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Abstract

To supply hydrogen to the geographically decoupled demand sites, efficient hydrogen
transport is necessary. The existing natural gas pipelines represent a promising transport
solution, with the blended hydrogen content expected to steadily increase. An open
issue of hydrogen blending is the mixing behavior. Therefore, the effects of different
geometric parameters (diameters, angles), operating conditions (velocities, concentrations),
and injection layouts (single- and multi-point) on the mixture quality during direct injection
of hydrogen into a natural gas pipeline are studied using 3D CFD. The main goal is to
find parameters and layouts leading to sufficient mixing quality over a range of operating
conditions. The mixing quality is determined based on the coefficient of variation (COV).
The results show that the momentum flux ratio is a key parameter governing the mixing
behavior. However, a high momentum flux ratio alone does not guarantee sufficient
uniformity for all operating conditions. For the investigated range, single-point injection
cannot ensure reliable mixing quality, whereas multi-point layouts with higher hydrogen
inlet velocities achieve sufficient uniformity.

Keywords: 3D CFD; pipelines; hydrogen feed-in; hydrogen blending

1. Introduction
Achieving an independent and sustainable energy supply is crucial for the resilience

and growth of Europe’s economy. In this context, green hydrogen plays a pivotal role
in ensuring 100% sustainability and energy independence [1]. Projections for hydrogen
demand across Europe by 2030 and 2040 underscore the urgent need for robust hydro-
gen transportation infrastructure to connect production hubs with consumption regions.
According to the European Hydrogen Backbone Initiative (EHB), a hydrogen demand of
580 TWh (17.5 Gt of H2) is expected by 2030 across Europe, with Central Europe alone
accounting for 197 TWh (6 Gt of hydrogen) [2]. However, this region is currently projected
to produce only 82 TWh of hydrogen, highlighting a significant gap between supply and
demand. Therefore, developing hydrogen pipeline infrastructure is viewed as essential
for bridging these disparities. Addressing this challenge necessitates the development of
efficient hydrogen pipeline networks. Typical transport capacities of such pipelines range
from 10.6 to 22.5 GW via DN1100 and DN800 pipelines operating at 70 bar maximum
pressure [3].
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Repurposing existing natural gas pipelines presents an economically viable pathway
to facilitate hydrogen transport on a broad scale [4–6]. Supported by initiatives such as the
European Hydrogen Backbone (EHB), HyDelta, and the German Gas and Water Association
(DVGW), considerable progress has been made in adapting pipeline infrastructure for
hydrogen compatibility [7–10]. Significant research efforts have focused on the mechanical
and material challenges of retrofitting pipelines, leading to the development of fracture-
mechanical assessment frameworks [11–18]. Additionally, studies comparing the flow
properties of hydrogen and natural gas have uncovered opportunities to optimize pipeline
operations and improve transport efficiency [19–25]. Further research has been conducted
on the economic viability of constructing and operating hydrogen pipelines, analyzing
various scenarios to exploit technological advances for both pure and mixed hydrogen
transport [26–34]. Safety considerations have also been a critical focus, with advancements
in leak detection, inspection technologies, and material testing to ensure pipeline integrity
under hydrogen conditions [35–37]. Tests on pipeline materials, valves and equipment used
in European high-pressure gas networks have been carried out by Sánchez-Laínez et al. [38].
Furthermore, a comprehensive review on pipeline resilience when faced with hydrogen-
induced degradation has been done by Qin et al. [39]. A further important point is the need
for regulations and standards to assess existing pipelines. Sánchez et al. [40] have recently
reviewed current standards and testing protocols relevant to pipeline systems targeted
for repurposing.

Our research group has specifically examined the quality of hydrogen after exposure
to refurbished pipelines [41].

One of the critical steps in transitioning to hydrogen pipelines involves gradually
increasing the permissible hydrogen concentrations in the existing natural gas grid, cur-
rently capped at 10 vol% in countries like Austria and Germany [42]. However, injecting
hydrogen into natural gas grids introduces significant challenges due to differences in
density and potential separation, particularly in inclined or vertical pipelines under specific
operational conditions. These issues can lead to regulatory non-compliance, component fail-
ure, or safety risks due to local hydrogen concentrations exceeding allowable limits [43–45].
Potential effects of this issue include material and component failure, hydrogen leakage,
or inaccuracies in flow measurements. The challenge is twofold. On one hand, effective
mixing of natural gas and hydrogen needs to be ensured downstream as quickly as possible.
On the other hand, gas separation during operation needs to be prevented. Under standard
conditions, separation is not expected [44]. However, under specific circumstances such
as very low flow rates or when the flow is halted, separation may occur after a period of
inactivity, particularly in inclined or vertical aligned pipeline sections, where stratification
is more pronounced [46]. Consequently, ensuring a homogeneous mixture immediately
after hydrogen injection is imperative to avoid operational inefficiencies and safety hazards.

As shown in Figure 1, hydrogen can be injected into the pipeline either directly or via
a bypass injection [47]. Direct injection (Figure 1a) is only permitted for dedicated pure
hydrogen pipelines, while the hydrogen feed-in for the NG gas grid happens via a bypass
(Figure 1b) to ensure homogeneous mixture. The bypass injection functions as follows.
The natural gas is extracted from the pipeline (7) and mixed with the hydrogen within
the bypass stream (5). A static mixer element (8) is positioned in the bypass to ensure a
homogeneous mixture [47]. The blending process is controlled by regulated flow rates
of hydrogen and natural gas (4, 7) depending on the actual hydrogen conditions (3) and
composition of natural gas (6) to meet target hydrogen content. The Austrian demonstration
project Wind2Hydrogen [48] employs the bypass feed-in approach, injecting hydrogen
produced via electrolysis from renewable energy sources into the NG grid.
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Figure 1. Schematics of (a) direct injection and (b) bypass injection. Adapted from ref. [47].

While bypass injection ensures good mixture quality, the approach has a significant
economic drawback. The feed-in station operator and the gas grid operator are typically
two separate entities. The exit–entry pricing model, standard in EU, leads to costs for
both the extracted natural gas required for pre-mixing as well as the grid feed-in of the
hydrogen–NG mixture [49]. Additional costs for measurement systems and complexity of
reimbursement indicate either the need to adjust this pricing model as part of the hydrogen
transition or explore the viability of direct blending to circumvent the NG extraction fees.

Different authors investigated hydrogen–NG blending behavior, including both bypass
concepts with static mixers and direct injection mixers. Direct injection is understood as
configurations in which hydrogen is introduced directly into the main gas stream through
T-junctions, side, top or bottom injection, injection lances, orifice-based injectors, or multi-
point injection arrangements, with or without additional downstream mixing elements. 3D
CFD simulation studies presented in the literature show good mixing behavior for bypass
feed-in with static mixers, while direct injection concepts show a stronger dependence on
injector geometry, operating conditions, and available downstream mixing length [43–45].

Kong et al. [45] studied the mixing behavior of hydrogen and natural gas in a pipeline
with a T-junction and a three-dimensional helical static mixer using CFD simulation. The
pipeline had a diameter of 50 mm. The simulation study evaluated the effect of the number
of mixing units and geometry of the mixing unit. The study concluded that three mixing
units are an optimum number for sufficient mixing while keeping the pressure loss low.
Mixing uniformity increased with increasing torsion angle but decreased when the angle
becomes too high. Regarding the mixing length, the best results were found when the
distance of the mixing units was the shortest. The blending behavior using static mixers
was studied by Liu et al. [50]. Hydrogen was injected directly into the natural gas pipeline
with a diameter of 310 mm via a porous injection with multiple injection holes. Following
the injection, several mixing elements were positioned. The study concluded that with
respect to the number of mixing elements, four elements were found to be optimal in terms
of pressure drop and mixing uniformity. The mixing became more uniform as the hydrogen
content increased. The uniformity decreased as the inlet velocity increased. This can be
attributed to the reduced residence time, which is an important parameter for mixing.

Another study regarding the blending behavior of hydrogen and natural gas was
done by Yan et al. [51]. The hydrogen injection was performed using a hydrogen pipe
with a 90◦ bend inside the main pipeline. The number of injection pipes varied and were
arranged in a circle with a certain radial distance from the pipe’s center when two or
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more pipes were used. The operating pressure was atmospheric. The study concluded
that the distance where uniform mixing was achieved could be reduced by increasing the
number of injection pipes and by adding a turbulator after the injection pipes. The radial
distance had a significant effect on the mixing process, i.e., a greater distance shortens
the uniform mixing length. Su et al. [52] studied a T-junction hydrogen injection into a
natural gas pipeline with an operating pressure of 3 bar and developed a deep neural
network model to predict the coefficient of variation (COV) based on the CFD data. The
accuracy of the deep neural network model in predicting the COV was confirmed in the
study with an average error of 4.53%, which is in line with the requirements of engineering
applications. In addition, the computational efficiency for predicting COV was at least
two orders of magnitude faster when the deep neural network model was used instead of
CFD simulations.

Different injection configurations for injecting hydrogen into a natural gas pipeline
were investigated by Eames et al. [43]. Topside and bottom-side T-junction injections, as
well as a hillside injection, were compared. The study concluded that bottom-side injection
has clear advantages in terms of uniform mixing. This injection configuration allows the
hydrogen to rise through the natural gas, improving the mixing behavior. Additionally,
a T-junction hydrogen injection into a natural gas pipeline with a diameter of 0.8 m and
18 bar operating pressure was simulated by Fernandes et al. [53]. The blending process
was simulated with and without static mixer elements. The mixing lengths to achieve
uniform mixture could be reduced with static mixers, but for the price of additional pressure
loss. Further investigations of different blending structures and systems were done by
Ouyang et al. [54] and Du et al. [55]. More recently, Grácio et al. [56] investigated high-
pressure T-junction configurations and direct injection layouts for hydrogen blending,
further demonstrating that injector arrangement and local momentum transfer are key
design parameters for direct blending systems. An overview of some injection types is
presented in Figure 2.

Figure 2. Overview of hydrogen blending solutions investigated in the literature: (a) hydrogen
injector with turbulator by Yan et al. [51], (b) helical static mixer with seven units by Kong et al. [45],
and (c) double injection system with premix by Gracio et al. [56]. All figures republished under
CC-BY 4.0.

These studies show that direct injection mixers are not limited to a single injector type
but include a broad range of laboratory-scale and application-oriented concepts. At the
same time, the published results indicate that their performance is highly case-specific and
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depends on the interaction between injector design, pipeline operating conditions, pipe
geometry, and available mixing length.

While bypass injection has been widely investigated and demonstrated as a reliable
route to achieve rapid mixing, the evidence base for direct injection across realistic oper-
ating envelopes and system constraints remains limited. In particular, most published
work targets low-pressure, small-diameter pipelines, which only partially represents the
hydraulic, operational, and regulatory realities of transnational transmission corridors
(grid level 1). Insights from our expert interviews with Austrian gas transmission system
operators highlight additional constraints that are especially relevant at this scale, including
the need for bidirectional operation and the requirement to keep the main pipeline free
of internal obstructions to enable routine pigging, inspection, and cleaning. As a result,
concepts such as static mixers or internal flow-conditioning elements can improve mixture
quality where their installation is feasible, but they are typically not compatible with grid
level 1 infrastructure when pigging, inspection, and unrestricted pipeline operation must
be maintained. Their application therefore requires a case-specific trade-off assessment,
whereas the present study specifically focuses on direct injection concepts without inter-
nal mixing elements for pipeline sections where such components are not desirable or
technically feasible.

This work closes these gaps by assessing hydrogen–natural gas blending via direct
injection, where turbulence is the sole mixing mechanism and no intrusive internals are
introduced. Using CFD, we systematically quantify the influence of key geometric and
operational parameters (injection angle, bulk flow velocity, and pipeline diameter) on
mixing performance. On this basis, we derive practical criteria for achieving target mix-
ing lengths and concentration uniformity without incurring additional pressure losses
or constraining operational flexibility. Importantly, the analysis spans both grid level 1
(transnational transmission) and grid level 3 (national distribution) contexts, enabling a
structured comparison of feasibility and design implications across pressure levels, diame-
ters, and operating modes.

In addition, the study extends the analysis to the exact blending layout of an existing
real-world hydrogen blending station in the national distribution grid (grid level 3). The
specific station geometry, boundary conditions, and operating ranges are reproduced in
the CFD model to evaluate mixing behavior under realistic distribution-level constraints.
This allows a direct assessment of how design features such as injection configuration,
pipe layout, and downstream network interfaces influence mixing uniformity, providing
insights into how distribution-scale blending stations can be designed or retrofitted to
ensure compliant and robust hydrogen admixture under practical operating conditions.

By combining CFD-based evidence with operator requirements and expert feedback,
the study provides new insight into the boundary conditions under which direct injection
can be a viable blending strategy at transmission and scale, while also identifying transfer-
ability and limitations for distribution networks. The results support the development of
scalable, cost-effective blending concepts and inform infrastructure optimization pathways
aligned with Europe’s transition toward hydrogen integration.

2. Methodology
In order to investigate the mixing behavior of hydrogen injection into the natural gas

grid, 3D CFD simulations were performed using Ansys Fluent 2024R2. The study consists
of three main scenarios:

• In the first scenario focusing on grid level 1, a simple geometrical model consisting
of a topside T-junction with two pipes, namely the main pipeline and the hydrogen
injection pipeline, was prepared. The aim of this model was to investigate the effects
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of geometrical parameters (injection angle and diameter) and operational parameters
(natural gas velocity and target hydrogen volume fractions of mixture) on mixing
quality. Furthermore, a simple topside injection would potentially represent the best
case for blending from a construction standpoint; thus, this configuration was chosen
as the starting point of the investigations. A design of experiments (DoE) approach,
which will be described in the subsequent sections, was used for the parameter study
in the first scenario.

• Based on the results of the first scenario, it was decided to investigate multi-point
injection in more detail in the second scenario. Since current pipeline regulations
in Austria and Germany limit the hydrogen content to 10 vol%, we focused on this
limiting scenario only in the second scenario. Different geometrical layouts and
hydrogen pipe diameters were compared to assess their impact on the mixing process.
The aim was to identify suitable geometries leading to good mixing behavior of
the gases.

• In the third scenario, different orifice geometries and their effect on blending were
examined for a real-life application within the national distribution network (grid
level 3) in Austria. Furthermore, the effects of bends in the pipeline on the mixing
quality due to secondary mixing effects was examined. The simulations were done at
grid level 3 for a DN600 pipeline with single-point injection and an operating pressure
of 4.2 bar.

In the following subsections, the underlying mathematical and geometrical models
and boundary conditions are presented.

2.1. Mathematical Model

The mathematical model employed by the Ansys Fluent 2024R2 software includes
solving a set of conservation equations for continuity, momentum, energy, turbulence,
and species transport. The mathematical equations solved by the software are presented
below [57].

• Continuity:

ρ
∂p
∂t

+∇ ·
(

ρ
→
v
)
= 0 (1)

• Momentum:

∂

∂t

(
ρ
→
v
)
+∇ ·

(
ρ
→
v
→
v
)
= −∇p +∇ ·

(
=
τ
)
+ ρ

→
g +

→
F (2)

where ρ is the density,
→
v is the velocity vector, p is the static pressure,

=
τ is the stress

tensor, ρ
→
g is the gravitational body force, and

→
F are the external body forces from model-

dependent source terms (
→
F = 0 in our case).

The stress tensor with µ as the molecular viscosity and I the unit tensor can be
calculated as:

=
τ = µ

[(
∇→

v +∇
→
vt
)
− 2

3
∇ ·→v I

]
(3)

• Energy:

∂

∂t

(
ρ

(
e +

v2

2

))
+∇ ·

(
ρ
→
v
(

h +
v2

2

))
= ∇ ·

(
λeff∇T − ∑ hj

→
Jj + τeff ·

→
v
)
+ Sh (4)

Here, e and h represent the internal energy and enthalpy, respectively. λeff is the

effective thermal conductivity and
→
Jj the flux diffusion of species j. The first three terms on
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the right-hand side represent (in order from left to right) heat transfer due to conduction,
species diffusion, and viscous dissipation. The user-defined source term Sh is zero in
this work.

• Turbulence:

The realizable k− ϵ model was chosen within the software (based on the literature [53]),
which solves two separate conservation equations for the turbulent kinetic energy k and
turbulent dissipation rate ϵ.

# Turbulent kinetic energy:

∂

∂t
(ρk) +

∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρϵ − YM + Sk (5)

# Turbulent dissipation rate:

∂

∂t
(ρϵ) +

∂

∂xj

(
ρϵuj

)
=

∂

∂xj

[(
µ +

µt

σϵ

)
∂ϵ

∂xj

]
+ ρC1Sϵ− ρC2

ϵ2

k +
√

νϵ
+ C1ϵ

ϵ

k
C3ϵGb + Sϵ (6)

These equations include several empirical factors and model constants, where Gk

represents the generation of turbulence kinetic energy due to the mean velocity gradients,
Gb is the generation of turbulence kinetic energy due to buoyancy, YM represents the contri-
bution of the fluctuating dilatation in compressible turbulence to the overall dissipation
rate, C2 = 1.9 and C1 = 1.44 are constants, σk = 1.0 and σϵ = 1.2 are the turbulent
Prandtl numbers, and Sk and Sϵ represent additional source terms (again being zero in the
present work).

The terms Gk and Gb are calculated as follows:

Gk = µtS2 (7)

Gb = βgi
µt

Prt

∂T
∂xi

(8)

Here, S =
√

2SijSij is the modulus of the mean rate of stress tensor, Prt = 0.85 is the
turbulent Prandtl number, gi the component of the gravitational vector in the i-th direction,
β = − 1

ρ

(
∂ρ
∂T

)
p

is the coefficient of thermal expansion, and µt = ρCµ
k2

ϵ is the turbulent

viscosity with a standard value for Cµ of 0. Lastly:

C1 = max
[

0.43,
η

η + 5

]
(9)

η = S
k
ϵ

(10)

C3ϵ = tan h
∣∣∣ v
u

∣∣∣ (11)

where v is the component of flow velocity parallel to the gravitational vector and u is the
component of flow velocity perpendicular to the gravitational vector.

• Species transport:

In the present study, natural gas was represented by pure methane. This represents
a simplification since real natural gas does not exclusively comprise methane, and its
composition can vary substantially depending on origin, processing, and supply route.
Reported methane contents range from methane-rich gas qualities of approximately 97% to
lower values of around 83%, with the remaining fraction consisting mainly of higher hy-
drocarbons, nitrogen, carbon dioxide, and other minor constituents [58,59]. Including this
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compositional variability would introduce additional input parameters and uncertainties
that are not central to the scope of this work. Therefore, pure methane was selected as a
stable and reproducible baseline gas in order to isolate the influence of hydrogen admixture
and mixing behavior. With methane and hydrogen thus being the only species used within
the mixture model, only one equation for species transport is solved for methane:

∂

∂t
(
ρyCH4

)
+∇ ·

(
ρ
→
v yCH4

)
= −∇ ·

→
J CH4

+ RCH4 + SCH4 (12)

where
→
J CH4

is the diffusion flux based on Fick’s law, RCH4 is the production rate by
chemical reaction, and SCH4 represents any user-defined sources. Both the reaction rate
and user-defined sources do not apply in this case and are thus zero. The hydrogen mass
fraction can then simply be calculated as:

yH2 = 1 − yCH4 (13)

The fluid properties in each cell, such as density, which are used in the governing
equations, are calculated using a mixing law from the properties and mass/mole fractions
of the corresponding species; thus, only one set of governing equations is solved for
the mixture.

2.2. Physical Model

In the first scenario of the study, the simple geometry consisted of the transmission
line for methane with a diameter of 1 m (typical for transnational pipelines [58]) and an
injection line for hydrogen, as seen in Figure 3a. Uniform flow field conditions were set at
both pipe inlets. To ensure a reasonable flow field was established at the injection point,
the distance between pipe inlet and injection point was set as 10 times the diameter. The
diameter of the hydrogen pipe was one of the varied parameters; thus, the geometry and
mesh slightly changed for different simulation runs. The length of the hydrogen pipe was
10 times its diameter parameter. The mixing length was defined as 15 times the diameter of
the main pipe.

In the second scenario of the study, hydrogen was simultaneously blended through a
one-stage multi-point injection geometry using four pipes. The angle α between the axis
of the injection pipe and the surface of the main pipeline was varied, resulting in three
different injection directions at 0◦, 45◦, and 90◦. In addition, the diameter of the hydrogen
injection pipes was adjusted between 0.2 m and 0.07 m, resulting in hydrogen flow velocities
of 6.5 m/s and 53 m/s, respectively, for a target blend of 10 vol% hydrogen and a methane
velocity of 8 m/s. Six different layouts were created due to the varying pipe angles and
diameters. Figure 3b shows the volume body of the pipeline with a perpendicular (α = 90◦)
inlet and a diameter of 0.07 m. Additionally, the front view of the three different injection
direction layouts, namely the perpendicular (α = 90◦), 45 degree (α = 45◦), and tangential
(α = 0◦) inlets, are shown. The main pipeline was fixed at a diameter of 1 m and a mixing
length of 20 m. Both gas streams had an inlet temperature of 10 ◦C and an operating
pressure of 70 bar. The length of the main pipeline before the mixing point is 5 m and the
hydrogen pipes were each 1 m long.

Furthermore, a layout consisting of two stages with four perpendicular pipes each
was designed (Figure 3c). The second stage was arranged with a 45◦ offset 3 m after the
first stage. The diameters of the hydrogen pipes were 0.07 m, resulting in an inlet velocity
of 26.5 m/s for this configuration with a total of 8 pipes.
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Figure 3. (a) Single-point injection; (b) one-stage multi-point injection with varying injection angles α
and an injection pipe diameter of 0.07 m: perpendicular layout (α = 90◦), 45 degree layout (α = 45◦),
and tangential layout (α = 0◦); (c) two-stage multi-point injection with staggered perpendicular inlets
and an injection pipe diameter of 0.07 m.

The model in the third scenario consisted of an approximately 50 m long DN600
pipeline section and an injection pipe with a diameter of 0.08 m and length of about 1 m.
The pipeline section with the exact dimensions is shown in Figure 4. At the end of the
section under consideration, there is a 90◦ bend, which is intended to provide a secondary
mixing effect. Therefore, the mixing quality was evaluated both before and after the bend
in order to quantify this effect. Since the operating pressure was at a lower level of 4.2 bar
compared to the first two scenarios, different velocities were produced in the pipeline. The
natural gas entered the pipeline section at a constant velocity of 3.6 m/s, and the mass
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flow of hydrogen was calculated using Equation (21) to achieve the desired hydrogen
concentrations of 2, 10, 20, and 50 vol%. The temperature remained unchanged at 10 ◦C.

 

Figure 4. Scenario 3—real-life application of a national distribution (grid level 3) pipeline section
with an injection pipe for hydrogen blending in xy- and zx-plane views. Two red circles mark the
locations of cross-sections used to evaluate the uniformity of the hydrogen–methane mixture.

The following orifice geometries are simulated and the effect on the quality of mixture
investigated: perforated plates with large and small boreholes and single circular openings
with large and small diameters. In addition, two different thicknesses of the orifices are
investigated. Simulations are also performed for converging and diverging injection pipes.

2.3. Mixing Uniformity

To characterize the mixing uniformity of the hydrogen–methane blend, the coefficient
of variation (COV) was applied. COV is defined in Equation (14) and is the ratio between
the standard deviation σ and the mean µ of the data. In this study, the density was chosen
as the characteristic parameter. The literature sources typically define COV ≤ 5% as the
threshold for a sufficiently uniform mixture of H2 and CH4 [52]. To the best of the authors
knowledge, no such thresholds for local concentration variability are currently defined in
regulatory frameworks (i.e., ÖVGW H E310, DVGW G 262, etc.).

COV =
σ(ρ)

µ(ρ)
=

√
∑n

i=1(ρi− 1
n ∑n

i=1 ρi)
2

n−1
1
n ∑n

i=1 ρi
(14)

In this case, the density of the mixture ρi was chosen as the characteristic physical
quantity, but other authors have also employed the mass or mole fraction of one of the
phases. This density-based COV was selected because density is a mixture-level scalar that
is directly affected by local H2/CH4 composition differences. H2-rich regions correspond to
lower local density, while CH4-rich regions correspond to higher local density. The density-
based COV therefore provides a practical indicator of scalar non-uniformity across the outlet
cross-section. Concentration-based COV values depend on the selected reference species
and target concentration since the standard deviation is normalized by the mean mole
fraction. Thus, H2-based COV is more restrictive at low hydrogen fractions, whereas CH4-
based COV is more restrictive at high hydrogen fractions. The density-based COV avoids
selecting one species as the reference and provides a consistent mixture-level evaluation
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across all investigated blending ratios. Additionally, in the majority of the cases, density-
based COV was the most restrictive with a 5% threshold.

The terms σ and µ represent the standard deviation and mean values, respectively,
which are well-known statistical quantities. The mixture density ρi was calculated within
the CFD program for each cell or face with an index i. By defining a reference plane at a
desired pipeline cross-section, the mixing quality on that plane could be calculated. The
number of regions n on the plane depends on the refinement of the computational mesh.
Fluent already includes functions that can calculate an area-weighted average value and
standard deviation on a surface.

2.4. Mesh and Grid Independence

The polyhedral mesh (Figure 5—exemplary scenario 2) was created with five boundary
layers using the Fluent Meshing tool. To ensure reliable results, a grid sensitivity analysis
was conducted by calculating and comparing the average density using meshes of approxi-
mately 1.5, 2.5, and 3 million cells. Figure 6 displays COVs across various cross-sections
downstream of the hydrogen inlet. It is evident that COV at 2.5 million cells matches the
results at 3 million cells. For further simulations, a mesh size of approximately 2.5 million
cells was chosen. The meshing process was analogous for all three scenarios, with the final
cell count after the mesh sensitivity study being approx. 2 million cells for scenario 1, the
aforementioned 2.5 million for scenario 2, and approx. 3 million cells for scenario 3.

Figure 5. Polyhedral mesh of the one-stage perpendicular inlet with a diameter of 0.07 m.

Figure 6. COVs along the mixing length for different mesh sizes for scenario 2.

2.5. Boundary Conditions and Solver Settings

Velocity was specified as the boundary conditions for simulation models in all three
scenarios at the methane inlet. For the hydrogen inlet boundary condition, an inlet mass
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flow rate was specified for the first and third scenarios with single-point injection (see
Equation (21)), which was changed to an inlet velocity for the multi-point injections in
the second scenario (see Equation (18)). For both boundary conditions at the methane
inlet and the hydrogen inlet, the turbulence intensity was set to 10% and the hydraulic
diameter corresponds to the pipe diameter. To verify the impact of this assumption, a
representative sensitivity study with inlet turbulence intensities of 5%, 10%, and 20% at
both the methane and hydrogen inlets was carried out, which showed nearly identical
outlet COV values. The prescribed inlet turbulence intensity therefore has a negligible
influence on the evaluated COV, which is attributed to the sufficiently long pipe sections
allowing the turbulence field to develop before the mixing region.

The realizable k-ε model was used for all simulations, as it has proven to be a suitable
and established model in other publications on similar topics [52,53]. The turbulence model
sensitivity study showed that the realizable k-ε and SST k-ω models led to the same overall
interpretation of the investigated mixing configurations. For the representative scenario
2 cases (see Figure 7), both models predicted that the larger hydrogen inlet diameter did
not achieve the target value of COV ≤ 5%, whereas the smaller inlet diameter fulfilled
the criterion after 20 m. Quantitative differences were observed mainly at intermediate
downstream positions, where the SST k-ω model predicted a faster COV reduction, partic-
ularly for the smaller inlet diameter. However, the final COV-based design classification
remained unchanged, and the corresponding two-dimensional cross-sections showed no
visible qualitative differences in the predicted concentration distribution. Based on this
comparison, the realizable k-ε model was retained for the parametric simulations. The
results should therefore be interpreted as a RANS-based engineering assessment of overall
mixing behavior and COV trends rather than as a fully resolved description of instanta-
neous turbulent jet-in-crossflow structures. Within this scope, the turbulence model choice
did not affect the main design conclusions.

Figure 7. Comparison of CH4 mole fraction cross-sections and COV profiles along the length
between the realizable k-ε and SST k-ω models for two different diameters based on scenario 2 with
perpendicular injection.

For the outlet boundary conditions, a constant pressure of 70 bar was set for the
simulation cases in scenarios one and two. In the simulation model of the third scenario,
the outlet boundary condition was set with a constant pressure of 4.2 bar due to the
national distribution pipelines on grid level 3 operating at lower pressure levels. A constant
temperature of 10 ◦C was set, which is a plausible value for pipelines [19]. The simulation
was steady-state, and the convergence of the solution was determined by monitoring both
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the residuals and the standard deviation of density, as well as the mean density on the
outlet face. The solver settings for the ANSYS Fluent CFD simulations are listed in Table 1.

Table 1. Settings in ANSYS Fluent.

Item ANSYS Fluent Settings

Turbulence Model Realizable k-ε; buoyancy
effects—only turbulence production

Near-Wall Treatment Standard wall functions

Pressure–Velocity Coupling Coupled

Spatial Discretization Gradient Least squares cell-based

Spatial Discretization Pressure Second order

Spatial Discretization Density Second order upwind

Spatial Discretization Momentum Second order upwind

Spatial Discretization Turbulent Kinetic Energy Second order upwind

Spatial Discretization Turbulent Dissipation Rate Second order upwind

Spatial Discretization CH4 Second order upwind

Spatial Discretization Energy Second order upwind

To calculate the hydrogen inlet velocity for the multi-point injections, the mass flow
of methane

.
mCH4 was calculated with the following formula, in which wCH4 is the flow

velocity of methane; ACH4 is the cross-sectional area of the main pipeline; p and T are the
operating pressure and temperature, respectively; zCH4 is the real gas compressibility factor,
which was calculated using the real gas database CoolProp [60,61]; and RCH4 is the gas
constant of methane.

.
mCH4 =

wCH4 ·ACH4 ·p
T·zCH4 ·RCH4

(15)

The mass flow after the hydrogen inlet,
.

mmixture, was calculated via the following formula:

.
mmixture =

.
mCH4 ·Mmixture

νCH4 ·MCH4

(16)

Mmixture = νCH4 ·MCH4 + νH2 ·MH2 (17)

where Mmixture, MH2 , and MCH4 are the molar masses of the mixture, hydrogen, and
methane, respectively; and νCH4 and νH2 are the volume concentrations of methane and
hydrogen, respectively.

The mass flow of hydrogen can then be calculated as follows, wherein MH2 is the
molar mass of hydrogen and npipes is the number of hydrogen inlet pipes.

.
mH2 =

.
mmixture·νH2 ·MH2

npipes·Mmixture
(18)

The hydrogen inlet velocity wH2 for multi-point injections was then calculated via the
following formula from a constant total hydrogen mass flow, wherein AH2 is the cross-
sectional area of one hydrogen inlet pipe, RH2 is the gas constant of hydrogen, and zH2 is
the real gas compressibility factor of hydrogen, which was calculated using CoolProp.

wH2 =

.
mH2 ·T·zH2 ·RH2

AH2 ·p
(19)
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2.6. Design of Experiments for Scenario 1

Design of experiments (DoE) methods offer a promising avenue for optimizing various
industrial systems. While initially rooted in experimental studies, they can be effectively
integrated in Computational Fluid Dynamics (CFD) simulations. Particularly in scenarios
where multiple parameters impact the final solution and system efficiency, fractional facto-
rial DoE methods present substantial time-saving benefits over full factorial designs [62–65].

The mixing behavior of hydrogen and methane is influenced by several parameters,
including the methane velocity, the hydrogen inlet angle, and the diameter of the hydrogen
inlet pipe. Furthermore, the volumetric fraction of hydrogen was varied and set to 10%,
20%, 30%, 50%, and 70%, which in turn impacts injection conditions, such as injection
velocity. The objective was to rapidly achieve a well-mixed flow by optimizing these factors.
It is crucial to prevent the hydrogen from forming into separated layers without adequately
mixing with the main flow.

For each gas mixture, a DoE study was implemented via the Ansys Workbench. In
contrast to a full factorial design, which necessitates a significantly larger number of
simulations, the refined, face-centered Central Composite Design (CCD) was chosen in this
study. This method provides the advantage of ensuring an adequate number of simulation
points in the edge region of the control space within the defined limits. By selecting the
refined option, additional points were inserted inside the range to improve overall coverage
and increase the accuracy of the results. Figure 8 illustrates the applied DoE method. The
circles and star denote the simulation points in the control space for a classic face-centered
CCD, while the rectangles represent an example of additional points inserted through the
refinement option [66].

Fractional Points

Center Point

Axial Points

Refined and Additional Points
Figure 8. Refined, face-centered Central Composite Design.

The input parameters, i.e., the angle (0◦ denotes perpendicular pipes) and diameter
of the hydrogen injection pipe, the gas velocity in the main NG pipe, and the target gas
concentration, were varied, as summarized in Table 2.
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Table 2. Variation parameters and limits for DoE in scenario 1.

Variation Parameter Lower Limit Upper Limit

H2 injection angle 0◦ 45◦

H2 injection diameter 100 mm 300 mm

Flow velocity of CH4 2 m/s 25 m/s

Hydrogen volume concentration 10% 70%

Since the inlet velocity of natural gas was defined as an input parameter, the inlet
mass flow of hydrogen for the inlet boundary condition needs to be calculated utilizing the
following formula:

.
VN,CH4

.
VN,H2

=

.
mCH4 ·ρN,H2
.

mH2 ·ρN,CH4

=
wCH4 ·ACH4 ·ρCH4 ·ρN,H2

.
mH2 ·ρN,CH4

=
νCH4

νH2

= x (20)

where x is the ratio of volume fractions νi of CH4 and H2, wi is the flow velocity, Ai is
the cross-sectional area of the respective pipes, and ρi is the density. The subscript N for
density ρN and volume flow

.
VN denotes the values at normal conditions, whereas density

without the subscript is calculated at the pipeline operating conditions of 70 bar and 10 ◦C.
The mass flow can be calculated as a function of the CH4 inlet velocity parameter wCH4

as follows:
.

mH2 =
wCH4 ·ACH4 ·ρCH4 ·ρN,H2

x·ρN,CH4

(21)

2.7. Model Validation

As experimental validation was not feasible within the scope of this work, the CFD
model was validated by comparison with the literature data for similar hydrogen injection
and mixing problems. Two reference studies were used for this purpose. Firstly, the work
by Hadi Sichani et al. [44] was used as a comparative reference, where the authors examined
the injection of hydrogen into natural gas pipelines for 10 different scenarios at 70 bar. Of
these 10 scenarios, three representative cases were selected, their geometries and boundary
conditions replicated, and then simulated using our model. The hydrogen injection setup
is the same for all three cases. A single injection pipe with a diameter of 6 mm is connected
at a right angle to the pipeline and hydrogen is injected at a constant velocity of 24.16 m/s.
The difference between the individual cases lies in the diameter of the pipeline and the
velocity of CH4 within it. Case 1 involves a DN20 pipeline in which the methane velocity is
8.7 m/s, resulting in a hydrogen volume fraction of 20%. Additionally, Case 4 was selected
with a DN50 pipeline and a methane flow velocity of 8.35 m/s, resulting in a 4% hydrogen
content. The final comparison case is Case 9 from the study, which uses a DN100 pipeline
with a methane velocity of 0.78 m/s, leading to a 10% hydrogen volume fraction.

The COV of the methane mass fraction was used as the comparison quantity and
was evaluated at different downstream distances from the injection point. The evaluation
positions correspond to 10, 20, 50, 100, and 200 pipe diameters. For the DN100 case,
the evaluation was limited to 100 pipe diameters due to the shorter simulated pipeline
geometry. The comparisons are shown in Figure 9a–c. Overall, the present CFD model
reproduces the literature data well. The largest deviations occur close to the injection point,
where the mixing field is still strongly governed by the jet structure and local gradients.
The RMSE values of COV are 0.56%, 0.03%, and 0.14% for Cases 1, 4, and 9, respectively.
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Figure 9. Validation of the CFD model against the literature data for hydrogen injection into natural
gas pipelines. Subfigures (a–c) show comparisons with Hadi Sichani et al. [44] for three pipeline
configurations at 70 bar: (a) DN20 with 20 vol% H2, (b) DN50 with 4 vol% H2, and (c) DN100 with
10 vol% H2. Subfigures (d,e) show comparisons with Gracio et al. [56] for a 70 bar pipeline with a
diameter of 711 mm and hydrogen volume fractions of (d) 20 vol% H2 and (e) 14 vol% H2.

In addition, the model was compared with the experimental and numerical data
reported by Gracio et al. [56] for hydrogen injection into a larger pipeline with an inner
diameter of 711 mm. Two cases with hydrogen volume fractions of 20% and 14% were
reproduced. The corresponding results are shown in Figure 9d,e. The present simulations
capture the downstream reduction in COV and therefore the progressive homogenization of
the gas mixture. With the exception of the first data point after 1 m with a higher deviation,
the RMSE values are 1.54% and 1.20% for the 20% and 14% hydrogen cases, respectively.
The deviations are again most pronounced in the near-injection region, while the agreement
improves with increasing downstream distance.

Based on comparisons with the literature sources, the employed CFD model is consid-
ered suitable for predicting hydrogen–methane mixing behavior in pipeline configurations
relevant to this work.

3. Results and Discussion
The following section is divided into three parts for each of the three simulated scenar-

ios. We start with the results of single-point injection before discussing the results of one-
and two-stage multi-point injections, and then finally the results of the real-life application.

https://doi.org/10.3390/hydrogen7030089

https://doi.org/10.3390/hydrogen7030089


Hydrogen 2026, 7, 89 17 of 32

3.1. Scenario 1: Investigation of Single-Point Injection

The DoE simulation study comprised 164 simulation runs for the four input parameters
of hydrogen injection angle, hydrogen inlet diameter, methane inlet velocity, and target
hydrogen concentration. The output value of interest was the coefficient of variation, COV,
at the outlet, which was used as a measure of mixing uniformity. Lower COV values
corresponded to better mixing behavior, with the literature commonly defining good
mixing in the range of 2–5%. In the present work, a threshold of COV ≤ 5% was used as the
criterion for sufficiently homogeneous mixing. Across these cases, the median COV was
4.88%, while the mean COV was 7.64%. In total, 50.7% of the investigated cases fulfilled
the COV ≤ 5% criterion.

The strongest influence on the outlet COV was observed for the hydrogen fraction
and hydrogen inlet diameter (see Figure 10). Increasing the hydrogen fraction generally
improved the mixing quality in the investigated parameter range. At 10% hydrogen,
only 14.3% of the cases reached COV ≤ 5%, whereas this share increased to 89.7% at 50%
hydrogen and 79.3% at 70% hydrogen. This trend does not imply that a higher hydrogen
fraction intrinsically improves mixing. Instead, in the present boundary condition setup,
the hydrogen mass flow was calculated from the methane pipe velocity and the target
hydrogen concentration. Therefore, higher target hydrogen fractions resulted in higher
hydrogen inlet velocities and higher jet momentum for the same inlet geometry.

 

Figure 10. Mean and median COVs by H2 fraction, inlet diameter, and injection angle.

In contrast, increasing the hydrogen inlet diameter reduced the mixing performance.
For a hydrogen inlet diameter of 100 mm, 92.0% of the cases fulfilled the COV criterion,
while only 24.0–25.0% of the cases with inlet diameters of 250–300 mm reached COV ≤ 5%.
This confirms that the hydrogen inlet diameter influences COV primarily through the
resulting hydrogen inlet velocity and jet momentum. Smaller inlet diameters increase
hydrogen velocity at a given target concentration and therefore enhance jet penetration and
turbulence generation.

Both the hydrogen fraction and hydrogen inlet diameter showed a statistically signifi-
cant influence on COVs. In contrast, the methane inlet velocity and hydrogen inlet angle
did not show a statistically significant global group effect when all cases were pooled. For
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the methane inlet velocity, this weak global effect can be explained by the definition of the
hydrogen mass flow boundary condition. Since the hydrogen mass flow was calculated
from the methane pipe velocity and target hydrogen concentration, the methane velocity
was not independently varied from the hydrogen inlet flow. Its influence is therefore partly
embedded in derived quantities, such as the hydrogen inlet velocity, velocity ratio, and
momentum flux ratio. Similarly, the effect of hydrogen inlet angle is strongly coupled
to other parameters, particularly hydrogen inlet velocity and jet momentum, and should
therefore not be interpreted independently.

To further interpret the observed mixing trends, characteristic dimensionless numbers
were calculated for the inlet conditions. The Reynolds number was calculated using
the inlet velocity, pipe diameter, and fluid properties. For the methane main pipe, the
Reynolds number ranged from 9.2 × 106 to 1.15 × 108, confirming fully turbulent flow
in all investigated cases. The hydrogen inlet Reynolds number ranged from 4.8 × 105 to
3.8 × 108, indicating turbulent hydrogen injection throughout the entire DoE. However,
the methane Reynolds number showed only a weak correlation with the outlet COV, with
a Spearman correlation coefficient of s = −0.06, whereas the hydrogen Reynolds number
showed a stronger negative correlation of s = −0.64. This indicates that the mixing quality
is governed primarily by the local hydrogen injection conditions rather than by the bulk
turbulence level of the methane main flow.

A clearer physical trend was obtained from the velocity ratio, Reynolds number ratio,

and momentum flux ratio. The momentum flux ratio was defined as J =
ρH2 v2

H2
ρCH4 v2

CH4

. Across

the investigated cases, J ranged from 0.16 to 5796, with a median value of 13.0. The COV
decreased strongly with increasing momentum flux ratio, with a Spearman correlation
coefficient of s = −0.81. A similarly strong trend was found for the velocity ratio

vH2
vCH4

, with

s = −0.81, and for the Reynolds number ratio
ReH2

ReCH4
, with s = −0.74. Cases fulfilling the

target criterion of COV ≤ 5% had a median momentum flux ratio of 68.3, compared with
only 3.3 for cases that did not meet the target. Similarly, successful cases had a median
velocity ratio of 25.6 and a median Reynolds number ratio of 0.70, whereas unsuccessful
cases showed median values of 5.6 and 0.18, respectively. These results identify the
momentum flux ratio as the most compact dimensionless indicator for mixing quality in
the investigated geometry.

In addition to jet momentum, buoyancy effects must be considered because hydrogen
has a substantially lower density than methane under the investigated operating conditions.
However, for the present analysis, an inlet-based hydrogen Froude number was not used as
the main buoyancy indicator, since it mainly describes the momentum-dominated character
of the initial hydrogen jet. Instead, a bulk densimetric Froude number was introduced
to assess the possible relevance of buoyancy-driven stratification in the main pipe after
injection. The bulk densimetric Froude number was calculated as Frd,bulk = vmix√

g′ ·DCH4
, with

g′ = g
ρCH4−ρH2

ρCH4
, where vmix is the mixture velocity, DCH4 is the methane main pipe diameter,

g is the gravitational constant, and ρCH4 − ρH2 represents a conservative, maximum density
contrast between a methane-rich lower region and a hydrogen-rich upper region.

This definition is more appropriate for assessing possible downstream stratification
than an inlet-based hydrogen Froude number, because stratification in a horizontal pipe is
governed by the inertia of the mixed bulk flow relative to the buoyancy force caused by
density differences between hydrogen-rich and methane-rich regions. The bulk densimetric
Froude number ranged from 0.75 to 28.10, with a median value of 6.86. It showed a
moderate negative Spearman correlation with the outlet COV, with s = −0.32. This indicates
that higher bulk flow inertia tended to reduce the outlet COV, but the influence was clearly
weaker than that of the momentum flux ratio. Therefore, Frd,bulk should be interpreted as a
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supporting indicator for possible downstream buoyancy-driven stratification rather than
as the primary predictor of mixing performance.

Table 3 summarizes the most relevant dimensionless parameters and their correlation
with the outlet COV. The results confirm that mixing performance is primarily controlled by
the hydrogen jet momentum relative to the methane main flow. Consequently, reducing the
hydrogen inlet diameter improves mixing not because of the geometric change alone, but
because it increases the hydrogen inlet velocity, hydrogen Reynolds number, velocity ratio,
and momentum flux ratio. However, this design implication must be interpreted together
with practical constraints of the injection system. While smaller hydrogen inlet diameters
improve mixing by increasing the hydrogen inlet velocity, they also lead to higher pressure
losses at high hydrogen mass flows. This can increase the required upstream pressure
and, consequently, the compressor power demand of the mixing station. Therefore, the
hydrogen inlet diameter should not be minimized solely from a mixing perspective but
optimized as a trade-off between mixing quality, pressure loss, compressor power, and
practical component design. In contrast, Frd,bulk does not directly describe the injection
process but rather the ability of the downstream bulk flow to suppress vertical separation
of hydrogen-rich and methane-rich regions.

Table 3. Value ranges, median values, and Spearman correlations with COVs for different dimension-
less parameters.

Dimensionless Parameter Range Median Spearman Correlation with COV

ReCH4 9.2 × 106–1.15 × 108 6.23 × 107 −0.06

ReH2 4.8 × 105–3.81 × 108 1.87 × 107 −0.64

ReH2 /ReCH4 0.052–3.31 0.33 −0.74

Velocity ratio 1.24–236.3 11.2 −0.81

Momentum flux ratio 0.16–5796 13.0 −0.81

Froude number hydrogen inlet 1.4–5964 103.6 −0.77

Bulk densimetric Froude
number Frd,bulk

0.75–28.10 6.86 −0.32

Diameter ratio dH2 /DCH4 0.10–0.30 0.20 +0.57

Evaluation of the momentum flux ratio further supports this interpretation. For J < 1,
only 4.3% of cases achieved COV ≤ 5%, and for 1 < J < 5, none of the cases fulfilled the
mixing criterion. The intermediate range of 5 ≤ J < 20 represents a transition region, in
which 50.0% of the cases met the COV target and the median COV was 5.22%. In contrast,
for J > 20, 90.0% of cases met the COV target, with a median COV of 1.19%. This suggests
that J is a suitable compact indicator for identifying injection configurations that are likely
to provide sufficient mixing in the investigated pipeline geometry.

The effect of hydrogen inlet angle was analyzed separately. When all cases were con-
sidered together, the overall angle effect was weak (see Figure 10). The median COV values
ranged from 2.68% for 0◦ to 5.64% for 22.5◦, and the share of cases fulfilling COV ≤ 5%
varied only between 48.0% and 58.6%. This confirms that the injection angle alone is not a
reliable predictor of mixing quality. Its effect depends strongly on the jet momentum, inlet
diameter, and target hydrogen fraction.

These results show that the hydrogen inlet angle can influence the local mixing behav-
ior, but it is not the primary design parameter. A perpendicular injection maximizes the
transverse momentum component of the hydrogen jet and can therefore improve pene-
tration into the methane main flow. However, this does not necessarily lead to the lowest
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outlet COV. In particular, if the jet momentum is too high, the perpendicular jet can impinge
on the opposite pipe wall and generate recirculating or swirling flow structures, which may
delay homogenization within the available mixing length.

This behavior is visible in the detailed post-processing of the selected simulation
cases shown in Figure 11. Figure 11a,b represent the simulation cases with the lower-
momentum configurations, with a hydrogen pipe diameter of 300 mm, methane inlet
velocity of 19.25 m/s, and hydrogen concentration of 30%. For both cases, the momentum
flux ratio was 2.37. In Figure 11a, the perpendicular 0◦ injection led to stronger penetration
into the pipe cross-section and resulted in a more homogeneous outlet density distribution.
In contrast, Figure 11b, with 45◦ inclined injection, introduced the hydrogen more parallel
to the methane main flow. The hydrogen therefore remained closer to the upper region
of the pipe, leading to a hydrogen-rich layer near the top and a less homogeneous outlet
density field.

Figure 11. Cross-section of methane distributions and density distributions at the outlet of models for
four select simulation cases: (a) 30% H2, diameter 300 mm, velocity 19.25 m/s, and angle 0◦; (b) 30%
H2, diameter 300 mm, velocity 19.25 m/s, and angle 45◦; (c) 70% H2, diameter 200 mm, velocity
13.5 m/s, and angle 0◦; and (d) 70% H2, diameter 200 mm, velocity 13.5 m/s, and angle 45◦. Adapted
from ref. [67].

Figure 11c,d represent the higher-momentum configurations, with a hydrogen pipe
diameter of 200 mm, methane inlet velocity of 13.5 m/s, and hydrogen concentration of
70%. For these cases, the momentum flux ratio was significantly higher at 355.6. In this
configuration, the behavior changed. In Figure 11c, the perpendicular 0◦ jet penetrated
deeply into the main pipe and interacted strongly with the opposite wall. This caused a
swirled flow pattern and a comparatively poor outlet COV despite the high momentum
flux ratio. In Figure 11d, the 45◦ inclined injection introduced the hydrogen more gradually
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in the downstream direction and avoided excessive wall impingement, resulting in a more
homogeneous outlet density distribution.

Comparisons of Figure 11a–d show that high jet momentum is beneficial only up to
the point where it enhances penetration and turbulence without creating unfavorable large-
scale recirculation structures. At lower momentums, perpendicular injection can improve
cross-sectional penetration, as observed in Figure 11a. At higher momentums, however,
perpendicular injection can lead to excessive wall interactions and swirls, as observed in
the case of Figure 11c. Overall, neither perpendicular nor inclined injections are universally
optimal. The inlet angle should therefore be optimized together with the hydrogen inlet
diameter, inlet velocity, and available mixing length. For pipeline sections requiring
bidirectional operation, inclined injection may be disadvantageous because it favors one
main flow direction. In such cases, a perpendicular or rotationally symmetric injection
concept is preferable to ensure comparable mixing behavior for both flow directions.

Overall, the analysis shows that the outlet COV is best explained by the relative
momentum of the hydrogen jet, represented by the momentum flux ratio J, and by the
hydrogen inlet diameter through its influence on inlet velocity. Buoyancy effects are physi-
cally relevant for interpreting possible downstream stratification, but the bulk densimetric
Froude number shows that they are secondary compared with injection-driven turbulence
in the investigated cases.

3.2. Scenario 2: Investigation of Multi-Point Injection

To investigate the mixing effect of hydrogen and methane with the multi-point injection
layout, the injection pipe diameter, injection direction, and number of injection pipes were
varied. Figure 12 shows the COV along the mixing length for the six single-stage layouts,
providing information on the state of mixing for the different layouts and diameters of the
hydrogen injection pipes. While the solid lines represent different layouts with an injection
tube diameter of 0.2 m, the dashed lines represent layouts with the smaller injection tube
diameter of 0.07 m.

Figure 12. COV of different injection layouts and injection pipe diameters from cross-sections along
the mixing length.

A clear difference between the two diameters can be observed. For the smaller injection
diameter of 0.07 m, all three investigated layouts reached COVs below 5% after 20 m. The
perpendicular injection showed the most promising result, reaching the target COV already
after approximately 10 m, and maintained the lowest COV over most of the mixing length.
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This was followed by the 45◦ injection and tangential injection layouts. In contrast, none of
the layouts with the larger injection diameter of 0.20 m reached the target COV of 5% within
the investigated mixing length. For this larger diameter, the ranking between the layouts
was less consistent along the pipe. Between the second and fifth evaluated cross-sections,
the tangential layout showed the lowest COV, followed by the 45◦ layout, whereas at the
final evaluation point at 20 m, the perpendicular layout again showed the lowest COV,
followed by the 45◦ and tangential configurations. At the final evaluation position of 20 m,
the influence of the hydrogen inlet diameter was substantially stronger than the influence
of the injection layout. For the larger hydrogen inlet diameter of 0.20 m, hydrogen inlet
velocity was low, and the corresponding momentum flux ratio J was only about 0.068. As
a result, all three layouts remained above the target value of COV ≤ 5%, with final COV
values of approximately 9–11%. In contrast, reducing the hydrogen inlet diameter increased
the hydrogen inlet velocity and raised the momentum flux ratio to about J = 4.54. Under
these conditions, all three layouts achieved the COV criterion after 20 m, with final COV
values of approximately 3.5–3.7%.

Compared with the single-injection configurations in scenario 1, the multi-point
layouts achieved sufficient mixing at a lower momentum flux ratio. In scenario 1, cases
with J < 5 generally did not meet the COV ≤ 5% criterion, and even the intermediate
range of 5 ≤ J < 20 represented only a transition region with mixed success. In scenario 2,
however, all multi-point layouts with 0.07 m reached final COV values below 5% at J = 4.54.
This indicates that distributing hydrogen over several injection points can reduce the jet
momentum required from each individual inlet because hydrogen is introduced more
uniformly across the pipe cross-sections. Nevertheless, the 0.20 m cases with J = 0.068
show that a minimum level of injection momentum is still required and that the observed
improvement is specific to the investigated geometries and mixing lengths.

Figures 13 and 14 show the density distribution for cross-sections at distinct down-
stream positions in a contour plot from ANSYS Fluent of the smaller and larger diameters,
respectively. The deeper penetration of hydrogen (blue) into methane (red) of the lay-
outs with the smaller diameter can be clearly seen in all injection direction layouts when
comparing Figures 13 and 14, especially at the cross-sections of 0.1 m and 3 m.

The figures show that, in all cases, the hydrogen content rose upwards, leading to
higher hydrogen concentrations at the top wall and lower hydrogen concentrations at the
bottom wall. This was a result of the buoyancy forces and density difference between
hydrogen and methane. However, compared to the larger diameter layouts, the hydrogen
build-up on the top wall was less pronounced with the smaller diameter. For the larger
diameter layouts shown in Figure 13a,b, stratification occurred immediately after the inlet,
indicating that too little turbulence was achieved with the given inlet velocity.

When comparing the mixing uniformity of three different injection tilts, perpendicular
injection had a clear advantage over the other layouts since the flow direction is already
towards the center of the pipe by design. More turbulence can be created with this injection
tilt, resulting in lower COVs mentioned above. With tangential injection, the hydrogen flow
interacted with the wall and was therefore slowed down. In addition, the hydrogen did
not penetrate as deeply or as quickly as for perpendicular injection, as the flow direction
was along the walls and not towards the center of the pipeline. This can be clearly seen in
the smaller diameter in cross-section images (Figure 14a). The mixing effect was reduced
compared to the perpendicular injection. This is in agreement with the study conducted by
Eames et al. [43], which investigated the mixing effect for T-junction injections on the top
and bottom wall, as well as a hillside injection. Their scenario aligns with our tangential
inlet on the side wall with injection from the top, where the hillside injection showed
a reduced mixing effect. The 45◦ injection is midway between the perpendicular and
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tangential inlets. There was more hydrogen penetration observed than for tangential inlet,
but as it is directed towards the wall rather than the center, the mixing effect was not as
good as with the perpendicular inlet. These effects were much more pronounced when
smaller diameter layouts and a sufficiently high injection velocity were considered.

Figure 13. Density distributions of the one-stage layout with varying injection directions and an
injection diameter of 0.2 m on various cross-sections (yz-plane) (a) and along the whole mixing length
(xy-plane) (b).

Figure 15 compares the two-stage configuration with the one-stage perpendicular
layout with the smaller diameter of 0.07 m. The one-stage layout reached a COV below
5% after a mixing length of approximately 9 m and further decreased to 3.6% at 20 m. In
contrast, the two-stage layout did not reach the 5% COV criterion within the investigated
mixing length and still showed a COV of approximately 5.8% at 20 m.

It should be noted that the comparison between the one-stage and two-stage layouts
does not isolate the effect of staging alone. In the two-stage configuration, the same total
hydrogen mass flow was distributed over eight injection pipes instead of four, while the
individual pipe diameter remained unchanged. This increased the total hydrogen inlet
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area and therefore reduced the hydrogen inlet velocity and momentum flux ratio. The
investigated two-stage layout was chosen deliberately to assess whether a distributed
injection concept could maintain sufficient mixing while lowering the required injection
velocity. From a practical perspective, this is relevant because lower injection velocities
can reduce pressure losses in the hydrogen injection system and may reduce the required
upstream pressure and compressor power at the mixing station. The comparison should
therefore be interpreted as a design-oriented trade-off between mixing quality and injection
system requirements. For the investigated configuration, the reduced inlet velocity and
lower momentum flux ratio outweighed the potential benefit of spatially distributed
injection, and the two-stage layout did not achieve the target COV within the available
mixing length.

Figure 14. Density distributions of the one-stage layout with varying injection directions and an
injection diameter of 0.07 m on various cross-sections (yz-plane) (a) and along the whole mixing
length (xy-plane) (b).
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Figure 15. COVs of the one-stage perpendicular inlet with an injection diameter of 0.07 m and the
two-stage layout on cross-sections along the mixing length.

3.3. Scenario 3: Real-Life Application of Hydrogen Blending Station with Single-Point Injection at
Grid Level 3

In order to determine whether the mixing quality for a real-life application with a
single-point injection and with different hydrogen concentrations and orifice geometries of
the hydrogen inlet pipe is sufficient, the average density and COV were evaluated after the
blending point but before the 90◦ bend (see location marked with red circle in Figure 3), as
well as at the end of the simulated pipeline section at the outlet boundary. Any secondary
mixing effects that may occur due to the bend can therefore be evaluated. Although
differences in the quality of the mixture are evident due to the different geometries and
secondary mixing effects caused by pipe bends, the COV target value of less than 5% was
achieved for all investigated geometries and hydrogen concentrations. Figure 16 shows the
density distribution in the pipeline cross-section when hydrogen is blended in at 2 vol%
with different orifice geometries. The best mixing is achieved in case (a), a single opening
with a small diameter. From this case, there is hardly any observable difference in the
quality of the mixture. However, if the opening is larger, as in case (b), or if there are
several smaller openings, as in the case of a perforated plate in case (c), the quality of the
mixture is slightly worse. In both cases, the density distribution after the blending point is
not uniform, with a higher local hydrogen concentration observed on the right side of the
cross-section. However, after the 90◦ bend and secondary mixing effects, it can be seen that
the quality of the mixture is sufficient at the end of the pipeline section for all three cases.

For case (a), with the best mixture quality (small-diameter single opening), and case (c),
with the worst mixture quality (perforated plate), the concentration of hydrogen was
increased to determine whether the mixture quality would still be sufficient or whether a
certain orifice geometry would eventually become unsuitable for use.

Figure 17 shows the density distribution at a hydrogen concentration of 50 vol% for
the two orifices at pipeline cross-sections before and after the pipeline bend. Once again,
it can be seen that the mixture quality is poorer in the case with the perforated plate than
with a single small opening. The secondary mixing effect caused by the pipeline bend can
be seen in both cases, as the mixing quality increases after the bend for both cases. For
the perforated plate, a local enclosed area with higher density (thus higher local methane
content) can be observed before the bend. For both hydrogen concentrations, it can be seen
that, although the geometry of the orifice has an influence on mixing, the overall mixing
quality is completely sufficient (COV < 5%) for every orifice geometry used in this study.
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Hence, it can be noted that secondary mixing effects caused by bends in the pipelines have
a significant positive influence on the mixing quality at this grid level.

Figure 16. Density distributions in two different pipeline cross-sections for different orifices geome-
tries at 2 vol% of hydrogen: (a) a single circular opening with a small diameter, (b) a single circular
opening with a large diameter, and (c) a perforated plate.
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Figure 17. Density distributions in two different pipeline cross-sections for different orifices ge-
ometries at 50 vol% of hydrogen: (a) a single circular opening with a small diameter and (b) a
perforated plate.

4. Conclusions
This study explored the feasibility of directly injecting hydrogen into natural gas

pipelines, focusing on mixing behavior under realistic operational conditions. Using
3D CFD simulations and a systematic DoE approach, we evaluated the effects of key
parameters, such as injection geometry (angle, diameter) and operating conditions (natural
gas velocity, hydrogen concentration). For scenario 1, the statistical evaluation of the
single-injection cases showed that only 50.7% of the investigated configurations achieved
the target value of COV ≤ 5%, with a median COV of 4.88% and a mean COV of 7.64%.
The analysis further showed that the momentum flux ratio is a suitable compact indicator
for the expected mixing quality. Cases with J < 5 rarely or never fulfilled the COV criterion,
whereas the range of 5 ≤ J < 20 represented a transition region with 50.0% successful cases,
and for J ≥ 20, 90.0% of the cases achieved COV ≤ 5%, with a median COV of 1.19%. The
initial investigation of simple topside injection revealed that while high hydrogen velocity,
high hydrogen content, and smaller injection pipe diameters generally improved mixing,
they were insufficient to guarantee uniform blending across all scenarios. This finding
underscores the limitations of simple topside injection for ensuring adequate mixing in
diverse pipeline operating conditions.
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To address the limitations of simple topside injection, a multi-point injection strategy
was investigated in scenario 2. The results showed that the layouts with the smaller
hydrogen pipe diameter of 0.07 m achieved the target COV of 5% over shorter mixing
lengths due to the higher injection velocities and increased jet momentum. Among these
configurations, the perpendicular layout performed best and reached the COV target after
approximately 10 m. At the final evaluation position of 20 m, all multi-point layouts with
0.07 m diameter achieved final COV values of approximately 3.5–3.7% at J = 4.54. This
is notable because comparable single-injection cases in scenario 1 did not reliably meet
the COV target at similar momentum flux ratios, indicating that multi-point injections can
improve mixing efficiency by distributing hydrogen more uniformly across pipe cross-
sections. However, layouts with 0.20 m diameter corresponding to J = 0.068, as well as the
two-stage designs with reduced inlet velocities, did not meet the COV target within the
investigated mixing length.

For hydrogen blending at grid level 3, the simulations showed that for all orifice
geometries, the quality of the mixture is sufficient and the target COV of below 5% is
achieved. Although the orifice geometries have an influence on the quality of the mixture,
all investigated geometries met the target COV value. This was also achieved because the
existing bends in the pipeline section under consideration ensured further mixing than
purely straight pipeline sections due to secondary mixing effects.

Overall, this work advances the understanding of direct hydrogen injection into large-
scale natural gas pipelines and provides design-oriented guidance for blending stations
under realistic operational constraints. Unlike prior studies that often focus on static mixers
or idealized conditions, this study evaluates direct injection concepts based on practical
COV targets and dimensionless mixing indicators. The results show that direct injection at
grid level 1 requires a careful balance between injection diameters, jet momentum, pressure-
loss considerations, and injection layouts. Simple topside injections may be sufficient only
under favorable momentum conditions, whereas optimized multi-point injections can
achieve adequate mixing at lower momentum flux ratios. At grid level 3, existing pipeline
elements, such as bends, can contribute substantially to homogenization and may reduce
the need for additional mixing devices. A summary of the investigated cases and derived
recommendations is provided in Table 4. It should be noted that, while not within the scope
of this study, static mixers combined with direct injections remain a technically effective
option for improving mixture quality where their installation is feasible. However, for
grid level 1 infrastructure, direct injection concepts avoiding internal obstructions may be
preferable due to pigging, inspection, and bi-directional operational flexibility.

The demonstrated feasibility of direct injection under certain flow conditions is also
economically relevant, as bypass injection may create additional costs under the EU
exit–entry pricing model due to the extraction of natural gas for pre-mixing and the subse-
quent re-injection of the hydrogen–natural gas blend. Direct injection avoids this additional
extraction step and may therefore reduce system complexity and blending-related costs.
Future work should build on these findings by quantifying the cost-saving potential of
direct injection in a dedicated techno-economic analysis, considering operator-specific tariff
structures, metering concepts, and pipeline infrastructure data.
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Table 4. Summary of COV-based mixing performance and design recommendations for the investi-
gated injection scenarios.

Scenario Grid Level Operating Conditions Main Configuration Key COV Result Design
Recommendation

Scenario 1

Grid
level 1

70 bar, 10 ◦C, 1 m main
pipe diameter, base
case natural gas
velocity of 8 m/s

Simple topside
injection with varied
angles, diameters,
natural gas velocities,
and hydrogen
concentrations

In total, 50.7% of
cases achieved
COV ≤ 5%. For
J ≥ 20, 90.0% reached
the target, with a
median COV
of 1.19%.

The momentum flux
ratio can be used as a
compact screening
parameter. Simple
injection is robust
only at sufficiently
high jet momentum,
yet high momentum
flux does not
guarantee sufficient
mixing in all cases.

Scenario 2

70 bar, 10 ◦C, 1 m main
pipe diameter,
10 vol% hydrogen

Single-stage
multi-point injection
with perpendicular, 45◦

and tangential layouts

dH2 = 0.07 m
achieved
approximately
3.5–3.7% COV at
20 m and J = 4.54;
dH2 = 0.20 m
remained at
approximately
9–11% COV.

Multi-point injection
can reduce the
required momentum
level compared with
simple injection,
though sufficient
local jet momentum
remains necessary.

Scenario
2—two-stage variant

Two-stage multi-point
injection with reduced
inlet velocity

The target COV was
not reached within
20 m.

Additional injection
points do not
improve mixing if
inlet velocity and jet
momentum are
reduced too strongly.

Scenario 3 Grid
level 3

4.2 bar, 10 ◦C, 50% H2,
600 mm main
pipeline diameter

Orifice-based injection
into a pipeline section
with bends

All investigated
orifice geometries
achieved COV < 5%.

Existing bends and
secondary flow
structures can
support
homogenization and
may reduce the need
for additional
mixing devices.
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