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The effect of relative humidity and viscosity on the spreading dynamics of water-glycerol mixtures was analyzed for
a range of humidities from 20% to 80%. Droplets of identical volume were deposited on ultra-clean glass substrates.
We demonstrated that, in addition to the competition between viscous forces, capillary forces, and disjoining pressure,
droplet spreading was also affected by the evaporation that occurred at the triple line. We provide an updated Tanner’s
spreading law, which was modified to take into account the evaporative contribution. The same mechanism can be
applied to adjust any fluid to Tanner’s coefficient of 1/10.
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1. INTRODUCTION

The dynamics of the spreading/evaporation process of liquid drops is an important topic of interest because it plays a
crucial role in many industrial and material operations. A few of these applications include printing, painting, coating,
lubrication, and spraying (Attinger et al., 2000). One of the main problems in these applications remains the precise
control of all relevant parameters for droplet spreading/evaporation processes. Substrate temperature and evaporation
rate are examples of such parameters that strongly modify the spreading/evaporation dynamics (Chhasatia et al., 2010;
Anderson and Davis, 1995).

When a liquid droplet contacts a wettable solid surface, the out-of-balance interfacial forceγ(cosθeq – cosθD)
drives the liquid to move in the direction of restoring equilibrium, whereas the inertia of the liquid drop, the friction
at the contact line, and the viscous dissipation within the drop resist the spreading of the liquid (Bonn et al., 2009),
whereγ, θeq, andθD are the surface tension, the equilibrium, and dynamic contact angles, respectively. However,
one commonly used method to analyze spreading dynamics is by matching the curves of the spreading radiusr versus
the spreading timet with a power law,r(t) ∼ tn, wheren represents the spreading or wetting exponent. For a drop of
complete wetting fluid (θeq = 0) with a radius much smaller than the capillary length,lc =

√
γ/ρg (effect of gravity is

negligible for Bond numbers much below 1), the drop spreads indefinitely, presumably until it reaches a film thickness
controlled by the surface forces, whereρ is the drop density andg is the gravitational acceleration. Bond number is
defined by the ratio of the drop diameter (D) squared by the capillary length squared (Bo =D2/l2c ).

For viscous spreading of small droplets, the hydrodynamic theory predicts that the initial dynamic wetting is driven
by capillarity and is opposed by viscous dissipation in the liquid wedgelike region near the contact line. By balancing
the capillary and viscous forces, the radiusr of spreading drops scales over timet according to the following power
law, which is known as Tanner’s law (Tanner, 1979):r(t) ∼ R(γt/µR)n, wheren = 1/10,R is the drop radius, andµ
is the dynamic viscosity. This law can be simply obtained by considering that the shape of the drop is a thin spherical
cap and that the dynamic contact angleθD is related to the contact line velocity using the Cox-Voinov relationship
(Cox, 1986):θ3

D ∼ Ca. Moreover, Tanner’s law predicts the long-term spreading and does not apply at short time.
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NOMENCLATURE

µ dynamic viscosity (Pa.s) r(t) wetted drop radius (m)
n wetting exponent (also called Tanner’s exponent) % density (kg.m−3)
lc capillary length (m) Ca capillary number
s surface tension (N.m−1) V drop volume (m3)
g earth gravity (m2.s−1) T temperature (C)
Bo Bond number t time (s)
D drop diameter (m) C concentration (%)
θ contact angle (deg) RH relative humidity (%)

As the wetting radius of the droplet grows beyond the capillary length (for centimetric-sized drops), gravity becomes
the dominant spreading force and the shape of the drop becomes pancake-like, curved only at the drop rim, yielding a
spreading exponentn = 1/8 when bulk phase fluid dissipation dominates orn = 1/7 when contact line fluid dissipation
dominates (Lopez et al., 1976). A crossover betweenn = 1/10 and 1/8 was reported in the experiments of (Cazabat
and Stuart, 1986), while Ehrhard (1993) found a crossover from 1/10 to 1/7.

For liquids of different viscosities, Duvivier et al. (2011) estimated the coefficient of contact line friction from the
molecular kinetic theory, by fitting the experimental spreading radiusr(t) for drops with different viscosities. In their
experiment, the authors showed that the contact-line friction of the liquid-air interface versus the glass is proportional
to the viscosity and exponentially dependent on the work of adhesion. A departure from Tanner’s law was reported by
de Ruijter et al. (1999) and was attributed to a change in the physical mechanism by which the contact line advances
across the solid surface. It has shown also that several kinetic regimes associated with different dissipation channels
have to be considered, but they have a dominant effect on the kinetics of the wetting process at different time scales.

Most studies have focused on understanding the factors (viscosity, density, surface tension, drop volume, and sur-
face wettability) that affect the spreading dynamics of pure liquids. These studies have been described in the literature
based on the hydrodynamic theory (de Gennes, 1985; Cox, 1986). However, few experimental and theoretical studies
have attempted to investigate the effect of the evaporation rate on the spreading dynamics of volatile liquids (Ajaev
et al., 2010). Ajaev et al. (2010) found a deviations from Tanner’s law when the interface shape changes rapidly
in response to rapid changes of the heater temperature. In their work, the evaporation rate was modified by heating
the substrate, whereas in our work we changed the relative humidity which is one of the easiest parameters to be
controlled.

The spreading dynamics of viscous droplets has been investigated both experimentally and numerically (Roques-
Carmes et al., 2010; Eddi et al., 2013; Legendre and Maglio, 2013). Roques-Carmes et al. (2010) performed exper-
iments with droplets of different water-glycerol mixtures (V = 15 µl, µ = [20–1150] mPa.s). The authors showed
that the wetting exponent corresponding to the first and second regimes increased with increasing viscosity, whereas
the constant (pre-exponential factor) decreased in the first regime and increased in the second one. For drops of
high viscosity (µ > 50 mPa.s), the authors found a power law exponent close to that of Tanner’s law. Eddi et al.
(2013) performed experiments with droplets of different water-glycerol mixtures (µ=15 mPa.s, 50 mPa.s, 220 mPa.s,
1120 mPa.s) on glass substrate. The authors used a combined bottom and side-view camera (high-speed recording:
250 images/s) to investigate the early times of spreading just after the start of the process. In this work, the authors
observed a scaling in the contact radius asr(t) ∼ tn (1/5 < n < 4/5) with a dependence on liquid viscosity. For
four different viscosities, the authors experimentally showed that the dynamics behavior decreased with viscosity and
that the cross-over appeared at an earlier time point and was sharper for lower viscosities. Legendre and Maglio
(2013) performed numerical simulations to investigate the effect of the main parameters (viscosity, density, surface
tension, drop volume, and surface wettability) that controlled the early spreading dynamics. For high viscous drops,
the authors used a simplified force balance between the capillary pressure and the viscous stress near the contact line
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(γR0/r2 ∼ µ(dr/dt)/l) and observed an increase in the spreading law fromt1/2 to t2/3 according to Tanner’s law
t1/10, wherel is the characteristic length controlling the shear stress at the contact line.

The aim of our experimental work was to study the effect of the evaporation rate on spreading through the triple
line dynamics for various concentrations of water-glycerol mixtures. This work was performed according to previous
studies using whole human blood to better understand the physical mechanisms that govern the spreading of a drop of
human blood (Bou-Zeid et al., 2013; Bou-Zeid and Brutin, 2014). However, we aimed to study a fluid model that has
the same physical properties as whole human blood. Water-glycerol mixtures exhibit the same density and surface
tension, and their viscosity can be altered by changing their concentration ratio.

2. EXPERIMENTAL SETUP

The spontaneous spreading of a sessile drop was investigated using the setup shown in Fig. 1. The spreading process
was performed in a glove box (316 liters) under controlled atmospheric conditions (ambient temperatureTa = 23.0±
1.0◦C, atmospheric pressurePa = 998± 0.9 hPa). The volume of this box was sufficient to prevent saturation of the
atmosphere with the vapor generated. The humidity levels inside the glovebox were controlled by supplying either dry
or humid air, and a range of relative humidity (RH) values from 20% to 80% was investigated. In our experiments, we
used ultra-clean microscope glass substrates (provided by Thermo Scientific) that were smooth, flat, and hydrophilic
to the liquid drop. We used water-glycerol mixtures to vary the viscosity of the liquid and this was achieved by

Glove box
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FIG. 1: Equipment used to study drop spreading dynamics: a computer(a), digital balance(b), fan to homogenize air
inside the box (prior to the experiment)(c), glass substrate(d), cold back-light source(e), leveling system to control
the micropipette position(f), digital micropipette(g), humidity controller(h), leveling high-precision screw to control
the camera position(j) , and EOS 7 HD digital camera(i).
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increasing the amount of glycerol from 45% weight up to 74%. Using this method, the surface tension remained
relatively constant,γ = 66.9± 1.5% (from 65.8 mN.m−1 for 74% to 68.7 mN.m−1 for 45% weight glycerol). This
method enabled us to obtain six different viscosities ranging from 4 to 24 mPa.s. However, the calculation of the
viscosity was performed using a data-driven correlations between viscosity and temperature:

µ = A1 × T 3 + A2 × T 2 + A3 × T + A4 (1)

whereT is in ◦C, and the coefficientsA1–A4 were obtained from a polynomial fit and varied with the glycerol
concentration in mass (Cm). The values ofA1–A4 were given for some discrete concentrations, i.e.,Cm = 45%, 59%,
65%, 69%, 72%, and 74%. In addition, surface tensions and density were calculated using a data-driven correlation
between these two properties and temperature for different glycerol concentrationsCm:

γ = A5 × T + A6 and ρ = A7 × T + A8 (2)

where the coefficientsA1–A4, were obtained from a linear fit and varied with the glycerol concentration in mass.
The physical properties of the various water-glycerol mixtures are summarized in Table 1. For further calculation,
the exact physical properties were used. Glycerol is highly hygroscopic and therefore to neglect the variation of the
viscosity over time (or the absorption process), the duration of each experiment was limited to 60 s. A pendant droplet
of small controlled volume (V = 7.0µl ± 1.0%) was slowly grown at the tip of a needle [using a digital micropipette,
Fig. 1(g)] until the droplet touched the glass substrate and began to spread quasi-instantaneously. Due to the low flow
rate, the approach velocity of the drop was very small and the impact velocity can be neglected. The drop was back-lit
by a cold cathode light at 5000 K± 270 K [Fig. 1(e)] to improve the image quality. The effect of the light density
was studied to avoid any disturbance on the phenomenon and provided homogeneous illumination without heating
the drop. Therefore, parameters of the digital camera were adjusted to the light exposure to find the best compromise
between the image brightness and the edge sharpness (to improve detection of border of the liquid drop). The initial
massm0, was recorded using a digital balance immediately just after the drop touched the glass substrate (the mass
evolution was not measured). Simultaneously, the digital camera recorded the top view of the wetted area at a typical
frame rate of 50 images per s (resolution of 1280× 720 pixels) to monitor the dynamics motion of the contact line.
This digital camera [Fig. 1(i)] was positioned vertically and coupled with a 1x–5x macro-lens and fixed to a leveling
high-precision screw [Fig. 1(j)] to control the camera position and to minimize the vibration from the environment.
Each frame of the recorded movie was processed using IMAGEJR©. The contour detection of the top-view images
was performed using a circular fit of multiple points to overcome any axisymmetry problem that could occurs during
the spreading dynamics. Once the contour of the droplet was detected, it was used to determine the evolution of the
wetted area,r(t). Additional details on our experimental setup can be found in previous articles (Bou-Zeid et al.,
2013; Bou-Zeid and Brutin, 2014).

TABLE 1: Physical properties of the different water-glycerol mixtures used in the experiment

Mixture (glycerol/water) µ (mPa.s) γ (mN.m−1) ρ (Kg.m−3)

C1 (45/55%) 4.0± 2.8% 68.7 1109

C2 (59/41%) 8.0± 2.5% 67.4 1148

C3 (65/35%) 12.1± 2.5% 66.8 1165

C4 (69/31%) 16.0± 3.1% 66.4 1175

C5 (72/28%) 20.0± 3.0% 66.1 1184

C6 (74/26%) 23.9± 2.9% 65.8 1191
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3. RESULTS AND DISCUSSION

For different RH and viscosity values, we first confirmed the validity of the prediction of the hydrodynamic regime by
comparing the wetting exponent of Tanner’s law [r(t) = Ktn, with n = 1/10] to that obtained from our experimental
wetted radius as a function of time. Figure 2 shows the radius, r, of the wetted area as a function of time for a droplet
of the same viscosity (µ = 12 mPa.s) and three selected humidities (RH = 30%, 40%, and 70%). We have limited
our plots to three plots to ensure a clear view of the curves. For a drop of small volume (V = 7 µl ± 1% andr <
lc =

√
γ/ρg = 2.4 mm), the fluid spreads as a spherical cap shape with a circular base area at every moment in time

because gravitational forces are negligible. This indicates that the instantaneous configuration of the drop can be fully
described using the time-dependent base radiusr(t), wherer(t) is the wetting radius of the spreading droplet. If we
try to plot the time-dependent wetted radius on a log-log scale, the obtained curve is linear (inset graph in Fig. 2),
which indicates that the corresponding spreading process can be described by a power law of the formr(t) = ktn,
where n and k are the wetting exponent and the pre-exponential constant, respectively. However, these parameters
were obtained by fitting the experimental curves on a log-log scale. For different viscosities, the wetting exponents
were extracted from all of our experimental curves and plotted as a function of RH to observe a clear trend of the RH
effect on the dynamics behavior (Fig. 3). In our experiments, we discarded some droplets from the analysis because
they were not reproducible compared to other experiments.

Figure 3 shows the radius,r, of the wetted area as a function of time for droplets of three different viscosities
(µ = 8 mPa.s, 16 mPa.s, 24 mPa.s) at 80% RH. The pre-exponential constantk was also analyzed to validate the
hydrodynamic regime. According to Tanner’s law,k is expected to depend linearly onV 3/10(γ/µ)1/10. Figures 4
and 5 show the pre-exponential constants for different viscosities and humidities. As the viscosity increases, the
dynamics becomes much slower, and the pre-exponential constantk increases linearly withV 3/10(γ/µ)1/10. The
slope of the curve extracted from the linear fit is close to the hydrodynamic regime (k = 0.84). Our observed results

Increasing RH

1/10

FIG. 2: The wetted radiusr as function of time for three selected humidities at the same liquid viscosity (µ = 12
mPa.s). The points correspond to the experimental data, and the lines show the power fit [r(t) = ktn]. The inset graph
shows the experimental data on a log-log scale.
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1/10

Increasing 

FIG. 3: Values of the fitted wetting exponent of the wetting process compared to the wetting exponent of Tanner’s
model (n = 0.10) (Tanner, 1979) as a function of the RH for different viscosities. The red dashed line represents the
linear fit of of the wetting exponent [n = a + bRH with a = 8.65× 10−2 ± 3.31%,b = 2.90× 10−2 ± 18%], passing
by the experimental points.

FIG. 4: The wetted radius r as function of time for three selected viscosities at same relative humidity (RH = 80%).
The points correspond to the experimental data, and the lines show the power fit [r(t) = ktn]. The inset graph shows
the experimental data on a log-log scale.
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FIG. 5: Values of the fitted wetting pre-exponential constantk of the wetting process. The red dashed line is the
linear fit of of the constant [k = a + b(V 3/10(γ/µ)1/10), wherea = –0.20± 0.19,b = 0.77± 0.048], passing by the
experimental points.

were consistent with the works of Eddi et al. (2013) and Roques-Carmes et al. (2010). The authors experimentally
showed that the dynamics behavior decreased with viscosity and that the wetting exponent of the first and second
regimes increased with viscosity. Moreover, Roques-Carmes et al. (2010) found a constantk of 0.85± 0.05. The
authors performed experiments with droplets of different water-glycerol mixtures (V = 15µl, µ = [20–1150] mPa.s).
The authors showed that the wetting exponent corresponding to the first and second regimes increased with increasing
viscosity. For small contact angles, Legendrea and Mglio (2013) observed a power law oft1/2 and then followed by
t1/10 (Tanner’s law). Their experiments revealed also an increased spreading time with increasing viscosity for liquid
drops more viscous than water. In the latter case, the authors did not observe a clear evolution of Tanner’s law during
the final stages of spreading due to the large equilibrium contact angle. Recently, Eddi et al. (2013) studied short-
time viscous droplet spreading, using a visualization that allowed accurate observation of the very early stage. The
authors performed experiments with droplets of different water-glycerol mixtures on glass substrate by varying the
fluid viscosity (µ = 15 mPa.s, 50 mPa.s, 220 mPa.s, 1120 mPa.s). The authors showed that the dynamics of low viscous
drops was slower than high viscous drops, which is consistent with our experimental observations. Their experiments
also revealed that the apparent exponent slowly decreases during the first regime, and reaches a value around 0.15.
The duration of their spreading was from microseconds up to a few seconds, whereas in our experiments, the temporal
resolution (50 images/s) was too small compared to their temporal resolution.

Our results revealed that the wetting exponent of the spreading process increased linearly with RH (Fig. 3). At
a RH value of 46.5%, we obtained a wetting exponent of 1/10, which was consistent with the wetting exponent of
Tanner’s law (n = 1/10). This value of RH corresponded close to most of the RHs of experimental rooms. This can
be explained by the evaporation rate occurring at the triple line, which plays an important role in the determination
of the values of the wetting exponent and pre-exponential exponent. In the diffusion-controlled evaporation case,
the non-uniform evaporation rate leads to temperature gradients over the drop surface (self-cooling), which leads to
differences in surface tension. The region near the vicinity of the contact line is cooler than the apex because of the
highest evaporation rate (Steinchen and Sefiane, 2005). As RH increases, the evaporation rate decreases at the TPCL.
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The surface tension gradient could drive a Marangoni flow inside the drop that can overcome the evaporation-driven
outward flow (Hu and Larson, 2006). This flow leads to a pressure gradient that drives the spreading, and the balance
between the Marangoni stresses and the viscous dissipation that slows the spreading. Therefore, the Marangoni flow
can give rise to additional circulation. For constant temperature, Pérez-Diaz et al. (2012) found that the water-air
surface tension (pure water drops of radius R = 2.8 mm) decreases for increasing humidity in air. This effect can be
considered negligible because the water-air surface tension was found to be reduced by 6% when RH was varied from
10% to 100% (Ta = 20◦C).

Another possible physical mechanism could be responsible for spreading enhancement is the disjoining pressure,
Π(e), which is of comparable importance, to viscous and capillary effects (Starov and Velarde, 2009; Derjaguin et al.,
1987). A very thin precursor film, referred to as an adsorbed film, can form on a solid surface in contact with vapor
phase (Starov and Velarde, 2009). The disjoining pressure in this thin liquid film is defined as the excess pressure in
the adsorbed film relative to that in the bulk solution and depends not only on the film thickness but also on the shape
and the curvature of the interface. However, the pressure jump inside the drop is related to the curvature and to the
disjoining pressure. As RH increases, the vapor pressure in the air increases. Thus, a decrease in RH would affect
the curvature of the meniscus and thus, enhance the disjoining pressure. Thus, enhanced spreading can be observed
with RH corresponding to increased values of the wetting exponent. In contrast to these observed results, we have
shown that the spreading rate is enhanced due to the evaporation rate at the TPCL in the case of complex fluids (whole
blood) (Bou-Zeid and Brutin, 2014). In this work, a wetting exponent of 0.19 was found in the case of drops of blood
(second-low spreading regime). This was because whole blood is a complex suspension in which the biocolloids play
an important role in pinning the contact line and interaction between particles and the glass substrate. The increased
meniscus curvature near the TPCL of an advancing wetting front could lead to condensation, which contributes to
the overall spreading (Shanahan, 2001). However, there must be an additional contribution from the evaporation rate
that can affect the internal flow and the interfacial liquid-vapor surface tension. When a drop touches the hydrophilic
surface, the drop spreads over the substrate to minimize the total surface energy. For small drops whose radii are
smaller than the capillary length, the effects of gravity are negligible and spreading is driven by capillary forces.
Consequently, capillary forces dominate the flow motion inside the droplets. At a very early time of spreading, the
surface of the drop significantly deforms as a capillary flow travels along the surface of the drop. In this case, capillary
forces rapidly drive spreading due to the curved surface, whereas the viscous forces of the fluid resist deformation.
Once the capillary flow has dissipated, the droplets spreads at a slower rate.

4. CONCLUSIONS

The effect of RH on the dynamics of drop spreading on a clean glass surfaces was investigated. Our experiments
demonstrated that the evolution of the wetted radius is described by a similar law to the Tanner’s law:r(t) = ktn

with k andn function of the room humidity and the fluid viscosity. We showed that, beyond Tanner’s law, there is
an updated spreading coefficient that takes into account the room humidity. The updated model is in the form:r(t)
= ktn, wheren = 0.0865 + 0.0290 RH. For RH = 46.5%, Tanner’s model is quantitatively correct. The enhanced
spreading rate can be explained by the evaporation rate at the triple line. However, this important result requires
further validation for other mixtures to generalize the spreading coefficient (n). For other fluids, the same analysis can
be performed to take into account the triple line evaporation as a function of the vapor concentration.
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