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ABSTRACT

The paper discusses how the Power Projects design organization
has responded to the problem of operational exposure. This response took
the form of an organized formal Programme developed during the Bruce G.S.
design phase.

This Radiation Exposure Control Programme considered: radiation
conditions, number of items requiring attention, number of occasions item
requires attention and manhours involved on each occasion. Analysis of
these factors and comparison with target values enabled worthwhile re-
ductions to be made in estimated operating exposure.

Activity transport studies, reliability and design detail im-
provements have all received an impetus from the Programme.

The Programme which has value both from the economic and the
health physics points of view is now a continuing feature of the CANDU
plant design process.
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i. INTRODUCTION

The topic of this Symposium is Activity Transport, which is
the major influence on radiation fields experienced in a nuclear plant.
However, the personnel radiation exposure incurred in the operation and
maintenance of any nuclear plant depends upon:

(1) radiation conditions (field and concentration),

(2) amount of equipment,

(3) frequency of failure or required inspection interval,

(4) time to repair or carry out inspection.

If any of these factors is zero, the dose is zero. The design of the
equipment and the plant layout, which are under the control of the designer,
and plant management, which is under control of the operator, together
determine the four factors above. A careful and balanced consideration
of each factor is necessary to lower the radiation exposure figures.

The Radiation Exposure Control Programme was developed in tfra
AECL Power Projects design office during the Bruce-A G.S. design phase to
meet this need. As described here, it is still being improved and is
applied to all later project designs.

2. THE PROGRAMME

2.1 GENERAL

The early operation of Douglas Point G.S. showed that radiation
doses to operating staff could be very high in various tasks involved in
routine maintenance and operating work. While the exposure of the individual
was kept within statutory limits, the efficient planning and execution of
work became very difficult as personnel, particularly those with certain
specific skills and experience, had to have their working hours severely
restricted. In fact, cases arose where tasks had to be deferred until quali-
fied people became available.

Exposure dose limits, it will be recalled, are based on dose
levels and calendar intervals.
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In 1969 an organized approach was begun to avoid this problem
at Bruce. Access to areas within the containment was investigated in some
detail, and estimates were prepared of manhours and fields for various
tasks required in these areas. The results of this investigation within
AECL, together with the concern expressed by Ontario Hydro Health and
Safety Department in the issue of a report, "Man-Rem as a Design Parameter",
by D. Watson (September 1969), led to the development of the Bruce Radiation
Exposure Control Programme.

The preliminary layout work for the Bruce Generating Station, as
for other CANDU stations, involved the determination of shielding, which is
dependent upon identified sources and allowable radiation fields. These in
turn are established from the expected occupancy of the particular area and
the statutory exposure limit. Thus, an area which may theoretically be
occupied for 40 hours per week by a qualified Atomic Energy Worker as defined
by the ICRP* would be designed for a maximum radiation field of 2.5 mr/h,
i.e. 5 r/a (the statutory limit). Freely accessible areas, however, such
as administration offices, etc., are limited to 0.25 mr/h, i.e. 0.5 r/a
(the statutory limit for non-qualified workers).

The initial shielding design considerations were based on a number
of such specific area design dose rates and access restrictions as proposed
in Watson's report - Table I.

TABLE 1

DESIGN AREA DOSE RATES

Accessible Non-Radiation Areas

Accessible Radiation Areas

Average "Shut Down" Areas

High Radiation "Shut Down" Areas

mR/h

0.25

0.6

4.0

17.0

As at Douglas Point, the Bruce G.S. design included not only
these shielding and area control provisions, but also atmosphere separation,
cleanup systems, and remote manipulation facilities. As at Douglas Point,
however, notwithstanding these design provisions, local variations in field
levels, access problems and work classifications could be expected to give
rise to uneven and uneconomic distribution of exposure among station staff.
As a result, the organization of suitable personnel to carry out normal
station tasks would become difficult and costly.

^International Committee on Radiological Protection
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The Programme, then, was developed to enable an orderly assessment
to be made of relative operating exposures so that improvements could be
introduced where it was found necessary and feasible.

2.2 RADIATION EXPOSURE ECONOMICS

Maximum permissible exposures for individuals have been s<it by
the Atomic Energy Control Board using the recommendations in ICRP Publication
No. 9 as a basis. These constitute legal upper limits which must not bo
exceeded, and the plant must be designed and operated to ensure this.

When an individual reaches his limit for the ,-ariod, he must be
assigned to work in non-active areas and other persons must be brought in
to carry on the work where exposure is incurred. Additional personnel
represent additional operating cost. It follows that there is an economic
incentive to limit plant operating exposure.

An original attempt to evaluate the cost of exposure arrived at
a figure of $5000 per man-rem year, if additional permanent staff are hired
solely for this reason. Later efforts have been made to improve on this
figure, but it is not possible to derive a firm figure which can be applied
generally. For example, the initial exposure allowance is in effect "free"
because it is based on the station complement. (Man-rem do not cost anything
until extra staff must be hired.) Moreover, in practice the individual may
then allow sufficient reserve exposure to be available for unforeseen tasks,
yet maintain inc'.lviduai exposure doses within limits, provided suitable
skills are available.

However, for the Programme applied to Bruce, incremental exposure
was taken as worth $5000 per man-rem in weighing up the improvement to be
realized by design changes. This represents a simplified relationship between
capital and operating costs, but it is within the limits of accuracy of the
various factors involved, e.g. radiation fields and manhours.

It may be worth noting that, recently, figures have been suggested
much higher than this for specialist staff hired for highly skilled tasks,
but this does not affect the general approach of the Programme.

2.3 PROGRAMME ORGANIZATION

The programme consists of four parts:
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(a) Prediction of Operating Exposure

The Prediction stage is associated with the initial plant layout and
preliminary design information. It consists of a preliminary estimate
of plant operating exposure on an annual basis. The figures arrived at
are valid for relative comparison purposes only,

(b) Total Station Dose

The preparation of the Total Station Dose is discussed in detail below.
Its main function is to provide a series of relative rather than absolute
exposure dose targets for systems and components. The term "Budget" was
found convenient to describe the subsequent dose allocation process and
documentations Because average individual doses and station complement
figures may change, the Budget was initially apportioned from the total
Station Dose on a percentage basis.

(c) Estimate Review

The Estimate Review stage consists of a series of meetings taking system
by system with the designers and others. At these meetings the probable
exposures required are estimated for the servicing at maturity cf all
significant items. Remedial action, where required, is agreed to, if
possible, at the meeting. For convenience this phase of the Programme
came to be referred to as "Audit". The organization, conduct and
reporting of estimate review meetings is described later,

(J) Follow-up

The follow-up phase, which may include meetings to revise dosa estimates
or to take note of design changes, may continue on into the commissionins
stage of the plant. During this phase, feedback to designers takes place
and detailed procedures can be developed to give the necessary exposure
reduction.

The entire Programme is intended:

(1) to identify high exposure operational tasks,

(2) to "follow-up" design work related to such tasks to check that
recommended actions are carried out,

(3) to identify systems, processes and the like, where further R&D
effort may usefully be applied.

It must be emphasized that values of exposure dose estimated during
the programme are not intended to give the! exact values which may occur in
operational service. The Programme values are. relative, not absolute and are
for use only in the conduct of the Programme.
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2.4 TOTAL STATION DOSE

2.4.1 Dose Objective

The target value of man-rem (Total Station Dose) is determined by
the size of the proposed station staff and the average annual radiation dose
co an individual. The Budget figures derived from the total are intended
solely to provide targets for use in the Radiation Exposure Control Programme.

For the purposes of the Programme, only those persons exposed to
significant amounts of radiation during the day-to-day running of the station
are considered. For budget purposes, these are limited to operators and
maintenance personnel. (Although administration and technical staff may
receive very slight radiation exposure, their dose levels should not be high
while performing their normal duties and they are therefore not included in
either Budget or Estimate Review parts of the Programme.)

Present regulations permit a maximum permissible whole body dose
of 5 retn per year for an individual accumulated at a rate of not more than 3
ram per quarter,

Past experience has shown, however, that the annual dose absorbed
by the station total of operators and maintainers is less than the maximum
permissible due to several factors, i.e.

- Differences between worker classification group doses, e.g.
mechanical maintainers customarily are called upon to work
more often close to major radiation sources.

- Differences between individual doses due to work assignment
history, e.g. An individual may not be assigned to a job in
a high radiation area because his experience is unsuitable
for it or he is under training or he may not be on staff
during the full period.

- Multi-shift operation, e.g. An individual must pass through
several formal levels of access to active, areas and until
completely qualified may not be assignable to all possible
functions.

These factors are taken into account to provide flexibility of
operation, to accumulate a margin for contingencies and to ensure that no
worker exceeds the permitted dose. Accordingly, 2.5 rein per year per man
has been used as the annual average dose. This multiplied by the proposed
number of operators and maintainers, gives the total station budget dose.
Because the average dose may vary due to differing practices of radiation
management and because station personnel numbers may change, the total
Budget dose may or may not approach the actual total arrived at in operation.
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2.A.2 Budget Development

The Total Station Dose is divided up between systems and tasks
to form the Man-rem Budget which has three prime purposes:

(1) It provides the Design Group with a basis for assessing
whether or not there is a radiation problem.

(2) It allows a comparison to be made between the estimated
and budgeted doses immediately following a radiation
audit, and it eliminates delay. Without such a budget,
the estimated dose for a system could not be effectively
evaluated until after completion of the radiation review
for the whole station.

(3) It gives an indication of the systems and equipment
which are likely to cause significant radiation
exposure and which should be scheduled for radiation
audit review.

There are a number of ways that the Total Station Dose may be
divided up among the systems in a plant. From past experience we have
learned that assigning fractions of the total is undesirable. Poor proce-
dures, arrangements or practices would be perpetuated if this was done.

The principle that was adopted for Bruce-A and Gentilly-1 was
based on giving each system rights to a portion of the total budget dose
according to a merit system. This system could take account of, as seemed
appropriate, the numbers of systems, numbers of items, sizes of systems or
items, design area dose rates and time spent in the areas.

For Bruce-A and Gei:tilly-1 considerable effort went into this
budget allocation process. Experience has shown that a very simplified
approach is adequate in practical running of the Programme.

However, attention is required to be given to the ratio of the
total which can be allocated - from experience - to operating and maintenance
work classification, and within these, to internal and external exposure.

The ratio of external/internal dose varies with the type of
plant, generally from 2:1 to about 10:1.

CANDU reactor operation has indicated that the internal dose is
attributed to chronic air-borne tritium concentrations, rather than to
various acute exposure conditions. Consequently the ability usefully to
estimate the internal dose contributed by any system is doubtful. Although
an internal dose figure was allowed for in systems in the Bruce G.S. Budget,
it is thought to be preferable, at present, to define the internal dose
for the whole plant simply as a percentage of the total budget dose. This
remains under review as experience of operating conditions increases.
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In a similar manner, the external dose for maintenance and
operations can be divided. Here the ratio can be derived by modifying
past experience to suit the reactor plant being reviewed. The Bruce G.S.
figures in Table 2 give an example.

TABLE 2

TOTAL EXPOSURE DOSE % ALLOCATION (BRUCE G.S.)

Operating

Maintaining

Total

Internal

6.4

17.7

24.10

External

18.6

57.3

79.9

Total

25

75

100

With some reactor plant layouts (e.g. Gentilly N.P.S. where the
turbine building is a shut-down area), the radiation dose may be reached in
several separate buildings. By assigning a portion of the total budget dose
to each building, further breakdown of the budget is achieved. This may be
clone by considering the amount of time spent in each building on maintenance
or operations, and whether the reactor is operating or shut-down.

2.4.3 Programme Ground Rules

To help both in budget preparation and maintaining consistency
between the budget and the subsequent review audits, certain guidelines and
ground rules were established:

(1) Only the dose received by operators and maintainers
is considered.

(2) Plant maturity conditions are assumed to exist.

(3) Events other than those scheduled or occurring during
the normal running of the station are not considered.

(4) Allocation is a yearly average. Consequently it is
assumed that because some tasks are performed less
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frequently than once per year, some balancing out of
dose between systems over the years will occur if
maximum utilization of available man-rem is to be
achieved.

(5) The dose assigned to any system includes all duties,
both mechanical and control, associated with that
system, such as inspection, adjustment, removal,
overhaul, refitting, search and survey, decontamination
and cleanup,

(6) Maintenance work is considered to include servicing,
maintenance, overhaul and inspection functions.

(7) Operations includes regular operational duties and
those duties directly concerned with the disposal
of waste products resulting from reactor operation.

(8) Allowances such as Miscellaneous Maintenance and
Miscellaneous Operation are included for covering
systems which have not been identifed and for
duties infrequently performed which cannot be
assigned to a system.

(9) Allowances are not made for accident conditions or
for maintenance work which is to be performed at
intervals of greater than 15 years.

2.A.4 Exposure Estimate Review

The first step in the review or audit programme is to list systems
in order of importance and to determine with the various Design Branches
which systems are sufficiently advanced to permit immediate analysis. A series
of meetings is then arranged. Those attending are drawn from the System
Designers, Shielding, Health Physics, Operations, the Radiation Management,
and Layout and Structures groups, according to the system under review. All
present at the meeting are encouraged to express their views and any strongly
held dissenting opinions are recorded.

The audit is based on expected failure frequencies, routine
maintenance requirements, repair times, travelling times, numbers of components
and radiation fields. In some cases, the input data are well known and in
others can only be estimated. Operating experience from the most recent
operating design is relied on heavily, except where specific design changes
provide a basis for downward or upward adjustment of these data. Radiation
field estimates used in the Bruce G.S. Programme were based on Douglas Point
experience, maintenance etc. times or more general information.
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As discussed under Budget Development (Sect, 2.4.2) internal
exposure doses can be factored from external doses and this was done in the
first Programme applications. More recently it has been considered worth-
while to minimize the total dose for a specific task and the use of protective
clothing has been taken into account.

The correct clothing for minimum total dose is ascertained by
the procedure described in Report AECL-4611*, which enables the exposure
Lima to be adjusted according to the type of protection used in a particular
case.

As a result of the audit, systems are classified in order of
increasing man-rem deficit as compared to the budget target as:

(a) acceptable,

(b) scheduled for routine re-review, or

(c) scheduled for immediate tabulated re-review.

Specific design recommendations are made and further audit reviews scheduled
as necessary.

In any project the main concern is always to get at the serious
problems soon enough. It was not possible in the past to analyze a system
and make recommendations until after the design was well developed. This
means that design modifications which require a substantial reworking of the
system could have unacceptable effects on the schedule. The best remedy
to this problem is to hold preliminary audits on systems which have proved
to be major exposure contributors in other stations and to do these before
the. designs pass beyond the talking stage.

2.A.5 Follow-up

The follow-up to an audit meeting takes two main forms:

(1) A further series of formal man-rem audit meetings
when the recommendations of the earlier audits are
discussed together with the results of the actions
arising from the first audit meeting written up in
the report.

(2) Informal follow-up which consists of the radiation
protection engineer talking to designers to try to
help them improve the system without a full review
meeting.

* Recommended Protective Clothing Practice to Minimize Radiation Exposure,
G.G. Legg, AECL Power Projects, October 1973.
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During the review meetings on Bruce G.S. various approaches for
reducing man-rem exposure were proposed. The following Is a list of
approaches In order of their effectiveness as it was found in the application
of the Programme at that time.

It will be noticed that the earlier Items are, in effect, possible
immediate designer's actions and this accounts for the order.

(1) Stop adding additional equipment*

(2) Eliminate equipment.

(3) Simplify equipment for the system.

(4) Relocate equipment in a lower radiation field.

(5) Provide better chemical control and purification,

(6) Ensure a longer time interval between maintenance
periods by providing more reliable equipment,

(7) Arrange for quick removal of equipment for shop
maintenance.

(8) Arrange for shorter time required for in situ
maintenance.

(9) Provide more space between equipment.

(10) Provide shielding.

These recommendations are discussed with the designers and with
Operations personnel both during the meetings and during the follow-up
process. They may appear to be elementary or self-evident, but it has been
found valuable to emphasize them regularly.

It should be noted that shielding is the last item in the list.
The addition of shielding, which can involve serious structural and space
problems, is sometimes unavoidable, and it is the last resort.

The best long-term solution for the CANDU system is to concentrate
on items (5) and (6). This means to place great emphasis on the improvement
of chemical control and hence reduce radiation fields and on equipment
reliability and hence reduce exposure times. Improvement in these areas is
the true answer to Radiation Exposure Control or the "man-ram problem".
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3. SAFETY AND ECONOMICS

The Programme described has two underlying aspects:

- Radiation Protection and

- Operating Economy.

The legal limits of individual exposure can be, and are, adhered
to by Operating Staff with the advice and assistance of Health Physicists.
However, the total exposure should be reduced where possible for the reasons
set forth by the ICRP and licensing authorities. The Programme has this as
one objective.

Station staff and temporary additional personnel, who may come
from various sources, can keep a station running with capable management.
However, it is expensive to bring in extra personnel on a large scale or to
overstaff the plant, and it is expensive to restrict work of personnel with
special skills whose taska may incur high exposures. The second objective
of the programme, therefore,is to enable the planning of work affected by
radiation exposure dose to be as simple and straightforward as possible
and to involve a minimum of additional staff. This second objective is the
most readily quantified and, with dollar values assigned, it enables reason-
able engineering judgements to be made about the improvements to reduce
exposure proposed during the programme.

Studies of cost benefit analysis have been made arising out
of this so that capitalized values for a man-rem can be balanced against
engineering and equipment costs. As in normal cost benefit analysis, a
clear, realizable overall gain to the plant owner must be shown to be
obtainable if possible design work and schedule disruptions are to be
accepted.

In many cases, of course, comparatively simple modifications
to design and layout details can be introduced during the ongoing work
without penalty. Moreover, with experience in design and operation of •'
nuclear plants of a particular type, major modifications become less
likely to be found necessary in the running of the programme.

Further discussions of the economic aspects of radiation
exposure control and the benefit-cost comparisons are outside the scope
of this paper. " •
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4. BRUCE G.S. RESULTS

The Radiation Exposure Control Programme for Bruce G.S. began
after major layout and design decisions had been taken. However, some use-
ful reductions in estimated exposures were made in the initial stages.

The Programme effectively started in the summer of 1970 and
continued in the main audit phase through to the spring of 1972. From that
time, when a final report was made, the follow-up phase continued with
routine reporting. From the first prediction of 5000 tnan-rem per year for
the plant, made in July 1971, estimated reductions to 4000 man-rem and to
3000 man-rem were obtained in May 1972 and May 1973 respectively. Present
estimates are around 2500 man-rem. It should be emphasized that these
were based on a specific set of Douglas Point data. Decontamination experi-
ence in Douglas Point, however, shows that lower levels can be achieved.

The first sequence of exposure estimate review meetings showed
that most of the station estimated exposure dose was concentrated in five
systems:

TABLE 3

(1)

(2)

(3)

(4)

(5)

PHTS Boiler and Preheaters

Feeder Cabinets

Fuel

PHTS

PHTS

Handling

Feed Bleed find Relief

Other Equipment

M5%

^19%

-HO*

^ 8°/

% 6%

88%

of

of

of

of

of

of

Total

Total

Total

Total

Total

Total

Dose

Dose

Dose

Dose

Dose

Dose

The most important exposure doses are seen to be concentrated
in the maintenance of the "Boiler and Preheaters" and of the "Feeder Cabinets".
Design changes followed up by repeat audit reviews have reduced the estimated
exposure in these two systems. It has become clear, however, that the basic
solution must come from equipment reliability, improved methods, and control
of system chemistry, especially the latter as discussed previously in connec-
tion with the follow-up phase.
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Aside from work on system chemistry control which is heing
discussed by others at this Symposium, work on other aspects such as
improved leak searching techniques, boiler tube repair, etc., has been
stimulated by the Programme results and is continuing.

In response to audit review findings, the heat transport pump
isolating valves, the preheater and preheater bypass valves and the boiler
bypass valves were eliminated as part of the effort to reduce maintenance
work load in high radiation areas: in other words, major equipment was
eliminated in line with the follow-up list, item 2,

A major factor in deriving the estimates is the establishment
of reasonably realistic radiation field data. For the audit of Bruce G.S.,
Douglas Point 1970 figures (at 460 effective full-power days) were used
as the basis. Douglas Point fields decreased later as a result of decon-
tamination processes, but it can not yet be predicted exactly what the final
levels will be. The point to be emphasized is that in the operation of the
Programme and in assessing its results for a specific Project, a consistent
field data basis must be used. This does not in itself, however, ensure
that the estimates will be proved in practice, although individual values
should remain correct relative to each other.

5. EFFECTS ON DESIGN

The Programme was intended to ensure that the exposure under-
gone by operating staff can be kept at a minimum. This objective remains
paramount, but the Programme has had a number of side effects. The
Programme meetings inevitably affect design consideration and therefore
may tend to become small-scale informal design audits which can be very
valuable to the designers. It was found that small changes in layout,
equipment selection etc. were often made directly during a review meeting
to improve exposure conditions. j

Reliability studies are closely akin to man-rem audits. The
close co-ordination of *?e1 J -•'.Mlity improvement with Radiation Exposure
Control is extremely important in reaching man-rem budget objectives and
has received considerable attention in projects following Bruce.

The topics discussed at a review meeting may focus attention
on other areas of design or operational interest. Among these, in addition
to Reliability and System Chemistry, are: In-Service Inspection, Maintenance
tools and methods, radiation protection facilities (e.g. area monitors,
breathing air supplied), and working conditions.

Early cost-benefit studies and general experience with the
Programme have shown the importance of identifying and giving most attention
to the most significant problem areas. This applies whether they are major
components such as boilers, or system conditions such as the Activity Trans-
port phenomenon. Work on the latter at the AECL Labs and in Ontario Hydro
feeds back to influence design as discussed in other papers at this symposium.
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6. PROGRAMME DEVELOPMENT

Since the Radiation Exposure Control Programme was developed
and applied to Bruce G.S., it has been accepted as a routine process during
design for CANDU plants. Experience has led to considerable simplification
of the Programme so that serious probable problem areas can soon be identified
and rp.celve attention.

In future Power Projects design work, the Radiation Exposure
Control Programme will be a routine design tool. Although used in the past,
the title man-rem audit is being dropped because of confusion with other
more correctly described audit programmes.

Development of the Programme is continuing. Further extension
is envisaged of computer use to handle the data generated by the reviews
and to assist in the compiling of reports. Computer programmes will be
further improved which were written for the fast retrieval of related infor-
mation for special analysis.

This kind of radiation exposure analysis and review,as developed
in the Programme, is more and more finding use in operational work planning
and Health Physics work at the stations.

Licensing procedures in several countries are tending to call
for formal assessments of probable exposures for comparison with reported
results as part of Safety Analyses, The Radiation Exposure Control Programme,
although developed as a design support function, goes some way to meet this
requirement.

Here and elsewhere some attention is now being given to the ratio
of man-rem consumption to power sent out on an annual basis. From results
reported so far, the CANDU experience particularly at Pickering G.S. stands
up well among water cooled reactors. While this is a tribute to equipment
reliability and skilled operation, it also speaks well for system chemistry
control efforts.

7. CONCLUSION

The main purpose of this paper has been to describe the design
review procedure which has evolved for Radiation Exposure Control and to
show its links to Activity Transport. The general features and operation
of the Programme have been covered together with a look at future; develop-
ment.
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A major feature of the Programme has been an increase in the
awareness among designers of the Importance of minimizing exposure arising
from operation, inspection and repair of their equipment. Efforts to
maintain and foster this awareness among designers must continue.

Another major feature has been to focus on and lend support to
work in other areas of research and development. The work on Activity
Transport is a major one of these.

Although noteworthy reductions in radiation exposure have been
achieved, particularly on Bruce G.S., further reductions are considered
feasible by the continued use of this Programme, and its use will continue
on all future Power Projects work.


