
Liquid film stability and contact line dynamics of emulsion liquid
films in curtain coating process

Alireza Mohammad Karim , Wieslaw J. Suszynski, Saswati Pujari

Received: 31 March 2021 /Revised: 12 May 2021 /Accepted: 30 May 2021
� American Coatings Association 2021

Abstract Previous studies reported that single-phase
liquid curtains become more stable with increasing
Ohnesorge number. Many liquid films used in the
coating industry are types of emulsion samples.
Despite this fact, the effect of multiphase liquids on
the dynamics of the curtain breakup has not yet been
considered. This study explores the stability of emul-
sion curtain coating via high-speed visualization. The
critical condition at the onset of curtain breakup was
determined by finding the flow rate below which the
curtain broke. Curtain breakup was observed via a hole
initiation within the curtain. The results reveal that
curtain breakup dynamics is governed by the charac-
teristic dynamic viscosity and the surface tension. The
emulsion curtain stability, defined by Weber number,
increases as Ohnesorge number rises, similar to the
single-phase liquid (i.e., Newtonian and pure shear
thinning) curtain stability. The critical web speed at
which the contact line moves upstream of the curtain, a
phenomenon called heel formation, and that at which
air entrainment occurs, were determined for emulsion
solutions at different flow rates. The results reveal that
the surface tension increase delays the onset of air
entrainment which could help to conduct faster curtain
coating substrates with emulsion liquid films.

Keywords Liquid film stability, Shear thinning,
Multiphase liquid, Liquid contact line

Introduction

Curtain coating is one of the preferred methods for
high-speed precision coating of single-layer and mul-
tilayer films. In curtain coating, a liquid sheet forms as
the liquid exits the coating die and flows freely
downward before it impinges on the surface of the
moving substrate to be coated, as sketched in
Fig. 1a.1–10 Curtain coating is challenging. A uniform
thin liquid layer is only obtained within the limited
range of operating parameters, as sketched in Fig. 1b,1

usually referred to as the coating window. Figure 1b
represents the operating space for curtain coating in
terms of two dimensionless numbers: the ratio of the
web speed, Uweb, to the curtain velocity at the liquid
contact line, U, and the Reynolds number, defined as

Re ¼ qQ
l0
, where Q is the flow rate per unit width, q is

the liquid density, and l0 is the liquid zero-shear
viscosity.

To achieve a thinner coating, a lower flow rate out of
the die and a thinner liquid curtain are needed. It is
worthwhile to mention that for all premetered coating
techniques, such as the curtain coating, the thickness of
the coated liquid film, hfilm, depends on the ratio of the
flow rate per unit width, Q, and the substrate speed, U,
via hfilm = Q/U. As a result of this, increasing the
substrate speed is also another way for achieving the
thinner liquid coated films.2 However, the liquid
curtain breaks when the flow rate falls below a certain
critical value. The instability of liquid sheet is a
physical phenomenon that was studied first by Taylor
in 1959.11 Based on Taylor’s analysis, Brown12 pre-
sented the first experimental study on the stability of
the liquid curtain exhibiting Newtonian behavior. He
proposed a stability criterion considering the compar-
ison of the inertial force in the liquid curtain, which
pushes downward a hole created within the liquid
curtain, with the capillary force, which causes the hole
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to move upward. This stability criterion is therefore
represented by the Weber number, We, which signifies
the relative importance of inertial and capillary effects
[equation (1)]:

We ¼ qQU

2r
[1 ð1Þ

where Q is the flow rate per unit width of the liquid
curtain, U is the liquid curtain velocity, q is the density
of the liquid, and r is the surface tension of the liquid.

Many scientists have investigated the validity of the
Brown’s stability criterion.13–18 Several studies8,16–21

have found conditions under which the critical param-
eters at the onset of curtain breakup are not well
described by Brown’s criterion. The mechanisms of
liquid curtain breakup are more complex than the
simple balance between inertial and capillary forces.
The viscosity of the liquid may have an important
effect on curtain stability. Experimental results re-
ported by Karim et al.4 and numerical analyses
presented by Sünderhauf et al.20 have shown that the
viscosity increases the stability of the liquid curtain.
Theoretical and numerical analyses presented by Savva
and Bush21 concluded the important effect of viscosity
is on the growth rate of a hole formed within a liquid
curtain. This behavior was confirmed with the exper-
imental results from Karim et al.4 This study4 also
revealed that the liquid viscosity affects Newtonian
liquid curtain stability in two ways: (1) it slows down
the retraction speed of the rim of a hole in the curtain,
stabilizing it, and (2) it slows down the curtain speed
inside the viscous boundary layer that is formed near
the edge guides, promoting curtain breakup. With
properly designed edge guides the first effect domi-
nates.

Curtain coating process also relies on steady
dynamic wetting to uniformly deposit a liquid film
onto a moving web. Above a critical substrate speed,
the air layer in contact with the substrate is not fully
displaced, the flow evolves from steady two-dimen-
sional to unsteady three-dimensional flow22–24 and a
small amount of air is entrained under the liquid layer.
Air entrainment degrades film uniformity and product
quality and therefore should always be avoided in
coating processes.25

In curtain coating, the momentum of the liquid
flowing down the curtain creates a high-pressure region
near the contact line that helps displace the air layer in
contact with the substrate, enabling wetting at higher
speeds than observed in other coating methods.26,27

The delay in air entrainment associated with this high-
pressure region is generally referred to as ‘‘hydrody-
namic assist.’’1–3,28

At each flow rate above the critical value, there is a
range of web velocity at which two-dimensional flow
occurs. If the web velocity is not high enough, liquid
accumulates in the coating bead, the dynamic contact
line moves upstream of the curtain, and the flow

becomes nonuniform in the cross-web direction. This
phenomenon is usually called heel formation. The
maximum speed at each flow rate marks the onset of
air entrainment. As sketched in Fig. 1b, experimental
observations show that the degree of hydrodynamic
assist reaches its maximum (i.e., the largest critical
speed) at a specific flow rate, at which the dynamic
contact line (DCL) is right beneath the liquid curtain,
which leads to a strong hydrodynamic pressure near
the DCL as the liquid impacts the substrate.1,2,26,27,29–31

Typical liquids used in curtain coating are complex
colloidal suspensions or emulsions,32 which exhibit
shear thinning behavior. Despite the broad technolog-
ical application of emulsion liquid films in the coating
industry, there is still a lack of fundamental under-
standing of the importance of these multiphase liquids
on curtain breakup mechanism and stability of the
dynamic contact line. In this work, a comprehensive
analysis of the relation between the physical properties
of dilute emulsion solutions and curtain coating stabil-
ity was presented.

Materials and methods

Experimental setup

The curtain coating setup is sketched in Fig. 2. A
peristaltic pump delivers liquid from the tank to the
coating die to form a curtain between two Teflon-
coated edge guides at an angle of two degrees. The
dynamics of the curtain breakage was recorded, and
the local curtain velocity, u, at different positions (x, y)
along the curtain, where x is the distance from the edge
guide and y is the distance from the lip of the slide
coating die, was also determined. Details of the
experimental procedures are described in previous
studies of liquid curtain stability.4,5,8

The dynamic contact line was monitored from the
back and front of the curtain to observe air entrain-
ment and heel formation at different flow rates and
speeds of the glass roll as indicated in Fig. 2a. The
curtain and deposited film were also recorded with a
Canon camera mounted in front of the curtain with a
field of view that spanned the width of the curtain; also,
indicated in Fig. 2a.

At each constant flow rate, Q, the speed of the glass
roller, Uw, was increased slowly until V-shape air
pocket(s) were observed. The corresponding speed of
the glass roller is defined as the critical speed for onset
of air entrainment. For the same flow rate, the speed of
the glass roller was then decreased slowly until a heel
of liquid was observed at any location along the
dynamic contact line. The corresponding speed of the
glass roller is defined as the critical speed for onset of
heel formation. The maximum speed, Uw,max, the glass
roller can achieve in the experiment is 164.2 cm/s.

Figure 3 illustrates the visualization from back and
front views of the dynamic contact line representing
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stable dynamic contact line, air entrainment, and heel
formation for emulsion solution. The presence of V-
shape air pockets along the dynamic contact line
reveals air entrainment (see Fig. 3c). Heel formation is
defined by the presence of excess liquid column along
the dynamic contact line (see Fig. 3b). It is important
to note that we decided to specify the onset of heel
formation at the instance at which we observed the
beginning of the liquid accumulation just behind the
impingement zone where the stable dynamic contact
line is defined, which is the location exactly underneath
the falling emulsion liquid film vertically on the glass
roller.

Materials

The acrylic emulsion used in this study was a typical
water-based acrylic adhesive made by Dow. These
emulsions have been thickened with rheology modifier
available commercially from Dow. The shear viscosity
curves were obtained using the AR-G2 Rheometer
(TA Instruments) with a Couette cell geometry. In the
range of shear rate explored, the viscosity curves show
a low-shear plateau, a power-law region (l ¼ K _cn�1,
where l is shear viscosity, _c is shear rate, K is flow
consistency index, and n is flow behavior index) and a

high-shear plateau value. The emulsion samples used
in this study exhibit shear thinning behavior (see
Fig. 4).

The characteristic rate of deformation of the curtain
breakup flow can be estimated by assuming a radial
flow during the hole opening process in a free liquid
sheet. It is given by the ratio of the rim velocity, urim, to
the curtain width, L: _c� ¼ urim=L. For the conditions of
the present experiments (see next section), the char-
acteristic deformation rate is approximately
_c� ¼ 13:5 s�1. The liquid characteristic dynamic viscos-
ity at this characteristic shear rate is referred to as lC
(lC ¼ l _c�ð Þ).

Table 1 shows the physical properties of emulsion
solutions prepared for the experiments. The surface
tension was measured using the Wilhelmy plate
method33 in the digital tensiometer K10ST (Krüss),
and density was determined by Krohne MFC 100
Coriolis-type mass flow meter used in curtain coating
experiment.
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Fig. 2: (a) Schematics of the curtain coating setup used in
the experiments. Dotted lines with arrows indicate the
direction of the liquid flow in the curtain coating setup. (b)
Front view of the liquid curtain between two Teflon-coated
converging (inclined) edge guides. H is the height of the
curtain and L is the local width of the curtain
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Fig. 1: (a) The schematic of a stable curtain at web speed,
Uw, and curtain velocity at the impingement zone, U. (b)
Schematic of curtain coating window1
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Results and discussion

Liquid velocity in the curtain

Since the stability condition for the liquid curtain is
highly related to the ratio between the speed at which a
disturbance (i.e., hole) expands in the curtain and the
speed by which the hole is convected by flow, it is
crucial to determine the effect of viscous forces on the
liquid velocity in the curtain. The velocity of the liquid
curtain at different distances from the edge guides was
measured by tracking the downward motion of air
bubbles, as shown in Fig. 5. The free fall velocity, Ug, is
described by equation (2):

Ug ¼ U2
exit þ 2gy

� �1=2 ð2Þ

where y is the distance from the die, Uexit is the
velocity on the top of the curtain, defined in a first

approximation as Uexit ¼ Q
hslot

, whereQ is the volumetric

flow rate per unit width of the die and hslot is the slot
height, which is 508 lm, and g is gravitational accel-
eration. The free fall velocity is illustrated in Fig. 5 as a
dashed line.

The experiments were done using a slide-fed curtain
coating die. Therefore, the velocity on the top of the

curtain needs to take into account the viscous forces
along the flow down the inclined plane of the die and
along the edge guides of the curtain. The film thickness
hdie and velocity at the end of the incline Udie can be
estimated by assuming a steady state, laminar, one-
dimensional, fully developed, and incompressible flow
of a power-law liquid on an inclined plane under
the effect of gravity (the shear rates of the flow down
an inclined plane are inside the power-law region of
the viscosity curves) to solve the Navier–Stokes equa-
tion in the direction of flow, x* [equation (3)]:34–36

d

dy�
sx�y�
� �

þ qg sin a ¼ 0 ð3aÞ

sx�y� ¼ K
dudie
dy�

� �n�1dudie
dy�

ð3bÞ

where udie is the velocity along the surface of the die
and y* is the axis vertical to the surface of the die and
applying the boundary conditions on the flow along the
surface of the die equation (4):

udieð Þy�¼0¼0 no-slipalongthesurfaceof thedieð Þ ð4aÞ

dudie
dy�

� �

y�¼hdie

¼0 shear-freealongtheliquid-air interfaceð Þ

ð4bÞ

the relation between the flow rate per unit width and
the liquid film thickness can be obtained
using equation (5):

hdie ¼
2nþ 1

n

� �
qg sin a

K

� ��1=n

Q

" # n
2nþ1

ð5aÞ

Q ¼
Zy�¼hdie

y�¼0

udiedy
� ¼ hdieUdie ð5bÞ

where Q is flow rate per unit width of the curtain, a ¼
60� is the inclination angle of the die surface, K is the

Fig. 3: (a) Stable dynamic contact line. (b) Heel formation along dynamic contact line. (c) Air entrainment along dynamic
contact line
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Fig. 4: Rheological characteristics of emulsion samples
tested in this study
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flow consistency index, and n is flow behavior index.
Hence, the velocity at the end of the inclined plane of
the die can be determined by equation (6):

Udie ¼
n

2nþ 1

� �
qg sin a

K

� �1=n
h

nþ1
nð Þ

die ð6Þ

The curtain velocity estimation considering the free
fall effect as well as the viscous effect along the slide
die surface, Ugd, is shown in the plots of Fig. 5 and is
given by equation (7):

Ugd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

die þ 2gy
q

ð7Þ

The velocity of the curtain is also affected by the
viscous boundary layer that is formed along the edge
guides. The velocity reduction associated with the
boundary layer was estimated by Marston et al.36 as
shown in equation (8):

Uedge ¼
9qg cos bð ÞQ2

8l _cð Þ

� �1=3
ð8Þ

where l _cð Þ ¼ K _cn�1 ¼ K duv
dy

	 
n�1

for uv ¼
U2

die þ 2gy
� �1=2

and b ¼ 2� is the inclination angle
(i.e., from vertical) of the converging edge guides used
in the experiments reported here.

Therefore, the liquid velocity in the curtain, U, can
be estimated via considering the viscous effects along
the edge guides as well as the surface of the die in
addition to the free fall effect [equation (9)]:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

die þ 2gy
q

�Uedge ð9Þ

This plot of the velocity curve considering the
viscous effects along both the edge guides and the
surface of the die as well as the free fall effect is also
shown in the plots illustrated in Fig. 5. For bubbles at
different positions with respect to the edge guides, the
measured velocity of the curtain is well described by
equation (9) for liquid particles in the curtain located
outside the viscous boundary layer, formed along the
edge guides. Moreover, the velocity of the liquid
curtain particles located near the edge guides is
systematically lower than the velocity predicted by
equation (9). This large velocity difference may be
attributed to the strong and variable viscous effect
within the viscous boundary layer formed along the
edge guides (see Fig. 5).34–36 It is important to note that
the viscous effect along the slide die surface did not
have a significant influence on the velocity of the liquid
curtain particles as illustrated in Fig. 5.

Visualization of the liquid curtain breakup

High-speed visualization was used to analyze the
sequence of events that leads to the liquid curtain
breakup. Figure 6 shows the expansion of a hole
formed within the curtain and the eventual complete
breakup of the liquid curtain into individual liquid
columns for sample 4. The entire process for complete
curtain breakup took 181.5 ms. The breakup process is
similar to the one for single-phase liquids.4,8
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Fig. 5: The velocities of the air bubbles within the liquid
curtain for sample 2. The measurement uncertainty in u and
y is less than the size of the data points

Table 1: The physical properties of emulsion solutions

Sample Density q
(kg/m3)

Surface
tension r (mN/

m)

Shear viscosity at
characteristic shear rate, l10

(Pa.s)

Low-shear
viscosity l0

(Pa.s)

High-shear
viscosity l1

(Pa.s)

K
(Pa
sn)

n

1 1007.5 41.9 0.4277 85.07 0.0425 1.5210 0.239
2 1007.3 36.9 0.4512 84.26 0.0446 1.6232 0.247
3 1007.5 33.3 0.5006 47.40 0.0491 2.1561 0.360
4 1007.6 52.8 0.3795 68.21 0.0388 1.3668 0.257
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Growth dynamics of hole within the emulsion
liquid film

As illustrated in Fig. 6, liquid curtain breakup is
initiated by the formation of a hole within the liquid
curtain. The capillary force pulls the rim of the hole,
causing expansion. At the same time, the curtain flow
convects the hole downward. The dynamics of the hole
expansion along the horizontal axis (i.e., along the
width of the liquid curtain) and the vertical axis (i.e.,
along the height of the liquid curtain) was analyzed by
measuring the evolution of the horizontal positions of
right, xR, and left, xL, rims and the vertical positions of
top, yT, and bottom, yB, rims during a hole expansion
for different solutions, and the results are presented in
Fig. 7.

The rim speeds in x-direction (ux,L and ux,R), where
ux,L and ux,R are the speeds at left and right sides of the
hole, respectively, and y-direction (uy,B and uy,T),
where uy,B and uy,T are the speeds at bottom and top
parts of the hole, respectively, were calculated from the
data in Fig. 7, for the time interval of the hole
expansion for each experiment before the complete
curtain breakup. The measured retraction speeds
obtained from different emulsion solutions are pre-
sented in Fig. 8a. The measured retraction speeds are
normalized by the Taylor–Culick11,37 rim speed, UTC,
defined as:

UTC ¼

ffiffiffiffiffiffi
2r
qt

s

ð10Þ

In equation (10), t is the local film thickness at the
position of the hole formation, which is evaluated

based on the local curtain velocity and mass conserva-
tion:

t ¼ q

UCurtainwCurtain
ð11Þ

In equation (11), wCurtain is the local width of the
curtain, q is the critical volumetric flow rate for curtain
breakup, and UCurtain is the liquid curtain velocity at
the location of hole initiation.

The plot presented in Fig. 8a represents both the
horizontal and vertical rim speeds, as indicated in
Fig. 8b, as a function of the Ohnesorge number, Oh,
defined here in terms of the characteristic shear
viscosity lC equation (12):

Oh ¼ lCffiffiffiffiffiffiffiffiffiffi
2qrt

p ð12Þ

Therefore, each liquid investigated has a unique Oh.
Table 2 presents the initial location of the hole in the
curtain and its bounding rim speeds for each solution
tested. The curtain thickness at the breakup point, the
corresponding Taylor–Culick speed, and Ohnesorge
number are also presented.

It is important to note that the horizontal retraction
speed is on the order of 1 m/s, the same order of
magnitude as the curtain velocity at the location of the
hole formation (see Table 2). This agrees well with the
general stability criterion stating that the curtain
becomes unstable if the retraction speed is equal to
the curtain velocity. The measured horizontal retrac-
tion speed agrees well with the Taylor–Culick speed
and falls within the Ohnesorge number defined in
terms of the characteristic shear viscosity (see Fig. 8).

Fig. 6: The mechanism of the emulsion liquid curtain breakage for sample 4. (a) t = 0 ms. (b) t = 0.5 ms. (c) t = 3 ms. (d) t = 7
ms. (e) t = 12 ms. (f) t = 15 ms. (g) t = 22 ms. (h) t = 44 ms. (i) t = 96.5 ms. (j) t = 181.5 ms
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and vertical directions for (b) sample 2, (c) and sample 4
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Liquid curtain stability

The critical flow rate below which the curtain breaks
was recorded for the different emulsion solutions. The
critical flow rate represented by the Weber number

(ratio of inertial and capillary forces) versus the
Ohnesorge number, defined in terms of the character-
istic dynamic viscosity, l13:5, which is the dynamic
viscosity at shear rate 13.5 (1/s), is shown in Fig. 9. The
critical flow rate decreases as Ohnesorge number
increases.

The critical Weber numbers reported in the previous
studies4,38 for the single-phase liquids (i.e., Newtonian
liquids and xanthan gum solutions) are also included in
Fig. 9. The behavior of the emulsion samples follows
the general trend of the single-phase liquids (i.e.,
Newtonian and shear thinning) with the Oh defined in
terms of the characteristic shear viscosity.

Surface tension is the major difference in the
physical properties of the emulsion solutions. Figure 10
shows the minimum flow rate per unit width, Qmin, at
which the emulsion liquid curtain breaks up as a
function of the surface tension, r. The results reveal
that as surface tension increases, the liquid curtain
becomes more unstable by breaking up the liquid
curtain at larger flow rate. The minimum flow rate rises
linearly as surface tension of the emulsion increases.

Stability of the dynamic contact line

In curtain coating, liquid experiences large shear rate
near the dynamic contact line along the impingement
zone. Hence, high-shear viscosity plays a significant
role in determining onset of air entrainment.39–42 The
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Fig. 8: (a) Normalized measured speeds of the bounding rim retraction in x-direction (i.e., UX/(2 UTC) = (ux,L + ux,R) / (2 UTC)),
and y-direction (i.e., UY/(2 UTC) = (uy,B + uy,T)/(2 UTC)) versus the Ohnesorge number, Oh, for two emulsion solutions. (b)
Schematics of the location on the bounding rim where the speeds were measured

Table 2: The details of the curtain breakup for shear thinning solutions

Sample X* (cm) Y* (cm) ux,L (m/s) ux,R (m/s) uy,B (m/s) uy,T (m/s) UTC (m/s) UCurtain (m/s) Oh t (lm)

2 1.05 4.63 0.75 0.84 1.67 0.03 0.85 0.75 4.36 102
4 1.82 3.71 0.80 0.79 1.72 0.01 0.78 0.78 2.35 174

*X: hole distance from the edge guide; Y: hole distance from exit of the die
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Fig. 9: Critical Weber number, We, at which the liquid
curtain breaks as a function of the Ohnesorge number, Oh,
for curtain stability of three liquid models, i.e., Newtonian
liquids (glycerol solutions),4 shear thinning liquids
(xanthan gum solutions),38 and emulsion liquids
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shear thinning behavior of emulsion solution leads
shear viscosity to drop dramatically as shear rate
increases. In addition to high shear viscosity, surface
tension is an important factor to determine the critical
condition at which the dynamic contact line becomes
unstable.

At flow rates, higher than the minimum flow at
which the curtain of emulsion solution is stable, the
speeds, at which heel formation and air entrainment
start to happen, were recorded accordingly as indicated
in Fig. 11. Onset of heel formation is almost similar for
emulsion solutions tested. This is because the shear
viscosity curve and density are similar for emulsion
solutions. However, onset of air entrainment is delayed
as surface tension increases. This is related to the fact

that as surface tension rises, contact line speed, Uw, can
increase to a much larger value before the capillary

number, Ca, defined as Ca ¼ lUw

r , reaches the maxi-
mum value where contact angle becomes 180�, where
air pockets start to entrain. By considering the contact
line velocity at the impingement zone, U, and the
volumetric flow rate per unit width, Q, values at the
maximum possible glass roller speeds for the four
emulsion samples, and subsequently evaluating the
thickness of the coated emulsion film, hfilm, as well as
the average shear rate in the viscous boundary layer of
the impinging curtain according to U/(hfilm) determines
the shear rates in the range of 10,800–15,900 s�1. These
shear rates are near the point where the region of the
shear viscosity curves of the shear thinning emulsion
samples merges with the high-shear Newtonian pla-
teau. As a result of these findings, the corresponding
shear viscosities represent the high-shear viscosities of
the four emulsions. Based on the range of the capillary
numbers considered in this study (Ca � 1.1–1.9), which
corresponds to the high-shear viscosities of the emul-
sion samples at the region of the liquid film impinge-
ment with the glass roller, this range of the capillary
number indicates that effects of the capillary force as
well as the viscous force are closely competing to
influence the stability of the dynamic contact line at the
impingement zone for determining the onset of the air
entrainment. Therefore, emulsion samples 1 and 4,
which promote the air entrainment at higher contact
line velocities than emulsion samples 2 and 3, exhibit
lower high-shear viscosities compared to the emulsions
2 and 3. In general, lower high-shear viscosities delay
the onset of air entrainment, hence occurring at higher
contact line speeds. Therefore, the difference in the air
entrainment corresponding to the critical contact line
speed between emulsion samples 1/4 and 2/3 could as
well be explained by a difference in high-shear viscos-
ity as well as the difference in surface tension.
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The results for onsets of heel formation and air
entrainment of emulsion solutions were also compared
with the results for single-phase shear thinning solu-
tions [i.e., xanthan gum, XG, in glycerol (80 wt%)], as
shown in Fig. 12. Emulsion sample 4 has similar high-
shear viscosity and surface tension to those of xanthan
gum in glycerol (80 wt%). However, the onset of air
entrainment for the emulsion sample 4 started to
happen at a much larger speed compared to the speeds
at which the onset of air entrainment happened for
xanthan gum solution. This can be related to the role of
multiphase characteristic of the emulsion solution.

Conclusions

The effect of physical properties on emulsion curtain
stability was studied experimentally by high-speed
visualization of the sequence of events that ultimately
led to the curtain breakup and by determining the
critical flow rate below which the curtain becomes
unstable. The velocity evolution along the curtain was
measured at different distances from the edges. It was
found that the formed viscous boundary layer along the
edge guide causes the curtain velocity to deviate from
the free fall velocity.

Previous analyses11,13 proposed a simple criterion
for curtain stability based on the ratio of the curtain
velocity, which moves any hole in the curtain down-
ward, to the rim retraction speed, which opens the
hole. If the ratio is above one, the curtain is stable. The
high-speed visualization images presented here confirm
this hypothesis. At larger flow rate, a hole is convected
down the curtain before it becomes large enough to
cause the curtain breakup. Below a critical flow rate, at
which the retraction speed is larger than the curtain
speed, the hole grows, leading to the curtain breakup.

The results show that the dynamics of the curtain
breakup is governed by the characteristic dynamic
viscosity, lC, determined by the shear rate related to
the expansion speed, urim, of the hole formed within in
the emulsion curtain (lC ¼ l urim=Lð Þ), and the surface
tension of the emulsion liquid. Higher characteristic
dynamic viscosity as well as lower surface tension leads
to a more stable curtain (i.e., lower critical flow rate),
hence thinner emulsion liquid film on the substrate
being coated. However, it is important to note that at
such very low flow rates (i.e., less than 0.8 cm2/s), the
substrate can usually not be coated, especially at the
substrate speeds which are the interest of the industrial
applications, due to the fact that the air entrainment
occurs at very low substrate speeds.

The dependence of the critical Weber number below
which the curtain breaks as a function of the Ohne-
sorge number, Oh, follows the general behavior pre-
viously reported for the single-phase shear thinning
and Newtonian liquids4,38 when the Ohnesorge num-
ber, Oh, is determined by the characteristic dynamic
viscosity (Oh ¼ lCffiffiffiffiffiffiffi

2qrt
p ).

The effect of physical properties of emulsion liquids
on stability of the dynamic contact line in curtain
coating was also studied via high-speed visualization of
the dynamic contact line at the impingement zone of
the liquid curtain with the glass roller. The critical
conditions at which the dynamic contact line becomes
unstable were determined by the onset of the air
entrainment and the heel formation. The surface
tension shows a strong stabilizing effect on the dynamic
contact line delaying onset of the air entrainment over
the range of the speeds the curtain coating experiments
were conducted. Our finding shows that the surface
tension increase in emulsion liquid films leads to faster
curtain coating of the substrates but with thicker liquid
film.
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