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Abstract

We conducted experiments for water drops and glycerol drops sliding down on inclined surface. The
shapes of the water drop of same size for different inclinations are investigated. When water drop
is stationary on inclined plane, it exhibit oval shape and when the drop starts to move, its shape
changes to corner. This transition can be explained by front and rear curvatures. As velocity of the
drop increases, its shape changes to rivulet and at higher velocities, the drops assume tail shape.

Experiments for four different sized water drops are conducted. We reported experimentally
obtained critical angle of inclination, which is defined as angle of inclination at which a drop starts
to slide. We calculated theoretical critical angle of inclination and compared them with experimental
values. The values obtained are almost same and therefore, the results are satisfactory. The velocities
for these four different sized drops are calculated and plotted against different inclination angles.
We also reported height, length and width of the drops for different inclinations. We found scaling
law that predict size, velocity of the drops for given physical properties like viscosity, surface tension
and density of the drops.

We reported shapes of glycerol drop of same size for different inclination angles and we found
that the shapes of water drops and glycerol drops are similar. We reported experimentally obtained
critical angle of inclination. We calculated theoretical critical angle of inclination and compared
them with experimental values. The values obtained are almost same and therefore, the results are
satisfactory. We observed that critical angle of inclination glycerol drops is less than water drops
of similar size. This phenomenon is observed due to glycerol drop has less surface tension, which
results in less capillary forces. These low capillary forces are responsible for low critical angle for
glycerol drops.

At low inclinations, the glycerol drop has high velocities than water drops due to lower capillary

forces. As inclination increases, the water drop has higher velocities due to low viscous forces.
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Chapter 1

Introduction

The study of motion of the drops has major applications in coating techniques, self cleaning hy-
drophobic droplets, cooling hot spots in electric circuits and controlled micro reactions. In coating
techniques like insecticide sprays and paints, the wetting of surface is required which can be achieved
by motion of the drops. Self cleaning hydrophobic droplets do not wet the surface and they roll
down the surface by cleaning particles on the surface. Unreachable places in electric circuits can be
cooled by sliding of the drops.

On inclined surface, when drop is placed, we can observe three types of motion. When the drop is
placed on inclined surface at low angles, it remains stationary. When the inclination angle increases,

the drop starts to slide. When the surface is hydrophobic, the drop will roll down the inclined plane.

The studies that are available mostly focus on stationary drops and critical angle of inclination.
The critical angle of inclination is defined as angle of inclination at which a drop starts to slide.
The experimental results of various drops are reported. These critical angles depends on advancing

contact angle and receding contact angle. These angles are also reported [1, 2, 3, 4].

Recently the studies of the drops sliding down an inclined plane has drawn lot of attention
and experiments for various fluids are conducted. They reported sliding velocity of the drops on
inclined surface. They constructed scaling law used to predict the velocity for different parameters
like inclination, viscosity, surface tension and density [5]. During sliding on inclined surface the
silicone drops adopt different shapes for different capillary numbers. Capillary number is defined as
ratio of viscous forces to surface tension forces. At low capillary numbers, the drops assume oval
shape. When the velocity is increased, the shape changes to corner. As capillary number is further
increased, drop shape changes to cusp and at higher velocities, the drops assume pearl shape. They
reported advancing contact angles and receding contact angles. They compared these contact angles
with Gennes wetting model and Molecular kinetic model of wetting and found out that results were
satisfactory [6, 7]. Experiments for water and mercury drops are conducted and derived general
expression for variation of dimensionless velocity with inclination. They reported shapes of water
and mercury with change in inclination and compared both shapes [8]. Experiments for water and
xanthan solution drops which is non-newtonian fluid are conducted and compared experimental
results of water and non-newtonian fluid. They found linear variation of capillary number of water
drop with inclination and non-linear variation of capillary number of xanthan solution drop with

inclination [9].



Till now experiments are performed for several fluids but there is no detailed data for water
drops and different sized drops. So we conducted experiments for water drops and glycerol drops

and compared both results.



Chapter 2

Experimental setup

35cm

(a) Front view (b) Side view

(¢) Front view

(d) Side view

Figure 2.1: Experimental setup for study of motion of the drops on inclined plane



For studying motion of the drops, the experimental setup shown in Figure 2.1 is designed and
fabricated. An acrylic plate of dimensions 45x 35 cm was fixed to another plate of same dimensions
using rod and joints, so that different angles can be produced as shown in Figure 2.1.b. On the
upper plate mirror of dimensions 45x15 cm was fixed at 45° as shown in Figure 2.1.a. This setup
was placed in closed acrylic box of dimensions 60x60 cm as shown in Figure2.1.c. To upper plate a
small hole was induced so that capillary tubes are placed on inclined plate and other side of capillary
tube syringe is fixed. When drop is injected into capillary tube it falls directly on inclined plane.

High speed camera fixed on left side to setup as shown in figure.2.1. Two light sources are used,
one placed front of setup and another is placed at bottom. Side view of drop is directly recorded
in the camera and top view can recorded from mirror placed at 45°. Videos obtained are used for
calculations of velocities and aspect ratios. Shape of image are processed in Adobe photoshop.

Experiments are conducted for two different fluids that are water and glycerol and for four
different sizes which are 62.25 mm?,52.26 mm?,43.35 mm? and 34.48 mm?



Chapter 3

Results and discussion

Experiments have been conducted for water and glycerol for four different size drops and following
results were produced. Shape of water drops for different inclinations and sizes. Experimental and
theoretical values of critical inclination of different size water drops. Velocity profiles of water drops
of different sizes. Aspect ratios of water drops for different inclinations. Shape of glycerol drops
for different inclinations and sizes. Experimental and theoretical values of critical inclination of
different size glycerol drops. Velocity profiles of glycerol drops of different sizes. Aspect ratios of
glycerol drops [or different inclinations. Comparison of velocity profiles and shapes of water drops

and glycerol drops

3.1 Experimental results for water drops

3.1.1 Shape of water drops

Water drops assume different shapes at different speeds which can be seen from the top view.
Different shapes of the water drop for different velocities and sizes are shown in Figure 3.1. For
different size and inclinations the side and top views of water are shown in Figure 3.1.

The four different shapes identified are shown as follows

e Oval shape
e corner shape
e rivulet shape
e tail shape

Oval shape is observed for water drops which are in stationary condition and when velocities
are increased, its shape changes to corner. This transition from oval to corner are found from the
advancing and receding curvatures. The advancing and receding curvatures are defined as the inverse
of the radius of the contact line in top views. For a stationary or low speed drop the rear and front
curvatures are equal. When velocity increases this curvature at rear increases, which is reason for
transition from oval to corner shape. As velocity is further increased, the rear curvature of the drop

increases until a rivulet shape is obtained. At even higher velocities water drops forms tail shape



and as velocities increases size of the tail increases and small droplets are left behind as shown in

.l

Rivulet shape at 42°

Figure 3.1.

Corner shape at 34°

Rivulet shape at 38° I I

Tail shape at 49°

Tail shape at 52°

Figure 3.1: Different shapes of water drops of volume 52.26 mm?®

Corner shape at 34° Rivulet shape at 38°

Rivulet shape at 42°

Tail shape at 49° Tail shape at 52°

Figure 3.2: Different shapes of water drops of volume 62.25 mm?®



3.1.2 Critical angle of inclination

At low inclinations, the drops are found stationary and they start sliding down the inclined plane
above a certain angle which is known as critical angle of inclination. In this work we reported ex-
perimental critical angle and calculated theoretical critical angle. Both experimental and theoretical

critical angle of inclinations for water drops of different sizes are shown in Figure 3.3.
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Figure 3.3: Critical angle of inclination of water drop of different sizes
Theoretical value of critical angle of inclination are calculated from the equation

pvgsin(a,) = cwe (cos(d,) — cos(6,)) (3.1)

where, pvgsin(a.) - gravitational force
owey (cos(fy) — cos(6,)) - capillary force
p - Density of water drop

v - volume of water drop

g - Acceleration due to gravity

(ac) - Critical angle of inclination

o - Surface tension between drop and air
w - Width of water drop

0,-Receding contact angle

0,-Advancing contact angle

At critical angle of inclination, the capillary force is balanced by gravitational force. From the

Figure 3.3, for the drop of size 62.25 mm?, the theoretical value of inclination is 27.6 and experimental



has a range of 26° to 30°. For the drop of size 52.26 mm?, the theoretical value of inclination is 31.1
and experimental has a range of 30° to 34°. For the drop of size 43.35 mm?, the theoretical value of
inclination is 37.4 and experimental has a range of 34° to 38°. For the drop of size 34.48 mm?, the
theoretical value of inclination is 43 and experimental has a range of 40° to 45°. From the Figure

3.3, we observed that experimental and theoretical critical angle of inclinations are almost equal.

3.1.3 Velocity profiles of water drops

Displacement of the drop in subsequent frames is used for calculation of velocity of drops. The
velocities that are calculated for water drops are shown in Figure 3.4. The variation of velocities at

for different inclinations are shown by error bars shown in Figure 3.4.
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Figure 3.4: Velocity profiles for different sized drops

From the Figure 3.4, for the drops of 62.25 mm?, for the inclination of range from 34° to 55°,
the velocities of water drops are in the range of 0 to 0.34 mm/s. For the drops of 52.26 mm?3, for
the inclination of range from 34° to 55°, the velocities of water drops are in the range of 0 to 0.27
mm/s. For the drops of 43.35 mm?, for the inclination of range from 34° to 55°, the velocities of
water drops are in the range of 0 to 0.15 mm/s. For the drops of 34.48 mm?, for the inclination of
range from 34° to 55°, the velocities of water drops are in the range of 0 to 0.08 mm/s. From the
Figure 3.4 we can analyze that, the velocity of water drop increases with increase in both inclination
and size of drops.

Capillary number versus angle of inclination is plotted as shown in Figure 3.5, to show effect
of viscosity and angle of inclination on velocity. We observed that, the capillary number increases
with increase in inclination angle. This scaling is done to predict the velocity of other fluids of same

surface tension and different viscosities as that of water.
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Figure 3.5: Capillary number versus inclination angle for different sized drops

3.1.4 Aspect ratio of water drops
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Figure 3.6: Variation of aspect ratios for different size drops

Error bars of aspect ratios of water drops for different inclinations are shown in Figure 3.5. For

different inclinations and different sizes the maximum width, height and length are calculated. From



data obtained, we observe that length gradually increases and when tail shape appears, the height

increases at higher rates, width of the drop decreases as inclination increases and height remains
almost same.

3.2 Experimental results for glycerol drops

3.2.1 Shape of glycerol drops

" A;.

Corner shape at
200 Tail shape at 34°

B

Rivulet shape
at 25°

Tail shape at 52°

Tail shape at 42°

Figure 3.7: Different shapes of glycerol drops of volume 52.26 mm?3

Glycerol drops assume different shapes at different speeds which can be seen from the top view.
Different shapes of the glycerol drop for different velocities and sizes are shown in Figure 3.7. For
different size and inclinations the side and top views of glycerol are shown in Figure 3.7.

The four different shapes identified are shown as follows
e Oval shape
e corner shape

e rivulet shape

10



e tail shape

Oval shape is observed for glycerol drops which are in stationary condition and when velocities
are increased, its shape changes to corner. This transition from oval to corner are found from the
advancing and receding curvatures. The advancing and receding curvatures are defined as the inverse
of the radius of the contact line in top views. For a stationary or low speed drop the rear and front
curvatures are equal. When velocity increases this curvature at rear increases, which is reason for
transition from oval to corner shape. As velocity is further increased, the rear curvature of the drop
increases until a rivulet shape is obtained. At even higher velocities glycerol drops forms tail shape
and as velocities increases size of the tail increases and small droplets are left behind as shown in

Figure 3.7.

Corner shape at 15°

Tail shape at 347

Rivulet shape
at 20° '

iF - Tail shape at 52°
Tail shape at 42°
”

Tail shape at 250

Figure 3.8: Different shapes of glycerol drops of volume 62.25 mm3

3.2.2 Critical angle of inclination

At low inclinations, the drops are found stationary and they start sliding down the inclined plane

above a certain angle which is known as critical angle of inclination. In this work we reported ex-

11



perimental critical angle and calculated theoretical critical angle. Both experimental and theoretical

critical angle of inclinations for glycerol drops of different sizes are shown in Figure 3.9.
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Figure 3.9: Critical angle of inclination of glycerol drop of different sizes

Theoretical value of critical angle of inclination are calculated from the equation

pvgsin(a,.) = owey (cos(0y) — cos(6,)) (3.2)

where, pvgsin(a,) - gravitational force

owcey (cos(0y) — cos(6,)) - capillary force

p - Density of glycerol drop

v - volume of glycerol drop

g - Acceleration due to gravity

() - Critical angle of inclination

o - Surface tension between drop and air

w - Width of glycerol drop

0,-Receding contact angle

0,-Advancing contact angle

At critical angle of inclination, the capillary force is balanced by gravitational force. From the
Figure 3.3, for the drop of size 62.25 mm?, the theoretical value of inclination is 17.4 and experimental
has a range of 10° to 15°. For the drop of size 52.26 mm?, the theoretical value of inclination is 19.87

and experimental has a range of 15° to . For the drop of size 43.35 mm?, the theoretical value of

12



inclination is 21.24 and experimental has a range of 20° to 25°. From the Figure 3.3, we observed

that experimental and theoretical critical angle of inclinations are almost equal.

3.2.3 Velocity profiles of glycerol drops

Displacement of the drop in subsequent frames is used for calculation of velocity of drops. The
velocities that are calculated for glycerol drops are shown in Figure 3.10. The variation of velocities

at for different inclinations are shown by error bars shown in Figure 3.10.

—F—62.25 mm?
—&— 5226 mm*
046 |—F—43.35 mm® -

0.08

Figure 3.10: Velocity profiles for different sized glycerol drops

From the Figure 3.10, for the drops of 62.25 mm?, for the inclination of range from 15° to 55°,
the velocities of glycerol drops are in the range of 0 to 0.2 mm/s. For the drops of 52.26 mm3, for

the inclination of range from 15° to 55°

, the velocities of glycerol drops are in the range of 0 to
0.12mm/s. For the drops of 43.35 mm?, for the inclination of range from 15° to 55, the velocities
of glycerol drops are in the range of 0 to 0.1mm/s. From the Figure 3.10 we can analyze that, the

velocity of glycerol drop increases with increase in both inclination and size of drops.

Capillary number versus angle of inclination is plotted as shown in Figure 3.11, to show effect
of viscosity and angle of inclination on velocity. We observed that, the capillary number increases
with increase in inclination angle. This scaling is done to predict the velocity of other fluids of same

surface tension and different viscosities as that of glycerol.

13
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Figure 3.11: Capillary number versus inclination angle for different sized drops

3.2.4 Aspect ratio of the drops

4& T T T T
—F—62.25 mm?

35 [ |[—§—5226 mm? ]
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Figure 3.12: Variation of aspect ratios for different size drops

Error bars of aspect ratios of glycerol drops for different inclinations are shown in Figure 3.12. For

different inclinations and different sizes the maximum width, height and length are calculated. From

14



data obtained, we observe that length gradually increases and when tail shape appears, the height
increases at higher rates, width of the drop decreases as inclination increases and height remains

almost same.
and

Comparison of critical angle of inclination, velocity

3.3
shapes of water and glycerol drops
0.4 T T T T T T
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Figure 3.13: Variation of aspect ratios for different size drops

The shapes of water and glycerol drops are almost same as shown in Figure 3.1 and Figure 3.7, but
there is slight variation that tail shape drops are formed for glycerol drops at longer inclinations due

to wetting of surface by glycerol drops.
The measured velocities of water and glycerol drops are shown in same plot as shown in Figure
3.13. As inclination increases velocities of both drops increases. At low inclinations, the glycerol

drop has high velocities than water drops due to lower capillary forces. As inclination increases, the

water drop has higher velocities due to low viscous forces
Critical angle of inclination of both water and glycerol can be seen from Figures 3.3 and 3.9.

We observed that critical angle for glycerol is less than water drops of same size. This phenomenon

15



is observed due to glycerol has less surface tension, which results in less capillary forces. These

capillary forces are responsible for low critical angle for glycerol drops.

16



Chapter 4

Conclusions

We have investigated motion of water and glycerol drops on inclined plane. Our results provided
clear picture of critical angle of inclination of the drops. We reported experimental and theoretical
critical angles and compared them. The results obtained are found to be satisfactory.

There was concern related to drop shape and our results allowed to have brief idea regarding
shape of drops. When water drop is stationary on inclined plane, it exhibit oval shape and when the
drop starts to move, its shape changes to corner. This transition can be explained by front and rear
curvatures. As velocity of the drop increases, its shape changes to rivulet and at higher velocities,
the drops assume tail shape.

We also provided experimental data of velocities and aspect ratios of different drops. We devel-
oped scaling law so that the velocity, aspect ratio and shape change can be predicted when there is
changes in viscosities of fluids and angle of inclinations.

Further experiments can be conducted for different viscosity ratios and non-newtonian fluids

which lack data presently.
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