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A NOTE CONCERNING INTERPRETATION OF INFORMATION
PRESENTED IN THIS REPORT

The reader of this report must be cautioned to avoid interpreting

the cost data presented herein as being representative of the costs

associated with large scale, heavy water, pressure tube reactors. The

costs were derived for the four specific plants studied, but in no

case was any attempt made to optimize. Thus it can reasonably be

assumed that these costs are on the high side and could be improved

by further study. The cost estimates were prepared and are included

in this report solely for the purpose of lending direction to future

studies, should there be any. It is believed that the cost analyses

have shown where cost reductions in the CVTR type plant are necessary

if this type of plant is to be competitive. Fertile areas for cost

reduction include: pressure tubes, D20 inventory, and fuel costs.

This is pointed out in the recent and more complete optimization

study by du Pont (DP-83o) which is based on the annular, concentric,

vibratory compacted UO2 fuel element.

The du Pont studies show that this type of fuel assembly is

potentially capable of operating at specific power densities two to

three times greater than presently used for the rod type element.

Using the annular type fuel assembly, du Pont estimates that energy

costs for a 500 MW(e) heavy water moderated and cooled plant are

5.8 mills/kwh.

The reader should further realize that this is an interim report

to be followed by a final report toward the end of the CVTR five year

Post-Construction R & D Program. Some of the conclusions drawn in

this report may be amended at that time when the results of the post-

construction program and the operating experiences with CVTR are

considered.
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1.0 SUMMARY

1.1 Introduction

As defined by the AEC/CVNPA Research and Development Contract,

the Carolinas Virginia Tube Reactor is to be designed "as a prototype

for a large-scale plant of about 200 megawatts electrical or larger,

wherein operation with natural uranium feed material may be feasible

but such feed material can only be considered if it is the more

economical." One approach to meeting this objective is to first

design, at least superficially, a large plant to determine its im-

portant features and associated basic problems and then to design a

prototype which incorporates these features with the objective of

providing answers to the problems. An alternate approach is to

design the prototype plant bearing in mind the requirements of a

large plant to determine if the prototype will satisfy those require-

ments or provide information to be used in extrapolation to a large

plant. It is this latter approach that was used in CVTR. Late in

1960, as the CVTR conceptual design was being completed, a study of

a large plant was undertaken to determine how well the CVTR had

prototyped a large plant.

1.2 Scope of Study

Authorization for the large plant study limited investigation

to the extent of carrying it out only in sufficient detail to answer

the basic question; the intent was not to produce a complete con-

ceptual design of a large plant. Rather the study was intended to

point out fertile areas which should be studied under the CVTR Post-

Construction R & D Program. The study was also limited to the U-tube

concept employed in CVTR, although by doing so it is not implied that

this configuration is the best selection for a large plant.

Since the AEC R & D contract AT(30-1)2289 made reference to the

possible use of natural uranium, plants employing both natural

uranium and enriched uranium were considered. Furthermore, it

appeared that a 37-rod fuel cluster embodying the same design
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principles as the 19-rod fuel cluster design used in CVTR might

result in a cheaper plant. Thus, the study included consideration

of four different types of fuel assemblies; namely, a 19-rod cluster

using natural uranium, a 19-rod cluster using enriched uranium, a

37-rod cluster using natural uranium, and a 37-rod cluster using

enriched uranium.

The size of the large plant was established as nominally 300 MWe.

This size was selected so as to be large enough so that it would not

preclude production of economic power and is a size used in economic

studies performed for the AEC by du Pont. None of the four plants

studied produces exactly this power level; rather the heat output

of each design was selected to be the same, 1135 MW. The electrical

output was determined by the efficiency of the steam cycle. For the

study efficiencies were assumed, and the electrical output was computed.

In general, the study was carried out on the basis of using

existing equipment or equipment that can reasonably be expected to

be "standard" by the time such a plant would be built. For example,

the size of the pumps and steam generators are approximately those

considered for current, large PWR-type reactors.

2.0 CONCLUSIONS

2.1 Protyping Aspects

No plant can exactly prototype another plant unless the plants

are exact duplicates. By definition a small plant and a large plant

are different and thus only certain select aspects can be prototyped.

The large plant study reported here has indicated that the CVTR has

prototyped a large plant in its essential aspects. Foremost among

these important aspects are:

(a) The pressure tube reactor concept (cold-tube design)

(b) Heavy water as moderator and coolant

(c) Pressure tube joints - including a Zircaloy,

stainless steel joint
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(d) Fuel Assembly design

(e) Stagnant water (D2 0) baffle design

(f) Primary system temperatures and pressures

(g) Primary system pressure drop

(h) The basic reactor layout (e.g., moderator tank,
header cavity layout)

(i) Refueling

(j) Closed system ventilation of the vapor container
with D20 recovery

In prototyping the pressure tube concept and the heavy water

features, the CVTR will provide valuable information for a large plant.

Of particular importance here is the operation of the plant, the D20

handling problems and the nuclear, thermal and hydraulic characteristics.

The basic problems introduced by the pressure tube - D2 0 concept should

be virtually the same in both a large plant and a small plant.

A pressure tube reactor has many mechanical joints which must

be made and broken frequently during the life of the plant. A choice

exists between selecting a gasketed joint and a seal welded joint.

Based on the minimum leakage results of the R & D program the gas-

keted joint was selected for CVTR and also appears to be completely

adaptable to a large plant. However, in the large plant a different

concept was selected for the Zircaloy-stainless steel joint. The

design selected is that currently being developed by Nuclear Metals,

Inc. It is a co-extruded joint and offers the basic advantages of

being a metallurgical joint and can probably be made to a slightly

smaller diameter.

The fuel assembly design for the large plant is virtually the

same as the CVTR fuel assembly. The major differences are in the

greater length of the large plant assemblies and, in two of the

plants studied, a 37-rod cluster design was used (as compared to

the 19-rod cluster). Possibly the long fuel assembly (13 to 16 feet

in length) would be made as sub-assemblies to avoid mechanical

difficulties with the long assemblies. In this event it will be

necessary to design a coupling between sub-assemblies.
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In CVTR the secondary plant conditions were dictated by the

requirements of an existing steam plant. Presumably, there will be

complete freedom in selecting the large plant conditions and the

choice would probably be made after an optimization study. Experi-

ence to date has indicated that low steam pressures are usually the

best choice. Furthermore, in a natural uranium plant, it is usually

advisable to keep the primary system pressure low to minimize wall

thickness of pressure tubes and fuel cladding. The 1000 psia primary

system pressure selected for the natural uranium plants is typical

of the operating pressure of this type of plant. For the enriched

plants, a pressure of 1500 psia was selected. This is the same as

the pressure specified for CVTR and, again, is typical of pressures

anticipated in enriched plants. The primary coolant temperatures in

both CVTR and the large plant are representative of those expected

in this type of plant.

Pressure tube reactors in general have a larger pressure drop

across the core than other types of water reactors. This is

attributable to the clustered fuel, closed channel concept which

requires that fuel rods be arranged in a tight lattice and the flow

area be kept to a minimum. While the pressure drop across the CVTR

core is of the order of 85 psi, approximately 100 psi was selected

for the large plant. This pressure drop could be significantly

decreased by using either through tubes or re-entrant type tubes

in place of the U-tubes.

The basic layout of the reactor area for the large plant is

quite similar to that used for the CVTR.

The refueling concept proposed for the large plant is somewhat

different from that used in CVTR. In CVTR it is proposed that spent

fuel be removed from the pressure tubes while the pressure tubes

remain in the core. The pressure tubes are then removed from the

core, new fuel is inserted in the pressure tubes and these loaded

pressure tubes are then returned to the core. In the large plant
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all spent fuel is discharged from pressure tubes, and new fuel

is inserted in the pressure tubes without removing the pressure

tubes from the core. The same mechanical operations are required

in either refueling procedure; the only difference is in the location

in which some of the operations are performed. Thus the CVTR should

demonstrate the basic procedures that would be used in refueling a

large plant.

2.2 Cost Estimate

An estimate of the cost of each of the four large plants was

made primarily to indicate areas where improvements must be made

to lower costs. Since no concerted effort was made to achieve

optimum conditions or designs, it was anticipated that the estimated

costs of these four plants would be higher than estimates by others

in the industry for comparable plants. Thus comparisons should be

made with caution.

The costs for each of the four plants are listed below.

Cost* Mills/kw hr

Item Case I Case II Case III Case IV

Plant 6.06 5.89 5.53 5.27

D20 1.53 1.48 1.42 1.32

D20 Losses (2% per year) 0.24 0.23 0.22 0.20

Fuel Cost 3.74 2.15 3.85 1.98

Operation & Maintenance 0.80 0.80 0.80 0.80

Total 12.37 10.55 11.82 9.57

Case I is a plant with 19-rod fuel assemblies with natural U.

Case II is a plant with 19-rod fuel assemblies with enriched U.

Case III is a plant with 37-rod fuel assemblies with natural U.

Case IV is a plant with 37-rod fuel assemblies with enriched U.

Case IV is the most attractive of the cases studied primarily

because of the more compact core arrangement which requires the

* Costs based on 14.5% yearly rate on capital investment and 13.0%
yearly rate on the D20.
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fewest number of pressure tubes (and, consequently, fuel assemblies)

and has the smallest heavy water inventory. Analysis of the costs

shows that there are several areas of high cost which should be

carefully reviewed. Among these are: pressure tubes, heavy water,

and fuel costs.

Pressure Tube Costs

The pressure tubes are estimated to comprise approximately

15 to 20 per cent of the total capital investment, and the costs

are rather evenly distributed between stainless steel components

and Zircaloy components. Thus any significant reduction in cost

of either of these items should significantly reduce the cost of

the pressure tubes. It appears that any major cost reduction for

the Zircaloy parts will be accomplished by reducing the raw

material costs and simplifying the various processing procedures.

On the other hand, the cost of the stainless steel components is

primarily associated with various machining operations that must

be performed. This implies that the design of the large pressure

tube should be carefully reviewed and simplified wherever possible.

Among the more significant Zircaloy components are the re-

useable thermal baffles which lie between the fuel assemblies and

the pressure tubes. While the concept of the baffles is basically

simple (see Section 7.0 for description) their cost is high; this

indicates a need for additional simplification, the use of substi-

tute materials or a change in design concept.

Another Zircaloy component which is expensive is the U-bend

assemblies. These assemblies are made from expensive Zircaloy

forgings which require extensive machining. A change in design,

perhaps even to the extent of abandoning the U-tube concept,

appears to be necessary to effect significant improvement in the

economics.
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The stainless steel connector bodies, or upper portion of the

U-tube, are the most costly component of the pressure tube. Here

is appears that the most significant cost reductions could be

effected by removing the design requirement that the pressure tubes

be removable. This feature complicates the design and requires a

larger pressure tube pitch whereas a smaller pitch is more

desirable.

Heavy Water Inventory

The quantity of heavy water in the reactor is very large,

with the consequence that the inventory charges are very high.

This is brought about by the large quantity of pressure tubes

and the large spacing between the pressure tubes. The spacing

of the U-tubes is governed by mechanical considerations concerned

with locating all the jumper tubes and pressure tube supports.

It is apparent that the design of the entire upper region of the

pressure tube including the jumper tubes and the arrangement of

the jumper tubes, control rods, supports, etc., must be care-

fully engineered to give the proper balance between D20 inventory

and pressure drop without mechanical interferences.

The number (and/or size) of pressure tubes is best reduced

by pushing the core to its maximum capability and by improving

the peaking factors. The peak power output selected for this study

is 16 kw/ft. This is not an unduly optimistic value since several

reactors including CVTR itself will probably operate around this

level within the next few years. The peaking factor was conserva-

tively selected to be 3.1. For a plant in an equilibrium fuel

cycle and with proper rod programming, the peaking factor should

be considerably smaller. This effect along with the increased

peak power would decrease the size of the core resulting not only

in a reduction in D20 inventory but reduced pressure tube and fuel

assembly costs.
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Fuel Costs

As mentioned above, the cost of fuel assemblies can be reduced

by increasing the specific power output (i.e., for a given cost

of fuel assemblies, more power can be produced). There are, of

course, other ways of reducing fuel costs which should be investi-

gated. Foremost among these is reducing the cost of the fuel

assemblies themselves by improved design features or by simplifi-

cation of the fabrication techniques.

There are certain "constants" in fuel assembly costs (such as

pellets, cladding and end plugs) which lend themselves to only

minor reductions in cost due to improvements in techniques. The

greatest economies can be effected in improvements in the assembly

techniques or in simplification of the fuel assembly design. The

fuel assemblies proposed for the large plant employ thermal baffles

which in themselves are expensive and are expensive to install on

the fuel assemblies. Alternate materials and/or designs should be

considered, including concepts such as ceramic baffles, reusability

of all baffles, simplified manufacturing by elimination of some

component parts. In addition the cost of the thermal baffles should

be weighed against the cost of the heat losses.

Another important way of reducing the fuel costs is to increase

the amount of useful heat which can be removed, from the fuel assem-

blies. This can be accomplished by increasing the burnup and by

improving the efficiency of the plant. The burnups calculated for

the four cases are not excessive and. indeed for the natural uranium

plants they are quite low. The amount of structure in the core

should be considered to improve the burnup.

3.0 Design Alternatives and Problems

3.1 D20Inventory

Examination of the CVTR large plant designs reveals that the

heavy water inventory is very large. With the current price of

heavy water being high ($24.50 per lb-), the large inventory of
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heavy water is a major deterrent to the achievement of economical

power. Thus, there is a strong incentive to reduce the heavy water

inventory. Several possibilities for doing this exist. For example,

consideration should be given to reducing the reflector to a bare

minimum or using a substitute material, such as graphite.

Another method of reducing the heavy water inventory is to tighten

the pressure tube pitch. This can be accomplished by reducing the

fuel pitch, reducing the wall thickness, flange sizes and the like,

thus bringing the pressure tubes as close together as possible.

The large heavy water inventory is also reduced incidentally by

designing the reactor for higher specific power and by using larger

diameter pressure tubes (greater number of fuel rods per assembly).

The CVTR study was not carried sufficiently far to draw a conclusion

concerning the optimum diameter although it is clear that the step

from a 3.959" I. D. pressure tube (containing 19-rod fuel assemblies)

to a 3.303" I. D. pressure tube (containing 37-rod fuel assemblies)

is a step in the right direction.

3.2 Pressure Tube Configuration

The scope of the CVTR large plant study precluded the study of

pressure tube designs other than the U-tube. However, it is not

obvious that this is the best selection for the large plant. No

recent studies of the relative advantages of U-tubes, through-tubes,

and re-entrant, or bayonet tubes were made; but some of the advantages

and disadvantages of each type are readily apparent. The U-tube and

the bayonet tube confine all the jumper tubes and the associated

joints to the top of the reactor where they are most accessible. The

through-tube offers the advantage of minimum pressure drop, but it

does have connections both above and below the reactor. The major

disadvantages of the U-tube are its inherently large pressure drop

caused by having two fuel assemblies in series and its apparent high

cost.
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3.3 Heat Losses to Moderator

An inherent characteristic of water moderated and cooled, pressure

tube reactors is an appreciable loss of energy to the moderator system

by conduction and neutron and gamma heating. These losses may range

from about 7 to 15 per cent of the total energy produced by fission.

This transfer of energy to the moderator is unavoidable, and it be-

comes more significant in large-power reactors where the quest is for

economically competitive power. In the current study no attempt was

made to use the moderator heat although serious consideration should

be given to this problem in the event a large plant is built. The

main difficulty is the low temperature (of the order of 180-200 F)

of the heat; this severely limits its possible uses. Possible uses

might be for feedwater heating, space heating, D2 0 purification,

desalination, and similar services. Designers should also consider

slightly increasing the design pressure of the moderator to operate

at a higher temperature although significant increases will compli-

cate the design of the moderator tank and also compromise the pressure tube

concept.

3.4 Fuel Cycling

One of the advantages of the pressure tube concept is the

opportunity it affords for fuel cycling to achieve more uniform

burnup of the fuel. In CVTR this is accomplished by shifting pres-

sure tubes containing the fuel assemblies. This does not appear

to be an attractive.procedure for the large plant because the pressure

tubes are so long. The actual fuel shifting scheme was not derived

for the large plant and could possibly be a time consuming process.

These procedures should be developed and consideration should be

given to the possibilities of fuel shifting under power. Such a

procedure would no doubt complicate the refueling machine and the

refueling operations but should improve the load factor of the plant.

3.5 Primary Coolant Pumps

The pumps selected for circulation of primary coolant were of

the Westinghouse canned motor design. When compared with conventional
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centrifugal pumps, the canned pumps have less attractive capital

costs and overall efficiencies. However, an important factor in a

heavy water plant is elimination of leakage. Shaft seal designs

are being tested on small but otherwise conventional pumps (see DP-487

and DP-611), in order to reduce heavy water loss to an acceptable

level. For pumps of the size required for this plant, the technical

feasibility of shaft seal pumps was not sufficiently established to

project successful future use.

3.6 Steam Generators

Vertical, inverted U-tube steam generators were chosen for the

design of this plant. There were some indications that a significant

equipment cost savings could be effected by using horizontal steam

generators. Since it was felt that horizontal steam generators might

cause layout difficulties and because cost savings were not certain,

the vertical units were arbitrarily selected.

3.7 Jumper Piping Arrangement

The jumper piping arrangement combines inlet or outlet flow for

two U-tubes to a single jumper line. Jumpers serving a single U-tube

would have permitted a modest savings in moderator inventory but

complexities in attaining a jumper layout, in designing a feasible

support scheme, and the sacrifice of the free row concept for locating

control rod drive trains made single jumper piping arrangement appear

unattractive. Detailed economic and engineering comparison studies

would be necessary to verify the tentative conclusions reached in

this study.

3.8 Reflector Thickness

One of the problems associated with the design of this plant

with its large core dimensions was establishing the necessity (or

lack of it) for a reflector. The addition of a fixed reflector

thickness to such a large core results in a significant moderator
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heavy water inventory addition which must be evaluated in terms of

the reduction in leakage.

3.9 Jumper-Pressure Tube Connections

The joints formed by the Y-connector and the nozzles at two

inlet or outlet pressure tube extensions have been designed as gas-

keted closures. This concept is consistent with that developed for

CVTR, which utilizes Marman "Conoseal" closures for similar joints.

One of the ground rules used as the basis for this study was that

U-tube removal will be necessary only if the tube is damaged. Since

the U-tubes will not be removed during normal refueling operations,

these joints could be seal welded. The decision to employ the

ConQseal joint was somewhat arbitrary, because investigation of

problems associated with welding these joints was considered to be

outside the scope of the study.

3.10 Pressure Tube Support

The pressure tube support scheme evolved in this design study

uses the top neutron shield as the support member. As in CVTR, the

hot header cavity and a submerged top neutron shield are retained

as basic design concepts. The support structure (support plate,

column, and jumper block) developed for CVTR was not retained be-

cause the large core size and greatly increased jumper stack height

resulted in excessive jumper stress levels from the piping flexi-

bility analyses. Consideration was also given to supporting the

pressure tubes by several schemes involving beams spanning the

alternate, or "free," rows. These beam arrangements were all rejected

primarily because complications arising from thermal expansions still

could not be eliminated.

4.0 Recommendation for CVTR Post-Construction R & D Program

An important part of the CVTR program is a Post-Construction R & D

Program which is to be conducted during the five years of operation of
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the plant. This program should yield information which in conjunction

with the operation of CVTR itself will be valuable in the design of

large plants.

In designing any plant, great effort is spent in trying to

anticipate problems so as to circumvent them in producing an adequate

design. A meaningful Post-Construction R & D Program should there-

fore attempt to provide information which will enable designers of

future plants to solve technical and economic problems associated

with any such plant. The programs suggested below are specific in

nature and keyed to this thought, but one additional recommendation

of a general nature is in order: During the course of operation of

CVTR, anomalies, malfunctions and abnormal conditions will probably

be observed. Those that are judged to offer serious technical or

economical obstacles to a large plant should be analyzed as part of

the post-construction program.

As mentioned earlier in this report, the heavy water inventory

in a large plant is very large and significantly adds to the cost of

power. Operation of the CVTR should give some indication of hot chan-

nel factors and the significance of the reflector region. Thus it is

recommended that as part of the post-construction program plant data

be examined to provide a better insight to hot channel factors,

possibly allowing higher average power densities and therefore a

smaller core. Further, information on the effectiveness of the

reflector should be sought to determine the advisability of reducing

the reflector. Accurate determination of hot channel factors,

examination of core performance and examination of the fuel under

the post-construction program should enable future designs to more

closely approach the maximum capability of fuel assemblies.

The CVTR will employ a fuel cycling procedure which should

effect fuel economies by burning fuel assemblies to their maximum

capabilities. Approximately 15 per cent of the CVTR core will be

shifted every six weeks to two months after an initial period of

"batch burning." The operation of CVTR under such a plan, or a

- 13 -



modification of this plan, will provide some insight into the type

of fuel cycle that might be employed in the large plant. In the

large plant where several hundred fuel assemblies constitute the

core, a balance must be struck between the advantages gained by

shuffling the fuel and the disadvantage of frequent shutdowns to

perform the fuel shuffling. No fuel cycling plan was derived for

the large plant' but information, such as the time required for

refueling, the burnup attainable, improvements in hot channel fac-

tors due to fuel cycling, derived from CVTR operation will provide

important assistance in determining the large plant fuel cycle; and

it is recommended that this information be accumulated as part of the

Post-Construction R & D Program.

Each CVTR pressure tube has ten joints, all of which are potential

sources of heavy water leakage (although in some cases the leakage is

into the moderator). While a rather extensive R & D program has

demonstrated that these joints should perform satisfactorily, the

operation of CVTR will provide greater statistics over a greater

operating life. The degree of success obtained with these joints

should greatly influence the type of joints recommended for a large

plant. In the event the joints exhibit less than satisfactory per-

formance, examination and analysis of the joints should be carried

out under the Post-Construction R & D Program.

The economics of the large plant study are predicated on pressure

tubes having a lifetime equal to the life of the plant. No pressure

tube reactor to date has operated for any significant length of time,

and thus the useful life of a pressure tube is predicated upon short

time operational data plus in-pile tests. While CVTR will operate

only for five years, examination of the pressure tubes should provide

an indication of possible changes in material properties which may

affect the useful life of the pressure tubes. Similarly, fuel

assemblies are designed for a specified lifetime. This lifetime

is dependent upon the amount of U-235 in the fuel and the basic
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"life" of the materials involved. Examination of the fuel will

help in the appraisal of the useful life of the assemblies. Both

of these topics should be included as part of the Post-Construction

R & D Program.

The effectiveness of the various shields in CVTR also merits

investigation under the post-consturction program. If the shielding

requirements in a large plant can be somewhat relaxed, cost savings

can be anticipated not only for the shields themselves but in

other areas as well. For example, a reduction in the overall

thickness of the top neutron shield will decrease the length of

the pressure tube and decrease the heavy water inventory. Also,

if the requirement for a "step" in the pressure tube (to prevent

neutron streaming) can be relaxed, the pressure tube pitch can

be tightened.

Heavy water inventory in the primary system of reactors is

often reduced by making pipe sizes small, but thereby increasing

pressure drops. A pressure tube reactor has a unique combination

of headers, jumper tubes, and pressure tubes; this makes it dif-

ficult to accurately calculate the pressure drop. Yet, this must

be done if the optimum balance between the pressure drop and

heavy water inventory is to be obtained. Correlation between

measurements in CVTR and calculations should provide information

which will help this balance to be achieved in a large plant.

It is recommended that this information be acquired under the post-

construction program.

One of the conclusions of the large plant study is that an

attempt should be made to reduce the cost of the pressure tubes

and fuel assemblies. This can be accomplished by revising the

design of these components, but it can also be accomplished by

removing some of the conservatism from the present design. Infor-

mation concerning both of these aspects can be gained during CVTR

operation by noting the performance of these components. It is

- 15 -



recommended that as part of the post-construction program data

related to the performance of these components be accumulated and

be factored into modifications of the design of these components.

QVTE Large Plant Data

Table 5.1 lists the important plant data that were developed

for the large plant under this study. These data represent the

first estimate of the plant parameters and would be subject to

revision during the detailed design of such a plant. Nevertheless

they are intended to represent a consistent set of data that are

useful in evaluating each of the plants.

Nuclear Design

Introduction

Calculations were made to generate design information for four

distinct configurations of the pressure tube reactor having heavy

water coolant and moderator. The designs also include heavy water

in the thermal baffles between the fuel cluster and pressure tube.

The four configurations are:

I. 19 rods per cluster, natural uranium dioxide

II. 19 rods per cluster, enriched uranium dioxide

III. 37 rods per cluster, natural uranium dioxide

IV. 37 rods per cluster, enriched uranium dioxide

Although only two basic fuel geometries are involved--19 rods

and 37 rods per tube--the lattice pitch is changed when the enriched

fuel is assumed, yielding four distinct design points.

Since the pressure tubes, thermal baffles, and fuel cladding

are the major parasitic neutron absorbing materials in the lattice,

the interaction between system design variables and the amount of

parasitic material must be studied in order to establish the

functional relationship between cost and design variables. This

is particularly true of the cases involving natural uranium fuel

- 16 -



TABLE 5.1

CVTR LARGE PLANT DATA - 300 MW(e) NOMINAL

CASE I CASE II CASE III CASE IV
(Natural) (Enriched) (Natural) (Enriched;

Heat Output, MW Thermal

Heat Output from Core 1136 1136 1136 1136
Heat Output to Steam Generator 1135 1135 1135 1135
Heat Loss to Moderator* 51.0 59.5 34.0 39.4
Heat Loss to Piping 1.0 1.0 1.0 1.0
Heat Output from Fuel Rods in Maximum Power 3.97 4.72 7.42 8.69

U-Tube
Heat Output from Fuel Rods Total 1187.0 1195.5 1170.0 1175.4

Coolant Flow, lb/hr

6 6 6
Total Coolant Rate 50.1 x 10 38.3 x106 50.1 x 10 38.3 x 10
Flow per Maximum Power U-Tube 162,000 147,200 305,100 272,300

Pressure-Psia

System Pressure Minimum (U-Tube Exit) 980 1480 980 1480
U-Tube Pressure Drop 105 5 105 5 105 5 103 5
Pressure Drop Through Fuel Assemblies in 80 82 80 82

U-Tube
Total Loop Pressure Drop 165 166 175 175
Steam Pressure 363 48. 363 481

* An additional 75 MW (approx.) of heat Es

deposited in the moderator by gammas and
neutrons.

)
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TABLE 5.1 - CONTINUED

CASE I CASE II CASE III CASE IV
(Natural) (Enriched) (Natural) (Enriched

Hot Channel Factors

Heat Flux (F ) 3.10 3.10 3.10 3.10
Radial 1.50 1.50 1.42 1.42
Axial 1.62 1.62 1.62 1.62
Maximum to Average Rod In Cluster 1.18 1.18 1.25 1.25
lux (FE ) Engineering 1.08 1.08 1.08 1.08

(FAH) Engineering 1.05 1.05 1.05 1.05
Flow Effectiveness* 1.05 1.05 1.05 1.05

o0o Heat Transfer

Active Core Surface Arga, ft2  32,515 32, 748 32,049 32,197
Average Flux Btu/hr ft 2 124, 600 124,600 124, 600 124,600
Maximum Steady State Flux, Btu/hr ft 386,000 386,000 386,000 386,000
Average Film Coefficient in Maximum

Power Tube, Btu/hr ft2 OF 10,600 9,900 10,800 10,000
Minimum DNB Ratio at Full Power 2.06 2.3 2.96 2.3

Ratio of hot tube enthalpy rise to corewise

average enthalpy rise. Dependent upon
timewise nuclear factor for low power tubes.

1)



TABLE 5.1 - CONTINUED

CASE I CASE II CASE III CASE IV
(Natural) (Enriched) (Natural) (Enriched

0
Temperatures, F

Moderator, Average 155 155 155 155
Moderator, Inlet 130 130 130 130
Moderator, Average Rise 50 50 50 50

Coolant, Average in Core 488 530 488 530
Coolant, Inlet to Pressure Tubes 454 488 454 488
Coolant, Discharge from Pressure Tubes 521.3 570.8 521.3 570.8
Coolant, Average Rise in Core 67.3 82.8 67.3 82.8
Coolant, Outlet of Hot Channel 528 579 528 579
Saturation Temperature 540.9 592.7 540.9 592.7
Fuel Rod Surface, Maximum Steady 552 602 552 602

Instrument Error 4 4 4 4
Orifice Tolerance and Erosion Allowance 2 2 2 2
Maximum Center Temperature at 100% Power 3930 3930 3930 3930

(WAPD-RD-D-M-1525)

Enthalpies, Btu/lb

Coolant, Inlet 421.2 459.3 421.2 459.3
Coolant, Discharge from Pressure Tube (Avg.) 498.6 560.6 498.6 560.6
Coolant, Average Rise in Core 77.4 101.3 77.4 101.3
Coolant, Rise in Maximum Power U-Tube 81.3 106.4 81.3 106.4

L)



TABLE 5.1 - CONTINUED

CASE II
(Enriched)

CASE III
(Natural)

CASE IV
(Enriched)

Fuel Rod

Outside Diameter, inches
Pellet Diameter, inches
Clad Wall Thickness, inches
Fuel Length per Rod, feet
Rod Lattice, inches
Rods per Assembly
Maximum Steady State Thermal Output, KW/ft
Average Thermal Output, KW/ft

Pressure Tube

Total Number of Pressure Tubes
Number of U-Tube Assemblies
Number of Fuel Elements 2
Net Flow Area per Tube, ft2

Equivalent Diameter for Tube, ft
Outside Diameter, inches
Inside Diameter, inches
Wall Thickness, inches

CASE I
(Natural)

0

0.54
0.5
0.0163

13.51
0.672
19
16
5.16

0.54
0.5
0.0163

16. o4
0.672

19
16
5.16

760
380
760

0.0277
0.0279
4.373
3.959
0.207

0.54
0.5
0.0163

13.68
0.672

37
16
5.16

448
224
448

o.0506
0.0285
5.687
5.303
0.192

0.54
0.5
0.0163

16.03
0.672

37
16
5.16

384
192
384

0.0506
0.0285
5.857
5.303
0.277

896
448
896

0.0277
0.0279
4.253

3.959
0.147



TABLE 5.1 - CONTINUED

CASE II
(Enriched)

CASE III
(Natural)

CASE IV
(Enriched)

Number of Loops
Number of Steam Generators
Number of Primary Coolant Pumps
Total Coolant Liquid Volume, cu ft

Includes 250 ft3 for pressurizer
Total Moderator Liquid Volume, cu ft
Steam Flow, Full Power, lb/hr

Design Pressure, psia
Design Temperature, F
Material
Size

Hot Leg (Diameter x Wall Thickness)
Cold Leg (Diameter x Wall Thickness)
Jumper (Diameter x Wall Thickness)
Cross-Over (Diameter x Wall Thickness)

Coolant Velocity (Full Power)
Hot Leg, fps
Cold Leg, fps
Jumper (Max.), fps

4
4
4
6,090

11,170 6
4.146 x 10

1,200

575
316 SS

20" x 0.806"
181 x 0.730"

3-1/2" Sch 40
18" x 0.730"

35.4
40.7
24.4

4

4
5, 500

11,250 6
3.712 x 10

1,730
650
316 SS

18" x 1.037"
18" x 1.037"

3-1/2" x 0.326"
18" x 1.037"

39.8
35.5
27.2

4
4
4
5,870

10,190 6
4.146 x 10

1,200

575
316 SS

20" x 0.806"
18" x 0.730"

5" Sch 40,
18" x 0.736"

35.6
40.8
26.9

4
4
4
5,170

9,810 6
3.712 x 10

1,730
650
316 ss

18"
18"

5"
18"

x 1.037"
x 1.037"
x 0.342"
x 1.037"

39.8
35.5
23.7

CASE I
(Natural)



TABLE 5.1 - CONTINUED

CASE II
(Enriched)

CASE III
(Natural)

CASE IV
(Err iched)

Steam Generators

Type
Surface Area Per Unit, sq ft
Tube Size
Pressure Drop (Primary Side), psi
D20 Inventory, Per Unit, cu ft
Overall Length, ft
Maximum Shell Diameter, ft
MaterialF

Shell
Tubes
Channel Heads
Tube Sheet

Outlet Steam Conditions
Flow Per Unit, lb/hr
Pressure, psia
Quality, per cent o

Feedwater Temperature, F
Design Pressures, psia

Shell Side
Tube Side

- - - - - - - Vertical U-Tube - - - - - - - - - - - - - -
23, 652 18, 587 23,652 18,587
- - - - - - - 5/8" 0. D. x .042" Wall Thickness - - - - -
18.8 18.8 18.8 18.8

406.2 356.8 406.2 356.8
40.75 40.75 40.75 40.75
12 12 12 12

-Steel
-- -- Inconel
-Steel
-Steel

1.036
363
99.75
300

6
x 10

480
1,140

ASTM A-212 Gr. B- --------
ASTM B-16 3- - - - - - - - - - - -
ASTM A-266, Stainless Steel Clad-
ASTM A-266, Inconel Clad- - - - -

6
0.928 x 10
481
99.75
325

660
1,7041

1.036
363
99.75
300

480
1,140

6
x 10 0.928

481
99.75
325

6
x 10

660
1,704

CASE I
(Natural)

[I
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TABLE 5.1 - CONTINUED

Pressurizer

Total Volume, cu ft
Liquid Volume at Operation Conditions, cu ft
Design Pressure, psig
Design Temperature, F
Materials

Vessel
Heaters

500
250

1,140
575

600
300

1,704
650

500
250

1,140
575

600
300

1,704
650

- - - - - - - Steel ASTM A-212 Gr. B, SS Clad - - - - - -
-Stainless Steel Clad, Immersion Type - - -

Pumps

Type

Speed, rpm
Voltage, phase, frequency
Fluid Pumped Heavy Water at
Flow gpm
Developed Head (Operating Conditions), ft
Power Required (Per Unit), kw

Materials

Westinghouse canned motor with integral centerguided
check valve.
1,770 1,770 1,770 1,770

- -- - - - - 2,4006 3 phase, 60 cps - - - - - - - - - - -
454F 488 F 4514 0F 488 F
27,500 21,850 27,400 21,850
417 417 443 443
3,590 2,755 3,790 2,925

All materials in contact with the primary coolant are
stainless steel except for the Hasteloy pressure cans
(rotor and stator), certain hard surface materials,
and graphitar in the bearings.

CASE I CASE II CASE III

I'
UN

CASE IV



since it is not possible to compensate for reactivity losses with

increased enrichment. A comprehensive optimization study has been

carried out for the pressure tube configuration of interest in the

case of natural uranium fuel. In the reference report, power

costs are evaluated as a function of fuel rod diameter, fuel rod

lineal heat rate (Kw/ft), coolant pressure, coolant enthalpy rise,

and moderator to fuel ratio for 19-rod clusters.

Design parameters

Since four variations of the pressure tube reactor were

under study, the design variables which could be held fixed with-

out penalizing (or favoring) a particular concept were so chosen.

A more straightforward comparison based on essential differences

is thus possible. In particular, the fuel pellet diameter and

average fuel lineal heat rate (Kw/ft) were held constant for the

four configurations. Reference 1 shows that power costs mono-

tonically increase with pellet diameter. An arbitrary value of

0.5" was chosen for all four cases. The average lineal heat rate

(per fuel assembly) was also held constant for the four cases.

This assumption probably penalizes the cases with smaller rods

per cluster and natural enrichment due to the fine flux dip within

the tube. However, this can be altered in the case of enriched

fuel by varying enrichment within the pressure tube to achieve more

nearly flat power distribution. A meaningful evaluation of this

aspect of the design comparisons would involve design iterations

sensitive to detailed questions of balance between cost of the

several design options. The comparisons are therefore made on the

basis of constant average specific power (Kw/Kg U). Differential

estimates can be made by use of data presented in reference 1.

"Optimization of a Pressure Tube Power Reactor Fueled with Natural
Uranium and Using Heavy Water as Moderator," WCAP-4043, R. G. St. Paul,
October 1960.
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Once the pellet diameter and specific power are established,

thermal-hydraulic-mechanical considerations yield the remaining

details of the lattice configuration of interest in nuclear cal-

culations--cladding thickness, fuel rod spacing, thermal baffle

design, and pressure tube thickness. The nuclear variables are

then major lattice pitch and enrichment. Nuclear calculations were

performed to evaluate core lifetime as a function of enrichment and

lattice spacing. Reactivity coefficients were also evaluated as a

function of the two variables.

Design Calculations

Calculations were performed using methods for lattice physics

parameters which were developed under the CVTR research and develop-

ment program. Intensive lattice parameters are obtained from semi-

empirical neutron cycle calculations for initial core conditions.

The effect of reactor operation, which determines attainable fuel

irradiation, is then obtained from machine codes which account for

spatial dependence of the neutron flux in one dimension. Batch fuel

loading was studied with the CAP-l and CANDLE Codes; fuel cycle

calculations were made with the MERLIN Code.

Table 6.1 shows a summary of four reference design cases which

were chosen for detailed burnup calculations. The reference lattice

pitch was determined by the parametric data shown in Figure 6.1 from

CAP-1 lifetime studies and calculations of the reactivity coefficient

associated with voiding the pressure tube. After the major lattice

pitch for the four cases wasdetermined, batch CANDLE calculations

were made using a fuel enrichment of 1.5 per cent for both enriched

cases. Results of these analyses are shown in Table 6.1.

In order to get an estimate of the effect of fuel cycling,

MERLIN calculations were performed for both batch loadings and for

out-in fuel movement in three radial zones of equal volume. Results

show an increase in discharge fuel burnup by a factor of 1.5 in the

-25-



TABLE 6.1

LARGE PLANT CORE PARAMETERS

Parameter

Total D20/U02 (Volume)

Core Volume, ft3

U Loading, Kg

Power Density, watts/cc

k (Hot, clean no power,
batch)

Enrichment, w/o

Batch Burnup, MWD/Tonne U

(/ F) x 10

AL (100% Coolant and
k Baffle Void)

Case I*

19.38

6,633

78, 5841

6.789

1.095

0.714

4,000

- 6-3

Case II*

19.14

6,66o

78,902

6.761

1.369

1.5

12,350

- 4.2

Case III*

18.54

6,167

76, 514

7.301

1.090

0.714

3,790

- 5.3

- 0.53% - 0.24% + 0.04%

* Case I is a plant with 19-rod fuel assemblies with natural U

Case II is a plant with 19-rod fuel assemblies with enriched

Case III is a plant with 37-rod fuel assemblies with natural

Case IV is a plant with 37-rod fuel assemblies with enriched

Case IV*

15.06

5,194

76,666

8.669

1.335

1.5

11,840

- 4.1

- 0.18%

U

U

U
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case of three-region cycling compared with batch discharge. This

was used in conjunction with the CANDLE results to obtain discharge

fuel characteristics for use in cost estimates.

Figures 6.2 and 6.3 show typical power distributions as pre-

dicted by CANDLE for the four reference cases at beginning of life.

The gross radial power is not significantly different for the four

cases. The effect of out-in radial cycling is an improved radial

power distribution as shown in Figure 6.4.

In the case of natural uranium fuel the excess reactivity

available for fuel depletion is small compared with the enriched

systems. Also, the effect of parasitic materials is of greater

importance with the lower enrichment. Calculations were carried

out for Case I to find the relative importance of changes in

pressure tube thickness and changes in cladding thickness. Figure

6.5 shows a plot of metal cross sectional area as a change in

cladding thickness is made while holding the fuel pellet diameter

and distance between pellets fixed.

As the cladding thickness is decreased by reducing the cladding

outer diameter, the total metal (clad plus wire wrap) decreases but

at a rate less than the clad reduction alone since smaller cladding

results in a large diameter wire. For example, a reduction in

clad thickness from .016" to.010" (37.5%) results in a 20 per cent

decrease in clad plus wire volume. For clad thicknesses of interest

(.010" to .016") the plot indicates that the metal in the spacer

wires and containing can becomes as significant as the cladding

volume. The curve of wire area exceeds that of cladding below

about .010" thickness as does the area associated with the containing

can.

Since the pressure tube and metal required in the thermal baffles

are in a higher thermal neutron flux and lower effective neutron

temperature than the fuel cladding, the nuclear importance is higher.
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Rods Per Cluster 19 Rods Per Cluster

0.5
I~I~

200 300

Figure 6.2

Core Radius - Cm

Power Distribution With Natural U02 Fuel

1,5
0

.H-

,0

-,-

5.b

N
.r-

0o

7

1 0

0.3
0 100 400

.U



37 Rods Per Cluster 9 Rods Per Cluster

200
Core Radius - Cm

300

Power Distribution With 1.5 w/o Enriched UC2 Fuel

0

0

rd

NI
0
P-

-1

1.

0.5

0.3
0 100 4oo

7c

f t

!-i

Figure 6.3



3eainnina of Cycle

2
End of Cycle

0
IRegion 1

Region 3

Region 2

-1-

Core Radius - Cm

1oo
fHJT+iTT14W I H-H I H 4-H--

200 300

Power Distribution In A Cycled Core With Natural U02 Fuel

i 6

14

0

CA1)

80

ol 4

d 1

0

z

0.8

c.6

+

0.4
ift+H

0

7777

1

T

SII

Figure 6.4



30

Clad and Wire

20

Ciac

10

Clad Thickness - Inches

0.01

Figure 6.5 Metal Volumes As A Function of Clad Thickness

0

a

0

U)

I Containm t Can

0
0.02

w
N

i

I
W'-

0



Lifetime calculations were used to derive the relation shown below.

AB = + (2350o AC +2618LAP)

Where: AB = change in burnup of fuel in 19-rod natural uranium
core (units of MWD/metric ton of U)

AC = change in volume ratio of (cladding plus wire) + (UO 2)
AP = change in volume ratio of (pressure tube) (UO2)

This relationship has been fitted to calculations in the range

.016" clad thickness and .120" pressure tube thickness. Even when

extrapolated to very thin metal (.005" clad and .010" pressure tube

thickness) the agreement is still good to within 10 per cent com-

pared with calculations. The relation has been written in terms

of absolute change rather than fractional change in order to fit

a wide range of values without ambiguity of the reference point.

For example, the value of C corresponding to .016" clad is 0.2; the

value of P appropriate to 0.150" thickness of pressure tube is 0.51

for 19 rods of 0.5" diameter (Case I). Hence the relation predicts

that for the hypothetical case of no cladding and no pressure tube,

the increase in fuel burnup is given by

QB = + 2350 (.20 - .10) + 2618 (.51 - 0)

AB = 1544 MWD/tonne

Note that in the limit of zero cladding thickness, C goes to

0.1 due to the contribution of wire volume as may be calculated by

use of Figure 6.5. Since the pressure tube volume is directly

related to thickness, the limiting value of P is zero.

7.0 Description of Large CVTR Pressure Tube and Fuel Assembly

7.1 General

The large CVTR reactor core approximates a right cylinder in

shape. The core consists of a cluster of U-shaped pressure tubes

arranged in a rectangular lattice and is suspended in a tank

containing the heavy water moderator. Westinghouse drawings,

- 33 -



EDSK-282103J and EDSK-282105J, show two individual pressure tubes,

one with a 19-rod fuel assembly and the other with a 37-rod fuel

assembly. Figure 7.1 and Figure 7.2 show tube cross sections for

these two configurations.

7.2 Mechanical Design of Pressure Tube (Based on CVTR Concepts Unless
Otherwise Noted)

The pressure tube serves to contain pressurized heavy water

coolant and also supports the fuel assemblies in the coolant stream.

In the region surrounding each fuel element, the pressure tube is

Zircaloy-4, a material relatively low in neutron capture cross

section. The connecting U-bend is also Zircaloy-4; while the upper-

most portion of the tube, which is outside the core and reflector

region, is AISI type 403 stainless steel.

Even though Zircaloy is used, it is desirable to minimize the

amount of metal in the core region of the pressure tube. As the

temperature of Zircaloy increases, its strength decreases; therefore,

in order to minimize wall thickness, the tube wall temperature should

be kept low. This is accomplished by providing stagnant layers of

primary coolant next to the tube inner surface. These stagnant

layers are formed by thin concentric sleeve-like baffles of Zircaloy.

The high thermal resistance of the thermal baffles results in a

temperature gradient between the coolant and the moderator. Maximum

normal pressure tube wall temperature is estimated to be 232 F, but a

design temperature of 250 F is taken to provide a safe margin.

Eighteen thousand psi, one third of the tensile strength (54,000 psi)

is taken as the design stress. The design pressure is 1,300 psig

for Cases I and III and 1,800 psig for Cases II and IV.

The thermal baffles below the fuel assemblies are permanently

assemblied within the pressure tube and consist of a U-section and

two short straight transition sections. Three stagnant water

layers are provided by three concentric sleeves. The inner sleeves

of both the U-bend and the transition baffles are made of AISI type 304
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Figure 7.1 Cross Section of Pressure Tube Containing
19-pod Fuel Cluster
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stainless steel since they are exposed to the main coolant temperature

and also see the high velocity coolant flow for the full life of the

pressure tube. The two outer metal layers of each baffle are situated

in a less severe environment. They are made of Zircaloy-4 to minimize

parasitic neutron absorption. Dimples in the baffles provide positive

spacing to maintain the three stagnant water gaps at approximately

0.040 inches. The two transition baffle assemblies are clamped in

place between the U-bend and the straight portion of the pressure

tube. The U-bend baffles are welded into the U-bend itself.

The straight portions of the pressure tube are fastened to the

U-bend by means of mechanical joints. The joint flanges are

machined for a Marman "Conoseal" type of closure. A pin is in-

tegrally forged on the outer center portion of the U-bend to restrain

the pressure tube in the event of a rupture. The U-bend is made

from a solid forging which is then machined. The method of machining

the bore that was used in making the CVTR U-bends is shown in concept

in Figure 7.3.

Unlike the CVTR, a co-extruded joint between Zircaloy-4 and

304 stainless steel is used to effect the transition from the

Zircaloy pressure tube to the stainless steel pressure tube exten-

sion. Differential expansion effects in the joint are minimized

by extending the fuel assembly baffles above the joint and locating

the joint so that it is immersed in the moderator.

Above the joint, as in the CVTR, the stainless steel tube

inside diameter increases approximately 1/4 inch so that the fuel

assembly pulls free of the "tight fit" portion of the tube as soon

as possible during refueling; this reduces the possibility of a

stuck fuel assembly. An evacuated stainless steel shroud tube will

form an integral part of the stainless steel pressure tube extension.

It will minimize heat leakage from the primary coolant inside the

pressure tube to the surrounding moderator which forms part of the

top neutron shield.
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The pressure tube shield plug is the same length as, and

coincides in position with, the top neutron shield. The plug is

made of stainless steel. Four spiral flow paths are cast into the

plug to provide flow channels and yet afford shielding for the

upper portion of the pressure tube and header cavity components

against radiation. Approximately mid-way through the top neutron

shield, the pressure tube changes diameter to form a step in the

annular clearance through the shield system to reduce neutron and

gamma streaming.

The opening at the upper end of the pressure tube above the

fuel is termed the refueling port. It is closed by a threaded cap,

which holds down a flange sealed with a "Conoseal" gasket. This

flange also will contain a heavy spring which holds the shield

plug firmly in place against the top of the fuel assembly.

Coolant enters and leaves the U-tube through the jumper con-

nectors. These connectors are forged integrally with the refueling

ports and canted to the pressure tube plane in order to minimize

the distance between pressure tube assemblies. The jumper connectors

are each fastened mechanically by means of threaded sleeves into one

leg of a Y-connection (See Figure 7.4) to the jumper piping. "Conoseal"

gaskets are again used to seal the connection between the pressure

tube and the Y-connection and also to seal the jumper port closure

directly above. Provision is made for the insertion of an orifice

cartridge in the inlet jumper connector to control flow to each

pressure tube assembly.

The weight of the pressure tube and fuel assemblies is supported

on lugs which are part of the pressure tube and rest on the uppermost

plate of the top neutron shield.

7.3 Mechanical Design of Fuel Assembly (Based on CVTR Concepts

Unless Otherwise Noted)

A fuel assembly consists of a cluster of 0.541 inch 0. D. fuel

rods, clad with Zircaloy-4; all parts of the assembly in the active
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core section of the reactor are made from Zircaloy-4 material. The

cluster is contained in a form fitting hexagonal flow baffle, 0.027

inches in wall thickness. The fuel rods are hung from a grid

attached to the hex flow baffle. This construction permits the

rods to expand axially and independently of one another; this will

eliminate fuel element thermal bowing. A grid attached to the hex

flow baffle underneath the fuel rods will trap a fuel rod in the

event one breaks loose from the upper grid. The grid rings are

similar to those used in 'CVTR and are shown in concept in Figures 7.5

and 7.6. All rods except the center one are spirally wrapped with

0.131 inch diameter Zircaloy-4 wire to maintain accurate spacing

and to promote coolant mixing. Six baffle strips are clamped be-

tween the outside of the hex flow baffle and the inside of the

adjacent cylindrical baffle to break up the large convection area

between the hex flow baffle and the 0.015 inch thick inner baffle.

These two baffles are surrounded by two more cylindrical baffles,

0.015 inches thick. The outer two baffles are removable from the

spent fuel for reuse with a new fuel assembly; the inner two must be

discarded with the spent fuel. As in the U-bend thermal baffles, the

fuel element baffles contain dimples to maintain uniform 0.040 inch

thick stagnant water gaps.

Plastically collapsed fuel cladding was assumed for the large

plant designs. This is less conservative than the CVTR design but

is considered to be realistic for a future plant. Fission gas space

is provided in the fuel rods at the ends and between the pellets and

clad.

A seal is made between a spherical surface on the upper support

structure of the fuel assembly and a conical seat in the I. D. of

the stainless steel pressure tube extension. This seal serves a

twofold purpose. It prevents bypass flow of primary coolant between

the baffles and the pressure tube I. D. Such bypass flow would, by

disturbing the stagnant condition of the coolant between baffles,
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Fig. 7.5 Fuel Rod Cluster - Upper Grid Assembly
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Fig. 7.6 Fuel Assembly Lower End View
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severely impair the effectiveness of the thermal baffles. The seal

also permits the development of a higher static pressure on the

outside of the hex flow baffle than on the inside because there is

significant pressure drop between the inlet and the outlet of a

fuel assembly. This differential pressure squeezes the hex flow

baffle inward upon the fuel rod cluster tightly clamping rods and

spacer wires together, and reducing any tendency toward fuel rod

vibration and fretting.

The fuel assemblies are designed to be single units. However,

the fabrication process should be reviewed to determine if it is

technically and economically sound to make these units in one

piece. An alternate may be to make a 16-foot fuel assembly in

two 8-foot sections.

8.0 Description of Control Rod System

8.1 Function

The control rod drive mechanism positions the control rod,

which contains a neutron absorbing material, in a particular axial

position with respect to the reactor core to maintain a constant

power level. In the event of an accident, the control rod drive

permits a rapid insertion of the absorber material into the reactor

core to shut down the nuclear reaction.

8.2 Description

After a study of various control rod drive mechanism types,

it was decided to use a top shield plate mounted, gravity scramming,

rack and pinion design for the large CVTR. The overall arrange-

ment of the control rod drives in the reactor is shown on Figure 8.1.

The power unit, which lies outside of the header cavity, includes a

servo-motor, gearing, position indication instrumentation, a

magnetic clutch, and a hydraulic dashpot. The output shaft of

the power unit transmits power to a short vertical shaft which in

turn transmits the power to the miter gears outside of the header

cavity. (In CVTR the miter gears are located within the header
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cavity; the large plant design represents an improvement over the

CVTR in this respect.) The miter gears drive horizontal shafts on

which the pinions are mounted. Scram is accomplished by inter-

rupting current to the magnetic clutch circuit, which disconnects

the servo-motor and gearing from the drive line and allows the

control rod to fall by gravity into the core. The kinetic energy

of the falling control rod is absorbed by the dashpot in the power

unit which retards the rotary motion of the drive shaft as the

rod nears the end of its travel.

To conserve space above the reactor, two drives are made con-

centric. Each pinion is driven by a separate shaft allowing for

individual control of each rod. Flexible couplings are provided

on the shafts between the miter gears and the pinions to provide

for misalignment caused by differential thermal expansions. The

drive train supports nearest the control rod are mounted directly

on the top shield plate.

A travel-stop incorporated on the control rod serves a twofold

purpose. Under normal and scram conditions, springs in the stop

bring the control rod to rest gently. This prevents a sharp jolt

to the rod, drive train, and support structure. In case of hydraulic

dashpot or drive line failure, the springs "bottom" and force is

transmitted directly to a shear plate. This plate shears gradually

absorbing the kinetic energy of the falling rod and bringing it

safely to a halt.

8.3 Basis of Design

In each of the four cases, two types of control rods are

proposed for the reactor. The rod configuration and method of

manufacture are the same in each case although the dimensions of

the rods are not the same in all cases. For Case I, one type of

rod has a 1" x 4" rectangular cross section and is made from 304

stainless steel ("gray" to thermal neutrons). The other type
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employs a "sandwich" design with the rod absorber section having

two 5/16" thick layers of boron stainless steel ("black" to thermal

neutrons) riveted to a central 3/8" thick 304 stainless steel

member. The "black" control rods will also be 1" x 4" in cross

section. Overall control rod dimensions for all the cases are

given in Table 8.1 along with the CVTR control rod dimensions

for comparison. In several of the cases, the number of rods is quite

large. This suggests that, in the event more detailed design of

these plants is undertaken, consideration should be given to in-

creasing the cross section of the rods and possibly modifying the

method of control to reduce the number of rods and, correspondingly,

the number of shafts, power units, etc.

The large CVTR mechanism is designed on the basis of the rod

being permitted to "free fall" into the core for 2/3 of its travel

and being decelerated to rest for the other 1/3. For the 0.8 G

calculated maximum accelerating force, the average deceleration is

thus 1.6 G. The peak design value is chosen to be 2.4 G's.

Drive shaft bearings are made of graphite. The design of these

bearings is based on loading seen during scram, relatively dry

operation, and a 550 F moist helium atmosphere. The graphite

bearings are shrunk into an AISI-410 stainless steel retainer.

With the correct shrink fit, the graphite is always in compres-

sion and will always expand at the same rate as the retainer. A

relatively constant running clearance between the shaft and the

bearing is then maintained at operating temperature.

The drive shaft diameters are maximized to keep the natural

frequency of vibration of the control rod and drive train system

at a satisfactory value. The drive shafts are made of Armco type

17-4 PH stainless steel and because the diameter limitation is

imposed by vibration considerations, operating stress levels are

extremely low.
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TABLE 8.1

CONTROL ROD DIMENSIONS

Case I Case II Case III Case IV CVTR

Overall Length 23' - 3" 26' - 10" 23' - 10" 26' - 2" 18' - 4"

Cross Section 1.0"x4.0" 1.2"x4.8" 1.1"x4.7" 1.1"x4.7" 1.0"x4.0"

Total No. Required 105 168 98 80 28

9.0 Thermal and H1ydraulic Considerations

The thermal and hydraulic performance of the four studies is

similar. The design philosophy used in establishing this performance

is virtually that of CVTR. The parameters were chosen realistically

although some improvement would be expected to result from optimiza-

tion studies.

As in CVTR, orificing is proposed for the pressure tubes in an

attempt to equalize the enthalpy rise through all the pressure

tubes. No attempt was made to develop an orifice program because

of the preliminary nature of the study and the absence of power

distributions.

It should also be realized that the thermal and hydraulic

conditions are not necessarily optimum. Early in the study pressure

drop across the core was judged to be a possible limiting factor

and a nominal figure of 105 psi was selected. The number of

pressure tubes was then selected within the confines of tempera-

ture and heat flux limitations. The various parameters (temperature,

pressure, hot channel factors, etc.) defining the thermal and

hydraulic characteristics of the plant are tabulated in Section 5.0.

These parameters have values approximating those in CVTR.

The maximum steady state thermal power output is specified to

be 16 Kw/ft. It is anticipated that CVTR will achieve this operating
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level thus demonstrating the ability of a large plant to operate at

this level. Based on the limited information available today, higher

levels are possible; but with the lack of comprehensive information,

the more conservative value of 16 Kw/ft was selected.

The selection of a hot channel factor of 3.10 is also considered

to be conservative. This number was adjudged to be the maximum

equilibrium value which could reasonably be expected. With careful

planning of a fuel cycling program, a control rod program and perhaps

multiple fuel enrichments the hot channel factor could probably be

appreciably reduced. The scope and schedule of the study did not

permit a careful study of this problem although it certainly must

be done in the course of designing a large plant.

A significant feature of pressure tube reactors is the appreciable

amount of reactor heat which is deposited in the moderator. Approxi-

mately 6 per cent of the gross fission heat is deposited directly in

the moderator by gammas and neutrons; and because the coolant operates

at higher temperatures than the moderator, this heat cannot be used

in the primary coolant cycle. If the "cold" pressure tube design

is employed, as is the case in these studies, an additional 3 to 5

per cent heat loss to the moderator can be anticipated. This heat

is transferred by conduction through the pressure tube wall and, of

course, is dependent upon the surface area of the pressure tubes.

The table in Section 5.0 of this report shows the heat loss for the

four cases studied.

10.0 Plant Description - Phase I Design (19-Rod Fuel Assemblies Natural U)

10.1 Primary Coolant System

The primary coolant system consists of the piping, heat transfer,

pumping and pressurizing equipment necessary to deliver pressurized

heavy water coolant to the pressure tubes which envelop the fuel

assemblies in the core.
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This system is shown on the following drawings:

Figure 10.1

Figure 10.2

Figure 10.3

Figure 10.4

Figure 10.5

539 F 691

539 F 695

539 F 696

539 F 697

539 F 698

Primary Coolant System Process Flow Diagram

Equipment Arrangement in Vapor Container -
Plan Section Above Operating Floor

Equipment Arrangemenu in Vapor Container -
Plan Section Through Header Cavity

Equipment Arrangement in Vapor Container

Elevation Section of Vapor Container

The pressure tubes are connected in pairs to jumper lines which

distribute coolant among the pressure tubes of each primary loop and

the headers. The pressure tube arrangement is shown on drawing

EDSK 285005C, Figure 10.6. Primary coolant is circulated to the 448

pressure tubes by four 27,500 gpm canned motor pumps, each located

in a separate loop of primary piping. In each loop heavy water

coolant at 1,000 psia nominal U-tube outlet pressure and 521.3 F

average U-tube outlet temperature is transmitted by 3-1/2 inch

jumper pipes to the 20-inch outlet header and passes through 20-inch

hot leg piping to a steam generator. From the steam generator,

coolant at 454 F then is returned to the suction of a canned motor

pump which delivers it via 18-inch pipe and an 18-inch header for

redistribution to the pressure tubes through 3-1/2 inch jumpers.

Each of the four individual primary loops services one pair of

inlet and outlet headers which in turn distribute flow to one-fourth

of the pressure tubes in the core.

_:n addition to a pump and steam generator, each loop

with motor-operated gate valves to provide rapid isolation

steam generator in the event of excessive leakage of heavy

coolant to the secondary side.

is equipped

of the

water

Two primary loops are located on opposite sidesof the core

feeding two inlet headers and two outlet headers which run horizon-

tally north and south. All headers lie side by side at an elevation

slightly below the pressure tube refueling ports. The headers are
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located above the core inside a shielded room called the header

cavity. Major loop components such as pumps, steam generators,

and valves are located outside the shield walls which form the

header cavity.

The inlet and outlet headers inside the header cavity associ-

ated with each primary loop are essentially just extensions of the

loop piping. The headers are anchored firmly within the header

cavity at the east-west core centerline and are guided as they

penetrate the header cavity shield concrete. The steam generator

is hung by rods from the operating floor level and is allowed to

move to accommodate the thermal expansion of the primary piping.

The primary coolant pumps are supported by rods and constant-

support spring hangers.

Cross-over pipes are provided between pairs of inlet headers

and outlet headers on either side of the core to prevent flow

starvation of a portion of the core in the event of a single pump

failure. Preliminary calculations have shown this cross connection

to be effective in distributing flow from a pump uniformly between

the two sets of headers.

To avoid piping complication and increases in heavy water

inventory, this loop interconnection was limited to loops servicing

the same side of the core. Thus, when one pump fails, flow in one

half of the core remains normal while flow in the other half drops

to slightly over 50 per cent of its initial value. Although no

detailed transient analyses have been performed, it is believed

that this scheme can provide adequate protection for the core in

case of loss of power to a single pump if the reactor is scrammed.

Should detailed transient analyses prove this to be inadequate,

design alternates are:

a. Cross-connection of all four loops, or

b. Replacement of each primary coolant pump in the
present design with two half-capacity units
operating in parallel and fed from separate
electrical sources.
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Primary system pressure is maintained within the specified

limits and coolant volume surges are accommodated by an electrically

heated steam pressurizer. Surge pipes connected outside the header

cavity to the hot leg of one loop on each side of the core tie the

pressurizer vessel to the primary system piping.

Several other connections are provided to the primary piping

for auxiliary systems and for instrumentation. These connections

are indicated on the Process Flow Diagram, Figure 10.1.

10.2 Headers and Feeder Piping

The reactor fuel assemblies are enclosed in 448 individual
U-shaped pressure tubes which contain the primary system pressure.

The pressure tubes are connected in pairs to the jumper pipes. Each

jumper terminates in a Y-type, bolted flanged connection which joins

the jumper to two pressure tube connector bodies. Thus a single

3-1/2 inch jumper carries coolant to two pressure tubes, and another

jumper returns the effluent from these pressure tubes to an outlet

header.

Each of the headers is an extension of one leg of primary loop

piping and is located horizontally slightly below the tops of the

pressure tubes inside the header cavity. The headers are divided

into two groups of four located on opposite sidesof the core. As

shown in Figure No. 10.3 and Figure No. 10.4, each header is

anchored firmly by a beam to the header cavity structure at the

reactor centerline and is guided axially at the penetration of the

header cavity shielding concrete where it joins the primary system

piping. The cross-over pipes, used to interconnect headers on the

same side of the core, connect to a set of inlet or outlet headers

at points of approximately equal pressure. In this manner, cross

flow between loops during normal operation is minimized.

The jumper pipes typically illustrated by Figures 10.7 and

10.8 occupy alternate rows between pressure tube extensions leaving
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the remaining rows available for drive shafts for control rod drive

mechanisms. Because of space limitations, no thermal insulation is

provided for either the jumper or the header piping. The header

cavity (described in the previous section) is insulated to limit

heat losses and prevent overheating of the shield concrete.

Thermal expansion of the header assembly is absorbed by the

relatively flexible jumper piping. The design accepts credit for

the flexibility of the long, unrestrained extensions of the pressure

tubes above the top neutron shield. Thus, a relatively compact jumper

design is attainable.

In the design of a header assembly of a large, heavy water

cooled plant two major goals are (a) the production of a design

which minimizes the size of the containment vessel, and (b) mini-

mizing heavy water inventory. The latter goal would be tempered

with the practical requirement of obtaining a reasonable pressure

drop and a low-cost piping system.

The header design described above and illustrated in the

various drawings in this report has been developed with the above

goals in mind, but is not an optimum design. Design alternates are

discussed in Section 3.0. These alternates would be the subject

of detailed engineering evaluations associated with construction of

a large plant but could not be fully explored in a study of the

kind presented in this report.

10.3 Moderator Pit

The heavy water moderator is contained in the cavity formed

by the primary shielding concrete. In order to prevent damage by

heat generation in the concrete walls, thick steel thermal shields

are provided to act as a radiation-absorbing liner. Cooling coils

running through these slabs remove the heat generated by neutron

and gamma ray attenuation. Integrity of the container is assured

by lining the cavity with a thin stainless steel liner. This liner

is all of welded construction so that it forms an unbroken container

for the moderator fluid.
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Circulation of the moderator fluid through the moderator

coolers provides the necessary cooling for the moderator. The

circulating fluid enters the pit through four symmetrically spaced

inlet pipes at the bottom. A flow baffle and distribution plate

are mounted directly over the inlet pipes to distribute the flow

evenly throughout the pit. The heated heavy water passes up

through the top neutron shield and support structure, over weirs

located on the upper perimeter, and into return lines at the top

of the pit. These lines return the fluid back to the moderator

cooling and purification systems. The top of the pit is partially

separated from the header cavity atmosphere by a shroud plate

located just above the moderator surface. Liquid level in the

pit is maintained by the weirs so that the top neutron shield is

always completely covered.

The concentrations of radiolytic decomposition products, D2

and 02, in the space above the moderator are kept below explosive

limits by the use of a sweep gas which is passed over the moderator

surface at the top of the pit. The gas enters the pit below the

horizontal shroud plate, flows up through holes in the plate, and

is returned to the sweep gas system where the D2 and 02 are recom-

bined and recovered. Helium is used as the sweep gas.

Primary support for the core structure is provided by the

top neutron shield. This shield is composed of six horizontal

steel plates separated from each other by spacers and rigidly

attached together. To facilitate manufacture, shipping, and in-

stallation, there are seven shield subsections. The six horizontal

steel plates in each subsection are arranged in such a fashion that

a step is obtained between each subsection and its two adjacent

subsections. This arrangement eliminates a direct streaming path

from the core to the header assembly piping and thus minimizes

induced radiation activation. The outermost subsections' outer

edges extend over concrete, and no step is necessary at these edges.
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The shield spans the moderator cavity and is supported on a ledge

running along two opposite sides of the cavity. All U-tubes and

control rods pass through holes in the shield plates and are

supported from the top plate. The U-tubes are also guided at the

bottom of the pit by the moderator distribution plate.

10.4 Steam Generators

Four inverted U-tube steam generators are provided to supply

a total of 4.146 x 106 lb/hr of saturated steam at 340 psia to

the turbine. Each unit is a heat exchanger with primary coolant

contained in Inconel tubes having a heat transfer surface area of

23,652 sq. ft. The vessel is carbon steel with Inconel cladding

in the primary head.

10.5 Primary Coolant Pumps and Check Valves

There are four Westinghouse canned motor pumps, each designed

for pumping cold heavy water continuously and to deliver 27,500 gpm

D20 at 454 F against a head of 417 ft during normal plant operation.

Each pump contains a center-guided check valve built integrally

within the volute. The four loop arrangement of the primary system

is based on the use of canned motor pumps of a size approaching

the largest available with current technology and manufacturing

practices.

Canned motor pumps of this size and pressure rating are the

only type pump believed feasible at this time. It is recognized,

however, that savings in cost and improvements in efficiency

might be realized through the use of a pump with a successful

mechanical seal. In the final design of a large plant, the use

of pumps with mechanical shaft seals would be given careful

consideration weighing costs of the pump and costs associated

with heavy water leakage.

10.6 Auxiliary Systems

The scope of the large plant systems studies has not been

extended to cover evaluation of the auxiliary systems. Major
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effort has been directed toward development of a workable primary

coolant system conceptual design with attention also given to

containment vessel arrangement and refueling considerations.

The large plant would, of course, have the normal complement

of auxiliary systems. Generally, these would not differ appreciably

from those in CVTR except in capacity. Among the auxiliary systems

are (a) a charging and volume control system to maintain a con-

stant steady state volume of heavy water in the primary coolant

system and to provide a means for coolant chemistry and radio-

chemistry control, (b) a moderator purification system to limit

the buildup of impurities in the moderator, (c) separate light

water and heavy water vent and drain systems, (d) a light water

component cooling system, (e) a sampling system for chemical and

radiochemical analyses, (f) a radioactive waste holdup system,

(g) a shutdown cooling system, (h) a ventilation system including

equipment to dry the vapor container air to minimize D20 losses and

degradation.

Because rupture of a primary coolant system component could

result in a loss of coolant exceeding the makeup capacity of the

charging pumps, an emergency coolant injection system is also

supplied. The system provided will deliver cooling water to the

core at a flow rate and pressure sufficient to prevent fuel

cladding damage.

10.7 Equipment Arrangement in the Container

The reactor core is located centrally near the bottom of the

containment vessel within the primary concrete shield. Core eleva-

tion within the container is just sufficient to assure the complete

gravity drain of the moderator into the moderator dump tanks. The

walls of the primary shield concrete contain the pressure of the

moderator within the reactor cavity and in addition serve as support

for the header cavity structure, secondary shield, and other

equipment located above.
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Primary coolant system connections to the pressure tubes are

made in the header cavity, a shielded room located directly above

the core. The header cavity in the 300 MWe plant, as in CVTR, is

a sealed chamber which is insulated to allow for high internal

temperatures during operation. High temperature operation of the

header cavity is necessitated by space limitations in the core area,

making impractical the use of insulation on jumper piping and pressure

tube extensions.

The header cavity is sealed during operation to prevent escape

of the helium used to carry away the radiolytic decomposition

products, D2 and 02. Sealed penetrations of the header cavity walls

are necessary for the headers, the control rod drive shafts, and

such instrument and electrical penetrations as may be required.

The header cavity itself is larger in plan section than the

primary concrete shielding surrounding the core beneath. The

cavity shielding overhangs the primary concrete shielding on the

east and west sides and is supported from the container floor by

concrete columns. The roof of the header cavity forms the operating

floor; and aside from shielding considerations, is designed to

support the weight of the refueling machine (probably about 100 tons).

Immediately above the core and the fuel transfer canal, the floor

is recessed to a lower elevation and is called the refueling floor.

This lower floor elevation allows the refueling machine to be closer

to the pressure tubes during refueling.

The roof of the header cavity immediately above the core is

comprised of removable shield plugs of dense shielding material

supported on beams. The removal of one plug exposes a pressure

tube for refueling purposes.

The primary piping extends north and south from the header

cavity shield just below the level of the operating floor. Two

loops are located on opposite sides of the header cavity with the
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major components, (i.e., pumps, steam generators, and valve operators)

extending up past the operating floor level. Concrete shield walls

supported by columns from the container floor surround the components

above operating floor level and provide structural support for the

service crane.

10.8 Shielding

The shielding arrangement provides sufficient attenuation to

bring the radiation levels outside the vapor container below the

AEC limits for radiation exposure. The minimum dose rate at the

surface of the containment vessel will not exceed 2 mr/hr when the

reactor is operating. Since the vapor container will not be

entered during operation, the internal shielding is based on the

shutdown condition. However, certain areas are permitted dose

rates above occupational tolerance where infrequent access is

required for periods of controlled short duration. The dose rates

at normal work stations inside the plant will not exceed 2 mr/hr

when the plant is shutdown.

The radiation sources consist of the reactor, the primary

coolant system, and the auxiliary systems. The shielding for these

components is divided into the following categories: neutron shield,

primary shield, secondary shielding, and fuel handling shields. The

shielding arrangement is shown in layouts previously cited.

10.8.1 Neutron Shield

The neutron shield consists of the top neutron shield and

the thermal shield plates. The top neutron shield consists of a

total of 34 inches of stainless steel plates laminated with 20

inches of heavy water. The side and bottom thermal shields con-

sist of carbon steel plates cooled by light water.

The principal function of the top neutron shield is to

prevent activation of piping in the header cavity, which is

accessible after shutdown. The neutron streaming through the

clearances between the control rods and U-tubes is expected to
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be of the order of 10 n/cm2-sec. The radiation level in the

header cavity after shutdown due to activation and fission product

gammas streaming through the penetrations will be less than 100 mr/hr.

The function of the thermal shield is to attenuate the core

and capture gammas and the neutron flux to levels that will not

cause overheating of the concrete. Supplemental cooling coils are

located in the conrete to aid in heat removal.

10.8.2 Primary Shield

The primary shield is a reinforced concrete structure

immediately surrounding the thermal shield. It is designed to

attenuate the core and capture gamma intensity to approximately

one tenth of the intensity from the primary coolant loop. The

gamma dose rate at the surface of the primary concrete is about

1 R/hr when the reactor is at 1195 MWth. The radial and bottom

shields consist of the iron thermal shield followed by concrete

for a total thickness of 6 feet. The top neutron shield also

provides adequate core gamma attenuation.

The primary shield provides adequate attenuation for

fission product gamma radiation when the reactor is shutdown.

The direct dose rate due to fission product will be less than

1 mr/hr.

10.8.3 Secondary Shield

The secondary shield surrounding the primary loop and

reactor limits the dose rate from the primary coolant and the

reactor to less than 2 mr/hr above ground outside the vapor

container when the reactor is operating.

The secondary shield consists of 5 feet of concrete around

the primary loop inside the vapor container. The 5 foot thick

operating deck reduces the dose rate from the primary coolant

during operation and provides part of the necessary maintenance

and fuel handling shielding after shutdown.
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10.8.4 Fuel Handling Shield

The fuel handling shields limit the radiation level to

15 mr/hr around the fuel handling machine during the fuel transfer

process. The refueling shields consist of a 12" thick lead cask

refueling machine, lead and iron plugs over the reactor, a water

filled transfer canal with iron and steel covers, and a water filled

storage well. Spent fuel and control rods may be withdrawn from

the reactor through the header cavity shield cover into the refueling

machine. The machine lowers the radioactive part into the fuel

transfer canal where a mechanism transfers it under 13 feet of water

to the storage well adjacent to the vapor container. The walls of

the canal below the operating deck are formed by six feet of concrete.

The header cavity walls are six feet thick on the sides

where the control rod drives are located to allow maintenance on

the mechanisms during refueling. The other walls of the cavity

are four feet thick, and the 14 mr/hr level prevails during

refueling.

Protection against radiation from fuel elements stored in

the storage well is provided by concrete walls and water. After

sufficient decay, the spent fuel is transferred under water to

lead shipping containers.

10.9 Fuel Handling System

The fuel handling system design is based on the ground rule

that only fuel elements will be removed and replaced on a regular

schedule. U-tubes will be assumed to be permanent parts of the

primary system and will be removed only when unserviceable.

10.9.1 Refueling Machine

The refueling machine consists of a large lead shielding

cask containing hoisting and cooling equipment mounted on a crane

vehicle. Operation of the machine is controlled from a console on

the crane trolley. The crane will run on the operating floor level
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with the cask suspended down into the recessed area over the reactor

and will transport fuel between reactor positions or to the fuel

transfer canal. Positioning devices on the crane drives enable

the cask to be closely positioned over reactor positions through

trailing hoses and cables.

The cask has hQisting systems for both the neutron shield

plug and fuel element in separate guide tubes within the cask.

This enables the machine to remove a neutron shield plug and hold

it in storage while the fuel element is lifted up into the other

guide tube. The machine is also used to insert new fuel. While

the fuel is contained in the cask, it is cooled by heavy water

circulating through a closed loop cooling system on the machine.

The heavy water is sprayed into the top of the element by a hose

connected to the gripper, runs through the element to the bottom

of the guide tube, which is closed by a ball valve, and is

recirculated through the system. Normally, cooling is started

after the fuel is in the machine; however, since the hose is

attached to the gripper, cooling can be started during any

interruption of the lifting operation (with the heavy water going

into the reactor).

Pressure caps on the U-tubes are manually removed and

replaced working from the refueling floor through a hole in the

refueling shield. This operation is possible only when neutron

shield plugs are in place in all U-tubes.

10.9.2 Fuel Transfer System

The fuel transfer system is very similar to the system

developed for CVTR. Fuel is lowered into an underwater carrier

by the refueling machine, the carrier is lowered to a horizontal

position and then towed out to the spent fuel basin through a

penetration sleeve in the plant container. This horizontal method

of fuel transfer was chosen because it allows a minimum depth of

water in the transfer canal, and it does not require a lock system
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to maintain different water levels between the transfer canal and

spent fuel basin.

10.9.3 Refueling Shield

A shield is required over the reactor to protect operating

personnel during movement of fuel through the header cavity. The

refueling machine works through access holes in the shield. In the

prototype plan a circular rotating shield was used that positioned

a single access port over any reactor position. This idea could

not be used in the large plant because of size limitations.

The large plant shield consists of rows of concrete

plugs seated on steel beams spanning the header cavity. The

plugs must be lifted out to allow access to the U-tube beneath.

Each reactor position is accessible simply by removal of one

plug. The penetration plugs are stepped in a fashion which

prevents direct radiation streaming from the core with all plugs

in place.

The penetration plugs can be handled either manually or

by the refueling machine. If handled manually, the neutron shield

plug must be replaced in the U-tube after fuel has been removed to

provide shielding from the core for the operator replacing the

plug. This will add an extra step to the refueling procedure.

To eliminate the step of replacing the neutron shield plug, a remote

hoist can be added to the refueling cask to handle the penetration

plug while the shielding cask is over the hole.

10.9.4 U-Tube Removal

Provisions have been made for removal and replacement of

defective U-tubes. It has been assumed that U-tube replacement

will be in the category of major maintenance, and therefore time

and convenience are secondary considerations to the capital cost

of the provisions made.
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To remove a U-tube, the fuel is removed first and the

neutron shield plugs replaced. The U-tube is manually detached

from the jumper tubes from above. The refueling cask will be

modified by removing the guide tubes and hoists from the cask

interior and by adding temporary shielding and a cutting machine

on the cask top platform.

The cask interior, when stripped of the fuel handling

appurtenances, is large enough to contain the bottom (irradiated)

part of the U-tube. The cask will be positioned over the tube and

the tube lifted into the cask by the plant crane.

When the U-tube is fully up, the irradiated section of the

tube will be enclosed in the cask with the extension projecting

from the top. The cutting machine will be used to cut the tube at

the top of the cask leaving the relatively "cold" extension section

hanging in the plant crane and the irradiated section in the cask

held by a gripper incorporated in the cutting mechanism. Both

sections of U-tube will then be discharged through the fuel transfer

system.

A new U-tube must be installed manually using the plant

crane. For this reason, it may be necessary to remove the fuel

in the vicinity of the open hole or to provide temporary shielding

to reduce the radiation streaming out the open U-tube hole.

Control rods will be removed in a similar manner. The

follower and absorber will be designed so that the follower can

be disconnected mechanically.

10.10 Instrumentation and Control

Instrumentation and control requirements have not been studied

in detail for this plant, but they are believed to be the same as for

CVTR with certain exceptions. Most important are the omissions of

extensive U-tube flow and temperature monitoring instrumentation.

If, during detailed analysis of such a plant, the need should become

apparent for monitoring these variables, the present layout lends
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itself to complete temperature monitoring and at least partial flow

monitoring.

The instrumentation and control consists of the normal

complement of nuclear instrumentation, process instrumentation,

radiation monitoring instrumentation, and reactor control channels.

Where necessary, these circuits supply signals to scram the reactor

if an unsafe condition would otherwise develop. Likewise, they

actuate alarms and appropriate equipment required to protect the

reactor core and associated equipment during transients which are

not entirely subject to correction by a scram. Normally, these

circuits are required to monitor, indicate and/or record, and

maintain a desired set of conditions in the nuclear steam generator.

10.11 Operation

The heatup of the primary coolant system is accomplished

utilizing both nuclear energy and the dissipation of pumping energy

in the reactor coolant. The power level of the reactor core is

regulated at low levels during the heatup period to provide a safe

heating rate for the system components.

Prior to startup of the primary coolant system, the pressurizer

heaters are turned on raising the system pressure to provide an

adequate suction pressure for the primary coolant pumps. All four

pumps are then operated to maintain a uniform system temperature.

System pressure is increased as the coolant is heated by the

pumps and the core. The pressure control system provides sufficient

sub-cooling of the coolant to prevent boiling in the core and to

maintain the necessary pumps suction pressure. The charging and

volume control system accommodates coolant expansion during heatup.

When the coolant temperature reaches 4540F, system pressure

is maintained at a nominal 1000 psia, and the reactor power can be

increased to meet steam demand.
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When a planned reactor shutdown is initiated, load is reduced

to zero, and the reactor is made subcritical by inserting the control

rods. Cooldown is accomplished primarily by heat loss to the moder-

ator until the coolant temperature and pressure reach approximately

300 F and 215 psia respectively. Further cooldown to about 1550F

is accomplished by the shutdown cooling system. After shutdown

cooling flow has been established, the primary coolant pumps are

shutdown.

11.0 Plant Description - Case II Design (19-Rod Fuel Assemblies; Enriched U)

Because the UO2 fuel is enriched in U-235, pressure tube and

fuel cladding thicknesses are of lesser importance from a nuclear

standpoint, and a nominal core outlet pressure greater than that

chosen for the Case I study is permissible, the nominal outlet

pressure for the second phase design was arbitrarily set at 1500

psia, the design pressure for CVTR. This choice was arbitrary

because a study to establish an optimum set of conditions was

outside the scope of the overall large plant study.

The basic core layout and jumper and header assembly detail

developed for Case I have been retained in Case II. Sixty-eight

U-tubes have been eliminated (seventeen per quadrant), but the

maximum core dimensions are unchanged. The core geometry approxi-

mates that of a right cylinder, whereas the Case I geometry is very

nearly a square parallelepiped. The Case II core layout is shown

in Figure 11.1.

The four-loop primary coolant system configuration is also

retained from the Case I study and differs only in design properties.

Piping sizes were determined by the ground rules established for

Case I. The steam generator heat transfer area is based on the

same duty (1135 MWt total). As in the Case I study, the pressurizer

size and steam-to-water ratio are only approximations. A selection

of type of reactor control and extensive analog computer analyses

would have been necessary to further refine the pressurizer size

requirement.
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The containment vessel size for Case II was not established.

It should not be significantly different than that shown in the

drawings for Case I since the changes in header cavity dimensions

pose at most only very slight departures from those derived in

Case I.

Costing of the Case II auxiliary systems and components was

not done. It was apparent that the difference in Case II primary

coolant operating conditions from those set in Case I would not

significantly affect auxiliary costs, thus the Case I cost estimates

were retained for Case II.

The Case II design data sheets (Section 5.0) present the same

type information as was given for Case I. The descriptive material

on Case I contained in Section 10.0 applies in general for Case II.

12.0 Plant Description - Case III Design (37-Rod Fuel Assemblies; Natural U)

The Case III plant is the version of the 300 MWe unit utilizing

a core with 37-rod fuel bundles containing natural UO2 fuel. The

basic design considerations for the fluid systems and the plant

for this phase of the study are essentially unchanged from those

chosen for the Case I plant. The steam conditions, total coolant

flow, coolant pressures and temperatures employed in the Case

III design are identical with those developed for Case I.

The major differences between the Case I and Case III designs

are the result of the difference in number and size of pressure

tubes and their individual flow requirements. The Case III core

arrangement shown in Figure 12.1 contains 224 U-tubes, or one-half

the number of tubes in the Case I design. The thermal power from

the core is the same in both the Case I and Case III designs, the

Case III pressure tube producing the maximum linear power must

pass approximately twice the flow of its Case I counterpart. The

Case III jumper tubes are larger in diameter than those for Case I

in order to accommodate this flow increase.
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The header assembly layout for the Case III study is substantially

different from that of the first two studies. A low header elevation

was found to be advantageous to compensate for the increased stiff-

ness of the larger diameter jumper andpressure tubes. Another change

incorporated in the header layout is the use of short, stiff cross-

over connections between headers in adjoining loops. With this

scheme the headers nearest to the core are anchored while the headers

connected by cross-over pipes are allowed lateral motion to accom-

modate cross-over expansion but are guided to prevent longitudinal

movement.

The layout described is similar in configuration to that for

the Case IV design shown in Figure 12.2 and Figure 12.3. No layout

of the Case III design is provided because of similarities between

the Case III and Case IV core geometries. Emphasis was placed on

the Case IV layout because of space limitations resulting from the

tighter lattice pitch of pressure tubes in the enriched core.

The primary system components and piping external to the

header cavity are essentially the same as those provided for the

Case I design. The only exception in this regard is the primary

coolant pump which must supply a slightly higher head to overcome

an increased header assembly pressure loss.

The major difference in plant layout is the result of the

relatively low elevation of the Case III headers. It is probable

that the resulting lower elevation of the steam generators will

allow a reduction in container height and hence a savings in

containment and shielding cost over the Case I and Case II designs.

No cost reduction resulting from containment improvements has been

included in this study, however.

Minor changes in the detailed design of the auxiliary systems

are anticipated as the result of differences between the primary
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system configurations of the Case III and Case I designs. Examples

of some changes expected are as follows:

a. A reduction in duty on the moderator cooling system

as the result of a reduced heat loss to the moderator.

b. Alteration of ventilation system requirements as

the consequence of a smaller containment vessel.

c. Alterations of the header cavity sweep gas system

as the result of a changed header cavity configuration.

d. Changes to the refueling apparatus to accommodate a

larger diameter fuel assembly.

The differences such as noted above are considered so small as

to have a negligible effect on the auxiliary system cost estimate.

13.0 Plant Description - Case IV Design (37-Rod Fuel Assemblies; Enriched U)

The Case IV plant design is an enriched fuel version of the 37-

rod fuel assembly, natural UO2 concept studies under Case III.

External to the header cavity, the four loop primary coolant

system configuration from the Case I and Case II designs has been

retained in this fourth case study except for a difference in

elevation. The layout is identical with the Case III design.

The primary system total flow and operating pressure for the

Case IV plant are identical to those for the Case II plant. The

nominal core outlet pressure was set arbitrarily as in Case II at

1500 psia, the CVTR operating pressure. Thus the observation may

be made that the two natural uranium plants share common parameters

of total flow, temperatures, and pressure as do the two enriched

uranium plants described in this study.

The sizes of major primary loop components are essentially

the same as those described in the second case study. The only

exception in this regard is the primary coolant pump which must

supply a higher head to overcome a slightly increased header

assembly pressure loss.
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The major difference between the Case IV plant and the others

is that it requires fewer pressure tubes to achieve the same thermal

rating. The number of U-tubes is reduced from 224 U-tubes used in

the third case design to the 192 U-tubes arranged as shown in Figure

13.1 for the Case IV layout. The lattice pitch of the pressure tubes

in the layout was reduced as far as possible consistent with space

limitations imposed by the criterion that alternate rows between

pressure tube extensions be used for control rod drives.

For reasons discussed in the description of the Case III design,

the header assembly for the Case IV plant is substantially different

from those developed for the Case I and Case II plants. The low

primary loop elevation of the Case IV design results from the low

header elevation produced in the header assembly layout given in

Figure 12.2 and Figure 12.3.

As in Case III design, a reduction in containment vessel size

from that shown for Cases I and II is to be anticipated because of

the reduction in primary loop elevation. Also as in Case III, no

estimate of any resultant containment cost reduction is included

in this study.

Changes in auxiliary system design detail are anticipated in

this phase of the study as well as in the last two. Costing of the

Case IV auxiliary systems was not done, however, since it was

apparent that changes in operating conditions would not significantly

affect auxiliary system costs.

The Case IV design data sheets (Section 5.0) present the same

information as given for Cases I, II, and III. The descriptive

material on Case I contained in Section 10.0 applies to Case IV

except as indicated in the preceding description of the Case IV

design.
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14.0 Hazards

No formal analysis has been made of hazards or the transient

behavior of the large plant under accident conditions. It cannot

be stated categorically, therefore, that safety problems unique to

the 300 MWe plant will not arise on further investigation. The

following inferences can be drawn, however, as the result of

experience with CVTR and other closed-cycle pressurized water

reactors.

1. Prelininary studies indicate that the plant will have a negative

overall temperature coefficient. An overly complex control

system is, therefore, not anticipated.

2. The stored energy level and fission product inventory are no

greater than for other water reactor plants of equivalent

rating. Unusual containment problems are not anticipated.

3, There appears to be no inherent missile hazard.

4. Protection of the core during a loss-of-coolant accident is

more difficult than in the case of a vessel-type reactor.

Although this problem now under study for CVTR is likely to

be more difficult to analyze because of the greater number of

parallel flow paths, there is no reason at this time to expect

that an emergency coolant injection system cannot provide

reasonable protection for the core. Containment vessel design

is based in any case on protection of the public in the unlikely

event of a complete core meltdown. Detailed analytical methods

employing a digital computer are being developed to study the

loss-of-coolant accident for CVTR, and the developed techniques

should be available for detailed study of future plants similar

to CVTR.
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APPENDIX A

COSTS
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PLANT COSTS

The costs of the plants described in this report were

determined in accordance with the Table 106-1, page 2, Section 106,

Volume I of Kaiser Cost Evaluation Handbook. The cost of the primary

system components including fuel assemblies and pressure tubes were

investigated in more detail than auxiliary systems and the secondary

plant because no specific designs were prepared for the auxiliaries

and secondary plant equipment. The cost of the auxiliaries,

secondary plant, structures, and land were assumed constant for

the four cases studied. This in effect penalizes the plant with

the smallest primary system (which is the most economical plant)

because this plant can be expected to have somewhat smaller

auxiliaries and structures. A summary of the costs follows on the

next pages.
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CASE I

Account Number x 1000

20 Land and Land Rights $ 360

21 Structures and Improvements 8,460

22 Reactor Plant Equipment 29,345

23 T-G Units and Assembled Equipment 14,400

24 Accessory Electrical Equipment 3,200

25 Misc. Power Plant Equipment 200

Direct Cost Subtotal $ 55,965

Direct Cost With No Land 55,605

General Administrative 7.2% 4,004

Subtotal 59,609

Misc. Construction Costs 1%596

Subtotal 60,205

Engineering Design and Inspection
A-E Design and Inspection 6,924

Subtotal 67,129

Nuclear Engineering 5.5% 3,692
Subtotal 70,821

Startup Costs 670

Subtotal 71,491

Account 20 360

Subtotal 71,851

Contingency 10% 7,185

Subtotal 79,036

Interest During Construction 11% 8,694
Total $ 87,730
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CASE II

Account Number

20

21

22

23

24

25
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Land and Land Rights

Structures and Improvements
Reactor Plant Equipment

T-G Units and Assembled Equipment

Accessory Electrical Equipment

Misc. Power Plant Equipment

Direct Cost Subtotal

Direct Cost With No Land

General Administrative 7.3%

Subtotal

Misc. Construction Costs 1.0%

Subtotal

Engineering Design and Inspection

A-E Design and. Inspection

Subtotal

Nuclear Engineering 5.7%

Subtotal

Startup Costs

Subtotal

Account 20

Subtotal.

Contingency 10%

Subtotal

Interest During Construction 11%

Total

x 1000

$ 360

8,460

27,513

14,400

3,200

200

53, 773
3,9225

57,698

58,275

6,818

65,093

3,710

68,803

670

69,473

360

69,833

6,983

76,816

8,40

$ 85,266

$ 54,133



CASE III

Account Number

20

21

22

23

24

25
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Land and Land Ri ghts

Structures and Improvements

Reactor Plant Equipment

T- G Units and Assembled Equipment

Accessory Electrical Equipment

Misc. Power Plant Equipment

Direct Cost Subtotal

Direct Cost With No Land

General Administrative 7.5%

Subtotal.

Misc. Construction Costs 1%

Subtotal

Engineering Design and Inspection
A-E Design and Inspection

Subtotal

Nuclear Engineering 6.1%

Subtotal

Startup Costs

Subtotal

Account 20

Subtotal

Contingency 10%

Subtotal

Interest During Construction 11%

Total

x 1000

$ 360

8,460

23,871

14, 400

3,200

200

50,131

3,760

53,891

539

54, 430

6,423

60,853

3,7112

64, 565

670

65,235
360

65,595
6 560

72,155

7,937

$80, 092

$ 50,491



CASE IV

Account Number

20

21

22

23

24

25

Land and Land Rights

Structures and Improvements

Reactor Plant Equipment

T-G Units and Assembled Equipment

Accessory Electrical Equipment

Misc. Power Plant Equipment

Direct Ccs t Subtotal

Direct Cost With No Land

General Administrative 7.6%

Subtotal

Misc. Construction Costs 1%

Subtotal

Engineering Design and Inspection
A-E Design and Inspection

Subtotal

Nuclear Engineering 6.3%

Subtotal

Startup Costs

Subtotal

Account 20

Subtotal

Contingency 10%

Subtotal

Interest During Construction 11%

Total
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x 1000

$ 360

8,460

21,322

14,400

3,200

200

47,582

3,616

51,198

512

51, 710

6,205

57,915

3,649
61,564

670

62,234

360

62,594

6,259

68,853

7,574

$76,427

$ 47,942



PLANT COSTS

Using these calculated costs the plant cost per Kw-hr can be

calculated assuming 80% load factor and a 14.5% yearly rate.

CASE I

$87, 730, 000 x .11+5

7000 hrs x 300 MWe

CASE II

$85,266,000 x .1145
7000 hrs x 300 MWe

CASE III

$80,092,000 x .145
7000 hrs x 300 MW

$76,427,000 x .145
7000 hrs x 300 MW

6.06 mills/Kw-hr

5.89 mills Kw-hr

5.53 mills/Kw-hr

5.27 mills/Kw-hr
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D 0 COSTS
2

The current AEC ground rules specify that heavy water costs

be computed using $20.00 per pound and a yearly rate of 13.0%.

Losses are assumed to be 2% per year. Using these numbers as a

basis the contribution of the heavy water to the cost of electricity

is calculated as follows:

CASE I

$24,650,000 x .130
7000 hrs x 300 MW

Losses

.02 x $24,650,000

7000 hrs x 300 MWe

CASE II -

$23,800,000 x .130
7000 hrs x 300 MWe

Losses

.02 x $23,800,000
7000 hrs x 300 MWe

CASE III -

$22,900,000 x .130
7000 hrs x 300 MWe

Losses

.02 x $22,900,000
7000 hrs x 300 MWe

CASE IV -

$21,400,000 x .130
7000 hrs x 300 MWe

Losses

.02 x $21,400,000
7000 hrs x 300 MWe

Heavy Water Inventory $24,650,000

1.53 mills/Kw-hr

Heavy Water Inventory

Heavy Water Inventory

Heavy Water Inventory

0.24 mills/Kw-hr

$23,800,000

1.48 mills/Kw-hr

0.23 mills/Kw-hr

$22,900,000

1.42 mills/Kw-hr

0.22 mills/Kw-hr

$21,400,000

1.32 mills/Kw-hr

0.20 mills/Kw-hr

* The actual current price is $241s50 per pound,
as a reasonable cost.

but $20.00 is projected
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FUEL COSTS

The fuel costs were calculated in conventional fashion considering

fabrication costs, shipping, insurance, interest charges, reprocessing

costs, and fuel rental charges. Significant data

are listed below.

used in the calculations

Fabrication Cost

Burnup (MWD/T)

Uranium Inventory (kg)

Enrichment (%)

Pu Produced (Kg)

Value of Pu ($/Kg)

Fuel Rental Charge (%/yr)

Plant Load Factor

Fuel Cost (mills/Kw-hr)

CASE I

$7, 038,000

6,000

78,585
natural

262

12,000

4.75
0.8

3.74

CASE II

$7, 662,000
18,500

78,903
1.5

368

12,000

4.75

o.8

2.15

CASE III

$6, 648,000

5,700

76,515

natural

239

12,000

4.75
0.8

3.85

CASE IV

$7, 328,000

17,800

76,665

1.5

373
12,000

4.75
0.8

1.98

Although it is worthwhile processing the fuel to recover

plutonium, recovery of the uranium was not considered because

very low final enrichment (in the range of .18 to .28%).

the

of the

The fabrication costs include the basic cost of the materials,

including grid rings, fuel tubes, pellets, end plugs, baffles, and

miscellaneous items and the cost of assembling these various components

into fuel assemblies.
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