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8, HEAVY WATER-MODERATED, NATURAL 
URANIUM-FUELED REACTORS 

This report is a revision to Section 8 of TID-8516, Part 1, Civilian Power Reactor Program. 
The reactor concept presented has been changed from a pressurized, pressure vessel, indirect 
cycle plant to a boiling, pressure tube, direct cycle plant. While the pressure tube concept has 
not, at the date of this writing, been demonstrated in an operating civilian power reactor it is, 
nevertheless, considered to be representative of current technology available in separate programs. 
For example, all prototypes or power reactors in the U.S. and Canadian programs, both those in 
construction and those being designed, are of the pressure tube type. Also, the PRTR, which is 
a typical pressure tube reactor, will operate in 1960 and the NPD-2 will operate in 1961. In ad­
dition, the Douglas Point plant (CANDU) includes a full-scale pressure tube reactor and is sched­
uled for construction completion by 1965. 

The pressure tube reactor is, therefore, representative of DjO-moderated power reactors 
and is now being used for the reference design in the ten-year program. 

A. DESCRIPTION 

In the few years that heavy water-moderated power reactors have been under investigation, 
virtually every combination of coolant and reactor core configuration has been studied, several 
reactor projects have progressed into construction, and improvements on these are being de­
veloped. All of the plants which are either under construction or scheduled for construction are 
cooled by pressurized DjO. However, design studies (Reference SL-1565, SL-1776/NDA 2131-6, 
DP-480) by both du Pont and S&L-NDA, independently, indicate that the boiling D20-cooled, direct 
cycle plant holds the greatest promise for producing economic power in the near future. 

These studies also indicate that heavy water-moderated natural uranium reactors must be 
large to be competitive, leading to the selection of the pressure tube design to avoid the pressure 
vessel size limitation. A logical direction for future growth from the boiling D2O, direct cycle 
plant is to the use of H2O fog coolant, possibly combined with nuclear superheat. 

The cost data for the recommended concept presented herein is based on the boiling DjO-
cooled, pressure tube reactor plant studies conducted by du Pont, Sargent & Lundy and NDA since 
the Fall of 1958, The flow diagram and heat balance for the 300 MWg plant are shown in Fig. 1; 
the reactor elevation is shown in Fig. 2; plant parameters are summarized in Table 1. 

Cost data are presented for two plant sizes: 100 and 300 MWe nominal net ratings with aver­
age discharge fuel burnups of 8500 MW-d/metric ton and 7500 MW-d/metric ton. The 300 MWe 
plant data were obtained from SL-1815 with slight modifications to account for changes in site 
location. The 100 MWe plant data were obtained by interpolating between the 300 MWe plant and 
the 70 MWe prototype presented in SL-1773. Both of the large plants are fueled with natural 
uranium. 
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Table 1 — Summary of Plant Characteristics - 110 and 325 MWe Direct Cycle Plants 

Description 

D,0 Moderated 

110.0 MWe Gross 325.0 MWp Gross 

Heat balance 
Total reac tor power, MWt 
Gross turbine power, MWe 
Net plant power, MWe 
Net plant efficiency, % 

3ine cycle conditions 
Thrott le temp, °F 
Thrott le p r e s s u r e , psia 
Total s team flow, Ib /h r 
Condenser b a c k - p r e s s u r e , In. Hg A 
Final feedwater temp, °F 
No. of feedwater heating s tages 
Reheat - temp, °F 
Reheat —pressure , psia 

ctor description 
Reactor vesse l 

ID, ft 
Inside height, ft 
Wall thickness, in. (cylindrical 

portion) 
Mater ia l 
Design - p r e s s u r e , psig 
Design - temp, °F 
Type 

Reactor core 
Active equivalent d iameter , ft 
Active height, ft 
Active core volume, ft' 
Total uranium loading, kg U 
Avg U"* content, % by weight 
Structural mater ia l (p ressure tubes) 
Moderator to fuel ra t io 
Lattice a r rangement 
Total no. of latt ice posit ions 
Total no. of fueled posit ions 

Reflector or blanket 
Material 
Axial thickness, ft 
Radial thickness, ft 

Fuel e lements (for each type) 
Fuel mater ia l 
Fuel element geometry 
Clad mater ia l 
Fuel " m e a t " d iameter , in. 
Clad thickness, in. 
Fuel-clad gap (cold), in. 
Gap filler m a t e r i a l 

Fuel a s sembl ies (for each type) 
Total no. (two par lattice position) 
No. of e lements (rods) per assembly 
Cross sectional dimensions, in. 
Lattice spacing, in. 
End fitting mate r i a l s 

365 
110 
103 
28.2 

510 
765 
1.51 x lO* 
1.5 
387 
4 

16.8 
16.3 
0.375 

Al 
15 
150 
Calandria 

12.8 
11.8 
1520 
22,230 
0.72 
Zr-2 
14.9 
Triangular 
173 
154 

DjO 
2 
2 

UO2 
Rods 
Zr-2 
0.500 
0.025 
0.005 
He 

308 
37 
4.462 a c r o s s hex. end points 
11.1 
Zr-2 

1115 
340 
318,9 
28.6 

510 
765 
4.61 X 10' 
1.5 
387 
4 

20.6 
22.5 
0.375 

Al 
15 
215 
Calandria 

18.6 
20.1 
5450 
85,700 
0.72 
Zr -2 
13.9 
Triangular 
369 
344 

DjO 
1 
1 

UO2 
Rods 
Zr-2 
0.500 
0.025 
0.005 
He 

688 
37 
4.462 ac ro s s hex. 
11.1 
Zr-2 

end poll 



Table 1 — (Continued) 

Description 

Reactor control 
Method of control 
Absorber material 
No. of control elements 
Cross sectional dimensions, in. 
Effective length, ft 
Type of drive 

Calandria tubes 
Material 
ID, in. 
Wall thickness, in. 

Pressure tubes 
Material 
ID, in. 
Wall thickness, in. 

Coolant moderator insulation 
Material 
Thickness, in. 
No. of insulating gaps 
Gap separators 

Gap separator thickness 

Performance data 
Reactor coolant outlet temp, °F 
Reactor coolant inlet temp, °F 
Primary system operating pressure, psig 
Primary coolant flow, Ib/hr 
Avg core coolant velocity, ft/sec 
Max fuel center temp, °F 
Max cladding temp, °F 
Burnout heat flux, Btu/hr-ft^ 
Max core heat flux, Btu/hr-ft' 
Avg core heat flux, Btu/hr-ft^ 
Avg core power density, kwt/ft' 
Peak to average power ratio 
Avg specific power, kwt/kg U 
Fuel management 

Avg fuel burnup, MW-d/metric tons 
Peak to avg burnup ratio 
Secondary sodium inlet temp, "F 
Secondary sodium outlet temp, °F 
Secondary sodium flow, Ib/hr 

DjO Moderated 

110.0 MWe Gross 325.0 MWe Gross 

Rods 
0.03 in. Cd(Al 
19 

U . 8 
Motorized 

Al 
4.650 
0.162 

Zr-2 
4.650 
0.162 

Air 
0.375 
1 
Calandria and ] 

tube annulus 

515 
498 
795 
10.8 X 10" 
6.37 at inlet 
4400 
550 
Not available 
3.11 xlO* 
1.42 X 10' 
240 
2.41 
16.4 

clad) 

pressure 

Off power 4-zone radial 
shift axial repositioning 

6010 
Not available 

Rods 
0.03 in. Cd (Al clad) 
25 

20.1 
Motorized 

Al 
4.650 
0.162 

Zr-2 
4.650 
0.162 

Air 
0.375 
1 
Calandria and pressure 

tube annulus 

915 
498 
795 
33 X 10« 
8.71 at inlet 
4500 
550 
1.025X 10' 
3 . 1 8 x 1 0 ' 
1.10 X 10' 
205 
3.18 
13.0 
Off power 4-zone radial 

shift axial repositioning 
7500 and 8500 
Not available 

Reactor coolant makeup rate, lb/day (Dj 
Radial max to avg flux 
Axial max to avg flux 
Bundle max to avg flux 
Max to avg thermal neutron flux 
Power to coolant, MWth 
Power to moderator and reflector 

;ainment 
Design criteria 
Type 
Primary loop coolant inventory, lb 
Geometry 
Dimensions, ft 
Design pressure 
Material 

0 ) 30.2 
1.59 
1.38 
1.1 
2.42 
338 
27 

Vapor containment 
Steel shell 
190,000 
Cylindrical 
114 0 X 168 h 
~25 psia 
Steel 

57.3 
1.94 
1.49 
1.1 
3.18 
1037 
78 

Vapor containment 
Steel shell 
361,308 
Cylindrical 
135 0 X 190 h 
31 psia 
Steel 
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Fig. 1 — Flow diagram - 300 MWe boiling 
D2O, direct cycle plant (preliminary) 
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Fig. 2 — General cross section of reactor building - 300 MWe boiling D2O, 
pressure tube, direct cycle 



B. TECHNICAL STATUS 

The technical status of heavy water reac tors is based on development programs being carr ied 
forward in the construction of the reac tors mentioned in Section D plus general development p r o j ­
ects at du Pont, Sargent & Lundy and NDA. The status of the main development efforts in these 
programs is a s follows: 

1. Physics - Reactivity Prediction 

The methods of reactivity prediction currently available to the designer of natural uranium-
fueled, heavy water reac tors a r e semi-empir ica l in nature and are limited in their applicability. 
Some of the lattice designs for an oxide-fueled reac tor a r e outside the range for which exper i ­
mental data a re available, and extrapolations to these designs may not be rel iable. For example, 
the French and Swedish methods for prediction of reactivity agree closely for 19-rod clusters of 
0.5 in. UO2 fuel rods, but disagree by 1.5% keff for 37-rod c lus ters with lattice pitches of about 
1 ft. The lattice configurations for which the existing semi-empir ica l methods can be used with 
confidence a r e compared in Table 2 with latt ices of current interest . 

Table 2 — Comparison of P resen t Lattice Designs with Valid Range of Reactivity 
Prediction Methods 

Fuel Area per Cluster, in,^ Lattice Pitch, in. 

Oxide Metal Oxide Metal 

Calculation Method 
Swedish 4.0-5.6 2.3-4.0 6.7-10.6 5.9-11.4 
French 2.8-5.6 2.3-4.0 6.7-10.6 5.9-11.4 
SRL-Canadian 1.4-6.5 0.9-9.3 7.5-11.8 7.5-11.8 

Reactor Design 
S&L-NDA 8,8 11.1 
D u P o n t l K - 3 0 0 3.1 8.5 

In the design of a natural uranium-fueled reactor , the expedient of increasing enrichment to 
overcome uncertainties in reactivity prediction is not available, but additional reactivity can be 
obtained for the cases considered by increasing the D20-to-uranium ratio. There is no doubt, 
from the reactivity standpoint, that a D20-moderated, natural uranium-fueled reactor can be built 
and operated. The question is ra ther one of specifying the optimum lattice and improving the 
predictions of attainable fuel exposure. 

Current work to obtain more accurate reactivity data consists of the modification and operation 
of the P rocess Development Pile (PDP) at Savannah River for full scale lattice studies; design, 
construction and operation of the Pawling Lattice Test Rig (PLATR); analyses of various refueling 
schemes; and theoretical studies of reactivity prediction methods. Crit ical experiments with 
full scale latt ices of uranium metal c lusters have been run in the PDP; UO2 experiments will 
s tar t in mid-1960. PLATR went cr i t ical in March 1960 and is being used for U02-fueled lattice 
investigations. Data obtained from these facilities and from exponential experiments in the SE 
and PSE are expected to reduce the uncertainty in calculating initial reactivity to less than 1% keff. 
This uncertainty is equivalent to 5 to 10% in fuel burnup. 
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The current program will provide essentially all of the basic reactivity data which can be 
obtained conveniently without operating a reactor. Sufficient reactivity data from an experimental 
program should be available by the end of FY 1961 to specify optimum lattices for a prototype. 

NDA studies of multizone refueling schemes indicate that a burnup of about 7500 MW-d/metric 
ton-U is probable with UO2 in a 200 MWe boiling reactor with off-power refueling. The Canadians 
predict 8000 MW-d/metric ton-U (+20%, -0%) with on-power refueling. 

Predictions of long-term reactivity may be in error by as much as 30% in exposure. Im­
provements in this accuracy can be expected as the experimental and theoretical work continues. 
Some of the investigations in the HWCTR will be directed along these lines, and a critical facility 
for measuring the reactivity of exposed PRTR elements is being considered at Hanford. However, 
the final determination of burnup limits can be achieved only by operating a natural uranium-fueled 
prototype reactor. 

2. Fuels and Materials 

Two materials, uranium oxide and uranium metal, are being developed as alternative fuels 
for the heavy water-moderated power reactor. Uranium oxide has good dimensional stability 
under irradiation and is highly resistant to attack by D2O. On the other hand, uranium metal is 
advantageous because of its greater nuclear reactivity. 

Uranium oxide is known to be acceptable for use in power reactors. This fact has been demon­
strated by the successful use of the material in the PWR reactor and by extensive in-pile testing. 
Because oxide fuel elements are now relatively expensive to fabricate, development attention is 
being concentrated on fabrication processes that have cost reduction potential. 

It is not known yet whether metal elements can achieve the desired exposures under power 
reactor conditions without excessive fuel failures. Also, there is a theoretical indication that 
metal fuel cannot be used in boiling D2O reactors because of reactor stability considerations. An 
extensive program to resolve these questions will be undertaken. Metallic fuel elements may 
show economic promise with more advanced coolants such as H2O fog, steam, gas, or organics. 

3. Heat Transfer and Fluid Flow 

To attain the maximum potential of a reactor in which the coolant boils, more data are needed 
on the burnout heat flux and the pressure drop characteristics. 

Although the problem of burnout is not considered to be of crucial importance for boiling 
reactors fueled with oxide rods, available data at conditions of interest are not adequate for optimum 
design of the fuel element. Conservative estimates of the burnout safety factor indicate that the 
anticipated operating heat flux is about 40% of the minimum burnout heat flux. The relationship 
between coolant flow and pressure drop is not known accurately for the pressures, geometries, 
and thermal conditions considered desirable for a boiling reactor. 

An experimental program has been initiated at SRL and at the Columbia University Engineering 
Research Laboratories to determine the burnout heat flux and the pressure drop characteristics 
of various fuel element configurations. The experimental program will be supplemented by con­
tinuing efforts to correlate heat transfer data for boiling burnout. Pressures as high as 1500 psi 
and steam qualities as high as 20% or more will be included in the range of variables. This pro­
gram will provide pressure drop data later in 1960, and it is expected that heat transfer limits 
for rod clusters will be fairly well defined by early 1961. The experiments and analyses will be 
followed by proof tests of fuel assemblies in the boiling D2O loop of the HWCTR. 

Current data indicate that it will be possible to raise the allowable maximum heat generation 
rate for UO2 fuel elements above that used in the design studies. As new information is developed 
under the Canadian and U.S. programs, using UO2 fuel, it will be factored into the D20-moderated 
reactor design. 
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4. Coolant Chemistry 

The requirements imposed on the purity and handling of D2O as a reactor coolant are essen­
tially the same as for H2O. This technology is well established in boiling reactors such as EBWR, 
VBWR, and Dresden. Current work includes the specification of coolant conditions required for 
use of less expensive process system materials. 

5. Components and Auxiliary Systems 

Pressure Tubes. The zirconium-base alloys are currently considered to be the best available 
materials for pressure tubes in a natural uranium power reactor. No other commercially avail­
able metal that has adequate mechanical properties and corrosion resistance is sufficiently trans­
parent to neutrons to be attractive for this purpose. Because of their high replacement cost, the 
pressure tubes must be capable of trouble-free service for many years. The limited irradiation 
data obtained thus far engender confidence that the service requirements can be met. However, 
zirconium alloys are relatively untried in reactor structural applications, and the effects of pro­
longed irradiation on their mechanical properties are not well known. As a consequence, opinions 
differ with respect to safe design stresses, especially for highly cold-worked material. The only 
way to resolve this question is to obtain in-pile data for large numbers of pressure tubes. Such 
data will be obtained from the PRTR, NPD-2, and CVTR, all of which will employ pressure tubes 
of zirconium alloy. 

Most of the development work to date on Zircaloy pressure tubes has been conducted in support 
of the construction programs for the PRTR, CVTR, and NPD-2. Emphasis is being placed at 
present on inspection and evaluation of tubes which have been delivered for these reactors. Ex­
perience thus far indicates that pressure tube fabrication will not pose major problems. Of the 
97 tubes delivered for the PRTR, only a few had minor defects and even these will be installed in 
the reactor and observed closely for incipient failures. The fabrication yield of PRTR tubes was 
such that the cost of the finished tubes was about $60/lb of zirconium. For large orders of tubes, 
fabrication costs as low as $25/lb are quoted. AECL has received about 20 tubes for the NPD-2, 
and evaluation results on these tubes will soon be forthcoming. 

Irradiation data on pressure tubes are being obtained at Hanfora and at Chalk River. At 
Hanford, long tubes of Zircaloy-2 (2.1 in. ID) are being irradiated in test loops at a temperature 
of 430°F and a pressure of 900 to 1500 psi. One of these tubes was recently sectioned for examina­
tion after irradiation for about two years. Except for one section of the tube which had been ex­
posed inadvertently to conditions that are extraneous to the power reactor program, the results 
of the examinations to date are reported to be generally satisfactory. A section that had been 
irradiated at the edge of the peak flux area exhibited no recrystallization or inclusions. There 
was no obvious change in tube dimensions, and no evidence of localized corrosion. Further studies 
of this tube are under way. At Chalk River, a 5-in. diameter Zircaloy-2 pressure tube has been 
in service in the NRX reactor for three years at 1800 psi and 520°F. No abnormalities have been 
detected in periodic visual inspections of the tube. It is understood that it will be removed for 
destructive evaluations later this year. 

The direct evaluations described above are being supplemented by experimental studies at 
the various sites. General Electric is now beginning to obtain in-pile creep data on Zircaloy 
specimens at Hanford, and is initiating a similar program at KAPL. The Canadians are conducting 
10,000 hr creep tests on unirradiated Zircaloy at relatively high stresses. Data from the latter 
tests will be available in late 1960, and will form the basis for specifying the design stress for 
the CANDU reactor. The immediate Canadian program includes burst tests of intentionally de­
fected pressure tubes in a mechanical mockup of the NPD-2 lattice. These tests are pointed 
toward an evaluation of the consequences of an in-pile failure of a tube, Westinghouse and Nuclear 
Materials and Equipment Corporation are conducting out-of-pile test work on Zircaloy in con­
nection with design development of the CVTR and FWCNG reactors, respectively. In cooperation 
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with AECL, du Pont is measuring the stress relaxation of Zircaloy specimens during irradiation 
in the NRX reactor. In addition, two Zircaloy-4 pressure tubes are being procured for the isolated 
coolant loops of the HWCTR. Zircaloy-4, which contains no nickel, offers the potential advantage 
of lower hydrogen absorption in a reactor and may prove to be a better alloy for pressure tubes 
than Zircaloy-2, 

Joints and Closures, Strong, leaktight connections are required in a pressure tube reactor 
to join the Zircaloy pressure tubes to the external piping of the reactor. These connections are 
difficult to accomplish because of the wide difference between the coefficients of thermal expansion 
of Zircaloy and stainless steel, and because the two materials cannot be joined by direct fusion 
welding. Both mechanical and metallurgically bonded joints are being developed for this applica­
tion. 

Favorable test results have been obtained in other reactor programs with conventional mech­
anical joints of several designs; the two Zircaloy-tubed reactors which have advanced beyond 
the study stage will utilize mechanical or rolled joints. The first performance data will be ob­
tained during operation of the PRTR and the NPD-2. The joints for the PRTR are flanged con­
nections in which Flexitallic gaskets are used as seals. In the NPD-2, the joint is made by rolling 
the Zircaloy into a series of grooves in an overlying stainless steel tube. Both of these joints 
have performed well under simulated service conditions, but recent results indicate that Zircaloy 
corrosion by stagnant water may be a problem with the rolled joint. A test program has also been 
initiated by Westinghouse on the mechanical joint that is contemplated for the CVTR. In this joint, 
the seal between Zircaloy and stainless steel is an adaptation of a conventional Marman Conoseal 
joint. 

Metallurgically bonded joints between Zircaloy and stainless steel are attractive because 
their compactness permits closer lattice spacings and makes it possible to reduce the quantity of 
Zircaloy adjacent to the reactor core. Rapid progress has been made in recent months at Nuclear 
Metals, Inc. in the development of metallurgically bonded joints, and specimens of tubular joints 
of practical size are being evaluated. In a burst test, one specimen of a bonded joint (1.9 in. 
OD X 0.2 in. wall) withstood an internal pressure of 16,500 psi at low temperature without failure 
of the joint. Two other samples have been cycled to 1000 psi and 500°F about 100 times without 
measurable leakage of water. The corrosion resistance of the bonded joint appears to be good. 
The greatest uncertainty is possible hydrogen embrittlement of the Zircaloy as a result of nickel 
diffusion from the stainless steel. 

The program on metallurgically bonded joints includes irradiation tests as well as more ex­
tensive burst tests, corrosion tests, and thermal cycling tests. Irradiation tests under power 
reactor conditions are planned, and earlier irradiations at lower temperatures in a Savannah River 
reactor are being considered. 

D2O Leakage. Heavy water is such an expensive commodity that its unrecoverable loss from 
a reactor plant is an item of great concern, particularly since no operating experience has been 
gained at conditions of Interest, The economic import of D2O losses is shown in Fig, 3, which 
relates the loss rate to power costs for reactors that are cooled by boiling D2O, The losses are 
also objectionable because of attendant tritium hazards. 

Quantitative measurements of water leakage from individual components for a reactor plant 
have been made. The principal objective of this program was to improve the reliability of esti­
mates of overall loss in a full scale reactor. A secondary objective was to secure data which 
would facilitate design of D2O handling equipment, recovery facilities, and ventilation systems. 
Concurrently, a similar investigation of leakage from selected components of the HWCTR was 
conducted. AECL and GE have investigated component leakage. These programs have provided 
data on leakage rates through static joints and closures of conventional design, valve stems, pump 
seals, turbine seals, and tubing fittings. S&L and du Pont have been conducting tests on turbine 
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Fig. 3 — Effect of D2O loss rate on power cost for 300 MWe oxide-fueled, 
boiling D2O, direct cycle plants 

seals, pump seals, and valves. The data accumulated to date shows encouraging results and indi­
cates that control of leakage will not be a major problem. 

The measurements of leakage from individual components are eliminating much of the un­
certainty with respect to unrecoverable D2O lo,sses. However, the results provide no clue to the 
losses that will result from operating errors and from equipment malfunctions, abnormalities, 
and failures. HWCTR, CVTR, and NPD-2 designs incorporate means that insure tight control 
over D2O leakage. Operational experience with these systems will provide further information 
on the controllable D2O loss rate. Data obtained to date indicates that the D2O loss rate assumed 
in the economic studies should be reduced. 

Fueling. The economics of a power reactor are affected significantly by the average fuel 
burnup. A natural uranium reactor must make use of a fuel shuffling program in order to take 
full advantage of the limited reactivity available for fuel burnup. Maximum burnup can be obtained 
by continuous refueling, which must be performed during reactor operation. However, on-power 
refueling adds to the cost and complexity of a power reactor plant. It is currently estimated that 
an average exposure of 8500 MW-d/metric ton-U can be achieved with natural uranium in a 300 
MWe, oxide-fueled, boiling reactor through the use of a four-zone, outward radial shift, off-power 
refueling scheme (see Section 7.1, NDA 2153-3). An additional ground rule required that the 
maximum fuel burnup should not exceed 8500 MW-d/metric ton-U, Therefore cost data are pre­
sented for both 8500 and 7500 MW-d/metric ton-U, The Canadians expect to achieve even higher 
exposures as well as improved innage through use of a countercurrent, on-power refueling plan 
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that is to be demonstrated in the NPD-2, A prototype of the refueling machine for the NPD-2 
is under test. 

Further studies of alternative fuel scheduling schemes will be made to determine which are 
most economical. In addition, the Canadian development of on-power refueling will be followed 
closely, 

6, Safety 

Heavy water-moderated-and-cooled reactors are relatively slow in responding to disturbances 
and are easily controlled. In general, however, these reactors have small but positive coolant 
void coefficients, and each type of design must be examined to determine whether this positive 
coefficient introduces any control problems. For the boiling D̂ Ô reactors, the existence of this 
characteristic has raised questions as to (1) whether positive reactivity feedback through the 
void coefficient can lead to an uncontrollable power excursion, and (2) whether local perturbations 
in flow will give rise to local changes in steam quality which, through the positive void coefficient, 
will lead to local power increases and burnout. 

Detailed studies conducted at NDA during the past year have shown that such problems are 
of minor consequence for an oxide-fueled reactor. The following conclusions for an oxide-fueled 
reactor may be drawn from these studies: 

1. The net power coefficient of reactivity is negative. The negative power coefficient re ­
sulting from an increase in temperature of the oxide fuel is approximately five times that 
of the positive power coefficient resulting from coolant steam void formation at design 
power conditions. 

2. The reactor is self-stabilizing. After a step insertion of reactivity, a new steady power 
level is attained without need for control rod motion. Power changes are slow and over­
shoots are small as a consequence of the large thermal time lag in the oxide fuel (high 
heat capacity, low thermal conductivity). The maximum fuel surface heat fluxes for the 
transients that were investigated were well below the boiling burnout limits. 

3, The above-stated conclusions are qualitatively the same even when the estimated void or 
temperature coefficient is varied by a factor of two in the unfavorable direction, 

4, The maximum local changes in power resulting from the interaction of coolant vapor 
formation with the positive void coefficient are less than 10%, Under these conditions 
there is no possibility of a local power perturbation leading to boiling burnout. 

The metal-fueled, boiling D2O reactor has not been fully investigated, but preliminary anal­
yses indicate that in such a reactor the positive void coefficient will not be overridden by the 
negative fuel temperature coefficient. 

Further refinement and confirmation of calculation techniques are now being obtained. Void 
coefficients for rod clusters and nested tubes, as well as moderator temperature coefficients, 
will be experimentally determined. 

The data on these coefficients will be obtained along with the constants for cold, clean lattices. 
Ultimate confirmation of the effects on reactor stability will be obtained when a prototype is tested. 

C. OPERATING EXPERIENCE 

Operating experience with D20-moderated reactors was summarized in last year's report, 
TID-8516, Part I. 

Considerable experience can be drawn from the operating experience of other plants but the 
proof of a heavy water-mode rated, natural uranium-fueled power reactor will come only from 
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the operation of a prototype plant. The main areas in which further data are required prior to 
constructing a prototype plant are reactivity and Zircaloy in-pile performance. 

D. PLANTS UNDER CONSTRUCTION 

Six heavy water-mode rated reactor projects are under way, or being considered, in North 
America, four in the U.S., and two in Canada. Detailed information on these reactors may be 
found in Table 7.1, Part III, of this report. The contribution of each reactor to the overall de­
velopment program is discussed below. 

1, Plutonium Recycle Test Reactor (PRTR) 

The PRTR will be used to determine the practicality and economics of the plutonium recycle 
concept. It is fueled with Zircaloy clad natural UO2 fuel with Pu-Al spikes. The reactor core is 
the tube type with a lattice of 19-rod clusters of 0.5 in, fuel rods clad with Zr-2, in Zr-2 pressure 
tubes. The coolant is pressurized D2O, The moderator is contained in a calandria and is insulated 
from the coolant by a gas space. 

The major contribution to the Zircaloy pressure tube fabrication technology was made in the 
development of PRTR, Also, swaged UO2 fuel elements are being produced for this reactor and 
should result in a substantial fuel fabrication cost reduction. 

The PRTR will be the first reactor to operate with conditions of temperature, pressure, and 
flow comparable to those found in a power reactor and will contribute to the D2O handling tech­
nology. The plant uses mechanical pump shaft seals and Flexitallic gaskets between conventional 
flanges for the Zr-2-to-stainless steel pressure tube joints. The performance of these conventional 
components is quite important in determining and controlling D2O losses and the measures to be 
taken in keeping them under control. 

The cost of fabricating plutonium fuel elements is also of considerable interest because the 
recycling of plutonium through a reactor with natural uranium fuel would provide the increase in 
reactivity needed for high burnup or power flattening. Since the plutonium production rate is higher 
in a D20-moderated reactor than in most other types of thermal reactors, a greater advantage 
will be gained by the use of Pu recycle in this type of reactor. 

2, Heavy Water Components Test Reactor (HWCTR) 

The HWCTR is being built primarily to conduct fuel element irradiations on representative 
full length elements and to evaluate power reactor components. It is a pressurized, D20-moder-
ated-and-cooled, pressure vessel type reactor. Twelve positions for natural uranium fuel elements 
up to 10 ft long are driven by a peripheral ring of enriched fuel elements. The reactor operates 
at power reactor conditions and has two separate loops; one for operation under boiling conditions 
and the other for operation at 500 psi higher than base reactor conditions (i.e., 1500 psi). The 
boiling loop is convertible, with some modifications, for use with high pressure gas coolants. 

Virtually any type of fuel can be irradiated in the HWCTR, It is possible to run three fuel 
elements in parallel in one loop to determine parallel flow stability. Also, an attempt will be 
made to calibrate the core to obtain the effect of burnup on reactivity. Since the reactivity is 
provided by enriched fuel, it is possible to irradiate natural uranium fuel elements to any desired 
burnup, 

3, Carolinas-Virginia Tube Reactor (CVTR) 

The CVTR is a 17 MWe, pressurized D2O-cooled, pressure tube type reactor fueled with 
slightly enriched UO2, It is a prototype for a larger, natural uranium-fueled reactor plant. The 
site has been selected and a construction permit has been issued and site preparation is under way. 
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A unique feature of the CVTR is the U-tube construction of the Zircaloy pressure tubes, making 
a two-pass reactor core. The coolant is insulated from the moderator by an internal stagnant 
D2O space provided by four thin Zircaloy shrouds. All U-tube joints are special adaptations of a 
Marman "Conoseal." 

4. Nuclear Power Demonstration Reactor (NPD-2) 

The NPD-2 will be the first natural uranium-fueled, heavy water-mode rated power reactor 
to operate in the Western Hemisphere. The core consists of a horizontal lattice of 19-rod UO2 
fuel elements in Zircaloy pressure tubes. On-power refueling will be used to improve fuel burnup 
and provide shim control of the reactor. 

Operation of the NPD-2, scheduled for 1961, will provide the first proof of the reactivity 
characteristics of the reactor type. Long term reactivity of natural uranium is of great interest 
to the program and can be determined accurately only by operating a natural uranium-fueled re ­
actor. 

5. Florida West Coast Nuclear Group Gas-Cooled Reactor (FWCNG) 

The FWCNG power plant utilizes an advanced CO2-cooled, heavy water-moderated, pressure 
tube reactor. Both prototj^e and 300 MWe plants are being investigated. Research and develop­
ment leading to the construction of a 50 MWe prototype is being conducted by General Nuclear 
Engineering Corporation and American Electric Power Service Corporation under an agreement 
with the East Central Nuclear Group. 

The reactor provides 1050°F, 500 psi gas to a steam generator, thus producing 950°, 1450 psia 
steam to the turbine. In the initial concept a reheat cycle was used which had a net efficiency of 
34.6% for the 300 MWe plant. Recent optimization studies favor a nonreheat cycle. Conceptual 
design will be revised accordingly. 

Plant refueling is accomplished while the reactor is in operation, the only U.S. project con­
sidering this concept. The high temperature coolant places severe performance requirements on 
the fuel cladding for operation on natural uranium. Beryllium alloy fuel cladding is being developed 
for the full scale plant and the prototype program has been reoriented to incorporate this type of 
cladding rather than stainless steel as originally planned. 

6. CANDU Reactor 

The CANDU is the only full scale power station currently planned for construction. It is a 
200 MWe plant with design conditions similar to the NPD-2. The site at Douglas Point has been 
selected and the reactor is scheduled for completion in 1965. 

E. ECONOMICS 

The cost estimates presented below represent the current status of heavy water-mode rated 
power reactors. A series of evaluation studies were conducted by du Pont, S&L, and NDA. As a 
result of these studies it was indicated that the boiling D20-cooled, cold moderator, pressure 
tube, direct cycle plant was the most promising development for economic potential in the im­
mediate future. A recent study, SL-1776/NDA 2131-6, showed that the boiling D2O, pressure tube, 
direct cycle plant had only a small economic advantage (0.11 mill/kwh) over the identical indirect 
cycle plant. The selection of the direct cycle case was influenced by the inherent advantage of 
going to fog or steam coolant as a long range development. To compare U.S. and Canadian reactors 
on the same basis a cost analysis was made comparing a 200 MWe U.S. plant design with CANDU, 
which is also a 200 MWe plant. Using Canadian financing, the power generation costs differ only 
by 0.14 mill/kwh. 
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The cost data for the 300 MWg plant was based on that given in reference SL-1815. Slight 
modifications to SL-1815 were required due to a change in site location and economic ground rules. 
The 100 MWe plant data was obtained by interpolating between the 300 MWe plant and the 70 MWe 
prototype presented in Reference SL-1773. 

The capital cost breakdown in accordance with the AEC system of accounts is given in Table 
7,4 of the Part in report, NDA 2153-3, Capital and operating costs are summarized in Table 3. 
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Table 3 - - Summary of Current Cost Estimates for Boiling D2O, Pressure Tube, Direct Cycle, 
Natural UOj-Fueled, Reactor Power Plants 

Nommal 325 Gross MWe Plant 
(8500 MW-d/tonne Burnup) 

2235 X 1& kwh/yr at 0.8 Operatmg Factor 

Nominal 325 Gross MWg Plant 
(7500 MW-d/tonne Burnup) 

2235 X lOf kwh/yr at 0.8 Operatmg Factor 

Nommal 110 Gross MWg Plant 
(6010 MW-d/tonne Burnup) 

722 X 10' kwh/yr at 0.8 Operating Factor 

Investment 
Plant mvestment 
DjO investment 

Total mvestment 

Investment 
$/10« 

74.970 
22.839 

Annual Cost 
$ l t f / y r 

10.496 
2.855 

Power Cost 
mills Awh 

4.696 
1.277 

Investment 
l/ltf 

74.970 
22.839 

Annual Cost 
$10f/yr 

10.496 
2.855 

Power Cost 
mills Awh 

4.696 
1.277 

Investment 
$/10= 

39.652 
12.164 

Annual Cost 
$ l t f /yr 

5.551 
1.520 

Power Cost 
mills Awh 

7.688 
2.105 

97.809 13.351 5.973 97.809 13.351 5.973 51 816 7.071 9.793 

Operatmg 
Fuel costs 
Heavy water makeup 
Operating and mamtenance payroll 
Operating supplies and mamtenance materials 
Insurance 
Workmg capital 

Total operatmg costs 

Total capital and operatmg costs 

3.372 
0.468 
0.751 
0.546 
0 293 
0.456 

5.886 

19.237 

1.509 
0.209 
0.336 
0.244 
0.131 
0.204 

2.633 

8.606 

3.902 
0.468 
0.751 
0.546 
0.293 
0.454 

6.414 

19.765 

1.746 
0.209 
0.336 
0.244 
0.131 
0.203 

2.869 

8.842 

1.968 
0 247 
0.571 
0.3B0 
0.268 
0.140 

3.574 

2.726 
0.342 
0.791 
0.526 
0.369 
0.194 

4.948 

10.645 14.741 




