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ABSTRACT

In this study, the dynamic contact angles of a series of viscoelastic fluids were measured through a modified
Wilhelmy plate technique. The advancing and receding contact angles were measured by immersing and
withdrawing a PTFE (Teflon) Wilhelmy plate from a reservoir containing a series of different Newtonian and
viscoelastic test fluids. The viscoelastic fluids that were tested consisted of either solutions of polyethylene
oxide or polyacrylamide in water where the concentration of the polymer was varied to produce solutions
with different amounts of fluid elasticity with and without shear thinning. The advancing contact angles of all
the viscoelastic fluids tested were found to increase with increasing plate velocity. Conversely, the receding
contact angles in each case were found to decrease with increasing contact line velocity. A number of previous
measurements have been performed for shear thinning fluids. The measurements presented here are the first
to probe the response of the dynamic contact angle at large Weissenberg numbers where the elasticity of the
liquid becomes important. For fluids with increased fluid elasticity, the onset of the variation of receding
contact angles was found to be delayed to higher contact line velocities and capillary numbers. It was also
found that, unlike the case of Newtonian fluids, the cube of advancing and the cube of the receding contact
angles were both found to be proportional to the square of the capillary number for highly elastic fluids.
Finally, a simple model was proposed to account for the role of elasticity and shear thinning of the viscosity
on the dynamic contact angle.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The dynamic wetting of a liquid along a solid surface is a phe-
nomenon that occurs in great number of natural and industrially-
relevant processes. Over the last few decades, there has been a great
deal of research performed, both experimental and theoretical, with
the goal of better understanding the dynamic wetting processes over
a wide range of flow conditions, and fluid and solid properties [1-4].
Still, there are a number of open questions that remain. In this paper,
we will investigate the effect that fluid rheology and specifically vis-
coelasticity can have on dynamic wetting. We will demonstrate that
the addition of fluid elasticity can modify the contact line dynam-
ics and have a great influence on the evolution of contact angle with
contact line velocity.

In order to quantify the effect of viscoelasticity on the wetting dy-
namics of a liquid on a non-deformable solid surface, the shape of
the fluid interface can be measured along with the resulting contact
angle made between the fluid and the surface. At rest, the contact an-
gle can exist anywhere between the advancing and receding contact
angles [1]. For a Newtonian fluid under flow, molecular-level adsorp-
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tion/desorption processes and macroscopic viscous dissipation can
result in an increase in the measured advancing contact angle and
a decrease in the measured receding contact angle beyond its static
value [1,2]. The value of the contact angle for a moving three phase
contact line is thus not fixed, but is dynamic and, depends in a known
way on the velocity of the contact line.

Through experimental measurements and theoretical develop-
ment, the dependence of dynamic contact angles on the speed of
moving contact line has been revealed for both wetting and non-
wetting Newtonian fluids [2] as well as a limited subset of shear thin-
ning and weakly elastic fluids [5,6]. From these results, two different
classes of dynamic wetting models have been developed; molecular-
kinetic models [7] and hydrodynamic models [8-10]. For the
hydrodynamic models, viscous dissipation in the vicinity of the con-
tact line has been shown to lead to a deformation of the fluid inter-
face and a change in the contact angle that scales like 03 - 053 « Ca.
This result is known as the Cox-Voinov-Tanner scaling law. Here
6p is the dynamic contact angle, s is the static contact angle and
Ca =nU/o is the capillary number where U is the velocity of the
contact line, n is the viscosity and o is the surface tension. Al-
though it is widely accepted, the Cox-Voinov-Tanner scaling law
is not universal. It has been observed to fail at extremely low cap-
illary number regime, Ca < 10~%, and at very large capillary num-
bers Ca > 0(0.1), where air entrainment, complete coating and the
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effects of inertia have been observed [11]. In the case of molecular-
kinetic models, the energy dissipation by a contact line friction re-
sulting from adsorption and desorption of molecules along the mov-
ing contact line is responsible for contact angle changes. In the
model of Blake and Haynes [7], the dynamic contact angle varies
as Op = cos~1[cos Os — (2kpT /o 82)sinh ™! (U/2K,,8)] where kg is the
Boltzmann constant, T is the temperature, § is adsorption distance of
molecules, and K,, is frequency of molecular displacements.

The common forced wetting techniques used to measure the dy-
namic contact angles are a capillary tube [3,12,13] and a plunge tank
[14-17]. For example, using a glass capillary tube, Hoffman [3] mea-
sured the dynamic contact angle by displacing Newtonian liquids in
the tube filled with air. Petrov et al. [18] and Blake [16,19] measured
dynamic contact angles by plunging a solid surface into a tank of liq-
uid. Using a plunge tank, a Wilhelmy plate or a cylindrical strand
of material can be immersed or withdrawn from a reservoir allow-
ing the observer to investigate both advancing and receding contact
angles. Additionally, in this technique, the effect of gravity and in-
ertial can typically be neglected and the observer can gain access to
the variation of the contact line through high resolution, high speed
imaging. For these reasons, we chose the Wilhelmy plate technique
to make the dynamic contact angle measurements presented here.

The dynamic wetting of non-Newtonian fluids is of great inter-
est because of its application to a great number of industrial ap-
plications involving coating flow. That said, there are only a limited
number of papers in the literature investigating dynamic wetting of
non-Newtonian fluids, none of which probe the range of Weissenberg
numbers, where elasticity becomes dominant, Wi = yA > 1. Here y
is shear rate and A is relaxation time of the fluid. Seevaratnam et
al. [20] studied aqueous solutions of xanthan gum with molecular
weight of 2 x 106 g/mol. At the contact line speeds they studied, the
response of their fluids was dominated by shear thinning with neg-
ligible impact of elasticity. Shear thinning was shown to reduce the
viscous bending of the air-water interface near the contact line. As
a result, a weak dependence of the dynamic contact angle on capil-
lary number was found which did not following classic hydrodynamic
model, §p3«Ca. Prior of the work of Seevaratnam et al. [20], Carre
and Eustache [21] studied spreading dynamics of shear thinning flu-
ids in wetting and de-wetting modes and generalized the classic hy-
drodynamic model to shear thinning non-Newtonian fluids. They re-
vealed that the dynamic contact angles of power law shear thinning
fluids does not follow the classic hydrodynamic model, rather it de-
pends on the spreading rate to the shear thinning power law expo-
nent n such that, cosfs — cosfp = %(%)”. Like Carre and Eustache

case, the classic hydrodynamic theory was normally applied to de-
scribe the dynamic wetting of non-Newtonian fluid. More recently,
Liang et al. [22] developed a model to explain the wetting behav-
iors of non-Newtonian fluids based on Blake’s molecular-kinetic the-
ory. Wei et al. [5] tested Boger fluids which are dilute polymer so-
lutions dominated by elasticity and with negligible shear thinning.
They found that the curvature of the advancing air-liquid interface
was enhanced, but that the capillary number dependence of the dy-
namic contact angles was not altered compared to the Newtonian flu-
ids. This is likely because the Weissenberg numbers reached in their
experiments were all less than one and as a result large elastic effects
are not expected.

In this study, we will present dynamic contact angle measure-
ments of a series of viscoelastic fluids. A hydrophobic surface was
used so that both dynamic advancing and receding contact angle
measurements can be made. The Wilhelmy plate technique allows
us to reach high speed of a testing substrate, making it possible to
probe the variation of dynamic contact angles over a wide range of
capillary numbers. The test fluids used consists of an extremely high
molecular weight aqueous polyacrylamide solution with a relaxation
time large enough to make high Weissenberg number experiments
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Fig. 1. Steady shear viscosity measurements of the test fluids as a function of shear
rate. The data include: 0.01 wt% PAM solution (square); 0.05 wt% PAM solution (trian-
gle); viscoelastic PEO solution (star); and Newtonian PEO solution (circle).

possible. We will demonstrate that the dynamic contact angle data
at high Weissenberg number do not follow either the expected hy-
drodynamic or molecular-kinetic scaling even if shear thinning of the
fluid viscosity is accounted for. Instead, we will show a much stronger
dependence on contact line velocity resulting from the presence of
significant elastic stresses in the fluid.

2. Description of the experiment
2.1. Materials

A series of test fluids were used for this experiment. For Newto-
nian fluid pure water was used. In addition, polyethylene oxide (PEO,
Sigma Aldrich) with 2 x 104 g/mol was used to increase the viscosity
of the water without making it viscoelastic. Hereafter, this solution
will be designated as Newtonian-PEO solution. For the viscoelastic
fluids used in these experiments, two different water-soluble poly-
mers were used. The first was a commercially-available polyacry-
lamide (PAM) with an extremely high molecular weight (Flopaam
3630, SNF Floerger®) often used in enhanced oil recovery. Solutions
with two different concentrations of PAM (0.01 wt% and 0.05 wt%)
were used in these experiments. As will be shown by detailed rhe-
ological measurements, each of the PAM solutions has a large zero
shear rate viscosity that shear thins with increasing shear rate, sig-
nificant fluid elasticity and a large easily-measured relaxation time.
A second viscoelastic fluid was tested consisting of an aqueous solu-
tion 20 wt¥% of 2 x 10* g/mol PEO and 0.1 wt% of a high molecular
weight (8 x 109 g/mol) PEO. This Boger fluid was designed to have
significant elasticity without shear thinning. Hereafter, this solution
will be designated as the viscoelastic PEO solution. All polymer solu-
tions were prepared in deionized water by mixing gently for at least
24 h at a room temperature to obtain a homogeneous solution. The
surface tension of the PEO solution was measured to be 0.06 N/m us-
ing a pendant drop experiment and the surface tension of both PAM
solutions was measured to be 0.07 N/m.

The steady shear viscosity of each solution was measured using a
stress-controlled rotational rheometer (TA, DHR3) with a cone-and-
plate geometry. The results are plotted as a function of the applied
shear rate in Fig. 1. As seen in Fig. 1, the viscosity of the viscoelas-
tic PEO solution was found to be constant at 7 = 0.088 Pa's, while the
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Fig. 2. Storage modulus (filled symbols) and loss modulus (hollow symbols) as a func-
tion of angular frequency. The data include: 0.01 wt% PAM solution (square); 0.05 wt%
PAM solution (triangle); and viscoelastic PEO solution (star).

viscosity of the Newtonian PEO solution was slightly lower and mea-
sured to be 1 = 0.064 Pas. At low shear rates, the viscosity of both
the 0.01 wt% and 0.05 wt% PAM solutions were found to exhibit a
constant viscosity with value of 7y = 0.2 Pas and ng = 5Pas, respec-
tively. Beyond a critical shear rate, the viscosity of both the 0.01 wt%
and 0.05 wt% PAM solutions were found to shear thin with increasing
shear rate. The shear thinning of each solution is well described by
a power law model such that n = 8 "~ 1. The exponent, n, was ob-
tained by fitting the power law model to the viscosity data. A value of
n = 0.45 and n = 0.32 was found for the 0.01 wt% and 0.05 wt% PAM
solution, respectively.

To characterize the viscoelasticity of the PAM solutions and vis-
coelastic PEO solution, small amplitude oscillatory shear (SAOS) tests
were performed using a controlled-stress shear rheometer (TA DHR-
3) using a 40 mm 2° cone-and-plate geometry at T = 20 °C. The stor-
age and loss moduli, G’ and G”, were measured from high to low
frequency, and the measurements were stopped once the terminal
regime was reached. From the results presented in Fig. 2, the relax-
ation time, A, can be inferred from the crossover frequency of the
storage and loss modulus, A = 1/w. The relaxation times of 0.01% and
0.05% PAM solutions were found to be A =0.67s and A = 115, re-
spectively. Unfortunately, due to the small value of relaxation time
for the viscoelastic PEO solution, as seen in Fig. 2, a crossover fre-
quency could not be observed within the frequency window tested.
Due to the inertia of the aluminum cone used, the frequencies that
could be probed for the viscoelastic PEO solution were limited to @ <
15 rad/s. The crossover frequency was approximated by fitting storage
and loss moduli to a single mode Maxwell model. A reasonable fit to
the data could be established for relaxation times of between 0.03 s
and 0.05 s. To double check this approximation, capillary breakup
extensional rheology (CaBER) measurements were used to measure
the relaxation time of the PEO solution [23, 24]. In CaBER, the relax-
ation time can be calculated by the rate of decay in the diameter with
time. From the CaBER measurements, an extensional relaxation time
of Ap = 0.05 s was measured suggesting that the upper limit of the re-
laxation time estimated from the SAOS data for the viscoelastic PEO
solution was the appropriate choice.

2.2. Dynamic contact angle measurements

The modified Wilhelmy plate method was used to measure dy-
namic contact angles of test fluids. A schematic diagram of the Wil-

® @ Wilhelmy plate

® @ Container with liquid
® High speed camera
@ Microscope lens
® PC
® Cylindrical lens
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Fig. 3. Schematic diagram of experimental set up showing the modified Wilhelmy
plate method used in these experiments.

helmy plate technique is presented in Fig. 3. To create the Wilhelmy
plate, a PTFE sheet (McMaster Carr) with 3 cm wide and 6 cm tall was
attached to an acrylic plate of the same size with epoxy and mounted
to a linear motor. The solid substrate was accelerated from rest to a
constant velocity between 2 mmy/s < U < 200 mm/s. Depending on
the fluid viscosity, this speed range corresponds to capillary num-
ber between 10~> < Ca < 0.3. For all experiments performed below
this upper limit of capillary number, no air was observed to be en-
trained into the liquid bath during the advancing contact angle mea-
surements. As reported earlier in the literature this can be an issue at
large capillary numbers [16].

The test surface was immersed into and withdrawn from a lig-
uid bath. As a result of the large static contact angle of water and
these aqueous solutions on the PTFE surface, it was possible to probe
both the dynamic advancing and dynamic receding contact angles.
The bending of the air-liquid interface near a three phase contact
line was recorded by a high speed camera with sampling rate up
to 200 Hz. A 5 mW diode laser and a cylindrical lens were used to
generate a laser light sheet perpendicular to the high speed cam-
era. The deformation of the interface was shown effectively by the
reflection of the ten micron diameter PIV particles (Sphericel, Pot-
ters Industry) added into the liquid. The particles were not surface
active and were never observed to come out of solution and de-
posit on the Wilhelmy plate or affect the dynamic contact angle
measurements.

To measure the dynamic contact angles, the high-speed video was
analyzed using the program Image]. The images imported from the
high-speed video were digitally magnified, and the dynamic contact
angles were measured by manually fitting a line through roughly the
first 500 pwm of the interface. All the images used for these contact
angle measurements had a spatial resolution of 30 jwm per pixel. As
a result, the details of the interface shape and the fluid dynamics
very close to the wall in the inner region, where the stress singularity
present at the three phase contact line must be relieved through slip
or the formation of a precursor film or a number of other alternate
mechanisms, could not be resolved with our measurements [4]. In-
stead, our measurements were limited to the wedge-like flow region
outside the inner region where viscous and viscoelastic stresses are
still significant and can deform the interface and affect the value of
the measured contact angle. To ensure repeatability of our measure-
ments, the sensitivity of the measurements to the spatial resolution
of the images was studied by varying the optical/digital magnifica-
tion of the contact line by an order of magnitude and making multiple
measurements of the contact angle. No discernible trend in the data
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Fig. 4. Advancing contact angle as a function of capillary number. Note the shear rate
dependent viscosity was used to calculate the capillary number. The data include:
0.01 wt% PAM solution (square); 0.05 wt% PAM solution (triangle); viscoelastic PEO
solution (star); Newtonian PEO solution (circle). Inset shows the several fits to the data
using a second order polynomial to illustrate the method used to determine the static
contact angle.

was observed with increasing resolution, but a standard deviation in
the data of around 1° was found.

To ensure repeatability of the measurements and that steady-state
was reached in each case, the dynamic contact angles were mea-
sured at the midpoint of the surface as it was immersed into the
liquid. For these low Reynolds number flows, Re<1, in all cases, the
flow becomes fully-developed very quickly as can be observed from
the video images. However, for the viscoelastic fluids, sufficient time
must be provided for the elastic response of the fluid to fully develop.
This can be characterized using the Deborah number which is the ra-
tio of the relaxation time of the fluid to the timescale of the flow,
De = A/t. For De < 1, the flow can be considered fully developed. This
is the case for all experiments performed with the viscoelastic PEO
solution and the 0.01 wt% PAM solutions. However, due to its large
relaxation time, for some of the high capillary number tests using the
0.05 wt% PAM solution, the Deborah number was larger than one and
the flow might not be fully developed even though time-resolved im-
ages of the contact line show no significant changes in the shape of
the contact line past the midpoint of the plate. The uncertainty of the
averaged experimental measurements was about + 1.0° for advanc-
ing contact angles and & 1.0° for receding contact angles. The error
bar will not be included in the graphs, however, so that the variation
of dynamic contact angles of all the test fluids can be observed more
clearly. Note that the image seen in Fig. 3 is the original image im-
ported from the high speed video without modification.

3. Results and discussion
3.1. Dynamic contact angle measurements

The variation of advancing contact angles of Newtonian and vis-
coelastic fluids is plotted as a function of the capillary number as seen
in Fig. 4. The capillary number compares the relative importance of
viscous forces to interfacial forces acting near the three phase con-
tact line between the various liquids and the PTFE surface. Following
the work of Carre and Eustache [21], the shear rate dependent viscos-
ity, n(y), used to evaluate the capillary number of viscoelastic fluids.

For a power law fluid the capillary number can be written as

o NN _ By By
o o2 o

(1)

In this equation, the shear rate is defined as y = U/L where L is
the characteristic length scale of the flow. Note that the choice of the
appropriate length scale to use when evaluating the shear rate is not
obvious. As one approaches the contact line, the film thickness de-
creases and, as a result, the shear rate increases, eventually becoming
infinitely large at the contact line. As a result, the shear rate depen-
dent viscosity and the first normal stress difference are not uniform
throughout the flow, but are in fact a function of distance from the
contact line. Here we will use the capillary length ! = /o /pg as
the characteristic length scale because it is the only natural length
scale to choose. As seen in Fig. 4, this choice of characteristic length
scale does a reasonably good job of collapsing the data with capillary
number as is expected for Newtonian fluids, although there are some
important differences in the response of the four fluids can be seen
in Fig. 4 and will be discussed in detail in subsequent paragraphs.

The static contact angle of all the fluids on the PTFE studied was
determined by extrapolating the initial 5-10 data points to Ca = 0 us-
ing a second order polynomial as shown in the inset of Fig. 4. In this
figure, only two dataset were included to clearly show the determi-
nation of static contact angles. The coefficient of determination, R?,
which indicates goodness-of-fit was measured to be over 98% in all
cases. Depending on the number of data points chosen, a variation in
the value of the static contact angle of 1-2° was possible. In the cases
of the PAM solutions, the static advancing contact angle of 6, ; = 108°
was found which is roughly 10° larger than the case of Newtonian so-
lution. The Newtonian PEO solution had a static advancing contact
angle of 97.8° while the viscoelastic PEO solutions had a static ad-
vancing angle of 64 ; = 100.4°.

All fluids tested in Fig. 4 shows a monotonic increase in the ad-
vancing contact angles with increasing plate velocity. The advanc-
ing contact angle was not observed to reach 180°. For the Newto-
nian and viscoelastic PEO solutions, the data was found to approach
a plateau near 64 = 150° at the highest capillary numbers tested. A
similar plateau was not observed for either of the PAM solutions,
however, because the shear thinning of the viscosity and the limi-
tations of the maximum speed of linear motor made it impossible to
get to a high enough capillary number to observe the plateau. With
increasing fluid elasticity in the two PAM solutions, the expected in-
crease in the advancing contact angles was found to shift to higher
capillary numbers. In addition, there are details hidden in the data
presented in Fig. 4 that are difficult to observe because of the log
scale and choice of axis. For instance, the slope of the variation of
the advancing contact angles appears to grow with increasing fluid
elasticity. This is perhaps most obvious for the case of high molecular
weight PEO solution which shows on upturn in the data around Ca ~
0.07. Because this viscoelastic fluid has a constant viscosity, the ob-
served deviation from the expected general response of a Newtonian
fluid and the specific response of the Newtonian PEO solution also
shown in Fig. 4 suggests that the upturn in the data is likely a direct
result of the fluid’s elasticity.

To better understand this transition in dynamic contact angle vari-
ation, the advancing contact angles of all three viscoelastic fluids
were plotted as a function of Weissenberg number, Wi = y A, in Fig. 5.
The Weissenberg number compares the relative importance of elas-
tic and viscous stresses. For Wi > 1, elastic stresses are important
while, for Wi < 1, viscous stresses dominate the flow. As can be ob-
served in Fig. 5, the sharp transition of the advancing contact angles
of viscoelastic PEO solution occurs at a Weissenberg number of ap-
proximately one, Wi ~ 1, where the elastic effect of the fluid begin
to become important in the flow. For both the viscoelastic PAM so-
lutions, the Weissenberg number was much larger than one, Wi > 1.
As a result, for both these solutions, elasticity should be important
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over the entire velocity range and no obvious transition from viscous
to elastically-dominated flow was observed with increasing Weis-
senberg number.

Next, the scaling behaviors of advancing contact angles was in-
vestigated and compared to the classic hydrodynamic and molec-
ular kinetic models. In Fig. 6, the difference between the cube of
dynamic advancing contact angles and static contact angles were
plotted as a function of capillary number. As expected, the scaling be-
havior of the advancing contact angles of the PTFE surface was found
to follow Cox-Voinov-Tanner’s scaling law, 02 - 92,5 « Ca, at low to
moderate capillary numbers before approaching an asymptotic value
at large capillary numbers. The Cox-Voinov-Tanner scaling law is
represented by a line of slope one in the log-log plot presented
in Fig. 6.

Unlike Newtonian solutions, a very different scaling behavior was
observed in the case of the viscoelastic solutions. For both PAM
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0.01 wt% PAM solution (square); 0.05 wt% PAM solution (triangle); viscoelastic PEO
solution (star); pure water (diamond).

solutions, a deviation from the prediction of Cox-Voinov-Tanner’s
law was observed. As the Weissenberg number increased with the
fluid elasticity, a slope close to 67 — 67 o Ca® was observed. For the
0.01 wt% PAM solution, the advancing contact angle was found to
scale like 67 — 63 o Ca'5+015, while for the 0.05 wt% PAM solution

it was found to scale like 63 — 62 oc Ca'-7+0'1> The uncertainty in the
slope was calculated by performing a propagation of error analysis
given the uncertainty of both the measured advancing contact an-
gle and the static contact angle. As we will discuss in detail later,
this scaling make intuitive sense as the flow-induced elastic stresses
should be proportional to the square of the shear rate, 72, and as a
result proportional to the square of the velocity, 32 o UZ. For the vis-
coelastic PEO solution, interesting transition in the scaling behavior
was observed. As can be observed from Fig. 6, before reaching Wi = 1,
where fluid elasticity begins to become important in the flow, the
scaling behavior of the advancing contact angle was found to follow
the response of a Newtonian fluid, 67 — 62 o Ca. For Wi > 1, how-
ever, a slope close to 67 — 62 - oc Ca® was observed. This transition in
the data is further evidence supporting our hypothesis that fluid elas-
ticity can have a significant impact on the variation of the dynamic
contact angle.

In Fig. 7, the variation of the receding contact angles with velocity
for all four test fluids on the PTFE surface is shown. The static reced-
ing contact angle was calculated in the same manner as the static
advancing contact angle above with examples of the second order
polynomial fits superimposed over Newtonian solution and 0.01 wt%
PAM solution data presented in inset of Fig. 7. The static contact angle
of Newtonian solution was found to be 80.8° while the static contact
angle of viscoelastic PEO solution was found to be 82.3°. The static re-
ceding contact angles were found to be 0 ; = 85° and g ; = 88.5° for
the 0.01 wt% and 0.05 wt% PAM solutions, respectively. For all fluids
tested, the receding contact angles were found to decrease monoton-
ically with increasing plate velocity. As was the case for the dynamic
advancing contact angle, the Newtonian fluid’s response is well pre-
dicted by the hydrodynamic model. However, the variation of the re-
ceding contact angles was confined to very narrow capillary number
regime compared to that of the advancing contact angle.

Two interesting phenomena were observed for the viscoelastic
fluids. First, the onset of decay in the receding contact angles was
delayed to higher capillary number regime with increasing fluid
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Fig. 8. The difference in the cubes of the static and dynamic receding contact angle
as a function of capillary number. Note that for Tanner's law 67, — 67 o Ca. The data
include: 0.01 wt% PAM solution (square); 0.05 wt% PAM solution (triangle); viscoelastic
PEO solution (star); pure water (diamond).

elasticity. Unlike the advancing case, this delay is quite dramatic even
when the shear thinning of the viscosity is accounted for as it is in
Fig. 7. This result indicates that fluid elasticity hinders the viscous
bending of the air-water interface when the fluid recesses. Second,
the delay in capillary number for the onset of receding contact angle
variation appears to be quite sensitive to the elasticity of the fluid. In-
creasing from 0.01 wt% to 0.05 wt% PAM was found to shift the data
to higher capillary numbers by more three decades. Unfortunately,
unlike the advancing case, where measurements of the PEO solution
crossed Wi =1 and a distinct transition could be observed, in the re-
ceding case, flow rates surpassing Wi > 1 could not be reached for
the PEO solution. As such, no distinct flow transition was observed
for the PEO. All measurements for the two PAM solutions were for Wi
> 1 where elastic effects are expected to be important.

The scaling behavior of the receding contact angle were studied by
plotting the difference between the cube of dynamic receding con-
tact angles and the cube of static receding contact angles, 491%‘5 - 9,%,
against the capillary number. As seen in Fig. 8, the prediction of the
Cox-Voinov-Tanner's law, 63 ; — 62 o« Ca, fits the data for the Newto-
nian fluid over the entire capillary number range. For the viscoelas-
tic PEO solution, the receding contact angle was found to scale like
63 s — 03 oc Ca®1*01, This scaling is not obviously deviated from the
response of Newtonian solutions, indicating that the effect of elastic-
ity was not apparent in the receding contact angle for the viscoelastic
PEO solution because as we noted before, the Weissenberg number
never becomes greater than one. However, even though no change
was observed in scaling with capillary number, a significant delay in
the onset of changes to the receding contact angles were observed
for the viscoelastic PEO solution. A similar delay was not observed for
the advancing contact angle measurement and the cause of this shift
remains an open questions. It should be pointed out, however, that
although we are representing each flow with a single Weissenberg
number based on the shear rate evaluated with the plate velocity
and the capillary length, the shear rate is not constant throughout the
flow field. In fact, as one approaches the contact line, the shear rate
blows up to infinity. In fact, the shear rates are so large near the con-
tact line that it is possible that the viscoelastic PEO solutions, which
the rheology measurements presented in Fig. 1 show to have a con-
stant viscosity up to shear rates of 100 s~!, could in fact be shear
thinning at still higher rates. As a result, even though Weissenberg
number as we have defined it here is less than one, there are regions

close to the contact line where elasticity and shear thinning can still
become important perhaps causing the delays in the onset of reced-
ing contact angle changes observed here.

As observed in advancing contact angle cases, the scaling behav-
ior of the receding contact angle of each the viscoelastic PAM solution
was found to deviate from the prediction of Cox-Voinov-Tanner’s
law. As to the case of the advancing contact angle, the scaling for the
viscoelastic fluids approached 63 — 62 ( o Ca?. With increasing fluid
elasticity the resulting scaling increased from 673 . — 673 o Cal-2#01

for 0.01 wt% PAM solution to 63 — 63 o Cal7+01 for 0.05 wt% PAM
solution.

3.2. Viscoelastic scaling analysis

In order to understand the scaling behavior of dynamic advanc-
ing and receding contact angles for the viscoelastic fluids, a simple
scaling model was developed using a similar approach to Tanner’s
model. The main difference is of course that the elastic normal stress
of the fluid, Txx, cannot be neglected for the viscoelastic fluids. By in-
troducing the first normal stress coefficient, we can arrange the two-
dimensional momentum equation as follows:
dP dtw 0Ty O 0Ty

. a , .
oI —_ 2 — W

where dP/dx is the pressure gradient, V1 () = (T — Tyy)/y? is first
normal stress coefficient, y is the shear rate, and u is the velocity of
the main flow direction (x-direction). Here we assume that variations
of the normal stress, Tyy, are small compared to variations in the nor-
mal stress, Txx, allowing us to neglect the last term in Eq. (2). Using a
dimensional analysis, a scaling for dynamic contact angle can be de-
rived from Eq. (2) for a viscoelastic fluid. For the viscoelastic fluids
studied here, both the first normal stress coefficient and the viscosity
can modeled using power law equations ¥; = ay™2andn = By 1,
with different power, law dependence, m and n, on the shear rate.
Here, «[Pas™] and B[Pas"] are indices that set the magnitude of the
normal stress and viscosity of the power law fluid. Substituting into
Eq. (2) and differentiating we get
dp cme1 Ay e dy
=amy™ o+ Bny dy

By non-dimensionalizing Eq. (3) using characteristic variables, x¢,y.,U
and p.we get

RdP (UYL (d ' Fpn(U) L2 (o "
Xc dX Yo/ xcdx\ dy Ye/) ye oy \ dy

Because all dimensionless quantities, represented by variables with
an over bar, are by definition order one in magnitude we can conclude
that

P oaymum un
=4

Xc YcXc +h n.Vcn-H

Here o1 and B are fitting constants that are not necessarily the same
as « and B, but should be of the same order of magnitude. The non-

dimensional pressure variable can be assumed to the Laplace pres-

. . Ly 2 .
sure at the air-liquid interface, P G(R]—1 + Rlz) ~ o ZT%}' In addition,
for small contact angles the slope of the interface, y./x, can be rep-
resented to the dynamic contact angle, 8 p. The result is a scaling for

dynamic contact angle of viscoelastic liquids.

aymum nu"
+ 1 9D + :B]
O—ycm—1 oyc’H

3)

(5)

Oy = (6)

The power law dependence capillary number of the viscosity, n, and
first normal stress coefficient, m, were taken from the rheological
measurements presented in Figs. 1 and 2. Because of the low elastic
normal forces produced by these samples in steady shear, the first
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Fig. 9. The difference in the cubes of the static and dynamic receding contact angle as
a function of plate velocity. The experimental data include (a) advancing (filled square)
and receding (void square) contact angles for the 0.01 wt% PAM solution and (b) ad-
vancing (filled triangle) and receding (void triangle) contact angles for 0.05 wt% PAM
solution. Superimposed over the data is the theoretical prediction of Eq. (6).

normal stress coefficient was estimated from the linear viscoelas-
ticity measurements using Cox-Merz Rule, ¥/ ~ 2G'/w?. The re-
sult was a power law scaling of ¥ = 0.01y ~2and m = 0.8 and
n =0.07y 9 and n = 0.45 for the 0.01 wt% PAM solution, and a
power law scaling of ¥y = 0.62y ~1°>m=0.5and n = 0.36y 068 and
n = 0.32 for the 0.05 wt% PAM solution.

To validate this model, the predictions of Eq. (6) were superim-
posed over the measurements of the difference between the cube
of dynamic receding contact angles and the cube of static reced-
ing contact angles for the PAM solutions in Fig. 9. The viscoelas-
tic scaling model predicts the scaling of the dynamic contact an-
gles for the limiting cases of a Newtonian fluid, 63 — 63 ; o Ca, and
a elasticity-dominated fluid with a constant first normal stress co-

efficient, 63 — 67 ; o Ca®. For the viscoelastic fluids tested here, the
data resides somewhere between these two limits. For the case of
the dynamic advancing contact angle, the scaling model does a nice
job of fitting the experimental data over the entire range of capil-
lary number for both the 0.01 wt% and the 0.05 wt% case. The only
exception is within the region at high velocities where the contact
angle approached the asymptotic value. For the receding case, the
scaling model also fits the data very well, especially at high veloci-
ties. Some deviation at low velocities can be seen. This is could be
due to the uncertainty with which the static receding contact angle
can be quantified. There is a & 1° uncertainty in the data which be-
comes more significant at low velocities when there is only a small
deviation from the static contact angle. Or, alternatively, it could be
because the data is so close to 90° that the small angle assumption
that has been used breaks down. Finally, if we compare the predic-
tions of our scaling model to that of Carre and Eustache, which only
takes shear thinning effect into consideration, the fit from our model
is significantly better. The model of Carre and Eustache [21] cannot
match the slope of either the dynamic advancing or receding con-
tact angle when fluid elasticity is important. Note a fit to the dynamic
contact angle data of the viscoelastic PEO solution was also attempted
using the simple scaling model. Unfortunately, the rheological mea-
surements of this fluid were not sufficient enough to allow it to be fit
by a power law fluid. What is clear is that a more sophisticated model
needs to be developed if one wishes to predict the dynamic contact
angle for a fluid across the transition from low to high Weissenberg
numbers observed for the viscoelastic PEO case.

4. Summary

In this study, the dynamic advancing and receding contact angles
of viscoelastic fluids were measured through the use of a modified
Wilhelmy plate technique. A PTFE surface was used as the testing sur-
face. Aqueous polyethylene oxide and polyacrylamide solutions with
different fluid elasticity were prepared as test fluids. The advancing
contact angles of both the Newtonian and viscoelastic solutions were
found to increase with increasing plate velocity, while the receding
contact angles were found to decrease with increasing plate veloc-
ity. However, significant differences were observed in the variation
of the dynamic contact angles with capillary numbers between the
Newtonian solution and viscoelastic solutions. Fluid elasticity was
found to delay the onset of variation of dynamic contact angles to the
higher capillary numbers. In addition, the dynamic contact angles of
viscoelastic fluids were found to scale like 63 — 63 oc Ca?. This is a
significant departure from the scaling of the dynamic contact angles
of the Newtonian solution which were found to follow Cox-Voinov-
Tanner's hydrodynamic scaling law, 63 — 63 ; o Ca. The effect of fluid
elasticity becomes more transparent when the data was recast in
terms of the Weissenberg number. A transition in the growth of the
advancing contact angle was observed at Wi = 1, above which, the
fluid elasticity becomes important in the flow. Below Wi < 1, where
viscous stresses dominate the flow, the variation in dynamic advanc-
ing contact angles were found to scale like 93 - 93_5 « Ca, in agree-
ment with the prediction for a Newtonian fluid. For Wi > 1, where
elastic effects are important, the variation of advancing contact angle
was found to scale like 63 — 63 o Ca®. A simple scaling model was
developed to predict scaling behaviors of the dynamic contact angles
of viscoelastic fluids. This model was capable of describing the be-
havior of the dynamic contact angles well over a wide range of plate
velocities.
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