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Particle Tracking of Microplastics in Aquatic Environments

Numerical method to track the trajectory of different Microplastics in water bodies
SOURAV NANDAKUMAR

Department of Mechanics and Maritime Sciences

Division of Fluid Dynamics

Chalmers University of Technology

Abstract

Microplastics in aquatic environments emerged as a leading environmental problem
in recent times. The identification, standardisation and removal of those is a seri-
ous concern. This study aims at discussing the effect of biofouling on the vertical
transport of plastic particles in laminar and turbulent flow conditions. The effects
of turbulence are studied with a stochastic approach. All the studies are based on
the Lagrangian Particle Tracking approach to track the trajectory of particles due to
vertical transport accounting the seawater parameters of North Pacific. The effect
of biofouling and the defouling is studied on both buoyant and non-buoyant particles.

In the turbulent flow condition, regardless of the type of plastic, for smaller radii all
plastics behaved similar as the statistics shows that the turbulent fluctuations are
dominant and the sediment velocity of the particle is negligible, thus meaning the
particles behaves more as tracers

Keywords: Biofouling, Stochastic Tracking, Trajectory, Vertical Transport, Turbu-
lent Dispersion.
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NOMENCLATURE

Abbrevations

LPT Lagrangian Particle Tracking
DNS Direct Numerical Simulations
DRW Discrete Random Walk
CRW Continuous Random Walk
CFD Computational Fluid Dynamics
PP  Polypropylene

LDPE Low density Polyethylene
PS  Polystyrene

PV Polyvinyl chloride

Latin Symbols

z Depth of ocean

t Computational days

|78 Settling Velocity

A Number of algae cells attached
A, Ambient algae concentration

D, Dimensionless particle diameter

S, Salinity of seawater

T Temperature to sustain algae growth
1 Light intensity for algae growth

m,  Constant mortality rate

Q10 Temperature coefficient of respiration
Ry Constant respiration rate

D,,  Diftusivity of plastic particle

D,  Diffusivity of algae cells

g Acceleration due to gravity

Chl — a Chlorophyll a concentration

Uy Fluid velocity

Wsink  Settling velocity

Tf Stress tensor

Cp  Coefficient of Drag

Re  Reynolds Number

Re, Reynolds Number based on Taylor scale
Ra  Rayleigh Number

Pr  Prandtl Number

Tpl Plastic initial radius

ot  Plastic total radius

2 B
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NOMENCLATURE

Vi
Vig
‘/tot

Biofilm thickness
Plastic volume
Biofilm volume
Total volume

Greek Symbols

Hna
Ba
ar
Pf
¢

o
Wi
Opi
,usw,z
sz,z
Ptot
Psw,z
Pyl
Pof

Growth rate of algae

Encounter kernel rate

Void fraction of continuous phase
Density of continuous phase
Random number with normal distribution
RMS value of velocity
Dimensionless sinking velocity
surface area of the plastic particle
Dynamic sea water viscosity
Kinematic sea water viscosity
Total density of particle

Sea water density

Particle density

Biofilm density
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1

Introduction

1.1 Background

In 1907, a revolutionary invention took place in the world. It was none another than
"Fully synthetic plastics’[1] ( referred to invention of Bakelite ). After the invention
of fully synthetic plastics, we have seen a tremendous advancement in the field over
these years. It is very interesting and at the same time horrifying to see the growth
of plastics and the everyday use. We are facing many environmental hazards with
the non degradable object that can eventually harm us if not treated in a proper
way, on an environment point of view.

As we all are aware, plastics are one of the main components contributing to pol-
lution throughout the environment and have been found in seawater, freshwater,
food and drinking water. It was estimated that the worldwide load of plastic on the
open ocean surface was far less than expected. This is due to the fragmentation of
plastics into microscopic fragments. They are accumulated in the pelagic zone and
sedimentary habitats[28]. It is generally because of the sinking of certain fragments
into the ocean depth [2]. It is expected that by 2050, there will be more plastic in
the ocean than fish, if not properly handled. Plastic debris are present in plethora
of shapes and sizes. Those plastic debris which is less than 5 mm in size are termed
as "microplastics”.

Microplastics originate from many sources, including the very tiny polyethylene
particles used as exfoliants to health and beauty products and by fragmentation of
larger plastic debris[3, 4]. They are also formed due to the degradation of those
plastics found in beaches or water[7]. The degradation process depends on factors
such as UV radiation, salinity, temperature etc and the degradation process can take
very long time.[7, 8]. It can pass through the available water filtration systems that
we have today and has the ability to reach organisms in our water bodies causing
high threat to aquatic life. One major problem is that the aquatic life will mistake
microplastics as food and consume it, which causes serious health issues.

Recent studies suggest that microorganisms such as algae, bacteria, protozoans and
fungi are formed on these microplastics inside water bodies [5] is affecting buoyancy
of the plastic. The accumulation of those microorganism on the plastic increases
the plastic density . When the particle density is increased more than the seawater
density, these particles start to settle. The phenomenon discussed is referred as



1. Introduction

"biofouling’, and in this Thesis work, a biofouling model developed by Kooi et al.[6]
is used. The vertical motion stops once the density of the particle equals the sea-
water density. Due to several factors like lack of sunlight, grazing or dissolution of
carbonates in acid water, another phenomenon called defouling occurs. The density
of the particle is decreased and the plastic debris is transported back upwards.

1.2 Motivation

The social need of lowering the impact caused by plastic pollution is a global con-
cern. Especially when the microplastics pollution is taken into account, they floats
in the water bodies as well as in the air we breathe (since they are lightweight).
It is now widely discussed over the globe. Tracking the microplastics debris can
contribute to the aquatic life by finding solutions to eradicate it.

The motivation to contribute to issues linked with microplastics debris paved the
way for the selection of this Thesis topic. It can lead to further researches so that
the debris can be efficiently located making the removal easier. Microplastics are
consumed by every form of living beings living in oceans or other water bodies. But
it is indirectly consumed by the predators of aquatic organisms including human
beings. In this process, no living species is kept apart as it includes most kind
of species. Not only the current generation of living beings are affected, but their
coming generations and those animals which consume them too[11] because they
plastics are non biodegradable.

The fate of microplastics in the environment should be determined by predicting
its source and trajectory . It is necessary to map the microplastic distribution
across the world. For this to be effective, the identification and standardisation of
microplastics needs to be done[9]. This thesis work can contribute to a more sus-
tainable environment and increases the life expectancy of aquatic animals by which
indirectly it contributes to human mankind since humans are predators of those
aquatic animals. As responsible living beings of mother earth, it is each individuals
duty to support for the relief of this global crisis. The strongest motivation for the
project is to be able to predict their trajectory as it can be useful to identify zones
of preferential accumulation of the microplastics.

1.3 Vertical motions of microplastics due to bio-
fouling

Buoyant plastics are those with lower density than the seawater whereas non-
Buoyant plastics are vice-versa. The density variation aims to the fact that the
buoyant plastics should float on the surface while the later sinks. But, as previously
mentioned the initially buoyant microplastics will sink after a certain time. This is
explained with the biofouling model developed by Kooi et al. [6].

2



1. Introduction

As discussed earlier, for the microplastics that are floating in the ocean surface, after
a certain time there is attachment or accumulation of certain organisms. When they

Input « ° &
Microplastics

. oo
TONNGLOSTP [EITIIIA

-
0 1000 2000 3000 4000 5000 6000 . J

Abundance lamlcleslm’}

Figure 1.1: Vertical distribution of Microplastics[19]

floats on the surface of water bodies, it readily develops extensive surface fouling
which instantly covers the surface with a biofilm followed by an algal mat and then a
colony of invertebrates[10]. This leads to the increase in density which once crosses
the seawater density accounts for the sinking of the buoyant plastic. Once defoul-
ing starts (because of the factors introduced in Section 1.1) the microplastics are
carried back to ocean surface and thereby it oscillates due to continuous switching
of biofouling and defouling. The vertical motions of the microplastics are explained
with the above process and the vertical distribution of plastics in oceans is as shown
in figure 1.1.

1.4 Objectives and Methodology

The primary goal of the project is to track the microplastics position inside oceans
and to calculate the time required for the debris to oscillate in the domain. Tracking
the trajectory of microplastics will play a crucial role in the future of a sustainable
environment. Determining the position of these microplastics can map them which
helps in identifying the zones of preferential accumulation of the microplastics in
oceans.

The tracking will be done for different flow cases like, in quiescent flow condition,
a turbulent flow condition and both type of flows with and without stratification.
To solve the equations and to track the debris, a Matlab code is used which is an
adaptation of work done by Florian Bourdrel [12]. The code includes all the relevant

3



1. Introduction

parameters used to track the particle. It includes the determination of sinking ve-
locity, calculation of biofilm thickness, the number of attached algae to the surface
of plastic and also the Lagrangian particle tracking scheme which determined the
microplastic position.

The code from Bourdrel was further developed to find the sinking velocity with
correction for stratification. Another main change was the replacement of Mat-
lab inbuilt ode23 solver with the third-order low-storage Runge-Kutta scheme. For
implementation of Turbulence flow, the kinetic energy and dissipation values from
studies of Stephan Juricke et al.[13] and Walter et al.[14] respectively are used. The
turbulent velocity is determined using Langevin equation [15, 16] with a Continuous
Random Walk Model which is Monte Carlo method. It solves the numerical problem
with a random sampling, which is a stochastic term in the Langevin equation con-
sisting of random numbers which mimics turbulent diffusion. Then for both laminar
and turbulent flow cases, the particle position and the number of attached algaes
along with the time is calculated with appropriate time step for different variety of
microplastics(varying density and radius). In this study mainly two buoyant and two
non-buoyant plastics namely Polypropylene(PP), Low-density polyethylene(LDPE)
and Polystyrene(PS), Polyvinyl chloride(PVC) respectively are used (Density = 840,
920, 1050 & 1380 kg.m™3).

The updated findings can be incorporated into an in house code to perform CFD
analysis in future. This will contribute to future researchers to provide more input
to the research area of 'Microplastics inside oceans’ and also in a lesser time than
usual. This also paves a way to explore much more phenomenons in this topic.



2

Theory

The current project work mainly focus on individual tracking of microplastics and
hence as a result Lagrangian Particle Tracking method is used. The plastic particle
is considered as a single particle and is implemented using the Matlab code which
is modified from Bourdrel[12].

In the theory chapter, the particle motion, the Lagrangian particle tracking, the

turbulence model using Monte Carlo method and the numerical schemes used to
solve the equations are discussed in detail.

2.1 Particle Motion

Plastic

Biofilm

Figure 2.1: Microplastic affected by biofouling in water

The main assumption for the whole study is that the given microplastic or particle is
spherical in shape. Addition to it, the attached biofilm is also considered spherical.
The main purpose of the assumption is to simplify the calculations. The depth at
which the particle is reached is measured from center of the particle as shown in
figure 2.1.

The continuous phase is modelled with the help of profiles of temperature salinity,density
and chlorophyll as used by Kooi et al.[6] and Bourdrel[12].Since the biofouling phe-

5



2. Theory

nomenon is also taken into consideration along with particle settling velocity, the
attached algae growth is also used.

dz

i
where V; is the settling velocity of the particle and z,t are the depth and time
respectively.

Vi(z, 1) (2.1)

dA — Paly

dt Oy
where L.H.S is the attached algae growth and for R.H.S,

+ pa(T, A — maA — QL2 10Ry0 A (2.2)

The I term accounts for the collision of plastic particle with algae while fouling[20]
and the IT term measures the algal growth with respect to temperature and light[21].
The term maA quantifies mortality[21] while the last term of R.H.S model the
respiration[22].

In equation 2.1, the settling velocity is given by,

_ 1/3
Vi(z,t) = — (pmpsw’zgw*l/sw,z> (2.3)

Psw,z

where w, is the dimensionless sinking velocity with p;,; and ps, . are the total density
of the plastic (combined with the attached algae) and density of seawater at specified
depth z .Also vy, . is the kinematic viscosity of the seawater and by default g is the
acceleration due to gravity. w, is calculated from another dimensionless particle
diameter D, as

w, = 1.74 % 1074 D? for D, <0.05 (2.4)

log(w,) = —3.76715 + 1.92944l0g D, — 0.09815(logD..)?
— 0.00575(logD,)* + 0.00056(log D, )*
for 0.05> D, > 5210°

where,
(ptot - psw,z)ng

2
pswvzysw,z

D, = (2.5)

where D, is the equivalent spherical diameter[23, 24].

Due to the homogeneity of the algal distribution which contributes the biofilm and
the spherically assumed particles the total density of the particle is,

Tglppl + [(rpr + tbf)g - rp?]pbf
(rpt + tos)?

Prot(2,1) = (2.6)
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where the terms in the R.H.S are radius of plastic (r,; in m), biofilm thickness (¢
in m), density of plastic (p,; in kg/m?*) and the density of the biofilm(p,f in kg/m?).
These terms are calculated as

toy = (Vior )% = 7 )
Viot = Vg + Vi (2.8)
Vi = gwr;, (2.9)

Op = 4mr2, (2.10)

Vis = (VaA)by (2.11)

Here 6, is the particle surface area in m? while Vi, Vi, Vo and V4 are the total
volume, biofilm volume, the plastic volume and the volume of algae cells respectively
in m? and A is the number of algae cells attached.

In equation 2.3, the kinematic viscosity of seawater is calculated as,

Vg = 1302 (2.12)

Psw,z

where the sea water dynamic viscosity is calculated as,

sw.z = fw (1 + AS, + BS?) (2.13)

in which water dynamic viscosity,

1
w.. = 4.2844107° 2.14
Hu, * 0.156(T, + 64.993)2 — 91.296 (2.14)

and the constants A,B are
A =1.541+1.998 x 10T, — 9.52 % 10~°T?2 (2.15)
B =7.974 — 7.561 % 10T, + 4.724  10~*T? (2.16)

Also, the temperature, salinity and seawater density is determined as a function of
depth to keep a profile study using the following equations,

ZP

TZ = Tsurf + (Tbot - Tsurf)m

(2.17)

S, = c12° + o2t + 32 + a2 + 52 + ¢ for z> zpy (2.18)

7



2. Theory

Psw.» = al+a2T,+a3T>+adT3+a5T +b1S,+b2S. T, +b3S. T +b4S. T3 +b55°T*?

(2.19)

In the salinity profile, if the condition in equation 2.18 is not met, then a constant
value of salinity is assumed for those depths which do not meet the criteria. Also
the values of the constants a,, b, & ¢, is given in Appendix A.1 withn =1,2,3,4,5

and m=1,2,3,4,5,6

Now when we take the case of equation 2.2, in the first term, 4 is the encounter
kernel rate which consists of different type of collisions such as Brownian motion,
settling of the plastic and the advective shear of algae. A, is the ambient algae

concentration which depends on chlorophyll-a local concentration[25].

6Abrownian = 47T(Dpl + DA)(TtOt + TA)

1

2
5Asettling - iﬂrt0t|‘/~9|

4
5Ashear = gfy(rtOt + TA)B

where, Diffusivity of the plastic particle is

k(T +273.16)
Dy=——7"-—7=
67TI[’stTtOt
and Diffusivity of the algae cells are

k(T + 273.16)

GWMSMTA
and for the cholorophyll-a concentration the follwing equation was used

Dy =

Chl— a: O = 0.003 + 1.0154e0050T (=0.0591L-/10° /(2.23)
and the vertical profile is modelled as a function of depth as[25, 26]

hl —
Chl(z) = m = Oy — 52 + Crpgge (T Zmaa)/ 827
base

When the second term in equation 2.2 is examined,

,U(Tz; [z) = ,uopt(Iz)(I)(Tz) fOT Tmzn < Tz < Tma:v

(2.20)

(2.21)

(2.22)

(2.24)

(2.25)

where fiop(1,) is the growth rate of algae under optimal conditions and ®(T') is the

growth rate influence under temperature[27] as,

I

2
Hmaz | Iz
I, A b (Iopt 1)

Hopt (Lz) = HUmaz

(2.26)
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(Tz - Tmax)(Tz - Tmm)2

(Topt - Tmm) * ((Topt * Tmzn(Tz - Topt) - (Topt - Tmax (Topt + Tmm - %Tz))>
2.27

(I)(Tz) =

with I, = lpe®” and Iy = I,,sin(27t) along with € = ¢, + ¢,Chl — a

Hence it is straightforward that the first two terms of equation 2.2 accounts for bio-
fouling effects while the last two accounts for defouling effects. The mortality term
is modelled using constant Mortality rate of 0.39 while in the last term, constant
respiration rate of 0.1 and the temperature coefficient of respiration, Q19 = 2 is used.

With the equations 2.1 & 2.2, the vertical motion of the given microplastics are
estimated and the Lagrangian particle tracking is used to track the trajectories of
the microplastics as discussed in following section.

2.2 Lagrangian Particle Tracking

The dispersed phase as discussed is modelled using Lagrangian Particle tracking
method. The general equation of motion of single particle corresponds to,

dv,

mpﬁ = Ftotal (228)

WhereFtotal:FD+FB+FG+FA+FH+FL+FBrownian+Foth6r-

where the forces defined in the equations are drag force, buoyancy force, gravi-
tational force, added mass force, history force, lift force, Brownian force and all
other forces respectively. The other forces include Magnus Lift forces, Saffmann Lift
forces, Pressure Gradient Force, Thermophoretic forces etc.

The trajectory of particle in this study is mainly influenced by the biofouling dy-
namics and hence the particle motion is governed as in Section 2.1 with coupled
equations of particle trajectory and effect of biofouling. The third-order low-storage
Runge-Kutta method which is an explicit method is used in this study to solve the
equations to get the positions of the particle as already discussed.

2.3 Turbulence Modelling

The turbulent dispersion of particles due to the turbulence of carrier phase is mod-
elled for turbulent flow cases. The turbulent time scale was also found which is
necessary to incorporate the effect of turbulence. The instantaneous velocity is
given by,

u=u-+u (2.29)

9
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where, @ is the mean velocity and @ is the fluctuating velocity. The value of @ can be
found directly while «" needs to be modelled using stochastic equations. Basically
there are two models which are extensively used to model homogeneous turbulence.
They are as follows,

2.3.1 Discrete Random Walk Model

In Discrete Random Walk Model (DRW),the stochastic tracking and modelling of
fluctuating component u’ is done. It is assumed that the particle lies in the turbulent
eddy and will stay until the eddy is dissipated. Once the eddy disappears, the
particle then walks randomly or goes to another eddy. The lifetime of an eddy in
terms of turbulent kinetic energy(k) and dissipation(e) can be quantified as,

T = Ollz (230)

The fluctuating component «" is modelled as,

u = g\/? (2.31)

where ( is a random number with normal distribution. Isotropy is assumed for the
fluctuating component and can be used to achieve statistically significant sampling
with large number of tries.But in certain cases like wall bounded cases etc, isotropy
cannot be assumed and is a concern. Thus DRW estimation is poor for even simple
geometries because of strong over prediction of deposition.

2.3.2 Continuous Random Walk Model

In Continuous Random Walk Model(CRW), the stochastic tracking and particle dis-
persion modelling is much more physical. It is because the velocity of carrier phase
influenced by particles continuously fluctuates with time. In order to model the
stochastic part or the Brownian velocity fluctuations,original Langevin Equation is
used.For implementing homogeneous turbulence, stochastic Langevin equation is in
frame.The carrier phase velocity is same as in equation 2.29. Unlike the Discrete
Random Walk Model, the fluctuations are more continuous in Continuous Random
Walk Model. The Langevin equation is used to mimic turbulence so that the fluc-
tuating velocity is modelled as ,

du; u;(t) 2
i = =l (232
where the index i can be x,y or z direction.7; is the Lagrangian time scale, o; = \/u;?

is the root mean square value of the fluctuating velocity and (;(t) corresponds to a
random vector with Gaussian white noise process . The first term of the Langevin
equation (equation 2.32) refers to the deterministic part (damping) while the last
term is the stochastic part. The L.H,S of the equation 2.32 is the increment of the
fluctuating velocity so that velocity is incremented in each time step.In this study

10
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direct Monte Carlo method is used with a modified Langevin Equation|[16].

The Turbulent length scale in terms of kinetic energy and dissipation is quantified
as,

4 k
=

6.5
(14+140Re; */?)3/4

[20k2
fex = Jve

2.4 Numerical Modelling

where, the constant Cy = and the Reynolds number is based on Tay-

lor scale and is defined as

The Numerical modelling schemes are used to interpolate and discretize approximate
solutions for ordinary differential equations. As discussed in section 1.4, Kooi et al.
and Bourdrel[6, 12] used the inbuilt ode23 solver to solve the ordinary differential
equation which is replaced as discussed before.

2.5 Stokes Drag

The drag force acting on spherical particles under low Reynolds Number or for
creeping flow can be estimated with an expression using Stoke’s Law.

Fp = 6muryu (2.34)
where 7, is the radius of the particle and u is the settling velocity.

For the flows which are having particle Reynolds number greater than unity,the
estimated drag force is equated with the gravity force and the sedimentation velocity
is extracted which is a nonlinear equation also termed as the Non Linear Stokes Drag,

3
1 ,wd? 47 (d
“ o2 = (py — pr)g—| = 2.
Cogpru”= == (pp = P1)95 (2) (2.35)
where the expression of C'p will be,
Cp = ﬁa + 0.15 * Re2%87) (2.36)
Re, . » .

with Re, is the Reynolds number of the particle, py and p, are the fluid and particle
density respectively and g is the acceleration due to gravity.
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Methods

The different methodology used for the completion of the study will be discussed in
detail in this chapter.

3.1 Case Setup

The case setup is discussed more in detail. The plastic particle is having a radius
of 7, where the biofilm is having a thickness #,r. So the total radius counts to
Tiot = Tpi + tpr. As discussed in Section 1.1, under certain conditions the plastic get
attached with algaes and the configuration in figure 2.1 is made.

The simulation is done with respect to seawater parameters of North pacific Ocean.
All the cases (different size and density) have initial condition, t = 0 with the
plastic initially at surface (at z = 0) of the ocean without starting of the biofouling
phenomena. So the particle is initially free from any algae attached (A = 0) to
it. The ocean floor is set to be at 4000m depth.The geometry setup is as shown in
figure 3.1

Plastic

Z=0 O/

Depth (in m)

Z =4000

Ocean Floor

Figure 3.1: Geometry Setup

The plastics used for the study are as in table 3.1. The first two are the initially

13
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buoyant plastics while the last two are the non-buoyant plastics with their density
accordingly. All the plastics are simulated for plastic radius of r,, = 1le — 3, le —4m,
le —5m & le — 6m.

Plastic Density (kg.m™3)
Polypropylene(PP) 840
LowDensityPolyethylene(LDPE) | 920
Polystyrene(PS) 1050
Polyvinylchloride(PV C') 1380

Table 3.1: The plastics used in this study along with their densities

3.2 Validation

Bourdrel [12] did the simulations for different amount of time for all the cases and
each and every cases has been reproduced with the new solver. For introducing
turbulence to the flow the Runge-Kutta scheme is used as it is more useful to incor-
porate the stochastic model compared to ode23 solver.

1'(I)'rajectory for : radi .001m, ity=840kg/ 3, dt=0.00144days

0 “ ‘

-20

“ -10

|
-20

-30
-40 ‘

-50

(1] ——

-80 -80
0 10 20 30 40 50 0 10 20 30 40 50
Time (days) Time (days)

(a) (b)

Figure 3.2: Position of initially buoyant microplastic, PP (r = le—3m) determined
using (a) ODE23 solver (b) Runge-Kutta Scheme

Depth (m)
Depth (m)

-30
40 |
\

\
\
-50 ‘

-70

60 ‘

Figure 3.2 and figure 3.3 ensures the validation of Runge-Kutta scheme against the
ODE23 solver used in Matlab. In figure 3.2 the initially buoyant PP plastic with
radius le — 3m is simulated for 50 days using both the ODE23 and Runge-Kutta
scheme. While in figure 3.3 , the non-buoyant PS plastic with radius le — 3m is
simulated for 10 days.Both the plots are tracking the trajectory of the given plastic
until the input simulation days. It is very clear that the Runge-Kutta scheme is
producing the same plots. Since the turbulent fluctuations are modelled and added
in the particle trajectory equation, it is more easy in Runge-Kutta scheme. As a
result, it has been used throughout the study.
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'I(')rajectory for : i .001m, density: gl 3, dt=0.f
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Figure 3.3: Position of non-buoyant microplastic, PS (r = le — 3m) determined
using (a) ODE23 solver (b) Runge Kutta Scheme

In figure 3.2, the horizontal line until approximately 21 days means that, the plastic
is floating above the sea and once enough algae is attached to the particle, the plastic
density is increased in which it becomes more than the sea water density which in
turn cause the plastic to sink. The oscillations in the plot depicts the alternating
biofouling and defouling phenomena as well. While in figure 3.3, since the plastic is
non-buoyant, it starts to sediment as soon as the plastic is taken to the ocean top
and once it reaches the ocean floor (z = 4000m), it stays there forever.

3.3 Stokes Drag

The theory behind Stoke’s drag has been explained in section 2.5. Now, here it is
implemented in Matlab replacing the original equation for determination of the Set-
tling velocity in such a way that the drag is equated with the buoyancy analytically.
The same method goes for both Linear and Non-Linear Stokes drag i.e, for the cases
of Re << 1 and Re >> 1.

3.3.1 Linear Stokes Drag

As been discussed the Linear Stokes Drag equation is used for Re << 1 in which

the coefficient of drag will be,
24

Op = =
b Re,

(3.1)
The above equation is equated against buoyancy equation and the settling velocity

is achieved as
Ptot — Pf

prx18* vy xv

(3.2)

2 2
Wsink = 9.81 * 4 rpl * T ok

where, wg;, is the settling velocity and vy and ry is multiplied to non dimensionalize
the equation.

The Linear Stokes Drag equation is used to find out the settling velocity of PP
Plastic of radius 1le — bm as in figure 3.4. It can be seen that the figures doesn’t
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match since the Reynolds number of the flow is not always less than unity or in
other words it is not creeping flow.Hence this method cannot be used further since
we are accounting for flows with higher Reynolds number. Hence an adaptation
is discussed in next subsection in which the coefficient of drag equation is slightly

improved to account for higher Reynolds number.

grajectcry for : radius=1e-05m, density=ﬂ4ﬂkglm3, dt=0.00454days ‘grajectory for : radius=1e-05m, density=840kglm3, dt=0.00422days
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Figure 3.4: Position of initially buoyant microplastic,PP (r = 1le —5m) determined
using (a) Original code as in Bourdrel[12] (b) Linear Stokes Drag equation

3.3.2 Non-Linear Stokes Drag

1'(I)'rajectory for : radius=0.001m, density=840kglm3, dt=0.00144days o
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Figure 3.5: Position of initially buoyant microplastic,PP (r = le—3m) determined
using (a) Original code as in Bourdrel[12] (b) Non-Linear Stokes Drag equation

In figure 3.5, the comparison of particle position of PP microplastic with radius
le — 3m is shown. It is very clear that the results are matching with the method
used in original code by Bourdrel [12]. The results were matching for other cases
as well. This subsection deals with the implementation of Non-Linear stokes drag
equation used to determine the sediment velocity of the plastic equating the buoy-
ancy equation with the drag force equation when the Reynolds number is much
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greater than unity. The Cp for such cases are improvised using equation 2.36. The
sinking velocity is found out from this equation and is coded in matlab as,

oV Re
Wsink = (

21 yro) (3.3)

where Re is obtained from taking the non-linear equation into account with Matlab
using the roots of the non linear equation fzero function. The codes are given in the
Appendix B.1.

3.4 Time Step

The time step used for the entire simulation is 1e — 3. The plots with different time
steps for a PP plastic with radius le — 3m is in figure 3.6. It can be inferred that
dt = le — 3 is the optimum time step from the plots.

|Trajectory for : radius=0.001m, density=840kgim’, dt=0.00144days .
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Figure 3.6: Position of initially buoyant microplastic,PP (r = 1le —3m) determined
using (a) code as in BOURDELI12] (b) dt = 0.01 (c) dt = 0.001 (d) dt = 0.0001
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3.5 Turbulence Modelling

The turbulence dispersion of the carrier phase is explained in section 2.3 and 2.3.2.
The fluctuating velocity of the carrier phase is found from the stochastic equation
in which is the Langevin equation[15, 16]. The Langevin time scale and dissipation
is taken from studies of Stephen Juricke et al.[13] and Walter et al.[14] and is as in
figure 3.7. For the Turbulent Kinetic energy profile, after depth of 1400m, the value
is assumed to be constant.
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Kinetic Energy (m2/s2) Dissipation in (W/Kg) %108
(a) (b)
Figure 3.7: (a) Turbulent Kinetic energy profile[13] (b) Dissipation profile[14]

-1400
0

Once the values are obtained it is again fed into the Runge-Kutta scheme to obtain
the fluctuating velocity. The discretization and implementation of these profiles in
Matlab code is in the appendix inside the codes for the turbulent flow which is
discussed in the Result Section.
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Results

4.1 Laminar Flow Case

All the buoyant and non buoyant plastics are simulated in the laminar flow model.
The validation and the previous case by BOURDREL[12] also did the same. So
in order to know the average position and time fraction of each plastics, these are
ran for more number of computational days. By this way the convergence was also
checked as the recurring and stable values of the average position of the plastic
confirmed the simulation has converged. The time fraction is a measure to find the
fraction time in which the plastic was under the ocean top. In other words, the
fraction time when the plastic is below the depth of z = O0m . For accuracy, in this
study instead of z = Om, z = 1m is considered. Along with the particle trajectory,
average position and time fraction, other plots such as biofilm thickness, number of
attached algaes, plastic total density and the velocity is plotted.

4.1.1 PP Plastic

4.1.1.1 Particle Position

The particle position for PP plastic when the simulations were run for 500 days is
as in figure 4.1. Four different sizes of the plastic is listed in the same. It is very
evident from the figures below that as the particle size decreases the oscillations are
also decreased. It is due to the fact that the attached algae is less as compared to
bigger sizes. The biofilm thickness is plotted as in section 4.1.1.2.
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Figure 4.1: Position of initially buoyant microplastic,PP in Laminar Flow for (a)
r=1le—3m (b) r=1e—4m (c) r=1le —5m (d) r = le — 6m

4.1.1.2 Biofilm Thickness

In figure 4.2, the biofilm thickness of PP plastic for different sizes can be seen for a
laminar flow case.In accordance with figure 4.1, the oscillations are low due to fact
that the thickness of biofilm is less in smaller sizes. It can be seen that the order of
magnitude for biofilm thickness of a PP plastic with radius 1le — 3m is in terms of
10~* while for the same plastic with radius le — 6m is 107% which clearly explains
there is a change in order of magnitude 2.
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Figure 4.2: Biofilm Thickness of initially buoyant microplastic,PP in Laminar Flow
for (a) r=1e—3m (b) r=1le —4m (¢) r = le — 5m (d) r = le — 6m
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4.1.1.3 Average Position

The average position is estimated for mainly two reasons. One is that to find the
average position of the particle at a particular time since the particle is oscillating.
Second reason is that, it helps in determining the convergence of the simulation.
The average position of each PP plastic is plotted as in figure 4.3.
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Figure 4.3: Average position of initially buoyant microplastic,PP in Laminar Flow
for (a) r=1e—3m (b) r=1le—4m (c) r =1le —5m (d) r = le — 6m

4.1.1.4 Time Fraction

Once the average position of the microplastic if found out, another interesting factor
is the time fraction. As been discussed it is the fraction time in which the plastic
stays below z = Om depth (actually z = 1m for better approximation). The time
fraction for the initially buoyant microplastic PP is as plotted in figure 4.4.1t is
inferred that the particle is sinking more when the size of the plastic is reduced. The
maximum fraction time achieved by the comparatively biggest particle (radius =
le —3m) is 0.3 while the smallest particle with (radius = le — 6m) has a maximum
time fraction close to 0.9 upon convergence.Therefore upon reducing size of the
plastic the fraction time is increased which ensures that the particle will sink more
if the size is too small.
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4.1.2 LDPE Plastic

LDPE plastic is also initially buoyant. Similar to PP plastic all the statistics are
extracted. Only the particle position and time fraction is plotted below in figures

4.5 and 4.6.

4.1.2.1 Plastic Position

LDPE shows similar behaviours as of PP since the particle position or the oscillations

are less for smaller sized plastic.
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Figure 4.5: Position of initially buoyant microplastic, LDPE in Laminar Flow for
(a) r=1le—=3m (b) r=1le—4m (c¢) r =le —5m (d) r = le — 6m

4.1.2.2 Time Fraction

The similarity of trend of PP Plastic is repeating here for LDPE also. Comparatively
bigger sized one stays less time under z = Om while the smallest one stays longer

time as the maximum value of time fraction ranges from 0.4 to 0.9 approximately
while size is decreased.
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Figure 4.6: Time Fraction of initially buoyant microplastic, LDPE in Laminar Flow
for (a) r=1e—3m (b) r=1le —4m (¢) r = le —5m (d) r = le — 6m

o

23



4. Results

4.1.3 PS Plastic

The non buoyant plastic PS is simulated 500 days similar to the other two cases and
the statistics are plotted.

4.1.3.1 Plastic Position

From figure 4.7 it is evident that for PS plastic with radius le — 3m, the plastic is
sinking right after ¢t = 0 while on decreasing size it can be seen that there is a very
slight delay in sedimentation. It is because of the low sedimentation velocity of the
particle.
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Figure 4.7: Position of non-buoyant microplastic,PS in Laminar Flow for (a) r =
le—3m (b) r=1le—4m (c) r =1le —5m (d) r = le — 6m

4.1.3.2 Time Fraction

The PS plastic with radius le — 3 is having a constant time fraction of unity (refer
figure 4.8). It states that the plastic is under the water z = Om throughout the
computational days. PS r = le — 4m is also having a similar plot, like for almost
all days the time fraction is unity while for the smallest particle, since it takes some
days to start settling there is delay in reaching maximum fraction time unlike others.
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4.1.4 PVC Plastic

The non buoyant plastic PVC is simulated similar to all other cases. It has been
simulated from ¢ = 0 to t = 500 days. In figure 4.9, the particle trajectory of PVC
plastic for different sizes (r = le —3m to r = le — 6m) is shown while in figure 4.10,
the fraction time for the same is depicted.

4.1.4.1 Plastic Position

In figure 4.9, the particle position of PVC plastic with radius le — 3m to le — 6m is
shown. It resembles the other non-buoyant plastic PS. Hence it can be seen that for
all non-buoyant plastics, the particle starts to settle soon as the size of the plastic
increases.
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4.1.4.2 Time Fraction

The PVC plastic with radius le — 3 is having a constant time fraction of unity (refer
figure 4.10) which is same as the case of PS plastic. PVC r = le — 4m is marked
bold since fraction time was almost equal to one most of the times and for t = 1
the graph was a straight line so close to y-axis. So, in order for better visibility it is
marked bold.
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4.2 Turbulent Flow Case

As discussed in Section 3.5, the Langevin equation is incorporated into matlab using
Monte Carlo simulation and the statistics are extracted. Some of the plots are shown
below.

4.2.1 Particle Position

The particle position of PP plastic and PS plastic for the biggest particles (r =
le — 3,1e — 4m) are plotted in figure 4.11. Similar to Laminar case, the matching
factor is that, more oscillations are occurred.
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Figure 4.11: Position of microplastics in Turbulent Flow for (a) PP r = le — 3m
(b) PPr=1e—4m (c) PSr=1e—3m (d) PSr =1le —4m

4.2.2 Biofilm Thickness

The biofilm thickness for the above plots are also shown here (figure 4.12). It is found
out that the attached algae or the biofilm thickness is almost same for all the cases.
Hence the turbulent fluctuations have high preference here since the oscillations are
different for these two particles.
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Figure 4.12: Biofilm thickness of microplastics in Turbulent Flow for (a) PP r =
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4.2.3 Total Density

The total density of both PP and PS plastics are plotted as in figure 4.13. The effect
of biofouling is strongly seen in the plastic for turbulent flow cases. It is very evident
from the figures that the density of the particle is altering almost every time. This
is due to the density of the attached algal mat and its attachment and detachment

due to several factors.
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4.2.4 Velocity

The settling velocity of both PP and PS plastics are plotted as in figure 4.14. Un-
like the case of quiescent flow, here the larger negative sedimentation velocity when
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particle reaches its maximum depth to transported back upwards is negligible as

compared to the turbulent fluctuations of the flow.
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Figure 4.14: Velocity of microplastics in Turbulent Flow for (a) PP r = le — 3m
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4.2.5 Time Fraction

The results for fraction time is also inline with the other initially buoyant particle
PP . Here also on smaller radius, the plot looks same and hence it is confirmed that
the initially buoyant particles behave similarly when smaller sizes are simulated.
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4.3 Effect of Radius

The effect of biofouling on particle radius when turbulence flow condition is used
is found out. It is as shown in figures 4.17 and 4.16 where all the types of plastic
shown similar behaviour than the bigger ones.
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From figures 4.17 and 4.16, it is evident that when r = le — 5, 1e — 6m, whatever
the plastic it maybe (PP,LDPE,PS,;PVC) the average position of the microplas-
tic remains approximately same. It substantiates the statement in Results section
that when turbulence flow case is considered, the turbulence in the carrier phase is
dominated and it doesn’t depend on the particle velocity to determine the particle
position. Plastics with » = 1le — 5m also showed similar statistics.
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Figure 4.17: Comparison of particle position in turbulent cases of size r = le —6m
for (a) PP plastic (b) LDPE plastic (c¢) PS plastic (d) PVC plastic

The average position is compared with laminar and turbulent cases as depicted in
figure 4.18. Most of the cases showed a trend that the particles in laminar flow case
is closer to ocean base so that it doesn’t travel much deeper into the ocean. But
only for plastics with size r = le — 3m and r = le — 4m the non-buoyant plastics
in the laminar case are at the ocean surface and more close to the ocean surface
respectively.

The probability density function of the total radius of the plastics for radius le —3m
is estimated, normalized and plotted as in figure 4.19. The PDF function implies
that the plastic is more likely to find in the given frequency range. It is inferred
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that the spectrum of the radius in turbulence is much broader than in the laminar
case (more than an order of magnitude) with a long exponential tail in the PDF.
This implies a larger sedimentation velocity of the particle that scales as radius is
increased.
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Conclusion

The primary objective of the project is successfully done. Microplastic particles are
tracked for various plastics such as initially buoyant PP and LDPE along with non-
buoyant PS and PVC. The oscillations of the particles due to alternative biofouling
and defouling phenomena is substantiated with the particle position plots discussed
in the Results section. The findings can contribute to a sustainable environment
by effective removal of the plastics from oceans since the particle trajectory can be
estimated.

The study has been done effectively on laminar and turbulent flow conditions with
explicit third order low storage Runge-Kutta scheme (which replaced the ode23 in-
built solver in matlab because to incorporate the turbulent fluctuation in an easier
way) assuming all particles are spherical and thus by determining an equivalent
diameter to estimate the sinking velocity. The multiphase study has been done
through Lagrangian Particle Tracking Method via one way coupling.

The turbulent flow condition has been modelled with a stochastic approach using
Monte Carlo simulation incorporating Langevin equations in Matlab. The turbu-
lent flow simulation results are much more physical in reality. From the obtained
results it is clear that when the plastic particle radius is small (r = le — 5m and
r = le — 6m), the results looks similar independently on the density ratios. That
means for both buoyant and non-buoyant plastics, the results are independent on
the type of plastic when the particles smaller in size. Therefore, it is concluded that
the turbulent fluctuations are dominant and the sediment velocity of the particle is
negligible, thus meaning the particles behaves more as tracers. Thus the preferential
zones of accumulation of these microplastics are found out.

The future works from this study includes the usage of drag correction factor due
to stratification and the CFD analysis of the same.
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A

Appendix 1

A.1 Constant values for Temperature, Salinity and
Density

For the North Pacific, the following parameters are used

A.1.1 Temperature

The constant values or the parameters of temperature profile are as given in table
Al

Parameters | Value
P 2

Ze -300
Toury 25

Tryor 1.5

Table A.1: Parameter values of Temperature Profile

A.1.2 Salinity

The constant values or the parameters of Salinity profile are as given in table A.2

Parameters | Value

Zfia -1000

Stiz 34.6

cl 9.9979979767e-17
c2 1.0536246487¢-12
c3 3.9968286066e-09
c4 6.5411526250e-06
15) 4.1954014008e-03
c6 3.5172984035e+01

Table A.2: Parameter values of Salinity Profile

A.1.3 Density

The constant values or the parameters of Density profile are as given in table A.3



A. Appendix 1

Parameters | Value

al 9.999e+02
a2 2.034e-02
ad -6.162e-03
a4 2.261e-05
ab -4.657e-08
bl 8.020e+02
b2 -2.001

b3 1.677e-02
b4 2.261e-05
b5 -4.657e-05

Table A.3: Parameter values of Density Profile
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MATLAB CODES

B.1 Non-Linear Stokes Drag

%% NON LINEAR STOKES DRAG
%
x = abs(rho_tot—density)/density «9.81%(4/9)*((r_pl*r0
) 73) /((nuldxviscosity__kin) " 2);
% Finding Reynolds Number
func = @(Rep) real(1xRep”™1 + 0.15%xRep”1.687 — x);

x0 =1;
roots = fzero (func,x0);

w_ sink= nuOxviscosity kinsroots/(2xr_plxr0);
if (rho_ tot<density)

w_sink=w_sink;
end

w_sink=w_sink*t0/z0; %dimensionless velocity

B.2 MAIN CODES

The main codes are listed below in subsections with function names where the two
files are common for both laminar and turbulent cases and the one one which is
different is listed separately.
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B. MATLAB CODES

B.2.1 Result File

clear all;
cle;

r_pl=le—3;

%

%

% for biofouling ode, we can try different days of
insemination: 0 (1lst

% january), 90 (1st April), 181 (1st july), 273 (1st october

)

time=zeros (1,length(r_pl));
t initial=[0 90 181 273];
k=1; %to choose the initial day of insemination

%% PP

% for i=1:length(r_pl)

% [time (i) ,~]=Dbiofouling ode_ad_ 2 modified (0,2000,
r_pl(i),840,1,23);

% end

%% LDPE

% for i=1:length(r_pl)

% [time (i) ,~]=Dbiofouling ode_ ad_2 modified (0,1000,r_pl
(i),920,1,23) ;

% end

%% PS

% for i=1:length(r_pl)

% [time (i) ,~]=Dbiofouling ode_ad_2_ modified (0,2000,r_pl
(i),1050,1,23);

% end

%% PVC

for i=1:length(r_pl)
[time (i) ,~]=biofouling ode_ad_2_ modified (0,2000,r_pl(i
) ,1380,1,23) ;
end

B.2.2 f ode ad_ 2 modified

IV
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B. MATLAB CODES

function [g,t_bf rho_tot] = f ode_ad(ff ,r_pl,rho_pl,i, t)

rO0=r

pl; %characteristic
related to plastic

scale

size

of all quantities

rho0=1000; %characteristic scale of all densities (

water and plastic)
z0=10; %characteristic

t0=1%24%3600; %characteristic

muO=1le—3; %characteristic
nu0=le—6; %characteristic
T0=20+273; %characteristic

na_amb0=le—7; %characteristic
ambient algae concentration

scale of depth

scale of time
scale of dynamic viscosity
scale of kinematic viscosity
scale of kelvin temperature
scale of the

inverse of

r_pl=r_pl/r0; %dimensioneless plastic radius
rho_pl=rho_pl/rho0; %dimensionless plastic density

% sx+x Parameters sxx

% All units are the ones used

(2017)

kappa = 1.38064852e—23;

% Light

light Im = 1.2e+8;
at noon

ext__water = 0.2;
water

% Algae growth

mu _max = 1.85;
alpha = 0.12;
equation

mort_alg = 0.39;
resp_alg = 0.1;

Q 10 = 2;
respiration
temp_ min = 0.2;

algae growth
temp_opt = 26.7;
algae growth
temp max = 33.3;
algae growth

in the

%

%

%

%0
%0

%
%
%
%0
%

%

article of Kooi et al

Boltzman constant
Surface light intensity

Extinction coefficient

Maximum growth rate
Initial slope in growth

Mortality rate
Respiration rate
Temperature coefficient
Minimum temperature

Optimal temperature

Maximum temperature
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light _Topt = 1.75392¢+13; % Optimal light intensity
algae growth

% Algae properties

C_cell = 2726e—9; % mg carbon for a single
cell

vol _alg = 2.0e—16/r0"3; % dimensionless volume
individual algae

rho_bf = 1388.0/rho0; % dimensionless biofilm
density

shear = 1.7e+5; % shear used in encounter
rate

% Converts from day —1 to second —1

sec_per_day = 86400.0;

light Im=light Im/sec per_ day;
mu_max=mu_max/sec__per_day;
alpha=alpha/sec_per_day;
mort__alg=mort_alg/sec_per_day;
resp_alg=resp alg/sec_per_ day;
light Topt=light lopt/sec_per_ day;
shear=shear /sec_per_day;

% Rending dimensionless these quantities:

VI

light Im=light Im=x*t0;
mu_max=mu_max*t0 ;
alpha=alphaxt0;
mort__alg=mort_alg*t0 ;
resp_alg=resp_alg*t0;
light Topt=light_ Topt*t0;
shear=shearxt0;

%x is the vector of the vectorial differential
equation x'=f(x)

Ymalg=x(1);

Yz=x(2) ;

nalg=ff(1);

z=1f(2);

if (nalg<0) %nalg<0 is not physicall
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nalg=0;
end

if z>0 %plastic can not be higher than sea surface
z=0;

end

% Get temperature, salinity and chla
%In this function, climatologies from Kooi et al. are used

temp=biofouling_temperature(z*z0,i); %zxz0 because
these function do not take dimensionless depth

salt=biofouling salt (zxz0,i);

chla=biofouling chlorophyll (z%z0,i);

% Evaluate density and viscosity from equation of state of
seawater

% %% ATTENTION %%x convert salinity from g/kg (PSU) to kg/
kg

salt=salt x1.0e—3;
al=9.999e+2;
a2=2.034e—2;
a3=—6.162e —3;
ad=2.261e—>5;
ab=—4.657e—8,;
b1=8.020e+2;
b2=-2.001;
b3=1.677e—2;
b4=2.261e—5;
b5=—4.657e—5;

density=al4a2xtemp+ad«(temp” 2)+adx(temp  3)+ab*(
temp~4)+blxsalt+b2xsalt xtemp+b3*salt x(temp™2)+
bdxsalt x(temp ™ 3)+b5*(salt "2)x(temp~2);

density=density /rho0; %dimensionless sea water
density

viscosity =0.156%(temp+64.993) " 2;
viscosity =4.2844e—5+1.0/(viscosity —91.296) ;

al=1.541+1.998e—2xtemp—9.52e —5x(temp~2) ;
b1=7.974—7.561e—2xtemp+4.724e—4x(temp” 2) ;

viscosity dyn=viscosity *(1.0+alxsalt+blx(salt™2))/

VII
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mu0; %dimensionless dynamic viscosity
% Light intensity at the surface
hour=mod ((t*t0)/3600,24) ;
light I0=light_ Im=#sin ((hour—6.0)%2.0%xpi/24.0); %12
hours day : 6h—18h
% light _I0=light_Im=xsin ((hour—4)pi/16.0); %16
hours day : 4h—20h
% light T0=light_ Im=xsin ((hour—8)*pi/8.0); %8
hours day : 8h—16h
if (light_10 <0)
light 10 = 0;
end
% Light intensity at the float depth (depth negative)
% ***x ATTENTION xxx algae induced extinction depending only
on local value
light TIz=light T0xexp(ext waterxzxz0);
% Growth rate under optimal temperature conditions

%

%

%
%

%

mu_opt=mu_maxxlight Iz /(light_ Tz+t0x(mu max/alpha)
«(light_Iz/light_Topt —1.0)72);

Temperature influence on growth rate

temp_inf=((temp—temp_max) *(temp—temp_min) " 2) /((
temp_opt—temp min) x( (temp_opt—temp min) *(temp—
temp_opt)—(temp_opt—temp_max) *(temp_opt+
temp_min—2.0xtemp) ) ) ;

Algae growth rate
mu_ tot=mu_ optxtemp_ inf;
Conversion factor from chlorophyll to carbon
xx+x ATTENTION %% we are supposing that there is NO

LIMITATION
to the growth rate due to NUTRIENTS

VIII
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chla_ C=0.003+0.0154%exp (0.05%temp ) xexp (—0.059%
light Iz/t0%x1.0e—6%sec_per day)sxmu tot/mu max;

% Ambient algae concentration (number/mxx3)

na_amb=na_amb0x*(chla/chla_C)/C_cell; %

dimensionless algae concentration

if light Imsxexp(ext_waterxzxz0)<=0.01xlight Im
na_amb=0;
end

% Evaluate the total radius of the particle

teta_pl=4.0xpix(r_pl~2);
v_pl=pix(r_pl™3)%4.0/3.0;
v_bf=vol algsnalgxteta_ pl;
v_tot=v__bf+v_pl;

t_bf=nthroot (v_tot*3.0/(4.0%pi) ,3)—r pl;
if (t_bf<0.0)
t bf = 0.0:

end

r_tot=nthroot (v_tot*3.0/(4.0xpi) ,3);
r alg=(vol alg%3.0/(4.0%pi)) (1.0/3.0);

rho_tot=(v_pls«rho_pl4v_bfxrho_bf)/v_tot;

% Equivalent spherical diameter of particle

viscosity kin=viscosity dyn/density; %
dimensionless kinematic viscosity

d_ast=(rho_tot—density )*9.81xr0"3/nu0 " 2%(2.0%r__tot

)7 3;
d_ast=abs(d_ast/(densityxviscosity_ kin"2));

% Sinking velocity

IX
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if (d_ast<5.0e—2)
om_ast=(d_ast~2)/5832;
else
log_d=logl0(d_ast);

om_ast=10"(—3.76715+1.92944xlog_d —0.09815%(log_d

~2) —0.00575%(log_d"3)+0.00056%(log_d~4));

end

w_sink=9.81*nu0xom_ast*viscosity kins*(rho_tot—
density)/density ;

w_sink=—nthroot (w_sink,3)*t0/2z0; %dimensionless
velocity

% Encounter kernel

if zxz0>=0 && w_sink>0 %plastic cannot fly
w_ sink=0;
end

if zxz0<=—4000 && w_sink<0 %ocean floor set at
—4000m as in the biofouling paper
w_ sink=0;

end

dz=w__sink;

temp=(temp+273.16) /TO; %dimensionless kelvin
temperature

beta_alg brownian=2/3x(temp/viscosity dyn)x*(1/
r_tot+1/r_alg)x(r_tot+r_ alg); %dimensionless
beta alg brownian

beta_alg settling=0.5%pi*r_tot 2xabs(w_sink); %
dimensionless beta_alg settling

beta_alg shear=4/3xshear*(r_tot+r_alg) 3; %
dimensionless beta shear

% New value of right—hand side of algae growth equation

collision=(beta_alg brownianx*(kappa*xT0*t0) /mul+

beta alg settlingxz0+xr0 2+beta_alg shearxr0~3)x

na_amb/(na_ambOxteta pl); %dimensionless
collision term
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growth=mu_ totxnalg; %dimensionless growth term

mortality=mort algxnalg; %dimensionless mortality
term

respiration=resp_algxnalg*Q_10" ((temp=T0
—20—273.16)%x0.1); %dimensionless respiration
term

dnalg=collision+growth—mortality—respiration; %
dimensionless dA/dt

g=|[dnalg;dz|; %mew value for x'=f(x)

end

B.3 Laminar case

B.3.1 biofouling ode_ad_ 2 modified

function [t_init ,w_sink max|=
biofouling ode_ad_ 2 modified RK3(zinit ,tlim ,r_pl,rho_pl,i
,ode)

%in this program we use climato from Kooi et al (value of i,
for my report I chose i=1 for North Pacific climato)

%equations are dimensionless: it allows ode to solve
smallest radii

%(r_pl=le—6 for instance)

t _init=0.;
w_sink max=0.;
tlim=tlim *x24%3600; %conversion from days to seconds

t0=1%24%3600; %characteristic time scale

z0=10; %characteristic space scale

rho0=1000; %characteristic scale of all densities (water and
plastic)

tlim=tlim /t0; %dimensionless limit time

%Coefficients

ark (1)=8/15;

XI
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ark (2)=5/12;
ark (3)=3/4;
brk (1) =0;

brk (2)=—17/60;
brk (3)=—5/12;

f0=[0;zinit /z0]; %initial conditions: nalg0=0 and z0=zinit

ff=f0;  %LHS Initializing
g=[0;0]; %RHS Initializing
Re=zeros (1,length (r_pl));%Re
rho tot=zeros (1,length(r_ pl));
t_bf=zeros(1,length(r_pl));

)

tspan=[0 tlim]’; %interval of integration
avg_ pos = 0;
sumT1=0;
deltat=0.001; %deltat
itout=10; %printing interval
tt=0;
itmax=round (tlim /deltat);

%for it=1:itmax.....

for k=1:itmax

zi=ff (2)*z0;

for rki=1:3

pf = ff+brk(rki)xgxdeltat ;

% We need for the RHS g(t) f ode _ad 2(t,x,r_pl,rho_pl,i)

PRI

... 1 guess you need to put g in the function call;
[g,t_bf,rho_tot]= f ode ad 2 modified(ff r_ pl,rho_pl

SO
ft = pf+ark(rki)xgxdeltat;
if ff(2)>0. %plastic cannot fly
ff(2)=0.;
g(2)=0;

end

end

=11 (2)%20;

avg_pos = avg_pos + (ff(2)xz0);
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avg_ pos_time = avg_ pos/k;

if zi<—1 & zf<—1

sumTl=sumT1l+deltat ;

Tl=sumT1/tt;

dlmwrite ('Frac_time.csv’,T1, '—append’) ;
end

tt=tt+deltat ;
% t, position, velocity to be printed in a text file
if (mod(i,itout)==1)

dlmwrite(’t.csv’,tt, '—append’);

dlmwrite (’velocity.csv’,g(2)*2z0/t0, —append’);

dlmwrite ( "position.csv’, ff (2)xz0, —append’);

dlmwrite ( 'nalg.csv’ ff(1)/r_pl~2, —append’);

dlmwrite (’tbf.csv’ t bfxr pl, —append’); %
Biofilm Thickness saved as csv

dlmwrite ( 'rhop.csv’,rho_totxrho0, —append’); %Total
plastic density saved as csv

dlmwrite ( "avg_pos_time.csv’ ,avg pos_time, '—append’);
%Average Position saved as csv

end

end

%% Files concatenated together

dlmwrite ('"PVC_le—5.csv’, [csvread(’t.csv’),csvread(’
velocity .csv’) ,csvread (’position.csv’) ,csvread(’'nalg.
csv’),csvread ("tbf.csv’) ,csvread ('rhop.csv’) , csvread (
"avg_ pos_time.csv’)], ' Delimiter’ ’ 7);
delete(’t.csv’);
delete (’velocity .csv’);
delete (’position.csv’);
delete (’nalg.csv’);
delete ("tbf.csv’);
delete ('rhop.csv’);
(

delete (’avg_pos_time.csv’);

Y
Y

)

XIIT
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104

105

106

107 A=dlmread ( 'PP_le—6.csv’); %Read the new scv file

108 coll =A(:, 1);  %Time

109 col2 = A(:, 2); %Velocity

10 col3 =A(:, 3); %Position

1 cold = A(:, 4); %Nalg

112 colb = A( s 5), %TiBf

113 col6 = A(:, 6); Y%Rho p

114 col7 =A(:, 7);  %Avg_ pos_time

115

116

117 B=dlmread ( ’Frac_time.csv’); %Read the new csv file

118 col8 =B(:, 1); %Fraction Time

119

120 (%%) Plots

121

122 %Plot of Velocity

123 figure (1)

124 Velocity=plot (coll ,col2)

125 hold on,

126 %Xlim([20,25])

127 ylabel (’Velocity (m.s {—1})")

128 xlabel ("Time (days)’)

120 saveas (Velocity , "Velocity__le—5_RungeKutta PVC.png’);

130

131 %Plot of Depth

132 figure(2)

133 Depth=plot (coll , col3)

134 hold on,;

135 ylabel( ’Depth (m) 7)

136 xlabel ('Time (days)’)

137 saveas (Depth, ’Settling le—5 RungeKutta PVC.png’);

138

139 %Plot of nalg

140 figure(3)

141 Algae=plot (coll ,col4)

142 hold on;

143 %Xlim([20,25])

144 ylabel (’Number of attached algae by surface unit (m
~{—2})")

145 xlabel (’Time (days)’)

146 saveas (Algae, "No_ Attached Algae le—5 Rungekutta PVC.png

DE

147

XIV
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%Plot of t_ bf

figure (4)

Thf=plot (coll , colb)

hold on;

ylabel (’Biofilm thickness (m)’)

xlabel (’Time (days)’)

saveas (Tbf, 'Biofilm_Thickness le—5 Rungekutta PVC.png’)

I

%Plot of rho tot

figure (5)

Rho_Total=plot (coll ,col6)

hold on;

Yoxlim ([20,25])

%ylim ([970,1030])

vlabel ('rho_{tot} (kg.m {-3})")

xlabel (’Time (days)’)

saveas (Rho_ Total, "Plastic_ Total Density le—5
_ Rungekutta PVC.png’);

%Plot of Avg Pos

figure (6)

Avgpos=plot (coll , col7)

hold on;

ylabel (7Average Position in time (m)’)

xlabel ("Time (days)’)

saveas (Avgpos, "Average_Position_le—5_ Rungekutta PVC.png

DE

%Plot of Time Frac

figure (7)

time = linspace (0,tlim ,length(col8));

T_Frac=plot (time, col8)

hold on;

ylabel (’Time Fraction (m)’)

xlabel ("Time (days)’)

saveas (T_Frac, 'Time_Fraction le—6_Rungekutta PP .png’);

figure (8)

Pdf rho=histogram (col6, ’'normalization’, ’'pdf’);
ylabel (’Frequency ")

xlabel (’Density (kg.m {—3})")

saveas (Pdf_rho, 'PDF_rho le—5_Rungekutta PVC.png’);

figure (9)
colb=colb+(r_pl);

XV
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Pdf Rtotal=histogram (col5, ’'normalization’, ’'pdf’);
ylabel (’Frequency ")

xlabel (’Total Radius (m) ")

saveas (Pdf_Rtotal, ’PDF_rtotal le—5_ Rungekutta PVC.png’)

I

%
% Frac_ T=sprintf(’Fraction Time at end=%d’,T1);
% disp (Frac_T);

end

B.4 Turbulent case

The same biofouling function is given as,

function [t_init ,w_sink max|=biofouling ode ad 2 modified(
zinit ,tlim ,r_pl,rho_pl,i ode)

%in this program we use climato from Kooi et al (value of i,
for my report I chose i=1 for North Pacific climato)

%equations are dimensionless: it allows ode to solve
smallest radii

%(r_pl=le—4 for instance)

t_init=0.;
w_ sink max=0.;
tlim=tlim *x24%3600; %conversion from days to seconds

t0=1%24%3600; %characteristic time scale
z0=10; %characteristic space scale
rho0=1000; %characteristic scale of all densities (water and

plastic)

tlim=tlim /t0; %dimensionless limit time

% RK3 Coefficients

ark (1)=8/15;
ark (2)=5/12;
ark (3)=3/4;
brk (1) =0;

brk (2)=—-17/60;
brk (3)=—5/12;
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f0=[0;zinit /z0]; %initial conditions: nalg0=0 and z0==zinit

ff=f0; YLHS Initializing
g=[0;0]; %RHS Initializing
Re=zeros (1,length (r_pl));%Re
rho_tot=zeros(1,length(r_pl));
t_bf=zeros(1,length(r_pl));

tspan=[0 tlim]’; %interval of integration

%Turbulent part
vturb=0;
pvturb=0;
gturb=0;

avg_ pos = 0;
sumT1=0;

deltat=0.001; %deltat
itout=10; %printing interval
tt =0;
itmax=round (tlim /deltat);
%for it=I1:itmax.....
for k=1:itmax

for rki=1:3
%Turbulent velocity
zi=1f (2)%20;
pvturb=vturb+brk (rki)xgturbxdeltat ;
if rki==
stoc=normrnd (0. ,1.) ;
end

[TO,vrms]=rhs_turb (ff ,i);

gturb=—vturb /TO+vrms*sqrt (2./(TOxdeltat))*stoc;

pf = ff+brk(rki)xgxdeltat;

[g,t_bf,rho_tot]= f ode_ad_2 modified(ff ,r_pl,rho_pl

i, tt);
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g(2)=g(2)+vturb;

ff = pf+ark(rki)*gxdeltat;
vturb=pvturb+ark (rki)xgturbxdeltat ;

if ff(2)%20>0. %plastic cannot fly
ff(2)=0.;
g (2) =0;
end
if ff(2)%2z0<—4000. %plastic cannot sink further
ff (2)=-4000./20;
g (2) =0;
end

end

zf=1f (2)%20;

avg_pos = avg_pos + (ff(2)xz0);
avg_pos_time = avg_ pos/k;

if zi<—1 & zf<—1
sumTl=sumTl+deltat ;
Tl=sumT1/tt;
dlmwrite ("Frac_time.csv’,T1, '—append’) ;
end
tt=tt+deltat ;

% t, position, velocity to be printed in a text file
if (mod(i,itout)==1)

dlmwrite(’t.csv’  tt, —append’)

dlmwrite (’velocity.csv’,(g(2)—vturb)*z0/t0, '—append )
dlmwrite ( "position.csv’, ff(2)%z0, —append’)

dlmwrite ( 'nalg.csv’ ff(1)/r_pl™2,’—append’)

dlmwrite ("tbf.csv’ t_bfxr_pl, —append’) %
Biofilm Thickness saved as csv

dlmwrite ( 'rhop.csv’ ,rho_totxrho0, —append’) %Total
plastic density saved as csv

dlmwrite ( ’vturb.csv’ vturb*z0/t0, '—append )

dlmwrite ( "avg_pos_time.csv’,avg pos_time, '—append’);
%Average Position saved as csv

end
end
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%

%% Files concatenated together

dlmwrite ('PVC_le—4_turb.csv’, [csvread(’t.csv’), csvread (
"velocity.csv’) ,csvread (' position.csv’), csvread( 'nalg
.csv ) esvread ("tbf.csv’) csvread('rhop.csv’)  csvread
("vturb.csv’)  csvread (’avg_ pos_time.csv’)], Delimiter

) Y 7),
Y Y

)

delete(’t.csv’);
delete (’velocity .csv’);
delete (’position.csv’)
delete ('nalg.csv’)
delete (7tbf.csv’)
delete ('rhop.csv’)
delete (’vturb.csv’)

(

delete (’avg_pos_time.csv’)

A=dlmread ( '"PVC_1le—4_turb.csv’); %Read the new csv file

coll = A(:, 1);  %Time
col2 = A(:, 2); %Velocity
col3 = A(:, 3); %Position
cold = A(:, 4); %Nalg
colb = A(:, 5); %I _Bf
col6 = A(:, 6); %Rho p
col7 =A(:, 7);  %v_turb
col8 = A(:, 8); %avg_pos

B=dlmread ( ’Frac_time.csv’); %Read the new csv file
col9 =B(:, 1); %Fraction Time

%% Plots

%Plot of Velocity
figure (1)
Velocity=plot (coll ,col2)
hold on;
xlim ([20,25])
yvlabel (’Velocity (m.s {—1})")
xlabel (’Time (days)’)
saveas ( Velocity , "Velocity__1le—4 RungeKutta PVC_turb.png’

);

%Plot of Depth
figure (2)

Depth=plot (coll , col3)
hold on;

XIX
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155 % yline (—1600,"—.r", " Average’,’LineWidth’ ,2) ;

156 ylabel (’Depth (m) ")

157 xlabel ("Time (days)’)

158 saveas (Depth, ’Settling le—4 RungeKutta PVC_turb.png’);

159

160 %Plot of nalg

161 figure (3)

162 Algae=plot (coll , col4d)

163 hold o1 |

164 % Xllm([20,25])

165 ylabel (’Number of attached algae by surface unit (m
H{-2})7)

166 xlabel (’Time (days)’)

167 saveas (Algae, 'No_ Attached Algae le—4
_ Rungekutta_ PVC__turb.png’);

168

169 %Plot of tibf

170 figure (4)

171 Thf=plot (coll , colb)

172 hold on;

173 ylabel (’Biofilm thickness (m)’)

174 xlabel (’Time (days)’)

175 saveas (Tbf, "Biofilm_Thickness le—4 Rungekutta PVC_ turb.
png’);

176

177 %Plot of rho tot

178 figure (5)

179 Rho_Total=plot (coll ,col6)

180 hold on;

181 % Xllm([20,25])

182 % ylim ([970,1030])

183 ylabel (’rho_ {tot} (kg.m {—3})")

184 xlabel (’"Time (days)’)

185 saveas (Rho Total, "Plastic_Total Density le—4

_ Rungekutta PVC_ turb.png’);

186

187 %Plot of v_turb

188 figure (6)

189 v__turb=plot (coll , col7)

190 hold on |

191 ylabel (’Turbulent Velocity (m/s)’)

192 xlabel (’"Time (days)’)

193 saveas (v_turb, ’Turbulent_ Velocity le—4

_ Rungekutta_ PVC_turb.png’);
194

195 %Plot of Avg Pos
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figure (7)
Avgpos=plot (coll , col8)
hold on;
%yline (—14,”—.r’ ,’Laminar’, ’LineWidth’,2) ;
ylabel (?Average Position in time (m)’)
xlabel (’Time (days)’)
saveas (Avgpos, "Average Position_le—4
_ Rungekutta PVC_turb.png’);

%Plot of Time Frac

figure (8)

time = linspace (0,tlim ,length(col9));

T Frac=plot (time, col9);

hold on;

%yline (0.29503," —.r’,’Laminar’,’LineWidth’,2);

ylabel (’Time Fraction (m)’)

xlabel (’Time (days)’)
(

saveas (T _Frac, 'Time_Fraction_ le—4 Rungekutta PVC_turb.

png’);

figure (9)

colb=col5+(r_ pl);

Pdf Rtotal=histogram (col5, ’'normalization’, ’pdf’);
ylabel (’Frequency ")

xlabel (’Total Radius (m) ")

saveas (Pdf_Rtotal , ’PDF_rtotal le—4 Rungekutta_ PVC.png’)

’

figure (10)

Pdf rho=histogram(col6, ’'normalization’, ’'pdf’);

ylabel (’Frequency ")

xlabel ("Density (kg.m {—3})")

saveas (Pdf _rho, "PDF_rho_le—4 Rungekutta PVC.png’);
end

B.4.1 rhs turb
function [TO,vrms]| = rhs_turb(ff i)

z0=10; %characteristic scale of depth
tt0=1%24%x3600; %characteristic scale of time

z=ff (2);

%kin=0.01; %Turbulent kinetic energy in m2/s2 this

should be function of zx*z0....
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o kin=kin_ turb (ff  i);

10

11

12

13

16

17

18

19

20
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22
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26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

%eps=1.E—7; %Turbulent dissipation rate in m2/s3 or

W/Kg

eps=eps_ turb (ff ,i);

XXII

%Viscosity calculation

temp=biofouling temperature(z*z0,i); %z%z0 because
these function do not take dimensionless depth
salt=biofouling_salt (zxz0,i);

salt=salt x1.0e—3;
al1=9.999e+2;
a2=2.034e—2;
a3=—6.162e —3;
a4=2.261le—5;
ab=—4.657e—8,;
b1=8.020e+2;
b2=—-2.001;
b3=1.677e—2;
b4=2.261e—5;
bb5=—4.657e —5;

density=al4a2xtemp+ald(temp  2)+ad*(temp  3)+abx(
temp~4)+blksalt+b2xsalt«xtempt+b3xsalt x(temp™2)+
bdxsalt x(temp 3)+b5*(salt "2)x(temp™2);

viscosity =0.156*(temp+64.993) " 2;
viscosity=4.2844e—5+1.0/(viscosity —91.296) ;

al=1.541+1.998e—2xtemp—9.52e —5x(temp~2) ;
b1=7.974—7.561e—2«temp+4.724e —4x(temp~2) ;

viscosity dyn=viscosity *(1.0+alxsalt+blx(salt™2));
%dynamic viscosity

viscosity__kin=viscosity_dyn/density; %Kinematic
viscosity

Re_lambda=sqrt (20.x kinxkin /(3.x viscosity__kinxeps))
C0=6.5/(1.+140.%Re_lambda™(—4./3.)) "~ (3./4.);

T0=4xkin /(3% COxeps); %in s
vrms=sqrt (2xkin /3); %in m/s
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T0=T0/tt0; %nondimensional
vrms=vrms*tt0/z0; %nondimensional

end

B.4.2 kin turb

function kin=kin_turb(ff i)
z0=10; %characteristic scale of depth
z=1f(2);

if (zxz0==0)
kin=0.24;
else if (z%z0>=-200)
kin=(0.0002.xz%z0) + 0.18;
else if (z%20>=—1200 && zxz0<=—200)
kin=(0.0001.%xz%z0) + 0.14;
else if (zxz0<=-—1200)
kin=0.02;
end
end
end

end

B.4.3 eps_turb

function eps=eps_turb(ff i)

z0=10; %characteristic scale of depth
z=ff(2);

if (z*z0>—800)
eps=6.6e—9;
else if (z%z0>=—950 && z%z0<=—800)
eps=be —9;
else if (z%20>=—1120 && z%z0<=—950)
eps=4.3e—9;
else if (z%z0>=—1285 && z%z0<=—1120)
eps=3.3e—9;
else if (z%xz0>=—1600 && z*z0<=—1285)
eps=3.06e—9;
else if (z%z20>=—1740 && zxz0<=—1600)
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end

end

XXIV

end

end

eps=3.46e—9;

else if (z%xz0>=—2070 && z*2z0<=—1740)
eps=3.85e—9;

else if (z%20>=—2390 && zxz0<=—2070)
eps=3e—9;

else if (z%xz0>=—2550 && z%z0<=—2390)
eps=3.57e—9;

else if (z%z0>=—3030 && zxz0<=—2550)
eps=4e—9;

else if (z%z0>=-3340 && zxz0<=-3030)
eps=4.15e—9;

else if (z%z20>=—4000 && zxz0<=—3340)
eps=3.77Te—9;

end
end
end
end
end
end
end
end
end
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