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Abstract

Liquid hydrogen, a cryogenic fluid with extremely low density and viscosity, plays a crucial role in
zero-carbon energy strategies. It has become a prominent research focus in the field of new energy
strategy. In most processes within the liquid hydrogen industry chain, liquid hydrogen flow
measurement is involved. This paper focuses on the study of the flow diverter, a key component of
the liquid hydrogen flow standard device. Aiming at the high thermal insulation requirement of
liquid hydrogen, the straight piping in the conventional flow standard device is optimized. A
combined coiled-vertical piping with key equipment is enclosed in a vacuum cold box for centralized
thermal insulation. Fluid flow during diverter switching under four piping configurations was
simulated using ANSYS Fluent for both water and liquid hydrogen. The influence of piping structure
on flow error during the switching of the diverter is systematically studied. From the simulation
results, it can be concluded that the U-shaped piping effectively avoids the inertia and overshoot
effects during fluid switching, which helps to reduce errors caused by commutation.

Keywords: liquid hydrogen; flow standard; flow diverter performance; flow measurement

1. Introduction

As a green, efficient, clean, zero-carbon, and recyclable energy source, hydrogen is considered
one of the key elements in solving energy problems in the 21st century[1-3]. Hydrogen is an
indispensable energy carrier in various fields, including transportation, aerospace, national defense,
power generation, and heating[4,5]. To date, only a handful of standard devices in the world have
the function of cryogenic fluid flow value transfer and traceability[6—8]. The cryogenic fluid flow
measurement system still needs to be further improved to meet the evolving demands of global
energy development[9,10].

Scholars both domestically and internationally primarily focus on the research on standard
devices for normal temperature fluid flow[11], while there is relatively little research on cryogenic
fluid flow standard devices, mainly due to the physical characteristics of cryogenic fluids such as low
viscosity and low density[12,13]. In the late 1960s, NASA developed a liquid hydrogen flow standard
device based on the volumetric method[14-16], as shown in Figure 1.1. This device can achieve
verification of mass flow rates in the range of 0.023~0.45 kg/s, with a calibration error of
approximately 0.25% (k=2)[17]. During the verification preparation stage, a vacuum pump and a
purge pump are used to purge impurity gases in the device to ensure stability and safety during
verification[18]. During the verification process, liquid hydrogen in the supply tank flows Into the
flowmeter under test In the test section, through the bottom diffuser to the collection tank under the
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pressure of cold helium gas. The liquid hydrogen level and density changes in the supply tank are
measured by a float and a densitometer, and corrected in combination with the pressure and
temperature changes in the test section, to realize the verification and calibration of the flowmeter.
Based on the actual flow test, it was found that complete calibration of this device requires
approximately 2 hours of operating time, which indirectly confirms the extremely high difficulty and
requirements of liquid hydrogen flow measurement. This device eliminates the primary source of
error in previous flowmeter calibrations, namely ensuring the constant, uniform, and single-phase
flow state of liquid hydrogen during calibration.

In the 1970s, the Central Technical Institute (TNO) in the Netherlands developed a liquid
hydrogen flow standard device[19] using the static mass method, enabling the calibration of turbine
flowmeters with a maximum diameter of 2 inches. As shown in Figure 1.2, the device mainly consists
of a helium air source, supply tank, weighing system, receiving tank, vacuum test section, flow
regulating valve, and piping system. Similar to the NASA facility, this device also employs a
precooling operation and helium gas pressurization drive. At the start of the calibration, the liquid
hydrogen in the supply tank begins to flow under helium gas pressurization, while simultaneously
starting the timer. The liquid hydrogen flows through the vacuum test section, passes the flowmeter
under test, and then enters the receiving tank. The mass flow rate is calculated by the liquid hydrogen
mass difference in the supply tank and the calibration time interval, completing the calibration of the
flowmeter[20]. The measurement uncertainty of this device is approximately 0.4% (k=2), and its main
uncertainty components are due to static mass and liquid hydrogen density measurement errors.
Most of the working media of the existing low-temperature fluid flow standard devices at home and
abroad are liquid nitrogen, and only a few are liquid hydrogen. Table 1 summarizes different
institutions cryogenic fluid standard devices.

Table 1. Different institutions cryogenic fluid standard devices.

Working

Completion e e Working . Flow range .
Institution . Principle  temperature Uncertainty
date medium C) (kg/s)
1960 NASA Liquid = Volumetric )53 51 0022045 0.25%
hydrogen = method
1974 TNO Huid ) smethod —253--251  /~1.062 0.4%
hydrogen
Liquid
1970 NIST JIME T Mass method  -193--183  0.95-9.5 0.5%
nitrogen
2017 EMERSON LUy pc method  -195--185 0752 0.11%
nitrogen
Liquid Standard
2017 EMERSON 1% meter -195~-185  0.75-2 0.16%
nitrogen
method

As the energy system continues to evolve, hydrogen trade volumes are expected to grow rapidly,
leading to an increased demand for liquid hydrogen flow measurement[21,22]. Currently, the
standard devices developed by NASA and TNO both use helium-driven systems and are not
configured with a diverter, which prevents dynamic calibration at stable flow points, limiting it to
cumulative flow measurements. Building on existing research on low-temperature fluid flow
standard devices domestically and internationally[23,24], this paper proposes a design for a liquid
hydrogen flow standard device that combines dynamic and static mass measurement methods. This
design utilizes a diverter to control the direction of liquid hydrogen flow between different piping
systems|[25]. The diverter used in this liquid hydrogen flow standard apparatus adopts a dual high-
precision electromagnetic valve linkage structure. Simulation studies analyzed the fluid reversing
process for the piping configurations planned within the adiabatic vacuum cryostat, primarily
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analyzing the flow field characteristics and reversing performance under four piping structures: T-
shaped, Y-shaped, U-shaped, and coil-shaped[26].

This paper will focus on the influence of different piping configuration on the switching process
of the diverter [27]. Using water and liquid hydrogen as simulation media, the fluid flow state after
the switching of the diverter under different piping is numerically simulated and analyzed[28,29].
The aim is to explore the rationality of the piping configuration design in the liquid hydrogen flow
standard device, to reduce the standard uncertainty of device flow measurement.

2. Numerical Method

2.1. Geometric Modeling and Mesh Partitioning

To reduce the influence of the internal piping system of the cold box on the error during the
actuator’s action, the computational fluid dynamics(CFD) method simulates the fluid flow state
during the switching of the switching actuator under different piping configuration [30]. The overall
flow field of the piping and the switching actuator is analyzed to ensure the rationality of the
structural design of the internal piping system of the cold box. The switching actuator in the liquid
hydrogen flow standard device consists of two high-precision solenoid valves. The internal structure
of the valve is approximately “n” shaped. When closed, the valve core is in contact with the baffle to
block fluid flow. When opened, the valve core separates from the baffle to allow fluid to pass through.
To optimize calculation time and resources, the key device is structurally simplified, retaining its
internal “n” shaped flow channel, as shown in Figure 1. Meanwhile, fluid switching simulations are
conducted based on the currently proposed piping configuration inside the adiabatic vacuum cold
box. The main piping configuration include T-shaped, Y-shaped, U-shaped, and coiled structures.
SpaceClaim is utilized to model different piping configuration.

To ensure accuracy and precision during the numerical simulation solving process, hexahedral
meshing of the piping configuration is performed using Fluent Meshing, as shown in Figure 2. Since
the focus of this paper is on the fluid flow state in different piping during commutation, considering
the flow region and computational accuracy, it was decided to use a minimum mesh size of 0.48 mm
and a maximum mesh size of 1.95 mm. At the same time, the valve area in all piping configuration is
refined as the research focus. For the overall calculation area of the piping, a 3-layer boundary layer
is constructed by refining the mesh, as shown in Figure 3(a), to balance computational accuracy and
efficiency.

Piston

Baffle

Open

() (b)

Figure 1. Structure diagram of diverter, (a) Valve mechanical structure diagram(b) Valve simplified model

diagram.
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Figure 2. Mesh of piping structure model, (a) T-shaped piping model mesh generation(b) U-shaped piping

model mesh generation(c) Y-shaped piping model mesh generation(d) Coiled piping model mesh generation.

2.2. Numerical Model

During the design and construction phase of the dynamic and static mass method liquid
hydrogen flow standard device[31,32], ANSYS Fluent is used to simulate and analyze the fluid flow
during diverter switching under different piping configurations. The piping structure with the least
influence on the switching error of the diverter can be found, to ensure the rationality of the device
structure design and the high reliability of the measurement accuracy.

Fluid flows through complex flow field structures with multiple pipeline bends, branches, and
connection points. When the diverter switches direction, this causes vortices to form, creating a
typical turbulence model[33]. During the process of fluid flow direction switching in different piping,
the scales of the vortices exhibit diversity. Large-scale vortices obtain energy from the mainstream
and gradually transfer the energy to small-scale vortices through interaction with other vortices. The
small-scale vortices are eventually affected by fluid viscosity and dissipate, converting mechanical
energy into thermal energy. The model is based on the RANS turbulence model, which describes
turbulence by solving the turbulent kinetic energy (k) and turbulent dissipation rate (€) equations. It
is one of the most widely used turbulence models in engineering and is suitable for many flow
problems. In this model, the general forms of the equation and the equation are as follows:

d(pk) | d(puik) _ 9 e k. _ )
at + ox; _6x]- [(”-I_ak)axj]-'_Pk pe (2D

Ape) | dpue) _ 0 K\ 92 ep _ & N
o T ax; _6x]-[(‘u+a£)axj +Cl€kPk Cz*fpk (2-2)
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Where: p is the fluid density; u; is the velocity component; p is the dynamic viscosity; p; is the
turbulent viscosity; oy is the model parameter; P is the turbulence production term; ¢ is the
turbulence dissipation rate; o is the model parameter; C;. and C,. are empirical constants.

The numerical simulation in this paper involves turbulence and includes complex flow
structures such as pipeline bends, branches, and connection points. The Standard model can usually
provide more reasonable results when dealing with these complex flow fields. Therefore, this paper
chooses to use the Standard k — &€ model for numerical simulation and solution.

3. Results and Discussion

3.1. Effects of T-Shaped Piping on the Internal Flow Field of the Diverter

The numerical simulation results of the velocity for the fluid flow state during the switching
operation of the T-shaped piping diverter are shown in Figure 3. Figure 3(b1) and (d1) show the flow
velocity distribution when the diverter opening is maximum in the self-circulating piping and the
checking piping under the water condition, respectively. In the piping at the rear end of the diverter
under the T-shaped piping, the fluid is subjected to inertia during the flow process, which biases it
toward the lower wall of the piping. This not only leads to differences in flow velocity distribution,
but may also induce fluid oscillations, and when the valve is suddenly converted from the closed
state to the open state, the pressure accumulated by the fluid in front of the valve triggers a sudden
increase in the flow velocity, resulting in the overshoot phenomenon.
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Figure 3. Velocity plot of diverter switching pipeline under T-shaped piping, The subscript 1 represents the
water case, and the subscript 2 represents the liquid hydrogen case. (a1), (az) Velocity distribution of by-pass; (bz),
(b2) Velocity distribution of by-pass at maximum opening; (c1), (c2) Velocity distribution of weighing tank; (d1),

(d2) Velocity distribution of weighing tank at maximum opening.

In order to ensure the consistency of numerical simulation, the piping structure is the same as
that of water when liquid hydrogen is used as the test medium. For the T-shaped piping, the
numerical simulation results of the fluid flow state when the liquid hydrogen diverter is switched are
shown in Figure 3. At the right-angle connection, the flow rate at the outer wall of the piping is small,
while the flow rate at the inner wall is large, and the maximum flow rate of the fluid in the piping is
larger than that of the water medium. Compared to the water, the fluid inertia of liquid hydrogen is
much smaller than that of water at the same flow rate, and liquid hydrogen produces a greater change
in velocity. Liquid hydrogen is more susceptible to compression than water, which may result in
greater pressure fluctuations during commutation[34].

3.2. Effects of Y-Shaped Piping on the Internal Flow Field of the Diverter

Y-shaped piping can form different structures according to the angle between the two branch
piping, which increases the rationality of the internal space and the stability of the fluid flow, the
fluid flow velocity cloud diagram of the diverter action under the piping is shown in Figure 4, and
the distribution of the flow velocity in the Y-shaped piping is affected by the viscous effect. Near the
wall of the piping, the flow velocity decreases due to the viscous effect. At the same time between the
two branches turbulent regions are generated due to the divergence of the fluid, resulting in the non-
uniformity of the flow velocity distribution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Velocity plot of diverter switching pipeline under Y-shaped piping, The subscript 1 represents the
water case, and the subscript 2 represents the liquid hydrogen case. (a1), (az)Velocity distribution of by-pass; (b1),
(b2) Velocity distribution of by-pass at maximum opening; (c1), (c2) Velocity distribution of weighing tank; (d1),
(d2) Velocity distribution of weighing tank at maximum opening.

According to the numerical simulation velocity plot in the Y-shaped piping under the liquid
hydrogen shown in Figure 4, the fluid flow state exhibits obvious non-uniformity when the diverter
is switched. When the diverter is in action, the flow velocity distribution at the rear end of the diverter
is characterized by an increase in the local fluid flow velocity, and the flow velocity distribution on
the upper and lower walls shows a larger area. This non-uniformity of the flow velocity distribution
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may have a large impact on the switching of the diverter, thus reducing the accuracy of the
calibration.

3.3. Effects of Coiled Piping on the Internal Flow Field of the Diverter

The fluid flow velocity plot when the diverter is operated under coil piping is shown in Figure
5. In the coiled part of the coil piping, the flow velocity changes differently due to the curvature of
the piping. The fluid overshoot phenomenon at the rear end of the diverter when the diverter is
actuated is inferior to that of the U-shaped piping, which has a larger fluid flow velocity retention.
But this distribution of flow velocity in the coil piping helps to minimize the dead space, it is less
likely to form a region of static fluid inside the piping.
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(d) (d2)

Figure 5. Velocity plot of diverter switching pipeline under coil pipin, The subscript 1 represents the water case,
and the subscript 2 represents the liquid hydrogen case. (a1), (az)Velocity distribution of by-pass; (b1), (b2)
Velocity distribution of by-pass at maximum opening; (c1), (c2) Velocity distribution of weighing tank; (d1), (d2)

Velocity distribution of weighing tank at maximum opening.

Since liquid hydrogen is a low-temperature liquid and needs to be maintained at a low
temperature in the piping, a coiled structure can provide sufficient surface area for more efficient
cooling and heat transfer. According to the coiled structure shown in Figure 5, the distribution of the
liquid hydrogen flow state presents a relatively uniform flow rate in the straight piping section as
well as in the coiled structure. When the diverter is switched, a certain residual fluid flow rate is
retained in the front and rear sections of the diverter, which negatively affects the piping structure
and related equipment. In addition, accurate weighing of weighing vessels in liquid hydrogen fluid
environments requires consideration of changes in flow velocity, as it may affect the flow behavior
of liquid hydrogen in the vessel, which can have a significant impact on the weight measurement
results, thereby reducing the accuracy of the calibration results.

3.4. Effects of U-Shaped Piping on the Internal Flow Field of the Diverter

U-shaped piping structure is slightly more complex, but its piping configuration can make the
system in the space occupation is relatively small. Under the water, the flow velocity plot of the U-
shaped piping is shown in Figure 6. The flow velocity is higher in the center of the U-shaped piping
and lower at the edge of the piping. At the edge portion of the U-piping, the resistance to flow in the
piping becomes greater, resulting in a decrease in the flow velocity of the fluid along the piping wall.
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Figure 6. Velocity plot of diverter switching pipeline under U-shaped piping, The subscript 1 represents the

water case, and the subscript 2 represents the liquid hydrogen case. (a1), (az) Velocity distribution of by-pass; (b1),
(b2) Velocity distribution of by-pass at maximum opening; (c1), (c2) Velocity distribution of weighing tank; (d1),

(d2) Velocity distribution of weighing tank at maximum opening.

The design of U-shaped piping helps to minimize the velocity non-uniformity of the fluid in the
piping as compared to T-shaped piping. As shown in Fig 6(az2), compared to a right-angle bend, the
fluid experiences a smoother flow at the bend, which reduces the occurrence of turbulence and makes
the flow velocity distribution relatively uniform. At the same time the flow velocity distribution at
the diverter does not change much compared to the T-shaped piping, but the overshoot effect at the
valve during diverter is significantly better than that of the T-shaped piping, which can effectively
improve the measurement accuracy of the device, as shown in Figure 6(b2) and (d2). The geometrical
configuration of the diverter results in a complex flow pattern at the diverter, in which the fluid also
tends to the lower wall. The structure of the diverter plays a key role in the whole piping system and
directly affects the flow distribution characteristics there.

Under the liquid hydrogen, the fluid flow distribution in the piping is approximately the same
because the piping configuration is consistent with that in the water. The fluid flow rate distribution
in the piping mainly reflects that the flow rate is larger at the outer wall and smaller at the inner wall,
and the maximum flow rate in the piping exceeds that in the water. Given the low density physical
properties of liquid hydrogen, this leads to a more pronounced effect of inertial forces on the fluid
flow in the U-shaped piping. This effect causes liquid hydrogen to exhibit a turbulent structure in the
U-shaped piping that is different from that of water, especially in the bends of the piping, where it
causes a large centrifugal effect, leading to rotation and vortexing of the fluid, which results in a
significant increase in flow velocity at the bends. At the same time, the low viscosity of liquid
hydrogen causes the fluid molecules to be influenced by the piping walls. The viscous effect causes
the fluid to be resisted by the wall, and thus the flow velocity is lower at the inner wall of the straight
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piping section. However, in straight piping sections, the flow rate is more uniform due to relatively
few geometric constraints.

In the self-circulation piping system and the calibration piping, the sudden increase in flow
velocity at the valve when the diverter is switched is mainly due to the rapid flow of fluid triggered
at the instant of valve switching, which results in a significant increase in the flow velocity at the
upper and lower walls, as shown in Figure 4(b2) and (d2). This phenomenon may be caused by the
instantaneous pressure change of the fluid in the vicinity of the valve at the moment of diverter
opening and closing. However, during the diverter action, the overshoot of the fluid before and after
the diverter is relatively small, which largely reduces the uncertainty introduced by the diverter.

4. Conclusion

In this paper, the fluid flow state during the switching of the diverter in four different pipings is
numerically simulated using Fluent Software. By constructing the piping and diverter structure
model and using Fluent Meshing for mesh generation, transient simulation is performed using the
standard turbulence model. The simulation results reveal the flow rate distribution of different piping
structures under water and liquid hydrogen. The simulation results indicate that different piping
structures can cause flow field disturbance and fluid overshoot during diverter. The “n” structure of
the diverter is a key factor leading to uneven flow velocity distribution. Compared to water, liquid
hydrogen exhibits more significant flow instability and overshoot effects due to its low density and
low viscosity. Comprehensively comparing the four piping configuration, the U-shaped piping can
most effectively suppress configuration overshoot, and its flow field stability is optimal, providing
the optimal piping structure design scheme for reducing the measurement uncertainty of the device.
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