
Observation of a Dynamic Wetting Process 
Using Laser-Doppler Velocimetry 

The purpose of this study is to observe the dynamic wetting process 
of a slide coater flow (Ca = 0.16; Re = 14.4; St = 0.0142; AeP = 2.5), 
using a specially-developed Laser-Doppler measuring technique. 

The measurements, carried out with glycerol solutions, reveal that 
the observed contact line is apparent and that a thin air film is entrained 
between the web and the liquid surface. The liquid is accelerated along 
the lower free surface and attains approximately 50% of the web veloc- 
ity at the apparent contact line. Downstream from the apparent contact 
line, the liquid is further accelerated along the air film to the web veloc- 
ity at the real contact line. 

The apparent contact angle increases with the capillary number Ca 
and air entrainment occurs at Ce = 0.25. 

W. Mues 
J. Hens 
L. Boiy 

Res. Labs. 
Agfa-Gevaert N.V. 

Mortsel, Belgium 

Introduction 
Despite considerable efforts, the dynamic wetting process of a 

moving solid surface by a liquid is still poorly understood. 
Research in this area faces three major difficulties: 

The wetting process involves both hydrodynamic and mo- 
lecular forces. 

0 The wetting phenomena take place on a very small scale, 
almost inaccessible to observation. 

Wetting is not a static, but a dynamic, process. 
Hence, observation of what really happens is very difficult. 
After many years of investigations, there still is no agreement 
among researchers whether an observed contact angle is appar- 
ent or real (Ngan and Dussan, 1982). 

The literature on wetting is very extensive, and only a few 
main topics will be addressed in this survey. Huh and Scriven 
(1971), and Dussan and Davis (1974) pointed out that the 
hydrodynamic no-slip condition combined with contact angles 
being smaller than 180° must lead to physical singularities, 
which can be removed only by ad-hoc hypotheses, such as slip- 
page models (Huh and Mason, 1977). Dussan and Davis (1974) 
suggested a rolling motion of the liquid. 

Pismen and Nir (1982) calculated the flow geometry in the 
vicinity of the contact line at very low capillary numbers and 
came to the conclusion that the liquid-air interface curves con- 
tinuously until it becomes tangent to the solid surface at the con- 
tact line. 

Correspondence concerning this papcr should be addrcsaed to J. Hens. 

Burley and Kennedy (1 976), Rillaerts and Joos (1 980), and 
Gutoff and Kendrick (1982) experimentally derived relation- 
ships between the critical velocity and the main influencing 
parameters. Although this kind of approach has its practical 
usefulness, it does not shed any light at the underlying physical 
wetting mechanisms. 

Deryagin and Levi (1  964) first assumed that a thin air film is 
being entrained between the web and the liquid surface. This 
assumption was developed by Miyamoto and Scriven (1982), 
who investigated the conditions at which this air film collapses. 
Miyamoto (1986) showed that in a coated layer small amounts 
of air are trapped at  subcritical velocities. 

In summary, more evidence is needed to support some of the 
interesting hypotheses, which have been put forward in the liter- 
ature. 

A Laser-Doppler velocimetry setup, featuring a very small 
measuring volume, was used for measurements close to the mov- 
ing contact line in a slide coater bead. The measurements,,car- 
ried out with glycerol solutions, yielded the velocity distribution 
in the liquid and the geometry of the free liquid surface in the 
immediate vicinity of the observed contact line. 

Downstream from the observed contact line, a thin air film is 
entrained between the web and the liquid, which confirms the 
hypothesis of Miyamoto and Scriven (1982). Consequently, the 
observed contact line is an apparent one. The liquid velocity 
increases along the free liquid surface towards the observed con- 
tact line, where it amounts to 40 to 60% of the web velocity, 
which is attained at the real contact line, located between 50 and 
125 Grn downstream from the observed contact line. 
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bias frequency, and 2. the Doppler frequency vD, which can be 
calculated by the following relation: 

2vy sin cpJ2 
x vg = 

Figure 1. Experimental setup. 

In the vicinity of the contact line, the liquid is subjected to 
extremely high accelerations and shear rates, which may affect 
its rheological behavior. 

Experimental Setup 
The purpose of the experimental setup is to measure liquid 

velocities in a slide coater bead (Figure I), bounded by the verti- 
cally moving web, which is a subbed polyester film, the front 
face of the coater, the upper and the lower free surface, without 
disturbing the Row and to determine the location of the lower 
free surface. 

The only method available is Laser-Doppler Velocimetry. 
The main features of the optical arrangement used have been 
described in the literature (Oldengarm et al., 1975). A 10-mW 
HeNe-laser beam (Figure 2) is focused by a lens L 1 on a rotat- 
ing grating, which splits the beam into one zero-order beam and 
pairs of higher-order beams. Only the two first-order beams, 
forming an angle of 12" with one another, are used. The diffrac- 
tion grating has 16,384 pairs of lines on its circumference and 
rotates a t  50 rev./s. The rotating grating provides a bias fre- 
quency upon which the frequency generated by the moving par- 
ticles in the liquid is superposed. This permits the determination 
of the flow direction. The two beams are focused through lenses 
L 2 and L 3 and form an interference pattern a t  their intersec- 
tion, where they build the measuring volume. The beams inter- 
sect in the liquid bead (Figure 1)  after passing through the web. 
The liquid is seeded with silicium carbide particles, which scat- 
ter the beams. 

The signal generated by the particles moving through the 
measuring volume consists of the sum of two frequencies: 1 .  the 

SLIDE 
COATER f 

where h is the wavelength of the laser light (632.8 x m); cp 
is the angle between the two beams (cp = 45"); and uy is the liq- 
uid velocity component perpendicular to the fringes. 

The light reflected by the particles in the liquid is captured by 
mirror M 1 and sent over mirror M 2 to a photomultiplier, 
which feeds the electronic signals to a frequency tracker. As the 
liquid velocity can vary over the width of the measuring volume, 
the signal contains a spectrum of frequencies. The tracker 
selects the frequency with the highest intensity and calculates its 
velocity. Because the light intensity in the measuring volume has 
a Gaussian distribution and its maximum is located at the center 
of the measuring volume, the tracker generally selects the veloc- 
ity signal corresponding with the liquid velocity in the center of 
the measuring volume. 

As the bead of a slide coater is very small, we aimed a t  mini- 
mizing the dimensions of the measuring volume. It can be 
proved (Oldengarrn et al., 1975) that the length b, of the mea- 
suring volume on the optical axis is: 

4nXf L f 3  b, = 
rf2bo sin (pi2 

where n is the refractive index of the 1iquid;f;. is the focal length 
of lens i; and bo is the diameter of the laser beam. This relation 
shows that a small b, value can be obtained by choosing small 
values forf, andf,, and large values forfi and cp. Withf, = 20 
mm, f 2  = 200 mm,f, = 50 mm, 60 = 1 mm, X = 632.8 x lo-' m, 
p = 45", and n = 1.45 (glycerol solution): 

6, = 15.26 pm. 

In practice, in order to get the smallest measuring volume 
possible, much care must be taken over the alignment of the 
optics. The laser beams must cross each other a t  their waists; 
otherwise, 6, is not minimal and the fringes are not planparallel. 
Due to imperfections of the lenses, the smallest obtainable b, 
value is much larger than the theoretical one and is about 40 Fm. 
It must be emphasized, however, that generally the signal issu- 
ing from the center of the measuring volume is selected by the 
tracker and recorded. Hence, the resolution of the measure- 
ments is much better than 40 pm. 

Laser-Doppler Measurements in a 
Slide-Coater Bead 

sionless numbers, was investigated: 

Capillary number Cu: 

A slide coater bead, characterized by the following dimen- 

p V j ~  = 0.16 

Reynolds number Re: 

1522 

Figure 2. Optical arrangement. 
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Stokes number St: 

pL*g/p V = 0.0 142 

Dimensionless vacuum number AeP: 

ApL/pV = 2.5 

where L is the eventual layer thickness (L = 100 pm); V, the 
web velocity ( V  - 1 m/s); p, the liquid viscosity ( p  = 8.10-' 
Pa . s); p, the liquid density ( p  = 1,155 kg/m3); a, the surface 
tension of the liquid (a = 50.10-' N/m); Ap the vacuum 
beneath the bead (Ap = 200 Pa). 

By shifting L 3 along the optical axis, the measuring volume is 
moved in the bead between the web and the front face of the 
coater, and a continuous liquid velocity profile is obtained. Suc- 
cessively three velocity profiles are recorded at y levels of 200 
pm and 50 pm, respectively, downstream from the observed con- 
tact line and 50 pm beneath the observed contact line. 

Velocity Profile: 200 pm Downstream from 
Observed Contact Line 

Figure 3 shows the velocity profile obtained 200 pm down- 
stream from the observed contact line. The velocity profile cor- 
responds to the profile expected in a closed system: the total flow 
rate, represented by the area between abcissa and velocity curve, 
is zero. The slope of the velocity graph represents the shear rate, 
which amounts to 1.5 x s-' at the web. At smallery values 
(closer to the observed contact line), the shear rates are much 
higher. 

Velocity Profile: 50 pm Downstream from 
Observed Contact Line 

The velocity profile displayed in Figure 4 exhibits some unex- 
pected features. A velocity plateau AB, at web velocity, followed 
by a steep drop BC, is noticed. From C to D, the velocity drops 
gradually. At D it starts to rise unexpectedly, until it reaches E 
where it starts to drop normally. When velocity profiles are 

Ca = 0.16 
Re = 14.4 
St = 0.0142 
AeP = 2.5 

D 
XlL 

Figure 3. Velocity profile 200 pm downstream from the 
observed contact line. 

vy'v 1 $+ 
Ca = 0.16 
Re = 14.4 
st = 0.0142 
AeP = 2.5 

1 2 3 

Figure 4. Velocity profile 50 pm downstream from the ob- 
served contact line. 

recorded closer to the observed contact line, the velocity jump 
BC grows larger and the discontinuity at D occurs at smaller x 
values. 

The velocity plateau AB can be explained by the assumption 
of a thin air film being entrained between web and liquid. Due to 
large differences in refractive indices of the polyethylene tereph- 
thalate web (n, = 1.5) and air (n, = l ) ,  a significant part of the 
laser light is reflected at the web-air interface (Figure 5) and 
forms a new measuring volume 2 in the web. The tracker selects 
the signal emitted by measuring volume 2, because it is stronger 
than the signal emitted by measuring volume 1. Hence, the 
recorded velocity is the web velocity. It should be emphasized 
that the width of the plateau AB is independent of the air film 
thickness. As soon as the distance of the measuring volume 1 to 
the web exceeds AB, its signal supersedes the signal from mea- 
suring volume 2. 

The same result is obtained without liquid between web and 
coater, which confirms the assumption that the velocity plateau 
AB is caused by an air film between the web and the liquid. 

Figure 5. Formation of measuring volume 2 by reflecting 
laser beams at the web-liquid interface. 
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'1 Ca = 0.16 
Re = 14.4 
st = 0.0142 
AeP = 2.5 

Figure 6. Shifting of measuring volume 1 by deflecting 
laser beams at the lower free surface. 

The disturbing velocity signal can be filtered electronically. 
When moving measuring volume 1 from right to left, the dotted 
line on Figure 4 is obtained. The liquid velocity a t  the liquid-air 
interface in A' is smaller than the web velocity. The velocity dif- 
ference ( V  - V,,,) continuously decreases when measuring a t  
increasing y values. The real contact line is located a t  about 105 
fim downstream from the observed contact line, where 
( Y  - VAr) becomes zero. 

Figure 6 shows that, when the lower laser beam leaves the 
web beneath the observed contact line, it is deflected by the air- 
liquid interface at  the lower free surface of the bead, which 
forms an angle @d with the web. Hence, measuring volume 1 is 
no more located on the optical axis, but somewhere above. The 
observed contact line is actually the intersection of the extension 
of the lower free surface and the web. Close to the web, the free 
surface bends sharply (D'E').  The velocity shift DE (Figure 4) 
is due to the deflection of the lower laser beam at D'E' and the 
ensuing shifting of measuring volume 1 above the optical axis. 
The value (xE - xD)  is related to the radius of curvature a t  the 
interface D'E' in the vicinity of the contact line. 

Velocity Profile 50 pm Beneath 
Observed Contact Line 

The velocity profile shown on Figure 7 exhibits features simi- 
lar to the features of the profile shown in Figure 4. Here the dis- 
turbing signal has likewise been eliminated by filtering. The 
location and the velocity component v,, of the lower free surface 
can be derived from the measurements. As in the previous case, 
a discontinuity in the location of the measuring volume arises 
between D and E.  In this case, it is caused by the deflection of 
the upper laser beam as soon as it leaves the web above the 
observed contact line. 

Another important feature of the Laser-Doppler Velocimeter 
measurements is that they allow the observed contact line to be 
located accurately. Figure 8 shows the location of D and E for 
different y values of the optical axis, above and beneath the 
observed contact line. It can easily be proved by geometrical 
considerations, and it has been confirmed experimentally that 
straight lines can be drawn through the D's and E's. These 
straight lines converge accurately a t  the observed contact line. 

1524 September 1989 

Figure 7. Velocity profile 50 pm beneath the observed 
contact line. 

Evaluation of Results 
The Laser-Doppler Velocimeter measurements allow the fol- 

lowing conclusions to be drawn: 
I .  Downstream from the observed contact line, a thin, invisi- 

ble air film is entrained between web and liquid, which confirms 
the hypothesis of Miyamoto and Scriven (1982). In the case con- 
sidered above, the length of this air film is approximately 105 
pm. The real contact line is located 105 pm downstream from 
the observed one. 

2. The observed contact line is not the real contact between 
liquid and web, but the intersection of the extended lower free 
surface of the bead and the web surface. Actually, close to the 
web (within 10 pm), the lower free surface bends sharply in the 
direction of the web surface, without getting in touch with it. 
The calculations of Pismen and Nir (1 982) a t  very low capillary 
numbers, however, support our observations. The Laser- 
Doppler velocimeter measurement technique allows an accurate 
location of the apparent contact line. 

3. The apparent contact angle (Pd can be derived from the 
measurements of the location of the lower free surface a t  dif- 

OBSERVED (. 
CONTACT LINE 

LIQUID 

Y 

Figure 8. Locating the observed contact line by connect- 
ing 0, or €, with straight lines. 
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Table 1. Dynamic Contact Angle and Air Film Length 

1 

45 - 

t 

_-- 

50 L e d  
I I * xb l  

50 100 150 

- 50 ';" 
Figure 9. Location of the lower free surface and determi- 

nation of eD. 

ferent y values (Figure 9). As the lower free surface cannot 
always exactly be represented by a straight line, the determina- 
tion of (3, is not very accurate ( * 3 O ) .  

4. The velocity component uy along the lower free surface 
(y') increases when approaching the web (Figure 10). At the 
apparent contact line, uv attains 45% of the web velocity. Down- 
stream from the apparent contact line, the liquid is progressively 
accelerated along the air film until it reaches the web velocity. 
This acceleration is due to extensional forces. The mean acceler- 
ation between apparent and real contact lines is 4,200 m/s2 or 
428 g! 

5. Although no unbounded forces or multivalued velocities 
are involved in the wetting process, some parameters attain very 
high values in the vicinity of the contact line: the curvature of 
the lower free surface, the shear rate web liquid, and the acceler- 
ation along the lower free surface. The rheological behavior of 
liquids under these extreme conditions is badly known and 
should be investigated. 

y'/L 

/ Ca = 0.16 
Re L 14.4 
St = 0.0142 # I  AeP = 2.5 

- 1,5 - 1  -0,5 0 0.5 1 

Figure 10. u,/ Y along the lower free surface and the air 
film between web and liquid. 

cu  

0.16 
0.106 
0.16 
0.16 
0.16 
0.16 
0.12 
0.24 
0.05 

Re 

14.4 
9.6 
7.2 

21.6 
14.4 
14.4 
19.1 
9.8 

14.1 

St 

0.014 
0.021 
0.003 
0.032 
0.014 
0.014 
0.019 
0.009 
0.03 1 

AeP 

2.5 
3.15 
1.25 
3.75 
1.25 
3.75 
3.33 
1.61 
5.56 

147 
139 
154 
146 
149 
148 
135 
149 
122 

-0.839 105 
-0.755 55 
-0.899 85 
-0.829 115 
-0.857 120 
-0.848 70 
-0.707 115 
-0.857 35 
-0.530 - 

The Laser-Doppler velocimeter measurements do not reveal 
all the details of the flow geometry in the vicinity of the contact 
line: 

1 .  They do not allow to determine accurately the curvature of 
the lower free surface at  the observed contact line. They only 
indicate that the radius of curvature is smaller than 10 pm. 

2. Neither do they allow the determination of the thickness of 
the entrained air film nor the determination of the actual inter- 
facial shape at  the real contact line. As the interfacial shape a t  
the real contact line is a t  least partly determined by molecular 
forces operating at  a length scale of Angstroms, optical meth- 
ods, with a resolution of several micrometers, are unable to  
resolve shapes in this scale. 

3. The Laser-Doppler Velocimeter measurements do not give 
any clue about what happens with the air being entrained 
between web and liquid. 

Dimensionless Numbers vs. Geometry 
of Lower Free Surface 

A series of Laser-Doppler Velocimeter measurements were 
carried out, whereby the dimensional variables V, L, Ap, p, and u 
were modified over following ranges: 

V from 0.67 to 1 m/s 
L from 50 to 150.1 0-6 m 
Ap from 100 to 300 Pa 
p from 5.4 to 12.10-~ Pa - s 
t~ from 50 to 72.10-3 N/m 

0,' Q82 

Figure 11. - cos 8,, as a function of Ca. 
Air entrainment occurs at Ca - 0.25 
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Figure 12. Dependence of l / L  on Re. 

The corresponding ranges of the dimensionless numbers were: 

Cu from 0.051 to 0.24 
Re from 7.2 to 21.6 
St from 0.0035 to 0.032 
AeP from 1.25 to 5.56 

Table 1 gives the values of Cu, Re, St and AeP, and of the 
ensuing dynamic contact angle 0, and length I of the air film 
between web and liquid. Relationships between one of the 
dimensionless numbers and 0, or 1 were sought. Only the rela- 
tionships between cos 0, and Ca (Figure 11) and I and Re (Fig- 
ure 12) seem meaningful. 

The contact angle increases as  Cu increases, which was to be 
expected. It was noticed, however, that when the contact angle 
exceeds 150°, the limit of coatability is rapidly attained; the 
coating becomes unstable. Moreover, the geometry of the lower 
free surface is modified (Figure 13): the radius of curvature in 
the vicinity of the observed contact line becomes much greater 

-100 

-150 

- 2 0 0  

Ca = 0.24 
Re = 9.8 
St = 0.009 
AwP = 1.67 

Figure 13. Location of the lower free surface with 
Ca = 0.24. 

and the observed contact line can no more be located accurately. 
Contact angles ranging from 155O and 180° could not be 
observed. According to Figure 11, air entrainment (0, = 180’) 
occurs a t  a Ca value of 0.25. 

The length of the air film between the observed and the real 
contact line increases with increasing Re. This can reasonably 
be expected as lower viscosities or higher web velocities require a 
greater length for the liquid to be accelerated up to the web 
velocity. The nature of the relationship, however, is obscured by 
the scattering of the points. 
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b,, = diameter of the laser beam, m 
b, = projection of measuring volume on the x axis, m 

Ca = capillary number 
f; = focal length of lens i. m 
g = acceleration of gravity, m/s’ 
1 = length of the air film between web and liquid, m 

L = eventual layer thickness, m 
n = refractive index 

Re = Reynolds number 
St - Stokes number 
V = web velocity, m/s 

vy = velocity in they direction, m/s 
x = axis perpendicular to the web surface 
y - axis parallel to the web surface 

Greek letters 
Ap = vacuum beneath the liquid bead, Pa 

0, = dynamic contact angle, O 

AeP = dimensionless vacuum 

X = wavelength of the laser light, m 
M = viscosity of the liquid, Pa s 

v, = Doppler frequency, s-’ 
p = density of the liquid, kg/m3 
u = surface tension of the liquid, N/m 
‘p = angle between the two beams forming the measuring volume, O 
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