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ICEBREA KER SJMULATION

by

Donald E. Nevel

In designing an Icebreaker , we attempt to choose the SILC, shape, weig ht and thrust tha t will ef-
ficient ly break ice. In order to make this selection rationally, we must first look at the ways in
which an ice sheet can break. Any combination of these failures can occur during actual icebreaking.

When a vertica l load is applied to the edge of an ice sheet , t he ice bends. Wit h sufficient load a
crac k develops perpendicular to the edge of the ice sheet. Then a circumferential crack forms. Sec-
undary circumferential crac ks may also develop closer to the load than the first one. In general ,
brea king the ice by bending IS very efficient : the broken pieces are relatively large .

When a horizontal load is applied to the edge of an ice sheet , the ice enters a state of plane stress .
Wit h sufficient load the ice cracks perpendicular to the edge of the ice sheet . If the two pieces of
ice are not constrained, they are wedge d apart. This type of icebreaking has been observed in thin
ice.

If horizontal and vertical loads are applied simultaneously, the horizontal load helps bend the ice
sheet. On the other hand, we usually assume that the vertical load does not affect the horizontal
plane stresses. The secondary circumferentia l crac ks in bending may be significantly influenced by
these horizontal stresses. These cracks are important since they produce smaller , more reasonably
sized pieces of ice.

Anot her way in which a horizontal load can break the ice is by crushing. The process of crushing
is not really understood and is probably a combination of tensile and shear failures. Crushing occurs
when the ship first hits t he ice . Crushing does no useful work , and hence should be kept to a mini-
mum. However , due to the shape of the ship’s bow, some crushing always occurs.

The effect of a vertical dynamic load is to cause a local failure. An example of this is the vertical
oscillating icebreaker.

Ideally, we would like to formulate the problem mathematically and solve it. The nearest problem
that has been solved is a static vertical load on a semi-infinite plate on an elastic foundation, which
was solved first by West ergaard 5 and liter by Shapiro4 and Nevel

The problem of a static horizontal and vertical load on a semi-infinite plate on an elastic founda-
tion has not been solved. For this case , with a concentrated horizontal force 

~ H’ the differential
equation in Cartesia n coordinates is

2 2 2(x
2 

~~~~~~~~~~~~~~~ ~~~~~~~~~ (1)pg pgn (x + y ) ax axay ay ,‘

and in polar coordinates is

Q4V4 w + w = -
~~- -~~. ~~~~~~ 

~~—~~
‘ (2)
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where w = deflection
X . 1’ Cartes ian coordinates
r.O polar coordinates

p = mass density of water
g gravitational constant
q = applied vertical st iess

~ = F h 3 / l 2 p g ( l  02 )

F = Young’s modulus of ice
o = Poisson ’s ratio of ice
h = thickness of ice .

Solving either of these differential equations is still insufficient since the boundary conditions during
icebrea king may be considerably different than a semi-infinite plate. In addition , dynamic effects
have not been considere d in the above formulation.

Another closely related problem is the infinite wedge on at’ elastic foundation. This problem was
solved by Nevel ,2 assuming beam t heory. Milan& has applied the results to the icebreaker problem.
Here again t he boundary conditions of the wedge are considerab ly different than those occurring dur-
ing icebreaking.

Rat her than considering the force required to break the ice , White 6 has considered the force that
a ship applies to the ice. In this analysis the ship hits the ice , crushes it , slides up on it and comes to

rest. The ice sheet is assumed not to deflect. The equations of motion for the ship are dei ived and
numerica lly evaluated by means of a computer. The results are discussed in terms of the sustained
vertica l force and the extracting thrust. This method has the advantage of showing the influence of
the ship’s parameters. However, the limitation is neglecting the deflection ?mnd the breaking of the
ice.

In contemporary icebreakers , t he thrust of the propellers and the momentum of the ship cause
t he ship to ride up on the ice. After the ship has come to a halt , t he vertical force on the ice is due
to raising of the center of gravity of t he ship and the vertical component of the thrust. This vertical
thrust is due to the trim of the ship. The horizontal force on the ice is just the horizontal component
of the thrust. Although this horizontal force helps bend t he ice, a vertica l force is more efficient.
Hence , in order to have a more efficient icebreaker we intuitively say that the thrust arid momentum
should be increased, the stem angle lowered , the coefficient of friction decreased , and t he crushing
reduced. These intuitive concepts agree with White ’s results.

After the ship has come to rest on the ice , the thrust is essentially transmitted as a horizontal
force to t he ice. This could he transmitted as a vertica l force if the power were switched from the
horizontal thrusting propeller to a vertica l one, li the vertical thrusting propeller were at the stern .
it is estimate d that one half of the thrust could be exerted vertically on the ice.

In the past , bow propellers have been effective in breaking the ice. As far as I can determine ,
they are e ffective because of Bernoulli’s principle. That is to say, wit h an increase in the water vel-
ocity there is a decrease in pressure. This cause s an additional downward force on the ice. In polar
ice , how propellers are not used because the ice does not break before it strikes the propellers. A
possible solution to this problem is to place the propellers inside a tunnel going t hrough the ship.
This would pull the water into the tunnel near the bow and discharge it farther back along the side
of the ship. T he use of jets rather than propellers may he another consideration.

The icebreaking process is a comp lex one which has not heeni adequately analyzed. One method
of solution is to simulate the process by means of a model, If all the important parameters can be
scaled, then the size , shape , weight and thrust of the model ship can be varied to increase the effe c-
tiveness of icebrea king. In particular . one should determine the most effective shape of the how. A
large variety of bow shapes, such as straig ht , conve x and concave bows (Iig. I) should he investigated.

4
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Straight Convex Concave

Figure 1. Bow shapes.

T =  propeller thrust = gravitationa l vector
P force f rom the ice p=  waler pressure
M mass of the ship F = water friction for ~c per unit area

Figure 2. borces on an icebreaker.

Since the primary purpose of an icebreaker is to break ice , it seems reasonab le to design the ship
to do Just this efficiently. Ot her factors such as stability, stern swamp ing, and extraction thrust
should he considered after the efficient bow shape has been found. One can design for the ramming
condition in whic h the ship comes to a halt , or for the continuous condition in which the velocity
lost during dece leration just equals the velocity gained during acceleration.

For t he model of the ship one requires that all the linear dimensions of the prototype (full scale
ship) be scaled by the same factor. This factor X is defined as

= X L ~ 
(3)

w here I. is a prototype linear distance and “m is a model linear distance. In this paper a parameter
with a subscript m mean s the parameter is re ferred to t he model. A parameter with no subscript
means the parameter is reterred t o the prototype.

In order to simulate the ship’s motion we will consider the equation describing this. Figure 2
shows the forces on the ship. For the prototype the equation for the conse rvation of linear
momentu m is

M j + T + P + f p d s + fF ds = M4-~ 
(4)

wher e ‘V= ve locity
I 1111W

~Is = ship ’s differential surface area.

3 
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The linear momentum equation for the model ship is

— - — dV
MmI+T m +P m +fP m dlm +fF m dS m = Mm~~

_f! . (5)

For the water , the equation for the conservation of momentum is

= + p cj2 V+ p~ (6)

where p is the viscosity of water and D/Dt is the substantial derivative. The momentum equation
for the watei of the model is

DV
~~~~~~~~~~~~~~~~~~~ (7)

If the model is to simulate the prototype, the equation of the model must equal the correspond.
ing equation of the prototype except for a constant multiplication factor. We find this factor to be
unity between eq 6 and 7 by comparing the last terms. Comparison of the second term says p/ L =

Pmfl~m Using L = XLm this gives

P = A P m (8)

Comparison of the first term says V/ t = Vm/t m . Using L = 
~
1m it yields

1 A ”2 t m , (9)

Hence the velocity is waled by

V = X ’
~
2 V m . ( 10)

Comparison of the third term shows that it cannot be scaled. This term represents the friction of the
water and is relatively unimportant; hence we neglect it.

Now we compare the fourth term and eq 4 and 5. Using eq 3 and 8 we find that if eq 5 is mul-
tiplied by it3 each term is equal to the corresponding term of eq 4. Hence we get

M = it 3 Mm (II)

X 3 Tm (12)

P =  X 3 !’m (13)

F = 
~~

b’
m ( 14)

t = ~~~~ . ( I S )

Since the friction of the water has not been scaled correctly, we cannot guarantee that eq 14 will
be satisfied.

4
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The force P from the ice can be resolved Into two components arid the components m ust obey
the same scaling as Pof eq 13 We resolve P into a forc e 

~~N ritnmna l to t h e  ship’s surface and a force
P1 ta ngential to the ship’s surface. When t he ship is sliding onto the ice we have

= J~~N (16)

where I is the coefficient of friction between the ship and the ice. For the model we have

(2t’t Im = .t m (
~
°N)m . ( 17)

lt sing P ~
3 
“ m we obtain

1 = fm 
( 18)

We note t hat if the conservation of linear momentum of the ship is modeled , t he conservation of
angular momentum will also be modeled. This follows since the angular momentum equals length
times linear momentum. Of course the model is assumed to have the same weight distribution as the
prototype .

We now turn our attention from the ship to the ice. The force P from the ship on the ice may be
reso lved into a vertical force P~ and a horizontal force ‘H First we shall consider the static case of
the vertical force only. The maximum force that can be exerted on the ice depends upon the bend-
ing stress a that will cause the ice to break. The general solution to the bending of an ice sheet under
a vettical load for a wide variety of boundary conditions can be expressed as

= ~~~~~~~~~~~~~~ (19)
Pv Q Q Q Q QI

w here a and b are the lengths of the load distribution. For the model ice sheet we have

0m h
~n 

= Gl’v f!!! ~~~~~~~~~~~~~~ (20)
U Q C C /‘ v ’m m m m m m

Since the function G is the same function in eq 19 and 20, their values will be equal it their argu-
ments are the same. Thus we obtain

dh 2 
= 

Gmh~n (21)
Py (

~
‘v )m 

-

Utilizing eq 13 we obtain

3
/ 

1,h = it 2(0 m b )  2 hm , (22)

In order for eq 22 to be valid we need

U = U m 
(23)

x/ Q = X mI Q m, y/ Q = Ym~~m (24 )

5
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a/V = am / t m . h/ Q = h m/t m (25)

h/ t = . (26 )

l~quation 23 is reasonab ly satisfied since Poisson’s ratio does not vary great ly f o r  most materials ,
and previous solutions show that the function G does not depend greatly upon o.

I.et us assume that a horm,ontal distance x in the ice sheet is scaled by

= 
~~~~~ ‘ 

I — )

It seems desirab le to have 0 = it. since the ship is in contact with the ice. However at this tu n e we
will not make them equal. They can be made equal at a later time if this proves to he convenient .
Now eq 24 and 25 will he satisfied if

= o 
~m ‘

Using eq 22 this becomes

0 = x
9
/8(~~

:

m)

i
/4 ( I _ V ~~y 4 ( G~~

)
”S 

( 29)

Using eq 28 , we see t hat eq 26 cannot be sca led. From previous solutions, it is known that h/ ~
1135 a mi influence on t he value of ( only in t he vicinity of concentrated loads on thick ice sheets. Al-
though t h e  icebreaker may approximate t his for initial cracking , t he ultimate failure does not occur
in the vicinity of the load , and hence should not depend significantly upon h/ Q. Therefore eq 26
need not he sca led.

We riffl e that t’rom previous solutions ,3 the dct~ection w of an ice sheet can he expressed as

= ~~~~~~~~~~~~~~~~ (30)
t t t

Since t h e  arguments of t h e  function II have alread y been scaled we obtain

It V 2 
~~m m (31)

Pv v in

(Ising eq I arid 2~ this becomes

ii = W~~~ (32)

In order to consider t h e  effect s of dynamic forces and the forces in the plane of the plate , we

consider t he com plete differential equation , which is

Q4V 4 ~~~~ ~ 
a2 w q N~ ~~~~~~ 

+ 
~~~~~ a 2 w ~~~~~~~ a 2 w (33)

pg ~ ~ t l pg pg ~x 2 pg ~lxav pg

6
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St l i t -re ~
y = deiisit~ of ice

= fo rce  per unit length in tf ie plane of t h e  pla t e in t he x direction
= same hut iii the i direction
= shear f o r c e  per unit length in the plane of th ie plate .

There is a similar equation with subscripts in describing t h e  modeled ice sheet.

( i l nipan ic t il iii the fi rst terms shiows that i t  C(h -~~~ is m u l t i p lied h~ 
02 /I l 

it is c~ uah t o  the rmm ode led
equation. T he second terms ield

I ’ = (A 3/0 2 ) p .  (34)

Comparing the third terms , w hicf n represent the yen t ica l acc cl era t ion f i r  cc if th ie ice sheet , and using
eq 9. 22 and 32 , we obtain

= ~~~~~~~~~~/2 
A~~

’/2 
7m

The fourth term is satisfied and the remai n ing tern is , wh ich re present the to rces in the plane i t  the
plate . yield

P = o~ P~ . (36 )

Therefore the forces in the plane of the plate in only he sca led correctl y v~ hien 0 A .

If If � X, then the horii.ontal distances in the ice and the forces in the plane of the pt~iW S t % l f  130%

he scaled co r re c nl~ . The e f f e c t  i f  the incorrect horizontal lengt h of contact area (if t h e  shop w ill he
insignificant on ultimate failure. But the e f f ec r  i t  incorrect hori,ontal scaling on the cue i f  11w
broken ice pieces will he signif icant. If the s u e  of r lie broken ice pieces is h u t  important , such as in
tI me ramming condition , it is riot necessary fo r  0 = A. hhuuwc v e r , under the cuin t inuouS condition ,
w here the sue of the broken ice pieces determines the shii p’s accel e ration , lusmari c e . it us necessar y that
0 = A . In order t h a t  0 = A , we must choose the model mate r ial for ice such t h at the fo lhiuw in i l! equ.i-
tit )n gives a reasonable va lue if A:

= ( O \ 3 ( / rn \ 2 j )  v 2\
2 

. (3 ’ )

~

O mJ \~
‘ / ‘I

We note that if t h e  model material is t he same as sea ice . t h en (1 - it h i  0 .~ A , t h e  iniodef ttill
simulate a pro rot s pe that wi ll break t h e  ice into pieces proportional to l i t , whi le .u meal icebreaker
wou ld break pieces proportional iii AX rn . This i ,eaiu s the model will h ave a g le ater acceleration dis-
ra i i Le than t h e  rea l icebreaker. Furth ue r ninu re t he model will sinn iilate a pi l ls i~ that h as  t i o t i .~, u i t t

ices of / i  1
”rn w hile t h e  real forces a rt A 1j ’~~. Both of these i b s e n  s i t u  i r i s  ~is t hat t t i t ’  iritidel itC-

breaker wi ll if better than the corresponding real icebr eaker Its si ini il~r r .is ’ r i i u ie  Thu t e r s e  . ime i i

meri t cou ld he made when 0 ~ it .

Saunders.Roe used a wax for t he model ice sheet. I I pri pe r t i es of th u s tt a~ s t e P  ii = i t  V
cm 2 and I = 3.17 ~ 10.1 k g/cmii 2 

- The U.S. (‘oast ( uard iiseif t res l i t t . iner  Ct’ f u r  i l !sts .11 i f i c  \ as~
l-le ctr t inmcs I~ hnratory in Marc h 1967. The properties of th u s cC  tt c r c u = II 2 ’  k g ~ li

2 .irntl /
I u 2 I = I (X~. S I 0~ kg/cm 2 

- h’or freshwate r ice v 1
/3 which gives ! = S9 .3 hI ’ Vt ’. .uui 2 

- I ott

salinity ice was also tried at N . h .1 - This ice showed a greater variation iii 11th k rucss than the freshwa t er
ice. The properties if  this low salinity ice were o = 11. 72 kg/cnn 2 and I- ( h  ) = I .0 . 10 1 kg,’
cm 2 . I ‘sin g v = we get I- = 8O.~

) I 0~ k g/c ini 2 
- rime h’ loPert les for sea ice a r e a ppr tl x minm at e ly o =

5 kg/cm 2 arid I = 2( 1 lO t kg/cm 2

7
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p
lii order iii determine which immaterial is better we compute 0 as determined by eq 29 for the

t hree model inateinals. Since Poisson’s ratio is not accurate ly known for t hese material s, we assume
t he same Poisson s ratu) for all. For A = 36 we get for wax , fres hwater ice and low salinity ice a 0 of
110 , 52.5 and 54 .7 respective ly. For it 44 we get for wax , freshwater ice and low salinity ice a 0
if I 3S . o~ ,8 and 6X b respectively. Hence it appears that freshwater ice will give the best simulation

u t  the process.

There is a possibility that various additive s to the wat er may produce an ice which will ~ ve a 0
value close r to A. However this remains for future research.

In suninmary the relationships between a prototype and model icebreaker are determined by the
fo llowing eq ua t i umni S

I = A l .  (38)m

= I’ (39 )

T = A T  (40)

P = A 3 P (41)

u / —
1 = ~~~

‘2 (42)

= X /2 
~m (43)

f f m (44)

3
h = A 2(o~~/o ) 2 hm (4 5)

x OX m (46)

= fIt (47)

= (A 3 /0 2 )W ,,~ (48)

where

0 = A u u/8 (LL

’
Y4 (I 

U~~~~/4 (0~~~
3
/5

~~ m/ \l u2
/ \o /

In order to simulate the vertical acceleration of the ice sheet , we need

= (q/Um )
/’2 ~~~~ 

~ m (50)

In or der to simulate the forces in the plane of the ice sheet and the size of the broken ice pieces, we

need 0 = it, which means

(S I )

8 

-~~ —. ——.-— 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~.-- - . - - .— .. — ——



t
Literature cited

u t luljii i , V it N it- s in pre iunii i i~ir’, design of ic  h reri k ers . i Ii,’s ,s ii wct ’h Inst i tune i t  Naval
Ar c  h i tec iure .

2 Nevt’i . i i i .  ( t ‘Hi t I The naIl, ‘~ free u n t i , u i r e  wedge u n  an eta s t u t - foun dat ion.  i i  S Army ( old Re-
gi ll s Research and Engi n eering i a hi iu rat u i r y  (c - RR~ ;L) Research Report 79 . A l )  2 77 53 8.

I Nrv ei . u i _ i - ( i9 t i S)  A semi-infinite p late iii an c iastic foundation. ( ‘ RREi .  Research Report 1 tb .
A l) 6 i 6 . t i  ~

4 . Shapiro , (;.s. ( 1 9 5 5 )  nenection of a s emi-infin it e piat e on an e last ic foundat ion.  I’rik ladn ai a Math e-
matika i Mekh ani ki , tns t i i u i e  Mekhaniki . Akad.  Nauk SSSR . torn V i i.  See also ( ‘ R R t i
Trans lation 48 , i QS S.

5 .  W e st e rgaar d . h IM . ( 1 92 3 )  tIm heregning at plader paa e las t isk und e rlog med sa er ligi henh i ik paa
s po rgsn iaaie t om apaend inger I het ui nveje . !ngePiioren , vii i. 32 , no. 42 . r- I 3 - 524 .

b. W hite , R. M.  ( 1 9 6 5 )  Dynamical ly developed force it ihe how of an ice breaker.  Thesis , Mas~~c hu-
set ts inst i tut e of Technology.

I

~ U. ~~. GOVT . P~~iNYiNU O PPi CI  II?? ~oI . S 2 2  9 laS

9

__________________ S 
~~~~~~~~~~~~~~~ . - - — ~~~~~~~~~~~~~~~~~~~~~~~~ - •  -~~~~~ ~~_,.- - -.  — r


