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FOREWARD

This report presents ORNL evaluations of heavy water moderated
organic cooled (HWOCR) reactor power plants based on designs sub-
mitted late in 1965 to the U. 3. Atomic Energy Commission by the
Atomics International-Combustion Engineering joint group (AI-CE)
and by the Babcock and Wilcox Company (B&W). During 1966, both
AT-CE and B&W developed revised HWOCR designs having improved per-
formance characteristics. These revised designs have also been
evaluated by ORNL, the results of which are being reviewed by the
design sponsors, by the staff of the U. S. Atomic Energy Commission,
and by others. Report ORNL-3921, Supplement summarizing fthese
results will be issued followingkthe reviews. Comments of reviewers
on ORNL's evaluation of both the original and revised designs will

e contained in ORNL-3921, Supplement.
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Abgtract

A technical evaluation of heavy-water-moderated organic-cooled power
reactors (HWOCR) was performed based on 1000-Mw(e) design concepts supplied
by Atomics International and Combustion Engineering (AI-CE) jointly and by
Babcoek & Wilcox (B&W). The AI-CE plant was designed for the uranium fuel
cycle {carbide fuel), while the B&W core designs were baged on use of the
thorium fuel cycle {oxide and also metal fuels). The power-production
costs associated with the designs were obtained from estimates of capital,
operating and maintenance, and fuel-cycle costs. For the technological
evaluation it was considered that the reactor design must be feasible bul
may involve engineering development. Required developments were identi-
fied, and the design and predicted plant engineering performance were sub-
jected to review and evaluation.

The HWOCR-U reactor plant showed promise of producing power at a cost
of about 3.5 mills/kwhr(e) in investor-owned plants of 1000-Mw(e) capacity,
and the associated average conversion ratic was about G.7. The HWOCR-Th
reactor design conditions showed lower fuel vurnup costs than those for
n

bhe EWOCR~U system, with the average conversion ratio being about 0.8

at
the sawe time, power costs under the reference ground rules for the designs
submitted were about 0.4 mill/kwhr(e) higher than those for the uranium-
fueled reactor. Changing the design could improve the performance of the
thorium reactors, bub the associated power cost would apparently still ve
nigher than that of the uranium~fueled reachor.

Evaluations of fthe fthermal and hydraulic performance of the reactor
cores led to the conclusion that the coolant outlet temperabure would not
be above ahout 700°F for the designs submitted. Film formation on the
SAP cladding, with an accompanying inerease in sheath temperature and
associated changes in thermal and hydraulic performance, cannot be ne-
glected. Also, heat transfer coefflcients need to be based on the fuel
agsembly conditions, and experimental measurements of these coefficients
are needed. Additiconal testing of the uranium and thorium fusl materials

ig required to demonstrate that the specified maximum burnup can be
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achieved under HWOCR operating conditions; tests of organic coolant and
its film-forming action under HWOCR conditions need further investigation.
Use of SAP for process tubes and fuel cladding involves a maberial
having low ductility and one for which specifications and information on
permissible design stresses have not been completely developed. Experi-
mental measurements and long-term tests are regquired to verify the practi-
cality of SAP for HWOCR use. Alsc, the positive coolant temperature co-
efficient of the HWOCR imposes stringent demands on the operation of the

safety and control systems.



1. INTRODUCTION

Heavy-water-moderated organic-cooled reactor systems are believed to
be capable of producing low-cost power in plants having large capacities.
Such reactors represent advanced converters in the sense that they have
higher conversion ratios and lower specific fissile inventories than the
light-water reactors presently being built. Thus it is hoped that such
systems, in conjunction with providing low-cost power, will give improved
fuel utilization.

Early in 1965 the Oak Ridge National ILaboratory (ORNL) was regquested
by the USAEC to perform an evaluation of heavy-water organic-cooled power
reactors (HWOCR). This study was to involve technical evaluation of the
design concepts and was to include a comparative evaluation with the re-
sults of the advanced converter reactor study reported previously.t The
reactor plant design was to be based on a 1000-Mw(e) reactor system. The
design of a system utilizing the uranium fuel cycle was to be provided by

tomics International—Combustion Engineering (AI~CE). The AT-CE design
concept is presented in a report?® submitted to ORNL on October 1, 1965.
In addition, Babcock & Wilcox (B&W) was to develop core designs based on
the use of thorium and recycle fuel. The associated core design study3
results were presented to ORNL in early October 1965; subsequently, re-
vised core designs were summarized in a report4 presented on November 15,

1965.

1.1 Rases for Evaluation

The status of HWOCR development is such that application of HWOCR
power plants is foreseen in the early 1970's. If breeder reactor con-
struction dominates in about 25 years, the pericd of particular interest
for HWOCR's is the two decades following 1970. This study is therefore
directed toward evaluating HWOCR's constructed during that time pericd.

The evaluation factor that encompasses all others in commercial appli-
cation of reactors is power production cost, and this is the primary
consideration in determining the incentive for developing HWOCR's. Con-

siderations such as fuel utilization and conservation of fuel resources



are important factors in determining plant economics, but they should be
consistent with ylelding minimum power costs over a given period of time.
0f course, in evaluating economics, future conditions must be properly
welghed, and attitudes of governmental agencies, as reflected in tax pro-
visions and in the regulation of financing and rates, must be taken into
consideration,

Based on the above, this study was directed toward estimating the
cost of power from HWOCR's built in the period following 1970. The power
cost was obtained from estimates of capital, cperating, and fuel cycle
costs. The technological evaluation was on the basis that the reactor
design must be feasible today; this implies that although engineering
development might be required to make the design practicable, application
of the design should not depend on a technological breakthrough. Reguired
developments were identified, and the design and predicted engineering
performance of the reactor plants were subjected to review and evaluation;
because of the nature of the problems and time limitations, engineering

Judgments concerning achievable performance were often involved.

1.2 Reactor Systems Studied

HWOCR's have lattice-type cores in which the organic coolant is sepa-
rate from the heavy-water moderator. Based on design conditions, the
coolant consists primarily of a mixture of ortho- and metaterphenyls, and
it leaves the reactor at 750°F. Steam is produced at 725°F and 900 psig
in the steam cycle; the resulting overall system thermal efficiency is
about 35%. The nominal plant power rating is 1000 Mw(e).

The AI-CE study considered the entire power plant design, including
the reactor, heat exchange, and steam systems. The plant designs for both
the uranium and thorium fuel cycles were essentially based on the AT-CE
study; however, the AI-CE core design utilized the uranium fuel cycle,
while the B&W core designs considered the thorium cycle. For both fuels,
on-povwer refueling with bidirectionsl movement of fuel in adjacent chan-
nels was considered.

The AT-CE core design is based on the use of uranium carbide fuel

made from slightly enriched uranium. Also, the fuel feed material is



always slightly enriched uranium; the plutonium obtained at the end of each
fuel-exposure cycle is sold, Bidirectional fueling of adjacent fuel chan-
nels in the core is accomplished with two fueling machines, one at each
end of the core. Coolant flow is always in the direction of fuel move-
ment. The fuel is clad with a sintered aluminum product (SAP or XAP, con-
sisting of aluminum oxide dispersed in a mabtrix of aluminum) and is lo-
cated in 492 Tuel channels.

Two basic fuel elements are considered for the B&W core designs. One
design utilizes an annular metallic fuel element clad with Zircaloy-4; the
other considers clusters of pins of oxide fuel clad with XAP. The initial
fuel consists of thorium with ?3°U added as the fissile material. In
subsequent cycles, the Dbred 233y is recycled, and makeup 2357 is added as
needed. Bidirectional fueling in adjacent channels is accomplished with
one refueling machine operating from one end of the reactor. Coolant flow
through the reactor core is unidirectional, however. With the metallic
fuel assembly, 299 process tubes are used; with the oxide fuel assembly,
335 process channels are used.

Additional details of the plant and reactor core designs cbtained

from the AI-CE and B&W studies are summarized in Chapter 3.

1.3 Procedures Followed

At the initiation of this study, the time period and economic con-
text associated with the reactor evaluation were defined and a set of
ground rules was formulated. The major provisions of the ground rules
are glven below, and Chapter 2 lists them in detaill.

1. The technology to be used in the reactor plant is generally re-
stricted to that which would be feasible for a smaller prototype reactor
to be built for startup in 1970.

2. Economic parameters are to represent the average conditions ex-
isting during the life of reactors built in the period 1970-1990. Private
ownership of reactor fuel fabrication and processing plants is assumed for
the reference conditions.

3. The total electrical capacity of a reactor plant is 1000 Mw(e) ;

however, the fuel fabrication and processing industry is based on



servicing plants with a total capacity of 15,000 Mw(e) associated with a
given reactor core design. Consequently, the fuel fabrication and pro-
cessing industry size varies with the fuel burnup.

4. The fuel-cycle cost is based on present-value accounting in which
the system behavior is averaged over a 30-year perilod.

5. The uranium from the thorium-uranium-fueled cores is recycled
throughout the reactor lifetime, but for the uranium-fueled cores the sale
of plutonium with no recycle is assumed.

In presenting the results in this report, separate chapters are de-
voted to the major subdivisions of the study. The engineering appraisals
of the core and of the plant are presented in different sections, as are
the capital, operating, fuel preparation, fuel fabrication, shipping, and
fuel processing cost estimates. Reactor physics analyses are discussed
separately. A chapter on fuel-cycle costs combines the results of the
physics and unit cost studies, and the optimum fuel cycle costs are in
turn added to the operating and capital costs in the chapter on power
costs. The major results of this study and the most important conclu-

sions are summarized in the final chapter.

1.4 Limitations of the Study

The obJjectives of this study were to evaluate the provosed reactor
designs, ccmpare them with each other, and evaluate the HWOCR in relation
to the results from the advanced converter reactor study.® In so doing
the specific designs provided by AT-CE and B&W were employed. The designs
presented at this time may not necessarily represent the optimum designs
that will be developed for the two fuel cycles. In our evaluation of the
proposed design, changes that needed to be incorporated in the specifi-
catlons were pointed out and thelr effects indicated.

The power costs for these reactors were obtained on the basis of a
specified economic context. While some economic factors were varied in
the evaluation, this was done in a gross manner and not on the basis of
reoptimizing the core design for different economic conditions. In gen-
eral, the reactor concepts were optimized for the production of power at

the lowest cost on the basis of the reference ground rules.



In esgtimating costs, successful develcpment of components reguired
by the design was postulated. The most common example is the specifica-
ion of equipment that is larger than any now being dbullt, although there
are some component Features that have not been demonstrated even in smaller
size. Development needs are ldentified in the engineering evaluation chap-
ters and the extent to which they represent extrapolations of technology
iz noted. In addition, there are other areas where not enough information
has been obbtained at this time. Key areas which were difficult to judge
ort an absolute basls and which to a large extent involved engineering
Judgment included materials compatibility, design criteria evaluation, re-
lationship bhetween refueling ability and operation and maintenance costs,
and reactor conbtrol and safety.

The performance of the HWOCR plants can be compared with the advanced-

converter-reactor performance reported previougly.l However, care must

-

be taken in making such comparisons because the design specifications as-
sociated with the pertinent concepts have changed since the originsl siudy;
also, the HWCOCR evaluation was based on slightly different ground rules
relative to plutenium peice and fuel preparation, fabrication, and nrocess-
ing costs. Thus, only gross comparisons can be made, bub these are still

megningful when recognition is given to the different bases employed,

1.5 Bvaluation Areas and Personnel

The study was organized by function, with different groups responsible
for the physics and fuel cost analyses, control studies, engineering and
4o

design evaluations, and the cost estimates associated with capital invest-

ment and Tuel preparation, fabrication, shipping, and processing. The

2, @

areas and personnel involved are given in Teble 1.1.

1.6 Acknowledgmernts

As noted previously, design and cost information was suppliled by
AT-CE and B&W with regard to their desgign concepts. In all cases these
firms were very cooperative in providing information reqguired in the evalu-

ation.
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2. GROUND RULES AND COSI' BASES

The technology used in the reactor power plant design was in general
that which would be feasible for smaller prototype reactors to be built
for startup in 1970. The reactors evaluated were presumed to begin oper-
ating with unirradiated fuel, and the plant lifetime was taken to be 30
years. Fuel-cycle costs were based on the integral number of fueling
cycles that came closest to 30 years. In the thorium systems, bred fuel
was recycled throughout the reactor lifetime; in the uranium fuel cycle,

the sale of plutonium without recycle was assumed.

2.1 Power Cost Components

2.).1 Fuel-Cycle Cost

The fuel-cycle cost was resolved into the following components;
(1) burnup cost, (2) fuel preparation cost, (3) fabrication cost, (4) pro-
cessing cost, including ultimate waste disposal cost, (5) shipping cost,
(6) fixed charges on fissile and fertile inventories, and (7) interest
charges on operating capital invested 1n fabrication, processing, and
shipping facilities and in inventories of special materials, The fixed
charges and interest were computed by the ”present—worth” formula, A
value was assigned to fuel discharged from the reactor at the end of plant
life (~30 years) that included linearly prorated credits for fabrication
and debits for processing of partially irradiated fuel. In computing the
present worth of the power produced, the price of power and the plant

factor were assumed not to change with time.

2.1.2 Reactor Plant Capital Cost

Capital costs were estimated for each reactor plant. It was assumed
that the plant was one of a number of the same type to be built and that
the equipment and system for the plant had been fully developed. However,
discount credits for quantity orders of equipment were not assumed.

Capital cost breakdowns were arranged in accordance with the system
of accounts given in Volume 1 of the AEC Handbook 'Guide to Nuclear Power

”l

Cost Evaluation. Estimates of indirect costs appropriate to the reactor
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size were also based on the breakdown used in Ref. 1. However, new esti-
mates were made of percentages applied for each indirect cest item to re-
flect recent experience. Fixaed charges on the reactor plant were taken
as constant over the plant 1ife, with a reference value of 12% per year
for investor-owned utilities and with an alternate value of 7% per year
to represent public ownership. The components of these fixed charge rates

are given in Appendix A,

2.1.3 Reactor Plant Operating Cost

Operating and maintenance costs were estimated for esach reactor plant.

2.2 Financing Conventions

Private ownership of fuel and of fabrication and reprocessing plants
wasg assumed for the bvase cases. Because of uncertalnty as to their values,
various fixed charge rates, interest rates, and values of materisls were
used, as indicated in the followlng paragraphs. Single values of each
quantity were specified, however, for use in selecting reference designs.

Cwnership of fissile and fertile materials during fabrication and
processing, as well ag when on site at the reactor, was considered to be
vested Iin the reactor plant. Inventory charges oo fissile and fertile
inventories were computed with a reference value of 10% per year; values
were also computed at 5% per year to represent public ownership, For de-
termining the inventory charges, changes from initial to final values were
assumed to occur linearly with time during irradiation,

Interest charges on the fabrication cost of fuel elements were com-
puted in the sawme way as the fixed charges on fuel, For this purpose,
the fuel elements were assumed to depreciate linearly with time over the
pericd of irradiation. The reference discount factor for computing pres-
ent worth was 6% per annum; however, 4% was used with the lower fixed
charges and interest rates that represented public ownership. Inberest
payments and collsction of revenue were assumed to be made twice & year,

Heavy water was treated as a nondepreciating asset, and the inventory
cozt was computed with 10% per year as the reference value; an alternate

value of 5% per year was associated with public ownership.
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2.3 Value of Materials

1. Natural uranium: reference valuc of $&.00/1b of Us0g, alternate value

of $16/1b of U;0g.

Unirradiated thorium: $5.00/1b of ThOj.

Unirradiated enriched uranium: the value was based on a separative
work cost of $30/kg.

4. Depleted uranium of low enrichment: the value corresponded to its
enrichment in *2°U based on total uranium present, with no additional
penalty for 236y content.

5. Highly enriched uranium containing 233y: the value of the fuel mix-
ture was computed from its iscotopic composition by assigning the 235y

the same value per gram it has in 90% enriched uranium (reference

value of $12/g), assigning the contained 2337 one and one-half times

235U, and assigning a negative value t~ the 236y

the value of the
equal to that of the 237U,

6. Plutonium: the fissile content was valued at five-sixths of the value
of the #3°U in uranium of 90% enrichment.

7. Dy0: a value of $20/1b was assigred to D0 of 99.86% purity.

8. Conversion of Us0g to UFg: $2.70 per kilogram of uranium.

2.4 Reactor Plant

The electric station was assumed to have a net capability of 1000
Mw(e), with cne reactor per station. The condenser pressure was assumed
to be 1.5 in. Hg abs. A reactor plant availability factor of 0.9 was re-
guired to achieve an average plant factor of 0.8 over the plant life.

The uranium-cycle reactor was assumed to be loaded initially with
unirradiated uranium and to be refueled with unirradiated uranium through-
out its life. The thorium-cycle reactor was assumed to be fueled ini-
tially with either plutonium or unirradiated enriched uranium and thorium,
and plutonium or unirradiated enriched uranium was to be used as required
for initial refuelings, After a suitable delay for processing and refab-

rication, however, recycle fuel of the same composition and amount as that
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discharged (after subtracting processing losses) was assumed to be availl-
avle for use with makeup 233y or plutonium,

Fuel was cousidered to be received at the reactor site 60 days before
loading. The cooling time before shipment of irradiated fuel was estab-
lished Tor each concept.

The loss rate of heavy wabter used in the evaluation was that estimated

by the reactor designer.

2.5 Fuel Fabrication Plant

The fabrication plant was considered to be centrally located at the
same site as the processing plant. The plant was assumed to be designed
for fabricating a single type of fuel element and to be capable of serving
an electrical industry of 15,000-Mw(e) capacity of the concept being
studied.

A reference value of 22% per year was used for the fixed charge rate

on depreciating capital, and costs were also estimated

i

or an alternate

-

value of 15% per year. The unit fuel fabricating cost was assumed to re-

=

main the same throughout the 30~year plant life. The design of the fuel
elements was specified in detail by the proponents. Holdup time was estab-
lished for each concept. ILosses of plutonium, uranium, and thorium were

assumed to be 0.2% per ovass.

2.6 TFuel Reprocessing Plant

The reprocessing plant was assumed to be centrally located at the
same site as the fabrication plant. The plant was assumed to be designed

A

for procegsing a gingle type of fuel element and to be capable of serving
an electrical industry of 15,000-Mw(e) capacity of the concept being
studied,

A reference value of 22% per year was used Tor the fixed charge rate
on depreciating capital, and costs were also estimated for an alternate
value of 15% per year. The price for reprocessing was assumed to remain
the same during the life of the reactor. Losses were assumed to be 1%

per pasg for thorium, uranium, and plutonium. Protactinium losses were
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based on a 180-day decay time from the time of discharge from the rveactor.

Holdup time was established for each concept.

2.7 Fuel Preparation

fuel preparation was defined to include the preparation of ceramic-
grade oxide powder, arc-fused oxide fragments, sol-gel oxide fragments,
or thorium metal powder or sponge, as appropriate. Eariched uranium ob-
tained as UQg and plutonium obtained as nitrate were assumed To be con-
verted to the proper form for inclusion in the fuel as part of the fuel
preparation steps. The facilities required for fuel preparation were
assumed to be assoclated with those for reprocessing or fabrication as
sultable, and cost estimates were based on the Tinancing conventions ap-

plied to the other plants.

2.8 TFuel Shipping

Shipping costs for fresh and spent fuels were estimated Tor each reac-
tor concept. It was assumed that fabrication and reprocessing were to be
performed at the same site, located 1000 miles from the reactor. For
spent fuels, casks were assumed to be purchased at a cost of $1.00 per
pound of cask weight; casks were shared among 15 identical reactors; the
upper weight limit for casks was 110 tons loaded; the cask life was 30
years; handling cost was $500 per round trip; rail freight rates were
$0.0193 per pound for loaded casks and $0.0181 per pound for ecupty casks;
and property insurance cost was 0.05% of the value of the shipment, in-
cluding cask and contents. Casks used for shipping recycled fresh fuel
(thorium cycle) were assumed to be the same type as those used for spent
fuels, Fresh Tuels having essentially no gamma activity were assumed to
be shipped in nonshielded containers. 'The cost of liabllity iInsurance
was included in the charges against the reactor, preocessing, and fabrica-

tion plants.
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3. DESCRIPTION OF REACTORS

Brief descriptions are given here of the power plant and reactor core
designs as presented by the design sponsors. More detalled information
is given in Chapters 5 and 6. Additional information is given in the re-

1-3 of the design sponsors., The basic plant design was obtained from

ports
the AI-CE study; the core designs considered were the uranium fuel cycle

(AT-CE study) and the thorium fuel cycle (B&W study).

3.1 Plant Design

The HWOCR power plant uses a 3093-Mw(t) heavy-water-moderated organic-
cooled reactor as the heat source to produce superheated steam that is
delivered to the turbine at 900 psig and 725°F. Operating on a rnuclear
reheat steam cycle, the system generates 1076 Mw(e) net. The plant fea-
tures a process-tube reactor with on-power refueling, carbon steel primary
loops, recovery facilities for decomposed organic coolant, primary heat
transfer system components located outside the containment building, and
efficient ecnergy utilization that yields a net plant efficiency of 34.8%.
A gimplified flow diagram obtained from the AI-CE study is shown in Fig.
3.1.

Santowax OM coolant (primarily a mixture of ortho- and metaterphenyls)
is used to transfer heat from the reactor to the primary heat exchangers.
Coolant at 750°F, which 1s collected in the outlet mixing tank, separates
into three parallel loops and is pumped by 90,000-gpm turbine-driven pumps
to the superheaters, reheaters, and steam generators, Superheated steam
is generated in the evaporator and superheater and is delivered to the
turbine~generator. After passing through the steam generator, the 595°F
(560°F in B&W design) coolant flows back to the reactor through an inlet
mixing tank. Since the pumps and heat exchangers of the primary heat
transfer system lcops are located in a separate bullding from the reactor,
two motor-operated isclation valves are provided in the inlet and outlet
lines of each loop to prevent fission products from being circulated with

the coclant 1f released by fuel-element rupture.
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Fig. 3.1. Simplified Schematic Flow Diagram of 1000-Mw(e) HWOCR.
(From Ref. 1)

During reactor operatlion, the organic coolant undergoes radiolytic
and pyrolytic decomposition at the rate of about 1450 1b/hr. The decom-
position products, which consist of low bollers, intermediate boilers,
high boilers, and decomposition gases, as well as corrosion products, are
continuously removed from the coolant stream in order to maintain the cool-
ant at an acceptable purity level., Decomposition gases are removed in
degasifiers; corrosion products and particulate matter are removed by pass-
ing a fraction of the stream through an activated clay adsorbent and fil-
ters. High boilers are removed by distillation and are coanverted to us-
able coolant by catalytic hydrocracking. This high-boller recovery system
reduces the coolant loss (due to decomposition) to about 150 1b/hr.

The turbiae-generator plant has a single tandem-compound, six-flow,
12800-rpm, steam turbine; the unit has 52-in, last-stage buckets and in-
ternal moisture removal features. Steam enters the turbine at 900 psig
and 725°F and 1s reheated Dbefore being returned to the three double-flow
low-presgure casings, where 1t expands to the condenser pressure of 1.5

psig. A portion of the hot reheat steam is used bo drive the primary pump
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of five SAP-clad slightly enriched uranium carbide fuel assemblies.

A

3.2 Core Design

summary of the core design features is included in

similarity in core concepts, the following descriptions

Table 3.1.

Be-

are

primarily in terms of the AI-CE design, with those B&W core features

ited that emphasize the differences in the designs for the two fuel cy-

ause of the
iven
les.

2.1

AT-CH Uranium-Fueled

Core

The core consists of 492 fuel channels, with each containing a stack

The

fuel feed material is always slightly enriched uranium, and the plutonium
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obtained at the end cf each fuel-exposure cycle is sold. The fuel chan-
nels are arrvanged vertically in a calandria vessel that contains the heavy-
water moderator. Fach channel is defined by a 4.32-in.-ID, 0.116-in. -
thick BSAP process tube, contalning the coolart, which is surrounded by a
5,09-in.-ID, 0.052-in.-thick Zircaloy-2 calandria tube in contact with

the moderator. There 1s an insulating gap of CO, between the process tube
and the calandria tube that also serves as a leak-detection volume. Car-
bon steel extensions of the SAP tubes terminate at horizontal planes ap-
proximately 12 £t above and helow the 3-ft-thick reactor end shields. The
reactor end shields and circumferential thermal shields are joined to pro-
vide a CQp-filled cavity around the reactor. The reactor vessel is a
gtainless steel calandria tank in the form of a cylinder 25 ft in diameter
and 20 £t high. The D0 moderator fills the space between the calandria
tubes, while Bantowax OM coolant is circulated through the process tubes.

Bach fuel assembly consists of 37 uranium carbide fue’ vods clad in
SAP tubes. Thirty-one rods of 0.521-in. diameter and six rods of O.324.1in.
diameter are used to form a fuel assembly of 4.260-in, diameter. The rods
are spaced by means of spiral fins. Fach fuel assembly has an overall
length of 44 in., and five such assemblies are stacked in a process tube.
The average power oubput per process tube is avout 5.9 Mw(t), and the
average fuel specific power is about 25 kw per kilogram of fertile mate-
rial. The fuel assemblies are on a 10.,5-in.-square lattice piteh.

Bidirectional on-line refueling is used for shim control; two machines
operate together from above and below the reactor to effectively move fuel
in opposite directions in adjacent process tubes. The coolant flow is
also bidirectional and in the same direction as the fuel feed within each
tube. The coolant joins the inlet and outlet headers through individual
pigtails connected to the carbon steel extensions; it enters the reactor
at 595°F and undergoes a pressure drop of about 185 psi in passing through
the reactor (one pass).

Reactivity shutdown control is provided by 84 horizontal rods of
boron~carbide and stainless steel; these rods are held out of the core
region by D20 hydraulic pressure during reactor operation and are inserted
by springs for shutdown. Xenon oscillation and power level control are

provided by 60 vertically adjustable absorber rods supported by steel
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tapes; these tapes are stored on motor-driven drums located at the top of
the reactor between process tubes. Control during startup and also backup

shutdown control are provided by dissolving voron in the moderator.

3,2.2 B&W Thorium-Uranium-Fueled Core

The basic arrangement of the B&W core is similar to that of the AT-CE
core described above. However, thers are significant differences. The
initial fuel for the B&W core consists of thorium with 23°U added as the
figsile material; in subsequent cycles the bred 2337 ig recyceled with
makeaup 23577 added as needed. The D&W designs consider two basic fuel as-

emblies; one utilizes annular metallic fuel elements, and the other has
pin~type clusters containing oxide fuel.

The metallic agsembly consists of five 0.10-in.-wall thorium-uranium
metal eylinders clad in Zircaloy-4 and arranged concentriecally in the pro-
cegs tube with a Santowax region in the center. The coolant channels be-
tween ecylinders are of varylng thicknesses that decrease toward the center,
The fuel cylinders, together with the cladding, are made by a coextrusion
process. Six assemblies are stacked in a channel, and there are 299 chan-
nels in the core. The average power generation per channel is 9,75 Mw(t),
and the specific power is 33 w per kilogram of fertile material.

The oxide pin assembly consits of a 66-pin cluster of Th0,-U0s clad
in XAP-004. The fuel pins are 0,356 in., in outside diameter and are ar-
ranged in a hexagonal array between a hexagonal can and the process tube
to approximate an annular region, The space inside the hexagonal can is
filled with Santowax and orificed relative to coolant flow so that the
Santowax outlet temperature 1s the same as that of the main coolant. Six
fuel assemblies wmake up the locading for one channel. The core has 335
channels, and the average pover generation is 8.7 Mw(t) per channel. The
average specific power is 53 kw per kilogram of fertile material.

B&W employs a larger process tube, 5,00-in. ID rather than 4.32 in.,
and a larger calandria tube, 5,37-in. ID rather than 5.02 in. The BR&W
lattice pitch is 11.67 in. compared with 10.5 in. for the AL-LE design.

Coolant flow 1s downward through the core in all channels in the B&W
design rather than belng hidirectional. BEW uses bidirectional fuel man-

agement, but the handling is all accomplished by one refueling machine at
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the top. The design thus requires that a channel be completely unloaded
wher one of the six assemblies 1s replaced. The organic coolant enters
the reactor at 560°F and undergoes a pressure drop of about 220 psi in
passing through the reactor.

The B&W reactor vessels are of stainless steel construction but have
integral stainless steel end shields instead of the separate carbon steel
end shields used in the AT-CE design. The heights of the moderator tank
ingide the 3-ft-deep end shields are 25 ft 2 in. for the pin-type fuel
elements and 26 £t 5 in. for the cylinder design. The diameters of the
vessels are 22 ft 3 in. and 21 Tt 5 in. for the pin and cylinder designs,

respectively.
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4. PHYSTICS ANALYSIS OF HWOCR SYSTEMS

The reactor physics analysis computations for the three reactor cores
evaluated were made in a manner analogous to that used in the comparative
evaluation of advanced converters.® In both evaluations the primary em-
phasizs was placed on determining the economic performance of the systems
when operated with appropriate fuel-management schemes., Thus an important
goal was the calculation of fuel feed regquirements and discharge fuel com-
position as a function of fuel feed burnup.

Since the three heavy-water-moderated corganic-cooled reactors involved
in this study are very similar, the calculational procedures employed were
for the most part the same. The major differences reguired in procedure
were brought about by the different placement of fuel within the pressure
tube and the different fuel materials. Careful attention was given to de-
tails of the cell and spectrum calculation to provide the best choice of

computational techniques.

4.1 Zero-Dimensional Depletion Calculations

The zero-dimensional multigroup code TONG® was used almost exclu-
sively for the depletion calculations in this study. The point depletion
model was chosen primarily Lo hold the computer time requirements to a
reasonable Jevel. The model appears to be adequate for use in large re~
flected cores in which the power distribution iz relatively uniform in
space. In order to include the effects of neubtron leakage, The critical
group~dependent bucklings were computed for the reactors zoned both ra-
dially and axially following the indicated loadings of the respective re-
actor sponsor. This calculation was done by ASSAULT? in two-dimensional
r-z geometry.

In the TONG calculation the core may be reloaded by a multibatch
technigque by identifying the dindiwvidual batches of fuel separately. The
code will currently handle 15 separate batches of fuel. The cycle se-
guence for removing fuel batches can be specified, as well as the replace-
ment fuel composition. After a suitable delay for reprocessing (a speci-

fied number of refueling intervals) the recovered fuel may be returned
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to the core along with a specified makeup fuel. Control can be maintained
by various options of poison control, moderator composition changes, or
fuel composition changes. Thus a complete history of the operating life

of a reactor can be established with one continuous computer calculaticn.

4.2 Calculation of Spectra and Cross Sections

The TONG program uses modified wversicns of GAM-T* and THERMOS® to
calculate fast and thermal group cross sections for use in the depletion

studies. The basic cross sections®

used in this study were essentially
those used in the comparative evaluation of advanced converters.t The
only changes were for ?33pg and 22?Th.

For 223Pa we used the more recently measured resolved resonance pa-
rameters? but did not change the total resonance integral. For thorium
we used a negative energy resonance to give the known nonvl/v energy de-
pendence and recalculated the cross section in the thermal energy range.
The new cross section is the same as the old one at 2200 m/s, and the
overall effect of the change should be unimportant.

We used only the 2337 cross-section set that yields the lower (0.17)
average alpha above 0.4 ev rather than the cross~section set which yields
the higher (0.23) average alpha. Recent experimental measurements®?? lend
further supvort to this choice, although the matter cannot yet be regarded
as completely settled.

In the epithermal energy range, rescnance parameters were used to
determine shielded cross sections for the fertile isotopes (including
2340 and 2%%Pu) and for *27Pa, ?3%U, and ?“?Pu. ©Shielded cross sections
for zirconium were also cobtained from the rescnance parameters. Unshielded
group cross-section data were used for all other nuclides, including the
fissile nuclides.

In order to allow for spectrum changes with time, all depletion cal-
culations were made with five fast groups (above 1.86 ev) and four thermal
groups. These nine group cross~section sets were computed specifically
for each reactor design.

To treat the enhanced fast fission and absorption caused by hetero-

geneity of fuel and moderator, neither of which are included in the basic
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GAM-T calculations, we developed a procedure for compubting group advantage
factors. These factors were incorporated in the GAM-I fast spectrum and
multigroup cross-gection calculations. This procedure was found to im-
prove significantly the agreement bebween the results of TONG calculations
and corresponding results from critical and exponential facility experi-
ments .0
The THERMOS code was modified to obtain the individual fuel pin dis-
advantage factors in the thermal range and subsequently to obtain group-
averaged crogs sections appropriate to the entire unit cell of fuel pin
cluster, pressure tube, and associated D20 moderator. In this procedure
two successive THERMOS cases are required. The first, or pin-cell, cal-
culation modifies the basic 30-group cross sections by applying flux fac-
tors to all materials within the average pin cell. The second THERMOS
calculation treats the pressure tube and its accompanying moderator as a
unit cell and uses the adjusted 30-group set of cross sections for the

final spectrum and cross-section averaging.

4.3 Calculation of Reactivity Coefficients

Reactors of the type considered in this evaluation tend to be over-
moderated, since the minimum pressure~tube spacing is dictated by mechani-
cal considerations. As a result, the moderator temperature coefficients
can be positive. The use of an organic as the coolanb with its attendant
high neutron losses to hydrogen makes the coolant temperature and coolant
void coefficients positive also. The fuel Doppler coefficient is negative
but not large. The combination of the reactivity coefficients can produce
a condition in which an increase in power causes the reactivity to in-
crease.

To determine the magnitudes of the reactivity coefficients a large
number of GAM-I and THERMOS calculations were made. The following quan-
tities were investigated:

1. fuel temperature from 68 to 1200°F,
2. coolant temperature from 190 to 675°F,

3. moderator temperature from 68 to 190°F,
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4. coolant void from zero to 100%,
5. moderator purity from 99.75 to 97.C mole % DsO.

Thermal scattering kernels for hydrogen, oxygen, deuterium, and car-
bon were computed specifically for each temperature. Since hydrogen is
in the cell as a coolant and as a part of the moderator and carbon is in
the cell as part of the coolant and as diluent in the fuel, it was pre-
sumed necessary to provide scattering kernels for each of these materials
at more than one temperature.

Very few applicable experiments have been run that provide data for
evaluating the method used in computing the various reactivity coeffi-
cients. Comparison with two Zed-2 experimentslo shows our calculations

to have been within 50% of the experimentsl coolant void coefficient.

4.4 Optimization of the Fuel Cycles

In the short time available, it was not possible to investigate in
detail the behavicr of each reactor concept. AL the same time, it was
desirable that the fuel cycle be optimized with respect to the specified
economic parameters. This required defining an approach to egquilibrium-
cycle operation and optimizing the equilibrium cycle. An optimization of
the startup cycle was not attempted, but efforts were made to prevent
penalizing either ccncept by choice of a poor approach to equilibrium.

In order to optimize cycles for low fuel costs, the cycle times were
varied around that chosen by the sponscrs. This was done by adding fuel
or subtracting fuel at the beginning of each cycle.

In general the procedure followed was to specify a small excess re-
activity value at the start of ecach depletion time step. Bach cycle was
then divided into an appropriate number of time steps; at the beginning
of each intermediate time step the reactor was brought back to the speci-
fied value of reactivity by the addition of fuel. Depletion over a small
time step was done without additional poison, and the time steps were
chosen so that the change in reactivity over a time step was generally
about 1%. In this manner the continuous refueling assumed for these re-

actors should be approximated guite well.
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A basic difference in the initiation of the first fuel cycles was
considered for the AI-CE and the B&W designs. For the AI-CE reactor de-
pletion calculation an axially zoned enrichment was assumed, as indicated
in the proposal.lo The fuel management for the first cycle in this re-
actor was assumed to be no different from that for the other cycles. The
lowest enrichment fuel was withdrawn quite soon after startup. TFor the
B&W reactors the axial loading was assumed to be uniform. In order that
the fuel elements would not be removed prematurely, it was assumed that
the reactor would be loaded initially with sufficient reactivity such that
ne fuel would be withdrawn before it had an accumulated lifetime of about
one-fourth the average for later batches. BHBucceeding cycles were treated
ags in the AI-CE design, except that discharge uranium was recycled in the

B&W design, whereas no fuel recycle occurred in the AI-CE design.

4.5 Calculation of Power-Peaking Factors

Power-peaking factors were investigsted in some detail for all three
reactors. A more complete study was made for the AI-CE reactor, with in-
vestigation of the effects of depletion.

In general the procedure involved investigation of the effects dis-
cussed below:

1. Gross radisl and axial power distributions were obtained from
two~dimensional r-z calculations. In these calculations the regions con-
taining the end fittings were specifically identified. The compositions
in each region were assumed to be averages of those of two adjacent fuel
channels.

2. The channel interaction between fresh and depleted fuel was ob-
tained by mocking up two adjacent fuel channels as slabs in a two-dimen-
sional x-y geometry calculation for which the axial region concentrations
could be explicitly described.

3. The local radial power distribution was obtained from THERMOS
calculations in which the volume within the process tube was subdivided
into at least three different fuel regions. This calcuvlation was per-

formed for all reactors at beginning of life. For the AI-CE reactor the
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effect of radial changes in fuel composition on local power density as a

function of depletion was also investigated.

4.6 Physics of the Uranium-Fueled HWOCR

Our reactor physics analysis of the uranium-fueled HWOCR was divided
into three parts:

1. Multidimensional calculations of the core and reflector were made
to determine the critical core bucklings and the power density distribu-
tion throughout the core. The reactivity computed for these cases served
as a check on the reactivity of the zero-dimensional calculations.

2. Tuel, coolant, and moderator reactivity coefficients were com-
puted.

3. Reactor depletion calculations were made for fuel-cycle and long-

term-behavior analysis of the reactor.

4.6.1 Multidimensional Reactor Calculations

The basic multidimensional calculations consisted of an r-z calcula-

tion of the entire core, as described in the AI-CE report,lo

an x-y calcu~
lation of two adjacent channels, and a radial calculaticn To cobtain the
local power distribution within the pressure tube. The two-dimensional
r-z calculations were done for startup conditions and for the equilibriwun
fuel composition predicted from the TONG zero~dimensional calculation.
Critical group-dependent bucklings were computed from the startup case
and used in all subseguent depletion cases. The computed bucklings are
given in Table 4.1. The corresponding geometric buckling based on 1.0-ft

2

reflector savings was 0.000070 cm™ Thus the critical buckling for the
radially and axially zoned core was substantially greater than the geo-
metric buckling. This is especially evident for the higher energy groups.
Table 4.2 shows a comparison of the two-dimensional calculation with sev-
eral point calculations made with different buckling approximations. This
table indicates that the use of bucklings derived from a two-dimensional
calculation of an axially and radially zoned core will improve the accuracy

of the zero-dimensional method for at least the effective criticality and

the conversion ratio.
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Table 4.1, Group-Dependent Bucklings
for the Uranium~Fueled HWOCR

e Upper Energy Buckling

broup (ev) (ct™?)
1 1.0 X 107
2 8,21 X 10° 0.00061
3 3.18 X 10% 0.00038
4, 1230.0 0.00025
5 47 .9 0.00012
6 1.86 0.00015
7 0.65 0.00015
3 0.18 0.00011
9 0.06 0.00002

Table 4.2. Comparison of Point and Dimensional
Calculatlions

Average fuel enrichment: 0.800 wt %

Method Buckling Kepp

Two dimensional 1.0370

Zero dimensiocnal 0.00007 1.0448

Zero dimensional From two-dimensicnal 1.0377
calculation

Gross power distributions were computed from the two-dimensional r-z
calédulations at both startup and equilibrium concentrations as predicted
by the zero-dimensional depletion calculetion. These results are presented
in Tables 4.3 and 4.4 as a power density map of the core. The tables
show a gross maximum-to-average power ratlo of 1.653 at startup and 1.595
for the equilibrium core. Since the power distributions for both cases
are relatively alike, it appears that AI-CE made good cholces for the
initial concentrations. Figure 4.1 shows the relative radial power den-
sity along the horizontal section containing the gross maximum power. Our

calculated maximum-~to-average power ratio is 1.39 compared with the 1.17



Table 4.3. AI-CE 1000-Mw(e) EWOCR Gross Power Density Distribution for the Initial Core Loading

Gross Power Density®

Distance
AX}?L F?Om”AXl?l Inner Radial Zone Outer Radial Zone
Zone Mid-Plane
(em) 8.8 cm® 26.3 cm 115.8 em 166.3 om 236.4 cm 236.4 cm 275.6 om 314.7 em 329.4 em 334.3 om
Outer 270.5 0.523 0.514 0.490 0.449 0.367 0.380 0,301 0.195 0.157 0.147
262.7 0.625 0.614 0.585 0.537 C.439 0.454 0.360 0.234 0.3189 0.179
227.6 1.140 1.119 1.0e7 .982 0.8Q7 0.835 0.666 0.432 0.351 0.334
196.3 1.462 1.437 1.372 i.265 1.052 1.089 0.875 0.570 0.464 0.441
165.1 1.653 1.625 1.554 1,442 1.219 1.262 1.026 0.674 0.548 0.519
Nonfueled
Intermediate 161.6 1.555 1.530 1.464 1.358 1.151 1.237 1.007 0.662 0.539 0.510
126.5 1.563 1.537 1.474 1.3%74 1.189 1.277 1.054 0.699 0.572 0.544
91.3 1.543 1.520 1.460 1.368 1.198 1.287 1.070 0.714 0.585 0.557
56.2 1.509 1.487 1.431 1.346 1.187 1.276 1.066 0.714 0.584 0.555
Nonfueled
Central 52.8 1.448 1.426 1.373 10291 1.139 1.228 1.026 0.687 0.563 0.534
37.7 1.397 1.376 1.325 1.248 1.103 1.188 0.994 0.667 0.549 0.522
22.6 1.376 1.356 1.306 1.230 1.089 1.174 0.983 0.660 0.544 0.518
7.6 1.368 1.348 1.299 1.224 1.085 1.168 0.979 0.658 0.542 0.516

a. . . P .
Data normalized to an average power density of 1.0 in fueled regions.

bCore radius.

8¢



Table 4.4. AI-CE 1000-Mw(e) HWOCR Gross Power Density Distribution for the Eguilibriuwm Core Loading

Gross Power Density®

Distance
Axial from Axial - . i ) o oA -
Zone Mid-Plane Inner Radiszl Zone Quter Radial Zone
(er) 8.8 cm® 26.2 cm 133.8 cm 166.3 cm 236.4 cm 236.4 cm 275.6 o 314.7 em 329.4 em 334.3 cm
Outer 270.5 0.353 0.349 0.340 G.326 0.300 0.305 G.26% 0.178 0.146 0.132
262.7 0.406 0.402 0.392 0.375 0.346 0.352 0.302 0.206 0.172 0.167
227.6 0.763 0.755 0.735 0.704 0.650 0.660 0.568 0.387 0.324 0.316
196.3 1.065 1.054 1.026 0.982 0.900 0.915 0.784 G.532 G.446 0.435
165.1 1.380 1.365 1.33% 1.273 1.252 1.171 3,992 G.672 0.560 0.542
Konfueled
Intermediate 161.6 1.405 1.391 1.355 1.297 1,172 1.209 1.023 0.692 0.576 0.558
126.5 1.541 1.527 1.490 1.429 1.287 1.327 1.119 C.759 G.637 0.622
91.3 1,595 1.58% 1.546 1.49C 1.362 1.405 1.194 0.815 0.685 0.669
56.2 1.548 1.553 1.523 1.479 1.399 1444 1.258 0.887 0.726 0.704
Nonfusled
Central 52.8 1.540 1.528 1.499 1.456 1.385 1.435 1.255 0.866 0.725 0.703
37.7 1424 1.413 1.388 1.353 1.313 1.280 1.207 0.838 Q.707 0.69C
22.6 1.374 1.364 1.340 1.309 1.289 1.335 1.197 0.833 0.704 0.689
7.6 1.352 L.342 1,319 1.291 1.280 1.325 1.193 G.833 0.723 0.689

a, s Ny o - . . .
Dzta normalized to an average power density of 1.0 in fueled regions.

bCore radius.

62
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Fig. 4.1. Gross Radial Power Distribution for AT-CE HWOCR Design
Conditions.

reported by AI-CE.*' Thus, for the startup fuel concentrations, as chosen
by AI-CE, the CRNL calculaticns do not show the high degree of power flat-
tening reported by AI-CE.*' Because of this, a series of one-dimensional
radial calculations were done to investigate the amount of change in av-
erage fuel concentration required to further flatten the radial power dis-
tribution. The base concentrations chosen were those associated with the
midplane of the equilibrium core. These concentrations were representa-
tive of those fuel feed rates which would yield final exposures of about
16,800 Mwd/MT in the inner zone and 12,600 Mwd/MT in the outer zone.
Nominal *5 and #10% changes in each of these concentrations were made in
successive calculations. The results indicate that changing the fuel con-
centrations by about 5% should permit achievement of the maximum-to-average
power ratio given in the AI-CE design report. Fuel-concentration changes
of this amount would have only a minor effect on the economic performance
of the reactor. A 10% change in fuel concentration is equivalent to a
final reactivity lifetime of approximately 18,500 de/MT in the inner zone
and 11,600 Mwd/MT in the outer zone. Thus, small changes in fuel concen~
tration and neutron leakage have relatively large effects on radial power

distribution, which emphasizes the need for careful spatial reactivity



31

control in order to Llimit power-peaking factors throughout reactor opera-
tions.

The x-y calculation of two adjacent channels yields information on
the effects of the significantly different fuel concentrations on the
local. power density. These calculatlons were made for the startup core
compositions specified oy AI-CE and for the equilibrium distribution com-
puted by TONG. These results are presented in Table 4.5 as an axial power
density traverse. Figure 4.2 shows the axial power density distribution
along a fuel channel for the startup core and the equilibrium core. The
maxinum-to~average power density ratio for these two charmels is 1.609
for the startup core and 1.516 for the equilibrium core. The combination
of the fine axial and channel interaction effects on the power density

was found to be 1.250 for the startup core.

ORNL-DWG 661447
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Fig. 4.2. ATI-CE 1000-Mw(e) HWOCR Axial Power Distribution for a Two-
Dimensional Biaxial Refueling Cell Model.
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Table 4.5. ATI-CZ 1000-Mw(e) HWOCR Axial Power Distribution®

Ratio of Local Fuel Power Density to the
Average Axial Fuel Power Density

Distance
Axial from Reactor Initial Core Equilibrium Core
Zone Mid-Plane Loading Loading
(cm)
Charging Discharge Charging Discharge

End End End End
Quter 270.5 0.504 0.277 0.337 0.249
267.0 0.543 0.302 0.358 0.263
260.0 0.633 0.354 0.413 0.302
235.4 0.285 0.551 0.651 C.475
217.8 1.200 0.671 0.822 0.595
200.2 1.368 0.765 0.964 0.703
175.6 1.529 0.856 1.154 0.848
168.6 1.581 0.881 1.220 0.901
165.1 1.609 0.891 1.255 0.932

Nonfueled
Intermediate 16l.6 1.386 0.2971 1.216 1.005
158.1 1.382 0.971 1.213 1.005
151.1 1.376 0.968 1.219 1.013
126.5 1.389 0.972 1.308 1.090
108.9 1.392 0.981 1.367 1.139
91.3 1.381 0.973 1.411 1.175
66.7 1.357 0.958 1.462 1.224
59.7 1.367 0.961 1.494 1.257
56.2 1.373 C.962 1.516 1.281

Nonfueled
Central 52.7 1.121 1.120 1.399 1.382
49,2 1,109 1.108 1.375 1.363
42.2 1.087 1.085 1.343 1.337
17.6 1.058 1.058 1.324 1.323

fcalculated for a two-dimensional bidirectional refueling cell
model.

The fine radial power density was investigated by THERMOS calcula-
tions. Depletion effects were included by doing the calculations for fuel
mixtures corresponding to reactivity lifetimes predicted by the zero-
dimensional depletion cases and assuming a spatial dependence of the nu~
clides within the fuel region in accordance with a previous one-dimensional

12

depletion calculation. The results are given in Table 4.6 as a function
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Table 4.6. Radial Power Density Distribution in Fuel Element
Cell as a Function of Irradiation for AI-CHE Core

Inner Ring

FPlus Central Sggond Ogter
. Ring Ring
Pin
Number of fuel pins 7 12 13
Fuel volume fraction 0.1898 0.3260 0.4842
Relative power density
For 1,000 Mwd/T irradiation 0.629 0.817 1.269
For 3,000 Mwd/T irradiation 0.645 0.834 1.251
For 7,000 Mwd/T irradiation 0.653 0.842 1.241
For 15,000 Mwd/T irradiation 0.697 0.860 1.213

of burnup and relative position within the pressure tube. These results
are gquite similar to those reported by AI-CE in Fig. TI-16 of Ref. 11.
Our power distribution results at startup way be summarized in com-

parison with those reported by AI-CHE as follows:

ORNL, AT-CE
Gross radial power 1.39 (1.17)%  1.17
ratio
Gross axial power 1.20 1.33
ratio
Fine radial power 1.27 1.30
ratio
Fine axial power 1.25 1.175
ratio

We made no check on the ATL-CE eztimate of 1.05 for the local flux tilt

due to xenon oscillation. It appears to be a reascnable estimate.

*The 1.39 value was obtained for the specific AI-CE design conditions;
however, the gross radial power ratio is very sensitive to fuel concentra~
tiong and neutron leakage, and we concur that a 1.17 value can be obtained
without significant economic penalty.
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4.6.2 Reactivity Coefficients

Calculations were made with GAM-I and THERMOS to determine the re-
activity coefficients associated with fuel, coclant, and moderator tem-
perature change, coolant void, and moderator purity. The results are
presented and compared with those of similar computations performed by
AT~-CE in Table 4.7. There are considerable uncertainties in the quanti-
tative results for the reactivily coefficient calculations, as indicated
by the variation beltween ORNL and AI-CE results for the same cores. Illow-
ever, the same general cffects are observed from both sets of data. Based
on these results, the HWOCR will have
1. significant, positive coolant and moderator temperature coefficients

for the eguilibrium core;
2. strong, positive coolant void coefficients;
3. a negative fuel temperature coefficient both with fresh and equi~

librium fuel mixtures.

Table 4.7. Summary of Reactivity Coefficients for AI-CE HWOCR

Reactivity Coefficients

Equilibrium Concentrations ORNTP
Startup
AT-CF? ORNL> Concentrations
Fuel temperature, Ak /AT(CF) —0.4755 x 107%  ~0.5586 x 107°  ~0.5245 x 1077
Coclant temperature, Akg/AT(°F) +0.5299 x 107 40.4054 x 107%  +0.2077 x 1077
Moderator temperature, Ak /aT(°F)  +0.4401 x 107°  +0.8205 x 107% -0.1123 X I( “
Mederator purity, Ak./(A7 Hy0) ~0.015213 —0.01956 —2.02704
C.9975 to 0.99 mole fraction Dp0
Coolant void, 2k /(A% void)
At 33 1/3% void +C.111C x 2073 40,5793 x 1074 +0.4008 x 1077
At 66 2/3% void +0.1046 x 1073 40,4995 x 107%  +0.4220 x C72
At 1007 veid #0,1097 x 1072 +0.3967 x 107%  +0.469¢ x 1073

#Caleulated for the nearly critical condition, ke~ ~ 1.005,

bCalculated for the supercritical condition, k,pe ~ L1.16.
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4,6.3 Reactor Depletion Calculations

The primary reactor depletion calculations were made with the TONG
code. The core materials, dimensions, and physical temperatures employed

£.10  The

in these calculations were those specified in the AI-CE repor
initial core loading specified by AI-CE was to be zoned into two radial
and ten axial zones. Eguilibrium feed enrichment to each equal-volume
radial zone was Lo be the same with the outer zone feed rate greater than
that of the inner zone. This was to result in the outer radial zone hav-
ing an average reactivity lifetime of 13,300 Mwd/MI and the inner zone
having a lifetime of 16,700 Mwd/MI'. Thus the core as a whole had an av-
erage reactivity lifetime of 15,000 Mwd/MT. Fueling of the reactor was

to be countercurrent in adjacent channels with five fuel assemblies per
channel. Tnitial axial enrichments were gpecified in each zone.

The TONG calculation with five fast- and four thermal-neutron groups
was used to estimate the concentration behavior in the AI-CE reactor. To
approximate closely the operation of continuocus refueling, 15 zones (the
maximum allowed by the code) were chosen for the calculation. At startup
these 15 zones were loaded with five different concentrations representing
the average fuel concentrations along a channel in the inner and outer
radial zones. In the depletion calculation described here a cycle 1s de-
fined as the time between refuelings of each of the 15 zones. Thus 15
cycles are required to replace the core completely, and with the exception
of the initial core loading, each zone remains in the core for 15 cycles.
Critical group-dependent bucklings from two-dimensional caleculations were
employed for all depletion calculations. As reported earlier, comparison
of zero- and two-dimensional calculations showed good agreement al startup.

At each depletion time step within a cycle the reactor was maintained
with the excess reactivity between 0.004 and 0.000. Thus the average ex-
cess reactivity was approximately 0.002, corresponding to insertion of
one-half of the available shim rod worth. For fuel cost calculations,
all fuel added during a cycle was assumed to be added at the beginning
of the cycle. t the end of each cycle the fuel in the zone having the
greatest exposure was removed for reprocessing, and sufficient fresh fuel

was added to maintain reactivity. The depletion calculations were made
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for three reactivity lifetimes. 'The summary of the results for these
three cases is given in Table 4.8 as cases Q-1, Q-2, and Q-3. Represen-
tative core neutron balances as a function of time are given in Table
4.9, The final neutron balance is representative of the equilibrium
core. The conversicn ratio as a function of time 1s given in Fig. 4.3.
Lifetime mass balances of the heavy metals are given in Table 4.10.

For case Q-2 with an average reactivity lifetime of 15,000 Mwd/MT,
AI-CE predicts an initial enrichment of 1.16 wt % 235U, Our results give

a required enrichment of 1.17 wt % 22°U.

For the equilibrium core Al-CE
predicts an average of 3.16 g of figsile plutonium per kilogram of ura-
nium at discharge, while our results predict 3.20. The agreement of these
two guantities is excellent.

We also estimated the effect on the fuel cycle of the reduced neu-
tron economy if it should be necessary to increase the neutron absorptions
in shim control rods. For our base calculations we assumed this amount
to be approximately 0.2%, on the average. Table 4.11 shows the effect
that small, additional amounts of such control poison will have on the

equilibrium feed enrichment and on the eguilibrium fuel-cycle cost.

Table 4.8. Summary of Cycle Performance for AI-Ck Design

Cases
Q-1 9-2 Q-3
First cycle
Initial reactivity (no rods) 1.004 1.004 1.004
Initial enrichment, wt % 23°U 0.786 0.784 0.782
Fquilibrium cycle
Initial reactivity (no rods) 1.004 1.004 1.004
Cycle time, full-power days 510 600 675
Discharge exposure, Mwd/MT of U 12,869 14,842 1€,801
Feed enrichment, wt # 27°U 1.088 1.168 1.251
Discharge enrichment, wt % 239U 0.234 0.210 0.189
Discharge Pu, g/kg of U feed 4.83 5.1 5.33
Pu composition, wt %
239py. 54,9 52.8 51
240py 28.6 28.8 28.7
241 py 11.9 12.7 13.3
242py 4.6 5.7 6.9
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Table 4.9, Neubron Balance for AI-CE Core
at 15,000 Mwd/MT, Case Q-2

Cycle number 1, start 6, end 12, end 18, end 36, end
Time, years 0 0.6533  1.3065 1.9598 3.9196
Abgorptions
I in coolant 0.0395 0.0275  0.0252 0.0250 0.0251
H + D in D0 0.0135 0.0101  C.00% 0.009% 0.009%
235y 0.4638 0.2307 0.2175 0.2179 0.2171
23675 0.0018  0.0025 0.0027 0.0026
238y 0.4006 0.3202  0.3038 0.3024 0.3033
239py 0.2310 0.2293 0.2286 0.22%
240py 0.0366  0.0481 0.0481 0.0481
241py 0.0185  0.0320 0.0323 0.0322
242py 0.0002  0.0009 0.0009 0.0009
0 in D0 0.0028 0.0025  0.0025 0.0025 0.0025
Al 0.0417 0.0291.  0.0266 0.0264 0.0265
71 0.0106 0.0077  0.0072 0.0071 0.0072
135 0.0222  0.0219 0.0219 0.0219
149—152q5 0.0105 0.0122 0.01.24 0.0123
Fission products 0.0241L  0.0343  0.0357 0.0348
Leakage 0.0275 0.0273  0.0266 0.0267 0.0267
Total 1..0000 1.0000  1.0000 1..0000 1..0000
Conversion ratio 0.8197 0.701.0 0.692 0.6201 0.6919
ORNL-DWG 66-1448
o
R L R
i Na— o
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Fig. 4.3. Conversion Ratio for AI-CE HWOCR at 15,000 de/MT.
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Table 4.10. Cumulative Mass BRalance for Total

Reactor History of AT~CE Design

Cases
Q-1 Q-2 Q-3
Reactivity lifetime, Mwd/MT 13,000 15,000 17,000
History time, years, at 0.8 plant factor 5.0 5.75 6.5
Equilibrium fuel residence time, days, 645 750 2840
at 0.8 plant factor
Initial loading, kg
235y 975.76 972.77 970.74
Total U 124,158 124,155 124,153
Total purchased material, kg
2351 4,643 4,934 5,240
Total U 463,639 463,543 464,236
Final core loading (at discharge), kg
235y 660.18 662.35 667.18
Total U 122,855 122,768 122,686
Fissile Pu 298.72 315.66 330.40
Total discharge (including final
core), kg
234y 0 0 0
235y 1,518 1,432 1,363
236y 505.32 563.55 619.94
238y 454,863 454,298 453,746
Fissile Pu 1,298 1,353 1,407

Table 4.11. Effect of Increased Control
Poison on AI-CE HWOCR

Average

Reactivity Equilibrium Feed
Control Lifetime Fuel Cost Enrichment
PO?;@“ (Mwd,/MT) (mills/kwir ) (wt % 2351)
0.2 14,830 0.852 1.169
0.7 14,827 0.868 1.187
1.0 14,824 0.884 1.204




4.6.4  Comparison ORNT, and AI-CH Depletion Results Obtalined
by the Same Mfsz't;hod

In order to compare our reactivity calculations and basgic nuclear

data with those of AI-CZ we made one depletion calculation with essen-
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...... epletlon method. This scheme may be described as the
depletion of the reactor at a glven Initial enrichment with cross sections
based on supercribical conditions for some specified depletion time.

An AT~CE calculation of this type was available for a depletion time
of approximately 7200 hre and an initial 2357 envichment of 1.16 wh %@12
A comparison of our resulbs with those of AI-CE iz shown in Table 4.12.
The group~dependent bucklings previocusly degcribed were used in the leak~
se compubation. The data show a consisbent difference of only 1% in &

Teff
Abzorption rates in the iwportant nuvcllides, hydvogen, zirconium, aluminum,

Table 4.12. Comparigon of AI-CE and ORNL Data for
AT-CHE HWOCR Neutron Dalance

Depletion time, hr 0 180 7,239

L 1.193 1.185 1.151 1.140 1.008 0.9%
Computation AT-CE ORWL AT-CE ORMNI, Al-CE ORNL

Absorphions

Hydrogen 0.0280 0.0350  0.0362 0.0337 00,0320 0.0296
Oxygen 0.0069 0.0026 0.0068  0.0026 0, 0065 0.0025
Zirconium 0.0081  ©0.0082 0.007¢  0.0080  0.0070  0.0072
Carbon 0.0007 0.0008  0.0006 0., 0007 0. 0006 0.0006

Aluminan 0.0243  0.0314  0.0328  0.0302  0.029L  0.0266
Deuterim 0.0033  0.0055  0.0031  0.00%  0.0027  0.,0050
239y 0.5519 0.5553  0.5161  0.5246  0.1984  0.2095
‘Q“U 0.3337 (0.3353 9“41 0.3281 0.2940 C.3034
239y 0.0176  0.0098  0.,24% 00,2438

240y, 0.000L O 0.0586  0.0443
241py 0 0 0.0358  0.0236
R4 0.0051  0.0039  0.0053  0.0080
Xe 0.0261  0.0255  0.0215  0.0229
ssion products 0.001L 0.00L7 0.0387 0.0476

sge 0.0231 0.0258  0.,0224  0.0257  0.0205  0.0234

Total 0.9999 1.C000 0.9992  (0.,9999 1.C00L 1.,0000

At
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235U} and 239Pu, are 1n substantial agreement. Farly differences in 23%9py
absorption are probably a result of specific treatment cf 239Np in the

ORNL computation.

4.6.5 Comparison of Zero- and One-Dimensional Depletion Results

The zero-dimensional depletion model used to represent bidirectional,
continuous refueling is a simplified one. A somewhal more complex and
potentially more exact depletion model uses an explicit axial representa-
ticn of the core in one dimension. In this model the axial traverse is
subdivided into many layers. The bidirecticnal refueling requires that
the fuel composition layers of the axial sandwich be alternately those
corresponding to two adjacent fuel regions. For exarmple, if we designate
"1" as fresh fuel and numbers 2, 3, and 4 as fuel of progressively higher
fuel depletion (with 4 being the discharge fuel), the sandwich is as fol-
lows: 4, 1, 3, 2, 2, 3, 1, 4. The symmetry of the core is such that
cnly one-half of this sandwich need be actually included in the calcula-
tion; that is, layers 4, 1, 3, 2. Region sizes were chosen to give ap-
proximately the same cenber-to-center spacing as the distance between
adjacent channels in order to obtain approximately the correct flux dis-
tribution. However, we found in exploratory calculations that the fluxes,
but not the power, in adjacent channels are very nearly the same.

In our calculations we start with an initial fuel distribution. The
core is depleted, while being kept critical with changes in poisoning,
until the excess reactivity is gone. Material in each of the numbered
regions is then interchanged with the next higher numbered region; that
is, 1 becomes 2, 2 becomes 3, 3 becomes 4, and 4 is discharged from the
core. Fresh fuel of a predetermined enrichment is added in region 1. A
criticality search for the new control poison reguirement is then made,
and the depletion for the next cycle is begun. This cycle of refueling
and depletion is continued for the desired number of times.

We did this calculation for the AT-CE core with the code ASSAULI.
Fifteen axial regions were used instead of the four regions assumed in

the above illustrations of the method. The depletion results of this
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one~dimensional calculation are compared with those of the peint deple-
tion calculation, Q-2, in Table 4.13. The data show that the one-dimen-
sional calculation leads to glightly more favorable results than the point
caleulation. Nevertheless, the agreement between the two calculations is
very close and gives confidence in the results cobtained from the point

calculational model.

Table 4.13. Comparison of One- and Zero-Dimengional
Depletion Calculations

Case R-1, Case Q-2,
One~-Dimensional  Zero-Dimensional
Depletion Depletion
Startup enrichment, wt % *3°U 0.820 0.784
Egquilibrium
Feed enrichment, wb 4 *32°U 1.159 1.168
Discharge enrichment, wt % #2°U 0.197 0.210
Discharge fissile Pu, g/kg of U 3.34 3.34
Core conversion ratio 0.694 0.694
Reactivity lifetime, Mwd/MT 16,009 14,842
Average excess reactlvity 0.008 0.002

4.7 Physics of the Thorium-Cycle HWOCR

The reactor physics analysis of the thoriwn~cycle HWOCR also con=-
sisted of the compubation of critical bucklings and power densities by
multidimensional calculations, the computation of reactivity coefficients,
and the reactor depletion calculations for fuel-cycle and long-term re-
actor behavior. 1In thiz case, since BEW submitted two fuel element de-
signs consisting of (1) a nested cylinder with thorium-uranium metal Ffuel

c
and (2) a cluster of pins with ThO2-UQ02 fuel, both designs were evaluated.

4.7.1 Mutidimensional Reactor Calculations

The basic multidimensional calculations performed were an r-z calcu-

lation of the entire core approximately ag described in the B&W conceptual



42

design report.*3 The core was represented as having three equal-volune

radial zones and a uniform axial loading. Fuel concentrations approxi-
mately equal to those in Fig. 3.2 of the B&W report13 were used.

The critical group-dependent vucklings obtained from these calcula-
tions are reported in Table 4.14. For comparison the corresponding geo-
metric bucklings based on a 1.0-ft reflector saving are 0.000072 and
0.000061. for the nested-cylinder and the pin~cluster designs, respectively.
Thus as in the AI-CE design the critical buckling for the radially =zoned
reactor is substantially greater than the geometric buckling, especially
for the higher energy groups.

Gross power distributions were computed from the two-dimensional r-z
calculations for the assumed startup conditions. These results are pre-
sented in Tebles 4.15 and 4.16 for the nested-cylinder and pin-cluster
cores, respectively. These tables show a gross meximum-to-average power
ratio, which occurs on the horizontal plane through the center of the re-
actor, of 1.67 for the nested-cylinder design and 186 for the pin-cluster
design. Figure 4.4 shows the relative radial power density along the same
horizontal section. The maximum~to-average radial power distribution of
1.14 shown in Fig. 4.4 wmay be compared with the value of 1.17 reported
for the B&W design. The degree of power flattening achieved by the three

radial fuel regions is quite high.

Table 4.14. Group-Dependent Bucklings
for the Thorium-Cycle HWOCR

. -2
Upper Energy Buckling (cm™#)

Group (ev)
Nested Cylinder Pin Cluster

1 1.0 x 107

2 g8.21 x 10° 0.00072 0.00050
3 3.18 x 10% 0.00040 0.00031
4 1230.0 0.00026 0.00022
5 47.9 0.00020 0.00018
6 1.86 0.00017 0.00016
7 0.65 0.00011 0.00010
8 0.18 0.00012 0.00013
9 0.06 ~0. 000005 0.000026




Tabie 4.15. BEW Nested-Cylinder Fue: Element Gross Power Density Distribution for the Initial Core Loading

Gross Power Density®

Distance
éx1a¢ f??m §x1al Central Fuel Region Intermediate Fuel Region Outer Radial Zone
zone Mié-Plane
(em) 6.6 cal 138,83 em 150.9 em 167.0 em 167.0 em 201.5 em 224.6 cm 236.1 cm 236.1 cm 258.9 em  274.0 em  289.2 cm
Outer 370.7 3.233 0.228 0.225 0.223 0,229 0.217 0.201 0.190 0.214 0.176 0.142 0.112
364.56 0.254 0.24% 0.246 0.243 0.25G 0.236 0.22 0.207 0.233 0.192 0.155 0.127
350.3 0.337 0.331 0.326 0.323 0.332 0.315 ¢.293 0.278 0.31% 0.257 0.208 0.172
330.0 0.470 0.462 0.456 0.452 O 464 Q.441 0,411 0.388 0.437 0.358% 0.292 0.242
289.2 0.726 0.713 0.705 0.698 0.717 0.68% 0.636 0.601 0.675 0.558 0.451 0.374
248.5 0.973 0.957 0.946 0.936 0.962 0.914 0.853 C.806 0.906 0.748 0.606 G.4589
Nonfueled
Intermediate 246.8 0.982 0.965 0.954 0.945 0.971 0,922 0.852 0.813 0.914 0.755 0.611 0.504
226.5 1.071 1.053 1.041 1.031 1.0860 1.007 0.940 0.888 ©0.999 0.825 C.5668 0.553
185.8 1.254 1.233 1.219 1.207 1.241 1.180 1.101 1.040 1,170 0.967 G.782 0.648
145.1 1.401 1,377 1.36% 1.348 1.385 1.317 1.229 1.160 1.305 1.078 0.872 0.722
124.7 1.481 1.456 L.440 1.426 1.465 1.392 1.298 1.226 1.379 1.13% ¢.923 0.760
Nonfueled
Central 123.0 1.486 1.461 1.444 1.430 1.470 L.396 1.303 1.220 1.383 1.143 0.925 0.762
102.7 1.521 1.495 1.478 1.464 1.504 1.430 1.335 1.260 1.437 1.171 0.948 0.784
62.0 1.603 1.575 1.558 1.542 1.585 1.507 1,408 1.330 1.495 1.235 1.0C0 0.828
21.2 1.640 1.612 1.594 1.578 1.622 1.542 1.43% 1.35¢ 1.529 1.262 1.022 C.846
0.8 1.667 1.638 1.619 1.603 1.648 1.566 1,462 1.380 1.552 1.282 1.038 0.855
Nonfueled

Data normalized to an average power density of 1.0 in fueled regions.

b o
Core radius.

£y



lable 4.16. B&W Pin-Ciustered Fuel Element Gross Power Density Distribution for the Ianitial Core Loading

i oss Power Densit
Distance Gross cr Density?

éﬁizi ﬁingﬁiiil Central Fuel Region ntermediate Fuel Region Outer Fuel Region
(em) 10.4 en® 52,0 em 1i4.4 em 176.7 cm 176.7 em 195.0 em 222.5 cm 249.9 om  249.9 cm  268.4 cm 266.9 em 306.1 cm
Outer 350.0 G.255 0.253 0.247 0.232 0.240 0.231 0.214 0.186 0.209 0.179 0.140 0.099
340.0 0.306 0.304 0.296 0.279 0.287 0.278 0.257 0.224 0.251 0.214 0.167 0.124
294.0 0.638 0.633 0.615 0.581 0.5%9 0.580 0.537 0.470 0.527 0.450 0.352 G.261
256.8 0.889 0.883 0.857 0.810 0.835 0.808 0.748 0.654 0.732 0.626 0.489 0.362
238.2 1.055 1.047 1.017 0.961 0.990 0.959 0.888 0.775 0.869 0.743 0.580 0.423
Nonfueled
Intermediate 232.3 1.090 1.082 1,050 0.992 1.023 0.990 0.917 0.801 0.897 0.767 0.600 0.437
213.7 1.152 L.i45 1.112 1.051 1.08% 1.04% 0.972 0.849 0.951 0.813 0.636 0.471
176.5 1.351 1.341 1.303 1.232 1.271 1.230 1.140 0,998 1.117 0.956 0.747 0.554
139.2 1.510 1.498 1.455 1.376 1.439 1,373 1.272 1.111 1.245 1.064 0.832 0.616
120.6 1.649 1.637 1.589 1.502 1.549 1.499 1.388 1.213 1.359 1l.1é2 0.908 0.662
Nonfueled
Central 114.7 1.667 1.655 1.6C7 1.519 1.567 1.516 1.404 1.227 1.374 1.175 0.919 0.669
96.1 1.652 1.640 1.583 1.506 1.553 1.503 1.393 1.218 1.363 1.166 3.911 0.675
58.8 1.738 1.726 1.676 1.586 1.635 1.583 1.468 1.284 1.438 1.231 0.962 3.713
21.6 1.776 1.763 1.712 1.620 1.670 1l.6le 1.498 1.309 1.466 1.253 0.980 0.726
2.94 1.862 1.849 1.795 1.697 1.750 1.694 1.569 1.371 1.536 1.313 1.027 0.748
Nonfueled

®Data normalized to an average power density of 1.0 in the fueled regions.

b .
Core radius.

K4%
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Flg. 4.4. Gross Radial Power Distribution for B&W Negted-Cylinder
Design.

For the oxide-fueled case a two-dimensional x-y calculation was made
using the equilibrium axial fuel distribution obtained from the TONG de-
pletion calculation. This calculation included explicitly both the axial
variation in fuel in bwo adjacent channels and the coolant density change
along the channels. The effect of the coolant density change is signifi-
cant, gince flow is downward in all channels in the B&W designs. The re-
sults are presented in Table 4.17 and in Fig. 4.5 as an axial power den-

81ty traverse. The maximum-to-average power ratio computed was 1.74 in
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Fig. 4.5. B&W 1000-Mw(e) HWOCR Thorium-Uranium Oxide Concept Axial
Power Distribution from Two-Dimensional Bidirectional Refueling Model.
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Table 4.17. B&W 1000-Mw(e) Th0,-UOs~Fueled HWOCR Axial Power Distribution

Ratio of Local Fuel Power Density to the
Average Axial Fuel Power Density?

Distance
Axlal from Reactor Coolant Inlet Fnd Coolant Outlet Fnd
Zone Mid-Plane
(em) Cold End Hot Fnd Cold Fnd Hot End
Fuel Charge Fuel Charge Fuel Charge Fuel Charge
Outer 350.0 0.064 0.052 0.C59 C.073
3444 0.070 0.058 0.066 0.079
333.2 0.092 0.077 0.087 0.104
316.4 0.13¢6 0.114 0.128 0.153
294.,1 0.215 0.181 0.202 0.240
271L.7 0.331 0.278 0.307 0.366
255.0 0.458 0.383 0.420 0.503
243.8 0.590 0.484 0.529 0.645
238.2 0.697 0.555 0.605 0.760
Nonfuelad
Intermediate 232.3 0.719 0.627 0.683 0.782
226.7 0.762 0.659 0.717 0.828
215.6 0.877 0.754 0.818 0.950
198.8 1.055 0.906 0.979 1.138
176.4 1.259 1.081 1.161 1.351
154.1 1.415 1.217 1.2%96 1.508
137.3 1.503 1.292 1.369 1.592
126.1 1.583 1.361 1.437 1.670
120.6 1.667 1.431 1.508 1.756
Nonfueled
Central 114.7 l.561 1.49¢6 1.574 1l.641
109.1 1.516 1.455 1.528 1.592
97.9 1.510 1.450 1.516 1.579
81.2 1.547 1.486 1.543 1.606
58.8 1.589 1.527 1.57L 1.634
36.5 1.613 1.550 1.579 1.642
19.7 1.626 1.564 1.579 1.642
8.5 1.670 1.606 1l.612 1.675
2.9 1.738 1.672 1.674 1.740
Nonfuelead

aCalculated with a two-dimensional bidirectional refueling cell model.
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the channel for which the fuel movement was opposite to coolant flow.
The power ratio from fine axial and channel interaction effects was com-
puted to be 1.156.

The Tine radial power density distribution was also investigated for
startup conditions. These results are given in Table 4.18 as a function
of radial position for both B&W designs. The maximum-to-average local
radial power ratio was found to be 1.451 for the nested-cylinder design

and 1.265 for the pin-cluster design.

Table 4.18. Pine Radial Power Density Distribubtion
for B&W Designs

Pin~-Cluster Design Nested-Cylinder Design
Fuel Cuter Ratio of Region Fuel Imner Outer Ratio of Region
Region  Radius Average Power to Region  Radius Radius Average Power Lo
No. (cm) Cell Average Power No. (em) (em) Cell Average Power
0 2.589 1 3.056 3.310 0.668
1 3.843 0.737 2 3.703 3.957 0.731.
2 5.096 0.858 3 4,366 4,620 0.828
3 6.350 1.268 4 5.050 5.304 1.038
5 5.778 6.032 1.451
The overall resulbs may be compared with those reported by BEW as
follows:

Nested Cylinder  Pin Cluster

ORI B&W ORNL  B&W

Gross radial power 1.142 1.17 1.237 1.17
ratio
Gross axlial power 1.460 1.33 1.505 1.33
ratio
Fine radial power 1.451 1.29 1.265 1.20
ratio
Fine axial power 1.130 1.05 1.156  1.17
rabio
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4.7.2 Reactivity Coefficients

Reactivity coefficient calculaticns similar to those made for the
AT-CE design were made for the two B8W designs, but only for startup con-
ditions. These results are presented in Table 4.19 for both B&W core de-
signs. Since B&W did not meke a similar set of calculations, our results
may not be compared. The general effects apparent from this study are
similar to those of the AI-CE study; thus the B&W cores will have
1. significant positive coolant temperature coefficients,

2. strong, positive, coolant void coefficients,
3. a negative fuel cecefficient,
4 a negative time-zero moderator coefficient.

A comparison of thesge resulis with those computed for the AI-CE
uranium~fueled HWOCR indicates that the thorium-fueled reactor has a

mere positive coolant temperature coefficient of reactivity initially.

Table 4.19. Summary cf Reactivity Coefficient
Calculations for B&W Designs

Reactivity Coefficients

Nested~Cylinder Pin-Cluster

Core Core

Fuel temperature, Ake/AT(°F) —0.8016 x 1077 -0.5170 x 107°?
Coolant temperature, Ake/AT(°F) +0.1550 X 1074 +0.6758 x 1077
Moderator temperature, ﬁke/AT(°F) ~0.2427 X 1074 -0.1630 X 1074
Moderator purity, &k /(A% H,0)

0.9975 to 0.99 mole fraction D»0 —0.01828 —0.,01866

0.9975 to 0.98 mole fraction D»0 ~(0.01853 -(3.02019

0.9975 to 0.97 mole fraction D0 ~.01870 —1,02078
Coolant void, Ak@/(&%‘void)

At 33 1/3% void +0.2957 x 1073 +0.3089 x 1073

At 66 2/3% void +0.3039 x 1073 +0.3026 X 1072

At 100% void +0.3359 X 1073 +0.3322 x 1073
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4.7.3 Reactor Depletion Calculations

The primary reactor depletion calculations were zero-dimensional and
were made with the TONG code. The core materials, dimensions, and bLem-
reratures were taken from the B&W design reportl4 insofar as possible.
B&W gave no method for the approach to the assumed continuous refueling
of the reactor cores. Since the calculation of 30-year fuel-cycle costs
required that some assumption be made about the reactor startup, it was
assumed that the initial core loading would be sufficient to give a burnup
of 3000 to 5000 de/MT in the first fuel to be removed for reprocessing.
During this period of time the reactor was assumed to be kept critical by
poison contrel. All succeeding cycles were then computed by the continu-
ous refueling method described previously for the AI-CE uranium-fueled
HWOCR. For the B&W reactors 12 zones of uniform fuel concentration were
chosen for the calculation. The group-dependent bucklings described in
Section 4.7.1 (Table 4.14) of this Chapter were used for the depletion
calculations.

Reactor lifetime results are summarized in Tables 4.20 and 4.21 as
cases X-1, X-2, X-3, and W-1, W-2, W-3 for the nested-cylinder and pin-
cluster designs, respectively. For each design fuel exposures of 17,000,
20,000, and 23,000 Mwvd/MT were computed to allow some degree of cost opti-
mization. Representative neutron balances as a function of time for the
two designs are given in Tables 4.22 and 4.23. The final neutron balance
of these tables i1s representative of the equilibrium cores. Lifetime mass
balances of the heavy metals are given in Tables 4.24 and 4.25 for the

nested-cylinder and pin-cluster designs, respectively.

4.7.4 Comparison of ORNL and BEW Depletion Results Using
the Same Method

In order to compare our reachivity calculations and basic nuclear
data with those of BE&W, one depletion calculation was made using the BS&W
depletion method. This scheme may be described as the depletion of the
reactor at a given initial enrichment from supercritical until the reac-
tivity Just equals 1.0. The depletion is then continued for an additional

equal depletion time with the reactor in the subcritical state.
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Table 4.20, Summary of Cycle Performance for
B&W Nested~Cylinder Design

Cases
X~1 X-2 X-3
First cycle
Initial reactivity (no rods) 1.1 1.1 1.1
Initial earichment, wt % 23°U 2.044 2.044 2.044
Final cycle
Initial reactivity (no rods) 1.004 1.004 1.004
Cycle time, full-power days 515 606 697
Exposure, Mwd/T of U + Th 16,888 19,840 22,768
2357 makeup enrichment, wt % 0.392 0.474 0.570
2357 recyele enrvichment, wt % 0.287 0.288 0.289
2337 recyele enrichment, wt % 1.347 1.349 1.348
Total fissile feed enrichment, wt % 2.026 2.111 2.207
Table 4.21. Summary of Cycle Performance for
B&EW Pin-Cluster Design
Cases
W-1 W-2 W~-3
First cycle
Initial reactivity (no rods) 1.1 1.1 1.1
Initial enrichment, wt % 22°U 2.213 2.213 2.213
Final cycle
Initial reactivity (no rods) 1.004 1.004 1.004
Cycle time, full-power days 276 378 432
Exposure, Mwd/T of U + Th 14,747 19,845 22,805
2357 makeup envichment, wb % 0.486  0.672  0.775
235y recycle enrichment, wt % 0.391 0.365 0.354
2337y recycle enrichment, wt % 1.405 1.425 1.424
Total fissile feed enrichment, wt %  2.282 2462 2.553
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Table 4.22. Neutron Balance for BSW Nested-Cylinder Core, Case X-2,
Calculated for 20,000 de/MT, 12 Zones, and Critical Buckling

Cycle number 1, stbart 7, end 15, end 45, end 60, end 74, end
Time, years 0 1.020 2.198 6.352 8.429 10.367
Nuclide
Hydrogen 0.0332 0.0366 0.0366 0.0359 0.0353 0.0349
Deuterium 0.0048 0.0050  0.0051 0.0050 0.0050 0.0050
Boron 0.0788
Carbon 0.0005 0.0005  0.0005 0.0005 0.0005 0.0005
Oxygen 0.0024 0.0024  0.0024 0.0024 0.0024 0.0024
Alvminun 0.C087 0.0095  0.0096 0.0094 0.00922 0.0091
Zirconimm 0.0172 0.01874 0.0184 0.0181. 0.0180 0.0172
232qp 0.3340 0.3551 0.3560 0.3506 0.3461L 0.3427
233py 0.0077  0.0077 0.0075 0.0074 0.0073
233y 0.1546  0.2489 0.3292 0.3295 0.3275
2347y 0.0028  0.0071 0.0231 0.0281 0.0313
235y 0.4925 0.3138  0.207% 0.1178 0.1173 0.1195
23ey 0.0033  0.0052 0.0083 0.0092 0.0100
238y 0.0022 0.0023  0.0025 0.0030 0.0032 0.0034
239py 0.0017  0.0019 0.0023 0.0025 0.0026
135%e 0.0214  0.020% 0.0204 0.0204 0.0204
149gy 0.0067  0.0065 0.0060 0.0059 0.0059
Fission products 0.0326  0.0372 0.0348 0.0345 0.0343
Leakage 0.0257 0.0255 0.0255 0.0257 0.0255 0.0253
Total 1.0000 1.0000  1.0000 1.0000 1.0000 1.0000
Conversion ratio 0.6690 0.7403 0.7704 0.8116 0.8134 0.8132

Table 4.23., DNeutron Balance for B&W Pin-Cluster Design, Case W-2,
Calcwlated for 20,000 Mwi/T, 12 Zones, and Critical Buckling

Cycle number 1, start 7, end }5, end 45, end 60, end 74, end 200, end

Time, years 0 0.648 1.337 3.922 5.215 6.507 8.661

Nuclide
Hydrog=n 0.0523 0.0573  0.0577 0.0571 0.0564 0.0557 0.0549
Deutberium 0.0062 0.0066  0.0066 0.0066 0.0065 0.0065 0.0064
Boron 0.0800
Carbon 0.0007 0.0008  0.0008 0.0008 0.0008 0.0008 0.0008
Oxygen 0.0034 0.0035  0.0035 0.0035 0.0035 0.0035 0.0034
Aluminum 0.0278 0.0304  0.0306 0.0304% 0.0300 0.0296 0.0292
Zirconium 0.0081 0.0087  0.0083 0.0087 0.0086 0.0085 0.0084
232 0.3023 0.3230 0.323% 0.3217 0.3181 0.3150 0.3111
233py 0.0076  0.0076 0.0075 0.0074 0.0073 0.0071
233y 0.1174  0.2066 0.2995 0.3028 0.3018 0.2988
234y 0.0017 ©.0045 0.0172 0.0217 0.0250 0.0282
235y 0.4909 0.3556  0.2560 0.1522 0.1485 Q,1495 0.1527
236y 0.0021  0.0035 0.0064 0.0074 0.0082 0.0095
238y 0.0015 0.0017 0.0018 0.0025 0.0027 0.0030 0.0033
239py 0.0012  0.001l4 0.0019 0.0021 0.0022 0.0025
135%e 0.0227  0.0223 0.0218 0.0217 0.0217 0.0217
1499 0.0064  0.0064 0.0058 0.0058 0.0058 0.0057
Fission products 0.0264  0.0313 0.0295 0.0293 0.0291 0.0283
Leakage 0.0268 0.0269  0.0267 0.0263 0.0267 0.0268 0.0266

Total. 1.0000 1.0000  1.0000 1.0060 1.0000 1.0000 1.0000

Conversion ratio 0.6125 0.6622 0.6922 0.7328 0.7363 0.7374 0.7375
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Table 4.24. Cumulative Mass Balances for the Reactor History
of the B&W Nested-Cylinder Design

Case numher X-1 X-2 Xx-3
Plant factor 0.8 0.8 0.8
Reactivity lifetime, Mwd/MT 17,000 20,000 23,000
History time, years 11.0 12.9 14.8
Last cycle time, days, at 0.8 load factor 648 756 876
Initial loading, kg
235y 1,905 1,906 1,905
Total U 2,038 2,050 2,038
2321n 91,159 91,159 91,159
Total purchased materisl, kg
235y 4,810 5,329 5,887
Total U 5,144 5,730 6,296
2321 134,768 136,011 137,219
Final core loading (at discharge), kg
233y 1,279 1,282 1,284
235y 417.31 443 .01 473,71
Total U 2,748 2,890 2,995
Total discharge (including final
core), kg
233y 8,045 8,209 8,326
2344 1,723 1,929 2,103
2357 3,063 2,877 2,758
236y 2,537 2,753 2,971
238y 1,149 1,307 1,268
232Th 636,356 634,901 633,487
Total material recycled (after losses), kg
233y 6,274 6,433 6,547
<34y 1,198 1,359 1,498
235y 2,530 2,319 2,170
2367 1,896 2,049 2,202
238y 881.72 994 .74 958.19
2321 510,941 509,698 508,491

Tables 4.26 and 4.27 compare neutron balances for the pin-cluster and
nested-cylinder designs as computed by ORNL and B&W. The ORNL results in
Table 4.26 also consider use of geometric or critical bucklings. At
startup all the pin-cluster cases compare well with respect to initial
reactivity and conversion ratioc. At end of life the computed conversion
ratios still agree quite well, but the agreement in reactivity is poorer.

This indicates that for the same final reactivity the B&W cases would show
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Table 4.25., Cumulative Mass Balances for the Reactor History
of the B&W Pin-Cluster Design

Case number W-1 W-2 W-3
Plant factor 0.8 0.8 0.8
Reactivity lifetime, Mwd/MT 15,000 20,000 23,000
History time, years 6.0 8.0 9.2
Last cycle time, days, at 0.8 load factor 348 468 540
Initial loading, kg

235y 1,277 1,277 1,277

Total _ 1,370 1,370 1,370

2327 : 56,328 56,328 56,328
Total purchased material, kg

235y 3,453 4,151 4,565

Total U 3,705 e 4453 4,898

2321 82,291 83,545 84,242
Final core loading (at discharge), kg

233y 829.22 839.21 841.13

235y 345.02 365.35 377.38

Total U 1,888 2,067 2,159

Total discharge (including final
core), kg

233y 5,010 5,278 5,374
234y 886 1,149 1,275
2357 2,647 2,297 2,155
236y 1,728 2,055 2,234
238y 915 1,017 1,076
2321m 394,355 392,886 392,070
Total material recycled (after losses), kg
233y 3,864 4,116 4,209
2347 597.28 793,11 §90.08
235y 2,203 1,840 1,690
236y 1,268 1,500 1,625
238y 692.40 758.34 796.03
232Tn 316,699 315,446 314,74

a higher conversion ratio than the ORNL cases. The nearly 3% difference
in final reactivity is worth approximately 0.05 in conversion ratlo. Also,
the ORNI results in Table 4.26 indicate that use of the geometric buckling
rather than the critical buckling has the effect of increasing the con-
version ratio by approximately 0.02; neutron lesses to leakage are de-
creased by 25 to 20% throughoﬁt the reactivity lifetime if geometric

rather than critical bucklings are employed.



54

Table 4.26. HNeutron Bzlances for B&W Pin-Cluster Design Based on
Depletion from Supercritical

ORNL Results BEW Results

For Geometric Buckling Tor Critical Buckling

Absorptions Productions
Absorptions Producticrs Absorptions Productions

Time-zero
element
Hydrogen 0.0531 C.052¢8 0.0563
Deuteriux® 0.0063 0.0C065 C.0063 0.0062 0.0035
Carbon 0.0007 0.0007 0.0007
Oxygen 0.0024 0.0034 0.0051
Aluminunm 0.0282 0.0280 0.0268
Zircoriun 0.0082 0.0081 0.0080
Thorium C.3068 0.0028 0.3044 0.0038 0.3144 0.0041
233y C.5717 1.1571 0.5678 1.1496 £.5694 1.1625
238y C.0017 0.0000 0.0017 0.CCO0 C.0016 0.000C
Leakage 0.C192 0.0268 0.0142
Total 1.00C0 1.1674 1.0000 1.159% 1.0000 1.1666
Corversicn 0.53692 0.5369 0.5478
ratio
End of life 379 days 379 days 400 days
liydrogen C.0625 0.0623 0.0656
Deuteriun? £.0070 0.0067 2.007C 0.0067 £.0038
Carbon C.0009 0.0009 £.0008
Oxygen 0.0037 0.0037 0.0051
Aluminum 0.0332 0.0331 0.C311
Zirccnium 0.0C95 0.0094 0.CC89
2329y 0.2473 0.0039 0.3453 0.0039 0.3562 C.0041
233py 0.009% 0.C0Cco C.0092 0. 0000 0.0084 0.0001.
233y 0.2254 0.5083 C.2240 0.5053 0.2306 0.5307
234y 0.0053 0.0000 0.0052 C.0000 0.0046 0.0001
235y 0.1890 0.3834 0.1880C C.3815 0.1906 0.3899
2367y £.0037 0.0000 0.0036 0.0C00 0.0032 0.0001L
238y C.0017 0.0000 0.0017 0.0C00 C.0015 0.0000
239py 0.C016 0.0031 0.0016 0.0031 0.C023 0.0036
135%e 0.0225 0.0224 0.0235
149gp 0.0067 €. 0066 0.0053
Fission 0.0490 C.0489 0.0436
products
Leakage 0.C271 0.0149
Total 0.0954 1.00CC 0.9005 1.0000 0.9286
Ccnversion C.8472 0.8254 C.8317
ratic

a . . . , . .
The ORNL results include the n,2n reactions in the deuterium absorpticns.

Table 4.27 shows that for the nested-cylinder design the agreement
in initial reactivity is good, but the computed conversion ratios are
significantly different. This difference scems to be caused primarily
by the neutron losses from leakage. The difference of approximately 0.05
in conversion ratic is again evident at the end of 1life condition. As in

the pin-cluster case the agreement in final reactivity is poorer than at



55

Table 4.27. Neubron Balances for BSW Nested-Cylinder Design Based on
Depletion from Supercritical

ORNL Results for

7 Result
Critical Buckling B Results

Abgorptions Productions Absorptions Productions
Time~-zero
element
Hydrogen 0.0346 0.0324
Denterium® 0.0049 0.0049 0.0026
Carbon 0.0005 0.0004
Oxygen 0.0024 0.0043
Aluminum 0.0090 0.0090
Zirconium 0.0177 0.0184%
Thorium 0.3433 0.0111 0.3582 0.0060
2357 0.5607 1.1260 0.5572 1.1309
238y 0.0020 0.000L 0.0022 0.0001
Leakage 0.0248 0.0153
Total 1.0000 1.1420 1.38000 1.1370
Conversion 0.6077 0.6426
ratio
End of life 600 days 600 days
Hydrogen 0.0389 0.0356
Deuterium® 0.0053 0.0050 0.0027
Carbon 0.0005 00,0004
Oxygen 0.0025 0.0043
Aluminum 0.01.02 0.0098
Zireconium 0.01.94 0.01%96
Thorium 0.3704 0.0110 0.2832 0.0059
233py 0.0089 0.0002 0.0079 0.0001
233y 0.2620 0.5882 0.2651 0.6074
2347y 0.0076 0.0002 0.0064 0.0001.
235y 0.1590 0.3202 0.1654 0.3363
236y 0.0052 0.0002 0.0043 0.0002
238y 0.0019 0.0001L 0.0020 0.0001
239py 0.0019 0.0035 0.0031 0.0046
135%e 0.0205 0.0221
14%gm 0.0064 0.0049
Figsion 0.0549 C.0476
products
Leakage 0.0246 0.0156
Total 1.0000 0.9233 1.0000 0.9547
Conversion 0.8671 0.9156
ratio

a . . . . .
The ORNL results include the n,2n reactions in the deuterium
absorptions.
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startup. The comments with respect to the relationship between reactivity
and conversion ratio mentioned for the pin-cluster cases alsco apply here.
Thus for nonrecycled fuel and exposures of about 20,000 de/MT, our cal~
culations give a conversion ratio about 5% lower than that obtained by

B&W.
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5. ENGINEERING EVALUATTON OF REACTOR CORES

Some major engineering characteristics of the three core designs are
summarized in Table 5.1. Important bases for the design specifications
selected by AT-CE are
1. a meximum cladding surface temperature of 850°F,

2. a minimum DNB* ratio of 2.0,

3. no subcooled nucleate boiling in the core,

4 a maximun. average coclant veloecity of 30 fps at the coolant average
density,

5. a maximum carbide fuel center-line temperature of 2400°TF or less and
no strain of the cladding as a result of fuel growth,

6. no fouling film on fuel element surface.

The B&W design was based on the same limiting conditions, except
that the average coolant velocity was not limited to 30 fps. Also, the
maximum fuel temperatures were different because oxide and metal fuels
were considered.

The maximumnm permissible temperature of the SAP cladding and the maxi-
mum permissible temperature of the organic coolant must be considered in
the selection of the maximum permissible fuel surface temperature. In
their reference design report? (pages IT-3 and II-4), AI-CE indicates
that the major considerations are the strength, creep, and elongation
properties of the SAP cladding and that 850°F appears to be a maximum
permissible temperature, although higher temperatures could be sustained
for limited periods of time. We agree with this specification but wish
to emphasize that the SAP strength properties employed are based on val-
ues inferred by extrapolation of experimental data; thus 850°F should be
considered the maximum permissible fuel surface temperature until further
experimental results are obtained.

The cladding surface temperature criterion is also related to the
maximum temperature that the coolant can sustain, since coolant contacts
the fuel element surface. The limitation on coolant temperature is de-

termined by the relationship between coolant radiation damage, pyrolytic

*DNB = departure from nucleate boiling.
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Table 5.1. Fngineering Characteristics of the HWOCR fores as Supplied by the Sponsors

=W Nested- BE&W
AT-CE Design Cylinder Pin-Cluster
Degign Design

Wet power transferred to coolant, Mw(t) 2921 2921 2021
Total ccolant flow, 1lb/hr 110 x 106 89.9 x 10°  89.9 x 10°
Coolant inlet temperature, °F 595 560 560
Coolant outlet temperature, °F 750 750 750
Maximm average coolant velocity, {ps 30 37 32
Pressure drop over fuel, psi l42a’b l58b’c l69c’d
Pressure at reactor discharge header, psia 100 100 100
Maximum power per pressure tube, Mw(ti) 7.20 12.36 10.2
Humber of pressure tubes 492 299 335
Pressure tube inside diameter, in. 4,320 5.000 5.000
Total active fuel length, ft 17.3 24.0 22.0
Total length of assemblies, ft 18.0 24.375 23.41
Number of assemblles per pressure Lube 5 6 6
Fuel material

Fuel Hyperstoichiometric UC  Th-U alloy (Th-U)0yp

Fabrication method Casting Coextrusion  Vibratory compaction

Cladding material SAP Zircaloy~4 SAP
Fuel element design

Fuel cuteide dismeter, in. 0.476 4,800-2.656  0.316

Fuel thickness, in. 0.100

Cladding thickness, in. 0.020 0.025 0.020

Fuel-cladding gap, io. 0.0025

fissicn-gas plenum, in. 0.60 1.8L

Fuel length, in. 41.7 48 I2A
Fuel operating conditions at rated power

Average burnup in element, Mwd/T 16,700 20,000 20,000

Maximum burnup in rod, Mwd/T 20,500

Meximum heat rating, kw/ft 26.7 11.85

Maximun cladding temperature, °F 850 850 850

Meximum fuel temperature (hot spot), °F 2400 945 4750
Power-peaking factors

Basiec radial 1.17 1.17 1.17

Iocal radial (maximum) 1.31 1.29 1.21

Basic axial 1.33 1.33 1.33

Local axial (maximumn) 117, 1.05 1.17

Gross axial 1.457 1.40 1.56

Flux tilt 1.05 1.05 1.05
Mixing factor, % 64 0 64
Engineering factors

Coolant tewmpevature change 1.09 1.17 (hot)f 1.09

Temperature drop across the {ilm 1.21 1.21

Heat flux 1.12 1.12

a

b

Includes 25-psi drop (total) for the four assembly junctions.

Includes 1, 5-velocity-head entrance and exit loss to pressure tube.

CCorrected for static head.

s . :
Does not lnelude entrance and exlt loss to the pressure tube.

eInterpreted from Fig. IT-9 of Ref., 1; value used by AI-CE is 1.438.

Ypor the two high-power chaunels; factor is 1.32 for outer channel.



damage, and fouling of the fuel element surface ag a function of operat-
ing conditions. Due to mixing of the fluid adjacent to the surface with
the bulk coolant, only a small portion of the coolant will remain at the
fuel element surface temperature for short periods of time. However, it
is known that under irradiation, the damage to the coolant increases
markedly with increasing temperature; also, the kinetics of the damage
and the fllm formation processes have not been established. It appears
that with a limiting cladding surface temperature of 850°F, the limiting
coolant temperature is determined by surface fouling. The available ex-
perimental data indicate that the temperature drop across the surface-
fouling film at maximum HWOCR heat fluxes may be 25-50°F. Thus, we do
not believe that specification & corresponds to a feasible condition based
on present information. The influence of fouling on core thermal perfor-
mance and the heat transfer and fluid flow factors are discussed in Sec-
tion 5.1. Fuel element surface fouling is discussed in Section 5.5.

It is not possible to predict accurately the critical heat [lux
under HWOCR conditions because of lack of pertinent heat {flux data and
uncertainties in predicting the vapor pressure of the cracked and re-
cycled organic coolant. [t appears that a minimum DNB ratio of 2 is too
low as a reasonable design basis at this time and that a value of 4 should
be used.

1A

The criterion of '"no subcooled nucleate boiling in the core" is de-
sirable, but insufficient information is presently available about con-
ditions that will assure no subcooled nucleate boiling and not limit the
amount of diphenyl. From the standpoint of feasibility, it was consid-
ered that the DNB ratio was the governing criterion, with no additional
restrictions on subcooled nucleate boiling as such.

The maximum average coolant velocity of 30 fps appears to be reason-
able, but there will be variations from this value, Since the maximum
average coolant velocity is specified at the average coolant density,
there will be velocities in some subchannels that will be greater than
the average and, for sections of the pressure tube where the temperature
of the coolant is above 1is average, the average velocity will be greater

than 30 fps. We understand that the velocity limitation was specified
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on the basis of vibrational considerations. We have not attempted to

make a vibrational analysis of the fuel assembly in the coolant streanm
since, if vibrational problems do develop at specified veloccities, these
will be evaluated in required fluild-flow mockup studies. There are several
methods by which such vibrational problems can be eliminated.

The selection of the maximum coolant veloecity is also dependent upon
consideration of the pumping power regqulirements and the associated heat
transfer characteristics as a function of coolant flow rate. Pressure
losses are dependent upon the velocity to the 1.8 power, and heat trans-
fer rates are dependent on the velocity to the 0.8 power. Our calcula-
tions Indicate that considerable flexibility exists in specifying even
the average coolant veloecity, with reasonable values being in the 25 to
40 fps range.

The limitation on fuel center-line temperature is influenced by fuel
growth as a functicn of temperature and exposure, which in turn is re-
lated to the behavior of fission-product gases under reactor conditions.
Based on present information, we judge that the specified maximum value
of 2400°F for carbide fuel is too high for the fuel element design under
consideration and that 2200°F is the maximum feasible temperature. This
value may change as more experimental data become available and may be
lower than 2200°F. At the same time, for the specified AI-CE design con-
ditions, we did not find that the maximum center-line temperature ex~
ceeded the 2200°F value. We concur that fuel growth should not strain
the SAP cladding.

The stipulation that no fouling film should exist on the fuel ele-
ment surfaces, while it is desirable, cannot be justified on the basis
of present operating experience. As discussed in Section 5.5, we feel
that allowance should be made in the present design for the presence of
a Tilm, and we believe that the film will be of such a magnitude that a
minimum temperature difference of 25 to 50°F will exist across it at the
maximum surface temperature. If 850°F is considered to be the maximum
temperature for the SAP cladding, as previously stated, the limitation

must e imposed that the maximum temperature of the coolant in contact
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with the film be about 800 to 825°F based on the fouling-film temperature
drop of 25 to 50°F.

In addition to the considerations dlscussed above, attention must
be given to materials compatibility and to mechanical and physical prop-
erties of the materials as functions of design conditions and reactor
control characteristics. YThese factors are discussed in the sections

that follow.

5.1 Fluid Flow and Heat Transfer fnalyses

In the evaluation of the hydraulic and thermal performance of the
proposed core designs, the baslc criteria were examined along with the
values selected for the design parameters. In doing this, it was neces-
sary, for the most part, to use initially the {lux distribution informa-
tion furnished by the designers. As information formulated by ORNL be-
came available, it was included in this evaluation. Disasgreements with
the design parameters and dependent variables are discussed below and
their influences on operating conditions are indicated.

A prominent design feature of tThe pin-type elements proposed by both
AT-CE and by B&W is that advantage is taken of the mixing between the
fluid flowing in the various subchannels between the elements to reduce
the temperature rise of both the coolant and the cladding at the hottest
subchannel, Careful analysis of the effect of mixing is a rather ia-
volved process and has been handled for previous reactor designs only in
a general manner. To facilitate the analysis of this effect of mixing,
coples of two computer codes were obtained from Combustion Engineering
and adapted for our IBM-7090 computer. For reference purposes, these
codes are called U-3 and THEME 1, and they are discussed in more detail
in Appendix B of this report.

The evaluation of the thermal and hydraulic performance of the pro-
posed cores was resolved into three tasks: (1) evaluation of the codes,
(2) formulation of the input data, and (3) analysis of the output of the

codes,



63

5.1.1 Evaluvation of the Computer Codes

The two codes differ in two principal features: (1) purpose and
(2) treatment of the mixing concept. U-3 considers each subchannel of
the pressure tube (or at least a symmetrical segment of it); THEME 1 con-
glders the hot subchannel as an individual channel but represents the re-
malnder of the flow channel in terms of ite hydraulic and thermal equiva-
lent. Consequently, U-3 can be used to study a reactor design in detaill,
and THEME 1 is useful in making englineering parameter studies.

U-3 treats mixing by entering a proportionslity constant which, when
multliplied by the average linear velocity in the pressure tube, produces
the crossflow rate between subchannels. Tt is possible, then, to write
an energy balance over an incremental segment of length and to produce
the temperature change with intersubchannel Tlow, THEME 1, on the other
hand, uses the mixing factor defined on page TI-8 of Ref. 1 to determine
the Temperature rise in the hot subchannel with mixing over a given in-
crement of length. TIn addition, 1t iz possible to enter the cnginecring
factors directly into THEME 1. They can be entered only in an oblique
manner in U-3.

U-3 Code., 1.3 appears to be an adequate representation of the con-

ditions exieting in the pressure tube provided, particularly for the case

<

U

of mixing, the oroper input values can be cobtained. Although the hy-

draulic correlation does not appear to be conservative, its application

in this case leads to a3 conservative value (overestimation) of the pres-
sure losg due to friction. The hydraulic caleulations are not completely
satisfactory, sinece they are made before and independently of the thermal
caleulations. For the hydraulic calculations, all physical properties
are evaluated at an average Tluld temperature, which is in turn based on
an inlet temperature and an estimated temperature rise in the hot pres-
sure tube (both input values). The flow distribution obtained from these
calculations ig then used throughout the thermal caleculations.

The tThermal calculations are also dependent upon the empirical cor-
relations entered in the code; these correlations are discussed later in

this section and in Appendices C and D. The energy balaaces are also
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dependent on the proper representation of the power input for the incre-
ment over which the balance is made,

The spatial distribution of the power is considered by using several
input factors. The easiest to incorporate are the basic radial and the
flux tilt factors. The most difficult spatial effect to represent is
the local radial factor in the process tube since, with increasing bucnup
(associated with movement of the fuel assembly through the reactor), fuel
is preferentially burned from the outer fuel elements. This causes a
change in the local radial power distribution with position. The code
does not permit a representation of this variation, and it is necessary
to incorporate a judicious average that 1s a good representation of both
the total heat added to the coolant and the heat flux at the "hot spot.”
It would be possible to alter the code to represent the rod radial fac-
tor as a function of axial position In the pressure tube, but the prob-
lem is not quite that simple, since fuel is not exposed to the same flux
over the exposure period. Therefore, the rod radial factor is not, in
general, adequately represented by one number.

A second problem in the energy balance caleulations is associated
with the use of predetermined length increments (an input value). In
addition, the gross axial (product of basic and local axial) flux is sub-
stituted at selected positions over the height of the reactor, and linear
interpolations are made between these points. If the perturbations in
the axial flux are smaller than the predetermined increments (such as
they would be with the application of a local axial factor over a short
length), the perturbation is never seen in the heat input calculation.

In the U-3 code, however, the axial flux is entered both as a normalized
point flux and a normalized integral flux so that the perturbations are
represented in the flux integral. Again, the code could be altered to
eliminate this difficulty.

The most dubious concept used in the code is the model representing
fluid mixing. This concepl is based on the hypothesis that the cross-
flow rate between subchannels is proportional to the average linear ve-
locity in the pressure tube. The applicability of this model was based

on comparisons of calculated temperatures with experimental measurements
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for wire-wrapped elements, 1In wire-wrapped elements there is a much bet-
ter direction of flow between subchannels, and the physical situation
appears to be much more predictable. The applicability of this model to
spirally finned elements where opposing flows are created ig yet to be
proven. In addition, an estimate must be made as to the relative effec-
tiveness of each interconnecting path for effecting crossflow. Tt is
difficult to know the proper crossflow value when the spirally finned
elements are adjacent to walls or when straight-finned elements are pres-
ent.

THEME 1 Code. The same hydraulic correlations as those used in U-3

are used 1in THEME 1. The estimate of the pressure drop 1s even more con-
servative (overestimate), however, because the entire pressure tube is
represented as one equivalent flow channel.

The heat transfer coefficient correlation is the same as the one
used in U-3. The basic radial flux and the flux t£ilt Tactors are entered
in this code and applied in the same manner as for U-3. The local radial
factors must be entered only for those elements bordering on the hot sub-
channel, but the same problem as in U-3 exists in representing their
axial variation. The gross normalized axial flux values are entered at
selected axial positions, and temperature calculations are made only at
these positions.

In this code the calculation of the effect of mixing is exact be-~
cause it depends upon the definiticn of the mixing factor. The validity
of the results of this calculation depends directly upon the accuracy
wilith which the mixing factor can be determined.

As was previously mentioned, the engineering factors can be entered
directly into THEME 1. There is a Tactor, however, of 1.04 that is buillt
into the code to account for the maldistribution of flow between pressure
tubes. If this factor is included in the engineering factor (as it is
in the factors given in Ref. 1), the builtin factor must be factored out.
It may be worthwhile at this point to mention that flow redistribution
(that is, nonuniform flow in the subchannels) is incorporated in the cal-
culation by both U-3 and THEME 1 and that this factor (which alsc has a
value of approximately 1.04 according to AI-CE) should be multiplied by
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the factors given in Ref. 1 iT another mode of calculation is used (such

as assuming uniform flow distribution between flow subchannels).

5.1.2 EBvaluation of Correlations Used in the Codes

As mentioned above, both U-3 and THEME 1 employ the same pressure
loss and heat transfer coefficient correlations. In addition, THEME 1
has an empirical correlation that predicts the critical heat flux from
which the critical heat flux ratioc is calculated.

Pressure Loss Correlation. The pressure loss correlation used in

the codes is one expressed by Colebrook® in 1939. This expression ex-
tended the correlation for flow in a so-called "transition' region, which
is used here as that reglon between smooth pipe flow and flow for which
the friction factor is constant. (This transition region should not be
confused with the transition region from laminar to turbulent flow, which
occurs between Reynolds numbers of 2100 and 4000.) Moody,> in 1944,
presented the Colebrook Tunction in the well-known Moody diagram and alsc
gave an approximate equation that agrees with the Moody diagram witnin
+5% for values of the Reynolds number between 4000 and 107. Fe recom-
mended a tolerance of *10% for the Moody-diagram friction factors for
other than the smooth-pipe data.

For flow in noncircular channels, a review by Waggenerer recommends
the use of the equivalent hydraulic diameter (which is equal to four
times the cross-sectional flow area divided by the wetted perimeter).

The article noted that for flow in triangular channels the data fell
about 3% under the Moody smooth line, and for flow in square channels the
data fell about 10% under the Moody line for Reynolds numbers between

10% and 2 x 10°. Since the calculations in the codes are for smooth pipe
and Tor irregular shapes that will have small equivalent diameters, the
Reynolds numbers will be samll and therefore the estimated friction fac-
tors should be large.

The conclusion is that, while the pressure drop correlation used in
the codes may not be conservative, its application to this type of flow
channel will result in a conservative calculation (that is, an over-

estimation) of the pressure drop. The Colebrook equation is not the most
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convenlent relation for use in the code, since it cannot be solved ex-
plicitly for the frietion fTactor. The sensitivity of this relationship
was such, however, that it did not reguire excessive machine time. Use
of the Moody approximation, however, would have resulted in a Taster cal-
culation, and the result would have been as meaningful.

Heat Transfer Coefficient Correlation., The heat transfer correla-

tion used in both U-3 and THEME 1 codes to predict the heat transfer co-
efficient at the surface of the cladding is the one used by Oldaker,’
who stated that it agrees very closely with the correlation of Rogers of

Canadian General Electric Company. The correlation used is
Nu = 0.0243 Re©-8 prO-4 (1)

where Nu is the Nusselt number, Re is the Reynolds number, and Pr i1s the
Prandtl number. Members of the AI-CE study team claimed that this cor-
relation, with the present physical property data, predicted heat trans-
fer coefficients that were below all experimental values,

Our analysis of the present heat transfer data based on the best
values for the physical properties currently available does not confirm
the above conclusion. This analysis is discussed in more detail in Ap-
pendix C to this report. For smooth tubes and annuli, the heat transfer
correlation obtained by MIT® for organic coolant appears to be best.

This relation is
Nu = 0.023 Re® & pr0.4 | (2)

where the symbols have the same significance as in the previous equation.
Reevaluation of other current data, superimpcosed on correlations recom-
mended in the ORGEL program, are presented together with the values in-
dicated by these two equations in Fig. 5.1 (Refs. 7-9). The MIT data®
are given in Fig. 5.2, along with the MIT and ORGEL correlations.

The presence of the closely spaced Ting in the pin-cluster design
requires a reduction in the coefficient of Egq. (2). Experimental data
have shown that even allowing for fin efficiency, the presence of closely
spaced fins creates a restricted flow area between the fins which leads
to lower coefficients than predicted for widely spaced fins or bare sur-

faces. We estimate that the coefficients computed from correlations
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based on smooth-tube and annuli data should be reduced by about 10% to
account for the effects of noncircular geomeiry and of decreased velocity

between the fuel pin fins. The resulting heat transfer relation is then
Nu = 0.021 Re®: 8 pr0.4 | (3)

The net effect of using Eq. (3) is to reduce the heat transfer co-
efficient 15% below that used by AI-CE in their code calculations. The
calculations made by B&W were based on the same correlation as that used
by AT-CE.

Critical Heat Flux Correlation. The critical heat flux correlation

used to calculate the DNB ratios, which was cited on page II-13 of Ref. 1,
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was not the same as the correlation employed in THEME 1 for this purpose.
The correlaticon cited by AIL-CE, which is

1 ”Organic
Hlo

recommended in the
Heat Transfer Manual,

It

is the same as that given by Lurie and Robinson.

is

(Q/n), = 129,000 + 11 Ar, . GO 8

1b 4

(4)

where (Q/A)c is the critical heat flux in Btu/hr.ft?, AT _ is the sub-

ub
The
tion used in THEME 1 jis that developed by Core and Sato,l2 which is of

cooling in °¥, and G is the mass velocity in lb/sec-ftz. correla-
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the form

(Q/a), = 100,000 + 407 &T_ y2/3 | (5)

where the similar terms have the sawme significance as above and V is the
linear velocity in fps. Turie and Robinson*t investigated ORME-II cool-
ant and Santowax R with various additives and were able to correlate their
results and previous data (including those of Core and Sato*?) with their
expression. Since the two correlations represent the same data, we con-
clude that approximately the same DNB heat flux will result from either
correlation. B&W also used Eq. (5) to estimate the DNB heat flux in their
reference reactor design.

Boxall and his co-workers®® in the Canadian organic coolant program
reported a more recent ”asymptotic” heat flux correlation for Santowax
OM plus 30% OMRE high boilers. Their results, when converted to the
system of units used above, are given by

(Q/A)c = 311,700 + 577 AT_ . v2/3 | (6)

Our conclusion, based on a limited review, which is discussed in more de-
tail in Appendix D, 1s that this correlation derived from the Canadian
organic coolant program is the most relilable and convenient to use. Fron

the short discussion reported by Boxall and his co-workers®?

it appears
that this study is more rccent and takes advantage of earlier work. It
is more extensive in that lengbh effects have been investigated, and it
is more applicable since the coolant, Santowax OM with 30% OMRE high
boilers, is probably more representative of the coolant proposed for the
reference reactor designs than the other coolants tested.

As is indicated in Appendix D, all the previously discussed correla-
tions were derived from experiments with heated tubes or annuli. Rogers
and Barns™% point out that it is meaningless to apply these ecuations to
predict DNB failure heat fluxes for a multirod fuel bundle design, even
when subchannel conditions are used to evaluate the parameters. Also,
Rogersl5 roints out That use of a DNB correlation from annuli or tubes
to establish the maximum permissible heat fluxes for organic-cooled fuel

bundles may lead Lo unsafe designs. However, since no correlations exist
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for multirod bundles, we believe it reasonable to use Eq. (6), which is
not directly applicable, together with a reassonable safety factor applied
in the form of a DNB ratio. The AI-CE design bases specified a minimum
DNB ratio of 2, based on use of Eg. (5); we judge that the DNB ratio
should be no less than 4 and thalt this value should be used in conjunc-
tion with Eq. (6). The relatively high DNB ratio is due to the uncer-
tainties associated with the coolant composition and with application of
a correlation based on data not directly applicable to multielement fuel
bundles.

Since Eqs. (5) and (6) are of the same form, it is readily seen that
Eq. (5) predicts lower values for the critical heat flux than does Eq. (6).
Thus, for a given design heat flux, the DNB ratio associated with Eq. (6)
will be higher than the ratio associated with Eq. (5). For the HWOCR-U
conditions, a DNB ratio of 4 applied to Eq. (&) corresponds to a DNB

ratio of 2.5 applied to Eq. (5).

5.1.3 Formulation of Input Data for the Codes

As previocusly stated, the applicability of the codes depends in many

ways on the accuracy with which the input data can be formulated. Impor-

tant factors about which the uncertainty exists are discussed in the
following sections. They are: (1) the mixing factor, (2) the flux-peaking

factors, and (3) the engineering factors.

Mixing Factor. For the U-3 code, the mixing factor is a constant

which, when multiplied by the average veloclty in the pressure tube, gives
the crossilow rate between subchannels. In the THEME 1 code the mixing
factor is defined in terms of temperature rises as given on page II-8 of

Ref. 1. It is

AT — N

HC HC
M= ——, (7)
-— AT
AEHG ARA

where M is the mixing factor, ATHC is the temperature rise in the hLot
subchannel without mixing, Amﬁé is the temperature rise in the hot sub-
channel with mixing, and AT, is the overall temperature rise in the pres-

A
sure tube. After the flow rates and heat input have been established,
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the temperature rise in the hot subchannel without mixing and the tem-
perature rise in the pressure tube can be calculated. Then from the
value of the mixing factor, the temperature rise in the hot subchannel
with mixing can be calculated.

The basis for a selection of a value for these mixing constants be-
gan with a recommended value for the crossflow rate between subchannels
of 0.175 lb/ft-sec, which was cited on page 23 of Ref. 16. This value
was for a wire-wrapped pin with a smaller pitch than employed in the AT-CE
design. Extrapolation of the crossilow rate to a lower value to adjust
for the longer piteh (4 ft) of the spiral fins and extrapolation back to
a higher value to account for the effect of multiple fins rather than a
single wire led Combustion Engineering to a value of 0.038 lb/ft-secJ
which they belleve is a conservative estimate. They would estimate that
the most probable range for this crossflow rate is between 0.04 and 0.1
1b/ft-sec, and therefore their selected value is below the Jower limit
of their estimate.

The above procedure represents extreme extrapolation of existing
experimental data; experimental study of the proposed AL-CE assembly is
required to verify the procedure. There is one redeeming feature, how-
ever, in that a "tittle mixing goes a long way” in affecting the tem-
perature rise in the hot subchannel. To demonstrate this and also to
egtablish a relationship between mixing and the maximum surface tempera-
ture, a series of identical cases were run with both U-3 and THEME 1 for
the AI-CE design in which only the amount of mixing was varied. For U-3,
crossflow rates varying from Q.01 to 0.15 1b/ft.sec were used. The cor-
responding mixing rate constants (in the units of the code) ranged from
0.0001628 to 0.002441 g/cm2 for an average veloclty of 30 fps. A plot
of the corresponding maximum surface temperatures in channel & (the hot
chaonel is indicated by AT-CE, see Fig., TT-2 of Ref. 1) as a function of
crossflow rate is shown in Fig. 5.3.

The same case calculated with THEME 1 employed mixing factors [as
previocusly defined in Ea. (7)] from 0.05 to 0.80. The results are shown
in Fig. 5.4. By comparing the maximum surface temperatures obtained in

& LLENNS . . .
the hot channel, it is possible to relate the crossflow rate with the
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temperature rise mixing factor. This relationship is shown in Fig. 5.5.
A similar relationship obtained by ATL-CE is presented in this plot, and
it is from this plot that a mixing factor of 64% was predicted based on
the extrapolated crossflow rate of (0.038 lb/ft-sec.

Several important features can be noted in the relationship presented
in Fig. 5.5. First, the relationship is guite steep over the most rrob-
able range of vaiues:; that 1s, a large change in the crossflow rate pro-
duces only a small change in the temperature rise mixing factor. There-
fore there can be a considerable error in the prediction of the crossilow
rate without making a major error in the mixing Tactor.

Second, there is a difference between the curves produced by AL.CE
and by our calculations. Several factors account for this variation.

For our comparison, we defined similar cases as those having simllar maxi-
mim cladding temperatures, and these similarities were based on comparing
the output of THEME 1, which included the engineering factors, with the
oulbput of U-3, which had been corrected to include the engineering fac-
tors. AI-CE, on the other hand, simply used the output from the U-3 code
to evaluate the mixing factor as defined in Eqg. (7). Therefore, in el-

feet, AI-CE was defining similar cases as those with the same outlet
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temperature from the hot subchannel. Since this is not the limiting con-
dition in the design of these reactors, we belleve that our choice for
the basis of similarity is more meaningful for this comparison., In addi-
tion, the effects of the engineering factors were not included in the
comparison developed by AIL-CE, while they were included in the construc-
tion of our curve,

The major conclusion that can be drawn from the comparison of these
two curves is that the differences are relatively small, and our calcu-
lations show that the AI-CE relationship is conservative. The differ-
ences in the two curves may account for the differences we obtained in
the maximum surface temperatures based on THEME 1 and U-3 as compared
later in this section. Thils would indicate that if the criterion that
similar maximum surface temperatures be developed is used to compare the
two representations of mixing, the mixing factor should be something like
72% rather than 64%.

It should be emphasized that the relation indicated in Fig. 5.5 was
calculated only for the AI-CE design and camnnot be applied with confi-
dence to any other design without further study. It was, in effect, ap-
plied to the B&W pin design, however, when the assumption was made that
the AT-CE mixing factor applied to the B&W design. Another notable point
is that 1t would be expected that the relationship shown in Fig. 5.5
would pass through the point (0,0); that is, zero crossflow should pro-
duce zero mixing. Al-CE drew their curve through this point, but our
calculations did not indicate that the curve passes through point (0,0).
This result indicates that the representations of the effect of mixing
in the two programs are not completely consilstent, particularly at very
low mixing rates.

Flux-Peaking Factors. The problem of accurately representing the

variation of the local flux-peaking factor for a rod as a function of
axial position in both the U-3 and THEME 1 codes was discussed above.
Not only does this Tactor influence the total heat input to the coolant
and the maximum cladding surface temperature, but it also influences the

designation of the "hot subchannel. "



Fig. 5.6 indicates the dependence on the local radial factors on
burnuyp for the AI-CE design. Data for the outer ring of fuel and the
gecond ring of Tuel were obtained from Fig. TI-16 of Ref. L. Also shown
cn Fig. 5.6 are similar values calculated by ORNL, as well as the values
recommended as "judicious” choices to represent the entire length, as
given by AI-CE. For the inner ring and center pin, ORNL calculations
indicated local rod radial factors of 0.63, 0.64, and 0.70 at 1000, 3000,
and 15,000 Mwd/MI' of uranium, respectively. The recommended choices by
AT-CE were 0.66 for the inner ring and 0.56 for the center pin. Good
agreecment is indicated between the ORNL calculations and the AI-CE values
for the outer ring. The lower values for the second ring calculated by
ORNI, indicate that the AT-CE numbers should give a conservative estima-
tion of the performance of the hot subchannel," which lies between the
outer and second ring.

Local radial flux factors were furnished by B&W for each pin in their
ThO, design. No dependence upon axial position was indicated, and in
thils case, where the conversion ratio is higher, the variation should be

smaller than for the AI-CE design.
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The gross axial flux factors, which are the product of the basic
axial flux Tactor and the local axisl flux Tactor, are entered in the
code at selected axial locations. In the U-3 code the normalized local
flux and the normalized integral flux up to that position are entered in
the code. In THEME 1, only the normalized local flux is entered, and
the integration is performed within the code. In both cases, a linear
interpolation is made to estimate the flux between the selected points.

For the AI-CE design, the axial flux distribution was obtained from
Fig. II-9 of Ref. 1. Values were read from this plot for substitution

i.

-

1 the code. The maximum was read as 1.45, but we were later informed
by AL-CE that it was 1.48. However, since all the points were normaslized
to this value, no effort was made to alter our input. We have recently
obtained results from our own calculations, and both the ORNL values and

the AT-CE values are shown in Fig. 5.7.
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For the B&W cores, the axial flux distribution was constructed based
on the statement that it was represented by a chopped cosine with a peak-
to-average ratic of 1.33. This was assumed valid; in addition, a local
radial factor of 1.17 for the pin assembly and 1.05 for the nested-cylin-
der element was imposed upon the 1.33 factor. We recently completed our
calculations of the axial flux distribution for these two designs, and
these results together with our assumed values are shown in Figs. 5.8
and 5.9,

In Chapter 4 of this report, ORNL calculations for the basic radial
flux distribution are given for both the B&W designs and the AI-CE design.
The value given by both organizations for this factor was 1.17 and, in
the case of the B&W designs, the values calculated by ORNL differed only
sligntly. For the AL-CE design conditions, a value of 1.39 was found,
which is a significant change from the value of 1.17. However, by small
changes in fuel exposure or fuel enrichment conditions, a value of 1.17
can be obtained. 1In addition, it has been found that the maximum devel-
oped surface temperature is not very sensitive to variations in the basic

radial factor if fluid-flow orificing matches flow to the basic radial
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power distribution. Under the latter circumstances, i1f the hot pressure
tube (at the center of the reactor) is considered, the heat generation
rate increases proportionately with the increase in the basic radial flux
factor. If the coolant flow rate 1s also increased proportionately, the
bulk temperature of the coolant 1s the same at relative axial positions
in either case (except for small changes in heat capacity with tempera-
ture). The surface temperature is the sum of the bulk coolant tempera-
ture plus the temperature drop across the film. The temperature drop
across the film is directly proportional to the heat flux and inversely
proportional to the heat transfer coefficient. The heat flux is directly
proportional to the basic radial flux factor, and the heat transfer co-
efficient is directly proportional to the velocity to the 0.8 power,
which in turn is proportionel to the bvasic radial flux factor to the 0.8
power, 1if orificing is to follow the basic radial flux factor. The net
result 1s that

AT = —SR o (pR)O- 2 , (8)

f (BR)O.8

where BR is the basic radial flux factor. Equation (8) states that the
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temperature drop across the film is proportional to the basic radial flux
factor to the 0.2 power, If orificing corresponds to the basic radial flux
factor.

For the specific case of the AIL-CE resctor, increasing the basic ra-
dial flux factor from 1.17 to 1.39 represents an increasc in 18.8%, but
(1.188) 92 is equal to 1.035, sc the increase in the temperature drop
across the fiim is only 3.5% when flow is properly orificed. At the "ot
spot” of the hot subchamnel in this design the temperature drop across
the film is 75.6°F and the corresponding increase is 2.6°F. Even when
this increase is multiplied by the engineering factor for the film tem-
perature drop of 1.21, the increase 1s only 3.2°F. At the same time, in-
creasing the basic radial flux factor from 1.17 to 1.39 (and also the
orificing factor) increases the pressure loss due to friction through the
hot pressure tube from 117 to 161 psi.

tngineering Factors. In order to evaluate the engineering factors

as given by AL-CE in Table II-1 of Ref. 1 and as adopted by B&W, it was
necessary to know their component parts. It was also necessary to know
the exact definitions of these engineering factltors, since they differed
Tfrom similar Tactors used in other reactor designs and in the literature.
A breakdown of these factors 1s given in Table 5. 2.

A discussion of the factors 1s given in Appendix E. On the whole,

the values used appear to be conservative, particularly the factor of

Table 5.2. Components of the Fnglneering Factors®

Component F(Q/A) F(AT#) F(ATC)
Flow maldistribution between process 1.C 1.03 1.04
tubes
Iocal coefficient uncertainty 1.0 1.05 1.00
Mechanical: pellet diameter, density, 1.10 1.10 1.02

eccentricity, enrichment, etec.

Rod and bundile location and bowing 1.02 1.02 1.03
Total factor (product of components) 1.12 1.2 1.09

®por definition of these factors see p. II-8 of Ref. 1.
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1.10 for mechanical effects in F(Q/A) and F(AEf); however, we guestion
the factor of 1.02 for mechanical effects in F(ATC). It appears from a
review of similar factors by Chelemer and Tongl7 that a factor of 1.04
might be more appropriate. This would meke F(ATC) equal to 1.11.

It should be remembered, as discussed carlier, that these factors
do not include a factor for flow redistribution, which is handled by the
codeg. In comparing these engineering factors with similar factors where
this redistribution is not included in the calculation, an additional
factor (multiplier) of 1.04 should be included.

As discussed in Appendix E, the factor of 1.04 for flow maldistri-
bution appears optimistic, end a factor of 1.05 is more realistic., BSince
the 1.04 factor is built into the calcwlations of THEME 1, however, and
since the suggested change is small, no atbtempt was made to assess the

associated change in the final caleculated values.

5.1.4 Analysis of the Output of the Codes

AT-CE Design. As would be expected, using the design parameters in
{555 2 o -

the manner in which they applied them to their codes, the AT-CE design
fell within their design specificaticons. From THEME 1, for velocities
approaching 30 fps, the pressure drop per pressure tube was 110 psi.

This compared well with the predicted wvalue of 117 psi given by AI-CE.
The maximum surface temperature under these conditions was 849.5°F. This
figure did not allow, however, any uncertainty in the prediction of the
film heat transfer coefficient. If we lower the calculated film heat
transfer coefficient by 15% (see Appendix C), we raise the maximum sur-
face temperature by about 19.5°F. In addition, if we assign a value of
1.11 to E(ATC) instead of 1.09, the maximum surface temperature increases
another 2.5°F to a maximum value of about 872°F.

From calculations with the U-3 code, the average velocity in the
pregsure tube having maximum flow is 30.0 Tps, and the predicted pressure
drop is 116.8 psi; this pressure drop agrees closely with the value of
117 given by ATL-CE. The maximum surface temperature given by this cal-
culation is 835°F, and it occurs in channel 4 rather than channel & (see

Fig. TI-2 of Ref. 1). No allowance was made in this calculation for flow
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maldistribution, so 11 appears that the engineering factors can be applied
directly to the result. By applying a factor of 1.11 to the coclant tem-
perature rise and 1.21 tc the film temperature difference and using a
heat transfer coefficient value which overzll is 15% lower than that used
by AT-CE, a maximum surface temperature of 876°F is obtained. This shounld
be compared with the value of 872°F obtained from the THEME 1 calcula-
tion. The difference can be attributed to the difference in the equiva-
lence of the mixing factor and crossflow rate, as shown in Fig. 5.5, and
illustrates the difficulty in determining the maximum surface tempera-
ture precisely. These differences probably lie within the range of un-
certainty in the prediction of the flux factors and the engineering fac-
tors.

Based on results of ORNL calculations of power-peaking factors (see
Fig. 5.7), we find a corresponding maximum surface temperature of 878°F
in channel 8 as calculated by THEME 1; the maximum value c..ained from
U-3 (now for channel 4) was 878°F. All these values were obtained for a
basic radial power factor of 1.17, which appears achievable.

In calculating the DNB ratio, the amount of subcooling needs to be
evaluated, and this requires knowing the bolling temperature of the coclant

at the pressure existing at the "hot spot" in the reactor. If a2 plot is

made Tor the vapor pressure of the coolant as a function of temperature,
as given in Table I1I-2, page ITI-3, of Ref. 1, and an interpolation is
made for 10% high beilers, a boiling temperaturce of 200°F is found %o
correspond to a pressure of 100 psia, which is the outlet pressure from
the reactor. For this pressure, the DNB ratio calculated by THEME 1 is
2.44. However, a more realistic pressure esbimate for the "hot spot”
location would be about 190 psia, which corresponds to a boiling tempera-
ture of 1000°F based on these same data. Substituting the value of 1000°F
for the value of 200 used in the code results in a D¥B ratio of 3.61.

The corresponding AI-CE value is 4, as given in Fig. II-5 of Ref. 1; since
the DNB ratio is very sensitive to the estimated values of volling tem-

1"

perature and pressure at the "hot spot," there appears to be good agree-

ment between our value and the AI-CE value for the conditions cited.
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In addition to the above, evaluation of the vapor pressure must also
take into consideration the effect of increased biphenyl content, as dis-~
cussed in Section 5.5. The data for coolant containing 12% biphenyl led

" for the equilibrium coolant vapor pressure-tempera-

us to a "best guess
ture relationship that indicated s boiling tempersture of 310°F at 190
psia. PBased on this value the DNB ratio is 2.56 ab the "hot spot" loca~
tion.

Ag discussed previously, we estimate that the lowest feasible DNB
ratio based on present information is about 2.5 if the heat-flux correla-
tion incorporated in THEME 1 ig employed [the correlation used in the
code appears conservative, so a DNB ratio of 2.5 based on that correla-
tion actually corresponds to a DNB ratio of 4 based on Eq. (6)]. Thus,
we consider the AT-CE design conditions to be feasible relative to permic-
sible heat flux and DNB ratio.

A critericn specified by AI-CE but which was not actually considered
was that no subcooled nucleate boiling should occur in the core. We do
not know whether the criterion is required and have assumed that it is
not necessary. Only further data on fuel element performance and reac-
tor kinetic performance as a function of DNB ratio can determine this.

If the ecriterion of no subcooled nucleate boiling is required, the permis-
8ible heat flux could be below specified values and would be dependent on

the biphenyl concentration of the coolant.

BE&W Pin-Cluster Design. TFrom the results of THEME 1, the pressure

drop predicted Tor the BEW pin design 1s 177 psi, which is the same as
the value reported by B&W (corrected for static head). The only differ-
ence is that, according to information from B&W, thelr value does not
include entrance and exit losses to the assemblies, while the value from
THEME 1 allows 1.5 velocity heads for the losses. The maximum surface
temperature predicted by THEME 1 is 832°F based on B&W's designation of
the hot channel and B&W's power distribution factors. This value is
based on the heat transfer coefficient relation used vy AL-CE. Towering
the coefficient by 15% increases the maximum surface temperature to about
850°F. Again, if the engineering factor, F(AEP), is changed to 1.11, the
maximum surface temperature is increased by an‘additional 3°F to a value

of 853°F.
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Code U-3 predicts a pressure drop through the pressure tube of 179.9
psi, which agrees well with the calculations from THEME 1., The maximum
surface temperature occurs in one of the channels adjacent to the Tlow
blocker (not the same as the one designated by B&W); however, it differs
by less than 2°F from the more normal channel. Applying the values of
the engineering factors to these results [a value of 1.11 is used for
F(ATC)] and using the heat transfer coefficient obtained from Eg. (3) re-
sults in a maximum surface temperature of about 858°F, again using the
specification of the axial power distribution as given by B&W.

The value of 858°F predicted by U-3 should compare with the value
of 853°F predicted by THEME 1. No precise explanation for the variation
can be made at this time. The most probable explanation, at present,
appears to be that the relationship between the crossflow rate and the
mixing factor for the two designs, as shown in Fig. 5.5, does not hold
for the BEW design. Since the U-3 code had to be modified considerably
to describe mixing in the B&W design, it is possible that the eflfective-
ness of crossflow in limiting the hot channel tenmperature rise was dif-~
ferent than in the AI-CE design.

These calculations were repeated for the ORNL axial power distribution
shown in Fig. 5.8 and the local radial power factors determined by ORNL.
The results of these calculations are swmnarized in Table 5.3 for the
channel designated as the hot subchannel by B&W. This channel was a tri-
angular channel just inside and touching the two outer pins nearest the
corner of the hexagonal array. Actually U-3 calculations indicated that
higher surface temperatures were developed in the subchannel adjacent to
the circular flow blocker, but this situation could easily be remedied
by reducing the size of the flow blocker and permitting more flow.

The B&W pin-cluster design had significantly higher axial peaking
factors than the AI-CE core design, which accounts for the high surface
temperatures. We initially thought these factors could be reduced by
shortening the B&W core length, but recent calculations indicated that
reducing the B&W core length to that of the AI-CE reactor did not lower
the axial peaking factors. It 1s probable that these factors can be

lowered by use of g different fuel-shuffling scheme; placing the more
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Table 5.3. Maximum Surface Temperatures in the
B&W Pin Design for the Heab Transfer
Coefficient Based on Fg. (3)

(ORNL-baged power peaking factors)

Fuel Maximum
Insertion F(AT.) Code Temperatbure
Position (°F)

Top 1,09 THEME 1 880
Top 1.11 THEME 1 882
Bottom 1.09 THEME 1 892
Bottom 1.11 THEME 1 893
Top 1.09 U-3 242
Top 1.11 U-3 886
Bottlom 1.09 -3 888
Bottom 1.11 -3 891

highly burned fuel at the center of the reactor could reduce the maximum
value significantly. Changing the fueling scheme also changes the re-
guired fuel enrichment and can influence a number of other design features.
Since such a study would essentially require a detailed design-parameter
investigation, it was considered outside the scope of this evaluation.

B&W Nested-Cylinder Design. Only the U-3 code was useful in evalu~

ating the B&W nested-cylinder design., A major difference was found in
the calculation of the pressure loss due to friction through the assem-
blies. A value of 191 psi was predicted by U-3, while the value listed
by B&W, corrected for static head, was 166 psi. This Tigure was supposed
to include 1.5 Velocity heads for losses at entrance and exit from the
restricted flow area, according to BEW.

In calculating the maximum sheath temperatures, BE&W did not apply
the engineering factors to their design as such, but they made recalcu~
lations with their TANC code and allowed the maximum possible deviations
in gecmetry and concentrations. These calculations were discussed with
the B&W personnel, and their approach appears tb e realistic if the
correct dependence on the neutron flux variations was entered. For the

present study it was felt that apolying the same engineering Tactors as
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those used for the pin-cluster design would be reasonable; because of
the good flow geometry, Eg. (2) was used in obtaining the heat transfer
coefficient. For these conditions, a maximum surface temperature of
847°F was fTound when F(ATC) was equal to 1.09; 850°F was calculated when
F(ATC) was 1.11. These results are based on the B&W power-peaking fac-
tors.

For the gross axial power distribution calculated by ORNL (and shown
in Fig. 5.9) the maximum surface temperature was encountered on the outer
wall of the outer cylinder. The coolant issuing from the outer channel
was not the hottest cooclant, so decreases in temperature could probably
be better obtained by decreasing the amount of fuel in the ocuter cylinder
than by increasing the flow of coolant in the ocuter channel. Applying
the engineering factors that were used in the case of the pins, we found
surface temperatures of 860°F for F(ATC) equal to 1.09 or 864°F for F(AEC)
egual to 1.11 for fuel entering at the top of the reactor. For fuel en-
tering the bottom of the coolant channel (that is, new fuel encountering
hot coolant), the maximun temperatures are slightly higher. The maximum
surface temperature, at the same location as before and corresponding
to the 864°F value above, was found to be 879°F.

RBased on recent calculations at ORNL, decreasing the length of the
fuel channel to that in the AI-CHE design did not lower the axlial power
peaking facteor of the nested-cylinder design. An improvement would prob-
ably be obtained by changing the fuel-shuffling scheme to one which vosi-
tioned the most highly exposed Tuel in the center part of the reactor.
Such a scheme would also decrease the axial power peaking factor in the
AT~-CH reactor bput is not needed as much as in the B&W concept. Because
cptimization of the refueling scheme invelves a number of design considera-
ticns other than minimization of the axial power peaking factor, parameter
studies concerning the refueling scheme were considered outside the scope

of our evaluation and were not performed.

5.1.5 Discussion and Evaluation of the Reactor Cores

Based on the ORNL evaluation and use of the engineering and heat
transfer factors, and using the ORNL power-peaking factors, it appears

that the AI-CE core design gives a maximum surface temperature of about
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878°F, which exceeds the specified maximum value of 850°F. The B&W pin-
cluster design has a maximum fuel-surface temperature of about 884°F for
fuel elements that move in the same direction as the coolant flow, while
the maximum temperature is about 892°F for elements whose fuel movement
is opposite to that of coolant flow. Thus, by using the same coolant
flow arrangement as proposed by AI-CE, the maximum fuel surface ftempera-
ture for the pin-cluster element would be about 884°F. We consider the
AT-CE arrangement feasible, economlcal, and applicable to the BEW design.
The B&W annular-cylinder design has s maximum fuel-surface tempera-
ture of about 864°F for fuel entering the reactor in the same direction

°F for fuel entering the reactor in a di-

as coolant flow, and about 8§79
rection opposite to that of coolant flow. Again, we consider the AI-CE
coolant-flow arrangement to be feasible for the BEW concept, and if
utilized for the annular cylindrical elements, the maximum Tuel-surface
temperature would be about 864°F.

If the axial peaking factors can be significantly reduced by changes
in the fuel management scheme or by design changes, the maximum fuel sur-
face temperaturss can be reduced considerably for voth the AL-CE and BW
concephs, with more potential reduction possible in the B&W concept.

In reporting all the foregoing maximum surface temperatures, no al-
lowance was made Tor the effect of a fouling film on the heat transfer
surface. The possiblility of the presence of such & film has already been
mentioned and will be discussed in more detaill in Section 5.5. The ef-
Tect of such a Tfilm would bve to ilncrease the maximum surface temperature
by 25 to 50°F, accordivng to our estimaltes. The result would be to in-
creasae the surface temperatures, which are already above the allowable
value of 850°F based on our estimates of the flux-peaking factors and

the correlations used for the heat transfer coefficlent.

Remedies for these overtemperatures have already been suggeste
Inereasing the coolant veloelty would improve heat transfer, and at the
zame time increase pumping requirements; as pointed oubt previocusly, it
appears Teasible to increase the core pressure drop. An obvious remedy
for the overtemperature due to the fouling film 1is to decrease the inlet

and outlet temperature and thereby maintain the same total power generation
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but reduce the surface temperature.* Unfortunately, a decrease in the
bulk coolant temperature of 50°F does not produce a corresponding reduc-
tion in the Tuel element surface temperature. The reason for this is
that the heat transfer coefficient is dependent upon the coolant physi-
cal properties, and a decrease in temperature produces a decrease in the
heat transfer coefficient, and also changes the locaticn of the peak sur-
face temperature. Of these two effects, the latter 1s the more signifi-
cant one, based on U-3 calculations in which the reactor inlet coolant
temperature was decreased below the design value. 'The heat transfer
coefficient was varied in accordance with the variation in coclant physi-
cal properties with temperature; a constant mass flow rate was assumed.
Reducing the inlet coolant temperature by 50°F in the AI-CE reactor led
to a reduction in maximum fuel surface temperature of about 38°F:; these
results were obtained with the heat transfer coefficient and engineering
factors ORNL specified previously. Thus, the coolant temperaturs has

to be reduced about 65°F to compensate for a 50°F drop across the fouling
film, based on an 850°F maximum fuel surface temperature.

There are several additional factors that require investigation and
which have a major bearing on the final reactor design. These investi-
gations should include (1) the exact determination of the effect of mix-
ing on the hot-channel temperature rise, (2) a study of the possibility
of subcooled nucleate boiling in the coclant, (3) an analysis of the ef-
fect of off-centered assemblies in the pressure tube on maximum surface
temperatures, and (4) an examination of the end-plate design and its ef-
fect on pressure loss and flow redistribution in the AI-CE assembly.

Effect of Mixing. As was discussed previously in this section, the

determination of the crossflow rate was the result of extreme extrapola-

tion from data for essentially a different type of assembly. Relating

*The maximur surface temperature can be reduced by other methods.
One would be to reduce the power outpul per process tube by increasing
the number of tubes in the reactor. This has been done in the Demonstra-
tion Plant design and the surface temperature has been reduced to below
860°F at design conditions {(maximwn power oubput), with no allowance for
film deposit.



89

this crossflow rate to a Tactor expressing the temperature rise in the
hot subchannel was dependent upon an assumed and unproven model., The
effect of mixing must be experimentally determined for the particular de-
sign, and additional work 1s necessary hefore extending this to even simi.
lar designs. 'There 1s no suvstitute here for additional experimental in-
vestigations.

Effect of QOff-Centered Assemblies. In making these calculations for

both the AL-CE and B&W pin designs, it was assumed that a 30-mil clear-
ance existed on each side of the assembly. During the course of the cal-
culations, it became apparent that very small changes in flow areas (al-
most below the limits of the engineering tolerances) could make signifi-
cant differences in the redistribution of flow in the assembly. These
differences would, in turn, affect the maximum temperatures developed in
the assembly. Tt i1s certain that the positioning of an assembly so that
zero clearance existed on one side and 60 mils clearance on the other
would have a profound effect on the flow distribution and resultant tem-
peratures. Although this effect could be estimated through a series of
recalculations, this study was not made. To be truly meaningful, the re-
calculations should be coupled with a reevaluation of the rod radial flux
factors. The factor of 1.02 included in the engineering factors to ac-
count for this effect does not appear adequate to account Tor the devia-
tion that might result.

Effect of End~Plate Misalignment. A point that has not been exam-

ined in detall in the AIL.CE design is the pressure loss allowed for the
end plates between assemblies, At present, approximately 6 psi is al-
lowed for each of the four Junctlons; this 1s only a 1little over cne ve-~
locity head for the average velocity in the assembly. It is assumed that
the end-plate design has not been thoroughly established but that it will
afford at least as much flow area as in the pin section. However, mis-
allgnment of the end plates could present a considerably more restricted
flow passage and consequently a considerably higher pressure loss. Even
more important, the misalignment of the end plates could cause an un-
favorable redistribution of flow and 'starve' (at least temporarily) the

hot subchannel. Since power peaking occurs at the ends of the fuel
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assemblies, "flow starving" at these points in high flux regions would be
particularly unfortunate.

It is strongly recommended that much more attention be given to the
study of the end-plate design and that some consideration be given to the
orientation of adjacent assemblies so that excess pressure losses and

possible channel starving can be avoided.

5.1.6 Conclusions

Evaluation of the thermal and hydraulic characteristics of HWOCR
reactor cores consisted of an evaluation of certain computer codes, for-
mulation and evaluation of the input data, and analysis of the output of
the codes. Application of the codes appears to be satisfactory, with
the reservations that the mixing model, which proved adequate to corre-
late intersubchannel flow in wire-wrapped bundles, might not prove as
accurate for spirally finned elements, and application of this mixing
model to the present design represents a large extrapolation.

According to recent heal transfer data, the correlation for the heat
transfer coefficient used in the codes, and by AT-CE and B&W, appears
high by about 5%. In addition, to account for the geometry and flow
conditions that exist with pin-cluster elements, the coefficient should
be decreased by an additional 10% for axial flow in fuel bundles. The
correlation for the critical heat flux used in the codes 1s not directly
applicable to rod bundles, and a DNB ratio of at least 3 appears advis-
able. In addition, the biphenyl concentration in the eguilibrium coocl-
ant appears higher than indicated by AI-CE, which results in lower DNB
ratios than would otherwise be the case.

In formulating the input data for the codes considerable deviation
was found between the power peaking factors as specified in the designs
and those calculated by ORNL., TIn the AI-CE design, the major difference
was in the basgic radial flux pattern; however, this difference could be
adjusted by varying the enrichment or feed rate. In the B&W design, the
major difference was in the axial flux pattern. Our calculations indi-
cate that the thorium-fueled reactor tends to have higher axial power

peakirg factors than does the uranium-fueled system. The engineering
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factors supplied by the sponsors appeared to be slightly low, and minor
adjustments were made in these.

Pased on the AI-CE design conditions with no fuel-surface fouling,
we estimate a maximum c¢ladding surface temperature of 878°F, as compared
with a maximum allowable surface temperature of 850°F. Under the same
conditions, temperatures in the range of 884 to 292°F were calculated for
the BW pin-cluster design, depending upon the direction of flow of cool-
ant with respect to the fuel movement. For the BE&W nested-cylinder de-
sign, the maximum surface temperatures were 864 and 879°F, again depend-
ing upon the direction of coolant flow. The maximum temperatures for the
B&W reactors can be reduced 1if the axial power-pesking factors can be
lowered to AI-CE values.

Inclusion of a fouling film on the heat transfer surface will tend
to increase maximum surface temperatures. It is estimated that such a
Tilm will exist and have a 25 to 50°F temperature drop across it. Low-
ering the cooclant temperature by 50°F would not produce a corresponding
reduction in the surface teuperature, since the effect of temperature on
the coolant properties would decrease the heat transfer coefficient; the
corresponding reduction in surface temperature would only be 38°F for
the AI-CE design conditions. ZILowering the bulk coolant temperature Dy
50°F would, however, have the effect of increasing the DNB ratio to 3.15
based on REg. (5) and to about 4.9 based on Eg. (6).

The pressure drop acroseg the fuel assemblies may be affected by film
buildup, but it is expected that any increase can be accommodated in the
design with little or no penalty. We estimate that the maximum film
buildup for the temperature drop assumed, that is, 50°F drop across the
Tilm, would not exceed 1 mil in thickness., If a film of this thickness

depogited uniformly on the surfaces of the fuel elements (AI-CE d

D

sign),
the cross-sectional flow srea would be reduced about 1.8%. For the same
flow rate through the core, the frictional pressure loss in the core

would be increased by approximately 3.3% or about 3.8 psi. The total
system pressure loss, however, would increase only about 1.3%. The actual
effect would be that flow would decrease a small amount depending upon

the characteristic curve of the pump. At most the drop in flow is esti-

s
mated to be 1.3 gpm (for a pressure drop of 3.8 psi) or about 0.5%.
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The above analysis does not take into account the effect of any
change ir surface roughness. Canadian data indicate that a smooth film
forms if the deposition rate is slow, as it is assumed to ve for the
HWOCR design. That being the case, the effect of change in surface
roughness 1s expected Lo be negligible.

In the AI-CH design, 24 psi has been allowed for the pressure loss
at the four junctions bebtween tThe five assemblies in each pressure tube.
This value of 6 psi loss per Junctlon represents only a rough estimate at
the present time and may vary over a considerable range depending upon
the degree of alignment of the flow channels in adjacent assemblies. Thais
loss could be significantly reduced and rendered more predictable by
aligament of the assemblies as discussed in this report. The variable
nature of the pressure loss at this interassembly Jjunction makes a con-
sideration of the pressure loss due to film formaticn insignificant at
this tire.

In order tc achieve a maximum surface temperature not in excess of
850°F for the AT-CE design conditions with a 25°F temperature drop across
the coolant fouling film st the position of peak surface temperaiture, the
ccolant outlet temperature would have to be lowered about 70°F to 680°F.
The corresponding decrease in outlet coolant temperature for a 50°F tem-
perature drop across the fouling film would be about 100°F, or an outlet
temperature of 650°F. At the same time, it is possible to alber the reac-
tor design conditions so that the outlet coolant temperature can be in-
creased at less ecconomic penalty than that associated with operating the
present design at an ocutlel temperature in the 650 to 680°F range. For
example, it is possible to lower the fuel surface temperature by increasing
the coolant velocity or by decreasing the fuel power density. In particu-
lar, since the fuel inventory charge has a low value, the reactor could
be redesigned with advantage taken of this situation. However, such a
change would involve some penalties in capital costs and in fuel inventory
costs that would need to be evaluated. Alternatively, the thickness of
the fuel element cladding could be increased, so that a higher surface
temperature would be permissible without leading to excessive stresses

in the SAP cladding. ©Such a change would increase the required fuel



93

element enrichment and would lead to an increase in the diameter of the
SAP process tube, and could not be incorporated into the design without
some penalty in fuel-cycle performance and power-production cost. Nonethe-
less, such design changes undoubtedly would introduce less penalties than
would the direct application of the lower coolant temperatures discussed
above. To investigate the above matter thoroughly would require extensive

desi

n
i

n optimization studies, and these were outside the scope of cur evalu-
ation. At the zame time, in evaluating HWOCR performance, consideration

)

should be given to the above alternatives. Teo account for reoptimization

of design conditions, 1t 1s estimated that the equivalent outlet coolant
temperature to be associated with the present AI-CE design is 675 to 700°F
for a fouling film temperature drop of 25 to 50°F at the position of maxi-
mun fuel surface temperature. The above outlet coolant temperature range

is used in evalunating the AI-CE concept. Such a condition can be considered
equivalent to inereasing the fuel cladding thickness so thabt a maximum SAP
surface temperature of about 870°F is permissible, with the decrease in
nuclear performance associated with such a design change accounted for by
decreasing the outlet coolant temperature about 7°F.

The B&W thorium design conditlons resulted in higher maxinmum fuel
temperatures than those of the AT~-CE core design, and for these circum-
stances the effective outlet coolant temperature would need to be reduced
in accordance with the sbove discussion to valuess in the 660 to 690°F
range. However, if bidirectional coclant flow were employed, rather than
the unidirectional flow specified, the nested~cylinder case would improve
significantly and lead to effective cutlet coolant temperatures Iin the 675
to 700°F range. Thus in evaluating the BEW core designs the effective out-
let coolant temperature for the pin design is considered to be 660 to 690°F;
the corresponding range Tor the nested-cylinder design is 675 to 700°F.

Redesign of the thorium cores probably could lead to a significant de-
crease in the axial power pesking factors, since these were mmach larger
than the corresponding values in the AT-CE design. The high peaking fac-
tors were due to the spaces beltween fuel assemblies and the high avsorp-
tion cross section associated with the fuel. These power peaks could be

reduced by using only fertile materisl at the ends of the assemblies.
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However, there would be associated changes in fuel fabrication costs and
in nuclear performance to be considered. BSuch studies were not performed
here, but they should be included in any redesign studies of the thorium-
fueled cores. If axial power peaking can be significantly decreased, the
outlet cocolant temperature could increase to values above 700°F.

There are several additiocnal factors that require further investiga-
tion. These are (1) experimental measurement of fluid mixing in flow
channels containing spirally finned elements, (2) the conditions associated
with subcooled nucleate boiling, (3) the effect of off-centered assemblies
in the pressure tube on fluid flow conditions, and (4) the effect of fuel
assembly and plate placements on pressure loss and flow distribution in
the AI-CE design. To investigate these areas, full-scale mockups repre-
senting HWOCR design conditions are required, with detailed measurements
made of variables such as flow, temperature, and fluid mixing under HWOCR
operating conditions. Alsc, studies of the effect of changes in parameter

values on variable behavior would assist in design optimization.

5.2. Fuel Element Performance Evaluation

Fuel element performance characteristics were examined for each re-
actor to identify areas that might limit the life of the fuel element.
Of principal concern were fission-gas release and fuel swelling and the
abllity of the fuel cladding to maintain its integrity. Many other fac-
tors can contribute to fuel element damage, and it is the improbable con-
currence of a combination of factors that often causes fuel element fail-
ure. Since the probability of a failure increases with severity of the
operating conditions, extensive testing is required to determine perfor-
mance under HWOCR conditions.

Fuel element characteristics of the three reactor fuel assemblies

are listed above in Table 5.1.

5.2.1 AI-CE Fuel Element

The AL-CE fuel element has 37 SAP-clad tubes contalning cast hyper-
stoichiometric UC. The free-standing cladding is 0.020 in. thick and

has 12 extruded fins that spiral at 90° per foot. The fuel rods arc
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44 in, long and are nested into Zircaloy-4 end plates. Dimensions are
such that fins of adjacent elements touch and support each other. Five
fuel elements are stacked vertically in the reactor. The 12 outer fuel
rods are attached to both end plates and support the weight and hydrau-
lic forces exerted on the fuel elements above. These rods operate at the
highest power level and sustain maximum burnup in the channel. The fuel
assembly has a radial clearance of 0.030 in. between it and the 4.320-1in.
ID of the SAP pressure tube.

The approximately 3-in.-long UC fuel slugs are cast and formed to
give a 0.0025-in, radial clearance in the cladding. The fuel element
life is about 700 days, and maximum burnup in any rod is 20,500 Mwd/T.

The coolant inlet temperature is 595°F. Cladding temperature and heat
rating lncrease as the Tuel element moves through the reactor. The
maximum rated cladding temperature and the heat rating of any rod are
850°F and 26.6 kw/ft, respectively.

Irradiation tests of SAP-clad UC fuel elements weres made in the X-7
loop of the Canadian NRX reactor at heat ratings up to 14 kw/ft. Several
elements were examined after a peak burnup of 3000 de/T, and scme were
reinserted and operated to a calculated burnup of 11,500 de/‘l".18 De~
talled information on postirradiation examination is not yet available.
Additional irradiation tests have been carried out by Atomics International
in the U-305 experiment, and the detsiled results should be available
zoon.

The AT-CE fuel element was analyzed with respect to its expected per-
formance at the higher heat ratings, powsr levels, and burnups projected
for the HWCCR conditicns. ZFrom the viewpoint of fuel element performance,
a principal concern is that fuel rod design and operating conditions be
such that fuel swelling and fisslion-gas release will not cause cladding
fallure.

Uranium carbide is = proven fuel material and has been tested ex-

tensively during the past several years. 21

Although many tests have
been made with hypostoichiometric UC or with (U-Pu)C fuels, hyperstoichio-
metric UC (fuel employed in HWOCR) is usually cousidered superior to
either. Fisslon~gas release is temperature dependent, and data have been

obtained at burnups of 40,000 de/T that show less than 1% gas release



at temperatures of 2000°F or below.r2720 An analysis??® of the data by
Atomics International is shown in Fig. 5.10. More recent data have con-
firmed these results.?”? swelling of UC during irradiation increases about

linearly with burnup to well beyond expected HWOCR exposures. Swelling
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is also temperature dependent, as shown in Fig. 5.11. These data also
have been confirmed by more recent results.??
The maximum temperature of the AI-CHE fuel is critically dependent
on heat transfer across the gap at the interface between the fuel and the
cladding. The heat transfer across the radial gap, initially 0.0025 in.
v

thick and containing helium gas, changes as the fuel swells to reduce gap

thickness and as the gas conductivity is reduced by dilution with re~

H

ion gases. Heat-generation rates of local portions of the

68}

leased fis

6

fuel change as the fuel element progresses through the reactor. Atomics

International has exsmined thesge factors in detail and concluded that the
138

maximum fuel temperature will be about 2000°T. Our calculations, based
on AT-CH estimates of cladding temperature and power peaking factors,

indicate temperatures of about 2100°F at the ends of the outer fuel rods
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during residence in the first two positions with conduction through helium
gas in the fuel-cladding gap. Temperatures at succeeding positions will
be lower, as wiil temperatures of other rods that have lower radial power
peaking factors. We consider the above conditions to be feasible. Esti-
mates of maximum fuel temperatures are subject to considerable inaccura-
cies, however, because heal transfer across the fuel-cladding interface

igs a function of many variables. Contact between tiny projections may
reduce thermal resistance at the interface, and dimensional variations
from Tabrication tolerances preclude accurate calculatlions.

From the available data, Atomics International concludes that fission-
sas release from the most highly rated element will be about 0.317 and
calculates that internal pressure will not exceed about 300 psi with a
fission~gas plenun 0.60 in. long. We concur with these data 1f fuel

swelling does not exceed 2% per l0,000*de/T exposure.

T

The AT-CE fuel element is designed on the basis of 2% fuel swelling
per 10% Mwd/T, from which it is concluded that the cladding strain would
be 0.5% at a maximum fTuel exposure ol 24,000 de/T. The data of fig.

5.11 indicate that 3% swell‘ng is a distinct possibility. Based on the
0.005~1n. diametral clearance, an isotropic 3% veclume increase would ex-
ceed the expected limit of 0.5% strain for SAP cladding at regions where
local burnup reaches about 16,000 de/T. Thus, although we agree that
the 2% volumetric expansion per l0,000—MWd/T exposure is a feasible valuc,
a larger rate may be applicable. Additional information on fuel swelling
must be cobtained before successful operation of the HWOCR at the proposed

burnup can be predicted.*

*The reference fuel element described in AI-Ci-Memo-25 (Ref. 23) is
similar to the eslement considered above, but radial clearance between
fuel and cladding is increased from 0.0025 to 0.0035 in. and the length
of the fission gas plenum is increased from J.60 to 1.0 in. This will
accommodate greater swelling and fission-gas release. Based on heat
ratings for the 750-Mw(e) design, the maximum fuel temperature will be
increased by about 200°F above the AI-CE-Memo ¢ design value,l a condi-
tion we consider to bhe excessive. At the lower heal ratings assoclated
with 500-Mw(e) operation the element described in AT-CE-Memo-25 (Ref. 23)
will have =z maximum temperature of about 1900°F, which is much more con-
servative. Testing will of course be required to establish performance
in the radiation environment.
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In addition to the above factors, several other problem areas for
the AT-CH fuel element will require investigation. Data indicate that
hyperstoichiometric UC is more subject to cracking than is UC of lower

carbon content.??

The effects of vibration and thermal cycling may cause
chipping of cracked fuel. If particles become trapped at the fuel-cladding
interface, these could cause excessive local stresses in a low-ductility
material like SAP. Also, the fuel cladding fins will bvear against the
inner wall of the SAP pressure tubes, and the action of aluminum against
aluminum could lead to wear or galling of the inner surface of the pres-
sure tubes. Such phenomena may also influence the forces required to
remove fuel elements from the reactor. The performance of the fuel ele-
ment in organic coolant with respect to fuel tube bowing and behavior
after cladding failure as a function of fabrication tolerances must also
be determined.

Conclusions. The UC fuel element appears to be properly designed
and suited for HWOCR application based on present information and feasi-
bility conditions. It should be capable of operating at proposed heat
ratings and temperatbures. Avallable data are not yet sufficient to estab-
lish fuel element life. Achievement of the desired burnup will be criti-
cally dependent on the fuel swelling at operating conditions; increases
in radial gap thickness to accommodate greater swelling will cause sig-
nificant increases in maximum temperature. The strict Llimitations on gap
thickness imply rigid control of dimensional variations of both the UC
fuel and the inside diameter of the SAP cladding. Additional irradiation
testing is also required to demonstrate that reactor operating conditions
do not lead to other difficulties that will 1limit the life of the fuel

elements.

5.2.2 BE&W Nested Cylinders

The B&W reactor has five concentric fuel tubes fabricated of coex-
truded Zircaloy-4-clad thorium-uranium metal. All fuel tubes have 0.025-
in.-thick Zircaloy-4 cladding; the fuel thickness 1s 0.100 in., and it
consists of thorium containing approximately 2% enriched uranium. Tube

outer diameters range from 4.800 to 2.656 in. The coolant channel
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spacings, which range from 0.078 to 0.137 in., are maintained by three
spiral spacers (1/8 in. thick) attached by welding to the outer fuel clad-
ding surface; these spacers normally have bearing surfaces only at the
ends of the fuel tubes. Fuel tubes are welded into the lower end plates
and are free to expand axially. The Tuel elements are 48 in. long, and
six elements are stacked vertically within the SAP process tube. A cen-
tral moderator can of Zircaloy~2 supports the weight of the fuel elements.
fuel elements spend one-sixth of their life in each vertical position.

The inlet coolant temperature 1s 560°F, and the outlet temperature is
750°F. In all fuel channels, the outer tube operates at the highest tem-
perature and power level and achieves the highest burnup. The average
burnup in the fuel is projected at 20,000 de/T.

Techniques for Tabricatlon of Zircaloy-clad tubes of thorium-uranium
alloy fuel have been developed for tubes 1.75 in. OD by 1.05 in. ID,24
and 8-in.-long specimens of such tubes are being tested at the Pacific
Northwest ILaboratory in high-pressure water-cooled loops. The fuel clad-
ding temperature is about 400°H, and the maximum fuel temperature has
varied between about 1080 and 860°F. The fuel volume increase has been
determined by density measurements; at approximately 11,000 Mwd/T expo-
sure, it was about 1.5% for the most highly rated specimen.25 The Savan-
nan River Ilaboratory has tested a 10-ft-long tube, 2.5 in. OD and 1.85 in.
ID, in the HWCTR Lo an exposure of 3600 Mwd/T. The time-weighted average
cladding surface temperature and the maximum metal temperature at the
point of maximum burnup were 482 and 880°F, respectively. The fuel vol-
ume increase was about 0.8% at the region of maximum exposure and pro-
duced a 0.005-in, increase in the outside diameter and sbout a 0.001l-in.

26 27 of unclad

decrease in the inside diameter. Capsule irradiation tests
thorium-uraniuvm alloys at Argonne National Iaboratory indicate swelling
of approximately 2% per atom percent burnup at temperatures below about
1000°F for burnups up to 4 at. % (approximately 40,000 Mwd/T). High fis-
sile enrichment and short exposure times for the latter tests, however,

prevent direct application of the data to HWOCR conditions.
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Zircaloy-4 claddings have been found suitable for operation in or-
ganic-cooled reactors if strict control of cooclant composition is main-
tained. Data on hydride absorption are discussed in Sectilon 5.3.

Areas of Concern. The metal-fueled reactor represents a significant

extrapolation beyond present technology, as is recognized. Nested-cylin-
der fuel elements have bheen consldered for several reactor systems; how-
ever, tests of this type of fuel element have been limited to single,
relatively small-diameter tubes. Problems of coolant flow control, ef-
fects of vibration on fuel cylinders, distortion as a result of nonuni-
form temperatures, or fuel swelling can be significant with multiple
nested fuel elements. Additional research is necessary to establish that
the fuel elements will operate as proposed.

Comparison of projected HWOCR operating conditions with actual fuel
test conditions shows that the projected fuel burnup and the cladding
surface temperatures are higher than values associated with test condi-
tions; also, coolant pressures during test operations have been higher
than proposed HWOCR pressures. However, the proposed fuel assemblies
have a favorable gecmetry because of the relatively thin (0.100-in.) fuel
thickness. Thus, proposed maximum fuel temperatures are well within the
values exieting during tests. Also, fuel swelling based on 3% volume
change per atom percent burnup will cause legs than 0.5% strain in the
outer cladding of the smallest fuel element and less than 0.25% strain
in the largest fuel tube.

The practicality of operating Zircaloy-4 clad tubes in organic cool-
ant 1s yet to be established. Compatibility problems and hydriding rates
are discugsed in Section 5.3, Hydrides in zirconium reduce the duetility,
but the magnitude of the effect is a function of many variables., These
include the composition, orientation, and fabrication history of the alloy
and the stress conditions and temperature envirconment. Significant fac-
tors are the orientation of the hydride platelets relative to the prin-
cipal stress and the relation between platelet size and metal thickness.
Thus permissible hydride concentrations cammot be specilfied with cer-

tainty. FEarly work suggests a permlssible limit of 250 ppm hydrogen.
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Severe embrittlement has been detected at significantly lower concentra-
tions, but claddings with up to 400 ppm hydrogen have been found in fuel
clements that operated without failure to 10,500 Mwd/T.28

Two additional factors complicate the problem of predicting permis-
sible hydrogen concentrations for the cladding of the nested-cylinder
fuel element. The texture developed in coextruded tubing is such that
hydride platelets precipitate with maximum dimensions perpendicular to

29

the stress direction and will therefore have maximum detrimental ef-

fect. The possibility exists that more favorable textures may be devel~

oped by special fabrication procedures.BO

On the other hand, the fuel
element geometry (thin fuel layer and large tube diameters) is such that
fuel swelling is expected to cause little cladding strain, so little
ductility may be required of this type of fuel element.

Conclusions. The nested-cylinder Tuel element appears to be well
designed, and it should be operable at the heat ratings and temperature
limits proposed. It represents a reasonable extrapolation of present
technology, but additional testing is required to demonstrate that pro-
Jected 1life and burnup can be achieved under reactor operating condi-
tions. Tt must be shown that fuel element distortions resulting from
thermal gradients or fuel swelling do not adversely affect operation of
large, closely spaced nested tubes, and also that the many factors af-
fecting hydrogen pickup and hydride embrittlement can be controlled to

insure satisfactory life for fuel elements of this geometry.

5.2.3 B&W Pin-Cluster Fuel Assembly

The pin-cluster fuel assembly has 66 fuel pins (0.356 in. 0D, 0.020-
in., wall) arranged around a hexagonal moderator can. The fuel cladding
is extruded SAP 004 and has six cooling fims 0.030 in. thick and 0.065
in. high that spiral with 2 14 1/2-in. pitch. Fuel rods are attached to
the SAP lower base plate and are bound as a bundle around the central
moderator can with circular straps of Zircaloy-2 to reduce vibration of
fuel rods. Six fuel assemblies are stacked vertically in the reactor,

and thelr welght is carried by the central moderator cans.
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The fuel is Vipac (vibration-compacted) sol-gel (Th-U)Os of 88%
theoretical density. A 1.81-in.-long fission-gas plenum is provided at
the top of each fuel pin.

The performence of pelletized UOp fuels in Zircaloy or stainless
steel cladding in pressurized water systems has been demonstrated at heat
ratings and burnups which exceed those proposed for the HWOCR., Vibratory
compaction is a satisfactory method for fabricating oxide fuels into
stainless steel or Zircalcy tubes, as has been demonstrated by research
at several laboratories. "4 Early failures with such fuels were traced
to lmpurities and adsorbed gases in the Tuel and have been largely avoided
by improvements in fabrication techniques. There is considerable experi-
ence with water-cooled fuel elements to indicate that water-logging or
fuel washout from defective or failed vibration-compacted fuel elements
does not cause substantial fuel losses. Fuel has been tested in the
PRTR, and U0,-Puls at a heat rating of 15 kw/ft has achieved exposures
of 10,000 de/T; tests are being started in the Saxton Reactor using
similar fuels with heat ratings and exposures equivalent to those pro-
posed for the oxide-fueled HWOCR. 2%

The feasibllity of operating U0, fuel elements with SAP cladding has
been demonstrated up to 12,000 Mwd/T in the OMRE. Four fuel elements,
each 3 £t in length and conbaining 25 fuel rods loaded with pellets of
95% theoretical density, were operated at cladding temperatures up to
850°F. No failure ocecurred and postirradiation examination digclozed no
bowing, deformation, or other adverse effects, Heat ratings were signifi-
cantly lower (maximum central temperature of 2270°F) than proposed for
the B&W fuel elements, >’

SAP-clad UOQyp pellet fuels have been tested at heat ratings in excess
of those proposed. Some Tailures have occurred in long test rods at
burnups of only 2400 MWd/T. Evidence was found of sheath strain even
though adequate diametral clearance was provided; some evidence of sur-
face reaction between the SAP and the UDp was also found at gheath ten-
peratures in excess of 430°C. 2°

ORNL experience with (Th-U)0, fuels has indicated that physical

changee which develop during irradiation will occur at heat ratings at



104

least 10% higher than with U0, under similar conditions. Vibration-com-
pacted (Th-U)O, rods have been operated to 20,000 Mwd/T at heat ratings
of up to 26 kw/ft with no evidence of swelling and with less than 30%

fission-~gas release. 2/

Areas of Concern. The prineipal area of concern is that the fuel

element has not yet been tested under operating conditions. The combi-
nation of SAP cladding and vibration-compacted fuel has not been tested
under proposed conditions. Calculations indicate that the fission-gas
pressure will not cause excessive cladding stresses 1T fission-gas re-
lease is no more than 15%, which appears to be a reasonable estimate.
Additionel data are needed to demonstrate that fuel cracking does not
strain the SAP cladding excessively. Tt is alsc possible that SAP clad-
ding cammot withstand the vibrational energy required to attain the fuel
density proposed.

Conclusions. The SAP-clad vibratiou-compacted element shows promise

for HWOCR application; however, additional data and testing are required
to show that the fuel elewment will operate satisfactorily under the pro-
posed conditions. Particularly, experiments must be performed to demon-
strate that the effect of burnup in SAP-clad vibration-compacted fuel is
not detrimental to the cladding. Also, it must be shown experimentally
that SAP cladding is not adversely affected by the vibratory compaction

operation.

5.3 Core Material Compatibility Evaluation

Satisfactory performance of a reactor depends on the ability of the
core materials to retain their integrity over the operating life. 1t 1is
therefore essential that the reactor materials be compatible with their
environment. For this study, a brief survey was made to define the com-
patibility relations among the coolant, cladding, pressure tube, and fuel
materials under conditions normally to be encountered in operation. Be-
havior of the materials under grossly abuormal conditions, such as fail-

ure of pressure or calandria tubes, is not discussed here.
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5.3.1 Coolant-Cladding Compatibility

Compatibility between the coolant and the fuel-element cladding in
its operating environment is of major importance. The maximum cladding
temperature for all the reactors is specified as 850°F, although a given
fuel element will experience this maximum temperature only a fraction of
its core residence time. Residence times of the Tuel elements are about
700 days for the AI-CE SAP-clad UC fuel, 600 days for the BEW metal fuel,
and about 400 days for the B&W oxide fuel.

Coolant-SAP Compatibility. SAP 1s the cladding material for the

AT-CE fuel and for the B&W oxide fuel; it is also proposed as the process
tube material for both reactors. Considerable data from capsule tests
and from reactor and loop experiments have established that aluminum clad-
dings operate satisfactorily with organic coolants at temperatures up to
which pyrolysis of the coolant becomes excessive, 3,35,38-40  opap,
(Buratom organic-cooled reactor) investigators have shown that corrosion
effects are negligible (order of mg/dm? per 2000 hr, where 1 mg/dm2 is
equivalent to 1.5 x 107% in.) when water concentrations are less than
approximately 1000 ppm. Water vapor contents of several thousand ppm
can cause severe intergranular attack, but such high water concentrations
should not be encountered. 3?9

Coolant-Zircaloy Coumpatibility. Zircaloy-4 is proposed as cladding

for the B&W thorium-uranium metal fuel. The performance of zirconium
alloys in organic cooclants has been under investigation in Canada since
early 1961, and the basic compatibility of the materials has been estab-
lished. Of concern is the rate of hydrogen pickup by the zirconium and
the effect of the absorbed hydrides on the physical properties and life
of the cladding.

Available Canadian data on hydriding rates have been summarized by
Sawatzky and others.'?,41,42 Hydriding rates are quite sensitive to sev-
eral variables, in particular the coclant composition and the condition
of the metal surface. Several important effects are listed below.

1. Hydriding 1s inhibited by a thin oxide film on the metal surface,

such as that formed by air oxidation or steam autoclaving. It is most
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effective if formed at temperatures near ccolant operating temperatures.
Finger prints or scratches destroy the effectiveness of the film.

2. Chlorides as a coolant impurity have a marked detrimental effect
and increase the hydriding rate.

3. Water vapor in the coolant at levels of approximately 60 to 200
ppm appears to reduce the hydriding rate, particularly if excessive chlo-
ride is present in the coolant.

4. The hydriding rate seems to be enhanced by neutron irradiation. 4!
Rased on scanty data, the enhancement factor appears to be under a value
of 2 for a thermal-neutron flux of 4 X 102 neutrons/cm?-sec.

5., Rased on a 5000-hr test, hydriding rates of Zircaloy-4 in or-
ganic coolant at about 716°F are only slightly greater than those obtained
with water coolant at 680°F. The data suggest a hydriding rate of about
5 x 1072 pg/em®.hr in organic coolant at 716°F; at 608°F the rate is re-
duced to about one-tenth*! of the above value. Within the scatter band,
presumably caused by variations in coolant purity, the hydrogen pickup
by Zircaloy-4 is approximately linear with exposure time.

-

6. Hydriding rates of Zr-2.5% Nb are about one-fourth those for
zircaloy-4, which are about one-half those for Zircaloy-2.%?

The possibility of using fins as hydride sinks to which absorbed hy-
drogen will diffuse because of their lower operating temperature is also

suggested by the Canadian data. 13:%?

Hydrogen contents of Zirecaloy-2
wire wrap ranged up to 9000 ppm with adjacent Zircaloy-2 cladding hydro-
gen contents in the range of 200 to 550 ppm.

Canadian investigators conclude that zirconium alloys show definite
promise for use as cladding or hot process tubes in organic-cooled sys-
tems but that further research is necesgssary to define operaticonal limits

that will assure satisfactory life of reactor components.%?

5.3.2 Coolant-Fuel Compatibility

It is to be expected that an occasional fuel element failure will
occur in the operating reactor. The effects of such fallures will bhe
less seriocus with respect to reactor operation if good compatibility ex-

ists between the fuel and the coolant. If significant reactions occur,
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entrance of coolant through tiny cladding flaws can cause c¢ladding defor-
mations that will rapidly increase the size of the hole. Similarly, if
reactions are negligible, longer operation of failed fuel elements can
be permitted before it is necessary to discharge them.

Coolant-UC Compatibility. The stability of UC in organics has been

demonstrated in experiments investigating reactions of unclad uranium

metal with organics.38

In these tests, reactions at 750°F were limited
to slight surface attack (<3 mg/cm? per month, <6 X 1072 mils per month)
for 4500-hr tests. Much more rapid corrosion can occur with hydrogen
overpressure. The threshold hydrogen pressure for the metal-organic re-~
action is temperature dependent; it is near 1 atm at 572°F and about 15
atm at 752°F. UC forms as the reactlon product at high hydrogen pres-
sures. The data obtalned suggest that UH; forms by reaction of U with
the H, and that the UH3 then reacts with the organic to form UC. Thus,
stability of UC in the organic coolant seems assured and reaction between

UC and coolant will be negligible.
Coolant-Th02-UO0p Compatibility. No data were found on the compat-

ibility between organic coclants and (Th-U)O, fuels. Little reaction is
expected, since neither ThO,; nor U0, is reduced by organic decomposition
products. The excellent compatibility of U0, fuel with organic coolant
is indicated by results of experiments described by Parkins of Atomics
International.*? TIn these tests, defected SAP-clad U0, elements were
tested by temperature cycling to force coolant through the defected SAP.
No evidence of chemical reaction was found. A three-week test in a re-
actor caused the release of some gaseous fission products, but no fuel
particles escaped into the coolant. Thus, no compatibility problems ap-
pear evident between coolant and oxide fuels.

Coolant~Thorium Metal Compatibility. Limited data are available

which indicate that thorium metal has good compatibility with organic

coolants.éo

However, some reactions can occur from oxide or chloride
impurities, and significant hydrogen overpressures can lead to hydriding.
Static tests gave weight changes equivalent to less than 1 mil of metal
consumed per month at 900°F and appreciably less corrosion than that at

800°F. Comparative data indicate thorium to be slightly less resistant
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to attack than uranium metal, for which there are considerable data to
indicate excellent compatibility with organic coolants. Experiments with
defected aluminum-clad uranium slugs (1/16-in. hole through the cladding)
showed no attack until significant hydrogen pressures were developed.
Parkins%? described a failure of a U~3.5% Mo fuel element in the OMRE in
which coolant flow restriction led to overheating and subsequent melting
of some of the fuel elements. Exemination disclosed no formation of UC,
and there was no evidence of chemical reaction between the organic cool-
ant and the melted uranium metal. Only volatile fission products were
detected in the coolant.

Compatibility of Coolant with Cladding Failures. Occurrence of a

cladding failure permits cooclant to enter a region of essentially zero
coolant flow. Decomposition of the stagnant organic coolant within the
defect and in any adjacent clearance space yields a porous mass that can
be penetrated by additional coolant. Continuation of the process can
yield a slowly growing solidified mass that leads to interference with
coolant flow., This growth process should not occur with metallic Tuel
elements that have bonded claddings. However, with the nonbonded fuel
pins, coolant leakage into the element combined with thermal and radi-
ation damage to the stagnant coolant should be avoided, If pin cladding
defects occur during operation, the defective fuel elements should be re-
moved from the reactor immediately. In water-cocled reactors operation
with defective elements can be tolerated. Experiments with defectlve
elements in organic-cocled loops will be reguired to evaluate the magni-

tude of this problem.

5.3.3 Cladding-Fuel Compatibility

It is necessary for satisfactory fuel element operation that reac-
tions between cladding and fuel not destroy cladding integrity during
the life of the fuel element. Chemical reactivities of the cladding-
fuel combinations are considered in the following sections. Mechanical
effects were considered in Section 5.2.

SAP-UC. Data on compatibility between UC and SAP indicate that this

combination is more reactive than UO, and aluminum. Early work by ORNL
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established that in powder compacts, UC reacted with aluminum in 10 hr

at a temperature of 1148°F and that UC, was much less reactive than uc, 44
Danish investigators*® found slight reaction between UC and SAP in 7300 hr
at 842°F and marked reaction for the same time at 977°F. They found that
the reaction could be prevented by anodizing the SAP prior to the test;
with ancodized specimens there was no reaction after 9200 hr at 1112°F.
Atomics International found no reaction after 12,000 hr at 850°F and only
slight reaction after 12,000 hr at 950°F, 23

Irradiation test results from the X-721 loop experiments showed 1lit-
tle or no reaction between SAP and UC operated for 3500 hr at a 740 to
840°F cladding temperature. '®

The fuel material is specified to be hyperstoichiometric uranium
carbide. Tt is desirable that the carbon content of the fuel not drop
below the stoichiometric composition in order to avoid formation of ura-
nium metal at the grain boundaries of the UC. Elemental uranium diffuses
rapidly into aluminum at temperatures above approximately 572°F, and clad-
ing penetration leads to rapid failure in oxidizing coolants. Although
no reacticn would occur between uranium and the organic coolant, the de-
fective element might lead to operating problems, as discussed above in
Section 5.3.2.

On the basis of the compatibility data, it appears that SAP and
hyperstolchiometric UC will be suitable for use in the HWOCR environment.
Since the oxide surface on aluminum inhibits the reaction between UC and
SAP, potential destruction of the oxide film under dynamic conditions of
HWOCR operation must be considered. Irradiation tests of prototype fuel
rods will be required to demonstrate that fuel chipping and abrasion do
not accelerate reactions and limit fuel element life.

SAP-ThO». The proposed B&W oxide fuel consists of vibration-com-
pacted (Th-U)O, fuel in SAP cladding. No data on compatibility between
SAP or aluminum and ThOp have been found, but thermodynamic consider-
ations suggest that the chemical reactivity will be less than with UOp.

A study at ORNL of pressed compacts of UOp and aluminum powder (—100
+325 mesh) showed extensive reaction at 1112°F and some reaction at

932°F.%® The reaction is favored by intimate contact and very fine
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particle size of the UOy, and {he data suggest that the formation of re-
action products inhibits the reaction.

An investigation at Atomics Tnternational with pellets of UOp placed
between SAP and aluminum pellets showed no reaction in 5000 hr at 1000°F. 27
Danish investigators found no reaction between UO, and SAP in 14,300 hr
at 850°F or in 8500 hr at 977°F. They found no reaction after 1000 hr
at 1100°F but marked reaction after 8000 hr.

These data may be compared with those from experiments with UOs and
zirconium in which uranium penetrated about 3 mils into zirconium clad-
ding in 9500 hr at 1100°F. With Zr-U0O;, reaction rates were extremely
slow at 750 and 950°F.“7 In a wore recent study of the Zr-U0, systemn,
it was concluded that the combination would be limited to 1290°F for a
two-year lire.

Irradiation tests on U0y with SAP or aluminum cladding have been
made by several investigators. Atomics Internatioconal obtained satisfac-
tory performance at exposures up to 12,000 de/T of uranium in fuel ele-
ments tested in OMRE with peak cladding surface temperatures of 850°F. 18
Canadian investigators studied SAP-clad U0, fuels and found some reac-
tions at temperatures above 806°F. 13 Satisfactory performance to low
burnup was reported Tor elements operating at a maximum sheath tempera-
ture of 932°F, and SAP-clad UQ, fuel is specified as the initial fuel
for the WR-1 organic-cooled reactor.

Zircaloy-4—Thorium Metal. Limited data are available on the com-

patibility of the Zircaloy-4 cladding and thorium metal fuel tubes speci-
fied for the B&W nested-cylinder concept. The zirconium cladding is
metallurgically bonded to the thorium metal, and some metal diffusion
occurs. Short-time heat treating experiments at Hanford?4 indicated the
me jor portion of the bond to be 70.6 wt % wirconium. Bond thicknesses
as a function of heat treatment, based on Hanford and ORNL data,48 are
indicated in Table 5.4.

Valid extrapolations to the much longer times and lower temperatures
of interest Tor the BE&W reactor cannot be made for these data. However,
it seems likely that satisfactory performance will be obtained, particu-

larly in view of the low reactivity between the thorium metal and the
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Table 5.4, Bond Thickness Between Zircaloy-4
and Thorium Metal as a Function of
Heat-Treating Temperature

Diffusion Zone Thickness (mils)

Treati
Treating for Indicated Heat Treatment Time

Temperature

(°F)

1/2 ar 1 hr 3 hr 4 hr

1652 2.0
1472 0.6
1382
1292
1202
1112

N O

< -
o
== o

-~ O

“Data from Ref. 48.
Irregular diffusion layer.

o apparent diffusion.

coolant. However, additicnal data on the performance of such fuel ele-
ments are required to establish that significant changes in volume or
cladding ductility do not develop. Data from recent Hanford irradiation
tests may be enlightening when they become available, but the maximum
operating temperatures are about 180°F less than proposed for the B&W re-

actor.

5.3.4 Conclusions

It appears that the only ceoolant compatibility problem for these
reactor systems 1s that of hydriding of the Zircaloy-4 cladding in the
reactor with thorium-uranium metal fuel. FEven for that core, use of
Zircaloy-4 appears feasible; however, additional developwent work is nec-
essary. Although reactions can occur between the various fuel and clad-
ding components it does not appear that such reactions will proceed to
the point where serious cladding fallures result. If cladding failures
cccur in the unbonded (pin type) fuel elements, the defective elements
should be removed from the reactor. Additional test data under reactor
operating conditicns will, of course, be required to verify this evalu-

ation of present information.
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5.4 Core Design Criteria Evaluation

The ability to build and operate the reactor as proposed will de-
pend largely on the extent to which the reactor operating conditions do
not lead to failure of the materials used. Of particular concern are
the mechanical properties of SAP, since SAP is a relatively new material

for which specifications and design stresses have not yet been developed.

5.4.1 Mechanical Properties of SAP

The term SAP is a general designation for alloys of aluminum metal
and aluminum oxide in which the oxide content ranges between about 6 and
14%. The strength of the alloy increases with oxide content while the
ductility decreases. Mechanical properties have been repcrted by many
investigators,l3’45’49“51 and much of the information has been compiled
into a draft of a SAP Materials Handbook edited by Harlow.??2

SAP has good nuclear properties and good mechanical strength at high
temperatures. Tts limitations are that (1) statistical uncertainties in
SAP property data are considerable, (2) it has low ductility at high tewm-
peratures and low strain rates, particularly under creep conditions, and
(3) it is an anisotropic meterial, with strength and ductility in the
transverse or circumferential direction of tubes being significantly less
(about 30% less for stress-rupture data) than in the axial direction.
Furthermore, results of a few notched-specimen stress-rupture tests in-
dicate that notches seriously reduce rupture strength.

The use of SAP in organic-cooled reactors is being currently inves-
tigated by research at ORNL and AT. A principal objective at ORNL is to
investigate and develop technology to produce material with consistent
properties. Data have indicated three main reasons for reported scatter
in property data. First, differences in fabrication techniques can affect
properties, and in the past suppliers have improved their processes with-
out changing final product designation. Second, SAP properties are par-
ticularly sensitive to variasbles in testing technigues. Both high-tem-
perature strength and elongation are affected by strain rate. Inconstant

test temperature and mechanical alignment during testing are also more
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critical with BSAP than with usual engineering material. Finally, unrec-
ognized flaws in the test material can cause significant variaticns in
measured properties. Surface scratches and oxide stringers or inclusions
can increase stress at local reglons. Anisotropy effects may also be
significant in comparing mechanical property data obtained on the same
material fabricated in different shapes.

It is probable that strict attention to fabrication and test vari-
ables will reduce the variations in property data for SAP.

Ductility of SAP. The low ductility of SAP at low strain rates is

a sericus limitation. Work at ORNL has shown that fracture ductility is
an important function of strain rate, but strain rates in the range of
1% per hour or less are sufficient to limit total elongation to 1% or
less. The ORNL SAP development program is not directed toward improving
the ductility of SAP, and it is probable that SAP components in the HWOCR
must be designed on the basis of a maximum of about 0.5% creep strain.

It should be pointed out that the low ductility and notch sensitivity
of SAP are not indications of brittleness. 3AP actually fractures in a
ductile manner. However, because the metal has low capacity for work
hardening at high tewmperatures, most of the deformation is confined to
the local area of initial yielding, so low values of elongation are ob-
tained. Because of its greater ductility at higher strain rates, SAP
would exhibit greater deformation under transient conditions than in
steady-state creep. The effects of transient stresses on material ex-
posed to long-time creep must be determined before the effect of low ducw
tility on performance of SAP components in organic-cooled reactors can
be evaluated.

Strength of SAP. AT-CE design stresses for SAP pressure tubes were

taken from plots based on the larson-Miller correlation of stress-rupture
data; values of 6100 psi at the 595°F inlet temperature and 4500 psi at
the 750°F outlet temperature were derived. However, the larscn-Miller

correlation has been shown to have serious limitations.?3

A simple plot
of available hoop stress-rupture data based on tests of 100 hr or more
is shown in Fig. 5.12. Because so few data were available, they were
supplemented by values of 70% of the axial stress-rupture data obitained

in long-time tests. Based on the ASIM code criterion of either 60% of
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Fig. 5.12. Design Stress for SAP 895; Transverse Rupture Strength.

the average values or 80% of the minimum values and the stress-rupture
data given in Fig. 5.12, the AIL-CE design strength values appear to be
reasonable.

The ASME Code for Unfired Pressure Vessels (Section 5) specifies that
the design stresses should not exceed one-fourth of the tensile strength
at the operating temperatures. Values of one-fourth the tensile strength
from longitudinal and transverse directions of extruded bars, as reported
by Boxall and Fleming,49 are also plotted on Fig. 5.12. These values are
significantly below the design stress determined from stress-rupture data
and suggest limiting design values of about 4900 psi at 595°F and 3500 psi
at 750°F if one-fourth of the tensile strength is to be the criterion.

The ASME nuclear code (Section 3) specifies design stresses of one-
third the tensile strength, but this applies to ferrous materials. Simi-
lar code specifications have been written for isolated nonferrous mate-
rials, but these have physical properties much different than those of
SAP. To date there are no ASME nuclear code design criteria for the use
of SAP materials, since there is insufficient information and experience.

We do not know what design criteria should apply relative to use of
SAP. Those specified by AT-CE may indeed be satisfactory and are con-
sidered to be feasible. For pressure tubes, creep-stress data are most

important; the additional restriction imposed by limiting stresses to



one-fourth the tensile strength at the operating temperature may not be
Justified Tor materials with the low creep rate of SAP. On the other hand,
the limited experience with SAP does not appear to Justify any relaxation
of established criteria. Much additional material and component testing

is required before design criteria can be satisfactorily established.

5.4.2 Radiation Effects on SAP

|

Effects of neutron irradiation on the strength and tensile ductility
of SAP alloys were investigated to a limited extent by Danish workers.4%>
Test specimens exposed to an integrated neutron flux of 4.5 x 1020
neutrons/cm? (E > 2.9 Mev) showed reduced ductility and increased strength
when irradiated at 104°F and tested at room temperature. Specimens simi-
larly tested after irradiation at 527°F showed no effects from irradia-
tion. Apparently irradiation damage effects are annealed at 527°F, but

additional information at higher exposure and temperatures is needed.

5.4.3 SAP Process Tube Design

The maximum AT-CE process tube stresses are the hoop stress of 6020
psi at the 595°F inlet temperature and the 3890-psi axial stress at the
750°F outlet temperature. These stresses are within the design specifi-
cations determined by the stress-rupture criterion or by values based on
one-third the ultimate strength, but they are above those determined by
one-fourth the tensile strength.

The B8W reactor has 5.0-in.~ID 0.093-in.-~wall process tubes. Hoop
stresses at the 560°F inlet temperature are about 8170 psi and 7700 psi
for the nested-cylinder and pin-cluster designs, respectively. The
stresses at the 750°F outlet coolant temperature are correspondingly about
3580 and 3500 psi. The stresses at the inlet end are too high, and it
appears that the process tube thickness will have to be increased by about

25% to reduce stresses to values consistent with AT-CE values.

5.4.4 SAP PFuel-Cladding Design

SAP cladding is used for the AI-CE fuel and for the B&W vibration-

compacted-oxide pin-cluster fuel element. The AI-CE fuel cladding is
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subjected to fluid pressure and hydraulic forces and the weight of the
fuel elements above it. An analysis of the stresses developed agrees
essentially with that of the proponents, and it is concluded that the
strength of SAP 1s adequate for this application.

SAP cladding for the B&W reactor fuel does not support the fuel
weight. tresses are thus determined by coolant or fission-gas pressure.
The strength of SAP appears Lo be adequate in this application. The
feasibility of using vibratory compaction with the brittle SAP sheaths
has been demonstrated for 4-ft-long elements; however, longer elements

have failed during loading.

5.4.5 Zircaloy Calandria Tube Design

Zircaloy calandria tubes arc used in these reactor concepts. Ordi-
narily these tubes are subjected to slight loads from the static head of
the moderator, but axial stresses from weight loads and thermal stresses
are also involved. Calculations cited by AT-CE for a similar reactor
suggest that stresses will be well within the design limit of 13,000 psi
for Zircaloy-2.

Zircaloy pressure tubes are used in the NPD, CVIR, and CANDU reac-
tors, and successful performance has been established in pressurized-watbter
reactors. The CANDU tubes are based on a design stress of 15,900 psi at
570°F and the CVIR tubes on 18,000 psi at 250°F.3%

Rupture of a process tube would allow the hot coolant to contact the
calandria tube and subject it to the coolant pressure and to additional
thermal stresses. Calculations indicate that 1if coolant flow through a
Tailed process tube 1s sufficient to maintain the initial temperature
differential across the calandria tube wall, the thermal stress will be
approximately 13,000 psi and the hoop stress will be an additional 5000
psi. The possibility that a SAP pressure tube might rupture with suffi-
cient vioclence to cause failure of the Zircaloy calandria tube appears

remote.

5.4.6 Zircaloy Process Tubes

The feasibility of.using Zircaloy process tubes in organic-cooled

reactors is being considered in Canada,36:49:5° and some Zircaloy-4
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process tubes are to be used in the WR-1 reactor. Of principal concern
are the hydrogen-sbsorption rate and the effect of hydrogen on the duc-
tility of the metal. These factors were discussed with respect to the
Zircaloy-clad thorium-metal fuel tubes in Sections 5.3.1 and 5.2.2.

In Canadian experiments Zircaloy-4 process tubes were used in an
organic-cooled loop. No excessive hydriding occurred in 5000 hr of ir-
radiation at temperatures which ranged from 626 to 752°F. There is con-
siderable experimental evidence to show that control of cooclant composi-
tion is a major factor affecting hydriding rates. For instance, chloride
impurities accelerate the adsorption rate, while the presence of small
amounts of water decreases hydriding, apparently because it assists in
maintenance of a ZrOp barrier layer. Further reductions in hydriding
rates are considered feasible elther by applying a metal barrier to the
surface of the Zircaloy or by developing an improved zirconium-base alloy.
Aluminum coatings have been found to be an effective hydrogen bvarrier,
probably due to the presence of a thin Al,03 surface layer.41 Initial
tests indicated that aluminum-clad Zircaloy surfaces were damaged by ther-
mal cycling, but thinner cladding may be more stable. A cousiderable
development effort would be needed to achieve a successful structure of
this type. Zirconium-2.5% niobium has been found to hydride at about
one-fourth the rate for Zircaloy-4 and therefore offers an attractive al-
ternate material. Current work to control textures of Zircaloy alloys
so that hydride platelets form parallel to direction of stress may relax

the necessity for low hydriding rates,t3

Thus, although the practical
use of Zircaloy process tubes for organic-cooled reactors is yet to be
established, several potential methods appear available for improving the

performance of Zircaloy tubes under HWOCR conditions.

5.4%,7 Conclusions

On the basis of the limited data available, it is concluded that the
use of SAP for process tubes as proposed in the AI-CE reactor is feasi-
ble; the B&W reactor will require thicker process tubes than specified.
The use of SAP fuel claddings appears feasible for both designs. However,
additional information will be required before the effect of low SAP

ductility on design criteria can be adequately evaluated.
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The process tube is a very important part of the reactor core, since
it separates the organic coolant from the Zircaloy-2 calandria tube. Al-
though the process tube can be replaced, 1t would be necessary to shut
down the reactor during replacement. Thus, it 1s most Ilmportant for the
process tube to have a long life. Although the present designs appear
feasible, it is not certain that a material having the low ductility of
SAP will have sufficient 1ife under the rigors of reactor operation. Thus,
it appears advisable that, in addition to the SAP development program,
an extensive backup program be carried out relative to the development

of satisfactory zirconium-alloy process tube

6]

The use of Zircaloy for the calandria tube appears to be feasible,
Also, as discussed in Section 5.3, the use of Zircaloy as cladding for
the metal fuel elements appears feasible. However, much more information

on the effects and control of hydriding is needed.

5.5 Organic Coolant Evaluation

Of the many types of organic compounds examined in the past as po-
tential organic coolants, the aromatic hydrocarbons are the most stable
toward heat and radiation. The choice of reactor coolant from this gen-
eral class of compounds was made on the basis of economic considerations
in conjunction with desirable physical and chemical properties. The
terphenyl isomers have low vapor pressures compared with water and can
operate at relatively high temperatures; they are also practlcally inert
or noncorrosive toward standard construction materials and various types
of reactor fuels. Thus, it is possible to use carbon steel for pipes,
valves, and other coolant system components. The organic fluid is known
to acquire little induced activity from reactor irradiation;55 therefore,
little or no shielding is required for the primary coolant system, and
maintenance can be accomplished directly.

A commercially available mixture of the terphenyl isomers, Santowax
OM,* is charged to the coolant system initially. However, under the ef-

fects of reactor heat and radiation, high-boiling products (HB) are

*Monsanto Chemical Company trade name.
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formed. Through purification, an equilibrium concentration of IB's is ‘
maintained. AI-CE has estimated that a value of 10 wt % HB provides the /
hest compromise between associated physical and heat transfer properties,
rate of HB formation, and cost of purification; we concur that this is a

reasonable value.

5.5.1 Physical Properties

Compositions of the reactor cooclant at equilibrium and of the HB
are characterized in Table 5.5, as presented by AI-CE. 2?3 Tstimated values

for the physical properties of the coolant are given in Table 5.6 that

Table 5.5. Approximate Composition of Organic
Coolant and High-Boiler Product

Content
(%)
Santowax OM + 10% HB
Iow boilers <0.03
Biphenyl 2
Terphenyls 77
Intermediate boilers 11
High boilers 10
High~boiler product composition by mclecular
weight range
226268 6
269344 - 6
345420 10
421496 73
497572 1
573648 <1
>648 3
High-boiler product composition by compound
distribution
Polyphenyls 75
Triphenylene 15
Phenanthrenes 2
Qlefins 3

Other types 5
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Table 5.6. Properties of Organic Coolant Based on
Data for Santowax OMP

Value of Property at

i . A
Property Indicated Temperature

500°F  600°F  700°F  800°F

Density, g/cm3

With no HB 0.917 0.870 0.824 0.776
With 10% HB 0.930 0.885 0.839 0.79%
With 20% HB 0.944  0.900 0.855 0.810
With 30% HB 0.958 0.915 0.871 0.829
Viscosity, cp
With no HB 0. 5% 0.37 0.26 0.20
With 10% HB 0.66 0.43 0.30 0.23
With 20% BB 0.79 0.51 0.35 0.26
With 30% I 0.98 0.63 0.43 0.31
Specific heat with 0 to 30% HB,P 0.534  0.566 0.599 0.631
Btu/1b- °F
Thermal conductivity,
Btu/hr: . °F
With no HB 0.069 0.066 0.062 0.059
With 10% HB 0.071  0.068 0.065 0.061
With 20% HB 0.073  0.070  0.067 0.064%
With 30% HB 0.075 0.072  0.069 0.067
Vapor pressure, psia
With no HB 2 6 16 40
With 14% HBC 7 20 50
With 37% HRC 17 39 89

®Melting point of organic with 10% HB is 178°F.
Phecrease at 307 B is <2.0%.
®Estimated from OMRE coolant data.

are based on data for a similar coolant, Santowax OMP, which has had con-
siderable study. Additional physical property data are given in Appendix
C; as indicated there the coolant physical property values measured and
used by various groups have led to nearly the same heat transfer coeffi-

cients for high-boiler concentrations of 10%.
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At present no organic-cooled reactor has operated with a catalytic
hydrocracker for recovery of coclant from the HB; also, the products fed
to the coolant system from the hydrocracking units could have a marked
influence on the equilibrium coumposition of the reactor coolant and the
OB composition. It is this equilibrium composition that will establish
the properties of the coolant. BExperimental results reported by Gardner>®
indicate that the equilibrium ccncentration of biphenyl in the coolant
will be about 12%, which is significantly above the 2% estimate by AI-CE
when a hydrocracker unit is utilized (see Chapt. 6, Sect. 6.7 this re-
port). Under these circumstances the vapor pressure will be greater than
would be the case with lower biphenyl content and results in a calculated
DNB ratio of about 2.5, based on Eq. (5). ILowering the maximum coolant
temperature to 800°F (which decreases the outlet coolant temperature to
about 700°F or lower) results in a calculated DNB ratio of 3.15.

The presence of biphenyl and alkyl biphenyls in the reactor coolant
at the expected levels (about 12% biphenyls and 5% alkyl biphenyls) will
decrease the density of the coolant about 2% and the viscosity about 8.5%,
while the thermal conductivity and specific heat will remain essentially
the same; the heat transfer coefficient will increase about 2%. Thus,
the presence of the biphenyls will tend to improve heat transfer char-

acteristics.

5.5.2 Thermal and Radlolytic Stability

The pyrolytic damage to terphenyl mixtures is minor at a temperature
of 750°F, being about 0.5 wt % per day.>’ However, Gardner®® found that
the rate of HB formation in reclaimed coolant increased more than four-
fold upon going from 750 to 825°F; about 7 wt % HB formed at 750°F after
two days, while 31 wt % HB formed at 825°F in the same time interval.
Mlso, early work on pyrolysis and radiolysis indicates that the combina-
tion of radiation and temperature at temperatures above some "threshold"
value leads to a marked increase in radiation damage.58 This threshold
temperature 1g usually below that associated with significant damage due
to pyrolysis alone., More recent information 1s given by MIT results’?

ovtained from irradiations of Santowax WR in the central Tuel position
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of the MIT research reactor. Figure 5.13 gives values for terphenyl dis-

appearance as a function of irradiation temperature and coolant composi-
tion and shows the marked increase in the rate of degradation atl tem-

peratures above 700°F; the results indicate also that temperatures above
800°F in combination with high radiation levels lead to very high coolant-

degradation rates. Since the HWOCR design conditions permit fuel ele-
as high as 850°F, there will be significant

Although little

ment surface temperatures
destruction of the coolant in contact with such surfaces.
information is available concerning the influence of coolant damage rate
on coolant fouling-film formation, it appears reasonable that surface
fouling tends to increase with increasing fuel element surface tempera-
ture, with the degree of fouling influenced by the coolant purity and
flow rate. Also, coolant damage will influence the coolant makeup rate.
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Coolant damage, as calculated by AI-CE, was based on
G=fG + G ,
nn 7y

where
G = molecules of terphenyl decomposed per 100 ev of energy absorbed
from the total radiation field,
£ = 0.77
£ =023
7

77% absorption of radiation energy due to neutrons,

23% absorption of radiation energy due to gammas,

]

= molecules of terphenyl decomposed per 100 ev of energy absorbed
from gammas,
G = molecules of terphenyl decomposed per 100 ev of energy absorbed
from fast neutrons.
The literature®® 62 shows general agreement on the value of 0.20 # 0.01
for the G of unirradiated Santowax at temperatures between 600 and 700°F.
The ratio Gn/G7 at these temperatures is no more than 4 to 5, so the value
of Gn is approximately 0.9 around 700°F. As the HB concentration buillds
up, the rate of terphenyl degradation decreases because of the decreased
terphenyl concentration. There is some evidence that second-order kinet-
ics are associated with the radiolysis degradation of terphenyl;?? on
this basis, the G values for terphenyl degradation would decrease with

increaging HB content, as indicated in Table 5.7. To date, however, there

Table 5.7. Calculated G Values for HWOCR Coolant@

Average Core Temperature

Terphenyl
Content 600°F 650°F 700° T
(%)
G G G G G G G G G
¥ n y n n
100 0.19 0.83 0.68 0.19 0.86¢ 0.71 0.20 0.90 0.74
90 0.15 0.68 0.56 0.16 0.70 0.58 0.16 0.73 0.60
g0 0.12 0.53 0.44 0.12 0.55 0,45 0.13 0.58 0.48
70 0.091 0.41 0.34 0.024 0.42 0.35 0.098 0.44 0.36

a - . LY -
AT-CE values based on second-order kinetics for radiclysis.



124

ig no conclusive evidence that these calculated G values can be applied
directly to HWOCR conditions.

In-pile irradiations®3s 6% of biphenyl and the terphenyls indicate
that G for biphenyl is 1.5 to times the same quantity for Santowax R or
the terphenyls; however, the rate of HB formation from diphenyl degrada-
tion on a weight basis would be about the same as for the terphenyls.
Also, the degradation associlated with the coolant at lemperatures above
about 800°F will be disproportionately high, but the volume of such ccol-
ant is low.

Based on 100% load factor, the AI-CE calculations indicated that
sbout 10 Mw of thermal energy was absorbed in the coolant due to fast-
neutron slowing down, while the correspcnding value for gamma energy ab-
sorption was about 3 Mw(th). The results of our calculations agreed with
the energy absorption due to neutron slowing down [10 Mw(th) at full
power ], but we estimate that about 6 Mw(th) of gamma energy is abscrbed
by the coolant. Because of the complex geometry involved, it is diffi-
cult to perform an exact calculation for the energy deposition in the
coolant. We believe the above sets of values are in reasonable agree-
ment, particularly since the influence of gamma absorption is relatively
small and the economic difference assoclated with the two sets of values
is insignificant. In what follows we will consider that 10 Mw(th) is
deposited in the coolant due to neutron slowing down and that 4.5 Mw(th)
of gamma energy is absorbed in the coolant when the reactor is operating
at full power.

Based on their reactor conditions, AL-CE calculated a full-power
coolant decomposition rate of 1450 1b/hr and a pyrolytic decomposition
rate of about 30 1b/hr. For the same conditions, we estimate the ter-
phenyl radiolytic decomposition rate to be about 1600 1b/hr and the py-
rolytic decomposition rate to be about 250 lb/hr, based on an outlet
coolant temperature of 750°F. However, considering fouling effects and
fuel surface temperature limitations, we estimate that the maximum cool-
ant outlet temperature will be about 700°F. For this outlet temperature
and the energy deposition rates given previocusly, we estimate that the

terphenyl radiolytic decomposition rate will be about 1430 1b/hr, and
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that the pyrolytic decomposition rate will be about 70 1b/hr. These lat-
ter values are the ones used in our evaluation.

Accurate measurements of radiation damage to coolant have been per-
formed primarily in loops having nc internal fuel elements; thus, the
neutron energy spectrum in these tests did not necessarily represent the
spectrum that would exist in an HWOCR fuel chammnel. Also, temperature
and flow distributions need to be representative of reactor values., Ex-
perimental measurements of coolant degradatiocn rates need to be performed
under HWOCR conditions before the accuracy of the above values can be

determined.

5.5.3 Corrosion and Fouling

The low-corrosion characteristics cof terphenyls in contact with a
number of structural materials have been demonstrated repeatedly. No

5 . - . .
65 vras found in tilting-furnace capsules in

corrosion or mass transfer
which specimens of type 304 stainless steel, mild steel, carbon steel,

28 aluminum, aluminum-288, and SAP were exposed to o- and p-terphenyl up

to 1000 hr at temperatures as high ag 770°F. An ORGEL investigator66
reports that different types of SAP, carbon steel, and stainless steel
tested statically between 750 and 845°F showed good resistance to pure
terphenyl mixtures during exposure times of 24 to 2000 hr. In-pile tests 67
with a number of different types of steels and aluminum showed that they
were all essentlally inert or unreactive to the virgin organic coolants.
The presence of water at the 400 ppm level in the coolant seemed to have

no corrosive effect®® on any of these materials, except aluminum alloyse;
polyphenyls with 0.1 to 0.2% (1000 to 2000 ppm) water corroded aluminum
seriocusly. The presence of oxygen in irradiated coolant produced a more
pronounced corrosive action than did water. However, 18-8 stainless steel
continued to show good corrosion resistance regardless of the water and
oxygen content in the environment. In no cases did irradilation appear

to influence the corrosion rate. However, the presence of chlorine-
containing compounds in the organic coolant enhanced the attack on all
steels. Additiomal information on basic compatibility is given in Gec-

tions 5.3 and 5.4.6.
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The situation with regard to fuel element fouling w.ler proposed
HWOCR conditions does not appear as favorable as above. In one experi-
ment,69 fuel bundles of UQ, clad with SAP were irradiated for about four
months in the NRX reactor; the organic coolant temperature was approxi-
mately 590°F, and the maximum sheath temperature was 860°F. Surface heat
fluxes were roughly 100 w/cmz. A film about 80-u thick covered the sheath
over the fueled sections after irradiation. The film, 40 wt % polymerized
organic and 60 wt % Fes0,, increased the sheath temperature by 108°F. At
the same time, negligible film formation occurred on nonfuel surfaces.
Also, film buildup on fuel surfaces appeared to be greatest during peri-
ods of erratic reactor or loop operation. Although these results were
not toc encouraging, the Epilogue in Ref. ©9 indicated that fouling prob-
lems could be eliminated by improved operation of the clay absorption col-
umns associated with coolant purity control. lHowever, later results?9 71
have not entirely substantiated the Epilogue statement.

Test results reported in Ref. 70 were based on low-fouling-rate sys-
tems. The lowest deposition rates were observed in unfueled sections of
the loop, and these were somelimes used to characterize the results. The
lowest deposition rate reported for a fueled section was 0.14 pg/cm?-hr.
Recent experimental results were obtained during operation of the U-305
loop. The results indicate some fouling of the fuel surface, although
there have been periods of operation when fouling did not appear to in-
crease with increasing exposure, based on temperature measurements. In
general, it appeared71 that the fouling rate was higher than that ob-
tained in the X-7 loop'70 and that a fouling rate of about 0.2 Hg/cmg-hr
is a realistic minimum rate to expect at a heat flux of 100 W/cm2 and
HWOCR operating conditions. This is equivalent to a rise in fuel sur-
face temperature of 45°F at a heat flux of 100 w/cm® for one year based
on measurements of the thermal resistance of deposits generated at low
deposition rates. ’0 Since the peak heat flux in the proposed HIWOCR sys-
tems exceeds 100 w/cm?, the peak fuel element temperature is 850°F, and
the fuel would generally remain within the core about two years, it is
estimated that a fouling film cannot be neglected. The actual tewperature

drop through this Tilm cannot be accurately specified at this time; based
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on present information, a value of 25 to 50°F under peak temperature con-
ditions is judged to be feasible and to correspond to film-formation rates
under HWOCR conditions.

Any impurity in the coolant that reacts with mild steel to place
iron in solution will increase the rate of film formation and, finally,
fouling of the fuel elements; this can lead to cladding failure due to
overheating. Also, there is experimental evidence®? that oxygen reacts
rapidly with irradiated coolants to form compounds that corrode mild steel
systems and lead to fouling. A Canadian report72 presents evidence that
chlorine in combined form causes a fouling problem when it is present in
the coolant at a concentration greater than about 5 ppm. Inorganic par-
ticulate matter, such as rust, welding slag, and metal filings from piping
and containment vessels, will also contribute to the plugging of coolant
chamnels,

Based on present Information, the best way to minimize film forma-
tion and fouling of the fuel elements is to exclude contaminants from the
coolant. AI-CE has specified procedures, coolant purity, and purifica-

73 They specify purging the cool-

tion systems to approazch this objective.
ant system with dry nitrogen before filling it with Santowax, circulating
the Santowax with the distillation system operating prior to startup, and
maintaining a nitrogen atmosphere over the coolant during operation to
prevent contact with air. The proposed refueling operation appears to
require minimal contact between coolant and air. Particulate matter is
removed &5 the coolant passes through glass spool filters located at
several different places in the lines. TIn addition, distillation removes
about 70% of the oxygen-containing compounds and all inorganic particu-
lates, i1f they reach this point in the system.

As long as the vole of contaminants is reéognized and the proper
precautions are exercised to exclude and remove them, there 1s no reason
to expect the construction materials recommended by ATL-CE for the cool-
ant system to undergo significant corrosion or massive fouling under the

proposed envircnmental conditions.
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5.5.4 Other Properties

The explosive characteristics, temperature limits of flammability,
and minimum spontanecus lignition temperatures for related materials, i.e.,
biphenyl, Santowax R, and irradiated OMRE coolant, were determined by

% (Canadian tests?®

the Bureau of Mines, Division of Explosives Technology. 7
established that with favorable geometry for air access and heat reten-
tion, Santowax OM is susceptible to spontaneous combustion at 735°F and
probably at a temperature as low as 660°F. No flame was evident but red
hot areas were visible inside the insulation.

The available information’®

on the irritating effects of polyphenyl
coolants on the eyes, pulmonary passages, and skin, as well as their
ability to sensitize individuals, indicates that care and precautions are
regquired to handle them safely. However, no difficulty is expected if
good industrial hygiene practices are followed and resplrators and pro-
tective clothing are used. The estimated lethal dose’? of Santowax R
for a 180-1b man is nearly 1/2 1b ingested. Furthermore, the coclant

components are much too Involatile atl room temperature for one to inhale

a serious dose.

5.5.5 Conclusions

The use of Santowax OM as the coolant in these HWOCR systems appears
satisfactory. We estimate that the degradation rate of the coolant will
be about 1500 1b/hr under design power conditions, with an average outlet
coolant temperature of 700°F. Use of a hydrocracker unit to recover about
90% of the degraded coolant will result in biphenyl concentrations in the
coolant which will influence the DNB ratio, but present design conditions
appear feasible relative to permissible DNB ratio. Corrosion in HWOCR
systems does not appear to be a problem; however, the formation of a
fouling film cannot be neglected. It is estimated that the temperature
drop across the fouling film on the fuel surface in these HWOCR systems
will be 25 to 50°F under favorable conditions at peak fuel surface tem-

rerature positions.
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5.6 Reactor Controls and Safety Evaluation

Contreol of the HWOCR is dependent on the regulation of all the vari-
ables that affect reactivity. Reactivity is affected by the movement of
neutron-absorbing control rods, the variation of boron concentration in
the D0 mederator, and the variation of temperatures in the fuel, the
moderator, and the organic coolant. While control rods and boron con-
centration can be controlled directly, the temperatures that affect re-
activity are determined by numerous interdependent wvariables. These vari-
ables include all factors that affect heat transfer coefficients in the
reactor core, as well as the relationships between reactor power, coolant
flow, and temperature of the coclant entering the reactor, It 1s the
behavior of these interdependent variables that characterizes the control

and safely problems of thils reactor.

5.6.1 Control and Safety Aspects of the Plant

The temperature coefficients of reactivity of both the organic cool-
ant and the Dy0 moderator are positive, and the void coefTicient of the
coolant is positive. The fuel has a calculated negative temperature co-
efficient because of the Doppler effect in the fertile material. Of the
three temperature coefficients, the positive coefficient of the coolant
is the one of most concern relative to control and safety.

The important coefficients of reactivity were computed by both ORNL
and AT-CE and are listed in Teble 5.8. Bguilibrium fueling conditions
were assumed, without consideration of changes in absorption resonances
of Tisslle material. The AI-CE values are taken from Appendix A of the
AT-CE reference report,?

It is of interest to note that a rather nominal rise in the mean
temperature of the coolant would increase the reactivity by an amount
greater than the effective delayed-neutron fraction of 0.49% listed in
Appendix A of the AI-CE report. This temperature rise is approximately
120°F for the ORNL coefficient and approximately 93°F for the AT-CE co-
efficient. Also, a complete loss of the coolant or a displacement of
the cooclant by a void, such as steam, would increase the reactivity by

an amount greater than that associated with the delayed-neutron fraction
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Table 5.8. Reactivity Coefficients of HWOCR

Reactivity Coefficient (%)

ORNL-Computed AT-CE~Computed

Value Value
Fuel temperature, Ako/°F ~0.56 x 1073 ~0.48 x 1073
Coolant temperature, Ake/°F +0.41 X 107% +0.53 X 1072
Moderator temperature, Ake/°F +0.82 x 1074 +4.4 X 1074
Coolant void, Ak,/A% void +0.58 x 1072 +1.1 x 1072

Tor either the ORNL- or Af-CE-calculated void coefficient. Thus 1t is
not surprising that the positive temperature and vold coefficients of
the coolant play an important role in the control and safety of the plant.

The moderator temperature coefficient will bhe of little significance
in transients because of the large thermal capacity of the D0, together
with the small amount of power absorbed by the moderator.

The power coefficient of reactivity may be either positive or nega-
tive, depending upon the changes in reactor fuel and coolant temperatures.
If the temperature of the coolant entering the reactor and the coolant
flow are both held constant while the reactor power is increased, the
power coefficient is positive, as stated in the AI-CE report. However,
if the plant is operated in such a manner that steam is produced in the
steam generator at a constant temperature and at a constant pressure over
the power range, the power coefficient will be negative. In this latter
case, the coclant flow must be varied in almost direct proportion to the
plant power and, since the reactor coolant inltet, outlet, and mean tem-~
peratures will remain almost constant, they will have little effect on
reactivity. The rise in reactor fuel temperature with increased power
will be the dominant characteristic and will contribute a negative re-
activity. We found the power coefficient to be approximately —0.25 x 107 2%
Ake/% power change for this type of operation.

Mthough the power coefficient is negative for changes from one

steady-state power level to another in the above operating mode, a power
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increase without a corresponding cooclant flow increase will produce an
increase in reactivity. The reactor control system must continuocusly
combat the effect of the positive temperature coefficient of the coolant.
The ingredients of an unstable condition are always present, and failure
of continuous control can lead either to a positive power excursion that
requires prompt action of the safety system or to a negative power tran-
sient that shuts the reactor down.

Heat transfer information and temperature coefficlents obtained from
W. C. Coppersmith of Combustiocn Engineering were used in the analog com-
puter study of the kinetic thermal characteristics of the HWOCR, as de-
scribed in Appendix F. The results of a step increase in reactor pover
from 0 to 100% of rated value are illustrated in Fig. 5.14. The step
rise in power provides an input varieticn for analytically examining the
resultant temperature changes and reactivity variation. The coolant flow
was held constant at 20% of its full value, and the reactor inlet tem-
perature was held constant at 600°F. These values of coolant flow and

inlet temperature represent the probable lower limit of operation in the
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power range. The effect of the reactivity variation on reactor power
was not included in this set of curves, since we intended to observe only
the thermal behavior of the fuel and coolant and to determine the effect
of temperature changes on reactivity. As shown in the curves, the step
increase in power produced a small initial decrease in reactivity of ap-
proximately 0.005% during the first half second while the fuel tempera-
ture was rising and before the coolant temperature increased significantly.
The coolant temperature rise lagged behind the fuel temperature rise by
less than 1 sec, and the net reactivity was positive and rising in less
than 1 sec after the power step was initiated. Thus, although the prompt
power coefficient is indeed negative, both the magnitude and duration of
this negative aspect of reactivity are exceedingly small.

The temperature variations in Tig. 5.14 are guite similar to solu-
tions of first-order linear differential equations, and it is logical
to consider the time required for the temperature to reach 63% of its
final value as a time constant. 'The time constants of these variations
at 20% coolant flow are approximately 12.0 sec for the coolant outlet
temperature and approximately 7.5 sec for the hottest fuel temperature.
Since there was a delay of about 1 sec after the step in power before the
outlet temperature of the coolant began its rapid increase, the time con-
stant of the coolant has less physical meaning than that of the fuel.
In other curves obtained at 100% flow, the difference between these time
constants was negliglibly small; both the fuel and coolant temperatures
began to rise almost simultaneously, and both had a time constant of ap-

proximately 4.8 sec.

5.6.2 Reactor Startup

The manipulation of reactivity during startup is dictated by the
requirements that the moderator must contain no boron at full power with
equilibrium xenon and that the shutdown rods must be fully withdrawn be-
fore the reactor becomes critical. The vertical control rods lack suffi-
cient reactivity to control the reactor over the range from zero power
isothermal conditions at 190°F to full power at operating temperatures.
Since the horizontal shutdown rods are fully withdrawn before the begin-

ning of a power increase, almost all the necessary reactivity variations
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must be accomplished by changes in boron concentration, while the control

rods are allowed to maintain continuous fine control., Since the reference
AI-CE report! gave no specific startup procedure, we suggest the following
conditions and procedures for illustrative purposes:

1. The reactor system is initially assumed to be iscothermal at
190°F. The moderator temperature is to be held constant at 190°F. One
coolant pump is initially in operation at low speed, and it provides ap-
proximately 20% of full coolant flow.

2. The excess reactivity of the clean core (with no boron and iso-
thermal conditions at 190°F) is at an initial value that will permit the
reactor to be critical when operating temperatures are reached at full
rower with equilibrium xenon poisoning present and the vertical control
rods inserted to their midpoints. We estimate this excess reactivity
to be approximately 1.2%.

3, The moderator initially contains sufficient boron to keep the
reactor from being supercritical with all the shutdown rods withdrawn
completely and all the control rods withdrawn to their midpoints,

4. Those vertical control rods assigned to power control are placed
in the center of their stroke to make reactivity changes avallable in
both directions. The remaining vertical control rods are placed in sult-
able positions and are held in readiness for flux-distribution control.

5. The shutdown rods are withdrawn, not in unison, but in groups
with successively fewer rods in each group as criticality is apprcached,
until the last few shutdown rods are withdrawn individually. (A shutdown
rod has no intermediate position; it is either fully inserted, fully with-
drawn, or in motion.)

6. The moderator purifier system is placed in operation to increase
reactivity by reducing the boron concentration.

7. The reactor is brought eritical by boron removal from the mod-
erator with the power level control rods withdrawn approximately to their
midpoints. Under this condition the boron remaining in the moderator is
estimated to be worth approximately 1.2% in reactivity.

8. The power level control rods are then moved to increase reac-

tivity and initiate a reactor power rise. As the temperatures of the
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fuel and coolant rise slowly, the control rods are inserted to control
reactivity. (A flux servo to control these rods probably will bhe neces-
sary; the plant operator would then raise the servo setpoint to increase
the power.) The cooling system must be brought into operation to con-

trol the reactor coolant inlet temperature. The reactor must be brought

to a steady-state condition before the control rods are fully inserted,
Boron is then added to the moderator while the power is being held con-
stant by withdrawal of control rods. The addition of boron nust be stopped
before the control rods are completely withdrawn.

9. The procedure of alternately raising the power and adding boron
is continued until operating temperatures are reached with the reactor
at 20% power. At this power level, the boron concentration is at its
maximum value., The steam system must be in operation and the plant ready
for automatic power control. Dumping of steam directly to the condenser
may be regquired.

10. An increase in power from 20 to 100% requires an increase in
reactivity to overcome the negative power coefficient of the normal mode
of operation, as discussed in Section 5.6.1. Therefore, boron is removed
from the moderator, and the coclant flow is increased while the coolant
inlet and outlet temperatures remain nearly constant. While the boron
is being removed, the plant power increases, and the control rods are
maintained near the center of their stroke in order for them to be avail-
able to suppress reactivity transients. The two additional coolant pumps
are started and all three pumps are at full speed when the plant reaches
full power, When the plant first attains full power with 1ittle samarium
or xenon poison in the reactor, the boron in the moderator should have
a reactivity worth nearly equal to the equilibrium worth of xenon.

11. Boron is removed from the moderator to hold the reactor at full
power and compensate for the reactivity decrease caused by the builldup
of xenon until the xenon reactivity reaches its equilibrium value of 2.7%.
At this point, no boron should remain in the moderator, and the fuel
loading machine is then used to load the fresh fuel required to coupen-
sate for fuel depletion and buildup of samarium. The control rods are

to be kept near the center of their stroke to allow the control system
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to handle operating transients of either decreasing or increasing reac-
tivity.

The above discussion illustrates, we believe, a reasonable procedure
Tor bringing the plant from an isothermal subcritical condition to full
power. The process requires the correct variation of boron dissolved in
the moderator, together with the proper motion of the power level control
rods. Correct manipulation of these two parameters will be especially
important when the reactor temperatures begin to rise and the nonlinear
relaticnship between power and reactivity becomes & complicating factor.
The price of a miscalculation can be a reactor scram to stop a positive
power excursion or a shutdown from a downward reactor power transient,
Gilven sufficient training and time, an operator might be able to carry
out the required procedure; however, this appears to be an appropriate

ares for computer control.

5.6.3 Restart After a Scram

One method of restarting after a scram requires a delay until the
xenon has decayed to a low reactivity value. This restarting prcocedure
would be quite similar to that described for startup in Section 5.6.2.
After the xenon builds up to more than 2.7% reactivity after a scram,
restart is not possible because there 1s insufficient excess reactivity
in the core. The next restart must be delayed until after the xenon re-
activity falls below 2.7% — a delay of about 34 hr. This delay, plus an
additiconal delay of several hours in attaining full load, would result
in the station being off the line for at least one and possibly two daily
load peaks and should be avoided 1f possible.

Another method of restarting would eliminate the delay for xenon
decay. This method uses control of the coolant heat removal system, to-
gether with afterheal generation, to make the reactor critical by tem-
perature control with the shutdown rods withdrawn and no boron in the
moderator. We have estimated the isothermal temperature at which the
reactor will ve critical immediately following a scram before the xenon
concentration increases. This temperature is approximately 600°F baged

on the ORNL temperature coefficients. A rise of 100°F in this isothermal
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temperature will add a reactivity of approximately 0.35%. Therefore
xenon buildup after scram from its equilibrium value of 2.7% to a larger
reactivity worth of 3.0% would reguire the isothermal temperature to be
raised to approximately 685°F. During a rise to power from this critical
condition, boron is not available for removal; thus, the only reactivity
control possible is from motion of control rods and variation of coolant
and fuel temperatures. Control of the steam system and coolant flow now
become means for reactivity control, and steam temperature and steam
pressure must be allowed to vary as required. A steam dump may be nec-
essary 1f the steam conditions are nct suitable for operation of the main
turbine. The turbines driving the coolant pumps must be designed to
operate on the steam pressure and temperature obtained during the rise

to full power. We consider the restarting method impcritant, since the
acceptability of this plant in a power grid may depend on its ability to

restart without a two-day delay in power operation Tollowing a shutdown.

5.06.4 Safety System Requirements

The minimum performance requirements of the reactor safety system
are established by considering the consequences of failures of the re-
actor control system. Since the HWOCR is an inherently unstable reactor,
a Joss of reactivitly control can lead to an undersirable power excursion.
Any dmbalance between the rates of heat generation and heat removal will
initiate a reactor power transient that continues to force a further di-
vergence, Figures 5.15 and 5.16 show the results of power excursions
that began with initial steady-state conditions of 20% power and 20% cool-
ant Tlow. The reactor coclant iniet temperature and flow were held con-
stant in both cases.

The curves in Fig. 5.15 show the result of permitting the power to
drift upward for several seconds without corrective action. A power in-
crease was not initiated intentionally; rather, the simulated reactor
had been held at steady state by means of reactivity control for more
than 2 min before this control was removed. The power rise began very
slowly and was not perceptible on the power trace during the first 20 sec
after the controller was turned off. The abscissa in Fig. 5.15 gives

the time interval after control was removed. The last 5 sec of the curves
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Fig. 5.15. Reactor Power Excursions — Controller Turned Off, No
Excursion Initiated.

was recorded with a different time scale in order to show better the
rapid rise of power during the final portion of the transient. The re-
actor period had shortened to approximately 1.8 sec at the instant the
reactor power reached its 100% value of 3000 Mw(th). The coolan®t outlet
temperature was 900°F. The rate of rise of the coolant outlet tempera-
ture was approximately 60°F/sec, and the rate was increasing. When the
same procedure was tried with initial values of 100% flow and 3000 Mw(th),
the period was 16.7 sec when the power reached 5000 Mw(th).

The curves shown in Fig. 5.16 show the result of a step increase in
reactivity inserted at the moment the automatic power control was turned
off. The magnitude of the step of reactivity was 0.2% Ake. Both the
fuel and coolant temperatures at the time 3000 Mw(th) was reached were
lower than the corresponding values in Fig. 5.15. The reactor period

was also slightly shorter than in the previous case, being 1.7 sec at
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3000 Mw(th) as compared with 1.8 sec. The increasing rate of power rise
is quite apparent.

The curves in Fig. 5.16 qualitatively illustrate a startup accident.
It is postulated that failure of the startup instrumentation and control
system causes reactivity to be added at the maximum possible rate by with-
drawal of control and/or shutdown rods, and criticality is reached before
the rods are completely withdrawn. This accident could be quite severe
in the HWOCR, and it establishes the minimmm performance requirements of
the safety system. The power excursion can be terminated only by inser-
tion of the shutdown rods or by redistribution of the core into a less

reactive configuration.
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The startup accident could occur when most, or all, of the boron had
mistakenly been removed from the moderator and the shutdown rods were
withdrawn in preparation for going critical. If all the boron were re-
moved, the reactor would be supercritical by about 1.2% Ake with all the
shutdown rods withdrawn, the vertical control rods withdrawn to their
midpoints, and the core isothermal at 190°F. If allowed to go unchecked,
the excursion would cause the organic coolant to boill and the liquid to
be expelled from the core. Our analysis of the results given in Figs.
5.15 and 5.16 shows that in a power excursion at low coolant flow rates
the rate of reactivity addition associated with the positive coolant tem-
perature coefficient is almost twice the rate of reactivity removal by
the negative fuel coefficient. In order to control such excursions it
will be necessary to retain the period trip in the power range or, alter-
natively, employ a rate trip or reset the flux level trip point as a
function of the expected power. Since it is possible for the period of
the excursion to be either quite short or only slightly larger than the
trip setting, both the period trip (or rate trip) and level trip are re-
gquired to perform reliably. A reset of the flux level trip point, if
applied, must have a design reliabillity consistent with safety system
requirements. Further analysis of power excursions will be needed to
establish the required response time of the safety system, but it 1is
probable that the proposed time of 3 sec to insert 1% Ako is too long.

The kinetic behavior of the HWOCR is such that fail;re to obtain
prrompt and adequate control response results in loss of control, with a
high degree of certainty that a power excursion will follow. Thus, fail-
ure to act, rather than the commission of a series of misoperations, can
require infallible operation of the safety system. FEven a slight initial
transient without safety action will lead to a power excursion that re-
quires redistribution of the fuel or expulsion of the moderator to shut
down the reactor. The containment structure appears unable to withstand
the consequences of the failure of the safety system. Since both the
reactor and the ccntainment system require infallible performance on the
part of the safety system, two complete and independent sets of instru-
ments and shutdown rods are required. In order to minimize common fall-

ure modes, the two systems must be of different design and construction,
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and both must have adequate time response. It is possible that the com-
bined reactivity worth of both sets of rods will remain at 4% Nk ; how-
ever, more analyses are required to determine the response and reactivity
needed. The correct operation of either group of shutdown rods must af-

Tord protection.

5.6.5 Reactor Control System Requirements

The reactivity control of the HWOCR should be capable of keeping
the reactor in operation in spite of probable reactor transients such as
those arising from the insertion of one shutdown rod or the loss of one
coolant pump. With 84 shutdown rods being held in the withdrawn position,
failures causing insertion of individual rods could be expected to occur
several times per year. The reactor power regulating system should there-
fore have the capacity and response to compensate for such g reactivity
decrease with a minimal disturbance of reactor operation. Also, a loss
of motive power to one of the three coolant pumps while the plant is at
full power is quite likely. Simultaneously with coastdown of the pump,
the contrel system must regulate the reactivity to reduce the reactor
power as required to allow continued operation at reduced power.

Results obtained from our analog computer study (see Appendix F) of
the effect of inserting one shutdown rod are given in Figs. 5.17, 5.18,
5.19, and 5.20, The most reactive shutdown rod is estimated to be worth
approximately 0.1% Ake, and the time interval for insertion of the shut-
down rods must be small to meet the safety system requirements discussed
in Section 5.6.4, Therefore, a step reduction of 0.1% Ake was introduced
to simulate the rapid insertion of such a rod. An automatic reactor
power control system was used in an attempt to maintain the reactor power
at its original value. In the run shown in Fig. 5.17, the reactivity
rate addition of the control system was limited to +0.005% Ake/sec, with
a meximum of +0,10% Ake available for control. The control system in
this case was not capsble of coping with the sudden reduction in reac-
tivity, and the reactor was shut down. The curves in Fig. 5.18 show the
effect of increasing the maximum reactivity available for control., When

the reactivity of the control reds was changed from +0.10 to *0.15% Ake,
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the system was able to recover in approximately 1.5 min, but the ountlet
temperature of the coolant suffered a 50°F variation during the tran-
sient. When the control system reactivity rate was increased from 0,005
to +0.01% Ake/sec with a maximum control system reactivity change of
+0.15% Ake, the reactor was restored to normal conditions approximately
22.5 sec after the step decrease in reactivity. The outlet temperature
varied approximately 3C°F, as shown in Fig. 5.19. An increase in control
system reactivity rate from #0.01 to *0.015% Ake/sec, with a maximum re-
activity control of *0.15% Ake, decreased the variation in outlet tem-
perature to 20°F and produced a recovery in approximately 10 sec, as
shown in Fig. 5.20. These four sets of curves indicate that recovery of
the reactor from a 0.1% Ak negative step is greatly enhanced by in-

ereasing the withdrawal rate from 0.005% Ak /sec to 0.01% /sec
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Provision of more regulating rod worth than +0.15% Lk would probably
contribute little to the handling of a shutdown rod insertion.

We also examined the effects of a positive step of 0.1% Ake, as
shown in Figs. 5.21 and 5.22. With a control system worth of *0.15% Ake,
a control rate of +0.01% Ake/sec was insufficient, as shown in Fig. 5.21.
A control rate of *0.015% Ake/sec limited the maximum power to 4200 Mw(th),
the ocutlet temperature to 790°F, the cladding temperature to 840°F, and
the fuel temperature to 1800°F. The transient was over in approximately
45 sec. It should be emphasized that a positive step of 0.1% Ake is an
unusual condition arbitrarily imposed on the system and does not represent
any specific incident.

The effects of coastdown of one of the three coolant pumps under

various conditions are shown in Figs. 5.23, 5.24, 5.25, and 5.26. The



1006 \ 1
| b
Mw \ :
R
REACTOR POWERL | !
0 ; ‘ : H ;
200 : .
| IR
\ [ e
— | [E—
3 : : ‘
— -
COOLANT FLOW -—— -
0 . |
+025 — T
Ak L
O N T
(%) : : H |
i | I
i | ! \
- CONTROL ROD——
~0.25 i el ‘
1000, - :
N ; o
' E— A S
! i
3 \ o
- COOLANT OUTLET TEMPERATURE —|
o) L | |
0 5 0 15 20 25 30
TIME {sec)
Fig. 5.19. Response

activity of 0.1% Ak

£0.01% Ak./

sec.

1600

°F

4000

of

1000

o
4C00

oF

ORNL-DWG 66-10524

: i : :
COOLANT NLET TEMPERATURE]

[y

; T : :
[[HOTTEST FUEL TEMPERATURE ]

| T

i

I HOTTEST CLADDING - |
| TEMPERATURE

| |

H i

: T ; [ ' !
FUEL TEMPERATURE ADJACENT |
r» TO HOTTEST CLADDING
e
S :
- ! [
— — 1 - : :
G 5 10 15 20 25 30
TIME (sec)

to Step Decrease in Re-
3 Control of +0.15% Ak, at

5000

REACTOR POWER
{(Mw)

200

COOLANT FLOW
{%)
0 i— ;
+0.35 —
!
CONTROL RQD -
Ak (%) //\‘m
o :
-0.15

COOLANT QUTLET

TEMPERATURE
(°F)
o]
Fig. 5.

activity of

0 10 éO
TIME {sec)
20.

1000

COOLANT NLET
TEMPERATURE
°F)

0
4000

HOTTEST FUEL
TEMPERATURE
F

8]
10C0

HOTTEST CLADDING
TEMPERATURE
(°F)

C
4000

FUEL TEMPERATURE
ADJACENT TC
HOTTEST CLADDING
°F)

ORNL-OWG 86-10525

-

|

B I

i
+

_ N

I

B
—=

|

+

|
|
i
f

0 10 20
TIME ({sec!

Response to Step Decrease in Re-

0.1% Akg; Control of #0.15% Ak, at
+0.015% Ake/sec.

evl



5000

REACTOR POWER
(Mw)

COOLANT FLOW
(V)

)
+0.15
o]
CONTROL ROD
Dk (T
-0.35
1000
COOLANT OUTLET
TEMPERATURE  (°F)
o]
Fig. 5.

activity of

S SN o S

l,j
0 5 10
TIME (sec)

ORNL-DWG 66-10526

1000 —
COOLANT INLET
TEMPERATURE (°F) 1
R
4000 T
I
HOTTEST FUEL T
TEMPERATURE (°F) L
i
A S
0
1000 .
A
e
HOTTEST CLADDING B
TEMPERATURE (°F) i
R
i
O - i L

4Q00 ——ﬁ‘*

FUEL TEMPERATURE
ADJACENT TO HOTTEST
CLADDING (°F)

0 5140
TIME (sec)

21, Response to Step Increase in Re-

0.1% Ak

+0.010% Ok, /sec.

es Control of

+0.15% Dk ab

5000 - e ——
Mw
L REACTOR POWER .
o ! N
200 [
7 %ﬁi" .
——— COOLANT FLOW ——
ol ‘ i
+075 —
S M
f CONTROL ROD
— b e
sk 0 .
(7o)
-0.25
1000 w
|
o F - 1 o B . 1
COOLANT OUTLEY TEMPERATURE
) i ~
0 0 20 30 40 50
TIME  (sec)
Fig. 5.22.

°F

°F

1000

ORNL- DWG €6-10527

L COOLANT INLET TEMFERATURE
Ol — ‘ .

4000 : —_

| i
}‘HOTTEST FUEL TEMPERATURE -
ol | L I

. — HOTTEST CLADDING --— -
TEMPERATURE

-FUEL TEVMPERATURE ADJACENT
TO HOTTEST CLADDING
AR ] P

1 i ;
0 10 20 30 40 50
TIME  (sec)

Response to Step Increase in Re-

activity of 0.1% Ak_; Control of *0.15% Ak st
£0.015% Akg/sec.

vardt



5000

4
e
REACTOR POWER
{Mw)
0 i
200
COOLANY FLOW e
(%) ]
0
+0.25
CONTROL ROD °
An (Yo) ™~
_gps bt 1 0]
1000
-
COOLANT QUTLET
TEMPERATURE (°F) —
¢]
0O 5 4015
TivE {sec)
Fig. 5.23.

Responge to Coolant Pump Coastdown

ORNL-DWG 66-10528

1000

COOLANT INLET
TEMPERATURE {°F)

4000

HOTTEST FUEL
TEMPERATURE {°F)

1000

HOTTEST CLADDING
TEMPERATURE (°F)

FUEL TEMPERATURE
ADJACENT 70 HCTTEST
CLADDING (°F}

st
0 5 10145
TIME (sec)

on 10-sec Time Constant; Control of £0.15% Ak, at
+0.005% Ako/sec.

ORNL-OWG 66-10529%

5000 1000 :
Ty
Mw of
L~ COOLANT INLET
|| REACTOR POWER —| L TEMP!;ZRATURE |
0 . 0 1 | \

200 4000 T
L HOTTEST FUEL —]
| TEMPERATURE _ |

O;O _'\ ‘ OF
\
—t COOLANT FLOW {— ;
0 i 1 i J fo} i
+0.25 — T 1000
I
L CONTROL ROD —
(A%k) 0 °F HOTTEST CLADDING
- ™ TEMPERATURE |
- i i : H
-0.25 i 0 ' | ! ; 1

1000 4000 ——r—r—

_ FUEL TEMPERATURE -
_ : ADJACENT TO |

o T o HOTTEST CLADDING

I COOLANT OUTLET —
TEMPERATURE
] o
0 10 20 30 40 0 10 20 30 40
TIME {sec) TIME {sec)

Fig. 5.24. Response to Coolant Pump Coast-
down on 10-sec Time Constant; Control of *C.15%
Nkg et +0.010% Akg/sec.

oYl



146

ORNL-OWG 66-10530

5000 . - 1000 .
I B Y S N - ;A
L
I | ‘
Mw T °F !
. 1 R
A __|COOLANT INLET ___ |
r—~~REACTOR POWER T; [r TEMPERATURE
¢} | [ l 0 | | |
200 B 4000 T
| HOTTEST FUEL _
: TEMPERATURE
% . °F

—-ICOOLANT FLOW - RS B

+0.25 1000
Ak O oF N
(To) B
e ) | HOTTEST CLADDING
_CONTROL ROD TEMPERATURE
-0.25 1 [E— i 0 1 ! |
1000 4000 ; ‘ : T |
FUEL TEMPERATURE
———ADJACENT TO i
| HOTTEST CLADDING
OF OF
_ _COOLANT QUTLET. R D T
TEMPERATURE
0 ‘ L L o
0O 10 20 30 40 0 10 20 30 40
TIME (sec) TIME (sec)

ig. 5.25. Response to Coolant Pump Coastdown on 1lO-sec Time Con-
stant; Control of £0.15% Ake at +0.015% Ak /sec.

simulated control system endeavored to adjust the reactor power Lo cor-
respond to the coolant flow in each case. The coolant flow was assumed
to decrease from 100 to 78% on a flow-time relationship described vy a
linear Tirst-order differential equation. Three runs were made with a
coastdown time constant of 10 sec and one with a time constant of 20 sec.
Tt was necessary for the control system to decrease the reactivity to
prevent a power excursion and to bring the power down to match the re-
duced coolant flow. The curves in Fig. 5.23 show that a reactivity rate
of *+0.005% Ake/sec was insufficient to cope with the results of a pump
coastdown with a time constant of 10 sec. A scram would have been re-
quired to halt the ensuing excursion. An increase in the control reac-

tivity to +0.010% Ake/sec was sufficient to prevent an excursion, as
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shown in Fig. 5.24. Another increase in reactivity control rate to *0.015%
Ake/sec provided an even smoother transition from 100 to 78% power in
response to a pump coastdown, as shown in Fig. 5.25. In the last case,
the ccolant outlet temperature rose approximately 20°F before gradually
decreasing to its design-point value. The temperature transient existed
for less than 20 sec. An additional run was made with the slower pump
coastdown time constant of 20 sec, and a reactivity control rate of over
+0.005% Ake/sec was sufficient to cope with the transient, as shown in
Fig. 5.26. 1In general, all these curves show that the transient due to
a pump coastdown is much less severe than that of rapid insertion of a
single shutdown rod.

Another type of transient requiring adequate reactivity control
arises from a change of the temperature of the coolant entering the re-

actor. Such a temperature perturbation could be produced by a sudden



change in steam flow.

Although no attempt has been made to describe the

exact mechanisms for causing the particular coolant temperature variations

that were examined, the control system needs sufficient capability in

this area.

The transient was initiated by a steep ramp in cooclant inlet tem-

perature, with the flow held constant at its design value.

change was a 6°F rise introduced in 1 sec, shown in Fig. 5.27.

The first

A con-

trol system reactlivity rate of +0.005% Ake/sec handled the transient

within approximately 12 sec.

The power momentarily reached 3300 Mw, and

the coolant outlet temperature rose about 10°F for a few seconds. The
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next transient was initiated by a 12°F ramp rise in coolant inlet tem-
perature, which was also introduced in 1 sec, as shown in Fig. 5.28. For
this case, the reactivity control rate was *0.010% Ake/sec. This new
control rate handled the 12°F rise in inlet temperature almost as well
as the *0.005% Ake/sec rate handled the 6°F rise. The transient was over
in approximately 12 sec. The reactor power went to a peak of 3700 Mw,
and the coolant outlet temperature went to a high of 780°F. The curves
in Fig. 5.28 also show the results of the same coolant inlet temperature
change in a downward direction. The transient from a decrease in coolant
temperature is much less pronounced than that from an increase in tem-
perature,

A reactor control system having +0.15% Ake reactivity availavle at

a rate of +0.015% Ake/sec was capable of coping with all the siftuations
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examined. Since both positive and negative reactivity changes may be
required, depending on the cause of the disturbance, a total control sys-
tem reactivity of approximately 0.3% Ake appears necessary. To facili-
tate control without excessive power and temperature fluctuations, a re-
activity rate of approximately +0.015% Ake/sec is needed,

Another factor that needs to be considered is the reactivity re-
gquired for satisfactory suppression of the xenon spatial oscillations.
Although of secondary importance to the problems discussed above, xenon
control is needed in order to obtain the average fuel performance speci-
fied for the HWOCR.

There 1s considerable economic incentive in providing a control sys-
tem for the HWOCR tha® will continue to operate the reactor despite fail-
ure of a system component. We recommend that the system use multiple
controllers arranged to supply three similar error signals for control
of the control rods. The median signal would then be selected by a con-
troller for each rod drive. A failure of one error sigral would be com-
pensated by the remaining two signals, and a failure of one controcller
Tor one rod should be tolerable. This system i1s discussed in Section

6.8.2, and a block diagram of the arrangement is shown in Fig. 6.8.

5.6.6 Reactor Shutdown Margin

In a reactor having positive coefficients, shutdown margin becomes
a matter of urgent concern. When the shutdown rods are inserted, the
reactivity decreases as the coolant temperature decreases. Addition of
boron further reduces reactivity until the configuration becomes even
more subcritical. later, as for example when alterations are being made
to the core and the rods, the reactor could again become critical and,
with positive coefficients, be severely damaged. Tt is extremely impor-
tant therefore that reserve negative reactivity be held in readiness to
be inserted in order to buy time to remove fuel or moderator or take
other suitable action.

With spare negative reactivity available for shutdown margin, the
conditions and procedures given below are suggested for the HWOCR fol-

lowing a reactor shutdown:
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1. A normal reactor scram should cause both groups of shutdown rods
to ke inserted.

2. Immediately following the scram, half the rods of each of the
two rod groups should be withdrawn and remain in the withdrawn position
throughout the shutdown period and subsequent restart. A reduction in
coolant temperature and the addition of boron would supply the operating
shutdown margin, leaving 2% Ake in one hank of rodsg as reserve against
unplanned criticality.

Although the boron addition system is useful for its intended pur-
pose, it has certain limitations. It 1s not capable of the fast response
required of a safety system, and it may require the operation of auxil-
iary devices, such as moderator circulating pumps, in order for it to
be used. Also, the amount of boron dissolved in the moderator is much
more difficult to measure than is the position of each shutdown rod. One
of our major reasons for recommending that spare negative reactivity be
available in the form of withdrawn shutdown rods is that the boron con-
centration might slowly be reduced unknowingly until criticality was
achieved.

Mother aspect of shutdown margin is related to the maximum reac-
tivity that can be introduced by optimum volding. A reactivity increass
of 1.1% for a complete loss of coolant wae used by AI-CE in estimating
the reactivity needed in the shutdown rods. However, complete voiding
does not correspond to maximum reactivity control needs; rather, various
gpatial void distributions and coolant temperature distributions need to
be considered. Thus further analyses are needed to determine the maximum
reactivity addition possible from an optimum voiding in order to allow
an evaluation of the reactivity needed in the shutdown rods. A sabtls-
factory shutdown margin must be achieved by either of the shutdown sys-

tems discussed in Section 5.6.4.

5.6,7 Conclusions

The positive coolant temperature coefficient of the HWOCR imposes
severe demands on the operation of the safety and control systems. Fur-

ther, the containment system is not independent of the safety system,
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since performance of the containment system as proposed requires that
the safety system shut down the reactor. The safety and control systems
envisioned in the design report appear deficient in the areas of reli-
ability and performance; however, we believe that these deficiencies can
be corrected and satisTactory systems can be applied to the HWOCR.

The safety system should be split into two separate and independent
shutdown systems. Two sets of instruments and shutdown rods are reguired.
Fach shutdown system should have sufficiently fast response and sufficient
reactivity to give protection. The use of two highly reliable independent
systems appears necessary to decrease the probability of shutdown fail-
ure to a satisfactory level. Further analyses will be regquired to estab-
lish the necessary response time ard reactivity control, but the specified
insertion speed of the shutdown rods appears too slow. The total reac-
tivity control of 4% Ake presently available in the 84 shutdown rods may
be sufficient but should be divided equally between the two shutdown sys-
tems to provide 2% Nk in each set of rods. The two sets of shutdowm
rods must have drive ;echanisms of different design to reduce the proba-
bility of a common-mode failure.

Reserve negative reactivity should be available when the reactor is
in a shutdown condition. Such reserve reactivity can be obtained by the
withdrawal of a part of each set of shutdown rods after an evaluation of
the situation Tollowing reactor shutdown. These rods should be maintained
in the withdrawn position until the next reactor shutdown.

The rod contrcl system for normal power regulation of the reactor
should be made more reliable through the use of multiple controllers.

In addition, both the amount and rate of reactivity change available for
power control should be increased to provide for continued control of

the reactor following possible reactivity perturbations during plant opera.-
tion. An increase in the diameter, length, or number of vertical control
rods allocated to power control will be needed. The necessary reactivity

change rate appears readily obtainable,
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6. ENGINEERING REVIEW OF PLANT DESIGN

The AI-CE designl was used as the overall plant reference design in
this study, as mentioned previously, although there are essential differ-
ences bvetween the AT-CE and B&W designs in the reactor vessels and re-
fueling systems. The principal differences were discussed in Chapter 3.

This review of plant features is concerned primarily with
1. the feasibility of developing, building, and operating the plant

under the specified conditions and applicable ground rules of this
study,

2. a comparison of systems, where appropriate, with their counterparts
in the heavy-water or pressurized-water plants of the advanced con-~
verter study2 to establish bases for capital cost normalizations,

3. a comparison of AI-CE and B&W concepts where differences exist.

In the following discussions, principal features of the plant sys-
tems and major components are summarized; it is assumed that the reader
will have access to the AT-CE and B&W conceptual design reportsl’3’4 for
more detailed information. Along with the discussions, we have indicated
where we were unable to verify design values as presented or where we
think that modifications to the design may improve cost, reliability, or
safety of the plant.

Comparisons of HWOCR systems with systems of other advanced-converter
reactors relative to design and cost normalization were limited to com-
parisons of bullding recuirements, turbine-generator facilities, and some
of the moderator auxiliaries. The concepts most similar to the HWOCR are
the two heavy-water reactor concepts discussed in Ref. 2. These heavy-
water reactors operate with D0 coolant pressures in the range of 1800 to
1900 psia at a maximum temperature of approximately 580°F, and they have
Zr—2 1/2% Nb pressure tubes. In comparison, the HWOCR operates with an
organic coolant pressure of about 400 psi and a maximum temperature of
750°F, and it has SAP-895 pressure tubes. The distinct differences in
reactor and heat transfer system designs due to the different coolants
limit the extent to which normalization comparisons of these systems are

meaningful.
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6.1 Reactor Vessels and Internal Structures

6.1.1 Calandria and Shield

The AI-CE concept has a stainless steel calandria 25 ft in outside
diameter and 20 ft high that is supported at the top tube sheet of the
lower end shield and contains the D0 moderator filuid. The physical
arrangement is indicated in Fig. 6.1. The Zircaloy tubes, which are
mechanically rolled into the tube sheets, are sized to provide an annular
clearance between them and the SAP process tubes. Additional vertical
and horizontal penetrations are provided for imstrumentation, control,
and maintenance. This design has an emergency spray system that can
bathe the top tube sheet with D20 from nozzles if a drop in moderator
level occurs. A level-conbrol tank maintains a pressure of 2 psig at
the top tube sheet, and a helium cover gas is maintained in the tank.
Bearing pads welded to the bottom of the calandria bear on mating pads
welded to the top of the lower shield, and keys and keyways prevent ro-
tation and displacement of the calandria due to thermal cycling. Since
the structure associated with the proposed design is subject to signifi-
cant stresses in both the tubes and calandria top corner welds, and a
major shutdown is required to replace a defective tube (by semiremote
procedures), it would be desirable to investigate other design approaches
that either eliminate or reduce these problems.

The end and thermal shields are made of carbon steel and are cooled
with treated light water. BEight curved sections form the cylindrical
thermal side shield that surrounds the calandria. Flexible seals are
used to contain the CO; atmosphere of the calandria vault. Seals must
be used at all control rod penetrations, between the thermal-shield sec-
tions, and between the thermal and end shields. The seal to be used at
the intersection of the side thermal shield and the end shields must
simultaneously accommodabte circumferential and axial expansion.

The design does not provide for inspection and/or replacement of
the D0 spray nozzles of the emergency spray system. Since flow blockage
in several nozzles would influence reactor safety, we feel that inspec-

tion and replacement provisions should be included. Also, a method and
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procedure should be established for the remote or semiremote replacement
of a defective CQz bellows seal in a vertical control rod housing.

Ian the B&W design the cylindrical calandria tank and end shields
are fabricated as one large wnit and arranged as shown in Fig. 6.2. This
design, coupled with the fuel channel assembly design, eliminates the
calandria tubes as part of the calandria structure. The B&W shield-
calandria vessel is approximately 22 ft in diameter and 32 £t high and
is fabricated of stainless steel. Lead shot is used in the end shields,
which are cooled with light water. No thermal side shield is shown in
the B&W design, but we have assumed that one would be required as in the

AT-CE design.

6.1.2 Fuel Channel Assemblies

AT-CE Asserbly. The AI-CE fuel channel assembly, shown in Fig. 6.3,

consiste of a SAP process tube with stainless steel transition sections
on each end, top and bottom carbon steel extensions to which the tube
trangition sections are welded, and mechanical end seal plugs at the top
and bottom. Pigtail inlet and outlet piping is welded to the top and
bottom extensions, and the top extension is bolted Lo and supported by
the top tube sheet of the upper end shield. The process tube is supported
by the upper extension, which passes through a stationary sleeve in the
upper end shield. Alignment bearings are also located in this sleeve.
The process tube passes through the Zircaloy-2 calandria tube and is
welded to the lower extension. This lower extension passes through a
sleeve in the lower end shield, which contains a sliding alignment bear-
ing, and provides a packed gland to allow vertical thermal expansion and
contraction of the fuel channel. This gland must seal the CO; gas used
as a thermal barrier in the annular space between the pressure and ca-
landria tubes. Both top and bottom extension pieces are provided with
antirotational keys to resist torsion loads from the pigtail piping.

As shown, stainless steel-to-carbon steel welds are made between
the pressure tube transition sections and the fuel channel extensions.
These dissimilar metal welds could be avoided by welding a carbon steel

priece to the transition sections during shop fabrication.
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Iatch assemblies, which position and support the fuel column, are
mounted in the top and bottom extension pieces. These are spring-loaded
cam~-operated devices that must be activated by coordinated operations of
both the top and bottom refueling machines. The present design should
be revised to provide for replacement of the latch assemblies, and a
latch assembly replacement device should be incorporated in the design
of the refueling-machine head. The consequences of a latch failure must
be evaluated with respect to refueling operations and dislocated fuel
assemblies. Proper operation of the channel latches is imperative, since
they must support the entire fuel column and act to retain the column
during refueling operations when one machine ram is retracted.

The pressure tube replacement procedure requires the development of
remotely operated cutting, welding, and inspection devices, which are
difficult to manipulate. Nonetheless, the development of such devices
appears feasible. The particular tube transition piece-to-exlension weld
joint configuraticns shown in Fig. 6.3 appear to be difficult to make and
inspect remotely. While some success has been achieved in designing and
testing equipment to perform similar operations,5’6 additicnal design
and development work will be required to tailor such machines and inspec-
tion devices tc the exact joint configurations to be used. This type of
program can greatly increase development costs. Remote field~-welding,
cutting, and inspection operations should be avoided whenever possible,.

Commercial tubing tolerances will not maintain the radial clearance
chosen for this design. It appears that due to accumulative tolerances,
the radial clearance between the pressure and calandria tubes can be re-
duced to the point where the tubes touch. The lack of clearance would
increase the chance of damaging a calandria tube during a pressure tube
removal operation.

In the present design, the process tube is allowed to expand down-
ward. In addition to a hoop-stress loading, the tube is subjected to an
axial loading due to the weights of the fuel column, channel hardware,
lower extension, and organic fluid and to compression from spring and
hydraulic forces. These steady-state axial loads result in an axial

stress that is below the allowable design stress chosen for the SAP
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material. On the basis of maximum shear theory the equivalent rupture
stress will be greater than the axial stress but less than the hoop
stress uged to calculate the process tube wall thickness; however, the
hoop stress approaches the allowable stress based on 80% of the stress
required to rupture the tube in 30 years. This allowable stress is
based on an extrapolation of available experimental data. In addition
to the steady-state axial loads, short-term loadings will be introduced
by operations involving the attachment of the refueling machine and
operation of the machine~head rams. Thus, while the design appears
feagsible based on present information and interpretations, additional
data are needed to evaluate it adequately. An allowable design stress
can be firmly established only after fabricating and testing actusl pres-
sure tubes over an extended period of time under simulated operating
conditions.

A pressure tube ratchetting problem may develop due to thermal ex-
pansion and contraction of the tube associated with binding of the anti-
rotational keys located in the bottom extensions. The l/é—in. allowable
deflection of the extensions (due to expansion of the pigtail piping)
and the refueling-machine head-coupling operations could produce forces
that would act to bind the keys and contribute to the rachetting problem.

A procedure is needed for replacing a damaged calandria tube, and
semiremotely operable devices that can reliably replace a tube must be
designed, developed, and tested. This operation must follow removal of
the associated process tube and its extensions. Though no time estimates
for these operations are given in the AI-CE report, we estimate that at
least 20 hr would be required to replace a calandria tube, including the
time for D20 drainage and £illing operations. Since the calandria must
be drained to perform this operation, additional time will be required
for the radiation level in other fuel tubes to decay sufficiently for
the moderator to be drained. Eguipment and procedures are also needed
to 1imit the escape of the CO, gas during a process tube replacement
operation and the escape of both COp and helium gases during calandria
tube replacement operations. During a process fTube replacement operation,

consideration must be given to the problems asscciated with induced and
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airborne activity, decontamination, segmentation of the tube, negative
pressure for semiremote operation, and shielded carrier handling.*

B&W Assembly. The B&W channel assembly, shown in Fig. 6.4, is based

on a unitized design in which both the pressure and calandria tubes are
shop fabricated in one assembly. Axial thermal expansion of both tubes
1s acconmmodated by expansion joints located near the bottom of the lower
end shield extension. Flow in all channels is downward; a closure plug
is used at the top, and piping U~bends with mechanical joints are used
at the top and bottom extensions. A cost savings could be effected and
reliability increased by replacing the mechanical Jjoints with welded
closures.

A fuel channel is installed or replaced semiremotely by field weld-
ing the top and bottom sections to the top and bottom end shield exten-
sion pieces, respectively. Provision is made for retaining the D;0 in
the calandria during a channel replacement operation by installing a
maintenance can. During certain cperations the moderator level would
have to be lowered and consideration given to associated thermal stresses
that might develop in the Zircaloy tubes or in other parts of the reactor
structure. A method must be devised to limit the escape of the helium

cover gas during channel replacement operations.

*1t has been noted that AI-CE report (Memo-25) on the 500-Mw(e)
demonstration plant design presents several new features that lmprove
the conceptual design of the process tube assembly and the calandria ves-
sel.

The new proposed process-tube [low-turning and baffle arrangement
improves the design, and the substitution of a bellows for the packing
seal will prevent leakage of CO,. Of course the problem of reliability
of a bellows will have to be investigated thoroughly. Increasing the
lattice pitch from 10 1/2 to 11 in. should help alleviate accessibility
preolems. 'The introduction of an enlarged-diameter section near the top
of the calandria vessel to accommodate expansion between the tubes and
shell appears to improve the design.

The deflection of the process tube extensions at the refueling flanges
has apparently increased from 0.25 to 0.33 in. The lower extension is
tc be designed to absorb this deflection.

The selection of a type 304 stainless steel section welded to the
SA-213-T11 low-alloy steel for fthe extension piece permits a stainless
steel-to-atainless steel field weld rather than a dissimilar-metal weld
as previocusly required.
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Shop fabrication of the entire assembly is an attractive feature of
this design; however, it reguires the installation of two long bellows
to accommodate the thermal expansion of the tubes. Both bellows are in-
stalled within the lower end shield extension, and the inner bellows
would be exposed to relatively stagnant organic coolant. TLife testing
of the bellows appears desirable, since failure of either bellows would
require a reactor shutdown for removal of the entire channel assembly.

The 0.09-in. nominal radial clearance between the pressure and ca-
landria tubes does not appear to be assured because of possible accumu-
lative fabrication tolerances.

The 412-psi core inlet pressure given in Taeble 4.1 (and 416 psi in
Table 5.1) of the B&W report4 is incorrect. We find the core inlet
pressure to be 281 psig for the pin-cluster design and 298 psig for the
nested~cylinder design. The hoop stresses for the 5-in.-ID, 0.093-in.-
wall SAP tubing with 281 or 298 psig internal pressures are about 7700
and 8170 psi, respectively. The maximum allowable stress for this mate-
rial at 560°F, based on stress-rupture criteria, is 6800 psi. The thick-
ness of the process tubes for both thorium~fueled concepts must therefore
be increased about 25%. If the pressure tube ruptured or the bellows
failed and permitted the Zircaloy calandria tube to be exposed to the
298-psig coolant pressure, a hoop stress of approximately 11,300 psi
could be developed in the Zircaloy-2 tube. This is not an excessive
stress, but it is not clear what thermal stresses would be introduced if

hot organic coolant were to spray on the relatively cool Zircaloy tube.

6.2 Refueling and Fuel Handling

6.2.1 Refueling Operations

Both the AI-CE and B&W reactor concepts are dependent on reliable
on-line bidirectional refueling. The AI-CE refueling assembly, shown in
Fig. 6.5, is based on using two machines attached to the top and bottom
extensions of the fuel channels, respectively. These machines are pat-
terned after the CANDU prototype refueling machines, bul there are sig-

nificant differences due to the use of organic coolant instead of D0
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and the higher temperatures. The lubrication properties of the organic
ccolant are pcorer than those of D0, and the higher temperatures present
sealing and magazine-housing thermal stress problems. ILife testing of
the refueling-machine components and the control system will be required.

Latches in the chamnel normally retain the fuel column and spacer
snields during the refueling operations indicated in Fig. 6.56. When the
latiches are released, the fuel column is supported by the refueling ma-~
chine rams, which proceed to insert and remove the spacer shields and
fuel assemblies by a series of coordinated axial motions and latching
operations. Individual latch cans are used to transfer the spacer shields
and fuel assemblies and to actuate the Iuel channel latches. The top and
bottom refueling-machine head-assembly controls must be carefully inter-
locked during refueling operations to avoid excessive ram forces on the
fuel assemblies or the fuel-channel latches. Bidirectional coolant flow
is used in the AT-CE concept to provide maximum cooling in the higher
power regions of the core. New fuel is introduced in the coolant inlet
end of each channel.

The refueling procedure must cope with problems associated with me-
chanical equipment failures during a refueling operation. Some postulated
failures that would present serious problems are failure of the head~
assembly magazine to index or failure of a ram mechanism to function with
spent fuel already deposited in the magazine assembly. A failure of a
refueling-machine organic-coolant line during refueling must also be
considered.

Operator access to equipment under energency conditions is not dis=-
cussed in the report;l however, some degree of emergency access into the
refueling area should be provided. Duplicate, or additional, instrumen-
tation that would enable the operator to detect the cause of a failure in
the automatic system and means to allow the operator to control the opera-
tions manually are desirable from the standpoints of operability and
safety.

Remotely controlled television cameras would be invaluable in help-
ing to guide the refueling machines during fuel-channel attachment opera-

tions. The lower attachment will be a sensitlve operation, since the
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extension ends, which can expand axially, may not all be in the same hori-
zontal plane.

The time required for each fuel-assembly refueling operatvion is given
by AI-CE as 45 min; however, we have estimated that from 90 to 180 min
per fuel assembly may be required if difficulties are encountered in
synchronizing the two machines and in checking procedures. Fach fuel
agsembly is handled twice by each refueling machine, and during its 1life
in the reactor it travels approximately 23 ft through a fuel channel
pressure tube. FYor a complete core fuel change of 2460 assemblies and
984 spacer shields, each machine would be required to make 27,060 strokes.
This includes 2ll operations from loading a2 new element to discharging
spent fuel. A machine stroke of approximately 185 in. is required for
refueling; however, completely unloading a process tube for tube replace-
ment requires a stroke of approximately 475 in. AI-CE indicates a maxi-
mum machine fuel ram travel of 340 in. During steps 2 through 20 (see
Fig. II-39 of Ref. 1) it appears that the only cross-sectional area open
for coolant flow is the 0.030-in. radial clearance between the process
tube inner surface and the outer surface of the fuel-assembly end plates.

As mentioned previously, the B&W concept specifies bidirectional
refueling; however, coolant flow is downward in all channels, and all
refueling operations are performed by one machine operating at the top
face of the reactor. Fach fuel assembly is handled 12 fimes during its
core life and, depending on the fuel-assembly concept, will travel either
162 or 170 £t through a fuel-channel presgsure tube. For a complete core
fuel change the refueling machine is required to make 43,056 strokes for
the 299-channel concept or 48,240 strokes for the 335-channel concept.

If two fuel assemblies, rather than one as stated in B&W's procedure,
are loaded initially the corresponding numbers of machine strokes are
reduced to 41,262 and 46,230, respectively.

Since the B&W report does not present a refueiing~machine concept,
we can only visualize the machine in terms of the operations reguired to
handle the proposed fuel assenblies in the proposed fuel channels. A
machine stroke of approximately 42 ft i1s required for refueling opera-

tions, and a stroke of approximately 46 ft will be needed to replace a
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bottom shield plug. This machine must be capable of grasping either the
one or two handling pins associated with the proposed fuel assemblies

and of orienting the two-pin assembly. In addition to the grasping and
translational motions the machine must also be able to rotate the top
shield plug latch and the top closure (see Fig. 10.5.7 of Ref. 3). Iatch-
ing assemblies must also be incorporated in the machine, and design con-
sideration must be given to the manner in which compcnents and mechanisms
associated with on-line refueling operations can be repaired or replaced
remotely. Consideration must alsoc be given to the possibility of fuel
elements sticking together because of coking in the stagnant regions
around the aligmment pins. (Piqua experience indicates that coking will
take place in stagnant coolant.) If the refueling machine has a magazine
for storing the shield plugs, it appears that it will have to be large
enough to accommodate more than a 7-ft section. We assumed that the new
and spent fuel-assembly auxiliary systems would be similar to those pro-
posed by AI-CE.

No effort was made in this review to change the reactor vessel, in-
ternal structures, or refueling concepts proposed by AI-CE and B&W; how-
ever, an atbempt was made to pecint out some design and development problem
areas associated with each preliminary design proposal. Iack of detailed
design and definitive information precluded a quantitative review. It
appears that additional effort could be used profitably in preliminary
and Title I design phases to examine alternate approaches in the design
of these components that would improve reliability and reduce the number

of development problems.

6.2.2 Fuel Handling

As described by AI-CE, the system for handling new fuel receives,
inspects, stores, and prepares Tuel assemblies for locading into the re-
fueling machines, and the spent~fuel system receives spent assemblies
from the refueling machines, bransports them to the fuel storage pool
tubes, where they are cooled, and then transfers them to shipping casks.
The environmmental control systems minimize fuel assembly thermal shock

due to environmental changes. They also prevent contaminants from being
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introduced into the reactor core and provide a means for dissipating
spent-fuel decay heat during transfer from the core to the storage pool.

New fuel in the loading station is preheated in HB-40 fluid to 400°F
before it is transferred into a refueling machine envirommental system.
In this system the fuel is maintained at 400°F in Santowax OM, and the
pressure is increased from 50 to 300 psia. During transfer of fuel from
the loading station to the refueling machine, the HB-40 and Santowax OM
fluid pressures are equalized to minimize mixing. The HB-40 fluid in the
spent-fuel unloading stations is maintained at 250°F during fuel-transfer
operations. A heat exchanger is utilized to remove spent~fuel decay heat.
Again the refueling-machine and unloading-station fluid pressures are
equalized to minimize mixing. The spent fuel is then discharged into
pool storage tubes, which are filled with HB-40. The AI-CE report does
not explain how the new fuel is heated and maintained at the 130°F
"ambient" temperature or how the fuel assemblies are transferred from
storage to the lcading stations.

A number of inconsistencies were noted in the AT-CE fuel-handling
system, which is represented only schematically. Figures II-17, II-18,
I1-27, and I1-28 of Ref. 1, which show new-fuel and spent-fuel facilities,
are not in agreement. Provision for storing 120 fuel assemblies in each
new fuel-storage area is required if a two-months supply is to be main-
tained as called for elsewhere in the report. Page 11-83 and Fig. II-26
of Ref. 1 indicate provision for storing 60 fuel assemblies in each new
fuel-storage area.

We feel that it should be feasible to work out the fuel-handling
system along the lines described by AI-CE, but the present information
is incomplete, and we cannot comment specifically on handling methods

and equipment from the information available.

6.3 Plant Availability

The ground rules of this study call for the HWOCR to operate as a
base~load power plant with a 0.8 load factor. It is assumed that the
plant must be capable of an average availlability of 0.9 over its 30-year

life in order to qualify for a C.8& lcad factor.
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Plant availability was defined in the advanced-converter evaluation®
ag the product of four independent availability factors, which accounted
for
1. refueling downtime and frequency,
2. reactor periodic maintenance and inspection for one week per

year ~ factor of 0.99,
3. steam-plant periodic maintenance and inspection for 30 days of

every two years operating time — factor of 0.964,
4. steam-plant forced oubtages for equipment repair - factor of 0.977.

According to these assumptions, the maximum possible plant avail-
ablility would be 0.931. Refueling downtime in excess of the time allowed
for scheduled maintenance would be factored in and would further reduce
the overall plant availability factor. The margin of plant availability
above 0.9 gives an indication of how well the fuel-management scheme and
refueling interval are coordinated with the requirements of the rest of
the system. If the system barely meets the required 0.9 factor, modifi-
cations of the fuel-handling approach and equipment design are indicated,
since there would be little or no margin available for forced outages of
reactor equipment.

The HWOCR plant employs on-power refueling and thus has a high

2 no attempt

avallability potential. In the advanced-converter evaluation
was made to evaluate the relative reliabilities of the reactor plants or
to estimate the probability of reactor-plant forced outages and the ef-
fect of these outages on plant availability. EFach of the concepts re-
guired development and demonstration of special features to establish
their design performance requirements. The relative reliability of plant
components therefore could not be assessed quantitatively from the infor-
mation available. The same is true for the HWOCR; the present evaluation
ig restricted to considering possible failures of critical systems or
components of the plant and the conseguences of these failures on plant
availability.

Downtime due to forced outages of reactor primary heat transfer
equipment should be low, even though the HWOCR has only three loops. The

equipment is accessible and can be readily repaired because of the very
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low activity of the coolant under normal operation. Coolant and moderator
purification facilities are sized to permit such facilities to be closed
down for repailr for a reagonable period of time without requiring a re-
actor shutdown; also, the coolant purification facilities can be used to
clean up the coolant in case it becomes contaminated with fission products
released from ruptured or leaking fuel elements. However, large rcleases
of activity to the coolant could result in lengthy shutdown periods for
cleaning the coolant and decontaminating eguipment.

The reliabilities of the reactor control system, reactor components,
and refueling operation are subject to guestion because of the high per-
formance requirements of the system. Possible modes of faillure are dis-
cussed in other parts of this section, but more complete analyses are
regquired to establish the overall reliability to be expected.

A reactor shutdown from locad changes, coolant system instability,
malfunctioning of the reactor control system, or from other possible
modes of failure could result in an offstream time of perhaps 40 hr to
allow for xenon decay and subsequent startup time.

The durability of SAP tubes must be demonstrated before downtime Tor
procesg tube replacement can be discounted as a factor to consider in
plant availability. The probable freguency of process tube replacement
and the average time required for replacement should be based on results
from experimental studies.

Mechanical failure of the refueling machine during operation would
require shutdown of the reactor to permit access to the refueling area
to correct the failure. This system must, therefore, be essentially
perfect mechanically to avoid an excessive number of shutdowns.

There is a margin of about 260 hr available for unscheduled outages
of reactor eguipment, according to assumptions made in this evaluation.
Unscheduled reactor shutdowns for any of the above reasons or others
would thus be limited to about six per year to comply with the average
0.9 plant availability factor. Assuming successful development of SAP
and of refueling machines, we see no basic reason why the HWOCR could not
easily attain a 0.8 load factor. At this point we consider a 0.9 load
factor as feasible, although equipment reliability needs to be demon~

strated to substantiate such operation.
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6.4 Control Rod Systems

6.4.1 Shutdown Rods

Normally the reactor will be shut down by the insertion of 84 hy-
draulically actuated, hollow, cylindrical, neubron poison rods consisting
of stainless steel tubes containing boron carbide. The rods are inserted
horizontally into the moderator, and in order to minimize unwanted neutron
losses no guide tubes are used. The total reactivity worth of all 84 rods
is 4% Nkg, and the time for 80% insertion is 5 sec, according to the AT-CE
report. The rods will be maintained either in the fully withdrawn or
fully inserted position.

The rods are normally fully withdrawn into a guide tube and, on
insertion, are driven unsupported into the core. 1If a fault should oceur
in such a way as to separate the rod from the drive piston, failure would
take place on the occurrence of a scram such that the rod would fall to
the bottom of The calandria after it was pushed into the core. Since
individual average rod worth is less than 0.05% Ak, the loss of a number
of rods could pass unnoticed unlesg a routine test were available for de-
tection of this type of failure. Such a test could consist of insertion
and withdrawal of individual rods with the reactor at power. The move-~
ment of control rods reguired to keep the reactor at power would indlcate
the variation in poison caused by movement of a shutdown rod.

During reactor startup it would be helpful if the shutdown rods
could be withdrawn individually. This would provide a more cautious
approach to ecriticality and thereby reduce the amount of boron addition,
and subsequent removal, required Lo guarantee subcriticality. Inasmuch
ag criticality must be reached through boron removal, it would be helpful
to be able to withdraw and insert a single rod in order to observe changes
in suberitical multiplication.

Figure II-47 of the AI-CE reportJ~ shows schematically the hydraulic
system for withdrawing and inserting the shutdown rods. Valves are shown
that will allow a rod drive to be isolated for maintenance purposes. If
these valves were all closed because of confused maintenance or operating

orders, the system would be unable to operate. This type of failure can
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be made extremely improbable by careful meonitoring of valve position,

tut Tthis is cited as an example of a possible systematic failure that
could cause all identical units to fail from a single cause. With posi-
tive coefficients, the most trivial loss of control followed by failure
to shut down could result in destruction of the core. In order to mini-
mize the possibility of a systematic failure immobilizing all rods, we
propose that the 84 rods and drives be made up of two groups of different
design and incorporated into two independent systems. Also, the results
shown in Figs. 5.13 and 5.14, as discussed in Section 5.6.4, require the
time for insertion of the shutdown rods to be decreased below the present

design value.

6.4.2 Control of Spatial Power Distribution and Power Level

The AI-CE report states that control of spatial flux oscillations
and small power transients will be accomplished by means of 60 absorber
rods, ecach 1/2 in. in diameter and & £t long, suspended by stainless
steel tapes. Since the rods are gshort with respect to the 20-ft height
of the core, they may be positioned at will within the core with rela-
tively small net change in reactivity. Thirty-four rods with a combined
worth of 0.2% Ak are designated for spatial flux control. The remaining
26 rods, with a combined worth of 0.1% Ak, will be operated partially
inserted in the core for power level control. In operation, a digital
computer will designate rod pcsitions for optimum spatial control. The
computer will also direct the fuel loading so as to maintain the power
level control rods in their operating range. The plant control system
will independently position the power control rods.

It is proposed in the AI-CE report that all the rods be available
for reactor startup; however, several considerations dictate that the
two groups of rods function separately and that the worth and velocity
capability of the power control rods be increased to controcl a variety
of probable transients. As developed in Section 5.6.5, the flux servo will
require *+0.15% Ak control at a rate of approximately 0.015% Ake/sec. The
existing combined worth of the 60 vertical control rods is 0.3% £k; how-
ever, the rods assigned to spatial flux control are unsuitable for tran~

sient conbrol. Their use during a power trangient would upset the spatial
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flux distribution. Although withdrawing some of the rods through the
entire length of the core would cause little reactivity change, the re-
activity change would go first negative and then positive if starting
from the lower part of the core.

It will be necessary to increase the diameter, length, or nuwber of
vertical absorber rods allocated to power control to raise their worth
from their present value of approximately 0.1% Ake to a new value of
0.3% Nk, .  Inasmuch as the control requirements are affected by the heat
transfer coefficient through the gas gap belween the U0y fuel slugs and
the cladding, and since the value of this coefficient is not well known
and varies with fuel burnup, the value of 0.3% Ake should be considered

minimal.

6.5 Primary Heat Transfer Systems

A flow diagram of the HWOCR primary heat transfer system is shown in
Fig. 6.7, and the AI-CE and B&W design conditions are compared in Table 6.1.
The HWOCR heat transfer system consists of three parallel loops, each with
an evaporator, superheater, and reheater, a coolant circulating pump, iso-
lation valves, and interconnecting piping. Carbon steel components are
used throughout the system, except for some of the rotating parts of the
pump.

Coolant pumps and heat exchangers are located in a building separate
from the reactor building. Fach loop is connected across reactor inlet
and oublet mixing tanks, which serve as coolant collection headers. The
outlet mixing tank also serves fto provide a time delay for the coolant
leaving the reactor. Motor-operated gate valves are used to isolate the
loops if fission products are detected in the coolant leaving the reactor.
Upon loop isclation, the reactor would be scrammed and the emergency cool-
ing loop would remove shutdown decay heat.

The main coolant pumps are turbine driven and each is desgsigned to de-
liver 90,000 gpm of coolant at 750°F against an 800-ft total dynamic head.
(The B&W concepts require pumps of lower capacity but higher head.) The
pumps are located in the loop hot legs to reduce the pressure in the fuel

channel pressure tubes. According to an AI-CE report,’ this reduced
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Table 6.1.

Parameter Comparison

a

B&W and AI-CE HWOCR Primary System

B&W AT-CE
Thorium- Uranium-
Fueled Fueled
HWOCR HWOCR
Reactor coolant inlet temperature, °F 560 595
Reactor coolant outlet temperature, °F 750 750
Coolant temperature rise across reactor, °F 190 155
Total reactor coolant flow, 1b/hr 89.9 x 10° 110 x 10°
Total reactor fission power, Mw(t) 3082 3093
Net power to coolant, Mw(t) 2928 2943
Total system pressure drop, psi 312 284,
Reactor pressure drop (header to header), psi 218 184
Main loop ccolant velocity, fps 24.5 30
Total pumping power, Mw 34 38
Superheaters
Total flow, 1b/hr 64 x 108 79 x 10
Pressure drop, psi 15.3 15
Inlet temperature, °F 750 750
Outlet temperature, °F 714 721
Total heat transfer area, ft° 99, 000 97,500
Total thermal duty, Mw 406 406
Reheaters
Total flow, 1b/hr 25.9 30.9
Pressure drop, psi 18 18
Inlet temperature, °F 750 750
Outlet temperature, °F 661 672
Total heat transfer area, ft? 97,200 97,200
Total thermal duty, Mw 405 420
Evaporators
Total flow, 1b/hr 89.9 x 10° 110 x 10°
Pressure drop, psi 45 35
Inlet temperature, °F 699.5 707
Outlet temperature, °F 560 595
Heat transfer area, fi? 261, 000 202, 000
Thermal duty, Mw 2117 2117

Valves given by sponsors.
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pressure results in a fuel cost advantage that is greater than the addi-
tional cost of pumping the hotter coclant.

There should be no difficulty in designing and fabricating the main
coolant pumps. lLarger pumps have already been built by several pump
manufacturers. Ior the particular conditions of this design, some model
testing in water may be reguired to verify the puwmp performance charac~
teristics, such as head, flow, net pressure suction head, etc., as well
as the impeller radial thrust needed for the bearing design. Face-type
seals have been used under conditions more exacting than those present
in the HWOCR. Other factors that must be considered and which are recog-
nized by experienced pump designers include thermal stresses, vibration,
operation of radial and thrust bearings, rotor dynamics, maintainability,
equipment fabrication, and application of design cocdes; none of these
appear to present unsolvable problems for the HWOCR.

The large heat exchangers, evaporator, superheater, and reheater
can be shop fabricated and shipped by barge to the site. The largest of
these is the evaporator. Each of the reference design evaporators is
51 ft long and 13 ft in diameter, and it weighs 500 tons dry. The heat
transfer surface area is 67,300 £t2.

In our review of the evaporator design, we calculated a thermal duty
of 701 Mw instead of 706 Mw as shown in Table III-5 of Ref. 1. The log
mean temperature difference in the preheater section was calculated to
be 118°F instead of 108°F and the overall heat transfer coefficient in
the preheater section was found to be 330 Btu/hr-ft2-°F compared with the
value of 167 Btu/hr-ft2-°F reported by AI-CE. This discrepancy is pri-~
marily due to the wvalue assumed for thermal conductivity of water on the
shell side. The overall heat transfer coefficient in the boiling section
was calculated to be 490 Btu/hr-ft2-°F compared with the AI-CE value of
400 Btu/hr.ft%.°F. As a result, the minimum required heat transfer sur-
face area was determined to be 406,000 Tt? compared with the design value
of 62,300 ft?. We would allow aboub 10% additiocnal to our figure for
uncertainties. Thus, for the capital cost determination, we used an
area of 51,000 ft? for each unit. Results of calculations of the re-
heater and superheater areas checked reasonably well with the reported

values. Evaporator surface area required in the B&W concepts is about
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30% greater than required in the AI-CE reference design, because of the
lower coolant temperature leaving the heat exchanger.

The design assumes no fouling resistance on the organic side of the
heat exchangers. Piqua maximun coolant temperature is some 175°F lower
than the HWOCR design maximum coclant temperature. To establish that no
fouling will occur, successful test experience under HWOCR design condi-
tions will be required before the gize of the units as specified can be
considered firm.

The HWOCR system has fewer coolant loops than any of the advanced-
converter concepts of Ref. 2. The larger unit size of components, plus
the fact that the heat exchanger tubing is carbon steel rather than the
Inconel used for the pressurized-water-cooled reactors, results in a
significant cost advantage for the HWOCR. It will be noted, however,
that recent pressurized-water reactor designs are using fewer loops
(Indian Point No. 2 will have four loops), and this is a factor to con-
gider in comparing costs of the HWOCR with those of the advanced-converter

reactors evaluated previously.

6.6 Heavy-Water Systems

Some direct comparigons can be made between the heavy-water systems
of the HWOCR and those of the DuPont heavy-water reactor designs evaluated
in the advanced-converter study.2 A high degree of system integrity must
be maintained for all these systems to prevent D0 losses. Contamination
must be held to 2 minimum by providing a cover gas to prevent air inleak-
age and purification facilities to remove particulate matter and corrosion
products.

The important difference, however, between the HWOCR and DuPont
heavy-water reactor systems is that the HWOCR uses heavy water at rela-
tively low pressure, whereas in the other designs heavy water at 2000 psi
is used as the coolant. Thus the HWOCR D0 inventory is comparatively
low, and associated losses should be considerably less than in the pres-

sure tube concepts.
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Also, special features have been lntroduced in the HJOCR design:

1. The moderator heat is recovered in boiler feedwater instead of be-
ing rejected to cooling water; this improves the plant thermal efficiency.

2. Heavy water from the moderator is used to provide flow to the
hydraulically actuated reactor shutdown system and as an injection fluid
for the soluble-poison shutdown systemn.

A heavy-waler loss rate of 10 1b per day has been assumed. At this
rate 0.56% of the heavy-water inventory would be lost annually. This is
in contrast to an annual loss of 2% of the inventory assumed for the
DuPont heavy-water systems. In systems with heavy water for both coolant
and moderator, as much as 95% of the total loss is attributed to losses
from the high~presgure coolant system. The total annual D20 loss from
the DuPont reactor systems was 33,000 1b for the HWR~-Th concept and
27,000 1b fTor the HWR-U reactor. Thus, the loss rate of 10 1b per day
for the HWOCR appears acceptable to assume for the purpose of this study.

AT-CH assumed that fresh D,0 makeup to replace heavy-water losses
would be sufficient to maintain the light-water content at an acceptable
level. Therefore, distillation units are not provided at the site for
isotopic upgrading. D20 from accidental spills or from demineralizer
washes that has been downgraded below specification level for light-water
content will be shipped to other facilities for recovery. Since a cover
gas of helium is maintained on the system and presumably at locations
where leaks from pumps and valves are collected, normal contamination by
exposure to moist alr should be negligible. However, it seems that an
estimate of guantities of heavy water to be shipped cut for recovery
should be made to determine whether operating costs are appreciably af-
fected.

A potential source of heavy-water loss is in the moderator cooler.
Troitium detectors may be used to monitor the feedwater stream and thus
detect gross leakage. However, the sensitivity of this device may be
limited (estimated as ~1 ppm D0 from a solution near saturation with
tritium) so that leakage several times the specified loss rate may occur
without being detected. Other means of closely monitoring the D0 system
inventory will be necessary to make sure that gross leakages will not

occur for any appreciable period of time.
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6.7 Organic Coolant Decomposition, Recovery, and Makeup

Calculations were made to verify the required throughput of the hy-
drocracking unit and to determine its effect on the eguilibrium composition
of the coolant. A check was also made of the process design of the hydro-

cracker. It was considered that the neutron, gamma, and thermal exposures
of the coolant under full-power operation leads to terphenyl degradation

at the rate of 1500 1lb/hr. This corresponds to our calculated value with
outlet coolant at 700°F, and also corresponds to the AI-CE calculated
value with outlet coolant temperature at 750°F (see Section 5.5). The
conclusions reached under these circumstances are given below. They in-
dicate general agreement with the hydrocracker throughput and process
design as given by AI-CE; the biphenyl concentration in the egquilibrium
coolant, however, was estimated at 12 to 20 wt %, rather than the 2%
shown in Table ITI-1 of Ref. 1.

The coolant degradation rate of 1500 1b/hr corresponds to an absorbed
neutron dose of about 10 Mw(th), an absorbed gamma dose of about 4.5
Mw(th), and an outlet coolant temperature of 700°F. Then, with an HB
destruction rate of 1500 lb/hr in the hydrocracker, the rate of biphenyl
production was estimated. A design conversion (disappearance) of HB of
30% per pass in the hydrocracker was assumed, in accordance with AT-CE.T
With this conversion factor, the biphenyl production estimated by Phillips
Petroleun Company is about 23 wt % of the HB disappearance;8 this gives a
biphenyl production rate of 345 lb/hr. At 2quilibrium, this must be
equaled by the rate of biphenyl disappearance by radiolysis and pyrolysis,
since there is no other removal of biphenyl from the system. The G value
for the radiolysis of biphenyl is about 1.8 times that of terphenyl.8:9
These considerations lead to an estimated biphenyl concentration of about
12 wt %. However, some of the datal® indicate that the biphenyl yield in
the hydrocracker could be as high as 40 wt % of the HB disappearance.

On this basis, an equilibrium biphenyl concentration of about 20% might
be reached. The vapor pressure of the equilibrium coolant (with 10% HB)
was calculated to be 50 to 60 psia at 750°F, as compared with about 35

psia shown (by interpolation) in Table III-2 of Ref. 1. Because bench-

scale runs on a once-through unit cannot completely duplicate actual



188

conditions of continuous operation, the determination of the actual equi-
librium concentration will have to wait until hydrocracking data are
obtained at the proposed Pigua installation. At present it is recommended
that provisions be made to insure that the reactor ccoling system is
operable with & vapor pressure as high as 6C psia in the outlet mixing
tank, if the outlet coolant temperature is 750°F.

A required makeup rate of about 200 lb/hr of fresh coolant was es-
timated, in substantial agreement with the AL-CE figure of 0.4 gpm.
However, this does not include any allowance for mechanical leakage.

The process design and estimated cost of the hydrocracker appear

10 14 may be expected that

to be well supported by the available data.
operation of the Pigua unit will lead to improvements and possibly to

cost reduction. The cost of the HWOCR hydrocracker unit is estimated to

be about $800,C00, in agreement with the AT-CE value. If the throughput
were a different rate, we estimate the capital cost would vary as the

0.6 power of the throughput rate.

Calculations were made in order to estimate the time required to
approach equilibrium ccolant composition. About three or four months of
operation at near~design conditions should bring the biphenyl buildup to
within 90% of its eguilibrium value.

The following points are suggested Tor consideration in the present
design:

1. The vacuum flash column and the reactor feed tank could be com-
bined into one vessel with a uniform diameter of 6 ft.

2. The flash-column distillate receiver cculd be reduced to about
4 £t in dlameter by 12 ft in height, siace there is no process reguire-
ment for a long surge time.

3. The high-pressure hydrogen~-ligquid separator might be increased
to about 4 £t in diameter by 12 £t in height to give better disengaging.
The proposed size of 750 gal appears to be small.

4. The low-pressure hydrogen-liguid separator (atmospheric degasi-
fier) capacity could be reduced from 2400 gal to about 1200 gal (4 X 12 ft).

5. The suction cooler of the hydrogen recycle compressor might be
more efficient and cheaper if removed from the separator vessel and made

a separate unit.
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6.8 Instrumentation and Controls

6.8.1 Plant Controls

The requirements for reactor control were discussed in Section 5.6.
The desirability, if not a need, for computer control during startup was
indicated in Sectiocn 5.6.2, and the need for the capability of the con-
trol system to keep the plant in operation following probable plant mal-
functions was discussed briefly in Section 5.6.5.

In our analog computer studies of the HWOCR, we were able to main-
tain the reactor at a fairly constant power level by manual control of
reactivity when the plant was operating normally; however, constant at-
tention was required, and any relaxation of effort often lead to results
similar to those in Fig. 5.15. We do not recommend manual operation of
the HWOCR plant, although a statement on page VI-1 of the AI-CE report?t
indicates that manual control from zero to 100% power is a design cri-
terion.

It should be possible for an aubtomatic plant control system to meet
the design criterion of constant steam pressure and temperature (900 psig
and 725°F) at the turbine throttle over a limited range of power with a
limited rate of power change. This limitation of pcwer range is required
by the limited reactivity that can be made available in the control rods
to compensate for the negative power coefficient discussed in Section
5.6.1. The total reactivity of the control rods assigned to power control
mist never be consumed in maintaining steady-state power levels. Rather,
these control rods should be kept near the midrange of their stroke in
order that reactivity 1s always available for control of transients, as
discussed in Section 5.6.5. Either changes in fuel loading or the use of
boron in the moderator must provide the reactivity changes needed for a
variation in operating power of more than a few percent. Although the
~0.15% £k available from complete insertion of the control rods from
their midposition is sufficient to reduce the power from 100 to 40%, it
would be unwise to operate with these rods fully inserted for more than
a very short time. Further analyses and computer studies of the plant

will be required to establish the design of the plant control system.
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Any plant control system in which the reactor power 1s a slave to
turbine output will require a reactivity variation capable of changing
the reactor power to meet whatever change in lcad is imposed on the tur-
bine. The HWOCR does not have this inherent capability; therefore, this
plant should probably have a control system of the type such that the
turbine is a slave to the reactor, and the reactor power is ultimately
varied to meet the requirements of the power system. Rod control would
be by means of a flux servo, with the setpoint for this controller being
obtained from the measurement of certain process variables. One of the
measured process variables would be coolant flow; thus, variations in
coolant flow for any reason would be reflected by changes in reactor
power. Steam temperature could be controlled by signals that ultimately
affected the setpoint of the flux servo. The turbine throttle would be
controlled by steam pressure, and thus the turbine would be a slave to
the reactor. The plant power setpoint would control the coolant pumps;
therefore the plant power output would be determined, in actuality, by
the rate of coolant flow. This power setpoint could be modified auto-
matically by power system demand, provided the changes so produced were
sufficiently limited in magnitude and rate. We do not recommend the use
of multiple interdependent setpoints thal must be varied simultaneously
by a power computer, as indicated in Fig. VI-3 of the AI-CE report.t

In case the electrical load on the plant suddenly decreased because
of some disturbance in the power network, the control system would have
to change control of the turbine throttle from steam pressure control to

speed governor control, with excess steam being dumped.

6.8.2 Nuclear Instrumentation

The nuclear instrumentation system proposed in the diagram of Fig.
VI-2 of the AI-CE report® consists of 16 channels, as follows:
4 BF3 source-range channels
4 compensated ion chamber intermediate channels
4 compensated ion chamber power~regulating channels
4 uncompensated ion chamber power-range (safety) channels
In order to more nearly match the reactor's characteristics and to take

advantage of recent developments, we propose 12 channels, as shown in
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Figs. 6.8 and 6.9. This nuclear instrumentation would provide the fol-
lowing channels:
3 fission chamber wide-range counting channels

3 uncompensated ion chamber power-regulating
channels

6 uncompensated ion chamber safety channels
(2 sets of 3 channels each)

Wide-Range Counting Channels. The AI-CE reportl proposes BFj3 coun-

ters to cover the first five decades of operation on the assumptions that
ten decades of range from source to full power are required and that no
single instrument can satisfactorily cover the entire flux range. Be-
cause of statistical fluctuations of neutron pulses, the period signal
from the source range channels is of an erratic nature and is employed
only as an operating aid. No automatic corrective action would be taken
because of the statistical fluctuations.

The assumptions underlying this cholce do not take into account the
following points:

1. The strong photoneutron source from y-n reactions on D0 will
produce an operating range much less than ten decades that will vary with
the duration of shubtdown. This strong source will permit the use of a
fission chamber rather than the less-convenient BF; chamber.

2. A wide~range counting system is available that is capable of

11 and we recommend its use in the

covering ten decades of operation,
IWOCR. This system employs a servo~controlled moving detector in a
water-filled attenuating tube and is routinely used for automatic reactor
startup without interference from statistical fluctuations.

Power~Regulating Channels. Because failure to obtain prompt and

adequate response will result in an uncontrolled excursion, it is required
that unusual reliability be built into the flux-regulating servo and other
controllers which, on failure, would cause the plant to go off the line.
The problem is often met by employing sethback — a controlled reduction

in power — in order to avoid a reactor scram that would be brought about
either by an excursion of some process variable or by an instrument mal-
function. The AI-CE report® proposes, as setback, not a controlled reduc-

tion in power, but an insertion of the vertical control rods to continue
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as long as the excursion persists, while at the same time automatic con-
trol is to be turned off. Since manual control would be difficult if
not impossible in the power range, an unwanted turbine trip would prob-
ably result. Signals taken from the safety system and used in the con-
trol system to reduce power to prevent a scram are guite desirable, but
such a reduction in power must not put the plant out of control. We do
not recommend that setback be employed as proposed.

In order to obtain reliable control we propose that rather than the
selection of one of four power channels as input for nuclear control, a
maltiple control system be employed to minimize the effect of fajilure of
a controller or of failure of inputs to a controller. One version of
such a system uses a full complement of inputs to each of three rod-drive
controllers. The output velocities of the three controllers are added,
and all control rods are moved with a velocity equal to the algebraic

Y2 Thus the failure of

sum of the velocities of the three controllers.
any one controller will be compensated by the remaining two. Another
way of achieving the same end would be to auctionecer the signals from
each of the three controllers so as to select the median signal for con-
trol.t? This latter system is shown in Fig. 6.8.

Intermediate-Range Channels. The AT-CE report proposes four inter-~

mediate logarithmic channels overlapping the lower portion of the power
range and the upper portion of the source range. The report states that
the period circuitry used to initiate fast shutdown is to be cut out of
service when the reactor power reaches a value scmewhere between 2 to 20%
of rated power in order to eliminate false period scrams in the range.

Again the assumptions do not fully take into account the reactor
characteristics and available instrumentation techniques, as follows:

1. Overlapping of both the power and source ranges is a technique
that is useful only for clean reactors (without appreciable gamma back-
ground) and is for reactors having a wide operating range. This reactor,
once operated at power, will neither be clean nor have a wide operating
range.

2. Tt is true that period circuitry is generally subject to spuri-

ous trips brought about by unrealistic trip settings in combination with
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power-line transients. However, we have accumulated several years of
operating experience without a single spurious trip of a log N pericd
trip set at 1 sec.1%

We propose to eliminate the intermediate channels and allow the
wide~range counter channels to provide the logarithmic range and long-
period control and to transfer the short~period protection function to
the safety system.

Safety Channels. The AI-CE reportl proposes four safety channels

arranged so that scram and setback occur when reactor power exceeds pre-~
set limits in any two of the four channels. We propose a total of six
safety channels arranged with three channels in each of two separate
systems as shown in Fig. 6.9. Two complete and independent sets of
safety channels are needed to meet the stringent requirements described
in Section 5.6.4. The two sets of safety channels should be of different
design so that causes of common failures of the two sets are reduced to
a minimum.

Period trips are shown in Fig. 6.9; these period trips must remain
in service at all times, as also discussed in Section 5.6.4. A safety
system can be operated without spurious trips with the trip set at a
l-sec period,l4 whereas attempts to trip on longer periods result in many
spurious scrams unless a long delay in response is acceptable. A period-
trip circuit combined with the flux-level trip so that voth functions
can be obtained from a single chamber has been developedl5 and is shown
in Safety System "A" in Fig. 6.9. Dual chambers in which the flux level
and period signals originate separately are shown in Safety System "B"
in Fig. 6.9. Uncompensated chambers can be used in the safety channels

of the HWOCR because of the large photoneutron source.

6.9 Containment Structure

The reactor building provides the containment structure for the re-
actor, moderator cooling system, and refueling facilities. Primary
coolant system pumps and heat exchangers are housed in separate buildings.
Four fast~closing block valves, two in series in both the inlet and outlet

lines, are provided to automatically isolate the loops in case of excessive
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gquantities of radiocactive material in the coolant. This valve action

will also maintain containment integrity in the event of an accident in-
volving a break in a coolant line accompanied by a release of radioactivity
to the reactor building atmosphere. This method of containment is similar
to that used for direct-cycle reactor plants but is unique for an indirect-
cycle reactor plant. In principle, this method of containment should be
acceptable for the HWOCR system, since precedence for this method is al-
ready established for direct-cycle plants. Rates of leakage through iso-
lation valves and other penetrations must, of course, be determined and
shown to be within acceptable limits for containment structures of this
type.

The containment structure is a vertical cylinder, 140 £t in diameter
and 187 ft high above grade, with a hemispherical head and a concave base.
It i1s a carbon~steel structure designed for an internal pressure of 15
psig at 165°F. The internal free volume is 1.5 X 106 ft2.

AT-CE representatives have acknowledged that complete analyses of
maximum critical accident (mca) conditions have not been made. However,
AT-CE concluded from their preliminary studies that the containment de-
sign as proposed would provide adeguate protection. These studies con-
sidered pressure resulting from large organic spills and fires with co~
incidental use of water pumps to control the fire.

One accident that bears consideration before the proposed containment
design can be considered acceptable is a loss of coolant accident accom-
panied by a rupture of the reactor calandria, which would release heavy
water. The heat content of a large quantity of hot coolant would be suf-
ficlent to vaporize heavy water in an amcunt that would cause a pressure
buildup much in excess of the 15-psig design pressure. For example, we
nave calculated that a release of some 1,400,000 1b of coolant (~2/3 the
coolant inventory) could result in a pressure buildup of approximately 75
psig if a large quantity of water were to come in contact with it. If
the coolant spill were confined to half that amount, the pressure could
build up to 45 psig. The organic spill would have to be limited to less
than 230,000 1b (<35,000 gal), or the heavy-water release to less than
46,000 1b, to limit the pressure buildup to less than 15 psig. The pro-

posed containment scheme mist therefore be considered tentative until more
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detailed investigations of possible accident conditions have been made.
Pressure suppression in conjunction with the proposed containment scheme

might be used to 1limit pressure buildup to an acceptable value.

6.10 Turbine-Generator System

Turbine plant design data are summarized in Table 6.2. We have
checked through the heat balances and calculational methods'® furnished
by AI-CE for this evaluation and are in general agreement with the refer-
ence design values listed. The selections of the reference design con-
ditions are supported by AI-CE investigations of seven cycles ranging
from a basic nonreheat system to a reheat arrangement. The effects of
three pressure and temperature points on cycle components, efficiency,
and plant thermal requirements were considered. From the three throttle
steam conditions investigated,l6 namely, 600 psig and 675°F, 900 psig and
725°F, and 1200 psig and 775°F, the intermediate case was chosen as opti-
mum. Areas where further optimization would be desirable were recognized;
that is, investigations are needed to
1. confirm the selection of a single turbine-generator unit over two half

size units for specific power system applications,

2. set final feedwater heater arrangement (number of heaters, heater
terminal differences, the use of condenser deaeration, and utiliza-
tion of generator heat losses),

3. set throttle and reheat steam conditions on a plant cycle basis,
consider noncondensing auxiliary turbine drives in half- and full-
capacity sizes,

5. evaluate partial plant load operation for confirming equipment design
selections and to establish plant control modes.

Our estimates of potential improvements in efficiency associated with
several of these effects are given in Table 6.3. Although improvements in
cycle efficiency are possible from these effects, they way not be practi-
cal to achieve for several reasons. Approximately $BO0,000 capital ex-
penditures are necessary to add one stage of feedwater heating. The final
temperature must be acceptable for the reactor heat cycle, and the effect

on reactor plant equipment costs must also be evaluvated. Noncondensing



198

Table 6.2. Turbine Plant Design Summary

Reactor thermal ocutput (including moderator 3093
and shield), Mw

Reactor thermal power to coolant, Mw 2921
Evaporator and superheater thermal power, Mw 2524
Reheater thermal power, Mw 419

Gross generator electrical cutput (0.85 pf), Mw 1088
Plant auxiliary electrical power, Mw 12.0
Plant net electrical output, Mw 1076
Plant net heat rate, Btu/kwhr 9800
Plant net thermal efficiency, % 34.8

Turbine-generator

Turbine arrangement (a)
Throttle pressure, psia 915
Throttle temperature, °F 725
Throttle enthalpy, Btu/lb 1345.9
Throttle flow, 1b/hr 9.05 x 10°
Reheat pressure, psia 167

Reheat temperature, °F 725

Reheat enthalpy, Btu/lb 1388.0
Reheat flow, 1b/hr 7.893 x 109
Condenser pressure, in. Hg abs. 1.5

Turbine exhaust flow, total, 1b/hr 6.437 x 10°
Turbine exhaust enthalpy,? Btu/l1b 1011.7
Condenser duty, total, Btu/hr 6.13 x 10°
Generator rating, kva 1,230,000
Generator terminal voltage, kv 24
Generator power factor 0.85
Generator hydrogen pressure, psig 60
Feedwater tewperature, final, °F 420
Feedwater enthalpy, Btu/lb 397.5
Shaft~driven auxiliaries None
Steam~driven auxiliaries, hot reheat Main fTeedwater and

main coolant pumps

a. . . 1
Tandem compound, six flow:; 52-in. last-stage buckets.
19 B H g

Used energy end point.
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Table 6.2 (continued)

Main condensers

Driver type

Driver power, hp

Number of auxiliary feedwater pumps

Flow, gpm

Total dynamic head, ft
Driver type

Driver power, hp

Number of cooling-water pumps 6
Flow rate, each, gpm 108, 000
Head, ft 30
Drive rating, hp 1000
Condenser type Single pass
Number of units 3
Tube wall, BWG 18
Material Admiralty
Size, in. 1
Length, ft 50
Design heat transfer surface, each, £t? 160, 000
Design cooling-water temperature, °F 57
Design saturation temperature, °F 91.7
Cooling-water flow, each condenser, gpm 200,000
Feedwater system
Feedwater demineralizing None
Deaeration Yes
Feedwater heaters, total number 13
Extraction closed 9
Extraction open 1
Moderator heat recovery 3
Number of banks 3
Drains Cascade
Number of main feedwater pumps 3
Flow, each, gpm 6600
Feedwater temperature, °F 304.8
Total dynamic head, £t 2700

Auxiliary steam
turbine

6500

1

500

2500

Motor

400
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Table 6.3. Estimates of Possible Efficiency Improvements
in Steam Cycle

Approximate . .
Reduced Heat Change 1n
. _ Plant Net -
Rate Based cn . s Remarks
) Efficiency
Selected Cycle
(%) (%)
High-pressure feed- 0.5 +0.2 Steam flows affected;
water heater stage reactor plant must
be considered
Reheat pressure, >0.1 +0.005 Slightly higher pres-
5% change sure may be optimum
Noncondensing None Condensing usually
auxiliary drive more efficient
turbines
Generator regenera- +0.1 Generator losses are
tive heat exchanger 12.5 Mw; not all
recoverable
Total ~+0.3

auxiliary turbine drives are of doubtful benefit for efficiency improve-
ment for the cycle such as the HWOCR, and costs cannot be assessed without
extensive overall plant optimization. Since generator coolers are already
provided, the cost of providing for cycle heat recovery in place of dump-
ing the heat would probably not exceed $50,000. In summary, efficiency
improvements that can be justified on an economic basis are estimated to
be of the order of 0.2%; this suggests a potential maximum net plant ef-
ficiency of 35.0% for the reference conditions.

The efficiencies for the HWOCR cycle are based on the nuclear heat
balance calculation method developed by the General Flectric Company.17
Field experience with conventional units has often shown that manufac-
turer's calculational methods are on the conservative side.

A summary of the contributions to the plant thermal efficiency made

by special features of the turbine-cycle design follows:t®
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Use of 52-in. last-stage buckets instead of 43 in. +0.9%

Use of condensing auxiliary turbines instead of +0.3

motor drives

Use of hot reheat instead of cold reheat for +0.1

auxiliary turbine drives

Use of reheat instead of nonreheat +1.7

Use of moderator heat exchanger +0.3
Total +3.3%

The only items of equipment in the turbine-generator plant that re-
quire important development are the turbine (including the 52-in. last
stage buckets), the generator, and the main exciter (if rectification is
employed). The 60% extrapolation in turbine-generator size necessary
for this study follows the generally accepted conclusion both by manu-
facturer and industry that this size eguipment will be awvailable when
the demand is created. Reliability is not sc easily predicted.

The main generator was designed with the conventional brush-type ex-
citers (two one-half size units). However, brushless diode rectifier
exciters are now available in ratings up to 5800 kw for 1000-mva genera-
tors.>® A further increase to 1280 mva is considered by the manufacturers
to be feasible for the operating period of this study. One arrangement
being offeredl? that permits complete elimination of brushes, commutators,
and collector rings has the fuse wheels, diode rectifier wheel, and rotors
of the pilot exciter, ac exciter, and ac generabtor all on a single shaft.
Cutput from the rotor (armature) of the exciter is rectified by the di-
odes and fed to the rotor (field) of the ac generator by leads through
and along the directly connected shafts. Over five years operating ex-
perience to 1965 has shown less maintenance and higher reliability than
for the brush-type or conventional exciter system. Approximately 20%

"spare' in event

more than rated dicde capacity is provided to serve as
individual diode systems fault. There is, therefore, no extra rotating
equipment employed. The extra diode capacity serves this need. The ex-
citer would be provided as part of equipment furnished with the turbine-
generator unit and included in the cost in the usual manner.

The turbine-generator plant does not serve as an emergency heat dump

for the nuclear plant; hence it is not encumbered with special backup
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equipment and/or control for this purpose. Turbine steam bypass to the
main condensers is provided, however, but this is for loss of electrical
load or reactor decay heat removal after scheduled shutdown and is not
related to nuclear plant emergency requirements. Transfer of moderator
cooling to emergency cooling is independent of the feedwater system.

The use of hot reheat for steam supplied to the primary coolant
opump and feedwater pump turbine drives appears to be justified, although
cold reheat is more commonly used for auxiliary turbines. A balance of
heat exchanger costs, auxiliary turbine costs, and piping costs would
probably favor using hot reheat in the HWOCR system; however, we have
not checked this point in detail.

The cost penalty for providing a speed reducer for the boiler feed
pump is not clear, since turbine speed control can satisfy this require-
ment.

The heat balance shown in Fig. 6.10 closed with 0.15%. Steam con-
ditions and net plant efficiency for the thorium-cycle design conditions
are essentially the same as for the reference AI-CE design conditions.

As pointed out in Section 5.1, the present reactor designs do not
appear capable of producing an outlet coolant temperature of 750°F and
still meet other specified criteria. Thus, the effect on the overall
plant efficiency of changing the temperature of the steam leaving the
boiler-superheater and the reheater was evaluated.

The AI~-CE data and flowsheet were used as the basis for comparing
the different steam cycles. The total reactor heat chargeable against
the plant thermal efficiency was 3093 Mw(t). There are heat losses from
both the reactor and circulating coolant, and a reactor plant auxiliary
electric load of 12 Mw(e) must be charged against the output. The ATI-CE
estimate of performance apparently assumed 162 Mw(t) of heat available
to the steam system for feedwater heating in the D20 cooler. It has been
judged that this is more correctly 156 Mw(t). The 725/725°F cycle per-
formance was calculated based on this condition in order to give a cor-
rect basis of comparison for the 675/675°F case. As in the AI-CE esti-
mate, it was assumed that 90% of the heat equivalent of the work done by
the coolant pump is returned to the cycle. The overall results arec listed

below:
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Overall Plant

Heat Available to Efficiency Based
Steam Conditions Steam Cycle from on 3093 Mw(t)
to Turbine D50 Cooler [Mw(t)] Reactor Power (%)
936 psia—725/725°F 162 34.81
936 psia—725/725°F 156 34.78
936 psia—675/675°F 156 34,08
815 psis—650/650°F 156 33.2

The conditions given above were associated with specific outlet
coolant temperatures and particular heat exchanger design values. The
675/675°F steam conditions correspond to an outlet coolant temperature
of 700°F and a steam generator having about twice the surface area of
that given in the AI-CE design. The 650/650°F steam conditions corre-
spond to using the same size heat exchange equipment as for the 675/675°F
case with lowered feedwater temperatures in order to reduce "pinch-point”
effects. Cost information on these aspects is given in Chapter 7.

The results given above were used in our evaluation of the HWOCR
performance; specifically, with an average coolant cutlet temperature of
700°F the thermal efficiency was taken as 34.1%. An efficiency value of

33.2% was associated with an average coolant outlet temperature of 675°F.

6.11 Electrical Systems

Auxiliary power requirements for the HWOCR are relatively low because
all major pumps are turbine driven. I brushless exciters can be utilized,
there will be no motor breaker requirements greater than 1000 hp.

The system 1s organized along conventional lines and employs 4160-v
feeder breakers operating from four buses. The emergency ac and dc power

provisions described are adequate for this plant.

6.12 Service Systems

Reactor service systems are provided for spent-fuel cooling, high-
and low-temperature cooling water, nitrogen supply, carbon dioxide supply,
reactor startup steam, radicactive waste disposal, refueling machine

services, and new coolant handling. Functional reguirements and capacities
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of these systems given in the conceptual design reportl were reviewed
mainly Tor cost evaluation. We have nc particular points to question as
the result of the review that was made.

Plant service systems are comparable to equivalent systems of the

concepts considered in the advanced-converter study.2

6.13 Jite and Structures

The site for the reference plant is the AEC hypothetical Middlietown.
The features of the site have been described by the AEC.?0

Because of the position of the turbine building with respect to the
reactor building in the HWOCR plant layout, condenser cooling water inlet
lines are longer than would be the case for parallel arrangement with the
river. A rearrangment of the layout could reduce the cost of these lines
somewhat but might result in higher costs elsewhere in the system. The
savings, if any, would be too small to justify additional study of the
building arrangements.

Structures appear to be adequately sized for the systems described.
The type of construction for the turbine-generator bullding and auxiliary
bulldings is assumed to be the same for purposes of cost normalization
as for equivalent buildings in the advanced-converter study.2 However,
the reactor building is of concrete-lined welded steel-plate construction,
whereas in the advanced-converter studies most of the reactor buildings
were constructed of reinforced concrete to withstand a high internal
pressure.

The design of the turbine-generator building could be revised to re-
duce the volume. The turbine-generator equipment could be housed in a
building of the same size as the pressurized-water reactor building used

as a standard for normalization in the advanced-converter study.”

6.14 Plant Safeguards

Information presented on plant safeguards was not in sufficient de-

tail for evaluation of the adequacy of the safeguards provided. Although
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the design reportl states that an accldent analysis should consider the
possibility of large organic spills and fires inside the containment
building, with coincident use of the water-sprinkler system, no detailed
analysis i1s presented of the conseguences of such an accident. Even
though a coolant release in itself would not result in a large increase
in contairment pressure, the transfer of the large amount of heat stored
in the coolant to either the moderator or water from the spray system
has the potential of causing a contaimment pressure higher than the de~
sign value.

We considered that use of double isolation valves on all main coolant
lines penetrating the reactor building makes it feasible to locate the
steam generators outside the reactor building. However, this philosophy
may restrict this type of plant to remote sites, such as the AEC Middle-
town site assumed for this study. Although siting near urban areas was
not a reguirement in this study, consideration should be given to alter-
nate designs that might be more acceptable than the present one from this
viewpoint, such as arrangements using rultiple containment of the reactor
and associated coolant equipment. Plant safeguard requirements are de-~
pendent on the conditions associated with the maximum credible accident,

which has not been defined or investigated.
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7. CAPITAL COSTS

An evaluation of capital cost estimates for the reference uranium-~
fueled HWOCR plant was made, and capital cost differences between the
uranium-fueled plant and the two thorium-fueled reactor concepts were
estimated. The adjusted capital cost estimates we determined for the
reference designs are compared with the costs reported by AI-CE for the
uranium-fueled HWOCR plant in Table 7.1. The total direct construction
costs are essentially the same, since the cost adjustments made in ac-
counts 21, 22, and 23 offset each other. Except for the adjustment in
reactor equipment costs, the adjustments of the reported costs resulted
mainly from normalization of costs relative To the costs of the advanced-
converter concepts.t No significant changes to the design described by
AT-CE were considered in making these cost estimates. The influence of
required design changes on costs is estimated separately. Also, possible
compromises in the design to provide additional safety margins are dis-
cussed, but the effects of these compromises on capital cost were not
evaluated.

Indirect costs were based on the same percentages as those used in
the advanced-converter study. The breakdown of these percentages is
given in Table 7.1.

The capital cost estimates for the thorium-fueled concepts were ob-
tained by estimating the cost differentials associated with variations
from the reference uranium-fueled design. The direct capital cost of
the B&W nested-cylinder concept was $3.9 million lower than that of the
AT-CE uranium~fueled concept, and the direct capital cost of the BE&W pin-

cluster design was $3.2 million lower.

7.1 Capital Cost Breakdown for AI-CE Reference
Design Conditions

The breakdown of direct capital costs for the reference design was
made in accordance with the AEC clagsification of accounts. Table 7.2
compares the breakdown of costs reported by AI-CE with the adjusted costs
of this evaluation study for the reference design conditions. In arriv-

ing at the adjusted costs, correlations from the advanced~converter study
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Table 7.1.

Thermal power: 3093 Mw
Thermal efficiency: 34.8%

Estimated Total Capital Costs for 1000-Mw(e) HWOUR Reference Plant

Basis of In-

direct Cost Cost Reported AdQRNEe‘
(% of direct by AI-CE Justed
Cost
cost)
Direct construction cost
Account
21 — Structures and improvements $ 11,926,000 $ 11,463,000
22 — Reactor plant equipment 38,719,200 40,479,100
23 — Turbine-generator units 30,925,600 29,666,800
24 — Accessory electric equipment 3,345,300 3,345,300
25 — Miscellaneous power plant egquipment 785,400 785,400
Total direct construction cost $ 85,702,200 $ 85,739,600
Indirect construction cost
General and administrative 6 5,142,100 5,144,400
Subtotal $ 90, 844,300 $ 20,884,000
Miscellaneous construction 1 208, 400 908, 200
Subtotal $ 91,752,700 $ 21,792,900
Engineering design and inspection
Architectural and engineering services 5 4,587,600 4,589,600
Subtotal $ 96,340,300 $ 96,382,500
Nuclear engineering 2 1,926,800 1,927,700
Subtotal $ 98,267,100 $ 98,310,200
Startup costs: 35% of annual operating 695,400 605,400
and maintenance cost
Subtotal $ 98,872,500 $ 98,915,600
Contingency 10 9,887,200 9,891,600
TOTAL DIRECT AND INDIRECT CONSTRUCTICK COST $108,759,700 $108, 807,200
Customer cost
Investor-ocwned plant
Interest during construction 10.8 11,746,C00 11,751,200
TOTAL DEPRECIABLE CAPITAT, COST $l20,505,700 $120,558,4OO
20 — Land and land rights 360, CO0 360,000
TOTAL CAPTTAL COST $120, 865,700 $120, 918,400
Publicly owned plant
Interest during construction 7.2 7,830,700 7,834,100
TOTAL DEPRECTABLE CAPITAL COST $116, 590, 400 $116,641, 300
20 — Land and land rights 360, 000 360, 000
TOTAL CAPITAL COST 3116, 950, 400 $117,001, 300
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Table 7.2. Breakdown of Estimated Direct Construction Costs
for 1000-Mw(e) HWOCR Reference Plant

Cost Reported Ad?iﬂi@d
by AI-CE Cost
Account
20 ~ Land and land rights $ 360,000 $ 360,000
21 — Structures and improvements
211 Ground improvements 735,000 866, 000*
212 Buildings
A-212 Steam generator building 612,400 556,400a
B-212 Turbine-generator building 2,218,000 1,680, 000%
C-212 Auxiliary building 516,000 516,000
D-212 Administration building 220,000 220, 000
E-212 Fuel-handling building 531,000 531,000
F-212 Service building 127,000 127,000
G~212 Screen well 551,000 551,000
H~212 D0 service building 315,000 315,000
I-212 Pump building 603, 000 603,000
J-212 Gate house 10,000 10,000
K-212 Well pump house 2,600 2,600
Total cost, item 212 $ 5,706,000 $ 5,112, 000%
218 Stacks {(in C-212)
219 Reactor containment structure $ 5,485,000 $ 5,485,000
Total cost, account 21 $11, 926, 000 $11,463, 000?
22 — Reactor plant egquipment
221 Reactor equipment
.1 Reactor vessel 6,283,800 7,528,000%
.2 Reactor controls 474,900 474,900
.3 Reactor shielding 1,460,200 1,460,200
.4 Reactor auxiliary cooling and 837,900 837,900
heating systens
.5 Reactor plant containers (in 219)
.6 Moderator and reflector (listed
elsevhere)
.7 Reactor plant cranes and hoists 160, 500 160,500
Total cost, item 221 $ 9,217,300 $10,461, 500%
222 Heat transfer systems
.1 Reactor coolant system 4,799,000 5,202, 0007
.3 a) Steam generators 2,833,000 2,950, 000*
b) Superheaters 1,443,500 1,443,500
c) Reheaters 881,500 881,500
.4 Reactor coolant receiving, 1,286,8C0 1,286,800
supply, and treatment
.5 Reactor moderator auxiliary 1,232,200 1,232,200
systems
.6 Operating fluids 10,000 10, 000
Total cost, item 222 $12,491,000 $13,006, 000

aSpecific items adjusted.
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Table 7.2 (continued)

T
Cost Reported Ad?igged
by AI-CE Cost
22 — Reactor plant equipment (continued)
223 Wuclear fuel-handling and $ 3,182,100 $ 3,182,100
storage equipment _
225 Radiocactive waste treatment 137,500 137,500
and disposal
226 Instrumentation and control 7,461,800 7,461,800
227 PFeedwater supply and treatment 2,899,300 2,899,300
228 Steam, condensate, and feedwater 3,195,900 3,195,900
piping
229 Other reactor plant equipment 135,000 135,000
Total cost, account 22 $38,719,900 $40,479,1007
23 — Turbine-generator units
231 Turbine generators $26,291,100 $25, 473, 9007
232 Circulating-water systems 1,580, 500 1,376,CC0%
233 Condensers 2,677,100 2,440, 000%
235 Turbine plant boards, instruments, 326,900 326,900

and controls
236 Turbine plant piping (in 228)
237 Auxiliary equipment for generators 50,000 50,000
238 Other turbine plant equipment (in 232)

Total cost, account 23 $30, 925,600 $29, 666, 800%
24 — Accessory electric eguipment $ 3,345,300 $ 3,345,300
25 — Miscellaneous power plant equipment & 785,400 & 785,400

and related cost surveys were used as a check of the estimates submitted.
To further assist in this evaluation, AI-CE provided second-order break-
downs separating labor and material costs, along with backup information,
as requested, on data used in estimating costs of some of the major compo-
nents. The following discussion of our evaluation of direct costs reported
for each major account gives reasons for the adjustments we made.

The cost of ground improvements (account 211) was revised upward to

agree with the cost used in the advanced-converter study.
Building costs reported by AI-CE were checked closely with unit cost
correlations derived from the advanced-converter study. The turbine-

generator building cost (account B-212) was reduced because the building

volume of the pressurized-water reactor and other saturated-steam turbine
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plants in the advanced-converter study would be adequate for the HWOCR
plant. A slightly higher unit cost was used, however, since more recent
cost data show unit costs reported for the pressurized-water reactor
turbine~generator building to be low, even for a minimum estimate.
Correlations from studies of pressure-tube reactor costs and cost
breakdowns submitted by AI-CE and B&W on their reactor plants were used

in evaluating the reactor vessel costs (account 221.1). Unit costs re-

ported by AI-CE and B&W for fabricated SAP and Zircaloy-2 tubes (approxi-
mately $25 and $32/1b, respectively) were based on manufacturer's quota-
tions and were used in the adjusted cost estimate. However, the costs
for assembly and other material charges were estimated to be some 30%
higher than the AI~-CE reported values. OQur estimates of the calandria
vessel and shields agreed clesely with those reported by AI-CE.

We found little related cost information that could be applied to

check the reported cost of reactor controls (account 221.2). The designs

of both the regulating controls and shutdown rods are simple, and it seems
reasonable to assume that they can be built for the costs reported. The
necessity to change to a more sophisticated control rod system would sig-
nificantly increase the cost in the subaccount.*

We agreed with costs reported for the reactor coolant system (ac-

count 221.1) except that the cost of the reduction gear for the turbine-
pump assembly did not appear to be accounted for. The cost was adjusted
to account for this assembly.

Our calculations indicated that the heat transfer area of the steam
generators (account 222.3a) could be reduced, but we estimated unit costs
to be about $19/ft? instead of the unit cost of $15/ft* of the AI-CE
estimate. The net result was a small increase in the cost of these units.

AT-CE estimates of the refueling machine (in account 223) were based

on the cost of similar Canadian units and were used as reported.

¥The demonstration plant design2 has 64 three-rod~cluster power-
control rods as compared with 9 four-rocd and 8 three-rod clusters in the
reference plant. Based on a scaleup of the demonstration plant control
rod system design and costs, we estimate that costs in this subaccount
for the 1000-Mw(e) reactor controls would be increased more than one
million dollars over the amount shown in Table 7.2.
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The cost of equipment for radioactive washe treabment and disposal

(account 225) appears low when compared with costs for similar systems
for other large reactors, but it seems consistent with the simplicity of
the system described in the conceptual design report. Thus we made no
adjustment to the reported cost.

Instrumentation and control (account 226) costs were reviewed and

checked against other cost data. The reported costs are believed to be
conservative for this concept, even though modifications to the proposed
control scheme appear to be required.

Costs of feedwater supply and treatment (account 227) and steam con-

densate and feedwater piping were estimated and found to agree closely

with those reported by AI-CE.
In the advanced-converter study, estimated list prices of fturbine-

generator units (account 231) were discounted 22% to arrive at the ad-

justed costs. The cost of the turbine-generator unit for the HWOCR was
obtained by AI-CE as a budgetary quote from Westinghouse for the selling
price of a unit of this type and rating. It is assumed that Westinghouse
applied a discount, but the amount of discount 1s not known. Due to the
special design features of this unit, a probable selling price cannot be
developed with much accuracy from existing price tables. Therefore, we
made no adjustment to the reported cost for the fturbine-generator units.

The cost of the exciter is included as part of the cost of the
turbine-generator units and, in this case, it is assumed a brushless de-
sign with spare built-in capacity would be provided. The spare unit
called for in the reference design would therefore be eliminated. The
cost for this account was thus adjusted by subtracting the cost of the
spare exciter and reducing the foundation and installation costs.

The circulating water system (account 232) costs were normalized to

be consistent with the costs of this system in the advanced-converter
study.

Normalization of the condenser (account 233) costs resulbted in a 9%
reduction in the cost reported for this account.

We agreed with other costs reported under account 23 and satisfac-

torily checked costs reported for accounts 24 and 25.



215

7.2 Capital Cost Normalization of B&W Concepts

The principal differences between concepts proposed by B&W for the
thorium-fueled reactors and the reference AI-CE concept that affect costs

are the following:

1. The reactor vessels for the BE&W concepts are smaller in diameter
because of fewer fuel channels but are longer than the AI-CE vesgsel. The
B&W reactor calandria and process tubes are longer and larger in diameter
than the ATI-CE reactor tubes.

2. B&W proposes single-direction coolant flow and on-power refuel-
ing from one end instead of bidirectional flow and refueling from both
ends ag in the AI-CE reference plant concept.

2. Because of a higher coolant temperature rise and greater pres-
sure drop across the core, the B&W concepts require about 0.8 of the
coolant flow and 0.9 of the pumping power reguired by the AI-CE concept.
The B&W concepts require steam generators about 30% larger in order to
produce steam at the same pressure and temperature as in the reference
design.

Estimated direct capital cost differences associated with these de-

sign variations are compared in Table 7.3. These differences were

Table 7.3. Capital Cost Differences Between
AT-CE and BEW Designs
Adjusted Cost Differential
Account Ttem BI-CE B&W Wested-  B&W Pin-
Base R

Cost Cylinder Cluster

Design Design
A212 Steam generator building $ 556,400 $ +108,000 $ +108,000
219 Reactor containment structure 5,485,000 —450, 000 —450, 000
221.1 Reactor vesszl and shields 8,988,200 ~2,481,000 -1, 942,800

and
221.3
221.2 Reactor controls 474, 900 ~94, 900 ~04, 900
222.1 Reactor coolant system 5,202,000 —330, 000 ~330, 000
222.3a  Steam generators 2,950,000 +600, 000 +600, 000
222.3b  Superheaters 1,443,500 +26, 500 +26,500
223 Nuclear fuel-handling and 3,182,100 —602,100 ~602,100
storage equipment

226 Instrumentation and control 7,461,800 -665, C00 540, 000
Net direct capital cost $-3,888,500  $~3,225,300

difference
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determined from normalizations of cost to the reference design conditiocns
according to assumptions discussed below.

The B&W steam generator building (account 212) would be larger to

accommodate larger steam generators. The reference design unit cost was
used to make the adjustment for the increased bullding volume.

It was estimated that the reactor containment structure (account 219)

could be reduced gabout 5 ft in diameter because of the more compact header
arrangements of the B&W design. Tt is not clear how much reduction in
height would be realized because of refueling from one end. Space re-
gquirements for fuel storage and for moderator facilities would be eguiva-
lent in all designs. More detailed layout studies would he necessary to
determine minimum containment height for the B&W concepts; however, a
reduction of 15 ft was assumed for this estimate. With the reduced vol-
ume, the contalnment vessel would be reguired to withstand a higher in-
ternal pressure for the same accident conditions and thus have a thicker
steel shell than the base design.

A differential cost of $450,000 less was estimated for net changes
in substructure, pressure vessel, and internal concrete.

The end shields (account 221.3) for the B&W concepts are integral

parts of the reactor vessel (account 221.1) but are separate components

in the AI-CE reference design. TFor the purpose of cost normalization,

the end closures were considered as being part of the reactor vessel,

and the remainder was considered in the shielding costs. A summary of
the normalized cost comparison of reactor vessels and shields is shown

in Table 7.4. Side shields were assumed to be required for both concepts.

Differences in reactor control (account 221.2) requirements were not

defined. An arbitrary reduction of 20% was assumed because of the fewer
nurber of process tubes and control zones.

The reactor coolant system cost {account 221.1) was adjusted to ac~

count for reduced pumping regquirements. Differential pump costs were
evaluated at $65/bhp.

The normalized cost of steam generators (account 223.a) was deter-
mined on a differential basis; it was scaled by the 0.7 power of size.

This resulted in a differential cost addition of about $600,000 for the
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Table 7.4. Summary of Normalized Cost of Reactor
Vessels and Shields — Accounts 221.1 and 221.3

AT-CE BEW Designs
Design
Adjusted Nested Cylinder  Pin Cluster

Vessel $ 966,500 $ 827,500 $ 845,500
Channel assernblies 5,195,500 3,638,700 4,076,900
Pigtails and headers 1,366,000 1,068,000 1,121,000
Shields 1,460,200 973,000 1,002,000

Total $8, 988, 200 $6, 507,200 $7,045,400
Difference Base $~2,481,000 $-1, 942, 800

B&W concepts. The minor increase in superheater area was costed (account
223.b) at the base case value of $14.80/ft2,

The single fuel-handling machine cost (account 223 — nuclesr fuel-

handling and storage equipment was arbitrarily taken at 80% of the re-
ported cost for the two machines in the reference plant. There was not
enough detailed information to identify cost differences for this ac-
count more accurately; however, since the storage length was relatively
long and much more fuel handling was involved than for the AI-CE mecha~
nism, improved reliability was required.

Reactor plant instrumentation (account 226) for the reference plant
is estimated to cost $4,310,000, of which about $1,200,000 is for the

computer complex. The difference of $3,110,000 was adjusted for reactor
volumes and number of fuel channels to arrive at the estimated costs for

the B&W concepts.

7.3 Moderator and Coolant Investment

A summary of moderator and coolant inventories and corresponding
investments for the uranium- and thorium-fueled HWOCR designs is given
in Table 7.5. Coolant inventories reported for the uwranium-fueled de-

sign were assumed to be applicable to all three concepts.
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Table 7.5, Moderator and Coolant Investments

o B&W Pin- B&W Nested-
AT-CE L .
o Cluster Cylinder
Uranium- . .
Faeled Thorium- Thorium-
. Fueled Fueled
Design . .
= Design Design
Calandria D,0 inventory, 1b 588, 600 567,000 555, 000
Moderatior auxiliaries D0 66, 000 66,000 66,000
inventory, 1b
Total D20 inventory, 1b 654,000 633,000 621,000
Total DpC investment, $ 13,080,000 12,660,000 12,420,000
Coolant inventory, 1b 2,300,000 2,300,000 2,300,000
Coolant investment, $ 276,000 276,000 276,000

7.4 Cost Uncertainties

There are a number of difficulties in interpreting design require-
ments that can introduce cost uncertainties, aside from the uncertainties
associated with normal estimating inaccuracies. Some specific items in
question are
1. the additional cost of reactor containment if pressure suppression
1s required,

2. the special tools and services required for emergency operations
which were not fully evaluated in this conceptual study,

3. ‘the cost of the instrumentation and conbrol systems required to ade-
quately control an HWOCR with a positive temperature coefficient of

reactivity,*

*Although this cost cannot he specified reliably without much more
investigation, it 1s clear that a sophisticated control system is re-
guired. The total money provided for instrumentation, control rods, and
drives is believed more than adequate based on needs specified by the
design sponsor; considering our suggested changes, the funds allocated
appear sufficient to cover the instrumentation and control needs. How-
ever, safety considerations, maximum-credible-accident studies, and
associated containment requirements need to be investigated in detaill,
and results of these studies could influence reactor costs.
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4. the reliability of on-line refueling and fuel-handing equipment rela-
tive to maintaining a high load factor,

5. the turbine-generator costs, which may not have been discounted to
the same extent as the turbine-generator costs used in the advanced-

converter study.

7.5 Effect of Recommended Design Changes on
Estimates of Capital Costs

The design changes that appear necessary for plant feasibility have
an influence on the cost estimates; the most significant one relative to
power costs is the lower coolant temperature required because of heat
transfer, fluld flow, and fouling considerations. It is estimated that
for the specified design conditions, the fuel surface temperature is
about 880°F with no fouling film present, and the temperature drop through
the fouling film associated with fuel at the maximum surface temperature
will raise the maximum fuel temperature an additional 25 to 50°F. While
the influence of these factors can be incorporated in several ways, the
most direct is to consider a change in coolant temperature for essentially
the same design. Under such conditions the reactor inlet and outlet tem-
peratures would be lowered, and the steam conditions would be those given
previously in Chapter 6. The thermal efficiency of the plant would then
drop from 34.8 to about 33.2 to 34.1%. The above changes in temperatures
would be accompanied by an increase in heat exchanger sizes in order to
minimize changes in steam conditions. We estimate that decreasing the
outlet coolant temperature from 750 to 700°F would increase the direct
costs of the heat exchangers and agssociated equipment about $2,500,000
and lead to a plant thermal efficiency of 34.1%. By taking into con-
sideration the direct costs plus indirect costs for the above items, the
adjusted cost estimate in Table 7.1, and the change in thermal efficiency,
our lower estimate of capital costs for the AT-CE plant is $124,400,000
for a plant producing 1052 Mw(e) or $118/kw(e) for an investor-owned
plant; the corresponding number for a publicly owned plant is $ll4/kw(e).

Based on an outlet coolant temperature of 675°F, the thermal effi-

ciency would be reduced to 33.2%, and the capital costs would remain as
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adjusted above (increasing the size of the heat exchanger beyond that
considered above does not appear to be advantageous because of transpor-
tation limitations). Under these circumstances, the capital costs for
the AI-CZ design correspond to $l2l/kw(e) for investor-owned plants and
$117/kw(e) for publicly owned plants.

Similar changes in heat exchanger costs and thermal conditions apply
to the B&W designs. However, the situation is more involved, since the
power-peaking Tactors in the thorium-fueled cases can be improved by using
an "out-in" type of fueling scheme. Such a change is feasible, bul a new
design study would be required to determine the design parameter values
that would apply. Also, using bidirectional coolant flow lowers peak
temperatures; we consider such coolant flow desirable and applicable.

For the B&W nested-cylinder fuel design, the outlet organic coolant
temperature is estimated to be 675 to 700°F. For such conditions the
heat exchanger systems would be enlarged above the base case to maintain
a high thermal efficiency for the plant. The associated changes in cool-
ant temperatures and heat exchanger sizes are estimated to add about
$1,800,000 to the direct costs given in Table 7.3, while the asscciated
increase in coolant pumping requirements would add about $500,000. Thus
the direct cost changes given in Table 7.3 for the nested-cylinder design
would be increased by $2,300,000. Applying indirect costs and the ORNL
adjusted costs of Table 7.1 gives total capital costs of $118,700,000 for
an investor-owned plant. The associated thermal efficiency would be in
the vange of 33.2 to 34.1% and would give unit costs of $113 to 116/kw(e)
for the B&8W investor-owned nested-cylinder reactor. Based on public
ownership accounting, the unit capital costs would be in the range $109
to 112/kw(e).

Similarly, the total capital costs for the B&W pin-cluster design
would be $119,600,000 for investor-owned utilities and $115,700,000 for
publicly owned plants. The outlet coolant temperature would be 660 to
690°F and would give an estimated plant thermal efficiency in the range
of 32.5 to 33.9%. The unit capital costs for the B&W pin-cluster design
would then be $114 to ll9/kw(e) for investor-owned plants and $110 to
115/kw(e) for publicly owned facilities.
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The above estimates of capital costs for 1000-Mw(e) stations are
summarized in Table 7.6. These costs are based on requirements of a
feagible system; they imply that special features of the plant will be

successfully demonstrated through the development programs now in prog-

ress.
Table 7.6. Summary of Unit Capital Cost Bstimates
for 1000-Mw(e) HWOCR Plants
Total Capital Costs [$/kw(e)]
Investor-Owned Publicly Owned
Plant Plant
AT~CE design, uranium cycle 118—121 114~117
B&W design, thorium cycle
Cxide fuel 114-119 110-115
Metal fuel 113116 109-112
References
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sistent with the total operation and malintenance costs used for the ad-
vanced.-converter comparisons.l We have no general basis for modifying
the costs as presented for this evaluation study, but we recommend that
mnore detalled evaluatiocons and breakdowns of these costs be made 25 opera-
tion and equipment maintenance requirements bacome better established.

The breakdown of operation and maintenance costs is listed below:

Annual Cost

Total payroll $ 680,000
Repair and maintenance materials 1,050,000

and contract services
Insurance 353,000
Coolant makeup cost# 168,000
Heavy-water makeup cost 73,000
Total $2,324,000

The total payroll cost reported above is based on a permanent stafl
of about 70 people with an allowance of 25% for payroll fringe bencfits
and 20% for general and administrative expense. Although these costs
are consistent with the values used in the advanced-converter study, we
now believe the staff cost to be underestimated by as much as 30 to 404,
based on preliminary information in Brookhaven National Iaboratory's
proposed revision to Section 530 of the AEC "Guide to Nuclear Power Cost
Evaluation. "2 Tneressing the total payroll cost by 35% increases the
total cost figure in the above tabulation from $2,324,000 to $2,562,000.
Under the above circumstances, the operation and maintenance cost contri-
bution to power production cost increases from 0.332 to 0.366 mill/kwhr(e).

The costs assoclated with coolant makeup and heavy-water losses are
nearly the same for the uranium- and thorium-fueled reactors, so conly a
single value is considered here. The cost for coolant makeup depends on

the successful development of a catalytic hydrocracker to produce coolant

*Pased on 0.8 load factor and coolant cost of 12¢/1b.
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of the required properties. The coolant makeup costs are based on re-
quirements of 200 1b/hr at full-power operation; the heavy-water losses
are estimated to be 0.56% of the total D,0 inventory per year.

References

1. M. W. Rosenthal et al., A Comparative Evaluation of Advanced Conver-
ters, USAEC Report ORNI-3686, Oak Ridge National Taboratory, January
1965.

2. Guide to Nuclear Power Cost Evaluation, USAEC Report TID-7025,

Mar. 15, 1962.



9. ZUEL PREPARATION COST

i

Fuel preparation consists of those operations necegsary to convert
makeup and/or recycle material to the proper chemical ana ohysical form
needed for fuel fabrication. The complexity of these operations varies
with the fuel cycle envisioned. Fuel preparation is cefined here tc in-
clude the preparation of ceramic-grade oxide powder, arc-fused oxide frag-
ments, sol-gel oxide fragmenits, sol-gel oxide fragments containing carbon,
thoriun-metal powder or sponge, or uranium-metal billets, as appropriate.

o

The preparation of UC from ceramic-grace oxide is not considered here but
is included in fuel fabricatior {Chapt. 10).

Fuel material preparation for the proposed AI-CE UC-fueled reactor
consists of the conversion of slightly enriched UFg to UOp. Normal pro-
cessing methods for feed material production may be used for this conver-
sion. No recycle of plutonium or depleted uranium is considered.

B&W congidered two alternate fucls in thelr studies; namely, urania-
thoria in clustered SAP-clad pins cor uranium-thoriur metal in Zircaloy-
clad nesbted cylinders. Fuel preparation consists of conversion of par-
tially decontaminated nitrate product solutions from the reprocessing plant
to urania-thoria for the pirs or tc pressed thorium powder and uranium
billets for the nested cylinders. Makecup uranium of high enrichment is
converted from UFg to purified UOs3 for the oxide cycle cr to UF, for the
metal cycle. The appropriate compound is then added to the single "sol-
gel” line reguired for urania-thoria preparation or to the metal line.
Thorium compounds (as purchased) way be added directly to these alternate
fuel~preparation lines. The chemical conversion cf recycle thorium and

2337 yeguives remobe operations in a highly shielded facility.
g P gnly N

2.1 ZIstimating Method

The total estimated cost of production is the sum of the direct oper-
ating costs and a capital charge of 22% or 15% per year on the total esti-

mated capital ccst.
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The steps in obtaining the estimated capital cost are to

1. Dprepare process flowsheet,

2. size individual process egquipment items,

3. size building to house process equipment,
estimate cost of installed process equipment items and the building,
including normal services, and

5. estimate complete cogt by multiplying item 4 costs by factors that
take into account the requirements for a complete plant.

Operating costs are based on the required staff, overhead, and other
needs, such as chemicals, other supplies, services, and utilities.

The fuel preparation plant 1s considered to be an integral portion of
the processing-fabrication facility. An onstream factor of 260 days per
year 18 assumed. The preparation plant is assumed to share items such as
site, service, and utility services, as well as certain manpower, with the
reprocessing or fabrication plants as appropriate, and this is reflected

in estimated costs.

9.2 UFg-to0-U0, Conversion for AI-CE Fuel

The AI-CE fuel cycle starts with slightly enriched UFg, and the fuel
preparation step provides for the conversion of this material to ceramic-
grade UOz. In estimating the cost of fuel preparation, the process was
subdivided as follows:

1. UFg is oxidized to Us30g by reaction with steam at 500°F, followed
by pyrohydrolysis in a propane-oxygen flame.

2. The impure U30g is dissolved in nitric acid, passed through a
solvent extraction cycle, and converted to U0z by steam denitration.

3. UQs is converted to UG, by hydrogen reduction in a fluid bed.

The estimated costs for the installed equipment and direct operations
for steps (1) and (2) are taken directly from a previous study.l New es-
timates were made for step (3). All three steps are performed in the
same building. Tagble 9.1 summarizes the costs for these operations, in-

cluding bpuilding, auxiliaries, operating, and service costs.
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Table 2.1. Estimated Cost of Converting UFg to UG, for AI-CE Fuel

Ttem

1-MT/Day Plant

10-M7/Day Plant

Plant costs, $
Installed equipment

UFg to Us0g
U308 to UO3
UO3 to U02

Subtotal
Building
Total physical cost

With yard improvements (15%)
With construction overhead
(307)
With architect~engineecr fees
(15%)
Total estimated capital cost
(with 10% contingency)
Unit operating costs, $/kg
Direct operating costs
Ul'g to Us0g
Us0g to UO3
U053 to U0,
Subtotal
Capital charges
At 22% per year
At 15% per year
Total estimated cost

At 22%
At 15%

172,000
626,000
427,000

1,225,000

518,000

1,743,000

2,004,000
2,605,000

2,99, 000

3,295,000

0.67
1.52
1.43

3.62

787,000
1,783,000
1,467,000

4,037,000

1,110,000
5,147,000

5,919,000
7,695,000

8, 849, 000

9,732,000

1.84
1.58
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9.3 Preparation of Thorium Fuels for B&W Designs

Preparation of the two B&W fuels consists essentially of (1) conver-
sion of partially decontaminated nitrate product solutions from the re-
processing plant to urania-thoria or to pressed thorium-metal powder and
uranium billets, and (2) conversion of makeup UFg to purified UO3 or to
UF'y.

The reprocessing plant consists of a single-cycle solvent extraction
unit. Conversicn of the recovered nitrate products to the form desired
for fabrication requires remote operations in a highly shielded canyon.
The required makeup 2357 is converted to the desired form in a nonshielded
area; the resulting material is then added to the remote-operations fa-
cility at {the appropriate step.

In estimating the cost for the oxide facility, an earlier estimate?
was used, along with modifications. The principal changes were increases
in the factors converting total physical cost to total capital cost, an
increase in labor overhead to 100%, and a decrease in operating time to
260 onstream days per year. The results are swumarized in Table 9.2.

The metal-fuel facility consists of a heavily shielded thorium-

3

metal powder line based on the Nuclear Fuel Serviceg” approach and an

Table 9.2. Preparation Costs for B&W Oxide Fuel

Item 1~MT/Day Plant  4-MI/Day Plant

Capital cost

Total, $ 5,819,000 10,973,000

$/yr at 22% per year capital charge 1,280,000 2,414,000

$/kg for 260 days per year 4.92 2.32

$/kg at 15% per year capital charge 3.35 1.58
Operating cost

Direct, $/kg 4.83 1.98
Total

$/kg at 22% 9.75 4.30

$/kg at 15% 8.18 3.56
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enr:ched-uranium billet line based on information from Y-12.% Table 9.3
summarizes the fuel preparation costs assoclated with the required Tacili~

ties.

Table 9.32. Preparation Costs for BEW Metal Fuel

Item 1-MI/Day Plant  4-MT/Day Plant

Capital cost

Total, $ 6,837,000 12,126,000

$/yr at 22% per year capital charge 1,504,000 2,668,000

$/kg for 260 days per year 5.78 2.56

$/kg at 15% per year capital charge 3.94 1.74
Operating cost

Direct, $/ke 7,71 434
Total

$/kg at 22% 13.49 6.90

$/kg at 15% 11.65 6.08

9.4  Summary

Table 9.4 summarizes the estimated preparation costs for the fuels
and conditions considered. The reported point estimates may be connected
by a straight line on a log-log graph to obtain the costs for fuel through-
put rates different than those investigated; the resulting graph is given
in Fig. 9.1.

In the advanced-converter evaluation,5 fuel preparation costs were
based on a "cold sol-gel” process and were included as part of the fabri-
cation costs. To make a compariscon of the above results with those of the
advanced-converter study, the fuel preparation costs used in the advanced-
converter study have been identified.® These are given in Table 9.5 based
on use of "cold sol-gel" oxide preparation. Metallic fuel was not con~
sidered in the advanced-converter study, so no associated costs can be

given.
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Table 9.4. Summary of Estimated Fuel Preparation Costs

Annual Costs ($/kg)
Capital
Charge 1-MT/Day  4-MT/Day  10-MT/Day
(%) Plant Plant Plant
AT-CE fuel 22 6.41 1.84
15 5.52 1.58
B&W fuel
Urania-thoria 22 9.75 4.30
15 8.18 3.56
Uranium-thorium 22 13.49 6.90
15 11.65 6.08
ORNL~DWG 66--7A
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Fig. 2.1. FEstimated Fuel Preparation Costs as Function of Produc-
tion Rate.
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Table 9.5. Zstimated Costs for FProducing Oxide Fuels
Based on 22% Annual Capital Charge Rate and Costs
Given in Advanced-Converter Evaluation

/1o
J

Fuel Costs (8/kg)

1-MT/Day Plant  10-MI/Day Plant

AT~-CE 10.61 3.13
B&W with oxide fuel 6.50 1.71
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10. FUEL FABRICATION COSTS

10.1 General Procedure for Cost Estimating

The method of estimating fuel fabrication costs for this evaluation
is consistent with and similar to that used in the advanced-converter

1 In brief, this method makes use of a computer program to

evaluation.
perform the many calculations required in estimating fabrication costs.
Both operating and capital costs are stored in the program for performing
each step of the fabrication process over a wide range of production rates.
Costs of tubing, end caps, and other items of fuel element hardware are
specified, with values covering the ranges of physical dimensions, quality
level, and procurement rates required for different evaluatilons. Input
data for each particular case include a specification of the fuel element
parameters, the febrication process selected, rate of capital amortiza-
tion, an estimated reject rate, a plant utilization factor, and the pro-
duction rates of interest. The computer program then selects the appro-
priate cost for each step of the process and accumulates and manipulates
these costs for each specified set of conditions to calculate the Tuel
fabrication cost in dollars per kilogram of heavy metal.

In this study, fabrication costs are divided into three principal
parts: operating expenses, capital charges, and hardware costs. Costs
of fuel preparation, which were included in fabrication in the advanced-
converter evaluation, are given in Chapter 9. The general ground rules

used in estimating fabrication costs are given in Chapter 2.

10.2 Fabrication Costs for AI-CE Fuel

The AI-CE uranium carbide fuel assembly is described in Chapter 3.
The fuel fabrication flowsheet that would be associated with the AI-CE
agsembly is shown in Fig. 10.1. TInput material to the fabrication plant
is ceramic-grade U0 supplied by the fuel preparation plant; the output
of the fabrication plant would be fuel assemblies packaged for shipment.

The fuel production rate reguired in the fabrication plant for ref-

erence conditions is 3475 kg of uranium per day; this corresponds to a
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fuel exposure of 15,000 Mwd per metric ton of uranium, a reactor on-line
factor of 0.8, operaticn of the fabrication plant 260 days per year, and
furnishing the fueling needs of a 15,000-Mw(e) industry. This scale of
production is a large extrapolation of existing technology and experience;
thus, the cost estimates obtained are based primarily or engineering esti-
mates and judgments. A major unknown is the future price of SAP cladding
for large crders. Based on information supplied by AIL-CE, B&W, other
sources, and cur own interpretations, an average SAP price of $1.95 per
foot of tubing was assigned to the AIL-CE fuel element.

The estimated fuel fabrication cost for AI-CE fuel assembliecs at vari-
ous production rates is shown in Fig. 10.2 for equilibrium-fueled cores.

For a production rate of 3475 kg per day and a 22% per year fixed charge
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rate, the Tabrication cost breakdown is that given below:

Cost ($/kg
of uranium)

Capital charges 8.50
Operating expenses 13.46
Hardware coats 6.46

Total 28.42

Since the initial core of the AI-CE design uses fuel of nine dif-
ferent enrvichments, fabrication of the initial cores would involve losses
of time for changing over from one enrichment to another. Additional work
would also be involved in identification and materials control. Tor these
reasons, a penalty of 10% was assigned to the operating costs of the plant
when fabricating initial cores; the resulting initial core fabrication

costs are given in Fig. 10.3.

10.3 Fabrication Costs for B&W Fuels

The two B&W thorium fuel assembly designs are described in Chapter 3.
The fuel fabrication flow sheet for the oxide-containing assembly is shown
in Fig. 10.4, and Fig. 10.5 gives the same information for the metallic
fuel assembly. DMaterial fed to the fabrication plant ig sol-gel-produced
high-density thoria-urania fragments for the oxide fuel and thorium powder
briguettes and fully enriched uranium metal for the metsllic fuel. For
both fuels, output of the fabrication plant consists of fuel assemblies
packaged for shipment.

The fuel fabrication rate required for the reference conditions is
2590 kg of heavy metal per day; this 1s based on a fuel exposure of 20,000
Mwd per metric ton of heavy metal, a reactor load factor of 0.8, operation
of the fabrication plant for 260 days per year, and furnishing the fueling
needs of a 15,000-Mw(e) industry.

The above production rate, when fabricating virgin material, is not
so large an extrapolation of current experience as that for the carbide
fuel. The major area of extrapolation for fabrication of the thorium

cores is the large-scale application of remote operations required Tor
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recycle fuel. While vibratory compaction of sol-gel thoria-urania fuel

has been performed in ORNL's Kilorod 1«“8.(:ility2"4 and B&W has evaluated the
process on a pilot~plant scale in a hooded facility,5 there is no experi-
ence to date with a remotely operated fabrication plant of the type en-
visioned. However, a detailed engineering design of both facilities and
equipment for remote Tfabrication was made for the Thorium Uranium Recycle
Facility (TURF) at ORNL.® In addition, design studies and evaluation of
factors involved in plant extrapolations have been done extensively in
other work at ORNL. Thus, the projection of fabrication costs in remotely
operated large-gscale plants for oxide fuels appears reasonably well founded.

The coextrusion of uranium metal with Zircaloy cladding on a produc-
tion basis has been done successfully for a number of years. Also,
thorium-uranium alloys have been coextruded with Zircaloy cladding at
Hanford” and by Nuclear Metals, Inc., for Savannah River Laboratory.8
There is no experience, however, relative to "remote'" fabrication by this
procegs. Therefore, the accuracy cf the cost estimate for the metallic
fuel assembly is probably less than that for the oxide pin assembly.

The price of SAP cladding for the oxide pin design was considered to
be $L.57/ft. This price is consistent with that used for the AI-CE car-
bide fuel cladding. Due to the smaller pin diameter and Ffewer fins (6
versus 12), cladding cost per foobt of length is 20% less for the oxide
pin design.

Estimated fabrication costs for the oxide fuel design are given in
Fig. 10.6, and those for the metal fuel design are shown in Fig. 10.7.

For the reference conditions of 2590 kg per day production and a 22% per
year fixed charge rate, the cost breakdown is as follows:

Unit Cost (%/kg
of heavy metal)

Metal Oxide
Capital charges 15.07 21.31
Operating expenses  10.81 18.58
Hardware costs 16.27 23.63

Total 42.15 63.52
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Our estlmate of the fuel fabrication cost for the metallic fuel as-
semblies is in reasonable agreement with the B&W estimate. However, our
egtimate for the oxide fuel is substantially higher than that reported by
B&W. There are three major items associated with these different esgti-
mates. BAEW has estimated a lower unit fabrication time, less operating
cost per operator man-year, and less capital ianvestment than allowed for
in the ORLL estimate. In recent discussions, the difference in operating
cost per operator man-year has been resolved in favor of our value; how-
ever, the differences in the other items still exist. With regard to re-
quired unit fabrication time, a Judgment 1s required, since actual ex-
perience is lacking. We estimate higher required times than does B&W.
The capital cost difference is associated with capital cost estimates
themselves and alsc with the type of fuel-recycle facility. Our esti-
mates are based on separate fuel processing and fabrication plants lo-
cated at the same site. R&W considered an integrated processing-Tfavri-
cation complex with shared manpower, facilities, and services. We agree
that under such circumstances there would be cost savings relative to
fabrication costs; however, the ground rules for this study did not con-
gider this gituation. If an integrated facility were used, we would re-
duce our Tabrication cost estimates, but we doubt whether they could be

reduced as much as $10/kg of heavy metal.

10.4 sSumrary

An overall comparison of the estimated fabrication costs per kilogram
of heavy metal for the three designs, based on reference conditions, is
given in Fig. 10.8. 7The specific design parameters associated with the
different fuel assemblies are given in Table 10.1. On a relative basis,
the coxide pin design is "penalized"” by its small fuel diameter and low
fuel density. The metal fuel design is likewise "penalized" by its thin
fuel section and low dengity relative to that of uranium carbide. The
carbide fuel design has relative cost advantages due to the high fuel den-
sity and large pin diameter; both these factors contribute to a high fuel
loading per unit length, which decreases the number of fuel-bearing com-

ponents per unit weight of fuel material.



Table 10.1. Comparison of Fuel Element Parameters and Fuel Fabrication Costs

AT-CE UC Fuel

B&W Th-U Alloy Fuel

B&W
soee pra (Tlﬁuifioz Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

Fuel dimensions

Outside diameter, in. 0.472 0.275 G.316 2.606 3.11%6 3.638 4,176 4.750

Inside diameter, in. 2.406 2.916 3.438 3.976 4.550

Length, in. 41.5 41.5 44 48 48 48 48 48

Thickness, in. G.100 0.100 0.10C 0.10C 0.10C
Fuel density

Theoretical, g/cc 13.4 13.4  10.0 11.85

Attained, % 100 100 8a 100
Fuel per piece, kg of heavy metal L.52 C.52 C.bh 7 .34 8.83 10.36 11.9% 13.62
Fuel per foot, kg of heavy metal 0.44 .15 C.12 1.84 2.21 .59 2.99 3.41
Nunber of rods (rings) per assembly 31 6 66 1 1 il 1 1
Fuel per assembly, kg of heavy metal 50.09 29.07 52,09
Fuel element autoclaved No No Yes
Type of fabrication Hoode Remote Remote
Fuel fabrication cost, $/kg of 28.4 63.5 42.1

heavy metal

6ee
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Cores Based on Fixed Charge Rate of 22% per Year.

Table 10.2. TFuel Fabrication Cost Per Core for
Fabrication Plant Capacities Associated with
Different Burnup levels

Fixed charge rate:

22% per year

Fabrication Cost

Fuel Burnup Fuel per Core® 8/ 6
Tat e I kg of 10° §
Material (Mwa/MT) (kg of heavy metal) Heavy por
Metal Core
Uranium carbide 15,000P 123,000 28.41 3.5
Th-U metal 20, 000P 93,400 42.14 3.9
Th-U oxide 20,000 58,160 63.50 3.7
Uranium carbide 15, 000P 123,000 28.41 3.5
Th-U metal 15,000 93, 400 37.25 3.5
Th-U oxide 15,000 58,160 60.00 3.5
Uranium carbide 20,000 123,000 30.50 3.8
Th-U metal 20, 000P 93,400 42.14 3.9
Th-U oxide 20, 000P 58,160 63.40 3.7

aSpecified by sponsor.

b . o . . .
Burnup specified by sponsors; this value determines fabrica-
tion plant capacity.
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These results show that for the three fuel assembly designs evaluated,
the fabrication cost per kilogram of heavy metal is least for the carbide
(%28.42), intermediate for the metal ($42.15), and greatest for the oxide
($63.52). However, when converted to a fabrication cost per reactor core,
the spread in cost is within 12% at reference design conditions because of
the large differences in quantity of fuel for the different cores. If an
exposure of 15,000 de/MT is assumed to apply to each of the fuels, the
fabrication costs per core are essentially the same. If an exposure of
20,000 de/MT is assumed for each of the fuels, the cost per core is within

6%. These points are illustrated in Table 10.2.
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11. SPENT-FUEL PROCESSING COSTS

The HWOCR fuel-processing costs were estimated on two bases: one
was exactly the same as that used for the advanced converter evaluation,?®
and the other was a revised basis that 1s felt to be more realistic. The
estimates obltained on the latter basis were used in this evaluation.

The HWOCR estimates are presented in Tables 11.1 and 11.2 for the
reference-burnup throughputs on both 0ld and new bases. They are not
very different from the numbers for the corresponding HWR-U and HWR-Th
cases (see Appendix G), except that the higher thermal efficiency of the
HWOCR requires lower fuel throughput for the same power generation and,
hence, lower total costs. Comparison of fuel-processing costs for ad-
vanced converters other than the HWOCR on the old and new bases are given

in Appendix G.

11.1 Cost Bases and Assumptions

The advanced converter evaluation estimates were based on Du Pont
estimates for 0.907- and 9.07-MT/day remote-maintenance processing plants,?
with adjustments estimated by us to cover escalation and competitive con-
ditions, differences in head-end treatment, throughput rates (fertile,
fissile, and fission product), and cost items not included in the original
estimates (land, startup costs, working capital, and ultimate disposal
of radiocactive wastes). The revised estimates are based on Du Pont esti-
mates for a 9.07-MI/day limited-maintenance processing plant,? plus new
Du Pont estimates made for the HWOCR evaluation,4’5 and also on our in-
terpretation and evaeluation of published Nuclear Fuel Services (NFS) capi-
tal and operating costs for a l.O-MT/day limited-maintenance plant.6:7 We
have modified these basic estimates by adjusting them to the same basis
with respect to escalation, competition, head-end treatment requirements,
throughput rates, land, startup, working capital, and ultimate waste dis-
posal. For ultimate waste disposal costs we have used 1965 ORNL Chemi-
cal Technology Division estimates®r? rather than those used in earlier

studies, 19



Table 11.1. Spent-Fuel Processing Cost Estimates for HWOCR-U Evaluation

Basis: $Single-purpose processing plants serving 15 reactors of

a given concept; 1000 Mw(e) each; 0.8 load factor;

34.1% thermal efficiency

Previous Basisa

Revised Basis

Burnup, Mwd/MT
Throughput, MT/yT
Processing days per year
Processing rate, MT/day
Total capital investment, $
Operating cost, $/yr
Total waste disposal charge, $/yr
Unit cost at 15% per year FCRP
$/ke
Mill/kwhr (e)

Cost expressed as per cent of
Ref. 1 basis

Unit cost at 22% per year FCRP
$/kg
Mill/kwhr (&)
Cost expressed as per cent of
Ref. 1 basis

15,000
856

155

5.52

61.3 x 10©
5.18 x 10°
2.38 x 10

19.6
0.159
100

24.6
0. 200
100

20, 000

642

155

4d.ld

58.3 x 10°
4.86 x 10°
2.38 x 10°

24.9
0.152
160

31.3
0.191
100

15,000
856
260
3.29
46.8 x 10°
4. 68 X 10°
3.02 x 10°

17.2
0.140
88.1

20,000
642

260

2,47

42.2 x 106
4,22 x 10°
3.02 x 10°

21.1
0.12¢
84.9

25.7
0.157
g82.2

a, -
See Ref, 1.

bFixed charge rate.

e



Table 11.2. Spent-Fuel Processing Cost Bstimates for HWOCR-Th Evaluatilon

Basis: Single-purpose processing plants serving 15 reactors of
& gilven concept; 1000 Mw(e) each; 0.8 load factor;
34.1% thermal efficiency

Revised Basis

Previous Basis®

Oxide Fuel Metal Fuel
Burnup, Mwd/MT 15,000 20,000 15,000 20,000 15,000 20,000
Throughput, MT/yr 856 642 856 642 856 642
Processing days per year 155 155 260 260 260 260
Processing rate, MI/day 5.52 4,14 3.29 2.47 3.29 2.47
Total capital investment, $ 66.8 X 10° 63.4 x 10° 42,1 x 106 38.2 X 106 42.1 x 106 38.2 x 106
Operating cost, $/yr 5.82 X 10% 5.42 X 10° 4,21 X105 3.82 x 10° 4.21 x 106 3.82 x 106

Total waste disposal charge, $/yr 2.38 x 10°® 2.38 x 108 3.02 x 106 3.02 x 106 2.21 x 106 2.21 x 106
Unit cost at 15% per year FCRP

$/kg 21.3 27.0 15.8 19.6 14.9 18.3
Mill/kvhr (e) 0.173 0.165 0.129 0.120 0.121 0.112
Cost expressed as per cent of 100 100 74.6 72.7 £9.9 67.9

Ref, 1 basis
Unit cost at 22% per year FCRP

$/xg 26.8 33.9 19.3 23,7 18.3 22.5
Mill/xhr (e) 0.218 0.207 0.157 0.145 0.149 0.137
Cost expressed as per cent of 100 100 72.0 70.0 68.3 66. 2

Ref. 1 basis

%See Ref. 1.

bFixed charge rate,

Gve
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11.1.1 Capital Tnvestment

The original Du Pont estimates were $43 x 10% for a O.907-MT/day
plant and $60 X 10® for a 9.07-MI/day plant (Ref. 2, Cases T and IIT,
remote maintenance), corresponding to a scaling factor of about 0.15.

For the advanced converter evaluation, we adjusted these numbers to re-
flect escalation, competitive pressures and technologilcal improvements,
land costs, startup costs and working capital, and flowsheet and through-
put differences to get the numbers shown in Table G.1 of Appendix G. For
both the uranium and the thorium fuels we assumed complete decontamina-
tion from fission products; and since there is a throughput rate penalty
for thorium in that it can be processed at only 50 to 60% of the uranium
throughput in the same size dissolvers and solvent extraction columns,
this led to a cost penalty of 10 to 15% for the same throughput in dif-
ferent single-purpose plants.

A later Du Pont estimate gave $58 x 10® for a 9,07-MI/day limited-
maintenance plant (Ref. 3, Case VII), that is, $2 X 10° less than for
the remote-maintenance plant. For the present evaluation, Du Pont esti-
mated that for HWOCR-Th fuel a 9.07-MI/day remote-maintenance plant would
cost very nearly the same as their original 9.07-MT/day uranium plant,
that is, 360 X 10% on the original basis,4 after taking inbto consider-
ation that larger equipment was needed but that fewer cycles of decon~
tamination were required, since remote fabrication of the recycle thorium
and uranium would be practiced in any event because of the presence of
the gamma-active daughters of 22810 and 232y, In other words, there is
no thorium processing cost penalty on this basis. For the HWOCR-U fuel,
Du Pont estimated $65 x 10° (Ref. 5), that is, $5 X 10° more than for
the original basic plant, for a complete decontamination remote-mainte-
nance plant, after adding extra costs for a uranium carbide head-end
treatment and for converting the recovered depleted uranium nitrate to
oxide and storing it. (There were two additional Du Pont estimates for
HWOCR-U fuel,5 one for recovering only the plutonium while leaving the
uranium in the high-level waste, and the other for plutonium recovery
plus recovery and storage of partially decopntaminated uranium. The first-

mentioned alternative gave a lower estimated processing plant cost but
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high waste disposal costs and has undesirable fuel-utilization implica-
tions; hence we chose not to consider it for our evaluation. The second-
mentioned alternative had the highest processing plant cost, and we elimi-
nated it on this basis.) The Du Pont estimates mentioned include about
$5 X 106 for interim waste storage facilities., For the advanced converter
evaluation, we left this item in the processing plant cost; for the HWOCR
evaluation we removed it and included all waste disposal costs under a
separate heading (see Sect. 11.1.3).

For our revised processing cost basis, we scaled from 'modified-
Du Pont' limited-maintenance cost estimates at 9.07 MI'/day down to 'modi-
fied-NFS" limited-maintenance cost estimates at 1.0 MT/day. For the

reference PWR fuel, for example, the two estimates were:

1.0-MT/Day 9.07-MT/Day

Plant Plant

x 106 x 106
Basic project cost $27.5 $58.0
Iess interim waste storage -3.0 -5.0

$24. 5 $53.0
Plus PWR modifications +1,5 +3.0

$26.0 $56.0
Plus land, startup, and +3.0 +6.0
working capital

$29.0 $62.0

The scaling factor is about 0.34, which i1s much higher than the
Du Pont scaling factor (for remote-maintenance plants) of 0.15 but almost
the same as a published French estimate of 0.4.1% The numbers represent
1965 dollars, with escalation of the 1961 Du Pont estimates having been
assumed to be offset by competitive conditions and technological improve-

ments. (See also Sect. 11.2, "Cost Estimates.”)

11.1.2 Annual Operating Costs

The Du Pont estimates of annual operating costs for the basic 0.907-
and 9.07-MI/day remote-maintenance plants were $3.73 X 10° and $6.23 x 106

per year, respectively, corresponding to a scaling Tactor of about 0.22.
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For our revised estimates we arrived st numbers approximately equal to
10% of the total capital investment for the referfnce PWR Tuel, and we
decided to apply this percentage in all cases rather than estimate each
case individually. This gives the same scaling factor as that for the
capital costs, about O.34, which is higher than the corresponding Du Pont
figure mentioned above but in rough agreement with French estimates of

0.3 on labor and 1.0 on meterials.t?

11.1.3 Radioactive Waste Disposal Costs

The Du Pont estimates include only an initial investment in ligquid-
waste storage tanks. For the purposes of the advanced converter evalua-
tion we assumed that the Du Pont estimates adequately covered low- and
intermediate-~level waste disposal but provided for only a minimum of
interim storage for high-level liquid wastes. To allow Tor the eventual
ultimate disposal of high-level wastes, we added a sum based on estimates?
for a scheme consisting of (1) interim acidic-liquid storage, (2) calci-
nation to a thermally stzble solid in stainless steel pots, (3) interim
storage of the calcined solids at the processing plant, (4) shipment to
a salt-mine disposal facility, and (5) ultimatle disposal in a deep rock-
galt formation. At the time of the advanced converter evaluation, this
disposal scheme had not been optimized, and thus the estimated cost used
was only a Tirst approximation.

For the present evaluation, our revised estimates show an item for
total waste disposal costs, including capital and operating costs in-
curred during the period of operation of the processing plant, as well
as the subseqguent "perpetualmmaintenance” costs. We have assumed some
form of govermment (city, state, or federal) ownership of the waste dis-
posal facilitiles in that we have used a 4% cost of money, tax free, and
we have assumed that the total waste cost is charged to the processing
plant on an amortized equal annual payment basis. Thus the costs are
treated as an operating cost of the processing plant (privately owned)
instead of as a combination of capltal and operating costs. This is
something like the arrangement between NFS and New York State and hence

is felt to be reasonably realistic.

0



249

We used the cost estimating bases develcoped for two recent studies
of optimized costs of perpetual liquid storage8 and of conversion to
solids for salt-mine disposal® for a particular mixture of uranium and
thorium converter reactors totaling 22,400 Mw(e). We calculated optimized

perpetual liquid storage costs with the TASCO computer code®

for a variety
of possible cases, including acidic and neutralized storage, with and
without the uranium or thorium left in the high-level fission-product
waste and with the clad material assumed to be either in the high-level
liguid waste or in a separate chemical-declad liquid waste or in a sepa-
rate leached-hulls solid waste. The most economical realistic cases
were the following:

1. HWOCR-U. Dissolve SAP cladding with fuel. Recover uranium and

plutonium. Store neutralized aluminum-containing waste.

2. HWOCR-Th (oxide). Dissolve SAP cladding with fuel. Recover

thorium and uranium. Store neutralized aluminum-containing waste,

3. HWOCR-Th (metal). Use shear-leach head-end treatment. Dissolve

only 5 to 10% of the zirconium cladding with the fuel. Store acidic
solution.

The cost for each of the three cases was estimated to be about
$2.0 X 10% per year. ILeaving the uranium or thorium in the wastes (acidic)
increased the cost by $1.1 to 2.4 X 10% per year, and separate chemical
decladding added a similar amount. Though the cheapest liquid-disposal
scheme is economically competitive with the solid-disposal scheme, the
latter is felt to be inherently safer and was used as the reference basis
for comparison in this study. The reviged-basls total waste-disposal
charges represent the five-step scheme described earlier, with allowance
for the varying amounts of fission products, because of differing ther-
mal efficiencies, and for the varying amounts of inert solids in the
wastes (especially the aluminum for SAP-clad fuels and 5 to 10% of the
zirconium for zirconium-clad thorium fuels), because of differences in
chemical flowsheets. The revised solid-disposal scheme costs are, in
general, lower than those for the advanced converter evaluation because

further study has produced more nearly optimized conditions.
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11.1.4 Plant Sizing

The primary reason for the difference in plant sizes between the
advanced converter evaluation and the revised basis is that the "turn-
around time' allowance has been changed. On the old basis, processing
batches were kept separate, and the time required for plant cleanout be-
tween batches was equal to the processing time within limits of two days
minimim and eight days maximum per batch. This rule is not too burden-
some for large power reactors in a small processing plant. For example,
at NF'S a 24-MI' batch of standard PWR fuel pays Tor 24 processing days
rlus eight turn-around days, but inrn the advanced converter evaluation the
large number of Dbatches per year in most cases called for an equal number
of processing and turn-around days. The cost penalty associated with
oversizing a plant by a faclor of 2 to get the required annual production
in only 155 processing days was only 2bout 13% because of the low cost-
scaling factor used; but it would be about 26% with the revised factor,
and either 13 or 26% is a questionably high price to pay for batch segre-
gation, especially in a single-purpose processing plant. While it might
be argued that turn-around time for processing fuel from 15 identical re-
actors could be eliminated completely to give 310 processing days per
year (85% plant availability), we have compromised on 260 processing days
per year for our revised estimating basis. This allows Tor some turn-
around time Tor fuel batches that may need to be segregated, for one rea-~
son or another, and allows also for the possibility that we might have a
somewhat smaller plant availability factor in limited-maintenance plants,
The 260-day figure also has the merit that it is the same as the number
used in the Tuel preparation and fabrication estimates. Other factors
affecting plant sizing were kept the same as in the advanced converter

evaluation.

11.2 Cost Estimates

The HWOCR cost estimates for the reference burnups have already been
presented in Tables 11.1 and 11.2. Processing cost estimates Tor other

advanced converters are given in Appendix G. The sizing and cost
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estimating on the advanced converter evaluation basis was done with a
subroutine of the NORA computer codel? (see Chapt. 12). For the revised
estimates, the size was calculated for 15,000 Mw(e) at a 0.8 load factor
and at the sgpecified thermal efficiency and burnup for 260 processing
days per year. The total capital investment was obtained as already de-
scribed above. Capital investment costs are summarized in Fig. 11.1 as
a Tunction of plant throughput for the HWOCR systems and compared with
costs for other advanced converter reactors. The annual operating costs
were estimated at 10% of the total capital investment; these, together
with the capital charges and the waste disposal costs, were added to
give the unit processing costs shown in Fig. 11.2.

Cost estimates for dual-purpose plants were not prepared for the
present evaluation because the ground rules had changed since the ad-
vanced converter evaluation. The difficulties, both practical and theo-
retical, of cost division in dual-purpose plants were menticned in the
previous report.l Similar cost division questions have arisen in other
economlc studies ~ for example, in the case of nuclear reactors for pro-

ducing both electric power and heat for water desalination.
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11.2.1 Throw-Away Fuel Cycle

The uranium and plutonium in some of the first fuel discharged from
the HWOCR-U may not be worth recovering at the processing and conversion
charges estimated. 1In this case, probably at least the shipping cost
plus ultimate waste disposal charge should be assiguned to the fuel. De-
tailed studies of such a throw-away fuel cycle were not made for this
evaluation; but the suggested assignment probably would pay for at least
interim storage until processing and conversion costs were reduced as

the scale of operations increased with time.

11.2.2 Compariscn with B&W and AI-CL LKstimates

The summary report on HWOCR-U, by Combustion Engineering and Atomics

International,l3 allowed $18/kg of uranium for spent fuel processing
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without going into the details of how this nuuber was calculated. This is
approximately the same as the value we show in Table 11.1 on the revised
basis.

The summary report on HWOCR-Th by Babecock & Wilcox'4 allows $57 to
$66/kg for the sum of spent fuel processing, fuel preparation, and fuel
refabrication in a completely integrated fuel-cycle facility, with an
indication that reprocessing accounts for about one-third of the total,
that is, presumably $19 to $22/kg. These numbers alsc are within the

limits of accuracy of our revised estimates in Table 11.2.

11.2.3 Comparison with NFS Processing Charges

Present-day NFS processing charges® for PWR-type fuels are $31.3/kg
for fuels of less than 3% enrichment, with 20,000-Mwd/MI' exposure or less,
in 24 MT or greater batches., For 31% thermal efficiency this corresponds
to 0.21 mill/kwhr(e) or greater, For similar thorium fuels containing
8.5% uranium or less, with 40,000-Mwd/MI' or less exposure, in 12 MT or
greater batches, the NFS charge is $62.6/kg plus any special costs of
storing the high-level radicactive waste because of the presence of tho-
rium. Our new estimating basis predicts numbers similar to these for a
15% per year fixed charge rate and a l.O—MT/day plant size for uranium
or 0.5 MI'/day for thorium, and thus our new estimetes are more nearly
comparable with NFS charges than our old ones. On the other hand, NFS
is not now equipped to handle carbide fuels; in addition, the NFS charges
amount to a significant penalty for thorium in comparison with uranium,
whereas in our estimates the penalty is small or nonexistent because the
processing plants are assumed to match the fuel type instead of being
designed for uranium and being able to process thorium only at a much

lower rate.

11.3 Sumary and Conclusions

Spent-Tuel processing costs were egtimated for HWOCR-U and HWOCR~Th
fuels on the basis previocusly used for the advanced converter evaluation
and also on a revised basis believed to be more realistic for future con-

ditions. On the same annual throughput basis, the processing costs would
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be guite similar Lo the numbers developed previously for the HWH-U and
EWE-Th, but the higher thermal efficiency of the HWOCK requires a lower
refueling rate and hence lower overall costs. The HWOCR-U carbide fuel
reguires a more elabvorate head.end treatment than U0, or U-metal fuels
but probably can be handled with no cutstanding difficultlies by methods

1 _ 5
now demonstrated on a laboratory scale, t”

The SAP cladding material on
HWOCR-U and HWOCR-Th (oxide) fuel probably could be removed separately

by chemical decladding with NaOH,l5 hut our estimates of waste-handling
costs (under our ground rules) seem to indicate that dissolution of the
SAF claddirg with the fuel is preferable. ‘The Zircaloy cladding on the
HWOCR-Th {(metal) fuel apparently will dissolve with the fuel toc the ex-
tent of 5 to 10% in Thorex dissolution reagent. This does not seem o

15,16

seriously interfere with processing, though the cost of waste dis-
o s

osal is ircreased slightly. Our estimated total processing costs do
f) v By
] Ea £

not differ significantly (#20%) from those of the AI-CE and B&W ecvelua-

<ions.
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J2. FUBL SHIPPING COSTS

The costs of shipping fresh and irradiated fuel elements are reported
here in dollars per kilogram of reference mabterial charged to the reactor.
The reference materials are total uranium for the AT-CE fuel element and
total uranium plus thorium for the BE&W fuel elements. The ground rules
and assumptions were patterned closely after those used in the advanced-
converter evaluation.?t
The shipping cost is the total of the Tollowing Tfour iltems:

1. +the handling cost, which covers the cost of loading, unloading, rig-
o 24 2 )

ring, testing, and decontamination,
> 2 2 2

2. the insurance cost, which covers insurance against loss of or damage

to the fuel in transit,

3. the freight cost, which covers the cost of transportation charged by

the railroad or other carvier, and

4. the cask cost, which covers the anmual fixed charges on the shipping
casks or contaziners (reccvery of investment, return on investment,
taxes, and maintenance).
Costs were calculated for fuel shipments of the following types:

1. irradiated (spent) fuel of high gamma activity shipped from reactor
to reprocessing plant,

2. recycled fresh fuel of moderate gamma activity shipped from fabri-
cation plant to reactor, and

3. nonrecycled fresh fuel of zero gamma activity shipped from Tabri-
catlon plant to reactor.

The results are summarized in Tables 12.1, 12.2, and 12.3.

12.) Spent~-Fuel Shipping Costs

Shipping Costs Tor spent fuels were calculated with the computer code
NORA.? This code is similar tc an earlier code, MYRA,? but contains addi-
ticnal optimizing features., Table 12.4 summarizes the input data. The
bases and assumptions were the following:

L. Bhipment is by rail. Distance is 1000 miles each way.
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Table 12.1. Spent Fuel Shipping Costs

Cooling time: 120 days

Rall shipment distance: 1000 miles each way
Maximum weight of loaded cask: 240,000 1b
Reactors serviced: 15

Burn Cask Welght §§i2§i256 Shipping Shipping
Fuel Type (de/;g)a When Full er Cask Cost Cost
(1v) p (xe) ($/ke)®  [mills/kwhr(e)]
AT-CE 37-rod 10,000 139,000 3200 2.31 0.028
clusters 15,000 140, 000 3200 2.37 0.019
20,000 135,000 2800 2.70 0.016
25,000 132,000 2400 2.96 0.014
B&W 66-pin 15,000 165,000 1852 4,78 0.038
clusters 20,000 167,000 1852 4. 82 0.029
25,000 159,000 1620 5.58 0. 027
B&W 5-ring 15,000 169,000 2916 3.21 0.026
nested 20,000 165,000 2499 3.56 0.021
cylinders 25,000 168,000 2499 3.62 0.017

a .
Burnup of reference material.

bCosts are in $/kg of reference material charged to reactor.

Table 12.2. Recycled Fresh-Fuel Shivping Costs

Rail shipment distance: 1000 miles each way
Maximum cask weight: 240,000 1b

Cagk length: four elements end to end
Reactors serviced: 15

B&W 66-Pin B&W 5-Ring
Clusters Nested Cylinders
Cost, $/kg of U + Th
Handling 0.11 0.08
Insurance 0.14 0.14
Freight 1.38 0.91
Cask amortization 0.43 0.40
Total shipping cost 2.006 1.53
Cask weight when full, 1b 179,000 172,000
U + Th per cask, kg 4630 6665

Heat removal per cask, kw 0.6 G.9
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Table 12.3. Nonrecycled Fresh-Fuel Shipping Costs

Cost ($/kg of reference material)

Tten AT-CE 37-Rod  B&W 66-Pin B&W 5-Ring
Clusters Clusters Nested Cylinders
HandZing C.04 0.05 0.05
Insurance 0.03 0.08 0.06
Freight 0.20 0.21 0.19
Containers 0.06 0.10 .08
Total shipping cost 0.33 0.44 0.38

Table 12.4. Input Data for Spent-Fuel Shipping Cost Calculations

AT-CE 37-Rod B&W GO-Pin B&W 5-Ring
Clusters Clusters Nested Cylinders

Reference material 8] U + Th U+ Th
Reactor power, Mw(t) 3093 3082 3082
Specific power, Mw/MD of reference 24.8 53.0 33.0
material
Coolirg time, days

Minimum 20 20 90

Maximum 150 180 150
Flement length, ft

Overall 3.67 3.90 4,22

Active 3.46 3.67 4.00
Element weight, 1h/ft 27 23.1 36.4
Element outside surface area, t? 15.5 22.6 5.03
Reference material per element, kg 50 28.93 52.07
Pins per element 37 66 1
Pin outside diameter, in. 0.521 0.356 4,94
Pin spacing, center to center, in. 0.615 0. 486
Thermal cenductivity of divider pliate, 210 210 210
Btu/ftehr-°F
Box size, inside, in. 4,76 5. %4 5.44
Flements per process batch 200-1200 320800 192480
Peaking factcer 1.2 1.2 1.2
Pa in spent fuel, g/ke of U + Th 1.84 1.32
AMlowable ciladding temperature,? °F 850 850 950
Reactor thermal efficiency 0.348 0. 349 C. 349
Burnup, minimum, Mwd/MT of reference 10,000 15,000 15,000
material
Burnup, meximum, Mwd/MI of reference 25,000 25,000 25,000
material
Fuel Value,b #/kg of reference material 32 202 218

3 ) o -
At hottest surface of fuel element.

b . .
Belfore subtractlng reprocessing cost.
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2. Shipments comply with the proposed AEC regulations, 10CFR72,
with a dose limit of 10 mr/hr at a distance of 1 meter from the cask.?

3. Round-trip time is 16 days.

4, Casks are empty on the return trip.

5. Handling cost is $500 per round trip.

6. Insurance charge 1s 0.0005 times the value of the cask and fuel.

7. Freight cost is $0.0193/1b for the loaded cask and $0.0181/1b
for the empty cask.

8. Maximum weight of cask, fuel, mountings, and tie-downs is
240,000 1b,

9., Casks are purchased and are shared among 15 identical reactors
of 1000-Mw(e) capacity each. Cask cost is $1.00/1b of cask weight. Fixed
charge rate is 22% per year for shared casks. Utilization time is limited
to not more than 80%.

10. Individual canning of fuel elements is not regquired.
11, Maximum allowable temperature of fuel element cladding is as
follows:
AT-CE 37-rod cluster 850°F
B&W 66-pin cluster 850°F
BEW 5-ring nested cylinder 950°F
12. Peaking factor for shipping purposes, defined as specific power
during exposure divided by average design specific power, is 1.20, All
elements in a2 cask are assumed to have the same exposure.
Criticality calculations were not made., It was assumed that criti-

cality could be avoided by using boron-containing divider plates.

12.1.1 Description of Cask

The cask is a right circular cylinder with an opening at one end.
Outer and inner shells are steel, 1.25 and 0.50 in. thick, respectively.
Lead shielding, approximately 8 in. thick, is placed between the shells.
The space inside the inner shell is divided into a gridwork of square
pigeonholes by means of copper~boron divider plates. Each pigeonhole

contains four fuel elements (fuel assemblies), placed end to end.
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Heat removal Is by natural convection and radiation. The outer sur-

face of the cask is finned. There is no mechanical cooling system.

12.1.2 Method of Calculation

A block flow chart of NORA Is shown in Fig. 12.1. Besides calcu-
lating the cask dimensions and shipping costs, NORA goes through certzin
optimization procedures to Tind conditions that give minimum total cost.
The conditions sought are combinations of cooling time, the number of
elements per cask, the number of casks, and the number of fuel elements
per reprocessing batch which minimize fuel-cycle costs.

Input Data. The required input data include
. Tuel dimensions, weights, wvalue, and other pertinent characteristics,

burnup and specific power,

w N

. cooling time (minimum, meximum, and increment),

N

v« ~number of reactors,

5. cost factors associated with shipping,

6. cost factors associated with reprocessing,
7

. Inventory charge rate and other economic factors,

ORNL -DW6G 54-69894

START [777 READ INPUT
DATA

CALCULATE
| REPROCESSING COSTS
I “OR ALL BATCH SIZES
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TIME ‘ COOLING
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CALCULATE SOURCE ~<~««+ PRINT RESULTS
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[
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Fig. 12.1. Block Flow Diagram of NORA Code.
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elements per reprocessing batch (minimum, maximum, and increment),
9. wmaterial properties,
10. maximm allowable temperature of fuel cladding.

Description of Code. When all the input data are received, NORA

proceeds as follows:

1. Reprocessing costs are calculated for each batch size.

2. The cooling time is set at the minimum specified.

3. Using the burnup, specific power, peaking Tactor, and cooling
time, the gamma source strength and decay heat release are calculated
per fuel element. The subroutine used here is the PHOEBE code of Arnold,?
which is based on the data of Blomeke and Todd® and of Knabe and Putnam.?

4, The number of elements per cask isg set at one.

5. The shielding thilckness is calculated by trial and error until
the dose is between 90 and 100% of the allowable dose. '

6. The thickness of the copper-boron heat-conducting divider plates
is calculated by trial and error until the required rate of heat removal
is achieved without exceeding the permissible temperature.

7. When the shielding and heat-removal relationships have been simul-~
taneocusly satisfied, the cask design is complete. The cask weight and all
costs are calculated. The optimal number of casks is found. The results
are printed out.

8. The number of elements per cask is doubled, and steps 5, 6, and
7 are repeated.

9. When the number of elements per cask becomes so large that the
weight limit is exceeded, and interpolation procedure takes over, and
the calculation converges toward the maximum number of elements that can
be carried within the weight limit, The optimal number of elements per
cask is then searched for and reported.

10. The cooling time is increased by the specified increment, and
steps 3 through 9 are repeated.
11. When the calculations at the maximum cooling time are completed,

the calculation ends.
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12.1.3 Optimization Procedures

The cocling time, number of elements per cask, number of casks pur-
chased, and reprocessing batch size were chosen so as to minimize the
total shipping, inventory, and reprocessing costs. The associated parame-
ter value is termed its optimal value. TIn dolng this, it was assumed
that the reprocessing batches of each reactor were kept separate. Inven-

el

tory charges covered the time used for cooling, delivery of reprocessing
batch, and reprocessing and were based on a charge rate of 10% per year
times the value of the spent fuel. Reprocessing cost was subtracted in
arriving at the fuel value. A preprocessing lag of 30 days per batch

wags assumed in all cases,

Optimal Number of Casks. NORA starts with the minimum number of

caskes and then checks to see whether savings can be effected by using
more casks. It chooses the number of casks that gives the minimum sum
cf cask cost and delivery time cost. In all cases 1t was found that the
optimal number of casks was the minimum number necessary to keep up with
the rate of discharge of the 15 reactors.

Optimal Cooling Time. For highly irradiated fuels, there is some

minimum cocling time below which it 1s impossible to ship even one fuel
element in a cask of the type described. The limiting factor is heat
removal; the decay heat cannot be removed at the required rate without
exceeding the allowable cladding temperature. Tncreasing the cooling
time above this minimum reduces the amount of shielding needed and may
alsc make it possible to ship a greater number of elements per cask.
On the other hand, after lengthy cooling the incremental gain is small
and tends to be ocutweighed by the increase in cooling cost (inventory
charges for the cooling period). In the cases studied here, a cooling
time of 120 days appeared to about optimal and was used for the final
costs.

Optimal Cask Length. Because of the small length of a single Tfuel

element, the cask designs investigated included stacking of elements end
to end in single, double, triple, and guadruple lengths. Quadruple

length gave the lowest costs.
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Optimal Reprocessing Batch Size. The delivery time can be reduced

by reducing the number of elements per process batch. This tends, how-
ever, to increase reprocessing costs, because small batches are penalized
by higher turnaround costs per kilogram. An optimal process batch size
may therefore be found. Generally, the optimal cask size will be such
that the optimal reprocessing batch size is an integral number of full
cagk loads, If it becomes necessary to ship partially loaded casks,
this tends to increase the shipping cost. The reprocessing batch size
may therefore affect the shipping cost. Ordinarily, however, the batch
size is considerably larger than cone cask load. Tt becomes possible
therefore, by adjusting the batch size slightly, to make it equal to an
integral number of cask loads. The resultant saving in shipping cost
usually is greater than the additional cost incurred by the slight de-
parture from the optima2l batch size. Accordingly, in the present evalu-
ation, shipping costs were based on the use of full cask loads in all
cases. Since continuous discharge was used for all fuels, the problem
of matching the process batch size to the discharge batch size did not

arise,

12.2 Recycled Fresh-Fuel Shipping Costs

The B&W reactor, which uses a thorium fuel cycle, requires shielded
casks for the shipment of fresh fuel containing recycled material, The
gamma activity of the recycled thorium fuels is due to the decay products
of 232U, principally R12pi ang 20871, The 232U is oroduced in the reac-
tor by a series of reactions initiated by an (n,2n) reaction on 232Th,
The 232U, which has a half-life of 74 years, decays to 228Th, so both
of these nuclides are present at the time the fuel leaves the reactor.

In chemical reprocessing of the irradiated fuel, the 232y is removed
with the finished 223U product, and the 2?8Th comes out with the finished
232y product., The subsequent members of the decay chain (those follow-
ing 228Tn) are eliminated with the fission products. Immediately after
reprocessing, however, the decay products start to bulld up again, and
both the 223U and the 232Th soon become gamma active. This activity

changes with time after reprocessing, so the amount of shielding required



depends on how socor. the shipment is made. Fabrication may require from
20 to 60 days. Ir addition, there may be a walting periocd alter Tabri-
cation, because it may take some time fo accumulate & full cask load of

4

fuel elements. Calculations showed, however, that the chan
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in the time range 30 to 100 days wasg small encugh sc that the erfect con
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o

shipping cost was negligi 5 shown in Table 12.3 are based

on time lags of 150 days from discharge to reprocessing and 35 days from

-

eprocessing to shipping. AL the ftime of discharge from the reactor,
the Tuel was assumed to contain 25 vpm of 2327 and 0.65 ppm of 228Th}
both expressed per millior parts of total U + Th.

Tre type cf cask and the assumptions used in the cost calculations
are the same as for the spent fuel. It was assumed that casks must be

provided independently of those used for shipping spent fuel.

12.3 Nonrecycled Fresh-Fuel Shipping Costs

Fresh fuel elements of the non-gamma-active type will be shipped in
nonshielded containers designed to protect the fuel assemblies against
mechanical damage during transit. In the AI-CE case, all fresh-Tuel
shipments are of this type; in the R&W case, only the fresh nonrecycled
Tuel can be shipped this way. Cost calculations were based on the follow-
ing assumptions:

1. Shipment is by truck, a distance of 1000 miles each way. Empty
containers are returned and reused.

2. Container cost is $1.00/1b of container weight, Container weight
is equal to fuel assembly weight. Containers are shared among 15 reactors.
3. Trucking charges are $0.75 per mile or $1500 per round trip.

4. Shipments are made in full truck loads of 46,000 1b each.

5. Handling costs are $400 per round trip.
6

. Insurance costs are 0.0005 times value of shipment.

12.4 Discussion of Resgults

The spent-fuel shipping costs are given in Table 12.1 for the three

types of fuel., The AL-CE uranium carbide eclement has the lowest cost,
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the B&W 5-ring nested cylinder cost is intermediate, while the cost of
the B&W 66-pin cluster is highest. The costs (in $/kg of reference mate-
rial) are roughly in inverse proportion to the payload in kilograms of
reference material per cask. The payload was limited in every case by
the heat-removal capacity of the cask; the total weight limitation of
240,000 1b was not reached in any of the cases. The lower shipping cost
of the AT-CE fuel is largely due to the associated lower specific power,
which made possible the shipping of larger payloads without exceeding
the heat-removal limitations.

Comparing the two B&W elements, the 5-ring nested cylinder has the
advantages of lower specific power (33 versus 53) and larger mass of
reference material per element (52 kg versus 29 kg). The latter advan-
tage permits the shipping of larger payloads in a cask of a given interior
volume.

The fresh-fuel shipping costs (nonrecycled) are relatively small and
therefore of lesser importance, The AT-CE fuel is shipped in large quan-
tities throughout the reactor lifetime and thereby gains a slight cost
advantage. The B&W 5-ring nested cylinder cost again is lower than the
cost for the 66-pin cluster, chiefly because of its greater payload per

unit volume.
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13. FUEL-CYCLE COSTS

13.1 Calculation of Average Lifetime Fuel-Cycle Costs

Fuel-cycle costs were calculated by the present-value discounting
technique to obtain average 30-year-lifetime costs. The average Tuel
cost is determined by computing the present value (value discounted to
reactor startup) of all future costs and dividing it by the discounted
amount of the energy sold during the life of the plant. This levelized
cost represents the fixed price that must be received per unit of elec-
trical energy in order to pay for all the costs associated with the fuel
cycle. It was assumed that neither the reactor locad factor nor the unit
costs of purchased materials varied during the lifetime of the reactor.

The advantage of present-value discounting is that it impliecitly
includes the effect of time displacements between investments and re-
turns. The levelized cost includes applicable interest charges caused
by these time displacements.

In making the fTuel-cycle cost calculation we first determined the
direct cost, which is the contribﬁtion that an item would make if inter-
est charges and taxes were zero. The direct-cost contribution to the
fuel-cycle cost is obtained by summing all the money invested in an item
during the reactor history and dividing by the total energy sold, with
no discounting. Thus, for the same total investment, the direct-cost
contribution is the same regardless of whether the money is spent at the
start of the history, at the end of the history, or in smaller payments
spaced during the history.

For the computation of the interest cost we must consider that some
items contribute to the outstanding indebtedness of a utlility company.
These costs must be financed out of capital funds, and the charge rate
applied to them must include taxes. In this study we assumed that fuel
purchase, fuel fabrication, coolant purchase, and Dp0 purchase are in
this category and applled a capital charge rate of 10% per year in these
coste. Other costs of the fuel cycle may be covered out of current reve-
nues and treated as operating costs rather than as capital investment.

Since operating costs are paid before taxes, the applicable rate is simply
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the net cost of borrowing money. In this study we treated spent-fuel
shipping and reprocessing in this manner, with a charge rate of 6% per
year. This assignment of charges to capital is the same as that used in
the advanced-converter study.? For all items we calculated the present-
value discount factor with a rate egual to the cost of borrowing money;
that is, 6% per year. The discounting was calculated with semiannual
compounding. For the calculations we assumed that income from energy
generated during a six-month accounting period is received at the end of
the pericd. Other costs and credits were taken at the time they occurred,
with discounting to reactor startup.

To calculate the interest charges associated with an item of cost,
we determined the total discounted present value of all direect costs and
credits for the item over the reactor lifetime and divided this by the
amount of energy delivered, also discounted, over the same period. The
result is the total cost for the item, including interest charges if the
interest rate is equal to the discount rate. 'The interest charge is the
difference between the above total cost and the direct cost multiplied
by the ratio of the capital charge rate to the discount rate.

The interest charge on an item may be either positive or negative,
depending on whether the Investment 1s made before or after revenue is
received. In any case 1t 1s convenient to have the results presented
in a form in which direct costs and interest costs are separate go that
the effect of any changes in direct unit costs or interest rates can
easily be determined.

With discounting to a fixed point in time (for example, reactor
startup), the interest cost depends strongly on whether the investment
occurred at the start or end of the history due to time displacement be~
tween expenditures and receipts. Tt is noteworthy that with 6% dis-
counting and 10% charges, credit for fuel or unused fabrication at the
end of a 30-year life makes essentially no net contribution and could
e neglected. The contribution to direct cost is largely offset by a

nearly equal interest charge of opposite sign.
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13.2 Calculation of Equilibrium Puel-Cycle Cost

In the calculation of equilibrium fuel-cycle cost, a present-value
discounting method is used that takes account of time displacements be-
tween costs and revenues in a typical cycle; that 1s, a cycle late enough
in the reactor lifetime that it is not greatly affected by startup as-
sumptions (although feed and discharge rates for such a cycle are not
always at a true equilibrium). The history of a particle of fuel Ted to
the reactor is followed through the entire fuel cycle, asg shown schemati-
cally below. DNote that the present-value reference point is at the start
of exposure, a lead time (holdup period) is indicated that allows for
out-of-core inventory, and revenue from energy sale 1s credited at the

end of each accounting period.
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13.3 Special Aspects of HWOCR Fuel-Cycle Economics

In the calculation of 30-year histories by present-value discounting,
considerable importance is associated with the startup cyecles that have
the highest present value. We have not attempted to optimize the startup

cycle. In the point-depletion calculations of the AI-CE design we used
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the same length of cycle for startup as for subsequent exposures. In the
cne-dimensional calculation, advantage was taken of the initial increase

cactivity during plutonium buildup, and the initial refuelliung was

=

in
not made until 148 calendar days of exposure. For the B&W designs we
chose an initial set of enrichments sufficient to give 3000 to 5000 Mwd/MI
before initial refueling. We have not investigated the effect of other
choices.

Charges for interest on Dp0 and organic coolant at 10% per year, as
well as losses of these materials, were included as a separate ltem in
+the total fuel-cycle cost for direct comparison with other concepts.

Fabrication and processing plants were sized for a projected 1980
industry of 15,000-Mw(e) installed capacity of a given concept based on
makeup requirement only. Considering the strong dependence of unit costs
on plant size, it should be noted that fueling of new reactors going on-
stream would initially increase the fabrication plant requirements con-
siderably in relation toc processing plant requirements.

In instances in which slightly enriched uranium fuel was below an
optimum blend enrichment from a cascade, credit was given for blending
with natural uranium. Material discharged below 0.25% enrichment was
assigned a zero value. Costs were calculated at the design power level
of 1076 Mw(e) rather than the 1000 Mw(e) indicated by the ground rules.
Thig difference in power level had no sigpificant influence on the fuel-

cycle cost,

13.4 AI-CE Design Fuel-Cycle Costs

Our calculated fuel-cycle costs for the uranium-loaded HWOCR are
listed in Table 13.1. The results from point-depletion calculations in-
dicate that the optimum enrichment is sliightly above 1.26% with an asso-
ciated exposure of 17,000 Mwd/MD of heavy metal. Our 30-year cost of
0.856 mill/kwhr(e) (D»0 and coolant inventories not included) at 17,000
Mwd/MT is close to the 0.85 mill/kwhr(e) obtained by AT-CE, although
we used slightly higher interest charges on fabrication and higher pluto-

nium credit than AT-CE.



Table 13.1.

Fuel-Cyele Costs for a 1076-Mw(e) Uranium-Loaded Hesvy-Water

Moderated Organic-Coolad Resctor (HWOCR-U)

Thermal efficiency: 34.8%
Cases
Q-1 Q-2 Q-3 R-1
Core behavior calculation 15-zone point 15-zorne point i5.zone point 15-zone one-
Gepietion depiction depletion dimensional
Gapletion

Equilibrium-cycle data
Exposure, Mwd,/MD 12,869 14,842 16,801 16,003
Fuel lifetime, full-power days 517 596 676 607
Fuel enrichment, wt % 23°U 1.0379 1.1685 1.2510 1.159

Fuel handling piant size, M? of U 978 349 749 787

per yeer For 15,000-Mw(e) capacity

Fabrication cost, $/kg of U 3i.2 32.1 32.9 3.5

Processing cost, $/kg of U 19.1 22,1 22.1 22.3

Fuel shippirg cost, total $/kg of U 2.7 2.74 2.7 2.74

Preexposure fuel holdup, days 93 93 93 a3

Postexposures holdup through 2095 206 206 206

processing, days

Initial fissile inventory, kg 973 973 973 1018

First core fuel inventory cost, $ 3.623 x 10° 3.623 x 108 3.623 x 10° 3.815 x 108

Tirgt core febricatior cost,® $ 4,16 x 0% 4.34 x 108 4.50 x 108 4,46 x 108

Tuel-cycle cost, mills / kwhr (e) Bquilibrium 30 Years Equilibrium 30 Years ZEquilibrium 30 Years Equilibriuwm 30 Years
Burnup and losses 0.519 0.537 0.511 0. 529 C. 507 0. 524 0. 506 0.510
Preparation plus fabrication 0. 290 0.300 0.258 0.268 0.234 0. 244 Q.262 0.263
Processing C.175 0,180 0.167 0.171 0.161 0.167 0.178 0.180
Shipping 0,025 0.026 0.022 0.023 0.019 C. 020 0.022 0.022
Uranivm inventory 0.075 0.061 0.080 0.061 0.087 C. 062 0.076 0. 080
Interest on fabrication 0.C39 0.C73 0.038 0.072 0.038 S. 072 0.03% 0.065
Interest on processing and -0.014 -0.012 -0.Cl4 =0.C12 ~=0.015 -0.012 —-0.015 -0.031

shipping
Figsile plutonium credit -0, 297 —0.305 -0.267 -0.276 =0.242 =0.25 —G. 268 -0, 275
Plutoniuwm inventory 0.033 0. 034 0.033 0.032 0.033 0.031 . 034 C.033
Het fuel-cycle cost 0.845 0. 8% 0.828 0. 868 0.822 0.856 0.834 0. 847
0,0 and coolant inventory at G.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191
L0% per year

Total 1.036 1.085 1.019 1.959 1.013 1.047 1.025 1.038

88% extra charge on first loading.

T2



The effect of Tissile plutonium sale price on the fuel-cycle cost
is shown in Fig. 13.1. Processing is not economical below a price of

~ . . . o
about $7/g of fissile material.
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Fig. 13.1. Effect of Fissile Plutonium Value on Fuel-Cycle Cost of
HWOCR-1.

13.5 BE&W Design Fuel.Cycle Costs

Our calculated fuel-cycle costs for the thorium-loaded HWOCR are
listed in Tables 13.2 and 13,3,

The costs for these particular designs are clearly too high to be
attractive. We obtained a net fuel-cycle cost of 1.48 mills/kwhr(e) for
the thorium oxide degign and 1.35 mills/kwhr(e) for the thorium-metal
design, both at 20,000 Mwd/MI. B&W obtained a fuel-cycle cost of 1,08
mills/kwhr(e) in both bases at the same burnup. The differences between
the B&W costs and ours come principally from the differences in conver-
sion ratios and fabrication cost estimates. TFor the thorium oxide de-
sign we estimated an equilibrium cycle conversion ratic of 0.72, while
B&W obtains 0.72. The resulting difference in burnup costs over the

30-year lifetime is 0.15 mill/kwhr(e). For the thorium-metal design, we
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v Table 13.2. Tuel-Cycle Costs for BE&W HWOCR Fueled with
ThOz~UQs in Pin-Cluster Hlements

Thermal efficlency: 34.8%

Case
WAl W-2 W-3
Core Dbehavior caleculation 12-zone point 12-zone point 12-zcne point
depletion depletion depletion

Tast-cycle data 74th fueling 74th fueling 74th fueling
Exposure, Mwd/MT 14,794 19,940 22,583
Fuel lifetime, full-power days 279 377 434
Fuel enrichment, wt % 23°7 + 233y 2.332 2.513 2.620

fuel handling plant size, MI' of U + Th 851 631 550

ver year for 15,000-Mw(e) capacity

Fabrication cost, $/kg of U + Th 67.0 70.1 71.6

Processing cost, $/kg of U + Th 19.4 24.0 26.5

Fuel shipping cost, total $/kg of 6.88 6.88 6.88

U + Th

Preexposure fuel holdup, days 93 93 93

Postexposure holdup through 201 201 201

processing, days

Initial fTissile inventory, kg 1277 1277 1277

First core fuel ianventory cost, $ 16.04 x 106 16.04 x 106 16.04 x 106

First core fabrication cost, $ 3.772 x 108 4,138 x 106 4,231 x 10%

Fuel cycle cost, mills/kw‘n;r' (&) Last Cycle 30 Years Jast Cycle 20 Years Iast Cycle 30 Years
Burnup and lozses® 0.491 0.4830 0.501 0.472 0. 507 0.510
Preparation plus fabrication 0, 542 0. 548 0.421 0. 427 0.376 0.382
Processing 0.154 0.156 0.141 0.144 0,130 0.133
Shipping 0.055 0.056 0.041 0.042 0.035 0.036
23517 and 2327h inventory® 0.038 0. 307 0.026 0.318 0.022 0.312
Interest on fabrication 0. 051 0.082 0.048 0.079 0.045 0.078
Interest on processing and shipping -0.008 -0.006 -0, 0C8 -0, 006 -0.009 —0.006
2337 inventory 0.356 0.321 0.306
Net fuel-cycle cost 1.672 1.623 1.491 1.476 1.412 1.445
D50 and coolant inventory at 0.185 0.135 0.185 0.185 0.185 0.185
10% per year
Total 1.864 1.808 1.676 1.661 1.597 1.630

PIncluding 23U penalty and Tissile plutoniwm credit.

obtained a conversion ratio of 0.80 compared with the 0.89 obtained by
B&W. The agsociated difference in cogt is 0.16 mill/kwhr(e). The B&W
estimate of fabrication, processing, and shipping for the oxide fuel is
$62.4/kg, while ours is $101/kg. The resulting fuel-cycle cost differ-
ence is 0.31 mill/kwhr(e). For the metal fuel, costs of fabrication and
shipping plus processing are estimated to be $71.0/kg by B&W and 79.3
by us; there is a resulting cost difference of 0.06 mill/kwhr(e). Rea-~
sons for the differences in conversion ratios and fabrication costs are

discussed in Chapters 4 and 10.
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Table 13.3. TFuel.-Cycle Costs for BEW HWOCR Fueled with
Th-U Metal in Nested-Cylinder Flements

Tnermal efficiency: 34.8%

Case
X-1 X-2 X-3
Core behavior calculation 1l2-zone point 12-zone point 12-zone point
depletion depletion depleticn

Last-cycle data 74th fueling 74 fueling 74 Tueling
Exposure, wd/MI 16,940 19,905 22,839
fuel lifetime, full-powver days 515 606 697
Fuel enrichment, wt % 235y + 233y 2.079 2.172 2.262

Fuel handling plant size, MI' oF U + 'h 743 632 551

per year for 15,000-Vw(e) capacizty

Fabricatior cost, $/kg of U + Th 49,04 51.4 53.3

Processing cost, 3/kg of U + Tr 20.3 22.8 25.2

Fuel shipping cost, total $/kg of 5.05 5.05 5.05

J + Th

Preexposure fuel holdup, days 103 103 103

Postexposure holdup througa 197 197 97

processing, days

Initial fissile Iaventory, =g 1900 1900 1900

First core fuel Iaveniory cost, $ 23.96 x 10° 23.96 x 10° 23.96 x 10°

Pirst core fabricaticn cecst, 3 4.536 x 108 4.857 x 10° 5.149 x 10°

fuel-cycle cost, mills/i(whr(e) Last Cycle 30 Years Iast Cycle 30 Years 1Iast Cycle 30 Years
Burnup and losses® 0. 349 0.347 0.361L 0.361 0.373 0.377
Preparaticn plus fabrication 0. 329 0. 350 0. 309 0.318 0.280 0.288
Processing 0.140 0.153 0.134 0.138 0.128 0.133
Shipping 0.035 0.036 0.030 0.031 0.026 0.027
2357 and 232Th inventory® 0,029 0. 43¢ 0.027 0.435 0.027 0.433
Interest on fabricaticn 0.048 0.082 0. 047 0.079 0.047 C.079
Interest on processing and shipping —0.010 —0.010 -0.011 -0. 008 —0.012 —0.008
2337 inventory 0. 440 0.420 0. 407
Net fuel-cycle cost 1.380 1.320 1.317 1.354 1.276 1.329
D0 and coolant inventory at 0.181 0.181 0.181 0.181 0.181 0.181
10% per year
Total 1. 561 1.571 1.498 1.535 2L457 1.510

aIncluding 23673 penalty and Tissile plutoniuva credit.

Our calculations of fuel-cycle costs for two earlier B&W core de-

signs2

are summarized in Table 13.4. The earlier designs had lower spe-
cific power, more massive (and hence cheaper ) fuel elements, and higher
conversion ratios. It can be seen that fuel-cycle cost is slightly lower
at =squal burnup for both of the earlier desigas than for the current ones.
The lowest net fuel-cycle ceost we obtained for any of the thorium-cycle
HWOCR's considered here is the 1.12 mills/kwhr(e) in the case of the
earlizsr B&W thorium oxide design. In comparison with the current BE&W

thorium oxide design, the lower Tuel-cycle cost of the earlier design

is only partially offset by O.1 mill/kwhr(e) greater interest on the
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Table 13.4. Fuel-Cycle Costs Calculated for a
Late~in-Life Cycle of an Early B&W HWOCR-Th

Thermal efficiency: 34.8%

Case A2 B-2

Fuel elements ThOp-U0, fueled Th-U metal fusled
pin clusters nested cylinders

EBxposure, Mwd/T 18, 200 16,800

Feed enrichment, wt % 1.67 1.65

Conversion ratio 0.88 G.90

Specific power, kw/kg of 30 18.4

fissile materisl
Unit costs, $/kg

Fabrication 28.6 31.1
Processing 24.3 21.0
Shipping 6.9 5.1
Out-of-pile time, days 294 300
In-pile time, days 866 1214
Tnitial fissile inventory, kg 2369 3070
Fuel-cycle cost, mills/kwhr (e)
Burnup 0.19 0.22
Preparation plus fabrication Q.22 0.21
Processing 0.16 0.15
Shipping 0. 04 0. 04
Inventory, total 0.49 0.68
Fabrication interest 0,03 0.05
Processing interest -0, 01 ~0.02
et fuel-cycle cost 1.12 1.33
D30 and coolant inventory G.29 0.21
at 10% per year
Total 1.41 1.54

larger coolant inventory plus 0.17 mill/kwhr(e) greater charges on the
capital cost of the core (see Chapt. 14).

The wide range of fuel-cycle costs that we estimated for the various
thorium-cycle designs suggests that more extensive optimization is re-
quired before a complete comparison can be made between the thorium~ and
uranium-cycle HWOCR's. The following tentative conclusions are indicated
by the designs studied thus far:

1. A massive Tuel element should be used so that the fabrication
cost, in terms of $/kg of thorium, is kept low.

2. If fabrication plus processing costs are in the range of $lOO/kg,

a much higher burnup than 20,000 Mwd/MI' is desirable.
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3, The lattice dimensions and spatial arrangement must be such as
to give high conversion ratios, since the performance of recycled 233y
fuel 1s very sensitive to neutron economy.

4, Tt is important tc minimize D0 inventory cost. Congideration
should be given to reducing the lattice pitch as far as possible and to
using some other material for the reflector region.

5. The conversion ratio could be improved 1f some means cculd be
devised to separate "ourned" fissile fuel from the fissile fuel bred

during the exposure cycle.

13.6 Summary of Effects of Variations in Ground Rules

A near-optimm example of the fuel-cycle cost breakdown for each
of the reference HEWOCR designs is presented in Table 13.5, based on a
thermal efficiency of 34.8%. Also shown are effects of variations in
certain economic factors as calculated from the base case without reopti-
mization. Table 13.6 glves results for corresponding cases based on a
thermal efficiency of 33.0%. The effect of thermal efficiency on net

fuel-cycle cost is given in Fig, 13.2.
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Table 13.5. Summary of Fuel-Cycle Costs and Effects of

Variations in Certain Economlc Parameters

Thermal efficiency: 34.8%

AT-CE Uranium- B&W Th0,-UQCp
Fueled Design Fueled Design

B&W Th-U
Fueled Design

Case Q-3 W-3
Final feed enrichment, wt % 1.251 2.620
last-cycle exposure, Mwd/MT 16,801 22,883
Sum of fabrication, processing, and 58.7 105

shipping unit costs, $/kg
Fuel-cycle cost, mills/kwhr(e)®

Burnup and losses 0. 524 0.510
Preparation plus fabrication 0. 244 0.382
Processing 0.167 0.133
Shipping 0.020 0.036
Uranium inventory 0. 062 0.312
Interest on fabrication 0.072 0.078
Tnterest on processing -0, 012 —0. 006
Plutonium credit —0. 252
Plutonium inventory 0.031
Subtotal Q.856 1.445
D50 and coolant inventoryb 0.191 0.195
Total 1. 047 1.630
Total fuel-cycle cost with uranium ore 1.33 1.92
cost of $16/1b U30g,° mills/kwhr (e)
Total fuel-cycle cost with an interest 0.88 1.35
rate of 5% (includes Dy0 at 5%),
mills/kwhr (e)

X-3
2.269
22,839
83.6

0.377
0.288
0.133
0.027
0.433
0.079
—0.0038

1.320
0.181

1.510
1.79

aDiscounting at 6%; 10% charges on fuel and fabrication; $12.05/g for 23°7,

—$12,00/g for 23°U, $18.00/g for 233y, $10.00/g for fissile plutonium.

Ppixed charge of 10% per year.

©$16.23/g for 235U, —$16.23/g for 236U, $24.31/z for 233U, $13.51/g for fissile

plutonium.
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Table 13.6. Summary of Fuel-Cycle Costs and Effects of
Parameters

Variations in Certain Economic

Thernmal efficiency: 33.0%

AT-CE Uranium-
Fueled Design

B&W Th02-U0z
Fueled Design

B&W Th-U
Fueled Design

Case Q-3
Final feed enrichment, wt % 1.251
Last-cycle exposure, Mwd/MT 16,801
Sum of fabrication, processing, and 57.5
shipping unit costs, $/kg
Fuel~cycle cost, mills/kwar (e)®
Burnup and losses 0.553
Preparation plus fabrication 0.254
Processing 0.174
Shipping 0.021
Uranium inventory 0. 066
Interest on fabrication 0.076
Toterest on processing —0.013
Plutonium credit —0.266
Plutonium inventory 0,033
Subtctal 0.89¢8
Ds0 and coolant inventoryP 0.201
Total 1.092
Total fuel-cycle cost with uranium ore 1.40
cost of $16/1b Us0g,% mills/kwhr (e)
Total fuel-cycle cost with an interest 0.93
rate of 5% (includes D»0 at 5%),
mills/kwhe (e)

W-3
2.620
22,883
103

1.514
0.195

1.709
2.01

1.42

X-3
2.269
22,839
81.8

0.398
0. 304
0.135
0.028
0. 459
0.083
~0.C08

aDiscounting at 6%; 10% charges on fuel and fabrication; $12.05/g for 235U,

—$12.00/g for 226y, $18.00/g for 223U, $10.00/g for fissile plutonium.

bFixed charge of 10% per year.

©816.23/g for 235U, —$16.23/g for 236U, $24.31/g for 233U, $13.51/g for fissile

plutonium.
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14. REACTOR PERFORMANCE

Capital costs given in Table 7.6 in Chapter 7, operation and main-
tenance costs from Chapter 8, and fuel-cyecle costs from Fig., 13.2 in
Chapter 13 were used to compute power costs. Reference costs were based
on a 0.8 plant factor and a fixed charge rate on the reactor plant of 12%
per year. The fuel-cycle cost is the average cost over 30 years. As
discussed previously, there is uncertainty in the reactor outlet coolant
temperature because of uncertainty in the degree of fuel surface fouling
by the coolant; this leads to uncertainty in reactor performance. The
results for the reference bases are summarized in Table 14.1; fouling
conditions asscociated with a temperature drop of 25 to 50°F across the
fuel-surface fouling Tilm at the peak-surface-temperature location were
congidered. TFigure 14.1 illustrates the results given in Table 14.1.

The power costs for public utllity financing are given in Table 14.2.
No recptimization of the design was made, even though the cost bases
were different; reoptimization would lead to a small reduction in total
power cost.

In the above tables, the operation and maintenance costs were based
on values used in the advanced ccnverter study, with upward adjustment
of personnel costs in accordance with present salary structures. These
costs, as shown, are significantly higher than present estimates for
large light-water reactors and should not be used out of context. On the
same bases, we would estimate that operation and maintenance costs for
HWOCR plants would be only avout 0.05 mill/kwhr(e) nigher than for light-
water reactors; tinis higher wvalue is due to the annual coolant and heavy-
water losses and the slightly higher costs of maintaining a plant with
two separate fluid systems. Tf 08M costs in light-water reactor plants
are about 0.22 mill/kwhr(e), then we estimate that the HWOCR O&M costs
should be about 0.27 mill/kwhr(e), which would lower the HWOCR power
costs presented here by about 0.1 mill/kwhr(e).

As shown in Fig. 14.1 the estimated power-production cost for the
AT-CE design concept was 3.46 to 3.54 mills/kwhr(e) for reference con-

ditions. This performance can be improved if axial power-peaking factors
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Based on Submitted Designs and ORNL Evaluation

Icad factor: 0.8

Fixed charges on reactor plant:
Fixed charges on fabrication and processing
plants: 22% per year

Fixed charges on fuel and fuel element fabrication
working capital:
Value of fissile plutonium: $10/g
Value of highly enriched uranium:

Valug of natural uranium:
Heavy water and coolant charges:

10% per year

12% per year

$12/g of *3%y
38/1b of U30g

10% per year for

inventory, 0.56% per year for Ds0 makeup, 160 1b/hr
for coolant makeup

AT-CE B&W BEW Th-U
Ttem Uranium-Fueled (Th-U)0jz-Fusled Metal-Fueled
Design Design Design
Qutlet coolant tempera- 700 675 690 660 700 675
ture, °F
Power production cost,
1ills/kwhr (e)
Capital 2.02 2.08 1.96 2.04 1.%4 1.99
Operation and maintenance  0.37 0. 37 0.37 0. 37 0. 37 0. 37
Fuel cyele (includes Ds0 1.07 1.09 1.67 1.73 1. 54 1.58
and coolant inventory)
Total 3.46 3.54 4.00 4.1 3.85 3.94

Table 14.2. Power Costs for HWOCR Systems with Public Financing

Based on Submitted Designs and ORNL Evaluation

Fixed charges on
Fixed charges on
plants: 22% per year

reactor plant:

7% per year
fabrication and processing

Fixed charges on fuel and fuel element fabri-
5% per year and

)

cation working capital:

4% discount rate

Other conditions:

see Table 14.1

AT-CHE BEW B&W Th-U
Ttem Uranium-Fueled (Th-U)0z-Fueled Metal-Fueled
Design Design Design
Outlet coolant tempera- 700 675 620 660 700 675
ture, °F
Power production cost,
mills/lowhr (e)
Capital 1.14 1.17 1.10 1.315 1.09 1.12
Operation and maintenance 0,37 0.37 0.37 0.37 0.37 0.37
Fuel cyecle (includes Dp0 0.90 0,92 1.39 1. 44 1.20 1.23
and coolant inventory)
Total 2.41 2.46 2.86 2.96 2.66 2.72
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Fig. 14.1. HWOCR Power Production Cost Based on Submitted Designs
and ORNL Evaluation (Reference Economic Conditions).

are decreased by use of natural uranium slugs at the ends of fuel assem-~
blies. Decreasing the axial peaking factor would permit the exit coolant
temperature to increase; this would lead to an increase in thermal effi-
clency and a decrease in capital costs. It is estimated that such changes
would decrease the power-production cost by about 0.03 mill/xwhr(e).

Of the two B&W concepts, the metal-fueled reactor had the lower
power cost; however, the oxide pin design submitted by B&W (and perhaps
the metal-ring design) does not appear to represent an optimized system.
This is indicated by comparing the results of Tables 13.4 and 13.5.

Table 13.5 gives fuel-cycle costs based on the submitted B&W design, while

Table 13.4 gives corresponding results from an initial B&W design study.
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The oxide-fueled reactor of the first design had significantly lower
fuel-cycle costs than others studied. A rough estimate of the capital
cost differences between the present oxide-fueled reactor with 335 pro-
cess tubes and the initial oxide-fueled system having 804 process tubes
gives a difference of $7 million in direct capital costs in favor of the
335-tube design. Applying an overall indirect cost factor of 41%, the
capital cost difference between the 804 and 335 process-tube reactors
corresponds to 0.17 mill/kwhr(e). Even with this additional cost and
the increased Dy0 inventory (included in the fuel-cycle costs of Table
13.4), the 804 process-tube reactor has the lower power production cost
and also a higher conversion ratio (by about 0.1). Thus it appears

that the power production cost can be lowered and the conversion ratio
can be increased by changes in the core design of the thorium-oxide-pin-
fueled reactor design submitted, and the same may be true for the thorium~
metal-fueled system.

Even if credit is taken for improved HWOCR~Th core designs, it ap-
pears unlikely that the power production cost will be as low as that for
the HWOCR-U system under the ground rules and bases usged in this evalua-
tion. Tor example, if we assume that the power peaking factors in the
thorium system are reduced by use of local thorium absorber (containing
no fissile material initially) at the ends of the fuel elements, it is
estimated that the maximum reactor outlet-coolant temperature for the
B&W design could be about 710°F for the metal-fueled system and about
720°F for the oxide-fueled case — there is much greater potential for
reducing the axial power-peaking factor in the oxide-fueled concept rela-
tive to the cases evaluated. Taking credit for the above without any
penalties results in decreased capital costs and higher thermal effi-
ciencies. Under these circumstances it is estimated that the power pro-
duction cost for these reactor designs would te in the range 3.7 to 3.8
mills/kwhr(e). If, in addition, we take credit for an increased conver-
sion ratio of about 0.1 (which is about the difference in conversion
ratio between the initial B&W designs and the designs submitted) and
consider minimal associated penalties, the power production cost from

the HWOCR-Th systems is in the range of 3.6 to 3.7 mills/kwhr(e), which
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ig still higher than the 3.5~mill/kwhr(e) power cost of the HWOCR-U sys-
tem. At the same time, it appears that an HWOCR-U reactor system can
be changed to thorium fueling without requiring significant core design
changes if associated changes in control and safety problems are not
significant. Use of thorium fuels would increase the counversion ratio,
but it would alsc increase the fissile inventory requirement. Because
of this, reasonable increases in the price of natural uranium would in-
crease the power production cost in a thorium-fueled HWOCR about the
same as in a uranium-fueled HWOCR, as indicated in Tables 13.5 and 13.6,
which give fuel-cycle costs based on uranium prices of $8 and $16 per
pound of Usz0g.

These power production costs for reference economic conditions can be
compared with those obtained in the advanced converter study® if appro-
priate consideration is given to changes in design and in evaluation bases.
Of particular interest are the PWR power production costs, which in the
advanced converter study were estimated to be about 4.3 mills/kwhr(e).
Since the time of that study there have been design changes and reduc-
tions in capital costs that were achieved principally through reduced
control rod costs, reduced pressure vessel costs, and reduced pump, piping,
and heat exchanger costs. The reduction in control rod costs has come
about by the use of chemical shim; the reduction in pump, piping, and
heat exchanger costs is a result of the use of fewer loovs, along with
larger equipment; and the reduction in the number of pressure vessel
penetrations resulting from the two foregoing developments has reduced
pressure vessel cost. There have also been associated reductions in con-
trol equipment cost., These changes are estimated to reduce the capital
charges from 2.3 to 2.1 mills/kwhr(e) based on a 0.8 load Tactor and a
fixed charge rate of 12% per year.

Tn addition, the improved bases used in the present study for evalua-
ting fuel preparation, fabrication, and processing costs lower the PWR
fuel-cycle cost by about 0.1 mill/kwhr(e); also, increasing the plutonium
price from $7 per gram of fissile material used in the advanced converter
study to $10 per gram of fissile material used here decreases the PWR
pover cost an additional 0.1 mill/kwhr(e). At the same time, the opera-

tion and maintenance costs were considered to be 0.30 mill/kwhr(e) in
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the advanced converter evaluation, while the corresponding value used here
was 0.34 mill/kwhr(e). The net effect of these changes reduces the PWR
power production cost from 4.30 mills/kwhr(e) to about 3.93 mills/kwhr(e)
based on present design information and HWOCR cost bases.

In order to compare HWOCR power costs with those of other reactor
types studied in the advanced converter evaluation, factors similar to
those considered above need to be included, and these have not been evalu-
ated in detail. However, some pertinent comments can be made for the
HIGR and the PWR reactors studied previously. Relative to the HWR re-
actors (Dp0 cooled), the primary difference between the results obtained
in the advanced converter study and those obtained here are associated
with the higher thermal efficiency of HWOCR systems and the reduced heavy-
water inventories. For the HIGR, changing the fuel recycle bases to those
used here reduces the fuel-cycle costs about 0,1 mill/kwhr(e); the corre-
sponding change in operation and maintenance costs is an increase of 0.02
mill/¥whr(e). The resulting HIGR power production cost based on the re-
sults of the advanced converter study modified directly in accordance
with HWOCR cost bases is about 3.5 to 3.6 mills/kwhr(e) at a conversion
ratio in the range of 0.80 to 0.85.

The HWOCR designs studied here included on-power refueling, and this
feature might permit such systems to have very high load factors. Opera-
tion at a 0.9 load factor instead of 0.8 would reduce capital inventory
and capital charges to the extent that the power costs given in Table 14.1
would be reduced by 0.25 to 0.30 mill/kwhr(e).

The fissile material inventory and consumption requirements influ-
ence fuel utilization as well as economic performance. Table 14.3 gives
these requirements for the submitted HWOCR design conditions. The values
in Table 14.3 are based on our evaluation results in terms of the specific
Tissile material inventory, the annual net fissile material consumption,
the 30-year net fissile material consumption, and the average conversion
ratio over the plant life. The fissile material consumption takes into
consideration that the uranium discarded at the end of the uranium cycle
contains some 23°U that is not economically available. The results ob-

tained indicate that while the specific inventory is significant with
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regard to fuel-cycle costs, fuel consumption is the overriding term over
the 30-year life of these reactors relative to Tissile material require-
ments of a given reactor. However, specific inventory becomes significant
if the installed electrical capacity assoclated with a given reactor type
is rising rapidly. Bstimates of uranium ore requirements for HWOCR's

in an expanding industry are lisfted in Table 14.4.

Table 14.3. Fuel Requirements of HWOCR Concepts
Based on 34% ‘Thermal Efficiency

B&W Thoriua Cycle

AT-CE
Ugaﬁzm Oxide  Metal
J Fuel Fuel
Fissile material requirements,
kg of 235U per Mw(e)
Specific fissile inventory® 1.15 1.95 2.55
Annual net fissile feedP 0.47 0.32 0.25
30-year net fissile feedP 14.1 9.7 7.5
Average conversion ratio 0.70 0. 74 0.80

®Tucludes out-of-core inventory asscciated with entire
fuel cycle. Core loading of uranium reactor is about 1.0 kg
of 2357 per Mw(e), while for the thorium reactors it is about
1.9 and 1.3 kg of 235U per Mw(e) for the metal and oxide fuels,
respectively.

bBased on 0.8 load factor and credit for bred Tuel.

Table 14.4. Uranium Ore Committed in an Expanding Industiry
of HWOCR's Having 30-Year Life

Assumed Installed Industry Size U30g Mined and Committed
(kw(e) ] (short tons)
Year
New Plus Curmulative
at - R_.ThS
Operating Replacement Total HWOCR-U HWOCR-Th!
x 106 x 106 X 106 x 10 x 106
1980 40 35 40 0.14 0.10
1990 210 170 210 0.71 0.53
2000 730 520 735 2.46 1.82
2010 1500 770 1540 5,08 3. 64
2020 2300 800 2510 8.17 5.71

aBased on metal-fueled core.
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15. SUMMARY AND CONCLUSIONS

An evaluation was made of 1000-Mw(e) HWOCR power plants operating on
the uranium or thoriwm fuel cycle. Power costs and nuclear performance
chardeteristicg of the plants were estimated based on engineering evalu-
ations of the reactor cores and plant designs and analyses of performance
requirements, design features, capital cost estimates, fuel-cycle perfor-
mance, and control features,

The reactors were assumed to be in operation in the 1970's and to
use technology either developed or considered feasible at the present
time. A 30-year reactor plant life was considered. Further assumptions
were that:

1. The cost of uranium remains constant over the life of the reac-
tors.

2. The capacities of the fabrication and processing plants are such
that they will provide the fuel-cycle needs of identical reactor plants
generating a total of 15,000 Mw(e).

3. 'The power plant, reactor fuel, and fuel Tabrication and process-
ing facilities are privately owned.

4. The uranium reactors are fueled with slightly enriched uranium,
and tne bred plutonium is sold without recycle.

5. The thorium reactors are initially fueled with 22°U, and the bred
2337 is recycled.

Reactor core designs were provided by AL-CE for the uranium fuel cycle
and by B&W for the thorium fuel cycle; the plant design was provided by
AT-CE.

15.1 Reactor Systems Studied

HWOCR's have lattice-type cores in which the organic coolant is sepa-
rate from the heavy-water moderator. In the designs submitted for the
systems studied, the cooclant leaves the reactor at 750°F. Steam produced
at 725°F and 900 psig 1n the steam cycle leads to an overall system ther-
mal efficiency of about 35%. The nominal plant rating is 1000 Mw(e). The

plant features a process-tube reactor with on-power refueling, carbon steel
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primary loops, recovery facilities for decomposed organic coolant, and
primary heat—transfer-system.componed%s located outside the containment.

Santowax OM coolant (primarily a mixture of ortho- and metaterphenyls)
is used to transfer heat from the reactor to the primary heat exchangers.
During reactor operation, the organic coolant undergoes radiolytic and
pyrolytic decompositions. The decomposition products, as well as corrosion
products, are continuously removed from the coolant stream in order to
maintain the coolant at an acceptable purity level. High boilers are re-
moved by distillation and are converted to usable coolant by catalytic
hydrocracking.

The AI-CE core is designed for uranium carbide fuel made from slightly
enriched uranium. Also, the fuel feed material is always slightly enriched
uranium, with sale of the plutonium obtained at the end of each fuel-
exposure cycle. Bidirectional Tueling of adjacent fuel channels in the
core is accomplished by means of two fueling machines, one at each end of
the core. Also, coolant flow is always in the direction of fuel movement.
The fuel 1s clad with a sintered aluminum product (SAP, consisting of
aluminum oxide dispersed in a matrix of aluminum) and is located in 492
fuel channels.

The B&W designs include two basic fuel elements. One design has an
annular metallic fuel element clad with Zircaloy-4; the other utilizes
pin-type clusters containing oxide fuel clad with SAP material. The ini-
tial fuel consists of thorium with 23°U added as the fissile material.

In subsequent cycles, the bred 233y is recycled with makeup 2357 added
as needed. Bidirectional fueling in adjacent channels is accomplished
with one refueling machine operating from one end of the reactor. Cool-
ant flow through the reactor core is unidirectional, however. With the
metallic Tuel assembly, 299 orocess tubes are used; with the oxide fuel

assembly, 335 process channels are used.

15.2 Evaluatlon of Core Deslgns

wvaluations were made of the reactor physics and engineering per-
formance of the reactor core designs. In the reactor physics studies,

careful attention was given to details of the cell and neutron-spectrum
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calculations; two-dimensional eriticality calculations were employed in
obtaining power-peaking factors and in estimating neutron-leakage eifects.
Power-peaking factor studies included considerations of the gross radial
and axisl power distributions, the channel interactions between Ifresh and
depleted fuel, and the local radial and axial power distributions. Fuel-
depletion calculations were used in analyzing the fuel-cycle performance
of the systems. Temperature coefficients of reactivity were calculated
for the fuel, coclant, and moderator, and vold coefficients of reactivity
were obtained for the coolant.

The engineering evaluations cof the reactor cores included studies of
the core thermal and hydraulic performance; evaluation of the computational
methods and engineering correlations employed by the designers; examination
of materials performance, compatlibility, and consistency of design criteria
with permissible materials conditions; evaluation of organic coolant per-
formance under reactor conditions; and study of control and safety aspects
of the reactors.

The fuel-cyele performance of the reactor cores was based on estimates
of fuel reactivity lifetime; associlated inventory charges; cost estimates
for fuel preparation, fabrication, shipping, and vrocessing; and feasible

operating conditions, as determined by our evaluation.

15.2.1 Fluid Flow and Heat Transfer Analyses

A critical review was made of the computer codes and input correla-
tions and the data used by the design sponsors in the thermal and hydraulic
analyses of the cores. The computer programs appear to be adequate for de-
sign studies. The heat transfer correlation employed appsars tc be opti-
mistic, however. The engineering factors employed by the design sponsors
appear to be slightly low and minor adjustments were made.

Relative to the AI-CE design, the pressure-drop correlation employed
appears to be adequate. The critical heat-flux correlatlion employed secems
to be conservative relative to tube- and annular-type flow gecmetry; how-
ever, these DNB correlations were derived from experiments with heated
tubes or annuli, and they cannot be directly applied for predicting DNB

heat fluxes in multirod fuel-bundle geometry. Because of the lack of
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pertinent heat flux data and uncertainties in predicting the diphenyl con-
tent of the coolant under recycle conditions, we estimate that the minimum
DNB ratio should be no less than 4, a condition which was met by the de-
sign conditions. Whether subcooled nucleate boiling could occur in the
core is dependent upon the biphenyl concentration in the cooclant; however,
the biphenyl concentration can be controlled by appropriate operation of
the distillation column. These statements also apply to the B&W designs.

The maximum average coolant velocity of 30 fps in the AI-CE design
appears 1o be reascnable, but there will be variations from this value.
Velocities in some subchannels will be greater than the average maximum,
but no conditions are anticipated that influence feasibility. Considerable
flexibility exists in specifying the average coolant velocity. Our hy-
draulic calculations gave reactor pressure drops in good agreement with
the AI-CE value and also with the B&W value for the oxide pin-cluster de-
sign. For the B&W nested~cylinder design, we estimated a pressure drop
of about 190 psi, while B&W obtained about 165 psi. The pressure drop
that we obtained is a feasible one; no economic penalty was imposed be-
cause of the above difference,

For the different fuel assemblies, the buildup of a smooth fouling
film on the fuel surface appears to impose little penalty relative to
pressure drop. A more significant effect on pressure drop would bhe the
character of the film; a film with a rough surface could cause a signifi-
cant increase in pressure but is not anticipated. Mo, there appears
to be a significant uncertainty in the pressure drop across fuel assembly
Junctions because of uncertainty in fuel assembly orilentations. Flow
starving in some of the subchannels could occur due to misaligmment of
the fuel assemblies, which could lead to excessive surface temperatures.
Studles need to be performed to assure that this does not occur.

The heat transfer coefficient used by AI-CE and also B&W for obtain-
ing peak surface temperatures appears to be high by about 15%.% We be-

lieve that the correlation presented by MIT is the proper one to use for

*In recent conversations, AI-CE indicated they included a 5% reduc-
tion in heat transfer coefficient in their thermal calculations, in which
case our heat transfer coefficient is about 10% lower than their value.
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gimple flow geometry, which, for the appropriate set of physical property
values, predicts a heat transfer coefficient about 5% lower than values
used by the design sponsors; in addition, we estimate that Tlow conditions
through the fuel assemblies result in a further 10% decrease in heat trans-

er coefficient at local positions (because of flow geometry) and in some

()

flow channels next to the process-tube wall (because of nonconcentric
aligrment of the fuel assembly in the process tubes). Thus, our evalu-
ation was based on use of the MIT correlation, with the correlation coef-
ficient reduced by 10%.

The adequacy of the machine programs depends on the accuracy with
which the input data can be formulated. These data include the fluid-
mixing factor, the power-peaking factors, and the engineering factors,
as well as the heat transfer ccefficient dilscussed above. At present
there is insufficient information available on the mixing factor that
corresponds to HWOCR conditions, and the factor used represents an extrapo-
lation of existing experimental data. Also, the relationship betwee
mixing and cross-flow coefTlcilents may be specific to a particular design.
At the same time, values employed by the sponsors for the different de-
signs are considered to be feasible. The values specified for the engi-
neering factors appear, in general, to be realistic; however, the factors
for mechanical effects and gross flow maldistribution appeared optimistic

and were increased by about 20% in our evaluation studies.

15.2.2 Power-Peaking Factors

Our calculated values were in reascnable agreement with the AT-CE
povwer-peaking values, except for the gross radial power peak, for which
we calculated a value of 1.39 compared with 1.17 by AT-CE. However, we
Tound that significant radial power flattening could be obtained by smell
changes in spatial concentrations of the fuel and that the AI-CE value
was a feasible one. This aliso illustrates that small changes in fuel
concentrations, neutron absorptions, and in local neutron leakage can
have relatively large effecis on the power distribution, and indicates
a need for careful spatial reactivity control in order to limit the power

peaking Tactors throughout reactor operation.
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Relative to the thorium core designs, our calculations predict higher
axial power-peaking factors and higher fine-radial power-peaking factors
than those of B&W; other values were in good agreement., Methods of re-
ducing the axial power-peaking factors appear possible but involve rede-

sign of the fuel assembly and changes in fuel-cycle performance.

15,2.3 Organic-Cocolant Behavior

Terphenyls appear to be satisfactory organic coolants in that they
have relatively low vapor pressures and decomposition rates under proposed
temperature conditions. Operation with 10 wt % high boilers in the cool-
ant appears reascnable in conjunction with use of a hydrocracker for re-
covery of degraded coolant. However, experience is needed relative to
practical operating conditions in a catalytic hydrocracker for recovery
of coolant from high boilers. Under the proposed operating conditions,
and based on results of bench-scale experiments with hydrocracking, we
estimate that the diphenyl content of the coclant will be significantly
higher than that specified by the design sponsors (12% instead of 2%);
at the same time, the diphenyl content can be controlled by appropriate
cperation of the distillation column. The primary disadvantages of in-
creasing the diphenyl content are asscciated with the higher cooclant vapor
pressure and decomposition rate,

Studies of thermal and radiolytic stability of the coolant under
operating conditions indicate that the decomposition rate increases with
temperature, with a marked increase in decomposition rate as the tempera-
ture is increased above about 750°F in a reactor radiation field. The
decomposition rate affects the coolant makeup costs and may have an in-
fluence on fouling-film formation.

The formation of a fouling Tilm on surfaces of fuel elements is a
complex phenomenon that is not completely understood; however, the purity
of the coolant is a significant variable, with fouling decreasing with
increasing coolant purity. Fouling is also related to coclant decompo-
sition and the velocity of coolant flow past the fuel surface. Based on
present Information, film formation appears to be lowered by excluding

contaminants from the coolant and by maintaining a high coolant velocity.



Nonetheless, film formation occurs in systeums approximating HWOCR condi-
tions, even with high-purity coolant and high flow conditions, and cannot
be neglected. Ve estimate that under IWOCK conditions, the temperature
drop acrcss the fouling film will be 25 to 50°F at positions of maximum
fuel surface temperature.

Corrosion in HWOCR systems 1s very low and dces not appear to be a
problem, except for the possibility that corrcosion products may play a
role in the formetion of fouling films. Under design Tlow conditions,
the volume of coolant at fuel surface temperatures is small, so the gross
radiation degradation rate of the coolant is not markedly affected by
the fuel surface temperature per se. At the same time, the damage to the
coolant increases markedly with increasing temperature under reactor con-
ditions, and the maximum coolant temperatures occur in the laminar sub-
layer of the coolant where the fluid velocity is low. Although the ki-
netics of film-formation processes have not been established, it is Judged
that both the above conditions are conducive to film formation, and that
until detailed studies have been made clarifying the relations between
coolant purity, flow conditions, radiation damage, temperature, and
fouling-film formation, the maximum coolant temperaturc should not exceed
850°F.

The degradation rate of the coolant 1s dependent upon the bulk cool-
ant temperatures, which in turn are limited by maximum fuel surface tem-
peratures, permissible local coolant temperatures, and economic consid-
erations. Based on the reactor design submitted and our evaluation cri-
teria, we estimate that the bulk coolant outlet temperature will not be
above about 700°F; for this condition, we estimate the pyroradiolytic
degradation rate of the coolant to be about 1430 lb/hr and the pyrolytic
decomposition rate to be about 70 lb/hr, giving a total terphenyl degra-

dation rate of 1500 1b/hr, the value used in our evaluation.

15.2.4 Temperature Conditions

In evaluating maximum fuel surface temperatures, power-peaking fac-
tors calculated by ORNL were used that tended to be higher than those

specified by the design sponsors. Also, we employed values for the heat
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transfer coefficient and the engineering factors that were slightly dif-
ferent from those used by AI-CE and B&W, and use of these values tended
to increase maximum surface temperatures above those specified by the
design sponsors. On these bases, we estimate a maximum fuel~surface tem-
perature for the AI-CE design conditions of 878°F, if no fouling film is
present; this value was obtained with a basic radial power-peaking factor
of 1.17, which appears achievable., For a fouling film on the surface of
the fuel elements and a 25 to 50°F temperature drop across the film at
the position of maximum fuel surface temperature, a maximum surface tem~
perature of 903 to 928°F results for the ATI-CE design conditilons.

In order to achieve a maximum surface temperature not in excess of
850°F for the AI-CE design conditions with a 25°F temperature drop across
the coolant fouling film at the position of peak surface temperature, the
coolant outlet temperature would have to be lowered about 70°F to 680°F.
The corresponding decrease in coolant outlet temperature for a 50°F tem-
perature drop across the fouling film would be about 100°F, or an outlet
temperature of 650°F., At the same time, it is possible to alter the re-
actor design conditions so that the coolant ocutlet temperature can be in-
creased at less economic penalty than that asscciated with operating the
present design at an outlet temperature in the 650 to 680°F range. To
account for reoptimization of design conditions, it is estimated that the
equivalent coolant outlet temperature to be associated with the present
AI-CE design is 675 to 700°F for a fouling-film temperature drop of 25
to 50°F at the position of maximum fuel surface temperature. The above
coolant outlet temperature range was used in evaluating the AI-CE de-
sign concept; use of this temperature range can be considered equivalent
to increasing the fuel cladding thickness so that a maximum SAP surface
temperature of about 870°F is permissible, with the decrease in nuclear
performance associated with such a design change accounted for by de-
creasing the coolant cutlet temperature about 7°F.

For the B&W oxide pin-cluster design conditions with no fuel surface
fouling present, we estimate a maximum fuel surface temperature of about
834°F for fuel assemblies that move in the same direction as the coolant

flow; the maximum surface temperature was about 892°F for agsemblies
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moving opposite to coclant flow. Tncluding a fouling film with a 25 to
50°F temperature drop across it at the position of pealk surface tempera-
ture would result in a surface teumperature value of 917 to 942°F for the
oxlde pin-cluster desigmn.

For the annular metal elewent design of B&W and with no fouling film
present, we estimate a maximun fuel surface temperature of about 864°F
for fuel moving in the same direction as the coolant and about 879°F for
fuel moving opposite to coolant flow. Including a fouling film with the
characteristics discussed above at the position of peak surface tempera-
ture would result in & maximum fuel surface temperaturs of 904 to 929°F.

If bidirectional coolant flow were employed in the B&W desigus, a
condition we consider to be feasilble, the maximum fuel surface tempera-
ture would decrease about 8°F in the oxide-fuel design and about 15°F in
the metal-fuel design. In addition, if the SAP cladding thickness of the
oxide fuel were increased to permit a maximum surface temperature of 870°F,
it is estimated that the effective coolant outlet temperature for the
present design would be in the 660 to 690°F range for a 25 to 50°F tem-
perature drop across a fouling film. For the metal-fuel design, it does
not appear feasible to increase the maximum fuel-cladding temperature
above 850°F because of hydriding effects. However, use of bidirectional
coolant flow permits the outlet coolant to be in the 675 to 700°F range
(based on a 25 to 50°F drop across a fouling film at positions of maximum
surface temperatures). Thus, in evaluating the B&W core designs, the
effective coolant outlet temperature was considered to be 660 to 690°F
for the oxide pin-cluster design and 675 to 700°F for the metal-cylinder
desilgn.

The maximum permissible temperature of the SAP cladding is a function
of the strength, creep, and elongation properties of the SAP under reac-
tor conditions. A value of 850°F appears to be reasonable for the maxi-
mum permissible temperature for the specified design. This value could
be increased slightly if the cladding thickness were increased. In the
present design it may be permissible to have cladding temperatures in
excess of 850°F for limited periods of time, but this first needs to be

established experimentally.
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The limitation on fuel center-line temperature is influenced by fuel
growth as a function of temperature, reactor exposure, and fission-product
behavior under reactor conditions. For the carbide fuel, and based on
present information concerning fuel growth, we Jjudge that the maximum fuel
temperature should not exceed 2200°TF for the proposed operating conditions.
We found that the maximum center-line temperature did not exceed the 2200°F
value. For the oxide and metal fuels, we also found that the fuel center-

line temperatures did not exceed permissible values.

15.2.5 Materials Hvaluations

Of particular concern in these reactors are the mechanical properties
of SAP. This material has been developed relatively recently, and the
specifications and design stresses associated with proper reactor design
have not been completely developed. The low ductility of SAP at low strain
rates may be a serious limitation, and it appears probable that SAP com-
ponents in the HWOCR must be desligned on the basis of a maximum strain of
about 0.5%. The SAP design criteria applied by AI-CE in the present study
appear feasible based on available data; however, extensive testing is
still needed in order to adequately specify the nuclear code design cri-
terla that need to be satisfied for reactor application of SAP materials.
In the B&W oxide pin-cluster core design, the thickness of the process

tube should be increased by about 25% to reduce stresses to values con-

sistent with AT~CE values. The Zircaloy calandria tube designs appear
satisfactory, with tube stresses well within design limits for that ma-
terial. J

Material compatibility studies indicate that UC and ZAP do not react
under proposed operating conditions, and we concur that SAP and hyperstol-
chiometric UC will be suitable for use in the HWOCR environment. Also,
both thoria and urania appear compatible with SAP under the HWOCR operat-
ing conditions. Limited data suggest that Zircaloy-4 and thorium metal
are compatible under HWOCR conditions for the planned fuel exposures. Re-
actions between varicus fuel and cladding components can occur, but avail-
able data indicate that such reactions will not proceed to the point where

cladding failures cccur.
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No compatibility proklems are anticipated with regard to the organic
coolant and SAP materials. Relative to the thorium-metal fTuel design,
hydriding of Zircaloy-4 by the coolant can take place, particularly in
cladding exposed to high tewmperatures. Hydriding of Zircaloy reduces
ductility and can cause severe embrittlement. Protection from hydriding
appears possible by the deposition of protective films.

Fuel element performance evaluations were conducted to ildentify areas
that might restrict operating conditions. Of principal concern were
fission-gas release and fuel swelling and the ability of the fuel cladding
to maintain its integrity. For all fuels, proposed operating conditions
are relatively severe, and extensive testing is required to determine ac-
tual performance under HWOCR conditions,

The UC fuel element appears to have a satisfactory design and to be
sultable for HWOCR application based on present information and feasibility
conditions. It should be capable of operating at proposed heat ratings
and temperatures. Achievement of desired burnup will be critically de-
pendent on fuel swelling at operating conditions; also, cracking and chip-
ping of fuel could cause excessive local stresses in the SAP cladding.

The strict limitations on gap thickness between the fuel and the cladding
imply rigid control of dimensional variations of both the UC fuel and

the inside diameter of the SAP cladding; we consider such control feasi-
ble. esent data on radiation damage to UC fuel indicates that a 2%
volumetric growth per 10,000 de/T exposure 1s reasonable to expect at
center-line temperatures of about 2000°F; however, there is significant
scatter in the dataz, and the value could be 3%, which would limit maxi-
mum fuel exposure to about 16,000 Mwda/T for the AI-CE design.

The thorium~based fuel elements also appear tc have satisfactory de-
slgns and to be sultable for HWOCR application based on present informa-
tion and feasibility conditions. Although thoria fuels themselves have
been exposed satisfactorily to high-burnup conditions, experiments must
be performed to demonstrate that the effects of compaction and of burnup
in SAP-clad vibration-compacted fuel permit such cladding to be used.
Reactor exposure of the oxide fuel appears limited by the buildup of

Fission-product-gas pressure. Relative to the thorium-based metal fuel
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elements, exposure experience is limited. Fuel swelling of 3% volume in-
crease per atomic per cent burnup appears feasible, but needs further

verification. Temperatures and thermal gradlents in the metal appear to
be acceptable, but tests need to be performed to determine whether allow-
ances made for distortion in the closely spaced annuli between cylinders

are adequate.

15.2.6 Safety and Control Consideratlons

The use of organic coolant with its relatively high neutron-absorption
cross sectlon makes the coolant temperature and vold coefficients of reac-
tivity positive in these heavy-water-moderated systems, so an increase in
pover can cause the reactivity of the system to increase. For the equi~
librium core, our calculations indicate a coolant temperature coefficient
of about 4 X 1077 Ake/°F for the AT-CE uranium design. Reactivity coef-
ficients caleculated for the BE&W thorium-based cores also indicated that
such cores will have significant positive coefficients of reactivity as-
sociated with the temperature and void fraction of the organic coolant.
During initial operations, the thorium cores appear to have a more posi-
tive coolant temperature coefficilent than does the uranium ccre. Under
equilibrium conditions, the reverse tends to be true. The reactivity co-
efficient calculations, while Internally consistent, are not necessarily
accurate to more than i50%, and experimental measurements are required
to adequately evaluate HWOCR reactor safety requirements,

The positive coclant temperabure coefficlent imposes stringent de~
mands on the operational reguirements of the control systems; also, the
design of the containment system 1s dependent on the reliability of the
safety systems. The safety and control systems indicated in the design
report appear deficient in the areas of reliability and performance; how-
ever, we believe that these deficlencies can be corrected and szatisfactory
systems can be devised for the HWOCR. We suggest that the safety systems
be split into two separate and independent shutdown systems. Bach shut~
down gystem should have sufficiently fast response and sufficient reac-
tivity control to give protection. Further analyses will Dbe required to

establish the precise rod-response times, hut based on our evaluation the
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specified insertion speed of the shutdown rods appears too slow. The total
reactivity control of 4% presently available in the 84 shutdown rods ap-
pears sufficient but should be divided equally between two independent
shutdown systems that have no common-mode fallures.

The rod control system for normal power regulation of the reactor
should be made more reliable by use of several controllers that minimize
the effects of failure of a controller or failure of input signals to a
controller. Tn addition, both the amount and rate of reactivity addition
available for power-distribution control should be increased to provide
continued control of the reactor following possible reactivity perturba-
tions during operation. It appears desirable to increase the reactivity
worth of the vertical control rods used for spatial power distribution
control from 0.1% to 0.3% Ake, Also, 1t appears necessary that fuel load-
ing and control rod positioning be computer controlled in order to ade-
guately consider the effects of interplay between variables. It appears
Teasible to incorporate the above features through relatively minor de-
sign changes,

Information on plant safeguards was not available in sufficlent de-
tall for detailed evaluation of the adeguacy of the safeguards provided;
also, no analyses of reactor incidents were provided. We consider that
use of double isolation valves on all main coolant lines penetrating the
reactor building makes it Teasible to locate the steam generators outside
the reactor building. However, plant safeguard requirements are dependent
on the conditions associated with the maximum credible accident, which
has not been estimated or investigated. Reactor cell construction of
reinforced concrete with a steel liner appears feasible and c:icirable;
however, it appears advantageous to suppress any cell pressure bulldup

by use of wvapor-condensation systems.

15.2.7 Fuel-Cycle Conditions

In calculating fuel-cycle costs, unit costs were estimated for fuel
preparation, fabrication, shipping, and processing. For evaluation con-

ditions, the estimated costs were
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Costs ($/xg)

Thorium Oxide-~ Thorium-Metal -
UC Fuel Based Fuel Based Fuel
Fuel preparation 3.6 6.1 2.1
Fuel Tabrication 29 65 o
Fuel shipping 2.5 5.3 3.6
Spent fuel processing 23 26 25

These costs were based on recycle of bred fuel in the thorium fuel cyecle,
while the uranium fuel cycle consisted of fueling with slightly enriched
uranium, with sale of bred plutonium.

Unit cost estimates used by the design sponsors were in general agree-
ment with our estimates. However, the B&W fabrication cost estimates were
slightly lower due to conslderation of an integrated processing and fabri-
cation plant and due to lower cost estimates for certain fabrication opera-
tions.

The fuel-cyele unit cost estimates were used in conjunction with re-
actor physics calculations to obtain fuel-cycle performance and to opti-
mize fuel-cycle conditilons under the reference ground rules. Relative
to the physics calculations, our calculational methods and those of AI-CE
vere gimilar, and similar results were obtained. The B&W calculations
we examined gave results different from ours relative to fuel-depletion
concentrations and resonance-escape-probability values; also, values used
for the 223U cross sections were more optimistic than our values. As a
result, our conversion ratios tended to be lower and our fuel-cycle costs

higher than corresponding BEW values.

15.3 Evaluation of Plant Desligns

In reviewing the equipment requirements for the HWOCR plants, our
general conclusion was that the components described for the conceptual
design were feasible to build with present-day manufacturing technology
or would reguire at meost a moderate extension of present technology. The
large pumps, heat exchangers, and valves of the primary heat transfer
system will require speclal design consideration and performsnce testing,

but the fabrication of these compcnents is within the capabllity of
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present-day manufacturers. The mechanical design of the refueling machines

appears to be feasible as described. IHowever, the reliability of the re-
fueling machines must be established through repeated tests of prototype
machineg under simulated design conditions. Also, emergency conditions
that may arise from possible malfunctioning of the machine during a re-
fueling operation must be evaluated and provisions made in the design for
coping with these conditions.

The AI-CE core desgign specifies bidirectlional fueling with fueling
from both ends of the reactor. The B&W concepts specify bidirectional
refueling with Tueling from one end; this condition reguires about twice
as many strokes for fuel movement during a complete fuel change as doeg
the AI-CE procedure. For all concepts, refueling operations take place
during reactor operation, a favorable situation relative to attaining
high load factors. Also, reactor downtime due to forced outages of heatl
transfer and steam-cycle equipment should be low, since the equipment is
accessible and the radicactivity of the coolant is very low under normzl
operation. These features, combined with the on-power refueling schemes,
can lead to load factors significantly higher than the 80% assumed in
this evaluacion. However, the durability of SAP tubes must be demonstrated
before downtime for orocess-tube replacement can be discounted as a factor
in plant availability. Also, the bulldup of xenon poisoning after reac-
tor shutdown will require an off-stream time of about 40 hr before the
xenon level will have decayed sufficiently to permit subsequent startup
with proposed contreol systems.

There is a significant economic incentive for minimizing moderator
inventory, and as a result the calandria tubes and process tubes are com-
pactly arranged. Equipment, procedures, and methods need to be develeoped
for remote replacement of calandria and process tubes. Access for replace-
ment or maintenance of vessel components will be extremely limited. Al
ternate designs or some modifications of the present design that facilitate
replacement operations should be considered. Also, provisions should be

made for inspection and replacement of the heavy-water spray nozzles of

the emergency coollng system.
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Flectrical systems, service systems, site, and structures appear to
bte adequate for the systems described. Also, auxiliary equipment for the
moderator and coolant purification systems can be bullt as specified. The
estbimated heavy-water loss rate of about 0.6% per year appears to be fea-
sible. However, more information is needed on the quantities of heavy
water which need to be upgraded in quality in order to maintain the speci-
fied heavy-water purity.

There 1s only sparse information availlable on the operation of a
catalytic hydrocracker unit for recovery of degraded coolants, and pilot
plant data will be reguired before detailed evaluation of such a unit
in HWOCR systems can be performed. In particular, the biphenyl content
of recycled coolant for specified conditions is not known adequately.
Based on present information, 1t appears that the design of the hydro-
cracker unit is satisfactory.

The turbine plant design data presented by ATI-CE have been checked
and evaluated. We are in general agreement with the reference design
values. Development of the large tandem-compound turbine-generator unit
will be required, but such development is in keeping with the current
industrial trend in this area. Relative to steam conditions, however,
we estimate that the reactor-outlet coolant temperature will not be above
700°F and still meet other specified criteria; with a coolant outlet tem-
perature of 700°F, we estimate that the steam-generator heat transfer area
would e increased above the specified value and that steam would be gen-
erated at 675°F to give an overall plant thermal efficiency of 34.1%.

The containment scheme, which reguires 1solation valves between the
reactor located inside the containment building and primary heat-transfer
system components located outside the containment buillding, appears fea-
sible for a plant located at the hypothetical Middletown site. Ioss of
coolant and other possible accidents will have to be evaluated in detail
to determine whether the deslign pressure and integrity of the vessel are

adequate and whether sufficient plant safeguards have been provided.
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15.4 Performance bLvaluation

The power production costs associated with the reactor designs were
evaluated, based on our performance estimates and the reference ground

rules, which considered a 0.8 plant factor, a capital charge rate of 12%

o

rear plant life. For
I

o

eA

per year, and a fuel-cycle cost averaged over a 3

the AT-CE design concept with uranium carbide fuel, we estimate power

certainty in fuel surface fouling by the coolant. The corresponding fuel
conversion ratic was 0.70 averaged over the fuel cycle, and the specific
fuel inventory for the fuel cycle was about 1.1 kg fissile per clectrical
megavatt. Use of natural uranium fuel in the ends of fuel asscmblies
would decrease axial power-peaking factors, and such use could reduce
power-production costs about 0.03 mill/kwnr(e). Also, if load factors

of 90% were achieved, a feasible condition with the proposed on-line re-
fueling scheme and encouraged by the low incremental thermal.energy gen-
eration cost of about 7.8 cents per million Btu associated with going from
zere to full power production, power costs would be further reduced by
about 0.25 mill/kwhr(e).

The power-production costs for the two BE&W thorium-based reactor de-
signs were estimated to be 3.85 to 3.94 mills/kwhr(e) for the nested-
cylinder metal-fueled concept and 4.00 to 4.14 mills/kwhr(e) for the pin-
cluster oxide.~fueled concept; the ranges correspond toc uncertainty in fuel-
surface fouling by the coolant. TFor the metal-fueled design, the as-
sociated average conversion ratio was (.80, while the specific fuel in-
ventory for the fuel cycle was about 2.55 kg fissile/Mw(e); the oxide-
fusled concept had an average converslon ratio of 0.74 and a specific in-
ventory of 1.95 kg fissile/MW(e). By changing the core designs of the
thorium-based reactors, it appears that the power-production costs can
be lowered, with corresponding increases in the conversion ratioc and also
in the specific inventory of fissile fuel. Taking credit for possible
performance improvementis led to estimated power costs only 0.1 to 0.2
mill/kwhr(e) higher than those obtained for the corresponding HWOCR-U
system under tne refererce ground rules and bases used in this evaluation.

Also, 1t appears that an HWOCR-U reactor system can be changed to thorium
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fueling without requiring significant core design changes 1f associated
changes in control and safety problems are not significant. These power-
production costs can be compared with the value of 3.93 mills/kwhr(e)
estimated for pressurized-water reactors (FPWR) relative to the reference
ground rules and cost bases used in this study. The power-production
costs based on publicly owned HWOCR plants having a capital charge rate
of 7% per year were estimated to be 2.41 to 2.46 mills/kwhr(e) for the
AT-CE design concept, 2.66 to 2.72 mills/kxwhr(e) for the B&W metal-fueled
reactor, and 2.86 to 2.96 mills/kwhr(e) for the B&W oxide-fueled reactor.

These results were based on what we consider feasible operating
conditions and our estimates for capital costs, operating and maintenance
costs, and fuel-cycle costs. In obtaining capital costs, we separated
the various AI-CE specified costs by breaking them down into the ARC
categories of cost accounts. We initially considered the AI-CE design
and operating conditions, for which case the cost adjustments we made in
the various accounts tended to offset each other to give total direct
rlant construction costs in good agreement with those presented by AI-CE.
These capital costs were than adjusted in accordance with changes in
design and operating conditions we considered necessary and reasonable
for feagible design and operating conditions to give our final capital
cost estimates. On these bases, our estimated capital costs for the
AT-CE concept varied from $112 to $121/kw(e) for investor-owned plants
and from $114 to $117/kw(e) for publicly owned plants.

The capiltal costs for the B&W thorium-based reactor concepts were
obtained by estimating the cost differentials asscciated with variations
in design and operation with the uranlum-based reactor plant as the ref-

erence case. The direct capital cost of the B&W metal-fusled reactor

0

plant was estimated to be $3.9 million lower than that of the reference
uraniuvm-fueled reactor concept, while the direct capital cost of the B&W
oxide-fueled concept was about $3.2 million lower than that of the ref-
erence plant. Taking into consideration changes in design and operation
that we considered necessary and reascnable for feasible conditionsg, our
estimated capital costs for the BEW metal-fueled reactor concept varied

from $113 to $ll6/kw(e) for investor~owned plants, and from B10S to
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$112/kw(e) for publicly cwned plants; the corresponding estimates for the
B&W oxide-fueled concept were $114 to $119/kw(e) and $110 to $115/kw(e).

Operation and maintenance costs were estimated to be about 0.37
mill/kwhr(e) for the different HWOCR concepts belng considered. Included
in this figure are heavy-water-makeup and organic-coolant-makeup costs,
which total about 0.03 mill/kwhr(e).

Fuel-cycle costs were calculated with the present-value discounting
technique to obtain 30-year lifetime-average fuel costs. Under reference
conditions, we estimated Tuel-cycle costis corresponding to the range of
power costs given above. The values obtained, including heavy-water and
coolant inventories totaling about 0.2 mill/kwhr(e), were 1.07 to 1.09
mills/kwhr (e) for the ATI-CE concept with fuel attaining an average expo-
sure of about 17,000 Mwd/T of heavy metal; 1.67 to 1.73 mills/kwhr(e) for
the B&W oxide-fueled concept with fuel attaining an average exposure of
about 23,000 Mwd/T; and 1.54 to 1.58 mills/kwhr(e) for the B&W metal-
fueled concept with fuel attaining an average exposure of about 23,000
de/T [decreasing the average exposure of the metal fuel to 17,000 de/T
would increase fuel-cycle costs about O.06 mill/kwhr (e)].

Under public ownership, the corresponding fuel-cycle costs, including
heavy water and organic coclant inventory charges totaling about Q.1
mill/kwhr(e), were estimated to be 0.90 to 0.92 mill/kwhr(e) for the AI-CE
concept, 1.39 to 1.44 mills/kwhr(e) for the BSW oxide-fueled concept, and

1.20 to 1.23 mills/kwhr(e) for the B&W metal-fueled concept.

15.5 Engineering Development Requirements

The evaluation was based on conditions considered feasible with
presernt-day technology; thus, the performance indicated has not been dem-
onstrated in all respects but appears attainable through engineering re-
search and development. Work areas that nced emphasis in developing and

demconstrating practicable HWOCR systems are discussed below.

15.5.1 Process-Tube and Cladding Material

The HWOCR concept that uses SAP material requires that the material

have satisfactory metallurgical and mechanical properties for application
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ag process tube and cladding. Since SAP is a relatively new wmaterial,
there is still need Tor fabrication procedures to be firmly established;
also, specificaticons and Information on permissible design stresses for
SAP need to be developed more completely based on results of extensive
material testing under simulated HWOCR operating coanditions. Under long-
term high-temperature load conditicns, SAP material exhibits low strain
capability, and the low ductility of SAP at low gtrain rates and 1ts in-
fluence on reactor design criteria need to be studied thoroughly. Present
experimental stress-rupture data require inordinate extrapolation for
accurate prediction of the permissible design stress associated with a
30-year process-tube life. Also, the effects of transient stresses and
translent local conditions on the mechanical properties and agsociated
permissible design criteria of SAP fuel-cladding material should be studied
to determine how translent and local conditions influence permigsgible de-
sign criteria.

In addition to the present SAP development program, it appears de-
sirable that a backup effort be supported in which zirconium-based alloys
are developed for HWOCR use. The ability to use such materials for
process-~tube and fuel-cladding application is dependent upon control of
metal hydriding and associated material embrittlement. Studies to date
in this area are limited and need to be expanded and conducted under
HWOCR-simulated conditions to determine whether zirconium-based alloys,
through treatments or modifications, are practicable for HWOCR applica-

tion.

15.5.2 Organic Coolant

The most important need with respect to the organic coclant is for
a better understanding of the factors and mechanisms that influence the
formation and suppression of fouling films on fuel-element and other heat-
transfer surfaces under HWOCR conditions. Also, the fouling characteris-
tilcs of the organic coolant under economic HWOCR operating conditions
need to be precisely determined. This requires intensive in-pile loop
tezting under measured and coabrolled conditions and involves measursment

of fluid flow and heat transfer conditions, coolant physical properties
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and composition, coclant impurities and theilr concentrations and chemical

and physical forms, and extensive posttest examinations of Iilms.

15.5.3 Control and Safety

Detailed studies need to be made of the control and safety require-
ments of these large reactors with positive temperabure coefficlents of
reactivity. The reactivity coefficients need to he evaluated more thor-
oughly and experimental measurements obtained. The maximum credible ac-
cident needs to be estimated and factored into the design of the control
and/or containment system. The influence of xenon oscillations and con-
trol rod movement on reactor stability, spatial power-peaking factors,

and reactor control requirements needs specific study.

15.5.4 Thermal and Hydraulic Studies

Detailed measurements of fluid flow conditions, temperature distri-
butions, effective heat transfer coefficlents, and the influence of fuel
assembly orientation and location on these variables neced to be made in
full-scale mockups representing HWOCR core-design conditions. These in-
clude experimental measurements of fluid mixing in flow channels con-
taining spirally finned elements; effects of fuel-element swelling on
flow distribution; determination of core pressure drop and fluid flow
distribution as a function of fuel assembly orientatiions and possible

eccentric positicning of fuel assemblies in the process tube; and mea-

Tlow distributions, and associated local heat-transfer coefficients.

15.5.5 Fuel-Element Performance

The ability of fuel elements to withstand the maximum exposures
planned under HWOCR conditions without failure needs to be further dem-
onstrated with consideration given to the influence of the fine-axial
and fine-radial power-peaking factors on maximum fuel exposure. For the
uranium carbide fuel, present uncertainties relative to fuel growth and
Tission-gas release as a function of fuel exposure, temperature, and tem-
perature distribution need to be reduced. Alsc, cladding integrity under

conditions of thermal fuel cycling needs further investigation.
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For the thoria-based fuel element and the planned fuel exposures,
additicnal testing 1s required to demonstrate that vibration compaction
is a practical operation when SAP cladding is employed. Also, more in-
formation is needed concerning the permissible fuel exposure as deter-
mined by fission-product-gas pressure buildup under HWOCR conditions.

The thorium-metal-based fuel element requires extensive testing to
verify its practical application under HWOCR conditions. Additional ex-
perimental results are needed relative to fuel growth and distortion as
a function of exposure, temperature, and temperature distribution; and
the influence of fuel growth and distortion on coolant flow distributicon
in the closely spaced annuli between the metal cylinders needs to be
better known. Also, the influence of hydrogen pickup by zirconium on
permissible fuel-element exposure and on coolant-flow distribution needs

to he evaluated experimentally.

15.5.6 Components

Extensive component development work is required to attain the tech-
nological status required for building and operasting econcmic HWOCR power
plantsg. Development of reliable and adequate control and safety systems
is needed, along with life testing of these systems. The on-power re-
fueling machines, the large pumps, heat exchangers, and valves of the pri-
mary heat transfer system will require performance testing. Also, the
catalybic hydrocracker for recovery of degraded organic coolant requires
development.

Remote on-power refueling is a major consideration for the HWOCR
concept. The required high reliability of the refueling machines must
be demonstrated through repeated tests of prototype machines under simu-
lated HWOCR conditlons. Procedures need to be developed for repair and/or
removal of refueling machines under all possible conditions of malfunction.
AMlso, methods need to be developed and tested for remote replacement of

calandria and process tubes.
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Appendix A
BASIS FOR FIXED CHARGES ON NUCLEAR PLANTS

The annual fixed charge applicable to depreciating capital investment
was taken as 12% of the investment in a privately owned utility plant.

The following breakdown was used:

Return on money invested 6.0 %
30-year depreciation 1.25
Interim replacements 0.35
Federal income taxes 1.80
Other taxes 2.40
Insurance (excluding liaebility) 0.20
12.00%

The bases for the individual charges are discussed in the following para-
graphs.

1. Return on Money Invested. The cost of money relects the downward

trend in bond interest since 1960. It is eguivalent to financing the plant
with one-third equity capital returning 9% after taxes and two-thirds debt
capital drawing 4.5% interest.

2. Depreciation. The 30-year depreciation allowance is calculated

by the sinking-fund method.

3. Interim Replacements. The sinking-fund depreclation allowarnce

does not include replacing capital items that have a shorter life span
than 30 years. The 0.35% figure follows FPC practice for evaluating coal-
fired plants.

4. TFederal Income Taxes. The figure of 1.8% for federal income

"

taxes is based on the assumption that the "sum-of-the-year's-digits”
method of tax deferrals would be allowed. Under such conditions, the
percentage of federal income taxes paid on the initial investment the nth
year after startup is 0.92 + 0.085n. The sinking-fund method of normaliz-
ing this to a constant return per year then results in the 1.8% per year
charge.

5. Other taxes. State and local taxes are taken as 2.4%, as recom-

nended by the FPC.
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€. Insurance. A figure of 0.2% is allowed for property damage in-
surance following conventional plant practice. This does not include
cests of third-party liability insurance.

For publicly owned plants, the annual fixed charge was taken as 7%

of capital investment. The breakdown was taken as:
Return on money invested 4. 00%
30~year depreciation 1.75
Interim replacementcs 0.35
Tocal taxes plus insurance 0.90
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AEEendix B
COMPUTER CODES USED IN HWOCR EVALUATION

A prominent design feature of the pin-type fuel assemblies proposed
both by AI-CE and by B&W is that advantage is taken of the mixing between
fluid flowing in the various subchannels between the pins to reduce the
temperature rise in both the coclant and cladding in the hottest sub-
channel. Careful analysis of the effect of mixing is a rather involved
process and has been handled in previous large reactor designs in only a
general manner. To facilitate the analysis of this effect of mixing,
copiles of two computer codes were obtained from Combustion Engineering,
Inc., at Windsor, Connecticut, and adapted for cur computer, the IBM 7090.

These two codes, which will be referred to as the U-3 code and the
THEME 1 code, differ in two essential principles. One difference ig the
general purpose for which the code was written, and the other is the
representation of mixing in the ccde. Code U-3 was written to describe
in detail the temperatures in the coolant and at the cladding surface in
a multicharmneled flow assembly. THEME 1, on the other hand, was written
to represent only generally the entire assembly and the hot subchannel in
detail. Therefore U-3 is most useful in evaluating a particular design,
and THEME 1 is most useful for studying the effect of varying design pa-
rameters. (These two programs are described in detail in Refs. 1 and 2.)

Code U-3 approximates the effect of mixing by assuming that the cross
flow between subchannels is proportional to the average linear velocity in
the assembly. An energy balance on an increment of length then incor-
porates the net effect of adding and subtracting coolant at different
temperatures from adjacent subchannels. THEME 1 treats mixing through
the use of the mixing Tactor based on the temperature changes with and
without mixing. The mixing factor is defined, and once its value is
known, the temperature rise in the subchannel with mixing can be calcu-

lated.
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T‘he U-3 Code

The U-3 ccde was developed by Oldaker® at Chalk River. It was origi-
nally written in APEX IV and was later translated into a form of FORTRAN
for the IBM-7070 at Windsor, Connecticui, by personnel at Combustion
Engineering. In the translation, secveral modifications were made in the
code; the twc most significant changes were the following: (1) the origi-
nal code represented the axial flux distributiocn as a chopped cosine,
while the modification entered the axial flux distribution at a selected
number of points and linearly interpolated between these points, and
(2) the original code was written for wire-wrapped elements where the
intersubchannel flow was directed in a fairly predictable manner and pro-
portionality constants were assigned to the relative flow between elements,
while the modified code considered spiral fins directing flow in opposing
directions between elements, and the estimation of the relative intersub-
channel flow was more gross.

The hydraulic calculations have already been mentioned in the main
body of this report. All calculations in this section of the code are
made with fluld properties based on an average coolant temperature in the
pressure tube that is the sum of the entering temperature and one-half an
estimated temperature rise (both input values). No iteration is made to
check the validity of this entered temperature rise based on subsequent
thermal calculations.

The friction factor correlation is one established by Colebrook:”

25 1oge e/D , 2.51 (1)
3.7 RWVT

S

where
f = friection factor,

e = pipe roughness,

!

D = equivalent channel diameter,

i

i

Reymnolds number in the chaunnel.

The pressure drop is related to the friction factor by the following

equation:
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where
Ap = the pressure drop,
L = subchannel length,
K = number of velocity heads lost through entrance and exit to
subchannel,
o = fluid density,
V = fluid velocity,
g = conversion constant,
and the other terms are as previously defined.

Equation (1) has the disadvantage that it cannot be solved explicitly
for the friction factor f and therefore must be solved by trial and error.
In addition, f is dependent upon the Reynolds number, which is in turn
dependent on the velocity. Since the velocity is the result sought,
another trial-and-error loop is involved. The procedure in the code is
given below:

1. A first trial value is assumed for the velocity.

2. The Reynolds number is calculated for this velocity.

3. A first trial value is assumed for f.

4. Eguation (1) is solved for f with the first trial value in the
right side.

5. The calculated value of f is conpared with the first trial value
and if the ratio of the two berms differs by more than 0.001 from unity,
the trial value is set equal to the calculated value and step 4 is re-
peated; repetition is continued until the convergence criterion is satis-
fied.

6. The velocity in the subchannel is calculated by using the cal-
culated value for £ and an egstimate for the pressure drop across the sub-
channel (an input value) in a rearrangement of Egq. (2).

7. The calculated velocity is compared with the assumed value from
step 1 and if the ratio of the two terms differs by more than 0.001L from
unity, the assumed value is replaced with the calculated value and the
calculation is returned to step 2; repetition is continued in this larger

loop until the convergence criterion is satisfied.
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8. The mass flow through the subchannel is found by multiplying
the resultant velocity by the flow area of the subchannel and the density
of the coolant.

9, All the above steps are performed successively for each of the
subchannels in the pressure tube (or the segment of it under considera-
tion).

10. 'The mass flow through each subchannel is summed, and the sum
is compared with the total flow through the pressure tube (or segment),
which is an input value. If the ratio of the two values does not agree
with unity within 0.0001, the estimate of the pressure drop through the
subchamnel (which is the same as for the pressure tube) is readjusted in
direclt proportion to the ratio of the calculated mass flow and the pre~
scribed mass flow, and the program is returned to step 1. When the con-
vergence criterion on the flow rate is fulfilled, calculation proceeds
to the thermal porticn of the program, and the mass flow rateg through
each subchannel are retained.

Although these calculations consume relatively little machine time,
it appears that they could be expedited by (1) using the Moody5 appProxi-
mation of the Colebrook correlation and (2) saving the final results from
one loop to be used as the first trial values in successive iterations of
the same loop. These first trial values could then be reset between cases.

The representation of mixing in the code can be explained by first
considering the change in temperature of the coolant over an incremental

(or unit) length without mixing:

dt = ==, (3>

where

dtu = temperature change without mixing,
W = heat input from the surrounding elements in that length,
M = mass Fflow rate in the subchannel,

Cp = heat capacity of the coolant.

When mixing is considered, the three masses, mp, m3, and m,, coming

in from the three adjacent subchannels are balanced by the same mass; ma,
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leaving the subchannel for which the calculation is being made at its
average temperature, ti1. If tz, t3, and t, represent the average tempera-
tures in the respective adjacent subchannels, the following heat balance

for the subchannel may be written:

myCp dtm = W + maCptp + maCpts + myCpty — maCpty (4)

where dtm is the temperature change with mixing and the rest of the terms

are as defined in the previous text. Also,
m =mp +m3 +my =M (5)

in order for constant coolant flow to be maintained in the subchannel.

Rearranging Eq. (4) leads to the following expression:

m m my .
dt =gttt by v b — B (6)

or
dt = dt + b, (7)

where tc is the temperature correction due to mixing. In the code, the
intersubchannel flow rates, m, are taken as the product of the mixing
constant, AMIXC, and the average veloclty, VAV, which is determined in
the hydraulic section of the code. The cross flow, which is the product
of AMIXC and VAV, is symbolized in the code as CROSS and has the units of
mass per unit length per unit time. For a given length, ANCR, the cross
flow is the product of CROSS and ANCR. UNote that this product is egual
to mp, m3, and my and that my = M is equal to three times this product.
Combining the symbols of Eq. (6) and the program symbols defined above,
we have

_ (CROSS) (ANCR)

tc M

(b2 + t3 + by = 3t1) . (8)

In the original version of the program, whose validiby was verified
by comparing calculated results with experimental results for wire-wrapped
elements, there were additional factors symbolized ag FLOZ, FIO3, and
FLO4 that were used as multipliers of the temperatures given in Eq. (8).

These were proportionality constants that specified the amount of flow
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from each of the neighboring subchannels, and they were varied depending
upon the relative geometry of the asserbly. In the modification made by
Combustion Engineering these factors were assumed to be either 1.0 or 0.5,
depending upon whether the intersubchannel connection was the junction

of two opposing spiral fins or the junction of a spiral fin with a wall
or straight fin. The selection of these values, particularly in the
presence of a straight fin, appears Lo have no supporting experimental
evidence.

The calculation of W, the heat input per unit length, is the only
remaining major factor to be discussed. For the hot pressure tube, the
average linear heat-generation rate for the entire reactor is multiplied
by the basic radial flux factor and the flux tilt. Within the pressure
bube the elements are divided into zones cf constant local rod radial
flux factor. This local rod radial factor is a function of axial posi-
tion, as has already been discussed in the report, but a "judicious”
average is entered to represent the pressure tube over its entire length.
We now have average heat-generation rates for ecach zone, and the only
remaining Tactor to be used is the peak gross axial f{lux factor. Multi-
plication by this factor gives the maximum flux in the pressure tube in
each zone.

In the original version of the code, the axial power variation was
assumed to be represented by a chopped cosine curve. 3Since the axial
flux pattern for the AI-CE design could not be represented by such a
curve, this feature wasg removed, and both the normalized axial flux and
the normalized integral axial flux were entered at selected axial posi-
tions. ILinear interpolation between the entered points was made. Cool-
ant temperature calculations were made over the selected increment of
length, ANCR, and interpolation was made between the selected flux points
above and below the summed values of ANCR. If the difference in axial
distance between two selected points at which axial flux factors were
entered was less than ANCR, the intervening factors were skipped in the
calculation, but their influence on the normalized flux integral was
considered.

The calculation and printout of cladding temperatures were made at

selected intervals equal to or greater (usually greater) than ANCR. At
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these intervals, it was a simple matter to evaluate the coolant properties
at the exit temperature for the increment and then to evaluate the film
heat transfer ccefficient and the cladding surface temperature. The cor-
relation used to predict the film heat transfer coefficient has already

been discussed in this report.

THEME 1 Code

The second program, called THEME 1, was originated by Jesick® and
programmed by R. Zielinski at Combustion Engineering, Inc., for the HWOCR
program. As has been previously indicated, THEME 1 examines principally
the hot subchannel and can be used to make parametric studies for reactor
design. It has four options from which one may be chosen. The options
are (1) a pressure-tube orificing-factor search based on a meximum al-
lowable surface temperature and a stated reactor temperature change,

(2) a pressure-tube average-velocity search on the same basis, (3) a re~-
actor temperature-change search based on a maximum allowable surface
temperature and a stated average velocity in the pressure tube, and (4) a
calculation of the pressure-tube velocity and the cladding surface tem-
peratures for a stated number of pressure tubes. In the first three op-
tions, the nunber of pressure tubes is varied to meet the given reactor
power output under the stated conditicns. It is cobvious that the first
three options are most valuable for reactor design, while the last option
is most valuable for evaluating a given design.

The major variable in this calculation, at least for the first three
options listed above, is the number of pressure tubes. For all options,
except the last, a first trial value near 1000 is assumed and iterations
are made to approach the maximum allowable surface temperature. Tor the
first two options, as soon as the reactor power and the temperature change
of the coolant in passing through the reactor have been specified, the
total flow rate can be calculated. Then, based on the assumed number of
tubes, the flow through each tube and the conditions in each tube can be
calculated. In the third option, the specified maximum velccity and the
agsumed number of pressure tubes defines the total coclant flow through

the reactor, and the same calculations can be made.
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Several factors must be established for the input to THEME 1, since
we wish to represent all the pins that may not be the same size (diameter).
It is necessary, therefore, to define an "effective" mumber of pins (which
may differ from the actual number) and a "heat transfer area correction
factor'" that accounts for the fact that the larger pinsg have to "work"
harder than the smaliler pins. In these calculations, one pin size is
selected as the "basic' pin; this is usually the one occuring in the
largest number. ‘The effective number of pins is found by adding to the
mumber of hasic pins the number of other sized pins multiplied by the
ratio of the heat transfer area per unit length of this pia to the same
gquantity for the basic pin.

The heat transfer area correction factor, FHT, is found from the

Tollowing relationship:
cy/,C
| TAp/Al

t,, T
i/

FHT

where
Nb = number of basic pins,
c . . . .
Ab = cross~secticnal area cf the fuel in the basic pins,
c Lo 1 Lo )
A~ = same guantity for the entire assembly,

+ 3

heat transfer area cf the basic pins,

o e
1!

jo=3
— cF

= total heat transfer area in an assembly.

Next, a factor of 1.04 is built into the code (not an input number)
to account for possible flow maldistribution between pressure tubes. This
factor cannot be entered into U-3 except by decreasing the prescribed flow
rate per pressure tube. This application in U-3 will give the correct
temperatures as a result of a decrease in flow, but it also gives a cor-
responding underestimation of the pressure drop through the tube. The
factor is applied in THEME 1 after the calculation of the pressure drop
through the pressure tube.

Another factor that is entered intc the code is an orificing factor.

This is defined as the ratioc of the flow through the pressure tube to the
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flow through an average pressure tube. The orificing factor is entered
in U-3 by multiplying the total coolant flow divided by the number of
pressure tubes by the orificing factor to get the prescribed flow rate
through the hot pressure tube.

Although provisions are made to enter certain engineering factors in
THEME 1, the factors given in Table II-1, page II-7, Volume IT of AI-CE-
Memo-6 (Ref. 7) cannot be used directly. In the first place, these
factors contain the 1.04 factor to account for flow maldistribution be-
tween pressure ftubes that is already included in THEME 1. 1In the second,
the factors included in F(ATf) to account for mechanical effects (1.10)
and for rod and bundle location and bowing (1.02) are also included in
F(Q/A), and inclusion of the second Tactor automatically includes this
portion of the former factor. The remaining portion of F(ATf) consists
of a 1.05 factor to represent the uncertainty in predicting the local heat
transfer coefficient. This factor is entered by multiplying the heat
transfer coefficient by 0.952. However, this factor was taken as unity
in the AT-CE calculations.

A flux tilt factor is entered in THEME 1 to account for the distor-
tion of the flux pattern due to the use of control rods. This is the
same factor as that considered in calculating the peak zone fluxes en-
tered in U-3.

The same friction factor correlation is used in THEME 1 as in U-3
[see Eg. (1)]. The entire pressure tube, however, is represented as its
hydraulic equivalent (total flow area and equivalent hydraulic diameter);
after the pressure drop has been calculated for it, the same pressure
drop is applied to the hot subchannel (with its flow area and equivalent
hydraulic diameter), and the flow through the tube is calculated. Equa-
tion (1) must still be evaluated by trial and error, but this is the only
loop involved in this calcuwlation.

The basic radial flux fachtor is entered into THEME 1, and it is used
in much the same manner as in U~3 to calculate the heat-generation rate
in the hottest pressure tube. It is only necessary to enter the local
rod radial factors for those elements surrounding the hot subchannel,
since this is the only subchannel for which the thermal calculations are

performed. Again, as in U-3, the grecss normalized axial flux distribution
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is entered at selected axial positions to provide the axial gross peak-
to-average flux ratio.

¥rom these factors the heat input to the hol channel is calculated
as a function of axial position. Two heat fluxes are calculated; one in-
cludes the factor representing the eangineering Tactor on the coolant tem-
perature and the other includes the engineering factor on the flux. The
first is used to calculate the heat input to the coolant, and the second
is used to calculate the temperature drop across the Tilm. The sawme heatl
transfer correlation as used in U-3 is used in THEME 1. Temperature cal-
culations are made only at the selected points at which the axial flux
factors are entered.

Mixing is treated in THEME 1 through the use of the mixing factor

defined in Volume TT of AI-CE-Memo-6 (Ref. 7). It is

AT A“M
nc ~ “tue
M = S5 R s (10)
HC TA
where
M = mixing fraction,
ATHC = temperature rise in hot subchannel without mixing,
AT%C = temperature rise in hot subchannel with mixing,
I
AEP = overall temperature rise in the fuel assembly over the same

length.

It is possible to calculate all quantities except ATﬁC’

fraction 1s known, this quantity can be determined from the preceding re-

but if the mixing

lationship.

An additional facility, not contained in U-3, is that THEME 1 cal-
culates a critical heat flux from an empirical relationship, which is
discussed in this report and in Appendix D. From this value and the maxi-
mum flux in the hot channel, the critical flux ratio (or DNB ratio) is
calculated as a function of axial position.

After each calculation, the maximum surface temperature for the hot
subchannel is retained and compared with the maximum allowable surface

temperature. If they do not agree within 1°F, the number of assumed
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tubes (for all options except the last) is adjusted and the calculation
is repeated. After the maximum surface temperature has been satisfied,
or after the first calculation for the last option, the stored temperatures

and other wvital data are printed.
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AEEendix C

REVIEW OF ORGANIC COOIANT HEAT TRANSFER CORREIATIONS
AND PHYSICATL PROPERTIES

The Organic Reactor Heat Transfer Manual,” issued December 1, 1%z,
is a collection of data, methods, and relationships considered most re-
liable (at the time of publication) for the thermal design and analysis
of organic-cooled reactors. Based on some earlier heat transfer studies
wilth Santowax 3,2’3 Santowax OM,3 and diphenyl,B’4 the manual recommends

the Dittus~Boelter correlation

Nu = 0.0243 Re0+8 pr0-4 | (1)

for heating of irradiated and unirradiated polyphenyl mixtures flowing tur-
bulently in heated smooth tubes and annuli, with the physical properties
being evaluated at the bulk fluid temperature. The result obtained with
the correlation was shown (Fig. IV-1 of Ref. 1) to be below the mean of

the reported data.?”* This correlation was used by both AT-CE and B&W

in estimating the thermal performance of their HWOCR reference reactor
designs.

Heat transfer coefficients have been measured’’® over the Reynolds
number range 10,000 to 50,000 in annular channels with longitudinal fins,
which are similar to PNPF fuel assemblies. The data, after correction
for fin efficiency, agree with the Dittus-Boelter correlation as modified

by McAdams, that is,

Wu = 0.023 Re®°8 pr0-4 | (2)

in which the physical properties are evaluated at the bulk temperature.
The maximum deviation was reported’ as 10%.

The Organic Reactor Heat Transfer Manual* points out that coeffi-
cients lower than those given by Eg. (2) are to be expected if a coolant
channel with longitudinal fins has an open flow area such that the mean
velocity between the fins is less than the mean velocity in the entire
flow channel. 7This type of geometry exists in the individual subchannels

formed within the finned fuel rod assemblies proposed for the reference
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7 of triangular and square coolant passages have

reactor designs. Studies
shown that velocities, shear stresses, and heat transfer near the corners
are lower than average values and that friection factors and average Nusselt
nurbers are lower than in a tube. Additional references for consideration
in noncircular geometries and fuel rod assemblies are given in a comprehen-
sive review (which contains a bibliography with 98 entries) by Pinchera. 8
In his June 1962 review,8 Pinchera examined the experimental heat
transfer data for organics and, noting the uncertainties in physical
properties, recommended Eq. (2) for general use. A more recent correla-

tion, developed in the ORGEL program for Santowax CMZ2 + HB and reported®

at the 1964 Geneva Conference, is
Mu = 0.00835 ReC*? Pr0-4 | (3)

The same correlation (except that the exponent on the Reynolds number was
0.902) was presented alsc at that time by Boxall® and his co-workers in
the Canadian organic reactor program. The ORGEL data, shown in Fig. 5.1
of this report (Fig. 2 of Ref. 9), are mostly for Reynolds numbers in the
range 9 X 10% to 3 X 10°, with a few data points in the range 3 X 10% to

9 x 10%, It is reported that 95% of the data points fall within a scatter
band of 6% of the given egquation when physical properties derived from
their program and evaluated at the mean coolant temperature are used.

The most recent progress reportll on the MIT organic in-pile loop
program summarizes all the MIT heat transfer data and appears to be the
best source for determining basic heat transfer coefficients. (A topical
reportl2 on the MIT experience has been issued, but as yet we have been
unable to obtain a copy.) The test results (466 data points) are shown
in Fig. C.1 (Fig. 5.1 of Ref. 11). They fall, generally, in a scatter
band of *10% around values given by Eq. (2), where the physical properties
are evaluated at the bulk temperature. The physical properties usedt?
were derived from measurements reported earlier.'* Most of the data are
for Reynolds numbers in the range 10% to 10°, which is somewhat lower than
the range covered by the ORGEL data.

An earlier correlation, based on the MIT test results available up
g4

to that time, was reporte as

fu = 0.0079 Re®°? pPrl-4 (x10%) . (4)
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Fig. C.1. Heat Transfer Data for MIT-Trradiated Organic Coolant.

This expression, except for a 5% lower coefficient, is the same as the

ORGEL and Canadian correlations.

For comparison with these data we reevaluated the Santowax OM (ratio

O:M = 2:1) experimental heat transfer data reported earlier

physical properties presented in the AI-CE reference design memo.

3,15

with the

16 e

reevaluated data points are shown in Fig. 5.1 superimposed on the data

extracted from the ORGEL paper.

9

The reevaluated data frowm Ref. 3, which

are Tor Santowax OM without high boilers, fall generally below the ORGEL

correlation but appear to correlate rather well with the MIT correlation,

Bg. (2).

The reevaluated data from Ref. 15,

which are for Santowax OM
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with 2.5 to 18% HB, appear to correlate rather well with the ORGEL cor-
relation.

Figure 5.1 shows the MIT correlation superimposed on the ORGEL data,
and Fig. C.1 shows the ORGEL correlation superimposed on the MIT data.
As noted in the latter figure the two correlations agree rather well for
Reynolds numbers in the range 10% to 10°. Also, for all practical pur-
poses the Canadian correlation is the same as the ORGEL correlation.

It is to be noted that the ORGEL and MIT data were derived from
annular and tubular heated sections, respectively, and not from multi-
element heated sections. We have found referencest??18 to Canadian or-
ganic heat transfer experiments in simulated fuel rod bundles. However,
we have as yet been unable to obtain these references for study. It is
clear though that any adverse effects on heat transfer coefficients due
to geometry and flow factors needs to be included in evaluating tempera-
tures.

Coolant physical properties are intimately related to the heat trans-
fer correlations through the dimensionless moduli. We have investigated
the effect of temperature and high-boiler content on heat transfer co-~
efficients in some detail for various physical property tabulations.
Physical properties used in the AI-CE and B&W reference reactor designs
were reported in Ref. 16 without noting the source of the information.¥
Equations for computing physical properties as a function of temperature

% (The numerical

and high-boiler content were reported in the ORGEL paper.
values of the coefficients in these equations were inadvertently omitted
from the English-translation preprint distributed at Geneva. However,

we have recently obtained?® the constants for use in comparing the data.)
These are based on extensive measurements made with Santowax OMZ2 plus
OMRE high boilers. The physical properties obtained from the MIT organic

in-pile loop program have been reported in detail.t*

*Since completion of our evaluation, AI-CE has published a veview of
organic coolant physical properties.l9 The review covers a wider range
of coolants than is of interest in this evaluvation, but in general there
appears to be agreement in the data reported19 and the data we report, as
it should be, since both studies relied on the U.S., the Canadian, and
the Euratom programs as sources for the data.
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Physical properties from these three sources are summarized in Table
C.1l. The Prandtl nurbers, calculated from the data, are also tabulated
for comparison. These data are shown graphically in Figs. C.2 through
C.6. 1In general the differences in the dabta are not large, except for
the Prandtl number. The large differences occur as the tLemperature is
decreased and the high-boiler content ig increased. The MIT and ORGEL

data generally agree closely with each other and fall below the AT-CE

data. Figure C.3, which shows the thermal conductivity data, seems to
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Table C.l. Organic Coolant Physical Properties Used by Various Groups

Physical Property Value

High-
Physical Property 222%§;t At 500°F At 600°F At 7C0°F At 800°F
o
(%) a1-cz s omeEL  AT-cE v ORGEL AI-CE  MIT  ORCEL AI-CE  MI?
Density, gfcn’ 0 0.917 0.919 0.904 0.870  0.871  0.860  C.824 0.825 0.811 0.776  0.777
10 0.930  0.925 0.914 0.855  0.878  0.870  0.339 0.833 0.821 0.79  0.7%6
20 0.944 0.923 ©0.925 0.90C  0.887  0.878  0.855 0.842 C.829 C.810 0.7%
30 0.95¢ 0.942 0.932 0.915  0.897  0.886  C.871 C.354 0.836 0.829 0.808
Thermal conductivity, Btu/hr.f5.°F o] 690 688 875 66C 64 642 62C 602 608 590 562
10 710 708 6838 GO 667 657 650 630 629 610 591
20 730 729 700 700 691 573 670 657 645 640 820
30 750 750 713 720 715 689 690 685 664 670 650
Viscosity, centipoise 0 0.54 0.5  0.52  G.37 Q.37  0.36  0.26 0.27 0.26 0.20 0.2
10 0.66  0.61  0.58  C.43  0.41  0.40  0.30  0.30  0.29  0.23  0.23
20 0.79  0.69  0.67  C.51  0.47  0.45 .35  0.3%  0.33  0.26  0.26
20 0.98  0.82  0.77  G.63  0.55  0.51  C.43  0.40  0.37  0.31  0.30
Specific heat, Btu/lb.°F 0to 30 0.534 0.527 0.526 0.566  0.555  0.557  0.599 0.583 0.589 0.631 0.610
Prandtl nunber o 10,31 10.39  9.81  7.679  7.707  7.474  6.079 6.328 6.072 5.176  5.516
10 12.01  11.03 10.80 8.661  8.316  8.124  6.690 6.718 6.615 5.75¢ 5.795
20 13.98  12.07 12.22 9.979  9.135  9.033  7.572 7.301 7.293 6.203 6.186
20 16.89  13.96 13.76 11.985 10.332 10.036 9.034 8.239 7.964 7.065 6.813

Tee
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point out a definite need to obtain additional data, as also recommended

4

in the MIT program.l'

The effect of physical properties
is shown by Fig. C.7, where we plotted
efficient as a function of temperature

fined the normalization factor, ho, to

tained from Eq. (2) at 650°F and 0% high-boiler content.

on the heat transfer coefficient
the normalized heat transfer co-
and high-boiler content. We de~
be the heat transfer coefficient ob-

Thus the plot

shows
h K /p b 0.8 /fp, \0-4
IS i) B (5)
h k 0 K Pr
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Several conclusions can be drawn from Fig. C.7:

1. The variations in heat transfer coefficient with temperature
and high~boiler content are in fair agreement for the three sets of data.

2. The use of the AI-CE physical properties resulbts in more varia-
tion of heat transfer coefficient with temperature than does use of the
MIT or ORGEL data. However, at operating conditions of 10% high~boiler
content, no significant difference in the overall coefficient can be at-
tributed to differences in physical property variation with temperature
associated with the three sets of data.

3. No significant difference in heat transfer coefficient was found
when using the physical properties given by MIT or ORGEL; however, for
high-boiler contents above about 10%, the physical properties used by
AT-CE tend to give low values for the average heat transfer coefficient.

4. Excluding the effect agsociated with velocity along the length
of a coolant tube, the heat transfer coefficient for 10% high-boiler con-
tent varies about 8% from the average for a bulk mean temperature rise
from 600 to 800°F.

We conclude from our evaluation of heat transfer correlations that
the correlation used in the reference design studies is too optimistic,
for two reasons: (l) extensive experimental data do not support the cor-
relation, and (2) the effects of geometry are such that the coefficients
are lower than those obtained from correlations based on data for smooth
tubes and annuli. Discounting the effects of geometry for the moment,
we believe the correlation derived from the MIT organic in-pile logp pro-
gram is the best of those examined, since the MIT data are extensive and
were obtained from a dynamic system in which the radiolytic high boilers
were in-bred rather than added from an external supply. At the same time,
the variation of the AI-CE heat transfer coefficient with high-boller
content appears conservative. This implies that the high-boiler content
of the reference reactor might be increased slightly above 10% with some
advantage.

As mentioned we have not examined the Canadian data obtained from
fuel rod bundles,l7’18 but other information®®” indicates lower coeffi-
cients in noncircular coolant passages. Therefore we believe the coef-

-

ficients computed from correlations hased on smooth-tube and annuli data
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should be reduced by about 10% to account for the effects of noncircular
geometry and of decreased velocity between the fuel-pin fins. In the
absence of experimental data on prototype fuel bundles, we recommend that
the heat transfer ccefficients in the reference reactors be based on the
relationship

Nu = 0.0207 Re®°*8 py0-4 | (6)

The 10% reduction in coefficient indicated in Eg. (6) from what would be
calculated from the MIT recommendation of Eg. (2) is attributed to geome-
try effects and not to the lower bound of the correlation.

The MIT and ORGEL physical property data are in close agreement and
are presumably based on more recent and more extensive data than the
AT-CE values. These observations, in addition to the fact that the MIT
data were obtained from a system in which the radiolytic high boillers
were in-bred, indicate use of the MIT physical property data.

There is a clear need for measurements of heat transfer coefficients
associated with finned fuel bundles in order to delermine the actual re-
duction factor to be applied to the smooth-tube and annulil data. Also,
further refinement in the coolant thermal conductivity data appears

desiraple.
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AEQendix D
REVIEW OF CRITICAL HEAT FLUX CORREIATIONS

The departure from nucleate boiling (DNB) in multicomponent coolant
mixtures is not so easily nor so accurately predicted as it is for single-
component systems, such as water. It is, perhaps, fortuitous that the
eritical heat flux of an organic mixture is generally greater than a
linear interpretation of the values for the pure components would indi-
cate.t Also, as indicated in Fig. D.1, it has been shown that higher
critical heat fluxes result from the addition of high boilers (pyrolytic
and radiolytic products) and byphenyl to a mixture of terphenyls.2 These
are lmportant points, since organic reactor coolants inherently contain
these additional species.

An attempt to produce a generalized correlation of burnout data was
made by Griffiths.? This correlation, although quite complex and requir-
ing extensive knowledge of the coolant physical and thermodynamic prop-
erties, can be used to predict upper and lower bounds of the critiecal
heat flux for organic coolants. Because of a lack of detailed coolant
data and the complex nature of the Griffiths correlation, emplrical re-
lations of the following type have been used to estimate the critical heat

flux in organic-cooled systems;

(Q/8) gy = A+ BATL, VT, (1)
where
(Q/A)crit = critical heat flux, Btu/hr-ft?,
AESC = amount of subcooling, °F,
V = coolant velocity, fps,

A, B, n = emplrical constants evaluated for each coolant.

(Subcooling as defined here is the saturation temperature minus the bulk
fluid temperature.) Core and Sato* were able to correlate some early data
on Santowax R and diphenyl with simple relations of the above type. How-

ever, they were unable to correlate thelr data for a polyphenyl mixture
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(appro%imate composition: 15 wt % diphenyl, 58 wt % O-terphenyl, 24 wt %
M-terphenyl, and 3 wt % P-terphenyl) by such a simple relationship. Some
British experimenters5 were able to correlate their Santowax R data within
the limits of the Core and Sato expression for Santowax R, but their data
were slightly above the upper limit given by the Griffiths correlation.

In some later experiments Core and Sato® were able to correlate some
Santowax OMP (composition: 0.4 wt % diphenyl, 12.6 wt % O-terphenyl,

58.6 wt % M-terphenyl, and 27.9 wt % P-terphenyl) data by the simple egua-

tion

- 0 2/3
(Q/A)Crit 100,000 + 407 ALy, V . (2)
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Iurie and Robinson”’

investigated OMRE-II coolant and Santowax R with
various additives and were able to correlate their results with the pre-
vious data*"® with an expression of the type

_ n
(Q/A)Crit = A+ B ATSC G, (3)

where G is the mass velocity in 1b/sec-ft2 and the other symbols are as
previously defined. For Santowax OMP they obtained the relationship
(Q/A) gy = 129,000 + 11 AT g8 (4)
Figure D.1 (from Ref. 2) gives the data of Lurie and Robinson, which in-
dicate that the presence of high boilers and diphenyl in the terphenyl
coolants is beneficial from a critical heat flux viewpoint for the same
degree of subcooling and the same mass flow rate. However, as pointed
out by Rogers and Barns,8 the data of Lurie and Robinson on OMRE Core II
coolant are not consistent with this conclusion. The OMRE II coolant,
which contains only 14% radiolytic high boilers, gave, in general, sig-
nificantly higher DNB heat fluxes than the virgin Santowax R coolant
containing 35% total high boilers (274 OMRE radiolytic, 8% pyrolytic).
This observation is alsc apparent in Fig. D.1. Since there were no other

significant differences in the two coolants, Rogers and Barns®

suggest
that the simple definition of high boilers used to date may not be ade-
quate for correlation of DNB heat fluxes as a function of high-boiler
content. They further suggest that classifying the high boilers by weight
percentage in various molecular welght groups might permit correlation of
the data asg a function of high-boiler content and molecular weight. Such
a proposal might give greater confidence in results obtained from out-
of-pile experiments.

Van Meel® investigated a number of polyphenyl coolants of interest
to the ORGEL program. The effects of dissolved water and nitrogen (antici-
pated as a pressurizing gas) were included in the experimental studies.
High boilers were apparently nct included in the studies reported; how-
ever, mention was made that the experimental program was continuing and

further results would ve forthcoming. Van Meel's correlation for pure
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O0M2 (ORGEL coolant), when converted to the units used here, is

- 256 4+ ] . . T 13/4 .
(Q/A)Crit 256,800 + 142.24G + 18.31 AT, G (5)

From £q. (5), it is noted that Van Meel found a velocity effect as
the amount of subcooling tended to zero, which is contrary to the previ-
ously mentioned correlations. It is also noted that none of the above
correlations include a pressure effect other than that inherent in ATSC'

Boxall et al.*® of the Canadian organic coolant program presented
an "asymptotic” correlation at the 1964 Geneva Conference for Santowax

OM plus 30% OMRE high boilers as
— EN Ly &-’ 1 2 / 3
(Q/A)Crit 311,700 + 557 &g, V (6)

for flow in annuli with L/De > 60 (same units as above). figure D.2

(from Ref. 10) indicates rather good agreement with the Lurie and Robinson

550 — o -
UK -127¢cm LONG - 1
A .
500 1— NNULUS (L7, Ea’/ CAPD - 229 cm LONG
o ANNULUS (L/d, = 38)
450 |-
A.l.-381cm LONG
TUBE (L/d, = 44)
-
400 |- o
o 350 b - CAPD - ASYMPTOTIC
g 356 cm & 56 cm.
z LONG ANNUL
"~ 300 [— (Lrd = 60 & 94)
e e
o
—1
by —
Y a0 LEGERD
SYMBOL  SOURCE  T/S LENGTH
150 o CAPD DATA 127 cm
v CAPD DATA 356cm
0o A CAPD DATA 56.0cm
50 b—
0 50 100 150 200 250 300 350 400 450

AT VP2, deg. C (mss)23

rig. D.2. DNB Heat Fluxes for a Terphenyl Mixture with 30% High
Boilers. (From Ref. 10)
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data’ for Santowax R with 35% total high boilers. The figure also indi-
cates a length effect. This correlation is based on the work of Rogers
and Barns,8 which was published more recently and is discussed below.

In reporting their work, Rogers and Barns® attempted to find correla-

=9 without too much

tions of the types reported by earlier investigators
success, The results of their experiments with Santowax OM plus 30% OMRE
high boilers heated in annuli with L/De > 60 were best correlated by the

expression

&
(Q/A)Crit = 395,100 + (9%4.4 + 7.565p)(G x 107°) Dby (7)

where

(a/8)

= y O'F“2
opiy - DNB heat flux, Btu/hr.ft?,

p = pressure, psia,
G = mass flow rate, lb/hroftz,

Mhg, = subcooled enthalpy difference, Btu/1b.

This equation is valid for pressures of 50 to 240 psia, a bulk tempera-
ture of 700°F, coolant velocities of 5 to 32 fps, and L/De > 60.

Several significant points are to be noted about Eq. (7):

1. A very definite pressure effect was detected, contrary to the
results of the earlier investigators.

2. An entrance length effect was detected that essentially disap-
pears at L/De = 60.

3. The data for Santowax R plus 35% total high boilers of Lurie and
Robinson’ correlate reasonably well with this expression.

4. The measured DNB heat fluxes for Santowax OM plus 30% OMRE high
boilers are significantly higher than the data of Core and Sato® for San-
towax OMP.

5. The correlation presented by Boxall et al.,*® Eq. (6), was ap-
rarently revised upward. The intercept was increased about 27%, a pres-
sure effect was added, and the velocity effect vecame more significant.

All the previously discussed correlations were derived from experi~-
ments with heated tubes or amnuli. Rogers and Barns® point out that it

is meaningless to apply Bg. (7) in an attempt to predict DNB failure heat
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Tluxes for multielement fuel bundle designs, even when subchannel condi-

tions are used to evaluate the parameter G AhSC.
equation in this manner would probably lead to unsafe designs, they argue.

Application of the

These comments also seem appropriate to the other correlations, since
they were derived from similar heated sections.

Boxall et al.>? and Rogers and Barns® make reference to experimentsll
performed to measure DNB heat fluxes in two-element test sections, which
similate a portion of a multielement fuel bundle. In their reference to
these experiments, Rogers and Barns say it is shown®t that the failure
mechanism in multielement fuel bundles may be due to ccke-outb, as well
as true DNR. The term "coke-out' is used to characterize the rapid
formation and deposition of pyrclytic decomposition products in a rela-
tively hot stagnant region and the conseguent rapid growth of the deposited
layers, which cause overheating and eventually failure of the heating ele-
ment. Occurrence of coke-out is not only a function of surface temperature
but results from trne interaction of surface temperature and nonuniform

flow velocity. Observed failures have been at surface temperatures above

650°C. Boxall et al.*? report that coke-out failure heat fluxes do not

2/3,
SC ’
fluxes about 25% bhelow DNB values for similar conditions.

correlate with subchannel AT however, failures have occurred with

It is also reported8 that true localized DNB failures occurred under
certain circumstances in the two-element test section. Observed occur-
rences were located in a gap region between the elements and on the down-
stream side of helical spaces. It is noted that the coolant velocity and
subcooling in these regions will in general be significantly lower than
the average values in the adjacent subchannel. These comments also seem
appropriate to the longitudinally spiraled finned surfaces proposed for
the HWOCR fuel rods.

In the description of the AT-CE reference reactor design,*?

it is re-
ported that Eq. (4), as recommended in the Organic Heat Transfer Manual,l3
was used to estimate the DNB heat flux. However, the THEME 1 computer

program used by AI-CE to evaluate the hot-channel thermal performance has
Eg. (2) programmed. Since the two correlations are for the same data, we

conclude that approximately the same DNB heat flux will result from either
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correlation. BR&W also used Eq. (2) to estimate the DNR heat flux in their
reference reactor designs.l4
Qur coneclusion based on this limited review is that the correlations
derived from the Canadian orgsnic coolant program,® Egs. (6) and (7)
above, are probably the most reliable; they certainly are for annuli of
L/De > 60. We have been unable to locate in the literature a correlation
derived from tests of multielement sections. Rogers and Barns advise
against the use of Eq. (7) to predict DNB heat fluxes in multielement fuel
bundles, and we agree it cannot be used without gqualifications (neither
can the other correlations). Thus, in using any of the correlations, a
reasonable safety factor should be applied in the form of a DNB ratio.

The design bases™?

specified a minimum DNB ratio of 2.0; it would appear
that this should be increased and should be about 4 when using Bq. (6).
Also, it should be pointed out, as discussed in Section 5.5 of this re-
port, that the amount of subcooling is dependent upon the egquilibrium
concentration of biphenyl.

It is recommended that additional research be initiated to investi-
gate DNB correlations in multielement rod bundles of the type proposed in
the HWOCR reference designs. The effects of higher concentrations of
biphenyl on coolant vapor pressure should be investigated in order to

permit more precise determination of the subcooling avallable for retarda-

tion of localized boiling.
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Appendix i

REVIEW OF ENGINEERING HOT-CHANNEL FACTORS

A review was made of the engineering hot-channel factors used in the
reference reactor designs to determine thelr adequacy. As the number of
pressure-tube reactors in existence is rather small, the literature on
hot-channel factors for this type of reactor is quite limited. Tt is
necessary to know how these factors are defined and the manner in which
they are applied before one can make meaningful comparisons with the
values reported, especially those reported for open-lattice grid-type
cores. In particnlar, it is reportedl that in the Canadian program ex-
tensive irradiation and out-of-pile tests on heat transfer, together with
mixing flow tests and reliable estimates of neulron power distributions,
are preferred to the hot-spot-factor approach. A comprehensive statisti-
cal approach, consisting of a Monte Carlo computer program for evaluvating
the thermal-hydraulic performance for input fabrication tolerances, has

been developed for the ORGEL program.2

Although this computer program is
complex, it appears to provide the necessary data for detalled design
studies. TIts use for preliminary designs is probably not warranted.

Flow maldistribution is used to describe the variation of coolant
flow in the process tubes from that specified. A value of 1.04 was se~
lected for this factor to indicate that the flow in a pressure tube may
differ by as much as *4% from the design value. Some CVIR measurements’
show that for the 36-pressure-tube CVIR, the maximum flow deviation was
3.4% at startup. A large hydraulic model of a pressurized-water reactor
indicated a 5% meximum deviation at the inlet.? For the large number of

" and orifices in the ref-

pressure tubes with their attendant "pigtails
erence reactor designs, it appears that a factor of at least 1.05 isg
appropriate.

The effects of fabrication tolerances on fuel diameter, density,
enrichment, and eccentricity should be of a statistical nature and can

4

be evaluated accordingly, ' provided sufficient data are availlable. The

values used in the reference design appear optimistic; however, we have
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no extensive experience relative to the case at hand and, therefore, have
no real basis for taking exception to the values used.

The values for rod and bundle dislocation and bowing also appear
optimistic. It has been assumed in the reference design that the rod
bundie will be located concentrically within the pressure tube and will
thus uniformly maintain a 30-mil radial clearance between the bundle and
the pressure~-tube liner. It seems most likely that the bundles will be
located eccentrically and that flow distribution will consequently be
considerably different from that assumed. The effect of eccentric posi-
tioning can be evaluated with the U-3 code as it was for the Canadian

pressure-tube reactor designs.l

Extensive calculations, which we have
not undertaken, are likely tc be required to establish the proper value
of this subfactor.

In summary, no large changes from the AT-CE values were considered
for the engineering factors. While in general they appear to be realistic,
there 1s little experimental data that can be used in judging the accuracy.

Extensive experimental studies will be required to determine the proper

values.
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Appendix F

ANATOG COMPUTER STUDY OF HWOCR CONTROL DYNAMICS

Analog Model

The HWOCR has, in general, a positive power ccefficient of reactivity,
and therefore perturbations in flux level will tend to grow with time.
In this situation it is important to examine the adequacy of the control
system with regard to the prevention of positive or negative excursions.
An adequate control system must prevent a perturbation from producing or
forcing a plant shutdown and should minimize the disturbance seen by the
load. In order to study control system requirements, an analog simula-
tion of the HWOCR was performed as outlined below. During these investi-
gations, the mathematical model and parameter values employed were revised
in accordance with developed information. The results given in this re-
port are bhased on the final calculations made with the model described
below and the parameter values given in Tables F.1l, F.2, and F.3. Figure
F.1 is a graphical representation of the analog model used in these con-

trol studies.*

Reactor Kinetics Model

The cylindrical core of the HWOCR is about 22 £t in diameter and 18
ft long. These large dimensions make kinetic spatial effects potentially
important, and the positive coolant temperature coefficient will emphasize
local temperature variations. In an attempt to include such effects, the
reactor was divided into five axial sections. The separation was made
axially because that is the direction of coolant flow and the gradient
in fuel burnup. Radial flux tilts may be of concern in the overall con-
trol problem but are probably of less importance under fast transient
conditions. The number of sections was limited to five by the size of

the analog installation.

XCopies of the associated analog computer diagram can be obtained
from R.53. Stone, Instrumentation and Controls Division, Oak Ridge Na-
tional Taboratory, P.0. Box X, Oak Ridge, Tennessee 37830.
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In the simulation employed, each of the five axial sections of the
core can be considered to be a subcritical assenmbly, with a source con-
sisting of leakage neutrons from the adjoining sections. For a purely

thermal reactor, the flux balance equation for the pth section is

<l

b, = (L—B)wd =20, + 8 + )NC (1)
1

where SP is the leakage source, taken to be

HZ

<[U

23 qp ’ (2)
q

P qp

where g refers to a section adjacent to p, qu is the distance between g
and p, and qu is the cross-sectional area for neutron transfer between
g and p. All the terms are defined in Table F.3 at the end of this ap-
pendix. Substituting Eq. (2) into (1) and gathering terms in ¢p gives

: A
Ly - —p)ys -3 - D _ap
6 = |=pw -z -2 ) SR

b D
pg 9P
DZ%&EQ{) J.Z-)\C (3)
v 7 P i’ip
Pq 9 i
At this point, it is useful to define
VZf
k = A
SR PR T s
a » v 4
aPp g 9P
and
1
1 =
p A
D _4p
Vza L+ >V Z
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It should be understood that this is a one-dimensional model. Tf radial
leakage exists, 1t can be considered to contribute to the net values of
kX and I .
b b

Multiplying Eq. (3) by

1
. K

N
a'p g ap,

and substituting kp and Zp as defined above gives

: A

D 1 a
16 = (1=P)kd —¢ +1ve ) =g +1v > rc, . (4
pfp 7 BRI, e g Vpéqu " = TiYip (4)

In the above, Zp and kp are defined as though the ends of the individual
sections were bare. This gives an expression in ¢q that can be taken as
a "source" term accounting for neutrons diffusing in from adjacent sec-
tions.

In a large reactor such as the HWOCR, leakage should be relatively
unimportant in determining !, so it is assumed that the Zp's are the same
as the ! for the whole reactor, or 570 usec. The kp's are those neceg-
sary for criticality and flux distribution in the reactor as a whole. In
the crosgs-~leakage source expression, the geometric term‘qu/V?qu is the
same for each pair of sections. The distance between sections,_éqp, is
about 105 cm. The quantity AQP/Vf can be considered to be the reciprocal

of the length of the pth section, so

qu ] 1 . 1
T 7 ; 2 - T A% o2
P ap 1.05 1.1 x 10" em

The materials term is

] VD 2 —— e = 203 om X 0.977 cm = 198 cm?
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The whole leakage expression thus becomes

A 198¢
1 vD —2 = = 0.0180
p V2 ¢q 1.1 X 104 ¢q ’

Ev

and Eq. (4), written in terms of reactor power, becomes

P = (1—g)k P —P + 0.0180 (P , + P + 1) MK . 5
p ( 2 PP P ( p-1 p+l) %: iip (%)

The supplementary equation invelving the delayed neutrons is
= P - .
zxip Bikp o zxixip (6)
In Egs. (5) and (6)
Xi = CiLfeV

and is related to Ci as P is related to o¢.

At design point,

P =X, =0
p ip
and
PP =1 }f MEiy
80
(kp[O] - 1) P, + 0.0180 (P, + pp+1) -0,
or
P + P
= _ _ p-1 p+l
ok (0] = % [0] =1 = 0.0180 --—§;-L-_ . 7)

From Fig. II-9 of Ref. 1, the relative power ratios in the filve gectlons
from inlet to outlet are about 0.7 : 1.3 : 1.3 : 1.1 : C.6.

If the Ak's are calculated for the five individual sections of the
core with Bq. (7) and the relative power levels from Fig. II-9, a value
of about —3% is obtained for each section. Individual values are listed

in Table F.3.
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Two delayed-neutron groups were used, with the number veing dictated
by the available analog eguipment. In order to emphasize the faster
groups, bthe normal delayed groups 1 and 2 were placed in one Jumped group,

and normal groups 3 through 6 in the other. 1In each lumped group
R = R
“n 23 it

and

L
n Bn

2

with the summation carried out for the normal delayed groups involved in
each case. The values obtained are listed in Table F.3. Arguments may
be amdvanced for more or for different groups, but for the transients in-
vestigated the exact delayed-neutron time constants are relatively non-

critical

Heat Transfer Model

Heat transfer through an average fuel pin is simulated by breaking
the pin into four equal-thickness radial shells and writing eguations
for the heat conduction between these shells. Making the shells of equal
thickness means that those on the outside have larger volumes but tends
to equalize the thermal time constants. The fineness of this four-~shell
model allows a close representation of the temperature profile, as typi-
fied by Fig. I1-7 of Ref. 1. Heat transfer equations for the fuel give

expressions of the form

e
U,.. e
: it 1
T\. = + T . — T :‘
-]
i Cppf Cppri [f(l 1) i
KA.
I 1+
Ay &
i
e T . (8)
Cppfvi [ i f(1+l)]

All terms are identified and evaluated in Table T.3, and coefficients for

each shell are given below in the section entitled "Temperature Relations."
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The following heat balance equation was developed that relates clad-

ding temperature to fuel and coolant temperatures:

X XA
. (A%>Hp (Ax>f
hA (T —T) = = ” <Tf1v - Tc>p . (9)
<—~>Hp | < )f

DX Ax

Because equilibrium fuel has undergone a higher degree of burnup in sec-
tion 2 than in section 1 of the reactor, and in section 3 than in section
2, the heat transfer coefficient for the gas gap between fuel and cladding
varies from section to section. The calculated heat transfer coefficients
used were obtained from Combustion Engineering,2 and the resulting factors
for Eq. (9) are listed in Table F.3. These coefficients for heat trans-
fer from fuel to cladding are extremely important values; when the power
level is raised, they determine the relative temperature increases in the
fuel and coolant and hence help set the net power ccefficient of re~
activity. Results of the present simulation might be changed drastically
if experimental results showed appreciable changes in values of heat
transfer coefficients.

Data supplied by’Coppersmith2 were manipulated to yield a design-
point value of 0.556 Btu/sec-ft2-°F for the film coefficient hW for heat
transfer from the fuel cladding to the coolant. A report3 by Atomics
International indicates that this coefficient varies ag tne 0.8 power of
the Reynolds number. For the present simulation, the temperature depend-
ence of the relation was neglected, but the 0.8-power variation with flow
was retained. A reasonably good approximation for including the exponen-

tial expression U3'8 was obbtained by setting
Uﬁ
= . 0.484 ———m] . :
n=(0.072 + 0.484 7o) (10)

A quentity useful in analyzing the thermsl behavior of the coolant
is ATWP, the temperature increase experienced by a given differential
volume of the coolant in passing through section p. In the steady-state

condition, ATWP has the same numerical value as the difference between
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the inlet and exit temperatures. The coolant exit temperature for the
section is T , which makes the inlet temperature T, . The fol-
wpe w(p-1)e

lowing equation relates these temperatures:

(11)

wpe® T Tw(p—l)e<t "’Twp> + Alwp
The mean temperature Twp of the ccolant in the section is approximately

the temperature found at a point halfway through the section. Thus

1 Lo
Il o~ e dam — AT .
Lv@t Tw(p—l)e (t 5 Twp> + 3 1,wp (12)

The transport delay per section is small (0.134 sec at design point),
and little error is introduced by neglecting the half-section lags. Then,
T t=T1T b s AT (13)
wp w(p-1)e 2 T Twp -

The transport delay was simulated by the following first-order ap-

proximation:

(- )
T t- T ) L (pe1)e? b~ e . (14)

w(p—l)e( P

A heat balance yields the equation for the rate of change of the mean

temperature of the coolant in the section:

Pwp i thc<;c B Tw)p B Lpe Tw(p—L)e

wp . )
(Cpof)w 0

= 0,00184 P+ 6.342 h (7 — T )
P W C W

U

T LT e T - . .

The rate of change of the quantity A$WP 1s approximately twice the rate
of change of the mean temperature of the cooclant in the section for rela-

tively slow variations in the inlet {emperature. The relationship
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AT = 27 (16)
Wp Wp

was used in calculating AEWP in the model. Substitution of Egs. (11)

and (16) into Eq. (15) gives

AT
—2E = 0,00184 P+ 6.342 b (T — T )
2 P wh e WP
UW
- T4 AT -_ - T 1 1
7 47 - [O] [ J_w_p + Tw(p—l)e(t Tw_p) w(p—l)e] ( '7)
w

The constants used above are listed in Table F.3, and design-point tewm-
peratures are given in the section below entitled "Temperature Relations."
Although the analog model provided coolant transport delays and heat
transfer relations associated with fluid flow external to the reactor
core, this feature was not used in the calculations. In most simulator
runs, the inlet temperature was held constant at 595°F, although in a few
cases the inlet temperature was step increased by a small amount during

the run.

Temperature Coefficients

The temperature of only one radial fuel shell in each section was
used in computing the effect of fuel temperature changes on reactivity.
In order to assign the fuel temperature coefficient in proportion to rela-
tive volume, fuel shell I (the innermost shell) should be assigned 1/16
of the coefficient; shell II, 3/16; shell III, 5/16; and shell IV, 7/16.
Analog equipment restrictions dictated a simpler arrangement, so the en-
tire fuel temperature coefficient was assigned to shell ITI. The error
inherent in this arrangement does not appear to be significant, even in
the transient case.

Temperature variations in one section of the reactor model in some

cases produce a reactivity variation in another section as well. Since
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the direction of coolant flow alternates from one process tube to the
next, the outlet section of the fuel assembly is located in a region of
the reactor that is equally influenced by inlet and outlet process tubes.
For this reason, the reactivity effects due to temperature changes in
the fuel and coclant in section 5 were applied both to section 5 and sec-
tion 1, and vice versa. The same was true for sections 2 and 4. Tem~
perature changes in section 3 affect reactivity only in section 3.

fuyel and coolant temperature coefficients vary from section to sec-
tion because of the axial gradient in fuel burnup. The numerical values
used in the simulation were derived from temperature coefficients supplied
by Coppersmith2 of Combustion Engineering. His values, however, were for
a point reactor model and hence represented the proper temperature ccef-
ficlents only when applied to the reactor as a whole. In the ORNL medel,
a temperature change in section 3 was assumed to affect reactor kinetics
by alftering only the reactivity in section 3; reactivity changes in sec-
tions 1 or 5 affected both sections 1 and 5; and changes in sections 2 or
4 affected both sections 2 and 4, as explained above. In essence, the
values of the temperature coefficients for the ORNL model were determined
by balancing a small reactivity increase applied to cone section or pair
of sections against a smaller reactivity decrease applied to all sections.
The ratio of these equivalent reactivities then served as a multiplier
for the point reactor temperature coefficient. The temperature coeffi~

cients used are listed in Table F.1.

Reactivity Control

Reactivity variations produced by control rod motion were applied
uniformly to all five sections of the core. The control scheme had zero
dead band and corresponded to use of an on~off constant-speed servo which
goes positive or negative depending upon the sign of the error signal.
The error signal compared nuclear power with demand, and demand was pro-
portional to coolant flow. At 100% flow, demand was for 100% power, and

any loss of flow depressed the power set point.
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Table F.1l. Temperature Coefficients of Reactiwvity

Value When Applied

i
Velue When Only to Bections

Applied to Sections

gi?ﬁ;ii;g;i Whole Reactor; Dir;ct%ziéiiicted; Directly
from Ref. 2 p-L . Y Affected
(Ak /°F) Determ%ned
e (ak, /°F)
X 1077 X 1077
afl —-0.101 —.842 1,
afz —0.146 -(.265 2, 4
af3 -0.135 ~0.563
af4 —-0.088 -~(.160 2, 4
af5 +0.001 +0.008 1, 5
o —0.038 —0.32 1, 5
wl
] +0.71 +1.29 2, 4
we ?
o +1.282 +5,342 3
w3
aw4 +1.462 +2.658 2, 4
qw5 +0.776 +6.47 1, 5

Temperature Relations

Derivation of Equations and Evaluation of Coefficients

When physical and gecmetrical constants for the four fuel shells are
substituted into Eq. (8), the time rate of change of the temperatures in
°F/sec can be expressed as follows:

TfIP = O.2364PP + 5.4OTfIIp - 5.4OTpr , (8a)

TfIIP = O.2364Pp + 1.80Tf1p + 3.6OTfIIIp - 5.40Tpr s (8p)
ifIIIp = 0.23649p + 2.16TfIIp + 3.24Tﬂvp - 5°4OTfIIIp s (8c)
éfIVp = O.2364Pp + 2.314(TfIII - wa)p - 5.'786(TfIV - Tfs)p (8a)
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In each section of the fuel, the rate of heat transfer from shell IV to

the surface in Btu/sec can be expressed as

KA
Qp - "Fféjzi‘(TfTV - Tfs)
M Tvp - P

= u,1701Lp (LfIV W»Tfs)p

The gquantity Qp is also the rate of heat transfer from the surface of

the fuel to the cladding and can be expressed as

- 3 —
Q = () (Tpg — T ),

When the heat capacity of the cladding is neglected, the quantity Qp is
also the rate of heat transfer from the cladding to the coolant and can

be further expressed as

%

i

hWAC( LC B LW)T)

A

h [Ac(wall) + Ac(fins)] (T, =)

%

0.1364L_ + 0.1360L T -
n (0.1364 o 36 Tp) (LC Tw)p

= 0.2724n. L (T — T )
wp c wW'p

By eguating these expressions in Qp’ Tfs can be obtained in terms of

lfIV and TC so chat
5.786(T,. .. — T )
: IV C'p 7
= 0.236% + 2,31 = T - .
Tfva 0 2304Pp 314(Tﬂ£l fIV)p A (847)
1 + 0.1701 ——f—
(0t )y

The values of (hA)Hp/Lp for the five core secticns are listed in Table

F.3. By further manipulation of the heat flow equations, TC can be re-

lated to TfIV and Tw by the expression
3.960(T,. ..~ T )
6.3420 (T~ T ) = LV e (18)
W' C w'p L

1+ 0.1701 B
(hA>Hp



This form of the equation is chosen to simplify the analog circuit by
making the coefficient of the (TC - Tw) term identical to that in Eq. (17).

Design-Point Values

By setting time derivatives equal to zero and substituting design-
point power into Eq. (8), the design-point temperature differences between
each pair of fuel shells and between fuel shell IV and the cladding can
be calculated. Equation (18) then gives (TC - Tw)p’ and by following the
same procedure with Eq. (15) as was employed with Bq. (&), the temperature
rise [Twpe - Tw(p-l)e] can be obtained. The desired design-point outlet
temperature is 750°F, and with this number and the calculated temperature
differences as a starting point, the whole set of design-point tempera-
tures can be obtained. Their values are given in Table F.2.

The procedure described above yields an inlet temperature of 597.9°F
instead of the design temperature of 595°F. This discrepancy is probably
due to neglect of the variation of coolant heat capacity with temperature
and could be removed by changing coolant capacity from section to section.
The error is less than 2% of the total temperature rise in the coolant

and was neglected.

Table F.2. Design-Point Temperatures

Axial Section

5
(outlet) 4 3 2 1
Temperatures, °F
Tupe 750 731.5  697.6  658.5  619.4
TW(p-l)e 731.5 697.6 658.5 619.4 597.9
T 740.8 714.6 678.0 638.9 608.7
Top 779.7 785.9  762.3  723.2  654.1
TfIVp 943 .4 1158.3 1287.9 1337.2 1014.2
T 11T 992.1  1247.6 1393.5 1442.8 1071.1
TerTp 1024.6  1307.1 1463.9 1513.2  1109.0

Trip 1040.8 1336.9 1499.1  1548.4  1128.0
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Glossary of Terms

and Parameter Values

“erms Definitions Values
A Ares For radial neat transfer through the fuel
the surface area is 27 X L. For flow the
coolant cross-sectlional ares is 22.3 ft<.
Fer axlal neutron transfer,
A 1 1
LR -
v z 105 en
p a»
C Atomic density of delayed neusron precur-
sCrs
o} Heat capac’ty O = 0063 Btu/lh-°F
D rt
Cpy ® 0.59 Btu/1b-°F
Diffusion constant Overall D for EWOCR = 0.977 cn (from Ref. 2)
Eeat transfer coefficient hy,, tor coolant film taken to be
0 \
0.072 + D484 —i
v, 01/
= 0.55¢ Btu/sec-ft?-°F at design point
(hA)FP/LI These values are Tor heat transfer ver foot (hA)Hl/L_ = 0.02153 Btu/sec.°F-ft
: of pia. They may be translormed to Ref. 2 P - A / o, oL
y | = O { 11/ o . P
values ver section of pin (from which they \hA)HZ/L2 C.02370 Btu/sec "
were obtained) by mulsiplying them by 3.46 (hAj}_B/L3 = 0.02835 Btu/sec:°F-ft
fe. (hA)qZ/LA = 0.03297 Btu/sec-°F-ft
\ wAS oA nesas Jam o, o
(nA)HS/L5 C.04566 Btu/sec: 7 Tt
K Thermal conductivity Ko =13 Btu/hr £t °F
= 3.6 X 1072 Btu/sec-ft-°F
k Nuclear multiplication ot section pj Design point values fer individusl sections
+ ko= kT -1 (numbered from inlet end):
) 2ky[o] = —3.35%
Niglo] = -2.77%
Akglo] = ~3.33%
2k,lo] = —=3.11%
Aks[o] = ~3.29%
k overall (o] = 1.000
L Fuel pin Zength Core length is 17.3 £t overall or 3.46 ft
per section. Effective fuel pin length is
core length multiplied by the number of
pins and is 2.81 X 10° £t or 5.62 X 10* ft
per section.
Z Prompt neutron lifetime 5.70 X 107¢ sec
P Nuclear power P1lo] = 433 Mw Pw[o] = 680 Mw
Pylo] = 804 Mw Ps[o] = 371 Mw
Pylo] = 804 Mw PT[O] = 3093 Mw
Q Rate of heat transfer
S Neutron source due to leakage from adjacent
¥ sections
T Temperatuce
t Time
Uw Coolant speed through the core Uw[o] = 30 ft/sec
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Tahle F.3 (continued)

Terms Definitions Values
1 Power density uf[o] = 13.4PD Btu/sec'ft3
uw[o] = 0.00165P Etu/sec-ft3
i Volume Vfi = volume of a particular fuel shell
= 1 ~ 32 )L
pr = volume of coclant in one section
= 77.2 £t?
v Neutron speed Effective v for EWCOCR = 3,56 % 107 cm/sec.
X5 C.Z eV, "potential power" stored in neutron L,.eV is the mulbtiplier used to convert
Pprecursors of group i kinetic equations in ¢ to equations in P.
X Radial distance from center of fuel pin A between Tuel shells = 0.005 £t
Ax across helium gap = 2.5 mils
= 2.1 % 107% £t
b4 Axial cenber-to-center distance between z =105 em = 3.46 ft
v fuel sections ar
81 Temperature coefficzient of reactivity = Individual values are shown in Table F.1.
» /oy,
3] Fraction of fission neutrons delayed B1 = 0.00073
Br = 0.00417
Total B8 = 0.0049
€ Energy released per fission
A Delayed-neutron decay constant A = 1.90 sec?
P2 = 0.179 zec™t
v Neutron yield per fission
o] Mass densiby er = density of fuel
= 13.6 gfcc = 849 1p/ft>
pw = density of coolant
=% 0.86 g/cc = 53 1p/tt?
Za Absorption cross section Average L, = 4,74 X 1073 em?
Ze Fission cross sechion Average W 2 4.89 X 1077 en™t
T Coclant transport tine Steady state coolant transit time through
one ssction = Twp[o] = 0.134 sec
¢ Neuwbron flux
[o] Tdentifies a design~point condition

Subscripts

Cladding on the fuel

He I oFy ®

=

Tuel

Tdentifies the down-stream boundary of coolant in

Helium gas gap between fuel and cladding

a

section of process tube

Used to number delayed-neubtron groups and also heat transfer shells in the fuel

Identifies & delayed~neutron group obtained by lumping several normal groups

Used to specify axlal sections of the core, excepl that as a subscripb for C, p indicates heat
capacity at constant presgsure

q Axial sections adjacent to p



Table F.3 (continued)

Terms Definitions Values
r Refers to nuclear amultiplicaticn change due to control rod motion
s Surface cf the fuel
W Organic coolant {wax)
I, I1, IIiI, IV Identify fuel shells, starting at the center
1, 2, 3, 4 Identify core sectlions, starting at the inlet end
A A
1}7 117
Tf(i-T\ Tay Tf(i+1)

towarc
certer

Cross

v U2

ect
1e]

icn of Typical Radial
1e)ls of Fuei

Pin

Symbols identifying fewperatures, surface arcac, and distances

in heat transfer cguations of fuel pins. Radial shell i is
~ypical, with adjacent shells (i-1) and (i+l) being toward

ke center and toward the cuvside of the pin, respectively.
Areas Aj_ and A;, are the surface areas through which the

heat flows from shell {(i-1) <o shell 1 and from shell i to
shell (i+1). Distance Axy is the distance involved in the
heat transfer from one shell to an adjacernt shell. All shells
have cqual thickness.

1.
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Appendix G

COMPARTSON OF ADVANCED CONVERTER FUEL~-PROCESSING
COSTS ON DIFFERENT BASES

In the advanced converter evaluation,l spent-fuel processing costs
were estimated for six reactor concepbts under general ground rules essen-
tially the same as for the present HWOCR evaluation; that is, single-
purpose processing plants were specified to exactly match the amount and
type of fuel for a 15,000-Mw(e) industry based on each concept. A summary
of these estimates at throughput rates corresponding to burnups near the
economic optimum is given in Table G.1l. At the reference 22% per year
fixed-charge rate (FCR) on capital, the estimated processing costs in $/kg
varied from 18.7 to 97.6; in mill/kwhr(e) the cost range was fairly nar-
row, from 0.191 to 0.230. 1In the present HWOCR evaluation we have estl-
mated fuel~processing costs on two bases, one being exactly the same as
for the advanced converter evaluation, and the other a revised basis that
is felt to be more realistic. For compariscn, we also have reestimated
processing costs for the six previously evaluated reactors on the HWCCR
revised basis; the results are shown in Table G.2.

For comparison between uranium~fueled reactors or between thorium-
fueled reactors, either the old or the new estimates will give the sane
cost ranking; however, for comparing uranium-fueled reactors with thorium-
fueled reactors or for comparing these estimated future costs with present-
day processing charges by Nuclear Fuel Services (NFS), we believe that
the new estimates are preferable. The new estimates are 72 to 81% of
the old ones for the uranium fuels, and 59 to 65% for the thorium fuels,
a8 indicated in Table G.2. The reasons for the differences are explained
in Chapter 11.

For comparative evaluation purpcses, HWOCR fuel fabrication costs
were estimated for equilibrium cores on the bases used in the advanced
converter study? (fuel preparation costs were included in fabrication
costs). These estimates are listed in Table G.3 for the AT-CE fuel ele~
ment. Estimates for the BAW oxide fuel element are given in Table G.4.

Similar estimates could not be made for the thorium metal fuel because
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there were no metal-fueled cores considered in the advanced converter

study.

Table G.

Basis:

1. BSurmary of Spent-Fuel Processing Cost Estimates for Previocus
Advanced Converter Evaluation

Single-purpose plants serving 15 reactors of a given concept,
1000 Mw(e) each; 0.8 reactor load facter; burnup approximately
equal to the estimated econowic optimum®

PWR SSCR HWR-U HWR-Th HTGRO SGR
Reference material bucnup, Med/T 21,248 29,580 12,540 23,000 48,500 16,750
Thermal efficiency, % 31.1 31.2 26.8 26.1 A, b 43,6
Throughput rates, M'P/yr
Uranium 645 34.9 1280 4.5 714 587
Thorium 426 688 189
Plutonium 4,11 5.93 3.42
Fission precducts 14.1 14.0 16.3 16.7 10.0 10.0
Reference material 663 475 1300 730 206 600
Batches processed per year 19.2 6.91 57.1 73.0 54.0 48.7
Processing days per year 156 255 155 155 155 155
Turn-around days per year 154 55 155 155 155 155
Total revenue days per year 310 310 310 310 310 310
Processing rates
Reference material, MI/day 4.23 1.86 8.40 4,71 1.37 3.87
Fissile material, kg/day 44,7 75.8 38.3 83.3 102 73.5
Total capital investment, $ 58.5 x 10% 53,3 x 10% 65.8 x 10% 67.5 x 10% 57.9 x 10® 59.0 x 10°
Operating cost, $/yr 5.37 x 108 5,47 x 10% 6.33 x 10 6.55 x 10® 5.30 x 10° 5.45 x 10°
Ultimate waste disposal charge, 2.52 x 108 2,51 x 10° 2.75 X 10° 2.79 X 1% 2.05 x 10® 2.05 x 10°
$/yr
Unit costs at 15% per year FOR,C 25.2 35.6 14.6 26.7 77,78 27.3
$/kg
Unit costs at 15% per year FCR,C 0.159 0,161 0.181 0.185 0.152 0.156
mill/kwhr (e)
Unit costs at 22% per year FCR,C 31.4 4, 2 18.2 33.2 97. 64 34.2
$/xg
Unit costs av 22% per year, 0.198 0.200 0.224 €. 230 0.191 0.195

mill/xwhe (e)

a -

See Ref. 1 for details.

HIGR cese bpased cn separate processing of the thorium and uranium particlies.

“Fixed charge rate.

dAverage cost per kilogram of reference material (thorium plus uranium charged to reactor).
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Table G.2. Revised Speut-Fuel Processing Cost Estimates for
Advanced Converter Reactors

Basls: Single-purpcse plants serving 15 reactors of a given
concept, 1000 Mw(e) each; 0.8 reactor load factor;
burmip approximately equal to the estimated economic

opbimm>

PWR BECR HWR-U HWR-Th HYGRD 8GR
Reference material burnup, Med/MI 21,248 29,580 12, 540 23,000 48,500 16,750
Thermal efficiency, % 31.1 31.2 26.8 26.1 bt b 43.6
Throughput rate, MI/yr 663 475 1300 730 206 600
Frocessing days per year 260 260 260 260 260 260
Processing rate, MT/day 2.55 1.83 5.00 2.81 1.00° 2.31
Total capitsl investment, $ 40,0 x 106 34.4 x 105 52.2 x 10% 40,0 x 10° 31.0 x 105 41.3 x 108
Operating cost, $/yr 4.00 X 108 3.44 X 109 5.22 X 10% 4,00 x 10% 3.10 x 10% 4.13 x 10°

Total waste disposal charge, $/yr 2.15 x 108 2.36 x 10° 2.35 x 105 2.63 x 10® 1.91 x 10® 1.93 x 10°
Unit costs at 15% per year FCRd

$/ke 13.3 23.1 11.8 17.3 46.9¢ 20.4
Mill/kwhr () 0.116 0.104 0.147 0.120 0.092 0.117
Cost expressed as per cent 72.6 €4.9 81.2 64.8 60. 4 4.7

of corresponding cost in
Table G.1

Unit costs at 22% per ysar FORD

$/kg 22.5 28.1 14.7 21.1 57,48 25.3
Mill/kwhr (e) 0.142 0.127 0.181 0,147 0.113 0.144
Cost expressed as per cent L7 63.6 30.8 62.6 58.8 74.0

of corresponding cost in
Table G.1

a,. o N
See Ref, 1 for detsils.

b . : . R

OIGR case based on separate processing of the thorium and urenium particles,.

c . - . - . . . . .

Processing rate for thorium particles. The rate for the enriched uranium particles is much lower.
da_.

Fixed charge rate.

e X ; . s
Average cost per kilogram of refervence material (thorium plus uranium charged to reactor).
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Table G.3. Hstimated Cost of Fuel Element Fabrication
for AL-CHF HWCCR Equilibrium Core Calculated on
Advanced Converter Study Bases

Production Cperating Capital Hardware Fuel Total
Rate © Expense Chargesd Costs Preparation Costs
(kefdny) ~ (B/keof  (B/xgor  (B/kg of  ($/kg of ($/kg of

& metal) metal) metal) metal) metal )
2000 16.48 2.92 6. 57 7,72 40. 68
2500 15.15 2.31 6. 52 6.86 37.84%
3000 14.18 8.85 6. 49 6.23 35.74
3475Db 13.46 8.50 6. 46 5.76 34,17
4000 12.82 8.17 6.43 5.35 32.77
5000 11.89 7.69 6.39 4,75 30.72

fCapital charge rate of 22% per year,

b
Reference case.

Table G.4. Estimated Cost of Fucl Element Fabrication
for B&W HWOCR Thorium-Oxide Core Calculated on
Advanced Converter Study Bases

Production Operating Capital Hardware Fuel Total
URafn on Expense Charges® Costs Preparation Costs
(kefomy)  (S/ke of  (8/ke of  (b/kg of  (b/kg of ($/kg of

g/eay metal) metal.) metal) metal) metal)
1500 22.11 25.19 25.38 ey B 77.51
2000 20,09 23.02 R4 4L 4,09 71.61
2590P 18.58 21.31 23.62 3.52 67.02
3000 17.81 20, 42 23.19 3.23 04, 66
4000 16.92 18,87 22.42 2.7 60.95

aCapital charge rate of 22% per year.

b
Reference case.

Reference

M. W. Rosenthal et al., A Comparative Evaluation of Advanced Convert-
ers, USAEC Report ORNL-3686, Oak Ridge National laboratory, January
1965,
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