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Parametric studies have been done for a PWR-type reduced-moderation water reactor
(RMWR) with seed-blanket fuel assemblies to achieve a high conversion ratio, a negative void
reactivity coefficient and a high burnup by using MOX, metal (Pu+U+Zr) or T-MOX (PuO,+ThO)
fuels.

From the result of the assembly burnup calculation, it has been seen that 50% to 60% of seed
in a seed-blanket (MOX-UO,) éssembly has higher conversion ratio compared to the other
combinations of seeds and blankets. And the recommended number of seed-blanket layers is 20, in
which the number of seed layers is 15 (S15) and that of blanket layers is 5 (B5). It was found that the
conversion ratio of a seed-blanket assembly decreases, when seed and blanket are arranged so as to
look like a flower shape (Hanagara). By the optimization of different parameters, the S15B5 fuel
assembly with the height of seed of 1,000x2 mm, internal blanket of 150 mm and axial blanket of
400x2 mm is recommended for a high conversion ratio. In this assembly, the gap of seed fuel rod is
1.0 mm and that of blanket fuel rod is 0.4 mm. In the S15B5 assembly, the conversion ratio is 1.0
and the average burnup in (seed + internal blanket + outer blanket) region is 38 GWd/t. The cycle
length of the core is 16.5 effective full power in month (EFPM) by 6 batches refuelling scheme and
the enrichment of fissile Pu is 14.6 wt%. The void coefficient is +22 pcm/%void, though, it is

expected that the void coefficient will be negative if the radial neutron leakage is taken into account
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in the calculation. It is also possible to use the S15B5 fuel assembly as a high burnup reactor to
achieve 45 GWd/t in (seed + internal blanket + outer blanket) region, but, it is necessary to decrease
the height of seed to 500x2 mm to improve the void coefficient. In this reactor, the conversion ratio
is 0.97 and void coefficient is +21 pcm/%void. The fuel temperature coefficient is negative for both
of the cases.

It is possible to imprbve the conversion ratio of seed-blanket fuel assembly by using the
metal fuel, but to make the void coefficient worse. On the other hand, the T-MOX as seed improves

the void coefficient, but, decreases the conversion ratio.
Keywords: Reduced-moderation Water Reactor, Seed-blanket, Internal Blanket, Axial Blanket,

MOX, UO,, Metal Fuel, T-MOX Fuel, Burnup, Integrated Conversion Ratio, Void

Coefficient, Fuel Temperature Coefficient
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1. Introduction

It is expected that the light water reactors (LWRs) will continue to be utilized in
the 21st century for the generation of electric power. From this point of view, Japan
Atomic Energy Research Institute (JAERI) is performing a wide range of research to
design an advanced water-cooled reactor, which will play an important role in the future
‘energy supply. In order to establish the sustainable long-term energy supply with
uranium resources, it is important to effectively utilize plutonium (Pu) in a fuel recycling
system. For this purpose, the reduced-moderation water reactor (RMWR) has been
proposed and investigated in JAERI under the cooperation with Japanese utilities and
LWR vendors, to achieve the Pu multiple recycling based on the well-experienced water-
cooled reactor technologies . In the RMWR core design, neutron moderation due to
the water is significantly reduced in comparison with that in LWRs, resulting in the hard
neutron spectrum necessary to produce sufficient amount and quality of Pu for multiple

recycling usages.

The main design goals for the RMWR are, therefore, high conversion ratio more
than 1.0 and negative void reactivity coefficients under the reasonable discharge burnup.
But there is a trade-off relation among these three core characteristics. Therefore, to
optimize these three characteristics, several design options have been studied in detail in
JAERI Although it has been very difficult to design a PWR-type RMWR satisfying the
above mentioned design goals under the light water coolant conditioﬁ, Kugo et al. have
shown a promising design concept based on the seed-blanket type fuel assembly ». The
original idea of the seed-blanket type was proposed by Radkowsky et al. and was
realized at Shippingport, USA®. Furthermore, in 1980s, this type of assembly design
‘was extensively investigated by Broeders et al. in the design studies for the high
conversion light water reactor >. The new point of the JAERTI’s design is to introduce the
axial and internal blanket regions between the divided MOX seed regions, in order to

improve the void reactivity coefficient as well as the conversion ratio.

By reducing the core water fraction introducing a tight lattice configuration in the
RMWR, it is possible to achieve the high conversion ratio more than 1.0. However, the

void reactivity coefficient tends to be positive in the tight lattice core. A PWR-type
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RMWR with the seed-blanket type assembly was studied by using the diffusion
calculation scheme in the SRAC95 code © and it has been reported that it is possible to
attain a high conversion ratio more than 1.0 and a negative void reactivity coefficient by
using 12 layers of seed part and 8 layers of blanket part . In this calculation, a large
amount of blanket was required to achieve negative void reactivity coefficient. However,
based on more precise and detailed modelled calculations by using a continuous energy
Monte-Carlo burnup calculation code MVP-BURN ®, it has been reported that a
combination of 13 layers of seed part and 5 layers of blanket part is enough for a high
conversion ratio and a negative void reactivity coefficient %), That means the number of
seed-blanket layers, especially the layer of blanket is possible to be reduced with more

detailed and precise calculations using MVP-BURN.

Based on these studies, a further detailed parametric study has been performed
‘with MVP-BURN to optimize the seed-blanket type fuel assembly design. The effect of
the numbers of the seed and the blanket layers on the conversion ratio and void
coefficient has been surveyed in the current study. In the seed-blanket type RMWR, the
axial, i.e. the upper and the lower, blankets are necessary to increase the conversion ratio.
In addition, the internal blanket is necessary to axially divide the seed and improve the
void coefficient. Therefore, the effects of the axial and internal blanket heights on the

core characteristics have been also surveyed as well as the effect of the seed height.

This report describes the calculated results of burnup characteristics of a seed-
blanket type RMWR assembly, in which MOX fuel is used as the seed fuel region and
depleted UOQ; is used as the blanket fuel region. Moreover, burnup characteristics have
been studied by using metal; (Pu + depleted U + 10% Zr) as the seed and (depleted U +
10% Zr) as the blanket, and thorium based oxide fuel; (PuO,+ThO,: T-MOX) as the seed
and ThO, as the blanket. A detailed parametric survey has been carried out on the
conversion ratio, burnup, void coefficient and inventory of fissile Pu for a seed-blanket
type RMWR assembly. A series of calculations were performed by changing the
numbers of layers of seed and outer blanket, the heights of seed, axial blanket and
internal blanket, and the gap of blanket fuel rods. From these calculations we can
optimize a seed-blanket type RMWR assembly for a high conversion ratio, a negative

void coefficient and a high burnup.
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2. Calculation Conditions

The specification for a seed-blanket type RMWR fuel rod is shown in Table 2.1.

Table 2.1 Specification of seed and blanket fuel rods

Item Seed-Blanket
Rod pitch (mm) 13.0
Cladding outer diameter (mm) 120
Cladding inner diameter (mm) 10.48
Pellet diameter (mm) 10.38
Material of clad Zircaloy

Figure 2.1 shows the cross-sectional view of a sced-blanket assembly, which is
considered as the reference case. In the seed-blanket assembly, MOX is considered as the
seed and depleted UO; is considered as the blanket. As the seed of the metal fuel, the
combination of (Pu + depleted U + 10% Zr) is considered, whose density is 16.36
gm/cm’. As the blanket of the metal fuel, the combination of (depleted U + 10% Zr) is
considered, whose density is 15.96 gm/cm3. As the thorium based oxide fuel, the seed is
considered to be '(Pu02+Th02: T-MOX) and the blanket is ThO,. In these assembly
designs, the cluster type control rod system is used in the seed region as Fig. 2.1
indicates the thimble tube locations. As the reactivity control material, the enriched B4sC
is used to achieve the same shut-down m‘argih as for typical PWRs. The excess reactivity

(p) is nearly to 0.08 at the beginning of life (BOL).

The height of seed (S) is considered to be 1000 mm x 2, the axial blanket (AB) is
200 mm x 2 and the internal blanket (IB) is 300 mm as the reference. In burnup

calculations, the assembly power in MWth is adjusted to achieve the average linear heat
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rate of 20 kW/m in the seed. The composition of Pu is assumed to be Pu-238/Pu-239/Pu-
240/Pu-241/Pu-242/Am-241 = 2.7/47.9/30.3/9.6/8.5/1.0 wt%.

For a nominal case, the temperature of fuel is set to be 889.4 K, that of clad is
626 K and that of moderator is 580 K. The nominal fuel temperature of 889.4 K is
increased to 1389.4 K and 1889.4 K for fuel temperature coefficient calculations. For

void coefficient calculations, void fraction is changed from 0% to 99%.

Survey calculations have been done by the MVP-BURN code with 700,000
histories, 10,000 particles time 70 batches; with initial 20 batches skipped from the tally
for each burnup step. The statistical error (1 o) of k-eff is ~0.06%. Required computation

time is about 3 times in voided cases compared to the un-voided cases. The cross section
libraries used are JENDL-3.2 !9,
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3. Optimization of Seed-Blanket Arrangements

Parametric studies have been done to optimize the numbers of seed and outer
blanket layers for a seed-blanket fuel assembly by considering their performance on the
integrated conversion ratio and void coefficient. The ratio of seed to blanket rods number
is very important in a seed-blanket assembly to maintain a higher conversion ratio and a
negative void coefficient. The absorption of neutron by the blanket region will increase
the enrichment of fissile Pu in the seed region. The higher enrichment of fissile Pu will
affect the conversion ratio as well as the void coefficient. Therefore, it is necessary to
optimize the numbers of seed and blanket fuel rods in a seed-blanket assembly. For the
parametric survey, the total numbers of seed-blanket layers are considered from 17 to 22.
Figure 3.1 shows the arrangement of 17 layer seed-blanket, in which the number of seed

layers is 12 and that of blanket layers is 5.

Tie rod
Thimble tube

Seed (S) : 355
Blanket (B) :414
Tie rod 16

—S—% =46.16
(S +B)

Fig. 3.1 Horizontal view of 17 layer seed-blanket arrangement
(S12B5), in which seed (S) has 12 layers and blanket (B) has S layers
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To get criticality at the end of cycle (EOC) by six-batch refueling scheme, the
enrichment of fissile Pu in MOX fuel is adjusted for the discharge burnup of 45 GWd/t
in [seed (S) + internal blanket (IB) and outer blanket region (OB)] as shown in Fig. 3.2.
We assumed criticality of 1.02 in the average value of the effective multiplication factors
(k-effs) at 1/6, 2/6, 3/6, 4/6, 5/6 and 6/6 of the discharge burnup. Excess reactivity of 2%
Ak/k at the EOC is considered to take account of assembly calculation model uncertainty

due to neglecting the radial neutron leakage effect from the core.
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Fig 3.2 Vertical view of (seed + internal blanket + outer blanket)

region which is considered for 45GWd/t discharge burnup |

Table 3.1 shows the effect of seed fuel rod fraction on the enrichment of fissile
Pu for different arrangements of seed-blanket layers. The enrichment of fissile Pu is
adjusted to get the discharge burnup of 45 GWd/t in (S + IB + OB) region. It is found
that the enrichment of fissile Pu becomes very high (more than 22 wt%), if the
percentage of seed fuel rods is less than 40% in a seed-blanket arrangement. Therefore,
the percentage of seed fuel rods is considered more than 40% for the parametric survey
of the different seed-blanket arrangements. Figure 3.3 shows the axial and radial
arrangement of seed-blanket layers in which the percentage of seed is. 100% that means

there is no blanket fuel rod in the seed-blanket assembly.
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Figures 3.4 (a) and (b) show the effect of seed fraction on the integrated
conversion ratio and void coefficient, respectively, for different seed-blanket
arrangements. In this parametric survey, the heights of seed, axial blanket and internal
blanket are considered 1000 mm x 2, 200 mm x 2 and 300 mm, respectively. The gaps
between seed rods and between blanket rods are considered 1.0 mm. In Fig. 3.4, X-axis
is considered as the percentage of seed fuel rods in the seed-blanket assembly. It has
been seen ffom Fig. 3.4 (a) that the integrated conversion ratio decreases with increasing
the percentage of the seed fuel rods in the seed-blanket assembly. Also, the integrated
conversion ratio increases with increasing the number of (seed + blanket) layers up to 20,
after that it does not change. Figure 3.4(b) shows that the void coefficient (pcm/%void,
1pcm = 107 dk/k) is largely positive when there is no outer blanket. Also it has been seen
that, to minimize the void coefficient, it is necessary to have less than 65% of seed in the
seed-blanket assembly. However, in these seed-blanket ésscmblies the conversion ratio

and void coefficient are still less than the expected values.

It is concluded from Fig. 3.4 that 50% to 60% of seed fuel rod in the seed-blanket
assembly is the most effective combination to achieve a high integrated conversion ratio

and low void vcoefficient.

The seed-blanket assemblies are arranged in the shape of petal (“Hanagéra”) as
shown in Fig. 3.5 to study their effect on the conversion ratio and void coefficient. In
Hanagara arrangements, the percentages of the seed fuel rods in seed-blanket assembly
are chosen from 45% to 60%. The effect of different Hanagara arrangements on the
integrated conversion ratio and void coefficient is shown in Table 3.2. Comparing Table
3.2 with the Fig. 3.4, it has been seen that the integrated conversion ratio decreases if the
seed-blanket is arranged in Hanagara shape. Therefore, from these studies it becomes
cléar that the effect of blanket on the conversion ratio decreases if it is split. In the
Hanagara arrangements, the void coefficient is nearly equal to that in the standard seed-
blanket arrangement. Though the void coefficient of Hanagara shape shown in Fig,
3.5(b) has small value compared to the other shapes of Hanagara, but the conversion

ratio is very small.
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4. Survey of Geometrical Parameters for Improvement of Integrated

Conversion Ratio and Void Coefficient

From the parametric survey of different seed-blanket arrangements in Chapter 3, it has
been seen that the conversion is less than 1.0 and the void coefficient is positive, when the
discharge burnup is 45 GWd/t in (S + IB + OB) region. Therefore, it is necessary to improve
the conversion ratio and the void coefficient. For these purposes, parametric studies have been

done on the

Outer blanket fuel rod gap,
Axial blanket height,
Internal blanket height, and
Seed height.

Eall A

It is expected that.the conversion ratio will be improved by adjusting the gap of blanket
fuel rod and the axial blanket height. By increasing the height of internal blanket or
decreasing the height of seed, it may be possible to improve the void coefficient of the seed-

blanket assembly.

For these parametric surveys, the S14B4 (14 layers of seed and 4 layers of blanket) seed-
blanket assembly is considered as the reference assembly arrangement, of which horizontal
and vertical views are shown in Fig. 4. For these surveys, seed fuel rod gap is considered as
1.0 mm. The heights of axial blanket, internal blanket and seed are considered to be 200 mm x
2, 300 mm and 1000 mm x 2, respectively as the reference axial structure. The number of
thimble tubes is considered 6 and the clad material are considered Zircaloy. The enrichment
of fissile Pu is adjusted to achieve the average burnup of 45 GWd/t at EOL in (S + IB + OB)

region for all of these parametric surveys.
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4.1 Effect of Outer Blanket Fuel Rod Gap

The effect of the outer blanket fuel rod gap on the integrated conversion ratio and void
coefficient has been studied. As mentioned before, depleted UO; is used as the outer blanket
to improve the void coefficient and conversion ratio. It is expected the tight lattice of the outer
blanket fuel pin will improve the conversion ratio. From this point of view, the gap of the
outer blanket fuel rods decreases from 1.0 mm to 0.4 mm by increasing the diameter of the
blanket fuel rod. The enrichment of fissile Pu is adjusted for both of cases to achieve 45
GWd/t burnup in (S + IB + OB) region at the EOL. The enrichment of fissile Pu increases
from 14.90 wt% to 15.37 wt%, when the blanket fuel rod gap decreases from 1.0 mm to 0.4
mm. After adjusting the enrichment, it has been seen that the conversion ratio increases from
0.915 to 0.931 by decreasing the blanket fuel rod gap from 1.0 mm to 0.4 mm. But the void
coefficient becomes more positive i.e. from 38.70 pcm/% void to 40.80 pcm/%void when the
gap changes from 1.0 mm to 0.4 mm as shown in Fig 4.1.1. It is inferred that the higher
enrichment of fissile Pu leads the more positive void coefficient in the 0.4 mm blanket rod

gap assembly.

(" )
0 Gap 1.0 mm E Gap .04 mm

Void coefficient (pcm/%void)

BOC MOC EOC Average

Fig. 4.1.1 Effect of outer blanket fuel rod gap on void coefficient
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Table 4.1.1 shows the effect of the outer blanket fuel rod gap on the enrichment of the fissile
Pu, fuel cycle length and burnup. The enrichment of fissile Pu increases by the value of 0.47
wt%, when the outer blanket fuel rod gap decreases from 1.0 mm to 0.4 mm. As a result, the

burnup in seed region increases but, it is decreases in the blanket region.

Table 4.1.1 Effect of blanket fuel rod gap on enrichment of fissile Pu, fuel cycle

length and burnup
Gap of En. of | Cycle length Burnup in Burnup in Burnup in
F‘,":l“ﬁefi fissile Pu | by 6 batches | S+ AB+IB+0B | S+IB+OB Seed
uel ®od | (wtw) (month) (GWd/t) (GWd/t) (GWd/t)
1.0 mm 14.90 18.52 39.50 45.13 66.95
0.4 mm 15.37 19.13 38.80 45.00 74.40
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4.2 Effect of Axial Blanket Height

The effect of axial blanket (AB) height on the integrated conversion ratio and void
coefficient has been studied. For this purpose the height of axial blanket is considered from
200 mm x 2 to 600 mm x 2 as shown in Fig. 4.2.1. The height of seed is fixed to 1000 mm x2
and internal blanket is 300 mm. The enrichment of fissile Pu is tried to be adjusted to achieve
the average burnup of 45 GWd/t in (S + IB + OB) region. However, the enrichment of fissile
Pu does not change so largely even the height of axial blanket is increased from 200 mm x 2
as shown in Table 4.2.1. But the average burnup in (AB + S + IB + OB) region decreases with

increasing the height of axial blanket.

Figure 4.2.2 shows the effect of the axial blanket height on the integrated conversion
ratio and void coefficient. In Fig. 4.2.2, y-axis is the integrated conversion ratio or the void
coefficient. It has been seen in Fig. 4.2.2 that the conversion ratio increases with increasing
the height of the axial blanket. When the axial blanket height is increased from 200 mm x 2 to
300 mm x 2, the conversion ratio increases largely and a little beyond 300 mm x 2. But the
conversion ratio increases largely, if the height of the axial blanket increases from 500 mm x
2 to 600 mm x 2. Figure 4.2.2 shows that the void coefficient becomes more positive with
increasing the height of the axial blanket. However, numerically the change of void

coefficient values is very small.

From the parametric survey of the axial blanket height, the optimized height of axial
blanket is 300 mm x 2 to 400 mm x 2 by considering the effect on the conversion ratio and

void coefficient.
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Table 4.2.1 Effect of axial blanket height on enrichment, fuel cycle length and burnup

Height of En. of | Cycle length Burnup in Burnup in Burnup in
Bﬁ’:ﬁi . | fissile Pu | by 6 batches | S+AB+IB+OB | S+IB+OB Seed
(wt%) (month) (GWd/t) (GWd/t) (GWd/t)
200 x 2 mm 14.90 18.52 39.50 4513 66.95
300 x 2 mm 14.90 18.66 37.05 45.32 67.13
400 x 2 mm 14.90 18.60 34.54 45.09 66.85
500 x 2 mm 14.90 18.43 32.15 44.72 66.35
600 x 2 mm 14.90 18.23 30.40 4491 65.76
d ’ —e— Int-C.R. —g— Void coefficit;iﬂ N
0.930 /@ 40.0
0.926 A 39.6 .
$3
€ 0.922 392 29
3 / /‘ \ RN
t 0.918 388 OE
) o o - 38
0.914 -/ 384 3
0.910 ‘ 1 ’ . : . . . 38.0
150 200 250 300 350 400 450 500 550 600 650
Axial blanket height (X 2 mm)

Fig.4.2.2 Effect of axial blanket height on the integrated conversion ratio

and void coefficient
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4.3 Effect of Internal Blanket Height

It is expected that the use of depleted UO; as an internal blanket will improve the void
coefficient of the seed-blanket assembly. The effect of the internal blanket height on the
conversion ratio and void coefficient has been studied to optimize its height. For this
parametric survey, the height of internal blanket is considered from 0 mm to 400 mm and the
height of seed is fixed to 1000 mm x 2 and that of the axial blanket is to 200 mm x 2. Figure
4.3.1 shows the vertical view of the seed-blanket arrangement, which is considered for the

parametric survey of the internal blanket height.

Figure 4.3.2 shows the effect of the height of the internal blanket on the integrated
conversion ratio and void coefficient. Figure 4.3.2 shows that the conversion ratio decreases
linearly with increasing the height of internal blanket. This is because the enrichment of
fissile Pu increases with increasing the height of internal blanket to achieve the average
burnup of 45 GWd/t in (S + IB + OB) region, as shown in Table 4.3.1. But the void
coefficient decreases linearly with increasing the height of internal blanket up to 300 mm.
When the height of the internal blanket increases beyond 300 mm the void coefficient
increases to positive direction. Table 4.3.1 shows the effect of the height of internal blanket
on the enrichment of fissile Pu and burnup. The burnup increases in the seed region with

increasing the height of internal blanket due to its higher Pu enrichment.

By optimizing the internal blanket height on the integrated conversion ratio and void
coefficient, it is assumed that 100 ~ 150 mm height internal blanket between the seeds will be

effective to improve the integrated conversion ratio and void coefficient.
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Fig.4.3.2 Effect of internal blanket height on the integrated conversion ratio

and void coefficient

Table 4.3.1 Effect of internal blanket height on the burnup characteristics

Height of En. of Cycle length Burnup in Burnup in Burnup in

g‘g:;:: fissilePu | by6batches | S+AB+IB+0B | S+1IB+ OB S +IB
(wt%) (month) (GWd/t) (GWd/t) (GWd/t)
(mm)

0 13.340 15.96 38.30 45.09 59.95
100 14.165 17.00 39.16 45.55 62.39
150 14.430 17.44 39.38 45.59 63.54
200 14.635 17.85 39.54 45.53 65.14
300 14.900 18.52 39.50 45.13 66.95
400 15.135 19.39 39.88 45.26 69.81
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4.4 Effect of Seed Height

Negative void reactivity coefficients can be attained by utilizing the leakage of
neutrons from the core, which can be possible by shortening the height of the core. From this
point of view, parametric studies have been done to optimize the height of seed by
considering the effect on the void coefficient as well as on the integrated conversion ratio. For
this parametric survey, the height of seed is considered from 400 mm x 2 to 1150 mm x 2.
The height of axial blanket is fixed to 200 mm x 2 and that of internal blanket is 300 mm.
Figure 4.4.1 shows the vertical view of seed-blanket arrangement, which is used to study the

effect of the height of seed on the void coefficient and conversion ratio.

Figure 4.4.2 shows the effect of the height of the seed on the integrated conversion
ratio and void coefficient. This figure shows that the void coefficient becomes less positive by
decreasing the height of seed. But the void coefficient is still positive, even the height of seed
is considered to 400 mm x2. This is because the enrichment of fissile Pu becomes very high
value of 19.97 wt% to achieve the burnup of 45 GWd/t in (S + IB + OB) region, as shown in
Table 4.4.1. But it is expected that the void coefficient values of 20 pcm/%void will be
acceptable due to assembly calculation uncertainty in comparison with the core calculation

taking account of the radial neutron leakage effect *.

Figure 4.4.2 shows that the integrated conversion ratio increases with increasing the
height of seed up to 750 mm x 2, but beyond that the change of conversion ratio is very small.
Table 4.4.1 shows that the burnup in seed region becomes very high, if the height of seed is
used 400 mm x 2 or 500 mm x 2. But we have to pay attention to increase in the diameter of

core for the power of 1350 MWe.
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Fig. 4.4.1 Vertical view of seed-blanket arrangement to optimize

the height of seed
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Fig. 4.4.2 Effect of seed height on the integrated conversion ratio and

void coefficient.

Table 4.4.1 Effect of seed height in enrichment, fuel cycle length and burnup

Height of En. of Cycle length Burnup in Burnup in Burnup in
Seed fissile Pu | by 6batches | S+AB+IB+OB | S+IB+OB Seed
(mm) (wWt%) (month) (GWd/t) (GWd/t) (GWd/t)
400 x 2 mm 19.97 23.09 354 44.40 75.00
50 0x 2 mm 18.30 21.68 36.66 44.88 72.85
750 x 2 mm 16.00 19.66 38.60 45.34 69.29
1000 x 2 mm 14.90 18.52 39.50 45.13 66.95
1150 x 2 mm 14.55 18.14 40.05 45.19 66.15
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S. Fuel Assembly Design for Integrated Conversion Ratio of 1.0

By the parametric survey of the different geometrical parameters, the seed-blanket fuel
assembly has been optimized for an integrated conversion ratio of 1.0. In the optimized
assembly, the height of axial blanket is 400 mm x 2, that of internal blanket is 150 mm and
that of seed is 1000 mm x 2. By using these geometrical parameters, some seed-blanket
arrangements have been studied to achieve the integrated conversion ratio 1.0, a high burnup

and a negative void coefficient.

Table 5.1 shows the effect of different arrangements of the seed-blanket on the
enrichment of fissile Pu, the fuel cycle length and the burnup, when the integrated conversion
ratio is 1.0. The enrichment of fissile Pu is adjusted to achieve the integrated conversion ratio
of 1.0. The excess reactivity of 2.0% Ak/k is considered at the end of cycle due to the
assembly calculation uncertainty. For each case, input power is adjusted to achieve the linear
heat rate of 20 kW/m in the seed. Table 5.1 shows that the burnup is higher in the S15B5
seed-blanket arrangement with blanket fuel rod gap of 0.4 mm compared to the other

arrangements.

Table 5.1 Burnup characteristics of different fuel assemblies for the integrated

conversion ratio of 1.0 (Excess reactivity is 2.0 % Ak/k)

Type of En. of Cycle length Burnup in Burnup in Burnup in
Assembly | gfolePu | by3batches | S+AB+IB+OB | S+IB+OB | S+IB
(wt%) (month) (GWd/t) (GWd/t) (GWd/t)
S18B0 7.41 7.00 11.84 15.96 15.96
S14B4 12.90 17.75 17.11 2292 31.81
S14B4
blanket fuel | 5 ¢, 19.71 18.10 24.63 36.95
rod gap 0.4
mm
S15B5
blanket fuel | 4 7 24.05 21.82 2924 4330
rod gap 0.4
mm
S474B498 14.90 18.70 15.38 20.68 32.35
(Hanagara)
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Figure 5.1 shows the effect of different arrangements of seed-blanket assembly on the
void coefficient, when the integrated conversion ratio is 1.0. Figure 5.1 shows that the void
coefficient (pcm/%void) is negative in S18B0 and S474B498 (Hanagara Fig. 3.5 (d))
arrangements, while it is positive in S14B4 and S15B5 arrangements. However, it is expected
that the void coefficient up to 20.0 pcm/%void in the assembly calculation will become

negative in the core calculation.

Excess Reactivity 2.0%Ak/k |

20.0

16.0

12.0

B
o
|

Void coeffi. (pcm/%void)
(=] o
o (=)

Bt o I
S18B0 S14B4 S14B4 S15B S474B498
Gap0.4mm Gap0.4 mm

5
o

Fig. 5.1 Effect of different seed-blanket arrangement on the void coefficient, for

integrated conversion ratio of 1.0 (Excess Reactivity is 2.0% Ak/Kk).

So far, 2.0% Ak/k excess reactivity is assumed in burnup calculations for a core
calculation uncertainty. But it is confirmed by a core calculation that 1.0% Ak/k excess
reactivity would be enough for a core calculation uncertainty”. From this point of view,
assembly burnup calculations are rearranged for 1.0% Ak/k excess reactivity as a whole core

calculation uncertainty.

Table 5.2 shows the effect of different arrangements of the seed-blanket on the
enrichment of fissile Pu, fuel cycle length and burnup, when the integrated conversion ratio is
1.0. The enrichment of fissile Pu is adjusted to achieve integrated conversion ratio of 1.0, in

which the excess reactivity is 1.0% Ak/k. Table 5.2 shows that in the S15B5 arrangement, the
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burnup is higher as 38.18 GWd/t in (S + IB + OB) region compared to the other
arrangements. The burnup in (S + IB) region is 57.45 GWd/t and the cycle length of fuel is
16.46 months.

Table 5.2 Burnup characteristics of different fuel assemblies for the integrated

conversion ratio of 1.0 (Excess Reactivity is 1.0% Ak/k)

Type of En. of Cycle length Burnup in Burnup in Burnup in
Assembly | £oilePu | by6batches | S+AB+IB+OB | S+IB+0OB | S+IB
(wt%) (month) (GWd/Y) (GWd/t) (GWd/t)
S18B0 7.40 5.48 18.54 24.72 24.72
S14B4 12.75 11.87 23.18 30.96 41.24
S14B4
blanket fuel 13.55 14.39 26.44 35.87 51.32
rod gap 0.4
mm
S15B5
blanket fuel 14.64 16.46 28.48 38.18 57.45
rod gap 0.4
mm
S474B498 | 1485 12.75 20.90 27.97 42.30
(Hanagara)

Figure 5.2 shows the effect of different arrangements of seed-blanket on the void
coefficient, when the integrated conversion ratio is 1.0. This figure shows that the void
coefficient is positive for all of these arrangements. But it is expected that they will be

negative in the core calculation situation considering radial neutron leakage effect *.

By considering the effect of different arrangements on the conversion ratio, burnup
and void coefficient, the recommended arrangement of seed-blanket is S15BS due to its
higher burnup. The horizontal and vertical views of the recommended seed-blanket assembly
are shown in Fig. 5.3. Though the void coefficient is +21.81 pcm/%void in the S15B5

arrangement, but it will be negative in the core calculation.

For a 1350 MWe power reactor, the required number of assemblies is 162 by using the

S15BS5 seed-blanket arrangement. And the diameter of this core is 6.1 m.
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6. Fuel Assembly Design for High Burnup of 45 GWd/t

From the study of different seed-blanket type PWR assemblies for a RMWR, it has
been seen that, if the conversion ratio is 1.0 then the burnup is less than 45 GWd/t. Therefore,
some arrangements of seed-blanket have been studied for high burnup of 45 GWd/t as shown
in Table 6.1. For these studies, the height of seed is 1000 mm x 2, axial blanket is 400 mm x

2, internal blanket is 150 mm and the gaps of seed and blanket fuel rod are 1.0 mm.

The enrichment of fissile Pu is adjusted for all the cases to achieve the burnup of 45
GWd/t in (S + IB + OB) region as shown in Table 6.1. This table shows that the burnup in
(S+IB) region varies largely for all of these arrangements. The effect of burnup of 45 GWd/t
on the integrated conversion ratio and void coefficient have been studied for different

arrangements of seed-blanket as shown in Figs. 6.1 and 6.2, respectively.

Table 6.1 Enrichment and burnup in different seed-blanket arrangements for

burnup of 45 GWd/t (Excess reactivity is 1.0% Ak/k )
Type of Seed En. of Burnup in Burnup in Burnup in
Assembly I(I;'lgn‘;‘ ﬁ(ss‘:;l;“ S+AB+IB+OB | S+IB+OB S +1IB
W (GWd/t) (GWd/t) (GWd/t)
S18B0 1000x2 8.24 33.50 44 .84 44.84
S14B4 1000x2 14.40 39.24 44.78 68.54
S15B5 1000x2 14.62 33.75 45.00 61.68
S474B498 1000x2 16.40 34.24 45.65 68.24
(Hanagara)

Figure 6.1 shows that the integrated conversion ratio is higher in the S15BS5
arrangement compared to the other arrangements. In the S15B5 arrangement, the integrated
conversion ratio is 0.962. Figure 6.2 shows that the void coefficient is positive for all of these
arrangements, when the burnup is 45 GWd/t. In the S15B5 arrangement, the void coefficient
is less positive (+31.83 pcm/%v01d) than the other arrangements. Though the void coefficient

will be improved in the whole core calculation, +31.83 pcm/%void is too large compared to
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the target value of 20 pcm/%void. Therefore, it is necessary to improve the void coefficient of
the S15B5 seed-blanket assembly for the burnup of 45 GWd/t in (S + IB + OB) region. It is

expected that the void coefficient of the S15B5 arrangement will be improved by decreasing

the height of seed.
1.00
0.98
o
Q 0.96
E
0.94
0.92
S18B0 S14B4 S$15B5 $474B498
N /
Fig. 6.1 Integrated conversion ratio in different seed-blanket arrangements for
the burnup of 45 GWd/t
~ | R
44.0

42.0
40.0
38.0
36.0 |
340 |
32.0
30.0

Void coeffi. (pcm/%void)

S18B0O S14B4 $15B5 S$474B498

Fig. 6.2 Void coefficient in different seed-blanket arrangements for the
burnup of 45 GWd/t
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Table 6.2 shows the burnup characteristics of different arrangements of seed-blanket -
after optimizing the heights of seed for 45 GWd/t burnup in (S + IB + OB) region. The
heights of seed are optimized to achieve the void reactivity coefficient of 20 pcm/%void
under the condition that the enrichment of Pu in MOX fuel is less than 30.0 wt% (enrichment
of fissile Pu of less than 18.0 wt%) and the burnup in (S + IB + OB) region is 45 GWd/t. For
the S18B0 and S15B5 arrangements, the optimized height of seed is 500 mm x 2. For the
S14B4 arrangement, the optimized height of seed is 400 mm x 2. On the other hand, the
optimized height of seed is 700 mm x 2 for the S474B498 (Hanagara) arrangement. After
adjusting fissile Pu for the burnup as 45 GWd/t in (S + IB + OB) region for all of the
arrangements, the enrichment of fissile Pu and the burnup of the other regions are shown in
Table 6.2. It has been seen from Table 6.1 and 6.2 that the burnup in (S + IB) region
increases, when the height of seed decreases from 1000 mm x 2 to 500 mm x 2 in the S15B5

arrangement.

Table 6.2 Burnup Characteristics of seed-blanket assemblies for 45 GWd/t burnup with
short seed heights

Type of En. of | Cycle length Burnup in Burnup in Burnup in
Assembly | 5 iile Pu | by 6 batches | S+ AB+IB+OB | S+IB+OB S+IB
(wt%) (month) (GWd/t) (GWd/t) (GWd/t)
S18B0
Seed height 9.65 11.09 28.32 44.80 44.80
S500mm x2
S14B4
Seed height 17.80 20.75 27.3 45.60 59.04
400 mm x2
S15B5
Seed height 17.26 21.05 28.86 45.46 65.31
500 mm x 2
S474B498
(Hanagara) 17.70 22.78 31.72 45.95 67.99
Seed height
700 mm x 2
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Figures 6.3 and 6.4 show the integrated conversion ratio and void coefficient,
respectively for different seed-blanket arrangements with the optimized heights of seed.
Figure 6.3 shows that in the S15B5 arrangement, the integrated conversion ratio is 0.969,
which is higher than the other arrangements. Also, the S14B4 arrangement has the high
conversion ratio of 0.961. Comparing Tables 6.1 and 6.2 it has been seen that the enrichment
of fissile Pu increases with decreasing the height of seed to achieve the burnup of 45 GWd/t.
But the conversion ratio increases with decreasing the height of seed as seen from Figs. 6.1
and 6.3. It is inferred that the large ratio of the heights of the axial blanket to seed is the main
cause for high conversion ratio. Figure 6.4 shows that the void coefficient becomes less
positive with decreasing the height of seed, in which the S14B4 assembly has a significantly
less positive void coefficient value compared to the other arrangements. But in the S14B4
arrangement, the seed is very short as 400 mm x 2, which will increase the diameter of the
core. In the S15BS5 arrangement, the void coefficient is 20.81 pcm/%void, when the height of
seed is 500 mm x 2. In the S18B0 arrangement, the void coefficient is nearly the same value
as that in the S15B5 arrangement. The void coefficient is still positive in the S474B498

(Hanagara) arrangement.

By considering the integrated conversion ratio, void coefficient and burnup, the
recommended seed-blanket assembly is S15BS5. The vertical view of the recommended S15B5

seed-blanket assembly is shown in Fig. 6.5.

Table 6.3 shows the inventory of fissile Pu in a reactor, whose power is 1350 MWe
and the burnup in (S + IB + OB) region is 45 GWd/t. In the S15B5 arrangement, the initial
loaded fissile Pu is 24.98 ton and the discharged amount of fissile Pu is 23.90 ton. For a 1350
MWe power reactor, the required number of assemblies is 324 by using the S15BS

arrangement and the diameter of the core is 8.7 m.
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Table 6.3 Pu inventory for 45 GWd/t burnup in a 1350 MWe reactor (Excess
reactivity is 1.0% Ak/k)

Type of Given assembly | No. of assembly Initially loaded Discharged fissile
Assembly power in by 6 batches Fissile Pu in (t) Puin (t)
(MWth)
S18B0
Seed Height 18.15 222 14.080 13.554
500x2 mm
S15BS
Seed Height 12.27 324 24.979 23.900
500x2 mm
Z |
Axial blanket 400 mm
Outer blanket
1150 mm
150 mm
Axial blanket 400 mm

Fig. 6.5 Vertical view of optimized seed-blanket arrangement for 45 GWd/t

burnup in (seed + internal blanket + outer blanket) region.
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7. Fuel Temperature Coefficient

~ The fuel temperature coefficients of different seed-blanket assemblies with seed as
MOX and blanket as UO, have been studied. Figure 7.1 shows the fuel temperature
coefficients of different seed-blanket assemblies when the integrated cohversion ratio is 1.0.
The nominal fuel temperature is 889 K, which is increased to 1389 K and 1889 K to calculate
the fuel temperature coefficients. It has been seen from Fig. 7.1 that the fuel temperature
coefficient is negativé for all cases by the value of about -2.5 x 10~ (dk/dT), when the fuel
temperature is 1389 K. Also, the fuel temperature coefficient is negative for all cases, when
the burnup in (S + IB + OB) region is 45 GWd/t.

#1389 K 71889 Kj

-3.0E-05

-2.5E-05

-2.0E-05

-1.5E-05

-1.0E-05

Fuel temperature coeffcient [(1/k)dk/dT]

S$18B0 S14B4 S15B5 $474B498

Gap0.4mm Gap0.4mm

-

Fig. 7.1 Fuel temperature coefficient of the MOX fuelled assembly for the
conversion ratio of 1.0
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8. Performance of Metal (Pu+U+Zr) Fuel

At present, metal (U-Pu-Zr) fuel is considered as one of the promising candidates for
fast breeder reactor (FBR) due to efficient fuel performance. That means (U-Pu-Zr) fuel can
remain in the reactor longer and thereby reduce the cost and environmental risks of fuel
replacement. Also, the high conversion ratio from fertile into fissile is realized by the hard
neutron spectrum due to the high fuel density. By considering these advantages, the

possibility of usage of metal fuel has been studied in a seed-blanket type RMWR.

It was found from Chapter 6, if the burnup is 45GWd/t in (S + IB + OB) region of the
seed-blanket (MOX-UQ;) assembly, the conversion ratio is slightly less than 1.0 (0.97).
Therefore, in order to improve these core performance the possibility of the metal fuel has
been investigated. In a seed-blanket fuel assembly, (U-Pu-10%Zr) is used as seed and (U-
10%Zr) is used as blanket as shown in Fig. 8.1.

Z
Axial blanket 400 mm
Blanket L Fe s e s Ny N e s F o Fain e i)
S R,
Seed 55 Seed 1000 mm i
. i Outer blanket
Thlmble t“be R TR L LA 2150 mm
Internal blanket
. 150 mm
Tie rod S
l-’ LA A Y ....'.'-..-.h""-\..':"\.

Axial blanket 400 mm

No. of seedrods : 589
No. of blanket rods : 504
No. of layers : 20

Fig. 8.1 Horizontal and vertical cross sectional views of seed-blanket fuel assembly
used for metal fuel.
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Table 8.1 Burnup characteristics by using metal fuel

Type of Seed-blanket Fissile Cycle Burnup in Int-C.R. Void
Fuel Assembly Pu length in (S+IB +OB) at EOL coefficient
(wWt%) (month) (GWd/t) (Pcm/ % void)
Oxide fuel (MOX as
Seed, UO, as Blanket) 14.62 18.60 45.0 0.95 +31.58
Metal fuel 9.98 34.50 45.0 1.07 +126.00
Metal fuel 1130 | 3557 450 1.09 +116.12

Seed Height: 500mmx2

The burnup characteristics of the metal fuel are shown in Table 8.1 and compared with
those of the oxide fuel. It is shown in Table 8.1 that the enrichment of fissile Pu decreases in
metal fuel about 4.7% compared to the oxide fuel for burnup of 45 GWd/t. Moreover, the fuel
cycle length becomes nearly twice as that of oxide fuel. Therefore, a metal fuelled RMWR
will decrease the environmental risks of fuel replacement, radiotoxic hazard of spent fuel, and

the cost of the system.

Table 8.1 shows that the conversion ratio increases largely in the metal fuelled -
RMWR in comparison with the oxide fuelled RMWR. But a change in the void coefficient is
large in positive value, which will be a problem to use the metal fuel in a practical reactor. To
improve the void coefficient of the metal fuelled seed-blanket assembly, the height of seed is
decreased from 1000 mm x 2 to 500 mm x 2. It is expected that the axial leakage of neutron
will improve the void coefficient. After adjusting the enrichment of fissile Pu, it is seen that
the void coefficient is still large in positive due to increase in the enrichment of fissile Pu as
shown in Table 8.1.

Finally, it is concluded from these calculations that the use of metal fuel will be

limited in a seed-blanket type RMWR due to the large positive void coefficient values.
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9. Performance of Thorium Based Oxide Fuel

Thorium is considered one of the efficient nuclear reactor fuels due to the attractive
neutronics properties of the fissile 23U isotope, which is bred by neutron capture of 22Th,
T.K.KIM 'V shows that thorium-based fuels in the intermediate spectrum of tight-pitch LWRs
have considerable advantages in terms of conversion ratio, reactivity control, non-
proliferation characteristics, and a reduced production of long-lived radiotoxic waste.
Therefore, the performance of thorium based oxide fuel (T-MOX: PuO,+ThO;) in a seed-
blanket fuel assembly has been studied. It is expected that the void coefficient will be

negative by using the T-MOX fuel in our seed-blanket type RMWR fuel assembly.

At first, ThO, is used as the axial blanket instead of UO, as shown in Fig.9.1. It is seen
from Table 9.1, that the conversion ratio as well as the void coefficient does not change when
ThO, is used as the axial blanket. But when ThO, is used as the internal blanket, the
conversion ratio increases significantly, though the height of internal blanket should be over
200 mm as shown in Table 9.1. When ThO; is used in the seed by T-MOX as shown in Fig.
9.2, the void coefficient is improved significantly, but the conversion ratio is significantly
decreased compared to the MOX fuelled assembly as shown in Table 9.1. Even the
combination of T-MOX as the seed and ThO, as the internal blanket does not improve the

conversion ratio.
Z ] Z ]

Axial Blanket (ThO,) 400 mm

Axial Blanket (UO,) 400 mm

S

2 Seed MOX) 5
% 1000 mm

£ Seed (MOX) £
1000 mm &

Outer Blanket seasannnaenanatyy Outer Blanket
(U 02) 2 3 IR IA ] (UOz)
2150 mm Internal Blanket (ThO,)| 2150 ~ 2300 mm
150 ~ 300 mm

BRI

ARSI LIS PSR LRI P 2RSS,
PSSRSO TS

i 3 : e
2 Seed (MOX) 22 i Seed MOX) 8
Sy R 52
i 1000mm 2% 1000 mm 3
A Rt pgn  rovvim 3
ey Y S S

Axial Blanket (ThO,) 400 mm Axial Blanket (UO,) 400 mm

Fig. 9.1 Vertical views of assemblies in which ThO; is used as axial
and internal blanket, respeectively.
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Table 9.1 Burnup characteristics of thorium based oxide fuel

Type of Seed-blanket Fissile Cycle Burnup in Int-C.R. Void
Fuel Assembly Pu length in (S+IB +OB) at EOL coefficient
(wt%) (month) (GWd/t) (Pcm/ % void)
MOX as Seed, UO, as 14.62 18.60 45.0 0.95 +31.58
Blanket
ThO, as Axial Blanket 14.65 18.13 45.0 0.95 +31.85
ThO, as Internal Blanket 14.60 18.70 45.0 0.95 +27.47
ThOQ, as Internal Blanket 14.90 19.24 45.0 1.05 +28.53
(200 mm)
ThO, as Internal Blanket 15.25 20.09 45.0 1.05 +30.96
(300 mm)
Pu0,+ThO,: T-MOX as 16.22 18.23 45.0 0.90 +6.30
Seed
T-MOX as Seed, ThO, as 16.35 18.33 45.0 0.90 +0.66
Internal Blanket (200 mm)
Z Z
Axial Blanket (UO,) 400 mm Axial Blanket (UQO,) 400 mm

f-.-*> “Seed (T-MOX) e

Outer Blanket Shesssnsannonnonniy Outer Blanket
(Uoz) --------- (UOz)
Internal Blanket (Uoz) 2150 mm Internal Blanket (Thoz) 2200 mm
150 mm 200 mm
SRR TH SR
Seed (T-MOX) & 22 Seed (T-MOX)
1000 mm 35 n 1000 mm
SR SEESEssnann ]
Axial Blanket (UO,) 400 mm Axial Blanket (UO,) 400 mm

Fig. 9.2 Vertical views of assemblies in which ThO; is used as seed in (T-
MOX), and seed and internal blanket, respectively.
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10. Conclusions

Parametric studies of seed-blanket type RMWR have been performed to optimize a
fuel assembly for high conversion ratio: 1.0, high burnup: 45 GWd/t in (seed + internal
blanket + outer blanket) region and negative void coefficient. From the parametric survey of

seed-blanket fuel assembly, we can remark the followings:

1. Seed-blanket fuel assembly arrangements with 50% to 60% of seed have higher
conversion ratios and lower void coefficient values compared to the other
arrangements. And the recommended numbers of seed-blanket layers is 20, in which
the number of seed (S) layers is 15 and that of blanket (B) layers is 5. The conversion

ratio decreases when seed and blanket are arranged in a “Hanagara” shape.

2. In a seed-blanket type RMWR, the S15BS5 arrangement has a high conversion ratio 1.0
and a positive void coefficient of 21.82 pcm/%void, when the height of seed is 1000
mm x2, the axial blanket is 400mm x2 and the internal blanket is 150 mm. The gaps
for seed and blanket fuel rods are 1.0 mm and 0.4 mm, respectively. In this fuel
assembly, the burnup in (seed + internal blanket + outer blanket) region is 38.21
GWd/t. The diameter of core is 6.1 meter for a reactor power of 1350 MWe.

3. Also a seed-blanket type fuel assembly is designed for a high burnup of 45 GWd/t in
(seed + internal blanket + outer blanket) region. The recommended fuel assembly of
seed-blanket is also S15BS5, in which the height of seed is 500 mm x2, that of axial
blanket is 400 mmx2 and that of internal blanket is 150 mm. In the S15B5 assembly,
the conversion ratio is 0.97 and the void coefficient is 20.81 pcm/% void. However,
the diameter of core will be large for a reactor power of 1350 MWe.

4. It is possible to improve the conversion ratio of seed-blanket fuel assembly by using
metal fuel, but it makes the void coefficient worse. On the other hand, the use of T-
MOX as seed is improved the void coefficient of the seed-blanket fuel assembly, but

the conversion ratio decreases.

In the seed-blanket type RMWR, a fuel assembly with 15 layers of seed fuel rod (MOX) and
5 layers of blanket (depleted UO,) fuel rod (S15B5) has higher conversion ratio and higher
burnup compared to the other assemblies of seed-blanket. Though the void coefficient is
about +20 pcm/%void (1pcm = 107°dk/k) in the S15B5 arrangement, it is expected to become

negative in the whole core calculation considering the radial neutron leakage effect.
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Therefore, the detailed whole core calculation is necessary to obtain the realistic void

reactivity coefficient.
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