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Abstract – A High Temperature Helium Experimental Loop (HTHEL) for the 
purpose of studying the transportation and deposition behavior of solid fission 
products in high-temperature helium coming from the steam generator (SG) in the 
10MW High Temperature Gas-cooled Test Reactor (HTR-10) is studied and 
designed. Through the optimal design based on thermohydraulics analysis, the 
three-sleeve structure of deposition sampling device (DSD) could realize full-length 
temperature control evenly and simulate the physical environment of the heat 
transfer tube of SG in the HTR-10 in the sense of thermohydraulics, which could be 
used to study the original source term in the primary circuit. The flow and 
deposition mechanism are studied and the simulation of the graphite dust particle 
trajectories in the DSD are shown. It is elucidated that DSD could also be used to 
study the behavior of graphite dust in the high temperature helium in the SG of HTR, 
which will provide deeper understanding for the analysis of source terms of HTR-10. 

 
 

I. INTRODUCTION 
 
It has been received widely attention to study the 

transportation and deposition behavior of fission 
products released in the primary circuit of the High 
Temperature Gas-Cooled Reactor (HTGR) [1-2], and 
also for the 10MW High Temperature Gas-cooled 
Test Reactor (HTR-10) in China. As an advanced 
nuclear reactor with significant international 
influence, its low release of radioactive fission 
products and resulting low radiation level become 
particularly important and attractive safety features 
[3-5]. The study can help us to discover the 
minimization of the personnel radiation exposure 
during maintenance, decontamination and prevention 
of activity entrainment into the environment in the 
accident condition. As mentioned above, many 
efforts have been and are being thoroughly made to 
acquire the actual data of source terms in HTR-10 
[6-9]. 

Generally speaking, the radioactivity of all 
systems in the HTGR comes from the actual core 

activities. The activities are released from the core 
and transported into the primary system carried by 
the cooling gas and the graphite dust in the pebble 
bed high-temperature reactors. From the previous 
study of the AVR reactor, it is known that the 
activities can be present in the dust-bound form or 
free form corresponding to the atomic or molecular 
state [1, 10]. The radioactive carriers can be 
deposited on the surfaces in the primary circuit and 
at the same time, absorbed to form the radioactive 
dust which can be transported, deposited or 
remobilized depending on the grain size, the local 
and temporal flow forces and the surface conditions 
[1, 11, 12]. A long-term deposition experiment with 
the goal of investigating metallic foil hot gas 
isolations was also conducted in the Dragon reactor 
and the diffusion profiles for Cs-134, Cs-137, Sb-
125, and Co-60 were measured [13, 14]. Another 
experiment aimed at monitoring vapor and aerosol-
borne condensable fission products released from the 
reactor core was conducted in the Fort St. Vrain 
(FSV) reactor [15]. The inventories of metallic 
fission products (Sr-90, Cs-134 and Cs-137) were 
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measured and compared to the results calculated by 
the program TRAFIC [16], and it was shown that the 
predictions of the metallic fission product 
inventories for the three isotopes were in reasonable 
agreement with measurements and consistently 
conservative [17].  

For the HTR-10, it is also necessary to perform 
an experimental study in the primary circuit to obtain 
the actual and believable experimental data of fission 
products and graphite dust, in order to confirm the 
already existing theoretical calculations and model 
experiments [2, 11, 18] based on non-radioactive 
graphite. For this purpose, the experimental loop 
named by HTR-10 High Temperature Helium 
Experimental Loop (HTHEL) is being built. HTHEL 
focuses on studying the laws of transportation and 
deposition of the solid fission products in high 
temperature helium (>600°C) released from the fuel 
elements or desorbed from the steam generator (SG). 
As one of the major parts of HTHEL, the deposition 
sampling device (DSD) is specially designed to 
collect particles of fission products and graphite dust. 
By measuring the deposits, it is possible to obtain the 
fission products critical data of release, diffusion, 
transfer and deposition, on the base of which the 
computer model of fission products behavior 
prediction can be verified and improved. Because 
the fission products (especially the solid state 
products such as Cs, Sr, Ag and I) in DSD are 
collected in high temperature helium, the effect of 
deposition on the reactor components can be 
neglected, and the source terms can be considered as 
representative and much more original compared 
with those from the cold helium (<250°C) in the 

primary circuit. By obtaining the real source terms in 
the primary circuit, we then can make a research on 
the deposition behavior of solid fission products. 
The entire study gives a strong support to the 
validation of the theoretical models of source terms 
analysis, and also to the maintenance/decommission 
of HTGRs. Furthermore, it provides a solid 
experimental foundation and reference for the High 
Temperature Reactor-Pebble bed Modules (HTR-PM) 
radiation impact assessment under normal/accidental 
operation conditions. 

This paper consists of four parts. First, the 
introduction of the experiment design of HTHEL and 
DSD in general is given and the complete process of 
the experiment is explained in detail. In the second 
section, the safety analysis of HTHEL is described to 
illustrate that both the normal operation and the 
accident of the experimental loop would not have an 
influence on the safety of HTR-10. The exact three-
sleeve structure of DSD is shown in the third section 
to demonstrate that DSD can effectively and steadily 
deposit particles of fission products and graphite 
dust in a certain temperature range. Finally, in order 
to realize the better understanding of DSD, some 
fluid dynamics analyses concerning temperature 
distribution, fluid motion and particle trajectories are 
studied with simulating calculations. 

 
II. EXPERIMENTAL DESIGN OF HTHEL 

AND DSD IN HTR-10 
 
A schematic of the HTR-10 HTHEL is shown in 

the following diagram: 

 
Fig. 1: Schematic diagram of HTR-10 HTHEL 
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By modifying a temperature thermocouple 
channel of the SG, high temperature helium (＞
600°C) is extracted and first tested by thermocouple 
CT001 to make sure its temperature is over 600°C. 
Through a tube (DN10) of about 20m length, the 
helium flows from the SG compartment to the 
operation gas valve room where most of the 
equipments are placed. Before entering the DSD, the 
helium flows through three electric isolating valves 
(AA001, AA002, AA003), which realize the function 
of isolating safety related systems. Before the 
isolating valve AA001, temperatures and pressures 
are recorded by the temperature sensor CT002 to 
make sure that helium entering three valves (AA001, 
AA002, AA003) won’t exceed the valve temperature 
limit (370°C). There is an electric heater after the 
valve AA003. The helium will be heated up to above 
600°C in the electric heater. Thus, measurements can 
be taken, such as increasing helium flux or 
enhancing heat power of the tube (see details below) 
to make sure that the helium entering the DSD meets 
the experiment requirements. The tube where helium 
flows from the SG to the valve AA001 is covered by 
a thermal-insulation layer.  In doing this, the 
temperature of the helium in the tube could remains 
relatively high to reduce the aerosol and nuclide 
depositing on the inner wall. The experiment result 
won’t be affected by the partial deposition before 
DSD for the reason that  the experiment is to 
measure the deposition law, not the deposition  
amount. 

The DSD (AT003) is made up of three sleeves. 
The innermost sleeve has a metal bar whose material 
is different from the inner wall in order to analyze 
the law of deposition of fission products on different 
metal surfaces at the same time. One reason is that 
the heat transfer tubes of the newly designed SG in 
HTGR is welded together using different materials 
for economic considerations. Moreover, a part of the 
helium in the SG flows inside the heat transfer tubes 
and another part outside the tubes, so there is a need 
to measure the deposition both on the inner and outer 
walls. The helium is cooled down from 600°C to 
200°C evenly by cooling water in the outermost 
sleeve. The fission products in the helium gradually 
deposit on the surfaces of the device where five 
temperature measuring points are unequally placed, 
which skillfully realizes an isothermal decrease in 
different parts. There is a dust filter (AT002) before 
the DSD with the purpose of initially filtering large 
particles and aerosols to avoid them blocking the 
deposition device. There is a manual isolating valve 
(AA004) behind the DSD which are connected to 
each other by a flange. The valve AA003 and the 
dust filter are connected in the same way. After the 
experiment, the dust filter and the DSD can be 
removed for deposition measurements. The control 

valve (AA007) can regulate the helium flux of the 
loop in order to measure the deposition of fission 
products under different fluxes, which simulate 
different operation conditions of the HTR-10. Two 
normally closed valves (AA008 and AA009) are 
placed in the vacuum branch to strictly prevent the 
gas in the main loop leaking from the vacuum branch. 
The helium flowing out of the DSD will go through a 
high efficiency particulate gas filter (AT004) and 
finally go back to the reactor from the end of the 
helium purification system with a diaphragm 
compressor (AN301).  

The complete experiment process is as follows: 
(1) Before the experiment, keep valves AA001 

and AA010 closed and open valves AA008 and 
AA009 in the vacuum branch to evacuate the gas and 
other impurities in HTHEL by the vacuum-pumping 
system. Close the valve AA005 and AA006 until the 
loop vacuum degree reduces to 50Pa.  

(2) Open valves AA001 and AA010 to connect 
the loop to the reactor and the loop will be in normal 
operation after regulating the flux to the set value. 
The experiment is planned to be operated with a flux 
of 6kg/h-10kg/h, which is representative of the flux 
in the SG. During normal operation, valves AA001, 
AA002, AA003 and AA010 remain normally open, 
while valves AA008 and AA009 remain normally 
closed.  

(3) When the pressure of HTHEL is stable, the 
sampling device can be removed from the loop. First 
close the entrance valves AA001, AA002 and exit 
valve AA010, and then open valves AA008 and 
AA009 to reduce the loop pressure to atmospheric 
pressure with the vacuum-pumping system.  

(4) The final step is to open two flanges to 
remove the deposition device for follow-up 
measurements after closing valves AA003 and 
AA004. The closed valves AA003 and AA004 are 
removed together with the deposition device in order 
to isolate the deposit from the external environment. 
 

III. SAFETY ANALYSIS OF HTHEL IN THE 
HTR-10 

 
The flux of HTHEL is 6-10kg/h compared with 

the flux of the primary circuit which is 4.32kg/s, 
showing that the helium and tail gas passing through 
the experimental loop have merely very little 
influence on the operating state of the HTR-10 
primary circuit. Besides, as the tail gas enters in the 
end of the helium purification system, there will be 
no effects on the purifying capacity of the helium 
purification system. 

The worst conceivable accident of HTHEL is a 
break of the main process pipe connected to the 
steam generator. In that case, the entrance valves 
AA001, AA002, AA003 and exit valve AA010, all of 
which are electrically actuated isolating valves, can 
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be shut off immediately. In doing this, the primary 
circuit and the helium purification system of the 
HTR-10 reactor can maintain the normal operation 
without any effects. Then, the remnant gas in the 
main process pipe will be discharged through 
Negative Pressure Ventilation. The hypothetically 
assumed broken pipe (φ14×2) should be treated as a 
damaged, small-diameter (DN10) instrument 
measuring pipe. The Negative Pressure System of 
HTR-10 is designed to be capable of keeping the 
completeness of the containment by extracting the 
gas from the compartment. 

The HTHEL can be stopped at any time by 
closing the entrance valves AA001, AA002, AA003 
and exit valve AA010 without making any effect on 
the normal operation of the reactor. Considering the 
small size of the main process pipe, the radioactive 
dust released during the DSD removing is minimal. 
Still and all, it is also necessary to avoid violent 
vibration during the DSD removing in order to 
minimize the radioactive release. 

 
IV. THE DESIGN OF DEPOSITION 

SAMPLING DEVICE (DSD) IN HTHEL 
 
The DSD is specially designed for HTHEL to 

collect particles of fission products and graphite dust. 
Fig. 2 shows the structure of DSD. The equipment as 
a whole has four temperature control elements: ⑤, 
⑥, ⑦ and ⑧. Each element is made up of three-
sleeve structure: metal sleeve②, insulation sleeve ③
and control sleeve④. The three-sleeve structure can 
effectively deposit different kinds and sizes of 
particles of fission products and graphite dust carried 
by the high temperature helium from SG. High 
temperature helium enters from the entrance (top of 
Fig. 2) and flows through the annular space formed 
by the inner wall of the metal sleeve ② and the outer 
wall of the metal rod ①. As indicated in Ref. [2], 
most of the fission products would be deposited on 
the heat transfer tube surfaces of the steam generator. 
The materials of the metal sleeve ② and the metal 
rod ①  are different. Both materials are the same 
with the materials used in the heat transfer tube of 
the HTR-10, which realize the physical environment 
of the HTR-10 authentically. Moreover, the structure 
of different materials realizes a comparison of the 
deposition law for fission products on different 
materials under the same operating conditions 
simultaneously. The materials of the metal sleeve ② 
and the metal rod ①  can be changed to other 
materials according to the need, such as what is used 
in the SG of other HTGRs. 

 

 
Fig. 2: Structure of the deposition sampling device. 
① Metal rod; ② Metal sleeve; ③ Insulation sleeve; 
④ Control sleeve; ⑤ — ⑧ Temperature control 
elements; ⑨ Sheathed thermocouples; ⑩ Water 
delivery pipe 
 

The insulation sleeve ③ is filled with thermal- 
insulation filler and encircles the metal sleeve② . 
The insulation sleeve ③ is surrounded by the control 
sleeve ④ whose outer side is in contact with cooling 
water. Each temperature control element ⑤—⑧ is 
made up of the three sleeves as mentioned above and 
linked with the water delivery pipe ⑩. There are 
sheathed thermocouples ⑨ at the beginning and end 
of the elements, which are used to measure the 
temperatures of the inner wall of the metal sleeve ② 
and the outer wall of the metal rod ① nearby the 
thermocouples ⑨ . Moreover, the temperature 
control elements ⑤ — ⑧  are arranged 
“ isothermically”  rather than “ isometrically” 
which makes the length of the element gradually 
increase from the beginning (upstream of helium 
flow) to the end of the DSD. By doing this, it is 
easier to check the law of deposition of fission 
products in a large range of temperatures. 
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The amount of cooling water in the control 
sleeve ④  can be regulated to maintain the 
temperature gradient of the helium within the 
effective distance (from the entrance at high 
temperature around 600°C dropping down to the exit 
at low temperature around 200°C). The cooling 
water enters from the water inlet at the end of the 
DSD and finally gets out from the water outlet at the 
beginning of the device after flowing through four 
elements. The design realizes a reverse flow between 
cooling water and high temperature helium in the 
axial direction, which has a positive effect on heat 
transfer and temperature control. 

According to the demand, DSD can be made 
further improvement, such as increasing the number 
of the temperature control elements as needed and 
adding more sheathed thermocouples accordingly in 
order to improve the measuring accuracy. Besides, 
the materials of the metal sleeve and the metal rod 
can also be altered so as to analyze more samples. 
 

V. FLUID DYNAMICS ANALYSIS OF DSD 
WITH SIMULATING CALCULATIONS 

 
In order to realize the better understanding of 

DSD, some fluid dynamics analyses were conducted 
with simulating calculations, such as temperature 
distribution, fluid motion and particle trajectories. 

 
V.A. Length Calculation of Temperature Control 

Element 
 
It’s very important to determine the length of 

every temperature control element to ensure the 
“isothermic” rather than the “isometric” character of 
the DSD. The calculation method is based on a 
double-pipe heat exchanger [19]. As the temperature 
range is from 600°C to 200°C, each element has a 
temperature decrease of 100°C. The length of each 
element Li (m) (i=1,2,3,4) is given by 
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where 'Φ  is the heat power of each element (W); 

hgi is the heat exchange coefficient of helium of each 
element (W/m2·K); d1 is the inner diameter of metal 
sleeve (m); d2 is the outer diameter of metal sleeve 
(m); λ1 is the heat conductivity coefficient of metal 
sleeve (W/m·K); d3 is the inner diameter of 
insulation sleeve (m); λ2 is the heat conductivity 
coefficient of thermal-insulation filler (W/m·K); d4 
is the outer diameter of insulation sleeve (m); λ3 is 
the heat conductivity coefficient of insulation sleeve 
(W/m·K); Tgi is the average temperature of helium 

of each element (K); twi is the outer wall temperature 
of insulation sleeve of each element (K). 

From the calculation, we can finally obtain the 
length of every temperature control element: L1 = 
0.400m, L2= 0.463m, L3= 0.549m, L4= 0.673m.  

 
V.B. Temperature Distribution Calculation of 

DSD 
 
The DSD simulation calculation is based on the 

model of a double-pipe heat exchanger. The 
computing model and method are widely used in the 
field of heat exchangers or similar conditions.  

As the Reynolds number of helium is relatively 
low according to the calculation above, the Low-
Reynolds-Number (LRN) k-ε turbulence model is 
used in our fluid dynamics analysis which has a 
better accuracy than the standard k-ε model in the 
turbulence region with low Reynolds numbers [20, 
21]. In the case of the LRN k-ε turbulence model, 
turbulence kinetic energy k and turbulent dissipation 
rate ε are defined by 

( )2'2'2'

2
1 wvuk ++=  

  
(eq. 2) 
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(eq. 3) 

where u, v, w are velocity components in x, y, z 
direction (m); Superscript “-” represents the time-
averaged value; Superscript “ ，” represents the 
fluctuation value; µ is the dynamic viscosity ( sPa ⋅ ); ρ is the density (kg/m3).  

For the fluid dynamics analysis in this paper, 
solid conductivity is considered and relative 
parameters are imported according to the design and 
calculations. The finite volume method is applied to 
discretize the LRN k-ε turbulence model. The 
standard SIMLPE algorithm is used in pressure-
velocity coupling and Algebraic Multi-grid Method 
(AMG) is used to accelerate the computing process. 

 

 
Fig. 3: Helium temperature distribution of DSD. 
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Fig. 4: Temperature simulation of DSD (3D). 
 

The helium temperature profile and its 
distribution in the DSD are illustrated in Figs. 3 and 
4, which clearly display the temperature change of 
the helium and cooling water. The helium 
temperature in the metal sleeve is decreasing evenly 
from the entrance (top of Fig. 4) at 600°C to the exit 
at 200°C, and the color is changing from white to 
black. The temperature of the cooling water in the 
control sleeve maintains below 50°C, so the color is 
always the black in Fig. 4. 
 

 
Fig. 5: Fluid motion of the helium and cooling water 
(3D). 
 

The fluid motion of the helium and cooling 
water is visually presented in Fig. 5. The position 
shown is the head of the deposition sampling device 
where the high temperature helium enters, and the 
direction of movement is represented by arrows. As 
the figure shows, the helium flows along the metal 
rod and is cooled (color becomes darker) by the 
surrounding cooling water (black color). The flow 
trace of water is very complex and unpredictable, 
because the moving water is always in collision with 

the wall of sleeve and has thermal exchange with the 
helium through the metal wall all the time. The 
reverse flow generated by the opposite flow direction 
of the two fluids is particularly helpful for the 
cooling water to remove heat from the hot helium. 
 

V.C. Particle Trajectories Study of DSD 
 

Some metallic fission products deposit in the 
form of adhering to the graphite dust, so there is a 
need to study the trajectories of graphite particles 
and particle number distribution in order to better 
analyze and predict deposition law.  

As indicated in Ref. [22], the size distribution 
of graphite dust in HTR-10 is given and accords with 
the logarithmic normal distribution. In this analysis, 
two representative sizes (in diameter) of the graphite 
dust were chosen, the maximum value being 1 mµ  
and the median 2.5 mµ , in order to study and 
compare the particle number distribution and 
trajectories in DSD. The number density of graphite 
dust in HTR-10 is about 6.7×1010 per m-3 [23], so 
the particle number entering in DSD is about 107. 

 

 
Fig. 6: Particle number distributions of 1 mµ and 
2.5 mµ graphite dust. 
 

 
Fig.7: Particle trajectories simulation diagram of 

1 mµ graphite dust (3D). 
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Fig.8: Particle trajectories of 2.5 mµ   graphite dust 
(3D). 
 

The particle number distributions of 1 mµ and 
2.5 mµ graphite dust are illustrated in Fig. 6. For 
each particle size, 107 graphite particles flow through 
the DSD and gradually deposit on the wall of the 
sleeve with decreasing temperature. The particle 
number of 2.5 mµ declines faster than that of 1 mµ , 
for the reason that the larger is the particle, the 
greater is surface friction and resistance. Figs. 7 and 
8 show the final result of the particle trajectories of 
1 mµ and 2.5 mµ graphite dust, which clearly 
illustrate the form of particle movements and 
distribution. 

From the whole fluid dynamics analysis above, 
it can be concluded that with the unique design of 
the three-sleeve structure and temperature control, 
the DSD can deposit particles of fission products and 
graphite dust in a certain range of temperatures 
steadily and effectively. 
 

VI. CONCLUSION 
 

The HTR-10 HTHEL experimental device has 
been designed for the purpose of studying the 
transportation and deposition behavior of solid 
fission products in high-temperature helium coming 
from the SG in the HTR-10. The safety analysis of 
HTHEL illustrates that both the normal operation 
and the abnormal behavior during an accident of the 
experimental loop will not have an effect on the 
operation safety of the HTR-10. Through the optimal 
design based on thermohydraulics analysis, the 
three-sleeve structure of DSD can assure a full-
length temperature control evenly and simulate the 
physical environment of the heat transfer tube of the 
SG in the HTR-10 in the sense of thermohydraulics, 
which can be used to study the original source term 
in the primary circuit. The simulation of the graphite 
dust particle trajectories in DSD are also shown and 
it is elucidated that DSD can also be used to study 

the behavior of graphite dust in the high temperature 
helium in the SG of HTGRs, which will provide a 
deeper understanding for the analysis of source terms 
of HTR-10. 
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