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Abstract

Microplastics (MPs), defined as plastic particles smaller than 5 mm, are widespread in aquatic
environments. However, their transport mechanisms in flow remain underexplored despite being
critical for understanding their environmental transport and fate. This thesis addresses this gap by
investigating near-bed MP transport processes, from initial transport stages (settling and incipient

motion) to ongoing transport dynamics (continuous and intermittent movements).

For MP settling, no generalized formula exists for the drag coefficient (Cys) that accounts for
variations in MP physical properties (shape, size, and density). In this thesis, 1,343 MP settling
data were collected from the literature. A new equation for Cs was developed using the
dimensionless particle diameter (d+) and two shape descriptors, yielding an absolute error of 15.2%,

significantly lower than that of existing equations (42.5-72.8%).

The incipient motion threshold of MPs was next examined. MPs can either be exposed to flow,
making them more prone to movement, or shielded by bed particles, requiring higher flow
conditions for mobilization. For exposed MPs, the effects of bed roughness and MP properties on
the critical shear stress (zc) were experimentally investigated. A new explicit equation for the
critical movability number (4c) was proposed, incorporating d* and a new dimensionless
parameter related to MP physical properties, resulting in a smaller absolute error (12.3%)
compared to a previous equation (55.6%). For hidden MPs, a power law relationship was identified
between 7. and the density and size of MPs, reducing error by 40% compared to a previous equation.
To quantify sheltering effects, parameters for hiddenness (47), exposure (4H), and longitudinal
exposure (4X) were introduced, leading to a semi-empirical method for predicting critical flow

velocity (Uc), which reduced errors by 70% compared to previous methods for sediments.
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MP transport can be continuous or intermittent, depending on the flow conditions relative to the
incipient motion threshold. Using particle tracking velocimetry, this thesis explored both
movement types, focusing on streamwise transport. For continuous movements, the streamwise
velocity of MPs (vx) follows a normal distribution. An empirical equation for vx was proposed,
resulting in a low relative error of 5.2% compared to the experimental data. The continuous MP
movements are super-diffusive, with particle inertia identified as the primary source of this
anomalous diffusion. For MP intermittent movements, streamwise hop length (Lx) and hop
duration (7%) follow exponential distributions, and vx exhibits a truncated Gaussian distribution.
Approximately 60% of Lx corresponds to long hops, characterized by Lx << Ti. By applying a
Lagrangian framework to describe vx and autocorrelation, it was shown that the preference for long

hops is related to particle inertia, a fundamental characteristic of millimeter-sized MP transport.

i1



Preface

This thesis is an original work by Zijian Yu under the supervision of Dr. William Wenming Zhang

and Dr. Mark Loewen. It is presented in a paper format and consists of seven chapters.

Chapter 1 is a general introduction to the background, scope, and objectives of this study.

Chapters 2 to 6 are the main contents of this thesis.

Chapter 2 was published as:

e Yu, Z., Yang, G., & Zhang, W. (2022). A new model for the terminal settling velocity of

microplastics. Marine Pollution Bulletin, 176, 113449.

Chapter 3 was published as:

e Yu, Z., Yao, W., Loewen, M., Li, X., & Zhang, W. (2022). Incipient motion of exposed
microplastics in an open-channel flow. Environmental Science & Technology, 56(20),

14498-14506.

e Yu,Z,Yao, W., Loewen, M., Li, X., & Zhang W. (2023). Correction to “incipient motion
of exposed microplastics in an open-channel flow”. Environmental Science & Technology,

57(51), 21927-21927.

Chapter 4 was published as:

e Yu, Z., Loewen, M., Guo, S., Guo, Z., & Zhang, W. (2023). An investigation of the
sheltering effects on the mobilization of microplastics in open-channel flow.

Environmental Science & Technology, 57(30), 11259-11266.

v



Chapter 5 has been submitted as a journal manuscript:

e Yu,Z., Loewen, M., Zhou, Y., Guo, Z., Baki, A., & Zhang, W. (2024). Continuous Near-
bed Movements of Microplastics in Open Channel Flows: Statistical Analysis.

Environmental Science & Technology, Under Review.

Chapter 6 is currently being prepared as a journal manuscript.

Chapter 7 contains the general conclusions of this thesis, and provides suggestions for future

research on this topic.

I was responsible for the experimental design, data collection, and analysis as well as the
manuscript composition. Dr. William Wenming Zhang and Dr. Mark Loewen were the supervisory
authors and were directly involved with the concept formation, data analysis, and manuscript

composition.

I also have the following publications during my PhD:

e Yang, G, Yu, Z., Baki, A., Yao, W., Ross, M., Chi, W., & Zhang, W. (2023). Settling

behaviors of microplastic disks in water. Marine Pollution Bulletin, 188, 114657.

e Yu, Z., Loewen, M., & Zhang, W., Microplastic continuous motion: effects of
hydrodynamic conditions and particle properties. The 3rd International Symposium on

Sustainable Urban Drainage, Jiashan, Zhejiang, China, 19-22 October, 2023.



Yu, Z. & Zhang, W. The statistical description of microplastic discontinuous motions in
open channel flow. Proceedings of the 40th IAHR World Congress, Vienna, Austria, 21-

25 August, 2023.

Qian, S., Qiao, X., Zhang, W., Yu, Z., Dong, S., & Feng, J. (2024). Machine learning-based
prediction for settling velocity of microplastics with various shapes. Water Research, 249,

121001.

Yang, G., Yu, Z., Peng, X., Zhou, Y., Baki, A., & Zhang, W. (2024). Settling behaviors of

microplastic disks in acceleration fall. Marine Pollution Bulletin, 202, 116296.

vi



Existence is absurd.

vil



Acknowledgments

I would like to express my deepest gratitude to my supervisor, Dr. Wenming Zhang, for providing
me with the invaluable opportunity to pursue my doctoral degree. His unwavering support,
guidance, and insightful advice have been instrumental throughout my research journey. Dr.
Zhang's enthusiasm for research and thoughtful insights have been a constant source of inspiration.

I am profoundly thankful for his patience and mentorship every step of the way.

I also extend my sincere thanks to my co-supervisor, Dr. Mark Loewen, for his invaluable
contributions to my academic and personal growth. Dr. Loewen’s dedication to research
excellence and his deep understanding of the field have been immensely beneficial to my work. I
am deeply grateful for his patience, mentorship, and the numerous discussions that have broadened

my perspective and understanding.

Additionally, I am deeply appreciative of the financial support from the China Scholarship Council
(CSC) and the Department of Civil and Environmental Engineering. Their funding was crucial in
enabling me to pursue my PhD studies. I would like to extend a special thank you to Perry Fedun
for his invaluable technical support in the laboratory setups. His dedicated assistance was essential

for the smooth progression of my experiments.

Finally, my heartfelt gratitude goes to my parents for their unwavering support and encouragement,
which provided me with the courage and motivation to persevere. I also want to express my love
and appreciation to my girlfriend, Dr. Qin. Your love and support have been a pillar of strength

for me.

viil



Table of Contents

ADSEEACE cccciueiirieinenieecnenseecsnensnecssesssessanssssesssnssssssssassssessssssssasssasanses ii
Preface...iinniiinieiinseninsniensencsssencsssncssssncssssscsssssssssssssssssssssses iv
ACKNOWICAZMENLS ..ucceeeeeneninensunnsnessaensnecsaesssnessaesssnsssaesans viii
Table Of CONLENLS c.cuueeiineiiiiiiiiitiininteisieecssaeicssnnecsssnessssnessssesssssessssesssssesssssessssssssssssssssasssssasssses ix
LISt Of TADIES ccuuueieneiiiiiiiiiiitiiticnintnnnncneesntisneesssesssisssessssssssessssssssssssssssssssssssssssssassssssssane xiii
List of FigUIeS.....coeiirveririercssnicssnnicssnnncssnencssnsscssnsecsens XV
1. General introduction .........ceeeeeceecnsencssnnicssnnncssnencssnsecsssecssnnes 1
1.1. Research background............cceiiiiiiiiiiieiie et e e aa e eane e 1

1.2. Knowledge gaps, hypothesis, and research objectives ..........cccoecvveevciieiniieeniieeenieeeiee 4

1.3, ThesSiS OULIINE .....ooueiiiiiiiieeiee ettt sttt et st 5

2. A new model for the terminal settling velocity of microplastics 7
2.1 INEOAUCTION ...ttt ettt ettt et st sae et et e b 7

2.2, LATETALUIE TEVIEW ....tieueieeiiieiieeteeeiteeteesite et e sateeateesateeabeesateenbeasabeenseesnbeenseesnseenseesnseenseeenne 9

2.3, MEthOAOIOZY .....vieeiiieeiiie ettt ettt e et e et e e et eeesaeeetaeeeareeenneeennnes 13
2.3.1. Data COILECTION ..ottt et sbe e 13

2.3.2. Terminal settling velocity model .............cocieviiiiiiiniieieieeee e 14

2.3.3. Model performance evaluation ............ccceevuierieeiienieeiierie et 15

2.4. Results and diSCUSSION ......c.eeruiiiiiiiiiieiieeie ettt ettt ettt e sbe e st e bt e e e eeeesaneens 16
2.4.1. Impact and significance of MP shapes on Ci.........cccceeeeveeeriieeniieeeiieenieeeieeens 16

2.4.2. Performance of the new Caformula for MPS.........ccccoooiiiiiiiiiniiiiiieieeec, 20

2.4.3. Performance of the terminal settling velocity model for MPs...............cccc..e..... 23

2.4.4. Limitations of the model............cooiiiiiiiiiiiii e 26

2.5, CONCIUSIONS....eutieiieeiee ettt ettt ettt et e ettt e st e bt e e et e e bt e sate e bt e ssbeebeesaneens 26

3. The incipient motion of exposed microplastics in open-channel flow..........ccccevvuurrccicnnnnees 28

X



3] IEEOAUCTION ... eeeeeeeee e e e e e et e e e e e e e e e e eeeaaeeeeeeeaeaaaeaeeeeeeeaeeannnan 28

3.2. Experimental setup and methodology..........cccveeiiieriiiiiiiieeee e 31
3.3. Experimental Methods .........cccueiiiiiiiiiiiiiiiiciecie e e 33
3.4. Results and diSCUSSION ...c..eeuviruiiriieiiiiieriieie ettt sttt st 37
3.4.1. The incipient flowW VEIOCILY ....cceeeiiiriiieiieiieeiee ettt s 37
3.4.2. Critical ShEAT SIIESS ....eeuviriiiiieieiiierieeie ettt 39
3.4.3. Threshold for MP incipient MOtiON..........cccveeeiieeriiieeeiie et 41
4. An investigation of the sheltering effects on the mobilization of microplastics in open-
CHANNEL FIOW anneiniiiiiiiiiiiticttctcctenecceeneesneseessesssesssessssssssessssssssesssssssssssssssssasssssssseses 48
A1 INEEOAUCTION . ...ttt ettt e be e st be e st eebeesaneens 48
4.2. Theoretical back@round .............ccceiviiiriiiiiienieeii ettt re e eeneens 50
4.3. Materials and methOods ...........coiiiiriiiiiriiniciee e 54
4.3.1. Materials and measurement of AH', AZ', and AX ......ccccouvevveiiiiiiiiiiieeeieeeeeieinns 54
4.3.2. Measurement of critical flow velocities and shear velocities of MPs ................ 57
4.4. Results and diSCUSSION .......ecueeruiriiriieiieieriieteet ettt sttt st 59
4.4.1. Estimation of the critical shear stress Of MPs.........ccccceceviiiiniiiiinininieicee 59
4.4.2. Exposure (4H), hiddenness (4Z), and longitudinal exposure (4X) .................... 64
4.4.3. Estimation of the critical depth-averaged velocity of MPs..........cccccoocininnennne 66
5. Continuous near-bed movements of microplastics in open channel flows: statistical
ANALYSIS ceeerrrnnriensssnricssssnnnesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssss 72
5L INETOAUCTION ...ttt st ettt et e bt 72
5.2, LILETALUIE TEVIEW ....eetiiieniieiieeitete et ettt et et et et eit et e e et esbeebeeatesaee bt enteebeenbeennesaeenee 73
5.3, MEthOAOLOZY .....eeniiieiiieeie ettt ettt ettt e et eebeeaee e 77
5.3.1. MP PIOPEITIES ....vieeiiiieeiiieeiieeeiee ettt et eetee e et e e ae e e seaee e s sbeeessseeesseeenaeesnneeas 77
5.3.2. Experimental setup and instrumentation...........c.ccceeeeeuveenieeeniieeenieeenvee e 78
5.3.3. Experimental ProCeAUIES ........cceevuieriieiiieeiieiiecte et eve e eveesree et seseenee e 81



5.3.4. IMAZE PIOCESSING ...ccuuvieniieiiieiieeitieiee et erieesteestteebeeseeesabeesteesnbeesseesaseeseesnneeneeas 82

5.3.5. Error and uncertainty analysis ........ccccceeevvieeiieeniiiieeieeeiie e 84

5.4. Results and diSCUSSION ...c..eeuviriieriieieiieiieie ettt sttt ettt e 84
5.4.1. Probability distribution and ensemble mean of MP velocities .............ccceeunee... 84

5.4.2. Standard deviations of MP VEIOCILIES ......cc.eevuerieriierienieniieienierieee e 94

5.4.3. MP diffUSION ..oouviiiiiiiiiiiceee e e 96

T T 07033167 L1 T 4 USSP 100

6. Statistical description of intermittent microplastic movements in rough bed flows ...... 101
6. 1. INETOAUCTION .....outiiiiiiiieiieieeeet ettt ettt ettt et sa e et sbeenbeeaeens 101

6.2, LILETALUIE TEVIEW ....euviiuiieiiieiieieeite ettt ettt ettt ettt sbt et eatesae et et e sbeenaeeanesbeenbeeatens 103

(T TR\ (57145 T e (o) [ Y.y V2RSSR 105
6.3.1. MP properties, experimental conditions, and SEtUP ..........cceeerveeerveeerveerinneenns 105

6.3.2. Experimental procedures and image proCessSing.........cccveerveeerveeerveeenveensnveenns 107

6.3.3. EITOT QNALYSIS ...vvieiiieiiieiieeie ettt et sae e aee s e e saesnseeaeeesseesaeenseens 111

6.4. Results and diSCUSSION ......evueiruieiiriieriiiieiienieete ettt s 112
6.4. 1. MP VEIOCIEY ..veiiitiieiie ettt ettt e et e e e e e e e aaeeeaveeesaeeennaee e 114

6.4.2. The hop length and hop duration of MPs..........cccociiiiiiiiiiiiiieeeeeeee 116

6.4.3. Lagrangian description of moving MPS...........cccccoeeiiriiiiiiiniieniieieciecie e 123

0.5, CONCIUSIONS ...ttt ettt ettt ettt et et eat e bt et e saeenbeentesaee st ennesaeenseennens 127

7. General conclusions and future research recommendations 129
7.1, GENETal CONCIUSIONS ....veieiiieeiiieeiieeeieeeeite et e et e e eteeestbeeeseseeesaseeesaeeesaeesnseesnsaeeennes 129

7.2. Recommendations for future research ............coccoviiiiiiiiiiiiiiiee, 131
Bibliography ......ccoccvcecveicnseicssnicssnnicssnnncssnnscssasssssnseons 134
APPENAICES..ccrieuriiisrrissrncssaricsssressssnessssnessssrcssssecans 147
A. A new model for the terminal settling velocity of microplastics..........cccecvevueeenennee. 147

x1



B. The incipient motion of exposed microplastics in open-channel flow

Xii



List of Tables

Table 2-1 Fitted values for S - f4 and their lower and upper 95% confidence intervals for
the NeW Cd fOIMULA .....cc.oiiiiiiiiiiiii e 21

Table 2-2 Accuracies of the existing and new Cys formulas against the experimental data.. 21

Table 2-3 Accuracies of the existing and proposed models for predicting the terminal
settling velocity (ws) against the experimental data............ccoceveeviiiiniininenieenne 24

Table 3-1 Properties of MPs tested in this study. ........ccceeeeieiieiiiiiiiiieee e 33

Table 4-1 Summary of the selected MP properties, flow thresholds, and bed characteristics.
I and II represent the bed grain sizes of 2.5 and 5.0 mm, respectively..........ccceeveenn.ee. 55

Table 5-1 Summary of the MP properties. The density and nominal diameter of
microplastics are denoted by pp and D, respectively. D+ represents the dimensionless
particle diameter. Vs indicates the characteristic velocity. csf represents Corey’s shape
FACKOT. ettt et b ettt ettt 78

Table 5-2 Summary of experimental (bed and flow) conditions for each type of MPs. The
bed roughness is denoted by ks. U represents the ambient flow velocity. Re indicates
Reynolds number. Fr indicates Frode number. u* represents the shear velocity.......... 80

Table 5-3 Summary of the ensemble mean streamwise MP velocity («v»»), the standard
deviation of vx [<d(vx)>], and the scaling diffusion exponent () for nine different cases
involving different types Of MPS. ........coouiiiiiiiiiiece e 90

Table 6-1 Summary of MP properties and hydrodynamic conditions. D» is the nominal
diameter, pp is the MP density, CSF is the Corey’s shape factor, D+ is the
dimensionless particle size, U is the critical flow velocity for MPs, U is the flow
velocity, Re is the Reynolds number, Fr is the Froude number, u~ is the shear velocity,

and ks" is the roughness Reynolds NUMDbET. ............cccccoevivveuieriiieeeieeeeeeeeeeeeeae e, 106
Table 6-2 Statistical characteristics of the kinematic variables of cases 1-4...................... 113
Table A-1 Summary of formulas for the drag coefficient (Ca)................cooiiiiianl. 147
Table A-2 Raw data for this study. ........cccviieiiiiciecce e 148

Table A-3 P-values and variance inflation factors (VIF) of the introduced variables (CSF
and @) in the new Ca formula. .........c.cooiiiiiiiiii e 149

Table B-1 Regression statistics for U: on the dependence of CSF for MPs. P-values < 0.05
indicate statistical SIgnIfiCanCe............ccoiiiiiiiii i 151

xiil



Table B-2 Regression statistics for 4. on the dependence of MP properties (Dn, CSF, and
Ap/p) based on the data collected from both the present study and Waldschldger and
Schiittrumpf (2019b). P-values < 0.05 indicate statistical significance. VIF quantifies
the variance degree of the inflated parameters in a regression model. VIF value > 4
indicates that two or more parameters are correlated and no less than one of which is
101015 w1 18 0] 1TSS 152

Table B-3 Fitted parameters for f1 and 2 and their lower and upper 95% confidence
intervals for the proposed Ac formula. ..o, 152

X1v



List of Figures

Figure 2-1 Comparison of Cys versus Re, for MPs of different shapes and types (densities),
against the drag laws for spherical particles of Clift and Gauvin (1971), Song et al.
(2008), and Cheng (2009). The dots represent all the data points of MPs collected from
the seven studies listed in Table A-2. .......cccooiiiiiiiiiiee e 17

Figure 2-2 Impact of particle sphericity on the Cu versus Rep relationship for MPs in
ambient fluids with the salinities of (a) 0 ppt (parts per thousand), (b) 15 ppt, and (c)
36 ppt. The colored dots are the data from the seven studies listed in Table A-2
(Appendix A). The colored lines represent the best linear fits of each group of MPs
categorized DY SPRETICILIES. ....oeiuiieiieiiieiieeie et s 18

Figure 3-1 The shapes of MPs used in this study (a) and the sketch of the experimental
Y101 oI ) R RRTSR 34

Figure 3-2 The incipient motion U; as a function of 7 (= [gDn(pp-p)/p]*>). The larger size of
a data point indicates a higher CSF value of MPS. .......ccccoviieiiiiiiiiieeeee e 38

Figure 3-3 The experimentally determined critical shear stresses for MP incipient motion,
sorted by MP types, shapes, and Dx. 7 s», and 7. represent the critical shear stress
measured on the smooth bed and rough bed, respectively.......ccceevvveeviieeiiieiiieeeies 40

Figure 3-4 Comparison of the measured ©. - d+ data points for MPs reported in this study
and Waldschldger and Schiittrumpf (2019b) with the classic relationships for sediment.

Figure 3-5 Comparison of the measured /. - d+ data points for MPs reported in this study
and Waldschldger and Schiittrumpf (2019b) with the classic relationships for sediment.

....................................................................................................................................... 43
Figure 3-6 /. as a function of m for MPs. The solid line denotes Eq. (3-10). The dashed

lines indicate the upper and the lower limit of the 95% confidence interval of Eq. (3-

L0 ). ettt ettt ettt e et e te et e ene et e et e entente e beenteeneenteenteeseenseennens 45

Figure 3-7 Comparison of the experimental data of /4. with those calculated with (a) the
formula of combining Waldschldger and Schiittrumpf (2019b) [Eq. (3-1)] with Simoes

(2014) [Eq. (3-7)] and (b) the formula from this study [Eq. (3-10)]. ..cccevvveriirriiannnnne 46
Figure 4-1 Schematic diagram of the characteristics of hidden MPs (gray) with uniform size
(a) and non-uniform size bed grains (b). Bed grains are denoted by white circles....... 53
Figure 4-2 Photos of MPs used in the experiments: PA (a); PET (b); and PVC (c)............. 55

XV



Figure 4-3 Photos of the experimental setup for measuring AH’ , AZ’ ;and AX’ (a),
an example of the PVC-I mixture (b), and the sketch of the flume (C).........ccceveenenee. 57

Figure 4-4 The ratio of the critical shear stress of MPs to the critical shear stress of bed
grains 7./7es,50 versus the normalized MP properties: Dx/Dso (a); (pp - p)Dn/pDso (b); and
[(pp - p)DnlpDs0]P" (¢). The data points with (pp - p)/p < 0.11 are enclosed within a red
elliptical boundary, while those with (pp - p)/p = 0.11 are enclosed within a black
elliptical boundary. The black line in (a) denotes the best fit equation between zc/zcs,50
and Dy/Dso for (pp - p)/p = 0.11. The dash-dotted line in (b) denotes the best fit
equation between 7c/7es,50 and (pp - p)Dn/pDso for the entire range of relative densities of
IVIPS. ettt ettt et e a e s enee e 62

Figure 4-5 The probability densities of 4H (a), 4Z (b), and 4X (c) data for all six mixtures,
and the red lines are fitted normal diStributions............ccccecerierieiiniininnenieeeeene 66

Figure 4-6 Comparisons of the experimentally observed and predicted U. with the new
method for MPs and sediment methods (Baker, 1980; Bai et al., 2013). The solid line
indicates the cases where the prediction matches perfectly with the experimental data.
The dashed lines represent the +15% error lines. The error bars indicate +/- the
standard deviation of the observed Uc values. ..........ccceeverienieniniienienieieceeee 69

Figure 5-1 Sketch of the experimental SEtUP. .........cocuieviiiiiiiiiiiiieeee e 79

Figure 5-2 (a) Flowchart of the image processing procedure applied to each case. (b) A
processed image from a sample test of PET in R1 after the "MPs identification" step.
(c) A processed image from the same sample test after the "trajectory generation" step.
The white dots indicate the identified MPs and the colored lines represent their
respective trajectories over a time interval of 1 8. ....ccooovieviiiiiiiiiiiicceee e 83

Figure 5-3 (a) Probability density distributions of the orientation angle, 8, for different types
of MPs, shown with various colors: PET (orange), PMMA (green), PVC with csf=
0.89 (blue), and PVC with csf'= 0.58 (red). Open squares represent ungrouped data of
6 for all 36 cases. (b) Probability density distributions of the instantaneous streamwise
MP velocity, vy, for different flow velocities, indicated with different colors: U = 35
cm/s (black), 40 cm/s (red), and 50 cm/s (green). Open circles represent ungrouped
data of vx for all 36 cases. The inset shows Gaussian fits for PVC with csf'= 0.89 in R3
and PVC with csf/=0.58 In RS, ..o 86

Figure 5-4 (a) The mean streamwise MP velocity, <vv», versus the corresponding shear
velocity, u+, for all experimental cases. The error bars denote the standard deviation,
<d(vx)>. The three colored dashed lines represent the best linear fits for the relationships
between «vv> and u+, each line corresponding to a specific bed roughness condition: R1-
R3 (red), R4-R6 (green), and R7-R9 (violet). (b) The parameter b in Eq. 1 versus the

xvi



critical shear velocity of different types of MPs, u+, across various ks. The black
dashed line indicates the best linear fit. (c) <vo> versus the corresponding values of u+ -
0.76u+.. The dash-dotted line represents EqQ. 7. ......ccceeeiieriiiiiiiniieiieieeieeee e 90

Figure 5-5 Comparison of the normalized «vx> against the particle Shields parameter &, for
MPs moving on fixed rough beds with the relative roughness height ks/D» < 1 and non-
MPs moving on fixed rough beds or mobile beds. Note that only part of the sediment
data points in Julien and Bounvilay (2013) were plotted since detailed information was
unavailable for the calculations of @, for their full dataset. .............cccoovveieeiiiiieenne.n. 93

Figure 5-6 Comparison of the measured «vx> values of MPs of cases R1-R9 («<voomea) against
the calculated <vxv> values (<vo>car) using the previous formulas for non-MPs (Egs. 5-2
and 5-3) and the proposed formula for MPs (Eq. 5-7). The dashed line represents
D T A U 1 94

Figure 5-7 The normalized standard deviation, <d(vx))/Vs, for different types of MPs as a
function of the particle Shields parameter, @p. The dashed line indicates the best
oY eV 11 11001 (o L ST 96

Figure 5-8 The evolution of the normalized variance of MP streamwise displacement,
o(t)’/D»?, for different bed roughnesses, ks, over a dimensionless time span of zu+/Dj
~ 10. The subplots (a), (b), and (c¢) correspond to ks = 0.5 (R1-R3), 1.0 (R4-R6), and
2.5 mm (R7-R9), respectively. The dimensionless time span is divided into five
logarithmically equal bins, marked by four dotted lines representing the bin boundaries
(tux/Dn=0.17, 0.46, 1.29, and 3.59). Within each bin, a black dashed line represents a
power law fit to the data points. The black and red dash-dotted lines illustrate the
relationships o(7)?/Dy* ~ (tu*/Dy)* and o(7)?/Di’ ~ tu+/D, respectively...............c........ 99

Table 6-1 Summary of MP properties and hydrodynamic conditions. Dx is the nominal
diameter, pp is the MP density, CSF is the Corey’s shape factor, D+ is the
dimensionless particle size, Ue is the critical flow velocity for MPs, U is the flow
velocity, Re is the Reynolds number, Fr is the Froude number, u~ is the shear velocity,
and ks" is the roughness Reynolds NUMDbET. ............cc.covvevivieveviieieeeieeeeeeeee e 106

Figure 6-1 (a) Illustration of sampled trajectories (A, B, C) of three PET particles during a
time interval spanning from 4.6 to 29.3 s, extracted from one of the repetitive tests of
case 3. These trajectories are superimposed onto the frame at # = 29.3 s. The variation
in color of the trajectories is representative of the time evolution. The white dots
indicate the spatial coordinates of the remaining PET particles at the time instance ¢ =
29.3 s. (b) The time series of the streamwise particle displacement (x) over a defined
duration (from #1 = 17.3 s to 2 = 20.2 s, marked by two dashed lines) within trajectory
A. (c) The corresponding time series of the streamwise particle velocity (vx) and (d) the
Boolean variable (M) over the same duration within trajectory A. .........ccceeeeevnennen. 110

xvil



Figure 6-2 The probability density distributions of the orientation angles (8) for (a) case 1,
(b) case 2, (c) case 3, and (d) case 4. The red lines indicate the fitted pdfs................ 113

Figure 6-3 The probability density of the streamwise MP velocity (vx) for (a) case 1, (b)
case 2, (c) case 3, and (d) case 4. The datapoints along with the lines connecting them
illustrate the fit of Eq. 6-2 for each case. ........ccoeieviieiiiiiiieieceeecece e 115

Figure 6-4 The probability density of the hop duration (7%) for (a) case 1, (b) case 2, (¢)
case 3, and (d) case 4. The black line represents Eq. 6-4. ......cccoeviiiiiiiiiniienieeine 117

Figure 6-5 The probability density of the hop length (Lx) for (a) case 1, (b) case 2, (c) case
3, and (d) case 4. The black line represents EqQ. 6-5. .....cooieiiiiiiiiiiiiiiieeeeieee 118

Figure 6-6 The relationships between the streamwise hop length (Lx) and the hop duration
(Tw) for (a) case 1, (b) case 2, (c) case 3, and (d) case 4. Each subplot illustrates the
measured datapoints along with a colored solid line representing the fitted Eq. 6-3, and
a vertical dashed line indicating the corresponding value of 1/D. The black dashed
lines in subplot (a) represent the slopes of Lr o< T and L. o< Tr, respectively. ...... 119

Figure 6-7 The distributions of vx for MPs with hop durations of less than 1/2D, 1/D, and
2/D seconds for all cases are illustrated in subplots (a-c) for case 1, (d-f) for case 2, (g-
1) for case 3, and (j-1) for case 4. In each subplot, lines connected by open markers
depict the fit of Eq. 6-2 for each case, applied without data filtering......................... 122

Figure 6-8 (a) The evolutions of the ensemble mean particle velocity, «vo, with time, #ye, for
all four cases in this study and the numerical data for sediments in Wu et al. (2020). (b)
The autocorrelations of the streamwise particle velocity, <., for cases 1-4 and the
numerical data. The black line represents an example of the exponential fit of case 1
with an exponent of 0.090. (c) The relationship of the diffusion coefficient, D, and the
characteristic correlation time, 7c. The error bars represent the standard errors. ....... 125

Figure A-1 Flow chart of the trial procedure for the calculation of Rep, Ca, and ws for MPs..149

Figure A-2 The Rep - Ca relationship for MPs settling in fluids of different salinities....... 149

Figure A-3 The dependence of CiRe,” on Rep. The black dots are 1,343 experimental data
points of MPs filtered from the studies listed in Table A2. The red line is the linear
approximation of all the data points with RZ = 0.86. .........ccccecevvreerreecreeeeeeereenans 150

Figure B-1 Later distribution of shear stress along the width of the experimental area.....151

Xviii



1. General introduction

1.1. Research background

Plastics entered the stage of industrial production in the mid-20th century (Bergmann et al., 2022).
Since then, annual worldwide plastic production has surged, reaching over 400 megatonnes in
2019, and is expected to reach 500 megatonnes by 2025 (Sutkar et al., 2023; Vidal et al., 2024).
This immense production, coupled with a recycling rate of only one-third, has resulted in

significant global plastic pollution (Shen & Worrell, 2024).

A key aspect of plastic pollution is the breakdown of large plastic items into smaller fragments
through various physical, chemical, and biological processes such as mechanical degradation,
biodegradation, thermal actions, and photodegradation (Sutkar et al., 2023). These small plastic
particles, typically less than 5 mm in size, are known as microplastics (MPs) (Wu et al., 2019).
MPs have been identified as a significant environmental pollutant, making microplastic (MP)

pollution a major global concern (Galloway et al., 2017).

Over the past decade, the threats posed by MPs in aquatic environments have become increasingly
evident. For example, studies have documented their pervasive presence in various water bodies,
from lakes to the remote Arctic Ocean, emphasizing the significant temporal and spatial scale of
MP pollution (Bergmann et al., 2022; Nava et al., 2023; Yang et al., 2021; Zhang, 2017). Moreover,
the detrimental effects of MPs on aquatic biota are concerning (Smith et al., 2018). Due to their
small particle size, MPs can be easily ingested by marine filter feeders, leading to adverse
physiological reactions such as blockages or mechanical damage to digestive organs (Botterell et

al., 2019). Furthermore, the hydrophobic nature and large surface-to-volume ratio of MPs enable



them to carry, transfer, and accumulate harmful chemicals within the biological community and
food web (Avio et al., 2015). These identified threats highlight the urgent need for effective

strategies to mitigate and manage MP pollution in aquatic environments.

Most research on MPs in water bodies has primarily focused on their abundance, sampling
techniques, biochemical consequences, and corresponding removal methods (Chubarenko et al.,
2016; Van Melkebeke et al., 2020). However, this focus has overshadowed the study of MP
transport processes in open channel flow. Open channel flow, which includes rivers and streams,
is a major pathway for MPs, playing a critical role in their widespread distribution in aquatic
environments (Mennekes & Nowack, 2023; Strokal et al., 2023). Gaining a deeper understanding
of how MPs are transported in these flows is essential for developing predictive models of their
temporal and spatial distribution, as well as for creating effective, site-specific removal strategies
(Critchell & Lambrechts, 2016). Therefore, understanding the mechanisms and specific parameters
that govern the transport and fate of MPs in open-channel flows is of both practical and significant

importance.

The transport of MPs can involve particles that are buoyant (p, < 1 g/cm?®), neutrally buoyant (p,
~ 1 g/cm?), and negatively buoyant MPs (p, > 1 g/cm?), depending on their density (pp) relative to
the surrounding fluid (p). Previous studies (Ballent et al., 2013; Ballent et al., 2012) have
highlighted the need to investigate the transport mechanisms of negatively buoyant MPs. These
negatively buoyant MPs tend to settle and accumulate in the beds of rivers, lakes, reservoirs,
wetlands, and oceans (Schell et al., 2020; Yang et al., 2021). Once being mobilized, negatively
buoyant MPs can contribute to widespread pollution. However, challenges in benthic sampling

have limited studies on the abundance of negatively buoyant MPs, leading to an underestimation



of their presence and the importance of understanding near-bed transport mechanisms (Ballent et

al., 2013). To date, research on the near-bed transport mechanisms of MPs remains limited.

The near-bed transport process of MPs could be conceptualized to include various representative
transport behaviors, such as settling, initiation of mobilization, continuous movement, and
intermittent movement with alternating states of resting and motion. Specifically, denser MPs may
first experience a settling process and then be deposited on the beds of water bodies under weak
hydrodynamic conditions. In a simplified scenario where a spherical MP particle settles in a static
fluid, the particle reaches a state where gravity and buoyancy are balanced by the drag force. The
settling velocity at this state, known as the terminal settling velocity, is a key parameter in

characterizing the transport and fate of MPs in water bodies (Khatmullina & Isachenko, 2017).

Deposited MPs may be retained on the beds of water bodies, like riverbeds, which can serve as
temporary or permanent sinks for MPs (Drummond et al., 2022). If the flow intensity exceeds a
certain threshold, deposited MPs tend to initiate their mobilization, known as incipient motion (Bai
et al., 2013). The concept of incipient motion is well-defined in sediment transport research and
remains crucial in the study of MP transport. Investigating incipient motion in the context of MPs
is essential for seeking answers to questions such as how long MPs tend to stay in one place and
the conditions under which they begin to move. It is also worth noting that MPs vary in size and
shape, as do bed materials. In some cases, MP particles are smaller than the bed particles and thus
they are sheltered from the flow. In these situations, MPs are expected to require a higher flow
threshold for their incipient motion. Therefore, investigating flow thresholds for MP incipient
motion may require a clear distinction between cases where MPs are sheltered and those where

MPs are more exposed.



After being mobilized, MPs begin their transport, exhibiting different behaviors depending on the
flow intensity. At flow intensities near the threshold of incipient motion, MPs tend to move
intermittently rather than continuously, alternating between periods of rest and motion
(Campagnol et al., 2015). Under stronger hydrodynamic conditions, MPs move continuously. An
investigation of continuous or intermittent movements of MPs is necessary for comprehending
their transport mechanisms, including their diffusive behavior, initial deposition in streambeds,

and predicting preferential accumulation zones.

1.2. Knowledge gaps, hypothesis, and research objectives

Several knowledge gaps related to the aforementioned representative transport behaviors of MPs

have been identified, along with corresponding objectives. They include:

Gap 1: No generalized formula has been proposed for the drag coefficient and terminal settling

velocity for MPs of different shapes and materials.

Objective I: A reliable universal model to predict the drag coefficient and terminal settling velocity
of MPs will be developed, based on an analysis of previous MP settling data collected from

laboratory experiments and fieldwork.

Gap 2: The previous formula of dimensionless shear velocity for the incipient motions of exposed
MPs does not consider the shapes of the MPs and it is only tested for PS, PA, PVC, and PET.

Additionally, the critical incipient flow velocity for exposed MPs has not been reported.

Objective 2: The impact of MP properties on the critical flow velocity will be examined. Moreover,
a new estimation method for the threshold of dimensionless shear stress will be developed, which

will be valid for exposed MPs with various sizes, shapes, and densities.



Gap 3: Critical flow conditions for incipient motions of hidden MPs on rough beds have not been

investigated.

Objective 3: A new empirical prediction method for the critical shear stress of hidden MPs will be
proposed. Furthermore, a semi-empirical estimation method for the critical flow velocity will be

introduced, where the sheltering effects will be described explicitly.

Gap 4: No studies have been reported on MP continuous movements yet.

Objective 4: A new prediction method for ensemble mean streamwise MP velocity will be
proposed. Moreover, the potential impacts of MP properties and flow conditions on the variation
of the standard deviation of MP velocity will be discussed. The diffusive regime during MP

continuous movements will be identified.

Gap 5: No studies have been reported on intermittent movements of MPs.

Objective 5: The potential impacts of MP properties and flow conditions on key kinematic
variables during MP intermittent movements, such as hop length, hop duration, and MP velocity,

will be revealed.

1.3. Thesis outline

This thesis is organized into seven chapters and written as paper-based. Chapters 2-6 explore key
aspects of near-bed MP transport, from the onset of the transport process including settling
(Chapter 2) and incipient motion (Chapters 3 and 4) to their sustained behaviors including
continuous (Chapter 5) and intermittent movements (Chapter 6). The detailed outline of this thesis

1s as follows:



Chapter 2 presents a literature review of existing formulas for predicting the terminal settling
velocity of MPs. Based on the published MP settling data, a new explicit model is proposed for

the drag coefficient and settling velocity.

Chapter 3 systematically investigates the effects of bed roughness and MP properties (shapes, sizes,
and densities) on the critical flow velocity and shear velocity required to initiate the movement of
exposed MPs through a series of flume experiments. A new estimation method for the critical shear

velocity is proposed.

Chapter 4 addresses the challenges in predicting the mobilization threshold of MPs due to
sheltering effects from bed materials. It proposes a new formula for the critical shear stress and
develops a semi-empirical method for determining the critical flow velocity, incorporating explicit

measures of sheltering effects.

Chapter 5 explores the near-bed transport characteristics of MPs in rough bed flows using particle
tracking velocimetry. A revised empirical formula to estimate the ensemble mean streamwise MP
velocity is proposed, and the diffusive regime associated with continuous MP movements is

1dentified.

Chapter 6 examines the intermittent transport characteristics of MPs in open channel flows through
a series of tracking experiments under flow conditions near the critical flow thresholds of MP
mobilization. Key kinematic variables, such as MP velocity, hop length, and hop duration, are

systematically investigated.

Chapter 7 provides general conclusions and briefly discusses future directions of research

regarding the MP transport mechanism.



2. A new model for the terminal settling velocity of microplastics!

2.1. Introduction

Microplastic particles (MPs) cause marine and freshwater habitat deterioration (Acampora et al.,
2016) and have drawn wide attention globally (Isachenko, 2020). Due to their small particle sizes
(< 5 mm), MPs can be easily ingested by aquatic organisms and cause negative physiological
reactions (Botterell et al., 2019). Moreover, harmful chemicals such as persistent organic
pollutants or metals attached to the surface of MPs can be accumulated or transferred into the food
chains (Avio et al., 2015). Most existing MP research focuses on the abundance, biological, and
chemical consequences of MPs (Zhang, 2017), while the physical properties of MPs including

hydrodynamic behaviors have been much less studied.

About half of plastics (and thus MPs) are denser than freshwater (Morét-Ferguson et al., 2010).
The settling process is the main movement of negatively buoyant MPs, and the terminal settling
velocity is a key parameter to characterize MP transport and fate in water bodies (Khatmullina &
Isachenko, 2017). Laboratory experiments on MP settling (Ballent et al., 2012; Khatmullina &
Isachenko, 2017; Kowalski et al., 2016) suggest that the sizes and shapes of MPs can affect the
particle Reynolds number (Rep) and the drag coefficient (Ca), and hence affect the particle terminal
settling velocity. For instance, the proportion of settlement of MPs with a size of about 5 um is
low (18-25%) in rivers, indicating most of these MPs will be transported by rivers to downstream
oceans; while millimeter-sized MPs are easy to deposit in rivers (Besseling et al., 2017). Studies

have also shown that: the more irregular the MP shape or the smaller the particle size, the smaller

' The content of this chapter has been published as: Yu, Z., Yang, G., & Zhang, W. (2022). A new model for the terminal
settling velocity of microplastics. Marine Pollution Bulletin, 176, 113449.



the terminal settling velocity (Chubarenko et al., 2016; Khatmullina & Isachenko, 2017; Kowalski

etal., 2016).

In natural water bodies, it is challenging to study the transport of MPs since they are not as visible
as large, floating macro-plastics, which necessitates the development of a reliable settling model
of MPs. To obtain the terminal settling velocity, the gravity and buoyancy acting on a particle
falling in a still fluid must be balanced by the drag force, for which the drag coefficient (Ca) is
important. Semi-empirical or empirical formulas on Ca have been proposed for MPs (Chubarenko
et al., 2016; Khatmullina & Isachenko, 2017; Song et al., 2017). Given MPs and sediment particles
are similar in geometry, studies have shown that the Cs formula for sediments might apply to MPs,
but only to spherical and cylindrical MPs (Chubarenko et al., 2016; Khatmullina & Isachenko,
2017) due to the great differences in densities, sizes and shapes between MPs and sediments as
well as among MPs. Thus, it is essential to further advance the knowledge of predicting Cs and

terminal settling velocity for MPs of various shapes, sizes, and densities.

Formulas of Cs for non-MP, non-spherical particles have been developed, which lay the foundation
for MPs. Yet, these formulas are valid only for certain shapes of particles, e.g., cylinder (Gabitto
& Tsouris, 2008) and cube (Song et al., 2017), and are limited for particles of irregular shapes and
different materials. In addition, existing studies introduced different shape factors to quantify the
influence of particle shapes; however, there are no universal or widely accepted shape descriptors.
For instance, shapes can be described as sphericity (@) (Holzer & Sommerfeld, 2008), flatness
index (Kowalski et al., 2016), or power roundness (Waldschlager & Schiittrumpf, 2019a). As a
result, the results from different studies can be hardly compared. Representative shape descriptors
need to be selected to generalize the effect of shapes on Cqs and the terminal settling velocity for

MPs.



To explore the above-mentioned knowledge gaps, a new and more reliable formula for predicting
Ca was built in this study for MPs of different shapes (spherical and non-spherical), different
materials, and settling in different ambient fluids. This formula was then used to build a model to
better predict the terminal settling velocity of MPs. This study is useful to comprehend the

transport and fate of MPs in aquatic environments.

2.2. Literature review

For a particle weighted m settling at a velocity of ws in a static fluid, the movement can be
expressed as follows:
dw, m w’

@, P P8 Cudp, = @-1)

where pp and pr are the densities of the particle and fluid, respectively; g is the gravitational
acceleration; Cy is the drag coefficient; 4, is the projected area of the particle in the settling

direction. When dw, _ 0, the terminal settling velocity of the volume-equivalent sphere can be

dr

derived from Eq. (2-1) as:

W _\/4(pp—pf)gd,, (2-2)
3prd

where dn (=3/6V/r ) is the diameter of the volume equivalent sphere and V' is the particle volume.

From Eq. (2-2), to predict ws, the evaluation of Cy is essential. Previous studies (Brown & Lawler,
2003; Cheng, 2009; Clift & Gauvin, 1971; Haider & Levenspiel, 1989) established the

relationships between Cq and the particle Reynolds number Rep, where Rep is defined as:



wd
Re = Prln (2-3)
P
U

where p is the fluid dynamic viscosity. These Ca ~ Rep relationships and their application ranges

are summarized in Table A-1 in Appendix A.

Clift and Gauvin (1971) proposed the drag law for Ca of spherical particles (Cad.s), which covers

three regimes (laminar regime with Re, < 1; transitional regime with 1 <X Re, < 10°; and turbulent

regime with 10° < Re, < 2x10°):

C&S::;%£=+J¥L(015Re2“7)+——£Li%——
Re, Re, 1442500 (2-4)
Rel .16

)4

Song et al. (2008) proposed a quasi-theoretical model for Cs of sediment particles:

2/n n
C, = ( V34 J +B" (2-5)

Zd 3/2

where 4 (=32.2), B(=1.17), and n (= 1.75) are constants. d. is the dimensionless particle diameter:

(2-6)

where v is the fluid kinematic viscosity. Chubarenko et al. (2016) showed that Egs. (2-5) and (2-6)
can be also applied for smooth spherical MPs. Within the same range of Re, (< 1 ~2x10°) as Song

et al. (2008), Cheng (2009) proposed a simple Cs ~ d* formula for spherical particles:
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C, = % (1+0.022d.7)" +0.47[ 1-exp(-0.154."% ) (2-7)

*

which showed a better performance than other studies (Cheng, 1997; Guo, 2002; Ranieri, 2008).

Based on the studies on multiphase flow (Dellino et al., 2005; Haider & Levenspiel, 1989), it is
known that for any given Rep, the Ca values of irregular particles are greater than those of spherical
particles. Therefore, to predict the terminal settling velocity of non-spherical particles, Chien (1994)

introduced sphericity (@) to describe their difference compared to perfect spheres (@ = 1). The

sphericity is defined as Aspi/As, where As is the surface area of the real particle and Aspn = 4n (dn /2)2

is the surface area of the volume-equivalent sphere.

However, the sphericity @ itself is difficult to represent highly irregular particles. For instance, a
piece of MP fish line may share the same @ value as an MP pellet, while they have different settling
properties (Khatmullina & Isachenko, 2017). Previous studies introduced another shape descriptor
to describe the effect of particle shapes together with @. For instance, for non-MP particles with
high densities (2,680, 4,450, 7,960 kg/m?), Song et al. (2017) introduced a dimensionless

parameter (.S) in their Cs formula:

500 |
c, :W(1+0.017d3 )’ (2-8)

where S = Se/Sp, Se 1s the surface area of the equivalent sphere and S, is the projected area of the
particle in the settling direction. The Corey’s shape factor (CSF) is another commonly used shape

descriptor for irregular, angular particles (Khatmullina & Isachenko, 2017). CSF is defined as
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c/(ab)"?, where a, b, and c are the lengths of the longest, intermediate, and shortest sides of a

particle, respectively. The range of CSF'is 0 - 1, where 0 is for a disk and 1 is for a cube or a sphere.

Waldschldger and Schiittrumpf (2019a) proposed Ca expressions for MP pellets and fragments as

well as for fibers:

3
C,(pellets & fragments) =| ————
o7 Jragments) [CSF3Rep]

(2-9)

Cd(ﬁbers):{\/% +\/CSF]

For calcareous sand particles with CSF'=0.11 to 0.98 and Rep = 0.3 to 454.3, Alcerreca et al. (2012)

proposed a Ca ~ d+ relationship:

4 d;
3

3 2-10
(1/22+1.13d3 —4.67) (2-10)

Moreover, formulas for directly calculating ws of MPs without using Cs, have been reported
(Francalanci et al., 2021; Wang et al., 2021). Francalanci et al. (2021) proposed a formula for

predicting ws of MPs characterized by different shapes:

a"SCSFO%8p0s P,~Pr8g

P,V
s = a’+b* +c* f Ps—Pr g 0059 (-1
-0.38 0.19 -0.1602 3 s . 0.4942CSF™
184 (L2220 | 0.2781CSF 2 2 P &

3 o Vv
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where dy=(CSF)*** (ab)o‘s. Eq. (2-11) can be applied to all regimes of Rep. Wang et al. (2021)

proposed a model that predicts ws of MPs based on the shape, density, and particle size as well as
fluid density:

0495 0.777 0.710
Pp—/’f] d, "CSF (2-12)

WS = 10434[_ pf g v0_124

Eq. (2-12) is valid for MPs with shapes like a near-sphere or polygonal ellipsoid. Fragmented and

fiber-shaped MPs were not considered in their experiment.

2.3. Methodology

2.3.1. Data collection

All the available laboratory experimental data (1,343) on MP terminal settling velocity reported in

the literature from 2016 to 2021 were collected as raw data for this study. Nine types of MP
materials have been reported, with (,0p - ,Of)/pfz 0.02 - 0.56. The reported MPs have various

shapes (cylinder, disk, pellet, fiber, fragment, and film) with wide ranges of CSF (0.01 -1.00) and

@ (0.06 -1.00). Table A-2 in Appendix A provides a detailed summary of these raw data.

From the original dataset, 644 data points were filtered out (see Table A-2), with 699 data points
remaining for developing the new Ca formula and the terminal settling velocity model in this study.
The filtering was mainly because these data points did not provide or have enough information to
calculate the shape descriptors (@ and CSF) of MPs. After the filtering, the @ and CSF values
ranged from 0.01 to 1.00, and Rep ranged from 1 to 300, covering the majority range of Re, of

existing MP studies.
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The Cavalues were not directly provided in two of the collected studies (Khatmullina & Isachenko,
2017; Kowalski et al., 2016). From the measured data of ws, it is possible to calculate the

experimental values of Cq via rearranging Eq. (2-2):

o 4gd, (p, - p;)

d

2-13
o (2-13)

2.3.2. Terminal settling velocity model

Eq. (2-9) contains the implicit relationship between Ca and the terminal settling velocity (ws) of
MPs because Rep is a function of ws [Eq. (2-3)]. To solve for ws, an iteration procedure is required
(see Figure A-1 in Appendix A for the iteration process), and this type of model is the so-called
implicit model (Song et al., 2017). Due to the much lower efficiency of using implicit models
(Cheng, 2009; Song et al., 2017), an explicit model was proposed in this study to compute ws by

using the Ca ~ d. relationship.
According to Dioguardi and Mele (2015), for spherical particles, CaRey> was calculated by

combing Egs. (2-2), (2-3), and (2-13):

, 4gdip,(p,-p)
_ -

C,Re

p

(2-14)

From Eq. (2-14), CaRe,” is independent of ws. To apply Eq. (2-14) to non-spherical MP particles,
particle shapes need to be considered. Dioguardi and Mele (2015) found that CiRe,*/Cas and Rep

have a power-law relationship, with the consideration of sphericity (®):
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Re,=m (g—d Re, " J (2-15)

d,s

where m, [, and n are constants.

Previous studies (Cheng, 2009; Song et al., 2017) have shown that Ca can also be expressed as a
function of d. and varies with d. in a similar pattern as the Ca - Rep relationship. With this
consideration, Eq. (2-15) can be expressed in the form of Cu = function (d*, Cas, @). Following
this form and introducing the other shape descriptor CSF, the new drag law for spherical and non-

spherical MPs was proposed:

C

d,s

= (d*ﬂl ¢df2 CSFd*ﬂz )ﬂ4

d

(2-16)

where f1, f2, f3, and B4 are constants obtained by fitting with the experimental data of MPs
collected from the literature. The numerator, Cds, in Eq. (2-16) can be calculated directly from Eq.

(2-7).

With Cz computed from Eq. (2-16) for a given d«, ws can be obtained from the following equation

(Cheng, 2009; Francalanci et al., 2021; Song et al., 2017).

1/3
Ww :Lz)gps_pr 44, (2-17)

2.3.3. Model performance evaluation

The dataset of the calculated Cy.caic was compared with that of measured ones, Cd.meas, by using the

absolute value of relative error ( | Err% | ):
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i |C(1 cale,i - Cd meas i
— C 4 2-18
| Err%|= = v x100 19

and by using the root-mean-square error (RMSE):

2
ﬁ: Cd,ca[c,i - Cd,meas,i
i=1 Cd meas i (2- 1 9)
T x100
N

RMSE =

where N is the number of the total data points.

To assess the prediction ability on the terminal settling velocity of the explicit model, | Err % |
and RMSE were calculated similarly from the measured values (wsmess) and the calculated ones

(Ws,calc).
2.4. Results and discussion

2.4.1. Impact and significance of MP shapes on Cy

The majority of the existing MP data are in the transitional regime (1 < Rep, < 10°), as shown in
Figure 2-1. Comparison between the experimental Ca ~ Rep for MPs and the formulas for spherical
particles [Eqgs. (2-4), (2-5), and (2-7)] suggest that the formulas significantly underestimate (by up
t0 95%) Ca values for 95 % of the irregular MPs in the transitional regime. For the turbulent regime
(10° < Rep < 10%), the limited data points shown in the figure were from spherical MPs, and
therefore they agree well with the drag law. The root cause for the poor prediction of the spherical
drag law is the formulas do not take particle shapes and densities into account, which can be

dominant factors for MP settling in the transitional regime (Saxby et al., 2018).
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Figure 2-1 Comparison of Cy versus Rep for MPs of different shapes and types (densities), against
the drag laws for spherical particles of Clift and Gauvin (1971), Song et al. (2008), and Cheng
(2009). The dots represent all the data points of MPs collected from the seven studies listed in
Table A-2.

To illustrate the shape effect of MPs on Cu, the experimental data in water bodies of different
salinities are compiled in Figure 2-2 for various MP sphericities (@). The experimental data points
fall into distinct groups according to their sphericities. For comparison purposes, each group was
fitted by linear regression (R? > 0.75 for 90% of cases). It is clear that MPs with larger sphericity
(closer to spherical shape) have lower Cq for the same Re,. For example, Figure 2-2 (a) shows that
in the transitional regime, for the same Rep, the Ca value of pellets (@ =1) is smaller than that of
particles with @ = 0.36. Similar observations have been reported for other particles, e.g., volcanic

ashes (Saxby et al., 2018) and pumices (Dellino et al., 2005). Figure 2-2 also shows that for MPs

with the same Rep and @, the impact of different salinities on the Ca value of MPs is limited (see
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Figure A-2 in Appendix A), despite that the impact on the w;s value cannot be ignored (Kowalski

etal., 2016).
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Figure 2-2 Impact of particle sphericity on the Cas versus Re, relationship for MPs in ambient fluids
with the salinities of (a) 0 ppt (parts per thousand), (b) 15 ppt, and (c) 36 ppt. The colored dots are
the data from the seven studies listed in Table A-2 (Appendix A). The colored lines represent the
best linear fits of each group of MPs categorized by sphericities.
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Similarly, to examine the impact of the other important shape descriptor CSF, all the collected data
points of Ca versus Rep are grouped as per CSF values in Figure 2-3. Generally, it demonstrates a
clear, negative relationship between CSF and Cy for the same Re,. For instance, for Rep, = 10, Cu
decreases from 14.57 to 6.75 as CSF increases from 0.36 to 1.00. This is attributed to that a larger
CSF value typically means a smaller cross-sectional area perpendicular to the transport path and a

weaker flow separation, leading to a decrease in Cq value.

CSF
) 0.95 ——Linear fit (R* = 0.90)
10°¢ 0.92 — Linear fit (B> = 0.75)

0.73 —— Linear fit (R* = 0.98)
0.54 Linear fit (R* = 0.98)
0.44 — -Linear fit (R* = 0.97)

10'F 0.36 —— Linear fit (R* = 0.95)
- 0.24 Linear fit (R> = 0.85)
~ 0.02 —— Linear fit (R* = 0.64)
10°F
10-1 el PPN | PPN | PPN | PR
10" 10° 10' 10° 10° 10*
Rep

Figure 2-3 Impact of particle CSF on the Ca versus Re, relationship for MPs with Re, = 1 - 10°.
The colored lines represent the best fitted linear line for each group of MPs.

To analyze the significance of the influencing factors of @ and CSF, the relationship of CuRep? ~
Rep was plotted (see Figure A-3 in Appendix A). The CaRep* ~ Rep relationship is expected to be
linear for sediments and pumices (Dellino et al., 2005; Dioguardi & Mele, 2015; Zhu et al., 2017).

Figure A-3 shows that the data points of MPs are well fitted by a linear line, and the correlation
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coefficient R? is high (0.86). Note that the regression covers all the 1,343 raw data points (Table

A-2 in Appendix A).

Through linear regression, statistics indicators including the P-value and variance inflation factor
(VIF), were obtained from SPSS Statistics 22.0 and are listed in Table A-3 in Appendix A. VIF
quantifies the variances degree of how the predictors are inflated and the strength of correlation
between the predictors. If VIF > 5 (Akinwande et al., 2015), two or more predictors are correlated
(multicollinearity) and at least one of them is redundant. To reduce the collinearity, one or more
predictors should be eliminated. In this study, for @ and CSF, the P-values are both < 0.05 and the
VIF values are both < 5 (Table A-3 in Appendix A), indicating that each predictor has a great
significance in the CaRep” ~ Rep relationship and both variables should be considered. Hence, CSF

and @ can describe the shapes of MPs from different aspects.

2.4.2. Performance of the new C,formula for MPs

The fitted values of f1, 2, B3, and f4 in the new Cu formula [Eq. (2-16)] and their 95% confidential
intervals are given in Table 2-1. The formula has a good performance in predicting Cs and the
adjusted coefficient of determination, R? is 0.93. The accuracies of the new Cs formula and
existing Cs formulas for non-spherical particles (Alcerreca et al., 2013; Chubarenko et al., 2016;
Song et al., 2017; Song et al., 2008; Waldschldger & Schiittrumpf, 2019a) are compared in Table
2-2. The new formula has |Err% | = 15.2% and RMSE = 17.3% against the experimental data,
both of which are much lower compared to the existing formulas that have | Err% | =42.5-72.8%
and RMSE = 49.0 - 105.8%. This demonstrates the advantage of the new Cs formula, compared to

the existing formulas.
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Table 2-1 Fitted values for S - f4 and their lower and upper 95% confidence intervals for the
new Cq formula

Parameter Value Lower 95% confidence interval Upper 95% confidence interval

B -0.25 -0.36 0.13
2 0.03 -0.34 0.40
B3 0.33 0.16 0.49
B 0.25 0.12 0.37

Table 2-2 Accuracies of the existing and new Cqs formulas against the experimental data

Formula Eq. of Ci |Err %| RMSE (%)
Song et al. (2008) & Chubarenko et al. (2016) (2-5) 48.3 52.9
Alcerreca et al. (2012) (2-10) 42.5 49.0
Song et al. (2017) (2-8) 54.5 105.8
Waldschlager & Schiittrumpf (2019a) (2-9) 72.8 74.2
This study (2-16) 15.2 17.3

For further comparison, the values of | Err'% | and RMSE of all the formulas are plotted in Figure
2-4 specifically for MPs grouped by materials and shapes. The new Cs formula has the lowest
values of | Err% | and RMSE in almost all (11 out of 12) the groups of MPs, and low values for
one group (PS pellet). This suggests the wider application range of the new Cu formula for different

MP materials and shapes, compared to the other four existing formulas.
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Figure 2-4 Absolute relative error ( | Err% | ) and root-mean-square error (RMSE) of Ca for MPs
of different materials and shapes. The comparisons were made against the experimental Cq values
from the studies listed in Table A-2. PA - polyamide; PVC - polyvinyl chloride; PS - polystyrene;
PET - polyethylene terephthalate; FC — fluorocarbon; PE —polyethylene; PCL - polycaprolactone;
POM - polyoxymethylene; PMMA — polymethyl methacrylate.

Despite the new formula having the lowest error levels, the Ca value predicted from Eq. (2-16) still
fluctuates at around 15% ( | Err% | = 15.2%). Possible reasons include instrumental error,
measurement error, and uncertainties that cannot be avoided in any laboratory experiment. Another
possible reason is that given the fact that 30% of the data are for highly irregular MPs such as fish
lines and fibers (Khatmullina & Isachenko, 2017; Van Melkebeke et al., 2020), their secondary
movements including rotation or tumbling (Khatmullina & Isachenko, 2017) could affect their

falling trajectory and thus increase the variations of ws and Ca.
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The new Cas formula suggests that both @ and CSF' are important, and they cover each other’s
deficiency in describing the shapes of MPs. Previous studies also proposed other shape descriptors

such as X (circularity), ¥ (the ratio between @ and X) (Dellino et al., 2005; Dioguardi & Mele,

2015; Dioguardi et al., 2018), S (Song et al., 2017), Cailleux's Flatness Index (=a2—+b) or
C

Krumbein's Sphericity Index (= (b_f) ) (Kowalski et al., 2016). These descriptors are not included
a

in the new Cy formula, because each of them is suitable for particles with specific characteristics,
e.g., X is suitable for particles with sharp corners (Wang et al., 2018). Moreover, some shape
descriptors, like Cailleux's Flatness Index and ¥, could be obtained indirectly from CSF and @
with different approximations (Dioguardi et al., 2018). Hence, for future research related to MP

shapes, both CSF and @ are suggested to be used for comparison among different studies.

2.4.3. Performance of the terminal settling velocity model for MPs

The present terminal settling velocity (ws) model is based on the new Ca formula, Eq. (2-16), and
the explicit equation of ws, Eq. (2-17). The modeling results (ws.caic) are plotted against the
experimental data (wsmess) in Figure 2-5, together with three existing explicit models for ws
(Francalanci et al., 2021; Song et al., 2017; Wang et al., 2021) for comparison purpose. The present
model (Figure 2-5d) has a better prediction on ws than the other three models (Figure 2-5a-c),
because the value of the correlation coefficient R? is the highest (0.99). Moreover, the fitted line
of the ws,calc ~ Ws,meas relationship has a slope of 1.01, which is closer to 1.00 compared to those
(0.79-1.50) from the other three models. Furthermore, the data scatteredness is small in the present
model. Song et al. (2017)’s model also has a good performance (Figure 2-5a), but the range of ws
is only limited to 0 - 6 cm/s and the data points are much smaller (only 315 vs. 699 in Figure 2-5d),

mainly because of the limited application range of @ and Rep in that model.
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Figure 2-5 Plot of wsmeas Obtained from experimental data versus wscaic calculated from the models
of (a) Song et al. (2017); (b) Wang et al. (2021); (c) Francalanci et al. (2021); and (d) this study.

The comparison results of | Err% | and RMSE for all the models are summarized in Table 2-3. The

present ws model offers the best fit to the experimental measurement data, with the lowest | Err% |

= 8.8% and RMSE = 11.4%. For the other three models, | Err% | ranges from 15.4% to 77.2%,

and RMSE ranges from 21.0% to 84.9%.

Table 2-3 Accuracies of the existing and proposed models for predicting the terminal settling
velocity (ws) against the experimental data

Model Eq. of wy |Err %| RMSE (%)
Song et al. (2017) (2-8) & (2-17) 15.4 21.0
Wang et al. (2021) (2-12) 20.1 28.3
Francalanci et al. (2021) (2-11) 77.2 84.9
This study (2-16) & (2-17) 8.8 11.4
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Figure 2-6 further compares all the ws models for MPs grouped by materials and shapes. The
present model has the lowest values of | Err% | and RMSE for almost all (10 out of 12) the groups
of MPs, and low values for the remaining two groups (PS pellet and PS fragment for | Err% | ; PS
pellet and PVC nodular for RMSE). Thus, it can be concluded that the present ws model can predict

well the terminal settling velocity for MPs of different materials and shapes in the transitional

regime.
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PA Nodular E @) — (b)
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Figure 2-6 Absolute relative error ( | Err% | ) and root-mean-square error (RMSE) of ws for MPs
of different materials and shapes, using the formulas in Table 2-3. The comparisons were made
against the experimental ws values from the studies listed in Table A-2.
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2.4.4. Limitations of the model

The first limitation of the present model is that it currently only focuses on the transitional regime
(Rep =1 -300). In the laminar regime (Rep < 1), so far only one study on micrometer MPs (Kaiser
et al., 2019) has been reported where wy is small. For the turbulent regime (Rep > 10°), similarly,
only one study (Khatmullina & Isachenko, 2017) with limited data points for spherical MPs has
been reported (Figure 2-1). More experimental data points are needed to expand the present model

to the laminar and turbulent regimes.

Besides, the present model only considers the settling of single particles. The flow disturbance
produced by neighboring particles (Uhlmann & Doychev, 2014) is neglected. Hence, the model is
applied to the case where the concentration of MPs is small enough to neglect such
neighboring/swarm effects. Since no MP studies have provided the concentration threshold, further
research should be conducted concerning this topic. Moreover, this model does not include the
impact of ambient water turbulence on the settling of MPs. In fact, limited studies have been
reported in this area. Wang et al. (2021) found that the average ws of MPs in isotropic turbulence
considerably reduced compared to that in a quiescent fluid; and under the isotropic turbulence
condition itself, ws can be suppressed or enhanced depending on turbulence intensity. More work

should be done to quantify the effect of ambient turbulence on the ws of MPs.

2.5. Conclusions

Settling of MPs in oceans and freshwater is important for studying the transport and fate of MPs
and assessing their environmental or ecological impacts. However, existing formulas on the drag
coefficient (Cs) and models for the terminal settling velocity (ws) are not able to accurately predict

them due to the various shapes, sizes, and materials of MPs. In this study, a new Cs formula [Eq.
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(2-16)] and an explicit ws model [Egs. (2-16) and (2-17)] for MPs were proposed based on the

experimental data reported in 2016 - 2021 (1,343 raw data and 699 filtered data). The main

conclusions are as follows:

1.

Particle sphericity (@) and Corey’s shape factor (CSF) are two important shape descriptors
that each has an important impact on Cas of MPs. The two parameters are suggested to be

used together to reflect the particle shape impact.

The new Cs formula introduces the dimensionless particle diameter (d+), @, and CSF and
modifies the drag law for spherical particles. The new formula shows better accuracy than
the four existing formulas, with | Err% | = 152% and RMSE = 17.3%, smaller

than | Err% | =42.5 - 72.8% and RMSE = 49.0 - 105.8% of the existing formulas.

The present explicit ws model also shows better accuracy than the three existing explicit
models. The present model’s |Err°o | = 8.8% and RMSE = 11.4%, both are lower than

| Err% | =15.4 - 77.2% and RMSE = 21.0 - 84.9% of the three existing models.

The present Cs formula and ws model can be applied to the transitional regime (Rep = 1 -
300), in which most of the existing MP data lie. More experiments are needed for the
laminar regime (Rep, < 1) and turbulent regime (Re, > 10°) to expand the current formula

and model to these regimes.
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3. The incipient motion of exposed microplastics in open-channel

flow?

3.1. Introduction

Recent studies have shown that microplastic (MP) pollution is ubiquitous in aquatic environments
(Ballent et al., 2013; Ballent et al., 2012). The abundance, adverse impacts, and removal of
microplastics (MPs, < 5 mm) have been or are being investigated extensively (Schell et al., 2020;
Yang et al., 2021). However, studies of the transport of MPs in freshwater and oceans, especially
the incipient motion (the initiation of movement) of MPs, are quite limited (Waldschlédger et al.,
2022). To further understand the transport and fate of MPs and guide their pollution control (Wu

et al., 2019), it is important to understand the mechanism of incipient motion for MPs.

Previous studies on MP dynamics mainly focused on rising and settling processes (Khatmullina &
Isachenko, 2017; Kowalski et al., 2016; Morét-Ferguson et al., 2010). Since half of all plastics are
denser than seawater (Morét-Ferguson et al., 2010), the terminal settling velocity, ws, 1s a key
parameter to characterize the migration of MPs in water bodies (Kowalski et al., 2016). Studies
have found that the density, shape, and particle size of MPs have substantial impacts on ws
(Kowalski et al., 2016). After MPs settle to the riverbed or seafloor, stream-wise transport starts
with particle incipient motions under the action of currents. So far, only two studies have examined
the threshold of MP incipient motion (Ballent et al., 2013; Waldschldger & Schiittrumpf, 2019b).

The minimum flow shear stress required to move a single particle, defined as the critical shear

2 The content of this chapter has been published as: Yu, Z., Yao, W., Loewen, M., Li, X., & Zhang, W. (2022). Incipient

motion of exposed microplastics in an open-channel flow. Environmental Science & Technology, 56(20), 14498-14506.
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stress 7c, has been extensively used for sediment incipient motion (Dey, 2014). The two studies on
MP incipient motion also used this indicator. For example, Ballent et al. (2013) reported that when
e = 0.025 N/m?, 50% of the MP pellets with particle density p, = 1055 + 36 kg/m > began to move
in experiments. In nature, when 7. is small, sediments can start sliding or rolling; but as the flow
velocity increases, the behavior of the advected sediments may change and they travel in a series
of low hopping motions known as saltation (Hubert & Kalman, 2003). Waldschldger and
Schiittrumpf (2019b) considered sliding, rolling, or saltation or MPs and experimentally
investigated the 7. values of 14 types of MPs with various shapes (cylinder; semi-cylinder; poly-
cylinder; angular; pellet; lenticular), densities (1008 - 1368 kg/m?), and sizes (0.75 - 5.04 mm) on
sediment beds of different roughness (ks = 0.5, 1.0, 1.5, and 3 mm). An equation was then
developed to calculate 7., which is, to the authors’ best knowledge, so far, the only equation in the

literature for MP incipient motion:

50

D —-0.503
®, =0.55880) {—} (3-1)

where Oc (= tc / [(pp-p)gDn]) is the critical Shields parameter for MPs (Dey, 2014); p is ambient
fluid density; D» is the nominal diameter which is the diameter of the volume equivalent sphere;
Dso is the median grain size of the sediment bed; @." is the critical Shields parameter of the
sediment bed. Note that Eq. (3-1) is only valid for rough beds and has a coefficient of determination,

R*=0.74.

The knowledge gap on MP incipient motion, firstly, is that only four types of MPs: Polystyrene
(PS), Polyamide (PA), Polyvinyl chloride (PVC), and Polyethylene terephthalate (PET) were

discussed (Waldschldger & Schiittrumpf, 2019b). Other MP types commonly detected in the rivers,
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like acrylonitrile-butadiene-styrene (ABS) (Kabir et al., 2022), polycarbonate (PC) (Duan et al.,
2020), polymethyl methacrylate (PMMA) (Kabir et al., 2022), and polyoxymethylene (POM) (Zhu
et al., 2019), have not been reported. The application range of the current prediction equation for

MP incipient motion [Eq. (3-1)] needs further testing for different types of MPs.

In addition, the shapes of the MPs particles were not considered in the current prediction equation
[Eq. (3-1)], which are, however, expected to have an important impact on z. (Waldschldger &
Schiittrumpf, 2019b) and @.. Moreover, it is well-known from sediment studies that the saltation
of particles has a different mechanism (Dey & Ali, 2017; Wu & Chou, 2003) from rolling or sliding
and requires higher shear stress. In the cases of MPs, particles may slide or roll before saltation
occurs (Dey & Ali, 2017; Wu & Chou, 2003). Since Eq. (3-1) was obtained by fitting the
experimental data for MP in all 3 motion modes (sliding, rolling, or saltation), it may overestimate

7c and @, of MPs in the mode of sliding or rolling.

In addition to z. and its dimensionless form @, the critical incipient flow velocity, Ui, is another
critical flow parameter. Sediment transport studies have quantified U;, especially for cases where
the flow is modified by bed features such as dunes or aquatic vegetation (Aguirre-Pe et al., 2003;

Bong et al., 2016). To the best of the authors’ knowledge, Ui values for MPs have not been reported.

In this study, experiments were conducted to determine both U; and z. for 19 types of MPs of
various sizes, densities, and shapes. Two different bed roughness conditions (smooth and rough
beds) were examined. A new equation was proposed to estimate the threshold of incipient motion

of MPs with rolling and sliding as the mechanisms.
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3.2. Experimental setup and methodology

MPs and non-cohesive sediment particles have similar geometric characteristics, and therefore
principles from the incipient motion of sediment have been applied to MPs (Enders et al., 2019;
Waldschlidger & Schiittrumpf, 2019b). The critical Shields parameter @." for sediment depends on
the shear Reynolds number Re* = U+Dy/v, where U= is the shear velocity, and v is the kinematic
viscosity of ambient flow. For given fluid and sediment parameters, trial and error procedures or
iterations have to be applied to determine the critical bed shear velocity via the classic Shields

Diagram (Cao et al., 2006).

To avoid these iteration processes, the dimensionless grain diameter dx (= [(pp-p)g/pv*]"> D»), was
introduced and an analytical formula for @." was proposed (Paphitis, 2001), which is valid for 0.01

< Re+< 10*

o - 0.273
1+1.2d

+0.046(1-0.576¢ ) (3-2)

*

Cao et al. (2006) developed the following explicit formula of @." for natural sediment:

0.1414d:°% .
|:1 * (0 0223427 )2-8358 }0.3542

" 3.09464.% , 3.52<d, <43.09 (3-3)
0.045, d* > 43.09

The critical movability number, 4. (= U+/ws), has also been widely used as an alternative to the
Shields parameter for sediment. Paphitis (2001) developed an analytical formula describing A as

a function of Re+, which is valid for 0.1 < d*<10°:
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A =27 146 0,01 Re, +0.115 (3-4)

°  Re,

c

1/3
Ré’
Since Rex can be replaced via d+ (= { o } ) according to Yang et al. (2019), a A. - d+ relationship
can be established to calculate 4. explicitly.

Beheshti and Ataie-Ashtiani (2008) found that: 4. is more suitable for determining the threshold

of motion compared with ©.". Their formula for A (valid for 0.4 < d+ < 10%) is:

9.6674d.”"" ,d. <10
“10.47384.7°%°,d, > 10

(3-5)

Simoes (2014) improved the 4. - d= relationship proposed by Beheshti and Ataie-Ashtiani (2008)
by using comprehensive experimental data for sediments to derive a new empirical formula (valid

for 0.1 < d+<10°):

6.79

170
*

A, =0215+ 0.0750e 10" (3-6)

Simoes (2014) also proposed that @." has the following relationship with A.:

0. =—A, (3-7)

where Cq is the drag coefficient of sediment.

Moreover, in studies for sediments, the incipient flow velocity was often used in analyzing the

sediment incipient motions, which can be expressed in a dimensionless form as the densiometric
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Froude number F* (Aguirre-Pe et al., 2003; Bong et al., 2016). F" is defined as the ratio of flow

inertia to the particle submerged weight:

Py=P (3-8)

3.3. Experimental methods

MPs of seven materials were selected based on previous studies on MP abundance in aquatic
environments (Waldschlager & Schiittrumpf, 2019b; Zhang, 2017), including ABS, PA, PC, PET,
PMMA, POM, and PVC. The MPs were uniform in size for each type with particle masses = 0.01
- 0.09 g, particle densities pp= 1.040 - 1.410 g/cm?, and nominal diameters, D, = 2.5 - 5.3 mm. A
detailed summary of the MP particle information is in Table 3-1. The selected MPs have various
shapes including cylinder, semi-cylinder, poly-cylinder, angular, pellet, and lenticular (Figure
3-1a). To consider the shape effects of MPs, Corey’s shape factor (CSF) defined as c/(ab)"?, was
calculated, where a, b, and c are the lengths of the longest, intermediate, and shortest sides of a

particle, respectively (Waldschldger & Schiittrumpf, 2019a).

Table 3-1 Properties of MPs tested in this study.

Material Shape (mm?:'ll: 01) (¢ /cm{ " 0.01) csF "~ [gl:'l'l(ll/);’;p Vp1**

PA Cylinder 3.2 1.203 0.66 0.78

PA Semi-cylinder 2.6 1.203 0.47 0.77

PET Cylinder 2.8 1.407 0.74 0.80

PET Poly-cylinder 3.5 1.407 0.65 0.81
PET Semi-cylinder 24 1.407 0.64 0.79
PVC Cylinder 4.2 1.249 0.89 0.79
PVC  Semi-cylinder 3.4 1.249 0.57 0.79
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PVC Angular 3.5 1.249 0.92 0.79
PVC Pellet 3.9 1.249 0.98 0.79
PVC Lenticular 3.6 1.249 0.80 0.79
PMMA Cylinder 3.2 1.196 0.76 0.78
PMMA  Poly-cylinder 4.1 1.196 0.70 0.79
PMMA  Semi-cylinder 2.5 1.196 0.68 0.77
POM Cylinder 5.1%* 1.390 0.69 0.82
POM  Semi-cylinder 3.6 1.390 0.70 0.81
PC Cylinder 5.2% 1.050 0.86 0.74
PC Semi-cylinder 4.4 1.050 0.58 0.74
ABS Cylinder 5.3% 1.040 0.76 0.73
ABS Semi-cylinder 4.3 1.040 0.73 0.73

*Values of D, can be rounded to 5 mm and they are still treated as MPs in this study.
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Figure 3-1 The shapes of MPs used in this study (a) and the sketch of the experimental setup (b).
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The settling velocities of the various MPs were determined experimentally and then used in the
calculation of the critical movability number /.. Settling velocity was measured in an acrylic glass
column tank with a cross-section of 20 x 20 cm and a height of 120 cm. The procedure described
by Ballent et al. (2013) was used in this study. To avoid the effects of surface bubbles, the MP
particle was then placed 2 cm below the water surface in the tank center and allowed to fall freely.
The particle reached the terminal settling velocity at ~15 cm. From this position, a stopwatch was
used to measure the time that the particle took to fall 90 cm. The experiments were repeated at
least 3 times for each type of MPs. The terminal settling velocities ws for different types of MPs

were calculated as the ratio of settling distance to time.

The MP incipient motion experiments were carried out in a 7.50 m-long, 0.75 m-wide, and 0.50
m-deep glass recirculating flume with a slope of 0.002 (Figure 3-1b). The pump was controlled by
a variable frequency drive with a maximum discharge of 150 L/s and a resolution of 1.31 L/s. Flow
rates were measured with a magnetic flow meter. The flow depth was kept constant at 2 =43.5 cm
in this study. The water passed through a flow straightener at the upstream end to produce a
uniform velocity distribution. The experimental section had a length of 1.0 m and was 4.0 m
downstream of the flow straightener (Figure 3-1b). Results from preliminary experiments showed
that flow was fully developed within the experimental section. The incipient motion velocity, Us,
of individual MPs was determined by using the technique described by Rabinovich and Kalman
(2009). Ui was defined as the ambient cross-sectional averaged flow velocity U under which 50%
of the particles were in motion. First, 20 - 25 particles were placed at rest on the bed with a spacing
of 2Dy at x = 4.5 m from the flume entrance in the study area (Figure 3-1b) and a distance of 0.18
- 0.28 m from the flume side walls. The spacing between particles was set to minimize particle-

particle interactions during their initial mobilization. The discharge, O, was increased by
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controlling the output voltage of the variable frequency drive using a specially developed computer
program. The output voltage was increased stepwise (0.1 V) corresponding to an increase of U of
0.5 cm/s. The values of O were recorded from the moment at which any of the MPs started to move
by either rolling or sliding until all MPs left the controlled area (Figure 3-1b). Each trial was
repeated at least 5-7 times and recorded by a digital camera (10 fps, Sony DSC-HX200V). The
number of moving particles under different discharges was counted by viewing the videos. Each
trial provided a single measurement of the incipient velocity U for a particular MP type, and these

values were averaged over the number of repeated trials to provide mean values, U..

The experiments were conducted both on a smooth bed and a rough bed with bed roughness height
ks= 0.5 mm. The experiments were first conducted directly on the flume bottom (glass) to simulate
the case where MPs move on a smooth bed. Then, uniform simulated sediments (glass beads) with
a nominal diameter of 0.5 mm were placed on the flume bottom and covered the entire study area
to represent a rough bed case. The Manning’s roughness coefficients for the smooth and rough
beds, based on the bed materials, are estimated to be 0.009 and 0.016, respectively. The movement
mode of particle incipient motion was related to the ratio of particle size to bed roughness height,
Du/ks (Ancey et al., 2002). The selected minimum Dn/ks (= 5) in this study was higher than 2 to
ensure that MPs primarily move in the mode of sliding or rolling (Ancey et al., 2002). When Dn/ks >
1, the sheltering effects of the bed grains that act to shield the movements of MPs from the flow
are low (Waldschlager & Schiittrumpf, 2019b), and MPs are exposed to the ambient flow. That is,

the impacts of sheltering effects on MP incipient motions were not included in this study.

To obtain the critical bed shear stress, the ambient velocity data were collected at the flow rate at
which incipient MP motion was detected. The instantaneous stream-wise velocity u(¢), the lateral

velocity v(¢), and the vertical velocity w(f) were measured with a Nortek Vectrino Acoustic

36



Doppler Velocimeter (ADV). The raw data were de-spiked using the method of Goring and Nikora
(2002). u(?), v(f), and w(t) with correlations < 85% and a signal-to-noise ratio (SNR) <25 dB were
removed. A MATLAB code was used to extract the time-averaged velocities (u, v, and w) and the
fluctuating components (¢, v', and w'). The critical bed shear stress 7z was calculated from the
velocity data using the 3-D turbulence kinetic energy (TKE) method, which has been widely used

on a rough bed (Thompson et al., 2003; Wang et al., 2016):

¢ =pUl=05Co@’ +v +w) (3-9)

where U+ is the shear velocity and C = 0.19. Results from pre-experiments showed that lateral
distributions of velocity and shear stress of the experimental section were uniform for each case
(Figure B-1 in Appendix B). The critical shear stresses computed from Eq. (3-9) were used to
calculate the critical Shields parameter @, and the critical movability number 4. for MPs with Egs.

(3-1) and (3-7). Statistical analysis of the experimental data was conducted in SPSS Statistics 22.0.

3.4. Results and discussion

3.4.1. The incipient flow velocity

Figure 3-2 shows the incipient velocity Ui increases approximately linearly with n (= [gDn(pp-
p)/p]%?) for the different types of MPs. Since the ratio of Ui to n represents F* according to Eq.
(3-8), the value of F* varies from 0.096 to 0.24 based on Figure 3-2. Overall, the increasing trend
of Ui with n indicates that more kinetic energy is required to move a heavier and/or larger MP
particle. For an individual MP material, however, it may not be the case. For example, for MPs of
ABS, PC, and PA, Ui increases as n decreases. In these cases, the shape effect of MPs described

by CSF should be considered.
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Figure 3-2 The incipient motion U; as a function of n (= [gDn(pp-p)/p]*>). The larger size of a data
point indicates a higher CSF value of MPs.

An analysis of variance was performed to examine whether the differences in the U: values
measured from the repetitive trials caused by the impact of particle shapes were statistically
significant while keeping ks and n the same. Table B-1 in Appendix B lists the P-values of Ui of
MPs with different CSF. The analysis showed that the differences were significant at the 5% level
(i.e., P-value < 0.05) except for the PC particles on the rough bed. This indicates that changes in

the MP shape or CSF cause statistically significant changes in U..

For further comparison, in Figure 3-2, the value of CSF' is indicated by the size of the data point
and the larger size represents a higher CSF value. For the same MP material, semi-cylindrical
particles with low CSF values have the highest Ui, while particles with high CSF values (like a

cylinder or pellet) tend to have the lowest U.. For instance, for PC particles, the semi-cylindrical
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particles (CSF = 0.58) had a significantly larger U: (P-value = 0.02) than the larger cylindrical
particles (CSF = 0.86). The reason for this is that non-spherical particles have larger contact areas
on the bed and particles start their motion by sliding, while the near-spherically-shaped particles
tend to start their motion by rolling which requires less energy provided by flow (Choi & Kwak,

2001).

Moreover, the mean value of U; for all smooth bed cases is slightly lower than that for the rough
bed cases, 0.11 m/s versus 0.14 m/s. The difference in U: on different beds is statistically
significant (P-value = 0.045 < 0.05) and the impacts of bed roughness ks on U: cannot be ignored.
On average, values of U: for ABS particles are most sensitive to changes in bed roughness; while
PMMA particles are least sensitive, although the two types of MPs have similar values of » and
CSF (Table 3-1). The mean value of Ui for ABS particles is most influenced by the increase of £s,

which increases by 23%; PMMA particles take the least impact of £s, increasing by only 0.09%.

3.4.2. Critical shear stress

Though Ui is easy to be determined for a given Q and cross-section area, it only provides an
approximate estimate of the threshold condition for MP incipient motion, in which U+ and 7. play
key roles (Dey, 2014). Figure 3-3 presents the mean values of critical shear stress z. for the MPs
in this study. From the left to the right of the x-axis of Figure 3-3, the mean value of » increases;
the value of CSF decreases for the same MP material (i.e., more irregularly shaped particles).
Particle properties such as pp, Dn, and CSF, as well as bed roughness, show a combined effect on
the magnitude of z. in Figure 3-3. Since the increase in u* and thus the increase in z. generally

represent the increase of flow velocity (Dey, 2014), 7. and n also show a similar positive
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relationship as U: and n. For example, the POM cylinder with n = 0.82 m/s has higher 7. (0.72 vs.

0.16 N/m?) than the PC cylinder with n = 0.74 m/s.
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Figure 3-3 The experimentally determined critical shear stresses for MP incipient motion, sorted
by MP types, shapes, and Dn. s, and z.» represent the critical shear stress measured on the
smooth bed and rough bed, respectively.

Figure 3-3 shows that z. consistently increases as CSF decreases for each type of MPs. For example,
for PVC angular and semi-cylinder particles with similar sizes (D» = 3.5 vs. 3.4 mm), their CSF’
values are 0.92 and 0.57, and z. values are 0.45 and 0.63 N/m?. According to Waldschliger and

Schiittrumpf (2019b), CSF has an impact on the drag force Fu, which is one of the main forces

governing the incipient motion of MPs and hence affects z.. For example, PVC angular particles
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with a high CSF (= 0.92) require smaller F4, to initiate motion while PVC semi-cylinder with CSF

= 0.57 has larger Fa because it has a larger surface contact and shear resistance with the bed.

Moreover, generally, larger critical shear stresses for MPs occurred on the rough bed (red bars)
compared to on the smooth bed (black bars). The mean value of z. (0.039 N/m?) for rough bed
cases was 18% higher than that for smooth bed cases (0.033 N/m?). The reason for this is likely
that a rough bed causes deflections of the flow near the bed and increases the form drag (Buffington
& Montgomery, 1997). The increase of form drag over roughness elements contributes to the
increase of surface shear stress (Cheng & Castro, 2002) and thus increases 7. required for incipient

motion.

3.4.3. Threshold for MP incipient motion

Figure 3-4 presents the critical Shields parameter ©. values of MPs measured in this study and
Waldschldger and Schiittrumpf (2019b). Note that only the data measured on similar bed
roughness conditions in Waldschlidger and Schiittrumpf (2019b) are included. The two widely-
used O. - d= equations for sediments (Cao et al., 2006; Paphitis, 2001) are also shown in Figure
3-4 for comparison purposes, and the data points that fall above the @. - d=equation curves indicate
that particles would start to move from the static state on the bed (and vice versa). According to
Ancey et al. (2002), when @ < 0.01, exposed particles started their motions mainly by rolling or
sliding rather than saltation. In Figure 3-4, 95% of ©. values are smaller than 0.01, meaning that
MPs used in this study and the selected cases of Waldschldger and Schiittrumpf (2019b) started
their motions predominantly by rolling and/or sliding. The appearance of rolling and/or sliding of

MPs was further confirmed by the recorded videos.
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Figure 3-4 Comparison of the measured @ - d* data points for MPs reported in this study and
Waldschlager and Schiittrumpf (2019b) with the classic relationships for sediment.

Figure 3-4 shows that the ©. - d+ relationships for natural sediment dramatically overestimate the
O values required to induce incipient motion of MPs. On the other hand, ®: may not be the
appropriate parameter for predicting the incipient motion of MPs. The reason is that both ®. and
d+do not include the impact of particle geometry on the critical shear stress. According to previous
studies (Francalanci et al., 2021; Khatmullina & Isachenko, 2017; Yu, Yang, & Zhang, 2022), the
MP settling velocity, ws, is affected by MP particle properties like shape, density, and size.
Therefore, as discussed previously, another dimensionless parameter /., the movability number
(Simoes, 2014) that is dependent on U+ and ws, is proposed in this study as a potentially more

suitable parameter for predicting the incipient motion of MPs.

In Figure 3-5, the measured A - d* data points for MPs reported in this study and Waldschldger
and Schiittrumpf (2019b) are compared with three classic relationships for natural sediment. Note
that the 4. values for MPs in Waldschldger and Schiittrumpf (2019b) were estimated by using the

MP settling velocities that were obtained from Eqgs. 10 and 14 in the study of Waldschldger and
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Schiittrumpf (2019a). Similarly, as shown in Figure 3-4, all of the classic 4. - d* relationships for
sediment overestimate the values of 4. for MPs. From Figure 3-4 and Figure 3-5, it is clear that
the incipient motion formulas developed for sediment particles are not suitable for MPs, due to the

great differences in their physical properties (density and shape).

Incipient motion
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Figure 3-5 Comparison of the measured 4. - d+ data points for MPs reported in this study and
Waldschldger and Schiittrumpf (2019b) with the classic relationships for sediment.

Compared to the @, data scatteredness (0.002 - 0.02) in Figure 3-4, the /. data scatteredness (0.03
- 0.015) is smaller in Figure 3-5. The sediment study of Simoes (2014) showed that with more
measurement data added to Shields’ diagram, the band of ©. - d* was expanded which would
reduce the prediction accuracy of @. (Simoes, 2014). In the case of MPs, it can be seen that adding
the data points of Waldschliger and Schiittrumpf (2019b) substantially increases the data
scatteredness of . in Figure 3-4, but it has no impact on the data scatteredness of 4. in Figure 3-5.
The comparisons of Figure 3-4 and Figure 3-5 further confirm that /. is potentially a more suitable

parameter than @. for MP incipient motion.
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Table B-2 (see Appendix B) shows the statistical analysis of the multiple linear regression between
Ac and MP properties (Dn, CSF, and (pp - p)/p). It appears that all three MP properties are highly
statistically significant (P < 0.05). The variance inflation factor (VIF) values are 1.1 - 1.5, which
are <4, meaning all these factors contribute independently to the determination of /4. (Akinwande
et al.,, 2015). To reflect the combined effect of these factors, a new dimensionless particle

parameter, m = [(pp-p)/p](Dn/h)- CSF, was introduced in this study.

In Figure 3-6, Ac is plotted versus m and the data points appear to have a strong nonlinear
correlation. Hence, a nonlinear least-squares method was used to derive a new relationship

between /. and m specifically for MPs:

A, = P, In(m)+f, (3-10)

where £1 and f2 are constants obtained by fitting with the experimental MP data from this study
and Waldschldger and Schiittrumpf (2019b). The fitted values of fi1 and > and their 95%
confidence intervals are given in Table B-3 (see Appendix B). The benefit of Eq. (3-10) is that it
allows for the explicit determination of 4. using m, which is solely determined by the ambient

fluid and MP properties.
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Figure 3-6 A. as a function of m for MPs. The solid line denotes Eq. (3-10). The dashed lines
indicate the upper and lower limit of the 95% confidence interval of Eq. (3-10).

The coefficient of determination of Eq. (3-10) is R? = 0.78, the absolute relative error | Err% | =
12.33%, and the relative root mean squared error, RRMSE = 15.94%, indicating that this new
equation is reasonably accurate. The accuracy of predicting 4. using Eq. (3-10) was compared
with the existing formula [Egs. (3-1) and (3-7)] for MPs. The existing formulas gave | Err% | =
55.61% and RRMSE = 56.98%, which are approximately five times the errors of using Eq. (3-10).

This demonstrates the advantage of the new 4. formula, compared to the existing formula.

Figure 3-7 shows the further comparison of measured Ac,meas and calculated Ac clac between the new
formula [Eq. (3-10)] and the existing formula. In Figure 3-7, the slope between the measured and
calculated /¢ values is close to unity (0.97, Figure 3-7b) for the new formula, while it is 0.43
(Figure 3-7a) from the existing formula. This indicates that the proposed new formula is more

robust for a wider range of applications for MPs. Moreover, the new formula has a higher R? (0.78,
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Figure 3-7b) than that of the existing formulas (0.29, Figure 3-7a), which means the new formula
has a higher precision in predicting 4.. Based on the results above, the new formula [Eq.(3-10)] is
recommended for future use to calculate /. and thus the critical shear stress for incipient motion

of MPs with different shapes, densities, and sizes on both smooth and rough beds.
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Figure 3-7 Comparison of the experimental data of /. with those calculated with (a) the formula
of combining Waldschldger and Schiittrumpf (2019b) [Eq. (3-1)] with Simoes (2014) [Eq. (3-7)]
and (b) the formula from this study [Eq. (3-10)].

Many questions still need to be answered in future research. For example, the proposed criterion
for MP incipient motion is applicable for cases with high ratios of particle size to roughness height
(Dn/ks > 2) and the millimeter-sized MPs with CSF > 0.47. That is, this study only considered the
cases where the sheltering effect of the bed roughness element is small, and thus MPs only move

in the form of rolling and/or sliding. For the cases with non-uniform beds and bed armoring with

small Du/ks values, the sheltering effects cannot be neglected and are worthy of future research.
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Moreover, to find a general expression of Ui, the relative position between particles and bed rough

elements is required (Aguirre-Pe et al., 2003; Bong et al., 2016), which needs further research.
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4. An investigation of the sheltering effects on the mobilization of

microplastics in open-channel flow?

4.1. Introduction

Microplastics (MPs, < 5 mm) are being actively and widely studied because of their persistence
and adverse effects on the health of aquatic environments (Harris, 2020; Yang et al., 2021). Rivers,
serving as a primary route for microplastic (MP) transport, caused widespread MP pollution in
marine, coastal, and estuarine environments (Tramoy et al., 2020). Understanding MP transport in
rivers can help us better understand and predict MP distributions and transport pathways, which
will facilitate more effective planning and implementation of cleanup operations, mitigating MP
pollution (Critchell & Lambrechts, 2016). Previous MP studies have mainly focused on spatial and
temporal distribution patterns (Harris, 2020; He et al., 2021; Yang et al., 2021), whereas the

process of MP transport in rivers has received less attention.

After entering a river, MPs can either float on the water surface, suspend in the water column, or
sink into riverbeds, depending on their densities. For MPs with densities p, > 1 g/cm’, the riverbed
will act as a sink and if there is an increase in river flow rate, the deposited MPs may be remobilized,
expanding the distribution of MP pollution (Liro et al., 2020). Therefore, an in-depth investigation
of the critical hydrodynamic conditions of MP mobilization is imperative (He et al., 2021). The
critical hydrodynamic conditions of MP mobilization can be defined using either the critical depth-

averaged flow velocity (Uc) or the critical shear stress (zc). Previous studies have shown that both

3 The content of this chapter has been published as: Yu, Z., Loewen, M., Guo, S., Guo, Z., & Zhang, W. (2023). An
investigation of the sheltering effects on the mobilization of microplastics in open-channel flow. Environmental

Science & Technology, 57(30), 11259-11266.
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e and Uc depend on the equivalent bed-grain roughness (ks) (Waldschldger & Schiittrumpf, 2019b).
It has been observed that MPs deposited on a rough bed require a higher value of z. or U. to be
mobilized compared to those on a smooth bed (ks = 0) because they experienced "sheltering
effects" due to the surrounding bed grains (McCarron et al., 2019; Waldschldger & Schiittrumpf,

2019b).

Our previous study investigated both 7. and U. values and proposed a formula for determining z.
for MPs but the sheltering effects were not considered (chapter 3). Waldschldger and Schiittrumpf
(2019b) observed that, when the nominal diameter D, of MPs (i.e., the diameter of the volume
equivalent sphere) is larger than the median size of the bed grains (Dso), MPs tend to move earlier
than the bed grains due to their higher exposure. They proposed an empirical dimensionless
formula for 7. as a power function of the ratio of Dn/Dso. Their formula is valid for rough beds with
Ds0o=0.5,1.0, 1.5, and 3 mm, but as they discussed it substantially underestimated values of z. for

polystyrene (PS) pellets.

Apart from 7., it is also worthwhile to investigate the possibility of utilizing U to determine the
flow threshold for MP mobilization while considering the sheltering effects. The formula proposed
by Waldschldger and Schiittrumpf (2019b) for estimating z. does not include a factor that explicitly
quantifies the sheltering effects. In sediment studies, various factors such as particle packing angle
and hiddenness have been commonly used to represent the sheltering effects (Wu & Chou, 2003;
Xu et al., 2008). These factors were used in force and moment analyses of a particle in a pre-
defined position to predict the critical depth-averaged flow velocity for sediments, Ucs (Wu &
Chou, 2003; Xu et al., 2008). Similar factors applied to sediments may work for negatively buoyant
MPs, given their similarities to certain degrees in terms of physical properties and transport

mechanisms (Waldschlédger et al., 2022). Incorporating these factors in the development of a
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method for estimating U. could provide an alternative understanding of the sheltering effects,
rather than relying solely on empirical relationships. Moreover, given that U, is easier to measure

compared to 7, it is considered more advantageous for engineering applications.

In this study, flume experiments were conducted to measure zc and Uc of MPs moving on rough
beds with different Dso values compared with the previous study (Waldschlidger & Schiittrumpf,
2019b). Polyamide (PA), polyvinyl chloride (PVC), and polyethylene terephthalate (PET) with
different sizes and shapes were selected for testing, which have been commonly found in riverbeds
(Boskovic et al., 2022; Kabir et al., 2022; Maheswaran et al., 2022). A new formula for estimating
e accounting for the sheltering effects was proposed, and the prediction accuracy was estimated
by comparing it with the previous formula for predicting 7. (Waldschlidger & Schiittrumpf, 2019b).
To better describe the sheltering effects, three factors from previous studies of sediments were
introduced and used to perform a moment analysis on MPs. Assuming rolling is the dominant
movement form for the initiation of motion (Bravo et al., 2018), a new semi-empirical method for
U. of MPs was also proposed. The proposed method for estimating U. was verified by comparing
it with the experimental data, and its performance was also compared to existing methods for

predicting U. of sediments (Bai et al., 2013; Baker, 1980).

4.2. Theoretical background

Different-sized sediment particles interact with flow in distinct ways, and only specific sizes of
sediment particles are transported from a riverbed by flow (McCarron et al., 2019). Studies on
mixed-size sediments (Wilcock, 1988; Wilcock, 1993) suggest that the ratio of the critical shear

stress for sediments of a specific size fraction i, zcsi, to the critical shear stress of the median size
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fraction (i.e., sizes < Dso), 7cs,50, can be expressed as a power law function of the ratio of sediment

sizes as follows:

a
T. . D.
cs,i — [_1\] (4_1)
Tcs,SO DSO
The determination of exponent a is sensitive to the experimental dataset, and a may be a constant

or a function of Dso (McCarron et al., 2019).

Eq. 4-1 can be expressed in the dimensionless form (Wilcock, 1988; Wilcock, 1993):

®c,50 - TCS,V
(p, —p)gDs,

where p is the density of the ambient fluid; ps is the density of sediments; @ and @50 are the

Tcs,i a
0., — /ps —p)gD, _ T Dy, _( D, j (4-2)
Tso D D,

critical Shields parameters of i and median sediment size fraction, respectively (Wilcock, 1988;
Wilcock, 1993). Based on Eq. 4-2, Waldschldger and Schiittrumpf (2019b) proposed the following

formula for uniform MPs moving on a sediment bed:

©.5 f/
(p, —p)gDs,

where O is the critical Shields parameters of the uniform MPs.

7 -0.503
)
6. __/p,~r)Eb, =0.5588(D”]

(4-3)
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To calculate the critical shear stress z. of the uniform MPs, Eq. 4-3 can be rewritten as:
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G -p)( D 0.497
L _ 055882 " [ } (4-4)
Tes,50 (p,—p) \ Dy,

The formula for calculating zcs,50 was provided in Waldschldger and Schiittrumpf (2019b).

Particle packing angle  is one of the commonly used factors to represent the degree of hiddenness
for sediments, also known as the friction angle. It is defined as the angle between the line crossing
the centers of the surface particle and sub-surface particle and the vertical line crossing the center
of the surface particle (Baker, 1980; Marsh et al., 2004), as illustrated in Figure 4-1a. The particle
packing angle 8 may vary from 0° to 90°, and higher values of € indicate that a particle on the bed
is hidden to a greater degree (Figure 4-1a). For different packing angles, Baker (1980) derived a
formula for sediment particles to predict the critical flow velocity, which is referred to as the near-

bed velocity, us:

, _ﬂsin(ﬁ—e)(pp—p)gDi
"3 p(C,sin0+C,cos0)

(4-5)

where ¢ is the bed slope; Cb is the drag coefficient from terminal settling velocity measurements
(Marsh et al., 2004); and Ci is the lift coefficient (Marsh et al., 2004). The near-bed velocity us

can be converted to a critical depth-averaged flow velocity for sediments, Uc,s, using:

log(12.27 hJ
Yo

D./2 (4-6)
log [30.2 : )
Yo

U, =u,

where /4 is the flow depth; yo = Dso/y is the effective roughness parameter (Marsh et al., 2004) and

x 1s the correction factor for Dso, as given in Rao and Kumar (2009).
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Figure 4-1 Schematic diagram of the characteristics of hidden MPs (gray) with uniform size (a)
and non-uniform size bed grains (b). Bed grains are denoted by white circles.

The vertical distance between the lowest point of the particle and its contact point O with the
immediate downstream neighbor is defined as A4Z’, as shown in Figure 4-1 (Bai et al., 2013). It can
be seen that 4Z' quantifies how much of the particle is sitting below the contact point O or how
much of the particle is sheltered from the flow. Bai et al. (2013) incorporated 4Z" in an empirical

formula for sediments to predict U.,s, as follows:

3 » @-7)

o[-l oo

[ane| 2, PP [az'(D,-AZ')
U,, :0.715[3J ’

i

However, if the bed is formed by multiple layers or non-uniform particles, as shown in Figure 4-1b,
for the same magnitude of A4Z’, the upstream particle (grey) is more sheltered from the flow
compared to the downstream particle. Therefore, 4Z" does not fully reflect the sheltering effects,
and the exposure height AH' needs to be introduced (Kirchner et al., 1990; Xu et al., 2008). AH' is
defined as the vertical distance between the highest point of a particle and the top of the immediate
upstream underlying particle (Kirchner et al., 1990; Xu et al., 2008), as shown in Figure 4-1. 4AH'

quantifies how much of the particle is exposed to the flow in the vertical direction.
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Bai et al. (2013) found that the mobilization of a sediment particle can be influenced by the
adjacent downstream surface particle while the influence of the upstream particle could be
neglected. Specifically, as the flow passes a hidden particle, a backflow can be created due to the
downstream particle if the streamwise gap 4X" is < 0.5D;, which affects the forces acting on the
hidden particle. 4X" is defined as the longitudinal distance between the contact point O and the
upstream edge of the downstream surface particle, as shown in Figure 4-1a, and reflects the degree

of exposure in the streamwise direction.

Based on these previous sediment transport studies (Bai et al., 2013; Dey & Ali, 2017; Xu et al.,
2008), the three distances (42, AH', and A4X") were selected to quantify the effect of the degree of
hiddenness and exposure of MPs. A4Z', AH', and AX" can be made dimensionless by dividing by Dx,
and they are defined as the hiddenness (4Z2), exposure (4H), and longitudinal exposure (4.X) (He
& Han, 1982). Note that 4Z, AH, and 4X have commonly been found to follow normal distributions

in sediment studies (Bai et al., 2013; He & Han, 1982).

4.3. Materials and methods

4.3.1. Materials and measurement of AH', AZ', and AX'

MP particles made of PA, PVC, and PET were selected for testing in this study. Images of each
type of MPs are presented in Figure 4-2. The MPs were uniform in size and the nominal diameters,
Dy, of PA, PVC, and PET were 3.2, 4.2, and 2.8 mm, respectively. The densities of PA, PVC, and
PET range from 1.20 to 1.41 g/cm?, determined using the titration method (Yang et al., 2023). The

)1/2

shape of MPs was quantified using Corey's shape factor (CSF), defined as c/(ab)"*, where a, b,

and c represent the lengths of the longest, intermediate, and shortest sides of a particle, respectively.
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The CSF ranged from 0.66 to 0.89 for PA, PVC, and PET. Detailed information on the selected

MPs is provided in Table 4-1.

(a) PA

PEEEETEEER R R e e e e e e e e e e ke

PO e R T R e R e

(b) PET

Figure 4-2 Photos of MPs used in the experiments: PA (a); PET (b); and PVC (c).

Table 4-1 Summary of the selected MP properties, flow thresholds, and bed characteristics. I and

I represent the bed grain sizes of 2.5 and 5.0 mm, respectively.

D,

Case  ( 103) (@ /cm{’i 001y CSF Dso(mm) = (N'm2)  U.(cm/s) kst
PA-I 3.2 1.20 0.66 2.5+£0.1 0.12+003 1922+1.02 27
PVC-I 4.2 1.25 0.89 25+0.1 0.11+£0.03 1857+1.70 26
PET-I 2.8 1.41 074 2.5+0.1 015+£0.03 23.82+125 31
PA-II 3.2 1.20 0.66 5.0+02 022+005 24.82+097 74
PVC-II 4.2 1.25 0.89 50£02 021+£006 24.11+2.17 72
PET-II 2.8 1.41 074 5.0+02 035+0.06 32.62+1.62 94

A simple method for estimating AH', AZ', and AX" was developed based on a previously reported

method of determining AH' and 6 for sediments (Kirchner et al., 1990; Yang et al., 2009). The
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method is designed to simulate cases where MPs are mixed into the bed sediments while others
are deposited randomly on top of the riverbed. A small quantity of each of the three types of MPs
was thoroughly mixed into a container of either 2.5 + 0.1 or 5.0 £ 0.2 mm glass beads of density
2.57 g/em’, to create six different mixtures. The average MP abundance in each mixture was 300
particles/kg, which falls within the MP abundance range of 0-500 particles/kg detected in riverbeds
and is close to the average (Boskovic et al., 2022; Harris, 2020; Kabir et al., 2022; Maheswaran et

al., 2022; Yang et al., 2021; Zhang et al., 2020).

One kilogram of the selected MPs-glass beads mixture was poured into a transparent acrylic box
(1000 x 9 x 500 mm) using a beaker (Figure 4-3a). Care was taken to ensure that the surface of
the mixture in the box was approximately flat. If no MPs were visible on top of the bed, the box
was emptied, and the aforementioned steps were repeated until at least one particle was observed
on the bed. A digital camera (Sony DSC-HX200V) was placed 10 cm away from the box's side,
and the lens' center was kept at the same level as the mixture surface. Digital images of MPs
deposited on the surface were taken as shown in Figure 4-3b. The photos were imported into Image
J to measure 4H', AZ', and AX" (Schneider et al., 2012). After the first image was taken, the box
was emptied, and the above steps were repeated approximately 90 times for all six mixtures

resulting in 1101, 1101, and 737 measurements of AH', AZ', and AX’, respectively.
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Figure 4-3 Photos of the experimental setup for measuring 4H', AZ’, and AX’ (a), an example of
the PVC-I mixture (b), and the sketch of the flume (c).

Statistical analyses were performed using SPSS 22.0 on 4H, AZ, and 4X. The analysis of variance
(one-way ANOVA) for the same size of bed grains and the paired t-tests for the same MP material,
were used to test the significance of differences in mean values to study the impacts of MP
materials on the probability density functions (PDFs) of 4H, AZ, and AX. The PDFs were obtained

using Origin 9.0.

4.3.2. Measurement of critical flow velocities and shear velocities of MPs

The critical flow velocities and shear velocities of three types of MP particles (PA, PVC, and PET)
were measured over two rough beds consisting of glass beads with Dso = 2.5 or 5.0 mm, i.e., in a
total of six experimental cases (Table 4-1). The rough beds were created by gluing glass beads
with a cyanoacrylate-based adhesive onto a 2 mm-thick, 0.75 m-wide, and 2 m-long stainless-steel
base plate. Care was taken to ensure that the bed surface was approximately flat. The experiments
were conducted in a 7.50 m-long, 0.75 m-wide, and 0.50 m-deep recirculating flume with a slope

of 0.2%, featuring glass sidewalls and a bottom to facilitate visualization (Figure 4-3c). The flow
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was generated by a pump equipped with a variable frequency drive with a maximum flow rate of
150 L/s and a resolution of 1.31 L/s. Flow rates were measured with a magnetic flow meter. The
flow depth was kept constant at 2 = 30.0 = 0.5 cm using an adjustable tailgate. At the upstream
end of the flume, the water passed through a flow straightener to reduce lateral velocities and make
the velocity distribution more uniform. The experimental section was 2.0 m long and located 4.0

m downstream of the flume entrance.

The critical depth-averaged velocity U. was measured using the method described in chapter 3.
First, 20 to 25 particles were placed at rest on the bed of the experimental section with a spacing
of 2Dy and located 0.18 to 0.28 m from the flume side walls. The flow rate was gradually increased
using the variable frequency drive of the pump. As the flow rate increased, the initiation of MP
motion was recorded with a digital camera (60 fps, Sony DSCHX200V). The critical depth-
averaged velocity U. was defined as the value when 50% of the particles moved away from the
controlled area (chapter 3). Measurements of U. for a particular type of MPs were repeated 5 to 7

times and the values were averaged.

Velocity measurements were conducted with a Nortek Vectrino Acoustic Doppler Velocimeter
(ADV). The time series of all three velocity components were recorded at 0.1 of the total water
depth above the bed at the midpoint of the experimental section (Biron et al., 2004). Previous
measurements showed that the bed shear stress did not vary significantly laterally = 22.5 cm from
the channel centerline (chapter 3). The measurement period at each measurement point was 300 s,
and the sampling frequency was 100 Hz. Velocity data were filtered out when the correlation was
lower than 85% and the signal-to-noise ratio was lower than 25 dB (Goring & Nikora, 2002). At

the critical depth-averaged velocity, the critical bed shear stress 7. was calculated from the velocity
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data using the 3-D turbulent kinetic energy method, which has been widely used on rough beds

(Wang et al., 2016):

7. =0.5Cpu” +v +w'") (4-8)

where ', v/, and w' are the streamwise, lateral, and vertical velocity fluctuation components,
respectively; C is a proportionality constant assumed to be 0.19 (Wang et al., 2016); and the
overbar denotes a time-average over the 300 s measurement duration. The critical shear velocity

u+ was then calculated as (z/p)*>.

Values of the roughness Reynolds number, defined as ks" = uxcks/v, where v is the kinematic
viscosity of water, and ks was assumed to be Dso for uniform bed grains (Marsh et al., 2004), are
presented in Table 4-1. The bed constructed with 2.5 mm glass beads can be characterized as
transitionally rough because ks™ ranged from 26 to 31 which is below the fully rough limit of 70.
However, flows over the bed with 5.0 mm glass beads were hydraulically rough because ks ranged

from 72-94.

4.4. Results and discussion

4.4.1. Estimation of the critical shear stress of MPs

Figure 4-4a presents the relationship between 7c/tes,50 and Dn/Dso for mobilizations of MPs on
rough beds, using data obtained from this study and previous ones (Waldschldger & Schiittrumpf,
2019b; Yu, Yao, etal., 2022). The plot generally confirms the existence of a power law relationship
between 7/7cs,50 and Dn/Dso (black line), which was reported in previous sediment and MPs studies
(Waldschldger & Schiittrumpf, 2019b; Yu, Yao, et al., 2022). Approximately 70% of the data

points, enclosed within a black elliptical boundary in Figure 4-4a, clustered around the best-fit line
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[7c/Tes,50 = 0.075(Dy/Ds0)*¢2], with a coefficient of determination R? = 0.78. However, it was also
observed that the power law did not apply to all the MP cases, with approximately 30% of the data
points scattered below the fit line (enclosed within a red elliptical boundary in Figure 4-4a). The
scatter of the data in Figure 4-4a could be attributed to the varying densities of MPs in the dataset
which ranged from 1008 to 1400 kg/m>. To account for the impact of the density of MPs, the
relative density of MPs, (pp - p)/p, is commonly used (Waldschldger & Schiittrumpf, 2019b; Yu,
Yao, et al., 2022). It was found that the data points with (pp - p)/p > 0.11 are enclosed within the
black elliptical boundary, while the data points with (pp - p)/p < 0.11 fall within the red elliptical

boundary. Therefore, z/7cs,50 may be influenced by both Dn/Dso and (pp - p)/p.
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Figure 4-4 The ratio of the critical shear stress of MPs to the critical shear stress of bed grains
Te/Tes,50 versus the normalized MP properties: Di/Dso (a); (pp - p)Dn/pDso (b); and [(pp - p)Du/pDso]”"
(c). The data points with (pp - p)/p <0.11 are enclosed within a red elliptical boundary, while those
with (pp - p)/p > 0.11 are enclosed within a black elliptical boundary. The black line in (a) denotes
the best fit equation between tc/7cs,50 and Dn/Dso for (pp - p)/p > 0.11. The dash-dotted line in (b)
denotes the best fit equation between 7c/7cs,50 and (pp - p)Du/pDso for the entire range of relative
densities of MPs.

This hypothesis was confirmed by conducting a multivariable linear regression on zc/zcs,50, Dn/D5o,
and (pp - p)/p. The regression results indicated a strong dependence of 7c/7es,50 on Dn/Dso and (pp -
p)/p, with a high statistical significance (P-values < 0.001). The relationship between 7./zcs,50 and
(pp - p)Du/pDso plotted in Figure 4-4b shows a clear power law relationship with R = 0.88 and an
exponent of 0.57 (dash-dotted best fit line). However, despite a high R* value, using the best fit
power law does not provide accurate estimates of z. for some of the lower density data. The average
relative error of the best fit power law equation when applied to data with (pp - p)/p <0.11 is 55.4%
which is rather high. Therefore, it might be possible to reduce the error by fitting a modified power
law equation to the data points with (pp - p)/p < 0.11. Previous sediment studies have proposed that
the exponent is a function of the nominal diameter (Shvidchenko et al., 2001; Wilcock & Crowe,
2003) and this may also be the case for low density MPs. Figure 4-4c displays a plot of 7/zcs.50

versus [(pp - p)Dn/pDs0]P", along with a best fit power law equation for predicting 7c/zes,50 (R? =

0.74) that reduces the average relative error significantly to 21.7%.

Therefore, the proposed new equations for predicting z. are given by:
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Eq. 4-9a has R?> = 0.74 (Figure 4-4c) and Eq. 4-9b has R* = 0.86 (Figure 4-4b). Egs. 4-9a-b perform
better in predicting z compared to Eq. 4-4 from the previous MP study (Waldschlidger &
Schiittrumpf, 2019b). The average relative errors for Eqs. 4-9a-b are 21.7% and 15.8%,
respectively; while the relative error for Eq. 4-4 is 35.8% for (pp - p)/p <0.11, and 24.4% for (pp -
p)/p>0.11. Note that in Eq. 4-4, a different dimensionless form of the relative density of MPs, (pp
- p)/(ps - p), was used. Egs. 4-9a-b can be also expressed in the form of (pp - p)/(ps - p) since (pp -
p)(ps - p) = (pp - p)/1.65p. One possible reason for the larger errors in Eq. 4-4 is that a linear
relationship between 7./7cs,50 and (pp - p)/(ps - p) was assumed, which may not be the case as shown
in Figure 4-4b&c. Eqgs. 4-9a-b can be applied with confidence to predict 7 for MPs with various
shapes (CSF = 0.2-1.0) and a wide range of p, = 1008-1400 kg/m* and D, = 0.75-5.04 mm moving
on a rough bed with Dso = 0.5-5.0 mm. However, in the case of riverbeds with Dso values beyond
the studied range or complex conditions such as widely graded bed grain size distributions or
cohesive beds, the exponents in Egs. 4-9a-b should be re-evaluated (Frings, 2008; Gomez, 1994;

McCarron et al., 2019).

Eqgs. 4-9a-b shows that z./zcs,50 is positively correlated with (pp - p)Dn/pDso, but it only accounts for
the sheltering effects in a simplistic way via the relative density and the ratio D»/Dso. Including the
exposure (4H), hiddenness (4Z), and longitudinal exposure (4X) to account for the sheltering

effects might be a better approach. Therefore, an alternative method that employs these measures
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to predict the mobilization of MPs, that is based on the critical depth-averaged velocity U, was

developed.

4.4.2. Exposure (AH), hiddenness (4Z), and longitudinal exposure (4X)

Figure 4-5a shows the probability density of AH from all six bead-MPs mixtures, within the range
of 0-1.2, corresponding to MPs being fully hidden or exposed. All the mixtures had an upper limit
of AH > 1, reflecting the irregularity of MP shapes. Similar results were observed for 4Z and 4.X,
which were also fitted with normal distributions (Figure 4-5b&c). Statistical analysis showed that
the mean values of 4H, AZ, and 4X had no statistically significant differences across the mixtures

based on ANOVA and t-test results (P-values > 0.05).
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Figure 4-5 The probability densities of 4H (a), 4Z (b), and 4X (c) data for all six mixtures, and the
red lines are fitted normal distributions.

The normal PDFs for 4H, AZ, and 4X, with R? values of 0.72, 0.75, and 0.77, respectively are

given by:

L (AH-0.60Y’
1.03 J 2( 045 ” (0<AH <1.2)

f(Al) = - (4-10a)
0.45,|%
2
(AZ) = 1.01 e{[ 027 ” (0<AZ <0.9) (4-10b)
0.27,/%
2
f(AX) = 103 P(déj} (0 <AX <0.5)

c
(4-10c)
0.19,|*
\2

These results show that the hiddenness and exposure of MPs tend to follow normal distributions,
similar to sediments (He & Han, 1982; Kirchner et al., 1990). One potential explanation for this
phenomenon is that MPs and sediments are distributed in discrete clusters on the surface of bed
grains. As a result, the distributions of 4H, 4Z, and 4X may follow the central limit theorem and

normal distributions for a large sample size.

4.4.3. Estimation of the critical depth-averaged velocity of MPs

A force analysis of MPs was conducted first to obtain the critical depth-averaged velocity U.. The
shape of a MP particle is assumed to be spherical. MPs with 4H or AZ values > 0, on the verge of
mobilization, are acted upon by three forces as shown in Figure 4-1a: the drag force Fp, the lift

force F1, and the submerged weight W. Paintal (1971) posited that the hydrodynamic forces acting
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on a particle are related to the degree of hiddenness of the particle. They assumed that there are
linear relationships between Fp and 4H, as well as F1. and AH (Paintal, 1971). Therefore, taking

AH into consideration, Fp and F acting on a MP particle can be written as:

_Cop s 7D,
Fy==rm, TAH (4-11a)
2
F =20 el (4-11b)

where Cy is the lift coefficient and it is assumed to be 0.88 Cp (Armanini & Gregoretti, 2005).
Using a numerical simulation, Bai et al. (2013) reported that Cp of spherical particles was primarily

influenced by 4X, and Cp can be expressed as:

C, =-1.31+23.23AX —70.04AX " + 67.34AX° (4-12)

Assuming Fp and F1 act horizontally and vertically at points that are a distance of D»/6 from the
particle center (Bai et al., 2013), summing moments around point O in Figure 4-1a provides the

following equation:

1 1 1 1 1
F.|—+—=cos@ |D +F | —+—=sinf@ |D —W(=sin@)D =0 4-1
D(6 2 \J n L(6 2 j n (2 ) n ( 3)

where cos(6) = 1 - 24Z and sin(8) = 2(4Z - 47?)*, which are valid under the assumptions that the
MP particles are spherical and uniform in size (Bai et al., 2013). By combining Egs. 4-11a-b, 4-
12, and 4-13, describing cos(¢) and sin(#) as functions of 4Z, the near-bed velocity can be

expressed in this analytic form:
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Compared with us, the critical depth-averaged flow velocity U. is more easily measurable and
suitable for engineering applications (Cheng et al., 2022). Cheng et al. (2022) found that the

relationship between U. and u» can be expressed as:

U lfg[(u*cy/v)_3 +(2.51n(1+y/y0))73] dy
e =1 (4-15)

u, [(u*cyb /v)’3 +(2.51n(1+yb /yo))’T

where y» is the height above the bed where u» acts and y, the hydrodynamic roughness height is
given by:
Dy,

y, =0.11—+0.033D,, {1 —exp(—0.04—ﬂ (4-16)
u v

*c

The near-bed flow velocity u» was assumed to act at 2D,/3 above the bed surface and then y» =
2Dy/3 (Bai et al., 2013). To calculate U. using the new method, Egs. 4-12 and 4-14 should be
combined to obtain us. In this study, only the expected values of 4H, AZ, and AX, were used to
quantify the average impact of the sheltering effects in Eq. 4-14 to better evaluate the new method
against measurements of Uc. The expected values of 4H (0.58), 4Z (0.28), and 4X (0.16) can be
obtained by integrating their respective PDFs (Eqgs. 4-10a-c). This approach is commonly used in
practical applications of sediment studies (Armanini & Gregoretti, 2005; Bai et al., 2013; Baker,

1980). Finally, us, h, y», yo, vand u* were substituted into Eq. 4-15 to obtain U..
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Figure 4-6 compares the performance of the proposed new method and sediment methods (Egs. 4-
5,4-6, and Eq. 4-7) (Bai et al., 2013; Baker, 1980) in predicting U. values for MPs. The U. values
predicted using Eq. 4-15 are consistently close to the observed values and all the data points are
within the £15% error lines. The new method has a low relative error (7.4%) and RMSE (8.9%)
which indicates that the new method provides accurate predictions of U. for the selected MPs. As
a comparison, the sediment method proposed by Baker (1980) (Egs. 4-5 and 4-6) has a higher
relative error (28.1%) and RMSE (35.3%). This may be because Baker (1980) only considered 6,
which can be expressed as a function of 4Z, and this may not fully account for the sheltering effects
for MPs. In addition, Ca derived from MP settling was considered in Eq. 4-5, which may not
accurately represent the near-bed movement of MPs under the sheltering effects. Eq. 4-7 proposed
by Bai et al. (2013) underestimates U. for MPs by 31% on average, which is expected because this
semi-empirical formula developed for sediments is not applicable to MPs and it only accounts for

AZ and AX.
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Figure 4-6 Comparisons of the experimentally observed and predicted U. with the new method for
MPs and sediment methods (Baker, 1980; Bai et al., 2013). The solid line indicates the cases where
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the prediction matches perfectly with the experimental data. The dashed lines represent the +15%
error lines. The error bars indicate +/- the standard deviation of the observed U. values.

The proposed factors (4H, 4Z, and 4X) for quantifying the sheltering effects and the method for
estimating Uc have been shown to be accurate under the idealized conditions in this study, which
involve MPs with limited ranges of particle properties (pp = 1.2-1.4 g/cm®, D, = 2.8-4.2 mm, and
CSF = 0.7-0.9) and on a fixed uniform bed with Dso = 2.5-5.0 mm. Further investigations are
needed to examine and improve their applicability to more realistic scenarios in natural rivers.
These scenarios may involve riverbeds with complex bed characteristics, such as non-uniform
beds or cohesive beds, and/or the presence of MPs with physical properties outside the studied
range [e.g., MPs with elongated or flexible shapes, or bio-filmed MPs (Kaiser et al., 2017; Zhou

et al., 2020)].

Specifically, in scenarios with complex bed characteristics, while 4H, AZ, and 4X are expected to
still be the appropriate parameters for quantifying the sheltering effects (Kirchner et al., 1990; Xu
et al., 2008), the PDFs and expected values measured in this study may not be representative.
Additionally, alternative measures should be explored for MPs with specific shapes, such as fiber-
like MPs, 4H, AZ, and 4X may not be appropriate. Furthermore, although the proposed method for
estimating U. was shown to be accurate for the idealized and limited range of conditions by
assuming Cq and C; as functions of AX, further investigations on the estimation of Cz and Ci are
needed. Currently, there is a lack of experimental or theoretical investigations on the methods for
predicting Cq and C; for the near-bed movement of MPs under more realistic scenarios. In addition,
the analysis of forces and moments should be repeated for more complex scenarios. For example,
MPs embedded or trapped within cohesive beds may require stronger flow conditions for

mobilization (Grabowski et al., 2011), requiring additional forces to account for the adhesion
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between MPs and bed materials. Lastly, current techniques and experimental setups employed to
measure the sheltering effects and U. values can be refined. For instance, the use of glass beads as
a substitute for natural sediment in this study may overlook potential differences in roughness

characteristics in these two cases.

The goal of this study was to investigate the mobilization of MPs on rough bed open channels
including the sheltering effects. A power law relationship between z. and MP properties (size and
density) was found, and a new formula for estimating 7. was proposed (Eq. 4-9), which reduced
the average relative error from 27.4% to 17.4%. Additionally, AH, AZ, and AX were introduced to
explicitly quantify the sheltering effects, and a new semi-empirical method for estimating Uc was
proposed (Egs. 4-14, 4-15, and 4-16). The method for estimating U. provides an alternative to the
method for estimating . that relies solely on empirical relations to investigate the initiation of MP

mobilizations.
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5. Continuous near-bed movements of microplastics in open channel

flows: statistical analysis*

5.1. Introduction

Microplastics (MPs) are typically defined as plastic particles < 5 mm in nominal diameter, and
they are ubiquitous and persistent in aquatic environments (Galloway et al., 2017). Their
detrimental effects on aquatic environments and widespread distribution have garnered substantial
attention in recent years (Chubarenko et al., 2016; Galloway et al., 2017; Van Melkebeke et al.,
2020). To better understand and predict the distribution of MPs and to effectively plan and execute
cleanup efforts, it is essential to develop a comprehensive understanding of the mechanisms
governing microplastic (MP) transport in water bodies. Despite being a crucial mode of transport,

near-bed transport (i.e., bedload transport) of MPs has only received limited attention.

Previous studies on the near-bed transport of MPs have primarily focused on determining the
threshold conditions under which MP mobilization occurs, emphasizing the combined influence
of MP properties and bed roughness (Waldschlidger & Schiittrumpf, 2019b; Yu et al., 2023; Yu,
Yao, et al., 2022). Empirical formulas have been proposed to predict the critical shear stresses
required to mobilize MPs with various shapes (spherical, cubic, cylindrical, etc.), densities (pp,
1008-1400 kg/m?), and sizes (D, 0.75-5.04 mm) on beds with different median bed grain sizes
(Dso0, 0.5-5.0 mm) (Waldschldger & Schiittrumpf, 2019b; Yu et al., 2023; Yu, Yao, et al., 2022).

These previous studies provide valuable insights for exploring empirical methods to quantify the

4 The content of this chapter has been submitted as a journal manuscript: Yu, Z., Loewen, M., Zhou, Y., Guo, Z., Baki,
A., & Zhang, W. (2024). Continuous Near-bed Movements of Microplastics in Open Channel Flows: Statistical

Analysis. Environmental Science & Technology, Under Review.
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bedload transport rate of MPs (Lajeunesse et al., 2010; Yu et al., 2023; Yu, Yao, et al., 2022).
However, it should be noted that previous research has only investigated the deterministic
properties of MP movements. Considering near-bed flow turbulence, bed morphology
irregularities, and the randomness of particle-bed interactions, it is essential to account for the
stochastic nature of MP movements to achieve a comprehensive understanding of MP transport
and gain insights into establishing a robust and rigorous framework for MP transport. Therefore,
a detailed statistical description of MP movements is needed; however, no experimental

investigations have yet been conducted on this topic.

This study focused on a simplified scenario in which millimeter-sized MPs (D» = 0.28-0.42 cm)
with a range of relative densities (py/p -1, where p is the density of the ambient fluid) between 0.2
and 0.4 were continuously transported over a uniform, fixed rough bed without resting or
suspension. A total of nine different combinations of equivalent bed grain roughnesses (ks) and
mean flow velocity were considered. The ratio of ks/D, ranges from 0.12 to 0.88. Particle tracking
velocimetry was employed to investigate the statistical behavior of MP movement. This study
specifically examined the influence of MP properties (D», pp, and particle shape), ks, and mean
flow velocity (U) on the ensemble mean and standard deviation of MP streamwise velocity.

Additionally, the study explored the diffusive properties of MPs during continuous movement.

5.2. Literature review

Given the lack of research on the statistical behavior of MPs in continuous movements,
extrapolating insights from previous sediment studies is a useful approach. The analogy between
bedload MPs and sediments in their initiation of motion and settling behavior has been frequently

discussed in recent studies, potentially due to the similar range of studied particle sizes (Yu et al.,
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2023; Yu, Yao, et al., 2022). This similarity may also contribute to analogous bedload transport
mechanisms (Waldschliger et al., 2022; Yu et al., 2023). The continuous transport of bedload
sediments and their statistical ensemble behavior are commonly analyzed within a one-
dimensional framework, focusing on the streamwise direction, as they predominantly travel

downstream (Cheng & Emadzadeh, 2014; Fan et al., 2017; Martin et al., 2012).

For particles continuously moving on a smooth bed, their ensemble mean streamwise velocity (<vx)
can be estimated as the near-bed flow velocity at a representative height (on the order of particle
size) above the bed (Cheng & Emadzadeh, 2014; Julien & Bounvilay, 2013). For rough bed cases,
v 1s commonly estimated using the following form (Fan et al., 2014; Heyman et al., 2016; Martin

et al., 2012):

<vx>:a(u*—b) (5-1)

where u+ is the bed shear velocity; and a and b (m/s) are empirical parameters that implicitly
account for the viscous effects of the fluid on near-bed particle motions. In sediment studies, the
parameter a can range from 3-35 depending on the near-bed flow conditions and bed features (Fan
et al., 2014; Heyman et al., 2016; Martin et al., 2012). For fixed beds, the observed a values are
generally larger compared to mobile beds. One of the reasons is that fixed beds are commonly
constructed by gluing particles of a specific diameter to a rigid plane boundary, which reduces the
influence of variations in bed geometry, such as ripples and dunes, compared to mobile beds. As
a result, there is less friction and consequently less impediment to particle movements (Lajeunesse
et al., 2010). The parameter b represents the intercept of the linear fit with the abscissa axis and is
frequently compared with the critical shear velocity required to initiate particle mobilization uxc

(Lajeunesse et al., 2010; Martin et al., 2012). For fixed beds, b is found to be smaller than u+, and
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b can be interpreted as the threshold shear velocity for disentrainment, i.e., the shear velocity at

which particles initially in motion come to a halt (Martin et al., 2012).

To explicitly quantify the impacts of pp, Dn, u*, and ks on «vy>, Julien and Bounvilay (2013) (Julien
& Bounvilay, 2013) measured the mean velocities of sediments, glass marbles, and steel balls in
continuous motion on smooth and rough beds, and performed a dimensional analysis. They

suggested that <vy> can be estimated with:

% ~11 .5®p0'95D*0'21 (%)—0.36 (%} _pyoas (5-2)

where Vs (= [(pp/p - 1)gDn]%®) is a characteristic velocity which represents a velocity scale that
quantifies the combined effect of particle density and size. It is also commonly referred to as an
approximation of the terminal settling velocity of sediments under turbulent conditions (Ancey,
2020); O)p is the particle Shields parameter, defined as u+*/Vi?; D+ is the dimensionless particle
diameter, defined as Da[(pp/p - 1)g/v*]'?, where v is the kinematic viscosity of the fluid; and & is
assumed to be Dso. Eq. (5-2 is valid for 0.04 < ks/Dn < 1.0 and 2.5 < pp/p < 8.0. Alternatively, to
account explicitly for the impacts of pp, Du, u+, and ks on <vv», a one-dimensional force analysis can
be applied. Using this approach and literature data, Cheng (2014) (Cheng & Emadzadeh, 2014)

proposed an equation for v:

v k, o6
" —13.04/®p —1.5(3}1) (5-3)

N

For rigid bed cases where ks < Dn, Eq. (5-3) is valid for D» = 2.4-29.3 mm, p, = 2.6-8.0 g/cm?, and

ks=1.2-3.4 mm.
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The stochastic nature of MP movements could result in time-dependent streamwise diffusion of
MPs as they travel downstream. To investigate the diffusive properties of MPs, insights can be
drawn from sediment studies regarding bedload diffusion (Martin et al., 2012; Nikora et al., 2002).
The classic Einstein—-Smoluchowski equation, originally proposed to describe the motion of
Brownian particles in one dimension, has been commonly adapted to characterize streamwise
bedload diffusion (Fathel et al., 2016). Specifically, this diffusion process was quantified by the
growth of the streamwise mean squared displacements of bedload particles [o(7)*] over a given

time interval defined as:

o(z)’ =([d, (1) = (d (D))]') (5-4)

where dix(7) [= x(¢ + 7) - x(¢)] is the streamwise displacement of a single particle over the time
interval 7; x(¢) is the position of a particle at time #; the angle bracket represents the ensemble
average over all particles (Fathel et al., 2016). For experimental observations, 7 can range from the
time interval between consecutive image frames (Af) of the recorded video to the minimum time
required for one particle to travel the entire length of the field of view (Martin et al., 2012).
Identifying a diffusion regime relies on the value of the scaling diffusion exponent (y) in the
relationship o(z)> o= 7’ (Fathel et al., 2016). Depending on the value of y, the diffusion regime of
particle streamwise movements can be classified as normal (y = 1.0) or anomalous (y # 1.0). In
normal diffusion, the variance of particle displacement increases linearly with time, meaning that
as time passes, particles spread out from their original position at a steady, constant rate.
Anomalous diffusion can be further categorized into sub-diffusive (y < 1.0), super-diffusive (y >

1.0), and ballistic (y = 2.0) (Martin et al., 2012; Nikora et al., 2002). In sub-diffusion, particles
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spread more slowly compared to normal diffusion, and o(z)* grows slower than linearly with time.

In super-diffusion, particles spread faster, with o(z)* growing faster than linearly.

In a typical bedload diffusion process, different diffusion regimes can emerge and change with the
time scale (Nikora et al., 2002). Nikora et al. (2002) (Nikora et al., 2002) suggested that bedload
diffusion is comprised of three ranges of scales: local, intermediate, and global. Specifically, the
local range involves sediment trajectories between two consecutive collisions with the bed at short
time scales, typically characterized by ballistic diffusion. This regime may arise from correlated
particle motions driven by particle inertia. The global range covers sediment trajectories that
include periods of particle resting at long time scales, typically associated with sub-diffusive
sediment movements which indicates that sediments diffuse at a rate slower than linear over time.
The intermediate range lies between local and global ranges, involving multiple sediment-bed
collisions at medium time scales. The diffusion behavior in this range can vary, exhibiting either

normal or anomalous characteristics.

5.3. Methodology

5.3.1. MP properties

MPs made of Polymethyl methacrylate (PMMA), Polyvinyl chloride (PVC), and Polyethylene
terephthalate (PET) were selected for testing based on previous research on benthic sampling of
MPs in aquatic environments (Kabir et al., 2022; Yang et al., 2021). The MPs were uniform in size
with a range of D» = 0.32-0.42 cm (Table 5-1). The densities of PMMA, PVC, and PET range from
1.20 to 1.40 g/cm?, determined using the titration method. The values of D+ and ¥y of PMMA,
PVC, and PET range from 40 to 56 and 7.85 to 10.53 cm/s, respectively. The shape of MPs was

quantified using Corey's shape factor (csf), defined as /c/(luls)"?, where la, Iv, and I represent the
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lengths of the longest, intermediate, and shortest sides of a particle, respectively (Yu, Yao, et al.,
2022). The values of csf for PMMA, PVC, and PET ranged from 0.58 to 0.89 (Table 5-1).
Table 5-1 Summary of the MP properties. The density and nominal diameter of microplastics are

denoted by pp and Dy, respectively. D+ represents the dimensionless particle diameter. Vs indicates
the characteristic velocity. csf represents Corey’s shape factor.

Type pp (g/cm?) D, (cm) D+ Vi(cm/s) csf
PMMA 1.20+0.01 0.32+0.02 39.83 7.85 0.76
PVC 124+0.01 042+0.03 5646 10.00 0.89
PVC 124+0.01 034+0.03 45.11 8.94 0.58
PET 1.40+0.01 028+0.02 44.57 1053 0.72

5.3.2. Experimental setup and instrumentation

The experiments used the same recirculating flume as in our previous studies (Yu et al., 2023; Yu,
Yao, et al., 2022), which was 7.50 m long, 0.75 m wide, and 0.50 m deep with a 0.2% slope (Figure
5-1). Flow was generated by a pump with a variable frequency drive, capable of a maximum flow
rate of 150 L/s with a resolution of 1.31 L/s. Flow rates were measured using a magnetic flow
meter (Foxboro IMT25-SEATB10K-BG). At the upstream end of the flume, a flow straightener

was installed to reduce lateral velocities and make the velocity distribution more uniform.
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Figure 5-1 Sketch of the experimental setup.

The observational area for MP particle tracking was 2.0 m long and 0.75 m wide, located 4.5 m
downstream of the flume inlet. The flow depth was kept constant at # = 31.0 = 0.3 cm using an
adjustable tailgate. Three mean flow velocities (35, 40, and 50 cm/s) were selected, resulting in
the Reynolds number Re (= UH/v) ranging from 1.05x10° to 1.51x103 and the Froude number Fr
[= Ul(gH)*?] ranging from 0.20 to 0.28, indicating fully turbulent and subcritical flow conditions.
Fixed rough beds with three equivalent bed grain roughness conditions were used: ks = 0.5, 1.0,
and 2.5 mm. Experiments were conducted for each type of MP using nine different flow conditions
labeled R1-R9, corresponding to different combinations of U and ks, as outlined in Table 5-2. The
shear velocities u+ for each flow condition were estimated using the turbulent kinetic energy
method, as described in detail in our previous study (Yu et al., 2023). The values of u+ for all nine
flow conditions exceeded the reported critical flow conditions necessary to initiate the movements
of MPs with similar physical properties on beds with comparable roughnesses (Yu et al., 2023).

For the nine flow conditions, the roughness Reynolds number ks" (= u+ks/v) ranged from 8 to 63,
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which is below the fully rough limit of 70 (Dey, 2014); therefore the beds can be characterized as
transitionally rough. Preliminary tests were conducted to confirm the occurrence of continuous
near-bed movements of MPs for different experimental cases.

Table 5-2 Summary of experimental (bed and flow) conditions for each type of MPs. The bed

roughness is denoted by ks. U represents the ambient flow velocity. Re indicates Reynolds number.
Frindicates Frode number. u+ represents the shear velocity.

Flow condition ks (mm) U (cm/s) Re Fr u* (cm/s)
R1 0.5 35 1.05x10° 0.20 1.67
R2 0.5 40 1.21x10° 0.23 1.91
R3 0.5 50 1.51x10° 0.28 2.22
R4 1.0 35 1.05x10° 0.20 1.78
R5 1.0 40 1.21x10° 0.23 2.05
R6 1.0 50 1.51x10° 0.28 2.38
R7 2.5 35 1.05x10° 0.20 1.97
R8 2.5 40 1.21x10° 0.23 2.18
R9 2.5 50 1.51x10° 0.28 2.52

To propel MPs into the flow, a 0.3 m long and 0.25 m wide plexiglass ramp (Figure 5-1) was
installed at the top of the flume. The ramp was partitioned into 25 evenly spaced slots and was
angled at 45 degrees from the free surface. The lower end of the ramp extended approximately 5
cm below the water surface and was positioned 2.0 m upstream from the observational area. A
plexiglass barrier plate was used to temporarily block the lower end of the ramp to hold MPs
stationary on the ramp prior to their release. Preliminary tests showed that the release location was
sufficiently upstream to ensure continuous near-bed movement of MPs before they passed through

the observational area.
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A GoPro camera (Hero 8) with an image resolution of 2704 pixels x1520 pixels and a frame rate
of 60 Hz was used to record the movements of MPs in the observational area. The camera was
mounted looking vertically downward at the center of the observational area with the lens
submerged approximately 1 cm below the water surface to eliminate reflections and refraction
from water-surface undulations. To provide contrast between the MPs and the black bed surface,

two quartz halogen lights (QOL-1000) were placed on both sides of the flume to provide illumination.

Camera calibration was carried out to correct lens distortions and other misalignments during the
imaging process before conducting experiments. The calibration process followed the steps
provided in the open-source program Gyroflow (https://gyroflow.xyz/). It required capturing 60
seconds of video of a 32.0 cm x 21.0 cm calibration chessboard positioned underwater at various
locations within the field of view. Specifically, this involved aligning the edge of the image frame
with the chessboard edge and matching the corners of the chessboard with the image frame corners,
respectively. The captured frames were then imported into Gyroflow to generate a calibration
profile for correcting images during pre-processing. The calibration accuracy was acceptable with
a mean reprojection error of ~0.5 pixels (Shortis, 2015). The calibration tests confirmed that the
camera placement effectively captured a sequence of clear images of MP motion with a field of

view of approximately 40.0 cm x 23.0 cm.

5.3.3. Experimental procedures

A total of 360 experimental tests were performed, which included 36 (4 x 9) experimental cases
of different MPs and flow conditions, with at least 10 repeats for each case. A consistent
experimental procedure was followed in each case. First, MPs of a specific type were immersed in

water for a duration of 3 hours to reduce surface tension and eliminate air bubbles from the particle
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surfaces. The designated flow velocity was then set by adjusting the variable frequency drive of
the pump. MPs were then placed in each of the 25 channels on the plexiglass plate, and upon
removal of the barrier plate, the particles were released simultaneously into the flow. MP
movements on the bed within the observational area were then recorded for a duration of ~3
seconds until all particles moved out of the field of view. The release of MPs and the recording of
their movements were repeated at least 10 times, yielding over 1800 frames of MP movements.
This resulted in a dataset comparable in size to previous sediment tracking experiments (over 1300
frames per case) (Shim & Duan, 2019; Shim & Duan, 2017). Moreover, the range of the maximum
value of the surface concentration of moving MPs (= c¢D,*, where c is the number of moving MPs
per unit bed area) varied from 0.002 to 0.004. The low surface concentration (<< 1) indicates that

interactions between MPs in motion were negligible (Seizilles et al., 2014).

5.3.4. Image processing

Figure 5-2 shows the key steps of the image processing procedures, applied to analyze the MP
movements for each case. First, the raw video from each test was processed using the calibration
profile created in Gyroflow. Next, Adobe Premiere Pro 2022 was used to extract a series of
consecutive images from the processed video. ImageJ was then used to convert the images to
grayscale and subtract the average background intensities. The plugin in ImageJ, Trackmate, was
employed to identify MPs in each frame of the image sequence using the Laplacian of Gaussian
algorithms (Tinevez et al., 2017). The detected MPs in each frame were then matched and linked
together into tracks using the Linear Assignment Problem tracker algorithms included in
Trackmate (Tinevez et al., 2017). Using the outputs of time-evolved streamwise and cross-stream
displacements with a time step of Az = 0.0167s, the corresponding instantaneous streamwise and

cross-stream particle velocities (vx, vy) were computed:
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v, =[x(t+At)—-x(t)]/ At
v, =[y(t+ A1) - y(@))/ At

(3-5)

where y(7) is the cross-stream spatial coordinate at time ¢. For each case, the ensemble means of
streamwise particle velocity («vv>) and standard deviations [«d(vx)>] were calculated by considering
all instantaneous velocity data from repeated tests. The direction of MP motion was described by

the instantaneous orientation angle, 0, defined as tan!(vy/Ax).

| Video calibration |

!

| Extracting time-series images |

Flow direction

| Converting to grayscales |

| Backgrounds subtracting|/7
| MPs identification |

|

MP movement information
calculation

1

Repeat above steps for the rest tests
and cases

Figure 5-2 (a) Flowchart of the image processing procedure applied to each case. (b) A processed
image from a sample test of PET in R1 after the "MPs identification" step. (c) A processed image
from the same sample test after the "trajectory generation" step. The white dots indicate the
identified MPs and the colored lines represent their respective trajectories over a time interval of
Is.
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5.3.5. Error and uncertainty analysis

The primary source of error in applying particle tracking velocimetry to measure near-bed particle
motions is uncertainty in locating the particle centroid during tracking (Ashley et al., 2020;
Campagnol et al., 2015). The position of the particle centroid was tracked to within one pixel using
Trackmate. Combining the reprojection error during calibration, the uncertainty in position
determination can be assumed reasonably as ~1.1 pixels (Campagnol et al., 2015). This results in
an estimated uncertainty of 0.98 cm/s in instantaneous particle velocity. Using error propagation,
the range of magnitude of uncertainty in the ensemble mean velocity of a single particle can be
calculated, which varied from 0.06 cm/s for the largest sample values of 263 (PET in R7) to 0.11
cm/s for the smallest sample values of 81 (PMMA in R3). The centroid localization error was
therefore neglected in further analysis because it is small in magnitude and unlikely to bias the
mean particle velocity measurements. Other sources of error commonly detected in a particle
tracking velocimetry system can be low signal-to-noise ratio and overlapping particles (Ahmadi et
al., 2019), which were negligible in the current experimental setup. The signal-to-noise ratio was
enhanced by applying uniform light sources and subtracting the average background intensities.
The error associated with overlapping particles was negligible due to the low surface concentration

of MPs in each case.

5.4. Results and discussion

5.4.1. Probability distribution and ensemble mean of MP velocities

Figure 5-3a shows the probability distributions of @ for all 36 cases (represented by open squares).
These distributions are approximately symmetric around 6 = 0°. The ensemble mean of 6 varies

from -0.26° to 0.26°, with a standard deviation ranging from 6.25° to 12.68° across all cases. For
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clarity, the raw 6 data for each MP type were combined into a single dataset, and the distribution
of O for each MP type across all conditions R1-R9 is shown separately. The ensemble mean of 6
for different MP types ranges from -0.0044° to 0.017°, with a standard deviation ranging from
8.79° to 10.27°, indicating predominantly streamwise MP movements. Thus, the continuous
movements of different MP types were assumed to be approximately one-dimensional in the

streamwise direction.
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Figure 5-3 (a) Probability density distributions of the orientation angle, 6, for different types of
MPs, shown with various colors: PET (orange), PMMA (green), PVC with csf= 0.89 (blue), and
PVC with csf = 0.58 (red). Open squares represent ungrouped data of 6 for all 36 cases. (b)
Probability density distributions of the instantaneous streamwise MP velocity, vy, for different flow
velocities, indicated with different colors: U= 35 cm/s (black), 40 cm/s (red), and 50 cm/s (green).
Open circles represent ungrouped data of v for all 36 cases. The inset shows Gaussian fits for PVC
with ¢sf=0.89 in R3 and PVC with csf= 0.58 in RS.
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Figure 5-3b shows the probability distributions of v« for all 36 cases (represented by open circles).
These distributions exhibit significant dispersion across different cases, characterized by variations
in their modes and widths. These variations were quantified by computing <vx> and «d(vx)> for the
36 cases and these values are listed in Table 5-3. Furthermore, the experimental distributions of vx

appear to be normally distributed in all cases. The equation for a normal distribution of vx is given

by:

1| v,—vo
()= o S (5-6)
<

(v 2m

Fitting Eq. 6 to the experimental data resulted in R* values ranging from 0.97 to 0.99. For clarity,
the inset of Figure 5-3b presents two examples of Gaussian fits: one for PVC with ¢sf= 0.89 in R3
(R* = 0.99, represented by open circles) and another for PVC with csf = 0.58 in R5 (R* = 0.98,

represented by solid circles).

The impact of the ambient flow velocity U on shaping the distributions of vx is evident. The
distributions in Figure 3b exhibit thin tails, which is expected given that the highest vx is unlikely
to exceed the flow velocity (Roseberry et al., 2012). The normal distributions of vx align with
previous observations of the continuous movements of sediments (Martin et al., 2012; Shim &
Duan, 2019). This may be primarily attributed to the same fully turbulent flow conditions reported
in the sediment studies in which the range of Re was 4800 to 1.8x10* (Martin et al., 2012)(Shim
& Duan, 2019). Three vx distribution profiles obtained by combining all of the data at the same U
into a single dataset (colored dots) are also compared in Figure 3b. As U increases, both «v»» and
«0(vx)» increase, with the mode shifting and the width of the distribution broadening. Specifically,

vy increases from 14.94 to 22.66 cm/s, and «d(vx)> increases from 4.59 to 5.90 cm/s.
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The shear velocity u+ can be used to quantify variations in ks and U. Figure 4a presents the
relationship between «<vv» and u+ for all experimental cases, revealing a general increasing trend.
This trend becomes more pronounced when considering data with the same ks. Grouping the data
points based on ks values results in three distinct datasets: R1-R3 with ks = 0.5 mm (red data points
in Figure 4a), R4-R6 with ks = 1.0 mm (green), and R7-R9 with ks = 2.5 mm (purple). Each of
these datasets is well represented by a linear fit, with corresponding R* values of 0.94, 0.90, and
0.87, respectively. The positive slope of the linear fit for each dataset indicates that MPs move
more slowly at lower flow velocities (U). Additionally, the similar slopes but differing intercepts
of the linear fits indicate that MPs tend to move more slowly on rougher beds for a given U. Recall
that in the linear fits of <vv» versus ux, the intercept on the x-axis represents the disentrainment
threshold for MPs. Figure 4a shows that the intercept of the linear fit for each grouped dataset
increases as ks increases, indicating that MPs tend to have a higher disentrainment threshold on a
rougher bed. Furthermore, note that within each grouped dataset with the same ks, there is a
noticeable scatter for individual cases. This scatter is likely due to the varying physical properties
of MPs, as the disentrainment threshold varies for MPs with different physical properties moving
across rough beds with different k5. These 12 disentrainment thresholds (four types of MPs moving
on rough beds with three different £;), i.e., the parameter 4 in Eq. (5-1), were obtained via linear
regression and compared in Figure 4b with the corresponding u+. values determined in our previous

study (Yu et al., 2023).
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Figure 5-4 (a) The mean streamwise MP velocity, «<vv, versus the corresponding shear velocity, u+,
for all experimental cases. The error bars denote the standard deviation, «d(vx)>. The three colored
dashed lines represent the best linear fits for the relationships between v and u= each line
corresponding to a specific bed roughness condition: R1-R3 (red), R4-R6 (green), and R7-R9
(violet). (b) The parameter b in Eq. 1 versus the critical shear velocity of different types of MPs,
ux, across various ks. The black dashed line indicates the best linear fit. (c) <vv» versus the
corresponding values of u* - 0.76u+.. The dash-dotted line represents Eq. 7.

Figure 5-4b shows the value of b is smaller than u+ on average, as indicated by the linear fit (b =
0.76ux*:) with a relative error of 17.8%. This result aligns with the previous results of the sediment
movements (Fernandez Luque & Van Beek, 1976; Hu & Hui, 1996; Martin et al., 2012). The linear

correlation equation between b and u+ was used to estimate the value of the parameter a by fitting

Eq. (5-1) with the observed «vx> of all cases (Figure 4c). Eq. (5-1) is then revised for MPs as follows:

W =13.67 (u* —0.76u*c) (5-7)

Eq. (5-7) has a small relative error of 5.2%. The fitted parameter a = 13.67 is comparable to those
reported in the fixed bed experiments of sediments. Specifically, a = 13.5-14.3 in Abbott and
Francis (1977) and a = 13.6 in Martin et al. (2012). Eq. (5-7) is valid for D+ =40-56, csf=0.7-0.9,
and ks = 0.5-2.5 mm.

Table 5-3 Summary of the ensemble mean streamwise MP velocity («vv), the standard deviation

of vx [«d(vx)>], and the scaling diffusion exponent (y) for nine different cases involving different
types of MPs.

Case Type csf o (cm/s) (vip (cm/s) 7y

R1  PMMA 0.76 17.69 4.12 1.72
R1 PVC  0.89 16.78 3.50 1.73
R1 PVC  0.58 16.87 431 1.73
R1 PET 0.72 16.11 4.04 1.71
R2  PMMA 0.76 20.45 4.52 1.73
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R2
R2

R3
R3
R3
R3
R4
R4
R4
R4
RS
RS
RS
RS
R6
R6
R6
R6
R7
R7
R7
R7
RS
RS
RS
RS
R9
R9
RO
RO

PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET
PMMA
PVC
PVC
PET

0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72
0.76
0.89
0.58
0.72

19.29
19.06
18.60
25.88
25.27
23.95
23.97
15.98
15.54
14.44
12.70
18.15
18.04
17.79
15.69
22.86
22.77
22.28
22.10
14.89
14.03
13.18
12.13
17.33
17.10
16.91
14.94
21.19
22.47
21.38
18.87

4.07
4.49
4.43
5.25
521
5.38
5.47
433
3.88
436
4.19
4.63
4.26
521
4.73
521
5.67
5.75
5.78
4.42
4.29
4.44
4.63
4.92
4.73
5.41
5.25
5.20
5.86
5.93
5.86

1.73
1.74
1.69
1.77
1.75
1.72
1.69
1.70
1.68
1.72
1.67
1.67
1.75
1.69
1.76
1.63
1.75
1.60
1.69
1.62
1.67
1.61
1.61
1.73
1.74
1.72
1.66
1.66
1.68
1.61
1.58
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Additionally, as shown in Egs. (5-2) and (5-3), <vv> can be normalized using the characteristic
velocity Vs and be estimated explicitly as a function of the relative roughness height ks/D, and ©).
In Figure 5 <vo/Vs is plotted versus @, for all 36 cases in this study, alongside data from the
literature, including non-MPs moving on fixed rough beds with different ks/Dx» values (Abbott &
Francis, 1977; Cheng & Emadzadeh, 2014; Julien & Bounvilay, 2013; Lee & Hsu, 1994; Martin
et al., 2012) or mobile beds (Lajeunesse et al., 2010; Nifio & Garcia, 1998; Shim & Duan, 2019).
In general, the values of <vv»/Vs for MPs increase with @y, which is consistent with the increasing
trend observed for non-MPs moving on fixed beds with ks/D» < 1 in the study of Julien and
Bounvilay (2013). Moreover, MPs have a higher <vv» on average compared to non-MPs in that
study (Julien & Bounvilay, 2013). Given that the D+ values for non-MPs (62-778) are larger than
those for MPs (39.83-56.46) in this study, the higher average «vx> for MPs can be attributed to the
fact that lighter particles (indicated by a smaller D+ value) tend to move faster on fixed beds with
ks/Dn < 1. Furthermore, for fixed bed scenarios, <vv» values for particles in cases with ks/D» <1 are
higher on average than for those in cases with k/D» = 1, indicating that increased relative bed
roughness hinders particle movement, as previously discussed for MPs in Figure 5-4. It is also

evident that <vv> for mobile bed cases is smaller than that for fixed beds, as previously noted.
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Figure 5-5 Comparison of the normalized <vv> against the particle Shields parameter @, for MPs
moving on fixed rough beds with the relative roughness height ks/D» < 1 and non-MPs moving on
fixed rough beds or mobile beds. Note that only part of the sediment data points in Julien and
Bounvilay (2013) were plotted since detailed information was unavailable for the calculations of
Oy for their full dataset.

Figure 5-6 compares the predicted values of <v»» using Egs. (5-2), (5-3), and (5-7) with the
measured values. Eq. (5-2) overestimates <vv, with a high relative error of 67.5%. This is likely
because Eq. (5-2) was derived using a dataset with a wide range of ks/D» (0.04-1), where
approximately 40% of the ks/Dn values were lower than the smallest ks/D» value of 0.12 reported
in this study (ks/D» = 0.12-0.88). Egs. (5-3) and (5-7) had much smaller relative errors of 6.5% and

5.2%, respectively. Eq. (5-7) is recommended due to its relatively low error and its potential to

accurately predict <vv» for MPs with a wider range of physical properties, particularly as prediction
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methods for MP mobilization thresholds continue to develop. Specifically, when predicting vy
for MPs with low csf values, such as fibers or films in continuous motion, Eq. (5-3) derived from
a one-dimensional force analysis of a spherical particle may not be suitable. In contrast, Eq. (5-7)
offers a clearer physical interpretation by describing the mean MP velocity as the difference
between the flow velocity and the disentrainment threshold, where the influence of shape can be

more easily considered.
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Figure 5-6 Comparison of the measured «vx> values of MPs of cases R1-R9 (<vvymeq) against the
calculated «<vv> values (<vv>car) using the previous formulas for non-MPs (Egs. 5-2 and 5-3) and the
proposed formula for MPs (Eq. 5-7). The dashed line represents <vidmea = <Vidcal.

5.4.2. Standard deviations of MP velocities

The variability in the width of vx distributions for different cases is investigated by assessing the

impact of experimental conditions and MP properties on <d(vx)>. It is logical to expect that «d(vx)»
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can also be normalized by Vs and related to @p, similar to <vv. In Figure 5-7, @), is plotted versus
«(vx)»/Vs and a semi-logarithmic relationship is evident between these two dimensionless variables.

A linear regression produced the following equation with a R* value of 0.92:

ow,>

=0.25In(®,) +1.28 (5-8)

s

The relative error for Eq. (5-8) is 4.3%. Eq. (5-8) indicates that the width of the vx distribution
increases with the increase of @,. For the same type of MPs, «d(vx)> increases with the increase of
ux, since @, = u+*/Vs>. This is because an increase in u+ likely intensifies the frequency and vigor
of collisions between MP particles and the underlying bed, thus leading to higher fluctuations in
vx (Lajeunesse et al., 2010; Ninto & Garcia, 1996). Moreover, Eq. (5-8) is applicable to MPs
within the studied ranges of physical properties (D» = 0.32-0.42 cm; pp = 1.20-1.40 g/cm?; and csf’
= 0.58-0.89) under the experimental conditions considered (U = 35-50 cm/s and ks = 0.5-2.5 mm).
Eq. (5-8) can serve as an additional validation for future numerical model development or be
combined with Eq. (5-7) to provide initial estimates for MP transport models that assume a normal

distribution for vx.
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Figure 5-7 The normalized standard deviation, <d(vx))/Vs, for different types of MPs as a function
of the particle Shields parameter, @,. The dashed line indicates the best logarithmic fit.

5.4.3. MP diffusion

Following a previous study on bedload sediment diffusion (Nikora et al., 2002), the normalized
growth of the variance of displacements [o(7)?/D,*], and the normalized time interval (zu+D,) were
introduced. Figure 5-8a-c show the power law relationship between these normalized parameters
for all cases. For clarity, the data points corresponding to different bed roughnesses were organized
into three subplots. For each experimental case, the value of y was obtained via fitting Eq. (5-4)
and was provided in Table 5-3. The values of y vary from 1.58 to 1.77 for the different MP types,
falling within the range of 1.0-2.0 (also shown in Figure 5-8a-c). These results show that the
diffusion processes of MPs conducting continuous movements were super-diffusive over a range

of tu*/Dyn = 0.06-10.0. The reported y values of 1.58-1.77 are comparable to those for continuous
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sediment movements, 1.40-1.74 (Martin et al., 2012; Nikora et al., 2002), indicating that MPs and

sediments share similarities in their diffusion processes.
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Figure 5-8 The evolution of the normalized variance of MP streamwise displacement, o(7)?/D,?,
for different bed roughnesses, s, over a dimensionless time span of /D, = 10. The subplots (a),
(b), and (c) correspond to ks = 0.5 (R1-R3), 1.0 (R4-R6), and 2.5 mm (R7-R9), respectively. The
dimensionless time span is divided into five logarithmically equal bins, marked by four dotted
lines representing the bin boundaries (tu+/D,=0.17, 0.46, 1.29, and 3.59). Within each bin, a black
dashed line represents a power law fit to the data points. The black and red dash-dotted lines
illustrate the relationships o(7)%/Dx* ~ (zu*/Dr)* and o(7)?/Ds* ~ tu*/D, respectively.

The impact of experimental conditions and MP properties on the variations in y was then
investigated by performing a multiple regression analysis with ks, U, pp, Dn, and csf as independent
variables. The result showed that only ks has a statistically significant effect on y (p-value =
5.45x10* < 0.05). As ks varied from 0.5 to 1.0 to 2.5 mm, average y values varied from 1.73 to

1.69 to 1.66, respectively. This suggests that MPs diffuse slightly more slowly over rougher beds

in the streamwise direction for the range of tu+/D, values observed, 0.06 to 10.0.

To further explore potential variations in the diffusion regime over time, the observed
dimensionless time span for each bed roughness condition was divided into five logarithmically
equal bins. The data points within each bin were fitted, resulting in 15 y values, each characterizing
a diffusion process within a specific period of tu+ Dx for each ks value. Analysis of the data plotted
in Figure 5-8a-c showed that y decreases with increasing tu+D» for the same ks. Specifically, y
decreased by 14.7% from 1.97 to 1.68 in Figure 5-8a; by 14.1% from 1.85 to 1.59 in Figure 5-8b;
and by 17.9% from 1.79 to 1.47 in Figure 5-8c. This decreasing trend between y and tu+/D, for the
same bed roughness aligns with the numerical simulation results from Martin et al. (2012), where
particle inertia plays a dominant role in streamwise diffusion processes for sediments in continuous
movements. It indicates that variations in y for MPs could also be linked to particle inertia.
Specifically, the observed decrease in y as ru*/D, increases for MPs may be due to the gradual loss

of particle inertia over time, resulting in a decrease in y. Besides, although variables such as U, pp,
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D, and csf did not have a significant impact on y in this study, their potential influence cannot be
ruled out. Future research could explore the effects of these variables by examining a wider range
of MP properties and experimental conditions. Furthermore, there is a need to investigate the
diffusion process of mixtures of MPs with varying physical properties, as Martin et al. (2012)

indicated that particle heterogeneity can affect the diffusive behavior.

5.5. Conclusion

In summary, this study presents, for the first time, a statistical analysis of the continuous near-bed
movements of MPs with various physical properties (D» = 0.32-0.42 cm; pp = 1.20-1.40 g/cm?;
and csf = 0.58-0.89) under different experimental conditions. The findings contribute to the
groundwork for the future development of MP bedload transport models and offer additional
validation for modeling MP transport. Specifically, this study proposes a new formula [Eq. (5-7)]
for predicting the ensemble mean streamwise velocity of MPs with low relative errors (5.2%),
which takes into account bed shear velocity and critical shear velocity. The study also provides a
description of the standard deviation of the streamwise MP velocity by including the particle
Shields parameter [Eq. (5-8)]. Furthermore, the study highlights the stochastic nature of MP
movements, identifying a normal distribution in streamwise MP velocity and super-diffusive
behavior influenced by particle inertia. It indicates that accurately modeling the time-dependent
transport rate of MPs requires accounting for both advection and diffusion processes, for which

fractional advection-diffusion equations or random walk models may be suitable.
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6. Statistical description of intermittent microplastic movements in

rough bed flows®

6.1. Introduction

Microplastics (MPs), defined as plastics with a size less than 5 mm (Yu, Yao, et al., 2022), have
emerged as one of the significant contaminants in aquatic systems. This recognition arises from
their ubiquity, persistence (Thompson, 2015), capacity to carry other pollutants (Padervand et al.,
2020), and potential toxicity to both human and aquatic organisms (Smith et al., 2018).
Understanding the impact of microplastic (MP) pollution on marine and freshwater systems
requires knowledge of the spatial and temporal distributions of MPs. This, in turn, requires an in-
depth understanding of MP transport mechanisms, particularly in open channel flows, as rivers
serve as major conduits for transferring MPs from terrestrial to aquatic environments such as lakes

and oceans (Meijer et al., 2021).

MPs are characterized by a diversity of physical properties, including size, shape, and density.
Based on the density of MPs (pp) relative to that of the ambient fluid (p), MP transport in open
channel flows can involve the movement of buoyant (p, < 1 g/cm?), neutrally buoyant (p, = 1
g/cm?), and negatively buoyant MPs (p, > 1 g/cm®). A recent study reported the retention of
negatively buoyant MPs along the Rhone River in France (Mennekes & Nowack, 2023). The
observation raises questions about the transport mechanisms that lead to the wide distribution of
negatively buoyant MPs along the river. However, no clear explanations can be provided given

the current lack of knowledge regarding the motion of negatively buoyant MP. Specifically, recent

5> The content of this chapter is being prepared and will be submitted as a journal manuscript.
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studies of negatively buoyant MPs have mainly focused on MP settling (Yu, Yao, et al., 2022) and
the initiation of MP mobilization (Yu et al., 2023; Yu, Yao, et al., 2022), while research into near-
bed movements (also referred to as bedload movements in this study) of negatively buoyant MPs

after the initiation of transport remains in its infancy.

The observation of MP retention along the Rhone River indicates that most of the negatively
buoyant MPs are transported discontinuously. It is important to recognize that bedload MPs can
also move intermittently, alternating between resting and moving states (Campagnol et al., 2015).
This intermittency is particularly pronounced under hydrodynamic conditions near the threshold
for MP mobilization (Campagnol et al., 2015). As a result, MPs can exhibit stochastic behavior
both temporally and spatially, influenced by near-bed turbulence, complex fluid-particle
interactions, and particle-bed collisions (Campagnol et al., 2015). Negatively buoyant MPs vary
in size, density, and shape and the potential impacts of each of these independent variables further
complicate research into MP movements and should be considered. To date, there are no
experimental studies on the bedload movement of MPs with varying physical properties, while

accounting for the intermittency and stochastic nature of their movement.

To address this gap, a series of tracking experiments were conducted for three types of MPs under
hydrodynamic conditions near their respective mobilization thresholds. Given the stochastic nature
of MP intermittent movement, this study presents a probabilistic description of the key kinematic
variables that are critical for the future development and validation of bedload MP transport
models. These variables include MP velocity, hop length, and the associated hop duration of

complete hop events.
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6.2. Literature review

Research on the intermittent movements of MPs may benefit from the relevant concepts and results
of sediments, a field that has been developing for decades (Ancey, 2020). This section briefly
reviews recent findings related to key kinematic parameters in sediment studies since no
intermittent movement studies have been reported on MPs. Note that the bedload transport
problem is commonly idealized as a streamwise transport process, where uniform-sized sediments
are transported under equilibrium conditions with the rates of entrainment and disentrainment

equal (Wu et al., 2020). This simplification is applicable throughout this section.

The probability density distribution of the streamwise particle velocity (vx) plays a crucial role in
describing both the transport rate and particle diffusion (Furbish et al., 2012). This distribution is
typically investigated experimentally using particle tracking velocimetry. Experimental evidence
suggests that under subcritical flow conditions, the distribution of vx tends to be an exponential
probability density function (PDF) (Fathel et al., 2015; Lajeunesse et al., 2010; Roseberry et al.,

2012), which can be approximated by:

[, (v, 20)= ﬁe%” (6-1)

X

where the angle brackets denote the ensemble mean. Under supercritical flow conditions, the
distribution of vx tends to be Gaussian (Ancey & Heyman, 2014; Heyman et al., 2016). Ancey and
Heyman (2014) described the velocity evolution of a bedload particle as a mean-reverting process

and suggested that vx can be described by a truncated Gaussian distribution as follows:
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f,(v,20)= \f

where 7 and v are fitted parameters, and erf'is the error function.

1+erf(

The difference in the distributions of vx under different types of flows can be linked to the presence
of different sediment transport regimes. These regimes were identified through a relationship
between the streamwise hop length (Lx) and hop duration (7%), where Lx is the streamwise
displacement of a particle from the start of its movement until it comes to rest, and 7 is the time
the particle spends during the hop (Wu et al., 2020; Wu et al., 2021). Wu et al. (2021) applied a
nonlinear transformation to map vx to a scaled velocity within the diffusion equation to describe
the distribution of vx (Wu et al.,, 2021). This transformation enables the derivation of this
relationship between Lx and T
| _ o~ DA 2

cos(,)Si(p,) (6-3)
where 7 is the counting variable, D is the diffusion coefficient (s'), and Si is the sine integral
function. D could be estimated through a trial-and-error process using the experimental data for
Lx, Ty, and <vv>. Eq. (6-3) indicates that Lx o< Ty for T > 1/D, which corresponds to the Taylor
dispersion regime, and the hops within this regime are defined as “long hops” (Wu et al., 2021).
For T < 0.1/D, Lx o< Ty'*, which is referred to as the initial regime. The regime with 1/D > T >
0.1/D is referred to as the transition regime, where the scaling exponent of the Lr and 7
relationship > 1.5, typically ~5/3. Hops within the initial and transition regimes are defined as
“short hops” (Wu et al., 2021). For example, if D = 1.0 5!, when T;» > 1.0 s, Ly o< Ti; when Ty <

0.1s, Lxo< T'5; and when 0.1 s < T < 1.0's, Ly o< T, The mix of short and long hops leads to
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an exponential-like distribution of vy, while long hops alone result in a Gaussian-like distribution
(Wuetal., 2021). Wu et al. (2021) reported that the distribution of 7% can be expressed analytically

as (Wuetal., 2021):

1 _T”< y
(T, >0)=——e 7o (6-4)

tr

Based on Egs. (6-3) and (6-4), Wu et al. (2021) proposed an explicit estimation of the distribution

of Lx for long hops:

1 _wa »T.»
f,(L,>0)= e Yoo, (6-5)

w >

6.3. Methodology

6.3.1. MP properties, experimental conditions, and setup

Three types of MPs were used in this study: Polyamide (PA), Polyvinyl chloride (PVC), and
Polyethylene terephthalate (PET) particles. The nominal diameters D, and the particle density pp

of the selected MPs range from 0.28 to 0.42 c¢m, and from 1.20 to 1.40 g/cm?, respectively. The

D, , ranges from 39.32 to 55.59. The

n?’

(p, —p)g}%

dimensionless particle diameter D+, defined as { >
po

shape of MPs was quantified by the Corey’s shape factor (CSF), which is defined as c/(ab)"?
(where a, b, and c are the lengths of the longest, intermediate, and shortest sides of a particle,
respectively) (Yu, Yang, & Zhang, 2022). The csf values for PA, PVC, and PET fall within the

range of 0.66 to 0.89. Detailed MP properties information is listed in Table 6-1.
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Table 6-1 Summary of MP properties and hydrodynamic conditions. Dx is the nominal diameter,
pp 1s the MP density, CSF is the Corey’s shape factor, D+ is the dimensionless particle size, U is
the critical flow velocity for MPs, U is the flow velocity, Re is the Reynolds number, Fr is the
Froude number, u+ is the shear velocity, and s" is the roughness Reynolds number.

U. U Re U

: D, Pr +
Case  Material (cm) (g/cm®) CSF D (cm/s) (cm/s) (x10% Fr (cm/s) ks
| PA 0.32 1.20 0.66 3932 10.59 12.18 5.15 0.059 0.54 2.63

2 PVC 042 125 089 5559 1356 1560 6.60 0.076 0.68 3.32

3 PET 028 141 074 43.70 1483 1558 6.59 0.075 0.67 3.26

4 PET 028 141 074 43.70 1483 17.06 7.22 0.083 0.73 3.55

Experiments were conducted in a 7.50 m long, 0.75 m wide, and 0.50 m deep recirculating flume
with a 0.2% slope. A sketch of the flume and detailed configuration information can be found in
Chapter 5. The longitudinal flow direction was defined as the x coordinate and y and z as the cross
stream and vertical directions, respectively. The water depth was held constant at H = 43.5 + 0.5
cm for all experiments. A fixed rough bed with a roughness (&) of 0.5 mm, previously utilized for
examining MP continuous movements (Chapter 5), was used to maintain consistency. The use of
a fixed bed implies that the potential influences of bedforms, as well as the burial and reappearance
of MPs, were ignored for the sake of simplification. Flow velocities (U) were set at values slightly
greater than the critical flow velocities (U.) required for initiating the movement of PA, PET, and
PVC on a fixed rough bed with &s = 0.5 mm (Yu, Yao, et al., 2022). Measurements were conducted
for the following four cases: PA, PET, and PVC with the flow velocity set to U/U: = 1.15 and PET
with U/U. = 1.05, which were labeled cases 1-4 (see Table 6-1). The Reynolds number Re (= UH/v)
ranged from 5.15x10% to 7.22x10* and the Froude number Fr (= U/(gH)"*®) from 0.059 to 0.083,

which resulted in fully turbulent and subcritical flows for all cases. The shear velocities u+ for each
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flow condition were estimated using the turbulent kinetic energy method, as described in detail in
a previous study (Yu, Yao, et al., 2022). In all cases, the roughness Reynolds number &s" (= u+ks/v)
ranged from 2.63 to 3.55, which is below the transitionally rough limit of 5 (Dey, 2014), and
therefore the beds can be characterized as hydraulicly smooth. Preliminary tests confirmed the
occurrence of intermittent near-bed movements of MPs in all cases. The flow parameters described

above are all listed in Table 6-1.

For consistency, this study employed the same experimental setup for particle tracking as was used
in a previous study (Chapter 5) on continuous MP movements, including the light source (QL-
1000), camera model (GoPro Hero 8), and MP releasing ramp, as described in Chapter 5. Images
with a resolution of 2704 pixels x1520 pixels were recorded at a frequency of 30 fps. To eliminate
reflections and refractions due to water-surface undulations, the camera was pointing vertically
downward at the central observation area with the lens ~20 cm below the water surface. The field
of view covered an area of 30.0 cm % 17.0 cm. In preparation for the experiments, the camera was
calibrated, following the procedure outlined in Chapter 5. The mean reprojection error was ~0.7

pixels (< 1.0 pixel) which is an acceptable accuracy (Shortis, 2015).

6.3.2. Experimental procedures and image processing

This study included 80 experimental tests, including 4 different experimental cases, with 20
repetitions per case. Consistent experimental procedures were strictly followed in each test. First,
the variable frequency drive of the pump was adjusted to achieve the target flow velocity. Once
the flow reached a stable state, 25 MPs of a certain type were simultaneously released 3.54 cm
underwater, 2.50 m downstream from the flume entrance, and their movements within the field of

view were recorded for a duration of 35 s. Throughout this duration, the majority of the MPs
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exhibited alternating states of rest and motion. After the recording concluded, any remaining MPs
within the field of view were flushed out to clear the area. This procedure was repeated for each

of the 80 tests.

A series of consecutive raw images was extracted from the recorded image sequences. The
extracted images were converted to grayscale and the average background intensity was subtracted
using ImageJ. The plugin in ImageJ (Trackmate (Tinevez et al., 2017)) was used to identify MPs
in each frame of the image sequence, match the detected MPs across frames, and generate tracks.
Figure 6-1a presents the trajectories of three tracked MP particles obtained from one of the Case
2 recordings. The generated trajectories were then analyzed to determine the variables of interest.
The instantaneous particle velocities in the streamwise and cross-stream direction (vx, vy) were
computed by dividing the streamwise and cross-stream displacements by the time interval of Az =
1/30 s. To determine hop length and hop duration from the obtained trajectories, it was first
necessary to define a “hop”. This study adopted a binary approach to MP intermittent movements,
classifying MPs as either “in motion” or “at rest” at any given moment, represented by the Boolean
variable M (1 for motion, O for rest). A complete hop event for an MP particle was thus defined as
an uninterrupted period of motion, characterized by transitions from a rest state to motion and back

to rest.

To distinguish between the “in motion” and “at rest” states during MP intermittent movements,
three thresholds were set. First, a streamwise particle velocity of 0.20 cm/s was selected and
confirmed visually to be generally effective for distinguishing between these states. Therefore, a
MP particle was considered to be at rest (M = 0) when vx < 0.20 cm/s, otherwise in motion (M =

1). However, applying this velocity threshold alone occasionally resulted in brief (1-3 frames) “in
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motion” states within a long period of rest, or a brief “at rest” state between two long periods of

motion. These brief events required further evaluation.

In experimental studies of sediments, temporal or spatial thresholds were commonly proposed to
identify and exclude impulsive events of motion or rest that have negligible contributions to net
sediment transport (Cecchetto et al., 2018; Liu et al., 2019). Assuming the filtering of impulsive
events was suitable for MP transport, this study adopted explicit temporal and spatial thresholds
from a sediment study (Cecchetto et al., 2018) for MPs. Specifically, if a MP particle performed a
short hop with a net resultant displacement of less than one nominal diameter, the corresponding
“in motion” states were considered impulsive and reclassified as “at rest”. If a MP resting duration
was shorter than 0.10 s, the corresponding “at rest” state was reclassified as “in motion”. Note that
applying these parametric thresholds may introduce errors to the variables of interest. Quantifying
these errors is challenging due to the lack of theoretical knowledge of MP intermittent movements
and the absence of direct numerical simulations capable of accurately determining the true
temporal or spatial coordinates where MPs are at rest or in motion. Furthermore, there is no
preference or universal threshold that can be applied (Hosseini-Sadabadi et al., 2019).
Consequently, the thresholds used to distinguish between “in motion” and “at rest” states were
specific to current experimental conditions and should be viewed as a temporary solution for

accurately describing MP intermittent movements.

Figure 6-1b-d illustrates a complete hop event that occurred between 18.73-19.43 s within
trajectory A (Figure 6-la), along with its corresponding time evolutions of streamwise
displacement, velocity, and Boolean variable. The number of complete hop events (V) varies from

279 (case 2) to 962 (case 3) across different cases (Table 6-2), which is comparable to those of the
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previous sediment studies (N = 60 - 1421) (Ancey, 2020; Campagnol et al., 2015; Hosseini -

Sadabadi et al., 2019; Liu et al., 2019).
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Figure 6-1 (a) Illustration of sampled trajectories (A, B, C) of three PET particles during a time
interval spanning from 4.6 to 29.3 s, extracted from one of the repetitive tests of case 3. These
trajectories are superimposed onto the frame at # = 29.3 s. The variation in color of the trajectories
is representative of the time evolution. The white dots indicate the spatial coordinates of the
remaining PET particles at the time instance ¢ = 29.3 s. (b) The time series of the streamwise
particle displacement (x) over a defined duration (from #1 = 17.3 s to 2 = 20.2 s, marked by two
dashed lines) within trajectory A. (c) The corresponding time series of the streamwise particle
velocity (vx) and (d) the Boolean variable (M) over the same duration within trajectory A.
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6.3.3. Error analysis

This study identified and assessed two main sources of errors. First, the determination of the
centroids of MPs in TrackMate has a sub-pixel accuracy (commonly < 0.5 pixels) (Ashley et al.,
2020). When combined with a reprojection error of approximately 0.7 pixels, a maximum
uncertainty of two pixels in the determination of MP centroids can be reasonably assumed. This
uncertainty corresponds to about 6% of a particle size and the measured shortest hop length.
Consequently, it results in a maximum uncertainty of 0.05 mm/s for the ensemble mean velocity
for all cases, which was obtained by considering the error propagation over the minimum sample
size of vy for case 4 (19044). The uncertainty associated with the MP centroid determination can
be positive or negative and unlikely to bias the estimated mean velocity or hop length. The
influence of this error on the primary findings of this study regarding both the relative magnitudes
and shapes of the probability distributions of vx, Lx, and T, is considered minimal (Ashley et al.,

2020; Liu et al., 2019).

Second, applying a binary view on MP intermittent movements in particle tracking experiments
introduces a negative bias error in the observed hop durations. This bias occurs because, in this
study, MPs were identified as “in motion” (M = 1) in the first image sampled after the actual
initiation of mobilization and as “at rest” (M = 0) in the image sampled just prior to the actual
cessation of mobilization. Assuming that the timing of the initiation and the timing of the cessation
of mobilization within a given frame interval are each independently normally distributed, the most
likely error for a single observed hop duration is approximately 1/30 s, which is considered
acceptable (Ashley et al., 2020). Increasing the camera frequency can reduce the magnitude of this
bias, while it will increase the uncertainty in particle velocity measurements. For example,

increasing the frequency to 120 fps will increase the uncertainty in vy from ~0.66 cm/s to ~2.66
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cm/s. Therefore, the current camera frequency was chosen as a compromise to balance temporal

resolution and measurement accuracy.

6.4. Results and discussion

Figure 6-2 illustrates the probability density distributions of the instantaneous orientation angle, 6,
for different cases. The value of @ is calculated as tan™'(v,/vx). All distributions follow a normal
distribution and are approximately symmetric around 8 = 0°. The standard deviation of 6, denoted
as a(6), is similar for different cases, with an average value of ~21 ° (see Table 6-2). This indicates
that two-thirds of the tracked MPs deviated by less than +21° from the streamwise direction, which
is considered to be a fairly moderate spreading. It is reasonable to assume that the intermittent
movements of MPs are predominantly in the streamwise direction. Furthermore, the ensemble
means of streamwise MP acceleration for cases 1-4 are 0.043, 0.046, 0.14, and 0.10 cm/s>,
respectively. These values are close to zero, showing that external forces acting on MPs are
minimal, which shows that the transport of MPs in each case can be considered in a state of
equilibrium (Wu et al., 2020). Therefore, this study focuses on the idealized cases of uniform MPs
being transported under equilibrium conditions and the streamwise MP transport processes are of

particular interest.
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Figure 6-2 The probability density distributions of the orientation angles () for (a) case 1, (b) case

2, (c) case 3, and (d) case 4. The red lines indicate the fitted pdfs.

Table 6-2 Statistical characteristics of the kinematic variables of cases 1-4.

Case Unit 1 2 3 4
N 494 279 962 744
& ° -093 -0.88 -0.72 -0.88

a(0) ° 2042 2346 20.62 19.62

v cm/s 196 315 244 286
n slem 0.92 0.61 0.64 0.59
Vim cm/s 1.79 3.13 218 2.58

wwpre  cm/s 125 228 195 2.74

o(v\) cm/s 1.01 1.51 135 1.55

CV(vx) 0.52 048 0.55 0.54

113



Lo cm 461 717 347 496
o(l) cm 499 618 356 4.95
CV(Ly) 1.08 0.86 1.03 1.00
Tw s 235 228 142 1.73
oTr) s 218 170 1.16 143

CW(Tw) 093 075 082 082
D s' 081 096 1.19 093
T. s 0.090 0.071 0.059 0.068

6.4.1. MP velocity

Figure 6-3 presents the probability density distributions of vx for cases 1-4. In each case, vx follows
a truncated Gaussian distribution and can be accurately modeled using Eq. (6-2). For all cases, the
values of R? exceed 0.98. Table 6-2 lists the fitting parameters # and v» from Eq. (6-2) for each
case. The truncated Gaussian distribution is thin tailed, which is expected because particles

typically do not move faster than the flow which limits the maximum vx values that are attainable.
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Figure 6-3 The probability density of the streamwise MP velocity (vx) for (a) case 1, (b) case 2, (c)
case 3, and (d) case 4. The datapoints along with the lines connecting them illustrate the fit of Eq.

6-2 for each case.

The presence of a truncated Gaussian distribution of v+ means that both its ensemble mean and

standard deviation [a(vx)] are finite. To compare the measured values, the following formula

previously proposed for continuously moving MPs (Chapter 5) was used to predict «vo:

W =13.67(u, —0.76u,)

(6-6)

where ux 1s the critical shear velocity and can be estimated from Eq. 9 in Yu et al. (2023). The

predicted values of «<vv, <vopre, are presented in Table 6-2. Eq. (6-6) underestimates <vy> for all
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cases, which is expected considering that this equation was developed using v» datasets that
exhibited a Gaussian distribution without truncation. Some of the differences between predicted
and observed vx values can also be explained by the definition of the resting and motion states of
MPs. Nevertheless, given that the magnitude of the relative error is small (21.97%), Eq. (6-6) is
still considered to provide reasonable estimates of <vv» for MPs conducting intermittent movements.
Additionally, the standard deviations of vy [6(vx)] range from 1.01 to 1.55 cm/s across different
cases (Table 6-2). To compare the degree of variation of vx, the coefficients of variation of vx
[CV(vx)] were calculated and found to be similar across cases (Table 6-2). This similarity is likely
due to the similar flow conditions (all near the threshold for initiation of mobilization) and the
limited range of MP properties considered, which leads to comparable frequencies and intensities

of collisions between the MPs and the underlying bed.

Notably, under the same subcritical flow conditions, vx follows a truncated Gaussian distribution
for MPs in this study, whereas vx in sediment studies has commonly been reported to follow an
exponential distribution (Wu et al., 2020). Before exploring the reasons behind this difference, it
is crucial to first understand the presence of the truncated Gaussian distribution by examining the

impact of long or short hops of MPs.

6.4.2. The hop length and hop duration of MPs

Figure 6-4 and Figure 6-5 present the probability density distributions of 77 and Lx for all cases,
respectively. These plots show that the distributions of both Lx and 7% appear to be exponential.
This is not unexpected because the values of CV(Lx) = 0.86-1.08, and CV(Tw) = 0.75-0.93 (Table
2) are close to 1.0, which is the theoretical coefficient of variation for an exponentially distributed

variable. The exponential distributions given by Egs. (6-4) and (6-5) are good fits to the observed
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distributions with R? values ranging from 0.94 to 0.99. The exponential distributions of L» and T
are consistent with previous studies regarding the intermittent movements of sediments (Fathel et
al., 2015; Liu et al., 2019). Furthermore, as previously mentioned, the presence of an exponential

distribution of Ly indicates that the majority of MPs perform long hops (Wu et al., 2021).
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Figure 6-4 The probability density of the hop duration (7) for (a) case 1, (b) case 2, (c) case 3,
and (d) case 4. The black line represents Eq. 6-4.
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Figure 6-5 The probability density of the hop length (Lx) for (a) case 1, (b) case 2, (c) case 3, and
(d) case 4. The black line represents Eq. 6-5.

To estimate the prevalence of long hop behavior, power law Eq. (6-3) was fitted to the
measurements of Lxand 7. A log-log plot of Lxand 7# in Figure 6-6 clearly shows that a power
law relationship exists between these two variables. Eq. (6-3) was then fitted to the datapoints, and
the value of D was obtained (Table 6-2). The corresponding values of R? are 0.92, 0.92, 0.88, and
0.89; the relative errors are 20.94%, 18.35%, 21.36%, and 20.76% for cases 1-4, respectively. The
reciprocal of D, which marks the boundary between Taylor dispersion and the transition regime,
ranges from 0.84 (case 3) to 1.24 s (case 1). The lower limit of the transition regime at 0.1/D

therefore varies from 0.08 to 0.12. Figure 6-6 shows that all datapoints fall within the transition
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and Taylor dispersion regimes. A significant percentage of the datapoints fall within the Taylor

dispersion regime (59.11%, 74.55%, 60.29%, and 56.11% for cases 1-4, respectively), indicating

prevalent long hop behavior. Furthermore, Figure 6-3 and Figure 6-6 together show that the

presence of truncated Gaussian distribution of vy can be attributed to a mix of short and long hops.

This suggests that the transport of MPs in this study was occurring in both the transitional and

Taylor dispersion regimes which results in short and long hops, respectively.
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Figure 6-6 The relationships between the streamwise hop length (Lx) and the hop duration (7%) for
(a) case 1, (b) case 2, (c) case 3, and (d) case 4. Each subplot illustrates the measured datapoints
along with a colored solid line representing the fitted Eq. 6-3, and a vertical dashed line indicating
the corresponding value of 1/D. The black dashed lines in subplot (a) represent the slopes of Ly o<
T+ and Ly o< Ty, respectively.
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As previously mentioned, numerical simulations of sediment transport indicated that the vx
distribution transitions from Gaussian, when considering only long hops, to exponential when both
short and long hops are included. (Wu et al., 2020). To investigate if this is also the case the MPs
used in this study, three characteristic time scales were set (1/2D, 1/D, and 2/D) to examine the
effects of varying proportions of short and long hops. In each experimental case, filtering out hops
with 7w > 1/2D removed all long hops, leaving only short hops, which constitute about 35% of the
original short hop dataset. Filtering out hops with 7;» > 1/D removed all long hops and retained all
short hops in the original dataset. Filtering out hops with 7 > 2/D resulted in a mix of

approximately 45% long hops and 55% short hops.

Figure 6-7 plots the vx distribution for hops without any filtering (red open markers connected by
lines) alongside the filtered hops based on the selected time scales across different cases.
Comparing the vx distributions of the unfiltered hops with 7 < 1/D and 2/D, Figure 6-7
demonstrates that the mode of the distribution shifts leftward (indicating a decrease in the most
likely value of vx) as the proportion of long hops decreases. For hops with T < 1/2D, the vx
distributions remain truncated Gaussian across all cases, with no exponential distributions
observed. Therefore, Figure 6-7 shows that the presence of a truncated Gaussian distribution of vx
for MPs can also result from considering only short hops in the transitional regime. Furthermore,
Figure 6-6 and Figure 6-7 indicate that the truncated Gaussian distribution may be an inherent
characteristic of MPs moving intermittently on a fixed rough bed under flow conditions where

UlU:= 1.

There remains a question regarding the temporal or spatial scale at which the transition from a
truncated Gaussian to an exponential distribution of vy occurs for MPs. No clear answer can be

provided in this study due to the absence of short hops within the initial regime (Figure 6-6).
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Nevertheless, several avenues for future research are proposed. First, future experiments should
track MP intermittent movements with higher spatial and temporal resolution, potentially using
two or more spatially coupled high-speed cameras placed along the streamwise direction. This
would allow for more accurate observation of short hops by reducing measurement errors in hop
length and hop duration. Additionally, while the applied parametric thresholds for distinguishing
between “in motion” and “at rest” states have kept measurement uncertainties within an acceptable
range, as previously discussed, there is still a need to establish clear and universal thresholds for
the intermittent movements of MPs with different physical properties. These thresholds would
facilitate accurate observation of short hops on small time scales. Moreover, future experiments
could explore weaker transport conditions than those used in this study or the use of mobile beds.
Employing a mobile bed could be a key factor in the appearance of an exponential distribution of
vx for MPs. For example, Campagnol et al. (2015) reported an exponential distribution of vx for
Polybutylene terephthalate (PBT) with p, = 1.27 g/cm® and D, = 3.0 mm moving on a mobile bed

under u*= 2.0 cm/s.

Regardless of whether an exponential distribution of vx for MPs is observed, it remains valuable
to compare the dynamic characteristics of MPs and sediments exhibiting different types of v
distributions under subcritical flow conditions. Such a comparison can be made using Lagrangian

descriptions of their “in motion” states.
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Figure 6-7 The distributions of vx for MPs with hop durations of less than 1/2D, 1/D, and 2/D
seconds for all cases are illustrated in subplots (a-c) for case 1, (d-f) for case 2, (g-i) for case 3,
and (j-1) for case 4. In each subplot, lines connected by open markers depict the fit of Eq. 6-2 for
each case, applied without data filtering.
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6.4.3. Lagrangian description of moving MPs

The Lagrangian descriptions were developed by considering each single hop as an individual
trajectory of a tracer. All tracers initiated their motion at x = 0 and at time #. = 0. Note that by
definition #. s the time after the initiation of motion of a given MP particle. A dataset comprised
of vx values at different values of #,c was assembled for each of the four cases. Note that detailed
experimental trajectory data for sediments moving on fixed beds is scarce in the literature. To
provide a comparison, alongside the cases examined in this study, data from the numerical study
by Wu et al. (2020) of the time evolution of streamwise coordinates for sediments (D» = 0.05 cm)
moving under a flow shear velocity of 1.94 cm/s were collected, and the corresponding vy, values

were calculated.

Figure 6-8a shows the variations of «<vxv: as a function of #,.. for all cases in this study, along with
the collected sediment data. In general, Figure 6-8a depicts two phases of MP and sediment
movements. Initially, an accelerating phase in which v, increased rapidly, followed by a quasi-
steady phase wherein <vy); stabilized at a constant value. Comparing the acceleration phase of MPs
and sediments, Figure 6-8a shows that sediments reach a higher and approximately constant <vx«
faster than MPs in this study. This means that for the conditions in the Wu et al. (2020) simulations
the sediment particles experienced on average a higher particle acceleration and achieved higher
velocities compared to the MPs in this study. It is not unexpected because the sediments considered
in Wu et al. (2020) are lighter (with D+ = 12.64) and were subjected to a stronger flow condition
(represented by u+) than MPs in this study (D+ = 39.32-55.59, u* = 0.51-0.73 cm/s). As a result,
the sediments experienced a higher driving force and exhibited greater particle acceleration on

average compared to the MPs.
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Figure 6-8 (a) The evolutions of the ensemble mean particle velocity, vy, with time, ., for all
four cases in this study and the numerical data for sediments in Wu et al. (2020). (b) The
autocorrelations of the streamwise particle velocity, <, for cases 1-4 and the numerical data.
The black line represents an example of the exponential fit of case 1 with an exponent of 0.090.
(c) The relationship of the diffusion coefficient, D, and the characteristic correlation time, 7c. The
error bars represent the standard errors.

To further investigate the difference in the duration of the acceleration phase between MPs and
sediments, the ensemble mean autocorrelation of vx (<) was calculated for all cases in this study,
along with the numerical data from Wu et al. (2020). The vx autocorrelation quantifies the degree
of correlation between the values of vx for a given time interval with the values of vy at successive
lagged time intervals (Martin et al., 2012; Pope, 2000). The value of 7. ranges from -1 to 1, and
rwx = 0 represents a transition from uncorrelated (7 < 0) to correlated motion (0 <rwx < 1) (Pope,

2000). The value of rxx at a given time lag for each case was computed as <7 for all tracers at

that specific time lag, represented by #pe.

Figure 6-8b compares the ensemble mean autocorrelations of vx for MPs and sediments. For each

case considered, «rxo> exhibits an exponential decay. The autocorrelation function for vx can be

described by eil%, where 7t is the characteristic correlation time scale, indicating the rate of
autocorrelation decay (Martin et al., 2012). By applying an exponential fit to each case of MPs (an
example of which is shown by the black line in Figure 6-8b), the 7. values were determined
correspondingly and are 0.091, 0.071, 0.061 and 0.071 for cases 1-4, respectively (see Table 6-2).
The Te value for the sediment data is 0.0037 s, which is one order of magnitude smaller than that
for MPs, highlighting a significantly faster decay in autocorrelation. A faster autocorrelation decay
indicates a quicker loss of memory regarding the recent motions (Martin et al., 2012), which could

be linked to a shorter acceleration phase (as seen in Figure 6-8a). In Eq. (6-3), the diffusion
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coefficient D can be phenomenologically interpreted as a measure of how fast a particle can change
its velocity during transport (Wu et al., 2020). Therefore, D and 7. could be correlated, and this
relationship is shown in Figure 8c, where it is observed that an increase in 7. leads to a decrease

in D.

Furthermore, the differences in characteristic correlation time scales among the different MP cases,
as well as between MPs and sediments, can be attributed to differences in particle inertia. Particle
inertia is related to the time required for a particle to respond to fluctuations in fluid drag (Martin
et al., 2012). During the acceleration phase, the predominant forces acting on a particle include
gravitational, lift, drag, and virtual mass forces. By performing a force balance of these forces, Oh

and Tsai (2010) found that the particle response time (7) can estimated by:

p,D;
T, = s
18u(1+0.152Re,** +0.0151Re,)

(6-7)

where Rep = pDn(U-vy)/u is the particle Reynolds number. For MPs in this study, 7 was estimated
via Eq. (6-7) and found to be 0.079, 0.099, 0.065, and 0.062 s for cases 1-4, respectively. For
sediments in Wu et al. (2020), 7> = 0.0078 s. These T values are comparable to the 7 values,

indicating a significant impact of particle inertia on v« autocorrelations.

Considering the correlation between the diffusion coefficient D and 7. shown in Figure 6-8c, D
could be interpreted as a reflection of particle inertia, serving as a measure of how easily particles
respond to flow drag. Specifically, compared to the numerical data of sediment, MPs in this study
take longer to respond to flow drag, resulting in a prolonged acceleration phase before reaching a
quasi-steady state for vx. This extended acceleration phase is associated with the prevalence of long

hops, which are characterized by a smaller diffusion coefficient. This suggests that MPs inherently
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tend to perform longer hops due to their inertia. However, as previously discussed, given that
various factors contribute to the prevalence of long hops and a truncated Gaussian vx distribution
in this study, the connection between D and particle inertia requires further validation through

future experimental research.

6.5. Conclusions

A series of particle tracking experiments has been conducted to investigate the intermittent
movements of angular-shaped MPs including PET, PVC, and PA, within a D, range of 0.28-0.42
cm and a pp range of 1.20-1.41 g/cm’. Four different flow conditions were considered: three set at
1.15 times the critical flow velocity for each type of MP, and one at 1.05 times the critical flow
velocity for PET. This study provided a statistical description of the key kinematic variables that
describe MP movements for the first time, including MP velocity, hop length, and hop duration.

The main findings can be summarized as follows:

1. Under subcritical flow conditions, the streamwise velocity of microplastics (MPs) followed
a truncated Gaussian distribution. The mean velocity of MPs was predicted with reasonable

accuracy using an existing formula (Eq. (5-7)) developed for continuous MP movements.

2. Both the hop length and hop durations follow exponential probability density distributions.
The relationship between these two variables was well described by an analytical model
previously applied to sediments [Eq. (6-3)]. A significant proportion of data falls within

the Taylor dispersion regime where hop length varies linearly with hop duration.

3. A Lagrangian analysis of MP velocity reveals a two-phase movement pattern after the

initiation of MP mobilization: an initial acceleration phase followed by a quasi-steady state
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phase with approximately constant vv. Compared to sediments, the selected MPs have a
longer duration acceleration phase. Additionally, a negative relationship was identified
between the diffusion coefficient in Eq. (6-3) and the characteristic correlation time scale,
which describes the decay rate of velocity autocorrelation, as well as the particle response
time associated with particle inertia. The diffusion coefficient can be thus interpreted as a

measure of how easily particles respond to flow drag.
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7. General conclusions and future research recommendations

7.1. General conclusions

Understanding the mechanisms of MP near-bed transport is crucial for developing a
comprehensive description of MP transport and fate in aquatic environments, which has only been
studied sporadically. This thesis investigates the impact of MP physical properties and flow
conditions on key transport behaviors within the conceptualized MP near-bed transport process,
including MP settling (Chapter 2), incipient motion of exposed (Chapter 3) and hidden MPs
(Chapter 4), continuous movements (Chapter 5), and intermittent movements (Chapter 6). Specific

conclusions have been made in each chapter, and general conclusions are provided herein:

1. In Chapter 2, it is suggested that both the particle sphericity and Corey’s shape factor
should be considered as shape descriptors when determining the drag coefficient associated
with MP settling. Additionally, a new explicit model is proposed for estimating the drag

coefficient and terminal settling velocity, applicable to the transitional regime.

2. Chapter 3 demonstrates the presence of a combined effect of bed roughness and MP
properties on the incipient thresholds (flow velocity and critical shear stress) of exposed
MPs. A new explicit formula for the critical shear velocity of incipient motion of exposed
MPs is introduced, incorporating the dimensionless particle diameter and a new

dimensionless parameter related to particle size, density, and shape.

3. In Chapter 4, a power-law relationship between critical shear stress and the density and
size of hidden MPs is identified. A new empirical model for estimating critical shear stress,

which implicitly considers the sheltering effect, is proposed. Furthermore, measures to
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explicitly quantify the sheltering effects in MP mobilization are introduced, along with a
semi-empirical method that incorporates these new measures for estimating the critical

flow velocity.

Chapter 5 provides, for the first time, a statistical description of the continuous near-bed
movements of MPs with various physical properties under different flow conditions. A
new formula for predicting the ensemble mean streamwise velocity of MPs is proposed,
accounting for the bed shear velocity and critical shear velocity. Additionally, a new
formula for predicting the standard deviation of the streamwise MP velocity is provided,
incorporating the particle Shields parameter. This chapter also finds a normal distribution
in the streamwise MP velocity and reveals a super-diffusive behavior driven by particle

inertia.

Chapter 6 presents a statistical analysis of key kinematic variables associated with the
intermittent near-bed movements of MPs. It is found that the hop length and hop duration
follow exponential distributions, while MP velocity follows a truncated Gaussian
distribution. Furthermore, the presence of a truncated Gaussian distribution of MP velocity
and a preference for longer hops are linked to particle inertia, suggesting that it is a

fundamental characteristic of millimeter-sized MPs.

This thesis enhances our understanding of the transport of negatively buoyant MPs in open-channel

flows by (a) introducing key concepts such as the sheltering effect in MP incipient motion and (b)

presenting new equations for critical parameters such as the drag coefficient and ensemble mean

MP velocity. The results of this thesis bring us closer to developing practical engineering solutions

to key problems related to MP pollution in aquatic environments. For example, unanswered
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questions remain about the transport of MPs in natural rivers and their distribution along and across
the riverbed and in different aquatic regions. Given the limitations of localized sampling, such as
funding constraints, numerical models offer an alternative solution. Insights into MP transport
from a deterministic framework, such as incipient motion or settling in this thesis, can serve as a
foundation for developing empirical equations in numerical models. Additionally, results from
probabilistic frameworks, such as MP velocity distributions or MP hop length in this thesis, can
help refine governing equations for MPs for improved accuracy of spatiotemporal predictions.
Ultimately, the results in this thesis enhance our ability to assess the transport and extent of MP

pollution, enabling the next-step development of site-specific mitigation and removal strategies.

7.2. Recommendations for future research

The transport mechanisms of MPs in natural flows are complex because they are influenced by a
combination of physical and hydrological processes, including granular filtration, advective flow,
and hyporheic exchange (Waldschldger et al., 2022). Additionally, the variability in plastic
polymer characteristics, such as size, density, shape, surface roughness, and hydrophobicity, that

play a key role in MP transport add to the complexity.

This thesis has made necessary simplifications to study key aspects of MP transport behavior, and
as a result, the findings may be limited to specific flow conditions and MP characteristics, as
discussed in Chapters 2—6. Site-specific conditions such as variations in flow and MP physical
properties, can further restrict the broader applicability of the findings. These limitations pose
challenges in applying the results to real-world MP transport in natural flows. For example, this

investigation of incipient motion did not account for the influence of fluid density or salinity,
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making the applicability of the proposed equations to environments like estuaries or salt marshes

uncertain.

In conclusion, further research is necessary. Beyond the specific recommendations discussed in

previous chapters, promising areas for future investigation include:

1.

Effects of biofilm: Biofilm, composed of a variety of microorganisms, forms on the surface
of MPs with a large surface-to-volume ratio, influencing MP properties such as density and
stickiness. The impact of biofilm on the near-bed transport behavior of MPs has not been
systematically studied and requires investigation. The results from this thesis on pristine

MPs should be re-evaluated for biofilm-covered MPs.

Neutrally buoyant MPs: Neutrally buoyant MPs are suspended in the water column.
Although much research has focused on their vertical distribution, their longitudinal and
lateral distribution and transport have received less attention (Harris, 2020). Key transport
behavior of suspended MPs requires future investigation, including aspects such as the
threshold for initiation of suspension or re-suspension, diffusive behavior, and the
development of mathematical models to describe the movements of suspended MPs with

different polymer types.

Buoyant MPs: The floating ability of MPs could enhance the dispersal of MP pollution.
While advancements have been made in modeling the transport of buoyant MPs in marine
environments, crucial aspects of their transport in riverine environments remain unclear
(Harris, 2020). Further research is needed to better understand the accumulation of floating
MPs, their diffusion behavior, and the effects of river features, such as bends and riffles,

on their movement and trapping.
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Appendices

A. A new model for the terminal settling velocity of microplastics

Table A-1 Summary of formulas for the drag coefficient (Cq).

Study Eq. Particles Shape Re, range
Clift and Gauvin (1971)  (2-4) / @ =1.00 Entire range
Song et al. (2008) &
Chubarenko et al. (2-5)  Sediments, MPs @~ 1.00 <2x10°
(2016)

Cheng (2009) (2-7) / @=1.00 <2x10°
Alcerreca et al. (2012)  (2-10) Sediments CSF=0.11t0 0.98 0.30 ~454.30
Song et al. (2017) (2-8) / @=047~1.00 107 ~ 102

ngiiiﬁioﬁfg(egogl;) (2-9) MPs Pellets, fragments, fibers /
This study (2-16) MPs Spherical & non-spherical 1 ~ 103

particles
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Table A-2 Raw data for this study.

Particle Data
Source materials Shape points (ps-pplp CSF /)]
PS Pellet 5 0.02~0.06 1.00 1.00
PS Cylinder 26 0.03~0.05 0.35 0.48
Kowalski et al PA Nodular 62 0.11~0.14 0.49 0.52
OW(*; OS 1;)6 ak PMMA Angular 73 0.16~0.19 0.60 0.60
PET Angular 75 0.35~0.39 0.34 0.40
POM Angular 68 0.38~0.42 0.11 0.23
PVC Nodular 54 0.52~0.56 0.34 0.36
) PCL Pellet 37 0.13 0.95 1.00
IKhﬁth“‘(g% f;) PCL Cylinder 204 0.13 0.92 \
sachenko Nylon, FC & PE Fiber 241 0.13~0.19 0.16~0.99  0.09~0.99
PET Pellet, fragment, 19* \ \ \
sphere & fiber
Waldschlager & PVC Pellet, fragment, 16%* \ \ \
Schut rumpf sphere & fiber
(2019) PS Pellet, fragment, 12%* \ \ \
sphere & fiber
PET Fragment 20 0.37 0.07~0.83  0.29~0.98
Van Melkebeke et PS Fragment 20 0.05 0.04~0.11  0.30~0.59
al. (2020) PVC Fiber 18 0.43 0.02~0.16  0.21~0.66
PE Film 40* 0.20~0.28 0.01~0.06 0.06~0.37
Wang et al. PS Pellet 95* 0.04~0.12 \ 1.00
(2021)
PVC Pellet 38%* 0.08~0.25 0.15~1.00 \
Francalanci et al. PET Pellet, fragment 70%* 0.10~0.37 0.02~0.98 \
(2021) ABS Pellet 30* 0.04 0.59~0.81 \
PS Pellet 30%* 0.03~0.04  0.42~0.95 \

Notes: PVC — polyvinyl chloride; PS — polystyrene; PA — polyamide; PMMA — polymethyl

methacrylate;

PET — polyethylene terephthalate;

POM - polyoxymethylene;

polycaprolactone; PE — polyethylene; FC — fluorocarbon.

PCL -

* Data points were included in Fig. 2-1, but not used for developing the new Ca formula and
ws model in this study.

148



Table A-3 P-values and variance inflation factors (VIF) of the introduced variables (CSF and @)

in the new Cyz formula.

viscosity, equivalent
diameter, and shape

descriptors

value Och.v

Variable P-value VIF
CSF 0.000 2.38
D 0.030 2.13
Input density, ,| Provide a guessed __, | Calculate w; by Eq.(3) and | ___ | From Cj, w, can be

Cywith Cy- Re,
relationship with the value
of Re,, from last step

With this w,, a new

'

Calculate the new C,
with the Re, from
last step

—

+| value of ReJlJ is then
( calculated

Calculate residual ofRep.
w,, and Cy

computed by Eq.(2)

o
~No

~

,4 Residuals < tolerance ?I
y

Yes
A

V4

Figure A-1 Flow chart of the trial procedure for the calculation of Rep, C4, and ws for MPs.
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Figure A-2 The Rep - Ca relationship for MPs settling in fluids of different salinities.
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Figure A-3 The dependence of CiRe,” on Rep. The black dots are 1,343 experimental data points
of MPs filtered from the studies listed in Table A2. The red line is the linear approximation of all
the data points with R? = 0.86.
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B. The incipient motion of exposed microplastics in open-channel flow
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Figure B-1 Later distribution of shear stress along the width of the experimental area.

Table B-1 Regression statistics for U; on the dependence of CSF' for MPs. P-values < 0.05 indicate
statistical significance.

MP materials Bed condition P-value

ABS Smooth 2.03E-06
PC Smooth 0.02
PMMA Smooth 7.11E-06

PA Smooth 1.21E-4
PVC Smooth 3.06E-11
POM Smooth 3.41E-05
PET Smooth 6.71E-06
ABS Rough 0.001

PC Rough 0.131

PMMA Rough 5.92E-06
PA Rough 2.59E-05
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PVC Rough 1.94E-13
POM Rough 1.77E-05
PET Rough 2.93E-05

Table B-2 Regression statistics for /. on the dependence of MP properties (D», CSF, and Ap/p)
based on the data collected from both the present study and Waldschldger and Schiittrumpf (2019b).
P-values < 0.05 indicate statistical significance. VIF quantifies the variance degree of the inflated
parameters in a regression model. VIF value > 4 indicates that two or more parameters are
correlated and no less than one of them is superfluous.

D, CSF Aplp
P-value 0.01 0.02 3.94E-6
VIF 146 1.11 1.34

Table B-3 Fitted parameters for f1 and /2 and their lower and upper 95% confidence intervals for
the proposed /4. formula.

Parameter Value Lower 95%confidence interval Upper 95%confidence interval
pi -0.028 -0.037 -0.019
B2 -0.126 -0.142 -0.110
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