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ABSTRACT
The present work highlights some aspects of floating ice related to sea surface operations in
the Barents Sea. The thesis consists of eight papers which fall into two main categories: one
pan deals with numerical modelling of the temperature distribution and ablation of icebergs
(three papers), and the other pan studies the behaviour of broken ice. focusing on both
laboratory experiments and numerical modelling.
The temperature distribution within an iceberg affects the mechanical strength of die ice and
is therefore crucial in engineering applications when estimating loads from impinging icebergs
on offshore structures. A numerical model which simulates the temperature distribution and
ablation of icebergs has been developed. The model shows that the depth of the thermal
disturbance and slope of the temperature gradient of an iceberg depend on the boundary
conditions and the time at sea. By about 12 m into the ice, the temperature is virtually free
of any thermal boundary influence.
The model demonstrates that rapid ablation of the surface of an iceberg may lead to steep
temperature gradients. The model also shows that the original temperature of an iceberg at
the time of calving will be retained in the central region of the ice mass for some years after
calving, due to the low thermal conductivity of ice. The origin of an iceberg may thus be
deduced from its core temperature.
Experiments with fresh water ice rubble were conducted in a bi-axial apparatus. The ice
rubble was tested under plane-strain and proportional strain conditions. Stress-strain relation
ships were determined. Under proportional strain paths, shear stress dependence on shear
strain and mean pressure dependence on volumetric strain followed logarithmic equations.
Stress paths in the shear stress-mean pressure plane were straight lines corresponding to
mobilized angles of internal friction ranging from 44° to 58°.
Oil spill response techniques are vulnerable to the presence of sea ice. Deflecting ice upstream
of a spill site by means of a flexible boom will facilitate the application of conventional oil
spill recovery systems such as oil skimmers and booms. Experiments with such an ice
deflecting boom were conducted in an ice tank to determine the loads on the boom and to
study the ice-free wake. The study indicated the technical feasibility of the ice boom concept
as an operational tool for oil spill cleanups.
A two-dimensional discrete element model has been developed. This model simulates the
dynamics and interaction forces between distinct ice floes in a broken ice field. The numerical
model was applied to estimate the loads on a boom used for ice management. The model

*

employs a visco-elastic-plastic rheology and this appeared to fit the ice tank experiments with
the flexible boom.
Experiments were also conducted in on ice basin to examine the behaviour and spreading
rates of oil in static uniform brash ice cover. Empirical expressions were developed for the
ratio of surface tension to gravity forces, and for the ratio of the viscous forces to gravity
forces. The experiments showed that oil always spread on top of the brash ice. It was also
shown that both surface tension and viscosity influence spreading and that a purely viscousgravity regime was not applicable at any stage of spreading.
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CHAPTER 1.
INTRODUCTION

1.1 General remarks
Prior to any oil/gas exploration and production in the Barents Sea, the physical environment
has to be quantitatively surveyed in order to ensure safe operations related to human safety,
the regular operability and safety of the structure and protection of the environment. The
nature loads on the structures have to be quantified and a strategy should also be developed
to minimize and manage the potential impacts on the natural environment arising from the
operations. The seasonal intrusion of icebergs and sea ice in the northern Barents Sea affects
all phases of offshore developments in these waters.
The probability of iceberg collision for an offshore structure is decisive when evaluating the
feasibility of different concepts such as detachable, fixed or floating structures. Since the
icebergs represent a major hazard bedevilling development scenarios in these waters,
information is sought on the source of icebergs, their physical dimensions, mechanical
properties, trajectories and general distribution and movements at sea.
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The marginal ice zone (MIZ) in the Barents Sea is normally composed of distinct ice floes
which increase in size with distance to the ice edge. However, the ice floes are typically less
than 100 metres across and the rheology of this ice may be regarded as a granular material.
The mechanical and kinematic behaviour of this broken ice is relevant to a number of
problems in the Arctic. In the context of offshore operations such features may require ice
management The broken ice exerts loads, e.g. on offshore structures, and its formation, extent
and behaviour affect the spread and fate of oil from potential oil spills in these waters. The
latter aspect is of major importance when developing methods and devices for clean-ups of
oil in ice-infested waters.

1.2 Objectives, Scope and Organization of the Thesis
The intent of this thesis has been to highlight some aspects of floating ice related to sea
surface operations in the Barents Sea. The intrusion of icebergs and sea ice affect the planning
of oil and gas exploration and production. In addressing these matters, the overall objectives
of the present study were:
To develop a numerical model which simulates the temperature distribution and
ablation of icebergs.
•

To produce a strategy for identifying iceberg sources in the Barents Sea.
To examine the stress-strain relationships of broken ice.

•

To develop a numerical model which simulates the dynamics and interaction forces
between individual ice floes in broken ice fields.

•

To examine the behaviour and spreading rates of oil in brash ice.

With these items in mind, the thesis consists of eight papers which fall into two main
categories; 1) numerical modelling of the temperature distribution and ablation of icebergs,
2) the behaviour of broken ice with focus on both laboratory experiments and numerical
modelling. Each paper is designated by a chapter number and the thesis is organized as
follows:
Chapter 2 describes the development of a numerical model which simulates the temperature
distribution and ablation of icebergs. A full description of the model is given.
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Chapter 3 discusses heat exchange at the air exposed surface of icebergs. This paper
considers heat exchange terms, ranks (heir relative imponance and discusses their effect on
ablation and temperature gradients at the air exposed surface of the iceberg.
Chapter 4 presents calculations, using the numerical model described in Chapter 2, to show
that the temperature in the central region of an iceberg will be almost unaffected by the
thermal conditions imposed on its boundary.
Chapter 5 describes the testing of fresh water ice rubble under proportional displacement rates
in a plane-strain apparatus located at NRC in Ottawa. Stress-strain relationships and values
of the mobilized angle of internal friction were determined for a range of strain paths. Dr. M.
Sayed (NRC) took part in these experiments and is therefore co-author of this paper.
Chapter 6 presents a number of small-scale tests with a flexible boom in the ice tank at NRC
in Ottawa. The purpose of these tests was to measure the effectiveness of a flexible boom for
ice management, and to determine the loads associated with deflecting the ice in front of the
boom. Dr. G. Timco (NRC) took pan in the testing and is therefore co-author of this paper.
Chapter 7 describes a two-dimensional discrete element model which simulates the dynamics
and interaction forces between distinct ice floes in a broken ice Held. The ensemble of ice
floes is modelled as a granular material consisting of circular discs of different diameters,
constrained in a domain with displacement-controlled or periodic boundaries.
Chapter 8 elaborates on two examples using the model described in Chapter 7. The examples
present a simulation of the loads exerted on a boom used for ice management when it is
pulled through a broken ice sheet. The first example refers to small-scale tests, in which the
kinematic behaviour and calculated loads are compared with, and calibrated against, tests using
such a boom in the NRC ice basin in Ottawa. The second example, utilizing the calibration
from the small-scale testing, examines the interaction between a broken ice field and the boom
at full scale.
Chapter 9 presents experiments conducted in an ice basin at SINTEF NHL where the purpose
was to examine the behaviour and rates of spread of oil in brash ice. Dr. M. Sayed took part
in these experiments and contributed substantially to the analysis of the results. He is therefore
the first author of this paper.
Chapter 10 concludes the study and makes recommendations for further work within the
realm of floating ice related to sea surfi.ce operations in the Barents Sea.
Except for Chapters 3 and 10, the individual chapters consist of papers that have been
reviewed and accepted by international journals. The chapters are identical to the reviewed
papers and reprints are submitted where available. For those papers which omit nomenclature
lists, the notation used in the paper is included at the beginning of the chapter.

*

13 Readership

Cold regions engineering is multi-disciplinary and involves many fields of science such as
dynamics and cryomechanics. Some efforts have been made in this thesis to bridge the gap
between certain of these disciplines. Numerical modelling is applied as a generic and
integrating tool in this process.
The primary readership targeted by the thesis consists of:
•
•

Scientists and research engineers dealing with ice related problems in cold regions.
Engineers employed in oil companies, controlling authorities, industry or consulting
companies, responsible for designing, planning or controlling sea surface operations
in the Barents Sea.
Lecturers and students dealing with cold regions science and engineering.

The author believes that the best way of reaching this readership is to publish some of the
work put into this thesis.
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CHAPTER 2.
NUMERICAL MODELLING OF THE
TEMPERATURE DISTRIBUTION IN TABULAR
ICEBERGS

Publication reference: Loset, S. (1993): Numerical Modelling of the Temperature Distribution
in Tabular Icebergs, Cold Regions Science and Technology, Vol. 21(2). (in press).
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NOTATION
Symbols:
x - (x.y.s)

(

3
•57*'

Cartesian coordinates;
une;
lime derivative:
differential;

£

£

energy;

m

mass;

1

latent heat or length to leading edge;

P
c
T

density of ice/snow;
specific heat capacity of ice/snow at constant pressure;
lime and space dependent temperature;

K

thermal conductivity of snow/ice;

Q

heat transfer;

1

heat transfer per unit surface area;

h

heat transfer coefficient;

L

characteristic length or body length of an iceberg;

S
s
Nu
Re

surface area or salinity;

Pr

Prandtl number,

v

kinematic viscosity;
thermal diffusivity;

K

surface area;
Nusselt number;
Reynolds number,

u

free wind speed;

p

pressure;

5

boundary fitting parameter.

Indices:
in

inflow to a node;

ph

phase;

St

storage;

i.J,k

subscripts denoting x,y,i -directions;

P
ice

supscript denoting time step;

f

fusion, local or freezing;

sur

surface;
sensible;

sens

let;
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subl
long
sol
••
10
air
fp

sublimation:
longwave;
Jouu-,
infinity;
IOHI above ground level;
air.
actual freezing point;
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NUMERICAL MODELLING OF THE TEMPERATURE DISTRIBUTION IN
TABULAR ICEBERGS
Sveinung Loset
SINTEF Norwegian Hydrotechnical Laboratory, Trondheim. Norway

ABSTRACT
The temperature distribution in icebergs affects the mechanical strength properties of the
ice and is therefore crucial in engineering applications when estimating loads on offshore
structures from impinging icebergs. The temperature distribution also affects the rate of
deterioration and thereby the expected lifetime of an iceberg. Hence a numerical model which
simulates the temperature distribution and ablation of icebergs is developed. A full description
of a two dimensional version of this model is given, '''he various terms which affect the
thermal energy balance and ablation of icebergs are discussed. Melting, refreeiing and run-off
are considered. The temperature distributions of the model are compared to manual and
unmanned temperature measurements on icebergs in the Barents Sea. The results show steep
temperature gradients and extremely stable core temperatures. In the present simulation only
the outer 3-4 metres of the decaying surface layer is significantly affected by the transient
boundary conditions. The corresponding affected surface layer below the waterline is 2
metres.

1. INTRODUCTION
The literature is relatively sparse on measurements and modelling of the heat balance of
icebergs. Diemand (1984) reports temperature readings obtained from 8 icebergs in the St.
John's, Newfoundland area during the spring and summer of 1983. Diemand found
considerable evidence that the core temperature of icebergs in this region may be in the range
of -15°C to -20°C Goodrich (1987) presents temperature profiles from three icebergs in late
winter 1984 located in Eclipse Sound at the northern end of Baffin Island, Canada. His
investigations gave core temperatures in the range of -TC to -12°C. Clifford et al. (1980) cites
measurements of the thermal conductivity in 2.5 tonnes large ice blocks of fresh water ice
being towed in sea water. This research emphasized the deterioration of icebergs. Melting of
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vertical ice walls in sea water are addressed by Josberger (1977 and 1980), Greisman (1979)
and Huppert (1980). Orheim (1987) indicates a melt rate of 10 mlytar for a temperature
difference above pressure melting point of 0.2°C at 200 m depth for ice fronts in the Weddel
Sea, and an estimated rate of 20 mlycar for a temperature difference of O.ST.
White, Spaulding and Gominho (1979) have developed theoretical estimates for a variety
of the deterioration mechanisms of icebergs in the open ocean environment. They report that
the wave erosion is the most important mechanism with a melt rate estimate of 2.5 mlday
and a forced subsurface convection melt rate of 0.05-0.2 mlday . These numbers are per °C
of sea water/ice temperature difference. Solar radiation is shown to be a minor contribution
to the deterioration for the Labrador Sea and Grand Banks of Newfoundland with a melt rate
of 0.02-0.2 m/day . While computer applications of these parametric estimates for iceberg
deterioration are developed by both Anderson (1984) and El-Tahan, Venkatesh and El-Tahan
(1984), less efforts have been made to model the thermal energy balance of icebergs.
The numerical model described and demonstrated in this article considers a complete
thermal energy balance of the tabular iceberg. Melting, refreezing and run-off are considered
as well as freezing-point depression caused by salinity intrusion at the melt interface of the
submerged part of the iceberg.

2. MODELLING OF THE TEMPERATURE DISTRIBUTION
2.1. Thermal energy balance model

A major objective when studying the heat balance and ablation of an iceberg is to
determine the temperature field in the iceberg resulting from conditions that are imposed on
its boundaries. Given knowledge of the initial temperature distribution, the berg's temperature
field may be obtained when the heat exchange on its boundaries is considered (Figure 1). The
boundary conditions consist mainly of the following terms:
- convection to ambient fluid (air and water)
- longwave radiation
- solar or shortwave radiation
- sublimation/evaporation and condensation
- phase transition on the surface (melting or freezing)
- precipitation

9
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Figure 1. Heat exchange on the boundaries ot the iceberg.

Consider a discretization of the iceberg into grid points and associated control volumes of
Jimensions dx , dy , dz as shown in Figure 2. The thermal energy balance equation for a
given control volume is given by:
(1)

"p*

where £ „ denotes net positive energy transport per unit time into a control volume. É
represents energy transfer by phase transition (melting or freezing) per unit time and is given
by
;

p/l

-k

mlfdxdydz

(2)

P

where
m - rate of mass exchange per unit volume ( kg/m s )
lj - latent heat of fusion ( J/kg )
The top surface of an iceberg may be covered by snow. The snow layer affects both the
ability of the iceberg to absorb shortwave radiation and the heat conduction in this layer.
Hence the heat balance computations should consider variabilities in density, thermal
co .iiuctivity and specific heat capacity. Assuming the density and specific heat capacity of
snow and ice to be nearly time independent, the rate at which energy is stored in snow or ice
is expressed by
J

*
i

CHAPTSR 2 Numerical modelling ol the temperature distribution

f

É - pc ^ y - > dxdydt
B
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(3)

where
3

p

- density of ice/snow (

c

• specific heat capacity of ice/snow at constant pressure (Jlkg°C )

kg/m )

T

- time and space dependent temperature ( °C)

t

- time ( s )

The heat balance rate equation (1) dictates the temperature distribution TXx.yj-.t) of the
iceberg for given initiai and boundary conditions. All heat transfer within the body of the
iceberg is by conduction and is governed by the three dimensional heat diffusion equation:

*(K*L)+ml -pc*L
f

(4)

with K expressing the thermal conductivity of snow or ice ( W/m°C ) .
According to Dorsey (1940) and Ashton (1986) the thermal conductivity of pure ice
depends on temperature and density. For pure ice the temperature dependence can be
expressed by
K

ice

The density dependency of K

ia

- 2.21 - 0.011 r

(5)

can be included by considering the air-bubble content of

the ice (Schwerdtfeger, 1963). Langham (1981) expresses the thermal conductivity of snow
as a composite of the thermal conductivity of air, water and ice weighed by the volumetric
fraction of each. Van Wijk and Derksen (1963) reported a thermal conductivity of 0.046
H7m°C for fresh light snow and 0.326 Wlm'C for old dense snow.
2.2. Boundary conditions
Assuming a reasonably regular shape of the iceberg, symmetry would albw a two
dimensional modelling of the temperature distribution. To include most of the mechanisms
which affect the heat balance of the iceberg, this plane should extend in the vertical direction
( xi- plane) as illustrated by the slice of unit width shown in Figure 2.
Considering only heat transfer in this central plane (Figure 2), which is plausible for an
oblong and tabular iceberg, implies that

12

Figure 2. Discretization of the iceberg.

fi - 0

; t >0

(6)

and again, due to symmetry considerations, only the hatched half of this plane need to be
analyzed. The interior left side boundary is assumed to be adiabatic

•gU-0

;/*0

(7)

At the iceberg surface the rate of total heat exchange Q

sur

Q;ur "

( W ) to the surroundings reads

fasens+lsM+llong+lso^

(8)

S

where S denotes surface area, <?„„ , q , q
and q are; the sensible heat transfer,
condensation or evaporation (latent) heat transfer, net longwave radiation and net shortwave
radiation per unit surface area.
The present equations for the surface heat transfer terms; latent heat flux, net longwave
radiation and net shortwave radiation, are reported in Løset (1992). Similar expressions are
also thoroughly described in several ice growth and ice-ocean coupled models (Maykut and
Untersteiner, 1971; Smith and Dobson, 1984; Mellor and Kantha, 1989), and in energy balance
models of glaciers (e.g. Kuhn, 1979).
sM

lmg

sM

*
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2.2.1. Convective heat transfer
Convective or sensible heat exchange to air will occur in cases where the ice surface
temperature T is different from the ambient temperature 7"_ . The convective heat flux
£»« ( ^ ) for the surface area 5 located a distance / from the leading edge, can be
expressed by
>lir

<3«« " !>>^T -TJds

(9)

tllr

where h, is the local heat transfer coefficient ( W/m^C ). Assuming a turbulent air boundary
layer the local heat transfer coefficient may be replaced by the local Nusselt number Nu,
expressed as

Nu. '

'hl±.

(10)

L

where K ( W/m°C ) is the thermal conductivity of air. Considering the top surface of the
iceberg as a horizontal and smooth plate oriented parallel to the flow field which forms a
turbulent boundary layer, the local Nusselt number becomes (Rohsenow and Choi, 1961)
ait

1

( 1 1 )

Nu, - 0.0296/fef'•* Pr
where

Re, - J1L

(12)

Voir

is the local Reynolds number. / is the distance to the leading edge and Pr - v /K is
the Prandtl number where U ( mis ) is the free wind speed, v ( m /s ) the kinematic
viscosity (m /s) and K ( m fs ) the thermal diffusivity of air. The wind speed at 10 m
height above mean sea level, C/ approximates the free wind speed U applied in Eq. (12).
air

air

z

air

2

2

oir

10

2.2.2. Melting of the submerged body
Melting of ice in sea water is a rather complex problem. When ice melts in sea water, melt
water of some salinity is produced. The temperature of this melt water corresponds to the
freezing temperature ( Tj) at that salinity ( S ) and pressure ( p ) at which the melting process
takes place. Fujino, Lewis and Perkin (1974) relate the freezing temperature of ice to the
salinity in the case of atmospheric pressure by

*
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Tj(S) - - 0.036 - 0.04995 - 0.0001I2S
1.77% S S S 3.5%

2
( 1 3 )

For icebergs in the Arctic where the draft normally is less than 100 m , the freezing point
depression due to pressure is insignificant and therefore neglected in the model. The interfacial
salinity ( S ) is governed by boundary layer processes for heat, mass and momentum transfer
(Gade, 1979). The actual freezing point temperature ( T ) applied in the model is based on
experimental data obtained by Josberger (1977)
/p

where T (S) is given by Eq. (13) and T_ , 5 are the far-field water temperature and
salinity, respectively.
The ablation of the submerged part of the iceberg involves vertical buoyant convection and
some forced convection. The first process is caused by melt water moving up the side of the
iceberg due to saline buoyancy (upward) and thermal buoyancy, which is downward if the
melt water is 0° C and the ambient water is cooler. The saline effect will dominate above the
lowest metre or so on the vertical ice wall (Josberger, 1977). Buoyant convection is not con
sidered since it is only important for Antarctic icebergs with deep drafts and vertical walls.
The more dominant forced convection is caused by relative velocities between the iceberg
and the local current. Such velocity differences will occur for grounded icebergs and for wind
driven bergs causing opposing currents, and also because of the normal differences between
bottom and surface currents within the draft of the berg. This last effect probably causes
relative velocities in the order of 0.05 mis near a drifting iceberg (White, Spaulding and
Gominho, 1979).
Eq. (11) are found to approximate the convective heat transfer to sea water for moderate
Reynolds numbers, 10 -10 , when U represents the relative speed between the iceberg and
the current. The Nusselt number given by Eq. (11) may also be used for flow normal to a flat
and vertical surface e.g. the vertical side wall of a tabular iceberg. In this case £/_ is the free
current velocity (outside the water boundary layer). Assuming potential flow
f

s

7

2t/„/
U(D - _ ^
=

2

yi -/

(15)

2

where ; is the distance from the stagnation line measured along the submerged surface of
the iceberg and L is approximated by the body length, straight line distance from bow to
stem of the iceberg. The water property parameters should replace the ones of air. The effect
of waves and corresponding erosion in the waterline will be discussed in a separate paper.
When the temperature of the iceberg surface is below freezing, no phase transition is
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assumed to take place

A - 0

««)

However, when the surface temperature equals or exceeds the surface melting point
temperature, phase transition is assumed to occur and hence
dt
The boundary conditions for all surfaces are described by Eqs. (6)-(17).
2.3. Discretization of equations
Discretizing Eq. (4) by finite differences, the temperature can be computed at discrete grid
points (nodes).
Assuming non-steady conditions, a discretization in time is required in addition to the
spatial discretization. With a time increment At, the time i is given by
t - pAl

; p - 0, 1, 2, . .

18

< >

and an explicit finite-difference approximation to the time derivative in Eq. (4) is expressed
by
oT, _ Tj?-T&
dt ''•* ~
At

(19)

With the indicated assumptions in which superscript p denotes time given by Eq. (18), while i, k
will be explained shortly.
Consider an air exposed node on the top surface of the iceberg. The following explicit finitedifference equation for the surface is obtained when using Eqs. (4), (8) and (19)

16

p

r *' "

P

T

»

*

—
P A

(6>£A2 )
t

^(5^)8,.,
^(8^)8;., r^-rS
TP

^(8^)5,.

T

Ai

'

1

P

4

Tf

'Kfijlxfa...

(20)

**i

'

T*

^*

m

* iJt

The subscripts i and * on Ax and Az respectively denote that a non-uniform grid spacing
is allowed both in the x- and z- directions. The subscript A on AT indicates that a
variation in the thermal conductivity may be specified in the z- direction (snow or ice). Eq.
(20) expresses also the interior transient temperature distribution when the surface heat
exchange terms and m are set to zero. Eq. (20) applies also to the subsurface of the iceberg
when water property parametersreplacethe ones of air in the computation of the sensible heat
transfer, and the other surface heat exchange terms are omitted. The boundary fitting of the
grid is taken care of by 8^,8^8^ and 8^, .
ljt

3. FIELD OBSERVATIONS
On a ship survey (IDAP-Ice Data Acquisition Program) in the Barents Sea during late
winter 1989 several icebergs were observed and nine of these were instrumented with Argos
positioned buoys including recording of air- and ice-temperature (Vinje et al., 1989). One of
these icebergs (Iceberg #13) was an oblong, flat-topped berg 64 m by 47 m with a
freeboard of 13 m just off the landfast ice east of Hopen (Figure 3). The unmanned station
was deployed close to the geometric centre on top 14 April and recorded the air temperature
approximately 0.30 m above the hard, glossy surface and the ice temperature initially 2.0 m
below surface.

J*
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Figure 3. Photo of the oblong iceberg (Iceberg #13) east of Hopen (76° 40'N, 25" 48'E), April 1989.

The data collection lasted until the berg capsized or disintegrated 13 July. The iceberg moved
just slightly during this period. It was grounded 86 per cent of the total time. Figure 4 shows
the time series of the ice temperature data. Except for a couple of spikes (3 June and 2 July)
the ice temperature increased steadily from -13.4° C during this period. The two temperature
spikes are probably caused by waves washing the deteriorating iceberg.
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Figure 4. Ice temperature registrations of Iceberg #13 from 15 April to 13 July, 1989.
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Iceberg #13 was revisited 27 April (Jensen, Losei and Lavas, 1990). The top surface was
wet and about 0.08 m of the top had melted or sublimed during this 13 days period. Figure
S shows a temperature profile obtained to a depth of 6 m . The temperature was lowest at the
bottom with a value of about -12.5° C.
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Figure 5. Ice temperature profile from Iceberg #13,27 April 1989. Snow depth 0 cm and air temperature
1.ffC.

4. MODEL COMPUTATIONS AND DISCUSSIONS
4.1 Initial and boundary conditions
The numerical model assumes the initial temperatures of all nodes to be known. When
simulating the transient temperature distribution of Iceberg #13 the model is initialized with
a uniform temperature distribution equalling -12 °C throughout the body of the iceberg. Due
to symmetry only the vertical slice of the north-eastern half of the iceberg is modelled. The
assumed initial geometry of the vertical slice of Iceberg #13 is shown in Figure 7 a.
Referring to Figures 2 and 3 the shorter axis of the iceberg is chosen as x -axis. The
average freeboard was measured to 13 m . With a sea water density of 1028 kgjm and an
average ice density of 900 /fcg/m , the ratio of draft to freeboard should be about 7.0. The
iceberg was grounded and therefore probably elevated from the sea bottom. Charts for these
waters show a depth of about 35 m at this location. For most of the Barents Sea the
overburden is shallow, typically 4-10 m , composed of soft to medium stiff clay (Hamborg,
1988). Hence a minor trenching of the iceberg into the sea bed can be expected and a
reasonable assumption is to use a value of 48 m for the total vertical extension of the
iceberg. The parameters affecting the heat exchange of the surface are expressed by Eqs. (9)(15). The characteristic length L is assumed equal to the longer axis of the iceberg, 64 m .
Time records of cloudiness, wind speed, relative humidity and air temperature were
3

3
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obtained from the meteorological station on Hopen, located 31 km to the south-west of the
iceberg. The time series of these observations from 1 March to 31 July, 1989, are shown in
Figure 6.

1 March

1 April

1 May

t June

1 July

1 Aug

Time

Figure 6. Observations of cloud cover, wind speed, relative humidity and air temperature from the
meteorological station on Hopen, 1 March 1989 - 31 My, 1939.

Variations of the salinity, water temperature and current in the water column are neglected.
A salinity of 32 ppt is assumed. An average sea water temperature of -1.2° C is used for
March (Barstow, Mathiesen and Schjølberg, 1989). The corresponding values for April and
May are -O.S"C and 0.6°C, respectively. Even if the iceberg is grounded during the simulation
period, the bottom surface of the iceberg is treated in a similar way as the side walls of the
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iceberg using Eq. (IS) when estimating the local current speed. An average total current speed
of 0.15 mis is used for these waters (Barstow, Mathiesen and Schjolberg, 1989). The
following ice properties are assumed: specific heat capacity of ice: 2.114 U/kg°C ; latent heat
of fusion: 333.4 kllkg ; average albedo: 0.5.
Depending on the ratio of time step to grid spacing (Lapidus and Pinder, 1981) the
differential form of the parabolic heat diffusion equation, Eq. (4), is stable. The numerical
model, which allows an adjustable grid spacing both in x - and ? -directions, applies in the
present case a fixed grid spacing set to 1.0 m . The time step A/ is set to 1800 s .
4.2 Numerical results
The temperature of the vertical right half slice of the iceberg is computed for the period 1
March to 1 June. The ice temperature is displayed as a contour plot with 2°C difference
between the isotherms. Figure 7 a shows the temperature distribution of this slice on 11
March, 1989. The core temperature is -12°C. Figure 7 a shows also the original geometry of
the slice since no ice had melted at this stage. Figure 7 b (31 March) displays an ablation of
1.5 m on the underside and side walls of the submerged body. The -12°C isotherm is located
about 4 m below the overbody and submerged surfaces.
Figure 8 a shows the temperature distribution of 10 April. The ablation of the submerged
body is now 2.5 m . The more rapid heating and ablation of the submerged body have
produced an overhanging slab. Relative low air temperatures late March has decreased the
temperature of the upper ice layer and thereby lifted the -12°C isotherm towards the surface.
The rise in water temperature in late winter increases the ablation which is S.5 m for the
submerged body by the end of April (Figure 8 b).
The rapid ablation of the submerged surface in May gives rise to a steep temperature
gradient reaching the core temperature at 3.0 m depth in the ice (Figure 9 a). The average
net shortwave radiation was 71 W/m in May (13 and 47 W/m in March and April,
respectively). This is the major contribution to the starting overbody ablation in May. The core
temperature of the submerged body is attained 2.0 m into the ice (Figure 9 b). The steep
temperature gradients may probably cause thermal cracking of the ice and thereby increased
surface roughness and ablation. In the present computations Iceberg #13 was assumed to be
grounded. Hence the simulated undercut in the waterline is quite predominant
2

2

*

21

CHAPTER 2 Numerical modelling of the temperatur» distribution..

.2

s

Figure 7. Computed geometry and temperature distribution ofDie vertical right half slice of Iceberg #13.
The core temperature is -ifC and the difference between isotherms ?C. (a) 11 March and (b)
31 March 1989.
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Figures. Computed geometry and temperature distribution of the vertical right half slice of Iceberg #13.
The core temperature is - tS'C and the difference between isotherms 2C. (a) 10 April and (b) 30
April 1989.
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Ablation of the submerged body continues well below the freezing point of fresh water driven
by the thermodynamics of ice-water-salt mixtures, Eq. (14). Sea ice adhering to an iceberg is
observed to bend downward during winter as the iceberg sinks lower in the water. Lake and
Greisman (1977) measured deflection adjacent to an iceberg corresponding to an ablation rate
of 0.1 m per month. This rate is less than the current modelling and observations reported
by Orheim (1987). the latter indicating a melt rate of 10 m/year for a temperature difference
above pressure melting point of 0.2° C at 200 m depth for ice fronts in the Weddel Sea. In
general the simulations fit with estimates given by White, Spaulding and Gominho (1979).
They report a forced subsurface convection melt rate of 0.05-0.2 mlday per °C of sea
water/ice temperature difference.
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Figure 9. Computed geometry and temperature distribution ot the vertical right halt slice of Iceberg #13.
The core temperature is -IPC and the difference between isotherms 2°C. (a) 10 April and (b) 30
April 1989.
Figure 10 shows the simulated ice temperature at 2, 5 and 8 m below the overbody
surface (10 days interval displayed). For comparison the temperature records from the
unmanned station (Figure 4) are shown in the same plot. With a tolerance of 1° C the
simulated temperature at 2.0 m depth fits quite well to the recorded data.
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Figure 10. Time history of the simulated temperature at various depths below the original surface. The
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indicated.

5. CONCLUSIONS
The present numerical model considers a complete thermal energy balance of a tabular
iceberg. Melting, refreezing and run-off are included as well as freezing-point depression
caused by salinity intrusion at the melt interface of the submerged part of the iceberg. Possible
percolation of melt water from the overbody surface is excluded. The conclusions are as
follows:
1) The model is able to predict the temperature distributions in tabular icebergs assuming
that the initial temperature distribution and the boundary conditions are well defined.
This is supported by comparison with unmanned temperature records from Iceberg #13.
2) The depth of the thermal disturbance and slope of the gradient depend on the boundary
conditions and the time at sea. In the present simulation only the outer 3-4 metres of
the overbody, measured from the decaying surface, is significantly affected by the
transient boundary conditions. The corresponding figure for the underbody is 2 metres.
3) The model demonstrates steep temperature gradients and stable core temperatures.
4) The heat transfer coefficient to water is typically 150-200 W/m °C and this is
normally about 15-20 times higher than the one to air. Hence the melting leads to
2
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undercut in the waterline. This appears also for temperatures below the normal freezing-point of fresh water, 0° C, due to salinity freezing-point depression.
5) The model demonstrates that rapid ablation of the surface may lead to steep
temperature gradients. The higher the water temperature the steeper the thermal
gradient of the underbody. These steep gradients may possibly cau<* thermal cracking
of the ice and thereby increased ablation.
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NOTATION
Symbols:
x = (x,y,z)

/

3

37

?A
m
l

Cartesian coordinates;
time;
time derivative;
differential;
mass;
latent heat;
density of ice/snow;

P
c
T

time and space dependent temperature;

K

thermal conductivity of snow/ice;

specific heat capacity of ice/snow at constant pressure

Q

heat transfer,

<?
h

heat transfer per unit surface area;

S,s
e

surface area;
water vapour pressure;

Y

psycometric constant;

%

ratio of the molecular weights of water and dry air;

p

R

pressure;
universal gas constant;

C

cloudiness;

Rh

relative humidity of air;

I
L

heat transfer coefficient;

solar constant;

Z

latitude;
solar altitude;

8

declination;

D

day;

H
a

albedo;

a

constant;

local hour angle;
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ph
U.k
P
n
ice
a

f
req
sur
sens
s.subl
long
sol

»
H
0
m
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phase;
subscripts denoting x,y,z -directions;
supscript denoting time step;
neighbouring;
ice;
air;
fusion;
required;
surface;
sensible;
ublimation;
longwave;
solar,
infinity;
hourly;
far field;
supscript denoting transtnittance correction.
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HEAT EXCHANGE AT THE AIR EXPOSED SURFACE OF ICEBERGS

Sveinung Løset

SINTEF Norwegian Hydrotechnical Laboratory, Norway
Trondheim

ABSTRACT
The top surface of an iceberg at sea is exposed to heat exchange caused by shortwave
and longwave radiation, convection heat transfer, sublimation/condensation and melting or
freezing. This paper considers the various terms, ranks their relative importance and
discusses the effect on ablation and temperature gradients at the air exposed surface of the
iceberg. This is demonstrated by running a two-dimensional numerical model which
simulates the boundary conditions and computes the temperature distribution and ablation
of an iceberg observed near the landfast ice of Hopen in the Barents Sea. The computations demonstrate the minor role heat exchange of the air exposed pan of the iceberg has
on the deterioration and thereby expected life time of an iceberg at these latitudes.

INTRODUCTION
The exploration of oil and gas in the ice and iceberg infested waters in the Barents Sea
has generated an increasing interest particularly in icebergs. The major interest is linked
to possible collisions with offshore structures and associated impact forces. Hence field
investigation programmes were initiated in the late eighties with the purpose of mapping
spatial and temporal distribution of icebergs, including volume, geometrical shape, drift
speed and drift lanes. For a given iceberg production rate of the glaciers with terminus in
the Barents Sea, the spatial population is affected by the transition time and deterioration
rate. The expected life time of an iceberg is partly governed by the surface and subsurface
ablation with waterline melting being the most important deterioration mechanism in the
open ocean environment (White, Spaulding and Gominho, 1979). This paper considers
numerical simulation of heat exchange and ablation at the iceberg top surface. A ranking
of the different terms and their contribution to the heat balance are discussed.
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THERMAL ENERGY BALANCE MODEL
The thermal processes at an iceberg surface consist mainly of the terms; convection to
ambient fluid (air and water), longwave radiation, solar or shortwave radiation,
condensation/sublimation (or evaporation in case of wet surface), melting or freezing and

precipitation. Assuming all heat transfer in the body of the iceberg is solely by conduction,
the temperature distribution T(x,y,i;i) of the iceberg is governed by the three dimensional
heat diffusion equation:

±<K*L)*M, - pc *
dx

At,

i

'

(1)

dr

where; m is rate of mass exchange per unit volume (kglm^s), 1, latent heat of fusion
(J/kg), p density of ice/snow (kg/m ), c specific heat capacity of ice or snow at constant
pressure (J/kg'C), i time (s) and K thermal conductivity of ice/snow (W/m°C).
1

Boundary Conditions
With a regular shape of the iceberg, symmetry would allow a two dimensional
modelling of the temperature distribution. To consider most of the mechanisms which
affect the heat balance of the iceberg, this plane should extend in the vertical direction
(jrz-plane) as illustrated by the slice shown in Figure I.

Figure 1. Discretization of a vertical slice of the iceberg.
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Assuming length of iceberg being larger than width, the model can be further simplified
by neglecting heat transfer in the >-direction (3773y - 0 ;r20). Due to symmetry considerations, only the hatched half of the central plane needs to be analyzed (Figure 1). The
interior left side boundary is assumed to be adiabatic (3T/dx\ .
• 0 ;f20) and the rate
of total heat exchange Q (W) to the surroundings reads
z 0

lur

+

+

£ « r - J"(<7«* <7„w <7i «7,J<fr

(2)

M!

aru

a r e

e

where S denotes surface area, <?„„, <!„&' limt ^ Qioi
* sensible heat transfer,
sublimation or evaporation/condensation heat transfer, net longwave radiation and net
shortwave radiation per unit surface area, respectively. Convective or sensible heat
exchange to air and melting of the submerged body is thoroughly described in Løset
(1993). The latter term considers the rather complex problem of freezing point depression.
The sublimation heat transfer per unit area is given by

where e

a

is water vapour pressure of the bulk air (kPa) and e

s

is the water vapour

pressure of the air at the ice surface (kPa). The psycometric constant y is defined by
Y " c PJ\l
p

(4)

s

where; c specific heat capacity of dry air (Jlkg°C), P air pressure (kPa), % ratio of the
molecular weights of water and dry air equals 0.622 and l is the latent heat of sublimation
(J/kg). The water vapour pressure at the ice surface is assumed to be equal vo the
saturation vapour pressure at the ice surface temperature. The saturation water vapour
pressure is related to the surface temperature by the Clausius-Ciapeyron equation (Hess,
1959)
p

a

t

^i-iiil
e

s

R

(5)

2

T

where R (J/molK) is the universal gas constant. After integration Eq. (5) becomes

e - 0.61 l e

"

s

since e -0.61I kPa at T-273.15AT. The water vapour pressure of bulk air is given by
s

V.

.,.,,.

l

1

Tr'TJTiTX'

e„ - Rh0.6Ue
where Rh is the relative humidity of air in fraction of unity.
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Ice can be considered as a grey body and it would then emit longwave radiation
according to the Stefan-Boltzman radiation law with a correction for emissivity. In addition
the direct sky radiation and the atmospheric radiation are considered. It has been shown
from data collected in the Arctic that the effective sky temperature closely approximates
the ambient air temperature (Zarling, 1980). Hence the net longwave radiation may be
expressed by (Harstveit, 1984)
8

4

«<„,, " 1.02-5.67-10- (T_ 273.15)
+

8

4

+ 70.7-£-- 91.5 - 5.67-10- (T „.i-273.1S)
s

where C is the cloudiness in tenths (0<C<10).
The solar radiation heat transfer varies with the solar altitude, the transmittance of the
atmosphere, the cloudiness and the shortwave radiation absorbing properties of the
snow/ice surface. The incoming short wave radiation is calculated during daylight hours
as a function of solar altitude Z (°) and the solar constant / (1380 Wlm ) by
2

0

sinZ

( 9 )

luuT >o
where

sinZ - sini sin8 + cosL cos8 cos//

CIO)

where L (°) is the latitude and the declination 5 specified by
8 - 23.45° cos [360°(172 - D )/365]
y

(11)

where D is day of the year and H the local hour angle of the sun:
H - 15°(12 - T )

(12)

H

where T is hourly time of day. According to Ashton (1986) the clear-sky radiation is
modified by the transmittance of the atmosphere, the cloudiness C and the albedo a, by
the following empirical formula
H

2

Is., - <?„ " "CI - 0.0065C )(1 - a)
w

where the correction for insolation a

m

0.99 -

(13)

is given by
O
H?
sinZ+0.t5(Z+3.885r''

253

(14)
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Discretization of Equations
The temperature distribution may be computed by a discretization of Eq. (1) allowing
the temperature to be computed at discrete grid points (nodes). In principle the discretization leads to two sets of nodes; interior nodes and surface nodes. Each node is surrounded
by a control volume as shown in Figure 1.
For a control volume with an interior node (ijfc) in the two dimensional case, die
exchange of energy for the node is influenced by conduction between the node (ij:) and
its four adjoining grid points. Assuming unit length in y -direction, the following
discretized equation is obtained
4

AT

£ <?(»>-. w

+

*«'/<**.**> - WkU*fi*i-£

«.i

( , S )

™

where n refers to the neighbouring nodes and 1^-^,^ denotes the conduction rate from
the adjacent nodes to node (/,*). The subscripts / and * on Ax and Ar respectively
denote that a non-uniform grid spacing is allowed both in the x- and z-directions. The
control volume faces are located midway between the nodes. Hence, with a non-uniform
grid, certain nodes do not lie at the geometric centre of the control volume that surrounds
it. This may be remedied by choosing grid points located at the centres of the control volumes.
However, the shift in medium properties (K, c and p) from snow to ice should be considered as well as the difference of medium properties from one node to the other. This
is obtained by applying the harmonic mean or simply the arithmetic mean of these
quantities (Patankar, 1980). The latter method is introduced by
K

. * - . * » - , * K Az
Az_, + A z
M

t

M

( W )

M

where the properties of snow or ice arc applied for the current nodes. The representative
values of c and p are expressed in a similar way.
Assuming non-steady conditions, a discretization in time is required in addition to the
spatial discretization. With a time increment Ar, the time t is given by
t - pto

; p - 0, 1, 2, . .

17

<>

and an explicit finite-difference approximation to the time derivative in Eq. (1) is expressed
by
37-,
Tf-Ti
(18)
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Interior Nodes
For an interior node (Figure 1) it is assumed that no melting or freezing occurs. Hence
Eq. (15) reduces to
*

AT'
<19)

E«,:,. -v,(w-^
M

To evaluate the conduction rate terms it is assumed that the conduction heat transfer
occurs exclusively through lanes oriented in either x- ot z -direction. Assuming the heat
flux is proportional to the temperature gradient AT/At, the following finite-difference
equation for the interior node (iji) is obtained
TP

*^*

,_1

TP

TP

A»,-

*^'

Ar

^ "

**"'

t

TP

Ax

;

Az

t

- PJCJS^AZJ.

Ar
where S,-., - 0 and 8^-1/2 when the interior node is located on the adiabatic symmetry
plane, yz. Otherwise 8 -&,-1. The thermal conductivity K may vary in the vertical as
indicated by the subscript k. By rearranging, Eq. (20) reads
M

,(?.!
'i*
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At

T

Pt^SA,^*
5; ,7"; i 7','i fc-(8i ,+i)7u
•gJAz " ' '
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Ax,
+

Jl

u

t

I

^'

J

(21)

Az,

Eq. (21) gives the interior transient ice temperature distribution of the iceberg for a
given initial temperature distribution T when the surface node temperatures are known.
ijL

Surface Nodes
The surface nodes are exposed to the surrounding fluid which is air above sea level and
saline water underneath. Further, these nodes exchange heat by conduction with the closest
underlying interior nodes. The surface nodes may in principle be divided into air exposed
surface nodes and submerged surface nodes.
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Considering an air exposed surface node an explicit finite-difference equation for the
overbody node is obtained. When solving for T'J this equation reads
T.i •
" " ' PA'
T'
p

T

p

-T'
p

-T

T

p

-T

(22)

where h is the heat transfer coefficient (W/m ^C) and boundary fitting of the grid to the
geometry is taken care of by 8 ,6 ,5 and 8^,. Consider the ice surface temperature for
a node (i,k) being below freezing. Since no freezing or melting occurs
I

I

ltl

m

lJt

- 0

(23)

Substituted into Eq. (22) the last term in this equation vanishes and Eq. (22) yields the
transient ice temperature distribution of the iceberg surface for given initial and boundary
conditions.
Melting of Surface Nodes
Assume the temperature of the air exposed surface node (i,k) reaches the melting-point
temperature of fresh water ice (T^-CCC). Melting of the associated control volume is then
considered to start according to the expressions
:' -p'&t

;p'*P

( 2 4 )

and

When substituted into Eq. (22) m (mass exchange per unit volume) is readily solved
from Eq. (22).
Let E denote the energy required to melt the control volume of node (i,k). This
energy is given by
jJt

rtq

15,

p / (8 Ajc 8,Az Ay)
t /

1

i

t

The accumulated energy supplied to the melting is given by the recursive equation

(26)
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(27)

where
E''\,

-0

M

< >

and Ajjj is solved from Eq. (22). Node (i,k) is 'melted out' if the integrated energy of the
volume exceeds the fusion energy of the control volume expressed as
X

( 2 9 )

& *B

m

and the node is then convened to a melted node and treated as a pan of th> ambient air
or water region. The nearest node is converted to a surface node. However, if the integrated energy E% * of node 0 , t ) tums negative, refreering is considered and computation
of the temperature is enabled according to Eq. (22). For a horizontal top surface where
run-off is less likely, this may occur during night time with cloud free sky and hence
considerable longwave radiation heat loss.
k

NUMERICAL RESULTS AND DISCUSSION
On a survey in the Barents Sea during late winter 1989 an ARGOS positioning and
temperature recording buoy was deployed on an oblong, flat-topped iceberg with length
about 64 m (14 April). The iceberg was grounded in posinon 76° 40'N, 25°48'E just off
the landfast ice east of Hopen (Løset, 1993). The iceberg was revisited 27 April. The top
surface was wet and about 0.08 m of the top had melted during this 13 days period
(Jensen, Laset and Løvås, 1990).
The top surface heat exchange, temperature distribution and ablation of this iceberg are
simulated for the period 1 January to 1 July 1989. A vertical slice of the berg is modelled
as indicated in Figure 1. A grid resolution of 0.25 m is used and the rime step At is set
to 1800 s. Time records of the air temperature, wind speed, cloudiness and relative
humidity were obtained from the meteorological station on Hopen (Løset, 1993). Figures
2 a and 2 b display the cloudiness and air temperature for this simulation period,
respectively .The cloudiness is expressed in octas and 9 indicates that no observation could
be made. Based on a temperature profile from a 50 mm hole drilled to a depth of 6 m,
the initial temperature is set to -12°C (Løset, 1993). Figure 3 shows the heat exchange
terms in Eq. (2). An average albedo of 0.55 is used for the whole simulation period/The
net longwave radiation is responsible for a strong cooling of the top surface during the
whole simulation period (around -35 W/m ). According to Eq. (8) the net longwave
1
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Figure 2. Observations of cloudiness in octas (a) and air temperature (b) from the
meteorological station on Hopen, I January 1989 - l July 1989.
radiation is mainly sensitive to changes in the cloud cover. For this location the solar
radiation sets in first around mid February and increases gradually with a maximum value
of 123 Wlm in early June in the present case. Figure 3 shows that the five days average
2
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sensible heal transfer is positive for the period January through most of April. This is
mainly due to the low surface temperature caused by the strong longwave heat radiation
loss leading to an ice surface temperature being below the far field air temperature. Figure
3 displays a negative sensible heat transfer (cooling of the surface) in May. The trend of
the sublimation heat transfer is similar to the sensible heal transfer; around 3 WIm for
the three winter months and thereafter mainly negative with an average value of -9 W/m
(April through June). Excluding minor excursions the total heal flux of the top surface
turns positive first mid March. The maximum monthly average is obtained in June
(74 WIm ).
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Figure 3. Simulated heat exchange for the air exposed pan of the iceberg. An average
albedo of 0.55 is used.
The surface heat exchange is sensitive to variations in the albedo (a) . According to
Mellor and Kantha (1989) typical values of the albedo arc: white and dry ice (0.7), and
bare and dry ice (0.6). Braithwaite and Olesen (1990) report lower albedo values for
glaciers on Greenland (0.3 for wet ice and 0.7 for snow covered ice). To determine the
sensitivity of variations in the albedo, the model is run for an upper (0.7) and a lower (0.4)
albedo value. The effect on the surface temperature (averaged over the upper 0.12 m) is
shown in Figure 4. With the 0.4 albedo and the present resolution, the first top surface
ablation sets in around 10 April. Excursions in air temperature and cloud cover the
following three weeks lead to partly melting and freezing of the surface and 0.25 m of the
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surface is ablated within the first week of May. This corresponds well to the 0.08m
ablation reponed above. Using the 0.4 albedo the simulations give a total ablation of about
3 m for the whole simulation period. With the 0.7 albedo the melting is less intense; the
upper 0.12 m is ablated first in early June and the total ablation is about 1 m by the end
of June.

'

i

i

0.4 albedo
0.7 albedo

/\ A

-

/V v

!\

" A. A

/

f

\

i\ I

i\t
v

/

-

7 1 1
7

1

'

i

I

>

\ /

"

>
1 APR

'

i

I MAY

1 JUN

TIME

Figure 4. Time history of the simulated surface temperature (averaged over the upper 0.12
m). Five days averaged values are displayed.

CONCLUSIONS
A finite-difference model which simulates the temperature distribution and thermal
boundary conditions of an iceberg is presented. The model is applied to simulate
(1 January - 1 July, 1989) the top surface beat exchange of an oblong iceberg observed
east of Hopen in April 1989. The following conclusions can be drawn:
1)

The present simulations show that the average net longwave radiation is about -35
W/m . This strong cooling of the air exposed surface and simultaneously sparse
solar radiation contribute to a positive sensible heat transfer for the period January
through most of April.
2

2)

For the present location the solar radiation sets in first around mid February and
increases gradually with a maximum value of 123 W/m in early June. For most
2
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of the simulation period the sensible and sublimation heat flux are only minor
contributors to the total heat balance which turns positive in April.
3) The simulations show no ablation for the winter months January, February and
March. The ablation starts in April which corresponds well with an observed
ablation of 0.08 m during the period 14 to 27 April.
4) Due to variations in albedo the surface heat exchange of an iceberg is quite
sensitive to whether the surface is snow covered or not. When using a low albedo
value corresponding to a wet ice surface (0.4), the total ablation is about 3 m by
the end of June. The corresponding ablation when assuming white ice ( a = 0.7)
is about 1 m.
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NOTATION
Symbols:
x = (x,y,z)

Cartesian coordinates;
velocity vector, a = (u,v) ;
time;

3

"57'
m
k

f
C
P
A
F
l
c
T
K
E
Q
q
h
S,s

s

time derivative;
mass;
unit vector normal to the surface;
Coriolis parameter,
coefficient or drag coefficient;
density;
area;
force;
latent heat;
specific heat capacity of ice at constant pressure;
time and space dependent temperature;
thermal conductivity of ice;
energy;
heat transfer;
heat transfer per unit surface area;
grid spacing;
surface area;
boundary fitting parameter;

Indices:
a
w

m
r
ph

st
i,j,k
P

f
sur

sens

air;
water,
iceberg or adjacent sea ice;
gravity;
added;
radiation;
phase;
storage;
subscripts denoting x,y,z -directions;
upscript denoting time step;
fusion;
surface;
sensible;
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subl

sublimation;

long

longwave;

sol

solar,
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THERMAL ENERGY CONSERVATION IN ICEBERGS
AND TRACKING BY TEMPERATURE
Sveinung Løsel
SINTEF Norwegian Hydrotechnical Laboratory, Trondheim. Norway

Calculations using a two-dimensional numerical model which simulates the heat balance
and temperature distribution of icebergs show that the temperature in the central region of
an iceberg is almost unaffected by the thermal conditions imposed on its boundary. Hence the
original temperature of the iceberg at the time of calving is retained in its core due to the
insulating quality of the ice. When correlated with glacioclimatic conditions this temperature
conservation may be used to backtrack an iceberg to its parent ice cliff. Nine different
icebergs were manually temperature-profiled in the Barents Sea in during late winter 19881990. A scenario is considered where in one of these icebergs under the forces of winds and
currents is assumed to have set offfrom Franz Josef Land in the late autumn of 1987. The
numerical heat balance model is used to compute the temperature distribution, heat balance
and ablation of this iceberg as it drifts through the Barents Sea. The calculations show that
the heat balance of the part of the iceberg exposed to air has marginal influence on the
ablation and thus on the expected lifetime of the iceberg. Ablation of the submerged body also
occurs during winter, when the water temperature is well below the melting point of glacial
ice. This is caused by freezing-point depression leading to an ablation of about 05 m per
month of the underside and side walls of the submerged body. For water temperatures above
0.6 °C the ablation results in a steep temperature gradient reaching the core temperature 3 m
into the ice. With a tolerance of 0.4 "C the temperature is virtually free of any thermal
boundary influence 12 m into the ice. The simulated and measured temperature profiles of
the iceberg are compared with measurements of the thermal regime of Austfonna, Nordaustlandet and the Churienis Ice Dome on Franz Josef Land. The model calculations indicate that
the ice cliffs on Svalbard can be excluded as patent ice cliffs for these icebergs and the core
temperature of the bergs appears to be a conservative tracer.
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1. INTRODUCTION
The intrusion of icebergs affects the planning of oil/gas exploration and production in the
Barents Sea. The probability of iceberg collision for an offshore structure is decisive when
evaluating the feasibility of different concepts such as detachable, fixed or floating structures.
Since icebergs represent a major hazard bedevilling development scenarios for these waters,
information is being sought on the sources of icebergs, their physical dimensions, trajectories
and general distribution and movements at sea.
The number of icebergs produced from glaciers that terminate in the Barents Sea can only
be loosely estimated by studying historical data. Except for sporadic observations by early
explorers and scientists such data do not exist for these waters. To augment these scanty data,
annual observation surveys have been arranged in the Barents Sea since 1987; these have
revealed great variations in the yearly iceberg population.
A variety of numerical iceberg drift models have been developed ranging from simple ones
that consider just air and water drag [Smith and Banke, 1983] to more sophisticated dynamic
models [Sodhi and El-Tahan, 1980; El-Tahan et al, 1983; Smith and Banke, I981; Garrett,
1985; Venkatesh, Sanderson and El-Tahan, 1990]. Several of these models are precise but the
lack of current data and to some extent wind data reduce the prediction accuracy and hence
the usefulness of these models for iceberg tracking. For this reason they are of marginal value
when trying to trace an iceberg to its parent glacier. The tracking of icebergs in the Barents
Sea by Argos positioning buoys (covering only the last stage of the iceberg's expected life
time), has shown a major trend of southwesterly drift with the East Spitsbergen Current as
probably the major driving force. However, the origin of these icebergs is uncertain.
The paper will start by briefly elaborating on the calving, population and drift of icebergs
in the Barents Sea. A description of a numerical heat balance model is given and this is
followed by a presentation of the thermalregimeof some icebergs and ice cliffs in the Barents
Sea. The numerical model is then used to study the heat balance, temperature distribution and
ablation of an iceberg. Further, the numerical results are compared with field measurements
that demonstrate how tracing by temperature may be adequate when searching for parent ice
cliffs.
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2. ICEBERGS IN THE BARENTS SEA
2.1. Calving ice cliffs
The amount of calving from an ice margin is influenced by crevassing within the glacier,
by the rate of glacier flow, by whether the glacier terminus is grounded or afloat, and
therefore by the depth of water fronting the ice. Excluding Storfjorden the Svalbard
archipelago contains about 350 km of tidewater ice cliffs that terminate in the Barents Sea
(Figure 1). Ice caps and large outlet glaciers predominate in eastern Svalbard and these ice
cliffs produce both tabular and irregular icebergs.
Stonebreen and the eastern cliffs of Austfonna terminate in long sections of vertical ice
cliffs. Both these glaciers produce tabular icebergs which are usually rectangular in plane due
to the presence of large crevasses trending parallel to the terminal ice cliff [Dowdeswell,
1989]. Most of the irregular icebergs are produced by the collapse of smaller sections of ice
cliffs. There are no data which can give a reliable estimate of the yearly production of iceberg
mass in eastern Svalbard. However, on the basis of measurements of glacier surface velocities
on Nordaustlandet, Dowdeswell and Drewry [1988] offer an estimate of the annual rate of
1

iceberg production of 0.1 Æm for the 20 km interface with marine waters of Austfonna.
The average terminus thickness is approximately 130 m . Assuming a similar average
movement of the remaining tidewater ice cliffs on eastern Svalbard and an average thickness
of 100 m , the first approximation for the annual production rate of iceberg mass (bergy bits
and icebergs) is in the order of 1.3 km? .
However, the dominant source of icebergs for the Barents Sea is probably calving from the
ice cliffs of Franz Josef Land. This archipelago consists of about 40 islands which include
approximately 2600 km of tidewater ice cliffs. The fjords and adjacent waters arc rathet
deep, typically 100 - 200 m , which may allow larger icebergs to escape from the terminus.
The most frequent time for calving is the late summer and autumn when ocean wave
excitation reaches the calving ice cliffs. Even though winter iceberg movement is observed
in these waters, drift is very restricted by the sea ice. Icebergs which have not escaped from
the ice cliff before the presence of landfast ice will normally be trapped in the ice until the
breakup of the fast ice the coming spring.

CHAPTER 4 Thermal energy conservation in Icebergs..

Figure 1. Glaciers on Svalbard.
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2.2. Population and drift
The exploration for oil and gas in the Barents Sea has recently moved into waters which
are frequently visited by icebergs that drift into the area, mainly from the north-east. The
icebergs represent the major hazard to marine operations in these waters. Surveys under the
Ice Data Acquisition Program (IDAP) have revealed a wide range of annual variation in the
iceberg population. High concentration of icebergs were encountered in 1987 and 1988. Leset
et al. [1989] reported observations of about 200 icebergs in the western Barents Sea during
late winter 1988 while Vinje et al. [ 1989] identified about 90 icebergs during the same period
in 1989, the same as Løvås and Holm [1991] reported for 1990. By using stereo photogrammetric analysis and digitization the icebergs were classified into tabular, sloping, pinnacled
and weathered bergs. The flat-topped icebergs, either tabular or sloping icebergs, made up 44
per cent of the population in 1988. A similar procedure and classification for the seasons
1989-1991 yielded figures of 47, 31 and 24 per cent, respectively. The relatively high rate of
regularly shaped icebergs indicates origins in ice-shelf cliffs.
The drift of an iceberg is governed by the pressure distribution acting on its surface. Hence
the momentum equation for the iceberg may be written as
du.

\
+

jP«C„Aju - l(u -tt )
w Ui

where a; is the iceberg drift velocity,

w

+F F +

t

g+

r

F,

(1+CJ and m is the mass of iceberg, and C
m

m

is added mass coefficient. a„ and u„ represent wind and current velocities respectively.
p„ , p„ are the densities of water and air. C , C are water- and air-drag coefficients and
w

a

A , A are the iceberg's current-and wind-exposed areas. / is the Coriolis parameter and *
w

a

the unit vector in the vertical. F

g

is gravity force due to surface tilt , F

r

radiation stress

due to the reflection of surface gravity waves and F • is the forces exerted by adjacent sea
ice.
To solve the equation of motion (Eq. (1)) numerically, a numerical model has been
developed, applying an explicit central difference method (two-step method) in accordance
with Laset [1993b]. The method requires a specification of the initial velocity and position of
the iceberg.
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Extensive data on population and movement of icebergs have been collected for the last two
decades on the Canadian East Coast [Cheema and Ahuja, 1978; Robe, Mater and Russell,
1980; Ball, Gaskill and Lopez, 1981]. Some of these data are compared with environmental
factors that affect iceberg drift and several quantitative assessments of the iceberg forcing are
given. These models assume that the current is the primary driving force [Venkatesh,
Sanderson and El-Tahan, 1990]. The current consists of several components, of which the
principal ones are the tidally induced current, the residual current and the wind-driven current.
The wind speed only has a significant effect on iceberg drift for wind speeds above about 10
mis . Excluding possible grounding or interlocking by landfast ice, the numerical integration
of Eq. (1) applies to give a rough estimate of the drift and hence transition time of an iceberg
from the calving ice cliffs of Franz Josef Land to the waters of current interest in the western
Barents Sea.

3. HEAT BALANCE OF ICEBERGS
3.1. Heat balance equations
Heat, mass and momentum transfer affect the ablation of icebergs. Estimates are required
for the relative thicknesses of the momentum, thermal, and mass diffusion boundary layers for
the relevant flow and thermal parameters.
The equation of energy conservation can be expressed as follows
dT

...

_(*_).£„ - p , _

o , „ dT. ^

„

(2)
3

where K (2.21 W/m°C ) denotes the thermal conductivity of ice, p (900 kg/m ) the
density of ice and c (2114 J/kg°C ) the specific heat capacity of ice. T ( °C ) is tempera2

ture and t ( s ) expresses time. t

ph

(Jim s ) is the rate of internal heat production per unit

volume. This heat balance rate equation dictates the temperature distribution T(x,y,z;t) of the
iceberg for given initial and boundary conditions. All heat transfer in the body of the iceberg
is assumed to be solely by conduction. Excluding strain heating and phase transition in the
interior of the iceberg, É

pk

may represent phase transition (melting or freezing) on the

surface of the iceberg expressed as
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É

pk

- Mlfdxdydz

<3>

3

where m ( kglm j ) is the rate of mass exchange per unit volume and l (333400 J/kg ) is
f

the latent heat of fusion. A regular rectangular mesh has been employed in the numerical
calculations, with associated control volumes of dimensions dx , dy , dz as shown in Figure
2.

Figure S. Discretization of the iceberg: A • adiabatic boundary, B - air-exposed boundary and C seawater-exposed boundary.

The temperature distribution may be obtained by a discretization of the iceberg, allowing
the temperature to be computed at discrete grid points (nodes). The temperature can then be
derived from afinite-differenceequation which is obtained by applying the conservation of
energy equation, Eq. (2), to a control volume around each individual node.

3.2. Boundary conditions
Equation (2) yields the transient ice temperature distribution of the iceberg for given initial
and boundary conditions. Considering only heat transfer of unit width in the central plane

*

CHAPTER 4 Thermal energy conservation in icebergs.

53

(Figure 2), which is plausible for an oblong and tabular iceberg implies ( dT/dy - 0 ;;20 ).
Due to symmetry considerations, only the hatched half of the central plane needs to be
analyzed. The interior left hand-side boundary (A) is assumed to be adiabatic ( BTBx\

xm0

- 0 ; (20

) and the rate of total heat exchange Q , ( W ) at the air-exposed surface (B) reads
ltl

sin^sM+llong+tso^

where S denotes surface area, <?„„ , q ,
lubl

q

tml

and q

(4)

lcl

are the sensible heat transfer,

sublimation or evaporation/condensation heat transfer, net long-wave radiation and net shortwave radiation per unit surface area, respectively. The ablation of the submerged part of the
iceberg (C) involves vertical buoyant convection and the more dominant forced convection
caused by the relative velocities of the iceberg and the local current. The different terms in
Eq. (4) and the ablation of the submerged body are thoroughly described in Løset [1992,
1993a] including a discussion of the salinity-determined freezing point; i.e. it should be noted
that wh;n ice melts in sea water, melt water of some salinity is produced. The temperature
of this melt water corresponds to the freezing temperature at that salinity and pressure at
which the melting process takes place. The amount of heat available to melt the ice is then
determined by the temperature elevation above the salinity-determined freezing point. These
boundary conditions are also discussed by Griffin [1977] and Josberger [1981].

3.3. Discretization of equations
Since the problem is time-dependent a discretization in time is required in addition to the
spatial discretization. Assuming a uniform grid spacing ( h ) in x and z - directions, the
positions in x and z are derived as
x

i h

z - kh,

(5)
(U-0,1,2,..)

With a time increment in , the time ( is given by
t - pAt,

(p -0,1,2,..)

rø

and an explicitfinite-differenceapproximation to the time derivative in Eq. (2) is expressed
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by
r

ar. _ C ' - a
~SF * A T ~

(7)

U

With the indicated assumptions in which superscript p denotes time given by Eq. (6), the
interior transient ice temperature distribution of the iceberg may be computed as follows
1

Tg - TVS _ * AyS^V^u
+

c

8

Pk kfy
+ 8 x ( r ; . r ^ , ) - ( 8 . * 2 6 x + l)7 .5]

<>

,

i

I +

j

1

1

when the surface node temperatures and the initial temperature distribution T are known. S,.,-0
iJc

and 8,-1/2 when the node is located on the adiabatic symmetry plane, yz . Otherwise
Sj.,-5,-1 . The subscript k on p,c,K indicates that a variation of these parameters may
be specified in the z- direction.
Consider an air-exposed node on the top surface of the iceberg. The following explicit
finite-difference equation for this surface is obtained when using Eqs. (2), (3) and (7)

(9)
+

-(8«(8 *8w)*8»(8 «w»^]J * *u(r-^w

M

c

Pk t

Equation (9) applies also to the underbody of the iceberg when water property parameters
replace those applying to air in the computation of the sensible heat transfer, and the
sublimation and radiation terms are omitted. The boundary fitting of the grid is taken care of
by 8^,8,, 8^, and 8^, . Hence Eqs. (8) and (9) yield the transient ice temperature distribution
of the iceberg for given initial conditions.
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4. THERMAL REGIMES OF SOME ICEBERGS AND ICE CLIFFS IN THE BARENTS
SEA
Temperature profiles have been obtained from a small number of icebergs in the Barents Sea.
In the course of four ship surveys in the Barents Sea during the late winters of 1988 - 1990,
shallow temperature profiles were obtained from nine different icebergs. A map of their
locations is shown in Figure 3. The figure also displays a simulated drift track which will be
explained shortly.
The profiles were obtained by drilling two parallel 2 " holes about 0.5 m apart. The
temperature sensor (a copper-constantan thermocouple probe fixed to a telescopic rod marked
with depth indicators) was lowered into one hole and pushed into the solid ice below any
loose chips from the drilling. While waiting for the temperature to stabilize (typically less than
20 minutes) the other hole was drilled down to the next measurement depth and vice-versa.
These temperature profiles are shown in Figures 4 a and 4 b. Unmanned positioning and ice
temperature recording buoys were deployed on all these icebergs. A manually obtained
temperature profile on a revisit after 13 days to one of these icebergs (Iceberg #13), showed
a temperature discrepancy with the unmanned station of less than 0.2 °C .
To the knowledge of the author, the temperature regime of the glaciers on eastern Svalbard
has been investigated only for Austfonna on Nordaustlandet. Here the regime is determined
by the values of summer melting and refreezing of melt water and liquid precipitation. In
some areas the amount of melt water exceeds the amount which freezes within the limits of
the active layer, and its liquid surplus flows to the depression of relief.
In 1985 and 1987 Russian scientists drilled a total of 42 wells spread around the dome of
Austfonna (600-750 m above sea level). Temperature profiles were taken from most of them.
The temperature at the lower boundary of the active layer depended on the conditions of the
runoff, the lowest values were registered on the ice divides, and the highest in the depressions
of relief [Zagorodnov, Sinkevich and Arkhipov, 1990]. However, in general the glacier
exhibited temperatures typical for sub-polar glaciers; positive tempt rature gradients below the
seasonal temperature variation depth of about 12 m . Below this depth the temperature was
above -5 "C for all wells. Reduced to sea level a substantial shift in these profiles towards
zero can be expected. One of the temperature profiles obtained on Austfonna in June 1985 is
shown in Figure 5 a. The profile extends to a depth of 10 m .

*

56

Temperature profiles from glaciers on Franz Josef Land reveal polar glaciers with slightly
negative temperature gradients below the seasonal temperature variation depth [Atlas of the
Arctic, 1985]. Here too glaciers are virtually free of any seasonal thermal disturbance at a

Figure 3. Location map of 9 temperature-profiled icebergs. The labels follow the legend in Figures 4 a and
4 b. Simulated drift track of Iceberg #26.

depth of about 12 m . The temperature profile from the Churienis Ice Dome shown in Figure
5 b, exhibits a slightly negative temperature gradient with a twelve-metre temperature of
-9.5 °C . The glacier is cold and it is likely that an iceberg calved from these ice cliffs would
initially attain a core temperature in this range. Such a thermal regime fits with the
temperature observations made in the western Barents Sea (Figures 4 a and 4 b).
However, in case of crevassed glaciers, summer melting and percolation of melt water may
elevate the thermal regime towards the liquid equilibrium temperature. This can also occur on
Franz Josef Land since the average summer month temperature is as high as -2 °C . Such an
average temperature would be likely to include several days above freezing. Consequently,
thaws can be expected. Hence Franz Josef Land can not be excluded as the source of icebergs
observed in the Barents Sea with core temperatures close to zero.
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5. MODELLING RESULTS AND DISCUSSION
One of the icebergs (Iceberg #26) reported in Section 4 was encountered south of Hopen
on 22 March 1988 [Lfiset et at., 1989]. Iceberg #26 had the following characteristics; length
198 m , width 102 m . The top surface of this tabular berg was covered with a hard snow
layer less than 0.1 m thick that bore no sign of ablation. It was grounded, tilted and its
average freeboard was 6 m . Charts for this location show a water depth of about 75 m .
However, these charts are inaccurate and the draught is probably more accurately calculated
from buoyancy. An average draught of about 48 m may be appropriate when considering
minor trenching of the iceberg into the sea bed.

5.1. Initial and boundary conditions
As a hypothesis, let us assume that Iceberg #26 set off from Franz Josef Land during late
autumn 1987, say 1 October. Using hindcast wind data for this period from the Norwegian
Meteorological Institute and residual current data [Slagstad et at., 1990] and omitting F , F
g

r

and F; in Eq. (I), the numerical integration of this equation produces the drift track shown
in Figure 3. With the present input data (the quality of the current data for the Barents Sea
is poor) and excludmg possible grounding and interlocking by landfast ice, the drift time of
Iceberg #26 from Franz Josef Land to the waters of Hopen appeared to be about 180 days.
A conservative assumption for calculations of heat balance is to use the time records of air
temperature, wind speed, cloudiness and relative humidity from die meteorological station on
Hopen (76 ° 30'N, 25 ° E). This would slightly overestimate the melting rate along this drift
track. The time series of these observations from 1 October 1987 to 1 June 1988, is shown
in Figure 6. The records of relative humidity are not displayed in the figure.
From autumn to late winter the sea-surface temperature is typically below -1.0 °C in the
northern and eastern Barents Sea. Variations of the water temperature in the water column are
neglected and an average sea water temperature of -1.2 °C is used from the period 1 October
1987 to 31 March 1988. Iceberg #26 is still located in the Hopen waters simulation uses sea
water temperatures for April and May of -1.0 °C and 0.6 °C respectively [Barstow,
Mathiesen and Schjølberg, 1989].
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Figure 6. Observations of cloud cover, wind speed and air temperature from the meteorological station
on Hopen, 1 October 1987 - 1 June, 1988.
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In addition to the normal current speed difference in the water column, winds are capable
of driving an iceberg for short periods at significant relative velocities in excess of local
current speeds. Acceding to While, Spaulding and Gominho [1980] relative velocities of
around 0.OS mis probably always occur near an iceberg, and this value was used for the
relative current in our heat balance calculations.
When simulating the transient temperature distribution of Iceberg #26 with the theory
outlined in Section 3 and in htset [1992, 1993a], the initial temperature of the iceberg is
required. The temperature profile obtained on 22 March 1988 from Iceberg #26 extended only
S m into the ice and this is too shallow to show the core temperature of this iceberg (Figure
4 a). However, Figures 4 a and 4 b show a clear trend where the 5 m depth temperature of
the icebergs for the relevant time period is approximately 2 °C below the core temperature.
Keeping this in mind, and carefully studying the trend of the profile of Iceberg #26 in Figure
4 a, a fair extrapolation would be to initialize the computational model with a core
temperature of -7.7 °C . Due to symmetry only a vertical slice crossing the longer axis of the
iceberg in the mid-section has been modelled (see Figure 2). The initial temperature distribu
tion (assumed to be uniform) and a simplified geometry of the vertical slice of Iceberg #26
is shown in Figure 7.
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Figure 7. Assumed initial geometry and temperature ofthe vertical slice of Iceberg #26,1 October 1987.
The core temperature is -7.7"C.
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The numerical temperature model was run with a grid spacing of h -0.25 m and a time step
of 20 minutes.

5.2. Numerical results

The temperature of the vertical right-hand half slice of the iceberg was computed for the
period 1 October 1987 to 1 June 1988. Figures 8 and 9 show the temperature distribution at
the beginning of every month in this period. The temperature distribution is displayed as a
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Figure 8. Computed geometry and temperature distribution of the vertical slice oi Iceberg #26: (a) 1
November 1987, (b) 1 December 1987, (c) 1 January 1988 and (d) 1 February 1988. The core
temperature is • 7. tC and the difference between isotherms is S?C.
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contour plot with 2 °C difference between the isotherms. The change in geometry due to
ablation is also shown in the figures. Iceberg #26 is assumed to be afloat. Archimedes' Law
has been used and the iceberg sinks by a total of 2.5 m due to underbody ablation and
(hereby reduced buoyancy during this simulation period.
Figure 8 b (early December) displays an ablation of 0.5 m on the underside and sides of
the submerged body. The temperature is affected in a rim penetrating at most 6 m into the
ice when using a temperature tolerance of 0.4 °C .
For the next four months (Figures 8 c - 9 b), the temperature gradient of the underbody is
quite stable and flattens out at about 7 m into the ice. By early March the total ablation is
2.8 m on the underside and the side walls. The rise in water temperature in late winter
increases the rate of ablation. This is evident in Figure 9 c (1 May), which shows increased
ablation of the underbody, and the core temperature is reached 7.75 m into the ice. The total
ablation is 6.25 m . Figure 9 d (I June) displays an underbody ablation of 12.25 m . The
rapid ablation gives rise to a steep temperature gradient, reaching the -;ore temperature at
about 3 m depth in the ice.
The cooling of the overbody during winter is evident from Figures 8 and 9. There is no
ablation and the surface ice temperature only rises to the melting point first in April. The
ablation is effective in May, leading to a mass reduction of 0.5 m .
Figure 10 displays the temporal history of the ice temperature at depths of 3, 5, 8, 10 and
12 m in the ice. With a tolerance of 0.4 °C the temperature is virtually free of any boundary
thermal influence 12 m into the ice throughout the whole period of the simulation.
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Figure 9. Computed geometry and temperature distribution of the vertical slice of iceberg #26:
(a) 1 March 1988, (b) 1 April, (c) 1 May and (d) / June. The core temperature is -7.fC and the
difference between isotherms is fC.

5.3. Discussion

The initial ice temperature has marginal influence on the rate of ablation. This is
demonstrated by re-running the simulation of Iceberg #26 with a different uniform initial
temperature (-3 °C ). The temperature distribution and shape at the beginning of June is shown
in Figure 11 (0,75 m increased underbody ablation, see Figure 9 d). The core temperature
of -3.0 °C was still attained.
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Figure 10. History of the simulated temperature at various depths from the top of Iceberg #26.

Figure 11. Computed geometry and temperature distribution of the vertical slice of Iceberg #26 after 8
months (1 June, 1988). The initial core temperature was -tfC and the geometry as depicted
in Figure 8. The core temperature remains at -3°C and the difference between isotherms is fC.
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A constant plbedo of 0.55 and a latitude of 77°N were used when computing the solar
radiation heat transfer. A change in albedo of about 10 per cent or a shift in latitude of 1-2°
have only marginal effects on the heat balance [Løset, 1992].
Due to salinity intrusion at the melt interface of the submerged body, the wall temperature
differs from the normal freezing point temperature of fresh water. The freezing point
depression depends on the interfacial salinity which is a function of the water temperature and
the ablation rate [Griffin, 1977]. The influence of water temperature on the rate of ablation
is clearly demonstrated in Figures 9 c and 9 d where a rise in the water temperature from
-1.0 °C to0.6°C increases ablation substantially.
It is also evident that the heat balance of the overbody has marginal influence on the rate
of ablation and hence the expected lifetime of the iceberg. However, the thermal regime is
affected within a shell that reaches at most 12 m into the ice. Conservation of the core
temperature of an iceberg is also addressed by Diemand [1984].
The heat balance model does not consider exaggerated ablation in the waterline due to wave
erosion (enhanced heat transfer), followed by calving of the resultant ice overhang. For most
of the time, icebergs in the Barents Sea drift among broken sea ice and hence damped sea.
Ignoring these deteriorating mechanisms (which are most dominant in rough sea state and
relative warm water) may lead to an overestimation of the expected lifetime of icebergs, but
neither of them would have any significant influence on the core temperature of the bergs, nor
would a change of stability (followed by rolling) due to ablation or calving influence the core
temperature.
When comparing the simulated and measured temperature profiles of Iceberg #26 with the
scanty measurements of the thermal regime of Austfonna, Nordaustlandet and the Churlenis
Ice Dome on Franz Josef Land, the model calculations indicate that the ice cliffs on Svalbard
can be excluded as the parent ice cliffs for this iceberg. The other icebergs reported in Section
4 do most likely originate from the same area as Iceberg #26.
By surveying the temperature profile of some icebergs in the particular waters of interest
and having access to profiles close to these ice cliffs, comparison with temperature gradients
deduced from the heat balance model may be useful when estimating the meandering time of
the icebergs in the Barents Sea. Monitoring of the calving glaciers by satellite may then be
used to estimate iceberg production. When these observations are combined with transition
times deduced from the heat balance modelling, more reliable predictions of the annual
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variation in the iceberg population may be obtained for these waters.

6. CONCLUSIONS
A two-dimensional heat balance model was used to simulate the heat balance, temperature
distribution and ablation for an 8 months period of an iceberg assumed to set off (with a
uniform initial ice temperature of -7.7 °C ) from Franz Josef Land during late autumn 1987.
The berg (length 198 m , width 102 m and draught 48 m) was surveyed late March 1988
in the waters of Hopen. Important features of the numerical results, are:
1) The numerical modelling shows substantial cooling of the air- exposed part of the
iceberg during winter. There is no ablation on top during winter, as observed by visual
inspection of the surface. The heat balance of the overbody has only a marginal
influence on the rate of ablation and thus the expected lifetime of the iceberg.
2)

The rise in water temperature in late winter increases the rate of ablation of the
submerged body, giving rise to a steep temperature gradient that reaches the core
temperature about 3 m into die ice.

3)

The rate of ablation is fairly insensitive to the initial temperature distribution of the

4)

With a tolerance of 0.4 °C the temperature is virtually free of any thermal boundary

iceberg.
influence only 12 m into the ice throughout the whole simulation period.
5)

The original temperature of an iceberg at the time of calving will be retained in the
central region of the ice mass for some years after calving, due to the low thermal
conductivity of ice. Hence an iceberg's origin can be deduced from its core

i

temperature.
r
Further, by surveying the temperature profile of some icebergs in the waters of interest and
having access to profiles close to the encircled ice cliffs, the heat balance model may be
useful when estimating the icebergs' transition time to the particular waters of interest in the
Barents Sea.
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PROPORTIONAL STRAIN TESTS OF FRESH WATER ICE RUBBLE

By Sveinung Løset* and Mohamed Saved"
'SINTEF Norwegian Hydrotechnical Laboratory
Trondheim, Norway
"National Research Council
Ottawa, Ont., Canada
ABSTRACT
Fresh water ice rubble was tested under proportional displacement rates in a plane-strain
apparatus. Stress-strain relationships and values of the mobilized angle of internal friction were
determined for a range of strain paths. Stresses increased with increasing strains. Shear stress
dependence on shear strain and mean pressure dependence on volumetric strain followed
logarithmic equations. The role of block size distribution and submerging the nibble were
examined. The results are also compared to those of model ice rubble.

INTRODUCTION
Ice rubble plays a significant role in many Arctic engineering problems such as ice cover
interaction with offshore structures. Originally the interest for ice rubble formation and
behaviour arose from studies of indentation pressure on bridge piers and formation of ice jams
in rivers (Kennedy, 1975; Tatinclaux and Cheng, 1978). Recently, oil spills in broken ice
fields have become an increasing concern. The behaviour of broken ice (or rubble ice) affects
the spread and fate of oil and is '
tant for developing clean-up methods in such situations
(e.g. Løset and Timco, 1992).
Field observations of rubble formation and deformation patterns in nature were reported by
Kovacs (1981), Frederking and Wright (1982), and Grass (1984). The early laboratory studies
of rubble behaviour used direct shear boxes because of their simplicity. In a much cited paper
Prodanovic (1979) reported on shear strength measurements of floating saline ice rabble. He
used a rate controlled direct shear box. The tests showed that the shear strength increased
approximately linearly with confinement, which could be represented by a linear MohrCoulomb criterion. Direct shear tests were also done by Weiss et al. (1981), Hellmann (1984),
and Fransson and Sandkvist (1985). The main problem with direct shear tests, however, is that
r
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stresses and strains are not uniform within the samples. Thus, the results would depend on the
characteristics of the apparatus and on the test procedure.
Subsequent studies of rubble properties aimed at testing samples under uniform deformation
and stress conditions. Sayed (1987) tested dry fresh water ice blocks under plane-strain and
constant confining pressure. The results showed that at high strain rates, a peak stress can be
reached. The peak stress was proportional to the confining stress and decreased with increasing
strain rate. At low strain rates, stresses increased monotonously with increasing strains. Urroz
and Ettema (1987) used a true simple shear box to test floating layers of ice rubble which
were not constrained vertically. The shear strength was found to depend on rubble thickness,
layer porosity and shear rate. A small Biaxial cell was also used by Wong et al. (1990).
In a comprehensive review of published data, Ettema and Urroz (1989 and 1991) showed
that there is considerable scatter in the estimates of material properties that are based on a
Mohr-Coulomb criterion. They argued that a linear failure criterion is inadequate to describe
rubble deformation, and that the intercept cohesion vanishes at low stresses.
Recent tests on model ice rubble by Sayed et al. (1992) also showed that a simple MohrCoulomb criterion cannot describe rubble behaviour. Deformation of the rubble was entirely
plastic and displayed strain hardening. Depending on the strain path, a failure envelope can
correspond to a wide range of angles of internal friction. The apparatus used in those
experiments made it possible to test rubble samples under conditions that were not possible
before such as: using large samples, wide range of strains and stresses, and controlled strain
or stress paths.
The present study utilized that apparatus in order to test fresh water ice rubble under new
conditions. Blocks ranging from 25 mm to 130 mm were tested under plane-strain conditions.
The tests aimed at determining the stress-strain relationships for a number of block size
distributions. Tests were conducted under proportional strain paths which are analogous to the
approach used by Sayed et al. (1992). Comparison with those tests are made in order to
examine the role of ice properties.
TEST SETUP
The experiments were conducted in a bi-axial apparatus at the Hydraulics Laboratory of the
National Research Council Canada (Timco et al., 1992). The test chamber, at its largest
extension, is a rectangular box, 1 m x 1 m horizontally and 0.5 m in height. For some tests,
the chamber was lined with a plastic sheet, which made it possible to test submerged rubble
samples. Two side walls of the test chamber are independently attached to computer controlled
screw-driven actuators. The maximum displacement of each actuator is 0.2 m, and the force
capacity is 50 kN. The maximum speed is 20 mm/s. A top lid rests on four load cells which
measure the vertical force. The lid constrains vertical displacements, thereby maintaining
plane-strain conditions. A photograph of the apparatus is shown in Figure 1.

Figure 1. Apparatus with ice in the test chamber.

MATERIALS AND PROCEDURES
Two types of ice blocks were used. The first was small fresh water ice blocks, ap
proximately 25 mm in length. Viewing thin sections under polarized light showed thai the
grain diameters were 2.4 ± 0.9 mm, with irregular growth direction. The second type of blocks
were larger, approximately 100 mm x 100 mm x 130 mm. They were cut from larger
commercial fresh water ice blocks. Tests were done on samples of uniform block size and also
samples consisting of a mixture of the two biock types: 50 per cent small blocks and 50 per
cent large blocks by weight. Figure 2 shows a photograph of the ice blocks.
Tests on dry rubble were conducted under isothermal conditions at a temperature of -2 °C .
For submerged tests, the ice blocks was -2 °C and the added water temperature was 0 °C .
For each lest the initial dimensions of the test chamber were measured. The blocks were
packed manually, then the apparatus was covered with the top lid. In some cases, dry ice
blocks were reused when inspection showed that theyremainedundamaged. In such cases only
very small
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Figure 2. Samples of small and large ice blocks after a test.
amounts of ice chips were present in the bulk sample.
During testing, forces and displacements were recorded at 20 llz frequency. A test usually
lasted between 30 s and 60 s, and stopped when either of the displacement or force limit was
reached. The final dimensions of the test chamber were measured after each test as a check
of recorded displacements.
DEFORMATION VARIABLES
The sample is considered to undergo finite plane-strain deformation. Compressive strains
and stresses are taken as positive. A sketch of the test setup and sample deformation are
shown in Figure 3.
The natural logarithmic strain tensor components are

76

Figure 3. Sketch of Test Setup and sample deformation.

(1)
c

-0

where L , Lø , L , L tie the original and deformed dimensions of the sample along the
x - and v -directions. The strain invariants are expressed in terms of a volumetric strain ( A )
and shear strain ( v ), where
a

E

y

A - e + E„
and

(2)
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The principal stresses are c , a, and a . The present tests were conducted such that a
x

t

x

is always the major principal stress. It follows that a

is the minor principal stress, and a,

is the intermediate principal stress ( o , > o , > a, ). The role of intermediate principal stress a,
on failure conditions is discussed in detail in a number of text books such as that by Scott
(1963). The influence of a

t

on the stress-strain relationship was expected to be secondary

for the present case. Therefore, in the following analysis the intermediate principal stress is
not included in the stress invariants. This approach was used by Vardoulakis and Graf (1985)
to analyze plane-strain deformation of sand, and by Sayed et al. (1992) for the study of model
ice rubble. The analysis is also considerably simpler than using octahedral stress invariants.
Therefore, the stress invariants are taken as the mean pressure p and shear stress x , where
4

P " ±&, * <V

<>

x - i(a - op

(5)

and
x

A linear Mohr-Coulomb failure criterion can be examined using a mobilized angle of
internal friction <p (see Sayed et al., 1992) which can be expressed in terms of the stress
m

invariants x and p as

<p - sin-'(l)
m

(6)

P

RESULTS

Tests were conducted at constant displacement rates along the x - and y -directions.
The x -direction actuator always moved in compression, and the y -direction actuator in
extension. Thus, the resulting ratio between strains along the x - and y -directions was
constant for each test. The test program is divided intr> four groups (A-D). Table 1 lists the
test combinations and various parameters.
An example (Test 03) of the displacement and force plots versus time is shown in Figure 4.
Testing started with displacement only along the x -direction in order to precompress the
sample. Displacement along the y -direction started after the initial precompression.
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(b)

Figure 4. Time series of Test 03: (a) displacement along the x- and y-directions and (b) forces in the xand y-directions.

Strain and stress paths
Strain paths in the t. - e plane are shown for Group A in Figure 5. Each test started with
precompression in the x -direction ( e - 0 and e > 0 ), then continued at a constant strain
ratio \t lt \ .
x

y

y

z

r
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Figure 5. Strain paths for Group A (small blocks, dry).

In a few cases, as for Test 06, the v -direction actuator stopped several times during the test.
Theresultingstrain path had step-like shape. Strain paths for other block size groups followed
similar patterns as those for Group A, and need not be plotted here. Note that the value of the
strain ratio |e / e | for each test is given in Table 1.
>

x

The resulting stress paths in the o - 0" plane for Group A are shown in Figure 6, and for
Group C in Figure 7.
The paths for Group A (small ice blocks) showed fluctuations but followed average directions
along straight lines. The paths for Group C (large blocks) started with straight lines closely
grouped together during precompression. When the y -direction actuator started to move, cr,
dropped by considerably larger values than those for Group A.
Afterwards, the stress path for each test followed a straight line without fluctuations as those
encountered with the smaller blocks (Group A). The stress paths for submerged rubble (Group
B) are similar to those of Group A (Figure 6) but with very little fluctuations. The stress paths
for dry rubble samples which consisted of blocks of mixed sizes (Group D) followed similar
patterns as Group C ( Figure 7).
x

y

*

Table 1. Test parameters,
Compression is positive,
Submerged rubble,
"* 50% 25 mm blocks and 50% 100 mm x 100 mm x 130 mm blocks by weight.

Group

A

B"

Test
No.

14
15
16
17

Velocity in
x-direction*
[mm/sj
5.27
5.2
4.7
5.2
3.34
4.9
4.8
5.1
5.2
5.24
5.3
5.2

18
19
20
21

5.3
5.4
5.2
4.7

02
03
04
05
06
09
10

n
C

D

Strain ratio

Initial
porosity

Block size
[mm]

0.35

0.384
0.384
0.381
0.387
0.382
0.386
0.374
0.385
0.372
0.366
0.366
0.365
0.365
0.365
0.364
0.363

25
25
25
25
25
25
25
25
100x100x130
100x100x130
100x100x130
100x100x130
Mixed""
Mixed
Mixed*"
Mixed"

1.0
1.0
0.8
1.0
0
0.6
0.94
0.9
1.0
0.38
0.6
0.4
0.85
0.29
0.82

The vertical normal stress o, for Group A is plotted versus the mean pressure in Figure
8 using logarithmic coordinates. The traces in Figure 8 approach straight lines that can be
represented by the following equation
C - kp "
r

where k =0.12 and n = 1.3.

(7)
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Figure 7. Stress paths for Group C (large blocks, dry).
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The plots of 0, versus p for other Groups (B, C and D) are similar to those shown in
Figure 8, and can also be represented by Eq. (7).
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Figure 8. Vertical stress c versus mean pressure p for Group A (small blocks, dry).
2

Stress paths for Group A are also plotted in terms of the shear stress T versus mean
pressure p in Figure 9. Stress paths in the T-p plane may be viewed as paths along failure
envelopes (Sayed et al., 1992). All stress paths in Figure 9 are close and approximately follow
a straight line corresponding to a mobilized angle of internal friction ip of 44°.
Stress paths in the x-p plane for Groups B and D followed similar patterns as those for
Group A (Figure 9). For Group C, plots of ; versus p are shown in Figure 10. The lines
in Figure 10 undergo abrupt increases in the values of T as testing under constant strain ratio
starts. The paths then follow straight lines.
Tests conducted at larger strain ratios It^/eJ , which means lower values of a ,
correspond to higher values of i/p . The values of mobilized angles of internal friction for
the lines in Figure 10 range from 45 ° to 58 ° .
m

y

CHAPTER 5 Proportional strain tests of fresh water ice rubble

1

1

i

i

83

i

30

0 3 TO OS
20

J&T

10

TEST 0 2
sr'

i

i

i

i

i

30
40
MEAN P R E S S U R E p . lcP«

50

SO

Figure 9. Shear stress x versus mean pressure p for Group A (small blocks, dry).

40

1

i

yX

17
15
m

ft.

30

*•

TEST 14

w

-

y/'

~^/\*

W

u

s\s-

20

_

tn

<
X

10'

i

20
30
40
MEAN P R E S S U R E p , ler »

i

30

Figure 10. Shear stress t versus mean pressure p for Group C (large blocks, dry).

84

Shear stress x is plotted versus shear strain y , and mean pressure p versus volumetric
strain A for Group A in Figure 11.
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Figure 11. (a) Shear stress x versus shear strain y lor Group A (small blocks, dry) and, (b) mean pressure
versus volumetric strain tor Group A (small blocks, dry).
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The t-y and p-A plots for Groups C and D are shown in Figures 12 and 13, respectively.
The initial part of each stress-strain plot in Figures 11,12 and 13 corresponds to precompress on. and has a relatively steep slope.
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Figure 13. (a) Mean pressure p versus volumetric strain A for Group C (large blocks, dry) and
(b) Group D (mixed small and large blocks, dry).
The second pan of the plot, which corresponds to a constant strain ratio | e / e | , usually
y

x

follows a straight line of a lower slope. The parts of the stress-strain plots that correspond to
constant strain ratio can thus be represented by the following equations (which was also used
by Sayed et al., 1992)
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l°g|ø(—) " ay

(8)

log (-£.) - bA
Pa

(9)

and
10

The shear stress versus shear strain plots for each group appear to follow slopes that
decrease with increasing strain ratio | e / e j . The values of the parameter a in Eq. (8) were
obtained by manual curve fitting, which is adequate to illustrate the trends of the results. A
more elaborate curve fitting would be unsuitable because of the fluctuations of the
measurements. The values of the parameter a are plotted versus the strain ratio \e /ej
in Figure 14.
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Figure 14. Parameter in Eq. (8) versus strain ratio \z Je,|

As |e / «,1 increases, confinement of the sample decreases, and consequently the values of a
decreases. Figure 14 also shows that the large blocks gave higher shear stresses than those
of smaller and mixed size blocks.
The pressure-volumetric strain plots (Figures 11, 12 and 14) for each group appear to agree
together and show no dependence on the strain ratio. This di'cussion again concerns the parts
of the plots that correspond to testing under constant strain ratio (the initial precompression
is excluded). The plots for Group A, however, show considerable scatter. For Group C (large
blocks), all tests follow parallel lines which can be approximated by the following values for
the parameters in Eq. (9): p - 10 kPa and b - 17.5 . The results for Group D (mixed size
blocks) can also be approximated by a line corresponding to p - 5 kPa and b - 13.5 .
0

a
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Role of block size distribution, porosity, ice type and submergence
Block lengths ranged from 25 mm to 130 mm. Block shapes, however, were somewhat
different, with the small blocks being more rounded. The influence of block size distribution
on the stress-strain dependence is illustrated by comparing the results for tests from different
size groups which were conducted using similar strain ratios. For tests conducted at strain
rauus |e Jt \
of approximately 0.3S (Table 1), the shear stress z is plotted versus the
shear strain y , and the mean pressure p is plotted versus the volumetric strain A in
Figures 15 a and 15 b. Apparently the large blocks (Group C) gave rise to the highest
stresses. The higher stresses of Group C also existed for other values of strain ratios, as can
be seen from Figure 13 which shows that the parameter a was consistently larger for the
large blocks than those for other block sizes. Both shear stresses and mean pressures were
approximately twice as large as those for Group A. Although the stress-strain behaviour for
Group C varied between block size groups, the ratios of shear stress to mean pressure were
not affected. Plots of i versus p for the different size groups were very close. This
comparison between the uniform size Groups (A and C) could have been influenced by block
shape in addition to block size. The mixed size blocks (Group D) gave the lowest stresses.
It could be that smaller blocks filled the spaces between the large blocks, and thereby acting
as a "lubricant". The blocks would therefore slide over each other without producing high
stresses.
x

3

Volume of the ice blocks in the sample was calculated using a density of 900 kg/m . The
initial porosity n ranged between 0.36 and 0.39, and was almost constant within each
group. The results do not show any trend of porosities influence on the stress-strain
relationship. This could be attributed to the narrow range of porosities.
0

The role of ice properties (e.g. strength, elastic modulus, etc.) is illustrated by comparing
the results of one of the present tests with those of model ice rubble (Sayed et al., 1992).
Model ice properties are be»t characterized by theflexuralstrength (Timco, 1986), which was
110 kPa for the model ice rubble. Although fresh water ice properties were not measured
during the present experiments, a reasonable value for the flexural strength would be 550 kPa.
Therefore, the ratio of fresh water to model ice strength may be taken as approximately 5.
Figures 16 a and 16 b show comparisons between the shear stress and mean pressure for Test
17, and those for a model ice rubble test (from Sayed et al., 1992). Both tests were conducted
using a strain ratio | « / e | of 0.6. Shear stresses for fresh water ice rubble were higher than
those for model ice rubble by a factor of approximately 2.5. Mean pressures for fresh water
ice rubble were also higher by a factor of 3. Stress paths in the x-p plane are shown in
Figure 16 c. The stress path (or failure envelope) of model ice in Figure 16 c corresponds to
a larger <p„ than that for fresh water ice.
Only few tests were done to compare submerged and dry rubble behaviour. Shear stresses
and mean pressures for submerged rubble were higher than those for dry rubble. Also the
failure envelope in the x-p plane was higher for submerged rubble. Inspection of the
y

r
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Figure 15. (a) Shear stress x versus shear strain y, and (b) mean pressure p versus volumetric strain A.
samples after testing showed that some of the blocks were frozen together. This adfreeze
between blocks is the probable reason for increased stresses. This behaviour is opposite to that
of submerged model ice rubble (Sayed et al., 1992). For model ice, submerging the samples
lowered the stresses, possibly because water reduced the strength of model ice.
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Figur 16. Comparison of fresh water ice rubble (Test 17) and model ice: (a) shear stress t versus strain
Y, (b) mean pressure p versus volumetric strain A
The adfreeze between blocks is likely to depend on the thermal properties of fresh water
ice, block dimensions and testing procedures. The experiments of Schæfer and Ettema (1986)
explored some aspects of the adfreeze between ice blocks. Further tests are needed in order
to quantify the influence of adfreeze on bulk rubble behaviour.
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Figure 16 (cont). (c) shear stress t versus mean pressure p.
Implications for rubble behaviour under full scale conditions
The major challenge to determining ice rubble properties remains to be the extrapolation
of a set of laboratory measurements to other conditions of block sizes, shape and ice
properties. In laboratory experiments, lengths are reduced but ice properties remain close to
those of full scale. Deformation of the rubble also involves many complex processes that
include rearrangerrem of blocks, sliding, fracture, crushing and possibly some creep.
Therefore, it is impossible to establish scaling laws for any available laboratory measure
ments.
Laboratory tests of ice nibble, however, can be used in a number of ways. For example, the
results can be used in extending field measurements over a wider range of conditions.
Obviously, the experiments should be conducted such that the modes of deformation are
similar to those observed in the field. The stress-strain dependence obtained from the
experiments can be combined with the usually sparse field stress measurements to determine
stress distributions in rubble fields. Another use of laboratory experiments is in verifying
analytical models such as discrete element simulations (e.g. Hopkins and Hibler, 1991).
More experiments covering a wide range of conditions are still needed in order to clarify
the appropriate scaling laws. Experiments are required to examine the role of block size,
properties of consolidated (frozen) rubble, the role of stress path on the stress-strain
relationship, and deformation modes of bulk rubble (ice fracture, creep, adfreeze between
blocks, rearrangement of blocks).
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SUMMARY AND CONCLUSIONS
Fresh water ice rubble was tested in the laboratory under plane-strain and proportional strain
conditions. Stress-strain relationships were determined The conclusions are as follows:
1)

2)

Stresses increased with increasing strains. Under proportional strain paths, shear stress
dependence on shear strain and mean pressure dependence on volumetric strain
followed logarithmic equations. Stress paths in the shear stress-mean pressure plane
were straight lines corresponding to mobilized angles of internal friction ranging from
44 • to 58 • .
Deformation of the samples showed plastic behaviour.

3)

Comparison with model ice rubble results (Sayed et al., 1992) showed that fresh water
ice produces higher stresses but lower mobilized angles of internal friction. Stressstrain dependence for fresh water ice rubble also showed fluctuations that were not
observed for model ice rubble.

4)

Block size distribution that consisted of 50 percent large blocks and 50 per cent small
blocks produced lower stresses than uniform size distributions (of large or small
blocks).

5)

Submerging the rubble caused adfreeze between blocks which formed a few separate
clusters of blocks within the sample. The resulting stresses and mobilized angles of
internal friction were higher than those for dry rubble.

6)

The present values of angles of internal friction <p are within the range of previous
measurements. Scatter of the previous results can be attributed in pan to the observed
dependence of <p on the strain path. The present results also agree with Ettema and
Urroz's (1989, 1991) interpretation of previous results which suggest that the
"cohesion intercept" vanishes at low stresses.
m

m
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APPENDIX II. NOTATION
Symbols:
L
e
Y
a
<P
A
V
1

length of Specimen;
strain (contraction positive);
shear strain;
stress (compression positive);
angle of internal friction;
volumetric stain;
volume;
porosity

Indices:
x,y,z
0
m
l,w,h
V

directions;
initial;
mobilized;
length, width and height;
volume;

CHAPTER 6.
LABORATORY TESTING OF A FLEXIBLE BOOM
FOR ICE MANAGEMENT

Publication reference: Loset, S. and G. Timco (1992): Laboratory Testing of a Flexible Boom
for Ice Management, Proceedings of the 11th International Conference on Offshore Mechanics
and Arctic Engineering, Editors: O.A. (Femi) Ayorinde, N.K. Sinha, D.S. Sodhi and W.A.
Nixon, Vol. IV, pp. 289-295, Calgary, Canada. In the present form, the paper is also accepted
for publication in Journal of Offshore Mechanics and Arctic Engineering.
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NOTATION
Symbols:
x = (x,y.z)

Canesian coordinates;

v

speed of boom;

T)

spacing between boom supports

5
L

boom slackness;

F

force;

length of boom (rubber);

C

ice concentration;

e

angle in the x,y -plane;

A

area of false bow;

p

perimeter;

Indices:
ice;
1,2

supports 1 or 2;

b

base;

x and y direction;

resultant
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LABORATORY TESTING OF A FLEXIBLE
BOOM FOR ICE MANAGEMENT
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National Research Council of Canada
Ottawa, Ontario, Canada

Combating oil spills in the Arctic is a major challenge. Drilling
or producing oil or gas in the marginal ice zone (MIZ) may
allow booms to be deployed upstream of an offshore structure
to clear the water of ice, thereby enabling conventional oil spill
countermeasures to be used. Such a boom would be kept in
place by two ice-going service vessels or by moored buoys.
SINTEF NHL and NRC have performed a number of
small-scale tests with a flexible boom in the NRC ice basin in
Ottawa. The purpose of the tests was to measure the
effectiveness of using a flexible boom for collecting ice, and to
determine the loads associated with collecting the ice. la the
tests, various boom configurations were towed against a broken
tee field consisting of ice pieces typically 50-100 mm across and
30 mm thick. The ice concentration was usually 10/10, but it
was reduced to 8/10 and 5/10 for two tests. The boom was
towed at speeds of 20 and 50 mm-s" . Both the width of the
boom and the slackness of the boom were varied over
reasonable ranges. Two six-component dynamometers were
used to support the boom. Thus, the force components on each
end of the boom were measured. Further, two video cameras
were used to record the effectiveness of each boom
configuration. In this paper, the full results of this test program
are presented and the application of the test results to the
full-scale situation are discussed. The tests show that, under
certain conditions, the use of boom is feasible for ice
management in oil-contaminated water.
1

1. INTRODUCTION
The marginal ice zone (MIZ) is normally composed of distinct
ice floes which increase in size with increased distance from the
ice edge. This is typical in waters like the Barents, Bering and
Chukchi Seas (Korsnes 1988; Jensen and Laset 1989; Bauer and
Martin 1980). Drilling or producing oil and gas in such waters
represents a potential hazard related to possible surface oil

spills or subsea and surface blow-outs. The various oil spill
response techniques are vulnerable to the presence of sea ice,
low temperatures, wind and visibility. Oil embedded In ice or
mixed with slush complicates the recovery process since most
techniques would require the ice to be separated from the oil
before any recovery process can start Hence, deflecting ice
upstream of the spill site would permit the application of
conventional oil spill recovery systems such as oil skimmers and
booms.
Deploying a flexible boom upstream of the spill site is one
means of preventing ice intrusion. Each end of the boom could
be attached to a towing vessel or a surface buoy supported by
a bottom anchor. Several questions arise with respect to design
and operation of this type of boom. These questions relate to
the feasibility of such an arrangement with respect to loads on
the station keeping units, maneuverability of the vessels and
boom handling. Another concern is ice ridging, pile-up and
possible ride-up in from of the boom. It is encouraging,
however, that booms have been used successfully for several
years in rivers to contain the movement of river ice (see e.g.
""•—11976).
The first attempt to assess these questions are the present
experiments in model scale. The forces exerted on die boom
are explored when it was towed against a broken ice field in the
NRC ice tank in Ottawa. The boom was secured between two
six-components dynamometers supported to the main carriage.
Various configurations with respect to boom width and
slackness, towing speed and ice concentrations were tested to
study the influence of each parameter on the load.
2. EXPERIMENTAL
The experiments were conducted in the ice tank in the
Hydraulics Laboratory at NRC Ottawa. The tank is 21 m long
x 7 m wide x 12 m deep. The basin is equipped with two
carriages: a motorized main carriage providing speeds in the
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Carriage
motion

range J lo 450 mffl-t'': and a non-motorized service carriage.
For the oreseot Bia. the service carriage « a 8»ed *I *
distance of 3.3 m in front of the main carriage. S u d tub» of
252 m o diameter wen deployed 'iietma the two carriages
(Fi(ure 1). Marken on the tubes provided a 500 nm 1500 nm
reference grid (or grating) in between the two carriages The
clearance of the (rid was 370 mo to toe ice surface.

» »OOm

Two suc-components dynamometers were mounted to tbe front
face of the main carriage. A steel tube 500 mmtongand JO mm
in diameter r «tended downwardsfromeach dynamometer. Tbe
lower end of each tube penetrated 260 mm into the water. Tbe
tubes acted as supports for tbe boom. Tbe boom itself was
modelled by a rubber material 3.15 m long i 0.5 m wide it
oixM m thick, fixed to tbe front side of tbe supports. For one
test, a solid board was used in order to test a boom witb no
slackness- The length of the rubber (L) and the spacing (n)
between the two supports could be adjusted. Hence the boom
slackness (S) defined as

S-I-C*)

Figure 2.

broken into irregular ice pieces with an average width of
120 nut However, the size range of tbe ice fragments was fairly
broad varying from ice crystals to pieces 400 nun across.
Before starting a test, the spacing and slackness of the boom
were set to the desired conditions. Tbe ice pieces were
distributed uniformly in the basin to ensure a homogeneous
broken ice field. Some deterioration of the ice was expected
since it was reused. Hence, an open frame 1 m x I m with ten
centimetre grid markers was placed on the ice and
photographed to document the ice fragment size. When the
experimental preparations were complete, offset readings were
taken on all instrumentation. Then, the carriage was driven
along the full length of the tank. The forces on the individual
supports were measured at a sampling frequency of 20 Hz.
During the test, two hand-held video cameras were used to
study the ice dynamics. One camera viewed the ice from the
main carriage through the grating while the other one took
dose-ups of the ice dynamics in front of the boom. In total,
twenty test runs were performed. The test matrix describing the
parameters of each test are given in Table I.

(1)

could be adjusted independent of the support spacing. The draft
of the boom was 300 mm. A sketch of the reference system is
shown in Figure 2. The measurements refer to a right-hand
coordinate system and the labels '1' and *2 relate to Supports
1 and 2, respectively.
The tank water contained chemicals to produce EG/AD ice
(Timco 1986). At the start of the test program, a 31 mm thick
sheet of EG/AD ice was grown. The room was then allowed to
warm up to the freezing point, thereby reducing the strength of
the ice. The ambient air temperature was kept between -2°C
and +1 °C during the tests. The floating ice sheet was manually

Figure 1.

Reference system used in the testt

Overall view of the experimental set-up.
290

*

CHAPTER 6 Laboratory lasting of a ftexl&a boom for ica management

It ihould b* memtonori thai during nkdx tin* when inert « w
no activity in tbt tank, w o » freeing between iha broken tea
piece» occurred Baton die fim tan each morning, tbtrtfon.
tna ica «as agitated to break iba freexe-boods. Evan with tide
agitation, however, tbtra was w o » roherion, In contrast to iba
mora pohctlonlctt fraa nibble teafollowingtha mora vigorous
agitation of a tan. Thus, it Js necessary to dfcrlngiiish betwaan
thaie ica renditions Tha two spedes are referred to a» nibble
ica with frceza-baodug (adfrecas) and free rubble tea (DO
adfreeze). To quantify toe amount offreeaa-bondtng,the first
test in the morning was always re-run.

3. RESULTS
3.1 Measured and Calculated Quantities
The forces in three direction* (x, y and z) were measured for
both Support 1 and Support 2. Then, die resultant force on the
support was calculated according to (for Support 1)

F,,

• wi * Fir

(3)

The angle $ , between the force in the x and y direction on
Support I was defined by

(3)
F*i

Similar expressions were determined for Support 2. The total
resultant forces on the boom were determined from
F, • *"„ + F*
F, ' F + F„
fl

<4)

F - [Ff • Ffr
f

The force in the x-direction was approximately the same on
each support Although there were variation; >!a the load with
time, in general, the total load in the x-direction was twice the
load on one support In the y-direction, the loads on each
support were approximately equal, but opposite in sign. Thus,
on average, the load in the y-durection was zero. The vertical
force (z-direction) on the boom was zero for all tests. Hence it
was ignored in die calculation of the resultant forces.
3.2 General Observations
The kinematics seemed to be similar for most tests. Hence, one
randomly picked test (Test # 6) is used to describe the typical
progress of a run. The parameters of Test #6 are given in
Table 1. A sketch of the ice build-up is shown in Figure 3, and
the time-series for the x-, y- and resultant (r-) directions are
shown in Figure 4.
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During the ran, ice sccucmiUied m trow of the boom tawing

étM^m^M^wmoti^vaM» txM*Wåi$boif,Tb$
t

bouc«Jeftac<u*falubowo(ken!C^G^uB*airt
surfaces birweeii die moving, compacted lee bow and u e
stationery ice. It became more and mora bulb shaped aa Ice
afcemolaied upstream. The Pinritn* development of the fake
bcwtaTaet«l»ibowomFla?u»3wner«ik*td»ofu^ka
envelope In the water plana are shown far every thirty wcood»
during a latt. The bate angle of die telta bow <• J is Indicated
in thefigure.This base angle increased contmuoutry during the
first tuny seconds o f t h e r a n ( 0 t o 3 a o f tank length). After
Orisrime,it decreased as die rubble compacted and f hlrirenod.
thereby reducing the area! extent of the rubble. The false bow
of lea in Test #6 had a tendency to skew towards the left
(Support 2) during a large pan of the test During most of the
test run, die angles of the shear noes (* „) were quite steep.
However, at times, die angle could be quite shallow, for
fiamnlc, just after a "collapse* of die rubble (as shown by die
180-secood envelope in Figure 3). The average base angle *»
for die central third of Test #6 was 74*.
The 30-tecood envelope is a result of collecting most of the ice
which encountered the leading edge of die bow for the first 1J
m of die run. The force on Support 1 in the x-directica had a
rapid increase to about 13 N. The corresponding £ rce on
Support 2 was slightly higher, about 15 N. The 30 second
envelope in Figure 3 reveals a skew bulb towards the left
(Support 2). This is most probably caused by an uneven
distribution of the ice Sots. The video record of the test shows
slightly larger floes in front of Support 2 compared to Support
1 in tins phase of the test For the next 30 seconds, the bulb is
compacted and the areal extension is slightly decreased. During
this period, the force on Support 1 fluctuates with an average
value of 25 N. In the next sequence (90 to 120 seconds) rafting
occurred and die average nibble layer thickness was visually
estimated to be 60 mm. In die beginning of this sequence, the
ice collapsed in from of Support I. A corresponding drop in
force is found in Figure 4 whereafter the force increases
steadily for die next 80 seconds. The compaction throughout
this period lead to several failures in the rubble and ice was
snipped off along slip lines. The minimum areal extent of die
bow appears after 180 seconds. This is also reflected in Figure
4 with a corresponding minimum force intinspart of die run at
182 seconds. The average rubble layer thickness at this moment
is estimated to 90 nun. The major trend for me period 180 to
240 seconds is a rise in die force due to pushing of die ice mass
towards the end wall of the basin. Drops in me force are also
experienced in this sequence due to collapse in the rubble.
3 3 Presentation of Results
The data logging provided records from the whole run for each
test In general, about the first fifth of each run was spent in
establishing the false bow of ice. Typically in the last quarter of
die run, the ice bulb pushed against the end wall of die basin
and measurements from this last sequence do not therefore
represent correct boundary conditions. Hence die central third
of the time-series records were used to compute Average forces
and angles.
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Ia addition eo tb» MR musts. T t t k I ak» g)v« * • ««ceattrie
cbaracwristics of dH U t let tow. T l * was dattftmaad by
«««tag tb* videos. Tb» vakn» la lb» obl* corratpood to lb»
nmral third of «aen u n . la tb» n o k . A, rtinnw Iht t n t lo
U» wiur ptooi of ib» ttkt bow « d P, k ti» pcfBBMtr l o f i b
lo from of tot boon ( U . odudiof lb* contact length of ib*
lc*boom>. Tabu 2 conniai lb» awag* too» value» from tb»
(ull u n program. Now ibn ibon v a n » lodud* tb»
bydfodyounic dng on tb* boom.
The frc«z»-booding bat a larg» infharan on lb» toad on lb»
boom. It induces cohesion between tb» i n fragments giving »
«iff ice mimi wbkb increases lb» load. Tb» prenta titt» «bow
a panera of i n nibble accumnlstJon «od forn» oa tb» boom
which are Influenced by cohesion in Ibs nibbl» and pouibly
nibble m composition. Tb» aroirnulsted rubbi» (false bow) il
significantly more bultMbaped tban scnirrmlitlons observed In
nature when pack ice is trapped by obstacles in tb» i n flow
(Dunbar and Weeks 197S; Sodbl and Weeks 1978; PiUdngtoo et
aL 1986). Tbe average base angle * for all tests is
apprasimately 9V . This angle is substantially steeper than
normally observed in nature. It indicates a high cohesion in toe
accumulated ice rubble, or possibly the presenn of surfan
tension. Tbe latter assumption is supported by a tendency of
increased base angle with increasing porosity of tbe false bow.
It was judged that tbe sioVwalls of tbe i n tank did not affect
tbe results. In general, tbere is a tendency of decreased base
angle with increasing compaction of tbe false bow.
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Figure 4.
Load-time traces for Test #6. Note the
appreciable increase in the load as the nibble pushes against
the end wall of the xnk. The statistics of the data in Table 2 do
not include this portion of the test
Figure 5 shows tbe average force acting an die boom along the
x-axis (longitudinal direction of the basin) versus the spacing
between the supports (i.e., n, the boom width) for both test
speeds. Further, tbe tests where freeze-bonding was visually
observed (Table 1) are also indicated. As expected, the test with
the ad-freeze ice produced higher loads. However, within the
same type of ice rubble, mere is no clear trend on speed or
boom width. This is somewhat surprising, since it may be
expected that the loads should increase with both speed and
boom width. However, in the present test program, the range
of variation of these parameters is relatively small.
Figure 6 shows the average force acting on the boom versus
areal extent of die ice bow for various ice concentrations. For
the same ice concentration, (C, = l.ø), the areal extent of the
ice bow is larger when freeze-bonding is present Further,
Figure 6 shows that, with decreasing ice concentration, there is
a larger areal extensioa

Figure 2.

Tune history of the false bow for Test #6.

Figure 7 shows the influence of ice concentrations on the load
on the boom. There is a clear, strong trend of decreasing load
with lower ice concentration.
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4. AFMJCATrON
DettecrJag let aparta» of a spin sue would east the
appMcertna of ccevinrlonal oil spOl recover» rjmemi inch at oil
€ H — t * aad booms. This may be obtained in broken ice
cortdrrina» by deployiag a flaxjoic boom upstream of the spill
tile where each «ad of the boom k> itudMd to a towing vessel.
To be ttailbla. the concept recjuiiet a towing capacity of tba
vettelt ttceertag the result» forces oo the boom. An
eveiuarionofu^featlbu^ctncediMrmli^byicaliagoflo»
model urn results.

• e o n SPICING

la)

Figures.
Averageforceoa lbs boom versus boon width for
two speeds. Toe open symbols coucspoud to tests with a high
degree of freexe-booding (see ten for details).

Tba results of the physical model (re) u t o in ice may be scaled
to nur-tcaie (p) values by the theory of geometric similarity (tee
e * . Timco WW). This similarity is satisfied when every
dimension of the model is equal to a constant (A) times die
ccfrtsporidiiig linear dlmrmkra of the full-scale (L, • i LJ.
With tba relatively kr* speeds of the present tests, the viscous
forces are relatively low, and the inerual and gravitational
forces predominate. Thus. Fronde scaling will be used for
scaling the results. In Froude scaling, the linear dimensions are
scaled by the geometric scale factor A, the forces are scaled
by A , and tba speeds are scaled by A*. The application of
Froude scaling fn this case assumes that the bulk properties of
the ice rubble scales properly.
1
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'AISE 1 0 1 A l l *

Consider, for example the sioiariori in the Barents Sea where
the thickness of first year ice is typically OJ to IJ m (Laset et
i l 1989; Jensen and Level 1989). In the present tests, the ice
boom collected ice of 31 mm thickness. Using an average value
for the ice thickness, a linear scale factor (A) would be 32.
Then, with ihis scale factor, typical full-scale floe sizes would be
3.2 m wide. This is reasonable for me Barents Sea marginal ice
zone (Korsnes 1988; Loset et al. 1989). At a scale factor of 32.
the width of the boom, in full-scale, would be 88 m. If the fullscale configuration consists of a boom dragged by two vessels,
this spacing seems reasonable. For the present tests, with a
speed of 50 mnvs' . average boom loads were typically 55 N, 32
N and 14 N for C, - 1.0,0.8 and 05, respectively. With a scale
factor of 32. these loads scale up by a factor of (32 ) to 1.8 MN,
1.0 MN and OS MN for ice concentrations of 1.0, 0.8 and 0.5,
respectively. At hill scale, the speed would scale IO
approximately OJ m-s' (0.5 la)

(•*>

1

Figure 6.
Average force on toe boom versus toe average
areal extent of die false ice bow in the water plane. Hie open
symbols correspond to tests with a high degree of freezebonding between tile ice pieces.

J

1

The scaled model results can be used to provide guidance on
the suitability of this system. Consider, for example, two anchor
handling vessels supporting a boom to collect ice. The scaled
results indicate that with a spacing between vessels of 88 m,
with a relative speed of 0-3 m-s"' (OJ kt), the loads exerted on
the boom may range up to 1.8 MN. Assuming a typical handling
capacity of each vessel of 300-450 kN, it would seem that the
loads would be too high for the vessels if the sea had a full
concentration of ice. The vessels could handle ice in
concentrations up to approximately SO % coverage.
Although the scaled results in this case indicate loads too high
for the vessels if there is a full ice cover concentration, there is
no reason for pessimism at this stage. It should be borne in
mind, for example, that the loads used in this calculation
represent high (conservative) loads, due to a number of reasons.
The towing force of the flexible boom, when applied for ice

ICE CONCENTRATION

Figure 7.
Average force on the boom versus ice
concentration for tests with no freeze-bonding. The force
includes components from both the ice load and the
nydrodynamic load.
294
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management It mainly influenced by Ul* boom width and shape.
m concentration, i n field competition and drift i p u d
Adjusmcaa a n b* made to ike boom p t n a t t t n 10 M a i dw
loadi into > mora reasonable ruga. Funbtr, « t n t may
penetrate substantially into OH M Z (Squire tad Moon 1M0).
la full-scale, penurbetioosfromwaves agd shifting current and
wind would probably diminish lb* a u a of ihe fab* bow.
Consequently a reduction in dw load on the boom could be
expected.
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5.0 SUMMARY
The present tens and calculation represents a preliminary
investigation into the concept of using a flexible boom for
collecting ice upstream of an oil MOW*OUL The tests and
calculations clearly sbow that this is a complex problem. A
considerable amount of research is required in order to
evaluate fully this concept, fnfonnation is required ai different
scale factors, different speeds and different ice conditions and
concentrations. Further, the influence of currents and waves
need to be explored. The present tests indicate that, in
principle, the use of a flexible boom for collecting ice in oilinfested waters is feasible.
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CHAPTER 7.
DISCRETE ELEMENT MODELLING OF A BROKEN
ICE FIELD - PART I: MODEL DEVELOPMENT

Publication reference: Løset, S. (1993): Discrete Element Modelling of u Broken Ice Field Part I: Model Development, to appear in Cold Regions Science and Technology.
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DISCRETE ELEMENT MODELLING OF A BROKEN ICE FIELD •
PART I: MODEL DEVELOPMENT

Sveinung Lesei
SINTEF Norwegian Hydrotechnicat Laboratory
Trondheim, Norway

ABSTRACT
This paper describes a two-dimensional discrete element model which simulates the dynamics
and interaction forces between distinct ice floes in a broken ice field. The ensemble of ice
floes, is modelled as a granular material consisting of circular discs of different diameters,
constrained in a domain with displacement controlled or periodic boundaries. The dynamic
behaviour of the ensemble is determined by calculating the motion of the individual discs
caused by interaction forces and body forcing (shear forces from air and water drag, surface
tilt and Coriolis forcing). The interaction forces arise either directly from contacts between
adjacent discs or by squeezing of brash ice which may be present between the distinct floes.
Multiple contacts between discs are allowed and a visco-elastic-plastic rheology is applied
at contacts A computer algorithm is developed by which a cell structure is used to quickly
identify neighbouring discs in the domain.

NOTATION
Symbols:
x = (x,y)
t
d

"5F"'
<>

x = (u,v)
0)

R
h
n,t
h,i

Cartesian coordinates;
time;
time derivative;
average;
x- and y- velocity components;
angular position;
disc radius;
disc thickness;
normal and tangential unit vectors;
displacement rates in normal and tangential directions;
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angle between the contact normal n and the x- axis;
D
centre distance between two discs;
F
force;
m
mass of disc;
C
coefficient;
/
moment of inertia about a vertical axis;
k.K
spring constant or viscous damping coefficient;
u
friction coefficient;
c
uniaxial compressive strength of ice;
L
contact width betwee.i discs;
a
shortest side length of a cell;
N
total number of discs;
NCELL
total number of cells;
/
cell number;
ICELL
cell number of a disc;
CELLNOO array correlating cell and disc number;
DISCNOi.) array correlating disc and cell number,
Indices:

>J
0
P
nj

m
b
r
s,v
min .max
c

arbitrary disc numbers;
initial;
time step;
normal, tangential directions;
mass;
body forcing;
remote contact forcing;
spring, viscous;
minimum, maximum;
contact.
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1. INTRODUCTION
The rheology of sea ice has been modelled in a number of ways. Nansen (1902) observed the
drift of ice in the arctic ocean and suggested a free-drift rheology (no ice stress). A first
attempt to include ice stress was made by Sverdrup (1928) who accounted for the ice stress
by assuming an ice-ice interaction force being proportional to the drift velocity. Along with
an increasing interest in forecasting drift of pack ice and location of the ice edge in the Arctic,
several numerical models were developed. Most of these models operate on a regional scale
with the ice rheology being viewed as a two-dimensional, isotropic and solid continuum (Coon
and Pritchard, 1979; Hibler, 1979: Colony and Rothrock, 1980). Rrcendy the complexity of
these models has increased by coupling ice and ocean behaviour (Hibler and Bryan, 1987;
Mellor and Kantha, 1989; Ikeda, 1991; Riedling and Preller, 1991). Several of these models
break the sea ice model into the following major components; a momentum balance, ice
rheology, ice thickness and concentration distribution, ice strength, and an air-ice-ocean heat
balance (Riedling and Preller, 1991).
The best resolution of these solid continuum models is typically 20-25 km. Hence a different
approach must be taken when the dynamics of a broken ice field is required on a small-scale
level (< 20 km). An alternative to the solid continuum based rheology of these models is to
apply a granular theory when describing the constitutive laws of broken ice fields. The latter
approach is particularly applicable to broken ice fields which are often dominant in the
marginal ice zone, MI2 (Wadhams, 1980; Shen, Hibler and Lepparanta, 1986; Korsnes, 1991).
In granular theory the material is viewed as a discrete system of particles. There are two basic
techniques used for the numerical simulation of the behaviour of granular assemblies: rigid
particle and soft panicle models (Babic, Shen and Shen, 1990). In rigid-panicle models
collisions are assumed to be instantaneous while the soft particle approach requires collisions
to be of finite duration. The first discrete element model with the soft-particle approach .as
developed by Cundall and Strack (1979). More recently finite element formulations are used
in contact-impact problems with stick-slip phenomena (Oldenburg and HSggblad, 1992).
The present model applies the soft particle approach to an ensemble of circular discs. The
model assumes contact forces to arise either from finite duration of disc deformation (overlap),
rolling and sliding or from 'remote contact forces' caused by squeezing of brash ice which
may be present between the distinct floes. Brash ice is commonly observed in the MIZ and
is either frazil ice forming during freeze-up or rudiments from fracturing and colliding floes
caused by wave agitation (Løset, 1991).
The paper will start by describing the model, contact conditions, governing equations and
numerical solution. Examples on application of the model is given in a separate paper,
'Discrete Element Modelling of a Broken Ice Field - Pan II: Simulation of Ice Loads on a
Boom'.
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2. KINEMATICS AND MOMENTUM BALANCE
A broken ice field is treated as an ensemble of discs (fragments) constrained in a domain with
displacement controlled or periodic boundaries. Brash ice may be present at the free water
surface and it is viewed as a viscous fluid. The discs are allowed to translate and rotate and
may interact with other discs or the domain boundaries. The discs are considered to be soft
particles with finite stiffness. Other disc properties which are required as input to the model,
are: radius, thickness, ice density and friction coefficients.
Presence of brash ice is treated by including a weak interaction force prior to contact between
the discs. The deformation of a disc is represented as a small overlap. Multiple contacts
between discs are allowed.

2.1. Kinematics
Using a rectangular Cartesian coordinate system, two discs in contact are labelled i and j
as shown in Figure 1. The centre coordinates of disc i are jr -Cx ,y ) , the angular velocity
is ti>, (taken positive in the counterclock direction) and the radius is R .
i

j

i

i

Figure 1. Sketch showing contact between discs i and/.

The normal and tangential unit vectors at the point of contact between discs i and j are
defined by the relation
(cos6,sin6)
t - (-sin6,cos9)

(1)

*

no
where O -|jr -xJ is the instantaneous centre distance between discs i and j .The relative
velocity at the point of contact is given by
v

;

and the relative displacement rates in normal A and tangential ( directions are the
projections of i onto n and I , respectively
tj

h - i^-n
(3)

i- V

2.2. Balance of momentum
A positive relative displacement rate means approaching discs. The body force comprises
shear forces from air and water drag, surface tilt and Coriolis forcing. The body force i.>
regarded as 'one way'; movements of the disc ensemble has no effect on e.g. the surface
current. The balancing of the body force, the contact forcing and the remote forcing of disc
i , may be written as
m

F

i*i - £ * " » • * Y . i ,

/A-£7" *£F
w

b

(4a)

j*i

b

l / r

«,

(4b)

j*i

where m - m (l +CJ and m is the mass of disc i . C is added mass coefficient,/?,
is radius of disc i and /, is the moment of inertia about a vertical axis.
The first term on the right-hand side of Eq. (4b) represents only the viscous resisting torque
arising from the bottom water shear stress due to the spin of the disc. The second term com
prises torques caused by contacts between discs or disc-boundary. Numerical integration of
Eq. (4b) is used to compute the angular position of disc i . The appendix gives a more
thorough description of the different terms in Eqs. (4a) and (4b).
i

0l

oi

m

2.3. Contact forces
The interaction contact force model (rheology) is shown in Figure 2. Brash ice is commonly
observed in the MIZ and is either frazil ice forming during freeze-up or rudiments from
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fracturing and colliding floes caused by wave agitation (Loset, 1991).

I yielding

V-L WM—'
_022_
It,.

Figure 2. Disc interaction force model.

At air temperatures well below freezing the brash ice may act as freeze-bonds between
separate ice floes and a 'remote contact force' may arise. This force is regarded as a viscous
force acting only in compression ( i,y>0 ) and is represented by a dash-pot ( p denotes the
current rime step)
F"

(5)

-Ichh"

where h is the disc thickness and *„ is the viscous damping coefficient. This force, F„'
is assumed to act when
*,.+*,. < D? <

R.fiUCJ+Rp+CJ

(6)

where C is a coefficient representing presence of brash ice or freeze-bonding between the
discs. Upon direct contact and overlap between discs i and j ( D? i Æ, +S ), an interaction force will arise which in the normal direction is modelled as a linear visco-elastic force
represented by a dash-pot and a spring (linear spring and viscous coefficients). The elastic part
of the direct contact force is calculated from the contact width between discs i and ; . The
chord of overlap ( L~ ) in case of contact, becomes
r

(7)

AD-r
Hence the normal component ( FJ ) of the contact force on disc t , reads
F$ - -k„hL>

- k hh'
m

W

where A„ , *„„ are the spring constant and the viscous damping coefficient, respectively. The
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magnitude of Fjl is controlled by a plastic limit expressed as

where a is taken to be uniaxial compressive strength of ice. The tangential component ( F f )
of the contact force is treated as elastic-plastic. F' is expressed as
t

f

F>--k ht to

«I»)

u

where k is the tangential spring constant. In cases of slip along the contact, F' is
expressed by a Coulomb type friction given by
a

FS - -sig (lF^j")Vi

<«>

n

p

where sign(.\F^\,i ) assigns the sign of / ' to \F£\ and (i is the disc-disc or disc
boundary friction coefficient. The contact forces in Eqs. (4a) and (4b) are in turn derived from
the projection of the forces in Eqs. (5) - (II) onto the x - and y -axes.

2.4. Numerical integration
To solve the differential equations of motion numerically, the model applies an explicit central
difference mediod (two-step method). The method requires a specification of die initial
velocities *,-,<&,• and positions x'.co, • Based on forces and torque from time step p , the
velocities are computed at time step p+l as follows

*

J*

(12)

1

«f -tf + toUZTu + EFftRfflf
j*i

b

The position and angular position also at time step p+l are given by
A j

2

* r - *? • A»*? • i ( ) [ ( E
z

1

f

+

»

/»'

2

(flf - «f AMD? + I(A») [(E7+

E^/

w

+
W

(13)

E'V'W

A loop containing Eqs. (12) and (13) is executed for all i - 1 , N discs before new forces and
torque at time step p+2 are computed with the p+l velocities and positions. The local
discretization error with the two-step method is of order O((A0 ) . The selection of time step At
is essential both for the computational accuracy and the numerical stability.
2

CHAPTER 7 Discrete element modelling of a broken Ice field • part I....

113

2 J . Dissipation of energy and contact lime

A displacement controlled boundary affects the energy conservation of the ensemble. In order
to preserve stability the displacement controlled boundary should not increase the kinetic
energy. Note that this condidon cannot be established at the beginning of the problem since
such a constraint depends on the velocities at the time of impact. This corresponds to requiring
that the coefficient of restitution ( e ) does not exceed 1.0 { e is defined as the ratio between
relative velocity before and after impact of two discs, e = 0 means plastic impact). The
dissipation of energy is maintained through the viscous damping and these requirements
constraint the elastic and viscous contribution to the normal contact forces. A reformulation
of Babic's (1988) theoretical relationship between the normal damping coefficient and the
coefficient of restitution in case of binary collisions, gives arise to the following relationship
between the coefficient of restitution, spring constant, viscous damping coefficient and the
mass of discs m
IT*2

In * -

2

""

(W)

where K^-hk^ and K„,-hk . Equation (14) is valid only for collisions where the discs
come apart (the right hand-side of Eq. (14) is then positive). The interaction time ( t ) in a
binary collision is given in a similar way as
m

e

K
2

*«w,
m

2

'n e

„w

( 1 S )

Using Eqs. (14) and (15) as an approximation for the multiple contact problem of disc-disc
interaction of the present model, it is seen that the average contact time is a function of the
spring constant, viscous damping coefficient and the average disc mass (average contact time
and mass since the ensemble is non-uniform). The contact time is independent of the impact
velocity. Using the minimum disc mass in Eqs. (14) and (15), gives the maximum restitution
coefficient and minimum contact time of the ensemble, respectively.

3. CELL STRUCTURE ANO LOCATION OF DISCS
With a large number of discs the discrete element method requires an efficient computer
algorithm. This is done by using a cell structure to identify neighbouring discs. This method
is analogous to the technique used by Belytschko and Lin (1987) for finite element analysis.
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The cells are squares with their edges parallel to (he global x - and y - coordinates (Figure
3). A different sort of nearest neighbouring list is also used by Hopkins and Hibler (1991),
and Savage (1992).

<ww
Gridboundaiy

NCELL„

Figure 3. Disc domain and cell structure.
The location of disc i with centre coordinates ( x^ ) is computed in two steps. First the
integer cell numbers in the x - and y - directions are computed by
l -NCELL *Kx )/(x„
/ , - NCELL .l(y y Jto -y Jl
x

x

rXmin

y

r

a

mu

+l

w

(16)

where x
and x „ ate the x -coordinates of the extreme points of the cell domain and NCELL
is the number of cells in the x -direction; the definitions of the terms in y -direction ire
analogous. The dimensions of the cell domain should slightly exceed the dimensions of the
ice domain to enable inclusions of discs located on the boundary.
The cells are then used to compute the cell number of the disc, ICELL , as follows: If the disc
is outside the cell domain, the cell number is set to zero, i. e.
mjn

m

X

ICELL - 0 ; I <\
l <l
x

y

Otherwise, ICELL is computed by

V l >NCELL
V l >NCELL
z

x

y

y

(17)
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t
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< W)

The cell number of disc / is stored in an array CELLNOU) and the disc number, t . is
stored in the two-dimensional array DISCNOUCELL, J) where J is the fint vacant element
of the actual row ICELL . The number of occupied elements in one row corresponds to the
number of discs in the same cell. Depending on the cell dimension and disc size distribution,
each cell will contain only a few discs. If a denotes the shortest side length of a cell and
R^ is the maximum disc radius in the ensemble, the ratio aflR^i I+C} should be chosen
so that
> 1

<19)

With this ratio it is sufficient to scan only eight adjacent cells to the current cell of a disc
when identifying possible disc contacts (Figure 3). In most cases it is beneficial to choose the
ratio just slightly above 1. The current cell may contain several discs. Hence this cell does
also have to be scanned for possible discs contacts. With this procedure the computational
rime for a single time step is approximately proportional to the number of discs, N , instead
of iV(iV-l)/2 when no nearest neighbouring list is used.

4. COMPUTATIONAL PROCEDURE
The disc ensemble (ice domain) is controlled by four straight walls. These walls can be fixed
or allowed to move at prescribed speeds. One section in one of the walls is allowed to
translate separately from the other walls and the average load from the disc ensemble exerted
on this section can be monitored. After specifying the initial conditions (ice dom'in
dimensions, ice concentration, disc radius, initial positions and velocities of all discs), the
following procedures are carried out for each time step
1)
2)
3)
4)
5)
6)

Deerniine current cell locations of all discs and update CELLNOU) and DISCNOUCELL, i)
for those discs which have moved into other cells
Identify neighbouring cells, calculate centre distances and then scan for possible disc
contacts with adjacent discs or boundaries
Compute normal, tangential and relative velocities at points of contacts
Compute body forces, select the appropriate rheology and calculate force components
After completing items l)-4) for all discs, the individual accelerations are determined
from the equations of motions
Accelerations are then integrated to find the new velocities, and the old velocities are
integrated to obtain the new positions.

116

In case of periodic boundary conditions the dues leaving the ice domain are re-introduced on
the opposite boundary with their momentum. In addition to the identification procedure of
interacting discs, the efficiency of the present algorithm hinges strongly on the time step used
in the explicit time integration. In cases of low ice concentration it might uke some time
before disc-disc or disc-boundary interaction appears. In such cases the model increases the
time step At to a prescribed level. In a similar way the time step is reduced after the first
contact is identified. This is done in such a way that integration starts from all disc positions
before contact with the reduced time step. With specified initial and boundary conditions these
procedures describe the motion of the discs.

5. SUMMARY AND CONCLUSIONS
The present generic model simulates the dynamics and interaction forces between discrete ice
floes in a broken ice field on different scales. The ensemble of ice floes is treated as a
granular material consisting of circular discs of different diameters. The dynamic behaviour
of the ensemble is determined by calculating the motion of the individual discs caused by
interaction forces and body forcing (shear forces from air- and water-drag, surface tilt and
Coriolis forcing). Important features of the model, are:
1)
2)

3)
4)

5)

The present model applies a soft particle approach to an ensemble of circular discs.
The model assumes contact forces to arise either from finite duration of disc deforma
tion (overlap), rolling and sliding or from 'remote contact forces' caused by squeezing
of brash ice which may be present between the distinct floes.
A cell structure (grid) is adopted which subdivides the interaction domain into smaller
cells.
The cell structure quickly identifies neighbouring discs of which contacts and thereby
interactions forces are computed. With this procedure the computational time for a
single time step is approximately proportional to the number of discs.
The discrete element model is two-dimensional and can hence not reflect rafting of a
broken ice sheet.
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APPENDIX. Equations of motion
Within the framework of classical mechanics, a Newtonian formuladon leads to differential
equations of motion in translation and rotation (each disc has three degrees of freedom), and
one obtains die static as well as the dynamic properties of the ensemble. For an individual
disc, Eq. (4a) reads
du
+

,,

p«C.Al»w-«iK w-«i> - ""o;*^

+

F

11 „

where
A,
area of disc i ;
/
Coriolis parameter (/-1.45-10" sin(LA7) s"' );
LAT geographic latitude;
k
unit vector normal to the surface;
«.
ice velocity vector,
u^UfV);
u
wind velocity vector, ji -(u ,v ) ;
u
current velocity vector, u -(u„,v„) ;
C„
air drag coefficient, p„-1.27itg/m
C„
water drag coefficient, p -\02SkgJm ;
g
acceleration due to gravity, g-9.81 mAs ;
V
gradient operator;
C,
dynamic height of the sea surface.
4

a

a

a

w

0

w

3

3

w

2

Assume the viscous resisting torque of water acting on an annular element of the disc can be
approximated as
2

<iT - p„C K<b r) 27trrfr
bi

w

i

(A.2)

Integration of Eq. (A.2) and inclusion of the angular momentum in Eq. (A.l), the equations
of motion take the form
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du

dv

at

(AJ)

jti

D

where l -—m R? is the moment of inertia about a vertical axis. For a circular disc the added
mass is not included in the calculation of the moment of inertia, and we have also assumed
that the air and water drag as well as the Coriolis force act through the centre of the disc and
do hence not contribute to the torque on the disc.
The wind, u -(.u ,vj , should be specified as surface wind (10 m value) with direction
given relative to the north. In cases where geostrophic wind u -(u ,v ) is used, the turning
angle 4> should be specified. The transformation to surface wind may be expressed as
t

a

a

a

ag

cosø -sinø
sinø

af

ag

(A.4)

cosø

where K= 2/3 is the windreductionfactor. The ocean current is specified in a similar manner
and also transformed according to Eq. (A A'I •••ith a turning angle \ when geostrophic current
is used.
With respect to the dominant compor
. momentum balance, Eq. (A.l), the air and
water stresses are typically in the order
Nlm . Since the Coriolis term is proportional
to the mass, it is negligible for small-scale conditions. However, for a disc 50 m across, 1 m
thick and drifting at 0.2 mis at 70 ° latitude, the Coriolis term yields a stress in the range
of 0.05 Nlm . The surface tilt term might be in the order of the Coriolis term, but is
normally less (Hibier, 1984).
2

2
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DISCRETE ELEMENT MODELLING OF A BROKEN ICE FIELD • PART II:
SIMULATION OF ICE LOADS ON A BOOM

Sveinung Løset
SINTEF Norwegian Hydrotechnical Laboratory
Trondheim, Norway

ABSTRACT
A two-dimensional discrete element model which simulates the dynamics and interaction forces
between individual ice floes in a broken ice field has been described in the paper 'Discrete
Element Modelling of a Broken Ice Field - Part I: Model Development'. The present paper
elaborates on the application of this model to two examples. The first example presents a
simulation of the loads exerted on a boom when it is pulled through a broken ice sheet. This
example refers to small-scale tests, in which the kinematic behaviour and calculated loads are
compared with, and calibrated against, tests with such a boom in the ice tank at the National
Research Council Canada (NRC, Ottawa). The second example, utilizing the calibration from
the small-scale testing, studies the full-scale interaction between a broken ice field and the
boom. For an ice thickness of 0.66 m and at a speed of 0.22 mis , the average loads on a
100 m wide boom were 20 kN and 60 kN for an ice concentration of 0.4 and 0.6,
respectively. The values of the parameters in the visco-elastic-plastic rheology (linear spring
constant, viscous damping coefficient and friction coefficient) appeared to have marginal
influence on the load exerted on the boom. The average load increases with increasing ice
concentration, ice thickness, boom speed and boom width. Keeping the ice concentration, ice
thickness and boom speed fixed, the average load on the boom is proportional to the boom
width. Scaling the velocity and the linear dimensions from the laboratory scale to full-scale
by Froude's law, the numerical results gave a scaling of the average boom load by the
geometric scale factor ( X ) to the power of 2.9.
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NOTATION

* = (x,y)
t

<>
R
h
F
C
k
" •

P{R)
N

n.w.s
\
«.P

Cartesian coordinates;
time;
average;
disc radius;
disc thickness;
force;
coefficient or ice concentration;
spring constant;
friction coefficient;
probability density distribution;
total number of discs;
boom width, length and slackness;
geometric scale factor,
curve fitting parameters.

Indices:
n,t
m
P
r
s,v
c
min.max

normal, tangential directions;
mass or small-scale;
full-scale;
remote contact forcing;
spring, viscous;
contact;
minimum, maximum.
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I. INTRODUCTION
In a series of cursory investigations in the ice tank at the National Research Council Canada
(NRC, Ottawa), Loset and Timco (1992) studied the forces exerted on a flexible boom when
it was towed against a broken ice sheet. Their investigation was motivated by the problems
a floating ice sheet can create when drilling or producing oil and gas in waters such as the
marginal ice zone (MIZ) in the Barents Sea. One particular problem may arise if an oil spill
or blow-out occurs. Oil spill response techniques are vulnerable to the presence of sea ice.
However, if the ice upstream of the spill site could be deflected, conventional oil spill
recovery systems may then be used for the cleanup. These preliminary tests were followed by
a more comprehensive test programme (Timco and Gagnon, 1992).
The two-dimensional discrete element model described in 'Discrete Element Modelling of a
Broken Ice Field - Pan I: Model Development', applies the soft-panicle approach to an
ensemble of circular discs. The model assumes that contact forces arise either from finite
duration of disc deformation (overlap), rolling and sliding or from 'remote contact forces'
caused by squeezing of brash ice which may be present between the distinct floes. The
interaction forces in the normal direction are modelled as a linear visco-elastic force limited
by yielding (plastic limit).
Even though several models utilize the discrete approach to model the behaviour of broken
ice fields (Shen, Hibler and Lepparanta, 1986; Lu, Larsen and Tryde, 1989; Savage, 1992),
calibration data are scanty and our knowledge of the floe-floe interaction process is quite
recent (Sayed and Daley, 1993). Hence the present paper elaborates on results obtained by the
numerical model and the calibration against one of the experiments carried out by Timco and
Gagnon (1992).
This first example (Example 1) is followed by a study of full-scale interaction between a
broken ice field and the boom (Example ?•). Effects of including remote contact forces and
examples of modelling the dynamics of ice floes in the MIZ using the discrete element model
will be given in another paper.

2. LABORATORY TESTING
The purpose of the laboratory investigation was to measure the loads exerted on the flexible
boom for different boom widths, ice concentrations and ice thicknesses, and to study the open
water wake behind the boom.

*
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2.1. Experimental set-up

The experiments were conducted in the ice tank at NRC (Ottawa). Figure 1 shows the
principal set-up for these tests which are more thoroughly described in Løset and Timco
(1992), and Timco and Gagnon (1992).

Figure 1. General view of the experinental set-up.

The length of the flexible boom ( W ) and the spacing ( r| ) between the two supports (Figure
1) is related to the boom slackness ( 5 ) by the following equation

s-i-(J)L)
w

(i)

Two six-component dynamometers were used to support the boom. In this way, the force
components on each end of the boom were measured. The force in the y -direction was
approximately the same on each support. In the x -direction, the loads on each support were
approximately equal, but opposite in sign. Thus, on average, the load in the x -direction was
zero. The vertical force ( z -direction) on the boom was zero for all tests. Typical time-series
plots of loads exerted on the boom have been reported by Løset and Timco (1992).
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2.2. Experimental results
The comprehensive series of tests performed by Timco and Gagnon (1992) covered a wide
range of ice concentrations, ice thicknesses and boom widths. They used an open-meshed
moulded plastic boom to minimize viscous water drag.
Figure 2 shows one data set from Timco and Gagnon's test programme. The figure displays
the average load on the boom versus ice concentration for boom widths of I m , 2 m and
3 m (for simplicity, 'average load' is denoted 'load' in the text hereafter). The increase in
load with boom width is evident. For ice concentrations of up to 0.8 and at a constant ice
thickness, boom speed and boom width, the load appeared to be almost linearly dependent on
the ice concentration.
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Figure 2. Average ice load on the boom against ice concentration lor boom widths of1m,2m and 3 m.
The ice thickness is 0.02 m.
The tests reported in Figure 2 were all carried out at a speed of 0.04 mis , with an ice
thickness of 0.02 m and a boom slackness of 0.2. The values in Figure 2 are not corrected
for viscous water drag on the boom and its support. To estimate this water drag, the boom was
towed at a speed of 0.04 mis without any ice in the tank. The water drag was measured at
0.3 N , 0.8 N and 1.1 N for boom widths of 1 m , 2 m and 3 m , respectively.
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3. SOME COMPUTATIONAL RESULTS
3.1. Input data
The first example (Example 1) presents calculations of the loads exerted on a straight, rigid
boom when it is pulled through a cover of circular ice floes (discs) in laboratory scale. The
second example (Example 2) is similar to the first one, but at full-scale. In both cases the disc
radii are assumed to have a uniform probability density distribution, i.e.
P(R) -

1
R

-R

m«

<R> -

min

(2)

jR-P(R)dR

The numbers of discs are calculated from ice concentration and the actual disc radii (Eq. (2».
The discs are initially placed in bands parallel to the boom (uniform radii in each band).
Froude scaling was used to scale the dimensions from laboratory to full-scale (Table 1).
Froude's law scales correctly gravity and inertia forces as well as viscous forces at high
Reynolds numbers. By this scaling, the linear dimensions and pressures scale by the geometric
scale factor \ , areas scale by X and time and velocities scale by \
(Timco, 1984).
Forces scale from small-scale ( m ) to full-scale ( p ) according to
2

, n

( 3 )

F. " ^
p

m

Table 1 contains the input data which are held constant in each of the two examples.
Table 1. Constant input data of Examples 1 and 2,
*' h = 0.04 m in one case of Example 1.
Parameter

Example 1

Domain width(x) 1 domain lengthty) 7.0 m/14.0 m
Celt length
0.33 m
0.15/n/0.20m
mi» 1 ma
0.02 m
A*>
0.1
cm
o
2.5 MPa
fi

R

Example 2
300m/900m
7.30 m
4.90 m/6.60 m
0.66 m
0.1
2.5 MPa

Accuracy and stability requirements restricted the time step At which was adjusted so that 4^=^120
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where t

c

is an approximation for the minimum contact dme of a disc in the ensemble (Løset,

1993). Each run simulated 60 s (unsealed time) and the load on die boom was reported at a
frequency of 2 Hz. The calculations were performed on a CRAY Y-MP464 computer and
typically required 1 hour of execution time. A list of the numerical runs is given in Table 2.
The first digit in the 'run number' indicates the example number (I or 2).
Table 2. List of runs.

Run

Ice cone.

No. of discs

#

C

N

B o o m width

B o o m speed

(mis)

1

(m)
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

0.60

1.10

0.60

2.1
2.2
2.3
2.4
2.5

0.60
0.40

494
494
494
494
494
570
600
332
494
494

0.60
0.60
0.60
0.60
0.60
0.70
0.75
0.40

1268

854

0.60

1268

0.60

1268

0.60

1268

3.0
2.0
1.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
100
100
50
75
150

0.04
0.04
0.04
0.04
0.08
0.04
0.04
0.04
0.04
0.04
0.22
0.22
0.22
0.22
0.22

3.2. Rheology parameters
The parameters of the visco-elastic-plastic rheology of the numerical model were adjusted in
order to fit the loads and kinematics of the tests reported in Figure 2 (with emphasis on the
3 m boom width test, C = 0.6). The latter test corresponds to Run #1.1 in Table 2.
The model was run with a variety of linear spring constants, viscous damping coefficients and
friction coefficients. The disc-disc, disc-boundary and disc-boom friction coefficients were
5

2

assumed to be equal. Using a spring constant of k^ = 2-I0 Nlm ,
6

coefficient of k

nu

viscous damping

2

= 2-10 Nslm , shear to normal stiffness ratio of /t„/A„ = 0.8, and a

friction coefficient of u = 0.3, gave the qualitatively best reproduction of the kinematics

ø
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observed in the laboratory at the same time as the discrepancy in loads were not exceeding
a factor of 1.4-2. The numerical calculations always turned out to give lower loads than die
laboratory measured loads even though the estimated viscous water drag '&«* subtracted from
the laboratory data. The values of the rheology parameters appeared to have marginal
influence on 'he load exerted on die boom.
Run #1.1 is also used to describe die typical progress and features of a run. Figure 3 a shows
the initial state of this disc ensemble. As can be seen from Figure 3 a. the boom was initially
deployed one fifth up from die lower boundary of die computational domain. This allows
examination of die open water wake mat forms behind die boom. The initial concentration
was 0.6 for this upper area of die domain. Initially the discs were deployed with a small
clearance to the upper boundary to enable observation of confinement at this boundary.
Figures 3 b to 3 d display the disc ensemble after 20 s, 40 s and 60 s of simulation. During
the run, discs accumuladng in front of die boom formed a relatively stationary zone of
compacted discs ('false bow'). While moving forward the false bow set up a sdess of
deflected discs that forms die open water wake behind the boom. Discs may bump into die
false bow and bounce off, thus causing leads to form in the ensemble beside die false bow.
Figure 4 shows die load on the boom versus time for Run #1.1. The first impact of the rigid
boom on the stagnant discs caused a rapid rise in the load. The fluctuations of the load
appearing at a later stage were probably caused by the inertia associated with single discs or
clusters of discs impinging the edge of the false bow.
Unless explicitly stated, the interaction (rheology) parameter values of Table 3 are used in the
simulations.
Table 3. Rheology parameters.

Parameter

Value

*«
*»

2-10 Nslm

V-

V*.

5

2

2-10 N/m
6

0.3
0.8

2
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(a)

(b)

Figure 3. Initial state a) and configuration of the domain after b) 20 sforRun#1.1.
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(c)

Figure 3. (coni.) c) 40 s and d) 60 s for Run #1.1.

(d)
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Figure 4. Average load on the boom versus time tor Run #1.1.

3.3. Presentation of results

Table 4 provides a summary of the numerical results. The runs cover a range of values for
the coefficient of restitution, ice concentration and boom widths. The spring constant ( *„ )
is 1.2-10?Mm for Run #1.4. The coefficient of friction ( n ) is 0.1 for Run #1.9 and the
disc thickness h = 0.04 m for Run #1.10.
The standard deviation from the temporal averaging of the load is indicated by a ± sign. The
relatively high value of the standard deviation in all runs was mainly due to the first rapid rise
in the load figure 4).
1

*
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Table 4. Average lo»d and pressure for each run,
*» *„ = 1.2-lO"Wm : **> \l - 0.1;'"' A = 0.04 m;
± indicates standard deviation.
2

Run

#
1.1
1.2
1.3
1.4'»
1.5
1.6
1.7
1.8
1.9"»
1.10*"'
2.1
2.2
2.3
2.4
2.5

Load
<F>
(AT)

Load/unit boom width
<F>/r\
(N/m)

Pressure
<F>h\h
(N/m )

2.07 ± 2.73
1.31 ± 1.79
0.68 ± 1.15
1.98 ± 2.65
5.30 ± 2.63
3.82 ± 4.06
5.61 ± 4.99
0.69 ±1.51
2.00 ± 2.71
3.94 ± 5.57
60479 ± 13°675
20551 ± 104814
24406 ± 80007
50609 ±111235
100665 ± 201786

0.69
0.66
0.68
0.66
1.77
1.27
1.87
0.23
0.67
1.31
605
206
488
674
671

34.5
33.0
34.0
33.0
88.5
63.5
93.5
11.5
33.5
32.8
917
312
739
1021
1017

1

Loads versus boom width and ice concentration
Figure 5 a shows the load on the boom versus boom width ( r\ ). The load increases linearly
with boom width for the same ice concentration, ice thickness and boom speed
<F> - ail

(4)

A curve fitting to the plot in Figure 5 a assigns a value of 0.68 to a . The load <F> is
plotted versus >ce concentration in Figure 5 b (both linear and semilog plots are displayed).
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(a)

(b)

0.4

0.6

ICE CONCENTRATION

0.8

0.4

0.6

0.8

ICE CONCENTRATION

Figure 5. Average load on the boom versus a) boom width for an ice concentration of 0.6, b) ice
concentration for a boom width of 3 m. The ice thickness is 0.02 m and the boom speed is 0.04
m/s in both a) and b).
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As expected, for a consiant ice thickness and boom speed, the load on the boom increases
with increasing ice concentration. The curve displayed in Figure 5 b is an exponential fit to
the calculated values (marked with empty circles in Figure 5 b) and may be approximated by

- ^

(5)

- (e^-D

<^o>
r

where </ „> = 0.06 N and |J = 6 for the current range of ice concentration.
Effects of velocity and theology parameters
Comparison of Run #1.1 and Run #1.5 shows that the load on the boom is velocity dependent
(Table 4). This indicates that the load is highly affected by momentum transfer from discs
impinging the edge of the false bow. Figure 6 shows the kinematics of Run #1.1 with a
different coefficient of restitution; *„ = 1.2-10 N/m , *„ = 2-10*Nslm (Run #1.4).
Figures 6 a and 6 b display the disc ensemble after 40 s and 60 s of simulation. With the
parameters of Run #1.4, the ensemble appears to have behaved in a slightly more plastic
fashion than in Run #1.1. The false bow is also more compact.
The calculations show that the movement of discs into the open water wake behind the boom
was almost symmetrical. The parameter set of Run #1.1 gives slightly more filling of the
wake compared with the results of Run #1.4.
5

2

2

v

Loads at full-scale
Example 2 refers to a full-scale situation where the input data is derived from using Froude
scaling on the velocity and linear dimensions of Example 1 ( A. = 33). Comparing the loads
in Run #1.1 with Run #2.1, the load scaled by X to the power of 2.94. In a similar fashion
the loads in Run #1.8 compared with the results of Run #2.2, also scaled by X to the power
of 2.95. Comparing the average pressure in Run #1.1 with Run #2.1, the average pressure
scaled by A. . Thus, the numerical results seem to corroborate Froude scaling of the
laboratory data (loads and pressure) to full-scale.
094

Blocking effects
The ratio of boom width to domain width can be expected to affect the boom load per unit
boom width. A wider domain will increase the number of discs and is hence not preferred due
to the resulting increase in calculation time. Runs #2.3-2.5 show that only a very small rise
in average load was observed. The weak blocking effect is demonstrated in Figure 7. The
figure shows load per unit boom width versus ratio of boom width to domain width.
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(a)

<b)

(5^Q GO©

figure 6. Configuration of the domain after a) 40 sand b) 60 s for Run #1.4.
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Figure 7. Average load per unit boom width versus ratio of boom width to domain width. The ice thickness
is 0.02 m and the boom speed is 0.04 m/s. The ice concentration is 0.6.

4. DISCUSSION
4.1. Rheology parameters
The qualitatively best reproduction of the kinematics and loads observed in the laboratory
(Løset and Timco, 1992; Timco and Gagnon, 1992) were obtained by using a spring constant
of k = 2-10 Wm and a viscous damping coefficient of k = 2-10 Ns/m . Increased
elasticity (higher value of Æ„ ) causes higher fluctuation velocities in the ensemble. Again
this sets up a higher dispersive stress in the ensemble which pushes more discs into the open
water wake behind the boom. The movement of discs into the wake is symmetrical and starts
about half a boom width downstream of the boom.
The model has no vortex shedding and no turbulence, so the migration of discs into the wake
is due solely to collisions. In both the laboratory and the field, vortices will form at the ends
of the boom and they will have a rotation that feeds ice-covered water into the wake. Further,
turbulence shifts ice from high concentration areas to low concentration areas and floe
5

lts

2

6

m

2
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collisions set up a dispersive stress pushing floes into the wake.
The discrete element model is two-dimensional and cannot hence reflect rafting of the broken
ice sheet. Rafting of the ice was observed in the laboratory tests within the false bow in front
of the boom (Løset and Timco, 1992). A maximum of three ice thicknesses was observed.
However, with the negligible thickness of the false bow compared with its own plane
extension, the active or passive pressure produced by this bow would be minor (Løset,
Carstens and Jensen, 1991). However, rafting causes a rougher bonom surface of the false
bow. This will increase the viscous water drag and hence the load on the boom.
4.2. Loads

Almost all the tests performed by Løset and Timco (1992) were made with an ice
concentration ( C ) of 1.0. However, one of their tests was performed with an ice concentration of C = 0.5. A load of 14 W was derived for an ice thickness of 0.03 m and at
a speed of 0.05 mis . In comparing this test with the numerical results in Table 4, it is seen
that the numerical calculation gives a lower load.
Løset and Timco (1992) used a closed boom which towed in open water in the basin gave
a drag force of 5 N (at a speed of 0.037 mis ). When subtracting the viscous water drag
from this load, which is probably just slightly different with or without ice in front of the
boom, the load in the direction of towing is about 9 N . Considering the difference in ice
thickness (0.03 m in the basin as against 0.02 m in the numerical model), there is a
discrepancy in load of about a factor of 2.
In comparing the numerical results with those of Timco and Gagnon (1992), it is evident that
the numerical calculations give loads that are typically a factor of 1.4-2 lower than the results
of the laboratory testing. There are a number of reasons for this. The laboratory experiments
will always introduce some scale effects. The probably most important scale effect is the tank
itself with confining side and end walls. Based on observations in the laboratory, the
evaluation is that the side wall friction has negligible effect on the ice forces, while the
normal forces on the end wall may not (Timco and Gagnon, 1992). When studying the rimeseries plots of loads on the boom, it is seen that the end wall effects are quite obvious in
every test after some time and may be non-negligible throughout the entire test.
The present simulations are run with wall friction but additional test runs showed that there
is no significant difference in the boom load when the wall friction is omitted. End effects
of the upper boundary of the domain is avoided by slopping each run after 60 s of simulation
(prior to severe contact with this boundary).
Secondly, freeze-bonding between distinct ice floes makes the broken ice sheet more 'stiff
and substantially increases the false bow and the load on the boom. The numerical calculations are free of any freeze-bonding bias and surface tension forces.
Thirdly, the boom used in the laboratory experiments was flexible and had been rigged with
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a certain degree of slackness. In the numerical model the boom is considered to be a rigid
body. An increase in slackness implies that the boom encloses a 'sack' of ice that hangs in
its wake. This ice is heavily rafted and increases the water drag forces. All these factors result
in increased loads on the boom and may explain most of the discrepancy between the
numerical calculations and the towing tests.
Comparing the loads in small-scale with the full-scale results, the load scaled by a factor of X '
and the average pressure scaled by X . Thus, the numerical results seem to support Froude
scaling of forces and pressures; e.g. Eq. (3).
For the laboratory tests at relatively low boom speeds, the viscous forces of water are also
relatively low and the inertia and gravitational forces will dominate. Thus, Froude scaling
should probably scale velocity and the linear dimensions from laboratory scale to full-scale
fairly well. Assuming that /fc„ and k only reflect properties of the ice (Young's modulus
etc.; fracturing of discs is not considered) these parameters may be scale-invariant. If this
assumption holds the model should be applicable to estimations of loads on the boom at
different scales. The scaling of these quantities is complex and have not yet been fully
explored.
2

09

u

S. CONCLUSIONS
The discrete element model has been used to simulate the dynamics of, and interaction forces
between, discrete ice floes in a broken ice field on different scales. The load exerted on a
boom when it is pulled through a broken ice sheet was studied. The most important results
are as follows:
1)
2)

3)

4)

5)
6)

The numerical ice floe collision simulations supported the laboratory results.
The values of the parameters in the visco-elastic-plastic rheology (linear spring
constant, viscous damping coefficient and friction coefficient) appeared to have only
marginal influence on the load exerted on the boom.
Increased elasticity (higher value of A ) causes higher fluctuation velocities in the
ensemble and floe collisions set up a dispersive stress pushing flees into the open
water wake behind the boom.
For an ice thickness of 0.66 m and at a speed of 0.22 mis , the load on a 100 m
wide boom were 20 kN and 60 kN for an ice concentration of 0.4 and 0.6,
respectively. The load increases with increasing ice concentration, ice thickness, boom
speed and boom width.
Keeping the ice concentration, ice thickness and boom speed fixed, the load on the
boom is proportional to the boom width.
Scaling the velocity and the linear dimensions from laboratory scale to full-scale by
M
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Froude's law, the numerical calculations gave a scaling of the load by the geometric
scale factor X. to the power of 2.9. The average pressure scaled by \ .
M
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NOTATION
Symbols
a

u

surface tension;
oil unit weight;
oil density;
coefficient of viscosity;
oil volume;
slick radius;
angle;
oil film thickness;
average oil velocity;

t

time;

B,*,,^

parameters.

Indices
g
s
v
/

gravity;
surface tension;
viscosity;
final.
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LABORATORY EXPERIMENTS OF OIL SPREADING IN BRASH ICE
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ABSTRACT
Experiments were conducted in an ice basin to examine the behaviour and spreading rates
of oil in brash ice. Sea water was used to grow ice sheets which were broken to produce the
required ice cover. Two types of North Sea crude oils (Gullfaks and Oseberg) as well as
Bunker fuel were used. Oil samples were spilled on the broken ice/slush covers at
approximately constant flow rate. Analysis of the video records gives maximum spill
dimensions, spreading rates, and ratio of the oil covered area to the total area of the spill. The
results show that oil always flowed over the brash ice, and that surface tension plays a more
significant role than viscosity in decreasing oil spreading. Measured slick dimensions were
used to develop empirical expressions for the balance of gravity, surface tension and viscous
forces.

INTRODUCTION
Broken ice fields in areas such as [he marginal ice zone of the Barents Sea consist of distinct
ice floes that can be from a few metres to several hundred metres in diameter (Wadhams,
1980, and Korsnes, 1991). Brash ice often forms between the ice floes. The brash ice consists
of frazil ice that grows during freeze-up as well as rudiments of fracturing and colliding floes.
Oil spilled in such areas is expected to spread primarily in the brash ice and open water
between the floes, since the freeboard of the floes is usually too large compared to oil
thicknesses during most phases of a spill. Therefore, estimating oil spreading rates and
maximum extent of a spill in brash ice is necessary for planning clean-up operations and
assessing the environmental impact.
The behaviour of oil spills in brash ice, however, is poorly understood. The processes of oil
interaction with brash ice are complex, andrelevantdata are very limited. The early laboratory
tests of Metge and Telford (1979) consisted of releasing crude oils under broken ice in a
small tank. The results were qualitative and showed that oil moves to the surface of the slush
and that slush reduces spreading. Afieldtest was also conducted by Ross and Dickens (1987)
which included two spills in brash ice. They observed that spreading rates and maximum slick
areas were much less than the values predicted by the formulas often used for open water
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spills. Recently. Belaskas and Yapa (1991) conducted laboratory experiments of oil spreading
in broken ice. They monitored the spreading of a number of oils in a rectangular 1.2 m x 1.2
m tank. The ice covers consisted of fresh water ice blocks as well as floating plastic blocks.
There has also been a number of review papers that discussed oil spreading in broken ice
(e.g. Spaulding, 1988). Venkatesh et al. (1990) discussed existing data and means of
incorporating them in spill trajectory models. In addition to the above references, the literature
contains studies that do not directly address the present problem but deal with some aspects
of oil interaction with ice. For example, oil spreading in leads was examined by Buist et al.
(1987), and under ice by Yapa and Chowdhury (1991).
The present experiments examine spreading rates and maximum extent of oil spills in brash
ice. Sea water and North Sea crudes as well as Bunker fuel were used in order to produce the
correct values of surface tension and viscosity, which were expected to control spill behaviour.
A relatively large basin was used, which made it possible to study the behaviour of oil slicks
as they approach their maximum extent.

EXPERIMENTAL SET-UP AND PROCEDURES
The experiments were conducted in an ice basin at SINTEF NHL in Trondheim. The basin
is 7.7 m long, 4.7 m wide and 1.2 m deep. Sea water, approximately 24 m , was transported
from a nearby fjord to the basin. Water depth in the basin was 0.65 m. Water salinity was 12
ppt. Ice was grown without seeding the water at temperatures of approximately -10 °C. Room
temperature was raised to 0 °C when the required ice thickness wasreached.Ice strength then
gradually decreased because of the raised temperatures. The ice sheet was manually broken
in order to prepare the required brash ice cover. In the case of small ice thicknesses (up to 20
mm), the ice was usually very weak and broke into "slush" with no distinct ice blocks. For
thicker ice sheets (>25 mm), the brash ice cover consisted of distinct ice blocks with slush
between them. All of the ice covers used in the experiments had no open water areas within
the brash ice.
3

After preparing the ice cover, a grid of markers was placed a few centimetres above ice
surface for a scale. The grid consisted of strings attached to two steel bars at 0.5 m spacings.
The steel bars were in turn mounted on the side walls of the basin. Small tape markers were
then attached to the strings at 0.5 m spacings. Thuj, a 0.5 m x 0.5 m grid was constructed.
This type of grid was used for all oil spills of 4 litre volumes.
Three types of oil were used in the experiments; two North Sea crudes: Gullfaks and
Oseberg, and Bunker fuel IF-30. Properties of these oils are listed in Table !. Oil samples
were kept in an ice bath for several hours prior to testing.
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Table 1
Oil properties;" Viscosity at 0 °C
Type

Viscosity*,
H(Pas)

Surface tension,
a (N/m)

Pour
point

Specific
gravity

CO
Bunker IF-30
Gullfaks
Oseberg

0.026
0.013
0.021

1.240
0.041
0.024

-6
<-34
-24

0.936
0.878
0.853

Temperatures of the oil samples were measured immediately before spilling and were always
between -2 °C and +1 °C. These temperatures are above the pour points (Table 1). For each
test, a 4 litre sample was spilled at approximately constant flow rate. The oil sample was
placed in a cylindrical perspex container of 0.3 m diameter. The container had a valve
controlled orifice that connected to a 3 m long, 20 mm inner diameter flexible hose. At the
end of the hose, a sprinkler with I mm diameter holes was used for Gullfaks crude samples.
The sprinkler was removed when the slower flowing Oseberg crude and Bunker fuel were
tested. The cylindrical container was held at heights between 0.6 m and 1.0 m above ice level.
The container height was gradually raised during oil discharge in order to maintain a nearly
constant flow rate. Oil was discharged only a few millimetres above the ice surface. Smaller
oil samples (less than 4 litres) were poured directly from a beaker, again just over the ice
surface.
Spreading of the 4 litre oil spills was monitored by two video cameras. One camera was
mounted directly over the centre of the spill. That camera provided accurate visual records of
the initial stages of spreading, but slick dimensions usually went out of the camera's range in
the latter stages. The other camera was mounted further away from the spill at an oblique
angle to the vertical direction. That camera had a sufficiently wide range of view to cover the
slicks throughout the tests. The small oil spills were not monitored by the video cameras.
Instead, their dimensions were directly recorded during the tests at several time intervals.
Test runs were chosen in order to examine the dependence of spreading rates and the
maximum extent of a slick on oil volume, oil properties, and ice cover type. A list of all test
parameters is given in Table 2. Spilling time of each sample is listed in the table. For Tests
1 to 4, the ice cover consisted of slush. Ice covers of Tests 5 and 6 consisted of ice blocks
with lengths up to 0.2 m, with slush between them. Ice blocks of Tests 7 and 8 were larger
with lengths of up to 0.45 m. For Test 8, 40% o the ice blocks were removed from the basin.
Slush however, filled all the spaces between the remaining ice blocks, i.e. there was no open
water.
r
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Table 2
List of test runs
Test

Oil

Volume
(litre)

Spilling
time
(s)

Ice thick
ness
(mm)

Remarksice cover

1
2
3a
3b
3c
4a
4b
4c
5a
5b
5c
6a
6b
6c
7a
7b
7c
8a
8b

Gullfaks

4
4
4
1
0.5

120
150
185
65
44
150
19
17
175
35
23
245
115
35
148
13

10 to 17
6 to 12
20

slush

,,
,,

„

„
„
„
25 to 35
„
„

weak ice, slush
„
„
distinct blocks

„

Oseberg
„

„
Gullfaks

4

„

1

„

0.5
4
1
0.5
4
2
1
4
1
0.5
4
0.5

„

„
„
Bunker IF-30
„
„
Gullfaks
„
„
„

..

150
30

„

„
„
60 to 70
„
„

„

.,
„

„

„
„
„
„
large blocks
„
„
60% of the ice

»

RESULTS
Visual observations:
Oil slicks appeared to spread entirely on top of the brash ice. Oil usually progressed through
the small channels or depressions in the ice cover surface. Those channels were usually "wet",
with a layer of water coating the ice. Slick boundaries usually followed irregular patterns as
oil progressed over the ice. As slick boundaries advanced, oil in the channels would coalesce
and its thickness increase. An oil slick usually had a central region .vhere oil almost entirely
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covered the brush ice surface. In ihc ouier region of the slick, oil had smaller thicknesses and
covered only the depressions of Ihe ice surface. Spreading «as approximately axisymmeiric.
bin in some cases ihe difference between the dimensions along the length and width of the
r

basin was up to -0 r A photograph of Tcsi 7.i is gi\en in figure 1. *vhich shows the irregular
geometry of the slick's boundary. The photograph is taken at an obliijue angle to the vertical,
spacing between the while markers is 0.5 in. Another photograph showing a close-up of the
slick boundary is presented in Figure 2

Figure 1. Photograph of an oil slick, Test 7a Distance between white markers is 0.5 m.

The outer region of the slick which was partially covered Willi oil was more pronounced for
the Gullfaks crude than for the Oseberg crude and the Bunker fuel. The later two oils appeared
to spread much slower than the Gullfaks crude, and with larger thicknesses that totally covered
the ice surface. This observation indicates that the larger value of the surface tension of the
Oseberg crude and the Bunker fuel are responsible for retarding the speed of spreading and
for producing the relatively large slick thicknesses. Viscosity could not have caused these
effects because Gullfaks crude has a higher viscosity than that of the Oseberg crude.
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Figure 2. The region near the slick boundary of the stick in Figure 1.

Slick dimensions:

Dimensions of the slicks for each test were measured from the video tapes. Slick length (or
diameter) was measured along two perpendicular directions ( i and v directions). This was
done for all spills of 4 litre volumes. Smaller spills were not monitored by video, and their
dimensions were recorded manually during the tests. The video measurements (for the 4 litre
spills) are in agreement with values that were recorded during the tests. Accuracy of the
measured dimensions appears to be within (I. I m. Measured dimensions for Tests 3 to 8 are
plotted versus time on logarithmic coordinates in Figures 3 to 8. The two lenghts of the 4 litre
spill which are shown in each figure were measured along two perpendicular directions.
Orientation with respect to the basin had no effect on these lengths. Some dimensions of spills
with volumes smaller than 4 litres are also noted on the plots. The vertical dashed lines
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indicate the times when oil discharge ended, i.e. slicks spread at constant volume past those
times.
Figure 3 shows that the Oseberg crude spreading in Test 3 decreased rapidly and slick
dimensions reached constant values immediately after oil discharge had stopped. In Test 4
(Figure 4), Gullfaks crude of the same volume (4 litres) as Test 3 was spilled over the same
type of ice cover. Spreading of the Gullfaks crude, however, continued to increase after oil
discharge had stopped. The average diameter (or length) of the Gullfaks slick after 5500
seconds reached approximately twice that of the Oseberg slick. Oil properties in Table 2 show
that the Oseberg crude has higher surface tension but lower viscosity than the Gullfaks crude.
Considering these oil properties and comparison of Figures 3 and 4 clearly confirms the
observation mentioned in the previous section, that the surface tension role in limiting oil
spreading in this case is more significant than viscosity.

E-

0.5

50

100

200
500
TIME, s

1000 2000

5000 10000

Figure 3. Oil slick dimensions, Test 3. The 4 litre slick is measured along two perpendicular directions.
The role of ice cover type :

The influence of ice cover type on spreading may be examined by comparing Figures 4, 5,
7 and 8. These figures show the dimensions for spills of Gullfaks crude over varied ice covers.
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Figure 4. Oil slick dimensions, Test 4.

Figure 4 corresponds to an ice cover consisting entirely of slush. Figure 5 to thicker ice with
distinct ice blocks, and Figure 7 to larger ice blocks (see Table 1). The ice cover used in Test
8 (Figure 8) was prepared by removing 40% of the ice blocks from an ice cover identical to
that used in Test 7. Although ice removal reduced the number of large blocks, sJush still
completely covered the basin leaving no open water areas. Dimensions of the slicks were close
for all ice covers. Therefore, it may be concluded that for the present range of ice covers,
spreading rates are similar. Oil coverage within the slicks, however, varied between ice covers.
Oil coverage is defined here as the ratio of oil covered area to the total area of the slick. The
total area of a slick is taken as the area within the slick's boundary, which was measured from
the video tapes. Larger ice blocks within the slickremainedclear of oil. Thus, the ratio of oil
covered area to the total area of a slick decreases with increasing ice block size. It follows that
oil thickness increases with increasing ice block size. As an example, the oil covered area and
the total area for Test 8 are plotted versus time in Figure 9.
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Oil thickness was calculated by dividing oil volume by the oil covered area. Oil thickness at
the end of each test and the ratio of oil covered to total are listed in Table 3.
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Table 3
Oil thickness and oil coverage (ratio of oil covered area to total slick area)
Test

Oil thickness
(mm)

Oil coverage

3
4
5
6
7
8

3.7
1.6
2.4
3.8
2.7
1.8

0.96
0.91
0.82
0.98
0.85
0.85

OIL C0VERACE

TOTAL SLICK AREA

a.
OIL COVERED AREA

1900

'0.0
3600

TIME, S
Figure 9. Total slick area, oil covered area, and oil coverage (ratio of the two areas); Test 8.
Dimensional analysis :

Oil spreading over brash ice is very complex. Even the simpler case of oil spreading over
open water is too complex to model analytically except for a few special cases (e.g. Fanneløp
and Waldman, 1972). To date, the dimensional analysis of Fay (1969 and 1971) has been used
in most studies of oil spreading. Fay assumed that gravity and surface tension forces induce
spreading and that they are resisted by inertia and viscous forces. Furthermore by considering
regimes where only pairs of these forces are significant, he obtained expressions for spreading
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rates. The present experiments, however, show that surface tension resists spreading. This
observation is in agreement with those of Mackay et al. (1976) who found that surface tension
can resist oil spreading under ice. Surface tension was also considered to resist spreading by
Yapa and Chowdhury (1991) for oil under ice, and by Belaskas and Yapa (1991) for oil in
broken ice
The current measurements can be presented by considering that gravity force acts to spread
the oil, and is resisted by both viscous and surface tension forces. In the present tests, as in
most field cases, oil spilling occurred overrelativelyshort periods. Spreading took place over
much longer durations. For example the 4 litre samples were usually spilled over periods close
to ISO seconds, while spreading continued for over 5000 seconds. In the following analysis,
we will consider the case where oil volume is constant (discharge has stopped) since it covers
the range of practical interest. Extension to the case of constant flow rate is straightforward.
Inertia of the oil is neglected in the following analysis because it always appeared to be
negligible. Estimates using typical values for velocity and oil thickness showed that inertia
forces are several orders of magnitude smaller than gravity forces. For example, consider a
small part of the slick of unit length, unit width and average height h . The average oil
velocity is taken as « , oil unit weight is y and oil density is p . Gravity force would be
of the order of yh /2 , and inertia force would be of the order of pu h . Typical values from
the present experiments can be taken as: h = 1 mm to 5 mm, and u < 5 mm/s. These
values give a ratio of inertia force to gravity force of the order of I0" .
2

2

4

In order to choose the appropriate expressions for the various forces in the present analysis,
the simple idealization of the slick as an expanding disc was considered. This idealization was
used by Yapa and Chowdhury (1991) to model oil spreading under ice. Considering the
equilibrium of forces on a sector of the disc of angle dd and radius i? , gravity force wo^Id
be
2

dF„ - LyRh dQ
2

(1)

8

The surface tension force acting on the perimeter of the sector would be
dF - <jRdQ
s

(2)

where a is the surface tension. Assuming that the viscous shear stress is proportional to an
average velocity gradient ulh , where u and h are average velocity and oil thickness, the
viscous force become;;
2

dF - \i.-R dQ
h
w

(3)
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Considering that oil volume V is constant, h can be expressed in terms of R and V using
2

the relationship : V - rc/? A . The average velocity, u is also assumed to be proportional to
the time derivative of the radius, R . Yapa and Chowdhury (1991) further assumed that he
time derivative R is proportional to R/i, where t is the elapsed time. The resulting ratio
4

2

of surface tension to gravity force becomes proportional to 0"V? /vV , and that of the viscous
3

force to the gravity force becomes u/f VyV r.
Preliminary examination has shown that the precedi'

expressions do not produce agreement

between the various tests. Evidently the uniform disc idealization cannot adequately account
for the complexities of the present oil flow patterns and boundaries. Changes were then
attempted in order to empirically develop expressions that are applicable to the present
problem. Consider first the equilibrium between surface tension and gravity forces when
spreading stops. Comparison of the final dimensions of slicks of varied volumes showed that
the radius R, (taken as half the average length) is proportional to the square root of the
volume V, as shown in Table 4.
Table 4
Ratio of the final slick radius to the square root of oil volume
Test

3
„
4

Oil volume

R/Jv

(litre)

(m- )

4

0.35

05

1

0.38

0.5

0.39

4

0.63

1

0.65

,,

0.5

5

4
1

0.68
0.56

„
6

0.5
4

••

2

0.25

1

0.30
0.55*

7
„
„

8

"

4
1
0.5
4
0.5

* Radius was still increasing

0.50
0.53
0.28

0.9
1.0
1.0*
0.96

*
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Comparison of the different oil types indicated that the ratio R/\/v is proportional to yla .
Therefore, the ratio of surface tension to gravity forces may be considered to be proportional
to cRJyJv . This ratio is plotted versus time for Tests 3 to 6 in Figure 10. As time increases,
this ratio of surface tension to gravity force increases until the slick reaches its maximum
dimensions. This behaviour is expected since oil thickness, and consequently gravity forces,
decrease with time. Al.o surface tension forces are expected to become more significant with
increasing time because the length of the oil/ice interface increases. Results of all tests of
Gullfaks crude are very close to the shown values of Tests 4 and 5, but are not included to
avoid clutter. The results of Test "J in Figure 10 initially show high surface tension forces
because that spill reached its maximum dimensions shortly after oil discharge had stopped.
Figure 10 shows that as oil slicks approached their maximum dimensions, the ratio of surface
tension force to gravity force for all tests approached a narrow range of values. Therefore, the
equilibrium between the surface tension force and gravity force can be expressed as

1,5

where B is a parameter that depends on ice cover type and has dimensions of (length)" .
The present tests give values of B ranging from 3.3 \ 10 to 4 x 10 m' ' . The narrow range
of B values indicates Uiat the differences between the present ice covers had little effect on
the maximum dimensions of the slicks.
For the ratio of viscous to gravity forces, the data was found to best agree with the
expression uJ? ^RlyV . The derivative R is not substituted for by R/t because R was found
to give a better fit. The value of R also decreases to zero when spreading stops and therefore
may be a better representative of viscous forces than R/t. The resulting ratio fiff i?/yV is
plotted versus time for Tests 4 and 5 in Figure 11. This ratio decrease slightly with increasing
time until spreading stops where it falls to very small values. Obvious!;' gravity forces
decrease with increasing time, but viscous forces apparently decrease faster. The term
lJi^R/yV has dimensions of (length) . A parameter representing ice cover properties is
required to make this term dimensionless.
The balance between gravity forces and the sum of the viscous and surface tension forces
is examined by plotting yJi^R/yV versus <sR/y<fv in Figure 12. The curves representing all
tests fall within a relatively narrow range, in Figure 12. The agreement between the various
tests indicate that the differences between the ice covers used in the experiments did not have
significant effect on oil spreading. The results of Test 3 in Figure 12 all fall near the
maximum dimensions of the slick because spreading slowed down rapidly after oil discharge
stopped.
4

4

1 5

3

2
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Figure 10. Plot of the ratio of surface tension force to gravity force versus time.

The plots in Figure 12 can be approximated by the following equation

(5)
yV
7

y/V

2

s

15

A value for k of 0.25 x 10 m" , and for *, of 0.25 x 10 m" correspond to a line
representing an approximate average of the data. The value of k is different from that of the
parameter B of Equation (4). The parameter k corresponds to a spreading slick, where both
viscous and surface tension act against gravity force. Alternatively the parameter B
corresponds to a slick that reached its maximum dimensions, where only surface tension force
is in equilibrium with gravity force. Results of one test from Belaskas and Yapa (1991)
experiments are also presented in Figure 12. They show good agreement with the present
values of viscous/gravity force ratio. The surface tension/gravity force ratios are somewhat
larger although of the same order of magnitude as the present results. This small discrepancy
t

2

2
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Figure 11. Plot of the ratio of viscous force to gravity force versus time.

could be attributed to the difference in ice cover geometry and type of ice, which can
considerably alter surface tension forces. The preceding presentation does not provide a
definite proof that the chosen ratios are those of surface tension to gravity forces and viscous
to gravity forces. The justification is their analogy to the terms obtained from the expanding
disc idealization, and their agreement with the present results.
The results in Figure 12 as well as Equation (5) can be used to estimate spreading rates of
an oil spill in brash ice. It is simple to numerically integrate Equation (5) to determine the
values of the radius at various time intervals. Integration should start from an initial (non-zero)
radius, which corresponds to the end of oil discharge. Note that there is a singularity in
Equation (5) at R =0. Equation (5) was obtained by fitting a line through the data shown
in Figure 12, but does not include the end on the right side of the plots which corresponds to
the drop in viscous forces when the slicks reach their maximum dimensions. Therefore,
Equation (4) should Oe used to determine the maximum radius of the slick.
Consider for example a spill of 30 tonnes of Oseberg crude. The maximum radius of the
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Figure 12. Plot of the ratio of viscous force to gravity force versus the ratio of surface tension force to
gravity force.

slick would be 60 m. Spreading rates were calculated from Equation (5). Starting from 10 m
as an initial value, the slick radius become 20 m after 2.5 hours, 33 m after 24 hours, and
reaches 39 m after 48 hours. It takes approximately 16 days to reach the maximum radius of
60 m. These estimates, however, do not include the ratio of oil covered area to the total area,
which depends on ice cover type. The measured values of oil coverage should be expected
under full scale conditions, and would decrease with increasing ice block size. Also the change
of oil properties due to weathering is not considered in this example. Weathering, however,
should be addressed when considering spreading of oil slicks over durations of several days.
The preceding results were obtained using uniform brash ice. In most field conditions, oil
is expected to spread on the brash ice and open water between large ice floes. Size distribution
and area concentration of the ice floes is likely to affect slick area and spreading rates. Also
deformation of the ice field would further influence oil spreading.

CONCLUSIONS
Efforts have been directed towards accurately reproducing field conditions of oil-brash ice
interaction in the laboratory. The use of sea water and the chosen oil types gave the
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appropriate values for surface tension and - xosity. The size of the tank and ice thicknesses
produced ice covers that are representative of brash ice conditions at full scale.
Visual observations have shown that oil always spreads on top of the brash ice. Even the
relatively heavy Bunker fuel flowed over the ice. Comparison of the Gullfaks and Oseberg
crudes has also shown that surface tension plays a more significant role than viscosity in
decreasing oil spreading rate and the maximum extent of a slick in brash ice.
Measured slick dimensions and spreading rates were used to develop empirical expressions
for the ratio of surface tension to gravity forces, and for the ratio of the viscous to gravity
forces. Inertia of the oil was negligible. The balance of forces leads to an equation that
determines spreading rates and the maximum extent of a slick. It was also shown that both
surface tension and viscosity influence the spreading, i.e. a purely viscous-gravity regime was
not applicable at any stage of spreading.
The foregoing results are concerned with oil spreading over a static uniform brash ice cover.
Other processes require further study in order to predict the behaviour of an oil spill in a
marginal ice zone. Such processes include agitation of brash ice (e.g. under wave and water
current action), the interaction of both oil and brash ice with large ice floes, and deformation
of the ice cover (e.g. under shear, convergence or divergence).
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CHAPTER 10.
SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS FOR FURTHER WORK

10.1

Summary and Conclusions

Numerical modelling of the temperature distribution and ablation of icebergs, and tracking
of icebergs by temperature
This work developed and tested a numerical model which simulates the temperature
distribution and ablation of icebergs. The various terms which affect the thermal energy
balance and ablation of icebergs are discussed. Melting, refree^ing and run-off are considered.
The most important conclusions of the model are as follows:
•
•

•

The model is able to predict temperature distribution in tabular icebergs, assuming
that the initial temperature distribution and the boundary conditions are well defined.
The depth of the thermal disturbance and slope of the temperature gradient of an
iceuerg depend on the boundary conditions and the time spent at sea. The temperature
is virtually free of any thermal boundary influence at about 12 m into the ice.
The heat transfer coefficient to water is typically 150-200 W/m °C and this is
normally about 15-20 times higher than the heat transfer coefficient to air. Hence,
2
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melting leads to an undercut in the waterline. This also occurs at temperatures below
the normal freezing-point of fresh water, 0 °C , due to salinity freezing-point depres
sion.
The model demonstrates that rapid ablation of the surface of an iceberg may lead to
steep temperature gradients. The higher the water temperature, the steeper the thermal
gradient of the underbody. Such steep gradients may possibly cause thermal cracking
of the ice and thereby increased ablation.
The heat balance of the overbody has only a marginal influence on the rate of ablation
and thus on the expected lifetime of an iceberg in the Barents Sea.
The rate of ablation of an iceberg is fairly insensitive to the initial temperature
distribution of the iceberg.
The original temperature of an iceberg at the time of calving will be retained in the
central region of the ice mass for some years after calving, due to the low thermal
conductivity of ice. The origin of an iceberg can thus be deduced from its core
temperature.

Strain tests of ice rubble
Experiments with fresh water ice rubble were conducted in a bi-axial apparatus at NRC. The
test chamber is a rectangular box, 1 m x 1 m horizontally and 0.5 m in height. The ice
rubble was tested under plane-strain and proportional strain conditions. Two types of ice
blocks were used. The first consisted of small blocks, approximately 25 mm in length. The
second type of blocks were larger, approximately 100 mm x 100 mm x 130 mm . Stressstrain relationships were determined. The major conclusions are as follows:
•

Stresses increased with increasing strain. Under proportional strain paths, shear stress
dependence on shear strain and mean pressure dependence on volumetric strain
followed logarithmic equations. Stress paths in the shear stress-mean pressure plane
were straight lines corresponding to mobilized angles of internal friction ranging from
44° to 58°.
Deformation of the samples showed plastic behaviour.
Block size distribution that consisted of 50 per cent large blocks and 50 per cent small
blocks produced lower stresses than uniform size distributions (of large or small
blocks).
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Discrete element modelling of broken icefields
The discrete element model simulates the dynamics and interaction forces that arise between
discrete ice floes in a broken ice field on different scales. The ensemble of ice floes is treated
as a granular material consisting of circular discs of different diameters. The dynamic behav
iour of the ensemble is determined by calculating the motion of the individual discs caused
by interaction forces and body forcing (shear forces from air- and water-drag, surface tilt and
Coriolis forcing).
The load exerted on a boom when it is towed against a broken ice sheet has been examined.
The most important results are as follows:

•

•

•

The present model applies a soft particle approach to an ensemble of circular discs.
The model assumes that contact forces arise either from finite duration of disc
deformation (overlap), rolling and sliding or from 'remote contact forces' caused by
squeezing of brash ice which may be present between the individual floes.
The values of the parameters in the visco-elasnc-plastic rheology (linear spring
constant, viscous damping coefficient and friction coefficient) appeared to have only
a marginal influence on the load exerted on the boom.
An increased elasticity (stiffer spring) causes higher fluctuation velocities in the
ensemble and hence increased infill of disks into the open water wake behind the
boom.
Scaling the velocity and the volumetric parameters from the laboratory scale to fullscale by Froude's law, the numerical calculations suggest a scaling of the load by the
geometric scale factor \ to the power of 2.9.

Spreading of oil in brash ice
Experiments were conducted in an ice basin to examine the behaviour and spreading rates of
oil in brash ice. Two types of North Sea crude oil (Gullfaks and Oseberg crudes) as well as
Bunker fuel were used. Empirical expressions for the spread of oil were developed. The major
conclusions are as follows:
•

Oil always spread on top of the brash ice. Even the relatively heavy Bunker fuel
flowed over the ice.

•

Comparison of the Gullfaks and Oseberg crudes has also shown that surface tension
plays a more significant role than viscosity in decreasing oil spreading rate and the
maximum extent of a slick in brash ice.
The balance of forces lead to an equation for spreading in which both gravity, surface
tension and viscosity influence spreading, i.e. a purely viscous-gravity regime was not
applicable at any stage of spreading.
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10.2

Recommendations for further work

The following topics seem promising when extensions of the present work are being
considered:
•

The numerical model which simulates the temperature distribution and ablation of
icebergs could be coupled with an iceberg collision risk model. This would improve
the collision risk models since the expected lifetime of an iceberg then would be
incorporated in the collision risk estimates. This could be obtained by integrating the
numerical temperature model described in Chapter 2 with the discrete element model
presented in Chapter 7.
« The major challenge to determining ice rubble properties remains to be the
extrapolation of a set of laboratory measurements to other conditions of block sizes,
shape and ice properties. More experiments covering a wider range of conditions (e.g.
block sizes, etc.) are needed in order to clarify the appropriate scaling laws.
The theology of the discrete element model should be further examined by comparing
model runs with field studies of ice dynamics, e.g. from the Barents Sea marginal ice
zone.
The emperical expressions for the spreading of oil under gravity, surface tension and
viscous forces should be compared and evaluated against data from oil spill
experiments in the field.
• The spreading theory of oil in brash ice could probably be extended by means of a
percolation theory. It might then be integrated with the discrete element model that
simulates the dynamics of discrete ice floes in a broken ice field. With the inclusion
of attenuation of ocean gravity waves this would be a major step forward in the
modelling of spreading and drift of oil in broken ice fields such as the Barents Sea
marginal ice zone.
The several numerical models and theories developed as a part of this thesis recognize the
importance of extendibility and are believed to accommodate growth in applications and
upgrading.
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