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Abstract 

It is important to accurately model and analyze the ventilation characteristics formed by jet in cross flow (JICF) of liquid around 

a plate. Through 3D numerical simulations (using FLUENT), design of experiment (DOE) and regression, a mathematical model 

is constructed to accurately describe the process of formation of ventilated cavity by gas jet in cross flow of the liquid phase. 

Multiphase flow and turbulence models are established to reflect the formation and development of the ventilated cavity, and a 

reasonable simulation plan is established by means of design of experiment, and a regression model is obtained through nonlinear 

regression. A reasonable simulation plan is established to model the different factors impact on the size of the ventilation cavity 

and to comprehensively reflect its effect. Ventilation characteristics formed by JICF are then compared with experimental results. 

The results of various comparative analyses show that the 3D simulation method presented in this paper can more accurately 

reflect the ventilated cavity formation and, with this, evaluate the ventilation characteristics and make the design reasonably with 

the mathematical model obtained through design of experiment nonlinear regression. It is of great significance in many 

applications, including pump jet propeller design, by optimizing the design to meet the given design conditions with reasonable 

variations of parameters. 
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1. Introduction 

The jet in cross flow (JICF) is widely used in natural phe-

nomena and industrial applications. Examples are gas cooling 

of turbine blades [1, 2], fuel atomization in aero-engines [3], 

thrust vector control in rocket engines [4, 5], and blade bound-

ary layer flow control. The jet is gradually bent by the action 

of the cross-flow, and exhibits complex hydrodynamic phe-

nomena such as separation, reattachment, and swirl flow 

through the cross-flow and energy and momentum exchange. 

KAMOTANI et al. [6] were the first authors to describe the 

jet orifice downstream flow field structure. The presence of a 

pair of counter rotating vortex (CVP) in the cross-section 

downstream of the jet orifice can be observed, where the 

downstream flow field is dominant and its influence range is 

up to the far downstream region of the jet orifice. As the ex-

perimental techniques and numerical simulation methods have 

been developed continuously, people have begun to study the 

causes of the formation of various complex vortex structures 

during the development of cross-jet flows. 

http://www.sciencepg.com/journal/ijfmts
http://www.sciencepg.com/journal/315/archive/3151201
http://www.sciencepg.com/
https://orcid.org/0000-0001-6340-0456
http://www.sciencepg.com


International Journal of Fluid Mechanics & Thermal Sciences http://www.sciencepg.com/journal/ijfmts 

 

17 

KOZLOV et al. [7] suggested that the cause of shear layer 

vortices is K-H instability caused by the velocity difference 

between jet and transverse flow, which is further attributed to 

quasi-periodic fluctuations and breakdown of the interface. At 

the same time, many scholars have found that strong three-

dimensional and unsteady properties exist in the transverse jet 

flow field and that the jet-initiated flow field vortex structure 

can generate complex interactions with each other during the 

evolution process [8, 9]. 

Over the past 70 years, people have already been more 

aware of the turbulent structure evolution of transverse jet 

flow, but this work has largely focused on gas-gas single-

phase transverse jet flow. 

Professor CECCIO at the University of Michigan [10, 11] 

developed a good study of gas jet flow in liquid-phase cross-

flow based on gas-layer resistance reduction, and the correla-

tion experiments established the gas-phase structure in a flat 

plate model through air-entrainment mode, and the results in-

dicate that three different states can be formed, such as de-

creasing bubble resistance, decreasing air-layer resistance and 

decreasing the transient resistance between the two. 

Due to the complexity of the research question, we have not 

yet formed a system’s understanding of how the gas jet flow 

in liquid cross-flow affects the behavior and the change rules 

of bubbles in different stages of the development of the flow 

field, for macroscopic description [12, 13], which focuses 

heavily on the evolution of bubble shape evolution of gas jet 

formation. 

Recently, with the advent of engineering applications, some 

scholars have conducted preliminary studies on the relation-

ship between vortex structure and bubble evolution in the gas 

jet flow field in liquid cross-flow. 

Wang Yung [14] performed numerical simulations of flat 

plate ventilation using different models to capture the horse-

shoe vortex near the jet orifice and the counter-rotating vortex 

pair inside the jet gas, and found that the vortex structure has 

a distinct feature at different stages of gas stratification. 

ZHENG et al. [15] developed numerical calculations for the 

aeration assimilation of a rotating body, and the results indi-

cate that the instability of the aerated cavitation liquid inter-

face and the evolution of the vortex structure are closely re-

lated. 

Based on the numerical results, MAG H et al. [16, 17] ana-

lyzed the evolution mechanism of underwater vehicle surface 

gas jet, captured the counter-rotating vortex pair inside the gas 

jet, and suggested that the pure gas phase region of the initial 

stage of the gas jet mainly dominates the counter-rotating vor-

tex pair. Compared to gas-gas single-phase transverse jet flow, 

the gas jet flow field structure in liquid-phase transverse flow 

is a typical multiphase flow field, and the significant differ-

ence in the physical properties of the gas-liquid two-phase me-

dium can generate the vortex structure change process in the 

single-phase transverse jet flow, which can further change the 

momentum exchange and transfer mechanism between the jet 

gas and the main fluid. 

To further investigate the evolution of the gas jet flow field 

structure in liquid-phase cross-flow, we performed numerical 

simulations of the underwater gas cross-jet multiphase flow 

based on the two-stage projection method and the VOF inter-

face trapping method, and analyzed in detail the evolution of 

the vortex structure in the two-phase cross-jet field. 

As seen from the above previous analysis, there have been 

many studies on the mechanism of the formation of the aera-

tion cavity by gas jets in a horizontal flow of fluid around a 

plate, but no studies have been reported to accurately and 

quantitatively evaluate the process. 

2. Numerical Simulation and 

Mathematical Modeling 

2.1. Numerical Calculation Method 

2.1.1. Solver Setting 

(i). Multi-phase Model 

As the multi-phase model, the Mixture model is used. The 

Mixture model is used for more than two fluid simulations that 

can be mixed together and considers the relative velocity be-

tween phases. Typically, it can be used to model phenomena 

such as non-Newtonian fluids, bubble flow, and deposition. 

[18, 19] 

The governing equations of the Mixture model are: 

Continuity equation: 

 ( ) 0m m mv
t
 


  


             (1) 

Momentum equation: 
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t
  
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Transport equation: 

 ( )v v v v m e cv R R
t
   


   


         (3) 

where 

m ―density of mixture 

mv ―velocity of mixture 

v ―volume fraction of vapor 

v ―density of vapor 

,e cR R ―evaporating and cooling rate of vapor 

(ii). Turbulence Model 

The most commonly used turbulence models include the k-
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ω model and the k-ε model. The ω-equation has several ad-

vantages over the ε-equation. The most typical is that the 

equation can be integrated without additional terms in the vis-

cous sublayer. Hence, the k-ω model is also called the y+ in-

sensitive model. Moreover, the k-ω model is more accurate in 

simulating boundary layer flow. In general, the k-ω model is 

not used in the simulation of low Reynolds number flows. The 

k-ω model includes standard k-ω, BSL(Baseline) k-ω, and 

SST (Shear Stress Transport) k-ω models. The standard k-ω 

model is an empirical model based on the model transport 

equation for turbulent kinetic energy (k) and specific dissipa-

tion rate (ω), which can also be considered as the ratio of ω to 

k. 

Transport equation: 

( ) ( ) ( )i k k
i j j

k
k ku G

t x x x
 

   
   

   
       (4) 

( ) ( ) ( )i
i j j

u G
t x x x

 


 

   
   

   
      (5) 

In these equations, Gk is the generation term of turbulent 

kinetic energy due to the mean velocity gradient, and Gω is the 

generation term of ω. 

2.1.2. Boundary Condition of Model 

Figure 1 shows the calculation region and boundary condi-

tion for simulation. 

 
Figure 1. Computational domain and boundary conditions. 

The computational domain is 80L long, 15L wide and 10L 

high. The boundary conditions are set as the velocity inlet on 

the left side and pressure outlet on the right side and the fixed 

wall on the remaining sides. The circular vent is located at the 

bottom of the computational domain as the gas velocity inlet. 

The center of the vent is 8L from the velocity inlet, 7.5L from 

the side wall, and the diameter is d=0.5L [20]. The material is 

chosen as the main material and its characteristics are as fol-

lows: 

3 4997kg / m , 8.9011 10 pa sLiquid Liquid       

Air is chosen as an auxiliary material. The property of air at 

25°C is: 

3 51.225kg / m , 1.7894 10 pa sAir Air       

2.1.3. Meshing and Evaluation of Correctness 

Since the ventilation cavity is a very complex phenomenon, 

the influence of mesh on the calculation accuracy is very large. 

We perform mesh meshing of different sizes and analyze their 

accuracy based on different mesh accuracy criteria. Since the 

simulation domain is square, we construct a structured mesh. 

The constructed mesh is shown in Figure 2. 
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Figure 2. Mesh of computational domain. 

The minimum degree of mesh distortion is 0.6, which indi-

cates that the mesh is relatively well-meshed. The grid inde-

pendence test is performed. The test results show that the re-

sults converge relatively when the number of meshes is about 

900,000. The results of the mesh independence test are shown 

in Figure 3. 

 
Figure 3. Force coefficients calculated for different grids. 

2.1.4. Accuracy Verification of Numerical Methods 

The proposed mesh is used to verify the accuracy of our 

simulation method. The accuracy of our simulation method is 

verified through comparison with experimental data presented 

in [20, 21]. The simulation is carried out with the inlet flow 

rate U∞=0.1 m/s as the same velocity condition as the experi-

mental data and varying the air jet velocity from Uj=0.1 to 0.6 

m/s. Figure 1 shows the experimental results and the simula-

tion results. As seen in the figure, the simulation results and 

experimental results are very similar. 

 
Figure 4. Comparison of experimental results with simulation results. 

The detailed numerical analysis is shown in Table 1. The 

expansion angle of the jet at a distance of an integer number 

of the air jet radius is measured and compared with the exper-

imental data. 

Table 1. Comparison of experimental and simulation results. 

No 1 2 3 4 5 

Exp, ° 4.23 4.83 5.25 5.64 5.91 

Sim, ° 4.17 4.72 5.05 5.52 5.77 

Absolute error, ° 0.060 0.110 0.200 0.120 0.141 

Relative error, % 1.41 2.27 3.80 2.12 2.36 

The errors between the actual and simulated values are all less than 5%, which indicates that the proposed simulation method 

is relatively accurate. 

 

http://www.sciencepg.com/journal/ijfmts


International Journal of Fluid Mechanics & Thermal Sciences http://www.sciencepg.com/journal/ijfmts 

 

20 

2.2. Design of Experiment and Mathematical Model Decision 

2.2.1. Design of Experiment and Simulation 

As a uniform test design factor, the fluid flow rate U∞, the gas jet velocity Uj, and the diameter of the jet hole diameter d are 

selected. When the factor number is 3, the centralized-L2 bias value is analyzed to select the most reasonable uniform test design. 

Table 2. Centralization-L2 bias of different plans. 

Plan U5(53) U6(63) U7(73) U7
*(73) U8

*(83) U9(93) 

CD2 0.457 0 0.265 6 0.372 1 0.213 2 0.168 1 0.310 2 

Plan U9
*(93) U10

*(103) U11(116) U11
*(113) U12

*(123) U13(133) 

CD2 0.198 0 0.200 0 0.264 9 0.230 7 0.183 8 0.230 8 

 

As can be seen from the table, for the U8*(83) scheme, the 

centralization-L2 bias is the smallest, 0.1681. This scheme is 

chosen as a uniform test design scheme, and then a range of 

values for each parameter is determined. A uniform test design 

is carried out based on the range of values of the defined fac-

tors. The results of the uniform test design according to the 

U8*(83) scheme are shown in Table 3. 

Table 3. Simulation plans with uniform test design. 

Plan 
Cross flow ve-

locity U∞, m/s 

Jet velocity Uj, 

m/s 

Jet hole diame-

ter d, mm 

1 0.1 0.25 8 

2 0.15 0.45 7 

3 0.2 0.2 6 

Plan 
Cross flow ve-

locity U∞, m/s 

Jet velocity Uj, 

m/s 

Jet hole diame-

ter d, mm 

4 0.25 0.4 5 

5 0.3 0.15 8.5 

6 0.35 0.35 7.5 

7 0.4 0.1 6.5 

8 0.45 0.3 5.5 

The simulation is carried out based on the established uni-

form test design scheme. The simulation results obtained un-

der different conditions with the above-mentioned simulation 

method are shown in Figure 5. 

 
Figure 5. Volume of cavitation at different plans. 
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As shown in the figure, the magnitude of the aeration cavity 

produced by the variation of the parameters is significantly 

different. Hence, it is necessary to determine an accurate 

mathematical model considering the influence of different 

factors on cavitation formation and to analyze the cavitation 

characteristics based on the mechanism. 

2.2.2. Decision of Mathematical Model 

To construct a regression model, the independent variables 

must be centered and dimensionless first. The regression 

model uses a quadratic model. 

           
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 

 

             

        
 

Applying the least squares method using the established 

quadratic model, we obtain the following regression coeffi-

cients: 

Table 4. Regression coefficients. 

No 0  1  2   11  

 14.52 -84.53 54.25 5.83 763.23 

No 22  33  12  23  13  

 3 60.85 -3.64 84.63 -39.57 18.32 

3. Results 

The corresponding table of variance analysis is given in Ta-

ble 5. 

Table 5. Table of variance analysis (SAS result). 

Factor DOF Error 
Vari-

ance 
F value Prob>F 

Model 3 0.40488 0.13496 595.722 0.0001 

Error 3 0.00068 0.00023   

Total 

error 
6 0.40556    

R2 0.9983     

C.V. 2.79813     

The obtained regression model is substituted by the factors 

reflected in the simulation scheme to perform a comparison 

analysis with the simulation results. The simulated results at 

different test points and the comparison with the regression 

results are shown in Figure 6. 

 
Figure 6. Regression analysis. 

4. Discussion 

There have been no related results mentioned about the vol-

ume of ventilated cavitation created by the JICF. So, in this 

discussion only the comparison between the simulation and 

regression results has been done. Table 6 presents the results 

of detailed numerical and error analysis. 

Table 6. Error analysis of simulation results and regression results. 

No 1 2 3 4 

Sim, 
3mm  52.08 43.93 12.77 14.20 

Reg, 
3mm  53.59 41.80 12.19 14.85 

Absolute error, 
3mm  1.51 -2.13 -0.58 0.65 

Relative error, % 2.89 4.84 4.53 4.57 

No 5 6 7 8 

Sim, 
3mm  13.79 20.00 3.92 7.61 

Reg, 
3mm  13.37 20.93 4.11 7.34 

Absolute error, 
3mm  -0.42 0.93 0.19 -0.27 

Relative error, % 3.04 4.64 4.84 3.54 
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The errors between the simulated results and the predicted 

values by the regression formula are all less than 4%, which 

indicates that the regression model obtained is relatively ac-

curate. Using this regression model, further research is needed 

to accurately predict and evaluate the size of the air entrain-

ment formed in the fluid flow. 

5. Conclusion 

To obtain a regression model for the accurate calculation of 

the size of the ventilated cavity formed by jet in cross flow 

(JICF), design of experiment theory and numerical analysis by 

ANSYS Fluent are used. 

First, a 3D numerical simulation method is established to 

accurately model the generation characteristics of the venti-

lated cavity. A new simulation method is established to simu-

late the air-entrainment phenomena in a realistic way by opti-

mizing the multiphase flow model and turbulence model and 

performing a fine mesh. Through comparative analysis with 

experimental results presented in the literature, the established 

simulation method is verified to be relatively accurate. 

Second, with the established simulation method, a mathe-

matical model is constructed that accurately captures the ven-

tilation behavior through uniform test design and regression. 

Regression analysis is performed to verify the accuracy of the 

established regression model, and this mathematical model 

can accurately predict and estimate the ventilation behavior in 

the cross-flow and make a reasonable design. 

Further studies on other specific conditions, including the 

influence of temperature on the development of the air cavity 

around the plate, can be carried out to perform a comprehen-

sive analysis. 

Abbreviations 

JICF Jet in Cross Flow 

CVP Counter Rotating Vortex 

DOE Design of Experiment 
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