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INTRODUCTION

F.xtensive work was started on the CRBR project in May, 1957 when a contract was signed

between Northern States Power Company and the Allis-Chalmers Manufacturing Company.

At the same time, a group of midwest utilities agreed to participate in research and devel-

opment of the project. A proposal was submitted by the Northern States Power Company to

AEC in May, 1957 for assistance in the research and development. This resulted in a con-
tractual relationship with the AEC in November, 1957.

An Allis-Chalmers Report No. ACNP-5707, titled "First Quarterly Progress Report, May

1957 - August 1957, CRBR Atomic Power Plant," dated September 13, 1957, was distrib-
uted to Northern States Power Company and Central Utilities Atomic Power Associates. A

very limited number of copies were also provided to several divisions of the USAEC. It is

regretted that the multilith master has been destroyed and no additional copies of ACNP-

5707 are available for further distribution. The Second Quarterly Progress Report (August

1957- November 1957) was furnished as a seminar to NSP and CUAPA in Chicago on No-

vember 26, 1957.

Under a new title, this is the first of a series of Technical Progress Reports which will be

submitted to Northern States Power Company, Central Utilities Atomic Power Associates,

and the Atomic Energy Commission. This report covers the period from August 1957 to

March 1958. Future reports will be issued quarterly.

The Pathfinder Atomic Power Plant will consist of a heterogeneous, light-water cooled

and moderated, forced circulation, direct cycle boiling water nuclear reactor, separately

fired superheater, and turbine-generator. The reactor will be of an advanced type designated

as the Controlled Recirculation Boiling Reactor (CRBR), and will be designed to be capable

of operation at a heat power level of approximately 164,000 kw. The steam generation rate

will be approximately 600,000 pounds per hour at an operating pressure of 600 pounds per

square inch gauge and an operating temperature of 489 F. The conventional fuel-fired super-

heater will have a capability of 39 mw of heat output and will be used in conjunction with

the reactor to raise the temperature of the steam to 825 F. The total plant heat output will

be approximately 203,000 kw with the turbine-generator having 66,000 kw capability of elec-

tricity.

The contained fuel will be uranium dioxide or mixed uranium dioxide-thoria ceramic fuel,

clad with a corrosion resistant aluminum alloy and assembled into an aluminum box struc-

ture.

Materials of construction, design criteria and specifications, provisions for shielding and

containment, components, and auxiliaries will be as indicated by a continuous survey of

the best technology known and available with due consideration of the scheduled comple-

tion date, as to provide a safe, useful and economical operating life of the plant. Studies

are being made of a nuclear superheater (rather than gas-fired), a reduced vapor enclosure,

and improved fuel elements.
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1. FUEL ELEMENT RESEARCH AND DEVELOPMENT

Thermal and mechanical design of the fuel elements proceeds with the use of slightly

enriched uranium dioxide clad with an aluminum alloy. Core design assumes the incorpor-

ation of a nuclear superheater section in the center surrounded by the boiling section. As

a result, requirements for one section are reflected in the other.

It has proved convenient to make the core right circular cylindrical in shape, six feet long,

and with an average diameter of slightly over six feet. The average diameter of the super-

heater section is about 35 inches.

Calculations are aimed toward arriving at a reasonable balance between core life, average

heat flux, fuel burnup, subassembly size and spacing, fuel temperatures, metal tempera-

tures, etc. It is not expected that a thorough optimization of all possible parameters will

be possible before it is necessary to select a loading for the critical facility.

Since the last report, contacts have been made with various fuel element suppliers, and

more are planned. Inspected were Babcock and Wilcox, The Martin Company, Metals and

Controls, Minnesota Mining and Manufacturing, and Sylvania Corning. CRBR fuel elements

were discussed with company personnel.

The design of several test elements, simulating sections of the boiling and superheating

cores, was undertaken for the Physics group. These elements will be used to experimen-

tally determine basic data for core design. Bids were received and contracts will be

awarded to:

Company Item

Mallinckrodt Chemical Company Boiling elements and low enrichment

superheater elements

The Martin Company High enrichment superheater elements

AAA Tool and Die Co. Non-fuel bearing pieces

(Milwaukee)

It is expected that some of the pieces will be finished and delivered to Pennsylvania

State University by the middle of April. The Penn State reactor will be used and the tests

made under the supervision of Dr. R. G. Cochran, director of the Pennsylvania State Re-

search Reactor facility.

The dearth of information on boiling heat transfer and fluid flow precludes an exact deter-

mination of the performance of the boiling fuel element. Information obtained from the

Argonne National Laboratory (Lottes, et al) has been used as the basis of calculation, but

data on forced convection bulk boiling is very meager. This particular subject is covered

later under Heat Transfer and Fluid Flow Investigations.

There is interest in the performance of the CRBR core if flow is governed by natural cir-

culation only. This information is required to evaluate heat removal upon pump failure and

also to determine the core size required to obtain design power without the use of forced

circulation. Calculations are based upon the methods of Lottes and Flinn (Nuclear Science

and Engineering, Dec. 1956) and Flinn and Petrick (ANL 5720). The greatest uncertainty

in these calculations is the estimation of the entrance, exit, pool, and downcomer losses.

The results of these calculations are given in figures 1.1, 1.2 and 1.3.

It is estimated that a 9'3" core (including superheater)with 15 foot risers above the elements

would be required to provide 161.5 MW (thermal) at 50% average exit void volume fraction.
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An estimation was made of the pressure developed by the accumulation of fission gases
within the cladding of a CRBR fuel pin. The method used for calculation is that developed

in WAPD 173 where a diffusional mechanism is assumed.

The method was slightly modified. The only space assumed available for containing fis-

sion gas is the radial space between pellet and cladding tube and a space deliberately

provided by incomplete filling of the cladding tube with pellets. It was assumed that the

fuel element was filled in a helium atmosphere.

The results obtained by this calculation are felt to be very conservative. This is because

the fractional releases obtained were, in general, greater than those observed under simi-

lar experimental conditions, and a fuel of the assumed density would have one percent

open porosity where none was assumed for the calculation.

Given Conditions

161.5 MW total thermal power

188 assemblies

49 pins per assembly

Pellet diameter = 0.355 in.

Fuel length = 72 in.

Fuel density .93 theoretical

5000 MWD/T burnup

Fission products production according to "Reactor Handbook - Physics"

Heat transfer by radiation was assumed negligible.

Thermal conductivity of gas space assumed to be 0.03 Btu/Hr-Ft2  F/Ft, according to

WAPD 183.

Results are given in figures 1.4 and 1.5 and show a definite need for concern over fission
gas pressure. It is believed that appropriate design features can be incorporated so that

this will not be a serious problem.

A change in design philosophy has been made in relation to the nuclear superheater ele-

ment in order to take advantage of existing technology.

The initial loading of the superheating region of the CRBR core has been chosen to com-

bine fuel element durability with good heat transfer characteristics and low pressure drop.

Fuel elements of a similar design have been fabricated in large quantities by another man-

ufacturer. This company has submitted them to an extensive testing program including ir-

radiation tests which indicate fuel element integrity to over 40% burnup. The results of

these tests indicate that this type of element will operate satisfactorily under the design

conditions of the CRBR.

The proposed fuel element assembly is shown in figure 1.6. Each fuel bearing tube is
made by cladding a tube of highly enriched UO 2 - stainless steel cermet on both the in-
side and outside with stainless steel. Three fuel bearing tubes of different size are as-
sembled concentrically with a hanger piece to form a fuel element. Steam flows between

and around these fuel bearing tubes. The strips shown between the fuel bearing tubes are

for spacing purposes and also provide the orificing action necessary to distribute the flow

of steam for optimum heat transfer.
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The fuel element incorporates a thin stainless steel baffle and flow guide. Together with

the permanent tube in the reactor, a double wall is formed. The double-walled construc-

tion provides insulation between the superheated steam and the water moderator surround-

ing the tubes, since the gap between the two tubes in each assembly will contain stagnant

steam as the insulating medium.

Calculations for this element have yielded results which are given in the following table.

Size

No. of Assemblies: 388

No. of fuel bearing tubes per assembly: 3

Outer Tube: 0.9375 O.D. x 0.8795 I.D.

Intermediate Tube: 0.6920 O.D. x 0.6340 I.D.

Inner Tube: 0.4465 O.D. x 0.3885 I.D.

Fuel length: 6 feet

Concentric Double-Wall Tubes

Inner 1.1875" O.D. x 1.125" I.D.

Outer 1.3125" O.D. x 1.250" I.D.

Performance

Max. Surface Temp.: 10800 F

Btu
Average Heat Transfer Coefficient: 345 rtF

Hlr-Ft2-F

Heat Transfer Area: 2500 Ft2

Maximum Heat Flux: 150,000 Btu/Hr-Ft2

Average Heat Flux: 52,000 Btu/Hr-Ft2

Average Outlet Temp.: 825 0 F

Pressure Drop: 20 Psi

As part of the long range development program, it is intended that a low enrichment ele-

ment be brought to a stage where it could be used with confidence. With this in mind the

superheater tubes have been sized to allow for replacement with low enrichment elements

at a future date.

The successful operation of the nuclear-fired superheater in the CRBR depends to no

small extent upon the insulation capabilities of the double-walled tube between the super-

heated steam and the saturated water moderator. Heat lost through this tube goes directly

into forming steam void regions in the moderator which adversely affect power distribution

and neutron economy.

Theoretical considerations would indicate that this rate of heat transfer was at an accept-

able minimum level. These are based on the justifiable assumption of conduction and ra-

diation as the only heat transfer mechanisms in the gas layer between the walls of the

tube. Since an accurate nuclear analysis of the superheater depends very much on know-

ing the heat loss to the moderator, an experimental program has been undertaken to check

the theory of heat transfer across thin gas annuli.
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The apparatus used for these tests is shown in Figure 1.7. It consists essentially of a

steam-heated tube with other tubes concentric with it. These other tubes contain the cool-

ant channel and the annular region to be tested. Instrumentation is provided to measure

temperature at appropriate points and to meter the coolant flow.

These tests have been in progress for several months and results are thus far encouraging.

1.1 Fuel Material Cladding, Bonding and Irradiation Testing:

The initial boiling fuel element design has been refined and an additional promising design

is being evaluated. The reference subassembly now contains 49 fuel rods in a 7 by 7

square configuration and is slightly larger, i.e., 4.085" square. The active fuel length is

to be six feet for both designs.

The alternate configuration under study is illustrated in Figure 1.8. This subassembly is

made of 4 individual, bundles, each with an 18-inch active fuel length. The advantages of

such a design when compared to the current extruded reference design are improved flow

characteristics, with increased ease and control of the manufacturing process, increased

assurance of fission gas retention, elimination of orificing requirements, and an easy de-

sirable method for varying fuel length to produce a uniform axial power distribution.

Additional studies will be made leading to a final comparison of the two configurations.

End closure development is being planned and in part will probably be subcontracted due

to the need for specialized equipment not available at this time. Some closure techniques

to be tested for the bundle type design are illustrated in Figure 1.9.

The nozzle end of the subassembly has also been redesigned to permit use of stainless

steel in lieu of the X8001 aluminum alloy (alloy 1100 plus 1% nickel), as it is felt that ma-

terial losses due to corrosion on the nozzle would adversely affect hydraulic hold-down

and subassembly positioning in the bottom grid plate. Detail of the nozzle design is illus-

trated in Figure 1.8.

It should be noted in Figure 1.8 that the bundle design incorporates fuel rod tubes of

"double-clad" construction. That is, the inner half of the tube wall is an aluminum alloy

(5083) of high structural and temperature strength for resistance to internal fission gas

pressure. The outer half of the tube is corrosion-resistant X8001 aluminum alloy. The fab-

ricability of this tube is being investigated and the performance of such tubing at the op-

erating temperature of the reactor will be studied. The "double-clad" principle is also

under consideration for the reference design element.

Samples of a tube-in-strip material have been received from Alcoa and Revere. This ma-

terial is a rolled product 'available as a sheet that can be expanded to the same sort of

configuration as the extrusion already contemplated. It possesses considerable promise

for simplifying fuel element construction, if close tolerances can be held. Preliminary

tests on this material are under way.

A fuel element development laboratory has been designed and equipment requirements es-

tablished. This laboratory will be used to develop, fabricate and evaluate fuel element

concepts and materials of interest for the CRBR. Specifications for the furnishings and

equipment needed have been prepared and are currently out for bids. This laboratory will

operate in conjunction with the corrosion test facilities in evaluation of materials and time

effects of manufacturing methods on these materials.

Development work on the nuclear fuel will be directed mainly to uranium dioxide as sin-

tered compacts and cermets.

-4' -



A proposal was received from The Martin Company for the development of a coating tech-

nique for uranium dioxide. This coated powder could be formed easily into various promis-

ing fuel shapes. This was a program outlined in the original proposal to the AEC and ap-

pears to be a very worthwhile endeavor.

On a visit to The Martin Company in September of 1957 it was revealed that they had just

started some work of this type with nickel and molybdenum with encouraging results. Later

they were approached and asked to consider zirconium. They have now submitted a proposal

covering a one year program for particle coating with zirconium or niobium, including the

fabrication of test pieces and the determination of the physical properties of the cermet.

The proposal is being evaluated and it is expected that action will be taken shortly.

Engineering, design and detailed drawings for a single-phase corrosion test loop have been

completed. Cost estimates for all components have been requested and the longer term

purchased items have been ordered.

Each loop will be capable of testing seven to nine samples at pressures and temperatures

up to 1500 psi and 550 F. These loops have been designed so they can be easily modified

for semi-static and two-phase dynamic corrosion studies as well as the single-phase high

velocity tests. The adaption of one loop for two-phase corrosion testing as well as dynamic

testing would make the loop more flexible and economical than a single two-phase loop.

The engineering and design necessary for these modifications is now being done. An as-

sembly drawing of the loop is shown in Figure 1.10. A design report is in preparation.

It is expected that the loops will be ready for operation in the month of May. In addition,

one small autoclave has been ordered and will be viewed shortly. Static corrosion tests

will be started immediately and results compared with the results of other investigators.

Later this or a similar autoclave will be connected into one of the dynamic loops for semi-

static testing where the corroding medium is replenished from the main loop at a very slow

rate. By this means the velocity effect on the samples will be determined directly.

Approximately 11 square feet of cold-rolled X8001 aluminum alloy sheet have been re-

ceived and will be the first tested. Additional X8001 material that has been extruded is

expected shortly. Any difference in corrosion resistance due to grain size and forming op-

eration should be discernible. The Martin Company has agreed to supply us with samples

of an improved aluminum alloy currently being developed. They claim better corrosion re-

sistance than for X8001 alloy.

1.2 Heat Transfer and Fluid Flow Investigations

Experimental boiling heat transfer and fluid flow studies have been made a part of the fuel

element design program. This has been necessitated by a fuel element design which does

not lend itself to known methods of analytical treatment. The experimental work which has

been done applies strictly to fuel element configurations of relatively simple shape, i.e.,

a round tube, a rectangle, or an annulus. Whether or not the results of these experiments

can be applied validly to our fuel element is highly questionable. The information which

these experiments have yielded for these simple shapes shows a marked lack of agreement

among different investigations; for example, burnout correlations derived by various inves-

tigators when applied to our fuel element yield'burnout fluxes ranging from 500,000 to

2,000,000 Btu/1-Ir-Ft 2 . Two-phase friction factor correlations are another example. The

range of variability among the investigations is 60% when compared to the Martinelli-

Nelson correlation. It is obvious that a fuel element of our configuration cannot be designed

with confidence using the existing empirical data. This fact has led to the design of a test

facility whereby the heat transfer and fluid flow characteristics of our fuel element could

be accurately ascertained. This test facility is pictured in concept in Figure 1.11.
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Based on this concept all the major equipment has been sized and a tentative schedule for
the ordering, installing, and testing of the facility has been set up. Figure 1.12 shows the
facility as it will be installed in the Allis-Chalmers Laboratories. The following table
shows the schedule.

1958 1959

MONTH

Jw J

U.. 0 Z o-OW< LLO.

DESIGN

SPECS. AND ORDER

MANUFACTURING

INSTALLATION

OPERATION

The bulk of the engineering work which remains concerns a thorough design of instrumenta-

tion and the design of the boiling and superheater test sections. Neither of these problems

appears insurmountable and we are confident that in a year we will start obtaining the in-

formation we desire concerning the CRBR fuel elements.

Thehold-downand pressure drop test fixture has been built and preliminary tests completed.

The test fixture and fuel element are shown in figures 1.13, 1.14, and 1.15.

Results of the tests indicate that the single-phase pressure drop across the fuel element

is greater than originally calculated. Hold-down forces developed in the nozzle required a

net pull of 50 lb to lift the element from its seat on the grid plate at rated flow. The ele-

ment could not be jarred loose from its seat on the grid plate when the flow was surged

from 0 to 400 gpm with a quick acting valve.

Applying the results of these single-phase tests to two-phase flow indicates that with the

present design the fuel element could be held down by the hydraulic forces generated but

with a rather narrow margin of safety.An upper hold-down grid may be necessary but would

be considerably lighter than originally planned. A detailed report of these tests will be is-

sued upon completion of all test work.

Tests are now being started to determine the flow distribution through the individual fuel

plates in the element.

1.3 Fabrication of Fuel for Critical Facility

Recently the design of the fuel elements for the critical facility was undertaken. Several

promising conceptual designs have been made and work is continuing. It is anticipated that

detail design can begin shortly.

The principal problem is to design the box and fuel structure with sufficient flexibility so

that changes can be made in element size, fuel spacing and fuel loading.

1.5 Nuclear Handling Tools, Coffins, Shipping Containers

With the new plant arrangement, which has a separate containment closure around the re-

actor, the original philosophy that an operator should be able to see directly into the ves-

sel and manually control all operations remains unchanged.
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To utilize existing facilities as much as possible, the fuel storage and handling pit has

been located in and at the end of the turbine building. A separate building and separate

services are thus avoided and the large overhead crane can be used for handling the heavy

fuel shipping cask. There is no obvious reason why this arrangement should not be practical.

The spent fuel elements are removed by manually latching them to the grappling tool, lift-

ing them from the vessel with the small overhead crane and lowering them through a chute

into the decay pit located in the turbine building. When not in use a tight plug covers this

chute to maintain the building leak tight. A water seal separates the buildings at all times.

Once in the decay pit, the elements are handled by the small overhead crane located over

the pit.
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Fig. 1.14 - Outside View of CRBR Fuel Element 193933
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Fig. 1.15 - Inside View of Fuel Element (outlet end)
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2. REACTOR MECHANICAL STUDIES

The reactor mechanical design studies evolved into two basic arrangements for the con-

trolled recirculation system. The first arrangement included the-recirculation pumps as an

integral portion of the reactor vessel, as illustrated in Fig. 2.1. The second arrangement

featured external pumps with piping between the pump and the pressure vessel as shown in

Fig. 2.2.

The decision to design the CRBR with external pumps was made after considerable study.

Following are some of the many factors that influenced this decision:

Vessel Diameter

With internal pumps the vessel diameter is at the maximum that can be easily shipped to

the site, while external pumps enable a reduction in vessel diameter permitting easier

handling, fabrication and shipping.

Number of Pumps

A vessel with internal pumps would accommodate no less than four pumps with the require-

ments probably running to six pumps because of the vessel dimensions and the pump serv-

ice. With external pumps the number of pumps is limited only by the number and size of the

pipes which can be brought into the vessel and the N.P.S.H. available at the pump.

Net Positive Suction Head

The design of pumps for internal service requires a greater N.P.S.H. to suit the vessel

needs, while the selection of external pumps is much more liberal and lower N.P.S.H.

needs can be obtained.

Pump Maintenance

Internal pumps would be more difficult to service. In addition, they contain bearings which

are inherently less reliable than those available on the more conventional short-shaft ex-

ternal pump.

Piping

Internal pumps would not require any external piping, while the external pumps will require

piping about 24" in diameter to handle the recirculation flow. The piping reactions on the

vessel will be minimized through proper design of the pump mounting system.

Steam Separators

Highly efficient steam separators within the reactor vessel are more necessary with the

internal pump arrangement to prevent cavitation than with the external pumps. The latter

have improved suction conditions resulting in smaller N.P.S.H. requirements.

Reactor Re-Fueling

The close proximity of the internal pumps to the vessel refueling closure poses problems

in removing the vessel head for access to the vessel. The external pump arrangement great-

ly simplifies the vessel head design and leaves the top of the vessel "clean" for vessel

head removal.

External Shielding

External pumps would require more complex shielding arrangement, adding to the cost of

the plant. Tunnels for the recirculation piping will require rather expensive form work.
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Vessel Support Structure

Large diameter recirculation piping between the vessel and external pumps complicates

the design of support structure, while the absence of external projections on the reactor

vessel with internal pumps allows the use of a simple support design.

Research and Development

Internal pumps will require considerable development with regard to shaft bearings, ves-

sel head design, and alignment.

2.1 Vessels and Structures

The present conceptual design of the reactor vessel incorporating a nuclear fired super-

heater is shown in Fig. 2.3. The vessel has the following overall dimensions:

Inside diameter 11'0"

Height 27'6"

Wall thickness 2%" + " cladding

The vessel will be fabricated of SA-212 B Boiler Plate, clad with 304 extra low carbon

stainless steel. Components of the vessel closure, top section and bottom may be fabri-

cated from spun sections. At present, a segmented ring is being considered as a possible

closure mechanism. Such a ring closure has several definite advantages. For example, the

vessel may be opened quickly. Heavy metal sections in the vessel are avoided, reducing

the vessel heating and the cooling time requirement. The vessel opening will be made

large enough to remove the main grid plate as one uzit.

At present, it is hoped that a self-activating elastomer gasket can be used as the main

closure seal. This gasket would be backed up by a metallic gasket to prevent gross leak-

age, and provide a possible "bleed-off" chamber. Testing of elastomer gaskets under actual

operating temperatures and pressures will begin in the near future. A description of the test

apparatus is given in another section of the report.

The arrangement of the core and surrounding region is shown in Fig. 2.4. The boiling core

will be supported by a grid plate, which in turn is supported by a skirt extending from the

bottom of the vessel, as shown in Fig. 2.3. The skirt will also serve as a flow separator

for the recirculated water.

The grid plate will be fabricated from two rolled stainless steel plates separated with

spacers. Such an arrangement would result in a structure nearly as rigid as the solid forg-

ing, yet more economical to fabricate. The grid plate will be bolted to the support skirt

and can be removed as a unit through the closure.

Thermal Shield

Preliminary calculations indicate that a thermal shield between the core and vessel wall

is unnecessary. Self-attenuation of core gammas is quite high and the reflector region water

provides significant attenuation for both gamma rays and neutrons. More analysis is needed

to determine the thermal shield requirements above and below the superheater region of the

core. Since the superheater is filled with vapor, there may be significant neutron and gam-

ma rays streaming thru the superheater tubes, manifold and outlet steam lines.

Vessel Piping

In the present vessel arrangement (see Fig. 2.3) the main steam line, recirculation water

lines, and the reactor feed water line will be brought thru the bottom section of the vessel.

Thermal sleeves must be provided at the exit point of the main steam line and the reactor

feed waterline entry in order to minimize thermal stresses in both the vessel and the piping.
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The bottom section of the vessel must be designed to withstand the pipe reactions. At

present, these design requirements are not completely defined. Transient temperature con-

ditions during reactor startup and shutdown also must be considered in the design of the

nozzles in the bottom section of the vessel.

Proposed Superheater Design

Tubes containing the superheater elements lead into a superheated steam manifold below

the core. The manifold is of double wall construction, a stagnant steam layer between the

walls serving as insulation between superheated steam and the surrounding water. The

outer wall of the manifold serves as the pressure container and must be designed to with-

stand an external pressure equal to the pressure drop through the superheater fuel section.

The manifold is supported by a pipe extending from the bottom of the vessel. It is guided

from the grid plate support skirt. Alignment of the superheater tubes is maintained by sev-

eral tube sheets located along their length. The superheated structure is guided at' the top

by spiders extending from the vessel wall or from the entrainment separator attached to the

cover.

The superheater tubes, tube sheets and inner manifold may be removed after first removing

the boiling element grid plate. The outer superheater manifold may be removed by cutting

the main steam line.

An entrainment separator may be necessary at the entrance to the superheater core region.

Its purpose will be to prevent the carryover of water into the superheater. The exact design

and configuration of the separator has not been determined. The moisture separator will be

suspended from the vessel top.

The outer face of the vessel will be completely covered by approximately 4" of thermal in-

sulation. The insulation will be retained and protected by a light gauge metal container

anchored to the pressure vessel. This insulation will probably be of the conventional types,

such as asbestos base insulations, although stainless steel wool is also being considered.

The vessel cover will be protected from the reactor shield pool by "canned" insulation,

i.e., insulation enclosed in a thin protective container of stainless steel, sealed to the ves-

sel cover and control rod drive housings. A separate insulation ring would be bolted over

the closure section after the vessel head is securely locked in place.

Preliminary calculations have been made on the reinforcement required around the large

pipe nozzles at the vessel wall in accordance with the A.S.M.E. Unfired Pressure Vessel

Code. (see Fig. 2.3)

The feed water return pipe will require a thermal sleeve at its entrance to the vessel, since

the feed water temperature is only 300 F, while the reactor walls will be approximately 490F.

The 18" superheated steam outlet pipe will be located in the base of the reactor vessel

and will be joined to the vessel through a thermal sleeve because of the temperature dif-

ference between the vessel wall and the steam line.

Support Structures

External supports for the reactor vessel are being studied. In the overall structure program

the following problems will be investigated:

(a) Radial expansion of reactor vessel due to temperature and internal pressure. This fac-

tor can be handled either by applying a skirt of sufficient length to withstand the ther-

mal stresses, due to axial temperature gradient, or by employing sliding lugs which

move with respect to the mounting base.

25



(b) The presence of large, high temperature piping beneath one side of the reactor vessel.

At the present time, it appears that the problem might be solved by utilizing a short

skirt through which three main pipes pass, while the three pump suction pipes would

pass through the structure supporting the skirt.

(c) Push of the pipes on the reactor vessel. With all the pumps mounted toward one side of

the reactor vessel, it is necessary to analyze the pipe reactions and their effect on the

vessel support structure.

(d) Any reaction on the vessel from the shield pool above. An expansion joint or torus ring

will be utilized in the connection between the pool and the reactor vessel to take.up

relative expansion. The force to deflect this expansion joint will have to be carried on

the reactor, plus the weight of the water above the reactor vessel.

Of the several support schemes now under consideration the short skirt supported from be-

low looks most promising. The basic design is shown in Fig. 2.3. The support structure

will be located as nearly as possible in the same horizontal plane as the recirculating

pump support structure. This design minimizes stresses in the piping and the vessel

caused by differential thermal expansions.

External Piping

The present design study calls for a 24" suction line between the pump and vessel and a

22" line from the pump discharge to the vessel inlet. The piping will be of Type 304 S.S.

unless a clad piping is economically feasible. Expansion of the piping,-due to temperature,

will cause reactions on both the pump and the vessel. To minimize these forces, the pump

will be mounted on sliding supports with bearing materials between contact surfaces. Clad

piping (carbon steel piping with a thin inner layer of stainless steel) has the advantage of

reducing the total expansion in the piping and operating temperature.

Corrosion Resistant Vessel Coatings

The outer surface of the pressure vessel will be protected against corrosion in the air

while at operating temperature. The various paint bases have been surveyed and at present

no product is available which will withstand both the temperature and radiation level at the

centerline of the reactor vessel.

Spray metal coatings appear promising except for porosity after deposit. It is expected that

a layer of sodium silicate (water glass) over the spray metal may be a solution. Several

bare spray metal coated samples are being tested in a humidity cabinet at approximately

100 F. After 3 months in the cabinet a sample of nickel already displays extensive surface

attack through the pores, while a sample of aluminum has not been affected. A sample of

zinc shows an oxide buildup but no evidence of corrosion of the base metal.

Closure Gasket Tests

In an attempt to find a suitable sealing arrangement for the reactor vessel closure, a test

program was initiated during this period to evaluate the sealing properties of a metallic

ring-wedge seal and a self-energizing elastomer gasket. Other seals can be adapted to the

tester, but present plans include only the two aforementioned materials.

Test Vessel

The test vessel is illustrated in Fig. 2.5. It will be instrumented with three thermocouple

probes, two located near the sealing surface and the third inserted in the water medium.

Included also is a pressure gauge. A 10-kw immersion heater would be flange mounted to

the tester supplying necessary heat. In addition, insulation will be applied to the outside
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of the vessel and a measuring system will be connected to the sheet metal cover to

measure the steam leakage. A segmented ring will serve as a cover retainer simulating

reactor design.

To obtain the sealing characteristics of each type seal, the metallic ring and elastomer

gasket will be tested separately, although in actual practice these components would be

used in series. The metallic ring is wedge-shape with an approximate 15-degree angle on

the inner diameter. The pressure force on the vessel cover will be directed horizontally

and vertically, forming a tight rnetai-to-metal seal. The elastomer gasket is a silicone rub-

ber compound with maximum temperature limitation of 600 F. It would form a positive seal

with internal pressure.

The test program includes a leakage-versus-pressure test and a leakage-versus-time test

for the elastomer seal. The second test will determine the effect on sealing properties of

a silicone gasket utilized at design conditions of 486 F and 600 psig for one mdnth. In ad-

dition, other elastomer samples will be suspended in the steam atmosphere to determine

the physical property changes in an attempt to find other material for design considerations.

Future tests are planned for Viton A, a fluoro-elastomer manufactured by E.I. du Pont de

Nemours & Company, Inc. This product has an outstanding resistance to radiation and a

temperature limitation of approximately 600 F.

2.2 Recirculation Pumps

The purpose of the recirculation pumps in the CRBR reactor is to force the coolant and

moderator water through the core at a controlled rate, thereby removing more heat from the

core than could be removed by natural circulation. In addition, these pumps serve as an

auxiliary means of controlling the reactor power level by changing the amount of moderator

in the core.

Three types of pumps were originally considered. Initially, it was decided to use the inter-

nal pumps and such factors as critical speed of the shaft and design of the bearings were

evaluated.

The -materials for bearings seemingly showing the most promise, were Graphitar-14 with

stainless steel 17-4 PH, or Alsimag-614 alone, or Alsimag-614 with itself or 17-4 PH. Or-

dering of equipment for the test of bearings at operating conditions was under considera-

tion but has now been postponed.

Extensive study was next given to the problems involved regarding the location and type

of pumps to be used. Some of the design features which were considered will follow.

Internal Pumps

The first internal pump arrangement was based on a system head drop which was much

lower than calculations now show. With the original head drop, the best arrangement was

provided by six pumps operated at 1050 rpm requiring an N.P.S.H. of 35 feet.

With an increased system head drop, four pumps were needed operating at 1160 rpm and

requiring approximately 50 ft N.P.S.H.

With the first pump arrangement the N.P.S.H. could only be obtained by subcooling the

recirculation flow with relatively low temperature' reactor feed water introduced just above

the pump inlet.

To accomplish good mixing, a number of inlet nozzles were required because the distance

between the injection point and the pump inlet was very short. Another feature of the in-

ternal pump was the extremely long pump shafts which extended from the pump, near the
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bottom of the reactor, through the water shield pool on top of the reactor. Each section of

the long shaft would have to be given a heat stability check to be sure that the shaft would

run true.

External Pumps

The external pumps will be of the mixed flow type utilizing a much lower specific speed

than the pumps considered for internal use. Three pump units will be utilized as shown in

Fig. 2.2. The pumps will be operated at approximately 473 rpm and will require about 20

ft N.P.S.H. at the pump suction. This pump can be operated at higher speed to give in-

creased flow if required for higher than rated reactor power levels without danger of cavi-

tation.

Change to the external pump design was made because (1) the external pumps require much

less N.P.S.H. than the.internal design and (2) the long pipe leg to the pump from the vessel

allows the reactor feed water to be better mixed with the recirculated water and assures the

necessary subcooling. The feed water temperature can be increased somewhat to get better

plant efficiency than could be obtained with the external pumps.

2.3 Steam Separators

Additional testing of steam separator designs has confirmed the previous belief that the

most effective area for steam bubble separation is found in the annulus around the core,

comprising the downcomer area.

Upcomer Design

An extensive test program was conducted on the upcomer type separator in an attempt to

arrive at a design that would separate a large percentage of steam from the recirculating

water. The means of separation used in the upcomer type designs is that of creating a

centrifugal force in the mixture of steam and water, causing the denser water to be forced

to the outer edge of the separator and the steam to the center, thus producing a vortex.

This is the same principle employed in the downcomer design. The basic design of the

upcomer separator consists of a transition piece from the square fuel assembly unit to the

round formed section. In this section a set of vanes to impart a rotational motion to the

steam-water mixture was fitted. The mixture, leaving the fuel element assembly with an

axial flow pattern, is given rotational motion by the vanes. Within a few inches after leav-

ing the vanes a vortex is formed. The water continues to flow up the annulus of the tube

and the steam up the vortex. In order to allow the water to flow out to the annulus of the

reactor vessel, it must be discharged in a radial direction from the individual separators

and below the water line of the vessel.

If the water is allowed to discharge in an upward direction with the steam, re-entrainment

takes place and separation is destroyed. To allow the water to be discharged, a cone of

wire mesh is used as the confining shell extending from the middle cylinder. As the water

flows upward, it is also discharged to the mesh because of centrifugal force. The main

difficulty associated with the design is that some of the water is discharged to the mesh.

As a result the water that continues up the separator loses its energy and tends to col-

lapse into the vortex of steam. Many variations of this design were tried with the same

negative results. Another problem associated with the upcomer design is the high pressure

drop inherent because of the necessary high velocities.

Downcomer Design

The downcomer separator design has been optimized for the reference vessel design and,

from preliminary tests, it is expected to do an adequate job of bubble separation. The

separator design is shown in Fig. 2.6 and a cross section view of the steam and water
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flow paths is illustrated. There will be 48 of these separators around the core. Current

plans call for groups of three. This gives a good hydraulic flow path and also simplifies

the mounting. This mounting is illustrated in Fig. 2.4.

2.4 Control Rods, Guide Tubes, and Control Rod Drives

Control rod drive design has followed the basic ideas set forth in Fig. 2.7. The rack hous-

ing is not insulated from the pool and its temperature therefore will be about 150 F. Steam

will be permitted to condense in this housing causing it to be filled with water. A bushing

which surrounds the round rack will restrain water from leaking back into the vessel.

In order to minimize the space occupied by the control rod drive, a miter geared set is at-

tached to the pinion shaft and drive shaft, enabling the magnetic clutch and gear motor to

be placed parallel to the rack housing. Since rather expensive Stellite ball bearings are re-

quired for this application, it was decided to try to reduce the number of bearings which

must operate in water.

Two alternatives are shown in Figs. 2.8 and 2.9. Fig. 2.8 illustrates the two-pinion shaft

bearings lubricated by water, while Fig. 2.9 shows just one.

One rotary face seal was used to seal off the 600 psig, 150 F water and another to seal the

remainder of the drive mechanism.

In the present concept the motor, gear box, clutch, position indicator, limit switches, bear-

ings and miter gears will be enclosed and completely submerged in transformer oil. This

oil has good electrical insulating properties, low viscosity and withstands radiation better

than most oils. It also permits use of standard materials of construction, whereas rust-proof

materials would have to be used if the enclosure were filled with water.

Leakage between the seals would be collected and monitored to determine if any seal had

failed.

The bottom-mounted dashpot design has been completed and is shown in Fig. 2.10. If re-

pairs are necessary, it can be removed by pulling the guide tube to which it is attached.

Since it is now intended to keep the rack housing filled with water, a hydraulic dashpot

could also be used at this location. A design to incorporate the dashpot in this housing is

being investigated at this time.

The motor, clutch, bearings, seals, and gears have been tentatively selected. The gear box

which is special remains to be selected, as well as the position indicator system.

The control rod latch design is still under study.

Specifications are being prepared for the critical facility control rod drives. These drives

can be a simple rack and pinion arrangement without seals, or special bearings. It is antic-

ipated that drives of this type should be available from various sources with little or no

development.

Control Rods

Boron stainless steel is considered the reference material for the control rods. The boiling

section control rod is shown in Fig, 2.11. Suppliers will be contacted concerning fabrica-

tion methods and costs for producing this rod. Haynes 25-alloy has been ruled out as a pos-

sible control rod material, since thickness greater than our maximum " would be required.

Gadolinium oxide in stainless steel, and a silver-cadmium-indium alloy are also being in-

vestigated as possible control rod materials.

29



The boiling section guide tubes are shown in Fig. 2.12. Guide tubes will be fabricated from

zircaloy-2 alloy.

Possible suppliers will be contacted concerning fabrication methods and cost of producing

the guide tubes.
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3. NUCLEAR ANALYSIS

3.1 Reactor Physics (Statics)

Core Power Distribution

In the past several months primary effort has been concentrated on studying the feasibility

of including a nuclear fired superheater within the reactor core, and for the establishment

of a reference core design. One of the major concerns in considering variations of core de-

sign for optimization is the effect that these variations have on power distribution through-

out the core.

Previously developed techniques have been used to analyze this distribution. A more re-

fined two-dimensional power distribution has been obtained for the boiling water core by

utilizing the IBM-704. In this refinement, both the effect of voids and the effect of varying

the fuel load vertically on the power distribution were given primary consideration.

Nuclear Fired Superheater

Initial studies for the feasibility of the nuclear fired superheater included variations of lo-

cation within the reactor, geometry and materials of the fuel element, enrichment, and fuel-

to-water ratio. In all of the variations, the ratio of power generation in the superheater to

the total power generation in the core is necessarily constant. And the power distribution

throughout the core is of primary concern.

To obtain a more uniform radial power distribution in both core regions and to increase the

power density, it is desirable to locate the superheater in the center of the reactor with

the boiling water fuel elements surrounding it. An example of the degree of flux flattening

that can be obtained with the superheater in the central region can be seen in Fig. 3.1.

This shows the radial power distribution with and without the superheater in the lower part

of the core.

One of the major concerns of locating the superheater region in the central section of the

core was the increase in reactivity that would result with the accidental flooding of one

or more of the superheater elements. A separate study was undertaken to analyze this

change of reactivity by analyzing the change that occurs in each of the individual factors

that make up the reactivity.

The individual factors that were studied were the thermal utilization (f), the probability of

resonance escape(P),the Fermi age (r),the fast fission factor (v),and the end leakage. These

studies were carried out with the aid of the IBM-650 and a P-3 code. From these calcula-

tions the thermal flux distribution across an individual cell was obtained.

These studies were carried out on an annular type fuel element and yielded the results tab-

ulated in Table I. From these results it can be seen that the decrease in reactivity due to

a decrease of thermal utilization is offset by the increase in both the probability of reson-

ance escape and the probability of non-leakage. This results in a small positive increase

in reactivity if the superheater were to become fully flooded. It is also planned to determine

this reactivity experimentally.
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Table I - Reactivity Change from the Unflooded Condition to:

Annulus only flooded Entirely flooded

-f 0.057 - 0.045
f

AP
-- + 0.032 + 0.029

P

APNL
+ 0.021 + 0.029

PNL

-- incomplete but ~ 0 for both cases
E

4k - 0.004 + 0.013
k

Where PNL is the probability of not leaking longitudinally.

Engineering considerations dictate that the flow of steam to the superheater be from the

top to the bottom of the reactor. However, the power density in the boiling water core is

greater near the bottom. Therefore, in order to arrive at a flattened neutron flux longitudi-

nally through the superheater, an over-moderation in the upper section of the boiling water

core was necessary. The degree of flux shaping that can be achieved is shown in Fig. 3.2.

This was accomplished by having multi-length fuel elements in the boiling water core.

Temperature and Void Coefficients

Void coefficients for the boiling region of the core are being calculated using the following

parameters as a function of voids: thermal utilization (f), probability of resonance escape

(P), neutron age (r), and the fast fission factor (c). It is planned to utilize the results of

the experiments described in a later section to determine the thermal utilization and the re-

sonance escape probability.

The reactivity associated with flooding the steam passages in the superheater with water

is being determined, and the results for one configuration are given in the section on the

nuclear superheater.

Radiation Shielding

Previous shielding calculations representing preliminary estimates were based on one of

the many early core designs. These preliminary calculations were used to established a

range of shielding requirements.

A reference core diameter and vessel size have been established. From this reference core

and a two-dimensional power distribution utilizing the CURE Code on the IBM-704, a vol-

ume source was calculated for the reactor core. This volume source was then translated to

a surface source on the cylindrical surface of the core.

Utilizing this surface source, and surrounding the core with water, two dimensional plots

were obtained for the flux at any point from the reactor core. These calculations were

made for the fast neutron current, the thermal neutron flux, five energy groups of core gam-

mas, and the same five energy groups of capture gammas from the reflector water. From

these plots, the radiation dose rate, the required shielding, and the heat generation in the

pressure vessel walls can be determined. Radiation through the ends of the reactor core

has not yet been completed. At present, the heat generation in the pressure vessel wall is

being calculated.
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Experimental Program

Two sets of experiments are being planned utilizing the Pennsylvania State University

reactor.

(1) Superheater "Flooding" Coefficient Determination

The test assembly used for these experiments is shown in Fig. 3.3. The measurements

will consist of induced reactivity determinations and substitution of moderator for void

within the steam passages. The method employed will be a standard danger coefficient

experiment utilizing a previously calibrated regulating rod (total worth of the order of

0.5%). In addition, the thermal utilization and resonance escape probability factors for

this element will be determined.

(2) Thermal Utilization and Resonance Escape Probability Measurement

The test assembly to be used for these experiments of the boiling core is shown in Fig.

3.4. A description of the experiment follows:

In the following it is assumed that there is zero net leakage from the unit lattice cell

and that the cadmium "cut-off" energy divides the thermal and epi-thermal neutron dis-

tributions. The thermal utilization, f, is defined as the ratio of the sub-cadmium neutron

absorption in the fuel (UO 2 ) to the total sub-cadmium neutron absorption.The resonance

escape probability (for uranium-238 resonances), P, is defined as the ratio of total sub-

cadmium neutron absorption to the sum of the total sub-cadmium neutron absorption and

the uranium-238 epi-cadmium neutron absorption. That is,

f=(1 +g)1
n

1 X ,
g a i=1 f'kF

where Z are thermal absorption cross sections, i refers to one of n non-fuel regions,

F refers to the fuel region, and f9 are integral sub-cadmium neutron flux over cell
regions. And,

P = (1 +h)1

28

h =R _ a_ f

F

where Z are thermal absorption cross sections, f is the thermal utilization, and R

is the ratio of epi-cadmium tg sub-cadmium neutron absorptions in uranium-238.

General Experimental Techniques:

In the measurement of the thermal utilization only the ratios of the volume integral sub-

cadmium fluxes are required, i.e., fPk/fOF for the ith non-fuel regions. It is proposed to

obtain these ratios by the use of two separate sensing elements: (1) .005" uranium-235-

aluminum alloy foils (about 2% by number density uranium-235), (2) .005" copper foils with

associated cadmium difference measurement. It is felt by many workers making these types
of . measurements that the uranium-235 fission interaction behaves very much like a 1/v

absorber, if reasonable epi-cadmium fluxes are used. Thus, using the U-Al foils requires

no cadmium difference measurements and the fission product activity will give a direct in-

dication of the thermal flux. The arrangement of the foils is shown in Figure 3.5.
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Use of copper foils requires cadmium difference measurements, but this technique seems

to be more desirable because of the direct use of the cadmium "cut-off." The annihilation

radiation emitted by the following reaction will be counted: Cu6 3 + n = Cu6 /3 P+(12.8 hr.) and

the annihilation radiation will be counted. The cadmium covers should be about .020" thick

and can either be placed directly on each foil. For the fuel foil the same arrangement will

be utilized for P measurements (Fig. 3.6) with the addition of a .002" aluminum foil on

either side of the copper foil.

Once the thermal utilization is determined, the only factor which must be found to evaluate

P is R. It is proposed to obtain R by exposing natural uranium foils and uranium foils de-

pleted in U-235 to the fuel flux with and without cadmium covers. Results in each case

will be compared. The arrangement of the foils is shown in Fig. 3.6. Note that, in the case

of the cadmium covered foil, fuel spacers are used between the sensing foil and the hori-

zontal cadmium covers to prevent streaming of the enhanced resonance flux of the moder-

ator. Several fuel spacer thicknesses will be used to determine any sensitivity to this vari-

ation, and, since there is a 1/v uranium-238 absorption in the region of the cadmium "cut-

off," several cadmium cover thicknesses (both horizontal disks and vertical tubes) will be

tried.

The reaction which will be utilized is: U2 3 8 + n = U 23943- (23.5 min.) and the uranium-

239 electron emission will be counted. Due to the high fission product background from the

uranium-235 fission, it is proposed to separate uranium from the fission products by the

sodium uranyl acetate method. The separation takes about an hour which may make neces-

sary fairly high flux irradiations. However, these times will only be determined after some

trials with uranium foils. The "thick sample" method will be used for the beta counting to

eliminate the necessity for calculating sample thickness sensitivity. For sodium uranyl

acetate, solid sample thickness in excess of 0.2 g/cm2 is sufficient to make the count rate

independent of sample thickness.

Since the migration length of neutrons in the test lattice is greater than the dimensions of

the test element, it is quite possible that a correction factor must be applied to the h which

appears in P. That is,

P= (1 +h') 1

28
h' =CR Za

where C is the ratio(ge/cs)1 to ('I/e's)t. 9qe is the integral epi-cadmium neutron flux, 95
is the integral sub-cadmium flux 1 refers to infinite lattice, and t refers to test element.

It is proposed to obtain the cadmium ratio for both gold and copper foils as a function of

distance from the test element boundary in order to, first, determine the magnitude of the

effect and, second, help in evaluating C. The gold resonance is at about 5 ev whereas the

first copper-63 resonance is at about 600 ev. Hence, it will be possible to sense both the

resonance to thermal and epi-resonance to thermal flux ratios as a function of distance from

the test element boundary. The arrangement of the foils is indicated in Fig. 3.7. The foils

will be .005" thick and 0.18" square and will require .020" thick cadmium covers.

3.2 Reactor and System Dynamic Analysis

A major contribution to the determination of the feasibility of a nuclear fired superheater is

found in the study of systems stability with superheater in operation. A preliminary stabil-

ity study of the system had been completed for the boiling core alone. But the addition of

a nuclear superheater will complicate the calculations of the dynamic characteristics of

the reactor and the steam system.
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New effects to be considered are those involving steam and superheater fuel temperatures

on total reactivity, and steam pressures on void formation and steam flow.

These new effects must be determined by an evaluation of the interactions of all the nu-

clear and thermal effects, and the effect of the external control system. The equations of

the system in a schematic block diagram relating these equations have been derived. Many

of the constants in these equations are determined by the nuclear properties of the modi-

fied reactor and the thermal dynamic properties of the system.

Much of this information is not yet available. Therefore, the system equations cannot be

simulated. However, this simulation will be instituted shortly, assuming constants where

necessary. Thus, the study can be used as a design tool.

As soon as the basic system design is frozen, the external control system can be tested

by simulating them on an analog computer with the rest of the system.

3.3 Critical Experiments

Safeguard Analysis

The safeguards report on the critical facility is being prepared for submission to Hazard

Evaluation Committee in order to secure a construction permit and eventually an operating

license for the facility. Thus far, the following parts of the report have been investigated.

Site

An evaluation of the critical facility site is being prepared. Also, a population density

table, topography map of the site, and water table soundings have been prepared. Mete-

orological data of the Milwaukee area have been studied and wind rose information for

the last five years has been acquired.

Critical Facility Building

The latest design of the building is seen in Fig. 3.8. Overall dimensions are approxi-

mately 53' x 56' with a critical assembly room 32' x 23' and 20' high. The critical

assembly tank is located in a pit 15' x 15' square and 16' deep. A large access door

to the critical assembly room is available during installation of components, but it will

be walled up during operation. Fuel will be taken from the vault into the work room,

and will be assembled into elements and then taken into the critical assembly room for

loading into the tank. The control room is adjacent to the critical assembly room. The

rest of the building will be devoted to health physics, counting equipment, electronics

work and storage area.

Critical Assembly Design

A layout of the critical assembly is shown in Figure 3.9. The tank is supported on an

I-beam structure with the dump and storage tanks directly beneath. A demineralizer will

keep water at high purity. If the water needs changing it will be pumped into a holdup

tank where it will be monitored and disposed of accordingly.

The water will be pumped into the tank by two pumps. One, a relatively high flow
pump, will be used to partially fill the tank. The other pump will be a low-flow pump

to add water slowly to the operating level. A large overflow pipe will assure no over-

flowing of the tank. These pumps will be mounted on a grating near the base of the

tank.

Heaters will be installed in the tank for temperature coefficient experiments. An agi-

tator will circulate the water and provide a uniform temperature within the tank.



Reactor Safety Analysis

A number of hypothetical accidents have been postulated for the critical facility as part of

a safeguards analysis. These accidents are in the process of being analyzed and will be

reported separately in a preliminary safeguards report to the AEC as part of the procedure

of obtaining a construction permit and operating license for the facility.

Among the incidents being studied are:

a) An instantaneous addition of /2% excessAk

b) An instantaneous addition of 2% excess Ak

c) Ramp or continuous additions of Ak at several rates from 0.0075% k/sec to 0.75% k/sec.

Each of these studies postulates the simultaneous failure of all safety equipment involved

and/or essentially gross negligence on the part of the operator or supervisor of the facility.

These studies are then a test of the critical assembly's ability to shut itself down under

adverse conditions. They further point out areas where additional safety equipment may be

desirable or where operating procedures should be modified.

Neutron and gamma sensitive detectors will be placed in instrument thimbles in the water

reflector which surrounds the core. Thimbles will be adjustable in position. A core support

plate will be placed in the bottom of the critical assembly tank. Fuel elements will be

loaded into the tank, utilizing the overhead crane.

The control rod drive mechanism will be positioned on a bridge which sets above the tank.

The bridge with all the mechanism on it will be removable to facilitate loading fuel ele-

ments. Naturally, all the rods themselves will remain in the core during fuel element reload-

ing. About one-half of the rods will have drives and one-half manually-operated mechanisms

to position the rods before the tank is filled. The neutron source will be in a container in

the pit and will be remotely positioned in the core.

Instrumentation

The instrument block diagram shown in Figure 3.10 is typical of critical facility instrumenta-

tion.
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4. CHEMISTRY

4.1 Corrosion

The corrosion resistance of many materials, especially stainless steel, aluminum, and car-

bon steel in high purity water at high temperatures serves as a guide in selection of mate-

rials for the reactor. However, for certain materials there is only limited information avail-

able under the conditions of CRBR operation. Therefore, it is necessary to perform corro-

sion tests which will serve as a guide in selection and treatment of materials.

Relative to corrosion of the exterior vessel wall, a test has been initiated on samples of

aluminum spray coating over steel. Results of these tests are not complete, although obser-

vations of these samples are encouraging. Indications are that this type of coating properly

applied would provide good protection for the exterior of the hot reactor vessel.

As reported in Section 1.1 of this report, dynamic corrosion test loops have been designed

and ordered. Analytical methods and operational procedures are under investigation and

schedules for the testing program are being formulated. It is primarily intended that those

loops should be used for fuel element corrosion tests. Additional loops may be provided

under this section for other tests to determine the corrosion resistance of reactor structural

materials, the functioning of filters, and to permit evaluation of ion exchange materials.

The necessity for ordering additional dynamic corrosion test loops is dependent on the

scheduled usage of the fuel element test loops.

4.2 Recombiner, Radioactive Gas Removal and Storage System, Ion Exchanger and Chemi-
cal Processing

Recombi ner

The presence of oxygen in the reactor, steam line and turbine has been viewed with impor-

tance as a contributor to corrosion and the build-up of hydrogen - oxygen mixtures in the

system. Both of these conditions are undesirable from the standpoint of corrosion and

safety. Consequently several plans have been studied as means of eliminating these. diffi-

culties.

General schemes use catalytic recombiners to reform water from the mixture in the steam

flow. Similar devices are used for condenser "off gases." There is a shortage of detailed

experimental results in the above area, although Argonne National Laboratory and Baker and

Company are presently conducting investigations on the subject. It may become necessary

for Allis-Chalmers to conduct certain experiments relative to recombination of hydrogen

and oxygen in steam.

It is encouraging to learn that recent experience with boiling water reactors seems to indi-

cate that problems with hydrogen and oxygen in steam may not be as serious as once antic-

ipated. However, developments relative to recombiners are being closely followed in order

to clarify this problem.

Ion Exchanger

Studies are in progress to determine systems and component designs for reactor cleanup.

These efforts are presently being directed toward flow arrangements, cooling requirements,
and mechanical design problems in connection with ion-exchange resin handling.

The main purpose of such a system is to continually remove a quantity of water from the

reactor, pass it through filters and ion exchangers, and return the higher quality water to

the reactor. Due to the nature of present-day ion-exchange resins, however, it is necessary
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to complicate the system with additional apparatus. Reactor water at 489 F must be cooled

to 1100 before it can be passed through an ion exchanger. This temperature is considered

the maximum at which it is safe to use resins of the necessary type. Cooling must then be

effected in such a way that it is both operationally practical, and economical with respect

to the overall plant heat cycle.

Three possible flow schemes are being studied, one high pressure and two low pressure

systems. Although it is expected that all of the systems will function properly, the cost of

equipment will be a deciding factor as to which one is superior. Preliminary specifications

have been prepared for all of the various system components. Cost estimates will be forth-

coming.

Systems Description:

With reference to the included drawings, Figures 4.1, 4.2, and 4.3, a brief analysis of each

proposed system will be presented.

High Pressure System (see Figure 4.1)

Normal Operation

During normal plant operation, cleanup water is removed from the discharge side of the re-

actor circulating pump at a pressure of approximately 60 feet of water above reactor pres-

sure, and a temperature of 489 F. It is then cooled in a regenerative cooler to 210 F and

passes through one of two parallel cotton filters. Some of the insoluble corrosion products

will be removed at this point. After pre-filtration, the water is cooled to 110 F by an after-

cooler. There are two aftercoolers; one to be used during normal operation with 92 F con-

densate as coolant, while the other cooler is designed to use cooling-tower water. Conden-

sate leaves the cooler and is returned to the feed water system between the first and sec-

ond feed heaters. It is expected that the pressure drop through the cooler will be such that

no additional pump will be required in this condensate line. Cleanup water, now at 110 F,

continues through two mixed bed ion exchangers operated in parallel. Cotton filters are

again provided after the ion exchangers. From the filters, water proceeds back to the shell

side of the regenerative cooler where it is heated from 110 F to 389 F, and is returned to

the suction side of the reactor recirculating pump. The recirculating pump itself provides

the pumping power for this system. Therefore, unless the reactor is operating at consider-

ably reduced load, no additional pump will be required for normal operation.

Shutdown and Emergency Operation

While the plant is shut down, the second aftercooler is used with 850 cooling-tower water

as the heat-removing fluid. At this time, the cleanup system becomes the normal shutdown

cooling system as well. The normal and shutdown coolers are cross-connected through

suitable piping and valving so that in an emergency either unit can use cooling-tower water

or condensate as the cooling fluid.

A low pressure pump is provided on a bypass in the cleanup loop to provide pumping power

during shutdown operation.

Aside from changing coolers and coolant, the rest of the cycle remains unchanged.

Low Pressure System - Without Flash Tank (see Figure 4.2)

Normal Operation

Flow systems are essentially the same for both low pressure arrangements. The major dif-

ference is in the method of reducing the pressure of cleanup water.
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The first system allows 489 F - 615 psia water to flow through an expansion valve and

enter the shell side of a condenser type heat exchanger. Condensate is used in this cooler

and is returned to the feed water system before the third feed-water heater at 185 F.

Low pressure cleanup water at 110 F then continues through the same cycle, as was de-

scribed above. This water is returned to the hotwell of the main condenser instead of re-

turning to the reactor directly. Pressure in the heat exchanger is maintained at a level that

will allow the necessary flow to take place through the system to the condenser without re-

quiring an additional pump.

Shutdown and Emergency Operation

Shutdown operation with this system is essentially the same as with the high pressure

system. Cooling is done in a second cooler using cooling-tower water as coolant. Deionized

water in this case is pumped back to the reactor feed water line and into the reactor.

Both coolers are cross-connected, as in the high pressure system, for emergency operation

with either cooling-tower water or condensate.

Low Pressure System - With Flash Tank (see Figure 4.3)

Normal Operation

A flash tank is used in this system to reduce pressure. Water from the reactor circulating

pump at 615 psia is expanded through a valve to 30 psia in an expansion tank. Water that

flashes to steam is injected, along with extraction steam, into the #2 feed water heater.

The remainder of the water at 250 F continues through pre-filters to a cooler where its

temperature is reduced to 110 F. The rest of the system is identical to the first low pres-

sure scheme.

Shutdown and Emergency Operation

By by-passing the flash tank, emergency and shutdown operations follow the same pattern

as previously described for a low pressure system.

No attempt will be made at this time to discuss the relative merits of individual systems.

It does seem apparent, however, that the cost of equipment will be considerably higher for

the high pressure system than for either low pressure system.

The mechanical design of ion exchangers is a subject receiving special attention. Chemi-

cal calculations that have been performed indicate that resin beds may have to be removed

from their vessels quite often. Remote handling of this resin will be necessary because of

its radioactivity.

The possibility of sluicing out and refilling an ion exchanger with water, remotely and auto-

matically controlled, is being investigated. Though the idea is not new, and is presently

being used in some applications, a thorough study is necessary for this particular applica-

tion. Therefore, various mechanical and hydraulic designs are being explored to determine

the relative worth of such a system.

High purity water required for a boiling water reactor can be obtained from an adequately

designed demineralization system. The equipment required to supply an initial charge of

high purity reactor water as well as to furnish satisfactory make-up water is being con-

sidered in detail. Presently this includes only filters, ion exchange equipment and storage

facilities which will process water originally passed through an adequate industrial water

softener.
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A side stream method for purification of reactor water during operation is being designed

to maintain reactor water of high quality. Preliminary calculation of expected corrosion

products in the CRBR system indicates the desirability of considerable filter capacity to-

gether with proper selection and arrangements for demineralization equipment. Several com-

binations of ion exchange beds are being investigated prior to selection of a system which

will satisfactorily maintain low dissolved solids in reactor water. Also, it is necessary to

make provisions to clean up reactor water during periods of shutdown and for removal of

fission products in the event these materials appear in the water. Design criteria must in-

clude the factors mentioned, plus a decision relative to use of high pressure or low pres-

sure equipment in the side stream purification system.

The chemistry of cooling-tower water treatment must be of necessity related to corrosion

problems of condenser materials, tower structure and original water supply. Consideration

is being given to evaporative type coolers as a substitute for regular cooling towers. Calcu-

lations of heat loads, thermal balance and relative costs are being made in order to obtain
an evaluation of this type of cooler for use in connection with the CRBR nuclear power

plant.
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5. INSTRUMENTATION AND CONTROL

Design is being initiated on the drives and controls for the recirculating pumps. However,

the pump design has not been completed, and the maximum flow capacity needed for the

overload tests that may be performed on the reactor has not been established. Although

exact specifications of the drives and controls have not been optimized at this time, sev-

eral types of drives, power supplies and controls have been evaluated on a preliminary

basis.

The three recirculating pumps will be driven by individual cage type induction motors.

These motors will be supplied by a common power supply with a constant voltage-frequency

ratio. There are four types of power supplies under consideration:

1. Steam tapped from the main steam line could drive a steam turbine, which drives a syn-

chronous alternator supplying the motors. Control would be effected by manipulating the

admission valves.

2. If a wound-rotor motor, eddy-current clutch and brake, and some constant-drive motor are

connected mechanically, the electrical power taken from the rotor of motor could have a

frequency variable from 0 to 120 cps by letting the clutch slip (below 60 cps), or apply-

ing the brake (above 60 cps). This would also be a constant voltage-frequency ratio

supply.

3. If a synchronous motor drives an eddy-current clutch, driving a synchronous alternator,

the output voltage and frequency could be varied by adjusting the slip of the clutch.

4. A Scherbius drive system, consisting of a wound-rotor motor and a torque regulator with

its field controlled through an autotransformer, could drive a synchronous alternator with

its exciter on the same shaft. The input to the autotransformer would be connected to

the control system through a magnetic amplifier.
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6. PLANT SAFETY ANALYSIS

A preliminary study was performed by the Armour Research Foundation of Chicago, Illinois,

to determine the consequences of the release of large amounts of energy within a double-wall

reactor vessel and to determine the magnitude of the maximum internal detonation that the

vessel could withstand. Approximate response analyses indicated that the double-wall ves-

sel could contain a point-source explosion equivalent to 157 pounds of TNT which is equiva-

lent to about 1% of the total theoretical Al-H2 0 reaction. It is generally believed that this
estimate of metal-water reaction containment is conservative and may increase by a factor

of 2 or 3 with more refined calculation. It was also determined in this study that a double-

walled vessel (primarily considered in the initial concept because of its advantage in reduc-

ing startup time) would not contribute significantly to containment of an internal detonation.

As previously stated, the CRBR will be placed within a containment shell. Many of the

plant safety analyses which were previously prepared are no longer entirely correct. Fur-

ther safety analyses which take the latest reference design parameters into consideration

are now in progress. Attempts are being made to determine the maximum credible accident

based on the site location, plant layout, containment design, and the arrangement of the re-

actor and related equipment and controls. Various incidents are being evaluated and the re-

sults will be incorporated in the Hazards Summary Report.
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7. FEASIBILITY STUDIES

7.1 Elimination of Vapor Closure

The present generation of reactor power plants is, in general, being designed with a con-

tainment shell surrounding at least the-reactor portion of the plant. This feature adds con-

siderably to the plant cost and is somewhat a handicap when considering operation and

maintenance.

The purpose of this shell is to contain fission products and the radioactivity in the event

of a major rupture of the reactor system and failure of the fuel cladding. It is generally

agreed that accidents of this type are extremely unlikely, yet the consequences can be

severe.

This study was initiated to better establish the absolute need for a containment shell in

the case of the CRBR. The first approach was to consider a conservatively designed re-

actor system in a conventional building. It was felt that the design of the double-walled

reactor vessel,. included in the original concept for the primary purpose of reducing startup

time, would also contribute somewhat to the containment of a metal-water reaction within

the vessel. It appeared that the many lines of defense by mechanical barriers and the at-

tenuation or reduction of fission product activity by safety devices and distance could re-

duce the radiation doses at the site boundry to acceptable levels.

This approach was discussed in some detail with the AEC Hazards Evaluation staff. Their

opinion was that perhaps when several generations of reactors have been safely operated

for a number of years and a better understanding of their behavior acquired, operation with-

out containment would be permissible. In the meantime, it was felt that absolute reactor

safety would be difficult to establish or prove. In order not to delay the schedule of the

Northern States Power project and to avoid complications in regard to insurance for the

plant, it was decided to specify a containment shell for this plant.

7.2. Nuclear Superheater

A significant advancement in the reactor art can be made with a design which provides'for

the generation of superheated steam directly by the reactor heat source. A revision of the

original CRBR concept has been studied in considerable detail. Even though all phases of

the study program are not complete, a nuclear superheater in conjunction with a boiling

water reactor appears to be technically feasible and economically desirable.

More research and development work is necessary before a superheating reactor can be

built; however, it could still be a possibility for the Pathfinder plant. Details on the con-

cept being studied are illustrated in the various sections of this report and will not be re-

peated here.

66



8. STEAM CYCLE

8.1 Cycle Analysis

Several significant changes were made in the basic steam cycle since previous reporting.

(Refer to Figure 8.1)

First: The fossil fuel superheater was deleted from the cycle in accordance with the plan

to proceed with the design embodying a nuclear superheater. Since the reactor will be de-

signed to deliver superheated steam, the moisture separator becomes unnecessary to the

system and has been deleted.

Second: As noted elsewhere in this report, data from the January 1958 inspection of the

EBWR turbine and condenser shows that corrosion problems caused by the high percentage

of free oxygen resulting from radiation-induced water decomposition in the reactor are not

as serious as originally predicted. This unit has been in service at Argonne National Lab-

oratory since December 1956. On the strength of this experience the full-flow recombiner

has been removed from the cycle diagram. Nevertheless, recombiner developments are still

being closely followed in the event that corrosion data should become less encouraging.

Third: The regenerative feed water heating cycle has been revised on the basis of further

analysis. Evaluated were such factors as the cost of radiation shielding (necessary for

piping and heaters located above the operating floor of the plant); the plant heat rate (one

low pressure heater and a deaerating heater versus three closed heaters); heater costs;

personnel hazards; and the utility or value of an 18,000 gallon holdup of demineralized

water at 300 F.

Fourth: The cooling water supply for the generator hydrogen coolers has been changed from

cooling tower water to condensate, an arrangement used in previous Northern States Power

plants which results in an improved plant heat rate.

Finally, it should be noted that the location of the full-flow filters has been changed. These

filters, previously located in the reactor feed water pump discharge line, are now located in

the suction line. The small addition of corrosion products the feed pumps contribute to the

feed water compared to the marked advantage a low pressure filter has over a high pressure

filter dictated this change.

8.2 Valves and Piping

Preliminary specifications have been written on the special valves which will be used in

the main steam lines and the by-pass lines. The valve openings have been sized at 18" in

diameter for the main steam line and closing times have been established at less than a

second. Hydraulically or pneumatically powered cylinders will be employed on the quick

closing valves. These valves will be handling steam at 600 psig and 825 F.

A tentative decision has been made regarding the materials for the recirculating water pip-

ing and the main steam piping. Welded to the vessel will be nozzles of stainless clad pip-

ing which will be joined by longer lengths of solid stainless piping which connect to the

recirculation pumps. The nozzles or pipe stubs welded to the reactor for the recirculating

system will have a 5/" thick wall including 4" of Type 304 LC stainless steel cladding.

Base material for the clad pipe will be ASTM-A-285-C. A similar method of fabrication is

being considered for the main steam line piping.



Fabrication

Specifications have been investigated regarding the fabrication of dissimilar metals partic-

ularly in the piping system. At present it is planned to use " Type 304 LC stainless steel
cladding on ASTM-A-212-C base material for the pressure vessel. Also in process are de-

tailed drawings so that quotations on materials and fabrication can be obtained. While this

is not a final decision, it seems to be the most feasible at this time.

The welding and stress relieving techniques of a clad vessel have been investigated and

the appropriate methods and procedures have been determined. A study of the assembly

procedure has been made to establish the most efficient method of fabrication, machining,

handling, and assembly.
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9. PLANT LAYOUT

The conceptual plant layout has changed materially during the past several months as in-

dicated on Fig. 9.1 and Fig. 9.2 (three sheets).

These drawings reflect changes resulting from:

1. Substitution of nuclear superheater for fossil-fired superheater.

2. Locating the recirculating pumps external to the reactor.

3. Locating fuel storage pool inside the turbine building.

4. Adding the containment shell.

These changes are discussed individually elsewhere in this report.

Pioneer Service and Engineering Company has started the work of orienting the plant on the

site based on the present conceptual plant layout and the topographical site data furnished

by the Northern States Power Company.
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10. MATERIALS AND METALLURGY

An extensive study of hard-facing materials has been completed. These materials are being

considered for hard-surfacing applications on valve stems, valve seats, bearing journals,

and other surfaces where excellent wear characteristics are desirable. The most common

materials were analyzed on the basis of chemical properties, physical properties, wear char-

acteristics, and methods of application. Tables have been compiled to summarize this in-

formation.

Stainless steel Type 405 is being investigated for possible application as a cladding mate-

rial, particularly for the cladding of carbon steel pipe. The pipe under consideration will

be used in the main recirculating water loop for the reactor. Also being investigated are

clad steels for the pressure vessel. Stainless steel Type 304 LC (low carbon) was origi-

nally considered as cladding material. Stainless steel Type 405 presents fewer fabrication

problems and it is economical when comparing its cost to Types 304, 304 LC, and 316.

However, further investigation must be carried on in regard to the high purity corrosive

water the material must operate in.

Water-filled metallic honeycomb structures were studied for application as thermal insula-

tion. Tests are planned and the study will help determine the cell size needed to minimize

convection currents set up in the water.

Fuel Element

Literature surveys on the pre- and post-irradiation properties of U0 2 were continued ir Ye-

gard to fuel elements. The data to date indicates that fission gas release presents the major

problem. Irradiation tests designed to obtain the necessary data are now being studied and

irradiations are scheduled to start later in the year.

Fuel element cladding materials of aluminum alloys as well as bonding materials are being

studied. Diffusion bonding experiments of zirconium to austenitic stainless steel with tin,

nickel, and iron have been scheduled to start within the next few months. These preliminary

tests will show whether bonding of stainless steel cladding to cermet fuels (U02-Zr).can

be accomplished.

Reactor Vessel and Control Rod

Pre- and post-irradiation properties of carbon and austenitic steels were studied for reactor

vessel and control rod application. Data indicated that irradiation exposures at elevated

temperatures on both stainless steel and carbon steel ASTM A 212 Grade B Steel produced

smaller physical property changes than when irradiated at temperatures below 200 F.

Control rod poisons of boron, gadolinium oxide, and europium oxide cermets as well as al-
loys of silver, indium and cadimium are being studied. Post-irradiation properties surveyed

to date indicate that Gd2 03 cermet and Ag-In-Cd alloy may be superior to those investi-

gated.
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11. SITE SELECTION

The site has been selected about 51 miles northeast of the center of Sioux Falls, South

Dakota and on the right bank of the Big Sioux River. The site comprises about 1150 acres.

The land has been acquired either through purchase or option.

The site has been partially surveyed, foundation borings have been made, and a total of

six borings for the purpose of determining the well water supply have been completed. Cas-

ings from 2" to 4" in size have been placed in these well test holes, and the space between

the casing and the bore has been sealed with Portland cement grout to prevent contamina-

tion from above the formations underlying the shale cap rock in the area.

Arrangements have been made to develop and test pump a full scale well in the southeast

corner of the property, the most promising location from the information obtained from the

test wells. It is planned to obtain cooling water from the river and wells alternately or in

combination. The location of well A and tentative locations for the river water intake and

point of return of plant drains to the river are shown in Fig. 11.1.

The river water is high in chlorides. A test to determine the resistance to corrosion from

river water of six different aluminum alloys which might be used for condenser tubes is in

progress at Lawrence Steam Plant, 11/2 miles upriver from the site. The Testing Department

of Northern States Power Company has just concluded a test in the laboratory to determine

the maximum concentration of river water permissible in a cooling tower circuit simulating

the conditions prevailing at minimum river flow. Under these conditions the concentrations

of total dissolved solids must be held to 1.25 to 1.50 times that of the river water to pre-

vent scale formation. Arrangements have been made to test a second set of the six alumi-

num alloys using the effluent from a cold lime softener clear well. This test is performed to

determine the effect of copper pickup in a cooling tower circuit on corrosion of aluminum.

Other tests and studies of water treatment are in progress.

Arrangements are being made to obtain geological, meteorological, hydrological, and back-

ground radiation information on this site.

Figure 11.2 illustrates the Pathfinder Steam Plant Vicinity, shows the relation of the site
to the City of Sioux Falls and adjacent smaller communities, and Fig. 11.1, shows the site

and associated facilities in some detail.
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