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Abstract

The hydrogen pressure-reducing valve in an onboard 70 MPa hydrogen storage system performs
pressure reduction, pressure regulation, and isolation functions, and its sealing reliability is jointly
constrained by high-pressure hydrogen permeation, low-temperature elastic degradation, and cy-
clicwear. To address the limitations of conventional O-ring seals under high-pressure and low-tem-
perature conditions—including susceptibility to extrusion, accelerated wear, and insufficient pres-
sure compensation—this study proposes a wedge-effect/self-lubricating cooperative sealing model.
The model integrates a conical-ring self-locking stem seal, a spherical-conical dual seal, and a PTFE
guide-ring protection structure into a unified hydrogen pressure-reducing valve design. The pri-
mary materials selected were 316L stainless steel, 6061 aluminum alloy, FKM LT rubber, and PEEK
engineering plastic. Systematic validation was conducted through endurance testing, leak-tightness
testing, hydrogen compatibility testing, and full-vehicle road trials. The results demonstrate that:
(1) in structural screening tests across 3~70 MPa, the proposed stem seal reduced leakage rate by
90.0%~92.0% compared with conventional designs; (2) after 100,000 endurance cycles, the room-
temperature helium-detection average leakage rate decreased from 2.29 x 10-7 Pa'm3/s to 2.03 x
10-8 Pa'm3/s, and the low-temperature (-40°C) average leakage rate fell from 31 ppm to 0.33 ppm;
(3) FKM LT rubber exhibited an average volumetric change of 4.76% and an average mass change
of 0.65% after immersion in 70 MPa hydrogen; and (4) the average leakage rate remained 2.3 ppm
following 100,000 km of full-vehicle road trials. These findings confirm that the synergistic design
combining structural self-pressurization compensation with low-friction, hydrogen-resistant mate-
rial properties substantially enhances the sealing reliability of hydrogen pressure-reducing valves
under high-pressure, low-temperature operating conditions, providing a practical engineering ref-
erence for sealing solutions in onboard hydrogen storage systems.
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Figure 1. Working principle diagram of the
pressure reducer
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Figure 2. Schematic diagrams of conical and
spherical sealing structures
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Figure 3. Schematic diagram and physical picture of
the double-sealed structure
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Figure 4. Schematic diagram of the self-locking sealing
structure of the valve stem conical ring
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Figure 5. Schematic diagram of sealing process stages ((1) Pre-tightening stage;
(2) Pressure activation stage; (3) Self-locking stable stage)
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Table 1. Comparison of valve stem seal leakage rates before and after improvement
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AURSI(MPa) (Nml/min) (NmU/min) FEAIR (%)
3 0.50 0.05 90.0
35 120 0.10 91.7
70 2.50 0.20 92.0

Table 2. Comparison plan between the conventional valve stem sealing structure and the proposed valve stem sealing structure
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Figure 6. Schematic diagram and physical picture of the
piston seal structure
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Table 3. Test conditions for high-pressure hydrogen decompression resistance
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Table 4. Performance comparison of commonly used O-ring sealing materials
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Figure 7. High-pressure hydrogen explosion resistance test
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Table 6. Resistance to hydrogen embrittlement of common metallic materials
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Figure 8. SEM micrographs of 316L stainless steel before and after hydrogen exposure. (a) Surface
morphology before treatment (x2000); (b) Post-treatment surface morphology (%2000); (c) Pre-treat-
ment cross-section morphology (x5000); (d) Post-treatment cross-section morphology (x5000)
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SEEME A+4.76%; TR EAA 535 8+0.93%. +0.46%F14+0.55%, “FIIH N+0.65%. FE A H B 2% R
WG, UL FKM LT fEARE Tl F 5 @SS A B A, O BYEIFEM I WL 9.

Figure 9. Photos of O-ring samples
E9. 0 BEHRRBR

Table 7. Results of hydrogen compatibility test
F 7. aEFMHAKBER

SyTRE| RS U E

P} FKM LT

BrEx 1 15°C, 70 MPa, %ifl 168 h

Brig 2 —-50°C, 70 MPa, iZifl 168 h

VAN TR ToRBAR S IR
PEFRAEAL 2 (%) +6.87/43.99/+3.43, F¥+4.76
FE AL EE (%) +0.93/40.46/+0.55, “F-¥J+0.65

6. MEEMIA SIIE

BT FRE SRR SRR R, AT A AR IR 2 S AR T IR IR . R
BAFESE TG MR 25 . 100,000 R A S & R . 70 MPa Z /S A PEIREE AT 100,000 km $E
P BRI P ME . BRI PR IAT I . MR 2 PR )T R = (Qo — Q1)/Qo
x100%. X, Qo ALMHETMIRZ, Qi Atifb/ElwE.

6.1. SEREETT

RIG B IENE R B8 4. fr A AT B KA IIE I » B 55iE 3 MPa~70 MPa IR %5 £} 2%
) s 3 A e T 435 W et D 1l s LR $% 1S0 12619-3 AHICELR 5E 1% 100,000 VX AR I8 J 3047, 2 MEAS
[10]; FIK$% GB/T 42612-2023 Fil GB/T 42536-2023 E3R 31T 70 MPa Z/SAH B MERIG[8] [9]; f/ailid
100,000 km & 2= B PR T2 B FH Ao e 1

FI T AHE RS HUL % 8.
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Table 8. Test conditions and main recorded parameters

8 METASERIERESHY

A T 3 B 2 A AR K 7y 12 EELRSH
e et e g
mﬁf@%ﬁ Wi, 40, 120C 100,000 i A S5 ﬁﬁﬁﬁ?ﬁgﬁ%ﬁ/%ﬁi i Pa'mz;’mmﬂ/'%ﬂ
%iﬁfﬁ 70 MPa; 120CHI-50C %K 168 h G]jg;;_gg;gé;é 7%2” dE Mi;i;ﬁi R&

gy O MPa e 100,000 km, 2B S R SR R T SRR . AR

—45°C~45° CH 1% A INE>100 K SRR P E

ST SR 1R — T AP — 0 P — SO A P it — 3 4 B il — bl )
AT o IRl s R i UL I 10

Figure 10. Sample of the pressure reducing valve under test

10. #OMAE SR

6.1.1. SEMHEME

TEHEAT iR AR50 f5 X ok He 1 1A T S PRI, PP A S el e o 7 K30 e PR A LA 20 T 1) 2% 1k e
SR AP PR

WMRRT575:4% 1SO 12619-3 MRER AT« FE 5L 5ERK 100,000 K AL G TN, iR T
KA BEZZRE, KR40 CHIER 120°C THERAFREEAIRAG Mtgs R a9 frs[10].

Table 9. Comparison of leakage rates before and after optimization of the pressure reducing valve

F? 9. BUERULHTEMIRERS L

v ‘ ‘ 40" H-40C (F i 120C i 120°

L e N R TR OO F2 TR (FIFAU #0 TRR (0
ppm ppm 0 ppm ppm
iR HALHT s HALHT G HRACHT ks
001 3.09 x 107 23%10°% 23 0 9 0
002 247 x 107 2.1x10°% 41 1 18 0
003 1.30 x 107 1.7%10° 29 0 3 0
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Table 10. Statistical results of the airtightness test
F10. SEHARSGIHER

TH PALHGTF 11 AL J5 -3 1H SRR
AR 2.29 x 1077 Pa-m?/s 2.03 x 1078 Pa-m?/s 91.1%
fKifE—40°C 31 ppm 0.33 ppm 98.9%
i 120°C 10 ppm 0 ppm 100.0%

229 10 BoR, PAbJERESAER IR . IRIRATS IR T N 2R 00 AR 2. 3 IR S T 2R
KK 91.1%, KIE—40°C MR HREME 98.9%, MR 120°CAEMBI AR Htie. %55 B0, 4
R IR AN iR A T8 B s E . b R R L 1

Figure 11. Leak rate test
11, SR ERNR

6.1.2. FZFEEAISE

BEAEFECRH 70 MPa i S R GAR I IR 4= . B BN 100,000 km, 78 S 3R TTIE B m i A B A
W XTE B BRI L A-30C 2 45°C; EAUMERECA DT 100 Ko B F v S 1o s S0k 18 % 77
WA, e ARSI R J] AR S o B RS IR AR R AR, W% FKM LT, PEEK &8 %5 E 44 K1)
HEANOR AR AL A, REZE m FE BRI 4] 12 Frs .

Figure 12. Vehicle installation verification—Cold climate test
12. REBIEF—SERE

Table 11. Leakage-rate records of the pressure reducing valve in the vehicle road test

= 11 BERRERNMRRICR

L (km) PR (ppm)  APRVEEE MK (Shore A) PR E(C) AR (g/s)
0 0 0 25 0
20,000 0.5 -12 38.3 3.12
50,000 1.1 -2.8 -28 2.97
100,000 23 -4.5 22 3.24
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H R R T AR E -
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TR e I AR ZE RN P A 22 K& BLRE Sy F T, HETR IR A MR o A T R R R
JEA7, BEAR T SR Al R AT 4 PR 46 B (KUK . L=, PTFE [P R1 PEEK 18] %535 BEAR 112 20 @l B Je A
(L0 Y 11 ST N L il B W L 5 S 1 8
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