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Abstrak

Students can understand the terminal velocity of solid particles by analyzing their free-fall motion in a fluid. We
show it using a program designed by (Arbie et al., 2019)(Arbie et al., 2021). We use two parameters, hamely the
particle-fluid density ratio and the particle diameter, to determine their effect on terminal velocity. The experimental
results show that the terminal velocity increases linearly with changes in the magnitude of the two parameters. Then,
we also show the effect of the Reynolds number on the magnitude of the error value produced in the experiment.
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INTRODUCTION

The dynamics of the free fall motion of solid particles in a fluid can be studied by
analyzing the drag force experienced by the particles (Maxey, 2017; Liu & Yu, 2022). Particle
diameter, fluid velocity, fluid density, and fluid viscosity affect the magnitude of the drag force.
This can be expressed in the form (F = f(d, u, p, ©)). From this relationship, a dimensionless
quantity can be described, namely the drag coefficient (CF), the magnitude of which depends
on a number called the Reynolds number (White, 2011; Ouchene et al., 2015). The Reynolds
number describes the ratio of the fluid's inertia to its viscosity. The mathematical formulation
of the Reynolds number is written in the form Re = psulL/ug, where p; is the fluid density, u
is the velocity of the fluid, L is the channel width, and u is the fluid's dynamic viscosity (White,
2011; Ershadnia et al., 2020). Additionally, the drag force is influenced by the adhesive forces
between the fluid and the bounding walls (Vowinckel et al., 2019). Nevertheless, the drag force
can be neglected for cases where the channel width to particle diameter ratio is greater than 15
(Dan et al., 2023).

When a single particle falls freely into a fluid, its initial velocity sharply increases due to
the gravitational force acting upon it (Fornari et al., 2019). However, after a while, the particle's
speed no longer increases. The particle moves at a constant speed. This speed is called terminal
velocity (Kaiser et al., 2017). This condition is achieved when the gravitational force has been
balanced with the buoyancy and fluid drag force so that the resultant force acting on the particle
equals zero. Thus, according to Newton's 1st law, the particle will move in a straight line at a

constant speed (Liu et al., 2016; Zhou et al., 2022). Each model formulates fluid drag forces
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with a form highly dependent on particle geometry (Bagheri & Bonadonna, 2016). The Stokes
model is the most frequently used model to analyze the falling motion of solid particles in
viscous fluids (Dey et al., 2019).

The Stokes model is used in high school and university viscosity experiments to study
terminal velocity (Michna & Rogowski, 2022). However, the Stokes model is only precise with
experimental results when the parameters have high viscosity, low Reynolds number, and slow
particle fall velocity (Bergougnoux et al., 2014; Mirzaee et al., 2019). Furthermore, in the
Stokes model, the frictional force between the fluid and the container walls is neglected, so the
fluid is assumed to be in a huge container (Zhang & Mohseni, 2019; Chukwuneke et al., 2022).
When the selection of the experimental set does not consider the above conditions, the
experimental results obtained will differ significantly from the Stokes model predictions
(Dioguardi et al., 2018; Wang et al., 2020; Rauter, 2021).

Many methods have been discovered to determine the terminal velocity of a solid object
falling freely in a fluid. For instance, research conducted by (Putra, 2022; Fahrudin, 2022; Syifa
et al., 2022; Setiawati & Yohanes, 2017) employed video tracker software to analyze videos of
falling objects in fluids to determine terminal velocity. Meanwhile, (Ardiansyah, 2017; Lubis,
2018) utilized the falling ball method for this purpose. Additionally, (Romadhon et al., 2019;
Budiyono et al., 2022) employed Arduino-based sensors. These experimental methods
necessitate various specialized equipment, which must be prepared before conducting the
experiments. Consequently, viscosity experiments to study terminal velocity cannot be carried
out in schools that lack complete experimental equipment.

Numerical experiments are a solution for teachers to carry out experimental school
activities. Teachers can use their or school-owned laptops (Chen et al., 2016). Various
parameter variations can be easily simulated and then adjusted to the calculation results of the
Stokes model. This trial and error process is challenging in laboratory experiments because of
limited equipment and takes much time. However, with the help of a simulation program, this
can be done quickly (Kantas et al., 2014). This can then increase teachers' knowledge about the
best parameters that can be used to assemble viscosity experiments so that the results are not
much different from the Stokes model calculations (Chau et al., 2023). These numerical
experiments can help students build their physics knowledge through experiments (De Bézenac
etal., 2019).

We use a program developed by (Arbie et al., 2019; Arbie et al., 2021) to demonstrate an
alternative experimental method teachers can use to conduct viscosity experiments in schools.

Here, we investigate the effect of the particle-fluid density ratio and particle diameter on the
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magnitude of the particle terminal velocity. Next, we compare the obtained results with existing
fluid theory and relevant research.
METHOD

This is a numerical experiment program in Figure 1 created by (Arbie et al., 2019)(Arbie
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Figure 1. The interface of the program designed by (Arbie et al., 2019; Arbie et al., 2021)

The experimental program carried out was designed to accommodate two-dimensional
particle configurations. It consists of two files, i.e., IBLBM_Ndisks_fast.exe, which functions
as an executable to simulate the movement of particle in a viscous fluid, and parameters.dat,
which contains the input parameters read by IBLBM_Ndisks fast.exe. Figure 2 shows the
parameters input into the notepad application. This input process is carried out before running
the IBLBM_Ndisks_fast.exe program.

1.5de Dessity ratio
0.0003d0 Dieter
0.000001d0 Kinematic viscosity
9.8d0o Farth gravitational

acceleration

Figure 2. The parameters input into the notepad application

The experiment begins by inputting parameters such as density ratio, particle diameter,
kinematic viscosity, and earth gravitational acceleration into the parameters.dat file. This file is
then read in the Notepad application, and the input parameters are saved. Subsequently, the
numerical experiment is initiated by executing the IBLBM_Ndisks_fast.exe file, a key
component in the process. The choice of parameters is constrained by a dimensionless number

called the Archimedes number, defined as;
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3
ar=(2-1 29 (1)
f

172
The selected parameters are set so that Ar < 15000. Figure 3 shows the output of
IBLBM Ndisks fast.exe, i.e., fort 63 and fort 64. The terminal velocity component (v_y) data

on the y-axis is used to analyze the terminal velocity of particles.
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Figure 3. The output of IBLBM_Ndisks_fast.exe, i.e., fort 63 and fort 64.

Experimental results are stored in files Fort 63 and Fort 64. Fort 63 contains time, linear velocity
on the x and y axes, and angular velocity data. In contrast, Fort 64 contains the particles' time,
horizontal and vertical position data, and angular position data. Subsequently, the terminal
velocity component data on the y-axis is analyzed using Microsoft Excel to determine the

terminal velocity of the particles. Figure 4 shows the forces acting on particles in a fluid

y

> X

8D

Figure 4. The forces acting on particles in a fluid

The terminal velocity obtained through numerical experiments is then compared with the
analytical approach using Stokes' law for situations where particles are considered to have two
dimensions. The condition of particles in the experiment is shown in Figure 1. particles falling
in a fluid experience forces, as shown in Figure 1. Application of Newton's second law to
particles produces:

mg — F, — Fg = ma,, (2
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In this study, particles are assumed to have a 2D shape so that the Stokes drag force has
the following form (Chen et al., 2021):
Fq = AmkpsU (3)
Where is the Reynolds number corresponding to the 2D particle shape as follows (Chen et al.,
2021):

d,Us
Rep = S—f (4)
Equation (2) can be written as:
p 4kv Pp dUg
CE-1g——tUg === ()

of T2 - py dt

With V; = 4mr? and v, = &
Pr

Equation (5) is a first order ordinary linear differential equations. Solving the equation with the
initial condition Us(0) = 0, produces:

_(Ps _ gr? _ _ 4kvy
Us(®) = (Pf 1) akvy 1-exp (&)rz t” ©)
Pf
The terminal velocity is obtained When — so the shape becomes:
—(ps _ 1)o7
s = (E-1) 2 9

The k value used has the following form(H. Chen et al., 2021):
k = (InW —0,9157 + 1,722W~2 — 1,7302W~* + 2,4056W 6 — 4,5913W8) "
Where W = dm, in this experiment, the channel width (W) is set equal to 8ds so that

A~

w—dﬂ = 8, So by plugging this result into equation (12), we get k = 0,84.

Table 1 shows the simulation parameters and their values applied in this study.

Table 1. Simulation parameters and their values applied in this study

Description Symbol Value Unit
Particle-fluid density rasio Ps 1,5-2,5 Dimensionless
Pr
Particle diameter dg 0,275-0,375 mm
Fluid kinematic viscosity vy 0,000001 m2/s
Earth's gravitational acceleration g 9,8 m/s?
Correction factor k 0,84 Dimensionless

To see how much the terminal velocity obtained analytically differs from the experiment, we
use the percentage error expressed as follows:

Ugnalytic—U iment
%EI‘I‘OI‘ — anatytic experimen X 100% (8)
U experiment
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RESULTS AND DISCUSSION
In this numerical experiment, we chose water. In the first experiment, we varied the
density ratio while keeping the particle diameter constant, and in the second experiment, we

varied the particle diameter while keeping the density ratio constant as can be seen in Figure 5.

_____________________________________________________________________________________________________________________

—pp=15 | [p=0275mm o, =15

175 i ' —p/p =175 1

2 | —y =2

225] |1 0,014 ——pp, =225
—p/p.=25 || —pp,=25

-v: ?ms b

Figure 5. shows the results of the Fort 63 output. (a-e) terminal velocity graphs of particles
with diameters of 0.275 mm, 0.3 mm, 0.325 mm, 0.35 mm, and 0.375 mm, respectively, with
varying density ratios. Differences in density ratios cause variations in the terminal velocity
curve. The greater the density ratio, the shorter the curve and the more it curves downward.

The results of the first experiment are shown in Figure 5. In each curve in Figure 5 (a-e),
the curvature becomes sharper, and the curve length becomes shorter for higher density ratios.
These observations can be explained qualitatively as follows.

Density ratio shows the ratio between particle density and fluid density. A density ratio
greater than 1 indicates a stronger influence of gravitational force, while a ratio of 0 to 1
indicates a stronger influence of buoyancy (Shen et al., 2021). In our experiments, the density
ratio used is greater than 1, indicating that the influence of gravitational force dominates.
Consequently, for higher density ratios, the influence of gravitational force becomes more
significant.

This significant influence causes the particle to accelerate at the onset of motion due to
gravitational forces, which causes a steeper curvature in the terminal velocity curve for higher
density ratios (Momenifar et al., 2019; Baker & Coletti, 2021). However, higher acceleration
also causes the particle to experience a stronger drag force, causing the particle to reach terminal
velocity more quickly. This effect shortens the terminal velocity curve to produce a higher

density rasio (Wang et al., 2018; Shen et al., 2024). Table 2 shows the terminal velocity data
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with various density ratios obtained experimentally and analytically with appropriate errors and
Reynolds number

Table 2. Terminal velocity data with various density ratios obtained experimentally and
analytically with appropriate errors and Reynolds number

Ps Experiment Analytic % Error Reynold
Py (m/s) (m/s) Number
15 0,0196226571  0,027571615 40,51 5
D =0.275mm 1,75 0,0264775326  0,041357422 56,20 7
2 0,0325403796  0,055143229 69,46 9
2,25 0,0380229985  0,068929036 81,28 10
2,5 0,0430184674  0,082714844 92,28 12
15 0,0218544001 0,0328125 50,14 6
1,75 0,0292948211  0,04921875 68,01 9
D=0.3mm 2 0,0358623724 0,065625 82,99 11
2,25 0,0417200202  0,08203125 96,62 12
2,5 0,0472683157 0,0984375 108,25 14
15 0,0217691265 0,0385509115 76,90 7
1,75 0,0320936902  0,057763672 79,98 10
D =0.325mm 2 0,0389224256  0,077018229 97,88 13
2,25 0,0454352932  0,096272786 111,89 15
2,5 0,0512114176  0,115527344 125,59 17
15 0,0260517032  0,044661458 71,43 9
1,75 0,03460913 0,066992188 93,57 12
D=0.35mm 2 0,0421963473  0,089322817 111,68 15
2,25 0,0488280036 0,0111653646 128,67 17
2,5 0,0550237631  0,133984375 143,50 19
15 0,0282665184  0,051269531 81,38 11
1,75 0,0373532881  0,076904297 105,88 14
D =0.375mm 2 0,0451037934  0,102539063 127,34 17
2,25 0,0524364928 0,128173828 144,43 20
2,5 0,0588762461  0,153808584 161,24 22

It can be seen from Table 2 that the terminal velocity obtained from analytical calculations
consistently exceeds the experimentally obtained terminal velocity. This disparity affects the
magnitude of the error and the Reynolds number, with its value increasing with the density ratio
(Li et al., 2022; Wang & Wang, 2022). We apply the Stokes model to compute the terminal
velocity, where the Stokes drag force is a function of particulate velocity. However, in reality,
the movement of particles in fluids is influenced by various interactions between particles, such
as Van Der Waals forces, electrostatic forces, or liquid bridge forces. While the Stokes model
provides an idealized representation of particle motion in fluids, it may not fully account for
these additional factors. As a result, the terminal velocity calculated analytically tends to be
higher due to the omission of these factors (Chen et al., 2021; Zhao et al., 2022; Wang et al.,
2023). Figure 6 shows the results of the Fort 63 output. (a-e) terminal velocity graphs of
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particles with density ratio of 1.5, 1.75, 2, 2.25, and 2.5, respectively, with varying particle
diameter. Differences in particle diameter cause variations in the terminal velocity curve. The

greater the particle diameter, the shorter the curve and the more it curves downward.
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Figure 6. shows the results of the Fort 63 output. (a-e) terminal velocity graphs of particles
with density ratio of 1.5, 1.75, 2, 2.25, and 2.5, respectively, with varying particle diameter.
Differences in particle diameter cause variations in the terminal velocity curve.

The results of the second experiment are shown in Figure 6. Like the first experiment,
each curve in Figure 6 (a-€) shows a sharper curvature as the input variable, particle diameter,
increases. As previously explained, particle inertia significantly influences the initial motion of
the particle. The magnitude of particle inertia is directly proportional to the diameter and
acceleration of the particle. Consequently, particles with larger diameters exhibit curves with
steeper slopes (Momenifar et al., 2019; Baker & Coletti, 2021).

Furthermore, as the particle moves faster due to its larger diameter, it experiences a more
significant drag force, leading it to reach terminal velocity sooner. This phenomenon is evident
in the curve corresponding to a particle diameter of 0.375 mm, which is shorter than curves
associated with other diameters (Wang et al., 2018; Shen et al., 2024). Table 3 shows the
terminal velocity data with various diameters obtained experimentally and analytically with

appropriate errors and Reynolds number.
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Table 3. Terminal velocity data with various diameters obtained experimentally and
analytically with appropriate errors and Reynolds number

D (mm)  Experiment Analytic % Error Reynold
(m/s) (m/s) Number

o 0.275  0.0196226571 0.027571615 40.51 5
;=1-5 0.3 0.0218544001  0.0328125 50.14 6
0.325 0.0217691265 0.0385509115 76.90 7

0.35  0.0260517032 0.044661458 71.43 9

0.375 0.0282665184 0.051269531 81.38 11

0.275  0.0264775326 0.041357422 56.20 7

. 0.3 0.0292948211  0.04921875 68.01 9
;=1-75 0.325  0.0320936902 0.057763672 79.98 10
0.35 0.03460913  0.066992188 93.57 12

0.375  0.0373532881 0.076904297 105.88 14

0.275  0.0325403796 0.055143229 69.46 9

o 0.3 0.0358623724  0.065625 82.99 11
;=2 0.325  0.0421963473 0.089322817 111.68 15
0.35  0.0421963473 0.089322817 111.68 15

0.375  0.0451037934 0.102539063 127.34 17

0.275  0.0380229985 0.068929036 81.28 10

. 0.3 0.0417200202  0.08203125 96.62 12
p—f:2-25 0.325  0.0454352932 0.096272786 111.89 15
0.35  0.0488280036 0.0111653646  128.67 17

0.375  0.0524364928 0.128173828 144.43 20

0.275  0.0430184674 0.082714844 92.28 12

o 0.3 0.0472683157  0.0984375 108.25 14
;=2-5 0.325 0.0512114176 0.115527344 125.59 17
0.35  0.0550237631 0.133984375 143.50 19

0.375  0.0588762461 0.153808584 161.24 22

It can be seen from Table 3 that the terminal velocity obtained from analytical calculations
remains consistent with the findings presented in Table 2, being grater than the experimentally
obtained terminal velocity. This trend also extends to errors and Reynolds numbers, with values
increasing by the particle diameter (Li et al., 2022; Wang & Wang, 2022), as previously
explained in Table 2.

The movement of particles in fluids is influenced by various factors, including
interactions between particles such as Van Der Waals forces, electrostatic forces, or liquid
bridging forces, which are not accounted for in the assumptions of the Stokes model. This
omission results in the terminal velocity obtained from analytical calculations being more
significant than that observed in experiments (Chen et al., 2021; Zhao et al., 2022; Wang et al.,
2023).
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Subsequently, we attempted to compile terminal velocity data from the first and second

experiments and plotted the resulting five graphs into one graph each. The outcomes are
presented in Figures 7 and Figure 8, respectively.

8. The terminal velocity graphs from the second experiment.

It can be seen from Figure 7 dan Figure 8 that the terminal velocity of the particle is
directly proportional to the ratio of its density and diameter. This relationship can be linked to
equation (7), where the formulation of terminal velocity is proportional to the ratio of density
and diameter of the particle. Previous studies conducted by (Rao et al., 2018) corroborate the
findings in Figure 4a. Employing the same numerical method and particle shape, they observed
that a higher density ratio corresponds to a faster attainment of terminal velocity, with the
magnitude of terminal velocity proportional to the density ratio.

Figure 7. The terminal velocity graphs from Furthermore, another previous study by

the first experiment Figure (Lv et al., 2021) supports the results depicted

in Figure 4b. They investigated the dynamics

of kaolinite particle motion in water using the CFD-DEM simulation method. One of their

research focuses on the accuracy of particle motion dynamics with models of non-spherical

particles in fluids. Lv et al. (2021) reported that smaller particle diameters result in lower

terminal velocities due to increased sensitivity to fluid resistance and water upwelling effects.
In contrast, larger particle sizes indicate higher terminal velocities.

The results of data analysis from Tables 2 and 3 underscore the crucial role of the
Reynolds number in fluid movement, as outlined by (White, 2011), The Reynolds numbers
obtained, ranging from 0 to 100, signify a laminar fluid flow. This range is particularly

significant as it demonstrates how the Reynolds number significantly influences fluid

222



International Journal of STEM Education for Sustainibility, Vol.4, No.2, 2024, pp. 213-228
e-ISSN 2798-5091. DOI. 10.52889/ijses.v4i2.389

movement, a key finding in our research. The impact of the Reynolds number is vividly
illustrated in Figure 9.

D =0,275 mm Line = Experiment
0,00 - Dotted line = Analytic
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¥
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Figure 9. The terminal velocity curves obtained from experiments and analytical
calculations.

Figure 9 further supports our findings, illustrating that at Reynolds numbers Re = 9, 10,
and 12, significant differences in terminal velocities of particles between experimental and
analytical results are observed. This significant difference shows that the Stokes model is only
accurate at small Reynolds numbers. This is supported by the results obtained from (Shen et
al., 2024), which state that at small Reynolds numbers, the Stokes drag force becomes the
dominant force inhibiting particle motion. Therefore, at small Reynolds numbers, the terminal
velocity obtained from the calculation approaches the experimental results. This is the
knowledge that teachers need to conduct viscosity experiments. Teachers must arrange
experimental sets so that they can produce small Reynolds numbers. This is done by choosing
a viscous fluid with a smaller density ratio and particle diameter. In such circumstances,
students can find a match between the Stokes model and their experimental results.

Similar findings were also reported by (Chen et al., 2021; Li et al., 2022) who conducted
research using computational methods similar to those conducted by (Arbie et al., 2019; (Arbie
et al., 2021; Chen et al., 2021) used water fluid with a channel width ratio to particle radius of
16. While (Li et al., 2022) conducted numerical experiments investigating the motion of
kaolinite in fluids. They found differences in the terminal velocity obtained from experiments
and analytical calculations as the Reynolds number increases.

CONCLUSION
The magnitude of the particle terminal velocity is proportional to the particle-fluid density

ratio and particle diameter. The greater the value of the ratio of the fluid particle density and
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particle diameter, the more dominant the gravitational force becomes so that the particle
velocity curve against time is steeper. This shows that the particles get greater acceleration.
With the speed increasing faster and faster each time, the fluid drag force experienced by the
particles is greater so that the particle speed reaches terminal velocity faster.

The increasing dominance of gravity in the fluid flow dynamics renders the analysis using
the Stokes drag force inadequate. This is indicated by the Reynolds number, which increases
proportionally with the two parameters. As the Reynolds number value increases, the
discrepancy between the terminal velocity calculated using the Stokes model and the
experimental results becomes more pronounced, highlighting the limitations of the Stokes
model in these conditions.

These results are essential for teachers when designing viscosity practicums. Selecting
the practicum set is easy if the practicum aims to see the relationship between particle-fluid
density ratio and particle diameter with terminal velocity. However, if the practicum also directs
students to predict the results using the Stokes model, selecting the practicum set must be more
careful.
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