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To solve problems in the formation mechanism of water flow in automotive water tank and 

its complex working conditions, this paper constructed a theoretical model for the 

uncertainty of water jet in automotive water tank. Then, based on the secondary 

development characteristics of FLUENT software, the uncertainty model, and the fluid 

field simulation module, this paper studied the wall effect of the fluid field of water jet in 

automotive water tank, and obtained fluid fields of single-nozzle and double-nozzle water 

jet and the corresponding distribution laws of the wall effect. The research results showed 

that the wall effect had a great influence on the direction of the water jet and the pressure 

on the wall surface of the water tank, while its influence on the velocity of the water jet 

was relatively small; the two streams of water jet converged, which was basically 

consistent with the laws of the wall effect in the water tank; the smaller the distance 

between the two water jet streams, the more likely the two streams would converge. The 

research in this paper provided theoretical basis and reliable technical support for the 

analysis of the formation mechanism of the water flow in automotive water tank, the 

optimization of the water tank structure and the application of water tank in various 

industries. 
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1. INTRODUCTION

Automotive water tank is one of the important components 

in the cooling system of automobiles, and the performance of 

water tank directly determines the performance of the cooling 

system. To ensure the cooling of the car during actual driving, 

the water tank must have certain strength and rigidity. To 

manufacture automotive water tank with excellent 

comprehensive performance, many scholars at home and 

abroad have studied the relevant characteristics of the water 

tank and the water tank bracket. For example, Scholar 

Asfandiyar et al. [1] polycrystalline SnSe-Sn1-vS solid 

solutions in vacancy engineering and nanostructuring leading 

to high thermoelectric performance; O'Connor et al. [2] 

surgical treatment of tethered cord syndrome in adults for a 

systematic review and meta-analysis; Cao et al [3] analysis of 

differential gene expression in response to anisotropic stretch 

using a systems model of cardiac myocyte 

mechanotransduction; Li et al. [4] numerical simulation and 

application of noise for high-power wind turbines with double 

blades based on large eddy simulation model;  Rochling 

Automotive SE & Co. KG [5] multi-part injection-molded 

multi-chamber plastic tank having an oblique joining surface 

in patent application approval process; Iiyama et al [6] a point-

estimate based method for soil amplification estimation using 

high resolution model under uncertainty of stratum boundary 

geometry; Chandramouli et al. [7] coarse large-eddy 

simulations in a transitional wake flow with flow models under 

location uncertainty; Winiarski et al. [8] performance during 

competition and competition outcome in relation to 

testosterone and cortisol among women; Fan et al. [9] a review 

on experimental design for pollutants removal in water 

treatment with the aid of artificial intelligence; Córcoles-

Tendero et al. [10] numerical simulation of the heat transfer 

process in a corrugated tube; Verkade et al. [11] estimating 

predictive hydrological uncertainty by dressing deterministic 

and ensemble forecasts; a comparison, with application to 

Meuse and Rhine; Kumaran et al. [12] prediction of surface 

roughness in abrasive water jet machining of CFRP 

composites using regression analysis; Harless et al. [13] heat 

transfer and friction characteristics of fully developed gas flow 

in cross-corrugated tubes; Sydeman et al. [14] best practices 

for assessing forage fish fisheries-seabird resource 

competition; Henry et al. [15] performance during competition 

and competition outcome in relation to testosterone and 

cortisol among women; Xu et al. [16] study of surface 

roughness in wire electrochemical micro machining. The 

above-mentioned scholars have conducted in-depth studies on 

the various characteristics of the turbines. However, there are 

few studies concerning the mechanical properties of the 

automotive water tank under actual working conditions such 

as strength and stiffness, how the water flows inside the water 

tank, and the destructiveness of the water flows to the water 

tank. To this end, this paper took the automotive water tank as 

the research object, constructed an uncertainty model for the 

fluid field of the water flow in the automotive water tank, and 

applied numerical calculation and finite element simulation to 

study the characteristics of the fluid field in the automotive 

water tank. This paper aims to provide theoretical basis and 

technical support for optimizing the water tank structure, 

designing the positions of the nozzles and improving the 

service life of the water tank. 
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2. UNCERTAINTY MODEL FOR WATER JET IN 

AUTOMOTIVE WATER TANK 
 

According to the principle of the wall surface of the 

automotive water tank (hereinafter referred to as the water 

tank), the void ratio near the wall surface of the water tank is 

larger than that inside the water tank; this is because the 

resistance of the water tank wall surface is smaller, so the 

velocity of the flowing water near the tank wall is greater than 

that inside the water tank. When water jet occurs in the water 

tank, the water is ejected from the nozzle at a high speed, as 

the ejected water stream approaches the wall surface of the 

water tank, the wall effect of the water tank has a certain 

influence on the flow characteristics of the water, which would 

further affect the internal structure and service life of the water 

tank. Therefore, it’s quite necessary to study the fluid field 

inside the water tank. 

The main fluid medium in the water tank is water, and the 

fluid field in the water tank is mainly shown as the water jet. 

This paper mainly studied the characteristics of water jet in the 

water tank. 

In the water jet model, it’s assumed that the cylindrical 

coordinate system of the water jet was (r, θ, z), the radius of 

the circular nozzle of the water jet was r, the water jet direction 

was opposite to the direction of z-axis, and the medium around 

the tank was air, then the equation of the water jet in the water 

tank was obtained as: 
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where, p is the jet pressure; t is the jet time; v is the jet velocity; 

vr is the disturbance velocity of the water flow; ρ is the water 

density; 𝑙 = √
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constant variable; u is viscosity coefficient of the motion of the 

water.  

In case of water fluid medium, the relationship between the 

water jet pressure, the water density and the propagation 

velocity of sound in water is: 
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where, c is the propagation velocity of sound in water. 

According to the simultaneous Eqns. (1) and (2), the 

equation of the water jet in the water tank can be obtained as: 
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According to Eq. (3) and the flow characteristics of the fluid, 

the equation of the liquid water jet of the fluid medium can be 

obtained as: 
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where: Ma is the Mach number of liquid water; Re is the 

Reynolds number. 

Eq. (4) was solved by the regular module method, the 

solution equation is: 
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where: vr(r)=(vrr(r),vrθ(r),vrz(r));𝑖 = √−1is a complex number; 

ω=ωr+ωii is a complex frequency, ωr is the time growth rate, 

ωi is the frequency; k=kr+kii, 𝑘𝑟 =
2𝜋

𝜆0
 is the wave number, λ0 

is the wavelength; ki is the growth rate of the wave number; m 

is the angular modulus of the wavelength, representing the 

change of free surface water wave in the angular direction. 

Taking the divergence of Eq. (5), then the following 

equation can be obtained: 
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Substituting the solution in the form of 

p=p(r)exp[ωt+(kz+mθ)i] into Eq. (6) and sorting, the 

following equation could be obtained: 
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According to the Bessel function, we can get: 
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where, Im, Km are the first-type and second-type m-order 

modified Bessel numbers, respectively; dr1, dr2 are the first-

type and second-type Bessel constants, respectively. 

When r→0, dr2=0, then there is: 
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The expression for the global optimization model is: 
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where, v(X,Y) is the objective function of the jet velocity; 

f(X,Y) is an inequality constraint; h(X,Y) is an equality 

constraint; X is the decision variable; Y is the state variable. 

For Eq. (10) of the global optimization model, the penalty 

function was used to conduct constrained optimization 

transformation on it and convert it into a corresponding 

penalty function L(X,Y): 
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where: XU is the upper limit of X; XD is the lower limit of X; α 

is the penalty factor. 

In order to avoid the local minimum phenomenon of the 

water jet velocity in the water tank, in the initial calculation of 

the penalty function, the mean value and minimum value of 

the penalty function were calculated at the same time, so that 

corresponding adaptive factor K could be calculated quickly; 

the expression of the feasible solution corresponding to the 

penalty function is: 
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(12) 

 

where, v0 is the initial velocity of the water jet. 

When the penalty function does not have a feasible solution, 

the corresponding expression is: 
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Based on the jet velocity theory, the expression of the water 

jet velocity in the water tank under different iteration 

coefficients is: 
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where, n is a constant; j is an iteration coefficient; vj is the jet 

velocity of the water after the j-th water jet. 

During the water jet in water tank, the constraint function 

corresponding to the water supply of medium fluid in the water 

tank is: 
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where, Wq is the water supply of the water jet position at water 

source q; 𝑊𝑞
𝑏 is the water supply of the water jet position b at 

the independent water source e; 𝑌𝑞𝑒
𝑏  is the water supply 

provided by q to the e-th user at position b; M(j) is the allocated 

water amount of water jet source j at position b.  

According to the uncertainty model of water jet and the 

related boundary conditions, secondary development was 

conducted in the FLUENT software, relevant programs were 

written, and the characteristics of the FLUENT fluid field 

simulation module were combined to simulate and analyze the 

fluid field in the water tank.  

 

 

3. MODELING OF THE FLUID FIELD IN WATER 

TANK 

 

The car cooling system mainly includes water tank, pipes, 

radiator, and other parts. The automotive water tank studied in 

this paper is shown in Figure 1.  

According to the structure of the water tank shown in Figure 

1, this study mainly simulated and analyzed the fluid field of 

water jet in the water tank. Nozzle is a main structure for the 

water jet in water tank, the structure of the nozzle in the water 

tank is shown as Figure 2. 

 

 
 

Figure 1. Automotive water tank 

 

 
 

Figure 2. Water tank nozzle structure 

 

It can be seen from Figure 2 that the nozzle is a cone which 

is smaller inside and larger outside, and this structure is 

conductive to forming water jet pressure and velocity and is 

easy to be fixed and connected to the external flexible sleeve. 

Concerning the requirements of actual automotive water tanks, 

this paper set the parameters of the nozzle as follows: the 

diameter of the larger end of the nozzle (inlet) a=4 mm; the 

length of the nozzle b=6 mm; the diameter of the smaller end 

of the nozzle (outlet) c=2 mm. According to the nozzle 

structure shown in Figure 2 and the requirements of water jet 

on the flow channel, the model for a single-nozzle water jet 

was obtained as shown in Figure 3. 

 

 
1- nozzle inlet, 2- nozzle outlet, 3- distance between fluid core and wall 

surface, 4- wall surface in the computational domain, 5- outlet surface in the 

computational domain 

 

Figure 3. Single-nozzle water jet model 

 

It can be seen from Figure 3 that the single-nozzle water jet 

model included the following structures: 1, nozzle inlet; 2, 

nozzle outlet; 3, distance between fluid core and wall surface; 

4, wall surface in the computational domain; 5, outlet surface 

in the computational domain. The fluid medium water entered 

the water tank from nozzle inlet 1 and was ejected from nozzle 

outlet 2 and hit wall surfaces 4 and outlet surface 5 from all 

directions. There’re certain distances between the fluid core of 

the water jet and the upper and lower wall surfaces 4 of the 
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water tank. Since the relative distances of upper and lower wall 

surfaces 4 were fixed, the distance between fluid core and wall 

surface 3 (distance 3) was taken as the research object. The 

water tank wall surface 4 was the space boundary condition 

that restricted the fluid medium water ejected from the nozzle 

outlet; the distance 3 was an important parameter studied in 

this paper, it was defined as a variable set in the simulation 

calculation. In order to obtain different distances 3, multiple 

models of single-nozzle water jet had been constructed for 

simulation and calculation, so as to study the influence of 

distance 3 on the wall effect of water tank. According to the 

characteristics of fluid flow, the model size, the computation 

amount and time, and other factors were considered 

comprehensively, when distance 3 was a relatively small value 

between 0-3mm, the value interval was relatively small as well, 

it took 0mm, 1mm, 2mm, and 3mm, respectively; at the same 

time, two larger representative distances of 5mm and 10mm 

were also chosen for the simulation calculation.  

The single-nozzle water jet model was divided into meshes; 

and the single-nozzle water jet mesh model is shown in Figure 

4. 

As can be seen from Figure 4, the model was composed of 

regular grids, there were 4238 units and 8484 nodes in the 

model. In order to study the wall effect of automotive water 

tank more accurately, the grids near the wall surface of the 

water tank and the nozzle were denser. 

FLUENT software is a professional fluid field analysis 

software with plenty physical models, advanced numerical 

methods, powerful pre- and post-processing functions, and 

secondary development functions; it has the advantages of 

wide application range, high efficiency and time saving, good 

stability and high precision, therefore it has been widely used 

in the fields of aerospace, automotive design, oil and gas, and 

turbine design, etc. This paper applied FLUENT software to 

simulation calculation, and made following assumptions about 

the simulation model in the calculation: 

(1) The calculation used the pressure-based steady-state 

calculation method, and the fluid was Newtonian fluid; 

(2) The calculation models were the VOF two-phase flow 

model and the RNG k-epsilon model. In order to better 

simulate the wall effect, the Scalable Wall Function was 

adopted in the calculation; 

(3) The fluid boundary conditions were: the inlet pressure 

was 1 MPa; the outlet pressure was the same as the ambient 

pressure, both were 0 MPa; the fluid media were water 

medium and air medium included in the FLUENT software; to 

make the simulation calculation more accurate, the cavitation 

effect of water was considered in the model.  

The specific simulation calculation flow in FLUENT is 

shown in Figure 5 below. 

 

 
 

Figure 4. Single-nozzle water jet mesh model 

 
 

Figure 5. Simulation calculation flow in FLUENT 

 

 

4. CALCULATION RESULTS AND ANALYSIS 

 

4.1 Influence of wall effect on water jet direction and wall 

pressure 

 

The distributions of total fluid field of medium water under 

the conditions of different distances between the fluid core and 

the upper wall surface obtained through simulation calculation 

are shown in Figure 6. 

It can be seen from Figure 6 that, among the distribution 

maps, the maximum volume fraction of water was 100% and 

the minimum volume fraction of water was 0%; under the 

conditions of different distances, the distribution positions of 

the maximum volume fraction were different as well. As the 

distance between the fluid core and the upper wall surface 

increased, at a same water jet distance, the volume fraction of 

the water fluid became smaller; the water stream gradually 

moved away from the upper wall surface at the distal end of 

the nozzle, and the direction of the water stream changed more 

easily. The reason for the above phenomenon was that the 

space between the water stream and the wall surface of the 

water tank was relatively limited. When the water flowed on 

the edge of the space at a higher speed, the air near the water 

inside the water tank was taken away by the water stream due 

to the entrainment effect, resulting in pressure decrease in this 

space; as the distance of the water jet increased, the velocity 

of the water jet gradually decreased, and the direction of the 

water stream changed more easily as well.  

The distribution of pressure on the upper wall surface of the 

water tank under different differences between fluid core and 

upper wall surface obtained through simulation calculation is 

shown in Figure 7. 
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Figure 6. Distribution of the total fluid field of medium water at different distances between fluid core and upper wall surface 

 

 
 

Figure 7. Distribution of pressure on the upper wall surface 

under the condition of different distances between fluid core 

and upper wall surface 

 

It can be seen from Figure 7 that, at a same distance between 

fluid core and upper wall surface, with the increase of the 

water jet distance, the pressure on the upper wall surface 

showed a trend of increasing first, decreasing later, then 

remaining unchanged, and decreasing in the end; when the 

distance between fluid core and upper wall surface was 1 mm, 

the pressure on the upper wall surface reached a maximum 

value of 3640Pa at a water jet distance of 0.025mm; when the 

distance between fluid core and upper wall surface was 2mm, 

the pressure on the upper wall surface reached a maximum 

value of 3690Pa at the water jet distance of 0.025mm, too. At 

a same water jet distance, for different distances between fluid 

core and upper wall surface, the pressures on the upper wall 

surface of the water tank were different as well. The reason for 

the above phenomenon was that at the position where the 

distance of the water jet was 0.025mm, the water from the 

water jet was ejected onto the upper wall surface in a large 

amount, resulting in higher pressure on the upper wall surface 

at the position, moreover, due to the influence of the upper 

wall surface, the direction of the water jet changed greatly. 

 

4.2 Influence of wall effect on jet velocity 

 

The distribution of water jet velocity under the condition of 

different distances between fluid core and upper wall surface 

obtained via simulation calculation is shown in Figure 8. 

 
 

Figure 8. Distribution of water jet velocity under the 

condition of different distances between fluid core and upper 

wall surface 

 

It can be seen from Figure 8 that, at a same distance between 

fluid core and upper wall surface, with the increase of water 

jet distance, the water jet velocity showed a trend of increasing 

first and decreasing later; when the distance between fluid core 

and upper wall surface was 0mm and 1mm, the water jet 

velocity reached a maximum value of 46.5m/s at a water jet 

distance of 0.01 mm. When distance between fluid core and 

upper wall surface was 0mm, the water jet velocity decreased, 

this was because the water jet stream had been attached to the 

wall surface of the water tank, and the viscous effect between 

the wall surface and the water had caused the water jet velocity 

to decrease. 

 

4.3 Wall effect between water jet streams 

 

Based on the wall effect of the single-nozzle water jet in 

automotive water tank studied above, in order to better study 

the wall effect between the water jet streams, a double-nozzle 

water jet model was constructed as shown in Figure 9. 

As can be seen from Figure 9, the double-nozzle water jet 

model included the following structures: inlet of nozzle-1, 

inlet of nozzle-2, outlet of nozzle-1, outlet of nozzle-2, 

distance between the two nozzles, the wall surface in the 

computational domain, and the outlet surface in the 

computational domain. The fluid medium water entered the 

water tank from inlets of nozzles 1 and 2, and was ejected from 
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outlets of nozzles 1 and 2, and hit the wall surface and outlet 

surface from all directions. In the model of Figure 9, the 

boundary conditions and nozzle structure parameters of the 

two nozzles were the same. The model was divided into 

meshes in the same way as the single-nozzle water jet model, 

and the obtained mesh model for two-nozzle water jet is shown 

as Figure 10. 

 

 
1, inlet of nozzle-1; 2, inlet of nozzle-2; 3, outlet of nozzle-1; 4, outlet of 

nozzle-2; 5, distance between the two nozzles; 6, wall surface in the 
computational domain; 7, outlet surface in the computational domain 

 

Figure 9. Double-nozzle water jet model 

 

 
 

Figure 10. Double-nozzle water jet mesh model 

 

It can be seen from Figure 10 that the model was composed 

of regular grids, there were 5387 units and 11026 nodes in the 

model. In order to study the wall effect of automotive water 

tank more accurately, the grids of the wall surface near the 

nozzles were denser.  

The same calculation method and flow of the single-nozzle 

model were adopted, after simulation calculation, the obtained 

distribution of the total fluid field of water medium when the 

distance between nozzles was 4mm is shown in Figure 11. 

It can be seen from Figure 11 that when the distance 

between the two nozzles was 4mm, at the distal end of the 

nozzles, the two water jet streams converged, indicating that 

wall effect also existed between the flowing water streams, but 

the convergence position was far away from the nozzles. 

 

 
 

Figure 11. Distribution of total fluid field of water medium 

when the distance between the two nozzles was 4mm 

 

The distribution of total fluid field of water medium when 

the distance between the two nozzles was 2 mm is shown as 

Figure 12. 

 

 
 

Figure 12. Distribution of total fluid field of water medium 

when the distance between the two nozzles was 2mm 

 

It can be seen from Figure 12 that when the distance 

between the two nozzles was 2 mm, the two water jet streams 

converged at the distal end of the nozzles, too. By comparing 

Figures 11 and 12 we can know that, when the distance 

between the nozzles decreased from 4mm to 2mm, the 

convergence position of the water jet streams got closer to the 

position of the nozzles. It can be seen that the two water jet 

streams would converge when they were close to each other, 

and the smaller the distance between the nozzles, the earlier 

the convergence would occur, which was consistent with the 

wall effect of the water tank. 

 

 

5. CONCLUSIONS 

 

This paper constructed an uncertainty model for the fluid 

field in the automotive water tank, conducted secondary 

development in the FLUENT software according to the 

theoretical model, and then constructed models for the single-

nozzle and double-nozzle automotive water tanks to simulate 

the characteristics of the water jet in the fluid field of 

automotive water tank. Through the study of the water jet and 

wall effect in the automotive water tank, it’s found that when 

water approached the wall surface of the water tank, the wall 

effect would occur; after the water contacted the wall surface, 

due to the damping generated by the wall surface, the velocity 

of the water was decreased. Therefore, the position of the 

nozzle should be optimized during the water jet-related design 

and its engineering application, so as to reduce or use the wall 

effect on the water flow. 

In the simulation of two-nozzle water jet, it’s found that 

when the two nozzles were close to each other, the two water 

streams would converge, and its law was consistent with the 

wall effect of the water tank. This phenomenon would reduce 

the jet surface of the water jet, but it would increase the water 

jet distance and velocity. Therefore, when designing 

automotive water tank with multiple nozzles, the mutual 

interference between water streams should be taken into 

consideration. 
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The above research provided an important reference for 

automotive water tank optimization, water tank parameter 

optimization, water tank service life extension, and the 

application of fluid field theory in various industries.  
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