
Chapter 8 Process Design and Optimization 

8.1 Introduction 

[Reference PON78] 

The CANDU design had its beginnings in the early 1950’s with preliminary engineering studies on a 
20 MW(e) and a 200 MW(e) plant. These studies eventually culminated in commitments to the 
Construction of NPD and Douglas Point. The 1960’s resulted in the operation of NPD in 1962 and 
Douglas Point in 1966. At the same time, commitments to construct Pickering were made in 1964 
and for Bruce in 1969. The 1970’s have witnessed the excellent operating performance of Pickering 
and Bruce and the commitments to construct Geutilly-2, Cordoba, Pt. Lepreau, Wolsung, Picketing B, 
Bruce B and Darlington. 

In most cases, successive plants have meant an increase in plant output. Evolutionary developments 
have been made to tit the requirement of higher ratings and sizes, new regulations, better reliability 
and maintainability, and lower costs. These evolutionary changes have been iohoduced iu the course 
of engineering parallel reactor projects with overlapping construction schedules - circumstances which 
provide close contact with the practical realities of economics, manufacturing functions, construction 
activities, and performance in commissioning. Features for one project furnished alternative concepts 
for other plants on the drawing board at that time, and the experience gained in fmt application 
yielded a sound basis for re-use in succeeding projects. Thus the experience gained in NPD, Douglas 
Point, Gentilly-1 and KANUPP have contributed to Pickering and Bruce. In turn, ali of these plants 
have contributed to the design of Gentilly-2.’ The evolutionary chauges that have taken place are 
discussed below. 

8.2 Primary Heat Tmnspott System 

There has been a continuing quest for higher reliability, better maintainability of equipment, and a 
reduction of radiation dose to operating std. This is manifested in the dramatic reduction in the 
number of components. For example, NPD had approximately 100 valves per MW in the &clear 
steam supply system. This has been reduced to less than 1 valve per MW in the Bruce, Gentilly-2 
and Darliigton designs. The number of steam generators have gone from 12 in Pickering to 8 in 
Bruce to 4 in Gentilly-2 and Darlington. Table 8.1 summarizes the evolution. 

All materials in the heat transport circuit are now being sp&tied for very low levels of cobalt in order 
to keep radiation fields to a minimum. 
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8.3 Steam Generators 

Steam generator size has been generally limited by the industrial capability to pmduce them. We are 
now down to 4 in the 600 MW(e) Gentilly-2 and Darlington designs. Monel was used as the tubing 
material for Douglas Point, RAPP, KANUPP and Picketing. This material has been proven to be 
quite satisfactory for the non-boiling coolant conditions of those plants. Inconel 600 has been used iu 
NPD and in Bruce. This is a more costly material than Monel; however, its corrosion resistauce iu a 
boiling environment (as in Bruce) is much superior. We are using Incoloy 800 in all of the 600 MW 
reactors (Gentilly-2, Pt. Lepreau, Cordoba and Wolsuug) as it is about equal in most respects to 
Inconel 600, has greater resistance to intergranular attack, and is somewhat lower iu cost. Table 8.2 
gives a more detailed comparison of the features of dierent steam generators. 

8.4 Heat Transport Pumps 

Pump-motor sets have remained essentially of the same configuration for all of the CANDU stations, 
i.e., vertical electric motor driven, centrifugal, solute tvpe casing, one radial guide bearing in the 
pump with pumped fluid as lubricant, tilting pad type guide aud double acting thrust bearing in the 
motor, and mechanical shaft seals. 

Maintainability has been improved with the provision of interchaugeable sukssemblies. The 
appropriate placement of shielding has permitted the changipg of a pump motor on Bruce while the 
reactor continues to operate at 60-70X power. 

There has been a recent trend away f?om solid mtor flywheels (Douglas Point to Gentilly-2) to 
additional pa&ages of rotor laminations located just outboard of the main rotor (Pt. Lepreau, Bruce 
9’). This manner of fabrication precludes the requirement for inservice inspection for that component 
as it ‘is highly unlikely that a defect could grow from one lamination to another. 

Regulatory requirements for pumps have grown from very little in the beginning to the present time 
where the pump pressure boundq is considered in the same way as nuclear pressure vessels (ASME 
Section 111 Class I). ConsequentIy, nondestructive examination (NDE) and quality assurance 
requirements have increased considerably. 

A detailed comparison of pump characteristics is give-u in Tables 8.3 and 8.4. 
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8.5 Reactor Core Design 

In 1955, a detailed design of a demonstration natural uranium reactor was initiated. It was called 
NPD and was based on a vertical pressure vessel concept. 1x1 1957, this was changed to a horizontal 
pressure tube con&ration - a configuration which has remained in succeeding heavy water cooled 
reactors. The horizontal configuration aided the on-line faelling scheme by making doable-ended 
fuelling feasible. It also permitted the use of vertical safety control rods which do not interfere with 
the pressure tubes and feeders. 

Evolutionary changes have been in the direction of achieving 

a) large increases in core rating with the minimum increase in reactor size (the higher the 
power density, the lower the capital cost); 

b) reduction in shop fabrication costs through simplification. 

c) reduction in field assembly through more shop fabrication. 

The major impact of higher power densities on capital costs is in the redaction of heavy water 
inventory. The amount of heavy water in the reactor core per MW produced in the reactor is listed in 
table 8.5. 

T.~” - ‘Ieavy Water in Core per MW Thermal 
UI~ 

NPD 
Douglas Point 
KANUPP 
Pickering A 
BritceA&B 
Gentilly-2 

. . 
,169 
.ia2 
,157 
,112 _ 
,105 

Higher power densities require more MW’s produced per meter length of fuel channels. Table 8.6 
below indicates the achievements to date. 

Table 8.6 MW Thermal per Metcx Length of Fuel Channel (total MW thennai / total fuel channel 
lm3w 

NPD 
Douglas Point 
KANUPP 
Pickering A 
Bm=A&B 
Gentilly-2 

Mwtlm 
.163 
.453 
.443 
.I52 
381 i t--m P-2,15% ,011 
.93 1 



The above increase in iating has been achieved by: 

increasing the pressure tube diameter from 3 l/4” (NPD, Douglas Point and KANUPP) 
IO 4” (Pickering, Bruce, Gentilly-2); 

b) increasing the number of fuel pencils per bundle from 19 in NPD to 37 in Bruce and 
Gentilly-2: 

C) increasing the fuel rating from 24.9 kW/m in NPD to 50.9 kW/m in GentilIy-2 
(possible with an accompanying increase in PHT pressure.). 

8.6 Reduction in Radiation Exposure 

Recommendations have been made by the International Commission on Radiological Protection 
(ICRP) on maximum permitted doses for occupationally exposed persons. Continued exposure at 
these limits is expected to have a risk of fatality comparable to, or less than, conventional fatality risks 
facing occupational groups in industry in general. Canada has accepted the recommended limits of the 
ICRP which are 5 rem/year whole body exposure for Atomic Energy workers. In practice, we have 
taken a design target of 2.5 ,mm/year per man as the average. 

The major factors which affect the radiation dose incurred by a worker are: 

1) Amount of equipment. 
2) Frequency of failure. 
3) Time required to repair. service, inspect. 
4) Radiation conditions (fields and airborne concentrations). 

Since radiation dose is proportional to the product of these four factors, a reduction in any factor will 
reduce the dose received. 

It became quit6 evident in the late 1960’s with the operation of Douglas Point that a formal program 
of radiation dose reduction was required to prevent future problems. For Douglas Point, the major 
emphasis was on the reduction of radiation fields by chemistry control and the removal of high 
activity materials (item 4 above). For new stations not yet operated, the emphasis was on all four 
items listed above. This has taken the form of detailed design reviews. From these design reviews a 
general classifkmttion of solutions in the design stage have emerged: 

1) Stop adding equipment. 
2) Eliiinate equipment. 
3) Simplify equipment. 
4) Provide neeessmy equipment of high reliability. 
5) Relocate equipment to lower radiation fields 
6) Eliminate materials such as cobalt which could become highly radioactive. 
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7) 
8) 
9) 
10) 
11) 
12) 

Provide better chemical control and purification. 
Extend interval behveen maintenance periods. 
Arrange for quick removal for shop maintenance. 
Reduce io-situ maintenance times. 
Provide adequate space around equipment. 
Provide adequate shielding in order that maintenance can take place in low tields. 

8.7 Nuclear Power Demonstration Station, NPD 

Figure 8.1 shows the simplified HTS schematic for NPD. The circuit contained inline isolating valves 
for maintenance purposes. Pump reliability was enhanced by using 3-50% pumps with check valves 
to prevent reverse flow through the non-operating pump. The check valves we= placed at the pump 
discharge, of course, rather than at the suction to meet net positive suction head (NPSH) requirements. 
The GG inlet and 66 outlet feedcrs at each end of the core terminated in a reactor inlet and a reactor 
outlet header, respectively. Thus. bidirectional channel flow was used to limit spatial reactivity 
feedback. The channel flow was trimmed to match the radial power distribution by inserting an 
orifice plate in the inlet endfitting. All feeders were of the same diameter. Pump flywheels were used 
to match the power rundown during a Class IV power failure to ensure adequate fuel cooling as in all 
CANDU stations. Boilers were placed above the core to e&awe thermosyphoning. Feed and bleed 
provided pressure and inventory control. 

The NPD: nuclear station has some significant design fern that are quite different from other 
CANDU stations. There is only ohe set of inlet and outlet headem The end fittings of the reactor 
channels do not have shield plugs, so that there is a large holdup of heavy water in this region. The 
core itself cons&s of hvo fuel bundle types. The central region as 19 element bundles and the outer 
region has 7 elements bundles. 

The major difference is that the steam generator is a horizontal ‘U’ tube vessel with the steam drum 
situated above and connected to the steam generator by a series of 4” risers and downcomers. 
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Flpne 8.1 NPD main PHT circulating system 
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8.8 Douglas Point 

Figure 8.2 show the simplified HTS schematic for Douglas Point. This station utilized the ‘figure of 
eight” loop layout (so coined because of the loop crossover to form an “8” when drawn on paper). 
This configuration has the advantage of reducing D,O holdup and pressure drop by eliminating the 
long piping runs to the far end of the core inherent -in the NPD design. This introduces the possibility 
of east-west (loop end to end) imbalances. The configuration is thus, more susceptible to overloading 
(of fuel heat transfer) upon the loss of one pump set. Redundancy in pumps were required to get 
adequate reliability. As in NPD, bidirectional channel flow, check valves at the pump discharges and 
isolation valves were employed. Trimmed channel flow to match the radial power distribution was 
obtained by different feeder sizes or orifice plates in inlet feeders and shield plugs. 

8.9 Pickering A and B 

The Pickering stations are similar in loop-configuration to Douglas Point, as shown in Figure 8.3. 
Power output was increased to 540 MW(e) and two loops were used to reduce the rate of blowdown 
in the event of a loss of coolant accident (LOCA). A loop interconnect was provided to reduce loop 
to loop imbalance. Manufachuing limits on steam generators and pomps led to 12 operating steam 

~generators and 12 operating pumps with 4 reserve pomps. Component isolation wan still possible but 
check valves were eliminated because of the leakage and poor reliability experienced at Douglas Point. 
Trimmed channel flow was achieved by difTerent feeder s&s and inlet feeder o&ice plates. 
Reference [MORR74] provides an exceltent overview of the philosophy behind the Pickering A 
station. 

8.10 Bruce A and B 

Figure 8.4 shows the simplified schematic of the Bruce HI’S system. It shows a marked layout 
difference from the Pickering station. For Brace (and later stations, CANDU 6, Darlington), the 
reliability experience gained from previous plants justified the elimination of standby pumps. For 
man-rem and maintenance reasons, valves were eliminated. Manufacturing now permitted larger 
components. Thus 8 steam generators and 4+1umps were adopted. Figure 8.5 iIiustrates the growth in 
steam generator size. Channel flow was not trimmed as in d other CANDU’s. A constant radial 
distribution of flow was maintained by different feeder sizes to account for gcome@ and feeder length 
differences. As in all CANDU designs, channel velocity was limited to 10 m/s due to fretting 
considerations of the fuel bundle and pressure tube. 
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Figule 8.2 Douglas Point PHT main circulating system 
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Figure 8.4 Bruce heat transport system 



Process Design and Opfimization 8-15 

-woow-sr~as I 

/ + -.____ --- 

Figwe 8.5 Steam genentm - relative sizes 



8.11 CANDU 6 

The CANDU 6 has been discussed in previous chapters. Suffke it to say that the figure of eight loop 
was adopted as per the Pickering design. But, as per the Bruce design, a loner number of 
components were used. Increased confidence in ho-phase Row led to the use of boiling under 
normal conditions in the PHTS. Erosion I corrosion concerns at the steam generator inlet limited the 
quality to 4.5% at this position or nominally 4% at the ROH. Erosion/corrosion concerns also limited 
single and hvo-phase velocities to 15.25-16.75 m/s (SO-55 ft/s). The presence of boiling required a 
surge tank or pressurizer to accommodate the larger shrink and swell during transients. The 
pressurizer is used for pressure control (using heaters and steam bleed valves) while inventory control 
remained with feed and bleed. This is the same as for the Bruce design because, although the Bruce 
design is nominally single phase, it’s larger size and the presence of some boiling required a surge 
tank approach. The heat transport system schematic is given in figure 8.6. 

8.12 Darlington A 

The HTS schematic for Darlington A is similar to the CANDU 6. The reactor is a Bruce reactor (480 
channels-~13 bundles/channel). Process conditions were taken very close to the CANDU 6 since that 
was the state of the art at that time. The optimization program showed that higher pressure tube 
pressures. higher qualities and higher velocities were ekmomical. But the state of the art engineering 
limits on pressure tubes, qualities and velocities forced the optimization to stop at these limits, the 
same limits as for the CANDU 6 design. 

The HTS for Darlington was designed by Ontario Hydra with design support from AECL. AECL 
retained responsibility between the headers (RIH, feeders, endfittings, channels, ROH) while Ontario 
Hydra assumed design responsibility for the rest of the vstem. All other HTS’s weTe designed 
completely by AECL. 



Figure 8.6 CANDU 6 heat transport system [Source: CAN951 
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8.13 The Future 

The future will see continuing emphasis on reliability and maintainability (R&M), quality assurame, 
reduction in radiation dose, and capital cost reduction. The excellent performance record of Pickering 
A and Bruce is to be maintained in future stations through a vigorous program of R&M and a 
common sense approach to Q/A. Radiation dose to the operating staff must continue to be kept to a 
minimum. A renewed effort on capital cost reduction must be instituted. All areas of cost, from 
cngineerkg, to fabrication, to construction, and to commissioning, must be carefully scrutinized to 
bring about real savings. The overall schedule should be critically examined with a view to 
shortening it since the overall schedule time (concept to in service) has a major effect on total cost 
due to the cost of borrowing money and the large initial capital outlay inherent in the CANDU 
concept. See, for instance, page 218 of Reference [HILL78]. 

Future HT process designs will also reflect the evolution in the state of the art, notably in the 
following areas: 

Critical heat flux, 
Erosion/corrosion velocity limits, 
Single aad two-phase pressure drop and heat @nsfer correlations. 
Thermosyphoning, 
Safety guidelines and requirements, 
Stability aspects of hvo-pha$e flow, 
Two-phase pump performance requirements, 
Pump seals, 
Process modelling (e.g., pressurizer, headers, boilers), 
Creep of fuel channels, 
Fuel design (fretting, hydraulic characteristics), 
Power output and other constraints as required by clients, 
Feeder sizing criteria. 

-. 
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