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Abstract — Fully ceramic microencapsulated (FCM) fuel consists of TRISO (tristructural-isotropic) fuel
particles embedded in a ceramic matrix (SiC) to form fuel pellets and rods and offers improved fission
product retention and lower operating temperature with expected superior performance in normal and
off-normal conditions compared to conventional fuel. When coupled with SiC cladding, FCM fuel eliminates
zirconium altogether and is expected to drastically reduce hydrogen generation during a beyond-design-
basis accident. In order to be deployed in current or future pressurized water reactors (PWRs), FCM fuel
must meet or exceed the neutronic performance of conventional fuel. Limited by low heavy metal loading,
an FCM fuel assembly requires increased enrichment and large fuel rods to match the cycle length of a
conventional fuel assembly.

This study investigated the core design, neutronics, and thermal hydraulics of a PWR loaded with FCM
fuel and sought to optimize the assembly design to minimize the enrichment required to reach fuel
performance similar to that of conventional fuel. It was found that the implementation of FCM fuel in a 17 �
17 assembly requires close to 20% enrichment and large fuel rods. Such design performs comparably to
conventional fuel (4.5% enrichment) in terms of cycle length, reactivity coefficients, intra-assembly power
peaking factor, burnable poison penalty, and control rod worth but requires an increase of pumping
power. A parametric analysis spanned a large design space varying fuel outer diameter and pitch-to-
diameter ratio (P/D) and downselected two alternate assembly designs: 11 � 11 (1.65-cm outer
diameter and 1.18 P/D) and 9 � 9 (2.12-cm outer diameter and 1.12 P/D). These designs meet the cycle
length requirement with 18.6% and 16.2% enrichments, respectively, but feature a smaller minimum
departure from nucleate boiling ratio (MDNBR) compared to a reference assembly. It was estimated
that a slight increase in rod outer diameter increases MDNBR to the desired level and implies a
pressure drop increase of 10%.

Keywords — Fully ceramic microencapsulated fuel, TRISO, pressurized water reactor.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

In the aftermath of the natural disaster affecting the
Fukushima Daiichi power plants, major emphasis was
directed worldwide toward the research and development
of light water reactor fuel designs featuring improved

performance, reliability, and safety characteristics during
beyond-design-basis-accident conditions. These new fuel
concepts are referred to as enhanced accident-tolerant
fuels (ATF) and are expected to provide enhanced perfor-
mance over conventional UO2/zirconium-alloy fuel in
terms of preventing, limiting, or delaying hydrogen formation
compared to the high-temperature steam-zirconium oxidation
reaction. Various ATF designs are being studied by*E-mail: maxfratoni@berkeley.edu
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collaborative groups combining experience from the
nuclear industry, academia, and research laboratories.1

Solutions range from small changes made to cladding of
conventional fuel to novel fuel concepts, and most of such
solutions are meant to be drop-in substitutions for assem-
blies in currently operating reactors.2

Fully ceramic microencapsulated (FCM) fuel is
among the ATF concepts that propose a major departure
from the current fuel design.3 It consists of TRISO
(tristructural-isotropic) particles embedded in a ceramic
(SiC) matrix to form fuel pellets and rods (Fig. 1). A
recent irradiation campaign at the Idaho National Labo-
ratory has proven that TRISO particles burned up to 18%
FIMA (fissions per initial metal atom) can successfully
retain fission products up to 1800°C (Ref. 4). Embedding
the particles in a material with high thermal conductivity
such as the ceramic SiC matrix reduces the operating
temperature compared to a fuel rod made of uranium
oxide. When combined with a steam-corrosion–resistant
cladding like SiC, FCM fuel eliminates zirconium alto-
gether and is expected to provide superior safety perfor-
mance both in normal and off-normal conditions.

However, in order to use FCM fuel in current and
future pressurized water reactors (PWRs), it must meet or
exceed conventional fuel performance at-large, and nota-
bly, its neutronic performance is hindered by the small
heavy metal loading. High-density fuel, such as uranium
nitride, and large fuel kernels, up to 800 �m in diameter,
can only partially compensate this deficit. In addition,
features that allow for the safe operation and control of the
reactor core must be comparable in any FCM assembly
design.

Previous studies5–9 assumed that FCM fuel will be
mainly implemented in a conventional 17 � 17 assembly
with no change to fuel rod diameter and found that even
with uranium enrichment close to 20 wt%, the reactor

cycle length would still fall short of current practice
values—unless aggressive TRISO designs beyond cur-
rently accepted manufacturing and performance limits are
considered.7

This study investigated the core design, neutronics,
and thermal hydraulics of a PWR loaded with FCM fuel
and sought to optimize the assembly design in order to
minimize the enrichment required to reach fuel perfor-
mance similar to that of conventional fuel. In order to
assess the feasibility of these designs, neutronics and
thermal-hydraulic parameters such as burnup, reactivity
coefficients, control rod worth, axial pressure drop, and
minimum departure from nucleate boiling ratio (MDNBR)
were evaluated.

This paper is organized as follows. Section II describes
the models and methodology used during the study. Section
III presents and analyzes neutronics results. Section IV dis-
cusses preliminary thermal-hydraulic considerations. Finally,
Sec. V summarizes findings and future work.

II. NEUTRONICS MODELS AND METHODOLOGY

An extensive analysis was performed to determine the
fuel design requirements necessary to deploy FCM fuel in
current and future PWRs. The analysis was based on a
single-assembly model, and the performance of FCM fuel
was assessed against a reference conventional fuel assem-
bly. For the FCM designs, variations of parameters such
as enrichment, rod diameter, kernel size, and lattice
dimension were evaluated. The performance assess-
ment employed the reactor cycle length as the key
metric under operational constraints, such as negative
reactivity coefficients, and acceptable power peaking
factors. Cycle length was chosen as it is directly related
to plant availability and economics. Cases that met or
surpassed the performance of the reference assembly
were considered viable and studied further by evaluat-
ing burnable poison (BP) requirements and other reac-
tivity control systems.

II.A. Reference Assembly

The conventional fuel reference model is based on a
typical PWR AP1000 17 � 17 single assembly10 that
contains 264 fuel rods, 24 guide thimbles, and 1 instru-
mentation thimble (Fig. 2). Core parameters are summa-
rized in Table I. The reference UO2 and zirconium-alloy
fuel was assumed 4.5% enriched, and Zircaloy-4 (1.45%
Sn, 0.13% O, 0.21% Fe, 0.10% Cr, 98.11% Zr) was set as
the standard cladding material.Fig. 1. Cross section of FCM fuel pin.3
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II.B. FCM Assemblies

In the FCM fuel assembly model, uranium oxide pellets
were replaced with FCM pellets, and Zircaloy-4 was
replaced with SiC cladding. TRISO particles were modeled
explicitly using a simple cubic lattice. To eliminate errors
derived from clipped particles at the boundary, the fuel
volume was accurately determined for each case. The pack-
ing fraction was limited to 45%, as above this value, particles
could suffer excessive damage during manufacturing.11 Fuel
kernels were made of high-density fuel (uranium nitride,
14.33 g/cm3 theoretical density). The diameter of the TRISO
kernel was set at 750 �m, although 800-�m kernels were
also considered; the thickness of each coating layer, instead,
was kept constant—buffer, 70 �m; inner pyrolytic carbon,
35 �m; SiC, 35 �m; and outer pyrolitic carbon, 35 �m. Rod
diameter, pitch-to-diameter ratio (P/D), and lattice size were

considered design parameters under the constraint that the
assembly dimensions—side-to-side distance and length—
would remain unchanged. In assemblies with lattice size differ-
ent from the conventional 17 � 17 assembly, BPs and guide
thimbles were added in similar proportion and symmetry to the
patterns used in the reference design. Fuel enrichment was also
considered a design parameter varying up to 20%.

II.C. Neutron Transport and Depletion Calculations

Standard and FCM fuel assemblies were reproduced
using the Monte Carlo code Serpent.12 Each model
assumed reflective boundary conditions on the four sides
to generate an infinite lattice of finite length and included
axial reflectors made of a mix of water and steel at the two
extremities (50%-50% volume mix and 100-cm length).
Cross sections from the ENDF/B-VII library at the
following temperatures were applied: 1100 K for stan-
dard fuel, 900 K for FCM fuel (due to its reduced
operating temperature), and 600 K for clad and coolant;
thermal scattering cross sections were applied to water
and carbon in the TRISO particles. Serpent was used
for both neutron transport and depletion calculations.
For depletion it employed the Chebyshev Rational
Approximation Method and a high-resolution flux spec-
trum based on the unified energy-grid structure to cal-
culate one-group cross sections.

II.D. Cycle Length Calculations

Cycle length and attainable burnup for all models
were projected from the depletion results of a single
assembly using a power-averaged reactivity approach.
Core average reactivity �core(t) at any time t was deter-
mined as follows13:

�core(t) � �
i�1

Nbatch

�i�assembly [t � Tcycle (i � 1)] , (1)

where

�i � fraction of power provided by all assem-
blies in batch i

�assembly(t) � time-dependent assembly reactivity as
obtained from the depletion calculations

Tcycle � cycle length.

A priori, the cycle length was unknown and was
determined through an iterative process under the follow-
ing assumption:

�core(Tcycle) � �limit , (2)

Fig. 2. Cross section of the reference AP1000 assembly.

TABLE I

Reference AP1000 Core Properties*

Property Value

Total power (MW) 3400
Assemblies 157
Core average coolant temperature (°C) 303
Pressure (MPa) 15.5
Core average coolant density (g/cm3) 0.719
Active length (cm) 426.72
Pellet diameter (cm) 0.82
Clad thickness (cm) 0.057
Fuel rod outer diameter (cm) 0.95
P/D 1.326

*Reference 10.

ASSEMBLY DESIGN OF CERAMIC MICROENCAPSULATED FUEL · SHAPIRO and FRATONI 17

NUCLEAR TECHNOLOGY · VOLUME 194 · APRIL 2016



where �limit is the expected core reactivity at the end of
cycle. In this study the limiting reactivity was set at 0.03
assuming a 3% radial leakage to correct for the radially
infinite model. This study also assumed a three-batch
refueling scheme and a uniform power distribution. In
such circumstances, the cycle length for the reference
model was found to be 452 effective full-power days
(EFPD).

III. NEUTRONICS RESULTS

In order to assess the feasibility of FCM-fueled
PWRs, this study evaluated the design requirements for
FCM fuel to at least match the performance of standard
fuel in terms of cycle length while meeting all operational
constraints. Two approaches were considered for the
deployment of FCM fuels: (1) a retrofitting approach
where the 17 � 17 lattice structure is preserved and FCM
fuel rods replace standard rods but can vary in size and (2)
an upgrade approach where the fuel assembly is optimized
for FCM fuel with minimum geometry constraints from
the current assembly design besides height and width. The
retrofitting approach could be potentially implemented in
current PWRs, whereas the upgrade approach would
require modifying at least the control rod system and most
likely the reactor pumps. This section presents a neutronic
evaluation of all options considered.

III.A. 17 � 17 Assembly

A parametric analysis based on the 17 � 17 FCM
assembly scoped combinations of fuel pin P/D—only the
rod outer diameter was varied, and the pitch was kept
constant—and fuel enrichment. For the reference kernel

size of 750 �m, it was determined that the minimum
enrichment necessary to achieve the reference cycle
length is �15.5% (Fig. 3), but this requires an extremely
tight lattice (P/D �1.05). A P/D up to �1.20 is acceptable
when the enrichment is close to 20%. Increasing the
kernel diameter to 800 �m extends the acceptable range to
P/D �1.25 or enrichment of �14.5% (Fig. 3). Similarly to
what was concluded in other studies,3 it was found that the
cycle length of FCM-fueled cores is comparable to that of
conventional fuel cores when the fissile load is approxi-
mately the same. Because of the higher initial enrichment,
FCM fuel achieves burnups between 150 and 200 GWd/
tonne HM.

Figure 4 shows that the higher initial enrichment also
generates larger excess reactivity at beginning of life

Fig. 3. Cycle length as a function of enrichment and P/D for FCM fuel: (a) 750-�m-diameter kernels and (b) 800-�m-diameter
kernels.

Fig. 4. Infinite multiplication factor as a function of time
for conventional and FCM fuel with 800-�m kernels and
1.20 P/D with and without BPs.
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(BOL) that is expected to be partially compensated with
the addition of BPs. It is proposed to use a combination of
BPs: (1) integral fuel burnable absorber (IFBA), a boride
coating added to the outer surface of the fuel pellets, and
(2) boron nitride (BN) mixed with the fuel in the kernels.
IFBA was added on 88 fuel pins, as shown in Fig. 5,
resembling the pattern and the 10B linear loading of con-
ventional fuel (0.772 mg/cm). Boron nitride, instead, was
added to every fuel kernel and every pin. It was found that
using 2 vol % BN, the reactivity excess at BOL and the
cycle length penalty (�5 EFPD) match those of the con-
ventional fuel reference design with IFBA. The power
distribution in the FCM assembly with BPs is as well
comparable to that in the reference assembly (Fig. 6). The
maximum pin peaking factor over the assembly lifetime is
1.11. However, it is noticed that the FCM assembly has a
significantly larger reactivity swing (the difference between
the maximum reactivity and the minimum reactivity during
the assembly lifetime) and reactivity excess than the
reference assembly. The large reactivity swing could gener-
ate assembly peaking in a full-core configuration, and the
reactivity excess could challenge the reactivity control mech-
anisms. Preliminary results on reactivity feedbacks of
coolant containing soluble boron and control bank worth,
shown later in this section, mitigate the concerns related to
the reactivity excess. Power peaking issues related to the
reactivity swing, instead, remain to be carefully addressed in
future analyses employing a full-core model.

TRISO particles are proven as an effective pressure
vessel to contain gaseous fission products, but adding BN
in the fuel kernel generates an additional stress component
due to the helium buildup from the (n, �) reaction on 10B.
To determine the viability of using BN directly in the fuel
kernel, the partial pressure exerted by helium on the SiC
layer was evaluated using the Redlich-Kwong equation of
state Eqs. (3) and (4)—this is more accurate than the ideal

gas law at temperatures above the critical temperature of
a gas,14,15

P �
RTbuffer

v � b
�

a

Tbuffer
0.5 v(v � b)

, (3)

and for monoatomic gas (i.e., He, Kr, or Xe),

a � a �
R2Tc

2.5

9�Pc

,

b � b �
�RTc

3Pc

,

and

� � 0.259921 , (4)

where

Tc, Pc � temperature and pressure of the gas at
its critical point, respectively

R � ideal gas constant

	 � volume per mole of gas.

Assuming the temperature of the buffer layer is 900 K,
the partial pressures of helium and other gaseous species
were calculated using the composition of such species
generated by fission and other reactions at the end of life
(EOL). It was found that the extra pressure exerted at EOL
by the helium generated in the (n, �) reaction on 10B is less
than one-tenth of the pressure due to the dominant gas-
eous fission products (Table II).

Reactivity coefficients were calculated for both the
reference and the FCM cases (Table III). Coefficients are
negative at all times, although the FCM reactivity coeffi-
cients are less negative than the reference with the
exception of the large void coefficient toward the end of
fuel life.

Values reported in Table III do not account for solu-
ble boron in the coolant; therefore, small and large void

Fig. 5. Reference model for the IFBA distribution
pattern.10

TABLE II

Comparison of Pressure Exerted by Helium and Major
Gaseous Fission Products in a TRISO Particle at EOL*

Element
Concentration
(atom/b·cm)

Partial
Pressure (MPa)

Xe 0.0022 148.06
Kr 0.0002 9.23
He 0.0002 9.26

*At 220 MWd/tonne HM and assuming 2 vol % BN in the fuel
kernel.
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Fig. 6. Pin-by-pin power distribution at BOL: (a) conventional fuel assembly and (b) 17 � 17 fuel assembly with 800-�m-diameter
kernels and 1.20 P/D.
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coefficients were also calculated for the FCM case con-
taining BPs for varying concentrations of soluble boron in
the reactor coolant (Fig. 7). These are negative except for
a high soluble boron concentration at EOL. By this time
the soluble boron concentration is generally low, so this is
not expected to be of concern. Nevertheless, further eval-
uation is needed in a full-core model.

The control bank worth was also evaluated in various
reactor conditions using a four-adjacent-assembly model.
It was assumed that the FCM assemblies use the same
control mechanisms as conventional fuel. In all condi-
tions, the same control bank has more reactivity worth in
an FCM assembly than in the reference assembly due to
the greater moderator–to–fuel volume ratio (Table IV).

III.B. Assembly Lattice Optimization

The parametric analysis presented in Sec. III.A was
extended removing the constraint on the assembly lattice
size. Combinations of fuel outer diameter and P/D

(referred to as geometries from here on) were evaluated
searching for geometries that meet the following require-
ments: (1) the cycle length matches or exceeds that of
conventional fuel and (2) the vertical pressure drop
through the assembly does not exceed that of the reference
design. The assembly dimensions (side-to-side distance and
length) were kept constant. Since a change in lattice size
requires also determining the number and location of

TABLE III

Reactivity Coefficients for Conventional and 17 � 17 FCM Assemblies

Fuel Coefficient BOL EOL

Conventional

Fuel temperature (pcm/K) 
1.8 � 0.12 
3.17 � 0.42
Moderator temperature (pcm/K) 
31 � 1 
79 � 4
Small void (pcm/void%) 
100 � 3 
239 � 8
Large void (pcm/void%) 
476 � 0.1 
969 � 1

17 � 17 FCM

Fuel temperature (pcm/K) 
1.34 � 0.1 
1.49 � 0.57
Moderator temperature (pcm/K) 
15.75 � 1 
4.49 � 6
Small void (pcm/void%) 
55.23 � 3 
103.61 � 12
Large void (pcm/void%) 
277.2 � 0.1 
3100 � 2

Fig. 7. Coolant void reactivity coefficients for 17 � 17 FCM fuel with 800-�m kernels and 1.20 P/D as a function of burnup and
soluble boron concentration: (a) small void (5% void) and (b) large void (95% void).

TABLE IV

Comparison of Reactivity Worth of a Control Bank
at BOL in Various Conditions

Core Condition
Bank Worth (pcm)

Reference FCM

Hot full power 8224 10319
Hot zero power 8325 10365
Cold zero power 6710 8470
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control rods in the assembly and the number of combina-
tions is extremely large, a preliminary assessment was
carried out using a simplified approach. Cycle length as a
function of enrichment, rod outer diameter, and lattice
pitch was determined using a single-pin Serpent model,
and the pressure drop across the fuel region was estimated
analytically. The kernel diameter was set at 750 �m.
Figure 8 shows acceptable combinations of fuel rod outer
diameter and P/D that meet the cycle length and pressure
drop constraint with a fuel enrichment �20%. Promising
geometries were then downselected with the scope of
minimizing enrichment. An indirect estimation of the
required enrichment was derived from the fissile content,
assuming that a similar fissile load per assembly leads to
a similar cycle length.3,7 At the end of this process (Fig. 8),
two geometries were downselected for in-depth assembly
analysis: a 9 � 9 assembly with P/D 1.12 and outer diameter
of 2.12 cm and an 11 � 11 assembly with P/D 1.18 and outer
diameter 1.65 cm. For these two geometries a full assembly
evaluation was performed using the configurations illustrated
in Fig. 9.

It was first determined that to meet the cycle length
constraint, the 9 � 9 design requires 16.2% enrichment,
whereas the 11 � 11 design requires 18.6% enrichment.
Then, reactivity coefficients, BPs, reactivity swing, power
distribution, pin peaking factors, control bank worth, pres-
sure drop, and MDNBR were studied for both models.
Reactivity coefficients were calculated assuming 500
parts per million boron concentration in the coolant. For
the 11 � 11 assembly, the reactivity coefficients remain
negative at all times (Table V); 2.6 vol % of BN is

required in the kernels to compensate the reactivity excess
(Fig. 10), in addition to IFBA distributed as shown in
Fig. 9; the pin power peaking factor is 1.13 (Fig. 11),
which is slightly larger than �1.10 in the reference
design; and the reactivity worth of the control bank is
larger than for the reference case (Table VI).

For the 9 � 9 assembly, the reactivity coefficients
also remain negative at all times (Table VII); the reactiv-
ity excess is partially compensated (Fig. 12) by uniformly
mixing 2.2 vol % BN with fuel and applying IFBA to
selected fuel as shown in Fig. 9; the pin power peaking
factor is 1.09 (Fig. 13); and the reactivity worth of the
control bank is more than in the reference case
(Table VIII).

Table IX summarizes the main properties of the three
FCM fuel assembly designs that were selected to meet the
performance of conventional fuel assembly design. The
high thermal conductivity of SiC enables one to use larger
rods and to maintain low fuel operating temperatures. A

Fig. 8. Acceptable combinations (geometries) of rod outer
diameter and P/D in terms of cycle length (green region)
and pressure drop (red region) for FCM fuel, with corre-
sponding enrichment (blue contours) and lattice size (yel-
low contours) (color online).

Fig. 9. Selected FCM assembly geometries: (a) 11 � 11
FCM assembly and (b) 9 � 9 FCM assembly.
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smaller lattice with large fuel rods reduces the required
enrichment to as low as 16.2%. This is still considerably
larger than the current commercial practice of 5% or less.

Furthermore, the corresponding required separative work
units (SWUs) are only 6% less than that for the 17 � 17
assembly with 19.9% enrichment and �60% larger than
for conventional fuel. All FCM designs as expected fea-
ture a similar fissile load, �20% higher than in the
reference design. A smaller lattice also reduces the power
per TRISO particle, whereas reactivity swing is similar for
all cases and �60% larger than in conventional fuel.
TRISO performance in such conditions remains to be
investigated.

TABLE V

Reactivity Coefficients for an 11 � 11 FCM Assembly

Coefficient BOL EOL

Fuel temperature (pcm/K) 
1.14 � 0.28 
2.62 � 0.52
Moderator temperature

(pcm/K)

25.05 � 2.8 
44.7 � 5.2

Small void (pcm/void%) 
20.95 � 3.3 
71.83 � 10
Large void (pcm/void%) 
128.2 � 0.25 
1570 � 1

Fig. 10. Comparison of multiplication factors as a func-
tion of time for an 11 � 11 FCM assembly with and
without BP.

Fig. 11. The 11 � 11 FCM assembly pin-by-pin power distribution at BOL.

TABLE VI

Reactivity Worth of Control Banks for an
11 � 11 FCM Assembly

Core Condition Bank Worth (pcm)

Hot full power 10245
Hot zero power 10261
Cold zero power 8390

TABLE VII

Reactivity Coefficients for a 9 � 9 FCM Assembly

Coefficient BOL EOL

Fuel temperature (pcm/K) 
1.04 � 0.29 
3.14 � 0.55
Moderator temperature

(pcm/K)

26.57 � 2.9 
89.1 � 5.5

Small void (pcm/void%) 
32.89 � 4.2 
97.27 � 6.4
Large void (pcm/void%) 
160.8 � 0.28 
1486.7 � 1
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IV. THERMAL-HYDRAULIC ANALYSIS

Following the preliminary assessment, the thermal-
hydraulic performance was evaluated more accurately
using a COBRA-TF (Ref. 16) single-subchannel model.
Pressure drop and MDNBR were evaluated for the smaller
lattice size fuel elements. For lack of better data, it was
assumed that the same MDNBR limit applies to FCM fuel
as to conventional fuel. This is not expected to be realistic.
When better data are available, the conclusions of this

study should be revised. Subchannel parameters are sum-
marized in Table X. To determine a reasonable “hot”
channel radial peaking factor, the maximum pin peaking
factor, �1.10, was multiplied by a typical maximum
assembly peaking factor, 1.29 (Ref. 10). The radial peak-
ing factor was thus increased to 1.41 to determine
MDNBR in a hot channel using the Biasi critical heat flux
correlation in COBRA-TF. The reference pressure drop
was found to be 0.2 MPa in an average channel with
MDNBR of 2.8 in a hot channel. The model was bench-
marked using a similar study,17 which used a currently
operating PWR as a reference. The process was repeated
for a wide range of possible FCM geometries to determine
their viability based on pressure drop and MDNBR. Pres-
sure drop and MDNBR of both the 9 � 9 and the 11 � 11
assembly designs are shown in Table XI.

Fig. 12. Effect of BPs on multiplication factor over time
for a 9 � 9 FCM assembly.

Fig. 13. The 9 � 9 FCM assembly pin-by-pin power distribution at BOL.

TABLE VIII

Reactivity Worth of a Control Bank for a
9 � 9 FCM Assembly

Core Condition Bank Worth (pcm)

Hot full power 10533
Hot zero power 10667
Cold zero power 8520
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The pressure drop requirement is met almost exactly in
both cases, but MDNBR is lower than the reference. To
determine the sensitivity of MDNBR to rod diameter, this
was increased until the reference MDNBR was matched. An
increase in rod diameter of 0.3 mm or less is needed and
increases pressure drop �10%. If the pressure drop con-
straint could be relaxed by using a more powerful reactor
coolant pump, this may be a viable option. One study esti-
mates that in the future, reactor coolant pumps will be able to
handle a pressure drop as large as 0.4 MPa (Ref. 17).

To visualize a design space where pressure drop and
MDNBR constraints might both be met, these parameters
were calculated over a wide range of possible geometries.
The assembly designs were limited to odd-numbered lat-
tice dimensions to ensure a central instrumentation tube.
The linear heat rate to input in the COBRA-TF subchan-
nel model was calculated assuming that the assembly

TABLE IX

Comparison of Design and Performance Parameters of Selected FCM Assembly Designs with BPs

Property Reference
FCM Fuel

9 � 9 11 � 11 17 � 17

P/D 1.33 1.12 1.18 1.20
Outer diameter (cm) 0.95 2.12 1.65 1.05
Kernel diameter (�m) — 750 750 800
Enrichment (wt%) 4.5 16.2 18.6 19.9
Cycle length (EFPD) 448.1 448.3 446.2 431.8
Burnup (GWd/tonne HM) 51.7 153.8 173.9 183.3
Heavy metal load (kg/assembly) 548.3 185.1 163.0 149.4
H-to-HM ratio 4.0 9.0 11.4 10.9
Fissile load (kg/assembly) 24.7 30.0 30.3 31.1
H-to-fissile ratio 88.2 55.5 70.4 67.1
Separative work (SWU/assembly)a 3767 6084 6253 6461
Reactivity swing, � 0.280 0.442 0.508 0.500
Power per TRISO particle (mW) — 341 392 505
Fuel peak temperature (°C)b 1997 907 873 823

aTails enrichment was assumed as 0.25%.
bCalculated assuming an overall power peaking factor of 2.

TABLE X

Reference COBRA-TF Subchannel Parameters

Property Value

Inlet temperature (°C) 280
Outlet temperature (°C) 325
System pressure (MPa) 15.5
Mass flow rate (kg/s) 0.32
Linear heat rate (kW/m) 18.76
Heated length (m) 4.26
Channel length (m) 4.6
Axial peaking factor 1.25
Spacer grids 10
Pressure drop (MPa) 0.2
MDNBR 2.8

TABLE XI

Pressure Drop and MDNBR in Selected FCM Assembly Designs

Assembly Lattice Parameter Preferred Rod Diameter Increased Rod Diameter

11 � 11
Rod diameter (mm) 16.50 16.86
Pressure drop (MPa) 0.208 0.226
MDNBR 2.5 2.8

9 � 9
Rod diameter (mm) 21.25 21.47
Pressure drop (MPa) 0.207 0.218
MDNBR 2.6 2.8
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power remains constant and the fraction of lattice loca-
tions occupied by a guide thimble is 10%. Figures 14 and
15 show pressure drop and MDNBR as a function of P/D
and rod outer diameter.

Geometries that lie above the pressure drop reference
line, i.e., a smaller pressure drop than the reference, and
below the MDNBR reference line, i.e., a larger MDNBR
than the reference, would satisfy both conditions. From these
results, it appears that there is no significant overlap of the
two acceptable domains—which confirms the results shown
in Table XI—unless one of the two constraints is relaxed.

V. CONCLUSIONS

Fully ceramic microencapsulated fuel is a revolution-
ary enhanced ATF design. It consists of TRISO particles

embedded in a ceramic (SiC) matrix to form fuel pellets
and rods, so as to combine the fission product retention
capabilities of TRISO particles and the properties of SiC.
Overall, FCM fuel is expected to provide superior safety
performance in nominal as well as beyond-design-basis-
accident conditions since the zirconium is eliminated alto-
gether. However, the viability of FCM fuel will depend on
its overall performance as compared to conventional fuel.
The neutronic performance of FCM fuel is hindered by its
small heavy metal loading due to the nature of TRISO
technology. High-density fuel (uranium nitride) and large
fuel kernels (up to 800 �m in diameter) can only partially
compensate this deficit. Higher enrichment and larger than
conventional fuel rods are also necessary.

The scope of this study was to determine require-
ments for the design of a FCM fuel element that matches
or exceeds (a) cycle length and (b) safety constraints
(reactivity coefficients, pressure drop, control systems,
etc.) of conventional fuel. This study explored two possi-
bilities: (1) maintaining a conventional 17 � 17 assembly
design and replacing conventional fuel rods with FCM
and (2) optimizing the lattice dimension to allow for
larger fuel rods in an effort to reduce required enrichment.

The implementation of FCM fuel in a 17 � 17 assem-
bly using viable TRISO particle designs requires close to
20% enrichment and large fuel rods (�1.1 cm in diame-
ter). Such design performs comparably to standard fuel
(4.5% enrichment) in terms of cycle length, reactivity
coefficients, intra-assembly power peaking factor, BP
penalty, and control rod worth, but the design requires an
increase of pumping power due to an increase in pressure
drop of 0.14 MPa.

A parametric analysis that spanned a large design
space varying fuel outer diameter and P/D downselected
two alternate assembly designs: (1) an 11 � 11 assembly
comprising 108 fuel rods and 12 control rods, 1.65-cm
outer diameter, and 1.18 P/D and (2) a 9 � 9 assembly,
comprising 72 fuel rods and 8 control rods, 2.12-cm outer
diameter, and 1.12 P/D. These designs were chosen based
on constraints on cycle length and pressure drop across
the assembly. Both options meet the cycle length require-
ment using 18.6% and 16.2% enrichments, respectively.

A thermal-hydraulic subchannel analysis further
investigated the feasibility of alternate assembly designs
combining pressure drop and MDNBR constraints. The
selected designs feature smaller MDNBR compared to a
reference assembly. Nevertheless, such constraint is met
allowing for a 10% increase in axial pressure drop, as a
result of increasing the fuel rod outer diameter (by 0.036 cm
for the 11 � 11 assembly and by 0.022 cm for the 9 � 9
assembly). This increase appears possible, but further
evaluation is needed.

Fig. 14. Pressure drop as a function of rod diameter and
P/D.

Fig. 15. MDNBR as a function of rod diameter and P/D.
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This study was limited to the assembly level; there-
fore, future studies will need to address the core level
issues that have been identified. FCM fuel features large
reactivity excess that is only partially mitigated by burn-
able absorbers, and solutions like ad hoc fuel shuffling
schemes need to be identified. Reactivity feedbacks, and
in particular coolant void feedbacks, also need to be
assessed at the core level. Future work should also include
thermomechanical fuel performance analysis of FCM fuel
and SiC cladding, and design-basis and beyond-design-
basis-accident analysis.
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