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Abstract – A series of two-branch model experiment has been finished to 
investigate the thermal mixing efficiency of the HTR-PM reactor outlet. This paper 
introduces the numerical simulation on the design of thermal mixing structure of 
HTR-PM and the test facility with Fluent software. The profiles of temperature, 
pressure and velocity in the mixing structure design and the test facility are 
discussed by comparing with the model experiment results. The numerical 
simulation results of the test facility have good agreement to the experiment results. 
In addition, the thermal-fluid characters obtained by numerical simulation show the 
thermal mixing structure of HTR-PM has similarity with the test facility. Finally, it is 
concluded that the thermal mixing design at HTR-PM reactor outlet can fulfilled the 
requirements for high thermal mixing efficiency and appropriate pressure drop. 

 
I. INTRODUCTION 

 
For High Temperature Gas-cooled Reactor 

(HTR), a thermal mixing structure is designed to mix 
the coolant helium because the radial temperature 
difference of the coolant helium out of the cylinder 
reactor is up to 100ºC. The mixing efficiency and the 
pressure drop of the thermal mixing structure will 
play an important role on the service life and heat 
transfer efficiency of steam generator as well as the 
design of helium blower. A model or full size 
experiment [1-3] and its related numerical analysis 
[4] are usually needed to investigate the mixing 
efficiency and the pressure drop of the mixing 
structure design. In this way, in order to validate the 
design of thermal mixing structure of HTR-PM 
(Pebble-bed Module High Temperature gas-cooled 
Reactor) plant, a scale test facility [5,6] is designed 
and built, and then the two-branch experiments are 
performed on it. 

This paper firstly introduces the modeling work 
for the scale test facility with Fluent software. Then, 

the numerical simulation is conducted to obtain the 
profile of temperature, pressure and velocity of flow 
in the test facility under two-branch working 
conditions. The calculation results are compared 
with the experiment results while the configuration 
for the numerical simulation is determined such as 
the boundary conditions, turbulence model and 
solving algorithm, etc. Finally, the design of thermal 
mixing structure at reactor outlet of HTR-PM is 
simulated by using Fluent under two-branch working 
conditions. The calculation results indicate that the 
design of thermal mixing structure of HTR-PM 
fulfills the requirement of high mixing efficiency and 
lower pressure drop under the two-branch working 
conditions. 

 
II. CALCULATION MODEL FOR TEST 

FACILITY 
 
The main body and the hot gas duct of the scale 

test facility are simulated by using the Computational 
Fluid Dynamics software, Fluent. The main body for 
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two-branch gas mixing includes the inlet chamber, 
the narrow cross channel and the hot gas chamber. 
The inlet chamber of the main body consists of one 
upper cap, two coaxial cylinders and four plates 
which separate the space between the two cylinders 
into four independent plenums. The hot air flow 
through central inlet on the upper cap into the inlet 
chamber and the cold air flow through four the 
annular inlets. The narrow cross channel includes 
two set of horizontal channels and three set of 
vertical channels which are established by three 
inner layers and four outer layers of aluminum 
blocks. The air flow changes the direction 
horizontally and vertically in these connecting 
channels. Finally, the air flows vertically into the 
annular plenum of the hot gas chamber through the 
narrow inlet with a circular-arc-shaped bottom 
between the petal-shape aluminum blocks. At the 
same time, another branch air flows through the 
central hole formed by the aluminum blocks to the 
narrow inlet horizontally, which simulates the 
coolant flowing through the discharge tube. 

The boundary conditions for the calculation 
model are set as follows: the temperature and flow of 
inlet air are given; the outlet condition is set as 
“outflow” with a relative pressure of 0Pa; the heat 
transfer between the inner solid and the air flow in 
the main body is considered; the outer wall of the 
whole mixing structure is set as insulated surface.  
The “Realizable k-epsilon” mode is adopted for 
turbulent model. The reference pressure at outlet is 
set as 0.1MPa. The total grids are around 9 million. 
The fuel spheres in the discharge tube are simulated 
with porous media model. 

 

 
Fig. 1: Schematic chart of calculation model. 

 
III. RESULTS OF NUMBERIAL SIMULATION 

FOR TWO-BRANCH GAS MIXING OF MODEL 
EXPERIMNET 

 

The numerical simulation is carried out by fixing 
the temperature difference between cold gas branch 
and hot gas branch as 100ºC and change the flow of 
them. The inlet boundary conditions of temperature 
and flow of hot gas branch and cold gas branch are 
shown as Table 1. 
 

Table 1: Inlet boundary conditions of constant 
temperature difference versus variable flow. 

Hot gas branch Cold gas branch 

Flow (kg/s) Temperature 
(K) Flow (kg/s) Temperature 

(K) 
0.84 383.1 0.84 283.1 
1.39 387.1 1.40 287.7 
1.73 385.4 1.70 285.7 
1.95 395 1.92 294.6 
2.43 402.0 2.44 302.0 
 

The numerical simulation result will be 
introduced with the experiment on rated flow of 
2.44kg/s and hot/cold flow of 402K/302K.  
 

 
(a) 
 

 
(b) 

Fig. 2: Temperature and pressure profile at symmetry 
plane. 

 
III.A. Profile of Temperature and Pressure 
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The temperature and pressure profiles at the 
symmetry plane of the mixing structure are shown as 
Fig.2 (a) and (b). Fig.3 (a) and (b) indicate the 
temperature and pressure profiles at different 
horizontal planes. The inner cylinder has a good 
effect on heat insulation while the highest air 
temperature in the inner cylinder is 403K and the 
lowest air temperature out of the inner cylinder is 
303K, which is almost same as the inlet temperatures. 

 
(a) 

 

 
(b) 

Fig. 3: Temperature and pressure profile at 
horizontal plane. 

 
The cold gas and hot gas flow through the narrow 

cross channel under the inlet chamber into the 
annular plenum of the hot gas chamber, and finally 
go to the hot gas duct. The thermal mixing mainly 
happens in the annular plenum of hot gas chamber 
and hot gad duct. The pressure drops mainly exist at 
the right-angle of narrow cross channel, the annular 
plenum of hot gas chamber and the inlet of hot gas 
duct. The pressure drop mainly is caused by the local 
resistance because of the repeated and rapid change 
of flow direction in the narrow cross channel, the 
secondary flow in the annular plenum and rapid 
change of flow zone at the inlet of hot gas duct. 

 
III.B. Profile of Velocity 

 
Figure 4(a) shows the velocity profile at the 

vertical plane in the main body which is 
perpendicular to the central axis of hot gas duct and 
passes through the central axis of main body. It can 
be found that there are a lot of whirlpools at the 
right-angle of the narrow cross channel and the hot 
gas chamber which accelerate the thermal mixing of 
the hot gas flow. Figure 4(b) shows the velocity 
profile at the inlet cross section and the velocity 
profile of the axial direction in the hot gas duct. 
There is obvious secondary flow perpendicular to the 
direction of the main stream, which is the main 
reason of the further thermal mixing of the air flow 
after it flows out of the hot gas chamber. 

 

 
(a) 

 

 
(b) 

Fig. 4: Velocity profile in test facility. 
 

III.C. Analysis of Results of Numerical Simulation 
and Experiment 
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In order to analyze the influence of narrow cross 
channel, hot gas chamber and hot gas duct on 
thermal mixing and pressure drop, the temperature 
and pressure of some important sections are 
summarized as Table 2. The temperature difference 
of 97K decreases to 74K after flowing through the 
narrow cross channel, and then to 18K after hot gas 
chamber. Finally the temperature difference 
decreases to 0.4K after flowing through the hot gas 
duct. It can be concluded that the thermal mixing 
happens in narrow cross channel, hot gas chamber 
and hot gas duct with an increasing mixing effect. 
Pressure drop mainly happens at the right-angle part 
of narrow cross channel, and the annular plenum of 
hot gas chamber and the inlet of hot gas duct, where 
the local pressure loss due to the emergent 
decrement of flow area and the rapid change of flow 
direction are the main reasons of the pressure drop.  

 
Table 2: Temperature and pressure at different cross 

sections of test facility. 
Cross section Temperature (K) Pressure (Pa) 

Max. Min. Max. Min. Avg. 

Inlet of narrow cross 
channel 

399.98 302.81 10112 7157 8634 

Inlet of narrow cross 
channel 

388.48 314.55 5283 3468 4375 

Inlet of hot gas duct 360.91 342.56 813 254 534 
Outlet of hot gas duct 351.63 351.22 10 -18 -4 
 

Figure 5 (a) and (b) shows the temperature 
profile of calculation results and experiment results 
in the outlet cross section of hot gas duct at 
horizontal direction (Z-axis) and vertical direction 
(Y-axis). Because of the heat transfer between the 
wall of test facility and atmosphere as well as the 
measurement error of the experiment system, the 
temperature difference of calculation results and 
experiment results mains can be up to 1K. 
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(b) 

Fig. 5: Comparison for temperature profile at outlet of hot 
gas duct. 
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b) 

Fig. 6: Maximum outlet temperature difference and 
pressure drop versus different flux. 

 
Figure 6 (a) and (b) shows the maximal pressure 

drop and the maximal outlet temperature difference 
versus different flow (see Table 1) on calculation 
results and experiment results. It indicates that the 
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change of flow rate does not have obvious influence 
on the outlet temperature difference while it has a 
square relationship with the pressure drop. 

The temperature of calculation results is smooth 
in general and rises gradually at Y direction which 
shows the rationality of the calculation model. The 
serpentine change of temperature of experimental 
results indicates the complexity of the actual flow in 
the hot gas duct and the differences of thermoelectric 
couples at different positions. In addition, the 
temperature of flow close to the tube wall becomes 
low because of the heat transfer between the flow 
and the tube wall since the ambient temperature of 
the test facility is around 20°C which is obviously 
lower than that of the flow. 

 
IV. NUMBERICAL SIMULATION RESULTS OF 
THERMAL MIXING STRUCTURE AT HTR-PM 

REACTOR OUTLET 
 

IV.A. Calculation Model of Thermal Mixing 
Structure Profile of Temperature and Pressure 

 
A calculation model is constructed by using 

Fluent 14.0 for the design of thermal mixing 
structure at HTR-PM reactor outlet, which is shown 
as Fig.7 (a). The inlet helium flow is set as 90kg/s 
and inlet temperature profile is given as Fig.7 (b). 
The highest temperature is 1135K and the lowest 
temperature is 993K. The fuel spheres are simulated 
with porous media model, which exist in the tapered 
space on the narrow cross channel and the central 
discharge tube. The heat transfer between the inner 
solid and the helium flow in the mixing structure is 
considered; the outer wall of the whole mixing 
structure is set as insulated surface. The Semi-
Implicit Method for Pressure-Linked Equation 
(SIMPLE) is adopted for solving method with 
second-order precision. The “Realizable k-epsilon” 
mode is adopted for turbulent model. The reference 
pressure at outlet is set as 7MPa. The total grids are 
around 8 million. 

 

 
(a) 
 

 
(b) 

Fig. 7: Calculation model for mixing structure of HTR-
PM. 

 
IV.B. Simulation Results of Mixing Structure at HTR-

PM reactor outlet 
 

The temperature and pressure profiles at the 
symmetry plane of the mixing structure are shown as 
Fig.8 (a) and (b). Fig.9 (a) and (b) indicate the 
temperature and pressure profiles at different 
horizontal planes.  

Same as the calculation result for the test facility, 
the thermal mixing at HTR-PM reactor outlet mainly 
happens in the annular plenum of hot gas chamber 
and hot gad duct. In addition, the pressure drops 
mainly exist at the right-angle of narrow cross 
channel, the annular plenum of hot gas  
 

 
(a) 
 

 
(b) 

Fig. 8: Temperature and pressure profile at symmetry 
plane. 
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(a) 
 

 
(b) 

Fig. 9: Temperature and pressure profile at different 
horizontal planes. 

 
Figure 10 (a) shows the velocity profile at the 

vertical plane in the mixing structure of HTR-PM 
which is perpendicular to the central axis of hot gas 
duct and passes through the central axis of main 
body. Figure 10 (b) shows the velocity profile at the 
inlet cross section and the velocity profile of the 
axial direction in the hot gas duct. It can also be 
found that there are a lot of whirlpools in narrow 
cross channel, hot gas chamber and hot gas duct 
which accelerate the thermal mixing of the hot gas 
flow. 

 

 
(a) 

 

 
(b) 

Fig. 10: Velocity profile in mixing structure of HTR-PM. 
 

IV.C. Analysis of Numerical Simulation Results 
 

In order to analyze the influence of narrow cross 
channel, hot gas chamber and hot gas duct on 
thermal mixing and pressure drop, the temperature 
and pressure of some important sections are 
summarized as Table 3. The temperature difference 
of 141K decreases to 96K after flowing through the 
narrow cross channel, and then to 31K after hot gas 
chamber. Finally the temperature difference 
decreases to 3K after flowing through the hot gas 
duct. Same as the simulation results of test facility, it 
can also be concluded that the thermal mixing 
happens in narrow cross channel, hot gas chamber 
and hot gas duct with an increasing mixing effect. 
Pressure drop mainly happens at the right-angle part 
of narrow cross channel, the annular plenum of hot 
gas chamber and the inlet of hot gas duct, where the 
local pressure loss due to the emergent decrement of 
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flow area is the main part of the pressure drop. 
Because of the two columns and the following small 
step at the outlet of hot gas chamber, the flow 
separation appears at this position resulting in the 
local negative value of relative pressure. 

 
Table 3: Temperature and pressure at different cross 

sections of mixing structure of HTR-PM. 
Cross section Temperature (K) Pressure (Pa) 

Max. Min. Max. Min. Avg. 

Inlet of narrow cross 
channel 

1134.6 993.5 25969 22102 2403
5 

Inlet of narrow cross 
channel 

1107.5 1010.1 18187 12658 1542
2 

Inlet of hot gas duct 1061.0 1029.6 2947 -3265 -159 
Outlet of hot gas 
duct 

1040.4 1037.5 86 40 63 

 
V. CONCLUSIONS 

 
The numerical simulation of the design of 

thermal mixing structure of HTR-PM and its scale 
test facility are conducted by using Fluent software. 
In addition, the results of numerical simulation are 
compared with those of experiments. Analysis on 
results of numerical simulation and experiment 
shows: 
 The numerical calculations on the design of 

thermal mixing structure and its scale test facility 
indicate that when the air or helium flows through 
the narrow cross channel and the arc channel in the 
hot gas chamber, a lot of whirlpools are generated. 
These whirlpools are perpendicular to the main 
flow direction resulting in the strong thermal 
mixing, and therefore the thermal mixing mainly 
happens after the appearance of the whirlpools. 
 The pressure drop mainly happens at the narrow 

cross channel, the annular plenum of hot gas 
chamber and the inlet of hot gas duct where the 
local pressure loss is produced with the rapid 
change of flow direction or flow area. 
 The results of numerical simulation shows high 

similarity on the profile of temperature, pressure 
and velocity between the thermal mixing structure 
of HTR-PM and its scale test facility, which 
indicates the model experiment and the numerical 
simulation on the test facility can reflect the 
related situation of the mixing structure design at 
the HTR-PM reactor outlet. 
 The numerical simulation of mixing structure 

design at rated flow rate concludes that the 
temperature difference at the outlet of hot gas duct 
is 3°C which fulfills the temperature difference 
requirement at the inlet of steam generator, within 
±15°C. In addition, the pressure drop of the whole 
mixing structure is around 24KPa which is in the 
normal range. 
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