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Abstract – A model experiment is proposed to investigate the hot gas mixing 
efficiency of HTR-PM reactor outlet. The test facility is introduced which is set at a 
scale of 1:2.5 comparing with the design of thermal mixing structure at HTR-PM 
reactor outlet. The test facility using air as its flow media includes inlet pipe system, 
electric heaters, main body of test facility, hot gas duct, exhaust pipe system and 
I&C system. Two-branch gas experiments are conducted on the test facility and the 
values of thermal-fluid parameters are collected and analyzed which include the 
temperature, pressure and velocity of the flow as well as the temperature of the tube 
wall. The analysis result shows the mixing efficiency is higher than the requirement 
of thermal mixing by steam generator even with conservative assumption which 
indicates that the design of hog gas mixing structure of HTR-PM fulfills the 
requirement for thermal mixing at two-branch working conditions. 

 
I. INTRODUCTION 

 
In December 2012, Pebble-bed Module High 

Temperature gas-cooled Reactor (HTR-PM), one of 
Chinese National S&T Major Project, started it First 
Concrete Date (FCD) in Rongcheng, Shangdong 
Province. HTR-PM is the world's first fourth-
generation commercial nuclear power plant with 
high thermal efficiency and inherent safety features. 
In China, Tsinghua University is now conducting the 
studies for developing and validating the key 
equipments and technologies related to the 
demonstration project based on project of HTR-10 
(10MW High Temperature Gas-cooled Test Reactor). 

For High Temperature Gas-cooled Reactor 
(HTR), the radial temperature differences of the 
coolant helium out of the cylindrical reactor core is 
up to above 100ºC. In addition, much higher 
temperature differences can be introduced to the 
main coolant flow by the small cold leakages into the 
bottom of reactor vessel. In order to ensure the 

technical feasibility and safety of steam generator by 
limiting the thermal loads on the heat exchanging 
component, a thermal mixing structure is proposed 
to mix the coolant helium out of the reactor. Usually, 
the thermal mixing structure consists of three 
components: narrow cross channel, hot gas chamber 
and hot gas duct where the temperature differences 
of coolant is reduced through a turbulent mixing 
process. Due to the complexity of the flow path and 
high speed turbulence with Reynolds number 
exceeding 105, the accurate performance of thermal 
mixing structure is difficult to be obtained through 
pure numerical calculation. In order to validate the 
design of the thermal mixing structure, usually a 
scale or full size experiment [1-3] is applied to study 
its thermal mixing performance and pressure drop by 
combining related numerical calculation [4]. 

 
II. MAIN PARAMETERS OF TEST FACILITY 
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Table 1: Related parameters of test facility and HTR-
PM. 

Parameter HTR-
PM 

Model 
Experiment 

Pressure (MPa) 7 0.1 
Diameter of hot gas duct (mm) 750 300 
Flow media Helium Air 
Quality flow rate (kg/s) 96 4 
Flow rate in hot gas duct (m/s) 66.47 54.9 
Mach number of flow  in hot 
gas duct 0.033 0.148 

Temperature in hot gas duct 
(ºC) 750 70 

Viscosity of flow in hot gas 
duct (10-5Pa.s) 4.45 1.99 

Re number of flow in hot gas 
duct (106) 3.67 0.82 

Pr number of flow in hot gas 
duct 0.667 0.694 

 
The design criteria and the main parameters of 

the test facility are determined according to the self-
modeling and similarity analysis [5, 6]. The test 
facility is set as a scale of 1:2.5 compared with the 
design of thermal mixing structure of HTR-PM. The 
experiment use air instead of helium as the fluid 
medium because the Prantdl number of air at 
experimental condition is close to that of helium. 
The main parameters of the model experimental 

system and the mixing structure of HTR-PM are 
shown as Table 1 [6]. The Aluminum alloy (ZL101A) 
is chose as internal structural materials of the 
installation because the important physical characters, 
such as density, specific heat capacity and thermal 
conductivity, etc. are similar to those of the graphite 
adopted in HTR-PM. In addition, the Aluminum 
alloy has some additional advantages such low 
density and easy processing. 
 

III. STRUCTURE OF MODEL EXPERIMEMT 
SYSTEM 

 
The overall design is shown as Fig.1 which is 

determined with the calculation analysis by 
considering the size of experiment site and 
equipment. The whole test facility can be divided as 
three regions: inlet room, main experiment room, 
and exhaust room. 

 
III.A. Inlet Room 

 
The inlet room is used to place the air blowers 

and their control cabinet whose inner wall are 
installed with wooden materials for heat insulation 
and sound absorption. There are three air blowers 
and their corresponding frequency transformers in 

Main body of test facility 

Exhaust pipe system  
Exhaust room 

Electric heaters 

Hot gas duct 
Main control station 

Main experiment room 

Inlet room 

Inlet pipe system  

Fig. 1: Overall design of test facility. 
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this room. Two big blowers provide air to hot gas 
branch and cold gas branch respectively, and the 
small one provides air to the branch simulating the 
leakage flow.  The shock absorbers are equipped at 
the bottom of the blowers and the metallic bellows 
are applied to connect the outlet of blowers and 
following stainless steel pipeline in order to 
eliminate the influence of shock of the blowers to 
other component s of the installation. The metal 
filters are installed on the windows of the inlet room 
and the inlet of the blowers in order to ensure the 
safety and accuracy of the sensors in the test facility.  

 
III.B. Thermal Mixing Test facility 

 
The whole test facility (Fig.1) for thermal mixing 

includes: inlet pipe system, electric heaters, main 
body of test facility, hot gas duct, exhaust pipe 
system and I&C system. Most equipment is installed 
in the main experiment building except some 
components of inlet system and exhaust system. The 
inlet system consists of air blowers, their control 
cabinet and related pipeline and valves.  The inlet 
room is used to hold the air blowers and their control 
cabinet whose inner wall are installed with wooden 
materials for heat insulation and sound absorption. 
There are three air blowers and their corresponding 
frequency transformers in this room. Two big 
blowers provide air to hot gas branch and cold gas 
branch, and the small one provides air to the other 
branch simulating the leakage flow.  The shock 
absorbers are equipped at the bottom of the blowers 
and the metallic bellows are applied to connect the 
outlet of blowers and following stainless steel 
pipeline in order to eliminate the influence of shock 
of the blowers to other component s of the 
installation. The metal filters are installed on the 
windows of the inlet room and the inlet of the 
blowers in order to ensure the safety and accuracy of 
the sensors in the test facility. 

 
III.C. Main Body of Test facility 

 
The main body is the key component of test 

facility which consists of the inlet chamber, the 
narrow cross channel and the hot gas chamber which 
is shown as Fig.2. The air of hot gas branch and cold 
gas branch flows into the inlet chamber through the 
big central inlet and the four small surrounding inlets 
at the upper cap respectively. The inlet chamber 
mainly consists of an inner sleeve and an outer 
sleeve which separate the hot air and cold air. The 
narrow cross channel includes two set of horizontal 
channels and three set of vertical channels which are 
established by three layer (inner annular part) or four 
layer (outer annular part) of aluminum blocks. The 
air flows through the narrow inlet between the petal-

shape aluminum blocks into the annular plenum of 
hot gas chamber at the bottom of the main body. 
Another branch of hot gas flows to the narrow inlet 
through the central hole filled with small balls which 
simulates the tube for unloading the fuel sphere. 
After being collected at hot gas chamber, the air 
flows to hot gas duct through inlet of it. 

The outside surface of the main body is covered 
with thermal insulators to reduce heat losses to 
atmosphere. The gap between outsider sleeve of the 
main body and aluminum blocks as well as the gas 
between aluminum blocks are filled with rubber seals 
to prevent the linkage to the hot gas chamber through 
these gaps. 

 

 
(a) Overall view 

 
 (b) Narrow cross channel 

 

 
(c) Petal-shape aluminum 

blocks 
 

Fig. 2: Main body of test facility. 
 

III.D. Hot Gas Duct 
 
Figure 3 shows the design of the hot gas duct 

which is made of stainless steel pipe. The hot gas 
duct connects the upstream hot gas chamber and the 
downstream exhaust pipe with pipe flanges 

Upper cap 

Inlet chamber 
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respectively. Four set of thermocouple assemblies 
are installed in of cross section at the entrance of hot 
gas duct each of which consists of five 
thermocouples in a small tube, and eight set of them 
at the exit. At the exit of hot gas duct, there are two 
set of pitometers and several pressure sensors to get 
the velocity and the pressure of the air flow. 
 

 
Fig. 3: Design of hot gas duct. 

 
III.D. Measurement System 

 
The thermal-fluid parameter needed for the 

thermal mixing experiment includes: air flow, air 
temperature, wall temperature, air pressure and air 
velocity. Table 2 shows the information for various 
sensors adopted in this experimental system. 

 
Table 2: Various sensors used in the experiment. 

Type Range Precision NO. Version 
Vortex 
flowmeter 

350~4000m3/h 1.5% 1 LUGB-2330 
1100-
160000m3/h 

1.5% 5 LUGB-2315 

Pressure sensor 20KPa 0.2%FS 18 CYG1601 
Differential 
pressure sensor 

5KPa 0.3%FS 8 ALPHA168
P 

Thermocouple -40 ºC-250 ºC 0.2%FS 110 T 
Thermal resistor -50 ºC-300 ºC 0.2%FS 15 Pt100 

 
The big number (up to 160) of sensors requires 

the combination of data management block. In 
addition, the NI (National Instrument) data 

acquisition module and LabVIEW software are 
applied to fulfill the high accurate requirement of 
parameter measurement, especially for temperature. 

 
IV. RESULTS OF EXPERIMENT 

 
The two-branch experiment is carried out to get 

the value of various parameters for thermal mixing 
of HTR-PM reactor outlet on the test facility 
mentioned above. There are three series of 
experiments: constant flow versus variable 
temperature difference, constant temperature 
difference versus variable flow as well as constant 
temperature difference and flow versus variable 
hot/cold flow ratio. 

 
IV.A. Experiments of constant flow versus variable 

temperature difference 
 
In this series of experiments, the flows of hot gas 

branch and cold gas branch keeps constant at rated 
value of 2.5 kg/s and the temperature differences 
between them are changed from 30ºC to 100ºC with 
a step of 10ºC. Table 3 shows the experiment result 
at different flows. Fig.4 indicates the performance of 
thermal mixing at the outlet of hot gas duct versus 
the temperature differences. The performance of 
thermal mixing are indicated with temperature as 
following equation: 

%1001 max ×










∆

∆
−=
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o
t t

t
η             (eq.1) 

where, ot∆  indicates the temperature difference at 
cross section of hot gas duct outlet with unit of ºC; 

it∆  indicates the temperature difference between 
hot gas branch and cold gas branch. 

It can be found that the performance of thermal 
mixing is constant at around 98% with the change of 
the temperature differences which indicates the air is 
mixed well through the main body and hot gas duct 
of test facility at the experiment conditions. 

 
Table 3: Experiment results with constant flow 

versus variable temperature difference. 
Hot gas  Cold gas  Cross section at outlet 
Flow 
(kg/s) 

Temp. 
(ºC) 

Flow 
(kg/s) 

Temp. 
(ºC) 

Max. Temp. 
 (ºC) 

Min. Temp. 
(ºC) 

2.55 2.51 60.0 28.0 43.66 42.87 
2.52 2.47 69.7 31.2 50.18 49.33 
2.50 2.47 80.5 31.3 55.40 54.48 
2.51 2.48 89.9 29.7 59.48 58.51 
2.49 2.45 100.0 31.8 65.59 64.53 
2.48 2.46 110.0 31.1 70.17 69.06 
2.45 2.45 120.0 29.6 74.18 72.90 
2.44 2.44 129.7 28.9 78.57 77.13 
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Fig. 4: Mixing performance versus temperature 

difference at inlet. 
 

IV.B. Experiments of constant temperature difference 
versus variable constant flow 

 
In this series of experiments, the temperature 

difference between hot gas branch and cold gas 
branch keeps constant as 100ºC and the flows of hot 
gas branch and cold gas branch are adjusted by the 
rotation rate of the two blowers. Table 4 shows the 
experiment result at different flows. Fig.5 indicates 
the performance of thermal mixing at the outlet of 
hot gas duct versus the Reynolds number of air flow 
in the hot gas duct.  

It can be found that the performance of thermal 
mixing is constant at around 98% with the change of 
the Reynolds number which indicates the air is 
mixed well through the main body and hot gas duct 
of test facility at the experiment conditions. 

 
Table 4: Experiment results with constant 

temperature difference versus variable flow. 
Hot gas  Cold gas  Cross section at outlet 
Flow 
(kg/s) 

Temp. 
(ºC) 

Flow 
(kg/s) 

Temp. 
(ºC) 

Max. Temp. 
 (ºC) 

Min. Temp. 
(ºC) 

0.56 0.58 110.0 10.5 63.01 61.14 
0.84 0.85 109.6 9.6 59.67 57.89 
1.11 1.10 110.6 11.5 59.80 57.94 
1.39 1.40 113.6 14.2 63.40 61.54 
1.73 1.70 111.9 12.2 62.30 60.61 
1.95 1.92 121.5 21.1 71.07 69.41 
2.30 2.36 120.1 21.0 69.74 68.22 
2.52 2.48 128.1 28.5 77.92 76.39 

 

 
Fig. 5: Mixing performance versus air flux in hot gas 

duct. 
 

IV.C. Experiments of constant temperature 
difference and flow versus variable flow ratio 
 
In this series of experiments, the temperature 

difference between hot gas branch and cold gas 
branch keeps constant as 100ºC and the total flow of 
hot gas branch and cold gas branch are adjusted to 
around 3.1kg/s while the ratio between hot gas flow 
and cold gas flow is changed. Table 4 shows the 
experiment result at different flow ratio. Fig.5 
indicates the performance of thermal mixing at the 
outlet of hot gas duct versus the different ratios 
between hot gas flow and cold gas flow.  

It can also be found that the performance of 
thermal mixing is constant at around 98% with the 
change of the flow ratio which indicates the air is 
mixed well. 
 

Table 5: Experiment results with constant 
temperature difference and flow versus variable flow 

ratio. 
Hot gas  Cold gas  Cross section at outlet 
Flow 
(kg/s) 

Temp. 
(ºC) 

Flow 
(kg/s) 

Temp. 
(ºC) 

Max. Temp. 
 (ºC) 

Min. Temp. 
(ºC) 

0.61 2.42 128.0 28.4 48.77 46.34 
1.02 2.06 122.4 22.2 55.44 54.19 
1.22 1.90 123.9 24.9 62.89 61.55 
1.57 1.54 122.9 22.7 72.65 70.81 
1.91 1.25 114.6 14.3 74.57 72.87 
2.13 1.05 113.2 13.6 79.81 78.16 
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Fig. 6: Mixing performance versus hot/cold flow 

ratio 
 

IV.D. Discussions of experiment results 
 

According to results of three series of 
experiments, constant flow versus variable 
temperature difference, constant temperature 
difference versus variable flow as well as constant 
temperature difference and flow versus variable flow 
ratio, the efficiencies of thermal mixing of all 
experiments are around 98% among which the 
lowest one is 97.53%. The highest temperature 
deviation of helium at the reactor outlet of HTR-PM 
is around 150ºC while the inlet temperature of steam 
generator is limited to within ±15ºC which indicates 
the mixing efficiency should be above 80%. In this 
way, the experiment results show the mixing 
structure can fulfill the requirement. 

Even if the leakage out of the reactor is 
considered and its lowest possible temperature is 250 
ºC, the mixing efficiency should be above 94.5% 
which is still lower than the experiment results.  

At the same time, there are some pipe and cavity 
between the outlet of hot gas duct and inlet of steam 
generator which will result in the further mixing of 
helium. Based on the discussions mentioned above, 
it can be concluded that mixing structure at HTR-PM 
reactor outlet can fulfill the requirements for thermal 
mixing even under conservative assumptions 
according the two-branch experiment results. 

 
V. CONCLUSIONS 

 
By using the designed and constructed test 

facility for validation of thermal mixing at HTR-PM 
reactor outlet, the two-branch experiment is carried 
out to get the value of various parameters for 
analysis of thermal mixing efficiency. There are three 
series of experiments: constant flow versus variable 
temperature difference, constant temperature 
difference versus variable flow as well as constant 
temperature difference and flow versus variable 
hot/cold flow ratio. 

The analysis of experiment results shows the 
mixing efficiency at all experiments is around 98%. 
Compared with the required mixing efficiency 
(94.5% with conservative assumptions) based on the 
temperature deviation at reactor outlet and 
temperature limitation at inlet of steam generator, it 
can be concluded that the thermal mixing structure at 
HTR-PM reactor outlet can fulfill the requirement of 
thermal mixing. 
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