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INTRODUCTION 

Forced-convection drying of liquid 

coatings by impinging air is generally 

characterized by empirical heat and mass 

transfer coefficients. These reveal nothing 

about the flow and distortion of a freshly 

deposited layer of liquid by the pressure 

and shear stresses exerted by the turbulent 

or possibly laminar impinging air flow. 

Outside the impingement zone the non-uniformities produced by those stresses tend to diminish 

                                                   
1 Unpublished. ISCST shall not be responsible for statements or opinions contained in papers or 
printed in its publications. 
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Figure 1. Effect of air impinging on a liquid 
        coating 



as the solvents evaporate and the layer loses mobility when it thins and grows more viscous; see 

Figure 1. 

 

THEORETICAL MODEL 

We used a combination of models 

that represent well the physics of 

impingement, as shown in Figure 2. 

Mass transfer, heat transfer, and 

layer distortion produced by 

pressure and shear of impinging 

two-dimensional air jets were 

investigated by coupling the stream 

function and vorticity equations of inviscid impinging flow with the boundary layer equation 

system that includes the flux of evaporating solvents to the gas above the liquid layer; the inflow 

is given by simple formulas for free jet flow. The equations in the impingement zone are: 

Stream function and vorticity, 
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and boundary layer of temperature 
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1. FREE JET FLOW
LAMINAR, SIMPLE FORMULA, WELL-KNOWN
Velocity, Uniform Pressure

2. IMPINGEMENT FLOW
2D, INVISCID BUT ROTATIONAL
Velocity and Pressure Fields

3. BOUNDARY LAYER OF VELOCITY
1D, LAMINAR
Velocity, Shear Stress

4. BOUNDARY LAYERS OF
CONCENTRATION & TEMPERATURE 

2D, LAMINAR
Concentration, Temperature
Mass (evaporation) & Heat Flux Distributions

5. FILM FLOW WITH
CONCENTRATION & TEMPERATURE

1D, LAMINAR
Thickness, Concentration, Temperature
Liquid Flux, Mass and Heat Flux
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Figure 2. Combination of models 



The liquid layer in the wet-stage of drying was modeled with a viscocapillary film-flow equation 
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together with conservation of mass 
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and conservation of heat energy 
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These equations were solved by Galerkin/finite element methods and 0th order continuation.  

 

RESULTS 

Figure 3 shows streamlines of impinging air 

calculated from Equations (1) and (2). The 

chosen streamlines are crowded together by 

the effect of vorticity as the continuation 

factor, $= is changed from zero ! a simple 

artificial decoupled case ! to one ! the 

problem of interest.  

0#$ 5.0#$ 1#$Start with End at

 

Figure 3. Streamlines of impinging air 
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Figure 4. Effect of each force on film profile 



Figure 4 shows how the film profile is affected by the pressure and shear stress distribution of 

impinging air, and by a surface tension gradient. The operating conditions are shown in Table 1. 

The film thickness decreases due to evaporation, steeply below the stagnation point of the 

impinging air. The film profile is mostly set by the effect of the shear stress of the impinging air.  

 

 

 

 

 

CONCLUSION 

  We modeled theoretically the mass transfer, the heat transfer, and the distortion of the liquid 

layer produced by pressure and shear of impinging two-dimensional air jets. We employed the 

stream function and vorticity equations of inviscid impinging flow, a system of boundary layer 

equations modified to include the flux of evaporating solvents in the gas nearest the liquid layer, 

and the viscocapillary film-flow equation of the liquid layer in the wet-stage of drying. Coating 

uniformity was assessed from solutions obtained by the Galerkin/finite element method. 
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Table 1. Conditions used to assess the effect of forces on film profile 

 


