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FOREWORD

Under the New Reactor Concepts Evaluation Prégram sponsored by the
United States Atomic Energy Commission, Advanced ’Technology Laboratories
(a Division of American Radiator & Standard Sanitary Corporation) has
undertaken an investigation of the technical feasibility and economic potential
of the use of boiling mercury as a coolant for fast breeder reactors. The
investigation was performed betwecn 1 January 1959 and.31 October 1959.
This is the final repoft on that investigation and is submitted .in compliance
with the terms of the program authorization, Contract Number AT(04-3)-109,

Project Agreement Number 4.
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ABSTRACT

The technical feasibility and economic potential of fast breeder power reactor systems cooled
with boiling mercury have been investigated by American-Standard ﬁnder the United States Atomic
Energy Commission's New Reactor Concepts Evaluation Program.

The mercury cooled breeder reactor concept was found to be technically feasible ‘insofar as-the
system was analyzed. At 1000°F maximum mercury vapor temperature (as employed in con-
ventionally fueled mercury power plants), the core pressure drop limits thermal performance to
about 100 kilowatts per liter, which corresponds to an average heat flux of 119,000 Btu/hr—ftz.
Operation at higher temperatures, for example 1300°F, would permit about an 80% increase in
power density and average heat flux. |

The MCBR system was found to show economic advantages in comparison with sodium—éooled
fast breeder reactors. Fuel costs are comparable to those of equivaleht sodium-cooled systems,
and capital costs are substantially less.

Capital costs of an initial 100 mw(e) MCBR based on presentday technology were estimated at
$32,815,000 or $328 per kilowatt, and total power costs including ufanium inventory were estimated
at 21. 4 mils per kilowatt-hour.

A research and development program embracing a detailed plant design, and including reactor

kinetics investigations and heat transfer and fluid flow experimentation, is recommended.
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SUMMARY AND CONCLUSIONS

Evaluation of the Mercury Cooled Breeder Reactor concept was guided by two primary
objectives: 1) to evaluate the technical feasibility of boiling mercury as a coolant for fast breeder
power reactors and, upon reasonable assurance that such a reactor system could be designed and
built, 2) to evaluaté the reactor-power plant system economics.

The technical feasibility portion of the investigation included evaluation of mercury heat transfer
and fluid flow, fast breeder reactor physics, and éppropriate reactor and containment materials.
The economic considerations required the conceptual design of a reactor-power plant system to
serve as a basis for capital, fuel-cycle, 'and operating cost estimates and analyses.

It was determined that fast breeder reactors cooled with boiling mercury are technically
feasible insofar as their characteristics were examined urder the rules and scope of the program.
The literature regarding the maximum permissible heat flux sustainable in nucleate boiling of
mercury presents data és high as 200,000 Btu/hr—ftz, with no indication that higher values cannot
be attained. Nucleate boiling fluxes as high as 1,000,000 Btu/hr—ft2 are theoretically predicted.

The upper limit of performance on reactors with conventional coolant-channel arrangemenés is
imposed not by heat flux but by the pressure drop associated with boiling two-phase mercury flow
because of the large mercury volume change upon vaporization. An MCBR core coﬁsisting of a
“cluster of straight circular fuel pins of optimum diameter and spacing with boiling mercury coolant
(at a maximum temperature of 1000°F) flowing axially through them can sustain an average power
density of approximately 100 kilowatts per liter without inordinately high pressure drops. Higher
power densities are possible if higher temperatures are permitted.

Critical mass of uranium-235 is relatively high for mercury. cooled power reactor cores,
approximately 2300 kilograms for a 100-megawatt (electrical) plant, because of the relatively low
power density impoéed by the coolant hydrodynamic characteristics. A means of improving per-
formance and thereby reducing the critical mass is available, but it involves the fabricatién of

tapered fuel element.s and the development of new handling techniques. Loss of neutrons by capture

" in the mercury coolant is almost negligible in spite of the high cross section, because boiling

permits a low average mercury density in the reactor core.

Breeding is readily achieved, but thick blankets of depleted uranium are required. Conversion

- ratios as high as 1.3 atoms of plutonium produced per atom of uranium-235 destroyed are calcu-

lated. Breeding plutonium with uranium-235 fuel cannot be justified on a presentday economic basis,

with plutonium valued at $12 per gram and uranium-235 at $16, but the economics of breeding with

*
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uranium-235 fuel afe not particularly important, since projected fuel cycles will involve plutonium
fuel rather than uranium.

Fuel-cycle economics of MCBR systems compare favorably with those of sodium-cooled fast
reactor systems. Estimated capital costs of $32,815,000 for a 100-mw(e) plant are appreciably
lower than for the equivalent-size sodium-cooled Enrico Fermi reactor. A total power cost of '
21. 4 mils per kilowatt-hour is estimated. Fuel costs, including uranium inventofy charges, of
13. 3 mils per kilowatt-hour are comparable to the initial fuei-cycle cost of the sodium-cooled fast
breeder reactor. The inventory charge accounts for 4: 0 mils per kilowatt-hour. These estimates
are based on a plant having a conventional core configuration' and with plutonium valued at $12 per
gram. The cost is reduced to 11. 3 mils per kilowatt-hour for plutonium valued at $30 per gram.
These fuel costs may Be compared with, respectively, 12 and 10 mils per kilowatt-hour for the
Enrico Fermi sodium-cooled fast breeder reactor plant. _

Mercury activation by fast neutrons is appreciable; however, the photon energies of the
mercury is-otop,‘e decay gammas are less than 0. 4 Mev, and these low-energy gamma photons are
easily shielded. The high density of liquid mercury provides a great deal of self-shielding, and
the low mercubry density in the high-neutron-flux regions mitigates the radiation hazard due to
activated Ihercury. ‘

Containment materials for mercury are available at low cost, and much exper'ience in welding
and fabricating the material has accumulated in numerous commercial shops. A 5% chromium steel
is usable at temperatures up to 1000°F with no corroéion anticipated, as evidenced by many years of
experience in conventionally fired mercury power plants. _ ‘

The research and development necessary to advance the MCBR program is relatively small by

. virtue of the availability of corrosion-resistant materials and commercial experience witﬁ the use
of mercury as a heat transfer medium and a turbine working fluid. On the basis of these con-
siderations and the conclusions reached as a result of the mercury cooled breeder reactor
évaluation reported here, it is recommended that a detailed plant design be undertaken. This effort
would include an investigétion of the kinetic behavior of the system and an experimental investi-
gation of the two-phase mercury flow, pressure drop, and heat transfer characteristics in the

appropriate vapor quality and heat transfer ranges.
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INTRODUCTION .

. *
Two principal objectives based on the scope of the authorizing contract have guided these

investigations and evaluations of the practicality‘of boiling mercury cooled breeder reactors. These
objectives are:

1) To explore and evaluate the technical feasibility of mercury as a coolant for fast breeder

reactors.

.2) Upon establishment of technical feasibility, to evaluate the economic characteristics and

- potential of such nuclear power plént systems.

The approach to the evaluation of technical feasibility is outlined below.

1. The potential advantages of the boiling mercury coolant were examined as a guide to the
type of design that would be most economic.

2. Information was obtained on heat transfer, fluid dynamics, fast reactor physics, materials,
énd plant operating experience with boiling merCﬁry. Several power stations that use the mercury
cycle were visited, and discussions were held with the responsible design engineers and plant
operat{ors.

3. Based on this information, calculations were made for a numBer of core desiéns. Core
pressure drop, heat flux, fuel-element centerline and surface temperatures, operating pressure, . .
critical mass, and breeding gain were the principal technical considerations.

‘Once technical feasibility is established with reasonable confidence, the economic feasibility of
the mercury cooled breeder reactor system be(_:omes of paramount interest. The economic
evaluation is based upon a conceptual plant design carried out in sufficient detail to permit the
estimation of capital, fuel-cycle, and operating and maintenance costs. This firét conceptual
design is deliberately conservative to avoid the uncertainty and high development costs associated
with unproved designs and also to provide a realistic basis for the cost estimates. The principal
features of this plant design are:

1. Use of an indirect power cycle involving a mercury condenser-water boiler followed by a
conventional steam plant, even though this approach eliminates, in this initial study, the direct-
cycle potentialities of the mercury system. |

2. The capability of producing more fissionable material than is consumed.

*  The full scope is included in this report as Appendix A.
/
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3. A useful reactor lifetime of the order of 20 years.

4. The possibility of a prototype reactor construction in the early 1960's .

5. The use of a metallic uranium fuel element similar to the design for the first core of the
Enriéo Fermi plant, although it is recognized that the eventual system will involve a plutonium fuel
cycle.

On the basis of this conceptual design, a detailed capital cost estimate was made. Fuel costs and
operating and maintenance éosts were estimated to provide an over-all estimate of the power cost,
as well as a basis for an economic evaluation of the production of power by a Mercury Cooled

Breeder Reactor.
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~

MERCURY AS A REACTCR COOLANT

A. GENERAL CHARACTERISTICS OF MERCURY

Mercury owes its attractiveness as a thermodynamic and heat transfer medium primarily to

five attributes:

1) It is an element and thus not subject to thermal or radiological decomposition.

2) It exhibits high saturation temperatures at low pressures, e.g., 1000°F at 180 psia; thus,

{ high thermal efficiencies are possible without high pressures.
3) Its freezing point is -38°F; provisions for avoiding solidification are not required in normal
circumstances. .

4) It is chemically inert to air and water.

5) It possesses, in common with other 1iquid metals, good heat transfer properties.

For power plant applications, the high density of liquid mercury is also an asset in that natural
circulation is an attractive possibility, with a consequelit elimination of mercury feed pumps as well
as circulation pumps.

Mercury has the disadvantages of expense, toxicity, and high neutron cross sections for
inelastic scattering and absorption. However, problems introduced by mercury vapor toxicity have
been satisfactorily met in many mercury applications, and the means for containment and detection
are well developed. Mercury is handled in safety by several thousand industrial plants, mercury
distillation plants, and mines throughout the world. Although there appears to be a widespread
belief that the toxicity of mercury vapor has been a deterrent to adoption of the mercury binary-
cycle power plant, this belief is belied loy an excellent safety record in such power stations. The
disadVaniage'of high neutron absorptionis greatly reduced in fast reactors because of the cross-
section dependence on neutron energy. The difficulties associated with both neutron absorption and
neutron energy degradation by inelastic scattering are substantially mitigated by allowing the
mercury coolant to boil, thereby reducing its effective density in the core.

B. CHARACTERISTICS OF BOILING MERCURY

The evaporation of mercury is accompanied by a very large change in volume relative to that
accompanying the evaporation of water. For a unit mass of liquid vaporized, the ratio of vapor
volume to initial liquid volume is shown in Table I for water and mercury at conditions of interest

in reactor applications.
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TABLE I

Comparison of Saturated Specific Volume
Ratios for Water and Mercury

Water Mercury*

Temperature | Pressure vLapﬂ Temperature | Pressure VLap_o_r
(°F) (psia) Vliquid (°F) (psia) Viiquid
_ 800 41 1175

486 600 38.3
900 90 598

545 1000 25.4
- 1000 180 334

It is of interest to compare a water-cooled reactor.operating at 600 psia (486°F) with a mercury-
cooled reactor operating at 90 psia (900°F), both reasonably close to the limit of existing technology.
The comparison from Table I reveals that for the same mass fraction vaporized, the volume change
of mercury is about sixteen times that of water. Because of this relatively large volume of vapor,
the two-phase mixture of mercury (in quality ranges of interest for reactor applications) can be
visualized as one in which the liquid phase occupies a small volume and is distributed within a

large volume of vapor. The high surface tension exhibited by liquid mercury makes it probable that
the liquid-portion of a turbulent two-phase mixture of mercury will form and exist in small droplets,
rather than as a froth-type of mixture as would be expected and is frequently observed with boiling
liquids of low surface tension such as water. A small volume of liquid existing as small droplets
thinly dispersed in a large volume of vapor has the character of a "fog. "

The requirement for the production of mercury fog is the addition of heat to the confined .
saturated liquid at a rate sufficient to create an appreciable volume fraction of mercury vapor and a
vapor velocity sufficient to entrain the liquid droplets that are formed. No evidence has been found
to indicate that mercury boiling phenomena are qualitatively different from those exhibited in other
fluids such as water; however, no direct visual observations of the two-phase flow of mercury are

* %k .
reported in the literature. . oo

* A summary of mercury physical properties data is presented in Appendix B.

** See Appendix C for a review of the mercury heat transfer literature.
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In the process of developing mercury boilers for binary mercury-steam power plants, it was
found by experiment that high-vapor-quality liquid-vapor mixtures could sustain the heat flux
encountered in conventionally fueled furnaces as long as sufficient liquid was present to replenish
that removed from the walls by evaporation. This discovery (together with the development of
mercury additives) permitted the design of boilers in which the volume available to the mercury was
several times the volume of liquid mercury, with a consequent savings in mercury inventory.
Calculated mixture densities as low as 2.5 lb/ft3 are claimed to be attainable in mercury boilers
without producing excessive tube wall temperatures.

C. COMPARISON OF BOILING MERCURY WITH SODIUM AS A COOLANT

Sufficient work on the MCBR concept has now been completed to permit a general comparison’
between mercury and sodium as fast reactor coolants. Probably the most significant difference
between the two with respeet to their use in small as well as large power reactors is the appliAcability
of the mercury vapor as the working fluid for the turbine. Many large mercury turbines have been
designed and successfully operated over the past 30 years, and no formidable problems appear to
exist. Low-power mercury turbines have been designed and tested recently by. Thompson Ramo-
Wooldridge (Cleveland, Ohio); consequently, a rather broad range of reactor power levels appears to
be well adapted to a direct-cycle mercury-cooled system. It is anticipated that this system will :
operate at significantly higher thermal efficiencies than equivalent indirect-cycle mercury or sodium-
cooled systems.

Because of the explosion hazard associated with the use of sodium and water, particularly with
radioactive sodium, sodium-cooled reactors are invariably equipped with a secondary heat
exchanger to prevent the remotest possibility of contact between the water on the steam side of the
plant and the radioactive sodium. . Additional capital costs are thus incurred, and lowered steam
temperatures and efficiency are suffered. Mercury coolant, on the other hand, largely eliminates
the need for this complication. It should be noted, however, that double-walled tubes in the
condenser-boiler, whether the cycle is direct or indirect, probably are needed to prevent the leak-
age of water or steam into the fast reactor core in the event of a tube rupture. The double-walled
tubes entail additional expense, which partially offsets the advantage of a non-reactive (chemically)

]

coolant.

1. Superscripts refer to items in list of References appended.
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Neutron activation of the coolant is a serious problem for both sodium and mercury, even in fast
reactors. While the activation cross section for sodium is very much smaller than for mercury, the
photon energies of the decay gammas are 2.7 and 1.4 Mev for sodium but only 0.37, 0.16,-0.13, and
0.08 Mev for the activated mercury isotopes. In addition, the quantity of mercury exposed to the
neutron flux is low because the density of the boiling coolant in the reactor is low. The low density
of mercury in the core and the low energy of the decay gamma radiation, although offset by the higher
mercury cross sectionl, produce shielding requirements that are substantially reduced from those ovf
a sodium-cooled system.

Highér power densities are achievable for sodium-cooled systems than for boiling-mercury-
cooled systems because of the large pressure drop produced by the mercury phase change.

The relationships between pressure drop and thermal performance (expressed as power density
or heat ﬁux) are examined in detail in the following section on Fluid Flow and Heat Transfer.

Initial fuel-element fabri;:ation bosts for sodium-cooled plants (viz. the Enrico Fermi planf) are
quite high, as a result of the requirement'for a metallurgical bond between the uraniﬁm fuel and its
cladding. (Zirconium is presently specified as the cladding material in the Enrico Fermi core.)

The lower heat flux in the MCBR core ébviates the need for a metallurgical bond, thus permitting the
use of less expensive materials, with resultant lower fabricating costs. In the long run, however,
no clear advantage with respect to fuel-element fabrication appears for either coolant system,
because the basic problems are similar; consequently, their solutions will be similar and of equiva-

lent cost.

10
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TECHNICAL BASIS FOR FEASIBILITY EVALUATION

A. FLUID FLOW AND HEAT TRANSFER

The upper limit of thermal performance of MCBR cores is limited by an excessive heat flux or
by excessive pressure drop across the boiling channel. The heat flux limitation is imposed either by
the well known burnout phenomenon, that is, the transition from nucleate to film boiling with its
concomitant increase in surface temperature, or by an excessive fuel-pin centerline temperature.

The pressure drop limitation stems from the very lafge increase in volume associated with the
vaporization of liquid mercury. This large change in volume implies a large increase in velocity
within a coolant channel of constant flow area. Since friction and acceleration head losses are
approximately proportional to the square of velocity, large pressure drops may be encountered.

These limiting conditions dre virtually independent, and in any core design both must be

considered until one is established as the more severe.

1. Head Loss Across Core .
| The total difference in head between the top and bottom of the core and bla;lket is expressed
as the sum of three independent head changes: flow friction head difference of the liquid-vapor
mixture in the boiling portion of the core channel, flow friction head loss in the upper blar'xket,'_vand
acceleration head difference. The friction head loss in the liquid-filled lower blanket and non-boiling
portion of the core is negligibly small. Expressions for each of these contributions are derived (see
Appendix D) and combined to yield an equation which represents the pressure drop across a fuel and

blanket combination element of a conventional-type cylindrical core:

2 ' 2
(@8, 16(L/Dy) fL_ £ )
Ah = 2.76 —= +6.52— | x 2 +2 , (1)
A2 2 Dy Dy e
Xg M Py Py 28 b

wh;are Ah = head loss across core and blanket (ft of liquid Hg),
(q/A)avg= average heat flux in channel (Btu/hr-ftz) ,
Lc = boiling length of core (ft),
. Lb = thickness of upper blanket (ft) ,
D = equivalent diameter of cooiant channel in core (ft),

h

= equivalent diameter of coolant channel in upper blanket (ft),
b .

11
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X_ = exit quality (quality is defined as the ratio of the mass flow rate of vapor to the total
mass flow rate of coolant),

A = latent heat of vaporization (Btu/lb),
p, = liquid density (Ib/1t9),

p, = vapor density (1b/ ft3),
f = fluid friction factor,
g = acceleration of gravity (ft/hrz).

The first term of the bracketed quantity represents tfle pressure drop through the core, the
second represents pressure drop through the blanket, and the last term (the factor 2) accounts for
the resistance due to acceleration of the flowing mercury. For practical design ranges, all three
terms are found to be of comparable magnitude. ' .

Pressure drop is seen to be governed by a coefficient that is proportional to the square of
tﬁe heat flux and the square of the boiling channel length—to—diameter ratio, and inversely proportional
to exit quality.. The equation reveals the severe influence on pressure drop of heat flux and hydraulic
diameter by virtue of the squared relationships. To minimize pressure drop, large hydraulic diam-
eters and/or low heat fluxes are required, but both these requirements will reduce the core thermal
performance. An optimization study to permit operatibn at least cost for each reactor core design
is thereby dictated.

An additional influence on over-all pressure drop of the ratio of boiling core length to fuel-
element diameter, the ratio of blanket thickness to blanket-element diamefer, and exit quality éxists
in the bracketed term of equation 1; sbut the sensitivity is low because the second appearances of
these quantities are in additive terms.

2. Permissible Maximum Heat Flux

The maximum heat flux will be limited by one of two restrictions: either th‘e maximum per-
missible fuel temperature will be exceeded or the maximum nucleate boiling heat flux will be reached.
Heat fluxes up to 600,000 Btu/hr—ft2 have been measured for boiling mercury (see Appendix C).
There are no experimental data that can be used to estimate the maximum nucleate boiling flux, but
various theories and data correlations based on other fluids make it appear that a flux in excess of

1,000,000 B’cu/hr—ﬁ:2 is below the maximum.

12
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The fuel temperature limitation on the heat flux can be derived from the equation

T -T - 20 :
CL sat
VA = o : (2)
et &
4k
f

t
k
c

where q/Ama_x = maximum. heat ﬂux, T, .. = fuel-pin centerline temperature, Tsa = saturation

temperature, t= cladding thickness, DCf:I=J fuel-pin outside diameter, kc and kf = tthermal conductivity
of cladding and fuel.

The heat flux which will produce a maximum fuel alloy temperature of 1112°F (600°C)* is
shown as a function of fuel-element diameter in Figure 1. Inspection of the graph reveals that the
higher saturation temperatures, which are desirable for high electric power generation efficiency,
are purchased at the cost of lower permissible heat flux. _

' If, as assumed, the permissible maximum nucleate boiling heat flux is of the order of 106
Btu/hr-ftz, it can be concluded that for saturation temperatures above 900°F the permissible heat

flux will be determined by maximum fuel-temperature considerations rather than by burnout consider-
ations, since the heat fluxes shown on Figurc 1 for these saturation temperatures are consider‘ably
below the probable burnout values.

If it may be presumed that future alloy development will permit operation at higher maximum
fuel temperatures th'an the present limit of 1112°F (600°C), it is of interest to examine the resultant
effect on thermal performance. Since the fuel-element surface heat flux is proportional to the tem-
perature difference between the pin centerline and the surface, and since that temperature difference
is only 112°F for a surface temperature of 1000°F, relatively small increases in the allowable center-
line temperature will yield significant increases in surface heat flux. For example, an increase of
100°F in centerline temperature displaces the curves in Figure 1 by an amount equal to the existing
spacing between the curves. For example, the curve labeled 900°F represents the heat flux versus
element diameter for 1000°F saturation temperature.

Associated with this increase in heat flux is an even greater increase in pressure drop,
since pressure drop is proportional to heat flux sqﬁared (see equation 1). Therefore, improvement
in performance due to an increase in centerline temperature is significant but is not as great as

would appear for a core that is limited by pressure drop, although the temperature increase does

permit a larger diameter fuel pin with attendant fabrication and physics advantages.

* The limiting centerline temperature is specified by radiation damage criteria; see "Reactor Plant
Materials" (section C below).

13
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Surface Heat Flux X 10-6 - Btu/hr-ft2
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3. Power Density

The high fuel mass per unit core volume that is characteristic of fast breeder reactors
places a high economic premium on attaining high power output per unit core volume. The power

density is expressed in terms of heat flux and fuel-element dimensions by the equation

)
_ _49/A
Pd " D +D, . o . )
. o) h .
where Do is the outside diameter of the fuel element and Dh is the equivalent diameter of the flow
channel. Attainment of high power densities by incorporating small closely packed fuel elements is

opposed by excessive pressure difference across the core, as well as by considerations of fabri-

cation cost and mechanical rigidity.

If allowable surface température is increased, the saturation temperature and vapor density
are increased, allowing a significant increase in heat flux for a given configuration and pressure

drop. Other factors, i.e., heat of vaporization and liquid density, affect performance, but their

~ effect is small cbmpared to the changes brought about by changes in vapor density. The relétionships

' _among all these parameters may be inferred from equation 1 (neglecting, for this purpose, the

pressure drop through the upper blanket) by rearrangement and substitution to yield

!
X X?' p, p2g V 2 Ah
P = ' e £ v [¢] ) . (4)
d 9 fLC i ’
. 1 ,
Lc [2.76—D Xg +2]
h
where Vc = coolant volume fraction
., 148 (s_)'2 o )
6 D ’
o]
A"/
D, = (—=)D ‘ (6)
h 1- Vc o’ ’ * :

Note that power density is proportional to /\/ }\2 pk P, » which is expressible as a function of satu-
ration temperétgre (or pressure) only. Figure 2 presents the relationship graphically and shows the
advantage of operation at high temperatures. A 300°F incréase in mercury saturation temperature
allows an 80% increase in power density for a fixed geometry, pressure drop, and exit quality. The
increased performance is achieved by a proportional increase in fuel-centerline-to-surface-

temperature difference.

15
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Power Density at any Saturation Temperature
Power Density at 1000°F Saturation' Temperature

Ratio:
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4. Inlet Subcooling and Pressure Drop

The saturation temperature distribution along a fuel element is fixed by the corresponding
pressure at any point. If a maximum allowable mercury temperature of 1000°F is assumed because
of materials considerations, this temperature sets the pressure at the maximum temperature point
in the core, i.e., at the point where the liquid mercury first starts to boil.

A large pressure drop across the core results in a large decrease in exit saturation tempera-
ture, thus reducing the exit vapor temperature and lowering the thermal efficiency of the power cycle.

Figure 3 shows typical temperature variations along the length of the core and implies a
saturation pressure distribution similar to the bulk meréury temperature. It is seen that a high
pressure drop across the core causes the condensing temperature in the condenser-boiler to be
considerably below the saturation temperature at the point where boiling firs"c occurs. Since the
temperature of the liquid mercury returning to the core is at or below the condensing t'emperatilre,
there will be considerable subcooling of the entering liquid mercury if the core pressure drop is
large. This is undesirable, since it increases the amount of mercury in the non-boiling length of the
core, thus raising critical mass and reducing breeding gaiﬁ. Hence, inlet subcooling should be
minimized consistent with the core pressure drop needed to remove reactor heat. From the stand-
points of power density, critical mass, and breeding ratio, however, a small coolant volume fraction
and correspondingly high pressure drops are desirable. Thus, for a given fuel-element type,' a
minimum-cost pressure drop must occur. ‘ |

5. Initial Estimate of Attainable Power Densities

The information presented above hgs been assembled in Figure 4 to give the length-average
power density in the central channel as a function of fuel-element diameter and the ratio of element
pitch to outside diameter (S/Do) for a fixed head difference across the core proper and for a maximum
saturation temperature of 1000°F. These relationships are expressed in equations 4, 5, and 6.

" Inspection of the curves revea}s that, with the stated restrictions, the power density increases with
increasing element diameter and pin spacing. A limit on increasing these two variables is imposed
by attainment of excessive fuel temperature (i.e., greater than 1112°F), as given by equation 2. It
may be noted additionally that large pin spacing pro'dvuces a large coolant volume fraction, to the
detriment of neutron economy.

Table II summarizes the major conclusions revealed by Figure 4 and presents additional
information on the length;average mercury density and the maximum heat flux in the central channel.

The maximum heat fluxes are seen to be considerably below the estimated magnitude for burnout

17
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flux and thus do not represent a desigh limitation. It appears probable that the I:;ressure drop through
the core will limit power densities to about 100 kw/liter in the cylindrical—cor‘e designs considered
for the limitation of 1000°F saturation temperature. Since pressure drop is showp to be a key design
parameter in these studies, and since data on tv;ro—phase flow of mercury are in,adequate‘, an experi-
mental investigation of two-phase flow friction with mercury is recommeﬁded (see "Recommended

Research and Development Program'').
TABLE II

MCBR Thermal Characteristics

Fuel-element pitch-to-diameter ratio

1.2 1.3 1.4 1.3
Coolant volume fraction 0. 365 0.463 0.535 0.463
Exit quality : 0.30 0.30 0.30 0. 30
Average coolant (Hg) density -

(gm/cms) 0.56 " 0.56 0.56 0.56
Fuel-element outside diameter (in.) 0.322 0.263 0.222 0.165
Head loss across core

(ft liquid Hg) 5 5 5 20
Power density, centerline fuel :

temp. limiting (kw/liter)

Maximum 171 240 294 396

Average 47 66 81 109
Heat flux (Btu/hr-ft°) )

Maximum . 176,000 237,000 284,000 246,000

Average 48,400 65, 300 78,400 67,500

B. REACTOR PHYSICS

A parametric study of the effects on critical mass and breeding rat:io of various geometrical and
performance characteristics was conducted. The purpose of the investigation was to establish the
ranges of these variables over which MCBR cores might be found feasible. The calculations were
performed with the standard physics codes PROD II and a more convenient modification of PROD,
VAL PROD, using ATL's IBM 650 computer. These codes represent multigroup, multiregion,
diffusion equationé that can be shown to be applicable to large fast reactor cores (see Appendix E).

1. Core Configuration

. Variations in core composition with a fixed blanket composition were evaluated, with results
as shown in Table III and Figures 5 through 10. The constant blanket composition maintained in this

study had the following propefties:

20 -



MERCURY COOLED BREEDER REACTOR

Thickness = 80 cm .
Uranium enrichment = 0.36% U 235 (depleted uranium)
Average coolant (Hg) density =2.0 gm/cm3

Coolant volume fraction =0.2

Structure.—fuel alloy volume ratio = 0.2

Since the assumed blanket thickness is large, ‘neutron leakage is small and changes in core
b,size do not materially affect total breéding ratio for any case considered. The distribution of
breeding between blanket and core does vary with core size, as illustrated in Table III. The larger
the core, fhe lower is the blanket contribution to total breeding ratio, because of the reduced leakage
from the core. Breeding in the core itself is quite insensitive to all variables except enrichment.

To a first approximation, breeding ratio in the core may be shown to be proportional to the ratio of
the macroscopic. capture cross section in U 238 to the macroscopic absorption cross section in U 235.
A flux-weighted a\'/erage of the ratios for the various neutron energy groups gives the actual value of
breeding ratio contributed by the core (see Table III). '

Figure 5 shows the relationship between critical mass of U 235 and coolant volume fraction
in the core for several enrichments. Note that the critical mass is quite sensitive to coolant volume
fraction. This sensitivity is due to the increased capture in the mercury compared with the fission
absorptiens in the U 235 and the softening of the neutron energy spectrum due to the large U 238 and
mercury content. This effect is more pronounced at low enrichments. With an enrichment of 15%
and a coolant volume fraction of much above 0.5, it is doubtful that the system could attain criticality.
At the higher enrlchment of 30%, the amount of U 235 is sufficient that the increase in mercury
coolant fractlon to 0. 5 does not seriously reduce the reactivity.

Sensitivity of critical mass to enrichment is also apparent from Figure 5, which shows very
much higher critical masses at 15% enrichmenf than at 30%. This increase in critical mass as the
enrichment is reduced is due to the increased capture in U 238. Also, the degradation of neutron
energy due to inelastic scattering reduces the fast fission effect.in U 238. .

Breeding ratio is affected by core enrichment, as illustrated in Figures 6 and7 but note that
it is fairly insensitive to coolant volume fraction and to structure-fuel alloy volume ratio.

Mercury coolant density‘affects breeding ratio and critical mass very significantly at low
enrichments (see Figures 8 and 9), which illustrates the requirement for operation at low mefcury

densities.
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The effect on critical mass of structure in the core is shown in Figure 10, and of mercury
density in the coolant region in Figure 9. Both graphs show the same trends observed for variations .
in coolant volume fraction (Figure 5), although the effects are less pronounced over the ranges of
interest because the total cross sections of the variable materials are low compared to the total core
cross sections. Thus, large percentage variations in quantities which are themselves small have
relatively little over-all effect.

2. Blanket Configuration

The effect of changes in blanket thickness on critical mass ahd breeding ratio, with the same
blanket composition used in the core studies, was determined. The effect on multiplication over the
thickness range of 45 to 95 cm was found to be small, about 0.07%; the effect on breeding' ratio is
shown in Figure 11. A plot of leakage out of the blanket versus blanket thickness, Figure 12, shows
the expected exponential decrease. . For the blanket composition used, Figures 11 and 12 indicate that
blanket thicknesses of around 80 to 100 cm may be considered essentially infinite. ‘

The effects of variations in blanket composition on-critical mass and breeding ratio weré
investigated. - The core used in this portion of the an>alysis was the same as that used previously in
Case 2002 (see Table III). The effect on multiplication or critical mass for all variations in the ‘
blanket is negligible. The effect on breeding ratio is almost negligible for changes in blanket coolant
density and volume fraction (see Figures 13 and 14), while blanket structure has a small but Vsome-
what‘greater effect.on breeding rgtio, as may be observed' in Figure 15,

The neutron-balance analyses of this series of calculations are shown in Table E-XII

(Appendix E).
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“ TABLE III -
REACTOR PHYSICS PARAMETERS

-4

3 Coolant Average Structure-Fuel ,
Case Volume Coolant (Hg) Alloy Volume Critical Core Breeding Ratio
No. Fraction Density Ratio Mass Volume Core  Blanket  Total
(gm/cm”) (kg U 235) (liters)

15% Enriched Core
1501 0.1 2.0 0.2 728.0 435 0.5781 0.6384 1.2165
1502 0.3 2.0 0.2 1170.0 905 0.5795 0.6129 1.1924
1503 0.5 2.0 0.2 2310.0 2483 0.5814 0.5765 1.1579
1504 0.3 2.0 0.1 987.0 = 697 0.5760 0.6514  1.2274
1505 0.3 2.0 0.2 1170.0 905 0.5795 0.6129 1.1924
1506 0.3 2.0 0.3 1510.0 1260 0.5840 0.5573 1.1413
1507 0.3 0.5 0.2 1150.0 875 0.5782 0.6282 1.2064
1508 0.3 2.0 0.2 1170.0 905 0.5795 0.6129 1.1924
1509 ~ 0.3 4.0 0.2 1430.0 1098 0.5815 0.5394 1.1209
1510 0.3 13.6 0.2 4320.0 3424 0.5896 0.2464 0. 837

20% Enriched Core
2001 0.1 2.0 0.2 374.0 168 0.3978 0.8682 1. 266
2002 0.3 2.0 0.2 578.0 333 0.3987 0.8373 1,236
2003 0.5 2.0 0.2 1275.0 1033 0.4013 0.7807 1.182
2004 0.3 2.0 0.1 507.0 .268 0.3961 0.8689 1.265
2005 0.3 2.0 0.2 578.0 333 0.3987 0.8373 - 1.236
2006 0.3 2.0 0.3 748.0 469 0.4026 0.7604 1.163
-2007 0.3 0.5 0.2 562.0 324 0.3977 0.8733 1.271
2008 0.3 2.0 0.2 578.0 333 0.3987 0.8373 1.236
2009 0.3 4.0 0.2 636.0 367 0.4001 0.7709 1.171
2010 0.3 13.6 0.2 906.0 524 - 0.4059 0.5481 0.954

30% Enriched Core
3001 0.1 2.0 0.2 -205.0 62 0.2231 1.0862 1.310
3002 0.3 2.0 0.2 294.0 113 0.2239 1.0628 1.286
3003 0.5 2.0 0.2 535.0 289 | 0.2251 1.0049 1.230
3004 0.3 2.0 0.1 275.0 97 0.2224 1.0756 1.298
3005 0.3 2.0 0.2 294.0 113 0.2239 1.0628 1.286
3006 © 0.3 2.0 0.3 344.0 144 0.2259 1.0141  1.240
3007. 0.3 0.5 0.2 . 282.0 109 0.2193 1.1087 1. 328
3008 0.3 2.0 0.2 294.0 113 0.2239 1.0628 1.286
3009 0.3 4.0 0.2 333.0 128 0.2249 0.9731 1.198
3010 0.3 13.6 0.2 "391.6 151 0.2281 0.7969 1.025
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C. REACTOR PLANT MATERIALS

Selection of materials for a reactor plant involves consideration of many factors affecting per-

formance under the specific reactor service conditions. (See Appendix F for a detailed review.)
The following important materials considerations enter into.the MCBR design:

1) Compatibility of fuel and blanket element materials.

2) Corrosion-erosion of materials to the mercury coolant.

3) Physical and mechanical properties of materials.

4) Radiation stability of materials in the reactor systems.

5) Nuclear properties of materials in the core and blanket. .

Although all of these factors influence the performance of the MCBR system, ‘the radiatibn stability
of the fuel material represents the major technical and economic limitation, since it determines fuel
lifetime for realistic témp_eratures and burnup levels.

'In common with other liquid-metal-cooled fast reactors, the MCBR requires a fuel element that
is capable of achieving extensive burnup lifetime. High burnup must be attained with minimum
penalty to neutron economy. The technology developed in connection with the EBR-II and the Enrico
Fermi reactors is applicable to the MCBR fuel and blanket element design and performance ‘
evaluation, ' .

Claﬁ fuel and blanket elements are required for the MCBR because of the incompatibility of
mercury and urénium, as well as the requirement for fission product retention. It is impracticalAto
consider fabrication of a coextruded metallurgically bonded fuel elefnent for the MCBR because of the
low melting (725°C) eutectic formed between uranium and the 5 w(o Cr, £ w/o Mo steel cladding
selected. A "canned slug' type element similar to that utilized in the EBR-II reactor has therefore
been selected rather than the coextruded type element used in the Enrico Ferrﬁi reactor. The fuel
and blanket elements will consist of uranium pins inside a thin-walled can with a thermal bonding

medium in the space between the pin and the cladding.

The selection of fuel element and other core materials is based on the following ground rules and

assumptions which are appropriate for a reactor to be built in the early 1960's.

1) Materials selection must be based on currently available technology, with little or no

extrapolation to future developments.
2) Exposure level and temperature are assumed to be more important economic factors than
breeding ratio; consequently, uranium alloy composition is relatively free of restrictions as

to type and concentration of alloying elements.
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3) Although the "metallic uranium fuel" required by the project scope is interpreted to include
) uranium alloys containing plutonium as the fissionable niaterial, as well as those containing
U‘235, insufficient information is available to warrant the selection of Pu-bearing alloys at
this time. Moreover, the MCBR initial fuel loading would include uranium only.
4) Only a small proportion (less than 10%) of total reactor power is generated in the blanket
regions.
A discussion of the basis for the selection of materials for the core and blanket elements is presented
in Appendix F.
The selection of materials for other reactor plant equipment, piping, and structures is governed
by corrosion-erosion resistance to fluids handled and to physical and mechanical properties of the
materials at the operating conditions employed. A discussion of the basis for the selection of these

materials is presented in the Power Generation Plant Description section. The selected materials

and some of their important characteristics are listed in Table IV.
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TABLE IV
REACTOR PLANT MATERIALS

Fuel Material - Enriched Uranium + 10 w/ o Molybdenum Alloy

Maximum burnup
Average burnup expected
Maximum temperature

Thermal conductivity

Mean coefficient of expansion (linear)

Structure

Fabrication method
Blanket Material - Uranium (Depleted) - Unalloyed
0.

Maximum burnup
Average burnup expected 0.
Maximum temperature

Thermal conductivity

Mean coefficient of expansion (linear)
Structure

Fabrication method

2% of total atoms (approx. 20,000 mwd/metric ton)
1% of total atoms (approx. 10,000 mwd/ metric ton)

600°C (1112°F)
See Figure F-7
-6 ,..-1 )
10 X10 ~ °F (70 to 1200°F)

Gamma-quenched (retained metastable, gamina

phase)

Cast or wrought, heat treated (gamma—quenchéd)

2% of total atoms (approx. 2,000 mwd/metric ton)

1% of total atoms (approx. 1,000 mwd/metric ton)

600°C (1112°F)

See Figure F-7

13.3 x 1070 °F" (70 to 1200°F)
Beta-quenched (fine-grained, alpha phase)

Cast or wrought, heat treated (beta-quenched)

Element Cladding Material - 5 w/o Cr,3 w/o Mo Steel

Material specification
Corrosion rate

Maximum temperature

Thermal conductivity

Mean coefficient of expansion (linear) 7.
Thickness

Element Thermal Bonding Material - Sodium

Interaction with fuel and cladding

ASME Specification SA-199, Grade T-5
Nil (using magnesium, titanium additives)

538°C (1000°F)

15. 8 Btw/ hr—ftz-"F (practically independent of

temperature)

-6, -1
38 x 108 ¥ 1 (70 to 1200°F)

~ 0.008 inch

Nil - 600°C (1112°F) maximum

Mean coefficient of expansion (volumetric) 216 X 10-6 °F—1 (70 to 1200°F)

Annulus width 0.

005 inch
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Mercury Systems Materials - 5 w/o Cr,

Material specifications:

Vessels

Castings )

Pipe

Tubing

Fittings and valves’
Corrosionrate
Maximum temperature

Thermal conductivity

Mean coefficient of expansion (linear)

TABLE IV
(Concluded)

2 w/o0 Mo Steel

ASME Specification SA-357

ASME Specification SA-217, Grade C-5
ASME Specification SA-335, Grade P-2
ASME Specification SA-199, Grade T-5
ASME Specification SA-182, Grade F-5

'Nil (using magnesium and titanium additives)

538°C (1000°F)

15.8 Btu/hr-ft2-°F (practically independent of
temperature)

7.38 x 100 op * (70 to 1200°F)

Steam and Feedwater Systems - 23 w/o Cr, 1 w/o Mo Steel

Material specifications:
Steam piping
-Feedwater piping
Fittings and valves

Maximum temperature

Reactor Containment Vessel - Carbon Steel

Material specification
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ASME Specification SA-369, Grade FP-22
ASME Specification SA-335, Grade P-22
ASME Specification SA-182, Grade F-22
538°C (1000°F)

ASME Specification SA-201, Grade B steel, in
accordance with ASME Specification SA-300
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SELECTION OF PARAMETERS FOR CONCEPTUAL CORE DESIGN

A. OPTIMUM OPERATING TEMPERATURE

Materials properties impose two independent limitations on fuel-element temperatures. The
centerline temperature is limited to about 600°C (1112°F) to avoid excessive radiation _damage at
economic exposure levels (see Appendix F), and the cladding surface temperature is limited to
about 538°C (1000°F) to prevent corrosion and mass transfer. Since the aim of the reactor design is
to maximize the financial return on the invested capital, operating conditions and configuration
parameters are chosen to maximize the revenue obtained from the operation of the reactor system
without exceeding design limitations.

While two temperature limitations are specified, it is not clear at first glance that both will
contrel the design. For example, in a given fuel element and for a centerline temperature equal to
the allowable limit, the cladding surface heat flux, consequently the reactor power level, is con-
trolled hy the operating surface temperature. For high surface temperatures the heat flux is low,
and for low surface temperatures (for a given centerline temperature) the heat flux is high.

Figure 16 shows a typical temperature distribution in a fuel element. Note that heat flux is pro-
portional to the slope of the temperature distribution, so that with reduction of Twall for a fixed T__,

CL
. CLADDING
%—TCL

heat flux at the cladding surface must increase.

\—__

Temperature

URANIUM BOILING MERCURY

ANNNNNN
ﬂ
|
: !
:

Fuel-Element Radius

FUEL-ELEMENT TEMPERATURE DISTRIBUTION
FIGURE 16
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Net station efficiency is governed by the mercury saturation temperature. Reducing the satu-

ration temperature (hence the surface temperature) for a fixed centerline temperature increases

thermal power output by a factor very nearly proportional to (TCL -

output is not increased proportionally because the saturation temperature is reduced.

b i
Tsat) ut net (electrical) power

Assuming revenue is proportional to net power output (this is not true if the rejected heat has

value, in a process for example, but is true in electrical power plants), the saturation temperature

should be chosen so as to maximize net power output rather than thermal power outpuf.

An elementary analysis gives

TC L~ Tsat

VAT TR

where q/A0 = cladding outside surface heat flux (Btu/hr-ft'z),

R = thermal resistance (approximately constant for a given fuel-element
: -1
configuration) [(Btu/ hr_-ft2 -°F) 7,

T = fuel-pin centerline temperature (°R),
T = boiling mercury coolant saturation temperature (°R).

Power density in the core is related to heat flux with a simpie geometry term

P a4 - Gf o/ AO ,
where | Pd = power density (kw/liter),
Gf = a fuel-element geometry faEtor (for cylindrical elements in a triangular array),
27
G = ISR
3 D0 ( D )

o]
The net station power is given by

1-Je - T’net Pt T

net station{power [kw(e)j y

where P
e

d
]

reactor thermal power [kw(t)] ,

n net station efficiency,
net R

40
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The net station efficiency is related to the Carnot efficiency:

Tsat - Tw'ater’ o '
= B(-——T—'——) , . (10)

sat

n B
net 7TC arnot

where | nCarnot = Carnot efficiency,
water temperature of cooling water (approximately constant over the range of
interest) (°R),
B = proportionality constant (apprbximately 0.6) .

The return on invested capital may be approximated by

= - L 11
r 1:'eCr ’Ptcc Ifc ’ (11)

where 1= rate of return on investment ($/unit time),
C’r = unit revenue rate [mils/kwh(e)} ,
C(': = unit fuel cost [mils/kwh(t)] ,
fc

1. = sum of all fixed charges ($/unit time) .

Using the conventional technique of setting the derivative of Ir with respect to Tsat equal to zero

to obtain the value of Tsat associated with Ir(max):

1

T -T .
CL water . )
i = | . . : 12
Optimum T_ T (12)
1- Bc
T

Substituting the following temperature values:

T, = 600°C = 1572°R, and

T = T70°F = 530°R,
water

and an equivalent expression for C'C :

t = =
Cc nnet Cc BnCarnot Cc

where Cc = unit fuel cost [mils/kwh(e)] ,
reduces the equation to ‘ ' ,
. _ 913 ' ‘ . (13).-
Optimum Tsat = _——C . ,
net C

r

4
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From equation 13, several implications are apparent, namely:

1) For very low fuel costs, Cc << Cr’ thg optimum mercury ‘saturation temperature is quite
low but approaches 913°R (453°F) as a lower limit.

2) For values of fuel costs which may become realistic, say Cc =0.3 Cr’ the optimum Tsat is
found to be about 520°F, which corresponds to a surface temperature appreciably less than
the maximum allowable.

3) For reactor systems in which other revenues are significaﬁt and large values of fuel cost
are expected, the optimum saturation temperature will apprbach or exceed the 1000°F
limitation; consequently, the design value will be set by the materials limitation rather than
by an economic consideration.

Figure 17 shows the optimum saturation temperature as a function of the ratio of fuel cost to the unit
value of electrical energy delivered at the generator terminals.

Since fuel costs for fast breeder reactors are characteristically high, approaching or exceeding
the value of the salable power before a plutonium credit is taken, it is concluded that operation of
the reactor at a maximum fuel-element surface temperature of 1000°F will permit the production of
power such that revenue is maximized. This temperature of 1000°F is the safe upper limit allowed
by the mass transport and corrosion characteristics of 5% chromium steels. A maximum fuel-
element surface temperature of 1000°F is thus selected as a design criterion.

It may be noted that the basis for selection is predicated on fixed fuel-pin centerline and cooling-
water temperatures. The selection of a design value would be reconsidered in the event that either
these temperatures or the ratio of unit fuel cost to power revenue is altered.

B. OPTIMUM PRESSURE DROP AND EXIT SATURATION TEMPERATURE

With the maximum surface temperature determined at 1000°F by the materials limitation, a
pressure drop across the core and blanket can be established such that electrical power can be pro-
duced by the reactor-power plant system at least cost. _

~ The direct annual costs associated with an installed reactor core are virtually independent of the
power level at which the core is operated. These costs are functions only of the mass of uranium in
the core and the interest rates on the funds associated with the uranium inventory and the fabricated
fuel elements. The unit cost of the energy produced then is affected by the rate at which electrical
energy is produced, since revenue is proportional to power level and costs are fixed. Other unit
power costs associated with the fuel cycle are not sensitive to power level alone but are proportional

_ to the integrated exposure level of the fuel elements at the time of discharge. Still other unit costs,
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for example capital costs, are funcfions of over-all power level but are not affected by the mass of
fuel required, or the exposure level.

The power produéed"by a given core depends on the allowable pressure drop, and since the over-
all reactor power level is an independent and fixed design parameter, the arhount of fuel required
may be related to the allowable pressure drop- Increasing pressure drop reduces the fuel require-
ment and the related inventory costs by reducing the amount of fuel required; however, the increased
pressure drop also forées. a‘ reduction in the ekit saturation tempergtures, consequently a reduction
in plant efficiency, with é concomitant cost increase. A

The opposing cost trends associated with allowable pressure drop suggest that a pressure drop.
exists which is optimum with respect to cost; iThis optimum pressurée drop may be determined by
computing tﬁe portion of the fuel costs associated with the ux;an_ium inventofy and the fﬁel fabrication

working capital as a function of pressure drop:

Mt ii Si , A
o= o _— , 14
Ci Mc(M)(Fn eP) . .()
c 1 net 't :
where’ Ci = unit power cost associated with uranium inventory [mils/kwh(e)],
M_ = mass of U 235 in core,
Mt = total mass of U 235 required for operation of reactor (includes uranium in storage
and in process of fabrication),
ii . = uranium inventory change rate (years_l),
Si = value of uranium ($/kg U),
F1 = plant load factor,
1M, = net station efficiency,
net :
e = uranium enrichment (kg U 235/kg U),
P = reactor thermal power [kw(t)].
Similarly,
SV A, & SR | (15)
f c' M . YF, n_eP’’ : .
c _ 1 net 't : :
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where Cf = unit power cost associated with the capital required for fuel-element fabrication
{mils/kwh(e)], if = interest on working capital required for fuel-element fabrication (years—l), and
Sf = unit fuel-element fabrication cost ($/kg U).

Combining equations 14 and 15 and noting that

1000 eP ¢
M = Ps te)
c
where Ps = average specific power [kw(t)/ kg U] ,
andthat M © =M © +n M ©6 +n M ©_ , (17) -
t ¢ c c s ¢ s f7c f
where 'ec = fuel cycle time (years),
- es = fuel storage time (years),
n = fraction of fuel in stofage,
ng = fraction of fuel in fabrication,
es = fuel fabrication time (years),
gives
c +-c=(1+nses L 1000 ;s +is) L (18)
i f (S e ) F. P 7 il Tt
c c 175 'net

Specific power is shown to be proportional to the square root of Ah (see equation 4), fuel-cycle time
may be expressed as a function of specific power ‘
E

c 365F, P '
17 s

o (19)

where E = exposure level at discharge (mwd/t U),

F1 = load factor,

and efficiency may be related to the Carnot efficiency by equation 10. For a maximum surface
temperature in the core of 1000°F, the exit saturation temperature is a function of pressure drop;
consequently, the inventory and working capital costs for a given reactor design may be related to

.‘ pressure drop alone. Figure 18 shows the relationship expressed by equation 18 for a specific core
design which is characteristic of an MCBR of 100 electrical megawatts. The curve shows a minimum
cost at a pressure drop of about 50 feet of liquid mercury, but it will be noted that the curve is fairly A

flat in the vicinity of the minimum. An allowable pressure drop of somewhat less than the optimum
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Inventory and Working'Capital Costs - mils/kwh(e)
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was selected in order to minimize the meéhanical core design problems, which are not quantitatively '
accounted for in the optimum calculation. Based on these results, a value of 12.5 feet of mercury
was specified as the design value for pressure drop (11.5 feet through the reactor and 1 foot through
piping, etc.). Although less than that corresponding to the calculated optimum, this value corre-
sponds to an exi_t saturation temperature of 920°F, which permits a superheated steam temperature of
900°F and allows the selection of a standard steam turbine. Since little cost penalty is incurred, the
off-optimum selection is justified.

C. POWER LEVEL

The electrical power capability for which a reactor plant is designed is usually fixed by a
specification based on a power requirement. In the case of a general design study, a normal speci-

fication is not appropriate, so that another basis for the choice of a power level on which a design

‘may be based must be found.

An operating power level of approximately 100 electrical megawatts is a common size for power
plants contemplated for the next few years. It is not unusually large nor unrealistically small. A
preliminary evaluation of the MCBR fuel-cxcle economics suggests that no major reduction in fuel
cost may be achieved by further increases in power output, but that rather large increases would be
expected if small plants are considered (see Appendix G). In addition, an MCBR conceptual design
based on a power output of 100 mw(e) will permit a direct comparison of performance and cost with
the sodium-cooled fast breeder reactor, the Enrico Fermi Atomic Power Plant2 now being deVeloped
and built by Atomic Power Development Associates and the Power Reactor Development Company
near Detroit, Michigan. The nominal power rating of that plant is 100 mw(e). _

For these reasons, a nominal operating power level of 100 mw(e) was selected as the size of the
plant on which the MCBR conceptual design study would be based.

D. CORE SIZE AND CONFIGURATION

A conventional core configuration consisting of bundles of straight'mgtal fuel pins clad with
alloy steel cladding and set in a cylindrical array permitted the design study to proceed on a con-
servative basis. Upper and lower axial blanket elements of steel-clad depleted uranium are pre-
sumed to be combined with the fuel elements to form a single fuel and blanket assembly. Radial
blanket assemblies are presumed to surround the fuel and axial blanket assemblies, completing the
core and blanket. Such a configuration is quite similar to sodium-cooled fast breeder core and

blanket arrangements that have been or are being built.
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It is possible that improved thermal performance may be achieved with plate-type or oxide fuel
elements or with more complicated and undeveloped configurations and shapes of the fuel elements.
However, the purpose of this study is to permit comparisons, both technical and economic, with -
existing fast breeder reactor concepts. On this basis, selection of the conventional core configu-.
ration is justified. )

For a specified maximum fuel-element surface temperature, allowable pressure drop across -
the core, and blanket and operating power level, there remains the selection of core diameter and
length, fuel-element diameter and spaciflg, and blanket thicknesses, such that operating cost is
minimum. The physical properties parameters are fixed by the temperature and pressure specifi-
cations, and the quality of the coolant leaving the channel is fixed at 0. 30, a value as large as is:
conservatively consistent with reported experience in existing mercury power plants and the experi—
mental findings leading to the designs of these plants. Substitution of these values in the pressure

drop equation, equation (1) :

2 2
(a/ A) 16 (L / D) fL fL N
Ah = ave c & 2.76 —= 4+ 6.52 —2 |y ? +2%, (1)
A2 2 Dy by €
xe p!l pv ' b

yields a rélationship between average hegt flux, core configuration parameters, L.C/Dhiénd Lb/Dh ,
and the head loss across the core and blanket, which has been specified at 11. 5 feet of liquid mercury’
at the inlet saturation temperature. Average heat flux in the central channel is expressible as a
function of element diameter only, | since the fuel-pin centerline temperatlire and the element surface
terhperature are fixed. This makes it possible and convenient to consider the fuel-element diameter
as an independent variable. - '

Relating the maximum heat flux associated with the maximum allowable temperatures td the

average heat flux in the central channel gives the following relationship for average heat flux in the

central channel in terms of known quantities and the fuel-element and fuel-pin outer diameters:

o/ A q/Amax _ 1 TCL_' Twall (20)
¢ o/ A oA D . D .
avg max max _O 1 + 1 In o
q/ Ac o/ AC 2 Zkf kc » Df
avg avg
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Combining equations 1 and 20 and incorporating the fixed value of Ah yields the following expres-

sion involving the core and blanket configuration parameters only:

3 I"c 2 I"c Lb 2 1 1 0 2
e — +0. - = ] —— +— In —) .,
(D ) (0.0303 D 0.0715 D + 2) D0 ok +k D ) - (21)
h h hb . f c f

28.64 x 10 *

It may' be assumed that the upper blanket length and its equivalent diameter are proportional to the
respective quantitiesin the core, Including such relationships greatly simplifies the computational
procedure, thus justifying the small loss in generality occasioned thereby, provided the resulting

Lb/Dh is relatively small compared to Lc/D The latter condition is readily met, since it

implies low pressure drop. Vh ‘

For various values of fuel-element diameters and fuel-element spacings, which in turn imply a
cori'esponding éet of coolant volume fraétions, the mass of uranium in the square cylindrical core
may be determined. The three curves with the pressure drop notation in Figure 19 depict this
relationship for coolant volume fractions in ‘the core of 0.50, 0.60, and 0.70. Note that these durves
correspond to a pressure drop across the core of 11.5 feet of liquid mercury and imply nothing re-
garding the power output of the core. ‘

The remaining curve in Figure 19 represents the relationship between mass of fuel and element
diameter for a plant which will operate at the previously established power level, 100‘ mw(e). Since
both power level and pressure drop are fixed design parameters, a unique relationship between
coolant volume fraction and fuel-element diameter is specified. This relationship is plotted in
Figure 20. In addition, the relationship between uranium mass and coolant volume fraction is de-
termined as indicated in Figure 21.

Coupled with these considerations of thermal and hydrodynamic performance are the conditions
for criticality, which involve the same configuration parameter, i.e., coolant volume fraction, as
well as the additional variable, fuel enrichment. _ ' ‘

From the results of the parametric investigation of the nuclear characteristics of the MCBR
cores (see '"Reactor Physics'' section), the mass of uranium required for a neutron multiplication
factor of 1.0 is obtained as a function of coolant volume fraction and enrichment. These relationships
are also shown in Figure 21. The intersectibns of these curves with the curve determined by the
power requirement and preséure drop characteristics establish a relationship between enrichment
and coolant volume fraction, which in turn implies the relationship between enrichment and fuel-

element diameter shown in Figure 22.
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An estimate of the fuel cost can be made for the various fuel-element diameters since both
enrichment and total mass of uranium are known. The analysis revealed so little change in cost over
~ the range of fuél-element diameters of interest that economics could not be construed as a basis for
‘ selection of fuel-element diameter without substantial refinement of the calculations. Rather, the
element diameter corresponding to an eni‘ichment-high enough to exhibit a relatiVely small mercury
density coefficient of reactivity proved to be a more realistic basis for the determination of fuel-
element diameter. This may be inferred from the curves presented in Figure 9, which shows critical
mass as a function of mercury density in the core. The flat curves corresponding to high enrich-
ments indicate that relatively little reactivity is associated with the mercury coolant, while the
steeper slopes at lower enrichments indicate relatively large reactivity changes associated with
changes in mercury density. .

A fuel-element diameter of 0.180.inch corresponds to an enrichment of approximately 25%. This
value of element diameter was selected for the conceptual design, and the corresponding coolant
volume fraction of 0.68 was obtained directly from Figure 20. The approximate mass of uranium
required was obtained from Figure 21. 'From these values, the core dimensions were readily
obtained.

This procedure permitted selection of the important design parameters used for the conceptual
design and cost evaluation presented here. It should be noted, however, that the procedure is not
sufficiently refined to permit the results to be used directly. Rather it permits objective selection
of the important values, namely: fuel-element diameter, coolant volume fraction, allowable pressure -
‘drop, and over—.all core dimensions. The enrichment, breeding rétios, flux distributions, and
reactivity coefficients are then developéd from additional machine calculations based on the specific
input values, which were determined as described. Table XXIII presents the results of the more
refined and complete analysis, which represents a slight departure from the values presented here
in graphical form, Figures 19 through 22.

E. BLANKET THICKNESS

The blanket of depleted uranium surrounding the core serves as a neutron reflector for the core.
It absorbs the neutror‘ls leaking from the core, thereby producing the fissionable material plutonium,
in some cases in quantities greater than are consumed. It generates thermal energy because of the
fissioning of the small fraction of U 235, the bred Pu, and the fast fission of U 238. It absorbs

gamma photons leaking from the core. Some of these characteristics may be analyzed with respect
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to their effect on the system economics; others are sufficiently complicated or subtle that a qﬁanti—
tative treatment of the associated economics is quite beyond the scope of this investigation.

Considering only the cost of fabricating the blanket elements, the interest on invested capital,
and the arbitrary value of the plutonium produced in the blanket, an estimate of the blanket thick-
ness consistent with operation at minimum cost is readily obtained. This thickﬁess appears to be
less than one centimeter for plutonium valued at $12 pef gram and is insufficient for an over-all
breeding ratio greater than unity (see Figure 23). A breeding ratio of unity occurs with a blanket
approximately 30 cm thick, which also represents the approximate optimum thickness with plutonium
valued at $30 per gram. .

It may be observed from Figure 23 that a blanket which is appreciably thicker than the economic
optimum is necessary to approach the nﬁaximum breeding gain possible for the MCBR core and
blanket éystem. Such a blanket is justified on the basis of the intrinsic value of breeding as a means
of conserving the world's energy resources rather than on a purely economic basis. A nominal - '
blanket thickness -of 50 cm is thus justified, corresponding to a breeding ratio that begins to approach

the maximum theoretical limit.
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ECONOMIC ANALYSIS OF MCBR ?OWER PLANT SYSTEM

The primary purpose for the conceptual design of a 100 mw(e) MCBR power plant is to provide
the basis for detailed and realistic cost estimates. A detailed discussion of the reactor plant design
is presented in the following section.

Briefly, the reactbr core consists of an hexagonal array of hexagonal fuel elements containing
Croloy-clad uranium fuel pins arranged vertically. The elements are cooled by a stream of mercury
flowing upward through the core such that the mércury is permitted to boil in the core region.

" Attached to the ends of the'fuel elements; and contained within extensions of the steei shrouds that
enclose and support the fuel elements, are similar bundles of depleted uranium elements. These
assemblies constitute upper and lower axial blanket regions. The lower blanket is cooled by liquid
mercury before the mercury reaches the core proper, and the upper blanket is cooled l:;y the liquid-
vapor mixture that emerges from the core.

Surrounding the core and its attached upper and lower blankets is a radial blanket region con-
sisting of bundles-of depleted uranium elements in hexagonal shrouds of the same dimensions as those
enclosing the fuel and axial blanket elements. The radial blanket elements are also cooled by
liquid mercury entering from the bottom and boiling as it passes upward tﬁfough the ;Lssembly.

The combined core and radial blanket elements produce a close-packed array approximating a
right circular cylinder with its height equal to its diameter. _

‘Mercury vapor produced in the core is separated from entrained liquid mercury and is trans-
ported to condenser-boilers, where the mercury is condensed and water is boiled anci superheated.
The superheated steam drives a turbine in the conventional steam pov.vexl' plant portion of the MCBR
power facility. The condensed mercury is combined with the liquid stream from the entrainment
separator and is pumped back to the core inlet to complete the cycle. ;

A small sidestream of liquid mercury is continuously circulated through an auxiliary cleanup
system to remove oxygen and other contaminants that might impair the wetting charaéteristics of
the heat transfer surfaces. ' '

Table V presents a gross breakdown of the estimatedvunit poWer costs for the 100 mw(e) MCBR

power plant.
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TABLE V

Unit Power Costs
100 mw(e) MCBR Power Plant
(1959 basis)

Fixed charges at 14% of capital cost ‘ 6.6 mils/kwh
Fuel cost (Pu at $12/gm) 13. 3 mils/kwh
Operating and maintenance cost 1.5 mils/kwh

Total Unit Power Cost A 21. 4 mils/kwh

A. CAPITAL COSTS AND FIXED CHARGES

A summary of the estimated MCBR capital costs are presented in Table VI. The total capital
cost, including interest during construction but excludiﬁg all research and development costs, is
$32,815,000. This estimate may be compared with $54, 600,000, which is the reported capital cost
of the Enrico Fermi plant,3

Tables VII and VIII show brief summaries of the totals indicated in Table VI for the appropriate

. Federal Power Commission accounts. A detailed breakdown of the entire capital cost estimate is
given in Appendix H.

The capital cost of the MCBR appears to be significantly léss than that of the Enrico Fermi

reactor, for several reasons.

1) The MCBR system is simple compared to the Enrico Fermi reactor, largely because little
hazard results from a leak or spill of the mercury coolant in contrast to the large haiard
produced by the reactive character of hot sodium in contact with air or water.

2) ' The shielding required for the reactor, and more importantly for the activated mercury
that is circulated externally, is reduced over that required for sodium because of the low
energy of the decay gamma photons.

3) The containment requirements are less severe because more free volume is available
within the containment vessel of similar size and because the total energy released in a
maximum credible accident is less as a result of_ the chemical inertness of the mercury
coolant. ‘

It is difficult to compare these features quantitatively, because a detailed breakdown of the Enrico

Fermi capital costs was not available. -
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Acct.
No.

TABLE VI

ESTIMATED CAPITAL COST SUMMARY

100-MW(E) MERCURY COOLED BREEDER REACTOR

310
311

312

314 -
316

Item
Land and land rights

Reactor plant structures and
improvements

Reactor plant equipment

Subtotal - Reactor Portion of Plant

Turbine-Generator portion of plant

excluding substation
Total - Power Plant With Land

Interest During Construction

TOTAL CAPITAL COST

$.4,772,000

12,463, 000

$ 186,000

$17,235,000
$12,700,000
$30,121,000
2,694,000
$32, 815,000
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TABLE VII
CAPITAL COST BREAKDOWN - ACCOUNT 311
100-MW(E) MCBR POWER PLANT

i Material Labor Total
Structures and Improvements
(Reactor Plant Items Only)
Containment structure:
Containment vessel $ 624,000 $ 27,000 $ 651,000
Structural steel ] 61,000 24,500 85,500
Structural concrete 438,000 407,000 845,000
Foundations " 114,000 230,500 344,500
Facilities and other 70,000 91, 000 161,000
Other buildings : 42,100 37,900 80,000
Yard services and facilities 52,000 . 54,000 106,000
Direct Field Cost 1,401,100 871,900 2,273,000
Field Prorates o 70, 200 697,500 767,700
Total Field Cost. $1,471,300 $1.569, 400 3,040,700
Contractor's Fee . 219,000
Engineering, Purchasing, Inspection, and Hazard Survey » 717,100
Total Cost Without Contingency . 3,976,800
Contingsncy at 20% 795,200
TOTAL COST - Account 311 _ $4.772,000
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TABLE VIIL®

CAPITAL COST BREAKDOWN - ACCOUNT 312
100-MW(E) MCBR POWER PLANT

Reactor Plant Equipment
Reactor vessel and auxiliaries
Other vessels
Condensers, coolers, and heaters
Pumps and drivers '
Machinery
Instrumentation
Piping - Mercury system
- Water system
- Steam system

Subtotal -

Other Direct Costs
Insulation
Miscellaneous structural
Electrical
Painting
Sewers and services

Direct Field Cost
Field Prorates

Total Field Cost

Contractor's Fee

Plant Startup

Mercury at $225/76-1b Flask

Engineering, Purchasing, Ihspection, and Hazard Survey

Total Cost Without Contingency
Contingency at 20%
TOTAL COST - Account 312

=

Material Labor Total
$ 318,000 $ 34,000 $ 352,000
179, 000 87,000 266, 000
1,499,000 45,000 1,544,000
104, 200 18,800 © 123,000
695,000 120,000 815,000
283,000 131,000 414,000
455,000 145, 000 600,000
65,000 24,000 89,000
102, 000 25,000 127,000
3,700, 200 629, 800 4,330,000
180,000 160, 000- 340, 000
70,000 44,000 114, 000
250,000 205,000 455,000
30,000 140, 000 170, 000
144, 000 140,000 284,000
4,374,200 1,318, 800 5,693,000
218, 800 1,055, 206 1,274,000
$4,593,000  $2,374,000 6,967,000

502,000
168,000
1,069,000
1,680,000

10,386,000
2,077,000

$12,463, 000
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Annual fixed charges are determined as a fraction of the total capital cost, as indicated in

Table IX.

*
TABLE IX

Annual Fixed Charge Rates
100 mw(e) MCBR Power Plant

" Over-all return on investment

Bond interest (3. 5% on 50% of capital) 1.75%
Preferred stock dividend (5. 0% on 15% of capital) ' 0.175
Common stock dividend (10% on 35% of capital) 3.50
' 6.00%
Federal income tax (52/48 of return on stock) 4.60
Other taxes (real estate, etc.) ) 2.00
Insurance (other than 3rd party liability) 0.10
Depreciation (sinking fund, 30 yéars at 6%) _1.30
— Total Fixed Charges 14.00%

Although some variations from this estimate may be found in practice throughout the country, the
percentages presented are believed to be typical of current utility company practice for reactor power
plants. In addition, since these values were suggested as a ground rule for previous AEC-sponsored
reactor cost evaluations, continued usage will tend to maintain cost comparisons on a consistent basis.

B. FUEL COST ESTIMATE

A summary of the fuel costs required for operation of a 100 mw(e) MCBR power plant at an
assumed load factor of 80% is presented in Table X. The Table shows the effect on net annual and
unit fuel cost of plutonium credit at $12 per gram and $30 per gram. It will be noted that the plu-
tonium revenue received from the upper and lower blankets, less than 10% of total plutonium credit,

| is insufficient to approach economic justification of the use of those portions of the blanket. The high
cost is partially due to the relatively short exposure the blanket receives because the cycle time is
governed by the fuel in _the core. The blankets are mechanically attached to the fuel in each element
(see Dwg; F-183 in following section); consequently, they must be removed and reprocessed on the

same schedule as the fuel.

* From Reference 4.
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TABLE X

Fuel-Cost Summary
100-mw(e) MCBR Power Plant

Core : Blanket
Radial Upper Lower
Fuel-cycle costs $10,097, 000 $9,002, 000 $363,000 $592,-000
Length of cycle (years) 1.17 12.3 1.17 1.17
- Annual Fuel Costs $ 8,615,000 $ 732,000  $309,000 $505,000
Total Annual Fuel Cost $10,161,000
Pu at $12/gm Pu at $30/gm
Annual plutonium credit $ 814,000 $2,208,000
Net Annual Fuel Cost $ 9,347,000 $7,953,000

Unit Fuel Cost 13. 3 mils/kwh 11. 3 mils/kwh

Table XI shows a detailed estimate of the unit costs of the various portions of the fuel and
blanket fabrication and reprocessing schedule. These unit costs are based on general 'price quo-
tations for materials, labor estimates, and AEC-published prices for uranium and reprocessing
changes.

TABLE XI

Fuel-Cycle Cost Estimate
100-mw(e) MCBR Power Plant

Unit Fuel and Blanket Element Costs ($/kg U)

Core Blanket
Radial Upper Lower
Conversion $ 208.54 $17.30 $ 17.30 $ 17.30 ;
Fabrication 65.50 24.15 77.10 40. 36 }
$ 274.04 $41.45 $ 94.40 $ 57.66
Reprocessing - 93.60 16.50 30.00 30.00
Conversion 32.00 5.60 5.60 5.60
Shipping 5.00 5.00 5.00 5.00
Losses 86.68 ) - - -
- $ 217.28 $27.10 $ 40.60 - $ 40.60
Burnup 231.00 - - -
Inventory _ 427.33 3.28 .49 .49
Working capital 6.91 26.70 8.14 4.26
$1,156.56 $97.53 $143.63 $103.01
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reactor startup are estimated as shown in Table XII.

Table XII

The costs associated. with fabrication of the core and blanket assemblies required for the initial

Core and Blanket Assembly Fabrication Costs

100-mw(e) MCBR Power Plant

Core:
. Conversion and fabrication

Use charges during fabrication (6 mo.)

Total Core
Blanket:
" Radial
Upper axial

Lower axial
Use charges during fabrication (6 mo.)
Total Blanket
Total

$2,392,000

-~ 757,000

$3,149,000

$3, 830,000
238,000
332,000

10,000

$4,410,000

$7,559,000

The first core cost, as wéll as the costs of additional replacement cores, is reflected in the

fuel-cost estimate; the first core cost does not appear as a capital cost item.

C. ANNUAL OPERATING AND MAINTENANCE COSTS

wages, benefits, and payroll taxes for plant operating personnel; nuclear idemnity insurance; mer-

cury and additives consumed in plant operation; and an over-all allowance for maintenance and

The annual operating and maintenance costs are shown in Table XIII.

supplies.
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TABLE XIII

Annual Operatihg and Maintenance Costs
100-mw(e) MCBR Power Plant

Normal Plant Staff (82 men at $8,000/ man-year)
Nuclear Idemnity Insurance

Private insurance ($4,250,000 at $5, 000)

Price-Anderson (283 mw(t) at $30/ mw(t))
Maintenance and supplies (1. 0% of $32, 815,000)
Mercury makeup and additives:

Mercury (22 flasks at $225/ flask)

Additives

Total

$/ Year
$ 656,000

21,200
8,500
328,200

5,000
300

$1,019, 200

Included are salaries,
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It is estimated that a normal plant staff of 82 is required to operate the plant and perform daily
maintenance. The personnel needed for major maintenance is included in the maintenance and
supplies item, which was estimated at 1.0% of the total capital costs. A breakdown of the planned
staff is shown in Table XIV. The staffing requirements are estimated for a plant operated on a steady

_routine basis; additional perspnnel are required for startup and initial operation.
| TABLE XIV

Estimated Staff Requirements
100-mw(e) MCBR Power Plant : -

Per Shift Total
Supervisory Personnel
Station Superintendent 1
Assistant Superintendent 1
Maintenance Supervisor 1
Health Physics Supervisor 1
Security Officer 1
Subtotal 5
Operating Personnel
Shift Supervisor 1 4
Senior Operator 1 4
Reactor Operator 1 4
Assistant Operator 1 5
Plant Attendants 3 13
Chemists 1 5
Health Physicists 1 4
‘ Subtotal 9. 39
Maintenance Personnel
Maintenance Foremen ’ 2
Mechanics and Electricians ‘ _ 11
Instrument Technicians 1- 5
Subtotal 1 18
Miscellaneous Service Personnel
Technical Engineers 8
Secretaries and Clerks 2
Security Guards 1 5
Janitors ' ' 5
‘Subtotal . ' 1 20
Total Employees S 82
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. An allowance has been made for nuclear indemnity insurance. AThe conventional liability insur-
ance is included in fixea charges. Title 10, Code of Federal Regulations, Part 140, requires
private nuclear insurance coverage for each reactor in the amount of $150,000 per megawatt of
thermal power. The Price-Anderson indemnity legislation provides édditional liability insurance.

at an annual premium of $30 per thermal megawatt.

D. COMPARISONS WITH OTHER REACTORS
| The total unit power cost of 21. 4 mils per kilowatt-hour (electrical), see Table V, may be
compared with power costs of other reactors which represent the first large-scale power versions
of each reactor type, Table XV.
TABLE XV

~ Comparison of Power Costs
Large United States Nuclear Power Stations

Station ‘ Dresden  Yankee Hallam  Enrico Fermi MCBR
Reactor Type : Boiling- Pressurized- Sodium Sodium-Cooled Mercury-Cooled
' Water Water* Graphite Fast-Breeder _ Fast-Breeder
Net Power, mw(e) 180 110 - 75 100 ' 100
Net Station Efficiency (%) 28.7 28 31.2 - 381.3 33.4 -
Plant Costs ($/kw) - 400 ' 470 670 570 - 328
Power Cost (mils/kwh)x '
Capital Charges 8.0 9.4 13.3 11.3 6.6
Fuel Costs 4.4 6.4 3.8 12.0 13.3
Operating & Maintenance 2.1 2.1 1.0 2.0 _1.5
Total 14.5 17.9 18.1 _25.3 21.4

. * The Shippingport reactor was the first large pressurized-water power reactor installed in the
United States, but power costs were so high (64. 4 mils/kwh) that the Yankee reactor at Rowe,
Vermont, affords a more realistic cost comparison.

¥ Estimated.

1 Power costs were calculated from information published in references 5 through 10.

The estimated total power costs for the two fast breeder reactors are somewhat higher than for
most of the thermal reactors at approximately the same stage of development. This is at least
partly explained by the relatively lower state of development of fast breeder reactors in general and

therefore reflects the uncertainty and conservation in plant design and fuel-cost evaluation. The
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potential for reducing the cost by several mils per kilowatt-hour, as well as the long range attraction
of breeding, justifies the apparent higher cost for fast breeders. The difference between the cost of

power pfoduced by the sodium¥co§1ed system and by the MCBR is associated with the reduced capital
requirement for the MCBR. , ‘

The MCBR fuéi cost of 13. 3 mils per kilowatt-hour may be compared with 12 mils per kilowatt--

hour for the Enfico Fermi Reactor. 6 The slightly higher MCBR fuel cost is produced by larggr use
charges on the substantially larger uranium inventory. A higher use charge rate which might be _
applied in the. futuije will accentuate the difference, while a reduced evalﬁati_on qf the contained
uranjum will reduce both the inventory cost and the difference between the fuel costs of the two
reactor systems.

In summary, the net cost of produc@ng power from an indirect-cycle, boiling-mercury-cooled
breeder reactor is comparable to the net cost of producing power from a sodium-cooled fast breeder.
The fuel cost is greater because the average power density in the mercury-cooled system is lower;
consequently, the mass of required uranium is greater than in a sodium-coolgd system. Although
the higher MCBR uranium inventory cost is partially offset b& reduced fabrication costs, the net
effect on over-all fuel-cycle cost is a 20% increase. Capital costs for the MCBR are much less than
for an.equivalent sodium-cooled system, which reéults in an over-all ‘MCBR power coét of approxi-

mately 85% of the total estimated power cost for the first sodium-cooled fast power breeder reactor.
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CONCEPTUAL MCBR POWER PLANT DESIGN

The prim"a.ry purpose of the conceptual design of the 100 electrical megawatt MCBR power plant
is to provide a basis for estimation of capital, fuel-cycle, and operating and maintenance costs,
théreby permitting a realistic appré.isal of the économic potential of the boiling-mercury-cooled
breeder reactor. ' ‘ ' '

A conceptual desigri study of the reactorj and ré'actoi' systems was made, but only a broad in-
vestigétion of the more éonventional power-generation facilities was included. The plant has been
designed to use an indirect mercury cycle, with mercury vapor condensing to generate the steam
fed to a steam—dfiven turbine. No provision haé been made for a direct mercury cycle in which
mercury vapor is delivered directly to a mercury turbine, the turbine being followed by a condenser-
boiler that prbduces steam for a conventional steam-turbine plant. The plant is designed to pfoduce
100 mw(e), and flexibility to permit a major expansion of plant capacity has not been provided.

~ Design of the reactor and reactor plant systems and equipment has been predicated on the
following over-all design considerations: .

1) Available fast breeder reactor and mercury technology is used where possible.

2) A cylindrical-core geometry and conventional fuel elements are employed to permit utili-
zation of available fuel fabrication, handling, shipping, and reprocessing techniques and
control rod technology. ' 4

3) Selection of core and blanket design parameters is based on the results of the heat transfer,
physics, and metallurgical evaluations and the optimization studies presented earlier.

4) All element cladding and structural equipment, and piping materials in cqntact with mercury
are 5 w/o Cr, ¥ w/o Mo steel.

5) : Mercury will be inhibited with magnesium and titanium and continuously routed through a
cleanup system to remove oxide sludge. ‘

6) Reactor operating temperature is the maximum f)ermitted by cladding and uranium alloy
material limitations so'as to maximize plant thermal efficiency.

7) Once-through type vertical condenser-boilers are utilized to facilitate control, particularly
at low powef levels.  Double-wall tubes with a mercury thermal bond are employed to
prevent water from entering the core in the event of a tube leak.

8) Forced recirculation of the primary mercury coolant is required to insure a constant

mercury vapor quality in the core.
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9) Emphasis is placed on minimizing mercury holdup in the system because of the high cost of
mercury. '
10) All equipment normally containing radioactive mercury is located within the reactor contain-
“ment véssel. Individual pieces of equipment are located in shielded compartments to permit
access for maintenance during operation of the plant.

A. NUCLEAR CHARACTERISTICS OF REFERENCE CORE

1. Reactor Statics

The reference design system was evaluated by the techniques described in Appendix E. For
ease of calculation and analysis, a spherical geometry was used and the equivalent cylindrical core
was related to the spherical geometry by equating geometric bucklings. An equivalent blanket was
evaluated by weighting the various contributions to account for the relative importance of the upper
axial, lower axial, and radial blankets, based on the performance of the reactor. The specifications

are given in Table XVI.

'TABLE XVI
Summary of Core and Blanket Specifications
- Core Blanket
Lower Upper

 Radial  Axial Axial
Element OD (in.) 0.18 0.424 0.424 0. 424
Element pitch/diameter ratio 1.68 | 1.03 . 1.31 1.81
Equivalent circle diam. (cm) 156 256 156 156
Blanket thickness (cm) - 50 - -
Length (cm) 141.5 241.5 50 50
No. of elements per assy. ' ' 127 61 37 19
No. of assemblies . 271 . 462 271 271 |
Mass of uranium (kg) . 8,730 92,300 . 5,750 . - 2,520 .
Coolant volume (%) 62.3 16.2 47.1 71.7
Structure-fuel alloy vol. ratio (%) 69.5 24.8 58.0 86.8
Avg. mercury density (g'r_n/cms) 0.5 0.5 12.3 _0.2

(flux weighted)
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‘The diffusion theory analysis yielded the basic nuclear characteristics of the system. It
was determined that a critical mass of 2314 kilograms of ura.nium—235 at an enrichment of 26.5% is
required. The associated core volume is 2642 liters.

The neutron flux for each of the eleven energy groups as a function of distance from the
center of the equivalent spherical core is shown in Figure 24. Radial and axial power densities in
't.he core are given in Figures 25 and 26; power density distribution in the blanket is given in
Figufe 27. |
. The results of the detailed neutron balance evaluation are shown in Table XVII, .while
Table XVIII shows the over-all neutron balance for the core and blanket combined. Note that the
pafasitic capture of neutrons in the molybdenum, iron, and mercury are'approximateliy equal and
relatively small. ‘

| A second result of prime interest in this analysis is the determination of the breeding ratio.
As described in Appendix E, two values are given: BRII, a theoretical maximum based on the h
assumption that there is no loss of neutrons from the system; and BRI, a slightly lower value which
accounts for leakage out of the blanket and also the loss of neutrons by scattering into the energy
region below the lower boundary of the eleventh group. Since neutrons suffering this energy degra-
dation into the lower energy regions can be assumed to be captured by U 238 in the high-resonance
region, BRI may be régarded as an underestimate of the actual breeding ratio, while BRII is an
overestimate. BRI and BRII thus represent limits which bracket the actual breeding ratio. Since
the neutron balance analysis of the design case yielded BRI= 1.1612 and BRIl = 1. 2268, the actuél
breeding ratio of the reference MCBR design may be reported as 1. 19 % 0. 04.

| In Figure 28, the total integrated flux for each of the eleven energy groups in core and

blankéf' is shown as a function of lethargy. The plots of flux and integrated flux demonstrate that the
spectrum in the core is peaked in group 5 and yields a mean fission energy between 0.3 and 0.5 Mev.
In the blanket, the peak of spectrum has shifted down to group 8 as the neutrons slow down in energy
in the blanket, and the mean neutron energy is found to be between 0. 008 and 0.017 Mev.

The average flux in the core was found to be 8.9 x 1014 neutrons per cmz—sec. From an
analysis of the ‘ﬂux distributioh, tﬁe average cross sections for the core and blanket v;rere evaluated

and are as given in Table XIX.
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N(235)
N (235)
Ny(238)
N_(238)
N_(Mo)
N_(Fe)
N_(Hg)
vN(235)

VN (238)

@ 235

BRI
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TABLE XVII

NEUTRON BALANCE
100-MW(E) MCBR

Core

0

0

. 3374

. 06149
.03é24'
. 1328
.01079
. 009939
.008173
. 8500

. 09444

© = H O N N © ©o O ©

Blanket
0.007859
0.001781
0.01389
0.3416
0.005866
0.005310
0.01956
0.03612°

.1832

.03125

. 04577

. 03905

.5180

.6043

. 2329

.2268

.0000 4 «

. 3466

.1612
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N

TABLE XVIII

DISPOSITION OF A FISSION NEUTRON

100-MW(E) MCBR

U 235 fission

U.235 capture

U 238 fission

U 238 capture

Molybdenum capture g
Iron capture

Meréury capture

Blanket leakage

Low energy degradation

Total
TABLE XIX
AVERAGE CROSS SECTIONS
(barns)

Cross Section Core
o (235) 0.2733
o (235) ' 1.5004
o (238) ' 0.1784
o (238) 4 0.05661
o, (239) ' 0.2909
0 ¢ (239) 1.7680

0.
. 0653
. 0501
.4744

H O O O O ©O © O o

3453

.0108
.0158
.0135
.0132

.0000

.0116

fission neutron

Blanket
0.3897

1.7195
0.2387
0.0109
0. 4297

1.8082
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2. Temperature Effects

Evaluation of the effects on reactivity of the temperature—dependeht parameters is necessary
to determine the stability of the reactor under operating conditions and to aid in establishing control
criteria. By applying the usual technique of change in size and material .density with temperature,
the temperature coefficient of reactivity due to core expansion was found to be -13.55 X IO—GAk/k(°C).
The Doppler coefficient was estimated to be -3.0 X 10—6 Ak/k(°C), the total blanket-temperature co-
efficient of reactivity was estimated to be -1.2 x 10_6A k/k(°C), and the effect of mercury density on
reactivity was found to be approximately -0.015 Ak/k gm/ 'cms.

3. Fuel Burnup

In the course of reactor operation, fuel content decreases as a function of flux and time. A
code to determine fuel burnup via changes in concentrétion of U 235, U 238, and Pu 239 as a function
of ¢t (the integrated flux) was used. To obtain an average burnup of 10,000 megawatt-days per
metric ton, the average core lifetime of the reactor fuel was evaluated to be 443 days and the inte-
grated flux for this operational time was found to be 0. 30 X 1023 neutrons/ cm2. ‘'This burnup code
was used to evaluate the changes in concentration and from this the change in U 235 content, as shown
in Figure 29.

In Figure 30, the buildup of Pu 239 in the core during the lifetime of the system is shown.
An end-of-life calculation that takes into account the plutonium present in core and blanket was
carried out. This calcu;ation yielded a drop in multiblication of approximately 1%, which appears
small but may be reasonable in view of the higher cross section and neutrons per fission of plutonium
compared to uranium. The cross sections of plutonium-239 used in the calculation are shown in
Table E-1V. h

'A summary of the ‘reactor physics parameters of the Mercury-Cooled Breeder Reactor is shown
in Table XXIIL. -

4. Mercury Activation

The activation of mercury in a fast neutron spectrum cannot be calculated with confidence
because of the unavailability of cross section data for the production of radioactive isotopes. How-
ever, an estimate of the expected activity has been made.

The reactions considered were of four types: (n,v); (n,p); (n,@); and (n,2n). The nine

reactions considered to be significant are listed in Table XX.
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 Change in Reactivity, Ak/k
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FIGURE 29
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FIGURE 30
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Reaction

Hg 196 ny Hg 197
Hg 198 ny Hg 199
Hg 198 np Au 198
Hg 198 na Pt 195
Hg 199 np Ag 199

Hg 200 na Pt 197
Hg 202 ny.Hg 203
Hg 204 n,2n Hg 203

TABLE XX

Mercury Activation Reactions

Half Life

65 hr

42 min
2.7 days
80 min

3.3 days'

18 hr
47 days
47 days

Gamma Ray Energies

(Mev)
0.077, 0.134, 0.165
0.16, 0.37
0.41
0.34

25% 0.024 & 0. 207
30% 0.07 & 0. 156

45% 0.23
0.77, 0.346
0.28

0.28

Fast cross sections for the three ny reactions were estimated by apportioning the mercury

total cross sections among the various isotopes in the same ratio as the thermal cross sections.

For a particular isotope:

g

o = ef
if 2 0o,
‘ i
where ai P = cross section of isotope for fast neutron capture,
oef = cross section of element for fast neutron capture,
o, = cross section of isotope for thermal neutron capture,
a = abundance of isotope.

Cross sections for six energy groups were multiplied by the corresponding neutron flux estimates to

obtain reaction rates.

Results are listed in Table XXI.

This information 1s presented in Figure 31 in terms of the activity produced in one pound of

mercury as a function of the power produced in one liter of reactor core. If the power density is

assumed to be 100 kilowatts per liter, the relative fluxes in Table XXI must be multiplied by

13

5.6 X 10" ° to obtain absolute fluxes.
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TABLE XXI
MCBR Activation Data

- Energy Capture Cross Section Neutron
Range for Mercury : Flux
Mev (barns) ) (Relative)
10 2.25 - 0.038 0.352
2.25 0.825 0.091 1.62
0.825 0.30 0. 356 4.13
0.30 0.11 0.705 2.73
0.11 0.025 0.993 0.89

0.025 - 0.009 0.998 , 0.192

All the activities calculated are saturated activities, those that would obtain after steady-
state operation for a period of time that is long compared to the pertinent half lives. The mercury
was assumed to be in the reactor and in a constant flux zone for the entire period of irradiation.

Since this obviously will not be the case, corrections can be made by multiplying the average bowe;'

density by the ratio of the time spent by the mercury in the reactor to the total cycle time. This ratio

is approximately 0. 005 for the 100-mw(e) reference MCBR core.
5. Shielding '

The shield design is guided by two distinct criteria, the energy degradation and absorption
of the fast neutrons leaking from the blanket and the attenuation of the gamma radiation produced in
the core and blanket as well as that produced by the thermalization and capture of the leakage
neutrons. The detailed analysis of the shielding requirements that will permit an optimum shield is
a complicated and tedious procedure which was not considered necessary for this conceptual design.
Instead, a simple analysis was made which overestimates the amount of-shielding required but gives

results adequate for a reasonable estimate of the shield cost.

a. Primary Neutron and Gamma Shielding
The radial and top biologiéal shield for the reactor proper consists of five feet of sahd
saturatéd with water plus boron in the form of sodium pentaborate to remove neutrons and seven feet
of ordinary concrete to absorb gamma radiation. This amount of shielding limits the dose rate at
the surface of the shield to 0.75 mrem/hr. The bottom biological shield consists of.fi-ve feet of
sand and water plus boron and one foot of ordinary concrete to limit the dose rate in the control rod

room to 5 r/hr during full-power operation.
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A mixture of sand and water saturated with ._sodium pentaborate and possibly stabilized
with silica gel to prevent water leakage is used to slow down the fast neutrons, thereby allowing their
capture in the boron. The mixture of sand and water has gamma ray shielding properties that are
nearly as good as ordinary concrete, thus allowing é reduction in the thickness of the concrete portion
of the shield. (See Dwg. F-185 for configuration of shield.) '

In calculating thicknesses of shielding; five sources of radiation are ponsidered:

1) Leakage neutrons from the blanket.

2) Fission and fission product gammas.

3) Core structure activation gammas.

4) Blanket structure activation gammas.

5) Mercury activation gammas. _

For the case of the radial and bottom shield, the controlling source is mercury acti-
vation; in the case of the top shield, all sources except the core structural gammas are significant.
The magnitudes of these radiation sources expresséd as neutron or gamma energy currents at the
blanket surfaces are indicated schematically in Figure 32.

b. Mércury Pipe Shielding

The thickness of steel or coricrete required to shield pipes containing the activated
- liquid mercury and mercury vapor to dose rates of 5 mr/hr was détermined by assuming a line
source for both the small liquid mercury lines and the lafger lines filled with mercury vapor. Self
shielding by the mercury was accounted for; depths. of liquid mercury of about 1 inch are equivalent
to hearly, infinite depths because of the low energy of the decay gamma photons and the high density
of liquid mercury. The values determined are presented-in Table XXII.

‘ TABLE XXII

Mercury Pipe Shielding Thickness for
Surface Dose Rate of 5 mr/hr

Shielding Thickness

(in.)
Steel Concrete
o Liquid Mercury, 8-in. Sch. 30 Pipe 7 23
Mercury Vapor, 30-in. Sch. 10 Pipe 6 19.5
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CORE STRUCTURE GAMMAS BLANKET STRUCTURE GAMMAS

o 2
6.38 x 10 Mev/sec-cmz\ /7-04 x 10~ Mev/sec-cm
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GAMMAS \ A 4.53 x 107 Mev/sec-cm

7.73 x 10]'l Mev/sec-cm2
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FIGURE 32
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c¢. Shutdown Shielding

For the purpose of determining the gamma ray source strengths during refﬁeling oper-
ations, the reactor was assumed to have been shut down for 23 hours and the reactor vessel head
removed. The source strengths at the outside surface of the top axial blanket for the four gammé
ray groups under consideration were then éalculated, using simple exponenfial attenuation techniques
including buildup factors and slab geometry. It was evident from the resulting dose rates that a top
shield plug would be necessary to limit to 2 permissible level the dose rate received by personnel
changing fuel elements.

A plot of dose rate at the surface of the shield plug for various thicknesses of steel as
a function of depth of mercury over the upper axiél blanket is shown in Figure 33. For a dose rate
of 5 mrem/hr, 6.5 inches of mercury and 12 inches of stleel are required; 6.5 inches of mercury
over thé blanket is the minimum required to insure that the active portions of the fuel elements will
be immersed in mercury, even when all but one of them have been removed from the'react(-Jr. Total
‘immersion is necessary to insure cooling without vaporization. |

It is interesting to note that for a given thickness of steel, the dose rate at the surface
of the steel will not decrease indefinitely with increased mercury depth. This is true because the
gammas from the core and blanket regions are effectively shielded by the mercury and the activated
mercury itself dominates the contribution to the dose rate above the shield indexing plug.

d. Thermal. Shielding

- The purpose of the thermal shield ié to protect the reactor pressure vessel from the
heat generated by the following four sources: |
1) Neutrons captured by the steel.
2) Gamma ray heating from the core region.
3) Thermalization of fast neutrons.
4) Mercury activation heating decay.
In addition, this shield protects the vessel against thermal shocks caused by thermal transients in
the mercury coolant. Lamination allows mercury coolant to pass through th‘e shield to rémove the
heat generatéd by the radiation absorption.
The controlling source is the thermalization of f_ast neutrons and their subsequent
capture. '
The attenuation of the heutron current through the successive thermal shield laminations

was estimated, and a volume heat source proportional to the rate of neutron removal was assumed.
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\ NOTE: 2% HOURS AFTER SHUTDOWN

4" STEEL

mrem/hr

RENNiS
i sg\i\\\“
T \\5\\\

0 1 2 3 4 5 6 7 8 9 10 11 12
Depth of Mercury above Upper Axial Blanket - in. ‘ ’

DOSE RATE FOR VARIOUS DEPTHS OF MERCURY ABOVE BLANKET

FIGURE 33
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These values were then used to determine the thickness of the respective laminations for an allowable
therfnal stress of 7300 psi.

The thicknesses of the laminations, rounded off to the next lower. standard thickness of
plate, are, b“eginning with the innermost shield: 3/8 inch, 5/8 inch, 5/8 inch, 3/4 inch and 1 inch for
a total thermal shield thickness of 3-3/8 inch. The shields are separated from each other by an
annular mercury coolant passage % inch thick.

B. REACTOR PLANT DESCRIPTION

: !
The design and performance characteristics of the 100-mw(e) power plant and reference MCBR

are summarized in Table XXIII. Note that all dimensions given represent hot operating conditions
of thé various componerits.

The plant consists of the reactor and auxiliaries, condenser-boilers for condensing mercury
vapor and generating superheated steam, brimary and auxiliary mercury systems, utilities systems,
a safety system, and a-fuel-handling system.

It is estimated that the total mercury holdup in the reactor plant required to meet all operating
and emergency situations will be about 360,000 pounds (4750 flasks). This amounts to 3.6 pounds
of mercury per kilowatt of power produced, which is roughly one-half the quantity of mercury re-
quired for conventional mercury power plants. A discussion of mercury availability is presented in
Appendix J.

Dwg. D-180 is a schematic flow and heat balance diagram.for the primary reactor system. It
is seen that the primary system ‘consists of a stream of saturated liquid mercury at 920°F, which is
pumped into the reactor core and bljanket. The mercury boils as it flows through the core and '
blanket assemblies, and liquid mercury droplets suspended in saturéted mércury_ vapor emerge‘from
the upper end of the core and blanket. The two phases are separated at the reactor vessel outlet.
The saturated liquid flows downward through the thermal shield and is combined with the mercury
condensate at the pump inlet. The saturated mercury vapér is condensed at 920°F in the condenser-
boilers, generating 1800-psig steam at 900°F. The steam flows directly to the turbine. Feedwater
at a constant temperature of 450°F is pumped to the condenser-boilers from the power—genergtion
plant. Details of the reactor plant syétem are shown on Dwg. R-181. Design data on reactor plant

equipmentAare summarized in Appendix K.
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TABLE XXIII
~ : PLANT AND REACTOR

DESIGN AND PERFORMANCE CHARACTERISTICS

Plant Performance Data

Net electric power (mw)
Net plant efficiency (%)
Reactor thermal power (mw)
Core
Blanket

Steam conditions:

Pressure (psia)
Temperature (°F)
Flow (lb/hr)

Mercury vapor conditions:

Pressure (psia)
Temperature (°F)
Flow (Ib/hr)

Plant load factor
Total mercury holdup (Ib)

Reactor Performance Dat_a

Over-all reactor dimensions
‘Total fuel alloy loading (kg fuel alloy)
Total blanket loading (kg depleted U)
Initial fuel enrichment (w/ o)
Final fuel enrichment (w/ o)
Core volume (liters)
Core average heat flux (Btu/hr-ft )
Maximum heat flux (Btu/hr-ft2)
¢ Average power density (kw/ liter)
Core average specific power (kw/kg U)
Discharged fuel average burnup (mwd/t)
Discharged blanket average burnup (mwd/t)
" Heat transfer surface (ftz)

Core

Upper axial blanket

Lower axial blanket

Radial blanket
Pressure drop (psi) .

Core

Axial blanket

Radial blanket

265
28

94.5
33.4
283

1815
900
1,020,000

110

7,700,000

0.80
360,000

101 OD X 208" length

9700
100,570
26.5

25.6

2642
119,000
446,000
96.5

29. 2
10,000

1,000

7310
645
1511
24,800
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TABLE XXIII
(Continued)

Maximum-to—Average Heat Flux Ratios

Fuel rod
Fuel-pin-diameter tolerance
Pin-cladding eccentricity
Cladding-thickness tolerance
Uranium density

Fuel assembly
Flux distribution
Channeling
Burnup

Reactor
Radial flux distribution
Longitudinal flux distribution
Power excursion

Over-all

Reactor Physics Data

Critical mass U 235(kg)
Core conversion ratio
Blanket conversion ratio
Total conversion ratio
Average core neutron energy (Mev)
Average core flux (neutrons/ cmz—sec)
Maximum/average core power
Axial ‘
" Radial
"~ Average generation time (sec)
Delayed neutron fraction
Mean delay time of delayed -neutrons (sec)
Prompt neutron lifetime (sec)
Temperature coefficient of reactivity (Ak/k °C)
Size and fuel expansion

Doppler effect
Blanket

Mercury density coefficient of reactivity (Ak/k gm/ cm3)

90

.05
.14
.13
.01 .

o

-

.05
.06

—

;13.55><10f
-3.0 x 1076

-1.22 x 1076

6.

1.37

1.11
2.47

3.175

2314 |
0.2864

0. 8748
1.19 + 0. 04
0.4
mwxmm
2.14

0.09
0. 0075
12.0 -

o x10°7

-17.75 x 10~°

-0.015
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e and Blanket Data

Cor

Fue

Equivalent circle diameter (in.)
Length (in.)
Number of element assemblies
Assembly spacing (in.)
Mass of uranium (kg)
‘Composition (vol. %)

Coolant

Fuel

Steel

Sodium
-Structure-fuel alloy volume ratio

1 and Blanket Element Data

Cor

Materials
Cladding
Thermal bond
Uranium

Cladding OD (in.)

Cladding thickness (in.)
Uranium OD (in.)

Thermal bond thickness (in.)
Over-all length (in.)

e and Blanket Element Assembly Data

Configuration

Structural materials

Element pitch

Pitch/diameter ratio

Number of elements per assembly
Element-to-housing spacing

Outer dimension (across flats) (in.)
Over-all length (in.)

Housing thickness (in.)

TABLE XXIII
(Concluded)

Core Blanket

Upper _Lower

Axial Axial Radial
61.3 61.3 61.3 100.9
55.70 19.68 19.68 95. 00
258 258 258 462
0.03 0.03 0.03 0.03
8730 2520 5750 92,300
62.3 71.7 47.1 16. 2
22.2 15.2 33.4 67.2
13.10 13.5 16.0 11.7
2.4 3.3 3.5 4.9
69.5 86. 8 58.0 24.8
- 5 w/o Cr, 3 w/o Mo Steel —>
— Sodium P
90w/o U —-—— Depleted Uranium ——— .
10 w/o0 Mo _
0.18 0.424 0.424 0.424
0.008 0.01 0.01 0.01
0.156 0. 390 0.390 0. 390
0.004 0.007 0.007 0.007
60.1 17.8 20.0 103.1'
- Hexagonal -
— 5 w/o Cr, & w/o Mo Steel —
—— Triangular ——
1.68 1.81 1.31 1.03
127 19 37 61
0.061 0.181 0.073 0.001
3.526 3.526 3.526 3.526
— 119.1 g 119.1
0.04 0.04 0.04

0.04

91



MERCURY COOLED BREEDER REACTOR

1. Reactor

The reactor, R-1 (see Dwg. R-181), is a cylindrical pressure vessel 10 feet in diameter by
20 feet 8 inches in length, and is located centrally within the containment vessel. The reactor is
divided into five main operating zones: core, axial blanket (upper and lower), radial blanket, vapor
plenum, and liquid inletiplenums. The reactor vessel aﬁd all Ainterr_lals afe fabricated of 5 w/o Cr,
1 w/o Mo steel. Details of the reactor pressure vessel and internals are shown on Dwg. F-182.

The reactor internals consist of fuel-element assemblies, _rédial blanket-element
assemblies, control-rod assemblies, assembly support and alignment plates, core and radial blanket
inlet plenums, vapor plenums, core holddbwn assembly, mercury spray ring, liquid mercury disen-
trainers, thermal shield, and a region for containing the remains of the core in the event of a melt-
down. Data on fhe core, the axial and radial blankets, and the core and blanket elefnents and
assemblies are summarized in Table XXIII.

a. Core and Blanket Element Assemblies

The core and radial blanket elements are assembled in identical hexagonal housings
3.50 inches across the flats and 118. 28 inches long to facilitate handling and transfer. The housing
dimension was fixed by the fuel assembly size, which was selected on the basis of the nuclear charac-
teristics of the core as well as over-all size and reactivity considerations during handling. There
are 258 core assemblies and 462 radial blanket assemblies, resulting in an equivalent circle diameter
61. 3 inches (hot) for the core and 100.9 inches (hot) for the outside of the radial blankets. Details
of the assembAlies, individual elements, and fittings are shown on Dwgs. F-183 and D-184. It shouldA
Be noted that dimensions on the drawings are for a cold condition, whereas the dirnensions in
Table XXIII are for hot operating conditions.

The upper end of each assembly terminates in an adapter having a tapered head to facili-
tate handling and, in the case of the core assemblies, holddown. The core assemblies must be held
against drag of the coolant flow and the buoyant effect of the mercury. The weight of the radial
blanket assemblies is sufficiently greater and coolant flow through them lower, so that mechanical
holddown of these assemblies is unnecessary. The adapters are spring mounted to permit axial
expansion. » |

Each assembly has a 10;5—inch—long adapter at the lower end which fits into machined
holes in the two support plates. ‘The assemblies are supported by the upper plate and aiigned by the
lower plate. A tapered shoﬁlder at the upper end of this adapter engages a seat in the upper support

plate to form a seal. Tolerances and clearances between the plate and the adapter must be carefully
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maintained to insure a misalignment of no more than 0. 05 inch at the upper handling head. Small
pads are welded to each side of the housings to maintain a nominal clearance of 0.03 inch between
assemblies. Adjacent assemblies are in contact only at the pads, permitting easy removal of an

assembly when the pads are out of alignment. The pads are located at the point where maximumA
deflection of the assembly due to differential temperature would occur.

Heat is removed from the assemblies by 'mercury flowing up from the inlet plenums.
The coolant enters the core assemblies through the open end of the lower adapter and enters the
radial blanket assemblies through orifice holes in the side of the adapter. Pressure at the inlet to
the core assemblies will be 173 psig, which is sufficient to overcome static head and pressure drop

. through the assembly. Pressure at the inlet to the radial blanket assemblies will be automatically
controlled at about 120 psig to insure that these assemblies are not hfted out of the support plates. ‘
Reactor coolant flow is discussed in more detail in the section on the primary mercury coolant
system. '

Each core assembly comprises three active sections: upper blanket, core, and lower
blanket. The three groups of elements are assembled axially in one hexagonal housing to facilitate
handling. The core section contains 127 fuel elements of . 0. 179 oD, érranged on a triangular pitch
of 0.302 inch: The individual fuel elements are fastened into the hexagonal housing at the lower end
by attachment to parallel grid strips as shown on Dwg. F-183. The uppér ends are unrestrained to
permit free axial expansion. Spacing betweeﬁ the fuel elements is maintained by alloy steel ribs
wrapped helically around the cans on 10-inch pitch and welded to the element end fittings.

The uppei‘ and lower axial blanket sections are similarly constructed. The lower
blanket consists of 37 elements on 0.555 inch triangular pitch, the upper blanket of 19 elements on
0.767 inch triangular pitch. All elements are 0.420 inch OD and contain pins of unalloyed depleted
uranium. The axial blanket elements are fastened to the housing at each end by parallel grid strips
that permit axial expansion, the upper‘ grid strips being notched to position the elements. Spacing
was determined by pressure drop limitations.

The radial blanket ass‘e_:mblies. contain 61 elements on 0.436 inch triangular pitch and
are also 0.420 inch OD. The radial blanket elements are fastened at each end by parallel grid strip.s
and are spaced closely so that notches or spacer wires are -unnecessary. The size and number of
the radial blanket elements were fixed by assembly size, element fabrication, and heat transfgr
considerations. The axial and radial blanket elements were made identical except for length, so as

to reduce fabrication costs.
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A detailed discussion of the materials and fabrication considerations on which selection
of element construction was based is presented in Appendix F. The core and blanket elements are
of-the "canned slug'" type. Precision cast pins of enriched uranium alloy or depleted uranium are
fitted into thin-walled alloy steel tubes and the an‘hulus filled with static sodium to provide a thermal
bond. End fittings or plugs ére welded in place under inert gas atmosphere to seal each element.
The fuel elements consist of 0. 153-inch OD pins of 26.5% enriched uranium alloyed with 10% molyb-
denum in 0. 179-inch OD X 0. 008-inch long wall tubes. Sodium fills the 0.005-inch annulus and extends
0.65 inch above the pin. A 4.50-inch inert gas space accommodates expansion of the sodium and
fuel. The 0.382-inch OD blanket pins of depleted uranium are fitted in 0.420-inch OD tubes with
0.01 inch walls. Sodium fills the 0.009-inch annulus and extends 1.0 inch above the radial and
0.61 inch above the axial blanket pins. An inert gas space of 1. 28 inches for the upper axial,

1. 20 inches for the lower axial, and 6.43 inches for the radial blanket provides for expansion. The
methods employed in fabricating and assembling the elements are in accordance with technologies
developed for the EBR-II and Enrico Fermi plants.

b. Control and Safety Rods

Detailed design of control and safety rods and drive mechanisms has not been attempted.
However, the approximate numbe_r, type, and location of the rods has been estimated. The rods
and assemblies are similar to those employed in the EBR-II, except that power level will be main-
tained both by controlled removal of fuel and by insertion of poison.. The rods are driven from the
bottom and penetrate the lower head of the reactor vessel, Drive mechanisms and penetrations are
visualized as being similar to those developed for EBWR. The location of control assemblies is
shown on Dwg. F-182. ‘

Six identical control rods, uniformly spaced within the reactor core, provide oper-
ational control for the reactor. Each control assembly consists of a control rod moving in a hexa-
-gonal guide tube. The guide tube is identical to the housing of the stationary core assemblies. The

control rod is a modified core assembly containing 91 fuel elements and is encased in a housing
3.00 inches across the flats. The control-rod assembly is smaller than a core assembly by one row
.of fuel pins. Above the fuel section of the control rod is a blanket section containing 19 upper axial
blanket elements and a poison section containing boron carbide cylinders. Below the fuel section is
a section containing 37 lower axial blanket elements.

' When the control rod is inserted, the fuel section will be positioned in the core and the

poison section will extend above the upper blanket. No holddown rod is provided in the holddown

94



MERCURY COOLED BREEDER REACTOR

assembly for the 13 control and safety rods. When the control rod is withdrawn, fhe poison section
will be centered in the core. The control rods terminate.at the upper end in a standard adapter so
that they may be removed in the same manner as the core assembliés after disengagement from the
drive mechanism. The guide tubes are locked in position but may be withdrawn after adjacent core
assemblies have been removed.

The lower portion of the control rod is a cyiindrical tube with guide bearings which
bear on the guide tube. Coolant enters the control assembly through the end of the guide tube and
flows into the control rod through orifice holes in the lower tube and hexagonal housing. The orifices
are graduated to match flow to the rod position.

The seven safety-rod assemblies are similar to the control-rod assemblies except for
the iower end of the rods and the drive mechanism. The safety rods are not used for normal oper-
ational control but provide additional negative reactivity for shutdowns or emergencies. Coolant
flow through the safety rods is similar to that through the control rods except that no provision is
made for variable flow.

c. Meltdown Section

The lower reactor vessel has-been designed to provide safe containment for molten fuel
in the unlikely event of a core meltdown. The meltdown section is designed to disperse total molten
fuel, so.dium, and structure from the core across the lower head of the vessel. A total of 375 two-
inch-diameter 2% boron steel rods are welded to the head to poison and spread out the molten fuel
and thereby insure subcriticality. The rods also fill the meltdownA'section so as to minimize mercury
holdup while providing sufficient space fobr the molten fuel. .

In the event of a meltdown, molten fuel will flow down through the lower core assemblies
and into the meltdown section. Contained mercury will coo& the molten material, and the solid
uranium will be spread out around the poison rods.

d. Thermal Shield

A laminated thermal shield lines the reactor vessel wall to attenuate gammas and high-
energy neutrons and thereby reduce radiation damage and thermal stresses in the vessel wall.
Thermocouples indicate vessel wall temperature at key points. The shield is composed of five allgir
steel cylinders mounted concentrically with the vessel, the cylinders being separated by spacers to
provide coolant channels. Liquid mercury disentrained from the liquid-vapor mixture flows down-

ward between the layers to remove heat generated by radiation absorption. The shield extends from
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the upper support plate to a point about 6 inches above the upper blanket. The design basis for the

thermal shield is discussed in section A. 5.

e. Core Holddown Assembly

A holddown assembly is provided for the core assemblies to prevent them from being
lifted out of \the support plates due to coolant flow and the buoyant effect of the mercury. The
handling head at the top of each core assembly engages the.female knob of the holddown rod. With.
the holddown mechanism in place, a spring in the upper adapter section of each core assembly is
compressed, holding the assembly firmly in place and a'llowing for thermal expansion.

A three-arm spider supports and positions the assembly within very close tolerances.

The spider is supported on lugs attached to the vessel wall at its extrémities. Tapered aligning pins
are. provided to facilitate positioning of the spider. The as_sembly is held in place by six retaining
nuts. The huts may be renidved or installed only when the index plate is in place. This procedure
is discussed in the fuel handling system section.

f. Pressure Vessel

The cylindrical pressure vessel has an outside diameter of 10 feet and an over-all
height (excluding control-rod thimbles) of 20 feet 8 inches. The vessel is designed to withstand a
pressure of 210 psig at a maximum temperature of 1000°F in accordance with the ASME Boiler and
" Pressure Vessel Cddé, Section VIII, for Unfired Pressure Vessels (1959 Edition and Case Inter-
pretations 1270N and 1273N for Nuclear Installations). The design preésure was- set for the bottom
head and is based on a relief valve setting of 125 psig, a maximum pressure drop of 60 psi, and a
static pressure of 25 psig. Overpressure of the vessel is prevented by six relief valves designed
with sufficient total capacity to insure that the design pressure of the vessel is not exceeded by more
than 10%. The relief valves are located in the vessel vapor lines upstream of any valves in accor-
dance with the Code and Case Interpretation 1271N, Special Ruling on Safety Devices for Nuclear
Vessels.

The vessel shell, heads, and attached internals are fabricated of 5 w/o Cr, 1/2 w/o
Mo steel conforming to ASME Specification SA-357. The total thickness of the vessel shéll is
2 inches, and the head thickness is 1. 88 inch minimum. The bottom head is welded to the vessel
and contains 375 two-inch-diameter 2% bdron steel poison rods and 13 external control-rod
thimbles. The cover is secured to the vessel by a bolted flange arrangement and is sealed by .';1

double-ring-type joint. Tapered alignment pins are provided to facilitate sefting the cover
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in place. All vessel welded joints are of the double-welded butt tybe and are fully radiographed,
and the vessel is stress relieved.

The vessel shell is penetrated by nozzles, instrument taps, and the control-rod
thimbles. All penetrations are reinforced in accordance with the ASME Code. The following
internals, as shown on Dwg. F-182, are considered an integral part of the vessel: disentrainers,
spray ring, thermal shield, support plates, and poison elements. The estimated weight of the
vessel, cover, and the above internals is 157, 000 pounds. . !

l The support plate assembly is designed to support and align the fuel and blanket
assemblies, with the reactor filled to a maximum level with mercury. The two 3% -inch-thick plates
are welded together and spaced at the periphery. The 3-inch space between plates forms the radial-
blanket inlet plenum. The size of the plenums has been minimized to reduce mercury holdup.
Clearances between the plates and the 733 assembly adapters, as well as all tolerances, must be
small to limit misalignment of the handling head at the top of the assemblies. The plates must
therefore be accurately machined in the shop and carefully aligned in the field.

2. Primary Mercury Coolant stfem

Heat generated in the reactor core and blanket sections is removed by boiling mercury
flowing upward through the Reactor (R-1, Dwg. R-181). The mercﬁry‘vapor is condensed on the
shell side of the three vertical Condenser-Boilers (E-1A, E-1B, and E-1C), transferring the latent
heat to water and steam. The condensed mercury combines with the liquid recycle stream from the
thermal shield and is pumped by the Mercury Recirculating Pumps (P-1A, P-1B, and P-1C) back to
the reactor. The reactor and all primary system piping, equipment, and instruments are insulated,
and parts in contact with mercury are fabricated of 5 w/o Cr, 3 w/o Mo steel. The entire piping
system is welded except at the bumps.

The reactor vapor outlet plenum is maintained at 95 psig, which corresponds to a satura-
tion temperature of 920°F. This is the maximum temperature that can be tolerated without exceed-
ing the maximum allowable fuel-element-cladding temperature of 1000°F. The liquid-vapor mixture
of mercury at 920°F enters the vapor plenum at a vapor quality of 30%. The liquid component is '
required to insure wetting of the heat transfer surfaces. |

Pressure and temperature of the vapor are recorded, and alarms warn of high and low

pressure and high temperature. Relief valves protect the reactor from overpressure. High pres-

sure or popping of the relief valves will initiate a reactor scram. Reactor pressure is maintained
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manually by the operator by adjustment of control-rod position. The liquid-vapor mixture passes
through baffled disentrainers located over the vapor outlet nozzles. The disentrained liquid flows
down through coolant passages in the thermal shield, removing the heat generated there by radiation
absorption. A liquid-level controller maintains a mercury level 6 inches above the shielding plates
by throttling the 12-inch mercury recycle line. This insures cooling of the shield and provides a
seal for the dip-leg from the disentrainers.

The liquid-free saturated vapor passes through three 30-inch lines to the condenser-boilers.
The lines are sloped so that any liquid will drain back into the reactor. Remote-controlled valves

are provided in the inlet and outlet lines of each condenser-boiler unit. In the event of a tube leak,

or at low power levels, the operator in the control room can isolate an individual condenser-boiler
unit. Although the inlet-line valves are 24-inch, with high-pressure pneumatic actuators, closing
times of a few seconds are possible. At design power, 7,700,000 lb/hr of mercury vapor is gener-
ated. As discussed earlier, subcooling due to pressure drop in the vapor system increases non-
boiling length in the core and adversely affects éore performance. The vapor system has therefore
been desigﬁed for a maximum pressure drop of 3 psi to minimize subcooling of the condensed
mercury. The mercury vaporA is completely condensed in the condenser-boilers. The over-all duty
of the units is 955,000,000 Btu/hr. With a constant feedwater temperature of 450°F, A 1,020,000 lb/hr
of 1800-psig steam at 900°F is generated. Design considerations for the condenser-boilers are
discussed in more detail in the next section.

The condensed mercury flows to the Mercury Level Drum (D-6), where it combines with the
liquid mercury recycle stream. Since the mercury level in the reactor adjusts itself according to
power level, primary system mercury level is indicated in D-6. Mercury makeup or pumpout is
initiated manually by the operator to maintain the minimum mercury level required for proper pump
suction conditions. Alarms are provided to warn of high or low level.

Two recirculating pumps and.a duplicate spare are provided to pump 25,500, 000 1b/hr-of
liquid mercury back to the reactor. The pumps are designed for a differential head of 28 feet
(150 psi at operating temperature) to overcome static head and pressure drop across the .reactor,
inlet lines, and the flow-control valve. Remote motor starters and pump discharge pressure indi-
cators are provided in the control room, and spare pump valves are normally open. In the event of
pump trouble, the spai‘e pump can be started immediately from the control room to insure continuity

of coolant flow.
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Mercury condensate from the condenser-boilers and total flow to the reactor are recorded.
The exit vapor quality from the reactor is critical and must be controlled. This is accomplished by
instruments that calculate the ratio of the condensed vapor rate to the total liquid rate and record and
control total liquid rate to maintain a constant quality. Alarms are provided to warn of low coolant
flow or high quality. High reactor quality will scram the reactor. In the event of reactor scram due
to power failure or high quality, a rémote—operated valve in the pump bypass line opens, insuring
continuous coolant flow by natural ciréulati’on. It is estimated that liquid level will be maintained
about 3 inches above the bottom of the core at design power. A calibrated differential-pressure
instrument indicates reactor liquid level. A

Since apprdximately 90% of fhe reactor heat is generated in the core, coolant requirements
for the core and blanket are radically different. Two coolant inlet plenums are therefore provided.
The flow split is automatically controlled by a ratio flow controller. Coolant enters the core and
control-rod assemblies at 173 psig, which is sufficient to overcome liquid head and pressure drop
through the axial blankets and core. Radial blanket inlet pressure is automatically maintained at
about 120 psig to insure that these assemblies are not lifted out of the support plates by pressure
surges. Alarms are provided to warn of high pressure and low flow to the blanket plenum. The
individual assemblies are orificed to match flow to the distributed heat-generation rate. |

3. Condenser-Boilers

Process, control, and fabrication requirements of the.condenser-boiler units were investi-
gated in conjunction with the Industrial Division of American-Standard and a reasonable over-all
design established for estimating purposes. Some development to resolve construction and process
problems may be required prior to final design and fabrication of the units.

For the conceptual design, three vertical once-through-type units have been selected. rather
than the multiple-unit, natural-circulation type, because control of steam conditions is simplified at
low power levels when excess heat transfer surface is available. Double-walled tubes and fixed
double-tube sheets are required to. minimize the possibility of steam entering the reactor in the event
of a tube rupture or weld leak. The units ﬁave high-pressure steam on the tube side and noncor-
rosive mercury on the shell side. The annulus between the double tubes and tube sheets contains

.mercury, which acts as a thermal bond and facilitates detection of tube leaks.

Both top and bottom heads are removable so that the shell and fixed tube bundle can, after

draining, be pulled to the operating floor fbr maintenance. The heads are seal-welded, and the seal

welds and piping must be cut when a unit is to be removed. Each condenser-boiler unit is isolated in
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‘a shielded compartment to permit removal of the heads and cutting of the connecting piping with the
plant in operation. A spare sheli unit is stored within thé containment vessel so that a bundle can be
replaced with the reactor in operation at partial power. The condenser-boiler shells are protected
by the vapor-line relief valves. -Thernial relief valves are provided on the tube annulus and steam
side of each unit to prevent over-pressure due to thermal expansion when the units are blocked-in.
Mechanical and process data on the condenser-boiler unité are summarized in Appendix K.

The mercury in the tube annuli is continuously recirculated through a leakfdetection system.
This system consists of a surge drum, recirculating pump, and necessary instrumentation. A leak
in the inner tube will cause a pressure rise in the system and actuate an alarm. A leak in the outer
tube will be indicated as a differehtial mercury flow between the inlet and return lines. Fresh
mercury will be supplied.to the system from the outlet of the Mercury Cleanup Drum (D-1). The
system is periodically flushed to the Mercury Sump (D-2) for oxide-sludge rémoval. The tube annuli
can be blown out with inert gas when maintenance is necessary. Details of the leak-detection system
are not shown on Dwg. R-181. 'A

4. Steam and Feedwater Systems

Although the power-generation system has not been designed in detail, flow and control of
feedwater and steam at the condenser-boilers has been established. With the once-through-type
condenser-boiler, evaporator blowdown will hot be possible. Selection of this type is therefore based
on the premise that new techniques in treatment of feedwater to 'ultra-purity" levels would obviate the
need for evaporator blowdown. B

The condenser-boilers are supplied with 1,020, 000 lb/hr of the "ultra-purity" feedwater at
a constant feedwater temperature of 450°F. Feedwater flow is recorded continuously, -and an alarm
is provided to warn of low flow, which will also scram the reactor. The feedwater is preheated,
evaporated, and the steam superheated to 900°F at 1800 psig (278°F superheat). The feedwater rate
is controlled automatically to maintain a constant steam pressure to the turbine. Steam superheat is
held constant by controlled attemperation of the steam with feedwater. . Steam flow from and water
flow to the attemperator are recorded. Thus, even at low reactor powér levels when excess heat
transfer surface is available, steam conditions at the turbine will be constant. Operation in this
manner permits operation of the reactor at constant pressure independent of power demand.

In the ‘event of cooling water failure, the reactor wiil automatically scram. Provision is
made for automatically relieving system pressure to the atmosphex;e so that feedwater stored in the

elevated deaerator storage tank can flow by gravity through the condenser-boilers to remove heat

100




MERCURY COOLED BREEDER REACTOR

until the shutdown cooling system can take over. The steam and high-pi’essure feedwater piping
systems are welded and are fabricated entirely of 2 w/o Cr, 1 w/o Mo steel.

5. Auxiliary Mercury Systems

a. Cleanup and Additive Injection System

Experience with mercury in conventional power plants has verified that magnesium and
titanium must be added in small amounts to mercury to eliminate mass trénsfer and insure good
wetting of heat transfer surfaé\:es. In addition, the oxides formed must be removed to prevent plug-
ging of coolant passages and localized dewetting. Experience has shown that the oxide removal can.
be easily accomplished by reducing liquid velocity to a point where the low-density oxides can float
to the surface of the mercury and accumulate.

A system has been provided to permit continuous cleanup of a portion of the mercury
coolant stream and periodic injection of magnesium and titanium. About 1% of the primary mercury
streé.m is drawn off the mercury recirculating pump discharge and pumped by the Auxiliary Mercury
Pump (P-3) to the Mercury Cleanup Drum (D-1). One operating and one spare pump are'provided.
D-1lis a 2.5'OD X 9' horizontal pressure vessel with a 1' OD X 2' pot on the top. The drum is
designed to provide a settling time of 10 minutes and reduce mercury velocity to less than 0. 02 it/sec.
The oxides float to the top in this zone of low velocity and collect in the pot. The mercury level in
the pot is recorded. When sufficient oxides have accumulated, the low mercury level will sound an
alarm and the oxide sludge can be manually blown down to the mercury recovery system, which is
discussed later. The clean mercury flows to the top of the reactor and is sprayed over the element
assemblies. Flow through the system is recorded and controlled automatically. To clean static
mercury prior to a startup of the plant, all mercury in the reactor system can be recirculated
through the cleanup system. All mercury, whether makeup or returned, must enter the primary or
the auxiliary mercury system through the cleanup drum.

The cleanup drum also provides emergency surge for flooding the reactor. It is suf-
ficiently elevated that mercury will flow to the réactor spray ring by gravity in the event of pump
failure. This prbvides some emergency cooling and insures liquid wetting of the fuel pins, even
during major upsets such as power failure. A 10-kw immersion heater (H-3) is provided in D-1 to
make up heat losses from the cleanup system if necessary, or to heat the mercury to reactor system
temperature if the drum has been isolated. A thermal relief valve is provided on the drum to prevent

overpressure.
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Magnesium and titanium are added by periodically routing a stream of mercury through
the filled Injection Chaﬁlbers (D-3 and D-4). The chambers are small pots with removable top
covers and are normally isolated from the system. Routine samples of the circulating mercury are
taken at the outlet of D-1 and analyzed for additive and sludge concentration. . When necessary, one
chamber is filled with magnesium in the form of small ingoets of pure metal and the other with
titanium hydride powder. A stream of hot mercury is routed through the chambers, dissolving the
additive material. Experience indicates that the additive concentration must be maintained at 50 to
70 ppm of magnesium and 0. 35 ppm of titanium. It is estimated conservatively that the annual con-
sumption for the plant will be 300 1b of magnesium and 50 1b of titaniﬁm.

b. Startup System
Two heaters are provided in the cleanup-system return line to the reactor for heating
.the reactor and primary system during initial startup. The‘heaters are 60-kw circulation-type units

with alloy-steel-sheathed hairpin elements. They are designed to heat the primary system at a rate
of 50 degrees per hour. A thermostat is provided for adjusting the heat-up rate. Two units are pro-
vided to permit removal of one for maintenance. During normal operation, the heaters are turned
off and the mercury circulates through the shells. The cleanup drum can be bypassed during startup
if desired.

c. Shutdown Cooling System

A shutdown cooling system is provided to condense small quantities of niercury vapor
during shutdown and to remove decay heat from the recirculating liquid mercury when the reactor is
flooded. This system does not provide emergency cooling, which is handled by the condenser-boilers.

The system includes an air cooler and a recirculating pump. Prior to normal shutdown,
‘the system will be gradually heated by bleeding mercury vapor through it. During shutdown, the
Mercury Shutdown Cooler (E-2) will condense a small percentage of the vapor. As power level is
gradually reduced, the cooler smooths out operation as the large condenser-boilers are cut out step-
wise. Once the reactor is flooded with liquid to a point 6.5 inches above the upper blanket, the
Mercury Shutdown Pump (P-2) starts and the liquid mercury recirculates through the cooler to
remove decay heat and to cool the liquid if desired.

The cooler is located outside the containment vessel and is designed for a duty of
12,000,000 Btu/hr, permitting the reactor system to be cooled at an average rate of about 65 degrees
per hour while removing decay heat at an average rate of 1% of maximum reactor heat rate. The

cooler is a standard air-fin type, provided with adjustable louvers and two-speed fan to manually
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control cooling rate. The pump is a 'centriflrgal type with special high-temperature seal, and is
designed to pump total primary system mercury through the cooler in one hour. Flow through the
system is recorded and cooler outlet temperature indicated.
d. Sump System

A Mercury Sump (D-2) is provided to collect miscellaneous mercury streams. The
sump is located at the low point of the reactor containment building to receive drips and drains from
eqeipment and lines. It also acts as a receiver for surplus mercury leaving the primary system,
condensed relief valve blowdown, makeup mercury, and contaminated mercury from the condenser-
boiler leak-detection system. .

The sump is a 6' OD X 18' pressure vessel‘designed to hold the total mercury in the
reactor systems. A 10-kw immersion heater (H-4) is provided in the 2' OD X 3' pot on the bottom of
the sump to heat stored mercury to system temperature or to vaporize water if necessary. Mercury

is pumped from the sump by a long-shaft sump pump (P-4) provided with high-temperature seal.

The pump is designed for a differcntial head of 90 feet, which is sufficient to pump mercury from the
sump at atmospheric pressure to the elevated Mercury Cleanup Drum (D-1) at 110 psia. Mercury
from the sump can be returned to the reactor system only through the cleanup drum. Remote oper-
ating pump discharge and bypass valves and remote pump starting are provided to facilitate normal or
emergency makeup of mercury to the system. Sump pressure, temperature, and level are indicated

in the control room. Flow rate to and from the sump is recorded and may be controlled mamially

.
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from the control room. ' |

e. Mercury Recovery System

‘ Conventional mercury plant experience indicates that the oxide sludge collected in the
cleanup drum will contain about 90% free mercury. A simple system is provided to recover as much
of the mercury as possible and return it to the sump. 4

The collected sludge is periodically blown to the Mercury Recovery f‘urnace (H-2),
which is an electrically heated retort with a conical bottom. The sludge is heated by -electric coils
to vaporize the mercury; the vapor is condensed in the small water-cooled Mercury Recovery
Condenser (E-5) and then drained into the sump. A similar system has worked satisfactorily in
conventional plants. Mercury losses in the sludge and losses due to sampling and adherence to fuel
assemblies and equipment are conservatively estimated at 1500 pounds per year.

The sludge will be radioactive and thus. cannot be removed manually as is done in con-

ventional plants. A method of sludge disposal has been devised which involves the use of nitrogen to
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blow sludge from the retort into a concrete disposal cask. The cask has a recessed steel top with a
valved stub. When the cask is full, the top and valve can be covered with concrete and the entire
cask disposed of.. Test work will be required to determine the nature of the sludge and to verify the
feasibility of this method of disposal.

f. Water-Removal System

The only possible source of contamination of the mercury with water will result from a
condenser-boiler tube leak or rupture. Water leakage is isolated and detected in the leak-detection
system. The leaking unit can be isolated,. and the reactor scrammed if neéessary, before flushing
out the contaminated mercury to the sump.

A system is provided to permit removal of the water from the sump. The sump is
allowed to cool to about 250°F and is then held at this temperature by the sump heater. The water
vapor present is vented from the sump and condensed in the small water-cooled Wafer Recovery
Condenser (E-6). The water can then be collected in a disposal cask similar to the oxide disposal
cask or fransporied to the Waste Disposal Building in steel drums.

6. Relief-Valve Blowdown System

The large mercury relief valves and the thermal-expansion relief valves on the E-1 leak-

- detection.system and in the Mercury Cleanup Drum (D-1), which may release mercury vapor, dis-
charge into a closed blowdown system. The system consists of a blowdown manifold and a coil-in-
box cooler to condense the vapor. The Relief Condenser (E-4) is-designed with sufficient surface to
completely condense the maximum mercury vapor rate. The condenser consists of a coil of finned
tube sections.closely spaced in a.concrete box. The box contains sufficient: water to condense the
total vapor rate for a period of one minute without vaporizing appreciable water. The relief con-
denser is located adjacent to the reactor containment vessel, and any steam formed is vented to the
atmosphere. An alarm is provided to warn of low water level. ) .

(
The thermal-expansion relief valves on the steam side of the condenser-boilers release to

the atmosphere.

7. Reactor Ev_acuatiop System ‘

Prior to each startup of the reactor, the system will be evacuatéd with the Reactor Evacu-
ation Pump (P-6). After shutdown, the vacuum'is broken with nitrogén. This simple system is
adequate for removing ox&gen to a level at which magnesium and titanium oxidation will be normal.
During subsequent heatup of the system, all high points will be vented té a closed vent system to

4 .
remove non-condensable gases. The gases, which will be. slightly radioactive, will be -diluted with
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large quantities of air and discharged up the stack. No inert gas blanketing system is required with
mercury.

8. Shield Cooling System

Héat,generated in the reactor biological shields is removed by a closed water cooling system
consisting of Shield Coolant Pumps (P-5A and P-5B), Coolers (E-3A and E-3B), Drum (D-5), and
cooling coilé imbedded in the stabilized sand-water shield and.the concrete outer shield surrounding
the reactor. The system is designed to remove 0.075% of the reactor heat generation rate at full |
power or 720,000 Btu/hr. Two rows of cooling coils spacéd on 2-foot centefs are imbedded in the
sand-water shield and one row in the concrete shield. The coils are fabricated of 2% inch, schedule
40, carbon s\teel pipe. Treated demineralized water is circulated at 50 gpm through the coils by a
centrifugal pump, and the heat is removed in a water-cdoled tube-in-shell cooler. A spare pump
and cooler are provided to insure continuity of operation. The system.is designed for a maximum
coolant temperature of 180°F to prevént water loss and internal stresses in the shield that would
reduce the shielding efficiency. The coolant drum is designed to contain the total water in the
systerﬁ. Coolant flow and temperature are indicated in the control room, and alarms are provided
to warn of low flow, low coolant drum level, and high temperature.

9. Instrumentation and Controls Systems

System design for the MCBR reactor plant is similar to that for conventional plants. 'The
primary aim of the instrumentation and controls systems is to provide for safe andA efficient oper-
ation of the plant. The number of controls included is the minimum required for satisfactory oper-
ation. Wherever possible, normal operating, startup, and shutdown procedures are automatic.
Essential controls may be either automatically or manually operatéd to permit servicing of auto-
matic equipment. Control, regulation, monitoring, and adjustment of operating variables is central-
ized in a control room located in the turbine-generator building. It is estimated that an operator and
one assistant in the control room and a roving operator can routinely control the plant operation.

Reactor safety systems have been designed to provide for rapid scram when required, but
an effort has b}aen made to minimize reactor shutdowns for minor upsets or failures. All control
valves will fail in a safe position. Failure of important devices or excessive deviation of important
operating variables will be annunciated. Failure of critical devices will automatically scram the

reactor. The following unacceptable conditions initiate scram:
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1) High turbine condenser pressure.

2) Low feedwater flow.

3) High reactor exit vapor quality.

4) Control rods fully withdrawn.

5) High reaétor vapor-plenum pressure.
6) Popping of reactor relief valves.

7) Short reactor period.

8) High reactor power level.

a. Process Instrumentation

Process control points and instrumentation for the reactor plant have been outlined
under discussions of the individual systems. Over-all operating, startup, and shutdown control pro-
cedures will be discussed later. Process instrumentation and controls are shown on Dwg. R-181.

b. Nuclear Instrumentation

The nuclear instrumentation system, as shown on Dwg. C-188, is patterned after the
EBR II system. There are eight nuclear channels divided into the following groups:

1) Two startup channels that indicate reactor period and record log count rate during

' startup and fuel-transfer operations.

2) Two intermediate log power channels that indicate period and record log count rate.

3) One linear power channel that provides a linear flux signal. .

4) Three safety channels that shut down the reactor under abnormally high flux con-

ditions.

The channels in each group have a common log N flpx recorder. Necessary switches
are provided to permit switching channels and bypassing startuplchannel trips. Fission counters are
used to measure neutrop flux during startup. Compensated ionization chambers are provided for the
power channels to discriminate against fission gamma background, particularly at low power levels.

Short reactor period or high power level will actuate trips and automatically scram the
reactor.

10. Fuel-Handling System

Over-all fuel-transfer procedures and preliminary design features of fuel-handling mecha-
nisms have been established. Since mercury can be exposed to air at low temperatures without
danger or excessive oxidation, the fuel-transfer operation can take place with the reactor cover

removed. This greatly simplifies the procedures and equipment employed as compared to that
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required for sodium;cooled reactors. The primary restrictions are a) mercury temperature must
be reduced to about 200°F to minimize vaporization, and b) personnel must be shielded from the
radioactive mercury during the transfer operation. A stepwise fuel-transfer procedure is presented
in section F, "Plant Operating Procedures. " |
The fuel-transfer system devised consists of an indexing plate, a fuel-transfer cask with
grappling mechanism, a fuel-decay storage tank, and the main reactor containment building crane.
The cask and indexing plate are used only during the transfer operation and are normally stored on
the operating floor. Prior to transfer of fuel, the core holddown assembly must be removed from
the reactor and stored in the shielded storage room provided on the first subgrade level of the
containment building. The indexing plate is lowered into the reactor to shield personnel while they
are removing the holddown assembly retaining nuts. The assembly is then connected to the indexing
plate; and both plate and assembly are transferred to the assembly storage room. Location of the
fuel-transfer equipment is shown on Dwgs. F-185 and F-186.
a. Indexing Plate
"~ The indexing plate is a 9.5' OD x 12" thick plate similar to that desighed for the EBWR.

_ The plate consists of a support ring and two eccentrlically disposed rotating discs. The two geared

discs are rotated manually so as to align a plugged, stepped hole over a given assemt_)ly in the core

or blanket. Attached to the plug is an offset rod that is used>to push out and reset the plug. Tﬁe
plate also serves to shield personnel working over the reactor during the entire transfer opera{ion

and also when connecting and disconnecting the core holddown assembly from the plate. A discussion

of the shield design basis is given in the Shield Design section. The plate is supported and aligned in
"the upper part of the reactor vessel by the same lugs that support and align the core holddown

assembly. These lugs are shown on Dwg. F-182. '

b. Fuel-Transfer Cask

Fuel and blanket assemblies are transferred to and from the reactor in a 4' OD X 12!
water-cooled transfer cask similar to that used on the EBWR. The cask is a steel cylinder with
- 22-inch-thick walls designed to provide biological shielding for the most radioactive fuel assemblies.
The top of the cask is plugged and the lower end is closed by a sliding door. Decay heat generated in
the as_sémblies will be removed in the cask by a water cooling coil wrapped around the assembly
space. ‘ . .

The grappling mechanism for retrieving the assemblies is contained withiﬁ the cask and

consists of a tool and actuating mechanism for grappling the handling head on the assembly, a tubular

2
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shaft, which telescopes to reduce head room requirements, and necessary safety latches to prevent
accidental release of the assembly duringtranéfer. The tool is inserted and retracted manually,
and the latch is actuated manually. Gear ratios 'are such that fuel cannot be inserted into the core
at excessive rates. A cylindrical skirt is provided at the base of the cask to minimize dose rate at
this point. Two casks are providéd to speed the fuel-transfer operation.

c. Fuel.-Decay Storage Tank

Fuel assemblies will be allowed to decay for 90 days before being removed from the
containment building. A concrete-shielded Fuel Decay Storage Tank (K-l) is provided in which to
-store and cool the assemblies. This tank is located on the first subgrade level of the reactor con-
tainment building, with access to individual storage pots through plugs in the 'operating floor. Because
of the large fuel mass (9.32 kg U 235) in each core assembly, safe storage in a water pool to remove
decay heat is questionable. The assemblies are therefore stored in ihdividualfmercury-filled finned

pots and cooled by air. . '

The fuel-decay storage tank is -a 4-foot-thick concrete box with concrete shield cover.
The individual pots are fabricated of 4-inch, schedule 30, 5 w/o Cr, 3 w/o Mo steel finned. pipe and
are suspended in a rack. A blower pulls in air through the containment building air intake and blows
it across the pots and out the main stack. The tank is designed to hold 130 core and control-rod '
‘assemblies and 40 blanket assemblies at one time. This storage space is based on removal of 50%
of the core assemblies and 9% pf the blanket assemblies after six months-of operation at full power. ‘
The blower is designed to remove maximum decay heat (1% of maximum power) from this number of .
assemblies. The mercury in the pots insures subcriticality of the stored assemblies and thereby A
permits close spacing. Removable stepped plugs in the cover provide é.ccess to the storage pots.

11. Reactor Containment Vessel (Dwgs. F-185, F-186, F-187)

The reactor containment vessel is a 75' OD x 115! overfall length, cylindrical, steel
pressure vessel with 3 -inch-thick shell, 5/16-inch-thick hemispherical top head, and % -inch-thick
flanged and dished elliptical bottom head with 7/8-inch-thick knuckle. The vessel is designed in
accordance with the ASME Boiler and Pressure Vessel Code, Section VIII, for Unfired Pressure
Vessels (1959 Edition and Case Interpretations for Nuclear Installations). The shell and heads are
to be fabricated of ASME Specification SA-201, Grade B steel, conforming to ASME Specification
SA-300. All joints are to be double butt welded, radiographed, and fully inspected and leak tested.
The lower portion of the vessel, which contains no penetrations, would be erected, then inspected A

and encased in concrete, in accordance with the code. The top portion of the vessel would be
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erected after installation of the internals and the complete vessel pres.sure-tested. The upper vessel
shell is penetrated by a large bolted equipment door, a personnel air lock, an emergency air lock,
and necessary piping and electrical conduit penetrations. Chicago Bridge & Iron Co. assisted with
the design of the containment vessel.

The vessel is designed to contain all radioactive mercury and fission products released from
the reactor in the. event of a major accident. The worst credible accident is assumed to be rupture
of the reactor vessel or primary piping due to simultaneous loss of coolant flow and failure of control
rods. A maximum internal pres‘sure of 15 psig has.been used in design of the vessel. This pressure
is based on the consequences resulting from meltdown of one-third of the reactor core. Energy
éources from the core meltdown plus thermal energy stored in the mercury in the reactor and
primary lines were considered. Chemical reé.ction between mercury and materials present is not a
‘ factor. In the event of a rupture in the system, the coolant would be flashed into the containment
vessel, where it would give up some of its energy to the contained air and produce a rapid increase
in pressure. The maximum equilibrium pressure in the free volume of the vessel selécted was
calculated at 15 psig. Air contained in the vessel was assumed to be at 80°F. It was conservatively
assumed that no condensation of mercury vapor would oécur during the emergency period.

C. POWER-GENERATION PLANT DESCRIPTION

A detailed design of the power-generation plant is beyond the scope of this contract, but the over-
all characteristics of the plant have been established to permit estimating total plant cost based on
reliable costs for plants of similar size. The plant will be a standard power-generation plant con-
sisting of a turbine-generator set, condenser, regenerative feedwater heaters, deaerating heater and
storage tank, condensate and feedwater pumps, condensate storage tank, and extensive water-
treatment facilities.

The power-generation plant will supply "ultra-purity" feedwater at a constant temperature of
450°F to the condenser-boilers. The 1,020,000 lb/hr of 1800-psig steam produced at a constant
temperature of 900°F will be routed to a Standard, tandem-compound, double-flow, condensing
turbine with reheater and five extraction openings. Steam flow to the turbine will be regulated by a
turbine governor confcrol, and _surplus steam will be desuperheated and dumped to the condens'er,
which will operate at 1 5 in. Hg absolute. Condensate from thé main condenser is pumped through
two regenerative feedwater heaters to an elevated deaerator heater and storage tank. Sufficient
storage is provided in the deaerator storage tank to supply emergency cooling water by gravity flow

to the condenser-boilers for five minutes in the event of feedwater pump failure. Feedwater from the

109




MERCURY COOLED. BREEDER REACTOR

deaeraior storage tank is pumi)ed through a reheater-drains cooler and two regenerative feedwater
heaters to the condenser-boilers. Extraction steam rate to the last heater is automatically cohtrolled
to maintain feedwater temperature at 450°F. Flow through the power-generation plant is shown
schematically on Dwg. D-180.

Makeup water to the plant will pass through water-treatment, filtration, and demineralization
facilities located in the water-treatment building. "Ultra-purity" of the feedwater will be maintained
by routing a portion of the condensate through a bypass filtration and demineralization system and
back to the condenser. The low-pressure feedwater heater drains, which may contain appreciable
corrosion products, will be returned directly to the condenser so that they are demineralized immedi-
ately in the bypass system. A storage tank will handle condensate surge.

D. PLANT SITE

For the conceptual design and for. estimating purposes, the plant site was arbitrarily selected on
level ground adjacent to a reliable water source and convenien’_c to roads, railway transportation,
sewers, and other utilities. The plant.will be a "grass roots' installation-in a reasonably isdlated
locatipn near a center of population. Moderate weather conditions, grade, and soil conditions are
assumed for the site. Six acres of land are required for the plant as laid out. For estimating pur-
poses, it is assumed that the plant site will be graded, paved, .and‘ fenced. Elaborate architecture or
extensive landscaping have not been provided for.

E. PLANT LAYOUT

The 100-mw(e) nuclear power plant consists of a boiling-mercury fast breeder reactor,
condenser-boilers, a standard steam turbine-generator plant complete with auxiliaries and substation,
waste disposal and maintenance shop facilities, and necesséry control rooms, laboratories, and
offices. The major components of the power plant are grouped in six buildings: reactor containment,
turbine-generator, water treatment, maintenance shop, waste disposal, and office. The general
arrangement is designed to provide adequate staging areas and to‘ effect economy and éontinuity of
construction, operations, and maintenance. Road access is provided to all buildings, and railway
spurs service the reactor, turbine-generator, shop, and waste-disposal buildings.

Over-all plant layout is shown on Dwg. D-189 and also on the plant illustrations included as a
frontispiece to this report. '

1. Reactor Containment Building

Essentially all facilities comprising the nuclear reactor portion of the plant are housed in a

conventional containment vessel. A cutaway illustration of the containment building is included on the
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frontispiece to the report. Plans and sections of the containment building are shown on Dwgs. F-185,
F-186, F-187. The design basis for the containment vessel is discussed in an earlier section.
. Layéut of the reactor building and contained equipment has been bredicated on the following
basic principles:
1) The reactor vessel and all equipment normally containing mercury coolant must be
located within the containment vessel.
2) The reactor vessel and mercury systems must be biologically shielded to permit
personnel access to the containment building levels during operation.
3) Plugs and remote valving must be provided to permit access to individual pieces of
equipment after draining. '
4) Relative elevations of equipment must satisfy pump suction, natural circulation, drain-
age, venting, and piping-expansion requirements. .
5) Equipment must be arranged so as to minimize mercury holdup and building size and to
simplify piping. :
Consistent with these principles, a 75' OD x 115' steel containment building with a ‘shielded
operating floor at grade and four operating levels below grade has been selected. The reactor and
essentially all auxiliary equipment are lécated on the four subgrade levels. The concrete coil-in-box
type Relief Condenser (E-4l, Dwg. R-181) and the Mercury Shutdown Cooler (E-2) are located outside
and immediately adjacent to the containment building at grade. A shielded stairway and equipment
hoist provide normal access to the three subgrade levels containing equipment. A brief descri'pt{on
of the equipment at each level is presented below.

a. Operating Floor (Plan I, Dwg. F-186)

The operating level is biologically shielded from the reactor and auxiliaries below.
Removable shielding plugs provide access to the reactor vessel, condenser-boilers, fuel-decay
storage tank, and core holddown assembly storage room. A 50-ton traveling-bridge two-hook crane
handles the shield plugs, reactor cover and holddown assembly, and fuel-transfer cask and indexing
plate. The condenser-boiler plggs, covers, and bundles are removed by a stationary hoist. A rail-
way track facilitates transfer of equipment and fuel-assembly casks through the equipment door.
Space is provided for storage of the fuel-transfer equipment and for a spare condenser-boiler shell

unit. Entry to the stairWay and equipment hoist is from this level.
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b. First Basement (Plan II, Dwg. F-186)

The first subgrade floor contains the fuel-decay storage tank, condenser-boilers, the
core holddown assembly storage room, reactor evacuation pump, and building air conditioning equip-
ment. Access to the tank, condenser-boiler, storage room, and vapor line valves and instrumentation
is from the operating floor. Individual condenser-boilers are enclosed in shielded compartments to
permit maintenance during operation after complete draining. A stairway provides access to the
evacuation pump and air éonditioni‘ng equipment, .

c¢. Second Basement (Plan III, Dwg. F-186)

The second subgrade level contains the magnesium and tit_ahium injection chambers,
mercury recovery system, mercury cleanup drum, mercury startup heaters, and shield cooling
system drum, pumps and coolers. Access to this level is provided by the stairway and hoist. The
mercury equipment is -separated in ipdividual_ shielded compartménts to permit access for operational
and maintenance reasons without shutting down the plant.

d. Third Basement (Plan IV, Dwg. F-187)

Space is provided on the third subgrade level for piping runs and for the mercury-level
‘drum. Normally, there will be no access to this level.

- e. Fourth Basement (Plan V, Dwg. F-187)

This level contains the mercury recirculating pumps, auxiliary mercury pumps,
mercury shutdown pump, mercury sump and sump pump, and water-removal system. Individual
pumps are contained in shielded compartments. Remote-operated and extension valves are provided
to permit rapid switching and draining of pumps. The sump is at the lowest point in the system so

that all equipment and lines can be drained into it.

2. Turbine-Generator Building -

For design and estimating purposes, a standard turbine-generator plant complete with
feedwater heaters and pumps, condenser, reheater, deaerator, condensate pumps and bypass de-
mineralizer, electrical switchgear, instrument air compressors, and attendent equipment has been
selected. These facilities are contained in a 100' x 150' building located adjacent to the reactor
containment building. The turbine-generator building also houses a control room and laboratory for
the entire power plant.

3. Water-Treatment Building

The water-treatment building houses cooling water pumping, straining, and treatment facili-
ties and makeup feedwater filtering, demineralization, and treatment facilities. A condensate storage

tank is located adjacent to the turbine-generator building.
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4. Office Building
A one-story office building with 2500 sq. ft. of floor space provides offices for general
administrative, ‘engineering, health physics, and accounting personnel.

5. Maintenance Shop

The shop houses equipment, spare parts, and materials required for performing normal
maintenance operations on a conventional power plant..

6. Waste-Disposal Building

A separate 30' x. 40" building houses the nominal waste-disposal facilities. The building
contains a shielded hot cell and remote manipulator, large and small autoclave for removing radio-
active mercury from equipment prior to maintenance, and radioactive water decay tanks and
demineralizer. Space is provided for storing disposal.casks, new fuel elements, mercury flasks,
and a stock of magnesium and titanium. An overhead monorail hoist is provided to facilitate hand-
ling of equipment and materia.ls..

F. PLANT OPERATING PROCEDURES

Operating c_ontrol points and.the functions of equipment and controls during startup, normal
operation, and shutdown have been discussed in detail with the individual systems and in the
Instrumentation and Controls Systems section. The latter summarizes the stepwise operating
procedures for the plant as a whole. The Piping & Instrument Diagram, Dwg. R-181, should be
referred to for equipment numbers and to foliow flow and instrumentation for the reactor plant.

1. Startup Procedure

Normal startup presumes that the reactor has been opened for fuel transfer. Startup prd—
cedures may be initiated when all equipment has been closed and pressure-tested, the fuel and
blanket assemblies are in place, all control rods are withdrawn, and auxiliary mercury systems are
full of mercury. If the reactor system has been shut down for éome time, all mercury shoﬁld be-
circulated through the cieanup system prior to startup, and magnesium and titanium added if neces-
sary. During normal shutdbwn, mercury will be continuously recirculated through the shutdown

. cooling system, and this flow will be maintained during startup. The shield cooling system will
operate at all times. The plant may theh start up in the following sequence:

(1) Start pump P-6 and evacﬁate R-1 and primary system lines and equipment to remove

nitrogen and air. ' '

(2) Start pump P-3, recirculating mercury through D-1 and spraying cold mercury over

the core and blanket assemblies.
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(3)
(4)
(5)

(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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‘Raise reactor power level at a prescribed rate and increase vapor flow through E-1A.

Shut down pump P-2 and open the vapor line to condenser E-2.

Start heaters H-1A and H-1B and heat mercury at about 50 degrees™per hour.

As the mercury temperature rises, open valves to permit the primary system down-
stream of E-1A, B, and C to fill with mercury. Liquid level will be maintained well
up in the core by pumping mercury into D-1 from sump D-2 with pump P-4. Liquid .
spraying from above will insure heat transfer from the exposed fuel-pin surfaces
above the liquid level. A ‘

When mercury temperature reaches 600°F, drain sufficient mercury to sump D-2 to
maintain low-power operating level in the core. Vent all high points to remove non-
condensable gases. »

Gradually insert operating control rods and bring mercur~y to its saturation tempera-
ture, 675°F. .

Condense initial vapor fofmed in shutdown condenser E-2 and control recycle liquid
rate to maintain level above thermal shield.

Start flow of ultra-purity feedwater through feedwater systeml and start E-1 leak-
detection system. '

When feedwater flow is established, bleed small amounts of vapor through the
condenser-boilers to gradually heat these units and establish natural circulation
through the primary system. Steam generated will be dumped to the main condenser,

bypassing the turbine.

Block off condenser E-2.
When 20% of full power is reached, start pump P-1A and manually control pumping rate
to maintain reactor vapor quality at 30%. Drain sufficient mercury to sump D-2 to

maintain level in D-6 at 12 to 15 feet above pump suction.

Adjust ratio of flows to core and blanket inlet plenums.

Gradually increase reactor pressure by manual adjustment of feedwater rate until 95
psig and 920°F -are reached. '

Continue to increase power level, cutting in E-1B and E-1C and pump P-1B when
required. ‘

Route steam to turbine at desired power level and adjust condensate and feedwater

systems.
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2. Normal Operation

The reactor will operate as a base load unit, and power level will be adjusted manually to

correspond to antiéipated power demand. Operating variables in the steam, feedwater, condensate,

and reactor systems are, in general, controlled automatically. Details of these controls have been

discussed earlier. Mercury and feedwater must be sampled routinely to maintain purity. Magnesium

and titanium concentration of the mercury must be watched closely. About 1% of total mercury flow

will be routed through the cleanup system under normal operating circumstances.

3. Shutdown Procedure

For anticipated shutdowns, e.g., fuel transfer, the follo'wing. procedure will be followed;

(1)
(2)
(3)
(4)

(6)

(6)

(7)
(®)
©)
(10)

(11)

(12)

Prior to shutdown, bleed vapor through shutdown condenser E-2 to heat the system.
Gradually reduce power level at a predetermined rate.

Begin dumping steam generéted to the main condenser, bypassing the turbine.

Place steam, feedwater, and mercury systems on hand control and gradually reduce
reactor pressure.

Continue to reduce power level; bypass E-1B and C and pump P-1B when vapor ré._te is
sufficiently reduced.

Increase mercury level in reactor by pumping down level in D-6 and primary system
lines as far as possible.

Block off D-1 but continue to recirculate through spray ring with pump P-3 to insure
fuel-element cooling. ‘ 4
Withdraw control and safety rods and shut down last condenser-boiler and recirculating
pump. The vapor generated will be condensed in E-2. .

Raise level in reactor to 6.5 inches above blanket by pumping mercury out of sump D-2.,

‘Start shutdown pump P-2 and cool liquid to 200°F.

Stop pump P-3 but continue to recirculate through E-2 with pump P-2 during entire
shutdown period to remove decay heat.

Break vacuum with nitrogen and proceed with fuel-transfer procedure.

4, .Euel—Transfer Procedure

The following stepwise procedure will accomplish unloading and loading of the core and

blanket assemblies:

(1)
(2)

Reduce reactor power to zero by withdrawing all control rods.

Raise mercury level in reactor to 6.5 inches above blanket.
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(3)
(4)

(5)
(6)
(7)
(8)
)

(10)
(11)

(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
1)
(22)
(23)

(24)

(25)
(26)

Begin recirculating mércury through shutdown cooler E-2 with shutdown pump P-2.
Cool mercury to 200°F. -

Relocate new core and blanket assemblies from storage to fuel-decay storage tank,
leaving one open space.

Remove the four reactor top shield plugs with crane and store on the operating -floor.
Remove reactor vessel cover4holddow_n nuts manually. '

Remove core holddown assembly storage room cover with crane.

Attach one gfane hook to reactor vessel éover and the other hook to the indexing plate.
Evacuate all personnel from building; remove cover and insert indexing plate in the.
reactor remotely. .
Manually remove core holddown assembly retaining nuts and attach holddown assembly
to plate. Attach second crane hook to holddown storage room cover.

Evacuate personnel, and transfer platé and holddown assembly into holddown assembly
storage room remotely. Disconnect plate from.hdlddown manually.

Return indexing plate to position in reactor remotely.

Replace holddown storage space cover remotely.

Manually rotate indexing discs until hole is positioned over assembly to be removed.
Position transfer cask over index hole and push plug'out of way.

Open cask bottom door and lower t<;ol over assembly handling head and engage latch.
Withdraw assem‘bly, cl~ose cask bottom door, and reset plug.

Transfer the cask to fuel-decay storage tank.

Start blower, push out plug, and position cask.

Open cask door and lower assembly into storage pot. .

Reset plug and close cask door.

Position cask over fresh assembly and pull assembly into cask, using reverse procedure.
Lower fresh assembly into reactor and repeat procedure, using two casks until all
fresh assemblies are in reactor. - |

Store the casks and attach the crane hooks to indexing plate and the holddown storage
room cover. l

Evacuate personnel and remove holddown storage room cover remotely.

Lower indexing plate onto holddown assembly and make connection manually. Evacuate

personnel.
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(27)
(28)
(29)

(30)
(31)
(32)

Lower holddown assembly into reactor remotely.

Manually install holddown assembly retaining nuts and disconnect indexing Pplate.
Replace holddown assembly storage room cover and attach second crane hook to reactor
vessel cover. .

Evacuate pérsonnel-, remotely remove indexing plate, and position reactor vessel cover.
Manually install reactor vessel cover retaining nuts. Replace shield plugs.

Initiate normal startup procedure.
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MERCURY COOLED BREEDER REACTOR

RECOMMENDED RESEARCH AND DEVELOPMENT

Technical féasibilit.y of the Mercury Cooled Breeder Reactor concept has been established with
reasonable confidgnce, and its economic characteristics are sufficiently attractive to warrant a
review of the program required to construct and operate an MCBR power plant prototype.

‘ The foregoing sections of this report have been primarily concerned with calculations oﬁ the .
first MCBR concept selected for evaluation. This concept utilizes uranium metal as the fuel and an
indirect steam cycle employing a mercury condenser-water boiler unit, ‘rather than a direct—cycie
mercury turbine folloWed by a condenser-boiler and steém plant.

The next phase of the MCBR development is the preparation of a ;;reliminary design in more
detail than was possible‘in this initial evaluation study. By this procedure, a more realistic and
quantitative evaluation of the economic advantages of the MCBR system can be made, and the
stability and control characteristics can be examined in detail. A program of design comparison is
also recommended for several attractive modifications of the basic system first studied. If a modi-
fication appears particularly promising, it should be inéorporated into the preliminary design. The
following areas are ;;vorthy of such consideration:

1) The kinetic behavior of the MCBR core following changes in load, pressure, and reactivity.
Improvement in cycle efficiency by utilizing a direct cycle with a mercury turbine.

2) Utilization of oxide fuel elements, possibly of flat-plate geometry, to achieve higher
temperatures, better neutron economy, and lower fuel-cycle costs than with uranium alloy
elements. ;

‘3) An increase in the allowable heat flux by using a sphérical core,

In conjunction with the continuing design studies, an experimental program is recommended to
provide the physics and engineering data needed to permit construction of an MCBR plant. Since..
Ipercliry as a coolant has been used successfully in conventional power-generating stations, consider-
able basic data and experience are availablé for its application as a reactor coolant and working
fluid. The extension of knowledge required for design of a nuclear plant ils thus minimal compared
with other poésible coolants.

A major materials or fuel development program is not anticipated, since no significant materials
problem appears to exist for a reactor fueled with metallic uranium elements and cooled with
meréury at a temperature no higher than 1000°F," both requireménté being consistent with vthe per-
formance needed for a power-extraction system of high efficiency. The technologies of fuel fabri-
cating and reprocessing and the associated costs are sufficiently well known to eliminate the need

for additional research, although some minor development may be required to permit large-scale
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MERCURY COOLED BREEDER REACTOR

production of fuel elements at minimum cost. Eventually, the improved performance possible at
higher temperatures and/or higher exposure level will create the need for better fuel alloys and
containment materials. Such a need will then justify materials research and development.

After completion of the preliminary design and test programs, which can proceed simultane-
ously, it is gecommended that a reactor test be designed, constructed, and operated, followed by
pfeparation of a final design for an MCBR power plant. The program proposed herein is designed
to produce an optimum design for a power-producing MCBR system.

Figure 34 presents an estimate of the time schedule and cost of each of these four phases. Note
that no specific materials'prograr'n is shown.

PHASE I - PRELIMINARY DESIGN OF MCBR POWER-PRODUCING SYSTEM

This phase covers the preparation of a preliminary design for the MCBR power plant, using a
cylindrical-core geometry. The system design will be carried out in’'detail to provide a more
definite evaluation of the costs and operability, including kinetics and control, of the MCBR from a
total power plant standpoint. The design will be based on known technology and 'will utilize, where
possible, the work performed in other Commission-sponsored projects, as well as commercial A
practice with mercury. Improvements that have the potential for reducing fuel-cycle costs will be
evaluated and, where appropriate, incorporated into the preliminary design. The tasks of Phgée I
are outlined below. '

Task 1 - Preliminary Design of a MCBR Power-Producing System with a Cylindrical Core

a. Reactor. A preliminary design will be prepared for the reactor vessel, fuel elements ;
and control devices. Core calculations will be refined for optimuni cycle costs and cost trends
determined. | A

b. Kinetics. The dynamic response of the pressure, vapor fraction, and power level in
the core to perturbations in reactivity, power demand, and pressure will be examined by analyses
of representative cores.

c. Shielding.  The plant shielding requirements and the optimum shielding design will be
determined. ‘ .

d. System Design. A flow diagram and piping and instrument diagrarhs will be prepared
for the reactor and power-producing system. The plant will be optimized for power production at
minimum cosf, and a direct cycle with a mercury turbine will be considered. -

e. Materials Analysis. A materials selection analysis will be prepared for all equipment

in the plant.
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Estimated Cost
Years 1 2 3 4 5 6
PHASE 1 Task Preliminary Design of a MCBR |E mmm $531,000
Power-Producing System with :
a Cylindrical Core
Task Design Evaluation of E mwmm 130,000
Improved MCBR Concepts
PHASE II  Task Heat Transfer and Fluid E mmC s O s 338,000
Flow
Task Sludge Removal, Corrosion, E mumigs C wm O upm
and other System Tests «
. 900,000
Task Critical Experiment E aamaC mOmm——
. PHASE III Task Reactor Test Design Et
Task Construction (Y "
7,500,000
Task Test Operation and 0— )
Evaluation
; *
PHASE IV  Task Final Design of MCBR E meum—m 200,000
Power-Producing System

* These figures are preliminary estimates only.

il

Legend

E - Start Engineering
C - Start Construction
0 - Start Operation

OVER-ALL SCHEDULE OF DEVELOPMENT PROGRAM

MERCURY COOLED BREEDER REACTOR

~ FIGURE 34
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MERCURY COOLED BREEDER REACTOR

f. Fuel-Handling System. Preliminary designs will be prepared for the required fuel-

handling system.

g. ' Equipment Specifications. Preliminary specifications will bevprepared for the major
equipment items in the plant. Piping standards will be prepared for the mercury and high-pressure
steam system. If required, suppliers will be retained to perform a preliminary design on special
components. ’ _ P

h. Plant Layout. A preliminary plant and equipment layout will be prepared, including
containment, waste disposal, fuel storage, and major items of equipment, such as reactor and
auxiliaries, and turbine —generator and related equipment.

i. Safety Evaluation. A preliminary safety evaluation will be prepared for the system.

j. Power and Plant Costs. Detailed cost estimates will be prepared for the plant capital

costs, operating costs, and fuel-cycle costs. . : N
k. Schedules. Schedules will be prepared for design and construction of the plant.

Task 2 - Design Evaluation of Improved MCBR Concepts

a. Spherical Core. Because of pressure-drop limitations in a cylindrical core at large

power outputs, it is possible to realize a significant increase in the allowable heat flux and specific
power in the core by using a spherical-core geometry with the mercury flowing out:from the center.
A design of this type has the potential of reducing fuel-cycle costs 2 to 3 mils/kwh over a cylindrical-
core configuration. It is recognized that mechanical compl_eﬁty is introduced by a core of this type.
Therefore, the following work is recommended to evaluate the feasibility of the concept.

‘ 1). Prepare a preliminary core analysis for a spherical-core geometry.

2) Prep’afe conceptual designs for the reactor vessel, fuel elements, and fuel-
handling equipment.

3) Estimate fuel-cycle and capital-equipment costs for the reactor and compare to the
costs with a cylindrical-core geometry.

4) Prepare the scope of any required development work, and estimate cost.

5) Make recommendations on feasibility of the concept and advisability of further work.

b. Fuel-Element Design Evaluation. It is possible to reduce the fuel-cycle costs for the

MCBR by improvements in materials of construction and configuration of the fuel elements. It

appears that use of an oxide element would permit an increase in power density and fuel-pin diameter.

Also, a flat-plate elenient may offer the potential for increasing the specific power. The following

work is recommended to permit evaluation of improved fuel-element designs.
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1) Prepare a core analysis for an oxide-type element and flat-plate or other promis-
ing fuel-element configurations.

2) Prepare conceptual designs for the reactor and fuel elements for the concepts
considered.

3) Estimate fuel-cycle and capital-equipment costs for the fuel-element concepts
considered.

4) Prepare the scope of any required development work and estimate costs.
5) Evaluate the concepts and recommend on advisability of further work.

PHASE II - PRECONSTRUCTION TEST PROGRAM

This phase covers the performance of tests to provide the data requiréd before a MCBR can be
constructed and operated. Since the problems confronting the designers of conventional power plants
differ from those present in a nuclear reactor, some extension of current knowledge is necessary
for application of mercury to-a nuclear reactor. The following information is needed to permit -con-
struction of a high-performance nuclear plant using mercury as the coolant: a) burnout heat flux for
mercury at high vapor qualities, b) slip ratios or average mercury densities in boiling mercury
channels, c¢) two-phase pressure drops for boiling mercury, d) fast neutron cross section data for
mercury. It is recommended that this experimental phase of the program be started concurrently
with the preliminary design of the MCBR power-producing system, Phase I above. The tasks of
Phase II are detailed below. ' '

~ Task 1 - Heat Transfer and Fluid Flow

This task wili include e_xperimental effort to determine burnout heat flux, two-phase mi)"c"ture
densities, and two-phase flow resistance for ranges of variables required for design of the MCBR.
Existing information on mercury boiling heat transfer, two-phase flow losses, and two-phase mixture
density’ is sufficient for the design of conventional power plants. To exploit fully the potential of
mercury for nuclear applications, however, a heat transfer and fluid flow test program should be
undertaken. This program will investigate higher heat fluxes and mixture densities (which are of
greatly increased importance in nuclear plants), and the resistance to flow of boiling mercury.
This program will \obviate the nlecessity of extrapolating the variable ranges covered by existing
data to cover the range of interest for reactor application. Extrapolation of existing data places
a limit on the confidence that can be placed in attainment of design objectives.

Variation of experimental parameters will be within the following limits.
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Exit quality of two-phase mixture - 0 to 35%
Entrance velocity of liquid mercury - up to 5 ft/sec
Entrance subcooling - up to 200°F
Pressure level - atmospheric to 200 psia
Internal diameter of test section - 0.1 to 0. 5 in.
The various test equipment required for performance of this task is described below.

a. Heat Transfer Loop

The experimental work will be conducted with flow of mercury inside a heated tube. ‘
The tube will be heated by axial conduction of electric current. To limit the fraction of heat gener- ‘
ated in the mercury, tile electrical resistance of the tube wall must be low rAelative to that of the ’
mercury column. By using a copper-jacketed carbon steel test section, the heat generated in the
mercury can be kept af less than 5% of the total. The high thermal conductivity of copper also will
assist in maintaining a low tempefature drop through the test section wall. - The external surface of
the copper will be chrome plated to prevent oxidation.
Flow péssages in the MCBR conceptual design have a hydraulic diameter of about 0. 14
inch. Selection of an internal diameter in the range of 0.1 to 0. 5 inch for the test section will cover
the range of interest for hydraulic diameters. Heat fluxes of up to 1,000,000 Btu/hr-ift2 will be
investigated. This work will require a power supply capable of at least 320 kw for a 3-foot test.
section.

b. Instrumentation

Density distribution of the two-phase fluid mixtures in the test section will Abe measured
by radiation attenuation techniques. No basic difficulty in adapting these techniques to mercury
appears to exist, although some care in the choice of source and detecting equipment is required.
Sources of gamma radiation having photon energies of 1 to 2 Mev are acceptable for this purpose
and are readily available. Cobalt 60 will fulfill the requirements of this experiment.

Gamma-detecting equipment of high sensitivity is required to minimize the strength of

the source. A scintillating crystal and photomultiplier tube, similar fo that on hand at ATL, should
perform satisfactorily. A ‘

Pressure measurements along the test section will be obtained by pressure taps con-
nected to single-leg mercury manometers. The upper ends of the manometers will be connected in

common to the vapor space above the test section.

Volumetric flow rates of liquid mercufy and mercury vapor will be measured at sev-

eral points in the system. The flowing streams to be metered are indicated on Preliminary Flow
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Diagram, Dwg. B-179, Standard orifice flanges and orifice plates machined to the specifications of
the ASME Standards will yield flow measurements with satisfactory accuracy for this experiment.

Surface temperatures in this test section will be measured with chromel-alumel thermo-

couples imbedded in the test section wall. The output of these thermocouples will be led.to a multi-
point temperature recorder and automatically recorded.

Heat flux through the inside surface of the test section will be determined in two ways.
Electrical input to the test section will be measured with a current transformer and a wattmeter.
Voltage taps will be located on the test section so as to insure an accurate measurement of heat input
over a known iength of the tesf section. As a check, the heat input will be calculated from a heat
balance taken between the test section inlet and the two outlets (liquid and vapbr) of the vapor
separator.

c. Auxiliary Equipment

A preliminary piping and instrument diagram of the heat transfer apparatus is shown
on Dwg. B-179. The major auxiliary equipment consists of the following items:

Vapor separator. ‘The liquid-vapor mixture leaving the test section flows to the

separator, which separates the two phases and permits flow-rate measurements for each phase.
Condenser. After metering, the two phases are mixed and deliyered to an air-cooled

condenser. Air cooling is used because the high temperature of the mercury makes water cooling

difficult. The temperature of the liquid mercufy deliv}ered to the surge tank and thence to the pump

"is controlled by a water cooler and a bypass line around the condenser.

- Sludge removal drum and injection chambers. Experience in mercury power plants
shows that oxide removél is easily accomplished in regions where the liquid velocity is low enough
to enable the oxides to accumulate on the free surface. The sludge drum and injection chambers
provide these regions and permit purification of the mercury and addition of additives to the mercury
during operation. Their inclusion in the experimental equipment will also permit experience in their
operation, which will be of value in the design of a MCBR system.
Preheafer. The preheater permits control of the entrance subcooling to the test section,

Task 2 - Sludge Removal, Cofrosion, and Other System Tests

’fhis task will verify the expected low-corrosion properties of mercury f(‘>r low-alloy carbon
steels in the presence of radiation, and modify and test conventional sludge removal and other plant
systems for nuclear plant operation. Although experience With existing mercury systems indicates
' ‘that there are no problems with corrosion or from oxide sludge formation, confirmatory test work

in these areas is recommended.
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De\}elopment of a system to remove and prepare for disposal of the magnesium oxide sludge,
to add magnesium and titanium, and to sample and analyze the flowing radioactive mercury will be
important before a detailed design is complete. Much of the required information will be developed
in the course of the heat transfer loop experimentation, and little or no additional equipmént is re-
quired. '

Experimental determination of the kinds and amounts of radioactivity resulting from the
exposure of mercury to a fast neutron flux is needed. The absorption and diffusion.characteristics
of these neutron-produced isotopes are unknown and should be evaluated. The program might
- include measurement of the mercury cross sections, although such measurements are believed to
‘be part of the Nat_ional laboratories' present programs.

The effect, if any, of radiation on the corrosion and mass transport characteristics of
Croloy and stainless steel are unknown and should be examined with an in-pile experiment. Acti-
vation data might be obtained with the same apparatus.

Task 3 - Critical Experiment

This task includes the necessary critical experiment to verify the physics calculations.
Calculational techniques for this reactor are well developed, and no difficulty is' expected in per-
forming this task.

PHASE III - REACTOR TEST

This phase will involve design, construction, and.operation of a reactor test, using the data
from Phases I and II to check out performance data for the MCBR. Based upon the results of the
MCBR program, the reactor test would include the core design that shows the greatest potential for
production of economic power. This phase consists of the following tasks: '

Task 1 - Reactor Test Design.

Task 2 - Construction.

Task 3 - Test Operation and Evaluation.

PHASE IV - FINAL DESIGN OF MCBR POWER-PRODUCING SYSTEM

This phase covers the preparation of a final design for an MCBR power plant, optimized to pro-
duce power at minimum cost. The results of efforts in the preceding phases will be used to alter,
where necessary, the preliminary design performed in Task 1 of Phase I. The final design produced

in this phase will thus be based on experimentally vérified data.
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MERCURY COOLED BREEDER REACTOR

BOILING MERCURY HEAT TRANSFER EXPERIMENT

A preliminary low-cost experiment on heat transfer to mercufy liquid-vapor mixtures was
conducted, with the limited objective of measuring very high heat fluxes, thereby verifying that the
thermal design conditions selected for the MCBR were attainable. The design condition of
446,000 Btu/hr—ft2 maximum flux in the MCBR core was exceeded; a flux of 600,000 Btu/hr-ft2 to
mercury having a calculated density of about 20 lb/f'c3 was measured. Equipment limitations pre-
vented attainment of higher fluxes.

As noted in Appendix C, the maximum heat flux that has been attained in previous boiling-
mercury heat transfer experiments is about 200,000 Btu/hr-ftz, although theory leads to the
prediction of a maximum nucleate boiling flux of approximately 106 Btu/hxf—ftz. The experimentally
determined valuesb obatined here, as well as those reported previously (see Appendix C), were
measured with nucleate boiling of mercury to which had been added magnesium and’tita:nium; in
none of these experiments was there an indication that the maximum nucleate heat flux had been
attained. Attainment of higher heat fluxes was prevented by limitations in elther experimental
equipment or the objectives of the experiment. In the present experiment, these equipment-
limitations were partially lifted, permitting heat ﬂgxes more closely approaching, but not yet
verifying, the theoretical limit.

A. EXPERIMENTAL APPARATUS

The apparatus, shown schematically in Figure 35 and in detail in drawing F-53, was designed
for simplicity in operation, instrumentation, and fabrication. Measurement of the flow rate of the
naturally circulating mercury is afforded by a thermal flow meter in which the temperature change
of the flowing mercury and the electrically supplied heat input to the meter are measured variables.
The flow rate of the liquid mercury is related to these two variables by a simple heat balance made
across the electric heater. The primary measurement of mercury pressure (under condltions of
net boiling) is afforded by measuring the (saturation) temperature of the mercury leaving the test
section. A Bourdon pressure gage is provided to permit rapid visual notification of possible
pressure abnormalities during operation. Temperature measurements are made with shlelded
chromel-alumel thermocouples welded to the external surfaces of the loop. A hand potentiometer °
is used to measure thermocouple voltages.

The test section proper consists of a 7/16-inch OD steel tube with a 0. 109-inch wall. Heat is
generated in the test section wall by conduction of electric current through the tube wall. The

heated length of the tube is.4 inches. The remainder of the flow conduit is 7/16-inch OD with an
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MERCURY COOLED BREEDER REACTOR

0.05-inch wall. Two steels were used in successive versions of the loop. The first version used
4130 steel for the loop and test section; the second used 304 stainless steel for the loop and 1018
steel for the test section. '

Since the liquid mercury is a reasonably good conductor of electricity, a fraction of the total
heat generated will be generated directly in'the mercury. If the mercury in the test section is

liquid, then the ratio, Sh’ of the heat generated in the wall to the total heat generated is given

simply as
RH /Rw
5, = — - (22)

R _
_Hg

1+
R B

w C

in which RH and Rw are the electrical resistances of the mercury core and thé tube wall, respec-
tively. In order to make the fraction qf heat generated in the Wal} large, it is necessary to make
"the rcsistance of the wall small relative to the resistance of the lliquid mercury contained by the
wall. A limi.t on the reduction of the wall resistance is imposed by the resultant excessively large
current required to heat the test séctioh. The design compromise used corresponds to the gener-
ation of 89% of the heat in the tube wall and requires a power input of 2. 38 kw at a current of
2000. amperes for the production of a heaf flux at the wall of 500,000 Btu/hi'—ftz. During boiling,
the area of the mercury conduction path is diminished énd the fraction of heat generated in the wall
is, of course, higher than the above value.

Power for the test section is suppliedAby a épecial welder power supply having a continuous
rating of about 5000 amperes at 4. 4 volts. " The capability of the pbwer source is thus more than
sufficient for the application. Power input to the test sectioﬁ is determined by measuring the
voltage drop betwéen two voltage taps connected to the test section wall. The glectrical resistance
of the test section is computed from the resistivity of the steel evaluated at the measured wall
temperature. An RF (thermocouple) ammeter was selected to measure the voltage drop in the test
section, since the voltage waveform differs markedly from a simple sine wave.

The mercury vapo.r is condense‘d (at the top of the loop by contact with a stainless steel water-
cooled tube. Prior to operation, the system ié completely filled with liquid mercury to the top of
‘the tube' above the condenser (see Dwg. F-53). The tube is then capped, and liquid mercury is
drained to the desired operating level by means of the drain tube connected to the bottom.of the

* loop. During operation, no gas other than mercury vapor and dislodged occluded gases is present
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MERCURY COOLEkD BREEDER REACTOR

in the system. Titanium hydride and magnesium powder are added to the loop in desired
quantities before filling with mercury. ' .

Since the objective of the experiment is to demonstrate attainment of high boiling heat fluxes,
it is apparent that containment for the released mercury vapor following a burnout must be antici-
patéd. The containment system, shown on Dwg. F-53, utilizes a water seal for this purpose.

B. RESULTS

In full-scale mercury-vapor pc;wer plants, titanium and magnesium are added in small amounts
fo the mercury to produce wettable surfaces on the furnace tubes. During initial startup, these
plants occasionally encounter difficultiles in the wetting because of improperly cleaned tubes con-
taining oxide scale; hence, it could be anticipated that tube wetting would be a problem in the small-
scale apparatus.

Initial operation of the loop revealed that the 4130 steel test section wall first used was not wet
by the mercury. This condition was manifested during boiling by the excessive wall temperature |
characteristic of film boiling. Supplementary experiments conducted in the laboratory failed to
uncover a pickling method that would clean the tube éuffic_iently to permit wetting by mercury-
magnesium amalgams. In the mercury power plants, wetting is achieved by exposure of the s&stem
to the mercury and additions for a few hours at operating temperature, but at low power. It was '
found possible to attain wetting, even at room temperature, by mechanically cleaning the surface
and then depdsiting a thin copper layer by dipping the specimen in a copper sulfate solution.
Following this treatment, the mercui‘y reé.dily wet the surface. :

Preliminary operation of the apparatus disclosed that oxide scale was a problem in tl';e
condenser and other sections of the loop. Also, if care was not exercised in adding the magnesium,
it tended to accumulate as a solid plug in the lower portion of 'the loop. Hence, the loop and the
condenser were rebuilt of type 304 stainless steel, and the test section proper was made of 1018
steel, which has similar wetting characteristics to the alloy steel contemplated for fuel Acladding in
the MCBR.

Access for cleaning the loop was afforded by providing a flange with O;ring seal on one end of
the condenser and by using Imperial "Hi-Seal" stainless fittings in place of the flanges previously
uséd in the legs of the loop. The loop was carefully cleaned, vacuum tested for leaks, and given a

thin internal copper wash. Magnesium and titanium hydride (8 gm of Mg and 0.5 gm of TiH) were

* It was subsequently found that a similar technique has been developed at the Brookhaven
. National Laboratory by O. E. Dwyer and co-workers.
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MERCURY COOLED BREEDER REACTOR

added after the loop was partially filled with clean mercury to a level within the condenser. More

Amercury was then added to bring the level to the top of the seal plug. After the loop was sealed,

65 of the 85 pounds of mercury in the loop were drained in order to bring the free surface of the
mercury to a level just covering the loop leg openings to the condenser. Subsequent operation of the
loop proved highly successful.

Experimental results are presented in Table XXIV. Inspection of these data shows that the
maximum heat flux achieved was 600,000 Btu/hr-ftz, with a calculated exit quality of about 5%.
Assuming a slip ratio of 2.0, the average -mixture density and void fraction are computed for the
two high-flux runs; .these results are présented iq Table XXV. For comparison, the values of these
performance parameters for the reference 100 mw(e) MCBR core are also shown in Table XXV.

It should be noted that the flux in the experiment test section is approximately uniform over its
length, while the flux in the reactor core is maximum near the center. Since in both cases the
coolant density continuously decreases as it flows through the channel, the average density in the
reactor is appreciably greater at the point of maximum flux than at the exit where the density is
computed. The heat flux and the void fraction achieved thus exceed the design conditions selected
for the MCBR.

During the course of the experiment, hydrodynamic oscillations of the mercury flow were
occasionally. indicated by the Bourdon pressure gage. In all cases, these oscillations could be
made to vanish by increasing thé heat input or by increasing the system pressure. Increasing the
heat input was effective at the lower heat flux level at which boiling in the test section was beginning.
At the higher heat fluxes, an increase in system pressure was required to stop the oscillations.
System pressure was increased by decreasing the water rate to the mercury condenser. * Lack of
an effective means of metering the low water rates required for stability at the high heat fluxes and
also concern over the safety 'afforded by the water seal in the event of a system rupture at the higher
pressures required for‘high heat fluxes led to termination of the experimental work at a flux of
600, 000 Btu/hr—ftz. It is to be emphasized that the observed thermal and hydrodynamic perfor-
mance of the loop gave every indication that higher fluxes could be achieved before reaghing the

burnout heat flux.

*  The fact that this was found to be an effective means of varying system pressure indicates,

contrary to the findings reported in references 15 and 33, that the difference between the
saturation temperature of condensing mercury and the temperature of the condensing surface
is an important variable in determining the rate of condensation. :
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~ TABLE XXIV

ResultAs of Mercury Experiment

Heat Test Flow Inlet Temp. Inside Inside Heat Out Exit
Flux, Section Velocity Temp. Increase Wall Wall Heat In’ Quality
q/A Pressure at Inlet Through Temp. Temp.
‘to Test Test atT.C.5 Less
Section Section Saturation
’ 9 Lo o Temp.
(Btu/hr-ft" . _
x 1073y ' (psia) _ _(ft/sec) (°F) °F) (°F) °F)

24 - 2.9 66 137 647 - 2.16 - ,
92 - 0. 67 282 169 468 - 1.65 . - ~
150 - ‘1.0 256 217 504 - 2.0 - O
190 - 1.1 293 227 562 - 1.78 . - Lo
230 - 1.9 320 221 587 - 2.50 %= .

260 o« - 1.5 355 221 629 - 1. 66 -
400 - 1.3 386 240 701 - 1.0 -
460 10 1.1 392 249 741 100 - 0.015
67 - - 247 214 453 - - -
210 - 1.3 480 135 674 - 1.03 -
280 10 1.4 488 153 - 710 69 - 0.001
340 14 1.1 506 122 759 88 - 0.032
470 17 0.89 524 | 168 776 84 - 0.061 ‘
550 19 " 0.74 536 165 776 75. - - 0.10 ‘
600 33 1.5 649 112 825 64 - 0. 049 .
TABLE XXV
Performance Characteristics
. Run 16 Run 17 - MCBR Core

Maximum heat flux (Btu/hr—ftz) 550,000 600,000 446,000

Saturation pressure (psia) 19 33 110 .

Saturation temperature (°F) 701 761 920

Exit quality (%) 10 4.9 30

Exit void fraction (%) 0.993 0.978 0.992

Exit coolant density (1b/ft_3) ‘ 5.5 17.9 7.3
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C. DISCUSSION
The heat flux in the test section is calculated on the basis of measurements of the voltage drop
across the central 3 inches.. The equatlon used is )

2.,‘\“.4“
a/A = 22.6 x 108 % , ' (23)

in which E (volts) = measured voltagé drop and p (uohm-cm) = electrical resistivity of 1018 steel
evaluated at the temperature indicated below. The electrical resistivity and thermal conductivity
ot .'1‘018 steel were estimated by interpolation between the values given as a function of temperature
“in the 1948 edition of the Metals Handbook for the 1008 and 1023 steels. A first estimate of the

temperature drop from the outside to the inside of the test section wall was given by the equation

T —T.=0.0038694‘5' , 4 - (24)
o i . k

in which the thermal cohductivity, k (Btu/hr—ft2 °F/ft) and the electrical resis‘tivity, p, usedin
calculating q/A were evaluated at a temperature (T ) indicated by T.C. 5 (see Figure 35). The
‘mean temperature of the wall, T -1/2 (T - T, ), was then used to evaluate the values of p and k in
the above equatlons to give the heat flux and inside wall temperature for Table XXIV.

Accuracy of the voltage measurements is estimated to be + 5%. If accuracy of the electrical
resistivity is taken to be 10%, then the accuracy of the heat fluxes presented in the Tables is
probably within + 20%, an accuracy range consistent with the limited funds and obJectlves of the
experimental work. Accuracy of the total heat input to the mercury (the denominator of the entries
in ‘the next to the last column of Table XXIV) is considerably poorer, since the rate of heat con-
duction to or from the test section via the electrodes is unknown. The heat input was taken to be

the product of the heat flux and the inside surface area of the 4-inch free length of the test section.

The heat output is calculated as the product of the mass rate and the enthalpy change of the mercury.

6
for heat out is given in Table XXIV for the runs with net vapor generation, because T6 is then not a

The enthalpy change is determined by the temperature change of the mercury, T, - Tz. No entry

measure of the enthalpy of the mercury leaving the test section. -

The test section pressure recorded in Table XXIV is the saturation pressure corresponding to
the temperature indicated by T.C. 6 (Figure 35). A pressure entry is given only for those runs in
which net boiling occurred (e.g. , those runs for which an exit quality is indicated in the Table).

The exit quality of the mercury liquid-vapor mixture is calculated, on the basis of a heat

balance, hy using the equation
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_ 1 (Heat In)
Xe ~ Ah  (Mass Rate) Cp(Tsat Ty ’

(25)
in which T2 is the inlet temperature to the section. It may be noted that, had '""Heat Out' been used
rather than "Heat In'' in the above equation, the exit quality entry in: the Table would be larger than
that shown.

No calibration of the thermal flow meter was made. Errors in flow measurements can be‘
expected due, primarily, to heat losses from the metering section'. These errors would tend to
make the computed mass rate (inlet velocity in Table XXIV) higher than the true value. If the mass
réte used is, in fact, higher than that which actually occurred th_en, with the actual values, the heat
balance would be improved and the exit quality would be higher than that given in the Table. There
is reason, therefore, to believe that the density of the liquid-vapor mixture was even lower than is
imblied by the data presented in Table XXIV.

The objectives of the experiment, to produce and measure very high heat fluxes to boiling
inercury, was accomplished with the achievement of heat flux values up to 600,000 Btu/hr—ftz.
Since the saturation temperature and pressure at which the experiment was conducted (33 psia) is
substantially less. than that of any reasonable reactor.core design, and since the burnout heat flux
characteristically increases with increased pressure, it is concluded that design heat fluxes to

. liquid-vapor mercury mixtures at least up to 600,000 B’cu/hr—ft2 are entirely feasible7
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APPENDIX A
SCOPE OF CONTRACT

\ This technical and economic evaluation of boiling mercury as a coolant for fast breeder
reAactors was performed by American-Standard under Contract No. AT(04-3)-109, Project Agree-
ment No. 4, with.the United States Atomic Energy Commission. The scope of the contract
directive is quoted below.

"1. Scope of Work - The work undei' this project shall consist of a me'rcury cooled fast
breeder reactor feasibility study generally in acéordance with the Contractor's proposal to the
Commission, P-471 dated August 29, 1958 and s_hall include the following:

a. Physics' calculations as necessary to determine breeding gain, crit@cal mass, neutron
flux and power distribution. .

b. A literature review on boiling mercury heat transfe'r to determine realistically
achievable heat transfer coefficients and maximum heat fluxes. An effort will be
made during the study to obtain and use the latest data available on burnout heat flux
and heat transf;ar coefficients.

c. An analysis of the kind and amount of mercury activation, and calculations of the
shielding necessary for the mercury:loop.

d. Calculation of the temperature and fnercury density reactivity coefficients.

e. Heat transfer and fluid flow calculations to deteriine the therfnal and fluid dynamic
characteristics of the reactor.

f. Mechanical design studies and a conceptual design based on metallic uranium fuel and
using indirect cycle steam generation. This conceptual design should include pre-
liminary discussion and design of the mechanism used to produce the mercury fog,
including a summary of commercial experience with this device.

g. An analysis of possible corrosion and erosion problems.

An estimate of capital and fuel cycle costs based on the conceptual design, along

"~ with preliminary estimate of possible savings in future designs. Fuel cycle costs
will be based on Pu buy-back prices of $12 and $30 per gram 'regardless of isotopic
concentration. Capital costs will include a calculation of mercury inventory costs.

i.  Adescription and analysis of the recommended research and development program
necessary to develop a éuccessful commercial reactor. This program should

include an outline, time schedule, and cost estimate of the recommended program. "
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APPENDIX B
PHYSICAL PROPERTIES OF MERCURY

Mercury physical properties of primary interest for heat transfer calculations are tabulated in
- : 1
the Liquid Metals Handbook 1 for temperatures up to 600°F. Thermodynamic properties are

exhaustively treated in National Bureau of Standards Report NBS-220412 for temperatures up to

932°F. Since this upper temperature limit is too low forthe requirements of many applications,

extrapolation to higher temperatures is necessary. Because-‘the methods of extrapolation are not
well established, the extrapolated values used in the MCBR evaluation are preserved in this
appendix.

Thermal properfies, measured and extrapolated, are summarized in the following graphs for

_ temperatures up to 1200°F, the sources of data and methods of extrapolation being indicated on

each. The accuracy of the extrapolations is believed adequate for most application purposes.

Since publication of the Liquid Metals Handbook, new data on the thermal conductivity of liquid

.mercury have been presented by Ewing, et al ,13 and corroborated recently by Russian work.

Ewing's values are therefore recommended in place of the LMH tabulation. Ewing's conductivity
value at 600°F is about 15% less than the LMH value, but his data extrapolate to the LMH value at
32°F. '

Most United States correlations of heat transfer to liquid mercury have been based on LMH.
conductivity values. However, errors introduced by using one set of property values to correlate
heat transfer data and another set to apply the correlations should be small, inasmuch as most
liquid mercury heat transfer data were obtained at low temperatures, where the two sets of
properties do not differ greatly.

Table B-I .presents conversion values, for convenience.‘ Properties of mercury not presented

on Figures'B-l through B-11 are listed in Table B-IL
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To Convert From

TABLE B-I-

CONVERSION TABLE

To

psia
psia
bsia
Ib/ft3
1b/ft>

Btu/hr-ft> (F/ft)

Btu/hr—ft2 (CF/1t)

micro-ohm-ft
micro-ohm-ft
1b/hr-ft

1b/ft

Btu/1b
Btu/lb-°F

162

atmosphere
in. Hg
mm Hg

3
gm/cm
1b/in. 3

calorie

sec—cm2—°C/cm
watt
cmz-"C/crﬁ
micro-ohm-in.
micro-ehm-cm
centipoise
dyne/cm
calorie/gm

calorie/gm-°C

Multiply by
0.06805
2.03

51.71
0.016018
0. 0005787

0.0041338

0.017304

12

30. 48

0.413
14620
0. 5555
1.0




MERCURY COOLED BREEDER REACTOR

Index

Mercury Physical Property Data

Figure No. ) Progerty
B-1 - Saturation Pressure
B-2 Heat of Vaporizaﬁtion
B-3 Surface Tension
B-4 Thermal Conductivity of Liquid .
B-5 : Electrical Resistivity of Liquid
B-6 Density of Liquid o
B-7 Density of Vapor
B-8 Heat Capacity of Liquid'
B-9 Heat Capacity of Vapor
B-10 : Viscosity of Liquid
B-11 Viscosity of Vapor
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- 1b/i.n.2

Absolute Pressure
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Surface Tension - 1b/ft
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Property

Thermal
conductivity

Gas cons‘tant‘ ’

Volume increase
on fusion

Heat of fusion
Fusion temperature
Critical constants:

Pressure
- Temperature
Density

Atomic weight’

TABLE B-II
OTHER PROPERTIES OF MERCURY

State Temp. » Value < Source
IQF) .

Vapor 392 0.0197 Btu/hr-ft2 (°F/ft) ICT-1929

0.0537——132375 : /
°R 1b/ft
3.6% LMH-52
5.04 Btu/lb LMH-52
_38 - ' 4 LMH-52

14,700-51,000 psia © ICT-1929

2800-3000 3
' 250-310 lb/ft

200. 61 LMH-52
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APPENDIX C
MERCURY HEAT TRANSFER AND FLUID FLOW

(A Review of the Literature)

‘Data and correlations that permit prediction of the performance characteristics of mercury as
a heat transfer medium are available from published sources. The portidns of these published
accounts that are applicable to the evaluation and design of mercury cooled reactors have been
. ° * .

excised and are recorded here, with interpretation.

1. - Use of Mercury in Power Plants

The technology of mercury for use as a thermodynamic medium and heat transfer fluid was
initiated in the United Statés in 1913,16 when Dr. W. le Roy Emmet of the General Electric
Company described the mercury-steam binary cycle. The first industrial applicatioﬁ of' this.cycle
occ‘urred at Dutch Point power station in 1923. 16 Since that time, experience has been gained
through thé development of several power plants, of which three are presently operating: the
Pittsfield Plant of the General Electric Company in Massachusetts, the South Meadow Generating
Station of the Hartford Electrical Light Company in Connecticut, and the Schiller Station of Public
Service of New Hampshire, Mercury vapor has‘ also found use as a heat transfer medium for
fractionating columns used in petfoleum refining at the Marcus Hook plant of the Sun Oil Company.16

It is of interest to note that mercury technology has been actively pursued in Russia. The
level reached, relative to other liquid metals, led to the selection of mercury as coolant in the
initial stages of their fast breeder program, even though other liquid metals were recognized to
have supefior nuclear and heat transfer properties for their purposes.

The early history of the mercury binary-cycle system was beset with the difficulties normal
to new developments. The major problem was caused by the mass transfer of iron, which built up
flow-restricting deposits in the circulation system. This problem was solved by adding small
amounts of magnesium and titanium to the mercury and by making the mercury system airtight.

The air in-leakage rate at the Kearny plant, in which mercury flow to the turbine is 2, 200,000

lb/hr, is reported19 to be about 0. 5 cu ft/hr. These advances, together with the use of fog sections

in the boiler (described later), have permitted a reduction in mercury inventory to a level of about

*  Much additional information on boiling and two-phase flow of mercury became available too late
to be included in this review. The information is contained in "Liquid Metal Heat Transfer
Media, " a translation from the Russian (Ref. 15).
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4-3/4 1b/kw in the Schiller station and 5-1/2 lb/kw in the Hartford station (based on electrical
output of both mercury and steam turbines). It has been.estimated 16 that 2 lb/kw is attainable with
additional development.

Even though mercury equipnient has received much less developmental effort than has steam
equipment, progress has been such that the later binary plants have operated with exceptionally
high ayailability. The Hartford plant is reported 18 to have operated as a base load plant with an
availability of 96% for the past four years. It is thus apparent that mercury technology is suf-
ficiently advanced to permit the design of highly dependable boilers, turbines, condensers, and
associated equipment operating with mercury turbine inlet conditions of 975°F and 145 psia.

Mercury power plants have not experienced the acceptance anticipated at the beginning of their
development, primarily because of economic and technical advances in steam plants. Initially, the
heat rate of the me réury binary system station was enough smaller than that of the then-conventional
steam station that the binary system, even Ehough of higher capital cost, promised to produce
cheaper power in high-fuel-cost areas. With the development of higher pressure and temperature’
steam conditions and the reheat cycle, the advantages of the binary system diminished. As a
result, the last binary system, the Schiller station, wés placed into operation in 1950.

The increa‘{sing cost of mercury has also contributed to early loss of the potential advantage of
the binary system. In 1930, the cost of mercury is reported16 to have been about $0. 75 per pqund,
or $57 per flask (a flask is 76 pounds of mercury). This unit brice has increased erratically and
attained a. méximum price, in 1954, of $325 per flask. The present price is about $225 per flask.
With a rquirement‘of about 5 Ib/kw, the mercury inventory alone accounts for about $15 to $20 per
kilowatt of the plant costs. In view of the excellent availability record noted for the Hartford plant,
it is to be concluded that economic rather than technological factors have led to the demise of the
mercury binary-cycle power plant, |

2. Corrosion-Inhibiting Additives

Perhaps the major advance in the development of mercury power plants was the discovery
that titanium and magnesium, when added in small amounts to the mercury, effectively eliminated
mass transfer and corrosion of steel container materials and insured good wetting of the heat
transfer surfaces. Mass transfer.of iron from the container walls was so diminished that it has
been stated 18 that no corrosion allowance is required for mercury at 1000°F saturation temperature

in steel containers.
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Prior to the discovery of these additives, difficulty was expérienced in attaining consistent
heat transfer fluxes in mercury boiler tubeé. Addition of both additives produces complete wetting
of the surface and permits consistent high heat fluxes. Addition of magnesium alone is sufficient to
produce Wetting, but existing evidence strongly indicates that both additives are required for attain-
ment of'high heat fluxes. In an experiment 18at the Schiller station, the magnesium concentration
was maintained at normal levels, but titanium additions were stopped. When the titanium level
dropped below the saturation concentration, hot tubes began to appear in an erratic fashion. Upon
addition of titanium, the hot tube condition was eliminated in a few minutes.

Further evidence thét' both additiveé are required for attainment of high heat fluxes is found in
some experimental work on heat transfer to mercury, 20 in which the magnesium concentrations
were varied from zero to 0.05%. No titanium was added. The experiments were conducted at 1 and
10 atmospheres pressure, with a 22-mm-0D, electrically heated, horizontal tube in a pool of
mercury The maximum transitional heat flux (the maximum nucleate boiling flux) was 138,000
Btu/hr—ft and occurred at 1 atmosphere pressure and a magnesium concentration of 0.05% In
contrast, experiments using both additives indicate that the transitional flux should be much higher
than this value. Experiments reported by Bonilla, et al,21 for pool boiling from a flat horizontal
surface were conducted with heat fluxes up to 200,000 Btu/hr—ftz. It is also reported that experi-
mental work at the General Electric Company was conducted, 18 using mercury flowing upward in a
tube. In this work, boiling heat fluxes in excess of 200,000 Btu/hr-ft were attained. In neither of
the latter experiments was the re any indication that the transitional flux was approached. The
maximum reported fluxes were limited by apparatus limitations or by lack of interest in the attain-
ment of higher fluxes, rather than by the boiling phenomena.

The detailed meghanism by which the magnesium and titanium inhibit mass transfer and insure
good wetting at the mercury-wall interface is not definitely known. Titanium is found in a thin
surface l'aye'r on the wall, and it can be presumed that the improved wetting observed with titanium
added to the mercury is associated with a change in the surface—free energy of the mercury-titanium
component at the interface. Whether the titanium layer exists as an intermetallic compound or in
some other form is not firmly established. It appears that the magnesium acts as an oxygen
scavenger, in which function it removes the oxide layer from the metal wall, permitting intimate
contact between the mercury and the wall. With titanium additions,- the magnesium undoubtedly

also protects the titanium from rapid oxidation. Sodium has been used in place of magnesium, with
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‘fair success. Magnesium is preferred, however, because it is easily handled and its reaction
products form an unobjectionable powder which is easily separated from the ,rnercury.19

Required concentrations of the additions are low. Practice at the Hartford plant::'l8 calls for
maintenance of 0. 35 ppm of titanium and 50 to 70 ppm of magnesium. These levels are maintained
in the 185,000-1b mercury inventory with a yearly make-up rate of about 50 lb of magnesium and
9 1b of titanium. The titanium is added as titanium hydride.

3. Heat Transfer to Boiling Mercury

Heat transfer to boiling mercury at the saturation temperature has been measured by several
investigators. R. E. Lyon, et al.22 describe experiments that utilized a horizontal, 3/4-inch-OD,
316 stainless steel tube as the heat transfer surface. They present boiling data at atmospheric
pressure for pure mercury, mercury with 0. 10% Na, mercury with 0.02% Mg and 0.0001% Ti,
sodium, sodium-potassium alloy (56 to 59% potassium), and cadmium. Data with pure mercury
suggest that the heating surface was unwetted by the mercury. The trend is similar to that which
would be expected for film boiling. For example, at a flux of 30,000 Btu/hr-ftz, the difference
between surface and saturation temperatures is about 1000°F. The data for mercury with sodium |
added indicate a maximum nucleate boiling heat flux of about 60,000 Btu/hr;ftz, and that film
boiling occurs for higher fluxes. Data for mercury with magnesium and titanium additions are
presented for heat ﬂuxes up to about 100,000 Btu/hr-ftz, at which flux the difference between tube
and mercury saturation temperatures is about 12°F. There is no indication of an approach to a .
transition in the boiling mechanism. - Collection of data at higher fluxes was prevented by the
limited capacity of the mercury condenser.

Similar experiments have been reported by Korneev, 20 who used a horizontal, 22-mm-0OD,
carbon steel tube for the heating surface. Experiments at 1 and 10 atmospheres pressure were
conducted, with magnesium added to the mercury in concentrations ranging up to 0.05%. Figure C-1
shows the measured heat flux as a function of the difference between surface and saturation
temperatures for 1 and 10 atmospheres pressure and a magnésium concentration of 0. 03%.
Variation of the peak nucieate héat flux with changing magnesium concentration is shown in _
Figure C-2. The maximum nucleate boiling flux of 138,000 Btu/hr-ft2 was observed with 0.05%
magnesium and 1 atmosphere pressure. This low maximum flux is undoubtedly due to incomplete
wetting, since the addition of magnesium without titanium does not insure complete wetting of the

heat transfer surface.
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The apparent fact that a higher peak flux was observed at 1 rather than 10 atmospheres
pressure is at variance with both theory and experimental data on other fluids. For low reduced
pressures, less than about 0. 3, theory indicates and experiments with other liquids show that the
peak nucleate flux should increase with increasing pressure. The critical pressure for mercury is
unknown, but estimates give valﬁes of 1000 to 3500 atmospheres; therefore, the reduced pressures
of Korneev's experiments were of the order of 0.001, very much below the range in which the reversall
might be expected to occur.

Experiments reported by Bonilla, et al,21 employed a horizontal, low-carbon-steel plate as the
heat transfer surface. Data are given both for pure mercury and for mercury with 0.02% magnesihm
and 0.0001% titanium additions. Boiling data with pure mercury exhibit the pure mercury behavior
noted by Lyon, et al,22 With the additives, the Bonilla data at 1 atmosphere pressure are also
similar to Lyon's data with additives, but the maximum flux is extended to 200,000 Btu/hr-ftz, with- |
out evidence of transition from the nucleate boiling mechanism. Again, collection of data at higher
fluxes was prevented by equipment limitations rather than by the boiling phenomena. Data are pre-
sented for three pressures: 83, 2‘87, and 800 mm Hg. Using these data to establish pressure
dependence, equation C-1 represents the difference between heatiné surface and mercury saturation
temperatures as a function of heat flux and pressure. The equation is reétricted to the nucleate

boiling regime,

AT=0.22M

0. 29 ' (C-1)
p

whére AT is in °F, q/A in Btu/hr—ftz, and p in psia. The equation is graphically represented in
Figure C-3. Saturation temperature rafh_er than pressure is shown on the curves.

W. 8. Farrner23 is reported to have studied pool boiling of pure mercury. Horizontal surfaces
of copper and chrome plate were used in his experiments, which were conducted at a pressure of
6.3 mm Hg. The chrome-plated surfaces exhibited higher temperatures than the copper surfaces,
which, in contrast to the chrome plate, can be presumed to have been well wetted by the mercury.
The maximum flux measured with the copper surface appears to have been slightly in excess of
120,000 Btu/hr—ftz, with no indication of a departure from-the nucleate boiling phenomena. The
data obtained with the copper Surface correspond reasonably well with predictions affordgd by

equation C-1,
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In the process of developing the mercury binary cycle, General Electric Company\conducted
several experiments with heat transfer to mercury flowing upward in a tube. The results of this
work have not been published and are not generally available. It is reported, however, that heat
fluxes in excess of 200,000 Bt.u/hr-ft2 were attained in a tube in which, progressing from inlet to
exit, the mercury was successively in the liquid state, boiling, and a mixture of vapor and liquid
termed a mercury fog. Fluxeé higher than about 200,000 Btu/hr-ft2 were not imposed in the

experimental apparatus, because the flux range of interest for conte'mplat'ed applications was many

times less than that value. Both titanium and magnesium additives were used in the experimental
work. | l

Establishment of the fact that high heat fluxes could be sustained by the two-phase mixture was
one of the developments that permitted a large reduction in the mercury inventory required for the
binary cycle. Mixture densities as low as 13 1b/ft3 are stated to be realized in mercury boilers,
and a density of 2.5 1b/ft3 Ais claimed to be pos'sible without a reduction in the heat-absorbing
ability of the boilers as designed. 1

Some Russian work on héat transfer to mercury liquid-vapor mixtures flowing in a horizontal
pipe is reported by Korneev and Puganov.24 Stratification of the.liquid phase was observed to
occur when the liquid velocity was less l;han a limiting value, this value being given by the
empirical relation | |

Vv, =0.085 (q/A)0'42 Dio.' 76 . (C-2) 4 |
’ |

where V = liquid velocity (ft/sec),

q/A = heat flux (Btu/hr—ftz),

Di = internal diameter of the pipe (ft).

Equation C-2 is based on data taken over the following ranges: .
1800 < (q/A) < 26,000 Btu/hr-ftz._
0.51 in. < Di < 1,56 in.

Korneev states that variation of pressure within the range of 1 to 12 atmospheres has
practically no effect on heat transfer, and while velocity of the vapor phase does affect the N
stratification phenomenon, equation C-2 insures non-stratified flow for the calculated (or higher)

liquid velocities, regardless of the vapor velocity.
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With non-stratified flow, the unit thermal conductanee, h, is given by the relation

) AL V0.3

h=0.258 0 45 , (C-3)
Di

where Vv = velocity of the vapor phase in ft/sec, his in Btu/hr—ft2—°F, q/Ais in Btu/hr—ftz, and
Di is in ft. Although the velocity of the liquid and vapor phases is not defined in the original

24 ' '
reference, it is presumably the velocity the phase would exhibit if the other phase were absent.

Equation C-3 is based on data taken over the following ranges:

1840 < g/A < 35,800 Btu/hr—ftz.
3.28<V_ < 62 ft/sec.

0. 0432 ft (0.52 in.) < Di < 0.131 ft (1.57 in.).

The equation is presented graphically in Figure C-4, without regard to the variable ranges noted
above. The maximum nucleate boiling flux is not known and therefore not shown on the graph.

A theory25 leading to the prediction of the peak nncleate heat flux (burnout flux) for pool
boiling from a horizontal surface has recently met with good success, both in repres‘enting. the
detailed structure of the peak boiling phenomena as photographically observed and in predicting
the magnitude of the burnout flux. The theory differs from previous attempts in that it is based on
a hydrodynamic stability analysis of the vapor-liquid interface at the heat transfer surface and is
independent, in its formulation and application, of empirically determined ceefficients. While no
data for liquid metals exist against which the theory can be tested for low Prandtl number liquids,
the nature of the theory suggests that boiling liquid metals should not differ from water and similar
liquids with respect to the b0111ng phenomena considered in the theory. The equation for predlctmg
the maximum nucleate flux, q/A, in boiling is ‘

o - 1/4 1/2

'Yggc Pﬁ PV Pﬁ

24 p 2 p2 + pv
v

a/A= L (C-4)

where A = heat of vaporization,

PPy = densities of liquid and vapor, respectively,

v = surface tension of the liquid,
g = acceleration due to gravity (i.e., body force per unit mass),

gc = gravitational conversion constant.
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Figure C-5 shows the maximum nucleate boiling heat flux predicted by this equation for mercury at
different saturation temperatures. Inspection of the curves shows that the maximum flux increases
rapidly with pressure (or saturation temperéture), as is fypical of other liquids at low reduced
pressure. At 1000°F saturation temperature, the predicted maximum ﬂﬁx is slightly greater than
1,000,000 Btu/hr-ft2. ‘

Other equations intended for the prediction of the maximum nucleate heat flux in pool boiling
have been derived on the basis of data correlations guided by various assumed boiling mechanisms.
However, since these equations are based on data obtained using water and some simple organic
fluids, their applicability to liquid metals is to be regarded with caution. Table C-I lists some of
these equations and presents the maximum nucleate heat flux predicted by each for mercury at a
saturation temperature of 1000°F.

TABLE C-I

Pvredictions' of Maximum Nucleate Heat Flux in Pool
Boiling of Mercury at 1000°F Saturation Temperature

‘ Max. Flux
Author : Equation 5
(Btu/hr-ft)
26 k \M3/hy V2 |
Addoms a/A=2.2 M ( ) (— -1 6,500,000
v | pc P,
P/, :
; 0.6
Rohsenow 4 _ 1 ) A
and Griffith a/A= 143 Ap, (pv -1 ' 1,390,000
26 » 2 1/4
Kutaleladze a/A=10.16 A [yggcpv '(p!Z - pv)] 1,340,000
veg (b, - p) 1/4 p‘ 172
Zuber and Tribus>> WA= T |—L vV —t 1,100,000
24 v 2 e+ p
p i v
41. :
28 5 (9/A) 75 = f 2 - 2300 for 51,000, 000
Griffith G - p)e 2 Pe 1000°F sat.
{ \ ( k ) :
p A temp.
v Ky pc
Py
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Zuber and Tribus have extended their analysis of pool boiling of saturated liquids to include
prediction of the maximum nucleate boiling heat flux for pool and forced-flow boiling of subcooled
liquids. Their ahalysis is applied to mercury in Figure C-5, on which is shown the usage of the
various terms presented. Figure C-6 applies the information presented in Figure C-5 to the
prediction of the maximum nucleate boiling flux for subcooled liquid mercury at a saturation
pressure of 180 psia (corresponding to a saturation temperature of 1000°F). It may be noted that
the theo‘ry' predicts a very large increase in maxirr;um nucleate heat flux with subcooled liquid and
that the effeét of flow velocity is relatively small. k

Theories for predicting the maximum flux with flowing liquid-vapor mixtures are not available
in the literature, Griffith28 has presented an empirical correlation of burnout heat fluxes that is
recommended for boiling with subcooled, saturated, or flowing liquid-vapor mixtures. The
correlation is a generalization of data obtained using water and several simple organics. The pool
boiling maximum flux prediction presented in Table C-I is the forxﬁ Griffith's correlation takes for
the special case of pool boiling of saturated liquids. The predicted value shown for mercury appears
unreasonably high, and applicability of the more general form of the correlation to mercury does not
appear reasonable, '

4., Heat Transfer to Liquid (Non-Boiling) Mercury

Heat transfer to liquid metals has received a large amount of attenfion over the last few years,
and extensive reviews of this work are available., Perhaps the most thorough review of the experi-
mental data for flow through tubes has been presented by Lubarsky and Kaufma.n.29 Their
recommended equation for predicting the Nusselt modulus for fulnly developed hydrodynamic and
thermal profiles with flow in a round tube with uniform heat addition is '

Nu = 0. 625 Peo' 4

4 (100 < Pe < 20,000). (C-5)
11
Properties of the liquid metals are specified to be those given in the Liquid Metals Handbook.
30 .
A Russian review article recommends, for the same flow conditions, -

Nu=3.3+0.014 Peo' 8 . . (300 < Pe < 20,000), (C-6)

and Nu=0.7 Peo' 33_

A (80 < Pe < 300). ' (C-7)
These two equations are stated to be applicable to non-purified liquid metals flowing in technical
(commercial-quality) tubes and are considered as giving the lower liquid-metal heat transfer limit.
Physical properties utilized in establishing and using the two equations are not given in the review

article but are referenced.
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Figure C-7 presents the Nusselt modulus as given by equations C-5, C-6, and C-7. Equation
C-5 is recommended for use, both because of its simplicity and because it is based on properties
data readily available in the Liquid Metals Handbook.

Heat transfer to mercury flowing over tubes has been studied experimentally in a staggered—
tube array with 1. 375 tube diameters spacing between adjacent tube ce‘nters.31 The equation that
correlated the data is given as

Nu =4.03 + 0, 228 Peo' 67 ,

in which the characteristic dimension is the tube outer diameter, and the velocity (in the Peclet
modulus) corresponds to that occurring in the minimum flow area. Properties data given in the
Liquid Metals Handbook were used in reducing the experimental data. Over the range of Pe covered
in the experimental work, the data are equally well represented by a simpler equation, which is’
recoinmended for ease of computation.

Nu = 0. 55 P’ 22 (500 < Pe < 4000). (C-8)

5. Condensation of Mercury

Condensation of mercury on copper, nickel, and stainless steel tubes has been studied by

32 <
Misra and Bonilla. The condensation was observed in the form of drops on stainless steel, as a

film on copper, and as a film on nickel, when meticulous care was observed in cleaning the surfaces..

Titanium and magnesium were added to the mercury, but no effect on condensation phenomena was
observed. With stainless steel as the condensing surface, unit conductances from about 4000-

Btu/hr—ft -°F at atmospheric pressure to 50,000 at lower pressures were reported. The range of

~ heat fluxes covered in the work extended up to 750,000 Btu/hr-ft

»

15,33
Russian work by Gel'man on the condensation of mercury vapor on steel tubes indicates
that orientation of the tube does not affect the heat transfer and that the condensation is in the form
of drops. Gel'man's experimental results are summarized by the empirical equation

q/A-; 1.8 x 104 p1/3 [1‘+ 1.7 (pvvv)1/3] , : (C-9)

. : 3
" where q/A is in Btu/hr-ftz‘ p = pressure in psia, p,, = vapor density in 1b/ft", and VV = vapor

velocity in ft/sec. The variable ranges covered in the experimental work are:
1.5 <p < 18 psia. -
2  <AT <160°F.
0.6 < V. p, <13.5 lb/sec—ftz.
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It is of interest to note that the temperature difference, AT, between the saturation temperature
and the wall surface temperature is not represented in the above equation. This omission reveals
that the heat flux is substantially independent of the temperature difference between the mercury
vapor and the wall.

With K percent air in the mercury vapor, the heat flux is stated to be given by the equétion

1.8 x 104 91/3

K0. 2

/3

lq/A= [1+1.7 (pme)l 1 . ‘ ‘ (C-10)

in which m refers to the air-mercury mixture. The concentration, K, was varied from 2 to 12%.
6. Flow Friction
Experiments.on pressure losses with flowing, liquid-vapor mixtures of mercury are not
reported in the literature. However, prediction methods developed with other liquid-vapor
mixtures may be presumed applicable to mercury and thus will be compared.
" Flow friction losses with two-phése flow are conveniently summariied in terms of a two-phase

friction multiplier, R, defined by the equation

_dp_p £ G, ‘ (C-11)

where p = pressure,
z = distance in direction of flow,
f = friction factor,
D = channel diameter,
G = mass flux

gc= gravitational conversion constant,

P~ liquid density.
The terms for which R is a factor in the above equation represent the friction pressure gradient
that would obtain if the flow were entirely liquid.

~ Methods for estimating R have been given by Martinelli and Nelson,34 Lockhart and
26 - 35 26

Martinelli, Lottes, et-al, Bonilla, and others. The multipliers suggested by these
investigators can be compared by reference to Figure C-8, which shows the multipliers as a

function of mixture quality for mercury liquid—vapbr mixtures at 1000°F. The slip ratio, o, a

parameter on some of the curves, is the ratio of the vapor-phase velocity to the liquid-phase

1937



MERCURY COOLED. BREEDER REACTOR

1000

R
=
=
s

Two-Phase Friction Multiplier,

-
(=]

194

- LEGEND:

o = SLIP RATIO

RH - HOMOGENEOUS FLUID (BONILLA, REF.
RL - LOTTES (REF. 35)

RM~- MARTINELLI-NELSON (REF. 34)
RLM- LOCKHART-MARTINELLI (REF. 26)

I T S

1 1 L

ol

Lol

.001

0.01

Local Quality -

TWO-PHASE FRICTION MULTIPLIERS FOR
MERCURY AT 1000°F SATURATION TEMPERATURE

0.1

vapor mass flow rate-

liquid + vapor mass flow rate

- FIGURE C-8



MERCURY COOLED BREEDER REACTOR

velocity., The slip ratio is usually determined by density measurements of the flowing two-phase

mixture. The relation between slip and density is derived from continuity requirements and has the

form
0,+'1_L_
== - +1-X , .
pP=p, , : (C-12)
Up_v s X
f 1-%

where p = average liquid-vapor density,
o = slip ratio,

¥ = mixture quality, defined as the ratio of the mass flow rate of vapor to the total mass
flow rate of coolant. ' :

For the homogeneous fluid model, it is considered that the liquid-vapor mixture is a

homogeneous fluid; thus, the friction multiplier is \

Py Ly
' Py P, Py, 1-X
RH=_=_ , (C-13)
E Pv 0+_X_
1-x

in which p denotes the density of the mixture. For a slip ratio of unity, the multiplier has its
26 :

maximum value. Bonilla reports a modified multiplier

p, f ,

R = —— , : (C-14)
B 3 f

P

where p = homogeneous mixture density with unity slip ratio,

f0= friction factor for single-phase flow (all liquid),

f = a friction factor evaluated as a function of a modified Reynolds modulus:

I uv

Re=GD ~=X ;X ’ (C-15)
’ A
The usual friction factor-Reynolds modulus relation applicable for single-phase flow is used. For
mercury at 1000°F saturation temperature, the ratio f/fo does not depart appreciably from unity
relative to the ratio of the various multipliers shown in Figure C-8; therefore, the additional

complication introduced by use of the friction factor ratio does not appear warranted.
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35
Lottes, et al, = suggest a friction multiplier of the form

) o

R _=i{1+ — - . ' -

L X\7p (c-1g)
'

This multiplier is stated to give reasonable agreement with experimental.data on flow of low-

quality water-steam mixtures.

Martinelli and Nelson34 correlated a large number of data on two-phase flow friction blosses
and have presented their correlation in a generalized form that can be applied to liquid-vapor
mercury mixtures flowing in a horizontal tube. The Martinelli-Nelson friction multiplier for flow
. of mercury at a saturation pressure of 1000°F is shown in Figure C-8. A

Lockhart and Martinell‘i26 present flow frictior} data for upward flow of liquid vapor mixtures.
Their friction multiplier is also shown in Figure C-8. Because the Lockhart-Martinelli
multiplier is based on a correlation of extensive data on upward flow of two-phas_e mixtures, it is
reasonable to assume, in the absence of mercury data, that it best predicts the two—bhase friction
multiplier for upward flow of mercury. For this reason, the Lockhart-Martinelli multiplier was
selected for use in the MCBR feasibili;cy calculations.

7. Flow Acceleration

When heat is added to a two-phase single-component fluid flowing in a conduit, the average
flow velocity will increase with distance along the conduit. This increase in velocity requires a
pressure gradient that is indepenaent of the friction characteristics of the flow and that can be
determined from the momentum equation. The integrated form‘giving the pressure difference from

a region where the flow is all liquid to a cross section of the conduit where the quality is x, is

2 P p
AP = G 2y )((—2 - 1) +(1 -y (o + L - 2)] . (C-17)
acc chpﬂ o op,,
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~APPENDIX D

DERIVATION OF PRESSURE DROP EQUATIONS
Pressure drop across the core and blanket of a cylindrical fuel element is obtained by summing
expressions for each of the individual head losses associated with flow through a heated channel. '
The flow area is assumeq to be uniform in each region and is characterized by an equivalent
diameter, D

h
1. Mrdstatic Head Difference

, defined as four times the ratio of coolant flow area to wetted perimeter.

The hydrostatic head is determined by the length-average mixture density, p:

=2 -
Ahhyd BL , | (D-1)

where P = liquid density and L = height of the chgnnél. At any cross section of the flow, the ratio
of mixture density to liquid density is given as

_ o+ —X—

L ___1-x : S : D-2)
P . S ﬁl

1-x p,
where ¢ = slip ratio,A x = mixture quality, and P, = vapor density. The length-average mixture
density is shown in Figure D-1 as a function of exit quality for the case of unity slip ratio (no slip),
zero inlet subcooling, and sinusoidal heat input along the channel. Figure D-2 shows the same
information but for uniform heét input.t With slip ratios greater than unity, the length-average
density would be higher than shown. This fact is illuétrated in Figure D-3, which shows the
variation of local mixture density along the flow channel for various assumed slip ratios.

Neutron absorption by the mercury in the core makes it desirable to minimize the average
density of the liquid vapor mixture, thus making the exit quality of the mixture large. Large exit
qualities are also desirable, as will be shown, in order to reduce the pressure drop between the
top and bottom of the core. However, as the exit quality is increased, it is to be expected, on the -
basis of experience with other liquids, that the heat transfer capabilities of the mercury will
diminish. In particular, the burnout heat flux can be expected to decrease ‘with increasing quality.
Although no data on mercury exist for use in evaluating the burnout flux with different mixturé

qualities, an exit quality of the order. of 0. 20 to 0. 30 is considered reasonable, and these values

have been used in this feasibility investigation. It may be noted by reference to Figures D-1 and
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D-2 that an exit quality of 0. 20 gives a ratio of length-average mixture density to liquid density

of 0.10 or less. Thus, the hydrostatic head difference in a fuel channel is a small fraction of the
channel height. The important head differences are those attributable to flow friction and acceler-
ation head differences. |

2. Flow Friction Head Loss

The flow friction head loss is given by the equation

2 .

_fL G 1 L o
Oh, b~ 3 I _{) Rdz] , (D-3)
h 2gp,

where Dh = equivalent diameter of the flow channel, G = mass flux, and R‘= local two-phase friction
multiplier. The term multiplying the bracketed quantity is the head loss that would exist if the flow
were in the liquid phase, and the bracketed quantity is the length-average two-phase friction
multiplier. At any given mercury pressure, the friction multiplier, R, is a function of local
mixture quality, according to the evaluation methods summarized in Appendix C. Thus, detefmi-
nation of the miiture quality along the flow channel bermits evaluation of the length-averége friction
multiplier. The quality is given from a heat balance as

X _ fz q' dz , : , (D-4)

Xe °© q .
in which X, = quality at exit from the channel,‘ q = rate of heat transfer to the mercury flowing in the
boiling length of the channel, q' = heat transfer rate per unit length, and z = distance along channel
measured from the point at which net boiling begins.

By using- the Lockhart-Martinelli friction multiplier with the foregoing equations, and the
assumption of zero inlet subcooling, the following length-average multiplier is obtained for

mercury at 1000°F saturation temperature.

R=950 xel' S (0.1 < x_ <0.35), ‘ . ‘ (D-5)

and, for 900°F saturation temperature,

R= 1500 xel' S (0.1<x, < 0.35). ’ (D-6)

Equations D-5 and D-6 are applicable to both uniform and sinusoidal heat input along the channel
and, by deduction, to any heat input distribution symmetrical about the reactor mid-plane. The

friction head loss for 1000°F saturation temperature is thus expressible as
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2
_ G 1.5 fL
h, = —— [950 x " =

ngﬁ h

| I (D-7)

3. Accelération Head Difference

Application of the momentum equation to flow of a two-phase mixture in a channel of uniform
cross section gives the following acceleration head difference between a station at which the flow is
all liquid and a station of which the quality is yx and the slip ratio o:

2

ah =S (p—£-1+1- +p'Z -2 D-8
ace 2 2X |X ) )+ (1 -x (o b o ) . ; (b-8)
ngE \' v

The slip ratio can be expected to be greater than unity, but the largest head difference corresponds
to unity, the value selected for use. The effect of the value of the slip ratio on the acceleration head

difference can be seen in Figure D-4. For a slip ratio of unity, the acceleration head difference is

2 p

Ah = G 2x% (—!Z -1) . K (D-9)
acc 2 fo)
2gp!2 v

4, Combined Head Losses

The sum of the friction and acceleration head differences for mercury at a saturation tempera-
ture of 1000°F is thus

2 P,
Ah =2 950 x 1.5 ML + 2y (—2- n] . ' ' . (D-10)
2 e D fo)

ng2 h v

For a saturation temperature of 900°F, the same equatioh applies, with 1500 replacing the 950
factor.

Retaining the simplifying assumption that the inlet subcooling is zero, equation D-10 can be put
into a form more easily applied to the feasibility calculations. For this purpose, the mass flow

flux (G) is replaced by the following equation, which represents a heat balance on the boiling portion

-of a flow channel:

(q/A)av 4L , _ ,
G= _}\_g D—9 , : . . (D-11)
xe h

where A = heat of vaporization. Substitution of D-11 into D-10 gives, for the summation of flow

friction and acceleration head differences: : -
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2 2 ..
(a/A) av 16(LC/Dh) N fL’c

' Ah = zg (276 x * 5= +2] ., (D-12)
Xg M Py P, 28 h

where Lc = boiling length of fuel portion of an eiement. (In this equation, the factors 950 and 1500
for saturation temperatures of 1000 and 900°F, respectively, have been replaced by the nearly
equivalent term 2.76 pg/pv.) Calculations show that the two terms in the bracket, which are pro-
portional to the flow friction and acceleration head difference, are of the same order of magnitude.
Equafion D-12 describes the head difference across the core .proper. To this difference must
be added the head difference iﬁcurred by flow of the liquid through the lower blanket and the non-
boiling length of the core and of the two-phase mixture ‘through the upper blanket. Head difference

across the lower blanket is simply a friction term and is given by

G2 be1

Ahbl_=2 2? . (D-13)
g0y bl

Substituting G from equation D-11 and factoring the coefficient of D-12 gives

2 2
@A), 16(L /D) [ p, fL

Ah = s oD . (D-14)
Xg N Py Py 28 el hy

The order of magnitude of the bracketed term is no greater than 0. 01, which is smaller than
the corresponding two-phase friction term and the acceleration term by a factor of several
hundred. Therefore, the head loss across the lower blanket and, by an anaiogous argument, the
head loss across the non-boiling length of the core, are negligibly small.

For the upper blanket, the quality of the mixture will be sensibly uniform, since the heat
added is small relative to heat addition in the core. The head difference across the upper blanket

- is thus purely a friction loss and is given by the equation

2 fL- : .
Ap=-S— P ’ (D-15)

2 D
2gp,Z hb

where Lb = thickness of upper blanket, and R is the friction multiplier given by the equation

R=6.52— x ) . (D-16)
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which is derived by fitting a straight line to the Lockhart-Martinelli curve presented in Figure C-8
(Appendix C) for qualities greater than 0. 1.

Fuel elements in the Enrico Fermi reactor contain a central region of enriched fuel and, on
either end, depleted uranium extensions which form the blanket directly above‘and below the core
proper. Assuming the same type of fuel element for the MCBR gives, for the friction and acceler-
ation head differences between the bottom and top of the combination elements:

2 2
(@/A)°, ., 16(L /Dy fL fL s

Ah = 2.76—C +6.52—2 |y % +2 . (D-17)
7\2 9 Dh D e
xe pﬁ pv g hb

In this equation, (q/Aavg) is, as before, the length-average heat flux along boiling length of the

enriched fuel portion of an element, and Lc and L. are, respectively, the boiling length of the fuel

b
portion of an element and the thickness of the upper blanket. -
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APPENDIX E
MCBR PHYSICS CALCULATIONS AND DATA

1. Prediction of 'Criticaiity and Breeding Ratio

The analysis of any chain reacting system, including one with a fast neutron-spectrum, must be
based on a solution to the Boltzmann equation. Many approximate methods .of solution have been
studied, each subject to special conditions; however, only a few have been used extensively in the
actual analysis of the performance of fast reactor systems.

At present, the most widely used approximation to the tranSport equation is the SN method
discussed by Carlson, 36 which is extremely useful in niultiregion spherical geometry. The transport
equation is very difficult to separate, even in the simplest geomietry; consequently, calculations
involving reflected ¢ylinders and slabs usually are evaluated by the SN method as if they were -
infinite in the transverse direction.

A more frequently used method of analysis is based on simple diffusion theory. It has been
| demonstrated by Okrent, et al, 31 and Avery 38 that this method is adequate to describe the nuclear
characteristics of the large dilute fast power breeders. Since the diffusion equation is separable in
simple geometry, reflected cylinders .and slabs with finite unreflected transverse dimensions, as
well as multiregion spheres, can be treated rigorously.

Since there are computational advantages to be gained by using diffusion theory for routine
reactor analysis, it is necessary to determine the conditions under which such a simplified treat-
‘ment is adequate.

A very complete study of this kind was made by Loewenstein and Okrent, 89 who show compari-
sons of diffusion.theory and SN methods for several sets of evaluations. In one set, the basis for
comparison was the palculation of the multiplication constants for fixed compositions and geometries.
Spherical representations of some ZPR-III systems were evaluated, and the variations in multipli-
cation were found to be approximately 2.0%. Loewenstein and Okrent39 also concluded that the
deviations between the diffusion theory calculations and the SN calculations depend on reflector
effectiveness as well as core size, because the diffusion theory leakage prescription becomes poorer
as neutron flux becomes more anisotropic.

Similar studies have been m,a,de. for large cores. 39 These comparisons were based on calcu-

lation of the critical radius by the diffusion theory and the SN methods. The variation in critical
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radius between the two methods was found to be approximately 1.5%. Again the deviation is found to
increase as leakage from the core becomes more important.

From studies conducted on the ZPR-III, it has been determined that normalized one- dimensional
diffusion-theory calculations predict criticality fairly well for cores that are uniformly reflected
with a high-density-uranium blanket. Only when the reflector density is decreased or its uniformity
destroyed do such one-dimensional diffusiuon-theory calculations tend to yield misleading results.

The above considerations appear to justify the use of diffusion theory in initial evaluations of
the compératively larg.e' mercury cooled breeder reactor; therefore, the multigroup diffusion code
PROD-II and a more convenient modification of PROD, VAL PROD, were used for neutron physics
calculations performed in these evaluations. A full description of the theory and the machine program
_are given by Habetler40 and Wa.lbra.n.41

2. Multigroup Constants

The analysis of a fast system is very dependent on the choice of the basic microscopic nucleax"
parameters used and the methods of introducing them into the analysis. A multigroup approach is
necessary if the range of the fast neutron spectrum is large or if detailed information concerning the
spatial variation of the neutron spectrum throughout a single system is desired.

The multigroup constants used in this study are those suggested by Loewenstein and Okrent, 39

defined below. All cross sections are given in barns.

j energy group

X fission spectrum (fraction of fission neutrons born into each group)

EL = lower boundary of energy group (Mev)

AU = group lethargy interval

v = number of neutrons emitted per fission

Utr = transport cross section

op = fission cross section

Gc = parasitic neutron absorption cross section

On = cross section for neutrons removed from energy group by inelastic scattering

o (j—j+k) = transfer cross section for inelastic scattering from group j to group j+k
w 2 o (j=itk) =0, :
in in
k#o0

N
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Values of these constants are given in Table E-I.

TABLE E-I

Ne_utfon Energy Grouping

Group j X EL ‘AU
1 0.338 2.25 1.5
2 0.236 1.35 0.5
3 0.178 0.825 0.5
4 0.116 0.5 0.5
5 0.066 0.3 0.5

6 0.033 0.18 0.5
7 0.017 0.11 0.5
8 0.008 0.067 0.5
9 0.006 . 0.025 1.0
10 0.002 0.0091 1.0
11 0 0.0035 1.0

The choice of whether to use a large number of groups, each with a small energy interval, or a
smaller number with a large energy interval for each group is somewhat arbitrary. Threshold
reactions, such as fission of U 238, make it convenient to specify some group boundaries by the
neutron energies at which the reactions become important. To account for large amounts of iron or
sodium, the choice would tend to a large number of groups to take into account the pronounced
resonance structure between 25 kev and 3 Mev. For systems containing large quantities of fissile
and fertile material, the neutron spectrum is‘_extremely dependent upon the inelastic scattering
properties of the heavy isotopes; however, information on the inelastic scattering cross sections and
the energy distribution of the emergent neutrons is limited; For such cases, a fairly small number
of groups é.ppears sufficient to make use of the existing reliable infqrmation. In small highly en-
riched assemblies, several groups at high energies are adequate. For large dilute systems, the
important parasitic capture effects in the kilovolt region must be taken into account by adding groups
in this region. |

The total number of groups used here is eléven, which is a reasonable compromise of the con-
flicting considerations mentioned. This number, give or take a few groups, appears to have found

37, 38,39

rather wide acceptance by a number of investigators. The group structures used are by no

means unique; they are influenced by the objectives of the calculations.
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3. Cross Section Data

The sets of microscopic cross section data shown in Tables E-II through E-VII are generally
based on the data of Hughes and Schwarz, 42 but are adjusted using the transport approximation to
account for anisbtropic scattering. Fission cross sections also are based on the data of Hughes and
Schwarz,

Neutron yields per fission were suggested by Loewenstein and Okrent, 39 whose values were used
in this investigation. This yield is lower than that measured by Diven, et al, 43 and calculated by
Leachman;44 therefore, the results of the calculations of critical mass and breeding ratio will tend
to be conservative. '

- Parasitic capture cross sections of the non-fissionable and fertile materials are those reported
by Hughes and Schwarz42 and Diven,45 by inference from relevant material replacement experiments
of Long. 46

Inelastic cross sections for the lighter elements are generally based on neutron removal mea-
surements and the known excitation energy levels of such materials. Where possible, inelastic
cross sections at high energies were supplemented by sphere measurements, using the well known
fission thresholds of U 238 and Np 237. 47

While some information on the inelastic spectrum of U 235 may be inferred from the Los Alamos
sphere experiments, the statistical nucleus model was used for U 235 at all energies.:- These param-
eters will reflect uncertainties because of the gaps in available data. However, the arbitrary adjust-
ment of these parameters to permit agreemvent with experimental criticality of any given system
probably would give misleading results on a different system, especially if the proposed system has
a neutron energy spectrum markedly different from that used to adjust the parametevrs.

The sets of microscopic data shown in the Tables E-II.through E-VII were the basis for many of
the analyses discussed by Loewenstein and Okrent, 39 whose calculations were used to predict critical
masses, fission distributions, and activation ratios for material replacement experiments performed

at the ZPR-III facility and at Los Alamos Scientific Laboratory. The successful use of these data

- for the various investigations described above gives reasonable confidence in their suitability for the

neutron physics investigations of the Mercury Cooled Breeder Reactor study.
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TABLE E-II

Uranium-235

tr f c
1 4.5 2.17 1.3 0.1001 2.3
2 4.5 2.65 1.28 0.0998 1.85
3 4.8 2.58 1.25 0.100 - 1.15
4 5.1 2.53 1.20 0.144 1.2
5 6.3 2.51 1.28 0.192 0.7
6 7.9 2.49 1.42 0. 2556 0.4
7 9.65 2.48 1.6 0.32 0
8 10.9 2.47 1.9 0.475 0
9 12,25 2.47 2.3 0.69 0
10 13.5 2.47 3.4 1.19 0
11 14.3 2,47 6.0 2.52 0

Inelastic Matrices

Uranium-235 cm(j-.j+k) .

) 1 2 3 4 5 6

j+k

1 0 0 0 0 0 0 0 0
2 0.881 ¢ 0 0 0 0 0 0
3 0.66 0.845 0 - 0. 0 0 0 0
4 0.382 0.488 0.544 0 0 0 0 0
5 0.207 0.265 0.294 0.576 -0 0 0 0
6 0.115 0.144 0.161 0.314 0.351 0 0 0
7 0.0552 0.0712 0.0805 0.157 0.175 0. 0 0
8 0 0.0361 0.07 0.14 0.17 0. 0 0
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TABLE E-III.

Uranium-238

in

tr

2.87
2,44
1.2

0.59 0.015
0.062

0.45

2.65
2,55
2.47

4.7

4.5

13
0.143

0.

0.003

5.0
5.5

6.7

0.44
0.47
0.55
0.55
0.40
0.05

13
15
20
30
.40

8.25
9.65

10.9

12,25
13.5

61

10
11

80

14.3

Inelastic Matrices

Uranium-238 (= j+k)

j+k

1.06
0.46
0.66
0.39
0.12
0.18

0.62
0.89
0.52
0.16

0.1

0.52
0.35
0.22
0.11

0.44

0.47

0.5

0.55

0.05

0.15
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TABLE E-IV

Plutonium-239

in
1.35
1.0

0.7

- tr

0.04
0.078
0.093
0.123
0.17
0.27
0.48
0. 54

2.0
1.95
1,86
1.75
1.70
1. 68
1.73

3.18
3.09
3.02
2.97
2.95
2.93
2. 92
2.91
2.91
2.91
2.91

4.6

4.6

5. 26
5.9

0.7

0.4
©0.23

1

7.
8.5

9.5
10.8

1.80
2.0

12.3

0.74
1.06

2.1

2.25
3.5

16.4

10
11

16.8

Inelastic Matrix

G—j+k)

Plutonium-239 o,

1n

j+k

0

0.513
0.382
0. 221
0.120

2
3
4
5

0

0. 457
0. 264

0. 143
0.078

0

0. 331
0.179

0

0.336

0.2
0.1

0.0980 0.183

0.0648
0. 0486

6
7

0
0

0
0

0.115
0.115

0.0385
0.0195

0.0490 0.0917

0.099

0.0327 0.087
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TABLE E-V -

Molybdenum

in

tr

1.4
0.84
0.4

0.01
0.017
0.024

2,5

3.2
4.0

0.034
0.04
0.046
0.057
0.066
0.09

3
6.4

5.

7.2
7.8
7.9
7.4

12
.2

7.1
7.2

10
11

. Inelastic Matrices

(J—+itk)

in

‘Molybdenum o,

+k

.35
.40
. 30
.15

0

0.411
0.33
0.09

0

0
0
0
0

0.108
0.117
0.068
0.127
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TABLE E-VI
Iron
o
) tr % %in
1 - 2.05 -0.005 1.18
2 2.0 0.005 0.65 ’
3 1.9 0.005 0.4
4 2,2 0.005 0
5 3.0 .0.006 0
6 3.5 0.007 0
7 4.3 0.008 0
8 5.3 0.008 0
9 6.8 0.025 0
10 4.0 0.012 0
11 5.0 0.014 0
Inelastic Matrices
Iron om(J—>J+k) /
J 1 2 3 4. 5 6 7 8
j+k o 4
1 0 0 0 0 0 0 0 0
2 0.45 0 0 0 0 0 0 0
3 0,206 0.39 0 0 0 0 0 0o -
4 0.196 0.26 0 0 0 0 0 0
5 0.122 0 0.17 0 0 0 -0 0
6 0.0802 0 0.104 0 0 0 0 0
7 0.0448 0 0.0592 0 0 0 0 0
8 0.0814 0 0.0664 0 0 0 0 0
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. - TABLE E-VI , iy
Mercury
} <Itr Gc ain
1 5.254 0.013 2.4
2 4.761 "0.017 1.4
3 4.357 0.025 0.9
4 5.338 0.05 0.5
5 6. 427 0.075 0.3
6 8.422 0.115 0.19
7 9.369 0.125
8 10. 256 0,137
9 11, 346 0.17
10 12,982 0.22
11 14,986 0.8
Inelastic Matrices
i it
Mercury O’in(] —j+k)
J 1 2 3 4 5 6 7 8
j+k
1 0 0 0 0 0 0 0 0
2 0.91 0 0 0 0 0 0 0
3 0.61 0.6 0 0 0 0 0 0
4 0.41 0.4 0.43 0 0 0 0 0
5 0.24 0.2 0.23 0.3 0 0 -0 0
6 '0.14 0.11 0.1 0.1 0.18 0 0 0
7 0.04 0.06 0.09 0.06 0.07 0.08 0 0
8 0.04 0.03 0.05 0.04 0.05 0.09 0 0




MERCURY COOLED BREEDER REACTOR

4, Neutron Balance R

In the course of this investigation, a code was written to perform a complete neutron balance on
the core and blanket, thus making it convenient to obtain the total number of captures and fissions .in
the system. The neutron-balance calculations permit evaluation of the over-all effect on neutron
distribution of any material variations in the system.

The balance code evaluates the following quantities:

Nc (235) = total number of captures in U 235 in core and blanket.

Nf (235) = total number of fissions in U 235 in core and blanket.

NC'(238) = total nu.mber of captures in U 238 in core and blanket.

Nf (238) = total number of fissions in U 238 in core and blanket.

Nc (Mo) = total number of captures in molybdenum in core and blanket.

Nc (Fe) = total number of captures in iron in core and blanket.

Nc (Hg) = total number of captures in mercury in core and blanket.

va (235) = total number of neutrons produced py fissions in U 235 in core and blanket.

vN ¢ (238) = total number of neutrons produced by fissions in U 238 in core and blanket.

The results are normalized to one source neutron. From these data, the following ratios are
evaluated:
N
_ N, (235)
235 N ¢ (235)

Nc (Mo)
Mo N; (285)

N, (Fe)
Fe N, (235)

N_(Fe)
“hg = N, (235)

;(235)= average number of neutrons per fission in U 235.
W (235)
= N, (235)
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-1;(238) = average number of neutrons per fission in U 238
- W, (238)
N, (238) | |
Ayp! = number of neu:trons per U 235 f'vi's,'sioﬁhcontr,iblited by U 238 fission
_ . N;(238)
= @) - 1§ Gy
BRIl = theoretical maximum breeding ratio
- — 1 Uy -l-0.. -a. -a. -a. + Av)
T 1+« [v 235 _Mo Fe . Hg
235 .
k = multiplication
— Ap!
f  —
i v(235) + Ay > 238) - 1
) 1+ ¢ +¥L+BRII(1+a +ta . toa, to )
T R .2‘35-~ ‘Mo Fe = Hg
'L = leakage from core
- (Z l}Nf) core (Z N core ™ (.Z Nf?pqre )
BRI = breeding ratio
N
N, (235) S0

The theoretical maximum Bfeeding ratio, BRII, :é:ssumes an infinite blanket, consequently no

loss of neutrons from the systém_. . The breedin‘g rafio; BRI, is reduced from the theoretical maxf-

mum by the blanket leakage, as well as by the neutrons scattered from the lowest energy group.

Since most of these suffer resoﬁér}.ce capture in the U 238, they actually contriib}it‘e to the breeding
gain of the system. BRI is therefore a slight underestimate of the actual breeding ratio of the system.
Table E-X presents the resulfs of the neutron-balance analyseé for the thx‘_ie'e' uranium enrich-

ments in the core and for the standard blanket described in the body of this report. The case

numbers refer to specified values of the core paramefers as given in Table E—VIiI.
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TABLE E-VIII
MCBR Core Parameters

Case Coolant Average Structure-

Number Volume Coolant (Hg) Fuel Alloy
’ Fraction " Density Volume Ratio
(gm/cm3) :'

--01 0.1 2.0 0.2
--02 0.3 2.0 0.2
--03 0.5 2.0 0.2
--04 0.3 2.0 0.1
--05 0.3 2.0 0.2
--06 0.3 2.0 0.3
--07 0.3 0.5 0.2
--08 0.3 2.0 0.2
--09 0.3 4.0 0.2
--10 - 0.3 13. 6 - 0.2

Table E-XI gives a similar neutron balance for the Enrico Fermi Reactor, while
Table E-XII presents additional neutron balances for MCBR cores of 20% enrichment, but with

various blanket compositions as indicated in Table E-IX.

TABLE E-IX
MCBR Blanket Parameters

Case Coolant Average Structure-
- Volume Coolant (Hg) Fuel Alloy
Fraction Densit Volume Ratio
_ (gm/cm®)
2011 0.1 2.0 0.2
2002 0.2 2.0 0.2
2012 0.3 2.0 0.2
2013 0.2 2.0 0.1
2002 - 0.2 2.0 , 0.2
2014 0.2 2.0 0.3
2015 0.2 0 0.2
2002 0.2 2.0 0.2
2016 0.2 4.0 0.2
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15% ENRICHMENT IN CORE

Caag 1501
Core.

Parameters
Nr(ZSE)

N (235)
N(238)
N (238)
N_ (o)
N_(Fe)
N c(“&)
N, (235)
N, (238)

235
“Xo
Fe
Hg
 (235)
v (238)
av
BRI
k.

L
'nc

BRI

0.

0.

0.

0.

3220

0585

05782

2206

0. 01817

0.

0.

0.

0.

004579

002731

8095

1510

023

e p e oo e e

1. 308!

Blanket
0. 008358

0.001462

0.008101

0.2531

0. 003448

0.004866

0. 1580

0.02369

1858
05533
02444

13

5132
6062
278

1

. 0000

0. 2749

121685

20% ENRICHMENT IN CORE
Case 2001

Paramaters
N(235)
N (z35)
N,(238)
N (238)
N (Mo)
N_(Fe)
N, (Hg)
vN (235)
VN (238)
235
Mo
pe
ng

v (235)
T (238)
aw

BRI

3

BRI

o,

0.

0.

3209

05664

05101

. 1502

. 01322

003354

. 001986

. 8088

1330

Blanke1
0.008617

0.001864

0.01414

0.3410

0. 004650

0. 006560

0.02142

0. 03678

0.1779

0. 040

14

0, 02429
0. 02587
2.5197
2, 6059
0.3175

1,332

1

1, 0000
0. 3445

1.20656

30% ENRICHMENT IN CORE

Paromelers

N'(ZJS]

N_(235)
N238) |
N_(238)
©
N_{Mo}
<

N (Fe)
Nc(ﬂz)
VN (235)
¥N (238)
@235
o
Fe
ayg

T (235)
¥ (238)

L
ne
BRI]

Casg 3001

Core.

0.

0.

0.

0.

0.

0.

0,

o,

0,

3220

0533

04015

08377

008488

002186

001238

8150

1047

023

52
605
. 202

e s oo 0o

. 351
1. 0001
0.408

Blanket
0. 01060

0, 002392
0.02045

0.4248

0.00369t
0.008017
0.02638

0.05321

1670
02549

687

02781

1]

7
0

TABLE E-X

MCBR NEUTRON-BALANCE ANALYSIS

Case 1508
Core ~ Blanket

0.3237 0006138

0. 06017 0. 001411
0.05688 0. 008868
0.2224 0. 2443
0. 01831 -
0.004618  0.003329
0. 01063 0. 004697
0.8134 0.01526
0. 1483 0.02308

0.1867
0.05551
0,02408
0.04649
2.5125
2. 6080
0, 3202
1.2807
1.0000
0. 2649

11924

Case 200§
nk

Core Blanket

0.3228 0.008363
0.05736 0. 001906
0, 05000 0.01362
0.1518, 0.3309
0.01334 -
0,003383  0.004513
0, 007684  0.006367
0.8134 0.02080

0.1304 0.03546

Cage 1508
Core Blanket

0.3270  0.005446
0.06121 0.001254
0.05547 0,007828
0.2258  0.2169
0.01857 -

0, 004680 0, 002955
0.02161 0,004170
0.8215  0.01354
0.1446  0.02037

0.1879
0.05585
0.02296
0.07755
2.5116
2.6087
0.3087
12401
1. 0000
0.2517

1.1208

Casc 2009
Core Blanket

0.3260  0.007765
0.5830 0.001772
0.04483  0.01239
0.1538  0,3078
0.01353 -
0.003427 0.004184
0.01558 0.005918
0.8212  0.01831

0,1273  0.0322%

Case 1810
Core Blanket

0.3403  0.002577

0.06344  0.0005969
0.05026 0.003513
0.2382  0.1030
0.01960 -
0.004939 0.001403°
0.7813  0.001878
0.8535  0.006405
0.1309  0.008142

0.1920
0.05718
0.01850
0.2337
2.5081
2. 6047
0, 2517
1,05471
1.0000
0.1866

0.837

Case 2010
Core Blanket

0.3375  0.005670
0.06168 0.001303
0.04429  0,008374
0.1622  0.2255
0‘. 01423 -
0,003594 0.003074
0.05614  0.004337
0.8487  0.01410

0.1184  0,02179

01789 0. 1800 0. 1844
0.04027 0, 04052 0.04145
0.02384 0. 02283 0.01843
0.04237 0, 06430 0.1762
2.5188 2.5178 2.5141
2. 6060 2. 6057 2.6047
0.3085 0. 2945 0.2463
1.3079 1.2752 1.1304
1.0000 1. 0000 1.0000
0.13378 0, 3200 0.2842
1.2357 11713 0, 9538
Case 3008 Casc 3008 Coso 3010
Core Blanket Core Blanket Core Blanket

Cnsg 1502 Case 1503 Cnse 1504 Cnae 1505 Case 1508 Case 1507
Core Blanket Core Blanket Core Blanket  _Core Blanket Core Blanket Core Blanket
0,3237 0.006138 0.3262 0.005820 0.3202 0. 006451 0, 3237 0.000138  0.3274 0.005646  0.3224 0.006288
0.06017 0.001411  0,06116 0.001338  0.05866 0.001480 0.08017 0.001411  0.08180 0.001301 0.05968 0.001438%
0. 05888 0.008869  0.05528 0.008549  0.05608 0.008563 0.05688 0,008868 0,05473 0.008032  0.05768 0.008142
0. 2224 0. 2443 0, 2252 0.2216 0.2182 0.2565  0.2224 0. 2443 0, 2273 0, 2249 0. 2209 0.2483
0,01831 - 0,01852 - 0.01802 - 0.01831 - 0, 01865 - 0.0181% -
0,004616 0.003329 0.004666 0.003156 0.002260 0.003404 0004616 0,003320  0.007072 0.003085 0.004587 0.003396
0.01063 0.004687  0.02515 0.004453  0.008582  0,004932 0.01063 0.004687  0.01178 0.004323  0,002638 0, 004793
0.8134 0.01526 0.8183 0.01447 0. 8051 0.01604 0.8134 0, 01526 0. 8224 0. 01403 0.8103 0.01558
0. 1483 0.02308 0. 1440 0. 02225 0. 1540 0.02488 0.1483 0, 02308 0.1428 0. 02090 0.1504 0.02379
0. 1867 : 0.1882 0.1841 0. 1867 0. 1884 0. 1860
0. 05551 N 0.05578 0.05517 0,05581 0. 05600 0.05538
0. 02409 0.02356 0,01761 0. 02408 0, 03043 0.02429
0.04849 0.08918 0.04443 0. 04649 0.04829 0.02261
2.5125 2,8115 2.5138 2, 5125 2.5112 2, 5130
2,6060 2. 6057 2. 6064 2. 6060 2, 6058 2. 6062
0.3202 0.3086 0.3375 0.3202 0.3028 0.3266
1,2807 1.2314 1.3090 1.2807 1.2524 1.3081
1.0000 1,0000 1.0000 1. 0000 1. 0000 1. 0000
0. 2649 0.2472 0.2731 0. 2649 0.2563 - 0.2746
1.1824 1. 1579 1.2274 11824 1. 1413 1,2064
Ci 2002 Casc 200) Cnse 2004 Cose 2005 Cose 2006 Case 2007
Core Blanket ore Blanket Core Blanket Core Blanket Core Blanket Core Blanket
0.3228 0.008363  0.3277 0,007358  0.3188 0.0085980 0.3228 0.008363  0.3272 0.007687  0.3207 0.008684
0.05736 0.001906  0.05889 0.001676  0.05601 0.001854 0,05736 0,001808  0.05901 0.001755  0,05674 0.001976
0, 05000 0.01362 0.04807 0.01201 0.05188 0,01441  0.05000 0. 01362 0. 04801 0.01224 0.05080 0.01443
0. 1516 0.3308 0.1571 0.3101 0, 1488 0.3396  0.1518 0.3309 0, 1555 0.3044 0.1501 0.3433
0.01334 - 0.01364 - 0.01313 - 0.013%4 - 0.01364 - 0.01321 -
0.003383  0.004513  0.003452 0.003870 ©0.001659 0, 004629 0.003383 0.004513 0,005196 0.004152 0.003354 0.004682
0.007664 0.0063639 0.01835 0.005602 0.006908 0.006534 0.007664 0.006367 ©0,008513 0.003658 0.001885 0.008608
0.8134 0.02080 0. 8252 0.01830 0. 8059 0.02136 0.8134 0. 02080 0, 8239 0.01912 0. 8084 0.02160
0. 1304 0.03546 0.1253 0.03125 0. 1353 0.03750  0.1304 0, 03548 0. 1281 0.03186  0.1324 0. 03757
0.1789 0, 1807 0.1768 0.1769 0.1814 0.1782
0.04027 : 0.04071 0. 04001 0.04027 0. 04074 0.04011
0. 02384 0.02215 0.01918 0.02384 0.02781 0. 02439
0.04227 0,07148 0.04084 0.04237 0, 04281 0.02580
2.5188 2.8172 2, 5203 B 2.5188 2.5172 2, 5195
2. 6060 2. 6056 2. 6064 9. 6060 2. 8056 2. 6062
0. 3085 0.2879 0.3244 0.3085 0.2889 0, 3180 :
1, 3079 1,2619 1.3326 1.3079 1. 2807 13317
*1, 0000 1. 0000 1.0000 1.0000 1. 0000 1. 0000
0.3376 0.3252 0.3431 0.3376 0.23 0.3440
1.2357 1,182 1.2648 1.2357 1.1623 l.2m12
Case 3002 Cage 3003 Case 3004 Casc 3008 Case 3008 Casg 3007
Core Blanket Core Core Blanket ore. Blanket
0.2323t 0. 01061 0. 3260 0.01014 0.3210 0.01050 0. 3230 0.01061 0. 3260 0.01022 0.3211 0,01103
0. 0529 0.002392 0, 0551 0.002282  0.0528 0.002362 0,0538 0.002352  0.0551 0.002309  0,0534 0,002484
0.03923 0. 02055 0. 03769 0.01982 0.04187 0.0207¢ 0.03923 0, 02055 0.03782 0.019832 0.03909 0.02173
0. 08447 0.4169 0, 08616 0.3978 0.08320 0.4120  0.08447 0. 4169 0,08614 0.4021 0.08218 0.4330
0. 008550 - 0, 008708 - 0.008443 - 0.008550 - 0.008701 - 0.008483 -
0,002201  0.005693 0,002234 0.005433 0.001085 0.005625 0.002201 0.005693 0.003358 0.005492 0.002187 0.005814
0.004826 ©0.008022 0,01152 0.007658  0.004359 0.007927 0.004828 0,008022 0.005333 0.007738 0.001185 0.008332
0. 8170 0. 02041 0, 8240 0.02522 0.8130 0.02612 0,8170 0,02641 0.8250 0.02545 0. 8141 0,02745
0. 1023 0. 05348 0. 09828 0.05158 0. 1059 0,05405 0.1023 0.05348 0.09858 0.05030 0.1018 0.05655
0. 1680 0. 1700 0. 1660 0. 1680 0.1700 0. 1688
0. 02581 0.02588 0.02543 0. 02561 0. 02583 0.02550
0, 02385 0, 02279 0.02021 0. 02365 0, 02628 0.02435
0.03849 0,05638 0.03701 0, 03849 0.03881 0.02864
2.52 2,52 2.53 2,52 2.52 2,5205
2. 6058 2. 8055 2, 6062 2. 6058 2.6055 2. 6060
0. 287 0.274 0,297 0.287 0.272 0.2631
1.3347 1.3028 1.3527 1,3347 1.3136 1.3484
1, 0000 1, 0000 1. 0000 1, 0000 1. 0000 1. 0000
0,403 0.395 0.407 0.403 0,401 0.407
1.20859 1.2208 1,298 1.2859 1.2403 1.3281

1.310

0.3231 0.01081
0.0539 0.002392
0.03823 0.02055
0.08447 0.4168
0,008550 -
0,002201  0.005683
0.004826  0.008022
0.8172 0.02841
0.1023 0.05348

0. 1681
0, 02581
0.02365
0,03849
2.4288
2. 6058
0.2873
1.3347
1, 0000
0.403

1.285%9

0,3272  0.000818

0.0545  0.002216

0,03829 0.01859

0.08584 0.3860

0.008698 -

0.002234 0,005270

0.009844 0.007428

0.8278  0.02443

0.09882 0.04838

0.1603
0.02581
0. 02227
0.05125
2, 5269
2. 6056
0.2707
1.3078
1.0000
0. 400

1. 1880

0.3370  0,008238
0.0580  0.001870
0.03488  0.01423
0.00081  0.3251

0.009128

0.002328 0.004436
0.03544  0.006256
0.8510  0,02048
0.09084 0.03716

0.1730

0.02641
0.01957
0.1206
2.5213
2.6047
0.2285
2029
0000

* ‘The firsl two digits of the case number indicate the percent enrtchment of the urantum In the core.

N
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220

TABLE E-XI
.ENRICO FERMI REACTOR

Parameters Core
N (235) . 0.3
fNé(235) 0.075
N_(238) 0.036
f v

. Nc(238) 0.133
N_(Mo) . 0.021
N_(Fe) 0.004 (S.S.)
N_(Hg) 0.001 (Na)
va(23,5) 0. 843
vN(238) 0.088

@ 235
o Mo

Fe

@ Hg
7(235)
v (238)
AV

. L core to bl.
L out of bl. .

~ BRI

o O o o

[\

= o o o O N

Blanket
0.009
0. 002
0.019
0.332
0.01
0.003 (S.S.)
0.001 (Na)
0.022
0. 047

. 2206

. 0888

.02 (S.8.)

. 00286 (Na)

. 4785

. 4545

. 229

. 999986

.311

. 004

.12
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Case 2011

Parameters Core Blanket
NI(ZSS) 0.3231 0.008172
Nc(235) 0.05748 0.001862
Nf(238) 0. 04978 0.01381
Nc(238) 0.1518 0.3335
Nc(Mo) 0.01336 -
Nc(Fe) 0.003387 0.004546
Nc(Hg) 0.007678  0.002851
va(ZSS) 0.8140 0. 02032
uNf(238) 0.1298 0. 03594
ay3s 0.1791
Mo 0. 04033
ape 0.02395
ayg 0.03179
v (235) 2.5187
v (238) 2. 6060
Ay 0. 3083
BRO 1.3160
k 1.0000
L ‘0. 3372

nc
BRI 1.2424

0

0.

0

0.

Case 2002

Core Blanket
.3228 0.008363
05736 0.001906
.05000  0.01362
1516~ 0.3309
. 01334 -
003383 0.004513
007664  0.006367
8134 0. 02080
1304 ‘0. 03546

. 1789
. 04027
. 02384

. 5188
. 6060

o~

-

L]
0
0
0. 04237
2
2
[
1

. 3085
. 3079

0000
3376

2397

e

o

4

e

°

1=

0

0

TABLE E-XII

MCBR NEUTRON—BALANCE ANALYSIS.
VARIATIONS IN BLANKET C.OMPOSITION

Case 2012 Case 2013 Case 2002 Case 2014
Core Blanket Core Blanket _ Core Blanket Core Blanket
3225 0.008572 0. 3217 0.008852 0.3228 0.008363 0.3239 0.007832
05722 0.001853 0.05714 0.001883 0.05736 0.001906 0.05758 0.001806"
05026 .  0.01341 0.04972 .0.01456 0.05000 0.01362 0. 05026 0.01278
1513 0.3264 0.1511 0.3482 0. i516 0. 3309 0.1521 0.3156
. 1331 - - 0.01329 - 0.01334 . - 0.01338 -
. 003378  0.004456 0.003369  0.002367 0.003383 0.004513 0.003386 0.006470
. 007648  0.01077 0.007638  0.006163 0.007664 . 0.006367 0.007689 0.006580
. 8128 0.02132 0.8105 0.02201 0.8134 0. 02080 0. 8163 0.01948
. 1310 0.03489 0. 1296 0.03790 0.1304 - 0.03546 0.1310 0.03326
0.1787 0.1789 0.1789 0. 1790
0. 04021 0. 04022 0.04027 0. 04033
0.02366 0.01736 0.02384 0.02974
0. 06562 0.04176 0. 04237 0. 04301,
2.5190 2.5187 2.5188 2. 5190
2. 6089 2. 6060 2. 6060 2. 6259
0.3088 0.3124 0. 3085 0.3051
1, 2977 ' 1.3172 1,3079 1.2994
1. 0000 1.0000 1. 0000 1. 0000
0.3382 0.3362 0.3376 0.3390 -
1.2238 1. 2840 1. 2357, 1.1955

o

o4

e

=

o

0

0

Case 2015
Core Blanket
3222 0.008648
05723 0.001971
04996 0.01402
. 1512 0. 3423
. 01331 -
. 003376 0, 004664
. 007646 -
. 8117 0.02151
. 1303 0.03649

. 1789
. 04023
. 02430

. 5188
. 6060

. 3106
.3257

o -

0
0
0
0,02311
2
2
¢
1

0000
L3371

1. 2653

Case 2002

Core

0

0.

0.

o

0

0

. 3228

05736

05000

1516

. 1334

. 003383

. 007664

0.8134

0.

1304

0

0

0

0.
0.
0.
0.

1789
04027 .
02384’

04237,
5188

. 001806

. 01362

3309

004513

006367

02080 -

03546

6060

LI

o -

—

3085
3079
. 0000
. 3376

.2357

0

-0

)

0

0

0

Case 2016

. 05004
. 1519

. 01337
. 003390
. 007681
. 8149

. 1304

0

0

1790
04031 .
02341
06034
5188

Blanket
. 008363 .

008095

001845

01325

3203

. 004370

. 01233

02013

. 03448

6059

©S - - o P PSS o o o

-

3066
2913
0000
3381

2080

* The first two digits of the case number indicate the percent enrichment of the uranium’ in the core.
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APPENDIX F
BASIS FOR MCBR MATERIALS SELECTION

Much of the data employed in the MCBR analysis has been developed in connection with Argonne.
National .‘Laboratory (ANL) and Atomic Power Development Associates (APDA) fast breeder
reactor projects. In addition, considerable information on metallic uranium fuels has been
lgathered as a result of both the United States and the United Kingdom gas-cooled reactor programs.
All of this .information has been extensively published over the past two years. It is the purpose of
this discussion to review the pertinent facts rather briefly, drawing upon the published literature
for supporting data.

1. Irradiation Effects on Uranium and Its Alloys

Since fuel selection for the MCBR has been initially restricted to metalhc uranium, it is
1mportant to understand and to distinguish between two primary 1rrad1at10n effects which limit
burnup lifetime, namely, growth and swelling. Growth is an over-all change of shape associated
with only minor changes in density which occur at temperatures up to about 500°C. Depending upon
fabrication history and composition, lengthening or contraction can occur in any dimension, and
surface wrinkling and ''orange peel' can take place. Swellingis the relatively large decrease in
density which takes place above about 400°C. Growth becomes less important at higher tempera-
tures and higher burnups, while swelling becomes more important. In this respect, the two
phenomena are somewhat complementary. Although swelling is the more important problem to be
overcome for MCBR application, some generalizations are listed below for each effect to aid
underétanding of the behavior of uranium fuel materials under various conditions.

a. Growth |

1) Growth is Basically due to the anisotropic expansion properties of alpha uranium and
is strongly influenced by the degree of preferred crystal orientation (texture) present as a result of
fabrication history.

2) Growth is less pronounced at temperatures above about 350°C and disappears
completely above about 500°C. ' '

3) The higher the fabrication temperature, tne less the grbwth. (Grain size decreases
with higher fabrication temperatures.).

4) Quenching from the beta phase, as well as beta-quenching followed by tempéring

treatments, greatly reduces growth rate.
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5) The decrea-se in density .during growth is about 3% per a/o bernup and appears to be
independent of fabrication history or heat treatment.
6) In general, alloying additions and thermal treatment that cause grain-size refinement
minimize surface roughening, and procedures that reduce preferred orientation decrease growth.
b. Swelling -

. D .Sw'elling is primarily due to segregation of the fission products xenon and krypton: as.
bubbles within the metallic structure, and their subsequent expansion by gas pressure against the
restraint of the surrounding uranium matrix. '

2) Swelling increases sloWIy with increasing temperature to about 600°C, affer which it
increases much more rapidly. .

3) Swelling increases with increasing burnup, although in a nonlinear manner which
becomes more marked beyond about 0.3 a/o burnup. The swelling rate apparently decreases ;);vith
buxjnup at lower.temperatures (<400°C) but increases with burnup at elevated temperatures (compare
Flgures F-1 and F-2). ‘ ‘

4) Swelhng is not greatly affected by the addition of small amounts of alloying elements
{up to 5 w/o) but is greatly retarded by larger amounts of certam additions.

5) Thermal cycling during irradiation greatly enhances swelling,.

6) In general, precise correlations between swelling and test conditions, microstruetures,
and alloy composition have not as yet been established. . :

2. Unalloyed Uranium Metal

Although unalloyed uranium.metal would be the most desirable fuel for the MC'BR, attainable
burnup life is severe'lyb limited by swelling under irradiation; consequently, High fuel-cycle costs
wouid result. Data from a large number of sou.rces, in both the United States and the United
Kingdom, have been summarized recent:ly51 (Figure F-3). In this graph, a.band has been drawn
bracketing a rather broad scattering of experimental points. The line D-D is used as the mosf'
reasonable prediction of the behavior of unalloyed uranium; the following Table51 presents the
predicted maximum fuel lifetimes that produce a A10% volume increase for several irradiation

temperatures. Here, temperature is interpreted to mean surface temperature.
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\ A ’ . TABLE F-I

Irradiation Temperature Exposure (for 10% Volume Increase)
°F °C (mwd/metric ton) (a/o burnup)
752 400 4000 0.40
797 425" 3000 0.30
842 450 2000 0. 20
887 475 1500 0.15

932 500 1000 0.10

It is clear that shorter life results from higher surface temperature. However, an additional
limitation must not be overlooked when considering elevated temp‘erature operation; namely, the
central metal temperature must not exceed the alpha-beta transition temperature or rapid failure
from thermal stress cycling can occur. This limitation is 600°C centra} temperature.

Extensive data on unalloyed uranium is given in references 2 and 52. It is of interest tonote
that thermal conductivity of uranium has been found to be practically unaffected by irradiation.

3. Uranium Alloys

Although a rather broad range of uranium alloys has been iﬁvestigated for fuel eleinent
applications over the past several years, intensive effort has been limited to a few fairly proxﬁising
materials. All other data are extremely spotty, so that conclusions regafding potential applicability
of these alloys are considered tentative in nature. In addition, even though considerable information
has been accumulated regarding the several more promising alloys, a number of uncertainties
exist because of gaps in the experiments and because no actual service experience is available as
yet. Therefore, caution must be exercised in interpreting available information and predicting
power reactc;r performahce._ The following discussion will attempt to summarize the current state
of the technology, with more detailed treatment reserved for those alloys which show particular
promise. for power reactor applications. Table F-II provides a ‘brief summary of temperature and
burnup limitations that are currently believed to apply to individual alloys. Table F-III presents
typical irradiation data for various uranium alloys of interest to this study and indicates the
difficulties associated with the attempt to develop correlations of any value at this stage of the
technoldgy.

a. Zirconium-Uranium

Considerable effort was expended on this system in connection with the EBR-I fuel element
program when it was found that small amounts of zirconium impart radiation stability to uranium.,

Typical irradiation data for 2 w/o Zr-U alloy specimens of various histories is shown in Figure F-4.
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For wrought and heat-treated specifnens, the effect of irradiation temperature greatly outweighed
the minor differences in behavior resulting from varying heat treatment. Higher temperatures
tended toward lower growth rates, although the degree of swelling was considerably greater at
elevated temperatures. Induction-cast specimens showed much higher resistance to swelling than
heat-treated specimens, the rate of increase at 1250°C of induction-cast specimens being less than
half that displayed by heat-treated specimens irradiated at 700°C.

Results of this nature indicate that below 600°C, 2 w/o Zr-U, as cast, is very stable
under irradiation to at least 0.6 a/o burnup. Occasional cycling above the alpha - beta transition
tempefature (663°C) causes instability and consequent rapid failure. Specimens irradiated above
600°C to burnups of over 1 a/o undergo severe swelling of the specimen diameter.

Of the zirconium-uranium alloys, 1.6 w/o Zr-U has been found to possess the optimum
resistance to growth. The reported growth rate is 8 to 10% per a/o burnup at low irradiations,
with an average growth of 5% at 1 a/o burnup. Irradiation stability of 1. 62 w/o Zr alloy castings
. has been found to depend strongly on temperature. Below 350°C, burnups of 0, 0.18, 0.67, 1.1,
and 1. 6 a/o produced closely similar irradiation effects. Maximum elongation was 6.3%, or
3.8% per a/o burnup. Above 600°C, however, very large volume increases resulted (see
Figure F-4).

b.  Zirconium-Niobium-Uranium (Ternary)

This group, particularly the 5 w/o Zr-13 w/o Nb-U alloy, is mentioned briefly because of
recent application to the EBWR initial core loading. Experimental work in connection with fuel
selection for the EBWR has shown that this alloy performs well tb moderate burnups at moderate
temperatures. Severe dimensional changes have been observed at burnups above about 0.35 a/o
(approximately 4000 megawatt-days per metric ton) at temperatures below 400°C. Above 400°C,
swelling limits burnup to between 3000 and 4000 mwd/t, and this alloy probably behaves much like
unalloyed uranium at these temperatures. At 1000°F (538°C), percent density change per a/o
burnup equals about 300. Therefore, the irradiation limits for this material are 600°C to prevent -
cycling through the alpha-beta transformation temperature and 4000 mwd/t (<400°C) due to growth.
Abo\ve 400°C, limitations due to swelling are abbut the same as those shown in Table F-I for

unalloyed uranium.
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¢. Chromium-Uranium

Very small chromium additions for grain refinement were investigated, and larger
chromium additions (eutectic) were made to develop a low melting casting alloy that would be
particularly advantageous for remote refabrication of fuel elements.

1) Small additions such as 0.03, 0.07, or 0.22 w/oCr alloys, alpha-annealed and beta-
quenched, are very similar in behavior under irradiation to unalloyed uranium of comparable
treatment. A series of 0.1 and 0.4 w/o Cr alloys, isothermally transformed in the high alpha
region, showed similar or worse response under irradiation than beta-quenched unalloyed uranium
specimens. The 0.4 w/o Cr alloy was less stable than the 0.1 w/o Cr alloy. .

2) Larger chromium additions, such as the 5 w/o Cr eutectic alloy, cast, were investi- )
gated by APDA as a potential low melting (860°C) fuel for remote refabrication. Irradiation to
burnups ranging to 0. 65 a/o resulted in a sevefely roughened surface due to large grain size. There
has been a loss of interest in this alloy since it was discarded by APDA several years ago; con- N
seguently, éonsiderable work would be required before the optimum conditions for this alloy could
be established.

d. Niobium-Uranium

This alloy system has been found to offer no improvement over unalloyed uranium as far as
radiation resistance is. concerned. Low-addition alloys such as 3 w/o niobium have demonstrated
poor radiation stability. High additions such as 10 w/o niobium have not appeared promising. For
example, a density decrease of 25% was observed at 0. 69 a/o burnup (36% decrease per-a/o burnup)
at 800°C.

e. Silicon-Uranium

Major effort has concentrated on the cast and heat treated 3. 8 w/o.Si-U alloy (Ussi,
intermetallic-compound, epsilon-phase alloy), which has demonstrated excellent dimensional
stability over the temperature range 280 to 860°C up to 0. 71 a/o burnup (6000 mwd/t). Length
changes were.between 1 and 2% over the whole temperature range. ' ‘

Both cast and extruded epsilonized q3Si specimens have been irradiated in other experi-
ments. Cast specimens showed excellent surface smoothness ‘and dimensional stability at lower
temperatures with growth values ranging from -3 to +4% elongation per a/o burnu.p,. However, one
cast specimen, irradiated to approximately 0. 8 a/o burnup at about 600°C, increased in diameter by
A33%. Extruded specimens show good surface but elongate greatly. Extruded specimens elongated

with an average growth of 30% per a/o burnup at low témpera’qures.
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The chief obstacle to utilization of this material currently arises from the very incomplete
state of technology in connection with both fabrication and irradiation stab‘ility.. Considerable work
is required before a satisfactory degree of understanding of the metallurgy and irradiation behavior
of this material can be achieved. After this development has been carried out, the Si-U system
may prove to be an important fuel‘méterial.

*
f.  Plutonium-Uranium and Plutonium-Fissium-Uranium

Considerable work is in progress at ANL in development of fuel materials for the EBR-II
fast breeder reactor. Fuel specifications for that project call for 2 a/o burnup (20,000 mwd/t)
maximum at 700°C maximum operating temperature. Also, 20 w/o plutonium is specified for
optimum breeding gain. Of the whole spectrum of alloys of the above systems investigated, the
following showed the most favorable behavior:

1) 20 w/o Pu-U'- Cast or extruded specimens irradiated to 0. 7 a/o burnup exhibited’
good dimensional stability and surface smoothness. However, this alloy is éxtremely brittle and
unstable in the as-cast condition and lacks resistance to thermal cycling.

2) 20 w/o Pu-5 w/o Fs-U - Cast specimens are expected to show good stability to as

high as 1 a/o burnup. For example, after experiments in the temperature range 450 to 560°C and
0.33 to 0.42 a/o burnup, density decreases of only 0. 28 to 0. 91% were observed (0. 85 to 2. 2%.
decrease per a/o burnup). Molybdenum may be substituted for fissium in this alloy with equally
good results.

3) 20 w/o Pu-5 w/o Mo-U - This alloy is similaf to (2) abov'e. At 120 to 340°C range and

0. 43 a/o burnup, density decrease of 1, 5% was noted 3.5% decrease per a/o burnup).

4) 20 w/o Pu-10.8 w/0 Fs-U - Cast specimens are expecféd to show good stability to as

high as 1 a/o burnup. Excellent stability was observed at 1000°F (540°C) and 0. 5 a/o burnup, where
an elongation rate of 1. 8% increase per a/o burnup was measured. Temperature limitation is

expected to be the alpha-beta transformation temperature (663°C), while exposures in excess of

*  These alloys represent pyrometallurgically reprocessed fuels. Fissium (Fs) is a mixture of
metals and has metallurgical properties similar to those expected for the residual fission
products in recycled fast breeder fuel. Typical analysis of fissium includes: 4.6 w/o Zr,
25.9 w/o Mo, 39.8 w/o Ru, 6.5 w/o Rh, and 23.2 w/o Pd. It should be noted that these are
all gamma phase stabilizing alloying elements and might therefore be expected to improve
radiation stability to some degree corresponding to results obtained with individual additions
such as molybdenum. :
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8000 mwd/t are expec?ed. For example, cast specimens were irradiated in the temperature range
280'to 310°C to 0. 81 to 0. 92 a/o burnup, with only 0. 18 to 1. 29% density decrease (0. 22 to 1.4%
decrease per a/o burnup). '

5) 5 w/o Fs-U - Experimental results have shown that this alloy is stable at central
temperatures from 700 to 1000°F (370 to 540°C) and burnup to 0. 76 a/o. - Limitatibns are expected -
to be similar to those shown under (4) above. The addition of 2.5 and 7. 5'sw/o Mo to cast U—5'w/o
Fs alloys inqreased surface smoothness, and radiation stability was found to be independent of prior
heat treatment. Maximum stability was ‘schieved by gamma quenching. -

A number of unknowns exist before these alloys will be employed with confidence. Thermal
expansion studies by ANL of Pu-F5-U alloys. have revealed erratic behavior when heated above, .
500°C for Fs alloys having a molybdenum content of 5 w/0 Mo. Phase change starting at 541°C,
cycling above this to 713°C, and shrinkage of about 0. 003 inch occurred in 0. 5 inch. After
shrinkage, growth occurred on thermal cycling.

Experience in the EBR~II. reactor will clarify the importance of these alloys as nuclear .
fuels, especially foxj fast reactors. It is particularly worthy of note that ANL believes the cast
materials containing fissium are the best uranium alloys ever tested by that laboratory.

Recent data on a group of cast 20 w/o0 Pu-10 w/o Fs—I‘J'alloys, irradiated to burnups to
3.5 a/o and temperatures up to 840°C (calculated), showed large volume increases (40% density
éiecrease) from swelling. This temperature is.well above EBR-II operating requirements, and good
dimensional stability is expected with fissium alloys for 2 a/o burnups at approximately 600°C.

Extensive information on these alloys is given in reference 54. . -

g. Molybdenum-Uranium

These alloys have been under investigation for some time, and the radiation stability of a
number of alloys has been determined.

1) Alloys containing less than 7 w/o- molybdenum have not shown appreciable benefits
_over unalloyed uranium. For example, 1.2 w/o Mo-U powder compact exhibited _relatively poor
radiation stability at center temperatures in the range 750 to 1250°F (400 to 675°C) and burnups of
0.4 é/o, Diameter increases of 8 to 12% were measuréd. ANL has investigated compositions in
the range of 1 to 3.5 w/o,Mo in the form of powder cofnpacts, wrought, and cast )m.atleriall. Burnups
to 0. 5 a/o have been employed at moderate temperatures. Results ranged from’ essentially no
impl)ro'vement for cold presse_& and‘sinte_red powder compacts to essentially combleté resistan.c.e to

growth for cast material. Growth of wrought material was very sensitive to heat treatment, varying
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from the behavior of beta-quenched wrought uranium to that of cast material. The effect of
‘elevated temperature irradiation would be similar to results on unalloyed uranium.

2) 10 w/o Mo-U alloys represent the best available radiation-resistant alloy, based on
all information obtained to date. Investigations conducted in connection with the PWR project,
earlier, and the Enrico Fermi project, currently, have pfovided the bulk of the data shown in
Figure F-2. PWR data were confined to temperatures below 800°F and burnups less than 0.5 a/o.
Maximum density decreases of 4.4% at 8800 mwd/t and temperatures below 428°C were found in
bare specimens. Decreases ranged to 4.3% at 28,200 mwd/t and irradiation temperatures to 654°C
in clad specimens. Recent APDA data at elevated te'mpératures, shown in Figures. F-5 and F-6,
are particularly useful. Density changes for irradiation to 2. 7 a/o burnup and to temperatureé of
745°C are shown. The gamma-quenched condition exhibited smaller changes than partially or fully
transformed conditions. Cracking is observediabove 2 a/o burnup, the severity increasing with
- cladding thickness. From the available data, it can be assumed that this alloy is satisfactory for
average exposures around 1.a/0 burnup (10, 000 mwd/t) at center temperatur"es around 600°C.

This is the fuel alloy chosen ‘for the Enrico Fermi Power Reactor initial core loadingit
(27% enriched). In this reactor, the increase in critical mass and decrease in breeding ratio
resulting from the high percent of molybdenum is believed to be offset by longer burnup and cheaper
fuel reprocessing. ‘

The effect of irradiation on the thermal conductivity of rolled 10 w/o Mo-U alloy has
been studied to some extent at relatively low temperature (200°C). Changes in the value of thermal
conductivity after burnups to 1.2 a/o were within experimental error (+10%) and are therefore con-
sidered to be indicative of négligible difference due to irradiation. Detailed pﬁy'sical property data

for this alloy have been published rather extensively (references 55 and 56, Figure F-T7).
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Composition

(w/0)
2 Zr

5 Zr-1% Nb
5Cr
38$m§n

20 Pu-10.8 Fs
20 Pu-5 Fs

20 Pu-5 Mo

5 Fs

10 Mo

APPROXIMATE TEMPERATURE AND

TABLE F-II

BURNUP LIMITATIONS OF URANIUM ALLOYS

Maximum Burnup

/o)
0.6

0.35

0.5

0.7

(mwd/t)

6,000
4,000

5,000

7,000

10,000

20,000

Maximum
Temperature

¢

600
400

600

600

600

600 .

Remarks

As-cast

These limits due to growth; '
swelling limits approximately
same as Table F-I.

As-cast; badly wrinkled surface
occurs even at very low ex-
posures.

Difficult to fabricate; many
unknowns; cast and heat treated
condition preferred.

EBR-II; more testing required;
cast and gamma quenched.

Enrico Fermi; best alloy avail -,
able; cast or wrought and heat
treated.
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Condition .

TABLE F-III
COMPARISON OF RADIATION STABILITY OF

METALLIC URANIUM FUELS

(TYPICAL DATA)

Alloy % Length Change % Diameter Change % Density Change Post-Irradiation Temperature a/o Burnup
per a/o Burnup per a/o Burnup per a/o Burnup Surface Appearance of Irradiation

(w/0) {*+) ) =) 7 €o) iy
1.62Zr Cast <4 Good <350 0.13t0 1.6
1.6 Zr Cast . Very large >600 2.6t05.2
2 Zr Wrought & heat treated <3 7 Poor <600 0.5
2 2r Cast , <3 5 Good <600 1
2 2r Extruded & heat treated 5 12 14 200 0.051
2 Zr Extruded & heat treated 13 21 43 1150 0.13
2 Zr Induction cast -2.§ 6 16 1250 0.13
3 2r Wrought & heat treated Warped Very poor 155 to 420 0.09 t0 0. 025
5 Zr Wrought & heat treated 4 to warped Poor 155 to 420 0.081t00.23
10 Zr Wrought & heat treated 2 to warped —4to0 Fair 260 to 405 0.13t00.20
15 Zr Wrought & heat treated 5to 10 -3to0 Good 260 to 420 0.12t00.18
5 Zr-1.5 Nb As swaged 150 <200
5 Zr-1.5 Nb Swaged & heat treated 5.4 <200
5 Zr-1.5 Nb Wrought & heat treated 2104 300 0.3
5.0 Cr As cast Very poor 400 to 620 0. 65 max
4.5 Cr As cast Badly warped Very poor 300 0.1
4.5Cr Cast & heat treated 9 13 Very poor 300 0.1
4.5Cr As cast Badly warped Very poor 300 0.07
4.5Cr Cast & heat treated 4 Very poor 300 0.07
3.8 St (U_SI) Cast 41 ~ 600 0.8
3.881 (USS() Cast -3 to +4 Very good . ~200
3.8 Si (UlS) Cast 2103 Very good 280 0.12
3.881 (Uasl) Cast 2t03 Very good 630 0.33
3.88i (Uasi) Cast 2t03 Very good 860 0.71
20 Pu-5 Mo Cast 3 . 0 3 340 0,27
20 Pu-5 Mo Cast LS 1.3 3.4 280 0.43
20 Pu-5 Mo Cast . 4 2 3.5 270 0.20
20 Pu-5 Mo Cast 3.3 1 1.6 260 0.38
20 Pu-5 Mo Cast 3 L7 4 190 0.28
20 Pu-5 Mo Cast 2.6 2.4 4 270 0.40
20 Pu-5 Mo Cast 5 ) 1 1.5 220 0.15
20 Pu-10.8 Fs Cast 2.5 0.1 1.4 310 0.92
20 Pu-10.8 Fs Cast - 1 0.5 0,22 280 0.81
20 Pu- 5.4 Fs Cast Loss of material 4.3 1 560 0.42
20 Pu- 5.4 Fs Cast 1.4 2 2.3 520 0.40
20 Pu- 5.4 Fs Cast 2 0.2 0.85 450 0.33
1.2 Mo Powder compacts 0.5 20to3 80 to 110 Poor 400 to 675 0.2t00.4
3.5 Mo Wrought & heat treated Poor <600 1
5 Mo Wrought & heat treated Warped 6 Poor 150 to 240 0.06 10 0. 14
7 Mo Wrought & heat treated Oto7 -4 t00 Good 160 to 240 0.06 100, 14
10 Mo Wrought & heat treated <2 5 Very good 600 1
10 Mo Wrought & heat treated 1 3 Very good 550 to 600 0.91100.97
10 Mo Wrought & heat treated 2 2. Very good 160 to 240 0.09100.12
10 Mo Wrought & heat treated 2 7 Very good 700 0.6
10 Mo Wrought & heat treated 2 15 Very good 750 1.7
10 Mo Wrought & heat treated . 8 30 Very good 630 1.3
10 Mo Wrought & heat treated 3 Very good 250 to 600 . 0.38t01.2
10 Mo Wrought & heat treated 0.75 2.5 5 Very good 575 0.8
10 Mo Wrought & heat treated 2 10 14 Very good 745 L7
10 Mo Wrought & heat treated 1 3 7 Very good 700 0.6
10 Mo Wrought & heat treated 6 9to 18 to 36 Very gogd 630 1.3
10 Mo Wrought & heat treated 0.5 0.6 2 Very good 400 1.2
10 Mo Wrought & heat treated 0.4 0.5 2 Very good 470 1.3
10 Mo Wrought & heat treated 0.8 0.5 2 Very good 600 2
2.5 Mo As cast 1t03 3tos
2.5 Mo Wrought & gamma-quenched

from 850°C 33 40
2.5 Mo Wrought & slow-cooled
from 850°C 3.5 4
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4. Compatibility of Fuel-Element Materials

The high operating temperatures desired in liquid-metal-cooled reactors require that
compatibility of solid- and liquid-phase materials be investigated.

a. Fuel-Cladding Compatibility Temperature Limit

Uranium vs Zircaloy-2 600°C - interdiffusion

Uranium vs Steel, Stainless Steel,
Chromium, Manganese, or other '
ferrous materials 750-850°C - low melting eutectics

Uranium vs Aluminum 350°C - intermetallic compounds

b. Fuel versus Thermal Bonding Medium

Uranium vs Mercury Extensive solubility of U in Hg

Uranium vs Sodium or NaK . 600°C maximum

in to about 600°C in oxygen-free sodium or NaK, the c_orfosion rate of uranium is quite.
small; however, as little as 1 or 2% oxygen can increase corrosion rate by a factor of 10. If the
11qu1d metal bond can be kept free of oxygen ‘negligible corrosion effects should be experienced.

Following current practlce a 5-mil annulus would be needed to fac111tate fuel element
fabrication. ‘

c. Coolant versus Na or NaK

The compatibility of liquid sodium or NaK and mercury is important from the standpoint of
the potentjal consequence of a cladding failure. A numbor of compounds from Na3Hg to NaHg 4 and
from KHg to KHg8 are formed, all of which possess negative heats of formation (exothermic
reactions).

Sodium-mercury compounds which occur are:

Nang ' 11.8 0.5 kcal/mole
Na_Hg, 23.021.0 "
Na.3Hg2 ©23.0=x1.0 "
NaHg 10.2 £ 0.5 ' "
NaHg, = 18.3 + 1.0 "
NaHg4 . 20.0 £1.5 "

These compounds are cornpletely miscible above 353°C in liquid phase.
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Potassium-mercury compounds occurring are:

KHg 13.4 1.0 keal/mole
KHg, 18.5+1.5 "
KHg3 .20.0 2.0 "
KHg4 21.5+2.0 "
KHg, . 25.022.5 "

These compounds are 'completely miscible above 270°C in liquid phase.
Under MCBR conditions, it is not believed that Hg-Na or NaK reactions present any
problem. ~

5. Cladding Material

The chief requirement for the cladding material is resistance to corrosion by the boiling
mercury environment and adequate mechanical strength‘at temperatures around 1000°F.

a. A 5w/o Cr Steel appears to be most applicable for the MCBR, based on past experience in
mercury systems and upon elevated temperature behavior réquired for the MCBR. Although wall
thickness of about 0. 008 to 0. 010 inch and outside diameters of less than 0. 5 inch may be required,
tubing is generally obtainable on special order. Mechanical propefties of this material may be
found in the ASME Codes; allowable stresses shown there are recommended for design purposes.
Fabricability is less than ideal; however, sufficient experience is available to permit handling of
such problems with ease. A typical analysis of this steel'is 5 w/o Cr, 1.5 w/0 Si, 0.5 w/o0 Mo, 0.1
w/o C, balance Fe. Conventional additive practice is assumed with regard to mercury treatment to
minimize mass transfer.

b. ‘Stainless steel offers no techmcal advantages over 5 w/o Cr Steel under MCBR conditions,
and actually much less is known about the resistance of stainless steel to mercury corrosion effects.
c. ercomum and zirconium alloys are not recommended for service in high-temperature

mercury. It is reported11 that zirconium has only limited resistance to attack by mercury at
elevated temperatures. Also, zirconium forms a distinct amalgam layer on exposure to static
mercury for 330 hours at 600°F (316°C). A review of the Zr-Hg equilibrium diagram reveals that
several-intermetallic compounds exist. Equilibrium solubility varies from 5 ppm at 350°C to

16 ppm at 550°C. In éddition, the affinity of zirconium for oxygen, hydrogen, and nitrogen above
about 500°C is well known and would impose additional problems with regard to over-all system

design.
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d. Low-carbon steels have good resistance to aftack by flowing mercury below about 400°C,
limited resistance up to about 540°C, and poor resistance at higher temperatures. The presence of
inhibitor wetting agent combinations (Ti-Mg, for example) has been found to reduce the attack on
low-carbon steel to very small rates at temperatures up to 650°C. However, factors such as
mechanical properties and microstructural stability militate against the use of plain carbon steel

for cladding or structural parts above about 450°C.,
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APPENDIX G
PRELIMINARY ECONOMIC EVALUATION

A preli'minar'y. estimate of the MCBR fuel-cycle costs was made in order to assess the economic
potential of the system and thus to guide the selection of the size (power le\vel) of the reactor to be
used as the basis for the gonceptual design and detailed cost estimate. It should be emphasiied that
the estimate is a'preliminary one and includes values and assumptions which are not entirely
reliable. Nonetheless, it is adequate to establish meaningful trends and give an approximate B
indication of the fuel-cycle costs for various power levels.

1. Basis for Fuel-Cycle Cost Estimate

The fuel-cycle cost estimate is based on the results of the technical feasibility evaluation pre-
sented in the body of this report, although the estimate was completed before all the data presented
there were available. A cylindrical-core geometry was assumed, consisting of pin-type fuel rods
arranged in closely packed bundles such that the coolant volume fraction is uniform in all parts of
any single core. A uniform blanket was assumed to surround the core, preserving the cylindrical
geometry.

An allowable head loss across the core of 5 feet of liquid mercury (31 psi) was assumed. This
value was selected because it represents a compromise,_ primarily between high thermal perfor-
mance and low thermal efficiency. A maximum allowable fuel-element surface temperature of
1000°F and a ma_ximuin fuel-element centerline temperature of 1112°F were assumed.

A range of fuel-element outside diameters was selected (0. 2 to 0. 35 inch), so that element
diameter was the independent variable for the purpose of estimating fuel-cycle costs. The
maximum permissible power density could then be obtained frpm Figure 4, as well as the corre-
sponding fuel-element pitch-to-diameter ratio for each selected value of element diameter. The
pitch-to-diameter ratio implies a unique coolant volume fraction in the core. With a value of
2.0 gm/ cm3 for the average mercury density, corresponding conservatively to a maximum
saturation température of 1000°F and an exit qqality of 0. 30, the basic core parameters were
specified for each element diameter. From Figures 5 through 10, the critical masses and breeding
ratios were obtained and the core volume and dimensions determined.

Average power density was developed from the values obtained from Figure 4 by dividing by
an assumed radial peak-to-average flux ratio of 2.2. With average power density and core volume

determined, the operating power level was fixed for each value of fuel-element diameter selected.
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Thus, each diameter corresponds to a specific power level, and the reactor configuration for that
power level is such that maximum allowable berformance is achieved under fhe assumptions
employed. ;
The xhass‘of\fabricated fuel was calculated from the critical mass, the coolant volume fraction,
and estimat.es of the structure-fuel alloy volume ratios prepared for the purpose. An exposure
level of 10,000 megawatt-days per metric ton of uraniun; in the core and 1,000 mwd/t of uranium
in the blanket was specified because of uranium growth limijtations on exposure level. (These
exposure leve14s are comparable to those of the Enrico Fermi core.) Final uranium enrichment in
this initial calculation was approximated by assuming that no plutonium was fissioned. The exposure
level then determined the total_ uranium burnup, from which final enrichment wé.s calculated. The
error in fuel-cycle cost created by such a procedure is partially offsét by the unrealistically high
plutonium credit used. For-a plutonium value of '$12 per gram and a uranium value of about $16
per gram, the calculated fuel-cycle costs are higher than would be realistically predicted; the
opposite would be true for a plutonium vallue of $30 per gram.
The unit c;osts for various items of the fuel cycle were obtained largely from published data
smade available by thé Atomic Energy Commission for the Atomic Power Development Association
in connection with the Enrico Fermi Atomic Power Plant. These unit costs are summarized‘ in

Table G-1. For comparison, the values for the Enrico Fermi plant are included.

2. Results of Fuel-Cycle Cost Estimate

Table G-II shows the important quantities and calculated values which.led to the total fuel-cycle
cost in lmils‘ per electrical kilowatt hour. . The fuel-cycle cost calculated values arevpr‘esented in
Figure G-1 as‘ a function of electrical power output. The curves show the normal unit cost
reductions as total design capacity is increased but indicate further that little cost incentive remains
for increasing plant size beyond about 100 electrical megawatts. The high costs at low power levels
reflect the dominance of uranium inventory charges and interest on working capital. At higher |
power levels, corresponding to higher power deﬁsities, the fabrication, conversion, and reprocess-
ing costs are chiefly significant; these costs, when expressed in mils per kilowatt hour, are
functions of exposure level only. Being constant for a fixed exposure level, they produce the
nearly level portions of the curves.when they dominate the totals. )

The effect of uranium enrichment also is indicated by the graph. Since the basis for the
analysis actually was fuel-element diametgr, and since the diamefers cover a realistic range, the

limits of the curves represent approximate limits in power level and cost associated with the
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-various enrichments shown. The curves reveal that high ehrichments are required for low-power

systems, and vice-versa, and suggest thgt an economic optimum uranium eﬁrichment -exists for any
reactor power level. .

‘Two short dotted lines labeled "Spherical Core" lie slightly below the solid lines labeled
""Cylindrical Core." These dotted lines represent the effect of the substantially improved power
density achievéble with a relaxation of the pressure-drop limitation imposed by conventional fuel-
element designs. The spherical-core notation refers to a specific core configuration involving a
spherical array of tapered fuel elements. The arrangement permits an expanding flow channel,
which materially reduces the pressure gradient, thereby improving thermal performance. Note
that the fuel-cycle costs are estimated to be approximately 2 mils per kilowatt hour lower than for
a corresponding conventional core. The difference stems largely from the reduction in uranium
inventory and working capital interest charges, but also partly from a reduction in the total blanket .
cost arising from the lower leakage characteristic of the spherical-core shape.

The estimated fuel-cycle cost for the sodium-cooled Enrico Fermi plant is indicated at its
design power level of 106 electrical megawatts. The preliminary MCBR estimate is not sufficiently
accurate to warrant a conclusion regarding the relative magnitudes or the difference between the
two cost estimates. A subsequent MCBR fuel-cost estimate indicates that 13. 3 mils per kilowatt
hour is more realistic than the value shown at 100 megawatts. Future core designs will certainly
result in lower fuel -cycle costs for both the MCBR and spdium—cooled reactor systems such as the

Fermi plant.
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Case

Core geometry
Pin diameter (in.) .
Pitch-to-diameter ratio .
Coolant fraction (by vol. ) .
Structure-fuel alloy ratio (by vol. )
Fuel fraction (by vol.) .
Average power density® (kw/liter)
Fuel enrichment (%) . . .
Critical mass™* (kg)
Core volume** (liters)
Gross reactor power

Therm. mw

Elect. mw!
Total fuel mass (kg)
Total U in core (kg) . . .
Specific power (therm.mw/met. ton)
Fuel cycle time?t (days)
Core radius (cm)
Blanket outer radius (cm)
Volume of blanket and core (liters)
Blanket volume (liters)
Blanket U volumel (1iCers)
Blanket U mass (kg)
Blanket U cost ($/cycle x 10 6)
Breeding ratio
Plutonium produced (gm Pu/kg U cycle)
Net Pu Credit ($/kg U)

Pu at $12

Pu at $30
Puel cost- ($/kg U)
Inventory & working capital charge ($/kg u)
Net fuel cost ($/kg U)

Pu at $12

Pu at $30
Net fuel cost ($1000/yesr)

Pu at $12

Pu at $30
Blanket cost ($1000/year)
Puel cycle cost ($/year)

Pu at $12

Pu at $30
Fuel cycle cost (mils/kwh)

Pu at $12

Pu at $30

NOTES:

* Adjusted for peak-to-average ratio= 3.5.

*k Corrected to account for cylindrical geometry (cylindrical cases only)

t  Thermal efficiency = 40%.

COMPARISON OF UNIT FUEL-CYCLE COSTS

TABLE G-I

1 2 3 4 5 6 7 8 9 10 11 12

Cylindrical Cylindrical Cylindrical Cylindrical Spherical Spherical
0.20 0.20 0.25 0.25 0.30 0.30 0.35 0.35 Tapered Tapered
1.46 1.46 1.34 1.34 1.23 1.23 1.15 1.15 - - - -
0.57 0.57 0.48 0.48 0.40 0.40 0.32 0.32 0.40 0.40 0.48 0.48
0.521 0.521 0.416 0.416 0.347 0.347 0.297 0.297 0.20 0.20 0.20 0.20
0.282 0.282 0.368 0.368 0.445 0.445 0.525 0.525 0.50 0.50 0.433 0.433
94.4 94.4 72.7 72.7 56.1 56.1 44.0 44.0 393 393 509 509

.20 30 20 30, 20 30 20 30 20 30 20 30
S 3,100 1,128 1,537 663 1,028 479 736 - 368 854 396 1,190 518

3,660 883 1,390 400 770 238 466 155 569 176 916 266
345.5 83.4 101.0 29.1 43.2 13.4 20.6 6.88 223.5 69.1 466 135
138.1 33.4 40.4 11.7 17.3 5.38 8.23 2.79 89.4 27.6 186.5 54.1
15,800 4,180 8,530 2,460 5,710 1,770 4,090 . 1,360 - - - -
15,500 3,760 7,680 2,210 5,140 1,590 3,680 1,225 4,270 1,320 5,950 1,727
22.25 22.20 13.17 13.17 8.42 8.43 5.60 5.61 52.3 52.3 78.4 78.3
563 563 ' 950 950 1480 1480 2230 2230 239 239 160 160
83.4 50.9 60.3 39.8 49.6 33.6 42.0 29.1 S1.4  34.7 60.1° 39.8
133.4 100.9 110.3 89.8 99.6 83.6 92.0 .79.1 101.4  84.7 110.1 89.8
14,920 6,450 8,490 4,520 6,210 3,680 4,900 3,110 4,360 2,550 5,600 3,040
11,260 5,567 7,100 4,120 5,440 3,442 4,434 2,955 3,791 2,374 4,684 2,774
7,320 3,620 4,610 2,680 3,530 2,240 2,880 1,920 - - -
137,000 67,600- 86,300 50,100 66 000 41,900 53,900 35,900 35, 400 22,200 43,800 25,900
28.75 14.18 24 .40 14.18 .. 25,40 " 16.10 . 28.40 18.92 '5.25 3.29 5.83 3.45
1.06 1.15 1.15 1.23 1.20 1.28 1.23 1.31 1.20 7 1.28 1.15 1.23
12.50 13.59 13.59 14.51 14.16 ’ 15.10 . 14.51 15.48 14.16 15-.10 13.59 14.51
131.30 142.60 142.60 152.50 148.40 158:80 152.40 162.20 .148.40 158.80 142.60 152.50
356.50 387.00. 387.00 © 413.50 403.50 ° 431.00 413.15 - 441.00 403.50. 431.00 387.00 413.50
631.38 688.16 631.38 688.16 631.38 688.16 631.38 688.16 631.38 688.16 631.38 688.16
358 533 515 763 730 1,080 1,035 T 1,527 226 339 194 292
858.08 1,078.51 1,003.28 1,298.66 1,212.98 1,609.76 1,513.98 2,053.16 708.73 868.46 682.28 827.41
632.88 831.11 788.88 1,037.66 957.88 1,337.56 1,252.88 1,774.36 453.63 596.26 437.88 566.41
8,610 2,620 2,965 -1,102 1,537 629 - 910 411 4,615 1,750 9,285 3,260
6,350 2,020 2,325 881 1,212 523 754 356 2,960 1,202 5,950 2,240
1,860 917 938 545 625 397 464 310 801 502 1,332 789
10,470 3,537 3,903 1,647 2,162 1,026 1,374 721 5,416 2,252 10,617 4,049
8,210 2,937 3,263 1,426 1,837 920 1,218 666 3,761 1,704 7,282 3,029
10.8 15.1 13.8 20.1 17.9 27.25 23.8 37.0 8.67 11.65 8.15 10.7
8.5 12.52 11.55 17.4 15.2 24.4 21.2 6.00 8.83 5.58

t*  Fuel cycle time is based on. 10,000 med/t (1 a/o avg burnup at 600°C) and 807 load factor.
b¢ Blanket uranium volume is based on average % uranium in blanket (axial and radial) for

various size cores. Average taken as 65%.

34.2

8.00
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TABLE G-II '
CASE STUDIES - VARIOUS MCBR CORE CONFIGURATIONS

. .
ENRICO FERMI MCBR - Case 1
Core Blanket Core Blanket
275 Enrichment 0. 36% Enrichment 20% Enrichment 30% Enrichment . 0.'36& Enrichment
Gross reactor power (mw electrical) P . L. . 100 = : 138 . 38 -
Thermal efficlency (%) . . .. . . .o 33 : - 40 40 -
Burnup -a/6 (mwd/t) . . . . . . . . . . 1.1 (9160) 0.1 (916) - 1.0 (10,000) . 0.1 (10,000) 0.1 (1,000)
Cycle time (years) . L. A . .. 0.3 2.7 . 1. 55 1.55 15.5
1. Net fuel material costs (per kg U). )
Burnup L 3 97.00" ) $ - $166.88" - - - 316586 . 3 -
Reprocessing losses . L0 . - 140. 40 0.17 . 96.50 148. 00 0.17
Subtotal . .. .. .. . - -$237.40 $_ 0.17 $263.38 $313. 86 $ 0.17
2. Fuel fabrication' costs: . .
Conversion UFG-.uranlum'alloy . - - - 116.00 . - 122, 30 22,00
Fabr. & assembly of pins & subassy. N '
(including materials and inspection) . . . - - -100. 00 . 100. 00 - __50.00
Subtotal . R .- . . . PN . $383. 00 $79.70 $216. 00 . . $222.30 $ 72.00
3. Spent fuel processing costs: : '

‘Decay storage & shipping . . . . . . °© $ 5.00 $ 5.00 $ 5.00 $ 5.00 $ 5.00
Reprocessing of U & Pu to Nitrates . . . . 145, 20 25.25 115. 00 115. 00 20. 00
Conversion of Nitrates to UFg and Pu buttons . . ‘_32.00 . 5. 60 32.00 32.00 5. 60

Subtotal ~. . . . . . . . . . $182, 20 35.85 . $152. 00 $152. 00 $ 30.60

Total, Items 1to3 . .. . . . .. . $802. 60 $115.72 ’ $631. 38 $688. 16 $102. 77
4. Fuel-cycle working capital costs Lo '$ 10.20 $ 20.80 $ 30.00 $ 31.00 $107. 00
5. Fuel material lease costs (At 4% & 1 year 1

- processing & decay time) . PN $218.00 . - $328. 00 $502. 00 -

Total, Items 4 and 5 . . - . .. $228. 20 . $ 20. 80 $358. 00 $532. 00 $107.00

*  Fermi costs are baged on data published in EEI fuel cost survey (Ref. 6).
No credit taken for Pu burned in MCBR cases. Fermi cost includes credit for Pu burnup.
Obtained from EEI fuel cost survey (Ref. 6). - -

- -+
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APPENDIX H
CAPITAL COST ESTIMATE
1959 Basis

A detailed breakdown of the capital cost estimate for the 100 mw (e) MCBR power plant is
presented in Tablés H-I, H-II, and H-III. Presentday values have been used for the estimates of
material costs. The labor rates and productivity are representative of the midwest U. S, A,

For the major items of equipment, estimates or approximate quotes were obtained from
manufacturers and fabricators with specific experience. The Chicago Bridge and Iron Company
supplied an estimate for the erected cost of containment shell and air locks. Yuba Consolidated
Steel Corporation furnished a preliminary quote on the pressure vessel and indicated that their
shop could handle the job, includipg annealing, with no difficulty. Yuba indicated that they are well
experienced in the fabrication of such vessels using:.the 5% chromium steel specified. The
Industrial Division of American-Standard provided the basis for the cost estimate of the double-
walled heat exchanger. Other manufacturers and suppliers provided help and assistance in
obtaining cost information. All such help is gratefully acknowledged.

The drawings describing this plant are pr'eliminary and incomplete in that they represent a
conceptual design. They have been used as the basis for this estimate in that the individual items
in the Tables were taken from them.

The turbiné—generator portion of the plant has been estimated on a $/kw basis from statistical
data taken from actual costs of various electrical power pla.nts of similar capabilities in the
U.S. A.6 Costs have been escalated to date.

Auxiliary services for the reactor plant have been held to a minimum, since the design and
estimate are intended to reflect the cost of a typical plant, not of the first experimental version.
The cask car of the Enrico Fermi plant has been omitted from capital costs, and it is contemplated
that its function will be fulfilled by a maintenance subcontract. Also, it has been assumed that the
shop building and its equipment will be supplied from the $/kw estimated for the turbine-generator
portion of the plént and that no additive space or equipment will be required for reactor operation.

The site has been assumed to be on're,l_atively level gi‘ound with good soil conditions; average
climatic conditions in the midwest have been assumed. The cost of land and land rights, Federal

Power Commission Account Number 310, is estimated to be. $186,000.
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MERCURY COOLED BREEDER REACTOR'

TABLE H-1

DETAILED BREAKDOWN "
FEDERAL POWER COMMISSION ACCOUNT NUMBER 311

o o . ‘ Material  .Labor : Total -
Reactor Plant Structures & Improvements : o T .
Reactor Containment Vessel-75' OD x 115° $ 542,800 $ -- 7§ 542,800
Field Assistance to Subcontractor , 4,200 . = 12,000 716,200
On & Off Charges o 10,000 To-=7 10,000
| Testing & Inspection ) L ‘ 10,000 10,000 * o 20,000
‘ Detail Allowance = S ' 57,000 5,000 62,000
o Subtotal o 624,000 27,000 ' ___651,000
Structural Steel in Containment Vessel
Reactor Vessel, Supports; Elevator Shaft, . -
. Crane Supports ' 33,000 5,500 38,500
: - Stairs, Handralls Platforms - C 7,500 T 2,500 . .-10,000
_Grating 5,000 1,000 - 6,000
Misc.. Structural Steel - : 7,500 7,500 15,000
- Detail Allowance - : - S ) 8,000 18,000 16,000
Subtotal o 61,000 24,000 85,500
Structural Concrete in. Contamment Vessel ) o
‘Inside Base ' . - . L . 96,000 64,000 * °''160,000
Slabs & Walls . o 272,000 238,000 510,000
‘Imbedded Iron "~ . R 15,000 15,000 30,7000
Internal Finishing 5,000 40,000 45,000
Hardware & Specials 10,000 15,000 - . . ¥25, ooo' :
Détail Allowance = . 40,000 . 35;000° - - 75,000
e © Subtotal ' 438,000 407,000 - 845,000
Containment Vessel Foundations *' o
Excavatlon - Machine : - 36,000 " 36, 000
‘ - Rock - 25,000 25,000
' - Hand R --- 30,000 30,000
Disposal e --- © 7,500 0 77 7,500
“'Backfill T . --- © - 50,000 7 50,000
“Imported Fill ™" - 10,000 - 7 5,000 " ‘15,000
‘Concrete o o 102,000 76,500 - ' < 178,500
‘?spemal Support Structural Steel =~ . .. 2,000 500 2,500
T " Subtotal. L 114,000 - _'-:230,500 344,500
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MERCURY COOLED BREEDER REACTOR

Containment Vessel Facilities
Exhaust Stack & Foundation
Air Intake Stack
Electrical -

Painting & Protection (outside)
Paint & Trim (inside)

Floor Finish

Drains & Plumbing

Heating and Ventilating

Other

Subtotal

Waste Disposal Building - 30' X 40!
Heating & Hoist ’
Foundation Concrete

Subtotal

*Control Room - 20' X 20
*Office Building
Passageway

*Yard Services & Facilities
Clearing & Exchange
Fine Grading
Roads & Paved Areas
Spur _
Curbs & Gutters
Fence
Water System
Fire Protection System
Sewers - Sanitary & Storm
Underground Yard Electrical
Yard Lighting '
Other

Subtotal

250

TABLE H-I
(Contunued)

Material Labor Total
$ 4,000 1,000 $ 5,000
500 300 800
25,000 25,000 , 50,000
2,000 8,000 10, 000
4,500 12,000 16,500
1,000 5,000 6,000
5,000 8,000 13,000
18,000 21,000 39,000
10,000 10, 700 20,700
70,000 91,000 161,000
16, 800 14, 400 31, 200
3,200 600 3, 800
1,000 1,000 2,000
21,000 16, 000 37,000
5,600 6,400 12,000
7,500 7,500 15,000
8,000 8,000 16,000
- 6,000 6,000
- 5,000 5,000
10, 000 10, 000 20,000
5, 200 - 5,200
1,500 1,500 3,000
3,000 - 3,000
4,000 4,000 8,000
2,500 2,000 4,500,
7,800 7,500 15, 300
5,000 6,000 11,000
3,000 2,000 5,000
10,000 10, 000 20,000
52, 000 106, 000




MERCURY. COOLED BREEDER REACTOR

TABLE H-I
(Concluded)
Material Labor Total
Direct Field Costs o $1,401, 100 $ - 871,900 $2,273,000 %
Prorates : 70,200 697,500 767,000
Total Field Costs $1,471, 300 $1, 569,400 $3,040, 700
Contractor's Fee (6% of total field costs + 20%) © 219,000
Engineering, Purchasing, Inspection, & Hazards Survey (22%) 717,000
Total Without Contingency ’ ’ 3,976,800
Contingency (20%) ' 795,200
TOTAL - Account 311 $4,772,000

*Incremental costs only over 'conventional' power station.




MERCURY CCOLEND BREEDER REACTOR

TABLE H-II

DETAILED BRE AKDOWN
FEDERAL POWER COMMISSION ACCOUNT NUMBER 312

. _ Material Labor ) Total
Reactor Plant Equipment . )
Reactor Vessel : : : $ 165,000 $ 11,000 $ 176,000
Shell, Flanges, Nozzles, Shield Plates,
Support Plates, Poison Elements, C : : :
Distribution Ring, Control-Rod Thimbles : 105,000 - "' -9,000 . + 114,000 -
. .Holddown Assembly & Top Shield Plate : 17,500 . 2,500 . 20,000
Test and Special Cleanup < 2,000 10, 000 12,000
Detail Allowance . 28,500 1,500 ' 30,000
Subtota : 318,000 34,000 352,000
Other Vessels and.Tanks . )
Sand/Water Shield Tank L 85,000 42,500 127,500
Reactor Plant Vessels: D-1to D-6 o . 64,400 . 12,200 76,600
Waste Disposal Vessels:
Hot Cell 14,000 12, 300 26, 300
Water Tank, Demineralizer, Low-Level .
Waste Tank 5,000 8,000 13,000
Autoclave with Vacuum Pumps, Solid- . :
Waste Storage Tank : 9,600 7,000 16,600
Test & Special Cleanup 1,000 5,000 6,000
Subtotal 179,000 87,000 266,000
Condenser and Coolers ' ‘
E-1A, 1B, 1C Condenser Boilers 1,095,000 20,000 , 1,115,000
(including Spare Bundle)
E-2 Shutdown Cooler ' 50,000 2,500 52,500
E-3A & 3B Shield Coolant Coolers 4,000 . 800 4,800
E-4 Relief Condenser 96,000 16,000 112,000
E-5 Mercury Recovery Condenser . 500 100 600
E-6 Water Removal Condenser . . 300 100 400
Detail Allowance ' 249, 200 ' 3,500 252,700
Subtotal 1,495,000 - 43,000 1,538,000
Heaters .
H-1A & 1B Startup Heaters : .2,200 1,000 3,200
H-2 Mercury Recovery Furnace 1,000 500 1,500
H-3 Cleanup Drum Heater 300 200 500
H-4 Sump Heater 300 200 500
Miscellaneous 200 100 300
Subtotal 4,000 2,000 6,000
252



MERCURY COOLED BREEDER REACTOR

TABLE H-II
(Continued)
Material Labor Total
Pumps and Drivers o : : S
P-1A, 1B, 1C Mercury Recirculating Pumps $ 60,000 $ 9,000 " $ © 69,000
P-2 Mercury Shutdown Pump 10,000 2,000 ) 12,000
P-3A & 3B Auxiliary Mercury Pumps 10,000 2,400 - 12, 400
P-4 Mercury Sump Pump : 7,000 ' 600 - 7,600
P-5A & 5B Shield Coolant Pumps . .2,000 - 600 2,600
P-6 Reactor Evaculation Pump ) 5,000 - 500 " 5,500
_Test, Align, Special Cleanup 1,000 2,000 3,000
Detail Allowance 9,200 1,700 10, 900
Subtotal , 104, 200 18,800 123,000
Machinery
. K-1 Fuel Decay Storage Tank o 10,000 5,000 15,000
50-Ton Bridge Crane ] 55,000 10,000 65,000
Equipment Hoist- . : 40,000 © '5,000 45,000
Fuel Transfer Mechanism & Cask (2 req'd) 156,000 3,000 159,000
Fuel Transfer Indexing Plate ] 39,000 2,000 - 41,0'00‘
'Man'i'pula'tors for Hot Cell ) 30,000 © 10,000 40,000
Other Machinery ' ' '
Miscellaneous Hoists, Dollies, Davits 90,000 10,000 100,000
' Control Rods & Drives 275,000 75,000 350,000 ;
: Subtotal , 695, 000 120,000 815,000 |
. Instrumentation .
_Instruments (excluding nuclear) 65,000 19,500 . 84,500
. Nuclear Instruments & Steam Circuit 31,200 - 16,000 ) 47,200
Instrument Board & Console _ 26,600 5,000 31,600
" Transmitters . v 10,500 3,500 : 14,000
" Mercury Detectors v 4,500 4,500 "9,000 -
Control-Rod Position Indicators . ] 18, 100 » 7,800 26 000
'Flow-Ratio Controllers & Special ) ; o
Instruments ‘ 5,000 1,000 6,000
Health Physics Equipment: Hand & Fast T
Counter, Gate Monitor, Constant Air o,
Monitor, Sample Counter, Health o
Physics Instruments and other ’ 18,000 4,200 22,200
Relief Valves 19,000 ' 2‘,0‘00‘ . 21,000
Control Valves .- MC Valves with Piping 5,000 © 500 5,500
- Other Materials: Tubing, Small Valves, , B
Racks ' 50,000 40,000 90,000
Test & Special Cleanup 5,000 15,000 - : 20,000
Detail Allowance ’ 25, 000 12,000 37,000

Subtotal 283,000 131,000 414,000




MERCURY COOLED BREEDER REACTOR

TABLE H-II
(Continued)
Material Labor Total
Mercury Vapor and Liquid Piping Systems

10", 12", 30" Pipe $ 63,200 $ 17,800 $ 81,000
4", 6'", 8" Pipe : 37,300 14,200 51,500
‘1/2", 3/4'", 1", 2" Pipe : 6,800 8,700 15,500
Shop Fabrication (Spools) ‘ 86,700 -- 86, 700
Weld Fittings and Miscellaneous 80,00;0» 200,000 100,000
Specials - Expansion Joints, Brackets, .

" Supports ' 20,000 20,000 40,000
Valves ’ 98,000 10,000 108,000
Drain System - Pipe & Valves . 17,000 8,000 15,000
Oxide Sludge System - Pipe & Valves 7,000 4,300 11, 300
Special Cleanup 6,000 15,000 21,000
Test 3,000 7,000 10,000
Detail Allowance 40,000 20, 000 60, 000

Subtotal 455,000 145,000 600, 000
Demineralized Water Piping System
2-1/2" Sch. 40 Pipe Coils ‘ 19,500 7,500 27,000
2-1/2" & 3" Pipe & Fittings 3,300 1,200 4,500
Valves 2,500 300 2,800
Specials & Supports 500 500 1,000
Test 200 500 - 700
Subtotal 26,000 10,000 36,000
Cooling Water Piping System )
2'" - 4" Sch. 40 Pipe & Fittings . 3,800 1,900 5,700
Valves . 1,000 100 1,100
Small Valves, Fittings, Specials ' 500 300 800
Brackets & Supports 600 500 1,100
Test 100 200 . 300
Subtotal -~ 6,000 3,000 9,000
Feedwater Piping System
4", 6", 10" Sch. 120 Pipe , 16,600 3,100 19,700
Fittings, Bolts, Gaskets 5,000 1,000 6,000
Valves 4,500 500 5,000
Small Pipe, Valves, Fittings . 2,000 2,000 4,000
Hangers, Expansion Joints, Specials 4,500 3,500 8,000
Test 400 900 1, 300
Subtotal 33,000 11,000 44,000
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TABLE H-II
(Concluded)
‘Steam Piping System . Material Labor Total
16" x 1. 88" Wall Forged & Bored Pipe $ 40,800 $ 5,000 $ 45,800
10" x 1. 25" Wall Forged & Bored Pipe 12,000 . 2,000 . 14,000
Special Fittings 20,000 : -- 20,000
Valves 10,000 1,500 11,500
Small Pipe, Valves, . Fittings - © 4,500 . 4,000 . 8,500
Specials - Attemp‘eratqr, Orifice Runs, etc. 5,000 1,000 "‘6.(,..000
Hangers, Supports, Expansions 9,000 9,000- 18,000
Test ' _ 700 2,500 3,200
Subtotal _ 102, 000 25,000 127,000
Other Direct Costs o
Insulation e . 180,000 160,000 340,000
Miscellaneous Structura ' 70,000 44,000 "~ 114,000
Electrical 250,000 205,000 455,000
Painting . 30,000 140,000 170,000
Direct Field Cost . 4,374,200 1,318,800 5,693,000
Prorates i 218,800 1,055, 200 1,274,000
Total Field Cost $4,593,000 $2,374,000 6,967,000
Contractor's Fee ‘ - 502,000
Startup . ' ' ' ' 168,000
Mercury (4750 flasks at $225) 1,069,000
Engineering, Purchasing, Inspection, & Hazards Survey ’ 1, 680,000
Total Without Contingency 10,386,000
Contingency | ‘ 2,077,000
TOTAL - Account 312 $12,463,000
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TABLE H-III -

4 -

DETAILED BREAKDOWN'

Tur.Bine—Generatbr.»P.ortion of Plant
;. Including Turbine-Generator Units, -

“"-Accessory Eléctrical Units, Miscellaneous

.. Power Plant Equipment, Turbiné-Generator

Building, Water Treatment Equipment and

. ‘Building and Site Grading for th1s Portion
“of Plant.

: FEDERAL POWER COMMISSION ACCOUNT NUMBERS 314, 315, 316,
: AND PORTIONS OF 311

© $12,700,000

These cases were estlmated on an over-dll basis by extracting cost data from Tables IX and XV of

Reference 58 to obtam an average cost per kilowatt of installed generating capa01ty Investment

costs have been reduced by the amounts given for the steam b011er plant equipment; the resulta.nt

investmant costs have been escalated to 1959.

_First

Statlon Operatlon o

‘Total
- Station

Exclud. -

- Switch

Ternp. Yards

No. Year Press.
(psi) (°F) {$/kw)
264 1952 1260 900  115.15
267 1950 1325 950 106. 84
270 1952 1350 900 120. 30
tzbil‘ 1946 1350 905  116.61
272 1953 1450 1000 200.75
273 1951 1492 1000  104.14
Average

256

Land

1.86
0.16

1.31
1.40
4.56

=
oo
(2}

Boiler' '

Equip. House

($/kw) ($/kw) ($/kw)

38.
42,
40.
47.
.20

78

42,

42
17

91
70

84

0.30

0.30
0.30
0.30
0.30
0.30

1959-60

Power "Escal. Power
Gener. Factor Gener..
($/kw) ($/kw)
74.57 185 115
6421 175 112
.78 1.55 120
67.21 2.14 143
117.69  1.52 178
61.00  1.59 97
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MERCURY COOLED BREEDER REACTOR:

APPENDIX J
MERCURY AVAILABILITY AND PRICE

The mercury requlrement for the 100 mw(e) MCBR plant has been estlmated at 360 000
pounds, or 4750 flasks (1 flask= 76 peqnds of_mercgry). An investigation has been made to verify
the availability of such a quantity of mercury and to establish a reasonable presentday price.

The total world productxon of mercury in 1958 was 248,000 flasks, .of which 38,067 were
produced in the Umted State.s.59 Similar data for selected years from 1877 to 1958 are reproduced 60
in Table J-1. In fecent yeafs,’ it is seen that the United States has contributed an average of
about 10% of the world production. In aaditio'n to ddmestic production, imports into the United
States totaled 47,316 flasks in 1956, 42,005 flasks in 1957 and 30,158 flasks in 1958, so that
combined productlon and 1mports for the past three years average approxxmately 72,000 flasks per
year. As can be seen, the mercury requirement for a 100 mw(e) MCBR is about 6.5% of the
average annual United States consumptioh daring the pasf. three years. Since the normal consump-
tion and production in the Un:ited States have varied ednsiﬁerabiy more than 6. 5% over the past few
years, it may be concluded that mercury in sufficient quantity to fill the requirements of many
large MCBR power plants constructed over fhe next few decades is r,e.adi.ly available.

The price of mercury is governed largely by world demand but is not entirely free of influences

60 An -attempted acquisition of

from large government purchases and prxce support programs.
several thousand flasks at one time would produce mgmfxcant price elevatmn -and the required
quantity would not be available on short notice, since suppliers customarily do not maintain large
inventories. The price of mercury over the pasf, several years is shoWn: in Figure J-1. Note that
a large and rapid price increase occurred in 1951 and again in 1954. These fluctuations coincide
with large United States Government purchases for a classified AEC project and for strategic
stockpiling. The total quantities involved in these purchases have not beea disclosed, but the
fractions reported were of the order of 50, 600 ﬂasks.(,30 The known c}uantities are themselves well
in excess of the MCBR requirements.

In addition to the price data shown:in' F“li.gi'xre J-1, quotations were ebtained from several
United States mercury producers in anv,effort to establish a presentday mercury price for estimating
purposes. Table J-II summarizes the quotations received. Afl prices are for technical-grade,

prime, virgin mercury (99. 9% pure) and assume that mercury will be purchased carefully in small

lots over a period of many months.
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"
TABLE J I

PRIMARY MERCURY: UNITED STATES AND WORLD PRODUCTION,
SELECTED YEARS 1877 to 1957

(In flasks contammg 76 pounds)

Ratio of

United : w1 :  United States
World
Year States : ) : to world
. : R production
Flasks Flasks : Percent
1877 . 79,917 : 135,000 : 59. 2
1882 . 53,079 : 116,200 : 45.7
1921 : 6,256 : 62,742 : 10.0
1928 : 17,870 .- 149,083 : 12.0
1933 : 9,669 59,828 16. 2
1936 : 16,569 : 123,878 : 13.4
1937 : 16,508 : 130,661 : 12.6
1938 : 17,991 : 150,000 : 12.0
1939 : 18,633 : 145,000 : 12.8
1940 ;87,777 : 210,000 : 18.0
1941 - . 44,921 : 275,000 : 16.3
1942 : 50,846 : 265,000 : 19.2
1943 : 51,929 : 236,000 : 22.0
1944 . 37,688 : 163,000 : 23.1
1945 . .30,763 : 131,000 : 23.5
1946 . 25,348 : 154,000 : 16.5
1947 . 23,244 : 168,000 : 13.8
1948 : 14,388 : 107,000 : 13.4
, 1949 - 9,930 : 121,000 : 8.2
1950 : 4,535 : 144,000 3.1
1951 : 7,293 147,000 5.0
1952 . 12,547 : 151,000 8.3
1953 : 14,337 : 160,000 : 9.0
1954 .7 18,543 : 182,500 : 10.2
1955 : 18,955 : 191,500 : 9.9
1956 : 24,177 : 217,000 : 11.1
1957 : 34,625 : 237,500 : 14.6
1958 . 38,067 : 248,000 : 15. 4

“Source: Complled from ofﬁclal stat1st1cs of the U. S.
Bureau of Mines.

* This table is presented as Table 15, Reference 60. It is
reproduced here in complete form, with the 1958 entry added.
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MERCURY COOLED BREEDER REACTOR'

TABLE J-1I
MERCURY PRICE QUOTATIONS

Date . Supplier : ‘ : $/ flask
3 Septembef_’1959 - Belmont"Smelting & Refining Works, gInc. ' 225 to 22';7

330 Belmont Avenue
Brooklyn 7, New York. -

28 August 1959 ° _ Philipp Brothers Ore Corporation N 220 to 230
‘ - 70 Pine Street B '
New York 5, New York

24 August 1959 ' Goldsmith Brothers Smelting & Refining Co. E & MJ
; ' (Division of National Lead Company) Market
111 North Wabash Avenue - Quotation

Chicago 2, ‘Illinois S

30 October 1959 Cordero Mining Company 222 to 225
: : : 131 University Avenue ' :
_ Palo Alto; California

The actual price paid for large orders of mercury bought in thé United States is usually
“determined by bargaining between sellers and buyers, with the New York price quotation as the
basis. On sa’les through brokers, an additional fee of 1 or 2% is added.60 A reasonable present-

day price is assumed to be $225 per flask.
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§ - APPENDIX K
EQUIPMENT DESIGN DATA - REACTOR PLANT

Process and mechamcal des1gn data for the- maJor process equipment comprising the reactor
portion of the MCBR Nuclear Power Plant are summarlzed in Tables K-1 through K-1V. Data on

the reactor plant equipment are grouped under the followmg class1f1catxons

Table K-I - Vessels
Table K-II. - Heat Exchangers
Table K-III - Pumps and Drivers

'

" Table K-1V - Heaters .

For data on misclellane'ous_ mechanical eduipment, e.g., c.ra;nes,‘ hoists, and fuel handling and

storage equipment, refer to the Power Plant Desoriptiori section of this report.
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TABLE K-I

VESSELS DESIGN DATA

Item No. R-1 D-1 D-2 D-3 D-4 D-5 D-6 -
Service Reactor Vessel Mercury Cleanup Mercury Sump Titanium Injection .| Magnesium Injection Shield Coolant Mercury Level Containment Vessel
: Drum Chamber Chamber Drum Drum Drum
Position Vertical Horizontal Horizontal Verticat Vertical Horizontal Vertical Vertical
Material 5% Cr,ﬁ‘iy Mo Steel 5%Cr, 4 % Mo Steel 5% Cr, 1% Mo Steel 5%Cr, 4% Mo Steel 5%Cr, 4% Mo Steet Carbon Steel 5%Cr, 4% Mo Steel Carbon Steel
Shell OD (ft). 10 2.5 6 9.5 0.5 3.5 75 2
Length (ft). 20! - 8" (a) 9 (b) 18 (b) 1 (c) 2 (¢) 10 (b) 10 (c) ‘115 (c)
. Shell Thickness (in.) 2.00 0.625 0.875 Sch. 40 Pipe Sch. 40 Pipe 0.25 Sch. 40 Pipe 0.50
Corrosion Allowance 0.12 0.013 0.013 - - 0.125 - -
Head
Type Ellipsoidal Ellipsoidal Ellipsoidal Flange Flange Ellipsoidal Caps Top:
« Hemispherical
Bottom: .
Ellipsoidal
Thickness (in.) 1.88 0.625 0.875 - - 0.25 - Top: 5/16
: Btm: § with
7/ 8 knuckle
Design Press. (psig) 210 225 190 225 225 . ATM 157 - 15 ’
Design Temp. (°F) 1000 1000 1000 1000 1000 ol ees 1000 Ambient
PSV Setting (psig) 125 210 115 - - - 125 -
Joint Eff. (%) 100 90 -90 - - 20 - 100
Nozzle’
" L -
Size (in.) See Remarks 4 4 14 14 4 12
Rating 300 300 300 300 150 300 150
Manways
Size (in.) - 20 20 - - 20 - Airlocks |Equip. Door
No. - 1 1 - - 1 - 2 1
Stress Relief Yes Yes Yes No No No No No
Hydrostatic Test Press.
(psig) 315 338 285 338 338 1.5 235 30
See Dwg. F-182 1. 5' ODx2' pot on 2' OD>3' pot on btm. | Shell - capped pipe. Shell - capped pipe. ASME Code Vessel Capped steel pipe. ASME Code Vessel
top. Settling time Flanged pump Top closure - quick-| Top closure-quick- See Dwgs. F-185, F-186,
Remarks =10 min. connection on top. opening flange. opening flange. F-187. ASME 201,
Velocity = Grade B steel.
0.019 ft/sec
NOTES:

{a) Over-all (excluding control rod thimbles)

(b) Tangent-to-tangent length

{c) Over-all length

P
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V TABLE K-II
HEAT EXCHANGERS DESIGN DATA

Item No. E-1A,1B,1C* E-2 E-3A,3B* E-4 E-5 E-§
Service Condenser-Boiler Shutdown Cooler Shield Coolant Relief Condenser Mercury-Recovery | Water-Removal
’ Cooler Condenser Condenser
Type . Vertical Tube in Air Fin Tube in Shell Coil in Box ‘Cooling Coil in Cooling Coil in
Shell : Shell Shell
Duty (Btu/hr) 318,000,000 12,000,000 716,000 16,100,000 150,000 115,000
“.Shell Side:
» Fluid Flowing Condensing Mercury Air Demineralized Water | Cooling Water Condensing Mercury{ Contaminated Water
Flow Rate (lb/hr) 2,570,000 - 12,000 7,700,000 1200 110
Tin (°F) 920 90 180 965 680 212
T {°F) 920 100 -120 955 680 120
out
AP (psi) 3 - 3 8 - -
Design Press. (psig) 125 - 50 125 10 10
Design Temp. (°F) 1000 210 1000 750 250
Materials 5% Cr, 3% Mo Steel Carbon Steel Carbon Steel Concrete 5% Cr, % Mo Steel Carbon Steel
Tube Side: _
Fluid Flowing Water & Steam Condensing] Liquid Cooling Water Condensing Mercury | Cooling Water Cooling Water
Mercury Mercury :
Flow Rate (lb/hr) 340,000 770,000 360,000 36,000 - 7500 5500
Tm (°F) 450 920 920 80 100 80 80
(°F) 900 920 200 100 212 100 ~ 100
out
AP (psi) 10 2 5 3 - - -
Design Press. (psig) 1900 300 50 50 50
Design Temp. (°F) 1000 1000 210 150 150
Materials 5%Cr, 3 % Mo Steel 5%Cr, 4% Mo Steel Admiralty - 5%Cr, 3 % Mo Steel 5%Cr,34%MoSteel | Admiralty
LMTD Pre. | Evap. | Super. ’
380 299 103 . 58 800 580 65
Uo 264 537 102 150 75 75 500
Area (ftz) 585 1.060 8660 82 16,000 3.5 3.5
Tube Size (in.) Inner Quter 5/8 2 OD G-Fin 3 3
5/8 3/4 .
Tube Wall (in.) 0.065 0.049 16 BWG. 0.083 0.065 0.065
Tube Length (ft) 16 1 s 6 12 26 26
Shell OD (ft) 8 8 1 13x13x13 2 2

Remarks

Double-wall straight
tubes. Double tube
sheets. Aref/ unit
= 10,305 ft.

Air fin cooler w/
adjustable louvers &
two-speed fan.

Finned sections in
box.

Pipe shell w/
cooling coil .

Pipe shell w/
cooling coil.

* Data shown applicable to each unit.
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'PUMPS AND DRIVERS DESIGN DATA

TABLE K-III

5% Cr,0.5% Mo Steel

‘Carbon Steel

_Item No. " P-1A,1B,1C P-2 ‘P-3A & 3B P-4 P-5A & 5B . P-6

Service M_ercuryRedlréu{_atipg. Mercury Shutdown Auxiliary Mercury Mercury Sump Shield Coolant Reactor Evacuation

-- Pump Type - " Vertical Centrifugal Vertical Centrifugal | Centrifugal Sump Centrifugal Vacuum °

_ Driyer- Motor ) Motor -Motor Motor Motor " Motor
Fluid Puz__np'ed Mercury Mercury ' ‘Mei'cury Mercury Demineralized Noncondensable

’ : Water Gases,

Temperature (°F) 920 ‘| 920 70 - 920 70 - 920 100 200
Sp. Gr. at P.T. 12.4 124 '13.5 - 12.4 13.5 - 12.4 1.0 1.0 (air)
Viscosity at P. T. (1b/ ft-sec) 1.8 1.8 - 3.7-1.8 -3.7-1.8 1 cp -
Vapor Press. at P.T. (psia) 110 110 110 - 110 1. -
Pump Speed (rpm) 1000 1750 1750 " 1750 1750 360 ]
Rated Capacity P. T. (gpm) 1855 {390 ‘100 . 80: 50 60 cfm -
Differential Press.” (psi) -150 190 5 485 39 755 mm Hg
Differential Head (ft) 27 135 14 20 20 -
Suct_lén Press. (psia) ‘170 250 90-- 265 15 - 42 16 § - 760 mm Hg
Discharge Press. (psia) 320- Jas0 165 - 340 '500 - 527 55 14.7
NPSH (ft) s |28 15 b 0 -
Efficiency at Rating (%) 75 ' 76 56 50 45 -
BHP at Rating i B R - |eo - 8.6 " “50 2.5 15
Material 5% Cr,,0:5% Mo Steel: 5% Cr,0.5% MoSteel | '5%Cr,0.5%MoSteel " Carboh Steel *

)
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TABLE K-IV

HEATERS DESIGN DATA

Item No. H-1A & 1B* H-2 H-3 H-4

Service Startup Heater Mercury Recovery Cleanup Druin Sump Heater
Furnace Heater

Type Circulation Heater Electric Retort Immersioh Immersion
Fluid Mercury Mercury Mercury Mercury
Tin (°F) 70 - 920 70 - -
Tout (°F) 95 - 920 680 - -
Heat Rate (Btu/hr) 200,000 19,000 34,150 34,150
Power (kw) 60 6 10 10
Design Temp. (°F) 1000 750 ) 1000 1000
Design Press. (psig) 325 50 ' 225 190

§59¢

* Data shown applicable to each unit.

JOLOVIY ¥IAITYE AIT00D AUNDYIN




MERCURY COQLE_D BREEDER REACTOR

266

NOMENCLATURE
(Arranged alphabetically by symbols)

Definition
abundance of isotope
atomic percen@
proportionality constant
breeding ratio
theoretical maximum breeding ratio

specific heat at constant pressure
unit fuel cost
unit fuel cost

unit power cost associated with the capital required for
fuel-element fabrication

unit.power cost associated with uranium inventory
unit revenue rate

diameter

fuel-pin diameter

equivalent diameter of coolant channel in core (defined -~

as four times the flow area divided by the wetted
perimeter)

equivalent diameter of coolant channel in upper blanket
equivalent diameter of coolant channel in lower blanket

internal diameter
fuel-element outside diameter

uranium enrichment
electrical
exposure level at discharge

lower bouridary of energy group

Unit

%

Btu/1b-°F
mils/kwh(e)

mils/kwh(t)

mils/kwh(e)
mils/kwh(e)

mils/kwh(e)

ft

ft
ft

kg U 235/kg U

mwd/metric ton U

Mev
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QL 0 0]

=

Ah
acc

Aby g

- O

c

K

AK/K(C)
Ak/k(gm/ cnt)
K

Definition

fluid friction factor [defined as (%_,) (2gD/ Vz)]
friction factor for liquid flow (Appendix D)

plant load factor

acceleration of gravity

gravitational conversion constant

mass flux

fuel-element geometry factor

unit thermal conductance
head difference

acceleration head difference

friction head loss

hydrostatic head

uranium inveni;ory charge rate

interest on working capital required for fuel element

fabrication

total fixed charges
rate of return on investment

energy group
neutron multiplication
thermal conductivity

thermal conductivity of fuel-element cladding

[}

thermal conductivity of fuel

temperature coefficient of reactivity
density coefficient of reactivity

air in mixture

Unit

ft/ hr2
lb-ft/hrz—lb force

1b/ hr-ftz

b/ 8t

Btu/hr—ft2—°F
ft of liquid
ft of liquid

ft of liquid
ft of liquid

years

-1
years

$/unit time

$/unit time

Btu/ hr-ftz("F/ ft)
Btu/ hr-ft2(F/ ft)

Btu/ hr—ftz("F/ it) |

o)t
(gm/cms)—l
%
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acc

268

" Definition

length
thickness of upper blanket

thickness of lower blanket
boiling length of core
leakage from core

mass of uranium in core

mass of U 235 in core

total mass of U 235 required for operation of reactor

fraction of fuel in fabrication

fraction of fuel in storage

total number of captures in core and blanket

total number of fissions in core and blanket

pressure

critical pressure

acceleration pressure difference
power density

net station power

average specific power

reactor thermal power

heat transfer rate
heat transfer rate per unit length
heat flux

maximum heat flux

Unit
ft
ft

ft

ft

kg
kg

psia

psia

psi
kw/ liter
kw(e)
kw(t)/ kg U
kw(t)

Btu/hr
Btu/hr-ft
Btw/ hr—ft2
Btu/hr—ft2



MERCURY COOLED BREEDER REACTOR

avg

RB,RH,RL,

RLM, RM

RHg

o)

i

n wn
)

Definition
cladding outside surface heat flux
average heat flux

average heat flux in coolant channels

acceleration pressure drop multiplier

thermal resistance
two-phase friction multipliers

electrical resistance of mercury core (Heat Transfer
Experiment)

electrical resistance of tube wall (Heat Transfer
Experiment)

length-average friction multiplier

pitch (centerline to centerline)

fuel-element fabrication cost

ratio of heat generated in tube wall to total heat
(Heat Transfer Experiment)

value of uranium

cladding thickness
thermal
temperature, absolute

fuel-pin centerline temperature
liquid temperature

saturation temperature

-temperature difference

group lethargy interval

specific volume

Unit
2
Btu/hr-ft
2
Btu/hr-ft

Btw/ hr-ft

(Btu/hr-ftz-"F)_l

ohms

ohms

$/kg U

$/kg U
ft
°R
°R
‘R
°R

‘R

ft3/ 1b
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Definition .
velocity
liquid velocity
velocity of mixture

vapor velocity

weight percent

distance along channel from pbint where boiling begins

ratio of number of captures to number of fissions
surface tension of liquid
efficiency

Carnot efficiency

net station efficiency

fuel-cycle time ' -
fuel-fabrication time

fuel-storage time

latent heat of vaporization

liquid viscosity

number of neutrons emitted per fission ;
average number of neutrons emitted per fission

number of neutrons per U 235 fission contributed
by U 238 fission

liquid density
density of mixture

vapor density

Unit

ft/ sec
ft/sec

ft/ sec

ft/ sec

£t

1b-force/ ft

years
years
years

Btu/1b
1b/hr-ft

1oy £t
1o/ £t°

1b/ ft3
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Definition~
liquid/vapor density '
slip ratio

parasitic neutron absorption cross section

cross section of element for fast neutron capture
fission cross section

cross section of isotope for fast neutron capture

cross section for neutrons removed from energy
group by inelastic scattering

cross section of isotope for thermal neutron capture
transport cross section

integrated flux

vapor quality, ratio of mass flow rate of vapor to
mass flow rate of total coolant

fission spectrum (fraction of fission neutron born into
each group) - Appendix F

quality at channel exit

electrical resistance

Unit
Ib/ft3

barns
barns
barns

barns

barns

barns
barns

2
neutrons/cm

ohms
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11.

12.

13.

14.

15.

16.

17.
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