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Experimental evidence is provided that the introduction of solid spheres significantly
postpones the onset of air entrainment in a particular range of solid concentrations.
Spherical poly(methylmethacrylate) particles were dispersed in Newtonian liquids at
different weight fractions up to 1 wt %. Despite the monotonic increase in bulk liquid
viscosity, the measured onset velocity of air entrainment first increased and then de-
creased with increasing particle number density. The maximum onset velocity was
obtained at a certain particle number density that did not depend on either the particle
diameter or the Bond number. A lubrication model was built by newly considering the
forced air-film splitting by particle contacts. The successive consistency between the
model prediction and the experimental observation suggests some directions for broad-
ening the applicability of the coating operation to higher surface speeds. © 2005 American
Institute of Chemical Engineers AIChE J, 51: 2171-2177, 2005
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Postponed Air Entrainment in Dilute Suspension

lubrication theory

Introduction

Forced wetting processes, in which gas at a moving solid
surface is replaced by a liquid, are often accompanied by air
intrusion between the liquid and the moving surface. Indeed, a
direct observation using the laser-Doppler velocimetry re-
vealed the existence of a thin air sheet in the order of 100
microns in length being retained downstream from the apparent
contact line.! Two forces can compete in the continuous air
film: the viscous lubrication force and the conjoining force that
arises from attractive intermolecular forces. The former thick-
ens the air film, whereas the latter tends to thin it. The resulting
subtle balance of these forces generally reveals four flow
regimes in its response to displacement speed. At low surface
speeds (Regime I), the conjoining pressure can overcome the
lubrication pressure. The Rayleigh-Taylor or Kelvin—Helm-
holtz instability can rupture the air film into fine bubbles,?
leaving the residual air film only at a short distance beyond the
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apparent contact line. In Regime II at higher surface speeds, the
air film is stabilized as a result of the stronger lubrication
pressure. The liquid intersects the surface to form a straight
contact line perpendicular to the moving direction (Figure 1a).
With a further increase in surface speeds (Regime III, Figure
1b), the dynamic contact line spontaneously breaks into two or
more inclined but still steady straight-line segments.? Increas-
ing speeds even further (Regime IV, Figure Ic) leads to a
regime in which subsequent cusp formation arising from a
three-dimensional flow instability promotes an intermittent en-
trainment of visible air bubbles from downstream vertices of
the inclined contact line segments.*¢

For ”"homogeneous” fluids involving no specific microstruc-
tures, extensive studies have focused on transitions between the
flow regimes. Teletzke et al.” predicted the transition velocity
between Regime I and Regime II by coupling a unidirectional
lubrication flow equation with the conjoining pressure term. No
continuous air film can be deposited in equilibrium below the
critical displacement speed because the viscocapillary pressure
is too low to prevent conjoining collapse. For a subsequent
transition from Regime II to Regime III, Blake and Ruschak?
demonstrated that the velocity component normal to the contact
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Figure 1. Perspective views of dynamic contact line with
increasing substrate velocity.
(a) Regime 1II, (b) Regime III, (c) Regime IV.

line remains constant for a given fluid. They claimed that the
molecular displacement by the adsorption/desorption process
does not exceed a certain limiting velocity at the contact line.
The existence of such a characteristic velocity was verified
both in the angled coating experiments®° and in the molecular
displacement theory.'® The last but the most drastic transition
from Regime III to Regime IV occurs at a particular onset
velocity of air entrainment, V. An increase in bulk fluid
viscosity generally results in the transition at a lower speed
because of the stronger shear stress. For Newtonian fluids on a
smooth surface, the onset velocity obeys the simple power law
V,, = w %% where w is the bulk fluid viscosity.*'" From a
practical perspective, a higher onset velocity of air entrainment
is preferred to eliminate undesirable bubble and/or pinhole
defects because the air entrainment often limits the operating
speed and thus reduces the coating productivity.

However, the air film instability in a rigid “filler”” suspension
is still poorly understood. The introduction of solid additives in
liquids is capable of disrupting the balance of the competing
forces and thus changing the transition in flow regimes. In
general, the flow around a filler promotes a viscous energy
dissipation to increase bulk liquid viscosity. Classical hydro-
dynamic theories show that, at very low solid concentrations
such that the flow around one filler is not influenced by the
presence of neighboring fillers, the suspension viscosity is
expressed by a simple linearly increasing function with respect
to the solid volume fraction. Thus one would expect that the
transition velocity between Regime III and Regime IV mono-
tonically decreases with increasing filler concentration because
of the resultant increase in liquid viscosity. In this article, we
demonstrate evidence of a novel air entrainment behavior in
which the introduction of insoluble solid spheres significantly
increases the transition velocity in dilute suspensions. The
onset velocity of air entrainment in the suspension was com-
pared with that in the filler-free fluid to directly access the
filler-induced air entrainment. The experimental results re-
vealed that the instability through a free-surface cusp in the
suspension is no longer considered a bulk phenomenon but
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rather involves interfacial contributions of each filler compo-
nent.

Experimental Apparatus and Procedures

The experimental setup is schematically shown in Figure 2.
The acrylic coating die filled with a test liquid was located on
a rotating roller to feed the liquid. The steel roller (diameter:
300 mm; width: 300 mm) was driven by AC geared motors
with a combination of timing pulleys and belts. The roller
surface was mirror-finished. The coating gap, in which the
liquid meniscus bridges the roller surface and the die edge, was
set by placing shims between the roller and the bottom surface
of the edge plate. Copper squeegees were pressed against the
surface to remove the excessive liquid from the roll and to keep
the surface as dry as possible. The liquids scraped off by the
blade were caught in a pan located beneath the roll. The test
fluids used were silicone oils (KF, Shin-Etsu Chemical) with
different viscosities () ranging between 0.054 and 0.31 Pas
and surface tensions (o) of 0.0208—-0.0211 N/m. The viscosi-
ties of the filler-free liquids and suspensions were measured
with a viscometer (Tokyo-Keiki Type BL) equipped with Cou-
ette geometry. The spherical poly(methylmethacrylate) parti-
cles (MBX, Sekisui Plastics) were dispersed in the coating
liquids at different weight fractions up to 1 wt %. The particle
diameter D), ranged from 8 to 50 wm with a standard deviation
of <30%. The particles can settle by gravity at a finite time
because of the density difference between the solid and the
liquid. However, the downward particle motion by gravity was
sufficiently slow compared to its transverse motion along the
moving surface, that is, the terminal velocity of the particle was
in the order of 10* lower than the roll speed. The dynamic
wetting failure was visualized through the transparent edge
plate of the die. The direct observation of the contact line
allows us to measure the onset velocity of air entrainment
corresponding to the transition velocity from Regime III to
Regime IV. Stable dynamic contact lines were observed at
relatively low roll speeds. With increasing roll speeds, visible
air bubbles subsequently began to break off the trailing vertex.
The roll speed, above which streaks of fine air bubbles were
observed by the naked eye in the spreading liquid film, was
defined as the onset velocity of air entrainment.

Results and Discussion

The major interesting features of the wetting failure in sus-
pensions were the morphological changes in contact lines and
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Figure 2. Experimental arrangement.
Vol. 51, No. 8 AIChE Journal



die edge air film

Figure 3. Snapshots of the dynamic contact lines at the
onset of air entrainment.

(a) Filler-free fluid, (b) suspension case of C,, = 0.1 wt %. The
roll surface moves from bottom to top as indicated by the
arrow. The sawtooth pattern was significantly reduced in size
in suspensions. The viscosity and the surface tension of the
liquid were w, = 0.116 Pa's and o = 0.0209 N/m. The
coating gap and the liquid height were H = 50 um and L =
6 X 102 m.

the resultant variation in onset velocity of air entrainment.
Figure 3 shows snapshots of the dynamic contact lines at the
onset of air entrainment. The roll surface moves from bottom to
top as indicated by the arrow. The viscosity and the surface
tension of the liquid were u, = 0.116 Pa's and o = 0.0209
N/m, respectively. In the case of filler-free liquid (Figure 3a),
the contact line adopted a sharp sawtooth configuration. The
trailing vertex of inclined straight-line segments was located 7
mm downstream from the apparent contact line. The measured
onset velocity of air entrainment (v,,,) was found to be 0.176
m/s, showing good agreement with the predicted onset velocity
from the power law.!" On the contrary, the sawtooth pattern
was significantly reduced in size in suspensions (Figure 3b).
The resulting onset velocity of air entrainment increased to v,
= 0.337 m/s, showing that an introduction of solid fillers can
postpone the onset of wetting failure to higher surface speeds.

We next demonstrated how the suspension characteristics
affect the dynamic wetting failure. Figure 4 shows the variation
in onset velocity of air entrainment with the particle diameter.
To quantify the postponed wetting failure in suspensions, the
measured onset velocity was normalized as (V,, — V,.0)/Vae0
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Figure 4. Variation in onset velocity of air entrainment

with particle diameter.

The measured onset velocity was normalized as (v,, — v,.0)/
V00, Where v, and v, are the onset velocities in suspension
and filler-free fluid, respectively. The onset velocity reaches a
peak at the particle diameter of 30 wm. The viscosity and the
surface tension of the liquid were w, = 0.116 Pa's and o =
0.0209 N/m.
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Figure 5. Variations in onset velocity of air entrainment
and bulk suspension viscosity with particle
weight fractions.

The measured suspension viscosity (u) agreed with that of the
filler-free liquid (u,) at low weight fractions. The onset ve-
locity of air entrainment exhibited a peak even at concentra-
tion-independent low viscosity regimes at low weight frac-
tions < 0.1 wt %. The peak velocity was obtained at a higher
particle weight fraction as the particle diameter increases.

where v, and v, are the onset velocities in the suspension and
the filler-free fluid, respectively. It was found from Figure 4
that the onset velocity of air entrainment first increases and
then decreases with increasing particle diameter. The onset
velocity reaches a peak at the specific particle diameter of 30
pm. The resultant maximum velocity at the peak was found to
be (Ve = Vo) Vaeo = 0.91, indicating that the suspension was
successfully applied onto the moving surface at a speed as
much as twice that of the filler-free liquid.

In the second series of experiments, the particle weight
fraction was varied, while the particle diameter was kept con-
stant. Figure 5 shows the onset velocity of air entrainment and
bulk suspension viscosity for different particle weight frac-
tions. The measured suspension viscosity (u) agreed with that
of the filler-free liquid (w,) at low weight fractions less than 0.1
wt % (Figure 5a). At higher weight fractions, the viscosity
monotonically increased with increasing particle weight frac-
tions. The independence of viscosity from the particle diameter
is consistent with the classical hydrodynamic theories based on
simple solid-liquid interactions. On the contrary, the onset
velocity of air entrainment exhibited a peak even at concentra-
tion-independent low-viscosity regimes of C, = 0.1%. The
peak velocities were obtained at higher particle weight frac-
tions as the particle diameter increased. Once the empirical
power law holds, an increase in viscosity should lead to a
decrease in the onset velocity of air entrainment. However,
Figure 5b revealed a significant increase in onset velocity up to
(Vae = Vaeo)/Vaeo = 0.5 at particle concentrations of C, = 1 wt
%. These results provide conclusive evidence that the dynamic
wetting failure in suspensions cannot simply be explained by
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Figure 6. Variation in onset velocity of air entrainment
with particle number density.

The onset velocity of air entrainment exhibits a Ipeak at the
same particle number density of 3, = 1 X 10"/m?, inde-
pendent of particle diameter.

the variation in bulk liquid viscosity. In contrast to filler-free
fluids, the suspension does not obey the power law.

To understand how the fillers interact to postpone the onset
of air entrainment, we replotted the measured onset velocity of
air entrainment against the particle number density, that is, the
number of particles per unit liquid volume. As shown in Figure
6, the onset velocity of air entrainment was found to exhibit a
peak at the same particle number density of %, . = 1 X
10""/m?, which was independent of particle diameter. The
existence of such a critical number density strongly suggests
that the air entrainment in the suspension is no longer consid-
ered a bulk phenomenon but rather involves interfacial contri-
butions of each filler component. Figure 6 also reveals that the
suspension exhibits two distinct flow regimes with increasing
particle number density, that is, the onset velocity of air en-
trainment increases at low number densities of % < X
(Regime A), whereas it decreases at high number densities of
3 > 3 .« (Regime B).

The gravitational or inertial force acting on the liquid is also
known to postpone the onset of air entrainment because it
pressurizes the meniscus onto the solid to stabilize the contact
lines.'>!3 To evaluate the effect of gravitational force on the
critical number density, we performed velocity measurements
at different liquid heights in the die ranging from L = 0.03 to
L = 0.06 m. The resultant Bond number, Bo = ngz/O', the
ratio of the gravitational force to the surface tension force,
ranged between 800 and 1700. The measured onset velocity of
air entrainment monotonically increased with increasing Bond
number because of the higher static liquid pressure. However,
the normalized onset velocity exhibits a peak at the same
critical number density of 3 = %, . for any Bond number, as
shown in Figure 7, suggesting that the critical particle number
density is a unique physical factor that does not depend on
either gravitational or surface tension forces.

The peculiar air entrainment features can be understood by
considering a particle motion that splits the intruding air into
smaller segments. The possible air—film-splitting sequence is
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Figure 7. Effect of Bond number on onset velocity of air
entrainment.

The onset velocity of air entrainment exhibits a peak at the
same critical number density of % = X _ = for any Bond
number. The viscosity and the surface tension of the liquid
medium were u, = 0.116 Pa-s and o = 0.0209 N/m.

schematically shown in Figure 8. Consider a flowing particle
that invades the air film and contacts the moving surface
against the lubrication pressure (Figure 8a). Because the con-
tact motion accelerates the particle to the surface velocity, the
resulting strong shear stress around the particle is responsible
for splitting the air film into fingers. The air finger subsequently
shrinks as a result of the high capillary pressure at the curved
finger tip (Figure 8b). For the case of low particle number
densities, only a few neighboring particles can contact the
surface, and thus the film splits into relatively thick fingers. The
fast pressure-driven flow in the thick finger cancels the drag

pressure-driven flow

Particle Liquid Particle
contact receded contact line
topview [/ 7 | /ﬁ«
Liquid@ Air film splitting
side view S R
— & Air : @ :
— —
@ (©)
too slow flow
Bubble
Particle  Ligquid Particle oo é) o6
contact °°% o
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Figure 8. Two film-splitting sequences at low and high
particle number densities.

(a) Particle invades the air film and contacts the moving
surface against the lubrication pressure. (b) The shear stress
around the particle splits the air film into fingers that subse-
quently shrink as a result of the adverse pressure gradient. (c)
The pressure-drive flow cancels the drag flow, pulls the finger
further upstream, and restabilizes the contact line. For high
particle number densities, (d) more than one particle can
instantly contact the surface to form thinner air fingers. (e)
The thinner fingers involve slower pressure-driven flow,
which no longer competes the drag flow. (f) The air fingers
break up into small bubbles because of growing interfacial
instability.
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Shrinking Air Finger

Figure 9. Unidirectional lubrication flows in an air finger
and liquid threads.

A circular finger edge creates the adverse pressure gradient.
The width of the air finger d equals the mean separation length
between contacting particles.

flow, pulls the finger further upstream, and eventually causes
the dynamic contact line to recede at even higher surface
speeds (Figure 8c). On the contrary, more than one particle can
instantly contact the surface for higher particle number densi-
ties (Figure 8d). The resulting thinner air finger involves a
pressure-driven flow that is too slow to compete against the
drag flow (Figure 8e). Thus the fingers no longer shrink but
rather break up into fine bubbles as a result of the growing
interfacial instability (Figure 8f), leading to an onset of dy-
namic wetting failure at lower surface speeds. This physical
picture is consistent with the increase and decrease in onset
velocity of air entrainment with increasing particle number
density (see Regimes A and B in Figure 6).

Lubrication Theory

To support the proposed mechanism, we applied a one-
dimensional lubrication theory for describing a sequential se-
ries of particle contacts and film splittings. For simplicity,
consider a two-dimensional air finger with a constant thickness
and a length [ as shown in Figure 9. The x-component of the
Navier—Stokes equation in the air finger was reduced to dp/
ox = w,0°u/dy* and the y-component to dp/dy = 0, where p is
the local air pressure, u is the air velocity in the x-direction, and
M, is the air viscosity. Assuming a circular finger edge, the
pressure gradient in the x-direction equals the capillary pres-
sure difference —20/(dl), where o is the surface tension. Sub-
stituting the pressure gradient and integrating the parabolic
velocity profile in the y-direction yield the mean air velocity in
the finger as u,, = u; + od/(6u,l), where u; denotes the
velocity component at the interface between the air finger and
the remaining liquid thread. The local stress balance at the
interface gives the interfacial velocity as u; = oD, /(6p0l). Thus
the mean shrinkage velocity of the air finger is expressed in
terms of the ratios of viscosities and length scales as

ad

“aur (7))
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The time required for the finger shrinkage (7,) and the time
interval of particle contact (7,.) are the key physical factors for
describing the postponed air entrainment in suspensions. Con-
sidering an air finger shrinking with a mean velocity of u,,, the
shrinkage timescale is given by 7, = l/u,,. Substituting Eq. 1
into the expression yields

7, = 6psl%(0d) 2

where the second term on the right side of Eq. 1 is neglected
because the liquid viscosity of interest is much higher than the
air viscosity, given that w,/p, << 1.

We assume that particles are homogeneously suspended with
a mean separation length d. The contact time interval is simply
expressed as

3

T. = d/vaeo

where v, is the onset velocity of air entrainment in the
filler-free fluid. The characteristic velocity is assumed to be
given by v, in this time interval because the particles before
contact play no role in the increase in onset velocity of air
entrainment.

Here we note that the two timescales exhibit an opposite
dependency on the particle number density. Because the par-
ticle separation length is simply expressed as d = 3 "*in a
homogeneous suspension, 7, and 7. in Egs. 2 and 3 become
increasing and decreasing functions with respect to the particle
number density. In the case of a low particle number density,
the contact time interval becomes much longer than the time
required for the finger shrinkage (7, >> 1,), and thus the finger
can completely shrink before the following particle comes into
contact with the surface. At high particle number densities, on
the contrary, the finger does not shrink during a finite contact
interval (1, << T1)).

The two relevant timescales allow us to estimate the post-
poned onset velocity of air entrainment in suspensions. We
assume that the onset velocity remains v, in the time interval
of 7., whereas it increases to v, + u,, in the time interval of
7,, that is, a higher finger shrinkage velocity restabilizes the
contact line to a higher speed. Assuming the sequential particle
contact and the finger shrinkage, the time-averaged onset ve-
locity is given by

_ TcVae0 + Ts(van + um)

“4)

v,

ae

T, + T,

Substituting Eqs. 2 and 3 into Eq. 4 and setting d = 3~ '

yield the expression for the normalized onset velocity of air
entrainment as

Uge —

ae B 1
fe <— +63Ca 1)

Uge0 _ 1

4)
E]/Sl
where the capillary number in the air is defined as Ca =

MaVaeolo. It is immediately clear from Eq. 5 that the increase in
onset velocity is proportional to ' at low particle number
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Figure 10. An example of the onset velocity of air en-
trainment calculated from the lubrication the-
ory.

The increase and decrease in onset velocity with increasing

particle number density are consistent with experiments
shown in Figure 6.

densities, whereas it obeys (Vo — Vaeo)/Vaeo * = at high
number densities. Figure 10 shows an example of the onset
velocity calculated from Eq. 5. The increase and decrease in
onset velocity of air entrainment with increasing particle num-
ber density are consistent with the experimental results shown
in Figures 6 and 7.

To verify the lubrication model in detail, the solution of
dv,/d>% = 0 was obtained to evaluate the critical particle
number density at which the onset velocity of air entrainment
exhibits a peak. The solution gives

1

2 ax = (6 Ca)?F

(6)

Equation 6 shows that the critical number density does not
depend on either particle diameter or Bond number. This is
consistent with the experimental results shown in Figures 6 and
7. Furthermore, substituting typical experimental values of w,
=2 X 107 Pass, v, = 0.176 m/s, ¢ = 0.02 N/m, and [ =
6.6 X 10 m into Eq. 6 yields the capillary number of Ca =
1.76 X 10~* and the critical density of 3, = 1 X 10'"/m?,
showing good agreement with the measured critical number
density shown in Figure 6.

The expression for the critical number density also shows
that the onset velocity of air entrainment reaches a peak at a
critical particle diameter. Transforming the particle number
density in Eq. 6 to the particle weight fraction C,,, we obtain the
critical particle diameter at a peak as

PCp 1/3
Dy = 445 Ca (5) I (7

P

where p and p,, are the densities of the liquid and the particle,
respectively. The substitution of Ca = 1.76 X 10~ C,=0.1
wt %, p = 975 kg/m’, p, = 1200 kg/m’, and [ = 6.6 X 107>
m into Eq. 7 gives the particle diameter of D, .., = 25 um,

showing good agreement with the experiments shown in Figure
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4. These facts provide unambiguous evidence that the postpone-
ment of air entrainment in suspensions can be explained by
considering the dynamic interplay between the viscous drag flow
and the competing pressure-driven flow in the split air finger.
From a practical perspective, it is desirable to postpone the
onset of air entrainment to a higher speed because an air bubble
is detrimental to the quality of the final coating product. Sub-
stituting Eq. 6 into Eq. 5 gives the maximum onset velocity
expressed in terms of the capillary number in the gas phase as

—1/2
(vae - vacO) _ Ca
Uaen max 2 VE

Substitution of the capillary number of Ca = 1.76 X 10
into Eq. 8 gives the maximum onset velocity of 14, implying
that air entrainment in the suspension can be postponed to a
speed one order of magnitude faster than that in the filler-free
fluid. Because the experimental observation showed an onset
velocity of less than unity (see Figures 4 and 5), the maximum
onset velocity predicted from the simplest lubrication theory is
not satisfactory in a quantitative sense. Furthermore, the max-
imum onset velocity in Eq. 8 is independent of particle diam-
eter, whereas the measured maximum velocity shows a strong
dependency on particle diameter even at the same capillary
number (see Figure 6). Nevertheless, our lubrication model
provides a start toward a basic understanding of how the
introduction of fillers delays the onset of dynamic wetting
failure in suspension coatings.

One might argue that the postponed air entrainment in sus-
pensions seems to be similar to that observed on a rough
surface. Indeed, a properly chosen surface roughness is known
to successfully postpone the dynamic wetting failure above a
critical liquid viscosity.'*!> This feature is attributed to the
contact line motion that does not wet the surface along the peak
and the valley but rather skips from peak to peak. For filler-free
fluids on a rough surface, the onset velocity of air entrainment
increases with increasing liquid viscosity because more liquid
can skip the peaks. In the present experiment, however, an
increase in silicone oil viscosity u, from 0.0538 to 0.312 Pa-s
led to a monotonic decrease in the normalized onset velocity
(Vae = Vaeo)Vaeo from 0.82 to 0.33, showing a reverse viscosity
dependency from the roughness effect. The peculiar depen-
dency of onset velocity on liquid viscosity is one of the unique
characteristics of the filler-induced air entrainment. Based on
our film-splitting concept, the volume occupied by a contacting
particle is replaced by the liquid to form a liquid thread be-
tween the air fingers. If the liquid viscosity is too high to
compensate for the particle volume in a finite time, the “void”
is readily filled with the surrounding air, and thus no air finger
forms. This is possibly the reason that the higher liquid vis-
cosity induces a lower increase in the onset velocity of air
entrainment in suspension coatings.

®)

Conclusions

We experimentally demonstrated that the onset of air en-
trainment is significantly postponed in suspensions of spherical
solid particles. The maximum onset velocity was obtained at a
specific particle number density that does not depend on either
the particle diameter or the Bond number. In contrast to the
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dynamic wetting failure in filler-free fluids, the instability through
a free-surface cusp in the suspension is no longer considered a
bulk phenomenon but rather involves interfacial contributions of
each filler component. The unusual air entrainment behavior was
characterized by newly considering a forced air-film splitting
arising from the particle invasion against the lubrication pressure.
The one-dimensional lubrication model provides good explana-
tions for the observed dependencies of the air entrainment velocity
on the particle number density. However, the maximum onset
velocity predicted from the simple model is much higher than the
measurements, suggesting that the present model is not satisfac-
tory in a quantitative sense. We need further studies to clarify the
detailed physical mechanism of the air entrainment by taking into
account the three-dimensional interfacial instability coupled with
the microscopic flows around each particle.
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