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Abstract – A possible improvement to the HTR is to replace the conventional 
Helium coolant with liquid salt, which has better heat transfer properties, and 
allows for a larger power density of the pebble bed core. In this article, LiF-BeF2 is 
adopted as a coolant based on previous studies in a reactor core structure similar to 
the current HTR-PM design.  
The modelling of the LSPBR starts with the generation of  few group nuclear cross 
sections, which was done with DRAGON5 using a two-step procedure. A double 
heterogeneous modelling of the fuel pebble is performed, followed by the 
condensation of energy groups in a 1D radial core slab calculation to take into 
account the spatial distribution of the neutron spectrum. DRAGON5 results are 
benchmarked with those obtained from SCALE6 calculations.  A coupled code 
scheme composed of the neutron diffusion code DALTON and thermal hydraulic 
code THERMIX is then used to model the whole reactor, with developments made to 
THERMIX to include the material properties of LiF-BeF2. 
The Loss of Forced Cooling transient (LOFC) is one of the most severe incidents 
within the reactor, which could increase the core temperatures dramatically. For 
inherent safety, the maximum fuel temperature may not exceed 1600   and the 
maximum coolant temperature may not reach its boiling point (1430  ). LOFC 
transient with and without SCRAM are both discussed in this article.  The influence 
of a series of factors to the transient behaviour is also investigated, such as core 
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power and reflector composition, in order to explore the inherent safety potential of 
the LSPBR.  It turns out that with proper optimization, a maximum power density of 
30 MW/m3 for the LSPBR is possible without exceeding temperatures during a 
LOFC. 
 

 
I. INTRODUCTION 

 
The Liquid Salt Cooled Pebble Bedded Reactor 

(LSPBR) is one of the promising developments for 
high temperature gas cooled reactor, by replacing the 
gas coolant with liquid salt, and keeping the pebble 
bedded feature. A similar study called PB-AHTR has 
been developed [1]. From this study it can be seen 
that this kind of reactor can tolerate a higher power 
density while keeping its inherent safety character. 
In the design of PB-AHTR, the reactor reflector is 
surrounded by molten salts, which also contributes 
to heat removal. In this paper, to emphasize the 
influence of coolant properties, the reactor structure 
and pebble design are assumed similar to that in 
HTR-PM. De Zwaan et al. [2] also discussed 
reactors of this kind, but only for decay heat removal 
cases. In this study the research is extended to the 
LOFC (loss of forced cooling) transient without 
scram. 

 

 

Fig.1: The LSPBR structure in this article. 
 
 
Table1: LSPBR’s major geometry parameters 
Parameters Value 
Core height/diameter 1100cm/150cm 
Top/Bottom/Side reflector 
thickness 

141/141/75cm 

Cold/Hot plenum height 35/100cm 
Cold/Hot plenum porosity 1.0/0.8 
Cold/Hot plenum radius 213/177cm 
Coolant channel inner/outer 
radius 

205/213cm 

Carbon brick inner/outer 
radius 

225/250cm 

Pebble radius 60mm 
Fuel enrichment  5% 
 
Considering thermal, neutronic and chemical 

properties of liquid salts, Flibe is most 
recommended according to [3]. The thermal 
properties used in the calculation is as in table 
[Table.2] below. The temperature of Flibe in the 
reactor should be above 460℃ or else the coolant 
freezes. On the other hand, it should always be 
below 1430℃ even in transients without SCRAM to 
prevent boiling. Due to the large volumetric heat 
capacity 𝜌𝑐𝑝 of Flibe, the temperature range over the 
core would be much smaller than that in HTR-PM. 
In that way, the reactor can be operated at a much 
higher temperature than common HTGRs. In 
transients, the core temperature will also increase 
more slowly for this reason. The temperature 
difference between solid phase and liquid phase 
would also be smaller because of its larger heat 
transfer coefficients. The large thermal conductivity 
will help to remove decay heat, which will be 
investigated in this article. The pressure of Flibe is 
around 1 bar, which is much lower than the 70 bar 
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for Helium, so that the containing vessel does not 
need to sustain high pressure. However, the viscosity 
of Flibe is much larger than that of Helium, which 
would result in a much larger pressure drop. 

The coolant Flibe has a relatively large moderation-
absorption ratio, which can increase neutron 
efficiency [Table.2].However, an isotope of Lithium, 
namely, 𝐿𝐿3

6  has a dramatically large absorption cross 
section. Its natural enrichment is about 2.5%, and 
can also be produced from the (𝑛,𝛼) reaction of 𝐵𝐵4

9  
and Beta decay afterwards. So it is recommended to 
purify the coolant and other materials to get rid of 
𝐿𝐿3
6  and 𝐵𝐵4

9 .  
 
Table2: Properties of Flibe 

Parameters Flibe Helium 
Density( kg/m³) 1937 3.46 

Dynamic viscosity 
(10-6kg/ms) 550 4.5 

Heat capacity (J/(kgK)) 2386 5193 
Conductivity (W/(mK)) 1.1 0.35 

Molecular weight( g/mol) 33.1 4 
Melting/Boiling point(℃) 460/1430  

Moderation ability 0.026 ≈0 
Moderation ratio 83.8 84.2 

 
Based on the reactor structure and Flibe properties, 

the reference case used in the article is designed as 
below.  

 
Table3. Reference case parameters 

Parameters Reference 
case 

HTR-PM 
[4] 

Fuel U92
235 / U92

238  U/ U92
238

92
235  

Metal loading per 
pebble(g) 4.97g 7.0g 

Enrichment 5% 8.5% 

Power (MW) 300 250 

Inlet temperature(℃) 900 250 
Outlet temperature (℃) 1002.2 750 

Mass flow*( kg/s) 1200 96 
System pressure(bar) 1 70 

Gas Emissivity 0.9 0.9 

*When a different power is used in other cases, mass flow 

changes proportionally unless specified. 

 
In this study, some assumptions are made to 

simplify the calculation, such as, 
1) The fuel is uniform in composition and without 

fission products except for Xenon and Iodine; 
2) No extra poison is added into the core, like in 

other fresh fueled cores 
3) The material’s tolerance for high temperature 

liquid salt is not taken into account. 
This paper aims to offer some conceptual 

discussions about LSPBR, especially on the transient 
behavior to reveal its safety and economy potentials.   

 
II. MODELS 

 
The neutron flux is only considered inside the core 

zone and inside the side/top/bottom reflectors, where 
multi-group neutron diffusion equation is solved. 
White (non-reentrant) boundary conditions are 
applied 

1
𝑣𝑔

𝜕𝜙𝑔
𝜕𝜕

= 𝛻 ∙ 𝐷𝑔𝛻𝜙𝑔 + ∑ 𝛴𝑠𝑔′𝑔𝜙𝑔′
𝐺
𝑔′=1 +

𝜒𝑔 ∑ 𝜈𝑔′Σ𝑓𝑔′𝜙𝑔′
𝐺
𝑔′=1 − 𝛴𝑎𝑔𝜙𝑔−𝛴𝑠𝑔𝜙𝑔                   𝑔 =

1, … ,𝐺.                           
(eq.1) 

To solve equation (1), group constants are required, 
such as diffusion constant 𝐷𝑔 , fission spectrum 𝜒𝑔 , 
neutron production per fission 𝜈𝑔 , neutron average 
velocity  𝑣𝑔  and neutron absorption, fission and 
scattering cross sections  𝛴𝑎𝑔,𝛴𝑓𝑔,𝛴𝑠𝑔′𝑔 . The values 
of group constants depend on temperature, energy 
group, neutron spectrum, fuel composition and 
concentration, etc. 

Fission power is the major heat source. The power 
density distribution is obtained from group-
dependent neutron fluxes, as is shown below, 
𝑞𝑁(𝑟) = ∑ 𝐻𝛴𝑓𝑔(𝑟)𝜙𝑓𝑔(𝑟)𝐺

𝑔=1             
(eq.2) 
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Here 𝐻 represents power generated per fission, i.e. 
200MeV. And 𝑞(𝑟) is then used in the solid-phase 
energy balance equation of THERMIX [5], as 

𝜌𝑐𝑝
𝜕𝜕
𝜕𝜕

= 1
𝑟
𝜕
𝜕𝑟
�λz 𝜕𝜕

𝜕𝑟
� + 𝜕

𝜕𝜕
�λ 𝜕𝜕

𝜕𝜕
� + 𝑞𝑐𝑐𝑐𝑣 + 𝑞𝑁(eq.3) 

Combining with N-S equations this describes the 
behavior of the coolant, the temperature field can be 
solved, which in return has effect on the group 
constants. That indicates that these parameters 
should be solved iteratively. 

Moreover, the core composition changes over time. 
Although fuel burn up is neglected, Xenon building 
up and equilibrium has to be considered due to its 
large absorption cross section. The core composition 
change can be described with equations below. 

𝜕𝜕
𝜕𝜕

= 𝛾𝜕 ∑ 𝛴𝑓𝑔𝜙𝑔𝐺
𝑔=1 − 𝜆𝜕𝐼                (eq.4) 

𝜕𝜕
𝜕𝜕

= 𝛾𝜕 ∑ 𝛴𝑓𝑔𝜙𝑔𝐺
𝑔=1 − 𝜆𝜕𝑋 + 𝜆𝜕𝐼 − ∑ 𝜎𝑎,𝑔

𝜕 𝜙𝑔𝐺
𝑔=1 𝑋 

                         (eq.5) 
In order to take Xenon into account, its 

microscopic absorption cross section 𝜎𝑎,𝑔
𝜕  also needs 

to be calculated as one of the group constants. 
 

III. STEADY STATE SIMULATION 
 

To define the initial conditions of the transient 
calculations, the steady state of the core has to be 
simulated first. All related programs should all run in 
the static mode and the reactor should be critical, i.e. 
𝑘𝑒𝑓𝑓 = 1.  

 
III.A. Creation of group constant library 

 
A 2-step method is developed to generate group 

constants for the pebble-bed reactor with an open-
source code DRAGON5 [6]. For the first step, 295-
group homogenized macroscopic cross sections are 
produced in the calculation for the fuel pebble with 
TRISO particles randomly distributed in the centre 

zone (Figure 2). The coolant Flibe is assumed to be 
uniformly surrounding the fuel pebble. The nuclear 
database ENDF-7 [7] has to be imported before the 
calculation to provide nuclide properties. In this 
procedure, double heterogeneity is included 
inherently, so that Dancoff factors no longer need to 
be calculated explicitly [8]. Self-shielding effects are 
calculated with the module USS of DRAGON5. 
Module NCR is used to transfer the results to the 
next step. For the second step, the reactor core and 
the side reflector are assumed as an infinite long 
cylinder, which is discretized into 25 zones radially 
(15 zones for the core, and 10 zones for the side 
reflector and carbon brick). In this step, neutron 
macroscopic cross sections are condensed into 5 
groups, while at the same time the spatial influence 
on neutron spectrum is taken into account. 
Moreover, a similar 1-D transport calculation is also 
done in the axial direction to get the 5-group nuclear 
data for the top and bottom reflectors.  

 

 
Fig.2: Radial reactor model used in neutronic 

calculation 
 
Table 4 lists some typical results from the 

calculation of DRAGON5 and SCALE6 [9] for 
comparison. In these benchmark calculations, 
helium is used as coolant, Uranium loading per 
pebble is 10 grams, and U92

235  enrichment is supposed 
to be 10%. The reactor is infinite long with 150 cm 
radius, and the reflector is homogenous with 100 cm 
thickness. keff1 is the result from SCALE6 and keff2 
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is that of DRAGON5. From the comparison it can be 
seen that the results are close, but since they used 
different numerical solution methods, there’s still 
some small difference. 

 
 
Table.4 Comparison of 1D results from SCALE6 

and DRAGON5 

Case Boundary 
condition keff1 keff2 

HTR fuel pebble Reflective 1.3923 1.4136 
Bare pebble bedded 

core White 1.1101 1.1098 

With homogenous 
reflector White 1.3096 1.3122 

 
The macroscopic cross sections depend on fuel 

composition, position in the reactor, temperature, 
and Xenon concentration, which are all continuous 
variables. In order to reduce the amount of 
calculations, a group constant library is created, 
based on the calculation results for discretized 
values of position, temperature and Xenon 
concentration. The library is mainly used to estimate 
group constants through interpolation if they are not 
directly calculated in the process of creating the 
library. If the fuel composition changes in the 
calculation, the library will be renewed. 

 
III.B. Coupled calculation scheme 

 
 Figure 3 shows the coupled calculation scheme. 

The enrichment of U92
235  is set to 5%, and the metal 

loading of the fuel is adjusted based on the value of 
effective multiplication factor. First, the initial 
temperature field, fuel composition and Xenon 
distribution are all assumed, and DALTON [10] and 
the script XENON are coupled to reach 
convergence. DALTON is a multi-group diffusion 
program while XENON is used to solve Xenon-
Iodine dynamic equations (eq.4~5). This step will 

give out power profile, neutron flux profile and 
Xenon distribution. 

Then the power profile is used in thermal hydraulic 
code THERMIX to calculate the temperature field. 
After that the renewed temperature field and Xenon 
distribution are used in the code MIX, where the 
macroscopic group constants are interpolated from 
the group constant library. These nuclear data are 
transferred to DALTON and XENON again to restart 
the process above until convergence standards are 
reached.  

The effective multiplication factor 𝑘𝑒𝑓𝑓  also results 
from the process above, but it is not necessarily 
1(Fig.4). The Uranium loading per pebble has to be 
adjusted until �𝑘𝑒𝑓𝑓 − 1� < 1 × 10−5. 

 

 
Fig.3: Coupled calculation scheme for steady state 
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Fig.4: Effective multiplication factor for different 

fuel composition from coupled calculation scheme 
in Figure 3. 

 
 

III.C. Results 
 

Here below are the final results of the coupled 
calculation for the reference case, including the 
temperature field, power profile, Xenon distribution, 
and thermal neutron distribution in radial direction, 
of which the pattern agrees with previous articles 
[3]. 

As is shown in Figure 5, the maximum core 
temperature at steady state is 1044.2℃，with the 
average temperature is 963.5℃. Compared with 
HTR-PM [4], the temperature is generally higher 
with a flatter distribution.  

Figure 6 shows the power density distribution at 
steady state distribution. The power peak factor 
(maximum power density over mean power density) 
is 1.98, which is similar to that of HTR-PM (the 
peak factor is 2.04 [4]). MORE INFO In the 
subsequent dynamic calculation, the total power may 
be different but the power density profile is assumed 
the same with that in Figure 6. 

Figure 7 shows the equilibrium Xenon 
concentration, which is calculated from equation 4 

and 5, making 𝜕𝜕
𝜕𝜕

= 0 and 𝜕𝜕
𝜕𝜕

= 0. The Xenon exists 

in the fuel kernel since it is produced by fission 

reaction, but when it is mentioned in this article, the 
concentration is averaged over the whole fuel pebble 
(coolant included, see Figure 2). 

Figure 8 shows a peak in thermal flux within the 
reflector. This is because some of the fast neutrons 
that enter the reflector are reduced to thermal energy 
while being scattered in the reflector. Thermal 
neutrons are effectively being produced within the 
reflector. In addition, the absorption of thermal 
neutrons is much less in that reflector because of the 
fact that there is no fuel present with its large 
absorption cross section. 

 

 
Fig5: Steady state temperature distribution in the 

core 
 

 
Fig6: Steady state power density distribution in the 

core 
 
 
 

0 50 100 150
0

200

400

600

800

1000

°C
 

Radius/cm

 

H
ei

gh
t/c

m

920
940

960
980
1000
1020
1040

0 50 100 150
0

200

400

600

800

1000
 

Radius/cm

 

H
ei

gh
t/c

m

MW/m3

2

4

6



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-61172 
 

 

 
Fig.7: Steady state Xenon distribution in the core 
 

 
Fig.8: Thermal neutron (E<0.625eV) flux 

distribution over radius direction 
 

IV. TRANSIENT CALCULATIONS 
 

IV.A. Loss of forced cooling with SCRAM 
 

IV.A.1 Change of core power  
When the reactor is forced shutdown in response to 

a loss of forced cooling transient, a large amount of 
negative reactivity is inserted to the core. The fission 
reaction stops almost immediately and decay power 
becomes the main heat source. In this way the core 
power drops to 6%  of nominal power when the 
reactor is shutdown, and continue to decrease 
slowly. The change of decay power over time is not 
related to Xenon build up and temperature feedback 
and the fraction of decay power to initial power 
follows the equation below. 

𝜂(𝑡,𝑇) = 𝑃𝑑
𝑃0

= ∑ 𝛼𝑗
𝜆𝑗

23
𝑗=1 𝐵−𝜆𝑗𝜕�1 − 𝐵−𝜆𝑗𝜕�     

(eq.6) 
Here the coefficients 𝛼𝑗  and 𝜆𝑗  adopt the value 

from [11] and are nuclide dependent. 𝑡 refers to time 
after reactor shutdown and 𝑇  refers to the time 
period that reactor is in operation. 

 
IV.A.2 Results and analysis 
First the reference case (with 300MW power and 

900℃ coolant inlet power) is calculated. Compared 
to 250MW HTR-PM, the maximum temperature is 
much lower, while the temperature rise is also much 
smaller (Figure 10, Table 5). From this it can be 
concluded that the Flibe coolant greatly enhances 
heat transfer and performs a lot better than Helium 
coolant in decay heat removal. 

The decay heat will eventually be transferred to the 
water cooling panel through radiation. The 
temperature field and the removed power influence 
each other. On one hand, heat will be removed when 
the temperature is higher due to the radiation 
mechanism (Figure 10 and Figure 11). On the other 
hand, the maximum temperature stops increasing 
only under the condition that the removed power is 
larger than the decay power. It should be pointed out 
that the heat transferred from the core to the reflector 
and carbon brick through conduction is generally 
less than that from the vessels to the water-cooling 
panel through radiation. That is why the response of 
temperature is not immediate. 

During the transient the temperature distribution is 
different from the steady state, which is also 
reported for HTR-PM [4]. In steady state the bottom 
part is the hottest because the coolant flows down in 
the core, while in the LOFC transient the maximum 
temperature is in the top part due to the natural 
circulation. But in the Flibe coolant case, the total 
temperature difference is quite small, especially in 
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the radial direction, which results from the good heat 
transfer property of the Flibe. 

 
Fig.10: Temperature change over time during the 

LOFC transient (for the reference case). 
 

 
Fig11: Power change over time during the LOFC 

transient (for the reference case). 
 

 
Fig.12: Temperature distribution after 150 hours 

(for the reference case). 
In Table.5, results from some other cases are 

shown. Raising the conductivity of the carbon brick 
layer and gas emissivity enhances heat transfer to 

the ultimate heat sink, but has little influence on the 
steady state core temperature field, which will lead 
to smaller temperature rise and lower maximum 
temperature. These measures are effective in 
improving the decay heat removal performance. 

Some other measures, like raising the steady state 
mass flow and lowering coolant inlet temperature, 
will affect the core temperature field. When the core 
temperature decreases, the vessel temperature will 
also decrease, and hence the removed power should 
be smaller than the reference case. This effect would 
result in a larger temperature rise. But it cannot 
outweigh the change of the initial temperature field, 
and the peak temperature is still lower than the 
reference case. 

From the analysis above, it can be seen that the 
way to improve the reactor’s safety potential without 
much change to the reference case design is to lower 
the coolant inlet temperature. Considering the 
melting point of Flibe (470℃), it is better to make 
the inlet temperature a bit higher than that. Figure 13 
and Figure 14 show that with 600℃ inlet 
temperature and 900MW initial power, the 
maximum temperature still does not exceed its limit 
(1430℃). In other words, the average power density 
can be as high as 11.6MW/m³,which is 3.6 times that 
of the HTR-PM. This indicates that with Flibe as the 
coolant, the high temperature reactor can be much 
more economical. 

 
Table.5: Sensitivity analysis for decay heat removal 

 ΔTmax/Tmax 

(℃) 
t(T=Tmax) 
（hr） 

Reference Design 62.60/1107.83 11.00 
HTR-PM 492.58/1478.20 25.25 

Carbon brick 
conductivity raised 41.03/1085.66 6.50 

Emissivity+0.1 59.07/1104.25 10.00 
Emissivity-0.1 66.55/1111.84 12.25 

Mass flow+15% 76.59/1103.76 11.25 
Mass flow-15% 37.90/1113.66 10.75 
Inlet temperature 

+50K 59.88/1154.96 10.00 
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Inlet temperature 
-50K 66.09/1061.48 12.50 

 

 
Fig.13: Temperature change over time (inlet 

temperature is 600℃ and total power is 900MW).  
 

 
Fig.14: Power change over time in maximum 

power case(inlet temperature is 600℃ and total 
power is 900MW ). 

 
IV.B. Loss of forced cooling without SCRAM 

 
IV.B.1 Change of core power 

When emergency shutdown system fails to 
respond, the total reactor power for this case is 
approximated as below. 
𝑃𝜕𝑐𝜕 = 𝑃𝑓 + �𝑃0 − 𝑃𝑓�𝜂                 
(eq.7) 

Here 𝑃𝜕𝑐𝜕 represents the total power, P0 the nominal 
power and 𝑃𝑓  the fission power. The decay heat 
fraction η is as defined by equation 6. Fission power 
is solved with the six group point kinetic equations 
below. 

𝑑𝑃𝑓
𝑑𝜕

= 𝜌𝑓−𝛽

𝛬
𝑃𝑓(𝑡) + ∑ 𝜆𝑖𝐶𝑖6

𝑖=1                

(eq.8) 

𝑑𝐶𝑖
𝑑𝜕

= 𝛽𝑖
𝛬
𝑃𝑓(𝑡) − 𝜆𝑖𝐶𝑖(𝑡)     with 𝐿 = 1 … 6     

(eq.9) 
Here 𝐶𝑖  is the precursor concentration of group 𝐿 , 
λi the precursor decay constant, and 𝛽𝑖 the share of 
delayed neutrons. The neutron lifetime 𝛬 = 0.0011s 
is based on [12]. 

The reactivity in (eq.8~9) can be expressed as  
𝜌(𝑡) = 𝛼𝑐(𝑇𝑐 − 𝑇𝑐0) + 𝛼𝑟(𝑇𝑟 − 𝑇𝑟0) 

−𝜎𝑎,𝑋,𝑎𝑣
𝛴𝑎,𝑎𝑣

𝑘𝑒𝑓𝑓
𝑘𝑖𝑛𝑓

[𝑋(𝑡) − 𝑋(0)]               (eq.10) 

Here the first two terms are the feedback caused by 
the change of the average temperature of the core 
and the reflector, while αc  and αr  are the 
corresponding feedback coefficients. In the 
calculation αc =
−6.315 pcm/K  and αr=0.923 pcm/K, which is 
obtained in the steady state calculation. The average 
temperature is calculated with THERMIX in 
transient mode, and it depends on 𝑃𝜕𝑐𝜕 . The last term 
is the effect of the Xenon concentration on 
reactivity. The Xenon concentration here is also 
related with the fission power, and it follows the 
equations 4~5. 

 
IV.B.2 Calculation scheme and time step control 
The major challenges in solving the point kinetic 

equation are the stiffness issue and the non-linear 
issue. 

The stiffness of the point kinetic equation has been 
investigated by many researchers. [13] Without 
proper treatment to this issue, the convergence 
becomes very difficult to reach and the time step has 
to be very small so that the solution is stable. In this 
study, Hermite interpolation [13] is applied as the 
numerical scheme, of which the basic idea is to 
suppose the variants change in the form of a 3th-
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order Hermite polynomial, and hence the solution 
will be dependent on that of previous 3 steps. 

From (eq.8~9), it can be seen that ρ(t)  highly 
depends on fission power  Pf(t) , so that the point 
kinetic equation has to be solved iteratively.  

Then the iteration scheme is as Figure 15. 

 

Fig.15: Iteration scheme for every time step in 
LOFC without SCRAM case. 

 
To promote calculation efficiency, an auto time 

stepping method is used. With the solution P1  at  t 
and  P2  at   t + δt , same procedure can be used 
to  𝑡 + 𝛿𝑡 + 𝛿𝑡′  to get  𝑃3 . Now make a 3-order 
Hermite interpolation with 𝑃1 and 𝑃3 to get 𝑃2′ . If  

𝑃2
′−𝑃2
𝑃2

< 1 × 10−3                (eq.11) 

is satisfied then time step 𝛿𝑡′ is accepted and a larger 
time step will be used for next time interval, 
otherwise the calculation result 𝑃3 is abandoned and 
a smaller time step than 𝛿𝑡′  should be used until 
(eq.11) is satisfied.  

 
IV.B.3 Results and analysis 
 For the reference case, Figure 16~Figure 18 

illustrate the LOFC transient without SCRAM from 
prospects of temperature, power and reactivity. 
Generally, the whole process can be divided into two 
phases, i.e. before and after the re-criticality.  

In the first phase, the maximum temperature is 
about 40℃ higher than that in decay heat removal 
case. This is because fission power takes some time 

(about 1000s) to decrease to background level. After 
the core temperature reaches its maximum, it may 
decrease a bit due to the continuous removal of 
decay heat. The Xenon concentration reaches its 
maximum at about 11.7hr due to the decay of 
Idione-135. The decrease of temperature and Xenon 
concentration afterwards will both add positive 
reactivity into the core. At some time the core will 
be critical again and the temperature will increase 
again, and the transient goes into the second phase. 
Following the rise of temperature, the removed heat 
will also be larger, which makes the temperature rise 
continue with a smaller rate. Finally the reactor 
approaches some kind of quasi-equilibrium state. At 
this state, Xenon is almost not existent in the core, 
which brings about 1960pcm positive reactivity, and 
that should be compensated by the feedback of 
temperature rise, i.e. 
𝜌𝑒𝑒𝑒𝑖 ≈ 0                       (eq.12) 
Combine (eq.10) and (eq.12), it can be theoretically 

calculated that the equilibrium core average 
temperature should be 1283℃，raised by 320℃ 
from the initial value. The equilibrium core 
maximum temperature will be about 10℃ higher. 
This estimation method agrees with the calculation 
well. 

For LOFC transients with SCRAM, an effective 
way to increase core power capacity could be 
lowering the inlet temperature. It also works for 
cases without SCRAM, as is shown in Fig.19. 
Compared with Fig.16, the maximum temperature in 
the transient is dramatically lower.  

An interesting fact is that with a higher core power 
(500MW, with 600℃ inlet temperature, Figure.20 
and Fig.21)， the re-criticality seems to be 
suppressed. This can be qualitatively explained. 
When the power changes from 300MW to 500MW, 
the steady state Xenon concentration is different, 
which will lead to a different equilibrium maximum 
temperature. Meanwhile, a larger power leads to a 
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higher temperature rise in the first phase. The rise of 
temperature in the second phase is due to the re-
criticality. If the two kinds of temperature get closer, 
the re-criticality will be less violent. 

To make it clearer, Figure 22 is plotted. The dashed 
line represents that the equilibrium maximum 
temperature estimated from steady state Xenon 
concentration and the solid line represents the 
maximum temperature in the first phase of the 
transient. The intersection point locates between 
500MW and 600MW. At the left side of the point, 
the overall maximum temperature is also the 
equilibrium maximum temperature. But when the 
power gets larger at this side, the re-criticality level 
tends to be more suppressed. At the right side of the 
point, the overall maximum temperature is that of 
the first phase of the transient. Combined with the 
consideration of Flibe boiling point, 800MW can 
guarantee the safety of the reactor, as is shown in 
Fig.23.  

 

 
Fig.16: Temperature change over time for LOFC 

without SCRAM (for the reference case). 
 

 
Fig.17: Total power over time for LOFC without 

SCRAM (for the reference case). 
 

 
Fig.18: Reactivity change over time for LOFC 

without SCRAM (for the reference case). 

 
Fig.19: Temperature change over time for LOFC 

without SCRAM (with 600℃ inlet temperature and 
800MW core power). 
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Fig.20: Relative fission power (=Pf/P0) over time 

after the LOFC without SCRAM, showing 
suppression of re-criticality, when steady-state 
power is raised to 500MW (with 600℃ inlet 
temperature). 

 

 
Fig.21: Temperature over time corresponding to 

Fig.19. 

 
Fig.22: Maximum and equilibrium temperature 

under different power level 
 

 
Fig.23: Temperature change over time for LOFC 

without SCRAM (with 600℃ inlet temperature and 
800MW core power). 

 
V. CONCLUSIONS 

 
In this article, the LOFC transient process of 

LSPBR is calculated and analyzed, from which 
some conclusions can be reached. 

1) With Flibe as the coolant, the high temperature 
pebble bedded reactor will be more economical. The 
loss of forced cooling transient is the most severe 
incident that can happen to a high temperature 
pebble bedded reactor, and the maximum 
temperature of the core in the transient increases 
with the core power density. So that the upper limit 
of the temperature also restrains the core power. Due 
to the larger heat capacity and thermal conductivity 
of Flibe, a much larger core power is allowed. If 
failure of the reactor shutdown system is not taken 
into account (with SCRAM), at least 900MW core 
power is possible. Even without SCRAM, 800MW 
core power is possible. 

2) The temperature rise in the decay heat removal 
process generally depends on the thermal resistance 
of surrounding structures and the initial temperature 
field. Reducing the thermal resistance of 
surrounding structures has a positive effect on 
lowering temperature raise. Although lowering 
initial temperature will reduce the heat removed 
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through radiation, the maximum temperature in the 
transient will be lower. 

3) The DRAGON5 code can be used in the 
neutronic analysis of pebble bedded reactors, which 
is proved in this study. Compared with SCALE6, a 
widely used transport calculation code, the results 
given out by DRAGON5 are acceptable.  
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