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PREFACE

In September, 1955, a group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which culminated
in this report. For nine of those months, formasl classroom and student
laboratory work occupied their time. At the end of that period, these seven
students were presented with a problem in reactor design. They studied it for
ten weeks, the final perlod of the school term.

- This is a summary report of their effort. It must be realized that, in
so short a time, a study of this scope can not be guaranteed complete or free
of error. This "thesis" is not offered as a polished engineering report, but
rather as a record ¢f the work done by the group under the leadership of the
group leader. It is issued for use by those persons competent to assess the
uncertainties inherent in the results obtained in terms of the preciseness of
the technical data and analytical methods employed in the study. In the
opinion of the students and faculty of ORSORT, the problem has served the
pedagogical purpose for which it was intended.

The faculty Jjoins the authors in an expression of appreciation for the
generous assistance which various members of the Oazk Ridge National Laboratory
gave. In particular, the guidance of the group consultants, E. S§. Bettis and
D. A. Carrison, 1is gratefully acknowledged.

Lewis Nelson

for

The Faculty of ORSORT
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ABSTRACT

. The reactor is a fused salt, homogeneous, intermediate energy reactor

- that operates at a power density of 55 watts/cc with an enriched U-235 in-

. 2

vehtory of 240 kilograms. The fuel bearing fused fluoride salt functions

‘e

as neutron moderator and heat transfer medium. It is cireulated through the
multi-pass reactor veésel and transfers the fission heat to a sodium loop
within the reactof vessel by an annular, U-tube heat exchanger which surrounds
the central core. This heat is then transferred from this radiocactive sodium
loop to an intermediate, non-radioactive sodium loop, which is used to generate
1000°F superheated steam at 1800 psig to drive a steam turbine-generatpr unit.

The net thermal plant efficiency is 38.2 percent at a maximum net electrical

output of 229 MW.
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CHAPTER 1.

SUMMARY DESCRIPTION AND CONCLUSIONS

1.0.0 INTRODUCTION

This report is a study of the feasibility of using a fused salt fuel

reactor in a central station electric generating plant. The proposed reactor

combines the desirable features of various homogeneous and high temperature

reactor designs. The basic philosophy of the study has been to design a
reactor and power plant system which could be built using‘present day tech-
nology wherever possible; which would be reliablé, safe, and efficient; which
could operate for long periods of timé; and which could be maintained with a
minimum of difficulty. The selection of the fuel; reactor materials; reactor
coolants, heat transfer system, steam turbine and associated equipment has

been made with the above obJjectives in mind, and the resulting design appears
to fulfili these conditions. This §tudy indicates, however, that some develop-
ment work will be necessary before“ﬁ plant of this type can be built and put

into operation. The basic plant arrangement presented in this report is not

_ intended to represent a finished or optimum design, but it does appear to be:

reasonable and possible and warrants further study and consideration.

1.1.0 FUEL

The plant has been designed to utilize current tecbnology in the deyelop-
ment of fused salt fuels., A reactor experiment has been ¢onducted successfully
using a solution of sOdiﬁm, zirconium and uranium fluorides for the fuel system.
This experiment indicated that a fused salt fuel of this type has the char-
acteristics required for the homogeneous reactor under consideration. The

moderating material in the reactor is the fluorine in the fused salt. With the




16.
composition contemplated in this design, the number of fluorine atoms is in-
sufficient to thermalize the majority of neutrons before fission takes place.

As a result, approximately 34 percent of the fissions occur in the intermediate
and fast energy ranges. ' | -
A fused fluoride composition of 43 mol percent Zth and 57 mol percent
NaF was selected as the fuel base to obtain a compromise between a reasonable
melting point (9329F), corrosion, and the ZrF), "snow problem". The concen-
tration of the uranium is low and has little effect on the over-all characteristics
of the salt.
Uranium is added to the salt in the form of (NaF),UF,. Pellets, powder
or a dissolved solution of the compound can be added during operation to
replace uranium burn-up and to overcome the build-up of fission product and
corrosion poisoné° Economically, it probably would not be desirable to repro-
cess fuel to remove the so0lid fission products in order to minimize the amount
of uraniim which must be added to override the effect of these poisons.

1.2.0 MATERIALS

Fused salts are extremely corrosive to conventional engineering struc-
tural materials. It has been shown that alloys containing large percentages
of nickel are the most corrosion-resistant metals to fused fluoride salts.
Inconel, nickel-molybdenum alloys and pure nickel were considered as possible
structural materials for the reactor.

It has been shown that the chromium in Inconel diffuses from the metalg
at a fairly substantial rate and, therefore, Inconel does not appear to be a -
satisfactory structural material for a long life reactor.

Nickel-molybdenum alloys have been shown to have excellent corrosion

‘resistance to fused fluorides. A series of these alloys is being developed




——

17.
in an attempt to obtaiﬁ a strong, fabricable material for use in high tem-
perature fused salt reactors. It appears that this development program will
be successful, but at the time this report was prepared, the exact properties
and fabricability of these new alloys were not sufficiently established to
presuppose a satisfactory reactor design.

The amount of available data on the corrosion of pure nickecl in fused
fluorides is limited; however, these data indicate little or no corrosion or.
mass transfer. On this basis, it appears that nickel has the corrosion resis-
tant properties for long reactor life. Unfortunately, at the operating
temperatures contemplated, the strength characteristics of nickel are inadequate,
and the nickel must be strengthened by suitable.structural m&terigls, There-
fore, to present a design using present day technology, nickel clad stainless
steel was selected as the most suitable structural material for the reactor
in this study.

Because of the limited experimental data available, there is still some
question as to the suitability of nickel to resist corrosion to the degree
desired. The use of nickel cald stainless steel also poses fabricating and
inspection problems.

1.3.0 REACTOR

The reactor is a homqgeneous circulating fuel reactor with the primary
heat exchangers an integral part of the reactor vessel. The heat exchangers:
are located in a baffled annulus surrounding the seven-foot diameter cylin-
drical core. Fuel flows upward through the core, through the U-tube heat
exchaﬁgers, énd through an annular downcomer at the periphery of the vessel.
Eight vertical axial flow pumps located symmetrically around the top of the

vessel maintain the fuel circulation in the reactor.
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The reactor is designed to produce 600 MW of heat with fuel inlet and
outlet temperatures of 1050%F and 1200°F, respectively. The pumps and the
entire reactor vessel, with the exception of the top, are subjected to the '
minimum fuel temperature.

The reactor vessel is a sixteen-foot diameter vertical cylinder with a ¢
dished bottom and protrusions near the top where the fuel pumps are located.
The only penetrations in the vessel are a series of drain connections in the
bottom; all other fuel and coolant linés enter the top of the vessel. The
heat exchanger baffles are supported internally, and the heat exchanger bundles
are supported from a circular cantilever arrangement extending radially inward
at the top.

The heat exchangers and pumps are arranged to permit removal.vertically
from the reactor. The layout of the equipment was arranged to provide for
replacement of components with a minimum of difficulty, since outages for
maintenunce should he af short duration.

Provisions are made for the continuous removal of xenon, and space is
provided, external to the reactor, for the ‘expansion of fuel. The reactor
will have a negative temperature coefficient of reactivity which will furnish
the only means of reactor load control. The design average temperature will
be controlled by the proper addition of uranium to the fuel solution.

"1.4.0 SODIUM COOLANT SYSTEMS

The sodium system is made up of two independent coolant loops. A heat
transfer diagram which illustrates the temperature drops through these loops
is shown in Figure 1.1. The sodium in the primary loop flows from twenty;
four heat exchanger bundles.located in the reactor vessel to a common ring -

header above the reactor. Six independent circuits of the primary loop are
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connected to the ring header. This division is used so that piping and pump
sizes in the primary loop are reasonable and practical. The six intermediate
heat exchangers are located in shielded compartments surrounding the reactor
shield.

There are two intermediate loop circuits, each connected to three inter-
mediate heat exchangers and one steam generator. Superheated steam from the
two steam generators is used to drive a steam turbine.

1.5.0 STEAM POWER SYSTEM

Fused salt reactors are especially attractive for central station appli-
cation because of their high temperature characteristics. In this study, the
steam turbine and associated equipment have been selected for operation with
1800 psig and 1000°F steam. A 250 MW tandem compound triple flow turbine will
be connected to a 3600 rpm conductor cooled generator. Five closed feedwater
heaters and a deaerating heater are included in the feed water heating cycle.

At ruled load, the gross generator output is 245,400 kw, the plant
auxiliary power requirement is 16,400 kw, and the net thermal efficiency is
38.2 percent.

1.6.0 CONCLUSIONS

This design study of a fused fluoride salt reactor central station power
plant has shown that the proposed system is technically feasible. It is con-
sidered that such a plant can be built with a minimum of development work, and
that the developments would primarily be associated with the reactor.

The concept of using a fused fluoride salt as a homogeneous self-moderating
fuel solution has been established as practical. It has been shown that a large
fraction of fissions are caused by epithermal neutrons, which classifies this

design as an intermediate reactor.
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No completely satisfactory materials are currently‘available for the con-
struction of the reactor vessel. Nickel clad stainless steel has many of the
necessary requirements, but fabrication and inspection techniques must be
improved. A series of nickel—molybdenuh alloys are in the process of develop-
ment which appear to have excellent corrosion and high temperature strength
properties. The success of the fused fluoride salt reactor may depend upon
satisfactory completion of this metallurgical development program.

The high temperature characteristics of the fused fluoride salt reactor:
make it possible to use a high efficiency steam turbine cycle for the con-
version of fission heat into electrical energy. The net thermal efficiency
of the proposed design is 38.2 percent, and it is possible to design for even
a higher efficiency if the over-all plant economics show that this is desirable.

The operation of the reactor is relatively simple. The reactor power
iS‘controlled by its negative temperature coefficient of reactivity. Uranium
will be added to the fused fluoride salt to replace fuel burn-up and tc over-
ride the build-up of fission product poisons. Continuous fuel reprocessing
should not be necessary for extended periods of operation.

The reactor has been designed to burn uranium-235. However, sincg thig
is an intermediate reactor, a number of advantages would result if uranium-233
would be bred during operation. The production of new fissionable material
vould reduce the fuel addition rate. The fuel bred ip the reactor could be
utilized without the neceséity of employing chemical separation techniques. ..

The mechanical design features of the reactor are novel. The reactor
vessel is s wmulti-pass cylindrical container. The primary heat exchanger
tube bundles; which are located inside the reactor vessel, and the fuel cir-

culating pumps can be removed for replacement by lifting them vertically
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from their euﬁports. The critical components of the reactor and primary
sodium coolant circuits can be maintained with a minimum of difficulty. All
components in the system, with the exception of those inside the reactor -
primary shield, can be maintained directly.

It is the considered opinion of the authors that the fused salt reactor «
not only shows great promise as the heat source for a large central station
.power plant, but that it is one of the most desirable reactor types for

this application.
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CHAPTER 2.

FUEL

2.0.0 INTRODUCTION

The most.outstanding advantage of ﬁsing a fused salt as the fuel solvent
and heav exchanging medium is that it enables the attainment of high tempera-
tures without high pressures. In addition; the advantaggs inherent in homo-
geneous systems are possible; i.e., ndé neutron absorbing structural material
in the core proper; possibility of fission product removal, with the important
gaseous fission products (xenon) being especially easy to remove; no fuel
element fabrication; extended periods of operation possible by the periodic
addition of a fuel conéentrate; and high permissible fuel dburn-up.

The particular fused salt used should have a reasonable melting point
and must be stable at high temperatures and under high radiation. The
elemental econstituents of the salt should hsve small neutron capture cross
sections. As in the case of the reactor in this study, it may be required
that the fused salt solvent also serve as the neutron moderator. In addition
to these specialized requirements, the salt must meet the more general con-
siderations of availability, reasonable cost, permissible toxicity, and
tolerable corrosiveness.

A good deal of thepretical and experimental work has been, and is.still
being done; by other groups in this field to select the constituents and the
composition of a fused salt that best meets the above or very qimilar require-
ments. The result of this work indicates that a fused salt composed of NaF,
ZrF), and UF), 1s satisfactory for use as a liquid fuel for reactors. A reactor

has been successfully operated using this fuel system. After considerable
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literaturelresearch and discussion with Oak Ridge National ﬁaﬁoratory per-
sonnel, it was considered that this particular salt system did fulfill the
design requirements for the proposed reactor and also that this was currently
8till the most desirable system. By utilizing this salt system; there was
immediately available a considerable amount of experimental information,
physical properties data; and practical experience necessary for the intelli-
gent deeign of a plant using such a salt as the reactor fuel solvent.

2,1.0 COMPOSITION

Within the NaF -ZrF) -UF) system, there remained to select the optimum
composition of these constituents for this design study. Figure 2.1 shows
an isometric view of the temperature-composition-phase plot for the three
component NaF -ZrF) -UF), system. Nuclear calculations indicated that the frac-
tion of UF), required is small (<0.2 mol %), so that for many purpéses the
small salt system may be considered as a two-component system of NaF-ZrF).
Figure 2.2 shows a plot of the temperature-composiﬁion-phase diagram for the
two-component NaF-ZrF) system. From both the two-component and three=component
plots;, it can be observed tha£ there exist two relatively low melting eutectics
in the low UF), content region of interest. These occur at about 42 and 59
mol % Zr’Fh° In order to obtain the minimum melting point, it would be desirable
to specify the salt to be one of these eutectic compositions; however, there are
other factors that need to be considered in the composition selection.
Operational experience with NaF-ZrF) fused salt syétems revealed the
existence of a "snow problem" resulting from the low, but finite, vapor pres-
sure of ZrF) at operating temperatures. A simplified explanation of this
phenomenon is that Zth-vapor will escape from the fused salt to any existing

gas volume within the fused salt system. The subsequent sublimation of ZrF)
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crystals on lower temperature surfaces results in the formation of snow-like

Zth cerystals which can build up and accumulate to such an extent that plugging

s of tubing or even filling the entire gas volume may result. This most undesir-
- able phenomenon can be significantly imﬁroved by reducing the fraction of Zth
in the fused salt composition.

Other factors are in opposition to shifting the fused salt composition
in this direcfionu For nuclear considerations, it is desirable to have the
highest fraction of fluorine atoms possible in the fused salt solvent. .The
Zth salt constituent has four times as many fluorine atoms for each metal
atom as the NaF constituent. Further, the corrosiveness of the fused salt is
decreased by increasing the fraction of ZrF), and decreasing the NaF. These

- factors both suggest having as high a mole percentage of Zth as possible.

For this design study, the relatively slight effect on corrosion and
nuclear properties by the small changes in composition that are possible were
‘considered of lesser consequence than the more oignificant effect these small

| changes in composition have on the "snow problem”. For these reasons, then,
it is desirable to utilize a fused salt of composition close to the lower ZrF)
content eutectic (41 mole percent).

An examination of the temperature-composition-phase diagrams shows that
Just below the 41 mole % ZrFu eutectic, a large increase in melting point
temperature results with only a slight_decrease in ZrF), composition. Such a
decrease would quite probably occur during operation, since the uranium fuel
. - concentrate is added as the complex salt (NaF),UF),. To safeguard against the

possibility of the fused salt composition falling into this region after a
period of reactor operation, it was considered advisable to accept a very

slightly higher fraction of ZrFu than the exact eutectic. For these considerations,




28.
an already standardized composition, Composition No. 34 (Ref. 31) was there-

fore selected.

Comp. number  Component  Mole $  Weight $  Liquidius Temp.

34 NaF 57.0 24,98 500°C, 932°F

»

ZrF), 43.0 75.02

2.2.0 PHYSICAL AND THERMAL PROPERTIES

The physical and thermal properties of this salt composition are as
follows (Ref. 17): |
bensity:
3.86 gm/cc at room-temperature
€ (em/ce) = 3.65 - 0.00088 x (°c) * 5%
€ (10/¢t3) - 228.8 - 0.0305 x (F) * 5%
Heat Capacity:
0.27 cal/gm - °C at 700°C
Thermal Conductivity:

1.3 BTU/hr-£t-°F

Viscosity:
600°C ---moeaca- 7.5 cp
700%C ==mcmmaaao 4.6 cp
800°C ---cecne-- 3.2 cp

A good indication of the pfobable degree of the "snow problem" discussed
briefly above 1s given by the vapor pressure of ZrF), that¢ exists at the tem-
perature of operation. Figure 2.3 shows the variation of the partial pressure -
© of ZrF) with temperature for various compositions of the NaP -2rF), éystem (Ref. 26).
An interpolation of the plotted data to the 43% ZrF), compbsition and extrapola- ‘

tion down to the design operating temperature (1050°%F, 565°C) of the fused salt
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C—
at the location of the gas surface shows the partial pressure of Zth to be
less than 0.01 mm mercury. It was the considered opinion of personnel experienced
in this field that a "snow problem” would be virtually non-existent for ZrF)
vapor pressures lesg than 0.0l wm mercury, even for extended periods of operation
of the order of years (Ref. 18). In addition, mechanical appliances called
"snow traps" have been developed which prevent plugging of the critical areas,

and these, or similar innovations, could be adapted to this design if required.

2.3.0 NUCLEAR PROPERTIES

The nuclear characteristics of the NaF-ZrF) salt are not outstanding, how-
ever, they are tolerable. The absorption cross sections, particularly of the
sodium atom. for thermal neutrons, are quite large. Neutron moderation is
primarily performed by the fluorine atom which, with an atomic weight of 19,
is rather poor in this respect. Alternate salts could be suggested (i.e., BeFp)
with superior nuclear properties to those of the NaF -ZrF) salt, but other con-
siderations such as corrosion, viscosity, stability, melting point; etc.; make
the selected RaF-ZrFj, sult the most desirable at this time from an over-all
consideration..

2.4.0 . AVAILABILITY AND COST

The availability and cost of this salt were investigated (Ref. 19). The
NaF constituent is commercially available at $0.12 per pound. Hafnium separated
ZrF), has been produced by Oak Ridge National Laboratory from Hf separated ZrClj,
at a total cost of $3015 per pound. The NaF and Zth salt constituents are
blended as powders and then fused in a batch process at 1500°F to form the com-
position desired. This fused salt must then be processed to remove trace quantitieé
of sulfur, iron, nickel,kﬂgo, oxides, chlor;des, and other impurities for corrosion
pufposes. This treatment is performed at 1500°F with hydrogen and hydrogen fluo-
ride gas. At the present time, ORNL can produce a hafnium-free, processed

NaF-Zth fused salt ready for use as a reactor fuel solvent for approximately
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$7.50 per pound. It is the considered opinion of the responsible Oak Ridge
National Laboratory personnel that increased capacity and technical develop-
ments would very probably reduce this cost to $5.00 per pound, or less. -

The nuclear calculations for this project were based on the assumption
that the elemental zirconium constituent of the salt is pure, the hafnium
impurity having been removed. This has the effect of minimizing the uranium
inventory by decreasing parasitic absorption at the expense of an increase in
the cost of the salt.

2.5.0 ADDITION OF URANIUM FUEL -

-The uranium fuel burn-up is compensated by the periodic addition of a
uranium concentrate-(NaF)a.UFu° From the three constituent phase diagram
(Figure 2.1), it is observed that as the uranium concentrate compound is dis-
solved in the composition number 34 salt solvent, only compositions of con-
sistently lower melting points are formed in the dissolution process. The
disgsolution should, therefoure, proceed without difficulty.

The physical addition of the uranium concentrate can be accomplishéd in
several ways. The concentrated uranium salt could be added directly to the
fused salt in the form of pellets. It could be added more or less continuously
as a powder, or it could be dissolved in a small, isolated quantif& of the
fused salt solvent in a continucus or batch process and then injected into’the :
reactor. The final selection oflthe preferred method>would need to be deter-
mined by a consideration of the hazards involved and the ease of operation.

The quantity or rate of fuel concentrate addition is controlled by the
average temperature of the fused salt in the reactor core (1125°F design) .

As fuel is burned up, this average temperature would be gradually reduced by
the reactor's negative temperature coefficient, which keeps the reactor "Just

critical”. When this temperature falls below 1125°F by some predetermined
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temperature increment, a carefully controlled quantity of fuel concentrate
would be added or, if this is a continuous process, the rate of addition
would be increased. The average temperature would thereby be raised a regu-
lated increment above the average design temperature and the cycle would
begin again.

2.6.0 FUEL REPROCESSING

Fission products and corrosion products will accumulate in the fuel solu-
tion during operation. Additional uranium will have to be added to override
the poisoning effect of these nuclear poisons if they are allowed to remain in
the reactor. For this reason, it may be necessary to provide a means of fuel
reprocessing to remove some of these poisons.

-8

Xenon has & very low solubility (~ 107" moles/cc @ 1 atmos. of xenon) in
the fused salt fuel solution and will therefore be removed by the off-gas system.
The gaseous iodine fission product which is the precursor of xenon will also be
removed by the off-gas system. If this is accouplished before the iodine, which
has a 6.7-hour half-life, decays to xenon, the reuctor core will operate with
little or no xenon present.

Some of the metallic fission products (i.e., Ru, Mo) do not form fluoride
compounds and will not dissolve in the fused salt solvent. They will probably
plate out on the surfaces within the reactor. This has the advantage of placing
these nuclear poisons in regions of low flux. The effect of these plated metals
on corrosion and heat transfer will require further investigation.

The least. soluble of the fluoride forming fission products is believed to
be that of the rare earth, CeF3, which is soluble up to 3 wt. %_Qt the tempera-

ture of this design study‘(Ref. 32). Approximately one-third of the fission

products resulting frqm‘fission are rare earths.. Even by making the pessimistic
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assumption that all the rare earths must be less than 3 wt. % in order tbgt
they will not precipitate, the solubiiity limit of the rare earth fluorides
would not be reached for many years of operation (=20 years).

- The conclusion that may be derived from this is that the fused salt
would need to be reprocégsed for other reasons long before thereiwould be
vany possibility of precipitating these fission products.

The nuclear poisoning of the dissolved fission products would eventually
cause the uranium fuel inventory required to attain criticality to become
excessive. A discussion’of this effect is given in the chapter on Reactor

Analysis, Section 4.5, and Appendix C.6 and C.T.

Although it is expected that improved reprocessing techniques will be '
developed in the near future, present technology would restrict fuel repro--
cessing to the following method. Contaminated fused salt would be drawn from
the reactor system and the uranium recovered by the UF6 volatility process.
The uranium-depleted, fission product-contaminated fused salt solvent would
then be discarded to a hot-waste storage systemQ The salvagéed uranium wquld‘

- be dissolved in fresh, pure salt and returned to the reactor system. This
same salt might also provide a convenient solvent fo; the uranium which must
be added because of burn-up.

A possible alternative which might be developed would be to treat the
uranium-depleted, contaminated salt to remove some of the fission pro&ucts,
This would permit re-using the fused salt, thereby eliminating the consider- -

- able expense of replacing the fused salt, and the problem and expense of
storing the radioactive, contaminated salt.

This treatment process might possibly be a solvent extraction type pro-
cess, using fﬁsed salts, or it might be accomplished by cooling the salt to

Just above its freezing temperature and precipitating some of the fiesion products.
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The economically optimum extent of fuel processing is determined by the
relative costs of increased uranium inventory and the costs of processing.
Based on the currently available processihg method outlined above, an economic
analysis to determine‘the optimum length of processing cycle time was made
and is outlined in Appendix C.6 and C.7. Based on the assumptions made in <
this analysis, the reactor should be operated at a uranium inventory-fission
product equilibrium that would replace all the salt in the core system by a
continuous process over a 19-year period. This means that unless a superior

method of fuel reprocessing can be developed, it would be economically desir-

able to perform no fuel reprocessing with the lifetime of the plant (20 years)° g




CHAPTER 3.

STRUCTURAL MATERIALS

3.0.0  INTRODUCTION

The major metallurgical consideration of a fused fluoride reactor is the
choice of a structural material for the reactor vessel and primary heat exchanger
which will resist corrosion, be fabricable, and have satisfactory strength pro-
perties at elevated temperatures. The nuclear characteristics of the structural
materials in this reactor are not critical., Materials problems associated with
the sodium coolant system and the steam power plant are important, but previous
experience is available; therefore, the design_of these systems introduces no

serious problems.

3.1.0 REACTOR STRUCTURAL MATERIAIS

The power plant design presented in this study is proposed for central
station electric generation, and it would be desirable to have a reactor which
would have an operating life equal.to the 20 or 30-year life expected from the
steam plant equipment. Present technology is not sufficiently advanced to in-
dicate that such an extended operating time can be obtained from fusedlfluoride
reactors, but it is mandatory that a material be obtained which will resist fluo-
ride salt corrosion at elevated temperatures to the extent that these reactors
can be considered for this type of operation.

A homogeneous reactor of the contemplated design does not have as many
materials problems as other types of reactors. The fuel is in solution and
is self-moderating, and there are no fuel fabricating, cladding or moderating
material problems. The reactor vessel is a lgw pressure container and does not

have to be designed for high pressure operation. Since there are no structural




materials in the high neutron flux region of the reactor, the effect of the
nuclear characteristics of these materials on neutron economy is of seconds
interest.

Fused salts, however, are considerably more corrosive on materials thai
many other reactor fluids. Experiments have shown that nickel base alloys !
the best corrosion resistance to fused fluorides. Inconel, nickel-molybden
alloys and pure nickel have been considered as possible structural materiall
this reactor design.

3 1.1 Inconel

There: are considerable data on the corrosion of Inconel in fused fluorf
at temperatures in excess of those contemplated in this design. An examp
Inconel corrosion is shown in the photomicrographs in Figure 3.1 which illu
trates the time dependence of the attack° Inconel corrodes in fluoride sal
by a leaching of chromium froﬁ the surface of the metal. New‘chromium then
diffuses from the interior of the metal from which it in turn is leached.
voids remain and concentrate at the grain boundaries; these voids are not |
nec}ed to each othereor éo the surface. -

Corrosion data indicate that after the first 50 hours, the‘depth of
appear; to be linear, with a rate of between 3 and 4 mils per 1000 hours
operation. The photomicrographs and corrosion data were obtained from for
circulation loops with 1500%F maximum fluid bulk fluoride temperature, a
1600-1620°F maximum wall temperature, 200°F temperature gradient, and 10,0
Reynolds number. The fluid circulated was Fuel No. 30 (Ref. 48, p. 97).

There is also an initial impurity attack of approximately 3 to 4 mils
which continues until the UF), -Cr reaction reaches eqnilibriuﬁ and the chr

content in the fluoride mixture remains constant (Ref. 48, p. 96, 97).
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ction will take place with each additional new charge of fluoride
e,' the long range corrosion rate will depend upon the number

it the fluoride salt is changed.

fosion resistance of Inconel to fused fluoride salts is not satis-
A Ireactor of this design.

[ gl -Molybdenum Alloys

known fiickel-molybdenum alloy, Hastelloy B, has shown excellent
dstance to fused fluoride salts (Ref. 50). This alloy, however,

factory for reactor use because of its low ductility at elevated

g8 and because of its undesirable fabricating characteristicso
kel-molybdenum alloys are currently being developed which are in-
tain the negligible corrosion rates; but which will have satisfactory

ure and fabricating properties.

"I’, gion resistance of an 85-15 nickel-molybdenum alloy in a fluoride

thermal convection loop is illustrated in Figure 3.2. These photo-

;‘T‘ that there is essentially no corrosion or mass transfer in

t & temperature of 1500°%F. Certain of these new alloys appear to

ry'physicalwﬁ:;perties for reactor use; however, it was felt

elopment program is not sufficiently advanced to completely sub-

€ expected excellent properties. These new alloys were not

d this reactor study because of the philosophy originally estab-

mit a reactor design using present day technology wherever possible.

lckel Clad Stainless Steel
,‘ears to have excellent corrosion resistance to fused fluoride
fle tests of nickel exposed tehflacpide.fuel.No: 30 forslO0+hours at

ovn no measurable attack (Ref. 49). A small amount of mass transfer
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was observed in the first nickel thefmal'convection loop in which Fuel No. 30
was circulated (Ref. 46, p. 63, 64). To confirm this single test, another
nickel loop was cleaned with NaZﬁFs and operated with high pﬁfity fuel. No
evidence of subsurface voids, intergranular attack, 6r mass trans{er_wés
observed (Ref. 4T, p. 73, Th4). The‘phbtomicrogmphs in Figure 3.3 show the
absence of these effects in a nickel thermal convection loop operated for
500 hours at 1500°F with Fuel No. 30.

No convection or forced circulation loops have beem constructed which
illustrate serious mass transfer properties of nickel, although the opinion
has been expressed that nickel theoretically should mass transfer.

Nickel does not have adequate strength to be used as a structural
material; however, nickel cap be clad satisfactorily on stainless steel. This
duplex material will have the required corrosion resistance and physical pro-
perties for reactor coﬁatruction. Nickel clad stainless steel can be obtained
at the present time as plate for the reactor vessel and as extruded tubing for'
the primary heat exchangers (Ref. 51). The inspection of £he cladding is, how-
ever, a problem. '

A metallurgical bond is SWERLISE EEbeSA" e i kel cladding and the stain
less steel backing material. Due to the intimate contact between tﬁe materials
and the adherence of the bond, there is essentially no thermal resistance. The
efficiency in heat transfer properties of this clad material is almost equal to
that of solid stainless steel (Ref. 52).

The welding of this clad material will also present.difficulties, but with

the proper weld area preparation and use of specisl welding rods, this problem

can be solved (Ref. 53).
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The choice of nickel clad stainless steel as the structural and primar
heat exchanger material for this reactor has made it possible to prepare a
* preliminary design which could be constructed with a minimum of development
work. ~It 1; recognized, however, that this duplex material has shortcoming
and that a sipgle material with all the desired propertieerwould be superio
Before a reactor of this basic deéign is constructed, it would be advisable
to examine the nickel-molybdenum system very carefully to determine if those
alloys have the required properties to warrant substitution of the selectio
of nickel clad stainless steel with a nickel-molybdenum alloy.

3.2.0 SODIUM SYSTEM MATERTALS

Selection for the materials for.the'sodium system was based on the fol

ing considerations:

1. Ability to resist corrosion and mass transfer in high temperature
sodium.

2. Adequate mechanical properties at elevated temperatures for
extended period.

3. Stability under high radiation fields at elevated temperatures for
extended period. - . ; ‘
P ) ‘
b, Fabricability into the required shapes. -
5. Weldability
6. Reasonable neut}on'absorptionﬂefoss section.
T. Availability and cost
At the present time, the austenitic stainless steel alloys more nearly
satisfy these requirements than other materials, except these alloys have a
relatively high neutron absorption cross section. However, since in this

design the heat exchangers carrylng the sodium are outside the central core

and in a low flux region, this is of little consequence.
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There are three types of stainlese steels, namely, Types 304, 316 and 347,
which have been previously used in sodium systems with satisfactory results. -
There remains the problem of selecting the type that not only has the best
mechanical properties at the elevatéd temperature under consideration, but also
the type most readily weldable with no cracking of the weld and no embrittle-
ment after long-life high temperature service.

The material chosen fo contain the sodium in this reactor system was
Type 304-L stainless steel (0.03% maximum carbon content). Although the three
types of austenitic stainless steels show acceptable resistance to corrosion in
sodium up to 1000°F, columbium stablized Type 3&7 has been generally favored.
However, investigation at the Knolls Atomic Power Laboratory showed tha£ Type
30k stainlesﬁ steel is equally resistant to corrosion from sodium as Type 34T
and that it has good strength properties and contains less strategic materials.
No mass transport difficulties have been encduntgred up to 1200°F, which is
higher than the sodium operating temperatures contemplated in this désignai

Since the austenitic stainless éteels~appear reasonably corrosion resis-
tant, namely, Types 304, 316 and 347, the strength versus ductility at elevated
tempefatures should be given considerable weight in selecting the material.
Type 304 stainless steel causes only slight loss in room temperature ductility
due to carbide precipitation (Ref° 56) , whereas Type 316 stainless steel,
under the same conditions and treatment, indicates rather severe decrease in
room temperature ductility. ' N

Table A.2 lists some of the pertinent'properties of Types 304, 316 and

\

347 stainless steels at elevated temperatures. Therefore, from mechanical

properties consideration, Type 30h‘appeara to be the superior.
Ve .

et
.
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Since there will be many welds in the sodium piping and components; the
corrosion effect of sodium on welded joints must be considered. The corrosion
resistance of welded 18-8 stainless steels is affected because of chromium
carbide precipitation at the grain boundaries in the heat affected zone. The
formation of chromium depletes the surrounding.area of chromium and thus the
area loses its corrosion resistance. The precipitation.of carbides can be pre-
vented by: (1) reducing carbon content below 0.03 percent; (2) using columbium
or other elements which form stable carbides with the carbon present; (3) cool =
ing the heat affected zone quickly through the critical range (1 to 1-1/2
seconds from 1500°F to 900°F); or (L4) heating to above 1750°F following welding
80 as to redissolve chromium carbide, followed by rapid cooling to retain them;

Until recently the use of (2) above to prevent the precipitation of carbides
had been considered the superior method; however, in recent years, the use of
Type 347 weldments in tﬁick sections for high temperature-long-time service has
resulted in cracking during welding and embrittlement during service. It has
been found that columbium free alloys do not become embritfledy even when Lhey
contain normal amounts of ferrite (Ref. 55). Also, the tendency for cracking
of the weld metal during welding is reduced with the columbium free alloys.

To prevent carbide precipitation, the use of a low carbon content austenitic
stainless steel appears now to be the better method. Rapid coqling and re-
heating to above 1750°F are not practical methods for projects of this scope.
The material which best meets the above requirements is Type 304-L. Therefore,
Type 304-L stainless steel was selected as the structural material for the
sodium systems.

3.3.0 STEAM SYSTEM MATERIALS

Since the temperatures and pressures of the steam system for this design

study are consistent with those of large conventional steam power plants today,
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the selection of materials }or the steam and water systems presents no parti-
cular problems. The main steam line piping would be fabricated from standard
~ Cr-Mo alloy steel pipe, ASTM Spec. A-335, Grade P-11 or P-22. The higher
pressure boiler feed water, condensate, and extraction lines would be fabri-
cated from seamless carbon steel pipe, ASTM Spec. A-53, Grade B. Other
miscellaneous lines would be fabricated from standard seamless carhon stecl

pipe. All valves would be fabricated from the same material as that of the

piping in which they are located.
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CHAPTER k.

REACTOR ANALYSIS

4.,0.0 INTRODUCTION

The nuclear characteristics of this fused salt "burner" reactor are
relatively flexible and are not restricted by the stringent requirements
of breeding. In addition, fhe high solubility of UF) in the NaF-ZrFu fused
salt system allows considerable variation in uranium concentration which
provides a wide latitude for compromise between nuclear and engineering
considerations.

The basic reactor design consists of é vertical cylindrical core sur-
rounded by primary heat exchangér tube bundles. The nuclear requirements
of the reactor determine an optimum core diameter for minimum fuel inventory.
The core dimensions selected represent a compromise between these considerations.

In order to proceed with thé nuclear calculations; a preliminary arrange-
ment of the reactor vessel was selected. This section of the repurt describes
the reéé£or analysis calculations that were performed to determine the optimum
core size and fuel concentration and other nuclear rgquirements° A summary of
the results is included in Table k4.1.

4.1.0 CRITICAL SIZE AND FUEL CONCENTRATION

A preliminary criticality calculatioh was made by W. K. Ergen, Oak‘Ridge :
National Laboratory (Ref. 29), for a reactor similar to that of this project
using a bare sphere, Fermi Age approximation. The optimum size and fuel con-
centration for minimum fuel investment calculated by this method was 136 cm
(4-1/2 feet) in radius with a fuel'cdncentration of 0.0208 gm/cc of uranium-235.
The fused salt used in these calcﬁlations was a 50-50 ﬁole percent composition

of NaF and ZrFu with the uranium dissolved as UF,*°
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The reactor contains no moderating material other than the fused salt
itself. The atom having the smallest mass and existing in greatest abund-
ancé in the fused salt to be used in this reactor is fluérinee Fluorine,
then, is largely responsible for the moderating characteristics of thé fused
salt. With an atomic weight of 19, fluorine is a relatively poor moderator
compared with the lighter elements usually used as neutron moderators. It
was suspected, and later calculations have shown, that this reactof was not
" a thermal reactor, but that a high percentage of fissions would occur from
epithermal neutrons.

.Hand calculations for a bare sphere with thfee energy groups indicated
that approximately 50 percent of the fissions would involve epithermal neutrons;

~With these preliminary hand calculations as background, a series of three
energy group, three geometry region (3G3R5 calculations were performed on the,'
Oak Ridge National Laboratory digital computer (ORACLE).:

The energy group limits were'éelected for reasons given in Appendix C.1l.
The intermediate group extends from 0.5 ev to 100,ev,>'The fast group extends
from 100 ev to 2 mev. The central core of the reactor is region 1; the lrinch,‘
" thick baffle surrounding the core is region 2; and the heat exchanger and
downcqmgr volumes ére homogenizedifor region 3.

The phygical properties and nuclear parameters were based on a salt of

composition 43 mole percent Zth and 57 mole percent NaF (Section 2.1.0).
‘The fuel is highly enriched urapium-235 (over 90% U-235). The fast and in-
termediate energy group nuclear cross sections were obtained from the "eyewash
code" (Ref. 27). Thermal cross sections were obtained from BNL-325 (Ref. 30).
The detailed détg and calculations for the code input are given in Appendix C.

In order to minimize the number of computer calculations, 1t_was,de§ided

to vary only the radius of the central core and the fuel concentration. Other
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parameters such as the height of the reactor and the thickness of the heat
exchanger were held constant. Since previous estimates indicated a h-l/2 ft
radius core to be optimum, a 1C-ft core height was chosen to provide com- E
patible arrangement with this core radius and the heat exchangers. The heat -
exchangers contain a considerable amount of fuel, acting somewhat as a -
reflector to the central core, which makes it desirable to have a central
core height larger than the central core diameter. Calculations were per-
formed with central core radii of 3, 3-1/2, 4, k-1/2, and 5 feet. For each
radius, calculations were made for fuel concentrations of 0.005, 0.010, 0.020
and 0.030 gm/cc of enriched uranium. |

The above information and the data in Table C.2 were coded (Ref. 28) for
the electronic computer (ORACLE). The electronic computer calculated the
multiplication constant (k) for each radius and fuel concentration (Figure 4.1).
*From these data, the optimum size and fuel concentration were determined (dis-
cussed in Section 4.3.0) as a 3-1/2 foot central core radius and 0.0088 gm/cc
of enriched uranium-235. A re-evaluation of the height of the central core
is probably desirable in light of the smaller central core radius. In the
final design, the height is shown to be 8 feet, which is probably a more com-
- patible figure. A concave head and bottom are used to obtain this reduction
in height and to direct the fused salt flow (See Figure 5.9). However, the
nuclear, heat transfer, and other calculations were not revised to reflect
this change. .

In order to check the inaccuracy introduced by using the l-inch thick
stainless stee; and nickel baffle plate as a diffusing medium (region 2),
two check calculations were made. One calculation considered the 5affle as
an absorbing "shell".between the central core and the heat exchanger regionms,

and the other eliminated the baffle plate e?tirely. The multiplication
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constants (k) and flux plots obtained by the three methods of treating the
baffle plate were almost identical (Table C.3). It was therefore inferred
that using the baffle plate as. a region did not in itself introduce any
appreciable error.

4.,2.0 NEUTRON FLUX

The electronic computer (ORACLE) calculated the neutron flux distribution
for each encrgy group as a function of radius (Figure 4.3).

At 600 MW total power, the fast neutron flux is approximately 1.2 x lO15
neutrons/cm2 sec., the intermediate neutron flux is approximately 6 x lOlh
neutrons/cm2 sec.; and the thermal neutron flux is approximately 1.6 x 10lh
neutrons/cm2 sec. (Appendix C.4). These values, coupled with the fission
cross section for each group, show the fissions to be distributed among the
three energy groups as follows: 9 percent in the fast group; 27 percent in
the intermediate group; and 64 percent in the thermal group (Appendix C.5).
This means that this reactor is what is often termed an "intermediate" reactor.

A nuclear calculation was prepared to utilize the 30 energy group "Eye-
wash" code on the UNIVAC digital computer. Unfortunately, the results of
this calculation were not available to be included in this report; but should
be shortly thereafter (Ref. 40). The results from this more detailed calcu-
lation will serve as a check on the 3G3R code calculation results. Also, and
the original reason this alternate calculation was prepared, the 30 energy
groups will provide a much better indication of the neutron flux energy spec-
trum in this reactor. This is of particular interest for the high neutron
energies, to better establish the possibility of utilizing this reactor as a
large flux source of high energy neutrons for purposes of radiation damage

research.
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4.3.0 FUEL INVENTORY

The critical uranium concentr;tion for each central core radius was
determined by the results of the three gfoup, three region calculations.
‘The critical uranium concentration decreases with an increase in the central
core radius. The volume obviously ;ncreases with an increase in the central
core radius. The combined effect fésults in & minimum uranium inventory
required for criticality at some value of central core radius. This vériation
‘of critical mass (uranium inventory) with central core radius is shown iﬁ
Figure 4.2. |

For 600 MW rating, the heat exchanger volume, and fhus the fuel volume
in the heat exchanger and downcomer; will remain nearly constant. The fused
salt solvent inventory is decreased by a decrease in central core radius.
Therefore, the central core‘radius was chosen slightly smaller (3-1/2 feef)
than that for the minimum fuel inventory indicated (Figure 4.2), in order to
allow some effect of the decreased salt inventory. The total uranium-235
fuel inventory in the entire fuel system for the hot; clean critical condition
is approximately 240 kg.

L.4.0 FUEL BURN-UP

The fuel burn-up at 600 MW will be about 780 grams of uranium-235 a day.
The fuel would be added on & temperature regulation basis to maintain an average
operating temperature of 1125°F.

4.5,0 URANIUM-233 FUEL

Highly enriched uranium-235 is the fissionable fuel utilized in this
-design study. The fact that a large fraction of fissions is caused by epi-
thermal neutrons suggests that it may be desirable to use uranium-233 as the

fissionable fuel instead of uranium-235s Uranium-233 has a uniformly low
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value for the ratio of capture-to-fission cross secfion (L) of 0.1 over
all neutron energies. This_méans that a considerably smaller portion of
non-fissioning neutron absorptions occurs in uranium-233 than in uranium-235,
particularly for neutrons in the intermediate energy range. The advantages
that would be. gained by using uranium-233 the fuel, ifravailableg are that -
the uranium inventory required would dbe le&d the energy release for the
uranium burned-up would be greater.

4L.6.0 FISSION PRODUCT POISONING

Fission products and corrosion prodﬁcts will accumulate in the fuel solu-
tion and will add considerable nuclear poison to the core. This will require
an increase in the uranium fuel inventory and could become a significant
economic consideration.

An evaluation of the probable megnitude of this effect was made, and is
outlined in Appendix c:fc,6°

Based on the reference source utilized in this analysis (Ref. 33 and 3&),
and the assumptions and approximations made to adapt the data of this refer-
ence to this design study, the following effects of fissiom product build-up
are predicted. The nuclear poisoning of the non-gaseous fission pfoducts
only (no corrosion products) will asymptotically approach a negative reactivity
of about 0.1 during the lifetime of the reactor. If corrosion should be appre-
ciable; the relatively high absorption cross section of the nickel atom could
appreciably change_the rate and magnitude of this poison bulld-up.

From Figuré L,1, it can be seen that a negative reactivity of 0.1 would
require an increase in uranium concentration from 0.0088 gm/cc to about
0.0115 gm/cc to override this poison and maintain criticality. This is a(

31 percent increase in uranium inventory from 240 kg to 314 kg.
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Some form of fuel reprocessing could reduce the uranium required to over-
come the poisons. This possibility was investigated (Section 2.6.0., Appendix
C.6 and C.7), and 1£.» was determined that it would not be economical to provide
for fuel reprocessing as limited by current technology.

The increase in uranium inventoygy.to override fission product-poisoning
would then progress gradually OVA life of the reactor, being added as -
required along with the ﬁranium added for burn-out.

4L.7.0 TEMPERATURE COEFFICIENT OF REACTIVITY

The temperature coefficient of reactivity of the reactor was not calcu-
lated, but is believed to be sufficieptly negative for the»reactor to be
stable. This is based on the fact that a reactor using a similar fused salt -
fuel has been operated, and this reactor had & negative temperature cOEfficieﬁt
of reactivity of approximately 5 x 107 Ak/k per F (Ref. 39), p. 1009). The
fact that this fuel has a desirable temperature coefficient of reactivity is
also indicated by the slope of the curves in Figure 4.1.

4L.8.0 DECAY HEATING

The decay heating of a reactor during shutdown is dependent upon the
amount of negative reactivity injected into the reactor'and the delayed neu-
trons and gamma decaf rate.. In a reactor with control rods, a considerable
amount of poison can be inserted very quickly. In the fused salt reactor,
however,‘no control rods are present, and the amount of negative reactivity
achieved depends upon the magnitude of the temperature rise above the average
operating temperature.

In the event of complete loss of pumping power, the reactor must be shut
down and the decay heat removed. 1f it is assumed that no heat is removed and

the temperature is allowed to rise, the power generation would decrease rapidly,

1
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and the reactor period would level off to an 80-second period in a fraction
of a minute. At this time, the power generation of the reactor would be re-
duced to a few percent of operating power. The temperature rise under these
conditions may be several hundred degrees within the first minute. This
condition of rapid temperature rise is undesirable, if not 1ntolerablg° Imme-
diately following the loss of pumping power, some heat would be radiated from
the reactor vessel; some heat would be removed by the reactor vessel surface
cooling; and some would be removed by the momentum of the sodium in the primary
loop.

A detailed calculation of the flow characteristics of the primary and
intermediate. sodium loops after léss of pumping power was not made; however,
a simplified calculation showed that the inertia of the fused salt in the
reactor, and the sodium coolant in the primary and intermediate loops is
sufficient to maintain the flows in the turbulent range for approximately
one minute. This would be adequate to carry away a considerable amount of -

decay heat and limit the fused salt temperature to a safe value.
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TABLE 4.1

SUMMARY OF REACTOR ANALYSIS DATA

1. Dimensions of reactor central core:

Radius - 3 1/2 feet

Height - calculations based on 10 feet
2. Critical fuel concentration:

0.0088 grams/cc (for hol clean critical)
3. Power density:

55.2 watts/cc at 600 MW

4. Flux and fissions for each energy group:

_Flux Fissiéns'.
Fast (100 ev to 2 mev) 1.2k x 1017 neut/cc-sec %
Intermediate (0.5 ev to 100 ev) 5.96 x 104 neut/cc-sec 27%
Thermal (up to 0.5) 1.62 x 1014 neut/cc-séc 64%

5. Fuel Inventory:

240 kg (for hot, clean critical condition)

314 kg (for hot, fission product contaminated condition)
6. Fuel Burn-up:

780 grams/day at 600 MW

T. Temperature coefficient of reactivity:

Not calculated; but reasonable assurance that it is satisfactory.
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- CHAPTER 5.

REACTOR AND PRIMARY HEAT EXCHANGER DESIGN

5.0.0  INTRODUCTION

The basic design of the reactor consists of a vertical cylindrical
pressure tight vessel to contain the homogeneous circulating fuel. The
size of the reactor depends on the nuclear characteristics of the fuel and
the method of removing the heat from the circulating fuel system. Critical
size and fuel concentration calculations have been discussed in Chapter k4,
based on the design concept of using primary heat exchangers internalvto
the reactor vessel. Several arrangements were considered prior to the |
selection of the internal arrangement and reasons for this decision are dis-
cuesed in the subsequent sections.

5.1.0 PRIMARY HEAT EXCHANGER

The function of the primary heat exchanger is to transfer the heat from
the circulating fuel to the primary sodium coolant loop. The design of the
exchanger is based on a heat removal rate of 2°oh8 X 109 BTU/br for both sides
of the exchanger with mixed mean fuel temperatures of 1200°F entering and
1050°F leaving, and mixed mean sodium coolant temperatures of. 1000°F entering
and 1150°F leaving the exchanger. The minimum fuel temperature has been arbil-
trarily set at 1050°F, approximately 100°F above the fuel melting point to
allow a temperature drop of 50°F for fuel processing and an additional SOOF
for cold spots in the system before reaching the solidification temperature.
The upper fuel temperature was set at 1200°F, which was considered the maximum
allowable for tolerable corrosion and mass transfer rates for a long life power

reactor. The sodium coolant temperatures were chosen to obtain a practical
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et
log mean temperature difference across the heat exchanger which assures reason-
able flows and heat exchanger surfaces. These temperatures provide sufficient
margin above the fuel melting temperature to prevent operational difficulties
from possible cold spots caused by poor.distribution in the flow pattern

through the heat exchanger and reactor.

5.1.1 Internal vs. External Arrangement

In determining a practical arrangement for the reactor and primary heat
exchanger, the following two basic design concepts were considered: (1) Use
of internal primary heat exchangers with associated piping and pumping equip-
ment integral with the reactor. In this design, the fuel remains in the
reactor vessel and the heat is transferréd from the fuel circulating inter-
nally to the sodium coolant piped inside the reactor vessel. (2) Use of
external primary heat exchangers through which the fuel is continuously cir-
culated outside the reactor with piping and pumping equipment adjacent to,
but external to, the core vessel. Each arrangement offers certain advantages
and disadvantages, and the final selection depends on an extensive evaluation
of the economic operation and design factors involved; and their effect on the
design chgracteristics of the reactor and system.

- The important advantages of the interﬂal primary heat exchanger arrange-
ment over the external arrangemeﬁt are:

1. Lower fuel holdup because external fuel piping eliminated.

2. More compact arrangement résulting-in reduction of requirements for

shielding, piping, containment; building and services (i.e., crane
handling equipment, etc.)

3. Less pumping power because of reduced piping friction losses.

4., Provisions for electrically heating the fuel containment vessel and
fuel piping simplified.




These aavantages must, in a complete economic and feasibility study,
overbalance the following apparent disadvantages:

1. Difficulties in maintsining and replacing heat exchanger tube bundles.

2. Structural problems in supporting integral tube bundles. |

3. Higher radioactive sodium loop caused by the higher flux level inside
the reactor increasing the desirability of an extra sodium locop.

4. Problems in fabrication of the larger reactor vessel and complexity
of heat exchanger tube layout.

5. Difficulties in locating leaks and isolating the defective tube bundle.

Time did not permit a complete analysis of this problem. However, based
on preliminary studies, it was concluded that a design employing internal heat
 exchangers and pumps could be developed which would result in an economical and
practical arrangement for a high power reactor. Therefore, the design of an
internal arrangement was pursued from the cutset of this study.

5.1.2 Internal Arrangement

Several schemes for the arrangement of the internal primary heat exchangers
were'considered and are schematically shown on Figures 5.1 and 5.2. In all the
.schemes proposed, the requirement of counter-flow heat exchange was followed in
order to minimize tube surface and to obtain the best heat exchanger character-

1stics possible.

A. Separate Upper and Lower Header and Single Pass Arrangement (F@go 5.1)

The tube bundles are located in an annular space around the core secfion
with baffles to direct the fuel flow down through the exchanger on thg outside
of the tubes. The sodium coolant is through the tubes. The tube bundles ter-
minate in concentric toroidal headers;, with the coolant outlet header located
at the top of the reactor vessel and the coolant inlet header 1ocgted at the

bottom. This arrangement imposes several apparent disadvantages.
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1. To obtain adequate heat transfer surface using practical tube sizes
and a reasonable number of straight tubes would require tube lengths
considerably longer than the optimum length dictated by the nuclear
requirements for the reactor core size.

2. Use of a lower header would necessitate many large penetrations in
the bottom section of the reactor vessel, which is undesirable and
should be avoided if possible.

3. This arrangement requires pumping the high temperature fuel, which
tends to decrease pump life because of increased corrosion rate at
the higher temperatures.

Other design difficulties inherent in this arrangement are thermal stress
and expansion problems between the two headers of the exchangers, and the large
number of tube-to-header welds required to permit a practical length.

To overcome these disadvantages, Scheme II was devised and is the basis

for the final design.

B. Combined Header and Two-Pass Arrangement (Fig. 5.2)

The tube bundles consist of U-tubes with the coolant inlet and outlet
headers located annularly and concentrically at the top of the reactor vessel.
The tube sheets have the shape of truncated circular sectors. The fuel makes
two passes on the outside of the tubes, with the flow directed by concerntric
baffles into the suction of the fuel circulating pumps which are located on
the top outer periphery of the reactor vessel.

5.1.3 Basic Design Criteria

In establishing the design, certain criteria were followed to take advan-
tage of the present state of development of pumps, materials and heat exchangers.

1. The pumps would be positioned vertically and located symmetrically at
the top of the reactor and would pump cold fuel. This would minimize
seal problems and provide convenience in arrangement. Pumps would
be sized practically.

2. Annular vertical U-tube heat exchanger bundles would be considered
with duplex tubing, with 304 stainless steel as the structural
material and clad with type "L" nickel on the outside to resist
the corrosive fuel. Type 304 SS provides compatibility with the
rest of the Na coolant circuit.
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3. The flow pattern through the reactor and heat exchanger would tend
to maintain the circulation of the fuel in the event of complete
loss of pumping power.

k. The heat exchanger tube bundles would be sized to minimize fuel
holdup and the number of tubes while maintaining practical fuel
and sodium coolant velocities for reasonable friction pressure
drops and heat transfer coefficients. This requirement necessi-
tated a parametric study for the primary heat exchanger.

5.1.4 Parametric Study

A parametric study was performed for the primary heat exchanger to deter-
mine the optimum tube size and number of tubes for the required duty. The
study was based on varying tube outside diameters with different ligaments
(minimum distance between outside diameter of adjacent tubes) for a number

of cases, utilizing the following design conditions:

Heat exchanged 2.048 x 109 Btu/hr
Fuel inlet temperature 1200°F
Fuel outlet temperature 1050°F
Sodium coolant inlet temperature 1000°F

Sodium coolant outlet temperature llSOoF

Tube material: duplex tube, Type ALSL, 304 stainless steel (.06 € max)
clad with Type "L" nickel

Tube thickness: total 0.065, SS 0.042 in., Ni 0.023 in.

Fuel properties based on: 50 mol % NaF - 50 mol % ZrF),

Justification for the selection of these design conditions has been dis-
cussed previously. Tube sizes of 1/2 in., 5/8 in., 3/4 in. OD each with
ligaments of 1/4 in., 3/16 in., and 1/8 in. were studied, using a staggered
arrangement with triangular pitches of tubes in bundles. For the purpose of
this investigation, average values were used for the physical and thermal pro-
perties of the fuel, sodium and structural materials. This simplification was

considered valid over the temperature ranges involved. The complete derivation
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iof the formulae for the study is outlined in Appendix D; however, in the
development of the expressions, the foilowing basic.eqpﬁtions‘were used for
establishing the applicable heat transfer coefficients.

To simplify the study, the internal heat generation in the circulating
fuel and sodium caused by delayed neutrons and gamma heating was neglected.
Therefore, if a uniform wall heat flux is assumed, the Martinelli and Lyon
equation (Rer. 15, p. T3) is applicable for determination of the sodium

coolant tube side film coefficient,
hda740.025 (Pe)08 (5.1)
k- . :

To establish the shell side film coefficient for the fuel, the Dittus-Boelter

relationship (Ref. 6, p. 219) was used,

b d, = (0.023) (R,)0-8 (p_)0-k (5.2)
_

Evaluafion of ﬂeynolds numbers for the various parameters studied indicated
values‘in the range of 1000 to 4200 on the shell side. For a-fube side calcu-
lation, Reyndldé numbers of thig order 6f magnitude.would indicate that the
flow was in the transition range between laminar and turbulénf flow. Keén
(Ref. 20, p. 137) indicates that for baffled heat exchangers, there is no dié-
continuity in flow at Reynolds numbers near 2100, such as occurs with:tupe
side flow; and that the character of the flow on the shell side cannot be
evaluated on the basis of the Reynolds number only. Further, this.reference
indicates fhat at Reynolds numbers‘as low as 100, fully turbulent flow can be
developed on the shell side of a baffled heat exchanger. The equation given |
by Kern (Ref. 20, p. 137) for shell side film coefficients gives values cﬁn-

siderably larger than obtained from the Dittus-Boelter relation. Therefore,
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use of the Dittus-Boelter equation results in conservative values for design,
even though the baffling geometry is unknown.
Calculation of the tube wall resistance was based on averaging thermal
conductivity of the tube at the hot and cold mixed mean sodium coolant temperatures.
The over-all heat transfér-GQefficient was obtained by combining the indivi-
dual resistances for the duplex tubes and film coefficients based on external

tube surface,

1 =1 +Ry; +Rgs + _1 (5.3)
Up Bbs bNa

The required heat. transfer surface was determined by using the equation for
' constant over-all heat transfer.coefficient (Uo) and counter flow adiabatic

heat exchange between fuel and sodium (Ref. 6, p. 190),

4 = Uy S, (Aty;) {5.4)
For this study, the fuel and sodium flows, the logarithmic meen temperature
difference, and the yuantity of heat exchanged are fixed by the design comditions.
It is possible by proper arrangement of these equations in conjunction'with the

one dimensional steady state continulty equation;

S (5.5)
to develop simultanecus equations for the dependent variaeble; the over-all heat
transfer coefficient (U,) with appropriate constants (C) as functions of the
number of tubes (N) and length of tubes (L).

The two equations developed in Appendix D are then,

1 « SR+_1 4+ 1 (5.6)
u, - - ¢/N'% . c4c/n® -
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and
U NL=C (5.7)

where the C's are independent constants

N = number of tubes
L = length of tubes
R = sum of the individual duplex tube resistances

For an assumed length (L), these equations are then two simultaneous
equations in two unknowns which caen be solved graphically by plotting the
over-all heat transfer coefficient (Uo) against assumed values of N for each

case of tube diameter and ligsment under consideration. For the equations to

b
e

be satisfied, there exists only one value of N which is determined by the in-
tersection of the curves of the two equations. The required number of tubes.
(N) to give the necessary heat transfer for each tube size and various ligamnets
is shown on Figures 5.3, 5.4 and 5.5.

The pressure drops for both shell and tube side of the exéhanger can be

determined from the Fanning friction pressure drop formula, once the requiréd
number of tubes for a particular tube size and ligament is-established°

op (ps1) s (2.0+2 L)V £ (5.8)

de 2¢ 1M
The friction factor f was determined from Moody's chart (Ref. 16,

Fig. 15) for smooth pipe. The constant 2.0 in the above expression allows
for inlet; outlet, and U-bend losses in the respective circuits (Ref. 16, p. 21
et sequi). The additional fluid pressure loss across the tube bundle supports
on the shell side was not included since its method of determination is highly
empirical and depends on particular tube layout and design, and, in additionm,
it wae considered that its contribution would not effect the selection of tube

size and spacing.
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A summary of the results of the parametric study is shown in Figures 5.6
and 5.7 and Table 5.1. These graphs ého?;cross plots for the number of tubes,
heat transfer sgrface} fuel holdup volﬁmé and total fluid pﬁmp powef as a
function of tube ligament ratio (ligament to tube OD) for the values of N, as
determined from figures 5.3, 5.4 and 5.5.

Examination of the results of this stLdy indicates that for minimum fuel
holdup,; reasonable pumping requirements and a practical tube arrangement, the
selection of approximately 14,600 5/8-inch OD U-tubes with 1/8-inch ligament
(0.20 tube ligament ratio), and an effective length of 20 feet results in the
most serviceable and practical primary heat exchanger design. In determining
the optimum tube size; it is desirable to minimize the number of tubes consis-
tent with reasonable pressure drops and fuel holdup volume. The fewer the

number of tubes; the less the probability of tube or tube-to-tube sheet failures.

2:1.5 Design Considerations

To determine the practicability of such a U-tube design in annular con-
centric sections with a 3-foot, T-inch inner core radius; a tube bundle layout
study was made using approzimatély 15,000 5/8-inch OD tubes arranged on a
3/l+;=inch staggered equilatergl triangular pitch. The result of the study
indicated that such an arrangement was feasible and is shown in Figure 5.8.
It was finally concluded that to provide additional margin'in the design for
contingencies,; 24 tube bundles, each with 650 tubes to carry, or a total of
15,600 tubes with an effective tube length_of Ei*feet would be specified for
the primary hegt exchanger.

Due to the difference in areas caused by the concentric sections, some
crossing over of the tubes is necessary to retain the same tube density on

both sides of the tube bundle. Although this increases the fabrication and
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Figure 5,7 Primary Heat Exchanger Parametric Study
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TABLE 5.1

SUMMARY OF PRIMARY HEAT EXCHANGER PARAMETRIC STUDY

Physical properties used for study:

FUEL
Absolute viscosity ¢ 190 1lb/hr-ft K
Density € 209 1b/cu ft e
Conductivity k 1.5 BTU/hr-ft-°F k
Specific Heat Cp 0.285 BTU/1b Cp

The study covered six arrangements using 1/2
stainless steel with ligaments of l/ﬁ"

type 304
Reactor heat load - 600 Mw

Tube OD (in.)

Ligament (in.)

Tube Ligament Ratio

No. of tubes required with 20 ft
effective length

Velocity - Fuel outside tubes, ft/sec
Sodium in tubes, ft/sec

Reynolds No. - Fuel
Sodium coolant

Over-all heat transfer coefficient-
BTU/hr-sq ft

Heat transfer surface

Pressure drop - Fuel, psi
Sodium, psi

Pumping horsepower - Fuel, hp
Sodium, hp

Total, hp

Fuel holdup in tube bundle, cu ft

"

7 3/16n

Temperature - Fuel 1200°F inlet - 1050°F outlet

SODIUM Type ALSL - 304 Stainless Steel Type "L"
T Nickel (.06 C Max)

0.53 1b/hr-ft

51 1b/cu ft

36.2 BTU/hr-£t-F

k 12.9 BTU/hr-£t-°F 33.5 BTU/hr-ft-°F
0.3C BTU/1b

k

5/8", and 3/4" duplex tubes with 0.023" clad Ni on outside of 0.042" wall

, avd 1/8",

6

Flow rate - fuel 48.0 x 10> 1b/hr

Sodium 1000°F inlet - 1150°F outlet sodium 45.7 x 106 1b/hr
1/2" 5/8" 3/L"

1/4" 3/16" 1/8" 1/4" 3/16" 1/8" 1/h" 3/36%  1/8"
0.5 0.375 0.25 0.40 0.30 0.20 0.33 0.25 1T
60,000 32,500 18,000 50,000 26,000 14,600 46,200 22,200 13,200
0.50 1.3 3.6 0.50 1.3 3.4 0.46 1.3 3.2
5.6 10.3 18.6 0T 152 12.5 2.6 5.4 9.0
1310 2310 4150 1200 " 2350 4000 1070 L 2250 L 4050
5.95x10% 1.10x105 1.98x10° 5.3ux10* 1.025x10° 1.78x10° k.6x10% 9.6x10% 1.61x107
260 485 885 252 Lg2 865 228 470 820
157,000 84,700 46,500 164,000 84,000 47,500 181,000 87,200 51,000
o 3 .89 8.0 .13 .89 7.8 .13 .8k 6.1
2.5 T2 22.0 .91 3.0 8.5 3T 1.k 3.6
1.8 14.9 134 2.2 1k.9 130 2.2 14.0 102
163 468 1430 59.0 195 552 24,0 91.0 234
165 483 1564 61.2 210 682 26.2 105 336
2420 967 355 2470 950 365 2730 980 405

.ﬂL
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assembly problems, the heat transfer characteristics are improved. Since the
physical crossing of the tubes occurs in the lower portion of the bundle; the
fuel flow pattern through this section will be irregular;, improving the mixing
of the fuel as it passes through the exchanger.

In order to obtain adequate cross sectional area for welding the tubes
to the tube sheets, it was initially planned to increase the pitch from 3/4"
to 7/8" and extend the tube sheet radially outward over the tube bundle to
obtain the additional area; however, an actual layout of this arrangement in-
dicated that the outer radius of the tube sheet became excessive and therefore
this plan was abandoned. To solve this difficulty, the following various alter-
nates were proposed: (1) place the tube sheets at angles from 45° to 90° to
obtain the required additional area. This method of arrangement offers the
disadvantage of imposing severe stresses on the tubes at the bend where the
tube enters normal to the tube sheet. (2) Allow the fuel to flow inside the
exchanger tubes and the sodium coolant cutside with the tube sheet positioned
in the vertical. This arrangement offers some advantages such as reductlon in
the required heat transfer surface because of the larger over-all heat transfer
coefficient brought about by the fuel film coefficient; the main resistance to
heat flow in the system, being increased with the fuel inside the tubes. The
difficulties involved in draining the tube bundle completely and problems in
successfully cladding and inspecting the inside of the tubes ruled this arrange-
ment out. (3) Finally, it was concluded that the most expedient solution to
the problem would be to swage the tubes to 1/2" OD size just before the tubes
enter the sheet; maintaining the 3/4" pitch the full length of the tube. This
allows a spacing of 1/4" between the tubes on the tube sheet with 5/8" OD tubes,
which is considered enough for a successful welding procedure. No difficulty

is anticipated in the swaging of the duplex tubes.
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The final exchanger design consists of 24 U-tube bundles with 650 tubes
positioned vertically in the reactor vessel; each with an effective length
of 21 ft. The size of the duplex tubes suggested is 5/8" OD with .O42" type
304 stainless steel wall clad with .023 type "L" nickel. Approximately a
total of 20 tube spacers and support plates will be required in order to in-
sure proper tube spacing and support. An arrangement with the tube spacers
staggered on 12" centers will result in a practical configuration. The tubes
will be swaged to 1/2" OD as they enter the tube sheet.

The method for supporting the individual heat exchanger assemblies is
discussed in Section 5.2.3.

5.2.0 REACTOR VESSEL

The reactor, shown schematically on Figures 5.9 and 5.10, is basically
a vertical cylindrical vessel with an over-all height of approximately 13 ft
and a minimum diameter of 16 ft for most of its height. The diameter in-
creases to 20 ft at the top of the vessel to allow for the installation of
eight equally spaced fuel circulating pumps. In order to reduce fuel holdup,
the minimum diameter is maintained for the height of the wvessel, except at
the location where the fuel circulating pumps are positioned. At these loca-
tions, the vessel flares into protuberances to provide the necessary flow
area for the pump discharge transitional sections. An annular plenum chamber
to serve as a suction header is located at the top of the vessel directly
below the pump base plate. This distributes and permits flow to all pump
inlets in the event of possible failure of any single pump.

Both the bottom and top of the reactor vessel are concave hemispheroidial
sections to minimize fuel holdup, to allow for more effective length of the

heat exchanger, and to improve the flow characteristics of the fuel into and
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out of the centrai co?e section. Use of the concave sections reduces the need
for internal baffling and perforated plates to distribute the fluid flowol

. To minimizé neutron leakage at the top and bottom of the reactor, graphite
blocks are packed into the concaved sections to serve as a neutron reflector.
A side stream of the primary sodium coolant is used to remove the heat causeq
by the gamma and neutron interactions in the graphite. Similar provisions
could be uude fbr cooling the feactor shell if further investigation indicates
that the gamma heating in the reactor shell is excessive.

\

5.,2,1 VShéll Design

-Since the fused salt in the reactor has a véry,low vapor pressure at the
operating température (,Ol‘mm Hg), the system is pressurized with helium at a,
pressure of only 10 psi (See Section 5.2.5). Because of this low pressure, -
the shell thickness required for the Qessel-is relatively thin as compared to
most other types of high temperature reactors. By using a design pressure of

50 psi in the vessel, a maximum temperature of 1250°F of the fuel, Type 304

stainless steel as the structural material, and a joint efficiency of 80%,-a -

shell thickness of 1.8 inch is required for the reactor vessel. This was
obtained by'applying the ASME formula for cylindrical shells listed in Unfired:
Pressure Vessel Code (Ref. 35, p. 113). To allow an additional-mérgin of
safety, the shell thickness 6f the vessel is designed for 2 inches and is
fabricated from Type 304 L stainless steel with 0.03-C maximum.

The choice of Type 304 L stainless rather than Type 347 was made since
it has been demonstrated that the possibility of incipient cracking:at the
weld Jjoint is less probable with Type 304 L. The weldability. of Type 304 L
compares favorably with Type 347 as long as the carbon content is limited to

0.03 maximum.
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The vessel is clad with approximately 0.20 inch of type "L" nickel at all
points which are in contact with the fused fluoride salt to prevent corro-
sion. It should be noted that in establishing the thickness of the vessel,
no increase in strength was allowed for the nickel cladding. This is in
accordance with the ASME boiler code. The sides and bottom cf the vessel
will be fabricated from 2-inch plate into sections that will be welded td=
gether to make the complete veséel° The assembly of the top of the vessel
is more complex since the heat exchangers are seal welded onto structural
members and the top ¢over section.

5.2.2 Internal Arrangement

The internal arrangement of the reactor vessel consists of three prin-
¢ipal components: the central core section where mdst fissioning tekes place;
the'primary heat exchangers in which the heat of fissiom is removed; and the
fuel- circulating pumps which provi@e the necessary head to maintéin continuous
circulation of the fuel. By referriné to Figure 5.9, the fuel circulation path
can. be followed.

Fuel flows upward through the T-foot dismeter cylindrical core, outward
radially at the top, and down through the first pass of the U-tube heat
exchangers which are located in fhe baffled annulus surrounding the core. The
fuel reverses its direction at the bottom of the heat exchangers and flows up-
ward thfough the second pass of the heat exchangers. At the top of the second
pass, the fuel flows radially outward again to eight axial flow pumps located
symmetrically around the upper periphery of the reactor vessel. These pumps
force the fuel downward through an annular downcomer which surrounds the entire
vessel. At the bottom of the downcomer, the fuel flows radially inward and

‘back into the central reactor core to repéat the circuit.

4)
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The internal baffling is T/8-inch Type 304 stainless steel base plate
clad on both sides with 1/16-inch minimum thickness Type "L" nickel. The
inner and outer baffles of the heat exchanger are connected to the reactor
vessel through internal structural members, not shown on the diagrams. The
center baffle is welded to each primary heat exchanger tube sheet channel and
is supported at the bottom by the radial-support plaﬁes of the heat exchanger
bundleu. Leakage and streaming of the fuel between the hot and cold legs of.
the heat exchanger bundles is minimized by using a tongue and groove arrange--
ment at the points where the center baffling ends between adjacent .tube
tundles. In addition; special internal baffling is required to prevent fuel
streaming between bundles in the voids caused by the radial structural members
at the top of the vessel which support the heat exchangers. Eerforatioﬁs are
provided at the bottom of the U-bend of the baffling to permit complete drain-
age of the fuel, and at the voild spaces around the fuel pump discharge transi-
ticnal sections to avoid overheating in this stagnant volume.

Eight fuel drain and fill lines are provided at the bottom of the vessel
and are connected to. the fuelidump system through let-down valves and safety
devices.

5.2.3 Structural Arrangement .

The reactor vessel is supported by eight vertical members embedded in
the concrete floor of the containment vessel. Thesg members are welded to
the outer structural ring beam which acts as the main support member for
the reactor vessel. Twenty-four equaliy_spaced beams extend radiaily inward
from the outer ring beam and are in turn welded to an inner concentric ring
beam. The resultiﬁg design is a ¢ircular cantilever functional arrangement

similar in appearance to a large wheel with 24k spokes between the hub and rim.
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The primary heat exchangers are located between these radial members. The heat
exchangers are seal welded individually by radial and concentric seal strips.
The radial sea; strips are located on each side of the heat exchanger channels
and are welded to the radial beams running between the heat exchangers. The
concentric seal strips aré located at the iwmer and outer periphery of ﬁhe beat
exchanger channels and are weldéd-to the concentric ring beams to complete the
closure. These seal strips are also designed to restrain the heat exchangers
from the upward force caused by the buoyant effect of the fused salt on the
tube bundles.

This design is unique in that it utilizes the inlet and outlet ch;nnels
of the primary heat exchanger as an integral part of the reactor veséel°
. Fﬁrthermore, the primary heat exchangers can be removed by remotely cutting
out the seal rings of any particular bundle and lifting the entire bundle
out vertically after the primary coolant piping has been cut away.

5.2.4t Fuel Circulating Pumps

The fuel circulating pumps have several special reguiremcnte that must
be satisfied for a practical design. These requirements are as follows:
(1) absolute leak tightness, since any leakage of the highly radioactive fuel
would contaminate the area and would eventually cause a shutdown; (2) opera-
tional reliability with minimum maintenance for uninterrupted, continuous
service, since all maintenance must be accomplished remotely once the reactor
has been operated; (3) be easily replaceable as a unit since plant shutdown
is required for access; (4) vertical installation for complete removal of-

pump internals without necessitating complete draihage of the fuel; and

| (5) reasonable cost. | ‘

In selecting a design for the fuel circulating pump that would reason-

ably fit the above requirements, two types were considered sufficiently
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developed to warrant investigation for thié application: (1) the totally
enclosed or canned rotor pump; gnd (2) conventional motor drive coupled to .
the pump by shafting that has special provision for frozen seals to pre-
vent leakage.

The canned rotor pump met many of these requirements; however; such a
pump has not been fully developed to operate with fused salt at temperatures
in the required range of 1000°F to l300°Fu Thg bearings of a canned rotor
pump are generally lubricated by the fluid being pugped and cooled by a
secondary coolant. Application of a canned rotor pump to a fused salt system
would necessitate that the rotor; and consequently the electrical ipsulation,
operate at temperatures considerably iﬁ excess of those now considered prac-
tical. Coolant passages would require judicious design to avoid freeze-ups
in the coolant circuit. Further, the cost of development and fabrication would

be considerable for materials sulitable to resist the corrosiveness of the fluo-=

ride salt. For these reasons, this type of pump was rejected. A vertical pump

cbupled to a conventional motor drive with special adaptations of freeze sea;s
and hydraulic, piston-type, self-lubricating bearings was selected as more
suitable for this application.

Calculations indicated that the total fuel flow is 32,000 gpm. This
requires a total dynamic‘pump head of 11 ftor 15 psi. This load is distri-
buted among eight pumps, on the basis that this number resulted in a
éymmetrical arrangement in conjunction with the 24 primary heat exchaqgers,
and also that failure of one of eight pumps would not seriously reduce the
capacity of the plant. Further, the impeller‘size for a 4000 gpm pump is
reasonable and fits into the chosen pump location. The required'drive'motor‘
rating for each pump unit of 60 hp is practical. A value of 60 percent was
used for the phmpiefficiency in the design vhiph-is considered conservative

for axial flow pumps.
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To determine the pump classification, the specific speed was obtained

from the following expression (Ref. 21, p. 296),

Ns = NN GPM | A(5°9-)
s .(H) | ‘

where Ns 1s the specific speed; N is the revolutions per minute of the
pump shaft, GPM 1is the capacity in gallons per minute, and H is the total
dynamic head of the pﬁmp in feet.

Application of the above expression when considering a pump speed of
1750 rpm results in a specific speed of approximately 18,000, which is in
the axial flow pump range. Use of an axial flow pump simplifies the arrange-
ment of the pump discharge nozzle and transitional pieces since volute
diffuser sections are not required and,; therefore, both suction and discharge
can be axial. |

In order to reduce the possibility of cavitation for the top suction
pump design, it was decided to provide a pressurizer for the fuel in the
reactor vessel. The pressurizer will maintain the fluid level several feet
above the pump suction.

The. location of the pump in the reactor vessel is critical since the
maximum shaft overhang tolerable is of the order of 18 inches. For this
reason; the pumping element is located as near to the top of the vessel as
flgw permits. A new development in pump bearings, called the hydraulic,
piston-type bearing, permits the bearing to operate in the fluid and is lub- R
ricated by the fluid being pumped. This design would have application in
the pump installation proposed, as it is specially designed for high tempera-
ture corrosive fluids. To prevent leakage, a freeze seal is proposed.

Essentially, this consists of a section of the pump shaft where cooling coils
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freeze the fuel around the shaft, thereby_preventing fluid leakage. These
-seals have been developed and are considered practical.

In order to prevent backflow through a pump which has been shut down, a
check valve is required at each pump discharge. The check valve is located
in the pump discharge downcomer and arranged so that it can be removed when
the pump internals are withdrawn. The check value must offer a minimum resis-
tance to flow suU tﬁat natural circulation will not be restricted on complete
eleetrical failure of the pump motor drives.

The choice of suitable materials for the ﬁump internals is limited at
the present time to Inconel. Experiments (Ref. 57) have been performed with
an Inconel pump operating in a forced cireculation loop with fluoride fuel
No° 30 at a cald operating temperature of lQSOOF and with a maximum loop tem-.
perature of 1550°F° The pump was successfully operated for over 8000 hours, -
when an electrical power failure forced a shutdown and restart was prevented
by a pipe break. It was considered that the pump was capable of operation -
for many more hours without mechaniéal failure. The pump was equipped with
a conventional seal of §i1ver impfegnated graphitar against tcol steel and
with commercial ball bearings. This seal and bearing arrangement is different
from that proposed above. On inspection of the pump impeller, it was con-
cluded that the effect of corrosion and mass transfer on the pump materials
was negligible° On the basis of this experiencé, the use of Inconel for pump
internals is considered satisfactory for the design and operating conditions
planned for the fuel circulating pumps for this design study.

A summary of the specifications for the fuel circulating pumps is given

in Table 5.2




TABLE 5.2

SPECIFICATIONS FOR FUEL CIRCULATING PUMPS, (8)

Type-VerticaleAxial flow

Capacity 4000 gpm .
Temperature of salt entering pump 1050°F

Total dynamic pressure head 15 psi

Speed - Constant . 1800 rpm

Pump horsepower 56 hp

Motor horsepower 60 hp

Impeller outside diameter 10 in.

Hub diameter . 5 in.

Materials - Trim ‘ 4 . Inconel

Seal Freeze Type

Bearing Hydraulic Piston Type
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5.2.5 Pressurizer Gas Removal and Expgnsion System

The reactor vessel is pressurizod to a maximum pfessure of 10 psi. The
pressure is limited to this value to keep the design pressure below 50 psi in -
the reactor vessel. Helium is used to pressurize the system because of its-
negligible solubility and inertneso in the fuel sclution. Pure helium does
not become radioactive and therefore can be vented di;ectly to the atmosphere.
(Ref. 15, p. 115).

The pressurizef syéfem is required for several important reasons:

1) To maintain a positive flooded suction head on the fuel-circulating
pumps to prevent pump cavitation and vapor binding.

2) To provide gas pressure for the fission prcduct gas removal systemoh

3) To minimize the possibility of the "snow problem” described in
Chapter 2.

4) To reduce the tendency for formation of fission product gas voids
in the circulating fuel.

5) To provide a free ‘surface for release of the fission product gases
which will accumulate in the helium volume at the top of the pres-
surizer vessel.

6) To serve as a surge tank for changes in the fuel volume.

The pressurizers shown on Figure 5.11 consist of eight connected chambers,
adequately sized to accomodate the expamsion and contraction of the fuel fluid .
caused by the variation in dengity between the solidification temperature and |
1300°F° .Above the free surface in the pressurizer, odditional volume is avail-
able for collection of the fission product gases which are scavenged to the |
off-gas system. A pipe connection is provided between each fuel pump at the
hiéhest elevation of the reactor vessel for comnecting to the top of the
pressurizer vessel for gas removal. To provide continuous circulation of the

low temperature fuel through the pressurizer, the return line is connected

from the bottom of the pressurizer to a connection at each fuel pump suction.
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5.2.6 Effect of Volume Heat Source

Baffles and flow dividers are located within the reactor vessel to
di;ect the flow of the fused salt fuel through the heat exchangers,‘pumps,
ddwncomer, and back to the central core. These baffles are positioned sc
that they are in direct contact with a volume heat source on’both sides.
Initially, this created some concern because of the possibility of devel§p=
ing excessive temperatures and thermal stresses in metal that is in contact
with a volume heat source. References 42, 43 and 44 analyze this phenomenon
1Z;n congiderable detail, and indicate that the magnitude of the effect is a
‘fﬁnqtion of the relative values of neutron flux and coclant velocity and
thelr distribution over fhe flow area. An authoritative source was consulted
on this problem, as it applies to this design study (Ref. hS)o- It was con-
clﬁded that the neutron flux and velocity profiles in this reactor are such
that the temperature rise in the baffles due to the volume heat source effect

would be negligible.




91.
CHAPTER 6.

SODIUM AND STEAM POWER SYSTEMS

‘¢

B 6.0,0 INTRODUCTION

The ultimate use of the reactor heat is the generation of useable power
for distribution to the consumer. In order to accomplish this safely, economi-
cally, and with & maximum flexibility of control;, it was necessary to'inveétigate
this portion of the plant in detail. This chapter includes the primary loop,
intermediate loop, the steam generators, the sodium piping, the steam cycle
and auxiliary power requirements. Other items of interest included are the
intermediate heat exchangers, the steam cycle, a plant heat balance and.tﬁe
plant efficiency. '

6.1.0 °~ PRIMARY SODIUM COOLANT LOOP

The heat of fission in the circulating fused fluoride salt fuel can be
transferred to the steam system for the turbine unit by several alternate
schemes. The acceptance of a scheme depends on the limitation that under all
éonditions of operation, the héat exchange media minimum temperature will
always maintain the minimum fuel temperature in e#cess of‘the melting point
to prevent local solidification. The minimum temperature qf the reactor has
been set at 1050°F, for reesons discussed in Chapter 5, whereas the boiler
feed water temperature is set at MSOOF by the steam turbine cycle design;
resulting in a temperature difference of 600°F. This large temperafure dif-
%: - ference must be held nearly constant over the entire load range in order to

maintain the system design temperatures which, in so doing, creates difficult

problems in controlling the heat transfer rates.
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6.1.1 Schemes for Removing Heat from Reactor

The possible schemes for transferring the heat from the fuel are dis-

cussed below.

A. Direct Heat Transfer by Boiling Water -

It is possible to circulate the fuel external to the reactor directly
through & once-through superheater and steam generator without interposing
additional loops in the system. The fuel would undoubtedly flow on the out-
side of the tubes and the steam inside in the heat exchanges. The following
are several apparent disadvantages which make direct heat transfer unacceptable.

1. Large Fuel Holdup - The over-all heat transfer coefficient'would be

lower than if transferred to another fluid. This results because the tubes

in the heat exchanger have to be thick, with probably double walls for added
safety, to withstand the high pressure steam and also because the film heat
transfer coefficient for the superheated steam is low. A low over-all heat
transfer requires more heat transfer area and therefore a bigger heat exchanger,
which results in larger fuel holdup requirements.

2. Reduced Safety - The larger the heat exchanger and the higher the

pressure, the greater probability of a leak. Any leak would be from the high
pressure water system into the low pressure, but high temperature fused salt.
- Such a leak would cause a violent reaction, increasing the hazards of plant
operation and containment.

3. Radioactive Steam - The fuel will activate the steam, which increases

the problems in maintenance, shielding, and designing the turbine and feed -
systems completely leaktight.

4. Decomposition of the Steam - Due to the high radiation field, de-

composition of the steam results, which requires an extensive Op-Hp

recombination system.
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5. High Thermal Stresses - Because of the large over-all temperature

drops, excessive tube wall stresses will result.

6. Heat Exchanger Design Problems - Because of the large temperature

difference between the cold legs of the heat exchanger, the effect of film
boiling must be considered in the design with the resulting problems of
instability.

B. Heat Transfer to Liquid Metal

In order to avoid the disadvantages of direct heat transfer, the use of
a liquid metal for a primary coolant was considered. The liquid metal coolant
will flow inside the tubes and the fuel on the outside of the tubes, and the
heat exchanger will be internal to the reactor vessel. Because of the high
thermal conductivity of the liquid metal and low vapor pressure, the heat
exchangers will be much smaller, therefore decreasing holdup. Safety features
will be improved; decomposition and thermal stress problems will be reduced.
Furthermore, existing design information can be used with confidence in deter- -
mining the required heat transfer surface and the possibility of operational
instability no longer exists.

6.1.2 Choice of Coolant

In making the selection for the primary coolant, the properties of several
metals such as mercury, sodium, bismuth and NaK were considered. 'The general
requirements for a coolant, exclusive of nuclear requirements, are that the
density, thermsl conductivity and heat capacity should be high, whereas the
viscosity, melting point_and vapor pressure should be as low as possible. In
addition, the coolant should have a high degree of wetting ability, negligible

toxicity and, most important, should not expand upon freezing.
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Combining these properties for an over-all comparison, sodium proved to
be the most desirable coolant for the primary loop for the following, several
reasons: . - : ot

1) Lowest pumping power required for a given rate of heat removal.

2) Superior heat transfer properties, resulting in the smallest v N
equipment sizes.

3) Contraction upon solidification.

L) Superior neutron economy. Since the fuel primary heéat exchanger is
internal to the reactor; it is important to keep neutron absorption
losses to a minimum. The coolant also acts as a reflector to reduce
neutron leakage from the reactor core.

5) Complete stability under high irradiation. field.

A discussion of these requirements is extended in Section 6.2.2 of this

report, in the presentation of the arguments for and against an immediate

heat exchanger.

6.1.3 Sodium Coolant Activation

As a result of the pfimary sodium coolant flowing through the primary
heat exchangefs in the reactor vessel, the sodium will become very radio-
active. When the sodium coolant captures a neutron, radiocactive sodium-24 )
is formed and will build up in the coolant system to an equilibrium value
which depends upon the particular design and flux level of the reactor. The
radioisotope sodium-24 has a half-life of approximately 15 hours, and emits
beta particles and two hard gamma ray photons of an energy of 1.38 and
2.75 mev (Ref. 8, p. 525). .The sodium activation imposes many limitations
on the freedom of the design of the plant since it affects shielding, plant . T

layout, maintenance, servicing, and personnel accessibility to the radio-

active areas. . . : : . .o . "
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Impurities in the sodium cause long-lived radioactive contaminants and
their effect must be considered in the over-all design, in particular when
draining the system in preparation for access to the shielded compartments.
Care must be taken to assure all such containmepts are completely flushed.
Some of the plant layout and design problems considered becausé of this acki-
vation are discussed in Sections 6.7.7 and T.3.0.

An approximate value for the level of activity in ihe primary coolant

sodium can be determined by applying the following expression when the exposure

time is much longer than the mean sodium-24 half-life (Ref. 15, p.'398).

Naah activity in primary coolant = g Z;.av curies

3.7 x 10

qb = Neutron thermal flux per cm® -+ sec

Sa - Sodium thermal wmacroscopic cross section cm™}

V - Total volume of sodium in primar& exchanger
Considering only the activities from the thermal flux and using an average
flux in the sodium in the primary heat exchanger of 0.8 x‘lO12 per cm2~sec,
obtained from the ORACLE calculetions, gives an activation of 1.46 x 106
curies of the radioactive sodium. When this activation is diluted by the
approximately 2000 £t3 of sodium in the primary system; the resuitant activity
is 0.0258 curies per cc. |

Since this is considerable activity, it is necessary that all heat

exchangers, pumps and piping containing the primary sodiuﬁ-coolant be ade-~

quately shielded to protectubperating personnel.

6.2.0 INTERMEDIATE SODIUM COOLANT LOOP

It is possible to transfer the heat directly from the primary loop to’

generate steam or to interpose an intermediafe loop between the primary and
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steam portion of the system. Several excellent discussions of the advantages
and disadvantages of using an intermediate circuit are given in the literature
(Ref. 7, 15, 25). The primary basis for any such selection must be in terms
of the economics, safety, reliability and operation of the system.

6.2.1 Justification of Intermediate Loop

In order to make the decision to include such a loop in the system, the
following advantages and disadvantages of using an intermediate loop were
considered:

Advantages

1. Decreased thermal stress problems in the steam generators.

2. Increased flexibility of the system for partial load operation.

3. Sepafation of the primary heat transfer loop from the steam loop
in case of & leak.

4, Simpler maintenance of the steam loop outside of the shielding.

5. Avoildance of the possibility of film boiling by decreased At in
the boiler. .

6. Reduced shielding problems.

T. Reduced possibility of steam decomposition &s & result of gsmma
radiation from the primary sodium loop. As is noted in Section
6.4.1, the presence of oxygen and hydrogen in the steam loop would
be very detrimental from a corrosion standpoint.

8. Lighter reactor construction, since the reactor will not be called
upon to withstand the full steam pressure in case of a leak in the
steam generator portion of the system.

Disadvantages

l. Increased piping, pumps and valves for the intermediate loop.
2. More heat e:gchangers° |

3. Increased system éize°

L. Larger holdup of heat transfer fluid.

5. More equipment which may be poténtial sources of leaks.
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From the previousiy mentioned discussions (Ref. T, 15, 25) and the list-
ing of the advantages and disadvantages, it is apparent that the main advantages
lie in the areas of safety, reliability and oﬁeraﬁility, while the principal
disadvantages lie in the increased cost of having such a loop. Safety and
reliability must of necessity govern the design of any reactor system or its
components, and cost, while important, must be sécondary in the design philo-
sophy. On this basis, the choice was made to include an intermediate loop in
the systen.

6.2.2 Choice of Coolant Fluid

The choice of heat transfer fluid to use in the intermediate loop was
readily narrowed down to one of the liquid metals or a fused salt. Organics
or aqueous media were eliminated becauée of the gamma radiation and high tem-
peratures in this loop. Gamma radiation and high temperatures cause these
compounds to decompose or dissoclate. Some of the variables that were con-
sidered in choosing the fluid were:

1. High heat transfer properties at reasonable velocities

2. Cost

3. Toxicity

k., Relative pumping power. For example, mercury requires from 5 to
10 times the pumping power of the alksali metals.

5. Corrosiveness of the fluid in contact with common materials at the
temperatures of interest.

6. Tendency to dissociate, combine with oxygen or, in genéral, be
chemically degraded at operating temperatures and in the gamma
flux from the primary loop.

T. In case of a leak, the fluid must be compatible with the sodium
in the primary circuit and also with the fused salt fuel.

8. The materials of construction necessary to contain the fluid must
be compatible with those of the primary loop to prevent the possi-
bility of corrosion or mass transfer. .
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9. The melting point, heat capacity and thermal conductivity must all
exhibit reasonable values for a practical system.

10. Handling characteristics must be practical. For example; the
expansion of bismuth on solidification creates many extremely
difficult problems.

11. The boiling point and vapor pressure wmust be reasonable for this
high temperature application. Mercury, which has good heat transfer
characteristics, has a boiling point of 675°F at atmospheric pres-
sure. In order to take advantage of the high heat transfer
characteristics of this material, the system would have to be pres-
surized to maintain it in the liquid state.

Of the many materials possible, the alkali metals appeared to be best
suited for this system. As is noted in the Reactor Handbook (Ref. 7, p» TT3-
777), the heat transfer, where the liquid metal is the sole fluid, does not
vary appreciably regardless of the fluid. Sodium was selected as the liquid
metal which fulfills more of the requirements listed above than any other
fluid. However, this material presents one major problem, namely, the

exothermic sodium - water reaction°

6.2.3 Sodium-Water Isolation Problem

In,order to preclude the possibility ouf sodium and water contact,
systems have been designed (Ref. 15) using such design details as double
wall tubes or a third fluid to separate the sodium and water. At present,
" one system (Ref. 5) contemplates the use of single wall tubes and single
tube sheets to separate these fluids. A relatively small mock-up of this
system will be tested in the near future and this test shduld provide valuable
information regarding the ability of such a unit to run for a period of time,
comparable to central station steam praciice, without leaks.

As is noted in Section 6.4.2, it is possible to adequately treat the
feed water and toAproperly design a heap exchanger to preclude almost entirely
the possibility of stress corrosion failure of the tubes or tube sheets. On

the basis that the previous statement represents the present state of boiler




_22.
and heat exchanger practice, then the tube-to-tube sheet joint must be care-
fully considered. By exercising extreme care and quality control, unitslhavé
been built for nucleﬁr applications which, prior to service, have been made: -
leakfree. ﬁowever; in service, the tube-to-tube sheet joint is subjected = -
to a complex stress pattern>and thermal cycling. Under these conditions,
there is always the distinct possibility of having some tube-to-tube sheet
welds fail. The other type of posoible fallure lies in the realm of faulty
tube material being inadvertently used. To prevent this, it is necessary to

make some, or all, tests such as radiography, dye penetrant methods, physical

tests, ultrasonic inspection, helium leak tests and mass spectrometer, both ﬂi,

prior to and after the tubing is installed in the unit.

6.2.4 ° Proposed Design for Sodium-Water Isolation

Of the potertial types of. failure mentioned above, the tube-to-tube
sheet weld failure presents an area with the greatest possibilitonf.occur-
rence in service. As has been mentioned previously in this section, safety
must be a prime consideration in this system. For this reason, the design
detail shown in Figure 6.1 is proposed to minimize the effect of a leak in
a tube-to-tube sheet joint. In essence, it consists of using single wallj

tubes with double tube sheets. A thin walled chamber separates the tube -

sheets and helium would be used to purge this chamber to preclude the possi- -

bility of a sodium-to-air reaction, and also to act as a monitor to detect

a leak. Should a leak occur at either tube sheet, the heat transfer fluidg
would not mix and the magnitude of fhe leak would be monitored fy the helium.
If leaks occurred simultaneously at both tube sheets, only small volumes of
materials would be involved and corrective action, such as isolation of the

~

component, could be initiated.

&
g
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Preliminary work has been initiated* to determine the feasibility of
this type of construction. This work consists of a test section of approx-
imately 400 1/2-inch OD tubes on 3/4-inch pitch braze welded to a 1/2-inch
thick tube sheet on both sides of the tube sheet. Metallurgical énd physical
tests will be utilized to check the integrity of the braze welds.

A summary of this test work up to the date of publication of this report
is given in Appendix J.

6.3.0  INTERMEDIATE HEAT EXCHANGER

The reasons for placing the intermediate sodium loop and heat exchanger
in the cycle are given in Section 6.2.1.

In order to maintain reasonable equipment size, six intermediate heat
exchangers were used and therefore each heater transfers 100 Mw of heat from
the primary to the secondary sodium loop. The heaters are of thé U-tube type
to minimize thermal stresses.

6.3.1 Isolation of Radiocactive from Non-Radioactive Sodium

Oince the intermediate sodium loop extends beyond the secondary radiation
shield, the leakage of rédioactive sodium from the primary loop into the non-
radiocactive sodium of the intermediate loop through the heat exchanger is
intolerasble. It was decided that the intermediate heat exchanger would be
designed as a two-fluid type rather than the more costly and difficult to
manufacture three-fluld type. The non-radicactive intermediate sodium will
be pressurized above the radioactive sodium in the primary loop. Any leakage
would then be into the radloactive sodium rather than out of it. The isolation
design, as discussed and proposed in Sections 6.2.3 and 6.2.4, would be appli-

cable and desirable for the intermediate heat exchanger.

* Work Order 1ésued by W. D. Manly to P. Patriarca, dated July 16, 1956
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6.3.2 Calculations for Intermediate Heat Exchanger

The calculations for the intermediate heat exchanger design are given
in Appendix £ and the specifications are listed in Table 6.2. - 4
The equations and methods used in determining film coefficients, over-all
heat transfer coefficient, heat exchanger area and pressure drop are given in
Sections 5.1l.4; 6.5.1 and 6.5.2.

6.4.,0 STEAM GENERATORS

The design of a steam generator for a nuclear system presents several
unusual aspects when compared to conventional central station practice. The
choice between a once-through unit or natural circulation boiler with sepa-
rate superheater is not clearly defined for this application. Therefore; in
order to determine the proper selection for this system; both types of steam
generators were investigated.

6.4.1 Once-Through Steam Generator

In principle, the once-through steam generator represents the simplest
and most direct method of transferring the rcactor heat to the steam loop.
It consists essentially of a number of tubes in parallel with feed water
entering the tubes at one end and superheated steam leaving at the other.
The heat transfer fluid, which in this case is sodium from the intermediate
loop, is on the shell side of the unit flowing parallel to the tube axis.
The feed water flow to the unit may be adjusted so that either wet, dry or
superheated steam is obtained at the exit, dependent on the design condi-
tions. In the event that wet steam is produced, it can be dried by use of - »
a relatively small in-line steam separator, eliminating the need for a
steam drum. The principal advantages and disadvantages for this type of
unit as compared to the natural circulation boiler with a separate super-

heater are as follows:
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Advantages

1.

20

oggactness - For a given set of design parameters, the unit is
more compact..

Cdst,- Since the requirement for a separate steam drum is eliminated
and the amount of interconnecting piping, tube sheets and shells is
reduced, the unit is inherently less costly. '

Control - By the relatively simple method of controlling feed water
flow to the tubes, wide ranges of load can be achieved.

Arrangement - Since this type of steam generator does pot require a
steam drum and interconnecting piping to a separate superheater, it

is adaptable and ideal for a nuclear plant. layout. In particular, the
problems of shielding or isolation for reasons of safety are minimized,
resulting in simplified arrangements and substantial savings.

Internal Arrangement - The use of low pressure sodium on the shell
side and high pressure water ocn the tube side results in the best
over-all heat transfer and a low pressure shell design which is
ideally suited to this reactor system.

Disadvantages

lo

‘Lack of Water Storage - In the event of complete loss of feed water.. .
flow caused by electrical or mechsnical failure of the feed pump,

the once-through unit has essentislly no water storage and provision
must be made to insure the immediate availability of an independent
water supply to the unit to provide means of decay heat removal from
the reactor.

Water Treatment - Experience with high pressure once-through boilers
in Eurcpe has demonstrated that the major difficulty encounteres.in
these units has been the inability to meintain extremely high purity
wvater required for successful operation. According to Shannon
(Ref. 1), investigations have indicated that the once~-through wnit

can be operated successfully only if the following conditicns are met::

a. Solids content of feed less than 0.5 ppm .
b. Oxygen content of feed not to exceed approximately 0 006 ppm
c. Removal of oxygen formed by the dissociation of steam

d. The absolute exclusion of chlorides from the system

e. 7pHE control by use of aqueous ammonia

It is believed that these conditions can be met when operating the

plant (Ref. 1).

3o

Thermal Stress - The outlet of the evaporating section is particularly
subjected to conditions that lead to stress reversals and the possi-
bility of fatigue or stress corrosion failure resulting from the
intermittent heating and cooling of the tube walls by the finely
dispersed particles of water in the steam at this location.
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4, Flow Instability - In forced circulation boiling, the problem of flow
instability (Ref. 2, 3, 4) in parallel circuits can endanger the per-
formance of the unit. If an obstruction or scale builds up in a tube,
the flow rate in the tube may actually lead to an increasing flow
resistance due to the increase in the average specific volume of the “+
tube contents. Ultimately, the tube may become steam bound and become
completely ineffective from the standpoint of comstituting active heat
transfer surface. A further effect under these conditions is to de-
crease the total feed water flow to the unit, which also decreases .
its ability to perform properly.

5. Design - The calculation of the heat transfer surface required to
perform a specified duty with a complete change of phase is especially
difficult in those sections where there are high percentages of steam
by volume. At present, such calculations represent "educated guesses”,
and the reliability of such calculation procedures must be validated
against future tests such as are presently being contemplated by
APDA (Ref. 5).

6.4.2 Natural Circulation Boiler-Separate Superheater Steam Generator

The natural circulation boiler with & separate superheater requires more
basic components than the oncé-through unit and; therefore, represents a more
_complex arrangement for the removal of the reactor heat. Inthe natural circu-
lation boiler, steam is generated on the shell side and low pressure sodium
is on the tube side. The steam-water flow in the boiler is directed by baffles
which also serve as tube supports. The steam-water mixture flows through the
risers to an external steam drum by natural circulation. As in conventional
practice, feed water is introduced into the system at the steam drum to aveoid
the possibility of temperature shock to the steam generator. The feed water
is heated to saturation by condeﬁsing steam in the steam druﬁ and saturated
water is recirculated to the boiler by the downcomer system. Saturated steam,
mechanically separated in the steam drum, is piped to the separate superheater.

The principal advantages and disadvantages éf the natural circulation

boiler with a separate superheater, as compared to the once-through boiler, are:
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Advantages

lﬂ

Reliability - This type of steam generation system has been used in
principle in several actual and proposed reactor installations.
Among these are the Mark I and Mark II STR units, the PWR, SIR, SAR,
HRT, etc. The reliability has been established under actual and
test conditions of reactor operation.

Design - Design methods are available which enable the designer to
predict the performance of these units to the required degree of
accuracy for engineering of the system.

Water Storage - This system has an ‘inherently large water storage
built intuv it in the steam drums. Thus, in the event of a forced
outage or the failure of a feed pump, the system is still capable
of removing heat from the reactor for several hours. In addition,
the effect of a perturbation of the reactor part of the system is
minimized on the steam portion of the system because of the damping
effect of the large amount of water storage.

Water Treatment - In both this unit and the once-through boiller,
careful control must be exercised in treating the feed water for
proper operation of the units; however, for this unit, the water
treatment problem is less stringent than for the once-through
boiler since scaling and tube plugging are not as critical. The
problem of stress corrosion prevails in both types of unit and
needs to bhe carefully considered.

Inherent Stability - This type of design has established its in-

herent stability under various operational conditions. The type

of instability that occurs in forced circulation boiling does not
exist in the natural circulation system.

Disadvantages

1.

Cost - Because of the necessity for a steam drum, piping from the
steam drum to the superheater, interconnecting piping in the steam
generator, multiple tube sheets, shells and heads, this type of unit
is more costly than the once-through unit.

Arrangement - The engineering design requirements of the natural -
circulation equipment make it less adaptable to either shielding
or compartment arrangement in a nuclear system.

Size - For a given set of design parameters, the natural circulation
system will occupy more volume than the once-through system.

The natural circulation design is predicated on the basis that the
high pressure water is on the shell side, which subjects the tubes
to collapsing pressure. This results in thicker tubing with an
attendant increase in weight and decrease in heat transfer capa-
bility per unit volume.
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5, Control - As described in Section T.4.0, the control of this unit
presents problems in operating the system over wide ranges of load.
In order to accomplish the desired regulation, it is necessary to
provide elther external regulation of -the reactor or special opera-
tional control of the heat transfer circuits.

- - In a previous section of this report (6.2), the problem of a possible
sodium-water reaction has been discussed and a tentative scheme has been pro-
posed to minimi?e the pogsibility of this reaction by the use of double tube
sheets. In all of the systems built to date (Ref. 15), sodium and water have
been separated by at 1ea§t two metal walls, with the one exception of the APDA
tests (Ref. 5). The boilers and superheateré for this present sfudy'have been
designed on the basis of ﬁsing a single metal wall to separate the sodium from
the wa.t:er‘T In order to indicate the magnitude of the size change when two
metal walls are used, the superheater of the natural circulation boiler with
a separate superheater was calculated on two bases. The comparison design
was for two metal walls having perfect thermal contact (no interface resistance),
but not mechanically joined. Each wall thickness was taken as being separately
capable of withstanding the full design préssure°

After careful consideration of all the factors involved, it was not possible
| to select either the once-through or natural‘circulation boiler with separate
superheater as having an over-all advantage over the other, for the proposed
application. Thefefore, for the purpose of this study, it was considered that
prelimingry @esigns for both units should be developed. The calculation proce-
dures used in making fhese designs are given below. These designs were made
on the basis that the units would conform to present technology  wherever
possible, and no attempt was made to oﬁtimize the performance of this equip-

ment, as this optimization can be realistically done only after the system

has been finalized.
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6.5.0 STEAM GENERATOR CALCULATION PROCEDURES

6.5.1 Heat Transfer

A. Boiling
In making such design studies, it was apparent that the greatest'diffi-

culty was the inadequacy of the information available in the field of boiling
heat transfer. Since these units must operate with large temperature differ-
ences between the fluids, there is the additional problem of the possibility
of unstable film boiling occurring. The literature (Ref. 6, T) indicates that
a temperature difference of U5°F between the surface causing boiling and the
saturation temperature of the fluid being boiled is the maximum value po;sible
to have nucleate boiling. To a first approximation,'this temperature differ-
ence is independent of pressure. When the above-mentioned temperature differ-
ence exceeds 45°F, unstable film boiling results. At the present state of
development, it is Qirtually impossible to design engineering eqﬁipment with
any assurance of predicting performance when in the unstable film boiling
region. In Appendix ¥, a check calculation was made to assure that these
units were operating in the nucleate boiling range.

A solution to the problem of designing a heat exchanger with variable
ﬁucleate boiling coefficients 1s available (Ref. 8, p. 699). It is exceed-
ingly difficult to utilize this for design, s}nce it is necessary to use
iterative techniques to obtain a single eoiution° Therefore, an anaiysis
was made in Appendix F to determine a reasonable value of an average boiling
plus scale coefficient to use for fhe design of these units. It is to be
noted that the operating temperature différences in the units analyzed were
less than the temperaturé differences in this study. The numerical value of

the boiling plus scale coefficient was 2000 BTU/hr/sq ft/F,Aand since the
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temperature differences in the equipment will be greater than for the units
analyzed, this value is conservative for design. This value of 2000 was used
in all cases where there was nucleate boiliné°

B. Tube Resistance

The resistance of a tube wall to heat transfer based on the outside
tube surface is,
ro 1n rg - v (6.1)
k ry ‘
where the thermal conductivity of the tube material is taken to be the value

at the average tube wall temperature, as given in Figure A.l.

C. Superheated Steam Resistance

Colburn (Ref° 9) has correlated the heat tranéfer data on many fluids
and his work (or minor modifications) has been the basis for most of the corre-
lations for fluids in turbulent flow inside tubes. The greatest difficulty '
in ﬁsing any heat transfer equation lies in the corfect values of the physical
properties of the‘fluid to use. In order to correctly apply these équations,
it is necessary to use the same properties as the correlator used. At times,
this is difficult to ascertain, and in these instances, the designer must
exercise judgment in the choice of physical properties. .There has been; and
still is (Ref. 10), a great deal of controversy regarding the properties of
superheated steam. It is the genersal opinion (Ref. 11, 12) that the properties
of steam given in Appendix A represent the "best" values available at this time.
.These values were used in a recent investigation (Ref. 13) of the flow of super-
heated steam in annuli. The recommended equation for the heat transfer

coefficient when sﬁperheated stean is flowing~turbuI§ntly in pipes is bgsgd
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on the properties in Appendix A, and is,‘

nd - .023 (95)1/3 aveP-8 | (6.2)
k k A

where all properties are evaluated at the avefage bulk temperature. Since
this is‘based on the inside tube surface, it is necessary to multiply the |
h from the above equation by the ratio of the inside tube radius to the
outside tube radius to base h on the outside tube surface. The reeistance
is the inverse of h . Equation 6.2 has been plotted in convenient form for
both subsaturated water and superheated steam in Appendix B (Figure.B.l)o
This form was suggested by Dr. G. E. Tate (Ref. 14).

D, Sodium Resistance

a. Sodium flowing inside tubes - In the natural circulation boiler,_.
sodium is on the tube side. In this case, the most accepted value of the
sodium film coefficient is given by the Lyon-Martinelll equation, which is
listed as Equation 5.1 in Section 5.1.4. It is noted that the sodium coeffi-
cients are generally so high as to constitute only a smail part of the over-all
fesistance of the equipment.

b. Sodium flowing on the shell side - Several correlations have been
proposed for calculating the film coefficient when godium is floying turbu-
lently on the shell side of baffled and unbaffled heat exchangers (Ref. 15, 25).
Kern (Ref. 20, p..136) notes the difficulty of calculéting the heat transfer
coefficient on the éhéll side of a baffled heat exchanger, even when common
industrial heat exchange fluids are used. Kern gives a éemi-empir}cql equation
of the Colburn type (Ref. 9) and states that ", ...excellent agreement is
obtained if thelhy@raglic radius is calculated along instead of across the long

axis of the tube....". For the range of Reynolds' numbers involved, Dwyer




JEER

(Ref. 25, p. 78) recommends the use of the Lyon-Martinelli eq,uation° This
was used and all physical properties were evaluated at thé average fluid
£ulk temperature.

The reciprocal of the sum of all the above applicable resistances is
the over-all coefficient of heat transfer for the equipment. In general;, the
over-all coefficient of heat transfer will vary throughout the length of the
unit since it is temperature dependent. In such cases, Equations 8-17 of
Reference (6) should be used to determine the surface required for a given
set of design paraméterse For this study,; a constent average value of
over-all coefficient of heat transfer was used, since the variation of
fluid‘properties is not great and the error so incurred is well within the
accuracy of the heat transfer correlations used. The surface was then calcu-

lated from Equation 6.k,
q =Uy x5 x Oty (6.4)

6.5.2 Pressure Drop

According to Reference (15), "The use of liquid sodium and NaK as heat
transfer media involves no new problems in the application of fluid mechanics”,
Therefore, the calculations of the various pressure drops in the equipment
resolved themselves into identifying the various resistances involved and
applying known-solutions. Pressure losses due to nozzles and interconnecting
piping are not included as part of the equipment pressure drop. These losses
are included in the piping pressure drops; however, the calculation procedures

of this section were used to evaluate the piping pressure losses.

A. Entrance (Contraction) Losses (Ref. 16)
The entrance loss was taken to be independent of Reynolds number and

also independent of the rétio of the'tube flow area to the header flow area.
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8

This loss is given below (Eq. 6.5), where the: velocity is the average tube
velocity as determined from the one-dimensional, steady state continuity

~ relation (BEq. 6.6),
OP - 0.5 !3 (psi) (6.5)
2g 1 '
VoW | | | (6.6)

B. Exit Loss (Ref. 16)

It was assumed that there would be no regain in pressure at a tube

exit and the decrease in static pressure at the exit would be one veiocity

head,

AP - 1.0 !E € (psi) (6.7)
2g jann ‘ . :

C. Friction (Single Phase Incompressible) (Ref. 16)

B The friction faotor uscd in the Fauuing equation is a function of the
relative roughness of the tubing and the Reynolds number. The relative
roughness of the tubing was taken to correspond to ﬁhe smooth pipe curve of
the Moody diagram. The friction factor was taken directly from the Moody

diagram at the proper Reynolds number,

L V2 @ (pst) | . (6.8)
AP = f 3 3 W ps .

D. Friction and Acceleration (Two Phase) (Ref. 7, p. 69)

The method of Martinelli and Nelson was used to calculate the friction

and acceleration pressure losses in the boiling section of the once-through

boiler.
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E. Friction and Acceleration (Single Phase Compressible) (Ref. 7, p. 69)

The acceleration and pressure drop for single phase compressible flow
such as occurs in the superheater can be calculated from Equation 23 of Refer-
ence (7), page {(69). The preliminary calculations of these pressure losses
showed that they were of the order of 3 percent or less of the system pressure.
Therefore, the arithmetical average density was used and the flow was treated
as before (Section 6.5.2, Subsection C), neglecting the acceleration pressure
drop (Ref. 21, p. 234).

F. Bend Losses (Ref. 16)

The bend loss pressure drop is known to be a function of at least three
variables. These are relative roughness, Reynolds number, and the ratio of
the radius of bend to tube diameter. The value of this loss for 180° bend

(Ref. 16) was taken to be 1/2 velocity head,

P = 0.5 v2 . (pst) , (6.9)

Shell side preséure drops were calcéulated ou the same bacic as the twhe
side pressure drops above. The equivalent diameter concept (Ref. 6) was used
based on typical unit cells of the tube layout pattern. No attempt was made
to estimate the effect of tube baffles on the shell side pressure drops.

The drum size, its lécation above thelsteam generator, and the unit's
abllity to maintain an‘adequate‘circulation rétio vere investigated oﬁly froﬁ
-a feasibility standpoint (Ref. 22). The results only of this pfeliminary
calculgtipn are tabula£ed on fhe equipment data ;heet for the‘natural circu-
latibn unif. | | |

In ;ll instances, a minimum distance of 1/4 inch was allowed between

adjacent tubes at the tube sheets, to permit the welding of the tubes into
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the tube sheets. Calculaﬁions of the péssible relative expansion of the tubes
and shells of these units (Ref. 24) indicated that a straight tube exchanger
with fixed tube sheets would not be suited for this application. Therefore,
the "horse shoe" shaped unit was used for all of these exchangers.

6.6.0 SUMMARY OF HEAT EXCHANGER DATA

The specifications for the primary heat exchanger, intermediate heat
exchanger, once-through steam generatér, convection boiler, single tube wall
superheater, and double wall superheater are included in Tables 6.1 through 6.6.

6.7.0 SODIUM PIPING SYSTEMS

The technology of sodium piping is well established (Ref. 15), and it is
considered that the piping systems proposed in this study can be designed satis-
factorily. Rough piping designs and layouts have been prepared and the folloﬁing
sections briefly describe the considerations which were used to Justify these
preliminary designs. Qertain design criteria, which are not shown on the lay-
out drawings or in the tabulations, are also discussed.

6.7.1 Pipe Length and Size

A

In estimating pipe length, an attempt was made to provide'a genefous
~ allowance for expansion loops. Figures 7.2 and 7.3 were used.to make reason-
able estimates of over-all pipe lengths.

Pipe wall thickness was chosen on the basis of'commercially availsasble
pipe. Singe the sodium system is a low pressure system, Schedulé 4O pipe vas
generally selected. Pipe diameters were influenced by the choice of sodium
velocity. vSince 30 fps to 40 fps sodium velocity is being cénsidered for desigﬁ
purposes (Ref. 15), all pipe sizes were selected so that the velocity_did not
exceed 40 fps and, in most casés, the velocity was near the 30 fps value.
Wherever excessive pressure drops were encountered in the initial estimate;

the pipe size was increased.
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EQUIPMENT FOR SPECIFICATION SHEET

Name of equipment: primary heat exchanger

Description: U-tube bundles
Service of Unit: fused salt to sodium
No. of units required: 2k

Connected in: parallel
Surface per unit: 2230 ft2

PERFORMANCE OF ONE UNIT

Fluid circulated

Total fluid entering, 1b/hr
Temperature in

- Temperature out

Operating pressure

Velocity

Pressure drop (net including nozzles)
Heat exchanged, BTU/hr

Log mean temperature difference

Transfer rate design

Shell Side Tube Side
fused salt sodiuvm
48 x 100 45.7 x 100
1200°F 1000°F
1050°F 1150°F
10 1b/sq in. 125 1b/sq in.
3/7 ft/sec 12.8 ft/sec
8.5 psi 9.1 psi

9.09 x 107 *

50°F

815 BTU/hr-£t2-OF

# Baged on a tube side surface of 2230 fta per bundle

CONSTRUCTION

Tubes: .042 inch wall type ALSL 304 clad with .023 inch type "L" nickel;
No. 650; 0.D.,5/8 inch; I.D.,4#95; Effective Length 21 ft; Pitch 3/4 inch

Tube sheets: stationary

Baffles and tube supports: as required
Code requirements: ASME, TEMA and others
Remarks: shaped for expansion

MATERTALS
See Chapter 3
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TABLE 6.2
EQUIPMENf SfECIFICATION SHEET
Name of equipment: intermediate heat exéhanger
Description: horseshoe shﬁpe, fixéd tﬁbe shéét exchangér
Service of unit: sodium-to-sodiﬁm |
No. of units required: 6
Connected in: parallel
Surface per unit: 1910 ft°

Shells per unit: 1
PERFORMANCE OF ONE UNIT

Shell Side | Tube Side

Fluid circulated. sodium sodium
Total fluid entering, 1b/hr 7/62 x 1o6 2.67 x 105
Temperature in 1150°F 675°F
Temperature out . 1000°F ~ 1100°F
Operating pressure ' 50 1b/sq in. 150 1b/sq in.
Velocity - . 12.29 ft/sec . 13.73 ft/sec
Pressure drop (not including nozzles) - 1.61 psi 9.02 psi
Heat exchanged, BTU/hr ' | 3.41 x 108
Log mean temperature difference 147°F
Transfer rate design . 1216 BTU/hr-fte-oF

o CONSTRUCTION
Tubes: No.:1100 0.D.:1/2 in. I.D.:0.416 in. Length: 13.3 ft Pitch: 3/k in.

Shell (approx. dia. & length): horseshoe shape, 30 in. dia., 16 ff developed length
Tube sheets: stationary

Baffles ana.fube supports: as required

Code ;equirements: ASME; TEMA and others

Remarks: shaped for expansion

MATERIALS -

See Chapter 3.
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TABLE 6.3

EQUIPMENT SPECIFICATION SHEET
Name of equipment: once-through steam generator
Description: horseshoe shaped, fixed tube sheet exchanger
Service of unit: sodium-to-water No. of units required: 2
Surface per unit: 10,600 ft2 Shells per unit: 1 Connected in: parallel

PERFORMANCE OF ONE UNIT
Shell Side Tube Side

Fluid circulated ' sodium water
Total fluid entering, 1b/hr 7.93 x 10° 9.78 x 107
Temperature in 1100°F 450°F
Temperature out 675%F 1000°F
Operating pressure | 100 1b/sq in. 1950 1b/sq in.
Velocity 13.25 ft/sec  5.14-67.3 ft/sec
Pressure drop.(not including nozzles) | 48 psi 50 psi
Heat exchanged, BTU/hr | | 1,02 x 107
(preheat 178.5°F
Log mean temperature difference (evaporating 221.0°F
: (superheating 192.5°F
: (preheat 690 BTU/hr-£t2-OF
Transfer rate design (evaporating TO0 BTU/hr-ftewoF

(superheating 300 BTU/hr-ft2-OF

CONSTRUCTION
Tubes: No. 1,620 0.D. 1/2 in. I.D. 0.37 in. Length 50 .ft Pitch 3/k in.

Shall (Approx. dia. & length): 34 in. I.D. 26 £t - 6 1in.
Tube sheets: stationary

Baffles and tube supports: as required

Code requirements: ASME, TEMA and others

Remarks: shaped for expansion

MATERTIALS

See Chapter 3.
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TABLE 6.4
EQUIPMENT SPECIFICATION SHEET
« Name of equipment: convection boiler

Description: horseshoe shaped, fixed tube sheet exchanger

. Service of unit: sodium-to-water No. of units required: 2
Surface per unit: 10,600 ft2 Shells per unit: 2 Connection in: parallel
 PERFORMANCE OF ONE UNIT
) _ ' Shell Side Tube Side
Fluid circulated A' water’ sodium
h Total fluid entering, 1lb/hr 9.75 x 107 - 8 x 106
Fluid vaporized ‘ wvater === 0====- '
Temperature in L50°F 960°F
’Temperature out 635.8°F 675°F
Operating pressure 2000 1b/sq in. 100 lb/sé in.
Velocity ‘ ' None 21.9 £t /sec
) Pressure drop (not including nozzles) ————- 38.6 pei
) Heat exchanged, BTU/hr 6.86 x 108
Log mean temperature difference 13SQF
Transfer rate design ' 480 BTU/hr-£t2-OF

- CONSTRUCTION
- Tubes: No. 2000 O0.D. .75 in. I.D. .42 in; Length 28.5 ft Pitch 1 in.
- Shell (approx. dia. & length): 47 in. I.D. . | 15.8 £t |
Tube sheets: sﬁatiopary ‘ |
Baffles and tube supports: as required
Code requirements: ASME, TEMA and others
Remarksf shaped for expansion

MATERIALS

See Chapter 3.




TABLE 6.5

EQUIPMENT SPECIFICATION SHEET
Name of equipment: superheater, single wall
Description: horseshoe shaped, fixed tube sheet exchanger _ -
" Service of unit: sodium-to-steam No. of units required: 2
Surface per unit: 3520 ft2 Shells per unit: 1 Connection in: parallel

" PERFORMANCE OF ONE UNIT

Shell Side Tube Side
Fluid circulated | sodium steam )
Total fluid entering, 1b/hr - ‘ 8 x 108 9.75 x 107 -
Temperature in : . 1100°F 635°8°F
Temperature out 960°F 1000°F
Operating pressure 100 lb/sq in. 2000 lb/sq in.
Velocity 17 ft/sec 4.8 ft/sec
Pressure drop (not including nozzles) 11 psi 4k pei
Heat exchanged, BTU/hr ‘ 3.34 x 108 o ST
Log mean temperature difference | . 191°F )
Transfer rate design 500 BTU/hr-£t2-°F

CONSTRUCTION
Tubes: No. 1275 0.D. .5 I.D. .37 Lgngth 22.25 Pitech .75
Shell (approxo'diao & 1ength)g 32 in. IOD; 12.5 £t | -
Tube sheets: stationary _ _ -
Baffles and tube supporté: és fequired |
Code requirements: ASME, TEMA and others
Remarks: shaped for expamnsion

MATERIALS . L :._ -

See Chapter 3.
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TABLE 6.6
EQUIPMENT SPECIFICATION $HEET
) Nawe of equipment: superheater, double wall
. Description: horseshoe shaped, fixed tube sheet exchanger
Service of unit: sodium-to-steam . No. of units required: 2 :
Surfac; per unit: 6hOO ftaz Shells per unit: 1 Connection in: parallel
PERFORMANCE OF ONE UNIT _ :
Shell Side Tube Side
— Fluid circulated sodium . steam
Total fluid entering, 1b/hr 8 x 106 9.75 x 10
Temperéture in 1100°F ‘ 635.8F -
Temperature out 960°F 1000°F
Operating pressure 100 1b/sq in. 1950 1b/sq in.
Velocity - 10.2 ft/sec 63.5 ft/sec
Pressure drop {not including nozzles) b psi 4O psi
- Heat exchanged BTU/hr 3.34h x 108
. Log mean temperature difference l9l°F

Transfer rate design

CONSTRUCTION

. 500 370

Shell (approx. dia. & length): 42 in. I.D. x 14.3 ft-

Tube sheets: stationary

- Bafflgs‘and tube supports: as required
Code requiremgnts; ASME, TEMA and others
Remarks: .shaped for expagsion

MATERIALS

See Chaptef 3.

275 BTU/hr-£t2-°F

Tubes: No. 1500° 0.D. .666 I.D. .500 Length 25.75 ft Pitch .916
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The important piping data, length, size, velocity and pressure drop are
given in Table H.1

6.7.2 Pipe Slope

In laying out the sodium piping system, a continuous slope of 5/8 inches
per foot will be used throughout. The purpose of this slope is to facilitate
charging, venting, draining and washout. Where traps or pockets are required,
individual draiﬁ lines will be provided at these locations. These drain lines
are not shown in the piping layout. All of the sodium piping, with the excep-
tion of the primary heat exchanger tube bundles and a portion of the feed lines,
can be drained by gravity.

6.7.3 Expansion Tanks

An expansion tank will be provided in each circuit of the primary and
intermediate sodium loops, since their design is based on a closed loop system.
The location of the expansion tanks will be at the highest point in the cir-
cuits and in the vicinity of the pump suctions to take advantége of pressure
drop in the system, to minimize the cover gas pressure.

Computations were made to determine the size of tanks necessary to
accomodate the expansion of a full éystem of sodium from a temperature of
208°F to 1200°F. This consideration indicated that tanks approximately‘h ft
in diameter and 5 1/2 ft long are required for each circuit. To reduce the
size of these tanks, provisions are included for draining sodium back to the
drain and charge tank as the system is brought up to operating temperature by
providing an ovérflow line near the top of a reasonably sized expansion tank.
An electromagnetic pump will be used in this overflo§ syétém to add sodium
to the expansion ténk during operation to maintain a minimum safe fluid level -

in:the system.

:
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6.7.4 Cold Traps

Cold traps are located in the cold leg of each closed sodium loop and
i on the suction side of the pumps when pcssible. Either static or circulating
cold traps could be used.

6.7.5 Valves

A minimum number of valves are shown on the General Piping Layout,;
Figure 7.1, and the design presented is considered practical and operative;

- however, the final philosophy of the design dictates the exact number and
location of valves in the sodium piping. .A careful evaluation of the operating
and maintenance procedures to be followed would determine the optimum number of
valves and their location.

In general, low pressure drop valves will be used, and freeze stgm valves
will be used in preference to bellows sealed valves because of the large piéé
sizes required. Bellows sealed valves may be desirable in some locations for
small pipe sizes. Check valves will require no stem seal.

6.7.6 Pressure and Instrument Taps

No consideration was given to pressure and instrument taps since this
would require going into more detail than time would permit.

. 6.7.7 Drain and Charge Tanks

Drain and charge tanks will be provided for eech circuit of the primary
and intermediate sodium loops. These tanks will be located below the lowest
point in the circuit so that draining can be accomplished by using gravity

N - assisted by gas pressure.

All components of the sodium system are drainable, except the primary

heat gxchangerS»&nd portions of the feed lines connecting the heat exéhanger

bundles and the ring headers. It is considered that the sodium level remaining
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in the feed lines after the system has been drained can be lowered sufficiently,
for maintenance purposes, by applying gas pressure to the upper ring header to
force the sodium into the ldﬁer ring header, from which it can be drained to
the ‘tank.

Six tanks, approximately 6 feet in diameter and 15 feet long, will be
installed in the priﬁéry loop;‘ These tanks will be located in shielded com-
partments directly below the intermediate heat exchangers. Valving and other
provisions will be included so that all radioéctive sodium can be drained and
fluéhed with non-radiocactive sodium from the piping, intermediate heat exehangers,v
and primary loop pumpse in the intermediate compartments during outages for main-
tenance work on the above-mentioned components.

Three tanks, approximately 8 feet in diameter and 15 feet long, will be
installed in the intermediate ioop; These tanks will contain non-r;dioactive
sodium and will be located below the steam geﬁérators outside the reactor con-
tainment vessel.

It has‘beén estimated that the total sodium volume in the primary and
intermediate loops is approximately 2000 ft3 and 1500 ft3, fespéctively° At
208°F, the‘ﬁelting point of éodium, this volume represents a total sodium
mass of 202,650 pounds which will be uéed in these two coolant loopé° Addi-
tional sodium will be kept in the drain and charge tanks to make up for’losses
during opefation and" to reduce the thermal shock involved in drainihg a hot
system by allowing the cold sodium in the tank to ﬁix with the hot sodium.
(Note: The above estimate of sodium volume in the intermediate loop was
made considering the straight-through steam generator only.)

LI

6.7.8 Cover Gas

Cover gas, probably purified helium, is to be provided over the sodium

surfaces in the expansion tanks and drain and charge tanks. A gas equalizing
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line will connect these tanks to facilitate gravity drainage. Valving will
also be provided in this connecting line to allow gas pressure to be directed
to the expansion or drain tanks for forced drainage or charging operatipns°

6.7.9  Sodium Pumps

Centrifugal pumps will be used for pumping the large quantities of sodium
required in the coolant systems. Six pumps operating with a head of 200 feét
at design flow of 18,550 gpm will be used in the primary loop system. Two pumps
operating with a head of 140 feet at a design flow of 18,350 gpm are required
in the intermediate loop. As shown in Figures 7.1l and 7.3, a spare pump is
to be installed in the intermediate loop. These pumps will have rated load
motor horsepower requirements of 1335 and 950, respectively.

It is possible that design changes can be made in the two coolant lddﬁs
80 that identical pumps can be used in the primary and intermediate coolanﬁ
loops. Such interchangeability would ﬁe desirable from maihtenance considera~
tionc and stocking of spare parts. |

6.7.10 Heating the Salt and Sodium Loops for Startup

Because of the large quantities of fused salt and sodium required for
the various loops, there are many proﬁlems involved in designing methods for
preheating the systems, charging the systems and maintaining approximately
design operating temperatures with thé reactor subcritical during startup
procedures. The design of the heatiné accessories ié bﬁsed on the concepts
that adequate heﬁting capacity will be inclﬁded to: (1) melt the sait‘mixe.
ture and sodium in the primary loop; (2) heat and maintain them at a minimum
temperature of lOBOQF while continuoﬁsly,circulated in their réspeétive
systems;'and (3) melt tﬁe sodiu; fof the intermediate loop -and heat it to

approximately 250°Fo
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At the present time, induction heating is the only possible method of
preheating the primary sodium and salt mixture up to 1050°F, since this tem-
perature is above the temperature range of resistance heating. The use of
induction heating with an austenitic stainless steel piping system and reactor
vessel requires high frequencies and is quite inefficient (Ref. 15, p. 255).
Utilizing this method of preheating would require development work before
application.

Both systems will be charged by using pressurized helium. Extreme care
must be exercised to assure that all the oxygen has been purged from the system
prior to charging.

The following procedures were considered as possible methods for heating
the systems prior to initial operation:

1) Initially, the reactor vessel is internally heated to at least

250°F to prevent the sodium from solidifying in the primary
exchanger during the charging of the sodium.

2) The sodium for the primary loop is melted, charged, and then slowly
brought up to 1050°F by its heating system and friction heat of the
pumps in the system.

3) The sodium is continuously recirculated for a long period until it
is determined that the reactor vessel internals have reached a tem-
perature of at least 1000°F by the sodium circulating through the
primary heat exchangers.

4) During this period, the salt mixture in the fuel dump tanks is

melted and the salt piping system and reactor vessel are heated
to 1050°F, in preparation for charging.

5) When the complete salt system has reached a temperature of 1050°F, -

the salt is charged into the reactor vessel.

6) The fuel circulating pumps are started and the fuel is circulated
in preparation for uranium fuel addition to bring the reactor to
the critical condition. During this latter operation, the salt
and primary sodium systems are maintained at 1050°F by their indivi-
dual heating systems.
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7) The intermediate sodium system is heated to 250°F and charged when
criticality is reached, and means of heat removal from the reactor
system is necessary. Charging the sodium in the intermediate loop .
last, keeps the high temperature systems isolated from the steam

. system heat sink for the startup preheating. This reduces the pre-

heating requirement for this intermediate loop, since it will then

require only enough heating capacity to maintain the metal tempera-
tures above the melting point of sodium to prevent solidification

. A during charging.

6.8.0 STEAM POWER SYSTEM

A conventional regenerative steam cycle was chosen for this fused salt
reactor power plant. In this type of cycle, steam is extracted from the tur-
bine in various stages of expansion and is used to heat feed water (Ref. 23).
This reduces the amount of heat converted to work in the turbine, but there
is an even greater reduction in the heat rejected to the condenser cooling
vater. This results in an increase in efficiency over that of a cycle with
no steam extraction for feed water heating.

The over-all heat balance diagram and the conditions of the working
fluids are shown in Figure 6.2. The results of the heat balance are given
in Table 6.8.

6.8.1 Steam Turbine and Steam Cycle Heat Balance

The steﬁm'conditions entering the turbine were set at 1800 psig and
- 1000°F. These are standard and conservative. .

The turbine exhaust pressure was set at 1.5 in. Hé, which is easily
attainable with a reasonable condensef cooling water temperaturé. it is pro-
béble that in most locations the exhaust pressure(couldvbe lowered to 1 in.

R ’ Hg or less, with a resulting increase in the cycle efficiency. The temperature
and quantify of cooling water available are a major factor in determiniug the
location of a steam plant. If a ﬁatural supply of cooling Qater is not aﬁail-
able, it is necessary to resort to a cooling tower, with & resulting increase

in capital cost and operating expense.
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The turbine-generator losses were found by the method deééribed in Refer-
ence 41. In order to apply this method, the type and size of the turbine must
be known. It was known that the size of the turbine would be between 200 and
250 Mw, and from this it wae decided that a 3600 rpm single shaft turbine of
the tandem compound triple flow type with 26-inch last stage blades would be
used for this study. This type of turbine has a high pressure section and
three low pressure sections on one shaft. All the steam passes through the
single high pressure secﬁion and then is divided awong the three low pressure
sections. This allows smaller wheel diameters than those of a single low
pressure section. A detailed economic study would have to be made to ascertain
whether the higher efficiency of a cross compounded double flow turbine would
Justify the higher capital cost. This unit would have a high pressure 3600 rpm
section on one shaft and two low pressure sectioms at 1800 rpm on another shaft.

For a steam cycle in the 200=250 Mw range, it is the practice to have six
or seven feed-water heaters; with the water leaving the last heater and enter-
ing the boiler at 4S0°F (Ref. 41). Six feed-water heaters and a final feed
water temperature of 450°F were assumed for this study. It is quite possible
that a final_feed water temperature in excess of'hsooF would be desirable. A
detailed economic study would show if the increase in cycle efficiency due to
a seventh feed-water heater justifies the additional expenditure for the heater,
controls, piping and maintenance. The tempersture rise of the feed water was
taken‘to be appréximately the same in each heater.

The ﬁoo 3 heater was made the open heater in this cycle. In an open heater,
the feed watef, extracted steam, and drains from higher pressure heaters are
mixed and any dissolved gases are driven out of the mixture of steam and satura-

ted water. .These gases are remcved from -the cycle by venting of -the atmosphere.
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All other feed-water heaters were taken to be of the closed type with no
contact between the feed wvater and extracted steam.

Two pumps were placed in the cycle. The hot well or condensate pump
takes the condensed steam from the condenser hot well and discharges it into
the No. 3 opeﬂ.heater, after passing through Nos. 4, 5 and 6 heaters. The
hot well pump works against the difference in pressure; the pressuré drop due
to friction, and the difference in elevation‘beﬁween the=No; 3 heater and con-
denser. The boiler feed-water pump takes the feed water from the No. 3 heater
and pumps it through Nos. 1 and 2 heaters into the boiler. This pump works
against the préssmre difference, friction drop, and elevation difference be-
tween the boiier and No. 3 heater.

6.8.2 Calculation Procedures

The method used to determine the cutput of the 600 Mw reactor power plant
is described below. Detailed caldulationé are given in Appendix Go_

' The heat energy converted to work at the turbine wheel was found by cglcu=
lating the steam flow and enthalpy change between the throttle, extraction'
points and condenser (Ref. 23). The stea; flow is comnstant between the extrac-
tion points and the wérk done between extraction points is given dy,

work z steam flow 1b x enthalpy change BTU o ‘ (6016)
hr 1b ‘
The steam fiow at the turbine throttle is found by a‘heat.baiance betweén.
the 600 Mw heat input from the reactor and the enthalpy differenée between the

steam and feed water at the boiler outlet and inlet.

throttle steam flow 1b s 600 Mw x 3413 x 103 BTU C(6.11)

hr AH BTU MWH
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In order to calculate the various extracted steam and water flows in
the feed water heating portion of the cycle, it was necessary to make the
following assumptions:

1. The terminal temperature difference in the feed-water heaters was
taken as shown in Figure 6.2 (Ref. 23). This is the temperature
difference between the feed water leaving the heater and the con- =~ %
densed extraction steam leaving the heater and drained into the
next lower pressure heater. The open heater (No. 3) has no terminal
temperature difference since the feed water, extracted steam, and
drains are mixed.

2. The steam pressure in a heater was taken to be the saturation
pressure corresponding to the heater drain temperature.

3. No. 3 heater has no drain and the feed water leaving this heater
was assumed to be saturated.

L, A pressure drop of 8 percent was assumed between the turbine extrac-
tion points and the feed-water heaters.

5. No enthalpy correction was made for sub cooling.

6. It was assumed that there was no heat loss between the reactor and
boller. This is closely approached in practice by proper insulation
of the heat exchangers and connecting piping.

T. The efficiency of pumps and motors was taken to be TO percent and
95 percent, respectively (Ref. 4l).

The extracted steam flows required by all heaters, except heater No. 3,
were calculated from a heat balance between the heat gained by the feed water
and the heat given up by the extracted steam and drains from higher pressuré. L.
heaters. For No. 3 heater, both the extracted steém flow and the entering
feed water flow were unknown. These were found from & heat balance and a
mase balance for the heater.
In order to find the enthalpy corresponding to the pressure at the tur- >
bine extraction points, a turbine expansion line with its end point was needed,
and this was found by the method described in Reference 41, Figure G.l shows .

this pressure-enthalpy relation.




The amount of work at the turbine wheel, as found above, had to be
corrected for heat put into the feed water by the céndensate punp and boiler
feed pump.. This heat caused a reduction in the required extraction steam .
flow and a correspoﬁding increase in the turbine steam flow and wbrk output. *

The heat gained from the pump per pound of feed water was found by,

Q BIU = work into pump BTU - work into feéd water BTU - (6.12)

1b ‘ 1b 1b

N

The work put into the feed water is found from,
work s (PpV, - P1Vy) BTU (6.13)
1b
where PV, and PV, are the respective products of the outlet and inlet

pressure and specific volume. Since the change in specific volume is very

slight, Equation (4) may be rewritten as,

vork = (pp - p3) Vi BTU © (6.14)
1b .
The work put into the pump is found from,
work in = work out BTU (6.15)

efficiency 1b

The reduction in extracted steam is found from a heat balance between heat

from the pump and heat from the extracted steam,

feed water flow 1b x heat from pump BTYU

W hr 1b (6.16)

H of extracted steam BTU/1b
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The turbine work gained due to the reduction in extracted gteam is found
from Equation (6.10).

The, corrected work done by the steam at the turbine wheel is, therefore,
the work as calculated initially plus the work due to the correction for heat
gained by the feed watef from the hot well and boiler feed pumps.

The work at the turbine Qheel, as found above, must dbe corrected for
exhaust losses in the steam leaving the last stage of the turbine and for
mechanical losses in the turbine and generator. These losses are found by
the method in Reference L.

The gross electgic output of the generator is equal to the work at the .
turbine wheel minus the turbine and generator losses, as described above. The
method used to determine thé net plant output is described in the next section.

6.8.3 Auxiliary Power Requirements, Net Plant Output and Efficiency

The method used to determine the groés electric power output of the
reactor power plaht was described in the previous section.

The net electric power output of the'plant is found by deducting from
the gross power all auxiliary power required by the plant.

Power required by the plant would include all pumps used in the cycle,
i.e., fuel circulating pumps, sodium pumps, feed water pumps, and the con-
denser cooling water pump, and this power can be calculated. Additional
pover is required for other pumps, air compressors, ventilating fans, light-
ing, etc. jhis powef is indeterminate for this study and an ‘arbitrary figure

of 2.45 Mw (l percent of full load) was assumed.
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TABLE 6.7

SUMMARY OF FULL LOAD OPERATING DATA

Turbine Throttle Pressure 1800 psig -
Turbine Throttle Temperature 1000°F )
Turbine Exhaust Pressure 1.5 in. Hg

Steam Flow 1.955 x 106 15/hr

'Gross Generator Output 245,42 Mw - -

Auxiliary Power Requirements:

Condensate Pumps ‘ 0.33 Mw
Boiler Feed Pumps 5.34 Mw
Condenser Cooling Water Pumps . 0.52 Mw
Reactor Fuel Pumps 0.36 Mw
Primary Sodium Pumps .5.98 Mw ’
Intermediate Sodium Pumps 1.42 Mw ‘
Miscellaneous 2.45 Mw
Total Auxiliary Power 16.40 Mw -
Auxiliary Power as Percent of Gross Output 6.."{1:
Net Station Output 229,02 Mw -
Net Station Thermal Efficiency 38.2%

Net Station Heat Rate 8,935 BTU/KWH
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CHAPTER 7.

POWER PLANT LAYOUT, OPERATION AND MAINTENANCE

7.0.0 INTRODUCTION

In order to determine the suitability of using a fused fluoride salt
reactor in a central station power plant, it has been necessary to consider
all components of the reactor and power plant system. A pfeliminary piping

layout and drawings of a proposed arrangement of plant components have been

prepared to illustrate the details of this design.. The resulting power plant

‘design is feasible in size and arrangement.

It was'alao necessary to consider the operating characteristics, main-
tenance and'econﬁﬁics-toIdetermine whether such.a plant would be attractive
to the power'industry,:'

7.1.0 GENERAL PIPING ARRANGEMENT

The-génefél'piping‘a:rangément shown in Figure 7.l has been designed to
be safe, reliable, and to pro#ide flexibility in operation and maintenance.

T.l.1 Primary Loop Piping

The twenty-four primary heat exchanger bundles are connected to ring.
héaders located abo&e and outside the reactor vessel. Six sets of primary
eircuit lines connect the ring headers to the intermediate heat exchangers.
The main purpose of this arrangement is to provide uniform coolinngf the
reactor in case one or'moreAintermediate heat exchangers are out of service.

The.pump for each primary circuit is located in the intermediate heat
exchanger compartment. The piping passes through the primary shield at an
éngle to minimize streaming of neutrons and gamma rays, and to retain tpe

integrity of the shield.
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T.1.2 Intermediate Loop Piping

The six intermediate heat exchangers are distributed uniformly arcund
the priméry reactor shield. This symetrical arrangement minimizes shielding
requirements and the cost of the comtairment vessel. |

The six intermediate heat exchangers are divided into two groups, with
each group connected to & steam generatoro' Thé heat exchangers in each group
are connected in parallel to each‘other inside the contalnment vessel, and a
common line is passed thrcugh the contaiaﬁent vessel toc the steam éeneratoro
The connecting lines are designed to pro#i&g equal pressure drops in order
to b;lance flow and heat load among the intermediaté heat exchangers.

T.1.3 Steam Generator Connections

The steam generators are located as near the intermediate heat gxchangers
as possible, outside the secondery shield and containment vessel. The sodium
pumps for the intermediate circuits sre located between the two steam generators

and are arranged so that one spare pump can serve either steam generator.

T7.-1.4 Steam and Water Piping:

In general, the piping in the steam turbine cycle is.represeﬁtative of
standard pover plant practice. The differences are in the steam dump system,
vhereby steam way bypass the turbine and be condemsed in the condenser, in the
emergency cooling of the steam gemerators from head condensate tanks in case
of a complete power loss, and in the method of attemperating or controlling
the final steam temperature.

T-2.0  GENERAL ARRANCEMENT. OF PLANT COMPONENTS

The general plant layout is shown on Figures 7.2 and T7.3. The major pieces
of equipment are drawn to scale and generous allowances have been made for pipe

expansion loops and clearances. The mean diemeters of the primary and secondary
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circular shieldé are approximately 35 and 84 feetv, respectively. The'space
between the primary and secondary_shields is divided into six compartments
by radial shields to contain radioactive compbnents of the primgfy and inter-
mediate circuits. The containment vessel; as shown,»is T0 feet in dismeter
and 110 feet in over-all height. The dimensions of the containment-vessei are
approximate only,; since ﬁo calculations have been made to estiwate the volume
required to contain the gaseous fissiog‘products which would be reléaged in a
serious nuclear incident.

The reactor; primary heat exchangers and fuel dump tanks are located in-
side the primary shield. The:primary loop sodium circulating pumps,; expansion .
tanks, drain and charge taﬁks,lénd the intermediate heat exchangers are placed.
in the six shielded compartments. All radioactive compqgents and materials are
inside the sealed compartment vessel.

The steam generators and intermediate sodium pumps are outside tﬁe con=
tainment vessel and shieiding, since they contain only non-radioactive sodium
from the intermediate loop and water from the steam cycle. Isclation compart-
ments are provided around the steam generators and sodium pumps to prévent the
spread of fires which could result from serious failures of the steam generators.

'The turbine-genérator, condenser, feed-water heaters and boiler feed pumps

are adjacent to the steam generators; &s in a eonventidnal"steam powver plant.

T7:3.0 SHIELDING

The dﬁplex-compartmented shielding design for a reactor plant of this type
depends greatly upon the method of maintenance which is to be followed. The
basic premise‘far maintenance in this design is that personnel will be permitted
access to the containment vessel only during periods when the reactor:is shut

down., - Baaed‘on‘this premise, the primary shield surrounding the reactor is
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designed to protect personnel against decay gammas while performing direct -
maintenance within an intermediate compartment on the intermediate heat
exchanger or primary loop pumpslwithbut'draining the fuel from the reactoer
vessel. In addition, the primary shield serves as a neutron shield so that
the equipment in the compartments does not become r‘adio'a.ct_ive°

Provisions are made for draining and flushing the sodium from individual,
intermediate, heat exchauger circuits so that no radiocactive sodium is within
the compartment where maintenance is to be performed. The radial'compartment

partitions serve as shields and provide protection from decay gammas. from the

_radioactive sodium in adjacent compartments. This eliminates the necessity of

draining all the primary circuitsfwhen-oniy one cifcﬁit requires maintenance.

The secondary shield,'located on the outside of the containment vessel,
protects plant personnel from excess radiation exposure while the reactor is
in cperation. The shield over the reactor will be made as a rotatidg plug
with an offset removable section for access to the primary heat exchanger and
fuel circulating pump for maintenance. With this érrangement, the huge mass
of the top shield will not have to be handlgd before performing wmaintenance.
An aitern;tive method would be to fabricate the top éhieldjiﬂ sections and
remove only the sections ne;essary to provide access to the primary heat
exchanger or fuel circulating pumps.

The shielding shown in Figures 7.2 and 793.18 intended to be schematic
only.

T.4.0 MAINTENANCE

Maintenance of equipment outside the containment vessel will be conducted
in a conventional manner’ since none of the equipment or materials to be handled
will be radioactive. Special provisions, however, are necessary to allow

4
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maintenance of equipment inside the containment vessel and shielded areas.
The major items of equipment which will require special techniques are the

- fuel circulating pumps, primary heat exchanger tube bundles, intermediate

heat exchanger tube bundles, and primary circuit socdium circulating pumps.

T.4.1 Fuel Circulating Pumps

Access to the fuél circulating pumps and primary heat exchanger tube
bundles is through an opening in the top shield. This shield, which covers
the entire reactor vessel compartment, can be rotated until an offset removable
plug is centered over the desired location. The plug can be lifted with'the
Erane, and the pumps can be removed by remote handling equipmento Spare pumps
will be kept on hand to replace faulty pumps. |

T.4.2  Primary Heat Exchanger Tube Bundles

In the event that a leak should develop in a primary heat exchanger tube
bundle, the sodium in the circuit will leak into the fused fluoride salt and
dilute the fuel concentration. The rate at which uraniuﬁ is added to the
fused salt could serve as an indicator of tube leakage., It is felt that a
means of locating the leaking tube bundle can be developed. Since extra heat
transfer surface has been designed into the primary heat exchanger, oﬁe or
more leaking tube bundles can probably be blanked oéf and left in the reactor,
with little loss of power, until time is available to remove and replace the
faulty bundles. The bundles will be taken out of service by cutting the feed '
lines connecting the tube bundle to the ring headers and blanking them'off. The
cutting and welding are to be done remotely, since the radioactivity will be too
intense for direct maintenance. The bundles will be removed through the top

shield, in the same manner as described for removing the fuel circulating pumps.
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T.-4.3 Intermediate Heat Exchangers and Primary Sodium Pumps

The intermediate heat exchangers and primary sodium circulating pumps
are located in shielded intermediate compartments. Priér to méintenance,
the radioactive sodium in the piping, pump and heat exchanger, in one compart-
ment, will be drained and flushed out with non-radicactive sodium by remote
operation. The equipmént can then be maintained directly. With the shielding
provided, the sodium in adjacent compartments willl not have to be drained.
Sections of the top shield will be removed so that the crane can be used during
maintenance of, these componenfs°

T.5.0 PARTIAL LOAD OPERATION

The ultimate removal of the heat energy from the reactor system requires
the coupling of the fuel circulation.to the primary, intermediate and steam
lodps° Operation of the system at some steady state partial load can be
achieved by variation of the full load design flow conditions in one or more
of the loops, use of control rods in the reactor, change of fuel concentration
with load, bypass control of the loop flows, use of a supplementary heat
exchanger, or any combination of these procedures. It was apparent that this
multitude of ﬁossible combinations precluded a complete mathematical solution
of the problem in the time available for this study. Therefore, the decision .
vas made to approach the problem of partial load operation in such a manner
as to give results in the time available. This was accomplished mathematically -
by only studying the effect of varying the flow rate in the intermediate loop.
Another approach was used which involved the reactor simulator facilities of
the Oak Ridge National Laboratory. A description of the use of the reactor
simulator, the circults and the results are given in Section T.5.2 and

Appendix J.
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T-5.1 Mathematical Approach

In a reactor system such as the HRT or PWR, partial locad operatibn is
achieved by alioﬁing the steam pressure to increase as load decreases. This
method of control could only be used in a very limited manner for . those reactor
systems in which high steam pressures are achieved at full load. Of the many
possible methods of control available, it was decided to'attempt a mathematical
solution of the system with a variable flow rate ih_the intermediate loop. The
reasons for this choice were the following:

1. Time limitations prevented anything but a single, variable study.

2. With the exception of the intermediate loop pumps and theAinter-

mediate sodium coolant flow, all of the pumps and loop flows would
operate at constant values.

3. Temperatures would be held to reasonable values.

L. The problem of safely varying fuel concentration with load
is eliminated.

5. The solution thus obtained is also‘useful if-bypass control of the
intermediate loop flow is utilized.

6. Control rods are not necessary for the achievement of steady state
partial load operation.

7. The mathematical equations obtained would serve &as a basis for
further parameter studies of this system.

In order to obtain the mathematical solution to this problem, several
simplifications and assumptions were made. It is believed that individually,
or in the aggregate, these simplificatioﬁs‘do.not invaiidate the analysis
over wide loed~range5u« The mathematical analysis 1s given in Appendix I-.
and is based upon the following considerations:

1. The flow rate of the fuel in the reactor and the sodium coolant in -
the primary loop remain constant w1th 1oad

2, Physical properties of the heat transfer fluids and the materials
of construction remain constant for the temperatures of operation.. .
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3. Sodium heat transfer resistances are not the governing items in the
over-all heat transfer coefficients and do not vary with load. This
assumption is the most limiting restriction of the analysis given in
Appendix I and affects the load range, for which the derived equations
can be applied with reasonable accuracy.

4, Based on the‘foregoing,»the over-all héatAtransfer coefficient in the
primary heat exchanger, the intermediate heat exchanger and the boiler
remains constant. The constant over-all coefficient in the boiler
further presumes constant average boiling and scale coefficients.

5°> The final steam temperature and pressure arg constaht with load.

6. The average fuel temperature is constant with load.

7. The feed water temperature is 450°F at all loads.

8. At very low loads, some of the steém generated is bypassed directly
to the condenser. This does not enter the mathematical analysis
directly, but is an important element of control. ‘

Equatiods describing the behavior of the system at steady state, partial
load operation have been obtained for both the naturalicirculation boiler with
separateAsuperheater and the'once-through boiler. These equations are given
in Appendix I. It is noted that for the natural circulétion boiler with sepa-
rate superheater, consideration (5) above, involving the constancy of the
final steam temperature with load, was abondoned at the end of the ahalysis

for this unit. It was found that a single variable control cannot satisfy

all of the restrictions placed on the systeﬁ in this secfion°

7.5.2  Reactor Simulator Analysis
In order to determineAthe partial load andvfransientAoperétihé conditions
of this péﬁer plaﬁt design, £he circulatihg fuel ﬁndzsodium loobé were simﬁlafed
on the Analog Reactor Simulator at the Oak Ridge National Laboratory. The
analysis vas limited to the design utilizing fhelqnéefthroﬁgh steaﬁ generator.

The time constants and heat capacity of the reactor and sodium coolant

loops are shown on Figure 7.4. The simulator constants were computed by
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Dr. E. R. Mann. These constants and the simulator diagram are included in
Appendix J.

‘The purpose of this simulator analysis was to determine whether the R
reactor would be stable at partial load and during operating transients, and
to determine the minimum load at which the final steam temperature could bdbe -
maintained at design conditions. The analysis indicates that the reactor is
stable down to at least 17 percent of full load, the lowest partial load con-
dition investigated.

A final steam temperature control device was simulated by providing an
aﬁxiliary heat exchanger in the intermediate sodium circuit, where heat is
transferred from the hot leg of this circuit to the cold leg. By varying
'lthe flow through this heat exchanger, the heat input to the steam generator
can be controlled. The results of the simulator analysis indicated that the
design temperature of 1000°F could be maintained down to 50 percent of rated
load. Below this load, the temperature increased gradually, but this excess
temperatiure can be controlled by the use of an attemperator, which 1s provided
in the steam cycle. ‘

Figure 7.5 shows the steady state, partial load temperatures without the
use of the auxiliary heat exchanger mentioned above. The steam temperature -
increased from 1000°F at rated load to 1110°F at 17 percent of rated load.

The feed water temperature entering the steam genersastor is 4LSO°F at rated

load and decreased as the load is decreased. The resulting temperature differ-
ential between the sodium and water at the cold end of the steam generator is
considered to be too great from the standpoint of thermal stresses in the tubes.
For these reasons, it appears desirable to include the auxiliary heat exchanger -

in the circuit.




©1hs.
Figure 7.6 shows the steady state, partial load temperatﬁres with the
auxiliary heat exchanger in the circuit. The control signal used to adjust
the bypéss flow through the auxiliary heat exchanger circuit was set for plus
or minus 2°F of design steam temperature. The exact setting of these limits
would have to be studied carefully to eliminate hunting in the system. The
close tolerances used on the simulator are not required for satisfactory
. Bbteam turblune operatlon.  The curves on Figure 7.6 indicate that thc oteam
temperature remained constant to below half load and increased to only 1090°F
at 17 percent of rated load. These temperature conditions are considerably
better than those obtained without the use of the auxiliary heat exchanger.
‘The reactor power and tempe¥ature transients, with the auxiliary heat
exchanger in_the infermediate loop, are shown iﬁ Figure 7.7. During this Ca
test, the load demand of the steam turbine was reduc;d frém rated load to
half load in approximately 15 seconds. The initial effect of this load
demand 1is éeen in the rise of the sodium temperature entering the steam
generator. It is interesting to note how the reactor power and other tem- s
peratures varied and leveled out in a relatively short period. A series of
these tests vasriperformed and all showed similar results, which indicate
that the reactor and system are stable during load changes. It should be
noted that the rate of these load changes is considerablylin excess of that
normally occurring in conventional steam power plant practice. These same
system transients withbut the auxiliary heat exchanger in the intermediate
loop are shown in Figure 7.8.

T7.6.0 ECONOMICS

A complete economic study of the proposed power plant has not been attempted.

It must be realized that the large capital expenditure for a nuclear power plant'
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is one of the major factors which influences the cost of generating electricity.
These capital costs would have to be evaluated for various arrangements of the
basic design parameters in connection with the resulting reliability, ease of
maintenance, safety, efficiency, etc., and a careful analysis made of the re-
sults before such a study would have any real meaning.

7.6.1 Factors Requiring Additional Investigation

These studies would have to include the following considerations:

1. The selection of internal or external primary heat exchangers would
have to be evaluated carefully. It is considered that fuel inventory and
space requirements have been minimized through the use of the internal arrange-
ment, but these desirable features would have to be balanced against the over=-all
comparative costs of the two possible arrangements, their reliability, ease of
maintenance, etc.

2. Two sodium loops have been included in this study and are considered
a necessity, resulting from the internal arrangement of the primary heat ex-
changers. It is possible that the intermediate sodium loop could be eliminated
if external primary heat exchangers were used. However, again, such an analysis
would require considerable investigation to determine the lowest cost and most
reliable system.

3. If the reactor type using internal heat exchangers, as proposed in
this study, is considered to be desirable, further studies would have to be
made to determine the optimum arrangement of intermediate heat exchangers and
steam generators. It is quite possible that a unitized arrangement using an
equal number of intermediate heat exchangers and steam generators would result
in many desirable operational and economic features. This question could not

be resolved without a complete analysis of the entire system.
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k. As mentioned previously, the steam cycle arrangement also would
require much investigation. The question of steam conditions, reheat or
non-reheat, tandem compound of cross compound turbine generators, feed water .
heating cycle, turbine exhaust pressure, etc., would have to be settled from
a careful economic analysis. .

7.6.2  Approximate Economic Analysis

In order to examine the approximate economics of this plant, Reference 37
was used to estimate the capital costs. The capital cost for various types of
nuclear power plants listed in this reference varied from $183 per kw to $450
per kw. It appears that the fused salt reactor and steam power plant discussed
might cost in the range of $250 to $300 per kw. These two values will be used
in arriving at a power cost.

For 240,000 kw generator output, 80 percent load factor, the total kw-hr
per year is 1.7 x 109.

There will be no operating cost for fuel processing. It is shown in
Section C.T7 that the original fused salt charge can be used for at least 19
years before it is economically desirable to add a new charge of fused salt.
During this period, there is no fuel processing and uranium is added to over-
ride the effects of fission product poisons.

Using Reference 37, a figure of 1.2 mils per kw-hr for operation and main-
tenance is cited for 10 mil per kw-hr total power cost. Since this is the highest
value used in the reference, it will be used in this report as a conservative
figure.

The inventory charge is based on 150 percent of the hot, clean critical
mass of U-235. An additional 50 percent is allowed for poison override and .

fuel on hand. (See Section C.6.) Using L4 percent interest charge and an
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assumed cost of $20 per gram as the cost of U-235, the inventory charge is
0.2 mils per kw-hr.

Since some atoms are destroyed and no heat is derived by resonance absorp-
tions in the uranium, the fuel burn-up will be greater than 1 gram per megawatt
day. This figure is estimated to be 1.3 grams per megawatt day for this reactor.
Based on this value, the fuel burn-up at full load is 780 grams per day. For
80 percent load factor, the annual burn-up is 227,760 grams. At an assumed
cost of $20 per gram, the fuel cost per year is $4,555,200. This amounts to
2.6 mils per kw-hr.

These data are summarized in the following table:

TABLE T.1

ESTIMATED POWER GENERATION COSTS

$250/kw $300/kw

mils/kw-hr mils/kw-hr
Capital cost 5.4 6.4
Fuel processing 0.0 0.0
Operating and maintenance 1.2 1.2
Fuel burn-up 24 § 25T
Fuel inventory 0.2 0.2
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APPENDIX A

PHYSICAL AND THERMAL PROPERTIES

Figures A.1l through A.10

Tables A.1l through A.3 5




gt

ORNL~LR=Dwg, <1818l

155
{5 B 41 1 [
EIE (] T T
1 T T w ]
i ma=s 3 m :
Lw:. 1,.,, g =5 ....u
e £ <
e ] m
_‘ : B |
9 ot
m H By
»n T HEEH
e —
H O wfrv
iR 3
H = ©
i | : ~
HH 9 o ¥ ~
& 3 o
o &
B 5o ~
N = i ; 1y
0
O
D @ I \ H o
B + 5 t —
3 2HH b
m - Y ; T o e
= O 1
=8 & % =
= m W | Q v | nwn.. ]
‘Mcwi i o 4 e 9 ;
5 am 1 / O H
i - v.(.@\~ 1 o
] &) o i H
1 maie N \ u
7 = o
T .n\ I T T [ 1 y = o
H A _ H \ 2
: HH | ¥
! \ =}
L -+ ] \ i mmu_
T | 1 A EHiy ©0
SR o . H
1 S Jiais ] s 1 m —, SagE: ENE
HHH / HH T H HHE b
x o X .m,, k>
: H ] BV
I H-HH v e ] =
. ! B R\ u
! Ne}
i\ \ 1
[ i 1 \
\ i
nm ; - H
Vil {
L 1 0
Ml 4 \ i
Ll o i A |}
HE R , \ .
g H ~
1
; UG R ,
H 2 _
] 3 H 3
‘13 I ﬁw_.J\ = \ _n, \ ]
e ANR BEE \ e g
N . 1 - N
}H- mEEE f i T o~
B T !
= + | _“ Tor ]
HH ST991g sseTuUTR}g i
[T = ] llHl
e e T it
1 SRRAEEREESE HH EEdEEEEREEE Ho
o) Ne} o @)
N Q J N & = o 3 N 9 ©0 o)
AU S B R Y B B B O A S PR ST
SR VT S wp_m *IH/NId-£3TATIONPUO) TwRISYJ JO QUITOTJJS00 -



ORNL~LR=Dwg, =18185

156.

-si,.
SEasEEE

s

s
oty
i
1
1
e
1
+
=
me==su

111

B ==u|

¥
|
|
it
b 3
1
i
i
4
7
Y
i
is T
mm
14 ",
u »d 4
(1]
i | a8 R
1
sum i
H-H
T
s
] i
1] B i
m s
= ¥’
TT H
i [ TR
. i TR a
I
H 1 ] ]
im
-

E.!

h"“"’ﬂ"N

Figure A, 2!

JTTLITITILT LT TEr T rres

Source: Thernodynmiic Propertie

s 3
Keenan and Keyes; John Wiley and Sons

1
LLEELY

rai
1§
171

2 3 o 1
IEEENND SEARAASERE ANE 0 .




L

600

15is

1

1

. S

S W1

|]l|l|1|ll[I!I|HTllI|

1

I

{Figure A,3

EEEEREEER, ! -
EH : 5
ERmaw H o
SRR ...I_.. : H O
Fren g e I ! n
EEmES W o BE f
] ® I i I
HHH H HH t
i (o}
[3}
=

ty

ORNL=-LR=Dwg.=18186

ERmEE } "
neEs o T
IqHHIK I B i S BN RRE
i e / | o JEHE
Eman i I ] HH T o Fp <
Esa gei: / ¢ _ : = it
EEE ' hﬂ L1 |
i i 2 HaH

HH 1 >
T § o 5 EI (L -]
Hm_mln + “ o
FEaEm W

-

Jele

ANEEE
A

, page 484

300
Tenperature—oF

rnal- Co:

The

200

L

3rd. Edition

100

VISCOSITY & THERMAL CONDUCTIVITY OF SATURATED WATER

Source: Heat Transmission, W. H. McAdans,

-
T
T

Hibb e o
SRERERRREREEER iaes
*af *9Jd/°qT-£3TSOOSTA

|

Tt

i
"
_

I
2
i N
I

g I




ORNL=LR=Dwg,~18187

Density-1bs./Ft2

158.
D1UM, POTASSIUM A SODIUM POTASSIUM ALLOYS
Safety Appliances Co. report dated Dec, 15,1953
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VISCOSITY OF SODIUM, POTASSIUM AND SODIUM POTASSIUM ALLOYS
Source: Mine Safety Appliances Co, report dated Dec, 15, 1953
« 6 curve G-203
- 2nd Ed, Liquid Metals Handbook
) Journal of Metallurgy and Ceramics, Issue #3 May 1949
')-Il-l— E NRL report # C--28I
b2 _Fi
. Lo !
. 38 T
. 36 ‘ R
: Vi
.3 N
. 32 2t
}Y\'(D' r:;:% I
. 30 o e -
: e
£ L |
‘e 28 : g : B ___;‘x i ?
.26 SE il
t @ hh H
. 2L'>E 1 T SEpE amm
Wgs
[ oo B
22f o0 = X
Bk H
- o II
oot FLL |
020 frit -
= i s :
= siE i N
16 B it o
HH - &
<1 B st
sHEEEsEERiE ’ i
ngisanas Saweant EH 1
A <12 F - o odium
R : =E 56 NaK
10 pr S F?'gl}__re A‘S e
* SRERRE 578 NakK
s Potassium
*08 4 R R s SR, i S S T R e ]

Temperature-100°F



Thermal Conductivity-Btu/hr, sq. ft. °F/ft.
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THERMAL CONDUCTIVITY OF SODIUM, POTASSIUM H
AND SODIUM POTASSIUM ALLOYS =
50‘ Source: Mine Safety Appliances Co. report i
dated Dec, 15, 1953; curve G-200 i -
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Source:

TABIAE Aal .

Specific Heat
Bx/1b - OF

[eNeoNeNoNo Q.00 00 [oNeoNoNoN o] leNeNeoNoNolNeNoNoNeoNo] oo NoNeoNel

[oNeNeoNeoNe

23117
23115
-3113
-3110
-3108

.3106
.3104
3102
3100
3098

.3096
.3094
.3092
.3090
.3088

. 3086
.3084
.3082
.3080
.3078

- 3077
-3075
.3073
.3071
.3069

.3068
.3066
. 3064
.3063
.3061

.3060
.3058
3056
.3055
.3053

THERMODYNAMIC PROPERTIES OF LIQUID SODIUM

Density

1b/£t3

55.42
55.38
55.34
55.29
55.25

55.21
55.16
55.12
55.08

55.03

5k .99
5k .95
54.91
54 .86
5k .82

5h.TT
54.73
54.69 .
54 .65
54.61

54 .56
54 .52
54.48
54.43
5h.39

5k4.35
54,31
5k .36
5k.32
54 .28

sk,23
54.19
54.15
54,00
53.96

Lee, John F., "Thermodynamic Properties of Liquid Sodium",
NUCLEONICS, Vol. 12, No. 4, page T4, April 1945

Enthalpy
Btu/lb

141.8
143,
1k,
146,
148.

1h9,
151.
152.
15k.
155.

OWINON OV\O &

157.
159.
160.
162.
163.

165.
166.
168.
169.
171.

172.
17k,
175.

VOO F WVFEFOW® WINON —aH W

165.
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Table A.1 (continued)

Temp . Specific Heat Densitg Enthalpy
OF Bx/1b - OF 1b/ft Btu/lb
675 0.3052 53.92 195.7
680 0.3050 53.87 197.3
685 0.3049 53.83 198.8
690 0.3048 53.79 200.3
695 0.3046 53. Tk 201.8
700 0.3045 53.70 203.4
705 0.3043 53.66 20k .9
T10 0.30L42 53.62 206.4
T15 0,3041 ~ 53.57 207.9
720 0.3039 53.53 - 209 .4
125 0.3038 53.49 211.0
T30 0.3036 53.45 212.5
735 0.3035 53.41 21k4.0
40 0.3034 53,36 215.5
T45 0.3033 53.32 217.0
750 0.3031 53.28 218.6
755 0.3030 53.23 220.1
760 0.3029 53.19 221.6
765 0.3027 53.15 223.1
T70 0.3026 53.11 224 .7
175 0.3025 : 53.06 226.2
780 0.3024 53.02 227.7
785 0.3022 52.98 209,2
790 0.3021 52.93 230.7
795 0.3020 52.89 232.2
800 0.3019 52.85 233.7
805 0.3018 ' 52.81 235,2
810 0.3017 52,76 236.7
815 0.3016 52,72 238.2
820 0.3015 52.68 239.7
825 0.3014 52 .64 2k1.2
830 0.3013 52.59 24k2,7
835 0.3012 52.55 24l .2
8ko 0.3011 52.51 245.7
8L5 0.3010 52.47 247.2
850 0.3009 ' 52.42 2u8.7
855 0.3008 52.38 250.2
860 0.3007 52.33 251.7
865 0.3006 52.29 253.2

. 870 0

- 3005 ’ 52.25 ' 25k, 7
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Table A.1l (continued)

Temp . Specific Heat Density Enthalpy
Op Bx/1b - OF 10/t " Btu/1b
875 ' 0.3004 52.21 256.2
880 0.3003 - 52.18 257.8
885 0.3002 52.13 . 259.2
890 0.3002 52.09 260.8
895 0.3001 52 .0k 262.3
900 0.3000 52.00 263.8
905 0.2999 51.96 265.3
910 0.2998 51.92 266.8
915 0.2998 51.87 268.3
920 0.2997 51.83 269.8
925 0.2996 ‘ 51.78 . 271.3
930 0.2995 51,7 272.8
935 0.2995 51.70 ' 274 .3
9ko 0.2994 51.66 ' 275.7
oks 0.2993 51.61 277.2
950 0.2993 51.57 278.8
955 0.2992 51.54 280.2
960 0.2992 51.48 281.7
965 0.2991 51.4L4 283.2
970 0.2991 51.40 284.7
975 0.2990 51.36 286.2
980 0.2990 51.32 287.7
985 0.2989 51.27 289.2
990 0.2987 51.23 " 290.7
995 0.2988 51.19 292,2
1000 0.2988 . 51.15 293.7
1005 0.2987 51.10 295.2
1010 0.2987 51.06 . 296.7
1015 0.2986 : 51.02 298.2
1020 0.2986 50.98 299.7
1025 0.2986 50.93 : 301.2
1030 0.2985 50.89 : 302.7
1035 0.2985 ~ 50.85 : 304.1
1040 0.2985 50.81 305.6
1045 0.2985 : 50.77 307.1
1050 . 0.2984 50.72 308.6
1055 . 0.2984 50.68 ‘ 310.1
1060 : 0.2983 50.64 - 311.6
1065 0.2983 50.60 313.1

1070 0.2983 50.55 31L.6




Table A.1 (continued)

Temp . Specific Heat Density Enthalpy

Op Bx/1b - OF 1b/ft3 - Btu/lb
1075 0.2983 50.51 316.1
1080 0.2983 50.47 317.6
1085 0.2983 50.43 319.1
1090 0.2983 50.38 320.6
1095 0.2983 50.3k4 322.0
1100 0.2983 50,30 323.6
1105 0.2983 ‘ 50.26 325.0
1110 0.2982 50.22 ' 326.5
1115 0.2982 . 50,17 328.0
1120 0.2982 50.12 329.5
1125 0.2982 50.08 ' 331.0
1130 0.2982 50 .0k _ 332.5
1135 0.2982 49,99 334.0
1140 0.2982 : 49.95 335.5
11ks5 0.2982 49,91 337.0
1150 0.2983 49.87 338.5
1155 0.2983 49,83 340.0
1160 0.2983 49,78 341k
1165 0.2983 : L9, 7k 342,9
1170 0.2983 49,70 34k, k4
1175 0.2983 ' 49.66 : 345.9
1180 0.2983 49,62 7.4
1185 0.2984 49,58 348.9
1190 0.298k4 49,5k 350.4
1195 0.2y84 49,50 351.9
1200 0.2984 ‘ L9.45 - 353.L
1205 0.2985 , 49 .41 354.9
1210 0.2985 49,37 3564
1215 0.2985 49,32 357.9
1220 0.2985 ‘ L9.28 359.4
1225 0.2986 : 49 .24 360.8
1230 0.2986 49.20 362.3
1235 0.2986 49.16 363.8
1240 . 0.2987 kg.11 - : 365.3
1245 0.2987 49.07 366.8
1250 0.2987 49.03 368.3
1255 0.2988 . 48.98 369.8
1260 0.2988 48.94 371.3
1265 0.2988 48.90 ' 372.8
1270 0.2990 48.86 : 37h.3
1275 : 0.2990 - h8,81 Co 375.8
1280 ’ 0.2991 T W.1m1 . 377-3
1285 0.2991 48.73 378.8
1290 0.2991 48.68 380.3
1295 0.2992 4L8.64 381.8

1300 0.2992 ' 4L8.60 383.3
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Analysis
Carbon
Manganese
Phosphorus
Sulphur
Silicon
Chromium
Molybdenum
Other Elements

Minimum Physical Properties

Tensile Strength, psi
Yield Point, psi
Elongation, % in 2 in.

Max Brinell Hardness

Creep Strength

pounds per
sq in.

- Rupture Strength

load in pounds
- psi which lead

to rupture in
~ 100,000 hrs

169,

cpm—
TABLE A.2 '
SELECTED PROPERTIES OF STAINLESS STEELS
Source: Pressure Tubes and Piping - Timken Roller Bearing Company
Type 304 Type 347 Type 316
0.08 max 0.08 max 0.08 max
. 2.00 max 2,00 max 2.00 max
0.030 max 0,030 max 0.030 max.
0.030 max 0.030 max 0.030 max
0.75 max 0.75 max 0.75 max
18.0-20.0 17.0-20.0 16.0-18.0
- Cb 10 x C win, 1.0 max Mo 2.0-3.0
Ni 8.0-11.0 Ni 9.0-13.0 Ni 11.0-14.0
75,000 75,000 75,000
30,000 30,000 30,000
35 35 35
200 200 200
Rate of 1%, hrs Rate of 1%, hrs Rate of 1%, hrs
100,000 10,000 100,000 10,000 100,000 10,000
800°F fam - --- --- S -==
900°F -——- --- .- --- --- -—-
1000°F 10,700 18,000 .- - 14,750 2l 500
1100°F 7,900 13,000 14,250 21,000 12,000 21,000
1200°F 4,300 8,000 1,750 5,300 6,800 14,500
1300°F --- --- 660 2,000 4,300 9,200
1500°F 1,450 2,850 .- —-- 1,800 4,200
" Load Load Load
900°F -- -- -
1000°F -- -- -
1100°F -- 16,000 --.
1200°F 7,200 6,200 12,500
" 1300°F 3,700 2,800 -8,900
1500°F 1,700 .- 1,600




Source:

Temwp -

T00
800
900
950
1000
1100
1200
1300

Teuwp .
°F

600
T00
900
950
1000
1100

1200
1300

170.
TABLE A.3

SELECTED PHYSICAL PROPERTIES OF "L" NICKEL

Private Communication, Jr. J. J. Moran, Jr., The International
Nickel Company :

Creep Properties

Condition: Cold Drawn-Anncaled

Stress, 1000 psi, to Produce a Secondary Creep Rate of:

0.0000lighr OoOOOIQZhr
14.0 25.0
1.5 13.0
4.3 7.3
3.7 6.3
2.5 k.5
2.1 3.7
1.2 2.1
0.5 0.9

Ruyptiure Properties

Condition: Cold-Drawn Annealed

Stress,; 1000 psi, to Produce Rupture in:

1,0C0 hrs 10,000 hrs 100,000 hrs
27. - -— -
20.5 - -
17.5 14.0 11.5 -
k.5 11.3 8.7
11.3 8.7 6.7
7.8 5.k ‘ 3.7 -

= e - e - -
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APPENDIX B

DESIGN CURVEE

Figures B.l through B.4
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HEAT TRANSFER TO STEAM OR SUBSATURATED WATER IN TURBULENT FLOW
(INSIDE A TUBE)
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TUBE COUNT FOR TUBES SPACED ON EQUILATERAL CENTERS
1 (%ube on center)
Source: Unpublished derivation by I. Granet, 8/55
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' R-Radius to center of outermost tube
P-Tube pitch, center %o center of tubes
1 0 O O o ‘
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APPENDIX C

REACTOR ANALYSIS CALCULATIONS

C.1l INTRODUCTION

The solution of the three group, three region (3G3R) problem has been
coded for the Oak Ridge National Laboratory's electronic digital computer,
ORACLE (Ref. 28).

The fast and intermediate energy group microscopic cross section data
used to calculate the input data for the code were obtained from the "Eyewash"
code (Ref. 27) and from BNL-325 (Ref. 30) by assuming a 1/E flux distribution
in these slowing-down groups. The thermal cross section data were obtained
from BNL-325 by correcting the tabulated values to the energy corresponding to
the average design temperature of the reactor, 607°C. Table C.l is a summary
tabulation of the microscopic cross section data used for each energy group.

The thermal energy cross sections from BNL-325 were corrected to the
average neutron temperature and for a Maxwell-Boltzmann flux distribution

as follows:

o = 0.885 57, (To)% = 0.48 o,
T

vhere, o, and T, are the BNL-325 values for microscopic cross section
and the standard temperature of 293 A (20°C); and T is the average design
temperature, 880°A (607°C).

The intermediate energy group was selected to range from .Ql5 ev to 100 ev.
This upper limit of the thermal group and lower limit of the intermediate group
wvere selected to approximate the energy at which the discontinuity in the neutron

flux distribution occurs (Figure C.l). At this energy, the neutron flux changes
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from a near Maxwell-Boltzmann distiibution to an approximately 1/E distribu-
tion. This discontinuity occurs at an energy which is approximately six times
the average thermal neutron energy. Small changes in this group enetgy limit.

(¥ 1 ev) have only a negligible effect on criticality calculation results.
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Figure C.1  NEUTRON FLUX DISTRIBUTION

The upper energy limit of 100 ev for the intermediate energy group waé
selected because the uranium-235 resonances cease at about this energy.

The upper energy limit of the fast energy group was selected to be 2 mev.
The 3G3R code calculation assumes a monoenergetic fission neutron source, and
2 mev is approximately the average energy of the urahium-235 fission neutron
energy spectrum. .

Following the notation convehtion of Reference 28, the designation of
the fast energy group becomes Group 1, the intermediate energy group becomes
Group 2, and the thermal group becomes Group 3. The geometric region designa-
tions are: the central core is Region 1l; the l-inch thick.baffle between the
central core and the heat exchanger is Region 2; and the heat exchanger, other

baffles and the dowvncomer homogenized to be Region 3. The numerical subscripts
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TABLE C.1l

BASIC MICRCSCOPIC CROSS SECTION DATA
- USED TO CALCULATE 3-GROUP; 3-REGION CODE INPUT

Steel (304%)

* Note, macroscopic, not microscopic, values for S.5.

Element — _Fast Group _ — - Intermediate Group ___ —  Thermal Group

, (highly enricged) §5‘tl 3 o—trl o‘t:l 0-:31 f 0o 30¢r, Otp 6;2 3 0——tr3 0—2‘3 5—53
Fluorine 0.38k4 11.30 - .0028 0.352 9.85 .o .O0LT 11.7 - ©,0051
Sodium 1.03 36.3 -- 0 0.286 9.70 .- ,0102 12.0 -- 0.258
Zirconium 0.163 22.5 .- .0005 0.135 18,6 -- ,0113 18.6 - 0.092

Uranium 0.175 36.4 5.31 T.12 0.50 35 3L.3 50 30 301 356

Nickel 0.459 36.3 -- .05Ck 0.592 49.6 -e 275 L9 -- 2.35
*Stainless 0.024 1.677 - 0.005 0.036 2.937 - 0.017 2.89 - 0.140

QLT
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on the nuclear property notation refer to the enmergy group and geometric
region, respectively. For -example, 25312 "is the macroscopic absorption
cross section for energy group 1 apd geometric region 2.

C.2 SAMPLE CALCULATIONS

Calculation details of macroscopic group constant8 for group 1, region 1,
for a 0.01 gm/cc uranium concentration are given as sample caletulations below.
All the cases for which calculations were made, and the geometric and uranium
concentration parameters of each, are given in Table C.2. A summary of all the

macroscopic code input data calculated for each caée is given in Table C.3.

The fused salt fuel composition:
43 mol % ZrF),
57 mol % NaF

~0.1 mol % U-235

The variation of the density of this fused salt composition with tempera-

ture is given by the equation;
€ = 3.65 - 0.00088 x (°c)
Then at the average design temperature of 607°C (1125°F),
€ ='3,l2 gp/cc

The weight percent of each elemental constituent of the fused salt was
calculated to be:
Fluorine 45.49%

Sodium 13.T%

Zirconium 40.9%
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A
TABLE C.2
CASE DATA AND COMPUTED MULTIPLICATION CONSTANTS (k)
Uranium-235
Core Radius Ry Concentration
Case No. ft-in. cm . gm/cm3 Remarks Computed, k
"RO CO he . 6" 137.16 0.020 Basic Case 1.3
1 " " 0.010 (Baffle Plate 1.13
: as Region 2)
2 " oo 0.005 0.86
3 " " 0.030 1.42
Rl CO L . o" 121.92 0.020 1.31
1 W " 0.010 1.09
2 " " 0.005 0.83
3 " " 0.030 , 1.39
R2 CO 3¢ - 6" 106.68 0.020 1.26
1 " " _ 0.010 1.05
2 " " 0.005 0.79
3 " " 0.030 1.3%
R3 CO 5t - o" 152.k0 0.020 ‘ 1.36
1 " " 0.010 e 1.16
2 o " 0.005 ! 0.88
3 " " 0.030 o 1.4k
Rh co 3' - 0" 910M 0.020 . 1021
1 " " 0.010 0.99
2 " " 0.005 0.7h4
ROSCO hr - 6" 137.16 0.020 Baffle Plate 1.35
as "sh