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Abstract: [Objectives] This study focuses on the feasibility of a ship resistance model test in an ice field of small ice
floes made of substitute material in order to reveal the resistance components and thereby provide technical support
for the design of ice-going ships. [Methods] Ship resistance test in ice floes made of polypropylene (PP) instead of
natural refrigerated ice is conducted. By adjusting the sizes, shapes, numbers of ice floes, the random ice field with a
given concentration is generated. The geometric phase transition theory predicts that there exists a critical concentra-
tion which divides the random ice field into discrete phase (concentration is less than critical value) and connected
phase (concentration is greater than critical value).[Results] The main components of ice resistance in the discrete
phase are open water resistance and ship-ice collision resistance, while ice resistance in the connected phase includes
ice friction resistance, open water friction resistance and collision resistance. If the fractal dimension of the random
ice field is used to redefine the ice resistance coefficient, it is nearly constant in the trial range (speed 0.3-0.9 m/s)
when the concentration is smaller than the critical value. When the concentration is greater than the critical value, the
ice friction resistance is inversely proportional to speed. [Conclusions] Polypropylene can replace frozen ice in the
prediction of ice resistance. The pure ice resistance of an ice field is divided into two components: ice resistance aris-
ing from collision and ice friction resistance arising from accumulation.

Key words: brash ice; resistance; collision; friction

CLC number:U661.3171

icebreaker are often covered with brash ice even in

0 Introduction summer. As a result, polar ships sail among brash

In recent years, the melting of the Arctic ice has
led to a surge in the demand for Arctic shipping.
The volume of freight on the Arctic routes in-
creased from 3.9x10% t to 1.28x10° t from 2015 to
2020, and it was expected to reach 9x107 t in 2030
and 1.3x10% t in 2035 ['2l. Moreover, the melting of
the ice has also promoted the exploitation of Arctic
resources. The Yamal LNG Plant, located in Sabbet-
ta in the Arctic Ocean, was put into production in
2019, with an annual production capacity of 1.65x
107 t. Its liquefied natural gas (LNG) has been ex-
ported to Asia by ice-going ships Pl

The Arctic ice surface and the route behind an
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ice most of the time. Therefore, studying the resis-
tance on ships in brash ice (here, it refers to small
ice blocks at a scale smaller than that of ships)
helps to evaluate the performance of ships sailing in
polar regions accurately. For this reason, it has be-
come a research topic of great concern in recent
years (48,

To verify the numerical method for predicting re-
sistance in brash ice, MARIN started to investigate
the feasibility of using artificial brash ice (non-frozen
ice) made of polypropylene instead of natural
low-temperature frozen ice for the model test in
2013 31, The artificial brash ice is controllable: Re-
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searchers can set the same initial conditions (such
as ice thickness, size, and density) as those in the
numerical model and the same mechanical model
(such as rigid brash ice blocks). Hence, the numeri-
cal model and model test can be directly compared
and verified more easily.

Recent research has revealed many new phenom-
ena. For example, Guo et al. [ observed special
speed points on the speed curve, concluding that
they were spawned by instability. Zong et al. "]
found the "hull-fitting" phenomenon in the model
test, predicted that the phenomenon could also be
observed in a full-scale ship by scale conversion,
and provided a video of a full-scale ship test. Zuev
et al.¥ obtained an empirical formula for resistance
prediction through alternative tests. In particular,
the influence of concentration is empirically ex-
pressed as the square of a sine function. Yet, these
studies fail to provide a robust and systematic ice re-
sistance mechanism and prediction method.

This paper further explored the feasibility of a re-
sistance model test in brash ice made of polypropyl-
ene instead of natural frozen ice, especially the
preparation of a brash ice field. The components
and change law of brash ice resistance were also in-
vestigated to provide technical support for the de-
sign of ships sailing in brash ice regions.

1 Test setup

In this paper, the resistance test of a ship sailing
in a brash ice region was carried out in the towing
tank of the Dalian University of Technology. The
tank is 160 mx7.0 mx4.0 m in size; the trailer,
equipped with a four-degree-of-freedom seaworthi-
ness instrument, has a minimum speed of 0.1 m/s
and a maximum speed of 8.0 m/s. The total resis-
tance on the ship model is measured by a resistance
sensor. The relevant test data are collected by a test
data acquisition system with a signal acquisition fre-
quency of 50 Hz. The sensor range is 30 kgf, and

the sensor accuracy is 0.1% of the maximum range.
1.1 Ship model

The test used a model of an ice-going LNG that
mainly sailed in sea routes with brash ice and routes
opened by icebreakers. The principal dimensions of
the full-scale ship and the ship model are shown in
Table 1. The scale ratio is 50 : 1.

1.2 Preparation of brash ice field

The largest difference between-a brash ice field

Table 1 Principal dimensions of full-scale ship and ship
model

Principal dimension Full-scale ship Model
Total length/m 218.13 4.36
Waterline length/m 210 4.2

Molded breadth/m 32.8 0.656

Molded depth/m 18.2 0.364
Wetted surface area/m? 9380.60 3.75

Displacement/t 50450 0.394

and layered ice is that the former is a random field
composed of ice blocks with different sizes and
shapes, as shown in Fig. 1. The model test should
provide a similar random ice field, as illustrated in
Fig. 2. From the perspective of similarity, building
such a random ice field should highlight at least the
following five factors:

1) Concentration.

Concentration is the percentage of ice on the wa-
ter surface per unit area, expressed by ¢. =0 means
open water without ice; ¢ = 1 indicates a water area
completely covered by ice (the connected phase).
When ¢ is within 0-1, a critical concentration 0 < ¢,
< 1 exists. When ¢ < ¢, almost all brash ice blocks
are discrete. This case is called the discrete phase,
and no contact among brash ice blocks is assumed,
as shown in Fig. 3(a). When the concentration
changes continuously from ¢ < ¢_ to ¢., the discrete
phase composed of non-contact ice blocks in the ice
field suddenly undergoes the geometric phase transi-
tion into a connected phase (as shown by the red ice
blocks in Fig. 3(b)). A continuous chain exists in
the connected phase, and each brash ice block in the

Fig. 1 Xue Long and Xue Long 2 in brash ice

Fig. 2 Ship model in artificial brash ice field
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Fig. 3 Geometric phase transition near the critical concentration

chain is at least in contact with the other brash ice
blocks in the chain, and vice versa. This is an inter-
esting phenomenon of geometric phase transition
and falls within the research of "percolation theory"
in statistical physics 1%, The critical concentration
depends on the shape and arrangement of the brash
ice blocks. For two-dimensional random shapes and
arrangements, an inequality ['%7 0.5 < ¢, < 0.6 holds.
It is a common phenomenon independent of the spe-
cific environment.

In this test, the concentration was controlled by
changing the number of brash ice blocks in the ice
field, and the ice fields with 40%, 50%, 60%, and
70% concentrations were built, respectively.

2) Density of brash ice.

Brash ice blocks are mainly in rigid-body motion
if their damage degree is not considered. Therefore,
materials with a density similar to that of ice can be
used as candidates for artificial brash ice. As the
most common materials, polyethylene (PE), poly-
propylene (PP), and paraffin wax have a density of
0.93, 0.9-0.92, and 0.9-0.91 kg/m?,
which are close to the ice density 0.917 kg/m®. PP

respectively,

board was selected for the test in this paper.

3) Feature dimension of brash ice.

In the test, each brash ice block was taken as a
whole, regardless of its damage degree. According
to elastic mechanics, the feature dimension of a flat
plate without damage is [/

d=+ (1)

=T

ER®
o
12(1 =%y’
Young's modulus; % is ice thickness; v is Poisson's

where D = =pwg. In the equation, E is

ratio; p,, is the density of water; g is the gravitation-
al acceleration. When the feature dimension of
brash ice is smaller than this value, the damage and
fracture of brash ice itself can be considered of sec-
ondary interest.

According to Eq. (1), the maximum feature di-

mension of brash ice is 30-40 cm if the ice thick-
ness is set to 2.0-2.5 cm, Young's modulus £ is set
to 5x10® Pa, and Poisson's ratio v is set to 0.3 in the
model test.

4) Characteristic shape of brash ice.

brash ice varies in shape and is thus difficult to
prepare one by one in the test. Nevertheless, com-
mon geometric shapes can be divided into polygons
and ellipses (including circles). For this reason, the
following six typical shapes were investigated: rect-
angle, ellipse, flat trapezoid, slender trapezoid, pen-
tagon, and hexagon. In addition, adjustments were
made to each shape under comprehensive consider-
ation (Fig. 4). The maximum sizes were marked in
the figure, and various shapes and numbers of brash
ice blocks were obtained according to the concentra-
tion (Table 2).

5) Distribution pattern of feature dimension of
brash ice.

The field measurement in the Arctic shows that
the feature dimension of brash ice obeys the power-
law distribution "2]. The cumulative quantity distri-
bution N(d) represents the number of brash ice with
a feature dimension not smaller than d per unit area
presumptively. Then, the distribution of the feature
dimension can generally be described by the power
law:

N(dy=pd™* (2)
where f is the constant of proportionality, which is
different when measured in different sea areas and
can thus be measured in the field; « is called fractal
dimension!!?! indicating the complexity of the dis-
tribution of brash ice. When « is one, brash ice is in
a straight line; when it is two, brash ice just fills the
whole water surface; when it is between one and
two, the water surface is partially filled with brash
ice. An o closer to two indicates a more complex
distribution of brash ice on the water surface ['3-14,

brash ice of 1-40 c¢m has a fractal dimension a of
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Fig. 4 Six shapes of brash ice blocks prepared in the test (the dimensions in the figure represent maximum values)

Table 2 Dimensions and numbers of ice blocks of six shapes

Pentagon(two upper Hexagon(upper and
Rectangle Flat trapezoid Slender trapezoid sidest+bottom side+ lower sides+four Ellipse
two lower leg sides) leg sides)
) Le Le Short-  Long- Short-  Long- Short-  Long-
Length Width Upper  Lower | © ggth Number | Upper  Lower | ggth Height side  side  Nymber side  side Nymber Side  side  Number
Jem /e Number pase/em base/cm I base/cm base/cm I Jem Number Jength/ length/ length/ length/ length/ length/
cm cm cm cm cm cm cm cm
32 22 N 22 344 26 33 19 277 304 301 34 20 24 66 147 187 66 203 443 98
27 18 108 19 29 21 & 16 23 253 251 48 16.6 20 95 123 156 99 17 37 95
22 14 149 15 23 17 ¥4 13 184 202 201 84 132 163 148 9.8 125 154 14 30 151
16 11 260 11 17 13132 9.7 138 152 15 136 10 12 258 74 9.3 259 10 22 254
540 5 6.2 535 7 15 550

17 553 7 L5 9 281 6.5 9.2 1010

276 6.6 8.1

1.15 12 which means that the brash ice is spatially
distributed in a curve to a small extent. This value
may be different in different waters. The spatially
fractal distribution is a universally recognized fea-
ture of brash icel'>14],

To build an ice field similar to an actual one, this
paper should ensure that the concentration, density,
feature dimension, and fractal dimension o of the
brash ice in the two ice fields are as same as possi-
ble. In addition, the shapes of the brash ice should
also be as similar as possible. Therefore, artificial
brash ice blocks (left in Fig. 5) and a random ice

field they constitute (right in Fig. 5) were prepared

Fig. 5 Brash ice blocks (left) and corresponding random ice

field (right)

for the test.
1.3 Test scheme and process

Specifically, the floating and load conditions of
the ship model were adjusted in the test. Then, float-
ing fences were arranged in the towing tank, and ar-
tificial brash ice blocks were evenly added to the
ice field. The test started with a small concentra-
tion, as shown in Fig. 6 (left). When the ship model
passed through the ice field, the ice removal effect
of the bow of the ship moved the brash ice to the
sides of the hull, making the ice field uneven (Fig. 6
(right)). Therefore, the brash ice blocks in the ice
field needed to be adjusted after each test to obtain
an evenly distributed ice field. The next test could
be conducted after the adjustment was completed
and the water surface turned still.

The speed was controlled by a trailer in the tow-
ing tank. Speed tests at the four speeds of 0.3, 0.5,
0.7, and 0.9 m/s were carried out, and each working

condition was repeated at least three times.
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Fig. 6 Ship model entering the ice field (left) and its interaction

with ice blocks when sailing in ice field (right)

2 Analysis and discussion of test
results

2.1 Observations

Fig. 7 presents the time-history curve of resis-
tance measured in a test run. The most salient fea-
ture of this curve is violent oscillations, while the
time-history curve of open-water resistance is a
smooth straight line. Clearly, the two curves are es-
sentially different from each other. The oscillations
of the resistance curve arise from the short-time col-
lision between the brash ice and the hull. Conse-
quently, the resistance curve has a time-history fea-
ture similar to that in the case of a periodic impact
load. The comparison with the video reveals that af-
ter the collision, the brash ice blocks undergo the
following motion situations:

1) They translate and rotate on the water surface,
as shown in Fig. 8(a);

2) They flip on the vertical plane, as shown in

Fig. 8(b);

3) They stick to the bow of the ship for a certain
distance after they flip, as shown in Fig. 8(c);

4) They accumulate at the bow and sides of the
ship, as shown in Fig. 8(d). As the hull-fitting is es-
sentially the prolonged flipping of the brash ice
blocks, the three motion modes in Figs. 8(a)—-8(c)
are actually the rigid motion of brash ice blocks in a
three-dimensional space. Therefore, they can be
classified into one category. This rigid motion
comes from the normal collision between the hull
and the brash ice blocks and basically does not in-
volve the interaction among multiple brash ice
blocks. The accumulation is more complicated and
may occur before and after the collision. It is trig-
gered by the interaction among the brash ice blocks
after the collision between the hull and the brash ice
blocks.

25

iy —_ 3
< w k=3

Resistance/N

w

0
0
Time/s

Fig. 7 Time-history curve of resistance measured in a test run

(b) Flipping
Fig. 8 Four types of motions of brash ice blocks observed in test after collision with hull

(a) Translation and rotation

The resistance varies in different motion modes.
Fig. 9 shows the time-history curve of resistance in
60-90 s when ¢ = 0.6 and U = 0.7 m/s. The compar-
ison with the video indicates that the 12 waves on
the resistance curve in 60-77 s are caused by trans-
lation and rotation, while the seven waves in 77-90
s are induced by flipping. From the figure, the resis-
tance in the case of flipping is generally much larg-
erthan that in translation and rotation.

(¢) Hull-fitting (d) Accumulation

Fig. 10 displays the comparison of resistance in
the case of translation and rotation with that in accu-
mulation, indicating that accumulation may also
lead to violent oscillations of resistance.

The above four motion modes of brash ice blocks
after collision do not occur with equal probability.
Table 3 shows the frequency n of flipping during
different test runs and its percentage in the total
number N of ice blocks. It can be used to judge



CHINESE JOURNAL OF SHIP RESEARCH,VOL.17, NO.5, OCT. 2022 6

)
40 / N
Flipping
z 30
g Translation
= L
£ 20 and rotation
& 10
0 1 1 I 1 1
60 65 70 75 80 85 90

Time/s

Fig. 9 Time-history curve of resistance in 60-90 s when
¢=0.6and U= 0.7 m/s
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Fig. 10 High-amplitude oscillations in resistance produced by
accumulation of brash ice blocks

which motion mode is more likely to occur under
which circumstance. The frequencies of other mo-
tion modes can be obtained by analogy. Table 4
presents the most likely scenarios for the four
modes to occur.

Table 3 Flipping frequencies of brash ice blocks under
different speeds and concentrations

Total Acergae

Flipping  Flipping

Speed and number flipping
g)overage Test group nofice freql}llency perc;ztage percentage
blocks 1%
01-1 825 11 1.33
01-2 825 9 1.09
U=03m/s, ¢=40% 013 825 8 0.97 112
01-4 825 7 0.85
01-5 825 11 1.33
04-1 825 43 5.21
U=0.9 m/s, $=40% 04-2 825 53 6.42 806
04-3 825 57 091
13-1 1440 148 10.28
U=0.3 m/s, $=70% 13-2 1440 136 9.44 Q.37
13-3 1440 142 9.86
16-1 1440 153 10.63
16-2 1440 160 11.11
U=0.9 mv/s, ¢=70% 11.39

l6-3 1440 165 11.46

lo-4 1440 178 12.36

Table 4 Likelihood of each phenomenon in different cases

Low concentration
(40%, 50%)

Translation and
rotation

High concentration
(60%, 70%)

Low speed(0.3 and 0.5 m/s) Accumulation

High speed(0.7 and 0.9 m/s) Flipping Hull-fitting

2.2 Analysis of resistance

Resistance is random over time. Therefore, the
test was divided into three stages: the initial stage,
the stationary stage, and the end stage. A simple av-
eraging method was adopted for analyzing the resis-
tance in the stationary stage, with the results dis-
played in Fig. 11.

40
=0 =005 ——e of 0.7

z 30 +
o
L
g 20 -
E

10 -

0 1 1 1

0.2 0.4 0.6 0.8 1.0

Speed/(m-s™!)

Fig. 11 Variation in average ice resistance (including

open-water resistance) with speed under four

concentrations

Total resistance Ry can be divided into two parts:

Rp = Row + R, (3)
where Ry, is open-water resistance; R, is the ice re-
sistance on the ship. Due to the low speed in this
test, the wave-making resistance can be ignored.
The open-water resistance mainly comes from the
frictional water resistance. According to the ITTC-
57 formula, open-water frictional resistance coeffi-
cient Cyy and open-water resistance Ry are respec-

tively
ow — &52’ Row = lCOW U*s 4)
[lg(Re) 2] 2
where Re is Reynolds number; U is the speed; S is
the wetted surface area.

The ice resistance R; on the ship can be obtained
by subtracting the open-water resistance R, from
the total resistance R;. The open-water resistance
coefficient is defined by the square of speed U? and
the wetted surface area S. However, the pure ice re-
sistance coefficient cannot be defined by the two pa-
rameters. For one thing, the wetted surface area S
should be replaced by the hull-ice contact area 4 =
Lh, where L is the ship length. For another, the sizes
of the brash ice blocks in the ice field are described
by fractal dimension a that represents the probabili-
ty of the contact between the hull and ice during the
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ship motion and thus reflects the magnitude of resis-
tance. Hence, the pure ice resistance coefficient C,
should be defined by U* instead of U?, and « is the
fractal dimension in Eq. (2). Accordingly, the pure

ice resistance coefficient was redefined as
R,

C[Z ,Ale’l

sz’“A ©)
In the test, the pure ice resistance coefficient (mi-
nus open-water resistance) under the four concentra-
tions is illustrated in Fig. 12. The figure tells that
the laws of resistance coefficients are different in
the discrete phase (¢ < ¢.) and connected phase (¢ >
¢.). In the test range (speed of 0.3-0.9 m/s), the ice
resistance coefficient in the discrete phase hardly
changes with the speed; it is merely a function of
the concentration. In this case, ice resistance R,
mainly caused by the collision of the brash ice
blocks with the hull, is denoted as R,. The corre-
sponding resistance coefficient is the collision resis-
tance coefficient, and it is expressed as follows:

Cp= e
b=
! (6)

—pU=A
2

1.6
Concentration Concentration
of 0.4 *=of 0.5

12+ L] . .
Concentration - Concentration
of 0.6 of 0.7

k=4
x
T

_(

& o —k—

N %

—aA
5¢
——

Total ice resistance coefficient

0.4 0.6 0.8 1.0
Speed/(m-s™")

‘OO
o

Fig. 12 Pure ice resistance coefficient under four

concentrations

When ¢ > ¢, the ice field becomes connected, as
shown in Fig. 3(b). According to Table 4, accumula-
tion occurs in this case, and a large frictional ice re-
sistance is induced between the ice blocks and the
hull. The frictional ice resistance R, is equal to the
coefficient of kinetic friction g multiplied by the
normal force, and y is related to normal pressure P.
When P is changed under the same sliding speed, u
also changes, in a manner of decreasing with the in-
crease in P57 In this case, the two objects slide
against each other as a result of overcoming the en-
gagement among the slightly convex parts because
the surface of the objects is slightly convex rather
than smooth. As the ice is of low hardness, the
slightly convex parts in the actual contact area yield
easily as the positive pressure rises. Consequently,

ice surface roughness decreases, and the coefficient
of kinetic friction declines accordingly. The varia-
tion in the coefficient of kinetic friction of ice with
the normal pressure is expressed as u «< P™. PP is
harder than sea ice, and the gaps among PP piles are
larger. Therefore, the coefficient of kinetic friction
descends faster as the positive pressure grows. This
paper assumed that this relationship still held, and »
was determined according to the test. Due to the
quadratic relationship between pressure and speed,
namely, P o« U?, the coefficient of kinetic friction is
u o< U™, Then, the frictional ice resistance can be
expressed as
R, ocpPA = U*'"MA (7)
The corresponding frictional ice resistance coeffi-

cient is defined as
R,
C,= 1

— UwA
2p

According to the above analysis, pure ice resis-

o 1,
Ua+2(n71) (8)

tance can be decomposed into

B Rps ¢ < .
R= {RP+RH, ¢>¢. ©)
The resistance coefficient is
_ CP’ ¢ < ¢7c
C“{CP+C,J, ¢ > ¢, (10)

According to the resistance data in Figs. 11-12
and Egs. (6) - (10), resistance coefficient C; = Cp
when ¢ < ¢, can be estimated, as shown by the
curves under concentrations of 0.4 and 0.5 in Fig.
13. When ¢ = ¢, Cp and C, need to be estimated.
C, was obtained by simple fitting, as shown by
the curves under concentrations of 0.6 and 0.7 in
Fig. 13. Fig. 14 illustrates C,. When ¢ = ¢, n was
set to 1.5 in the calculation of the frictional resis-
tance coefficient. The curves marked with "theory"

in the figure were obtained from Cyocm s

while those marked with "estimation" were ob-
tained by subtracting the collision resistance coeffi-
cient from the data in Fig. 13.

0.8
=
=2
g
22 o6l
= o
E‘g .-———""".\./.
o
SE 04t M
Qo «©
Eé X\x___—__)(_\x
23 021
S8
= ; . ; Concentr: Conce
S 0 it I'*'iro,s ) =06 _of0d
0.2 0.4 0.6 0.8 1.0

Speed/(m-s™)

Fig. 13 Collision resistance coefficient
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Frictional ice resistance
coefficient
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Fig. 14  Frictional ice resistance coefficient

The parameter n is set to —1.1 to —0.25 when
the frictional resistance from actual sea ice is calcu-
lated M. The comparison with this paper reveals
that the friction coefficient of artificial ice decays
faster with speed than that of sea ice. It may be
caused by the higher hardness of PP. Nevertheless,

their variation laws are consistent.

3 Conclusions

Recent studies adopted substitute materials to in-
vestigate the resistance on ships in brash ice and
achieved great progress, such as the verification of
the feasibility and economy of substitutive artificial
ice. In this paper, artificial brash ice made of PP
was used to study the ice resistance on ships. The
prediction method for brash ice resistance in the
substitutive ice was obtained in the random ice field
created in the towing tank, with the following re-
sults obtained:

When ¢ is between zero and one, the composi-

tion of ice resistance can be expressed as
Row + Rp» O<p <o,

k= {RZ:+RZ+RN, b, <¢;<¢f (11)

In the equation, the key is a critical concentration
of 0.5 < ¢, < 0.6 that determines the connectivity of
the random ice field. When the concentration is
smaller than the critical value, the main component
of the resistance is the ice resistance caused by the
collision of the brash ice blocks with the hull. When
it is larger than the critical value, accumulation oc-
curs in the ice field and produces a frictional ice re-
sistance that decreases as the speed rises. In this
case, the resistance consists of the ice resistance
caused by the collision of brash ice blocks with the
hull and the frictional resistance between the accu-
mulated ice blocks and the hull. The scenarios in
which frictional resistance and other resistance com-
ponents occur were separated by introducing the
critical concentration, and the dominant interval of
each resistance component is presented.

Another important parameter is the fractal dimen-

sion a of the power-law distribution of brash ice
blocks. U”* was used to define the resistance coeffi-
cient to keep Cp approximately equal to a constant,
thereby facilitating test research.

To sum up, the ship model test using PP as artifi-
cial brash ice, instead of using natural frozen ice, is
more economical and also provides a feasible alter-
native to the brash ice resistance test. However, the
frictional resistance coefficient of PP declines faster
with speed than that of natural frozen ice. Further
research work is still needed to improve the model
test.
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