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ARTICLE

Neutronics studies on the feasibility of developing fast breeder reactor with flexible breeding ratio
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This paper investigates the feasibility of designing a flexible fast breeder reactor from the view of neutronics.
It requires that the variable breeding ratio can be achieved in operating a fast reactor without significant
changes of the core, including the minimum change of fuel assembly design, the minimum change of the
core configuration and the same control system arrangement in the core. The sodium cooled fast reactor
is investigated. Two difficulties are overcome: (1) the different excess reactivity is well controlled for differ-
ent cores, especially for the one with small breeding ratio; (2) the maximum linear power density is well
controlled while the breeding ratio changes. The optimizations are done to meet the requirements. The
U–Pu–Zr alloy is applied to enhance the breeding. The enrichment-zoning technique with unfixed blan-
ket assembly loading position is searched to get acceptable power distributions when the breeding ratio
changes. And the control system is designed redundantly to fulfill the control needs. Then, the achieved
breeding ratio can be adjusted from 1.1 to 1.4. The reactivity coefficients, temperature distributions and
preliminary safety performances are evaluated to investigate the feasibility of the new concept. All the re-
sults show that it is feasible to develop the fast reactor with flexible breeding ratios, although it still highly
relies on the advancement of the coolant flow control technology.

Keywords: fast reactor; fuel breeding; flexible breeding ratio

1. Introduction

The fast reactor can produce more fissile fuel than it
consumes. It is very important to realize the sustainable
developments of nuclear energy. Although the devel-
opment of fast breeder reactors was slowed down after
1980s [1], some countries like India and Russia main-
tained the research, development and demonstration to
face the potential uranium shortages. At present, China
decides to speed up the nuclear power development.
Aiming for the sustainable and quick increase of the
nuclear energy supply, the basic strategy of PWR–FBR
matched development with closed fuel cycle is adopted
[2].

In order to address the problem of possible fuel
shortage following the rapid nuclear energy develop-
ment, the fast reactors mainly targeted at breeding are
required and are under investigation. Nevertheless, the
development of fast reactor is influenced by the fuel sup-
ply and nuclear waste disposal. Future demand for the
breeder reactor is still inconclusive. Furthermore, the
breeder reactor is more costly to construct and oper-
ate than the existing PWR. Therefore, the changes of

∗Corresponding author. Email: yqzheng@mail.xjtu.edu.cn

nuclear energy developments should be taken into ac-
count when designing a breeder reactor.

Similar concept has been proposed in the United
States, although it was indicated in designing a fast
burner reactor. The concept of advanced burner reac-
tor over a wide range of conversion ratio was put for-
ward in 2006 [3]. This concept indicated that it is feasi-
ble to design a reactor with flexible conversion ratio just
by employing diverse assembly design and arrangement,
without changing the vessel and the core structure. Com-
pared to the traditional fast reactors which are always
designed at a fixed conversion ratio, it can effectively re-
spond to the dynamically changing needs and priorities
of the nuclear industry as well as those of the society [4].

Similarly, to make the fast breeder reactor design
ahead of the industry requirements, this paper investi-
gates the feasibility of designing the fast reactor with
flexible breeding ratio (BR). It aims to show that the
wide range of BR can also be achieved, with the least
change in a designed reactor core. Therefore, a new fast
reactor design is proposed with the name of flexible fast
breeder reactors (FFBR). It is a 1500 MWt, pool-type,
sodium-cooled fast breeder reactor.

C© 2015 Atomic Energy Society of Japan. All rights reserved.

http://dx.doi.org/10.1080/00223131.2015.1030464
mailto:yqzheng@mail.xjtu.edu.cn


130 Y. Xiao et al.

The metallic fuel (U–Pu–Zr alloy) is used to bring
better breeding performance. The same fuel assemblies
are used. This feature makes it possible to change BR
merely by refueling scheme design whereby it greatly
simplifies the fuel manufacture. Special treatments are
carried out to flatten the power distribution to maintain
the maximum linear power density in reasonable range
while the BR changes. With the same number of control
assemblies and the fixed location, the optimization of the
control system is conducted to ensure enough reactivity
worth to accommodate the different excess reactivity for
each BR.

The reactivity feedback coefficients are calculated
and evaluated in the equilibrium cycle. Preliminary
safety analysis is taken based on the quasi-static safety
analysis method to evaluate the inherent safety. The fuel
and cladding temperatures and inherent safety-related
parameters are given to show the change for the varying
BR. Based on the results, it is shown that within a wide
range of BR, the new concept of designing the FFBR is
feasible.

2. Calculation method and parameter definitions

2.1. Breeding performance parameters
The BR and doubling time (DT) are the main pa-

rameters for evaluating the breeding performance of
fast breeder reactors. However, several different meth-
ods have been used to calculate these two quantities [5].
Obviously, the consequences of diverse defined method
will vary greatly.

The BR used in this paper is defined as

BR = RRc

RRa
, (1)

where RRc is the capture reaction rate of fertile isotopes,
RRa is the absorption reaction rate of fissile isotopes.

DT is given by

DT = M0

Mg
, (2)

whereM0 is the initial fissile inventory in the core,Mg is
the net increase of fissile material per year.

2.2. Coupled neutronics and thermal–hydraulic
calculation

A home-developed code package SARAX1.0 (Sys-
tem for Advanced Reactor Analysis at XJTU) is used
in the calculations in this paper. The calculation flow
scheme is given in Figure 1. Based on the JENDL-3.3
data library and the collision probability method, the
16-group cross-section set is generated for the 3D whole
core calculation from 107-group cross-section library by
assembly calculation.

Figure 1. Computational flow chart in the calculations.

The single- and multi-assembly models are used to
generate the homogenized cross section. For instance,
the fuel assemblies are elaborated as what the actual
assembly is. The heterogeneous model of the control
assembly is illustrated in Figure 2(a), for which the
multi-assembly calculation is performed. The equivalent
concentric ring geometry of reflector and shield model
is illustrated in Figure 2(b) to consider the spatial de-
pendence, in which only the homogeneous structure of
reflector and shield assemblies is considered for simplifi-
cation. The spatial homogenization for all types of as-
semblies including control rods has been done by the
volume-flux weighting. The resonance calculations are
conducted with the fuel pin to generate the effective
shielding cross section first. The narrow resonance ap-
proximation is applied for the resonance calculation in
slowing down process while the hyper-fine method is
used for the resonance calculation in low energy. The
collision possibility method is used to calculate the spec-
trum of the assemblies. Based on the spectrum, the fine
energy group is collapsed into 16 groups for the homog-
enized assemblies.

A multi-dimensional diffusion code is involved in
SARAX1.0 for whole core calculation in hexagonal-z
geometry. The equilibrium cycle analyses are performed.
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Figure 2. Calculation models for different assemblies.

The model used here assumes no fuel shuffling in the re-
fueling process.

The temperature distribution is calculated by simpli-
fied thermal–hydraulic calculation based on the single
channel heat transfer model. The coolant inlet temper-
ature is 350 ◦C. The flow rate is adjusted such that the
outlet temperature is 510 ◦C. The solidus temperature of
U–Pu–Zr alloy is about 1100 ◦C and the fuel cladding
eutectic temperature is limited to 650 ◦C [3,6]. The

maximum linear power is limited to guarantee enough
safety margins for the fuel centerline temperature and
the cladding inner wall temperature.

For the U–Pu–Zr ternary metallic fuel, the thermal
conductivity for fuel temperature calculation is given as
follows [7]:

k(T) = a + bT + cT2 (3)

where

a = 17.5
(
1 − 2.23WZr

1 + 1.61WZr
− 2.62WPu

)
(4)

b = 1.154 × 10−2
(
1 + 0.061WZr

1 + 1.61WZr
+ 0.9WPu

)
(5)

c = 9.38 × 10−6 (1 − 2.7WPu) , (6)

whereWZr,WPu are the weighting fractions of Zr and Pu,
respectively.

With burnup, the increasing of pores results in the
reduction of thermal conductivity till the porosity of
0.23 for the metallic fuel. Therefore, the porosity correc-
tion factor is applied to consider the irradiation effect of
metallic fuel. The correction factor is given by Equation
(7) considering the biggest value with burnup.

X = (1 − P)1.5ε (7)

where, P is the porosity.
Here, P is set to be 0.23 and ε is 1.75 for the gas-

filled pores [7]. The most conservative value of thermal
conductivity is used to calculate the maximum fuel tem-
perature, for which the corrected thermal conductivity
Xk(T) equals to 0.5k(T).

2.3. Reactivity coefficients calculation
Using SARAX1.0, the Doppler coefficient, radial

and axial expansion coefficients, coolant density coef-
ficient and void worth are calculated to evaluate the re-
activity effects.

It has been found that, theDoppler coefficient, dk/dT
varies closely to 1/Tm, where the exponentm is spectrum-
dependent. Therefore, the Doppler coefficient is calcu-
lated by performing a set of core calculations at differ-
ent fuel temperatures. Then, the coefficients are obtained
from the derivative of fitted function of the fuel temper-
ature.

The axial expansion coefficient is the main prompt
negative feedback available in a metal-fueled fast reac-
tor. To calculate the axial expansion effect, all dimen-
sions and concentrations through the core are kept fixed
except that the fuel pins are uniformly elongated by 1%
in the axial dimension [8]. Correspondingly, the fuel den-
sity is lowered by approximately 1% to keep the fuelmass
constant.
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The core radial expansion coefficient strongly de-
pends on the core design and is typically negative. It is
concernedwith the increase of core radius due to the grid
expansion. Thus, the radial expansion coefficient is cal-
culated for a 1% uniform radial expansion of the sub-
assembly pitch [9].

The control rod driveline expansion reactivity coeffi-
cient is calculated by assuming the control rod driveline
heated by the outlet coolant and the control assemblies
are inserted into the core.

The coolant temperature coefficient is defined as the
difference of reactivity in response to the coolant den-
sity changing with the coolant temperature increasing
by 1K.

The coolant void worth is also evaluated to consider
the reactivity effect after the boiling out of the coolant.
It is calculated by voiding the coolant in the active core
and its above regions.

2.4. Quasi-static approach to safety
The quasi-static safety analysis method, proposed by

Argonne National Laboratory, is applied to single out
the cases that obviously do not satisfy the safety criteria
[10]. Equations (8)–(10) are used to evaluate whether the
reactor is inherent safety or not.

A
B

≤ 1 (8)

1 ≤ C�Tc
B

≤ 2 (9)

�ρTOP

|B| ≤ 1, (10)

where A is the net power reactivity coefficient, B is the
power/flow reactivity coefficient, C is the inlet temper-
ature reactivity coefficient, �Tc is the coolant tempera-
ture rise at nominal full power, and�ρTOP is the reactiv-
ity introduced in the control rod withdrawal accident.

The coefficients A, B and C are defined as follows:

A= (αD + αe)�Tf (11)

B =
{
αD + αe + αCo + 2

(
αRD + 2
3αR

)}
�Tc
2

(12)

C = αD + αe + αCo + αR, (13)

where αD is the Doppler coefficient, αe is the axial ex-
pansion coefficient, αCo is the coolant temperature coef-
ficient, αRD is the control rod driveline expansion coef-
ficient, αR is the radial expansion coefficient, and �Tf is
the temperature rise of fuel relative to the coolant.

3. Core design

3.1. Fuel selection
It is known that U-238 could capture neutrons

and thereby convert into Pu-239. In a fast reactor, the
U–Pu fuel has better potential for superior breeding per-
formance than other combinations. Another reason for
giving preference to the U–Pu fuel in fast reactors is that
it employs the same fuel cycle as the present commercial
thermal reactors.

Among several types of U–Pu fuels available, the
mixed oxide fuel is the most widely utilized one. How-
ever, the thermal conductivity and fissile atom density
of the oxide fuel are relatively low, and the presence of
oxygen atoms results in softened spectrum, which re-
duces the BR. The carbides and nitrides fuel have excel-
lent properties, but failed to reach the practical stage be-
cause of lacking tests. Compared to the fuels mentioned
above, the metallic fuel has higher fissile atomic density,
more superior thermal conductivity and harder neutron
spectrum. Therefore, the U–Pu–Zr alloy with 10% Zr is
chosen as the candidate fuel to enlarge the range of flex-
ible BR. The plutonium isotopic composition is 3.0%,
48.1%, 25.7%, 15.4% and 7.8% for Pu-238, Pu-239,
Pu-240, Pu-241 and Pu-242, respectively, which comes
from the reprocessed PWR spent fuel at 50 Gwd/tU [11].
Considering the fuel swelling, the smear density of 75%
theoretical density is used [4].

3.2. Assembly design
The fuel assembly design is depicted in Figure 3. The

pin diameter of 6.9 mm and P/D of 1.15 are adopted.
Each assembly contains 127 pins loadingU–Pu–Zr alloy
fuel. The bondmaterial is sodium. The axial blankets are
located at both ends of the active core to further enhance
the breeding, and the gas plenum is located on the top
of upper blanket to accommodate the fission gas. The
active length of fuel pin is 105 cm.

The blanket assembly has similar structure with the
fuel assembly, but with the pin diameter of 8.9 mm and
P/D of 1.09. The PWR spent fuel at 50 GWd/tU is used
as the blanket fuel [11].

Reflector

Gas 
plenum

Blanket

Core

Blanket

Reflector

30cm

90cm

30cm

105cm

30cm

30cm

96
m

m

D=6.9mm
P/D=1.15

Figure 3. Structure of the fuel assembly.
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(a) BR=1.1 (b) BR=1.2

(c) BR=1.3 (d) BR=1.4

Blanket Assembly
Fuel Assembly

Shield and Reflector

Primary Control Assembly
Second Control Assembly

Figure 4. Layout of reactor cores with different BR.

3.3. Core design for flexible BR
Two core design choices exist in terms of the location

of the blanket assemblies. In the homogeneous core, the
relatively uniform or homogeneous mixture of the fertile
and fissile fuel is spread throughout the core. While in
the heterogenous core, the blanket assemblies containing
pure fertile material are distributed throughout the core
region. Since it is desirable to have a wide range of BR,
the heterogenous core with higher breeding capability is
the better choice. In addition, the in-core arrangement of
blanket assemblies can be used to reduce the local peak
power factors for the core with small BR.

The enrichment zoning strategy is employed to flat-
ten the power distribution. The weight fraction of Pu
is 12.5 w/o, 15.8 w/o and 21.4 w/o for the inner, mid-
dle and outer enrichment zone, respectively. Even for the
core with significantly different BR, the strategy is kept
to minimize the change of the core. The number of as-
semblies and their arrangement are adjusted tomake the
maximum linear power density be acceptable and ensure
the excess reactivity being within the control range of the
primary control system.

The blankets are arranged both on the axial and ra-
dial regions. In this way, the coolant void reactivity is re-
duced. In addition, the inner blankets play an important
role in flattening the radial power distribution. Since the
fuel enrichment zoning is optimized based on the BR of
1.1, the arrangement of blanket assemblies is an effective
approach to flatten the power distribution, especially for
the core with higher BR. It is different from the conven-
tional fast reactor design, in which the arrangement of
blanket assemblies is fixed.

Figure 4 shows the layout of the core with differ-
ent BR. This series of design contain four schemes, with
the corresponding BR of 1.1, 1.2, 1.3 and 1.4, respec-
tively. Combining the periphery shield and reflector as-
semblies, all cores have the same geometry shape and
size, which are the basic premises of the core design with

Figure 5. Multiplication factors in each cycle for different
BR.

flexible BR. The number and locations of control assem-
blies are also shown in Figure 4. The control system is
optimized to provide enough control worth during the
BR transition. In this concept, the coolant flow control
is necessary when the BR is changing, since a part of fuel
assemblies will be replaced by the blanket assemblies or
the opposite. It needs to apply the combination of fixed
and variable orifices [12]. Themain contribution for flow
control comes from the fixed orifices, which are designed
to match the different assembly power. The variable ori-
fices, which are not popularly applied in current reactors
but have been proposed in some advanced concepts [12],
are referred and used in this design to supplement the re-
quired small flow adjustment, especially in the process of
BR transition.

Figure 5 shows the multiplication factors in each cy-
cle for different BR. Themaximummultiplication factor
decreases with the increasing BR. Though the number
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Table 1. The assembly number and core performance for different BR.

BR 1.1 1.2 1.3 1.4

Core power (MWt) 1500 1500 1500 1500
Cycle length (EFPD) 260 280 260 240
Fuel exchange batch 4 4 4 4
Calculated BR 1.12 1.21 1.34 1.41
DT (y) 27.3 19.3 13.7 10.7
Fuel
Low enrichment 181 102 127 72
Medium enrichment 90 108 138 126
High enrichment 66 138 72 138
Total 337 348 337 336

Blanket 6 55 96 157
Primary control assemblies 30 30 30 30
Second control assemblies 6 6 6 6
Active core height (cm) 105 105 105 105
Fuel pin diameter (cm) 0.69 0.69 0.69 0.69
Fuel pin number per assembly 127 127 127 127
Smear density (%TD) 75 75 75 75
Plutonium enrichment (%) 12.5/15.8/21.4 12.5/15.8/21.4 12.5/15.8/21.4 12.5/15.8/21.4
Zr content (%) 10 10 10 10
Axial blanket height (cm) 30+ 30 30+ 30 30+ 30 30+ 30
Blanket pin diameter (cm) 0.89 0.89 0.89 0.89
Blanket pin number per assembly 91 91 91 91
Maximum linear power (kW/m) 49.2 49.0 48.0 49.5
Average discharge burnup (MWd/kg) 67.4 66.5 62.9 55.4
Peak fast neutron fluence (1023n/cm2) 3.79 3.96 3.53 3.66

of fuel assemblies is close, more blanket assemblies lo-
cated in the core make the excess reactivity small for
large BR.

Table 1 summarizes the core design parameters for
each BR, including the final BR and DT, of which, the
capacity factor is not taken into account in the current
investigation.Although the BR increases from 1.1 to 1.4,
the number of fuel assemblies is kept similar. However,
the number of blanket assemblies is increased signifi-
cantly, from 6 for BR = 1.1 to 157 for BR = 1.4.

3.4. Control system evaluation
The control system consists of two independent sub-

systems. The primary control system is used to shut
down the reactor from operating condition to the re-

fueling temperature, and the secondary system is used
to shut down the reactor from operating condition to
the hot standby state [5]. In Table 2, the control require-
ments, available reactivity worth and shutdown margin
for separated cores with different BR are listed. The con-
tributions of the Doppler effect, coolant density change,
axial and radial expansion are taken into account in
cooling the core from full power to hot standby or refuel-
ing temperature. The maximum worth of single control
assembly is used to quantify the reactivity fault intro-
duced in some accident situation. The reactivity worth
available is evaluated by assuming themost reactive con-
trol assembly stuck out. The excess reactivity is obtained
from the maximum multiplication factor in the cycles.
Besides, additional 3$ is added in evaluating the required
control worth to consider the computational deviation

Table 2. The control requirements and available reactivity worth.

1.1 1.2 1.3 1.4

Pri. Sec. Pri. Sec. Pri. Sec. Pri. Sec.

Full power to hot standby ($) 0.71 0.71 0.70 0.70 0.67 0.67 0.63 0.63
Hot standby to refueling ($) 0.35 – 0.37 – 0.34 – 0.32 –
Reactivity fault ($) 0.78 0.78 0.65 0.65 0.75 0.75 0.99 0.99
Excess reactivity ($) 7.21 – 6.25 – 5.06 – 2.70 –
Uncertainties ($) 3 3 3 3
Total ($) 12.05 1.49 10.98 1.35 9.81 1.42 7.64 1.62
Worth of one rod out ($) 24.12 9.20 21.77 7.90 22.44 7.32 19.30 6.72
Shutdown margin ($) 12.06 7.71 10.79 6.54 12.63 5.90 11.66 5.10



Journal of Nuclear Science and Technology, Volume 53, No. 1, January 2016 135

Figure 6. Refueling scheme for the BR transition.

and uncertainties [5]. It can be seen that the worth of
designed control system is sufficient for all the cores with
different BR.

With the versatile fuel, more assemblies are needed
to reduce the maximum linear power density, which re-
sults in the large excess reactivity. As shown in Table 2,
the core with the smallest BR requires the most control
worth to compensate the excess reactivity introduced by
the increased fraction of fuel assemblies. Some methods
are applied to reduce the multiplication factor at the be-
ginning. For example, replacing the high-enriched fuels
with the low-enriched ones in the initial layout, and re-
placing the fuel assemblies with the blanket assemblies
in the core center.

3.5. BR transition scheme design
The design of FFBR aims to match the requirement

of industry development. Therefore, the BR transition
is necessary when the need changes. The feasibility re-
search is performed by adjusting the core from the state
of lowBR (BR= 1.1) to the state of high BR (BR= 1.4).

Figure 6 shows the detail transition process, the
hexagonalmeshes with grids represent the new added as-
semblies. The BR transition is achieved by the refueling
scheme design. A complete transition process involves
three stages: (1) the initial stage is from starting up to
the equilibrium cycle with BR equaling to 1.1; (2) The
second stage is the transition stage; (3) the final stage is
from the end of transition state to the equilibrium cycle
with BR equaling to 1.4. The transition stage is com-
pleted through two cycles and each cycle is 240 effective
full power days.

The BR of each cycle on the transition process
is shown in Figure 7. The BR increases dramatically
with the blanket assemblies added into the core. I, II,
III stands for the three stages, respectively. Figure 8
shows the multiplication factors in the transition pro-
cess. Figure 9 shows the maximum linear power density

Figure 7. BR in each cycle in the transition process.

Figure 8. Multiplication factor in each cycle in the transition
process.

Figure 9. Maximum linear power density in each cycle in the
transition process.
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Table 3. The reactivity coefficients for different BR.

BR 1.1 1.2 1.3 1.4

Effective delayed neutron fraction (pcm) 417 426 429 436
Doppler coefficient (¢/K) −0.098 −0.094 −0.091 −0.091
Sodium temperature coefficient (¢/K) 0.153 0.136 0.136 0.126
Axial expansion coefficient (¢/K) −0.118 −0.110 −0.121 −0.107
Radial expansion coefficient (¢/K) −0.231 −0.216 −0.225 −0.217
Driveline expansion coefficient (¢/K) −0.043 −0.039 −0.040 −0.035
Sodium void worth ($) 6.25 5.50 5.50 5.05

Table 4. The decomposited Doppler coefficients for different regions.

Region 1.1 1.2 1.3 1.4

Active core (¢/K) −0.0860 −0.0676 −0.0633 −0.0579
Axial blanket (¢/K) −0.0096 −0.0068 −0.0060 −0.0060
Radial blanket (¢/K) −0.0033 −0.0167 −0.0205 −0.0268

in each cycle. It can be seen that the maximum excess
reactivity is under the control margin. Despite the power
distributions and maximum linear power density vary
with BR, the maximum fuel centerline temperature and
maximum cladding inner wall temperature are all ac-
ceptable considering the thermal margin. The detailed
data is given in Table 6 in Section 4.2.

4. Feasibility evaluation

The calculations in Section 3 have shown that the
flexible BR is achievable for proper design of the re-
actor core. In this section, several key parameters are
calculated to evaluate the change in core performance
brought from the varying BR. The preliminary safety
analysis is also performed to discuss the inherent safety
of the new reactor.

4.1. Reactivity coefficients
The reactivity coefficients in the equilibrium cycle

are summarized in Table 3. The effective delayed neu-
tron fraction increases with the BR increasing. The in-
creased blanket inventory is the primary reason, since
U-238 is the key fission isotope determining the effec-
tive delayed neutron fraction.

The Doppler coefficients become less negative with
the BR increasing. This is the result of the reduced con-
centration of U-238 in active core for the large BR. In
Table 4, according to the decomposed Doppler coeffi-
cients, it can be found that the active core makes the
primary contribution to the Doppler effect. The sodium
temperature coefficient and the coolant void worth have
the same trend. Both of them decrease with the BR
increasing, since the volume fraction of coolant in ac-
tive core becomes smaller whenmore blanket assemblies
are loaded into the core. The core layout is the main

factor affecting the axial expansion coefficient and ra-
dial expansion coefficient. The expansion coefficients
for BR of 1.2 and 1.4 are less negative than others,
since larger radius and more blanket assemblies inter-
spersed among the fuel assemblies cause less leakage
change when the geometry changes. The driveline ex-
pansion coefficients are directly related to the control
assembly worth. Therefore, the coefficient gets the max-
imum value for the smallest BR.

However, by comparing all the coefficients, it can be
seen that they are not affected much by the BR chang-
ing. Therefore, the varying of BR will not bring signif-
icant change of feedback and transient performance of
the core.

4.2. Temperature parameters
The single channel heat transfer model is used to

calculate the temperature distribution. The coolant in-
let temperature is 350 ◦C and the flow rate is adjusted
such that the outlet temperature is 510 ◦C. The hot chan-
nel factors [5] are used to consider the uncertainty in
the temperature calculation. The values are presented in
Table 5. Table 6 shows the results, both the maximum
cladding inner wall temperature and the maximum fuel

Table 5. The hot channel factors in different regions.

Value

Coolant 1.26
Film 1.23 (2.10)∗

Cladding 1.19
Gap 1.48
Fuel 1.10
Heat flux 1.13

∗This factor affects the maximum cladding temperature only; it does
not affect the maximum fuel temperature.
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Table 6. The temperatures of reactor cores with different BR.

BR 1.1 1.2 1.3 1.4

Coolant inlet temperature (◦C) 350 350 350 350
Coolant outlet temperature (◦C) 510 510 510 510
Coolant temperature rise (◦C) 160 160 160 160
Max. cladding inner wall temperature (◦C) 556 556 555 556
Max. fuel centerline temperature (◦C) 877 873 868 877
Temperature rise of fuel to coolant (◦C) 132 122 124 120

Table 7. The reactivity parameters for quasi-static safety analysis.

BR A (¢) B (¢) C (¢/K) A/B C�Tc/B �ρTOP/|B|
1.1 −28.48 −36.63 −0.29 0.78 1.29 0.59
1.2 −24.72 −34.66 −0.28 0.71 1.31 0.54
1.3 −26.22 −36.48 −0.30 0.72 1.32 0.42
1.4 −23.70 −34.44 −0.29 0.69 1.34 0.23

centerline temperature are similar for all the BR. All the
temperature is smaller than the temperature limit.

4.3. Quasi-static safety analysis
All the reactivity coefficients and temperature pa-

rameters needed for the quasi-static safety analysis have
been presented in Tables 3 and 6, respectively.

The values of parameters A, B and C are given
in Table 7. It can be observed that all the results are
within the safety constraints defined in Equations (8)–
(10) for different BR. It means that the reactivity feed-
back could bring the core to the shutdown condition at
accidents. The cases considered here including the loss of
flow without scram, the loss of heat sink without scram
(LOHS) and the rod runout transient overpower event
(TOP).

5. Conclusion

This paper investigates the feasibility of designing
a new fast breeder reactor FFBR, which is a sodium-
cooled fast reactor with flexible BR. Preliminary stud-
ies indicate that it can be realized by adjusting the num-
ber and fraction of fuel and blanket assemblies, along
with changing the fuel management schemes, but with-
out changing the core structure, fuel design and control
system arrangements. The optimizations are performed
on the number of assemblies, fuel enrichment and load-
ing pattern to get the appropriate reactor core, overcom-
ing two key difficulties: (1) the different excess reactivity
swing can be accommodated by the existing control sys-
tem; (2) the maximum linear power is fulfilled to satisfy
the thermal limits.

The key parameters of the core are calculated to eval-
uate the change brought by the varying BR. The reactiv-
ity coefficients are not affected much by the BR chang-
ing. It benefits the transition between different BR. The
quasi-static analysis shows that the cores are inherently

safe over the entire BR range. All the results indicate that
the flexible BR does not bring essential difficulties in de-
signing the fast breeder reactor than the traditional ones.
By restraining the initial excess reactivity, flattening the
power distribution and redundantly arranging the con-
trol system, the reactor core can satisfy all the key re-
quirements from the view of neutronics. However, load-
ing blanket assemblies at unfixed positions, which is very
important for the BR transition, brings a new difficulty.
The coolant flow control technology must be advanced
to fulfill the cooling requirements.

In this paper, the proposed BR range is from 1.1 to
1.4. However, it can be flexible in a wider range theoret-
ically. The main constraint comes from using the versa-
tile fuel design for all the BR. Although it simplifies the
fuel manufacture and transition scheme greatly, the BR’s
range is limited.

More detailed studies will be done in the future on
FFBR to consider the dynamically changing situation.

Acknowledgements
This work was supported by the National Natural Science

Foundation of China [grant number 11475134].

References
[1] Cochran TB, Feiveson HA, Patterson W, Pshakin G,

Ramana MV, Schneider M, Suzuki T, von Hippel
F. Fast breeder reactor programs: history and status.
Princeton (NJ): International Panel on Fissile Materials
Research; 2010.

[2] Mi X. The status and prospects of fast reactor tech-
nology development in China [in Chinese]. Eng Sci.
2008;10:70–76.

[3] Hoffman EA, Yang WS, Hill RN. Preliminary core de-
sign studies for the advanced burner reactor over a wide
range of conversion ratios. Chicago (IL): Argonne Na-
tional Laboratory; 2006. (ANL-AFCI-177).

[4] Todreas NE, Hejzlar P, Nikiforova A, Petroski R,
Shwageraus E, Fong CJ, Driscoll MJ, Elliott MA,
Apostolakis G. Flexible conversion ratio fast reactors:
overview. Nucl Eng Des. 2009;239:2582–2595.



138 Y. Xiao et al.

[5] Waltar AE, Todd DR, Tsvetkov PV. Fast spectrum re-
actors. New York (NY): Springer Science & Business
Media; 2012. p. 151–156.

[6] Yun H, Mi X. Development of metallic fuel for fast re-
actor [in Chinese]. At Energy Sci Technol. 2008;42:810–
815.

[7] Cacuci, Dan Gabriel, editor. Handbook of nuclear en-
gineering. New York (NY): Springer Science & Business
Media; 2010.

[8] Shwageraus E,Hejzlar P,DriscollMJ. Liquid salt cooled
flexible conversion ratio fast reactor: neutronic design.
Nucl Eng Des. 2009;239:2626–2645.

[9] Zhang Y, Wallenius J, Fokau A. Transmutation of
americium in a medium size sodium cooled fast reactor
design. Ann Nucl Energy. 2010;37:629–638.

[10] Wade DC, Chang YI. The integral fast reactor (IFR)
concept: physics of operation and safety. Chicago (IL):
Argonne National Laboratory; 1987. (CONF-870424-
14).

[11] Cipiti BB, Cleary VD, Cook JT, Durbin S, Keith RL,
Mehlhorn TA, Morrow CW, Olson CL, Rochau GE,
Smith JD, Turgeon MC, Young MF, El-Guebaly L,
Grady R, Phruksarojanakun P, Sviatoslavsky I, Wilson
P, Alajo AB, Guild-Bingham A, Tsvetkov P, Youssef M,
Meier W, Venneri F, Johnson TR, Willit JL, Drennen
TE, Kamery W. Fusion transmutation of waste: design
and analysis of the in-zinerator concept. Albuquerque
(NM) and Livermore (CA): Sandia National Laborato-
ries; 2006. (SAND2006-6590).

[12] Ellis T, Petroski R, Hejzlar P, Zimmerman G, McAlees
D, Whitmer C, Touran N, Hejzlar J, Weaver K,
Walter JC, McWhirter J, Ahlfeld C, Burke T, Ode-
dra A, Hyde R, Gilleland J, Ishikawa Y, Wood
L, Myhrvold N, Gates WH, III. TerraPower, LLC.
Traveling-wave reactors: a truly sustainable and full-
scale resource for global energy needs. Proceedings
of ICAPP 10; 2010 Jun 13–17; San Diego (CA).
(Paper 10189).


	Abstract
	1. Introduction
	2. Calculation method and parameter definitions
	2.1. Breeding performance parameters
	2.2. Coupled neutronics and thermal–hydraulic calculation
	2.3. Reactivity coefficients calculation
	2.4. Quasi-static approach to safety

	3. Core design
	3.1. Fuel selection
	3.2. Assembly design
	3.3. Core design for flexible BR
	3.4. Control system evaluation
	3.5. BR transition scheme design

	4. Feasibility evaluation
	4.1. Reactivity coefficients
	4.2. Temperature parameters
	4.3. Quasi-static safety analysis

	5. Conclusion
	Acknowledgements
	References



