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ABSTRACT
Most of the research done on ice-structure interaction deals

with the ice at the sea surface. Whereas majority of ice-

strengthened regions of ships and offshore structures are well

below the waterline. The aim of this research is to examine the

mechanics of ice loads caused by submerged ice blocks colliding

with the structure. The kinematics is an essential determinant of

the energy that is available to drive the ice crushing process dur-

ing the collision. The present research aims to develop a model

to represent the mechanics of such collisions and set a direction

for future work. This study includes experimental and numerical

components. Various physical experiments have been conducted

using a submerged ice model moving solely due to its buoyancy.

Using high speed camera the experiments are recorded and anal-

ysed to determine the kinematics of collision. These include lo-

cation, velocity and acceleration of the model ice as a function

of time. In parallel, numerical simulations have being conducted

using FLOW 3DTM software. The results of the experiments are

used to validate the numerical model of the underwater collision.

The results shows that added mass plays an important role dur-

ing the underwater impact collisions. The paper presents some

preliminary results obtained during this research.

NOMENCLATURE
µ viscosity of the fluid.

ρ density of the fluid.

∗Address all correspondence to this author.

R radius of the ice model.

V Velocity of the ice model.

a acceleration of the ice model.

Re Reynolds number.

Ca added mass coefficient.

Ac acceleration number.

INTRODUCTION

Apart from being a profitable shipping route Arctic hold a

lot of untapped natural resources. Recent years we have seen lot

of offshore activities in this region. This has brought along a lot

of research on ice strengthening of ship and offshore structures.

Although most of the research is focused on ice at sea surface

not much work has been done on ice loads caused by submerged

ice blocks. Even the available data on damages to ship due to

ice collisions is limited as far as this issue is concerned. This

research intends to throw some light on the issue of collisions

with submerged ice pieces. The main focus of this study is to

determine the mechanics of ice loads caused by submerged ice

collision, which can further be used to determine the structural

behaviour during the collision. The major part of this work is

dedicated to study the kinematics of submerged ice during the

collision.

The hydrodynamic forces acting on the model can be clas-

sified as drag, buoyancy and added mass forces. An important

parameter in collision with submerged ice pieces is the added

mass of the ice.Added mass plays an important role in acceler-
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ating, non-uniform motion resulting in fluid acceleration around

the body. Although the term added mass maybe misleading, as

there is no actual addition or subtraction of mass to the moving

body but changes in inertia or changes in kinetic energy of the

control volume, due to the motion, which can either be negative

or positive [1].

1851 Stokes investigated the simple harmonic motion of

sphere oscillating in a fluid. He omitted the convective terms in

Navier-Stokes equation and derived the force expression. Later

Basset (1888), Boussinesq (1885) and Oseen (1927) studied the

rectilinear motion of sphere released in water. Although they also

omitted the Navier Stokes convective terms, but they introduced

an integral term, proving that the instantaneous force not only de-

pends on instantaneous acceleration and velocity but also on the

effect of the history of acceleration. Further Odar and Hamilton

extended BBO (Basset-Boussinesq-Oseen) equation to include

convective terms. [3]

F(t) =−6πRµV φ −
1

2
Ca(

4

3
πR3)ρ

dV

dt
+(m f −mp)g−FH (1)

Where

(HistoryForce)FH =+6R2(πµρ)
1
2

∫ t

0

a(t ′)

(t − t ′)
1
2

dt ′ (2)

φ = (1+0.15Re0.6
p )+

1.75∗10−2
∗Rep

1+4.25∗104
∗ (Rep)−1.16

; (3)

Rep < 3∗105; (4)

Ca = 1.05−
0.066

A2
c +0.12

(5)

Ac =
V 2

2R(dV/dt)
(6)

EXPERIMENTAL SETUP
Series of hydrodynamic tests were conducted at Memorial

University’s Fluids Lab, to determine the ice loads due to sub-

merged ice block collision. The tests were conducted in a clear

transparent tank in order to record the experiments using high

speed camera. A Lexan ship model was fabricated with the sup-

port of Tech Services at Memorial University. The model was

fabricated around the aluminum frame as shown in fig(1) to pro-

vide the structural rigidity. It was subdivided into four compart-

ments to restrict the flooding during the experiments. Each com-

partment bottom was cut out to provide the opening for the load

cell unit. The hatch arrangement was designed for easy access

to the opening while conducting the tests. Water proof tape was

used to further secure the leakage through the openings.

FIGURE 1. Model for hydrodynamic testing (side shells are not

shown in figure for inside view).

A waterproof load cell unit which consist of a dynamic load

cell (DLC101) attached to the aluminum plate and connected to

a rigid steel plate through a cylindrical steel shaft arrangement

was lowered inside the compartment. The frequency of collision

of ice loads was used as a limiting value for determining the fre-

quency response and optimal dimensions of the aluminium plate.

The size of load cell unit was just right to fit inside the bot-

tom cut out of the model, without touching the edges in order

to interact with the ice model without any losses during impact.

The load cell unit was connected to the computer via amplifier to

record the impact forces during the experiments.

A spherical ball 10cm in diameter made out of polypropy-

lene material was used to model ice, since the density of

polypropylene material is close to ice. This way we could avoid

the unnecessary glitches occurring due to melting of ice at room

temperature. The ice model was attached to a fishing line of

0.18mm diameter, which passed through L-shaped frame to the

edge of tank so as to control the depth of ice model. The ice

model was fully suspended in water and moved solely due to

buoyancy and collided with the aluminum plate of load cell unit

once the string was released. From the initial tests during the

calibration it was found that for the depth of 5cm the collision

happens in a short time interval of 800-500 microseconds. So

to accurately record this data the dynamic load cell was config-

ured to record at a frequency of 20 kHz. A high speed camera at

30,000 fps was used to record this event, to acquire the images
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FIGURE 2. Model for hydrodynamic testing.

at the instant of collision. It was made sure that the camera is

facing perpendicular to the plane of ice model. DC light sources

were used to light the tank, in order to avoid the losses in frames

due to the constant flickering of AC lights, since the frequency

of recording was higher than that of AC lights.

The data acquired was used to determine the nature of veloc-

ity and added mass during the collision. This was used to confirm

the accuracy of numerical model.

EXPERIMENTAL PROCEDURE

At the start of experiment high speed camera was calibrated

using the checkerboard to get the conversion from pixels to met-

ric units. The board was placed parallel to the plane of ice model

and the image was recorded. Knowing the actual dimensions of

tank the pixels were converted into metric units.

High speed camera and load cell were connected together

with a trigger. For each test load cell continuously records the

data, the trigger was pushed at the moment ice model was re-

leased, which sent a signal to the data acquisition system mark-

ing the point of release of the ice model. Each test was repeated

5-6 times to get consistent data.

Load cell data was read through Labview. While a Matlab

image analysis code was written to read the image files from high

speed video and calculate the position of ice model at 30,000fps.

Knowing the position at each time step, the data was used to

interpolate the velocity and acceleration values during the colli-

sion.

RESULTS AND DISCUSSION

FIGURE 3. Impact collision.

From the Matlab image analysis of the high speed video the

position and velocity were determined. The load cell data were

read through Labview. In order to remove noise and maintain

the accuracy of data, moving average method was used. For the

convenience data is plotted near the point of first impact. Fig.(4)

and Fig(5) show the experimental data plots for displacement and

impact forces. These data are used to analyse the collision me-

chanics.

The numerical model using Flow3d was developed to com-

pare the results. Using a FSI module in Flow3D ice structure

interaction is simulated. Experimental data and Flow-3D results

were compared to measure the accuracy of numerical model.
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FIGURE 4. Displacement, Force plot for 2cm, 3.5cm and 5cm depths.
FIGURE 5. Displacement,Force plot for 6.5cm,8cm and10cm depths.
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FIGURE 6. Impact Forces for 2cm, 3.5cm, 5cm, 6.5cm depths.

The impact force data of ice loads during collision shows

that the contact occurs for a very short time interval of approxi-

mately 0.0006 sec before the velocity drops to zero and changes

its direction. During this time the kinetic energy of ice model

is transferred to the plate. Although the material property of ice

and structure determines the energy exchange the presence of

fluid layer in between and around the contact region greatly in-

fluences the impact forces.

As the ice model approaches the plate it starts to deform

elastically due to the increasing hydrodynamic pressure. This

results in transfer of part of the kinetic energy to elastic strain

energy. This strain energy is released at the moment ice model

velocity becomes zero resulting in a rebound.

Barnocky and Davis while studying the collision of sphere in

fluids observed that even if the particle is completely rigid the in-

crease of density of fluid during the compression could enhance

the rebound of impacting particle from the surface. The increase

of viscosity with pressure results in the fluid behaving like an

elastic solid.

Velocity of ice model increases as it approaches the plate

but just before the point of contact it starts decreasing as the gap

reduces below one-diameter. This phenomenon does not occur

in dry collisions where effect of surrounding fluids is negligible.

From the velocity data effective coefficient of restitution is

calculated. As shown in fig.(7) coefficient of restitution increases

with the depth of release . The coefficient of restitution is calcu-

lated as a ratio of rebound velocity to impact velocity. The coeffi-

cient of restitution calculated in these experiments is an effective

macroscopic value, since velocity is calculated from displace-

ment recorded at 30,000fps which was filtered using moving av-

erage method.

FIGURE 7. Effective Coefficient Of Restitution.

As the spherical ice model travels through the fluid it cre-

ates a disturbance in its surrounding imparting a relative veloc-

ity. The Reynolds number plot fig.(8) for different depths of re-

lease indicates that a turbulent fluid region is created as the ice

model travels toward the plate. This results in development of

wake field around the spherical model as it exceeds the critical

Reynolds number. The model initially travels in a straight line

but gradually small lateral motions were noticed as it started ap-

proaching the plate leading to a two dimensional path as captured

by the image analysis. This is something different from what one

can see in the case of free falling objects in fluids. Although the

forces acting in both free falling and free rising objects in fluids

are similar, but however they are different in direction.

FIGURE 8. Reynolds Number of ice model released at different

depths.
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FIGURE 9. Motion of ice model in X-Y plane as released from dif-

ferent depths .

Submerged ice collision is a case of free rising objects in

fluids. One of the difference between free falling and free rising

objects in fluids is density. Due to the higher density compared

to the surrounding fluid, the nature of the flow developed around

the object has practically no effect on its kinematics. Whereas a

free rising object has a lower density compared to its surrounding

fluid. Lower density means smaller mechanical inertia, which

is unable to counter the effects of wake developed behind the

moving object. Wake developed around the moving ice model

forces it into small lateral motions as it moves vertically, leading

to oscillatory motion around central axis. Due to the presence

of a plate, the motion is also influenced by the fluid reflecting

back from the boundary of aluminium plate. The deflection from

central axis was the combined effect of wake and reflecting fluid.

It was noticed that the experiments with lower release depths

(near plate) resulted in larger deflections from the mean path

compared to the larger depths, Fig(9). This can be explained due

to the disturbance in surrounding fluid generated by the motion

of the model, which is reflected from the aluminum plate and

interferes early in the lower depths of release, while for higher

depths it was predominately the wake effect which lead to the

onset of oscillatory motion.

Added Mass Calculation
The values of added mass were calculated using equation(1)

by substituting the experimental values of velocity and accelera-

tion at each time step obtained from image analysis. The values

of added mass coefficient were found close to 0.5 for the lower

values of Reynolds number but a sudden increase occurs as the

ice model gets close to the aluminium plate.

FIGURE 10. Added Mass Coefficient near the point of impact t=0 for

different depths of release.

Introducing the impact force term in equation (1), which is

the force measured by load cell during the collision,we can cal-

culate the new added mass values, which will include the effects

of collision.

F(t)−FI(t)=−6πRµV φ −
1

2
Ca(

4

3
πR3)ρ

dV

dt
+(m f −mp)g−FH

(7)

Also the collision occurs at a higher Reynolds number,

which reduces the effect of history force present in the equation.

Although it does have the effect on the bouncing motion of the

particle after first impact.[12]

Added mass is the measure of kinetic energy of the object

transferred to the control volume as the ice model travels through

the fluid and collides with the wall. This transfer of kinetic en-

ergy is affected by the wake and the disturbance in fluid in front

of the moving object. This explains for the higher values of

added mass coefficients for 2cm release depth added mass coef-

ficients fig(10). In all cases added mass coefficient values reach

maximum at the point of impact (t=0)

CFD MODEL

The unsteady numerical simulations were performed with

the commercial software, FLOW3D, based on finite difference

or finite Volume method. The software solves Reynolds averaged

Navier-Stokes(RANS) equation using a turbulence model.

The computational mesh is subdivided into a grid of

variable-sized hexahedral cells. For each cell, average values for

flow parameters are calculated at discrete time using a staggered

grid technique.

The mesh was defined to represent the fluid volume. Mesh

planes were used near the ice model and at the interface to ac-
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FIGURE 11. Flow3d mesh.

curately capture the collision. Different mesh sizes were stud-

ied.After sensitivity analysis,it was decided to use 6.25 mm mesh

along z-axis and 0.028mm mesh near the interface. For X and

Y axes we used 5.5mm mesh near ice model mesh planes and

29mm outside. Flow3D uses a two-phase VOF (volume of fluid)

and a fractional area volume representation (FAVOR) in combi-

nation during the simulation. Due to the simple structured or-

thogonal grid, it is very easy to interpolate the interface, com-

pared to unstructured tetrahedral meshes. The boundary condi-

tions were defined on the mesh planes itself. Stagnation pressure

boundary condition was defined for the Z-max plane, while Z-

min (bottom plane) was defined as a wall. The X and Y planes

were defined as symmetry boundary conditions.

(RNG) k-epsilon model was used as a turbulent model, since

it accounts for the effects of smaller scales of motion. Also it

has a good convergence rate and relatively low memory require-

ments.

General Moving Objects(GMO) model was used to simulate

moving ice in water. The motion was dynamically coupled with

6 degrees of freedom (DOF) to fluid. At each time step, area and

volume fractions are calculated to describe the object location

and motion. GMO removes the need to design a moving mesh

around the ice model.The underwater ice collision is a case of

coupled motion of light moving object, in order to improve the

stability implicit GMO model was used.

FIGURE 12. Flow3d Velocity plots.
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FIGURE 13. Flow3d and Experimental displacement plots for

2cm,3.5cm and 5cm depths.
FIGURE 14. Flow3d and Experimental Velocity plots for 2cm,3.5cm

and 5cm depths.
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Comparing the displacement and velocity of FLOW-3D with

experimental data, Fig.(13) and Fig.(14) shows a close resem-

blance in kinematics of submerged ice collision.

CONCLUSION

In this research, we conducted experimental and numerical

study at high Reynolds number. Both the results seems to agree

well. It was seen that the nature of flow around the model effects

how it interacts with the structure. The CFD model employed

was an extremely useful tool in analyzing kinematics of colli-

sion. The study focused on different hydrodynamic forces act-

ing during the collision. The results show that added mass plays

an important role during the underwater collision. These tests

were done for a stationary plate. Further tests will be conducted

for moving plates to determine the effects of velocity on impact

forces. This research intends to set a direction in this regard for

future work.
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