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Abstract

To address the insufficient sealing performance of wellhead manifold rotary joints in deep and ul-
tradeep well exploitation, this study focuses on hyperelastic materials (fluororubber O-ring seals).
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Through theoretical analysis and nonlinear finite element simulations, the sealing structure’s per-
formance was systematically evaluated, and optimization strategies were proposed. Results show
that the initial design yields a maximum contact stress of only 3.339~3.957 MPa for the O-ring seal,
far below the required 21 MPa sealing threshold. While elevated temperatures positively enhance
contact stress (increase < 11%), this effect alone cannot resolve sealing failure. By optimizing geo-
metric parameters of the sealing groove (reducing groove top distance from 7.5 mm to 6.63 mm,
groove width from 3.2 mm to 2.87 mm, and increasing O-ring cross-sectional diameter from 2.65
mm to 3.55 mm), the peak contact stress is elevated to 28.4 MPa, meeting the 21 MPa sealing re-
quirement. The effective contact width exceeds half of the total contact width, with no extrusion
observed. This study reveals that sealing performance depends not only on the hyperelastic mate-
rial’s constitutive properties but also on precise geometric control of the sealing groove and toler-
ance matching between materials and contact surfaces. The proposed multi-index sealing perfor-
mance evaluation system and optimization methodology provide a theoretical foundation and prac-
tical approach for enhancing the reliability of downhole rotary sealing structures. These findings
hold significant engineering value for ensuring safe and efficient development of ultradeep, ultra-
high-pressure complex oil and gas resources.
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Figure 1. Rotary union manifold and sealing system components
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Figure 2. Finite element model of rotary joint manifold
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Figure 4. Finite element calculation results of the initial structure under different friction coefficients
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Figure 6. Analysis results of contact stress during the initial structural rotation process
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Figure 7. Contact stress diagram during rotation at different temperatures
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Figure 9. Finite element simulation results
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