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ABSTRACT

Hydrogen is an important clean energy carrier that contributes to the carbon neutrality by reducing the
dependence on fossil fuels. As its role in the global energy system continues to expand, the demand for
the hydrogen blended natural gas transportation is steadily rising, which brings a new challenge of the
uniform mixing for the safe and efficient long-distance transmission. In this study, the mixing perfor-
mance of the Sulzer SMV static mixer for hydrogen blending in natural gas pipelines is investigated
numerically. Using the large eddy simulation method, and a detailed parametric analysis of geometric
factors including element orientation, aspect ratio, twist angle, and spacing are conducted. The results
indicate that the SMV mixer markedly enhances the mixing of hydrogen and methane. Increasing the
number of mixing elements from one to six improves the mixing homogeneity but causes a 4.5 times
increase in the pressure drop. The flow field visualization and vortex evolution analyses demonstrate
that vortex generation plays a dominant role in fluid disturbance and mixing enhancement, with Dean
vortices being particularly effective in promoting hydrogen and methane blending. This study provides
valuable guidance for the design and optimization of static mixing devices, thereby advancing the
hydrogen utilization and improving energy efficiency in sustainable energy systems.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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Nomenclature

Liin) Length of natural gas pipeline upstream of blending
point

Lin2) Length of the hydrogen pipeline

Le Length of the static mixer

d Diameter of the hydrogen pipeline

a Twist angle of corrugated plate

h Height of the corrugated plate

x* Downstream distance from the static mixer outlet

cov Coefficient of variation

i Number of mesh nodes at the section

c Average mole fraction of hydrogen in the entire
section

\Y Vertical

Liout) Length of gas pipeline downstream of blending point

L, Length from the blending point to the static mixer
inlet

D Diameter of the natural gas pipeline

De Diameter of the SMV static mixer

S Height of the corrugated plate spacing

X Length along the flow direction of the natural gas
pipeline

L* Distance from the static mixer inlet to the mixer
interior

P Pressure drop

Ci Hydrogen mole fraction of the i-nodes at the section

Ar Aspect ratio

H Horizontal

. Introduction

With the advancement of modern technologies and the
growing demand for high-quality products (Liu et al., 2025), the
efficient mixing has become increasingly important in a wide
range of industries (Kouadri et al,, 2021; Chen et al., 2023). In
processes such as the petroleum production, chemical processing,
and biological industry, the need for effective mixing solutions is
constantly growing to meet goals of both quality standards and
environmental sustainability (Guo et al., 2023; Ruan et al., 2024).
As industries evolve, optimizing mixing processes not only en-
hances production efficiency but also helps to reduce energy
consumption and minimize waste, contributing to global efforts
toward sustainability and carbon reduction (Yang et al., 2024Db).
Due to the complexity of mixing processes, selecting an appro-
priate mixing device is essential to prevent inefficiencies that may
compromise both process performance and safety (Vashisth et al.,
2021; Delaplace et al., 2023).

The main types of mixing equipment are dynamic mixers and
static mixers. Dynamic mixers employ mechanical agitation to
blend materials, achieving rapid mixing and efficient mass transfer
(Horie et al., 2011; Casugbo and Baker, 2018; Shi et al., 2020). They
are particularly advantageous for processes that require high shear
rates; however, their reliance on moving parts often leads to
higher energy consumption and greater maintenance re-
quirements (Bennour et al, 2023). In contrast, static mixers
employ fixed mixing elements positioned within a tubular struc-
ture to promote efficient mixing (Zidouni et al., 2015). Instead of
relying on mechanical agitation, they enhance mixing by dis-
rupting the flow as it passes through the elements, generating
turbulence that strengthens interfacial interactions (Rabha et al.,
2015). This mechanism induces chaotic convection, substantially
enlarging the effective mixing area and enabling improved
blending even under low-flow conditions (Zhang et al., 2019; Gao
et al.,, 2024). The absence of moving parts in static mixers mini-
mizes maintenance requirements and reduces energy consump-
tion (Albertazzi et al., 2024). These advantages make static mixers
highly applicable across a wide range of industrial mixing pro-
cesses (Zhuang et al., 2020).

In response to the global pursuit for green and low-carbon
energy solutions, blending hydrogen into existing natural gas
pipelines has emerged as an effective approach to decarbonize
current energy infrastructure while minimizing retrofitting costs
(Chen et al., 2025; Lu et al., 2025). This approach enables the
gradual integration of hydrogen into energy systems by utilizing
the existing natural gas infrastructures (Shi et al., 2023; Ichikawa,
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2024; Wu et al., 2024a). However, achieving effective mixing of
hydrogen and natural gas remains a challenge because of their
pronounced differences in physical properties (An et al., 2023; Yan
et al,, 2023; Zhao and Cheng, 2024). Notably, the much lower
density of hydrogen compared to natural gas may cause gas
stratification when blended through conventional T-junctions
(Eames et al., 2022; Liu et al., 2023a; Khabbazi et al., 2024; Ouyang
et al., 2024), resulting in localized hydrogen-rich zones. This non-
homogeneity not only increases the risk of hydrogen-induced
embrittlement in pipelines (Jia et al., 2023), but also reduces
metering accuracy and complicates leak detection (Zheng et al.,
2025). Natural convection and molecular diffusion are generally
insufficient to overcome this stratification. Moreover, the high
molecular diffusivity of hydrogen results in steep concentration
gradients near the injection point, further impeding rapid and
homogeneous mixing. Compared with other gas mixtures of
similar properties, the hydrogen-methane system exhibits
considerably greater complexity. Although adjusting the injection
orientation can mitigate stratification to some extent, achieving
homogeneous mixing under practical engineering conditions re-
mains a great challenge (Wu et al., 2024b; Ali and Tormene, 2025;
Rosa et al., 2025). Therefore, dedicated design and optimization of
mixing devices are essential to achieve homogeneous blending
and to ensure the safe and stable operation of hydrogen-blended
natural gas systems.

Advances in static mixer technology provide a promising
pathway for the safe and efficient integration of hydrogen into
natural gas pipelines. The performance of a static mixer is closely
related to the physical properties of the blended gases and the
corresponding operational requirements. Therefore, the selection
of an appropriate mixer should be guided by the specific applica-
tion scenario, as different mixer types offer distinct advantages in
terms of mixing efficiency, pressure drop, and structural adapt-
ability (Valdés et al., 2022). To date, numerous static mixer con-
figurations have been developed and investigated for blending
hydrogen into natural gas networks, each exhibiting unique design
features and performance characteristics. As summarized in
Table 1, Liu et al. (2023b) investigated the mixing performance
of the SMX static mixer, with numerical simulations validated by
experimental results, and recommended using four mixing ele-
ments for optimal performance. Subsequently, Zheng et al. (2024)
proposed a coaxial shear static mixer featuring ring-shaped
structures, whose mixing homogeneity and pressure drop per-
formance were found to surpass those of the SMX mixer (Liu et al.,
2023b). Liu et al. (2022) examined the blending behavior of
different natural gas sources using four types of static mixers
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Table 1
Overview of previous studies on static mixers for hydrogen blending.
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Scholar Static mixer Method

Hydrogen blending ratio Key results

Fernandes et al. (2024) KMS and KVM CFD

Zheng et al. (2024) Coaxial shear CFD

Kong et al. (2021) Helical

Wang et al. (2025) Self-designed

Liu et al. (2023b) SMX

Di et al. (2024) Self-designed CFD

Yang et al. (2024a) LPD, Y-type and double-jet vortex CFD

Ali and Tormene (2025) Modular CFD

Zheng et al. (2025) Kenics static mixer

CFD/Experimental

CFD/Experimental

CFD/Experimental

CFD/Experimental

5%-20% Compared to the KMS static mixer, the KVM
demonstrates superior performance in terms of
both mixing efficiency and pressure drop.
When the number of cavities increases to 48,
the mixing homogeneity reaches 95.43%, and
the pressure drop is 67.02 Pa.

Three mixing elements offers an optimal trade-
off between mixing performance and pressure
drop. The 120° angle yields the best mixing
performance.

Mixing homogeneity can be improved by using
this static mixer. While pressure has little effect
on mixing performance, increasing the
hydrogen ratio or flow rate initially enhances
homogeneity, peaking at 10% hydrogen and 10
m?>/h, before declining.

An increase in the hydrogen volume fraction
enhances mixing homogeneity but also results
in a slight rise in pressure drop. Hydrogen
blending experiments can be performed using
nitrogen as a surrogate for natural gas.
Optimal mixing was achieved when the static
mixer with 4 mixing elements was installed 3
diameters downstream of the blending point,
with a spacing of 1 diameter between the
mixing elements.

Mixing homogeneity improves with increasing
flow velocity, hydrogen blending ratio, twist
angle, and number of mixing elements, as well
as with a decreasing aspect ratio.

The mixer consistently achieved high mixing
homogeneity with low pressure drop

(<2.2 bar).

Pipeline pressure and temperature changes
have a minimal impact on the mixing
characteristics.

5%-25%

5%-25%

5%-20%

5%-20%

1%-20%

5%-25%

through numerical simulations, and reported that the spiral vane
mixer achieved the best mixing performance among the tested
configurations. Building on helical and LPD static mixer concepts,
Yang et al. (2024a) designed five different static mixers for the
hydrogen-methane blending. The results indicated that the new
LPD static mixer achieved the best mixing performance, which is
consistent with the findings of Su et al. (2023). In a related study,
Fernandes et al. (2024) employed a helicoidal mixer (KMS), a KVM
mixer and a standard T-junction to blend hydrogen into natural gas
pipelines. Their results showed that the KVM mixer achieved the
required mixing homogeneity within 7 pipe diameters, whereas
the KMS required 13. Wang et al. (2025) combined numerical
simulation and experimental approaches to design and optimize a
static mixer structure for hydrogen blending, with the sampling
point arrangement refined based on the work of Liu et al. (2023b).
Zheng et al. (2025) conducted Computational fluid dynamics (CFD)
simulations and experimental validation to evaluate the mixing
performance of hydrogen and natural gas in a Kenics static mixer.
They identified an optimal configuration consisting of two helical
elements with a 135° twist angle and a length-to-diameter ratio of
2, which provided the best balance between the mixing efficiency
and pressure drop. These studies collectively underscore the crit-
ical influence of geometric parameters on the static mixer per-
formance. Furthermore, Ali and Tormene (2025) developed and
tested a modular static mixing system suitable for various
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hydrogen blending concentrations. Their system maintained a
consistently low pressure drop across the 1%-20% hydrogen
blending range. Notably, its successful implementation in the
Green Hysland project in Palma de Mallorca demonstrated the
reliable real-world performance and confirmed the practicality of
the design under actual operating conditions.

As reviewed above, previous studies have examined a large
number of static mixers, including SMX, LPD, and Kenics types, for
hydrogen blending in natural gas pipelines. These mixers exhibit
distinct advantages and limitations depending on specific mixing
objectives such as the homogeneity, pressure drop, and structural
integration. Some configurations have demonstrated favorable
performance in enhancing gas-phase mixing and have been
gradually incorporated into hydrogen blending applications, while
the SMV static mixer has received comparatively little attention.
Originally developed by Sulzer in the 1970s, the SMV mixer con-
sists of a series of stacked corrugated plates that form open and
intersecting channels, which divides the main flow into multiple
substreams and generates a turbulent flow field with high levels of
homogeneity and isotropy (Schrimpf et al., 2019). The SMV mixer
is particularly attractive for gas-phase applications due to its
simple geometry and low manufacturing cost (Etchells III and
Meyer, 2003; Paglianti and Montante, 2013). To the best of our
knowledge, however, the effects of its geometric parameters on
flow dynamics, mixing efficiency, and pressure drop have not yet



T. Di, X. Sun, P-C. Chen et al.

Petroleum Science 23 (2026) 1469-1486

Mixture

(a) Hydrogen
d
Ly
Y
L
NG x L. 1D 3D 5D 7D -
T
1

Fig. 1. Geometry of natural gas pipeline with the SMV static mixer.

been thoroughly investigated. This lack of fundamental under-
standing presents a significant obstacle to evaluating its feasibility
for engineering implementation in hydrogen blending systems.

This study aims to address the existing research gap concerning
the application of SMV static mixers for hydrogen blending in
natural gas pipelines. A series of numerical simulations were
conducted to systematically investigate the effects of key geo-
metric parameters on the mixing performance and associated
pressure drop of SMV static mixers. The evaluation indices
included the coefficient of variation of gas concentration and the
pressure drop across the mixer. Furthermore, the influence of the
number of mixing elements on the mixing efficiency was explored.
Finally, a detailed flow field analysis was conducted to elucidate
the fundamental mixing mechanisms, providing a deeper insight
into the vortex structures and flow patterns involved in the pro-
cess. The findings provide theoretical guidance for the rational
design and optimization of SMV static mixers, thereby supporting
the safe, efficient, and standardized deployment of hydrogen
blending within existing natural gas infrastructure.

2. Mechanics model and mathematical formulation
2.1. Mechanics model

Fig. 1 illustrates the geometry of the natural gas pipeline
equipped with the SMV static mixer. As seen in Fig. 1(a), the model
consists of three main components: a natural gas pipeline with a
total length of Lin) + Liout) and a diameter D; a hydrogen injection
pipeline with a length L) = L(in) and a diameter d; and the SMV
static mixer. An axial distance of L, = 2D is defined between the
hydrogen blending point and the entrance of the static mixer. This
spacing enables the hydrogen jet to preliminarily mix with the
natural gas before entering the mixer, promoting a more uniform
velocity and concentration profile at the inlet. It also provides
sufficient space for the installation, inspection, and maintenance
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of the device in practical pipeline applications. The blue, green,
and red arrows indicate the flow directions of the natural gas,
hydrogen, and the resulting mixture, respectively. To assess the
mixing effectiveness, twenty cross-sections are extracted down-
stream of the mixer, each separated by one diameter (1D).

As shown in Fig. 1(b), the SMV static mixer comprises five
stacked corrugated plates. Each plate is defined by its length Le,
width De, height h, twist angle «, and inter-plate spacing s. Fig. 1(c)
illustrates the configuration of the mixing elements at different
aspect ratios. The detailed geometric parameters of the model and
the simulation conditions are listed in Tables 2 and 3, respectively.

2.2. Mathematical formulation

The Large Eddy Simulation (LES) method was employed in this
study to solve the continuity, momentum, energy and species
transport equations. The fundamental approach of LES involves
spatially filtering turbulent motion and separating it into large
scales (resolved scales) and small scales (sub-grid-scales, SGS). The
large-scale structures are resolved directly, while the influence of
the unresolved SGS motions on the resolved scales is modeled
using appropriate SGS models (Gao et al., 2022). Based on the
fundamental principles of LES, the filtered governing equations for

Table 2

Specific parameter of SMV static mixer.
Parameter Symbol Unit Value
Length of NG pipeline Liin) + Liout) mm 5000
Length of H, pipeline Lin2) mm 1000
Length of location of SMV static mixer L, mm 200
Length of static mixer Le mm Varied
Diameter of NG pipeline D mm 100
Diameter of H; pipeline d mm 30
Width of static mixer De mm 98
Twist angle a ° Varied
Spacing between corrugated plates s mm Varied
Height of each corrugated plate h mm 16.4
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Table 3
Working conditions.
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Case Orientation Aspect ratio Le/De Height ratio s/h Angle, ° Number of elements Velocity of methane, m/s Pressure, MPa
1 Horizontal (H) 1.0 1.2 120 1 5 4
2 Vertical (V) 1.0 1.2 120 1 5 4
3 \Y 1.2 1.2 120 1 5 4
4 \Y 1.4 1.2 120 1 5 4
5 \Y 1.6 1.2 120 1 5 4
6 \Y 1.0 12 90 1 5 4
7 \Y 1.0 1.2 60 1 5 4
8 \Y 1.0 1.2 45 1 5 4
9 \Y 1.0 0.8 90 1 5 4
10 \Y 1.0 0.6 90 1 5 4
11 HV 1.0 1.2 120 2 5 4
12 HVHV 1.0 1.2 120 4 5 4
13 HVHVHV 1.0 1.2 120 6 5 4
compressible gas flow can be expressed as follows (Liu and Liu, ~
2024): yscs__(c;A)2)S’ (4)
= 1[oy oy
Sil: = | iy 2 5
op a(pu,) 0 U2 o oox (5)
E+ ax,- -
i . 2 (LMy)
0 pu) a(puu) _ Cs (6)
( : + ) b _ o G _ﬁ(ﬁ._gﬂ.) (MM
ot 0x; ox; oxj |V R
~ 2(|8[S.. — |S|S..
o(ohs) gy 2P 9 [ o o Mij =24 (‘S i ’S‘S”) )
ot +'ax,-(” i 5) ot THiox Tax |t p( itls =54 5) -
Ly =uu; — u;ly; (8)
= A‘)ﬂi 9 _XN:V Y.h (1) where, Cs is dynamic Smagorinsky constant, A = {/AxAyA; is the
T”dxj 0X; pkﬂ ki ks k grid filter width, L; is the resolved Leonard stress tensor, Ay, Ay, A,
represent the cell size in the respective coordinate direction, “()”
where the over-bar “~” denotes physical spatial filtered variable, stands for averaging operation, and ‘g‘ _ /2§U§U is the filter size.

fx) = [G(x,X)f(x)dx, and tilde “~” denotes a Favre-averaged
filtered variable, f = of /p. p is the fluid density, u; is the i-th
component of the velocity vector, P is the fluid pressure, h; is the
sensible enthalpy, Vj; is the diffusion velocity of the k-th species,
qi = Ag—;i is the heat flux vector, T is the fluid temperature, and 1 is

the thermal conductivity.
The total stress tensor z;; can be given by:

o ou; 2 ouy
o =n oo~ (5450)0
The Dynamic Smagorinsky Model (DSM) has been demon-
strated to be more suitable for computing gas mixing processes in
pipelines than other models, as reported in our previous studies
(Di et al., 2024). Therefore, the DSM was adopted in this study to

accurately capture the small-scale vortex structures (Hoque et al.,
2024).

J

(2)

ses 1

3

In Eq. (3), Sj; is the strain rate tensor in resolved scales and vsgs

is SGS eddy viscosity coefficient (Mirfasihi et al., 2025), which can
be computed by:

(3)

SGS I
Tij {SikaR = —21/5655,-]-
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The filtered transport equation for the mass fraction of the k-th
species is expressed as follows

o).,

ot ‘*ag

(ﬁﬁiYk) =a% [m*ﬁ([‘?y/k*ﬂiyk)] (9)

The right-hand side term in the species transport equation
needs to be closed:

- H oY,
u,-Yk — Lliyk = 7575[ Txk (10)
1
__aY
VieiYe= — PDka (11)
where Y), is the mass fraction of species k = 1, ..., N, Dy is the

molecular diffusion coefficient, and Sc; is the SGS Schmidt number
for species k.

2.3. Evaluation indices

Mixing homogeneity and pressure drop are commonly used to
evaluate the performance of static mixers. Mixing homogeneity is
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quantified by the coefficient of variation (COV), which represents
the uniformity of component distribution within the fluid. A lower
COV value indicates a higher degree of mixing homogeneity. Ac-
cording to Bie et al. (2025), the COV can be calculated by:

cov =

all =

ST Y 0 100%
n

where ¢; is the hydrogen mole fraction at node i, ¢ is the mean mole
fraction, and n is the number of sampling points on the cross-
section.

In conventional mixing applications, a COV less than 5% is
generally considered indicative of homogeneous mixing. However,
because hydrogen possesses an exceptionally high diffusion coef-
ficient and a much lower molecular weight than methane, its
mixing behavior differs markedly from that of typical chemical
fluids. Consequently, a more stringent criterion is often applied for
hydrogen-natural gas systems, where a COV threshold below 2% is
regarded as necessary to ensure the adequate mixing homogeneity
(Kong et al., 2021).

The pressure drop is defined as the difference between the
area-averaged pressures at the inlet and outlet cross-sections,
which can be expressed as

AP= Pinlet - Poutlet (13)

where P and Py denote the area-averaged pressure. In this
study, the area-averaged pressure over a surface A is calculated as

[PdA
A

P (14)

:fdA
A

This approach ensures that local pressure variations across the
surface are accounted for, providing a reliable estimate of the
overall flow resistance.

3. Numerical methods
3.1. Simulation methods

A three-dimensional, double-precision, and segregated solver
was employed to conduct the simulations in this study. To accu-
rately resolve the pressure and velocity fields under compressible
and transient conditions, the Pressure-Implicit with Splitting of
Operators (PISO) algorithm was applied. This approach ensured
the numerical stability and accuracy in simulating complex fluid
dynamics. Gravitational acceleration was set to 9.81 m/s® along the
negative y-axis. A time step of 10~% was adopted to maintain the
Courant-Friedrichs-Lewy (CFL) number below 1, thereby ensuring
temporal accuracy and stability. Convergence was monitored using
the residuals of the velocity components and continuity equation,
with convergence criteria set to 10~ for continuity and 10~ for all
other variables.

Both the methane and hydrogen inlets were defined as the
velocity inlets. The primary flow consisted of pure methane
entering at a velocity of 5 m/s and a temperature of 300 K, while
the secondary flow introduced pure hydrogen at 6.173 m/s and
300 K, corresponding to a hydrogen blending ratio of 10%. The
pipeline outlet was set as the pressure outlet (4 MPa). A no-slip
boundary condition was applied to all walls. Furthermore, time-
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averaged flow statistics were recorded after the flow field
reached a statistically steady state.

3.2. Model validation

To validate the accuracy of the mathematical model and nu-
merical approach described above, a T-junction model was
employed, as shown in Fig. 2(a). The model geometry and oper-
ating conditions were consistent with those in the experiment
(Fernandes et al., 2024), with diameters of 0.08 m for the natural
gas pipeline and 0.032 m for the hydrogen pipeline. The flow ve-
locity, hydrogen blending ratio and operating pressure were set to
20 m/s, 20%, and 1.8 MPa, respectively. LES results were compared
with the experimental data at x/D = 10 and x/D = 30. As illustrated
in Fig. 2(b) and (c), the simulation exhibited good agreement with
the experimental measurements, with average relative deviations
of 3.4% for the pressure drop and 5.8% for the COV of hydrogen
concentration. These results confirm the reliability of the proposed
numerical method for simulating hydrogen-natural gas mixing in
pipelines.

3.3. Mesh generation and independence analysis

The accuracy of numerical simulations is highly sensitive to the
mesh resolution. To balance computational cost and accuracy, four
mesh configurations were generated, containing 920,269,
1,285,042, 1,969,124, and 2,400,248 cells, respectively. The
computational mesh is shown in Fig. 3(a). The boundary layer
inflation was applied near walls with a growth rate of 1.1 to resolve
near-wall gradients, and the dimensionless wall distance (y+) was
maintained below 1.0 to meet LES requirements. The mesh quality
was evaluated using two widely accepted metrics: maximum
skewness and orthogonal quality, the skewness reflects how much
a cell deviates from an ideal shape, and values above 0.85 may lead
to numerical instability. In this study, the maximum skewness was
kept below 0.6, indicating well-shaped elements. The orthogonal
quality measures the alignment between cell faces and the line
connecting adjacent cell centers; values closer to 1 are ideal,
whereas values below 0.2 are typically unacceptable. The mini-
mum orthogonal quality in the present mesh exceeded 0.4, con-
firming satisfactory mesh quality. Additionally, the mesh
refinement was applied around the internal structures of the static
mixer to enhance local resolution in regions with steep velocity
and concentration gradients, which ensured adequate resolution
of vortex dynamics and scalar transport phenomena that are
critical to accurately capturing the hydrogen-methane mixing
process.

The geometry and boundary conditions correspond to Case 1 in
Table 3. The simulations were conducted using a high-
performance Dell R750XS workstation with dual Intel Xeon Gold
6338 CPUs (2.0 GHz, 32 cores) and 256 GB RAM. For the finest
mesh (2,400,248 cells), the transient simulation with a time step of
0.1 ms and a total simulated time of 12 s required approximately
180 h. In contrast, the coarsest mesh (920,269 cells) required 100 h
under the same conditions. Simulation results for different meshes
are shown in Fig. 3(b) and (c), where the horizontal axis denotes
the ratio of the distance from the mixing element exit (x*) to the
pipeline diameter (D), and the vertical axis represents pressure
drop and hydrogen mass fraction, respectively. When the number
of cells exceeded 1,969,124, the pressure drop remained virtually
unchanged, and the average deviation in mass fraction was only
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Fig. 2. The mixing results of a T-junction: (a) computational model (Su et al., 2022); (b) pressure drop; (c) COV.

0.9%. These results indicate that further refinement had a limited
effect on the computational outcomes. Consequently, the mesh
containing 1,969,124 cells was selected for subsequent
simulations.

4. Results and discussion
4.1. Effect of orientation

Two stacking orientations, represented as Case 1 and Case 2 in
Table 3, were examined to evaluate the effect of mixing element
arrangement on the mixing performance. The mixing element
shown in Fig. 1 is initially positioned horizontally and then rotated
90° to achieve a vertical orientation. As shown in Fig. 4(a), the COV
values for the horizontal and vertical arrangements are nearly
identical at positions where x*/D < 2. However, within the range of
2 < x*[D < 20, the COV curve for the vertically arranged mixing
elements drops rapidly before stabilizing, whereas that for the
horizontal configuration declines more gradually. At x*/D = 20, the
COV value for the vertical arrangement is 2.59%, while that for the
horizontal arrangement is 10.91%. Both cases exceed the homo-
geneity threshold, indicating that the gas mixture remains
nonuniform. These suggest that a single mixing element is insuf-
ficient to achieve the desired level of homogeneity, and further
optimization of the mixing element geometry or the inclusion of
multiple mixing elements is necessary.

Asillustrated in Fig. 5, the flow and mixing behaviors within the
SMV static mixer can be divided into four distinct regions. In
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Region 1, prior to entering the mixing section, the hydrogen ac-
cumulates near the upper wall because of the density difference
between the hydrogen and methane. Upon entering Region 2, the
internal mixing elements redirect the flow, initiating interfacial
interaction between the gases. The geometry-induced flow
deflection in Region 2 causes divergent hydrogen trajectories,
resulting in noticeable differences in spatial distribution in Region
3. In the horizontal configuration, the flow channels guide the
hydrogen to flow downward, reducing its concentration near the
top of the pipe. In contrast, in the vertical configuration, the
hydrogen is directed toward the sidewalls and develops a helical
axial flow that enhances the transverse mixing through increased
radial mass transport. In Region 4, further downstream, the in-
fluence of the mixer gradually diminishes. The hydrogen distri-
bution becomes increasingly homogeneous, and the mixing
process is dominated by the turbulent diffusion, as indicated by
the attenuation of concentration gradients and the absence of
significant flow redirection.

Table 4 presents the pressure drop results corresponding to
simulation cases listed in Table 3. These cases were designed ac-
cording to the principle of controlled variables, in which only one
geometric parameter was varied in each case while all others were
held constant. The results show that, when the mixing elements
are arranged horizontally, the pressure drop increases by 2.69%
(Cases 1 and 2). Moreover, all simulated pressure drops in this
study are significantly below the allowable limit of 0.2 MPa, ac-
cording to the SY/T 5922-2024 “Specification for operation of gas
pipelines”.
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Fig. 3. Grid sensitivity analysis results: (a) computational domain mesh; (b) pressure drop; (c) mass fraction.

4.2. Effect of aspect ratio

As illustrated in Fig. 4(b), the variation of COV along the
downstream direction is presented for different aspect ratios.
None of the cases achieve complete homogeneity within x* = 20D.
No direct linear correlation is observed between the aspect ratio
and COV. In the near-field region (x*/D < 8), the curves corre-
sponding to aspect ratios of 1.0 and 1.4 exhibit a rapid decrease in
COV, whereas those for 1.2 and 1.6 show a gradual decline. In the
far-field region (x*/D > 8), all COV curves tend to level off as the
turbulence decays and the flow becomes more stable. This sug-
gests that the influence of the mixing element is strongest near the
static mixer and progressively weakens downstream. As the fluid
moves away from the mixer, the dissipation of the turbulence
reduces the effect of the mixing structure on the flow field. At the
final monitoring section, the COV values for aspect ratios of 1.0 and
1.4 are 2.59% and 2.03%, respectively, suggesting relatively superior
mixing performance. As shown in Fig. 6, Region 3 plays a critical
role in determining overall mixing performance. In particular,
Fig. 6(b) reveals a pronounced accumulation of the hydrogen
near the upper section of the pipeline within this region, indi-
cating insufficient mixing. This spatial inhomogeneity aligns well
with the COV results observed, further validating the quantitative
assessment.
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The mixing results for the two aspect ratios exhibit similar
trends due to the shared structural characteristics of the corru-
gated plates. As shown in Fig. 1(c), all four aspect ratios feature
identical inlet configuration, while their outlet structures differ
from each other. For aspect ratios of 1.0 and 1.4, the outlets are
located in the straight sections of the corrugated plates, whereas
for aspect ratios of 1.2 and 1.6, the outlets are located within the
twisted sections. These structural differences influence the
downstream flow field, as illustrated in Fig. 6. Both the outlet
structure and aspect ratio affect overall mixing performance, and
only increasing the aspect ratio does not necessarily lead to
improved mixing. Furthermore, the pressure drop (Table 4) is also
influenced by the outlet configuration. Considering the trade-off
between mixing performance and pressure drop, it is advisable
to employ mixing elements with a standard aspect ratio. There-
fore, the subsequent simulations, the aspect ratio was fixed at Lo/
De = 1.0.

4.3. Effect of twist angle

The corrugated plate angle is a fundamental design parameter
of the SMV static mixer and is critical to the mixing performance.
In this study, four plate angles were selected for comparison: 45°,
60°, 90°, and 120°, corresponding to Cases 2, 6, 7, and 8 in Table 3,
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Fig. 4. COV evolution with distance: (a) orientation; (b) aspect ratio; (c) twist angle; (d) spacing height; (e) number of mixing elements.

respectively, to systematically evaluate the effect of plate angle flow trajectories induced by the corrugated plate geometry.

variation on mixing efficiency and the associated pressure drop. Changes in plate angle alter the curvature and orientation of the
Fig. 4(c) shows that only the 90° configuration achieves mixing internal flow channels, which in turn affect the local centrifugal
homogeneity at x*/D = 5. The differences in the hydrogen distri- forces and generate secondary flows with varying strength and

bution at various twist angles mainly attributed to the modified structure in both radial and circumferential directions. These
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Fig. 5. Hydrogen mole fraction contours for different arrangement orientations.

secondary flows are intrinsically linked to the formation of vortex
structures (Hong et al., 2024) and play a key role in mitigating
stratification caused by the low density of hydrogen (Su et al,
2025). They facilitate the redistribution of hydrogen from the
upper region of the pipe toward the central and lower areas,
enhancing the radial mass transport and improving mixing ho-
mogeneity. The mechanisms of vortex formation and their impact
on mixing behavior will be further discussed in the following
section.

According to Fig. 7, at @ = 120°, a high-concentration hydrogen
stream exits the mixer and travels through Regions 2 and 3,
spiraling along the right wall of the pipeline toward the bottom.
This produces the highest COV during the initial stage. At a = 90°,
the hydrogen current is redirected toward the left wall. Compared
with @ = 120°, it has a lower concentration and disperses more
rapidly, continuing to mix effectively in Region 3 and resulting in
the best mixing performance. At « = 60°, the hydrogen stream
moves from the left to the right wall, undergoing partial mixing
during this process; however, it persists throughout the Region 3.
At a = 45°, the hydrogen stream exits the static mixer along the left
wall and flows downstream with a little change in concentration,
indicating the poor mixing throughout this region. This unmixed
hydrogen stream extends from the outlet of the static mixer to the
midpoint of Region 4, which explains why the COV at 45° is higher

than that at 60°. As summarized in Table 4, the pressure drop is
highest at « = 90°, followed by 60° and 45°, while the configura-
tion with 120° exhibits the lowest pressure drop.

4.4. Effect of spacing height

The spacing height between the corrugated plates de-
termines the number of layers within a single mixing element. A
smaller spacing height corresponds to a larger number of plate
layers. To investigate the effect of spacing height on mixing
performance and pressure drop, three spacing
configurations were examined: s = 0.6h, 0.8h, and 1.2h, corre-
sponding to 9, 7, and 5 corrugated-plate layers (Cases 6, 9, and
10), respectively.

As shown in Fig. 8, under different corrugated-plate spacing
heights, the hydrogen flow behavior in Regions 1 and 2 remains
largely consistent. The flow mainly progresses in an orderly
manner through the curved channels formed between the plates,
accompanied by a moderate degree of shear disturbance. Unlike
the variations in outlet flow direction caused by changes in
installation orientation, aspect ratio, or twist angle, altering the
spacing height primarily modifies the channel width without
affecting the overall flow direction. As a result, the main flow
continues to propagate along the sidewalls. However, the intensity

Table 4
Pressure drop results.
Case 1 2 3 4 5 6 7 8 9 10 11 12 13
AP, Pa 664.4 682.3 740.3 703.7 7244 3674.9 1872.7 1322.7 3091.5 32473 15113 2924.1 4395.5
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Fig. 6. Hydrogen mole fraction contours for different aspect ratios.

of the spiral development varies markedly along with spacing
height, as reflected by the fluctuation amplitude of hydrogen
concentration in Regions 3 and 4. Such spiral flow pattern is
characterized by the distinct rotational motion and radial
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diffusion, manifesting as periodic concentration oscillations across
the pipe cross-section. Structurally, it shares certain similarities
with the spiral flow observed in conventional helical static mixers
(Fernandes et al., 2024). In both cases, the mixer geometry induces
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the rotational guidance and shear perturbations, generating sec- mixing (Zidouni et al., 2015), whereas the SMV static mixer
ondary flow structures that disrupt stratification and enhance forms the quasi-spiral flow through continuously curved channels
mixing efficiency. Nevertheless, the underlying mechanisms created by the corrugated plates, promoting locally induced rota-
differ: the helical mixer relies on the alternating arrangement of tional and radial disturbances that naturally evolve into vortex
helical blades to induce periodic flow inversion and cross-flow structures.
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A larger spacing height (s = 1.2h) creates a wider flow passage,
which further enhances the rotational inertia and centrifugal forces
as the fluid navigates the curved paths. This promotes the formation
and persistence of strong vortices, enables hydrogen to detach more
readily from the upper wall and entrain rapidly into the main flow,
thereby accelerating radial diffusion and mixing. In contrast, a
smaller height (s = 0.6h) restricts the rotational motion of the fluid,
inhibits vortex development and weakens the spiral flow structure.
Consequently, the hydrogen forms a distinct concentration lag zone
in the downstream region. From the perspective of flow resistance,
a reduced spacing height decreases the effective hydraulic diam-
eter, increases local shear rates, and intensifies viscous dissipation.
According to the Darcy-Weisbach equation, these effects lead to a
notable increase in the pressure drop per unit length, which is
consistent with the results shown in Table 4.
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4.5. Effect of the number of mixing elements

The preceding analysis investigated the key structural param-
eters of the SMV static mixer, highlighting their effects on both of
the mixing performance and pressure drop. Although the 90°
configuration achieved homogeneous mixing, it produced an
excessively high pressure drop. In contrast, the 120° configuration
offered a better compromise between the mixing efficiency and
the pressure drop. Building on these observations, this section
explores the effect of increasing the number of mixing elements.
The optimal baffle length and spacing were adopted from previous
simulations. In the current setup, adjacent mixing elements are
arranged in a staggered configuration, with the second, fourth, and
sixth elements rotated by 90° relative to the first, third, and fifth
(Ghanem et al., 2014; Abrofarakh, 2025).
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As illustrated in Fig. 9, increasing the number of mixing ele- six elements, the hydrogen and methane undergo continuous
ments extends Region 2, where the primary mixing occurs. When intermixing within the static mixer, thereby eliminating well-
the number of elements is limited to one or two, a distinct defined hydrogen streams in Region 3. Due to the consistent
hydrogen stream persists into Region 3. In contrast, with four or outlet orientation of mixing elements, the hydrogen is directed
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Fig. 9. Hydrogen mole fraction contours for different numbers of mixing elements.
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toward the pipeline sidewalls at the outlet. As the number of
mixing elements increases, the hydrogen mole fraction gradually
decreases, and the fluid in downstream Regions 3 and 4 turns to
more homogeneously mixed. This observation agrees well with
the trend shown in Fig. 4(e). For cases with one or two elements,
homogeneous mixture is not achieved even at x* = 20D. However,
configurations with four and six elements meet the mixing crite-
rion at x* = 14D and 10D, respectively. In the range of x*/D = 1-5,
the rate of COV reduction decreases as n increases, indicating
diminishing returns with the addition of more elements. Mean-
while, Table 4 shows that the pressure drop increases with n,
although the rate of increase gradually declines.

4.6. Flow and mixing characteristics

To elucidate the mixing characteristics of the methane and
hydrogen and the corresponding pressure drop under different
geometric parameters, the vortex evolution and flow-field char-
acteristics were further examined to reveal the underlying mixing
mechanisms of the SMV static mixer.

Fig. 10 illustrates the velocity fields and vortex structures at
multiple cross-sections within the SMV static mixer (L*/Le) and in
the immediate downstream region (x*/D = 1-3), showing the
evolution of flow characteristics as the fluid traverses the mixer. As
shown in the first column, the inlet streamlines appear similar
across all mixer configurations, with the high-velocity flow
concentrated near the channel centerline. However, distinct vari-
ations in the velocity distribution develop downstream, driven by
differences in flow-channel geometry, which in turn exert a sig-
nificant influence on both mixing efficiency and pressure drop.

As seen in Fig. 10(a) and (b), low-velocity zones appear between
the corrugated plates and the pipe wall. In Fig. 10(b), the improved
fluid distribution mitigates hydrogen accumulation in the upper
region by alleviating localized stagnation. The vortex structures
differ notably between the two configurations. In the horizontal
layout, a pair of horizontally symmetric vortices of unequal size
emerges at the x*/D = 1 cross-section, whereas the vertical layout
produces four vortices of varying sizes. As the flow progresses
downstream, smaller vortices gradually merge into larger
coherent structures, consistent with the findings of Chakleh and
Azizi (2023). Eventually, a pair of symmetric, counter-rotating
vortices forms in the upper and lower parts of the channel.
These structures, known as Dean vortices, are induced by the
curved and twisted flow paths created by the corrugated plates
(Ben Haroual et al., 2025). Dean vortices develop when centrifugal
forces act on fluid layers moving through curved passages,
generating transverse swirling motion superimposed on the pri-
mary axial flow (Peng et al., 2022; Pinho et al., 2023). These sec-
ondary flows intensify radial convection by transporting fluid
alternately between the pipe center and wall, thereby enhancing
cross-sectional mass transfer and promoting rapid mixing homo-
geneity. This effect is evident in the observed reduction of COV.
However, the turbulence and flow disturbances associated with
Dean vortices also increase the viscous dissipation, leading to a
higher pressure drop across the static mixer, as summarized in
Table 4.

As shown in Fig. 10(b), (¢), (d), and (e), comparative analyses of
the flow-field structures at different aspect ratios reveal that the
downstream flow patterns for Ar = 1 and 1.4, as well as for Ar = 1.2
and 1.6, exhibit similar characteristics, mainly due to their com-
parable outlet configurations. For Ar = 1 and 1.4, the vortices are
vertically symmetric, and the larger aspect ratio enhances longi-
tudinal shear effects, resulting in stronger vortex activity and
intensified shear forces that improve mixing. However, for Ar = 1.2
and 1.6, the formation of four symmetrically distributed vortices
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gives rise to a more complex vortex system. Although the number
of vortices increases, the interactions among them remain weak,
and the limited coupling between shear forces and vortex motion
slows turbulent energy dissipation, thereby reducing mixing effi-
ciency. Notably, the vortex structure at Ar = 1.2 evolves most
slowly and exhibits the weakest vortex interactions, which ex-
plains its relatively poor mixing performance. Furthermore, vari-
ations in the flow-field structure associated with the outlet
positions of the mixing elements represent a key factor contrib-
uting to pressure-drop fluctuations.

As seen in Fig. 10(b), (f), (g), and (h), smaller twist angles (45°
and 60°) force the fluid to pass through narrower and more curved
flow paths, resulting in pronounced streamline deflection and
strong velocity gradients near the plate surfaces. These conditions
generate small-scale, near-wall vertical vortices with lower en-
ergy, limited spatial development, and weaker radial penetration,
rendering them ineffective at disrupting the main flow. Conse-
quently, low-velocity zones and localized hydrogen accumulation
appear downstream. At 90°, the flow undergoes significant
directional changes, producing high shear and centrifugal effects
that induce a broad spectrum of vortex structures. These include
both near-wall vortices and large spiral vortices extending across
the pipe cross-section. Such structures significantly enhance mo-
mentum and mass transfer, thereby improving mixing efficiency.
In the 120° configuration, the flow experiences relatively mild
deflection, leading to reduced local shear and weaker centrifugal
forces. As a result, vortex generation is less intense than in the 90°
case, and the mixing enhancement effect is correspondingly
diminished. Notably, the pressure drop does not exhibit a linear
relationship with the twist angle. This observation suggests that
energy loss in the SMV static mixer depends not only on the
geometric features of the flow channels but also, more critically, on
internal flow dynamics such as vortex-induced shear, turbulence
generation, and viscous dissipation. The 120° configuration pro-
duces smoother flow with fewer disturbances, resulting in the
lowest pressure drop, whereas the 90° configuration causes strong
streamline curvature and vigorous vortex interactions, increasing
shear and turbulence intensity and producing the highest pressure
drop. Although smaller twist angles intensify flow tortuosity and
local shear, the associated pressure drop remains moderate
because the flow lacks strong vortex structures and effective mo-
mentum exchange.

As shown in Fig. 10(f), (i), and (j), reducing the spacing height
narrows the flow channel and restricts the formation and strength
of downstream vortices. Although certain vortex structures
persist, their intensity is often insufficient to counteract adverse
effects such as the flow separation or stagnant zones, thereby
diminishing the mixing performance. The pressure drop does not
vary linearly along with the spacing height, as it is governed jointly
by the channel geometry and vortex dynamics. At s = 1.2h, the
wider channel facilitates the generation of more complex vortices,
resulting in higher local velocities and significant energy dissipa-
tion, which produce the largest pressure drop. At s = 0.8h, the
vortex formation is limited, energy loss is reduced, and pressure
drop decreases accordingly. However, at s = 0.6h, although vortex
activity is minimal, the extremely narrow channel induces local-
ized velocity peaks and increased frictional resistance, leading to a
rebound in pressure drop.

As shown in Fig. 10(b), (k), (1), and (m), the inlet flow remains
relatively simple, but as the number of mixing elements increases,
the internal flow path becomes progressively more complex.
Streamlines exhibit sharper curvature, and turbulence intensifies,
particularly in the regions between adjacent elements. The vortex
structures evolve into increasingly intricate, multiscale patterns
that enhance the mass transport and mixing efficiency. With a
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further increase in the element count, the downstream flow field
gradually stabilizes and vortex patterns converge, indicating that
the system approaches a quasi-steady dynamic equilibrium.
Although the mixing efficiency continues to improve, the rate of
improvement diminishes, as shown in Fig. 9. Meanwhile, the
pressure drop increases substantially with the addition of more
elements. Initially, this rise is rapid due to strong flow distur-
bances, but the rate of increase slows as additional elements are
incorporated (Table 4).

The vortex formation and evolution play a pivotal role in the
mixing process. In the SMV static mixer, vortices are primarily
generated by the curved and twisted flow channels, which induce
shear-layer separation and secondary flow structures. These
vortices intensify the local turbulence and promote hydrogen—
methane interaction through shear deformation and vortex
stretching. Serving as carriers of energy and momentum, they
facilitate radial transport, diminish concentration gradients, and
accelerate the homogenization. However, the increased turbu-
lence also enhances the viscous dissipation, leading to a higher
pressure drop across the mixer.

5. Conclusions

A systematic numerical study was conducted to investigate the
influence of geometric variations of the SMV static mixer on the
gas mixing and pressure drop features, with particular focus on the
flow behavior of hydrogen and methane and the role of vortex
evolution in the mixing process. The main conclusions are sum-
marized as follows.

(1) The vertical SMV static mixer effectively suppresses low-
velocity zones near the upper pipe wall, thereby prevent-
ing the hydrogen accumulation. With identical inlet and
outlet structures, increasing the aspect ratio further en-
hances the mixing homogeneity. The 90° configuration
generates multiscale vortex structures that yield the short-
est mixing length but the highest pressure drop. In contrast,
the 120° configuration produces the lowest pressure drop
while maintaining a homogeneity second only to the 90°.
Both the pressure drop and mixing efficiency increase along
with the interlayer spacing, and the optimal design is five
layers. At 120°, increasing the number of the mixing ele-
ments from one to six shortens the mixing length by
approximately 2.5 times, whereas the pressure drop rises by
a factor of 4.5.

(2) The SMV static mixer forms a distinctive internal flow
structure characterized by a multiscale vortex system
arising from the combined influence of geometric distur-
bances and intrinsic flow instabilities within the primary
spiral motion. These vortices continuously evolve through
mechanisms of formation, deformation, and interaction
across wide spatial and temporal scales. Unlike the rela-
tively stable helical flows in conventional helical mixers, the
SMV mixer exhibits a highly unsteady flow field dominated
by dynamic vortex interactions. Consequently, the pressure
drop is governed not only by geometric parameters but also
by the evolving complexity of the internal flow.

(3) Vortices enhance mixing through the fluid entrainment,
vortex stretching, and turbulent diffusion. Large-scale
vortices promote momentum exchange between primary
and secondary flows, expanding the effective mixing region
and strengthening the mass transfer. Small-scale vortices
concentrated near the boundary layer help diminish local
concentration gradients. Among the large-scale structures,
geometry-induced Dean vortices are particularly important
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in SMV static mixer, as they intensify interlayer shear and
generate secondary flow recirculation, and accelerates the
mixing process. Unfortunately, these vortices also increase
the energy dissipation. Therefore, controlling vortex dy-
namics and optimizing turbulent energy distribution are
essential to designing efficient and low-resistance mixing
systems.
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