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A. INTRODUCTION 

Typical pressurized water reactors, although loaded with uranium fuel, produce 225 to 
275 kg of plutonium per gigawatt year of operation. Although the spent fuel is highly 
radioactive, it nevertheless offers a potential proliferation pathway because the plutonium 
is relatively easy to separate, amounts to many critical masses, and aside from the alpha 
(n reaction on the 240Pu isotope) does not present any significant intrinsic barrier to 
weapon assembly. 

Uranium 233, on the other hand, produced by the irradiation of thorium, although it too 
can be used in weapons, may be “denatured” by the addition of natural, depleted or low 
enriched uranium, and is accompanied by the production of 238Pu whose high heat 
generation makes weapon assembly extremely difficult, and of 232U whose daughters 
produces high energy gammas which would also make weapon assembly difficult. 
Furthermore, it appears that the chemical behavior of thoria or thoria-urania fuel makes it 
a more stable medium for the geological disposal of the spent fuel. 

The use of thorium as a fertile material in nuclear fuel has been of interest since the dawn 
of nuclear power technology due to its abundance and to potential neutronic advantages. 
Early projects include homogeneous mixtures of thorium and uranium oxides in the 
BORAX-IV, Indian Point I, and Elk River reactors, as well as heterogeneous mixtures in 
Shippingport seed-blanket reactor. However these projects were developed under 
considerably different circumstances than those prevail at present. They preceded the 
rescription, for non-proliferation purposes, of uranium enriched to more than 20 w/o in 

p35U and in fact generally involved use of uranium highly enriched in 235U. They were 
designed when the expected burnup of light water fuel was on the order of 25 MWD/kgU 
- about half the present day value - and when it was expected that the spent fuel would be 
recycled to recover its fissile content. 

The objective of this work has been to examine heterogeneous core design options for the 
implementation of the Th-233U fuel cycle in pressurized water reactors (PWRs) and to 
identify the core design and fuel management strategies which will maximize the benefits 
from inclusion of thorium in the fuel. The assessment concentrates on key measures of 
performance in several important areas including proliferation characteristics of the spent 
fuel, reliability, safety, cost, environmental impact, and licensing issues. 

The focus is on once-through fuel cycles which do not involve reprocessing of the spent 
fuel, which do not require uranium enrichments above 20 w/o, and which are backfittable 
into existing pressurized water power reactors. Design optimizations involve 
heterogeneous core options which aggregate the thorium in subassembly units or typical 
PWR assembly units. 

Two heterogeneous thorium implementation options are explored in the course of this 
NERI investigation: 1) the Seed-Blanket Unit (SBU)/Radkowsky Thorium Fuel (RTF) 



concept which employs a seed-blanket unit that is a one-for-one replacement for a 
conventional PWR fuel assembly; and 2) the whole assembly seed and blanket (WASB) 
where the seed and blanket units each occupy one full-size PWR assembly and the 
assemblies are arranged in the core in a modified checkerboard array. The first concept 
(SBU) has been examined primarily by Brookhaven National Laboratory (BNL) with 
support from Ben Gurion University, and the second one (WASB) has been investigated 
primarily by Massachusetts Institute of Technology (MIT). 

B. TECHNICAL DETAILS 

B1. Technical Approach and Outline 

The technical work was divided into several logical steps. First, neutronic analyses were 
performed for both the seed and blanket assemblies. This was followed by the whole core 
analyses including development of fuel management and control strategies. Technical 
details of both assembly and core neutronics design are presented in Section B2. 

Assembly thermal analysis to determine the Minimum Departure from Nucleate Boiling 
Ratio (MDNBR) was performed for the WASB design. The results are reported in 
Section B3. 

Assembly and fuel mechanical design addressed the issues of lift-off forces, and 
performance of fuel and cladding under high bum-up condition of WASB design. The 
findings are presented in Section B4. 

Fuel cycle cost for the WASB design is presented in Section B5, whereas waste or spent 
fuel characteristics and non-proliferation performance of the WASB design are discussed 
in Section B6. 

Finally, a preliminary assessment of safety margin of the WASB design has been made 
by analyzing a large break loss of coolant accident (LBLOCA), and two transients, 
namely, complete loss of primary flow (LOPF) and loss of off-site power (LOSP). The 
findings are presented in Section B7. 



B2. Assembly and Core Neutronics Design 

B2.1 Assembly Neutronics Analyses (Task-1) 

Fuel Design 

In the WASB design, the seed fuel enrichment is just below 209'0, a percentage generally 
accepted as being non-proliferative. The relatively hgh enrichment is necessary to compensate 
for the smaller volume of the uranium present in the core and for the hgh thorium capture 
rate. The purpose of the seed is to supply neutrons to the blanket in the most efficient way by 
thermahing the neutron spectrum @ugh water content) so as to minimize plutonium 
formation. The top view of the seed fuel pin is presented in Figure B2.1. Annular fuel pellets 
are employed in the seed rods of WASB, whch helps maximize the H/U ratio in the seed. In 
addtion, h s  also offers space to accommodate the needed burnable poison. Mechanical and 
thermal benefits also stem from the use of annular fuel pellets instead of solid pellets as 
explained in Section B3.m 

Figure B2.1 Seed Fuel Pin Unit Cell 

1646 cm 

300 cm 

Figure B2.2 Blanket Fuel Pin Unit Cell 

The blanket fuel assemblies in the core are dispersed among the seed assemblies. The blanket 
fuel composition is a mixture of Tho2 and U02,  where U 0 2  is only about 10% of the fuel 
volume. A blanket pin cell is shown in Figure B2.2. Under irradation, thorium undergoes a 
rapid increase in U-233 concentration. The main challenge of efficient u h a t i o n  of thorium in 
LWRs in a once-through fuel cycle is reduced to the problem of acheving very large 
accumulated burnup in the thorium. An addtion of natural or slightly enriched uranium 
provides an appreciable fission rate during h s  period and allows reasonable power sharing 
between the seed and blanket, whch, in tum, h u t s  the seed power density to an acceptable 
level. 



Table B2.1 summarizes parametric studes on blanket fuel compositions. It can be seen that 
the U-233 weight percentage in total uranium at hgh burnup decreases as the U02  content of 
the blanket increases, but that the enrichment of U-235 in the blanket U 0 2  has no significant 
effect on the U-233 content. Thus it is an effective strategy to adjust the U02  volume ratio to 
Tho2 in the fuel so that the U-233 weight percentage in the discharged fuel is below the 12% 
proliferation h u t .  Finally 13% U02 - 87YoTh02 has been used for the blanket fuel 
composition, where the enrichment of U-235 is 10%. 

d o a  
Enrich.b 

5 '/o 

Table B2.1 U-233 Weight Percentage in Total Uranium at 80 MWd/kgHM 

5% 10% 13% 15% 

25.5% 14.7% 1 1.5% 10.0% 
10% 
15% 

26.4% 15.3% 12.0% 10.5% 
27.3% 15.9% 12.5% 10.9% 

b: U-235 enrichment in U 

Fissile buddup in the blanket fuel as a function of bumup is shown in Figure B2.3. in units of 
weight percent of the initial heavy metal. The U-233 content levels off at an approximately 
constant level of 1.6%. The fissile plutonium content is much lower. 
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Figure B2.3 Changes in Blanket Fuel Composition with Burnup 

(wt% is relative to initial heavy metal) 

Effects of Water to Fuel Ratio on Seed and Blanket 



Moderation in the seed and blanket of the WASB can be adjusted to acheve the optimum 
neutronic and thermal-hydraullc performance. Generally speaking, a hgh moderator to fuel 
volume ratio is desirable in the seed to reduce plutonium generation, and a low moderator to 
fuel volume ratlo in the blanket to gve a hgher conversion ratio. Varying the fuel rod dlameter 
is used here to investigate moderation effects on seed and blanket fuel design by means of a 
colorset model &e., a four-assembly, checkerboard, repeating array). 

First, the moderator to fuel ratio of the seed fuel is vaned to investigate its effects on the 
colorset neutronic behavior without varying the blanket fuel. The total heavy metal content of 
the seed fuel is conserved wMe varymg the seed fuel rod inner void chameter and fuel outer 
chameter. Lower values of Vwater/Vfuel lead to poorer neutronic performance as shown in 
Figure B2.46. It is shown in Figure B2.5 that the conversion ratio increases as the 
Vwater/Vfuel value increases in the seed, however the effects on the conversion ratio of the 
blanket are negligble when only varymg the moderator to fuel ratio of the seed. In addltion, 
fissile and total plutonium contents in the seed fuel are also shown in Figures B2.6 and B2.7. It 
is obvious that a wetter seed lattice design is preferred in terms of neutronic performance and 
plutonium content. It should be noted that fuel rod design is not only determined by neutronic 
considerations, but also h t e d  by thermal-hydrakc and mechanical requirements. 
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Figure B2.4 Impacts of Varying Vwater/Vfuel 
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Figure B2.6 Impact of Varying Vwater/Vfuel 
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Figure B2.7 Impacts of Varying Vwater/Vfuel 



on Fissile Pu Content in Seed 

Calculations were also performed to analyze the impacts of varying the moderator to fuel ratio 
of the blanket fuel. Varying Vwater/Vfuel values is reahed by changmg the blanket fuel 
dnmeter. Hence heavy metal loadmg in the blanket is not preserved when varying the 
moderator to fuel ratio in the blanket. 

The Nu-Fission/Absorption values of the seed and blanket fuel in a colorset are presented in 
Figure 132.8, and comparisons with single assembly results are also shown in the figure. 
Actually the Nu-Fission/Absorption values from single assembly calculations are just the 
multiplication factors, IOnf. It can be seen that the Nu-Fission/Absorption values from single 
assembly calculations are very close to those from colorset calculations. Hence reactivity is 
approximately a state function of bumup for a PWR assembly - in other words, a unique 
single-valued function of the specified burnup, and not of the depletion hstory or the manner 
in whch the bumup was accumulated (Driscoll, et al, 1990). 

on Total Pu Content in Seed 

In order to take into account the influence of neighboring assemblies a colorset was also 
employed to investigate the moderation effects of the blanket fuel. All results are shown in 
Figures B2.9, B2.10 and 3.13. 

Figure B2.9 shows the impacts on Nu-Fission/Absorption values when varying the moderator 
to fuel volume rauo of the blanket assemblies in a colorset. It is concluded that a tight lattice is 
preferred due to hgher reactivity and flatter reactivity swing during depletion. However, Figure 
B2.10 shows that there are only minor effects on the conversion ratio at the early stage of 
depletion when varylng the moderator to fuel volume ratio of the blanket fuel. It is interesting 
that all three curves of the blanket fuel almost converge to the same conversion ratio after 30 
m d / k g H M ,  and that ratio remains constant mal 90 MWd/kgHM. Note that the conversion 
ratio of the blanket is always above one, whch means that the blanket fuel undergoes net 
breedmg. U-233 b d d s  up with depletion as shown in Figure B2.11, and once again a tight or 
dry lattice design is desirable due to its hgh U-233 content in the fuel. 
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Based on the preceding detded analyses of the seed and blanket fuel assemblies, an 
“optimum” reference design of the WASB fuel, in terms of neutronic performance, has been 
proposed (and subjected subsequently to whole core analyses) as shown in Table B2.2. 

Table B2.2 Seed and Blanket Assembly Optimized Parameters 

Burnable poisons are used to hold down bepning of cycle core reactivity and to shape the 
power dwribution in the core so that physics design h t s  are met and hot spots are avoided. 
Gadoha ,  erbia or zirconium &boride, all located in the central have been evaluated. Location 
in the void e h a t e s  any detrimental effect on U 0 2  thermal conductivity: a sipficant benefit 
because of the hlgh seed power density. This concept was oripally proposed in a B&W 
patent (l‘ettus 1987 & 1989) but to our knowledge never applied in practice. 

The oxide form Gd,O, has been extensively used as burnable absorber in both PWRs and 
BWRs. B-1 0 does not generate residual-absorbing daughter products but does create helium 
after neutron absorption. As a result, internal pin pressure sipficantly increases through the 



cycle, raising concerns about fuel integnty. ABB-CE (now Westinghouse) has developed the 
application of erbium as a bumable poison for PwRs, in the form of Er203 a b e d  with 
enriched U02 (Jonsson, et al, 1991). 

Mass per cm in a pin, 
dcm 

Bp w/o relative to Fuel 

In the WASB design, Er203 is used in the seed fuel rod design. Its selection is based on 
comparison calculations performed using CASMO-4 colorset calculation. Each poison is 
evenly loaded in the central void of each seed pin, as shown in Table B2.3. Figures B2.12 and 
B2.13 show their effects on the neutronic behavior of an indwidual seed assembly and a 
colorset. 

Fuel Er203 Er203 ZrB2 Gd203 
B-10 Nat. Gd 

2.848 0.0332 0.0226 0.001 1 0.0049 
U Nat. Er Er- 167 

1.166% 0.794% 0.039% 0.172% 

Table B2.3 Burnable Poison Loading 

Figure B2.12 Seed Reactivity Response 
to Burnable Poisons 
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Figure B2.U Colorset Reactivity 
Response to Burnable Poisons 

The rapid burnout of gadohum produces a sharp rise in assembly reactivity compared to the 
other poison schemes. From a reactivity viewpoint, the best poison is Er-167, whch keeps the 
reactivity at a sigmficantly lower level than the other poisons. When selectively loaded into the 
central void of the seed fuel pins, as shown in figure B2.14, it also reduces the power peakmg 
in the seed fuel as shown in Figure B2.15. 
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Figure B2.14 Burnable Poison Loading 
Pattern 

Figure B2.15 Relative Power of Seed over 
Cycle Exposure 

Neutron Spectrum 

The neutron spectrum of the WASB core was investigated using MCNP-4C based on a 
colorset model. Comparison of Figures B2.16 and B2.17 shows that the thermal flux in the 
seed increases with seed bumup due to the loss of fissile material. However, the thermal flux in 
the blanket experiences a much smaller drop because the loss of U-235 is approximately 
compensated by the buddup of U-233. 

~~ 

Figure B2.16 Neutron Spectra in WASB 
S&B Regions with Fresh Blanket 
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Figure B2.17 Neutron Spectra in WASB 
S&B Regions with Partially Burned 

Blanket 



B2.2 Core Neutronics Design (Task-7) 

The objective of the core design study is to idenufy the core and fuel management strateges 
whch wdl maximize the benefits of the WASB fuel design. The focus is on once-through fuel 
cycles that do not involve reprocessing of the spent fuel. A 193 assembly Westinghouse PWR 
u h i n g  a1 7x 17 lattice is taken as the model core. 

Core Modeling 

The core was modeled in 3 dunensions with 24 axial nodes and 4 rachal nodes per assembly. 
The core representation included rachal and axial reflectors (top and bottom) that account for 
the coolant and structural materials. The core was analyzed at a condtion of steady-state Hot 
Full Power (HFP) with all the control rods completely withdrawn, and was depleted to End Of 
Cycle (EOC). 

Loading Pattern 

The WASB core of choice consists of 84 seed assemblies and 109 blanket assemblies, whose 
design parameters are p e n  in Table B2.4. The overall length of a fuel assembly is 365.76cm. 
The active fuel length is 335.28cm. There are two separate fuel management streams: a three- 
batch stream for the seed (18 month cycle length) and a single-batch stream for the blanket, 
whch is to stay in the core for up to 9 seed cycles. In order to reduce the neutron radation 
damage to the pressure vessel and improve neutron economy, a low-leakage core strategy is 
applied to the WASB core. Figure B2.18 shows the pattern whch reduces the flux by placing 
blanket assemblies at the periphery of the core. The seed assemblies and other blanket 
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Figure B2.18 The WASB Core Layout and Refueling Scheme 



assemblies are scattered inside the core in a “checkerboard” scheme. The fresh seed assemblies 
are located in the core interior as far as possible to produces a fairly uniform power 
dstribution in the interior of the core and to minimize core leakage. 

Fuel Dimensions 

Dimensions for the WASB fuel design are gven in Table B2.4. Axial blankets of natural 
uranium are used for the lugh enrichment seed fuel, but not for the low enrichment blanket 
fuel. The blanket fuel has no burnable poison and no axial LERs. Figure B2.19 shows the axial 
zoning in the seed fuel. 

/-LERjrUnpZodsnoened_t___Poisoned Zone+Unpolsoned Zone 

Bottom TOP 
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Figure B2.19 Axial Zoning in the Seed Fuel (not to scale) 

Table B2.4 Mechanical Design Parameters of the Seed and Blanket Fuel 

Seed Blanket 
FuelAssembb 
Overall Length, cm 406.3 406.3 
Assembly Pitch, cm 21.5 21.5 
Fuel Rod Pitch, cm 1.26 1.26 
Number of Fuel Pins 264 264 
Fuel Rod 
Active Fuel Length, cm 365.76 365.76 
Clad OD, cm 0.9008 1.06 
Clad ID, cm 0.7864 0.9456 
Pellet Type Annular Solid 
Pellet OD, cm 0.77 0.9292 
Pellet ID, cm 0.44 NA 
Inittal Pellet Density, g/cm3 10.3024 9.4028 
Burnable Pozson 
Material Er203,lOO w/o Er-167 N/A 

Active Length, cm 304.8 
Axia l  Blanket 
Material UO2 N/A 

Content*, mg/cm Inner Pin: 9.12 N/A 



Enrichment, w/o U-235 0.71 1 
Top Blanket Length, cm 15.24 

Th-232 
Total 

Bottom Blanket Length, cm 15.24 N/A 
Pellet Type Annular N/A 

* The bumable poison loading pattern in seed assemblies is shown in Figure 3.17 

50579 50579 
23109 58997 821 06 90000 

Heavy Metal Loading and Cycle Mass Flow 

The core heavy metal content in the WASB core is summarized in Table B2.5. The WASB 
seed heavy metal loading is about 40% of the blanket. The total amount of heavy metal of the 
WASB core is about 9% less than the reference core, but the fissile content in the WASB fuel 
is 25% more than the reference core. 

The WASB core is made up of three-batch seed and one-batch blanket assemblies. In Cycle 1 
there are 28 fresh seed assemblies, 28 seed assemblies bumed in one previous cycle, 28 seed 
assemblies bumed in two previous cycles and 109 fresh blanket assemblies in the core; 1/3 of 
the seed assemblies are refueled at the end of each cycle whereas the blanket d sit in the core 
for up to 9 seed cycles. After 9 cycles the spent blanket is replaced with fresh blanket 
assemblies. At cycle 5 the inside and peripheral blanket assemblies are interchanged once in 
order to balance bumups of the assemblies. Figure B2.20 &grams the cycle mass flow in the 
WASB core. The heavy metal mass flow of each cycle is much less than for a conventional 
U 0 2  core 

Table B2.5 Core Heavy Metal Loading, kg 

I Ref. C I Blanket 1 S+B core 
102 

I 1 I I I 

U-235 I4234 I14 1 842 1 5090 1 4050 
I I I I I 

U-238 I 16936 I 1925 I7576 I 26437 I 85950 

Spent Seed 

Spent Blanket 

Figure B2.20 Cycle Mass Flow 



Core Reactivity and Cycle Length 

The excess reactivity in the WASB core is controlled by soluble boron and Er203 bumable 
poison. Figure 4.8a shows the critlcal boron concentration as a function of core burnup. Fresh 
seed assemblies replace 28 twice burned seeds at the start of each cycle. Thus the reactivity 
behavior dfference among cycles comes from the blanket reactivity change during its life. The 
outside and inside blanket assemblies are exchanged once at Cycle 5 to balance their bumups. 

Figures B2.21 shows that the cycle lengths decrease gradually due to the reactivity loss of the 
blanket at the end of its life. The blanket reactivity increases initially with the bddup  of U-233 
and reaches a maximum after about 3 seed cycles, then decreases slowly because of the 
accumulation of fission products as shown in Figure B2.22 The blanket reactivity declme could 
be compensated by either a gradual increase in the fuel loadtng of the seed or earlier refuehg 
of the blanket. 

The cycle lengths of 9 successive cycles are presented in Table B2.6. The average capacity 
factor ( 0  of the WASB core between refuehgs is about 91%: hence any cycle length in 
calendar months is about 10% longer than the EFPM values tabulated. 
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Figure B2.21'Critical Boron 
Concentration versus Cycle Burnup 

Figure B2.22 Blanket Kinf versus 
Burnup 

Table B2.6 Cycle Length, 



Reactivity Parameters 

Figure B2.23 shows the dependence of MTC on cycle exposure for both HZP and HFP. The 
WASB MTC is only a little more negative than that of a typical PWR. The Doppler-only 
power coefficients at BOC, MOC and EOC under critical condltions with eqdbrium xenon 
are gven in Figure B2.24. In practice, the fuel w d  change due to depletion, because of fuel 
s w e h g  and claddtng creep, whch wlll affect the fuel temperature. SIMULATE does not 
consider thls effect. Figure B2.25 presents the total power defect, includtng the effect of both 
moderator and fuel temperatures. The total power defect in the WASB core is hgher than a 
typical PWR core. 

The soluble boron worth is gven in Figure B2.26. It is less than that of a conventional PWR 
due to the harder neutron spectrum in the WASB core. Thus for a lower excess reactivity at 
BOC, hgher boron concentration is needed as shown in Figures B2.21. 

WASE MOC 800 ppm 

00 10 xi 30 46, 60 665 10 BOZO 90 10025 
Fmf% Riirwa P W k W  

Figure B2.23 Moderator Temperature 
Coefficient 

Figure B2.25 Total Power Defect 

Figure B2.24 Doppler Only Power 
Coefficient 

Figure B2.26 Soluble Boron Worth 



Kinetic Parameters 

WASB 
BOC I EOC 

Table B2.7 shows that the effective effective delayed neutron fractions in the WASB are 
slightly lower than those of a typical PWR, due to the lower P of U-233. However the values 
are comparable with the effective P values of MOX LWRs, whch are around 0.004 
(Kloosterman and Bende, 2000). The prompt neutron lifetime is also slightly lower in the 
WASB than in a typical PWR. 

Twical PWR 
BOC I EOC 

Table B2.7 Effective Delayed Neutron Fraction and Prompt Neutron Lifetime 

P 
1*, seconds 

0.0052285 0.0044754 0.006356 0.00521 8 
1.0513~10-5 1.4412~10-5 1.4351 x10-5 13935x10-5 

0.392 
0.437 
0.487 

0.315 
0.360 
0.414 

0.177 
0.221 
0.277 

0.105 
0.138 
0.184 

__ 

Power Distribution and Peaking Factors 

Figure B2.27 shows the 1/4 core power lstnbutions of the WASB at BOC, MOC and EOC. 
Maximum power always appears in the fresh seed assemblies at BOC. The relative power 
sharing between the seed and blanket is also shown in the figure. Changes in the power sharing 
are very small during core life, although a decrease in the seed power and accordmgly an 
increase in the blanket power are observed. The average power share of the blanket in a cycle 
is about 35%. and that in the seed is around 65%. 
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Figure B2.27 Relative Assembly Power and Power Sharing Between Seed and Blanket 



The FAH and FQ values over the cycle are shown in Figure B2.28. The absolute maximum of 
each occurs in the fresh seed assemblies at BOC. These maxima (2.5 for FAH and 3.15 for 
F Q  although beyond the typical values of 1.65 FAH and 2.5 FQ for current PWRs, wdl be 
found acceptable during Anticipated Operational Occurences because the seed fuel design is 
quite Qfferent from conventional U 0 2  fuel. The seed fuel uses smaller, annular pellets, 
therefore the coolant flows at a hgher velocity in the seed assemblies and the central fuel 
temperature remains low. The core average axial power shapes are shown in Figure B2.29 and 
and are quite s d a r  to those in conventional PWRs. 

Control Rod Worth 

The standard Control rod configuration for the 17x17 lattice is a 24 finger silver-indmm- 
cadrmum (80 w/o Ag - 15 w/o In - 5 w/o Cd) Rod Control Cluster Assembly (RCCA). Both 
&IS standard material and enriched B4C absorber were analyzed for use in the RCCAs of the 
WASB core. 
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Figure B2.28 Changes of Peaking Factors 
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Figure B2.29 Axial Power Shapes 

Whole core analyses show that in the WASB core, the control rods in the seed have hgher 
worths than those in the blanket. Therefore a new control rod configuration pattern, has been 
devised so that almost all the control rods wdl be inserted into seed assemblies. Control rod 
worth comparisons for the Qfferent cases are summarized in Table 4.9. 



Generally spealung control rods with B4C have 20°/o-300/o hlgher worth than control rods with 
Ag-In-Cd as shown in Table B2.8. The new control rod pattern also results in a sipficant 
improvement in control rod worth. Neither the use of enriched boron alone nor use of the 
altered control rod location pattern alone provides the WASB as much reactivity control as the 
standard PWR acheves. However, use of both enriched boron and the altered control rod 
pattern provides the WASB with somewhat more reactivity control than is present in the 
typical standard PWR. The new pattern requires a redesign of the vessel head of the reactor, 
whlch is an added cost in case of retrofitting in existing PWRs. The control rod worth could 
be further improved if hlgher enrichment B-10 is used for the poison material. 

Total 

Table B2.8 Control Rod Bank Worth, pcm 

Typical PWR Standard Pattern New Pattern 

AIC* B4C** AIC B4C 

BOC EOC BOC EOC BOC EOC BOC EOC BOC EOC 

7199 N/A 4656 5185 6128 6671 6102 6508 7720 8007 

Conditions 

Boron Concentration 

Boron Concentration, ppm 

Mmmum shutdown boron concentrations are shown in Table B2.9. It is obvious that the 
WASB core with the standard loadmg pattern of control rods requires more soluble boron for 
shutdown than the new WASB core design. 

Refuehg (I<eff = 0.95), ARI, Cold 
Shutdown (Keff = 0.987), ARI, Cold 
Shutdown (I(eff = 0.981), ARI, HZP 

Shutdown (Keff = 0.981), ARO, 
HZP, Keff = 1 .O, ARO 

Shutdown (Keff = 0.987), ARO, Cold 

Table B2.9 Boron Concentration Requirements for Refueling and Startup 

Typical PWR WASB Standard WASB New 

AIC* AIC B4C** AIC B4C 
1968 3275 2925 2220 1310 
1502 2563 2212 1588 783 
1268 1857 1043 910 < O  
2190 3543 
2429 3505 
21 12 3047 

Pattern Pattern 



Keff = 1.0 

No Xe, Peak Sm 

0 MWd/kgHM 

Eq Xe and Sm 

0.15 MWd/kgHM 

1894 

1473 

2350 

1821 

* 80 w/o Ag + 15 w/o In + 5 w/o Cd 

** 36.6 w/o B-10 + 63.4 w/o B-11 



B3. Assembly Thermal Analysis (Task-2) 

The unique design of the WASB core has an impact on thermal-hydraulic performance. 
Whole core neutronic analyses, presented in Section B2, show that the seed fuel has much 
higher power than the blanket, especially for the fresh seed fuel. The maximum FAH value 
of 2.5 in the core found at the BOC, is well beyond the values around 1.5 encountered in 
conventional PWRs. Hence detailed thermal-hydraulic analyses should be made to check if 
the WASB core has adequate thermal safety margin during normal or transient conditions. 
The most widely used criterion for fuel integrity is the departure from nucleate boiling ratio 
(DNBR) for PWRs. A typical PWR criterion is that the minimum DNBR (MDNBR) is 
equal to or greater than about 1.3 at an appropriate overpower condition (the limit is 
dependent on the CHF correlation used). In order to consider normal operating conditions 
and likely deviation, a conservative approach was used in the analysis carried out using 
VIPRE-01 (Cuta, et al, 1985). This reference calculation was performed at an overpower 
of 12% of rated power, at an inlet coolant temperature that is 2 OC above the expected 
value, and at a flow rate that is 5% lower than the nominal flow rate. 

B3.1 Reference Calculation 

Preliminary work on thermal-hydraulic design and analysis of the WASB core was focused 
on the assembly/colorset model (Busse and Kazimi, 2000). Later, a whole core model using 
VIPRE-01 was developed and the calculations and analyses presented in this section are 
based on that model. 

For a whole core analysis, rod arrays are modeled as sub-channels and lumped sub- 
channels. In the area around the hottest pin, detailed sub-channel representation is 
necessary; three or more pitches away, rod arrays can be lumped gradually as lumped rods 
and sub-channels. Since seed he1 rods and blanket fuel rods have different diameters, it is 
not advisable to lump them. Therefore, in all calculations, each assembly is treated as one 
lumped channel. 

Figure B3.1 shows the normalized power distribution for a typical equilibrium cycle of the 
WASB core, at BOC, MOC and EOC, in 1/4‘h of a whole core model. These power 
distributions are the results obtained by SIMULATE for the WASB core design with 
burnable poison. Because the power distribution is essentially symmetric in the 1/4th core, 
the VIPRE lBth core model uses the higher power peaking factors for each symmetric 
assembly, which should be conservative. Figure B3.2 shows the normalized pin power 
distribution in the hottest seed assembly. This is the result obtained from the CASMO 
colorset model. Note that the normalization includes guide tubes with zero power factors. 
The hottest pin is at the comer of the assembly and its peaking factor within the assembly is 
1.153. Based on this power distribution, a rod and channel numbering scheme, known as 
the “corner” model, was used to investigate the MDNBR. However the calculation results 
from the comer model showed that the MDNf3R does not occur at the comer of the hottest 
seed assembly because it is surrounded by much cooler sub-channels of the adjacent 
blanket assemblies (Todosow, et al, 2003). 
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Figure B3.1 Radial Power Distribution at BOC, MOC and EOC for a WASB Core 

(Cycle 3: Equilibrium Seed, and Blanket in the Third Seed Cycle) 
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To investigate this effect, a “center” model was constructed. This includes the details of 
sub-channels in the area of Channel 10 as shown in Figure B3.3. Figure B3.3 shows that in 
this model, the two-sub-channels that receive the highest power from the adjacent four pins 
are numbered as Channels 1 and 2, and explicit sub-channels are modeled around these 
two. Figure 5.4 shows the channel numbering scheme in a lBth core. 

0 
0 
0 

1 

Seed  Fue l  Rod  

Guide Tube 

Blanket Fue l  Rod  

Channal Boundary 

Channe l  Number 

Rod  Number  

Figure B3.3 Rod and Channel Numbering in Hot Colorset 

Figure B3.4 Channel Numbering in the lBth Core Model of VIPRE-01 

Table B3.1 summarizes the key thermal and hydraulic parameters of the VIPRE-01 model. 
In order to address transient operation conditions, the core mass flow rate is reduced by 5 
Yo from the normal 17.7 to 16.8 Mg/s, coolant inlet temperature is increased by 2 OC from 
the nominal 292.8 to 294.8 OC and core power is increased from the nominal 341 1 MWt to 
the 112% overpower of 3820.3 MWt. A chopped cosine with peak-to-average ratio of 1.55 
is used for the axial power profile. The different fie1 and blanket geometries lead to several 
minor issues. Because the gap width between fuel rods in a seed assembly differs from that 
in a blanket assembly (their pin diameters are different), the gap width for a lumped 
channel between a seed and a blanket assembly is modeled as the average of the two. 
Furthermore, turbulent mixing between the seed and blanket is not included, which is 
conservative from the MDNBR point of view. To drive more flow into the seed assemblies, 
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a grid loss coefficient of 2.0 is used in the blanket compared to 0.6 in the seed in order to 
represent high resistance grids in the blanket compared to standard grids in the seed. 

Reactor Power 
Inlet Temperature rC) 
Whole Core Coolant Flow Rate (Mgls) 
Local Loss Coefficient of Grids 
Axial Power Profile 
Axial Friction Coefficient (Turbulent) 

Turbulent MMng Model 
Cross Flow Resistance Coefficient 

CHF Correlation 

Table B3.1 VIPRE-01 Model Key Parameters 

112% overpower (3820 MWt) 
294.8 (Increased by 2 'C) 
16.815 (decreased by 5'0) 
0.6 (Seed), 2.0 (Blanket) 
Chopped cosine, peak-to-average ratio = 1.55 

None 

W-3L, mixing factor 0.043, gnd spacing factor 
0.066 

Seed 

Table B3.2 shows that the MDNBR in the WASB core at BOC is 1.309, which means that 
the thermal-hydraulic design of the WASB core is acceptable from a DNBR point of view. 
The DNBR of 4.439 in Channel 22 shows that the blanket has a very large thermal- 
hydraulic safety margin (although it is assembly-averaged). Even at the end of cycle, when 
the blanket share goes from 33% to 39% of power, there remains good margin in that 
region (3.988 MDNBR). Figure B3.5 shows the BOC detailed DNBR distribution in seed 
and blanket sub-channels using the W3L correlation (Cuta, et al, 1985). It should be noted 
that the 1.3 MDNBR of the WASB core has been achieved by the use of high resistance 
gnds (modeled by allocating a much higher grid form loss coefficient in the blanket), as a 
result, more flow is driven into the seed assemblies. The side effect of this method is that 
the pressure drop in the core becomes higher. For such a core, the pressure drop along the 
pins, which doesn't include inlet and outlet form loss, is 0.175 MPa compared to about 0.1 
MPa in a standard PWR. 

Blanket 

Table B3.2 Fuel and Cladding Maximum Temperatures and MDNBR Values 
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T,, in the Fuel, OC 
T,, in the Claddmg, 'C 
MDNBR 

r-- 
BOC EOC BOC EOC 
1567 1407 966 1023 
436 427 376 378 

1.309 1.628 4.439 3.988 

Figure B3.5 DNBR in Seed and Blanket Sub-channels at BOC (DNBR > 10 are 

depicted as 10) 

-6 
-4 
-2 

Reference, 294.8 
+2 

B3.2 Sensitivity of MDNBR to Various Parameters 
The sensitivity of the MDNBR to various parameters such as inlet temperature, power, 
coolant flow rate and form loss coefficient, etc., has been investigated using the VIPRE 
model discussed earlier. The parameters in Table B3.1 are used as the reference 
parameters. The power distribution at BOC was use in the calculations. All other 
parameters are unchanged when varying one parameter. 

MDNBR Channel No. Rod No. Axial Position (cm) 

1.494 4 12 228.6 - 251.46 
1.443 4 12 228.6 - 251.46 
1.386 1 7 251.46 - 274.32 
1.309 1 7 251.46 - 274.32 
1.287 4 12 228.6 - 251.46 

Core Inlet Temperature 

The effect of core inlet coolant temperature on MDNBR is shown in Table B3.3. It shows 
that the MDNBR is very sensitive to the inlet temperature. The MDNBR increases as the 
inlet temperature decreases. Note that the normal inlet temperature is 292.8 'C. If the 
WASB core is operated at a lower inlet temperature such as 290.8 'Cy the MDNJ3R margin 
will be significantly improved. 

Table B3.3 Effect of Core Inlet Temperature on MDNBR 
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'/o of nominal 
flow rate 

Nominal Flow Rate 

Table B3.4 shows the impact on the MDNBR of varying the core flow rate. Again, the 
MDNBR will increase as the flow rate increases. However, higher flow rate leads to a 
higher pressure drop in the core, hence higher pumping power. 

MDNBR Channel No. Rod No. Axial Position (cm) 

Table B3.4 Effect of Core Flow Rate on MDNBR 

90% 1.051 1 7 251.46 - 274.32 1. 95% 1.178 1 7 251.46 - 274.32 
Reference, 100% 

105% 
1 1 0% 

1.309 1 7 251.46 - 274.32 
1.441 4 12 228.6 - 251.46 
1.552 4 12 228.6 - 251.46 

'/o of Reference 
Power 
85% 

9 5 '/o 
Reference, 100%" 

105% 

90% 

Nominal Core Power 

MDNBR Channel No. Rod No. Axial Position (cm) 

1.772 4 12 228.6 - 251.46 

1.478 4 12 228.6 - 251.46 
1.309 1 7 251.46 - 274.32 
1.150 1 7 251.46 - 274.32 

1.622 4 12 228.6 - 251.46 

It is obvious that the MDNBR decreases as the core power increases as shown in Table 
B3.5. It should be noted that the reference case is 12% overpower compared to normal 
operating power. We can improve the MDNBR by reducing core nominal power; however 
it is not desirable to run the reactor at a lower power level because of economic 
considerations. 

Table B3.5 Core Power Effect on MDNBR 

Form Loss Coefficient 

The seed has a much higher power than the blanket, especially for fresh seed assemblies at 
BOC. The results show that the most constrained rod (where the MDNBR is found) is 
always located in a seed assembly. The grid form loss coefficient in the blanket is increased 
in order to redirect more coolant flow into the seed, hence increase the MDNBR. Table 
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B3.6 shows that an increase in the loss coefficient of the blanket can effectively improve 
the MDNBR; however it will also increase the pressure drop in the core. 

Loss Coefficient 
in Blanket* 

0.6 
1 .o 
1.5 

Table B3.6 Effect of Loss Coefficient in Blanket on MDNBR 

MDNBR Channel No. Rod No. Axial Position (cm) 

0.985 1 7 251.46 - 274.32 
1.107 1 7 251.46 - 274.32 
1.217 1 7 251.46 - 274.32 

Reference, 2.0 
2.5 

1.309 1 7 251.46 - 274.32 
1.394 1 7 251.46 - 274.32 

Seed Fuel Pin Diameter 

The diameters of seed rods and blanket rods, which are 0.9 cm and 1.06 cm 
respectively, have been optimized from a neutronic rather than a thermal-hydraulic point of 
view. Although an analysis of the sensitivity of DNBR to the rod diameters should ideally 
be done by iterating between thermal-hydraulics and neutronics, a preliminary investigation 
has been carried out by assuming that the power distribution is invariant when the rod 
diameters change. Since there are two kinds of fuel rods in the core, a sensitivity analysis of 
rod diameters can be done by changing either the seed rod diameter or blanket rod 
diameter. However, the DNBR restrictions always come from the seed rods, so changing 
the diameter of the seed rods will affect both the heat flux and the flow rate in these seed 
channels and thus directly affects the MDNBR. The results, shown in Figure B3.7 show 
that better thermal-hydraulic performance can be achieved by increasing the seed rod 
radius by about 10% from the present value of 0.45 cm to about 0.495 cm. Although the 
large seed rod diameter increases the pressure drop in the seed channels, thus driving 
coolant flow into the blanket, the accompanying decrease in the surface heat flux is the 
dominant effect and leads to a larger MDNBR until the rod radius exceeds 0.495 cm, at 
which point the effect of reduced coolant flow in the seed channel becomes dominant, thus 
the MDNBR decreases. 

I Figure B3.7 Sensitivity of DNBR to Seed Fuel Pin Radius 
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B4. Assembly and Fuel Mechanical Design 

B4.1 Assembly Mechanical Design (Task-3) 

As mentioned earlier, both the seed and blanket fuel assemblies of the WASB design consist of 
17x17 arrays so that the WASB assemblies may be backfitted into existing PWRs. However, 
the seed and blanket fuel pin dlameters are dlfferent from the typical PWR fuel pin Qameters 
and the coolant velocities in the seed and blanket regons are sipficantly different because 
more core flow is dlverted to the seed regon in order to maintain adequate steady-state 
thermal m a r p  as Qscussed in Section B3. Ths results in hgher core pressure drop in the 
WASB design compared to a typical all uranium PWR design as shown in Tables B7.2 and 
B7.3 in Section B7 (Safety Analyses). So it is important to get estimates of “Hold-down’’ or 
“Lft-off’ forces for both the seed and blanket assemblies. 

A simple force balance as given below is the basis of lift-off force calculation: 

The first term in the R.H.S represents the upward slun friction or drag force on the surface of 
the fuel pins, the second term represents the upward pressure force caused by the core 
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pressure drop, the third term represents the addtional upward pressure force due to the 
spacers and the last term represents the downward weight force of the assembly. Flow 
parameters as presented in Table B7.3 have been taken for the calculations. It has been 
assumed that the grid spacers block about o n e - h d  of the flow area in the seed assemblies, 
whereas the spacers in the blanket assemblies block about two-duds of the avadable flow area 
in those assemblies. Tlvs is consistent with the requirement that substantial amount of flow be 
dverted from the blanket assemblies to the seed assemblies. 
The results for 100% full power condtion are shown in Table B4.1 below. 

Assembly 
Type 
Seed 
Blanket 

Table B4.1 Results of Lift-off Force Calculations for Seed and Blanket Assemblies 

Ffncaon Fpre\\"rc Fypaccr Wa*wnbl\  FM-"ff 
(Newton) (Newton) (Newton) (Newton) (Newton) 
1420 4192 121 1 4468 2355 
1064 581 5 1703 7989 593 

It can be seen that the "heavier" blanket assemblies wdl require less "Hold-down" force whch 
is to be expected. 

B4.2 Fuel and Cladding Performance (Task-4) 

Design of reliable WASB fuel and cladding presents a challenge for both the seed and 
blanket assemblies. The seed, operating at a much higher linear power than the 
conventional PWR fuel, has to be designed to prevent excessive release of fission gas 
which would over-pressurize the fuel rods internally. It must also be designed to prevent 
excessive corrosion of the outside surface, i. e., cladding, of the fuel rods. The blanket, 
although operates at a much lower linear power than the typical PWR fuel, is expected to 
remain in-core for up to nine 18-month cycles, equivalently about 13 calendar years. 
Therefore, it must also be designed to prevent excessive corrosion on the outside surface 
during its long residence time. Fission gas release may also be a problem because of the 
high burnup of the blanket, but is expected to be less of a problem than corrosion because 
of the low linear power and, therefore, low temperature of the fuel material. 

The seed and blanket consist of two types of fuel, and both reach very high burnups. The 
UO2 seed fuel would reach up to a batch average burnup of 145 MWdkgHM and the 
Th02/U02 blanket fuel would reach up to 88 MWdkgHM. The fuel behavior code, 
FRAPCON3-ThHB (Long, et al, 2002), a modified version of NRC's F W C O N - 3  code , 
which has the capability of modeling high burnup uranium fuel and thorium fuel, was used 
to analyze the performance of these fuels. 

FRAPCON Model 

The FMPCON code is designed to perform the steady-state fuel rod calculations. The code 
uses a single channel coolant enthalpy rise model. Key parameters of the seed and blanket fuel 
used in the present study are shown in Table B4.2 below. 
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Since the core analyses showed that the power history of each batch of fbel was relatively 
uniform over each cycle, a constant power history approximation, as shown in Figure B4.1, 
was used in the fuel behavior analysis for each cycle. The seed fuel rod experiences a 
decreasing power during three cycle operation, whereas the power of the blanket rod is 
approximately constant over its whole lifetime. Three axial power shapes at BOL, MOL 
and EOL for the seed and blanket fbel, which were obtained from the SIMULATE code 
calculations for the whole core, have been used in the FRAPCON analysis. 

Parameter 
w/o of UO, in Fuel 
U-235 Enrichment in U 

Table B4.2 WASB Fuel Parameters for FRAPCON Model 

Seed Blanket 
100% 13% 
20% 10% 

Fuel Rod Ralus, cm 
Claddme Thckness. cm 

0.4504 0.53 
0.0572 0.0572 

Gap, cm 
Void Radms. cm 

0.0082 0.0082 
0.22 0 

Fuel Density 
Plenum Len&. cm 

94% 9 4% 
40 40 

Figure B4.1 Assembly Average Power Histories Used in Fuel Behavior Analysis 

Initial Fdl Gas Pressure, Pa 
Pitch, cm 

Results and Discussion 

1 o6 1 o6 
1.26 1.26 

Figures B4.2 and B4.3 show the calculated fission gas release and internal pressure, 
respectively, for the seed fuel with and without burnable poison. The burnable poison 
effectively restrains fission gas release at the early stage of fuel irradiation because of the 
lower power operation. However at high bumup, the difference is small. The reason is that 
as the average burnup approaches 145 MWdkgHM, the fission gas release is mostly a 
function of burnup and a large portion of fission gas will be released regardless of the 
power history. Thus with the present neutronics, power history and he1 rod design, a large 
fraction of the fission gas would be released in the seed hel ,  and the internal pressure 
would exceed the system pressure of 15.5 MPa. 

Inlet Coolant Temperature, I< 
Coolant Mass Flux, kg/m2s 

10 

565.95 565.95 
4450 3230 



Figure B4.2 Fission Gas Release in Seed Figure B4.3 Internal Pressure in Seed 

In order to reduce the internal pressure, the plenum volume was increased three times the 
current value. Figure B4.4 shows that increasing the plenum length from 0.4 m to 1.2 m 
can significantly reduce the internal pressure at EOL. However, adding 0.8 m to the fuel 
pin length (20% of current length) will increase the core pressure drop, which may not be 
easily accommodated in current reactors. The impact of such a change needs to be 
investigated further. 

El Figure B4.4 Effect of Plenum Length on Internal Pressure in Seed 

Fuel 

Similarly, the blanket fuel has been analyzed using FRAPCON-ThHB. The results in 
Figure B4.5 show that the blanket fuel performance is much more favorable, as fission gas 
release and internal pressure start to rise significantly only near the end of life. If the 
residence time of the blanket in the core is reduced to only seven or eight cycles of 
operation due to neutronic reactivity limitations, the blanket behavior would be even better. 

Figure B4.5 Fission Gas Release and Internal Pressure in Blanket 
Rod 

Corrosion of seed and blanket cladding is an important issue since corrosion is a function 
of both the surface temperature and the time that the cladding is exposed to that 
temperature. The calculated (FRAPCON-ThHB) oxide thicknesses for both the seed and 
blanket fuel rods with Zircoloy-4 as the cladding material were well above the limit of 150 
microns. The more advanced material M5, now coming into use in commercial PWRs, was 
then assumed as the cladding material. M5 is less sensitive to temperature; exhibits less 
data scatter than Zr-4, and did not show any irradiation or high burnup transition up to 64 
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MWdkgHM (Willse, 2000). Figures B4.6 and B4.7 show the expected oxide thickness on 
the outside surface of the seed and blanket fuel rods at EOL as a fknction of axial position. 
The oxide thickness for M5 is expected to be much lower than that for Zr-4. However, the 
model used for the M5 cladding in FRAFTON-ThHB is a simple one and it needs further 
verification (Long, et al, 2002). 

The blanket is expected to experience more corrosion than the seed because of the three 
times longer exposure time. Since a typical corrosion film-thickness limit is on the order of 
100 microns, Figures B4.6 and B4.7 indicate that an advanced cladding material like M5 
can deliver good corrosion performance, with large margins for the WASB fuel. 

Figure B4.6 Corrosion of Poisoned Seed Rod at Discharge of 4.5 Years 

Figure B4.7 Corrosion of Blanket Rod at Discharge of 13.5 Years 

The more demanding power history of the seed and the longer residence time of the blanket 
bring challenges to the thermal and mechanical performance of fuel rods. The calculated 
results show the internal pressure of the seed rod is more of a concern than that of the 
blanket because the large expected fission gas release in the seed fuel leads to an internal 
pressure greater than the system pressure at EOL. Further analysis shows that the internal 
pressure can be reduced if a longer plenum is used for the seed he1 rods. The calculated 
results also indicate that cladding material with improved corrosion resistance such as M5 
is required to prevent excessive cladding corrosion. 
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B5. Fuel Cycle Cost (Task-5) 

The fuel cycle of the WASB core includes two separate fuel material flows: seed and 
blanket. The fuel management schemes and bwnups are different for each flow. Therefore 
there are two streams of cash flows for fuel cycle materials and services during the reactor 
lifetime. A fuel cycle cost calculation model for the WASB core has been developed based 
on the OECD’ levelized lifetime cost methodology (OECD/NEA, 1994). 

The levelized cost methodology discounts the time series of expenditures and incomes to 
their present values in a specified base year by applying a discount rate. Applied to fuel 
cycle costs, the levelized lifetime methodology provides costs per unit of electricity 
generated which are the ratios of the total present value lifetime expenses to total present 
value expected output. When this method is applied, the economic merits of different fuel 
cycles are derived from the comparison of their respective average lifetime levelized costs. 
Technological and economic assumptions underlying the results are transparent and the 
method allows for sensitivity analysis. 

The cash flow for fuel cycle materials and services commences before the fuel starts to 
generate electricity and continues well after the fuel is discharged. In order to calculate the 
overall fuel cycle cost, the magnitude of each component cost and the appropriate point in 
time that it occurs must be identified. The quantities of fuel required and the timing are 
obtained from the reactor neutronics calculations and assumptions about capacity factor 
and length of refueling outage. The quantities of materials and services are adjusted to 
allow for process losses in the various component stages of the nuclear fuel cycle and then 
multiplied by the unit costs to obtain the component costs. 

The component costs for a fuel batch are the sum of a “front end” cost, and a “back end” 
cost. The front end cost consists of four components: 

Cost of fabrication: calculated as either the fabrication cost per unit of heavy metal loaded 
times the mass of heavy metal loaded into the core (from the neutronics calculation. 

Fabrication costs for assemblies of enriched urania fuel and thoria fuel are expected to 
differ. In this analysis, the fabrication price for urania assemblies is taken as $250 per kgU 
for a conventional PWR, that of the more highly enriched urania seed fuel with annular 
pellets as double this value - $SOO.kgU, and that of 300 $/kg is used for the blanket fuel 
fabrication unit cost assuming the Th02/U02 blanket fuel is more expensive to fabricate. 
The fabrication cost for each batch is assumed to be paid 3 months before insertion of the 
he1 batch into the reactor. 

As is usual in the industry, fabrication costs include the cost of the chemical and physical 
transformations needed to get the fuel material into pellet form, and the cost of delivering 
finished fuel assemblies to the nuclear reactor. 

Cost of enrichment: calculated as the product of the unit price for enrichment services 
(expressed as dollars per separative work unit or SWU), and the number of SWU required. 



The number of SWU is obtained as the product of the mass of enriched uranium loaded 
during fabrication and the SWU to product ratio. The SWU-to-product ratio is obtained 
from tables or formulas, and is a function of the fuel enrichment, the enrichment of the 
material fed into the process, and the enrichment of the waste material (tails), assumed here 
to be 0.25 w/o. Enrichment is the processing of increasing the uranium enrichment from its 
“feed” value, assumed here to be 0.711 w/o characteristic of natural uranium, to the 
enrichment needed in the fuel pellets. Enrichment costs apply only to urania. There is no 
enrichment cost for thoria. The enrichment unit price used in this study is $SO/SWU. The 
enrichment cost for each batch is assumed to be paid 6 months before insertion of the batch 
into the reactor. 

Cost of conversion: calculated as the product of the unit price for conversion services and 
the mass of heavy metal converted. The mass of heavy metal converted is the product of 
the feed-to-product ratio and the mass of uranium or thorium loaded. The feed-to-product 
ratio is related only to the enrichments used, and is the ratio of (product enrichment less 
tails enrichment) to (feed enrichment less tails enrichment). For thorium the feed-to- 
product ratio is unity. 

Conversion prices for uranium and thorium are taken as 6$/kgHM in this study. This is 
approximately the commercial price for uranium conversion as of this report. The 
conversion cost for each batch is assumed to be paid 3 months before insertion of the fuel 
batch into the reactor. 

Cost of uranium or thorium: calculated as the product of the unit price for uranium or 
thorium, and the mass of uranium or thorium required. As in the case of conversion, the 
mass of uranium is the product of the feed-to-product ratio and the mass of uranium loaded. 
For thorium, the mass required is the mass loaded, and the feed-to-product ratio is unity. 

The price of natural uranium and natural thorium are taken as $5O/kgHM in this study. This 
is approximately the commercial price for uranium as of this report. The uranium cost for 
each batch is assumed to be paid 12 months before insertion of the fuel batch into the 
reactor, and the thorium cost is assumed to be paid 6 months before insertion of the fuel 
batch into the reactor. 

The back-end cost consists of two components: 

Cost of spent fuel storage: calculated as the product of the cost of temporary storage in 
units of dollars per assembly, and the number of assemblies stored. A cost of $50,000 per 
assembly is used here. The storage cost for each batch is assumed paid on discharge of the 
batch from the reactor. 

Cost of spent fuel disposal: calculated as the product of the price of disposal per unit 
heavy mass of fuel, and the mass of fuel disposed. A value of $SOO/kgHM is used in this 
study. The disposal cost for each batch is assumed paid on discharge of the batch from the 
reactor. 
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Discounting of Cash Flow and Electrical Generation 

Natural Uranium 
Conversion 
Enrichment 

All the component costs during the life of the reactor (L) are discounted back to a selected 
base date to and added together in order to amve at a total he1 cost in present value terms. 
In addition, because the neutronic analysis utilized an equilibrium cycle (the initial cycle 
included not only a fresh seed batch, but also a once-burned and a twice-burned batch), the 
initial unamortized present value of these burned batches is added to the costs and the final 
unamortized present value of burned seed batches remaining in-core after 9 cycles is 
subtracted. 

~~ ~ 

50 $kgU 
6 $/kgHM 
80 $/kgSWU 

Because electricity is generated more or less continuously during the life of the reactor, the 
discrete annual discount rate Y is then replaced by Y'= ln(1 + r )  , the equivalent continuous 
discount rate, and the discount factor is replaced by the exponential form: 

Fabrication (UO;? - PWR) 
Fabrication (Seed) 
Fabrication (Blanket) 

1 - r ' ( W o )  = e  
(I + rY-lo 

250 $/kgU 
500 $/kgU 
300 $/kg.HM 

Economic Assumptions and Result Analysis 

Spent Fuel Storage 
SDent Fuel DisDosal 

Based on the model developed above, a fuel cycle cost analysis spreadsheet has been 
developed for the seed and blanket. The component unit cost assumptions are summarized 
in Table B5.1. The lead time to irradiation for each component is shown in Table B5.2. It 
should be noted that the lag time to discharge for spent fuel storage is zero in the 
calculations. In addition, some important assumptions are: 

50000 $/Assembly 
500 $ k H M  

1. Annual continuous discount rate is 8%; 
2. Plant thermal efficiency is 33.7%; 
3. The reheling period costs are neglected. Thus, the impact of different capacity 

factors among the various cycle lengths is not accounted for. 

Table B5.1 Component Unit Costs 

11 Thorium I50$/keTh It 
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Table B5.2 Lead and Lag Time to Irradiation, months 

Thorium 
Conversion (Wg)  
Enrichment 
Fabrication 
Spent Fuel Storage 
Spent Fuel Disposal 

11 U?On OIatuGl Uranium) I 12 (time to irradiation ) 11 
6 (time to irradiation) 
6 (time to irradiation) 
6 (time to irradiation) 
3 (time to irradiation) 

0 (time after discharge) 
90 (time after 

discharge) 

In the fuel cycle cost calculations, the average discharge burnup of the seed fuel is 145 
MWdkgHM and the blanket fuel is at 88 MWdkgHM. The reference PWR is an all-U 
PWR case, the enrichment of U-235 in uranium is 4.5 w/o and the discharge bumup is 50 
MWdkgHM. 

Table B5.3 and Figure B5.1 show the fuel cycle cost comparison between the WASB and 
the reference PWR. It can be seen that, under the above assumptions, the total WASB fuel 
cycle cost is about 2% less than that of the all-U fuel cycle, but is about 9% more expensive 
than the all-U he1 cycle without including the disposal cost. The major contributions to the 
fuel cycle cost are from the enrichment cost and the uranium ore purchase cost for both 
cases. The enrichment cost of the WASB is 35% more expensive than that of the all-U 
case. The WASB is more economic in respect to fabrication cost than the reference case: 
about 77% of the reference all-U case due to less fuel refueling. The WASB has lower 
spent fuel storage cost than the all-U case due to reduced spent fuel assembly discharge. 
Note that the significant advantage of the WASB is the spent fuel disposal cost: it amounts 
to about 1/3 of the reference all-U case. However unlike the per kg basis used in the Table 
7.4 calculation the U.S. DOE charges the fixed value of 1 milVkWe-hr for spent fuel 
disposal. The blanket fuel cycle cost is only about 15% of the seed. It should be noted that 
this analysis ignored differences in burnable poison and soluble boron needs, which affect 
the fuel cost, also ignored in this analysis are any differences in the outage time associated 
with refueling. 
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Table B5.3 Fuel Cycle Cost, mills/kWe-hr 

. . . . . .  .. .. 

f 

. . .  . . . .  
P 

.. I 
rn Spent Fuel Disposal 

w Spent Fuel Storage 
. . . . . . .  

L I H  [ I.. ...... Fabrication 

Enrichment 

a, w Conversion 

K 2.0 rn Fuel Firrchase 
0 
a, 

- 
. . . . . . . . . .  . . . . . . . . . .  

- 

I= 1.0 

0.0 
A Typical Seed Blanket S + B  

PWR 

Figure B5.1 Comparison of Fuel Cycle Costs 

Sensitivity Analysis 

Figure B5.2 shows the fuel cycle cost of the WASB changes as a function of the uranium 
ore unit cost. It indicates that the fuel cycle cost is very sensitive to the natural uranium 
cost. For example, the fuel cycle cost will increase by 1 milVkWe-hr if the uranium unit 
cost increases from 50 $/kgU to 80 $/kgU. 
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U Ore Unit Cost, $/kgU 

80 

Figure B5.2 Fuel Cycle Cost vs. U Ore Unit Cost 

Figure B5.3 shows the impact of varying the separative work unit (SWU) cost on the fuel 
cycle cost. The fuel cycle cost increases as the SWU cost increases. The slope of the 
WASB curve is greater than that of the reference case, which means the SWU unit cost has 
greater impact on the WASB fuel cycle cost because of the greater SWU requirements in 
the WASB fuel. It can be seen that at 97 $/kgSWU, the WASB fuel cycle cost is equal to 
the all-U he1 cycle. In the long term it can be predicted that isotopic separation costs 
should become cheaper. This will hrther reduce the he1 cycle cost of the WASB, which 
will make the WASB more competitive. 

SWU Unit Cost, $/kgSWU 

Figure B5.3 Fuel Cycle Cost vs. SWU Unit Cost 
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The fuel cycle cost is extremely insensitive to the seed fuel fabrication unit cost. Figure 
B5.4 shows that the waste disposal cost of the conventional all-U case is more sensitive to 
the disposal unit cost than the WASB fuel cycle because the WASB core has much less 
waste production. The WASB he1 cycle will be more competitive than the reference case if 
the disposal unit cost increases. However, the disposal cost is not only dependent on the 
disposal unit cost, but also on the assumption of the lag time for disposal (measured from 
discharge). The disposal cost will decrease when the lag time increases. 

L 
2= 

-+WASB -i. Ref. W R  

7 1.0 
L L  

0.0 

.$ 6.0 f 
Y 
3j - 5.0 ; - .- 

200 

_ * e a -  - -  - 
- *  - * -  I 

- I -  

400 600 800 1000 1200 

Disposal Unit Cost, $/kg 

Figure B5.4 Fuel Cycle Cost vs. Spent Fuel Disposal Unit Cost 

The discount rate effect on the fuel cycle cost is shown in Figure B5.5. The WASB cost 
increases more quickly than the reference all-U case. At the discount rate of about 9.5% per 
year the fuel cycle cost of the WASB is equal to that of the reference all-U case. Above this 
point, the WASB fuel cycle cost is more expensive than the all-U case. Note that the cost 
here is based on a per kilogram waster disposal fee, not the current 1 millkWe-hr fee. 

7 



o . o l , ,  " I  I I " 1 ' 1  " I  ' ,  1 '  I "  ' I  I '  ' I  I I " " I  

2% 4% 6% 8% 10% 12% 14% 16% 
Discount Rate 

Figure B5.5 Fuel Cycle Cost vs. Discount Rate 

There are uncertainties in the fuel cycle component unit costs, which will affect the 
calculated fuel cycle cost calculation results. The results show that the major costs in the 
fuel cycle cost are the fuel uranium purchase cost and the enrichment cost, which are more 
than half of the total cost. It can be concluded that the WASB fuel cycle is nominally less 
expensive than conventional PWRs with respect to fabrication cost, spent fuel storage and 
disposal costs. However the front end fuel cycle cost of the WASB is about 12% more 
expensive than conventional PWRs because of its greater SWU requirements. In the very 
long term isotopic separation costs should become cheaper and uranium more expensive, 
which will help eliminate this difference. In addition, the fuel cycle cost of the WASB 
design has two contributors: the seed and the blanket. The seed fuel is much more 
expensive than the blanket fuel: the blanket fuel cycle cost is only about 13% of the total 
cost. 
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B6. Waste (Spent Fuel) Characteristics and Non-Proliferation Performance (Task-6) 

WASB 
Seed Blanket S + B  

AssembliesIGWe- yr 16.2 7.0 23.2 
MTHM/GWe-yr 4.5 3.8 8.3 

B6.1 Spent Fuel Characteristics 

Typical PWR 

37.3 
17.4 

Spent Fuel Discharge Rate 

One third of the seed assemblies are refueled every cycle, and all the blanket 
assemblies are refueled every nine cycles. The seed assembly discharge burnup is about 
145 MWdkgHM, and the blanket is at 88 MWdkgHM. The WASB discharges nearly 
40% fewer assemblies per GWe-yr than does a typical 18 month cycle PWR, and the 
discharged mass of heavy metal is about half that of a typical PWR, as shown in Table 
B6.1. 

Table B6.1 Spent Fuel Discharge Rate 

Radioactivity and Decay Heat 

Radioactivity and decay heat from the seed and blanket spent fuel were studied using 
MCODE (Xu, 2002) depletion calculations and ORIGEN (Cochran and Tsoulfanidis, 
1999) to determine isotopic buildup and decay after discharge. 

Figures B6.1 to B6.3 show the radioactivity, and Figures B6.4 to B6.6 the heat load, of the 
WASB spent fuel. As a function of decay time, they behave in generally similar ways. Per 
unit heavy metal in the seed, as shown in Figures B6.1 and B6.4, both are about twice that 
of conventional U02 fuel but the total heavy metal per seed assembly is only about half of 
that of conventional fuel, so the activity and heat load per assembly are both comparable to 
that of conventional fuel, as shown in Figures B6.2 and B6.5. Per unit energy generated, 
Figures B6.3 and B6.6 show that WASB produces both less radioactivity and less heat 
generation than conventional fuel in the short term (up to about five years after discharge), 
and a comparable amount in the near term (< 10,000 years). Between 10,000 and one 
million years, there is a local peak in both due to the decay products of U-233 in the 
blanket, controlled by the nearly 160,000 year half life of the U-233. However, by this time 
activity and heat generation are at relatively low levels. 
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Figure B6.6 Decay Heat of the WASB Spent Fuel per Electrical Energy Generation 

B6.2 Proliferation Resistance 

Attributes important for determining the effectiveness of the isotopic bamer include critical 
mass, spontaneous neutron generation, heat-generation rate, radioactivity, and isotopic 
enrichment. It is generally agreed that in uranium, U-235 enrichments of less than 20 w/o 
and U-233 enrichments of less than 12 w/o are non-proliferative (Forsberg, et al, 1999). 
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Plutonium Production 

WASB Pu production rates are compared with those of conventional PWRs in Table 
B6.2. WASB produces both fissile Pu (Pu-239 + Pu-241) and total Pu at annual rates that 
are about 40% that of conventional PWRs. 

WASB 
Seed Blanket S + B  

Table B6.2 Plutonium Production, kg/GWe-yr 

High Typical 
B U ~ U  UOz PWRb’ 

aP 

Fissile Pu 
Total Pu 

48 11 59 110 157 
74 18 92 171 233 

a. 
b. 

Grade 
SuDer-made 

9.75 w/o enriched U02 fuel, and Bd = 100 MWdkgHM 
4.5 w/o enriched UOz fuel, and Bd = 50 MWdkgHM 

FissilePu 98 I Pu-238 

WASB Pu isotopics are compared with those of conventional PWRs and other 
compositions in Table B6.3. WASB produces about the same fraction of fissile Pu as 
U235-fueled PWRs, and significantly more Pu238. 

I 

Table B6.3 Isotopic Composition of Various grades of Plutonium (w/o) 

57 
MOX-grade 1.9% 

ATvPicalPWR ~ 2.6% 

I 

11 Weapons-made I 0.012% 1 94 11 

High Burnup U02 7.1% 
WASB-Seed 8.7% 65 

Critical Mass, Spontaneous Fission and Heat Generation 

kgHM, about the same as that of spent fuel from a typical PWR. 
The critical mass of average heavy metal from WASB spent fuel is on the order of 20 
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Table B6.4 Spontaneous Fission Source for Different Plutonium Compositions, 1000 
nls 

Weapons - 
grade 

61 Total per kg 
of Pu 

Typical High Burnup WASB - WASB - 
PWR all-UO;! Seed Blanket 

43 0 540 550 680 

Total per 
Critical 
Mass 

Table B6.4 shows that the total spontaneous fission source for a critical mass of the 
WASB seed plutonium is 25% higher than that of PWR grade plutonium, and that of the 
blanket plutonium is about twice that of the typical PWR. 

710 9,400 12,000 12,000 18,000 

Table B6.5 Heat Generation Rates for Different Plutonium Compositions, Watts 

Isotope 

Total per kg 
of Pu 

Total per 
Critical 
Mass 

Weapons - Typical High Bumup WASB - WASB - 

2.4 18 43 69 57 

PWR Fuel PWR Fuel Seed Blanket grade 

28 400 960 1500 1500 

Table B6.5 shows that total heat generation by the WASB plutonium is much higher 
than that produced by the PWR grade plutonium, even for high bumup PWRs. Thus it is 
reasonable to assume that a weapon device made from the WASB-Pu would be more 
unstable. 

Proliferation Analysis for U-233 

Forsberg, et al, (1999) have developed a combined proliferation limit of 12% fissile 
uranium (U-233 plus 0.6 times U-235) for cases such as the blanket when both U-233 and 
U-235 are present. Figure B6.7 shows that the proliferation index, defined as: 

233U + 0.623s U loo% U proliferation index = 
Ut"' 

meets this limit. 

(B6.1) 
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B7. Safety Analyses (Task-8) 

The main purpose of safety analyses is to ensure that a nuclear reactor can be operated 
safely under various normal and abnormal operating conditions including postulated 
accidents. Chapter 15 of Final Safety Analysis Report (FSAR) of an operating nuclear 
power plant documents the results of such analyses. Complete FSAR type of analyses for 
WASB design was beyond the scope of this project. However, the following accident/ 
transients were analyzed for both the WASB design and a typical all UOZ PWR design 
for comparison purposes and to obtain a “feel” for the safety margin of the WASB 
design : 

a) Large Break Loss of Coolant Accident (LBLOCA) 

b) Complete Loss of Primary Flow (LOPF) 

c) Loss of Off-site Power (LOSP). 

Selection of these transients was influenced by the high thermal power in the seed fuel 
assemblies and to study its effects during transients where the coolant inventory and core 
flow rate are reduced very rapidly. A typical 4-Loop PWR plant was taken as the model 
plant and a particular version of RELAPS computer code called MARS (Lee, et al, 2002), 
available at MIT, was used as the analysis tool. 

B7.1 Input DecWModel 

The input deck was developed from USNRC’s typical 4-Loop PWR input for Small- 
break LOCA analysis with modifications in reactor vessel nodalization, core and fuel 
modeling and transient systems modeling. The reactor vessel nodalization includes a 
‘Split Downcomer’ with two flow channels, one representing the broken side and the 
other representing the intact side. A cross-flow junction loss coefficient of 50 is used 
between the two channels of the downcomer based on UPTF (Upper Plenum Test 
Facility) assessment results for ECC bypass and penetration. For the typical PWR design, 
two core flow channels with provision for cross-flow and one bypass channel are used to 
model the reactor core. The average core channel represents 192 average-power fuel 
assemblies, whereas the hot channel represents the hot or highest-power fuel assembly of 
the core. Figure B7.1 shows the System nodalization and Table B7.1 shows the important 
parameters used in the core and fuel modeling. 



Broken Loop 

Initial Power 

Intact Loop (LurYpd) 

3479.22 MWth (1 02 %FP) 

Figure B7.1 System Nodalization for Safety Analysis of a Typical 4-Loop PWR 

- Decay Heat 
- Kinetics and Trip Reactivity 

Table B7.1 Important Parameters used for Core and Fuel Modeling 

ANS73 * 1.2 
conservative 

I Parameters I Models I 

- # of Axial Nodes 
- Core Flow Channels 
- Total Peakina 

16 
Average (1 92 FA) and Hot (1 FA) 

2.5 (rfnaDk = 14.23 kW/ft) 
. Axial Power Distribution 

. Hot Pin Radial Peaking 

. Hot Assembly Peaking 

- Direct Heating 
- Gap Conductance 

1.5 chopped cosine 
1.573 

1.667 (embedded in hot channel) 
2.6 % 

Constant 

The steady-state as obtained from the code calculation is shown as the ‘Simulated’ values 
in Table B7.2 below. 
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Table B7.2 Comparison between Desired and Calculated Steady State Values for 
PWR Design 

Pressurizer Pressure (bar) 
Cold Leg Temperature (K) 
Hot Leg Temperature (K) 
Total LOOD Flow (kds) 

I Parameters I Desired* I Simulated I 
155.1 155.1 

564.85 566.47 
599.25 598.66 
18630.0 18707.8 

I Core Power (MWth) I 3479.2 I 3479.2 I 

I Effective Core Flow (ka/s) I 17700.0 I 17796.1 I 
Bypass Flow Fraction (%) 
Core Pressure Drop (bar) 

Pressurizer Level (%) 49.0 
SG Secondary Pressure (bar) 58.0 60.7 

* Desired Conditions are based on typical 4-LOOp PWR data 

For the WASB design, three core channels as shown in Figure B7.2 are used. These are: 
(1) Average seed channel consisting of 83 Fuel Assemblies, (2) Hot seed channel with 
the hottest seed pin embedded in it, (3) Blanket channel consisting of all 109 blanket fuel 
assemblies. For the present calculations, the same core kinetics parameters as the typical 
PWR design have been used. 

Core Nodalization 

1 
I 340) I 

(337) (434) 

(‘ore Bypass 
(320) 

Lower Plenum (330) I 
T 

NOTE: Average Seed Channel (comp. no. 333) = 83 FA @ 27 06 MWWFA 
Hot Seed Channel (comp. no. 335) = 1 FA Q 39.25 MWWFA 
Average Blanket Chdnncl (camp. no. 433) = 109 FA (a 10.20 MWWFA 

Figure B7.2 Core Nodalization for WASB Design 
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The steady-state results as obtained for the WASB core are shown as the “Simulated” 
values in Table B7.3 below. 

Parameten 

Table B7.3 Comparison between Desired and Calculated Steady State Values for 
WASB Design 

Desired Simulated 

Steady-State Results for WASB Design 

Total Loop Flow (kg/s) 

Effective Core Flow (kg/s) 

18630 18417.33 

17700 17481.81 

Core Power (MWth) I 3479.2 I 3479.2 I I 

Core Pressure Drop (bar) 

SG Secondary Pressure (bar) 

Channel 333 Inlet Flow (kgis) 

Pressurizer Pressure (bar) I 155.1 I 155.1 I I 

2.28 

58 60.7 

10055 

~ Cold Leg Temperature (K) I 56485 I 56639 I 

Channel 333 Outlet Flow (kg/s) 

Channel 335 Inlet Flow (kg/s) 

Channel 335 Outlet Flow (kgk) 

I Hot Leg Temperature (K) I 599.25 I 598.96 I 

10133 

113.91 

133.37 

Channel 433 Outlet Flow (kgls) 

I Bypass Flow Fraction (%) I 5 I 5.08 I 

7215.5 

I Channel 433 Inlet Flow (kg/s) I I 7312.9 I 

Please note that the core flow rate for the WASB design is about 2% lower than that in 
the PWR design. The reason for this difference is the higher core and consequently the 
higher primary loop pressure drop for the WASB design compared to the typical PWR 
design. As expected, there is a significant cross flow from the blanket assemblies 
(Channel 433) to the seed assemblies (Channels 333 and 335). 

B7.2 Large Break Loss of Coolant Accident (LBLOCA) 

For LBLOCA simulation, a double-ended cold leg break as shown in Figure B7.1 is 
assumed. The Henry-Fauske critical flow model as implemented in the MARSRELAPS 
code is used to calculate the break flow rate. The containment back-pressure, initially at 1 
bar, is modeled to vary as shown in Figure B7.3. This pressure conservatively represents 
90% of the containment pressure used in FSAR of the reference PWR. 
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Figure B7.3 Containment Back Pressure used in the LBLOCA Calculations for both 
PWR and WASB Designs 

Several conservative boundary conditions, listed below, are used for the LBLOCA 
calculations: 

a) The core decay heat after scram is set at 120% of the ANS73 value, 
b) Locked rotor condition is assumed for the reactor coolant pumps at initiation of 

the break, 
c) Conservative values are used for the safety injection flow rates, 
d) The Accumulator is turned OFF at low accumulator liquid level to prevent non- 

condensable gas injection into the primary system, 
e) The Reflood fine-mesh rezoning is turned ON at Pressure less than 10 bar. 

The results of the LBLOCA calculation for the usual all UOz fuel assemblies, i. e., the 
typical PWR design, look reasonable. The calculated cladding temperatures at the hot rod 
(Node 8 to 13) in the hot channel are shown in Figure B7.4. As expected, a sharp 
‘blowdown’ peak is seen, followed by a more gradual ‘reflood’ peak. This trend is in 
agreement with the previous best-estimate LBLOCA calculations for PWRs (Rohatgi, et 
al, 1987, Levy, 1999) and LOFT experiments (Levy, 1999, Bayless, 1982). 
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Figure B7.4 Hot Rod Cladding Temperatures during LBLOCA for PWR Design 

The same LBLOCA was run for the WASB design with the same conservative boundary 
conditions listed earlier. The hot rod (embedded in the hot seed assembly) cladding 
temperatures for the WASB design are shown in Figure B7.5 below. The general trend is 
similar to the PWR design shown in Figure B7.4 above. However, both the ‘blowdown’ 
and the ‘reflood’ peaks for the WASB design are of higher magnitude compared to those 
for the typical PWR design. This is not surprising since the power density in the seed fuel 
rod of the WASB design is much higher than that in the PWR design. 
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Figure B7.5 Hot Rod Cladding Temperatures during LBLOCA for WASB Design 

6 



A direct comparison of the hot spot cladding temperature between the typical PWR and 
the WASB designs for the LBLOCA is shown in Figure B7.6. Please note that even 
though the peak cladding temperature (PCT) for the WASB design is about 260°K higher 
than that for the typical PWR design, the PCT of 1265°K for the WASB design is still 
about 200°K lower than the present regulatory safety limit of 1204°C. 
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Figure B7.6 Comparison of LBLOCA PCTs between the PWR and WASB Designs 

As a part of sensitivity analysis, the internal void of the seed rod was filled with ZrOz and 
the LBLOCA was rerun for the WASB design. However, higher initial stored energy led 
to a higher blowdown cladding temperature peak of about 1400°K at the hottest seed 
location. There was no significant quenching after the blowdown, in contrast with the 
seed rod with internal void. Finally, the ‘reflood’ peak for the PCT was around 1500°K 
for the ‘filled’ hottest seed rod. Therefore, the ‘filled’ seed rods seem to have no 
advantage from the safety margin viewpoint for a LBLOCA. All WASB safety 
calculations are, therefore, for the basic design with internal hole in the seed rods. 

B7.3 Complete Loss of Primary Flow (LOPF) 

It is assumed that all four Reactor Coolant Pumps (RCPs) are tripped at time zero. The 
reactor is tripped at low core flow (87% of nominal flow) signal with 1.0 second time 
delay. The turbine is tripped immediately which caused the turbine stop valve to close. 
The transient was run for a short period of 10 seconds to investigate if the lower core 
flow triggers ‘Departure from Nucleate Boiling (DNB)’ while the core power was still 
high and a sharp increase in cladding temperature, particularly in the hot rod embedded in 
the hot seed assembly. Figures B7.7 through B7.9 compare the results of some important 
parameters for both the typical PWR and the WASB designs. 
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It can be seen that the response of the WASB core is very similar to the typical PWR core 
for this complete loss of primary flow transient, and no sharp rise in cladding 
temperature, typical of a post-DNB situation, was observed. Figure B7.10 shows the hot 
spot cladding temperatures at various fuel assemblies in the WASB core, and no sharp 
temperature rise is observed in any location. 
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Figure B7.10 Hot Spot Cladding Temperatures at Various Fuel Assemblies of 
WASB Core during LOPF Transient 
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B7.4 Loss of Off-site Power (LOSP) 
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It is assumed that all non-emergency A. C. power is lost and consequently, all Reactor 
Coolant Pumps (RCPs) and Main Feedwater Pumps (MFPs) are tripped at time zero. The 
reactor is tripped at low core flow (87% of nominal flow) signal with 1.0 second time 
delay. The turbine is tripped immediately which caused the turbine stop valve to close. 
Steam generator secondary side pressure increased and the steam safety valves opened to 
relieve the pressure. After 75 seconds from the reactor trip, only one emergency 
feedwater pump could be started to inject emergency feedwater into four steam 
generators. The transient was run for 200 seconds for both the typical PWR and the 
WASB designs. Figures B7.11 to B7.14 compare the results of several important 
parameters for both the designs. 
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Figure B7.11 Reactor Power during LOSP Transient (PWR and WASB) 

-R- PPWR 
PWASB 

1 - 3  
L ,  

> l? #---& t i -  

7' 
4 

;"' 

16000000 

15800000 

15600000 

15400000 

200 
. I ' " l ' '  

0 50 100 150 

Time (sec) 

Figure B7.12 Primary (Pressurizer) Pressure during LOSP Transient 
(PWR and WASB) 

10 



1 8 5 0 0 0 0 0 

8000000 

’ 620- 
F 
3 
m $ 610- 
c 

E 
$ 600-  
-0 m - * 590- 

580 - 

7500000 
h m e 
2 

2 

3 7000000 
u) 
u) 

a 
6 5 0 0 0 0 0 

I 

-B ~ SGPPWR 
SGPWASB 

I :? 
6 0 0 0 0 0 0 

4 I I I I I 

0 50 100 150 200 

Time (sec) 

Figure B7.13 Steam Generator Secondary Pressure during LOSP Transient 
(PWR and WASB) 

“i 630 
-tt- HOTPWR 

HOTWASB 

J I I I I I 
0 50 100 150 200 

Time (sec) 

Figure B7.14 Hot Spot Cladding Temperature during LOSP Transient 
(PWR and WASB) 

11 



It can be seen from the above figures that the response of the WASB core is similar to 
that of the typical all U02 PWR core for this loss of off-site power transient. Also, there 
is no sudden increase in cladding temperature in any fuel assembly of the WASB design 
for this transient as shown in Figure B7.15 below. 

640 

6301 I I I 

E' 620 
W 

++ HOTTEST PIN 
HOT SEED 
AVG SEED 

7 AVGBLANKET 

570 
0 50 100 150 200 

Time (sec) 

Figure B7.15 Hot Spot Cladding Temperatures at Various Fuel Assemblies of 
WASB Core for LOSP Transient 

In summary, the response of the WASB core for the loss of primary flow (LOPF) and 
loss of off-site power (LOSP) transients is very similar to that of the typical all UO2 PWR 
core and no post-DNB type situation was calculated. For large break LOCA, the Peak 
Cladding Temperature (PCT) for the WASB core was found to be significantly higher 
than that for the typical all U02 PWR core; however, the WASB design still shows a 
margin of about 200°C from the present regulatory safety limit of 1204°C. 
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C. SUMMARY AND CONCLUSIONS 

Based on the technical details presented in Sections B2 to B7, the results of the research 
on WASB design can be summarized as follows: 

1. Scoping studies using commercial core design methods, benchmarked for use with 
thorium and seed-blanket cores, indicate that backfittable seed-blanket cores can be 
successfully designed for use in large Westinghouse type PWRs. The scoping 
designs meet the targets of reduced plutonium production, competitive economics, 
and comparable Environmental, Safety and Health (ES&H) characteristics to those 
of existing PWRs (i.e., within the current “safety envelope”). The arrangement of 
the control assemblies may have to be altered to facilitate optimum performance of 
the core, and fuel rod length would have to be altered to allow larger gas plenum. 

2. Both the seed and blanket assemblies use the same 17x17 rod array found in 
typical Westinghouse PWRs. However, the seed rods use annular uranium pellets 
(or duplex pellets with inert central materials) to allow for acceptable fuel 
temperature in the high power seed assemblies. After investigating a number of 
core designs, the MIT researchers recommend a design consisting of 84 seed 
assemblies with annular fuel pellets containing 20 percent enriched U235 in U02, 
and 109 blanket assemblies with solid fuel pellets, 87 percent Tho2 and 10 
percent enriched U235 in the remaining UO2. Cycle lengths of 18-months are 
achieved with typical three-batch fuel management for the seeds, which attain a 
discharge burn-up of about 145 MWdkgU. The 109 blanket assemblies are 
loaded and discharged together, spending up to nine cycles in the core and 
achieving a discharge bum-up of about 90 MWd/kgHM. On average, about two 
thirds of the energy is generated in the seed, about one third in the blanket. 

3. The annual rate of plutonium production for the WASB design is only about 40 
percent of that of a present-day conventional PWR with discharge burnup of 
5OMWdkgHM. Moreover, the total heat generated by the WASB plutonium is 
much higher than that produced by the typical PWR grade plutonium, making the 
WASB plutonium unsuitable for weapons development. Finally, the blanket 
uranium proliferation index (weighted fractions of U233 and U235) has been kept 
within the accepted limit of 12 percent, which, for uranium containing both the 
U233 and U235 fissile isotopes, corresponds to the well-known 20 percent limit 
applicable when U235 is the only fissile isotope present. 

4. The WASB design discharges about 40 percent fewer assemblies per GWe-yr 
than a typical 18-month cycle PWR. The discharged mass of heavy metal for 
WASB is about half of that for a similar PWR. WASB spent fuel produces less 
radioactivity and less decay heat than the conventional all-UO2 fuel in the short 
term (up to about 5 years after discharge), and a comparable amount in the near 
term (up to about 10,000 years). After 10,000 years, there is a local peak due to 
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the decay products of U233 in the blanket, but by that time both the radioactivity 
and the decay heat are at relatively low levels. 

5. Operating characteristics of the WASB core are generally similar to those of a 
standard PWR core. These include Doppler and moderator temperature 
coefficients, critical boron concentrations and kinetics parameters. Some control 
rod modifications are required to achieve adequate control rod worths and 
shutdown margin. Power peaking is higher than in a standard core, but this is 
compensated as explained in the next item. 

6. Acceptable DNB margins under overpower conditions during Anticipated 
Operational Occurrences are attained by two design techniques. First, the seed 
fuel rod diameter being smaller than the blanket fuel rod diameter diverts some 
flow from the low power blanket assemblies to the higher power seed assemblies. 
Second, the gridkpacer resistances are increased in the blanket assemblies to 
enhance this diversion. 

Using a version of RELAPS, called MARS, available at MIT, researchers have 
analyzed three accidents/transients, namely, LBLOCA, complete loss of primary 
flow (LOPF) and loss of off-site power (LOSP), for both the WASB and the 
conventional PWR designs. For LBLOCA, the peak cladding temperature (at the 
hottest rod in the hottest seed assembly) for the WASB design is calculated to be 
about 250°C higher than that for the conventional PWR design. However, this 
higher peak cladding temperature for the WASB design is still about 2OO0C lower 
than the present regulatory limit of 1,204"C. For the LOPF and LOSP transients, 
the results of the WASB and the typical PWR designs are very similar-no post- 
DNB type rapid cladding temperature rise was calculated. Although these results 
indicate adequate safety margin for the WASB design, one should analyze other 
accidents and transients before a more definitive conclusion is drawn. 

8. The high bum-up of seed fuel leads to significant fission gas release and 
consequently high internal pressure in the seed rods, but analyses suggest that this 
pressure can be reduced if a significantly longer plenum is used. The long 
irradiation period of blanket fuel leads to excessive oxide growth on their surface 
if Zircaloy is utilized as the cladding, but analyses indicate that this can be 
contained if improved material such as M5 is used for the blanket cladding 
material. 

9. Economics of the WASB design is competitive (*lo%) with that of all-UO2 PWR 
fuel. The primary uncertainties are in the cost of WASB fabrication (both seed 
and blanket, but mostly seed) and in the costs of storage and disposal for spent 
WASB fuel. The WASB design requires about the same amount of uranium as 
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standard fuel and about 30% more SWU for enrichment; about 35% fewer 
assemblies are fabricated, although the seed fuel with its annular pellets is of a 
more complex design. Most of the fuel cost (typically 85%) is attributable to the 
seed fuel. The fuel cost is therefore most sensitive to SWU cost and insensitive to 
thorium cost. The WASB design would have an advantage if incentives were to 
be given for the improved non-proliferation and spent fuel characteristics of its 
discharged fuel. 

10. Further work on this project could include: 

a. 

b. 

C. 

d. 

e. 
f. 

More detailed investigation of fuel mechanical behavior - fission gas 
release and cladding corrosion. 
Analysis of Anticipated Operational Occurrences utilizing actual transient 
calculations rather that an equivalent steady state calculation at overpower. 
More detailed analyses of transients and accidents. This includes looking 
into various filler materials for the seed rod and their effects on LOCA 
analysis, and analyses of other transients and accidents not investigated in 
the present research. 
More detailed investigation of fabrication costs expected for both seed and 
blanket designs. 
Further optimization of fuel and core design to reduce peaking. 
Design of spent fuel casks for seed fuel. 
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