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Abstract –The on-line fuel management is an essential feature of the pebble-bed 

high-temperature reactors (PB-HTRs), which is strongly coupled with the normal 

operation of the reactor. For the purpose of on-line analysis of the continuous 

shuffling scheme of numerous fuel pebbles, the follow simulation upon the real 

operation is necessary for the PB-HTRs. In this work, the on-line follow simulation 

methodology of the PB-HTRs’ operation is described, featured by the parallel 

treatments of both neutronics analysis and fuel cycling simulation. During the 

simulation, the operation history of the reactor is divided into a series of burn-up 

cycles according to the behavior of operation data, in which the steady-state 

neutron transport equations are solved and the diffusion theory is utilized to 

determine the physical features of the reactor core. The burn-up equations of heavy 

metals, fission products and neutron poisons including B-10, decoupled from the 

pebble flow term, are solved to analyze the burn-up process within a single burn-up 

cycle. The effect of pebble flow is simulated separately through a discrete fuel 

shuffling pattern confined by curved pebble flow channels, and the effect of multiple 

pass of the fuel is represented by logical batches within each spatial region of the 

core. The on-line thermal-hydraulics feedback is implemented for each bur-up cycle 

by using the real thermal-hydraulics data of the core operation. The treatment of 

control rods and absorber balls is carried out by utilizing a coupled neutron 

transport-diffusion calculation along with discontinuity factors. The physical models 

mentioned above are established mainly by using a revised version of the V.S.O.P 

program system. The real operation data of HTR-10 is utilized to verify the 

methodology presented in this work, which gives good agreement between 

simulation results and operation data. 

 
I. INTRODUCTION 

 

The modular pebble-bed high-temperature 

reactor (modular PB-HTR), with the inherent safety 

features, is considered as one of the promising 

candidates for the well-known Generation IV nuclear 

energy systems. The on-line fuel management is an 

essential feature of the PB-HTRs, which is strongly 

coupled with the normal operation of the reactor. 

The fueling process of PB-HTRs is implemented by 

the fuel handling system (FHS) in continuous manner, 

and the fuel pebbles flow downward within the core 

driven by gravity. The negative reactivity effect of 

depletion of fissile materials and accumulation of 

fission products can be compensated by simply 

adding fresh fuels and discharging spent fuels 

continuously to maintain the neutron balance in the 

reactor, without adjusting the control rods 

remarkably. This feature is absolutely different from 

the conventional PWRs, in which large excess 

reactivity is required at the beginning of shuffling 

cycle and the compensation of reactivity during the 

cycle is achieved by using boric acid solution, 

burnable poisons and control rods. Hence, the fuel 
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shuffling and normal operation in PWRs are 

decoupled and the major aim of fuel management, 

including fuel shuffling analysis and optimization, is 

to enhance the economy of fuel cycle. However, the 

fuel shuffling is the most important method to 

control and adjust the long term operation of the 

reactor for PB-HTRs, since the methods of boric 

acid and burnable poisons are not available and the 

adjusting capability of control rods is limited. The 

major aim of the fuel management of PB-HTRs is to 

keep the reactor under steady and safe operation, 

which indicates that the fuel management and normal 

operation of PB-HTRs are strongly coupled with 

each other. In other words, there exist strong 

interaction between operation and fuel shuffling: 

different fuel shuffling schemes lead to different 

operation trends of the reactor, vice versa. 

Consequently, the fuel management analysis in PB-

HTRs must be implemented on line with much high 

frequency, and the fuel shuffling scheme at any 

operation time has to be determined from the actual 

status of reactor, rather than the hypothetical status 

in the PWRs’ fuel management analysis. 

In order to perform the on-line fuel management 

for PB-HTRs, the on-line follow simulation 

technology becomes necessary for obtaining the 

“actual” status of a PB-HTR reactor core. That is 

even more necessary in the running-in phase, during 

which the distributions of fuel compositions and 

neutron flux vary rapidly and drastically. The on-line 

follow simulation of PB-HTRs relies on the steady-

state neutronics calculations and depletion 

calculations. Different calculation models were 

proposed to implement the simulation of the 

operation of PB-HTRs [1-4]. The early developed 

methodologies [1-3] usually utilized iterative 

calculations between neutron transport equations and 

nuclide depletion equations coupled with the impact 

of pebble flow, during which the criticality of the 

reactor core and the relevant key parameters were 

searched. However, this kind of calculations can only 

simulate the hypothetical equilibrium state and the 

OTTO (once through then out) fuelling schemes, 

without the capabilities of treating the sophisticated 

running-in phase, i.e. the transition period between 

the initial core and equilibrium state of PB-HTRs, 

and simulating the  mixture of the discharged fuels. 

As the well-known computer code system for HTR 

physics and fuel cycle analysis, VSOP [4] utilizes a 

so-called “embedded assembly calculation”, which is 

usually named as “spectrum calculation” in 

literatures, to evaluate the multi-group neutron 

spectra in different spatial region of the core at 

arbitrary operation time point and provide the 

homogenized few-group cross sections for the 

diffusion calculations at the very same time point. 

Within the so-called “large burn-up step”, i.e. the 

time interval between two adjacent time points at 

which the spectrum calculations and diffusion 

calculations are performed, the depletion process is 

evaluated by solving the burn-up equations with the 

neutron flux distribution calculated before. 

Furthermore, the continuous refueling process is 

discretized into a series of fuel shuffling operations 

in which the fuel composition in one axial zone is 

simply shifted into the next lower one. During the 

time interval between two shuffling operations, 

which is usually called “shuffling cycle”, the 

positions of fuel compositions throughout the core 

remain unchanged. The rapid improvement of 

computing capability of modern computers makes it 

possible to implement detailed neutronics calculation 

following the real operation of PB-HTRs by using 

complicated reactor physics codes like VSOP. Hence, 

the combination of methods mentioned above, which 

play key roles in the framework of VSOP, seems to 

be the ideal methodology for the follow simulation 

of the real operation of PB-HTRs. 

 

II. DESCRIPTION OF METHODOLOGY 

 

The neutronics in PB-HTRs is mainly determined 

by two kinds of equations: the transport equations 

and the burn-up equations. The former is well 

described in many literatures and has no essential 

difference between reactor types. However, the latter 

is special for the PB-HTRs, as described by eq. 1 [5] 

   , ,
i

ji a j ji j j a i i i

j i
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     (eq.1) 

in which 
iN  is the atomic number density of nuclide 

i, 
,a j  the absorption cross section of nuclide j, 

jiy  

the probability of the neutron absorption reaction of 

nuclide j yielding nuclide i,   the neutron flux, 
ji  

the probability of the decay of nuclide j yielding 

nuclide i, 
j  the decay constant of nuclide j. It is 

noticeable that iDN

Dt
 is the material derivative, 

indicating the variation rate of the atomic number 

density of nuclide i in one certain fuel pebble, 

expressed by eq. 3 
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v                                           (eq. 2) 

in which v is the velocity vector of the fuel pebbles. 

If only the axially downward velocity exists, eq. 2 

becomes as below 

+i i iDN N N
v

Dt t z

 


 
                                          (eq. 3). 

The trajectory of a fuel pebble in the 2-D space 

considering both time and axial position is shown as 

the solid line in Fig. 1. If Ni does not depend on time, 

eq. 1 becomes space-relevant equation, which stands 

for the equilibrium state. Eq. 1 is difficult to solve 

analytically whether the core is in equilibrium state 
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or not. In practice, the pebble flow term, i.e. 
iNv , 

is normally decoupled with the depletion equations 

to fit the discretization of the spatial parameters of 

the reactor. The pebble trajectory becomes step-like 

shown as the dashed curve in Fig. 1, indicating that 

the spatially discretized fuel compositions moved 

downward for distance of vΔt instantaneously and 

stay unmoved for time interval of Δt. Thus, each 

group of equations of eq. 1 at different spatial 

positions only contain time-dependent terms and can 

be easily solved like those in a single reloading cycle 

of PWRs. The axially spatial discretization and the 

fuel shuffling discretization are linked with the 

pebble flow velocity v. If there exists the radial 

distribution of v, the spatial discretization must be 

designed carefully to fit the shuffling discretization. 

 

 
Fig. 1: Schematic figure of pebble trajectory for the 

actual movement and the discretized movement in 

the simulation. 

 

Based on the essential considerations discussed 

above, the follow simulation methodology is 

described in the sub-sections below. After the 

description of methodology, the flow chart of follow 

simulation is presented in Fig. 2. 

 

II.A. Discretization of Core Layout 

 

Similar to any other neutronics calculations, the 

reactor core layout of PB-HTRs must be discretized 

for the numerical calculation. However, this kind of 

discretization is a little complicated compared with 

the PWRs. Except for the ordinary spatial meshes on 

which the numerical solutions of transport and 

diffusion equations are obtained, the irregular 

meshes adapted to the pebble flow within the core 

have to be defined. The pebble-bed core is divided 

into several radial channels with curved shapes, and 

each channel is divided into a series of axial layers. 

A layer in a channel is called a “region” in the 

context of HTR’s simulation. The definition of 

regions with equal volumes must be carried out very 

carefully to ensure the number of regions in one 

channel proportional to the residence time of pebbles 

in this very channel. The fuel shuffling discretized as 

above can simulate the actual fuel cycle process 

approximately. And during one shuffling cycle, the 

neutron transport and diffusion equations are solved 

and the solution of the neutron flux is utilized to 

solve the burn-up equations without the pebble flow 

term. Thus, the joint solutions of the complicated 

non-linear equations of neutron transport and nuclide 

depletion are obtained by simply decoupling the 

time-dependent terms and the pebble flow term, as 

long as the approximation of discretization is 

performed properly. 

 

II.B. Embedded Spectrum Calculation and 

Diffusion Calculation 

 

The so-called “embedded spectrum calculation” 

in PB-HTR neutronics analysis is used to obtain the 

homogenized group constants for the diffusion 

calculation, which will be demonstrated different 

from the traditional assembly calculation in the so-

called 2-step methods in PWR neutronics analysis. 

The 2-step methods divide the solution process of 

transport equations and burn-up equations which 

couple with each other strongly into two separate 

steps: the assembly homogenization calculation and 

the diffusion calculation throughout the core. The 

former, usually performed as multi-group transport 

calculation on fine meshes, is carried out firstly 

usually with reflective boundary condition and a 

series of pre-assigned burn-up values to provide the 

pre-calculated database of the homogenized group 

constants for the latter; and the latter is performed as 

few-group diffusion calculations along with the 

following burn-up calculations.  

The drawback of the 2-step methods is obvious 

that the assembly calculations uses the false 

boundary condition and interpolated values of 

nuclide concentration, which deviate from the actual 

status of the core; furthermore, the relatively large 

neutron leakage of the PB-HTRs amplifies this 

deviation. Hence, an explicit “assembly calculation” 

is employed in the PB-HTR’s physical calculations, 

in which the buckling, representing the actual 

boundary conditions and obtained from diffusion 

calculation, is fed back to the spectrum calculation, 

and the actual values of nuclide concentration 

provided by the simulation of real operation is 

utilized. 

The region is the basic unit of the embedded 

spectrum calculation, in which the spectrum 

calculations corresponding to different neutron 

energy differs with each other. For the fast neutrons, 

the nuclide compositions within one region is 

homogenized, and the P1 approximation for the 

transport equation is utilized, since the neutron cross 

sections in fast energy range are small. For the 

resonances, the pre-calculated resonance integrals, 
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which take into account the double heterogeneity 

effect, are stored in an interpolation table for 

different nuclide concentrations and temperatures, 

and are interpolated during the actual calculations. 

For the thermal energy range, the effect of double 

heterogeneity is treated by using an escape-

probability-method to calculate the equivalent cross 

sections within the fuel particle zone simply by the 

geometrical properties of the coated particles. After 

that, an equivalent 1-dimensional spherical geometry 

is carried out to solve the multi-group transport 

equations, in which the equivalent cross sections of 

fuel zone mentioned above are applied. All the 

spectrum calculations should include the leakage 

term, i.e. –DB2, in which B2 is the buckling of the 

reactor core, providing by the diffusion calculations. 

After obtaining the homogenized parameters, the 

diffusion calculation employing the finite difference 

method over the whole core is performed. Iterations 

between both spectrum calculations and diffusion 

calculations are carried out several times until the 

stable results are obtained. 

 

II.C. Fuel Shuffling Simulation and Burn-up 

Calculation 

 

As mentioned in Section II.A, the simulation of 

fuel cycle, referred as fuel shuffling, depends on the 

layout discretization of the core with the radial curve 

channels and the axial layers. Hence, the regions are 

also the spatial units for the fuel shuffling. 

Furthermore, a region is divided into some logical 

parts called “batch”, each of which represents a 

collection of fuels with identical passage through the 

core. A batch is a basic unit for the burn-up 

calculation, with unique data of burn-up and nuclide 

concentration. During the fuel shuffling, the nuclide 

composition of the batches in one single region goes 

directly into the next region of the same channel in 

the pebble flow direction. After the shuffling 

operation, the spectrum and diffusion calculations 

are carried out to provide the distribution of neutron 

flux. Based on the neutron flux data, numerous burn-

up calculations are performed upon all the batches. 

Besides the nuclides of heavy metals and fission 

products mainly described by the fission chains, the 

most important nuclide in the burn-up calculation is 
10B as impurity in the graphite of fuel pebbles and 

reflector. For 10B, only one term remains on the right 

side of eq. 1, i.e. 
, 10 10a B BN  . Hence, eq. 1 for 10B 

degenerates to a simple ordinary differential 

equation, and 
10BN  can be expressed by an 

exponential function of time, i.e.  , 10exp a B t  , if 

the cross section and neutron flux can be regarded as 

independent of time within a small interval. 

Different scales of time intervals in the follow 

simulation are employed, including the shuffling 

cycle, burn-up cycle, large burn-up step and small 

burn-up step. As mentioned above, the shuffling 

cycle means the time interval between two adjacent 

shuffling operations during the simulation. The burn-

up cycle is an essential time unit for the neutronics 

and thermal-hydraulics calculations, during which 

the power level, control rod position and thermal-

hydraulic parameters of the core must be constant. 

Since the power during the actual operation of 

reactor varies frequently, one shuffling cycle usually 

contains more than one burn-up cycle, much 

different from the design calculations with constant 

power level. Hence, the shuffling cycle is determined 

by the discretization of on-line fuel loading and 

unloading, while the burn-up cycle determined by 

the discretization of power history. The former 

discretization is based on the collection of fuel 

shuffling data, in which one has to divide the time 

interval for fuel shuffling according to the layout 

discretization of the core, i.e. the number of fuel 

pebbles to be loaded and unloaded in one virtual 

shuffling. The latter discretization must be 

implemented based on the analysis and averaging of 

power history, control rod position history and 

thermal-hydraulic parameters history. One burn-up 

cycle can be divided into several equal intervals, 

called the large burn-up steps, each of which is the 

minimal unit for the diffusion calculation, the 

spectrum calculation and the thermal-hydraulic 

calculation. Similarly, one large burn-up step can be 

divided into several equal small burn-up steps, each 

of which is the minimal unit for the bun-up 

calculation. 

One burn-up cycle is usually divided into two 

large burn-up steps in the simulation, and the 

spectrum calculation and diffusion calculation are 

carried out before each step by using the 

composition at current instant. During one large 

burn-up step, the profile of neutron flux is 

unchanged and the amplitude of it is adjusted 

according to the actual nuclide concentrations. Then 

the burn-up calculations are carried out upon the 

small burn-up steps. All the calculations are 

performed on the fixed fuel compositions in one 

burn-up cycle. 

Since the curved meshes of regions are employed 

in fuel shuffling, burn-up calculation and spectrum 

calculation while regular r-θ meshes employed in 

diffusion and thermal-hydraulics calculations, there 

must exist the transform methods between both 

meshes. Firstly, the data of nuclide concentration in 

batches are transformed to the region for spectrum 

calculation by averaging. Secondly, the homogenized 

few group constants of regions are transformed to 

the regular meshes via a pre-defined transformation 

matrix. After the diffusion and temperature 
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calculations, the values of neutron flux and 

temperatures are transformed back to the regions, as 

well as the batches, via the reverse transformation 

matrix. 

 

II.D. Thermal-hydraulics Calculation 

 

Accurate temperature feedback is important to 

the physical calculation in the follow simulation. In 

the simulation, the thermal-hydraulics calculation is 

performed and the temperature results are fed back 

to the physical calculation for each burn-up cycle. A 

THERMIX model is established for the core and the 

temperature distribution of the core is calculated 

according to the power distribution from the physical 

calculation in the current burn-up cycle and the input 

thermo-hydraulic parameters, including the inlet 

helium temperature of the core, the mass flux of 

helium in the primary loop and the pressure of the 

primary loop, and then, is fed back to the spectrum 

calculations to give new group constants, finally give 

new power distribution. The iteration procedure as 

mentioned above can give the reliable physical and 

temperature results. 

 

 
Fig. 2: The flow chart of the simulation on the 

running-in phase of the HTR-10. The dashed frame 

means that the fuel shuffling is only available for 

some of the burn-up cycles. 

 

II.E. Treatment of Control Rods 

 

Control rods, almost the only neutron poison 

used to adjust the reactivity in PB-HTRs, are 

essential for controlling and operating PB-HTRs. 

Unfortunately, the diffusion method cannot apply to 

the strong absorber, so the transport calculation must 

be taken into account for the calculation of the 

control rod worth. A 3-D method with discontinuity 

factor [6] is applied to the calculation of the control 

rod worth. Firstly, for the core model at a certain 

moment, a sector of the core containing one control 

rod channel is selected, which is collapsed in z 

direction. A 2-D non-homogenized fine mesh is 

established for the control rod region and the non-

homogenized fluxes are calculated through the 2-D 

SN calculations, which give the homogenized cross 

sections of the control rod. By taking the boundary 

currents obtained from the SN calculation as the 

boundary conditions, the homogenized diffusion 

calculations are implemented again upon the 2-D 

mesh to obtain the homogenized fluxes. The ratios of 

the non-homogenized fluxes to the homogenized 

fluxes at the edge of the control rod region are 

calculated as the discontinuity factors. The collection 

of homogenized few group constants and 

discontinuity factors is applied to the 3-D diffusion 

calculations of the whole core to get the control rod 

worth at different control rod positions.  

Furthermore, the effect of control rod insertion in 

the 2-D diffusion calculations in follow simulation 

has to be represented by the effective boron 

concentration with the same worth as obtained from 

the 3-D diffusion calculation mentioned above, 

which is added into the control rod regions in the 2-

D diffusion model, according to the control rod 

positions at certain instants. The data of control rod 

positions are recorded in the database corresponding 

to a series of time points. Linear interpolation is 

carried out to give the average control rod positions 

for different burn-up cycles. According to the 

average positions, the corresponding regions in 

which the effective boron concentration is added can  

 

III. VERIFICATION MODEL AND RESULTS 

 

III.A. Verification Model of the HTR-10 

 

The HTR-10’s model is used to verify the 

methodology presented in this work. The HTR-10 is 

a pebble-bed high temperature gas-cooled reactor 

(HTGR) with a nominal thermal power of 10 MW. 

The cylindrical pebble-bed, which has a diameter of 

180 cm and an average height of 197 cm, can 

contain 27,000 6-cm-diameter spherical fuel 

elements with TRISO coated fuel particles. There is 

a cone structure with height of 37.5 cm at the bottom 

of the core, and a cylindrical cavity with height of 

41.7 cm above the core. Helium is used as the 

coolant in the primary loop, and the steam turbine is 

used in the secondary loop. Graphite is the 

moderator and the construction material in the core. 

10 control rods and 7 absorber ball systems of B4C 

in the side reflector are utilized as the primary and 
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feedback 
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feedback 
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and the fuel cycling 

Nth burn-up cycle, 

N =1, 2, 3… 
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obtain the homogenized group constants 

Diffusion 

calculation 

Thermo-hydraulic 

calculation 

Burn-up 

calculation 

Fuel shuffling 

Control 

rod worth 

calculation 



 
 
 

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

Paper HTR2014-51133 

 

 

secondary shut-down systems, respectively, and the 

formers are utilized as adjusting method for 

reactivity during normal operation. 

During the operation history of the HTR-10 

(2002~2007), large amount of operation data were 

collected and stored, which can be employed to 

demonstrate and verify the follow simulation 

methods. The calculation model is similar to that of 

physical design [7], while the spatial discretization is 

finer in this work. Theoretical analysis and 

experiments have been performed to give an 

approximation model for the pebble flow in the 

HTR-10 [8]. According to this model, the core of the 

HTR-10 is divided into 5 channels in radial direction, 

and all the channels are divided into some regions 

with equal volume. The ratio of the region numbers 

in the channels from the centerline to the edge of the 

core is proportional to the residence time ratio of the 

pebbles in those channels, i.e. 7:10:12:16:21, leading 

to a mesh with 264 regions. The division of batches 

in one region is decided by the actual fuel recycling 

process. According to the predicted core 

composition distribution, a lot of pre-calculated 

spectrum calculation models, both for resonance and 

thermal energy range, are established to be utilized 

during the simulation. 

Another important issue is the effective boron 

concentration in the graphite. According to the 

parameter sheets of graphite used in the HTR-10, the 

effective concentrations of burnable and unburnable 

impurities are deduced by using the standard of 

ASTM C1233–09 [9]. Thus, the concentration of 

effective burnable boron is calculated with the burn-

up equation during the simulation, while that of 

effective unburnable boron is treated as constant. 

The discretization of the operational data is 

implemented as mentioned above. As to be presented 

below, the power history of the HTR-10 is 

complicated, indicating that one shuffling cycle 

should contain many burn-up cycles. 

 

III.B. Results and Discussion 

 

Since the HTR-10 is running on criticality, the 

eigenvalue of the diffusion calculation, i.e. keff, must 

be very close to 1. Also, the calculation results of the 

discharge burn-up must agree with the measurement 

values of the discharge burn-up. In this work, the 

simulation results of keff and discharge burn-up are 

presented and compared with the operation data.  

Fig. 3~5 show the results of keff of three typical 

stages of the operation, in which the power history is 

also presented. The origin of the abscissa is the start 

point of the power operation of the HTR-10. Each 

point of calculation results corresponds to one burn-

up cycle in the simulation. For different stages of 

power operation, as shown in Fig. 3~5, it can be seen 

that the values of keff agree with 1 very well with 

deviation less than 1% for most burn-up cycles, 

especially in the steady operation period, while the 

deviation of keff from 1 becomes larger in the startup 

and shutdown periods. This indicates that the 

simulation results agree with the actual operation of 

the HTR-10 very well for most cases, and the 

simulation method presented in this work is suitable 

for the follow simulation of the HTR-10. The 

relatively large deviation of the eigenvalues in the 

startup stage and shutdown stage should be 

investigated carefully. In the startup and shutdown 

periods, the input parameters, such as the inlet 

helium temperature and the control rod position, 

change very rapidly, which introduce relatively large 

errors of the linear interpolation of the operation data 

recorded at the discrete time points. It is believed 

that the steady calculation in the startup and 

shutdown stages, rather than the transient analysis, is 

not the major source of the calculation error, since 

the deviation of the eigenvalues is much smaller at 

the transient moment within one operation cycle, as 

presented in Fig. 4. That means the incompleteness 

of operation data during the startup and shutdown 

periods should be the major cause of the relatively 

large deviation between simulated results and actual 

values of keff. 

 

 
Fig. 3: Results of keff in early stage of the operation 

history of the HTR-10. 

 

 
Fig. 4: Results of keff in middle stage of the operation 

history of the HTR-10. 
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Fig. 5: Results of keff in late stage of the operation 

history of the HTR-10. 

 

Fig. 6 presents the results of discharge burn-ups 

for different batches of discharged fuels. Both the 

simulated results and the measured values for the 

same batches of discharged fuels are shown for 

comparison. The measured values of burn-up 

illustrated in Fig. 5 are average values of the groups 

of discharged pebbles corresponding to the batches 

in the simulation model. The measured burn-up 

values were calibrated carefully [10]. It is obvious 

that the calculated values agree with the measured 

ones well, with the relative deviation about 8%. 

 

 
Fig. 6: Results of discharge burn-up simulation with 

comparison to the measured values of discharge 

burn-up. 

 

IV. CONCLUSIONS 

 

The methodology of follow simulation of PB-

HTRs is proposed in this work. The keys of 

methodology are the discretization of spatial layout, 

power history and fuel loading/unloading history of 

PB-HTRs, so that the decoupling between the 

physical calculation and the pebble movement can be 

achieved. Different scales of time steps are presented, 

including the shuffling cycle for fuel shuffling 

simulation, the burn-up cycle for power history 

follow, the large burn-up step for physical and 

thermal-hydraulic calculations and the small burn-up 

step for burn-up calculations. Calculations are 

performed upon these time steps and the core status 

is followed and simulated. 

The verification for this methodology is carried 

out by using the actual operation data of the HTR-10. 

The results of effective multiplication factor, i.e. keff, 

indicate that the methods presented in this work 

perform quite well, while there still exist relatively 

large deviations during startup and shutdown periods. 

On the other hand, the correlation between measured 

and calculated burn-up values is quite good with 

relative deviation about 8%. 

Consequently, it is demonstrated that the follow 

simulation methodology presented in this work is 

suitable for the PB-HTRs, which is the basis of the 

fuel management of PB-HTRs. However, there is 

still further improvement to be investigated. 

 

ACKNOWLEDGEMENT 

 

This work is supported by the National S&T 

Major Project (Grant No. 2013ZX06906007). 

 

REFERENCES 

 

[1] L. Massimo, Physics of High-Temperature 

Reactors, p. 117-125, Pergamon, Oxford, UK, 

1976. 

[2] T. Obara, H. Sekimoto, New Numerical Method 

for Equilibrium Cycles of High Conversion 

Pebble Bed Reactors, Journal of Nuclear 

Science and Technology, v28, p.947, 1991. 

[3] W. K. Terry, H. D. Gougar, A. M. Ougouag, 

Direct Deterministic Method for Neutronics 

Analysis and Computation of Asymptotic 

Burnup Distribution in a Recirculating Pebble-

bed Reactor, Annals of Nuclear Energy, v29, 

p.1345, 2002. 

[4] H. J. Rütten, K. A. Haas, H. Brockmann and W. 

Scherer, VSOP (99/05) computer code system 

for reactor physics and fuel cycle simulation, 

Jül-4189, Forschungszentrum Jülich, 2005. 

[5] B. Boer, J. L. Kloosterman, D. Lathouwers, T. H. 

J. J. van der Hagen, In-core Fuel Management 

Optimization of Pebble-bed Reactors, Annals of 

Nuclear Energy, v36, p.1049, 2009. 

[6] X. Zhou, F. Li, D. Wang, Application of the 

Discontinuity Factor Theory to Accelerate 

Routine Rod Worth Calculations for Modular 

HTRs, Nuclear Engineering and Design, v239, 

p.281, 2009. 

[7] Y. Yang, Z. Luo, X. Jing, Z. Wu, Fuel 

Management of the HTR-10 including the 

Equilibrium State and the Running-in Phase, 

Nuclear Engineering and Design, v218, p.33, 

2002. 

[8] D. Zhu, The Theoretical Model, Numerical 

Simulation and Experimental Study on the 



 
 
 

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

Paper HTR2014-51133 

 

 

Pebble Flow, (in Chinese) Ph.D. thesis, 

Tsinghua University, 1991. 

[9] ASTM C1233–09, Standard Practice for 

Determining Equivalent Boron Contents of 

Nuclear Materials. 

[10] B. Xia, F. Li, Z. Wu, Burn-Up Calibration and 

Error Analysis of HTR-10 Spherical Fuel 

Elements by Gamma Spectroscopy, Proceedings 

of the 18th International Conference on Nuclear 

Engineering, ICONE18, May 17-21, 2010, 

Xi’an, China. 

 


