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1. Introduction This is attributed to their capability to recycle the ura-

nium found in spent nuclear fuel, generating energy. As a

In 2002, the Fourth Generation International Forum (GIF) result, they offer a practical pathway towards achieving

regarded fast spectrum reactors utilizing lead as a coolant sustainable energy practices aligned with environmental

as one of the three advanced systems within the category stewardship. This involves the implementation of ad-

of fast spectrum nuclear reactors (DOE,2002). Hence, fast vanced technology to effectively manage long-lived minor

spectrum reactors stand out as the most efficient technol- actinides and nuclear fission products (Waltar, 2011).

ogy for maximizing the utilization of uranium resources. Among the various innovative concepts within the fourth
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generation (Gen-1V) of advanced nuclear technology, the
lead-cooled fast reactor (LFR) stood out as a highly prom-
ising option. It was recognized for its potential to demon-
strate excellence across four main domains: sustainabil-
ity, economic viability, safety and reliability, and re-
sistance to proliferation while ensuring physical protec-
tion (Zohuri, 2020). The lead-cooled fast reactor is char-
acterized by its capacity for high-temperature operation,
low-pressure conditions, a closed fuel cycle, and the abil-
ity to function flexibly in two modes. It can serve as a
breeder, facilitating the net creation of fissile fuel, or as a
transmuter, converting long-lived minor actinides and
other radioisotopes into shorter-lived ones. Due to its dis-
tinct safety advantages compared to other fast reactors,
the lead-cooled fast reactor holds promising prospects for
global development. Currently, the Generation-1V Interna-
tional Forum (GIF) System Research Plan (SRP) centers
around Europe's ELFR lead-cooled system (Alemberti,
2011), Russia's BREST-OD-300 (Zrodnikov, 2011), and
the US-designed SSTAR system concept (Smith, 2008).
These projects serve as the foundation for the GIF's explo-
ration of lead-cooled fast reactor system concepts.
ALFRED (Advanced Lead-cooled Fast Reactor European
Demonstrator) stands as a cutting-edge initiative in Eu-
rope, serving as a demonstrative model for the ELFR (Eu-
ropean Lead Fast Reactor) concept. Its primary objective
is to validate safety and reliability under various opera-
tional conditions, with operations anticipated to com-
mence in 2025 (Grasso et al.,, 2014). Three critical stages
in the execution of this project include choosing the fuel,
creating the design, and optimizing the process. The ob-
jective of this study is to employ the MCNPX stochastic
transport code for assessing the performance of MOX fuel
in the ALFRED core, along with analyzing its isotopic

transmutation over varying burn-up times.

2. ALFRED Design Parameters

ALFRED, a pool-type reactor with a small footprint, fea-
tures a core comprised of 171 hexagonal fuel assemblies
(FAs) arranged in a cylindrical configuration. Addition-

ally, there are sixteen positions designated for twelve

control rods (CRs) and four safety rods (SRs). Surround-
ing the core are two rows of 108 dummy elements serving
as a reflector. The 171 FAs are radially divided into an in-
ner zone consisting of 57 FAs and an outer zone compris-
ing 114 FAs, each with distinct plutonium enrichments.
Each FA includes a triangular lattice housing 127 fuel pins
and is cooled by pure lead. Figure 1 and Figure 2 illus-
trates the primary system and core layout of ALFRED re-
spectively. Essential parameters of the ALFRED core are
summarized in Table 1. The fuel consists of MOX pellets
with a theoretical density of 95% and an Oxygen-to-Metal
ratio (0O/M) of 1.97. The U and Pu isotopic compositions
are determined based on recovered U and Pu from LWR
spent fuel burnt up to 45 GWd/t, with a 4.5% initial en-
richment in 235U, after 15 years of cooling, including 4
years post-reprocessing. Table 2. details the fuel isotopic
composition of uranium and plutonium. The fuel pin de-
sign, depicted in Figure 3, incorporates inner and outer
radii of 1 and 4.5 mm, respectively, with an active length
of 60 cm (Grasso etal.,, 2013). (Grasso et al., 2014), as out-
lined in Table 3. B4+C, with 90 at.% of 1°B and a density of
2.2 g/cm3, is the chosen absorber material for control and

safety rods.
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Figure 1. ALFRED primary system (Luzzi, Lelio, et al.,2014)
(Ibrahim et al., 2021).
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Table 2. The isotopic vectors of uranium and plutonium
(Sobolev et al,, 2009) (Ibrahim et al., 2021).

Plutonium isotopes Fraction (wt.%)
28py 2.332
29py 56.873
240py 26.997
241py 6.105
242py 7.693
Uranium isotopes Fraction (wt.%)
@ 171 Fuel Assembly 24y 0.003
) 4 safety Rods 235 0.404
12 Control Rods 236 0.010
DO S s 99.583

Figure 2. ALFRED core layout (Luzzi, Lelio, et al,, 2014)

i Table 3. Design parameters of ALFRED fuel pin (Ibrahim et al.,
(Ibrahim et al,, 2021).

2021).
Main parameters MCNPX
Type of fuel MOX
gl 8l g
o E E | 2mm Fill gas He
S|=|*
‘ Inner diameter of fuel pellet (mm) 2.0
5 Outer diameter of fuel pellet (mm) 9.0
Figure 3. Fuel pin cross-section of ALFRED core layout Inner diameter of cladding (mm) 9.3
(Ibrahim et al,, 2021). Outer diameter of cladding (mm) 10.5
Length of lower plenum (mm) 550
Length of upper plenum (mm) 120

Table 1. ALFRED main parameters (Grasso et al,,2013) Length of Active zone (mm) 600

(Ibrahim et al,, 2021).

3. Modeling and Simulation Tools

Main parameters MCNPX
The ALFRED core's neutronic behavior and fuel transmu-
Thermal power (MW) 300 300 . . . . .
tation were investigated using the MCNPX computational
Fuel assembly concept Closed hexagonal
model. All simulations considered operational conditions,
Coolant Lead . . ] ) N
with control and safety rods in their parking positions
Inlet temperature of coolant ( oC) 400
(safety rods above the fuel region and control rods below
Outlet temperature of coolant ( 0oC) 480 ) . ]
- the fuel region). The MCNPX simulations employed 1000
Mass flow rate of coolant (kg s *) 26000
i ) source histories per cycle to simulate neutron transport
Maximum velocity of coolant (ms 1) <20 ] .
. ) in the model. The skip cycles were set at 55, and the total
Cladding 15-15Ti

. . . cycles amounted to 550. Table 4. presents a comparison
Cladding maximum temperature at nominal con-

ditions ( °C) 550
Peak burn-up (MWd/kg) 100

of the neutronic characterization of the ALFRED core with

the reference values from (Grasso et al.,, 2014).
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Table 4. Neutronic characterization of the ALFRED core.

Parameter MCNPX Refrence
value
Kefr 1.02956
(Akest / Kers) Swing in 1 year (pcm) - 1740 - 2580
Fuel burn-up (GWd/t) 71.6 73.3
Average neutron flux (cm?s?) 1.53 x 10 1.5 x 101
Max power in FA (MW) 2.2 221
Total worth of 12 CRs (pcm) - 8890 - 8500
Total worth of 4 SRs (pcm) - 2890 - 3300
Beff (pcm) 410 336
Doppler constant (pcm) -481 - 555
Conversion factror after 5 years 84.2%

4. Results and Discussion

This analysis utilized the ENDF/B-VI.2 cross-sections li-
brary from a neutronic perspective. The library comprises
cross-sectional data for various nuclides, including fuel,
reflector materials, clad, and coolant, provided at different
temperatures (e.g.,, 1200 K, 900 K, 600 K, and 293 K). Sim-
ulating the burn-up of MOX fuel within the assembly
spanned a total cycle length of 5 years, equivalent to 1825
Effective Full Power Days (EFPD). The accumulation of
U/Pu/MA isotopes' masses was tracked at various irradi-
ation time intervals to compare fuel transmutation results
between 3D-homogeneous and 3D-heterogeneous mod-
els. The simulation employed a Dell Precision T5610 with
two processors (Intel Xeon processor E5-2600 V2) and
32GB ECC RDIMM memory at 1866MHz to run the MCNPX
code.

4.1. Kerr and fuel burn-up of the ALFRED core

The graph in Figure 4 illustrates how the kefrvalue of the
ALFRED core changes over irradiation time. The ket curve
demonstrates a minimal reactivity swing of (0.017 Ak/yr)
over a one-year burn-up period, indicating a slow reduc-
tion in total fissile material throughout the burn-up dura-
tion. Additionally, Figure 5 depicts that the discharged
fuel burn-up of the ALFRED core at the conclusion of the
irradiation period (1825 EFPD) has reached 71.6 GWd/t.
Furthermore, according to MCNPX burn-up results,

neutrons in the thermal, intermediate, and fast neutron
ranges contribute 0.29%, 39.61%, and 60.10%, respec-
tively, to the fission reaction on average. This level is
deemed acceptable for the generation of new fissile iso-
topes, where the quantity of neutrons generated per fis-
sion exceeds 2. Hence, thermal neutrons make negligible
contributions to the fission power, while only fast and in-
termediate neutrons play a role in generating fission
power. Additionally, the mean energy of neutrons causing
fission was determined to be 0.73 MeV, and the average
lifetime of these neutronsis 11.9 x 10-¢ + 5 x 10-8 seconds,
significantly shorter than that of thermal (slow) neutrons,
whose lifetime in thermal reactors can be as long as 10-3
seconds (Rugh, 1996). The average number of neutrons
generated per fission was established to be 2.938 neu-
trons.
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Burn-up time (EFPD)
Figure 4. Kefr of the ALFRED core as a function of burn-up time.
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Figure 5. Fuel burn-up of the ALFRED core as a function of
burn-up time.
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4.2. ALFRED Radial Flux Distribution

In Figure 6, the radial distribution of neutron flux (meas-
ured in cm2 s'1) in the ALFRED reactor is depicted. The
measurements were taken at the midpoint between the
upper and lower extents of the axial active core. These val-
ues were computed at the onset of core life (BOL) using F4
and FM tallies within the MCNP5 code (X-5 Monte Carlo
Team, 2003). The neutron flux per starting neutron his-
tory obtained through the F4 tally in MCNP is appropri-
ately normalized to yield the total neutron flux corre-
sponding to the overall neutrons generated for the entire

reactor power.

4.3. ALFRED Radial Power Distribution

The power distribution in the ALFRED core at the begin-
ning of life (BOL), represented in Figure 7, illustrates
power levels in megawatts (MW). The analysis reveals
that the maximum power within the fuel assembly (FA)
reaches 2.2 MW. Additionally, the overall power distribu-
tion remains relatively uniform throughout the core, with
no peak occurring at the core's midpoint; instead, the
peak is situated at the boundary between the two fuel

Zones.

4.4. Control Rods Worth (CRW)

Different insertion distances of control rods (CSDs) were
investigated to quantify their total worth and to make
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Figure 6. Radial neutron flux distribution of ALFRED core.
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Figure 7. Radial power distribution (MW) of ALFRED core.

sure that they can introduce sufficient negative reactivity
to shut down the reactor in case of accidents. The control
rod worth (CRW) was estimated using the following equa-
tion,
CRW = k2—-k1 k2 x k1 (4.1)

Where, k1 and k2 are the keff values of the core, being cal-
culated without and with the insertion of control rods re-
spectively. To determine the exact effect of the insertion
and withdrawal of control rods on core reactivity, integral
rod worth has been investigated for the core model. The
integral rod worth was calculated for CSDs rods as shown
in Figure 8. The slope of the integral rod worth curve
(Ap/Ax), and therefore the integrated reactivity intro-
duced per unit insertion of CSDs is greatest when the con-
trol rod is midway in the core. This occurs because the re-
gion of greatest neutron flux is near the center of the core
and thus the amount of change in neutron absorption is

the greatest in this area.
Summary and Conclusion

In summary, we looked closely at how the ALFRED nu-
clear concept behaves when it comes to its neutrons -
those tiny particles that power the reactor. Using a com-
puter program called MCNPX, we made a 3D model of the
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Figure 8. The CSDs integral rod worth curve of ALFRED core.

ALFRED core to see how it works from the start to the end
of its fuel cycle. We found out that the core has safety fea-
tures to keep it in check during accidents, like shutting
down if needed. Also, we discovered that even if some-
thing goes wrong and the coolant is lost, the reactor won't
go out of control thanks to certain safety measures. Plus,
we learned that the core can keep running for a long time
without needing a lot of new fuel. It can still have about
97% of its starting fuel even after a long time, showing
that it can keep going without needing a lot of extra stuff.
These findings show that the ALFRED design is strong and
can be a good option for clean energy in the future.

References

DOE, U. S. (2002). A technology roadmap for generation IV nu
clear energy systems.

Waltar, A. E,, Todd, D. R, & Tsvetkov, P. V. (Eds.). (2011). Fast
spectrum reactors. DOI 10.1007/978-1-4419-9572-8.
Springer Science & Business Media.

Zohuri, B. (2020). Nuclear Reactor Technology Development and
Utilization (pp. 61-120). Woodhead Publishing.

Alemberti, A., Carlsson, ], Malambu, E. Orden, A, Cinotti, L.,
Struwe, D, ... & Monti, S. (2011). Journal of nuclear science and
technology, 48(4), 479-482.

Zrodnikov, A. V., Toshinsky, G. I, Komlev, O. G., Stepanov, V.S, &
Klimov, N. N. (2011). Journal of Nuclear Materials, 415(3),
237-244.

Smith, C. F,, Halsey, W. G., Brown, N. W,, Sienicki, ]. ., Moisseytsev,
A., & Wade, D. C. (2008). Journal of Nuclear Materials, 376(3),
255-259.

Grasso, G., Petrovich, C., Mattioli, D., Artioli, C., Sciora, P., Gugiu,
D, ... & Mikityuk, K. (2014). Nuclear Engineering and Design,
278,287-301.

Grasso, G., Petrovich, C., Mikityuk, K., Mattioli, D., Manni, F.,, &
Gugiu, D. (2013). Proceedings of Fast Reactors and Related

Fuel Cycles, Vol. 2: Safe Technologies and Sustainable Scenar-
ios (FR13), Paris.

Luzzi, L., Cammi, A., Di Marcello, V., Lorenzi, S., Pizzocri, D., & Van
Uffelen, P. (2014). Nuclear Engineering and Design, 277, 173-
187.

Ibrahim, M., Ibrahim, A., Aziz, M., Saudi, H. A., & Hassaan, M. Y.
(2021, July). In IOP Conference Series: Materials Science and
Engineering (Vol. 1171, No. 1, p. 012009). IOP Publishing.

Sobolev, V., Malambu, E., & Abderrahim, H. A. (2009). Journal of
Nuclear Materials, 385(2), 392-399.

Rugh, W,, (1996). Linear System Theory, Second Edition, Pren-
tice Hall. Sauvage, J., F., (2004). Phénix 30 Years of History:
The Heart of a Reactor. CEA, France.

DOI: 10.21608/fuje.2024.344952

277

Fayoum University Faculty of Engineering, 2024, Vol: 7 (2)



