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ABSTRACT  7 

Tensioned web-roll coating is widely used but has surprisingly received little research 8 

attention. Here, a new semi-empirical model that predicts film transfer from applicator roller 9 

to web is developed and tested against data collected from a pilot coating line. A rule of thumb 10 
which derives is that the film transfer ratio varies linearly with web to applicator speed ratio 11 
S.  The stability of the flow was also investigated, revealing three types of air entrainment 12 
defects: rivulets, air entrainment due to dynamic wetting failure and cascade, occurring at 13 
different values of S and the applicator roll capillary number Ca.  Rivulets occurred at Ca< 0.4 14 

and S> 0.71-0.81, air entrainment at Ca>0.4 and S>0.71-0.83 and cascades at S>1.1 for Ca up 15 
to 6. The web speeds at which dynamic wetting failure occurred were, for the same Ca, 16 
comparatively higher than those that occur in dip coating.  The data show that such 17 

hydrodynamic assistance is due to the coating bead being confined, more so with increasing 18 
web wrap angle β.   19 

Key words: tensioned web roll coating, thin films, cascade, dynamic wetting 20 

1. INTRODUCTION  21 

Coating of a thin liquid film of a few microns onto paper, plastic, glass, textile or steel 22 
substrates is the base process used in many industries to produce many products. Well 23 
established products include coated paper, steel and plastic, photographic, audio and video 24 

films and adhesive tapes.  Examples of new applications include solar cells, optical coatings, 25 
lithium-ion batteries, electrolyte membrane fuel cells and controlled release medical films. A 26 
common feature driven by economy of scale in all these processes is roll to roll production at 27 

high speeds, of order 1 m/s and greater. However, film quality, that is the production of uniform 28 
defect free films is the prime consideration which limits high production speeds. 29 

There are many liquid films coating methods (see the classification by Benkreira et al. 30 

(1982) and the review by Weinstein and Ruschak (2004)) but roll coating is by far the more 31 
popular, for its simplicity hence capital cost and ease of operation in producing small and large 32 

coated widths. The fluid mechanics of roll coating flows have been extensively investigated 33 
(see review by Coyle (1997)), helped by the advances in computational fluid dynamics which 34 

can capture the complex flow features and the free surfaces that form (see review by 35 
Christodoulou et al. (1997)). Broadly, roll coating operations fall into two categories- forward 36 
and reverse, the difference being in the direction of rotation of the rollers.  In forward roll 37 

coating, the rollers move in the same direction at the nip and in reverse roll coating they move 38 
in opposite directions. In both modes, the coating gap between the rollers, which can be positive 39 

or negative as when one roller is deformable and pressed against another rigid roller, and the 40 
rollers speeds largely control the thicknesses of the films that form.  Fluid properties also play 41 
a part in controlling film thicknesses but to a lesser extent in comparison.  They are however 42 

critical to the stability of the flow and the onset of defects such as air entrainment, cascades, 43 
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rivulets and ribbing described later.  In some cases,  forward and reverse roll coating flow 1 
systems are  not  used  as a pair of rollers. Rather than being wrapped around one of the two 2 
rollers, the web is driven independently under tension in “reverse kiss coating” mode as shown 3 
in Fig. 1. Such elasto-hydrodynamic flow situation limits the amount of liquid that is metered, 4 
allowing for nearly 100% film transfer from the applicator roller to the moving web.  The 5 

control parameter here is the counter acting elastic load 𝑇𝑠𝑖𝑛𝛽 ≅ 𝑇. Web film thicknesses of 6 

the order of the applicator roller film thickness, typically 10 μm, are achieved. 7 

 8 

Fig. 1: Tensioned Web Roll Coating  9 
 10 

Although widely used, the fluid mechanics of tensioned web-roll coating have 11 

surprisingly received little attention. To our knowledge, there are only two papers which have 12 
analysed this important coating flow situation. One is by Gaskell et al. (1998) who solved the 13 

problem using a lubrication analysis coupled with the assumption that the web can be regarded 14 

as a flexible membrane of constant tension 𝑇 to arrive at a solution that, for speed ratio 𝑆 =15 

𝑣𝑊 𝑣𝐴⁄ ≤ 1, gives the metered film thicknesses ℎ𝑀 as: 16 

ℎ𝑀

𝑟𝐴
=

6

5
𝐶𝑎(1 − 𝑆)2 (

𝜎

𝑇𝛽
)  with 𝑆 ≤ 1, 𝑇 > 0, 𝛽 > 0  (1) 17 

In this equation 𝑟𝐴 is the applicator roller radius, 𝐶𝑎 = 𝜇𝑣𝐴 𝜎⁄  the applicator roller capillary 18 

number and 𝛽 the wrap angle expressed in radians. Note that  𝜎 𝑇𝛽⁄   can be regarded as a 19 

tension number which assesses the effect of surface tension 𝜎  in relation to web tension over 20 

the wrap angle. This analysis relies on the assumption that, for low 𝐶𝑎 < 0.01 , the metered 21 

film follows the dependence with 𝐶𝑎  and the radius of curvature 𝑟𝑐  of the metered film 22 
meniscus observed in dip coating (Deryagin and Levi, 1964):  23 

ℎ𝑀 = 1.23𝑟𝐶𝐶𝑎2/3      (2) 24 

Following from this with a mass balance around the bead flow assuming no run back (𝑣𝐴ℎ𝐴 =25 

𝑣𝐴ℎ𝑀 + 𝑣𝑊ℎ𝑊), Gaskell et al. (1998) deduced an expression for the web film thickness ℎ𝑊 as: 26 

ℎ𝑊

𝑟𝐴
=

1

𝑆
[

ℎ𝐴

𝑟𝐴
−

6

5
𝐶𝑎(1 − 𝑆)2 (

𝜎

𝑇𝛽
)]    (3) 27 

This gives the applicator to web film transfer ratio, 𝑇𝑅𝐺 as: 28 

𝑇𝑅𝐺 =
𝑣𝑊ℎ𝑊

𝑣𝐴ℎ𝐴
=  1 −

6

5

𝑟𝐴

ℎ𝐴
𝐶𝑎(1 − 𝑆)2 (

𝜎

𝑇𝛽
)     (4) 29 
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Gaskell et al. (1998) did not provide experimental data on the film transfer ratio  𝑇𝑅𝐺 1 
to support these predictions so one objective of the present research is to test the validity of 2 

these predictions against measured ℎ𝑊. There are a number of limitations to Gaskell et al. 3 

(1998) analysis: (i) it holds only for very low 𝐶𝑎 < 0.01 and for 𝑆 ≤ 1 ; (ii) it predicts total 4 

transfer 𝑇𝑅𝐺 = 1 at  𝑆 = 1 when it is clear that a metered film ℎ𝑀 always forms;  (iii) it does 5 

not consider the important aspect of flow stability, a limiting 𝑆 which is a critical operational 6 
factor. Another limitation of Gaskell et al. (1998) analysis is the lubrication approximation 7 
assumption of 1D flow in the nip when clearly the incoming flow must turn, creating 8 

recirculation zones at the meniscus.  As in actual operations 𝐶𝑎 can be ≫ 0.01   the visco-9 
capillary model Eq. (4) is of limited application.   The data in our study cover operating 10 

conditions with 𝐶𝑎 values as high as 6.  11 

The second study is that of Carvalho (2003) who analysed the metering section of this 12 

flow with the transfer section completely flooded, i.e.  no transfer film is considered. Carvalho 13 
(2003) used a rigorous, full free boundary analysis. He solved the ensuing Navier–Stokes and 14 
substrate deformation equations together with appropriate boundary conditions by the 15 
Galerkin’s method with quadrilateral and linear finite elements.  However, his numerical 16 

predictions of the metered film thickness ℎ𝑀 are limited to one value of 𝐶𝑎 = 0.1 and tension 17 

number 𝜏 = 𝜇𝑣𝐴 𝑇⁄ = 10−6 for web to applicator roller speed ratio S varying between 0.70 and 18 

0.81 and a range of wrap angles 𝛽.  The aim of Carvalho (2003) analysis was to assess the 19 

effect of S and 𝛽 on the stability of the metered film. The predictions are presented in Figs. 2 20 
and 3 for the variation of the metered film thickness and the contact line position respectively. 21 

 22 

 23 

Fig. 2: Carvalho’s (2003) predictions of ℎ𝑀 𝑟𝐴⁄  for various wrap angle 𝛽. 24 

Fig. 2 shows that for 𝛽 < 10 the metered film thickness follows first an approximately 25 
linear decrease with increasing S then an upturn above a critical S.  Such a variation is also 26 
observed with reverse roll coating (Coyle et al., 1990; Benkreira et al., 2013; Benkreira et al., 27 

2017) with the upturn point signalling the onset of cascade instabilities. These instabilities are 28 
periodic transverse disturbances on the metered film due to pockets of air being trapped and 29 
entrained as a result of the penetration of the dynamic wetting line past the minimum coating 30 

gap position when S is increased above a critical value. Fig. 2 shows that for 𝛽 > 10 , cascade 31 
instabilities do not occur and no upturn in the metered film thickness is observed. Effectively, 32 
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the wrapping of the tensioned substrate around the coating gap prevents the movement of the 1 
dynamic wetting line into the gap and past the zero position (Fig. 3). It also meters the flow 2 
more effectively as can be seen from the much reduced predicted film thickness in Fig. 2.  3 

 4 

Fig. 3: Carvalho’s (2003) predictions of  𝒙𝑫𝑪𝑳 𝒓𝑨⁄   for various wrap angle 𝛽. [Scale shows 5 

penetration into and past the nip mid-position when 𝒙𝑫𝑪𝑳 𝒓𝑨⁄  turns negative.] 6 

Rather than an upturn in the metering film, we observe in Fig. 2 for 𝛽 > 10 turning 7 

points in the solution path above a critical 𝑆.  Carvalho (2003) suggests that these turning points 8 
depicts the onset of another form of instabilities, “rivulets”. These are alternating uncoated and 9 
coated stripes rather than a uniform film.  Rivulets are coating defects much reported in slot 10 

coating, explained as being due to the pressure difference between the upstream and 11 

downstream menisci being too high to be held by the coating bead (Ruschak, 1976; Higgins 12 

and Scriven, 1980; Satas, 1984). Carvalho (2003) did not provide experimental data to support 13 

the predicted metered film thickness variation and the onset of cascade and rivulet instabilities.  14 
Rather, photographs of the coating bead at three speed ratios 0.75, 1.0 and 1.25 were provided 15 
to illustrate the transition from rivulets to stable flow then cascade as the speed ratio was 16 
increased.     17 

Carvalho (2003) predictions, presented in Figs. 2 and 3 show that metered film 18 

thickness ℎ𝑀   and the dynamic contact line position 𝑥𝐷𝐶𝐿   correlate with speed ratio 19 
approximately linearly up to the turning points as: 20 

ℎ𝑀

𝑟𝐴
= −𝑎𝑆 + 𝑏        (5) 21 

𝑥𝐷𝐶𝐿

𝑟𝐴
= −𝑎′𝑆 + 𝑏′      (6) 22 

with the constants a, a’, b and b’ depending on 𝐶𝑎, 𝜏 and 𝛽.   23 

 Following from this with a mass balance around the bead flow assuming no run back 24 

(𝑣𝐴ℎ𝐴 = 𝑣𝐴ℎ𝑀 + 𝑣𝑊ℎ𝑊), we can deduce the applicator to web film transfer ratio, 𝑇𝑅𝐶 as: 25 

𝑇𝑅𝐶 =
𝑣𝑊ℎ𝑊

𝑣𝐴ℎ𝐴
= 1 −

𝑟𝐴

ℎ𝐴
(−𝑎𝑆 + 𝑏)      (7) 26 

Unlike Gaskell et al. (1998) Eq. (4) above, Eq. (7) does not give explicitly the dependence of 27 

the transfer ratio on the capillary number 𝐶𝑎   wrap angle 𝛽  and tension number (𝜎 𝑇⁄ 𝛽). 28 

𝑪𝒂 = 𝟎. 𝟏  ;  𝝉 = 𝟏𝟎−𝟔 
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Rather  the constants 𝑎  and 𝑏  are found numerically as function of 𝐶𝑎    𝛽   and a different 1 

tension number 𝜏 = 𝜇𝑣𝐴 𝑇⁄ .  This tension number 𝜏 assesses the effect of the viscous force in 2 
relation to the web tension force. We shall compare in the subsequent section data collected in 3 

this study with the predictions given by these film transfer ratios, 𝑇𝑅𝐺 and 𝑇𝑅𝐶. 4 

In the light of this review, we can conclude that web tensioned roll coating has received scant 5 
research consideration.  The two correlations for the film transfer ratio presented above derive 6 
from indirect analyses that concentrated on the metered film region not the transferred film 7 

region.  They also hold only at low values of 𝐶𝑎 < 0.01 in the case of Gaskell et al. (1998) 8 

and were given only for  𝐶𝑎 = 0.1 and 𝜏 = 10−6  in the case of Carvalho (2003). Moreover, 9 
no data have been published to check the validity of these predictions and map the coating 10 

window of this operation.  Here we present the first such data to test these predictions and 11 
develop a new semi-empirical model. 12 

2. SEMI-EMPIRICAL MODEL 13 

The first task is to reconcile the film transfer predictions given from these two different 14 
approaches in an attempt to lay the basis for a semi-empirical model which can reliably predict 15 
the data. We begin by noting an interesting feature of the numerical predictions obtained with 16 

Carvalho (2003) approach shown in Fig. 2: the slope and ordinate at the origin of the lines, the 17 

constants 𝑎 and 𝑏 in Eq. (5), are approximately equal and for analysis are taken to be equal,  18 
reducing Eqs. (5) and (7) to the simple forms: 19 

ℎ𝑀

𝑟𝐴
= 𝑎(1 − 𝑆)     (8) 20 

𝑇𝑅𝐺 = 1 −
𝑟𝐴

ℎ𝐴
 𝑎(1 − 𝑆)     (9) 21 

 Now, rather than using the tension number 𝜏 , we introduce a more appropriate 22 
dimensionless number, one that reflects the relative magnitude of the hydrodynamic viscous 23 

force acting at the coating bead 𝜇(𝑣𝐴 − 𝑣𝑀) and lifting the web to the counter elastic pressure 24 

force resulting from the applied tension 𝑇𝑠𝑖𝑛𝛽 ≅ 𝑇𝛽:  25 

𝑁𝑣𝑤 = 𝜇(𝑣𝐴 − 𝑣𝑀)/𝑇𝛽 = 𝜇𝐶𝑎(1 − 𝑆)(𝜎 𝑇𝛽⁄ )   (10) 26 

We observe then that Gaskell et al. (1998) Eq. (4) can be expressed as:  27 

𝑇𝑅𝐺 = 1 −
6

5

𝑟𝐴

ℎ𝐴
 𝑁𝑣𝑤 (1 − 𝑆)     (11) 28 

It is important to note that although 𝑁𝑣𝑤 in Eq. (11) is expressed in terms of 𝑆 and  𝐶𝑎 ,  it is 29 

only for mathematical convenience.   The actual effect assessed is 𝜇(𝑣𝐴 − 𝑣𝑀)/𝑇𝛽, separate 30 

from the independent effect of the speed ratio 𝑆, captured in the factor (1 − 𝑆) in Eq. (11). 31 

Following from the introduction of 𝑁𝑣𝑤 , we may conclude that the factor 𝑎  in 32 
Carvalho’s (2003) Eq. (9) must also embody the effect of this so defined visco-web tension 33 

number 𝑁𝑣𝑤, giving Eq. (9) as: 34 

𝑇𝑅𝐶 = 1 −
𝑟𝐴

ℎ𝐴
𝑓(𝑁𝑣𝑤) (1 − 𝑆)     (12) 35 

We are unable to establish  𝑓(𝑁𝑣𝑤) as Carvalho’s (2003) predictions were carried out for only 36 

one value of 𝐶𝑎 = 0.1 and 𝜏 = 10−6 . We see then the similarity in the results in Eqs (11) and 37 
(12) from this two very different approaches. The more general form, Eq. (12) provides a means 38 
for correlating the data and constitutes our semi-empirical model. 39 

 Following from these observations, we present in the next section our data and fit them 40 

against Eq. (12) to check the linear variation with (1 − 𝑆). We can then check to what extent 41 
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the simple correlation of  Gaskell et al. (1998) holds and if not determine the function 1 

𝑓(𝑁𝑣𝑤) to obtain a new semi-empirical model.  2 

3. EXPERIMENTAL METHOD 3 

A reverse roll tensioned web coating pilot line at Toyobo Films R&D Centre in Otsu, 4 
Japan was used in this research (Shibata, 2012).  A photograph of the rig is shown in Fig. 4.  5 
The applicator roller was 0.40 m long and 0.22 m in diameter and the metering roller was 0.40 6 

m long and 0.18 m in diameter.  Both rollers were chromed and polished to provide an accuracy 7 

in the roller radius of < ±2.5 μm with a chrome finish of ±0.1 μm. The web was a 50 μm 8 

transparent PET film (A4100 Toyobo). The coating liquid was fed to a die onto the applicator 9 

roller rotating at speed 𝑣𝐴 and the excess liquid metered by the metering roller rotating at speed 10 

𝑣𝑀.  The gap between the rollers was adjusted so that a 10 μm stable wet film was achieved on 11 

the applicator roller side leading to the web.  This is the film thickness referred to as ℎ𝐴.  12 

Measurements of the film thickness on the web ℎ𝑊  were carried out using a light 13 
interference wet film gauge (PTT Co. Ltd), over a period of time and the results averaged. 14 

Typically, measured ℎ𝑊 were in the range 7-10 μm with an error < 0.1 μm. The metered film 15 

thickness ℎ𝑀  was not measured directly but calculated from the measured  ℎ𝑊  and mass 16 

balance (𝑣𝐴ℎ𝐴 = 𝑣𝐴ℎ𝑀 + 𝑣𝑊ℎ𝑊) as our operation was at a set applicator film thickness, ℎ𝐴. 17 
Visualisations of the bead flow between the applicator roller and the tensioned web were 18 
achieved by focusing a microscope (VW6000, Keyence Ltd) through the running transparent 19 

PET film. These visualisations enabled us to locate precisely the upstream and downstream 20 
menisci and the dynamic wetting line and observe air entrainment and bubbles agglomeration 21 

which occurred downstream in the transfer meniscus region under certain operating conditions. 22 

The onset of any surface instabilities on the coated web was detected by the naked eye under a 23 

strong but cold light to prevent any heating of the coating fluid, ramping up and down the web 24 
speed at fixed applicator speed to within 0.2 m/min of the critical conditions.   25 
 26 

 27 

It is important to stress that as our focus was on the coating flow between the applicator 28 

roller and the web.  The applicator film ℎ𝐴  was always maintained stable by adjusting 29 
appropriately the gap  between the applicator/metering roller and the metering roller speed.  30 

As for the range of operating conditions tested, these are shown in Table 1.  The coating 31 
solutions were made using a polyester resin dissolved at different concentrations in isopropyl 32 

Fig. 4: The pilot rig showing the camera focusing 

on the coating bead web-applicator roller.  
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alcohol and water yielding viscosities and surface tensions measured at 20 0C in the range 3-1 
105 mPa.s and 25-35 mN/m, respectively. The viscosities were measured using a cone and 2 
plate rheometer (Physica MCR 302, Anton Paar) operated over a range of shear rates 0-3000 3 
s-1 to test that the fluids were Newtonian. The surface tensions were measured using a video 4 
tension meter (Dropmaster DM-701, Kyowa Interface Science Co. Ltd) the principle of which 5 

is to capture images of drops pending from a syringe to enable calculation of their diameter, 6 
volume thus weight and deriving surface tension from a force balance. 7 

 8 
Table 1: Range of operating conditions tested. 9 

Applicator 
Roll Speed, 
𝒗𝑨 (𝒎/𝒔) 

Speed Ratio,   
𝒗𝑾/𝒗𝑨 

Web 
Tension, 
𝑻 (𝑵/𝒎) 

Wrap Angle,  
𝜷 (°) 

Viscosity
𝝁 (𝒎𝑷𝒂. 𝒔) 

Surface 
Tension, 

𝝈 (𝒎𝑵/𝒎) 

0.5, 1.0, 1.5 0.71, 0.77, 
0.83, 0.91, 

1.0, 1.11, 1.25 

800, 1200, 
1600, 

2000, 2400 

0.57, 1.72, 
2.86, 4.00, 

5.14 

3,  44, 105 25.5, 26.2, 
34.5 

 10 

3. RESULTS AND DISCUSSION  11 

3.1 Metered Film Thickness and Film Transfer Ratio  12 

 Fig. 5 compares our metered film thickness ℎ𝑀 𝑟𝐴⁄   data calculated from the measured 13 

web film thickness and mass balance around the bead,  and the predictions using Gaskell et al. 14 
(1998) visco-capillary model and Carvalho’s (2003) CFD analysis.  We see the strong 15 

sensitivity with wrap angle 𝛽.  For 𝛽 = 1.720 , compared with our data, the predictions of 16 
Gaskell et al. (1998) and Carvalho’s (2003) give a good trend in the variation with speed ratio 17 
but the discrepancy between data and predictions is significant, worsening as the speed ratio is 18 

reduced below 1. Interestingly, if we push the comparison further, using the predictions of  19 

Gaskell et al. (1998) and Carvalho’s (2003) at wrap angle  𝛽 → 0, we see as shown a better fit 20 

with the data at  𝛽 = 1.720 particularly with Carvalho’s (2003) predictions if we ignore the 21 
upturn in film thickness and with Gaskell et al. (1998) at speed ratios below 0.75. 22 

 23 

Fig. 5:  Metered film thickness: Data  vs. Theoretical predictions.  24 
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 We know progress in Fig. 6 the comparison of the measured film transfer ratio 𝑇𝑅 with 1 

model Eq. (12).  Within experimental errors, Eq. (12) reduces to a linear function of (1 − 𝑆) 2 

over the entire range (𝑟𝐴 ℎ𝐴 = 1.1 10−4⁄ , 0.06 < 𝐶𝑎 < 6 , 0.63 < 𝑆 < 1.0 , 1.5 10−6 < 𝜏 <3 

1.31 10−4 , 0.570 < 𝛽 < 1.720) giving the measured film transfer ratio as: 4 

𝑇𝑅 = 1 − 1.10(1 − 𝑆)   (13) 5 

 6 

Fig. 6: Comparison of all data with semi-empirical Eq. (12). 7 

 8 

Fig. 7 assesses the effects of web tension 𝑇 and wrap angle 𝛽, subsumed together with fluid 9 

properties in the constant 1.10 of Eq. (13).   It shows that increasing  𝑇 and decreasing 𝛽 result 10 
in a reduction in the metered film thickness and consequently an increase in the film transfer 11 

ratio. This suggests that the hydrodynamic pressure load increases with decreasing 𝛽 which, at 12 

constant 𝐶𝑎 and 𝑆, implies that the coating bead decreases in length as 𝛽 is reduced.  This is 13 
verified later in the data presented in Fig. 14. The effects are however marginal, less than -14 

0.5μm in ℎ𝑀 when 𝛽 is decreased from 5.140 to 0.570 or 𝑇 increased from 1200 to 2400 N/m.  15 

16 
Fig. 7: Effect of wrap angle and web tension on metered film thickness. 17 
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3.2 Coating Bead and Instabilities  1 

 Similarly with reverse roll and web tensioned slot die coating (see the recent 2 
comprehensive review by Ding et al., 2016), a number of instabilities may arise:  3 

(i) “Dynamic wetting failure” air entrainment in the forms of fine air bubbles forming at 4 
the tips of the saw-tooth shaped wetting line when the web speed exceeds a critical 5 

value (Deryagin and Levi, 1964; Burley and Kennedy, 1976; Blake and Ruschak, 6 
1979). Notwithstanding the coating bead confinement effects, Gutoff and Kendrick 7 
(1982) empirical correlation for dip coating may be used to estimate this air 8 

entrainment velocity  𝑉𝑎𝑒 , showing it to depend on viscosity only:  9 
 10 

𝑉𝑎𝑒(𝑚/𝑠) = 5.11𝜇(𝑚𝑃𝑎. 𝑠)−0.67  (14) 11 
 12 

(ii) “Cascade” or “seashores” above a critical 𝑆 as described earlier. 13 

(iii) “Rivulets” or stripes above a critical 𝑆 as described earlier.  14 
(iv) “Ribbing” on the surface of the web film, running in the machine direction and the 15 

result of pressure imbalance on the meniscus forming the film (Pitts and Greiller, 16 
1961). Ribbing instabilities have the propensity to occur in reverse roll coating on the 17 
metered film with increasing metering roll speed as the gap is reduced (Coyle et al., 18 
1990).  They were observed by Benkreira et al. (2013) to recede in negative gap 19 

deformable reverse roll coating when very low viscosity fluids are coated.  20 

Visualisations of the coating bead showed no ribbing on the web film as the applicator roll film 21 
was kept uniform. However, air bubbles were observed, accumulated on the downstream region 22 

meniscus above a critical speed ratio 𝑆𝑏, increasing in intensity with increasing speed ratio as 23 

shown in Fig. 8. In our experiments, covering a wide range of conditions (𝐶𝑎 = 0.06 − 6.0) 24 

these air bubbles first appear over a limited range of  𝑆𝑏 = 0.71 − 0.83.  25 

 26 

Fig. 8: Downstream meniscus showing air bubbles development with increasing 𝑆. 27 

(𝜇 = 3 𝑚𝑃𝑎. 𝑠, 𝜎 = 26 𝑚𝑁/𝑚, 𝑣A = 60 𝑚/min )  28 
 29 

To help unravel which of the types (i), (ii) and (iii) of air entrainment listed above 30 
occurred, the data tracking the movement of the wetting line upstream and meniscus 31 

downstream positions are presented in Fig. 9.   We see that increasing 𝑆 causes the dynamic 32 

wetting line to penetrate into the nip, more rapidly at lower 𝐶𝑎 and when 𝑆 > 0.90, crossing 33 

the zero nip position at approximately the same speed ratio  𝑆0 ≅ 1.1 for both low and high 34 

𝐶𝑎.  For all conditions of 𝐶𝑎 tested, the air bubbles that were observed occurred at 𝑆𝑏 =35 

0.71 − 0.83, much lower speed ratios than  𝑆0 ≅ 1.1  . Thus we can discount nip crossing 36 
cascade as the mechanism for the onset of air entrainment.  Looking at the downstream 37 



10 
 

meniscus position, we observe in Fig. 9 essentially no changes with increasing 𝑆 at low 𝐶𝑎 but 1 

a sharp jump at 𝑆 ≥ 0.9 and high 𝐶𝑎. As for the bead size, Fig. 10  shows that it remains 2 

essentially unchanged with 𝑆 at high 𝐶𝑎 but contracts rapidly with 𝑆 at low 𝐶𝑎 becoming very 3 

narrow at 𝐶𝑎 ≤ 0.1 when 𝑆 ≥ 1. Under such conditions web tensioned roll coating is not 4 
suitable because there is insufficient hydrodynamic load and this causes the bead to break.   5 

 6 

Fig. 9: Movement of the upstream dynamic contact line and downstream meniscus with   . 7 

 8 

Fig. 10: Contraction of the bead with increasing 𝑆 at small 𝐶𝑎.  9 

Having discounted nip crossing cascade as the mechanism for first onset of air 10 

entrainment, the question is then what is the cause of these air bubbles forming at such low 11 

𝑆𝑏 = 0.71 − 0.83?  Fig. 11 which compares the critical speed ratios for the onset of air bubbles 12 
with those that define dynamic wetting air entrainment in dip coating using Eq. (14) allows the 13 

identification of two different regimes  separated by a critical 𝐶𝑎∗: 14 

(i) A rivulets air entrainment regime at low 𝐶𝑎 < 0.40  explained by the fact that 15 
the air bubbles observed form at web speeds  lower than those which occur in 16 

dip coating at the same viscosity.  The hydrodynamics here are such that the 17 
bead, being long (see Fig. 10) and thin because of the small viscous force 18 

created cannot be sustained as the web speed is increased.  This causes it to 19 

break into stripes with air entrained between them. Fig. 12 shows clearly the 20 
rivulets that form on the metered film in this regime and the associated air 21 
entrainment ending up in the downstream meniscus. Fig. 11 shows, with 22 
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increasing 𝐶𝑎, the critical speed ratio 𝑆𝑏 increases until it hits 𝑆𝑎𝑒at 𝐶𝑎 = 0.40, 1 
signalling that the bead has now stabilised against rivulets but instead breaks 2 
due to dynamic wetting failure. 3 

 4 
(ii) A dynamic wetting failure air entrainment regime at 𝐶𝑎 > 0.40   clearly 5 

evidenced in Fig. 13 and explained by the fact that the air bubbles observed 6 

form at web speeds higher than those which occur in dip coating at the same 7 
viscosity. In this regime, because of the higher viscosities, the coating bead is 8 
shorter and thicker and sustained in comparison with the above regime. The 9 
hydrodynamics, in now a more confined bead, assist wetting such that higher 10 
web speeds in comparison with dip coating are required before dynamic wetting 11 

failure occurs.  Hydrodynamic assistance due to geometrical confinement has 12 
been studied experimentally in a parallel plates system by Vandre et al. (2012) 13 

who found that air entrainment speeds could be related as: 14 
 15 

𝐶𝑎𝑎𝑒 ≈ 𝐾𝜇0.258 (15) 16 
 17 
The dependence on viscosity is only marginally different from that in dip 18 

coating ( 𝑉𝑎𝑒  ∝ 𝜇−0.742   rather than  ∝ 𝜇−0.67) but the dependence on K is 19 
much stronger and increases logarithmically as the coating gap decreases.  This 20 

delays the onset of dynamic wetting failure to higher speed in comparison with 21 
dip coating as shown in Fig. 11.  22 

An additional and interesting observation in the data presented in Fig. 11 is that 23 

in a small range of viscosity, we can coat at higher web speeds, 𝑆𝑏 increasing 24 

from 0.71 to 0.83.  Thus there exists an optimal 𝐶𝑎, here equal to 0.85 for the 25 

applied tension of 1200 N/m and wrap angle of 1.720 that pins the upstream 26 

meniscus best, enabling stable operation up to  𝑆𝑏 = 0.83.  In this respect, we 27 

can stretch the similarity with curtain coating where an optimal position of the 28 
impinging curtain is found for optimal hydrodynamic assistance (Blake et al., 29 

1994). Of course the order of magnitude of hydrodynamic assistance in curtain 30 
coating is much larger.  31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

Fig. 11: Air entrainment regimes in web tensioned roll coating (𝛽 = 1.720, 𝑇 = 1200 𝑁/𝑚).  45 
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From a theoretical perspective, it is interesting to note that our measured values of 𝑆𝑏 = 0.71 −1 

0.83  are similar to those identified by Carvalho’s (2003) as turning points signalling the 2 

breaking of the metering film from a 2D to a 3D structure (see Fig. 3 above for wrap angle 𝛽 =3 

1.810 close to our 𝛽 = 1.720 ). As Carvalho (2003) simulations were limited to one condition 4 

of  𝐶𝑎 = 0.1 and 𝜏 = 10−6  it would be interesting to perform simulations over a range of 𝐶𝑎 5 
to see if results similar to those we obtained in Fig. 11 are found. 6 

 7 

   8 

Fig. 12: Rivulets on metered film and associated air bubbles in downstream meniscus. 9 

 10 

               11 

Fig. 13: Dynamic wetting failure air entrainment and associated air bubbles pockets in 12 
downstream meniscus. 13 

 14 

At this juncture, we introduce the data on the important effect of increasing the wrap 15 

angle 𝛽 which as shown in Figs. 14 and 15 widens the coating bead and reduces the propensity 16 
for air entrainment.  Here and as evident from Fig. 1, increasing wrap angles confine the coating 17 

bead, stabilizing it against air entrainment. Comparing again with Carvalho’s (2003) 18 

simulations (Fig. 3 )  we note how larger  𝛽 in his case are stabilising in that the turning points 19 
are postponed to higher speed ratios.  Importantly, only a small increase in the wrap angle is 20 
required.  Finally, increasing web tension has no discernible effect (we have tested increases 21 
from 800 to 2400 N/m in steps of 400 N/m) which is not surprising as the web acts as a tensed 22 

membrane the lifting of which is not very sensitive over the small wrap angles investigated.  23 



13 
 

  1 

Fig. 14: Effect of the wrap angle β on the coating bead position and size. 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

Fig. 15: Reduction in air entrainment with increasing wrap angle β. 13 

 14 

4. CONCLUSIONS 15 

 Although tensioned web roll coating is widely used in industry, the understanding of 16 
its operation has been limited to two theoretical studies with limited scope and no experimental 17 
data. Here we reviewed these two theoretical studies and reconcile them through the 18 

introduction of a visco-web tension number 𝑁𝑣𝑤 = 𝜇𝑣𝐴(1 − 𝑆) 𝑇𝛽⁄   and arrived at a semi-19 
empirical model which describes the effects of operating parameters on the film transfer ratio, 20 

𝑇𝑅 by a simple linear correlation: 21 

𝑇𝑅 = 𝑣𝑊ℎ𝑊/ 𝑣𝐴ℎ𝐴  = 1 − 1.10(1 − 𝑆) 22 

The correlation hides the effect of 𝑁𝑣𝑤 which we found to be measurable but very small so that 23 
the constant 1.10 appears. In this respect, both Gaskell et al. (1998) model and Carvalho (2003) 24 

limited simulations over predict the effect of  𝑁𝑣𝑤.  Carvalho’s (2003) predictions at zero wrap 25 
angle on the other hand show a good fit with the data.  The important practical rule of thumb 26 
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we observe from this correlation is that the film transfer ratio 𝑇𝑅 varies linearly with the speed 1 

ratio 𝑆 and approaches 1 for the typical case of speed ratios near 1.0. 2 

We also studied the stability of the flow and identified two regimes of air entrainment: 3 

rivulets at 𝐶𝑎 < 0.40 and 𝑆 ≥ 0.71 − 0.83 and dynamic wetting failure at 𝐶𝑎 > 0.40 and 𝑆 ≥4 

0.71 − 0.83. These limits are for wrap angle 𝛽 = 1.720 and web tension 𝑇 = 1200 𝑁/𝑚. We 5 
have found hydrodynamic assistance to dynamic wetting when we compared the air 6 

entrainment speeds measured in this flow with those observed in dip coating. This 7 
hydrodynamic assistance is due to the coating bead being confined by the web being wrapped 8 

around the applicator roller. The dynamic wetting line best pinned conditions occurs at 𝐶𝑎 =9 

0.85, allowing stable operation up to a speed ratio 𝑆 = 0.83. Cascade also occurs but at much 10 

higher speed ratios 𝑆 ≥ 1.1 when the dynamic wetting line crosses the mid-nip position. The 11 
most critical parameter is the wrap angle, with a few degrees being sufficient to confine the 12 

bead enough to protect it against these instabilities. For the range of conditions covered (𝐶𝑎 =13 

0.06 − 6.0;  𝑇 = 1200 𝑁/𝑚 ;  𝛽 = 1.720), typical of normal operating conditions, a rule of 14 
thumb is that the maximum web speed for stable operation is in the region 70 to 83% of the 15 

applicator roll speed.    16 

From a theoretical perspective, the simulations of Carvalho (2003) identified turning 17 

points that are very close to the limits of air entrainment instabilities measured in our study. As 18 

Carvalho (2003) simulations results were given only for one particular set of conditions (𝐶𝑎 =19 

0.1  and  𝜏 = 1.0 10−6) it is worth extending them over a range of  𝐶𝑎 and  𝜏 to shed further 20 
theoretical light on this important coating operation. 21 

 22 
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7. NOTATIONS 30 

𝐶𝑎    Capillary number [= 𝜇𝑣𝐴 𝜎⁄ ] 31 

ℎ𝐴 Applicator roll incoming film thickness 32 

ℎ𝑀 Applicator roll metered film thickness 33 

ℎ𝑊 Web film thickness 34 

𝑁𝑣𝑤 Visco-web tension number [=
𝑟𝐴

ℎ𝐴
𝜇𝑣𝐴(1 − 𝑆) 𝑇𝛽]⁄  35 

𝑟𝐴 Applicator roll radius 36 

𝑆 Web to applicator roll speed ratio [𝑣𝑊 𝑣𝐴]⁄  37 
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𝑇 Web tension 1 

𝑇𝑅 Web to applicator film transfer ratio [𝑣𝑊ℎ𝑊 𝑣𝐴ℎ𝐴]⁄  2 

𝑣𝐴 Applicator roll speed 3 

𝑣𝑤 Web speed 4 

𝑥𝐷𝑊𝐿 Position of the dynamic wetting line (upstream) 5 

𝑥𝑀𝑁𝑆 Position of the film formation meniscus (downstream) 6 

𝛽 Wrap angle (see Fig.1) 7 

𝜇, 𝜎 Viscosity and surface tension of coating liquid 8 

𝜏 Web tension number [= 𝜇𝑣𝐴 𝑇]⁄  9 
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