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1.0 INTRODUCTION -

1.1 Origin of Industrial Interest in MSBRs

For a number of years Ebasco Services Incorporated (Ebasco) has had an interest in
advancing the technology of molten salt reactor systems as a natural consequence of its
continuing search for promising ways in which to serve its principal client, the Utility
Industry. This Industry, in its service to the public, constantly seeks to produce reliably, and
at lowest cost, the energy needed in the domestic and industrial sectors of the economy.
The desire to conserve and, if possible, extend the energy resources of the world to reduce
the environmental impact of energy generation, and to present the lowest hazard to the

~ public are also strong motivations among the electric power companies.

In the summer of 1969 Ebasco announced the formation of a Molten Salt Group
bringing together all major industrial capability needed to conceive, design, manufacture,
and construct molten salt reactor systems for the utility industry and with utility companies
participating financially. The utility participants are:

Dallas Power & Light Company
Houston Lighting & Power Company
Kansas Gas and Electric Company
Middle South Services, Inc.
Minnesota Power & Light Company
Northeast Utilities Service Company
Texas Electric Service Company
Texas Power & Light Company
Union Electric Company

Industrial participants in that group are:

Ebasco Services Incorporated - Management, technical direction, nuclear

design, power plant technology.

" Babcock & Wilcox - Reactor vessel, primary heat exchangers, general reactor
technology, steam generators.

Continental Oil Cd., Inc, - Chemical processing, chemical engineering.

Union Carbide - Graphife technology.

Cabot Corporation - Hastelloy-N, special metal alloys, materials technology.
Byron-Jackson - Fused salt pumps, general pump technology.
The industrial companies supplied senior technical personnel at their own expense to

work as a team under the management and technical direction of Ebasco to evaluate Molten
Salt Reactor Technology.
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On September 30, 1970, Union Carbide Corporation, Nuclear Division, operators of
the Oak Ridge National Laboratory for the USAEC, issued a request for a proposal for an
independent Molten Salt Breeder Reactor Design Study. Ebasco and its group of industrial
companies responded with a proposal which was accepted by the Union Carbide
Corporation and the USAEC with Ebasco Services Incorporated as principal subcontractor
to Union Carbide Corporation and with the Molten Salt Group members as
sub-subcontractors to Ebasco. The official commencement date of this contract was March
8,1971, and is expected to run 30 months.

1.2 Project Organization

The Molten Salt 1000 MWe Breeder Reactor Conceptual Design Study is under the
Corporate Cognizance, in Ebasco, of L. F. C. Reichle, Vice President - Nuclear. The Nuclear
Division (Figure 1.1) is responsible for the MSBR design study. This study is under the
technical direction of D. R. deBoisblanc, Ebasco’s Chief Nuclear Consulting Engineer and
Manager of Research and Development. Figure 1.2 shows the organization including the
sub-subcontractors.

The organization chart (Figure 1.2) shows five major divisions: Systems and
Components, Technical, Reactor Engineering, Plant Design, and Instrumentation and
Control. The Systems and Components Group is responsible for the conceptual design work
on the major functional components such as heat exchangers, reactor vessel, pumps, etc., in
the primary salt system and also for the development of the flow sheets and conceptual
design detail for the various subsystems.

The Technical Group provides the special consulting and conceptual input in the
areas of physics, chemistry, metallurgy, and graphite technology.

The Reactor Engineering Group is responsible for the overall nuclear engineering
design of the reactor including the reactor physics, thermal-hydraulics and the specifications
of the geometry of the graphite structures.

The Plant Design Group brings in the traditional power plant design disciplines of
mechanical engineering, electrical engineering, concrete-hydraulics engineering, architectural
and structural engineering and estimating.

The Instrumentation and Control Group will be responsible for the conceptual
design of all instrumentation systems for the reactor and process systems in the plant. These
groups report to the Project Manager who in turn reports to the Technical Director.

Permission was obtained from the utility sponsors of the Molten Salt Group for a
continued activity of this Group until utility funds were expended. In addition, the
Technical Representatives of the industrial members of the group serve as an informal
advisory panel from time to time during the course of the design study. The availability of
this additional MSR effort within Ebasco and this advisory panel greatly enhances the
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overall management and technical direction of the project so as to maintain it within a
commercial framework which is one of the main goals of the design study.

The sub-subcontractors participating in the design study with Ebasco provide design
effort for a substantial portion of the overall MSBR Plant. Babcock & Wilcox provides the
design of heat exchangers, steam generators, and the reactor vessel. Babcock & Wilcox has
been active in the atomic energy business supplying these components to the Atomic Energy
Commission and to the Nuclear Navy since 1944 when they manufactured equipment for
the Manhattan Project. In addition, the company is currently designing and fabricating 13
nuclear steam supply systems for the nuclear industry.

Continental Oil Company, Incorporated is engaged in the design of the fuel salt
chemical processing system. CONOCO is among the world’s ten largest energy companies
selling over $2.5 billion worth of goods every year. CONOCO is involved in all forms of the
energy business; petroleum, coal, nuclear, chemical, and plant foods.

Stellite Division, Cabot Corporation, provides assistance in the design of advance
Hastelloy materials. Cabot Corporation is a diversified producer of performance chemicals,
energy, and engineered products. Its Stellite Division produces many types of high quality

“alloys developed to resist different conditions of wear, heat, and corrosion. They maintain a

staff of fully qualified chemical and metallurgical engineers.

Union Carbide Corporation, Carbon Products Division, provides assistance in the
design of graphite core structures and other graphite components. The Carbon Products
Division has a 75-year background in the manufacture of carbon, graphite, and related
ceramic, metal, and composite materials products. Carbon Products Division is the only
producer in the industry fabricating all varieties of carbon and graphite products. Its
production plants are supported by a completely integral technical center at Parma, Ohio.

Byron-Jackson, Division of Borg-Warner, provides assistance in the design of
salt-circulating pumps. Byron-Jackson is the leader in supplying pumps for the LMFBR
Sodium Reactor Program, and a leader in supplying pumps to the water-cooled nuclear
industry. Byron-Jackson conducts research on pump technology.



2.0 RURPOSE AND SCOPE OF TASK 1

2.1 PurEose

Task 1 had three main purposes:
a) to generate the bases for selection of an MSBR reference concept,

b) to develop an MSBR plant concept from these bases and the criteria
specified in the contract,

c) to identify other concepts meriting further study.

The reference concept developed in this study is one which the industrial team can
recommend to utilities for future construction. The plant should be licensable and operable
on a utility system with safe, economic, and reliable performance. This concept assumes
accepting advances in technology anticipated over the next fifteen years.

2.2 ScoEe

Empbhasis of this study was limited to:

a) systems or components vital to MSBR success even though their cost
may not be significant, and

b) systems of components having high cost even though technical
feasibility may be reasonably well assured.

Based on these considerations, efforts were limited to the primary system (including
reactor and vessel), secondary system, steam system, off-gas system, fuelsalt drain tank
system, building and general arrangements, and design of a chemical process plant based on
the ORNL flow sheet. '

Several graphite element designs and methods of replacement were examined.
Several reactor vessel concepts were examined in some detail. Several primary system piping
arrangements were laid out and stress analyzed. Several component arrangements were
examined. Design concepts for steam generators, reheaters, and primary heat exchangers

“were developed. A supercritical steam system with 700 F feedwater was analyzed and

designed. A layout of buildings and structures was developed and seismically evaluated. The
performance criteria of the off-gas system were re-examined. An alternate concept was
proposed, and an engineering design of the ORNL concept was developed. The electrical
distribution system was analyzed. Several fuel-salt drain tank systems were explored.

21



The initial effort in Task 1 was to establish what each system could and should do as
an integral part of the power plant. After establishing criteria (some of which were
borrowed from the Molten Salt Group Reports), we attempted to define a conceptual design
which would satisfy the criteria. In some cases, our design reached a high degree of
completion, e.g., the moderator element and the steam system. In other cases, this report
represents several alternates which must be evaluated in Task 2. In all cases, however, the
alternates are such that the overall concept resulting from the combination of each system is
a total power plant concept.
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3.0 REACTOR SYSTEM

The reactor system is composed of the reactor vessel, the reactor control rods and
drives, the rcactor internals, the circulating fuel salt, the fuel salt pump, the intermediate
heat exchanger, the fuel salt drain tank, and the piping system connecting these
components. Power is produced in the reactor when the fuel salt, 7LiF-BeF,-ThF4-UF 4
(71.7-16-12-0.3 mole percent) is made critical by the moderating properties of graphite
structures through which it flows. The fuel salt is composed of low neutron absorption cross
section materials blended to- produce a liquid having fluid properties suitable for developing
a breeder reactor, a high temperature reactor, and a reactor with inherent safety
characteristics. The fuel salt operates above its liquidus temperature of 930 F. The nominal
reactor inlet temperature of 1050 F provides sufficient margin to avoid concern over
freezing of the fuel salt in the system. The salt is quite viscous and so the highest AT is
established at 250 F, and the reactor outlet temperature is 1300 F, the upper limit being
based on the available mechanical properties of the piping systems as a function of
temperature and by a contractual requirement for Task I.

The pump cooling consideration results from the lined pipe concept in that the
bypass flow that cools the vessels experiences a rise of 50 F to 1100 F at the top of the
core. This stream flows in the outlet pipe liner at a rate of 30.5 gpm. The flow in the liner
rises 50 F in passing through the outlet pipe and up around the pump bowl. This allows us
to maintain the certerline injection temperature in the pump at 1150 F (as in the ORNL
4541 pump design).

The combination of the high operating temperatures and the extreme corrosiveness
of the molten fluoride fuel salt severely restrict the materials which may be used in the
system. The high moderating power of carbon (which is determined by the low neutron
absorption cross section of carbon coupled with its low atomic weight which renders
neutron scattering collisions efficient in slowing down neutrons) and the excellent high
temperature structural properties of graphite make this material uniquely suitable for the
reactor internal structures. The use of graphite in nuclear reactors has a history extending
from the same original point as that of uranium, the Stagg Field pile. The behavior of
graphite under radiation is complex in that normal graphite materials behave differently
along their crystallographic axes, i.e., they are anisotropic under radiation. This behavior is
even more complex from a mechanical design standpoint in that a cross section first exhibits
a linear shrinkage after exposure to a fluence of 1.5 x 1022 nvt and then reverses the
direction of change and swells. The studies at ORNL of graphite’s radiation induced
properties have led to a definition that the useful core lifetime of graphite is reached when
the regrowth of the originally contracting material equals the original dimension. For
graphites having suitable properties for MSBR applications this occurs at 3 x 1022 nvt at a
temperature of 700 C or about 4 years of operation at an 80 percent plant factor for the

-physics conditions leading to satisfactory breeding. Our design study has initially accepted
~ the ORNL physics design of the reactor (ORNL 4541) as a basic assumption for Task I. We

plan to run benchmark and survey calculations on physics uses in mid-FY ‘72.
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A family of high nickel alloys, known as Hastelloys, has been developed which are
capable of containing the fluoride salts under pressure. Hastelloy was successfully employed
as the structural material for the MSRE. The high temperature radiation endurance of this
material has been established as a ground rule for the Task I design study. Curves giving
design stresses as a function of temperature have been supplied for Task I use. Modified
Hastelloy-N has been defined as having a value of Sm of 3500 psi at 1300 F. Since 3Sm is
defined by the nuclear power piping code as the maximum value of primary and secondary
stress acceptable for conservative design, the design study was originally restricted in the hot
leg portion of the plant to stress values of 10 500 psi for the combined sum of pressure,
weight, seismic and thermal forces. This restriction has had a very pronounced impact on
the mechanical and structural design of the reactor vessel, the fuel salt pump and the hot leg
piping system. It led to the Task I design effort to develop a lined and/or jacketed primary
system. The curve supplied by ORNL for Sm as a function of temperature shows a very
sharp rise in strength with decreasing temperature, e.g., Sm =13 000 psig at 1100 F.
Accordingly, the premium associated with reducing the temperature of the pressure
boundary is quite high. We found the thermal shock problem in the reactor outlet line so
severe that we concluded a bare system in this leg was only marginally feasible. Surprisingly,
the reactor inlet leg also required a protective measure when we considered the thermal
shock associated with loss of secondary cooling pump power. The temperature in the inlet
leg rose rapidly to 1300 F with a loss of strength and severe shock occurring. We decided to
avoid detailed design effort on this case by adopting a lined (or jacketed) inlet line.

A lined system is defined as one in which the pressure boundary of the fluid system
is insulated from rapid changes in temperature by either a stagnant or laminar region of the
contained fluid. A jacketed system is defined as one in which the pressure boundary of the
fluid system is separated from the contained fluid by a second fluid. The second fluid
(different from, but compatible with, the fuel salt) is maintained at a higher pressure than
the fuel salt so that leakage always occurs from the jacket fluid into the fuel salt across the
metallic “O” Ring seals.

The entire primary system which contacts the fuel salt is made of either Hastelloy or
graphite. The use of Hastelloy is dependent on its corrosion resistance and the ability of the
metal to maintain its ductility under neutron bombardment. All Hastelloys contain some
boron as an impurity. The boron tends to preapltate at the grain boundaries. Under neutron

_irradiation, helium gas, via the 10B (n, « ) 7Li reaction, is produced near and generates .
bubbles at the grain boundaries. The presence of bubbles in the grain boundaries is the

principle cause of the loss of ductility in standard Hastelloy-N. To overcome this problem
ORNL has developed modified alloys containing additives (both titanium and hafnium
appear promising) that have greatly improved rupture life and ductility under irradiation.

‘This material is assumed to have adequate ductility (defined as 4 percent minimum strain to

rupture) as a groundrule for Task I. Grain boundary attack was observed in the MSRE. Its
cause has not yet been firmly established. Oak Ridge is actively investigating this
intergranular attack. As a Task I groundrule, we assume that both the corrosion problem
and the embrittlement problem have been solved. v
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In the following section we shall describe the reasoning which led to our Task I
conclusions. The first consideration shall be the design of the graphite moderator, reflector
and internal structure of the reactor.

3.1 Graphite Moderator Element Design

The fabrication techniques and the properties of graphite for high temperature
radiation service are generally well understood. The excellent service of the graphite for the
life of the MSRE has led to confidence in the ability to design these elements. The condition
of breeding imposed on the MSBR design study, however, may make it necessary to have a
graphite that will not absorb xenon gas from the fuel salt stream as it flows over the graphite
surfaces. A contractual ground rule for the design study specified that the xenon poison
fraction be no greater than 0.005 neutrons lost to xenon per neutron absorbed in fissile
material (.5 percent poison fraction).This ground rule has been adopted as a criterion for the
Task I study effort. There are a number of ways of reducing the loss of neutrons to xenon.
We have studied the bubble generator system proposed by ORNL 4541 and, as an alternate,
have investigated a spray system. The results obtained in the salt simulation loop at ORNL
seem to indicate the pump’s action on the bubble rich fluid breaks the bubbles into a very
much smaller size range than anticipated. The effect on mass transfer of the smaller bubble
size has been calculated by several models and it appears to enhance xenon removal due
primarily to increased surface area. The spray chamber appears interesting because the ratio
of gas to fluid for a given surface is very much greater than in the bubble method. The high
gas to liquid ratio of the spray chamber appears to offer potential for removal of tritium as
well as of xenon.

The penetration of xenon into the graphite can be prevented by the application of a
pyrolytic carbon or graphite coating on the exposed surfaces of the graphite element. The
technology of applying exterior pyrolytic coatings to graphite is available today. The
technology of applying pyrolytic coatings to interior surfaces in long pieces of graphite is
less well developed. It is reasonable to expect that coating materials that will successfully
seal graphite against xenon intrusion will be developed within the 15 year projection of the
design study. Demonstration of the ability of exterior coatings to seal against gas
penetration for the 3 x 1022 nvt radiation lifetime of the graphite can be performed by test
irradiations of relatively small graphite structures. Demonstrations of the seal for interior
coatings can only be performed by tests that utilize long pieces. No tests of this nature are
currently planned. The integrity of the coating under thermal cycling and mechanical
stresses in full sized pieces will not be demonstrated by extrapolating tests on small pieces.
The full verification of large scale pyrolytic coating under neutron irradiation will require a
considerable extension of the current testing programs which are not currently planned.
Thus, we establish for Task I the following criteria for graphite element design:

1)° . Pyrolytic sealing materials are available.

2) Exterior coatings that will resist handling friction, stress, vibration and

temperature changes are available.
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3)

Interior pyrolytic coatings should be avoided if possible.

3.1.1  Mechanical Design

The Molten Salt Groupr critique of the ORNL conceptual design led to several
serious questions with respect to the mechanical design presented in ORNL 4541. These
objections can be briefly summarized here as follows:

1) .

4)

The practicality of lifting a large weight remotely under conditions of very
tight clearance on a nonroutine basis (i.e., every 4 years).

The desirability of using an unshielded machine with the risk of a cask
malfunction causing severe problems in recovery.

Graphite elements positioned outside of the central core zone achieve only a
small fraction of their allowable service life.

The feasibility of applying and inspecting a high integrity pyrolytic graphite
coating in small diameter holes running through long graphite elements may
be beyond a reasonable extension of technology.

Based on this critique, we established functional objectives for the design of a
moderator element:

1)

2)
3)

,4)

Moderator elements shall have only external surfaces.

The maximum heat path from the interior of the log to the salt should not
exceed 0.7 inches. This results in a temperature-damage relationship at least
equal to the ORNL reference design element.

The salt/graphife ratios for each core zone shall be maintained at the ORNL

_conceptual design values to preserve the physics model to the greatest extent

practical. (Task I ground rule established by Ebasco.)

The elements shall be sized through a trade-off between ease of handling and
the number of moves required to service a core. It was deceided not to

- reinsert underexposed elements because that would require, 1) reorificing

highly contaminated ~assemblies, 2) possibility of seal damage and 3)

* variations in coefficient of friction during service life. While a hexagonal

geometry was selected (due to its self-standing characteristics), the results of

" this trade-off apply approximately to other geometries.
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5) Raw graphite picces shall not exceed the current maximum dimensions for
special graphite production. Manufacturing techniques are available that can
produce acceptable graphite uniformity and density if the distance from any
point of the section to the atmosphere of the graphitizing furnacc does not
exceed 9 inches. For cylindrical shapes this implies a maximum diameter of
18 inches. The lengths available are unlimited for our purposes.

The geometries examined in the design study are presented in paragraphs 3.1.2 to
3.1.5. Concurrently with this geometric study, a unit element size selection study was

conducted. The results of the sizing study are presented in paragraphs 3.1.6 to 3.1.7.

3.1.2  Arrays of Cylinders

Cylinders were considered as the elements for the core pieces because of ease of
fabrication and the uniformity of heat removal across a section of the rods. The diameter of
the rods would have to remain small, 1-3/8 in. or less, in order to keep the graphite lifetime
in the range required by the contractual ground rules for the reference design. The large
number of these relatively long and slender rods does not appear attractive from the
standpoint of handling and fragility. It would be possible, of course, to use a central hole (1
in. LD. x 3 in. O.D.) and have both ease of handling and long lifetime, but the sealing
problem is not much different from the ORNL design.

Control of the salt fraction and improvement of the salt flow in the space between
stacked rods¥/could be achieved through use of raised helical rib, say 1/32 in. high machined
onto the surface of the graphite.

Unitizing of bundles of rods could be done by banding together hexagonal arrays of
rods at the tops and bottoms of their lengths with Hastelloy-N bands or with graphite. In
the case of the Hastelloy bands the coefficient of thermal expansion differential would
allow loosening of the bundle at operating temperature which would be undesirable. In
addition, there is some question whether the bundle could be held tightly enough to permit
handling as a unit without addmonal pinning or other means of fastening at the ends.

A possible unit considered consists of a hexagonal array of rods contained in a
hexagonal graphite box. Commerical production of graphite pipe in 10 in.-12 in. diameter is
state of the art, and box-like extrusions in the same size range have also been produced. In
this configuration control of salt flow could be accomplished by cutaway portions of the
rods and box in the plenum regions.A cross section of a core unit of this nature is shown in
Figure 3.1. ' ‘

Yy Experimental Investigation of 'Velocity Distribution and Flow Resistance in a
Triangular Array of Parallel Rods, W. Eifler and R. Wigsing (EURATOM) Nuclear
Engineering and Design 5, 1967) North Holland Pub. Co., Amsterdam.

3-5
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3.1.3  Solid Blocks

The use of machined solid graphite blocks was considered as an obvious method of
unitizing core sections into convenient size and weight units for replacement. For purposes
of this study it was assumed that molded blocks or hexagonals in sizes of about 18 in. across
flats by about 36 in. length could probably be produced in an MSBR grade, and that
extrusions 18 in. diameter by 15 ft long in MSBR grade were probably not feasible. As a
first approach to this design, a hexagonal block 9 in. across the faces with relatively large
holes for salt flow was considered (a sketch of this unit is shown in Figure 3.2). In this
sketch the 13 volume percent salt was obtained by using 19 holes approximately 1-5/16 in.
in diameter plus a spacing of 1/4 in. between adjacent hexagonal blocks. It is shown that
much smaller holes or slots would be necessary in order to avoid large distances for heat
transfer from the inner graphite to salt (and hence high graphite temperatures and reduced
life). It is thus shown that difficult and costly machining would be involved and that sealing
of the large number of small interior surfaces would be much more troublesome than in the
reference design. '

In addition, the necessity of several vertical segments to make up the core height
entails careful indexing at each joint and throughout the graphite machining operations to
insure continuity of the salt flow and poses a serious design problem to avoid stagnant salt
or ill defined salt flow regions at the joints.

The size effect on radiation damage is a further drawback. Although the incremental

dimensional changes, creep effects, etc., could possibly be kept in the same level, the
leverage of size is certain to cause breakage at some point in radiation dosage. This in itself
would not necessarily be catastrophic, but would complicate the replacement process which
we are trying to improve.

For these reasons the use of machined solid blocks in the core was considered
undesirable.

3.1.4  Iris Array of Curved Slabs

It would be desirable from the radiation damage (and power generation) standpoint
to have all graphite receive uniform dosage within any individual graphite unit. This is, in
practice, impossible, but an array of concentric cylindrical units built up of curved slabs in
an iris pattern was considered which appears to have some desirable features from the
symmetrical uniformity of radiation loading. A sketch is shown in Figure 3.3 which depicts
a section through two units of an iris array of curved slabs which would be unitized by
attachment to graphite plates at the top and bottom. This configuration presents a gradually
increasing thickness of graphite (and salt channel) as the radiation intensity falls off and
thus a leveling of graphite temperature and lifetime. Hydraulically, this configuration
requires further design enhancement before becoming acceptable.

3-6



Figure 3.2
Solid Block Graphite Element
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Figure 3.3
Graphite Elements
Iris Array
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The curved slabs would be considerably more difficult to manufacture than straight
sided slabs but would be feasible to produce. Replacement of the central one or two
cylindrical units would appear to be feasible but the outer rows would have to be handled as
segmented rings and replacement of odd shaped and sized units is unattractive.

3.1.5 Shb Arrays

The important consideration of short heat flow paths from all areas of graphite in
the core is accommodated very well by use of relatively thin (up to perhaps 2 in. thick) slabs
or “boards” of graphite separated by salt flow channels. The manufacturing technology of
graphite plates is well established and needs only to be extended to MSBR grades. Sizing
considerations need only be consistent with reactor requirements and ease of handling (very
thin plates would be too fragile). A maximum size of plate for study purposes was taken as
2 in. x 12 in. in cross section by full reactor height (approximately ~ 15 ft).

a) Square

The simplest array considered was a square arrangement of plates
sized to the central control section (sketch shown in Figure 3.4).
This array would not be very symmetrical in a circular cross section
but might be entirely practical The square cross section would require
some holding fixtures during replacement to maintain stability of the
remaining core elements after removal of the first few units.

b) Hexagonal (Task I Reference Selection)

The basic design selected for the Task I reference concept is shown in
Figures 3.5-3.8. This concept has all the desirable features mentioned
above, and in addition, is compatible with the overall dimension for
moderator element unit size which was being determined
independently. The element is composed of flat plates for which the
manufacturing and coating techniques are certain and with nubs or
ribs to provide the separation for salt channels. The Y-shaped yoke
forms the main structure both for normal operating conditions and
for removal. Flow control may be achieved by orificing in a bottom
end plate, a top end plate, or by a pronounced tapering of the flat
moderator plates at the inlet and/or outlet. Assembly of the plates
into the hexagonal units is made by cementing and doweling. All
cemented joints are made in low flux zones.

The d'etailerdirdesign developed for a typical Zone 1 moderator

element is shown in Figures 3.9 - 3.11. The basic slabs are extruded
and are machined to final shape. The Y Yoke slabs are then
cemented. The Y Yoke assembly is inserted in the bottom end box
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Figure 3.5
Graphite Moderator Element Section @ Midplane
Zone |



Figure 3.6
Graphite Moderator Element Section @ Midplane
Zone 11
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Figure 3.7
Graphite Moderator Assembly - Elevation
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Figure 3.8
Graphite Moderator Assembly
Plenum-Lifting Heat Detail




Figure 3.9

. Zone I — Moderator Element
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. Figure 3.10
Zone I — Moderator Element Parts-




Figure 3.11
Zone 1 — Moderator Element Parts
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which acts as a retaining jig during the element assembly. The ring is
free to slide on the milled shoulder in the yoke for 1 in. Dowels
inserted through the 5 in. support legs on the bottom of the yoke
picces hold the retaining ring on the element during lifting. While in
service the ring will float against the milled shoulders of the slabs.
The moderator slabs are then added starting with the closest to the
Y Yokeand working outward to the edge slabs. The top retaining and
support ring is then added. Both rings (top and bottom) are molded
graphite pieces formed out of graphite filament stock and machined
to fit up dimensions. The top ring is then doweled to the moderator
- plates and the edge plate is doweled to its inner neighbor. The
element is then placed in a furnace along with other completed
elements and the cemented joints are fired. After firing, the
dimensions are checked and any final machining of outer surfaces
performed. The thickness of the moderator plates is varied for the
~ central zone elements to accommodate the changing salt fraction
required to provide the axial blanket and plenum regions. The central

core region is composed of 13 percent salt and 87 percent graphite

and has a height of 13 ft. The blanket region has a volume of 37
‘percent salt, 63 percent graphite and a height of 6 in. both top and
bottom. The plenum has a volume of 85 percent salt, 15 percent
graphite and a height, top and bottom, of 6 in. for an overall graphite

- element height of 14 ft - 11 in. There is one-in. clearance at the
bottom of the element. The distance from the top reflector bottom
surface to the top of the bottom reflector is 15 ft. The blanket
- moderator elements which surround the core radially have a uniform

37 percent salt fraction for 14 ft, a top plenum of 6 in. and a bottom
plenum of 5 in. of 85 percent graphite and 1 in. bottom clearance of
100 percent salt.

This design produces 6 in. plena at both exit and entrance to the reactor core. These
plena are entered by four transition nozzles which convert the circular geometry in the exit
and entrance piping to a rectangular geometry compatible with the plenum’s thickness. In
addition, ‘these transition nozzles provide balancing points for the several sidestream flows
to originate and return to the main stream. The sidestream at the inlet transition nozzles
provides for:

1) - Bottom head cooling during drain tank dump ﬂow
2)  Reactor vessel cooling flow.

At the outlet nozzie this sidestream divides to provide for: -

1)  Flowi into the nozzle liner-pipe annulus.
2) An attemperation flow into the outlet pipe liner.

The entrance conditions for flow into and between the hexagdnal elements are most

- constant over the element’s life at the bottom. The element never reaches the regrowth

portion of the graphite cycle due to low flux and low temperature. This makes the bottom

3-8
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plenum especially attractive for flow control orifices. It may be necessary to interrupt the
nubs along the length of the element to prevent channeling and stagnation regions.

Handling of the moderator blocks has not been considered in detail other than to

consider the lifting requirements and their influence on the mechanical design. Normally the

moderator elements are lifted by rotating a three-pronged tool through the holes provided in
the top plenum spacer lugs on the Y Yoke. These holes provide a total of almost 4 sq. in. of
lifting area or a load of 500 psi on the lug material. The graphite in the lug should easily
maintain sufficient strength to accommodate 2000 psi loading. Thus even with two defective

lugs the element will lift.

Conceptual sketches have been made of a backup tool consisting of three thin plates
which can slip down between the flow channels in the element, rotate and engage all plates
from below. This tool is considered a backup for mechanically damaged elements.

3.1.6  Graphite Utilization

The basic time interval selected for evaluating moderator handling requirements was
the 4-year interval between major turbine-generator overhauls. The basic trade-off
evaluation was between moderator element size and the number of element moves required
to service the core. The conclusion of the handling study, adjusted to the hexagonal
configuration developed in the geometry study, was that the “15 in.” element led to an
optimum total number, size, weight and number of moves for the element. Results of this
study were presented in the progress report dated June 1971.

The core configuration resulting from these studies is shown in Figure 3.1, which is a
cross section view through the midplane of the reactor. The central element is used for
reactor control and safety rods. There are 162 full hexagonal elements in six full hexagonal
rings and a partially filled seventh ring (24 full and 12 half hexagons out of a possible 42
elements). The reflector consists of 96 slightly wedge-shaped slabs 2 ft - 6 in. deep by 14 ft
long with an average width of 8 in. and a 2 in. taper over the width. The reflector is
connected to the array of full and 1/2 hexagons by 18 triangular and 24 flat wedge-shaped
spacers. The vessel is protected by a 2 in. thick neutron shield made either of borated
graphite or a Hastelloy-N honeycomb structure filled with boron carbide. One purpose of
this shield is to attenuate the thermal neutron flux by a factor of 103 thus reducing the He
generation rate in the reactor vessel. In addition, the thermal neutron shield forms a flow

“baffle to divert a stream of inlet salt for the purpose of cooling the reactor vessel. The
- cooling salt annulus is approximately 1/2 in. thick. The reactor vessel is assumed to be 2 in.
 thick and is designed for a nominal pressure of 75 psi like that proposed by ORNL in ORNL
14541, Salt enters the reactor vessel though four inlet nozzles, each of which is protected

from rapid thermal transients by a liner similar to the top transition nozzle liner
configuration. The cold (1050 F) salt from the heat exchanger forms a thermal sleeve to
protect the inlet pipeline from rapid changes due to transients in the secondary salt system.
This salt stream provides the normal and the emergency cooling flow for the bottom head.
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'3.1.7  Future Thermal - Hydraulic Considerations

In Task I of the design study the reactor outlet temperature has been specified as a
maximum of 1300 F. The inlet temperature is chosen as 1050 F. These choices were based
o on reasoning similar to ORNL’s, stemming from the high melting point of the primary salt,

H the high pumping power required by the viscous salt, the allowable stress values in

: Hastelloy-N material and our desire to preserve the ORNL reference design physics model
. for Task 1. The basic objective of the orificing provided is to maintain a 250 F temperature
: h rise across the core. The hexagonal moderator concept developed in our design study utilizes
a similar hydraulic control concept to the ORNL prismatic element, viz., unorificed flow in

, the flow channels between elements and orificed flow in internal channels. As we progress
H further into the moderator element design, we must resolve several important questions on

hydraulics.

: H 1) The number of orifice zones required. In our configuration we would
anticipate that no more than seven zones (seven rings of hexagons)
would be required.

2) The need for interrupted spacer ribs to promote interchannel mixing.
. If studies in Task II show undesirable hydraulic effects, then the ribs

- can be interrupted. Also, holes can be drilled through the plates to
‘ allow interchannel communication.

- 3) The actual method of providing the flow control. Control can be
’ : provided as part of the end boxes (either top or bottom) or as an.
_ - actual change in sections of the moderator plates at entry or exit.
- Top orificing would permit hydraulic compaction. Our design allows
' us maximum freedom of choice based on the results of future
studies.

4) The flow perturbations resulting from dimensional change of the
. graphite. These changes are functions of position, temperature, and
e power history. Since the lowest temperatures and lower power
history will be at the inlet, our current effort is directed at orificing

there. -

5) The hydraulic implications of the change in flow area required in the

i , ; central region element to switch from 37 percent salt to 13 percent

- ‘ ' salt and back to 37 percent salt again as the flow rises through the
’ ' core, thus forming the axial blanket region.

An analysis of the heat removal requirements for the radial reflector
blocks. Our present concept involves the use of large graphite blocks
: , stacked to form a free-standing structure during handling operations
w ’ ‘ (including initial loading). Design details must be completed to show
that adequate cooling flow between all blocks is provided. '
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7) An analysis of the heat removal requirement of the top and bottom
reflectors. Our design provides a 6 in. plenum at the top and bottom
of the core to: a) improve the flow path from the inlet to the element
orifices and b) to reduce radiation damage to the reflector since we
desire both reflectors to last the plant life. The present top head
concept makes it possible to replace top reflector blocks. The
replacement of the bottom reflector would be a major operation. To
allow for this we are considering the use of a 2 in. thick inlay of
graphite over the central 11 ft radius of the bottom reflector. Since
the bottom reflector graphite runs cold (1050 F), it can take much
more fluence than the top reflector graphite. Thus it is unlikely that
the bottom reflector will require replacement. This inlay would be
replaceable - during the replacement of the. four-year-life graphite
elements.

 8) The effect on the salt flow area of the 2 percent change in graphite
linear dimensions. At its maximum shrinkage, the interior portion of
the element experiences a change in graphite area to 83.5 percent
~ from 87 percent. The corresponding change in salt area is from 13
percent to 16.5 percent. This effect is experienced in the ORNL
design also, but in that design the effect is absorbed by an overall
compaction in the outer flow channels. In our hexagonal design the
bridging effect of the radial rings strengthens the outer flow channel
structure and prevents the general compaction. The effect could
possible lead to a Task II physics optimization that has a central
region less than 13 percent.

3.2 Reactor Vessel

The basic. concept of the reactor vessel for the MSBR design study is shown in
Figures 3.12 - 3.14. In each of these figures the same configuration of vessel is used with a

‘different head closure presented for each case. The vessel is a right circular cylinder 2 in.
(nominal) thick, having straight sides. The vessel is closed by a bottom dished head of 3 in. "

(nominal) thickness forming a continuous membrane with the cylindrical vessel. The vessel
top head is a dished section of 2 in. (nominal) thick Hastelloy-N.

Three rhéthods of closing the 'top head onto the cy]indrical vessel have been

_ developed on Task I and will be further evaluated in Task II. The first closure involves the
use of a support skirt for the head extending from the top of the graphite reflector into the-

accessible areas of the reactor operating floor. Both vessel and head support skirt are bolted

together in a clean, cold area. This design requires the use of a large skirt for both the vessel -

and the head, which are fabricated of Hastelloy-N. This design may be unattractive for

. economic considerations. However, its design simplicity and the ability of effecting a closure

at low temperature in a nonradiation environment are tangible operating benefits. A cooling
flow would be introduced between the vessel and the head support skirts to give a
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programmed temperature gradient in the distance from the top of the reactor to the
operating floor. The second head closure involves the use of a support skirt for the head and
a vessel extension skirt again reaching from the top of the reactor to the operating floor, and
is shown in Figure 3.12. This more complicated geometry may be required to avoid

* streaming problems in the annular space formed by the 2 in. vessel, the 2 in. head support

skirt and the 1/4 in. void between them. The third head support scheme shown is Figure
3.14, which involves the use of a flanged bolted head. A problem exists in this design in that
the space required between the outlet nozzle of the reactor and the flange on the vessel

produces an unnecessarily large top reflector region. To avoid the penalty of filling this

space with graphite, which would serve no useful neutronic purpose, we have provided a
graphite support structure which would hold the top reflector. We have several concepts for

this top structure. In one concept, it consists of an independent member which is removed -

separately from the top head. In another it consists of a structure integral with the top head
consisting of bars on which notched graphite members are -assembled and pushed into
position. The void above the structure supporting the top reflector would.be filled with
inert gas, and possibly with injection tubes for salt, to cool the reflector.

There are four symmetrical inlet nozzles.The inlet nozzles terminate in a liner which
is located inside of the pressure bearing pipe coming to the reactor vessel to the head

exchanger outlet. The purpose of the liner is to protect the pressure bearing pipe from the

rapid changes in temperature associated with the loss of secondary coolant pumping power.
The loss of secondary coolant pumping power would produce a rapid rise in the temperature
of the salt exiting from the heat exchanger, and would constitute a serious shock to the inlet
pipeline and the reactor inlet nozzle. The liner protects the inlet pipe and the reactor inlet
nozzle from this shock by virtue of the fact that salt in laminar flow is an excellent insulator
and restricts temperature changes to very slow variations even when the fluid inside the inlet
pipe liner experiences a rapid temperature change.

‘The inlet fluid enters the reactor at 1050 F. It flows through a 6 in. plenum
containing 85 percent salt and 15 percent graphite formed by the 5 in. support legs. A small
stream of salt is diverted down from the inlet to cool the bottom graphite reflector. This

-heated bypass remixes with the main stream in the bottom plenum. A very small salt stream

passes outside of the thermal neutron shield to cool the bottom head and is dumped to the

- drain tank by the lower head drain line. The reactor vessel cylinder wall is cooled bya
- bypass flow of 140 gpm which is diverted from the inlet nozzles and flows up in the gap

between the thermal shield and the reactor vessel wall. The vessel coohng flow rises 50 F to

1100 F as it is collected at the outlet nozzles. The 1100 F fluid is divided into four streams

of 35 gpm each, which is passed between the outlet nozzle and the transition nozzle liner

_ extension, This extension passes the cool stream of salt that has washed the vessel down to

the pump in an annular laminar flow to protect the outlet nozzle and pipe from the thermal

 shock of a reactor scram.Our calculations indicate that following a scram the fuel salt outlet

tempetature falls from 1300 F to 1050 F in less than 10 seconds. For the thickness of pipe

in the primary system, this is-equivalent to a step change of 250 F. The top reflector
graphite is cooled by a stream of 1050 F salt injected through the control rod drive

penetr ation.
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3.3 Reactor Drain System

Fuel salt is taken from the primary system both intermittently and continuously
(Figure 3.15). The intermittent drains from the primary system occur through the reactor
drain line, which is controlled by a freeze valve and located at the lower-most point of the
reactor vessel bottom head, and secondly in the event of a pipe break from the catch basin,
which is located beneath the primary system.

The catch basin is isolated from the drain tank by a rupture disk and a check valve.
The catch basin drain line is tied to the reactor drain line and penetrates the reactor cell
containment in a common penetration. The drain tank is situated in a separate containment
cell directly below the reactor containment.

E
=y
; L _ 3.3.1 Drain Tank and Reactor Lining
[
-
u
b
L

The continuous drains from the primary system are:

S 1) The reactor vessel bottom head drain line.
2) The four pump overflow lines.

Dl 3) The four heat exchanger drain lines.

™ 4) The chemical plant return feed line.

- The reactor drain line and the heat exchanger drain lines introduce fuel salt to the reactor
. cell batch tank at a temperature of 1050 F. The chemical plant feed return line is also at
relatively low temperature (probably 1100 F). The pump overflow lines are introducing fuel
salt at a temperature of 1300 F. The volume of salt from the pump overflows will be held to
- a low value, just sufficient to keep the line hot and in service. This line is available to allow
: overflows of laréer quantities of salt in the event surges occur in the pump tank. The major
flow of salt will be at the lower temperature, 1050 F.

The ratic’» of hot to cold salt will be adjusted to produce a mixed-mean temperature

_ u in the reactor cell batch tank of 1100 F. During surges this temperature will be higher,

,! The off-gas removed from the system by the gas stripping device will provide an
, “ intense source of decay heat. This gas will be introduced into the reactor cell batch tank
| where it will m{x with the 1100 F fuel salt and be carried to the drain tank through the
, reactor cell batch tank drain line. Since the fuel salt will be substantially below the 1300 F

H limit, which we jare using in the design study for Hastelloy service, there will be sufficient
! heat capacity in |the nominal 600 gpm flow rate to contain the off-gas decay heat without

requiring external cooling of the line.

Fluid wi i be drawn from the drain tank by means of jet pumps and supplied to:
- . | 1) The chemical plant feed line.
' \J 2) The primary system coolant pump suction line.
- 3) The chemical sampling system.
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A possible alternate on the return of the cooled fluid from the drain tank occurs in the fully
lined piping _s"yjétem. The concept described in the Task I report uses a stream of fluid leaving
the pump to serve as a thermal barrier between the turbulent inner stream and the pressure
containing pipe. Since this nominal layer of salt in drawn from the pump bowl,
temperature. is 1300 F, and the allowable Sm is only 3500 psi. Reinjection of the return
flow by a booster pump into the jacket between the hot salt and the pressure pipe on this
leg would allow a substantial upgrading in the stress capability of the Hastelloy. Only a small
portion of the return flow of approximately 150 gpm per loop would be required for this
jacketing function. A nominal value of 35 gpm has been used in Task I calculations. The
remainder would still return to the pump suction via the jet pump

In designing the reactor vessel bottom head for a dual drain system, i.e., one drain

* for the bottom head space between the thermal neutron shield wall and the reactor vessel

wall, and a second drain for the primary salt to leave the reactor region and go directly to
the drain tank, we have provided flexibility that will enable a drain accident to be
accommodated without overheating of the reactor bottom head. In the drain, the fluid will
leave the reactor vessel passing through the bottom graphite space, enter the separate
concentric reactor drain tank line, and flow to the drain tank. The back flow from the heat
exchangers will pressurize the fluid in the plenum and also cause a flow to enter the space
between the reactor vessel and the thermal neutron shield, thus continuing to provide cool
fluid to the reactor vessel head in this region. The flexibility of this design allows us, if it
proves necessary, to incorporate into the system with minor modifications a third fluid
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