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Abstract: Wiping system are widely employed in industrial processes to remove liquid residue from 
the final product. Therefore, the performance of the impingement of a gas jet upon a liquid surface 
or molten bath is relevant in many industrial and metallurgical processes. This work is focused on 
wiping systems used in steel cold rolling, where a system composed of air jets impinging on the 
steel strip should remove the thin film of lubricant emulsion coming from the rolling bite. In the 
bibliography there are references of analytical cases of reduction of coating thickness by means of 
an air jet, such as galvanizing processes, which do not take into account surface tension. In the case 
of drying systems film rupture exists. A lot of variables are implied in the film rupture theory. Upon 
all of them the most important variable is the surface tension. The aim of this work is to study the 
influence of surface tension in film rupture. For this reason, a model of a jet wiping a film of water 
upon a strip is developed with and without surface tension. 
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1. Introduction 

A high drying efficiency of the final product is essential for many steelmaking processes in order 
to obtain the quality required by customers. Many devices, commonly found in tin plate or cold 
rolling lines, are based on high velocity jets which wipe the liquid from the surface. The effectiveness 
of the drying depends on the jets configuration: size of the nozzle, distance to the strip and angle of 
blowing. In general, the liquid is in thin-film shape which make the problem attractive to be solved 
analytically; in fact, there are models of liquid films through a steel strip for different steelmaking 
processes. 

In the bibliography there are many references to the analytical model that relates pressure with 
final thickness. Thornton and Graff [1] developed an analytical model for a hot dip galvanizing 
process. Ellen and Tu [2], made a better approximation by including in the formula of Thornton and 
Graff the shear stress by means of a boundary condition. 

However, most of such models are restricted to a high viscous fluid, and without film rupture 
which drives to not discard the surface tension effect. In case of wiping processes, film rupture has 
to be taken into account, so it is necessary to take into account the surface tension in order to achieve 
the solution of the problem. Moriarty, Schwartz and Tuck [3] develop an analytical model of a drop 
of water wiped horizontally by means of an air jet, taking into account the surface tension. 

The objectives of the present study are to study the effects of the surface tension in the resolution 
of a wiping problem and to analyze the 3D effects of the air jet. For this purpose, a CFD model in 
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ANSYS FLUENT was developed in order to evaluate the behavior of a water film on a horizontal 
continuous strip being blown by a pressure jet. 

2. Numerical Model 

The simulation of the model was made in ANSYS FLUENT 16.0, which uses the finite volume 
method in order to resolve the Navier-Stokes equations. The mesh (Figure 1), built in ANSYS ICEM 
CFD, is structured and composed of 1M hexahedrical cells. Mesh quality, assessed by the determinant 
of the jacobian matrix (Determinant 3 × 3 × 3), is above 0.7. 

 
Figure 1. General view of the mesh. 

For the resolution of the multiphase model, the VOF (Volume Of Fluid) model has been selected, 
being the interface model set as “sharp”. This method has been validated experimentally by several 
authors in galvanizing models [4]. 

The simulation was carried out in transient regime since the process in completely unsteady, 
although the boundary conditions remain steady during each simulation. The temporal term is 
approximated by an implicit first order scheme. The velocity-pressure pair was reproduced through 
a SIMPLE algorithm. The upwind scheme has been used for the discretization of the convective terms, 
while classical approximation for centered references has been used for the diffusive terms. The time 
step was set at 10−4 and the residuals was set at 10−5. The choice of turbulence model has been based 
on numerous papers [5,6], where the RNG k-ε combined to “Non-equilibrium Wall Functions” is 
strongly recommended. The input thickness is set by the modification of the input conditions, more 
exactly with the velocity inlet. The details of the boundary conditions can be seen in Figure 2. 

 
Figure 2. Geometry and boundary conditions. 
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Eight simulations were made with surface tension and eight simulations without surface tension 
for an initial thickness of water layer of 2 mm. In the same way, six simulations are carried out with 
and without surface tension for an initial thickness of 0.1 mm. In total, 28 simulations are carried out 
(Table 1).  

Table 1. Simulations. 

With/Without Surface Tension 
t = 2 mm t = 0.1 mm 

Air Pressure [Pa] Air Pressure [Pa] 
22,000 5000 
33,000 10,000 
60,000 22,000 

100,000 33,000 
150,000 60,000 
221,000 100,000 
300,000  
350,000  

3. Analysis of the Results and Discussion 

3.1. Average Thickness of Water at the Outlet 

In order to perform a first analysis of the influence of the surface tension, the average final 
thickness is obtained for different jets pressures that are shown in the Figure 3. The arithmetic average 
of the 500 data taken from the model was made in order to obtain these average thickness. That is 
translated into 0.05 s of simulation, or 0.65 m of strip. As can be seen in Figure 4, surface tension 
appears to have no effect on the average thickness which remain after the nozzle wiping. 

 
Figure 3. Outlet and inlet of the flow in the simulation domain. 

a)  b)  

Figure 4. Average thickness at the outlet for initial thickness 0.01 (a) mm and 2 mm (b). 
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3.2. Waves Analysis 

In order to know the performance of the layer of water at the outlet of the domain, the outlet 
thickness is shown as a function of time, Figure 5. This signal is processed by FFt techniques (Figure 
6) in order to identify presence of waves of ordered structure on the surface of the coating. 

In the Figure 6 at the right, there is a dominant frequency of 100 Hz. This frequency can be related 
with the wavelength (λ) of the wave of water by means of the following equation: 𝜆 = 𝑉𝑜 𝑓⁄    

Where 𝑉𝑜 is the velocity of the strip (13 m/s), and 𝑓 is the freciency of the peack of the spectrum. 
For the case with surface tension, the wavelength is 0.13 m. This wavelength can be easily appreciated 
in the plot that relates outlet thickness in function of time (Figure 5). 

In the same way, the dominant frequency of the case without surface tension (Figure 6) is 40 Hz. 
The wavelength is equal to 0.33 m (Figure 5). The generation of this waves is related with the 
turbulence of the air jet and the vortex detachment. 

  
Figure 5. Thickness vs. distance ((Left) with surface tension, (Right) without surface). 

  
Figure 6. Thickness spectrum ((Left) with surface tension, (Right) without surface). 

4. Conclusions 

In the elaboration of this work, the following conclusion were reached: The effect of the surface 
tension does not affect in an evident way the final thickness of the resulting layer after the sweep and 
using spectral analysis, we can know if there are waves or not and know their wavelength. 
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