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a b s t r a c t

Use of the reconstructed fuel assemblies from partially burnt nuclear fuel pins is analyzed. This reuti-
lization option is a potential candidate technique to make better use of the nuclear resources. Standard
two step method is used to calculate node i.e. fuel assembly average burnup and then pin by pin h values
are reconstructed to ascertain the residual reactivity in the used fuel pins. Fuel pins with h>1:0 are used
to reconstruct to-be-reused fuel assemblies. These reconstructed fuel assemblies are burnt during the
cycle 3, 4, 5 and 6 of a 1000 MW PWR core by replacing fresh, once burnt and twice burnt fuel assemblies
of the reference core configurations. It is concluded that using reconstructed fuel assemblies for the fresh
fuel affect dearly on the cycle length (>50 EFPD) when more than 16 fresh fuel assemblies are replaced.
However, this loss is less than 20 days if the number of fresh fuel assemblies is less than eight. For the
case of replacing twice burned fuel, cycle length could be increased slightly (10 days or so) provided
burnt fuel pins from other reactors were also available. Reactor safety parameters, like axial off set
ð<±10%Þ, Doppler temperature coefficient ð<0Þ, moderator temperature coefficient at HFP ð<0Þ are
always satisfied. Though, 2D and 3D pin peaking factors are satisfied ð<1:55Þ and ð<2:52Þ respectively,
for the cases using eight or less reconstructed fuel assemblies only.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

An innovative approach to tackle high-level nuclear waste
originating from nuclear power plants is re-introduction of the
insufficiently burnt fuel pins back into the reactor core. This
approach requires extraction of fuel pins from the discharged fuel
assemblies based on their lack of depletion from the optimum
values. Physically, this reutilization technique, involves disassem-
bling of a used fuel assembly (FA), selection of the appropriate fuel
pins and then reassembling a new FAwithout opening any fuel pin.
There is nowhere separation of any fissile material in the entire
process. Because a nuclear plant operation is limited by radioac-
tivity of the coolant [1] and reutilization makes use of the firm fuel
pins only, so it does not increase risk of fuel rod leakage in core.
Hence, reutilization could potentially be made an integral part of
any nuclear fuel cycle for PWRs without added proliferation con-
cerns or additional licensing requirements.

Not only due to economic reasons, but also to decrease the annual

discharge of the used nuclear fuel (UNF) inventories, it is desirable to
maximally utilize the nuclear fuel. Numerous models have been
developed to find an appropriate loading pattern of the fuel as-
semblies in a PWR core that canmaximize the infinite multiplication
factor while keeping the power peaking factors within limits [2].
Numerous fuel management techniques and algorithms have been
proposed throughout history of the nuclear industry [3]. Due to
implementation of these fuel management techniques, fuel utiliza-
tion is obviously improved but still all fuel pins do not burn optimally
[4]. Moreover, the multi-batch refueling, which is norm of the cur-
rent PWRs and results in larger energy production from a given
amount of the fuel than single batch refueling, could still be over-
looked in small modular reactors for their other multiple safety and
proliferation related benefits [5]. To further enhance the fuel utili-
zation in PWRs, intra-fuel assembly reshuffling for the existing fuel
pins has been found a do-able, but non-beneficial option for in-core
fuel management [4]. Current study further extends and evaluates
that idea of the fuel pin reshuffling by including ‘insufficiently burnt’
fuel pins from other fuel assemblies, assessing improved pin reac-
tivity by concerning life history of the fuel pins, and also by evalu-
ating performance of a PWR reactor core with its multiple fuel
assemblies replaced with the reconstructed fuel assemblies.
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Although, fuel pins with appropriate remaining reactivity could
be selected by experimentally measuring fissile content from the
characteristic fission spectrum of the different nuclides [6], how-
ever, here, we calculated pin by pin regeneration factor h . A well
validated lattice code HELIOS 1.8 [7,8], is used to perform so called
base and branch lattice calculations. Result of these calculations is
the cross sections and form functions libraries. Nodal code MASTER
2.2 [9] is used for calculating fuel assembly average burnup (BUFA).
The process of superimposing this BUFA with the form functions
obtained from the above base calculations (called reconstruction),
is performed again by the MASTER 2.2. During this superposition,
pin by pin burnup ðBUpinÞ and atomic number density of the
important nuclides are also obtained from the MASTER 2.2 code.
This number density is fed back to HELIOS 1.8 to calculate pin by pin
reactivity metric i.e. hpin. The appropriate fuel pins to be reused are
the ones with sufficient remaining reactivity i.e. hpin � 1:0.

After selecting the to-be-reused fuel pins we arranged them into
a 16� 16 fuel assembly configuration, called Reconstructed Fuel
Assembly (ReFA). Similar ReFAs were reconstructed and used into
the reactor core and safety parameters were analyzed using the
same nodal code MASTER 2.2. Since, the technology to replace a
fuel pin from a fuel assembly with another one is already available
[10e12], for instance, during 1994e2006 on average 13.8/1000 fuel
pin leakage events occurred in PWRs installed all over the world
[1,13]. So this work is limited to the neutronic analysis of the UNF
reutilization only.

2. Methods and materials

2.1. Reactor description

Ulchin unit 5, a 2815MWth pressurized water reactor is taken as
the reference reactor. Its core consists of 177 fuel assemblies (FA).
Each FA consists of 5 guide tubes and 236 fuel pins arranged in a
lattice of 16 � 16 (Fig. 1).

Some generic parameters (Table 1) of the PWR type reactor
Ulchin Unit 5, called UC5 due to its site location name i.e. Ulchin, and
reference core fuel-loading-pattern for the cycles 3, 4, 5 and 6 (Fig. 2)
are used in this work. Though, seven fuel assemblies of the D2 type,
discharged at the end of cycle (EOC) 03 could be used to reconstruct
about four ReFAs to replace any of the E0, E1, or E2 type of fuel as-
semblies from cycle four onwards. However, practically it is after
cycle 4, when all the D0 and D2 type of fuel assemblies are dis-
charged, when enough partly burnt fuel assemblies are available.

To use ReFAs in the fourth cycle it is assumed that some dis-
charged fuel assemblies would be available from other nuclear
power plants. Thanks to sharing of the used nuclear fuel storage
sites by multiple nuclear reactor units, this requirement is easily
fulfilled.

The fuel assemblies and their fuel pins loaded in reference core
cycles 3e6 are given in Table 2. Obviously, due to lower enrichment
levels (2.92, 2.42, 2.93 etc.) and corresponding lower excess reac-
tivity small amount of Gd2O3 is used in the fuel assemblies (~6%)
used in initial cycles like B0, B2, C0 etc. Larger number of the
absorber pins (12, 16 etc.) and higher concentrations of the
absorbing material (~8%) present in the core is needed to keep
power distribution relatively flat despite of the higher enrichment
levels (4.0%, 4.5% etc.). Importance of the difference in the number
of absorber fuel pins present in reference core fuel assemblies be-
comes clear when such FAs are replaced with ReFAs. Due to absence
of some dedicated absorber pins in ReFAs keeping the power
peaking factors within limits becomes difficult.

2.2. Relevant parameters

Different core configurations were addressed by substituting
different number and types of the fuel assemblies by ReFAs. Five
critical parameters of reactor safety are calculated for each core
configuration [14-16].

Fig. 1. 16 � 16 lattice showing fuel pin sites and relative dimensions [14].

Table 1
General parameters of UC5 core [18e21].

Parameter Value Unit

Core average temperature 312.22 C
Inlet temperature, HFP 296.11 C
Effective fuel temperature 687.8 C
Boron concentration 500 ppm
Active core height 381 cm
Fuel pellet radius 0.413 cm
Fuel pellet density 10.172 g/cc
Cladding density (ZIRLO) 6.57 g/cc
Guide tube (GT) inner radius 1.145 cm
GT outer radius 1.245 cm
GT density (Zircaloy-4) 6.55 g/cc
Control rod radius 0.936 cm
Control rod density (B4C) 1.8396 g/cc
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1. Axial offset (AO), which is a measure of the vertical power
skewness or excess upper half power. It is calculated using
equation (1), where PT and PB meant fraction of the total power
produced in the top and bottom halves of the core.

AO ¼ PT � PB
PT þ PB

(1)

It is required that AO should always remainwithin ±10 % range.

Fig. 2. Loading pattern for the cycles 3 (top left), cycle 4 (top right), cycle 5 (bottom left), and cycle 6 (bottom right) [18e21].
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2. 3D pin peaking factor (Fq) gives an estimate of relatively how
much volumetric power is being produced by this fuel pin as
compared to the others. It is given by equation (2). Here, Pðx; y; zÞ
is normalized power produced per unit volume of the pin.

Fq ¼ Max

0
BB@

ð
Pðx; y; zÞdxdydzð

dxdydz

1
CCA (2)

The safety margins require Fq to remain less than 2.52
throughout depletion cycle.

3. 2D pin peaking factor (Fr), ratio of the pin power at a certain
horizontal plane to the corresponding total power over same
plane. Obviously, Fr varies with pin height. It is calculated using
equation (3). Here, Pðx; yÞ is the power produced per unit area.

R
dxdy is mere area of the plane.

Fr ¼ Max

0
BB@

ð
Pðx; yÞdxdyð

dxdy

1
CCA (3)

Fr should always be less than 1.55.

4. Doppler temperature coefficient (DTC), rate of the core reac-
tivity change with respect to change in fuel temperature is
calculated using equation (4), where Dr is change in the core
reactivity corresponding to the change in fuel temperature DTF .

DTC ¼ Dr

DTF
(4)

Because, UO2 fuel (fresh or burned) largely consists of the U238

isotope, so it is expected that DTC requirement of being always
negative would be met easily.

5. Moderator temperature coefficient, MTC, which is rate the core
reactivity change with respect to change in moderator temper-
ature is calculated using equation (5)

MTC ¼ Dr

DTM
(5)

These five safety parameters are calculated for each scenario of
ReFA set of fuel assembly replacing the original fuel assemblies.

2.3. Fuel assembly reconstruction

To assemble a fuel assembly from the insufficiently burned fuel
pins, we enlisted fuel pins from the used nuclear fuel assemblies
according to their eta values. hpin is taken as the metric to assess
remaining reactivity. hpin could only be ascertained by knowing
true composition which in turn depends on the true pin burnup,
depletion history and initial enrichment levels. Standard two step
method (Nodal analysis) followed by pin by pin reconstruction is
used to assay the composition.

A ReFA is made from the partly burnt fuel pins with still suffi-
cient reactivity remaining. To quantify reactivity one can use any
parameter like Burnuppin, k∞;pin, hpin etc. Here, hpin or simply put h
has been chosen. The basic reason behind choosing h is its quality
of being a single valued metric of reactivity assessment. Second
reason is that HELIOS 1.8 directly gives h value in its output while
to calculate k∞;pin we have to calculate fast fission factor (2),
resonance escape probability (p) and the thermal utilization factor
(f ) also. Besides these parameters, we still have to calculate h !
Calculation of these additional parameters seemed unnecessary
because the other three factors in the k∞;pin are less significant than
h and only an estimate of the reactivity is required to decide if a
fuel pin should be reused or not. This is the reason behind not using.
k∞;pin

A database of type Compositionpinvs. Burnuppin could also be a
good way to assess pin reactivity. In other words Burnuppin could
also be a good metric because it is single valued and it is a widely
used parameter. Moreover, it is already reconstructed after nodal
analysis. So, we don't need to run HELIOS again for h vs. Burnuppin
database preparation. It canmake the reactivity assessment quicker
and more convenient. The annoyance attached with Burnuppin is
that it is not a good representation of the TRUE fuel pin reactivity. A

Table 2
Description of the fuel assemblies loaded in the reference core during cycles 3, 4, 5 and 6.

UC5 FA type No. of fuel assemblies Fuel enrichment No. of fuel pins No. of Gd pins Gd2O3 (%)

Cyc03 Cyc04 Cyc05 Cyc06 (w/0 of U235)

B0 24 2.92/2.42 184/52
B2 4 2.92/2.43 128/100 8 6
C0 16 3.43/2.93 184/52
C1 9 3.43/2.93 124/100 12 6
D0 28 28 4.42/3.93 184/52
D2 32 25 4.43/3.93 172/52 12 6
E0 16 16 16 4.50/4.00 184/52
E1 24 24 24 4.50/4.01 176/52 8 6
E2 24 24 13 4.50/4.01 172/52 12 6
F0 12 12 12 4.50/4.01 184/52
F1 20 20 16 4.50/4.01 176/52 8 6
F2 28 28 25 4.50/4.01 172/52 12 6
G0 4 4 4.50/4.00 184/52
F0* 4 4 4.50/4.01 184/52
G1 16 16 4.50/4.00 176/52 8 6
G2 12 12 4.50/4.00 172/52 12 6
G4 12 12 4.50/4.00 168/52 16 8
G6 16 16 4.50/4.00 172/52 12 8
H0 8 4.50/4.00 184/52
H1 24 4.50/4.00 176/52 8 6
H2 4 4.50/4.00 172/52 12 6
H4 8 4.50/4.00 168/52 16 8
H6 16 4.50/4.00 172/52 12 8
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fuel pin with higher initial enrichment and a fuel pin with lower
initial enrichment have different compositions, and also h values,
after going through same Burnup. Moreover, production of Pu-239,
Pu-241 and other fissile actinides in a fuel pin depends heavily on
the conditions under which a certain Burnup is imparted. A rapidly
burning fuel pin under softer neutron spectrum burns more fissile
nuclides than an identical fuel pin burnt with harder neutrons. In
short, selection of fuel pins based on the Burnuppin is an easier way
but more erroneous. So, the Compositionpinvs. hpin database, which
is mere a one step farther extension to the Compositionpinvs.
Burnuppin database is preferred.

A Compositionassemblyvs. Burnupassembly database is the easiest to
construct. What is needed to do is merely two step nodal analysis.
No need of pin by pin composition reconstruction. However, this is
exactly the reasonwhy should a ReFA be prepared at first place. The
Fuel assembly average composition does not give a good estimate of
the each fuel pin. Some pins are much more burnt than the others
are. Hence, Burnupassembly is not an appropriate metric to assess a
discharged fuel pin reactivity.

2.3.1. Nodal analysis
To calculate true flux and power profile of the different fuel pins

of the different fuel assemblies, nodal analysis was performed using
well validated nodal code MASTER 2.2 [9]. FA homogenized cross-
sections and form functions are calculated using lattice code HE-
LIOS 1.8 [7]. Due to FA symmetry property, octantmodels were used
for the fresh fuels while full FA models were used for the ReFAs.
HELIOS 1.8 calculates power form function (FF) using equation (6)
and two-group cross sections using equation (7) respectively.

FF ¼ PowerPin
PowerFA

(6)

s ¼

ð
sf dE dx
ð
f dE dx

(7)

These two-group cross-sections averaged over the entire FA
region are used to calculate node flux and power (i.e. flux and
power averaged over FA area, written as fN and PN respectively) by
nodal expansion method programmed into the MASTER 2.2. The
continuous power variation over core is generated by a quadratic
polynomial fit to the node solutions, PN . A section of this contin-
uous power variation, over entire FA region, termed continuous
node power (PNC), forms the basis of the pin power, and hence
burnup reconstruction.

2.3.2. Burnup reconstruction
To get true pin-by-pin burnup (BUPin), we made use of the form

functions and the nodal solution in the method of successive
smoothing with improved analytic solution (MSS-IAS) through
nodal code MASTER 2.2. The BUPin reconstruction is performed in
the following two distinct steps.

1. Heterogeneous pin by pin power (PPinÞ is reconstructed using
equation (8)

PPin ¼ PNC � FF (8)

Since PNC is the true power variation function obtained from the
nodal solution by concerning true reactor conditions, so, PPin is also
the true power produced by the pin.

2. Burnup imparted to a certain fuel pin during any depletion step
(DT) is obtained from the corresponding FA average burnup

(BUFA), total average power produced by the FA (PFA), and power
produced by the pin under consideration (PPin) during this time
step (DT) using equation (9).

BUPin

BUFA
¼ PPin

PFA
(9)

2.3.3. Reactivity assessment
Depletion history (specific power, effect of the fuel pin neigh-

bors, etc.) of the pins and BUPin are used to assess reactivity of the
fuel pins. Comparison of the fuel pins with each other to arrange
them in terms of their reactivity could be done by calculating k∞,
hpin or some other similar parameter. Since calculation of hpin is
straight-forward and difference in the other three factors namely;
resonance escape probability, thermal utilization factor, and fast
fission factor is small, so hpin value is a reasonably good indicator of
the pin reactivity. Moreover, it is not the absolute value of the po-
wer producing capability of a fuel pin that matters but some indi-
cator to compare ‘relative reactivity’ among the available fuel pins.
hpin is calculated for each fuel pin using equation (10).

hpin ¼

�
nSf

�
BU;pin

ðSaÞBU;pin
(10)

Where, nSf and Sa are calculated over fuel region of the pin using
lattice code HELIOS 1.8.

Besides absorber pins, this entire procedure is repeated for each
fuel pin with BUPin less than 50 MWD/kg and for each discharged
fuel assembly. This could be done by first preparing a reference
composition database (RCD) using HELIOS 1.8. RCD is equivalent to
a plot of atomic number density as function of burnup. Different
databases are required for each fuel pin type (i.e. initial enrich-
ment), for each depletion history parameter (like specific power)
and so on. Furthermore, it needs running HELIOS 1.8 for each fuel
assembly type. Then inferring of true composition for a particular
pin, burned up to BUPin, meant accessing an appropriate database
and getting atomic number density by interpolation if BUPin did not
correspond to some listed point in the database. To avoid calcu-
lating inventory for the discarded FPs, a reference database, hpin vs.
burnup is prepared for each fuel assembly and for each ‘type of fuel
pin’ in that assembly (Fig. 3).

Standard HELIOS 1.8 library with 190 neutron energy groups and
48 gamma energy groups is used. All the nuclides, 14 actinides and
58 fission products including Oxygen, important for neutronic
purposes and are also present in the HELIOS 1.8 library are con-
cerned in this work.

2.3.4. Arranging a ReFA
All the fuel pins with hpin > 1:0 are accepted as candidate fuel

pins for ReFA preparation. Three patterns of pin arrangement to
make ReFAs for the first case (4E0 fuel assemblies replaced with
ReFAs) were tested.

1. Pattern 1: Random distribution of the fuel pins of different h
values,

2. Pattern 2: Fuel pinswith high hpin positioned near guide tubes to
get highest power and burnup, and

3. Pattern 3: Fuel pins with high hpin positioned away from the
guide tubes to get more flattened power generation.

Thanks to the small difference in composition, identical geom-
etries, similar neutron flux profile faced by each fuel pin; the
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resulting difference among these three options was negligible. So,
in the later cases, fuel pins were arranged in the third pattern only.

2.4. Characteristics of the core partly loaded with ReFAs

ReFAs are loaded in sets of four from cycle three onwards.
Because ReFAs have reactivity much less than corresponding fresh
fuel assemblies, so, a new ReFA is loaded in each cycle. Hence, three
appropriate ReFAs are required to completely remove (or save) any
fuel assembly.

Though constructing 24 ReFAs to substitute equal number of the
E1 or E2 type of FAs in Cyc-03 (Table 3) may not be easy but even
then this case is addressed here. Its purpose is to compare core
response to ReFAs when other fuel assemblies in the core do not
have high enrichments (like F0, F1, etc.). Here, ReFAs are taking
place of the fuel assemblies with largest fissile content. On later

stage, in Cyc-04 onwards, up to 28 FAs of F2 type are replaced with
ReFAs. Such a large number of the ReFAs might never be used in a
core, but here, such cases are investigated to get conservative core
response with large quantities of the used nuclear fuel.

Not all fuel assemblies of batch E2 make it to the EOC 05
(Fig. 4). Some of them are discharged at the EOC 04. Positions of
the discharged fuel assemblies were filled with other fresh fuels
and not with ReFAs. Such positions are marked with XXX in
Tables 3 and 4. For instance the E2 type of fuel assembly burned
at the location H-06 during Cyc-03 is moved to the location H-
09 in the next cycle (Cyc-04). Then discharged from the core in
Cyc-05. Hence its location in Cyc-05 is marked with XXX. Now,
the four fuel assemblies of E2 type to be replaced with ReFAs in
Cyc-05 are located at positions H-08, G-08, F-11, and E�06
respectively. This pattern is repeated for the F1 and F2 types of
fuel assemblies too. Moreover, in these tables, fuel assembly
positions are written in congruent manner. For instance, the F0
type FA located at A-08 position in Cyc-04 goes to B-08 in Cyc-
05 and J-09 in Cyc-06. Because A-08 was written as first entry,
so B-08 and J-09 are also the first entries of their respective
cycles.

3. Results and discussion

3.1. Salient features of the ReFAs

The reconstructed fuel assemblies (ReFAs) are assembled from
the used nuclear fuel assemblies. So their building blocks have
already spent a good time of their life in the reactor core. Therefore,
they are different from the fresh fuel pins not only in reactivity but
also they are radioactive. Understandably, ReFAs have smaller fissile
content than their fresh counter-parts and so result in decreasing
cycle length. This difference, however, could be compensated e to
some extent e if ReFAs were prepared from the fuel pins with
higher hpin (Fig. 4). Apart from this decreased cycle length, we
expect that 2D and 3D pin peaking factors for the ReFAs would also
be higher than the fresh fuel assemblies, because ReFAs do not
contain any absorber fuel pins. Lack of the dedicated absorber pins
could result in higher power density either near guide tubes due to

Fig. 3. ReFA preparation procedure.

Table 3
Positions of the fuel assemblies replaced by ReFAs from E0, E1 and E2 batches.

 

 

Cycle 
No.

4 A-07 G-15 J-01 R-09 B-06 F-14 K-02 P-10 F-08 H-06 H-10 K-08
B-11 E-02 L-14 P-05 D-03 D-13 M-03 M-13 E-09 G-05 J-11 L-07
A-09 G-01 J-15 R-07 B-10 F-02 K-14 P-06 E-07 G-11 J-05 L-09
B-05 E-14 L-2 P-11 C-04 C-12 N-04 N-12 E-05 E-11 L-05 L-11

B-08 H-02 H-14 P-08 C-07 G-13 J-03 N-09
D-04 D-12 M-04 M-12 C-09 G-03 J-13 N-07

4 R-09 J-01 G-15 A-07 F-12 M-10 D-06 K-04 J-08 H-09 H-07 G-08
G-05 L-07 E-09 J-11 N-06 N-10 C-06 C-10 R-06 K-15 F-01 A-10
R-07 J-15 G-01 A-09 F-04 M-06 D-10 K-12 R-10 K-01 F-15 A-06
G-11 L-09 E-07 J-05 F-13 F-03 K-13 K-03 D-02 B-12 P-04 M-14

J-07 J-09 G-07 G-09 E-06 F-11 K-05 L-10
P-12 M-02 D-14 B-04 E-10 F-05 K-11 L-06

4 L-03 C-05 N-11 E-13 A-06 F-15 K-01 R-10 XXX XXX H-08 G-08
P-04 M-14 D-02 B-07 G-06 G-10 J-06 J-10 F-11 E-06 L-10 K-05
L-13 C-11 N-05 E-03 A-10 F-01 K-15 R-06 F-05 E-10 L-06 K-11
P-12 M-02 D-14 B-04 F-07 F-09 K-07 K-09 E-05 E-11 L-05 L-11

N-03 N-13 C-03 C-13 XXX XXX XXX XXX
H-01 A-08 R-08 H-15 XXX XXX XXX XXX

Cy
c-

05

24

20

16

12

8

Cy
c-

04

24

20

16

12

8

No. of ReFAs

Cy
c-

03

24

20

16

12

8

E0 posi ons to ReFAs E1 posi ons to ReFAs E2 posi ons to ReFAs
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softer neutron spectrum, or in the neighborhood of other fuel pins
due to higher neutron flux. It merely depends on the little higher
content of the fissile materials in the fuel pin. This minor difference
in the initial reactivity among the fuel pins becomes visible from
the corresponding power peaking factors.

To ascertain the benefit of reutilization technique in reducing
nuclear waste stockpiles and in Uranium resource saving, de-
pends on the definition of the “sufficient reactivity remaining”
i.e. hpin threshold which is used to decide whether a used fuel
pin with be reused or disposed off. In this manuscript, a ReFA is
constructed from almost two used nuclear fuel assemblies (
hpin >1:0). Since a ReFA is used in a single cycle only, so, it is
equivalent to consuming six used nuclear fuel assemblies to
save one fresh fuel assembly. This is obviously a significant
number. However, details of the precise economics concerning
advantages of using ReFAs after taking into account resulting
changes in the cycle length, resources needed in a ReFA con-
struction etc. are beyond the scope of this manuscript and will
be studied later.

3.2. Reactor characteristics partly loaded with ReFAs

3.2.1. Effect of the ReFAs on axial offset
Requirement of the axial offset to remainwithin ±10% is fulfilled

for all of the cases (Fig. 5). This is expected because fuel is assumed
to be uniformly distributed axially. This assumption has already
been verified in calculating axial variation of the inventory. A single
value of the composition and a single value of hpin assigned to each
pin is indeed a reasonable assumption [17]. Full scale verification of
this assumption here by treating each fuel pin, as a stack of regions
of different compositions is computationally non-feasible.

3.2.2. ReFAs and 3D pin peaking factor
Variation of the 3D pin peaking factor during Cyc-03 to Cyc-06 is

within the acceptable range (<2.52) for all cases (Fig. 6). However, a
clear reduction in the margin from reference core is visible. For the
case E1-24, Cyc-03, when 24 ReFAs were loaded instead of the E1
type of fuel assemblies, the peaking factor is slightly higher from
the acceptable value (2.55) for a short duration of time. This is
insignificant. If we look at Fig. 6 while keeping in mind depletion
status of the fuel assemblies to be replaced (Table 2), then there are
three important observations.

1. If ReFAs were replacing fresh fuels (e.g. Cyc-03, E0, E1 type FA
etc.), then increasing the number of ReFAs increases 3D pin
peaking factor.

2. If ReFAs were to be substituted for the twice burnt fuel assem-
blies then number of ReFAs or the type of fuel assemblies being
replaced become less important.

3. If the fuel assemblies being replaced were in their third cycle of
burning (e.g. F2 type in Cyc-06) then increasing the number of
ReFAs indeed decreases the 3D peaking factor.

However, though it is within the safety margins, but, introduc-
tion of the ReFAs have always negative impact on the pin peaking
factor of the core.

Since fuel burning is a complex phenomenon, so exact reasons
for these observations might not be pinpointed easily. Yet, it could
be assigned to the difference in the composition among different
fuel pins. Although ReFAs, due to lack of absorber pins and zoned
fuel pins etc. seem more or less similar, but there is difference in
their previous burning lives. Also, life histories of all the fuel pins
are not same either. So, these smaller dissimilarities when put
together, show up in the reasonably observable differences.

3.2.3. ReFAs and 2D pin peaking factor
2D pin peaking factor seems the hardest requirement among

different cases. An obvious pattern in its variation is its dependence
on the fuel type to be replaced. All the cases of cycle 03 (Fig. 7)
represent rapidly increasing 2D peaking factor with increase of the
number of the replaced fuel assemblies. Deviation from the refer-
ence case is smallest when 04 fuel assemblies of any type (E0, E1 or
E2) were replaced. Similarly, the deviation is largest when all of the
fuel assemblies of any kind were replaced. In most of the cases of
cycle 03, the peaking factor is larger than the permitted maximum
value of 1.55.

For later cycles (4, 5 and 6) there is a drastic decrease in the
deviation from reference value. The 2D pin peaking factor variation
with depletion for the cycle 05 is drastically different from the
preceding cycles. Here E0, E1 and E2 type of fuel assemblies are
twice-burnt while F0, F1 and F2 type of fuel assemblies are once
burnt. None is a fresh fuel assembly. The only exceptions are the
two cases, when 12 or 16 FAs of F0 batch were replaced with ReFAs.
It is within the desired limits (<1.55) for all cases besides afore-
mentioned two cases. This difference could be attributed to the fuel

Fig. 4. Loss in cycle length due to replacement of E or F type of fuel assemblies with
ReFAs.
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pin layout among original fuel assemblies. F0 batch is the only
batch here, that did not contain any absorber fuel pin. Power uni-
formity within these FAs is maintained by placing less enriched fuel
pins at appropriate locations. Disturbance of this fine balance by
ReFAs increased value of the Fr .

In the last cycle (Cyc-06) it is the F2 batch of the fuel assemblies
that show distinctively large increase in the Fr values. It is expected
because F2 type of FAs contain a large number of the absorber pins
(12 No.) that have been eliminated from the ReFAs, secondly, their
location was close to the center of the core (Fig. 7), and thirdly

Table 4
Positions of the fuel assemblies replaced by ReFAs from F0, F1 and F2 batches.

 

 

Cycle 
No.

4 A-08 H-01 H-15 R-08 B-06 K-02 P-10 F-14 G-02 P-07 J-14 B-09
B-05 E-14 L-02 P-11 D-03 P-06 M-13 B-10 J-02 P-09 G-14 B-07
B-11 E-02 L-14 P-05 C-08 D-13 M-03 N-08 D-04 J-04 M-12 G-12

F-02 H-03 H-13 K-14 G-04 M-04 J-12 D-12
C-04 C-12 N-04 N-12 D-07 D-09 M-07 M-09

F-06 F-10 K-06 K-10
F-08 H-06 H-10 K-08

4 B-08 H-02 H-14 P-08 G-12 D-07 J-04 M-09 N-07 J-13 C-09 G-03
N-10 K-03 F-13 C-06 D-11 J-12 M-05 G-04 C-07 J-03 N-09 G-13
N-06 K-13 F-03 C-10 D-08 D-05 M-11 M-08 G-07 A-07 J-09 R-09

M-07 H-04 H-12 D-09 R-07 J-07 A-09 G-09
L-04 L-12 E-04 E-12 G-15 G-01 J-15 J-01

E-08 H-11 H-05 L-08
J-08 H-09 H-07 G-08

4 J-09 G-09 J-07 G-07 R-10 F-15 A-06 K-01 H-11 E-08 H-05 L-08
R-09 J-01 G-15 A-07 M-14 A-10 D-02 R-06 H-08 XXX XXX XXX
R-07 J-15 G-01 A-09 XXX M-02 D-14 XXX G-08 D-07 J-08 M-09

K-15 XXX XXX F-01 M-07 H-07 D-09 H-09
P-12 P-04 B-12 B-04 G-12 G-04 J-12 J-04

C-03 C-13 N-03 N-13
L-11 E-11 L-05 E-05

F0 posi ons to ReFAs F1 posi ons to ReFAs F2 posi ons to ReFAs

Cy
c-

06

28

24

20

16

12

8

Cy
c-

05

28

24

20

16

12

8

No. of ReFAs

Cy
c-

04

28

24

20

16

12

8

Fig. 5. Variation of the axial offset when different sets of the fuel assemblies of different types are replaced with ReFAs in different cycles (Cyc-3: top left, Cyc-4: top right, Cyc-5:
bottom left, Cyc-6: bottom right, respectively).
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Fig. 6. Variation of the 3D pin peaking factor when ReFAs replaced different sets of the original fuel assemblies (Cyc-3: top left, Cyc-4: top right, Cyc-5: bottom left, Cyc-6: bottom
right, respectively).

Fig. 7. Variation of the 2D pin peaking factor when ReFAs replaced different sets of the original fuel assemblies (cycles 3e6).
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because ReFAs contain higher reactivity than the twice burnt F2
batch of fuel assemblies. Hence, this anomaly could be removed by
using ReFA constructed from the fuel pins with lesser fissile con-
tent. This case is, however, not tested here.

3.2.4. Effect of the ReFAs on DTC
Because both, the original fuel assemblies loaded in UC5 and the

ReFAs have large quantities of U-238 in fuel, so the Doppler tem-
perature coefficient is expected to remain negative. This is indeed
the case (Fig. 8). This is a big incentive of using ReFAs.

All the cases for the cycle 06 are verymuch similar i.e. DTC is less
negative than the reference case. This could be attributed, pri-
marily, to elimination of the absorber pins. Because absorber pins
used natural uranium with 6% Gd2O3, and negligible amount of
Plutonium was made in those pins. However, in the ReFAs, these
sites (12 no.) were also filled with partly burnt fuel pins. And they
contained reasonably good amount of Plutonium also. Hence, a
decrease in the DTC.

3.2.5. Effect of the ReFAs on MTC
Variation of the moderator temperature coefficient (MTC) is

similar to the corresponding FTC (Fig. 9). This is because amount of
the boron assumed in the coolant is precisely proportional to the
reactivity added by the fuel. When more negative reactivity is
added to the core due to replacement of the fresh fuel with ReFAs
(Cyc-03), excess reactivity of the core is decreased. This loss
required lesser quantities of the boron to be dissolved into the
coolant and hence made the MTC even more negative. This added
(but unnecessary) benefit comes at the price of reduced cycle
length.

On the other hand, when more positive reactivity is added by

using ReFAs instead of the original twice burnt FAs (Cyc-06), boron
is to be added to the coolant also. Thus increasing the coolant
reactivity per unit volume. Clearly, then, MTC is less negative than
the reference case. Cycle-04 and cycle-05 are the good instances of
keeping the MTC close to the reference core. In the cycle-05, the
fuel assemblies to be replaced with ReFAs were either once burned
(F0, F1, F2 types) or twice burned (E0, E1, E2 types). Hence, their
reactivity was close to the fresh ReFAs or less. Resultantly, in the
former cases ReFAs caused to make the MTC less negative while
making it more negative for the latter case. Similarly, in the cycle
04, the cases of replacing fresh fuel with ReFAs and the once burnt
fuels are quantitatively different from the cycle 05 but qualitatively
the same.

4. Conclusion

Reutilization of the partially burnt nuclear fuel pins into a PWR
core has been evaluated. It could help in reducing the used nuclear
fuel (UNF) stockpiles and improve Uranium resource utilization in
economical way by producing power from the selected UNF fuel
pins. Standard two step nodal method was used to ascertain
burnup of the UNF assemblies. Form function superposition
method was used to reconstruct power and Burnup for each fuel
pin. Reference database method was first used to select candidate
fuel pins to prepare reconstructed fuel assemblies (ReFAs) by pre-
paring hpin vs. Burnup database. Similarly, reference database
method was used again to determine composition of each candi-
date pin from the composition vs. Burnup database. This time by
dividing fuel pins into appropriate groups according to their loca-
tion inside the respective fuel assemblies. These ReFAs were
introduced into a PWR core in sets of four fuel assemblies, and five

Fig. 8. Variation of the DTC pin peaking factor when ReFAs replaced different sets of the original fuel assemblies (cycles 3e6).
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safety parameters namely; AO; Fq; Fr; DTC; and MTC were
calculated.

It is found that reutilization of the UNF is reliably feasible. Re-
quirements for all parameters could easily be fulfilled if a smaller
number (like four only) of the ReFAs was used. To use a larger
number of the reconstructed fuel assemblies we need to concern at
least location of the ReFAs in the core, total excess reactivity of the
other fuel assemblies compared to the ReFAs, type and composition
of the fuel assemblies to be replaced with the ReFAs.

These conclusions are valid only if enough number of the used
nuclear fuel pins carrying sufficient reactivity were available i.e.
about two partly burnt fuel assemblies for each ReFA.
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