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Abstract. This study investigates the effect of drag force on the free-fall motion of
coir pith particles under varying moisture contents and particle sizes. Particle-air in-
teractions play a vital role in drying efficiency. Understanding these dynamics is
critical for optimizing rotary drying operations. The main objective was to analyze
how moisture content affects the drag coefficient and velocity profiles of coir pith
particles. A simple experimental setup was used, where particles of three average
diameters and five different moisture contents were dropped from varying heights,
and their fall times were recorded. Drag coefficients were estimated numerically us-
ing measured fall times and calculated velocities. The velocity-time profiles were
analyzed to assess whether particles approached terminal velocity during the availa-
ble fall distances. Results obtained indicate that increased moisture content leads to
higher drag coefficients, which delays the attainment of terminal velocity. Addition-
ally, drag coefficients increased with particle diameter. These results provide deep
insights into particle-fluid interactions relevant to rotary drying.
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Coconut is the third most important crop in Sri Lanka, making the country the fourth-
largest global producer of coconut. Sri Lanka is also a significant coir fiber exporter, sec-
ond only to India [1]. Coir pith is an organic waste byproduct of coir fiber extracted from
the husks of coconuts, which is biodegradable and eco-friendly [1]. It is a light, spongy,
lignocellulose fibrous material with natural chemical constituents [1], [2], [3], [4]. In mod-
ern research, coir pith has become an agricultural resource as a growth medium due to its
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high-water retention capacity, porosity, and fertility, because of the micro and macronu-
trient composition [2]. It is utilized as an adsorbent in water treatment [5], and soil condi-
tioning, growing bags in the agriculture sector, due to their physical and chemical proper-
ties [6].

In rotary dryers, the moisture content of the coir pith decreases as it moves through the
drying process. Coir pith particle motions in the rotary dryer depend mostly on the drag
force and terminal velocity. Aerodynamic drag is one of the key forces affecting particle
trajectories during drying. Understanding the changes in the moisture content of particles
helps improve the accuracy of the drying process, as the air drag force on a particle is a
major factor in the movement of particles [7]. Drag force is influenced by the relative
velocities of the air and the particles, as well as the particles’ shape, density, and moisture
content. The drag force that the particles experience might vary significantly depending
on the moisture level of the coir pith. Understanding effective forces is crucial for accurate
prediction, including gravity, buoyancy, particle contact, electrostatic, and air drag forces.
The variation between drag force and moisture content highlights the interdependence of
these factors and the need for precise control and modeling in practical drying applications
[81[9].

Additionally, substantial studies have examined the drying kinetics of coir pith, focus-
ing on moisture content reduction through various drying technologies. Due to the com-
plexity of measuring particle motion in real story dryers, simplified experimental ap-
proaches are often used.

Similar research on low-density objects has been conducted by Ginther and Hoang
[10], who investigated the feasibility of determining drag coefficients through free-fall
experiments. Average drag coefficients for falling spheres were theoretically estimated
and experimentally validated. This work supports the validity of using a simplified exper-
imental setup to evaluate aerodynamic properties of low-density materials.

Bagheri and Bonadonna (2016) [11] proposed a drag coefficient model for freely falling
non-spherical particles based on Reynolds number and simple shape descriptors like flat-
ness and elongation. Their findings highlight those irregular particles in air exhibit random
orientations, which are relevant to materials like coir pith, where drag force plays a key
role in determining free-fall and drying trajectories.

Gorial and O’Callaghan (1990) [12] investigated the separation of grain from straw in
a vertical air stream, focusing on how particle characteristics, air velocity, and injection
direction affect separation efficiency. This research provides foundational insights into
pneumatic particle separation techniques, which are highly relevant for materials such as
coir pith, where aerodynamic behavior plays an important role.

Coir pith, a heterogeneous agricultural residue with particles of varying shapes, sizes,
and densities, undergoes significant property changes during drying as moisture loss alters
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density and inter-particle interactions. However, the combined effects of particle size and
moisture content on drag force remain poorly understood. This study addresses this gap
by examining how these factors influence particle behavior, providing novel insights es-
sential for improving simulation accuracy of particle motion in drying processes such as
rotary drying.

The present study utilizes a free-fall experiment to isolate and analyze the effect of drag
force on coir pith particles. The objectives of this research are to investigate the impact of
moisture content on the drag force of coir pith particles during drying and to quantify the
effect of drag force on falling coir pith particles by measuring the deviation from ideal free
fall and extrapolating the findings to rotary drying conditions. This approach provides a
foundational understanding of particle-air interactions and offers data that can be extended
to computational simulations or empirical dryer optimizations

2 Materials and Methods

a. Materials

Fresh coir pith particles were obtained from the mill and oven-dried at 150 °C for 2 hours
to facilitate sieving. The dried material was then separated by particle size using a sieve
shaker. Specific amounts of water were added to adjust the moisture content of the parti-
cles to the desired levels. This study utilized coir pith particles with average particle di-
ameters of 1.2 mm, 0.855 mm, and 0.355 mm, which were determined using sieve analy-
sis. The particles were characterized by known bulk density, moisture content of 20%,
30%, 40%, 50%, and 60%. To simplify the aerodynamic modelling, particles were as-
sumed to be spherical. Each practical involved a 5g sample, ensuring that individual par-
ticle behavior dominates over bulk effects.

b. Experimental setup

Experiments were conducted by releasing coir pith particles from0.5m, 1 m,1.5m, 2 m,
and 2.5 m. A 5g sample was dropped for each experiment, and the fall time was recorded
using a stopwatch. Three repetitive experiments were conducted for each height to ensure
consistency and reduce human error. Average times used for the data analysis [10], [11],
[13].
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c. Data analysis

In this study, the motion of coir pith particles during free fall was analyzed. The drag
coefficient was estimated for various particle sizes and moisture contents. Excel Solver
was used to numerically determine the drag-related constant by minimizing the error be-
tween measured fall time and model-predicted distance, based on the analytical drag equa-
tion.

Drag coefficients were calculated using that estimated constant. This process was re-
peated for each particle size and moisture content condition. The particle velocities and
their rate of change, dv/dt, are calculated using the constant value obtained. The effect of
moisture content on the calculated drag coefficient was analyzed for each particle size.

A series of graphs were plotted with moisture content (%) on the x-axis and drag coef-
ficient on the y-axis. Each graph represented one particle size and included multiple series
corresponding to different fall heights. This allowed clear visualization of how the drag
coefficient varies with moisture under free fall, as influenced by both particle dimension
and fall distance.

d. Theoretical framework

In rotary drying systems, particles undergo complex motion involving cascading, rolling,
and free-fall phases. Particles are subject to gravity and aerodynamic drag forces during
free-fall phases. It is important to understand the drag force acting on a particle since it
directly affects the particle's residence time and drying efficiency.

However, due to the dynamic and opaque nature of the rotary dryer, directly measuring
drag under real conditions is challenging. A vertical free-fall experiment is conducted to
simplify the analysis and isolate the effect of drag. Modelling the free fall of a particle
under quadratic drag with a constant drag coefficient is used as the theoretical framework.

The following equation describes the motion of falling particles with mass m and no
initial velocity [10], [14].

where g is gravitational acceleration and v is a lumped parameter defined as,

— Pair CdA

'4
2m
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Here, pair is the density of air, A is the projected area, and Cq is the drag coefficient.
This equation can be analytically solved by assuming a constant drag coefficient Cq4 over
the fall duration. The velocity as a function of time is then given below.

v(t) = \[gtanh(\/g_‘lft

Integrating v(t) yields the displacement equation as follows,

s(t) = %ln(cosh(\/‘}’_gt))

Vertical descent of a particle falling under gravity and quadratic drag is modelled by
these expressions. In the experiment, the known fall distances and measured fall times are
used to numerically estimate v using Excel Solver. Once vy is known, the drag coefficient

Cgis calculated as follows,
_ 2my

B PairA

Ca

This method, which is adapted from Ginther and Hoang [10] allows estimation of an
average drag coefficient over the fall period for low-density, spherical particles.

The main advantage of this approach is its simplicity and its ability to isolate drag ef-
fects in the absence of other interfering forces common in rotary dryers. Furthermore, the
particle velocities and their rate of change, dv/dt, are calculated to determine whether ter-
minal velocity was achieved during the fall.

Rotary dryers feature a repeated particle-free-fall phase because of their internal lifter
flights [15]. The drag behavior observed in vertical drop experiments can be used as an
analogue for drag-dominated motion segments in actual drying systems. Specifically, for
varying particle sizes and moisture contents, the estimated drag coefficients help predict
how particles of different properties respond to airflow during drying.
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3  Results and Discussion

a.  Effects of moisture content on velocity profiles

The velocity-time profiles of coir pith particles with different diameters under varying
moisture contents have revealed distinct patterns in their free fall behavior. Across all par-
ticle sizes and moisture contents, the velocity increased over time but did not attain a con-
stant velocity within the highest experimental drop height of 2.5m, indicating that terminal
velocity was not attained. This is validated by the non-zero values of acceleration(dv/dt)
at the final time points of all conditions as indicated in table 1 shown below. In a previous
research study, the same pattern of graphs was identified as in Fig. 1, Fig. 2, and Fig.3
[16][13].

Notably, the acceleration values have increased with moisture content across all particle
sizes. In the case of D=1.2mm particles, dv/dt has increased from 0.0036 m/s2 at 20%
moisture to 0.0077 m/s? at 60% moisture. Similar trends were observed for D=0.85mm
and D=0.35mm particles. This increment implies that higher moisture content delays the
approach to terminal velocity, due to increased particle mass and inertia, which require
greater air resistance before equilibrium is achieved.

Table 1. Acceleration of particles

dv/dt when H=2.5m

MC% D=1.2mm D=0.85mm D=0.35mm
20 0.0036 0.0025 0.0005
30 0.0037 0.0031 0.0019
40 0.0039 0.0034 0.0021
50 0.0070 0.0037 0.0033
60 0.0077 0.0038 0.0037

As moisture content is increased, particle mass increases significantly, while surface
area remains relatively unchanged. Since the gravitational force(Fg=mg) becomes greater
relative to the resistive drag force(Fsav?A), a higher velocity is required for the drag to
counterbalance gravity and obtain the terminal velocity. Thus, particles with higher mois-
ture content experience a longer period to obtain the terminal velocity, and up to that point
continue accelerating.
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Importantly, these data show that the terminal velocity condition has not been met
within the available fall distance where dv/dt=0. Future experiments should engage greater
drop heights to allow particles to approach steady-state velocity.

Time vs Velocity of D=1.2mm particles
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Fig. 1. Time vs Velocity graph for 1.2mm particle size

Time vs Velocity of D=0.85mm particles
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Fig. 2. Time vs Velocity graph for 0.85 mm particle size
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Time vs Velocity of D=0.35mm particles
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Fig. 3. Time vs Velocity graph for 0.35 mm particle size

b. Influence of moisture content on drag coefficients

The drag coefficient (Cq) of each particle size was analyzed as a function of fall distances
and moisture contents. Across all distances, a consistent pattern has been developed. For
a given height, the drag coefficient increases with moisture content as we can see in Fig
4, Fig 5, Fig6. These trends offer insights into the dynamics of particle-fluid interaction
during free fall in still air.

The positive correlation between moisture content and drag coefficient at all drop
heights is primarily due to increased particle mass without a proportional increase in pro-
jected surface area. Higher moisture particles generate greater gravitational force, which,
for a given velocity, results in a higher calculated Cq. In addition, structural changes such
as particle swelling, surface roughening, and aggregation may adjust the flow regime
around the particles, increasing from drag. Overall, these results highlight that moisture
not only affects mass and acceleration but also influences drag behavior and settling dy-
namics.

At lower drop heights (particularly 0.5 m), deviations from the overall drag trend were
observed. These are primarily due to the limited time available for particles to accelerate
and reach near-terminal velocity. In such cases, the particle’s motion is still in the early
transient stage, where velocity is low and the assumption of a stable flow regime does not
hold. This can cause the model-fitting procedure to overestimate the drag coefficient to
match the observed displacement. Furthermore, the short time intervals involved increase
the sensitivity to timing errors, making the resulting Cq values less reliable at these heights.
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Therefore, drag coefficients estimated from lower heights should be interpreted cautiously
and are not as representative as those obtained from longer fall distances.

MC Vs Cd (Diamater=1.2mm)
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Fig. 4. Moisture content vs Ca graph for 1.2mm
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Fig. 5. Moisture content vs Cq graph for 0.85mm

c. Variation of drag coefficients with particle size

The Cq4 vs. diameter plots in Fig. 7 and Fig. 8 exhibit a general trend of increasing drag
coefficient with particle diameter. Across all moisture content levels, larger particles con-
sistently show higher Cq4 values compared to smaller ones. This can be attributed to ele-
vated Reynolds numbers at larger sizes, as well as greater surface moisture retention,
which may cause shape irregularities and increase the effective projected area.
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Fig. 6. Moisture content vs Cq graph for 0.35mm

Notably, this trend becomes more prominent at higher moisture contents, where mois-
ture amplifies drag-inducing effects. Moreover, Cq values vary slightly between drop
heights; for example, Cq is marginally higher at S = 1.0 m compared to S = 1.5 m for the
same particle size and moisture level. This could be due to shorter fall distances allowing
less time for particles to reach stable velocity, resulting in higher transient drag effects.
These height-dependent variations highlight the importance of considering falling distance
when evaluating drag behavior, particularly under variable moisture conditions.
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Fig. 7. Diameter vs Cq graph for 1m height
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Diameter Vs Cd (S=1.5m)
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Fig. 8. Diameter vs Cq graph for 1.5 m height

d. Implications for rotary drying conditions

The trends observed for particle velocity and drag coefficient under varying moisture con-
tent and particle sizes have a direct impact on rotary dryer design and operation. High
moisture content significantly slows down particle motion, requiring longer drying times
and reducing thermal efficiency. Moist particles are likely to clump and slower settling.
Smaller particles are more affected by moisture-induced cohesion, which increases their
aerodynamic resistance and decreases drying uniformity.

Altering drum diameter or lifter design to increase fall height within the dryer can re-
duce drag, which helps to improve particle dispersion, enhancing heat and mass transfer.
Drying systems must consider the combined effects of size, moisture, and dynamic behav-
ior because of the increase in Cq4 with particle size under moist conditions.

Particle size and moisture content should be balanced for effective rotary drying oper-
ations to optimize flow behavior, residence time, and energy consumption. These findings
support customized drying strategies based on material properties and process geometry

8].
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4  Conclusions

This study quantitatively demonstrates the effect of particle size and moisture content on
the aerodynamic drag of coir pith particles in free fall, providing insights directly relevant
to rotary drying. Experimental results show that increasing moisture content from 20% to
60% raised drag coefficients (Cq) by 65-95% depending on particle size and fall height.
On average, Cq increased by ~83% for 1.2 mm particles, ~70% for 0.85 mm particles, and
~73% for 0.35 mm particles.

Moisture also had a pronounced impact on acceleration. At 2.5 m drop height, the ac-
celeration of 1.2 mm particles more than doubled (0.0036 — 0.0077 m/s?), while for 0.35
mm particles it increased nearly sevenfold (0.0005 — 0.0037 m/s?). This confirms that
higher moisture content not only increases drag but also delays the approach to terminal
velocity by amplifying particle inertia and aerodynamic resistance.

Larger particles consistently exhibited higher drag coefficients under moist conditions,
highlighting a strong size moisture interaction. For rotary dryers, these findings imply that
high-moisture particles resist airflow more strongly and settle more slowly, extending res-
idence times and reducing drying efficiency. The observed ~5—7% increase in Cq per 10%
additional moisture underscores the importance of accounting for moisture variability in
dryer design and control.

Future work should extend drop heights to capture terminal velocity and apply compu-
tational fluid dynamics (CFD) to generalize these quantified findings to rotary dryer ge-
ometries.
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