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1. Introduction

Long-cycle fast-spectrum small modular reactors
(SMRs) are being proposed to fulfill marine
transportation, off-grid/remote electricity production,

and proliferation-resistant nuclear power export roles [1].

In the breed-burn configuration of fast-spectrum SMRs,
long-cycle operation with low reactivity swing can be
achieved for over 30 effective full-power years without
refueling nor fuel shuffling. However, the long mean-
free-path of fast spectrum requires thick radial reflector
(>40 cm) for neutron economy and more material for
radiation shielding, all increasing the overall diameter
affecting manufacturability, transportability, and weight
of the SMR. Performance of the breed-and-burn core is
also limited by the zoned enrichment scheme and the
power peaking that usually occurs at the core center at
end-of-cycle (EOC).

This paper investigates the adoption of the dense
moderating material ZrH1¢ as a reflector material and in
internally moderated fuel pin for a long-cycle lead-
bismuth (LBE) cooled fast reactor, forming a moderated
driver fuel zone in the outer radius of the core. With the
shifted spectrum in the moderated zone, the performance
of integrated Gd.Os3 burnable poison (BP) for controlling
local power peaking, global 3D power distribution, and
reactivity swing is assessed using an R-6 Monte Carlo
model of the core with depletion analysis using the MCS
code [2]. The radial enrichment zoning and fuel lattice of
MicroURANUS (MU) [1, 3] are the reference design
parameters for the study.

2. Model Geometries and Moderator Configurations
2.1 R-6 3-Zone Model

Figure 1 shows the simplified R-6 model of the MU
core as a 1/6" slice, 2D radial model with 2-cm height.
Reflective boundary conditions are applied at all sides
except for black/vacuum condition at the outer radius of
the 50-cm thick reflector, so the model closely
approximates the core mid-plane of a 3D core. The
reflector is either a “fast spectrum” reference reflector
comprised of 50%stainless steel-50% LBE (SS-LBE) or
the strongly moderating type with ZrH1e. Less than 25-
cm thickness of ZrHis is required to achieve the
maximum albedo. The UO; fuel temperature is set as 900
K, while other material temperatures are set as 600 K.

The right panel of Fig. 1 shows the tight-pitch, UO, fuel
pin lattice of MU [1] which adopts large 2.0-cm diameter
fuel pins owing to the low specific power density of the
long-cycle core.

Zone 1 (9.7%)

Zone 2 (12.7%)

Zone 3 (14.6%)
)—— LBE Coolant

Fig. 1. Left: R-6 core model with 3 enrichment zones; Right:
Fuel pin indexing in fuel assembly.

To create a moderated radial driver fuel zone, the
outer 10% radius of the UO, pellets in the zone 3
assemblies (14.6% 23°U enrichment zone) are replaced
with ZrHq 6 ring illustrated in Fig. 2. For cases with BP,
5wt% or 1wt% Gd.Os; is integrated (homogenously
mixed) into the UO, of all fuel pins in the 8" ring of fuel
assemblies (the outermost zone 3 assemblies). The 7%
ring still contains the moderated fuel pins but does not
have the integrated BP. Table 1 summarizes the seven
combinations of reflector, moderated fuel, and BP
studied.
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Fig. 2. Fuel pin with 10vol% ZrH1.6 moderator (not to scale).

Table I: Summary of the Study Cases

Case Name | Reflector | Moderated Fuel | Burnable Poison
FR SS-LBE - -
5 wt% GdzOg in
FR-BP SS-LBE - Ring-8 Fuel
10vol% ZrH; ¢
FR-MF SS-LBE inRing7 & 8 -
10vol% ZrH; ¢ 1 wt% Gd,0sin
FR-MF-BP SS-LBE inRing7 &8 Ring-8 Fuel
MR ZrHLe - -
10vol% ZrH; ¢
MR-MF 2 inRing7 & 8 )
e 10vol% ZrHys | 1 wt% Gd,Osin
MR-MF-BP ZrHse inRing7 & 8 Ring-8 Fuel
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3. Influence of Moderated Fuel and BP in Fast
Reactor

3.1 Fast-Reflector (FR) Case

The result from 30-year MCS burnup simulation of
this simplified 2D model (FR case) gives accurate
insights of burnup behavior of MU core design requiring
less than 48-hour simulation time using pin-wise
depletion, 2 year burn steps, and semi-predictor-
corrector method. The number of histories was optimized
such that the highest absolute error of ke is 7.8 pcm and
the relative error of the pin power is <1% compared to
case with much higher number of histories. Figure 3
shows that the power distribution is shifted from the
outer ring at beginning-of-cycle (BOC) to the core center
at EOC. This power shift to the core center decreases the
net leakage of neutron compensating for the fuel
depletion effect during the burn cycle which eventually
results in the ~600 pcm increase of reactivity during the
core lifetime as shown in Fig. 4.
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Fig. 3. Left: BOC power distribution FR case; Righf: EOC
power distribution of reference case.
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Fig. 4. Comparison of 30-year burnup ket between FR case

and FR-BP case.

3.2 Fast-Reflector with Burnable Poison (FR-BP) Case

For the FR-BP case, 5wt% Gd»O3 is homogeneously
mixed with the UO; fuel in ring-8 assemblies. The 30-
year burnup simulation in Fig. 5 shows that the power
distribution also shifts from the outer ring at BOC to the
core center at EOC, with ~450 pcm increase of reactivity
swing (Fig. 4).

Figure 6 shows that the Gd,O3 is not performing as a
BP because the gadolinium isotopes (5’Gd and **°Gd) are
only depleted by ~7% and ~25% in 30 years. Although
the gadolinium depletion rates are more than 2 times
faster than 23U, most of the BP inventory remains at
EOC when it should be fully depleted as in a thermal
spectrum. This shows that Gd,Os is not an effective
burnable poison in fast spectrum.

Compared to the FR case, Fig. 5 shows lower power
in the ring-8 assemblies and higher powers in zones 1 and
2. This power shift is mainly due to the ~7% reduction in
U number density in the ring-8 fuel assemblies and not
due to flux depression caused by the presence of the BP.
Due to the power shift, the FR-BP case has a smaller net
neutron leakage early in the cycle and thus a slightly
higher kefr in the first 3 years compared to the FR case.

Fig. 5. Power distribution of FR-BP case; Left: BOC; Right:
EOC.
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Fig. 6. Depletion of 15°Gd, *>’Gd, and 238U in 30 years of FR-
BP case.

3.3 Fast-Reflector Moderated-Fuel (FR-MF) Case

The FR-MF case has ~1700 pcm higher ket at BOC
(1.02384) than the FR case (1.01101), despite 10%
reduction of uranium mass in those 2 fuel rings. The
ZrHy ¢ softens the spectrum resulting in shorter mean-
free-path (mfp) of the neutrons near the core periphery,
which in turn reduces (significantly) the net leakage.
However, Fig. 7 shows the FR-MF case has a large
negative reactivity swing (~3000 pcm) during its 30-year
burnup cycle due to the fissile material net depletion
effect while the change in the net leakage is smaller in
magnitude.
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Figure 8 shows the addition of ZrH1¢ material in the
outer rings gives higher zone 3 power throughout the
whole burn cycle. This higher power means higher fuel
utilization because the assemblies with the highest
enrichment—the most expensive fuel—will have higher
discharge burnups. Table 2 provides pin-wise power
densities using with fuel pin indexing (Fig. 1) and fuel
assemblies in rings 7 and 8 numbered in ascending order
from left to right. The BOC pin power distribution within
the moderated fuel assemblies are relatively flat.
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Fig. 7. Burn cycle ket of FR-MF, MR, and MR-MF cases
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Fig. 8. Power distribution of subsection F F case; Left:

BOC; Right: EOC.

3.4 Fast-Reflector Moderated-Fuel with Burnable
Poison (FR-MF-BP) Case

Figure 9 shows ~3000 pcm negative reactivity swing
and higher Gd depletion rates, but the BP is still not fully
depleted at EOC. The addition of ZrH; s moderator only
shifts the spectrum until the epithermal region (Fig. 10)
which increases the resonance absorption in the large
low-lying resonances of the Gd isotopes (Fig. 11). 1%°Gd
is the more effective BP (~1.3 times higher flux-
weighted 1-group cross section than S7Gd) in this
spectrum because it has more resonances in the shifted
region.

Overall, Gd;Os addition to the ring-8 fuel assemblies
does not give the desired burnable poison performance
here. Gd,O3 addition to the ring-7 fuel assemblies would
not have the desired effect either because the spectrum is
harder there.

Table Il: FR-MF BOC Pin-Power Distribution in Ring 7 and 8

Ring-7 Fuel Assembly Pin Power Density (W/cm?®)

Pin# | FA1 | FA2 | FA3 | FA4 | FA5 | FA6 | FAY
1 54.6 | 54.4 53 49.9 | 499 | 519 | 531
2 541 | 53.7 | 518 | 483 | 51.2 | 536 | 545
3 535 | 52.7 | 50.6 | 46.6 | 50.6 | 53.3 | 54.6
4 547 | 54.6 | 534 | 50.6 | 494 | 51.2 52
5 55.2 | 54.8 53 49.9 | 516 | 538 | 54.6
6 55 54.1 | 521 | 485 | 518 | 542 | 55.1
7 54.1 | 53.2 | 50.7 | 46.8 | 50.6 | 53.2 | 54.3
8 529 | 529 | 51.7 | 49.7 | 485 | 499 | 505
9 549 | 543 | 529 | 50.6 | 51.8 | 535 | 54.1
10 | 555 | 546 | 52.7 | 498 | 52.6 | 545 | 553
11 | 552 | 542 | 518 | 485 | 519 54 54.8
12 546 | 53.3 | 50.6 | 46.7 | 50.4 | 52.7 | 534
13 | 521 | 518 | 50.3 | 49.2 | 50.3 | 51.6 52
14 | 543 | 536 | 51.8 | 50.3 | 52.6 | 545 | 54.6
15 | 549 54 51.8 | 499 | 52.7 | 548 | 55.1
16 | 54.7 | 53.8 | 51.3 | 48.4 | 51.7 | 534 | 54.3
17 50.6 | 499 | 48.7 | 49.6 | 51.6 53 53.1
18 | 52.1 | 513 | 49.7 | 504 | 53.1 | 545 | 545
19 | 529 | 521 | 50.1 | 49.8 | 52.7 | 543 | 546

Avg. | 54 533 | 515 | 491 | 513 | 53.3 | 539

Ring-8 Fuel Assembly Pin Power Density (W/cm®

Pin# | FA1 | FA2 | FA3 | FA4 | FA5 | FA6 | FAY
1 478 | 469 | 448 | 411 | 454 49 51.1
2 46.8 | 45.7 | 433 | 39.6 | 434 | 469 | 49.1
3 46 44.8 42 38.7 | 419 | 453 | 473
4 496 | 488 | 464 | 423 | 472 | 504 | 52.2
5 483 | 474 | 449 | 40.7 | 454 | 484 | 50.2
6 474 | 459 | 432 | 39.2 | 432 | 46.6 | 482
7 46.6 | 449 | 418 | 384 | 417 45 46.5
8 51.7 | 50.8 | 484 | 442 | 488 | 519 | 53.2
9 50.6 | 495 | 466 | 424 | 47 50 514
10 | 494 | 48 45.1 | 406 | 45 48 49.3
11 | 482 | 465 | 434 | 391 | 431 | 46.1 | 473
12 472 | 454 42 38.6 | 419 | 448 | 46.2
13 | 526 | 514 | 48.7 | 442 | 486 | 515 | 52.7
14 | 515 | 501 | 471 | 424 | 465 | 495 | 504
15 | 50.3 | 48.6 | 452 | 40.7 | 447 | 472 | 48.2
16 49 471 | 435 | 39.6 | 433 | 457 | 46.8
17 533 | 51.8 | 488 | 443 | 48.2 | 50.8 | 51.6
18 | 522 | 505 | 473 | 424 | 464 | 48.7 | 495
19 | 512 | 49.2 | 453 | 411 | 448 | 469 | 477

Avg. | 495 | 481 | 452 41 | 451 48 494
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Fig. 9. Burn cycle kest and BP depletion of FR-MF-BP case.
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4. Parametric Study of Moderating Reflector Cases
4.1 Moderated-Reflector (MR) Case

If thick hydrogenous moderating material such as
ZrHy ¢ is adopted as a reflector for a fast spectrum core,
the effectiveness of the reflector is function of two
coupled parameters, the reflector albedo (ratio of
incoming current to the outgoing current) and the
spectrum shift of the incoming current. The MR case
reactivity at BOC (Fig. 7) is slightly higher than the FR
reference case by 38 pcm. The moderating reflector has
strong influence on the power distribution shown in Fig.
12 with significantly higher powers in the outer ring and
extreme power peaking in the ring-8 corner fuel
assembly at BOC. A closer examination of the pin power
distribution of the ring-8 corner fuel assembly in Table 3
shows that there is pin power peaking up to ~250% of
assembly average (which is already high). This extreme
power peaking issue is because the high enriched
periphery fuel pins (#1, #2, #3, #7, #12, #16, #19)
directly see the incoming thermal flux returning from the
ZrH, g reflector region.
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Figure 13 compares the flux spectrum in the corner
assembly for the FR, FR-MF, and MR cases. The
moderating material is only in the reflector for the MR
case, so the thermal peak and relative flux increase in the
epithermal and low-energy resonance region are entirely
attributed to the incoming current from the reflector. In
30 years, the fuel pins seeing thermal flux are
significantly depleted resulting in much lower pin
powers at EOC (see column 3 of Table 3). Secondly, the
EOC power distribution is somewhat flat with higher
powers in the ring-8 assemblies than the FR case
indicating better fuel utilization of the high enrichment
zone. The reactivity swing is larger in magnitude than the
FR case but smaller than all other cases using moderating
material at -1176 pcm. A moderating reflector concept
appears to have some positive attributes if the extreme
local power peaking issues can be mitigated.

4.2 Moderated-Reflector Moderated-Fuel (MR-MF) Case

For the MR-MF case, Fig. 7 shows a large negative
reactivity swing (~4000 pcm), from ke 1.02288 at BOC.
Figure 14 and Table 3 shows that this MR-MF case still
suffers extreme pin power peaking issue in the ring-8
corner fuel assembly and significantly higher zone 3
assembly powers at BOC. The depletion effect results in
flat power distribution and suppression of the local
power peaking issues at EOC. Results from MR and MR-
MF cases indicate that there might be an optimal
combination between ZrH; ¢ volume percentage and the
enrichment level in zone 2 and 3 to manage the power
peaking issue at BOC.
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Table I1I: Ring-8 Corner Fuel Assembly Pin-Power
Distribution of MR, MR-MF, and MR-MF Cases

Ring-8 Corner FA Pin Power Density (W/cm?®)

Pin MR Case MR-MF MR-MF-BP
# BOC | EOC | BOC | EOC | BOC | 6-Y | EOC
1 824 | 515 | 843 | 50.6 | 39.7 | 711 | 50.8
2 106.6 | 58.4 | 105.0 | 56.3 | 43.7 | 895 | 574
3 170.2 | 53.9 | 159.8 | 52.8 | 57.9 | 131.1 | 55.8
4 35 284 | 418 | 32.2 30 342 | 31.2
5 375 | 321 | 433 | 342 28 343 | 336
6 50.1 | 46.7 | 542 | 45.2 | 28.6 43 44.8
7 138.6 | 59.1 | 132.8 | 56.9 | 49.7 | 111.2 | 59.2
8 29.6 | 246 | 38.1 | 29.8 | 31.8 | 33.8 | 28.9
9 29.1 | 236 | 364 28 28.6 | 31.6 27
10 318 | 264 | 378 | 296 | 26.6 | 31.2 | 28.2
11 50.1 | 46.3 | 544 | 455 | 28.8 | 427 | 455
12 170 | 53,5 | 160.1 | 53.2 | 58.2 | 130.5 | 55.8
13 28.7 | 239 37 29.2 | 316 | 334 | 286
14 29.1 | 23.7 | 364 28 28.8 | 316 27
15 375 | 319 | 434 | 344 | 279 | 344 | 335
16 | 106.1 | 58.4 | 105.3 | 56.8 | 43.7 | 88.7 | 575
17 29.7 | 247 | 381 | 29.8 | 31.7 | 339 | 289
18 349 | 286 | 417 | 325 30 343 | 311
19 82.7 | 519 | 841 | 51.2 | 399 | 711 | 51.2

Avg. | 67.3 | 393 | 70.2 | 409 | 36.1 | 58,5 | 40.8

Unit: W/em? Unit: W/em?®
0008 : (I e

Fig. 14. Power distribution of MR-MF case, Left: BOC;
Right: EOC.

4.3 Moderated-Reflector Moderated-Fuel with Burnable
Poison (MR-MF-BP) Case

For MR-MF-BP case, the 1wt% Gd,O3 is added to the
ring-8 fuel to test if reactivity swing can be reduced and
extreme local power peaking be suppressed at BOC.
Figure 15 and Table 3 shows that the Gd,O3 addition in
the soft neutron spectrum region around ring-7 and ring-
8 is suppressing BOC kert to 0.9804 and ring-8 corner FA
pin power. Here the BP is behaving similar to those in
light water reactor lattice. As the gadolinia rapidly burns
out (~50% depleted) in the first 6 years, the core
reactivity reaches its maximum point with ~2000 pcm
reactivity swing, before decreasing with similar rate as
other previous cases (MR and MR-MF cases). This rapid
depletion of gadolinium isotopes is due to the relatively
high amount of thermal and epithermal neutron flux,
especially compared to the FR case, as shown by Fig. 16.
Figure 16 also shows the Gd,Os; addition in ring-8
assemblies greatly suppress the thermal flux compared to
the MR-MF case.
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Fig. 15. Burn cycle kert and BP depletion of MR-MF-BP case.
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The gadolinia depletion behavior affects the local
power peaking and power shift behavior throughout the
burn cycle as shown by Fig. 17 and Table 3. At BOC, the
local power peaking is fully suppressed but returns at 6
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years—after BP depletion. However, the power peaking
at 6 years is not as extreme as the BOC of the MR case
because some of the fissile inventory in those fuel pins
has been burned during the first six years. At EOC, the
power distribution is also flat. This case suggests the
incorporation of the BP in softened/thermalized zone
provides additional degrees of freedom for controlling
reactivity swing, local power peaking, and power
distribution. However, the strong coupling between the
physics and design options (fuel enrichment, amount of
moderating material, locations of moderating material,
amount of BP) and high sensitivity coefficients suggest
the need for comprehensive multi-variable optimization
study to determine the effectiveness of BP strategies in
fast-spectrum SMR.
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