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Abstract – Demonstration tests were conducted using the High Temperature 
Engineering Test Reactor (HTTR) in Oarai, Japan, to confirm the safety of HTGR 
technologies and assure the expected physical phenomena to occur under given 
conditions. As part of the OECD directed LOFC (“loss of forced cooling”) project, 
a series of three tests at the HTTR has been planned with tripping of all gas 
circulators while deactivating all reactor reactivity control to disallow reactor 
scram due to abnormal reduction of primary coolant flow rate. The tests fall into 
anticipated transient without scram (ATWS) with occurrence of reactor re-
criticality. They serve the important purpose to provide a valuable data base for the 
validation of computer models regarding neutronics, heat transfer and fluid 
dynamics, fuel performance and fission product transport and release behavior in 
HTGRs. The Source Term Analysis Code System (STACY) is a new code 
development at the Research Center Jülich encompassing the original verified and 
validated computer models for simulating fission product transport and release. For 
verification of the modernized and extended version, it was assured that results 
obtained with the original tools could be reproduced. One of the new features of 
STACY is its ability to also treat fuel compacts of (full) cylindrical or annular shape 
and a complete prismatic block reactor core, respectively, supposed sufficient input 
data be available. The paper will describe the new STACY tool and present the 
results of fission product behavior in the HTTR core under the LOFC test 
conditions. Calculations are based on time-dependent neutronics and fluid dynamics 
results obtained with the Serpent and MGT models.  

 
I. INTRODUCTION 

 
A comprehensive safety demonstration testing 

program is being conducted using the Japanese 
HTTR with the goals to verify the safety features of 
high temperature reactors and to further improve the 
safety technology. It also serves the important 
purpose to provide a valuable data base for the 
development and validation of computer models 
regarding neutronics, heat transfer and fluid 
dynamics, fuel performance and fission product 
transport and release behavior in HTGRs. One of the 
aspects studied within the OECD/NEA project 

LOFC is the simulation of an accident scenario with 
reduced or even no availability of the cooling 
systems. For this test series, all three gas circulators 
are stopped to simulate the loss of forced cooling 
(LOFC) accident. Consequence will be a rapid 
decrease in reactor power without operating the 
reactor power control system. The objective of the 
tests is to address the reactor performance 
characterization in the coupled fluid dynamics, 
material property and core kinetics. Re-criticality 
time and power level of the reactor are important 
parameters in benchmarking respective simulation 
tools. The fluid dynamic characteristics encompass 
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high pressure primary helium natural circulation and 
low pressure reactor cavity air convection. Material 
characteristics include thermal conductivity and 
radiation emissivity, fission product release 
behavior, and core physics characteristics such as 
temperature-reactivity feedback coefficients, xenon 
concentration behavior. Subjects of study in LOFC 
also include the analysis of the fission product 
release behavior with a focus on the fission gases to 
check the performance of the HTTR fuel under the 
given conditions.  

The Source Term Analysis Code System 
(STACY) [1, 2] is a new code development 
encompassing the German legacy codes FRESCO-
II, PANAMA, SPATRA, and sections of FRESCO-I. 
The original codes, which have passed verification 
and validation [3], have been modernized using 
state-of-the-art code development techniques. For 
verification, it was assured that results obtained with 
the original tools for pebble applications could be 
reproduced with STACY [2]. One of the new 
features of STACY is its ability to also treat fuel 
compacts of (full) cylindrical or annular shape and a 
complete prismatic block reactor core, respectively, 
supposed sufficient input data be available. The 
required boundary conditions for the STACY 
calculation in terms of radionuclide inventories and 
fuel temperatures are provided using the computer 
tools Serpent and MGT-3D, respectively. The new 
STACY code is operable either as stand-alone 
version or as a module of the HTR Code Package 
(HCP) system currently under development [4]. The 
single modules will be restricted to treat the physical 
aspects contained in the formerly stand-alone codes, 
while time and execution control will be handled by 
the central part, the backbone, which connects the 
different modules.  

After the description of the OECD project 
LOFC, this paper will present in more detail the 
methodology of modeling the LOFC scenario in the 
HTTR comprising neutronics, fluid dynamics as 
well as the fission gas release behavior, as it has 
been developed at the Research Center Jülich (FZJ). 
It gives then the results of the application of this 
methodology to the LOFC tests conducted and 
planned, respectively, with the HTTR reactor.  

 
II. LOFC EXPERIMENTS AT THE HTTR 

 
II.A. The OECD/NEA Project LOFC 

 
The OECD/NEA international project LOFC [5] 

with seven participating countries in connection 
with JAEA and the HTTR test reactor in Japan has 
been proposed with the objectives to  

 conduct integrated large-scale tests of loss of 
forced cooling in the HTTR reactor and provide 
experimental data to clarify the anticipated 
transient without scram (ATWS) in case of 
LOFC with occurrence of reactor re-criticality,  

 examine advanced reactor performance such as 
the inherent HTGR safety characteristics in 
support of regulatory activities, and  

 provide experimental data useful for code 
validation and improvement of accuracy  in the 
simulation of core physics and fluid dynamics. 

The LOFC scenario is initiated by tripping all 
three helium gas circulators of the HTTR while 
deactivating reactor reactivity control to disallow a 
reactor scram that would follow an abnormal 
reduction of the primary coolant flow rate. This 
scenario falls into anticipated transient without 
scram (ATWS) with occurrence of reactor re-
criticality [6]. It is also planned to study the effect of 
stopping the vessel cooling system (VCS) located 
outside the reactor pressure vessel to remove the 
residual heat from the reactor core. 

Three test runs will be conducted: 
(1) Initial reactor power 9 MW, active VCS; 
(2) Initial reactor power 30 MW, active VCS; 
(3) Initial reactor power 9 MW, non-active VCS. 

The LOFC tests are performed at two different 
reactor initial thermal powers because the initial 
conditions significantly influence subsequent fluid 
dynamic phenomena including the development of 
core physics phenomena such as the onset and level 
of the re-critical reactor power [7]. 

While Run 1 was conducted with the HTTR in 
2010, the remaining two runs were postponed in the 
wake of the 2011 Touhoku earthquake and 
subsequent core melt-down accidents in the 
Fukushima nuclear plant. Conduction of these tests 
is foreseen as soon as the HTTR is licensed to 
resume operation.  

 
II.B. Conduction of Run 1 

 
The first LOFC experiment (Run 1) was started 

on Dec. 13, 2010 with the operation of the HTTR at 
9 MW at steady state for about eight days. The very 
LOFC experiment was then performed on Dec. 21, 
2010, when all three gas circulators that circulate the 
helium gas coolant were tripped. The primary 
coolant flow rate was reduced from the rated flow 
rate of 12.4 kg/s down to zero. The helium 
purification system (HPS) was operated during the 
test at a very small rate of 40 g/s or 0.3% of the 
normal flow rate to allow the detection of fission 
products. 
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The reactor kinetics and heat transfer in the core 
are important phenomena to be considered in the 
analysis of the LOFC test. As determined from the 
analytical results [7], starting from the maximum 
reactor power of 9 MW, the power decreases rapidly 
to the decay heat level due to the negative reactivity 
feedback effect of the core, even if the reactor is not 
scrammed. With decreasing power, the temperature 
of the fuel decreases, and the reactivity increases. 
This phenomenon is determined by the xenon 
reactivity which increases due to xenon buildup (as 
a result of iodine decay) during the first three hours, 
until a re-criticality of the reactor is achieved. 

From analytical results, the elapsed time to re-
criticality and the reactor peak power level at the 
moment of re-criticality were found to strongly 
depend on the flow rate of the HPS. Figure 1 shows 
that with decreasing flow rate, re-criticality is 
delayed and the reactor power level is raised.  

Reason is that, at a lower flow rate, the core 
needs more time to reach thermal equilibrium. The 
greater the non-thermal equilibrium of the core, the 
larger is the heat disturbance induced in the core. As 
a result, the elapsed time and reactor power peak 
could be regulated by using very small flow rates. 
This relationship should be considered to control re-
criticality in future HTGR designs [7]. 

 

 
Fig. 1: Analytical results for the reactor transient in 
the LOFC test at 9 MW [7]. 

 
From the observation of Run 1 and the 

corresponding analytical results, it was confirmed 
that the LOFC test can be performed within the 
HTTR region of normal operation, and reactor 
facility safety is ensured even if abnormal events 
occur [7]. 

 
 

II.C. Evaluation Plan of Fuel Performance 
 
One of the important subjects of investigation in 

the LOFC tests is fuel performance to contribute to a 
realistic estimation of the radiation exposure for 
future HTGRs. Performance of the fuel is essentially 
indicated by the behavior of fission gases and iodine 
release from the fuel into the coolant. With regard to 
iodine, fractional release behavior has not been 
known precisely so far because of its complexity 
which accounts for both the release from fuel 
particles with a through-coating failure or from 
heavy metal contamination, and the plate-out on 
primary circuit surfaces.  

In the LOFC tests, the fractional release of 
iodine into the coolant and its plate-out in the 
primary circuit will be analyzed to identify a 
potential increase of the “normal” level of activity in 
the primary coolant. Evaluation will be done by 
primary helium sampling and measuring xenon 
isotopes, the daughter nuclides of the iodine 
isotopes. As a task of the fuel failure detection 
(FFD) system installed in the HTTR, samples can be 
taken from different regions in the hot gas plenum of 
the primary circuit and transferred to a collection 
device for further analysis. NaI scintillation counters 
are employed to identify short-lived condensable 
fission products such as Kr-88 or Xe-138. For the 
normal operation, the measured fractional releases 
are constant at 2×10-9 for up to 60% of the reactor 
power, 7×10-9 for full power at 850 °C gas outlet 
temperature, and 1×10-8 for full power at 950 °C, 
respectively. 

Xenon is generated from two sources, the direct 
generation from fission and generation by decay of 
plated-out iodine. So the amount of iodine can be 
evaluated by cutting off both iodine and xenon 
generated by fission in the tests.  

A preliminary analytical study on the release 
behavior of iodine and xenon isotopes under the 
LOFC conditions of the HTTR was made by JAEA. 
Results of the study suggested that saturated 
radioactive amounts of iodine radioisotopes at local 
areas of the primary pressurized water cooler 
(PPWC) were estimated at < 1.7×107 Bq for I-133 
and < 7.1×107 Bq for I-135, which are more than a 
factor of 1000 lower than the respective design 
limits for 1% of fuel failure [8]. 

 
III. METHODOLOGY FOR MODELING HTTR  

 
The accurate simulation of a LOFC event 

without scram is very important to such a design 
approach in an HTGR. The behavior of the reactor 
in a LOFC accident is determined by the reactor's 
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neutronics and fluid dynamics design characteristics. 
The nuclide density of Xe-135, which has a large 
neutron absorption cross section, decays very fast 
during the process. From fluid dynamics point of 
view, part of the heat is transferred from the core to 
the outside by conduction, thermal radiation, and 
natural convection, while the remaining part of the 
heat is stored in the core graphite due to its high 
specific heat. Because of the heat transport, thermal 
conductivity of the graphite is an important 
parameter in predicting the fuel, and moderator 
temperature. The cooling effect of the RCCS is 
important in decreasing the RPV temperature. 

 
III.A. HTTR Core Model 

 
The active core of the HTTR is composed of 150 

pin-in-block type fuel assemblies, hexagonal 
graphite blocks which are arranged in 30 columns 
(colored perimeter in Fig. 2) of five blocks each, 
plus seven columns (white) to guide control rods [7, 
9]. The dimensions of the active core are 2.9 m of 
total height and 2.3 m of equivalent diameter. The 
active core columns are surrounded by additional 
nine control rod guide columns, 15 replaceable 
reflector columns among them special blocks for 
irradiation testing, as well as top and bottom 
reflector layers making the columns consist of a 
stack of 9 blocks each. The figure also shows the 
radial zoning of the active core columns into four 
regions. 

 
Fig. 2: Horizontal cross section of HTTR core [7]. 

 
Each fuel assembly contains either 31 or 33 fuel 

rods which are inserted in vertical bore holes. The 
helium coolant flows through the annular gap 
formed between the outside of the fuel rod and the 
inside of the bore hole. A fuel pin is composed of 14 
annular fuel compacts in a graphite sleeve. A fuel 
compact contains ~13,000 TRISO-coated fuel 
particles which are embedded in a mixture of 
graphite matrix powder and binder material.  

The reference concept for the TRISO particles as 
used in the first HTTR core is based on a 600 μm 
diameter LEU UO2 kernel. The degree of U-235 
enrichment is fixed at 12 different levels varying 
between 3.4% and 9.9% depending on the position 
in the core (Table 1) to achieve a uniform 
temperature distribution; the average value is 6% 
[9]. 

The larger circles in the prismatic elements in 
Fig. 2 indicate the positions of control rods (black) 
and of reserve shutdown systems (white). The 
burnable poison used in two different quantities, 
also listed in Table 1, is located in small bore holes 
in three of the six corners of a fuel element (small 
circles). All table values were taken from published 
JAEA data. 

 
Table 1: Fuel assemblies with different uranium 
enrichments / boron contents (both wt%) depending 
on core position. 

radial 
axial 

1 2 3 4 

1 6.7 / 2.0 7.9 / 2.0 9.4 / 2.0 9.9 / 2.0 
2 5.2 / 2.5 6.3 / 2.5 7.2 / 2.5 7.9 / 2.5 
3 4.3 / 2.5 5.2 / 2.5 5.9 / 2.5 6.3 / 2.5 
4 3.4 / 2.5 3.9 / 2.0 4.3 / 2.0 4.8 / 2.0 
5 3.4 / 2.0 3.9 / 2.0 4.3 / 2.0 4.8 / 2.0 
 

In the model, a prismatic fuel element is 
represented by one representative fuel compact per 
fuel element block. The unit cell as basis for the 
fluid dynamics calculations on the Japanese fuel 
compact design looks like the schematic given in 
Fig. 3.  

 

 
Fig. 3: Unit cell for pin-in-block type fuel rod. 

 
III.B. Neutronics and Fluid Dynamics 

 
While for the treatment in pebble-bed 

applications, the legacy code VSOP is typically 
used, it rendered inappropriate for a detailed 
calculation of the HTTR block-type fuel. Instead, 
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the Monte Carlo neutronics and depletion code 
Serpent has been selected which is deemed 
applicable to the calculation of fuel pins, fuel 
assemblies with burnable poison, and core layers. 
Serpent is a three-dimensional continuous energy 
burnup computer code developed at VTT Technical 
Research Centre of Finland and used to simulate 
reactor physics, neutron transportation, and burnup 
of both LWR and HTGR fuels [10]. Here, the code 
was applied to determine both the neutron flux 
distribution and the radionuclide inventories in the 
HTTR as a function of time. A respective geometric 
model was established that consists of independent 
levels of reactor core, hexagonal fuel blocks with 
burnable poison sticks, reflector and control rod 
guide blocks, fuel pins, and coated particles, which 
are nested one inside the other [11].  

In vertical direction, the topmost layer of the 
Serpent model is the reflector block just above the 
first fuel block layer. The lowest layer is the 2nd 
bottom reflector layer. Thus, the model covers the 
zone from the 2nd layer to the 9th layer. In radial 
direction, it reaches to the outer boundary of the 
permanent reflector block, corresponding to a radius 
of 212.5 cm. This zone is sufficient to simulate 
reactor physics and neutron transportation of the 
HTTR core. 

Modeling of the control rods was made by 
adjustment of the control rod positions in such a 
way that an agreement was achieved between the 
radial and vertical burnup profiles calculated with 
Serpent and the results taken from reference [12]. 
The temperature distribution of the reactor core 
required to determine the cross section of each 
nuclide was taken from the reference [13]. The 
helium temperature was set as 900 °C. These 
temperatures are fixed during the burnup process. 

Figure 4 displays the Serpent model of HTTR in 
the horizontal cross section showing the thermal 
neutron fluxes in the topmost fuel block layer as a 
function of the intensity of the blue color (white = 
high, blue = low).  

The thermal flux is high (= white) at the seven 
positions of the control rod guide blocks which are 
here just moderating graphite; also the darker blue 
positions of the fuel pins (still fast neutrons) and of 
the burnable poison sticks (removing thermal 
neutrons) can be recognized. 

The nuclide densities resulting from the Serpent 
calculations will be input to the spectral calculations 
with the MGT-3D code. 

The FZJ computer code MGT-3D is a coupled 
reactor kinetics and fluid dynamics code to study the 
dynamical behavior of an HTGR on a short time 

scale [14]. It is capable of the simulation of LOFC 
accident scenarios without scram.  

 
Fig. 4: Serpent model of the HTTR core at full 
power operation (control rods not inserted) [11].  

 
Regarding reactor kinetics, the data library of 

MGT-3D is able to handle up to 43 neutron energy 
groups. For the HTTR simulation, the cross sections 
of these 43 fine groups are condensed to six groups, 
three thermal and three fast groups. Regarding fluid 
dynamics, both the homogeneous calculation of the 
reactor and the heterogeneous calculation of the fuel 
element and coated particles are involved. The 
homogeneous model of fluid dynamics calculation is 
composed of reactor core, top plenum, bottom 
support structure, side restrain system RPV, and 
VCS. In the heterogeneous model of the fuel rod, 
the fission heat and decay heat is assumed to be 
deposited in the cylindrical fuel compacts inside the 
fuel rod (neglecting the minor part that would be 
deposited in the moderator). The heat is transferred 
by conduction and thermal radiation from the fuel 
compacts to the graphite sleeve, before reaching the 
coolant and graphite block by convection and 
radiation.  

The solid temperature of the homogenized mesh 
in MGT-3D is equivalent to the temperature at the 
surface of the fuel elements, i.e., the inner wall of 
the bore holes containing the fuel rods. It shows that 
the solid temperature increases due to the heat-up 
process of the coolant along the flow path in the fuel 
block. The maximum solid temperature is in the 
bottom part of the lowest fuel layer.  

MGT-3D provides the choice of the external 
one-dimensional flow network which consists of 
“components” and “nodes” for the simulation of 
heat exchanger, steam generators, over-pressure 
valves, gas blowers, etc., allowing simple 
calculations of heat transfer, pressure loss, or gas 
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flow in these components. They are coupled with the 
3D meshes of the reactor model considering that gas 
inlet/outlet temperatures and pressure of the primary 
circuit are given values.  

The calculation of the power and temperature 
history with correlated burnup and isotope 
compositions can then be used to determine transient 
decay heat and fission product release. 

Neglecting the slight asymmetry of the position 
of the two control rods in each control rod block, the 
HTTR core can be represented by a 60° core section 
(Fig. 5) and applying the reflection boundary 
condition in azimuthal direction. In the simulation 
model described in a 3D rotational symmetry based 
on r-z-φ coordinates, both the primary circuit and 
the RCCS are included. According to the 
arrangement of the block type core, the azimuthal 
zone within 60° is divided into 9 meshes (from the 
10 meshes shown in Fig. 5, the 5th and 6th were 
eventually merged). In the r–z plane, the grid is 
subdivided into 30×41 meshes. Nuclide inventories, 
life histogram, and other input data required by 
MGT-3D are prepared by the interface between 
Serpent and MGT-3D.  

 

 
Fig. 5: MGT-3D simulation model in the horizontal 
cross section. 

 
 

III.C. Fission Product Release Behavior 
 
The Source Term Analysis Code System 

(STACY) module is dedicated to the simulation of 
the fission product transport and release behavior in 
an HTGR [1, 2]. Similar to the predecessor 
computer model FRESCO, the new calculation tool 
allows both the source term assessment for an entire 
reactor core under normal operating or accident 
conditions and the simulation of the complete 
history of an irradiation and accident simulation 
experiment for a single fuel element. A fission 

product release mechanism during normal 
operation/irradiation is given by the recoil effect, 
significant only for the release from the particle 
kernel into the neighboring buffer layer. The 
transportation of fission products within the coolant 
due to convection and diffusion and the deposition 
of fission products on graphitic surfaces such as fuel 
elements in colder core zones or reflector channels 
can be treated in STACY as well (at the moment for 
pebble-bed reactors only). For full core fission 
product release calculations, STACY requires as 
input the results from a neutronics and fluid 
dynamics code (e.g., VSOP or MGT-3D) for normal 
operating and accident conditions of scenarios. 

The STACY code calculates fission product 
transport in and with the coolant due to diffusion, 
convection, and dispersion. The system of equations 
is defined for a cylindrical Cartesian axis system. In 
addition, metallic fission product sorption on 
graphitic surfaces can be simulated in the full core 
mode. The code includes, however, also the option 
to assume a rapid transition of the radionuclides, 
unimpeded by sorption effects, from the sphere 
surface into the coolant. The released amounts do 
not contribute to an increase of its concentration in 
the coolant. 

Reflector objects can be defined, with their 3D 
geometry being modeled by a set of reflector 
meshes. For each of these meshes, a representative 
reflector bore hole (tube) is simulated, whose inner 
surface can take up fission products by deposition, 
from where they may penetrate the graphite wall (at 
the moment for pebble-bed reactors only). 

The new code development offered the 
opportunity to add novel features to describe 
physical phenomena in further detail. STACY has 
been extended by sub-models such as the detailed 
simulation of the pebble flow and its reshuffling in a 
multiple-passage pebble-bed reactor core. During 
the irradiation phase, the distinct temperature profile 
inside the power producing pebble can be 
considered. It is also possible to evaluate the effect 
of the statistical distribution of kernel diameters and 
coating layer thicknesses (at the moment for a single 
fuel sphere only). The code is performing a 
combined coated particle failure and fission product 
release calculation for each of the tracer pebbles 
which were selected by random choice. The tracer 
pebbles within each region are assumed to represent 
all fuel elements in this region. Release rates (in 
mol/s) are summed up for all tracer elements in each 
region and averaged. This value is multiplied with 
the total number of fuel elements in the region 
considered.  
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Another new feature important for the study here 
is the fact that STACY allows the treatment of 
HTGRs with a prismatic block core and cylinder or 
annular-shaped compact fuel. Similar to the tracer 
spheres principle, a random selection of fuel 
compacts in a block core, whose fission product 
behavior is determined throughout their whole life. 
Based on the distributions of nuclide inventories and 
fuel temperatures, a spatially resolved fission 
product release calculation for a prismatic core is 
possible.  

Furthermore, STACY includes the fuel 
performance model based on the original PANAMA 
code. Important input parameters, such as fuel 
temperature, burnup, fast neutron fluence, oxygen 
release from fission, SiC layer thinning from 
corrosive attack by fission products as well as the 
tensile strength and Weibull modulus are necessary 
to determine the probability of pressure vessel 
failure of a TRISO particle. The only other failure 
mechanism modeled, thermal decomposition of the 
SiC, can be neglected here because of too low the 
fuel temperatures expected. 

A failed coated particle is treated like a bare 
kernel releasing fission products directly into the 
matrix material (graphite boundaries). For each 
“class” of defective particles having failed at the 
same time, a separate diffusion calculation of release 
from the kernel is performed from the moment of 
failure. The total particle failure fraction calculated 
is increasing with each new class. The number of 
classes of defective/failed particles is given by the 
number of user-defined thresholds (steps) which are 
valid for all fuel elements in case of a full-core 
calculation. This leads to a discretized step function, 
which underestimates in some time intervals and 
overrates within others the particle failure curve as 
calculated with the PANAMA model. 
 

IV. PREDICTION OF CORE TEMPERATURES 
AND FISSION GAS AND IODINE RELEASE 

DURING LOFC ACCIDENT SCENARIO  
 

IV.A. Boundary Conditions 
 
According to the operational histogram of 

HTTR, the accumulated operation time of the 
reactor was 14,639 h, with an accumulated thermal 
reactor power generated of 11,202.83 MWd. 
Therefore, the effective full power operation of the 
reactor at the beginning of the LOFC experiment 
corresponds to 373.43 days (efpd).  

In the burnup calculation of Serpent [11] for 
LOFC Run 1, the complex operation history of the 
HTTR was approached by assuming 373 days of 

operation at full power followed by two days of 
operation at 9 MW to achieve Xe-135 equilibrium 
state at that power level. The initial nuclide density 
of the short-lived Xe-135 with a half life of 9.2 h is 
an important parameter to calculate the re-criticality 
of the reactor. This isotope, which is a very strong 
neutron absorber (converting to the stable Xe-136), 
is mainly (95%) generated by β-decay of I-135 
which itself is a fission product from U-235 with a 
~6% yield and also a daughter isotope of Te-135. 
When changing the power level, the new 
equilibrium of Xe-135 concentration is obtained 
after about two days. For the case studied here, 
calculated equilibrium Xe-135 inventories in the 
HTTR are 1.97×10-3 mol for full power operation at 
30 MW and 1.08×10-3 mol for operation at 9 MW. 

Figure 6 displays the nuclide inventory evolution 
of the radiologically relevant radioisotopes Cs-137, 
Sr-90, and I-131 during the operation of the HTTR. 
The half-lives of these isotopes are 30.17 yrs, 
28.79 yrs, and 8.0197 d, respectively. As expected, 
the amount of the long-lived products Cs-137, and 
Sr-90 increases linearly with time at full power 
operation, while the accumulation rate decreases in 
the final short irradiation period at 9 MW. The 
amount of the short-lived product I-131 increases 
quickly and reaches equilibrium after about 300 d. 
Due to rapid decay, its amount decreases 
significantly during irradiation at 9 MW.  

 

 
Fig. 6: The nuclide inventory evolution of Cs-137, 
Sr-90 and I-131 during operation [10]. 

 
The LOFC scenario in the HTTR begins with the 

tripping of the forced gas flow, with the coolant flow 
rate decreasing from 12.4 kg/s to zero within 10 s. 
Afterwards, the reactor runs in a free transient. 
Helium with an inlet temperature of 180 °C rises up 
from the restraint system to the top plenum, before it 
streams down through the coolant holes in the fuel 
blocks and control rod guide blocks. The gas flows 
from different paths mix in the bottom hot plenum. 
Finally the hot helium exits through the outlet in the 
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hot plenum. In the calculation grid, the outlet mesh 
is connected to an opened heat sink with a reference 
pressure of 2.8 MPa for the initial thermal power of 
9 MW. According to JAEA data for the RPV, 
temperatures on the top and the side are set at 
170 °C and the bottom temperature is set at 150 °C. 

STACY calculations of fission product release 
from the prismatic core of the HTTR are conducted 
in such a way that each of the 150 hexagonal fuel 
element blocks is represented by one fuel compact. 
With regard to the temperature boundary condition 
during the normal operation phase, the constant data 
as given in Table 2 apply. For the LOFC phase, 
respective calculation results from MGT-3D were 
translated into average temperature values for each 
fuel block for each time step.  

 
Table 2: Assumptions for expected and design data 
in radioactivity release calculations [15] 
 Expected Design 
Uranium contamination of 
matrix graphite 

2.5×10-6 2.5×10-6 

Manufacture-induced 
defects(a) 

8×10-5 2×10-3 

Irradiation-induced 
failures(a) @ end-of-life 

0 8×10-3 

Fuel temperatures during 
normal operation [°C] 

fuel layer 1
fuel layer 2
fuel layer 3
fuel layer 4
fuel layer 5 

 
 

760 
1040 
1150 
1100 
1100 

 
 

880 
1330 
1360 
1290 
1280 

 (a) Coated particles that were damaged during manufacture are 
called “defective”, while damages occurring during reactor 
operation or accidents refer to “failed” particles. 

 
With regard to the calculations for gaseous 

fission product release, the most important 
assumption is the amount of free uranium and its 
distribution in the core. Free uranium, i.e. uranium 
outside an intact TRISO coating, exists in form of 
natural contamination of the matrix material, 
manufacture-induced particle defects, and 
irradiation-induced particle failures. Values were 
taken as were assumed in a previous study on fission 
product release in the HTTR [15]. As the experience 
from HTTR operation so far did not reveal any hint 
for a major fuel particle failure that would 
correspond to the design values, the release 
calculations presented here are based on expected 
input values only. Table 2 includes for comparison 
purposes both the expected and design data. 

In order to study the influence of fuel particles 
with a defective coating, a second release 

calculation assumes a zero fraction of heavy metal 
contamination, in order to restrict the origin of 
Xe-135 release to the particle defect fraction only. 

 
IV.B. Re-Criticality and Core Temperatures 

 
In the LOFC accident, the reactor power 

decreases due to the broadened resonance absorption 
cross section of U-238. With the reactor shutting 
down automatically, the neutron flux decreases, 
immediately reducing the I-135 production, while 
allowing the Xe-135 to initially increase before 
starting to decrease (Fig. 7). With the decay of 
Xe-135, the reactivity of the reactor will increase 
until achieving re-criticality after a certain time 
period.  

During the LOFC Run 1 at the HTTR, the 
reactor power was monitored by the wide range 
monitoring (WRM) system located in the irradiation 
blocks, and by the power range monitoring (PRM) 
system located in the concrete shielding. The 
temperatures of the permanent reflector blocks, 
RPV, VCS, concrete, etc. were also recorded. 
Measurements were taken over 12 hours after 
initiation of the transient. 
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Fig. 7: Total inventories of isotopes I-135 and 
Xe-135 during LOFC transient in Run 1 

 
In the MGT-3D calculation, the operation history 

of HTTR is simulated by a 373 efpd operation, 
followed by a shut-down period of 300 days, and 
this followed by an operation at 9 MW for 
eight days, as in the experiment, to allow for an 
accurate determination of the decay heat. The cross 
section of the homogeneous meshes of MGT-3D is 
decided by the nuclide densities. After the iteration 
between fluid dynamics and neutronics, the 
calculation converges in solid temperature, gas 
temperature, and effective multiplication factor. The 
steady state of the reactor is obtained. The maximum 
fuel temperature is 471 °C found in the 4th fuel layer. 
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The maximum solid temperature at the graphite/ 
coolant boundary is about 425 °C and expected in 
the bottom part of the lowest fuel layer.  

Figure 8 displays the comparison of calculated 
and measured fission power normalized to the total 
initial thermal power of 9 MW. The HTTR reactor 
power was observed to decrease to 1% of the initial 
power level within 500 s. Re-criticality was 
achieved at 8.02 hours after transient initiation with 
the re-criticality power being 3.2% of the initial 
power. Then it oscillates several times due to the 
negative reactivity feedback effect, increasing 
because of the continuous decay of Xe-135 and 
decreasing because of the fuel temperature increase. 
Power production is then gradually rising to a 
maximum of 4% of the initial power level before 
decreasing again. Correspondingly, maximum fuel 
temperatures are rising up to almost 900 °C and 
leveling out after about 80 h. According to the 
MGT-3D calculated results, re-criticality occurs at 
7.9 hours after beginning of the LOFC, and the re-
criticality power is 4.12% of the initial power. These 
results are in excellent agreement with the 
experimental data.  
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Fig. 8. Measured and calculated fission power 
transient during LOFC Run 1 at the HTTR.  

 
While the total reactivity of the Doppler and 

moderator temperature remains at zero naturally, the 
xenon reactivity does not. The xenon builds up for 
three hours, and then the xenon reactivity increases. 
After achieving re-criticality of the reactor, the 
xenon reactivity increases and reaches a steady-state 
value about 20-30 hours later. For this reason, 
reactor power and, thus, core temperatures  
gradually increase.  

The maximum fuel temperature and fission 
power evolution are shown in Fig. 9 over the total 
calculated period of 100 hours into the LOFC 
scenario. It shows that the average and maximum 
fuel temperatures remain at a low level in the 

beginning of the accident due to the exponentially 
decreasing reactor power. Then, temperatures 
gradually increase because, due to lack of forced 
convection, the less effective thermal conduction 
and thermal radiation remain as the main 
mechanisms of heat removal from the core. The 
maximum fuel temperature is increasing as long as 
the reactor has not reached equilibrium yet in fluid 
dynamics. This is achieved after about 80 hours. The 
maximum temperature remains below 900 °C, which 
is lower than the maximum temperature during full 
power normal operation 
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Fig. 9. Calculated fuel temperatures and fission 
power during the LOFC Run 1 scenario.  

 
Increase in fuel temperatures will broaden the 

effective resonance absorption (and fission) cross 
section, generally resulting in an increase in neutron 
absorption and a corresponding reduction in 
reactivity – the Doppler effect. The graphitic fuel 
element blocks will also expand and bend or bow 
slightly depending on the constraints, thus changing 
the local fuel moderator geometry and flux 
disadvantage factor (the ratio of the flux in the fuel 
to the flux in the moderator) and thereby producing 
a change in reactivity. 

Some of the increased fission heat will be 
transported out of the fuel element (time constant of 
tenths of seconds to seconds) into the surrounding 
moderator/coolant and structure causing a delayed 
increase of the moderator/coolant and structure 
temperatures. Increase of the moderator/coolant 
temperatures will produce a decrease in moderator/ 
coolant density, which causes a change in the local 
fuel-moderator properties and a corresponding 
change in both moderator absorption and flux 
disadvantage factor. 

In addition, the decrease in moderator density 
will reduce moderating effectiveness and produce 
hardening (shift to higher energies) in the neutron 
energy distribution, which will change the effective 
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energy-averaged absorption cross sections for the 
fuel and control elements, among other components. 
Increase in the structure temperature will cause 
expansion and deformation, producing a change in 
the local geometry that will further affect the flux 
disadvantage factor. These various moderator/ 
coolant changes induce variations in reactivity. 

 
IV.C. Fission Gas and Iodine Release 

 
Based on the HTTR fuel concept as described above 
and applying the aforementioned conditions, full-
core STACY calculations have been conducted for 
normal operation and the LOFC scenario of Run 1. 
Results for the Release-to-Birth ratio (R/B) data of 
Xe-135 shown in Figs. 10 and 11 refer to the 
reference case assuming expected input values.  

Figure 10 presents the Xe-135 R/B during 
normal operation distinguished between the five 
layers of fuel element blocks of the active core. Due 
to the short-lived character of the radionuclide 
considered, release has very quickly reached the 
equilibrium state and remains constant over the total 
operation period. The results exhibit the strong 
temperature dependence of diffusive release which 
is lowest for the topmost (first) layer, and highest in 
the middle (third) layer, and practically identical in 
the layers 4 and 5.  
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Fig. 10. Calculated R/B of Xe-135 during HTTR full 
power normal operation.  

 
In Fig. 11, the R/B data for Xe-135 are given for 

the LOFC scenario. Again, as would be expected 
from a short-lived isotope, the release is strongly 
related to the transient power production in the core 
(see Fig. 9) resulting in a minimum release when 
power production is very low. Later, at higher 
temperatures, Xe-135 is highest for the layer 2, 
while it is lowest for the bottom and top layers. Still, 
R/B data remain below the 10-5 level for all core 
layers with a variation between the releases of not 

more than a factor of 3. Note that the R/B data for 
Run 1 are lower than during normal operation which 
is due to the lower temperatures during the accident 
scenario in all fuel layers except for the uppermost 
layer. 
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Fig. 11. R/B of Xe-135 during the LOFC Run 1 in 
the HTTR.  

 
The parameter calculation ignoring the presence 

of heavy metal contamination leads to lower R/B 
fission gas release data resulting from the 
temperature-dependent diffusive release from the 
kernel only. Release values reach a minimum at 
about 3-5×10-8 at times of (almost) no power 
production during the first 20 hours. The reason for 
the fact that the release level is the same for all core 
layers is that, because of the low temperatures, 
diffusive release is negligible, while the 
temperature-independent, rapid release from the 
uranium contamination is dominating.  

 
V. SUMMARY AND OUTLOOK 

 
A study has been initiated to calculate the full-

core release of the short-lived radionuclide Xe-135 
(as an indicator for I-135 release) during the 
simulated LOFC scenario at the HTTR. The 
calculation tools applied are the STACY model for 
fission product transport and release behavior 
recently developed at FZJ. The required temperature 
boundary condition was determined with the MGT-
3D code which has been newly extended to the 
treatment of block-type HTGRs. Excellent 
agreement was obtained between the simulation of 
the LOFC Run 1 and observations during the test 
regarding the moment of re-criticality and height of 
the power peak. R/B release of Xe-135 is dominated 
by the temperature dependent diffusive release from 
the defective coated particles into the coolant. 
During the LOFC transient, R/B data remain below 
the level 10-5 for all fuel block layers. The 
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comparison with coolant activities measured during 
the experiment still remains to be done. 

Further analytical work will concentrate on a 
more detailed modeling of the Xe-135 release from 
the heavy metal contamination in the fuel element 
materials. Also the planned conduction of LOFC 
Run 2 and 3 will be subjected to a predictive 
evaluation and a postcalculation after the tests 
including the comparison with respective 
experimental data.  
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