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ABSTRACT

Accurate modeling of the interaction between oil and sea ice is essential for predicting oil spill fate and transport in ice-infested waters. A
three-dimensional numerical model based on the smoothed particle hydrodynamics (SPH) method is incorporated to model such interac-
tions. The effects from air and water are well captured using suitable force components and without explicit inclusion of air and water phases.
This reduces the four-phase SPH model into a two-phase model, significantly reducing computational costs and potentially enabling the use
of this model for large-scale simulations. We validate the model against experimental data recently available in the literature on oil–ice inter-
actions. The experiments studied the interaction in a flume between an ice floe and oil slick for different types of crude oils. The current
velocities were varied and the thicknesses of the oil slicks were measured. The validation results show that our SPH model can adequately
simulate the interaction between oil slicks and ice floes. The simulated average thicknesses fit well with the measured thicknesses despite the
considerable difference in the viscosity of the tested crude oil. Moreover, the effects of oil density, surface tension, viscosity, and current
velocity on oil slick accumulation in front of the ice floe are studied. The higher current velocities and higher oil density lead to thicker oil
slick thickness next to the ice floe. The surface tension effect on oil slick thickness is not significant. Finally, we provide estimates for the
minimum oil slick thickness for a finite range of oil viscosities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065587

I. INTRODUCTION

At the time of oil contamination, the presence of sea ice may
pose considerable challenges to the use of booms, barriers, and
skimmers for oil recovery. Therefore, modeling the transport and fate
of an oil slick in icy waters is of great importance. The oil spills that
occurred previously, such as MT Antonio Gramci in the Baltic Sea
(1987), MT Exxon Valdez in Prince William Sound Alaska (1989), the
Runner 4 oil spill in the Gulf of Finland during the winter of 2006,1

and Godafoss in Hvaler, Norway (2011),2 have shown that the
cleaning of oil from polluted areas in the marginal ice zone (MIZ) is a
challenging, costly, and complicated task. This has propelled the stud-
ies3,4 on oil and sea ice interactions, which are crucial for effective
responses.5

The presence of ice on the sea surface will have a significant
influence on oil spill behavior. Venkatesh et al.6 reported that oil
behaves as in open water for ice concentrations less than 30%. In
open water and low ice coverage, oil transport on the surface is
controlled mainly by wind and current. Moreover, for ice concen-
trations above 70%–80%, oil drifts with the ice,4,6 while for

30%–70% of ice concentrations, there would be variations in oil
behavior; thus, more research is still needed. Oil spilled close to sea
ice may be transported into the ice by wind and currents and may
be concentrated to higher thicknesses. This may resemble the col-
lection of oil in a boom during oil spill response operations.
Furthermore, one should recall that surface oil spills may lead to
oil being transported on top or under the ice.5 Ice types, geometry,
and characteristics like thickness, degree of coverage, floe size, and
porosity are important factors, especially for oil spills under ice.7

The considerable difference in oil properties for different types of
crude oils and the variation in these properties with time due to weath-
ering process are yet an additional challenge to oil spill modeling.8 Oil
spills in icy waters undergo several natural processes (evaporation,9

water-in-oil emulsification,10 oil-in-water dispersion,11 spreading,12

etc.) that can considerably change the properties of the oil, such as
density, surface tension, and viscosity.13 The cold climate and the pres-
ence of sea ice affect the weathering processes. The rate of emulsifica-
tion and evaporation and properties like viscosity depend on the
temperature.
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The other challenge that must be overcome when attempting to
model oil spill fate and transport is the large spatial and temporal scale
of the model. Considerable efforts have been made previously to
model the fate and transport of oil spills on large scales.14,15 Most of
these studies have used Lagrangian numerical models such as
COZOIL,16 SINTEF OSCAR2000,12 MOTHY,17 MOHID,18

GNOME,19 MEDSLIKII,20 and OpenDrift21 for simulating oil spills.
Except for OSCAR, none of these models have been used to model oil
spills in icy waters. Due to the large-scale requirements in these mod-
els, the oil particles are usually completely passive. This means that the
particles follow the ambient flow, and particle overlap is not corrected.
In other words, these types of simulations of oil particles could not
realistically represent oil–ice interactions. Moreover, more accurate
methods like the SPH22,23 and computational fluid dynamics
(CFD)24,25 methods have so far been mainly used for small-scale appli-
cations.26 Most of the previous studies in simulating oil spills on the
surface of the water using the SPH and CFD methods26–29 are two-
dimensional, or for three-dimensional simulations, the enormous
computational cost significantly restricts the spatial and temporal
computational domains. This restriction is due to the consideration of
water particles in the SPH method. In contrast, in CFD methods, the
presence of mesh in regions with water and air imposes an enormous
limitation for larger domains. In addition to this challenge, the com-
plexity of the classical SPH and CFD methods would be intolerable
because of the involvement of four phases (air, seawater, oil, and ice).

The SPH method is a mesh-free Lagrangian particle
method.23,30,31 As a mesh-free particle method, the SPH method is
suitable for modeling problems with free surfaces, moving interfaces,
deformable boundaries, and large deformations.23,30–32 The SPH
method was originally invented to solve astrophysical problems in
open space,33,34 and it was later extended to simulate many other com-
pressible flows, such as shock problems.23,30–32 By modifying the mass
equation and with an appropriate equation of state, the SPH method
can be used to simulate incompressible flows successfully.35,36

Moreover, the SPH method was extended to simulate multiphase
flows.37–39 Several studies (e.g., Refs. 26 and 29) used a convectional
SPH formulation to model the mechanism of oil leakage by entrain-
ment and obtained satisfactory results.

In this study, we develop an accurate three-dimensional (3D)
numerical model based on a modified SPH formulation for simulating
the large-scale fate and transport of different types of oil spills (Table I)
in icy waters. To overcome the high computational cost and complexity
of the conventional SPH method, especially in cases involving oil spills
in icy seawater, the effect of water/air on oil spills is considered herein
with external forces, without the need to include water/air particles in
the simulations. For this purpose, the novel drag force formulation by
Gissler et al.,40 gravity, and buoyancy forces are incorporated in the
model to represent the influence of water and air on oil spills.
Consequently, the four phases are reduced to two phases, i.e., oil and
ice floes. The open-source SPH solver SplishSPlash41 is used in our
model. In addition to the oil model, it is essential to model the dynam-
ics of the sea ice cover and to capture the response of ice fields with dif-
ferent concentrations, floe size distributions, and floe shapes to
environmental forces from wind, waves, and currents. Similar to oil
particles, gravity, buoyancy, and drag forces are applied to the ice floes
defined in the model. Moreover, the interaction between oil and ice
(adhesion of crude oil with ice) is considered in the model. Note that
previous studies42 have demonstrated oleophobic behavior for ice floes.

A comparison with our experimental results is conducted to vali-
date our model. The mechanism of oil spill containment and its inter-
action with ice were studied experimentally by Nordam et al.43 and
Singsaas et al.44 Singsaas et al.44 performed their work with different
current velocities for diverse types of crude oils (Marin Gas Oil, Troll
B, Grane Blend, Wisting Central, and Oseberg Blend). In this study,
these experimental data are considered a basis for the validation of the
numerical model.

The paper is organized as follows. In Sec. II, the modified SPH
model is described. Then, the validation of the model with experimental
results is performed in Sec. III. In Sec. IV, we present and discuss the sen-
sitivity analysis results that were carried out to quantify the significance
of parameters like oil viscosity, surface tension, oil density, and current
velocity. The paper ends with the main conclusions being drawn.

II. MODEL DESCRIPTION

The SPHmethod is a meshless Lagrangian particle-based method
that solves the conservation equations using a set of particles. The SPH

TABLE I. Properties of different types of crude oil with different weathering processes. � denotes the types of crude oil compared with those in the experiment in Fig. 4.

l ðcpÞ

Waterfree 50%emuls: 75%emuls:
Oil type Residue q

kg
m3

� �
10 s�1 10 s�1 10 s�1 r

ðmNÞ
m

Oseberg blend Fresh 839 98 28
Marine gas oil Fresh 851 �8 10
Oseberg blend 200 �Cþ 883 882 �8682 18
Wisting central 250 �Cþ 887 �199 2538 �5869 21
Troll B Fresh 892 131 13
Grane B Fresh 900 529 8.1
Oseberg blend 250 �Cþ 905 1090 �22 612 16
Troll B 250 �Cþ 923 �923 �6278 �11 299 7.3
Grane 200 �Cþ 952 �5981 �15 945 10.1
Grane 270 �Cþ 965 �33 927 273 691 10.4
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formulation allows for the efficient computation of a certain quantity
of a fluid particle by considering only a finite set of neighboring par-
ticles. One of the most important research topics in the field of SPH
methods is the simulation of incompressible fluids, especially crude
oil.

In this study, the SPH method is used to solve the Navier–Stokes
equations for incompressible flow in Lagrangian coordinates:

Dq
Dt
¼ 0()r:v ¼ 0; (1)

Dv
Dt
¼ � 1

q
rpþ l

q
r2v þ f

p
; (2)

where q, t, v, p, l, and f represent the density, time, velocity, pressure,
dynamic viscosity and forces, respectively. Forces like gravity, buoy-
ancy, and drag force from water and air are included in the force term
(f) of the momentum equation [Eq. (2)]. The mass in the system is
considered constant, which, as mentioned earlier, is trivial in the SPH
method by keeping the particle mass and number of particles constant.
Using the SPH method, the oil density qi at position ri is determined
by23

qi ¼
X
j

mjWij; (3)

where mj is the mass of the neighboring particles j, and
Wij ¼Wðri � rj; hÞ denotes a smoothing kernel with smoothing
length h. The smoothing kernel is a scalar weight function, and the
smoothing length modifies its behavior. The smoothing length works
as a cutoff value and directly affects how many particles are considered
in the sum in Eq. (3). The cubic spline kernel45 is used in this study;
see Appendix A.

We use the divergence-free smoothed particle hydrodynamics
(DFSPH) solver46 to solve for the pressure. This is an implicit solver
that is suitable for simulating incompressible fluids. We have tested
and compared the DFSPH solver with other solvers like the PBF47 and
IISPH48 solvers. The DFSPH solver was proven to be stable and
showed good performance. The DFSPH solver uses an efficient combi-
nation of two pressure solvers that enforce low volume compression
and a divergence-free velocity field. This enforces incompressibility at
both the position level and velocity level simultaneously. The former is
important for realistic physical behavior, while the latter is necessary
to ensure stability and reduce the number of solver iterations.
Moreover, it allows for larger time steps, which yield a considerable
performance gain since particle neighborhoods have to be updated less
frequently.

Figure 1 shows a flow chart of the main simulation loop of the
SPH method that has been used in the SplishSplash library adapted in
our model. After importing data and initial settings, the main loop
starts. In our SPH model, in each time step, first, the density is calcu-
lated using Eq. (3). Second, the velocity of each particle is updated
using Eq. (4), where the force term (Fext) includes the gravity, buoy-
ancy, and drag forces from air and water and the viscosity term in Eq.
(4). Third, the pressure force (Fp

i ) is calculated using Eq. (5) [i.e., the
state equation p ¼ kðq� q0Þ]. Fourth, again, the velocity is updated
by the pressure force using Eq. (6), and finally, the positions are
updated according to Eq. (7). For time integration, the Rung–Kutta
method was used:

Dvi
Dt
¼ l

mi

X
j

mj

qj
vij

2jjriWijjj
jjrijjj

þ 1
mi

Fext ; (4)

Fp
i ¼

X
j

mj
pi
q2
i
þ pj

q2
j

� �
riWij; (5)

Dvi
Dt
¼ � Fp

i

mi
; (6)

Dxi
Dt
¼ vi: (7)

The viscosity and surface tension are accurately imposed in this
model. To apply the viscosity properly, the Weiler et al.49 approach is
chosen, which has been described in Appendix B. Furthermore, the
surface tension algorithm reported by Akinci et al.50 has been incorpo-
rated in this model; see Appendix C.

A. Oil–ice interaction

The main idea of particle-based approaches is to use boundary
particles to sample the surface of rigid objects.51 A momentum-
conserving two-way coupling method of SPH fluids and arbitrary rigid
objects has been proposed based on hydrodynamic forces. The size of
these boundary particles typically is the same size as the fluid particles
and produces additional sampling points. This approach considers the
surface of rigid bodies with boundary particles that interact with the
fluid, preventing deficiency issues and both spatial and temporal dis-
continuities. Moreover, thin structures containing only one layer or
one line of boundary particles and also non-manifold geometries can
be modeled with this method. For more information, see Appendix D.

The ice floes are modeled as solid objects with arbitrary geome-
tries. The gravity, buoyancy, and drag forces are applied to ice floes.
The current and wind velocities could be applied to the ice floes using
drag force.

B. Omitting water and air particles from the
SPH model

The novelty of this study stems from omitting water and air par-
ticles while still considering their effects through buoyancy and drag
formulations; i.e., instead of a four-phase SPH model that includes
water, air, oil, and ice particles, we deal with a two-phase SPH model
that includes only ice and oil particles. The effects of buoyancy, gravity,
and drag force are considered external forces in Eqs. (2) and (4). The
calculations of the buoyancy force are straightforward and depend on
the volume of the submerged particles and the density difference. The
drag forces are calculated using the algorithm by Gissler et al.40 and
applied as external forces to the oil particles. Herein, the oil–water and

FIG. 1. 10 ll of Troll B placed on the surface of the ice floe.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 102117 (2021); doi: 10.1063/5.0065587 33, 102117-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


oil–air interactions are approximated efficiently by applying drag
forces on the boundary particles as follows:

Fdrag
i ¼ 1

2
qv2i;relCD;iAi; (8)

where q is the density of the fluid adjacent to the oil particle, which is
seawater or air depending on the particle’s location on or under the
sea surface. For oil particles that have a height higher than the sea sur-
face, the adjacent density is qa, and for oil particles inside the sea, the
density is qw. v2i;rel is a vector pointing in the direction of the relative
velocity difference between air/water and the particle i, while its length
is given as the squared length of this velocity difference, computed as
follows:

v2i;rel ¼ jvw � vij2
vw � vi
jvw � vij

for particles below free surface; (9)

v2i;rel ¼ jva � vij2
va � vi
jva � vij

for particles above free surface; (10)

where vi is the velocity of particle i, vw is the water velocity
(current), and va is the air velocity (wind). The drag coefficient CD;i

and the exposed cross-sectional area Ai vary for each particle. This
drag equation is used to model drag forces acting from the water
and air phases with predefined velocities onto oil fluid. The drag
equation is employed to compute one-way forces acting onto the
oil fluid surface.

To calculate CD;i, the idea is to use the deformation y to linearly
interpolate the drag coefficient between the value for a sphere and the
value for a disk. The drag coefficient is then computed with Eq. (11).
Moreover, the radius of the deformed droplet is Lþ CbLy

approx
i . This

results in the following drag coefficient and cross-sectional area of the
disk-like droplet:

CLiu
D;i ¼ Csphere

D;i ð1þ 2:632yapproxi Þ;

Adroplet
i ¼ pðLþ CbLy

approx
i Þ2;

8<
: (11)

where Csphere
D;i and yapproxi are the drag coefficient of a sphere and calcu-

lated approximated deformation, respectively, which are calculated as
follows:

Csphere
D;i ¼

24
Rei

1þ 1
6
Re

2
3
i

� �
for Rei � 1000

0:424 for Rei > 1000:

8><
>: (12)

where Rei is the Reynolds number of particle i, which is computed
with respect to the density and viscosity of the surrounding fluid
(water or air).

yapproxi ¼ minð1; jv2i;reljycoeff Þ;

where ycoeff ¼
CF

CkCb

qL
r
;

8><
>: (13)

where CF ¼ 1
3, Ck¼ 8, and Cb ¼ 1

2 are the parameters used in this
study. Moreover, q is the density of the surrounding fluid (for air and
seawater, q is 1.21 kg

m3 and 1027 kg
m3, respectively); r is the surface ten-

sion of crude oil; and L is the particle radius.
It is desirable to consider a fluid particle that is part of a larger

array of particles to have a drag coefficient of 1. By linearly

interpolating between Eq. (11) and magnitude 1 based on the number
of fluid neighbors n, the equation for the drag coefficient and cross-
sectional area of a particle would be

CD;i ¼ 0:35 1�
min

2
3
nfull;n

� �
2
3
nfull

0
BB@

1
CCACLiu

D;i þ
min

2
3
nfull;n

� �
2
3
nfull

0
BB@

1
CCA

Aunoccluded
i ¼ 1�

min
2
3
nfull;n

� �
2
3
nfull

0
BB@

1
CCAAdroplet

i þ
min

2
3
nfull;n

� �
2
3
nfull

h2:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(14)

A particle with a full neighborhood has nfull neighbors. The mag-
nitude of 0.35 is a calibration constant that we achieved for the interac-
tion of oil and seawater. For this simulation, nfull is 38. If a particle has
2
3 n

full or more neighbors, then it would be assumed that part of a larger
surface and drag coefficient is 1. Without any neighbors, the drag coef-
ficient and cross-sectional area of a particle are calculated according to
Eq. (11).

The final area that has been used in Eq. (8) is calculated using the
unoccluded area and a scaling factor that determines the occlusion of
the particle.

The drag forces should only apply to particles that are exposed to
the air or water, i.e., particles that are on the surface of the liquid (oil).
To calculate the occluded surface area of a particle, the unoccluded
area is then weighted with an occlusion value wi, which is between
0 and 1 which represents complete occluded for 0 and unoccluded
for 1,

Ai ¼ wiA
unoccluded
i ; (15)

wi ¼ max

 
0;min

 
1; 1�maxj

vi;rel
vi;rel

xij
jxijj

� �!!
: (16)

The surface of each fluid particle is calculated, and its deforma-
tion is modeled to estimate the parameters needed to compute the
drag force accurately. Furthermore, the occlusion area, which is usually
on the boundary of the oil slick that faces the flow, is considered an
effective area where the drag force is applied. This drag force would be
considered an external force in Eq. (2).

More information about the detailed calculation of ycoeff and
other assumptions are reported by Gissler et al.40

Incorporating Eq. (2) has several benefits. First, the forces are
mainly based on the velocity difference between water/air and fluid
(oil). Correspondingly, because explicit pressure values are not
computed for the interaction between the phases, typical instabil-
ities that occur due to high-density ratios are prevented. Second,
due to neglecting water particles, this method decreases the com-
putational cost tremendously. Moreover, the shortcoming brought
about by such simplification is that the model needs predescribed
temporal and spatial velocity fields in water/air as inputs. For this
study, a constant current velocity similar to the experimental data
is considered. Still, for large-scale problems, it is necessary to pro-
vide the velocity field for the whole domain from empirical or
numerical outputs.
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III. MODEL VALIDATION AND VERIFICATION
A. Verification of the adhesion model

The measurement of contact angle is one of the important meth-
ods to measure the surface tension of a fluid. Øksenvåga et al.42 per-
formed an experimental test to measure the contact angle of different
types of crude oil on and under the ice. They reported 180� of contact
angle for crude oil droplets, which means an ole-phobic behavior for
ice.

In order to verify our novel model, we conducted a simulation
test case for studying the adhesion of crude oil and ice. So, 10ll of
crude oil was placed on the surface of the ice floe similar to the experi-
mental study done by Øksenvåga et al.42 The coefficient b in adhesion
equation (C4), which represents the interaction of oil and ice particles,
could be considered almost zero. Moreover, the surface tension of oil
with air is c ¼ 30 mN

m .
As shown in Fig. 1, the contact angle of the crude oil droplet on

the ice surface is almost 180�, which confirms the oleo-phobic behav-
ior of ice. It means that the adhesion between oil particles and ice is
lower than oil–oil interactions.

B. Validation of the model for oil spill in the flume

As mentioned earlier, the experimental investigations performed
by Singsaas et al.44 are used here to validate our numerical model. In
their test case, a flume with a size of 14m� 1 m� 0.5 m is tested. A
flat ice barrier with an 8 cm thickness was located at the end of the
flume. Upstream of the flume, oil spills with different volume quanti-
ties were released to the surface of the water, and the accumulation of
oil in front of the ice barrier was measured. They also tested the behav-
ior of oil in slush ice, which is not our target in this study. Therefore,
we concentrate on the test related to the level ice and its interaction
with crude oil. The current velocity was constant at each test and var-
ied in all the tests in the range from 5 cm

s to 25 cm
s . The flume could rap-

idly be filled with 10.5m3 of filtrated seawater. The density of seawater
was 1027 kg

m3. The flume was installed in a room where the temperature
could be regulated all the way down to �18 �C. This was important
for making ice, conducting experiments at reproducible low tempera-
tures, and avoiding the melting of ice between experiments. This flume
was primarily built for experiments with oil. The experiment per-
formed by Singsaas et al.44 included different types of oil that represent
crude oils with different physicochemical properties. The types of
crude oil mentioned in Table I denote the Norwegian crude oils that
are usually found in Arctic environments. Additionally, evaporated
and emulsified oils are studied in this model to obtain a good rule of
thumb for crude oil in the vicinity of ice floes and at cold temperatures.
The evaporation of volatile components increases the relative amount
of higher molecular weight components and consequently changes the
physical and chemical properties of the residual oils. Density, viscosity,
relative wax and asphaltene contents all increased due to weathering
(evaporation).

In this study, we replicate the experimental test case in numerical
model to satisfy the requirements of validation with experimental
results. This ice floe with an 8 cm thickness was located at the end of
the flume. Similar to the experiment, the volume of the oil spill varied
between 2.5 l, 5 l, and 10 l, and the current velocities varied between 5,
10, 15, 20, and 25 cm

s . We run simulations with 38 750, 77 500, and
15 000 particles to simulate spills of volumes 2.5 l, 5 l, and 10 l,

respectively. The drag coefficient between crude oil and seawater is
applied with Gissler’s method.40 The simulation domain is illustrated
in Fig. 2. For each volume increment, the average thickness of the oil
slick using its length in front of fixed ice floe is measured. By measur-
ing the length (L) of an oil slick in front of the ice floe and with known
parameters such as the volume of crude oil (VOL) and width (W) of
the flume, the average thickness (t ¼ VOL

LW ) of the flume was estimated.
For average thickness, we incorporated the same procedure used in
the experiment. To better assess the crude oil properties, we added
fresh Grane B, Troll B, and Oseberg B to the list reported by Singsaas
et al., shown in Table I.

In this study, we incorporated Akinci’s method51 for flume and
ice floe boundary conditions. The flume boundary and ice floe are
solid walls that contain almost 40 000 and 3000 particles, respectively.
The wall particles surrounded the flume and did not permit the oil
particles to pass the wall, similar to the experiment.

In the numerical model, particles with a radius of 2.5mm are
incorporated. A higher number of oil particles with a smaller radius
leads to a higher resolution of the results. At high resolution, the par-
ticles represent the fluid behavior better, but there are limitations with
the computational cost. We examined different sizes and observed
that the radius of 2.5mm for oil particles would be logical for this
domain with 14m length and low computational cost. An accurate
simulation would be satisfied simultaneously.

There are some uncertainties with the experimental data that
make the numerical results differ, e.g., measurement errors in estimat-
ing the density of seawater and the density, surface tension, and viscos-
ity of crude oils. Moreover, in the experiment by Singsaas et al.,44 the
current velocity is reported to be constant and uniform in the flume,
while a velocity profile and no-slip boundary condition are expected in
the flume. In this study, the analytical velocity profile was examined
other than the uniform velocity in the flume. Because the current
velocity was not so high, only minor differences were observed.
Therefore, we considered error bars for the numerical results. Based
on the results from all the simulations, we estimated the average value,
standard deviation, and standard error of the slick thickness for all the
crude oils and used these values to estimate the error bar.

C. Validation results

Figure 3 shows the simulated accumulation of oil slick in front of
an ice floe. As shown, the oil particles on the surface of the sea are

FIG. 2. Simulation domain including oil slick, flume, and ice floe.
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pushed toward the ice floe and finally accumulate in front of the ice
barrier, shown in Fig. 2. Figure 3 shows the accumulated 10 l oil for
Wisting central 200 �C, Grane 270 �C, and Troll B 250 �C 75%emuls:
at a current velocity of 20 cm

s . The time duration for the accumulation
of crude oil in front of ice strongly depends on the current velocity.
The average thickness of each crude oil was measured when the slick
was in a steady-state condition, and there was no change in thickness
magnitude. The types of crude oil compared with the experimental
results are specified with asterisks in Table I in the viscosity region.

In the first series of simulations, 155 000 oil particles with a radius
of 2.5mm, which represents 10 l, are poured upstream of the flume.
Then, the 20 cm

s current pushed the oil slick to move in the direction of
the flow. As expected, by reaching the crude oil slick to the fixed ice
floe, its thickness against the ice increased.

Figure 4 shows the average thickness variation of different
types of crude oil with density. The initial volume of crude oil
(10 l) and the current velocity (20 cm

s ) are constant for all crude
oils. As illustrated in this figure, the experimental results fit the
numerical model. The general observation was that oil slicks com-
pressed against the ice barrier with increasing density, resulting in
an increase in slick thickness.

As illustrated, the thickness of the oil slick is dependent directly on
the density. This observation is consistent with the results of Singsaas

et al. It is evident that a higher density will lead to a higher slick thick-
ness. However, there are some contradictions for viscous crude oils.
Some crude oils with lower densities show higher thicknesses. This is
because of viscosity, which is another important property of crude oils.
For instance, the maximum slick thickness does not belong to the heavi-
est crude oil. Grane B 200 �C 50%emuls: has the largest slick thickness,
which is directly related to its highly viscous behavior.

This section compares the accumulation of oil in front of an ice floe
for diverse oil types with a broad range of physicochemical properties
representing the range of fate and behavior of crude oils. Specifically, the
significant differences in viscosity, density, and surface tension are con-
sidered. This comparison between the experimental data and the numer-
ical results shows that this proposed model could accurately simulate oil
slick in flumes. Therefore, the outcome of this model may be considered
reliable for future simulations related to the interaction of oil and ice.

IV. DISCUSSION

In this section, the numerical model is used to analyze the signifi-
cance of input parameters like current velocity, oil density, viscosity,
and surface tension and to study their effects on the model results. The
setup of the numerical experiment used for the analysis resembles the
setup of the physical experiment described in Sec. IIIC. The analysis
of oil slick thickness is carried out by varying one input parameter at a
time while keeping the other parameters constant, as explained below.

A. Current velocity and volume

Here, we vary the current velocity as 5, 10, 15, 20, and 25 cm
s for

two types of oil (i.e., Troll B 250 �C and Wisting 200 �C) with two dif-
ferent initial volumes, i.e., 5 l and 10 l. As shown in Figures 5 and 6,
the higher the current velocity is, the thicker the oil slick in front of the
ice floe, which is consistent with the experimental data. Currents with
higher velocities transfer more momentum to oil particles in the flow
direction, which leads to more accumulation of oil in front of the fixed

FIG. 3. Accumulation of the 10 l oil slick in front of ice floe for (a) Wisting central
200 �C, (b) Grane 270 �C, and (c) Troll B 250 �C 75%emuls: at a current velocity
of 20 cm

s (for simplicity, only the oil slick is illustrated).

FIG. 4. Variation in oil slick average thickness with density for MGO, Wisting
Central 250 �C, Troll B 250 �C, Grane 200 �C, Oseberg 200 �C 50%emuls:, Grane
270 �C, Oseberg 250 �C 50%emuls:, Troll B 250 �C 50%emuls:, Grane 200 �C
50%emuls:, Wisting Central 250 �C 75%emuls:, and Troll B 250 �C 75%emuls:, ini-
tial volume 10 l, and current velocity of 20 cm

s .

FIG. 5. Comparison of our numerical model and experiment performed by
Singsaas et al. for Wisting central 250 �C oil slick average thickness with currents
5, 10, 15, 20, and 25 cm

s and with 5 l and 10 l volumes.
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ice barrier with a larger thickness. It seems that there is a linear relation
between slick thickness and current velocity. The other types of oils
also show the same trend, and because of simplicity, only Troll B
250 �C andWisting 200 �C are reported here.

Figure 5 illustrates the change in oil slick thickness with current
velocity and compares the experimental data for Wisting Central
250 �C crude oil. As shown, the experimental results confirm the results
of the numerical model again. Increasing the oil volume also causes a
higher oil thickness, similar to the current effect and expectations.

Wisting Central and Troll B are types of oil that have lower den-
sity, viscosity, and surface tension than the other types of oil, which
forces the oil slick to be suspended on the surface of the water more
than for the other types of oil. In these types of oil, the oil slick average
thickness is lower than those of other types of oil.

B. Viscosity, surface tension, and density effects

Weathering processes change the crude oil properties, mainly the
viscosity, density, and surface tension. As shown in Table I, evapora-
tion and emulsification change the properties of the crude oils.
Moreover, some oil spill responses deal directly with crude oil proper-
ties. Dispersants change the viscosity and surface tension of crude oil
and manipulate the behavior of oil to prevent more oil pollution. This
highlights the importance of the analysis herein to investigate the
effects of changes in the input parameters on the model results.

The results of the oil slick thickness analysis have shown that
properties of the oil slick like density, viscosity, and surface tension are
important in terms of oil behavior. Specifically, the density and viscos-
ity change is significant for crude oil with higher rates of evaporation
and emulsification. Simulations are carried out for Grane B, Troll B,
and Oseberg B.

In this section, the viscosity, surface tension, and density are ana-
lyzed. For each set of simulations, the other parameters are considered
unchanged, and the target parameters are changed in the rational
range that satisfies the physical behavior. For instance, the viscosity

changes from 0 to 8� 105 cp, which is reasonable for Troll B in differ-
ent weathering processes. The current velocity for all the simulations
in this subsection is kept constant at 20 cm

s , and the properties of the
crude oils are changed during the study.

The viscosity is the first parameter studied. The viscosity of crude
oils is changed, and the other parameters remain unchanged. As shown
in Table I, the variations in viscosity for Grane, Troll, and Oseberg crude
oils are significantly high for different weathering processes. To analyze
the effect of viscosity, this value changed from 0 to 8� 105cp; 8
�105cp, and 6� 106 cp for Troll B, Oseberg B, and Grane B crude oils,
respectively. Figure 7 reveals the gradient of slick thickness with change
in viscosity. The thickness is high at lower magnitudes of viscosity, and
by increasing the viscosity, the thickness decreases. By continuing the
increase in viscosity further, the thickness of oil slick is increased.

Two different phenomena play important roles in viscosity analy-
sis. Increasing the viscosity of crude oil leads to stronger attraction
between the oil particles and restricts the free movement of oil particles
in the slick. When the viscosity is lower, this attraction is weaker and
makes the oil particles move in the slick freely. Therefore, the freedom
in movement of particles makes the slick more flexible against drag
forces from water. By applying the drag force from water, the oil accu-
mulation in front of the ice barrier would be relatively high. Moreover,
higher magnitudes for viscosity lead to sticky oil slick that tends to col-
lect the particles and form a sticky pile. In this case, the viscous slick is
not as flexible as the fluid and behaves relatively as a solid. For higher
magnitudes of viscosity, the sticky piled crude oil forms a thick oil slick
regardless of the current velocity. The viscosity magnitude is approxi-
mately 90 kg

ms, where the viscosity is not so low that the oil particles
move freely and is not so high that they form a sticky pile. Therefore,
the lowest average thickness is determined.

Similar to viscosity, the surface tensions for Grane B, Troll B, and
Oseberg B are analyzed. For this purpose, the total range of surface
tension of crude oils with different weathering processes like evapora-
tion and emulsification is considered. By setting constant values for

FIG. 6. Variation in oil slick average thickness of Troll B 250 �C with current veloci-
ties of 5, 10, 15, 20, and 25 cm

s .

FIG. 7. Variation in slick average thickness of 5 l Grane B 250 �C, Troll B 250 �C,
and Oseberg B 250 �C with viscosity at current velocity of 20 cm

s .
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viscosity, density, and other properties, the surface tension changed
from 0 to 0:045 N

m, which is meant for different weathering processes.
Figure 8 shows the change in oil slick thickness with surface tension.

As shown in Fig. 8, there is no significant change in the oil slick
average thickness with surface tension for any type of crude oil. The
influence of surface tension on oil slick thickness is negligible in these
types of almost large-scale physics. Future works that deal with large-
scale physics are expected to ignore the surface tension effect on oil
slick thickness. Nevertheless, the effect of surface tension on oil slick
behavior and related responses against oil spill pollution are undeni-
able. An important reason for this behavior is that the surface tension
magnitude does not change tremendously like viscosity for different
wreathing processes of crude oil. For example, the surface tension of
Troll B changes from 0:0074 N

m to 0:45 N
m, while the change in viscosity

under the same conditions is from 131 cp to 11 299 cp for fresh Troll B
and Troll B 250 �C 75%emuls:, respectively.

Density is another parameter that directly affects the oil slick
behavior on the water surface. Figure 9 reveals the change in average
oil thickness with density. Increasing the density of crude oil increases
oil slick thickness.

Higher density makes the oil particle face higher rates of momen-
tum by water flow and leads to a higher thickness. Therefore, the accu-
mulation of oil slick for crude oils with larger densities is much higher
than that for the other types of oil.

Our observations show that oil particles with densities larger
than 1027 kg

m3 settle on the flume floor. Moreover, a portion of oil slick
with densities larger than 990 kg

m3 goes under the ice barrier. This region
is specified in Fig. 9.

V. CONCLUSIONS

A novel 3D numerical model based on the SPH method is pro-
posed herein to simulate oil slick inside the ice-infested area. The model
represents the effects from air and seawater to the oil particles without
considering the air and seawater particles. In this study, the model is

validated against and confirmed by experimental results.44 The average
oil slick thickness for different crude oils with huge gradients in proper-
ties and with diverse current velocities is compared. Higher current
velocity and density have been found to lead to more average oil slick
thickness in front of the ice barrier. The surface tension change was not
as significant in slick thickness for this scale. The surface tension change
for Grane B 250 �C, Troll B 250 �C, and Oseberg B 250 �C showed that
the surface tension effect can be negligible for larger scales. Moreover,
the viscosity change for different weathering processes is enormous. By
changing the viscosity range for Grane B 250 �C, Troll B 250 �C, and
Oseberg B 250 �C, it is shown that two different phenomena play impor-
tant roles. The larger and smaller magnitudes of viscosity make the aver-
age oil thickness thicker in front of the ice barrier. In the crude oils
which are not so viscous, the oil particles can move freely and it will lead
to minimum average thickness in front of the ice barrier.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

APPENDIX A: CUBIC SPLINE KERNEL

The kernel function W is very important because it determines
the pattern for interpolation. There are several kernel functions
used in the literature.32,52 The cubic spline kernel23 is used in this
study as follows:

Wðr; hÞ ¼ rd

6ðq3 � q2Þ þ 1 for 0 � q � 1
2

2ð1� qÞ3 for
1
2
� q � 1

0 otherwise;

8>>>><
>>>>:

(A1)

where rd is a dimensional normalizing factor for the cubic spline
function given by the following:

FIG. 8. Variation in slick average thickness of 5 l Grane B 250 �C, Troll B 250 �C,
and Oseberg B 250 �C with surface tension at current velocity of 20 cm

s .

FIG. 9. Variation in slick average thickness of 5 l Grane B, Troll B, and Oseberg B
with density at current velocity of 20 cm

s .

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 102117 (2021); doi: 10.1063/5.0065587 33, 102117-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


q ¼ 1
h
jjrjj; (A2)

where h and r denote the smoothing length and particle radius,
respectively.

APPENDIX B: VISCOSITY

The viscous term should be estimated to solve the momentum
equation [Eq. (2)]. The approach of Weiler et al.49 is used for vis-
cosity calculations. This is an implicit solver for the simulation of
highly viscous fluids using the SPH model. Compared to other
methods, this approach is effective in terms of physical accuracy
and memory consumption, while it is comparable in terms of com-
putational performance.53

To discretize the Laplacian term, a combination of the SPH
derivative and finite differences is adopted as follows:

r2vi ¼ 2ðd þ 2Þ
X
j

mj

qj

xij:vij
jjxijjj2 þ 0:01h2

rWij; (B1)

where xij, vij, and d are the number of spatial dimensions. The term
0:01h2 is required to prevent singularities. Equation (B1) has the
advantage that it is Galilean invariant, vanishes for rigid body rota-
tion, and conserves linear and angular momentum.

APPENDIX C: SURFACE TENSION
(COHESION–ADHESION MODEL)

The effects of surface tension are captured by introducing
cohesion–adhesion forces to the force term in Eq. (4). These
forces are applied to boundary particles. The approach introduced
by Akinci et al.50 is considered for estimating the surface tension.
Their model can handle large surface tensions in a realistic way.
This characteristic allows this approach to handle challenging real
scenarios, such as water crown formation, various types of fluid–
solid interactions, and even droplet simulations. Furthermore, it

prevents particle clustering at the free surface where interparticle
pressure forces are incorrect. This approach allows for the accept-
able two-way attraction of fluids and solids and can model
different wetting conditions. The forces are applied to the neigh-
boring fluid–fluid (cohesion) and fluid–boundary particle pairs
(adhesion) in a symmetric way, which satisfies momentum
conservation.

Akinci et al. introduced a cohesion force that acts between par-
ticles with the same phase. The definition of the cohesion force is as
follows:

Fcohesion
i�j ¼ �cmimjCðjxi � xjjÞ

xi � xj
jxi � xjj

; (C1)

where i and j are neighboring fluid particles, m denotes mass, x
denotes the position of the respective particle, c is the surface ten-
sion coefficient (value mentioned in Table I), and C is a spline func-
tion. This equation is used for the interactions of oil particles.

This cohesion force is still not sufficient for minimizing the
fluid surface area for applying surface tension requirements.
Therefore, they used an additional force term to counteract the sur-
face curvature to minimize the surface area:

Fcurvature
i�j ¼ �cmiðni � njÞ; (C2)

where

ni ¼ h
X
j

mj

qj
rWjxi � xjj: (C3)

Finally, they revealed a force that represents interactions
between nonsimilar particles as an adhesion force, and we used this
interaction between oil particles and ice floe particles (Wbk):

Fadhesion
i�j ¼ �bmiWbkAðjxi � xjjÞ

xi � xj
jxi � xjj

; (C4)

where A is similar to C-specific spline equations and b is the adhe-
sion coefficient. The b magnitude is 0.01, which represents a low
interaction between crude oil and ice.5

FIG. 10. Fluid (air) and solid (ice and the
flume wall) particle interaction.
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APPENDIX D: BOUNDARY CONDITION

Boundaries are sampled with particles that contribute to den-
sity, pressure, and acceleration of the fluid.51 As shown in Fig. 10,
the fluid density is lower than the rest density, and the pressures of
the fluid and solid particles are zero before reaching the boundary.
When contact occurs, a force is exerted from the boundary particles
to the fluid particles. Boundary neighbors contribute to the density,
and all samples have the same size, i.e., same mass and rest density.
Therefore, the density, pressure, and acceleration calculations for
the particle adjacent to the boundary are as follows:

qi ¼ mi

X
if

Wiif þmi

X
if

Wiib ; (D1)

p ¼ k
qi

q0
� 1

� �
; (D2)

api ¼ �mi

X
if

pi
q2
i
þ

pif
q2
if

 !
rWiif þ

X
ib

pi
q2
i
þ pib

q2
ib

� �
rWiib

 !
; (D3)

where f and b refer to the fluid and boundary particles, respectively,
and W is the kernel function. The first and second terms contribute
from fluid and solid neighbors, respectively.
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