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Abstract

:

The present work focuses on the comparison of the numerical simulation of sheet/cloud cavitation with the Reynolds Average Navier-Stokes and Large Eddy Simulation(RANS and LES) methods around NACA0012 hydrofoil in water flow. Three kinds of turbulence models—SST k-ω, modified SST k-ω, and Smagorinsky’s model—were used in this paper. The unstable sheet cavity and periodic shedding of the sheet/cloud cavitation were predicted, and the simulation results, namelycavitation shape, shedding frequency, and the lift and the drag coefficients of those three turbulence models, were analyzed and compared with each other. The numerical results above were basically in accordance with experimental ones. It was found that the modified SST k-ω and Smagorinsky turbulence models performed better in the aspects of cavitation shape, shedding frequency, and capturing the unsteady cavitation vortex cluster in the developing and shedding period of the cavitation at the cavitation number σ = 0.8. At a small angle of attack, the modified SST k-ω model was more accurate and practical than the other two models. However, at a large angle of attack, the Smagorinsky model of the LES method was able to give specific information in the cavitation flow field, which RANS method could not give. Further study showed that the vortex structure of the wing is the main cause of cavitation shedding.
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1. Introduction


Cavitation is described as the formation of vapor in liquid when the local static pressure of liquid falls below the limit of vapor pressure. This phenomenon often occurs on the surface of hydraulic machines such as ship propellers, pumps and hydrofoils. Up to now, we only have limited understanding of the cavitation shedding dynamics and cloud cavitation formation because cavitation flow contains most of the complex flows in fluid dynamic area. Unsteady cavitation and cavity shedding generate pressure fluctuation and vibrations, which can lead to material erosion and degradation of machine performance. During the recent decades, the speed of ships has been greatly increased; because of this, the pressure drop on suction surface of equipment is now more obvious, and the occurrence of cavitation appearing in hydraulic devices such as turbines, pumps and propellers is unavoidable. Therefore, an investigation of unsteady cavitation behavior is essential in order to accurately predict ship performance and improve propeller design.



Cavitation around hydraulic machineries has been studied for more than half a century. In early years, a number of experiments were carried out because this was considered the most efficient way and was possibly the only way to investigate cavitation phenomena. Crimi [1] and Bark [2] tested stationary hydrofoil with significant sweep and the attached cavitation that formed on it. Other authors [3,4] found that experiments of special hydrofoils with swept leading edge or profiles placed at a sweep angle gave the cavity closures that were not perpendicular to the leading edge and have a complicated curved shape. In the last decade, some advanced experimental methods were used in cavitation simulation. Katz [5] utilized flow-visualization techniques to investigate the influence of an axial shear vortex on cavitation in a separated zone, and the observation provided a good research reference for the causes of cavitation. The ductile probe technique was developed for the application to measure cavitation erosion on full-scale ship propellers by Hackworth [6,7], and the results could be used as a criterion for propeller design.



With the deepening of the research, the shortcomings of the experimental methods have gradually emerged. Firstly, the experimental results have unbreakable technical constraints, such as scale effect. Secondly, the method cannot provide the details of the re-entrant jet, which includes the important flow characteristics of periodic breaking, cavitation shedding, and the collapse of the sheet cavity. In addition, it is very expensive and time-consuming to carry out experimental research on the cavitation structure of a real marine propeller or even the complex geometry of a real pump, and it is almost impossible in some cases. Therefore, there is the need to employ computational fluid dynamics (CFD) to obtain flow field information; such information can be used as a supplement to the experimental data.



From the very outset, the potential flow method was applied in many fluid dynamic areas, including cavitation simulating. This approach has difficulties dealing with vertical structures such as re-entrant jets. In the past few years, the viscous CFD method was used in numerical simulations. In the CFD framework of turbulent flow computation, the flows around hydraulic devices such as pumps, turbines, and fuel injectors have been widely studied.



In a time-accurate formulation, a new model was established, and it is able to simulate the early stage of the re-entrant jet formation [8]. However, the complete cloud cavitation shedding process cannot be simulated, since it becomes difficult to capture several vapor–liquid interfaces inside the flow field.



Karabelas and Markatos [9] investigated the condensation of water vapor in the convective flow on airfoil geometry, with the turbulence influence accounted by the Spalart–Allmaras one-equation model, and the study showed that the flow with condensation is affected by the mass transfer between the two phases. The transport equation model (TEM) with a governing equation for the liquid–vapor phase fraction has been used for the one-fluid model. Research was carried out, and the results could be a reference for the verifying and optimizing of such a numerical model [10].



Zhang et al. [11] and Huang et al. [12] studied the dynamic mechanism of cavitation, and the results demonstrated that the re-entrant flow is the main factor for the flow structure and the shedding pattern of cavitation. The research of vortex structure is also a hot topic in the field of cavitation, and the unsteady vortex features were analyzed by using three vortex identification methods by Huang [13], who found that the changing trend of cavitation and vortex evolution are in consistent Chen [14] applied a compressible LES approach to study the cavitating flow around NACA66 hydrofoil with high resolution, and the method captured the complete changing process of the flow structures in the boundary layer and the cavity regions. Liang [15] applied an adaptive mesh refinement method in the simulation of cavitation around Clark-Y hydrofoil, and this method is more efficient and can ensure computation conservation. Wang [16] carried out a dynamic cubic nonlinear subgrid scale model to simulate the unsteady cavitating flow, and the results showed good agreement with the experimental results and captured more flow details.



Merkle et al. [17], Kunz et al. [18], Yuan et al. [19], and Singhal et al. [20] proposed developed models in which the phase change source terms are related to the amount by how much the local pressure is below the vapor pressure. Huang et al. [21] used a filter-based density corrected model to simulate three dimensional cavitation structures around Clark-Y hydrofoil, and their results show that the cloud cavitation distorts into a U-shape vapor structure as it moves downstream. Li et al. [22] analyzed the three dimensional large scale cavity structures around two hydrofoils and the typical unsteady dynamics characteristics with the modified shear stress transport model. Zhang [23] et al. studied the effect of obstacles on the surface of hydrofoil on cavitation. The experimental and numerical results showed that small-scale cavitation shedding is the dominant factor of cavitation flow. Cavitation suppression was studied by using the Liutex vorticity control method [24], and the results showed that the influence on the flow field can relieve the pressure reduction area and suppress cavitation. Zhao [25] carried out the study of cavitation and hydrodynamic characteristics of propeller under nonuniform flows in OpenFOAM, and the results can be used as a reference for propellers in actual flow. Zhang [26] realized a new multiphase model that contains the advantage of the interface capture method and particle tracking method; the numerical output showed that the bubbles of various scales can be calculated at the same time, and this achievement is important in a multiphase cavitation study.



Some researchers such as Schnerr and Sauer [27] have improved the CFD cavitation models. Reboud et al. [28] predicted the cloud cavitation with an artificial reduction of the turbulent viscosity in the water-vapor mixing zone. In this paper, three turbulence models, i.e., the SST k-omega (k-ω), modified SST k-ω, and Smagorinsky models, are adopted. Numerical simulations are carried out in the open source CFD software platform OpenFOAM and with the Schnerr–Sauer cavitation models using the interPhaseChangeFoam solver. The simulation results of cavitation shape and force coefficient are analyzed and compared. The calculated results show good agreement with the experimental results. The performance of Smagorinsky’s turbulence model is better than that of the SST k-ω turbulence model at a large angle of attack. However, considering the accuracy of numerical analysis results and the complexity of calculation, the modified SST k-ω model has advantages in cavitation simulation at a small angle of attack.




2. Numerical Method


2.1. Governing Equations


The governing equation of cavitation flow is based on the single-phase flow method, which regards the mixture of fluid and steam as a single phase whose density varies with pressure. The dynamic model of cavitation is established by using the mixture continuity equation and momentum equation, together with the volume fraction transport equation. As for the RANS turbulence model, the equations are presented below.


    ∂  ρ m    ∂ t   +   ∂  (   ρ m   u j   )    ∂  x j    = 0  



(1)






    ∂  (   ρ m   u j   )    ∂ t   +   ∂  (   ρ m   u i   u j   )    ∂  x j    =  ∂  ∂  x j     [   μ m   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )   ]  −  ∂  ∂  x i     (  p +  2 3   μ m    ∂  u k    ∂  x k     )  +  ρ m   g i  +   ∂  R  i j     ∂  x j     



(2)






   R  i j   = − ρ    u i ′   u j ′   ¯  = −  2 3   (  ρ k +  μ t    ∂  u l    ∂  x l     )   δ  i j   +  μ t   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )  +    R  i j    ˜   



(3)






    ∂  α l    ∂ t   +  ∂  ∂  x j     (   α l   u j   )  =  (    m ˙  c      +   m ˙  v   )  /  ρ l   



(4)







The mixture density and the viscosity are defined as follows.


   ρ m  =  ρ l   α l  +  ρ v   (  1 −  α l   )   



(5)






   μ m  =  μ l   α l  +  μ v   (  1 −  α l   )   



(6)







In the above equations,  ρ l and  ρ v are the liquid and vapor density, respectively;  α l and  α v are the liquid fraction and the vapor fraction, respectively;  μ t is the turbulent viscosity; and     m ˙  +    and     m ˙  −    represent the condensation and evaporation rates, respectively. As for the LES turbulence model, the momentum equation is modified as follows in Equation (7), where  τ ij is the subgrid stress (SGS), representing the influence of small scale vortex on the momentum equation.


    ∂  (   ρ m     u i   ¯   )    ∂ t   +   ∂  (   ρ m     u i   ¯  ⋅    u j   ¯   )    ∂  x j    = −   ∂ p   ∂  x j    + γ   ∂  (  2  ρ m     S  i j    ¯   )    ∂  x j    −   ∂  ρ m   τ  i j     ∂  x j     



(7)








2.2. Modified Turbulence Model


The turbulence model plays an important role in the numerical simulation of cavitation flows. komega and k-epsilon were blended to form the SST model by Menter [29]. Reboud [28] gave the suggestion that an artificial reduction of the turbulent viscosity of the SST k-omega turbulence model can obtain a better prediction of the frequency of the periodical shedding of cavitation. For this reason, the modified SST k-omega model is applied in the present paper following Reboud’s [28] idea.


   μ t  = f  ( ρ )   C ω   k ω   



(8)






  f  ( ρ )  =  ρ v  +     (  ρ m  −  ρ v  )  n      (  ρ l  −  ρ v  )   n − 1     ; n ≫ 1  



(9)








2.3. Mass Transfer Model of Schnerr–Sauer


The mass transfer model adopted here, which is also called the cavitation model, was developed by Schnerr and Sauer. In their work, the vapor fraction is related to the average radius of the gas nucleus and the number of gas nucleus per unit volume. The condensation and evaporation rates are defined as follows [27]:


   α v  =  n 0   4 3  π  R 3  /  (   n 0   4 3  π  R 3  + 1  )   



(10)






    m ˙  c  =  C c    3  ρ v   ρ l   α v   (  1 −  α v   )    ρ R   s g n (  P v  − P )     2  |   P v  − P  |    3  ρ l       



(11)






    m ˙  v  =  C v    3  ρ v   ρ l   α v   (  1 −  α v   )    ρ R   s g n (  P v  − P )     2  |   P v  − P  |    3  ρ l       



(12)







The bubble radius can be related to the vapor volume fraction and the bubble number density:


  R =   (    α v    1 −  α v    ⋅  3  4 π  n 0    )   1 / 3    



(13)







The parameter n0 is the number of gas nucleus per unit volume as an important parameter for the description of mass transfer rates between the fluid and vapor. It needs to be provided as input. In this paper, it is set with a default value of 1.6 × 1013.





3. Case Description


3.1. Two-Dimensional Computational Domain and Boundary Condition


For the investigations in the computational domain, the test geometry is a NACA0012 hydrofoil at an angle of attack of 4 degree with the chord length C = 100 mm. The computational domain is shown in Figure 1. The size of the domain is 500 × 300 mm. All distances in the section were based on the chord length C. The span-wise domain width is 0.277 mm. The inlet of the computational domain is 1C upstream from the leading edge and 4C downstream from the leading edge for the outlet of the computational domain; other detailed boundary conditions are described in Table 1 with nonslip condition for the wall. The first-order Euler scheme was used for temporal discretization, and the first-order upwind scheme was used for spatial discretization; the near-wall region was solved directly. In the simulation, the first-order discretization was chosen to reduce the calculation time, but it has disadvantages in accuracy; therefore, a second order discretization is recommended.



The inlet velocity was 5 m/s, and the pressure gradient at the outlet was zero. Reference pressure was calculated by the cavitation number through Equation (13). The cavitation number in the present work is 0.8. The viscosity and density of liquid in the flow field are the same as those of water at room temperature. The parameters of the work condition are listed in Table 2. As for the usage of PIMPLE coupling, the number of iteration is 2.


  σ =   P −  P v     1 2  ρ  U 2     



(14)








3.2. Mesh Size


The influence of the mesh size was considered in the present paper. To find out the appropriate mesh size for the numerical simulation setup, three kinds of mesh were calculated and analyzed. Specific grid information and corresponding calculation results are listed in Table 3. The mesh dependency of the lift and drag coefficients are shown in Figure 2. It was found that the force coefficients increased clearly when the mesh number was small, and the difference decreased fast when the mesh became fine. A verification and validation of lift coefficient was calculated, and the results are shown in Table 3. The lift coefficient in the experimental data is 0.52. The experimental uncertainty is 1%. The value of calculated numerical uncertainty is 0.00658. From the verification and validation results, it can be seen that the value of numerical uncertainty is larger than the comparison error. Therefore, the convergence of the calculated results exists, but the certainty of the results is not confirmed. The values of y+, z+ and x+, are about 1, 20 and 50, respectively.




3.3. Computational Domain


During mesh generation, a region-wide background grid was established first. Then, we used the snappyHexMesh method in the OpenFOAM platform for mesh refinement. This process is meant for better capturing the force on the NACA0012 two-dimensional hydrofoil and the cavitation on the back side of the blade.



The sketch map of the grids in the computational domain is shown in Figure 3. The mesh system has three parts. The first part is the outer mesh, which is the initial mesh for the whole flow field; from Figure 3a, we can see the second part, whose length is twice as the length of the chord length, and the height is 2D. Figure 3a is the refinement mesh, which has a three-level refinement based on the initial mesh in the entire computational domain grid for the simulation using the SST k-ω turbulence model and the modified SST k-ω turbulence model with a mesh size of 595,603 cells. In the simulation using the Smagorinsky turbulence model, the refinement mesh is different, and it is shown in Figure 3b. As can be seen, this kind of structural grids requires a larger level of refinement than the others. The mesh refinement method is a relatively better approach for generating the grids. The size number of the cells is 3,705,390.



The computation duration was 2 s long to ensure that the cavitation flow is fully developed and the shedding frequency can be obtained. The computational time step needs to be small enough to avoid the numerical divergence that happens in time and so that more accurate numerical data could be obtained. The time step was 0.0004 s with the SST k-ω turbulence model, and 0.00005 s with the Smagorinsky turbulence model. It should be noted that the cavitation number also has a strong influence on the simulation results; in the present study, this part is not investigated.





4. Result and Discussions


4.1. Cavitation Flow


Firstly, the non-cavitating steady flow was calculated to verify the performance of the grid and the simulated pressure at a 4-degree angle of attack. As can be seen from Figure 4, when the flow is separated, there is a low-pressure area on the suction side of the NACA0012 hydrofoil and a high-pressure area on the pressure side. There is also a local high-pressure region at the tail of the hydrofoil. This phenomenon was simulated in the non-cavitating steady flow. The pressure coefficient distribution is also shown in Figure 5.



The simulated pressure distribution was consistent with the results calculated by Adjali et al. [30]. The values of tail high pressure point, the low pressure point, and the slightly high pressure point were also consistent with those of Adjali et al. [30]. The results show that the detailed information of the flow field from the NACA0012 wet flow simulation results calculated by OpenFOAM is reliable.



The pressure coefficients between the cavitation flow field and the non-cavitation flow field in steady condition were compared, as shown in Figure 6. In the cavitation flow, the pressure in the cavitation zone was equal to the vapor pressure. The pressure distribution on the suction side of the membrane was greatly affected by the cavitation effect, and the pressure gradient at the closure of the membrane cavity was much larger than that at the same location under the non-cavitation flow. However, the change on the pressure side of the foil was much smaller. The change of pressure distribution also led to significant changes in the overall hydrodynamic performance of the hydrofoil. In the calculation of initial non-cavitating flow, the lift and drag forces acting on hydrofoil are cl = 0.489 and cd = 0.0361, which were larger and smaller than those calculated under cavitating flow, i.e., cl = 0.472 and cd = 0.0387, respectively. The results show that the local cavitation of the leading edge of the hydrofoil can inhibit the lift and enhance the drag.



The two-dimensional cloud cavitation phenomena of NACA0012 hydrofoil in a uniform flow field at 4 and 8-degree of attack and under 0.8 cavitation numbers were studied and compared with the experimental results. The calculated cavitation shape and vapor content were shown in Figure 7 and Figure 8. In Figure 7, the angle of attack of the two-dimensional hydrofoil is 4 degrees, and in Figure 8, the angle of attack is 8 degrees. The numerical results of three different turbulence models are given. It can be seen that the cavitation flow was unsteady. Different stages of cavitation, such as growth and collapse, were simulated.




4.2. Unsteady Cavitation at 4-Degree Angle of Attack


In the whole process of cavitation development, the simulation of NACA0012 cavitation process using Smagorinsky’s turbulence model has obvious an advantage in capturing the small vortices structures. In Figure 7, it can be seen that the voids consisting of tiny voids and droplets of small thickness were generated at the head of the hydrofoil firstly. At that time, the cavity was still attached to the surface of the hydrofoil. As time goes on, the attached cavity continued to develop towards the tail of the hydrofoil. The thickness of the cavity increased along the wing chord and reached its maximum gradually. The end of the cavity was located at the tail of the hydrofoil. Meanwhile, the small vortices fell off at the end of the cavity. Then, the cavity was divided into two parts. The front part was attached to the suction surface of the hydrofoil, and the tail part of the cavity fell off and moved downstream.



Smagorinsky’s turbulence model can be used to simulate large-scale fluctuations. We observed that obvious unsteady cavitation vortices were captured by this model. On the other hand, the SST k-ω model is a kind of RANS model, which treats vortices of different scales equally. Therefore, the prediction ability of separated flow of this model is rather poor. The vorticity structure captured by Smagorinsky model is more abundant than that captured by the SST k-ω model because of the way it treats the vortices. The modified SST k-ω model artificially reduces the turbulent viscosity to suppress the effect of excessive viscosity. In Figure 7, the cavitation breakdown and shedding phenomena changed more obviously with time, and the small vortices captured were more abundant than those captured by the modified SST k-ω model. Smagorinsky’s model in OpenFOAM is a static Smagorinsky model, which has some disadvantages in dealing with wall problems; however, the main research of this paper in cavitation simulation is focused on the tail and above of hydrofoil. It is recommended to use the dynamic Smagorinsky model in the simulation, which uses the quadratic filtering function to obtain better results near the wall.



Previous studies have shown that when the cavitation number decreases or the angle of attack increases, the cavitation flow becomes more unsteady, which means that the unsteady characteristics cavitation flow are relatively smooth at small angle of attack. Although the LES method can provide more detailed cavitation flow field, the Smagorinsky turbulence model also needs more computation work. On the other hand, the modified SST k-ω turbulence model simulates unsteady cavitation well compared with the SST k-ω turbulence model, and the computational cost is relatively small. Therefore, the modified SST k-ω turbulence model is more satisfactory than SST k-ω turbulence model and is more practical than the Smagorinsky model at small angles of attack.




4.3. Unsteady Cavitation at 8-Degree Angle of Attack


The simulation results of cavitating the flow of the NACA0012 hydrofoil at 8 degrees of attack are shown in Figure 8. Obviously, when the angle of attack was 8 degrees instead of 4 degrees, the cavitation was more unsteady. In the cloud cavitation around the hydrofoil, the wake and separated vortices at the tail of the hydrofoil were very obvious. Compared with the SST k-ω model, the maximum length of cavity calculated by Smagorinsky’s model decreased at a slower rate. In the cavitation vortex shedding stage, the Smagorinsky model can more accurately capture the water-vapor mixing structure at the tail of the hydrofoil, which is consistent with the experimental results [31].



In the early stage of this period, a sheet cavity with fairly pure vapor appeared at the front of the hydrofoil and it started to move downstream. In the last stage, cloud cavitation occurred in the wake, and collapses occurred when the cavity reached about 1/3 of the chord length. Because of the unbalanced flow field and the development of the low-pressure zone, the sheet cavity was further expanded. At the same time, when the cavity increased to a certain extent, the pressure at the closure of the sheet cavity increased, resulting in a re-entrant jet pointing to the leading edge.



In addition, the Smagorinsky model captured the unsteady details of void mass shedding in time-dependent vortices in a better way. According to the numerical results of SST k-ω, there was only one cavitation group at the end of the hydrofoil, which was different from the experimental observations [31]. Objectively speaking, compared with SST k-ω turbulence model, the modified SST k-ω turbulence model still has advantages in simulating sheet cavitation around the NACA0012 hydrofoil. However, for the modified SST k-ω turbulence model, the unsteady cavitation flow field was too complex to capture. The disadvantage of the RANS method in dealing with unsteady details cannot be compensated easily. Therefore, the Smagorinsky model based on the LES method is more suitable for cavitation simulation at a large angle of attack.



Figure 9 shows the contours of a series of instantaneous vapor distributions and pressure coefficients over a period of time. In the figure, the area covered by cloud cavitation represents the place where the local pressure drops below the vapor pressure. The maximum length and thickness of the cavity are much larger than the steady sheet cavity.




4.4. Hydrodynamic Characteristics


The curves of lift–drag coefficients with time of two-dimensional hydrofoils calculated by three different turbulence models are shown in Figure 10. It can be seen from the figure that the shedding frequencies of the three models are obviously different. The frequency calculated by the SST k-ω turbulence model is 4.098 Hz. The frequency calculated by the modified SST k-ω turbulence model is 6.410 Hz. The calculated frequency of the Smagorinsky turbulence model is 5.405 Hz.



Compared with the other two models, the results simulated by the SST k-ω model are fairly smooth. This is consistent with the phenomenon in Figure 8. The SST k-ω turbulence model has poor ability to simulate the generation and a decline of small cavitation, and it is difficult to see the continuous small cavitation falling off during the whole process. Therefore, the influence of small cavitation on lift coefficient fluctuation cannot be well reflected.



The results of the modified SST k-ω turbulence model in Figure 10b show that the small vortices keep falling off. The effect of reducing turbulent viscosity artificially was remarkable, but on the other hand, the periodicity was affected. In Figure 10a, the periodic fluctuation characteristics of the time-history curve are obvious, and in Figure 10b, the periodic variation characteristics are concealed by the curve fluctuation to some extent.



In Figure 10c, the fluctuation of the lift–drag coefficient of the two-dimensional hydrofoil calculated by Smagorinsky’s model is the most obvious. This is because the LES method can capture unsteady vortices, and the details of cavitation flow field are abundant, as shown in Figure 7. Compared with the work of other researchers, the lift and drag coefficients are relatively accurate. The results are listed in Table 4.



The comparison of the experimental results with those of other numerical results and the present work using the modified SST k-ω model is shown in Figure 11. In the present work, the calculated values of the lift and drag coefficients are respectively smaller and larger than those of the experimental data.




4.5. Analysis about the Mechanism of Periodical Change in Cavitation


The retraction at the junction part between the end of the inner cavity and the hydrofoil shows that there was a re-entrant jet, which caused the small bubbles falling off at the end of the cavity. In Figure 7a(d–g),b(d–g),c(d–g), the incoming flow flowed to the middle part of the hydrofoil, leading to an unsteady cloud cavitation, which moved downward along the hydrofoil to form distinct cloud droplets in the progress. The numerical results generally captured the fracture and detachment behaviors in the process of cavitation and were in good agreement with the experimental observation.



The velocity vector picture during cavitation is shown in Figure 12. Both the re-entrant jet in the region between the cavitation and wall, and the vortex structure that occurs at the tail during the growth of sheet cavitation were accurately predicted by analyzing the velocity vector diagram. The vortex structure caused the re-entrant jet to appear, which led to the cloud cavitation because of the sheering action during the collision. Hence the vortex is actually the reason for cavitation shedding in the process.



To sum up, three turbulence models, the SST k-omega model, Smagorinsky’s turbulence model, and the modified SST k-omega model, were used. The results of shedding frequencies of these three turbulence models in all cases obtained from the data of the calculation output and the observation of the cavitation shedding are shown in Table 5, and these were compared with the data of other authors. The results show that the modified SST k-omega model can predict the shedding frequency well when the n value is 10. The frequency value predicted by Smagorinsky’s model is also slightly larger, while the performance of SST k-omega model is not good.



In addition, compared with Figure 7 and Figure 8, Smagorinsky’s model and the modified SST k-omega model performed better than the SST k-omega model in the modeling of cavitation shape in the process of periodic change, especially during cavitation shedding. In the corresponding diagrams of the Smagorinsky and the modified SST k-omega model, we can clearly observe the multiple shedding of sheet cavitation, not only once or twice, but also the simultaneous existence of multiple cloud bubbles in different regions of the suction side, although the same phenomenon cannot be observed in Figure 7.





5. Conclusions


In this paper, three different turbulence models were used to simulate the cloud cavitation around the NACA0012 hydrofoil using the interPhaseChangeFoam solver in OpenFOAM. The hydrodynamic characteristics and cavitation flow were demonstrated and compared with each other, and the following conclusions can be drawn:




	(a)

	
Generally speaking, the modified SST k-ω model and the Smagorinsky model are better than the SST k-ω model in simulating unsteady cavitation flow.




	(b)

	
In the case of a small angle of attack, the modified SST k-ω model is more accurate and practical than the SST k-ω model, and the calculation cost is lower than Smagorinsky’s model.




	(c)

	
At a large angle of attack, the cavitation around the hydrofoil becomes more unsteady, and the two SST k-ω models based on the RANS method cannot accurately capture the details of the vortices in the flow field. The simulation results of Smagorinsky model based on LES method are in good agreement with the experimental results.




	(d)

	
The numerical results generally capture the fracture and detachment behaviors in the process of cavitation and are in good agreement with the experimental observation. Further research on re-entrant jet shows that the vortex structure at the tail of hydrofoil is the main reason for cavitation shedding.
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Figure 1. The grid in the lengthwise section and the cross section. 
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Figure 2. Lift and drag coefficient variations along with the mesh resolution. 
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Figure 3. Computational mesh around NACA0012 hydrofoil. (a) Mesh with SST k-ω turbulence model. (b) Mesh with Smagorinsky turbulence model. 
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Figure 4. Pressure distribution of the flow fields. 
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Figure 5. Pressure coefficient on the surface of NACA0012 in the present paper. 
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Figure 6. Contrast between the pressure distributions of the cavitating and non-cavitating flows. (a) Pressure distributions of the cavitating flows. (b) Pressure distributions of the non-cavitating flows. 
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Figure 7. Change of cavitation morphology with different turbulence models at a 4-degree angle of attack. (a) Simulation of cavitation with SST k-ω turbulence model. (b) Simulation of cavitation with modified SST k-ω turbulence model. (c) Simulation of cavitation with the Smagorinsky turbulence model. 
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Figure 8. Change of cavitation morphology with different turbulence models at an 8-degree angle of attack. (a) Simulation of cavitation with SST k-ω turbulence model. (b) Simulation of cavitation with modified SST k-ω turbulence model. (c) Simulation of cavitation with the Smagorinsky turbulence model. 
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Figure 9. Evolution of the periodic sheet/cloud cavitating flow (contours of vapor fraction and pressure coefficient). 
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Figure 10. Variation of lift and drag coefficient with time. (a) SST k-ω turbulence model. (b) Modified SST k-ω turbulence model. (c) Smagorinsky’s turbulence model. 
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Figure 11. Comparison of the mean lift and drag with experimental and other numerical results. 
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Figure 12. Velocity vector of the flow fields. (a) Re-entrant jet. (b) Vortex structure. 
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Table 1. Boundary conditions.
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	Hydrofoil
	Wall



	Inlet
	Velocity



	Outlet
	Pressure



	Top and Bottom
	Wall



	Front and back
	Symmetry
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Table 2. Parameters of work condition.
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	Velocity
	5 m/s



	Cavitation number
	0.8



	K
	0.0185



	Omega
	621.626



	Pressure
	9358.6848



	Chord length
	100 mm



	Angle of attack
	4 degree and 8 degree
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Table 3. Verification and validation of lift coefficient.
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	Parameter
	     R G     
	   P   
	   C   
	    (  U V  / D ) %    
	    (  U   G C    / D ) %    
	    (  U   V C    / D ) %    
	    (  E  /  D  ) %    
	    (  E C  / D ) %    





	Value
	0.6818
	2.210
	1.127
	1.265
	0.07863
	1.003
	9.230
	9.792
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Table 4. Lift and drag coefficient in cavitation flow.
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	Lift Coefficient
	Drag Coefficient





	Experiment results
	0.520
	0.035



	SST k-ω model
	0.472
	0.0387



	Modified SST k-ω model
	0.473
	0.0374



	Smagorinsky model
	0.476
	0.0402
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Table 5. Quantities predicted by the different turbulence models.
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	Frequency (Hz)





	RANS, SST k-omega model

(special modified model when n = 1)
	4.098



	LES, Smagorinsky’s model
	5.415



	RANS, modified SST k-omega model,
	6.410



	Ying(2016)
	4.883
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