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Introduction

Hydrogen blending to the existing natural gas networks is
considered as a reasonable intermediate step for achieving
carbon neutrality and for enhancing the hydrogen economy.
Some of the immediate benefits of hydrogen blending in
existing natural gas networks include (i) adding calorific value
to the existing energy supply using hydrogen produced from
wind, solar, hydro, and other renewable energy sources; (ii)
reducing greenhouse gas emissions for heat and electricity
generation, while lowering other pollutants in selective en-
gines; (iii) serving as a hydrogen delivery method to remote
locations; (iv) inhibiting hydrate formation in subsea pipelines
[1-5]. Projects around the world such as HyDeploy, GRHYD,
THyGA, and Hyblend have assessed the impacts and impli-
cations of hydrogen blending to the existing natural gas net-
works, storage, and end-user applications [6—10]. Some of the
technologies associated with hydrogen blending have been
analyzed in laboratory scale and pilot scale experiments, as
well as in numerical models and simulations.
Methane-hydrogen gas blends exhibit physical properties
and combustion characteristics that are different from their
constituents, i.e., pure methane or pure hydrogen. The density
of methane-hydrogen mixture is lower than that of pure
methane, which increases the gas leakage volumetric flow
rate in pipes [11]. A significant reduction in viscosity occurs
when the hydrogen volume concentration is greater than 50%
in methane-hydrogen mixtures [12—14]. The lower heating
values (LHV) of methane-hydrogen mixture increase slightly
as more hydrogen content is introduced to the mixture.
However, the LHV values of pure hydrogen are more than two
times higher than any methane-hydrogen mixture with up to
90% hydrogen [15]. These property differences in the
methane-hydrogen mixtures influence the flow behavior and
the energy transport efficiency in pipeline transportation.
The feasibility of hydrogen blended methane as a fuel has
been tested in a wide selection of end-user applications.
Glanville et al. [16] tested three types of burners operating
with 0—30% hydrogen blended methane-hydrogen mixtures.
No flashback, flame life, and excessive CO emissions were
found in the burners, while the overall burner efficiency
changed about 1-1.5%. Zhao et al. [17] tested hydrogen
injected natural gas in a commercial oven burner and found
25 vol% hydrogen addition to natural gas has no significant
impact. Above 25% hydrogen content, the burner tube flash-
back became the limiting factor. A gas turbine engine origi-
nally designed for running natural gas was fueled with 0—-90%
hydrogen blended methane-hydrogen mixture in Shih and
Liu's experiment [18]. Their study found that at low hydrogen
content, addition of hydrogen in the fuel raises the flame
temperature, which is favorable for the combustion efficiency.
However, as the hydrogen concentration increases, the flame
temperature drops and causes engine power shortage. This is
largely due to a reduction in the mass flow rate of the fuel
when methane is replaced by hydrogen. Under constant fuel
flow rate conditions, increasing hydrogen concentration in
the fuel elevates the flame temperature and combustor exit
temperature and increases NOx emission, while under

constant energy flow conditions, increased CO emissions
were detected. Wagner et al. [19] tested methane-hydrogen
mixtures in a novel Gortex-based electrodes layered with Pd/
Pt catalysts fuel cell. Their study found no significant differ-
ence between pure hydrogen and 5% hydrogen injection in
methane as a fuel. It was determined that diluted hydrogen
fuel was as energy efficient as pure hydrogen, while methane
acted as an inert carrier gas.

The effects of hydrogen injection in natural gas networks
have also been investigated in prior studies. Bainier et al. [20]
in their experiments, found that a lower energy quantity is
transported as the volume percentage of hydrogen increases
in the methane-hydrogen mixture. Thus, more compressor
stations are required for pushing the gas mixture in the
network. Quintino et al. [21] from a one-dimensional Cantera
simulation, demonstrated that hydrogen with volume frac-
tions up to 20% are fit for the existing natural gas infrastruc-
ture with minor technical modifications. Polyethylene (PE)
pipelines are required in order to reduce hydrogen leakage
when hydrogen content is above 30%. Additional compression
stations are necessary to increase the pipeline pressure if
hydrogen is added to the transmission lines. Hafsi et al. [22]
modeled a close loop methane-hydrogen gas pipeline network
and also suggested additional compressor stations were
required to pay the compensation of pressure loss when
hydrogen was blended to natural gas. Liu et al. [23] studied the
effect of hydrogen injection in an existing natural gas network
using a 1-D gas mixture model. As the hydrogen concentration
increased, overpressure occurred when no change was made
to the pressure stations. When the hydrogen concentration
was greater than 30%, the transportation process became
unstable, and the pipeline efficiency was reduced. Cavana
et al. [24] examined the gas quality of a methane-hydrogen
pipeline system and found hydrogen blending reduced both
relative density and heating values of the gas mixture. Similar
reduction in relative density and heating values have also
been found in other numerical and experimental studies
[25,26].

Umuteme [27] built a 2D computational fluid dynamics
(CFD) model to study hydrogen injection into natural gas in a
horizontal pipe. Their study found a reduction of downstream
temperature with an increase in hydrogen gas volume con-
centration. Furthermore, it was observed that the force exer-
ted on the inner wall was reduced as the volume of hydrogen
injection increased. Liu et al. [28] built a CFD model to predict
the decompression wave speed, which influenced the facture
failure of pipe materials. They considered several equations of
state in their CFD models and identified modeling conditions
that provided best agreement with experimental results. They
found that the variation of hydrogen concentration had a
limited effect on the decompression wave speed when the
hydrogen concentration was between 0 and 10% while a larger
influence on the decompression wave speed was predicted in
cases where the hydrogen concentrations were greater than
10%. Kuczynski et al. [29] studied pure methane and
hydrogen-methane mixture in a pipeline flow simulation. The
study found that 15% hydrogen reduces the outlet pressure by
10% compared to outlet pressure of the pure methane case.
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Furthermore, they also noted that the hydrogen content in a
mixture of methane caused significant changes in natural gas
pipeline thermodynamic transport conditions. Sulaiman et al.
[30] evaluated the explosion severity of methane-hydrogen-
air mixture in a 90° pipe elbow using CFD. The results of the
CFD models showed that both the bending geometry and the
thermal diffusivity influenced the explosion severity.
Lowering the hydrogen concentration in the mixture, reduced
diffusivity, which led to decreased burning rate and flame
speed. In addition to methene-hydrogen mixture transport in
pipelines, dispersion process of methane and hydrogen was
studied in CFD models as well. Wilkening and Baraldi [31] built
pipeline gas leakage models for both methane and hydrogen
under the same environment and flow conditions. Due to the
lower density and higher sonic speed of hydrogen at the
release, clouds of hydrogen gas traveled farther from the
pipeline ground level, which decreased the ignition chance
and reduced flame acceleration.

Cadorin et al. [32] analyzed high pressure gas flow
through a pipe with CFD models using ANSYS CFX. Their
study evaluated the energy transport efficiency of natural
gas, biogas in two different compositions, and methane-
hydrogen mixtures. Their study found that a 10 vol %
hydrogen methane-hydrogen mixtures in high Reynolds
number flow conditions, self-consumes almost two times
more energy than natural gas during transportation. Thus,
more energy is required for transporting methane-hydrogen
gas blends. Tan et al. [33] also developed CFD models to
quantify the energy transport efficiency of a straight pipe
section transporting methane-hydrogen mixture and to sys-
tematically assess the effects of hydrogen concentration and
flow boundary conditions on the blended gas flow charac-
teristics such as pressure drops. Their study demonstrated
that the amount of increase in energy costs associated with
the transport of hydrogen blends depends on the volume
fraction of hydrogen and the nature of the flow conditions.
The lowest energy costs are projected for transporting pure
hydrogen under the conditions where the inlet velocity flow
rates are similar to that used for transporting pure methane
while the highest energy costs are expected when hydrogen
is transported at the same mass flow rate as methane.
However, a detailed study of the cost of transporting
methane-hydrogen gas blends across various parts of the
pipeline infrastructure such as transmission, distribution
and household pipelines that takes into consideration the
variations of pipe surface roughness and the effects of pipe
bends is not yet available.

Prior studies have focused on understanding the mixing
behavior of gases as well. Tichacek et al. [34] have suggested
that in the laminar flow domain, axial mixing is the dominant
mixing mechanism observed while in the turbulent flow
domain, radial diffusion is the dominant factor that influences
the mixing behavior. According to Dimotakis [35], turbulent
mixing can be categorized into three levels. In level 1, passive
scalar mixing, gases are usually density matched and the
mixing does not couple back on the flow dynamics. In level 2,
turbulent mixing is coupled to the flow dynamics, and addi-
tional external movement, such as an acceleration or gravi-
tational field, is required. Finally, in level 3, turbulent mixing s

associated with changes in the fluid composition, density,
enthalpy conversion, or pressure increase. An example of
level 3 mixing can be found in combustion. Overall, it has been
recognized that turbulent flows do not necessarily mix the
transporting gas species unless some specific operating con-
ditions are met. In fact, Buaria et al. [36] revealed that turbu-
lence is an ineffective mixer when the Schmidt numbers are
large for mixing passive scalars in turbulent flows. While
some general insights have been obtained on the mixing
behavior of gases, specific characteristics of the mixing
behavior of hydrogen in methane gas blends have not been
investigated in detail.
Hence, the objectives of the present study are.

1. To develop CFD models to capture the representative flow
behavior of methane-hydrogen gas blends in transmission,
distribution, and household pipelines.

2. To characterize the pressure loss and energy costs associ-
ated with the transport of methane-hydrogen gas blends in
pipelines with varying surface roughness, pipe diameter
and pipe bends.

3. To understand the influence of the differences in physical
properties of methane and hydrogen on the mixing char-
acteristics of methane-hydrogen gas blends in the
pipelines.

CFD modeling of methane-hydrogen gas blends
Governing equations

ANSYS FLUENT is the modeling software utilized in this study
to simulate the methane-hydrogen mixture transportation in
a pipeline section. The conservation of mass and momentum
equations used in all CFD software are derivations of the
Navier-Stokes equations. The conservation of mass or conti-
nuity equation of FLUENT (ANSYS FLUENT Theory Guide) is
based on Equation (1).

dp

E+v-(p7):sm (1)

In equation (1), the term p represents density, while v is the
velocity vector. Sy, is the source term, representing additional
mass to the continuous phase, for example from phase
transformation, or other sources defined by users.

A volume of fraction (VOF) model is used to describe the
behavior of the methane-hydrogen mixture in the system.
The advantage of the VOF model is that it only requires one set
of momentum equations with tracking of volumetric fraction
of each fluid in the flow domain to model a system of multiple
immiscible fluids. In a VOF model, where multiple phases
coexist in the system, the qth phase continuity equation can
be expressed as given in Equation (2).

0 - o .
prs (atgpg) + V- <“ql’q v q) =S4, + Z(mm —gp) )
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The term «, represents the volume fraction of the gth
phase. The mass transfer from phase q to phase p is expressed
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in the term mg,. The source term, S, can be defined for each
phase. The conservation of momentum equation is listed
below in Equation (3).

0
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The term p represents the static pressure. Gravitational
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forces and external forces are considered by pg and F.risthe
stress tensor explained in Equation (4).
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The term u represents the molecular viscosity, while I is
the unit tensor, and T represents temperature.

The transport equations for the standard k-e model are
presented in the equations below, in which k represents the
turbulence kinetic energy, while ¢ is the rate of dissipation.
The term Gy represents the generation of turbulence kinetic
energy due to mean velocity gradients. The term Gy, represents
the generation of turbulence kinetic energy due to buoyancy.
Yu is the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate. All
constants are included as term C. The terms ¢}, and o, are the
turbulent Prandtl numbers. Lastly, the user-defined source
terms are included as term S.
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The Redlich-Kwong EOS was selected for simulating the
gas mixture properties in the models because Cadorin et al.
found that the Redlich-Kwong EOS provides a very good esti-
mation of the fluid density and dynamic viscosity [32]. These
two properties along with other physical properties of
hydrogen and methane can be defined using the Redlich-
Kwong EOS in FLUENT.

CFD model for characterizing pressure drops and energy
costs

A CFD model that predicts the flow behavior of a hydrogen-
methane blend with 10 vol % hydrogen was constructed and
validated [33]. The input properties of methane and hydrogen
used in the CFD models such as density and viscosity are
provided in Table 1. The geometry of the reference model was
a 6 m cylindrical pipe with an inner diameter (ID) of 150 mm
(Fig. 1). The mass flow rate of the transporting gas mixture in
the pipe was 32.6 kg/s, which generated a turbulent flow. The
value of sand grain roughness (ks=142 ym) was used to define
the inner surface roughness of pipes. It was based on
Schlichting's equivalent sand grain roughness model in which
any rough surface geometry can be viewed as different size of
sands glued to the surface [37]. The initial gauge pressure of
the system was 6000 kPa, and the operating temperature was
303.15 K. A total of 476,965 mesh elements with average
element size of 12 mm were utilized to build the geometry.
Inflation was used to refine the near wall region of the mesh. A
total of 7 inflation layers were included in the meshed ge-
ometry and total inflation layer thickness was 25 mm.

The pressure drop results were taken from the last 4 m of
the pipe to avoid the unestablished flow domain near the inlet
section. Fig. 1c and d illustrate the velocity and pressure re-
sults of the 6 m pipe model. It can be observed in the velocity
contours, that the velocity profile near the inlet is a bit less
uniform than the rest of the pipe. In the pressure contours, the
overall pressure in the pipe is gradually reduced, moving from
6000 kPa at the inlet to 5960 kPa near the outlet. The last 4-m
section of the pipe away from the outlet is a fair representa-
tion of the developed gas flow pattern. For the pipe geometry,
fluid properties and flow conditions considered in this study,
the variation of the pressure drop with flow distance appears
to be largely linear over the 4 m section as well as in a longer 16
m section.

A mesh density study was also conducted to assess the
influence of mesh density on the results obtained by the CFD
models. Models with coarse and finer meshes (i.e., with
294,266 and 1024828 elements, respectively) were also devel-
oped. Compared to the models with lower mesh density, the

Table 1 — Characteristics properties of methane, hydrogen and methane-hydrogen blends used as inputs for a set of CFD

models and the outputs obtained from those CFD models.

Methane/Hydrogen Vol. % Ratio

100/0 90/10 75/25 50/50 25/75 0/100
m [kg/s] 32.6 32.6 32.6 32.6 32.6 32.6
p [kPa] 6000 6000 6000 6000 6000 6000
T K] 303.15 303.15 303.15 303.15 303.15 303.15
p [kg/m?| 421 38.5 30.8 24.5 14.1 4.58
n [Pa 5] 1.26 x 10~° 1.22 x 10~° 1.15 x 10~° 1.10 x 10~° 1.00 x 10~° 9.15 x 10°°
LHV [K)/kg] 50,050 50,910 52,673 57,442 68,845 119,900
Re = 2.20 x 107 2.31 x 107 2.34 x 107 2.79 x 107 2.99 x 107 2.95 x 107
Ap [kPa] 21.0 22.3 30.9 59.8 149.8 215.8
L [m] 4 4 4 4 4 4
T = 1.95 x 102 1.89 x 102 2.10 x 1072 3.23 x 1072 4.65 x 1072 2.18 x 1072
EST [m™ 2.50 x 10°° 2.84 x 10°° 476 x 10°© 1.06 x 10 3.86 x 10~° 9.82 x 10~°
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Fig. 1 — Details of the CFD model. (a) Mesh diagram; (b) Geometry and boundary conditions; (c) Velocity contours; (d) Pressure

contours.

models with intermediate mesh density (i.e., 476,965 ele-
ments) provided a very close match with the results presented
in Cadorin et al. [32]. Increasing the mesh density increased
the computational time but did not result in a significant
change in the results. Thus, it was determined that the in-
termediate mesh density models were adequate for the pre-
sent study.

The expressions used to calculate the numerical friction
factor (fy) and the energy specific toll (EST) are presented in
Equations (7) and (8) [32]. In Equation (7), p; and p, represent
the pressure at measuring point 1 and 2, respectively. The
term A is the pipe cross section area, while Ax is equivalent to
the length L in Equation (8).

_2(p1—p2)D Ap A?
h==omvr P )
_(8p/p) 1
EST= IV I (8)

The energy specific toll (EST) provides a measure of the
energy required to transport a fuel gas to offset pressure drops
(Ap), relative to its inherent energy (i.e., LHV), per unit length
of a pipeline. (D=pipe diameter, V,=inlet velocity, m=mass
flow rate, p=density of gas and L=length of pipeline.) Higher
EST value would indicate that a greater amount of energy is
required for transportation.

The results of the CFD model were validated by the Darcy-
Weisbach equations applying different Moody frictional fac-
tors. In a previous study by Cadorin et al. [32], the effect of
various mesh types, densities and models were studied
extensively. After comparing to experiments (with natural
gas), they found that k-¢ model worked very well for the high
velocity conditions in the pipe as well. So, they used the k- ¢
model for modeling a methane-hydrogen blend with 10 vol%

hydrogen as well. Hence, the k- ¢ model has been adopted in
this study to model the flow characteristics of methane-
hydrogen blends over a range of volume fractions of
hydrogen. The modeling results from two alternative turbu-
lence models such as k-Q models and k-Q SST models show no
significant differences (Table 2).

Results and discussion

In order to operationalize hydrogen blending in natural gas
networks, it is important to fully understand the character-
istics of the flow behavior of gas blends as they are trans-
ported across the transmission, distribution, and household
sections of the pipeline infrastructure. As the gas blends are
transported across several sections of the gas networks, they
are expected to encounter different materials such as cast
iron, steel or polyethylene (PE) with their characteristic sur-
face roughness, different pipe diameters and also pipe bends.
CFD models are developed to characterize the influence of
pipe roughness, pipe diameter and pipe bends on the flow
behavior of methane-hydrogen gas blends and the energy
costs associated with their transportation.

Effect of pipe surface roughness

In order to obtain a comprehensive understanding of the ef-
fects of pipe surface roughness on the pressure drop charac-
teristics and the energy costs associated with the transport of
methane-hydrogen gas blends, CFD models were developed
for three major pipe materials with their characteristic sur-
face roughness, under three gas flow boundary conditions,
i.e., constant mass flow rate, constant inlet volumetric flow
rate, constant energy flow rate, for six methane/hydrogen
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Table 2 — Comparison of results obtained from the CFD models for methane-10 vol% hydrogen blend of Cadorin et al. [32]
with those of the present study (Reference case) using k-¢, k- Q and SST models for turbulence. A comparison of the CFD

models by Cadorin et al., the present study (Model case k-¢) for the flow of natural gas (NG) with the experimental results are

also presented.

Cadorin Reference Reference Reference Cadorin Model Experimental

et al. (10%H,) Case k-¢ (10% H,) Case k-Q (10% H,) Case SST (10% H,) et al. (NG) Case k-¢ (NG)  Data (NG)
m  [kg/s] 32.6 326 32.6 326 32.6 326 31.8
p  [kpa] 6000 6000 6000 6000 6000 6000 6718
T [K] 303.15 303.15 303.15 303.15 303.15 303.15 309.1
p [kg/m?  39.3 38.5 38.4 38.2 55.6 55.6 58.12
n [Pa s] 1.33 x 10° 1.22 x 107° [9] 1.22 x 10°° 1.22 x 10~° 138 x 10°°  1.38 x 10~° 1.27 x 10~°
LHV [KJ/kg] 49,258 50,910 50,910 50,910 47,351 47,351 -
Re [-] 2.09 x 107 2.31 x 107 2.30 x 107 2.29 x 107 2.00 x 107 2.01 x 107 2.00 x 107
Ap [kPa] 22.1 22.3 22.8 23.3 15.5 15.7 -
L [m] 4 4 4 4 4 4 -
o [-] 1.91 x 102 1.89 x 1072 1.93 x 102 1.96 x 1072 1.90 x 1072 1.92 x 1072 2.05 x 1072
EST [m Y] 2.86 x 10°° 2.84 x 10°° 2.92 x 10°° 2.99 x 10°° 147 x 10°® 149 x 10°© -

Table 3 — Boundary conditions used for CFD simulations to assess the effect of surface roughness [15,38].

Flow Boundary Conditions

Constant mass flow rate Constant inlet velocity Constant energy flow rate

Pipe Material (Surface Roughness) Cast iron (259 um) 32.6 kg/s 48.8 m/s 1631630 kJ/s
Steel (50 pm) 32.6 kg/s 48.8 m/s 1631630 kJ/s
PE (5 um) 32.6 kg/s 48.8 m/s 1631630 kJ/s

concentrations (i.e., 100/0, 90/10, 75/25, 50/50, 25/75, 0/100) as
summarized in Table 3. All the 54 CFD models were con-
structed using the same 6 m pipe section geometry with
150 mm inner diameter as illustrated in Fig. 1.

Upon determining the pressure drops associated with the
transport of methane-hydrogen gas blends, the corresponding
energy costs (as captured by the energy specific toll (EST))
were quantified for all the 54 models and are presented in Figs.
2 and 3.

In Fig. 2, the effects of the blended gas flow conditions on
the energy costs for transporting gas blends are presented for
each pipe material. CFD results indicate that the general
trends observed in the energy cost required for transportation
of methane-hydrogen gas blends with varying concentrations
of hydrogen are similar for the transportation of gas blends
across different materials. An increase in the energy costs is
expected when hydrogen is transported along with methane
in different blend ratios. The amount of increase in energy
costs depends on the volume fraction of hydrogen and the
nature of the flow conditions. The highest and lowest energy
costs for gas transportation is expected for the case of pure
hydrogen depending on different operating conditions.

The energy cost for transporting gases (i.e., the EST value)
depends on three parameters —pressure drop, density and the
LHV value of the gas. So, the overall variation of EST with
respect to hydrogen content in the blends, depends on the
variation of all these three parameters. Amongst these three
parameters, the variation of pressure drop with hydrogen
content in the blends, depends on the flow condition, i.e.,
constant velocity flow rate, constant mass flow rate or con-
stant energy flow rate. For example, under constant velocity
flow conditions and constant energy flow rate conditions, the
pressure drop for transporting 100% hydrogen is less than that

for transporting 75%—25% hydrogen-methane blend which
results in the EST value for the transport of 100% hydrogen
being less than that of the blend with 75% hydrogen. On the
other hand, under constant mass flow rate condition, the
pressure drop for transporting 100% hydrogen is more than
that for transporting 75%—25% hydrogen-methane blend,
resulting in higher EST value for transporting 100% hydrogen.

In Fig. 3, the effects of the pipeline material (with different
surface roughness) on the energy costs for transporting gas
blends are presented for each of the three blended gas flow
conditions. By directly comparing the energy costs associated
with the transport of gas blends for different pipe materials, it
is clearly observed that transportation in cast iron which has
the highest surface roughness will incur the highest cost. The
energy cost differential between transporting gas blends in
cast iron and other pipeline materials increases as the
hydrogen concentration increases in the gas mixtures, except
in the case of pure hydrogen transport under constant inlet
velocity and energy flow rate conditions.

An understanding of the reasons for the high energy costs
associated with the transport of hydrogen in pipeline mate-
rials with higher surface roughness can be obtained by
examining the flow characteristics of the gas blends inside the
pipes, esp., near the pipe wall.

For example, under constant mass flow rate condition, the
velocity profiles that are developed in the cast iron pipelines
during the flow of gas blends with varying concentrations of
hydrogen are presented in Fig. 4. The velocity difference be-
tween the near wall region and the center region increases as
more hydrogen is blended into the mixture. Starting from the
25% hydrogen velocity profile, a non-smooth transition is
present at the region between 25 mm and 55 mm away from
the center.
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taken at 5 m away from the inlet.

The velocity profiles that are developed in pipelines of
different materials for each blend concentration are mapped
in Fig. 5. Comparing the gas velocities near the pipe walls
across several gas blend concentrations, it is clear that pipe-
lines with rougher surfaces like those present in the cast iron
pipes have a greater effect on gas velocity reduction. Near the
center of the pipe, smoother surface pipes such as PE pipes
have the lowest velocity amongst three materials considered
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LIy
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in the present study. In general, as the hydrogen concentra-
tion increases in the methane-hydrogen mixture, the shape of
the velocity profile turns sharper, which indicates a greater
difference in the gas velocity between the near wall and center
pipe locations, with the exception of the pure hydrogen case
where the differences in the velocity profiles are reduced.
While the velocity of the pure hydrogen gas is the highestin all
the cases under constant mass flow rate conditions, the
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Table 4 — The operating conditions for the CFD models developed for the transport of hydrogen blends across the

distribution, transmission, and household pipelines with different diameters.

Flow Boundary Conditions

Constant mass flow rate

Constant inlet velocity Constant energy flow rate

Pipe Type Transmission 32.6 kg/s 48.8 m/s 1631630 kJ/s
Distribution 32.6 kg/s 48.8 m/s 1631630 kJ/s
Household 48.8 m/s
velocity profile is relatively smooth between the near wall and 1.00E-03
the center locations of the pipe.
The velocity profiles of some methane-hydrogen blends 1.00E-04
(e.g., 25%—75% H2 case) show abrupt transitions between the
near wall region and the center pipe region. It is hypothesized 1.00€-05
that the uneven mixing of hydrogen and methane gases is the t
main reason behind it. As presented in a later section 3.4, > 1.O0E-06
gases of different densities can separate during flow, which “
can affect the final velocity profile of the gas mixture. 1.00€-07
Effect of pipe diameter 1.00E-08 I
In order to obtain a comprehensive understanding of the ef- B
0 20 40 60 80 100

fects of pipe diameter on the pressure drop characteristics and
the energy costs associated with the transport of methane-
hydrogen gas blends, across the transmission, distribution
and household pipelines, 42 CFD models were developed for
three pipe sections with their characteristic diameters, under
three gas flow boundary conditions, i.e., constant mass flow
rate, constant inlet volumetric flow rate, constant energy flow
rate, for six methane/hydrogen concentrations (i.e., 100/0, 90/
10, 75/25, 50/50, 25/75, 0/100) as summarized in Table 4. The
pipe surface roughness was maintained at 50 pm. The sizes of
the pipe models and their corresponding operating pressures
are listed in Table 5. The mesh controls for the modeled pipe
sections are presented in Table 6.

In order to assess the energy costs associated with the
transport of methane-hydrogen gas blends in transmission
pipelines, the pressure drop results are taken from the last

Table 5 — Pipe sizes and operating conditions invoked in

the CFD models developed for understanding the effects
of pipe diameter.

Pipe Type Pipe ID, Pipe Operating
mm Length, m Pressure, kPa
Distribution 150 6 6000
Transmission 483 20 10,340
Household 14 0.6 1.38

Table 6 — Mesh controls used in the CFD models
developed for understanding the effects of pipe diameter.

Pipe Type Element Number Number of Inflation
Size, of Inflation  Layer Total
mm Elements Layers Thickness,
mm
Distribution 12 476,965 7 25
Transmission 39 484,027 7 80
Household 1.15 487,363 7 2.3

H, PERCENTAGE IN CH,/H, MIXTURE, %
—— Transmission pipe const. mass flow = 32.6 kg/s
Transmission pipe const. inlet velocity = 48.8 m/s
Transmission pipe const. energy rate = 1631630 kJ/s
Distribution pipe const. mass flow = 32.6 kg/s
—e— Distribution pipe const. inlet velocity = 48.8 m/s

Fig. 6 — Energy costs (EST) for transporting hydrogen in
methane-hydrogen mixtures in 6” distribution pipes and
20" transmission pipes.

14 m of the pipe to avoid the unestablished flow domain near
the inlet section.

In Fig. 6, the energy costs for transporting gas blends in the
larger transmission pipelines (with 20 inch diameter) are
compared to the costs associated with transporting gas blends
in smaller distribution lines (with 6 inch diameter). It is found
that, in general, it costs less energy to transport gas blends in
the larger transmission pipelines as compared to the smaller
distribution lines for all the three gas flow conditions consid-
ered in this study. Amongst all the cases, the transport of gases
under conditions of constant mass flow rate and constant
energy flow rate requires the least energy penalty. The energy
costs for transporting gas blends in the distribution lines are
about four times more than that for transporting gases in
transmission lines under identical inlet velocity conditions.

In the household pipe model, the pressure drop results are
taken from the last 0.4 m of the pipe to avoid the unestab-
lished flow domain near the inlet section.

A constant inlet velocity has been applied in the household
pipe models only due to the size and the operating conditions
of the pipe in real life. The Reynolds numbers calculated from
the velocity results suggest that laminar flows are observed
which is also observed in the CFD simulations.

Comparing the energy required for transporting gas blends
between the distribution pipelines (with 6 inch diameter) and
household pipelines (with 0.5 inch diameter), it is evident that
more energy is required to transport gas blends in the smaller

Please cite this article as: Tan K et al., Computational fluid dynamic modeling of methane-hydrogen mixture transportation in pipe-
lines: Understanding the effects of pipe roughness, pipe diameter and pipe bends, International Journal of Hydrogen Energy, https://
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Fig. 7 — Energy costs (EST) for transporting hydrogen in
methane-hydrogen mixtures at inlet velocities of 48.8 m/s
and 5 m/s.

household pipes (Fig. 7). In the first analysis, the velocity of gas
in the household pipelines is assumed to be the same as in the
distribution lines. In the second analysis, the velocity is
reduced to the range that is typically expected in the house-
hold pipes and proportionately [39], the energy costs are
reduced as well.

Effect of pipe bends

As pipe bends are an integral part of the gas networks, itis also
important to assess the effect of pipe bends on the flow
behavior of methane-hydrogen gas blends. In this study, CFD
models were developed to understand the flow characteristics
associated with a 90° pipe bend section of a distribution pipe-
line (with 150 mm inner diameter and 50 pm surface rough-
ness), under three distinct operating conditions (i.e., constant
mass flow rate, constant inlet volumetric flow rate, constant
energy flow rate) for several methane/hydrogen concentration
ratios (i.e., 100/0, 90/10, 75/25, 50/50, 25/75, 0/100).

Fig. 8 demonstrates the geometry of the bending pipe
section as well as the boundary conditions applied in the
model.

Initial Gauge Pressure = 6000 kPa
Temperature = 303.15 K

Elbow Radius = 228.6 mm
Pipe ID = 150 mm
Pipe Wall Sand Grain Roughness ks = 50 um

1.00E-02
—e— const. mass flow = 32.6 kg/s
—e— const. inlet velocity = 48.8 m/s
1.00E-03 E const. energy rate = 1631630 kJ/s |
£
- 1.00E-04 E
7y E
w
1.00E-05 E /
& _’_"f & -0
[ !
100E-06 L v v v 0 v e e e e

0 20 40 60 80 100
H, PERCENTAGE IN CH,/H, MIXTURE, %

Fig. 9 — Energy costs (EST) for transporting hydrogen in
methane-hydrogen mixtures in a 150 mm ID distribution
pipe bend section.

In the distribution pipe bend model, the pressure drop re-
sults are taken from the last 2 m of the horizontal pipe section
and the 2 m of the vertical pipe section to avoid the unes-
tablished flow domain near the inlet section. A total of 475,927
mesh elements with average element size of 12 mm were
utilized to build the geometry. Inflation was used to refine the
near wall region of the mesh. A total of 7 inflation layers were
included in the meshed geometry and total inflation layer
thickness was 25 mm.

The energy costs associated with transporting methane-
hydrogen gas blends across pipe bend sections are illus-
trated in Fig. 9. The trends observed for the transportation
across straight pipe sections are observed here as well.
Transporting pure hydrogen at a constant inlet velocity re-
quires the lowest energy cost, while transporting pure
hydrogen in the constant mass flow rate requires the highest
energy cost.

A direct comparison is also made between the energy costs
associated with the transport of gas blends in straight sections
and bend sections of pipelines as illustrated in Fig. 10. It can be
clearly observed that pipe bends will generally require higher
energy costs for gas transport in all the three operating sce-
narios that are considered in this study. The energy cost gap

Outlet

L}

2m

Inlet »
F

4m

J |

L.

Fig. 8 — The geometry and boundary conditions used for modeling pipe bends.
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Fig. 10 — Energy costs (EST) for transporting hydrogen in
methane-hydrogen mixtures in a 150 mm ID straight pipe
section and a bending pipe section at (a) constant mass
flow rate=32.6 kg/s; (b) constant inlet velocity=48.8 m/s; (c)
constant energy rate=1631630 kJ/s.

between straight pipe section and bending pipe section is on
average about 50% except in the case of pure hydrogen case at
constant mass flow rate condition, in which case the energy
cost gap is about 700%.

Understanding the mixing behavior of methane-hydrogen
gas blends

The evolution of the mixing behavior of methane-hydrogen
gas blends was evaluated with several CFD models. All these
models were constructed with a pipe with 150 mm inner
diameter with 50 pm inner surface roughness. Six concen-
trations of hydrogen were considered with a constant mass
rate of 32.6 kg/s.

Fig. 11 demonstrates the steady state distribution of
hydrogen in the pipe model from 10% to 75% hydrogen con-
centration in the transporting gas mixture. At the 5 m, 10 m,
and 16 m mark of the pipe, the hydrogen distribution is
captured by noting the corresponding volume fractions of
hydrogen in the pipeline cross-sections.

From the hydrogen volume fraction contours extracted in
each concentration load case, it is observed that methane, the
denser and more viscous gas component, is concentrated
mostly in the near wall region of the pipe, while the lighter
and less viscous hydrogen species is found mostly grouped in
the center of the pipe and surrounded by the methane.

In order to fully understand the rationale for this pattern of
heterogeneous gas separation, even under turbulent flow
conditions, a second set of CDF models was constructed
where in methane was replaced with the denser argon to
simulate the flow of argon-hydrogen mixtures for the same
pipe geometry and flow boundary conditions used in the
methane-hydrogen case. Fig. 12 demonstrates the hydrogen
volume fraction contours of the 18-m pipe section at constant
mass flow rate=32.6 kg/s running an argon-hydrogen mixture.
At 5 m, 10 m, and 16 m mark of the pipe, hydrogen volume
fraction results of the corresponding cross-section are dis-
played on top of the overall pipe section.

The gas distribution in this set of models also show a very
similar pattern when compared to the results of the methane-
hydrogen mixture models. It is noted that even under turbu-
lent flow conditions in a round pipe, gases of different den-
sities are not well mixed. Lighter gases in the turbulent flow
are surrounded by the denser gases across the axial direction
of the pipe section.

From the CFD models on methane-hydrogen and argon-
hydrogen gas blends, it is evident that a non-mixed flow
pattern develops in the pipelines. While the overall Reynolds
number for the flow indicates that the flow is occurring under
turbulent conditions, it is noted that turbulence is not an
effective mixer in the methane-hydrogen blends transported
across pipelines, with neither axial mixing nor turbulent
mixing being observed in the volume fraction contours. The
observed core-annular flow pattern in the gas blends with
more than 50% hydrogen is similar to that found in some
liquid-liquid flows. Hydrogen, the less viscous gas flows in the
core, while the more viscous gas methane flows in the
annulus.

While there are few reports of such heterogeneous mixing
in binary gases, the occurrence of such core-annular flow
patterns has been noted and analyzed in the case of binary
liquids. In the binary liquid systems, it was found that the
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Fig. 11 — Hydrogen (phase 2) volume fraction profile in a 150 mm ID by 18 m long stainless steel pipe transporting methane-
hydrogen mixtures: (a) 10%; (b) 25%; (c) 50%; (d) 75% hydrogen.
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Fig. 12 — Hydrogen (phase 2) volume fraction profile in a
150 mm ID by 18 m long stainless steel pipe transporting
argon-hydrogen mixtures: (a) 10%; (b) 25%; (c) 50%; (d) 75%
hydrogen.

gravitation to viscous force ratio (G/V) governs the mixing
behavior and flow pattern. Core-annular flow was typically
observed in systems with a low G/V ratio (less than 140) [40].
The absolute values of the G/V ratios in the methane-
hydrogen binary gas system considered in this study
(4600—11300) are much higher than those observed in the
liquid-liquid system due to the much lower viscosity values of
the gases. However, as the hydrogen concentration is
increased in the methane-hydrogen gas blends, the G/V value
is reduced which correlates with the observation that the
core-annular flow pattern is more prominent in gas blends

with higher hydrogen concentrations. Thus, the trends
observed in the mixing behavior of binary gases are similar to
those that have been observed in binary liquids.

In addition to enhancing the fundamental understanding
of the flow characteristics of the methane-hydrogen gas
blends, it is expected that the observed mixing characteris-
tics will also impact strategies for potential gas separation
applications near the end-use locations in gas networks as
well.

Conclusions

Replacing fossil fuels and natural gas with alternative fuels
like hydrogen is an important strategy towards realizing a
carbon neutral economy. As an intermediate step towards
ultimately utilizing pure hydrogen, blending hydrogen in an
existing natural gas network is a potential pathway for
reducing carbon emissions. Prior studies have shown that
transporting methane-hydrogen gas blends would require
additional energy to compensate for the increased pressure
losses expected due to the introduction of hydrogen. However,
a comprehensive study of the cost of transporting methane-
hydrogen gas blends across various parts of the pipeline
infrastructure such as transmission, distribution and house-
hold pipelines that takes into consideration the variations of
pipe surface roughness and the effects of pipe bends is not yet
available. Furthermore, characteristics of the mixing behavior
of hydrogen in methane gas blends have not been investigated
in detail as well.

Hence, a computational fluid dynamic (CFD) modeling
framework was developed to quantify frictional losses and
energy efficiency of transport of methane-hydrogen blends
across representative sections of a large gas network. The
following conclusions were obtained.

1. While, in general, an increase in the energy costs is ex-
pected when hydrogen, with its lower density, is trans-
ported along with methane (which has higher density) in
various blend ratios, the amount of increase in energy
costs depends on the volume fraction of hydrogen, the
nature of the flow conditions, pipe diameter, pipe rough-
ness and pipe bends.

2. Pipelines that typically have larger surface roughness (such
as cast iron) require greater energy for transporting gas
blends due to the higher surface frictional effects
compared to those that have lower surface roughness
(such as steels and polyethylene). This observation sug-
gests that careful surface finishing of pipelines would be
very helpful towards mitigating the costs of hydrogen gas
transport.

3. Pipelines with larger diameters are relatively more energy
efficient than those with smaller diameters in transporting
hydrogen. This observation is directly related to the lower
surface area to the volume ratio of the larger pipes which
reduces the frictional drag associated with the inner sur-
face of the pipes. Thus, transporting methane-hydrogen
gas blends in relatively larger diameter pipes, where
practical, would help in enhancing the efficiency of the
transportation of methane-hydrogen gas blends.
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4.

Pipeline bend sections also introduce an additional energy
penalty for the transportation of methane-hydrogen gas
blends. Thus, minimizing pipe bends, where possible, in
designing the hydrogen gas networks would help alleviate
the energy costs associated with the transport of
hydrogen.

. The methane-hydrogen gas blends tend to develop a core-

annular flow pattern under steady state conditions with
the denser and more viscous methane flowing near the
pipe wall as the annulus while the less dense and less
viscous hydrogen concentrated more towards the mid-
sections of the pipelines. Thus, turbulence is an ineffi-
cient mixer in the case of methane-hydrogen gas blends in
the flow conditions considered in this study with implica-
tions for the development of gas separation technologies
near the end-use application locations.
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Nomenclature

area

constant

diameter

energy transport rate
external body force
Moody frictional factor

fn numerical friction factor

g gravitational acceleration

Gp generation of turbulence kinetic energy due to
buoyancy

Gr generation of turbulence kinetic energy due to mean
velocity gradients

hy frictional head loss

I unit tensor

k turbulence kinetic energy

ks sand grain roughness

L length

m mass flow rate

Mpq mass transferred from phase p to phase q

Mgp mass transferred from phase g to phase p

p pressure

Re Reynolds number

S source term

t time

T temperature

u inlet velocity

T oAI® 9

average flow velocity

volume

displacement

the contribution of the fluctuating dilatation
volume fraction of qth fluid

rate of dissipation in Equation (6) or empirical pipe
roughness in Equation 11 and 12

Prandtl numbers

gas or fluid density

stress tensor

viscosity
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