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CONCEPTUAL DESIGN CHARACTERISTICS OF A DENATURED
MOLTEN-SALT REACTOR WITH ONCE-THROUGH FUELING

J. R, Engel W. R. Grimes
H. ¥. Bauman H. E. McCoy
J. R, Deariung W. A. Rhoades

ABSTRACT

A study was made to examine the conceptual feasibility of
a molten-salt power reactor fueled with denatured 235U and op-
erated with a minimum of chemical processing.

Because such a reactor would not have a positive breeding
gain, reductions in the fuel conversion ratio were allowed in
the design to achieve other potentially favorable characteris-
tics for the reactor. A conceptual core design was developed
in which the power density was low enough to allow a 30-year
life expectancy of the moderator graphite with a fluence limit
of 3 x 1026 neutrons/m? (E > 50 keV). This reactor could be
made critical with about 3450 kg of 20% enriched 235y and op-
erated for 30 years with routine additions of denatured 235U
and no chemical processing for removal of fission products.

The lifetime requirement of natural U30g for this once-through
fuel cycle would be about 1810 Mg (~2000 short tons) for a 1-GWe
plant operated at a 757% capacity factor. If the uranium in the
fuel at the end of life were recovered (3160 kg fissile uranium
at ~10% enrichment), the U30g requirement could be further re-
duced by nearly a factor of 2. The lifetime net plutonium pro-
duction for this fuel cycle would be only 736 kg for all iso-
topes (238, 239, 240, 241, and 242).

A review of the chemical considerations associated with the
conceptual fuel cycle indicates that no substantial difficulties
would be expected if the soluble fission products and higher ac-
tinides were allowed to remain in the fuel salt for the life of
the plant. Some salt treatment to counteract oxide contamina-
tion and to maintain the oxidation potential of the melt prob-
ably would be necessary, but these would require only well=-known
and demonstrated technology.

Although substantial technology development would be re-
quired, the denatured moltemn-salt reactor concept apparently
could be made commercial in about 30 years; if the costs of in-
termediate developmental reactors are included, the cost for
development is estimated to be $3750 million (1978 dollars).

The resulting system would be approximately economically com-—
petitive with current-technolegy light-water reactor systems.




1. INTRODUCTION g

Molten-salt reactors! (MSRs) have been under study and development
in the United States since about 1947, with most of the work since 1356 «
directed toward high-performance breeders for power production in the
Th-2337 fuel cycle. The most recent development effort in this area was

2 provided by the

terminated in September 1976 in response to guidance
Energy Research and Development Administration (now Department of Energy)
(ERDA/DOE} in March 1976. A brief study of alternative MSRs® which em-
phasized their antiproliferation attributes was carried out in late 1976.
This study concluded that MSRKs without denatured fuel probably would not
be sufficiently proliferation-resistant for unrestricted worldwide deploy-
ment. Subsequently, a more extensive study was undertaken at 0Oak Ridge
National Laboratory (ORNL) te identify and characterize denatured molten-
salt reactor (DMSR) concepts for possible application in antiproliferation
situations. This work began as part of the effort initiated by ERDA in
response to a nuclear policy statement by President Ford on October 28,
1976;“ it was continued under the Nonproliferation Altermative Systems
Assessment Program (NASAP),® which was established in response to the
Nuclear Power Policy Statement by President Carter om April 7, 1977,% and
The National Energy Plan.’

The DMSR is only one of a large number of reactors and associated
fuel cycles selected for study under NASAP. However, it is also a member
of a smaller subgroup that would operate primarily on the Th-2337 fuel
cycle. Molten-salt reactors, in general, are particularly well suited to
this fuel cycle because the fluid fuel and the associated core design tend
to enhance neutron economy, which is particularly important for effective
resource utilization. In addition, the ability of the molten fuel to re-
tain plutonium (produced from neutron captures in the 238y denaturant) in
a relatively inaccessible form appears to contribute to the proliferation
resistance of the system. The MSR concept also coffers the possibility of
system operation within a sealed containment from which no fissile mate-
rial is removed and to which only denatured fuel or fertile material is
added during the life of the plant. This combination of properties sug-
gests the possibility of a fuel cycle with a low overall cost and signifi-

cant resistance to proliferation.
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The primary purpose of this study was to identify and characterize
one or more DMSR concepts with antiproliferation attributes at least
equivalent to those of a "conventional” light-water reactor (LWR) oper-
ating on a once-through fuel cycle. The systems were also required to
show an improvement over the LWR in terms of fissile and fertile resource
utilization. Considerable effort was devoted to characterizing features
of the concept{s) that would be expected to affect the assessment of their
basic technological\feasibility. These features included the estimated
costs and time schedule for developing and deploying the reactors and
their anticipated safety and environmental features.

Although the older MSR studies were directed toward a high-perfor—
mance breeder [and a reference molten-salt breeder reactor (MSBR) design8
was developed], the basic concept is adaptable to a broad range of fuel
cycles. Aside from the breeder, these fuel cycles range from a plutonium
burner for 233y production, through a DMSR with break—-even breeding and
complex on-site fission-product processing,9 to a denatured system with
a 30-year fuel cycle that is once-through with respect to fission-product
cleanup and fissile-material recycle. Of these, the last one currently
appears to offer the most advantages for development as a proliferation-
resistant power source. Consequently, this report is concentrated on a
conceptual DMSR with a 30-year fuel cycle and no special chemical pro-
cessing for fission-product removal; other alternatives are considered
only briefly.

Section 2 contains a general description of the DMSR concept, with
emphasis on those features that would be the same for all DMSR fuel cy-
cles. Section 3 presents a more detailed treatment of the reference-
concept DMSR covering the neutronic and thermal-hydraulic characteristics
of the reactor core, fuel-salt chemistry, reactor materials, plant safety
considerations, and system~specific environmental considerations. A gen-
eral treatment of the antiproliferation attributes of the concept is also
included. The next section (Sect. 4) addresses potential alternatives to
the reference concept and their perceived advantages and disadvantages.
Section 5 addresses the commercialization considerations for DMSRs, in-

cluding the perceived status, needs, and potential research, develcpment,



and demonstration (RD&D) program; a possible schedule for major con-
struction projects; the estimated performance of commercial units; and
any special licensing considerations. Finally, Sect. 6 presents the gen-
eral conclusions of the study, along with suggestions that would affect

any further work on this concept.




2. GENERAL DESCRIPTION OF DMSR

The plant concept for a DMSR is a direct outgrowth of the ORNL
reference-design MSBR, and, therefore, it contains many favorable fea-
tures of the breeder design. However, to comply with the antiprolifera-
tion goals, it also contains a number of differences, principally in the
reactor core design and the fuel cycle. Figure 1 is a simplified sche-
matic diagram of the reference-design MSBR. At this level of detail,
there is only one difference from the DMSR concept: the on-line chemical
processing plant {shown at the left of the core) would not be required

for the DMSR.
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Fig. 1. Single-fluid, two-region molten salt breeder reactor.




2.1 Fuel Circuit _

The fuel circuit for a DMSR would be very similar to that for an
MSBR;: only the core design would be changed. The primary requirement
for this redesign was a reduction in the core neutron flux (and power

density) to

1. extend the life expectancy of the graphite moderator to the full 30-
year plant lifetime,
2, 1limit neutron captures in 233Paz which, to enhance proliferation re-

sistance, would be retained in the fuel salt.

The lower power density would also tend to reduce the poisoning effects

of short—lived fission products and to simplify the thermal-hydraulic con-

straints on the design of the moderator elements. The principal unfavor—

able effects would be the increases in inventory of the fuel salt and fis-

sile fuel. Reference-design features of the DMSR core are described in

greater detail in a later section. .
At design power (1000 MWe}, the fuel salt, which would have a liqui-

dus temperature* of about 500°C, would enter the core at 566°C and leave

at 704°C to transport about 2250 MWt (in four parallel loops) to the sec— .

ondary salt. The flow rate of salt in each of the primary loops (includ-

ing the bypass for xenon stripping) would be about 1 m3/s (16,000 gpm).

The primary salt would centain 0.5 to 1% (by volume) helium bubbles to

serve as a stripping agent for xenon and other volatile fission products.

Helium would be added to and removed from bypass flows of ~10% of each

of the primary loop flows. This gas stripping would also remove some of

the tritium from the primary salt,T partly as 3HF; however, most of the

tritium would diffuse through the tube walls of the primary heat exchang-

ers into the secondary salt. Helium removed from the primary circuit

would be treated in a series of fission-product trapping and cleanup steps

before being recycled for further gas stripping. Provisions would also be

*The temperature at which the first crystals appear on equilibrium
cooling.

TEstimates are that 18 to 19% of the total tritium produced would be
removed in this gas.



g made in the primary circuit to remove and return fuel salt without opening
the primary containment and to add fuel=-salt constituents as required to

maintain the chemical condition of the salt.

2.2 Coolant Circuit

The secondary, or coolant-salt, circuits for the DMSR would be iden-
tical to those developed for the reference-design MSBR. The nominal flow
rate of the secondary salt (a eutectic mixture of NaBF, and NaF) would be
about 1.26 m3/s (20,000 gpm) in each of the four loops, with a temperature
rise from 454 to 621°C in the primary heat exchangers. This salt would be
used to generate supercritical steam at about 540°C and 25 MPa to drive
the turbine-generator system.”

In addition to its primary functions of isolating the highly radio-
active primary circult from the steam system and serving as an interme-
diate heat~transfer fluid, the sodium fluoroborate salt mixture would
play a major role in limiting the release of tritium from the DMSR sys-—
tem. Engineering-scale tests in 1976 (Ref. 10) demonstrated that this
salt is capable of trapping large quantities of tritium and transforming
it to a less mobile, but still Volatiie, chemical form that transfers to
the cover—gas system rather than diffusing through the steam generators
to the water system. Consequently, the majority of the tritium (~80%)
would be trapped cor condensed out of the secondary circuit cover gas, and

less than 0.2% of the total would be released.

2.3 Balance-of-Plant

The balance-of-plant for a DMSR primarily would be identical to that
for an MSBR. Because the samé salts and basic parameter values are in-
volved, there would be no basis for changing the normal auxiliary systems
required for normal plant operation. Differences, however, could appear

in some of the safety systems. Because of the lower power density in the

*The supercritical steam cycle appears to be particularly well suited
to this concept because of the relatively high melting temperature (385°C)
of the secondary salt and the desire to avoid salt freezing in the steam
generators.




DMSR, the shutdown residual-heat-removal (RHR) problem would be less se-
vere than in the MSBR. Consequently, a less elaborate RHR system than

would be needed for an MSBR might be acceptable for a DMSR. However, for
purposes of characterizing the DMSR, the assumption was that the balance-

of-plant would be the same as that for an MSBR.

2.4 Fuel Handling and Processing

The performance of an MSBR would be strongly dependent on the avail-
ability of an on-site continucus chemical-processing facility for removal
of fission products and isolation of protactinium on relatively short time
cycles. These treatments would make possible the achievement of a posi-
tive 233y breeding gain in a system with a low specific fissile inven-
tory. Because a DMSR on a 30-year fuel cycle would not require even nomi-
nal break-even breeding and because a significantly higher fissile inven-—
tory could be tolerated, the processing requirements for a DMSR would be
much less stringent than for an MSBR. Isolation of protactinium would be
avoided for proliferation reasons, and chemical processing to remove fis-
sion products could be aveided without severe performance penalties.

Despite these concessions, some fission—-product removal would take
place in any MSR. Most of the rare gases (and some other volatile fis-
sion products) would be removed by the gas—-sparging system in the primary
circuit. In addition, a substantial fraction of the noble-metal® fis-
sion products would be expected to plate cut on metal surfaces where they
would not affect the neutronic performance. However, the reference-design
reductive—extraction/metal-transfer process would not be involved.

Although there would be no chemical processing for fission-product
removal, the DMSR likely would require a hydrofluorination system for
occasional (presumably batchwise) treatment of the salt to remeve oxygen
contamination. In addition, because a DMSR would require routine addi-
tions of fissile fuel, as well as additions of other materials necessary

to keep the fuel-salt chemical composition in proper balance, a chemical

*Nobility is defined here in relation to the UL'+/U3+ redox potential
(see Sect. 3.3.2).




addition station would be required. The technology for both of these
operations is well established and was extensively demonstrated in the
molten—salt reactor experiment (MSRE). These and other aspects of the

DMSR fuel chemistry are treated in greater detail in a later section.
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3. REFERENCE-CONCEPT DMSR e

A preliminary conceptual design has been developed for a DMSR oper-
ating on a 30-year fuel cycle. The emphases tc date have been on the re- -
actor core design and fuel cycle, with less attention to other aspects of
the system. Although this design establishes the basic concept and char-
acterizes its major properties, it is tentative and would be subject to
ma jor refinement and revision if a substantial design effort were under-

taken.

3.1 Neutronic Properties

The basic features of this DMSR concept which distinguish it from
other MSRs are established primarily by the reactor core design and its
associated neutronic properties. The design described here represents
the results of a first-round effort to balance some of the many variables

involved in a reactor core, but it is by no means an optimized design. P

3.1.1 Neutronics core model

From a neutronics point of view, the core is simply designed as fol~-
lows (Fig. 2).

1. The core and reflector fill a right circular cylinder that is
10 m in diameter and 10 m high. The core, which is a cylinder 8.3 m in
diameter and 8.3 m high and centered inside the larger volume, is filled
with cylindrical graphite logs in a triangular array of 0.254-m pitch.
Approximately 95% of the core (core B) has log diameter of 0.254 m, with
the fluid fuel filling the interstitial volume to produce a fuel volume
fraction of 9.31%. An axial cylindrical hole of 0.051-m diam in the cen-
ter of each log admits another 3,637 fuel for a total of 12.94 vol Z. To
achieve flattening of the fast flux and thus maximize the lifetime of the
graphite moderator, the remaining 5% of the core (core A), a cylinder 3 m
in diameter and 3 m high, has a log diameter of (.24 m, resulting in a

total fuel volume fraction of 20.00% in this zones.
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Fig. 2. DMSR core model for neutronic studies — cylindrical geometry
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2. The radial reflector is graphite 0.8 m thick and is attached to
the reactor vessel at the 10~m diam. This leaves a gap of 0.05 m filled
with fuel salt surrounding the core laterally.

3. The inlet and outlet plena cover both the core and radial gap to
their full diameter and are each 0.20 m thick. They consist of 50% struc-
tural graphite and 507 fuel.

4. The axial reflectors are each 0.65 m thick and extend to the full
10-m diam.,

5. All reflector regions contain a small amount of fuel salt for
cooling, which is estimated as 1 vol Z at operating temperature.

6. All stated dimensions are assumed to apply at nominal operating
conditions. During system heatup, the length and diameter of the core
vessel are assumed to increase at the rate of expansion of Hastelloy-N.
The reflectors are assumed to expand at the expansion rate of graphite
but to remain attached to the vessel. Because graphite expansion is less
than that of the vessel, this will result in admitting additional salt to
the reflector zones. The core and plenum regions are assumed to expand
radially only at the expansion rate of graphite, which will establish the
thickness of the radial gap. The axial configuration is affected by the
logs floating upward in the salt and by the lower plenum being constructed
so that it always contains 50% salt. The thicknesses of the core and the
upper plenum, then, increase at the graphite expansion rate, but the lower
plenum grows at such a rate as to span the gap between the core and the
bottom reflector,.

Mechanical properties used for the principal constituents are sum—
marized in Table 1. The salt is taken to have the nominal chemical com—
position shown in Table 2. The term "actinides” in this study refers to
all elements of atomic numbers > 90 and not just to transplutonium ele-
ments. The actinide percentage is subject to small variations depending
on the fuel cycle and the history of the fuel.

The inventory of fuel salt, both in and out of the core, is summa-
rized in Table 3. This is believed to be a generous estimate of the re-
guired inventory for a 1-GWe system. The thermal energy yield per fission
is assumed to be 190 MeV for translation of absolute fission rates to ef-

fective power level.
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Table 1. Reference properties of fuel salt
and moderator for a DMSR

Characteristic Value
Graphite moderator density, Mg/m3 1.84
Fuel=-salt density, Mg/m 3.10
Graphite linear thermal expansion, X 1076 g1 4.1
Vessel linear thermal expansion, x 107 g1 17.1

Fuel volumetric thermal expansion, x 107 k71 200

Table 2. Nominal chemical composition
of DMSR fuel salt

Material Molar percentage
: 7L4F 74.0
BeF» 16.5
xF,* 9.5
Fission products Trace

2x refers to all actinides.

Table 3. DMSR fuel-salt inventory

Location Volume (m3)
Core 59.4
Top and bottom plenums 11.1
Radial gap 10.9
Reflectors 3.0
External loop : 20.0
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3.1.2 Core design considerations k-

The size of the core was determined so as to allow a graphite mod-
erator lifetime equal to the design lifetime of the plant. As compared
with a smaller core, this resulted in lower neutron leakage, higher inven-
tory of fissile material, and lower loss of protactinium due to neutron
capture. If higher levels of graphite exposure were indicated by future
data or decisions, a smaller core would probably be chosen.

The circular cylinder moderator shape resists binding effects that
can occur with other shapes. The hole in the center is sized to provide
desirable resonance self-shielding without undue thermal flux depression.
The lattice pitch is simply a convenient one from both thermal and neu-
tronic points of view. The reduced diameter of the central section of the
logs was adjusted to give the proper degree of neutron flux flattening.

There is no doubt that flux flattening results in more core leakage,
slightly degraded breeding, and more flux in the reactor vessel as com—
pared with an unflattened core. The unflattened core, however, would
have a much larger volume and much larger inventory of fissile material
for the same maximum neutron damage flux.

The thorium concentration of the salt has been adjusted tc give near-—
optimum long-term conversion and a low requirement for makeup fuel. This
approach leads to a relatively high in-plant fissile inventory, which may
have economic disadvantages. Thus, overall optimization might suggest
more favorable combinations of inventory and makeup. The other actinide
concentrations are determined by the various fueling policies considered

and by the operating history of the fuel.

3.1.3 Neutronics calculation approach

3.1.3.1 Overall strategy

The overall approach was designed to couple numerous computer runs
of relatively short duration. The objectives were good accuracy, rela-
tively quick computer response, and the ability to repeat and revise dif-

ferent portions of the precedure as the design evolved.
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o Initial scoping studies showed that the self-shielding of thorium and
2389 has a most critical effect on the system neutronics, while that of
the other uranium nuclides was comparatively less. Concentrations of

e protactinium, neptunium, and plutonium remained small enough to make self~-
shielding treatment of those nuclides necessary. The effect of rescnance
overlap between 2327y and 238y was of particular interest and was studied
in some depth using the ROLAIDS module of the AMPX code system.11 The
conclusions were that this effect could be ignored safely in the present
study and that treatment of the effect would have been burdensome had it
been required.

Statics. A set of cross sections for the more significant nuclides
(Table 4) was prepared based on the ENDF/B Version 4 set of standard cross

sections.12

A total of 123 energy groups was used, with boundaries as
listed in Table 5. Downscatter from any group to any other was allcwed,
and upscatter between all groups below 1.86 eV was allowed. The 123-group
set was then reprocessed to enforce strict neutron conservation. This was

especially important in the case of graphite.

Table 4. Nuclides in library
of 123 energy groups used
for DMSR study

2327y 238y F
233p, 239py, 7Li
233y 240p, Be
23ug 241p, bL1
235y 242py 103
236y Graphite 238py

Self-shielding of thorium and uranium nuclides was treated using the
NITAWL module of the AMPX code system. The Nordheim integral treatment
was selected in each case. The geometric parameter applicable to the tri-
cusp fuel area between the logs was determined by a special Monte Carlo

computer code devised by J. R. Knight of ORNL.:3 Figure 3 illustrates
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Table 5, XSDRN 123-group energy structure
Boundaries Boundaries Boundaries
Group Group Group
Energya Lethargy Energy Lethargy Energy Lethargy
1 1.,4918E07 —0.40 43 2.2371E05 3.80 84 2,2603E01 13.00
2 1.3499E0C7 —0.30 44 2,0242E05 3.90 85 1.7603E01 13.25
3 1.2214E07 —0.20 45 1.8316E05 4,00 86 1.3710E01 13.5C
4 1.1052E07 -0.10 46 1.6573E05 4,10 87 1.0670E01 13.75
5 1.0000E07 6.0 47 1.4996E05 4,20 88 8.3153E-01 16.30
6 9.0948E06 0.10 48 1.3569E05 4,30 89 6.4760E-01 16.55
7 8.1873E06 0.20 49 1.2277E05 4.40 90 5.0435E-01 16,80
8 7.4082E06 0.30 50 1.1109E05 4.50 g1 3.9279E~-01 17.50
9 6.7032E06 0.40 51 8.6517E04 4,75 92 3.0590E-01 17.30
10 6.0653E06 0.50 52 6.7379E04 5.00 93 2.3824E-01 17.55
11 5.4881E06 0.60 53 5.2475E04 5.25 94 1.8554E~-01 17.80
12 4,9659EC6 0.70 54 4,0868E04 5.50 35 1.7090E-01 17.88
13 4.4933E06 0.80 55 3.1828E04 5.75 96 1.5670E~01 17.97
14 4.0657E06 0.90 56 2.4788E04 6.00 97 1.4320E-01 18.06
15 3.6788E06 1.00 57 1.9305E04 6.25 98 1.2850E-01 18.17
16 3.3287E06 1.10 58 1.5034EC4 6.50 99 1.1340E-01 18.29
17 3.0118E06 1.20 59 1.1709EC4 6.75 100 9.9920E-02 18.42
18 2,7253E06 1.30 60 9.1188E03 7.00 101 8.8100E-02 18.55
19 2,4660E06 1.40 61 7.1017E03 7.25 102 7.6840E-02 18.68
20 2.2313E06 1.50 62 5.5308E03 7.50 103 6.35520E~02 18.84
21 2.0190E06 1,60 63 4,3074E03 7.75 104 5.4880E-02 19.02
22 1.8268E06 1.70 64 3.3546E03 8.00 105 4,4850E~02 19.22
23 1.6530E06 1.80 65 2.6126E03 8.25 106 3,6140E-02 19.44
24 1.4957E06 1.90 66 2.0347E03 8.50 167 2.9940E-02 19.63 =
25 1, 3534E06 2,00 67 1.5846E03 8.75 108 2.4930E-02 19.81
26 1,2246E06 2.10 68 1.2341E03 9.00 109 2.0710E-02 20.00
27 1. 1080E06 2.20 69 3.6112E02 9,25 110 1.7980E-02 20.14
28 1.0026E06 2.30 70 7.4852E02 9.50 111 1.5980E-02 20.25
29 9.0718E0S 2,40 71 5.8295E02 9.75 112 1.3980E-02 20.39
30 8.2085E05 2.50 72 4,5400E02 10.00 113 1.1980E-02 20.54
31 7.4274E05 2.60 73 3.5357E02 10.25 114 9.9700E-03 20.73
32 6.7206E0S 2.70 74 2.7536E02 10,50 115 8.2300E-03 20,92
33 6.0810E05 2.80 75 2.1145E02 10.75 116 6.99C0E-03 21.08
34 5.5023E05 2.90 76 1.6702E02 11.00 117 5.9900E-C3 21.24
35 4,9787E05 3.00 77 1.3007E02 11.25 118 4,9900E-03 21.42
36 4,5049E05 3.10 78 1.0130E02 11.50 119 3.9800E-03 21.64
37 4,0762E05 3.20 79 7.8893E01 11.75 120 2.9800E-03 21.93
38 3.6883E05 3.30 80 6.1442E01 12.00 121 2.1100E-03 22,28
39 3.3373E05 3.40 81 4.7851E01 12,25 122 1.4900E-03 22.63
40 3.0197E05 3.50 82 3.7267E01 12.50 123 9.8000E-04 23.05
41 2.7324E05 3.60 83 2.9023801 12.75 124 4,7000E-04 23678b
42 2.4724E05 3.70

Texx corresponds to 10%¥X,

bLower boundary of group 123.




17

ORNL-DWG 804264 ETD
1.00 , , -

0.75+

2¢/PITCH
o
[$)]
o
T

0.25 I
0.00 —l ' |
0.80 0.85 0.90 0.95 1.00

ROD DIAMETER/PITCH RATIO

Fig. 3. Mean chord length % of fuel surrounding triangular arrays
of moderator rods. Circles illustrate predictions by the 4V/A rule.

the results of this treatment. The salt in the plenum and radial gap re-
gions was represented as a 0.05-m plane environment.

The resulting multigroup cross sections were used with the XSDRNPM
module of AMPX to accomplish a discrete-ordinates cell calculation in
the S-4 approximation and to accomplish group reduction to three energy
groups, as shown in Table 6. A separate cell calculation was performed
for each of the two log diameters. Plenum and gap cross sections were
weighted over the spectrum of the smaller log diameter because it lies
between the standard diameter and the pure salt region in hardness.

The basic concentrations of the nuclides were based on estimated

midlife conditions. Additional cases of self-shielding for the thorium
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Table 6. Few—group energy structure
for DMSR neutronic studies

Energy group Energy range
Fast 14,918 MeV to 52.475 eV
Resconance 52.475 eV to 2.3824 eV
Thermal 2.3824 eV to 0.00047 eV

and uranium nuclides were prepared for use in the depletion and reactiv-
ity coefficient studies. These were weighted over the neutron spectra
calculated in the cell calculation.

The macrospatial effects were treated using the reduced cross sec=-
tion set with the APC II computer code, Separate axial and radial flux
proflies were found with mutually consistent flux and leakage results.
Core heterogeneity was treated by transverse flux weighting of the de-
tailed geometry. Reaction parameters necessary for burnup were deter-
mined from these results, with care taken to combine all reactions rep-
resenting a particular nuclear species regardless of positions in the
cell or the identity of the cell involved. This is consistent with an as-
sumption of rapid fuel circulation and mixing.

Burnup. A simple burnup code, QUAB, was devised to treat the un-
usual requirements of this study. Special features include the follow-

ing.

1. Sufficient 238U is added at all times to maintain the denatured con-
dition.,

2. The thorium concentration can be held constant by automatic addition,
allowed to decline naturally, or adjusted to maintain constant total
actinide concentration.

3. Periodic additions of enriched fissile material can be made.

4. Periodic withdrawals of fuel can be made selectively by nuclide. This

fuel can be held until the protactinium decays and then be reinserted
selectively by nuclide into the machine. The first removal is re-
placed with fuel identical to the initial loading.

5. Enriched material can be added on demand to maintain a specified re-

activity margin.
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The code calculates nuclide concentrations, total inventories, reactivity,
and breeding ratio as a function of time.

Treating the lengthy transplutonium and fission-product chains in
QUAB was not practical; multigroup data were not available for many of
the required nuclides and were of dubiocus reliability for others. In-

lé es-

stead, the ORIGEN codel® was used with a library of cross sections
pecially devised for its use. The ORIGEN results were then "patched into”
the QUAB calculation directly.

The burnup calculation allowed the cross sections of thorium and 238y
to vary continuously during the calculation; this was accomplished by in-

terpolation.

3.1.3.2 Evaluation

As desired, the method provided relatively rapid response, detailed
treatment of resonances, and a multigroup spectrum and cell treatment.
All details of the denatured fuel cycle were treated. The expedient of
treating a range of thorium and 238y densities removed the necessity of
imbedding the expensive and tedious resonance treatment inside the loop
for varying densities. Deciding on the applicable range was not difficult
after a few initial tries.

A system coupling the spatial calculation and depletion could be
used. Many such systems are available, although all would require exten-
sive modification for MSR use. What of the cell calculation? Table 7
shows the cell factors from our reference case which have been condensed
to three energy groups. This is clearly a heterogeneous core. Further,
the actinide densities are continually changing, resulting in time-
dependent cell factors. Studies beyond these would be required to prove
that a coupled system could be worthwhile without directly coupled cell
calculations.

The requirement to "ummix" the revised nuclear densities after hav-
ing them lumped together during a depletion step represents a complica-
tion that would thwart most existing codes. However, this complication
must be coupled with logic to provide interpclation between cross-sectiocon

sets representing various self-shielding situations. With or without an
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Table 7. Unit cell flux ratios®

for reference DMSE

Cell material

Energy Core

group zone Inner Moderator Interstitial

salt salt
Fast A 1.14 0.96 1.14
Resonance A 0.97 1.01 0.97
Thermal A 0.9%4 1.03 0.88
Fast B 1.28 0.98 1.12
Resonance B 0.97 1.00 .98
Thermal B 0.88 1.01 0.93

aAverage flux in material divided by average

cell flux.

imbedded cell calculation, an unusual code system clearly would be neces-

sary to provide a fully satisfying level of detail to this problem. Ob-

viously, a true two-dimensional spatial treatment of the flattened core

would be appropriate, but imbedding such a calculation inside a depletion

loop is expensive.

3.1.4 Once-through system considerations

3.1.4.1 Fueling policy

For purposes of

once-through DMSR is

1. Thorium is added
tration. During
via burnup. Near
required to keep

2« Uranium is added

nuclear calculations, the fueling policy for the

as follows.

to an initial loading of salt in a specified concen-
operation, the concentration is allowed to decline
the end of plant life, small amounts are removed as
the total actinide content below the startup value.

at the maximum allowable enrichment in the amount

necessary to maintain criticality.
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g 3. Additional 238U is added as required to maintain the denaturing

inequality*
: density 238y > (6 x density 233y) + (4 x density 235y) ,

4. Removal of certain fission products is accomplished according to

Table 8.

Table 8. Removal times for fission products
in once-through cycles

Fission-product Flement Re@oval
group time
Noble gases Kr, Xe 50 s
Seminoble and Zn, Ga, Ge, As, Nb, 2.4 h
noble metals Mo, Te, Ru, Rh, Pd,
. Ag, Cd, In, Sn, Sb

3.1.4.2 Fission-product buildup

A study of 30-year fission-product buildup was made as a function of
various continuous removal rates for those products not listed in Table 8.

The reactivity effect may be satisfactorily represented by

do/dt =Y — (A + R)p ,

where

= fission-product reactivity effect (%),
= time (year),
yield (0.93%/year),

= burnout rate (6.8 year)'l,

o> < o O
il

= removal rate (year~!l).

*Other nonfissile uranium nuclides further dilute the 233U; dilu-
tion to 12% 233U may require additional 238y,
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The fit to data representing four removal times from five years to infin-
ity had an absclute standard deviation of 0.28%, which was considered
adeguate. Studies using this model indicated that removal times of a few
yvears but shorter than infinity were not worthwhile, and the results of

this section assume R = 0,

3.1.4.3 Transplutonium effects

% was made, and the con-

A detailed study of transplutonium effects
clusion was reached that the resulting fissile production only partially
offsets the capture. The balance is less favorable than in reactors of
higher power density because of the partial decay of 2%4%Cm to 240Py, which
has comparatively less value. The study showed that each atom of 240py
produced from 239y is joined by 0.11 additional atoms from the decay of
24%%Cm,  For each neutron absorption in 242py calculated without the trans-
plutonium effect, 4.0 additional absorptions and 3.2 additional fission
neutrons ultimately result.

Although the actual time effects are complicated, the net effect was
approximately represented as an additional fictitious nuclide, which was
produced by capture in 242py and had the absorption cross section of 242py

and no progeny. This would be slightly conservative at equilibrium and

probably at earlier times also.

3.1.5 Static neutronic results

3.1.5.1 Inventory and neutron utilization

Table 9 indicates the inventory of actinides at the beginning, mid-
dle, and end of the 30-year operating period, assuming a 757 capacity fac—
235
f U

tor. The high initial lcading o is largely replaced by 233y bred by

the system in the first half of the lifetime. Toward the end of lifetime,
enriched uranium additions required to override fissiom—product buildup
cause a final increase in both the 23% and 238 content. The plutonium
inventory is never large because of its high cross section in this spec—
trum.

Table 10 shows the midlife neutron utilization information. Note the

low capture rate in nonfuel salt constituents (0.0153) and the fission-
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g Table 9. Actinide inventories in DMSR fuel salt

Inventory (kg)

BoL% Mor? EoL®
232y 110,000 103,000 92,900
233pg 0 45 38
233yd 0 1,970 1,910
234y 0 372 596
235yd 3,450 1,020 1,250
236 0 661 978
237yp 0 75 136
238y 14,000 19,600 28,600
239p,d 0 179 231
240py 0 102 133
241p,d 0 76 100
242py, 0 99 179
238py 0 36 93

Total actinides 127,000 127,000 127,000
Fissile uranium 3,450 2,990 3,160
Total fissile 3,450 3,440 3,490

aBeginning-of~life.
bMiddle—of—life.
CEnd-of-life.

dNuclide treated as fissile in inventory
calculation.

product capture rate (0.0563). A total of 22.2% of the fission take

place in 23871 and its progeny, even though they comprise only 9.8% of the
fissile inventory. In spite of the high value of v for these nuclides,
they would not be a sufficient fuel without the thorium chain. The slight
contribution of the transplutonium nuclides to total mass has been ignored,
and the absorption value shown for this nuclide group is a net of absorp-
tions less fissions. About 4% of the 2%1Pu is lost through decay to

2L”‘Am, a poor fuel., The capture in 233p, ig particularly expensive be-
233U

cause each such atom otherwise would result in a highly profitable

fission.
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Table 10. Nuclide concentrations and neutron utilization
after 15 years of DMSR operation

a
. Concentration Neutron Fission vog/o
Nuclide (x.zoz“) absorption fraction f/"a
232¢y 2,561 0.2561 0.0017 0.0070
233p, 1.13 0.0018 0.0000 0.0033
233y 49.0 0.2483 0. 5480 2.2427
234y 9.21 6.0120 0.0002 0.0143
235y 25.1 0.1161 0.2272 1.9894
236 16.2 0.0075 0.0001 0.0168
237p 1.83 0.0047 0.00006  0.0102
238y 476 0.0901 0,0017 0.0194
239p,, &, 34 0.0896 0.1578 1.7905
240py, 2,46 0.0324 0.0001 0.0032
241p, 1.84 0.0293 0.0628 2.1754
242p, . 2.38 0.0039 0.0001 0.0136
Transplutonium 0.0014
238p,; 0.882 0.0024 0.0003 0.1245
Total actinides 0.8956 1.0000
Fluorine 48,000 0.0079
Lithium 24,500 0.0062
Beryllium 5,470 0.0012
0.9109
Graphite 92,270 0.0172
Fission products 0.0563
Total 0.9844

a
Nuclei per cubic meter of salt or moderator.

Absorption per neutron born; leakage is 0.0156.

249 241

¢
Includes Pu, and 242py produced from a decay of

Cm.

Pu,
20k

3.1.5.2 Flux and power distributions and graphite lifetime

The relative fast flux (E > 52.4 keV) and power-peaking factors are
given in Table 11. These factors include the effects of flattening. For
comparison, the overall fast flux peaking in an unflattened core would be

~2.3; the neutron leakage, however, would be only 0.8% vs 1.36% for this

Core.
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Relative power distributions (Fig. 4) show no serious problems. The
peak occurs in the well-cooled inner zone. A power peak per unit of core
volume occurs in the gap between the core and the reflector, but the power

' per unit volume of salt is actually relatively low in that region.

Table Il1. Neutron flux and
power-peaking factors

Fast flux Power

Radial 1.32 1.36
Axial 1.15 1.15
Overall 1.52 1.56
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profiles are separately and arbitrarily normalized.
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The absclute maximum fast flux is of special interest because of its
effect in limiting the graphite lifetime and, thus, in defining the core
size. The maximum damage flux calculated in this study cccurs near the

edge of the inner core and is, at full power,

dmax = 3.9 % 1017 neutrons m~2 s~! (3.9 x 10'3 neutrons em™2 s~1) .
In 30 years at 757% capacity factor, this leads to a fluence of 2.7 x

1028 =2 (2.7 x 1022 cm~2), which is well below the nominal graphite
damage limit of 3 x 102% m™2 (3 x 1022 cm™2),

3.1.5.3 Spectral and cross-section effects

A summary of relative absorptions, fission neutron productions, and
neutron flux by energy group is shown in Table 12. Manv of the captures
are in the rescnance range, largely in thorium and 238U, which leads to a
larger absorption fraction in that group. In contrast, most of the fis-~

sions are caused by thermal neutrons.

Table 12. Spectral distribution in
neutronic effects in a DMSR core

Neutron Relative Fraction of Fraction of
energy neutron neutron fission neutrons
group flux absorptions produced
Fast 66 0.014 0.007
Resonance 131 0.290 0.087
Thermal 134 0.676 0.906

Of special interest are the resonance cross secticns of 2327y and
238y, because these largely determine the relative weight of the high-
yield 232Th breeding chain vs the lower-yield 238y chain. Table 13 shows
the effect of the lumping parameter % on these data at typical densities.
This shows that the spectral difference between the cells of core zones A

and B (Fig. 2) gives a lower 238y capture effect in the harder spectrum
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e Table 13. Effect of lumping on key
resonance cross sections

—_ 238
Corea Salt zone 3 ca(ZBZTh) Ga(238U) o, {"7"0)
zone in cell (cm) (barns) (barns) o, (2321h)
A Inner 2.540 2,44 7.86 3.22
A Outer 2,032 2,51 7,96 3.17
B Inner 2,540 2.42 7.96 3.29
B Outer 1.022 3.14 10.6 3.38
Gap 5.0 2,14 6.6 3.08

%see Fig. 2 for identification of core zeones.

of zone A, as judged by the two zones with £ = 25.4 mm. To estimate the
effect on neutron yield, the 232Th chain has an ultimate yield in a par-
ticular situation of 1.06 neutrons per capture in 232Th, while the yield
of 238y ig only 0.84 (Ref. 9). With ~40% of the fertile capture in 238y,
as it is for the present system, a 10% increase in the 238-to-232 capture
ratio would reduce neutron yield by ~8.5%. Accordingly, the variation in
Table 12 is not a large effect. Even though cell geometry changes the
cross sections significantly, the 2327p and 238y changes approximately
cancel each other.

Another variable of interest is the density of the fuel-salt heavy
nuclides. Table 9 shows that 238y density approximately doubles during
the life of the system, and this is not accompanied by a corresponding
change in 2327, Varying over a range of reasonable interest, resonance
data vs density are shown in Table 14 for the case of core zone A with £ =
25.4 mm., While the 232Th density increases by 517%, the product of den—
sity and cross section increases by only 28%Z. For 238U, the density in-
creases by 129%, and the product increases by only 577, thus illustrating
that nuclide density and its effect on resonance cross section are both
large, but partially cancelling, effects. A similar table for other nu-
clides for which resonances were calculated shows relatively less influ-

ence of nuclide density on cross section (Table 15).
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Table 14. Effect of nuclide density
on key resonance cross sections

Nuelid N Ca Noa
ucLide 1024 puclei/m3d) (barns) (m~1)
2329y 2200 2.61 0.5742

2400 2.52 0.6048

2582 2,44 0.6300

2800 2,37 0.6636

3318 2.21 0.7332

238y 350 9,03 0.3160
481 7.86 0.3781

650 6.85 0.4452

722 6.32 0.4563

800 6022 0.4976

Table 15. Effect of nuclide density on
other resonance cross sections

. Concentration o AN/N A(Ne_)/(Na,)
Nuclide (102% nuclei/m3) (ba%ns) (%) ?%) 2
233y 47.2 33.3
233y 56,0 32.7 19 17
234y 8.62 39.9
234y 15.8 35.6 83 64
235y 25.9 27.5
235y 40.8 27.3 58 56
236y 16.4 22,9
236y 26.3 21.1 60 48

Spectral effects are also important, because a more thermal spectrum
improves the neutron yield of both 233y and 235U but also results in more
parasitic capture in these fissile nuclides. To illustrate this, Table 16
shows the effective neutron yield for the hard spectrum of core A vs the
soft spectrum of core B. While Vvog/0, within each neutron group shows
relatively little change, the overall ratio shows a 3% increase in yield

because of the softer spectrum.




29

Table 16, Effect of neutron spectrum
on neutron yield for homogenized
cell material

Core Neutron Neutron yield index
zone” energy (vog/og)
group a
A Resonance 0.338
A Thermal 1.442
A Qverall 1.050
B Resonance 0.330
B Thermal 1.432
B Overall 1.080

a . . ‘o .
See Fig. 2 for identification of
core zones,

3.1.6 Burnup results

3.1.6.1 Reactor fuel cycle

The time history of the fuel cycle in the DMSR provides some insight
into the uranium resource utilization in this concept. The available re-
activity in the core (Fig. 5) shows an increase during the first year as
the inventory of 233U, a more efficient fuel than 23°U, builds. This
rise would have to be controlled so that fuel consumption was minimized.
Thus, a temporary removal of some denatured fuel or additions of fertile
material might be more effective than insertion of simple neutron poisons.
After the first year, the reactivity begins to decline as fission-product
poisoning increases and overcomes the 233y effect. Reactivity is subse-
quently kept above 1.0 by periodic additions of makeup fuel, containing
20% enriched 2357,

The net conversion ratio of the system (fissile production divided
by fissile consumption), which'is shown in Fig. 6, undergoes a much more
persistent rise that lasts about five years before a gradual decline sets
in that lasts until the end of the 30-year cycle. Much of this decline

is attributable te neutron poisoning by 238U, which is added with the
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Fig. 5. Time variation of core reactivity in a once-through DMSR
operating at 75% capacity factor.
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makeup fuel. The lifetime average conversion ratioc for the 30-year fuel
cycle is close to 0.8.

The schedule of fuel additions, including the initial critical load-
ing for a 1-GWe plant operating at a 75% capacity factor is shown in Table
17, This table also includes the quantities of the U30g and separative
work required to supply the fissile material, Thus, the lifetime ore re-
quirement would be about 2000 tons of Uj30g if no credit were allowed for
the end-of~life fissile inventory. However, uranium is readily recover-
able from this fuel in a pure and reusable form as UFg. The recovered
uranium would have to be reenriched, either by isotopic separation or by
addition of high-enrichment fuel, before it could be reused in another

DMSR, but reuse in some manner might be preferable to discarding the

R
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Table 17. Fuel addition schedule for once-through DMSR

238U added 235U added U308 requirement Separative work

Year a requirement
(kg) (kg) (Mg) (103 kg)
o? 14,000 3,450 788 789
1 0 0 0 0
2 174 0 0 0
3 105 0 0 0
4 890 203 46.4 46.4
5 0 0 0 0
6 822 203 46,4 46,4
7 0 0 0 0
8 822 203 46.4 46,4
9 822 203 b6.4 56,4
10 0 0 : 0 0
11 822 203 46.4 46.4
12 822 203 46.4 46.4
13 822 203 46,4 46. L
14 822 203 46.4 46. 4
15 822 203 46.4 46. 4
16 0 0 0 0
17 822 203 46.4 46.4
18 822 203 464 46,4
19 822 203 46.4 464
20 822 203 46.4 46.4
21 822 203 46.4 k6.4
22 822 203 46,4 46.4
23 822 203 46.4 k6.4
2 822 203 46.4 6.4
25 822 203 46.4 46.4
26 822 203 k6.4 46.4
27 822 203 ' 46.4 k6.4
28 822 203 46.4 46.4
29 822 203 46.4 46.4
Total 32,400 7,920 1,810.0 1,810.0

4 Mg = 1.102 short tons.

Initial loading.
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"spent” fuel. 1If credit were ailowed for the residual fissile uranium
in the salt {plutonium presumably would not be recovered), the net U30g
requirement would be reduced by almos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>