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ABSTRACT

This work evaluates fuel and moderator temperature reactivity feedback for mixed oxide (MOX) fuel in the
Dispatchable Adaptive Reactor With Interchangeable compoNents (DARWIN), a modular reactor concept
requiring inherently safe operation through negative temperature coefficients. Temperature-dependent re-
activity coefficients are calculated for various uranium enrichments, UO, weight fractions in UO,—PuO,
mixtures, and boron concentration in the coolant.

Monte Carlo were performed with Serpent 2.2.0 using ENDF/B-VIL1 nuclear data, based on a two-
dimensional core model with 37 hexagonal MOX assemblies each consisting of 127 identical fuel pins. Mod-
erator temperature coefficients (a,;) were computed for moderator temperatures between 560K and 600K,
while fuel temperature coefficients («f) were evaluated from 560K to 1080K. Both ay, and & remain neg-
ative across all examined configurations, confirming stable feedback behaviour. The magnitude of a;, in-
creases for lower uranium enrichments and higher UO, weight fractions, driven by temperature-induced
variations in radiative capture reaction rates. Increased boron concentration reduces magnitude of a,, with-
out resulting in positive values. The fuel temperature coefficient becomes less negative with increasing
enrichment and decreasing UO, weight fraction, consistent with decrease in radiative capture reaction rate
with temperature increase.

The study provides parametric feedback trends and reference coefficient data to support future MOX-
fuelled DARWIN core design and safety assessment.
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1. INTRODUCTION

The concept of the Dispatchable Adaptive Reactor With Interchangeable compoNents (DARWIN) [1]
provides a solution to the urgent and emergency needs of the present and future world. Its modular de-
sign enables responses to specific needs and applications such as flood water pumping, district heating,
desalination, radioisotope production, and load-following electricity generation, which was already in-
detified as possible use od Small Modular Reactors (SMRs) [2]. The reactor will consist of different core
modules (e.g., fuel elements, reactivity control, neutron reflector, isotope production) and secondary
side modules (e.g., flood water pumping, heat production), which should be optimised for particular
uses. The main reactor parameters, such as nominal power, operating temperature, and pressure, are
not defined yet because they depend on the reactor type and its intended application.

The selection of nuclear fuel is based on the physical and safety limitations of specific applications,
such as the requirement for negative temperature reactivity feedback and differing needs for radioiso-
tope production, heat generation, or operation in load-following mode. This paper focuses on MOX
fuel, identified as a promising candidate in [3], and presents a more detailed physics analysis of its
temperature feedback behaviour, including reaction rates and spectral effects for different UO, weight
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fractions and uranium enrichments. This analysis allows the identification of key operational limits and
characteristic trends of the temperature feedback.

Temperature effects were evaluated using temperature feedback coefficients, defined as
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where «; is the temperature feedback coefficient for material j (fuel or moderator), p is the reactivity, and

T; is the temperature of material j. In general, these coefficients are not constant and may depend on

temperature. To estimate temperature dependence, the difference between two discrete temperatures is

used:

o(Tiv1/2) —0(Ti12,)
Tiv1/2j— Ti-1/2

, )

wj(Tij) =

where T; ; is the temperature between two neighbouring temperatures Tj1 1, j, which were used in the
calculations.

Reaction rates were calculated at different moderator and fuel temperatures for two reactions: a) total
fission (MT number 18) and b) radiative capture (MT number 102). The reaction rate values in the fuel
of the central fuel assembly are presented.

Section 2 presents the computational model, including geometry and material description. Sections 3

and 4 present the results of the moderator and fuel temperatures feedback coefficients, and Section 5
summarises the main findings.

2. COMPUTATIONAL MODEL

For this analysis, a two-dimensional core was assumed, containing only fuel pins assembled in hexag-
onal fuel assemblies and surrounded by a band of water only, which acts as a reflector, as shown in
Figure 1. The hexagonal arrangement of fuel pins and assemblies enables a more uniform power distri-
bution across the core compared with fuel pins in a square lattice. Calculations were performed using
the Serpent 2.2.0 Monte Carlo code [4] with the ENDF/B-VIL.1 nuclear data library [5], 300 inactive,
1000 active cycles, and 10° neutrons per cycle. Calculations resulted in a relative statistical uncertainty
of approximately 5 pcm in k. s and approximately 3 x 10! % for the neutron flux per energy group.

Pp

Figure 1. Schematic representation of the reactor core geometry used in the simulations. The core (right) consists
of 37 hexagonal fuel assemblies, separated by an assembly pitch p,, and is surrounded by a 20 cm thick water
reflector. Each fuel assembly (left) contains 127 fuel rods arranged in a hexagonal lattice with a pin pitch py. The
assembly size d,, the core size d., and the assembly pitch p, are derived from the pin pitch pp.
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The core consists of 37 fuel assemblies, each with 127 identical fuel pins. Each fuel pin contains a central
MOX fuel pellet, a helium-filled gap, and Zircaloy-4 cladding, surrounded by water acting as both
coolant and moderator. In this study, the distance between fuel pins (pin pitch) was set to p, = 1.4cm,
resulting in an assembly size of d; = 16.2cm and a core size of d. = 102.7 cm. The value p, = 1.4cm
was selected because, at this pitch, the core is approximately ideally moderated at room temperature
and becomes under-moderated at higher temperatures [6, 7].
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Simulations were conducted at various fuel and moderator temperatures and with different boron con-
centrations in the coolant. The temperature, pressure, and boron concentration values are typical for
pressurised water reactors (PWRs). Water density data were taken from [8]. The isotope composition of
the PuO; component used in the simulations was taken from [9]. The corresponding plutonium vector
was: 238Puy, 0.05 %; 2>Pu, 93.50 %; 240Puy, 6.00 %; 1Py, 0.40 %; and 2*?Pu, 0.05 %. For the UO, compo-
nent, the isotopes 234y, 2357, 236U, and 10 are assumed, with isotopic composition depending on the
uranium enrichment.

3. MODERATOR TEMPERATURE FEEDBACK

Change in the moderator temperature was implemented by adjusting:

¢ the moderator material temperature,
¢ the moderator density, and
¢ the thermal scattering data for hydrogen in water.

As the fuel temperature does not affect the moderator temperature feedback, and the reactivity coeffi-
cient remains unchanged regardless of the fuel temperature, the fuel temperature was fixed at 300 K.
The moderator temperature was varied from 560 K to 600 K in increments of 10 K.

Figure 2 shows the temperature dependence of the moderator temperature reactivity feedback coeffi-
cient ay, for various cases:

* 3% and 20 % enriched uranium,

* UO, weight fractions of 96 % (data from [9]) and 78 %, generated from the 96 % case using an
arbitrarily chosen 6 % step (only the first and last values are shown),

* boron concentrations of 0 ppm, 1000 ppm, and 2500 ppm.

In general, &, becomes more negative (i.e. the feedback becomes stronger, the impact on reactivity is
larger) as the moderator temperature increases. This behaviour can be explained by different temper-
ature trends in the fission and radiative capture reaction rates, as illustrated in Figure 3, which shows
the sum of reaction rates for the nuclides 23°U, 238U, 23°Py, 40Py, 241Py, and 2*2Pu. The highest rate of
fission reactions (an order of magnitude larger than for other nuclides) occurs on 235y, 9Py, and #1Py,
while the highest rate of capture reactions occurs on 2*°Pu and ?4?Pu.

It can be seen that the value of a;, is more negative (the effect is stronger) for lower uranium enrichment
and a higher UO, weight fraction, which can be explained by temperature-induced changes in reaction
rates, as shown in Figure 3. The main contribution to fission originates from 2357, 2Py, and #*!Py,
which dominate power production due to their large fission cross sections. In contrast, the strongest ra-
diative capture occurs in ?*°Pu and 2#2Pu, which effectively act as absorbers. As moderator temperature
increases, the spectrum becomes slightly harder, reducing the thermal flux and modifying resonance
self-shielding in both uranium and plutonium isotopes. This leads to a relatively stronger increase in
capture rates in 2#°Pu and ?#?Pu compared to the change in fission rates of 2°U, 2Py, and ?*' Py, par-
ticularly at lower uranium enrichment and higher UO, weight fraction. The linear fits in Figure 3 show
that, for the 3 % enrichment case, the capture-rate slope is even positive compared to the capture-rate
slope for the 20 % case. This indicates a more negative value for cases with lower uranium enrichment.
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Figure 2. Moderator temperature feedback coefficient &y, (Tyy, ), evaluated for two uranium enrichments, two UO,
weight fractions, and three boron concentrations cp in the water. Calculated values are shown as points with error
bars, with lines included only to guide the eye.

As expected, a higher boron concentration results in a weaker a;, coefficient, which can become positive.
This sets a limit in UO; fuel, as presented in [3], although this is not noticeable in the cases presented
in this paper. The effect of boron is stronger (i.e., there is a larger difference between «,, for cases with
and without boron) for a higher UO, weight fraction, while enrichment does not lead to significant
differences between cases with or without boron.

Figure 4 shows the energy distribution of flux in the whole core across 600 energy groups. The shown
cases were selected to span the widest possible range of the investigated parameter phase space. In
the thermal region (approximately E < 1eV), the higher UO, weight fraction and lower uranium en-
richment result in higher thermal flux, which leads to increased capture in 24°Pu and ?*’Pu, making
a; more negative. In the epithermal region (approximately between 1eV and a few tens of keV), im-
portant resonances of uranium and plutonium are present, which are crucial for changes in capture
compared to fission. Spectrum hardening, i.e., a shift of flux to the resonance region, affects the ratio be-
tween fission and capture. The changes due to temperature variation are small. With added boron, the
flux decreases in the thermal region. At higher temperatures, a slight spectrum hardening is observed,
which is consistent with trends in ay,.

4. FUEL TEMPERATURE

As in the moderator study, the fuel temperature was varied from 560K to 1080K in approximately
100 K increments, while the moderator temperature was kept at 560 K. With the change in temperature,
only the material temperature was altered, neglecting changes in density and leakage due to thermal
expansion.

The results for the fuel temperature reactivity feedback coefficient, a¢(Ty), are shown in Figure 5. The
coefficient is negative, with a slight trend of increasing magnitude as temperature increases. With higher
uranium enrichment and a lower UO; weight fraction, the effect is weaker. This can again be explained
by the fission and radiative capture reaction rates, which are shown in Figure 6.
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Figure 3. The sum of fission (left column) and capture (right column) reaction rates for the nuclides 23°U, 238,
29py, 240py, 24Py, and 242Py is shown for 3% (upper row) and 20 % (lower row) uranium enrichment as
coloured points connected with lines included only to guide the eye. A linear function was fitted to the individual
data and is represented by a black line, with the slope value and its uncertainty indicated in the top right corner of
each plot. Vertical bars show the relative contributions of individual nuclides for a specific moderator temperature.
The bottom of each bar represents 0 %, and the top 100 %.

Figure 6 shows the sums of reaction rates for the nuclides 235y, 88y, 29py, 40Py, 241y, and 242Pu for
two cases of different uranium enrichment (3 % and 20 %). The highest fission reaction rates occur for
235U, 2Py, and 2#!1Pu. The highest radiative capture rates are observed for 24°Pu and 2*’Pu. The be-
haviour of the reaction rates with fuel temperature can be understood in terms of Doppler broadening
of resonance cross sections. For both uranium and plutonium isotopes, an increase in fuel temperature
broadens the resonances and enhances absorption in the epithermal energy range. For 2°U, 2Py, and
241py, this additional absorption partly feeds fission, whereas for 2*°Pu and ?*’Pu, it predominantly
increases radiative capture. As shown by the linear trends in Figure 6, the capture-rate slope increases
with temperature while the fission-rate slope decreases, resulting in a net reduction in reactivity with
increasing fuel temperature and hence a negative a¢. At 20 % enrichment, the capture-rate slope is ap-
proximately 2.4 times smaller than at 3 %, and the reduced relative importance of plutonium resonances
further accounts for the less negative fuel-temperature coefficient in this case.

The changes in the energy distribution of flux in the thermal region are not as pronounced as those ob-
served when varying the moderator temperature. Instead, they occur in the resonance region (around
1eV to several tens of keV), where increasing fuel temperature leads to Doppler broadening of the res-
onances and, consequently, higher absorption. At higher enrichment, the differences become smaller
because absorption is distributed differently between uranium and plutonium. As shown in Figure 6,
the fission reaction rate decreases with increasing T, but capture reactions increase significantly, espe-
cially at lower enrichment and higher weight fractions of UO;. In the resonance region, the neutron
flux locally decreases as the broadened resonance peak results in more absorption, which appears as
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Figure 4. Flux distribution per unit of letharqy Au, defined as Au = In (Ehigh / Elou,), where Ejoyy and Epjgy, are

the boundaries of each energy group. Below is shown the relative difference from the distribution for the case with
the lowest UO, weight fraction, uranium enrichment, and Ty, (blue line in the upper plot).
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Figure 5. Fuel temperature feedback coefficient as(Ts), evaluated for two uranium enrichments and two UO,
weight fractions. Calculated values are shown as points with error bars, with lines included only to guide the eye.
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Figure 6. The sum of fission (left column) and capture (right column) reaction rates for the nuclides 23°U, 238,
29py, 240py, 24Py, and 242Py is shown for 3% (upper row) and 20 % (lower row) uranium enrichment as
coloured points connected with lines included only to guide the eye. A linear function was fitted to the individual
data and is represented by a black line, with the slope value and its uncertainty indicated in the top right corner of
each plot. Vertical bars show the contributions of individual nuclides for a specific fuel temperature. The bottom
of each bar represents 0 %, and the top 100 %.

an increase in capture (Figure 6). The net effect is increased neutron capture by *°Pu and ?4?Pu, both
of which are non-fissile, resulting in reduced reactivity and hence a more negative a¢. Uranium en-
richment and the UO, weight fraction have the same effect on the spectrum as described in Section 3.
Higher uranium enrichment leads to more fission occurring in 2°U, and the different absorption energy
distribution means that spectrum changes with Ty are less pronounced. A UO; weight fraction results
in a larger share of uranium resonances, resulting in a stronger Doppler effect and greater spectrum
change with variation in Ty. In fuel with lower enriched uranium and a high weight fraction of UO,,
the coefficient a ¢ is more negative than at higher enrichment and lower proportion.

5. CONCLUSIONS

The results show that uranium enrichment, the UO; weight fraction in MOX, and the boron concentra-
tion in the coolant all significantly affect the temperature feedback coefficients.

In all cases studied (uranium enrichment up to 20 %, UO, weight fraction between 78 % and 96 %, and
boron concentration up to 2500 ppm), the limit of a;;, > 0 was never reached or exceeded. The amount
of uranium and its enrichment influence the magnitude of a;,. Higher uranium enrichment and a lower
weight fraction of UO; weaken the coefficient, as both reduce the temperature dependence slope of
the radiative capture reaction rate. The presence of boron also weakens the coefficient, but within the
parameter range considered, it never becomes positive, even at the highest concentration.

The fuel temperature coefficient, o £, Was negative in all cases studied. The uranium enrichment and
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UO; weight fraction in the fuel affect the magnitude of a¢. For fuel with higher uranium enrichment
and a lower UO, weight fraction, the coefficient is weaker (less negative). This is due to a slower change
in the radiative capture reaction rate with temperature in these cases.

This study provides a foundation for further investigation of MOX fuel, water coolant, and their suit-
ability for the DARWIN reactor core concept. Future work will include studies of changes in flux distri-
bution, power peaking factors, core geometry variations with changing pin pitch, and the inclusion of
additional reactivity control mechanisms. This study represents a small part of the exploration of phase
space limits, which should serve as a reference point for future research on optimisation problems using
genetic algorithms or artificial intelligence.
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