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Abstract : 

The purpose of the present paper is to study experimentally a free impinging axisymmetric jet 

on a moving surface. Comparisons of the experimental data and the numerical simulations 

using Star CD software have been made in order to validate the numerical procedure. Since 

heat transfer efficiency of cooling process is controlled by hydrodynamic field, the first step is 

to check if numerical results are in agreement with experimental data. The final goal is to 

simulate the cooling of rolling process in steel making. Experiments have been carried out 

with tap water and with two nozzle diameters (17 and 20 mm).  
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Nomenclature 

D nozzle diameter, (m) 

Dsimu corrected nozzle diameter used for numerical simulation, (m) 

g acceleration of gravity, (m/s²) 

H distance between nozzle and the plate, (m) 

hsimu corrected distance between nozzle and the plate used for numerical simulation, (m) 

H  dimensionless distance, 








D

H
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Q volumetric flow rate of the liquid jet, (m
3
/s) 

RJu radius of the hydraulic jump, (m) 

juR  dimensionless radius, 










D

R ju
 

Re Reynolds number of the jet, 












 DV j ..
 

VI average impact jet velocity, (m/s) 

Vj average jet exit velocity, (m/s) 

Vjsimu corrected average jet exit velocity used for numerical simulation, (m/s) 

VS velocity of impingement surface, (m/s) 

SV  dimensionless surface velocity, 














j

S

V

V
 

We Weber number, 














DV j ²..


 

x,y,z coordinates measured from the impingement point, (m) 

juY  position of the first minimum, (m) 

 

greek letters 

water volume fraction of water 

 dynamic viscosity (kg/ms) 

 kinematic viscosity (m²/s) 

water density of water, (kg/m
3
) 

m density of mixture, (kg/m
3
) 

 surface tension, (kg/s²) 
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1. Introduction 

 

Impinging jets are known to ensure high heat and mass transfer coefficients, so these are used 

in many industrial applications. In steel making, impinging water jets are widely used in 

rolling processes. In paper making, impinging air jets are also the best way to dry the paper. 

Experimental, analytical and numerical studies have provided numerous data on free 

impinging jets, submerged jets or confined jets ; data are most often concerned with heat 

transfer capabilities of free or submerged impinging jets. The presence of a moving plate 

results in a much more complicated flow structure, but it is realistic in the potential industrial 

applications. As the heat and mass transfer beneath an impinging jet depend on the nature of 

the flow field, full understanding of the flow structure is necessary to understand the 

associated heat and mass transfer phenomena. 

 

Valuable results on free surface impinging jets can be found in the literature. The theory of 

film flows is widely described in the precursor works of Watson [1]. Watson found 

analytically the expression of the velocity fields of the four flow regions [1] using boundary 

layer theory. He divided the flow radially into a stagnation region, a boundary layer region 

with surface velocity equal to the jet velocity, a region of decreasing free surface velocity, and 

lastly a hydraulic jump. So, he expressed the solution in a self similar manner. Nakoryakov et 

al. [2] discussed Watson’s analytical results with their experiments. Azuma and Hoshino [3] 

experimentally verified Watson’s expression for laminar boundary layer, similarity region and 

film thickness using laser-Doppler measurements. Stevens et al. [4] have compared 

measurements of the velocity profiles (LDV), layer depth and free surface velocity with 

analytical predictions. They have shown that the maximum velocity in the layer is not at the 

free surface for r/d < 2.5 ; thus, this invalidated the assumptions of many analytical models for 
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this region of the flow. So, for the last three or four decades, film flows have been widely 

studied ; velocity fields of each region have been found and these can be used to study the 

convective heat transfer problems [4-6]. Bohr et al. [7] showed that the radius Rju of the jump 

can be estimated through the scaling relation 8

1

8

3

8

5

..~


gQR ju   where Q is the volume flow 

rate,  is the kinematic viscosity and g is the gravitational acceleration. 

 

Despite the great practical importance in cooling of rolled metals, jet impinging on moving 

surface received much less attention. One can notice the studies of Zumbrunnen et al. [8-9]. In 

the case of plane jet, they have shown that the moving surface strongly influences the flow 

field and the heat transfer. The water from the nozzle is divided when it impinges the plate 

(moving or not); the flow can be opposed or in the direction same as that of plate motion. The 

transport of the fluid away from the stagnation line can be facilitated by the moving plate. 

However, on the other side, fluid is entrained and could penetrate again the impingement 

region (beneath the jet). For axisymmetric water jet impinging a moving plate, the flow 

structure is much more complicated because the jet divides in all directions, but one can 

observe the same phenomena of re-entrainment of the fluid. Zumbrunnen [8] solved the 

Navier-Stokes equations by similarity analysis; the heat and mass transfer distributions were 

determined by solving numerically the conservation equations for energy and species. He 

concluded that the influence of the surface motion on fluid flow is confined to a thin region 

which can be represented by the velocity boundary layer thickness for a plane jet impinging 

on a stationary surface. Convective heat transfer is unaffected by the surface motion when the 

surface temperature is constant along the impingement surface. But in the case of a spatially 

dependent temperature, convective heat transfer is dependent on the dimensionless surface 

velocity SV . In most applications using impinging jets, surface temperature decreases in the 

direction of surface motion. More recently, Chattopadhyay and Saha [10] numerically studied 
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the flow field for the impinging of a rectangular submerged jet on a moving surface for 

moderately high Reynolds number (Re = 5800) using the large eddy simulation technique. 

They provided a large database of turbulent quantities for such a configuration. 

 

2. Experimental set-up 

 

The configuration considered is that of one axisymmetric impinging jet. The fluid used is 

water at 20°C ( = 1000 kg.m
-3

 and  = 10
-3

 Pa.s). The jet impingement set-up used for the 

experiments is a transparent closed loop but which is opened to the atmosphere, containing a 

pump and an electromagnetic flow meter as shown in Fig. 1. The jet issues at 20°C from a 17 

mm (or 20 mm) nozzle diameter and impinges on the moving surface perpendicularly. 

 

The moving surface is a plastic strip which is stretched between two rollers. It is stretched 

enough to prevent deformation by the impact of the water jet. The width of the plastic strip is 

large enough for the jet expansion but water can flow by the sides. This moving strip is driven 

by an electric motor and its speed is measured by a tachometer. 

 

 2.1 Hydraulic jump visualisation  

 

As hydraulic jump is a phenomenon which is supposed to be stationary, there is no need to 

use videos or high-speed videos. These phenomenon can be easily visualised. At first, a 

picture “grid” is taken before each experiment. Then, a set of pictures of the impinging jet is 

recorded. Then, the picture “grid” is superimposed on the photographs. So, the detailed 

pattern of the hydraulic jump can be easily measured (see Fig. 2). The mesh dimension 

showed is equal to 1 cm but another grid whose mesh is equal to 0,5mm is available. The 
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position of the hydraulic jump is identified in the Cartesian reference frame shown in Fig. 2 

using a minimum of 25 points. The origin O of the reference frame is chosen at the centreline 

of the impinging jet when there is no strip motion. In our conditions, the jet flow is always 

turbulent so some unstable disturbances can be carried to the film flow. To reduce these 

effects on the jump position, each experiment is carried several times. 

 

Each experiment refers to one speed of the strip, to a height (distance between the nozzle exit 

and the moving strip) and to one flow rate (outlet velocity of the jet). Table 1 gives the 

experimental test conditions. 

 

 2.2 flow simulation 

 

Release 3.15 of Star CD software has been used for every simulation of impinging jet on the 

moving strip. In this study, the volume of fluid model (VOF) proposed by Hirt and Nichols 

[11] was used to calculate the shape of the free surface of water jet impinging on the flat 

moving plate. The VOF model is designed for two (or more) immiscible fluids. What interests 

us is to well simulate the position of the interface between the fluids (air and water). In the 

VOF model, a single set of momentum equation is applied to the fluids. The properties of the 

mixed fluid are determined by the presence of the component phases in each control volume. 

The scalar value of water is defined by the ratio of the heavy fluid volume to the total fluid 

volume. The transport equation of the volume of fraction water is : 

 

    0.... 



U

t
waterwaterwaterwater         (1) 

 

The global continuity equation for the mixture is : 
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0 U
Dt

D
mm            (2) 

However, the VOF method requires additional closure equations before it can be applied to 

turbulent flows. k- turbulence models have proved to be sufficient for many engineering 

problems. Figure 3a shows the geometry of our interest, the associated boundary conditions 

and the coordinate systems used in this study. The grid is divided in two main parts : one is 

the upper part of the moving plate, the other one is the lower part of the nozzle. The grid was 

refined in close wall in order to correctly treat the two layers model (Wolfshtein model [12] or 

Norris and Reynolds [13]). In order to reduce the size of the calculation domain, the jet 

velocity is supposed to be Vjsimu instead of Vj. It exits at hsimu instead of H from a nozzle 

diameter equal to Dsimu instead of D. These new parameters are calculated assuming the 

gravitational acceleration. Finally, the flow is supposed to be symmetric with respect to the 

symmetry plane (Figure 3). 

 

  Numerical procedure 

VOF model is activated in order to track the interface between air and water. As isotropic 

eddy-viscosity models produce excessive turbulent kinetic energy in impingement regions due 

to an unrealistic simulation of the normal turbulent stresses. So, the turbulence is modelled 

assuming a non-linear k- model (quadratic/high Reynolds number) because of the great 

anisotropy of the flow in the case of impinging jets. This turbulence model has been first 

associated with the Wolshtein model [12]. This model consists of resolving the viscosity-

affected regions (close to wall) with a one-equation model, while the outer core flow is 

resolved with the k- model. In this one-equation model, the eddy-viscosity is made 

proportional to a velocity scale and a length scale. Using a two-layer model, a very fine mesh 

is then required near the wall. Typically, the cell dimension was 11,4m which corresponds to 
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934,0
.




 z
z

w
 ; where w  is the wall shear stress and z the distance to the wall. As 

the results of the calculation can be greatly influenced by the grid in the zone close to the 

wall, we made tests with different grids. One with 15 non-uniform meshes on a 3 mm 

thickness, the other one 20 non-uniform meshes on a 3mm thickness. For spatial 

discretization, we tested first a second order MARS scheme (Monotone Advection and 

Reconstruction Scheme)and an implicit scheme for the temporal discretization (reference 

case). 

  Boundary conditions 

The whole domain has been divided in three main parts:  

- the velocity inlet (water = 1) and the jet nozzle (wall with no slip condition) 

- the jet development zone (pressure imposed and no inlet of water) 

- the impingement plate (moving wall with no slip – k = 0)  

 

In the present paper, three different cases have been simulated (Table 2). These have been 

chosen for the velocity ratio 
SV  (1.02, 1.53 and 5.1). 

 

3. Results and discussion 

 

3.1 Hydraulic jump position 

In the case of an axisymmetric jet impinging on a static surface, the hydraulic jump will be 

circular. As Watson [1] demonstrated, the radius of the hydraulic jump can be estimated from 

different parameters such as Q, a, and g. If the impingement surface moves with a constant 

velocity VS, then the hydraulic jump position depends on the velocity ratio SV  as well. The 

hydraulic jump’s position can be estimated (with 25 points) from visualizations obtained for 
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the different test conditions (Fig. 4 and 5). From each hydraulic jump position, two more 

parameters can be calculated: 

- juY  : position of first minimum 

- juR : radius of jump’s curvature at the first minimum 

 

The position of the first minimum is found by approximating the measured points (hydraulic 

jump) with a polynomial of second order ( cbxaxy  ² ); the first minimum corresponds to 

the constant c of the polynomial. The radius of curvature of the jump at the first minimum is 

derived from the polynomial expression (Eq. 3). 

 

 

²1

²1
5,1

ba

b
R ju




           (3) 

 

This curvature depends on the speed of the moving strip and on the volumetric flow rate of 

the liquid and its properties. So, juR  is a function of the following type : 

 

),,,,,,( Sju VQHDfR          (4) 

 

According to the Buckingham -theorem, the relation Eq. (4) can be written by means of four 

dimensionless groups. 

 












































².

.

.

.². 3

Q

D

D

H

Q

D

Q

DV
A

D

R
Sju

       (5) 
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The groups on the right side of Eq. (5) are respectively the velocity ratio SV , the Reynolds 

number, the height ratio H  and the Weber number. The values of the exponents  ,,,  

and the proportionality coefficient A have been determined by the least square method. The 

resulting relationship is as follows : 

 

058,0607,00073,044,0

..Re..0033.1 WeHVR Sju         (6) 

 

The calculated dimensionless radius juR  versus the measured dimensionless radius is plotted 

on Figure 6 from which we conclude that equation (6) correlates experimental results 

satisfactorily. We noted that the deviation of the experimental values to equation (6) not 

exceeds ± 20%. These results are applicable within the following limits of the dimensionless 

groups: 

64.604.1 juR ; 1.542.0 SV ; 369006800Re  ; 82.89.3 H ;

-3-3 x105.25x1086.0 We . 

 

3.3 Numerical results 

The numerical results are compared to the experimental ones in order to validate the 

numerical procedure. The main problem appears to be the choice of the near-wall treatment 

and thus the choice of the turbulence model. In our cases, the two layers model of Wolfshtein 

[12] has been used in order to treat the near-wall region. As the flow is very anisotropic, a non 

linear quadratic k- model has been used to account for the anisotropy of the jet impingement. 

Figure 7 shows a comparison of the three cases (Table 2) which have been modelled. In all 

cases, the numerical simulation seems to be showing the same trend as that of the 

experimental data. 
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Sensitivity to the grid 

The sensitivity of calculation to the grid was tested by taking a case test (case 1 – see Table 

2). The conditions are the same ones as before, the grid is refined along axis z (20 meshes on 

a 3 mm thickness). One does not notice notorious improvement (see Fig. 8) so we have 

conserved the first grid. 

 

Sensitivity to temporal discretization 

Implicit scheme has been first tested with a time discretization equal to 5.10
-3

s. Using a 

second order scheme (Crank-Nicholson) implies the use of a shorter time discretization  

(5.10
-4

s) because of a possible numerical diffusion error. The results are slightly improved 

(Fig. 9). 

 

Sensitivity to near wall treatment 

The first model tested was that of Wolfshtein [12] but it appears that the model of Norris et al. 

[13] although a little less sophisticated either more robust to treat correctly our case (Fig. 10). 

 

Finally, the comparison between experimental and numerical data tend to confirm the validity 

of the numerical model used in the flow field simulation for the water jet impinging a moving 

wall (Fig. 11) 

 

4. Concluding remarks 

 

Experimental and numerical investigations were carried out on impinging jet on a moving 

plate for various jet and plate velocities as well as for various nozzle diameters and heights. 

The position of the hydraulic jump has been measured thanks to visualizations. A power 
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relation has been derived for calculating the radius of the jump in which the Reynolds and 

Weber numbers take place even if it appears that the main parameters are the dimensionless 

velocity and the dimensionless height. For industrial purposes involving this kind of flow, it is 

useful to well predict local heat and mass transfer coefficients which result from this 

complicated boundary layer flows. Turbulence modelling based on a k-e model and near wall 

treatment has shown that quantitative results are quite good compared to the experimental 

ones. Finally this paper shows that the prediction of heat surface coefficient by CFD 

calculations can be possible with some cautions. 
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Jet velocity Moving strip velocity 

2.17 m/s    2.65 m/s    1.99 m/s 

1.4 m/s  2.35 m/s    2.04 m/s    1.53 m/s    1.02 m/s 

1 m/s  2.35 m/s    2.04 m/s    1.53 m/s    1.02 m/s 

0.41 m/s  2.04 m/s    1.53 m/s    1.02 m/s    0.51 m/s 

 

 

Table 1 : test conditions  
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SV 

Vj 

(m/s) 

Vj simu 

(m/s) 

VS 

(m/s) 

D 

(mm) 

Dj simu 

(mm) 

D 

(mm) 

H 

(mm) 

hsimu 

(mm) 

VI 

(m/s) 

Case 1 5.1 0.41 1.46 2.04 17 9 8.2 150 50 1.76 

Case 2 1.53 1 1.72 1.53 17 12.96 12.06 150 50 1.99 

Case 3 1.02 1 1.72 1.02 17 12.96 12.06 150 50 1.99 

 

Table 2 : parameters of the flow simulation 

 

Vb 

Vi 
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Figure 1 : scheme of the flow loop 
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Figure 2 : example of “grid” picture and hydraulic jump pattern recognition 

x 
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Figure 3a : calculation domain and the associated boundary conditions 

 

 

 

 

 

 

Figure 3b : grid 
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Figure 4 : hydraulic jump visualizations for different surface velocities 

Vj = 1 m/s and 11.0H  



 20 

 

Figure 5 : hydraulic jump visualizations for different surface velocities 

Vj = 1.4 m/s and 11.0H  
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Figure 6: Comparison of the experimental radius of the jump with that calculated by Eq. (6) 
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Figure 7a : jump position - JV  0,41 m/s and SV  2,04 m/s  1.5SV  
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Figure 7b : jump position - JV  1 m/s and SV  1.53 m/s  53.1SV  
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Figure 7c : jump position - JV  1 m/s and SV  1.02 m/s  02.1SV  
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Figure 8 : grid sensitivity 
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Figure 9 : temporal scheme sensitivity 



 24 

0 1 2 3 4 5 6 7

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

Y
 [

c
m

]

X [cm]

Case 1
Norris & Reynolds [13]
Wolfshtein (reference)

0 1 2 3 4 5 6 7

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

Y
 [

c
m

]

X [cm]

Case 1
Norris & Reynolds [13]
Wolfshtein (reference)

 

Figure 10 : near wall treatment sensitivity 
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Figure 11 : final parameters choice 

 


