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1.  INTRODUCTION

Droplet evaporation and the associated coffee-ring effect are ubiquitous in everyday lives, from
spilt milk or coffee in our kitchens, to spray cooling, coatings development and medical diagnostics [1].
A droplet on a hydrophilic surface (water contact angle <90°) evaporates mainly from the edges of the
droplet with the apex of the droplet exhibiting the lowest evaporation rate as described in the seminal
work by Deegan and co-workers [2]. They also showed that this enhanced flow at the periphery of the
drop resulted in a stronger internal flow to replenish the evaporated liquid which carries particles from
the bulk to the periphery of the drop resulting in what is now known as coffee-ring pattern.

Due to the iniquitousness of this phenomenon both in nature and in application, research interest
has since focused on this phenomenon in order to fully understand it and explore the different parameters
that affect it. For example, heating the drops resulted in faster evaporation times [3], whereas lowering
the ambient pressure led to perfectly crystalline deposit patterns [4]. More hydrophobic surfaces lowered
the evaporation flux [5] and softer surfaces led to different evaporation regimes and patterns [6].

Nonetheless, the vast majority of the research to date focused on drops evaporating on horizontal
surfaces in spite the numerous encounters in our daily lives with drops on inclined surfaces such as the
windshield of a car or the photovoltaic arrays on our roofs. Only a small number of them has focused
on the relationship between inclination angle and evaporation rate with contradicting findings [7-9]. In
this work, we chose large agqueous colloidal drops, beyond the capillary length of water, in order to
maximise the influence of gravity on their shape and hence evaporation kinetics and the coupled deposit
formation mechanism. We found that increasing the inclination slows the evaporation time and
elongates the resulting deposit pattern with large particulate accumulation towards the thinner side of
the drop. This accumulation could be attributed to the majority of the contact line shows a higher contact
angle at the front and hence should both slow the evaporation and slow the outward fluid flow.

2. EXPERIMENTAL METHODOLOGY

1 pum polystyrene colloidal aqueous suspensions (Polybead, Polysciences, US) were diluted to
desired concentration of 0.1% w/w in deionised water. Prior to use, the suspension was sonicated for
10 minutes to ensure uniform dispersion. Smooth hydrophilic glass slides were ultrasonically cleaned
consequently in deionised water and ethanol for 10 minutes and dried under a stream of compressed air.
9 ul droplets were gently deposited by a micropipette onto substrates with the inclination angles, a.= 0,
20, 40°. Experiments were conducted under ambient conditions and a CCD camera and a back light were
employed to capture the shadow side-view images of drying drops. The evolution of drop profiles (i.e.,
base diameter, contact angle, volume) were computed a drop shape analysis software (DSA4, Krss,
Germany). Resulting coffee-ring patterns were imaged using an optical microscope.

3. RESULTS AND DISCUSSION

The drops are placed in inclinations, a = 0, 20, 40°, resulting in elongation of their shape as shown
in Figure l1a. Hence, we need to consider their advancing and receding front characterised by the
advancing and receding angles, 8, and 6, respectively. The temporal evolution of the profile of each drop
is presented in Figure 1b,c in terms of base diameter and contact angle. It is readily apparent that in all
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cases the drops evaporate under the constant radius regime as is readily apparent in Figure 1b,c, by the
constant diameter across the evaporation process with simultaneous constant decrease in contact angle
[10]. At the same time, an initial spreading period can be identified in the base diameter in Figure 1b for
the 20 and 40° cases due to the action of gravity upon deposition and until the drops reach their
equilibrium state. Additionally, we observe in Figure 1c that in both inclined cases the mean contact
angle, 0 (solid brown and green symbols), value lies between 6, and 6, (partly filled brown and green
symbols respectively). It is also clearly discernible that the evaporation time of each drop is dependent
on the inclination angle, which we focus next.
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Figure 1: (a) Initial snapshot of a 0.1% microspheres drop evaporating at 0°, 20° and 40° inclination with corresponding
mean contact angle, 0, receding contact angle, 6, and advancing contact angle, 6a. Evolution of the same drops over time: (b)
base diameter and (c) 6, 6 and 6a. Blue, brown and green symbols show 0°, 20° and 40° inclinations, respectively.

Figure 2 shows the dependence of evaporation time on the inclination angle. In particular, as the
angle increases from horizontal to 20°, the evaporation time increases by 43%. Further increasing the
inclination to 40°, the evaporation time increases a further 18%. This increase in evaporation time should
be attributable to the non-uniform distribution of evaporation flux along the three-phase contact line of
the drops. In fact, the inclination of the drops leads to the elongated profiles shown in Figure 1a which
in turn result in a longer length of three-phase line (or part) of the drop under the higher advancing angle
0, and the resulting lower evaporation rate. This finding is in agreement with previous reports of an
inversely proportional relationship between evaporation time and contact angle of the drop [5].
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Figure 2: Evolution of drop volume over time for drops at 0, 20 and 40° inclination (blue, brown and green respectively).



The elongation of the drops due to the inclination also affected the resulting deposit patterns, as seen
in Figure 3. The patterns start with a symmetrical one at 0° inclination and a typical ring-stain deposit at
the periphery with some build-up to the interior (Figure 3a). Inclining the surface to 20°and 40° led to
elongated patterns (Figure 3b,c), in line with elongated drop shape previously. Additionally, in the
elongated deposits higher particle accumulation was found at the receding side of the drop and less
accumulation to the advancing front. This behaviour should be attributed to the enhanced evaporation
flux at the receding side and the weakened flux at the advancing side due to the lower and higher contact
angles. Some additional wetting fronts can be clearly identified in both these cases as striped regions
due to perhaps the motion of the receding front after it depinned during the evaporation process and
depositing and re-arranging the particulate accumulation trapped in the thinner part of the drop.

Figure 3: Deposit patterns left behind the evaporation of 9 ul aqueous drops containing 1 um microspheres at (a) 0°, (b) 20°
and (c) 40° inclinations. In every image right side corresponds to advancing side.

4. CONCLUSIONS

We report on the influence of substrate inclination on the evaporation kinetics and deposit formation
mechanism of evaporating colloidal drops. We showed that a small increase of the inclination angle
results in substantial decrease in the evaporation time of the drops by elongating its shape and leading
to a receding and an advancing front (thinner on the top and thicker on the bottom of the drop) which in
turn result in different evaporation rates at the two sides. This difference in evaporation rates was
verified by the deposit patterns with the majority of the particulate located toward the receding front as
a result of the enhanced evaporation rate and the linked liquid flow from the centre of the drop to its
periphery. These results should be useful in a plethora of applications from painting and printing self-
cleaning surface that are not always in the horizontal orientation as has been the consensus in the
experimental works so far.
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