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Abstract

The dynamic resistance of a fluid to a cylinder rolling on an inclined plane in water has been
experimentally studied. This creates problems in the form of solid-liquid interactions, which include
landslides on the seabed and debris flows on the seabed that cause Tsunamis. The development of flow
around a rolling cylinder is described to highlight the implications on the nature of the hydrodynamic
force coefficient acting on the cylinder as resistance. The coefficient of drag on the cylinder when rolling
on an inclined plane in water is the coefficient of drag that prevents the cylinder from rolling. In addition,
other external force coefficients (besides the drag coefficient) also impede the cylinder motion. The
equation of motion of the cylinder is solved with experimental data which is used as the most suitable
solution to get the drag coefficient value. The movement of the cylinder is also not perfectly linear
because there is a force from the side of the track and the cylinder moves slightly zigzag in 1-D motion.
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Introduction

Research has been carried out on determining the Drag Coefficient of motion of a ball material on
an inclined plane in the water, it is found that the drag force on the motion of the ball when rolling is
always greater than that of a free-falling ball under all kinematic conditions, although some of the
Reynolds number values increase [1]. In addition to spherical materials, the science of friction (drag) fluid
dynamics in cylinder material is very rare and very much needed when designing the measurement
process for a particular cylindrical material particles system [2,3]. Thus, there is a lot of information
available in the literature for the estimation of drag on cylindrical particles [4,5]. Most of this information,
however, relates to when the cylinder is at rest with the fluid moving or when the cylinder is moving with
the fluid at rest. In both conditions, the cylinder does not come into contact with the solid surface
boundary [6-12]. Many state particles roll, with or without shear motion in the fluid. The most common
example is flow in a rolling ball viscometer provided it measures the rolling speed of the ball very
accurately on an inclined plane in the tube; Hydraulic transport of solid particles on inclined pipes also
causes particles to roll along the pipe walls, especially when the pipe is operating in a moving system.
Other examples are landslides on the seabed on mountain slopes, flow of shale material on the seabed,
sediment transport on the coast, movement of seabed gravel due to ocean currents.

Landslides can cause tsunamis if the most critical mountain slope angles in the sea are at the edge of
the shelf. If the slopes of this mountain are in the area of the earthquake path, it is very easy for landslides
to occur (flank collapse) on the slopes of the mountain if there are disturbing vibrations. That is why an
earthquake with a small force can trigger an avalanche that will cause a tsunami. The volume of landslide
debris material, the process of movement of the landslide debris material and the slope of the mountain
slopes are the parameters that most influence the characteristics of the tsunami. The steeper slopes of the
mountains will cause landslides to move faster into the water, causing high water waves in the form of
tsunamis [13-30]. The high number of deaths from these events is related to the limited literature on
tsunami generation from mechanisms other than fault damage and the lack of an effective tsunami
warning system for non-seismic events [31]. However, before the description of this study, previous
research related to this study will be described.
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Research related to this field is the determination of viscosity using a rolling ball viscometer and the
law of fluid power [32,33]. Theoretically, the lubrication flow approach is applied to the thin gap between
the sphere and the tube wall to extract dynamic viscosity values from Newtonian medium and the law of
constant force for non-Newtonian fluids. The device is calibrated with a fluid whose viscosity value is
known and a working equation that relates the viscosity kinematics to the last time the ball rolled (a
certain tube-ball combination) with a fixed distance. In principle, the data can be converted into a
Reynold coordinate drag coefficient. Hasan [34], carried out measurements of the wall effect on the
velocity of the ball when rolling on Newtonian fluid, obtained (d/D) > 0.707, for the value of the product
(C4Re) hardly depends on the value of the Reynold number.

Another study of the rotating motion of the ball relates to open canals [35]. In the flow in the tube,
the wall exerts an extra retardation effect on the ball, which is caused by the upward movement of the
fluid through the eccentric ring gap between the ball and the tube wall, this effect is usually neglected for
the ball rolling in. open channel geometry. From the description above, it can be concluded that the
dynamic resistance of the fluid on a ball rolling on Newtonian fluid is little known on the tube walls
which tend to be slippery. In addition, Ariefka and Pramudya [36] have conducted research on the study
of hollow cylinders in an inclined plane to determine the moment of inertia of the cylinder with variations
in plane trajectory distance and plane tilt angle. The value of the moment of inertia of the experiment for
the distance and angle variation obtained is influenced by the diameter of the cylinder bore.

This research aims to determine the drag coefficient of cylindrical material motion on an inclined
plane in water experimentally as a function of the slope angle. This information is used to develop
universal position-time and velocity-time relationships. There are many rational understandings of the
state of the fluid dynamics drag coefficient in cylindrical rolling motion that can be used to develop
realistic models of complex processes, such as the drag coefficients of landslide materials in the seabed
and the flow of debris on the seabed that causes a tsunami. This aims to add to the research literature on
drag coefficients and as mitigation of large non-tectonic tsunamis due to seabed landslides in Indonesia in
the future.

Theory

The previous paper presents the results of research on determining the coefficient of drag of the ball
experimentally where the effect of the trajectory of the ball in the form of a tube causes an increase in the
value of the drag coefficient with an average deviation of 8 - 20 % [1]. Due to the significant deviation of
the drag coefficient, it is necessary to develop another material in the form of a cylinder that rolls on an
inclined plane in the water, related to the determination of the drag coefficient experimentally, besides the
availability of variations of solid ball materials that are difficult to obtain. The cylinder rolls down an
inclined plane in stationary water due to its own gravity, the force acting on the cylinder is the drag force
of the fluid Fp, the lift fluid F., the buoyancy force of the cylinder Fg = mgsin ¢ and the resulting
resistance force to wind Fg. All the forces are shown schematically in Figure 1.

Figure 1 Force on a cylinder rolling on inclined plane in water.

In a state of equilibrium, when the cylinder is not experiencing acceleration and without a
significant effect due to lift, the direction of the balancing force is the result of motion [37,38]:

F, + F, =mgsin 8 [
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Where the fluid-drag force Fp can be expressed as the drag coefficient Cp which is defined as [39-521]:

1
Fo =ECDprT2A @)

A = PL = Pd is the surface area of the cylinder. Because the mass m = pJ” and the volume of the
cylinder V = zR?t = zR?L then Eq. (2) becomes:
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With Cp is the coefficient of drag, vt is the terminal velocity, L is the height of the cylinder, P is the
length of the cylinder, R is the cylinder radius for all the same materials, d is the cylinder diameter for all
materials of the same value, ps is the density of the cylinder, pr = 1,000 kg/m? is the density of the fluid
(water), g = 9.8 m/s? is the gravitational acceleration of the earth, and 8 is the angle of inclination of the
track. Long value P cylinder = high L cylinder, width value | cylinder = diameter d cylinder. The
interaction between cylinder and fluid is influenced by Reynold’s number which identifies the type of
flow (laminar or turbulence), laminar flow is a fluid motion in which each particle in the fluid follows the
same path as the previous particle, characterized by a smooth or regular trajectory of the fluid particles.
Laminar flow occurs at Reynold’s number less than 3x10° [53]. Then the equation for Reynold’s number
Re is [54-58]:

R, = pVTd 5)

Where p is the density of the fluid (water), v is the cylinder speed, d is the cylinder diameter, 4= 0.001 is
the viscosity of water.

Materials and methods

Materials

In this study, using an aquarium measuring 1.30x0.50%0.55 m, 1.20 m inclined track board, 4
cylinders (brass, stainless steel, iron and aluminum) with the same height height L = (3,99 + 0,01)x102 m
and diameter d = (3,275 = 0,001)x1072 m. The mass m and density p of the cylinder are shown in the
Table 1.

Table 1 The mass and density of the cylinder.

Material Mass m (kg) Density p (kg/m?)
Brass (2.7158 + 0.0002)x10* (8,062.9 £ 20.6)
Stainless steel (2.5112 +0.0002)x10* (7,455.5 + 19.1)
Iron (2.3798 +0.0002)x10" (7,065.4 + 18.1)

Aluminum (0.8612 + 0.0002)x107* (2,556.8 *+ 6.6)
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Tools

The hardware used in this study is a laptop (RAM 4 GB, OS Ms. Windows 7 home premium 32 bit,
Intel Core 3), Canon EOS 600D camera with 50 fps (frame per second) which is a tool for making video
recordings of the motion of rolling a cylinder in water, the O’haus 3-arm scale which is a cylinder mass
weighing device, the O’haus PA 214 digital scale which is a tool for weighing the mass of water that
comes out of the aquarium. The software used in this research is Logger Pro 3.2 is a tool for processing
video to get time, speed, and position data experimentally.

Procedure

Water is introduced into the aquarium and left for 24 h to achieve thermal equilibrium and to
remove trapped air bubbles. The cylinder was also immersed in water at least 24 h prior to the actual
experiment. The cylinder was removed using pliers under the water surface in the aquarium, and there
were no visible bubbles sticking to the solid cylinder.

Water

Solid Cylinder

Aquarium

Buffer

Figure 2 Arrangement of solid cylinder motion data collection tool on an inclined plane in water.

Doing a recording using the camera when a solid cylinder begins to be released on an inclined plane
trajectory in the water with variations in tilt angle and density variation. Save recorded videos in a folder
for analysis using the Logger Pro software. Repeats recording the motion of a solid cylinder on an
inclined plane in water with 7 different tilt angles and 4 different densities of the solid cylinder.

Data analysis

Determine the value of the drag coefficient using Eq. (3) and the density coefficient using Eg. (6).
The drag coefficient is calculated using the fitting approach. The data used is a linear function between
the squares of the terminal velocity (vr?) to the angle of inclination of the plane 6. After that, record the
motion of solid cylinders for each solid cylinder, 7 kinds of videos with variations in tilt angle and density
variation of solid cylinders, then track the motion of solid cylinders in the video using Logger Pro
software, so that data is obtained v+, data vr obtained then processed in Microsoft Excel 2007 to get a
graph of the relationshipvs2 against sin 6. Analysis of experimental data by adjusting the relationship
graph vr2 against sin 4. The event of a solid cylinder rolling on an inclined plane in the water is a straight
motion event that changes regularly, so the data fitting approach used is a linear function. Data fitting
aims to obtain the slope value of the relationship graph v+2 against sin 0. After obtaining the gradient
value from each relationship graph, then the value of the inhibition coefficient is determined by Eq. (3)
and when the cylinder rolls on an inclined plane in the water, water comes out of the aquarium so that
mass increases. the coefficient can be calculated using Eq. (6). After obtaining the value of the drag
coefficient, the additional mass coefficient, the density ratio value of the solid cylinder, the value of time
changes and the value of the diameter of the solid cylinder, a solution of nonlinear cylinder motion on an
inclined plane in the water numerically will be carried out with Eq. (7). Compared with the solution of
cylindrical motion on an inclined plane in the water experimentally obtained from the results of the video
tracking from logger pro.
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Results and discussion

The drag coefficients of the investigated cylinder shown in Figure 3 was carried using the methods
and the computer programme described above. The drag coefficient on the cylindrical material which
affects the terminal velocity is analyzed in this paper.

Drag coefficient

In calculating the coefficient value drag Cp first calculate the slope value of the graph « relationship
vr2 vs sin @ in Eqg. (4) for all cylindrical materials. Relationship graph v+2 vs sin @ for each cylinder with
various angles 10, 13, 15, 18, 20, 23, 25 ° at a fixed distance 0.95 m as follows:
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Figure 3 Relationship graph vT2 vs sin 0 for: (a) brass cylinders; (b) stainless steel cylinder; (c) iron
cylinder, and (d) aluminum cylinder.

From Figures 3(a) - 3(d) the values obtained are: For a brass cylinder the terminal velocity at an
angle of 10 ° is 0.29952 m/s, an angle of 13 ° is 0.36264 m/s, an angle of 15 ° is 0.45218 m/s, an angle of
18 °is 0.61970 m/s, 20 ° angle is 0.68398 m/s, 23 ° angle is 0.80412 m/s and 25 ° angle is 0.88079 m/s.
Furthermore, for stainless steel cylinder the terminal velocity at 10 ° angle is 0.2786 m/s, 13 ° angle is
0.3557 m/s, 15 ° angle is 0.4397 m/s, 18 ° angle is 0.5885 m/s, 20 ° angle is 0.6400 m/s, 23 ° angle is
0.7662 m/s and 25 ° angle is 0.8245 m/s. For iron cylinder terminal velocity at 10 ° angle is 0.2583 m/s,
13 ° angle is 0.3494 m/s, 15 ° angle is 0.4338 m/s, 18 ° angle is 0.5551 m/s, 20 ° angle is 0.6223 m/s, 23 ©
angle is 0.7384 m/s and 25 ° angle is 0.7917 m/s. In addition, for aluminum cylinders, the terminal
velocity at an angle of 10 ° is 0.220 m/s, an angle of 13 ° is 0.3021 m/s, an angle of 15 ° is 0.3732 m/s, an
angle of 18 ° is 0.4160 m/s, an angle of 20 ° is 0.4160 m/s. 0.4681 m/s, 23 ° angle is 0.5334 m/s and 25 °
angle is 0.5631 m/s. From the terminal velocity values for all cylindrical materials, it can be seen that the
aluminum cylinder experienced the most significant speed deceleration, this was due to the rolling motion
of the cylinder in the water being slowed by the buoyant force of water because the density of the cylinder
was almost the same as the density of water.

By using the slope value of each cylinder, the Cp drag coefficient value can be calculated by
entering the graph slope value into Eq. (4) for all cylinder materials, so that the Cp drag coefficient value
is obtained in Table 2.

Table 2 Drag coefficient Cp cylinder.

Material Slope of the graph a Drag coefficient Cp
Brass (2.8730 + 0.3996) (1.2388 £ 0.1724)
Stainless steel (2.5270 + 0.3208) (1.2873 + 0.1635)
Iron (2.3384 + 0.2676) (1.3071 + 0.1497)
Aluminum (1.1124 + 0.0666) (0.7052 + 0.0424)

From Table 2 it can be seen that the slope value obtained from fitting the squared terminal velocity
data to the angle variation is the most important parameter in obtaining the drag coefficient value for each
cylinder material. The value of the drag coefficient of iron is the largest and the value of the drag
coefficient of aluminum is the smallest. The relative error of drag coefficient for brass cylinder material is
13.92 %, stainless steel is 12.70 %, iron is 11.45 % and aluminum is 6.01 %. From the relative error, the
value of the drag coefficient obtained is good, although there is an increase in error but it is not
significant. In addition, the value of the drag coefficient also represents the magnitude of the drag force
that works when each cylinder rolls in the water, which can cause laminar or turbulent water flow. This is
due to the effect of the density of each cylinder material when in the water due to buoyancy [59].
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Reynold number Re
The Reynold number coefficient is calculated by Eg. (5) for each cylinder in Table 3.

Table 3 Reynold’s number of brass and stainless steel cylinders.

0(°) v Re brass Re stainless steel Re iron Re alumunium

10 Vrmin (156.0 £ 0.0) (31.9+0.0) (349.0+£0.1) (399.9+0.1)
Vimax (9,530.9+2.3) (13,108.9 £ 3.2) (7,075.6 £ 1.7) (5,440.4 £ 1.3)

13 Vmin (428.8£0.1) (503.6 £0.1) (224.0 £0.1) (471.7 £0.1)
Vimax (17,981.8 + 4.4) (17,379.8 £ 4.2) (12,890.9 £ 3.1) (10,667.7 + 2.6)

15 Vrmin (1,187.4£0.3) (273.1£0.1) (472.4 £0.1) (300.6 £0.1)
Vimax (12,888.6 + 3.1) (15,021.8 £3.7) (16,704.3 +4.1) (6,207.5 £ 1.5)

18 Vrmin (443.1+0.1) (343.9+0.1) (783.3+0.2) (935.7 £0.2)
Vimax (14,758.1 + 3.6) (20,9925 +5.1) (21,9745 £ 5.4) (9,890.7 £ 2.4)

20 Vmin (521.2+£0.1) (420.6 £0.1) (7479 +0.2) (383.7+0.1)
Vimax (15,803.3 £ 3.9) (21,3055 +5.2) (24,718.2 + 6.0) (13,792.8 + 3.4)
23 Vmin (8.9+£0.0) (1,068.5 + 0.3) (1,068.5 +0.1) (1,197.2 £0.3)
Vimax (22,182.1 +5.4) (22,1732 +5.4) (23,919.9 +5.8) (12,125.9 + 3.0)

25 Vmin (146.1 £ 0.0) (782.4 £0.2) (93.7£0.0) (2428 +£0.1)
Vimax (25,553.9+6.2) (52,508.0 + 12.8) (26,607.6 + 6.5) (11,353.1+2.8)

From Table 3 it can be seen that the Reynolds number of brass cylinders (156.0 - 25,553.9) and
stainless steel cylinders (31.9 - 52,508.0) is less than 3x105, so the flow is laminar [58], the Reynolds
number of iron cylinders (349.0 - 26,607.6) and aluminum cylinders ( 399.9 - 11,353.1) is less than
3x105, so the flow is laminar [58]. Overall there are 7 variations of the slope angle data for 4 types of
cylindrical material with a Reynolds number value of 31.9 < Re < 52,508.0, the data is separated into
different sub-groups depending on the type of cylinder material. Tables 2 and 3 show the effect of the
drag coefficient on the resulting Reynolds number. It is seen that when the value of the drag coefficient
increases, the Reynolds number increases. As the Reynolds number increases, the water flow rate also
increases, but still without a turbulent flow trend. The flow conditions seen are laminar for all types of
cylindrical materials rolling in the water. So, in this study, it is necessary to test it with a cylindrical
trajectory in the form of a tube and record it using a high-speed camera with a much larger frame so that
new data can be obtained as a comparison from this study.

Conclusions

In this study, the fluid dynamics of the cylindrical drag on an inclined plane in water was measured
experimentally. The data reported in this study include 7 variations of angle and 4 variations of cylinder
density. Overall, this study includes a slope angle of 10, 13, 15, 18, 20, 23, and 25 ° with the brass drag
coefficient 1.2388, stainless steel drag coefficient 1.2873, iron drag coefficient 1.3071, aluminum drag
coefficient 0.7052 and Reynolds number of brass cylinders (156.0 - 25,553.9), stainless steel cylinders
(31.9 - 52,508.0), iron cylinders (349.0 - 26,607.6) and aluminum cylinders (399.9 - 11,353.1) is less than
3x105, which means the water is in a laminar state. In addition, the value of the terminal velocity
achieved is determined by the angle of inclination of the plane and the density of the material which will
affect the magnitude of the drag force based on the linear regression Egs. (2) - (4). The greater the angle
of inclination of the plane, the greater the terminal velocity achieved. In addition, the resistance acting on
the cylinder when it is rolling on an inclined plane in water is another external force (besides the drag
coefficient) that hinders the cylinder when it is rolling. In addition, the cylinder motion is also not
perfectly linear because there is a force from the side of the track and the cylinder moves slightly zigzag
in 1-D motion. The results obtained in this study can be used for broader scientific problems, especially
the potential for hydrometeorological and sedimentation disasters.
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