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Air entrainment is a major limitation to many coating proc- 
esses where one or several thin layers of liquid are deposited 
onto a continuous substrate. At low substrate speeds, a uni- 
form film is formed however, as the speed is increased above 
a certain threshold, air is entrained between the coating and 
the substrate and spoils the quality of the coating. The study 
of air entrainment in coating flows has largely been based on 
dip coating experiments where a smooth flat substrate is 
plunged into a large pool of stagnant liquid (for a review, see 
Burley, 1992). These investigations pointed out the major role 
of the fluid properties in determining the air entrainment ve- 
locity. Recently, experiments were carried out by the present 
authors (Cohu and Benkreira, 1998) in an original dip coat- 
ing arrangement (labeled “angled dip coating”) where the 
wetting line was not perpendicular to the substrate speed. It 
was established experimentally that air entrainment in dip 
coating begins only when the component of the substrate speed 
normal to the wetting line exceeds a critical velocity which de- 
pends only on the properties of the liquid used. In other 
words, having the angle formed by the wetting line and the 
substrate velocity vector differ from 90” by an angle /3 in- 
creased the air entrainment velocity by a factor l/cosp. This 
result had been anticipated earlier by Blake and Ruschak 
(1979) who, however, did not show conclusive experimental 
data. In this article, the application of the same principle to 
another class of coating flows, referred to as premetered 
coating processes, is investigated for the first time. 

Premetered coating processes are coating operations where 
all the liquid fed to the coating head is applied to the sub- 
strate. This includes slot or extrusion coating, curtain coating, 
and slide coating. In slide coating, one or several premetered 
layers of liquid flow over an inclined plane bridge the narrow 
gap between the edge of the plane and the web, wet the web 
and get entrained by it to form a film. Even though this coat- 
ing method is flexible, its range of applicability is not unlim- 
ited. In particular, when the flow rate of liquid is too low 
and/or the substrate speed is too fast, the coating bead be- 
comes unstable. This has been termed the low-flow limit of 
coatability (Gutoff and Kendrick, 1987). As long as moderate 
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coating thicknesses are required, the most serious limitation 
of slide coating operations is air entrainment. Gutoff and 
Kendrick (1987) found that the air entrainment velocities in 
slide coating with no bead vacuum are identical to those in 
plunging tape experiments and depend very little on the flow 
rate of liquid and on the width of the gap between the edge 
of the slide and the web. In contrast, air entrainment veloci- 
ties in slot coating (Lee et al., 1992) and curtain coating (Blake 
et al., 1994) are usually higher than in dip coating and de- 
pend strongly on flow parameters such as flow rate, slot gap, 
or curtain height. The reason is that the flow in slot coating 
and curtain coating provides a significant “hydrodynamic as- 
sist” of dynamic wetting (Blake et al., 19941, which is appar- 
ently not the case in slide coating. This additional complexity 
of slot and curtain coating motivated the choice of slide coat- 
ing in the present investigation. 

Experimental Studies 
An angled slide coating apparatus was designed in which 

the angle formed by the dynamic wetting line and the sub- 
strate motion could differ from its standard value of 90“ (Fig- 
ure 1). Although slide coating is usually operated to coat a 
substrate arranged (nearly) vertically at the point of applica- 
tion (Hens and Van Abbenyen, 19971, angled slide coating is 
more easily operated to coat a horizontal substrate. The rea- 
son is that the edge of the slide must remain horizontal; oth- 
erwise, the liquid on the slide would no longer flow towards 
the substrate. The path of a nonhorizontal substrate should 
therefore extend in all three dimensions, which, although fea- 
sible, poses problems. Also, the substrate cannot be wrapped 
around a backing roller. The experimental setup used in the 
experiments is shown in Figure 2. The tensioned, unsup- 
ported web (a 110-mm-wide Melinex film) was running hori- 
zontally beneath the coating head, which consisted of a sin- 
gle-cavity die and a slide 60-mm long inclined 30” from the 
horizontal. The sharp edge of the slide formed, with the sub- 
strate, a gap 0.6-mm wide. The coating head was suspended 
by a frame above the web and could rotate in the horizontal 
plane, so that the angle formed by the wetting line and the 
substrate velocity vector could be changed. Four values of 
this angle corresponding to /3 = 0, 30, 45 and 60” (see Figure 
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Figure 1. Angled slide coating (top view). 

1) were tried. The width of the coating head was w = 100 mm 
and the coated width was L = w cosp. No bead vacuum was 
imposed. Four mineral oils were used as Newtonian test flu- 
ids. Their properties are listed in Table 1. The liquid was 
pumped to the coating head using a precision gear pump 
(Stanhope, Bradford, U.K.). Flow rates were measured by 
collecting and weighing the liquid emerging from the slide 
throughout a known period of time. Substrate speeds were 
measured using a revolution counter mounted on an idler 
roller. All experiments were carried out at room tempera- 
ture, approximately 27°C. 

In each run the liquid volumetric flow rate Q was fixed at 
a given value, and the substrate speed V was adjusted down 
to obtain a continuous coating. Then, the speed was in- 
creased until either the low-flow limit of coatability or the air 
entrainment limit was reached. In the former case, bead in- 
stability (usually triggered by edge effects when p # 0) would 
lead to the appearance of large dry patches on the substrate. 
When this phenomenon was observed, the flow rate was in- 
creased until a continuous coating was again obtained and 
then the speed was increased further. Eventually, a speed was 
attained at which the dynamic wetting line (which could be 
viewed from underneath through the transparent substrate) 
would break up into a characteristic sawteeth pattern (Bur- 
ley, 1992). This corresponded to the onset of air entrainment. 
At this point, both the speed and the flow rate were recorded. 
In order to terminate the test, further increases of the flow 
rate were imposed and the corresponding air entrainment ve- 
locities were measured. 

a adjustment 

Figure 2. Experimental setup. 

Results and Discussion 
In plunging tape experiments, the air entrainment velocity 

with Newtonian liquids and smooth substrates may be corre- 
lated with the liquid viscosity p, surface tension v, and den- 
sity p ,  as 

with g = 981 cm/s2 (Burley and Jolly, 1984; Burley, 1992; 
Cohu and Benkreira, 1998). Although in the present work 
higher air entrainment velocities were obtained with lower 
fluid viscosities in agreement with Eq. 1, air entrainment ve- 
locities with p = 0 were found to be much lower than pre- 
dicted by the above correlation. This is shown in Table 1. 
This discrepancy with plunging tape data constrasts with the 
findings of Gutoff and Kendrick (1987) and may be at- 
tributed to the particular geometry of the slide coater used 
here, which was designed to coat a horizontal web. For a 
given liquid at any angle p, the onset of air entrainment V,, 
was also found to depend slightly on the flow rate of liquid 
supplied to the substrate. The same behavior was found by 
Gutoff and Kendrick (1987) in some of their experiments, and 
suggests a small contribution of the flow in assisting the dy- 
namic wetting process. 

In order to magnify the influence of p on the air entrain- 
ment velocity, all the data obtained are plotted in Figure 3 
where the component of the substrate speed normal to the wet- 
ting line Vcosp is reported for various film thicknesses, h = 

Q/VL at the onset of air entrainment. In spite of the scatter- 
ing of the data, the curves obtained for a given liquid with 

Table 1. Liquids Tested and Air Entrainment Velocities at p = 0 

Air Entrain. Vel. at p = 0 (cm/s) 
Plunging Tape* This Work*" 

Mineral Vis., p Surf. Tens. u Density, p 
Oil (mPa s) (mN/m) (kg/m3) 

130 
74 
35 
14 

32 
32 
31 
31 

885 
881 
876 
872 

15 
23 
40 
80 

10-11 
12-15 
23-30 
40-54 

*Data established after Burley and Jolly (1984) (Eq. I). 
**Depending on the flow rate of liquid. 
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Figure 3. Film thickness vs. component normal to the 

wetting line of the substrate speed for four 
liquids and four values of angle p. 

various angles /3 clearly superimpose. This shows that the 
speed which is relevant to air entrainment in slide coating is 
not the velocity I/ of the substrate itself, but its component 
normal to the wetting line Vcosp. Therefore, as in dip coat- 
ing (Cohu and Benkreira, 1998), angling the wetting line with 
respect to the substrate motion (that is, increasing p )  in- 
creases air entrainment velocities by a factor l/cosp regard- 
less of any other parameter. 

It is noteworthy that the increase in the air entrainment 
velocity due to changes in p (up to a factor 2 for /? = 60” 
compared to p = 0) is much greater that the variations of V,, 
due to changes of the flow rate (no more than 30 or 40% for 
a threefold increase in the flow rate). This suggests that the 
influence of /3 on the air entrainment velocity cannot be sim- 
ply explained by changes in the macroscopic hydrodynamics 
using the argument of hydrodynamic assist of dynamic wet- 
ting. Conversely, the results are consistent with the concept 
of a maximum speed of wetting (that is, under given flow 
conditions the speed of a wetting line normal to itself is lim- 
ited) put forward by Blake and Ruschak (1979) and further 
explained by Cohu and Benkreira (1998). Thus, the influence 
of p on air entrainment is apparently of kinematic-and not 
of dynamic-origin, which ultimately suggests that angling the 
wetting line delays the onset of air entrainment in all coating 
flows. 

Conclusion 
This study has confirmed that having the dynamic wetting 

line not perpendicular to the substrate motion is an effective 
way to delay air entrainment in coating flows. In this investi- 
gation, slide coating was considered because this flow does 
not provide a significant hydrodynamic assist of the wetting 
process. This choice enabled us to show that the effect of 
angling the wetting line is purely kinematic. However, angling 
the wetting line in slide coating presents a number of practi- 
cal drawbacks. As explained earlier, the substrate is prefer- 
ably horizontal, which may favor air entrainment. Also, in the 
absence of a backing roller, the bead is very sensitive to fluc- 
tuations in the web movement. Such problems should not af- 
fect curtain coating, which is well designed to coat a horizon- 
tal, unsupported web. Angled curtain coating should there- 
fore be investigated more thoroughly. In particular, it is nec- 
essary to find out how angling the wetting line in curtain 
coating will affect the capability of this flow to assist the dy- 
namic wetting process. An additional challenge will be to de- 
termine the film thickness distribution across the width of the 
substrate, as the flow in angled curtain coating (as indeed in 
angled slide coating investigated here) will necessarily involve 
a cross-web component. 
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