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The settling velocities of 66 microplastic particle groups, having both regular (58) and irregular (eight) shapes, 
are measured experimentally. Regular shapes considered include: spheres, cylinders, disks, square plates, cubes, 
other cuboids (square and rectangular prisms), tetrahedrons, and fibers. The experiments generally consider 
Reynolds numbers greater than 102, extending the predominant range covered by previous studies. The present 
data is combined with an extensive data set from the literature, and the settling velocities are systematically 
analyzed on a shape-by-shape basis. Novel parameterizations and predictive drag coefficient formulations are 
developed for both regular and irregular particle shapes, properly accounting for preferential settling orientation. 
These are shown to be more accurate than the best existing predictive formulation from the literature. The 
developed method for predicting the settling velocity of irregularly-shaped microplastic particles is demonstrated 
to be equally well suited for natural sediments in the Appendix.
1. Introduction

Tremendous volumes of plastic waste can unfortunately now be 
found in aquatic environments (see e.g. Barnes et al., 2009; Browne 
et al., 2011; Cozar et al., 2014; Nerland et al., 2014; Jambeck et al., 
2015; van Sebille et al., 2015; Lamb et al., 2018; Peeken et al., 2018; 
Wieczorek et al., 2018). Microplastic particles correspond specifically 
to those fractions having length scales less than 5 mm. If not properly 
disposed of, due to natural run-off processes, the long-term destination 
of these pollutants is often the marine environment. Due to their small 
size, they are easily ingested by a variety of organisms spanning the 
food chain, and hence may even pose a threat to human health (Law 
and Thompson, 2014). Understanding the long-term transport patterns 
and fate of microplastics in marine environments requires fundamen-

tal understanding of their basic transport properties. This includes their 
settling velocity, which is a commonly required basic input into more 
advanced transport models and parameterizations.

Several experimental studies on the settling velocity of microplastic 
particles have been published in recent years. The variety of regularly-
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and irregularly-shaped particles considered to date is summarized in 
Table 1. Of these, Kowalski et al. (2016) studied settling velocities of 
spheres, cylinders, and irregularly-shaped microplastic particles, under 
varying water salinity and aging factors (exposure to UV irradiation 
and mechanical stress). They unsurprisingly found that shape has a 
great influence on the settling process. They indicated strong deviations 
between their measurements with predictions based on the method 
of Dietrich (1982), designed for natural sediments. Khatmullina and 
Isachenko (2017) measured the settling velocities of hand-made poly-

caprolactone (PCL) spheres, short PCL cylinders, and fibers (fishing 
line cuts). They compared their settling velocity measurements with 
those estimated from several different methods, e.g. those of Dietrich 
(1982), Soulsby (1997), and Ahrens (2000), again based on data for 
natural sediments. They proposed their own formula to specifically cal-

culate the settling velocities of fishing line cut fibers. Waldschläger and 
Schüttrumpf (2019) performed additional experiments with microplas-

tic spheres, pellets (characterized as cylinders in Table 1), fibers, and 
fragments to measure both their settling and rise velocities. They simi-

larly compared their measured results with those estimated from several 
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Table 1

Summary of shapes considered in previous experimental investigations on the settling velocity of microplastic particles, in addition to the present work. Note that 
the settling velocities for (18) particle groups reported by Guler et al. (2022) correspond to a sub-set of those measured in the present work.

Reference Spheres Cylinders Disks Plates Cubes Cuboids Tetrahedrons Fibers Films Irregular

Kowalski et al. (2016) ✓ ✓ ✓
Khatmullina and Isachenko (2017) ✓ ✓ ✓
Waldschläger and Schüttrumpf (2019) ✓ ✓ ✓ ✓
Van Melkebeke et al. (2020) ✓ ✓ ✓
Francalanci et al. (2021) ✓ ✓ ✓
Wang et al. (2021) ✓ ✓
Nguyen (2021) ✓
Khatmullina and Chubarenko (2021) ✓
Nguyen et al. (2022) ✓
Yu et al. (2022) ✓ ✓ ✓ ✓
Guler et al. (2022) ✓ ✓ ✓ ✓ ✓
Present ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
methods, such as Stokes (1851), Camenen (2007), and Zhiyao et al. 
(2008). Additionally, they proposed new equations to calculate the set-

tling and rise velocities of microplastic particles tailored for specific 
shapes. Francalanci et al. (2021) measured settling velocities of mi-

croplastic particles having shapes corresponding to pellets (character-

ized as spheres and cylinders in Table 1) and fragments. They analyzed 
the accuracy of several existing settling velocity equations, such as those 
of Ferguson and Church (2004), Khatmullina and Isachenko (2017), 
and Waldschläger and Schüttrumpf (2019). They also proposed a new 
method to find the settling velocities of microplastic particles having 
different shapes. Nguyen (2021) conducted experiments with irregular 
polystyrene microplastic particles to understand their settling behavior 
and proposed a set of settling velocity equations based on different op-

erational circularity ranges. Khatmullina and Chubarenko (2021) and 
Nguyen et al. (2022) performed experiments with microplastic fibers, 
investigating both their settling patterns and velocities. They found 
high variation in the settling velocity of the fibers due to their differ-

ent settling orientations. Lastly, Yu et al. (2022) recently conducted a 
literature review on the settling velocity of microplastic particles and 
collected an extensive experimental data set from several of the works 
above (reported between 2016 and 2021). They proposed a new pre-

dictive formulation, valid for both regularly- and irregularly-shaped 
particles. They systematically analyzed the accuracy of their formula-

tion against numerous others from the literature (Song et al., 2008; 
Alcerreca et al., 2013; Chubarenko et al., 2016; Song et al., 2017; Wald-

schläger and Schüttrumpf, 2019; Francalanci et al., 2021; Wang et al., 
2021). They found that the accuracy of their formulation was signifi-

cantly better than existing formulas, establishing their method as the 
most accurate published to date. Several other researchers have stud-

ied the effect of biofouling, particle growth, ambient water salinity, 
and weathering on the settling behavior of microplastic particles (see 
e.g. Chee et al., 2019; Waldschläger et al., 2020; Nguyen et al., 2020; 
Brewer et al., 2021; Mendrik et al., 2023). However, the present study 
will only consider the settling velocity of clean microplastic particles, 
similar to the studies summarized in Table 1.

As seen in Table 1, several prior experimental works have inves-

tigated the settling velocities of microplastic particles having regular 
shapes such as spheres, cylinders and fibers, as well as irregularly-

shaped particles. Other regular shapes such as disks, plates, cubes, other 
cuboids, and tetrahedrons have not been nearly as extensively stud-

ied. (Note that the particles for which settling velocity was reported 
in the wave flume experiments of Guler et al., 2022, are included in 
Table 1 for completeness. These have been part of the present exper-

imental campaign and will therefore be treated as a sub-set of those 
presented in much greater detail herein.) Additionally, most of the 
available data consider Reynolds numbers in the range < 102, whereas 
many microplastic shapes can result in values up to say 103. The moti-

vations of the present paper are therefore three-fold: (1) We will present 
results from novel experiments investigating the settling velocity of mi-
2

croplastic particles having a wider variety of shapes than prior studies, 
as summarized in Table 1; (2) The experiments will generally span a 
Reynolds number range 102–103, thus extending the range covered by 
much of the existing data; and (3) We will analyze the present data, 
combined with the extensive data set collected by Yu et al. (2022), on a 
shape-by-shape basis, leading to yet further increased predictive accu-

racy for the settling velocity of both regularly- and irregularly-shaped 
microplastic particles.

The remainder of the present paper is organized as follows: The 
microplastic particles used in the present experiments, as well as the ex-

perimental setup and procedure, are detailed in Section 2. Theoretical 
considerations and dimensional analysis are reviewed in Section 3. Re-

sults are analyzed, and predictive formulations proposed, in Section 4. 
The accuracy of the present predictive formulations are compared with 
the method of Yu et al. (2022) in Section 5. Finally, conclusions are 
drawn in Section 6. Additional applications on predicting the settling 
velocity of natural sediments are provided in Appendix A.

2. Materials, experimental setup and procedure

2.1. Microplastic particles

Settling velocity experiments were conducted using 66 microplas-

tic particle groups. Photographs of particles representing each group 
are provided in Fig. 1, with millimetric paper as background, and with 
the particle number also indicated. The majority (58) of the microplas-

tic particle groups considered have regular shapes, corresponding to: 
spheres (five), circular cylinders (nine), circular disks (eight), square 
plates (five), cubes (eight), other cuboids (10 square prisms and six 
rectangular prisms), tetrahedrons (three), as well as fibers (four). Basic 
information for each of these regularly-shaped particles are provided 
in Table 2. This includes the assigned particle number; shape; plastic 
material; dimensions, where 𝑎, 𝑏, and 𝑐 respectively correspond to the 
longest, intermediate and shortest particle axis (such that 𝑎 ≥ 𝑏 ≥ 𝑐); 
nominal diameter (the diameter of a volume-equivalent sphere)

𝑑𝑛 =
3
√

6𝑉–
𝜋
, (1)

where 𝑉– is the particle volume; the Corey (1949) shape factor

CSF = 𝑐√
𝑎𝑏

; (2)

sphericity

𝜓 =
𝐴𝑠,sphere

𝐴𝑠
, (3)

where 𝐴𝑠,sphere = 4𝜋(𝑑𝑛∕2)2 is the surface area of the volume-equivalent 
sphere, and 𝐴𝑠 is the surface area of the particle; and particle density 
𝜌𝑝. Other quantities appearing in Table 2 will be clearly defined in what 

follows. Note again that 18 of the particle groups (1–5, 15, 19, 23–25, 
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Fig. 1. Photographs of microplastic particles representing each of the 66 groups considered in the present experiments. Particles are lying on millimetric paper.
28, 30, 31, 33–35, 39, and 46) were also used in separate wave flume 
experiments of Guler et al. (2022), where their settling velocities were 
also reported. As mentioned above, these will simply be treated as part 
of the present data set in what follows.

Spheres were purchased from a local supplier. Circular cylinders, cir-

cular disks, square plates, cubes, other cuboids, and tetrahedrons were 
all produced using a 3D printer (Creality Ender-3 V2), with a printing 
precision of approximately ±0.1 mm. Fibers were cut from a new dish 
brush (particle groups 55 and 56) and dental floss (particle groups 57 
and 58).

In addition to the regular shapes discussed above, we will like-

wise newly measure settling velocities for eight irregularly-shaped mi-

croplastic particle groups (particle groups 59–66), previously utilized in 
the wave flume experiments of Kerpen et al. (2020). These specifically 
correspond to their particle groups F, G, H, J, L, M, N, and P, with their 
3

naming convention maintained in the present work. Basic information 
for each of these particle groups is listed in Table 3, in a similar fash-

ion as in Table 2. Here particle characteristics are taken as reported in 
Kerpen et al. (2020). Note that the names of plastic materials of these 
irregularly-shaped microplastic particles are not presented, as they are 
unknown. These irregularly-shaped particles will likewise be treated as 
part of the present data set in what follows.

The microplastic particle densities 𝜌𝑝 for particles having regular 
shapes have been determined through titration, inspired by the ISO 
(2012) standard. The procedure followed is as explained in Khatmul-

lina and Isachenko (2017) and Guler et al. (2022).

For later use and summary purposes, each of the shapes to be consid-

ered in what follows are indicated in Table 4, along with the definition 
of several defining or characteristic parameters. When relevant, the 
diameter 𝑑 is invoked in these characterizations. Quantities not yet de-

fined, but appearing in Table 4, will again be clearly introduced in what 

follows.
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Table 2

Summary of characteristics and results for the regularly-shaped microplastic particle groups considered in the present experiments. Values 𝑎, 𝑏, 𝑐, 𝑑𝐷 , 𝑑𝑛, 𝑑𝑝 are 
defined in Table 4; CSF in Eq. (2), 𝜓 in Eq. (3), 𝑅𝑒𝑝 in Eq. (14), 𝐶𝐷 in Eq. (6); 𝜌𝑝 is particle density, 𝑤𝑠 is settling velocity, and 𝜎𝑠 is the standard deviation of settling 
velocity.

No. Shape Material* Dimensions (mm) 𝑑𝐷

(mm)

𝑑𝑛

(mm)

𝑑𝑝

(mm)

CSF 𝜓 𝜌𝑝

(kg/m3)

𝑤𝑠

(m/s)

𝜎𝑠

(m/s)

𝑅𝑒𝑝 𝐶𝐷

𝑎 𝑏 𝑐

1 Sphere POM 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.0 1353 0.116 0.002 236 0.69

2 Sphere POM 3.0 3.0 3.0 3.0 3.0 3.0 1.0 1.0 1352 0.161 0.003 491 0.54

3 Sphere ABS 3.1 3.1 3.1 3.1 3.1 3.1 1.0 1.0 1062 0.059 0.007 185 0.75

4 Sphere POM 4.0 4.0 4.0 4.0 4.0 4.0 1.0 1.0 1352 0.203 0.002 825 0.45

5 Sphere POM 5.0 5.0 5.0 5.0 5.0 5.0 1.0 1.0 1358 0.223 0.004 1135 0.47

6 Circular cylinder PLA 3.0 2.0 2.0 2.4 2.6 2.6 0.82 0.86 1181 0.087 0.002 232 0.74

7 Circular cylinder PLA 4.0 2.0 2.0 2.4 2.9 2.9 0.71 0.83 1212 0.090 0.002 263 0.82

8 Circular cylinder PLA 5.0 2.0 2.0 2.4 3.1 3.1 0.63 0.80 1215 0.091 0.003 286 0.82

9 Circular cylinder PLA 3.0 3.0 3.0 3.5 3.4 3.4 1.0 0.87 1218 0.101 0.005 352 1.00

10 Circular cylinder PLA 4.0 3.0 3.0 3.5 3.8 3.8 0.87 0.87 1196 0.107 0.005 410 0.80

11 Circular cylinder PLA 5.0 3.0 3.0 3.5 4.1 4.1 0.77 0.85 1192 0.111 0.006 458 0.73

12 Circular cylinder PLA 4.0 4.0 4.0 4.7 4.6 4.6 1.0 0.87 1191 0.109 0.007 507 1.00

13 Circular cylinder PLA 5.0 4.0 4.0 4.7 4.9 4.9 0.89 0.87 1195 0.121 0.007 604 0.84

14 Circular cylinder PLA 5.0 5.0 5.0 5.9 5.7 5.7 1.0 0.87 1194 0.125 0.010 728 0.97

15 Circular disk PLA 3.0 3.0 2.0 3.0 3.0 3.0 0.67 0.86 1195 0.086 0.010 263 1.04

16 Circular disk PLA 4.0 4.0 2.0 3.0 3.6 4.0 0.50 0.83 1207 0.089 0.004 364 1.03

17 Circular disk PLA 4.0 4.0 3.0 4.5 4.2 4.0 0.75 0.87 1185 0.100 0.005 407 1.10

18 Circular disk PLA 5.0 5.0 0.5 0.8 2.7 5.0 0.10 0.47 1213 0.045 0.002 226 1.06

19 Circular disk PLA 5.0 5.0 1.0 1.5 3.3 5.0 0.20 0.64 1193 0.056 0.002 286 1.21

20 Circular disk PLA 5.0 5.0 2.0 3.0 4.2 5.0 0.40 0.79 1215 0.082 0.007 419 1.25

21 Circular disk PLA 5.0 5.0 3.0 4.5 4.8 5.0 0.60 0.85 1205 0.107 0.007 545 1.06

22 Circular disk PLA 5.0 5.0 4.0 6.0 5.3 5.0 0.80 0.87 1208 0.118 0.005 599 1.19

23 Square plate PLA 5.0 5.0 0.5 0.8 2.9 5.0 0.10 0.43 1206 0.041 0.001 210 1.20

24 Square plate PLA 5.0 5.0 1.0 1.5 3.6 5.0 0.20 0.59 1197 0.057 0.001 289 1.21

25 Square plate PLA 5.0 5.0 2.0 3.0 4.6 5.0 0.40 0.73 1202 0.081 0.004 410 1.23

26 Square plate PLA 6.0 6.0 0.5 0.8 3.3 6.0 0.08 0.40 1217 0.042 0.002 258 1.20

27 Square plate PLA 7.0 7.0 0.5 0.8 3.6 7.0 0.07 0.36 1213 0.041 0.003 289 1.28

28 Cube PLA 2.0 2.0 2.0 3.0 2.5 2.0 1.0 0.81 1195 0.091 0.005 185 0.93

29 Cube PLA 3.0 3.0 3.0 4.5 3.7 3.0 1.0 0.81 1199 0.098 0.005 299 1.23

30 Cube PLA 3.5 3.5 3.5 5.3 4.3 3.5 1.0 0.81 1187 0.105 0.006 372 1.19

31 Cube PLA 3.5 3.5 3.5 5.3 4.3 3.5 1.0 0.81 1143 0.096 0.006 340 1.09

32 Cube PLA 4.0 4.0 4.0 6.0 5.0 4.0 1.0 0.81 1192 0.105 0.005 427 1.38

33 Cube PLA 5.0 5.0 5.0 7.5 6.2 5.0 1.0 0.81 1184 0.124 0.004 629 1.19

34 Cube PLA 5.0 5.0 5.0 7.5 6.2 5.0 1.0 0.81 1100 0.100 0.009 509 1.00

35 Cube PLA 5.0 5.0 5.0 7.5 6.2 5.0 1.0 0.81 1076 0.089 0.007 453 0.97

36 Square prism PLA 2.0 1.0 1.0 1.5 1.6 1.4 0.71 0.77 1199 0.051 0.004 73 1.52

37 Square prism PLA 3.0 1.0 1.0 1.5 1.8 1.7 0.58 0.72 1212 0.056 0.001 98 1.35

38 Square prism PLA 4.0 1.0 1.0 1.5 2.0 2.0 0.50 0.68 1218 0.054 0.003 109 1.49

39 Square prism PLA 5.0 1.0 1.0 1.5 2.1 2.2 0.45 0.64 1208 0.052 0.004 118 1.53

40 Square prism PLA 3.0 2.0 2.0 3.0 2.8 2.4 0.82 0.79 1197 0.083 0.005 208 1.12

41 Square prism PLA 4.0 2.0 2.0 3.0 3.1 2.8 0.71 0.77 1205 0.086 0.009 248 1.09

42 Square prism PLA 5.0 2.0 2.0 3.0 3.4 3.2 0.63 0.74 1208 0.083 0.002 265 1.21

43 Square prism PLA 4.0 3.0 3.0 4.5 4.1 3.5 0.87 0.80 1188 0.094 0.005 331 1.27

44 Square prism PLA 5.0 3.0 3.0 4.5 4.4 3.9 0.77 0.78 1206 0.096 0.006 378 1.33

45 Square prism PLA 5.0 4.0 4.0 6.0 5.3 4.5 0.89 0.80 1205 0.110 0.005 498 1.35

46 Rectangle prism PLA 3.0 2.0 1.0 1.5 2.3 2.4 0.41 0.73 1202 0.055 0.002 138 1.31

47 Rectangle prism PLA 4.0 2.0 1.0 1.5 2.5 2.8 0.35 0.69 1211 0.056 0.005 160 1.34

48 Rectangle prism PLA 5.0 2.0 1.0 1.5 2.7 3.2 0.32 0.66 1215 0.054 0.003 174 1.45

49 Rectangle prism PLA 4.0 3.0 2.0 3.0 3.6 3.5 0.58 0.77 1205 0.083 0.005 292 1.19

50 Rectangle prism PLA 5.0 3.0 2.0 3.0 3.9 3.9 0.52 0.75 1205 0.081 0.009 319 1.24

51 Rectangle prism PLA 5.0 4.0 3.0 4.5 4.9 4.5 0.67 0.79 1202 0.100 0.003 455 1.20

52 Tetrahedron PLA 3.0 2.6 2.4 1.2 1.8 3.0 0.88 0.67 1195 0.054 0.004 163 1.10

53 Tetrahedron PLA 4.0 3.5 3.3 1.6 2.4 4.0 0.88 0.67 1184 0.058 0.005 235 1.19

54 Tetrahedron PLA 5.0 4.3 4.1 2.0 3.0 5.0 0.88 0.67 1180 0.066 0.004 335 1.12

55 Fiber Nylon 5.0 0.35 0.35 0.4 1.0 1.0 0.26 0.52 1146 0.017 0.001 16 2.89

56 Fiber Nylon 10.0 0.35 0.35 0.4 1.2 1.2 0.19 0.42 1146 0.017 0.001 21 2.78

57 Fiber Nylon 5.0 0.8 0.1 0.1 0.8 0.8 0.05 0.14 1134 0.011 0.001 9 1.85

58 Fiber Nylon 10.0 0.8 0.1 0.1 1.1 1.1 0.04 0.11 1134 0.011 0.001 12 1.79

* PLA: Polylactic Acid, POM: Polyoxymethylene, ABS: Acrylonitrile Butadiene Styrene.
2.2. Experimental setup and procedure

Settling velocity experiments were conducted in a clear graduated 
cylinder having diameter 6.9 cm and height 53.5 cm. The container 
was filled with distilled water and placed in front of a vertical plate, 
which was covered with a 2 × 2 cm checkerboard pattern to support 
determination of the particle position. The distilled water tempera-

ture was measured daily with a digital thermometer and was found 
to be nearly constant with a mean of 20.8 ◦C and standard deviation of 
4

0.5 ◦C, where the density and kinematic viscosity of water correspond 
to 𝜌 = 998 kg/m3 and 𝜈 = 0.984 × 10−6 m2/s, respectively. A light source 
was placed on top of the container to increase the visibility of the mi-

croplastic particles as they settled. A Nikon D5600 camera was used to 
record the settling of the microplastic particles in Full HD resolution 
(1920 × 1080 pixels) at 60 frames per s. The camera was focused on a 
section spanning from ≈ 0.1 m below the water surface to ≈ 0.1 m above 
the container bottom, to enable detailed tracking of the particles. Cam-

era calibration was performed in situ, using a ruler in the center of the 
filled container prior to the experiments. The graduation on the cylin-
der and the back plate with checkerboard pattern confirmed the initial 
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Table 3

Summary of characteristics and results for the irregularly-shaped microplastic particle groups considered in the present experiments, from Kerpen et al. (2020). 
Values 𝑎, 𝑏, 𝑐, 𝑑𝐷 , 𝑑𝑛, 𝑑𝑝 are defined in Table 4; CSF in Eq. (2), 𝜓 in Eq. (3), 𝑅𝑒𝑝 in Eq. (14), 𝐶𝐷 in Eq. (6); 𝜌𝑝 is particle density, 𝑤𝑠 is settling velocity, and 𝜎𝑠 is the 
standard deviation of settling velocity.

No. Particle code Dimensions* (mm) 𝑑𝐷

(mm)

𝑑𝑛

(mm)

𝑑𝑝

(mm)

CSF 𝜓 𝜌𝑝

(kg/m3)

𝑤𝑠

(m/s)

𝜎𝑠

(m/s)

𝑅𝑒𝑝 𝐶𝐷

𝑎 𝑏 𝑐

59 F 3.37 3.05 2.48 2.48 2.94 3.21 0.77 0.84 1027 0.036 0.003 118 0.71

60 G 3.19 2.94 2.35 2.35 2.80 3.06 0.77 0.84 1051 0.041 0.004 126 0.99

61 H 2.98 2.40 2.37 2.37 2.57 2.67 0.89 0.92 1198 0.113 0.018 306 0.49

62 J 3.89 3.06 2.16 2.16 2.95 3.45 0.63 0.73 1343 0.115 0.006 403 0.74

63 L 3.59 2.77 2.62 2.62 2.96 3.15 0.83 0.88 1637 0.180 0.010 576 0.68

64 M 4.78 3.37 2.93 2.93 3.61 4.01 0.73 0.81 1263 0.115 0.022 469 0.77

65 N 3.82 3.47 3.21 3.21 3.49 3.64 0.88 0.92 1133 0.098 0.007 364 0.59

66 P 5.02 3.98 2.86 2.86 3.85 4.47 0.64 0.74 1983 0.204 0.020 929 0.88

* Dimensions, 𝜓 , and 𝜌𝑝 values are given based on Kerpen et al. (2020).

Table 4

Summary of characteristic lengths and other parameters for each shape considered in the present work. The final two columns respectively provide the recommended 
predictive drag coefficient 𝐶𝐷 , defined in Eq. (6), as well as the applicable range of Reynolds number 𝑅𝑒𝑝 , defined in Eq. (14).

Sphere Circular cylinder Elliptical cylinder Circular disk Square plate Cube Square prism Rectangular prism Tetrahedron

𝑑
𝑑

𝑎

𝑏

𝑐

𝑎

𝑑

𝑐

𝑎

𝑐

𝑎

𝑎

𝑎

𝑎

𝑏

𝑎

𝑏

𝑐

𝑎

𝑏

𝑎

𝑎 𝑎
𝑐

𝑏

Shape Dimensions 𝑉– 𝐴 𝑑𝐷 𝑑𝑛 𝑑𝑝 𝐶𝐷 𝑅𝑒𝑝

𝑎 𝑏 𝑐

Sphere 𝑑 𝑑 𝑑
𝜋

6
𝑑3

𝜋

4
𝑑2 𝑑 𝑑 𝑑 Eq. (17)

Circular cylinder 𝑎 𝑑 𝑑
𝜋

4
𝑑2𝑎 𝑎𝑑

3𝜋𝑑
8

3
√

3
2
𝑑2𝑎 𝑑𝑛 Eq. (19) ≥ 1

Elliptical cylinder 𝑎 𝑏 𝑐
𝜋

4
𝑎𝑏𝑐 𝑎𝑏

3𝜋𝑐
8

3
√

3
2
𝑎𝑏𝑐 𝑑𝑛 Eq. (19) > 10

Circular disk 𝑑 𝑑 𝑐
𝜋

4
𝑑2𝑐

𝜋

4
𝑑2

3𝑐
2

3
√

3
2
𝑑2𝑐 𝑑 1.12 > 220

Square plate 𝑎 𝑎 𝑐 𝑎2𝑐 𝑎2
3𝑐
2

3
√

6
𝜋
𝑎2𝑐 𝑎 1.23 > 200

Cube 𝑎 𝑎 𝑎 𝑎3 𝑎2
3𝑎
2

3
√

6
𝜋
𝑎 𝑎 1.12 > 180

Square prism 𝑎 𝑏 𝑏 𝑎𝑏2 𝑎𝑏
3𝑏
2

3
√

6
𝜋
𝑎𝑏2

√
𝑎𝑏 1.31 > 70

Rectangular prism 𝑎 𝑏 𝑐 𝑎𝑏𝑐 𝑎𝑏
3𝑐
2

3
√

6
𝜋
𝑎𝑏𝑐

√
𝑎𝑏 1.31 > 70

Tetrahedron 𝑎

√
3
2
𝑎

√
2
3
𝑎

√
2

12
𝑎3

√
3
4
𝑎2

𝑎√
6

3

√
1

𝜋
√
2
𝑎 𝑎 1.14 > 160

Fiber (Modeled as circular or elliptical cylinder.) Eq. (19) > 1

Irregular 𝑎 𝑏 𝑐
𝜋

6
𝑎𝑏𝑐

𝜋

4
𝑎𝑏 𝑐

3
√
𝑎𝑏𝑐

√
𝑎𝑏 Eq. (20) > 0.4
calibration during the experiments. Each particle was released from a 
distance of 1 cm below the water surface to break surface tension and 
eliminate potential bubble formation on the surface of the particle. For 
each particle group, tests were repeated until the settling of 20 indi-

vidual particles were recorded. Recordings were accepted if particles 
settled close to the centerline of the cylinder container, avoiding any 
contact with the side.

The video recordings of the microplastic particles were analyzed us-

ing an image processing algorithm based on color tracking, similar to 
that described by Goral et al. (2021). To determine the terminal settling 
velocity 𝑤𝑠, the duration after which particles have effectively reached 
their terminal settling velocities were identified. This duration is as-

sumed to begin at the time where the change in 𝑤𝑠(𝑡) determined from 
the time derivative of the vertical particle position, between two suc-

cessive time intervals first varied less than 1%. The duration considered 
for analysis then ends at the time where settling particles started to exit 
the recording section, where false tracking of particles began, due to the 
reduced color-tracked area. The various 𝑤𝑠(𝑡) signals were then individ-

ually averaged over these temporal durations. Reported values for the 
terminal settling velocity 𝑤𝑠 correspond to the mean of those obtained 
from the 20 individual repetitions. These values, as well as the corre-

sponding standard deviations 𝜎𝑠 (computed from the same sample), are 
5

reported in Tables 2 and 3.
3. Theoretical considerations and dimensional analysis

3.1. Theoretical considerations

Let us now review, from first principles, the basic mechanics of a 
foreign particle settling in a fluid at its terminal settling velocity. At 
terminal velocity, the combined gravitational and buoyancy forces (sub-

merged weight)

𝑊 = 𝑔
(
𝜌𝑝 − 𝜌

)
𝑉– (4)

will be in balance with the drag force

𝐹𝐷 = 1
2
𝐶𝐷𝜌𝑤

2
𝑠
𝐴 (5)

which is formulated in the standard way in terms of a drag coefficient 
𝐶𝐷 . Equating these, and re-arranging, then leads to the following defi-

nition of the drag coefficient

𝐶𝐷 = 2𝑔 (𝑠− 1)𝑉–
𝑤2
𝑠
𝐴

=
4𝑔(𝑠− 1)𝑑𝐷

3𝑤2
𝑠

, (6)

where 𝑠 = 𝜌𝑝∕𝜌 is the relative density of the particle. In the above
𝑑𝐷 = 3𝑉–
2𝐴

(7)
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is the implied length scale required to achieve a drag coefficient having 
the same form as for spheres when written in term of their diameter 
𝑑 (see Eq. (8) just below). We emphasize that the above is generically 
formulated in terms of the particle’s volume 𝑉– and projected area 𝐴. 
No particular particle shape or orientation is yet assumed.

Now, in the special case where the particle is a sphere, 𝐴 = 𝜋𝑑2∕4, 
𝑉– = 𝜋𝑑3∕6 and 𝑑𝐷 = 𝑑, such that Eq. (6) simplifies to

𝐶𝐷, sphere =
4𝑔(𝑠− 1)𝑑

3𝑤2
𝑠

. (8)

Presumably based on this, several researchers investigating the settling 
velocity of microplastic particles (e.g. Waldschläger and Schüttrumpf, 
2019; Francalanci et al., 2021; Wang et al., 2021; Yu et al., 2022) have 
utilized a drag coefficient effectively defined in terms of the nominal 
diameter

𝐶𝑛 =
4𝑔(𝑠− 1)𝑑𝑛

3𝑤2
𝑠

(9)

(or something directly proportional to 𝑑𝑛), rather than strictly as for-

mulated in Eq. (6). This is an important distinction, since 𝐶𝑛 is at best 
only generally an approximation of 𝐶𝐷 . It fundamentally assumes that 
𝑑𝐷 ∼ 𝑑𝑛 (equivalently that 𝐴 ∼ 𝑑2

𝑛
, as explicitly formulated by Fran-

calanci et al., 2021, see their Eq. 4). Since 𝑑𝑛 ∼ (𝑎𝑏𝑐)1∕3, i.e. it depends 
on all three particle dimensions (raised to the same power), this as-

sumes that settling particles will have no preferential orientation. Our 
own experimental observations have indicated that this assumption is 
generally incorrect, however, especially for particles having large dif-

ferences in their fundamental dimensions 𝑎, 𝑏 and 𝑐 (flat or elongated 
particles e.g. cylinders, disks and thin plates).

Based on our experimental observations (see also the prior observa-

tions and discussion of Guler et al., 2022), microplastic particles tend to 
settle with their broadest face (largest projected area) normal to the pre-

dominant line of motion. Similar observations have, in fact, long been 
made for natural sediments dating back at least to Rubey (1933) and 
Wadell (1935), as noted by Corey (1949). This observation was likewise 
the stated inspiration of Corey (1949) in the formulation of his shape 
factor CSF, Eq. (2), intended as a measure of flatness. To exemplify the 
fundamental importance of this preferential orientation, compare the 
tabulated 𝑑𝐷 values in Table 4 for a variety of shapes with their re-

spective 𝑑𝑛, where 𝑉– and 𝐴 are as specified there. Regardless of shape, 
since 𝑑𝐷 ∼ 𝑉– ∕𝐴, it is always directly proportional to the shortest of the 
particles’ three dimensions, 𝑐 (i.e. the numerator in CSF). This is ob-

viously fundamentally different than 𝑑𝑛, which again weighs all three 
dimensions (𝑎, 𝑏 and 𝑐) with equal power. It is, in fact, trivial to show 
that

𝑑𝐷 ∼ 𝑑𝑛 ⋅ CSF2∕3, (10)

and therefore that

𝐶𝐷 ∼ 𝐶𝑛 ⋅ CSF2∕3, (11)

such that length scales 𝑑𝐷 and 𝑑𝑛 (hence 𝐶𝐷 and 𝐶𝑛) can only be 
properly interchanged in special cases where CSF = 1 (e.g. spheres and 
cubes).

As a consequence, especially for flat or elongated particles (e.g. cylin-

ders and flat disks or plates), formulations based on a “drag coefficient” 
defined as 𝐶𝑛 in Eq. (9), rather than as in Eq. (6), will neglect any 
preferential settling orientation. This, in turn, may introduce unneces-

sary scatter and/or false Reynolds number dependence in experimental 
data. Some selected examples demonstrating precisely these phenom-

ena will be directly shown in what follows. Note that maintaining a 
clearly defined characteristic projection area 𝐴, likewise has the added 
benefit that results for a given particle shape can be reconciled with (or 
at least compared to) drag coefficient results for fixed regular shapes as 
e.g. commonly found in many basic fluid mechanics textbooks.

Of all the recently published papers specifically on the settling ve-
6

locity of microplastic particles (e.g. Kowalski et al., 2016; Khatmullina 
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and Isachenko, 2017; Waldschläger and Schüttrumpf, 2019; Van Melke-

beke et al., 2020; Francalanci et al., 2021; Wang et al., 2021; Yu et 
al., 2022), it seems that none have attempted to uniformly maintain a 
drag coefficient consistent with Eq. (6) in their final formulations. No-

tably, Khatmullina and Isachenko (2017) defined 𝐶𝐷 appropriately in 
their Eq. 1, as well as 𝐴 appropriately (for cylinders) leading to their 
Eq. 9, but did not maintain a dimensionally-consistent parameteriza-

tion leading up to their final settling velocity formula (their Eq. 13). 
Waldschläger and Schüttrumpf (2019) have seemingly defined 𝐶𝐷 ap-

propriately for fibers, utilizing 𝑑𝐷 = 𝑐 in their Eq. 8, but utilized 𝑑𝐷 ∼ 𝑑𝑛
for other non-spherical shapes (pellets and fragments). Others (Kowalski 
et al., 2016) either did not utilize a drag coefficient in their parame-

terizations, or did not clearly define it (Van Melkebeke et al., 2020). 
A parameterization making clear and strict use of 𝐶𝐷, as defined in 
Eq. (6), while properly accounting for observed preferential particle 
settling orientation, will be uniformly sought in the present work.

3.2. Dimensional analysis

In addition to the theoretical considerations above, for the sake of 
completeness, we will now review the traditional formulation of the set-

tling velocity problem on purely dimensional grounds. The determining 
drag force on a settling particle will depend on the following physical 
parameters

𝐹𝐷 = 𝑓
(
𝜌, 𝜈, 𝑑𝑝, 𝑤𝑠, shape

)
, (12)

where 𝑑𝑝 is a characteristic particle length scale, ‘shape’ refers to the 
microplastic particle shape (see Table 4 and Fig. 1), and 𝑓 (⋅) refers to 
some (as yet, unknown) function. Standard dimensional analysis then 
leads to the classical expectation that

𝐶𝐷 = 𝑓
(
𝑅𝑒𝑝, shape

)
, (13)

where

𝑅𝑒𝑝 =
𝑤𝑠𝑑𝑝

𝜈
(14)

is the Reynolds number. Note that, unlike the length scale 𝑑𝐷 in the 
drag coefficient, the characteristic length scale in the Reynolds number 
𝑑𝑝 may be conveniently chosen for each particle shape, e.g. either on 
physical grounds (such that 𝑑2

𝑝
∼𝐴) or to achieve the best clustering of 

experimental data. In what follows, we will make strict use of the 𝑑𝑝
values as defined for each shape in Table 4.

For later use, the Reynolds number specifically utilizing 𝑑𝑛 as the 
length scale is defined as

𝑅𝑒𝑛 =
𝑤𝑠𝑑𝑛

𝜈
. (15)

Obviously, in special cases where 𝑑𝑝 = 𝑑𝑛, these two Reynolds numbers 
are equivalent, but we emphasize that this is not generally valid in the 
present work.

4. Results

Based on both the theoretical considerations and dimensional analy-

sis considered in the preceding section, we will now present and analyze 
the results of the present experimental data set, which again includes 
a variety of microplastic particle shapes. To begin, the present exper-

imental results are summarized in Fig. 2 in the classical fashion (drag 
coefficient 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝), with characteristic vari-

ables again strictly as defined in Table 4. Also plotted as lines on Fig. 2, 
for reference and preliminary comparison, are the theoretical Stokes 
(1851) law

24

𝐶𝐷 =

𝑅𝑒𝑝
(16)
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Fig. 2. Summary of measured drag coefficients 𝐶 versus Reynolds number 𝑅𝑒 for all settling microplastic particles tested in the present experiments.
𝐷

for predicting the drag coefficient (hence settling velocity) of spheres 
for low 𝑅𝑒𝑝 ≪ 1, the empirical drag coefficient for spheres of Schiller 
and Naumann (1935)

𝐶𝐷 = max

[
24
𝑅𝑒𝑝

(
1 + 0.15𝑅𝑒0.687

𝑝

)
,0.44

]
, (17)

as well as the empirical drag coefficient formulation of Fredsøe and 
Deigaard (1992)

𝐶𝐷 = 1.4 + 36
𝑅𝑒𝑝

, (18)

designed for predicting the settling velocity of natural sediments. The 
latter is included as reference here because it was used to estimate mi-

croplastic settling velocities by Alsina et al. (2020). It is seen that most 
of the 𝐶𝐷 values from the present data set lie between the formula-

tion of Schiller and Naumann (1935) and that of Fredsøe and Deigaard 
(1992). Most of the present data lies in the range 102 ≤ 𝑅𝑒𝑝 ≤ 103, 
whereas that from most existing studies on settling velocity of mi-

croplastics have primarily considered smaller particles with 𝑅𝑒 ≤ 102.
In addition, we will likewise consider and collectively analyze the 

extensive data set for microplastic settling velocities recently compiled 
and made digitally available by Yu et al. (2022). This data includes 
those from the following prior studies: Kowalski et al. (2016), Khat-

mullina and Isachenko (2017), and Van Melkebeke et al. (2020), as 
explained in detail therein. Data from Waldschläger and Schüttrumpf 
(2019), Wang et al. (2021) and Francalanci et al. (2021) were filtered 
out by Yu et al. (2022), due to a lack of sufficient information available 
for calculation of shape descriptors (CSF and 𝜓). In line with expec-

tations based on Eq. (13), results will be considered in terms of the 
drag coefficient defined in Eq. (6), and will henceforth be analyzed on 
a shape-by-shape basis.

4.1. Spheres

Let us first analyze results for microplastic spheres. For this pur-

pose, we will consider the present results from Table 2, as well as the 
additional data for spheres compiled by Yu et al. (2022). For spheres 
the characteristic projection area is obviously that of a circle 𝐴 = 𝜋𝑑2∕4
and their characteristic length scale is naturally taken as their diameter 
𝑑𝑝 = 𝑑.

All available results for spherical microplastic particles are plotted in 
7

the classical fashion (again, drag coefficient 𝐶𝐷 versus Reynolds num-
𝑝

Fig. 3. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
microplastic spheres.

ber 𝑅𝑒𝑝) in Fig. 3. It is seen that the spherical microplastic particles 
compiled by Yu et al. (2022) primarily span 𝑅𝑒 < 102, whereas those 
from the present study again span 𝑅𝑒 > 102. All of the sphere data 
cluster tightly and convincingly around the empirical formulation of 
Schiller and Naumann (1935), Eq. (17), presented as the full line. This 
formulation hence seems excellently suited for predicting the settling 
velocity of microplastic spheres, and is therefore recommended.

4.2. Cylinders and fibers

Let us now consider the settling velocity of microplastic cylinders. 
Due to their reasonable similarity in shape, we will collectively combine 
these data with those for fibers in this sub-section. For this purpose, we 
will again consider relevant results from the present data set, which in-

cludes the 3D printed cylinders (particle groups 6–14). Additionally, we 
will likewise respectively analyze the present data for dish brush fibers 
(particle groups 55 and 56) and dental floss fibers (particle groups 57 
and 58) as circular and elliptical cylinders, respectively. These will be 
combined with the data for fibers compiled by Yu et al. (2022), com-

prised of both fishing line segments (assumed circular in cross section, 

since 𝑏 = 𝑐), as well as other cylinders where 𝑏 ≠ 𝑐 (assumed elliptical 
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Fig. 4. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
cylindrical microplastic particles, including fibers.

Fig. 5. Measured 𝐶𝑛 values versus Reynolds number 𝑅𝑒𝑛 for settling cylindrical 
microplastic particles, including fibers. Note the increased scatter relative to 
Fig. 4.

in cross section). Unless otherwise stated, all characteristic parameters 
are again strictly as defined in Table 4.

Based on our experimental observations, in line with our discussion 
in Section 3.1, cylinders tend to settle with their long axis predomi-

nantly horizontal, such that the characteristic projection area may be 
reasonably approximated as 𝐴 = 𝑎𝑏. In defining the length scale to be 
utilized in the Reynolds number 𝑅𝑒𝑝, the best (tightest) clustering of 
the data has been achieved, in this case, simply by taking 𝑑𝑝 = 𝑑𝑛. For 
the present cylinders and fibers, 𝑑𝑛 is calculated as in Table 4, whereas 
we utilize the 𝑑𝑛 values explicitly reported by Yu et al. (2022) for the 
sake of consistency with their work.

Results for combined cylinders and fibers are presented in the classi-

cal fashion in Fig. 4. It is seen that, when presented in this fashion, the 
data cluster convincingly. They are well approximated by the empirical 
expression

𝐶𝐷 =max
(
19𝑅𝑒−0.6

𝑝
,0.86

)
(19)

depicted as the solid line. It can also be seen that the present elliptical 
fibers do not cluster as convincingly as the other fibers. The reason for 
this may be due to differences in their flexibility (particle groups 57–58 
are far more flexible than particle groups 55–56, see e.g. Khatmullina 
and Chubarenko, 2021; Nguyen et al., 2022, for further discussions on 
settling behavior of fibers).

The discussion in Section 3.1 has emphasized the potential impor-

tance of using a drag coefficient 𝐶𝐷 as defined in Eq. (6), rather than 
8

the approximation 𝐶𝑛 in Eq. (9), especially for elongated particles. Our 
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Fig. 6. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
microplastic circular disks and square plates.

contention that use of 𝐶𝑛 may increase scatter is directly tested in Fig. 5, 
which plots the same data as in Fig. 4, but with 𝐶𝐷 on the ordinate re-

placed by 𝐶𝑛. In line with our contention, comparing Fig. 5 with Fig. 4, 
it is seen that utilizing 𝐶𝑛 introduces considerably more scatter in the 
data. This supports our contention that, if the preferred settling ori-

entation can be reasonably approximated, the drag coefficient is best 
defined as in Eq. (6). This is again consistent with theoretical consid-

erations, taking into account that these particles have a preferential 
settling orientation.

4.3. Flat disks and square plates

Let us now turn our attention to flat circular disks and square plates, 
which are newly part of the present experimental data set. These two 
shapes are grouped due to obvious physical similarities in their expected 
settling hydrodynamics. As described above, our experimental obser-

vations have shown that these particles likewise have a preferential 
settling orientation, i.e. they tend to settle with their largest projection 
area normal to the predominant line of motion. This is not a unique 
finding of this study and has also been demonstrated for settling disks 
elsewhere (see e.g. Willmarth et al., 1964). As such, for circular disks 
the characteristic length scale is naturally taken as 𝑑𝑝 = 𝑑, with the 
characteristic projection area taken as the circular face 𝐴 = 𝜋𝑑2∕4, see 
Table 4. Analogously, for thin square plates we utilize 𝑑𝑝 = 𝑎 and 𝐴 = 𝑎2. 
In both cases it is again emphasized that this leads to the length scale 
within the drag coefficient 𝑑𝐷 = 3𝑐∕2 i.e. proportional to 𝑐, and not 𝑑𝑛.

The drag coefficients 𝐶𝐷 are plotted versus their respective Reynolds 
numbers 𝑅𝑒𝑝 in the classical fashion in Fig. 6. Both sets of data clearly 
support constant 𝐶𝐷 values over the range of Reynolds number con-

sidered (𝑅𝑒𝑝 > 2 × 102). Note that the constant (mean value) 𝐶𝐷 = 1.12
found for the settling disks is very close to that for fixed disks at suffi-

ciently large Reynolds number, see e.g. Figure 16.6 of Petersen (2006). 
The constant 𝐶𝐷 = 1.23 presently found for square plates is likewise very 
close to the value 1.18 suggested for fixed square plates by Roberson and 
Crowe (1993) for Reynolds numbers > 104, see their Table 11.1.

We will utilize the present disk and square plate data to further test 
our contention that the drag coefficient ought to be strictly defined as 
𝐶𝐷 in Eq. (6), rather than 𝐶𝑛 in Eq. (9), now for flat particles. For this 
purpose, the data from Fig. 6 are re-plotted in Fig. 7, but now using the 
prevailing fashion i.e. as 𝐶𝑛 versus 𝑅𝑒𝑛, as in Fig. 5 above. It is seen from 
Fig. 7 that adopting this convention based on the use of the nominal 
diameter 𝑑𝑛 as a universal length scale introduces both false Reynolds 
number dependence, as well as increased scatter, relative to Fig. 6. Note 
that Reynolds number dependence for settling disks or plates is contrary 
to their fluid mechanics, since (at sufficiently high Reynolds number) 
the flow separation points are more or less fixed at their edges, which 

means that nearly constant drag coefficients can be expected.
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Fig. 7. Measured 𝐶𝑛 values versus Reynolds number 𝑅𝑒𝑛 for settling microplas-

tic circular disks and plates. Note both the false Reynolds number dependence 
and increased scatter, relative to Fig. 6.

This is our second convincing demonstration of unnecessary com-

plexity introduced by the use of 𝐶𝑛 (again, seemingly the prevailing 
convention), rather than 𝐶𝐷 . Having established this, for all additional 
shapes that follow, we will exclusively use 𝐶𝐷 in forthcoming analysis 
of other particle shapes.

4.4. Other cuboids (cubes and rectangular prisms)

We will now consider the settling velocity of more general mi-

croplastic cuboids (rectangular prisms, including both cubes and square 
prisms as special cases), again newly part of the present experimental 
data set. Based on our experimental observations, and in line with the 
theoretical discussion above, we take the characteristic projection area 
as the product of the two largest side lengths 𝐴 = 𝑎𝑏. For fundamen-

tal consistency with our treatment of square plates (also a cuboid), we 
adopt the characteristic length scale 𝑑𝑝 =

√
𝑎𝑏 for use in the Reynolds 

number 𝑅𝑒𝑝, see again Table 4. Indeed, it is emphasized that any other 
choice of 𝐴 or 𝑑𝑝 would present logical inconsistency with our success-

ful parameterization of square plates above.

Notice that the convention arrived at just above leads to a length 
scale 𝑑𝐷 = 𝑐 within the drag coefficient 𝐶𝐷 , again corresponding to the 
numerator of the Corey (1949) shape factor CSF, defined in Eq. (2). Con-

versely, the parameterization described above leads to a length scale in 
the Reynolds number (again, 𝑑𝑝 =

√
𝑎𝑏) equivalent to the denominator 

in CSF. This is not coincidental. Both the present parameterization, as 
well as Corey’s formulation of CSF, were inspired by the observational 
knowledge that particles tend to settle with their largest projected area 
normal to the predominant line of motion. While noting these similar-

ities, it is emphasized that we do not utilize CSF directly in any of our 
formulations, as the physics on which it is based are naturally accounted 
for through our choice of parameterization.

The resulting drag coefficients for cuboids are presented in the clas-

sical fashion in Fig. 8. Over the range of Reynolds number considered 
(𝑅𝑒𝑝 > 102), the results for settling cubes suggest a simple constant drag 
coefficient of 𝐶𝐷 = 1.12. This is again very much in line with the value 
of 1.1 for flow around fixed cubes at sufficiently high Reynolds number 
(> 104), as suggested by Roberson and Crowe (1993), see again their 
Table 11.1. The present data for the drag coefficients for more general 
cuboids (square and rectangular prisms) also cluster around a constant, 
slightly larger, value 𝐶𝐷 = 1.31. This slightly larger value (relative to 
cubes) for particles having increased irregularity is also in line with 
9

physical expectations.
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Fig. 8. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
microplastic cuboids (cubes, square and rectangular prisms).

Fig. 9. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
microplastic tetrahedrons.

4.5. Tetrahedrons

We will now analyze the present data for settling microplastic tetra-

hedron particles. For these we utilize a characteristic projection area 
corresponding to one of their triangular faces 𝐴 =

√
3𝑎2∕4, with char-

acteristic length equal to their edge length 𝑑𝑝 = 𝑎. The experimentally 
obtained drag coefficients are presented in the classical fashion in Fig. 9. 
The data again suggests that the drag coefficient is effectively con-

stant over the range tested (𝑅𝑒𝑝 > 102), in this case with mean value 
of 𝐶𝐷 = 1.14.

4.6. Irregularly-shaped particles

We will finally consider the settling velocity of irregularly-shaped 
microplastic particles. The data to be analyzed in what follows includes 
those for the angular, nodular, and fragmented particles compiled by Yu 
et al. (2022). It likewise includes the present irregular (though generally 
less angular) particles listed in Table 3.

In analyzing the settling velocity data of these irregular shaped mi-

croplastics, we approximate their volumes as ellipsoids 𝑉– = 𝜋𝑎𝑏𝑐∕6. We 
have found that the best clustering is achieved by taking the character-

istic projection area based on the two longest axes 𝐴 = 𝜋𝑎𝑏∕4, coupled 
with the length scale 𝑑𝑝 =

√
𝑎𝑏. Similar to many of the particle shapes 

analyzed above, these choices lead to 𝑑𝐷 = 𝑐, such that the drag coeffi-

cient again takes into account the shortest particle dimension, with the 
longest two dimensions (𝑎 and 𝑏) accounted for in the Reynolds num-
ber 𝑅𝑒𝑝, see again Table 4. These choices are once again very much in 
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Fig. 10. Measured drag coefficients 𝐶𝐷 versus Reynolds number 𝑅𝑒𝑝 for settling 
irregularly-shaped microplastic particles.

Fig. 11. Measured drag coefficients 𝐶𝐷 , normalized by the function Γ(𝑅𝑒𝑝), 
versus sphericity 𝜓 for settling irregularly-shaped microplastic particles.

line with our general observation, that particles tend to settle with their 
largest projection area normal to the predominant line of motion.

The drag coefficients for settling irregularly-shaped microplastic 
particles are plotted in the classical fashion in Fig. 10. Despite the inher-

ent difficulty in uniformly characterizing the wide variety of irregularly-

shaped particles being considered, it is seen that the method of parame-

terization adopted herein still leads to a rather convincing clustering of 
the data. Most of the scatter is seen to stem from a portion of the frag-

mented particles. The present irregular particle data (generally having 
larger sphericity 𝜓) is also systematically below the rest.

To formulate a predictive model for the settling velocity of irregularly-

shaped microplastic particles, let us suppose that the drag coefficient 
may be formulated as follows

𝐶𝐷 = Γ(𝑅𝑒𝑝) ⋅Υ(𝜓) (20)

where Γ(𝑅𝑒𝑝) and Υ(𝜓) are, as yet, unknown functions. This formula-

tion thus conceptually accounts for both primary dependence on the 
Reynolds number 𝑅𝑒𝑝, and also potential secondary dependence on 
sphericity 𝜓 , since irregularly-shaped particles are not uniquely defined 
solely by their three length scales 𝑎, 𝑏, and 𝑐. The primary dependence 
on 𝑅𝑒𝑝 is already evident from Fig. 10. The data are well represented 
there by the function

Γ(𝑅𝑒𝑝) = 1 + 3.2√
𝑅𝑒𝑝

+ 32
𝑅𝑒𝑝

(21)
10

which is depicted as the full line.
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Fig. 12. Measured drag coefficients 𝐶𝐷 , normalized by the function Υ(𝜓), ver-

sus Reynolds number 𝑅𝑒𝑝 for settling irregularly-shaped microplastic particles. 
Note the improved clustering relative to Fig. 10.

To look for secondary dependence on 𝜓 , we now plot 𝐶𝐷∕Γ(𝑅𝑒𝑝)
versus 𝜓 in Fig. 11, as suggested by Eq. (20). Interestingly, no dis-

cernible dependence on 𝜓 is evident in the data compiled by Yu et 
al. (2022), generally having lower 𝜓 . Secondary dependence on 𝜓 is, 
however, evident in the irregular particles tested herein. These suggest 
a decreasing drag coefficient for larger 𝜓 , which makes physical sense. 
To account for this secondary dependence, we therefore utilize the func-

tion

Υ(𝜓) = min(0.44𝜓−2,1) (22)

which is depicted on Fig. 11 as the full line. Note that this function 
results in unity for 𝜓 ≤

√
0.44 ≈ 0.66, and hence may be simply omitted 

for irregular particles in this range. The coefficient 0.44 is not chosen 
arbitrarily. Rather, it has been selected to match the second argument 
in Eq. (17), such that at the limit where 𝑅𝑒𝑝 is large and 𝜓 = 1, Eq. (20)

predicts the same 𝐶𝐷 as for spheres.

The data is finally re-plotted as 𝐶𝐷∕Υ(𝜓) versus 𝑅𝑒𝑝 in Fig. 12, again 
as suggested by Eq. (20). Improved clustering of the presently tested 
irregularly-shaped particles relative to Fig. 10 is now clear, confirming 
that the secondary dependence on 𝜓 has been reasonably accounted 
for.

Note that if the sphericity of an irregularly-shaped particle is un-

known, it may be approximated from

𝜓 =
(
𝑐2

𝑎𝑏

)1∕3
, (23)

as done by e.g. Kerpen et al. (2020) for the irregular microplastic parti-

cles considered in the present work, leading to the values in Table 3.

We finally wish to emphasize that, as only similar particle shape 
(and not material) has been assumed, there is nothing preventing ap-

plication of the method developed in this sub-section based on data for 
microplastic particles on other particles having irregular shape e.g. nat-

ural sediment grains. This general validity is directly confirmed in Ap-

pendix A, see Fig. A.15.

5. Comparison with the predictive method of Yu et al. (2022)

Yu et al. (2022) systematically compared the accuracy of their for-

mulation for predicting settling velocities of microplastic particles with 
those proposed previously by several other researchers (Song et al., 
2008; Alcerreca et al., 2013; Chubarenko et al., 2016; Song et al., 2017; 
Waldschläger and Schüttrumpf, 2019; Wang et al., 2021; Francalanci et 
al., 2021). They generally demonstrated convincingly superior predic-
tive accuracy of their method. For this reason, we will now compare 
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Fig. 13. Comparison of measured settling velocities (present data set) versus those predicted using (a) the present methodology, summarized in Table 4 and (b) the 
formulation of Yu et al. (2022), Eq. (24).
the accuracy of the present methodology, as summarized in Table 4, 
exclusively with that of Yu et al. (2022).

Yu et al. (2022) proposed the following general formulation for pre-

dicting the settling velocity of microplastic particles:

𝑤𝑠 =
3
√
𝜈𝑔 (𝑠− 1)

√
4𝑑∗
3𝐶𝑛

, (24)

where

𝑑∗ =
3
√
𝑔 (𝑠− 1)
𝜈2

𝑑𝑛, (25)

𝐶𝑛 =
𝐶𝑑,𝑠

(𝑑𝛽1∗ 𝜓𝑑
𝛽2
∗ CSF𝑑

𝛽3
∗ )𝛽4

, (26)

𝐶𝑑,𝑠 =
432
𝑑3∗

(
1 + 0.022𝑑3∗

)0.54 + 0.47
[
1 − exp

(
−0.15𝑑0.45∗

)]
, (27)

𝛽1 = −0.25, 𝛽2 = 0.03, 𝛽3 = 0.33 and 𝛽4 = 0.25.

To begin, let us consider the performance in predicting the settling 
velocities for the present data set, comprised of 𝑁 = 66 particles (Ta-

bles 2 and 3). Comparison of predicted versus measured 𝑤𝑠 values made 
using the present methodology is presented in Fig. 13(a). This same 
comparison, but based on predictions made with the formulation of Yu 
et al. (2022), Eq. (24), is similarly presented in Fig. 13(b).

To assess quantitative accuracy, following Yu et al. (2022), we will 
consider both the mean-absolute error

MAE = 1
𝑁

𝑁∑
𝑖=1

|𝑃𝑖 −𝑂𝑖|
𝑂𝑖

(28)

and the root-mean-square error

RMSE =

√√√√ 1
𝑁

𝑁∑
𝑖=1

(
𝑃𝑖 −𝑂𝑖
𝑂𝑖

)2
(29)

both defined on a relative basis. The errors above are defined generi-

cally, where 𝑃 represents a prediction and 𝑂 represents an observation 
(i.e. a measured value), with 𝑁 being the sample size. As indicated in 
Fig. 13, the present methodology yields considerably lower errors when 
applied on the present data set, relative to predictions based on the for-

mulation of Yu et al. (2022). This is perhaps not too surprising, as Yu 
et al. (2022) did not have access to the present data when making (and 
11

optimizing) their formulation.
Let us now similarly consider the performance on the extensive data 
set (𝑁 = 699 particles) compiled by Yu et al. (2022). Predicted versus 
measured 𝑤𝑠 values are presented in Fig. 14, in the same fashion as 
in Fig. 13. Slightly better clustering around the line of perfect agree-

ment is observed with the present methodology, Fig. 14(a), relative to 
that of Yu et al. (2022), shown in Fig. 14(b). This observation is also re-

flected in the reduced error measures shown in this figure. In particular, 
it is noted that the systematic over-prediction for many of the irregu-

lar particles observed using the Yu et al. (2022) formulation (Fig. 14b) 
is removed with the present methodology (Fig. 14a). Similarly, the sys-

tematic under-prediction for many of the spheres using the Yu et al. 
(2022) formulation is improved via the present methodology.

The predictive errors for samples divided according to both shape 
(combining both data sets, when relevant) or data set are summarized 
in Table 5, including all combined data in the final row. Here reduced 
errors for nearly all shapes are achieved via the present methodology, 
relative to the formulation of Yu et al. (2022). The lone exception is 
perhaps fibers, which yield a mixed result (MAE reduced, but RMSE

increased). Of all the particle types considered, we expect those having 
spherical and irregular shapes are perhaps of most practical interest. It 
is seen from Table 5 that the present shape-by-shape methodology leads 
to increased accuracy for both.

The predictive accuracy for the settling velocity of microplastic par-

ticles achieved using the unified formulation of Yu et al. (2022) is, on 
the one hand, already quite impressive. On the other hand, if a parti-

cle has a known regular shape (or is irregular), there would seemingly 
be no reason not to take this information into account, heralding the 
present approach. Moreover, as the present formulation is presented 
in terms of an arguably more properly defined drag coefficient 𝐶𝐷 , 
attempting to take into account preferential orientation observed dur-

ing settling, it has the added benefit of yielding more familiar insight 
into the hydrodynamics of the settling process. Indeed, many of the 
regular shapes considered having sharp edges have resulted in simple 
constant 𝐶𝐷 models (see again Table 4) for the range of Reynolds num-

bers considered. In each case these match closely with expectations for 
fixed bodies from standard fluid mechanics texts. This suggests that, 
for Reynolds numbers e.g. below those considered herein, drag coeffi-

cients from standard hydrodynamics tables and drag coefficient curves 
for fixed bodies can likely be applied for predicting the settling velocity 

of microplastic particles with reasonable confidence.
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Fig. 14. Comparison of measured settling velocities (data set compiled by Yu et al., 2022) versus those predicted using (a) the present methodology, summarized in 
Table 4 and (b) the formulation of Yu et al. (2022), Eq. (24).
Table 5

Comparison of errors for settling velocity predictions for microplastic particles 
having various shapes made using the present methodology, as summarized in 
Table 4 and that of Yu et al. (2022), Eq. (24). Also provided are comparisons 
for the present data set, that compiled by Yu et al. (2022), as well as both data 
sets combined. The lowest errors for each sample considered are highlighted in 
bold.

Shape 𝑁 Present Yu et al. (2022)

MAE RMSE MAE RMSE

Spheres 47 4.4% 5.9% 7.8% 8.8%

Cylinders 35 7.5 8.6 9.5 11.1

Circular disks 8 3.3 3.6 9.0 11.3

Square plates 5 1.1 1.3 13.7 14.9

Cubes 8 5.6 6.4 17.5 19.2

Rectangular prisms 16 4.1 5.0 9.1 12.3

Tetrahedrons 3 1.6 1.6 21.4 23.5

Fibers 263 8.4 12.1 8.6 11.9

Irregular 380 7.9 11.3 9.1 11.5

Present data 66 6.0% 10.4% 12.3% 15.1%

Yu et al. (2022) data 699 7.8 11.0 8.7 11.4

Combined data 765 7.6 10.9 9.0 11.7

It may finally be argued that the method of Yu et al. (2022) is 
preferable because of its simplistic use of a single set of equations. How-

ever, the two methods actually have a comparable number of fitted 
empirical coefficients. Inspection of Eqs. (24)–(27) reveals that the for-

mulation of Yu et al. (2022) contains 11 independent coefficients. By 
comparison, all predictive equations comprising the present approach, 
as summarized in the second-to-last column of Table 4, involve a total of 
15 independent empirical coefficients. Many (five) of these correspond 
simply to constant 𝐶𝐷 values (all near unity) determined for each shape, 
each with strong physical basis. In summary, the two methods are com-

parable in terms of their total complexity. We would argue that, on a 
shape-by-shape basis, the present methodology for predicting settling 
velocities of microplastic particles is simple, elegant and seemingly ac-

curate.

6. Summary and conclusions

The settling velocities of 66 microplastic particle groups having var-

ious shape, size and density have been experimentally measured. These 
include particles having regular (58) and irregular (eight) shapes. Regu-
12

lar shapes considered include: spheres, cylinders, circular disks, square 
plates, cubes, other cuboids (square and rectangular prisms), tetrahe-

drons, and fibers. Microplastic settling velocities for particles having 
many of these shapes (disks, plates, cubes, other cuboids, and tetra-

hedrons) have not been measured previously. The present experiments 
have generally considered a Reynolds number 𝑅𝑒𝑝 > 102, extending the 
range of prior studies.

Observations from these experiments have shown that settling mi-

croplastic particles have a preferential orientation, i.e. they tend to 
settle with their largest projection area 𝐴 normal to the line of motion. 
This is in line with observations long known for e.g. sediment particles. 
On physical grounds, it has been shown that this leads to a length scale 
within the drag coefficient 𝐶𝐷 , defined in Eq. (6), that is proportional 
to only the shortest particle dimension i.e. 𝑑𝐷 ∼ 𝑐. This is contrary to 
the prevailing convention of utilizing the nominal diameter 𝑑𝑛 in this 
context.

The present experimental data for settling velocity of microplastic 
particles has been combined with the extensive data set recently com-

piled by Yu et al. (2022), and then analyzed on a shape-by-shape basis. 
Predictive formulations for the drag coefficients have been proposed 
for each shape. For shapes having sharp edges, simple constant 𝐶𝐷
models are proposed, valid within the range of 𝑅𝑒𝑝 considered. These 
have been shown to be generally consistent with expectations based on 
known drag coefficients for fixed bodies. Parameterizations and predic-

tive equations for each shape considered are summarized in Table 4.

Related to the argument above on preferential particle settling ori-

entation, it has been shown for selected shapes that the prevailing 
convention of utilizing 𝑑𝑛, rather than 𝑑𝐷, in the drag coefficient can 
lead to increased scatter and/or false Reynolds number dependence, 
particularly for elongated (e.g. cylinders) or flat particles (e.g. disks 
and plates). Also in contrast to the prevailing convention, the length 
scale appearing within the Reynolds number, 𝑑𝑝, has been regarded 
as fundamentally independent of that used in 𝐶𝐷. For most particle 
shapes considered (the lone exception being combined cylinders and 
fibers) best results have been obtained using 𝑑𝑝 ∼

√
𝑎𝑏, where 𝑎 and 

𝑏 are respectively the longest and intermediate particle dimensions. 
This strategy elegantly leads to the numerator of the widely-used Corey 
(1949) shape factor (CSF = 𝑐∕

√
𝑎𝑏, Eq. (2)), represented in the drag co-

efficient, with the denominator represented in the Reynolds number.

Predictive accuracy has been compared with the formulation of Yu 
et al. (2022), there established as the best of available methods pub-
lished thus far. The present methodology is shown to give superior 
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accuracy based on the available data for nearly all shapes considered. 
The lone exception is fibers, where the accuracy of the two methodolo-

gies is similar. These results are summarized quantitatively in Table 5. 
It is also emphasized that the method developed for irregularly-shaped 
particles is equally-well suited for predicting the settling velocity of nat-

ural sediment grains. This is demonstrated in Appendix A below.

All experimental data newly collected in the present study are freely 
available at the URL indicated in the Data Availability Statement below. 
Selected videos showing the setting for particles representing each of 
the 66 particle groups considered herein are likewise provided there.
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Appendix A. Application on natural sediments

In this appendix, we will demonstrate and confirm that the 
present methodology developed for predicting the settling velocity 
of irregularly-shaped microplastic particles, Eqs. (20)–(22), is equally 
well-suited for applications involving natural sediments. For this pur-

pose, we will consider the data sets of Corey (1949) (representative data 
selected from his Figs. 3–5, Engelund and Hansen (1972) and Smith and 
Cheung (2002), from which the necessary information is provided di-

rectly or can be reasonably approximated.

Corey (1949) and Smith and Cheung (2002) report sediment grain 
13

dimensions 𝑎, 𝑏 and 𝑐 directly, hence requiring no approximations 
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Fig. A.15. Measured drag coefficients 𝐶𝐷 , normalized by the function Υ(𝜓), ver-

sus Reynolds number 𝑅𝑒𝑝 for settling sediment grains. Note the similar match 
as for irregularly-shaped microplastic particles, presented in Fig. 12.

for these and other derived quantities. Engelund and Hansen (1972)

report both nominal diameter 𝑑𝑛 and sieve diameter 𝑑𝑠. Other quanti-

ties for their particles have therefore been estimated as follows: Smith 
and Cheung (2002) directly report (see their Fig. 4) the typical ratio 
𝑏∕𝑑𝑠 = 1.2. From inspection of their Table 1, we similarly find the mean 
ratio 𝑏∕𝑐 = 1.47. Combining these yields the approximation 𝑐∕𝑑𝑠 = 0.82, 
which has been assumed typical and used to estimate 𝑐 for the Engelund 
and Hansen (1972) data set. This then leads naturally to 𝑎𝑏 = 𝑑3

𝑛
∕𝑐, such 

that both 𝑑𝐷 = 𝑐 and 𝑑𝑝 =
√
𝑎𝑏 (hence 𝐶𝐷 and 𝑅𝑒𝑝) can be estimated as 

indicated for irregular particles in Table 4. For all three sediment data 
sets, the sphericity has been estimated using Eq. (23). All other prop-

erties are taken either as directly reported in the original references, or 
based on the reported water temperatures.

Results for the experimentally measured settling velocities for these 
sediments are presented in Fig. A.15. This figure maintains identical 
fashion as Fig. 12 for irregularly-shaped microplastic particles. A gen-

erally excellent match with Eq. (20) is observed in Fig. A.15, especially 
for the data sets of Corey (1949) and Engelund and Hansen (1972). 
The considered data collectively span the range 4 × 10−1 ≤ 𝑅𝑒𝑝 ≤ 103. 
This extends the lower end tested by an order of magnitude relative 
to the microplastic particles considered in Fig. 12, and this lower limit 
is reflected in Table 4. The data of Smith and Cheung (2002) match 
reasonably, but are systematically below the curve. This discrepancy is 
likely in part due to uncertainty in the individual sediment grain den-

sities. In the calculations above, we have utilized their reported mean 
value 𝜌𝑝 = 2550 kg/m3. It must be noted, however, that they reported 
calculated densities spanning a wide range 2180–2970 kg/m3, but did 
not specify these on a grain-by-grain basis. The errors using Eq. (20) to 
predict 𝑤𝑠 for the three combined sediment data sets (𝑁 = 39 samples) 
correspond to MAE = 10.0% and RMSE = 12.3%, with a significant por-

tion of the error stemming from the Smith and Cheung (2002) data. 
If a sample with size 𝑁 = 25, comprised of only the selected Corey 
(1949) and Engelund and Hansen (1972) data, is instead used then the 
errors reduce to MAE = 7.3% and RMSE = 8.6%. These are comparable 
to (actually slightly lower than) those achieved for irregularly-shaped 
microplastic particles in Table 5.

Eqs. (20)–(22) have been developed based exclusively on fitting data 
for settling irregularly-shaped microplastic particles, see Figs. 10–12. 
Nevertheless, that this method seemingly works equally well for natu-

ral sediments is not surprising. This should, in fact, be expected from 
dimensional analysis of this problem, leading to Eq. (13). This predicts 
that particles having common shape (or in this case, common character-

ization as irregularly shaped) ought to have unique Reynolds number 
dependence. This further application considering the settling velocity 

of natural sediment grains demonstrates this concept nicely.

https://doi.org/10.11583/DTU.19722160
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