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Abstract

Hydrogen is a high pressure gas whose natural mixture requires

accurate prediction of pressure drop. The reduced order mod-

elling is used in analysis of transient flow where viscosity change is

neglected leading to Euler equation which becomes the governing

equation. This study provides an improvement on the accurate

prediction of pressure drop analysis of transient flow of hydrogen

natural gas mixture or hydrogen in pipeline. The construction

of efficient reduce order model was achieved using implicit

Steger-Warming flux vector splitting method (FSM) in which

the accuracy and computational efficiency are tested. The result

is efficient when compared to normal conventional numerical

techniques. This model can, significantly, assist in analysing high-

pressure transient flow behaviour at any point during the flow.
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1. Introduction

Hydrogen is the lightest and most abundant fuel gas in the universe. Hydro-
gen is globally receiving attention as alternative energy source, been the most
cleanness fuel gas hence seen as an important gas to sustain energy generation
[1]. Many researches have been conducted on its production, transportation and
storage. Hydrogen is known to be mostly transported through existing natural
gas pipelines to reduce transportation cost. Hydrogen is known to have low vol-
umetric energy content and hence deserve a high pressure for its transportation
[2].
Hydrogen has a societal benefit including the reduction of greenhouse gas effect at
zero level [3]. World energy generation was dominated by coal in the 19th century,
petroleum oil, natural gas and nuclear energy in the 20th and 21st centuries with a
clear indication possibility of hydrogen taking over before the end of 21st century
by the recent development [4]. With this hydrogen is contributing positively to
world economy mostly on transportation sector going by amount of increase of
hydrogen gas car on roads but shall still takes decades before a significant fraction
is made compared to cars on roads[5]. Although base on optimization model the
hydrogen cars could also have negative impact in the economic growth.
In a step toward realizing hydrogen economy there is need to transport hydrogen
from its point of produce to where it can be consumed. To construct a separate
pipeline for hydrogen transportation will be more costly for industries therefore
there is need of using exiting natural gas pipeline. The transportation cost of
hydrogen depends on distance and quantity[6],[7]. The reduction of pressure loss
in smooth walls of the pipeline will cut operational cost during transportation up
to 10% hence the skin fraction and pressure drag for configuration with reliable
computational fluid technique is required in calculation of turbulent flow [8].
The Reduce Order Modelling (ROM) technique can be use in analysis of com-
putational fluid dynamic CFD. This can be achieved by transforming large set
of primitive variables into smaller decoupled equations [9]. For accuracy and
efficient analysis of transient flow in pipeline ROM technique has demonstrated
demonstrated high significant impact [10]. The advantage of ROM is the con-
struction of Eigen analysis in unsteady flows where only few of the original nodes
are retained. Computational efficiency is highly demanding in CFD analysis
which results to high computational cost. ROM is often use in the analysis of
aerodynamic problem and design of wing fuselage system and exhibited a low
cost in computation [11]. ROM has been a well-known numerical technique but
not much used in the transient flow analysis. In the research by [10] where ROM
technique is used remarkable accuracy was achieved in natural gas transient flow
analysis with low computational cost. ROM can also be applied in subsonic un-
steady flow. The objective of this paper is to improve on accurate prediction
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of pressure drop analysis of transient flow of hydrogen natural gas mixture or
hydrogen in pipeline.

2. Method and Materials

The transient flow is assumed to be an isothermal condition and follows poly-
tropic process governed by Euler equation within the pipeline [12]. The effect
of potential energy is ignored with pipeline shear stress and since hydrogen is a
high-pressure fluid the flow shall assumed to be compressible with rapid closure
of valves in up and down streams of pipeline to meet consumers demand. A one
dimensional and homogeneous mixture of hydrogen-natural gas is also assumed
thereby the hydrogen fluid mass ratio is used in the resulting mixture. [2], [1].

Governing Equation: From our assumptions mass conservation and momen-
tum equation, Euler fluid equations of motion are given as:

(1)
∂ρ

∂t
+
∂(ρu)

∂x
= 0

(2)
∂(ρu)

∂t
+
∂(ρu2 + c2ρ)

∂x
+
fρu|u|

2d
= 0

whereρ and u are fluid mixture density and velocity respectively. C is celerity of
pressure wave, with f as pipe friction factor [10].

Mixture equations: The flow is compressible with rapid closure of valves at the
upstream and downstream. The analogy of calculating transient pressure drop
will be achieved by fixed flow condition with hydrogen fluid mixture mass ratio.

(3) φ =

⌈
Mh

Mh +Mg

⌉
where Mh and Mg are mass of hydrogen and natural gas respectively.
By polytropic process, density of the fluid will evolve in the mixture [2].

(4) ρh = ρh0

(
p

p0

) 1
n′

, ρg = ρg0

(
p

p0

) 1
n′′

are densities of hydrogen and natural gas in the mixture, where ρh0 , ρg0 , are
densities of hydrogen and natural gas, p, p0 are transient pressure and permanent
pressure respectively [2]. The density of gas mixture shall be expressed has [2].

(5) ρ =

⌈
φ

ph
+

1− φ
pg

⌉−1

=

⌈
φ

ph0

(
p

p0

) 1
n′

+
1− φ
pg0

(
p

p0

) 1
n′′
⌉−1
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Pressure wave: The mixture fluid is compressible its pressure wave will be
defined by [2]
(6)⌈

φ

ph0

(
p

p0

) 1
n′

+
1− φ
pg0

(
p

p0

) 1
n′′
⌉−1

×

⌈
1

p

⌈
φ

n′ph0

(
p

p0

) 1
n′

+
1− φ
n′′pg0

(
p

p0

) 1
n′′
⌉⌉− 1

2

2.1. Formulation of Numerical schemes. Equations (1) and (2) can be rewrit-
ten in matrix form

(7)
∂Q

∂t
+
∂E(Q)

∂x
−H(Q) = 0

Q =

[
q1

q2

]
=

[
ρ
ρu

]
E(Q) =

[
q2

q22
q1

+ c2q1

]
, H(Q) =

[
0

− q2f |q2|
2q1D

]
∂E(Q)

∂Q
=

(
0 1

− q22
q1

+ c2 2q2
q1

)
,
∂H(Q)

∂Q
=

(
0 0

fq2|q2|
2q21D

−f |q2|
q1D

)
, A =

∂E

∂Q
, B =

∂H

∂Q
.

A+ =

(
c2−u2

2c
c+u
2c

c(c+ p
c2

. ∂c
∂p

)

2c
(u+c)2

2

)
, A− =

(
u2−c2

2c
c−u
2c

−c(−c− p
c2

. ∂c
∂p

)

2
(c−u)2

2

)
, B =

(
0 0

0 uf
2d

)
.

Rewriting (7) and taking time difference approximation:

Qt = −(Ex +H)

Qn+1 = Qn +
Φ

1− ε
∆t

[(
∂Q

∂t

)n+1

+

(
∂Q

∂t

)n
]
.

Substituting we have:

(8) Qn+1 = ∆t

[(
∂E

∂x
+H

)n+1

+

(
∂E

∂x
+H

)n
]
.

Linearizing using Taylor series expansion () term by term:

En+1 = En + ∆t

(
∂E

∂x

)n

+O(∆t)2

(9) En+1 = En +An(Qn+1 −Qn).

Substituting Using implicit Steger-warming flux vector splitting method (FSM)
as numerical scheme and backward time Euler difference finite deformation [13].
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−
(

∆t
∆xA

+
j−1

)
∆Qj−1 +

(
1 + ∆t

∆x(A+
j −A

−
j )−∆tBj

)
∆Qj +

(
∆t
∆xA

−
j+1

)
∆Qj+1

= −∆t
∆x(E+

j − E
+
j−1 + E−j+1 − E

−
j+1) + ∆tHj

Linearism of equation (8) so as to enable the eigen analysis and reduce order
modelling of the gas mixture at every time step by considering

(10) Qn+1 = Q0 + Q̂n+1,

in which Q0, Q̂n+1 are steady and small approximated results. Substituting and
evaluating into (3) we get:
(11)

−
(

∆t

∆x
A0

j+1

)
Q̂n+1

j−1 +

(
1 +

∆t

∆x
(A0+

j −A
0−
j )−∆tB0

j

)
Q̂n+1+

(
∆t

∆x
A0−

j+1

)
Qn+1

j+1 = Q̂n
j .

Let Q̂ = xj exp(λit), zi = exp(λi∆) where λi and xi are the respective eigenvalue
and eigenvectors at time-step. Generalising and substituting in the equation we
have:

(12) ZWnX = IX;

where Z and X are the diagonal matrix of eigenvalue at each time step and
corresponding eigenvector. And the left eigenvector

(13) (W 0)TY Z = IY

The behaviour fluid flow will be

(14) Q̂ = Xĉ

where ĉ is the vector of the normal mode coordinate [1]
Substituting we get:

(15) ĉn+1 = Zĉn + Y TV n+1.

Equation (15) is the ROM of equation (7).
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Figure 1: Gas inner volume per distance

The velocity profile shows increase for increase on hydrogen presence. The peak
point is find when the pipeline distance and with velocity change at 0.45m/s at
20 percentage presence of hydrogen, while that of 25 percentage hydrogen is at
the same distance but the peak is 0.35m/s.
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Figure 2: Velocity change with respect to pipeline distance

The volume of gas in pipeline during simulation is analysed. The gas mixture
volume continue to increases at get to the peak of about 1.9m3 when its flow at
distance of 348 meters of the pipe. From Figure 1 the volume state decreasing
immediately after peak is achieved this will help in the gas delivery to end users.

Figure 3: Pressure drop at every point on the pipeline

Pressure is important in the analysis of fluid flow, the effect at point of the pipeline
is present. There is significant change on pressure drop for increase on hydrogen
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present this could be as a result of change on gas mixture density. There are
three at which the peak of pressure drop is rich through the pipeline.

Figure 4: Density of gas mixture

Density is significant in flow behaviour and connected to velocity profile. From
Figure 4 peak of mixture density is observed at earlier distance than the other
fluid flow parameters, which is at 150 meters distance of 0.25 for 20% hydrogen
and 0.34 for 25% hydrogen. The density change increases for increase on hydrogen
presence in the mixture.
The celerity wave of a transient is a parameter governed by pressure behaviour
which can be observed from Figure 5 and Figure 3. The peak when hydrogen
ratio is 25% and 20% are as follow at distances of 150 and 400 meters at 2.3 and
1.5 respectively.

Results and Discussions. In the analysis an iron pipeline is used with di-
mension 0.4m and 500m diameter and length respectively. The mixture ratio is
varying to test its effect to other parameters, when equation (2.4) reduces hence
therefore becomes [1]. In the analysis using the same condition, shows the sim-
ilarity in the present with [1]. We notice pressure drop evolution influence for
different mixed ratio has also shown in [2], in Figure 3 with peak drop of .24
bar in the case of and 2.67 respectively. The result shows the same pattern of
transient analysis for different mixture ratio. In Figure 3 the variation in density
show a similarity in graph with the pressure drop analysis. Since hydrogen is low
density gas, mixture density first drop before it beginning to normalized in the
transient. This shows a significant effect of density in the transient mixture. From
the graphs it can be observed that increase in natural gas present decreases the
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Figure 5: Celerity wave of the transient flow

velocity drop, inner volume while in pressure drop, density change and celerity
wave effect increases as natural gas increases. For future studies we shall always
look at the density behaviour on transient analysis. �.
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[2] Elaoud S. & Hadj-Täıeb E. (2008). Transient flow in pipelines of high-pressure hydro-
gen–natural gas mixtures. International journal of hydrogen energy. 33(18), 4824-4832.

[3] Yang C., & Ogden J. (2007). Determining the lowest-cost hydrogen delivery mode. Inter-
national Journal of Hydrogen Energy. 32(2), 268-286. doi: 10.1016/j.ijhydene.2006.05.009.

[4] Winter C.-J. (2009). Hydrogen energy d Abundant, efficient, clean: A debate over the
energy-system-of-change. International Journal of Hydrogen Energy. 34(14), S1-S52. DOI:
10.1016/j.ijhydene.2009.05.063.

[5] Wang G. (2011). The role of hydrogen cars in the economy of California. Internation
Journal of Hydrogen Energy. 36(2), 1766-1774.



120 Baba Galadima Agaie, Abubakar S. Magaji, Baba Ibrahim Mundi, Peter Anthony

[6] Baufume S., Hake J. R.-F., Linssen J., & Markewitz, P. (2011). Car-
bon capture and storage: A possible bridge to a future hydrogen infrastruc-
ture for Germany. International Journal of Hydrogen Energy. 36 (15), 8809-8821.
https://doi.org/10.1016/j.ijhydene.2011.04.174

[7] Mohammadi A., Shojaei P., & Arabi A. (2012). Determining the Optimum Route of
Gas Pipeline by Environment Quantitative Approach Case Study: Fars Gas Company.
International Journal of Business & Management Tomorrow. 2(2), 1-7.

[8] Peet Y., Sagaut P., & Charron Y. (2009). Pressure loss reduction in hydrogen pipelines
by surface restructuring. International Journal Of Hydrogen Energy. 34(21), 8964-8973.

[9] Romanowski M. C., & Dowell E. H. (1996). Reduced order Euler equation for unsteady
aerodynamic flows. Paper presented at the Aerospace Science Meeting and Exhibit.

[10] Behbahani-Nejad M., & Shekari Y. (2010). The accuracy and efficiency of a reduced-
order model for transient flow analysis in gas pipelines. Journal of Petroleum Science and
Engineering. 73(1-2), 13-19.

[11] Jun S., Park K.-H., Kang H.-M., Lee D.-H. & Cho M. (2010). Reduced order model
of three-dimensional Euler equations using proper orthogonal decomposition basis. Journal
of Mechanical Science and Technology. 4(2), 601-608.

[12] Zhou J. & Adewumi M. A. (1995). Simulation of transient flow in natural gas pipelines.
Paper presented at the Annual Meeting Pipeline Simulation Interest Group (PSIG).

[13] Hoffman A. K. & Chaiang S. T. (2000). Computational fluid dynamics for engineers
wichita kansas: Engineering Education System.


	1. Introduction
	2. Method and Materials
	Governing Equation:
	Mixture equations:
	Pressure wave:
	2.1. Formulation of Numerical schemes
	Results and Discussions
	Acknowledgement:
	Competing interests:
	Funding:

	References

