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ABSTRACT 

 

In this study, the spreading profiles of the impinging liquid jets on the superhydrophobic/hydrophobic 

surfaces have been examined experimentally and predicted using experimental data. The liquid jet is sent on 

the flat and smooth hydrophobic surfaces, which have 93, 104 and 117° contact angles, using the glass tube 

nozzle with the 1.75 mm inner diameter. The inclination angles between the jet and surface are altered in the 

range of 15-45°. The predicted profiles compared with the experimental data. The spreading behaviour of the 

impinging liquid jet on the hydrophobic surface is clarified using the predicted equation. The inclination angle 

is a dominant parameter for the profile of the spreading liquid. The predicted equation is in a good agreement 

with the experiments. The front length of the spreading liquid takes the maximum value at a critical 

inclination angle. 

Keywords: Liquid jet, hydrophobic surface, spreading profile, impinging jet. 

 

 

Nomenclature 

Roman 

Lr : rear length of jet spreading profile (m) 

Lf : front length of jet spreading profile (m) 

r0 : radius of jet (m) 

rψ : polar radius (m) 

vjet : velocity of jet (m s-1) 

W : width of the spreading liquid (m) 

Re : Reynolds number of jet = 2r0ρvjet/µ (dimensionless) 

We : Weber number of jet = 2r0ρvjet
2/γ (dimensionless) 

Greek 

α : inclination angle of jet to the surface (°) 

γ : surface tension (N m-1) 

θ : contact angle (°) 

µ : dynamic viscosity (Pa s) 

ρ : density (kg m-3) 

ψ : azimuthal angle of jet spreading profile along the flow (°) 
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1. INTRODUCTION 

 

Liquid jets impinging on the solid surfaces have been widely used for industrial processes and 

applications such as cooling, cleaning, coating, and ink-jet printing [1]. The characteristic of flow 

is important for these processes. Besides the characteristic of flow, the flow patterns formed by 

impinging jet should be also well known [2]. 

When a vertical liquid jet impinges on a horizontal solid surface, the liquid spreads radially as 

a thin film. The velocity of flow in thin film is high and the thickness of the film increases 

abruptly at a certain distance from the impingement zone. Therefore, the thin film is bounded with 

a circular and thick flow. This phenomenon is called as circular hydraulic jump [3]. 

The spreading behaviour of the impinging liquid jet is widely altered with respect to the 

features of the surface and jet. For example, the contact angle of the surface and the inclination 

angle of the jet are some of the dominant parameters for the spreading behaviour of the impinging 

jet. The impinging of a vertical liquid jet does not continue its way on the horizontal 

superhydrophobic surface as a thin film flow and liquid breaks up as droplets after the thin film 

[4]. If the angle between the jet and the superhydrophobic surface is not perpendicular, the liquid 

jet reflects from the surface after spreading a certain area owing to stored surface energy of the 

spreading liquid [5]. The spreading area increases with decrease in contact angle which results in 

the surface energy decreases [6–8]. Therefore, the liquid jet may not get sufficient energy for 

reflection and it flows several consecutive spreading on the hydrophobic surface, called as 

braiding type flow [9]. 

Mertens et al. [9] introduced a theoretical model for spreading profile of the consecutive 

braiding flow pattern on the flat hydrophilic surface. Kibar et al. [5] examined an impingement of 

an oblique liquid jet on the hydrophobic and superhydrophobic surfaces. They classified the 

spreading behaviour of the liquid jet on the solid surface dependent on mainly the contact angle of 

the surface; those were the reflection, braiding, splashing types flow. Kibar [6] performed the 

experimental and numerical studies for spreading of the impinging liquid jet on a 

superhydrophobic surface by considering the energy transformation between the liquid jet and 

spreading liquid, and between spreading liquid and reflection jet, respectively. In that study, the 

stored surface energy of the spreading liquid was considered in both the 2D and 3D. It was 

pointed out that the rate of the surface area of the spreading liquid to wetted area was a dominant 

factor for stored surface energy, which was mainly affected by the contact angle [6]. 

The opposite impinging liquid jets in air resemble the impinging of the oblique liquid jet on 

the hydrophobic surface; in contrast there is no liquid-solid interaction. In the case of impinging 

liquid jet on the hydrophobic surface, the spreading of the liquid is affected by not only the 

internal dissipation in the flow, but also frictional force against the wall, and the capillary force is 

another factor for the spreading at the three phase contact line with respect to the contact angle. 

There have been numerous experimental and theoretical studies about the profile of the impinging 

opposite liquid jets such as [10–12]. 

Figure 2 shows an illustration of an impinging liquid jet on a hydrophobic surface at an 

inclination angle (α). The impingement region is the section of the jet on the plane parallel to the 

surface as an elliptical shape of major axis (2r0/sinα) and minor axis (2r0) [13]. The stagnation 

point is determined by using the theoretical analysis described by [13]. According to this theory, 

the stagnation point is considered as separation streamline with the section of the impingement 

region.  

The distance between the stagnation point and the origin of the jet is calculated using (r0cotα) 

equation. The origin of the polar radius (rψ) is assumed at the stagnation point (S) and the 

boundary of the spreading profile is defined with respect to the polar radius and azimuthal angle 

(ψ), as shown in Figure 2. Wang et al. [14] examined the flow patterns of horizontal and oblique 

liquid jets impinging on the vertical surface and reported the wetting of the surface is a dominant 

factor on the flow patterns. They performed the experiments with bigger inclination angles than 
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45° using the hydrophilic surfaces, which had 39  and 72.5° contact angles and introduced a 

theoretical equation for radius of the film jump with respect to the azimuthal angle, as given in 

Eq. (1). Since the flow pattern in the rope (rim) is complex, they suggested multiplying the jump 

radius with 4/3 and 2 for high and low flowrates, respectively to find the polar radius of the outer 

profile empirically. Therefore, the 4/3 is used to find outer polar radius in order to check the 

validity of this equation at the experimental conditions (e.g. θ, α), in the present study.  
 

𝑟(𝛹)𝑗𝑢𝑚𝑝 = (
9

50

sin9𝛼𝑣𝑗𝑒𝑡
3

(1+cos𝛼cos𝛹)6
𝑟0
6𝜌2

𝜇𝛾(1−cos𝜃)
)
1/4

                                               (1) 
 

where ρ, µ and γ are density, dynamic viscosity and surface tension of the liquid, respectively; 

vjet is velocity of the liquid jet. 

Aouad  et al. [15] examined the outer spreading profile of the impinging liquid jet on the 

hydrophobic (θ>90°) surface by using the 3 different theory for 4 zone. In the present study, this 

profile is examined by using the unique one empirical equation with the governed non-

dimensional numbers and the results are compared with the theory, which was introduced by [14] 

and [15]. 

The spreading profiles of the impinging liquid jet on the hydrophobic surfaces have been 

examined experimentally. The predicted equation has been introduced based on the experimental 

results. The scope of this study is that to introduce a unique global empirical equation to 

determine the spreading profile, maximum width, and spreading length of the impinging liquid jet 

on the hydrophobic surfaces.  

 

2. EXPERIMENTAL MATERIALS AND METHODS 

 

The distilled water was pumped from a tank to a glass tube as a nozzle with 1.75 mm inner 

diameter. The flowrates were adjusted using the precision needle valve and measured by the 

flowmeter. The nozzle was attached by a rotatable clamp, and thus inclination angles were 

adjusted with this clamp. The distance between the nozzle and surface was kept at ~5 mm during 

the experiments in order to avoid a break-up of a jet. Three different flat and smooth Teflon 

sheets, which had 93, 104 and 117° contact angles, were used as hydrophobic surfaces, as shown 

in Figure 1. These surfaces were attached on the plexiglass sheet using the two-sided adhesive 

tape and located vertically. Liquid jet is pumped on the surface with the inclination angles in the 

range of 15−45°. Distilled water was used for the liquid jet during the experiments. The images of 

the spreading liquid on the surface were recorded to the computer using a CCD camera. These 

images were analysed to define boundary profile of the liquid. The projection areas were 

considered for the definition. Otherwise, the wetted areas were slightly smaller than projection 

area because of the contact angle.  

 

 
 

Figure 1. The contact angles of liquid droplets on the hydrophobic surfaces. 

 

The images were analysed to determine the boundary of the spreading liquid, as shown in 

Figure 3. The seventeen azimuthal angles (Ψ) were used to define polar radius r(Ψ) around the 

stagnation point, including 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 155, 160 165, 170, 175, 

180°, as shown in Figure 3. Half of the boundaries were used for polar radius since they were 

symmetrical. Boundaries of the all data were determined and these data were used to define 

spreading profile using a unique equation. The least-square method was employed to fit the 
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experimental data to a straight line. Figure 4 shows the accuracy of the Eq. (2). Mean relative 

percentage error was 10.2 with the limitation of the dimensionless groups as follows; 

Re:1800−6000, We:20−300, α:15−45° θ:93−117°. The spreading profile was investigated 

dependent on this accuracy.  

 

 
 

Figure 2. Schematic profile of the impinging oblique liquid on the hydrophobic surface. 

 

 
 

Figure 3. Azimuthal angles which used to determine the profile of the spreading liquid. 
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Figure 4. Comparison of the experimental profile of the spreading liquid with predicted by Eq. 

(2). 

 

3. RESULTS AND DISCUSSION  

 

In order to determine the spreading profile of the impinging liquid jet on the hydrophobic 

surfaces, several experiments are carried out and the experimental data are compared with the 

predicted model in the present study. In addition, both of the data are also compared with the 

theoretical model, which was introduced by  [14]. The maximum spreading width, rear and front 

lengths with respect to the stagnation point were also analysed using the predicted equation. 

Therefore, the profile, maximum width, and rear/front lengths of the spreading liquid will be 

determined using a unique global empirical equation. Figure 5 shows an example of the predicted 

profile on an experimental result.  

 

 
 

Figure 5. The comparison of the predicted and experimental results. 
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3.1. Spreading Profile 

 

When a liquid jet impinges on a hydrophobic surface at an angle, it spreads on the surface 

around the stagnation point. The lateral extension of the liquid is limited by the surface tension 

and spreading liquid gathers together at a certain distance from the stagnation point [5]. 

Therefore, the impinging jet forms close to an elliptical shape on the surface. The spreading 

profile and behaviour (reflection, braiding etc.) are mainly determined with respect to the contact 

angle of the surface, inclination angle of the jet and physical properties of the liquid. 

The outer profile of the spreading liquid is described by Eq. (2) using the governing non-

dimensional variables of the flow, including the Weber number (We), Reynolds number (Re), 

contact angle (θ), inclination angle (α) and azimuthal angle (ψ). It is obtained by regression 

analysis of experimental data. The length of the spreading liquid is defined using the rear (Lr) and 

front length (Lf) with respect to stagnation point, as shown in Figure 2. The polar radiuses related 

to azimuthal angles are defined as a Cartesian coordinates using the Eqs. (3) and (4). The profile 

of the spreading liquid is predicted by empirical equation based on the experimental data, and it is 

considered with respect to stagnation point between the azimuthal angle 0 to π (Figure 2).  
 

𝑟(𝛹)

𝑟0
= 0.2Re0.3We0.4[1 + cos(180 − 𝜃)]−0.5 [

(sin𝛼)2.2

(1+cos𝛼 cos𝛹)
]
1.34

[𝑒𝛹 𝛱⁄ ]
0.65

                      (2) 
 

𝑥 = 𝑟(𝛹)cos(90 − 𝛹)                                                                    (3) 
 

𝑦 = 𝑟(𝛹)sin(90 − 𝛹)                                                                          (4) 
 

Figure 6 shows the examples of the spreading profile at different Weber numbers. The 

spreading area increases with the increase in the Weber number. The predicted profiles are almost 

in a good agreement with the experimental data. The inclination angle is a dominant factor for the 

profile, namely for the width and the length of the spreading liquid. If the inclination angle is low, 

the less liquid is directed to the upward from the impact zone results in the Lr will be low. If the 

jet angle is increased, the more liquid will be directed to the upward results in the bigger Lr. There 

are two components of the liquid jet velocity. First one is perpendicular to the surface and the 

other one is parallel to the surface. Liquid velocity component parallel to the surface is high at the 

low jet angle. Therefore, the length of the spreading profile is bigger than width since the 

inclination angle is lower than 45° in the present study. 

 

 
 

Figure 6.  The spreading profile of the impinging liquid jet, α:30°, We:134, 170 and 232. 
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3.2. Spreading Width 

 

The widest location of the spreading is important for cleaning and wetting applications [14]. 

Accordingly, the widest (maximum) widths are examined depends on the We number, inclination 

angle and contact angle in the present study. 

Figure 7 shows the variation of the half-width of the spreading liquid with the azimuthal 

angles. The horizontal axis of the polar radius (x) increases with the increase in the azimuthal 

angle and after the maximum value it starts to decrease. This maximum value represents the 

maximum half-width of the spreading liquid. As it can be seen in Figure 7, the maximum width 

increases with the increase in the inclination angle, that means the liquid spreads a larger area 

laterally on the surface. However, the widest width occurs at the different azimuthal angle for the 

different inclination angle. The azimuthal angles, of which are occurred the maximum half-width 

(widest width), decreases with the inclination angle. These outcomes are also supported by the 

equation introduced by [14], as seen in Figure 7. In addition, the azimuthal angles, of which are 

occurred at maximum widths, are almost obtained the same for both equations.  

 

 
 

Figure 7. The half-width of the spreading liquid for different inclination angles. y axis represents 

the horizontal component of the azimuthal angle. 

 

Figure 8 shows the variation of the half-width of the spreading liquid with the azimuthal 

angles at the different Weber number. All geometrical variables of the spreading liquid (spreading 

area, length, and width) increase with the increase in the We number. However, the azimuthal 

angles, which are occurred at the widest width, aren’t affected by the Weber number, as seen in 

Figures 8a and 8b. This outcome is also supported by the theory, which was introduced by [14]. 

These results suggest that the inclination angle is a dominant factor for the spreading shape of the 

impinging liquid on the hydrophobic surfaces. 

 

3.3. Spreading Length 

 

Figure 9a shows the length of spreading liquid including the front (Lf) and rear (Lr) lengths, 

obtained by Eq. (2). To obtain the Lr and Lf, 0 and 180° are used for the azimuthal angle (ψ) in 

Eq. (2), respectively. Both the front and the rear lengths increase with the increase in the 

inclination angle at the beginning. However, the increasing rate decreases and increases with the 

tilt angle for the Lf and Lr, respectively. On the other hand, the Lf reaches a maximum value at 
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~33° inclination angle and then decreases with further increase in inclination angle after this 

value, as seen in Figure 9a. Although both the Lf and Lr increase with the increase in We number, 

the inclination angle, which the maximum reachable value of the Lf, isn’t affected by the We 

number, as seen in Figure 9a.  

 

 
 

Figure 8. The maximum width of the spreading liquid at different We number, θ=117°. 

 

With increasing the inclined angle, the tangential velocity component of the liquid jet 

decreases while the normal velocity component of the liquid jet increases. Lr increases due to with 

the increase in the normal component of the liquid jet. However, Lf is affected by the width of the 

spreading liquid indirectly. The kinetic energy of the liquid jet is transformed to the surface 

energy when the impinging liquid jet spreads on the surface [6]. Some of the kinetic energy is 

dissipated due to viscous and skin friction forces. Therefore, at the maximum width this 

transformation is altered and the spreading liquid is gathered after the maximum width owing to 

surface tension of the liquid. Thus, the spreading liquid reaches its maximum width far away from 

the stagnation point both vertically and laterally with increasing the inclination angle, and the 

vertical gathering distance of the liquid increases. These two results indicate why the Lf increases 

with the inclined angle in the range of 0 to maximum value, although the tangential velocity 

component of the liquid jet, which is effective for Lf, decreases.  

On the other hand, the kinetic energy of the liquid jet isn’t affected by the inclination angle of 

the jet since the energy is scalar. However, the spreading kinetic energy decreases with the 

transformation of the surface energy by the increasing of the spreading area, which increases with 

the inclination angle. Besides, the viscous dissipation increases as well. Consequently, no excess 

vertical inertia of the liquid remains to lengthen the spreading liquid after the critical inclination 

angle. The Lf is not supported by the theory, which was introduced by [14], as seen in Figure 9b. 

Wang et al. [14] considered the polar radius between the azimuthal angle 0 to 90°, namely they 

examined the profile up to the maximum width. Therefore, their theory is almost agreed with the 

present study only for considering the width of the spreading liquid. In order to examine profile of 

the jet, the theory which was introduced by  [14], is valid for the width and diminish for the 

length.   
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a)  

  
 

b) 

  
 

Figure 9. Front and rear lengths of the spreading liquid on the hydrophobic surface, θ:117°, a) 

present study b) Wang et al. [14]. 

 

4. CONCLUSION 

 

The spreading boundary profiles of the impinging liquid jets on the hydrophobic surfaces 

have been examined. The outer contours are predicted empirically and the empirical equation is 

compared with the theory in the literature for the hydrophilic surfaces.    

The azimuthal angles, where the widest widths occurred, are only affected by the inclination 

angle. The forward length of the spreading profile of the impinging liquid jet increases with the 
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increase in the inclination angle and takes a maximum value at a critical angle. It decreases with 

further increase in the inclination angle. This critical angle also is not affected by the Weber 

number. The theory in the literature is in a good agreement with the predicted equation in the 

study for the azimuthal angle, where the widest widths occurred. 
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