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Abstract This paper presents a neutronics design of a
10 MW ordered-pebble-bed fluoride-salt-cooled high-tem-
perature experimental reactor. Through delicate layout, a
core with ordered arranged pebble bed can be formed,
which can keep core stability and meet the space require-
ments for thermal hydraulics and neutronics measurements.
Overall, objectives of the core include inherent safety and
sufficient excess reactivity providing 120 effective full
power days for experiments. Considering the requirements
above, the reactive control system is designed to consist of
16 control rods distributed in the graphite reflector. Com-
bining the large control rods worth about
18000-20000 pcm, molten salt drain supplementary means
(— 6980 to — 3651 pcm) and negative temperature coef-
ficient (— 6.32 to — 3.80 pcm/K) feedback of the whole
core, the reactor can realize sufficient shutdown margin and
safety under steady state. Besides, some main physical
properties, such as reactivity control, neutron spectrum and
flux, power density distribution, and reactivity coefficient,
have been calculated and analyzed in this study. In addi-
tion, some special problems in molten salt coolant are also
considered, including °Li depletion and tritium production.
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1 Introduction

The fluoride salt coolant concept originated from the
design and construction of a series of molten salt reactors
such as aircraft reactor experiment (ARE) [1], molten salt
reactor experiment (MSRE) [2, 3], and salt breeder reactor
(MSBR) [4, 5] at Oak Ridge National Laboratory (ORNL)
from the 1950s to 1970s. Fuel dissolved in molten salt
flows in the whole loop system of the reactor. However,
due to the complex liquid fuel online processing, structural
material irradiation at high temperature, and other political
reasons, the technology is difficult to commercialize in a
short period of time. At the beginning of this century, the
concept of an advanced high-temperature reactor (AHTR)
was proposed, for instance, 2400 MW Prism-AHTR
(ORNL, SNL, UCB 2001) [6], 2400 MW liquid-salt-
cooled very-high-temperature reactor (LS-VHTR) concept
design (ORNL, SNL, UCB 2005) [7], pebble bed—~AHTR
(PB-AHTR) and stringer—AHTR (UW, Areva 2006),
2400 MW integrated pebble bed—AHTR design (UCB
2006) [8], 900 MW modular pebble bed—AHTR (UCB
2008) [9], 3400 and 125 MW plank-type fluoride-salt-
cooled reactors (ORNL 2010) [10, 11], and so on. These
AHTRs theoretically fit well with the development needs
of the Generation IV nuclear power system, including
sustainability, economy, safety, reliability, and nuclear
non-proliferation. In 2012, IRP was established, and AHTR
was officially renamed the fluoride-salt-cooled high-
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temperature reactors (FHRs) [12]. These four types of
FHRs—prismatic, plank, stringer, and pebble bed—have
two main characteristics. One is the use of fluoride salt
without fuel as coolant, and the other is the use of
tristructural isotropic (TRISO) particle fuel elements.
Among these options, the pebble fuel has some specific
advantages, such as stable structure, radioactivity shielding
effect, high mechanical strength, and convenience of
transportation and storage, especially in high-temperature
gas-cooled reactor applications.

In most existing pebble bed reactors, the fuel pebbles are
primarily arranged in order and disordered modes. Sus-
skind [13] and Winsche et al. [14] carried out a large
number of experiments into ordered and disordered pack-
ing of pebbles. Epel and Levine et al. [15] performed
further analysis into the flow resistance of the ordered
pebble bed under many different geometric rules in order to
determine the best preliminary design for a sodium-cooled
fast breeder reactor. In particular, Tian et al. [16, 17] car-
ried out a comprehensive study on ordered pebble beds,
including the packing mode, pebble bed geometry, and
pebble bed stability features based on a large number of
experimental devices and then proposed a new ordered bed
modular HTGR reactor concept. However,so far, the
ordered pebble bed has not been applied in the FHRs. In
this paper, a conceptual 10 MW ordered-pebble-bed fluo-
ride-salt-cooled high-temperature experimental reactor
(OPB-FHER) is designed and is aimed at 120 effective full
power days with adequate safety when operating in the
steady state. Subsequently, some primary design parame-
ters and unique physical properties of this reactor are
analyzed, including the reactivity control method, neutron
spectrum and flux, power density distribution, reactivity
coefficient, °Li depletion, and tritium production.

Fig. 1 (Color online)
Schematic diagram of TRISO
and fuel pebble. a TRISO,

b simple cubic lattice model,
¢ fuel pebble model
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2 Core design
2.1 TRISO and fuel pebble

The fuel design is related to the HTR-10 structure with
TRISO-coated particles [18], as shown in Fig. 1a. Taking
into account the higher volumetric heat capacity of molten
salt coolant, as well as the realistic method for obtaining
fuel, the uranium loading of a single fuel pebble in this
study is increased to 7 g, which relates to the fuel design of
HTR-PM [19].

The fuel pebble diameter is 6 cm, including an external
graphite shell with a thickness of 0.5 cm and the internal
fuel filling zone with a diameter of 5 cm. There are 11669
TRISO particles filled in the fuel filling zone with 7.03%
packing fraction. A simple cubic lattice equivalent model is
used in this study, as shown in Fig. 1b. Meanwhile, other
TRISO particle models, including the equivalently filled
regular model, the disturbed regular model, the randomly
filled regular model, and the fully random model, have
been performed in a series of other studies [20]. The fuel
element characteristic parameters are shown in Table 1.

2.2 Fuel pebble arrangement

In the active area, 2-cm-deep grooves are processed in
line with surface curvature of the fuel pebbles in the bottom
surface of a graphite reflector. These grooves are arranged
in a square geography. If pebbles in the first layer fall into
the grooves, the center of each series of four pebbles can
form a new depression for the second layer, and accumu-
lating layers form a pyramid. In order to keep this
stable geometrical condition of the pebble bed, the inner
surface of top graphite reflector is also processed with the
same method. Besides, the side reflector constitutes an
eight edges prism cavity, and the inner surface of the side
reflector must be exactly tangent with the surface of the
pebbles. In this ordered packed bed, the pebbles can sup-
port each other. The structure has strong stability against
various changes, such as pressure changes and size or
shape changes due to high temperature and strong
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Table 1 OPB-FHER fuel element characteristic parameters

Parameters Value
Pebble diameter (cm) 6
Fuel zone diameter (cm) 5

Density of graphite matrix and shell (g cm™>) 1.73

25U enrichment (%) 17.08

U loading per pebble (g) 7.0

Kernel diameter (mm) 0.5

UO, density (g cm ™) 10.4

Layer materials starting from kernel PrC/PyC/SiC/PyC
Layer thickness (um) 95/40/35/40

Layer density (g cm™>) 1.1/1.90/3.18/1.90

irradiation. Figure 2 shows the arrangement of fuel peb-
bles. This geometric selection maintains strong structural
stability. If the centers of adjacent spheres are separated by
1.167 times their diameter (7.0 cm), the core can still
maintain a relatively regular arrangement with sufficient
constant packing fraction (PF) when the active surface area
changes by less than 5% [17]. Under such condition, the
vertical distance between the centers of two adjacent
spheres is 0.5652 times the diameter of the ball
(3.3912 cm), and the corresponding theoretical packing
fraction is 68%.

2.3 Core layout and fuel loading

The core model is demonstrated in Fig. 3. From the
inside out, the core of the OPB-FHER mainly consists of
the activity area, a graphite reflector, and the core barrel.
The active area is approximately an octagonal prism with
185.0 cm height and two groups of edge distance of 111.0
and 114.9 cm, respectively, which forms a boundary that
keeps the forces regular accumulation as mentioned above.
The core is filled with 11043 fuel pebbles and 432 graphite
pebbles. The reflector periphery size is 300 cm in height

(a) g ()

6.7824cm

7.0cm

and 260 cm in diameter. With a 2-cm-thick metal barrel,
the overall core size is 304 cm in height and 264 cm in
diameter.

The packing fraction (PF) of pebbles in the active area
due to accumulation can reach 68 and 65.8% for theoretical
mode and the actual value, respectively. This fine distinc-
tion of PF is produced in the boundary effect. In this
packing, some stable natural channels for the flow of
molten salt can be formed among the pebbles from the
bottom up. Graphite pebbles with 6.0 cm diameter at the
top and bottom can form a transition zone between the fuel
pebbles and graphite reflector, which can prevent over-
heating damage for fuel pebbles at the top and bottom due
to a lack of coolant. There are 20 channels distributed in
the graphite reflector, including 16 for control rods and 4
for experiments. A total of 201 coolant flow channels each
with 4 cm diameter are arranged in the top and bottom
reflector.

For fuel management, whole loading and unloading are
adopted in one cycle. Each cycle has one batch of fuel
consisting of 11043 fuel pebbles and 432 graphite pebbles.
The basic physical parameters for the core of one cycle are
listed in Table 2.

2.4 SCALE codes and data

The SCALE code system [21] developed at Oak Ridge
National Laboratory has been used for many years for
various light water reactor applications. In recent years,
features have been added that allow handling of problems
specific to high-temperature gas-cooled reactors. Such
specific features include the treatment of the double
heterogeneity of fuel that is characteristic of HTGRs, for
both the prismatic and pebble bed designs. Furthermore, it
does account for the double heterogeneity of the fuel
through the way the cross section self-shielding is carried
out by using the DOUBLEHET cell data option for cross
section processing [22]. All neutronics physics calculations
and simulations described in this paper were performed
with  KENOVI in SCALE6.1 and used nuclear cross

(©)

3.3912cm

Fig. 2 (Color online) Ordered packing schematic diagram. a Pebble packing model, b horizontal direction array, ¢ vertical direction array
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Fig. 3 (Color online) Core of the OPB-FHER. a Core cross section, b core longitudinal section, ¢ fuel pebble array-layer I, d fuel pebble array-

layer II, e graphite pebble array, and f top and bottom structure

sections based on ENDF/B-VIIL.O data that were further
processed by the CSAS6 sequence of SCALE in energy
libraries for 238 groups. The TRITON control module,
couple KENOVI, and ORIGENS were used for burnup
analysis in SCALE.

3 Core physical properties
3.1 Reactivity control

Two independent reactivity control systems with two
radial positions are set in the graphite reflector, as shown in
Fig. 2a. The first system consists of 10 rods in the inner
circle and 2 rods in the outer circle surrounding the active
area. These rods provide power regulation, burnup com-
pensation, temperature control, and shut down at all kinds

@ Springer

of operating conditions. The second reactivity control
system is composed of 4 rods in the inner circle (marked in
blue) that force shutdown when the first shutdown system
fails to perform properly. The absorber material is B4C
(19.9 at.% '"°B) under Hastelloy-N alloy cladding. The
inner and outer diameters of the control rod are 55 and
110 mm, respectively. The specific structural parameters
and material composition of the control rod are shown in
Fig. 4 and Table 3.

Three main temperature states are analyzed in the core
design, namely, 615, 590, and 459 °C, representing the
power operation status, normal cold status, and accident
cold status, respectively. Table 4 shows the reactivity
compensation and reactor safety requirements. It can be
seen that the first shutdown system can provide
15120-15820 pcm worth with 12 rods at different lifetime
stages. Thus, it has sufficient margin at various working
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Table 2 Main parameters of

the core Parameters Value
Power 10 MWy,
Effective full power days > 120 day
Fuel type UO, (17.08 wt.% U-235 enrichment)
Fuel loading per cycle 13.2 kg
Fuel element type UO, fuel pebble
Fuel element quality 11043
Fuel elements array Ordered packing
Active area volume 1.95 m®
Core diameter 264 cm
Core height 304 cm
The primary loop coolant 2LiF-BeF5(99.99 at.% "Li)
Inlet/outlet temperature@10 MWy, 600/628 °C
Mass flow rate of coolant@10 MW, 150 kg/s
shutdown depth — 2000 pcm
Average burnup depth @120EFPD 14.6(GWd/MTU)
Maximum pressure < 0.5 MPa
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Fig. 4 Control rod geometry

conditions, including the extreme accident state, the
FLiBe’s melting point 459 °C, and single-rod failure

accident (seen as the — 8310 to — 4620 pcm shutdown
depth of 11 rods). The second shutdown system also has
sufficient margin of about — 4320 to — 3420 pcm, even at
590 °C. All the control rods are worth about
18000-20000 pcm. If the accident is out of control for the
second system of rods, the molten salt drain system will be
in the working condition, which can provide a maximum of
— 6980 pcm reactivity and guarantee safe reactor
shutdown.

3.2 Neutron spectrum

The neutron spectrum is dependent on fuel composition,
moderator type, and the structural materials of reactor core,
and it determines the basic physical properties of the core.
Therefore, it is important to analyze the neutron spectrum
in the reactor design. Figure 5 shows the normalized neu-
tron spectrum for different single fuel cells in 3 typical
reactors. The HTR and OPB-FHER used the same lattice
model geometry shown in Fig. 2a. The difference between
the two models is the use of different coolants.

Table 3 Materials of control

rod Radial radius (mm) Materials Density (g/cc)

0-27.5 Void 0

27.5-29.5 Hastelloy-N (Ni-Mo-Cr-Fe-Mn-Si-Al 8.86

Bal-16.50-7.03-4.24-0.50-0.32-0.19)

29.5-30 Void 0

30-52.5 B.C (19.9 at.% '°B) 2.1

52.5-53 void 0

53-55 Hastelloy-N (Ni-Mo-Cr-Fe-Mn-Si-Al 8.86

@ Springer
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f;ﬁ;eegsaﬁzic“my Core status Beginning life Mid-life End of life
Excess reactivity (pcm®)
Normal cold 590 °C 6810 (39%) 4890 (39) 3770 (39)
Accident cold 459 °C 8860 (38) 6780 (38) 5800 (40)
Shutdown margin @Normal cold 590 °C (pcm?)
12 rods of first shutdown system — 8310 (40) — 10700 (38) — 12050 (38)
11 rods of first shutdown system — 4620 (38) — 7040 (38) — 8310 (39)
4 rods of second shutdown system — 3420 (37) — 3850 (38) — 4320 (38)
Supplementary shutdown means
Molten salt drain reactivity (pcm*) — 6980 (37) — 4574 (38) — 3651 (40)
“Reactivity calculated with KENOVI in SCALE6.1
*Average statistical error
0.022 spectrum in PWR. This distinction arises because the
00207 proportion of coated particle fuel is much lower than in
_ 0018 i?{?ﬁ'i?jﬁemm“ PWR. Thus, the macro-absorption cross section of the
§0-016- — PWR Lattice thermal neutron in the core region of the OPB-FHER is
£0.0114 much smaller than that in PWR, resulting in a high pro-
f_’ 00127 portion of thermal neutrons. The neutron spectrum in a
%omo— molten salt pebble-bed reactor is similar to that in a high-
‘go. 0081 temperature gas-cooled reactor for the same fuel pebble.
2 0.006 But due to the moderation and neutron absorption effect in
“ 0,001 BeF,-2LiF, the OPB-FHER spectrum occupies a slightly
0.002 lower energy region.
0. 000 T T T ™ T T T T T T
0 10° 10t 10" 100 100 100 100 100 100 107 10°

Neutron energy(eV)

Fig. 5 (Color online) Neutron spectrum for different reactor
elements

The square unit cell model of a standard Westinghouse
17 x 17-lattice assembly is adopted as a reference for
pressurized water reactor (PWR). In the PWR pin cell
model, the value of the fuel pellet radius, fuel pellet to
cladding gap, cladding inner radius, cladding outer radius,
and pin pitch were 0.4096, 0.0082, 0.4178, 0.4750,
1.26 cm, respectively. In addition, the three cell models
used the same level of **U enrichment (17.08%) but dif-
ferent coolant, followed by helium, molten salt, and water.
Further, the white reflection boundary condition is used in
the calculation with SCALE.

It can be seen that, no matter what core material is used,
the neutron energy spectrum has two peaks consisting of
the fission energy spectrum in the fast area and the Max-
well spectrum in the thermal area. As high-enrichment fuel
was used in the calculation, the energy spectrum of this
PWR occupies the high-energy region compared to that in
PWR, and the peak in thermal area is not obvious. The
shape of the neutron energy spectrum is different in a high-
temperature gas-cooled reactor. It has a higher peak in
thermal area and a lower peak in fast area, in contrast to the

@ Springer

3.3 Neutron flux density and power density
distribution

In this section, four control rods were inserted into the
core in order to reach criticality during analysis. The
neutron flux density distributions in the core active area at
the beginning of life with xenon equilibrium are shown in
Fig. 6. The coordinate origin is the center of the active
region. The total flux density is about 0.5-1.45 x 10'* n/
cm?/s. The maximum radial neutron flux density is in the
center of the active area. However, the maximum axial
neutron flux density appears at about 20 cm below the
center plane, and this downward shift of the maximum flux
density is due to the insertion of the control rods.

For the calculation of power density distribution
(Fig. 7), the active area is divided into 27 meshes with
6.7824 cm size in the axial direction. The maximum axial
power density is 11.40 W/cm®, located 20 cm below the
center of the active area. The axial average power density
is 9.10 W/cm®. The axial power peak factor is 1.25.

The radial mesh size is 7 cm x 7 cm. The radial max-
imum and mean power density are 9.10 and 7.56 W/cm®,
respectively. The radial power factor is 1.20. Therefore, the
total power peak factor is 1.25 x 1.20 = 1.50 for the core
active area.
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Fig. 6 (Color online) Neutron flux density in the active area at beginning of life with xenon equilibrium. a Axial neutron flux density, b radial
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Fig. 7 (Color online) Power density distribution in the active area at beginning of life with xenon equilibrium. a Axial power density

distribution, b radial power density distribution (W/cm®)

Using a thermal hydraulic calculation, the maximum
average temperature of the fuel pebble in the core is found
to be 682 °C and appears 20 cm below the center.

3.4 Temperature coefficients of reactivity

Reactivity temperature coefficients are the key param-
eters for assessing reactor safety, which primarily includes
the contribution of fuel, coolant, moderator, and reflector.
In this study, the KENO module in SCALES6.1 code is used
to calculate K. for these coefficients. Statistical uncer-
tainty is inherent in the Monte Carlo method, and K¢ was
calculated at multiple temperature points. The 1/K quad-
ratic curve fitting method or linear fitting [22] was used to
process the data. All results at different burning lifetime for
one cycle are shown in Table 5.

The fuel reactivity temperature coefficient exists due to
the Doppler effect. In the OPB-FHER, the fuel reactivity
temperature coefficient is — 2.71 to — 2.35 pcm/K, which

Table 5 Temperature coefficients of reactivity

Core status

TC (pcm/K) Beginning life Mid-life End of life
Fuel —2.71 — 2.56 —2.35
Coolant - 1.50 — 0.40 — 0.66
Moderator —3.98 — 3.11 —3.39
Reflector 2.54 1.78 1.90
Total —6.32 —4.20 — 3.80

agrees well with LWR. The coolant reactivity temperature
coefficient, also called the void coefficient, is slightly
negative due to thermal expansion of the coolant. The
moderator reactivity temperature coefficient is — 3.98 to
— 3.11 pcm/K. The total reactivity temperature coefficient
is negative throughout the reactor lifetime, illustrating the
safety of the reactor to some extent.

@ Springer
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3.5 Burnup, °Li depletion, and tritium production

The burnup time of one cycle for the core is analyzed as
shown in Fig. 8. If K. = 1 was selected as the lifetime
truncation, equivalent full power operation will exceed
120 days.

In addition to the initial °Li stock in the FLiBe coolant,
®Li is a strong neutron absorber in molten salt and is pri-
marily produced through the °Be (n, nt)—°Li nuclear
reaction and removed through the °Li (n, t)—>4He reaction
[23]. The consumption and production rates for °Li in
molten salt are related to the core power, and they even-
tually reach a balance after a very long runtime [9]. Fig-
ure 9 shows the concentration change of °Li along with the
burnup time. It is seen that the concentration of °Li
declines gradually in a short-to-medium term, just like
burnable poison. However, if the reactor was operated in a
very long time, the °Li quantity will reach a steady state.
Therefore, the reactivity will be released at last, which
needs to be considered and analyzed for long runtimes.

Tritium is a very lively nuclide that is easy to spread and
causes a hydrogen embrittlement effect in structural
materials. In addition, it has strong radioactivity both in the
working environment of the nuclear power plant and the
natural environment outside the plant [24]. Therefore, tri-
tium production is an important source term and should be
considered in the design of radiation protection, including
its behavior in the reaction channel and its accumulation,
dissolution, and diffusion in the reactor components. In a
10 MW OPB-FHER reactor, Li in FLiBe coolant is the
main production source of tritium by the nuclear reaction
°Li + n—’H + *He + 4.79 MeV [25]. Moreover, some
Li can also generate tritium through the nuclear reaction
"Li + n—>H + *He + n. Figure 9 shows the tritium con-
centration in the 10 MW OPB-FHER over short-to-med-
ium timescales.
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Fig. 8 K. change over equivalent full power running time

@ Springer

R. Yan et al.
2. 42E-006 T T T T T
= - — /' -1.20E-007
© 2. 40E-006 - = —H-3 . o
% \_ / -1.005»0075
5 . ya £
 2.386-006 1 N 1005008 €
g - / z
o =}
= 2.36E-006 _\.\ 6.00E-008 5
~ 3 =
£ S E
g 0061 of \. ~4.00E-008 3
S 2.34E-006 i g H
£ - . g
5] /-"'} N 42.00E-008 <7
© 2. 326-006 1 ] -\ es)
H
— / - -0.00E+000
2. 30E-006 T T T T T
0 50 100 150 200 250

EFPD (day)

Fig. 9 Concentration variation of °Li and *H
4 Conclusion

A conceptual design of a 10 MW OPB-FHER in pre-
sented in this study. The neutronic physics parameters are
calculated and analyzed. The following primary conclu-
sions can be drawn:

(1) A stable and compact pebble core can be delicately
constructed that achieves the design goals of 100
EFPD.

(2) By combining large control rods worth about
18000-20000 pcm, molten salt drain supplementary
means (— 6980 to — 3651 pcm), and negative
temperature coefficient (— 6.32 to — 3.80 pcm/K)
feedback within the core, the reactor can have a
sufficient shutdown margin and operate safely in the
steady state.

(3) The shape of the neutron spectrum is similar to that
in a high-temperature gas-cooled reactor, but is
softer in the thermal range due to the moderation of
molten salt coolant.

(4) As lithium fluoride and beryllium fluoride molten
salts are used in the reactor, tritium production by
®Li reactions should be considered during radioac-
tive safety assessment.

Owing to the application of graphite materials, differ-
ential thermal expansion will cause certain stresses in the
ordered bed and engineering the restraint system will be a
challenge. In the next step, theoretical simulation of the
thermal expansion of the fuel pebble based will be carried
out to study its effect on the reactor physics. A steady-state
analysis for one cycle was performed in this study. Cir-
culating charging may improve the fuel economy, but a
positive temperature coefficient of the reflector might be an
unstable factor. Therefore, accident scenarios analysis and
fuel management optimization must be examined in the
future.
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