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Abstract: Research on the flow electrification characteristic is of paramount importance for ensuring
the electrostatic safety of liquid hydrogen transportation systems. However, the discussion about
electrostatic saturation in flow electrification has been lacking. To address this gap, a theoretical model
governing the process of flow electrification is constructed which couples the charge conservation
equation with the Navier-Stokes equations and applies the Neumann boundary conditions at the
solid-liquid interface, and the application of this model is validated by existing experimental data
with the simulation parameters of At and n being 9.08 × 1012 and 0.85 for liquid hydrogen. A
comparison with benzene reveals that benzene almost reaches the electrostatic saturation state after
flowing one meter, whereas the flow of liquid hydrogen remains in the linear growth stage. However,
with an increase in pipe length, a gradual saturation trend emerges in the curves of streaming current
versus flow distance when the flow distance exceeds 10 m. At the outlet, the corresponding streaming
current and charge density are approximately 160 pA and 3 µC/m3, respectively, significantly higher
than those observed at one-meter flow distance. Furthermore, the influences of pipe radius and flow
velocity on the arrival of electrostatic saturation are analyzed, and the results show that increasing
both the pipe radius and flow velocity leads to a delay in the arrival of electrostatic saturation
and enhances the saturation value of the streaming current. In conclusion, this study thoroughly
discusses the development of flow electrification along with the flow distance and the phenomenon
of electrostatic saturation in the long-distance flow of liquid hydrogen, which is crucial for the safe
transportation of liquid hydrogen over extended distances.

Keywords: electrostatic saturation; flow electrification; liquid hydrogen; streaming current

1. Introduction

Ensuring electrostatic safety has become a paramount concern in the oil and gas
storage and transportation field, leading to increased attention towards flow electrification.
The widespread adoption of liquid hydrogen in space propulsion [1], hydrogen energy [2],
and other industries calls for a comprehensive assessment of the electrostatic safety of
liquid hydrogen transportation systems. Liquid hydrogen possesses explosive properties,
characterized by an extremely low minimal ignition energy and a wide explosion range [3,4],
making it inherently dangerous. Of particular concern is the accumulation of excess
charges generated by flow electrification in storage vessels, leading to the development
of high potentials due to the extremely low electrical conductivity of liquid hydrogen [5].
Such high potentials can trigger electrical breakdowns and lead to electrostatic ignitions
and explosions.

In our previous studies [6], we extensively researched and analyzed the flow electri-
fication characteristic of liquid hydrogen in pipe flows, focusing on charge distribution
and parameter analysis in short pipes of approximately one meter in length. However, it is
recognized that the phenomenon of electrostatic saturation in long-distance transportation
has received insufficient attention. Understanding electrostatic saturation in long-distance
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transportation is crucial for ensuring the safety of liquid hydrogen transportation in various
engineering scenarios.

The existence of a double electric layer (EDL) at the solid-liquid interface has been long
known [7], comprising the compact layer and the diffusion layer. Numerous theoretical
models have been developed to describe the EDL [8]. Flow electrification occurs when
excess charges in the diffusion layer migrate into the bulk region, generating an axial
streaming current [9]. Research on flow electrification has been conducted for over fifty
years, encompassing numerical studies and experimental measurements. Early studies
primarily explored steady and fully developed flow electrification issues [10–12], where
analytical solutions provided radial distribution of charge density based on certain sim-
plifying assumptions. However, these research efforts failed to address the development
of streaming current and charge motion along the flow distance, resulting in a lack of
discussion about electrostatic saturation. To address this limitation, Abedian and Sonin [13]
introduced a characteristic charge development distance to correct the effect of finite pipe
length, leading to an asymptotically saturated streaming current development curve with
respect to flow distance. Nonetheless, this model’s limited usage is attributed to the chal-
lenge of determining charge density at the wall. Providing wall boundary conditions for
charge distribution in the form of Dirichlet conditions is unreasonable due to the lack of
experimental data. Instead, Neumann conditions are widely employed, connecting current
flux at the wall with a chemical reaction rate [10,14]. Theoretically, models using Neumann
conditions can also depict the effect of finite pipe length and summarize the electrostatic
saturation phenomenon in flow electrification. However, few related works have been per-
formed and reported. In summary, the mechanism of the EDL and the theoretical models
of flow electrification have undergone mature development, but electrostatic saturation in
flow electrification remains a topic that requires further study.

Experimental research on flow electrification is relatively abundant, and measurements
have been conducted even for cryogenic liquids [15,16]. In the case of liquid hydrogen,
Cassutt [17] et al. conducted an experimental project to assess the electrostatic hazards
associated with the transfer and storage of liquid hydrogen, while Touchard [18] established
a test platform to measure the streaming current induced by the pipe flow of liquid hydro-
gen. However, their focus was primarily on the general evaluation of the intensity of flow
electrification, neglecting the variation characteristics along the flow distance and the phe-
nomenon of electrostatic saturation. To study the development of streaming current along
the flow distance, Tanka [19] designed an oil circulation pipe system with a four-meter test
pipe and installed segmented electrodes on the outer surface of the test pipe to measure
leakage currents at different flow distances. The observed curves of leakage current versus
flow distance exhibited a downward trend, accurately reflecting the asymptotic saturation
of streaming current. While several research studies have explored flow electrification,
they typically only measure streaming currents at the outlet or the total output quantity of
charges, often neglecting measurements along the pipes. According to Abedian and Sonin’s
theory [13], it takes around several meters for oils to reach the electrostatic saturation state,
implying that the flows of oils are essentially in an electrostatic saturation state in most
engineering scenarios. However, the charge development distance for liquid hydrogen
can be over tens or hundreds of meters, which renders analysis based on fully developed
and steady states of flow electrification unsuitable for most engineering scenarios. There-
fore, it is imperative to pay attention to the electrostatic saturation characteristics of flow
electrification in the transportation of liquid hydrogen.

In summary, there is a lack of discussion on the electrostatic saturation in flow electri-
fication, especially for cryogenic liquid. In this study, a theoretical model is constructed
to govern the process of flow electrification which couples the charge conservation equa-
tion and the Navier-Stokes equations and applies the Neumann boundary conditions at
the solid-liquid interface, and it is validated using available experimental data with the
simulation parameters of At and n being 9.08 × 1012 and 0.85 for liquid hydrogen, which
is firstly proposed and has a good performance on the prediction of flow electrification
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characteristic of liquid hydrogen. The electrostatic saturation of flow electrification is firstly
discussed in detail and the development characteristics of flow electrification in liquid
hydrogen flows are compared to those in liquid benzene flows to illustrate their differences
in electrostatic saturation. Subsequently, the entire process of reaching the electrostatic
saturation state for liquid hydrogen is analyzed, followed by a discussion on the influences
of pipe radius and flow velocity on electrostatic saturation. This research aims to provide
valuable insights into the electrostatic safety of liquid hydrogen transportation, particularly
regarding the electrostatic saturation phenomenon.

2. Modeling the Process of Flow Electrification
2.1. Equation of Charge Conservation

In the realm of flow electrification, the fundamental essence lies in the macroscopic
manifestation of the governing dynamics that dictate the movement of charged particles,
which includes electrons, ions, and charged micro-clusters. These motion patterns arise
as a result of the interplay between convection, conduction, and diffusion phenomena.
Mathematically, these dynamics can be described by the equation of charge conservation,
as shown in Equation (1) [20]:

∂ρq

∂t
+∇·j = 0, (1)

where ρq denotes the charge density, and vector j represents the current density. In many
engineering scenarios involving flow electrification, the systems are in a steady state,
allowing us to neglect the first term, ∂ρq/∂t, in Equation (1). The second term, which is
the divergence of the current density, reflects the spatial distribution of charges and its
inhomogeneity. Convection, diffusion, and conduction all contribute to the current density,
and their relationship is shown in Equation (2):

j = ρqv

jconv

− D∇ρq

jdiff

− σ∇φ

jcond

, (2)

where vector v denotes the fluid velocity, D represents the diffusion coefficient, σ indi-
cates the electrical conductivity of fluid and φ signifies the electrical potential. The three
contributions induced by convection, diffusion, and conduction are denoted as jconv, jdiff,
and jcond, respectively. Specifically, jconv reflects the influence of the fluid flow field on
the motion of charge. The fluid flow field is governed by the continuity equation and the
Navier-Stokes equation:

∂ρ

∂t
+∇·(ρv) = 0, (3)

ρ

[
∂v
∂t

+ (v·∇)v
]
= −∇p + µ∇2v + ρf, (4)

where ρ implies the fluid density, p denotes the pressure, µ represents the dynamic vis-
cosity, and vector f indicates the external body force. jdiff is intricately tied to the flow
state. In laminar flow conditions, charges primarily undergo diffusion from regions of
high concentration to regions of low concentration due to Brownian motion. This diffu-
sion process is characterized by the molecular diffusivity, Dm, which remains constant at
approximately 10−9 m2/s. However, in turbulent flow regimes, the dominance of turbu-
lent fluctuations perpendicular to the flow direction supersedes Brownian motion and
becomes the principal driving force behind charge diffusion. To accurately describe this aug-
mented effect of turbulent fluctuations on mass diffusion, an additional diffusion coefficient,
Dt, is introduced.

In previous studies, the depiction of Dt has often relied on semi-empirical correlations.
However, from a fundamental perspective, Dt can be quantified using the turbulent eddy
viscosity coefficient, νt. This approach provides a more accurate representation of the
impact of turbulent fluctuations on charge diffusion in turbulent flow conditions. As for
jcond, it quantifies the influence of the electric field induced by the non-uniform distribution
of charges on the behavior of these charges. This non-uniform charge distribution gives
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rise to an electric field, which in turn affects the movement and behavior of the charged
particles. The relationship between the electric potential (φ) and the charge distribution is
mathematically established by the Poisson equation, as represented by Equation (5):

∇2φ = −
ρq

ε0εr
, (5)

where ε0 denotes the vacuum dielectric constant, and εr implies the relative dielectric
constant. Based on the above discussion and incorporating Equations (1), (2) and (5), the
charge transport equation can be reformulated as follows:

v·∇ρq −∇·
[
(Dm + Dt)∇ρq

]
+

σ

εrε0
ρq = 0. (6)

2.2. Boundary Conditions

In this research article, the main focus is on investigating flow electrification phenom-
ena in a straight cylindrical pipeline used for liquid hydrogen transportation, as depicted
in Figure 1. Indeed, the underlying mechanism of flow electrification is an intricate in-
terplay of electrostatic forces and fluid dynamics. This phenomenon can be elucidated
by considering the electrical double layers formed at the solid-liquid interface within the
pipeline. These double layers consist of a compact layer and a diffusion layer. The excess
charges, often represented by positive ions, tend to accumulate within this diffusion layer
due to the prevailing electrostatic field effect. When the liquid starts to flow within the
pipeline, a compelling sequence of events unfolds. The excess charges present within the
diffusion layer experience the combined effects of convection and diffusion, which together
propel them into the bulk region of the fluid flow. This migration occurs due to the overlap
between the diffusion sublayer and the laminar sublayer, enabling the charges to transition
from the confined diffusion layer to the broader fluid volume. As the liquid continues
its journey down the pipeline, the excess charges that have been liberated from the diffu-
sion layer now move in synchrony with the bulk fluid flow. This gradual accumulation
of charges downstream leads to an evolving distribution of charge density, as visually
represented in Figure 1. In essence, the dynamic process of flow electrification can be
understood as a result of charges being liberated from the solid-liquid interface, traversing
the diffusion sublayer, and eventually being transported along with the fluid flow. This
intricate interplay between electrostatic forces, diffusion, and convection underpins the
evolution of charge distribution along the flow path, culminating in the phenomenon
known as flow electrification.
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Figure 1. Schematic diagram of liquid hydrogen transport pipelines. 
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Figure 1. Schematic diagram of liquid hydrogen transport pipelines.

To analyze the flow field within the pipeline, specific boundary conditions are defined
for different parts of the system. At the inlet of the pipeline, a velocity inlet boundary
condition is specified, where the normal average inflow velocity is denoted as Va. This
condition sets the initial flow velocity of the liquid hydrogen entering the pipeline. The wall
surfaces of the pipeline are treated with a no-slip boundary condition. This assumption
implies that there is zero relative velocity between the fluid and the walls, signifying that
the liquid hydrogen adheres to and moves with the walls of the pipeline. For the outlet
of the pipeline, the boundary condition is determined by setting the pressure to the local
atmospheric pressure. This condition ensures that the pressure at the exit of the pipeline
corresponds to the surrounding atmospheric pressure.
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In the context of studying the motion of charges in the fluid, it is assumed that the
fluid is electrically neutral. Consequently, the charge density at the inlet of the pipeline
is set to zero, as there are no initial charges present. Furthermore, both the fluid flow
and flow electrification are assumed to be fully developed. In this scenario, the gradient
of charge density at the outlet is set to zero, implying that there is no change in charge
density along the flow direction as it reaches the outlet. For the solid-liquid interface, the
boundary conditions of charges are given as follows, based on the research by Tanaka [19]
and Diao [20]:

∂ρq

∂r

∣∣∣∣
w
= c0 AtVn

a , (7)

where c0 denotes the concentration of charges in the fluid under electrically neutral condi-
tions which follow Einstein’s relations [21]:

c0 =
σkBT

2e0FDm
, (8)

where kB = 1.38 × 10−23 J/K, e0 = 1.60 × 10−19 C, and F = 96,485.34 C/mol denote the
Boltzmann constant, the elementary charge, and the Faraday constant, respectively, and
T represents the fluid temperature. The empirical coefficients At and n are determined by
experimental data.

2.3. Simulation Settings

The numerical simulations in this research article are carried out using a coupled
computational fluid dynamics (CFD) and equation of charge conservation approach.
The simulations are performed using the commercial software COMSOL Multiphysics
version 5.6. To simplify the computation complexity, two-dimensional axisymmetric simula-
tion models are adopted. For mesh generation, the mapped node in the COMSOL meshing
module is added to create a rectangular structured grid, in which an even distribution of
mesh elements in the axis direction and a segmented distribution in the radial direction
are set, and a stepped local mesh refinement technique is applied in the diffusion sublayer
to enhance accuracy in that region. The total number of elements is 260,000. The meshing
process ensures proper resolution of the flow and charge distribution. To couple the fluid
flow and charge conservation equations, a custom mathematical equation interface is used.
The classical steady convection-diffusion equation is employed to introduce the equation
of charge conservation into the coupling interface. For the calculation of the fluid flow
field, the k-ε model of Reynolds-averaged Navier-Stokes equations (RANS) is applied. This
turbulence model provides reasonable approximations for turbulent flows and enables the
simulation of the flow behavior in the liquid hydrogen transportation system.

2.4. Model Validation

Measurement experiments to investigate the effect of turbulence on electrokinetic
phenomena for benzene were conducted by Rutgers [22], and the obtained experimental
data was utilized to validate the model developed in this study. The experimental setup
involved adding Zn-di-isopropyl salicylate solutions with varying concentrations and
adjusting the pipe radius, leading to six different experimental series. The simulations
were performed based on these experimental conditions, and the results are presented in
Figure 2a,b. Remarkably, the simulation results align excellently with all six series of exper-
imental data. To provide a more direct and concise comparison of the validation results,
a direct comparison between the measured streaming current, Is,exp, and the simulated
streaming current, Is,sim, was made, and the relationship between the streaming current
and the charge density is shown in Equation (9).

Is =
∫

Ω
uρqds, (9)

where u is the axis flow velocity and Ω is the flow area. The comparison is depicted in
Figure 3, where all the scatter points closely cluster around the axis of symmetry. The
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average deviation between the measured and simulated streaming currents is found to be
only 0.45%, with the maximum deviation reaching −3.46%. This high level of agreement
between the experimental and simulated data confirms the accuracy and reliability of the
developed model in capturing the electro-kinetic phenomena for benzene under turbulent
flow conditions.
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It is worth noting that during the validations for benzene, the empirical coefficients
At and n are set to be 8.94 × 1010 and 0.85, respectively. However, for the simulations of
liquid hydrogen, some necessary adjustments are made to these settings. Based on valuable
experimental data provided by Touchard [16], average charge density values at the pipe
outlet are obtained, and the model was validated using these experimental results. For
these liquid hydrogen simulations, the values of At and n are adjusted to 9.08 × 1012 and
0.85, respectively. The results of these validations are shown in Figure 4, and it is evident
that the simulation results are in the same order of magnitude as the experimental results,
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with a generally consistent trend of variation. Considering potential external interference
and experimental fluctuations in low-level measurements, it can be concluded that the
constructed model and related settings are valid for conducting numerical research on
the flow electrification of liquid hydrogen. This validation process ensures the reliability
and accuracy of the model in capturing the electro-kinetic phenomena specific to liquid
hydrogen flows.
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3. Results and Discussion
3.1. Comparisons between Benzene and Liquid Hydrogen

In the model validation section, comparisons between benzene and liquid hydrogen
as fluid media have been performed in detail. Two simulated cases, one for benzene based
on Rutgers’s experiments and another for liquid hydrogen based on Touchard’s experi-
ments [16], are displayed in Figure 5, and the electrical and thermal properties of benzene
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and liquid hydrogen used in the simulations are listed in Table 1. To ensure a fair compari-
son, the averaged fluid velocities, Va, in these two cases are similar, with values of 4.01 m/s
and 5.42 m/s, respectively. Despite differences in numerical magnitude, it is evident that
there are significant variations in the trend between benzene and liquid hydrogen. For the
benzene case, both the streaming current and the average charge density curves appear
to slow and tend to reach a saturation value within a one-meter flow distance, as shown
in Figure 5a. This saturation phenomenon has been previously observed and discussed
in Abedian’s [13] research. However, the curves for liquid hydrogen in Figure 5b show
a nearly linear growth, indicating that a one-meter flow distance is insufficient for liquid
hydrogen to reach a saturation state, if such a state exists. These distinct differences in the
behavior of benzene and liquid hydrogen in flow electrification highlight the importance of
considering the specific characteristics of each fluid when assessing electrostatic safety. The
observations suggest that the electrostatic saturation state may be reached more quickly in
benzene compared to liquid hydrogen. Therefore, it is essential to conduct further investi-
gations and simulations for liquid hydrogen at longer flow distances to better understand
its flow electrification behavior and the potential electrostatic hazards associated with
its transportation.
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Table 1. The electrical and thermal properties of benzene and liquid hydrogen.

Property Values for Benzene [22] Values For Liquid
Hydrogen [6]

Temperature, T (K) 300.000 20.324
Density, ρ (kg·m−3) 871.000 70.899

Relative permittivity, εr 3.000 1.231
Electric conductivity, σ (S·m−1) 1.200 × 10−10 1.000 × 10−15

Molecular diffusivity, Dm (m2·s−1) 1.000 × 10−9 1.206 × 10−9

Kinematic viscosity, ν (m2·s−1) 5.000 × 10−7 1.910 × 10−7

3.2. Electrostatic Saturation of Flow Electrification in Liquid Hydrogen Transportation

Theoretical analysis suggests that as the flow progresses downstream, charges ac-
cumulate, and the inhibitory effect of the conduction term becomes more pronounced.
Consequently, there will be a saturation value for the flow electrification of liquid hydrogen
transportation. To capture the entire process of flow electrification in liquid hydrogen
transportation, including both the initial growth stage and the later saturation stage, the
pipe length of the simulated case in Figure 5b has been extended to 30 m while keeping
other settings the same. The contours of charge density and flow velocity are displayed
in Figure 6, with the radial magnification set to 5000 times for better visualization. In
Figure 6, it is evident that the charge density increases along the flow distance. When the
flow distance reaches approximately 20 m, the growth rate starts to slow down, and the
charge density appears to approach a saturation value. Meanwhile, the flow velocity field
appears steady and almost remains in the fully developed stage over very short flowing
distances. These results indicate that in the case of liquid hydrogen transportation, there is
a transition from the initial growth stage to a saturation stage for flow electrification as the
flow progresses. The charge density continues to increase along the flow distance until it
approaches a saturation value, while the flow velocity field remains relatively stable. This
observation supports the notion that there is a saturation point for flow electrification in
liquid hydrogen transportation. However, further investigation and analysis are needed to
fully understand the characteristics of this saturation phenomenon and its implications for
the electrostatic safety of liquid hydrogen transportation.

The development of the streaming current is a key focus, and its behavior is depicted
in Figure 7. The plot shows that the streaming current experiences a nearly linear growth
trend in the initial segment of the flow. As the flow progresses downstream, the streaming
current gradually approaches a saturation stage. This observation confirms the presence
of a saturation phenomenon in the flow electrification process for liquid hydrogen trans-
portation. The evolution process of charge density distribution also provides insights into
the saturation of flow electrification. Figure 8 illustrates the radial distribution of charge
density at various flow distances. The graph reveals that the charge density is initially high
near the surface of the pipe and then rapidly decreases as it approaches the center of the
pipe. Moreover, with increasing flow distance, the entire curves of radial charge density
distribution shift upwards, indicating an overall rise in charge density. However, the rate
of increase becomes smaller, demonstrating the saturation of flow electrification. These
findings support the notion that as liquid hydrogen flows through the pipeline, charge
density accumulates near the pipe’s surface, and the saturation phenomenon leads to a
gradual slowdown in the growth rate of both the streaming current and the radial charge
density distribution.
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3.3. Influences of Pipe Radius and Flow Velocity on Electrostatic Saturation

The results presented above are based on specific condition settings, and it is evident
that altering the pipe radius and the flow velocity can have a significant impact on the
development process of flow electrification. Figure 9 displays the curves of streaming
current versus flow distance with different pipe radii. The flow velocity is kept constant,
matching that of the case shown in Figure 6, and the flow distance is extended to 50 m,
providing sufficient distance for the case with a pipe radius of 0.58 mm to reach the
saturation stage. As the pipe radius increases, it appears to take a longer flow distance to
reach the saturation stage. When the pipe radius exceeds 5 mm, the entire process seems
to remain in the initial linear growth stage. It can be inferred that the saturated streaming
current increases with the rise in pipe radius. Additionally, the radial distribution of charge
density at the pipe outlet is analyzed for different pipe radii and plotted in Figure 10. The
figure shows that although the charge densities at the wall are relatively consistent, the
charge densities at the bulk region significantly decrease as the pipe radius increases. This
phenomenon can be attributed to the fact that as the pipe radius increases, it becomes
more difficult for the excess charges in the diffusion sub-layer to move to the bulk region
of the flow. These observations highlight the importance of considering various factors,
such as pipe radius and flow velocity, in the analysis of flow electrification for liquid
hydrogen transportation.

The influence of flow velocity is also thoroughly analyzed, and the results are depicted
in Figure 11. The range of the Reynolds number is from 5000 to 5 × 105, corresponding
to flow velocities that increase from 0.24 m/s to 24.87 m/s, effectively covering a wide
range of engineering scenarios. From Figure 11, it becomes evident that the entire curves of
streaming current versus flow distance show an upward trend with the increase in flow
velocity. Furthermore, it can be summarized that as the flow velocity increases, it takes a
longer flow distance for the electrostatic saturation state to be reached.
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Indeed, the study of electrostatic saturation in liquid hydrogen transportation systems
is a multifaceted endeavor that involves considering a range of influencing factors beyond
pipe radius and flow velocity. Impurities, encompassing solid particles and gas bubbles,
introduce complexity to the electrostatic behavior of the system. These impurities can
accelerate the rate of charge generation, potentially leading to an earlier onset of electro-
static saturation. A comprehensive understanding of how impurities interact with the flow
electrification process is crucial for accurate safety assessments. Furthermore, the type of
liquid being transported also significantly impacts the electrostatic behavior. It involves a
comprehensive consideration of parameters such as electrical conductivity, permittivity,
density, and viscosity. Each of these factors contributes to the overall electrostatic character-
istics of the system. Therefore, a more detailed and nuanced analysis is required to account
for the specific working conditions and the interplay of these parameters. Such insights
will be pivotal in refining safety measures and operational guidelines for liquid hydrogen
transportation systems, ultimately ensuring their robust and secure operation.
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4. Conclusions

In conclusion, the research presented in this work focused on the flow electrification
of liquid hydrogen and explored the electrostatic saturation characteristic in depth. The
key findings and conclusions of this study are as follows:

(1) In the liquid hydrogen flows, flow electrification initially leads to a linear increase
in streaming current with the flow distance, followed by a gradual saturation. The
distance required for electrostatic saturation in liquid hydrogen is on the order of tens
of meters, while for benzene, it occurs within just one meter.

(2) The pipe radius has a significant impact on the electrostatic saturation process. In-
creasing the pipe radius delays the onset of electrostatic saturation and enhances the
magnitude of the saturated streaming current. However, it also results in a decrease in
the charge density.

(3) Flow velocity plays a crucial role in flow electrification. Higher flow velocities lead to
a longer distance required to reach electrostatic saturation and also result in higher
streaming current values throughout the entire flow electrification process.
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