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ABSTRACT 

Recent advances in accelerator beam technology have made it possible to improve the 
target/blanket design of the Ternary Metal Fueled Electronuclear Fuel Producer (TMF- 
ENFP), an accelerator-breeder design concept proposed by Burns et al. for subcritical 
breeding of the fissile isotope 233U. In the original TMF-ENFP the 300-mA, 1100-MeV 
proton beam was limited to a small diameter whose power density was so high that a solid 
metal target could not be used for producing the spallation neutrons needed to drive the 
breeding process. Instead the target was a central column of circulating liquid sodium, 
which was surrounded by an inner multiplying region of ternary fuel rods (239Pu, 232Th, 
and 238U) and an outer blanket region of 232Th rods, with the entire system cooled by cir- 
culating sodium. In the modified design proposed here, the proton beam is sufficiently 
spread out to allow the ternary fuel to reside directly in the beam and to be preceded by a 
thin (nonstructural) V-Ti steel first wall. The 
spread beam mandated a change in the design configuration (from a cylindrical shape to 
an Erlenmeyer flask shape), which, in turn, required that the fuel rods (and blanket rods) 
be replaced by fuel pebbles. The fuel residence time in both systems was assumed to be 90 
full power days. A series of parameter optimization calculations for the modified TMF- 
ENFP led to a semioptimized system in which the initial 239Pu inventory of the ternary 
fuel was 6% and the fuel pebble diameter was 0.5 cm. With this system the 233Pu produc- 
tion rate of 5.8 kg/day reported for the original TMF-ENFP was increased to 9.3 kg/day, 
and the thermal power production at beginning of cycle was increased from 3300 MW(t) 
to 5240 MW(t). Over the cycle length the k,E of the modified TMF-ENFP decreases 
slightly, which provides a safety feature, and the thermal power in the modified TMF- 
ENFP remains essentially constant over the cycle length, which facilitates a secondary side 
heat removal design. However, additional studies are needed to further optimize both the 
neutronic and the thermal-hydraulic performance parameters of the system. In particular, 
a flatter proton beam profile would alleviate radiation-damage and heat-transfer problems, 
which, in turn, would allow the first wall to be redesigned to serve as a structural com- 
ponent. 

Thus the fuel itself acts as the target. 
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Many studies*-4 project the need for an abundant source of fissile: fuel if the cornmer- 
cia1 reactor power industry is to remain a long-term energy source for the world. The cost 
of this fissile fuel and the tinme frame in which it will be needed vary from one report to 
another; however, almost all reports agree on the following: 

1. The uncommitted known resources and reserves of fissile material will not be 
sufficient to fuel the nuclear industry through the next century. 

2. The introduction of spent fuel reprocessing and/or fast breeder reactors will 
not completely solve the problem. 

3. The world has an abundant supply of fertile material (232Th and 2381J) which 
if converted to fissile fuel (233U and 239Pu) would in all probability extend the 
lifetime of the nuclear power industry indefinitely. 

Considerations of the third statement have led to proposals that an "out-of-pile" breed- 
ing technology be developed for converting fertile material to fissile material. Fundarnen- 
tally, this involves using an independent external neutron source and breeding fuel in a sys- 
tem operating in a subcritical mode. Of the two technologies exhibiting the most potential 
for achieving this capability - - the Fusion-fission hybrid reactor and the accelerator 
breeder reactor - the accelerator breeder i s  considered the more viable because of techno- 
logical problems associated with the fusion device. Like a fast breeder reactor, an 
accelerator breeder allows full energy utilization of uranium and thorium ores. In addi- 
tion, it offers safety advantages over fast breeder reactors, provides a source of 2331J 
and/or 239Pu without using 23sU, and facilitates the development of fuel cycles which 
lessen the threat of fuel diversion and greatly reduce the volume of actinide waste. 

The concept of producing fissionable material with an accelerator "breeder" is not new. 
Many experimental and theoretical programs5-"! dating back to the; 1950s and 1960s have 
shown that the intense neutron sources required can be generated with accelerators, 
dlthough the principal motivation governing the early work was aimed at obtaining sources 
for neutron cross-section measurements and other nuclear physics studies. As the cornmer- 
cia1 nuclear industry grew in the early 197o's, the attractiveness of using accelerator- 
produced neutrons to breed fissile fuel became apparent, and more specific ~ t u d i e s ' ~ - ' ~  of 
accelerators for commercial breeding applications were initiated. At Oak Ridge National 
Laboratory, in particular, a 1977 study by Mynatt et ~ 1 . ' ~  investigated several difkrent 
accelerator target/blanket design concepts, an a subsequent study by Burns et ai." 
resulted in a specific design concept for producing 233U in an accelerator breeder identified 
as the Tertiary Metal Fueled Electronuclear Frael Producer (TMF-ENFP). Calculations 
for the TMF-ENFP indicated that the target/blanket design would exhibit exceptional 
performance characteristics but, unfortunately, would he constrained by parameters associ- 
ated with accelerator beam technology. 
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Soon after the TMF-ENFP was proposed, it became possible to introduce innovative 
design changes in  accelerator beams which would relax the constraining parameters affect- 
ing the TMF-ENFP. With this possibility, a new investigation was initiated to assess the 
impact of the beam improvements on the TMF-ENFP target/blanket design and breeding 
capabilities. This report describes the results of the new study. 

1.2 OBJECTIVES AND SCOPE OF THXS INVESTIGATION 

The objectives of the investigation described here were (1)  to modify (improve) the 
TMF-ENFP target/blanket design as allowed by the recent advances in accelerator beam 
technology, at the same time retaining the design criteria and general nuclear characteris- 
tics associated with the original design, (2) to perform preliminary analyses of the new 
target/blanket neutronic and thermal-hydraulic characteristics to assess the practical util- 
ity of the modified accelerator beam design, and ( 3 )  to carry out an optimization study of 
the target/blanket performance with respect to its isotopic composition, cycle length, net 
fissiie production, and reprocessing mode in order to facilitate future studies of 
target/blanket concepts. 

The results of the investigation are described in Sections 2-5 below. After briefly dis- 
cussing the basic processes in accelerator breeding, Section 2 describes the reference proton 
accelerator concept, the original TMF-ENFP target/blanket design, and the modified 
TMF-ENFP target/blanket design. Section 3 presents the computational methodology and 
models used in the neutronic and thermal-hydraulic analyses of the modified design, and 
Section 4 describes the results obtained. Finally, Section 5 gives the conclusions of the 
analyses, recommends improvements in the preliminary design which should be investi- 
gated in  any future studies, and identifies research and development areas associated with 
the target/blanket design, 
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2. TECHNICAL SUMMARY OF TMF-ENFP DESIGNS 

2.1 PRINCIPLES OF ACCELERATOR BREEDING 

The elemental processes in accelerator breeding are shown schematically in Fig. 1. 
Basically, a proton (or a deuteron) is accelerated to an energy of approximately 1 GeV and 
directed onto a target nucleus. The resulting interaction produces many secondary parti- 
cles in a cascade, induding up to 503- neutrons that are used either directly or indirectly 
to convert fertile material into fissile material. 

Many experirnents8~10-’2 have been performed to establish the products of the spallation 
process and also to determine the required incident proton beam energy necessary to 
achieve efficient neutron production. Figure 2 shows, for example, that the neutron pro- 
duction increases significantly as the incident proton energy increases and as the atomic 
weight and size of the target material increases. The amount of energy required to 
liberate a low-energy neutron also varies with the energy of the incident proton. Figure 3 
shows that for a lead target the required liberating energy increases sharply with decreas- 
ing proton energy for incident protons having energies less than 1.0 GeV. This relationship 
has also been observed for other target materials. These data, together with data relating 
to beam loss, cost, reliability, etc., led to the selection of 1.0 GeV as being the most effi- 
cient incident proton beam energy.14 

In an accelerator breeder the spallation neutrons (Fig. 1) are directed onto a region 
consisting mainly of fertile material (232Th or 238U) but also possibly containing an initial 
inventory of 239Pu. Most of the neutrons are captured by the fertile material, producing 
the fissile isotopes 233U and 239Pu. Fissions in the fissile material, coupled with some fast 
fission of the 238U, induce subcritical multiplication, ultimately increasing the production 
of neutrons to 20 to 200 per incident proton. These neutrons are subsequently absorbed in 
the fertile material, in further fission reactions, or in parasitic capture. The net fissile fuel 
production is determined by the number of breeding captures less the fission of the bred 
fissile material, with adjustments made for the initial fissile inventory, if any. 

In addition to providing neutrons for breeding, the nuclear cascade process and the 
various neutron reactions also produce a large quantity of thermal energy that is deposited 
in the target/blanket region. This heat can be recovered and utilized to power the device, 
possibly to the point of obtaining energy self-sufficiency. Thus, in theory at least, an 
accelerator breeder could enhance the fissile fuel supply without placing any demands on 
outside energy sources. 

2.2 TIPE REFERENCE ACCELERATOR CONCEPT 

Prior to the development of the TMF-ENFP concept, studies by Bartholomew et aL9*I4 
had determined that the accelerator required for an efficient nuclear breeder should be 
able to deliver a continuous beam of 300 mA of 1100-MeV protons to the target/bIanket 
assembly. Linear accelerators are well suited to this application because of high current 
capability and low beam losses; however, the experimental accelerators in operation at 
present have not yet achieved both a high output energy and a high output current. The 
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Los Alamos Meson Physics Facility (LAMBF), an 800-MeV proton accelerator, has a high 
output energy at a fraction of the desired beam current, while the machine at the Fermi 
National Accelerator Laboratory has a low output energy but a high pulsed beam current. 
On the other hand, it is generally felt that the technology required to attain the needed 
operating characteristics will require no more than modest extensions of existing technol- 
ogy. The principal areas of concern will be in  minimizing beam losses and capital cost and 
maximizing availability. 

The reference accelerator concept used for the TMF-ENFP was derived from the 
Intense Neutron Generator’ (ING) design developed in the 1960s by the AECL (Atomic 
Energy of Canada Limited) at its Chalk River National Laboratory. Depicted schemati- 
cally in Fig. 4, the reference accelerator has the following principal components: 

1. An ion source and high voltage d.c. injector. 

2. Several sections of Alvarez (drift tube) accelerators to accelerate protons in 
the low-velocity range up to approximately 150 MeV. 

3. A high-velocity coupled-cavity linear accelerator to increase the proton energy 
from 150 MeV to the final energy of 1108 MeV. 

The details of the reference acalerator concept $Le., the IN@ concept) and its associated 
technology development requirements are presented in Ref. 9 and will not be repeated in 
this report. 
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2.3 THE REFERENCE TARGET/BEANKET DESIGN 

In preliminary conceptual design analyses, the first objective is to establish the design 
criteria, which are then used to analyze the various concepts with respect to performance, 
Since the design proposed by Burns et a1.18 was considered the most promising among the 
ORNL studies and since the basic operating characteristics of that design were retained 
for this study, the same design criteria used for it18 and for the earlier analyses16 were 
adopted for the current study. 

The design criteria were heavily influenced by the political/economical climate encom- 
passing the commercial power industry in the mid-1970s. In considering this, Mynatt et 
a / .  l 6  identified four major concerns: 

1. The threat of nuclear proliferation. 

2. The need to isolate or eliminate long-lived nuclear waste. 

3. The potential accident risks associated with the Liquid Metal Fast Breeder 
Reactor and the Gas Cooled Fast Breeder Reactor. 
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4. The shortage of known high-grade uranium ores and the uncertain social, 
environmental, and economic problems associated with mining the more plenti- 
ful low-grade uranium ores. 

Thus the criteria specified for the original TMF-ENFP were that each of these concerns 
be minimized. 

2.3.1 The Qriginal TMF-ENFP Design 

The original TMF-ENFP target/blanket design** is depicted schematically in Fig. 5, 
with the corresponding design parameters presented in Table 1. The system contains a 
central flowing column of liquid sodium functioning both as the target for the incident pro- 
ton beam and as the system coolant.* The sodium target is surrounded by a two-zone mul- 
tiplier region containing sodium-cooled ternary metal fuel (239Pu, 238U, and 232Th), and the 
multiplier region, in turn, is surrounded by a sodium-cooled thorium metal blanket region. 
The outer zone of the multiplier region has a lower 239Pu content to flatten the otherwise 
steep radial gradient of the neutron flux. Both the ternary metal fuel in the multiplier 
region and the thorium in the blanket are designed as fuel pins, and a vanadium-titanium 
steel alloy which has excellent metallurgical and neutronic properties is used as the clad- 
ding. 

0 

~ 1 Z I  50 - i n  75 o or) 7 8 7 5 157 50 
Rodii is (cm) 

V ~ 20% Ti steel 

Thorium blanket 

10% Pu, 12% U, 78% Th 
ternary metal multiplier 

7% Pu, 15% U, 78% 3% 
ternary metal multiplier 

Liquid sodium target 

Fig. 5. Schematic diagram of the original TMF-ENFP. 

*As not& in Ref. 18, the selection of liquid sodium as the target was dictated by cooling requirements and a 
number of disadvantages associated with the use of a solid target material. 
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Table 1. Original TMF-ENFP design parameters 

Target: 
Composition 

Multiplier region: 
Composition 
Pin outside diameter (cm) 
Clad thickness (cm) 
Rod gap 
Spacers 
Pins/assembly 
Pitch diameter (cm) 
Clad material 
Coolant material 
Structure material 
Length (cm) 
V~uel /  V ~ o o l a n t /  Vstructure 

Radial blanket region: 
Composition 
Pin outside diameter (cm) 
Clad thickness (cm) 
Rod gap (cm) 
Spacers 
Pinslassembly 
Pitch diameter (cm) 
Clad material 
Coolant material 
Structure material 
Length (cm) 
J'~uel/ VCoolant/ Vstructure 

Liquid sodium 

Ternary metala 
0.635 
0.038 
0.0083 
Grid 
27 1 
3.38 
V - 20% Ti steel 
Sodium 
V - 20% Ti steel 
200.0 
0.35/0.50/0.15 

Thorium metal 
1.23 
0.038 
0.0083 
Grid 
91 
2.95 
V - 20% Ti steel 
Sodium 
V - 20% Ti steel 
300.0 
0.57/0.30/0.13 

"Th, U, and Pu; see percentages in Fig. 5 ,  

The TMF-ENFP was designed to sacrificially burn the 239Pu in a subcritical mode to 
produce 233U at a rate that is a factor of 2 greater than that from a reactor of the same 
thermal power rating. Towards this end, the use of a thorium-based alloy (>78% Th) has 
shown excellent performance characteristics, especially in sustaining very high power densi- 
ties while maintaining reasonable centerline temperatures. The irradiation behavior of the 
thorium-based ternary metal alloys is considered in Refs. 2&2 1. 

The TMF-ENFP was also designed to extract and utilize the heat generated within the 
system to make the TMF-ENFP self-sufficient in terms of its own energy balance. Alter- 
natively, the heat could be extracted for process beat applications. 
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' As designed, the TMF-ENFP met all four of the design criteria outlined above. First, 
it would reduce the threat of nuclear proliferation because its fuel was intended for use in 
a proliferation-resistant denatured 233U fuel cycle that was under study in the 1970s. 
Second, it would reduce the inventory of long-lived plutonium by burning 239Pu to produce 
233U. Third, its operation in a subcritical mode would reduce the probability of accidents. 
And fourth, the negative environmental impact of mining large quantities of low-grade 
uranium ore to obtain a relatively small percentage (0.7%) of usable fuel (2351/) would be 
essentially eliminated. 

A summary of the TMF-ENFP nuclear and thermal-hydraulic performance parameters 
calculated by Burns et al. is presented in Table 2. As shown, the blanket exhibited a 
nominal increase in system k,ff over the cycle length (from 0.84 to 0.88) with the blanket 
remaining substantially subcritical. The increase in k,ff corresponded to a 3Wo increase in 
blanket multiplication. The blanket averaged a net production of 2.9 kg of fissile fuel per 
full power day (5.8 kg/FPD 233U produced less a net of 2.9 kg/FPD 239Pu burned) over a 
90-day residence time. It also generated a substantial amount ol' thermal power, which 
could be recovered and converted to electricity to drive the accelerator. 

Table 2. Summary of original WF-ENFP neutronic and 
thermal-hydraulic performance parameters 

Nu c 1 e a r : 
k,ff - BOC 
keff - EOC 
Multiplication - BOG 
Multiplication - EOC 
233U production rate 
2 3 9 ~ u  net destruction rate 
Fissile loading 
Residence time 
Average burnup [inner] 
Average burnup [outer] 

Thermal Hydraulic: 
Thermal power - 3OC 
Thermal power - EOC 
Na inlet temperature 
Maximum Na outlet temperature 
Na velocity 
Peak centerline temperature 
Peak cladding temperature 
Maximum smear power density 
Maximum radial power density 

0.84 
0.88 
6.3 
8.3 
5.8 kg/FPD 
2.9 kg/FPD 
3400 kg 
90 FPD 
17 MWd/kg 
9 MWd/kg 

3300 MW(t) 
4500 MW(t) 
327°C 
535°C 
91 4 cm/sec 
750°C 
700°C 

3 150 W/cm3 
1100 w/cm3 



10 

While this design appears exceptional, it is limited in nuclear performance -- not so 
much by target/blanket technology as by accelerator beam technology. At the time the 
original TMF-ENPP design was conceived, the reference accelerator beam profile required 
that the full, 300-mA 1100-MeV proton beam be deposited onto a target area approxi- 
mately 6 to 10 cm in diameter, This produced several thermal-hydraulic and material 
problems which had to be circumvented in the target/blanket design. For example, it 
mandated the flowing column of liquid sodium as the target. Furthermore, this accelerator 
beam design limited the potential fuel p r o d ~ t i ~ n  since the spallation process was confined 
to a relatively small area and the ternary metal fuel could not reside directly in the beam. 

Following the 1979 study, it became possible for the accelerator beam to be spread 
and/or swept over a larger target area, thereby reducing the material and heat dissipation 
problems which had to be ovcrcome in the original 'TMF-ENFP design. Furthermore, a 
spread and/or swept proton beam design would extend the spallation process over a much 
wider area and, subsequently, enhance fuel production Therefore, a modified TMF-ENFP 
was proposed. 

The new design is shown schematically in Fig. 4, with the corresponding design param- 
eters given in Table 3. The principal design changes involved first utilizing the cosine- 
squared distribution of the incident proton beam shown in Fig. 7. It spread from a 6-crn 
diameter initial bore to a 2OO-cm radius at the target/blanket first wall. Second, an Erlen- 
meyer flask shape was adopted for the fuel and blanket regions to accommodate the modi- 
fied beam structure and to mitigate leakage of backscattered neutrons. Because of the 
new spread beam design, the multiplier region was designed to also act as the target. The 
thorium metal blanket was again placed around the multiplier region, and an additional 
graphite reflector was ernployed outside the thorium blanket region to further reduce leak- 
age and increase thermal capture in the blanket. Finally, lead and high-density concrete 
shields were incorporated to reduce the radiation levels outside the device. 

Because the new Erlenmeyer flask design was incompatible with a structured fuel lat- 
tice containing fuel pins or elements, the fuel design was changed from fuel pins to metal 
fuel spheres. This type of fuel has the added advantage of more surface area for heat dis- 
sipation, more even burnup over cycle length, and simplified fuel loading/reloading 
processes. The ternary metal fuel concentrations were also adjusted to ensure a subcritical 
system over cycle length. In addition, the new design assumed that the fuel spheres would 
be clad by a vapor deposition process22 that would prevent the fission products from enter- 
ing the sodium coolant, protect the fuel from embrittling or corrosive attack by the 
coolant, and minimize diffusion and decomposition G f  the fuel itself at high temperature 
during irradiation. 
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OHNL-DWG S5-11458 

t 

V - T I S T E E L  

THORIUM BLANKET 0.25 rn 

r-1 TERNARY METAL 0.30 m 

Fig. 6. Schematic diagram of the modified TMF-ENFF. 
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Table 3. Modified TMF-ENFP design parameters 

Target / multiplier region: 
Composition 
Sphere outside diameter (cm) 2.0 
Clad material Nickel 
Clad thickness (cm) 
Coolant material Sodium 
Structure material 
V F ~  J'coolantl VStructure 0.5236/0.4264/0.05 

Ternary metal (78% Th, 19% U, 3% Pu) 

2.0 X lO-'(nominal) 

V - 20% Ti steel 

Radial blanket region: 
Composition Thorium metal 
Sphere outside diameter (cm) 2.0 
Clad material Nickel 
Clad thickness 2.0 X lO-'(nominal) 
Coolant material Sodium 
Structure material 
VFuel/ VCoolant/ VStructure 0.5236/0.4264/0.05 

V - 20% Ti steel 

Reflector region: 
Composition Graphite 

CIRNL-DK 84-16241 

D 

\ 
1 

0 0  2 5 0  5 0 0  7 5 0  10OC 1250 1500 1750 
Rad ius  (cm)  

3.0 
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3. ANALYSIS METHODS AND’CODES 

The objectives of this investigation were accomplished through the computational stra- 
tegy presented in Fig. 8 .  (1) 
cross-section processing and mixing, (2) a two-dimensional analysis of the reference design, 
and ( 3 )  a one-dimensional parameter optimization analysis. In addition, a high-energy 
transport calculation was performed to define the neutron source and quantify the heat 
deposition by high-energy particles. 

The basic strategy was comprised of three major steps: 

3.1 CROSS-SECTION PROCESSING AND MIXING 

The cross-section data base utilized in the two-dimensional and the one-dimensional 
(optimization) analyses was the 174-neutron-group, 38-gamma-group VITAMIN-E master 
library23 derived from ENDF/B-V data. The number of cross-section groups actually used 
in the calculations was reduced by processing the 174n-387 library with AMPX-II,24 a 
modular code system for generating coupled multigroup neutron gamma-ray cross-section 
libraries from ENDF data. 

As shown by the cross-section processing and mixing flow path in Fig. 8, two final 
group structures were chosen. A self-shielded 1 /&weighted coupled 36n-237 library was 
used in the two-dimensional transport analysis of the modified reference design, while a 
region-weighted 3n library, collapsed from the 36n-237 library via transport theory, was 
used in the one-dimensional parameter optimization analysis. The upper energy group 
boundaries for both libraries are presented in Table 4. 

The resonance self-shielding of the 174 neutron groups was performed with the 
module (which uses the Bondarenko method) with appropriate blanket zones 

modeled as infinite homogeneous regions. The actual collapsing of the 174n-387 cross- 
section group structure into the resultant 36n-237 structure was performed with the 601- 
lapsing module MALOCSZ4 A 1 / E  weighting spectrum was used since it best described 
the dominant slowing-down mechanism present in the target/blanket. The final processing 
of the 36n-237 cross-section library into ANISN/DOT-formatted mixtures was performed 
with AXMIX*’ for the appropriate material compositions, properties, and atom densities 
(see Table 5) .  

The final 3n library necessary for the parameter optimization analysis was obtained 
with the XSDRNPM24 module, a one-dimensional discrete ordinates transport code for 
spatial weighting. A separate library was generated for eight different ternary metal fuel 
compositions used in the optimization study (see Table 6). The final processing of the 3n 
cross-section library into a ORIGEN-formatted library was performed with 

3.2 TWO-DIMENSIONAL TaANSPQRT ANALYSIS 

The two-dimensional transport analysis of the modified TMF-ENFP reference 
target/blanket design was performed with OT 4.3, a one- and two-dimensional 
neutronlphoton discrete ordinates transport The system was modeled in cylindrical 
geometry as shown in Fig. 9, and a P 3  scattering approximation and an S6 angular quadra- 
ture set were employed. 
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Table 4. Coupled 36n-23y group structure and 3n group structure 
Neutron Gamma-ray 

upper energy upper energy 
Neutron group number boundaries boundaries - 

36 group 3 group (eV> number (ev) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

1 1.9640 +07 
1.49 18 4-07 
1.34994-07 
1.22 14 4-07 
1 .0000 + 07 
8.1873 +06 
6.703 2 + 06 
5.4881 +05 
4.4933+06 
3.6788 f 0 6  
3.01 19+06 
2.46604-06 
2.0 1 90 4- 06 
1.6530 -I- 06 
1.3534 + 06 
1.1080+ 06 

7.42744-0s 
4.9787 +05 
3.33734-05 
2.2371 +05 
1.4996 +05 
8.65 17 4- 04 
3.1828 +04 
1 .SO34 f 04 
7.101 7 +03 
3.35464-03 
1.58464-03 
4.5400 + 02 
1.01 30 +02 
2.2603 +08 
1.0667+0l 
5.0435 4-00 
2.38244-00 
1.1253+00 

3 4.1399 - 0 1 
1.oooo-05" 

2 9.07 I 8 +Oj 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

2.00 + 07 
1.20 $07 
1.00+07 
8.00+06 
7.50 -I- 06 
7.00 + 06 
6.50-l-06 
6.00 + 06 
5.50+06 
5.00+06 
4.50+06 
4.00 -1-06 
3.50+06 
3.00+06 
2.50 +06 
2.00+06 
1 S0-I-06 
1.00+06 
7.004-05 
4.004-05 
2.00 + 05 
1 .OO + 05 
6.00 + 04 
1 .00 f 04" 

"Lower energy boundary of last group. 
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Table 5. Material compositions used in radiation __ transport analysis 

Material Element (atoms /b-cm) 
Density 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Ternary metal fuel 
(78% Th, 19% U, 3% Pu) 
at 12.50 g/cc 

Thorium metal fuel 
at 11.7 g/cc 

Sodium (liquid) 
at 0.83 g/cc 

Graphite 
at 2.26 g/cc 

Lead 
at 11.4 g/cc 

V - 20% Ti steel 
at 5.782 g/cc 

Nickel clad 
at 8.9 g/cc 

HD barytes concrete 
at 3.49 g/cc 

232Th 
235u 

238u 

239Pu 

232Th 

Sodium 

Carbon 

Lead 

Vanadium 
Titanium 

Nickel 

Barium 
Oxygen 
Sulfur 
Iron 
Calcium 
Silicon 
Aluminum 
Hydrogen 
Magnesium 
Sodium 
Manganese 

2.5300 - 02 
4.2603-05 
5.9672-03 
9.4486-04 

3.0360-02 

2.1739 -02 

1.1334 -- 01 

3.3 138 - 02 

5.4683 -- 02 
1.4541 -02 

9.1387-02 

6.4459 -03 
4.1033 -02 
6.5360 - 03 
3.3 109 - 03 
2.3895-03 
1.3094 - 03 
4.4666 - 04 
9.0348 - 03 
3.2 197 - 04 
1.3094 - 04 
3.2896-05 
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Table 6. Material composition of the ternary metal fuel 
as a function of fissile enrichment 

-_ Percent Composition (atoms - b-' . crn-') 
Th U Pu 232Th 2 3 5 ~  2 3 8 ~  239Pu 

78 
78 
78 
78 
78 
78 
78 
78 

22 0 
21 1 
20 2 
19 3 
18 4 
17 5 
16 6 
15 7 

2.5300 - 02 
2.5300-02 
2.5300 - 02 
2.5300 - 02 
2.5 300 02 
2.5300 -02 
2.5300 - 02 
2.5300 -02 

4.9330-05 
4.7088 -05 
4.4845-05 
4.2403--05 
4.0361 -05 
3.8119-05 
3.5876-06 
3.3634- 05 

IIRNL-DWG 84-15243 

6.9094-03 
6.5953-03 
6.28 13 -03 
5.9672-03 
5.6532-03 
5.3391 -03 
5.0250-03 
4.71 10-03 

0 
3.1495-004 
6.2991 -04 
9.4486 - 04 
1.2598 -03 
1.5748-03 
1.8897 - 03 
2.204'7--03 
l__- 

Thorium blanket 

3% Pu, 19% ET, 78% *Ttr 
ternary metal multiplier 

Graphite 

--i97 5 0 0  i h  5 
Radius; (cm) 

Fig. 9. Two-dimensional DOT-4.3 model for the modified TMF-ENFP target/bianket. 
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Preliminary to the two-dimensional analysis, the transport of the high-energy proton 
beam was calculated with HETC,28 a code designed to study the transport of high- and 
medium-energy nucleons and pions through matter. HETC modeled the profile of the 
1 100-MeV proton beam incident on the target/blanket wall and followed the subsequent 
intranuclear-cascade process. The secondary neutrons produced with energies 620 MeV 
were then used as the soeirce for the two-dimensional DOT'-4.3 calculation. The cumula- 
tive distribution function of the incident proton beam distribution, which HETC sampled, 
is depicted graphically in Fig. 10. 

In addition to yielding the neutron soimc, HETC also calculated the transport and 
deposition of charged particles (protons and charged pions) and of neutrons with energies 
greater than 20 MeV. These results were analyzed (see Fig. 8) to obtain the spatial distri- 
bution of the high-energy deposition for the subsequent heat-transfer and therrnal- 
hydraulic analysis. 

The IIETC spatial distribution of the low-energy (<20 MeV) neutrons was used as a 
fixed source with fission. The resulting spatial distributions of the neutron and gamma-ray 
flux spectra calculated by DOT 4.3 were extensively utilized in a collection of 
graphics programs for support of discrete ordinates codes, to measure the nuclear perfor- 
mance of the modified TMF-ENFP reference target/blanket design. In addition, the spa- 
tial distributions of the low-energy deposition data from DOT 4.3 were utilized, together 
with the high-energy deposition data from HETC, in MEAT1NG630 to calculate the heat- 
transfer and thermal-hydraulic performance of the modified TMF-ENFP. 

3 2  ONE-DIMENSIONAL PARAMETER OPTIMIZATION ANALYSIS 

The one-dimensional parameter optimization study was performed to determine the 
impact of design changes on both the neutronic characteristics and the thermal-hydraulic 
characteristics of the modified TMF-ENFP reference target/blanket design. The principal 
tools used in the neutronic parameter analysis were the isotope generation and depletion 
code ORICrEN-S3' and the 312 libraries generated in COIJPLE. The thermal-hydraulic 
parameter studies were performed with HEATING6 The DOT-4.3 spatially averaged 
flux spectiurn for each 7one was uscd as the input source spectra in XSDRNPM to pro- 
duce the region-weighted 3n libraries for the optimization calculations. 

The key neutronic parameters investigated in the optimization studies were (1 )  the 233U 
production and 239Pu destruction rates, (2)  the 232U and 22STh byproduct production rates, 
(3) the first-wall DPAs (displacements per atom) and gas production, (4) the thermal 
power, and ( 5 )  the system keff and multiplication. These parameters were investigated 
with respect to irradiation cycle length, reprocessing mode, and initial fissile concentration 
iE the ternary metal fuel (see Table 6). 

The principal parameters studied in the heat-transfer and thermal-hydraulic analysis 
were the temperatures along the fuel centerline and in the first wall. These parameters 
were analyzed with respect to sodium velocity, metal fuel sphere size, and initial fissile 
concentration. An empirical correlation for liquid sodium flowing around a heated sphere 
was used in the fuel sphere heat-transfer analysis. In particular, the correlation is Nu = 2 + 0.386 (RePr)lh for 3.6 X lo4 d Re d 1.6 X lo5. 
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Fig. 10. HETC cumulative distribution function of the incident proton beam distribu- 
tion. 
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4. CALCIJLATIONAL RESULTS 

The results of both the neutronic analysis and the heat-transfer and thermal-hydraulic 
analysis for the modified TMF-ENFP target/blanket design are presented in this section, 
including those obtained from the one-dimensional parameter optimization study. When- 
ever possible, the results are presented in a format suitable for cornparison to the original 
TMF-ENFP target/blanket design. 

4.1 TNE HIGH-ENERGY TRANSPORT RESULTS 

As stated previously, the HETC analysis yielded the spatial distribution of neutrons in 
the modified target/blanket design with energy less than 20 MeV, which was required as 
the source for the DOT-4.3 two-dimensional calculation. Integration of the HETC distri- 
buted source over all space resulted in the neutron source spectrum shown in Fig. 11. 
Further integration over energy yielded a total of 36.4 neutrons per source proton produced 
in the reference target/blanket assembly. Therefore, for the 300-mA 1 100-MeV proton 
beam with a corresponding proton density of approximately 2.0 X 10l8 protons/sec, the 
neutron flux density was determined to be approximately 7.3 X 1019 neutrons/sec prior to 
low-energy ( E  6 20 MeV) transport, is.,  prior to neutron multiplication in the 
target/blanket assembly. 

The HETC analysis also yielded the fractional distribution of the proton beam energy 
deposited in the target/blanket by the various spallation particles. Table 7 shows that 80% 
of the energy deposition is due to primary and secondary protons. (Note that the energy 
deposition by low-energy neutron transport and fission is not included in these results.) The 
total energy deposited by the incident proton beam and the subsequent spallation reactions, 
is . ,  high-energy fission, etc., was determined to be approximately 381 MW. This energy is 
comparable to the power deposited in the liquid sodium target of the original TMF-ENFP; 
however, the power density is much less due to the spatial distribution of the incident 
beam. 

4.2 THE TWO-DIMENSIONAL REFERENCE DESIGN RESULTS 

The results of the two-dimensional reference design analysis indicate a substantial gain 
in neutron efficiency when the spread beam is utilized. A comparison of some of the key 
performance parameters of the original and modified designs, presented in Table 8, shows 
that the modified design resulted in a slightly higher net fissile production rate (3.43 
kg/FPD versus 2.90 kg/FPD for the original design) for approximately a factor of three 
decrease in the system k,ff .  However, with a lower system k,ff  and multiplication, the 
thermal power deposited in the modified target/blanket was over a factor of two less than 
that deposited in the original design. 

Evidence of the neutron efficiency is also apparent from the major reaction rates shown 
in Table 9 for the beginning-of-cycle (HOC) conditions. DOT-4.3 calculations of the tran- 
sport of the low-energy ( E  6 20 MeV) HETC-calculated neutron source yielded an even- 
tual neutron source of approximately 90.2 neutrons per source proton. The increased 
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Original Modified 
-. - .....I ......- Parameter ~. . . . . . . . . . . . . . . . . . . . .- 

BOC keff 0.84 0.24 

233U production rate, kg/FPD 5.80 3.75 
BOC multiplication 6.30 1.37 

2 3 9 ~ u  iiet destruction rate, ~ ~ / F I P D  2.90 0.32 
BOC thermal power, MWlt) 3300 1535 

number of neutrons, which originated primarily from (n,2n) and ( n J )  reactions in the fuel, 
allowed the primary function of the TMF-EMFP to be realiml since a substantial number 
of the neutrons (56 .3 )  were utilized for 233U production via the 232Th(n,y) reaction. A 
seccpnd resiilt exemplifying the efficient utilization nf the neutron source is seen in the 
other major reaction rates for thorium (n,2n; n,3n; and nf). While these ieactions des- 
troyed the fertile material, thcy produced pleutrons for other reactions. 

Another point of interest in viewing the major reaction rates i s  the comparison of the 
239Pu production and destruction rates. Sincs a. large fraction of the low-energy neutron 
multiplication is produced from fissions in the 239Pra fuel, it is necessary to maintain an 
adequate amount of 2391%1 for efficient fuel producticn but without increasing the 239Pu 
inventory over time. This objective is realized because the 239Pu is being destroyed at a 
rate of approximately 15 reactions/proton arid created (via the 238U(n,y) reaction) at a 
rate of approximately 10.4 rcactions/proton. This results in a slight decrease in the 239Pu 
inventory over cycle, thereby realizing a second objective: of the target/blanket design: to 
burn 239Pu to produce 233U. 

A final point of interest is  the low parasitic absorption in the cladding and structural 
components of the modified target/blanket design. Summing all reactions yielded less 
than two neutrons pzs source proton absorbed in those components of the target/blanket. 

This last point brings up a principal concern of the accelerator breeder reactor not 
addressed in the original design analysis and only briefly examined in this study, and that 
is the radiation damage to the first .*.la11 separating the proton beam chamber from the 
target/blanket area. We performed a brief radiation damage analysis for the position in 
the first wall of the highest neutronlpioton fluence (r-=O.O) and assumed a 270-FPD/yr 
operation. The results yidded a maximiin first-wall DPA of approximately 315, a max- 
imum helium gas production of approximately 240 ppm, and a maximum hydrogen gas 
production of approximately 1390 ppm. A review of the literature revealed that acceptable 
limits for these parametcrs have not been determined for V-20% Ti steel; however, if the 
limits for stainless steel aie used as a guide, the analysis indicates that the expected life of 
the first wall would be limited to approximately 90 days. Since ternary metal fuel is 
known to have strongcr radiation performance characteristics than stainless steel,21 the 
first wall -+vas conservatively limited to 90 days, and no detailed radiation damage study of 
the fuel was performed. Corraspondingly, the fuel residence time was set to be 90 days. 
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Table 9. Major reaction rates for the modified TMF-ENFP 
target/blanket design at beginning of cycle 
Reaction type Reactions/source proton 

Thorium reactions 

Th( n,2n) 
Th(n,3n) 
m n f )  
Th(n,y) 

2 3 5 ~  reactions 

2 3 8 ~  reactions 

239~u reactions 

2 3 9 ~ u (  n,2n) 
239~u(n,3n)  
2 3 9 ~ u (  n f )  
239~u(n,y)  

Non-fuel neutron multiplication reactions 

Na( n,2n) 
Ti( n,2n) 

Ni( n,2n) 
V(n,’Ln) 

Sum 

1.6243 
0.3486 
2.1714 

56.2745 

0.0009 
6.5442 
0.1396 

0.3063 
0.0467 
1.940? 

10.3576 

0.0092 
0.0006 

12.6551 
2.3696 

0.0 174 
0.0075 
0.03 5 1 
O.Oo0 1 

0.3028 
0.1635 
0.5183 
0.0089 
0.1792 

0.1412 
0.0088 
0.0098 
0.0047 
0.0063 

90.1929 
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The final results of the two-dimensional transport analysis of the modified 
target/blanket design concern the radial power density ,profiles depicted in Figs. 12 and 13 
and the axial power density profiles shown in Fig. 14. In general, the radial power density 
profiles were peaked in the center primarily owing to the cosine-squared distribution of the 
incident proton beam. The results in Fig. 12 show a peak power density in the first wall of 
approximately 2.3 kW/cni3, a peak power density in the sodium next to the first wall of 
approximately 0.25 kW/cm3, and a peak power density in the fuel adjacent to the first 
wall (the "first row" fuel) of approximately 5.8 kW/cm3. At approximately 10 cm from 
the centerline of the target/blanket, the power density in the first wall and sodium bas 
decreased by a factor of 3.5 and the power density in the fuel adjacent to the first wall has 
decreased by a factor of 2.5. 

The smaller decrease in the fuel power density i s  due to the added contribution from 
fission. This result is exemplified further in Fig. 13, which separates the power density 
profile into the high-energy component calculated by HETC and the low-energy com- 
ponent, principally due to fission, calculated by DOT 4.3. The peak power density in the 
target/blanket, 6.0 kW/cm3, occurs approximately 15 cm from the first wall on the central 
axis, with the largest fraction due to the high-energy component. Radially outward the 
low-energy fission component becomes dominant, with the total power density decreasing 
by a factor of 6 approximately 25 cm from the centerline of the target/blanket. 

The axial power density results (Fig. 14) confirm the peak power density occurring 
approximately 15 cm from the first wall along the central axis, These results also show 
that the high-energy contribution dominates in the first 50 em of the target/blanket and 
then falls off rapidly. Finally, the results show a gradual decrease in the total axial power 
density in the first 70 to 80 cm of the target/blanket before a random behavior of the 
high-energy curve begins. (Note: The random behavior is due to statistics in the HETC 
calculation. ) 

4.3 THE ONE-DIMENSI OE"1[MI%ATIBN IWESULTS 

The preceding results have shown that the modified TMF-ENFP target/blanket design 
i s  a more efficient fissile fuel breeder than the original TMF-ENFP design; however, the 
base case analyzed did not substantially improve the performance of the target/blanket 
design with respect to net fissile production, and it actually decreased the performance 
with respect to thermal power production. 

The principal reason for this lack of improvement was due to the choice of the elemen- 
tal composition of the ternary metal fuel (78% 232Th, 19% U, 3% 239Pu) for the modified 
TMF-ENFP. The composition was chosen primarily to ensure subcriticality over the 
blanket lifetime. However, the very low subcriticality calculated for the two-dimensional 
base case ( k e f f  = 0.27) allowed room for improving the target/blanket performance 
characteristics. Therefore, a one-dimensional parameter optimization analysis using the 
transport code XSDRNPM was performed to determine the effect on the subcriticality of 
increasing the 239Pu content. The same low-energy (<20 MeV) neutron source was 
assumed since small changes in the ternary metal fuel composition would cause virtually 
no change in the high-encrgy cascade processes; i.e., a base case would yield a spatially 
distributed neutron source compatible with a range of fuel compositions. 
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Radius (crn) 

Fig. 12. Radial power density profiles of the first wall, sodium gag, and first raw of 
fuel. 
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Fig. 13. Radial power density profiles of the target/bianlket approximately 15 em from 
the first wall. 
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The incadel used in the onedmensional transport analysis is shown in Fig. 15 and the 
fi.iel compositions are presented in 'Table 6. The results of the analysis, given in 'I'able 10, 
indicate that the 233Pu concentration can essentially be doubled to obtain the same 
bcginning-of-cycle subcriticality obtained for the original design (keff = 0.83 in Table 10 
versus kCff = 0.84 in Table 2) and, in fact, that the 239Pu concentration can be increased 
to 7% with subcriticality still ensured. (Note: Thc 'Fable 10 kerf value of 0.20 for a 3% 
239Pn concentration is slightly lower than the value of 0.27 given in Table 8 owing to the 
loss of the backscattered neartrons, most of which are recovered in the: two-dimensional cal- 
cu lations.) 

As noted above, the principal function of the XSDRNPM one-dimensional transport 
arialysis was to determine the blanket beginning-of-cycle subcriticality as a function of 
?39E% concentration, but another function was to create problem-dependent, region- 
weighted, 312 libraries for the subsequent time-dependent burnup optimization calculations 
with ORIGEN-S. 'Zhe validity of this procedure was tested by cornparing the ORIGEN-S 
results obtained with the weighted library for the base targeldblanket design (Le., with 3% 
239Pu) with the results that had been obtained in the two-dimensional DOT-4.3 analysis. 
As shown in Tablc 11, differences between the two cases were negligible and give positive 
reinforcement to the one-dimensioraal optiinieation study covering the fuel compositions 
given in Table 6. 

The one-dimensional optimization study wilh 0H.IGEN-S began with calculations of 
the modified target/blanket performance of the various ternary metal compositioiis over a 
912-day fuel cycle (270 FPDs per year). The results, summarized in Table 12, show a sub- 
stantial increase in thc net fissile fuel production rate - that is, the 2331J production rate 
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Fig. 15. One-dimensional transport model used in the parameter optimization study. 

Table 10. System multiplication and km results as a function 
of 2 3 9 ~ u  concentration in t b  ternary metal fuel 

239Pu in TMF Multiplication k f f  

- 
Percent 

3" 
4 
5 
6 
7 

1.25 
1.94 
3.15 
5.57 

15.68 

0.20 
0.49 
0.68 
0.83 
0.94 

"Reference case. 
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DOT-4.3 ORIGEN-s 
.. . . . .. . . . . . . . . . . . . . Parameter 

~ 

BOC neutron utilization by multiplier region 
Percent absorbed in 232Th 64.4 64.9 
Percent absorbed in 239Pu 18.3 18.4 
Percent absorbed in 238U 15.4 15.5 
Percent absorbed in structure, 

clad and coolant 1.9 1.2 

BOC neutron utilization by blanket region 
Percent absorbed in 232r1.h 96.0 99.0 
Percent absorbed in structure, clad 4.0 1 .o 

and coolant 

Total neutron multiplication 1.37 1.25 

BOC k f f  0.27 0.20 

BOC thermal power, MW(t) 1535 1492 

233U production rate, kg/FPD 3.15 3.61 

239Pu net destruction rate, kg/FPD 0.32. 0.31 

Table 12. M o ~ ~ ~ ~ $  ~ a ~ ~ e t / ~ ~ ~ ~ ~ e ~  pe a1pce as a function 
of *j9pu c ~ ~ c ~ n ~ r ~ t ~ ~ ~  in the t 

233u 239Pu net 228Th 232u 

239Pu production destruction production production 
concentration Power rate rate rate rate 

(%) [MW(t)] (kg/FPD) (kg/FPD) (kg/FPD) (kg/FPD) 

3 1492 3.61 0.3 a 5.19-05 7.04-03 

4 2078 4.49 0.68 7.04-06 8.89-6)3 

5 3092 6.01 2.04 1.00-05 1.30-02 

6 5292 9.29 3.41 1.78-05 2.22-02 
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less the 239Pu net destruction rate - as the 239Pu concentration increased. Also, the ther- 
mal power generated in the blanket increased by a factor of approximately 3.5 when the 
239Pu concentration was doubled. Finally, the efficiency of the design was confirmed since 
the 233U production rate and thermal power for a 5% 239pu Concentration 16.0 kg/FPD 
and 3092 MW(t)] were approximately equal to that of the original design E5.9 kg/FP 
and 3300 MW(t); see Table 21 for a factor of two decrease in the system multiplication 
[ie.,  3.15 (in Table 10) versus 6.30 (in Table 211. 

The results of the 7% 239Pu concentration are not included in Table 12 because the 
thermal power production was calculated to be so large [ 13,4OO MW(t)] that it would not 
be possible to cool the system. Therefore, 6% 23% was determined to be the maximum 
allowable concentration in the ternary metal fuel. 

Next, the neutronic optimization study included an investigation of the target/blanket 
performance as a function of the fuel cycle length. Even though the radiation-damage 
analysis had indicated that the first wall would be limited to 90 days, it was recognized 
that advances in materials research could extend this value and the target/blanket perfoa- 
mance for extended cycles would need to be known. The analysis involved calculating the 
key neutronic parameters over cycle lengths of 5 days, 90 days, 180 days, and 270 days 
for 239Pu concentrations of 3, 4, 5, and 6%. 

Figure 16 shows that the target/blanket thermal power increased slightly as a function. 
of irradiation cycle length. This was primarily due to the increased fission rate from 233U 
fissile material bred into the fuel. It should be noted that the increase in power was 
greater for the higher concentrations of 239Pu in the fuel. This trend was due to the slight 
decrease in net 233U production as a function of cycle length (see Fig. 17). As the cycle 
length was extended, some of the 233U fissile fuel burned up and therefore the net amount 
of fuel produced decreased. 

The byproducts 232U and 228Th, analyzed primarily because they emit high-energy 
gamma rays, both showed increases in production as the fuel cycle length increased (see 
Figs. 18 and 19). The results indicate that the 232U production approached equilibrium 
conditions at a much faster rate than the 228Th production. Furthermore, a much larger 
quantity of 232U was produced in the target/blanket. 

The final calculations performed in the neutronic optimization study compared two 
reprocessing modes for extracting bred fissile material and adding makeup fuel as a func- 
tion of cycle length. The pebble-type fuel used in the modified target/blanket design 
affords the option of either continuous on-line fuel reprocessing or batch fuel reprocessing. 
In these calculations similar trends were noted for various 239Pu concentrations; therefore, 
only the results of the 5% 239Pu concentration case are presented. Figures 20, 21, and 22 
show the target/blanket thermal power, the 2 3 3 ~ 1  production rate, and the 228Th and 232U 
production rates, respectively, for the 5% 23pPu case. 

The points on the on-line reprocessing curves in Figs. 20-22 represent the equilibrium 
concentrations (or in Fig. 20, the power) following initial irradiation periods set equal to 
those used in the batch reprocessing analysis. Therefore, for the on-line reprocessing case, 
the value at 90 days represents the equilibrium value attained from continuous reprocess- 
ing after 90 days of irradiation without any reprocessing. 
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Fig. 18. Modified target/blanket 232U production as a function of cycle length and 
239~u concentration. 
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Fig. 19. Modified target/blanket 2?l'h production as a function of cycle length and 
'"PU concentration. 
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Fig. 20. Modified target/blanket thermal power p ~ o d u ~ t ~ o n  for the 5% 2 3 ~ u  ternary 
metal fuel as a function of reprocessing mode. 
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as a function of reprocessing mode. 
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Figures 20 and 21 show that continuous fuel reprocessing results in a higher 
target/blanket thermal power but a lower net 233U production. The plots in Figs. 20 and 
21 diverge as the cycle length increases, which i s  to be expected since the 233U concentra- 
tion is higher in the on-line reprocessing mode and therefore more 233U will undergo fis- 
sion, which will raise the thermal power output and lower the net 233U production. 

~n the case of the production of 2 3 2 ~  a ''Th (Fig. 22), the batch reprocessing mode 
contains lower concentrations of both iso s; however, the concentrations for the two 
modes tend to converge as the cycle length increases, The total convergence of the curves 
for 232U production at 270 days indicates that equilibrium concentrations of this isotope 
have been reached. On the other hand, the results for the 228Th appear to be a long way 
from convergence, a large difference remaining in the aseelculat-' concentrations in the out- 
put streams for the two reprocessing cases, 

For the heat-transfer and t h e r ~ a ~ - ~ y d r a ~ ~ ~ c  parameter ~ ~ t ~ ~ i ~ a t i o ~  study performed 
with MEATINGQ, an empirical correlation for liquid sodium flowing around a heated 
sphere was used, together with the 
high-energy transport calculation an 
fuel centerline temperature and first-wall temperature were investigated with respect to 
sodium velocity, the fuel pebble diameter, and the *""Pu concentration. The forced GOYIVOG- 

tive heat-transfer coefficients used in the analysis are shown g ~ ~ ~ ~ ~ c ~ ~ ~ ~  in Fig. 23 as n 
function of fuel pebble diameter and sodium velacity. 

sidion results indicated from the %I 
3 low-energy transport calculation, 
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Fig. 23. Forced convective ~ ~ ~ ~ - ~ ~ ~ ~ $ ~ e ~  coefficients as a fia c t i ~ n  of sodium velocity 
fur! ~~~~~~ diameter. 

The fuel centerline temperatures for a 3% 239Pu concentration and a 6% 239Pu concen- 
tration in the ternary metal fuel are shown in Figs. 24 and 25, respectively. (The 4% 
239Pu and 5% 239Pu concentration results are encompassed by these results and therefore 
are not presented.) The analyses were performed for the target/blanket hot spot, which 
was approximately 15 cm from the first wall along the central axis. The results indicate 
virtually no sensitivity to the sodium velocity over the range of 7 to 14 m/s (20 to 40 ft/s). 
They also indicate that the fuel pebble diameter must be less than 1.0 can to ensure ade- 
quate cooling in the target/blanket hot spot. The 6% 239Pu concentration fuel pebble (Fig. 
25) with a maximum power density of approximately 12 kW/cm3 and a fuel sphere diame- 
ter of 0.50 cm has a centerline fuel temperature of approximately 850"C, and increasing 
the pebble diameter to just 0.75 crn raises the temperature to approximately 1250°C. As 
mentioned earlier, the principal reason for these high temperatures i s  the peaked power 
density in the target/blanket due to the incident proton beam profile. 

The first-wall hot-spot temperatures are shown in Fig. 26 for a 0.5-cm-thick wall and 
in Fig. 27 for a 0.4-cm-thick wall. 'Thesc calculations were performed for a 3% 239Pu con- 
centration in the ternary metal fuel. Again, virtually no sensitivity to sodium flow rate 
was indicated. Furthermore, the maximum thickness for coolability was found to be 0.4 
cm (Fig. 271, which indicates that the first wall will have to function strictly as a window 
between the proton beam and the target/blanket with the present incident beam profile. 
Even with the 0.4-cm-thick first wall and a 0.5-cm-diameter fuel pebble, the first-wall 
hot-spot temperature was approximately 1080" C. However, for these calculations it was 
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Fig. 24. Ternary metal fuel centerline temperature for the 3% 239Pu concentration as a 
function of d i u m  velocity and pebble diameter. 
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assumed that the sodium coolant entered the sides of: the blanket and flowed to the middle, 
having an inlet temperature of 327°C and an exit temperature of approximately 562°C. 
As seen in Fig. 28, reversing the sodium flow SO that the sodium entered the center of the 
target/blanket (at 327OC) and exited the sides (at 552°C) decreased the 0.4-cm-thick 
first-wall hot-spot temperature with a 0.5-cm fuel pebble down to approximately 8 7 5 ° C  
This value is approaching the region of acceptable values for steel (Le., 650 - 750°C). 

On the basis of the optimization studies, a preliminary semioptimized TMF-ENFP 
design was arrived at. The design parameters for the semioptimized TMF-ENFP are 
given in Table 13, and the system's key neutronic and thermal-hydraulic performance 
parameters are given in Table 14. 
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Fig. 28. Hot-spot temperatures for the first wall with reversed sodium flow as a fune- 
aion of sodium velocity and pebble diameter. 
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Table 13. Design 
.... . .- 

Composition 
Thickness, cm 

T ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ ~ ~ ~ r  r e g h :  
Composition 
Sphere outside diameter, cm 
Clad material 
Clad thickness, crn 
Structure material 
VFuel/ VCoolant/ V3ructure 

Thorium b~~~~~~ regio 
Cornposition 
Sphere outside diameter, cm 
Clad material 
Clad thickness, cm 
Structure material 
VFuel/ VCoolant/ VStructure 

Reflector region: 
Composition 

V - 20 o/o Ti steel 
0.4 

Ternary metal (78% 232Th, 16% 238U, 6% 239Pu) 
0.5 
Nickel 
2.0 X (nominal) 
V - 20% Ti steel 
0.5236/0.4264/0.05 

232Th metal 
0.5 
Nickel 
2.0 X (nominal) 
V - 20% Ti steel 
0.5236 /0.4264/0.05 

Graphite 

Lead/RD barytes concrete 
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Table 14. Summary of modified (semioptimized) TMF-ENW 
neutronic and thermal-hydraulic performance parameters 

Nuclear: 
k,.f- BOC 0.83 
k , f f -  EOC 0.82 
Multiplication - BOC 5.75 
Multiplication - EOC 5.56 
233U production rate 9.29 kg/FPD 
239Pu net destruction rate 3.4 1 kg / FP D 
Fissile loading 15100 kg 
Residence time 90 FPD 

Thermal hydraulic: 
Thermal power - BOC 
Thermal Power - EOC 
Na inlet temperature 327°C 
Maximum sodium outlet temperature 562OC 
Na velocity 9.14 m/sec 
Peak centerline temperature 850°C 
Peak cladding temperature 800°C 
Peak first wall temperature 875OC 
Maximum first wall power density 
Maximum radial power density 
Maximum smear power density 

5240 MW(t) 
5291 MW(t) 

2500 W/cm3 
12000 w/cm3 
1100 w/crn3 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

Several specific conclusions can be drawn from the design and performance parameters 
of the modified (semioptimized) TMF-ENFP. First, the system k,ff and multiplication 
remain virtually constant over the irradiation cycle length, thereby yielding a stable system 
for heat removal design. The system k,ff does decrease somewhat as a function of cycle 
length, whereas it increased in the original ‘TMF-ENFP design,’* and this represents an 
added safety feature to the target/blanket. 

The 233U fissile production rate is approximately 60% higher in the modified design 
than in the original design, with the net fissile destruction rate for 239Pu being only 17% 
higher. The initial fissile loading of 15,100 kg 239Pu is prohibitively large; however, the 
burning of 239Pu at a rate of 3.41 kg/FPD (-920 kg/year) means that the annual 
discharge of approximately six Light Water Reactors (LWRs) would fuel the TMF- 
ENFP. In turn, the 9.29 kg/FPD of bred 233U (-250s kg/year) would support the 
annual makeup requirements of approximately nine LWRs. Therefore, once initial inven- 
tory is obtained, the TMF-ENFP could realistically support nine LWRs in a closed cycle. 

Thc thermal power generated by the target/blanket in the modified design was also 
approximately 60% higher than that of the original design at beginning-of-cycle. However, 
the thermal power remained constant over cycle length, whereas in the original design it 
underwent a power swing of 1200 MW(t). A flat power profile over cycle length enables a 
better secondary-side heat-removal design. Furthermore, the amount of thermal power 
generated is more than enough to make the TMF-ENFP self sufficient in its own energy 
balance, with the possibility of selling excess power to the commercial grid. 

The parameters for the sodium coolant remained virtually unchanged in the modified 
design; however, the peak temperatures on the fuel centerline and in the cladding increased 
substantially, primarily because the ternary metal fuel resides directly in the path of the 
incident proton beam and thus absorbs more energy than it did in the original design. 
This is illustrated by comparing the maximum radial power densities and the maximum 
smear power densities for the two designs. The maximum smear power densities are equal, 
but the maximum radial power densities differ by a factor of almost four. In the modified 
target/blanket design, 37.5% of the maximum radial power density is due to high-energy 
reactions and 62.5% is due to low-energy fission. 

Another important difference between the two designs is the incorporation of the 
vanadium-titanium first wall. With the small-diameter proton beam, the original design 
was incapable of employing a first wall between the proton beam chamber and the liquid 
sodium target. With the spreading of the beam now possible, a first wall capable of with- 
standing the harsh radiation and thermal environment could be included; however, the first 
wall can function only as a window because the thickness required for it to serve as a 
structure component could not be adequately cooled. Also, it should be noted that the 
minimum first-wall hot-spot temperature of 8’35°C is still above recommended operating 
temperatures for steel. Finally, the first wall will have to be replaced every 90 FPD’s to 
function within the DPA and gas production (hydrogen and helium) radiation-damage lim- 
its for steel. 



A few general conclusions can also be made En comparing the original and modified 
(semioptimized) target/blanket designs. First, the incorporation of the spread proton beam 
did not completely alleviate the problems associated with the original target/blanket 
design. Although the spread beam allowed a first wall to be introduced, the high power 
density at the center of the wall restricts its thickness; similarly, the peak power density in 
the target/blanket region restricts the fuel pebble size (to 0.5 cxn). However, the tempera- 
tures in both the wall and the fuel decrease rapidly with radius, as indicated in the power 
density profiles. Therefore, it is felt magnetic fieids should be used to both spreud and 
sweep the proton beam across the target/btanket region to lower the average beam density 
and, consequently, the peak power density. This would make the first-wall problems (is.? 
damage, cooling, and structural capacity) and the target/blanket design problems (Le., fuel 
pebble size, power densities, cycle length, etc. appear more manageable. 

A second general conclusion i s  evident from the negligible difference in the 
target/blanket performance for the two different reprocessing modes. The results for con- 
tinuous on-line fuel reprocessing were only slightly worse than those for batch reprocessing: 
the 233U production was somewhat lower, the 228Th and 232U concentrations were some- 
what higher, and the thermal power was slightly higher. These: results lead to the cnnclu- 
sior that the added cost and complexity of implementing continuous on-line fuel reprocess- 
ing are not worthwhile, and therefore the blanket should be operated in a batch reprocess- 
ing mode, It should be noted that the target/bianket does not contain a “packed” pebble 
bed, and therefore even burnup of the fuel should be attainable by redistribution of fuel 
pebbles due to coolant flow. 

A final general conclusion is related to the dimensions of the ternary metal fuel region 
and its initial fuel requirements. As noted above, this region needs IS,1 
initial fissile inventory, which is prohibitive. 
fuel inventory were not investigated in the o ~ e - ~ i ~ e n s ~ o n a ~  parameter optimization study, 
it is possible that the ternary metal fuel zone arid possibly the thorium blanket zone were 
designed to extend too far in the axial direction. The axial power density profile in Fig. 14 
shows a factor of 10 decrease in the fission power component within the first 81) to 90 cm 
of the ternary metal fuel zone, with the high-energy component contributing a negligible 
amount. Similarly, spatial maps of the total flux, 239Pu(nf) activity, 2”LJ(n,y) activity, 
and 232Th(n,y) activity shown in Figs. 29-32, respectively, show sharp radial and axial 
falloffs, all of which indicate substantial over-design of the ternary metal zone. The final 
proof of over-design comes from the fact that the Qhorium blanket zone produces less than 
20% of the total 233U, irregardless of cycle length or 239Pu concentration. Therefore, the 
ternary metal zone probably could be decreased in volume by up to 50 to 60% without 
causing a substantial reduction in fissile fu duction. This would reduce the initial fis- 
sile inventory to approximately 7,000 kg of which appears more feasihk. 

In summary, the modified (semioptimi MF-ENFP target/blanket design exhibits 
more efficient utilization of the incident proton beam and yiel s a net fissile output that i s  
a factor of 1.6 times greater than that of the original design. The major areas for concern 
mentioned above all have reasonable solutions which could be verified in future work. The 
ternary metal fuel has many advantages, including high spailation neutron production, 
good radiation-damage and heat-transfer charasteristics, and relatively inexpensive repro- 
cessing (pyrometallurgical). The liquid sodium coolant also gives moderately high spalla- 
tion neutron production, has good heat-removal capability, and has reasonable pimping 

While the dimensions of 
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Fig. 31. Spatial map of the U8U(n,r) activity for the m d i e d  TMF-ENFP 
target/blanket design. 

power requirements. Finally, the improved neutronic and thermal-hydraulic performance 
of the TMF-ENFP target/blanket indicates the technical feasibility for incorporation of a 
spread incident proton beam. 

5.2 RECOMMENDATIONS 

Some outstanding key design questions for both the accelerator and the target/blanket 
design need to be addressed (and overcome) before serious consideration can be given to 
the TMF-ENFP as an alternative fissile fuel producer or power source. Since this report 
is concerned oniy with the targetlblanket design, the technological problem associated with 
the accelerator will not be discussed, and the interested reader should consult the refer- 
ences. Thus, the recommendations presented here all relate to the modified TMF-ENFP 
targetlblanket design, which has both material and technological design problems that 
must be solved. The most outstanding problems are associated with (1) the initial proton 
beam density and distribution, (2) the first-wall design improvements, (3)  strong 
temperature/power density gradients in radial and axial directions, and (4) initial fissile 
inventory. 
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Investigations to optimize the initial proton beam profile would help alleviate most of 
the problems mentioned above. While thc dispersed beam proved to be advantageous, a 
flatter beam distribution would help solve both the first-wall problems and those produced 
by the severe ternperature/power density gradients. 

Improvements in the first-wall design also will require data on high-energy proton DPA 
and gas production damage, as well as industry standards for V - 20% Ti steel with respect 
to safe radiation damage limits and operating temperatures. In addition, the preferred 
functional capacity of the first wall should be structural: and efforts should be directed 
towards obtaining this goal via reduced damage from radiation and reduced centerline 
temperature through innovative heat-transfer design. 

Finally, the target/blanket design shoiild be optimized with respect to zone dimensions 
in order to reduce the initial fissile inventory requirements, 

Any detailed future work on the TMF-ENFP should also investigate a few issues not 
addressed in this report. The follow-on study (after optimization of neutronic and 
thermal-hydraulic performance) should include a detailed economic analysis of the concept 
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as an alternate fissile fuel and power producer. Presently, it is felt the method could 
become economically feasible if fissile fuel and power costs become sufficiently high. 
Incorporated into this study should be an investment risk analysis to determine system reli- 
ability and survivability under accident conditions. 

Also, a study should be undertaken to investigate the TMF-ENFF in an alternative 
mode of operation. In particular, the target/blanket should be reanalyzed with respect to 
operation in a fission-suppressed mode, i.e., using beryllium as the multiplier. Should 
current social and political opposition to the use of 239Pu continue, or should the inventory 
of 239Pu be insufficient, an alternative mode of operation would be desirable. Another 
option worth investigating is utilizing the TMF-ENFP to also function as a fusile fuel (tri- 
tium) producer as well as a fissile fuel producer. This can be accomplished by employing 
a lithium-lead eutectic as the coolant. Should fusion power attain commercial operation, 
and this mode of operation (fusile and fissile fuel producer) appear feasible, then the 
TMF-ENFP would be an attractive source of fuel for both nuclear industries. 

While the above discussion is clearly not all-inclusive, investigations into these areas 
would yield a fairly concise design from which potential production design studies could 
begin. In general, it is felt that the technology problems for the accelerator breeder reac- 
tor presented in this report are not extraordinary and, therefore, may well be alleviated 
before the economic conditions required to make fissile fuel production exist. 
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