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PREVISION DES DEPENSES EN
REMS/HOMMES D'UNE CENTRALE CANDU
DE 600 MW(e) ARRIVEE A MATURITE

par I. Kuperman

Résumé

Durant les dernières années, les dépenses en rems/hommes dans les cen-
trales en service ont été étudiées de très près afin de réduire la dose ab-
sorbée par le personnel d'exploitation. Cette conscience accrue a conduit
à des efforts concertés afin d'améliorer la conception des centrales ainsi
que les méthodes d'exploitation pour réduire les dépenses en
rems/hommes. Le but de ce mémoire est de présenter les améliorations
apportées à la conception du CANDU de 600 MW(e) et de démontrer com-
ment ces améliorations réduiront les dépenses en rems/hommes. D'auires
améliorations, telles que la décontamination à l'intérieur de la centrale, ciu
système de caloportage primaire et des machines à combustible ainsi
qu'un contrôle chimique plus sévère, sont maintenant possibles pour
réduire les dépenses en rems/hommes. En plus, la politique d'exploitation
adoptée par la direction des centrales devrait apporter plus d'importance
au problème des dépenses en rems/hommes.
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ESTIMATE OF MAN-REM EXPENDITURES
FOR A MATURE CANDU 600 MWfe) STATION

by I. Kuperman

Abstract

In recent years, man-rem expenditures at operating stations have come
under close scrutiny in order to reduce operating personnel dosage. This
increased awareness has led to concerted efforts to improve station
design and to improve operating procedures to achieve lower man-rem ex-
penditures. This paper is intended to highlight design improvements that
have been madb in the CANDU 600 MW(e) design and to show how these
improvements will reduce man-rem expenditures. Other considerations,
such as station decontaminations of the primary heat transport system
and the fuelling machines and stricter chemistry control are presently
available to help reduce man-rem consumption. Also, station management
operating policy should emphasize man-rem awareness.
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1. INTRODUCTION

The term "man-rem" is defined as the total numbers of
rems- absorbed by all station personnel. Thus if 400
men absorb 1 rem of radiation each while performing
certain tasks, then this is termed as a 400 man-rem ex-
penditure. The importance of the annual man-rem con-
sumption is threefold:

• Firstly, because of the International Commission on
Radiological Protection (ICRP) recommendations
limiting the radiation exposure to station personnel,
the annual rem consumption at the station will
directly determine the minimum staff levels required
at the station.

• Secondly, by giving a dollar value to a man-rem,
design improvements can be justified on economic
terms.

• Thirdly, designers should try to reduce ,nan-rem ex-
penditures to as low a value as is practical, on moral
grounds.

This paper is intended to highlight various im-
provements that have been made to the CANDU 600
MW(e)" design and tc try to show how these improve-
ments will help to reduce estimated man-rem expen
ditures. The exact extent by which these various im
provements will effect man-rem savings is difficult to
determine. Once the station has been in operation for a
number of years the accuracy of the assumptions in-
volved will be proven.

As with most man-rem estimates (or estimates of any
kind), the results of the exercise are often clouded by
the opinions and prejudices of the people involved.
Although no doubt some prejudice is involved in writing
this paper, as compensation, these estimates are con-
servative. In order to determine an overall station man-
rem value, information available from present operating
stations and results available from various models
developed by the Activity Transport Working Party
(ATWP)t have been used. Of course, some guesswork
has been involved to determine the resulting reduction
in man-rem for some improvements in the CANDU 600
design. However, this guesswork has been kept to a
minimum.

2. MAN-REM EXPENDITURES

Table 1 and 2 present the annual dose consumption at
Douglas Point and Pickering G.S. 'A'.

The average annual dose consumption at Douglas
Point over the last three years has been approximately
620 man-rem or about 3 man-rem/MW(e)-a. For Pickering
'A' the average annual dose consumption for the same
three-year period has been 1250 man-rem or approxi-
mately 0.58 man-rem/MvV(e)-a. The latter value excludes

ihe dose consumed by operating personnel during
pressure tube replacement. Although the operating
lifetimes of these two stations differ, the man-
rem/MW(e)-a figures clearly indicate that from Douglas
Point to Pickering there has been a noticeable reduc-
tion in man-rerr consumption. This reduction can be
partially attributed to improved station design and
operating procedures. We can reasonably expect this
downward trend to continue to be a feature of the
CANDU 600 MW(e) design. This is due to two factors:
first our increase in knowledge of the factors which
determine station radiation fields and secondly our
ability to reduce these fields both by changes in station
design and changes in station operating procedures.

Table 1

Year

1967

1968
1969

1970

1971
1972

1973
1974

1975

1976

Annual Dose Consumption (man-rem)
Douglas Point

Internal
(Tritium)

4
79

220

245

303

167

332
142

192

152

External

57
355
803

1061

1542
1207

891
413

447

508

Total

61
434

1023

1306

1935
1374

1223
555

639

660

% Internal

7
18
22

19

20

12
27

26

30

23

As noted previously, the average annual dose con-
sumption for the last three years at Pickering 'A' was
about 1250 man-rem." For a mature Pickering 'A' sta-
tion, allowing for the effects of increased tritium con-
centration and the aging of the plant, an estimate of
2500 man-remtt per year (double the present average)
should be adequate to maintain and operate the station
at maturity. This is equivalent to 1.16 man-rem/MW(e)-a.

Table 2

Year

1972
1973

1974

1975
1976

Annual Dose Consumption (man-rem)
Pickering G.S. 'A'

Internal
(Tritium)

175
266

483

483
464

External

818
633

1130
1580
1164

Total

993
899

1613a

2063 s 3

1628D

% Internal

18
30

30

23
29

i in rads multiplied'em roentgen equivalent man The absorbed dose measured in ra>
bv a quality factor lor the Relative Biological Effectiveness,
i e rem = dose m rads x RBE

CANDlf 600 MWfei CANada Doutetium Uianium 600 MW electrical.
Tho ATWP is a joint AECL and Ontario Hydro committee Studying all matter;,
•-latad to activity transport in the CANDU reactors

3-ididtufe i

, .„ u i. , -^o'l in the CANDLJ ruuu>v, ^
hes« rnan-rem figures exclude any consideration for man-rem oxpendidtufe to
uirorj !oi such unusual occurrences as pressure luDo replacement

9 1974 Oose includes approximately S00 man-torn attributed to pressum lube
changing

99 1975 Oose inclutlos approximately BOO man-rom attributed to pressuro tube
changing

0 1976 Dose includes approximately 250 man-rom att'ibtilod to pressure luDe
changing



Extrapolating this value to the 600 MW(e) design a
mature station would require approximately 700 man-
remlau to maintain and operate. This value is in close
agreement with the early results ot an internal man-rem
audit done on the CANDU 600 MW(e) design. This audit
determined that a total station dose exposure of about
600 rem would be required for station operation1. The
basis for the design audit has been described by
G.G. Legg2. Although, in some instances, the audit took
into account changes in design from Pickering to the
600 MW(e) design, in most cases, as pointed out in the
interim report1, the audit was affected by both Pickering
data and to a lesser extent Douglas Point data. To show
how the various design changes should result in reduc-
ed total station exposure, an annual station dose of 700
man-rem/ati is assumed. Major design changes from
Pickering 'A' to the CANDU 600 design are indicated to
see how the resulting reduction in radiation fields
should help reduce the total radiation dose to station
personnel.

3. DESIGN IMPROVEMENTS

To calculate man-rem savings, the following system
and activity distributions are assumed (applicable
before design improvements are considered):

System3 PHTS 50%, Moderator 20%, Fuelling Sys-
tems 20%, Miscellaneous 10%

Activity4 Corrosion Products 50%, Fission Products
20%, Tritium (Internal) 30%.

Total station dose at maturity: 700 man-rem/a.

Although alternative distributions could be used, the
above distributions appear to be as valid as other pro-
posals. Tables 1 and 2 show that the tritium contribu-
tion to the station dose consumption has been about
30%.

3.1 Material Control
Use of lower-cobalt alloys and tighter material
specifications should be the major contributor in reduc-
ing radiation fields in the CANDU 600 MW(e) design as
compared with Pickering 'A'. Modelling analysis in-
dicates that for the primary circuit in a Pickering sta-
tion, after about 5 years, Co-60 will contribute approx-
imately 75% of the total radiation field. In later years,
the Co-60 contribution is expected to increase due to its
longer half-life when compared with other activation
isotopes. Thus tighter material specifications should
greatly reduce the concentration of activated corrosion
products both in the Heat Transport and Moderator
systems.

It is in the Heat Transport system that the effects of
these changes are expected to be most noticeable. Due
to their large surface areas, the ateam generator tubing

along with the feeder and header piping are the major
source of corrosion products in the Primary Heat
Transport System (PHTS). Typically a 600 MW(e) station
has about 20000 m2 of lncoloy-800i; boiler tubing and
about 2 000 m2 of carbon steel in the feeders and
headers. At Pickering 'A', there is about 23 000 m2 of
Monel-400 boiler tubing and about 3 000 m2 of carbon
steel feeders and headers. Pickering 'A' experience has
indicated that Co-60, the precursor of naturally occurr-
ing Co-59, is the major source of radiation fields from
the steam generators, feeders and headers. Table 3
shows the composition of steam generator tubing
material presently specificed by AECL. As Table 3 in-
dicates, presently AECL specifies a maximum of
0.015 wt % Co-59 in steam generator tubing. At Picker-
ing 'A' the Monel-400 steam generator tubing has a
cobalt content C 15 wt %. For the carbon steel feeder
and headers the : ..cified cobalt content is 0.006 wt %
for the CANDU 600 MW(e) design while at Pickering 'A'
the cobalt content is estimated at not less than 0.015 wt
%. Detailed mathematical models have been developed
to determine what effects these changes will have on
radiation fields. 4^6-7.8 Early published results indicate
that the radiation fields from the CANDU 600 MW(e)
steam generators due to corrosion products should be
lower by a factor of about 5 when compared to Picker-
ing 'A'.9 Recent refinements in the mathematical
models indicate that this factor is approximately 25
while the radiation fields from the feeders should be
about 4 times lower than at Pickering 'A'.10 Figures 1
and 2 present these results graphically. The same
modelling analysis has shown that in terms of reducing
radiation fields lncoloy-800 is considered to be superior
to lnconel-600 (steam generator tubing used at Bruce
'A') due to its lower nickel content resulting in a lower
Co-58 concentration.3

The modelling analysis has also shown that the ex-
ternal fields from the steam generator are inversely pro-
portional to the total neat rating c' the steam
generators. This result is due to self-shielding within the
steam generator. This effect leads to a predicted reduc-
tion in steam generator fields for a CANDU 600 steam
generator of about 10 times when compared with
Pickering 'A'.

The tighter material control requirements in the
steam generator tubing and the feeder and header pip-
ing will result in lower radiation fields and to a conser-
vative man-rem saving of about 150 man-rem/a based
on the distribution given earlier.

Changes in material specification and selection have
also been made in the moderator system. The major
change involves the main moderator heat exchangers.
For the CANDU 600 MW(e) design these heat ex-
changers are tubed with 3RE60 or lncoloy-800
materials, with cobalt limited to 0.015 wt %. At Picker-
ing 'A' the heat exchangers are tubed with 70-30 Cu/Ni
material. In the slightly acidic moderator water, the cor-

:onsideravc
s pressure I



rosion products release from this tubing has been high,
resulting in a large inventor of activated corrosion pro-
ducts. During short shutdowns the predominant
isotope contributing to radiation fields is Cu-64. On pro-
longed shutdown Co-60 and Co-58 (from nickel) become
important. By choosing 3RE60 or lncoloy-800 tubing in
the CANDU 600 design, the corrosion release rate has
been reduced, the Cu-64 eliminated and Co-60 activity
has been greatly reduced. The combined effects of
these changes is expected to yield a 50 to 100 fold
reduction in moderator fields. A man-rem saving of
about 40 man-rem/a is expected.

Table 33 Compositions of M-400,1-600 and l-800DD

Candu Steam Generator Tubing Materials

COMPOSITION, W t %

I-600 I-800

Nickel
Chromium

Iron

Carbon
Manganese

Sulphur
Phosphorus

Nitrogen

Copper
Silicon
Aluminum

Cobalt

Titanium

Ti/C
Ti/(C + N)

63.0-70.0
—

2.5rrax

0.3nax
2.00 max
0.024 max

—

—

Ftemainder

0.50 max
_

0.015 max
—

—

72.0 mm
14.0-17.0

6.0-10.0

0.03 max

1.00 max
0.015 max

0.015 max

.05 max

0.50 max
0.50 max

—

0.015 max
—
—

5min

32.5-35.0
21.0-23.0

Remainder

0.03
1.00 max
0.015 max

0.015 max

0.03 max

0.75 max
0.75 max
0.15-0.45

0.015 max

0.35 min

12min
8min

Finally, under this heading of material control, is the
concerted effort to limit the use of stellite in valves for
both the Heat Transport and Moderator systems
wherever possible. This should definitely help to limit
the corrosion product activity and inventory in both
systems. No credit in man-rem reduction has been
taken for this improvement since it is difficult to deter-
mine the extent of this saving, although no doubt it will
be some discernible amount.

3,2 Improved Equipment Design
The CANDU 600 MW(e) stations have been designed
with improved equipment reliability and maintainability
in mind. Improved equipment reliability should reduce
maintenance frequency and tnus help to reduce the
total exposure incurred by maintenance personnel. The

use of bellow-sealed valves instead of conventional
packed valves, improved design of the internals of ion
exchangers, and better shaft seals on pumps should
reduce the frequency of maintenance problems and
simplify repair problems.

0.1

Figure 1

Figure 2

Pickering

Candu-600

I

5 10 15 20 25
Operating Time (Years)

Predicted Boiler Radiation Fields at
CANDU Reactors

30

r i

Pickering __

1 1 1

— —

Candu-600

!

5 10 15 20 25

Operating Time(Years)

Predicted Feeder Radiation Fields at
CANDU Reactors

30

Along with these improvements has been a general
redustion in the amount of equipment at the station. A
significant reduction in the number of valves in the Heat
Transport system should help to reduce both the inven-
tory of corrosion products in the system and the time re-
quired for maintenance. At Pickering 'A' each unit has
sixteen heat transport pumps and twelve steam
generators. In the 600 MW(e) design there are only four
heat transport pumps and four steam generators. These
reductions should help to reduce maintenance time.

00 M 40H I 600 .in<! I H00 il



Although these improvements should definitely help
to reduce radiation exposure to maintenance person-
nel, the extent of this reduction is difficult to say.

3.3 Improved Layout Design
System layout can have a great effect on the total dose
absorbed by station personnel. In the CANDU 600
MW(e) design, equ'omeni layout has been designed to
provide easier accessibility for equipment maintenance
and operation. Extra shielding has been provided in
areas of high radiation f ields and frequent
maintenance. Isolating equipment which requires more
frequent ooeration and attention will help to reduce
radiation exposure. Three examples of the above points
are: 1) the slurrying of all spent resin through shielded
pipes; 2) having the steam generators in the CANDU 600
MW(e) design separated by a shielding wall from the
primary heat transport pumps — at Pickering 'A' no
such shielding is provided; 3) providing shielding bet-
ween these main heat transport pumps and the drive
motors — again, at Pickering 'A' no shielding was pro-
vided.

3.4 Tritium Reduction
Internal radiation exposure, mainly due to tritium, is a
major contributor to the total dose received by station
personnel. At Pickering 'A' tritium exposure accounts
for approximately 30% of the total man-rem exposure
(see Table 2). If no improvements are made at Pickering
'A', tritium exposure can be expected to rise as the
buiid-up of tritium concentration continues in both the
Moderator and PHTS systems. In the 600 MW(e) design
some steps have been taken to reduce both chronic and
acute tritium exposure. These are:

1) Improved ventilation system to lower background
tritium levels.

2) Better drainage systems for quicker removal of free-
standing D2O in the reactor and service buildings.

3) Separation of high and low tritium systems to avoid
any cross contamination. This approach is most ob-
vious in the D2O cleanup system where the CANDU
600 design calls for sep irate moderator and PHTS
D2O cleanup systems.

The improvements outlined in sections 3.2 and 3.4 are
expected to reduce tritium exposure by about 50% or a
saving of approximately 100 man-rem/a.

3.5 Fuel and Fuel Handling
When compared to Pickering 'A', the 600 MW(e) design
will have four advantages:

1) improved fuelling machines (based on Pickering
design);

2) improved fuel design (CANLUB fuel);

3) a better understanding of fuel management (this
should help eliminate fuel failures that occur at
Pickering due to sudden exposure to high local
neutron flux);

4) an improved failed fuel detection system for locating
and removing any failed fuel while the reactor is in
operation.

Some of these factors are negated by having some boil-
ing in the fuel channels (quality of water entering the
steam generator is about 4%) and a higher power out-
put per bundle. The net result should be a reduction in
the fission product activity in the system. However, no
credit has been taken for these improvements in this
estimate.

3.6 Purification
In the 600 MW(e) design the heat transport purification
circuit is designed for a purification half-life of 20
minutes. At Pickering 'A' the purification half-life is in
the order of 2 • 3 hours. (The half-life is defined as the
time required to remove half the crud from the system
assuming no other production or removal processes.)
The increased purification flow (a 6- to 9-fold increase)
will help to limit the build-up of corrosion and fission
product activity in the main heat transport system. It
has been estimated that a 20 minute half-life at Picker-
ing 'A' would result in a man-rem saving of about 160
man-rem/a.5 This estimate is based solely on im-
provements in the purification half-life; however con-
sidering the improvements previously stated and the
law of diminishing returns, a man-rem saving of 60 man-
rem/a has been assumed for the 600 MW(e) station.

3.7 Summary of Design Improvements
Table 4 summarizes me man-rem savings that should
be achievable in a mature CANDU 600 MW(e) station
when compared with the Pickering 'A1 station.

Table 4 Man-rem Savings

Category Savings
(man-rem/a)

Material Control

Improved Equipment Design
Improved Layout Design
Tritium Reduction

Purification

190

100

60

Total Savings: 350 man-rem



Thus the expected average annual dose consump-
tion for a mature CANDU 600 MW(e) station is about 350
man-rem/a. With the various improvements outlined in
the previous sections along with possible minor
changes which have not been indicated in this paper, it
is reasonable to expect that a mature CANDU 600
MW(e) station can operate with an average annual man-
rem expenditure of 350 man-rem.

This value may be considered conservative due to the
pessimism involved in many of the predictions. Within
AECL some parties have stated that based upon current
technological improvements available, a number of
which have been incorporated in the 600 MW(e) design,
an expenditure of 0.3 man-rem/MW(e)-a should be
achievable, or 180 man-rem/a for a 600 MW(e) station.11

Thus, although an annual dose consumption of 350 rem
is a definite improvement over Pickering, the possibility
exists that this value may actually be lower.

4. OTHER CONSIDERATIONS

4.1 Decontamination
If the above man-rem estimate proves to be low or if sta-
tion management feels a man-rem consumption of 350
rem is unacceptable for station operation, then AECL
and Ontario Hydro have developed and tested decon-
tamination procedures for both the primary heat
transport system (CAN-DECON method) 1V2 and the
fuelling machines.

The CAN-DECON technique has been used suc-
cessfully for decontaminations at NPD, Gentilly-1 and
Douglas Point. Decontamination factors (DF> in the
range of 1.5 to 6 have been obtained. The CANDU 600
MW(e) reactor has been designed to be compatible with
a CAN-DECON decontamination v,':;h a few minor
changes to the existing station equipment. The present
CAN-DECON procedure is expected to give an average
DF of about 2 in the 600 MW(e) design. Since this pro-
cedure is quick, easy to perform, not too corrosive and
relatively cheap, the station has the opiion of either per-
forming a regular CAN-DECON to prevent radiation
fields from steadily increasing or performing a CAN-
DECON whenever the need arises. The former approach
is recommended.

As indicated eariier, approximately 20% of station
personnel exposure i.i due to the fuelling systems,
mainly related to the fuelling machine maintenance.
Some successful decontamination of the fuelling
machine heads have been carried out resulting in DF's
of about 5. Such decontamination techniques could be
used to reduce man-rem exposures due to fuelling
machine maintenance.

4.2 Chemistry-Specification
Along with improved decontamination procedures, the
CANDU 600 MW(e) station will benefit from a better

understanding of station chemistry. This understanding
is a result of both modelling analysis and experimental
work carried out mainly under the auspices of the
ATWP. Recommendation for tighter chemistry conirol
in both the primary and secondary sides has been one
of the party's main recommendations. Modelling
analysis has shown that there are definite man-rem
benefits in having tighter station chemistry e.g. a higher
pHinthePHTS.

However, more modelling analysis and experimental
work must be done before final recommendations can
be made.

4.3 Station Management Contribution
One final point should now be made and noted:

It is station management who truly determine the exact
extent of man-rem consumption at a station.

If station management choose to operate the station
without considering the resulting effects on exposures,
then man-rem expenditures will certainly increase. Sta-
tion operating philosophy should be one of man-rem
awareness. Station operating and maintenance person-
nel should be trained and educated on proper station
procedures to reduce man-rem exposure. Included
should be procedures for optimum usage of protective
clothing, portable 3hielding and air masks. Experiments
at Pickering have shown that if proper care is taken in
maintenance procedure there is a resulting reduction in
man-rem consumption. Unfortunately, this major factor
cannot be designed into the station but rather must be
taught to station personnel.

Thus, as seen from the above discussion, there are
still areas where sizeable man-rem saving can be made.
Naturally, these savings will all be governed by the law
of diminishing returns.

5. CONCLUSIONS

This paper shows that a CANDU 600 MW(e) station can
operate with a man-rem consumption of 350 man-rem/a,
at maturity. With further improvements in decontamina-
tion techniques and tighter chemistry control it should
be possible to operate at even lower values. Station
management awareness of man-rem problems is
crucial in reducing the annual dose consumption at the
station.

radiation field belore deconlaminatior

radiation (laid alter decontamination
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