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Skidmore et al. [9] have shown, both analytically and experimentally, that without altering the mean ventilation rate, 
pulsation can be disrupted with small amplitude modulation of the ventilation rate. By modulating the gas supply flow, 
waves on the cavity interface, evidence of which is given in the pressure spectra in Figure 3 and shown on the cavity 
interface in Figure 5a, are disrupted and pulsation is prevented. The amplitude dependence of this method of pulsation 
disruption has not been thoroughly investigated. 
 

 

 
Figure 5: (a) A pulsating SF6 cavity with supply pressure of 1378.95 kPa. (b) A twin vortex cavity with a supply pressure of 689.5 kPa 

 
Conclusions 
 
Two conditions are necessary for pulsation. One is that the cavity must be transitioning between closure regimes and 
the other is that an initializing, finite amplitude perturbation is required. Thus, unlike twin vortex or re-entrant jet 
cavities, pulsation is never history independent; twin vortex and re-entrant jet cavities can exist at vent rates where 
pulsation is not possible and other regimes are not attainable. When cavity closure regimes cannot efficiently remove 
gas, a cavity can pulsate, which is, for those cases, the most efficient method of gas removal, but causes strong 
fluctuations on the cavity interface. Mitigating pulsation occurs through disruption of the waves on the cavity interface 
that force pressure (and volume) fluctuations of the gas. 
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Abstract 
Re-entrant jet closure mechanism usually occurs for ventilated supercavitating flows at high speed in 
unbounded flows. The tail closure pattern is closely related to gas-leakage mechanism. The multi-
fluid model, which involves interphase momentum and mass interactions, is applied to simulate the 
flows. Re-entrant flow mechanism is analyzed with more detail, and gas velocity distribution laws are 
presented in the re-entrant flow region. It is also found that maximum gas velocity occurs in the 
region. The maximum value is much greater than the incoming flow velocity in the opposite direction, 
and the relationship between the two is illustrated. This study contributes to deeply understand the 
gas entrainment and closure mechanism of high-speed supercavity. 

Keywords: ventilated supercavitating flows; re-entrant flows; velocity distribution 

Introduction 
Supercavitation drag reduction has a revolutionary impact on the research and development of high-speed 

underwater vehicle and receives worldwide attentions. A better understanding of supercavitating flow mechanism 
leads to apply this method and technology quite flexibly. The flows involve many problems, such as phase change, 
re-entrant jets, gas loss, and these phenomena are interrelated and intricate. As an important part of flow 
mechanisms, flow structure inside supercavity has been an emergent task to study. 

Since ventilated supercavitation was discovered, researchers have made endeavours in this area and some 
achievements in the formation, hydrodynamics and stability of supercavity[1-5], but inner flow structures remain little 
focused. Unlike natural case, where vapor-water mixture interacts[6], there are gas vortex ring structures inside 
ventilated supercavity[7,8]. It is inextricably linked with gas loss[9,10], which not only determines supercavity tail 
closure[11], but also is crucial to the flow stability and control[12,13]. 

The multi-fluid model, involving momentum interactions and mass transport between gas, vapor and water, is 
applied to reveal re-entrant gas flows in the tail region for high-speed supercavitating flows. The re-entrant 
mechanism is demonstrated by analyzing flow structure in more detail. The velocity distribution laws are presented 
in the re-entrant regions at different Reynolds and cavitation numbers, and the maximum gas velocity is found and 
the relationship between the velocity and cavitation number is obtained. 

Multiphase flow model  
Considering momentum interactions in different phases, the gas-water two-fluid model is qualified for ventilated 

supercavitating flows[14-16]. However, some unsteady factors or processes can induce natural cavitation in high-speed 
states. Further considering the vapor-water mass transport, the gas-vapor-water multi-fluid model was developed in 
our recent work[8] and is applied here. In the model, governing equations consist of the continuity and momentum 
equations of each phase and the volume conservation and pressure constraint equations. SST model (shear stress 
transport) based on k  [17] is used to close Reynolds equations. The cavitation model deduced from Rayleigh-
Plesset equation[18], which represents the vaporization and condensation processes, is added in vapor and water 
continuity equations. 

Results and discussion 

Based on the multi-fluid model, supercavitating flows are simulated to reveal gas flows in the re-entrant flow 
region defined from sections St1 to St4 in Figure 1, where St1 is the cavity section where re-entrant flows start to 
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Conclusion  
The developed multi-fluid model is applied to reveal flow structures in the re-entrant flow region for ventilated 

supercavitating flows at high speed. Re-entrant gas flows occur under the adverse pressure gradient, and the velocity 
distribution characteristics are presented at different Reynolds and cavitation numbers. Due to the multiple 
relationship between the maximum gas and inflow velocities, gas compressibility needs to be considered for high-
speed ventilated supercavitating flows. 
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Abstract 
The present effort evaluates various methods to classify flow regimes from computational fluid 
dynamics (CFD) simulations of various multiphase flows. The present effort specifically aims to 
understand a gas jetted into a liquid co-flow, with parametric variations of the freestream liquid 
velocity and jet mass flow rate. Previous CFD indicated several flow regimes occur in this 
interaction. However, the method of regime classification relied solely on visual inspection of 
simulation videos, as well as time-averaged solutions. This work compares several methods to 
classify gas-liquid interactions, and assesses the regime identification capabilities of each method. 
The methods evaluated are as follows: Proper Orthogonal Decomposition (POD), Fast Fourier 
Transformation (FFT), and Mixture of Gaussian (MOG) methods. The results indicate that POD 
may be the most efficient, effective method to classify the flow regime.  

Introduction 
The classification of multiphase flows can be a complicated process. Specifically, it relies on qualitative evaluations 
of the flow that are prone to bias. For this reason, we want to develop quantitative methods for flow regimes 
specifications. With such methods, we anticipate it will help to develop flow-regime maps based on quantitative 
descriptions as opposed to an opinion-based assignment.  

In this effort, we investigate gas jets in a liquid co-flow in a pipe, which is a flow indicated in Figure 1. Such a flow 
is being examined to understand gas mixing within a liquid co-flow, which is a process that is dominated by the initial 
cavity formation and its dynamics.  Unlike single-phase jets, such multiphase jets are poorly understood. This is, 
despite, widespread industrial use for gas jets in a quiescent liquid, such as chemical mixing, nuclear reactor 
maintenance, and underwater cutting [1-3]; difficulties in experimental visualization cause the full jet formations to 
be understudied. One factor that makes these jets so interesting is that despite the gas jets having high 
speeds/momentums, they remain weak with respect to the liquid. Such a feature leads to highly dynamic flow 
phenomena and multiple flow regimes. CFD is employed to better understand these multiphase jets, which have 
previously been applied, using two-dimensional, axisymmetric simulations to examine submerged multiphase jets. 
While varying the freestream velocity (𝑉𝑉∞) and the mass flow rate of the gas jet (�̇�𝑚𝑗𝑗𝑗𝑗𝑗𝑗), it became clear that five distinct 
regimes occur. However, classification of these various regimes has only been conducted through visual inspection, 
using a combination of videos extracted from the simulations and time-averaged images. The combination of these 
two visual methods resulted in the classification of five regimes for a gas (air) jet submerged in a liquid (water) co-
flow. Therefore, the focus of this paper is to investigate various additional tools to aid in the classification of these 
multiphase jet regimes. 

The following work details the findings of three different methods: POD, FFT, and MOG. The three methods will be 
compared in their ability to differentiate between the flow regimes, as well as ease of use. 

 
Figure 1:  Problem Geometry 

Methods 
The results discussed in this work focus on different classification methods for multiphase jet flow regimes. The 
simulations used were conducted using Star-CCM+ [4]. The physics modeling was validated against experimental 
data from Weiland’s PhD dissertation [1], and the validation process is described in the same work which identifies 
the flow regimes [5,6]. The flow regimes identified in the previous work detail the interactions between the gas jet 
(using air) and the liquid freestream (using water),a) and are as follows: 

�̇�𝑚𝑗𝑗𝑗𝑗𝑗𝑗𝑉𝑉𝑗𝑗𝑒𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒
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