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Abstract

A renewed interest has been raised for liquid-salt-cooled nuclear reactors. The excellent heat transfer properties of liquid-salt coolants
provide several benefits, like lower fuel temperatures, higher average coolant temperature, increased core power density and better decay
heat removal, and thus higher achievable core power. In order to benefit from the on-line refueling capability of a pebble bed reactor, the
liquid salt pebble bed reactor (LSPBR) is proposed. This is a high temperature pebble bed reactor with a fuel design similar to existing
HTRs, but using a liquid-salt as coolant. In this paper, the selection criteria for the liquid-salt coolant are described. Based on its neutronic
properties, LiF-BeF, (flibe) was selected for the LSPBR. Two designs of the LSPBR were considered: a cylindrical core and an annular core
with a graphite inner reflector. Coupled neutronic thermal-hydraulic calculations were performed to obtain the steady state power distri-
bution and the corresponding fuel temperature distribution. Calculations were performed to investigate the decay heat removal capability
in a protected loss-of-forced cooling accident. The maximum allowable power that can be produced with the LSPBR is hereby determined.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Because of its high efficiency and inherent safety fea-
tures, the high temperature gas-cooled reactor (HTGR)
attracts a lot of attention worldwide. Despite these promis-
ing features, the HTGR concept can be improved by using
a liquid-salt as a coolant instead of helium. Promising
liquid-salt candidates exist that have excellent heat capacity
and heat transfer properties, which allow reactor operation
at high power density and high total power without any
compromise to safety.

Till now, the Oak Ridge National Laboratory (ORNL)
has focused on the advanced high temperature reactor
(AHTR) (Forsberg et al., 2004), which can be considered
as the liquid-salt-cooled counterpart of the prismatic
HTGR. In this paper, we focus on the liquid-salt-cooled
pebble bed reactor (LSPBR), which combines the advanta-
ges of a pebble-bed HTGR design (e.g. on-line refueling
and flexible fuel management) with those of the AHTR
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(e.g. reactor operation at ambient pressure, high power
density, lower maximum fuel temperatures, etc.).

The LSPBR has a core volume of approximately 300 m?
and a core height of 7.5 m. It produces 2500 MWth heat at
1000 °C liquid-salt coolant outlet temperature. Both a
cylindrical and an annular core are investigated. The fuel
of the LSPBR consists of TRISO coated particles incorpo-
rated in regular HTR fuel pebbles. The TRISO particles
consists of an UO, fuel kernel covered by a porous buffer
layer and a combination of an inner pyrolitic carbon
(IPyC), a silicium carbide (SiC) layer and an outer pyrolitic
carbon layer (OPyC).

There is one major difference between the AHTR and the
LSPBR. The first reactor design has some flexibility with
regard to the salt volume fraction in the core, as this is a
design parameter that can freely be chosen, while the LSPBR
has a fixed salt volume fraction of about 39% determined by
the porosity of the random packing of the pebble bed.

2. Selection of the liquid-salt coolant

Several criteria are important for the selection of a
liquid-salt coolant. Apart from good heat transfer
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coefficients, a coolant must be chemically inert, have
low toxicity, reasonably low melting point and high
boiling temperature. Furthermore, it must be compati-
ble with the moderator and with common structural
materials. Table 1 lists some important physical proper-
ties of the seven salt mixtures initially selected as can-
didates for the LSPBR (Forsberg et al., 2005; Zwaan,
2005).

All coolants moderate and absorb neutrons. When void-
ing occurs, the reactivity will increase due to the reduced
absorption and decrease due to the reduced moderation.
For a safe operation of the reactor it is required that the
liquid-salt coolant does not lead to a positive voiding or
temperature reactivity effect. This can be prevented by
using a coolant with good moderating properties, which
can be quantified by the moderating ratio. For all liquid-
salt mixtures considered, the moderating ratio is shown
in Table 1. The X, and the X, were calculated by flux
weighting in the 0-1 eV and the 1-10* eV regions, respec-
tively, and £ is the lethargy gain per collision (Duderstadt
and Hamilton, 1976). Clearly, LiF-BeF, (flibe) has the best
moderating ratio of all salts considered. Note that the lith-
ium used in all salts is assumed to be highly enriched in "Li
to reduce neutron absorption. In flibe, the absorbing
nuclide °Li is produced via the °Be(n,a) reaction and
removed via neutron capture. This results in an equilibrium
concentration of about 0.0007% (Forsberg et al., 2005;
Zwaan, 2005).

In the remainder of this chapter, results are shown from
calculations done with the SCALE (SCALE, 2005) code
system using data based on JEF2.2. In all calculations a
macro cell was modeled containing a smeared fuel region,
a graphite layer and a coolant region. Because the SCALE
code system cannot handle explicitly the double heteroge-
neity of the fuel, the cell-weighting procedure was split
up in parts. First, a micro-cell calculation was done for
TRISO coated particles, using BONAMI and NITAWL-
II for the resonance shielding and XSDRNPM to generate
a cross-section library for the homogenized fuel zone of the
pebble. The outer radii of the kernel, buffer, and the IPyC,
SiC, and OPyC layers in the TRISO particles were 0.025,
0.034, 0.038, 0.042 and 0.045 cm, respectively. The Dancoff
factor used in the resonance shielding calculations was
obtained by an analytical procedure (Bende et al., 1999)
and takes into account the double heterogeneity of the fuel
and the salt between the pebbles. In the second part, cross-
sections for the 0.5-cm thick graphite layer surrounding the
fuel zone, and the liquid salt coolant region were processed.
Finally, all (three) libraries were merged and XSDRNPM
was used to perform the cell weighing of the pebble and
the calculation of the k..

2.1. Effect of fuel loading on the k.,

For the seven candidate salts and for helium, the k., is
shown in Fig. 1 as a function of the inverse fuel loading.
Clearly, for salts LiF-NaF-KF, NaF-ZrF,~KF, and

Table 1

Physical properties and moderating ratio of the seven candidates salts (Forsberg et al., 2005; Zwaan, 2005)

Moderating ratio £Xy/X,

63.0
9.8

Viscosity (mPas), T (K)
0.116 exp(3755/T)
0.034 exp(5164/T)

0.04 exp(4170/T)
0.071 exp(4168/T)

700 °C Heat capacity (kJ kg™ K1)

2.38

Density (g/cm?), T (°C)

Melting point (°C)
458 228 49x107*T

Molar mass (g/mol)

Salt (mol 9 o)

33.1

"LiF-BeF, (66-34)

1.7
6.7
2.9

2.18
1.88
1.17

2.27-37x107%T
2.53-73x1074T
3.79-9.3x 1074T

44.1 360
41.2 454
104.6 510

"LiF-NaF-KF (46.5-11.5-42)

NaF-BeF, (57-43)
NaF-ZrF, (50-50)

0.061 exp(3171/T) (est.)

1.09 (est.)

1.47
1.51

3.45-8.9 x 1074T (est.)

3.37-8.3x 10T

385
460
385

102.3

NaF-ZrF,—KF (10-48-42)
"LiF-NaF-ZrF, (42-29-29)

NaF-Na!'BF, (8-92)

12.5
12.9

0.0585 exp(4647/T)
0.0877 exp(2240/T)

225-71x107*T

71.56
104.4
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NaF-NaBF, the resulting k., is much too low. From the
salts shown in Fig. 1, the curves of flibe resemble most
those of helium. For all other salts, the curves bend down-
wards with decreasing fuel loading, indicating that neutron
absorption in the salt increases.
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2.2. Effect of voiding, temperature and packing fraction on

Koo

As in the previous section, the effects of the coolants on
the neutronics were also studied in an infinite array of peb-
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Fig. 1. The k., as a function of the inverse fuel loading for the seven candidate salts and for helium with the fuel enrichment as a parameter.
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bles. In Table 2 the results of k_, calculations are given for
the salts and for helium. The fuel loading per pebble was
12 g of uranium with a fuel enrichment of 10%. As can
be seen, for three salts, the k., is below unity. The first salt
(flibe) gives a k., comparable with that of the helium case.

It can be seen that for all salts except for flibe, complete
voiding introduces a large positive reactivity (third col-
umn). If a loss of coolant accident (LOCA) occurs, the
reactivity increase would have to be compensated by the
fuel temperature reactivity coefficient. Fortunately, this
coefficient is strongly negative in the absence of salt (see
the results for helium coolant).

Several mechanisms like seismic shaking, loss of coolant
flow and coolant temperature change (since the densities of
some salts are close to that of the graphite pebbles) can
alter the pebble bed porosity. Therefore, in Table 2, the
porosity reactivity coefficient is shown in the fifth column.
These values were obtained by increasing the bed porosity
in the calculations with 1%. Since in the LSPBR both a
decrease and an increase in porosity can occur, depending
on the design and incident considered, any change in
porosity should not lead to large reactivity effects. Among
all liquid-salt candidates, flibe has the smallest porosity
reactivity coefficient. The porosity reactivity coefficient
for flibe is positive only for a limited range of the fuel load-
ing, as can be seen in Fig. 2.

All properties in Table 2 depend on the fuel loading per
pebble. In Fig. 3 the k., is shown as a function of the
inverse fuel loading per pebble. During burnup the fuel
loading per pebble decreases (inverse loading increases)
and the void reactivity coefficient is expected to become less
negative or even positive. One has to note that in practice
the core will be composed of pebbles with a wide range
of burnup levels, and some average effective enrichment.
No detailed burnup analysis has yet been performed. For
flibe (left plot) with a fuel loading less than ~8.5 g (more
than ~0.11 to 0.12g™") per pebble, voiding leads to an
increase in k... For all other salts, this is the case at all fuel
loadings like in the right plot of Fig. 3.

Fig. 4 shows the combined temperature effects of the
fuel and the coolant. For flibe, the sum of the fuel and cool-
ant temperature reactivity coefficients remains negative
until a fuel loading of ~3.9 g HM/pebble (0.26 g~!). Three
regions can be identified: In region I the Doppler reactivity

Table 2

Some important reactivity coefficients for pebbles containing 12 g of uranium
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Fig. 2. The porosity reactivity coefficient for flibe and LiF-NaF-ZrF, as a
function of the inverse fuel loading compared with that of helium.

coefficient and the coolant temperature feedback reinforce
each other, in region II the coolant temperature coefficient
is positive but the Doppler effect is negative and dominant,
while in region III the positive coolant temperature coeffi-
cient has become dominant.

From all data shown above, it is clear that flibe seems
the best candidate for application in the LSPBR. It has
the best moderating quality; it gives the highest k., values
and strongly negative temperature reactivity coefficients. A
disadvantage of flibe is that it consist of lithium enriched of
the "Li isotope, which will require expensive isotope sepa-
ration. To avoid isotopic separation of a salt component,
NaF-ZrF4, NaF-BeF, or other salts not investigated in
this study could be used. These options are less attractive
with regard to parasitic neutron absorption and a large
voiding reactivity coefficient. Because flibe has the best
neutronic properties of all candidate salts, it was selected
as the primary coolant for the LSPBR.

3. Parameter design for the LSPBR

As mentioned before, the major difference between the
AHTR (Forsberg et al., 2004) and the LSPBR is the salt
volume fraction in the core. The pressure drop over the
packed pebble bed can be calculated with the Ergun rela-
tion (Beek et al., 1999):

with fuel enrichment of 10%

Salt koo Reactivity change complete Uniform temperature reactivity Porosity reactivity coefficient
voiding ($) coefficient (107°/K) (107%/% porosity)
7LiF—Ber 1.39 —2.30 —7.68 +70
NaF-BeF, 1.11 21.5 -2.53 —860
"LiF-NaF-KF 0.71 87.9 8.14 —1290
NaF-ZrF, 1.10 23.0 —0.47 —870
NaF-KF-ZrF4 0.81 65.1 5.42 —1310
'LiF-NaF-ZrF, 1.15 17.7 —1.53 —730
NaF-Na''BF, 0.86 56.2 8.32 —1250
Helium 1.36 -0.11 —8.58 +30

All coolants are at ambient pressure except for helium which is assumed to be at 7 MPa.
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Fig. 3. The k., as a function of the fuel loading per pebble for flibe (left) and LiF-NaF-ZrF, (right), both combined with the complete voided case. In a
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1—¢ u

Ap = 170

P < puod,
Here ¢ is the porosity of the pebble bed (or the coolant vol-
ume fraction), u the dynamic viscosity, p the density of the
coolant, vy the superficial coolant velocity through the core,
dy, the pebble diameter and H the height of the reactor core.
Using

(1 —s)+1.75)£pv§ (1)

dp

= (2)

where m is the coolant mass flow rate and A is the cross-
sectional area of the reactor, this equation can be rewritten
as

l1—¢ A H (i’
Ap = 170— (1 —-e)+1.75 | —(—) .
i & ( ’hdp( 9+ ) dpp (A>
The mass flow of the coolant inside the reactor core can be
calculated with the relation
. P
"= AT

Vo

(3)

(4)

Here ¢, is the heat capacity of the coolant, P the total ther-
mal power of the reactor and AT the temperature difference
of the coolant between the inlet and outlet of the core.

Two different core shapes, both with a height of 750 cm,
have been investigated: an annular core with an outer
radius of 370 cm and an inner reflector with radius of
100 cm, and a cylindrical core with an outer radius of
360 cm. The core volume in both cases equals about
300 m*, and the average power density 8.3 MW/m>. The
total power thus equals 2500 MWth in both cases. In this
design the pebble bed is pressed together to a packed bed
by the coolant flow from top to bottom. The salt enters
the core at the top of the core at a temperature of 900 °C
and will be heated up to 1000 °C at the bottom of the core.
To achieve this, the mass flow rate is set to 10,478 kg/s. In
the annular core, the heated salt returns to the top through
the inner reflector, which enables one to use a reactor vessel
with no exit at the bottom. In Table 3, the data needed to
calculate the pressure drop are shown, as well as the resul-
tant pressure drop, which is less then one bar.

For both the annular core and the cylindrical core
shape, the same pebbles were used as a fuel. The inner zone
of each pebble fueled with TRISO particles had a radius of
2.5 cm, while the outer radius of the graphite layer was
3 cm. The density of the graphite was 1.7 gcm > and con-
tained 0.75 ppm natural boron as an impurity. The total
fuel loading per pebble was 8 g of uranium 10% enriched

Table 3
Results of the pressure drop calculations for flibe in a reactor core with
height of 7.5 m and volume of 300 m*

Parameter (flibe) Value
Densityp at 950 °C (kg m—3) 1815.7
Dynamic viscosity u at 950 °C (mPa s) 2.50x 1073
Heat capacity c,, (kJ kg 'K 2.38

Mass flow (kgs™) 10478
Average coolant velocity (ms™!) 0.36
Reynolds number 6300
Pressure drop (MPa) 0.078
Pumping power (kW) 451
Fraction of total electric power of 1300 MW (%) 0.032

The total thermal power is 2500 MW and the salt is assumed to be heated
from 900 °C at the inlet (top) to 1000 °C at the outlet (bottom).
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Table 4
Dimensions of the two core geometries
Parameter Cylindrical Annular
core core
Core height (m) 7.5 7.5
Core outer diameter (m) 3.60 3.70
Inner reflector radius (m) n. a. 1.0
Core volume (m?) 305.36 299.0
Volume fraction fuel zone (TRISO 0.35 0.35
particles and graphite)
Vessel diameter (m) 9.00 9.20
Vessel height (m) 16.60 16.60
Vessel thickness (m) 0.10 0.10
Argon gap (m) 0.10 0.10
Guard vessel thickness (m) 0.02 0.02
Outer reflector thickness (m) 0.80 0.80
Top reflector thickness (m) 2.00 2.00
Top reflector thickness (m) 1.50 1.50
Porosity top and bottom reflector (fraction 0.50 0.50

of solid material)

Porosity top and bottom plenum (fraction 0.1 0.1
of solid material)

Top plenum inner/outer diameter/height
(m)

Bottom plenum inner/outer diameter/
height (m)

0.0/3.6/2.0 1.0/3.7/2.0

0.0/3.6/2.0 0.0/3.7/2.0

in 2°U. In Table 4, the dimensions of the two core geom-
etries are given.

4. Steady state operation

To examine the behavior of the LSPBR during normal
operation, steady state calculations were performed with
a coupled neutronics and thermo-hydraulics code system.
For the first the 3-D neutron transport code EVENT (de
Oliveira, 1986) was used, while for the latter a modified ver-
sion of the well-known THERMIX code (Struth, 1995) was
used. Two-group temperature-dependent cross sections
were generated with the SCALE code system (SCALE,
2005). The steady state solution of a core configuration is
found by iteratively transferring the power distribution
from EVENT to THERMIX and returning the tempera-
ture distribution to EVENT. An additional poison was
homogeneously mixed with the fuel to reach a k.q of 1 at
a power level of 2500 MWth. More details about this cou-
pling scheme can be found in Zwaan (2005).

Table 5
Results of steady state calculations for the annular and the cylindrical core

In Table 5 the steady state results are summarized, while
Fig. 5 shows the steady state power density profiles in the
two core geometries. The main advantage of the annular
core seems the lower peaking factor and the corresponding
lower maximum power density.

In Fig. 6, we show the maximum fuel temperature pro-
file (at the center of the pebbles) and the maximum coolant
temperature in the LSPBR. The maximum fuel tempera-
ture is around 1190°C for the cylindrical core and
1150 °C for the annular. These values compare quite well
with the AHTR, in which the maximum fuel temperature
is around 1180 °C (Forsberg et al., 2004). Due to the lower
power peaking in the annular core the ratio of the maxi-
mum fuel temperature and maximum coolant temperature
is more favorable as well.

As mentioned above, the steady state power profile was
found by adding a poison to the fuel to reach a k.gof 1 ata
power of 2500 MWth. In reality, the core will continuously
be refueled. Fresh fuel is added at the top of the core, while
(partially) burned fuel is unloaded at the bottom. This will
move the maximum in the power profile towards the top of
the core (the cooler region) and therefore also the maxi-
mum temperature difference between the fuel and coolant.
This will probably lead to lower values of the maximum
fuel temperature.

5. Passive decay heat removal

In a loss-of-forced cooling incident (LOFC), the fission
product decay heat cannot be removed by the coolant
and the secondary cooling system. Instead it should be
removed from the core by natural convection of the salt,
convective heat transfer from the coolant to the reflector,
conduction in the reflector and thermal radiation as shown
in Fig. 7. The maximum power that can be produced in the
LSPBR is limited by the temperatures that are reached dur-
ing a LOFC.

Although THERMIX is a standard code to handle ther-
mal hydraulics calculations of gas-cooled pebble bed reac-
tors, it is not suitable for decay heat removal calculations in
the LSPBR. In THERMIX the interaction between the
solid material and the fluent coolant is programmed
between two numeric fields, the convection field and the
solid material field, as shown in Fig. 8. Heat can be trans-
ferred from the center mesh of the core to the outside mesh

Parameter

Cylindrical core Annular core

Power level (MWth)

Average power density P (MWth/m®)
Maximum power density Pma, (MWth/m?)
Peak factor (Ppax/P)

Average velocity of salt in the pebble bed (m/s)
Coolant inlet temperature (°C)

Coolant outlet temperature (°C)

Maximum coolant temperature (°C)

Maximum fuel (pebble centre) temperature (°C)

2500 2500
8.19 8.36
16.8 14.7
2.05 1.75
0.36 0.37
900 900

1000 1000
1051 1028
1190 1152
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Fig. 5. Power density in the cylindrical core (left) and the annular core (right).
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Fig. 6. The axial profiles of the maximum fuel temperatures and the
maximum coolant temperature of the 2500 MWth LSPBR (annular and
cylindrical). Due to the higher power peaking factor in the cylindrical core,
the maximum fuel temperature and coolant exit temperature are higher.

of the core by (natural) convection but from there it must
be transferred out of the core by conduction (in the solid
material calculation). In the LSPBR, the convective heat
transfer from the coolant to the reflector is the main heat
transport mechanism in decay heat removal problems.
Therefore, to examine the temperature distribution during
a LOFC with scram, the decay heat calculations were per-
formed with the code HEAT (Lathouwers and Bellan,
2001).

The code HEAT can solve time-dependent natural circu-
lation problems in packed beds and was originally written
for fluidized beds in chemical applications (Lathouwers
and Bellan, 2001), but has been modified for several other

T,

ambient

=298 K

convective
heat
transfer

Thermal
radiation

-l >

Pebble Bed Core

conduction
Ambient Air Reflector
Temperature Boundary Layer T,=500K

Fig. 7. Decay heat removal mechanisms in the LSPBR. The decay heat is
removed from the core by natural convection, convective heat transfer
from the coolant to the reflector, conduction in the reflector and thermal
radiation from the core vessel to the ambient air with a temperature of
298 K. The bottom boundary condition was set at 500 K.

applications, like the decay heat removal in the fluidized
bed nuclear reactor (Agung et al., 2006). The code HEAT
has the benefit that the convective coolant field is con-
nected to the solid reflector field (as shown in Fig. 8) so that
convective heat transfer between the coolant and the reflec-
tor is taken into account. The solid conduction heat trans-
fer between the pebble bed and the reflector is neglected in
this code.

In this paper, the analysis is limited to the cylindrical
core geometry with graphite reflectors, which is considered
the least favorable geometry for decay heat removal.

The fission product decay power can be written as a
fraction of the initial prompt power P,
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heat conduction

reflector

HEAT - written for fluidized bed applications

coolant reflector

convective heat transfer

fuel pebbles

Fig. 8. The difference between the thermal hydraulics code THERMIX
and HEAT. In both codes there is interaction between the convection grid
and the solid grid through heat sources and sinks in the core. In
THERMIX the heat transfer to the reflector is modeled by conduction
from the core to the reflector, while in HEAT the heat is transported from
the coolant to the reflector by convectional heat transfer.

S 0Py
n=1 Qf

Here Py, is the decay power of group n, O is the prompt
energy per fission and 7, is the decay heat yield. This
expression can be written as a function of the total power
as

Piot e
Py, Lo, 6
d; Qf+ZNd Tn Z Ion ( )

nl/nnl

Pd‘n

. 5)

This relation is applied in HEAT to calculate the fission
product decay power using data for 23 groups from
(DIN, 1990). The code uses an analytical expression for
the power profile given as a zero order Bessel function in
radial direction and a sine function in axial direction
(Duderstadt and Hamilton, 1976). A set of balance equa-
tions for momentum and energy is discretized and solved
using the finite volume method with a staggered grid. Time
discretization is based on backward Euler scheme in com-
bination with a pressure correction technique. The theory
used in HEAT is described in more detail in Zwaan (2005).

Two cases were investigated. The first is a pebble bed
with coolant surrounded by a graphite reflector, while the
second has an additional 7.5 m high salt plenum on top
of the pebble bed. Various initial power levels were used
in the simulations to determine the maximum power possi-

1700

1600 |-max allowable fuel temp 2500 MW

1500 | 4
— 2100 MW
= 1400 2000 MW i
5
§ 1300 i
& | A T 1500 MW
£ 1200 - TN ——_ ]
5]
= K

1100 |- ¢ i

1000 4

900 L L L L
0 5 10 15 20 25 30 35 40

time (h)

Fig. 9. The maximum fuel temperature as a function of time with the
initial power as a parameter; geometry without salt plenum.

ble without exceeding the limits on fuel temperature and
coolant temperature. All simulations were run for 40 h of
real time.

In Fig. 9, we show the maximum fuel temperature as a
function of time with the initial power level as a parameter.
The thermal transients show an increase in core tempera-
ture during the first few hours after which the core gradually
cools down. Note that the maximum coolant temperature
does not differ much from the maximum fuel temperature
shown in the figure. At first the heat transfer from the cool-
ant to the reflector is insufficient to compensate for the
decay power produced inside the core. The salt and core
are heated and a natural convection flow is induced inside
the core. Because of the thermal inertia of the salt the heat-
ing of the core will take several hours. When the coolant
flow induced by natural convection increases, the convec-
tive heat transfer to the reflector wall increases until it
exceeds the decay heat power produced in the fuel. Then,
the coolant and the fuel will gradually cool.

There are two temperature limits that need to be consid-
ered: the maximum of 1600 °C for TRISO coated fuel par-
ticles and the temperature at which the salt coolant starts
to boil (1430 °C). Because the latter phenomenon could
not be modeled in HEAT, the lowest temperature limit is
chosen to be restrictive. This means that for the geometry
without a salt plenum on top of the core, the maximum
power is 2000 MWth. In Table 6, the resultant maximum

Table 6

Maximum fuel and coolant temperatures and times in the transient at which these temperatures are reached for the geometry without additional salt

plenum

Initial power (MW)  Max fuel temperature (°C)  Time at max temperature (h)  Max coolant temperature (°C)  Time at max temperature (h)
500 1023 4.5 1023 4.5

1000 1116 8.6 1116 8.6

1500 1257 16.1 1253 17.3

2000 1415 27.8 1412 24.8

2100 1448 26.0 1447 26.0

2500 1607 33.3 1606 33.1
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Fig. 10. The maximum fuel temperature as a function of time with the
initial power as a parameter; geometry includes a salt plenum on top of the
core.

temperatures reached in the transient are given, as well as
the times at which these are reached.

For the geometry with a 7.5 m high additional salt ple-
num on top of the core, the total volume of salt is larger
by a factor of 3.5. So much more decay heat can be stored
without exceeding the limits on the coolant and fuel tem-
peratures. Furthermore, the outer surface of the reactor
core is enlarged with a factor of 1.7, which enhances con-
siderably the heat transfer from the salt to the graphite
reflector. In Fig. 10 the maximum fuel temperature is
shown as a function of time with the initial power as a
parameter ranging from 2000 to 5000 MWth.

Only in the 5000 MWth case the maximum fuel temper-
ature exceeds the boiling temperature of flibe (1430 °C).
The highest permissible power in the LSPBR with a
7.5 m high salt plenum is about 4000 MWth. This result
is comparable to that of the University of California at
Berkeley for a 4000 MWth core, which yielded a peak core
temperature of 1325 °C as reported in (Forsberg et al.,
2004). In Table 7, the maximum temperatures during the
transient are shown together with the times at which these
are reached.

In Fig. 11, we show the maximum fuel temperature as a
function of time for the cylindrical geometry with and with-
out a salt plenum. Without a salt plenum, the fuel reaches a
temperature of 1415°C at an initial power level of
2000 MWth. When the 7.5 m high salt plenum is present,

Table 7
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Fig. 11. Maximum fuel temperature as a function of time after a LOFC
incident for the cylindrical cores with and without a salt plenum. In both
cases the reactor power is 2000 MWth.

the maximum temperature of the fuel remains below
1090 °C for the same initial power level, which clearly
shows the effect of the introduced additional thermal iner-
tia of the salt in the plenum.

The time at which the fuel temperature reaches its max-
imum is also different. Without plenum the maximum tem-
perature is reached after 27.8 h while with plenum this is
reached already after 9.1 h. This means that not only the
capability to absorb energy is increased; also the capability
to transfer heat from the core to the graphite reflector is
increased. Not only the total surface through which the
heat can be transferred is much larger with an additional
salt plenum, there is also more salt available to store and
remove the heat from the core.

6. Conclusions

From the seven liquid-salt candidates considered in this
paper, the best choice for the LSPBR is LiF-BeF, (flibe). It
has the highest moderating ratio; it gives the highest k.,
value, a small porosity reactivity coefficient, a negative
coolant voiding reactivity coefficient and the strongest neg-
ative temperature reactivity coefficient.

An investigation of the core dimensions of the LSPBR
was made. The height of the pebble bed core is not restricted
by the pressure drop. For a core height of 7.5 m and a vol-
ume of 300 m? the pressure drop will be less then 1 bar.

Maximum fuel and coolant temperatures and times in the transient at which these are reached for the geometry including a salt plenum

Initial power Max fuel temperature

Time at max temperature

Max coolant temperature Time at maximum temperature

(MW) (°C) (h) (°C) (h)
2000 1087.7 9.1 1086.4 8.9
2100 1097.5 9.6 1096.2 9.6
2500 1193.3 13.4 1137.9 13.5
3000 1205.0 19.4 1203.6 20.0
4000 1364.2 30.0 1362.5 30.4
5000 Not reached Not reached
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As can be expected, it is found that the power density is
largest in the center of the core. Because of the lower fuel
temperatures in the annular geometry, this is the preferred
core shape for the liquid-salt pebble bed reactor. Com-
pared to the AHTR the annular LSPBR has lower maxi-
mum fuel temperatures.

An investigation was made of the decay heat removal
capability of the cylindrical reactor core by passive means.
The maximum allowable nominal power is 2000 MWth
without salt plenum and 4000 MWth with a 7.5 m high salt
plenum on top of the core. Then the boiling temperature of
flibe (1430 °C) is not exceeded.

Future work on this reactor concept will consist of a
depletion analysis of the fuel to determine the maximum
fuel burnup that can be achieved with the LSPBR. Also
several accident scenarios and transients will be
investigated.
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