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ABSTRACT 

An uneven mixing of hydrogen-blended natural gas will lead to hydrogen 
embrittlement in distribution pipelines, thereby affecting the quality of terminal 
gas, and thus highlighting the importance of ensuring the uniformity of hydrogen 
and natural gas mixing. In this study, FLUENT software was used to simulate 
three different hydrogen filling modes, namely, T-tube, bending-tube, and static 
mixer, and the mechanisms underlying the mixing of hydrogen and natural gas 
under different filling modes were analyzed. In addition, we assessed the 
influences of gas velocity, hydrogen blending ratio, and mixer length and blade 
angle on the mixing effects of a static mixer. The results revealed that among the 
three mixing methods assessed, the static mixer has the best overall mixing 
effect. Increasing gas velocity was found to have no significant effect on the 
mixing of hydrogen and natural gas. With an increase of hydrogen blending 
ratio, the mixing uniformity of hydrogen and natural gas increased from 99.49% 
to 99.95%, whereas there was an increase from 84.12% to 99.05% when the 
length of static mixer was increased, and an increase from 59.53% to 99.78% in 
response to an increase in blade angle. Our findings in this study can provide a 
methodological reference for increasing the mixing uniformity of hydrogen and 
natural gas in hydrogen-blended natural gas pipeline networks, and thereby 
contribute to the safe and rapid development of the hydrogen energy industry. 
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1. INTRODUCTION 

Hydrogen energy is a globally recognized source of clean 
energy with the advantages of abundant sources, high 
combustion calorific value, and harmless combustion 
products (Mazloomi & Gomes, 2012; Yuxuan, 2022), and 
is considered the “ultimate energy” of human society. The 
United States, China, European Union, and other countries 
and organizations have accordingly issued relevant 
policies to promote the development of hydrogen energy 
(SHhangze et al., 2022). At present, mixing hydrogen into 
natural gas pipelines and using existing natural gas 
pipelines for transportation are the main methods of 
utilizing hydrogen energy (Zhen et al., 2021), and 
although countries such as The Netherlands, France, and 
Australia have carried out demonstration projects for 
evaluating the mixing hydrogen with natural gas (Bing et 
al., 2022), owing to differences in the densities of natural 
gas and hydrogen, uneven mixing of these two gases may 
occur, thereby leading to hydrogen accumulation and 
pipeline embrittlement (Dadfarnia et al., 2019; Yuxin et 

al., 2022; Wei et al., 2023), ultimately affecting the safety 
of terminal natural gas (Shijie et al., 2019; Fang et al., 
2023).  

Among the scholars who have studied the factors 
influencing the mixing of natural gas and hydrogen, 
Cuiwei et al. (2022) examined the distribution regularities 
of the hydrogen volume fraction of hydrogen-blended 
natural gas under conditions of cylinder storage, pipeline 
shutdown, and flow. In addition, Hongjun et al. (2022) 

simulated gas stratification during the static placement of 
fluctuating hydrogen-blended natural gas pipelines and 
studied the influence of terrain drop and hydrogen 
blending ratio. The results revealed that the greater the 
difference in the fluctuation height of the pipelines, the 
higher was the volume fraction of hydrogen accumulating 
in the top of horizontal pipes after reaching a stable 
stratification. Furthermore, Yongwei et al. (2022) studied 
the accumulation of hydrogen in T-type and variable-
diameter hydrogen-mixing pipelines, and accordingly 
found that hydrogen readily accumulated in the variable-
diameter section, resulting in hydrogen embrittlement.
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NOMENCLATURE 
𝛽𝑖 constant 𝑖 type of fluid 
Γ𝑘 effective diffusion coefficient of 𝑘 𝑘 turbulent kinetic energy 
Γ𝜔 effective diffusion coefficient of 𝜔 𝑝 pressure 
𝜌 fluid density 𝑅𝑘 constant 
𝜎𝑘 turbulent Prandtl numbers of 𝑘 𝑆𝑘 user defined source items 
𝜎𝜔 turbulent Prandtl numbers of 𝜔 𝑆𝜔 user defined source items 
𝐷𝜔 cross diffusion term 𝑡 turbulent kinetic energy 
𝑓𝑖 unit volume force 𝑢𝑖 velocity component in each direction 
𝐺𝑏 effect of buoyancy on turbulence 𝑌𝑘 turbulence caused by diffusion 

𝐺𝑘 
turbulent kinetic energy generated by the laminar 
velocity gradient 

𝑌𝑖 volume fraction of each component of the fluid 

𝐺𝜔 
turbulent kinetic energy generated by the 𝜔 
equation 

𝑌𝜔 turbulence caused by diffusion 

𝐺𝜔𝑏 effect of buoyancy on turbulence   

 

In further studies, Hongjun et al. (2023) examined the 
mixing of hydrogen injected into hydrogen-blended 
natural gas pipelines at different sites in high-pressure 
natural gas pipelines and compared and analyzed the 
influence of different hydrogen injection amounts and 
diameters of hydrogen injection pipes on the mixed gas. 
Similarly, Eames et al. (2022) assessed the effects of the 
hydrogen injection velocity, hydrogen injection tube 
diameter, and hydrogen pipeline orientation on the mixing 
of hydrogen and natural gas in a T-tube. 

As efficient mixing equipment, static mixers have 
been applied in chemical, food, textile, light, and other 
industries, with good results being obtained, and a number 
of researchers have applied static mixers for the mixing of 
hydrogen and natural gas. For example, Yue et al. (2023) 
investigated the mixing of hydrogen and natural gas in a 
static mixer, and accordingly found that the mixing 
uniformity of hydrogen and natural gas increased rapidly 
after full contact in the mixer. Liu et al. (2022) compared 
the influence of four static mixers on the gas-mixing 
process in an F-type pipeline and examined the effects of 
the main geometric parameters on mixer performance. Liu 
et al. (2023) also assessed the effects of the number of 
mixing components, gas velocity, and hydrogen blending 
ratio on mixing using an SMX static mixer.  

However, as previously mentioned, most of the 
studies on static mixers performed to date have tended to 
focus on the influence of fluid parameters on the 
uniformity of mixing, whereas little attention has been 
paid to the influence of the static mixer geometric 
parameters on the uniformity of mixing. Consequently, in 
this study, we sought to compare the influence of three 
different mixing methods on the uniformity of mixing and 
analyzed the mixing mechanisms of a static mixer. In 
addition, we also analyzed the influence of static mixer 
geometric parameters on the uniformity of mixing. We 
believe that the findings of this study will make a 
significant contribution to enhancing the mixing of 
hydrogen and natural gas, as well as the development of 
new designs for static mixers. 

2. MODEL AND METHODS 

2.1 Mathematical Model 

For the purposes of this study, we used a species 
transport model to simulate the flow and mixing of natural 
gas and hydrogen in pipelines, and accordingly confirmed 

that the flow satisfied the continuity and momentum 
equations. Given that the SST k- ω model takes into 
account the propagation of turbulent shear stress, it has 
higher accuracy and credibility in a wide range of flow 
fields, and is suitable for simulating the mixing of gases. 
The specific control equations are as follows. 

The continuity equation is as follows: 

( )
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where 𝜌  is the fluid density, t is time, and 𝑢𝑖  is the 
velocity component in each direction. 

The momentum equation is as follows:  
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where 𝑢𝑖 is the velocity component in each direction, 𝑝 
is the pressure, 𝑓𝑖  is the unit volume force, and 
𝜏𝑥𝑖 , 𝜏𝑦𝑖 , 𝑎𝑛𝑑 𝜏𝑧𝑖 are the viscous stress components. 

The species transport equation is as follows: 
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where 𝑖 is the type of fluid and 𝑌𝑖 is the volume fraction 
of each fluid component. 

The turbulence equations are as follows:  
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where 𝑘  is the turbulent kinetic energy; 𝐺𝑘  is the 
turbulent kinetic energy generated by the laminar velocity 
gradient; 𝐺𝜔 is the turbulent kinetic energy generated by 
the 𝜔  equation; Γ𝑘 and Γ𝜔  are the effective diffusion 
coefficient of 𝑘 and 𝜔; 𝑌𝑘 and 𝑌𝜔 are the turbulence 
caused by diffusion; 𝐷𝜔  is a cross diffusion term; 𝑆𝑘 
and 𝑆𝜔 are user defined source items; and 𝐺𝑏 and 𝐺𝜔𝑏 
are the effects of buoyancy on turbulence. 
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where 𝜎𝑘 and 𝜎𝜔 are the turbulent Prandtl numbers of 
𝑘 and 𝜔, respectively. 
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The coefficient 𝛼∗ , which damps the turbulent 
viscosity causing a low-Reynolds number correction, is 
determined using the following equation: 
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where 𝑅𝑘  and 𝛽𝑖  are defined as two constants, the 
values of which are 6 and 0.072, respectively. 

2.2 Geometric Model and Mesh Division 

To mesh the calculation area, we used MESHING 
software, and to improve mesh quality, mesh encryption 
was performed near the bending pipe and the static mixer. 
The geometric model and mesh divisions of T-tube, 
bending tube, and static mixer mixing are shown in Figs 1, 
2, and 3, respectively, and the structure of the static mixer 
is shown in Fig. 4.

 

Fig. 1 T-tube mixing 

 

 

Fig. 2 Bending tube mixing 



J. Du et al. / JAFM, Vol. 17, No. 8, pp. 1618-1630, 2024.  

 

1621 

 

Fig. 3 Static mixer mixing 

 

 

Fig. 4 Structure of the static mixer 

 

2.3 Numerical Method and Boundary Conditions 

In this study, we selected a pressure-based solver, and 
set the reference pressure to a standard atmospheric 
pressure of 101325 Pa. Gravity was 9.81 m²/s along the Z-
axis. The pressure–velocity coupling method was coupled, 
and the gradient calculation was based on a least-squares 
cell-based method. The discrete scheme of all equations 
adopts a first-order upwind. The convergence criterion 
was set to a residual of less than 10-6. The material data for 
methane and hydrogen were selected from the FLUENT 
database. 

Boundary conditions: According to the Technical 
Regulations of the Natural Gas Hydrogen Mixing Station, 
the pressure before hydrogen and natural gas mixing 
should be stabilized at a natural gas transmission pressure 
of +0.05–0.1 MPa, based on reference to the design 
pressure of the first hydrogen mixing high-pressure gas 
pipeline in China at 6.3 MPa. For the purposes of the 
present study, we set the inlet pressures of CH4 and H2 to 
6.3 and 6.4 MPa; respectively. At the inlet of the natural 
gas pipeline, the volume fraction of methane is set to 1 and 
the volume fraction of hydrogen is set to 0, or the volume 
fraction of hydrogen is set to 1 and the volume fraction of 
methane is set to 0. Details of the boundary conditions are 
listed in Table 1. 

Table 1 Boundary conditions 

 
Natural 
gas inlet 

Hydrogen 
inlet 

Outlet 
Pipe 
wall 

Type 
Velocity 

inlet 
Velocity 

inlet 
Outflow Wall 

Velocity 5 m/s 17.07 m/s No setup No setup 

Pressure 6.3 MPa 6.4 MPa No setup No setup 

 

2.4 Grid Independence Verification 

Taking the direction of natural gas flow as the positive 
direction of the X-axis, we calculated the hydrogen 
volume fractions at 50, 100, 200, 400, 900, and 1400 mm 
after the mixing point along the central line of the pipeline 
using FLUENT when the number of grids (N) was 
130,000, 175,000, 310,000, and 600,000. Figure 5 shows 
the variations in hydrogen volume fraction at the six 
monitoring points under different grid numbers when the 
calculation reached a steady state. It can be seen from the 
figure that a mesh number of 310,000 can better balance 
the calculation efficiency and accuracy of results, and 
consequently, we selected this value when performing the 
numerical simulation calculations. 
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Fig. 5 Variations in the hydrogen volume fraction at different monitoring points under different grid 
numbers 

 

 

Fig. 6 Contours of the hydrogen mole fraction using T-tube mixing and the contours of cross-sections 

 

2.5 Mixing Uniformity  

Mixing uniformity can be characterized by mixing 
non-uniformity; that is, the root-mean-square deviation of 
the concentration 𝐶𝑂𝑉 , which is defined as the root-
mean-square deviation of the concentration value at the 
sampling point from the mean value of the concentration 
at all sampling points, and can be derived using the 
following equation: 

2

1

( )
1

100%
1

n

i

i

c c

COV
nc

=

−

= 
−


,  (17) 

where 𝑐𝑖  is the volume fraction of hydrogen gas at a 
sampling point, 𝑐  is the average volume fraction of 
hydrogen gas at all sampling points, and n is the number 
of sampling points. 

As implied in its definition, 𝐶𝑂𝑉  represents the 
degree of difference between the hydrogen volume 
fraction at each sampling point and the average hydrogen 
volume fraction of the entire region in the area under 
investigation. The smaller the degree of concentration 

difference, the smaller is the concentration gradient and 
the more evenly the mixture is mixed. 

The gas mixing degree 𝜎 can be defined as follows: 

100% COV = −   (18) 

In general engineering, a 𝜎  value >95% is 
considered to be indicative of uniform mixing (Mingxing, 
2012). 

3. RESULTS AND DISCUSSION 

3.1 The Effects of Different Filling Methods on the 
Uniformity of Mixing 

To examine the influence of different filling modes on 
the degree of mixing, we simulated three different mixing 
modes, namely, T-tube, bending tube, and static mixer 
mixing. Figure 6 shows the contours of the mole fraction 
of hydrogen mixed in the T-tube and the contours of the 
cross-section at X m after the mixing point. As shown in 
the figure, after hydrogen enters the natural gas pipeline, 
it initially migrates to the vicinity of the upper pipe wall,  

X=0.05m X=0.2m X=0.4m X=0.9m X=1.4m
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Fig. 7 Contours of the hydrogen mole fraction using bending tube mixing and the contours of cross-sections 
 

 

Fig. 8 Contours of the hydrogen mole fraction using static mixer mixing and the contours of cross-sections 
 

and there is a clear concentration gradient in the pipeline, 
which can be attributed to the fact that the density of 
hydrogen is less than that of natural gas, and there are 
differences in the velocity and direction of hydrogen and 
natural gas flows. The closer the mixing point, the larger 
is the mole fraction of hydrogen in the middle and upper 
parts of the pipeline, although there is still an obvious 
stratification phenomenon at X = 0.4 m. After migrating a 
sufficiently long distance, the natural gas and hydrogen 
gradually undergo an even mixing. At X = 0.9 m, the 
stratification phenomenon has essentially disappeared, 
and at X = 2.0 m, there is no clear stratification. 

The results of mixing natural gas and hydrogen in a 
bending tube are shown in Fig. 7. After reaching the 
mixing point, hydrogen is mainly concentrated in the 
middle of the pipeline and is characterized by a 
symmetrical tongue-shaped distribution. During hydrogen 
migration, the volume fraction of hydrogen along the 
central axis of the pipeline undergoes a rapid decline, 
whereas the mole fractions of hydrogen along the top and 
bottom of the pipeline increase rapidly. After the mixing 
point X = 0.9 m, there was no obvious stratification. 

The results of mixing natural gas and hydrogen in the 
static mixer are shown in Fig. 8. On entering the natural 
gas pipeline, the hydrogen accumulates in the middle and 
upper parts of the pipeline, and there is still a clear 
stratification in front of the static mixer entrance (X = 0.2 
m). Mixing tends to be complete at the exit of the first 
group of static mixers (X = 0.4 m), and there is no obvious  

 

Fig. 9 Variations in the uniformity of mixing 
using three blending methods 

 

stratification at the exit of the static mixer (X = 0.9 m) or 
the outlet of the pipeline (X = 1.4 m). 

Figure 9 shows the variation in the mixing uniformity 
of mixing 𝜎  with increasing distance from the mixing 
point using the three different mixing methods, and Fig. 
10 presents a streamline diagram depicting mixing using 
the three different mixing methods. An enlarged view of  

X=0.05m X=0.2m X=0.4m X=0.9m X=1.4m

X=0.05m X=0.2m X=0.4m X=0.9m X=1.4m
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(a)                                              (a) 

Fig. 10 An enlarged views of sections of pipeline near the mixing point 

 

   

(b)                                              (b) 

  

(c)                                                (c) 

Fig. 11 A streamline diagram showing the mixing of hydrogen and natural gas using the three mixing methods 

 

the mixing point is shown in Fig. 11. 

From Figs 9 and 10, it can be seen that for all three 
methods, the uniformity of mixing increases with an 
increase in mixing distance. When using a T-tube for 
mixing, the hydrogen gas primarily accumulates in the 
upper part of the pipeline, and as shown in Fig. 11 (a), 
owing to differences in the initial flow directions of 
hydrogen and natural gas, there is a high flow velocity in 
the vicinity of the mixing point, and the intensity of 
turbulence near the mixing point is also high. However, 
given that the flow velocity of natural gas is considerably 
greater than that of hydrogen gas, the direction of the flow 
of hydrogen undergoes rapid changes, and there is a 
corresponding reduction the intensity of turbulence. 
Consequently, a long distance is necessary to achieve 
uniform mixing, with the mixing uniformity at the pipeline 
outlet being 𝜎 = 96.13%. Using a bending tube for mixing, 

the hydrogen gas enters the middle of the pipeline, as 
shown in Fig. 11 (b). Given the presence of the hydrogen 
injection pipe, it is necessary for the upstream natural gas 
to bypass this pipe, and in doing so, it undergoes shearing 
with the hydrogen gas. The high intensity of turbulence 
before and after the hydrogen injection pipe is conducive 
to the mixing of hydrogen and natural gas. Compared with 
T-tube mixing, there is a reduction in the distance required 
to achieve uniform mixing using the bending tube, along 
with a corresponding reduction in the uniformity of 
mixing at the pipeline outlet (𝜎 = 99.40%). As shown in 
Fig. 11 (c), there are increases in the flow velocities of 
hydrogen and natural gas when using a static mixer for 
mixing, accompanied by a high intensity of turbulence. 
Moreover, having passed the static mixer, the hydrogen 
and natural gas continue to flow in a spiral shape, which  
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Fig. 12 Variations in hydrogen fractional pressure at 
different natural gas velocities 

 

is conducive to the mixing of these two gases. 
Consequently, the distance required to achieve uniform 
mixing is the shortest among the three assessed systems, 
and uniform mixing is achieved at the outlet of the pipeline 
(𝜎 = 99.78%). 

As indicated in Fig. 9, there are only marginal 
differences among the three different mixing methods 
with respect to the distance required to reach blending 
uniformity. Accordingly, we subsequently sought to 
establish the criticality of the mixing length necessary for 
hydrogen embrittlement. 

Previous studies have shown that the total and 
fractional pressures of hydrogen can influence the 
sensitivity of materials to hydrogen embrittlement in the 
presence of hydrogen-blended natural gas. Taking China’s 
X80 steel long-distance natural gas transport pipeline as 
an example, Wang et al. (2023) found that at a total 
pressure of 10 MPa, the hydrogen fractional pressure 
increased from 1 MPa (a hydrogen blending ratio of 10%) 
to 1.5 MPa (a hydrogen blending ratio of 15%), which was 
associated with a significant increase in the sensitivity of 
the X80 steel to hydrogen embrittlement. Yuxin et al. 
(2022) found that the total pressure is 10 MPa, and that in 
general, X80 steel is not highly susceptible embrittlement, 
owing to plastic loss at hydrogen fractional pressures 
below 2 MPa (a hydrogen blending ratio of 20%). 
However, both these studies highlighted the fact that when 
the fractional pressure of hydrogen is higher than 1 MPa 
(a hydrogen blending ratio of 10%), the strength of the 
material is significantly reduced, which may pose hidden 
dangers to pipeline operation. In the present study, we 
calculated the fractional pressure of hydrogen at the upper 
wall of a natural gas pipeline using FLUENT software, 
and in Fig. 12, we present the estimated variations in 
hydrogen fractional pressure at different natural gas 
velocities using the three mixing methods. 

As can be seen from Fig. 12, when T-type mixing is 
used, the fractional pressure of hydrogen declines with an 
increase in mixing distance. However, given that the 
density of hydrogen is less than that of natural gas, 
hydrogen tends to accumulate in the upper part of the 
pipeline, resulting in a high fractional pressure of 

hydrogen on the upper wall of the natural gas pipeline, 
thereby increasing the likelihood of hydrogen 
embrittlement. Contrastingly, when bending tube mixing 
is used, the fractional pressure of hydrogen increases with 
an increase in mixing distance, as under these conditions, 
hydrogen is incident from the middle of the pipeline. The 
closer the mixing point, the smaller is the volume fraction 
of hydrogen at the upper wall of the natural gas pipeline, 
as shown in Fig. 7. However, with an increase in mixing 
distance, hydrogen gradually diffuses to the upper wall of 
the natural gas pipeline, with a concomitant gradual 
increase in the fractional pressure of hydrogen on the 
upper wall. Conversely, when mixing using a static mixer, 
there is a rapid reduction in the fractional pressure of 
hydrogen with an increase in mixing distance, and on the 
basis of our simulation of working condition, we estimate 
that the fractional pressure of hydrogen at the pipeline 
outlet would reach 1.0 MPa. 

3.2 Factors Influencing the Mixing Effect of Static 
Mixers 

Our simulation-based analysis revealed that 
compared with T-tube and bending tube mixing, static 
mixers can be used to achieve 95% mixing uniformity 
over a shorter distance and with a higher mixing 
uniformity at the pipeline outlet, and thus has the overall 
best mixing effect. Accordingly, we subsequently 
examined the factors influencing the mixing by focusing 
on static mixers. 

3.2.1 Velocity 

The velocity of hydrogen can be calculated with 
reference to the velocity of natural gas and the hydrogen 
blending ratio (𝐻𝐵𝑅). The ratio of the hydrogen inlet flow 
rate to the gas mixture flow rate is the hydrogen mixing 
ratio, which can be calculated by the following equation: 

2 2

4 4 2 2

2

2 2

H H

CH CH H H

v d
HBR

v d v d
=

+
,  (19) 

where 𝑣𝐻2
  is the velocity of hydrogen gas, 𝑑𝐻2

  is the 
diameter of the hydrogen pipeline, 𝑣𝐶𝐻4

 is the velocity of 
natural gas, and 𝑑𝐻2

  is the diameter of the natural gas 
pipeline.  

The mixing of natural gas and hydrogen was 
simulated at natural gas velocities of 5, 10, and 15 m/s. 
Under the aforementioned conditions, the hydrogen 
blending ratio is 25%, and the velocities of hydrogen are 
17.07, 34.13, and 51.2 m/s respectively. Figure 13 shows 
the variation in mixing uniformity 𝜎  with the distance 
from mixing point in response to different natural gas 
velocities. 

As indicated in Fig. 13, increasing the velocity of 
natural gas has no significant effect on the blending 
uniformity of hydrogen and natural gas. By increasing the 
velocity of natural gas, the mixing uniformity of natural 
gas and hydrogen at the exit of the pipeline increased from 
99.78% to 99.81%, and also contributed to an increase in 
the velocity of hydrogen, and more intense turbulence in 
the pipeline, thereby enhancing the mixing of natural gas 
and hydrogen. However, the increase of mixing 
uniformity is not obvious. With an increase in the velocity  
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Fig. 13 Variations in mixing uniformity in response to different natural gas velocities 

 

 

Fig. 14 Variations in mixing uniformity at different hydrogen blending ratios 

 
of natural gas, the velocity of hydrogen in the pipeline 
reaches 51.2 m/s. In this regard, an excessive gas velocity 
will exacerbate corrosion and wear of the inner wall of the 
pipeline, which is not conducive to the operation and 
lifespan of gas pipelines. 

3.2.2 Hydrogen Blending Ratio 

In many countries and regions worldwide, the 
currently stipulated blending ratio for hydrogen and 
natural gas is 20%. Given the likely future developments 
in hydrogen blending technology, we simulated scenarios 
for the mixing of hydrogen and natural gas at hydrogen 
blending ratios of 5%, 25%, and 50% for a static mixer of 
600 mm in length with a blade angle of 90°.  

Figure 14 shows the variations in mixing uniformity 𝜎 
with distance from the mixing point under different 
hydrogen blending ratios, from which it can be seen that 
increasing the hydrogen blending ratio can effectively 
improve the mixing uniformity of hydrogen and natural 
gas immediately after mixing. As the mixing distance 
increases, the mixing uniformities at the pipeline outlet at 

hydrogen blending ratio of 5%, 25%, and 50% increase to 
99.49%, 99.78%, and 99.95%, respectively. Although this 
enhancement in mixing uniformity is not significant, 
increasing the hydrogen blending ratio would contribute 
to increasing the safety of gas for end users. Consequently, 
it is necessary to determine the range of hydrogen 
blending ratios based on actual situations.  

3.2.3 Static Mixer Length 

To study the effect of static mixer length on mixing 
uniformity, we calculated the mixing uniformity of natural 
gas and hydrogen at both the inlet and outlet of a static 
mixer. For the purpose of this analysis, we assessed the 
influence factor of static mixer on hydrogen volume 
fraction 𝜏 , which is defined as the ratio of mixing 
uniformity at the outlet of the static mixer to that at the 
inlet, as follows: 

out

in





= ,  (20) 



J. Du et al. / JAFM, Vol. 17, No. 8, pp. 1618-1630, 2024.  

 

1627 

 

Fig. 15 Variations in mixing uniformity in different pipeline sections in static mixers of different lengths 

 

 

(a) 𝜃 = 0°                      (b) 𝜃 = 30° 

 

(c) 𝜃 = 45°                       (d) 𝜃 = 60° 

 

(e) 𝜃 = 90° 

Fig. 16 Schematic diagrams of different-angled static mixer blades 

 

where 𝜎𝑜𝑢𝑡  represents the uniformity of mixing at the 
outlet of the static mixer and 𝜎𝑖𝑛  represents the 
uniformity of mixing at the inlet of the static mixer. The 
larger the value of 𝜏, the better is the mixing effect of the 
static mixer on natural gas and hydrogen. 

The mixing of hydrogen and natural gas was 
simulated under conditions with static mixer lengths of 
600, 400, and 200 mm at a hydrogen blending ratio of 25% 
and static mixer angle of 90°.  

Figure 15 shows data regarding the mixing uniformity at 
the inlet and outlet of different-length static mixers, along 
with the mixing uniformity at the pipeline outlet, from 
which it can be seen that for static mixers of 200 and 400 
mm in length, the mixing uniformities at the mixer outlet 
are 84.12% and 94.71%, respectively, which do not meet 
the industrial requirement of 95% mixing uniformity. 
Contratingly, for a static mixer of 600 mm in length, the 
mixing uniformity at the outlet is 99.05%, which 
accordingly meets industrial mixing requirements. At 
mixer lengths of 200, 400, and 600 mm, the corresponding 
influence factors on the hydrogen volume fraction τ are 
2.90, 3.27, and 3.41, respectively, thereby indicating that 

the mixing effect of the static mixer increases with an 
increase in mixer length. This effect can be ascribed to 
increases in the velocities of the two gases in the static 
mixer, and a strong turbulence effect, and that the longer 
the length of the static mixer, the better is the mixing of 
the two gases. 

3.2.4 Static Mixer Blade Angle  

To examine the influence of the angle 𝜃  between 
static mixer blades on mixing uniformity, we simulated the 
mixing of hydrogen and natural gas for a static mixer of 
600 mm with blade angles of 0°, 30°, 45°, 60°, or 90° at a 
hydrogen blending ratio of 25%. Figure 16 shows 
schematic representations of the blades of different angles, 
whereas Fig. 17 shows the variation in mixing uniformity 
with distance from the mixing point using different blade 
angles, and Fig. 18 shows the mixing uniformity at 
different positions in static mixers with different blade 
angles. 

From Figs 17 and 18, it can be seen that at a blade 
angle of 0°, the mixing uniformities at the inlet and outlet  
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Fig. 17 Variations in mixing uniformity in static mixers with different blade angles 

 

 

Fig. 18 Variations in mixing uniformity in different sections of a static mixer with different blade angles 

 
of the static mixer are 28.96% and 59.53%, respectively, 
and influence factor of the static mixer on the volume 
fraction of hydrogen gas 𝜏 = 2.06; at a blade angle of 
30°, the mixing uniformities at the inlet and outlet are 
28.99% and 89.75%, respectively, and 𝜏  = 3.10; at a 
blade angle of 45°, the mixing uniformities at the inlet 
and outlet are 28.91% and 95.05%, respectively, and 𝜏= 
3.29; at a blade angle of 60°, the mixing uniformities at 
the inlet and outlet are 29.03% and 99.46%, respectively, 
and 𝜏  = 3.426; and at a blade angle of 90°, the mixing 
uniformities at the inlet and outlet are 29.08% and 
99.78%, respectively, and 𝜏 = 3.431. Accordingly, with 
an increase in the angle between the static mixer blades, 
there is an increase in the mixing effect of the static 
mixer. 

4. CONCLUSION 

In this study, we sought to determine the factors 
influencing the uniformity of mixing between hydrogen 
and natural gas using three different models, namely, T-
tube, bending tube, and static mixer mixing, and used 
FLUENT software to perform numerical simulations 
based on these three mixing models. In these simulations 
we assessed the influence of hydrogen blending ratio and 
static mixer length and blade angle on the mixing of 
hydrogen and natural gas, on the basis of which, we draw 
the following conclusions. 

(1) The uniformities of mixing at the outlet of the 
pipeline obtained using T-tube, bending tube, and static 
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mixer mixing are 96.13%, 99.40%, and 99.78% 
respectively, thereby indicating that the static mixer has 
the best effect regarding the mixing of hydrogen and 
natural gas. This effect can be attributed to the higher 
intensity of turbulence generated in the pipeline 
downstream of the mixing point when using a static mixer, 
which is conducive to the mixing of hydrogen and natural 
gas. 

(2) Increasing the velocity of natural gas has no 
significant effect on the uniformity of hydrogen and 
natural gas blending, although an excessive rate of flow 
can adversely affect the service life of pipelines. 

(3) Increasing the hydrogen blending ratio does not 
contribute to a significant enhancement of mixing 
uniformity at the pipeline outlet. Consequently, it is 
necessary to determine the hydrogen mixing ratio 
according to the technical conditions in practical 
engineering. 

(4) For static mixers of lengths 200, 400, and 600 
mm, we obtained mixing uniformity values of 84.12%, 
94.71%, and 99.05% at the mixer outlet, respectively, with 
corresponding values of 2.97, 3.27, and 3.41 for the 
influence factor of static mixer on hydrogen volume 
fraction 𝜏 . These findings thus indicate that the mixing 
effect of the static mixer increases with an increase in 
mixer length. 

(5) For static mixers with blade angles θ of 0°, 30°, 
45°, 60°, and 90°, the mixing uniformity at the outlet of 
the mixer is 59.53%, 89.75%, 95.05%, 99.46%, and 
99.78%, respectively, with corresponding values of 2.06, 
3.10, 3.29, 3.426, and 3.431 for the influence factor of the 
static mixer on the volume fraction of hydrogen gas 𝜏 . 
These findings accordingly indicate that the mixing effect 
of static mixers increases with an increase in the angle 
between the mixer blades. 

Given that an uneven mixing of hydrogen and natural 
gas can potentially lead to the damage of end-user gas 
equipment and reduces the calorific value of mixed gas, 
we believe that our findings in this study will provide 
theoretical guidance for the design of hydrogen mixing 
pipelines and the development of more efficient mixers, 
thereby contributing to the prevention of economic losses 
caused by the damage to gas equipment. This in turn 
would contribute to the more efficient utilization of 
hydrogen and natural gas and reduce the reliance on fossil 
fuels. Thus, these findings would have significant 
implications with respect to saving energy, reducing 
emissions, and the utilization of hydrogen energy. 
However, despite these promising features, certain 
technical problems remain to be resolved. For example, 
given the potential danger of performing mixing 
experiments for hydrogen and natural gas, we did not 
further verify the accuracy of the numerical simulation 
results under experimental conditions. In addition, owing 
to the constraints posed by numerical simulation modeling, 
we performed assessments considering only a horizontal 
pipeline, and did not take into account the potential 
influence of pipeline fluctuation on the hydrogen and 
natural gas mixing process in actual engineering. We 
nevertheless hope that future research will go some way to 
solving these and other unresolved issues. 
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