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A B S T R A C T

The objective of this paper is to provide a simple extension of the much-used gravity spreading model for oil on
calm water to account for the spreading behavior of waxy crude oils in cold waters – including the observed
retardation and eventual termination of spreading at certain oil film thicknesses. This peculiar behavior is not
predicted by traditional spreading models for oil on calm water (i.e. viscous-gravity spreading models), but may
occur due to non-Newtonian oil properties caused by precipitation of wax at low temperatures. To clarify the
spreading behavior of such oils, SINTEF has conducted a series of laboratory experiments with a range of waxy
oil mixtures. The present paper contains analyses of data from these experiments, including favorable com-
parisons with calculations by a proposed improved surface spreading model.

1. Introduction

The increased production of condensates and light crude oils on the
Norwegian Continental Shelf, and the corresponding increased trans-
port of condensates, crude oils and refined oil products along the coast,
turned the attention towards these petroleum products in oil spill
contingency planning in Norway. It has been assumed so far that the oil
films formed by these oils are too thin for effective recovery, and that
their life time on the sea surface is very short due to a high rate of
evaporation, natural dispersion, and dilution in the water. However,
residues of some waxy condensates and crude oils show different
spreading behavior, thickness distribution and a longer lifetime on the
sea surface, presumably due to solidification and wax precipitation. In
effect, these oils have not received significant attention in the oil spill
research communities to date, but are recommended by e.g. Murphy
et al. (2016) for further study, based on an extensive survey of oil spill
literature since 1968.

While the thickness and spatial extent of the spilled oil are im-
portant parameters in oil spill contingency planning and environmental
risk assessments of potential oil spills from offshore oil installations or
ship accidents, uncertainties still exist in the modeling of the processes
that causes surface spreading of oil. Novel approaches have been pro-
posed quite recently to account for observed long-term spreading be-
havior (Simecek-Beatty and Lehr, 2017; Durgut and Reed, 2017). In the
present paper, we will focus on surface spreading of oil in the vicinity of
the source which forms the starting condition for subsequent spreading
processes. At this early stage, spreading is generally assumed to follow
the law of gravity spreading as developed by e.g. Fay (1969), Fanneløp

and Waldman (1972) and Di Pietro and Cox (1979). All approaches
describe three specific spreading regimes, i.e. gravity-inertia, gravity-
viscous and interfacial tension-viscous (Wu, 2013). The behavior within
the three regimes has been observed in laboratory experiments, but in
oil spill situations the gravity-viscous regime is assumed to be valid in
the period important for oil spill response. Subsequently, other
spreading processes will dominate, such as shear spreading caused by
oil entrainment due to wave action and subsequent resurfacing of oil
droplets, as well as Langmuir circulation and horizontal oceanic diffu-
sion (Reed et al., 1999). Our main objective here is to explain devia-
tions between observations of short term spreading and predictions
with common gravity spreading models, possibly related to mechanisms
and oil properties not accounted for in these models.

In the commonly applied models for gravity spreading (or gravity-
viscous to be more specific), the slope of the oil surface is supposed to be
the driving force, while friction between the oil slick and the underlying
water is the retarding force. Moreover, effects of oil viscosity are ne-
glected based on the assumption that the viscosity of oil is large com-
pared to the viscosity of water. The slope of the oil surface depends on
the gradient in the film thickness and the density difference between
water and oil. This implies that light oils (large density difference) will
spread more rapidly than more heavy oils (smaller density difference).

Particularly viscous oils show retarded spreading velocities (relative
to theory) and termination of spreading when a certain oil film thick-
ness is reached (terminal film thickness). The existence of a terminal
thickness has been acknowledged in oil spill models on an ad hoc basis
by prescribing a certain terminal thickness for different oil types
(Daling et al., 1997), or by assuming a correlation with oil viscosity
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(Venkatesh et al., 1990). As pointed out by Reed et al. (1999), the
deviant behavior of retarded spreading velocities is most likely caused
by certain mechanisms and/or oil properties not accounted for in the
common spreading models. Such unaccounted mechanisms might be
revealed in studies of related spreading phenomena, such as extensional
thin layer flows as found in glass manufacturing (Howell, 1994) and
floating ice shelves (Pegler and Worster, 2012), or spreading of visco-
plastic fluids as in the formation of lava domes (Balmforth et al., 2004).

The purpose of the study presented in this paper has been to provide
a simple extension of the present gravity spreading model for oil on
calm water to account for the particular spreading behavior of waxy
oils. This was accomplished by a new theoretical approach to the pro-
blem, backed up with some simple oil spreading experiments. The
paper is organized in three main sections: the first is focused on
spreading theory; the second includes a brief description of the ex-
perimental setup; and the third contains a comparison between ob-
served and computed oil spreading radii. The last section contains a
summary of the findings. To make the paper more readable, we have
included the most detailed model derivations in Appendix A.

2. Spreading theory

Theoretical equations for the spreading behavior of an oil slick can
be derived from the force balance between spreading forces and re-
tarding forces. Presuming that gravity is the dominating driving force,
and friction between oil and water is the dominating retarding force,
the bulk force balance can be written as
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2
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where h0 (m) is the oil film thickness in the center of the slick, ρ and ρw
(kg/m3) are the density of oil and water, and g’= g (ρw− ρ)/ρw (m/s2)
is the reduced gravity. In the second term R (m) is the radius of the
slick, μw (N s/m2)) is the dynamic viscosity of water, U (m/s) is the
spreading velocity, and δ (m) is the boundary layer thickness in the
water under the slick. With the latter expressed by the Blasius formula
for flow around a flat plate, i.e. δ ν X U~ /w , and replacing Uwith dR/dt,
we arrive at the following differential equation for the slick radius:
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where c is a constant to be determined empirically.
For axisymmetric spreading with a time varying oil volume V(t)

(m3), the central film thickness h0 will be linked to oil volume and slick
radius by the equation

=fh π R V t( ),0
2 (3)

where the factor f≤ 1 depends on the oil slick thickness profile, with
f=1 for a constant film thickness (see Appendix A for more details).
With a constant oil discharge rate q (m3/s), the oil volume can be
written as V(t)= q t. By substituting h0 from Eq. (3) into Eq. (2) and
integrating, we get the following expression for the slick radius for
radial spreading with a constant oil rate:

= ′ ′ −R c q ρg ρ μ t( ) ( ) ,w w
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where c′ is an aggregated constant of proportionality in the order of 1.
The rationale for neglecting the effect of oil viscosity in the gravity

spreading model is that the viscosity of crude oils is generally much
larger than the viscosity of water. Under such conditions, the vertical
velocity gradient in the oil layer will be small, and the layer will spread
as a slab. Since high oil viscosity is an implicit assumption in the gravity
spreading model, further increase in oil viscosity will not affect the
spreading rate (see Appendix A for details), as well as oils with different
viscosities but similar densities will follow the same spreading regime.

For high viscosity oils, a second resisting force could be of im-
portance, i.e. the force related to stretching of the oil film. Uniaxial

stretching will generate a retarding force F= σn A, where A is the cross-
sectional area of the oil slick, and σn is the normal stress given by the
relation =σ μ ε ̇n E , where μE (Ns/m2) is the elongational viscosity of the
oil, and =ε U L̇ / (s−1) is the rate of strain, where U (m/s) is the velocity
at the front of the slick and L (m) is the length of the slick. For
Newtonian fluids, the elongational viscosity is known to be three times
the shear viscosity (Trouton's ratio), i.e. μE= 3 μ. If this retarding force
is included in the force balance equation (Eq. (1)), the effect is found to
be negligible in most cases. Moreover, the equation also shows that
adding a force caused by the elongational velocity of a Newtonian fluid
will only slow down the spreading rate but not cause spreading to
terminate (see Appendix A for details).

For non-Newtonian fluids, a finite stress is required to move the oil
from rest. For so-called Bingham fluids, the shear stress τ (Pa=N/m2)
is given by = +τ σ μ γ ̇Y P , where σY (Pa) is the yield stress, μP (N s/m2) is
the plastic viscosity, and γ ̇ (1/s) is the shear rate. For Newtonian fluids,
the yield stress is zero by definition, and μ= μP independent of the
shear rate. The elongational stress for Bingham fluids is given by a si-
milar equation, with the plastic viscosity being 3 times the shear related
plastic viscosity for a specific shear, and the elongational yield stress
being 3 times the shear related yield stress (see Appendix A).

As explained in more detail in Appendix A, including this in the
force balance equations implies that for oil with significant yield stress,
spreading will be retarded by the elongational force, and eventually
come to a stop when the oil reaches a terminal film thickness h∞. This
thickness is a result of a balance between the gravity induced spreading
force and the retarding force imposed by the yield stress, implying

=
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where σYE (N/m2) is the elongational yield stress.
Including only the yield stress term in the elongational retarding

force of the spreading equation, Eq. (2) can be expressed as:
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where the term h02ρ g′− 2h0σYE should be replaced by zero when its
value becomes negative. Note that with a yield stress measured under
shear stress conditions (i.e. as σY), =σ σ3YE Y .

Eq. (6) will be used in the following analysis of the results from the
spreading experiments reported in the next section.

3. Spreading experiments

The spreading experiments were designed to simulate radial
spreading of oil released continuously on calm water. The choice of
continuous releases was partly based on preliminary experiments with
instantaneous releases of a constant volume of oil (1 L), which showed
spreading behavior in the gravity-inertia regime, rather than in the
gravity-viscous regime we wanted to investigate (unpublished results).
Since the spreading theory indicates that the duration of the gravity-
inertia regime is significantly shorter for continuous releases, we
decided to use a continuous discharge in the present experiment. In
order to cover a controlled range of non-Newtonian behavior, i.e. in
yield stress values, the experiments were performed with model oil
made from mixtures of two oils with low and high wax content, re-
spectively: Wide Range Diesel (WRD) and artificially weathered Norne
crude (Norne 250+). The two oils have the approximately same density
and would show the same spreading behavior according to classic
spreading theory. Additionally, the oils were supposed to exhibit minor
changes in properties due to evaporation for the duration of the ex-
periments (about 4min). Thus, with almost equal density of the dif-
ferent blends of these oils, any differences in spreading behavior would
be related to other effects, as e.g. yield stress effects.

The experiments were conducted in a circular basin with a diameter
of 5.5 m and 1.3m height. The basin was filled with sea water to a
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