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Abstract

A 70 MPa class hydrogen solenoid valve needs a metal seal tube with a high strength
margin at the specified safety factor (proof pressure 175 MPa). A lightweight scheme
is therefore proposed in which the thin-walled tube is reinforced by carbon-fiber hoop
winding. 531603 austenitic stainless steel is ordinarily selected as the primary material for
this pressure-bearing component owing to its excellent corrosion resistance and favorable
hydrogen-embrittlement resistance. However, its low yield strength means that satisfying
the strength requirement only by increasing the wall thickness would raise the structural
mass, widen the non-magnetic gap and reduce the electromagnetic efficiency. To avoid
this, a thin-walled S31603 tube is used as the metallic liner, and a mechanical model of
the metal-composite structure is established on the basis of composite netting theory and
thick-walled cylinder elasticity. The winding-layer thickness and the process parameters are
then determined, and the design is verified by finite element analysis and pressure testing.
The results show that, at the 175 MPa proof pressure, a 3 mm thick all-metal seal tube has
an elastic limit of only about 65.4 MPa, far below the requirement. After carbon-fiber wet
winding, the composite seal tube reaches the required strength, with a total wall thickness
of only about 3 mm and a much lower mass. Because the carbon-fiber layer is non-magnetic,
the structure improves the pressure-bearing capacity while introducing almost no additional
reluctance. It effectively decouples the contradiction between the structural strength and
the magnetic-circuit efficiency and offers a new route for the lightweight design of hydrogen
fluid-control components.

Keywords: ultra-high-pressure solenoid valve; carbon-fiber winding; composite material;
composite netting theory; wet filament winding; mechanical design; finite element analysis

1. Introduction

Driven by the carbon-peak and carbon-neutrality strategic goals, the hydrogen-energy
industry, and hydrogen fuel-cell vehicles in particular, is developing rapidly. Because of its
relatively high storage density and its relatively simple infrastructure requirements, high-
pressure gaseous hydrogen storage has become the mainstream hydrogen storage route
for fuel-cell vehicles [1]. An onboard hydrogen storage system consists of a high-pressure
hydrogen storage vessel and fluid-control components such as cylinder valves and pipeline
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valves. Such a system operates at high pressure with a flammable and explosive medium,
and its pressure-bearing components are at risk of hydrogen-embrittlement failure, which
places stringent demands on the safety design [2,3]. As a core element that controls the
on/off of hydrogen flow in the pipeline, the solenoid valve directly governs the safety,
efficiency and response speed of the whole vehicle system.

The key component that withstands the internal pressure in an ultra-high-pressure
solenoid valve is the metal seal tube, which is usually made of 316L [4,5]. 316L is the com-
mercial designation of the same material as 531603, i.e., UNS S31603, which is specified in
ASTM A479/A479M-25 [6]. This steel shows good corrosion resistance, good machinability
and low susceptibility to hydrogen embrittlement in a high-pressure hydrogen environ-
ment, and it is therefore a primary candidate material for hydrogen-system pressure-bearing
components [7]. At an operating pressure of 70 MPa and a safety factor of 2.5, the proof
pressure is 175 MPa [8]. Under this condition, the relatively low yield strength of S31603
(170 MPa) makes it difficult to satisfy the strength requirement of a thin-walled structure.
Thick-walled cylinder theory gives an elastic pressure-bearing limit of only about 65.4 MPa
for a 3 mm thick all-metal seal tube. This value is below the 70 MPa operating pressure and
far below the 175 MPa proof pressure, so the strength requirement cannot be met. Simply
increasing the wall thickness raises the structural mass. When the seal tube is part of the
magnetic circuit, a thicker wall also widens the non-magnetic gap and increases the reluc-
tance. A larger magnetomotive force is then required to produce the same electromagnetic
force. This increases the energy consumption and the temperature rise. It also slows the
dynamic response. A contradiction therefore arises between the structural strength and the
magnetic-circuit efficiency.

To resolve this contradiction, researchers have investigated the problem from several
angles. Wang Jianzhong et al. [9] established an FEA model for the electromagnetic force
of a solenoid valve based on ANSYS Multiphysics (ANSYS 2022 R2). The model calcu-
lates the magnetic field distribution in the magnetic circuit, the flux-leakage effect, and the
electromagnetic force on the armature. It provides an effective tool for magnetic-circuit
parameter design. Wang Hong et al. [10] considered the fringe flux at the air gap, mate-
rial magnetic saturation, and flux leakage. They established a mathematical model of the
electromagnetic attraction force of a solenoid valve for hydrogen vehicles. On this basis,
the structural parameters were optimized. The results indicate that a smaller air gap and
an improved magnetic-circuit structure increase the electromagnetic attraction force and
improve the dynamic response. These studies indicate that the non-magnetic gap should
be minimized while the pressure-bearing strength is ensured. This is the key to improving
solenoid-valve performance.

Material substitution is another route. High-nitrogen austenitic stainless steel has
low permeability. Its yield strength is about 2 to 4 times that of standard 316-type steel.
However, its melting and plastic forming are difficult [11]. Nickel-based alloys such as
Inconel 625 have also been studied for hydrogen-tank solenoid-valve components such as
the valve stem [12]. However, their high cost limits wide engineering adoption.

The carbon-fiber-wound metallic liner composite structure is an alternative rein-
forcement route. It has been widely applied to high-pressure hydrogen storage vessels.
Zheng Chuanxiang et al. [13] established a mechanical analysis model of a carbon-fiber-
wound aluminum-liner hydrogen vessel. The model is based on composite netting theory
and classical composite plate theory. They also proposed a fiber-preload control method
to optimize the stress distribution. Zhan Helin et al. [14] carried out finite element stress
analysis and hydrostatic burst tests on a 70 MPa aluminum-liner fully wound carbon-fiber
cylinder for vehicles. Their results show that the winding layer bears most of the hoop
load. The aluminum-liner stress remains within a safe range. The minimum burst pressure
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reached 2.35 times the nominal working pressure. A recent study evaluated the hydrogen
compatibility and the fatigue life of a steel-liner/CFRP hoop-wound (Type 2) vessel [15].
The study covered working pressures up to 93 MPa in a high-pressure hydrogen environ-
ment. These studies confirm that the winding layer can carry the dominant hoop stress. This
can substantially reduce the structural mass. However, the applicability of this composite
structure to the solenoid-valve seal tube remains to be examined. Its compatibility with the
magnetic-circuit performance has not yet been systematically reported.

Carbon-fiber-reinforced polymers offer a high specific strength and specific stiffness
and are non-magnetic, which is why they are widely used in aerospace, high-pressure
cylinders and other fields [1,13]. Inspired by these characteristics, this paper proposes a
lightweight structure in which a thin-walled metal seal tube is reinforced by hoop-wound
carbon fiber, so that the thin-walled metal tube retains the sealing, connection and magnetic-
circuit conduction functions while the external winding layer carries the dominant hoop
load. The study addresses the following: a mechanical model of the metal-composite
structure is established from composite netting theory and thick-walled cylinder elasticity,
from which the thickness of the composite layer is determined; the static strength of the
designed structure is checked using the finite element method; and the process parameters
of the composite tube are determined, its load-bearing performance is verified by pressure
testing, and the effect on the magnetic-circuit performance is analyzed. The aim is to provide
a reference for the lightweight design of pressure-bearing components of hydrogen solenoid
valves at pressure levels of 70 MPa and above.

2. Structure and Design Parameters of the Composite Seal Tube
2.1. Overall Design (Structure and Working Principle of the Ultra-High-Pressure Solenoid Valve)

The high-pressure switching solenoid valve is a key actuator of the hydrogen control
system, realizing the on/off control of hydrogen through electromagnetic force. When
the coil is energized, the electromagnetic field drives the moving iron core upward, lifting
the lower end of the valve needle and thus opening the flow channel. When the coil is
de-energized, the magnetic field disappears, and the moving iron core and valve needle
return to their initial position under the action of the return spring, thereby closing the flow
channel. The structure of the solenoid valve is shown in Figure 1a.

Under ultra-high-pressure conditions above 70 MPa, the seal tube is the key component
directly withstanding internal pressure, and its material selection must simultaneously
satisfy the strength and non-magnetic requirements. The seal tube is usually made of a
high-strength non-magnetic metal. However, when the system medium is high-pressure hy-
drogen, the material must also have good hydrogen-embrittlement resistance, and austenitic
stainless steel is generally recommended in engineering practice. Nevertheless, because the
strength of austenitic stainless steel is relatively low, ensuring structural safety under the
constraints of mass and volume becomes a design challenge.

To this end, this study abandons the conventional approach of increasing the wall
thickness to obtain strength and instead proposes the design concept of functional separation
and synergistic reinforcement. As shown in Figure 1b, the composite seal tube consists,
from the inside to the outside, of a metallic liner layer and a composite reinforcement layer.

The metallic liner layer is made of S31603 stainless steel by precision machining and is
a thin-walled cylinder. It mainly fulfills three functions. First, it provides gas tightness to
ensure no leakage of the high-pressure medium. Second, it serves as the winding mandrel,
providing a smooth and stable geometric substrate for the external fiber winding [16].
Third, it can be integrated into the magnetic circuit when required. By virtue of its thin wall
and small reluctance, it couples efficiently with the external magnetically permeable shell
to form a low-reluctance magnetic circuit.
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(a) (b)

Figure 1. Structural schematics of the high-pressure switching solenoid valve (a) and the composite
seal tube (b). The composite seal tube is one of the components enclosed in the valve shown in (a).

The composite reinforcement layer is formed by densely hoop winding an epoxy-resin-
impregnated high-strength carbon fiber onto the outer surface of the metallic liner through
a wet filament-winding process [17]. It mainly carries the hoop load. On the one hand,
it uses the extremely high axial tensile strength of the carbon fiber to resist the dominant
stress induced by the internal pressure [18]. On the other hand, it provides the metallic
liner with overall stiffness and stability, constraining its radial deformation.

The core advantage of this configuration is that, by exploiting the extremely high
specific strength and specific stiffness of the composite, a substantial improvement in load-
bearing capacity is achieved at a minimal cost in thickness and mass [19]. Furthermore,
because the reinforcement layer is a non-magnetic material, it does not disturb the internal
magnetic field distribution of the solenoid valve, thereby decoupling the design constraints
between mechanical strength and electromagnetic performance.

2.2. Material and Geometric Parameters

The composite seal tube consists of a thin-walled 531603 stainless steel liner and a
carbon-fiber composite reinforcement layer. Its material and geometric parameters are listed
in Table 1.

Table 1. Material and geometric parameters of the composite seal tube.

Composite Reinforcement

Metallic Liner Design Load
Layer
i . Fiber: Toho Tenax HTA40 E15
Material: 531603 stainless steel 1K carbon fiber Working pressure: 70 MPa

(ASTM A479/A479M-25 [6]) (1000 filaments per tow) [20]

Gas-tightness test pressure:

Yield strength: 170 MPa Filament diameter: 7 pm 105 MPa (15p,, [21])

Proof pressure: 175 MPa

Elastic modulus: 195 GPa Tensile strength: 4100 MPa
& (25p, [21])
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Table 1. Cont.

Composite Reinforcement

Metallic Liner Design Load
Layer
Poisson’s ratio: 0.30 Tensile modulus: 240 GPa
Inner radius: 6 mm Matrix: tvyo-component
epoxy resin
Outer radius: 8§ mm Wmdmg process: wet
hoop winding
Wall thickness: 2 mm Winding-section length L

The yield strength of the metallic liner is taken from the material certificate. The
fiber tensile strength and tensile modulus are typical values of the Toho Tenax HTA40
E15 1K carbon fiber (Teijin Carbon, Tokyo, Japan) and are subject to the supplier’s cer-
tificate. The winding-section length, resin grade, and curing schedule are determined
according to the actual design of the seal tube. The gas-tightness test pressure is 105 MPa
(1.5 times the working pressure), while the proof pressure is 175 MPa (2.5 times the working
pressure). GB/T 42536-2023 [21], Assembly Valve on High Pressure Hydrogen Storage
Cylinder for Vehicles, requires a gas-tightness test pressure of at least 1.25 times the working
pressure (87.5 MPa). A stricter value of 1.5 times the working pressure is adopted here.
The same standard requires a proof pressure of at least 2.5 times the working pressure for
high-pressure hydrogen valves. This pressure is used for structural design, finite element
verification, and hydrostatic proof testing. The seal tube must not collapse plastically as a
whole under it.

3. Mechanical Calculation and Analysis
3.1. Strength Calculation of the All-Metal Seal Tube
The designed wall thickness of the all-metal seal tube is 3 mm (inner diameter 12 mm,
outer diameter 18 mm). The Lamé theory for thick-walled cylinders [16] is used to calculate
the maximum internal pressure that the tube can withstand within the elastic range.
Consider a thick-walled cylinder with inner radius r; and outer radius r, under an
internal pressure p;. The hoop stress is highest at the inner wall, and the Lamé solution is

r2 4712

2 2
o —1;

U9 inner = P1 (1)
Here, 0y jyner is the hoop stress at the inner wall of the all-metal seal tube (MPa), and p; is
its internal pressure (MPa). The outer radius is r, = 9 mm (outer diameter 18 mm), and the
inner radius is r; = 6 mm (inner diameter 12 mm). Setting the inner-wall hoop stress equal
to the yield strength ¢, = 170 MPa gives the maximum elastic pressure-bearing capacity
of the 3 mm thick tube:

Coy(r 1) 170% (92— 62) 170 x 45
" 242 9246 117

~ 65.4 MPa (2)

The maximum elastic pressure-bearing capacity of the 3 mm thick all-metal seal tube is
only 65.4 MPa. This is about 37.4% of the 175 MPa proof pressure, i.e., about 2.68 times lower.
It is even lower than the 70 MPa working pressure. Simply increasing the wall thickness
to close this gap would raise the mass and volume substantially. It would also widen the
non-magnetic gap and increase the reluctance, degrading the lightweight performance
and the dynamic response of the solenoid valve. Therefore, the all-metal scheme is not a
preferable option for solenoid-valve seal tubes with weight and volume constraints.
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3.2. Mechanical Calculation of the Composite Structure

The macroscopic mechanical performance of the composite layer depends on the fiber,
the matrix, and the winding process. For a hoop-wound layer, the hoop tensile strength is
the key parameter determining its load-bearing capacity. It is estimated using the rule of
mixtures [18]:

Teutt = Ofur Vil (3)

Here, 0, 1, is the hoop ultimate tensile strength of the composite layer (MPa). 0y ;; is the
tensile strength of the fiber tow (4100 MPa for the HTA40-grade carbon fiber). V is the
fiber volume fraction (0.55 to 0.65 for wet winding, with 0.6 adopted in this work). 7 is the
fiber strength conversion efficiency, which accounts for process damage, fiber buckling, and
imperfect straightness (0.82 adopted). Substituting the values gives

O = 4100 x 0.60 x 0.82 ~ 2017.2 MPa (4)

The yield strength of S31603 stainless steel is 170 MPa, whereas the hoop ultimate
tensile strength of the HTA40-grade carbon-fiber composite layer calculated by the rule of
mixtures can reach 2017.2 MPa. Even considering the process reduction and the safety factor,
its allowable hoop stress remains at a high level. The two differ by an order of magnitude
in their capacity to carry the hoop load, which is the fundamental mechanical basis for the
carbon-fiber winding layer to effectively share the internal pressure load and significantly
reduce the stress in the metallic liner.

The macro-scale elastic constants of the composite layer are also estimated by the rule
of mixtures. The hoop elastic modulus is given by

Ey = y|EfVs + E,(1-Vf)] (5)

Here, E; is the tensile modulus of the carbon fiber (240 GPa), and E,,, is the elastic modulus
of the epoxy resin matrix (3 GPa [22]). V} is the fiber volume fraction (0.6), and 7 is the
fiber strength conversion efficiency (0.82). Substituting the values gives

E; =0.82x (240 x 0.60 + 3.0 x 0.4) = 119 GPa (6)
The radial and axial elastic moduli are governed by the transverse modulus perpendicular
to the fiber direction and are estimated by the inverse rule of mixtures.

1
Vv, (7)
Err | Ey

E2:E3:

Here, E/ is the transverse elastic modulus of the carbon fiber (15 GPa [23]). Substituting
the values gives
Ez = E3 ~ 5.8 GPa (8)

Erturk and Acikgoz [24] compared analytical and numerical homogenization methods
for carbon-fiber/epoxy laminae. They found the longitudinal modulus to be nearly method-
independent, whereas the transverse modulus and, above all, the shear modulus depend
strongly on the method. The present constants are therefore conservative: E; from the
rule of mixtures, E, and E; from the inverse rule of mixtures, and Gy,, G3, and G,3 from
established lamina data [25-27].

3.3. Preliminary Thickness-Selection Model Based on Force Equilibrium
3.3.1. Load-Distribution Model

The metallic liner and the composite layer are regarded as a tightly bonded combined
thick-walled cylinder. Under a uniform proof pressure, the total load is shared by the two.
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The equivalent pressures shared by the composite layer and the metallic liner are denoted
as below.

P =Pe+ Pm 9)

where the proof pressure is 175 MPa, and the symbols denote the equivalent pressures
shared by the metallic liner and the composite layer, respectively.

3.3.2. Load-Bearing Limit of the Metallic Liner

In the composite structure, the metallic liner and the carbon-fiber layer carry the load
together. The carbon-fiber layer bears most of the hoop load, so the liner only bears part of
the internal pressure. The pressure acting on the metallic liner under extreme conditions is
set so that the hoop stress at its inner wall just reaches the yield strength. The geometry is
the same as in Section 2.1, so the Lamé solution of Equation (1) applies, with the internal
pressure replaced by the pressure p,, that the liner bears on its own. Setting the inner-wall
hoop stress equal to the yield strength then gives the maximum pressure that the metal
layer can support independently:

oy =) 170x (82 -62)  170x 28
Prm,max = 2+ riz - 82 + 62 100

= 47.6 MPa (10)

where 7, = 8 mm (outer diameter 16 mm) and r; = 6 mm (inner diameter 12 mm) are
the outer and inner radii of the metallic liner, respectively. That is, when the pressure
independently borne by the liner reaches p,, ..., the hoop stress at its inner wall just reaches
the yield strength. Owing to the constraint of the carbon-fiber layer, the liner in the real
composite structure is in a better stress state than under independent pressure. Local
yielding is confined to an extremely thin surface layer and cannot develop into overall
plastic collapse.

3.3.3. Determination of the Composite Layer Thickness

The part of the proof pressure that exceeds the load-bearing capacity of the metallic
liner is borne by the composite layer, that is

Pe =D — Pymar = 175 — 47.6 = 127.4 MPa (11)

For a hoop-wound layer, the entire hoop load can be assumed to be carried by the fiber (com-
posite netting theory) [17,18]. At the outer radius of the liner, the hoop force equilibrium
per unit length is

(Tc,ult tc =Pctm (12)

Here, o ,;; is the hoop ultimate tensile strength of the composite layer (2017.2 MPa, calcu-
lated in Section 2.2). ¢, is the total thickness of the composite layer (mm). p, is the pressure
that the composite layer must bear (127.4 MPa, from Equation (11)). r,, is the outer radius
of the metallic liner (mm). From this, the required theoretical thickness is solved

_ Pty 1274 x8

fe= [0], ~ 20172

~ 0.51 mm (13)

The calculation shows that a winding-layer thickness of about 0.51 mm is sufficient. At
this thickness, the liner and the composite layer together satisfy the strength requirement
at the 175 MPa proof pressure (working pressure 70 MPa, safety factor 2.5). Considering
process fluctuation, long-term performance, and potential impact loads, a design margin is
introduced in engineering practice, and the design thickness of the winding layer is adopted
as 1 mm.
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4. Finite Element Simulation Verification

A three-dimensional finite element model is established with ANSYS Workbench
(ANSYS 2022 R2) to verify the theoretical design of the composite seal tube. Its stress
distribution under the limit load is also examined [28].

4.1. Model Establishment
4.1.1. Geometric Model

According to the structural parameters determined in Section 3, a three-dimensional
geometric model is established. The metallic liner has an inner diameter of 12 mm, an outer
diameter of 16 mm, and a wall thickness of 2 mm. The composite reinforcement layer has
an outer diameter of 18 mm and a total wall thickness of 1 mm (nine hoop-wound layers).
It should be noted that the thickness of the composite reinforcement layer in the simulation
model is taken as the nominal design value of 1 mm, corresponding to nine hoop-wound
carbon-fiber layers. In the actual specimen, wet winding causes small fluctuations in resin
impregnation and fiber lay-up. These produce a slightly uneven surface, so the measured
average thickness is about 1.165 mm, a little larger than the nominal 1 mm. However, the
number of load-bearing carbon-fiber layers remains nine, consistent with the design, and
the fiber skeleton is unchanged. The number of fiber layers and the load-bearing mechanism
used in the theoretical calculation and the finite element analysis therefore remain valid. The
extra thickness comes from resin enrichment and does not reduce the load-bearing capacity
of the seal tube. For comparison, an all-metal seal tube model with an inner diameter of
12 mm, an outer diameter of 18 mm, and a wall thickness of 3 mm is also established.

4.1.2. Element Type and Meshing

Hexahedral structured meshing is used, with local refinement at the inner wall of the
metallic liner and at the interface between the composite layers; the local target element
size is 0.02 mm. The resulting mesh contains approximately 2,100,000 elements and about
3,200,000 nodes, and its average orthogonal quality, skewness and aspect ratio are 0.86,
0.19 and 1.7, respectively.

4.1.3. Material Properties

The material of the all-metal seal tube is S31603 stainless steel, and the metallic liner of
the composite seal tube is also made of S31603 stainless steel. Both the all-metal seal tube
and the metallic liner adopt the same S31603 stainless steel material model. In the elastic
stage, an isotropic linear-elastic relation is used, with an elastic modulus of 195 GPa and
a Poisson’s ratio of 0.30. In the plastic stage, a bilinear isotropic-hardening model based
on the von Mises yield criterion is adopted, with an initial yield stress of 170 MPa. The
composite reinforcement layer is defined as an orthotropic elastic material, and the specific
parameters are listed in Table 2. To describe the material orientation of the hoop-wound
fibers, which varies with the circumferential position, a local cylindrical coordinate system
coaxial with the cylinder is established and assigned to the composite solid. The local X,
Y, and Z directions correspond to the radial, hoop, and axial directions, respectively, with
elastic moduli of 5.8, 119, and 5.8 GPa. The direction indices in the material parameter table
are defined as 1—hoop, 2—radial, and 3—axial.

4.1.4. Contact Settings

A bonded contact is defined between the outer surface of the metallic liner and the inner
surface of the composite layer, which represents an ideal bonding state and neglects interface
debonding and slip. Since no slip or debonding was observed between the two layers in
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the actual tests, the results at 175 MPa should be understood as corresponding to such ideal
bonding conditions.

Table 2. Material parameters of the seal tube.

Stainless Steel Material Composite Reinforcement Layer

Material: S31603 stainless steel (ASTM
A479/A479M-25 [6])

Fiber: Toho Tenax HTA40 E15 1K carbon fiber [20]

Yield strength: 170 MPa Hoop elastic modulus: 119 GPa
Elastic modulus: 195 GPa Radial elastic modulus: 5.8 GPa
Poisson’s ratio: 0.30 Axial elastic modulus: 5.8 GPa

Poisson’s ratio: 0.28 (hoop-radial) [25]
Poisson’s ratio: 0.28 (hoop-axial)

Poisson’s ratio: 0.40 (radial-axial)

Shear modulus: 4.5 GPa (hoop-radial) [26]
Shear modulus: 4.5 GPa (hoop-axial)
Shear modulus: 3.5 GPa (radial-axial) [27]
Hoop ultimate tensile strength: 2017.2 MPa

4.2. Loads and Boundary Conditions

A three-dimensional cylinder model without the end-cap solid is established, with
the cylinder axis taken as the z direction. A uniform internal pressure P; = 175 MPa is
applied to the inner surface of the metallic liner. A uniform external pressure P, = 0.1 MPa
is applied to the outer surface of the composite layer to represent the external atmosphere.
Both pressures are expressed as absolute pressures, corresponding to a pressure difference
of 174.9 MPa, and they act normal to the respective surfaces. A fixed support is applied
to the bottom annular end face of the metallic liner. It constrains the three translational
degrees of freedom of the nodes on this face (U, = U, = U, = 0). No separate displacement
constraint is applied to the composite reinforcement layer; its displacement is coordinated
through the contact relationship with the metallic liner. Apart from this fixed support, no
other displacement constraint is applied to the model. A steady-state analysis is adopted,
and the load is applied by ramp increments in 10 substeps up to the target value. Overall
equilibrium is verified by comparing the axial reaction force at the fixed end with the
resultant of the applied axial load.

4.3. Result Analysis
4.3.1. Simulation Results for the All-Metal Seal Tube

To reveal the load-bearing mechanism of the composite seal tube, a comparative analy-
sis is first carried out on the all-metal seal tube (wall thickness 3 mm). At a proof pressure
of 175 MPa, the calculation results for the all-metal seal tube are shown in Figure 2. The
maximum equivalent stress is 468.26 MPa at the inner wall. This is far above the yield
strength of 531603 (170 MPa), so the all-metal scheme undergoes extensive plastic yielding
at this pressure. The maximum deformation is 0.67 mm, occurring at the outer wall at the
middle of the seal tube, and is an unrecoverable plastic deformation.

This result confirms the theoretical prediction that the all-metal scheme cannot meet
the strength requirement at the 175 MPa proof pressure. It also provides a baseline for the
comparison with the composite seal tube.

4.3.2. Simulation Results for the Composite Seal Tube
(1) Stress of the metallic liner

At a proof pressure of 175 MPa, the stress distribution of the metallic liner in the
composite seal tube exhibits the following characteristics. The maximum equivalent stress
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at the inner wall is about 250 MPa. Although this value exceeds the yield strength of 531603
(170 MPa), it is a local surface effect because the inner wall directly bears the 175 MPa
internal pressure. A relatively high local stress concentration therefore unavoidably occurs
on the material surface. Along the wall-thickness direction, the equivalent stress decays
rapidly, and the stress level in most of the liner region is below the yield strength. More
importantly, owing to the strong constraint of the outer carbon-fiber layer, the overall
deformation of the metallic liner is strictly limited. Even if the inner wall locally yields, the
plastic zone is confined to an extremely thin surface layer and does not develop into overall
plastic collapse.

Unit: MPa Unit: mm
468.26 Max 0.66954 Max
416.32 0.53975
364.38 0.41061
312.44 0.41061
260.49 0.29157
208.55 0.18273
156.61 0.14879
104.67 0.10479
52,722 0.05162
0.77961 Min 0.01000

(a) (b)

Figure 2. Simulation results of the all-metal seal tube: (a) equivalent stress contour; (b) total defor-
mation contour.

The carbon-fiber layer carries most of the hoop load and, through interface bonding,
applies a radial compressive stress to the metallic liner, which restrains its tendency to
expand in the hoop direction. The high stress at the inner wall is an inevitable result of the
direct internal pressure action, while the load-bearing role of the carbon-fiber layer ensures
the overall safety of the structure.

(2) Stress of the composite reinforcement layer

The composite reinforcement layer is dominated by the hoop stress. The maximum
hoop stress is about 728.5 MPa and occurs in the innermost carbon-fiber layer. This value
is below its ultimate tensile strength (2017.2 MPa), giving a safety margin of about 63.9%.
The composite layer therefore remains in an elastic and safe state at the proof pressure.

(3) Deformation analysis of the composite seal tube
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At a proof pressure of 175 MPa, the maximum deformation is 0.115 mm at the inner
wall and 0.08 mm at the outer wall. Both values are far smaller than the 0.67 mm of the
all-metal seal tube. This result demonstrates the strong constraint effect of the carbon-fiber
winding layer on the metallic liner. Under internal pressure, the liner tends to expand.
The carbon-fiber layer holds it through its high hoop stiffness (119 GPa) and high strength

(2017.2 MPa), so the overall deformation stays extremely small. The minor plastic strain
caused by the local stress concentration at the inner wall is confined to an extremely thin

surface layer, see Figure 3.

Unit: MPa

728.5 Max

500

440

380

320

260

200

178.81
157.61
136.42
115.23
94035
72.842
51.649
30.456 Min

(a)

deformation contour.

Unit: mm

0.11577 Max

0.10613

0.096478
0.086831
0.077183
0.067535
0.057887
0.048239
0038591
0.028944
0.019296
0.0096478
0 Min

(b)

Figure 3. Simulation results of the composite seal tube: (a) equivalent stress contour; (b) total

4.3.3. Simulation Comparison Between the All-Metal and Composite Schemes

The simulation results of the all-metal seal tube and the composite seal tube are

compared in Table 3.

Table 3. Comparison of the simulation results of the all-metal and composite schemes.

Comparison Item

All-Metal Seal Tube Composite Seal Tube

Maximum equivalent stress

468.26 MPa (far above yield) 20 1?//[\/2?1 a(\’{(’)c?:l)mner

0.115 mm (inner

Maximum deformation

0.67 mm wall) /0.08 mm (outer wall)

Structural state

. C Overall load-bearing safet
Extensive plastic yielding (minor local plasti’;city) Y

Meets the design requirement

Safety margin

Does not meet requirement
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4.4. Simulation Summary of the All-Metal and Composite Schemes

The deformation between the metallic liner and the composite reinforcement layer is
continuous, and the displacement difference at the interface is extremely small. During load
bearing, the two layers achieve good deformation coordination and synergistic work. The
inner wall of the composite seal tube directly bears the 175 MPa internal pressure, so a local
stress concentration occurs there. Even so, the overall maximum deformation is extremely
small. This trend stems from the strong constraint of the carbon-fiber winding layer on the
metallic liner. When the liner tends to expand under internal pressure, the carbon-fiber
layer holds the liner through its high stiffness and high strength, strictly confining the
deformation to an extremely small range.

Based on the above analysis, the composite seal tube has a sufficient safety margin
at a proof pressure of 175 MPa. The metallic liner has a local high-stress zone at the
inner wall. However, the carbon-fiber layer constrains it strongly, the overall deformation
remains extremely small, and structural integrity is maintained. The maximum stress of the
composite layer is about 36.1% of its ultimate strength, providing a safety margin of about
63.9%. Limit-load analysis and burst tests can be further carried out to determine the actual
burst pressure of the structure. According to the existing simulation and proof-test results,
the burst pressure is expected to be much higher than the proof pressure of 175 MPa.

5. Pressure Test of the Seal Tube

To verify the actual load-bearing performance of the composite seal tube, comparative
pressure tests are carried out on the self-designed composite seal tube and the conventional
all-metal seal tube. The tests use a self-developed oil-bladder-driven ultra-high-pressure
test device. Through medium isolation and quick-connect interface design, the device
achieves high-pressure assessment of the specimen while ensuring safety. The pressure-test
equipment, the explosion-proof tank, and the pressure-test conditions of the two groups of
specimens are shown in Figure 4.

5.1. Test Specimens and Conditions

Two groups of comparison specimens are set up. The reference group is the all-metal
seal tube designed conventionally and made of S31603 stainless steel. The experimental
group is the composite seal tube proposed in this paper, consisting of an 531603 stainless
steel liner with a wall thickness of 2 mm (outer diameter 16 mm) and an external HTA40
carbon-fiber composite reinforcement layer. The key geometric and mass parameters of the
two groups are listed in Table 4.

The designed geometric parameters of the two groups are kept consistent, with the
main differences lying in the material system and the mass distribution. Although slight
deviations exist in some dimensions due to differences in the manufacturing process, both
groups satisfy the test requirements at the proof pressure of 175 MPa in their respective
independent test systems.

The composite seal tube specimen is wound with nine layers of carbon fiber. During
actual forming, because of the capillary effect of resin infiltration and the uneven residual
resin, slight undulations occur on the surface of the wound layer, so the final outer diameter
is slightly larger than the theoretical value.

The tests use a stepwise pressure-increase method. The pressure is first slowly in-
creased from 0 MPa to 100 MPa for preloading. After confirming no leakage, the pressure
is then increased stepwise to the proof pressure of 175 MPa, with the specimen deforma-
tion monitored throughout. The comparison of the two groups of specimens is shown
in Figure 5.
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Figure 4. Pressure-test setup and test scenes: (a) pressure-test equipment; (b) explosion-proof tank;
(c) pressure test of the metal seal tube; (d) pressure test of the composite seal tube.

Table 4. Comparison of the key parameters of the test specimens.

Parameter Metal Seal Tube Composite Seal Tube
(Reference) (Experimental)

Material 531603 stainless steel 531603 li.ner + H TALLO
carbon-fiber winding layer

Inner diameter (mm) 12.00 12.00

Outer diameter before 18.03 18.33

test (mm)

Total wall thickness (mm) 3.00 (all metal) 2.00 (lingr) +1.165
(composite layer)

Height (mm) 65.52 66.81

Mass (g) 177.69 161.19

Note: The composite reinforcement layer thickness of 1.165 mm in Table 4 is the measured value after actual
forming of the specimen. The resin distribution in wet winding is not uniform, so the winding-layer surface is
slightly undulating. The measured thickness is therefore a little larger than the nominal 1 mm. However, the
number of load-bearing carbon-fiber winding layers is still nine, as determined by the design, consistent with the
finite element model. The surface undulations only cause resin enrichment and do not affect the load-bearing
capacity of the fiber skeleton.

5.2. Design and Analysis of the Winding Tension
5.2.1. Breaking Strength of the Fiber Tow

The winding tension is a key process parameter affecting the quality of the composite
layer, fiber damage, and residual stress [17]. Its reasonable value should be based on the
breaking strength of the fiber tow. The 1K carbon-fiber tow used in this paper consists
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of 1000 filaments, each with a diameter of 7 ym, so the cross-sectional area of the fiber
tow is
A =1000 x 77 x (35 x 1073)* ~ 0.0385 mm? (14)

The breaking strength of the fiber tow is calculated using the rule-of-mixtures strength [18]:

Fpreak = O A = 4100 x 0.0385 ~ 157.9 N (15)

Figure 5. Comparison of the metal seal tube and the composite seal tube.

5.2.2. Safe Tension Window

To prevent excessive wear and fracture of the fiber during winding, the process tension
is usually controlled at 1-5% of the breaking strength [17]. For a fine 1K tow, the lower end
of the interval should be preferred to ensure winding safety. The safe tension window thus
determined is

Fiension = (1% t0 5%) Fpen = 1.579 to 7.895 N (16)

Given the sensitivity of the 1K fine tow to fiber damage, the actual winding tension is set to
7 N, which is about 4.4% of the breaking strength, near the lower end of the safe window.
This ensures process safety while maintaining a stable fiber volume fraction.

5.2.3. Layer-by-Layer Tension Reduction Strategy

To prevent the inner-layer fibers from being crushed or loosened by the shrinkage of
the subsequently wound layers, which would cause an uneven interlayer stress distribution
after curing, the winding tension adopts a tight-inside-and-loose-outside layer-by-layer
reduction scheme. The tension of the first layer is 7 N and decreases by 0.3 N per layer
thereafter, until the outermost layer reaches about 4.3 N. This scheme keeps the inner-layer
fibers in a relatively high tension state while the outer-layer tension gradually decreases,
which is conducive to the synergistic load sharing of all the layers after curing.
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5.2.4. Estimation of the Number of Winding Layers

The single-layer thickness of wet hoop winding depends on the fiber specification,
winding tension, and resin content. The cross-sectional area of the 1K carbon-fiber tow
used in this paper is about 0.0385 mm?, the measured tow thickness is about 0.07 mm, and
the calculated band width is about 0.55 mm. The single-layer thickness commonly used in
wet winding is 0.10 to 0.15 mm [17]. Taking an average single-layer thickness of 0.12 mm,
the required number of winding layers is

tc,desz‘gn

N=-1n

~ 8.3 layers (17)

The nominal thickness of the reinforcement layer is taken as 1 mm, corresponding to
nine winding layers. After the actual specimen was wound with nine layers, the non-
uniform distribution of resin on the fiber-bundle surface during wet winding produced
slight protrusions on the outer surface of the winding layer. The measured total thickness
is about 1.165 mm, corresponding to an outer diameter of 18.33 mm, which agrees with the
measured values in Tables 4 and 5. This deviation is caused by process-induced surface
unevenness. The number of load-bearing layers is still the designed nine, so the nominal
load-bearing capacity is unchanged.

Table 5. Comparison of radial deformation under a pressure of 175 MPa.

Indicator Metal Seal Tube Composite Seal Tube
(Reference) (Experimental)

Outer diameter before 18.03 18.33

test (mm)

Outer chameter after 18.83 18.34

unloading (mm)

Outer diameter 0.80 0.01

change (mm)

Deformation rate (%) 44 ~0.05

. Permanent plastic Minor residual

Deformation nature . .

deformation deformation

5.3. Test Results and Comparative Analysis
5.3.1. Radial Deformation and Load-Bearing Capacity

The radial deformation results of the two groups of specimens under a pressure of
175 MPa are shown in Table 5.

At the proof pressure of 175 MPa, the all-metal seal tube deformed irreversibly and
failed in a sing]le test: its outer diameter expanded permanently from 18.03 mm to 18.83 mm,
an unrecoverable plastic deformation of about 0.80 mm (4.4%), indicating that the material
had yielded and that the load-bearing capacity had reached its limit. The failure mode is
consistent with the prediction of the elastic—plastic finite element analysis. The composite
seal tube was then subjected to three cycles of pressurization, holding, unloading and
measurement at the proof pressure of 175 MPa, and the outer diameter change after the
final unloading was taken as the test result. After unloading, the outer diameter of the
composite seal tube increases only from 18.33 mm to 18.34 mm, with a residual deformation
of about 0.01 mm (about 0.05%). No cumulative plastic deformation occurred over the
three cycles, which shows that the carbon-fiber reinforcement layer effectively shares the
hoop stress. Even if the metallic liner undergoes minor plastic deformation, it is strictly
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confined to an extremely thin surface layer, and the structure exhibits good dimensional
stability and load-bearing capacity, as shown in Figure 6.

.
-
-
-
-
-
-
=
=

Figure 6. Outer diameters before and after the test: (a) metal tube before; (b) metal tube after;
(c) composite tube before; (d) composite tube after. The arrows indicate the dimension annotations
for the measured outer diameter (values in mm).

5.3.2. Axial Deformation

The axial dimension changes of the two groups of specimens before and after the test
are shown in Table 6.

Table 6. Comparison of the axial deformation before and after the test.

Composite Seal Tube

Indicator Metal Seal Tube (Reference) (Experimental)
Height before test (mm) 65.52 66.81
Height after test (mm) 65.54 66.81
Axial change (mm) <0.03 0
Nature of change Negligible Undeformed
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The length changes of both seal tubes are less than 0.03 mm and are negligible. Un-
der the given end-constraint conditions, the pressure does not cause significant axial per-
manent deformation.

5.3.3. Lightweight Benefit

The load-bearing capacity is greatly improved: overall plastic yielding is replaced by
minor plastic deformation of the inner surface. At the same time, the mass of the composite
seal tube is about 9.3% lower than that of the metal seal tube, achieving the goal of stronger
and lighter. The lightweight benefit is shown in Table 7.

Table 7. Comparison of the lightweight benefit.

Metal Seal Tube Composite Seal Tube

Indicator (Reference) (Experimental) Change

Mass (g) 177.69 161.19 -16.50

Weight-reduction ratio Baseline N/A About 9.3%
N/A, not applicable.

5.4. Solenoid-Valve Performance Test

To evaluate the applicability of the composite seal tube in an actual solenoid valve, gas-
tightness and valve-opening performance tests are carried out using the MPAPOWER ultra-
high-pressure solenoid-valve test system (Shanghai MPA Fluid Power Co., Ltd., Shanghai,
China). The test system consists of a pressure-boosting control box and an explosion-proof
test box. Nitrogen is used as the pressurizing medium. A two-stage gas booster pump (stage
1, AMG152, up to 90 MPa; stage 2, AG-303, up to 150 MPa) provides a maximum output of
150 MPa. The processes are coordinated by a Siemens S7-1200 PLC and an industrial PC.
The system can perform high-pressure tests, valve-opening tests, and leakage tests. The
ultra-high-pressure solenoid-valve test system and the installation of the high-pressure

switching solenoid valve are shown in Figure 7.

Figure 7. Solenoid-valve test system: (a) MPAPOWER ultra-high-pressure test system; (b) solenoid
valve installed in the explosion-proof test box.

5.4.1. Gas-Tightness Performance Test

To verify the sealing reliability of the composite seal tube, long-duration pressure-
holding leakage tests are carried out at several pressure levels. The results are shown
in Table 8.

The gas-tightness tests are conducted at two pressure levels. The first level is 12.3 MPa
with a pressure-holding time of 20 min, and the second level is 105 MPa with a pressure-
holding time of 38 min. During the test, the solenoid valve is first kept closed to monitor
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Ao

Test Pressure

2000
1800~
1600

1400-

its gas-tightness capability. After the pressure stabilizes and shows no obvious change,
the solenoid valve is energized and opened, allowing the gas to flow into the downstream
pipeline. The system then performs pressure replenishment. Thus, in the pressure—time
curve of the gas-tightness test, a brief pressure-drop-and-recovery inflection point appears.
This is a normal response to the gas flow and the system pressure replenishment at the
instant of valve opening. Apart from the transient pressure fluctuation caused by the valve-
opening action, the pressure gauge reading shows no observable fluctuation during the rest
of the pressure-holding time. The gas-tightness performance therefore satisfies the design
requirements, as shown in Figures 8 and 9.

Table 8. Gas-tightness performance test results at different pressure levels.

Pressure-Holding Change in Gauge

Test Pressure (MPa) Time (min) Reading
12.3 20
105 38

Assessment

No obvious change
No obvious change

Meets the requirement
Meets the requirement
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Figure 8. Gas-tightness test operation interface of the solenoid-valve test system.

5.4.2. Solenoid-Valve-Opening Performance Test

To verify the compatibility of the composite seal tube structure with the magnetic-
circuit system of the solenoid valve, valve-opening performance tests are carried out at 0, 70,
80, 90, and 100 MPa. The solenoid valve opens normally at every test pressure, and all the
results meet the design requirements. This confirms that the composite seal tube structure
is compatible with the magnetic-circuit system of the solenoid valve, see Figure 10.
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Figure 9. Gas-tightness test results (pressure-time curves): (a) low-pressure test; (b) high-pressure test.
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Figure 10. High-pressure valve-opening test: operation interface together with the opening perfor-
mance result (pressure-time curve).

5.5. Comprehensive Analysis of the Test Results

The above test results can be summarized from five perspectives. First, in terms of
load-bearing capacity, the composite seal tube shows a residual deformation of only about
0.01 mm after unloading from the 175 MPa proof pressure. The metal seal tube shows
0.80 mm of permanent plastic deformation at the same pressure. Second, in terms of
dimensional stability, the composite seal tube essentially returns to its original shape after
unloading, whereas the metal seal tube undergoes an irreversible expansion of 4.4%. Third,
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in terms of lightweighting, the mass of the composite seal tube is reduced by about 9.3%.
Fourth, in terms of sealing reliability, no leakage occurs over the long-duration pressure-
holding tests at 12.3 MPa and 105 MPa. Fifth, in terms of magnetic-circuit compatibility,
the solenoid valve still opens normally at 100 MPa. This indicates that the composite
seal tube does not impair normal valve operation; a quantitative characterization of the
electromagnetic performance was not part of this study. These results verify the feasibility
and superiority of applying the carbon-fiber winding reinforcement scheme to the metal
seal tube of an ultra-high-pressure hydrogen solenoid valve.

6. Comprehensive Advantage Analysis of the Solenoid Valve Based on
the Carbon-Fiber Winding Process

Compared with the conventional all-metal seal tube scheme, the carbon-fiber-wound
reinforced composite seal tube offers distinct advantages in terms of lightweighting, magnetic-
circuit performance, fatigue and environmental resistance, designability, and cost-effectiveness.

Carbon-fiber composite offers a lightweight advantage and an extremely high specific
strength. By using the fiber to carry the dominant hoop load, the seal tube can satisfy the
strength requirement without a substantial increase in the metal wall thickness, thereby
significantly reducing the structural mass while ensuring the pressure-bearing capacity
and leaving room for further lightweight and integrated design [19].

Carbon-fiber composites offer potential advantages in terms of magnetic-circuit com-
patibility. The relative permeability of the carbon-fiber/epoxy composite is close to unity,
i.e.,, comparable to that of air, so that the winding layer merely adds about 1 mm of non-
magnetic gap outside the metal tube; from the viewpoint of the electromagnetic properties of
the material, its disturbance of the magnetic circuit is therefore very limited. The thin-walled
metallic liner has a low reluctance, which helps to maintain a low-reluctance magnetic cir-
cuit. The functional verification that the solenoid valve opens normally at 100 MPa further
confirms the compatibility of the structure with the valve under high pressure.

At the material level, carbon-fiber composites generally show good fatigue and environ-
mental resistance [18,19]. They are therefore promising for the high-frequency on/off duty
of solenoid valves. The composite layer also carries most of the hoop load and thus lowers
the stress in the metallic liner. This may reduce the susceptibility to hydrogen embrittlement
and extend the service life of the seal tube in a high-pressure hydrogen environment.

The winding layer has high designability and functional-integration potential. The
winding angle, the number of layers, and the stacking sequence can all be adjusted. This
gives flexible control over the stiffness and strength distribution and allows an equal-strength
optimal design [17,28]. In addition, sensors such as optical fibers can be integrated into the
winding layer to realize online monitoring of the structural state, providing conditions for
intelligent operation and maintenance of the equipment.

The cost-effectiveness of the carbon-fiber material is favorable. Although the unit price
of the carbon-fiber material is relatively high, the amount used is small, and the resulting
lightweight, high-efficiency, and long-life benefits provide significant added value in high-
end equipment. The wet filament-winding process is mature and highly automated, which
is conducive to cost control in mass production [17].

7. Conclusions

The metal seal tube of a 70 MPa class ultra-high-pressure hydrogen solenoid valve
faces a contradiction between structural strength and magnetic-circuit efficiency. To resolve
this contradiction, this paper proposes a lightweight scheme in which a thin-walled metal
seal tube is reinforced by hoop-wound carbon fiber. The scheme is studied systematically.
The main conclusions are as follows.
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(1) The finite element analysis shows that at the proof pressure only minor local plastic
deformation occurs at the inner surface of the composite seal tube. It is constrained by the
outer carbon-fiber layer. The stress of the composite layer satisfies the strength requirement.
The results therefore indicate an adequate margin against the strength requirement.

(2) The pressure-test results show that, after unloading at the proof pressure of 175 MPa,
the composite seal tube has a residual deformation of only about 0.01 mm. Under the same
pressure, an all-metal seal tube with the same external dimensions and a 3 mm wall thickness
undergoes about 0.80 mm (4.4%) of unrecoverable plastic deformation. The mass of the
composite seal tube is reduced by about 9.3%. The solenoid valve can still open normally
at a pressure of 100 MPa. These results verify the overall performance in load-bearing
capacity, dimensional stability and lightweighting, and provide preliminary confirmation
of the compatibility of the carbon-fiber winding layer with the functional requirements of
the solenoid valve.

(3) The carbon-fiber winding reinforcement structure decouples the structural load-
bearing function from the electromagnetic function. It therefore offers an effective route
for the lightweight design of pressure-bearing components of hydrogen solenoid valves at
higher pressure levels.
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