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Abstract

:

An unmanned underwater vehicle (UUV) powered by a compressed air power system is proposed to address challenges for battery/motor-powered vehicles under high-speed navigation, long endurance, and high mobility. These vehicles actively utilize supercavitation drag reduction by the exhausted gas from the compressed air power system. MATLAB/Simulink and FLUENT are used to establish theoretical models of the compressed air power system and ventilation supercavitation. The relationship between system power and navigation resistance is examined with different air flows, along with a comparison of endurance of different power vehicles at various speeds. The issue of the endurance-enhancing effect of supercavitation at high speed is investigated. The results demonstrate that increasing the air flow leads to higher power and reduced navigation resistance, and there is a balance between them. Furthermore, compared to the battery-powered vehicles with equal energy storage capacity, the compressed air power system shows 210.08% to 458.20% longer endurance times at speeds of 30 kn to 60 kn. Similarly, considering equal energy storage mass, it achieves 42.02% to 148.96% longer endurance times at high speeds (30 kn to 60 kn). The integration of supercavitation and air-powered systems can greatly enhance the endurance and maneuverability of the vehicle at high speeds while ensuring a compact system structure. The investigations could offer valuable ideas for the development and application of compressed air power systems for UUV at 30 kn to 60 kn or higher maneuvering.
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1. Introduction


In recent years, the exploitation and utilization of the ocean have gained increasing strategic significance, with UUVs becoming key equipment. With advancements in related technology, UUVs are now capable of performing various operational tasks such as intelligence reconnaissance, marine environmental surveying, antitorpedo, seabed surveying, and instant communication [1].



Endurance time and speed are crucial performance indicators for UUV. Most typical light and heavy UUV speeds at home and abroad remain below 6 kn; however, a few can reach 6–12 kn [2,3,4]. Meeting future ocean operation needs while improving mission execution capability and underwater survivability requires enhancing high-speed navigation capabilities beyond 20 kn as well as high-mobility capabilities exceeding 2 m/s2 through joint development of power systems, drag reduction techniques, propulsion methods, and control mechanism energy supplement technologies along with structural design improvements [5,6,7].



The power system is a fundamental determinant of the speed, endurance, and maneuverability of UUVs. Lithium batteries are extensively utilized in both lightweight and heavyweight UUVs due to their exceptional energy density, broad operating temperature range, and prolonged cycle life [8]. Currently, the utilization of lithium batteries as power systems for UUVs still encounters numerous challenges. Primarily, hydrostatic pressure significantly impacts the rated capacity of lithium batteries. In recent years, soft package lithium batteries have emerged as a new solution that can withstand high hydrostatic pressure directly, reducing equipment mass for deep navigation UUVs [9,10,11]. On the other hand, variations in temperature also have an impact on the efficacy of lithium batteries. Some studies have proposed a novel battery thermal management scheme that utilizes composite phase change materials to envelop batteries and absorb heat, instead of traditional liquid cooling, in order to mitigate the adverse effects of temperature fluctuations. This approach reduces the number of moving parts and enhances structural compactness [12,13,14]. However, the endurance of UUV during high-speed maneuvers remains significantly diminished due to the substantial increase in resistance. Consequently, underwater drag reduction technology emerges as a pivotal area for enhancing UUV performance.



Current research on underwater drag reduction technologies focuses on micro-structural drag reduction, superhydrophobic surface drag reduction, and supercavitation drag reduction. However, the microstructure drag reduction technology has certain limitations, including low manufacturing precision, poor dynamic adaptability, and insufficient investigation into its drag reduction performance [15,16]. Additionally, hydrostatic pressure, chemical substances, and pollutants in water can diminish the lifespan of the air layer on a superhydrophobic surface, thus making it challenging to apply superhydrophobic surface drag reduction in marine environments [17,18]. Supercavitation drag reduction technology has been extensively researched due to its notable advantages in achieving high rates of drag reduction and minimal structural requirements for the vehicle. By creating a stable gas phase surrounding the vehicle, the rate of drag reduction can exceed 90% [19]. Supercavitation can be categorized into natural supercavitation and artificial ventilation supercavitation. The former requires sufficient speed, while exhibiting inadequate stability, and the latter requires an air source that can be utilized for reducing drag on UUVs. The studies of artificially ventilated supercavitation primarily focus on the factors that influence the resistance and other hydrodynamic characteristics of the vehicles. By analyzing the hydrodynamic effects of factors such as blockage effect, hot-gas ventilation, and Froude number, methods for mitigating these influences are proposed, thereby establishing a foundation for enhancing the stability of supercavitation [20,21,22]. The utilization of artificially ventilated supercavitation in lithium battery-powered UUVs is anticipated to significantly mitigate drag, but the installation of the artificial ventilation system will occupy a significant portion of the available space. Consequently, it becomes imperative to explore alternative novel power systems that can cater to the future requirements of UUVs, encompassing high velocity, extended endurance, exceptional maneuverability, and other performance benchmarks.



The compressed air power system offers the advantages of rapid charging and enhanced safety, making it a promising solution for vehicles and other equipment [23,24,25]. Consequently, there is a potential to effectively integrate the compressed air power system into UUVs by sharing the air source with the artificially ventilated supercavitation system, thereby reducing space occupancy through their efficient coupling. Its fundamental working principle involves expanding compressed air through expanders to provide power for UUVs, while directing the expanded low-pressure air into the vehicle’s head to generate supercavitation and achieve drag reduction. This holds great promise in enhancing UUV speed, endurance, maneuverability at high speeds, as well as underwater survivability and mission execution. During the operation of a compressed air power system, the continuous decrease in gas storage pressure adversely affects specific shaft power and power performance. Compressed air vehicles typically employ regulating valves to stabilize the working pressure of the expander for adjusting output power and torque. However, this method results in energy storage losses, with losses exceeding 40% when the gas storage pressure reaches 30 MPa [26]. The stable output of the compressed air energy storage system is achieved through the adjustment of airflow [27]. To mitigate significant energy loss at higher gas storage pressures, it is more appropriate to adjust the air flow in this study.



From the existing research, there is a scarcity of reports on the compressed air power system generating supercavitation drag reduction for UUVs. Considering its fundamental operational principle, both power and navigation resistance are influenced by air flow and velocity. Therefore, it is imperative to elucidate the coupling characteristics between its power system and drag reduction system, while determining the impact of this novel power and drag reduction system on speed, endurance, and maneuverability at high speeds.



The present study constructs a theoretical model for UUVs based on a compressed air system capable of generating supercavitation. The feasibility of utilizing the compressed air system as the power source is verified through theoretical model solving and simulation methods, while also analyzing the key factors influencing its primary performance. Furthermore, a comparison is made between the main performance of this UUV and that driven by a lithium battery. This research aims to provide novel insights for developing UUVs with enhanced speed, extended endurance, and improved high-speed maneuverability. Compared to existing UUVs, the proposed system exhibits promising application prospects. It addresses the limitations of fuel-based UUVs, such as incomplete combustion, high costs, and the need for oxidant transportation [28]. Furthermore, it overcomes drawbacks associated with natural energy sources like wind, solar, and tidal energy in UUVs by offering enhanced efficiency and eliminating the requirement for regular surfacing [29]. Additionally, when compared to widely used lithium battery-powered UUVs, it reduces navigation resistance while improving high-speed maneuverability and ensuring system compactness.




2. Methods


2.1. System Flow


The flow chart in Figure 1 illustrates a UUV compressed air power system generating supercavitation drag reduction. The gas storage tank stores high-pressure air at an initial ambient temperature of approximately 15 °C, and the pneumatic on-off valve controls the airflow by regulating its opening. Heat exchangers are employed to compensate for exergy loss in order to maintain optimal energy efficiency. Subsequently, the air undergoes expansion and work generation within the expanders unit, resulting in torque output. When the gas storage pressure falls below the set value, the expander ceases operation and directs the airflow directly to the next expander through a control valve. Temperature compensation between each expander is achieved using seawater as a heat source. Once expanded to ventilation pressure, the air enters into the supercavitation drag reduction system where torque is transmitted via a drive shaft to propel components such as propellers. Each stage expander’s drive shaft is connected to a transmission equipped with a clutch mechanism that disengages it from the main shaft when that particular stage expander stops running. Turbine expander is the chosen type. To ensure adequate energy density, a low gas storage pressure should be avoided; thus, a gas storage pressure of 100 MPa and capacity of 300 L were used. Considering the structural properties of the expanders, typically four or more stages are selected for expansion. The steady-state characteristics of a 4-stage turbine expansion system are simulated and calculated in this study.



The MATLAB R2021a/Simulink platform was utilized for system simulation, with the simulation model depicted in Figure 2. The simulation model does not consider variable speed in steady-state conditions. Following the discharge of compressed air from the gas storage tank, it undergoes heat exchange and expansion work within each heat exchanger module and turbine expander module. The torque output of each expander is fed into “Transmission & Propeller” to calculate thrust, while the airflow from the power system is inputted into “Drag by Speed and Cq” to determine flight resistance. The navigation resistance data are provided by FLUENT. The following will present the specific simulation model for supercavitation and the simulation models for each component of the power system.




2.2. Compressed Air Power System Models


2.2.1. Air Storage Tank Model


The gas storage tank’s actual gas venting model is constructed based on the first law of thermodynamics, and its fundamental operational principle is illustrated in Figure 3.



The conservation of mass equation for compressed air in a gas storage tank is shown in Equation (1).


    d m   d t   = −  q m  ,  



(1)




where m is the air storage quality; t is time; qm is the compressed air mass flow rate.



According to the first law of thermodynamics [30], Equation (2) can be obtained, ignoring the kinetic energy and potential energy.


  d     m u     c v   = δ Q −  h 2  δ  m 2  ,  



(2)




where u is the specific internal energy of air; Q is the heat input of compressed air; h2 is the specific enthalpy of the compressed air outlet; m2 is the mass of the compressed air outlet.



According to the characteristics of convective heat transfer [31], the heat exchange between the air in the tank and the inner wall of the tank is illustrated by Equation (3).


    d Q   d t   =  h  a w    A w     T w  −  T a    ,  



(3)




where haw is the convective heat transfer coefficient of air; Aw is the heat transfer area between the inner wall of the tank and the air; Tw and Ta are the temperature of the inner wall of the tank and the compressed air, respectively.



The air state equation of the gas storage tank venting process can be derived based on the specific enthalpy definition h = u + pv and Equations (1)–(3), as demonstrated in Equation (4).


    d u   d t   =    h  a w    A w     T w  −  T a     m  − p v    q m   m  ,  



(4)




where p is pressure; v is specific volume.



According to Equations (1) and (4), MATLAB/Simulink was utilized for constructing a simulation module, wherein the state parameters of the gas storage tank outlet were determined based on the state parameters of internal energy u and specific volume v. The physical parameters are provided by REFPROP 9.0.




2.2.2. Turbine Expander Model


The turbine expander model primarily encompasses the thermodynamic state of the compressed air within the nozzle and impeller [32]. The flow at both the impeller’s inlet and outlet is typically represented by a velocity triangle, as shown in Figure 4. c, u, and w are absolute velocity, circumference velocity, and relative velocity; α and β are absolute flow angle and relative flow angle; subscript 1 and 2 are inlet and outlet states of impeller, respectively.



The characteristic ratio is depicted in Equation (5), which reflects the influence of expansion rotational speed n and isentropic expansion work wst on expander performance.


    u ¯  1  =    u 1     C s    =    u 1      2  w  s t       =    u 1      2    h  2 s   −  h 0        ,  



(5)




where Cs is the ideal expansion velocity; h2s and h0 are the specific enthalpy of isentropic expansion outlet and the specific enthalpy of nozzle inlet, respectively.



The circumference work of the expander is illustrated by Equation (6).


   w u  =    c 1 2  −  c 2 2   2  +    u 1 2  −  u 2 2   2  +    w 2 2  −  w 1 2   2  =  η u   w  s t   ,  



(6)




where ηu is the wheel efficiency.



The actual output specific shaft work is shown in Equation (7).


   w e  =      η u  −  ξ f     η m   η l  − 0.24   1 − γ      w  s t   ,  



(7)




where ξf is the wheel friction loss coefficient; ηm is mechanical efficiency; ηl is the leakage loss coefficient; γ is the partial air inlet ratio.



The expander machine model is simulated using an iterative method. To ensure the accuracy of the model, the structural parameters and operating conditions of representative domestic and foreign air turbine expander products were verified, as presented in Table 1. The data come from reference [32].



Through simulation, the outlet pressure, power, and isentropic efficiency are obtained and compared with existing products, as shown in Table 2. The maximum error is about 4.3%.




2.2.3. Heat Exchanger Model


The heat transfer calculation of the heat exchanger is depicted in Equation (8).


  Φ = k A · Δ  t m  =  q  m , a    c  p , a      T  a , o u t   −  T  a , i n     =  q  m , s    c  p , s      T  s , i n   −  T  s , o u t      



(8)




where k is the total heat transfer coefficient; A is the heat transfer area; Δtm is the logarithmic mean temperature difference; cp is the isobaric specific heat capacity; T is temperature; subscripts a and s indicate the parameters of air side and sea water, respectively; subscripts in and out are the inlet and outlet status parameters, respectively.



The calculation of k and Δtm are illustrated by Equation (9) and Equation (10), respectively.


  k =  1   1   h a    +    δ w     λ w    +  1   h s      ,  



(9)






  Δ  t m  =      T  s , i n   −  T  a , o u t     −    T  s , o u t   −  T  a , i n       ln    T  s , i n   −  T  a , o u t      T  s , o u t   −  T  a , i n       ,  



(10)




where h is the convective heat transfer coefficient; δw is the wall thickness of the heat exchange tube; λw is the thermal conductivity of the heat exchange tube.



The iteration concludes when the calculation deviation of heat transfer is below 0.1%.



Through the investigation of heat exchanger-related research, it is evident that copper is commonly used as the traditional material for heat exchangers, which contributes to higher heat exchange efficiency [33]. However, due to the presence of numerous electrolytes in seawater, copper-based heat exchangers are susceptible to corrosion. The use of stainless steel as a heat exchanger material has become increasingly prevalent in recent years [34], primarily due to its exceptional mechanical properties, corrosion resistance, and cost-effectiveness. When selecting materials for underwater vehicles’ heat exchangers, consideration should be given to their corrosion resistance and pressure tolerance. Consequently, titanium has been chosen as the ideal material for this study’s heat exchanger design due to its ability to reduce weight while enhancing corrosion resistance [35].



In order to validate the reliability of the heat exchanger model, a comparison is made between the simulation results and experimental data reported in the relevant literature [36]. The mass flow rates of the hot fluid range from 0.263 to 0.655 kg/s, while those of the cold fluid range from 0.343 to 1.131 kg/s. A comparison is conducted based on the heat exchange amount, and the corresponding results are presented in Table 3. The maximum relative error observed is 4.4%, which substantiates that the heat exchanger model employed in this study exhibits a relatively high level of reliability.





2.3. Ventilation Supercavitation Model


2.3.1. Mathematical Model and Verification


Ventilated supercavitation phenomenon involves a complex three-phase flow and turbulence of water, gas, and steam. Simulation research is conducted using ANSYS FLUENT 2023 software, employing mathematical models such as the continuity equation, momentum equation, turbulence model, multiphase flow model, and cavitation model. Due to the absence of significant temperature changes and the normal temperature nature of the flow field, the energy equation is disregarded.



The continuity equation for the mixture is presented in Equation (11).


    ∂  ρ m    ∂ t   + ∇    ρ m   v m    = 0 ,  



(11)




where ρm is the mixture density; vm is the mass-averaged velocity.



The momentum equation is depicted in Equation (12).


    ∂  ρ m   v m    ∂ t   + ∇    ρ m   v m   v m    = − ∇ p + ∇    μ m    ∇  v m  + ∇  v m T      ,  



(12)




where μm is the viscosity of the mixture.



The turbulence model employs the widely applicable, cost-effective, and reasonably accurate standard k-ε turbulence model. The transport equations of turbulent kinetic energy k and dissipation rate ε are shown in Equations (13) and (14).


   ∂  ∂ t      ρ m  k   +  ∂  ∂  x i       ρ m  k  v m    =  ∂  ∂  x j        μ +    μ t     σ k        ∂ k   ∂  x j      +  G k  +  G b  −  ρ m  ε ,  



(13)






   ∂  ∂ t      ρ m  ε   +  ∂  ∂  x i       ρ m  ε  v m    =  ∂  ∂  x j        μ +    μ t     σ ε        ∂ ε   ∂  x j      +  C  1 ε    ε k     G k  +  C  3 ε   +  G b    −  C  2 ε    ρ m     ε 2   k   



(14)




where Gk represents the turbulent kinetic energy generated due to the average velocity gradient; Gb is turbulent kinetic energy due to buoyancy; σk, σε, C1ε, C2ε, and C3ε are constants.



The Volume of Fluid (VOF) model is employed as the multiphase flow model, enabling effective visualization of the phase interface and facilitating clearer observation of the supercavitation flow pattern.



The cavitation model used is the Schnerr–Sauer model, which effectively tracks the interface between different phases by solving the continuity equation of one or more phase volume fractions (Equation (15)).


   1   ρ q       ∂  ∂ t      α q   ρ q    + ∇    α q   ρ q   v q      =   ∑  p = 1  n      m  p q   −  m  q p       ,  



(15)




where α is the mass fraction; mpq is mass transfer from phase p to phase q; mpq is mass transfer from phase q to phase p.



The same model as the experimental vehicle documented in [22] was utilized for numerical simulation, and a comparison was made between the simulation results and the experimental findings. The model and calculation domain are depicted in Figure 5. The cavitation has a diameter of 19 mm (Dn). The calculation domain is a cuboid measuring 400 × 400 × 1600 (mm). The vehicle has an overall length of 21.77Dn and a maximum diameter of 2.84Dn. The velocity inlet is located on the left side, while the pressure outlet is positioned on the right side, and the surrounding four sides are designated as nonslip walls.



Mesh generation was accomplished using Fluent Meshing, with particular attention to densifying the mesh near the vehicle, especially in cavitation-prone areas. The grid is depicted in Figure 6, comprising approximately 1.5 million grids.



The boundary conditions include an inflow velocity of 8.5 m/s, an outlet pressure of 101 kPa, and a ventilation flow rate of 65 L/min. Simulation results were compared with supercavitation flow patterns from literature experiments, showing a high degree of consistency between the two, as depicted in Figure 7. The photo above is sourced from reference [22]. Both findings exhibit substantial consistency.



The characteristic size of supercavitation primarily consist of the characteristic diameter Dc/Dn and the characteristic length Lc/Dn, which are minimally influenced by the geometric characteristics of the vehicle. Based on experimental results from previous studies [22] and other related research [37,38], simulations were conducted under identical boundary conditions, allowing for a comparison between the simulated characteristic size and experimental results as presented in Table 4. The maximum error observed was 9.48%, with an average error of 6.52%.




2.3.2. UUV Model and Grid Independence Verification


The present study introduces a lightweight UUV model with a diameter of 324 mm. A large length–diameter ratio is advantageous for the formation of supercavitation. Furthermore, considering the impact of the power system’s volume, an estimation is made by referring to existing product parameters. The model’s total length is limited to 7 m in order to optimize space utilization within the power system. The diagram illustrating the model and calculation domain is depicted in Figure 8, while the meshing method employed bears resemblance to that presented in Figure 6.



The grid-independent verification was conducted using a free-closing supercavity, which achieved a sailing speed of 10 kn and an outlet pressure of 101 kPa. The verification process, outlined in Table 5, utilized eight varying mesh sizes to analyze drag coefficient and characteristic diameter effects.



The results are shown in Figure 9. The variation range of Cx and Dc/Dn is significantly larger and the calculation accuracy is compromised when the number of grids is fewer than 1.669 M. On the other hand, as the number of grids exceeds 1.669 M, Cx and Dc/Dn exhibit a more stable behavior; however, with an increasing number of grids, the calculation speed becomes slower. Therefore, to ensure accurate calculations and expedite the process, it is more appropriate to select a grid number of 1.669 M for numerical simulation.



Through the investigation of supercavitation-related studies, it is evident that a time step size of 1 × 10−4 s is commonly utilized [39]. To validate the time step independence, simulations of vehicle motion are conducted using various time step sizes (5 × 10−5 s, 1 × 10−4 s, and 2 × 10−4 s, respectively). The computation time for a single case is 2 s, and the initial results obtained within the first 0.1 s are captured to enhance clarity in illustrating the differences. The characteristics of Cx in Figure 10 show that the similarity in the change of Cx is more pronounced at the time step sizes of 5 × 10−5 s and 1 × 10−4 s, while the results at the time step size of 2 × 10−4 s are significantly different. Therefore, the time step size of 1 × 10−4 s is used in this study.






3. Results and Discussion


3.1. Drag Reduction Characteristics of Supercavitation


The drag conditions of freely closed supercavitation and the absence of supercavitation at various speeds are depicted in Figure 11. The figure illustrates that both with and without supercavitation, the navigation resistance is directly proportional to the square of the speed. This finding substantiates that there exists no significant correlation between the drag reduction rate and speed. Moreover, the drag reduction rate can consistently remain at approximately 83~85%, indicating a significant and consistent drag reduction effect of the supercavitation.



The simulation results indicate that the freely closed supercavitation necessitates a substantial ventilation flow rate, whereas supplying gas for an extended period of time to the UUV poses challenges. Therefore, it is imperative to investigate the drag reduction characteristics at a lower ventilation flow rate. This study introduces the dimensionless air flow coefficient Cq, which is widely employed in supercavitation research. Its definition is presented in Equation (16).


   C q  =    q v     v ∞   D n 2    ,  



(16)




where qv is the ventilation volume flow; v∞ is the incoming flow speed; Dn is the cavitator diameter.



The corresponding navigation resistance and drag reduction ratio under different air flow coefficients at a speed of 10 kn are presented in Figure 12. It can be observed that the navigation resistance undergoes three distinct stages: when Cq is less than 0.34, a closed bubble forms at the vehicle head, resulting in a rapid decrease in navigation resistance from 323 N to approximately 92 N, accompanied by a sharp increase in drag reduction ratio to around 71%. When Cq ranges between 0.34 and 0.77, the bubble closure occurs at the vehicle body, leading to a gradual but still noticeable decrease in navigation resistance. During this stage, the minimum value of navigation resistance reaches 51 N while the maximum value of drag reduction ratio reaches 84%. For Cq values greater than 0.77, a freely closed supercavitation is formed where the navigation resistance remains relatively stable with increasing ventilation flow rate and maintains an average drag reduction ratio of about 85%. In this stage, both resistance and drag reduction ratio exhibit negligible changes with variations in air flow.



This means that different Cq can be set according to different speeds, so that the power and resistance are balanced at the speed.




3.2. Calculation of Endurance Time


Endurance Time is a crucial technical parameter for UUVs, and due to the impact of drag, typical speeds range from 1 kn to 10 kn. This study aims to enhance UUV endurance time at higher speeds by utilizing the compressed air power system generating supercavitation drag reduction.



The change in air flow in supercavitation vehicles directly impacts the drag reduction rate of supercavitation, consequently influencing navigation resistance, and there exists a coupling relationship between power and resistance. Based on the drag reduction and power model established above, the ventilation endurance time tv and power endurance time td can be calculated for different average ventilation flow coefficients during the sailing process, with equilibrium being achieved when these two times are equal. The calculation methods are as follows:


  M =    ∫ 0   t v      q m  d t    ,  



(17)






   W e  = F · v ·  t d  ,  



(18)




where M is initial air storage quality; We is the total output work of the power system; F is thrust; v is the sailing speed.



The relationship between tv and td is depicted in Figure 13 when the speed is 10 kn, with the balance point being represented by their intersection. In low air flow conditions, tv > td, resulting in insufficient power leading to UUV deceleration or requiring additional air flow from the air tank. Conversely, in high air flow conditions, tv < td, causing power overflow that results in UUV acceleration or incomplete exhaust gas passage from the expansion machine into the outflow field. When tv = td, the tv and td represent the actual endurance time, which occurs when power is in equilibrium with navigation resistance. The endurance time is influenced by both drag reduction rate and power. At a speed of 10 knots, the ventilation coefficient corresponding to the equilibrium point is 0.106, the actual endurance time is 12.12 h, the navigation resistance is 231.7 N, and the drag reduction rate is 28.3%.




3.3. Comparison with Lithium Battery Power System


The lithium iron phosphate battery is the most widely utilized power battery due to its low cost, excellent stability, and a rated energy density of up to 180 Wh/kg [40]. Considering only the impact of ambient temperature, relevant studies indicate that as the temperature decreases, the energy efficiency of the lithium iron phosphate battery also decreases, and at 15 °C, the energy efficiency is approximately 91% [41]. The energy density of compressed air primarily depends on factors such as storage pressure, temperature, exhaust pressure, and the design of the energy release process system. The energy density is determined through the following calculation.


   φ m  =    W e   M  ,  



(19)







The energy density of the system is influenced by the air flow. The energy density at an air mass flow rate of 0.001~0.4 kg/s is illustrated in Figure 14. It can be observed that as the airflow decreases, the energy density increases. Conversely, with an increase in air flow, the energy density decreases from 77.31 Wh/kg to 72.43 Wh/kg, representing a difference of approximately 6.7%. This phenomenon primarily arises due to variations in air flow, which subsequently impact gas storage tank outlet conditions, heat exchanger efficiency, and turbine efficiency. When the air flow increases, the environment contributes less heat to the air per unit mass flow, resulting in a decrease in air temperature and a reduction in its expansion capacity for performing work. To enhance energy density, improvements can be made to the heat exchangers to increase heat transfer efficiency.



The equilibrium air flow coefficients of the system vary at different speeds, resulting in different drag reduction rates and energy densities. The endurance time of the system and the lithium battery system are compared under constant energy storage, as presented in Table 6. The energy storage of the compressed air power system is calculated based on the actual output work corresponding to the equilibrium flow coefficient at each speed. When the speed increases, the balanced Cq of the compressed air power system also increases, ranging from 0.00165 to 0.951. During this time, supercavitation occurs in both the head closing and body closing. While most existing studies on supercavitation primarily focus on free-closing supercavitation, they tend to overlook its benefits for vehicle performance when ventilation volume is low. The proposed system in this study demonstrates that even with small ventilation volumes, supercavitation remains effective in enhancing vehicle endurance. It can be observed that for equal energy storage capacity, there is an increase in endurance time ranging from 2.73% to 458.20% when the speed ranges from 1 kn to 60 kn, with a higher speed leading to a greater proportion of endurance improvement. Furthermore, as speed increases, so does the flow coefficient corresponding to the balance point, resulting in enhanced drag reduction effectiveness.



Quality is also a crucial indicator of UUV performance. When comparing compressed air power systems and electric systems with equal energy storage mass, the findings are presented in Table 7. At low speeds (1–10 kn), the endurance time of the compressed air power system is lower than that of the lithium battery system. However, at high speeds (20–60 kn), the compressed air power system exhibits significantly higher endurance times, ranging from 5.87% to 148.96% greater than those of the lithium battery system. As speed increases, both equilibrium flow coefficient and drag reduction rate increase, thereby enhancing the endurance time improvement potential of compressed air power systems.




3.4. Analysis of Issues at High Speed


As mentioned earlier, when the velocity increases, the equilibrium air flow coefficient also increases. This is achieved by augmenting the air flow to counterbalance the increased resistance caused by the velocity increment. At high speeds, the supercavity enters its free-closing stage. During this phase, as the speed continues to rise and the equilibrium flow coefficient keeps increasing, there is almost no further alteration in drag reduction rate. Consequently, this implies that the endurance-enhancing effect of ventilation supercavitation becomes less pronounced, thereby hindering any further improvement in actual UUV endurance time. This issue represents one of the crucial technical challenges for enhancing speed.



The tv and td at a speed of 60 kn for different energy storage are illustrated in Figure 15, where δ represents the rate of change in energy storage. As the energy storage increases, the corresponding air flow coefficient at the equilibrium point gradually decreases. By increasing the energy storage capacity, the supercavitation can be enclosed in the body instead of being freely closed, thereby allowing for the continued utilization of supercavitation drag reduction even at higher speeds by UUVs. The regional label with a consistently unchanged td in the figure indicates the free closure of the supercavitation. It can be observed that when δ = −20%, the equilibrium point is in close proximity to this region, whereas when δ = −40%, the equilibrium point lies within this region.



The equilibrium point of different energy storage is presented in Table 8, corresponding to Figure 14. The increase in endurance time proportion is relative to the endurance time at δ = 0. It can be observed that as δ increases from −40% to −20%, the drag reduction rate remains almost unchanged while the supercavity enters the free-closing stage. As energy storage increases, the supercavity transitions from the free-closing stage to the body-closing stage, resulting in a decrease in drag reduction rate. Consequently, it can be inferred that by increasing energy storage at higher speeds, a better gain effect on endurance can be achieved by utilizing supercavitation drag reduction. In addition, the largest increase in the endurance increase ratio, by 18.82%, is observed when δ increases from −40% to −20%. This suggests that the maximum benefit can be achieved at the current speed when the supercavitation is just closed at the tail of the vehicle. The optimal state point for UUVs with dynamic speed changes can be maintained by adjusting the energy storage at a specific velocity.



To summarize, enhancing energy storage can effectively decrease the equilibrium flow coefficient, thereby further amplifying the advantages of supercavitation at higher velocities. Improving energy storage primarily involves two aspects: firstly, optimizing the pneumatic system by increasing gas storage pressure, expanding the expanders stage, and enhancing heat exchanger efficiency; secondly, employing hybrid systems such as a gas–electric hybrid system, gas–oil hybrid system, etc.





4. Conclusions


Based on the characteristics of UUV navigation, the present paper proposes a compressed air power system generating supercavitation drag reduction. A simulation is conducted to investigate its drag reduction properties, endurance time at different speeds, and key technical challenges associated with high-speed navigation. The following conclusions are drawn:




	(1)

	
With the increase of air flow and the influence of geometric characteristics, the navigation resistance of supercavitation vehicles experiences three phases: rapid decline, slow decline, and basic stability. The air flow affects both power and resistance, with a coupling relationship between them.




	(2)

	
The investigation of existing UUVs reveals that the majority is equipped with lithium batteries and motors as power systems. However, traditional vehicles face significant challenges in achieving high speed, long endurance, and high maneuverability due to high navigation resistance. This study proposes a compressed air-powered vehicle system, which actively utilizes supercavitation drag reduction by the exhausted gas from the compressed air power system. Utilizing supercavitation technology can achieve up to an 85% reduction in drag compared to conventional vehicles powered by lithium batteries. The integration of supercavitation and air-powered systems can greatly enhance the endurance and maneuverability of the vehicle at high speeds while ensuring a compact system structure. The research indicates that compared to lithium battery power systems with equal energy storage capacity, compressed air power systems can increase endurance time by 2.73% to 458.20% at speeds ranging from 1 kn to 60 kn; at speeds ranging from 30–60 kn with equal energy storage mass, compressed air power systems can increase endurance time by 42.02% to 148.96%. Compressed air power systems have promising applications in underwater vehicles.




	(3)

	
At high speeds, the gain effect of supercavitation drag reduction on endurance is weakened which limits further speed increases for UUVs. This challenge may be addressed by improving the efficiency in compressed air power systems or using hybrid systems where the endurance time of UUVs is extended at higher speeds.









Further research is warranted to investigate the enhancement of endurance capacity during high-speed maneuvers in UUV compressed air power systems with supercavitation drag reduction, encompassing the following aspects as outlined in this paper:




	(1)

	
The low efficiency of certain components within the compressed air power system leads to an overall inefficiency of the system. Optimizing the structure of the expanders and enhancing the heat exchanger’s efficiency can effectively improve the overall system efficiency and enhance energy storage capabilities.




	(2)

	
The paper proposes that the impact of supercavitation drag reduction on endurance time diminishes when the speed exceeds 60 kn, which can be enhanced through energy compensation methods. For instance, investigating the characteristics and control strategies of gas–electric hybrid and gas–oil hybrid systems to enable UUVs to achieve higher speeds.
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Figure 1. Flow chart of compressed air power system of underwater vehicle by using supercavitation drag reduction technique. 
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Figure 2. Compressed air power system simulation model. 
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Figure 3. Schematic diagram of the air storage tank venting process. 






Figure 3. Schematic diagram of the air storage tank venting process.



[image: Energies 17 01735 g003]







[image: Energies 17 01735 g004] 





Figure 4. Velocity triangle of turbo impeller inlet and outlet. 
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Figure 5. Model for validation and computational domains. 
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Figure 6. Meshing situation. 
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Figure 7. Comparison of supercavity flow patterns. 
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Figure 8. UUV model and computing domain. 
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Figure 9. Drag coefficients and characteristic diameters under different mesh numbers. 
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Figure 10. Results of Cx at different time steps. 
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Figure 11. Drag and drag reduction at different speeds. 
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Figure 12. Resistance and drag reduction under different ventilation coefficients. 
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Figure 13. Power and ventilation endurance time at 10 kn. 
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Figure 14. Effect of mass flow on actual energy storage density. 
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Figure 15. Influence of different energy storage capacity on endurance at 60 kn. 
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Table 1. Turbine expander product data.
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	Item
	TP25/14.7-4.8
	PT-0.3/40
	M-500





	Place of origin
	China
	USSR
	USSR



	Impeller inlet and outlet diameter ratio
	0.4
	0.36
	0.458



	Impeller inlet diameter (mm)
	70
	43
	12



	Impeller inlet angle (°)
	15
	-
	15.5



	Inlet pressure (MPa)
	1.56
	5.0
	18.0



	Inlet temperature (K)
	132
	170
	300



	Air mass flow (kg/s)
	0.561
	0.27
	0.07



	Rotational speed (rpm)
	41,700
	98,000
	402,000










 





Table 2. Verification results of the turbo model.
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Group

	
Item

	
TP25/14.7-4.8

	
PT-0.3/40

	
M-500






	
Outlet Pressure (MPa)

	
Product data

	
0.575

	
0.6

	
0.6




	
Simulation result

	
0.5894

	
0.6114

	
0.5932




	
Relative error

	
2.5%

	
1.9%

	
−1.1%




	
Power (kW)

	
Product data

	
12.0

	
11.5

	
6.0




	
Simulation result

	
11.51

	
11.94

	
6.12




	
Relative error

	
−4.1%

	
3.8%

	
2.0%




	
Isentropic Efficiency (%)

	
Product data

	
60

	
72

	
52




	
Simulation result

	
62.55

	
74.29

	
52.95




	
Relative error

	
4.3%

	
3.2%

	
1.8%











 





Table 3. Comparison of outlet temperature of heat exchanger.
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	Operating Point Number
	Literature Data (kW)
	Simulation Result (kW)
	Relative Error





	1
	15.94
	15.62
	2.02%



	2
	18.47
	18.76
	−1.60%



	3
	18.39
	17.58
	4.40%



	4
	21.96
	21.59
	1.69%



	5
	20.28
	19.45
	4.10%



	6
	23.84
	24.14
	−1.24%



	7
	21.40
	20.55
	3.96%



	8
	25.94
	25.86
	0.32%










 





Table 4. Comparison of characteristic size.
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Group

	
Item

	
[22]

	
[37]

	
[38]






	
Dc/Dn

	
Literature data

	
4.15

	
2.15

	
2.75




	
Simulation result

	
3.89

	
2.00

	
2.53




	
Relative error

	
−6.27%

	
−6.98%

	
−8.00%




	
Lc/Dn

	
Literature data

	
29.8

	
23.60

	
11.60




	
Simulation result

	
29.1

	
22.17

	
10.50




	
Relative error

	
−2.35%

	
6.06%

	
−9.48%











 





Table 5. Grid independence verification.
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	Item
	Grids Number (×106)
	Cx (×10−2)
	Dc/Dn





	Mesh1
	0.882
	7.66
	2.63



	Mesh2
	1.03
	7.33
	2.75



	Mesh3
	1.167
	7.10
	2.77



	Mesh4
	1.311
	6.53
	2.9



	Mesh5
	1.456
	6.35
	3.01



	Mesh6
	1.669
	5.94
	3.10



	Mesh7
	1.918
	6.01
	3.11



	Mesh8
	2.228
	5.90
	3.10










 





Table 6. Comparison of endurance time under equal energy storage capacity.
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	Speed (kn)
	Drag Reduction Efficiency
	Endurance Time of Air System (h)
	Endurance Time of Electric System (h)





	1
	2.66%
	7785
	7578



	3
	8.96%
	336.6
	306.4



	5
	14.28%
	79.25
	67.93



	10
	28.31%
	12.12
	8.692



	20
	56.20%
	2.511
	1.100



	30
	67.76%
	1.009
	0.3254



	60
	82.09%
	0.2254
	0.0404










 





Table 7. Comparison of endurance time under equal energy storage mass.
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	Speed (kn)
	Endurance Time of Air System (h)
	Endurance Time of Electric System (h)





	1
	7785
	16,057



	3
	336.6
	649.3



	5
	79.25
	143.9



	10
	12.12
	18.53



	20
	2.511
	2.372



	30
	1.009
	0.7106



	60
	0.2254
	0.0905










 





Table 8. Endurance time with different energy storage capacity.
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	δ
	Drag Reduction Efficiency
	Endurance Time (h)
	Increased Endurance Time Ratio





	−40%
	85.01
	578.9
	−28.65



	−20%
	84.07
	731.6
	−9.83



	0
	82.09
	811.4
	0



	20%
	80.35
	891.1
	9.82



	40%
	78.94
	969.4
	19.47
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