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ABSTRACT 

A high-temperature gas mixing chamber is a type of mechanical device which has been widely used to obtain 

airflow at a specific high temperature. When a temperature environment test for aviation equipment is 

performed, the airflow temperature should exceed 1,000 K and change fast. However, the existing mixing 

devices cannot meet the requirements for mixing speed and uniformity of temperature environment tests. To 

solve the problem of low mixing speed and uniformity, this paper proposes an innovative gas mixing chamber 

design. The proposed design allows cold and hot gases to be injected in directions perpendicular to each other, 

which increases the collision and heat exchange of gases with different temperatures. In this way, a faster mixing 

process and a more uniform outlet temperature field are obtained. Moreover, a genetic optimization method is 

used to improve the performance of a mixing chamber. This method considers temperature distribution, the 

velocity distribution of the outlet airflow, and the mixing speed. Simulation results show that the proposed 

method can reduce the mixing time from 4.4 s to 2.3 s, the standard deviation of the outlet temperature 

distribution from 25.2 to 14.7, and the standard deviation of velocity distribution from 1.3 to 0.36. The 

experimental results show good consistency with the simulation results, indicating that the simulation and 

optimization results are reliable, and the mixing performance of the cold and hot gas mixing chamber is 

significantly improved by the proposed method. The proposed method is important for optimizing the design 

of similar orifice plates and flow mixing structures. 

 

Keywords Mixing chamber; Temperature field; Heat exchange; Structure optimization; Mixing performance. 

NOMENCLATURE 

T  standard deviation of temperature at 

the outlet 

Δt mixing time 

V  standard deviation of velocity at 

the outlet 

n number of testing points at the outlet 

iT  temperature of the ith testing point 

T  average temperature of the testing point at 
the outlet 

iV   velocity of the ith testing point 

V   average velocity of the testing point at the 
outlet 

   Spearman correlation value 

di  equivalence difference between two series 
of data for correlation value calculation 


 fluid density; 

m number of samples for 
correlation  value calculation 

t  time; 

u  fluid velocity; 

u , v , and w  x, y, and z components of the 

fluid velocity vector; 

u
S , 

v
S , and 

w
S    source terms of the momentum    

 equation; 

T   temperature; 

   thermal conductivity; 

c   specific heat capacity; 

𝑆𝑇  heat source volume. 
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1. Introduction 

A high-temperature gas mixing chamber represents 

a gas-gas direct heat exchanger for gas mixing at 

different temperatures. A gas-gas heat exchanger has 

been widely used in the industry (Yee et al. 1990; 

Yan et al. 1999). Compared with other heat 

exchanger devices, a gas-gas heat exchanger has the 

advantages of simple structure, high heat transfer 

efficiency, and low manufacturing costs (Karana et 

al. 2021). Due to these advantages, a gas-gas heat 

exchanger has been widely used in industrial 

applications that require temperature control, such as 

the aviation industry (Asif et al. 2021). 

When aircraft fly at a hypersonic speed, the air is 

strongly compressed and subjected to intense 

friction, and most of the kinetic energy is converted 

into thermal energy. In addition, a large amount of 

aerodynamic heat is generated at the apex of the 

aircraft head or at the leading edge of the wing, and 

the instantaneous temperature may rise to 1,600 K 

(Zhao et al. 2018; Zou et al. 2018). Therefore, for 

security reasons, it is necessary to add a gas 

temperature signal to the temperature environment 

test for aircraft (Zhao et al. 2020). 

The surface temperature of aircraft changes rapidly, 

which requires using a fast-changing temperature 

signal in the tests. Generating a high-temperature gas 

signal in a temperature environment test for aircraft 

has become an urgent challenge. A heat exchanger 

has been widely applied to temperature environment 

tests. Recently, numerous studies on mixing devices 

have been conducted, and different designs have 

been proposed to improve the mixing performance 

(Badenhorst 2020). Vázquez et al. (2016) studied the 

recovery of methanol-water vapor heat waste using 

water as a heat transfer medium. Tang et al. (2019a) 

conducted a comparative analysis of the aligned 

elliptical tube and honeycomb circular tube in flue 

gas heat exchangers. Considering the temperature 

control in the flight environment simulation, Zhu 

(2021) obtained the airflow from 250 K to 265 K at 

the outlet of the heat exchanger by mixing the hot air 

at 373 K with the cold air at 233 K. However, in the 

aforementioned studies, usually thin plates or pipes 

have been designed inside a mixing device to 

improve the mixing performance, but the 

distribution and size of spoiler structures can 

produce different flow characteristics. 

Indirect heat exchange through other media is not 

nearly as fast as direct mixing. However, using a 

direct mixing heat exchanger may cause the 

uniformity problem of airflow distribution at the 

outlet. Thus, a gas mixing device with a fast mixing 

speed and uniform outlet airflow is needed. 

For improving the performance of a gas mixing 

chamber, the structural design is particularly 

important, and applying advanced optimization 

methods can help. Much research effort has been 

devoted to the optimization of mixing structural 

design in recent years. Optimization of the inlet 

parameters of the mixing devices can improve their 

performance (Filip and Melichar 2021) . Badenhorst 

(2020) optimized a plate heat exchanger for latent 

thermal energy storage using graphite composites. 

The author used simulated annealing and branch and 

bound algorithms to solve the optimization problem. 

Xie et al. (2020) used the genetic algorithm (GA) for 

the optimal design of a plate-fin heat exchanger 

(PFHE). Mishra (2004) performed the second law-

based optimization of cross-flow plate-fin heat 

exchangers using the GA, considering the 

minimization of entropy generation units as an 

objective function. Mishra and Das (2009) used the 

GA for the optimal design of plate-fin heat 

exchangers, and good results were achieved using 

relevant optimization methods. The GA has achieved 

success in the structural optimization of mixing 

devices. Since a gas mixing chamber has multiple 

optimization objectives, this paper adopts an 

improved GA to design the mixing chamber. 

Considering the demand for a temperature 

environment test for aviation equipment, this paper 

aims to design a gas mixing chamber that can rapidly 

generate high-temperature gas signals. To improve 

the mixing speed and the uniformity of the outlet 

airflow, an optimization strategy combining GA is 

applied. First, the initial gas mixing chamber is 

presented, and its mixing characteristics are studied 

using the CFD method. Next, the mixing 

performances for different structural designs are 

compared using the control variate method. Then, 

structure size optimization is performed to establish 

an optimal mixing performance structure. Finally, 

the performances of the proposed structure before 

and after the optimization are compared. 

This paper is organized as follows: Section 1 

introduces the background and significance of the 

research. Section 2 analyzes the working principle 

and initial design of a mixing chamber. Section 3 

explores the effects of structural parameters. Section 

4 explains the optimization of a gas mixing chamber 

by the NSGA-II, and Section 5 describes the 

experiment and analysis. Section 6 concludes the 

paper. 

2. INITIAL DESIGN ANALYSIS 

2.1 Working Principle of a Mixing Chamber 

Compared to the ordinary non-contact heat 

exchanger, a direct heat exchanger has higher heat 

exchange efficiency (Riley et al. 2019). In this paper, 

the hot and cold gases are directly mixed by feeding 

them into a mixing chamber to obtain a high-

temperature gas signal at the outlet. The structure of 

the gas mixing chamber is shown in Fig. 1, where it 

can be seen that it consists of the plasma torch, 

ceramic inner chamber, insulation foam, and 

protective shell. The hot gas is heated rapidly by the 

plasma torch and then mixed with the cold gas in the 

ceramic inner chamber. To reduce the heat exchange 
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Fig. 1. Initial model of the mixing chamber. 

 

plasma torch and then mixed with the cold gas in the 

ceramic inner chamber. To reduce the heat exchange 

with the outside environment during the mixing 

process, insulation foam is used between the ceramic 

inner chamber and the protective shell. For the 

uniformity of the gas outlet, one hot gas inlet and 

four evenly distributed cold gas inlets are designed. 

Moreover, the mixing speed increases when a multi-

cold gas inlet is used. 

Considering the gas stability at high temperatures, an 

inert gas, nitrogen, is used as a mixing gas. 

Mizeraczyk et al. (2000) obtained high-temperature 

plasma by heating nitrogen gas with a plasma torch. 

A gas flow ranging from 2,000 K to 10,000 K was 

obtained by adjusting the heating power and the flow 

rate of the nitrogen. In this paper, nitrogen gas heated 

by a plasma torch is used as hot gas in a gas mixing 

chamber, and nitrogen at room temperature is used 

as cold gas in the gas mixing chamber. 

2.2 CFD Simulation and Evaluation Method 

The mixing uniformity and the mixing speed are key 

performance metrics of the mixing chamber. 

However, since the mixing process of hot and cold 

gases is a complex thermodynamic process, it is 

difficult to obtain the mixing results by theoretical 

derivation. Currently, computational fluid dynamics 

(CFD) represents an important method for studying 

fluid mixing problems. Numerical calculations 

based on the CFD can accurately simulate the flow 

characteristics for different structural parameters. 

The CFD model is given by Eq. (1), which satisfies 

the energy conservation law, the mass conservation 

law, and the momentum conservation law. 
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 (1) 

In Eq. (1), 

 : fluid density; 

t : time; 

u : fluid velocity; 

u , v , and w : x, y, and z components of the fluid 

velocity vector; 

uS , 
vS , and 

wS : source terms of the momentum 

equation; 

T : temperature; 

 : thermal conductivity; 

c : specific heat capacity; 

TS : heat source volume. 

The numerical calculation model of the mixing 

chamber was established using the CFD method. The 

analysis was performed using the flow field 

simulation software FLUENT. Considering fluid 

turbulence, the turbulence model was selected as an 

RNG κ-ε   model, which could ensure better 

precision than the standard κ-ε   model. The 

operating fluid was nitrogen. The boundary 

condition of the hot gas inlet was defined by a 

temperature of 1,500 K and a flow rate of 10 L/min. 

 

 

Fig. 2. Simulation model with total element 

number of 262696. 

 

 

 

Fig. 3. Outlet temperature curve with 

different total element numbers. 
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(a)               middle plane (b)         outlet 

Fig. 4. Temperature contour of the gas mixing chamber. 

 
 

(a)                middle plane (b)         outlet 

Fig. 5. Velocity contour of the gas mixing chamber. 

The boundary condition of the cold gas inlet was 

defined by a temperature of 300 K and a flow rate of 

40 L/min. The inner chamber diameter and length 

were 60 mm and 125 mm, respectively. The distance 

between the cold gas inlets and the hot gas inlet was 

20 mm. 

Before performing simulations, grid independence 

was verified. The simulation model with a total 

element number of 262696 is shown in Fig. 2. In 

addition, simulations were carried out for different 

total element numbers, namely 34654, 81947, 

133064, 262696, and 827862. The simulation results 

are shown in Fig. 3. There were significant 

differences in the outlet temperature when the total 

element number was less than 262696. However, the 

outlet temperature remained consistent when the 

total element number was more than 262696. Hence, 

it is best to choose a total element number near 

260000. 

The temperature and velocity contours at the middle 

plane and outlet section of the gas mixing chamber 

are shown in Figs. 3 and 4, respectively. 

As shown in Figs. 4 and 5, the temperature and 

velocity at the outlet were not uniformly distributed, 

which indicated that the hot and cold gases mixed 

incompletely. However, the mixing uniformity and 

speed cannot be accurately described by pictures. 

Therefore, a quantitative description of the mixing 

uniformity and mixing speed is given in the 

following. 

The relationship between the outlet temperature and 

the flow time was obtained by the Fluent simulations, 

as shown in Fig. 6. It was considered that the steady 

state was reached when the outlet temperature 

changed no more than ±10 K. The mixing time Δt 

denoted the time needed for the outlet temperature to 

reach a steady state; a shorter mixing time Δt 

indicated a faster mixing speed. 

A mixing chamber with good mixing performance 

should have even temperature and velocity 

distributions. In this study, standard deviation T  

 

Fig. 6. Relationship between the outlet 

temperature and the mixing time. 
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Fig. 7. Sampling points at the outlet. 

 

of the temperature distribution and the standard 

deviation V  of the velocity distribution were used 

to describe the mixing uniformity. To obtain the 

mixing data at the outlet section, five circles were 

extracted uniformly, and multiple points were 

selected uniformly on each radius. The number of 

sampling points on each circle was proportional to 

the radius. Finally, a total of 90 points were selected 

in the outlet section to obtain dispersive temperature 

and velocity values, as shown in Fig. 7. 

After exporting data of each point by the Fluent, 
T  

and  were calculated as follows: 

( )
1 2

T

1
/

i

i
n

T T T
n

=

 =  −                               (2) 

( )
1 2

V

1
/

i

i
n

V V V
n

=

 =  −                               (3) 

where iT   and iV   denote the temperature and 

velocity value of the ith point. 

 

2.3 Initial Chamber Design 

For a given working condition, the mixing speed and 

the airflow distribution at the outlet were directly 

affected by the diameter and length of the chamber. 

The mixing performance of the mixing chamber with 

a different size was compared and analyzed by the 

CFD method. First, the diameter was kept fixed at 60 

mm, and the length of the chamber was changed, 

having values of 50 mm, 75 mm, 100 mm, 125 mm, 

and 150 mm. The mixing performance results are 

shown in Table 1. The mixing time Δt and gas 

distribution at the outlet were both affected by the 

chamber length. The longer the chamber length was, 

the smaller the 
T   and 

V   values were, which 

meant that the velocity and temperature distributions 

of the gas at the outlet were more uniform when the 

chamber length was longer. However, under a longer 

chamber length, more time was needed to reach a 

steady state. Moreover, while the length exceeded 

100 mm, there was a significant increase in the 

mixing time, but T   and V   values did not drop 

much. Therefore, the initial chamber length was 

designed to be 100 mm. 

At the chamber length of 100 mm, the chamber 

diameter was set to 30 mm, 40 mm, 50 mm, 60 mm, 

and 70 mm. The mixing performance results are 

shown in Table 2. The increase in the chamber 

diameter reduced the mixing time when the diameter 

was less than 50 mm but increased the mixing time 

when the diameter was longer than 50 mm. The 

changing trend of the gas distribution at the outlet 

was similar. Hence, the initial value of the chamber 

diameter was designed to be 60 mm. 

The main parameters of the initial design of the 

mixing chamber are shown in Table 3. 

 

Table 1 Mixing performance at different 

chamber lengths. 

Length (mm) T  V  Δt (s) 

50 40.6 2.7 2.1 

75 35.1 2.3 3.4 

100 26.1 1.4 5.8 

125 24.2 1.4 8.6 

150 20.4 1.2 11.1 

 

Table 2 Mixing performance of different 

diameters. 

diameter 
(mm) T  V  Δt (s) 

30 29.6 1.9 8.2 

40 27.1 2.1 7.3 

50 28.3 1.7 5.5 

60 26.1 1.4 5.8 

70 30.2 1.6 7.4 

 

Table 3 Main parameters of the gas mixing 

chamber. 

Parameter (unit) Value 

Operating fluid nitrogen 

Hot gas flow rate (L/min) 10 

Cold gas flow rate (L/min) 40 

Hot gas temperature (K) 1500 

Cold gas temperature (K) 300 

Inner chamber diameter (mm) 60 

Inner chamber length (mm) 100 

Diameter of inlets (mm) 

Number of cold gas inlets 

6 

4 

 

3. Effects of Structural Parameters 

According to the simulation results, the cold and hot 

gases collided with each other and exchanged heat 

while flowing together to the outlet. However, the 

temperature and velocity distributions at the outlet 

section showed a decreasing trend from the center 

outward. Thus, the mixing speed should be 

improved further. To improve the structure 

capability, different mixing chamber structures 

were analyzed to study the effect of the mixing 

chamber's structural parameters on its mixing 

performance. The effect of a mixing device 

V
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structure has been analyzed in previous studies by 

the CFD method. Habibi et al. (2019) analyzed the 

effect of the number of fuel nozzles on the 

combustion effect in combustion chamber 

optimization. Wang et al. (2017) compared the 

effects of different injection angles on the mixing 

process of the hollow-cone spray in a confined 

high-temperature gas cross-flow. It was concluded 

that the injection angle directly affected the 

interaction between the two fluids. Tang et al. 

(2019b) optimized a throttle orifice plate using the 

GA to improve pressure distribution in the flow 

field. The aforementioned studies have been the 

main motivation to investigate the structure of 

different cold and hot gas inlets and the orifice plate. 

Because the size of the heating device is fixed, the 

parameters of the hot gas inlet remained unchanged. 

The numbers and injection angles of cold gas inlets 

were reconsidered, and the mixing performance of 

different structures was compared using the control 

variate method. 

Due to the uniformity of the outlet airflow, the 

gasinlet was circumferentially homogeneously 

distributed. Structures with different numbers of 

cold gas inlets per circle are shown in Fig. 8. 

 

 

Fig. 8. Structures with different numbers of cold 

gas inlets per circle. 

 

 

3.1 Number of Cold Gas Inlets Per Circle 

When the other conditions were the same as those in 

Table 3, the mixing performance results for different 

numbers of cold gas inlets per circle were calculated, 

as shown in Table 4. 

When the number of cold gas inlets per circle 

increased from three to six, T , V , and Δt showed 

a decreasing trend. When the number reached the 

value of six, the mixing results no longer changed 

significantly; V  and Δt even increased. Under the 

constant total inlet flow rate, the increase in the 

number of cold gas inlets per circle increased the 

collision of cold and hot gases, which reduced the 

flow rate per inlet. Thus, the number of cold gas 

inlets per circle should not be large. Therefore, the 

value of six was selected as an optimal value of the 

number of cold gas inlets per circle in this study. 

 

Table 4 Mixing results for different numbers of 

cold gas inlets 

numbers of cold gas 
inlets per circle T  V  Δt (s) 

3 35.8 1.5 7.3 

4 26.1 1.4 5.8 

5 24.5 1.1 4.7 

6 22.1 0.86 4.5 

7 21.7 0.94 4.8 

8 21.9 0.83 5.1 

9 22.3 1.2 4.7 

10 21.5 1.3 5.9 

 

3.2 Column Number of Cold Gas Inlets 

As explained in Section 3.1, the mixing performance 

could be improved by appropriately increasing the 

number of cold gas inlets. In addition to increasing 

the number of cold gas inlets per circle, a similar 

effect could be achieved by increasing the column of 

cold gas inlets. In the test, the number of cold gas 

inlets per circle was set to six, and structures with a 

different number of columns of cold gas inlets were 

analyzed, as shown in Fig. 9. 

 

 

Fig. 9. Structures with a different number of 

columns of cold gas inlets. 

 

The mixing performances of structures with a 

different number of columns are shown in Table 5. 

 

Table 5 Mixing performances of structures with 

a different number of columns of cold gas inlets 

Number of columns T  V  Δt (s) 

1 22.1 0.86 4.5 

2 20.1 0.73 4.2 

3 17.3 0.63 3.4 

4 16.6 0.93 4.4 

5 16.2 1.05 4.9 
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According to the results, using more columns of cold 

gas inlets increased the heat exchange area but 

reduced the flow rate of each hole. When the number 

of columns of cold gas inlets increased from one to 

three, T   showed an obvious decreasing trend; 

when the number of columns reached the value of 

three, the decreasing trend of 
T  reduced, while V  

and Δt first decreased and then increased. When the 

number of columns was larger than three, the mixing 

results no longer changed significantly. Considering 

the structural complexity, three columns of cold gas 

inlets were regarded as the optimal choice. 

 

3.3 Injection Angle 

The injection angle of cold gas inlets can also affect 

the mixing performance. The effects of the axial 

injection angle α and tangential injection angle β 

were analyzed, keeping the other parameters fixed. 

The injection angle curve of the cold gas inlets is 

presented in Fig. 10, and the mixing results obtained 

for different axial injection angles are given in Table 

6.  

 

 

Fig. 10. Injection angle curve of cold gas inlets. 

 

Table 6 Mixing results for different axial 

injection angles. 

α (°) T  V  Δt (s) 

−45 39.7 1.03 9.6 

−30 29.3 0.87 8.8 

0 26.1 1.4 7.3 

30 26.4 0.81 7.4 

45 46.1 0.90 7.1 

 

By keeping the other parameters unchanged, the 

mixing results were analyzed for different tangential 

injection angles, and the obtained results are shown 

in Table 7. 

 

Table 7 Mixing results for different tangential 

injection angles 

β (°) T  V  Δt (s) 

−45 26.4 1.64 8.8 

−30 41.4 0.87 8.4 

0 26.1 1.4 5.8 

30 42.6 0.79 9.1 

45 28.3 1.46 10.3 

The results indicated that the effect of the 
injectionangle was complex. The axial injection in 
the opposite direction to the hot gas was beneficial 
for the intensification of the interaction between 
different temperature gases. However, when the 
angle α was too large, the airflow radial velocity 
decreased, and the cold gas could not reach the 
chamber center, which resulted in inhomogeneity of 
the temperature field. The results demonstrated that 
Δt showed a downward trend with the increase in 
axial injection angle α; 

T   increased with the 
absolute value of α. There was no significant change 
in 

V   as α varied. The mixing results show 
symmetry with the change in the tangential injection 
angle β. The mixing performance was better when 
the angle β was zero. 

 

3.4 Orifice Plate Diversion 

The orifice plate can affect the airflow distribution. 

As shown in Fig. 11, the hot gas passed through the 

orifice plate before mixing with the cold gas, so 

multiple streams of the hot gas increased the mixing 

area with the cold gas. Considering the symmetry, 

the number of holes on the orifice plate should be the 

same as the number of cold gas inlets per circle. The 

mixing results obtained with and without the orifice 

plate diversion are shown in Table 8. The orifice 

plate diversion reduced the mixing speed slightly but 

improved the uniformity of outlet airflow. 

 

 

Fig. 11. A mixing chamber with an orifice plate. 

 

Table 8 Mixing results with and without the 

orifice plate diversion 

 T  V  Δt (s) 

Without orifice 

plate diversion 
26.1 1.4 5.8 

With orifice plate 

diversion 
15.3 0.87 7.3 

 

4. GAS MIXING CHAMBER 

OPTIMIZATION 

By using the CFD method, the effects of different 

structural parameters on the mixing result were 

analyzed, as presented above. To realize an accurate 

description of the mixing effect, a series of sampling 

points at the outlet section were selected. The 

temperature and velocity of the selected sampling 

points were monitored by calculating the standard 
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deviation T   and V   values. These two 

parameters were used to describe the uniformity of 

the mixed airflow. Smaller values of T   and V  

indicated that the airflow at the outlet was more 

uniform. The mixing speed was measured by the 

time Δt necessary to reach a steady state. 

To investigate the effects of the number and 

distribution of cold air inlets and the orifice plate on 

the mixing performance, this study used the control 

variates method to analyze the changing trend of the 

mixing result with different parameters. The results 

indicated that an appropriate increase in the number 

of cold gas inlets resulted in a more uniform airflow 

at the outlet but shortened the mixing time. In 

addition, increasing the heat exchange area of hot 

and cold gases improved the performance of the 

mixing chamber. This could also be achieved by 

adding an orifice plate to disperse the hot gas.  

However, there were certain limitations in the 

analysis by the control variate method. Namely, the 

coupling effect between different parameters was not 

considered. In addition, as the considered 

parameters' values increased, more time and 

computer resources were needed to simulate each 

combination using the control variates method. The 

control variate method could not obtain the global 

optimal solution in the design space. Therefore, to 

obtain the optimal gas mixing chamber structure, a 

better parameters optimization method is required. 

 

4.1 Initial Structure of Gas Mixing Chamber 

According to the analysis in Section 3, six cold gas 

inlets per circle and three columns of inlets were 

used in the initial design of a gas mixing chamber. 

Considering the circumferential symmetry, the 

number of holes on the orifice plate was set to six. 

The simplified 3D model of the initial design of a gas 

mixing chamber is shown in Fig. 12. 

 

 

Fig. 12. Simplified 3D model of a mixing 

chamber. 

 

The diameters of the cold and hot gas inlets were 6 

mm. The design variables to be optimized are shown 

in Fig. 13. 

The initial values of all parameters are shown in 

Table 9, where αi and βi (i =1, 2, 3) are the axial and  

 

Fig. 13. Mixing chamber parameters. 

 

Table 9 Initial values 

Parameter 

(mm) 
Value 

Parameter 

(°) 
Value 

L1 6 α1 0 

L2 6 α2 0 

L3 6 α3 0 

L4 15 β1 0 

L5 5 β2 0 

L6 15 β3 0 

D 12   

 

tangential injection angles of the ith column cold gas 

inlet, respectively. 

 

4.2 Optimization Method 

The optimization problem of the gas mixing 

chamber can be described as follows: 

 
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L L L L L L , , =      


 



 
 


where ( )X  is the design space of variables. 

The value ranges of the parameters are shown in 

Table 10. The optimization problem is equivalent to 

finding a set of optimal values of design variables 

 1 2 3 4 5 6 1 2 3 1 2 3
X , , , , , ,D, , , ,

T

L L L L L L , ,=         in the 

design space that meet the design objectives. 

The optimization of the gas mixing chamber design 

is a multi-objective optimization problem that 

involves several design variables. Currently, there 

are two common methods to handle multi-objective 

optimization problems, which are as follows: 
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Table 10 Design space 

Variable 
Initial 

value 

Lower 

boundary 

Upper 

boundary 

L1 (mm) 6 3 15 

L2 (mm) 6 3 15 

L3 (mm) 6 3 15 

L4 (mm) 15 5 20 

L5 (mm) 5 3 10 

L6 (mm) 15 10 25 

D (mm) 12 6 15 

α1 (°) 0 −60 60 

α1 (°) 0 −60 60 

α1 (°) 0 −60 60 

β1 (°) 0 −60 60 

β2 (°) 0 −60 60 

β3 (°) 0 −60 60 

 

1) Normalization method: This method converts a 
multi-objective optimization problem into a 
single-objective optimization problem and 
calculates an optimal solution under a single 
combination of weights; 

2) Multi-objective optimization: This method uses 
a multi-objective optimization algorithm to 
calculate an optimal solution with all regroups 
and obtain the set of Pareto solutions. 

The disadvantages of the normalization method are 

obvious. Namely, the weighting factor is 

subjectively determined, and a sub-objective's 

superiority progress is not actionable. Therefore, in 

this study, the second-generation non-dominated 

sorting GA (NSGA-II) method is used. The NSGA-

II method represents an improved version of the first 

generation of the non-dominated sorting GA 

(NSGA). Compared to the NSGA, the NSGA-II 

applies a faster non-dominated sorting algorithm, 

which reduces the computational complexity 

significantly. Moreover, the NSGA-II searches for 

the global optimum in the entire design space. 

 

4.3 Sensitivity Analysis 

To make the optimization process more efficient, a 

sensitivity analysis was performed to investigate the 

effect of the input variables on the design objectives 

(Etesami et al. 2021). 

The Spearman correlation method was used to 

measure a monotonic relationship between two 

variables. The range of the Spearman coefficient (ρ) 

was from −1 to +1. A smaller absolute value of the 

Spearman correlation coefficient indicated that the 

input had less influence on the output value. When 

the average Spearman correlation value was less 

than 0.1, it was assumed that there was no correlation 

between the variables. The Spearman correlation 

value was obtained by Eq. (4), where m is the 

number of samples, and d represents the equivalence 

difference between two series of data. 

                              (4) 

The Design of Experiments (DOE) can be used to 

analyze the relationships and trends between input 

and output parameters (Wang et al. 2017).  

 

Table 11 Correlation coefficient result  

Variable 
T  

V  
Average 

correlation   

L1 0.20 0.14 0.17 

L2 0.41 0.24 0.325 

L3 0.12 0.44 0.28 

L4 0.12 0.06 0.09 

L5 0.42 0.25 0.335 

L6 −0.37 0.42 0.395 

D 0.39 −0.08 0.235 

α1 −0.26 −0.22 0.24 

α1 0.07 0.39 0.23 

β1 −0.05 0.36 0.205 

β2 −0.04 0.08 0.06 

β3 −0.27 −0.43 0.35 

 

In this study, the Optimal Latin hypercube design 

(OLHD) was selected considering that all test points 

were distributed as evenly as possible in the design 

space. The OLHD has a better performance in space-

filling and balance compared to the Latin hypercube 

design (LHD) (Zhang et al. 2021; Soheil and Daryan 

2021). 

The correlation coefficient table obtained by the 

DOE is shown in Table 5. The input geometry 

variables β2 and L4 were omitted since their average 

correlation values were less than 0.1. 

4.4 NSGA-II Optimization 

The NSGA-II multi-objective optimization 

algorithm and self-defined components were 

integrated into the ISIGHT platform to perform the 

parameter optimization of the mixing chamber 

(Silva et al. 2021). The simcode component in 

ISIGHT can read or write text files and execute 

relevant system commands. In the optimization 

process, the program could use other software and 

perform related operations by the simcode 

component. 

The optimization process is shown in Fig. 14. 

The specific steps of the NSGA-II method were as 

follows: 

Step 1: Determine optimization parameters by 

sensitivity analysis; 

Step 2: Initialize the population; generate an initial 

set of parameters in the design space to be used as 

input parameters of the Catia module; 

Step 3: Complete the geometric modeling using the 

input parameters  and the Catia  module. Then, call

( )

2

i

2

6 d
1

m m 1


 = −

−
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Fig. 14. Optimization process. 

 

ICEM for meshing and generate a mesh file. 

Complete numerical simulation and export target 

parameters using the Fluent module to obtain the 

objective function results; 

Step 4: Assess the fitness function of the initial 

population and perform a fast non-dominated sorting 

method. Obtain new populations by cross-variation; 

Step 5: Determine if the maximum number of 

iterations has been reached. If not, repeat Steps 2–4; 

otherwise, export the Pareto optimal solution. 

4.5 RESULTS 

The GA parameters selected were as follows: 

mutation rate was 0.02, and crossover rate was 0.6; 

30% of the best optimal individuals were retained 

into the next generation. The GA selected a 

population of 16 candidates and a total of 10 

generations. Selecting an optimal value of the 

eighth generation, the T   of the optimal result 

was 14.7, the V  of the optimal result was 0.36, 

and the mixing time Δt was 3.2 s. The optimized 

structural parameters of the gas mixing chamber 

were:  1 2 3 4 5 6 1 2 3 1 2 3X , , , , , ,D, , , ,
T

L L L L L L , ,=        = 18.6, 6.4, 

8.3, 15, 4.3,16, 14, 13,16, −38, 10, 0, −23]. The 

structure of the optimized mixing chamber is 

shown in Fig. 15. 

The NSGA-II achieved a satisfying result as shown 

in table 6. This optimization method decreased the 

T
  and 

V   values, which resulted in a more 

uniform distribution of temperature, and the 

mixing time decreased from 4.4 s to 2.3 s. 

 

Fig. 15. Optimized mixing chamber structure. 

 

Table 12 Mixing performance of the optimized 
gas mixing chamber  

Performance Base Optimized 

T  25.2 14.7 

V  1.3 0.36 
Δt/s 4.4 2.3 

 

Then, the optimization was performed again based 

on the CFD analysis, as shown in Fig. 16. 

Compared to the initial gas mixing chamber, the 

injection angle and location of cold gas inlets in the 

optimized gas mixing chamber were changed; 

namely, the temperature and velocity curves of the 

optimization result were more evenly distributed. 

5. EXPERIMENTAL RESULTS 

Based on the optimized mixing chamber structure, a 

mixing chamber experimental platform was 

constructed, as shown in Fig. 17. Since the airflow 



J. Chu et al. / JAFM, Vol. 16, No. 3, pp. 603-617, 2023.  

613 

  

(a) temperature at the outlet of the initial gas mixing 

chamber 

(b) temperature at the outlet of the optimized gas 

mixing chamber 

  

(c) velocity at the outlet of the initial gas mixing 

chamber 

(d) velocity at the outlet of the optimized gas mixing 

chamber 

Fig. 16. Comparison of the mixing results at the outlet. 

 

 

Fig. 17. Experimental platform of the mixing chamber. 
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velocity at the outlet in the experiment could not be 

measured easily, the correctness of the simulation 

model was evaluated using the temperature value 

and its standard deviation. The temperature at the 

outlet was measured, as described in the 

following.Considering the installation of the 

temperature sensor and the adjustment of the 

measurement point, 16 points were selected as 

measurement points at the outlet plane, as shown in 

Fig. 18. Four temperature sensors were used to 

measure the temperature values of the selected 

points. To compare the simulation and experimental 

results, 16 points at the same position on the outlet 

plane as those in the simulation model were selected 

as measurement points, and the same cold and hot air 

flows and temperature values were set in the 

simulation and experiment.  

By using the same simulation model as described 

above and the same actual experiment conditions, 

the temperature and flow rate of the hot gas flow 

were adjusted. The hot air temperature was 4,350 K, 

the flow rate was 5 L/min, and the cold air flow was 

20 L/min. The average outlet temperature curve is 

shown in Fig. 19(a). The mixing time Δt in the 

experiment was 6.15 s, while that in the simulation 

was 3.75 s. Thus, there was a certain difference in 

the mixing time between the experiment and the 

simulation. This was because the heat transfer 

process between the sensor and the gas flow to be 

measured was not considered in the simulation. 

 

 

Fig. 18. Distribution of the measurement points. 

 

After the mixing process finished, the average 

temperature of the outlet in the experiment was 

812.50 K, while that in the simulation was 805.02 K. 

The temperatures of the 16 selected monitoring 

points in the simulation and test outlets are shown in 

Fig. 19(b). The standard deviations of the outlet 

temperatures obtained by the experiment and 

simulation were 39.11 and 12.62, respectively. Thus, 

the experimental and simulation results were in good 

agreement 

  

(a) Average temperature of the outlet plane (b) Temperature of 16 selected points on the outlet 

plane 

Fig. 19. Temperature of the outlet plane 0at the cold gas flow rate of 20 L/min. 

 

 
Fig. 20. Temperature at the outlet plane at different cold gas flow rates. 
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To illustrate the problem further, five groups of 

control experiments were performed at the cold air 

flow rates of 40 L/min, 60 L/min, 80 L/min, 100 

L/min, and 120 L/min. The average temperature at 

the outlet under different cold air flow conditions is 

shown in Fig. 20, where it can be seen that the 

simulation and experimental results were relatively 

consistent regardless of the cold air flow change. 

The temperature distributions of the 16 monitoring 

points at the outlet obtained in the simulation and 

experiment were determined, and their standard 

deviations were calculated. As shown in Figs. 21(a)–

21(e), the outlet temperature distribution and 

standard deviation showed similar trends in the 

experiment and simulation at different flow rates. 

 

  

(a) cold gas flow rate of 40 L/min (b) cold gas flow rate of 60 L/min 

  

(c) cold gas flow rate of 60 L/min (d) cold gas flow rate of 60 L/min 

 

(e) cold gas flow rate of 60 L/min 

Fig. 21. Temperature at the outlet plane at different cold gas flow rates. 
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The consistency in the simulation and experimental 

data has proven the correctness of the proposed  

simulation method. Based on the chamber 

characteristics simulation and optimization 

processes presented above, it can be concluded that 

the optimization results based on the proposed 

simulation method are locally optimal. Therefore, 

the structure optimization of the cold and hot airflow 

mixing chamber can improve the performance of the 

mixing chamber, thus improving the efficiency of the 

heat exchange between the cold and hot airflow 

mixing process. 

6. CONCLUSIONS 

To improve the heat exchange efficiency of hot and 

cold gas flows, which allows a specific uniform 

temperature field can be obtained faster, an 

optimization method based on the GA is used to  

optimize the chamber structure. The experimental 

and simulation results are consistent, which verifies 

that the CFD simulation method used in this study is 

correct. In addition, it is demonstrated that a more 

efficient mixing of the cold and hot gas flows can be 

achieved when the chamber structure is optimized. 

The main conclusions are as follows: 

⚫ The structural parameters of the mixing 
chamber, such as the number of cold gas inlets, 
affect the mixing efficiency of the chamber; 

⚫ Three columns of cold gas inlets and six gas 
inlets per column are the optimal parameters of 
the mixing chamber in terms of improving the 
mixing performance; 

⚫ The simulation results show that the gas 
mixing chamber optimized by the NSGA-II 
can significantly reduce the temperature 
mixing degree T   from 25.2 to 14.7, the 
velocity mixing degree V   from 1.3 to 0.36, 
and the mixing time from 4.4 s to 2.3 s; 

⚫ The experiment results of the optimized 
structure show that the real mixing time is 6.15 
s, T  is 39.11, and the cold gas flow rate is 20 
L/min. 

In summary, the proposed optimized mixing 

structure of the cold and hot air flow chamber can 

realize rapid and uniform mixing of the cold and hot 

gas flows. The experiment results show that after the 

chamber structure optimization, the mixing 

efficiency of the cold and hot gas flows is improved, 

as well as the mixing performance of the chamber. 

The method proposed in this paper can provide a 

reference for the optimization of similar structural 

parameters and the implementation of temperature 

simulation equipment. 
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