (PM), and (3) the electrical master/slave manipulator.
Appenuix III contains a listing of various manipulator systems and the
suppliers.

The oldest of the three types is the mechanical master/slave manipu-
lator. The first MSM was developed in 1948 by the Argonne National
Laboratory (ANL) . Although there have been refinements since then., the
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basic concept and features of MSM's have remained unchanged. These
general-purpose manipulators are capable of performing a wide variety of
operations with speed, accuracy, and dexterity relative to other methods
available for remote handling. The major drawback of the MSM, however,
is its lack of mobility. MSM's require a support structure which
normally takes the form of a shielding wall which severely limits the
area which can be serviced. For this reason, the applications for
MSM's in a fusion facility are rather liirited.

The second type of manipulator, the power manipulator (PM), was
developed by General Mills at approximately the same time as the MSM.
The PM is driven by electric motors which are switch-controlled rather
than being controlled by a direct linkage (either mechanical or electrical)
as in a true master/slave arrangement. These general-purpose manipulators
are capable of performing a wide variety of operations but"usually with
less speed, accuracy, and dexterity than is achievable with a true
master/slave manipulator.

The newest type of manipulator is the electric master/slave manipu-
lator (EMSM). The EMSM is similar in basic concept to the MSM except
that the master and slave units are connected by an electrical linkage
rather than mechanical. This feature allows mobility of the slave
unit which enables a single EMSM to service a larger area of a given
facility. Like the MSM's,fEMSM's have excellent dexterity as well as
the capability for force-r?ef lection. From operating experience, the
EMSM appears to be as reljjable as its mechanical counterpart. The EMSM's
at the Los Alamos Meson Physics Facility, for example, have demonstrated
an availability in excess of 95%.

Robotics and Controls

A great deal of development work is currently underway in the field
of remote technology. While the details of a portion of this effort
are discussed in the following section, discussed b<-low are some of the
expected results.

The field of microelectronics continues to experience an explosive
growth in new technology. These advances in the state-of-the-art pave
the way for corresponding advances in the field of remote technology.
The control systems for remote equipment will continue to benefit from
these advances in microelectronics. Development work is underway on
teachable robotic manipulators. This development, while still in the
prototype stage, will allow the operator to "teach" the manipulator to
perform a given task by manually guiding the manipulator through the
required movements. While this is occurring, the corresponding position
information is recorded in the control system microprocessor. When
it is desired to perform the operation again, the recorded "lesson" is
merely "played back." The microprocessor-based control system will also
enable other unique features. One of these will be automatic tracking
of closed-circuit TV cameras. In such a system, once the camera is
positioned initially, the control system will track the TV camera to
keep the same item in view at all times. This will reduce the amount
of operator actions for a given task.
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Development work is also underway on new methods of signal trans-
mission in an effort to get away from bus bars, festooned cables, and
cable tracks. Some of the techniques thought to be possible: line-of-
sight optical, free-space radio frequency, confined radio frequency,
digital laser optical, and a noncontact bus bar concept based on an rf
slotted transmission line configuration.

Current Research and Development Programs

Remote Technology Corporation (REMOTEC) of Oak Ridge, Tennessee,
is currently performing an evaluation of robotics applications in fusion
inspection and maintenance. This effort, which is sponsored by the U.S.
Department of Energy, seeks not only to evaluate the feasibility of remote
inspection and maintenance in fusion reactors, but also encompasses the
evaluation of industrial components for this application. Also being
evaluated are deployment schemes for transporting robotic inspection
and maintenance equipment within the reactor building and at specific
work areas.

Oak Ridge National Laboratory (ORNL) is currently involved in a
five-year development program for remote systems development. This
effort is part of the Consolidated Fuel Reprocessing Program (CRFP)
at QRNL. As part of this work, an entirely new type of remotely-
maintainable servomanipulator is being developed. This manipulator
features force feedback and a state-of-the-art distributed control
system. The control system (which is microprocessor-based) will have
many advanced features such as nonlinear servo-control algorithms,
robotic slave manipulator operation, and automatic CCTV camera tracking.
A more detailed discussion follows.

Examples of other areas of ongoing research and development efforts
are presented in Table VI.4-39. [8],

Advanced Manipulator Development; M-2 and ASM

M-2 Description

The M-2 is an all digital-controlled, bilateral remote servomanipu-
lator system. The two arms are force-reflecting in an elbows-up
configuration controlled by a distributed microprocessor-based digital
control system. The system was developed jointly by ORNL and Sargent
Industries, Central Research Laboratories Division. The M-2 is being
used currently as a prototype servomanipulator for the Remote Operations
and Maintenance Demonstration (ROMD) Facility at ORNL to demonstrate
the feasibility of remotely maintaining chemical and mechanical process
equipment. It has been used in these prototype demonstrations for more
than a year in cold mockup area applications. It is bilateral, has
7 DOF and a loading capacity of 23 Kg continuous and 46 Kg peak. Its
performance parameters are shown in Table VI.4-40. Its operating parameters
are listed below.
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Table VI.4.-39. Examples of Current Research and Development Efforts
in Remote Systems

Robot Capability

Sensing

Gripper Design

Robot Control

Programming

Robot Arm Design

Other

Research Programs

Computer analysis of images
3D, stereo edge, textile vision
Tactile sensing
Force sensing
Camera systems
Pattern recognition
Interface development
Multiple light sources and motion to analyze scenes
Radar, sonar, and infrared sensing
TV/digital interface
Collision avoidance
Compliant tactile sensing

Multi-fingered flexible gripper
Force sensing parallel jaw grippers
3-fingered flexible gripper
2-fingered multiple gripper with sensing

Adaptive, flexible linkages
Cartesian force control tracking
Cooperating manipulators
Self-learning control
Integration with CNC and CAD/CAM
Control system for robot safety
Integrative feedback low-level computer control
Dynamics, kinetics, inertia
Improved accuracy and speed

Higher level language development
Geometric modeling
Real time interactions between sensors and control
systems
Of f - l i ne programming
Programming languages for non-technical ind iv idua ls
Software for v is ion system

9 High performance arm
• Gearing, stepper vs. DC motor
• Greater precision

© Art i f ic ia l intelligence (speech, vision)
• Robot mobility
• Impact of robot introduction on employees
© Man-machine interface
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Table VI.4-40. Performance and operating characteristics of

Model M-2 servomanipulators

X Y Z
(•houtdarraU) (elbow pitch) (ihouldtr pitch)

Elevation
(pitch) T . -

MaiUr maiimum torqua
or forca 111 N

Slav* maxiffliuo contin-
uous operating torqua
or forca 222 N

Peak slave torqua or
force 443 N

Maximum no-to*d linear
or angular velocity

Slave arm notion rang* t4$*

111 N 111 N !7N-m 13 N-ra 12N-m 111N

222 N 222 N 56N-m 47 N-m 40N-m 44S N
Squeea

445 N 445 N 108 N-m 90N«m 77N«m 667 N
Squeeze

>1.5m/i >l.5m/i >344 >400 >344 ».0m/»
deg/s deg/i deg/f

±45* ±45*;
25S* total
with indexing

1210* -MO*; ±180* Tona. 0.08 m;
-123* handl«C07m
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Q Mobility - The M-2 is mounted on an overhead trolley with
a telescoping tube. The M-2 can be positioned to any loca-
tion in the facility within t^e travel ranges of the over-
head crane and telescoping tube transporter.

s Type of Control - The M-2 can be controlled by either force-
reflecting, position-servocontrol or digital, programmable
automatic control.

a Sensors - The viewing system for the M-2 is a set of remote
television cameras with powered zoom lenses and position
control. Other sensors include digital encoders for position
measurements and tachometers for motor speed measurements.

© Actuators - The slave is operated by gears and stainless steel
cables and driven by brushless dc servomotors.

0 Size and Weight of the System - The slave arms weigh about
625 lb each.

0 Materials of Fabrication - The M-2 is made of stainless steel
and aluminum.

© Protection from Contaminants - The M-2 has a fairly open
configuration and would be difficult to boot or otherwise
seal against external contaminants.

@ Possibility of Cleaning and Decontamination - The M-2
servomanipulator is similar to conventional master/slave
manipulators with drive components open to the surrounding
atmosphere. Cleaning and decontamination would require hands-
on disassembly of the slave arms.

ASM Description

The Advanced Servomanipulator (ASM]) is an all gear-driven remote
manipulator. It has arms in an elbows down position with gear/torque
tube power drives. It is of modular construction for ease of remote
component replacement. Figure VI.4-44 shows the modular arrangement
of the ASM. The ASM is being developed for use as a remote maintenance
manipulator for a nuclear fuel reprocessing plant. It is designed for
use in a high-radiation reprocessing environment. However, the develop-
mental ASM system presently being built will be installed and tested in
a nonradioactive demonstration facility. Its characteristics are listed
below.

Number of Arms - 2
DegTee of Freedom - 7
Loading Capacity - 23 kg per arm
Velocity of Movements - 1.0 m/s
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Fig. VI.4-44. ORNL - Advanced Servomanipulator.
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Mobility: The ASM is designed to be attached to a mobile trans-
porter, such as an overhead crane, to allow maximum coverage of the
manipulator system within a facility.

Type of Control: The ASM can be controlled by force-reflecting,
position-position servocontrol, or digital programmable automatic
control.

Sensors: The viewing system for the ASM are a set of remote
television cameras with powered zoom lenses and position control. Other
sensors include digital encoders for position measurement and tachometers
for motor speed measurement.

Actuators: Shoulder-mounted, brush-type dc servomotors.

Size and Weight of the System: Each arm weighs approximately
300 lb.

Materials of Fabrication: The ASM bearings are made of 440C
stainless steel. The gears and shafts are corrosion-resistant, 17-4PH
stainless steel. The various housings are made of passivated 6061-T6
aluminum.

Radiation Hardening and Operating Environment: The ASM is designed
for use in high-radiation environments with selection and use of appropriate
materials.

Maintainability: The ASM is remotely maintainable and modular for
repair and replacement by another ASM system.

Protection from Contaminants: The drive train components of the
ASM slave arms are contained within the arms and are mere easily booted
or sealed to protect from contaminants.

Possibility of Cleaning and Decontamination: The ASM is designed
for decontamination.

4.3 Transport Systems

An automatic sampler vehicle is discussed below to illustrate the
advances in transporters, primarily in the area of controls and precision.
The sampler vehicle is a track-guided, battery-powered, automatically
controlled vehicle designed to obtain liquid samples at predetermined
locations within a nuclear fuel reprocessing facility. The liquid samples
are drawn from process vessels by air ejector/air lift combinations to
small sample bottles located on sampling stations adjacent to the
vehicle's track. The vehicle precisely positions itself at each sampling
station, retrieves the filled sample bottle, identifies the bottle, and
replaces it with an empty bottle. Figure VI.4-45 is an exploded view
of the ATLS transporter.
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The present vehicle is a developmental unit which has demonstrated
automatic sampling of nonradioactive liquids in a "cold" test facility.
There are five independent drive axes to perform the sampling functions
on the vehicle. These are: (1) vehicle propulsion, (2) bottle tray-
translation, (3) bottle gripper, (4) bottle elevator, and (5) bottle
tray indexer. The vehicle's maximum design velocity is 250 ft/min.

The vehicle can travel any place in the facility where track is
provided. The batteries are sized to provide two hours of vehicle
operation prior to automatic recharging. The bottle tray.translator
positions the tray to receive a sample bottle. The bottle gripper/
elsvstor rises to the sample bottle on the sample station, grips the
bottle, and lowers it into the sample tray. The bottle tray indexer
rotates the tray to allow bottle identification, then rotates again to
position an empty bottle for replacement to the sample station. The
gripper/elevatcr then raises the empty bottle onto the sample station.
The vehicle propulsion unit can position the vehicle to within 0.5 cm
of the required sample station position.

Control of the vehicle operation is provided by an on-board pro-
grammable microprocessor which communicates via radio link to an out-of-
cell host computer. Position sensors include incremental encoders on
the vehicle propulsion unit, tray translator, and bottle gripper/elevator
mechanisms, and an absolute encoder on the tray index drive. An infrared
light sensor system is used for sample station identification and a
bar code reader identifies the bottles. Various diagnostic instruments
are also included on the vehicle to detect both normal and abnormal
operating conditions.

The vehicle propulsion unit is a 3/4-hp dc electric motor. The
other drives are actuated by small dc stepper motors. The overall
dimensions o£ the present vehicle are approximately I m x l m x 2 m .
The total weight of the vehicle is 700 kg, of which approximately
250 kg is on-board shielding for the electronic components. The primary
materials used in the construction of this vehicle are aluminum (anodized)
carbon steel, stainless steel, and alloy steel.

Since this vehicle is a development unit, it will not operate in
a remote radioactive environment. However, many remote features have
been included in this vehicle to allow testing and demonstration of
those capabilities. The vehicle was designed to be modularized for
remote maintenance by remote servomanipulators. Operation in a radio-
active environment would require appropriate provisions such as shielding
for the on-board electronics and selection of materials for sufficient
life in the proposed environment.

4.4 Cutting and Welding Equipment. Mechanical Joints

Laser Cutting

A remotely operated laser cutting system is being developed to
perform various types of metai cutting for disassembly of spent nuclear

135



ATLS SWTEM VEHICLE EXPLOOED ASSEMBLY -

Fig. VI.4-45. ATLS system vehicle exploded assembly.
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fuel assemblies in a nuclear fuel reprocessing plant. A 9-kW carbon
dioxide industrial laser generator is combined with specially designed
electromechanical positioning drives and digital programmable process
controllers to comprise the remote laser cutting system. The present
system is a development unit which will demonstrate the preferred laser
cutting process on nonradioactive materials in a "cold" test facility at
ORNL. Figure VI.4-46 is a schematic of the laser cutting system.

The speed at which any material can be cut depends on several
factors: material thermal properties, laser beam power, material thickness
or depth, and the accuracy of which the depth of cut must be controlled.
For example, 3 mm stainless steel can be cut at approximately 2.5 kW
and 125 cm/min. Characterization of the debris from cutting stainless
steel indicates all the debris is particulate, no vapors or gases were
observed. Essentially all the particles are spherical and of sizes less
than 208 ym but greater than 1 ym. The mass of debris removed is depend-
ent upon the depth and width of the cut needed; however, the minimum
width of the focused beam is approximately 1.5 mm.

For laser cutting equipment, there are at least two major components
which must be considered for size and space allocation: (1) the laser
beam generator and (2) the laser cutting equipment. Other possible
equipment which would also need to be considered fOT sizing (depending
on operational or facility requirements) may include (3) a separate
operator control station or (4) laser beam transport systems, if the
distance between the laser beam generator and the material to be cut is
large (>25 m) or the laser beam path is not direct. Minimum space
requirements for the laser beam generator, power supply, cooling,
controls, and personnel access would be approximately 30 m2. The cutting
equipment covers an area of approximately 10 m by 2 m and the maximum
beam path length is approximately 20 m.

Actuators used for the cutting position drives are direct current
servomotors to allow position and speed control. Other actuators on the
cutting equipment include dc stepper motors for the mirror alignment
drives and alignment target drives.

Although the current development laser cutting system does not
operate in a radioactive environment, it has been designed and built
with features which will allow testing and demonstration of the capabilities
needed for that type of installation. Due to the operational and main-
tenance requirements of the laser beam generator, it is not feasible
to install that equipment in a radioactive environment. Therefore, only
the laser cutting equipment, which includes the mirrors and associated
drive components are located in the remote environment. The laser
beam would be transmitted into the remote environment via a window in
the containment boundary.

Provisions have been made for the laser cutting equipment to be
modularized and remotely maintainable by remote manipulators. Also for
a radioactive environment, structural materials must be selected to allow
decontamination, and other materials must be selected to provide
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satisfactory life for the required function in the environment specified.
Standardization of all connectors (mechanical, electrical, piping, etc.)
is an important requirement for remote maintainability. The laser cutting
equipment utilizes a standardized bolt size where possible, and commercially
available quick disconnect couplings for electrical and piping connections.

LASER SYSTEM FLOOR PLAN

HIGH VOUAGfc POWER SUPM.Y ^ - * - ^• • • • o

Fig. VI.4-46. Laser cutting system.
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Remote Mechanical Connectors

A number of specialized remote pipe connector have been developed
for nuclear applications. A representative listing of these is included
in Appendix III.

In a modular arrangement of process equipment there will be a need
for remote electrical connectors in addition to pipe connectors. The
availability of electrical connectors suitable for remote handling
applications is limited when compared with fluid connectors. There are
a few, however, which have been developed and have successfully been
used in remote nuclear facilities. These are listed in Appendix III.

4.5 Sensors, Lighting, Viewing, Test, and Inspection Systems

Inspection Equipme " In addition to equipment for the performance
of maintenance tasks and material handling, there is a need for equipment
to perform remote inspection during operations. As is the case with
manipulators, remote inspection technology exists, having been developed
for fission plants and other nuclear facilities. A listing of possible
applicatons for remote inspection in fusion facilities, along with the
type of device needed, is presented in Table VI.4-41.

Viewing Systems. In addition to providing operators with visual
feedback during remote maintenance operations, viewing systems are an
important part of inspection equipment, as discussed above. This equip-
ment includes items such as shielded viewing windows, closed-circuit
television, perisopes, borescopes, fiber optics, and lighting. A great
deal of experience in viewing systems has been developed in other
nuclear facilities which will be directly applicable to a fusion facility.
Most of the viewing equipment is commercially available, but it may be
necessary to perform some modifications to adapt the equipment for remote
maintenance or inspection tasks.

4.6 Computer Aided Teleoperation and Artificial Intelligence Systems

This section addresses the applicability of computer-aided teleoperation
and artificial intelligence to INTOR maintenance tasks. First, it is
helpful to define what is meant by teleoperation and artificial intelligence.

Computer-Aided Teleoperation (CAT) - Teleoperation is a machine
activity which duplicates some of the manipulative capabilities of man.
It is remotely controlled by man either through a direct mechanical system
or electrically through a servo system. A computer aided teleoperator
may have one or more configurations. The computer may be used to program
some of the manipulative kinematics or the computer may be used to create
a simulated view of what the device is working on.
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Table V I . 4 - 4 1

INTOR MAINTENANCE ACTIVITIES WHERE ROBOTICS
AND ARTIFICIAL INTELLIGENCE (AI) HAVE AN APPLICATION

A c t i v i t y

(1) Simulating

(2) Training

(3) Statusing

(4) Scheduling

(5) Preparing

(6) Inspecting

(7) Replacing

(8) Transporting

(9) Refurbishing

(10) Storing

(11) Disposing

(12) Procuring

(13) Evaluating

Robotics Applicability

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

AI Applicability

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Possibly

Possibly

Possibly

Possibly
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Artificial Intelligence (AI) - The capability of the computer to
solve problems aided by the incorporation of some specific attributes
of human intelligence such as perception (me or more of the five senses),
learning, ability to communicate in a natural language, expert knowledge
and common sense.

Generic Maintenance Activities

In ascertaining the ways that CAT and AI techniques may be applied
to INTOR maintenance activities, it was decided to list the generic
maintenance activities, define them, and to examine each one in terms
of possible applicability of CAT and AI. The activities are as shown
below. In this list, the ordering of the activities has no particular
significance. When they are ordered and quantified with regard to time
required and frequency of occurrence, they would provide all the elements
for assessing availability and the basis for improving availability
with increasing experience (time).

• Simulating
» Training

Statusing
Scheduling
Preparing
Inspecting
Replacing

Transporting
Refurbishing
Storing
Disposing
Procuring
Evaluating

Simulation - A representation or imitation of a subject activity
with audio, visual, and computational techniques. Examples are flight
simulators (ala Link Trainers) and existing CAD/CAM simulation software
for describing robotic kinematics. The software simulation, in the case
of INTOR applications, could be used for design, experimentation,
training or maintenance procedure verification.

Training - The educational and skill development process to bring
the capability of operating personnel to an optimum level in relationship
to the maintenance machine interface. Training is also applied to increasing
the capability level of the machine, i.e., through programming and
artificial intelligence.

Statusing - The describing of the condition of a part or component
in the system. Describes the part or component, where it is in the system,
i.e., on the reactor, in the hot cell or in storage. If it is in operation,
how many hours of operation does it have on it, what is its performance.
If it fails, the nature of the failure, maintenance procedure, and what
other components are affected.

Scheduling - The time phasing of tasks including the equipment,
personnel and software in the test cell, hot cell, control room and
storage areas. When a preventive maincenance outage occurs, additional
maintenance tasks are identified and scheduled to take advantage of the
down time.
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Preparing - This is the conditioning of the environment and
topography prior to initiating the actual maintenance task. It includes
safaty-related tasks such as data processing, hazard assessment, etc., of
a component, part or piece of software.

Inspection - An examination of the condition of a component, part
or piece of software. It may be a visual examination or it may be a
measurement of some feature of the component. The component may be
examined in a static condition or its behavior in a dynamic condition
may be observed.

Replacing - This activity involves the detaching or disconnecting
of supporting electrical and fluid lines, the disconnecting of structural
support fittings, and the attaching of fixtures in the removal phase.
Similar activities are performed in the installation phase.

Transporting - The movement of components to the location where they
will be installed, refurbished or stored.

Refurbishing - This activity is defined as occurring at the hot cell
(or warm cell if employed in the concept). It consists of those tasks
which will restore the component to proper working condition. Proper
working condition may be in terms of performance or in terms of life
expectancy. Replacement in the test cell is simply a higher order
example of refurbishment.

Storing - This activity is the organized locating or positioning
of spare parts or components such that replacement activities and refur-
bushment activities may occur without delay. Storing requires an inventory
system and may require radiological shielding.

Disposing - A failed component may be deemed to not be economically
refurbished. Hence, it may be scrapped. If it has been activated by
neutrons, it will require controlled disposal. This, in turn, may require
that it be packaged in certain ways. Hence, it may be cut up and installed
in special containers. All of the above activities are considered to be
a part of disposing.

Procuring - If the inventory of paTts is to be conserved, the disposed
parts must be replaced through the purchase of new parts. This procuring
activity is an ongoing task, at least to the point where the inventory
is allowed to be depleted prior to decommissioning.

Evaluating - The process whereby the behavior of parts and components,
including software, is measured and systematically examined to flag those
situations wher^ improvement in design or performance is required, desirable
or satisfactory. Included is the evaluation of procedures and processes,
personnel skill levels, etc.
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Man/Machine Relationships in INTQR

Shown in Fig. VI.4-47 is a sketch of the evolutionary sequence
in the man machine relationship.

The maintenance activities for INTOR must of necessity be largely
without man's presence in the reactor room. Hence, in the evolutionary
scheme of things, almost all of the major activities will include man/
machine relationships, as shown in Fig. VI.4-47 to the right of the
vertical line. Certainly, in the early stages of development, we will
be close to the remote activity boundary (to the left in Fig. VI.4-47
As we become "experts," we will transfer this knowledge to machines and
move to the right. Where we wind up will depend on such factors as cost,
risk to personnel, time to perform tasks, flexibility and adaptability
of maintenance elements, including man, and reliability.

Applicability of CAT and AI

Some of the generic tasks shown in the above list do not lend them-
selves to robotics or to artificial intelligence. Hence, the generic
tasks are repeated in Table VI.4-41 and the applicability of the two
technologies are noted. It should be noted, however, that all of the
tasks will probably utilize some type of software to enhance the
effectiveness of the activity.

4.7 Reliability, Availability, and Maintainability

As part of the first phase (study phase) of the DOE Fusion A;rail-
ability Program, an effort has been made to assess reliability and main-
tainability data that can be used to perform availability analyses on
fusion devices. Note that the precision of availability analysis is
limited by the level of data (subsystem, equipment, component, etc.)
available; the accuracy is a function of the data's applicability to the
device being modeled. The DOE effort has been directed at both failure
rate (mean time between failure) and repair rate mean time to repair)
data requirements. Since repair rates are to be generated by performing
task-time analyses for repair procedures, the data requirements for INTOR
availability analysis are in the failure rate category only.

Data sources examined so far include existing documented reports
and experience from U.S. fusion projects. Documented sources include
various fission nuclear power reports, industrial standards and military
reliability handbooks. A list of these is shown below. Failure rates
for the conventional equipment used in INTOR can be obtained from these
and other sources.

1. Nuclear Plant Reliability Data System, 1980 Annual Reports of
Cumulative System and Component Reliability.

2. Reactor Safety Study, An Assessment of Accident Risks in U.S.
Commercial Nuclear Power Plants, WASH-1400.
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3. Failure Data Handbook for Nuclear Power Facilities, A Guide for
Design, Construction, and Maintenance.

4. IEEE Guide to the Collection and Presentation of Electrical,
Electronic and Sensing Component Reliability Data for Nuclear
Power Generating Stations, lEEE Std 500-1977.

5. Nonelectronic Parts Reliability Data, NPRD-1, Rome Air Development
Center.

Data for equipment peculiar to fusion has not been found to be
readily available. Fusion projects investigated to assess data for the
study were TFTR, PLT and PDX at PPPL, LCTF, ISX, and EBT at ORNL,
Doublet III at GAT, TMX-U and MFTF-B at LLNL, and TSTA at LANL. MFTF
is not yet completed; TSTA and LCTF have just recently begun operations.
None of the projects collect data for the explicit purpose of determining
reliability (or maintainability) parameters. Though the procedures
employed differ somewhat at each project, logs of operations, interruptions,
and problems with equipment are kept. Qualitative information can be
derived from these regarding failure modes and their relative frequency,
but generally at a high subsystem level. Some of the projects occasionally,
and TFTR each month, use their logs to produce summaries of machine
unavailability listed by major subsystem. In some cases, subsystem
managers keep logs of their equipment problems which can provide a greater
level of detail; however, the logs are not kept with the intent of
deriving failure rates. One could attempt to obtain failure rates for
subsystems from these records. This would take a substantial amount of
work and involve significant interpretation and uncertainty, and confidence
in what would be obtained would be questionable.

The applicability of the data to INTOR or other reactor studies is
also a debatable subject. Employing data from devices which are primarily
experimental in nature is not clearly valid as the emphasis of operations
is not to operate at high availability, and the range of operating
parameters and design parameters can differ significantly in some subsystems
to what is expected in INTOR. Conversely, it is believed that some
projects' data can be applied directly or extrapolated in a reasonable
fashion, which would be better than no data at all. Quantifying present
equipment reliability would also help put some perspective on how
reasonable previous allocations on availability have been, and point to
where further improvements are required to meet availability objectives.
Some of the subsystems identified for INTOR as lacking, in reliability
data may benefit from other projects' experience as follows: The projects
investigated with neutral beam experience to date include TMX, Doublet,
PLT, PDX, and ISX. TFTR and MFTF will have neutral beam experience in
tlie future. Various types of rf heating systems have been used in Doublet,
ISX, EBT, PLT, PDX, TFTR, and TMX. Vacuum systems, including pumps,
valves, bellows, and leak detection equipment are employed in unique
configurations in all machines. Similarly, there is experience in all
machines in power supplies, high-current electrical connectors, and
diagnostics and instrumentation. Pellet injector experience is limited
to ISX and PDX. Limiter plates have been used on ISX, TFTR, PLT, PDX, and
Doublet.
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An alternate method of obtaining reliability data that has been
discussed is the use of Bayesian Interrogation methods. A structured
questioning procedure is used with experts with operations experience
in each subsystem field to get estimates of failure rates. The questions
must be carefully prepared so as to be explicit in order to avoid
biased answers.
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1. INTRODUCTION

The present INTOR reference design was developed during 1980-1982
on the premise that limited maintenance operations external to the
reactor would be accomplished in a "hands-on" mode and that all internal
operations would be remotely accomplished. This design, therefore,
embodies certain requirements for shielding, tritium containment and
cleanup, and confinement of contaminated particulate matter in order to
permit personnel access. The cost of this device also reflects these
requirements, at least to a first order. Hence, the impact of personnel
access to the reactor design and its cost are cause to re-examine the
maintenance approach on which much of the present configuration is
based.

A configuration based on all-remote operations for maintaining both
the internal and external reactor components has not been developed;
therefore, in order to establish a comparison with the above, Critical
Issue D includes considerations for a configuration which is totally
remotely operable and maintainable. In addition, modifications to the
present Baseline are suggested to ensure that provisions for the require-
ments of personnel access are met.

The goal of this study is a comparison of the costs and engineering
implications of improving tritium containment and shielding as required
to allow personnel access versus adopting a totally remote maintenance
and assembly/disassembly procedure. To this end, the following tasks
were included in this work:

1. Modify, as required, the INTOR reference design to ensure personnel
access.

2. Develop the basis for an all-remote configuration.
3. Develop a maintainability study for both designs which identifies

remote handling technologies and includes assembly/disassembly
procedures.

4. Identify R&D requirements.
5. Compare both designs by taking into account important aspects such

as
induced activities, dose rates
waste disposal materials
estimated possible radioactive releases
shield requirements
assembly/disassembly activities and maintenance-related
device downtime
maintenance equipment requirements
tritium containment and control
reactor building and other facility requirements
capital and operational costs
flexibility of operations (risks, availability, testing)



APPENDIX I

TECHNIQUES FOR ESTIMATING COMPONENT LEAKAGE

A number of calculational techniques based on fluid flow theory
have been developed for the estimation of component leakage.[1,2]
A common difficulaty in the application of these techniques is the
selection of various parameters used to characterize components in terms
of leak rate. The most straightforward techniques assume that the
helium leak rate for components is known. This may be based on either
quality assurance acceptance standards or actual leak rate measurement.
The pressure and temperature at which this leak rate pertains must also
be known. The component leakage can then be characterized by determining
the dimensions of a leak path which would produce wuch a helium leak
rate under the given conditions of pressure and temperature. This is
achieved by use of the Poiseuille laminar flow equation and the Knudsen
molecular flow equation, as appropriate.

The Poiseuille equation is as follows:

0 = 1 f V — fP - P I
\ 8 l2J y Lil *2J

where Q is the volumetric leakage rate (pressure volume per time), P
is the upstream pressure, P- is the downstream pressure,
P. = 1/2 (P + P 2), d is the leak path diameter, L is the leak path

length and y is the fluid viscosity.

The Knudsen equation is

where the parameters are defined above except that R is the gas law
constant, T is the absolute temperature, and M is the molecular weight
of the fluid.

The leak path dimensions obtained by application of the appropriate
equation, or combination thereof, are then used to calculate the leakage
rate for the fluid of interest. For water, the liquid laminar flow
equation would normally be used. This is as follows:

VL
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This technique represents a simplification of the actual situation.
The actual component leakage will be by way of a number of leak paths
with irregular geometries. In addition, by determining the leak path
dimensions representative of a gas and using these to estimate liquid
leakage, the effects of surface tension have been ignored. The
combination of these two factors leads to estimated liquid leak rates
that may be an order of magnitude greater than the actual values when
the pressure conditions for both the gas and liquid leakage are similar.{2]
In addition, the effects of temperature on the leak path dimensions and
liquid evaporation at some point along the leak path are not included.
For a discussion of the effects of these considerations, s<̂ e Ref. 1.

References

1. "Conversion of Leak Flow-Rates for Various Fluids and Different
Pressure Conditions;" J. Amesz, 1966; Euratim Report EUR 2982.e.

2. Leakage Testing Handbook, July 1969; Prepared for the Jet Pro-
pulsion Laboratory, NASA, by General Electric, GE number S-69-1117,
Contract NAS 7-396.
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APPENDIX II

ALARA Cost Benefit Analysis

Four major steps are necessary to the development of a cost-benefit
analysis based on meeting ALARA guidelines. These are:

(1) determine the annual person-rem exposure (M-R/y) before the
proposed change is implemented based on best estimates

(2) determine the best-estimate annual M-R exposure based on the
proposed modification

(3) determine the total annual cost (TAC) in the following manne.r:

• obtain total direct costs (TDC) of equipment,
materials, installation

t obtain total engineering cost (TEC) in person
years x 100,000/MY

« determine total capital cost (TCC) by adding
(TDC x 1.50) to TEC

TCC =1.5 TDC + TEC

• determine annual fixed cost (AFC)

A F C = TCC x

i = cost for money (10%/y)
n = capital recovery basis;

plant life

• determine annual operating cost (AOC) and annual
maintenance cost (AMC); total annual cost (TAC) is
the sum of

TAC = AFC + AOC + AMC

(4) determine the benefit or cost of the modification by calculating
AM-R and multiplying by 23,500 per M-R

AE = (E-EJ x 23,500

If AE > TAC, the modification is recommended on a cost-benefit basis,
providing safety, maintainability, operability, and reliability aspects
of the change are acceptable.

The average annual exposure rate for professional radiation workers
is approximately 1.5 M-R/y and approximately 80% of all radiation workers
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receive less than 3 M-R/y [1]. In order to do an example calculation,
assume the design criteria is 1/5 the dose limits specified in 10 CFR 20;
therefore, the annual exposure limit is 1 rem. In addition, assume the
work split for the nucleav island/BOP craft labor is 50% [1], then the
benefit for reducing craft exposure for 1 M-R is:

*/ i M R - (wage cost/y)[fraction of labor on nuclear island)
$/annua - - uppeT limit annual radiation exposure

. 47000 (.50) = $ 2 3 f S 0 0 / M. R

(NOTE: the wage cost/y was derived from data in [2].)

ALARA Cost Benefit Example for Divertor Module Replacement

For a simple assessment of this replacement comparing personnel access
vs all remote, assume one additional manipulator system ($500 K) and
transporter ($50 K) are needed to replace personnel. Therefore, the
annual exposure before the design change is .21 M-R and zero after the
design change. The TAC in 1984 dollars is:

TDC = $550,000

TCC = 1.5 (TDC) + TEC (TEC = 0)

= 825,000

AFC = ̂ 0 0 * -Ml-10) 1 5
 = 100,443

(1.10) -1

TAC = AFC + AOC + AMC = 100,443 (AOC and AMC are assumed to be zero)

ALARA cost benefit is:

AE = (.::)(23,500) = 4,935

Since AE << TAC, the recommendation is not to incorporate the change.

Comparing the additional cose of one manipulator system to only one
annual operation is clearly misleading; therefore, an analysis based on
the estimated total annual exposure follows. From Section VI.2.5.4,
25 M-R/y was estimated for scheduled and unscheduled operations in the
reactor cell.

AE = (25)(23,500) = 587,500

Setting AE = TAC determines the breakeven value for investing in additional
equipment to reduce exposure.

587,500 - T C C X -;(4-18)

J, lo

TCC = 4,470,000
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and since TCC =1.5 (TDC)t the breakeven investment for equipment is
$2.9 M. From Section VI.2.6.1, $7 M was estimated to be the additional
cost for equipment for the all-remote approach, which is more than twice
the breakeven value. Therefore, utilizing limited personnel access is
more cost effective.
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WARD-D-0177, Rev. 0, Section 3.6.
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Costs for Large Steam Electric Power Plants - 1982, NUREG/CR-2844,
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APPENDIX III

Various Manipulator Systems and Suppliers
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Table 1. Suppliers of mechanical master/slave manipulators

Central Research Laboratories Div.
Sargent Industries
Red Wing, MN 55066
USA
(612) 388-3565

PaR Systems
'GCA Corporation
3460 Lexington Avenue, North
St. Paul, MN 55112
USA
(612) 484-7261

Toshiba Seiki
13-12 Mita 3 Chome
Minato-ku Tokyo 108
Japan
03-454-7111

VNE (Nuclear), Ltd.
South Marston Industrial Estate
P.O. Box 33
Swindon SN3 4RA
Wiltshire, United Kingdom

Darth & Schrader
Maidammstr. 234/5 - Postfach 1140
D-2814 Bruchhausen-Vilser
Germany
(04252) 2206

GEC Reactor Equipment, Ltd.

HWM
Hans WaMschmiller Gmbh Markdorf
777E Markdorf/Bodensee
Germany
(07544) 3027
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Table 2. Power manipulator suppliers

ACB
29 rue du Faubourg
Saint-Honore 75008
Paris, France
266-51-71

ATCOR
270 Fannington Avenue
Farmington, CT 06032
USA
(203) 677-0457

Cunnington 5 Cooper, Ltd.
Wall Hill, Dobcross
Oldham, Lancashire 0L3 5RB
United Kingdom

Drath 5 Schrader
Maidammstr 234/5 - Postfach 1140
D-2814 Bruchhauser-Vilsen
Germany

GEC - Elliot

PaR/GCA Corporation
3460 Lexington Avenue, North
St. Paul, MN 55112
USA
(612) 484-7261

Taylor Hitec, Ltd.
77 Lyons Lane
Chorley, Lancashire PR6 OPB
United Kingdom

Toshiba Seiko
13-12 Mita 3 Chrome
Minato-ky Tokyo 108
Japan

Vickers. Ltd.
Nuclear Engineering Div.
South Marston Works
Swindon, SN 3 4RA
Wiltshire, United Kingdom

Hans Wallischmiller Gmbh
D-7778 Markdorf/Bodensee
Germany
(07544) 3027

Weserhutte
Germany

Perry Oceanographies, Inc.
P.O. Box 10297
Riviera Beach, FL 33404
USA
(305) 842-5261

International Submarine
Engineering, Ltd.

2601 Murray Street
Port Moody, B.C. Canada V3H 1X1
(604) 931-2408
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Table 3. Currently available electric master/slave manipulators

Manufacturer

Central Research

TeleOparator Sys.

Blocher

La Calhene

Selenia

Remote Technology,
Inc.

Meidensha

Model

M

SM-229

EMSM1
EMSM2

MA23

*Mascot

RM-10

Capacity
(lbs)

50

22

50
50

50

45

22

22

Address

Sargent Industries
Red Wing, MN 55066

45 Knickerbocker Ave.
Bohemia, NY 11716

Dieselstr 4
Postfach 129
D-7418 Metzinger,
Germany

Cedex 328,
La Ville aux
Clercs, Cedex,
France

Italy

114 Union Valley Rd.
Oak Ridge, TN 37830

Meidensha Electric
1-17, 2 Chome
Ohsaki, Shinagawa-ku,
Tokyo, 141, Japan

Comments

Electric

Electric

Electric

Electric

Electric

Electric

Electric

Toray EMSM-II 55 Toray Engineering
Nihonbashi Muromachi
Bldg., No. 6,

3 Chome
Nihonbashi-Hongoku-cho
Chuo-ku, Tokyo, 103,
Japan

Electric

*JET Manipulator System - Selenia no longer manufactures this item.
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Table 4. Example of avai lable remote pipe connectors

Product Company

Tube F i t t i ngs and Quick-Connects

High-Pressure Tubing F i t t i n g

Pipe and Tube Fi t t ings

Quick-Connects

Pipe and Tube Joints

Tube F i t t ings

Hanford-T. :x Connector

Remote Grayloc Connector

Rocky Mountain Nuclear Remote
Connector

Walker Remote Connector

TRU Connector

REMOTEC Swing Clamp Connector

Swagelok
Crawford Fitting Company
29500 Solon Road
Solon, OH 44139

Sno-Trik
32550 Old South Miles Road
Solon, OH 44139

Gamah
Division of Stanley Aviation Corp.
P.O. Box 20308
Denver, CO 80220

Hansen Couplings
The Hansen Manufacturing Company
4050 West 150th Street
Cleveland, OH 44135

Marman Clamps
Aeroquip Corporation
300 South East Avenue
Cleveland, OH 44112

Hoke, Inc.
One Tenakill Park
Cresskill, NJ 07626

No commercial supplier - drawings
available, fabrication required

Gray Tool Company
7135 Ardmore Street
P.O. Box 2291
Houston, TX 77001

Rocky Mountain Nuclear Manufacturing
and Engineering, Inc.

2230 South 2000 West
Salt Lake City, UT 84119

Remote Technology Corporation
114 Union Valley Road
Oak Ridge, TN 37830

Rem< :e Technology Corporation
114 Union Valley Road
Oak Ridge, TN 37830

Remote Technology Corporation
114 Union Valley Road
Oak Ridge, TN 37830

158



Table 5. Remote electrical connectors

Connector Company

Hanford-Purex Electrical Connector

Walker Remote Electrical Connector

HFEF Electrical Connector
(MS Connectors and Inserts)

NWCF Electrical Connector (LORMEC)

PaR "Cole" Electrical Connector

REMS Electrical Connector

Wiggins Electrical Connector

No commercial supplier - special
design and fabrication required

Design modification required

Remote Technology Corporation
114 Union Valley Road
Oak Ridge, TO 37833

Cannon ITT
666 East Dyer Road
Santa Ana, CA 92702

Amphenol North America Division
Bunker Ramo Corporation
2122 York Road
Oak Brook, IL 60521

Gulton Industries, Inc.
S-C Division
1644 Whittier Avenue
Costa Mesa, CA 92627

PaR Systems Corporation
3460 ^exington Avenue, North
St. Paul, MN 55112

Gulton Industries, Inc.
S-C Division
16-M Whittier Avenue
Costa Mesa, CA C2627

Transamerica Delaval, Inc.
Wiggins Connectors Division
5000 Triggs Street
Los Angeles, CA 90022
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