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Abstract 

In this report, the process to design an Advanced Liquid Metal Reactor (ALMR) 
for burning the transuranic part of nuclear waste is diseased. The influence of 
design parameters on ALMR bumer performance is studied and the results are 
incorporated in a design schedule for optimizing ALMRs for burning transuranics. 
This schedule is used to design a metallic and an oxide fueled ALMR bumer to 
burn as much as possible transuranics. The two designs bum equally well. 
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SUMMARY 

The mfhience of several design paranietera on the b ^ 
nuclear waste with Advanced Liquid Metal Reactors (ALMRs) has been studied. 
Oneofthecoaciusicreoftliisstiidyisthatte 
maximized. litis is accoorolished by reducing ÜV: fuel in^^ 
the in-core residence time, which are both Umited by constraints imposed on the 
design for reliability, safety, and costs. 

The process to optimize an ALMR burner for burning transutanics is as follows: 
First take the cycle length and the number of batches equal to their lower limits, 
which are determined by economical reasons. Then reduce the core height and 
the fuel volume fraction in such a way that both the bumup reactivity loss and the 
linear power are maximized. The number of batches should be as high as possible 
leading to a larger in-core residence time, but not that high that the peak bumup 
exceeds its limit Increase the cycle length only when the burnup reactivity loss 
is still below its limit This approach leads to the highest riansinvnics enrichment 
and thus the highest burned amount of tiansununcs per year. 

This systematic optimization process was used to develop a metallic and an oxide 
fueled burner. These optimized burners are able to burn approximately the same 
amount of transuranics per year, which is about 60 kg per year for these 471 MW, 
reactors. This amount is about 1.5 times the amount discharged yearly by an 
ordinary Light Water Reactor operated at the same power level. 

In general, the optimization on burning potential in the ALMR will lead to fuel 
inventory reduction and in-core residence time maximization. This will increase 
the cost effectiveness of the design. But, optimization leads also to a small 
cycle length, which will increase costs. Also, optimization on burning will lead 
to a decrease in reactor power, which will increase the cost per unit of energy 
produced. 
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1. INTRODUCTION 

b a previous study by the author, an oxide and a metallic Aided Advaaced Liquid 
Metal Reactor (ALMR) burner have been compared [1]. The conclusion was 
that die oxide fueled burner transmutes more transiganicsthjn the metallic fueled 
burner. This is surprising because it is generally believed that a metallic fueled 
fast burner transmutes more transuranics than an oxide fueled fast burner. This 
theorem is supported by the argument that the ratio of capture cross section to 
fission cross section is larger for oxide fuel than for metallic fuel, due to the softer 
neutron spectrum for the oxide fuel caused by the pre 

When we look closely at the two designs presented in reference 1, several dif
ferences can be observed. The core layout, the burnup, the number of batches, 
and die cycle length are all different So, to make a more general statement about 
oxide and metallic fueled burners, the influence of all these differences on the 
burned amount of transuranics has to be known. This is determined in die study 
presented in this report, and a systematic approach to design a burner which burns 
as much transuranics as possible is developed. With this approach, the metallic 
and the oxide fueled burner designs are renewed. 

The primary goal of the design of a reactor core is to detennine that set of 
system parameters which will yield reliable, safe, and economical operation at 
the rated power level over die desired cc«e lifetime. All these goals will impose 
several constraints on performance parameters of the design. For an ALMR, these 
constraints are: 
1. The burnup reactivity loss should be kept below 12$ for burner corestoensure 

proper reactivity control. This limit is based upon a maximum insertion limit 
of 0.3$ per control rod in accident analysis. This leads to 6 stops per control 
rod on the control rods assuming the accomodation of die burnup reactivity 
loss with six control rods. The maximum number of stops on control rods of 
a length of 90 cm is considered to be six. The limit on burnup reactivity loss 
should be lowered when the control rod worth is too low to accomodate the 
loss in reactivity. 

2. The peak fuel bumup should be limited to about ISO MWd/kg to limit the 
cladding strain from the fission gas buildup in the upper plenum region and to 
assure proper fuel performance and fuel pin integrity. 

3. The peak fast neutron fluence should be limited to about 3.6 -1023 n/cm3. This 
limit is based on constraints imposed by the use of HT9 ferritic steel as the 
core structural material, which might swell appreciably above this fluence. 

4. The peak linear power should be below 32.8 kW/m to exclude fuel melting in 
steady state and transient conditions. This limit is used for both the metallic 
and the oxide fuel. 

5. The transuranics enrichment should be limited. For the oxide fuel, the 
transuranics enrichment should be less than about 33 w/o, to ensure proper 
fuel fabrication. The solubility of plutonium in HNO3 is reduced when the 
enrichment is above this limit and hydrogen-fluoride has to be used in fuel-
processing. This will lead to a strong increase of the fuel fabrication costs [2]. 
A practical limit for the transuranics enrichment for metal fuel is 30 w/o of the 
ternary alloy to remain in the range of the current metallic fuels database [3]. 

6. The number of batches should be higher than two to limit the amount of fuel 
in reprocessing. 

7. The cycle length should not be shorter than 12 months, because of plant 
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availability, which should be as high as possible for economical reasons. 

The design can be represented by a set of system parameters which are chosen 
in such a way that the design falls within all constraints and can operate cost 
effectively, ugerieral, a core design is optirrüzed economically when die avenge 
linear power density and the average burnup are maximized. The average linear 
power density is directly related to the average power density for a specific fuel 
assembly design, which is maximized to minimize fuel inventory. The average 
burnup is equal to the energy per unit of mass produced in the fuel before it is 
renewed. So, a larger burnup will reduce the amount of material reprocessed 
per unit of energy produced. Highest average linear power and burnup can be 
obtained when the peak values are equal to the limits imposed on them, and when 
the power distribution is flat, which results in a sinall difference between the peak 
and the average values. 

However, this study aims for a burner which bums as much transuranics as 
possible. Still, the design should be safe, reliable and cost effective. In this study, 
we assume that this is accomplished when the design falls within all constraints. 
Therefore, the aim of this study is the design of a burner which bums as much 
transuranics as possible and which remains within all constraints. Also, some cost 
implications of the burning of transuranics is discussed. 
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2. CALCÜLATIONAL METHODS 

2.1 Neuronics Cross Section Generation 
The bask cross section data used for the nuclear design evaluatko* are contained 
in the Evaluated Nuclear Data File, Version V2 (ENDF/B-V2) [4]. The NJOY 
data processing code system [5J was used to process the ENDF/B-V2dataintoa 
80-group cross section library conuuning mfrnitedüttte<xosssectioiis for various 
temperatures and Bondatenko self-shittrtrng f-factors. This library was prepared 
by the Los Alamos National Laboratory (LANL). 

Regionwise microscopic cross sections were generated by utilizing the TDOWN 
data processing code and the preprocessed 80-group data library. The TDOWN 
code was developed by General Electric to perform the data processing cakula-
lions and to generate muhignwp cross section libraries ma format diat can directly 
be applied to flux solution coo». The data processing in TDOWN includes reso
nance selfshtekiing, spatial selrsmekhng, elastic lemoval correction, reactor and 
cell flux solutions, and cross section condensation to few groups. 

A cylindrical cell model for typical fuel and blanket pins was used in the TDOWN 
calculations. The heterogeneous cell configuration consists of four regions: a 
smeared fuel pellet/slug region, a cladding region, a sodium coolant region, and 
a smeared fuel assembly region (Le^ smeared fuel, coolant, cladding and duct 
material). Resonance sdfshidding calculations for each region are based on me 
Bondarenko f-factor approach using narrow resotiance approximation. Hcteroge-
neous selfshielding is based upon the multi-region equivalence theory, which is an 
extension of the Wigner rational approximation [6]. Finally, cell homogenization 
over the fuel pellet/slug, cladding, and sodium regions is performed to obtain the 
cross section data for a typical homogenized pin mixture. For every typical region 
and for a typical enrichment, a cross section set is generated and combined to one 
working library. Atypical fuel pin has a fuel volume fraction of 37% for the metal 
library and 42.1 % for the oxide fuel library. 

One-dimensional reactor flux solution calculations were also performed to obtain 
neutron spectra for collapsing the cross section data to 12-group libraries for both 
metallic and oxide fuel. These calculations are typically carried out for several 
radial and axial models. It is noted that the preprocessed 80-group library was 
generated using a fixed neutron spectrum typical of a fast reactor. To account 
for the difference in neutron spectra between the base library and the reactor 
of interest, elastic removal correction is applied to correct the slowing down of 
neutrons and improve the accuracy of the predicted neutron spectra. 

The reference regionwise temperatures used in the data processing calculations 
are taken from thermal-hydraulic analysis for steady-state full-power operating 
conditions. 

2.2 Flux Solution and Burnup Calculations 
For all cores investigated in this study, the same fuel cycle calculation procedure 
was used to provide a consistent comparison. All fuel cycle calculations were 
carried out with the three-dimensional flux solution code DIF3D [7] and the fuel 
management and burnup code FUMBLE, developed by General Electric. Flux 
solution calculations were performed using three-dimensional (3-D) hexagonal-z 
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geometry, and the coarse-meshed nodal diffusion theccyapproxiinatioo to neutron 
transport. The 12-group cross section library for the specific fuel type under 
consideration was used for all bask neulronics computations. 

The fuel cycle compttfations for the specified effective-full-power-day (EFPD) 
operating interval were performed by a buroup calculation in which the region-
wise fluxes and fuel cross sections were taken from converged heghming-ofcycle 
and end-of-cycle flux solutions and interpolated for several burnupsubsteps (nor
mally 10) within the cycle. A well converged fuel cycle mas» balance solution 
was obtained by successive iterations of the flux solution and fuel management 
calculations, in which the initial enrichment was adjusted to obtain the EOC re
activity requested by the user, with this set of programs, it is not possible to do 
a calculation including the discharged fud of the burner. Instead, it is assumed 
th* t at th» hagmning nf each cycle, the lnaHed K«*mMi« MK fresh fiiel, made nf 

for instance LWR waste. In these calnihawn^u^positkwsoftbe assemblies are 
fixed during a cycle; the assemblies are not shuffled to reduce power peaking. 

For the sake of simplicity in the flux solution calculations, all control rods were 
assumed to be parked at a fixed position at both the beginning of the equilibrium 
cyck(BOEQ and tlie end of equilioriuro cycle ( E ( ^ ^ 
insertion depths at BOEC are highly dependent upon the bumim reactivity loss 
uta requires excess reactivity m the fuel for biimupconn^nsation. However, the 
sioiptiik^ctt utilized is MX expected to ha^ 
pafoijiiance parameters. 

10 ECN-C-94-079 



3. INFLUENCE OF DESIGN PARAMETERS ON 
ACTINIDE BURNING 

3.1 Introduction 
To optimize an ALMR design, design parameters have to be adjusted to increase 
linear power and burnup, while remaining within the limits imposed on several 
other performance parameters. These limits are set to obtain a safe, reliable, and 
cost effective design, hi this study, we are interested how to design a reactor 
which consumes as much transuranics as possible, within the limits set for safety, 
reliability, and cost 

The influence of the core design parameters on hov/ much the ALMR burns is 
examined. At first, no constraints on any performance parameters were taken 
into account. Then, these limits were considered, and it was determined how 
design parameters have to be chosen to optimize the design for burning within the 
constraints. 

The design of a reference ALMR consists of a heterogeneous core layout of fuel 
and blanket assemblies. The blanket assemblies are used to produce fuel for future 
fuel cycles, to flatten the power profile, and to reduce power peaking; all important 
toincxeasesafetyandcosteffectiveness. Fcvaburner.thefuelforroturefuelcycles 
is assumed to be available from other sources, for instance a stockpile produced 
by once-through LWRs. So, blanket assemblies, normally used to produce fuel 
for use in the future, will not be used. The blanket assemblies are exchanged 
partly for fuel assemblies. The space left by the radial blanket assemblies are used 
for extra shielding assemblies. 

Important design parameters are core height, fuel volume fraction, cycle length 
and the number of batches. Other design parameters are reactor power, core 
layout, fuel pin and assembly design. These parameters can all be varied to obtain 
an ALMR design, all other quantities are a result of these parameters, and are 
called "performance parameters". The core layout is kept constant in this section, 
and the fuel pin and assembly design are represented by the fuel volume fraction, 
which is varied by the pin radius. The reactor power is kept constant too. 

The core layout consists of a two region core as can be seen in figure 3.1. hi the 
center of the core, 84 low-enriched fuel assemblies are present, and surrounding 
these assemblies, 108 high-enriched assemblies are positioned, with a 20% higher 
enrichment than in the coter. This enrichment split is applied to improve the 
performance of the burner by the reduction of power peaking. The determination 
of the magnitude of the enrichment split is not studied, because a systematic 
approach of this process is very hard to give. The split is kept constant in the 
calculations described in this chapter. In this report, only the high enrichment 
value is given. 

The burning capability is measured in terms of the amount of transuranics burned 
per year. Five other performance parameters are considered in this study: the 
burnup reactivity loss, peak burnup, peak linear power, peak fast fluence, and 
transuranics enrichment. These parameters are used, because constraints are im
posed on each of them. These constraints will limit the range of the design 
parameters. Assumed was that the four design parameters are independent vari
ables for all these performance parametas and that the performance parameters 
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Figure 3.1 Core layout for the ALMR burner 

are linearly dependent on the changes in the design parameters: 

*i(*<) = E l T •A*, + c i f (3.1) 

where bj is a performance parameter, ar< is a design parameter, and Cj are constants. 

An oxide fueled ALMR with a thermal power of 840 MW, is studied. First, 
the partial derivatives of the six performance parameters to the design param
eters will be discussed. The data were collected by varying these parameters, 
while no constraints were considered. All calculations were carried out with 
the DIF3D/FUMBLE interpolation scheme. The partial derivatives to the design 
parameters were determined by linear regression, by using the FIT routine of 
reference 8. The baseline case is the design of GE, which is presented in table 
3.3. The design parameters are: Core height of 81.3 cm, fuel volume fraction of 
39.5%, a cycle length of 12 months, and 5 batches. All partial derivatives were 
determined from data calculated by varying only one design parameter at a time. 
So, we assume implicitly that the relations for different design parameters are not 
correlated. This assumption is examined for the design parameters cycle length 
and number of batches, because these are expected to be correlated and because 
the number of batches is always varied by a large fraction due to its small value. 

The partial derivatives will be used to optimize a burner with oxide fuel for the 
thermal power of 840 MW,. The experience with this process will be translated 
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into general rules on how to optimize a burner when these relations are not known 
in detail. 

3.2 Partial derivatives of the Performance Parameters to the 
Design Parameters 

The partial derivatives of the performance parameters to the design parameters 
were determined. The design parameters are the core height, which was varied 
between 58 cm and 91 cm, the fuel volume fraction, which was varied between 
36.5% and 42.3%, the number of batches, which was varied between two and six, 
and the cycle length, which was varied between 10 months and 14 months. For 
some of these cases, the limits set on performance parameters were exceeded. For 
each design parameter, five cases were calculated. 

In Table 3.1, the partial derivatives for the performance parameters to the design 
parameters are presented. 

Table 3.1 Partial Derivatives of the Performance Parameters to tile Design Parameters 

dbjfdxi 

burning 
capability [kg/y] 
Reactivity loss 
-flc[$] 
peak 
burnup 
IMWd/kg(HM)] 
peak 
Linear Power 
[kW/m] 
peak 
FastFluence 
[1022 n/cm2J 
TRU enrich. 
[%HM] 

Design Parameter 
Core 

Height [cm] 

-1.9 ±0.1 

-0.18 ±0.02 

-1.8 ±0.2 

-0.49 ±0.03 

-0.20 ±0.01 

-0.30 ±0.03 

Volume 
Fraction [%] 

-5.11 ±0.05 

-0.533 ±0.001 

-3.5 ±0.4 

-0.096 ±0.001 

-0.10 ±0.01 

-0.79 ±0.02 

Number of 
Batches 

5. ±1. 

0.300 ±0.008 

31.1 ±0.4 

032 ±0.07 

6.31 ±0.05 

0.9 ±0.1 

cycle 
length [months] 

3.01 ±0.02 

0.900 ±0.01 

12.5 ±0.1 

0.22 ±0.01 

2.49 ±0.02 

0.47 ±0.01 

The partial derivatives for the burning capability to the number of batches and the 
cycle length are of opposite sign compared to the derivatives to the core height 
and the fuel volume fraction. A decrease in fuel inventory increases the burning 
capability while a decrease in in-core residence time reduces burning capability. 
To explain this, the influence on reactor performance should be clear, which will 
be studied in more detail in the next three sections. 

The partial derivatives for the core height and fuel volume fraction are both of 
opposite sign compared to the partial derivatives for the number of batches and 
the cycle length. For instance, a reduction in core height will increase the peak 
bumup (because less fuel inventory produces the same power), but a reduction in 
cycle length will reduce the peak burnup. 

The assumed linearization of the relation between the performance parameters and 
the design parameters is only valid for a limited range of the design parameters. 
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For instance, the linear power is inversely proportional to the core height, which 
can be approximated by a linear relation for small deviations from the baseline 
value, which is 81.3 cm. A decrease in core height with 50% will double the peak 
linear power, whereas the linearization leads to an increase in linear power with 
approximately 60%, 

One relation is remarkable and that is the relation between the number of batches 
and the peak linear power. The use of more batches results in an increase in the 
peak linear power. One would expect a decrease: The larger spread in bumup of 
the batches can be used to flatten the power distribution. This is not the case for 
these calculations because the assemblies are not reshuffled after each reload. So, 
a large spread in bumup will lead to larger differences in the power production of 
some elements, which will increase the peak linear power. 

In Figure 3.2, the burned amount of transuranics per year as calculated by the 
DIF3D/FUMBLE scheme is plotted as a function of the transuranics enrichment. 
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Figure 3.2 The amount of transuranics burned per year as a Junction of the transuranics 
enrichment of the fuel 

This Figure shows that the relation between these two parameters is quite linear in 
the parameter range considered. So, to maximize the burning rate of transuranics, 
one should aim for a high transuranics enrichment as explained in chapter two. 

One can go to a higher enrichment by wasting more neutrons. More neutrons are 
wasted by adding absorber material to the fuel and by reducing the fuel inventory, 
which is proportional to the product of fuel volume fraction and core height. One 
can increase the enrichment also by increasing the bumup of the fuel, for instance 
by an increase of the in-core residence time. The range in which these parameters 
can be varied is set by the constraints on the design. The use of extra absorber 
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material is not considered ia this thesis. The questions to be answered in the next 
sections are: 
1. Is reduction of fuel inventory more efficient than the increase of in-core resi

dence time? 
2. Should an increase in in-core residence time be accomplished by the number 

of batches or by the cycle length? 
3. Should a reduction in fuel inventory be accomplished by the core height or the 

fuel volume fraction? 

However, before answering these questions, we will first study the correlation 
between the linear relations for the design parameters cycle length and number of 
batches. 

3.3 Correlations between the Coefficients for Cycle Length 
and Number of Batches 

In this section, the correlations between the coefficients for cycle length and num
ber of batches are studied. The in-core residence time is the product of cycle length 
and the number of batches. For instance, one would expect the average bumup to 
beconstantfor constant in-coreresidencetime. Theperformanceparameterswere 
calculated for a constant in-core residence time while the number of batches and 
the cycle length were varied. This was done with the DIF3DVFUMBLE scheme 
as well as with the linear relations determined in section 3.2. In Table 3.2, the 
maximum deviations between the two approaches are presented, in the range of 
three batches and 20 months to six batches and 10 months. 

For the peak bumup and the peak fast fluence, the deviation is high, showing 
the correlation between the cycle length and the number of batches for these 
parameters. Bom parameters are almost constant for the range of batches and 
cycle lengths considered. This shows that both are linear with die product of 
number of batches and cycle length. Therefore, the peak bumup and the peak 
fluence will be linearized to the in-core residence time. 

These results show that the assumed non-correlation between the linear relations 
might lead to large discrepancies between the results obtained by the direct cal
culation and by the linear relations. This could also be the case for the linear 
relations for core height and fuel volume fraction. The results presented in this 
paragraph were obtained by varying the number of batches and the cycle length 
by a factor of two. However, the fuel volume fraction and the core height are 
varied on a much smaller scale. 

Table 3.2 Maximum deviations between direct calculations and calculations with the 
linear relations 

Performance 
Parameter 

reactivity loss 
peak bumup 

peak linear power 
peak fast fluence 

TRU enrich. 
burned TRU 

Deviation 
m 
1.3 
24 
1.0 
24 

-2,0 
-5.1 

ECN-C-94-079 15 



Optimising Advanced Liquid Metal Reactors for Burning Actinides 

3.4 ALMR Burner Optimization within Performance Con
straints 

3.4.1 Optimization Method 
In the previous sections, relations between design parameters, burning capability, 
and performance parameters have been calculated. An increase of in-core resi
dence time, by adjusting cycle length and/or the number of batches, and a decrease 
in fuel volume, by adjusting the core height and/or the fuel volume fraction, will 
increase the transuran'.s enrichment need and thus the burning capability. But, 
due to several constraints imposed on the performance parameters of the reactor 
design, the design parameters are restricted to a certain range. In this paragraph, 
the way to choose these design parameters will be explained. The linear relations 
will be used Ui maximize the burning rate of transuranics while complying with 
the constraints on the performance parameters. It is almost impossible to do this 
without an optimization model, because of the amount of information involved. 

In reference 8, a computer code to solve a linear maximization problem is pre
sented. This code maximizes the function: 

Z = OoiXi + 002^2 + + &ONxN (3.2) 

subject to the primary constraints 

*i > 0, x2 > 0, , IAT > 0 (3.3) 

and simultaneously subject to M = mi + m2 -f m3 additional constraints, mi of 
the form 

*nXi + ai2x3 + + aiNxN < bi (6, > 0) (3.4) 

i = 1 , . . . . , 7 7 l l 

m2 of the form 

djiXi 4- 0̂ 2X2 + + a,*!* > bj > 0 (3.5) 

3 = mi + 1, ,mi + m2 

and m3 of the form 

a*ixi + ak2x2 + + akNxN - bk > 0 (3.6) 

k = mi + m2 •+• 1»......mi + m2 + tn^ 

The Xi are the four design parameters and the a{j are the linear coefficients 
calculated in the previous sections. The ft's are the constraints imposed on the 
design parameters (cycle length and number of batches) and the five performance 
parameters. N is four, ml is five (for burnup reactivity loss, bumup, linear power, 
fast fluence, and transuranics enrichment), and m2 is 1 (for the cycle length), and 
m3 is 1 (for the number of batches). The number of batches is fixed to an integer 
number (in this study three, four, or five) to be able to use linear relations between 
in-core residence time and peak burnup and peak fast fluence. So, the number of 
batches is not present in the optimization problem. Absolute values are needed 
for the performance parameters to check whether these are within their limits. So, 
we need also the constants calculated by the linear regression code. These are also 
used to obtain absolute values for the burning capability. The absolute values are 
all the same as for the baseline case calculated with the DIF3D/FUMBLE scheme 
and presented in Table 3,4, Only the values for peak bumup, enrichment, and 
burning capability deviate slightly: the peak bumup is 161.7 MWd/kg(HM), the 
transuranics enrichment is 28.3%, and the burning capability is 78,7 kg/y. 
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3.4.2 Results of Optimization 
In Table 3.3, the results of the optimization for three, four, and five batch operation 
are shown. These results are obtained with the optimization program discussed, 
and with the following constraints: peak buraup at 150 MWd/kg(HM), a maximum 
burnup reactivity loss of 10$, peak linear power at 32.8 kW/m, peak fast fluence 
at 3.6 1033 cm-3, and a maximum transuranics enrichment of 33%. The burnu» 
reactivity loss of 10$ was taken because the control rod worth for the 840 MWt 

ALMR is less than for the 471 MWt which is due to the larger core size of the 840 
MW| ALMR. Furthermore, the cycle length had to be at least 12 months to have a 
plant capacity factor of 85%, which is important for the economics of the design. 
These calculations have been done at separate number of batches to include die 
linear relation between in-core residence time and bumup and fast fluence. 

Let's take a look at what happens in going from three to four batches. The in-core 
residence time is increased, which will increase the enrichment need. Also, the 
reactivity loss and the peak linear power increase, and will be higher than their 
limits. Therefore, the fuel inventory is increased to reduce the reactivity loss and 
the peak linear power. That causes the transuranics enrichment to drop. Finally, 
a small transuranics enrichment increase remains, and the transuranics burning 
capability is only slightly increased. 

In going from four to five batches, not only die limits on reactivity loss and 
peak linear power are violated, also the peak bumup will be higher than its limit 
So, again the fuel inventoiy should be increased to reduce these performance 
parameters. The fuel inventoiy is proportional to the product of fuel volume 
traction and the core height, and indeed this product increases in going from four 
to five batches. One would expect the peak burnup to be about 178 MWd/kg(HM) 
for five batches in case that the fuel inventory is not increased. The average 
bumup is inversely proportional to the fuel inventory. So, one would expect 
the fuel inventory to be increased by approximately a factor of 1.2, but it only 
increases with 4%. This is because the bumup is inversely proportional to the 
product of the fuel volume fraction and the core height, which leads to a large 

Table 3.3 Design parameters, performance parameters, andburning capabilityfor base
line case, and for optimal cases for three, four, and five batch operation 

desi] 
parameters 

Core Height [cm] 
Volume Fraction [%] 

Cycle Length 

n parameters 
baseline 

81.3 
39.5 

12 

NB = 3 
76.3 
37.8 

12 

NB = 4 
77.3 
38.1 

12 

JVjt, = 5 

110.7 
27.7 

12 
performance parameters 

parameters 
React. Loss-Ók [$] 

Peak Burnup [MWd/kg(HM)] 
Peak Linear Power [kW/m] 

Peak Fast Fluence [1033 n/cm3] 
TRU Enrichment [%HM] 

baseline 
8.8 

160.6 
31.2 
3.2 

28.2 
Burning Capabi 

parameters 
BU Dcg/yJ 

baseline 
78.1 

JVB = 3 
10 

114.2 
32.8 
2.1 

29.4 

^ = 4 
10 

142.7 
32.8 
2.7 

29.8 

JVfl = 5 
10 

150 
18.4 
2.8 

28.8 
ity 
NB = 3 

86.7 
NB = 4 

88.6 
JVB = 5 

82,5 
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deviation from the baseline values for this case. Therefore, this result falls outside 
the validity range of this model. 

In the design practice as operated by GE, one takes a certain fuel volume fraction, 
which gives the best performance in fuel temperatures and pin failure. In this 
case, die fuel volume fraction is fixed to 393%. The results of optimization with 
this fixed fuel volume fraction are presented in Table 3.4. 

Table 3.4 Design parameten, performance parameters, and burning capability for opti
mal cases for three, four, and five batch operation at a fixed fuel volume fraction 
of39S% 

design parameters 
parameters 

Core Height [cm] 
Volume Fraction [%] 

Cycle Length 
performance 

parameters 
React. Loss -6k [$] 

Peak Bumup [MWd/kg(HM)] 
Peak Linear Power [kW/m] 

Peak Fast Fluence [1033 n/cm2] 
TRU Enrichment [%HM] 

NB=3 
76.4 
393 
13.0 

parameten 
NB = Z 

10 
116.8 
32.8 
12 

28.6 

NB = 4 
77.4 
393 
12.9 

NB = 4 
10 

146.6 
32.8 
2.8 

29.1 

NB-b 
87.8 
393 
12.0 

NB = 5 
7.7 
ISO 

28.2 
3.1 

26.4 
Burning Capabilities 

parameters 
Wlkg/y] 

JVfl = 3 
81.0 

iVfl = 4 
83.6 

NB = 5 
66.1 

The burning capabilities are somewhat less than for the cases with a free choice 
of fuel volume fraction. The core height is approximately the same as for the 
free choice cases, except for the five batch case. For the three and four batch 
cases, the peak linear power and the bumup reactivity loss are equal to their 
limits. The cycle length is longer for the three and four batch cases to increase 
the transuranics enrichment. This is possible because the bumup reactivity loss 
and the peak bumup are lower than their limits, due to the fact that the limit on 
the peak linear power prohibits a smaller core height. 

The difference between the baseline case presented in Table 3.3 and the five 
batch case of Table 3.4 is the peak bumup, which is 7% lower for the latter case. 
Therefore, the core height is increased with 8%. This results in a strongly re
duced transuranics enrichment, burning capability, peak linear power, and bumup 
reactivity loss. 

In going from five to four batches, the peak bumup, peak fast fluence, and the peak 
linear power will decrease as is shown in Table 3.4. Therefore, the core height 
can be reduced and the cycle length can be increased. The highest transuranics 
enrichment is obtained when both the reactivity loss and the peak linear power 
are equal to their limits. In going from four to three batches, again the core height 
can be reduced slightly and the cycle length can be increased slightly. 

The conclusion is that there is no definite answer to the question whether the fuel 
inventory should be decreased instead of an increase in in-core residence time. It 
depends on which performance parameters are limiting the choice of the design 
parameters. The same holds for the choice between core height and fuel volume 
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Table 3.5 Ratio ofthe Partial Derivatives to the Design Parameters for the Performance 
Parameters to the Partial Derivative of the Burning Capability 

Performance 
Parameters 

Reactivity loss 
peak 
burnup 
peak 
Linear Power 
peak 
FastFluence 
TRU enrich. 

Ratio of Linear Coefficients 
Core Volume Number of cyc'e 

Height Fraction Batches length 

0.095 0.104 0.06 0.3 

0.9 0.7 6.2 42 

0 3 0.02 0.1 0.07 

0.1 0.02 1.3 0.8 
0.16 0.15 0.18 0.16 

fraction» and between cycle length and number of batches. 

The way to reduce a certain performance parameter */ith the smallest reduction 
in burning capability can be determined by comparing the ratios of the partial 
derivatives for that particular performance parameter and the burning capability 
as is presented by: 

.. dbj dBU .dbj 
TaUo=w/-d^r=W"^ (37) 

These ratios are presented in Table 2.5. Such a ratio represents the change in a 
performance parameter to obtain an increase in the burning capability by 1 kg/y 
by variation of only one design parameter. 

The highest ratio represents the highest change m ü ^ performance parameter with 
the smallest change in the burning capability accomplished by a change in one 
design parameter. For instance, suppose that your design has a burnup reactivity 
loss, which is higher than the limit. So, you want to decrease the burnup reactivity 
loss at the lowest change in burning rate. You can do that by increasing the cycle 
length. The cycle length is the most effective design parameter to reduce the 
reactivity loss. Decrease of the number of batches is the most effective factor to 
reduce die peak burnup and the fast fluence. Increase of the core height is the 
most effective factor to reduce the peak linear power. 

Also, these ratios present the way to increase the burning capability with the 
smallest change in a certain performance parameter. The lowest ratio represents 
the lowest change in that performance parameter with the highest change in the 
burning capability accomplished by a change in one design parameter. Increase of 
the number of batches is the most effective way to increase the burning capability 
when the reactivity loss is lower than its limit. Decrease of the fuel volume fraction 
is the most effefive way to increase the burning capability when the peak bumup, 
the peak linra power, the peak fast fluence, and the transuntnics enrichment are 
lower 'Jian their limits. 

From these observations, several generalizations can be obtained: 
1. In practice, only three performance parameters reach their limits in designing 

an ALMR burner: the bumup reactivity loss, the peak linear power, and the 
peak bumup. 
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2. The cycle length should be equal to its minimum unless the fuel volume 
traction is fixed. 

3. One should increase the cycle length when the burnup reactivity loss and the 
peak bumup are lower than their limits and when the fuel volume fraction is 
fixed. 

4. One should reduce the number of batches and the cycle length when the 
peak burnup is equal to its limit and the peak linear power and/or the burnup 
reactivity loss are not equal to their limits. 

5. The core height and the fuel volume fraction should be chosen in such a way 
that both the burnup reactivity loss and die peak linear power are equal to 
their limits. When the burnup reactivity loss is lower than its limit, and the 
peak linear power is equal to its limit, the core height should be increased and 
the fuel volume fraction should be decreased. When the peak linear power is 
lower than its limit, and the burnup reactivity loss is equal to its limit, the core 
height should be reduced and the fuel volume fraction should be increased. 
The reason for this rule is that the ratio of the linear coefficients of the peak 
linear power and the burning capability for the core height is muui higher than 
this ratio for the fuel volume fraction while these ratios of the bumup reactivity 
loss are almost equal. Therefore, any change involving the peak linear power 
leads to a small change in core height and a larger change in another design 
parameter. 

3.4.3 Optimization Scheme 

The observations and conclusion of the optimizations lead to the following scheme 
to maximize the burning rate of transuranics: 
1. Choose a core layout and enrichment split, 
2. Take the lowest cycle length and the smallest number of batches, 
3. Calculate the core height from the limit on the peak linear power using an 

estimated peaking factor, 
4 Calculate core performance with DIF3D/FUMBLE, 
5. Adjust the fuel volume fraction and the core height according to the rules 

presented in this section, adjust the number of batches only when the estimated 
peak bumup remains below its limit. If the fuel volume fraction is fixed, adjust 
the cycle length until the limit on burnup reactivity loss is reached, 

6. Redo DIF3D/FUMBLE calculation, 
7. Repeat until result is satisfactory. 

3.4.4 Discussion of Optimization of ALMR Burners 
The central question of this chapter is to optimize an ALMR for burning transuran
ics. To optimize a reactor economically, the fuel inventory should be as small 
as possible, and the in-core residence time should be as high as possible. We 
have seen that to increase burning of transuranics, these parameters should be 
maximized too. So, the optimizations of burning capability and costs seem not to 
be conflicting. However, the optimization on burning leads to a short cycle length, 
which might not be the most cost effective way of plant operation. 

In the optimization process developed in this chapter, several factors were not 
accounted for 
• shuffling of fuel assemblies, which could lead to a considerable reduction in 

power peaking increasing the average linear power and bumup. Higher average 
linear power and bumup lead to a higher transuranics enrichment and burning 
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capability. 
• optimization of enrichment split, which couM also lead to a reduction in power 

peaking. 
• application of burnable absorber rods, which could lead to a strong reduction 

in burnup reactivity loss and power peaking, both allowing for reduced fuel 
inventory and increased in-core residence time. 

• optimization of reactor power leading to lower average burnup and linear power, 
h this way, an increase of burned amount of transuranics per unit of energy 
might be achieved. 

• optimization of assembly and pin design, leading to lower peak burnup and 
linear power. 
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4. OPTIMIZATION OF METALLIC AND OXIDE 
FUELED ALMR BURNERS 

4.1 Optimization Process and Core Description 
For die metallic fueled core, the burner was designed by GE to operate with the core 
layout as shown in figure 4.1 at a thermal power of 471 MW,. To control power 
peaking, the core was divided in a central low-enriched fuel region and a high-
enriched sunounding fuel region of 30 and 66 fuel assemblies, respectively. The 
number of shielding assemblies of a burner is increased compared to a breakeven 
core, because the radial blanket is exchanged for shielding material. In reference 
9, the characteristics of the metallic fueled burner design are discussed. The 
burnup reactivity loss is near its limit of 12$, but the peak bumup is much lower 
than its limit, while the cycle time is IS months and the number of batches is 
three. 

To optimize this metallic fueled design according to the scheme presented in 
section 3.4, die cycle time has to be minimal, so equal to 12 months to allow for 
the smallest possible core. Then, the bumup reactivity loss was lower than die 
limit First, die core height was decreased, but only 4cm could be achieved due 
to die limit on peak linear power. To obtain the largest benefit of die reduction 
in cycle length, the bumup reactivity loss has to be equal to the limit, so the 
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fuelpin diameter was changed to lower the rod volume fraction. The fuel volume 
fraction was decreased from 33.8% to 31.8%. In this way. the bumup reactivity 
loss was near its limit. Still, the peak bumup is low, but more batches increased 
the peak bumup above the limit. This peak burnup can be lowered by increasing 
core height and fuel volume fraction, but that will decrease the burning capability 
substantially, as is shown in section 3.4. 

For the oxide fueled burner design, the metallic fueled design as presented in 
reference 9 was used as a start with the oxide fuel characteristics. Then, the 
bumup reactivity loss and the transuranks enrichment were too high. By takings 
cycle length of 12 months, the tnmsuranics enrichment and the burnup reactivity 
loss dropped below their limits. The peak burnup is much lower than the limit, 
but not low enough to increase the number of batches. 

4.2 Comparison of the Metallic and Oxide fueled ALMR 
burners 

In this paragraph, some of the specific aspects of the metallic and oxide fueled 
burners are discussed. The oxide and metallic fueled designs operate very simi
larly, as can be seen in Table 4.1. Still, the results are not completely satisfactory 

Table 4.1 Specifics oj'the metallic andoxide fueledALMR burners 

parameters 
bumup reactivity loss [$] 
Average fuel burnup [MWd/kg(HM)J 
Peak fuel burnup [MWd/kg(HM)] 
TRU enrichment [%J 
low 
high 
Average linear power [kW/m] 
Peak linear power [kW/m] 
Peak Fast Fluence [1023 cm -2] 
Total Flux I1015 c m - V 1 ] 

metallic 
11.5 
72.6 

114.4 

23.5 
28.4 
20.7 
35.1 
2.8 

2.80 

oxide 
12 

78.2 
128.9 

25.8 
31.2 
20.7 
37.1 
23 

2.62 

as can be seen by the peak linear power, which is somewhat too high. An impor
tant difference between the two burners is the transuranics enrichment For the 
metallic fueled core, the transuranics enrichment is 23.5% and 28.4% for the inner 
and outer fuel region, repectively, and for the oxide fueled core, the transuranics 
enrichment is 25.8% and 31.2% for the inner and outer fuel region, respectively. 
This difference reflects the difference in utilization of die neutrons between the 
two cores. For the metallic core, 72% of the source neutrons is absorbed in the 
core, and 28% leaks out of the core region. For the oxide fueled core, these 
numbers are 76% and 24%, respectively. Of the absorbed neutrons, 49% causes 
fission in the metallic fuel, and 46% causes fission in the oxide fuel. So, the 
infinite multiplication factor k» of the metallic fuel is larger than of the oxide 
fuel. This is due to the absence of moderating oxygen atoms. When the same 
enrichment is used, the multiplication factor for the metal core would be too high. 
Therefore, the enrichment of the metal fuel is lower. 

In Table 4.2, the important data on the fuel mass inventories are tabulated. The total 
amount of actinides fissioned is 148 kg and the amount of transuranics burned is 
about 60 kg. This is about 1.5 times the amount discharged yearly by an ordinary 
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Light Water Reactor operated at the same power level [10]. The difference in 
burned tmsuranks between the metal and oxide fueled design can be explained 
by the difference in transmutation of U-238. The amount of transuranics burned 
is equal to die total amount of actinides fissioned minus die amount of U-238 
atoms transmuted including fission. The initial inventory of U-238 is higher for 
dwmetaloorethanfbrtheoxjdecore. The transmutation of U-238 is almost equal 
for the metal and oxide fuel, so the microscopic absorption cross section of U-238 
for metal fuel should be smaller than for oxide fuel. This is to be expected doe to 
die softer spectrum for the oxide fuel. 

In conclusion: by using the systematic approach for optimizing a burner, die 
earlier designed burners were renewed, and die result is that more transumnks 
can be burned per year, and Uiat die earlier conclusion that oxide burners are able 
to bum as well or even better than metallic fueled burners is confirmed. The 
burners operate equally wdL 

The amount of transuranics burned for this 471 MW, reactor is about 127 grams 
per year per MWt. For die 840 MWt reactor studied in chapter 3, the amount of 
ttansnranic* burned is about 106 grams per year per MWt. A smaller core will 
lead to a higher transuranics enrichment due to the mgher neutron leakage. In 
general, a smaller core will lead to higher cost 

1able4.2 Uranium mass and transuranics mass for the metallicfueled AIMR andthe 
oxide fueled ALMR at BOC.forloading anddischarge per cycle 

quantity mass Peg] 
Metal) Oxide 

In-core Inventory at BOC 
U-235 
U-238 
TRU 

7.3 
4214.8 
1516.4 

6.5 
3768.4 
1556.1 

Out-core Inventory at BOC 
U-235 
U-238 
TRU 

4.9 
2809.9 
1010.9 

4.3 
25113 
1037.4 

Loaded 
U-235 
U-238 
TRU 

2.8 
1434.2 
526.9 

US 
1285.7 
539.9 

Discharged 
U-235 
U-238 
TRU 

1.8 
1347.8 
466.3 

1.5 
1198.5 
480.1 

Burned 
U-235 
U-238 
TRU 

1.0 
87.3 
60.6 

1.0 
88.1 
59.8 
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5. CONCLUSIONS 

In this study, the process to optimize a burner for burning transuranics has been 
studied. It is concluded that the transuranics enrichment should be maximized 
to reduce die amount of transuranics formed by neutron capture in U-238. The 
transuranics enrichment can be maximized by reducing the fuel inventory and 
by increasing the in-core residence time. A different approach is necessary due 
to constraints on performance parameters of the core. The way to proceed in 
this optimization process is to choose both the cycle length and the number of 
batches as small as possible, and then to reduce die core height and the fuel 
volume fraction. The reduction in fuel inventory is limited by the limits on peak 
linear power and burmip reactivity loss. The in-core residence time can only be 
increased when the fuel inventory is hardly influenced, which is the case as long 
as die limit on burnup reactivity loss and peak bumup are not reached. 

This systematic optimization process is used to develop a metallic and oxide fueled 
burner. These burners burn approximately the same amount of transuranics per 
year, which is about 60 kg per year for die 471MW, reactor power. This amount is 
about 1.5 times die amount discharged yearly by an ordinary Light Water Reactor 
operated at die same power level. The amount of transuranics burned is maximally 
148 kg for reactors operated at die same power level and widiout uranium. The 
uranium is necessary for a safe and cost effective operation. It is concluded that 
a smaller reactor power will lead to a higher amount of transuranics burned per 
unit of reactor power. An explanation diat diese reactors burn equally well is 
presented: Although die transuranics enrichment is lower for die metallic fuel, 
die burning capability is die same as for die oxide fueled burner, because die 
transmutation rate of U-238 is die same. This is caused by die lower microscopic 
absorption cross section for U-238 for metallic fuel. 

In diis study, die safety of die design is assured by die constraints. One major 
difference widi die original ALMR breeder reactor is die large burnup reactivity 
loss. This leads to a large overreactivity at startup of die reactor, which is 
potentially unsafe. One way to reduce this effect is die use of burnable absorber 
rods to lower die overreactivity and to flatten die power profile. The implications 
of such absorber rods on reactor characteristics should be studied. Anotiier 
advantage of absorber rods is that die transuranics enrichment can be increased 
widiout lowering die fuel inventory. This might be needed to obtain a high 
enrichment for reactors with a higher thermal power dian die ones considered in 
this study. 

In general, the optimization on burning potential in die ALMR will lead to fuel 
inventory reduction and in-core residence time maximization. This will increase 
die cost effectiveness of die design. But, optimization leads also to a small cycle 
lengtti, which will increase costs. Also, optimization on burning will lead to a 
decrease in reactor power, which will increase die cost per unit of energy produced. 
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