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Abstract

The seawater hydraulic buoyancy regulation system, using natural seawater as the
working medium, offers advantages such as simple structure, wide pressure adjustment
range, and deep operational depth, making it the optimal engineering solution for
buoyancy control and attitude regulation in deep-sea submersibles. The balance valve is a
critical control component installed between the seawater pump and ballast tank,
preventing the pump from operating in motor mode by creating a "pressure dam" effect,
ensuring safe and controlled water injection. However, under the extreme conditions of
11,000-meter full-ocean depth, the valve faces severe challenges: a pressure difference
exceeding 120 MPa at the valve port and seawater velocity exceeding 450 m/s. Once seal
failure occurs, the water injection flow rate exceeds 1,000 L/min, posing a risk of
submersible sinking. To address these challenges, this paper proposes a deep-sea
pressure-adaptive balance valve and conducts theoretical and experimental studies on
three damage modes: high-intensity collision deformation, cavitation induced by
ultra-high-velocity seawater, and erosion from ultra-hard suspended sand. Damage
suppression and seal performance self-healing methods for harsh conditions are developed,
with the results successfully applied to the full ocean depth manned submersible
"Fendouzhe". The main research contents and results are as follows:

1) Full-Ocean-Depth Pressure-Adaptive Balance Valve Principle. To meet energy
constraints and ultra-high-pressure sealing requirements, a seal force model based on
roundness error is established to determine the minimum seal force required for reliable
sealing performance at extreme depths, providing a theoretical basis for low opening
power consumption design. A balance principle and valve structure are proposed, utilizing
seawater pressure to adjust seal force dynamically, enabling adaptive seal force across
full-ocean depths.

2) Collision Damage Mechanism and Leakage Suppression at Valve Port. For sealing
performance degradation caused by high-intensity collisions, a fluid-structure interaction
dynamic model and dynamic constitutive model for valve port materials are developed. A

mechanism has been revealed that plastic deformation from collisions reduces sealing
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contact stress, leading to leakage. A two-stage throttle (ball valve + slide valve) leakage
suppression method is proposed, increasing contact stress by over 17% without additional
opening power consumption.

3) Cavitation Behavior and Parameter Regulation of Valve Port with Configurational
Changes Induced by Opening Degree. For ultra-high-velocity seawater conditions, the
cavitation behavior of the two-stage throttle structure is analyzed. The throttling effect
varies with valve opening: under small openings and high-pressure differences, the slide
valve generates backpressure to suppress cavitation; under large openings and
low-pressure differences, the slide valve fully opens to enhance flow capacity. Key slide
parameters are optimized to balance cavitation suppression and flow performance.

4) Erosion Characteristics and Sealing Performance Self-Healing of Valve Port in
Ultra-High-Velocity Sandy Seawater. An erosion wear rate model is established,
quantifying relationships between erosion rate/width and pressure difference, suspended
sand concentration, size, and valve seat plastic deformation. The erosion experiment
reveals that seal performance can recover after reducing pressure difference due to
abrasive polishing effects. A non-disassembled self-healing method is proposed by
adjusting the pressure difference.

5) A balance valve prototype is developed and tested through land experiments,
environmental simulation experiments, and marine experiments. Since deployment, the
balance valve has operated flawlessly in 251 dives of the "Fendouzhe" submersible,
including 25 over 10,000 meters. Its long-term reliability validates the effectiveness of the
theoretical results.

This research addresses critical needs for major national equipment and provides
theoretical guidance for developing water hydraulic control valves under extreme

conditions.

Keywords: Full-ocean-depth manned submersible, Buoyancy regulation system,
Seawater balance valve, Damage mechanism, Sealing performance degradation and
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