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Experimental Study on Thrust Characteristics of Underwater Supersonic Gas Jets
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( National Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China;)

Abstract: Large-amplitude, low-frequency thrust oscillations induced by over-expanded underwater supersonic gas
jets significantly compromise the operational stability of underwater propulsion systems. However, there remains a
notable scarcity of high-fidelity experimental data obtained under authentic high-temperature operating conditions in
existing literature. To address this gap, a systematic experimental study was conducted in a large-scale unconfined
water environment. Synchronous acquisition of high-frequency thrust signals and high-speed flow field imagery was
achieved for a solid rocket motor operating under under-expanded, design, and over-expanded conditions.
Experimental results indicate that the nozzle expansion ratio is a critical parameter governing jet stability. The under-
expanded and design conditions exhibited stable thrust output and deep penetration capabilities. In contrast, the over-
expanded condition demonstrated distinct "relaxation oscillation" characteristics, characterized by a dominant spectral
frequency of approximately 28 Hz. Coupled multi-physics analysis confirmed that these oscillations originate from a
periodic "necking-bulging" morphological evolution driven by external hydrodynamics, independent of internal
combustion chamber pressure fluctuations. Mechanistically, ambient-pressure-driven jet necking induces upstream gas
accumulation, generating a positive pressure differential thrust at the nozzle exit; conversely, inertia-dominated over-
expansion bulging creates a low-pressure cavity, resulting in a negative pressure differential thrust. This study
elucidates the underlying physical mechanisms of thrust oscillation in high-temperature gas jets and delineates the
hydrodynamic boundaries of jet instability, providing a robust experimental foundation for the stability design of
underwater propulsion systems.
Keywords: underwater supersonic gas jet; thrust characteristics; expansion ratio; thrust oscillation'
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(a) Schematic diagram of the underwater gas jet test system
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(b) Photograph of the underwater gas jet test system
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Fig.1 Underwater high-speed image acquisition system
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Fig.2 The structure of the experimental solid rocket motor
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(a) Photograph of the experimental nozzle
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(b) Key internal dimensions of the experimental nozzle
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Fig.3 Nozzle shape and internal dimensions
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Table 1 Parameters of the nozzles
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Fig.4 Pressure and thrust test system
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Fig.5 Image of the thrust and pressure sensors
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Table 2 Parameters of the thrust sensor and pressure sensors
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Fig.6 Data acquisition system and its components
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Fig.7 Image processing
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Fig.9 Thrust-time curve at characteristic oscillation range
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(a) Under-expansion condition
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Fig.11 The CWT spectra of the thrust under three conditions
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Table 3 Peak thrust and trough thrust at the characteristic range
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Fig.15 The spatiotemporal image of the underwater gas jet
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