Natli Lib
L1 ey

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ottawa (Ontano)

Your hile  Volie iélsience

Ow hie  Notre rolérence

AVIS

La qualité de cette microforme
dépend grans. 1t de la qualité
de la thc soumise au
microfilmage. .ious avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il mmanque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualit¢ d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont éte
dactylographiées a P'aide d’'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
3 la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



UNIVERSITY OF ALBERTA

SHIP ICING AND STABILITY

BY

vietor Kwok Keu _ .hung @

A thesis submitted to the Faculty of Graduate Studies and
Research in partial fulfilment of the requirements for the

degree of DOCTOR OF PHILOSOPEY IN METEOROLOGY.
DEPARTMENT OF GEOGRAPHY

Edmonton, Alberta

FALL, 1995



l * . National Library Biblioth

ue nationale

of Canada du Canada

Acquisitions and Direction des acquisitions et
Bibliographic Services Branch  des services bibliographiques
385 Wellington Street 395. nue Wellington

Ottawa, Ontario Ottawa (Ontario)

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-06193-0

Canadi

Vour ing  Volrg rétérence

Qur e Notre rétérence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES CCPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES C"'
AUTREMENT REPRODUITS SANS . N
AUTORISATION.



UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: Victor Kwok Keung Chung
TITLE OF THESIS: Ship Icing and Stability
DEGREE: Doctor of Philosophy

YEAR THIS DEGREE GRANTED: 1995

Permission is hereby granted to the Universit  of Alberta
Library to reproduce single copies of this thesis and to lend
or sell such copies for private, scholarly or scientific

research purposes only.

The author reserves all other publication and other rights in
association with the copyright in the thesis, and except as
hereinbefore provided neither the thesis nor any substantial
portion thereof may be printed or otherwise reproduced in any
material form whatever without the author’s prior written

permission.

KZMé 4é251%ﬁL;CQZQk4\7.

7th Floor, Fla' G,
f\uﬂjus'f' UL ES ) .
Wah Tai Building,
220 Chai Wan Road, chai Wan,

Hong Kong



You rule over the powerful sea;

you calm its angry waves.

Bible (Psalms 89:9)

...Then Jesus got up and ordered the winds and the waves to stop, and there
was a great calm. Everyone was amazed. "What kind of man is this? " they said. "Even

the winds and the waves obey him!"

Bible (Matthew 8:26-27)



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned cer

the Faculty ol

+ify that they have read, and recommend to

Graduate Studies and Research for acceptance,

a thesis entitled SHIP ICING AND STABILITY submitted by

(Victer) Kwok Keung chung in partial fulfilment of the

requiren: -

METEORO? . .

j“/y 28 (9495

for the degree of DOZTOR OF PHILOSOPHY 1IN

Z e S

E. P. Lozowski, Supervisor

{K@@Mi&.

R. E. Baddour, Eifgg;gl Examiner

/
T. W. Forest

G W Rk,

G. W. Reuter

ealt




DEDICATION

In remembrance of the crews who lost their lives in the "Blue Mist m"

tragedy which happened on February 18, 1966.



ABSTRACT

The objec e of this research is to investigc 2 the effect i -~ v ‘cing on 2 ship’s
static and dy:..mic stability. Tv . this, a three-dimensional ship . .ng model has been
developed for the stern trawler MT Zandberg. A grid ce" esh is superimposed on the
surface of the Zandberg -0 that the ice load distr'buti °n as well as the total ice load can
be calculated. The numerical icing model consists of two sub-programs. The first is a
spraying model which is based on data from s ile-model spraying experiments. This
spraying model calculates the local spray flux to each rid cell. Spraying model studies
suggest that the total amount of spray generated during a ship/wave collision depends on
the ship speed (V,) and significant wave height (H,/;) according to V,*H’,,;. The wind acts
to re-distribute this spray mass. The second sub-program has three modules: a spray
thermodynamics module, a brine film dynamics module, and an icing module. These
werk together to calculate the ice growth rate on each grid cell.

The icing model predictions depend in a significant way on all the atmospheric
and oceanographic parameters included in the model except for air pressure. The
disappearance of the side trawler "Blue Mist II" is used as a case study to demonstrate
the performance of the icing model. The model evaluation suggests that using a heat
transfer coefticient double that for a surface yield: results which are more consistent with
observations. Using such values for the deck and wheelhouse, the model’s predictions
agree reasonably well with both the NOAA and Soviet icing data.

Using the "Blue Mist II" scenario, the effect of icing on the ship’s static and
dynamic stability is also studied. Of the three wind directions considered (0° 15°, 45°),
it is found that the ice load with a wind direction of 15° has the most dramatic effect on
the static and dynamic stability. The asymmetrical ice distribution in this case causes the
ship to trim and list significantly and becume statically unstable within 10 hours. A ship
dynamics analysis indicates that the asymmetrical ice distribution induces a large roll
motion which causes the ship to capsize with three hours of spray ice loading. Based on
this new method for combined ship icing and stability analysis, some suggestions on

navigation safety are presented.
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air pressure (mb).
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heat flux due to forced convection from the icing surface on grid cell (j,k)
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evaporative heat flux from the icing surface on grid cell G,k) (Wm™?).
heat flux due to the release of latent heat of freezing from the icing surface
on grid cell (j,k) (Wm?).

heat flux due to net longwave radiative heat transfer away from the icin-
surface on grid cell (j,k) (Wm?).

heat flux associated with cooling of the total incoming brine flux to its
equilibrium freezing temperature on the icing surface on grid cell (j,k)
(Wm?).

heat flux from the surface of a brine droplet due to convection (Wm?).
evaporative heat flux of a brine droplet (W m?).

net heat flux from the surface of a brine droplet due to longwave radiation
(Wm?).

the position vector of the centre of mass of the uniced ship (m).

the position vector of the centre of mass of the ship with ice accretion (m).
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the position vector of the centre of mass of the ice accretion on a grid cell
(m).

radius of a pool of liquid lying on a horizontal surface (m).

Reynolds number.

relative humidity.

surface area of the liquid-air interface (m?).

surface area of the liquid-solid interface (m?).

Schmidt number.

scaling factor of the model-scale Zandberg.

non-dimensional transverse mass distribution over the model-scale ship
deck.

non-dimensional transverse mass distribution along row B over the model-
scale ship deck.

salinity of the brine remaining on the grid cell (,k) after spongy ice
formation.

salinity of the total brine flux to the grid cell G,k).

salinity of sea water.

salinity of the spongy ice accretion on grid cell (,k).

total change of trim (cm).

draught at the aft perpendicular (m)

draught at the forward perpendicular (m).

change of draught at the after perpendicular (m).

change of draught at the forward perpendicular (m).



time at the end of the k® time step (s).

data sampling interval (s).

duration of spraying (min).

full-scale time duration (min).

duration of experiment #k (min).

air temperature (°C).

air temperature (K).

temperature of a brine droplet (°C).

temperature of a brine droplet when impinging on grid cell (,k) (°C).
mean temperature of the total brine flux to the grid cell G,k) (°C).
equilibrium freezing temperature of the total brine flux to the cell (j,k)
(°C).

equilibrium freezing temperature of the total brine flux to the cell (j,k)
(K).

upstream wind speed at the 10 meter reference level (ms™).

upstream wind vector (ms™).

vertical flow speed of brine film (ms™).

average vertical velocity of the brine film on grid cell (j,k)

(ms™?).

model-scale ship speed (ms™).

volume of an incompressible fluid.

velocity vector of the brine droplet (ms™).

significant wave phase speed (ms™).



speed of the ship relative to the oncoming waves (ms™).

full-scale ship speed (ms™).

x-component of the velocity of a spray droplet upon hitting the point O’
(ms™).

y-component of the velocity of a spray droplet upon hitting the point O’
(ms™).

vertical injection velocity of the lower bound trajectory (ms?).

vertical injection velocity of the trajectory which hits the target (ms™).
vertical injection velocity of the upper bound trajectory (ms™).

increment in the vertical injection velocity (ms™).

mass load on ship (kg).

displacement of the ship (kg).

work required to heel a ship to angle ¢, (J).

work required to heel a ship to angle ¢, (J).

surface energy of the pool of liquid for the liquid-air interface portion of
the surface (J).

work done by surface tension along the perimeter of the liquid-solid
boundary (J).

horizontal distance normal to the plane of the liquid fum (m).
model-scale longitudinal distance measured from the perimeter of the hull
(cm).

longitudinal distance measured from the bow (mj).

x-coordinate of the centre of mass of the total ice mass (m).
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length of grid cell centred at O (m).

length of grid cell centred at O’ (m).

x-coordinate of a point on the perimeter of the hull measured frem the bow
(m).

distance over which the mass load is shifted (m).

full-scale longitudinal distance measured from the perimeter of the huil
(m).

x-coord. ate of the centroid of a grid cell (m).

x-coordinate of the centre of mass of the ice accretion on a grid cell
relative to the centre of mass of the uniced ship (m).

dummy variables of Equation 4.2.5).

x-coordinate of the centre of mass of the uniced ship (m).

x-coordinate of the centre of mass of the ship with ice load (m).
model-scale transverse distance measured from the centreline (positive to
the starboard) (cm).

full-scale transverse distance measured from the centreline (positive to the
starboard) (m).

y-coordinate of the centre of mass of the total ice mass (m).
y-coordinate of the centre of mass of the uniced ship (m).

y-coordinate of the centre of mass of the ship with ice load (m).
y-coordinate of the centroid of a grid cell (m).

y-coordinate of the centre of mass of the ice accretion on a grid cell

relative to the centre of mass of the uniced ship (m).
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width of a grid cell (m).

z-coordinate of the centre of mass of the total ice mass (m).
z-coordinate of the centre of mass of the uniced ship (m).
z-coordinate of the centre of mass of the ship with ice load (m).
z-coordinate of the centroid of a grid cell (m).

z-coordinate of the centre of mass of the ice accretion on a grid cell
relative to the centre of mass of the uniced ship (m).

height of the grid ccll (m).

height of the grid cell (m).

model-scale polynomial expressions for spray mass distribution
(Equation 2.2.3).

full-scale polynomial expressions for spray mass distribution
(Equation 2.3.17).

model-scale polynomial expressions for spray mass distribution
(Equation 2.2.4) (m™).

full-scale polynomial expressions for spray mass distribution
(Equation 2.3.18) (m™).

air density (kgm).

density of brine droplet (kgm).

density of the brine remaining on the grid cell (j,k) after spongy ice
formation (kgm?).

density of pure water (kgm™).

density of the spongy ice accretion on grid cell (j,k) (kgm’).
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density of pure ice (kgm?).

kinematic viscosity of air (m’s™).

kinematic viscosity of brine (ms™).

wavelength of significant wave (m).

liquid fraction of the ice matrix.

thickness of brine film (m).

thickness of the brine remaining on grid cell (j,k) after spongy ice
formation (m).

equilibrium thickness of a pool of liquid lying on a horizontal surface (m).
the thickness of a laminar layer (m).

dynamic viscosity of brine at the equilibrium freezing temperature
(kgm's?).

dynamic viscosity of brine at 0 °C (kgm™'s™).

ratio of the molecular weight of water vapor to dry air.
Stefan-Boltzmann constant (5.67x10® Wm?K*).

non-dimensional distance parameter at the liquid surface.

trim angle (°).

surface tension of the brine film (Nm).

surface tension of the brine film at 0 °C (Nm™).

sum of the opposite angles of a thombus divided by 2 (°).

angle of heel (°).

angle of heel (°).

angle of heel (°).



0,2 angle between line L, and line L, (°).
04 angle between line L, and line L, (°).
B wetting angle of a pool of liquid lying horizontally ®).

B droplet impact angle relative to the centreline of the ship (°).



CHAP/IER 1 INTRODUCTION

1.1 Definition and Nature of the Problem

The objective of this research is to investigate the effect of spray icing on a ship’s
static stability and its dynamic performance. In order to do this, a new ship icing model
for the stern trawler MT Zandberg has been developed. With the icing data computed
from the icing model, the changes in the ship’s hydrostatic and static stability conditions
can be calculated. Then, the ship’s hydrostatic conditions with ice loading are fed into
the ship dynamics model of Pawlowski and Bass (1991), so that the relation between
icing and ship dynamics can be studied.

Ship spray icing, which often occurs throughout the North Atlantic and Pacific
and their adjoining seas during winter (Zakrzewski and Lozowski, 1989), is a result of
the impingement and freezing of sea spray. When the ship hull slams an oncoming wave,
a spray cloud, which consists of numerous spray droplets, is generated, usually along the
forward perimeter of the hull. Due to the relative motion of the vessel and the effects of
wind drag and gravity, the spray droplets travel through the air and eventually impinge
on the ship’s deck and superstructure. At the same time, cooling also takes place as the
droplets fly through the air. Hence, the temperature of the impinging droplets is lower
than their initial temperature, which is the sea-surface temperature. The impinging spray
droplet: spread out and form a brine film on the surface of the deck and superstructure.
Under favouran'e conditions in which the heat lost from the brine film to the air is large
en>zh, yart ¢f the brine film will be frozen to form a spongy accretion. After a
¢ifiicientiy fonp ¢ i, many tonnes of spongy ice can accumulate over the entire vessel.
According to Zzi-zewsti’s (1987) recent studies on collision-generated spray, the spray
flux and the temv1ture of the impinging droplets are different on different parts of the
ship’s surfzce. Toe b it fluxes from the various ship components may also be different.
Conseguently, ¥« .ce gruv.*h rate can be expected to vary over the ship’s surface . The

ice load an+t . distrit:: -0 can drastically change the ship’s hydrostatic conditions and



hence adversely affect its motion and stability. Figure 1.1.1 illustrates the physical

processes of spray icing due to ship/wave collision generated spray.

1.2 Geographical Distribution of Marine Icing and

Environmental Conditions

The locations of icing events on Soviet ships world-wide is illustrated in Figure

1.7, according to Panov (1976). Clearly the ship positions where icing took place are

oncentrated in the main fishing areas. The duration of the icing season, and the

.equency of ship icing during the icing season over different regions is summarized in
Table 1.2.1, according to Borisenkov and Pchelko (1975).
The environmental conditions favourable to icing on ships are as follows:

(1)  Air temperature: Based on Soviet icing data, icing of ships occurs at air
tempera...res from 0 °C to -26 °C (Borisenkov and Panov, 1972).

(2)  Wind speed: Spray icing on ships usually takes place at high wind speed under
favourable air and sea temperatures. But sometimes it can also occur at low wind
speed in the presence of swell. The wind speed range over which icing has been
observed is 0 to 55 ms! (Panov, 1976).

(3)  Sea-surface temperature: According to Borisenkov and Panov (1972), spray icing
occurs at sea-surface temperatures from -1.8 °C to +6 °C. The lower limit is a
result of sea ice formation below -1.8 °C. Sea ice formation can suppress spray
generation and thus prevent spray icing. When the sea water temperature becomes
too warm (> +6 °C), the temperature of the impinging spray droplets may be
too high to allow immediate ice formation. However, under very low air
temperatures, the brine film remaining on the vessel’s surface may cool to its
equilibrium freezing temperature during the interval between sprays. In this case,
part of the brine film may freeze. Therefore, it is possible that the upper limit for
sea-surface temperature may be even higher than +6 °C {Shekhtman, 1967).
Besides the environmental conditions, the ship operating parameters also play an

important role in the occurrence of spray icing. For example, the severity of spray icing

2
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is reduced if the vessel travels at low speeds or downwind. In these situations, spray

generation is greatly reduced.
1.3 The Effect of Icing on Ship Stability

Icing on ships is a hazard for several reasons, but esoecially because it can result
in a loss of ship stability. Normally a ship travels with de ‘nated hydrostatic conditions.
The draught is fixed, the loading is distributed evenly over the vessel and the centre of
mass must be below the metacentric height and along the centreline plane. However,
when ice accumulates on the topside of the vessel, the extra ice load and its uneven
distribution causes the centre of mass of the vessel to shift away from its original
position. Thus, apart from the fact that the ship now travels with a deeper draught, it
may list and have a larger angle of trim as well. Topside icing always raises the centre
of mass. When the centre of mass is higher than the metacentric height, the ship becomes
unstable and may capsize. In general, ship motion possesses six degrees of freedom:
surge, sway, heave, pitch. roll, and yaw (Pawlowski and Bass, 1991). Observations
indicate that an extra load due to icing can seriously affect the dynamic performance of
a ship and reduce its stability, especially under severe icing conditicns und heavy seas.

Knowing that icing is a menace to shipping and fisheries, mariners have put much
effort into minimizing the ship icing hazard by (i) better ship design, (ii) improved
regulation, (iii) better icing forecasts, (iv) prudent ship operation, and (v) the use of de-
icing equipment (Makkonen, 1984). However, despite the above effort, numerous ship
icing disasters still occur. Recent examples include:

1) On January 31, 1993, the side-trawler Cape Aspy sank off the southwestern tip of
Nova Scotia with the loss of five lives. It was found that spray icing was one of the
causes of this disaster (Transportation Safety of Canada, 1994).

2) On December 8, 1989, the 300-foot bulk carrier "Johanna B" and the 420-foot
container ship "Capitan Torres" capsized due to icing in the Gulf of St Lawrence with
39 casualties (Zakrzewski and Lozowski, 1991).

3) On January 19, 1989, a modern, large fishing vesscl "Fjord West" was lost due to
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icing in the Bering sea (Zakrzewski and Lozowski, 1991).

4) In February, 1988, a medium-sized trawler under the Phillipino flag capsized due to
icing in the cold waters off Newfoundland. Only one survivor was rescued from the
ocean (Zakrzewski and Lozowski, 1991).

Based on the above discussion, the hypothesis of this research is that icing on
ships can influence ship dynamics and at some point may cause the ship to capsize.
Despite the considerable literature which has been published in the fields of spray icing
and ship dynamics, the amount of ice accumulation on a ship which will cause it to
capsize is still not known. Hence, the objective of this research is to link these two fields
of knowledge together so that the relation between spray icing and ship dynamics can be
investigated. With this new understanding, useful suggestions for navigation safety and
ship design as they relate to severe icing conditions can be proposed. In order to do this,
a new three-dimensional ship icing model is developed and the output from this icing
model is input to the ship dynamics model developed by Pawlowski and Bass (1991).
Using the two models together, the resulting ship-wave interaction under icing conditions

is analyzed.

1.4 Literature Review

(a) Ship Icing

Although spray icing frequently occurs over the North Atlantic and Pacific
oceans, very few data sets on ice growth on sea-going ships have been published by
western researchers. There are two well-known data sets available in western countries

(Stallabrass, 1980; Pease and Comiskey, 1985).
Based on the analysis of ship icing reports collected during the period 1970/71 -
1978/79 (exclusive of the season 1972/73), Stallabrass (1980) documented 39 cases of
ship icing for which the icing rate had been estimated. In this data set, the air and sea
temperatures, relative humidity, and ocean salinity were also included. However,
Stallabrass’ data set has a shortcoming. The reported ice thickness was not measured but

rather estimated visually. Thus, there is a large uncertainty in the reported values of
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»average ice thickness". Since the ice load distribution may exhibit great variability over
a ship (Zakrzewski et al., 1988), the "average ice thickness" given in these report may
be somewhat misleading.

A total of 85 icing observations were collected by Pease and Comisky (1985) in
Alaskan waters for vessels ranging from 20 - 115 meters in length during the period 1979
to 1983. In this data set, the icing rate and the air sea parameters were determined based
on ship icing reports. Again, the major shortcoming of this data set is that the ice
thicknesses were simply estimated visually.

Perhaps, the most detailed and comprehensive ship icing data have been published
in the former Soviet Union. Following several ship icing disasters during the 1950s and
1960s, a comprehensive research program was launched by Soviet scientists in 1966 and
was carried out until 1973. The publications of Soviet scientists on ship icing during the
above period cover many aspects of the icing phenomenon including the following:

(i) Spray generation, zone of spraying a vessel, frequency of spraying, and spray cloud
parameters.

(ii) Geographical distribution of icing events, environmental conditions favourable to
icing on ships, the period of potential ship icing, and the frequency of icing at sea.
(iii) Ice growth rates, and ice distribution on different ship components.

(iv) Physical properties of ice accietion on ships.

A detailed review of these Soviet icing data has been published by Zakrzewski and
Lozowski (1989).

In addition to the icing data discussed above, a lot of research has been done on
the modelling of ice accretion on ships. There are basically two types of models -
statistical and physical. Statistical ship icing models are based on empirical relationships
between air-sea parameters and observed icing rates. These models generally do not take
into account all of the meteorological and oceanographic parameters which have proved
to be crucial in determining the ice load and its distribution. In addition, this type of
model is not ship specific and thus the variation of ice load from ship to ship is not
considered. Many statistical models have been developed and some of them are described

below.



Based on an analysis of the variation of the icing rate on Japanese patrol and
fishing vessels in the Bering sea with air temperature and wind speed, Sawata (1966)
developed % nomogram to estimate the icing intensity qualitatively. In this nomogram,
the icing intensity was classified into three categories: light, moderate, and heavy. Sea-
surface temperature was not taken into account in the nomogram because of a lack of
field data.

Vasil’ieva (1966) correlated ’severe’ icing of ships operating in the Bering sea
with wind speeds greater than 20 ms" and air temperatures less than -15 °C. However,
this correlation does not provide any information on icing rates. Thus, this correlation
is rather qualitative. He also suggested a threshold condition, with wind speeds greater
than 5 ms? and air temperature less than 0 °C, for which sea spray icing occurs.

Mertins (1968) examined several hundred ship icing reports from vessels
operating in the North Sea and, with this information, developed a simple empirical
nomogram which relates air and sea-surface temperatures and wind speed to icing rates.
Mertins (1968) classified the icing rates into four categories: light icing (1 - 3 cm/day),
moderate (4 - 6 cm/day), heavy (7 - 14 cm/day), and very heavy (> 15 cm/day).
Mertins’ nomogram was revised by Wise and Comisky (1980) to correlate th= icing rates
on ships operating in the Bering sea and the Gulf of Alaska with air and sea-surface
temperatures, and wind speed.

Comiskey et al. (1984) performed a linear, multiple and stepwise regression
analysis on eighty-five recorded cases of ship icing. Predictive equations for icing rate
for the lee (in the shadow of an island), open water, and downwind (following seas) icing
cases were developed and compared with the icing expressions derived by Stallabrass
(1980). The icing nomogram originated by Wise and Comisky (1980) was modified by
doubling the icing rate associated with each icing class, in order to be more consistent
with the observed icing rates.

The most detailed empirical model is the one developed by Overland et al. (1986).
They used the 85 icing observations collected by Pease and Comisky (1985), and from
them, selected 58 cases with open-ocean, non-downwind conditions for analysis. Then,

they applied a categorical forecasting procedure to relate icing potential to wind speed,
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and to air and sea-surface temperatures. This categorical forecasting procedure is based
on the determination of a predictor which is a function of wind speed, the freezing point
of the brine, and the air and sea-surface temperatures.

Physical ship icing models are based on physical laws and equations which govern
the processes of spraying and icing. They allow the calculation of icing rate given an
input of the appropriate physical and meteorological/oceanographic parameters. Since
many aspects of spray dynamics and icing are still not well understood, certain
assumptions and the neglect of some not-so-important parameters are inevitable in
developing a physical/numerical ship icing model. Consequently, this type of model may
sometimes give rise to large errors. Fortunately, potentially large errors that may arise
in physical models can readily be detected through comparison with field observations
and with the predictions of tested empirical models.

The first physical ship icing model was developed in the USSk (Zakrzewski et
al. 1988). Borisenkov (1969) suggested a formula which relates the icing rate to the heat
tras:sfer coefficient and otner atmospheric parameters. This formula was recommended
for the prediction of the icing rate for both atmospheric and spray icing (Borisenkov et
al., 1971; Panov, 1976). However, some inconsistencies exist in this formula,
particularly in as much as liquid water content and the wind speed are not considered.
These two parameters are found to be important in determining the icing rate
(Zakrzewski et al., 1988). Nevertheless, Borisenkov’s formula gave a first approximation
to the average icing rate on a ship.

Borisenkov’s formula was subsequently modified by Panov (1971, 1976). Panov
(1971) added a term representing the local aerodvnamic heating to Borisenkov’s formula.
Another modification by Panov (1976) was the incorporation of the kinetic energy of the
impinging spray into the heat balance equation used for the derivation of the icing rate
equation (Zakrzewski et al., 1988). However, these two modifications have only a minor
effect on the icing rate, since the effects of aerodynamic heating and the kinetic energy
of the impinging spray droplets are almost negligible in marine icing (Zakrzewski et al.,
1988).

Kachurin et al. (1974) devised a model to calculate the ice growth rate on a
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circular cylinder in a cross flow. They then correlated the model prediction with the
overall ice load under the same environmental conditions on an entire vessel, by using
field data. In this model, the growth of ice was assumed to occur in the wet regime and
the spray flux was assumed to be continuous. It was also suggested that the liquid water
content in the spray cloud is linearly proportional to the wave height (Kachurin et al.,
1974). However, the proportionality constant is not well known, and ship speed and
heading, which are found to be crucial for spray generation (Zakrzewski, 1987), are not
included in the formula. On the positive side, the model is based on a heat balance
equation for an icing surface that includes the sensible heat flux associated with the
spray. Kachurin et al. (1974) suggested that only 20 - 30 % of the impinging spray
participates in the sensible heat exchange with the icing surface. This suggested fraction
requires further verification, since it would seem that the fraction of the impinging spray
directly involved in the heat exchange process should also depend on the magnitude of
the spray flux and on the atmospheric conditions as well. Based on the correlation
between the icing rate on a cylinder and a vessel, Kachurin et al. (1974) produced a
nomogram to predict vessel icing rates. The required input parameters in this nomogram
includes the air and sea-surface temperatures, wind speed, significant wave height, and
sea-surface salinity.

Stallabrass (1989) calculated the icing rate using a heat balance equation at the
surface of various ship components, under a continuous steady spray assumption. The
collection efficiency for spray droplets was assumed to be unity. Stallabrass (1980) found
that the model performed better against Canadian data if the liqui¢ water content in the
spray cloud was one-sixth of that given by the Kachurin et al. (1974) equation. The
model of Stallabrass seems to perform well compared with the previously described
models when tested against Canadian data. However, his model also suffers from several
shortcomings. The model does not include the sensible heat flux of the rundown water
shed from more elevated locations (Zakrzewski et al., 1988). In addition, the liquid water
content used in the model depends on the wave height only. This wave height dependence
seems too simple because ship speed and heading are known to affect the spray cloud
parameters as well (Zakrzewski, 1987). The Stallabrass model was calibrated using icing
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reports from ships operating in the waters east of Canada during the icing seasons of
1977/78 and 1978/79.

Zakrzewski et al. (1983 and 1988) have developed a three- dimensional, time
dependent ship icing model for a Coast Guard Cutter and a Navy Destroyer. This model
basically consists of two modules, one for spraying and one for icing. In the spraying
module, a vertical spray jet is assumed to be ejected around the forward perimeter of the
hull. The liquid water content in the spray cloud is expressed as a function of wave
height, ship speed relative to the moving waves, and height above deck. The topside of
the ship is divided into components and a network of grid cells is superimposed on each
component. The spray flux to each grid cell in each component is determined through
a backward trajectory calculation. Also included in the spraying module are the
dimensions of the spray cloud, the residence time of the spray cloud over the vessel, the
frequency of spray cloud generation, and the extent of the spraying zone on the ship. In
the icing module, the droplet impingement temperature is first calculated using the
trajectory and heat conservation equations. Then, the icing rate on each grid cell is
calculated using a heat balance equation. Unlike the model of Stallabrass (1980), the net
heat flux due to shed water, and the heat flux due to radiation are also included in the
model. In addition, water and salt transport down vertical walls, and the sponginess of
the ice accretion are all included in this model. The model of Zakrzewski et al. (1988)
was basically the only one of its kind until the present work. The authors suggested the
following improvements to the model:

(1) The duration of water film residence on the icing surface is time-dependent and this
should be incorporated into the model (Zakrzewski et al., 1988).

(2) Field tests are necessary in order to determine the convective heat transfer coefficient
for full-scale ship components in a turbulent flow (Zakrzewski et al., 1988).

(3) The spraying module is based on field data collected on Soviet trawlers. Thus, for
modern Canadian trawlers, some modification may be needed in the spraying module.

Several other shortcomings of the model of Zakrzewski et al. (1988) were not
mentioned by the authors. In the spraying module, it was assumed that the liquid water

content in the spray cloud varies only vertically and not laterally. But, according to
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model-scale spraying experiments performed at the Institute for Marine Dynamics, St.
John’s, Newfoundland, it was found that the amount of spray water impinging on the
ship’s deck varies both longitudinally and laterally (Chung et al., 1993). This implies that
the liquid water content in the spray cloud should vary laterally as well. Although a
trajectory equation is used in the model of Zakrzewski et al. (1988) to calculate the spray
flux to different grid cells, any shadowing effect (see Figure 1.1.1) is ignored. Due to
blocking of the spray droplets by the superstructure, some parts of the vessel may not
receive spray. Neglecting this effect may result in an overestimation of the ice load.

An innovative approach has been used by Blackmore and Lozowski (1994) to
develop an heuristic model of vessel icing. This model, though simple in physics,
includes essentially all the relevant atmospheric and oceanographic parameters as input.
This model can be used to predict the overall icing rate for different sizes of ships as
long as their length, beam, and freeboard are known. The authors envisage the vessel to
be enveloped in a continuous spray cloud. They further assume that dynamic and
thermodynamic equilibrium are complete by the time the spray impinges on the vessel.
Thus, the spray droplets and the air parcel have the same temperature and velocity at the
moment of impingement. Therefore, the convective heat loss from various components
on the vessel is neglected. In other words, for the purposes of this model, the
supercooling of the spray droplets is taken to be the major heat sink for ice growth. The
spray/air heat balance is applied under one of two assumptions. The first is that the spray
supercools, and the second, that the spray is nucleated. It was found that the nucleated
spray model gives icing rates up to 400 % greater than the supercooled version
(Blackmore et al., 1994). The nucleated process needs further verification, especially in
determining what kinds of environmental conditions can lead to such a process.
Nevertheless, both the supercooled and nucleated version of the heuristic model perform
well against data and other icing models (Blackmore et al., 1994). Although the heuristic
model of Blackmore et al. (1994) is simple and universal, it predicts only the overall
icing rate for the entire vessel. It does not predict the variation in ice growth on different
parts of the vessel. In Section 1.5, a new ship icing model specifically designed to
achieve this purpose will be presented.
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(b) Ship Dynamics

Considerable research on ship dynamics has been published and many advances
have been made in this field in recent years. Before the invention of computers, the
performance of a ship could only be tested using a model-scale ship running in a towing
tank. In this way, the ship resistance, ship stability and motion could be evaluated and
the results projected to the full-scale ship througn the "Froude law of comparison®
(Todd, 1967). One way to calculate the ship-wave interaction was based on "strip theory”
(Lewis, 1967) in which the hull was assumed to be made up of a number of transverse
strips or segments. The .iydrodynamic load and moment are calculated on each strip and
then summed. With the recent advances in computer technology, the study of ship
dynamics has now shifted to the numerical modelling of non-linear ship motion in
arbitrary seas. Numerical modelling of ship motion has made a substantial contribution
to the evaluation of ship performance and ship design. Model-scale experiments always
encounter certain limitations which are not constraints in numerical modelling. However,
towing tank experiments are still very valuable because they can be used to establish the
validity and performance of numerical models. To date, towing tank experiments are still
widely used in the evaluation of a ship’s performance.

The earliest work on ship dynamics is that of Krylov (1898). He calculated the
hydrodynamic loads and ship motions in waves, based on the simple assumption that the
presence of the ship does not change the pressure distribution in the propagating wave.
This assumption is called the Froude-Krylov hypothesis. Since then, progress in the
modelling of ship interaction with waves has consisted chiefly in the development of
techniques for computing the very disturbances discarded by the Froude-Krylov
hypothesis (Pawlowski and Bass, 1991). Reviews of this progress can be found in
Newman (1983) and Hutchison (1990). Despite recent progress, knowledge of these
disturbances is still constrained by the necessary assumption of small wave amplitudes,
small ship motions, and small disturbances induced by the ship in the oncoming wave
field (Pawlowski et al., 1991).

Neglecting fluid viscosity, the disturbance discarded by the Froude-Krylov

hypothesis can be decomposed into radiation and diffraction disturbances (Pawlowski et
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al., 1991). The radiation disturbance is the disturbance induced jn calm water by a hull
oscillating about a stationary or a steadily advancing mean position. The diffraction
disturbance is the disturbance induced in the wave field by a stationary or a steadily
advancing hull (Pawlowski anc Bass, 1991). These two component: can be solved for
separately either in the frequency domain (Faltinsen and Michelsen, 1974, Hogben and
Standing, 1974, Chang, 1977, and Inglis and Price, 1982) or in the time domain (Liapis,
1986, Beck and Liapis, 1927, and King, 1987), using pane! methods. The solutions can
be expressed in terms of Green’s functions which satisfy appropriate linear free surface
conditions (Pawlowski et al., 1991).

For solutions in tiie frequency domain, the disturbance problems can be solved
by considering only the linear frequency domain and assuming a zero forward ship speed
(Newman and Sclavounos, 1988). Methods aimed at the inclusion of non-linear effects
in the frequency domain solution with zero forward ship speed have also been considered
by Ogilvie (1983), Lee, Newman, Kim and Yue (1991) and Pawlowski (1991).

The advantage of time domain methods is that they allow arbitrary motion of the
hull, and thus the assumption of zero forward ship speed (or small ship motions) can be
discarded. In addition, the distinction between cases with and without forward speed can
alsc ¢ eliminated (Pawlowski et al., 1991). However, the assumption of small oncoming
and disturbance wave amplitudes has to be retained (Lin and Yue, 1990, and Magee,
1991).

A novel ship dynamics model has been developed by Pawlowski and Bass (1991).
Since this model will be used together with a new ship icing model (described later) to
investigate the effect of icing on ship stability, it is worthwhile to describe relevant
features of their model here. More details can be found in the original paper.

The model of Pawlowski and Bass (1991) assumes that the oncoming wave is
steep and high, and that the motions of the ship caused by the wave are also large, of a
magnitude proportional to the wave height. In this way, the Froude-Krylov hypothesis
is abandoned. A new hypothesis, called the weak scatterer hypothesis is introduced
instead. The key assumption of this hypothesis is that the disturbance induced by the
moving ship in the wave field is considered to be of a smaller order of magnitude than
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the wave flow Guantities which are proportional to the wave height, but at least of the
same order of magnitude as the wave flow quantities which are proportional to the square
of the wave height. The weak scatterer hypothesis applies when the ship moves
compliantly with steep waves of a length and height comparable to the ship’s dimensions.

The weak scatterer assumption has been used before by Newman (1970) to
investigate the hydrodynamic loads on submerged bodies, and also by Salvesen (1974)
to simplify expressions for steady, second-order hydrodynamic loads induced on
conventional surface ships. There is a fundamental ¢ifference between their weak
scatterer assumption and that of Pawlowski and Bass (1991), however. The former is
based on "strip theory" which can be justified only for slender ships operating at normal
speeds in head and bow waves (Salvesen, Tuck and Faltinsen, 1970), while the latter is
not limited in this respect, but depends only on the compliant motion of the ship. Thus
it is applicable to the modelling of large ship motions.

Using the weak scatterer hypothesis, the weak scattering potential (which must
satisfy Laplace’s equation, the impermeability condition on the hull, the free surface
condition, and appropriate'initial concit i -ns; can be solved for using the modal potentials
method (Pawlowski, 1982; Pawlowski et al., 1988). The flow disturbance is expressed
by a finite numt-. of modal velocity potentials with unknown time-dependent amplitudes
which are evaluated in *~~ .- se of a time domain simulation. The modal amplitudes
determine the correspe i+ . ¢ -otentials using an appropriately defined, pre-sclected
potential influence functirx. One of the advantages of ti.2 modal potentials method is that
the distinction between the radiation and diffrzction disturoance is immaterial. The flow
disturbance is simply represented by a single scattering velocity potential which is
obtained by summing the modal potentials.

In the model of Pawlowski and Bass (1991), the effect of viscosity is included in
the calculation of the roll damping, and the lift and drag contribution to the sway force
and yaw moment is included using appropriately known semi-empirical expressions
(Himeno, 1981, Crane, Eda, and Landsburg, 1989). Finally, using Bernoulli’s equation,
the unsteady resultant hydrodynamic force and the moment generated on the

instantaneous wetted surface of the hull can be calculated.
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Comparison of the model simuiation with experimental data has confirmed the
validity of the weak-scatterer hypothesis for steep wave conditions, and the efficiency of
the modal potentials method (Pawlowski and Bass, 1991).

1.5 A New Three-Dimensional Time-Dependent Ship Icing Model

The objective of this dissertation is to study the effect of spray icing on ship
stability. Thus, determination of the ice load distribution over the ship is required in
order to calculate the hydrostatic and dynamic conditions under the ice load. These new
hydrostatic conditions are required as input to the dynamics model of Pawlowski and
Bass (1991). The icing model of Zakrzewski et al. (1988) is not entirely suitable in this
respect since their model output gives the total ice load on each ship component and not
the variation within a given component. The type of ship that is modelled in the present
research is also different from that used in the model of Zakrzewski et al. (1988). In
addition, new spraying data are now available which were not available to Zakrzewski
et al. (1988).

Hence, an essentially new ship icing model for the stern trawler MT Zandberg
has been developed. This model calculates the total ice accumulation and the ice load
distribution over different parts of the topside of the ship. For a different ship, the
present icing model may need to be modified. But, us.ng t 2 currently available icing
statistics, the total ice load on a different type of ship can be estimated by correlating the
predicted toial ice load for the Zandberg and the observed total ice loads for that ship.
The present ship icing model is different from that of Zakrzewski et al. (1988) in various
ways. Improvements have been made to rectify several shortcomings of their model. The
principal differences are the following:

(a) The entire topside of the vessel, including the deck, wheelhouse, and mast, is
superimposed with a well organized grid cell network. As a result of this simplified
design, the ice load distribution can be more accurately represented.

(b) The spray generation and the spray flux algorithm used in the new icing model is
based on experimental data obtained from a scale-model spraying experiment.
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(c) The new ship icing model takes into account brine flow on vertical surfaces and the
residual brine film on horizontal surfaces.

(d) The shielding (shadowing) effect on spray droplet trajectories is also included in this
new ship icing model.

The new ship icing model consists of four parts:

(1) The spraying module which i sed on the results of scale-model experiments
undertaken in the 200 meter wave ta. at the Institute for Marine Dynamics (IMD), St.
John's, Newfoundland. Using statistical analysis, Froude scaling, trajectory modelling,
and continuity of spray mass, a full-scale flux equation has been derived.

(2) The spray thermodynamics module is based on droplet trajectory and heat
conservation equations. Using this, the temperature of the droplets impinging on the
superstructure can be determined.

(3) The impinging droplets form a brine film on the surface of the superstructure. The
brine flow rate is crucial in determining the ice accretion rate. In the brine film dynamics
module, the film is assumed to flow downwards on all vertical surfaces and Nusselt’s
equation is used to calculate the flow rate. On horizontal surfaces, no brine flow is
considered.

(4) The ice accretion rate on the superstructure, due to the freezing of the brine film, is
calculated based on a heat flux balance equation. In the icing module, the het transfer
coefficients for smooth flat plates under a turbulent flow regime or for cross flow over
a cylinder in a turbulent flow regime are used as is appropriate.

In Chapter 2, model spraying experiments and the data analysis, which allow for
the developr~nt of a model-scale empirical equation fur the spray mass distribution over
the deck of the MT Zandberg model, are discussed. Froude number scaling is used to
transform this model-scale equation into a full-scale spray flux equation. This equation
is used in Chapter 3 to develop a new three-dimensional spraying model to calculate the
spray flux onto the components of the ship superstructure taking into account the effect
of wind and air drag on the trajectory of spray droplets and conservation of spray mass.
A novel ship icing model is developed in Chapter 4. This is done with a thorough

analysis of the thermodynamic properties of brine and saline ice, and the physics of brine
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flow and ice accretion. In Chapter 5, a theoretical study of the effect of icing on the
ship’s static stability is presented. In Chapter 6, quantitative results on the effect of icing
on the ship’s static stability and its dynamic performance are presented and discussed.
Some suggestions on navigation safety under severe icing conditions are also presented
in this chapter. Finally, summary, conclusions and recommendations are given in Chapter
7.
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CHAPTER 2 : SPRAYING LATA ANALYSIS

People living close to the sea are probably familiar with ship/wave collision-
generated spray. This phenomenon is caused by the slamming of a ship’s hull into
oncoming waves. A large spray cloud consisting of numerous water droplets is generated
around part of the perimeter of the hull. Due to the effect of wind drag and the forward
motion of the ship, the spray droplets may impact the ship’s surface. Ship/wave collision
is similar in nature to waves slamming a vertical wall. The main difference between these
two processes is that the former involves a moving boundary (the ship hull) while the
latter involves a fixed boundary (the vertical wall). Kirby (1985) studied the problem of
spray overtopping caused by the interaction of the waves with the vertical walls of the
Tarsiut Island in the Canadian Beaufort Sea.

Collision-generated spray is particularly dangerous for ships travelling in cold
regions. In this environment, the impinging spray droplets freeze on the superstructure
and ihe entire vessel may accumulate many tonnes of ice in only a few hours. According
to Zakrzewski and Lozowski (1988), collision-generated spray is the most common cause
of ship icing (Shekhtman, 1967, 1968; Panov, 1976). Therefore, it is important to know
how much spray can be produced during a ship/wave collision under given conditions in
order to determine the icing rate.

There are two possible ways to collect spraying data. The first is by direct
measurement of the spray mass on a full-scale ship. Zakrzewski and Blackmore have
tried to collect the spray mass by putting buckets on the foredeck of the full-scale stern
trawler MT “Zandberg®. However, their efforts were unsuccessful due to various
technical problems (personal communications with Zakrzewski and Blackmore). In
addition, the captain also did not allow them to work on the foredeck because it was too
dangereous.

Another way to obtain spraying data is through scale-model experiments in a wave
tank. The experimental data is transformed into full-scale data using an appropriate

scaling method. This type of experiment can easily be carried out whenever the required
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facilities are available, and personal safety is not a problem. Familiarity with the ship
icing literature suggests that scale-model spraying experiments have not been done
before. Therefore, we decided to investigate this physical phenomenon and to use the
spraying data to formulate a full-scale spray flux equation.

In order to simulate the collision-generated spray phenomenon, a 1 to 13.43 scale
ship model (with length 3.83 m and beam 0.86 m) of the stern trawler MT "Zandberg"
was deployed in the clear water wave tank at the Institute for Marine Dynamics (IMD),
National Research Council, St John’s, Newfoundland. Twenty-three collecting gauges
were installed over the deck of the model ship in order to collect spray drops (see Figure
2.1). These gauges protrude 5 cm above the deck to protect the collectors from "green"
water that may flood the deck. Ship/wave collision produces ejected water which may
consists of three components: "green" water, airborne water which has not been broken
into droplets, and airborne spray droplets. In the spraying experiments, only the latter
two components and any "green’ water with thickness greater than 5 cm were collected.
During the experiments, it was found that the model superstructure was likely to hit the
carriage for runs requiring wave heights greater than 0.2 metres. Therefore, it was
decided to remove the wheelhouse from the scale model.

The ship model was ballasted into its appropriate draft corresponding to the full-
scale value and placed under the carriage in the water tank. The model was powered with
a single propeller and was only allowed to move freely in pitch, heave, and surge. The
wave spectrum (for fully developed irregular seas) was generated by an electric wave
maker. The model had to be controlled in such a way as to keep it moving with the
carriage at constant speed. The wave tank is about 200 metres long and for this reason
only runs with a model speed of 0.5 ms’ or lower would allow coverage of the entire
wave spectrum during a single carriage trip down the length of the tank. Therefore, it
sometimes requires several passes down the tank in order to cover the entire wave
spectrum, depending on the model ship’s speed. In this case, after each pass, spray water
in each gauge was weighed and recorded before the next pass started.

Wind was also included in the spraying experiments. An air flow above the

model’s deck in a direction opposite to the ship motion was produced using a wind-
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Figure 2.1: Distribution of the spray collecting gauges over
the deck of the scale-model of MT Zandberg (without the
wheelhouse). Each collecting gauge has a diameter of 10.17 cm.



generating system which was installed under the carriage. A more detailed description
of the spraying experiment and the wind system is given in Lozowski and Zakrzewski
(1991 and 1992).

In the following discussion, an analysis of the spraying data is presented and an
empirical equation, at model-scale, for the water mass distribution over the ship’s deck
is derived. This model-scale equation is then transformed into a full-scale equation using
Froude scaling.

2.1 Data Analysis

Twenty-two ship spraying experiments under various conditions were performed
successfully. The experimental conditions are given in Table 2.1.1. The ship heading was
180°, i.e. directly into the waves (see Figure 2.1.1) , and therefore, ideally, the water
mass distribution over the deck should be symmetrical about the x-axis (the longitudinal
centreline, see Figure 2.1). However, the experimental results showed that the water
mass distribution over the deck was not perfectly symmetrical about the x-axis. This
asymmetry may be attributable to the stochastic nature of collision-generated spray. Thus,
more model-scale experiments are recommended for future investigation. The mass
distributions (raw data) for the 22 experiments are given in Appendix 1A. The
experimental results reveal two distinct characteristics. The first is that, generally, the
mass collected decreases with increasing longitudinal distance from the perimeter of the
hull. The second is that, for each of rows A, B, C, D, and E, the maximum mass
collected is usually located on the centreline, and the mass decreases as the transverse
distance from the centreline increases. However, there are a few exceptional cases in
which the minimum mass occurs on the centreline. Table 2.1.1 gives a summary of the
results for each experiment. In order to derive a relation describing the spray mass
distribution over the deck, we interpolate linearly or parabolically between the observed
data points using a procedure outlined in Appendix 1B.

By following this procedure, we obtain an interpolated symmetrical mass

distribution for each experiment. The corresponding mass density distribution is obtained
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by dividing the mass in each gauge by its cross-sectional area. Since the experiments

were undertaken under dificrent conditions and over different durations, we obtained an

Expt# | Mg (8) At, (min) | Mg /At v, (m/s) | hy;3 (m) | u;o (m/s)
(g/min)
1 1886.1 4.22 477.29 2.05 0.34 6.8
4%9.3 5.37 87.45 2.05 0.26 6.8
3 294.7 4.20 70.17 2.05 0.22 6.8
4 1441.8 4.88 295.25 1.37 0.34 6.8
5 206.1 5.10 40.41 0.68 0.34 6.8
6 - 6.10 - 0.27 0.34 6.8
7 3111.3 5.33 583.37 1.71 0.34 6.8
8 86.9 4.40 19.75 2.05 0.19 6.8
9 4222.9 4.35 970.78 2.05 0.34 7.5
10 1182.5 4.27 271.15 2.05 0.34 6.0
11 2496.7 4.35 573.95 2.05 0.34 3.5
12 2220.1 4.43 500.78 2.05 0.34 0.0
13 94.8 6.55 14.47 0.68 0.34 6.8
14 41.0 4.47 9.18 2.05 0.19 6.8
15 2019.7 14.35 671.20 2.05 0.34 7.5
16 4061.3 4.35 933.63 2.05 0.34 6.0
17 367.4 4.33 84.79 2.05 0.26 6.8
18 5189.8 4.30 1206.93 2.05 0.34 6.8
19 744.7 4.93 150.95 1.37 0.34 6.8
20 2322.6 4.30 540.14 2.05 0.30 6.8
21 5316.2 4.28 1241.15 2.05 0.37 6.8
22 2160.3 3.98 542.34 2.20 0.34 6.8
23 3172.6 4.22 752.39 2.05 0.34 68 |

Table 2.1.1: Total mass collected in the 23 gauges Mg, total duration of the
experiment At,, and air/sea conditions for each experiment, v, and h,, are
respectively the model-scale ship speed and significant wave height. u,, is the wind

speed.
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Figure 2.1.1: A schematic diagram showing the convention of
ship heading. A ship heading of 180° means head seas while 90°

means beam seas.



empirical formula describing the longitudinal mass distribution, by normalizing the data
with respect to the total mass collected in each experiment. Thus, the normalized mass

in each collecting gauge is given by:

myA M
F="A =4 (2.1.1)
M, Mg

where

F,, : normalized mass.

A - cross-sectional area of the cylindrical gauge (A=81.23 cm?).
m; : mass density in the gauge Jocated in the i row and j® column (gcm?).
Mg, : total mass collected in all the gauges in the k® run (g).
M; : mass collected in the gauge located in the i® row and j® column (g).

The normalized data sets are given in Appendices 1C and 1D.
2.2 Empirical Equation for the Longitudinal Mass Distribution

The normalized masses for columns y=0, y=+7.8 cm, and y=+15.4 cm are
plotted semi-logarithmically in Figures 2.2.1ato 2.2.1c. Three experiments, #8, #13, and
#14, have been discarded and not plotted, because very little spray (<100 g) was
collected. Due ¢o the stochastic variability of ship generated spray, which is prominent
with low masses, incorporating these data intu the analysis seems inappropriate.

We can see from these three plots that the normalized mass F, appears to
decrease exponentially with increasing longitudinal distance (measure:i from the perimeter
of the hull). A linear regresion method was used to find the three best fit lines tc *hese
data. The result is an expression for the normalized mass kK, as a functior: of the

longitudinal distance x at a particular y:

In(F,) = a+fx (2.2.1)
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| In(Fm) = -0.5009 - 0.03343x
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Figure 2.2.1: The normalized mass distribution as a function
of x measwred from the perimeter of the hull along the
longitudinal lines: (a) y = 0 cm, (b) y=%7.8cm, and (c) Yy
= + 15.4 cm. There are 22 symbols in each graph representing
22 spraying experiments. These symbols scatter around the best
fit line.
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where o and B are functions of the transverse distance y. Three values of @ and B
corresponding to y = 0, 7.8 cm, and 15.4 cm are listed in Table 2.2.1. Only positive
values of y are considered because of symmetry. Using Equation 2.1.1, Equation 2.2.1

may be written in a mass flux density form:

--———e“‘px (2-2.2)

where
m’;: the mass flux density at the position ij.

At,: the duration of experiment #k.

y (cm) I « - B
0 -0.5009 -0.03343
7.8 -0.8052 -0.03085
15.4 -1.6773 -0.02512

Table 2.2.1: Values of « and 8 in Equation 2.2.1 corresponding to particular values

of y.

Since the values of o and B in Equation 2.2.2 are differ¢:.. at different transverse
distances (y), it is necessary to determine how « and B vary with y.

It has been found that the values of « and 8 in Table 2.2.1 may be fitted by cubic
polynominal equations. Using the required conditions that o is maximum aty = 0 (i.e
(da/dy),=o = 0), B is minimum at y = 0 (i.e (dB/dy),=o = 0), and the data given in
Table 2.2.1, two polynomial equations for o and 8 have been derived:

@ = -0.5009 - 5.0440x1073y? + 5.4315x107°y3 (2.2.3)

B = -0.03343 + 4.9967x10%y? - 9.6930x1077y* (2.2.4)
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The empirical equation for the spray mass distribution given in Equation 2.2.1 can be

rewritten as:

M, =M e hx (2.2.5)

In this equation, Mg, is the total water mass collected in all 23 gauges installed on the
ship’s deck in experiment k. The amount of spray generated, and hence the total spray
mass that actually splashes onto the entire deck, is affected by wave height, ship speed,
ship heading, and wind speed. Therefore, it is appropriate to relate the total spray mass
collected in all 23 gauges to the above four parameters.

In our experiment, the ship heading is fired at 180°, i.e. directly into the waves.
The experimental data show that at the model -scale the wind speed has no clear effect
on the total water mass (see Tabic 2.1.1 cases 9, 10, 11, 12, 15, and 16). The reason
is that the total amount of spray generaizd during ship/wave collision should only be
affected by the momentum transfer between the hull and the wave. This momentum
transfer merely depends on ship speed and wave height, but not on wind speed.
Therefore, using Table 2.1.1, the total collected water mass can be expressed as a
function of significant wave height (h,,;) and ship speed (v,). Figures 2.2.2a and 2.2.2b
show how Mg,/At varies with h,,; and v,. Best fit straight lines to the data on these
figures are shown at the top. Thus, it appears that M /At is approximately proporticnal
to h,,y’ and v,.’. Figure 2.2.3 shows how Mg/At varies with v 3h,,y’. The results (Table
2.1.1) from the model spraying experiments indicate that both the ship speed and wave
height must exceed certain thresholds in order to produce a measurable amount of spray
water (see also Figures 3.4.1a and 3.4.1c). The thresholds for the model-scale ship speed
and wave height are approximately 0.27 ms'! and 0.19 m respectively. Since the
thresholds are small, we have assumed for simplicity that the spray generation function

passes through v, = O and h,; = 0. Then, Mg, /At, when expressed in (kg/min), is given
by:
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[In(MGk/time) = 13.899 + 6.7418In(h1/3) |
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Figure 2.2.2: Variation of the total spray mass collected per
minute with (a) significant wave height, (b) ship speed.
Experiments # 1, 9, 10, 11, 12, 15, 16, 18, and 23 are
averaged together as a single data value (see Table 2.1).
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[ MGKk/time = 146977(vs)"3(h1/3)"7 )
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Figure 2.2.3: Variation of the total spray mass collected per
minute with v’h,,’. Experiments 1, 9, 10, 11, 12, 15, 16, 18,
and 23 are averaged together as a single data value (see Table
2 L 1. 1) L]
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M,

where C = 1.47x10? kgs’min'm™°,

In the experiments, h,; varies by a factor of about two and v, by a factor of about
3. Before this equation is applied too broadly, it should be verified over a larger range
of these parameters. Substituting Equation 2.2.6 into 2.2.5 and using Equation 2.1.1, the
spray mass density distribution with all the parameters in S.L. units {except At which is

in minutes) can be calculated by the following equation:

cAtvih!
m. =0t ¥s1/3 g

a+fx (2.2.7)
17 A

where
m; : spray mass density in the gauge located in the i* row and j® column (kgm?).
a = -0.5009 - 50.440y + 5.4315y".
B = -3.343 + 49.967y* - 96.93y* (m™).
C = 1.47x10? (kg min’'m°).
A : cross sectional area of the collecting gauge

(8.123x10°m?).

At : duration of a single run of spraying experiment (min).

v, : model ship speed (ms™).
h, : significant wave height at the model-scale (m).
x : longitudina! distance measured from the perimeter of the hull (m).

y : transverse distance measured from the centreline (m).
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2.3 Full-Scale Spray Flux Equation

Thus far, we have obtained a model-scale empirical equation for the spray mass
distribution over the deck of the MT Zandberg model. In this section, we use Froude
number scaling (Schmitke, 1979) to transform Equation 2.2.7 into a full-scale empirical
equatioxi. The Froude number is defined as the ratio of inertial to gravitational forces.
If the Froude number for a model-scale ship is the same as that for a full-scale ship,
there should be a geometrically similiar ship-wave pattern (Lighthill, 1978). Thus, the
model-scale ship speed, ship length, and wave height can all be transformed into full-
scale using Froude scaling. The spray droplet trajectories and hence the spray mass
distribution for a full-scale <hip should also follow this same law of comparison. This is
true as long as the wind drag is neglected. In this case, droplets trajectories are only
controlled by the ‘rertial and gravitational forces and thus satisfy the Froude number

definition. The +ouce number is given by:

VS
Fr = —=— (2.3.1)

Vgl

where v,: the model-scale ship speed (m/s).
g: the acceleration due to gravity (ms?).
I: the model-scale ship length at the waterline (m).
Froude scaling requires that the Froude number be the same for both the full-scale and

model-scale ship. That is:

= = (2.3.2)

where
V, : tull-scale ship speed (m/s).

L : fuli-scale ship length at the waterline (mi).
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Thus, we obtain the following ratio:

]

Vs _
Vs

= /5 (2.3.3)

(]

\

where S,, is the geometrical scaling factor.

Lozowski and Zakrzewski (1992) state that the length ratio of the full- scale MT
Zandberg to the model-scale MT Zandberg, S, is 13.43. Thus, the parameters below
can be scaled to full-scale as follows (parameters with subscript F are at full-scale):

(i) Ship length

L=25,1 (2.3.4)
(ii) Ship velocity
Ve = /SaVs (2.3.5)
(iii) Distance
Xe =S X .+ Yr= Sy (2.3.6)
(iv) Wave height
H1/3 = sm}71/3 (2.3.7)

where
H,: the full-scale significant wave height (m).

h,: the model-scale significant wave height (m).
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(v) Time

Atp = JS,At (2.3.8)

(vi) Mass of water collected
Since the density of water at the model-scale is the same as that at full-scale, and

volume V « L?, we have:

MF=Sm3M (2.3.9)

Using these six relations, we can now derive a full-scale empirical equation for the spray
mass distribution over the deck. We begin with the model-scale empirical Equation 2.2.5

in the form:

J.n(ﬁ) = q+Px (2.3.10)
Gk

The full-scale form of this equation is:

M.
In(—2E) = a +Ppxp (2.3.11)
GKF
It is obvious that:
M, M
= AE (2.3.12)

Mg Mgr

From Equations 2.3 10, 2.3.11, 2.3.12, and 2.3.6, we obtain the following two relations:
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0p=a

p;':'sﬁ‘"n

(2.3.13)

(2.3.14)

The model-scale expressions for o and 8 are given by Equation 2.2.7. The full-scale

expressions for ap and B¢ have similar forms:

@, =a + by? + cyr

B =d + ey} + fy?

(2.3.15)

(2.3.16)

Using Equations 2.3.13, 2.3.14, 2.3.6, 2.3.15, 2.3.16 and the equations for « and £ in

Equation 2.2.7, oz and 85 can therefore be written:

50.44 2 5.4315 >

a. = -0.5009 - s— YF + T VF
S S
.343 49.967 6.93
B;‘: -2 + 2 y; - 2 YI?‘

3 4
Sn Sp m

Therefore Equation 2.3.11, may be rewritten as:

MijF = M__:kpe“r‘pr"r

G

(2.3.17)

(2.3.18)

(2.3.19)

Starting with Equation 2.2.6, the full-scale equivalent total spray mass (Mg, ) may be

expressed in a similar form:
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My = Ceb tViH] (2.3.20)

Dividing Equation 2.3.20 by Equation 2.2.6, and using Equations 2.3.5, 2.3.7, 2.3.8,
and 2.3.9, C; is related to C by:

-

(2.3.21)

9 la

Using Equations 2.3.21, 2.3.20, and 2.3.19, the spray mass distribution over the deck
for the full-scale ship may then be expressed as:
_ C 3,,7 aptPpxy
Mije = -Eg-’-\ tpVeHi € (2.3.22)

m

Using the fact that the cross-sectional area of an equivalent collecting gauge in full-scale

is Ap = S,’A, the full-scale spray flux at position i,j may finally be written as:

1 _Mijp_ C 37 o0rtBex
m‘”"Té; S;AV,Hl/se’ F (2.3.23)

where
cp = -0.5009 - (50.44/S, D)y + (5.4315/S)ys.
| e = -3.343/S, + (49.967/S.)ys" - (96.93/S M)y (m™).
C = 1.47x10? (kgs’min'm™°).
A = 8.123x10? (m?).
S, = 13.43.
At : full-scale time duration (min).
V, : full-scale ship speed (ms™).

H,, : full-scale significant wave height (m).

40



Xg © full-scale longitudinal distance measured from the perimeter of the hull (m).
yg : full-scale transverse distance measured from the centreline (x-axis) (m).
m;e : spray mass density at position ij on the deck of the full-scale ship (kgm?).
m’;:: spray flux density at position ij on the deck of the full-scale ship

(kgm2min™).

2.4 Discussion of the Full-Scale Spray Fl.:x Exiiaiion

Using Equation 2.3.23, the .prav flux along the three longitudinal lines
corresponding to y; = 0, 2, and 4 m is calculated for V, = 3 ms! and H;; = 4.5 m.
The result is shown in Figure 2.4.1. It is clear that the sp. ay flux decreases exponentially
as xg increases. This distribution pattern is similar to t.ai suggested by Borisenkov et al.
(1975). The spray flux decreases transversely as well. For yz = 4 m, very little spray
water is received along the entire longitudinal line. This behavior is the result of the
dependence of oy and B¢ on yg in Equation 2.3.23.

Figure 2.4.2 shows the spray flux distribution along y: = 0 for different ship
speeds and wave heights. This figure shows that when the results are plotted semi-
logarithmically, the spray flux distributions have the same slope but different magnitudes
depending on the ship speeds and wave heights (Figure 2.4.2). This means that the spray
flux distributions for different ship speeds and wave heights have a similar form
determined by the exponential function in Equation 2.3.23, but with different magnitudes
determined by V£ H, 3.

Results from the model experiments indicate that the spray flux distribution is
ambiguously affected by wind speed, at least within the range of wind speed applied
during the experiment. However, this is unlikely to be the case at full-scale. In the
experiments, the wind speed was scaled down according to Froude scaling, but the
generated spray droplet sizes could not be scaled down. In the natural environment, the
spray droplets generated by ship/wave collision are around the same size as or smaller
than those generated in the laboratory, due to a stronger ship/wave impact and higher

wind speeds which can break the spray droplets into smaller sizes. Consequently the
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Figure 2.4.1: The spray flux distribution along the
longitudinal lines yy = 0, 2, and 4 m for V, = 3 ms’! and H;3 =
4.5 m. The longitudinal distance Xg is measured from the
perimeter of the hull.
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Figure 2.4.2: The spray flux distribution along yy; = 0 for:
(a) V, = 3 ms', Hy =4.5m, (b) V, =2 ms!, H; = 4.5 m, (c) V,
= 4 ms!, Hp = 4.5m, (d) V, =3 ms!, H;; = 3.5 m, (e) V, =

3 ms!, Hp = 5.5 m.
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spray droplets are more prone to the effect of wind drag in the natural environment.
Thus, it can be concluded that Equation 2.3.23 has been derived under conditions in
which there is effectively "no wind" (i.e no wind drag) and the spray transport onto the
deck occurs merely by the relative forward motion of the ship.

In order to make Equation 2.3.23 applicable at full-scale, the effect of wind drag
has to be incorporated. As discussed earlier, the total amount of spray generated is
determined by ship speed and wave height only. This is also assumed to be true for full-
scale. Thus, the effect of wind drag is simply to transport the spray droplets farther
downstream. This important concept makes it possible to calculate the spray flux
distribution during a full-scale ship/wave collision using the empirical Equation 2.3.23,

but with suitable modification for wind effect as described in Chapter 3.

2.5 Concluding Remarks on the Model Spraying Experiments

A model-scale spray flux equation has been derived based on twenty-two spraying
experiments performed in the IMD wave tank. Using a Froude number scaling method,
the model-scale equation has been transformed into a full-scale spray flux distribution
equation. Since the experimental results indicate that the spray distribution is not greatly
affected by the wind speed over the scale-model of MT Zandberg, it can be concluded
that this full-scale spray flux equation is valid for conditions in which there is effectively
"no wind". This full-scale equation, which indicates that the spray flux distribution
decreases exponentially along the x-axis, is consistent with the formula proposed by
Borisenkov et al. (1975):

= 2.36x10 5055 (2.5.1)

where
w: liquid water content (cm® cm™).
h’: elevation above the deck (m).

The formula of Borisenkov et al. suggests that the spr.. - mass decreases exponentially
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v.ith height. It could be expected that with a wind and gravity such a vertical exponential
distribution might translate into a horizontal exponential distribution. However, our
equation also takes into account the lateral variation of spray flux while Borisenkov’s
formula does not. The experimental results indicate that the total mass of spray is
determined only by the ship speed and wave height acrording to V.’H, ;5. The effect of
wind drag is merely to re-distribute the spray furthe. Jownstream. This ¢oncept allows
us to calculate the spray flux distribution duri~; a full-scale ship/wave coflision in a
natural environment where the effect of wiwd drag becomes important. Thic will be

discussed in more detail in Chapter 3.
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CHAPTER 3 SPRAYING MODEL

Ship-wave <ollision generated sea spray is one of the most important physical
phenomena that must be understood in order to calculate the icing on a ship. The amount
of ice accreted on the ship’s decks and superstructure depends on how much spray is
blown onto the ship, as well as on the heat transfer. More brine impinging on the ship
does not necessarily mean that more ice will be accreted. The explicit dependence of ice
accretion on the spray flux and the heat transfer will be discussed in Chapter 4. In this
chapter, the calculation of the spray flux onto various components of the full-scale
trawler MT Zandberg, under high wind and heavy sea coiditions, will be discy:sed.

n Chapter 2, a two-dimensional empirical equation for the spray flux to the deck
of the full-scale Zandberg was derived. In this equation, the longitudinal distance is
measured from perimeter of the hull. If = > define a coordinate system ith the origin

located at the bow, Equation 2.3.23 should be rewritten as:

nix,y) = kV2H! P %) (3.1)

where x and y are full-scale longitudinal and transverse distances from the bow. Xy is
the x-coordinate of a point located on the hull perimeter at a transverse distance y.
Equation 3.1 was derived under the specific assumption that there is no wind and no air
drag acting on the spray and for full-scale ship speed V, and significant wave height H, 5
in the range (2.5, 8.0) ms™ and (2.6, 5.0) m, respectively. In this ciapter a mathematical
method is developed, starting with Equation 3.1, to compute the spray flux onto various
components, allowing for the effects of wind and air drag. This method is derived based
on the effect of wind drag on changing the droplet :-zjectory. Figure 3.1 shows that,
under a situation without wind drag, a given amount of spray droplets will fall onto box
A over a given period of time. The boundary of the box denotes the destination of the
droplet trajectories. When the effect of wind drag is taken into account, the same amount

of spray droplets will now fall onto box B (with the same period of time), where the
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box B
(with wind drag)
> box A
Spray (without wind drag)
source —

Figure 3.1: A schematic diagram showing the effect of wind
drag on the spray receiving zone. Without wind drag, the spray
receiving zone is box A. With wind drag, the spray receiving
zone transforms to box B.
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location, shape and size of box B will be different fro.n box A because wind drag has
changed the droplet trajectories.

We will begin with a discussion of the ship’s architecture and the development
of an appropriate grid cell network. Next, we will discuss the details of the computation
of the spray flux onto the ship’s foredeck, wheel house, and mast. Finally, a discussion

of the spray flux results will be presented.

3.1 The Architecture of the MT Zandberg and the Formulation of a
Grid Cell Network

It is impractical at this stage to include every detail of the structure of the MT
Zandberg in the spraying model. For simplicity, we include only the ship’s foredeck,
wheelhouse, the deck behind the wheelhouse, and the mast. The basic configuration and
dimensions of this idealized ship are shown in Figure 3.1.1. Behind the wheelhouse,
there is a large region of the deck used for fishing (shaded region in Figure 3.1.1).
Spraying and icing are assumed not to occur in this area of the ship. A three-dimensional
grid cell network is superimposed on the ship (see Figure 3.1.2).

Equation 3.1 is a two-dimensional equation which is a function only of the
longitudinal distance x and the transverse distance y along the deck. But the spray flux
to a given grid cell will also depend on its vertical distance above the deck. The main
objective of this chapter, then, is to develop a numerical model to calculate the spray flux
onto any grid cell whose geometric centre is located at a particular Cartesian coordinate
(X, y, 2). The origin of this Cartesian coordinate system is located at the bow. All the
grid cells are designed to be either triangles, squares, or trapezoids, except for the mast
which consists of cylindrical grid cells. Certain grid cells have one side bounded by the
hull. These grid cells have one curved boundary. However, in order to calculate the
geometrical centre and the surface area oi these grid cells, the curved boundaries are
approximated by straight lines. In order to achieve a reasonable spatial precision, the area
of each grid cell is not allowed to exceed 1 m” The mast is divided into nine cylindrical

sections each with a length of 1 m. The surface area of each section exceeds 1 m?.
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Figure 3.1.1: The general configuration and dimensions of the
jdealized MT Zandberg Trawler.
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However, since only the windward facing surface is prone to icing, the ’effec*ive’ icing
area is less than 1 m?. The coordinates of the perimeter of the hull, geometrical centre,
unit normal vector and the area of each grid cell are calculated and stored in a file which
may be accessed by the spraying program. This file is listed in Appendix 4. The
geometrical centre of each cylindrical grid cell on the mast is taken to be along the axis
of the mast. In calculating the spray flux onto the surface of the mast, the target point
is shifted to the surface by adding the radius of the mast to the coordinates of the

geometrical centre (i.e, X,y,Z is shifted to x-D/2,y,z).
3.2 Spray Droplet Trajectories and Conservation of Spray Mass

(a) Spray Droplet Trajectories
We supmose a single spherical droplet to be injected vertically upward with a
speed V,, in an environment with a uniform and horizontal wind speed of U. Assuming
that the mass of the droplet does not change with time due to evaporation and that there
is no internal circulation or distortion of the droplet, then the motion of the droplet can

be described by (Langmuir and Blodgett, 1946):

dv, 3CPas A A -
= - - - 3.2.1
T 4ddeV" g|(Vy-0U) +§ ( )

where
C,: the drag coefficient of the droplet.
d: the diameter of the droplet (m).
p,: the air density (kgm™).
pa: the density of the droplet (kgm?).
V,: the velocity of the droplet (ms™).
U: the wind velocity (ms?).
Neglecting any internal circuiation or distortion of the droplet, the drag coefficient Cp

can be approximated by that of a solid sphere (Langmuir and Blodgett, 1946):
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_24.0 , 4.73 b 0.38
Cp = 5 * poos * 6-24x107Re (3.2.2)

where the Reynolds number Re is defined by:

Re:&ﬂf (3.2.3)
AV

and v is the kinematic viscosity of the air (m’s*). For Re > 10°, Equation 3.2.2 does not
hold because the boundary layer over the surface of the droplet becomes turbulent.
However, in the present case, the Reynolas number for a droplet with a diameter 1.75
mm is usually less than 10°.

Equation 3.2.1 is a non-linear differential equation which is solved using the Euler
forward difference method (Pres. et al., 1992):

Tty = Ty + SO 5, (3.2.0

where At is the time step which is 0.001 seconds.

Ship-wave collisions generate a spray cloud with a wide droplet spectrum
(Zakrzewski and Lozowski, 1989; Itagaki and Ryerson, 1993; Ryerson, 1993).
Nevertheless, a monodisperse spray droplet spectrum is assumed here. According to
Zakrezwski (1990), an average droplet diameter of 1.75 mm is appropriate.

Brine droplets in the spray cloud may interact with the wind and thus reduce the
wind velocity. However, this complicated interaction is ignored here. On the other hand,
effects of wind variation with height and due to disturbance in the flow around the ship,
and airstream turbulence are also ignored. With the use of the droplet trajectory equation
and the two-dimensional spray flux Equation 3.1, togetner with the concept of
conservation of spray mass and an assumed injection velocity independent of wind speed,

the calculation of the spray flux to any grid cell on the ship becomes possible.
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(b) Conservation of Spray Mass

Let us begin with Equation 3.1. The physical meaning of this equation is as
follows. Suppose that a spray cloud is generated by the hull near the bow under a
condition in which the air drag is zero. The ship velocity is V, in a direction
perpendicular to the oncomiag waves, and the significant wave height is H;;;. Then the
spray flux to a grid cell, located on the ship’s deck, centred at (x,y), with dimensions
AxAy, can be directly calculated by substituting (x,y) into Equation 3.1. It is assumed
that the spray flux is the same everywhere within the grid cell and is equal to the spray
flux (m) at the point (x,y) (Figure 3.2.1a). Then the impinging spray mass per unit time
is mAxAy. In order that the spray droplets can impinge onto this grid cell, they must
follow particular trajectories. In Figure 3.2.1a, three trajectories in the frame of
reference of the ship are shown. All of these trajectories begin at S at the hull-deck
boundary. The first trajectory, with vertical injection velocity V,, - AV, hits the forward
boundary of the grid cell at point A. The second, with vertical injection velocity V,,, hits
the centre of the grid cell at point O. The third, with vertical injection velocity V,, +
AV,, hits the rear boundary of the grid cell at point B. These three trajectories
terminating at A, O, and B respectively characterize the spray zone which covers the grid
cell. It should be noted that a frame of reference fixed to the bow is used, and in this
case the droplets travel across the deck only because the ship moves forward into the
spray with a speed V,.

Now, let us suppose that there is a uniform wind of speed U blowing horizontally
in a direction opposite to the ship’s course, and air drag on the droplets is imposed in
this situation. The wind is taken to be vertically homogeneous. As a result, the three
trajectories ending at A, O, and B will be influenced by the wind drag, and hence
transported further downstream. In addition, the trajectories will be stretched farther
apart by the wind and thereby cover a larger area (Figure 3.2.1b). In other words, A is
translated to A’, O to O, and B to B’. We assume that the vertical injection velocities
for the three trajectories remain the same since the vertical injection force should be
independent of the wind. Hence, it may be concluded that, for a given time interval At,

the spray mass received by the grid area centred at O without wind would be equal to

52



()

Figure 3.2.1: Spray droplet trajectories in a situation in
which the ship speed is Vg, and there is (a) no air drag (b)
air drag and a wind speed of U in a direction opposite to the
ship’s course.



that received by the grid area centred at O’ with the effect of wind included in the model.

Therefore,

mix,y) AxAyAt = m(x',y)Ax'AyAt (3.2.5)

Thus, the spray flux at O’ can be calculated by :

m(x',y) =m(x,y)—é£ (3.2.6)

Ax/

By combining Equations 3.2.1, 3.1, and 3.2.5, the spray flux to any grid cell on
the deck can be readily calculated for a horizontally oriented grid cell. The trajectory
theory and the mass conservation concept presented in this section can be extended and
modified so that they can be applied to compute the spray flux to different ship
components for various wind directions ranging from 0° < 6 < 90°. The wind direction
is defined in such a way that 0° means head wind whereas 90° means beam wind. The
wind angle is measured from the centreline towards the starboard (see Figure 3.2.2). The
details of the calculations of spray flux for different wind directions are presented in

Appendix 2A.
3.3 Spraying Model Implementation

Two computer models, based on trajectory modelling and the semi-empirical
spraying formulae discussed in Section 3.2, have been developed to simulate the
ship/wave collision generated spray process. The first model is designed for the case with
a wind direction of 8 = 0°, and the second model is designed for 0° < ¢ =< 90°. The
computer code is written in Fortran 77, and is listed in Appendix 4.

The input file for the spraying model includes the coordinates of the perimeter of
the hull, the coordinates (x, y, z) of the geometrical centre of each grid cell, the grid cell

surface area, and its unit outward normal vector (N,, N,, N,).
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ship heading

180°

Figure 3.2.2: A schematic diagram showing the convention of
wind direction. A wind direction of 0° means head wind while

90° means beam wind.
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With a wind direction of § = 0°, the geometrical centre of a given grid cell and
its corresponding spray source point lie along the same longitudinal line. In these cases,
a bisection method (see Appendix 2A) is used to search for the initial vertical velocity
which allows the spray droplets to arrive at the target point. The accuracy of the "hit"
is specified to be +0.01 m. Figure 3.3.1 shows the effect of different time steps on the
destination of a droplet at the point of impingement. The curve approaches an asymptotic
limit. This figure suggests that beyond At = 0.001s, the effect of a reduced time step on
improving the accuracy of the trajectory is negligible. Therefore, a time step of 0.001
s is chosen in the model for calculating droplet trajectories. To calculate the spray flux
to the ship’s deck, three trajectories are required. The first, with initial vertical velocity
V,., hits the centre of the grid (i.e. the target point). The other two, with initial vertical
velocities of V,, + AV, respectively, give rise to the trajectories whose end points bound
the target cell which encloses the centre of the grid. The choice of AV, is made so that
if V,, is less than 1.0 ms™, AV, is 0.2V,,. Otherwise, AV, is 0.2 ms’!. These magnitudes
of AV, are small enough so that the length of the spray tube intercepting the target cell
does not exceed the grid cell size.

In cases with a wind direction other than 0°, the spray source point and the
corresponding target point do not lie on the same longitudinal line. Therefore, it is
necessary to search for the appropriate spray source point (located on the perimeter of
the hull) for a particular target. The search method is described in detail in Appendix 2A.

The criterion for a successful search for the spray source origin of the trajectory
to the grid cell centre O’ (see Figures 3.3.2a and 3.3.2b) is that the end point of the
termination of the trajectory should lie within a certain range from the centre of the cell.
This means that the target point O’ is bounded by a resolution box of sides Ax and Ay
(the Ax and Ay shown in Figure 3.2.1a are the size of a grid cell ond are different from
the Ax and Ay defined here). If the end point of the trajectory lies within the box AxAy,
the search is said to be successful. The resolutions used are as follows:

@) Deck: Ay = +0.002 m.
Ax = 10.04 m.
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Figure 3.3.1: The effect of the time step on the final
destination of a droplet trajectory. The conditions are: T, =
-10 °C, P, = 1000 mb, RH = 75 %, U = 15 ms~1, and a vertical
injection velocity of V,, = 30 ms™".
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(ii) Front of the wheelhouse :

Az = £0.002 m.

Ay = +£0.04 m.
(iii) Top of the wheelhouse:

Az = +£0.002 m.

Ay = £0.04 m.
(iv) Mast: Az = +0.002 m.

Ay = +£0.04 m.

The reason for using a different resolution along different axes is illustrated in Figures
3.3.2a and 3.3.2b. Let us suppose that, for a small wind angle (6 = 10°), S is the true
spray source point from which a spray droplet is injected with initial vertical velocity V,,
and impinges on the deck within the resolution box. But, since the wind angle is small,
a lower or higher initial vertical velocity may cause the trajectory to end within the range
Ay but beyond the range Ax (Figures 3.3.2a and 3.3.2b). In the spraying model, the
search is treated as unsuccessful if either Ax or Ay is exceeded (see Appendix 2A). In
such a case, the bisection search starts to look for other spray source points, and the
correct one is missed. In order to overcome this problem, we use a value for Ay which
is rather smaller than Ax. A similar situation prevails with respect to Ay and Az on
vertically oriented surfaces. The model has been tested in many different ways and it has
_ been concluded that the above resolution is appropriate. However, the model can still
generate errors in situations where the wind direction is less than 10° because of the
above resolution problem. This Jimitation can be overcome but only at the expense of
much greater computation time. Consequently, the smallest wind angle that the model
can handle without serious eivc: is 10°. For wind angles less than 10°, the 0° model is
used.

The time step for -he calculation of these trajectories is again At = 0.001 s. As
mentioned in Appendix 2A, a spray source interval characterized by S,(x-Ax, y+Ay, 0),
S(x, y, 0), and S,(x+A4x, y-4y, 0) is required. Here a value of 0.1 m is chosen for Ay
so that the source interval becomes S;(f(y+0.1), y+0.1, 0), S(x, y, 0), and S,(f(y-0.1),
y-0.1, 0). Where f is the piecewise equation for the hull perimeter (see Appendix 2A).
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Figure 3.3.2: Possible destinations of a traiertory beginning
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Five trajectories are initiated at these three points. One begins at S(x, y, 0), with an
initial vertical velocity V,,, and hits the point O’. The other four begin at S,(f(y+0.1),
y+0.1, 0) and S,(f(y-0.1), y-0.1, 0), with initial vertical velocities V,, + AV,. When
these four trajectories arrive at the surface, they determine the vertices of the target cell
(see Figure 2A.2.3ain Appendix 2A). The choice of AV, is the same as that for § = 0°.
The results show that the area formed by these four points is generally smaller than the
grid cell size. Some grid cells lying on the top of the wheelhouse, behind the
wheelhouse, and on the mast, may not receive spray because of the blocking of droplet
trajectories by the superstructure. We call this blocking of trajectories the *shadowing
effect”. The shadowing effects caused by the wheelhouse and the mast are taken into
account in the spraying models. Thus, if a droplet trajectory has to pass through the
wheelhouse, which is bounded by 15 < x < 21, 5.75 <y <575,z <45, orthe
mast, which is bounded by (x - 18.5 + y? = 0.58, 4.5 < z < 13.5, before hitting
its target, the spray flux is set to zero on this target.

3.4 Sensitivity Tests

Sensitivity tests have been performed to show the effect of different
atmospheric/oceanographic conditions on the total spray mass, and the effect of different
spray droplet sizes on the total spray mass and the spray flux distribution. The standard
conditions are: air temperature T, = -10 °C, air pressure P, = 1000 mb, relative
humidity RH = 75 %, ship speed V, =3 ms’, significant wave height H,; = 4 m, wind
speed U = 15 ms”, and wind direction @ = 0°. The standard droplet diameter is D =
1.75 mm. It is not necessary to include all the above parameters in the sensitivity test.
Since the effects of T,, P,, and RH on the spraying process are negligible, these three
parameters are always maintained at their standard values. The effect of V,, Hys, U, and
6 on the total spray mass will be discussed first. Then, the effect of different droplet

sizes on the total spray mass and the spray flux distribution will be discussed as well.



1. Effect of Atmospheric/Oceanographic Condition: - = .°
Total Spray Mass

Table 3.4.1 summarizes the total spray mass received on the entire vessel under
various conditions. In the spraying experiments performed at IMD, the maximum full-

scale ship speed and significant wave height were 8 ms' and 5 m,

V, (ms?) H,; (m) U (ms™) 6 (°) Total spray mass
per minute (kg)

3.0 4.0 15.0 0 68.9

1.0 4.0 15.0 0 2.1

2.0 4.0 15.0 0 19.7

5.0 4.0 15.0 0 325.3

8.0 4.0 15.0 0 1344.8

3.0 1.5 15.0 0 0.07

3.0 3.0 15.0 0 9.2

3.0 5.0 15.0 0 328.6

3.0 6.0 15.0 0 1177.4

3.0 4.0 5.0 0 70.6

3.0 4.0 10.0 0 70.0

3.0 4.0 20.0 0 68.4

3.0 4.0 25.0 0 68.4

3.0 4.0 15.0 10.0 69.5

3.0 4.0 15.0 30.0 54.3

3.0 4.0 15.0 45.0 38.9

3.0 4.0 15.0 60.0 30.6

3.0 4.0 15.0 90.0 18.4

Table 3.4.1 : Total spray mass per minute impinging on the entire vessel under
different atmospheric/oceanographic conditions with T, = -10 °C, P, = 1000 mb,
and RH = 75 %.
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respectively. Thus, in the present spraying model, it is inappropriate to set these two
parameters too far beyond these upper limits. Hence, we have set the upper limit for ship
speed and significant wave height at 8 ms™ and 6 m respectively. Figure 3.4.1a shows
how the total spray mass varies with ship speed. For a ship speed less than 1 ms’, the
total spray mass is very close to zero. This implies that there exists a threshold ship
speed below which there is essentially no spray and above which the spray mass
increases rapidly. For the present case, the threshold ship speed is around 1 ms'. As
shown in Figure 3.4.1b, the total spray mass is propor: =~ " to ship speed to the power
3.1. This is a slightly greater power than in the em Zquation 3.1 which has a
power of 3. This small discrepancy may be due to the cu..pined effect of vessel motion
and wind speed on the trajectory. Despite the small discrepancy, this result shows (as it
should) that the spraying model is consistent with the experiments.

The effect of significant wave height on the total spray mass received on the
>ntire vessel is illustrated in Figure 3.4.1c. The threshold wave height is around 1.5 m
after which the total spray mass increases rapidly as the seventh power of the wave
height (see Figure 3.4.1d). Once again, this shows the consistency between the spraying
model and the experiments.

The total spray mass is largely insensitive to wind speed variation as indicated in
Figure 3.4.1le. As discussed in Chapter 2, the effect of wind is simply to re-distribute the
spray onto different parts of the ship. It has no direct effect on the total spray mass.
However, Figure 3.4.1e does show a small decrease in the total spray mass with
increasing wind speed. This occurs because higher wind speeds cause some of the spray
droplets to pass over the superstructure and return directly to the ocean.

Changing the wind direction from head winds to beam winds reduces the total
spray mass received because fewer grid cells lie within the spraying zone. Figure 3.4.1f
illustrates this situation. One apparent contradiction is that the total spray mass received
at § = 10° is slightly higher than that at # = 0°. The explanation is that the spraying
models for 6 = 0° and 0° < 6 < 90° are different. This small error (~1 %) is a result
of the different methods of calculation used in the two models.
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Figure 3.4.1: Sensitivity test of the spraying models.

a) Total spray mass per minute vs ship speed.

b) Same as (a) but plotted logarithmically.

c) Total spray mass per minute vs significant wave height.
d) same as (c) but plotted logarithmically.

e) Total -ix:v mass per minute vs wind speed.

f) T.:al sp.a’ mass per minute vs wind direction.

The . mia. conditions are: air temperature T, = -10 °C, air
pres vie F, .- 1070 n™, relative humidity RH = 75 %, wind speed
U= i% i~ , sh.p sp=sed Vg = 3 ms~!, significant wave height
Hyyy » 4 . and wind direction 6 = 0°.

63



Total spray mass per minute (

10000

1000

100

10

Total spray mass per minute (kg)

o4 1ty

1 1 1t 1884

[ N EETT

oLt

[ in(M) = 0.7919 + 3.1000n(Vs) |

T T T T T

Ship speed Vs (m/s)

(b)

fame

T = T T T

2 4 6
Significant wave height H (m)

(c)




10000
1

i in(M) = =5.4691 + 6.9936k(H) J
1000

11

100

14

10

1oriyun

$oLiuu

://

0.1

Total spray rnass per minute (kg)

JEB eI

0.01 T T T T

Py

Significant wave height H (m)

(a)

10

100
90 1
B0 -

70 1 = =—

0
i

60
501
40
30
20 1

Total spray mass per minute (kg)

10

0 T T T T T M T

0 4 8 12 16 20
Wind speed U (m/s)

T

(e)

65

T

T

24

28




80

T

60

40

Wind direction (degrees)

—

20

o

100

T

70 d

T T
o o
o o0 ~M o~

(63) synuyw sad ssowl Apuds |pjoj

T T T T T
o [e] o o o o o
w Te) <t -—

(£)



11 Effect of Droplet Size on the Total Spray Mass and the
Spray Flux Distribution

Difierent spray droplet sizes give rise to different trajectories and hence affect the
spray flux distribution. Table 3.4.2 shows that, according to our model, the total spray
mass does not change significantly (< 7%) as the droplet diameter increases from 0.1
mm to 3 mm. Except for the case with a droplet diameter of 0.1 mm, the model
produces a smaller total spray mass with larger droplet sizes. This occurs because larger
drople:- - -~ a smaller drag coefficient and so can reach a higher altitude than smaller
droplets (i vaons 3.2.1 to 3.2.3). Thus, the trajectories of some of the spray droplets
can pass - . 7.« »upersiructure and these droplets are lost to the spray-free zone behind
the © - -.se or to the ocean. Smaller droplets are confined to a lower altitude due to

the strony cr vertical

Diameter (m) Total spray mass (kgmin™)
1.0x10* 69.2
1.0x10° 71.1
1.75x10° 68.9
3.0x10? 66.4

Table 3.4.2 : Total spray mass per minute with different droplets diameters. The

atmospheric/oceanographic conditions are the standard ones.

component of drag and thus fewer spray droplets are lost. For a droplet diameter of 0.1
mm, however, the total spray mass is 2.8 % less than that for a diameter of 1 mm. The
reason for this effect is not obvious. It may arise because such small droplets have very
low trajectories (see Figure 3.4.2a). Most of the spray droplets impinging on the front
of the wheelhouse are thus confined to a very low altitude (less than 0.5 meters). Because

of the finite grid cell discretization, much of this spray mass is ignored by the model.
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The spray model results show that different droplet sizes can alter the spray flux
distribution over **~ -“in in a complex way. From Equaticn 2A.1.1 in Appendix 2A, it
can be seen that flux to a grid cell centred at (x',y’,2") including the effect of
wind drzg, depends .- :(x,y,2), the spray flux tc its "equivalent target" without wind
drag, and Ax/Ax’, the ratio of the lengths of the spray envelope at impact for the case
without wind drag to that with wind drag. Dirrerent droplet sizes have different
tiajectories. Thus, the value of m(x,y,z), the ratio Ax/Ax’, and hence the spray flux to
a given grid cell, are also different for different sizes of droplet. Figures 3.4.2at03.4.2d
show the trajectories for four different droplet diameters. For cach droplet diameter,
eight trajectories are launched with initial vertical velocities of 1, 3, 5, 7,9, 11, 13, and
15 ms?. The conditions are: T, = -10 °C, U = 15 ms’, V, = 3 ms’". The spray flux
distribution for the foredeck, the wheelhouse, and the mast shall now be discussed. The
spray flux to the grid cells located behind the wheelhouse is negligibly small and thus is
not considered here. Nevertheless, it is included in the calculation of the total spray mass

to the ship.

(a) The foredeck

The effect of droplet size on the spray flux distribution over the foredeck is
illustrated in Figures 3.4.3a to 3.4.3d. The distribution pattern is directly correlated with
the trajectories shown from Figures 3.4.2a to 3.4.2d. The spray flux distribution for a
droplet diameter of 0.1 mm is distinctly different from the other three droplet sizes
(Figures 3.4.3a to 3.4.3d). The reason is that droplets with a diameter of 0.1 mm
experience a very large drag force (Equations 3.2.2 and 3.2.3). Thus, their trajectories
are confined to a very low altitude (< 10 cm) (Figure 3.4.2a). As a result, a very high
spray flux is found on the deck and no spray impinges on the wheelhouse and ma:’
(Figure 3.4.3a). The local spray flux maximum found in Figure 3.4.3a is a result of the
combined effect of the ratio Ax/Ax’ and the "no wind drag" spray flux m(x,y,z). Figure
3.4.4 shows the variation of the length of a spray tube, Ax’, for two droplet sizes, 0.1
mm and 1 mm. It is apparent that, for a droplet diameter of 0.1 mm, the ratio

Ax/AX’(Ax is constant which is the length of the spray tube without wind drag) increases
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with increasing distance (Figure 3.4.4). But, as x* increases, m(x,y,z) decreases. The
combined effect of both Ax/Ax’ and m(x,y,z) gives rise to a local maximum spray flux
in Figure 3.4.3a. This local maximum does not occur in the other three cases (Figures
3.4.3b to 3.4.3d) because the combined effect of the two parameters, Ax/Ax’ and
m(x,y,z), gives a decreasing spray flux with increasing distance.

For larger droplet diameters of 1 mm, 1.75 mm, and 3 mm, the spray flux
distributions on the deck are similar and exhibit a general decline with increasing x’. The
gradient near the bulwarks becomes progressively greater for larger droplet diameters.
The explanation of this behaviour is once again correlated to the trajectories (Figure
3.4.2b to 3.4.2d). Although smaller droplets reach a lower altitude, they accelerate in
the horizontal faster because of their smaller inertia. Thus, smaller droplets are spread
over the deck more uniformly. Larger droplets reach a higher altitude, but they are slow
to accelerate horizontally due to their larger inertia. Hence, they tend to be concentrated

near the bulwarks.

(b) Front of the wheelhouse

No spray is found cn the front of the wheelhouse for the case with a droplet
diameter of 0.1 mm. The spray flux distributions for the other three droplet sizes are
showrn in Figures 3.4.5a to 3.4.5c. These figures indicate that a high spray flux and a
large vertical flux gradient are found with smaller droplet diameters. The reason for this
can readily be seen from Figures 3.4.2b to 3.4.2d. If a vertical line is drawn at x* =
14.5 m to rep::sent the front of the wheelhouse, it is clear that the ratio Ax/A7’
(Equation 2A.1.4 in Appendix 2A) becomes progressive higher for smaller droplet
diameters. On the other hand, smaller droplets do not rise very high and therefore less

spray reaches the upper portions of the front of the wheelhouse.

(c) Top of the wheelhouse
The grid cells on the top of the wheelhouse are located far from the bow. Hence,
it is easier for larger droplets to reach these grid cells than for smaller droplets. As a

result, less spray is found on the top of the wheelhouse for smaller droplet diameters than
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Droplet diameter D = 3.0 mm. The atmospheric and oceanographic
conditions are the standard ones (see text).
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for larger droplet diameters (Figures 3.4.6a to 3.4.6¢).

(d) Mast

The mast is located on top of the wheelhouse and hence is remote from the bow.
The vertical spray flux distributions for three different droplet diameters are illustrated
in Figures 3.4.7a to 3.4.7c. As for the top of the wheelhouse, more spray is found on
the mast for larger dropiet diameters than for smaller droplet diameters.

Based on the above sensitivity tests, it can be seen that ship speed and wave
height are the major factors which determine the total spray mass impinging onto the
entire vessel. This is consistent with the experimental results. The w.+d speed acts to re-
distribute the spray while the wind direction can affect both the total spray mass and the
spray flux distribution. The spray droplet size has no significant effect on the total spray
mass, but has a profound effect on its distribution. The model’s results show that tiny
spray droplets (0.1 mm) do not reach the higher elevations in a horizontal wind (although
they may do so if the wind has a vertical component due to flow over the superstructure).
According to the spray cloud measurements on the 115 m U.S Coast Guard Cutter
Midgett in the North Pacific Ocean and the Bering Sea during February and March 1950,
Ryerson (1993) found that, at a height of 10 meters above the deck, spray cloud droplet
sizes ranged from 0.014 to 7.7 mm with a geometric median of 0.234 mm. Based on the
present model results, it can be concluded that the tiny droplets found at high elevations
during ship/wave collisions are likely formed by the break up of larger droplets already
in the air or are carried upward by a vertical wind component. These two features are

not included in the present spray model however.

3.5 Results and Discussion

Three groups of spraying results have been produced to simulate characteristic
condition using the spraying model. The first group is a iow flux case in which the ship
speed and significant wave height are set close to their thicshold values (discussed in
section 3.4) with a wind speed that is also low. The second group is the standard case,
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described in Section 3.4. The third groap is an extreme case in which the ship speed,
significant wave height, and wind speed are set near their upper limits. These spraying
results are meant to collectively reveal the nature of ship/wave collision-generated spray
under various atmospheric and oceanographic conditions. Table 3.5.1 gives the total
spray mass and the conditions under which the results were obtained. The air
temperature, air pressure, and re i+~ 1umidity are the standard values (see Section 3.4)
for all three cases. The extreme case is unrealistic for a medium-sized fishing vessel
which would be unable to travel at a speed of 8 ms? into waves with a significant wave
height of 6 m. These two values are chosen simply to illustrate the performance of the

spraying model under such extreme conditions.

Case V, H,s U 0(°) Total spray mass
(ms™) (m) (ms?) per minute (kg)
2 2.5 5 0 0.78
Low 2 2.5 5 10 0.79
2 2.5 5 45 0.64
2 2.5 5 90 0.39
3 4 15 0 68.9
Standard 3 4 15 10 69.5
3 4 15 45 38.9
3 4 15 90 18.4
8 6 25 0 2.34x10°
Extreme 8 6 25 10 2.27x10°
8 6 25 45 1.74x10°
8 6 25 90 1.07x10*

T. ole 3.5.1 : Total spray mass per minute impinging on the entire vessel for various
combinations of ship speed, V,, significant wave hight, H, 5, wind speed U, and wind

direction, 0.
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I Total Spray Mass on the Entire Vessel

The total spray mass, as indicated in Table 3.5.1, increases dramatically from the
low case to the extreme case. This dramatic change is a result of the high power law
dependence of the total spray mass on ship speed and significant wave height (Equation
3.1). In general, increasing the wind direction from 0° (head wind) to 90° (beam wind)
causes a significant decrease in the total spray mass received. The explanation is that as
the wind shifts away from th.. “ead wind direction, more grid cells lie beyond the spray
zone and more spray droplets fly over the side of the ship and return to the ocean. As
mentioned in Section 3.4, the methods used to calculate the spray flux for 8§ = 0° and
for 0° < @ < 90° are different. This gives rise to the situation in which the total spray
mass received at § = 10° is slightly greater (< 1%) than that at § = 0° in the low and
standard cases (Table 3.5.1). However, this small error is considered to be insignificant

within the overall context of the model.

11 Spray Flux Distribution

In this section, the spray flux distribution for the three cases of Table 3.5.1 will
be discussed. The spray flux distribution under different atmospheric and oceanic
conditions is complex and depends on one or more of the following factors:

1) The location of the grid cell relative to the spray source point : cpray flux
decreases as the distance of the grid cell from the spray source point increases. The spray
flux also decreases with increasing height.

2) The location of the spray source point: a grid cell which has a spray source point
nearer to the centreline will receive a higher spray flux than one which has a spray
source point farther from the centreline.

3) For a wind direction of 0°, the magnitude of the spray flux to a horizontally
oriented grid cell is determined in part by the ratio Ax/Ax’ (Equations 2A.1.1 and
2A.1.5), and that to a vertically oriented grid cell, by the ratio Ax/Az’ (Equations 2A.1.4
and 2A.1.6). A higher ratio implies a higher spray flux.
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4) For a wind direction other than 0°, the spray flux to a grid cell depends on the
area ratio (ABCD)/(A’B’C’D") (Equations 2A.2.1, 2A.2.8, 2A.2.12). Again, a higher
ratio implies a higher spray flux.
5) Shadowing effect : some of the grid cells may not receive spray because the spray
droplet trajectory is blocked by the superstructure. Grid cells located on top of the wheel
house, near the bottom of the mast, and behind the wheelhouse are prone to shadowing.
The spray flux distribution under different conditions can be explained in a simple
way by taking into account the above five factors. It is found that, for a given wind
direction, the spray flux distribution patierns for the low, standard, anc extreme cases
are very similar. The minor differences among these three cases can be explained by one
or a combination of the above five factors. Therefore, for simplicity, only the standard
case will be discussed in detail here. The results for the low and extreme cases are given
in Appendix 2B. It should be noted that only the spray fluxes along Column 1 (y = 0.5
m), Column 3 (y = 2.5 m), and Column 5 (y = 4.5 m) are considered.

a) Wind direction 6 = 0°

Because of symmetry, only the spray flux distribution over the starboard half of
the vessel is shown (Figures 3.5.1a to 3.5.1d). For head winds, the centre of a grid cell
and its spray source point both lie along the same longitudinal line. As shown in Figures
3.5.1a and 3.5.1b, the spray flux decreases longitudinally and exponentially over the
deck, and vertically and exponentially over the front of the wheelhouse. This distribution
pattern can be explained by factor (1). Along Column 5, the spray source point is remote
from the centreline and thus the spray flux is negligibly small along this column both on
the deck and on the front of the wheelhouse. On the top of the wheelhouse, much less
spray (<0.1 kgm?min™) is received compared to the deck and the front of the
wheelhouse. The explanation is related to factor (3). The grid cells on the top of the
wheelhouse are oriented horizontally and are higher in elevation. Thus, they intercept the
oncoming spray at a small angle to the surface. Hence, the ratio Ax/AX’ is small and
results in a small spray flux. Along Columns 1 and 3, on top of the wheelhouse, the

spray flux decreases with distance. However, along Column 5, the spray flux increases
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slightly with distance. This is due to the combined effects of factors (1) and (3). Factor
(1) suggests that the spray flux should decrease longitudinally. However, at the same
time, the spray interceptior :ngle increases longitudinally, and so the ratio Ax/Ax’
increases (Equation 2A.1.5). ‘The net result of these two factors gives rise to the noted
spray flux distribution along Column 5 on top of the wheelhouse.

The spray flux distribution on the mast can be explained by factor (1); the spray

flux decreases vertically and exponentially.

b) Wind direction ¢ = 10°

For wind directions other than 0°, the spray flux distributions on the port and
starboard sides are different as shown in Figures 3.5.2a to 3.5.2g.

9 is defined to be positive when the y-component of the oncoming wind is directed
from port to starboard. Therefore, over the port side of the deck, as the longitudinal
distance of a grid cell increases, the spray source point moves away from the centreline.
Thus, the spray flux decreases longitudinally and exponentially 2s indicated in Figure
3.5.2a. On the starboard side of the deck, the situation is different (Figure 3.5.2b). For
Columns 3 and 5, the spray flux decreases initially and then increases. The reason is
that, for these two columns, as the longitudinal distance of the grid cell increases, the
spray source point moves towards the centreline. This combined effect (factors (1) and
(2)) results in the distribution pattern shown in Figure 3.5.2b.

The spray flux distribution on the port side of the front of the wheelhouse can be
explained in a similar manner as the port side of the deck (Figure 3.5.2c). Over the
starboard side, Figure 3.5.2d shows that the spray flux along Column 3 is highest; the
Column 1 flux is lower, and the Column 5 flux is the lowest. The explanation is directly
related to factors (1) and (2). The spray source points for the grid cells on Column 3 are
nearer to the centrcline than are those for Column 1, and this gives a higher spray flux
along Column 3. Along Column 5, the grid cells are already far from the centreline. For
such a small wind direction (10°), the spray source points corresponding to the grid cells
along Column 5 are still farther from the centreline than are the source points for

Columns ! and 3. Hence, the spray flux along Column 5 is the lowest.
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The flux over the port side of the top of the wheelhouse decreases with
longitudinal distance (Figure 3.5.2¢). The spray flux distribution over the starboard side
is more complicated (Figure 3.5.2f). The spray flux decreases as a function of distance
for Columns 1 and 3, and the spray flux on Column 3 is higher than on Column 1. This
occurs because the grid cells of Column 3 have spray source points nearer the centreline.
The last grid cell of Column 1 receives no spray because the droplet trajectory is blocked
by the front of the wheelhouse (shadowing effect). On Column 5, the spray flux increases
over the first four grid cells and then decreases. Three factors may be responsible for this
pattern: factor (1), the location of the grid cell, factor (2), the location of the spray
source point, and factor (4), the ratio of Area(ABCD)/Area(A'B’C’D’).

The spray flux distribution on the mast decreases exponentially with height (factor
(1)) (Figure 3.5.2g).

¢) Wind direction § = 45°

When the wind shifts to 45°, more grid cells lie beyond the spray receiving zone.
Thus, no spray is received on the port side of the top of the wheelhouse, and on the
mast. The spray flux distribution on the other components is shown in Figures 3.5.3ato
3.5.3e.

Figure 3.5.3a shows the spray flux distribution on the port side of the deck. This
distribution pattern is similar to those of the previous cases for § = 0°, and 6 = 10°,
and can be explained in the same way. On the starboard side, the spray flux distribution
becomes more complex (Figure 3.5.3b). The spray flux along Column 1 decreases
monotonically with distance, since the location of the spray source point also moves
farther from the centreline with increasing distance (factors (1} and (2)). Along Column
3, the spray flux decreases over the first two grid cells, then increases in the next cell,
and finally decreases again over the rest of the cells. This is due to the combined effects
of factors (1) and (2). The distribution over Column 5 can also be explained in the same
way. In general, for a longitudinal distance greater than 4 m, the spray flux increases
along the transverse direction (y’-axis). Thus, the spray flux along Column 5 is highest.
The explanation is that the cells farther from the centreline have spray source points
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closer to the centreline.

Only a negligible amount of spray is zeceived on the port side of the front of the
wheelhouse (Figure 3.5.3c) since cells located here have spray source points far from the
centreline.

The spray flux distribution on the front and top of the wheelhouse on the
starboard side is similar (Figures 3.5.3d and 3.5.3e), decreasing vertically and
lonzitudinally respectively. In addition, the spray flux also increases transversely. The
reasons for this have been discussed above for the starboard side of the deck and will not

be repeated here.

d) Wind direction § = 90°

With beam winds, only the deck receives spray (Figures 3.5.4a and 3.5.4b). On
the port and starboard sides, the spray flux decreases more rapidly with distance
compared with all the other cases discussed above. This implies a strong effect of factors
(1) and (2). Over the starboard side, the spray flux varies exponentially but it is smoother
than for § = 45° (Figure 3.5.4b). This pattern may be explained by factors (1) and (2).
The especially high spray flux on the first grid cell in Columns 1 and 3 is related to
factor (4) in which the ratio of Area(ABCD)/Area(A’B’C’D’) becomes very large.

3.6 Concluding Remarks on the Spraying Model

A mathematical method for predicting spraying of the MT Zandberg had been
developed based on the empirical spray flux Equation 3.1, the droplet trajectory Equation
3.2.1, and on continuity of mass. Two approaches to calculate the spray flux to different
ship components for cases with § = 0° and with § > 0° have also been presented. Two
numerical models, one for 8 = 0° and the other for 0° < 6 < 90°, have been designed
to generate spray flux distributions over the foredeck, the wheelhouse, and the mast.

Sensitivity tests have shown that the ship speed and significant wave height are
the two major parameters which determine the total spray mass. The wind speed and

wind direction act to re-distribute the spray. In addition, as the wind direction changes
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from head to beam winds, the total spray mass decreases significantly. The droplet size
has a profound effect on the spray distribution but only a small effect on the total spray
mass.

Spraying predictions for three case studies, low, standard, and extreme, have also
been produced. It is found that with head winds, the spray flux distribution depends
mainly on the wind speed and the location of the grid cell. For wind directions other than
0°, the spray flux distribution becomes complex and depends on the wind speed and on
one or more of the five factors discussed in Section 3.5. Finally, there is a major
limitation to the present spraying model. The nature of the experimental spraying data
limits the numerical model to cases in which the ‘ave motion is opposite to the ship’s
course. Other limitations of the spraying model include (a) monodisperse spray droplet

size, (b) no droplet break-up along the trajectory, and (c) no vertical wind component.
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CHAPTER 4 A NOVEL SHIP ICING MODEL

Th< derivation of the spray flux equation based on the experimental data obtained
at IMD"IRC was discussed in Chapter 3. A sensitivity test and some spraying results
were a.s0 presented. The spray flux equation is derived for continuous spray generation.
Ho . .ver, in the natural environment, the spray generation is intermittent and the
*equency of spray generation depends on the frequency of ship/wave collision. Thus,
it is necessary to know the seaway condition for a specific wind speed and fetch.

Once the spray droplets are generated along the perimeter of the hull, they are
immediately acted on by the wind drag and fly through the air as the ship moves
forward. Eventually, they will either impinge on the surface of the ship or return back
to the ocean. In addition, if the air temperature is lower than the sea-surface temperature,
the temperatu = of the droplets will fall during their flight. Then, some of the droplets
impinging on the surface of the ship will be frozen and accreted on its surface. Because
of brine entrapment during freezing, the accretion will be spongy. After a sufficiently
long time, many tonnes of spongy ice can accumulate on the ship’s surface.

In this chapter, the seaway condition will be discussed first. A review of the
thermodynamic properties of brine and saline ice will be presented in Section 4.2. In
Section 4.3, the spray droplet temperature evolution will be discussed. The physics of
brine flow and ice accretion on the ship’s surface will be presented in Sections 4.4 and
4.5. Finally, the model implementation, sensitivity tests, and results and discussion are
presented in Sections 4.6, 4.7, and 4.8.

4.1 Seaway Condition
It has been suggested that the amount of spray generated and the frequency of
spray generation during ship/wave collisions are related to significant wave height (H,;),

wave phase speed (V,), wave period (P,), and wavelength (\) (zakrzewski, 1987). Thus,
it is necessary to know these four quantities for a given wind speed and fetch. For the
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purpose of modelling, it is assumed that each wave encounter which leads to spray
generation is identical. According to Bretschneider (197.), fora fully-developed sea, the
significant wave height and wave phase specd mey be fitted by:

Hy s =A1(%2-)tanh[31(%§)‘"‘] (4.1.1)
v, =A2Utanh[Bz(-%§)""] (4.1.2)

where

U: wind speed at a 10 meter height (ms™).

F: fetch (m).

A,: constant = 0.283.

B,: constant = 0.0125.

m,;: constant = 0.42.

A,: constant = 1.2,

B,: constant = 0.077.

m,: constant = 0.25.
According to Khandekar (1989), the significant wave height is defined as "the mean of
the highest one-third of the waves presen. < 'he sea at any given time". The wave period

and wavelength are given by (Lighthill, 19,

_ 2%
Po—-—g—Vp (4.1.3)
2% 2
= —V 4.1.4)
g * (
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For a ship heading of 180° (perpendicular to the wave crests), the ship/wave encounter
period is given by:

P?

) (4.1.5)
VI

en

Y S - &
F Viw 2n(

w

where P, is the time interval (in seconds) between two successive ship/wave collisions,
and V,, is the velocity of the ship (in ms’) relative to the oncoming waves V. = vV, +

V).

It is observed ~ - ship/wave encounter generates spray. In fact, spray
generation depends on the hull into the wave. According to Zakrzewski
(1986), for a medium-siz _essel, the frequency of spray gene ation per minute

can be approximated by the e rical formula of Panov (1971):

4.26
. (4.1.6)

Fg, =15.78 - 18.04e

This empirical formula has been discussed by Zakrzewski (1987) and is found to agree
well with observed values. Then, the time interval between successive spray events, P,

(s), can be calculated by:

P, = (4.1.7)

Zakrzewski (1986) used dimensional analysis to derive an approximate formula
for the duration of spray cloud residence above the vessel. Calculations from this formula
show that the period of direct spraying (P,,) ranges from 5-7 seconds over a wide range
of conditions. This result seems unrealistic for a medium size fishing vessel (MFV). On
the other hand, Zakrzewski (1992) applied the same formula but with a different constant
to calculate the period of direct spraying for the U.S. Coast Guard Cutter Midgett which
is substantially larger than a MFV. It was found that the period typically ranges from 3-5
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seconds for the Midgett (Lozowski and Zakrzewski, 1992). In addition, based on video
data, Zakrzewski (1992) found that the spraying duration can even be less than 1 second
for the Midgett. This suggests that the duration of spraying can vary over a large range
depending on the atmospheric and oceanographic conditions. Because of the uncertainty
of the formula derived by Zakrzewski, and the lack of further experimental information
regarding the spraying period, it was decided not to use Zakrzewski's formula. As a first
approximation, the duration of spraying is assumed to be a constant value which is
appropriate and representative for a MFV. In order to determine this value, different
durations of spraying, ranging from 1 second to 7 seconds have been tried in the present
icing model. The reason for using the present model to test the effect of duration of
spraying on icing is that, to our best knowledge, orly the models of Zakrzewski et al.
(1991) and the present one include spray intermittency effect. The specific atmospheric
and oceanographic condition (the total spray mass per spray event is constant even if the
period of spraying changes) used as input parameters to the present model are: air
temperature -10 °C, air pressure 1000 mb, relative humidity 75 %, sea-surface
temperature 2 °C, wind speed 15 ms?, wind direction 0°, fetch 200 nautical miles, ship
speed 3 ms™, duration of simulation 1 hour. Figure 4.1.1 shows how the total ice load
changes with different spraying durations. It is found that under these conditions the total
ice load varies only ~3 % as the duration of spraying increases from 1 second to 7
seconds. As indicated in Figure 4.1.2, the local ice thickness (vertical depth of ice
accre ‘on) along the longitudinal line y = 0.5 m changes substantially near the bow for
different durations of spraying. However, the difference decreases as the distance from
the bow increases and at x = 10 m, there is no difference at all. This icing behaviour
is complicated and depends on various factors such as the amount of spray impinging on
the vessel, the sea-surface temperature, and the heat transfer from the icing surface to
the air. In the present case (Figures 4.1.1 and 4.1.2), the reason for higher ice
accumulation with a shorter spray duration is that the brine which remains on the surface
after splashing has a longer spray-free period to freeze. For longer durations of spraying,
the spray-free pericd is shorter, and thus the brine remaining on the surface has less time
to freeze. It should be mentioned here that under low wind speeds (U < 10 ms?) and
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high ship speeds (V, > 5 ms™), the spray generation interval (P,,) can be as short as 4
seconds. Thus, one must be careful in choosing a constant value for the duration of
spraying (P,;), since P,, can not exceed P,,. Based on the above discussion, a constant
value of 3.5 seconds has been chosen for the duration of spraying.

It is assumed that all grid cells on the ship’s surface receive spray simultaneously
and that they are exposed to spray for same the period of time (P,,). After spraying, there
is a spray-free period which lasts for (P,, - P,;) seconds before the next spray.

In Chapter 3, the spray flux expression for m(x’,y’,z’) is formulated as if it were
continuous and is expressed in kgm™min’. Taking into account the intermittency of the
spray, the spray flux m,, in kgm?s” for a single spraying event is calculated by:

. m(x',y', z!)

(4.1.8)
FEPQ'PSP

ms[

4.2 Thermodynamic Properties of Brine and Saline Ice

Let us first consider an ice surface which is covered with a thin brine film.
During the freezing process, essentially only the pure water component can be frozen to
form ice crystals at the solid/liquid interface. Much of the salt is rejected to the
surrounding fluid, thereby increasing its salinity. In addition, because of constitutional
supercooling along the crystallization front, dendritic ice is formed (Knight 1967, Weeks
and Ackley 1982). Brine pockets of high salinity are entrapped inside the resulting ice
matrix. This brine entrapment process results in a form of saline ice which is often
described as spongy. It is assumed here that there is thorough mixing between the brine
pockets formed among the dendrites and the brine film flowing alongside them (Chung,
1989). Hence, as the brine pockets form, reir salinity will be the same as that of the
adjacent brine fiiin. As long as freezing continues, the salinity of the brine film continues
to change because salt is continuously rejected. The salinity of the brine film also affects
its thermodynamic properties. Consequently, it is worthwhile to review here the effect
of salinity on those thermodynamic properties.
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Since we are interested in spray icing, let us consider a vertical surface which is
superimposed with grid cells as shown in Figure 4.2.1. Suppose this vertical surface is
covered with a smooth ice surface and on top of it, a thin brine film which is flowing
vertically downward. In addition, spray droplets are impinging upon the brine film. For
a given time interval At (which is a subdivision of the spraying period), the total
available brine on grid cell (j,k) includes: (i) mass of brine remaining on grid cell (j,k)
following accretion during the previous time step and run-off in the present time step,
Mgy, (kg), (i) mass of brine flowing into grid cell (j,k) from the grid cell (,k+1) in
time At, M4y (kg), and (iii) spray droplets impinging onto (j,k). Then, assuming no
lateral flow, the net brine flux to grid cell (j,k) in time At can be expressed by:

Megee1y ¥ Mi9.50

. + u . (4.2.1)
£(3.k

s1(j. k) Ayt

My (5, k)

where m,g,, is the direct spray flux to the grid cell (j,k) as given by Equation 4.1.8 and

Ay, is the grid cell surface area. Mgy 41 is given by:

M5, xe1) = Pbid,ko1) Obts. ke1) <Upz(3.ke1) >AyAt (4.2.2)

where
Pog.i+1y: density of the brine remaining on grid cell (j,k+1) after ice accretion in
the previous time step (kgm?).
Syga+ny: thickness of the brine remaining on grid cell (j,k+1) after ice accretion
in the previous time step (m).
< Upyx+1y>: mean vertical velocity of the brine film leaving grid cell (j,k+1)
(ms™).
Ay: width of the grid cell (m).
The calculation of <Upyys1y> and gy Will be presented in Section 4.4 and 4.5
respectively. For the present, it is assumed that these two parameters are known. The
brine mass M, remaining on grid cell (j,k) after run off in time At is given by:
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spongy ice

brine film (6 )

Figure 4.2.1 : Spray icing on a vertical surface with
a brine film thickness §.
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where Az is the height of the grid cell (m).
Assuming thorough mixing of the incoming brine from the above three different

sources, the salinity of the total brine flux to grid cell (j,k) can be calculated by:

g o Mgry 0By 08 ESsea ¥ Mes ko) Sy keny * My (5.05b03.0)
bt(j. k) (mbt(j,k)A(j,k)A t)

(4.2.4)

where
S,.,: the salinity of the impinging spray which is the same as that of sea-surface

brine, assuming that the evaporation of spray droplets is negligibly small.
Segx+1): the salinity of the brine flowing from grid cell (j,k+1) after ice accretion.
Suiw: the salinity of the brine leaving grid cell (j,k) after ice accretion.

The mean temperature of the total brine flux to grid cell (,k) is:

X,
Tpeants. k) = -)—é (4.2.5)

where X, and X, are given by:

X, = Mgei5. 085,08 Co0aTiniz 0 + Me(s.x01) Cbtg, ko) Ts(g, ko1

+ M15,0C .00 Tats. 0 (4.2.6)
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X, = Myp(3. 085,08 Co0a * Me(5,500)Coi3. k00 * M1(3,0Cbia. 0

(4.2.7)

where
C..: the specific heat capacity of the impinging spray, which is taken to be the
same as that of the sea surface brine (Jkg'k").
Chyge+1y: the specific heat capacity of the brine leaving grid cell (,k+1) after ice
accretion (Jkg'k?).
Cyiu: the specific heat capacity of the brine leaving grid cell (j,k) after ice
accretion (Jkg'k?).
Tingw: the temperature of the spray droplets impinging on grid cell (j,k) (°C).
Knowing the magnitude, salinity and mean temperature of the total brine flux to

grid cell (j,k), the thermodynamic properties of the brine entering this grid cell can be
calculated.

a) The equilibrium freezing temperature
According to Makkonen (1987), the equilibrium freezing temperature (°C) of
brine may be approximated by:

Tos.00 = ~54:0Spe(s 0 ~ 6005be(s. o (4.2.8)
where Sy, is the salinity expressed as a fraction.
b) The equilibrium vapour pressure

The equilibrium vapour pressure over brine with a temperature T, and a salinity
Sugy 1S given by (Makkonen, 1987):
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eyg.n = (1 = 0.537Sh(5,1) €(T(5,1) (4.2.9)

where e(T,;.) is the equilibrium vapour pressure over a plane pure water surface at Ty,
and both e,,, and e(T,;,) are expressed in mb. Using the Clausius Clapeyron equation
(Iribarne and Godson, 1961), e(T,;) can be calculated by:

e(Tyyp) = exp[-E183:5 - 4.92831n(T,,p) +5¢.23]  (4.2.10)
8(J.k)

where T,,, is expressed here in K.

c) The latent heat of fusion

The latent heat of fusion of a spongy accretion can be calculated using
(Makkonen, 1987):

L, = (1 - A)Lg (4.2.11)

where L, is the specific latent heat of fusion of pure water at T, and A is the liquid
fraction of the ice matrix.

The liquid fraction of sea spray ice accretions has not yet been systematically
investigated. Lesins et al. (1980) performed fresh water icing experiments on a rotating
cylinder to simulate the growth of hailstones. The experimental results gave a liquid
fraction up to 0.6, depending on the rotating rate. Gates et al. (1986) also performed
wind tunnel experiments to determine the sponginess of spray icing using fresh water.
It was found that for a rotating cylinder, the average measured liquid fraction is 0.28.
But, for a non-rotating cylinder, this value was reduced to 0.20 (Gates et al., 1986).
Based on experimental studies on the growth of spongy ice near the forward stagnation
point of a disc situated in a dense, supercooled, fresh water spray, Lock and Foster
(1988) found that the liquid fraction of the spongy accretion ranges from 0.35 to 0.65.
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According to Weeks and Lofgren (1967), Cox and Weeks (1975), and Tsurikov
(1965), when sea ice forms at low growth rates, the liquid fraction is approximately
0.26. Makkonen (1987) used this value as the liquid fraction in his sea spray icing
model. This choice seems reasonable. It is also consistent with the fresh water
experimental results discussed above. Therefore, as a first approximation, a value 0.26
is used for the liquid fraction A in the present model.

Since the equilibrium freezing temperature of saline ice is below 0 °C, the effect
of temperature on L, should be taken into account. Chung (1989) performed a fitting of
the data on latent heat of fusion provided by Iribarne and Godson (1985). He found that

in the temperature range from 0 °C to -15 °C, L, can be calculated with negligibly small
error by:

Ly = 2.24X10%T, (5, *+ 3.334x10° (4.2.12)

where T,y is in °C.

d) The specific heat capacity
The specific heat capacity of the brine can be approximated by the equation
(Chung 1989):

Coetsin = (1 = Spegzn) Co (4.2.13)

where C, is the specific heat capacity of pure water. Since it is not strongly dependent
on temperature, a value of 4218 Jkg'K™ at 0 °C has been used.

e) The salinity of the ice accretion
The salinity of the spongy ice accretion is (Makkonen 1987):
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A

SI(j.k) = 1 - (l-A)Fszc(j'k) (402.14)

where
A The liquid fraction of the accretion.
F:  The accretion fraction which is defined as the fraction of the incoming

brine that is incorporated into the ice matrix.

f) The salinity of the brine remaining on the surface
During the freezing of brine, salt is rejected to the surrounding fluid and thus its

salinity is increased. Therefore, the salinity of the tiine that remains on the surface after

ice accretion is (Makkonen, 1987):

S
S = btid. b 4.2.15
b0 =TT (1-AVF, ( )

g) The density of the brine remaining on the surface

The density of the brine that remains on the surface after accretion is (Chung

1989):

s
Py = (1 + —2L8 o, (4.2.16)
1 - Spi.0

where p,, is the density of pure water which is taken to be 1000 kgm.
h) The density of the spongy ice accretion

The density of the spongy ice accretion which consists of pure ice and brine

pocket inclusions is given by (Chung 1989).
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PiPry.n) (4.2.17)

Pacs = T posm * AP

where p; is the density of pure ice which is taken to be 917 kgm?.

i) The dynamic viscosity of the brine
The dynamic viscosity of the brine that remains on the surface after accretion
must also be calculated in order to determine the brine flow rate (to be discussed later).
The effect of salinity and temperature on dynamic viscosity have been presented by
Unterberg (1966) in graphical form. His results have been used to derive two polynomial
equations with which the dynamic viscosity of brine as a function of salinity and

temperature can be approximated. These two polynomial equations are:

Hpo = 1.78653X107 + 1.23022X10Sp, ;) *+ 1.14271x10725%; 5
+2.61285x10250 4.5

(4.2.18)

and

p = Bpo - 5.52148X2075T,(; ) + 9.69236X20 T (;, 5
- 8.74769X107°T2 (5.1 + 3.07292x10°11T4

(4.2.19)

where
Meo: the dynamic viscosity of brine of salinity Sy, (expressed as a fraction) at 0
°C (kgm's).
wy: the dynamic viscosity of brine of salinity S, at the equilibrium surface

temperature T,y in °C.
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j) The kinematic viscosity of brine

The kinematic viscosity of the brine remaining on the surface is simply:

v, = Fp (4.2.20)
Pr(s.i0

This completes the calculation of the thermodynamic properties of the brine film and of
the saline ice. At the beginning of the next time step, the rine which remains on the grid
cell surface is immediately mixed with the impinging spray and with the brine running
down from the grid cell above. The calculation of the tliermodynamic properties of this

new brine mixture is then repeated in the same manner as above.
4.3 Temperature of the Impinging Spray Droplets

In Chapter 3, the calculation of the spray flux to a grid cell located on the surface
of the ship was discussed in detail. Tiiz droplet temperature evolution during its flight
through the air will be discussed in the present section. It is well known that the
temperature ol .ie impirsing spray is crucial to deteruining the ice accretion rate
(Zakrzewski et al., 199" " **" moment the spray droplet is injected into the airstream
at the perimeter of the u.:, 1 temnperature is taken "o be the sea-surface temperature.
Once the spray droplet nioves through the air, its temp.. 2ture falls as heat is transferred
away from the droplet’s surface to the air. The possible nucleation of a spray droplet (i.e
part of a spray droplet freezes) during its flight is neglected here, and thus the
temperature of the droplet may supercool to well below its equilibrium freezing
temperature. This assumption seems valid since the freezing of spray droplets in the air
requires freezing nuclei. The presence of snow or of frazil ice in the sea surface may
provide a source of freezing nuclei to allow the spray droplets to freeze. Blackmore and
Lozowski (1993) found that if droplet nucleation was taken into account in their icing
model, it was in better agreement with observation for extreme icing cases. Hence,

nucleation may be an important factor in spray icing. However, the conditions necessary
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for nucleation to occur remain unclear and require further investigation. Thus we will
ignore nucleation here.

For a droplet of 1.75 mm in diameter which has a total flight time of only a few
seconds, evaporation can be neglected. Andreas (1989) developed a model to calculate
the droplet size evolution. He found that a droplet 1.14 mm in diameter, with a salinity
of 21.4 %, and a temperature of 8.1 °C, in an airstream at 20.4 °C with a relative
humidity of 8 %, experienced negligibly small evaporation (loss < 1 % in mass) in the
first 10 seconds. Thus we will igrnore the effect of droplet evaporation on its mass, but
not on its heat transfer.

Based on the assumption that the airstream properties are fixed, and do not change
as a result of feedback of heat and momentum from the spray cloud, the temperature
evolution of a droplet flying through the air can be calculated by the following heat

conservation equation:

dry 6
dt = deCb(Qc + QE + QR) (4'3'1)

where
T,: instantaneous temperature of the spray diuplet . «ssumed to be well mixed)
(°C).
d: spray droplet diameter (m).
p,: density of the spray droplet which is taken to be the same as that of sea-
surface brine (kgm™).
C,: specific heat capacity of the spray droplet, which is taken to be the same as
that of sea-surface brine (Jkg'K™).
Qc: heat flux to the air due to convection (Wm?),
Q;: heat flux due to evaporational cooling of the droplet (Wm?).

Q,: heat flux to the air due to long wave radiation (Wm™).
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The convective heat flux term is given by (Holman, 1981):

0c=hd(Td- Ta) (4.3.2)

where h, is the heat transfer coeffi~i~nt for a spherical droplet of diameter d given by:

k,Nu

hd = 3 (4 .3.3 )
where
k,: conductivity of air (Wm™'K").
Nu: droplet Nusselt number (dimensionless).
The conductivity of air depends on its temperature (Makkonen 1988):
k, = 0.0242 + 0,0000737T, (4.3.4)

where T, is in °C. The Nusselt number for a spherical droplet is given by Ranz and

Marshall (1952):

Nu =2 + 0.6Pr/?Re®* (4.3.5)

Pr is the Prandtl number and Re is the droplet Reynolds number which is given by:

IﬁZ'UI g

Va

Re = (4.3.6)

where V, is the instantaneous velocity vector of the droplet, U is the wind vector, and
v, is the kinematic viscosity of the airstream. The constant in Equation 4.3.5 accounts
for heat conduction. It can be neglected at high Reynolds numbers. Zakrzewski et al.
(1991) used another formula in their icing model, suggested by Michieev and Michieeva
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(1973):

Nu
Nu

0.49Re®:" for Re < 10?

4.3.7
0.24Re®- for Re > 103 ( )

nu

The Reynolds number of a droplet over its entire trajectory typically ranges from 500 to
6000 for ship icing. Within this range of Reynolds number, the Nusselt numbers
calculated by Equations 4.3.5 and 4.3.7, on average, differ by about 10 % or less. This
typically leads to a similar relative difference in impinging droplet temperature and in ice
thickness. In view of this small difference and for consistency with previous marine icing
models, we have chosen Equation 4.3.7 in the simulation of droplet cooling.

The evaporative heat flux term Qg is given by (Zakrzewski and Lozowski, 1991):

03=ha(-lsp—’;)”3(—;-f—”§-)(es(Td) - RHe(T,)) (4.3.8)

P a

where
L.: the specific latent heat of vaporization of pure water at 0 °C (J kg).
C,: specific heat capacity of air at constant pressure (Jkg'K").
e,(T,): equilibrium vapour pressure over the surface of a brine droplet at the
droplet temperature Ty (mb).
e(T,): equilibrium vapour pressure over a plane surface of pure water at the air
temperature T, (mb).
P,: air pressure (mb).
€ ratio of the molecular weigh s of water and dry air (0.622).
Pr: prandtl number.
Sc: schmidt number.
RH: relative humidity (expressed as a fraction).
The ratio (Pr/Sc)"? is cluse to unity (~ 1.1). The specific heat capacity of air is a
function of temperature and is given by (Chung, 1989):
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C, = 1004 + 3.046T, (4.3.9)

with T, in °C. Both e(Ty and e(T,) in Equation 4.3.8 can be calculated using Equations
4.2.9 and 4.2.10. Because the droplets are large, curvature effects are negligible.
Assuming that the emissivities of the droplet surface and its environment are both

unuty, the radiative heat flux term can be expressed by (Zemansky and Dittman, 1981):

0 = 6(T§ - Ta) (4.3.10)

where ¢ is the Stefan Boltzmann constant (Wm2K™).

The droplet trajectory to a grid cell target has already been calculated in the
spraying model. In order to calculate the droplet’s temperature evolution, and hence its
final temperature on impact, Equation 4.3.1is integrated numerically along the trajectory
using an Euler forward difference method with a time step of 10? s.

Figure 4.3.1 snows an example of a droplet trajectory and its temperature
evolution. The droplet is injected into the airstream at the bow with an initial vertical
velocity of 20 ms™ and a temperature of 2.0 °C. Then, dragged by the wind, the droplet
follows a skewed-parabolic trajectory and falls back onto the deck after 1.9 seconds at
a distance of about 22 m from the source point. The impingement temperature is about -
2.4 °C.

4.4 Physics of Brine Flow

(a) Vertically Falling Liquid Film
In marine spray icing, the ice surface is usually covered by a thin brine film and
its flow rate directly affects the icing rate and also the total amount of spongy ice which
can be accreted. For simplicity we neglect wind stress on the film and assume that on
vertical surfaces, such as the front of the wheelhouse and the mast, the brine film moves

only vertically downward. On such surfaces, the brine film thickness varies with height
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depending on the local spray flux and icing rate. Under normal circumstances, the film
thickness decreases with increasing height. Thus, the flow rate at different locations also
varies, depending on the thickness. In view of the importance of film thickness, we will
now discuss how it may be calculated.

Consider a liquid film of uniform thickness é on a vertical grid cell (Figure
4.4.1a). Experimental observations show that waves appear on the surface of the liquid
film even at a very low flow rate (Dukler and Bergelin, 1952). It becomes extremely
difficult to determine the flow rate if both wave motion and film turbulence are taken into
account. Hence, as a first approximation, the wave motion is neglected and the flow is
assumed to be laminar. These assumptions were first made by Nusselt (1916) to derive
an equation to calculate the thickness of a vertically falling film. With these assumptions,
only the forces of gravity and viscosity remain in the boundary layer equation. Thus, the
steady-state vertical velocity profile (Figure 4.4.1b) within the liquid film can be
represented by:

20,

e = -g (4.4.1)

where
v,: the kinematic viscosity of the brine film (m?s™7).
U,,: the vertical flow velocity in the brine film (considered positive if downward)
(ms™).
x: horizontal coordinate normal to the plane of the brine film (m).
g: acceleration due to gravity (ms?).
Using the boundary conditions U,, = 0 at x = 0 and dU,/dx = 0 at x = §, Equation
4.4.1 may be solved for Uy,

Upe = 3%-b(zts - x)x (4.4.2)
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Figure 4.4.1 : a) Liquid film of uniform thickness on
a vertical grid cell. b) Vertical velocity profile
within the liquid film.
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We are interested in the : =rage velocity for the entire layer of the liquid film, which is

given by:

1 rd
U, = -6-[0 U, ,dx (4.4.3)

“ybstituting Equation 4.4.2 into 4.4.3, yields:

2
<,y = L& (4.4.4)
3v,

For very high spray fluxes which imply a very thick liquid film, Equation (4.4.4) can
not be applied directly to the entire layer of the liquid film because a large portion of the
outer layer of the liquid film will merely fall under gravity with little frictional
retardation leaving only a thin film behind flowing along the surface according to
Equation 4.4.2. Since Equation (4.4.4) is valid only for laminar flow, when the film
thickness in the model becomes greater than the maximum possible thickness of a laminar
layer, the excess liquid is assumed to fall under gravity and to disappear immediately.
In other words, in the model simulation, the maximum thickness of the liquid film on a
vertical surface is not allowed to exceed that of a laminar layer.

According to Dukler and Bergelin (1952), the laminar and buffer regions as
suggested by Nikuradse (1933) can be grouped into an effective laminar layer in which
Nusselt’s Equation 4.4.4 is satisfied. According to Nikuradse (1933), the maximum
thickness of this effective laminar layer 6, is given by:

n - 498 _ 5 (4.4.5)

A\

4

Therefore,
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30v,

2
)3 (4.4.6)
va

8, =

Substituting Equation 4.4.6 into 4.4.4, the corresponding maximum mean brine film

velocity is:

1
Uy, >y = 31.07 (gv,) (4.4.7)

From Equations 4.4.6 and 4.4.7, it can be seen that both §, and <U,, >, are functions
of the kinematic viscosity of the brine. In the present case, the film consists of brine
whose kinematic viscosity depends on salinity and temperature and can be calculated by
Equations 4.2.18, 4.2.19, and 4.2.20.

Figure 4.4.2 shows how the maximum film thickness (8,) and the corresponding
maximum mean vertical velocity (< Uy, > o) vary with kinematic viscosity. A maximum
kinematic viscosity of about 3.0x10"® m?s™ occurs with a salinity of ~20 % and a liquid
temperature of -15 °C. This is an extreme case which seldom occurs in spray icing.
Hence, it can be concluded that the maximum laminar brine film thickness on a vertical
surface is less than 1 mm and the corresponding mean vertical velocity does not exceed
1 ms?*. These values are very useful in determining the choice of the time step in the

icing model. This will be discussed in Section 4.6.

(b) Horizontal Liquid Film
On a horizontal surface, the motion of the brine film is very sensitive to the
pitching and rolling of the ship and thus the brine flow may be unsteady and random.
Consequently, we make the simple assumption that a brine film lying on a horizontal
surface (e.g the deck or the top of the wheelhouse) does not move, on average, in any
direction. For very high spray fluxes, a horizontal surface (e.g the deck) may be flooded

with a huge amount of water (greenwater) which will quickly run off and leave a thin
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film lying on the surface. Thus, it is necessary to estimate the maximum thickness of the
residual brine film residing on a horizontal surface. If the maximum thickness of the
brine film that remains on a horizontal surface is 8,, then, when the liquid layer thickness
in the model exceeds §,, the excess brine is treated as greenwater and simply removed.

Let us consider a wetting liquid which is poured slowly onto a flat horizontal
surface to form a circular pool of a certain size. This pool of liquid will spread outward
slowly, reaching an equilibrium state with a thickness 8, as shown in Figure 4.4.3. We
assume that the radius R of this pool of liquid is much greater than its thickness §,. In
Figure 4.4.3, the interfacial forces acting on the liquid boundary are also shown. In view
of the force balance, the equilibrium thickness, §,, can be calculated in the following way
(Marion and Hornyak, 1982).

The change in surface energy of the pool if 8, is decreased by dd, is given by:

dw,, = v,dS (4.4.8)

where 1, is the surface tension of the liquid (Nm™), and dS is the change in the s. :face
area of the liquid-air interface corresponding to the change in §,. From Figure 4.4.3, the

surface area of the liquid-air interface is approximately:

S = tR? + 2nRY, (4.4.9)

The derivative of S with respect to §, is:

ds _ dR

—dé,, 2n(R + 8,) a8, + 27R (4.4.10)
For an incomp.assible fluid:

dv = =R?*db, + 27R§,dR = 0 (4.4.11)
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Figure 4.4.3: Cross-section of a circular pool of liquid at
rest on a horizontal surface. 8 is the wetting angle of the
liquid. fg,, f5, and f,, are solid-air, solid-liquid, and
liquid=-air interface forces respectively.

125



where V is the volume of the liquid. Equation 4.4.11 can be expressed as:

dR _ __R
?6; 26): (4.4.12)

Substituting Equation 4.4.12 into 4.4.10, dS becomes:

ds = (aR - "a—Rz)db,, (4.4.13)
h

With Equation 4.4.13, Equation 4.4.8 can be rewritten as:

h
For R > > §,, Equation 4.4.14 becomes:
2
dir,, = -ngf ds,, (4.4.15)

dW,, (positive) is the energy required to spread the liquid when its thickness is reduced
by dé, (negative).

The work done by surface tension along the perimeter of the liquid-solid boundary
corresponding to a change of dg, is:

dw,, = (£, - £,,)ds’ (4.4.16)

where
f,: the surface force at the solid-liquid interface (Nm™).
f,: the surface force at the solid-air interface (Nm™).
Since, (,-f, = -f.cos8 = -y,cos8, S’ = 7R?, and dS'/d§, = -(xR*/&, (from Equation
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4.4.12), then:

dw,, = ybcosﬁfﬁf-z?dbh (4.4.17)
h

dW, is negative and is the energy available to spread the liquid such that its thickness
changes by dd,.
Let us now consider the change in gravitational potential energy during spreading

of the liquid. The potential energy of the liquid is given by:

PE = %nkzpbgbf, (4.4.18)

When the liquid spreads outward, the change in PE is:

d(PE) = %upbngb,,dbh (4.4.19)

Equation 4.4.12 has been used in deriving Equation .4. 19. d(PE) is the potential energy
given up when the liquid spreads so that its thickness changes oy dé,.

When the liquid film shown in Figure 4.4.3 is in a state of equilibrium, then the
sum of dW,,, 1W,, and d(PE) should be zero (Marion and Hornyak, 1982), i.e:

dw,, + dw,, + d(PE) =0 (4.4.20)

Using Equation 4.4.20, &, may be shown to be:

8, = \J 2y, (1-cosP) (4.4.21)
Prg

If the liquid is water with slight contamination and lies on a glass surface, the wetting
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angle B is ~ 20° (Marion and Hornyak, 1982). Since the wetting angle of brine is not
known, a value of 20° is assumed here as a first approximation. It is conceivable that,
for brine on spongy marine ice, 8 may be close to zero in which case §, could be very
small.

Using the graphical results from Unterberg (1966), two polynomial equations have
been derived to calculate the surface tension +, as a function of salinity and temperature.

These are:

Yp, = 7.5604x10°2 + 3.3979x10725, - 7.0x10725¢ + 0.375;

(4.4.22)

and

Yb = Ybo - 1.4X10—‘T3 (4.4.23)

where 7y, is the surface tension (Nm™) of the brine as a function of fractional salinity S
at 0 °C, and T, is the brine temperature (°C). Equation 4.4.22 is valid for a salinity
ranging from 0 % to 24 % before saturation takes place (Unterberg, 1966). For Equation
4.4.23, it is applicable for a temperature ranging from 0 °C to boiling (Unterherg,
1966). This equation can be extended to a temperature well below 0 °C (for example -10
°C) without causing a significant error.

From Equations 4.2.16, 4.4.22, and 4.4.23, it can be seen that v, increases for
increasing S, and decreasing T,. But, as S, increases, p, increases as well. For a given
temperature, the ratio of y,/p, increases as S, decreases. Table 4.4.1 gives an example
on how the ratio of v,/p, and 8, changes as the salinity increases at a brine temperature
of 0 °C.
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(rm—— e

S, Yoo Po Yoo/ Py S,

(fraction) (10°Nm™) (kgm™) (10°m’s?) (mm)

0.00 75.604 1000.0 7.5604 0.9641

0.04 76.875 1041.7 7.3800 0.9526

0.08 78.064 1087.0 7.1819 0.9397

0.12 79.313 1136.4 6.9796 0.9264

0.16 80.764 1190.5 6.7842 0.9133

0.20 82.560 1250.0 6.6048 0.9011

0.24 84.842 1315.8 6.4480 0.8904

Table 4.4.1: Variation of v,/p, and &, with salinity at a brine temperature of 0 °C.

Table 4.4.1 shows that at T, = 0 °C, §, is a maximum for fresh water and a minimum
for hrine of salinity 0.24. Changes in temperature do not cause any significant change
in these two extreme values. Since the variation of 8, with salinity is small, we simplify
the problem further, by using a constant value of 4, = 1 mm for the maximum brine film
thickness residing on a horizontal surface, regardless of the salinity and temperature of
the brine film. This approximation gives a conservative prediction of the maximum
possible amount of brine on a horizontal surface which is available for ice accretion. The
sensitivity of the present icing model to &, has been tested using two different brine film
thicknesses (3, = 1 mm and &, = 0.1 mm). Under an extreme icing condition, which
will be presented in Section 4.8, the difference in the total ice load on the deck and the

top of the wheelhouse using these two brine film thicknesses is 11 %.

4.5 Physics of Ice Accretion

Under favourable conditions, when spray droplets impinge on the surface of the
ship and form a brine film, spongy ice will be accreted on the surface because heat is lost
from the brine film to the air. In the model, the ship’s surface is divided into components

(the deck, wheelhouse, and mast) on which is superimposed a network of grid cells. We
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will describe the workings of the model by first considering a grid cell located on a
vertical surface (Figure 4.5.1). The heat transfer equation is applied to this grid cell in
order to calculate its icing rate. The icing rate on any other grid cell on any other
component can be calculated in a similar manner.

Two assumptions should be mentioned here. The first assumption is that heat
conduction between the icing interface and the underlying material is neglected. The
second assumption is that freezing takes place at the liquid/solid interface at the liquid’s
equilibrium freezing temperature determined from Equation 4.2.8. This means that
supercooling in the liquid film is not taken into account. Hence, the heat balance for the
spongy ice accretion on the surface of the grid cell can be represented by the following

equation:

Qe * QoG + 9rin = 9sgo ¥ Deaio (4.5.1)

where
Q- the heat flux due to forced convection from the surface (Wm?),
Qegp: the heat flux due to evaporation from the surface (Wm?).
Q.p: the heat flux due to net long wave radiative heat transfer away from the
surface (short wave radiative heat transfer is ignored) (Wm),
q,4.: the heat flux associated with cooling of the total incoming brine flux to its
equilibrium freezing temperature (Wm'?).
Qrgu: the heat flux due to the release of latent heat of freezing (Wm),

We will now discuss each term of Equation (4.5.1) individually.

a) Convective heat flux q,
The heat flux due to convection can be calculated by (Holman, 1981):

Deigo = B (Teign ~ Ta) (4.5.2)
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Figure 4.5.1 : A grid cell located on a vertical
surface.
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where
hgy,: the heat transfer coefficient for grid cell (j,k) (Wm3K1).
T,gx: the equilibrium freezing temperature of the brine film on the surface of grid
cell (,k) (°C).
T,: the air temperature (°C).
The heat transfer coefficient is related to the surface Nusselt number, Nu, by:

k, Nu
Ry = aL (4.5.3)

where L is a characteristic length of the surface in question and k, is the thermal
conductivity of air. The complicated structure of the ship makes the Nusselt number and
the characteristic length difficult to determine. No reference to external heat transfer
from ships of any kind could be found, and certainly there have been no heat transfer
measurements from the Zandberg. Consequently, various approximations are employed
in order to solve the problem. To do this, the three components (the deck, the
wheelhouse and the mast) are treated separately as in Lozowski et al. (1992).

The mast is repre.ented by a circular cylinder of constant diameter. Under the
environment in which ship icing occurs, the flow over the mast is very likely to be highly
turbulent. For example, with a relative air speed of 5 ms*! and a diameter of 0.58 m, the
Reynolds number of the flow will be about 2.3x10°, which, according to Zukauskas
(1985), is within the turbulent flow regime. Thus, the overall Nusselt number for the
ship mast is (Zukauskas, 1985):

Nu = 0.023Pr°%4Re®® (4.5.4)

where Pr is the Prandtl number (0.711 for air) and Re is the Reynolds number which
typically will lie in the range from 2x10° to 107. The characteristic length L in Equation
4.5.3 for the mast is simply its diameter.

The foredeck and the deck behind the wheelhouse are represented by flat plates.
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Again, the flow over these two surfaces is turbulent. The overall Nusselt number for
parallel flow over a smooth flat plate under a turbulent flow regime is given by (Kreith
and Black, 1980).

Nu = 0.036Pr°33Re?® (4.5.5)

for a Reynolds number in the range 5x10° to 107. Because the wind direction is arbitrary,
the characteristic length for the deck is taken in the model to be the square root of the
total deck surface area. Hence, for the foredeck, L is 11.7 m while for the deck behind
the wheelhouse L is 19.2 m.

The wheelhouse is represented by a box mounted on a horizontal surface. Quite
a few research papers have been published on the heat transfer from rectangular
polyhedra (Motw. "» et al., 1985, Test et al., 1980, and Test et al., 1981), square prisms
(Igarashi, 1984 and 1985), and wall mounted cubes (Chyu et al., 1991). However, they
deal only with low Reynolds numbers (Re < 10°) and are thus not quite relevant to the
present situation. For a large body such as the wheelhouse, the Reynolds number will
typically exceed 10°. In addition, the flow over a box-iike structure is turbulent even for
low Reynolds numbers, as suggested by the above authors. For high Reynolds number
flows, the only Nusselt number data readily available are for cylinders, spheres, and flat
plates. Figure 4.5.2 compares the Nusselt numbers for these three different objects. The
Nusselt number for a flat plate lies between that for a sphere and a cylinder. In the
model, the Nusselt number for a flat plate is used to approximate that for the
wheelhouse. Thus, the icing prone portion of the wheelhoust: is subdivided intc two flat
plates, representing the top and front sides. Since the right and left sides, and the back
side of th- wheelhouse do not receive spray in the mc .i, they are ignored. Thus, we
have one flat plate representing the front of the wheelhouse and another representing the
top of the wheelhouse. The Nusselt number for these two surfaces is calculated using
Equation 4.%.5. The characteristic lengths for these two surfaces are defined as for the
deck. L is 7.2 m for the front and 8.3 m. for the top of the wheelhouse. Hence, using

Equations 4.5.4 and 4.5.5, together with the appropriate characteristic lengths, the heat
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transfer coefficients for various components of the ship can be calculated.

b) Evaporative heat flux G
The heat flux due to evaporative cooling can be represented by (Zakrzewski and
Lozowski, 1991):

€L
Qosx = B (—g-f-:)l/a(-——cp; ) (e,(Ty s ) ~ RHE(T,)) (4.5.6)

where
e,(T,;x): the equilibrium vapour pressure over the brine film surface at the
equilibrium surface temperature T,
e(T.): the equilibrium vapour pressure over a plane surface of pure water at the
air temperature T,.
Pr: Prandtl number of air.
Sc: Schmidt number of air.
€ : ratio of the molecular weights of water and dry air.
Both €,(T,;4,) and e(T,) are calculated using Equations 4.2.9 and 4.2.10.

¢) Radiative heat flux ¢
Assuming black body radiation, the net heat flux due to the net transfer of long

wave radiation to and from the grid cell surface is (Zemansky and Dittman, 1981)):

drg. b0 = 0 (Tois.00 — Ts) (4.5.7)

where
o is the Stefan Boltzmann constant (WmZK*).

T, and T, are in degrees K.
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d) Sensible heat flux g,y
The total brine flux to the grid cell has a salinity S, (Equation 4.2.4) and a
mean temperature Ty (Equation 4.2.5). This brine must cool to its equilibrium

freezing temperature before freezing takes place. The heat exchange in this process is:

Qo500 = Moe(s, 0 Coets. 0 (Tmeants. 00 = Tot i) (4.5.8)

where

My.,: the total brine flux to the grid cell (kgm2st).

Cugu: the specific heat capacity of this brine (Jkg'K™).
M,y is calculated using Equations 4.2.1 to 4.2.3 and Gy, using Equation 4.2.13. For
horizontal surfaces, no brine flow is considered. In these cases, the total brine flux myy,
consists of i) the incoming spray and ii) the brine remaining on the grid cell surface after

ice accretion in the previous time step. In other words, My 4, is zero in Equation 4.2.1.

e) Latent heat flux qg;
Saline ice contains numerous brine pockets and thus is spongy. Because of this
brine entrapment, the liquid fraction has to be taken into account in calculating the heat

flux due to spongy ice formation. Thus:

e, 0 = LesLign (4.5.9)

where

L,,: the latent heat of fusion for spongy ice (Jkg™').

I,y the spongy ice growth mass fiux (kgm'%s").
L;,, which depends on the liquid fraction X, is given by Equation 4.2.11.

Using Equations 4.5.1, 4.5.2, and 4.5.6 to 4.5.9, the accretion rate I, can be
calculated. The accretion fraction is then defined by:

136



F = 2W.k (4.5.10)
Mye 4,k

The ice load on a given grid cell (,k) at time t, = nAt is given by:

where

my(t): the ice load on the grid cell at time t, (kg).

my(t,,): the ice load on the grid cell at the previous time step t,, (kg).

Agy: the surface area of the grid cell (m’).
The shape and the surface area of the grid cells, particularly those on the mast, will
change with time as the ice builds up. Taking this effect into consideration would
complicate the model, without necessarily changing the results significantly. Thus, this
effect is ignored in the model and every grid cell has a constant surface area. Hence, the
ice thickness on the grid cell at time t, is:

h*(t,) = h*(t,,) + Tub pe (4.5.12)
pac(j.k)

where
*(t): the spongy ice thickness on the grid cell at time t, (m).
h°(t,,): the spongy ice thickness on the grid cell at time t,, (m).
Pecp: the density of the spongy ice accretion on the grid cell which is calculated
from Equation 4.2.17 (kgm?).
The thickness of the brine remaining on the grid cell surface, 8y, after ice accretion
can readily be calculated by:
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m, - I
Sbig.a0 = ¢ btu'pk;u - K )Ae (4.5.13)

where pygy, is the density of the brine that remains on the grid cell surface after ice
accretion and can be calculated from Equation 4.2.16.

The time from the beginning of one spray to the begiaring of the next is one
period of the spray and icing cycle (P, from Equation 4.1.7). In the model, only one
cycle is considered. Within each cycle. #+-re are two distinct intervals. The first interval
consists of the time during which airborne spray is impinging onto a grid cell. During
the second interval, there is no direct spray impingemant, but freezing and surface brine
flow may continue. It is assumed that there is no heat transfer to the underlying material
during the entire period of the spray and icing cycle.

A certain amount of brine will remain on the ship’s surface after one period of
the spray and icing cycle. The remaining brine can not accumulate indefinitely from one
cycle to another because of brine drainage. To nodel the long-term drainage of brine is
extremely complicated and beyond the scope of this thesis. Therefore, it was decided to
ignore the brine which remains on the ship’s surface after one cycle cf the icing
calculation. This is similar to the procedure used by Zakrzewski et al. (1992) in order
to reduce the computational time. At the end of the cycle, only a small amount of brine
will likely remain on the ship’s surface and the salinity of this brine will be higher than
that of the new incoming brine. Thus, neglecting this remaining brine at the end of the
cycle should not cause underestimation of the icing rate.

The icing load over a longer period may be extrapolated by simply multiplying
the single spray ice load by the number of spray events (Zakrzewski et al., 1992).
Hence, after N hours, the ice load and thickness on the grid cell (j,k) are given by:
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Mpz.p = 60.0mp5 nNEqpg (4.5.14)

and

H*j.9 = 60.0h%y nNEo g (4.5.15)

where
M,y the total ice load on the grid cell after N hours (kg).
H';,: the total ice thickness on the grid cell after N hours (m).
my;,,: the ice load on the grid cell after a single spray event (kg).
h’;: the ice thickness on the grid cell after a single spray event (m).
f.g: the frequency of spray generation (min™).
Finally, the total ice load over the entire vessel is simply:

Mpeor = ;Mzu,m (4.5.16)

where the summation covers all the grid cells over the surface of the vessel.
4.6 Model Implementation

The icing model is programmed in Fortran and is listed in Appendix 4. A diskette
containing the model source files is inciuded in a packet at the end of the thesis. The
input parameters for the model include:
a) Air temperature, relative humidity, air pressure, sea- surface temperature, wind speed
and direction, fetch, ship speed, and duration of the simulation.
b) Coordinates of the perimeter of the hull, grid cell centre coordinates, grid cell surface
areas, unit normal vectors to the grid cell surface.

c) Spray flux and droplet impingement temperature for every grid cell. This information
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is derived from the spraying model which is coded as a subroutine of the icing model.

The output of the icing model includes the spongy ice thickness (cm), spongy ice
mass (kg), and spongy ice accretion rate (kgm?hr) for every grid cell. In addition, the
total accretion mass (kg) for the entire vessel and the overall icing rate (kghr?) are also
calculated from the model.

As discussed in Section 4.4, the brine film on a vertical surface usually has a
mean vertical velocity below 1 ms™. This information is useful in determining the time
step used in the icing model. All the grid cells located on vertical surfaces (i.e the front
of the wheelhouse and the mast), except those located along the top row of the front of
the wheelhouse, have a height of 1 m. Hence it is appropriate to use a time step At <
1 second. If At > 1 second, the brine may pass through more than one grid cell within
a single time step. If this were to occur, calculation of the total brine flux to a grid cell
may be erroneous. The grid cells on the top row of the front of the wheelhouse have a
length of 0.5 m. Hence the brine film velocity for these grid cells is not allowed to
exceed 0.5 ms! in the model.

It is not necessary to use a very small time step to simulate the icing process
because the icing rate should not normally change rapidly over a time scale of less than
a second. Thus, a time step of 1 second has been chosen for use in the icing model.

As discussed in Section 4.4, the brine flow rate on a vertical surface is calculated
based on an effective laminar layer approximation. Therefore, in the icing model
simulation, if the brine film thickness on a vertical surface exceeds the corresponding
effective laminar layer thicknc s, the excess brine is simply ignored. Thus, at the end of
each time step, after the calculation of the spongy ice accretion, if the brine film
remaining on the grid cell surface is greater thar the corresponding effective laminar
layer thickness, the brine film thickness is set equal to the effective laminar layer
thickness.

For horizontal surfaces (i.e the deck and the t~p of the wheelhouse), it was
determined in Section 4.4 that the maximum brine film ihickness is approximately 1 mm.
Thus, whenever the brine film thickness on these surfac; exceeds 1 mm, the excess

brine is treated as "greenwater”. Since it takes a while for thix green water to return back
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to the sea, at the end of the spray event (i.et = P,), if the brine film thickness is greater
than 1 mm, the excess brine is ignored.

It was mentioned in Section 4.5 that a single spray cycle consists of two time
intervals. The first time interval terminates at the end of spraying. This time t="P,)
is usually not an intcgral multiple of At. Thus, the Y. time step in the first time interval
is allowed to be less than one second in the model. The second time interval begins at
the end of spraying and ends at the start of the next spray. The final time step in this
time interval is also allowed to be less an one second in the model. Fig.re 4.6.1
illustrates this situation.

In the current icing model, as . Zakrzewski et al. (1992), brine low from
component to component (e.g from the mast to the top of the wheelhouse or from the
front of the wheelhouse to the deck, etc) is not considered. Thus, brin which exits a
particular component is neglected. This assumption is made in o:der ‘0 make the model
structure less complicated, and simplify the brine accounting pioblem since the details
of the excess brine flow over the vessel would be exceedingly difficult to work out in

detail.
4.7 Sensitivity Tests

The severity of spray icing is largely determined by the atmospheric and
oceanographic conditions. Under mild conditions, spray icing is unlikely to occur. Under
severe weather with sub-freezing temperatures and high winds, spray icing is likely to
occur on most small to medium size vessels. Sometimes, under extreme conditions,
tonnes of ice can be accumulated within an hour. A sensitivity test will now be
performed to show the effect of the environmental and operating parameters on the total
ice load. The standard condition is T, = -10 °C, P, = 1000 mb, RH = 75 %, T,.. =
2°C, U = 15ms?, § = 0°, F = 200 n.m, and V, = 3 ms’, S,,, = 3.3 %. Many icing
researchers have shown that icing is insensitive to atmospheric pressure (Zakrzewski et
al., 1992). Thus, it will not be included in the sensitivity test. In the sensitivity tests, one
parameter is changed while the others are maintained at their standard values.
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Spray flux

Figure 4.6.1: Periods of spraying during two spray cycles. The
shaded region represents the period of spraying (Pgp), after
which there is a gquiescent period without spray. Pgg, is the
period of one complete cycle of spray generation.
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Table 4.7.1 summarizes the total ice load accumulated in one hour on the entire
vessel under different atmospheric and oceanographic conditions. Figure 4.7.1a shows
how the total ice load over the entire vessel varies with air temperature. At an air
temperature just below the equilibrium freezing temperature of sea-surface brine, ouly
a very little is accumulated (< 0.2 tonnes/hour). However, as the air temperature d:c s,
the heat transfer from the icing surface to the air increases almost linearly, and so does
the total ice load. At an air temperature of -25 °C, more than 2.2 tonnes of ice are:
accumulated in one hour.

Decreasing the relative humidity increases the evaporative heai loss from the icing
surface, thus increasing the icing rate. As indicated in Figure 4.7.1b, the total ice load
increases by about 32 % when the relative humidity drops from 100 % to 0 %.

The effect of sea-surface temperature on the ice load is complicated. For a wind
speed of 15 ms’, the ice load increases by only 37 % as the sea-surface temperature
decreases from +6 °C to -2 °C (Figure 4.7.1c). But, for a higher wind speed of 25 ms?,
the ice load increases by a factor of eight as the sea-surface temperature drops from +1
°C to -2 °C (Figure 4.7.1d). The explanation is directly related to the sensible heat flux
term q, in Equation 4.5.1. In the model, all of the incoming spray is assumed to
contribute its sensible heat to the heat balance. Thus, a higher spray flux implies a more
significant effect of the term g, on the ice accretion rate (Equations 4.5.1 and 4.5.8). The
amount of spray generated with a wind speed of 15 ms' (wave height 4 m) is much less
than that generated with a wind speed of 25 ms' (wave height 8 m). Atalow sea-surface
temperature (e.g < 0 °C), the spray droplets impinging on most of the grid cells are
likely to be supercooled. Therefore, the term g, in Equation 4.5.1 becomes a heat sink.
At low wind speeds, less spray can be produced, and hence the amount of spray available
for ice accretion is limited. As a result, the icing rate does not increase significantly as
the sea-surface temperature decreases. With high wind speeds, much more spray is
produced, and, the effect of the term q, in Equation 4.5.1 becomes much more
significant. As a result, the ice accretion rate increases sharply as the sea-surface
temperature drops below a threshold value (i.e when the g, term changes from a source

to a sink term for most of the grid cells).
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N
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(a)

Figure 4.7.1 : A sensitivity test of the icing model.
(a) Total one hour ice load vs air temperature.

(b) Total one hour ice load vs reiative humidity.

(c) Total one hour ice load vs sea-surface temperature
(U = 15 ms™1).

(d) Total one hour ice load vs sea-surface temperature
(U = 25 ms™?).

(e) Total one hour ice load vs wind speed.

(f) Total one hour ice load vs fetch.

(g) Total one hour ice load vs wind direction.

(h) Total one hour ice load vs ship speed.

(i) Total one hour ice load vs sea-surface salinity.
Oother conditions are the standard values given in the text.
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Of course, it is very likely that when the spray flux is high, only a fraction of it
near the solid/liquid interface will contribute to the sensible heat transport. As a result,
the model may overestimate the icing rate for cases with low sea-surface temperature and
high wind speed. How to determine this fraction and its relation to the spray flux is still
largely unknown and requires further research. Kachurin et al. (1974) suggested that only
20 - 30% of the impinging spray is involved in sensible heat exchange. This fraction is
surely not universa! and should depend on various factors such as the quantity of
impinging spray and the atmospheric conditions. Hence for the present, all incoming
spray is assumed to contribute sensible heat transport.

It is also apparent in Figures 4.7.1c and 4.7.1d that, as the sea-surface
temperature continues to increase, the ice accumulation never reaches zero, but
approaches an asymptotic limit. For U = 15 ms?! with T,, > 10 °C, and for U = 25
ms" with T, > 1 °C, the total ice loads accumulated in 1 hour are around 0.8 tonnes
and 2 tonnes respectively, and they do not vary much thereafter. The explanation here
is related to one of the model assumptions. As in most other icing models, it is assumed
here that the incoming spray reaches its equilibrium freezing temperature once the spray
droplets impinge on the surface and form a brine film. Therefore, at the end of each time
step, the temperature of the brine film is at its equilibrium freezing temperature. But this
is only true if the latent heat flux term g; in Equation 4.5.1 is greater than or equal to
zero. For the case with g; > 0, icing takes place and the temperature of the brine film
will always be at its equilibrium freezing temperature. If q; = 0, no icing can take place,
but the temperature of the brine will still remain at its equilibrium freezing temperature.
Then, after spraying, the brine remaining on the surface will start to freeze as heat is
carried away from the brine film surface. As a result, ice builds up on the surface during
the interval between sprays.

Up to this point, the assumption that the brine film reaches its equilibrium
freezing temperature is still valid. However, if q; becomes negative during the spraying
period, then at the end of each time step, the temperature of the brine film should be
higher than its equilibrium freezing temperature. Therefore, at the end of spraying, the
brine film temperature should also be higher than its equilibrium freezing temperature.
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Thus, during the spray-free period, it must take some time for the brine film, which
remains on the surface, to cool down to its equilibrium freezing temperature before
freezing occurs. If the air temperature is not low enough or if the sea-surface temperature
is too high, it may happen that no ice can be formed. In this case, the icing rate will be
zero. The present model, however, does not take this particular situation into
consideration. In the model, we simply assume that, during the spraying period, even if
qr < 0, the brine film is still at its equilibrium freezing temperature at the end of each
time step. Therefore, during the spray-free period, ice forms under all circumstances as
long as the air temperature is below the equilibrium freezing temperature of the sea-
surface brine. This explains why the ice load becomes invariant to the sea-surface
temperature beyond a certain threshold. Thus, the model tends to overestimate the icing
rate for high sea-surface temperatures.

Tn addition, the model also neglects the possibility of melting. For example, when
q; < 0, part of the ice accumulated in the previous spraying cycle should melt. But,
since the model simulates only one spray cycle, this is not a feasible calculation. Future
model development will rectify this situation.

The above discussion reveals one of the limitations of the present icing model.
However, we may ask if such a situation with low air temperature and high sea-surface
temperatu:e is possible. Zakrzewski and Lozowski (1989) have assembled data from
more than 100 ship icing events. In these records, the air temperature and sea-surface
temperature are listed. They are plotted in Figure 4.7.2. It can be seen that over all of
the recorded icing events, the air temperature ranges from 0 °C to -22 °C. In 97 % of
the cases, the sea- surface temperature was below 3 °C and there were only 3 cases in
which the sea-surface temperature was as high as 5 °C. Therefore, it can be concluded
that with sub-freezing air temperatures in winter, it is very unlikely that the sea- surface
temperature will exceed 5 °C. At a sea-surface temperature of 5 °C, it may be possible
that ¢; < O for some grid cells on the deck near the bow. However, even for this case,
the error should not be significant compared to the total ice load for the entire vessel.

In most current spray icing models (for instance Makkonen (1987), Blackmore
and Lozowski (1993)), a continuous spraying process is assumed. Hence, there is ro
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spray-free period in these models. As a result, with high droplet impingement
temperatures, these models will predict a zero icing rate. However, in ship spray icing,
there exists a quiescent period between spraying events. Thus, with cool sea-surface
temperatures, icing may not occur on the ship surface during the spraying period, but
may occur during the quiescent period. Moreover the incoming spray during the next
spraying event may not be able to melt this ice entirely. In such a case, continuous icing
models may underestimate the icing rate.

The effect of wind speed on the total ice load is dramatic. Increasing the wind
speed will increase the wave height and thus increase the amount of spray impinging onto
the entire vessel. In addition, higher winds also imply higher convective and evaporative
heat transfer from the icing surface. As shown in Figure 4.7.1e, there is very little icc
accumulation when the wind speed is less than about 10 ms*. This occurs because at low
wind speeds, the spray flux to the ship is small and the convective heat transfer is low
as well. But, as the wind speed increases to 25 ms’, the total ice load increases abruptly
to more than 2 tonnes per hour. This implies that wind speed is a crucial factor in severe
icing, especially when the air and sea-surface temperatures are very low.

The wave height is related to fetch according to Equation 4.1.1. Hence, as the
fetch increasz, the wave height also increases. This also means that more spray is
generated. Thu. , the total ice load increases as the fetch increases because more spray
is available for ice accretion (Figure 4.7.1f). However, the total ice load tends to
approach an asymptotic limit when the fetch becomes very long (Figure 4.7.1f). For a
very long fetch, tic wave height is high and there is a lot of spray produced. In the
present case, the dropist impingement temperature is generally above the equilibrium
freezing temperature, anJ hence q, becomes a large heat sourc: which can restrain ice
growth. However, with a iow sea-surface temperature (< 0 °C for example), the
situation is quite different. A ‘ery long fetch may mean a lot of supercooled spray
droplets and in such cases g, becomes a large heat sirk which allows the ice growth to
continue.

Since the ship heading is constrained by the experimental spraying data to be 0°

directly into the waves, changing the wind direction simply changes the spray flux and
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its distribution as discussed in Chapter 3. Figure 4.7.1g shows that when the wind
direction shifts from head wind to beam wind, less spray is received on the ship and thus
the total ice load is also less. It is found that the total ice load at § = 10° is a little
greater than that at @ = 0°. This feature is artificial since, as mentioned in Chapter 3,
it occurs because of the different spray calculation methods applied when 6 = 0° and
when 8 > 0°.

Figure 4.7.1h shows that increasing the ship speed will initially increase the ice
load abruptly. However, once the ship speed reaches about 5 ms’, the total ice load
starts to decrease slightly. To understand the reasons for this, we must first understand
the differcnt ways in which ship speed may affect spray icing: a) Increasing the ship
speed will increase the amount of spray impinging on the vessel. b) Increasing the ship
speed will decrease the flight time of the spray droplets to reach their individual targets,
thus increasing the spray impingement temperature. c) Increasing the ship speed implies
an increase in the relative speed of the ship and the air, and hence, the convective heat
transfer from the icing surface will also increase. Factor c) always has a positive effect
and factor b) a negative effect on the icing rate. The effect of factor a) on icing can be
either positive or negative depending on the sea-surface temperature. For low sea-surface
temperatures, the effect is positive while for high sea- surface temperatures it is negative.
Increasing the ship speed provides more spray on board to allow icing to take place.
Thus, the ice load increases as ship speed increases. But, when the ship speed becomes
high (V, > 5 ms" in the present case), there is much more spray splashed on the ship,
and if the droplet impingement temperature is above the equilibrium freezing
temperature, then the sensible heat flux term q, may become large enough to stabilize or
even decrease the ice growth rate, as shown in Figure 4.7.1h.

Figure 4.7.1i illustrates how the total ice load is affected by the sea-surface
salinity. Assuming a constant liquid fraction A independent of salinity, a decreasing
salinity means a higher equilibrium freezing temperature. Thus, as the salinity decreases
from 4 to 0 %, the total ice load increases linearly by 45 %.

These sensitivity tests show that the present icing model is very sensitive to air
temperature, wind speed, fetch, ship speed, and salinity. Shifting the wind direction from
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head wind to beam wind reduces the ice accumulation. The relative humidity has a less
significant effect on the total ice accumulation on ship. The sea-surface temperature has
a complicated effect on the total ice accumulation. For low wind speeds, the effect is less
significant while for high wind speeds, the effect becomes dramatic. The model fails to
predict a zero ice load with high sea-surface temperatures. However, according to the
Soviet data, a situation with low air temperature and high sea-surface temperatures is
unrealistic.

4.8 Results and Discussion

I, A Case Study - "Blue Mist II"

To illustrate the performance of the icing model, the sinking of the "BLUE MIST
11", which occurred on the night of February 18, 1966, is used as a case study. On that
night, the side trawler "BLUE MIST II" (length 37 m, displacement 330 tonnes) and all
of its crew disappeared about 37 miles to the west of Cape Anguille, Newfoundland. The
cause of this tragedy is still unknown. However, on the same night, three other trawlers
in the area all reported severe icing. It is also known that the weather on that night was
extremely rough with an air temperature below -17 °C, winds gusting in excess of 70
knots from the North East, and waves at least 7 metres high. In this case study, the
Zandberg is placed in the same environment and the icing model is used to simulate the
total ice accumulation and its distribution over the vessel. In addition, while the ship
heading is fixed at 180° (head sea), the wind direction is allowed to change from 0° to
90° so that the effect of wind direction on the total ice load and its distribution can be
illustrated. To reproduce as closely as possible the conditions on that night, the following
atmospheric and oceanographic parameters are used: T, = -18 °C, P, = 1000 mb, RH
=75%,T,, =0°C,U=30ms", 6 =0°15°45°90°, F=100n.m, V, =3 ms
1. 1t should be mentioned here that a wind speed of 30 ms* and a fetch of 100 n.m give
rise to a significant wave height of 7.7 metres. This significant wave height is beyond
the range of validity of the model spraying experiment in which the maximum significant

wave height, when converted to full scale, is S meters. However, in order to examine
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this particular icing event, the significant wave height is allowed to go beyond its range
of strict validity.

The total ice load accumulated on the entire vessel in one hour for different wind
directions is shown Figure 4.8.1. The maximum ice load occurs under head winds (6 =
0°) with 10.8 tonnes of ice accumulated and thickness ranging up to 60 cm. Shifting the
wind direction from 0° to 15° does not cause a significant decrease in the total ice
accumulation. However, for wind directions of 30° and greater, the total ice load
decreases significantly. For beam winds (8 = 90°), less than 1 tonne/hour of ice is
accreted. The reasons for the dependence of the total ice lo2-” ind direction have
been explained in Section 4.7.

In the following discussion, the effect of wind direction on the ice thickness
distributions over different ship components will be shown. For head winds (0 = 0°),
because of symmetry, only the ice distribution on the starboard side is shown. For wind
directions greater than 0°, the distributions on both port and starboard sides are shown.
In addition, for simplicity, only the ice thickness along the grid columns corresponding

toy = £0.5m,y = +2.5m, and y = +4.5 m are shown.

(a) Wind direction § = 0°

The ice thickness distribution on the deck is shown in Figure 4.8.2a. It can be
seen that along the two columns corresponding to y = 0.5 m and 2.5 m, the ice
thickness is less than 2 cm and it is uniform up to a distance of x = 3.5 m. Beyond this
point, the ice thickness increases longitudinally with a maximum ice thickness of 9.3 cm
atx = 14.5 mand y = 0.5 m. These results may be explained as follows. For a given
environmental condition, the ice thickness on a grid cell depends on (i) the droplet
impingement temperature, (ii) the spray flux, and (iii) the salinity of the brine remaining
on the surface after ice accretion. Factor (iii) is not so significant in general. But, under
low spray flux conditions, it plays a more important role. For those grid cells near the
bow along y = 0.5 m and 2.5 m, the spray flux is high and the droplet impingement
temperature is above the equilibrium freezing temperature. Hence, the sensible heat flux

term q, in Equation 4.5.1 becomes a heat source. Because of the high spray flux, q,
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becomes large enough to make q; negative during the spraying interval. Consequently,
ice does not form here during the spraying period. However, during the spray-free
inferval, after run off, the brine remaining on those grid cells has a uniform thickness
and is at the equilibrium freezing temperature. Since the heat transfer is the same
everywhere on the deck, the accretion rate on these grid cells is also ihe same. This
explains why the ice thickness is uniform on the grid cells near the bow (x < 3.5 m).
Farther from the bow, along the lines y = 0.5 m and 2.5 m, the droplet impingement
semperature is lower and may even te supercooled. In addition, the spray flux decreases
longitudinally. The result is that q, in Equation 4.5.1 becomes a smaller heat source or
a heat sink. This gives rise to a positive value of q; during the spraying interval. In
addition, g, increases longitudinally. As a result, the ice thickness increases longitudinally
forx > 3.5 m.

The ice thickness along the line y = 4 5 m behaves quite differenily. The ice
thickness initially increases slightly and then decreases gradually thereafter. The reason
is quite simple. Along the line y = 4.5 m, which is far from the centreline, the spray
flux is small and also decreases longitudinally. Thus, the effect of the sensible heat flux
term q, in Equation 4.5.1 is small. The slight increase in ice thickness in the first two
grid cells is due to the slight decrease in the heat sou:ce term g, which gives rise to a
slight increase in q,. After the first two grid cells, though, the droplet impingement
temperature is lower, but due to the lack of spray, the amount of ice that can be accreted
is limited. In addition, since the spray flux is small, the salinity effect may also
contribute to suppress the growth rate. Therefore, the ice thickness decreases
longitudinally after the first two grid cells.

Another characteristic revealed in Figure 4.8.2a is that the highest thickness
generally occurs along the centreline and it decreases transversely. Tuis is directly related
to the transverse spray flux distribution. As discussed in Chapter 3, the spray flux
decreases transversely. At the same time, for the same longitudinal distance x, the
droplet impingement temperature on the grid cells nearer the centreline is lower due to
a longer trajectory path. A lower spray flux with a higher droplet impingement
temperature may give rise to a higher icing rate than a higher spray flux with a lower

163



droplet impingement tempera{ure. The outcoire will depend on the magnitude and sign
of the term q,, and the amount of spray that is available for ice accretion. In the present
case, however, it turns out that the icing rate is higher near the centreline.

The icing rate is much higher on the front of the wheelhouse as indicated in
Figure 4.8.2b. In chapter 3, it was mentioned that, due to its orientation, the front face
may receive a lot of spray. In addition, the front face is farther from the spray source
than most grid cells on the deck. Therefore, with the given sea-surface temperature of
0 °C, the droplet impingement temperature is supercooled. Combin 1 with a high spray
flux, the heat sink q, in Equation 4.5.1 becomes very significant. For instance, in the
first time step calculation, along the column y = 0.5 m, the term q, for the grid cell
located at the -.: -+ .ne wheelhouse (z = 0.5 m) is 1.4x10° Wm? which is 7.8 times
greater than that ;¢ = grid cell located at the end of the deck (x = 14.5 m). In
addition, as i2¢i *. i 1 Section 5, the front of the wheelhouse has a characteristic length
1.6 times - .- ‘an the foredeck. Hence, the heat transfer coefficient h for the front
of the wheelhouse is 1.1 times that for the foredeck. It turns out that the term gy for the
former is 7.3 times greater than that for the latter. Thus, a much higher ice thickness
occurs on the front of the wheelhouse than on the deck under the present conditions.
Since the front of the wheelhouse and the deck are treated independently in the model
and no brine flow is allowed from the former to the latter, therefore, there exists a
discontinuity at the boundary between the deck and the front of the wheelhouse (Figure
4.8.2a and 4.8.2Db).

Along the two columns corresponding to y = 0.5 m and 2.5 m, the ice thickness
decreases upward. The chief reason for this is that iess spray is received as z increases
along the front face. Brine rundown from grids above to grids below is also a factor
causing more ice accretion on the lower part of the wheelhouse. Along the column
corresponding to y = 4.5 m, the ice thickness does not vary much with height because
the vertical spray flux gradient is very small at locations far from the centreline. Since
the spray flux usually decreases laterally, the ice thickness also decreases laterally. The
maximum ice thickness is located at x = 15m,y = 0.5m, and z = 0.5 m.

Because of the shadowing effect on the top of the wheelhouse, some grid cells
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along the columns y = 0.5 mand y = 2.5 m, and all grid cells along the column y =
4.5 m experience no ice accretion as shown in Figure 4.8.2c. The ice thickness on this
component is also much less than that on the deck and on the front of the wheelhouse.
This is because much . ‘mpinges on this component due to its orientation and
elevation.

The ice thickness disuibution on the mast is shown in Figure 4.8.2d. The
distribution is not quite smooth. But, in general, the ice thickness decreases upward due
to the fact that less spray impinges at higher elevations. This ice thickness distribution

is consistent with photographs of ice accretion on ship masts.

(b) Wind direction § = 15°

As the wind direction shifts to 15°, the ice thickness distribution also changes and
becomes asymmetrical, although the totai ice load is reduced only slightly. Over the port
side of the deck (Figure 4.8.3a), the ice thickness distribution near the bow (x < 3.5m)
along the columns y = -0.5 m and -2.5 m is uniform. This is similar to the case for 8
= 0° (Figure 4.8.2a) and can be explained in the same way. For x > 3.5 m, the ice
thickness distribution along the columns y = -0.5 m and -2.5 m increases initially for
several metres and then gradually decreases. Along the liney = -4.5 m, the ice thickness
initially increases for a short distance and then decreases to zero at x = 13.5 m. The
above distribution pattern is directly related to the amount of spray received on different
grid cells, and to the droplet impingement temperature on these grid cells. Over the port
side of the ship, the spray flux always decreases both longitudinally and away from the
centreline. Along the columns y = -0.5 m and -2.5 m, the ice thickness increases to a
maximum when the combined effect of the spray flux and the droplet impingement
temperature gives rise to a minimum heat source or a maximum heat sink, q,. After that,
q decreases and so does the ice thickness. Along the column y = -4.5 m, a similar
argument applies except that the lower spray flux and steeper spray flux gradient along
this line cause a still more rapid decrease in ice thickness.

The ice thickness distribution over the starboard side of the vessel (Figure 4.8.3b)
exhibits a more complex pattern. Again, the distribution pattern is directly related to the
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amount of spray received on each grid cell and the droplet impingement temperature. For
x < 3.5 m, the ice thickness along the columns y = 0.5 m and 2.5 m is uniform. The
explanation of this uniformity has been given earlier for the cas= § = 0°. Along the line
y = 0.5 m, at x > 3.5 m, the ice thickness increases initially for several metres and
then decreases thereafter. The explanation is similar 1o that given for the port side. Along
the column y = 2.5 m, the ice thickness increases rapidly to near O9cmatx = 10.5m
and then shows little variation beyond that point. This occurs because along this column,
the spray flux increases longitudinally over a certain distance and then decreases. Also,
the trajectory path is longer for those giid cells located farther from the bow, and this
gives rise to a lower droplet impingecment temperature. The combined effect results in
the distribution shown in Figure 4.8.3b. Along the column y = 4.5 m, the ice thickness
increases continuously. This is the result of an increasing spray flux and a decreasing
dropist impingement temperature along the entire length of this column. An overview of
the ice thickness distribution over the deck indicates that the maximum ice thickness does
not occur along the centreline, but at a position away from the centreline towards the
wheelhouse end of the deck (x = 14.5m, y = 3.5 m, not shown in Figure 4.8.3a). This
shift of the local maximum is a result of the wind direction shift, which causes the
maximum value of g; to shift to this location. Therefore, shifting the wind direction to
15° causes the local maximum ice thickness to move away from the centreline.

The ice thickness distribution over the front of the wheelhouse decreases upward
(Figures 4.8.3c and 4.8.3d) and is asymmetrical with respect to the centreline. Over the
port half (Figure 4.8.3¢c), the amount of ice accreted is much less than that over the
starboard half (Figure 4.8.3d). The explanation is that much less spray is received over
the port side when the wind direction changes from 0° to 15°. Along the columny = -
4.5 m, no ice accretion occurs because there is no spray received along that column on
the front face of the wheelhouse. The maximum ice thickness is located at x = 15 m,
y = 3.5 m, and z = 0.5 m (not shown in the figure). This shifting in the location of the
maximum ice thickness is again a result of the shift in wind direction.

On top of the wheelhouse, no spray reaches the grid cells on the port side, and

hence there is no ice accretion there. Figure 4.8.3e shows the ice thickness distribution
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over the starboard side. Only those grid cells located farther back and away from the
centreline receive spray and thus experience ice accretion. The maximum ice thickness
is located alo..o the liney = 3.5 m.

The ice thickness distribution on the mast, as shown in Figure 4.8.3f, decreases
gradu «ear the base and more sharply to zero at a higher elevation. This distribution

is directly related to the amount of spray received on the different grid cells.

(c) Wind direction § = 45°

For a wind direction of 45°, the total ice accumulation is significantly less and
the ice load distribution becomes highly asymmetrical. Basically, the ice thickness
distribution can be explained in a similar way as for the case with § = 15°. The uniform
ice thickness region over the deck (Figure 4.8.4a and 4.8.4b) retreats further toward the
bow. Also, much less ice accretion is found on those grid cells near the wheelhouse end
of the deck due to the shifting wind direction. The maximum ice thickness occurs at x
= 7.293mand y = 5.053 m.

Figures 4.8.4c and 4.8.4d show the ice thickness distribution on ;he front of the
wheel house. Again, the ice thickness is much less compared with the case for 6 = 15°.
Also, the gradient is very small and the ice thickness does not vary much in the vertical.
The location of the maximum ice thickness is located at x = 15 m, y = 5.375 m, and
£ =0.5m.

The entire surface of the top of the wheelhouse, and the entire mast do not receive

any spray. Thus, no ice accretion is found on these two components.

(d) Wind direction § = 90°
No ice is accreted on the entire wheelhouse and mast due to the lack of spray.
The ice thickness distribution on the deck shows a high degree of symmetry (Figures
4.8.5a and 4.8.5b). The reason is that for a wind direction of 90° blowing from the port
to the starboard, the spray received by grid cells over the port side is not significantly
different from that received by grid cells over the starboard side. The uniform ice

thickness region is now reduced to a very small area. Many grid cells toward the
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wheelhouse end of the deck have no ice accretion. The ice accretion zone retreats
towards the bow. The maximum ice thickness is located at x = 1.888 mand y = 2.393
m, which is closer to the centreline than for the case of § = 45°.

An overview of the ice thickness distribution indicates that, for non-head winds,
ice is accreted more rapidly on the downwind side of the ship. However, according to
the official report on the sinking of the fishing vessel "CAPE ASPY" (Transportation
Safety Board of Canada, 1994), it was pointed out that in beam and quartering winds,
ice accumulates more rapidly on the windward side of the ship. This contradictory result
is due to a basic limitation of the spraying model. Because of the experimental
configuration, the ship heading is fixed at 180°. The wind direction in the numerical
model can be changed from 0° (head wind) to 90° (beam wind). However 1. the natural
environment, the wind and waves usually arrive from the same direction.

In the model simulation, the spray source point that generates maximum spray
flux is always located at the bow. Thus, under non-head winds, in the numerical model,
the area of high spray flux shifts away from the centreline towards the downwind side
of the ship. This gives rise to a higher icing rate over the downwind side.

In the natural environment, under non-head winds, the waves will tend to make
a side impact with the hull. Hence, the spray source point that produces the maximum
spray flux will be located along the windward side of the hull. In addition, the ship/wave
collision in this case is less violent than with head seas. Therefore, the vertical extent of
the spray cloud may also be less. As a result, comparatively more spray wiil impinge on
the windward side of the ship. Hence, more ice will be accreted on the windward side
than on the downwind side. In order to overcome this limitation of the spraying model,

more experimental work on non-head sea ship/wave collisions will be required.

II Model Evaluation
There are several ways in which the present icing mocz1 can be evaluated. in the
following discussion, a comparison will be made between the results of the present icing
model and the prediction of the icing nomogram developed by Comiskey et al. (1984).
Subsequently, a more in-depth discussion will be presented comparing the predictions of

174



the present icing model with icing data from the NOAA Icing Data Report (Pease and
Comiskey, 1985) and the Soviet Marire Icing Data report (Zakrzewski and Lozowski,
1989).

(i) Icing Nomogram

Wise and Comiskey (1980) developed a nomogram to predict a categorical icing
rate for specific environmental conditions. It was subsequently discovered, however, that
the icing rate in each category s too low and did not agree with observations.
Consequently, Comiskey et al. (1984) modified the nomogram by doubling the icing rate
in each category so that it now agrees better with their observations. The predictions
from this nomogram have been compared with those from the present icing model. A
discussion of this comparison is presented in Appendix 3A. In general, the model agrees
with the nomogram for light, moderate, and heavy icing categories. However, for very

heavy and extreme icing categories, the model tends to underestimate the icing rate.

(ii) NOAA Icing Data

Pease and Comiskey (1985) collected 85 icing observations in Alaskan waters on
vessels ranging from 20 - 115 metres in length from 1979 to 1983. In this data set, the
average icing rate for the entire vessel (cm/hr) and the air sea parameters are tabulated
based on ship icing reports.

In the present icing model, the ship heading is limited to 180° (directly into the
waves) while the wind direction is allowed to change from 0° (head wind) to 90° (beam
wind). Because of this limitation, only cases with ship headings of 180 + 45° are chosen
for comparison with the model predictions. Among these cases, those with ships located
in the lee of an island or in an otherwise undeveloped sea are excluded. As a result, only
fourteen cases are considered in the comparison. These fourteen cases are listed in
Appendix 3B.

The average icing rate expressed in cm/hr in the NOAA Report is converted to
tonnes/hr for the Zandberg by multiplying it by the area of the icing zone on the
Zandberg and the average spongy ice Jensity. The area of the icing zone for the
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Zandberg is taken to be the foredeck, and the front and top of the wheelhouse. These
three components have a total area of 258.4 m?, The mast and the deck behind the
wheelhouse are neglected because the amount of ice accumulated on these two
components is generally small compared with that accreted on the other three
components. The spongy ice density (for a liquid fraction of 0.26) ranges from 937 to
985 kgm? at salinities ranginz from O to 20 %. As an estimate, a density of 961 kgm™
at a salinity of 10 % is use« as the average spongy ice density. This approximation
should not cause a significart error since it is within +3 % of the two extreme values.

A comparison betwzzi the model predicted and the observed icing rates is shown
in Figure 4.8.6a. The solid triangles represent the icing rate while the crosses show the
model predicted sp.>; mass in tonnes/hr. Corresponding spray and ice masses are
connected by vertical lines. It is obvious that the present icing model underestimates the
icing rate for all cases. Of the fourteen cases, there are seven in which the model
predicted spraying rates are less than the observed icing rates. Thus, insufficient spray
production in the model is cne of the reasons for underestimating the icing rates. This
suggests two possible explanations. The first is that, under the same condition, Zandberg
may actually produce less spray during ship/wave collisions than the types of vessels
included in the NOAA report. This could be a matter of difference in ship design. The
second possibility is that the amount of spray generated in the scale-model experiment,
when scaled up to full-scale, is less than that actually produced in full-scale ship/wave
collisions for the same type of ship. This may be especially true for low wave heights
and ship speeds because, under these conditions, only a very little spray was collected
on the deck of the mode! ship in the experiments. The observed wave heights and ship
speeds for the above seven cases are generally low. It is therefore recommended that
further research on full-scale ship/wave collision generated spray needs to be carried cut.

By dropping those cases in which the model predicted spraying rate is less than
the observed icing rate, the model predictions agree a little better with the observed
values. But, the model still underestimates the observed icing rate (Figure 4.8.6b). Thus,
it implies that there may be other reasons responsible for the model’s underestimation.

We will postpone the search for these reasons to Section 4.8I1 (iii) after we have
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discussed the Soviet icing data.

(iii) Soviet Icing Data

During the 1960’s and 70’s, comprehensive field investigations of freezing spray
were carried out by Soviet scientists. More than 100 papers and reports pertaining to
these investigations were carefully reviewed and documented by Zakrzewski and
Lozowski (1989). In this report, observed icing rates (in tonnes/hour) for different sizes
of fishing vessel are tabulated as a function of atmospheric and oceanographic
conditions. Since the present icing model is ship specific, only those cases with a ship
of comparable size to the "Zandterg" (length > 35 m) are used for comparison. Also
in the present model, the ship heading is fixed at 180°. Therefore, of all the above cases,
only those with a ship heading of 180° + 30° are used in the comparison. There are
twenty-one icing cases which satisfy the above criteria (see Appendix 3C). These twenty-
one icing observations are used for comparison with the present model’s icing
predictions. The results are shown in Figure 4.8.7a. In this figure, the solid squares
represent the model icing rates and the crosses indicate the model spraying rates. It is
apparent that the model generally underestimates the icing rates, especially for those
cases in which the spraying rates are less than the observed icing rates. This situation is
similar to that discussed in Section 4.8II (ii) for the NOAA icing data. Eliminating the
ten cascs in which the model-predicted spraying rates are less than the observed icing
rates, the model results are in better agreement with the observed data (Figure 4.8.7b).
However, the model still underestimates cases with high observed icing rates.

The above comparisons of the model predictions with the icing nomogram,
NOAA and Soviet icing data indicate that the present icing model generally
underestimates icing rates. This discrepancy persists, though to a lesser extent, even
when those cases in which the model predicted spraying rates are less than the observed
icing rates are omitted. The magnitude of underestimation is greater for cases with higher
observed icing rates (by as muct as 100 %). Apart from the fact that the present model
does not generate sufficient spray to account for the observed icing in some cases, there

are several other possible explanations for this discrepancy.
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Figure 4.8.7:
Soviet observations.
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(a) The model ship, Zandberg, as used in the present simulation does not include
such items as rigging machinery, handrails etc. These components increase the surface
area for icing. In addition, the location of the wheelhouse and mast also have an effect
on the ice accretion rate.

(b) In the icing model, it is assumed that all the impinging spray contributes to
sensible heat exchange (q, in Equation 4.5.1). As a result of this assumption, the model
predicts no ice accretion during spraying for high sea-surface temperatures and high
spray fluxes. In fact, this may not be frue because only a fraction of the impinging spray
participates in the sensible heat exc. ""ge (Kachurin et al., 1974). Thus the model tends
to underestimate icing rates for conditivas with high sea-surface temperatures and high
spray fluxes. In order to examine this argument, the icing rate for the "Blue Mist II" case
has been recalculated using two "reduced” sensible heat fluxes: 0.2, and 0.01q, (i.e 20
and 1 % of the original value). Table 4.8.1 shows the icing rates corresponding o g,,
0.2q,, and 0.01q, for different sea- surface temperatures. It is found that for low sea-
surface temperature (e.g 0 °C), the icing rates are decreased by 48 and 58 % respectively
when q, is reduced by 80 % and 99 %. However, for high sea-surface temperature (>
3 °C), the icing rates are increased by 5 and 20 % respectively for these two reduced

values of q,.
Icing rates (tonnes/hour)
T,.. (°C) q 0.20q, 0.01q,
0 10.8 5.664 4.497
0.5 8.688 5.189 4.468
| 1.0 6.740 4.750 4.440
| 3.0 3.536 3.726 4.329
5.0 3.460 3.630 4.224

Table 4.8.1: Icing rates corresponding to different fractions of q, and various sea-

surface temperatures.
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For conditions with higher air temperatures (-5 °C and -10 °C) and sea-surface
temperature (5 °C), reducing g, by 80 or 99 % increases the icing rate by no more than
20 % (see Table 4.8.2). Thus, it can be concluded that the possibility that all the
impinging spray participates in the sensible heat exchange can only be partly responsible
for the discrepancy between model and observations. Hence, we consider yet a third
possibility.

Icing rate (tonnes/hour)

T, €O 9 0.20q, 0.01q,
-5.0 0.948 0.992 1.100
-10.0 1.938 2.04 2.323

Table 4.8.2: Icing rates corresponding to different fractions of q, for different air

temperatures with a constant sea- surface temperature of § °C.

(c) In the present icing model, as discussed in Section 4.5, the foredeck, the front
and the top of the wheelhouse are represented by three smooth flat plates, and, their
Nusselt numbers are for smooth flat plates of different characteristic lengths. However,
in actuality, an icing surface is almost always rough. This roughness can increase the
Nusselt number (and hence the heat transfer) because a rough surface has a larger
effective area, and the flow over a rough surface is more turbulent (Narten, 1985). The
influence of surface roughness on the heat transfer distribution around an isothermal
cylinder was studied by Narten (1985). He found that medium-scale roughness increases
the average heat transfer from the cylinder by 44 % for Reynolds numbers ranging from
4x10% to 1.2x10°. From his studies, it was also concluded that the influence of roughness
on heat transfer increases with increasing Reynolds number. As mentioned in Section
4.5, the Reynolds number for flows over the deck, and the front and top of the
wheelhouse is typically larger than 10°. Consequently, the Nusselt numbers for these
three components should be increased by at least 50 % if the effect of surface roughness

were taken into account. Increasing the Nusselt numbers for these three components by
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100 % results in much better agreement with both the NOAA and Soviet icing data as
indicated in Figure 4.8.8. This figure shows that the model slightly overestimates the
Soviet icing data, but still underestimates the NOAA icing data. However, in general,
the agreement is good.

Based on the above analysis, the use of Nusselt numbers for smooth surfaces in
the heat conservation Equation 4.5.1 is most likely the major cause for the discrepancy
between the model and observations. By taking into account ¢! influence of surface
roughness on the heat transfer, the performance of the model can be substantially
improved. Another factor which may, to a lesser extent, be responsible for the model’s
underestimation is the uncertainty in the fraction of the impinging spray which
participates in the sensible heat exchange with the icing surface. Other factors such as
ship architecture and various types of gear on the deck which are not considered in the

present model, may also affect the model performance to a certain extent.
4.9 Concluding Remarks on the Ship Icing Model

A three-dimensional computer model has been developed to simulate ship spraying
and icing. This model makes use of spraying data obtained during model exp=riments
performed at the Institute for Marine Dynamics, National Research Council. Spray
droplet trajectories, droplet temperature evolution, and brine flow are also included in
the model simulation. In czi:ulating the ice accretion rate on the deck and on the
wheelhouse, the heat transfer coefficient for a smooth flat plate under a turbulent flow
regime is used as a first approximation. Therefore, in spite of the necessary assumptions,
the model is highly physically based.

The model sensitivity tests show that except for air pressure and relative humidity,
all parameters have a significant effect on the model. Coupling effects, for example
between the sea-surface temperature, wind speed, and air temperature further complicate
the model’s response.

The "BLUE MIST II" case study reveals the following results regarding the icing
model:
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Figure 4.8.8: A comparison between model predicted icing rates
(with a doubled Nusselt number) and NOAA and Soviet icing
data. Cases with model predicted spraying rates smaller than
the observed icing rates have been omitted.
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(1) Maximum ice load occurs under head winds.

(2) Changing the wind direction from 0° to 15° reduces the total icing load only slightly,
but results in a highly asymmetrical ice load distribution over the deck and the
wheelhouse.

(3) The minimum ice 1nad occurs wi * -«eam winds. The ice load distribution is relatively
symmetrical in this case.

(4) Changing the wind direction from head winds causes the location of the maximum
ice thickness to shift away from the centreline. However, for a wind direction > 45°,
the location of the maximum ice thickness moves back slightly towards the centreline.
(5) For a wind direction greater than 45°, there is no ice accretion on the top of the
wheelhouse and the mast. For a wind direction of 90°, no ice accretion i; found on the
entire wheelhouse and the mast.

The model underestimates the icing rate when compared with the Comiskey et al.
icing nomogram, and NOAA and Soviet icing data. Several possible reasons for the
model’s discrepancy have been proposed and discussed. It is found that ignoring the
influence ¢ the roughness of the icing surface on heat transfer could be the major < use
for the model’s underestimation of icing rates. Increasing the Nusselt number by a factor
of two gives much better agreement between the model’s predictions and the observed

icing rates.
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CHAPTER 5 EFFECT OF ICING ON SHIP STABILITY

Ice accretion on a ship can affect its navigation in various ways. It can change the
ship’s centre of mass, moments of inertia, hydrostatic particulars (Derrett, 1990) such
as displacement, draught, tonnes per centimetre immersion (T.P.C), centre of buoyancy,
transverse metacentric height, centre of flotation, and the moment to change trim by one
centimetre (M.C.T.C). Definitions of these hydrostatic particulars are given in Section
5.2. Since ice accretion typically forms unevenly over the surface of the ship, the ship
may trim and list simultaneously. When the centre of mass of \ite ship is raised above
the metacentre as a result of ice accretion, the ship possesses a ni7ative metacentric
height (GM < 0) and is considered to be unstable. The sinplest way to determine the
static stability of a ship is to use the transverse stability curves (i.e the righting lever or
the GZ curves). In the following discussion, the effect of icing on the ship’s centre of
mass, moments of inertia, hydrostatic particulars, transverse stability, trim, and list will
be examined.

Another way to analyze the effect of icing on the ship’s stability is through ship
dynamics analysis. Icing on a ship changes its hydrostatic conditions and these in turn
affect the dynamic performance of the ship. Even a ship under a statically stable
condition may be in danger of capsize in the presence of waves. In the present study, the
ship dynamics model of Pawlowski and Bass (1991) will be used to evaluate the dynamic
performance of the stern trawler Zandberg under the severe icing conditions discussed
in Chapter 4. The results of this dynamic analysis will be presented in Chapier 6.

We define a frame of reference with x positive towards the bow, y pusitive
towards the starboard, z positive upward, and the origin (O) at the baseline vertical}
below the original (uniced) centre of mass of the ship. The changes in the ship’s
hydrostatic conditions as a result of ice accretion will be calculated with respect to this
frame of reference. Figure 5.1 shows this frame of reference and the dimensions of the

ship.
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5.1 Centre of Mass and Moments of Inertia

(a) Centre of mass

In the icing model, the geometrical centres of the grid cells are specified in a
frame of reference whose origin is located at the bow (see Figure 5.1.1). Consequently,
it is convenient to adopt this frame of reference temporarily in the calculation of the
coordinates of the new centre of mass of the ship with ice accretion. Subsequently, they
will be transformed to the frame of reference shown in Figure 5.1.

The original ice-free centre of mass of the ship is located at the point G(xg, Yo,
7.), and the coordinates of the geometrical centre of grid cell i are (x;, y;, z). Fach grid
cell is assumed to be covered with a homogeneous layer of ice with thickness h"; and
mass m;. Then the centre of mass of the ice accretion on each grid cell on the deck or
the top of the wheelhouse is located at (x;, y;, z,+h"/2). For grid cell on the front of the
wheelhouse, the centre of mass is located at (x-h"/2, y;, z). Since ice accreted on the
mast has a semi-circular shape, its centre of mass is located approximately at (x;-D/2-
h"/2, v, z) (the error of this latter approximation is negligible since the amount of ice
accreted on the mast is small compared with the total ice accretion on the entire ship).
Then, the new centre of mass of the ship with its ice accretion with respect to O’ can be
calculated from (Fowles, 1977):

2l = > mTy * Myypls (5.1.1)
MItot + Msh.ip

where
m;: the ice load on grid cell i (kg).
T’4: the position vector of the centre of mass of the ship with ice accretion (m).
T,;: the position vector of the centre of mass of the ice accretion on each grid cell
i (m).
To: the position vector of the ice-free centre of mass of the ship (m).

M, the total ice accretion load for the entire ship (kg).
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M,,;,: the mass of the ice-free ship (kg).
All the position vectors are relative to O’ as shown in Figure 5.1.1. The summation in
Equation 5.1.1 is over all the grid cells. Finally the coordinates (x'g, ¥'s» Z'o) can easily

be transforme to the frame of reference centred on O as shown in Figure 5.1.

(b) The moments of inertia
Let us first consider the case without ice accretion. The centre of mass of the ship
is located at G(Xg, Yo, Zc) With respect to the O’ system of reference (see Figure 5.1.1).
The ship can rotate along the longitudinal axis xx, the transverse axis yy, and the vertical
axis zz with moments of inertia I,, L,, and I, respectively. When the topside of the ship
is loaded with ice, both the axes of rotation and the moments of inertia will change.

These new moments of inertia can be expressed as (Fowles, 1977):

Ihe = Iy + Yom(y? + 27) (5.1.2)
I, = I, + Yom(x% + 2%) (5.1.3)
I;Z = Izz + Emi(xli + y’i) (5.1.4)

where I',,, I',,, and I’ ,, are the new moments of inertia of the ship (with ice accretion)
about the longitudinal (xx), transverse (yy), and vertical (zz) axes, and x’;, y’;, and z’;
are the coordinates of the centre of mass of the ice accretion on grid cell i relative to the
ice-free centre of mass of the ship G(Xg, Ya, Zgj- The summations iz Equations 5.1.2 to
5.1.4 are over the grid cells.

The coordinates (x’;, ¥’;, 2’) can be readily expressed in terms of (x;, y;, Z) and

(Xg, Ya» Zo)- For grid cells on the deck or the top of the wheelhouse:
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(Xiln .VI: Z;) = (Xi-XG, Yi=¥Ygr zi+_2£—zc) (5-1.5)

For grid cells on the front of the wheelhouse:

(x{, yi, 2D = (X~ -Xe ¥i-Ver Z:7Z0) (5.1.6)
and for grid cells on the mast:
xl, vl zh) = (- R-hx, vimye zimze)  (5-1:7)

2 2

The summations of Equation 5.1.2 to 5.1.4 can be decomposed into individual
summations over the deck, the front and the top of the wheelhouse, and the mast. Using
Equations 5.1.2 and 5.1.5 to 5.1.7, the moment of inertia of the iced ship about the

longitudinal axis xx becomes:

Toe = I mi[(yi-yc,.)2 + (zi+hi 'Zc)zl
deck/ top 2
+ 3 ml(ymye)? + (24-25)°) (5.1.8)
front
+ Z mj[(Yj-yG)z + (zi'za)zl

mast

Likewise, using Equations 5.1.3 and 5.1.5 to 5.1.7, 5.1.4 and 5.1.5 to 5.1.7, the
moments of inertia of the iced ship about the transverse (yy), and vertical (zz) axes are

given by:
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h
Iy, = I, + my [ (x4-%5)? + (24— =25) %)

deck/top
h!
+ Yy m,-[(xj—_z_‘-xaw + (z;-2,)%) (5.1.9)
front
hs
+ E mj[(xi_'g- 21 -XG)z + (Zi-ZG)Q]
mast
and
Il =1, + m [ (x=%)2 + (y;-¥6)?]
deck/ top
h.
+ Y, mi[(xi-‘_zi_xs)z + ¥y ?) (5.1.10)
front

]

+ Yy mi[(xi—g—-l—l‘—-—xc)2 + (v;-y5) 2]

mast 2

So far we have obtained the moments of inertia of the iced ship about the axes
XX, yy, and zz which pass through the centre of mass of the uniced vessel, G. However,
because of the ice accretion, the centre of mass of the ship may have shifted to a new
position G’(x’g, ¥'a, 2’0) (see Figure 5.1.2). Then, the new axes of rotation which pass
through G’ will be xx’, yy’, and zz’. The new centre of mass G’(x’a, ¥'a» Z'0) relative
to the point O can be readily obtained (Section 5.1, Part a). Using the parallel axis
theorem (Fowles, 1977), thc moments of inertia of the iced ship (I'y, Iy, I',) about

the axes xx’, yy’, zz’ are (Fowles, 1977):

/ / 2
T = I = (Mpior * Menip) Ixx (5.1.11)
I;y’ = I}{y = (Mpeor + Mgpsp) ljy (5.1.12)
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Il = The = (Mypr + M) 12 (5.1.13)

gz’

where 1, 1,,, and 1, are respectively the perpendicular distances between the axes xx’
and xx, yy’' and yy, and zz’ and zz. Since the coordinates of G'(X’g, ¥'as Z'0) and G(Xq,
Ya» Zg) With respect to O are known, l,,, 1,,, and 1, can be calculated from the following
equations (Fowles, 1977):

12 = (& - y? + (25 - 25)? (5.1.14)
12, = (xb - x0)2 + (26 - 2g)? (5.1.15)
12, = (x4 - X% + (¥6 - ¥o)? (5.1.16)

The above computations for the changes of the centre of mass and the moments of inertia
as a result of ice accretion on the Zandberg have been programmed using Fortran 77
code (see Appendix 7). The inputs to this program include:

(i) Ice load on each grid cell calculated from the icing model and the duration of the
icing event.

(ii) Mass (or displacement) of the ship.

(iii) Centre of mass of the ship without ice accretion which is taken from the Stability
Information Booklet for the M.F.V, Zandberg (Marystown Shipyard Ltd., 1982).

(iv) Original moments of inertia of the ship without ice accretion. They are not specified
in the stability information booklet. As a first approximation, the radius of gyration about
the longitudinal axis is taken to be 35 % of the beam, and the radii of gyration about the
transverse and vertical axes are taken to be the same and equal to 25 % of the length
between the forward and aft perpendiculars (Pawlowski, personal communication).

Knowing the radii of gyration about the three axes, the respective moments of inertia can
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be determined.

The outputs from this program are:

(i) The new centre of mass of the ship with ice accretion.

(ii) The new moments of inertia of the ship with ice accretion.

The code for this program (shgeom.for) is listed in Appendix 4.

5.2 Hydrostatic Particulars

The hydrostatic particulars of a ship are usually expressed in tabular or graphical
form from which various hydrostatic information corresponding to different draughts can
be obtained. This information includes: draught, displacement, trim, tonnes per
centimetre immersion (T.P.C), moment to change trim one centimetre (M.C.T.C), centre
of buoyancy, centre of flotation, and transverse metacentre. All of this hydrostatic
information is usually based on an even keel condition (i.e the lowest boundary (assumed
straight) of the moulded surface of the ship is oriented horizontally). The definitions and
meanings of these hydrostatic terms are summarized as follows.

a) Draught: the vertical distance between the wateriine and the baseline which is parallel
to the waterline and represents the lowest boundary of the moulded surface of the ship
(see Figure 5.1). The draught is usually given for an even keel condition. For an uneven
keel condition (i.e the ship has a longitudinal inclination), the draught varies
longitudinally (see Figure 5.1). In this case, the draught of the ship may be specified in
various way such as the draught at the forward and aft perpendiculars, the draught at
midship, or the draught at the centre of flotation (see Figure 5.1).

b) Displacement: it is the mass of the volume of brine displaced by the ship. According
to Archimedes Principle, the weight of the displaced water is equivalent to the weight of
the ship. Displacement is closely related to draught. Increasing the displacement of a ship
means increasing its draught as well.

c) Tonnes per centimetre immersion (T.P.C.): the mass which must be added to or
removed from a ship in order to change its mean draught by 1 cm (Derrett, 1990).
Usually, T.P.C. changes with draught because the waterplane area varies with increasing
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immersion of the hull (Adisplacemen. = Adraught x waterplane area x brine density).
d) Moment to change trim one centimetre (M.C.T.C.): the moment required to change
the trim by 1 cm. Trim is defined as the longitudinal inclination of a ship. When a ship
is inclined longitudinally, both the draught at the forward and aft perpendiculars will
change. The change trim one centimetre means that the change of draught at the forward
perpendicular added to that at the aft perpendicular is equal to one centimetre.

e) Centre of buoyancy (B): the point through which the force of buoyancy acts upwards
with a magnitude equal to the weight of water displaced by the ship (Derrett, 1990). The
centre of buoyancy is also the centre of mass of the underwater volume. For a ship at
rest in still water, the centre of buoyancy and the centre of mass of the ship lie along the
same vertical line.

f) Transverse metacentre (M): when a ship is heeled at an a1.sle ¢, its centre of buoyancy
will move off the ship’s centreplane (from B to B,) as a result of the inclination (see
Figure 5.2.1aand 5.2.1b). The vertical line through the centre of buoyancy intersects the
original vertical through the original centre of buoyancy, at the point M (see Figure
5.2.1b). This point M is called the transverse metacentre (Moore, 1967). For a given
draught or displacement, the metacentre M will remain practically at the same location
(i.e independent of the angle of heel) as long as the angle of heel is small (< 15°). The
metacentre at small angles of heel is alsu called the initial transverse metacentre. This
point is usually specified with respect to the keel. The distance between the centre of
mass of the ship and the metacentre is called the transverse metacentric height (GM). It
is a measure of the initial static stability of the ship. When M lies above G (i.e GM >
0), the skip iy iaitiallv statically stable. When M lies below G (i.e GM < (), the ship
is initialiy staticaliy vastable. A more detailed discussion of the transverse stability of the
ship will be pre.entad = Section 5.3, Part b. The longitudinal metacentre and the
lor.gitudinal meracentric t.izht, which are related to longitudinal inclination, are defined
in similar ways tv he sransv-rse ones. Usually, the longitudinal metacentre is very much
higher than the esnire ot raes, This means that a ship seldom capsizes longitudinally.
g) Centre of flotat ¥ .} the poii. on the ship’s waterplane through which the axes of

rotation (xx and yy} ‘asi wi = e ship is inclined, either transversely or longitudinally,
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Figure 5.2.1: A schematic front view diagram of a ship showing
how the transverse metacentre is defined. (a) the ghip is in
an upright position. (b) the ship is heeled to a small angle.
WL and WL, represent the waterlines, B and B, the centres of
buoyancy, G the centre of mass, M the metacentre, K tue keel,

and W the displacement of the ship.
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or both (Moore, 1967). Figure 5.2.2 shows that when a ship trims, while its
displacement remains constant, the volume of the immersed wedge (with centre of mass
at g,) must equal that of the emerged wedge (with centre of mass at g;). It can be shown
that the centre of flotation F is in fact the centroid of the wate:rplane area (Moore, 1967).
The location of the centre of flotation changes with d-aught.

The detailed methods for determining the above hLydrostatic particulars can be
found in any book on naval architecture (e.g Derrett, 1990) and they will not be
discussed here. The hydrostatic particulars at various draughts for the stern trawler MT
Zandberg can be found on pages 7 and 8 of the Stability Information Booklet for the
M.F.V. Zandberg. The table is reproduced here in Table 5.2.1. The measurements given
are based on an even keel condition. All vertical measurements are relative to the
baseline and longitudinal measurements are relative to the midship section.

In the subsequent analysis of the effect of icing on stability, the Zandberg is
assumed initially to have a "Half Load" condition described on p.22-23 of the Stability
Information Booklet for the M.F. V. Zandberg (loading condition no.4). Thr displacement
and draught of the ship are 1224.7 tonnes and 5.39 metres respectively. It is assumed
that the ship is of even keel. A summary of the hydrostatic conditions corresponding to
a draught of 5.39 m is given in Table 5.2.2.

Draught Displacement T.P.C M.C.T.C L.C.B (m)
(m) (tonnes, t) (t/cm) (t.m)

|F.39 1224.7 4.43 13.82 -1.175
L.C.F (m) KB (m) KM (m) KG (m) GM (m)
-3.442 3.658 6.748 6.131 0.617

Table 5.2.2: Hydrostatic particulars for the stern trawler Zandberg under Loading
Condition no.4 (from Stability Information Booklet) with a draught of 5.39 m.

197



Jo saajusd ayz Aroar3zoadsoa axe (4

-sobpom pobisue pue pasIsuuT aYy3z JO SSeu
eTp OTjeWaYOsS Y :Z°Z°S 2anbla

pue 6 -drys e Jo J uorjzelOTI JO II3U3D ayy butmoys ueib

198



-199y @Yy3 dA0ge aIjusdelau y3 Jo 3ybtey ayrL :mWi (s)
*1@9) ¥yl 2aA0qe Kouekonq jJo aa3usd ayl Jo aubray 9yl :a) (v)
‘drysptu jo 3je sueau
aAT3ebou sealdym dtyspiu JO pIemioj sueau antea aaT3Tsod ‘J3-D°11 pue §°0°T I0d {(¢)
-drysptu wolj uor3eloly jo a13uad 3¥ay3 Jo 3pueIsSTp Teurpn3ytbuo1 :4°0°1 (2)
‘drysptu woxj KoueXonq JO °a3u8d 3Y3z JO 20UeISTP TeurpnytTbuoy :€8°0°1 (t)

130N

- (2861 ‘bioqpuez "A°d°H 943 I03 391300d uoljvWIOJUI AJFIIqeE3S

oYy wWoxj uayel) Hraqpuez IW I3TARII uxe3s oYy 203 sIernotixed 973w3s0IpAH 3T°2°S OTIqul

926°9 memww LbYE E~- 8G68°1- 26 91 [4: 2 4 voIvLY 06°'9
088°9 T6T"°V LLE E- 9vL" "1~ 68°ST YLV 9°1291 GZ°9
6€8°9 9€0°¥ G0G° €~ 119°T- 06°6T 89°¥ G €051 00°9
86L°9 088°€ 89v €~ 21 A 9L VT 86V v°LBET SL*S
€9L°9 g€TL ¢ gey-t- L9921~ 9T ¢1 g8v°?v L €ELCT 06°S
82L°9 oS¢t ILE"E- 6G0°" T~ 8E° €T 9tV 9°Z91T GgZ°'S
£69°9 SOV ¢ 8TT1° €~ 1A% : ¢ g 9¢°¢C1 T¢°Y 0°GSOT 00°6
099°9 yvZ-e 919° ¢~ T19°0-~- 06°0T T0° Vv L°1S6 SL°Y
2€9°9 980°€ £28° T~ 82¥°0- £0°6 9L°€ T vs8 0S°¥
(ur) (ur) (ur) (ur) (u-3) (uo/3) (3 ‘sauuol) (ur)
wi a J°0°1 g°0°'1] 2°L°O°W 2°d°1l | 3usuwsoerdstq jybneaq
I

199



The quantities shown in Table 5.2.2 were obtained by interpolating in Table 5.2.1 with
a displacement of 1224.7 tonnes and a zero tim (even keel). The corresponding
quantitie shown on p.22-23 of the Stability Information Booklet are slightly different
because the booklet assumes the ship trims at the stern by 0.888 m.

When the ship is iced, all the quantities in Table 5.2.2 will change according to
the amount and distribution of the ice load. The new hydrostatic conditions with ice can

be calculated using linear interpolation based on the information given in Table 5.2.1.

5.3 List, Stability Curves, Energetics of Static Stability

and Trim

(a) List

List can be defined as the transverse inclination of a ship. It is usually caused by
an uneven loading condition over the port and starboard sides of a ship. Under these
conditions, the centre of mass of the ship shifts towards the side with heavier loading and
thereby creates a listing moment. Thus, the ship lists to a certain angle of heel until the
transverse centre of buoyancy li s vertically under the shifted centre of mass. The listing
of a ship is particularly important for its stability because it is much easier for a ship to
capsize transversely than longitudinally, because the transverse metacentric height GM
is much shorter than the longitudinal metacentric height. Consequently, an asymmetrical
ice load distribution (w.r.t. centreline) is the most dangerous to the ship’s stability.

In Section 5.3b, the construction of the stability curves for a ship with its centre
of mass off the centreplane will be discussed. Once the stability curves for a ship under
asymmetrical icing conditions have been constructed, the angle of loll (listing angle at
which the ship will stay at rest in still water) can readily be determined. In this case, the
ship will lie at rest at the angle of loll, as long as stability can be regained when the ship

heels beyond the angle of loll.
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(b) Stability curves

The stability curves are a set of curves which give the righting arms about an
nassumed” centre of mass (located on the centreplane) for any angle of heel (up to 90°)
at any particular displacement. Using this information, the righting arms for the actual
centre of mass can be calculated. In the present case, the stability curves for the
Zandberg are based on an assumed centre of mass located at the point K’ (see Figure
5.3.1) which lies 1.0 metre above the baseline on the centreplane. The stability curves
may be found in the Stability Information Booklet (p.48-54). Figure 5.3.1 illustrates the
situation when the ship is heeled. In this Figure, K'N is the righting arm about the point
K’ (assumed centre of mass). The values of K'N for the Zandberg at different draughts
are shown in Table 5.3.1. For the actual centre of mass (point G in Figure 5.3.1), the
righting arm (GZ) about the point G is:

GZ = K'N - K'Gsind (5.3.1)

where ¢ is the angle of heel.

Let us now assume that ice has been accreted on the topside of the ship and thus
the centre of mass of the ship has been raised to the point G, (Figure 5.3.1). Then,
knowing K’N corresponding to the new draught, the new righting arm (G,Z,) about the

new centre of mass G, is:

G,2, = K'N - K'G,sin¢ (5.3.2)

With an asymmetrical ice load distribution, the centre of mass of the ship is
raised, and also shifted away from the centreplane to the point G, (see Figure 5.3.2).

Then, the righting arm G,Z, about the centre of mass G, can be calculated by (Moore,
1967):

G,Z, = K'N - K'G,8in$ - G,G,cos (5.3.3)
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Figure 5.3.1: The righting arm (G42,) of an iced
ship with its centre of mass G; loc.ted on the

centreplane.

Figure 5.3.2: The righting arm (G,2;) of an iced
ship with its centre of mass G, focated off the
centreplane.
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Let us assume that the centre of mass is located at G,(x, y, z) relative to the point K’
vertically below the original centre of mass of the ship (without ice accretion) along the
centreplane. Then, K’G, = z and G,G, = y. This means that, under icing conditions,
knowing the new centre of gravity G, of the ship with respect to the point K’, the
righting curves (G,Z,) can be constructed as a function of angle of heel and draught.

The K’N values given in the Stability Information Booklet are based on zero
inclination (i.e the ship has zero trim). Under icing conditions, as a result of an uneven
ice load distribution, the ship may trim. Therefore, the K'N values given in the booklet
may not be accurate for the iced Zandberg. However, unless there is an abrupt change
in the underwater shape of the hull, the K’N values provided in the stability booklet are
still reliable. This is true as long as the ship does not trim to such an extent that the bow
immerses in water.

Information about a ship’s stability can be deduced from an inspection of the
stability curves. A positive righting arm (GZ) means that the ship experiences a moment
to return it to its initial position when it is heeled (that is, it is statically stable). A
negative righting arm implies that when a ship is inclined to a small angle, it tends to
heel still further (that is, it is statically unstable). A zero righting arm means that when
a ship is heeled to a small angle, it will tend to remain at that angle (that is, it is
statically neutrai).

A typical stability curve for a ship with the centre of mass located along the
centreplane and below the metacentre (i.e GM is positive, see Figure 5.3.3a) is illustrated
in Figure 5.3.4a. If now the centre of mass is raised to G, as a result of ice accretion,
the righting arm will be reduced to G,Z, as shown in Figure 5.3.3a. The GZ curve
shown in Figure 5.3.4a will now move closer to the ¢ axis (GZ = 0).

If G is raised above the metacentre M (e.g to G,’ as shown in Figure 5.3.3a), the
value of GM is negative. This means that the ship has a negative righting arm and is
initially unstable. Two possible situations for a ship with negative GM are shown in
Figures 5.3.4b and 5.3.4c. In Figure 5.3.4b, the ship possesses a negative righting arm
up to a heeling angle ¢,, and thereafter the righting arm becomes positive. This means
that when the ship is inclined to a small angle, it continues to heel until the centre of
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Figure 5.3.3: Changes in the metacentric height (GM) for
various locations of a ship’s centre of mass, G, G,, G’;, Gj,
G’,. (a) centre of mass located along the centreplane. (Db)
centre of mass located off the centreplane.
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Figure 5.3.4: Stability curves for various locations of a
ship’s centre of mass. (a) centre of mass located below
netacentre. (b) and (c) centre of mass located above
netacentre. (d) centre of mass located off the centreplane.
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buoyancy moves outward to lie vertically under G,’ (see Figure 5.3.3a). At this moment,
the righting arm becomes zero. The angle of heel at which G,’Z," = 0 corresponds to
the angle ¢, in Figure 5.3.4b. If the ship is heeled beyond ¢,, the righting arm becomes
positive and provides a moment to return the ship to the position G,'Z,’ = 0 (i.eat a
heel angle of ¢). The angle ¢, is called the angle of loll, that is the angle at which a ship
will lie at rest in still water (Derrett, 1990). Figure 5.3.4c shows a second possibility:
the righting arm is negative for the entire range of ¢. This means that the ship heels in
the direction of the perturbation and will continue to heel until it capsizes.

Let us consider a third case in which the centre of mass is located at a position
off the centreplane (see Figure 5.3.3b). In this case, the ship cannot rest in an upright
position. Instead the ship heels towards the side where the centre of mass is located until
the centre of buoyancy lies vertically under the centre of mass G, (see Figure 5.3.3b).
The ship is stable at this particular angle of heel ¢,, since the metacentre M at this angle
of heel lies above the centre of mass G, (see Figure 5.3.3b). A stability curve for such
a case is shown in Figure 5.3.4d. Raising the cenire of mass to the point G’, (see Figure
5.3.3b) above the metacentre will have the same effects as for the case when the ship’s
centre of mass is located along the centreplane. Thus the ship will either heel further
towards the low side ‘o another equilibrium position at a larger angle of heel, or heel

continuously until it capsizes.

(c) Energetics of static stability
The work required to heel a ship to a certain angle can also be obtained from the
stability curve. Consider the stability curve Figure 5.3.5a. The work, W,, required to
heel the ship from its upright position to a position with angle of heel ¢, can be
calculated by (Moore, 1967):

W, = :'(GZ) Wgdd (5.3.4)

where W is the displacement of the ship and g is the acceleration due to gravity. In order
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Figure 5.3.5: Relationship between stability curves and work
required to heel a ship. The work is defined here as the area
under the curve times the displacement of the ship (Wg).
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to capsize the ship, it has to be heeled beyond the angle ¢,. Thus, the work required to

capsize the ship is:

W, = f:"(GZ) wgdd (5.3.5)

Consider another case in which the stability curve is given in Figure 5.3.5b.
According to Equation 5.3.5, the work, W,, in Region A is negative which means that
kinetic energy is created in heeling the ship from 0° to ¢.. The work, Wy, in Region B
is positive which means that work is required to heel the ship from ¢, to ¢,. Neglecting
water resistance, if |W,| is greater than |Wjy|, then the kinetic energy which is derived
from potential energy in Region A is large enough to overcome the restoring "buoyant
energy” in Region B and cause the ship to capsize. If [W,| is less than | W], the ship
will not capsize but will eventually return to a heel angle of ¢.. For a small perturbation
(e.g small waves), the ship simply rolls about the angle ¢.. If water resistance is
included, |W,| - |Wx| must exceed |Wp| in order to capsize the ship, where |Wy| is
the work done against water resistance.

On a normal ship, the angle ¢, in Figure 5.3.5a which signifies the range of
positive stability is somewhat imprecisely defined because the stability curves are usually
based 0. the assumption that the superstructure is not "effective” in terms of the stability
(Moore, 1967). However, for very large angles of heel, water may be shipped through
topside openings and consequently reduce the ship’s stability. Thus, a ship may capsize
before it reaches ¢,. For instance, the freeboard of the Zandberg in the present study is
5.02 m. The half beam is 5.75 m. Thus, when the angle of heel is greater than tan™
(5.02/5.75) = 41°, ine deck will immerse in water and the ship may be in danger of

capsizing.

(d) Trim
Trim may be defined as the longitudinal inclination of a ship caused by the
addition, removal, and shifting of weights (Derrett, 1990). Consider a ship of length L
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floating at rest in still water on an even keel (see Figure 5.3.6a). The locations of the
centre of mass G, centre of buoyancy B, and centre of flotation F are also indicated.
Suppose a load with mass w on board is shifted forward over a distance x4 to a new
position as shown in Figure 5.3.6b. Then, the centre of mass will shift forward as well
to 2 new position G,. The distance, GG, is equal to (wxo)/W (Derrett, 1990), where w
is the displacement of the ship. A trimming moment W(GG;) = w(xy) is thereby
produced and the ship trims at the bow about the point F until the centre of buoyancy B,
lies vertically under the point G, (see Figure 5.3.6b). Let the new draught measured at
the forward and aft perpendiculars be tp; and t,, respectively 7-e Figure 5.3.6b). Since
the ship is initially on an even keel, the total change of trim, t, is tgr - tar, Which may be
calculated (in cm) from (Derrett, 1990):

£ = trimming moment _ _ WXq (5.3.6)
M.C.T.C M.C.T.C

The change of draught at the aft perpendicular is (Derrett, 1990):

At,, .115 (5.3.7)

where 1 is the longitudinal ¢ -~ - i ween the aft perpendicular and the centre of
flotation. Then, the change of wicus * at the forward perpe. dicular is zimply Aty =t -
At,,. In Figure 5.3.6b, consigering triangle W,CL,, the tri.. angle v can readily be
approximated by:

Y = tan“(%) (5.3.8)

The centre of flotation F is the point through which the axis of rotation (yy)
passes when a ship trims. Thus, a weight loaded at the point F does not produce trim.

However, the ship’s draught will increase uniformly. Now, if this load is shifted forward
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Figure 5.3.6: Schematic diagrams showing the trimming of a
ship. (a) even keel (no trim). (b) trim. L is the length
petween F.P and A.P, 1 the distance between A.P and F, W the
mass load, x4 the distance over which the mass load is
shifted. ty; and t,; are respectively the draught at F.P and
A.P when the ship is on even keel. tp, and t,. are respectively
the draught at F.P and A.P when the ship trims. vy is the angle
of trim.
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or aft, the ship will trim accordingly. This procedure, together with Equation 5.3.6, is
applied to calculate the trimming of a ship when it is accreted with ice. Since under
icing, the ice mass is distributed over the topside of the ship, it is convenient to treat the
entire ice accretion as a single mass with its centre of mass located at (x’, y', z’) relative
to O (see Figure 5.1).

For a given icing condition, the new centre of mass of the iced ship (x’g, ¥’os Z'c)
has been calculated from Equation 5.1.1 Thus, the centre of mass of the ice (x’, y’, 2)

relative to the point O can be calculatec ™

, .
5! = (Mgpip + Mreor) Xo (5.3.9)

MItot

/
y/ = (Mship + MItot)YG (5.3.10)
M
Itot
/

g = Monip * Mrcor) Za = MonspZs (5.3.11)

MICOC

Knowing (x’, ¥°, 2°), we calculate the trim as follows. First we assume that the entire
ice load acts at the centre of flotation, F. The ship’s draught then increases uniformly.
The new draught and M.C.T.C. can readily be obtained from Table 5.2.1. Then, the
point at which the ice load acts is shifted from the point F to the point (x’, y’, 2’). For
those cases in which the ice load distribution is asymmetrical about the centreline, the
ship will trim and list simultaneously. Usually, trim and list are treated separately and
independently (Derrett, 1990). Therefore, the x, in Equation 5.3.6 is simply the
longitudinal distance between the centre of flotation, F, and the centre of mass of the ice
load. Since the longitudinal distance of F and the original centre of mass of the ship from
the mid-ship section are known, x, can readily be calculated.

It should be mentioned here that the M.C.T.C. in Table 5.2.1 is based on the
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assumption that the ship is upright. Hence, when a .hip lists, the values of M.C.T.C. in
Table 5.2.1 is not entirely correct. However, unless there is an abrupt change in the
under water shape of the hull, these values can still be considered as good
approximations.

As mentioned in Section 5.3.3, Part b, the K'N values given in the Stability
Information Booklet for the Zandberg are erroneous if the ship trims to an extent that its
bow is immersed. For the present case, at a draught of 5.39 m, Zandberg has a freeboard
of 5.02 m and a length (between F.P and A.P) of 45 m, the trim angle at which the bow
becomes immersed is v, = tan’(10.04/45) = 12.6°. For a deeper draught, the length
at waterline of the ship increases and the freeboard decreases and so -y, will be less than
12.6°.

A theoretical discussion of the potential effects of ice accretion on the ship’s
centre of mass, moments of inertia, hydrostatic particulars, static stability, trim, and list
have been presented in this chapter. In Chapter 6, quantitative hydrostatic stability results
for the stern trawler Zandberg under the icing conditions described in Chapter 4 will be
presented and discussed. Using the ship dynamics model of Pawlowski and Bass (1991),
some preliminary results on the dynamic performance of the Zandberg under icing

conditions will also be presented and discussed.
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CHAPTER 6 RESULTS ANI® DISCUSSION

6.1 Summary of the Icing Results

The icing model predicts severe icing on the Zandberg under the atmospheric and
oceanographic conditions which the side trawler *Blue Mist II" encountered during the
night of the tragedy (see Section 4.8, Part I for details). However, comparisons of the
model results with the nomogram of Comisky et al. (1984), and with NOAA and Soviet
icing data indicate that the present model still tends to underestimate the icing rate (see
Section 4.8, Part II). Various factors which may cause this underestimation have been
discussed, and it was concluded that the influence of the surface roughness on the Nusselt
number could be the major cause. Increasing the Nusselt number for the deck, and the
wheelhouse by 100 % to account for roughness effects brings the model’s predictions into
much better agreement with the observed data. Consequently, in the following analysis
of the effect of icing on ship stability, the icing model is run for the conditions
encountered by "Blue Mist II", but with a new Nusselt number which is twice the
original one for the deck, and the wheelhouse.

Three sets of icing data have been generated for three different wind directions,
9 = 0°, 15°, and 45°. The details of the ice load distribution corresponding to each wind
direction are similar to those discussed in Section 4.8, and thus will not be presented
here. Table 6.1.1 gives the total ice load at different times for the three wind directions.
The ratios of the total ice load to the displacement of the ship are also calculated. Figure
6.1.1 gives a summary for the one hour ice load distribution over the ship.

Using the above icing data, the changes in the centre of mass, moments of inertia,

hydros. “ic particulars, stability curves, trim, and list will be calculated using the
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mast: 0.14 t

(a)

Figure 6.1.1: Final one hour ice load distribution for the
stern trawler Zandberg under the conditions encountered by
"Blue Mist II" for three different wind directions: (a) 0°,

(b) 15°, and (c) 45°.
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Wind Directions

0° 15° 45°
Time ice load % of ice load % of ice load % of
(hr) (t) ship ) ship t) ship
displ. displ. displ.
0 0.0 0.0 0.0 0.0 0.0 0.0
71.8 5.9 61.5 5.5 2.4 1.8 \\
10 143.6 11.7 135.0 11.0 44.8 3.7
15 215.3 17.6 202.5 16.5 57.1 5.5 “
20 287.1 23.4 270.0 22.0 89.5 7.3 “

Table 6.1.1: Absolute and relative icing load as a function of time for the stern
trawler Zandberg under the conditions encountered by "Blue Mist II" (refer to

Section 4.8 where details of the conditions are given).

theories and equations discussed in Chapter 5. It should be noted that although the details

of the ice load distribution are not presented here, they are used in the calculations.

6.2 Centre of Mass and Moments of Inertia

(a) Centre of mass

The initial coordinates of the centre of mass of the ship, relative to the system of
reference (with origin O) shown in Figure 5.1, under loading condition no.4 (with a total
displacement of 1224.7 tonnes) is (0, 0, 6.131 m). Using Equation 5.1.1, the new centre
of mass of the ship under the loading conditions given in Table 6.1.1 have been
calculated, and the results are presented in Table 6.2.1. In this table, the centre of mass
at the end of each 5 hour interval is indicated. It can be seen that the shifting in the
centre of mass is very closely associated with the ice load distribution (compare Figure
6.1.1 and Table 6.2.1).

For a wind direction of 0°, the ice load is symmetrical about the centreline (see
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Figure 6.1.1a). 46 % of the total ice load is accreted on the deck and 48 % on the front
of the wheelhouse. Since the initial (uniced) centre of mass of the ship is located 28.591
m from the bow (i.e behind the wheelhouse) and 4.279 m below the deck, the above ice
loading distribution causes the centre of mass to shift forward and upward. Over the 20
hour icing period, the centre of mass is shifted forward by 3.297 m (an average 0.165
m/hr) and upward by 1.083 m (an average 0.054 m/hr).

~Jon-head winds lead to asymmetrical ice loads. Figure 6.1.1b shows that, for a
wind direction of 15° from port, much more ice is accreted on the starboard than on the
port side of the ship. On the deck, 33 % of the total ice load is accreted on the starboard
side and about 15 % on the port side. 41 % of the total ice accretion is found on the
starboard side and only 6 % is found on the port side of the front of the wiieelhouse. As
a result of this uneven ice loading condition, after an icing period of 20 hours, the centre
of mass has shifted to starboard by 0.358 m (an average 0.0179 m/hr), forward by 3.186
m (an average 0.159 m/hr), and upward by 1.018 m (an average 0.051 m/hr).

For a wind direction of 45°, much less ice is accreted compared with 0° and 15°.
Consequently, the shift in the centre of mass is smaller. Over the 20 hour icing period,
the centre of mass shifts toward starboard side by 0.135 m (an average 0.0068 m/hr),
forward by 1.389 m (an average 0.069 m/hr), and upward by 0.341 m (an average 0.017
m/hr).

Although the total ice load with a wind direction of 15° is a little less than that
for 0°, the beam wind case has a stronger effect on the ship’s transverse stability. With
a wind direction of 15°, the large ice loading and asymmetrical distribution cause the
ship’s centre of mass to move away from the centreplane. This can drastically reduce the
ship’s transverse stability and cause the ship to list. For a wind direction of 45°, the total
ice load is much less, and hence its effect on the ship’s stability is also much less
compared with the previous two cases. A more detailed discussion of the effect of icing

on ship’s stability will be presented in Section 6.4.
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(b) Moments of inertia

The initial (ice-free) moments of inertia of the Zandberg are not specified in the
stability information booklet. Hence, as a first approximation, the radius of gyration
about the longitudinal axis, xx, is taken to be 35 % of the beam (Pawlowski, personal
communication). The radii of gyration about the transverse and vertical axes are taken
to be the same and equal to 25 % of the length between the forward and aft
perpendiculars (Pawlowski, personal communication). Using the formula I = MK, where
k is the radius of gyration and M the mass of the ship, the initial moments of inertia of
the Zandberg are found to be 19840.9, 155001.1, and 155001.1 tonne-m about the axes
XX, yy, and zz respectively.

Using the equations derived in Section 5.1b, the changes in the moments of inertia
resulting from ice accretion can be calculated. For the ice loading conditions given in
Table 6.1.1, the new moments of inertia about the axes xx’, yy’, and zz’ are given in
Table 6.2.2. It is apparent from Table 6.2.2 that ice accretion increases the ship’s
moments of inertia. For wind directions of 0° and 15°, the moments of inertia increasc
by about 50 % over the 20 hour icing period. For a wind direction of 45°, since the load
is much less than that of the previous two cases, the moments of inertia increase by onl*/

about 20 % over the same interval.
6.3 Hydrostatic Particulars

When a ship accretes ice, it may trim and list simuitaneously. To determine the
hydrostatic particulars at various angles of trim and heel is heyond the scopc of this
thesis. However, in the present study, the objective is tc calculate the stability curves,
trim and list under icing conditions. Thercicie in order to do this, we first assume that
all the ice mass acts at the centre of flotation so that there is a uniform chang: in
draught, and the ship remains in its upright and even keel position. Then, the hydrostatic
particulars corresponding to each new draught can be determined. Once this has been
done, the centre of mass of the entire ice accretion is shifted back to its original position.
Finally, using the equations discussed in Se~ion 5.3, the stability curves, trim, and list
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under the various ice loading conditions given in Table 6.1.1 and Figure 6.1.1 can be
calculated. In :ll these calculations, the effect of wind forces on the ship hull and
superstructure is not accounted for.

Table 6.3.1 gives the hydrostatic par “c_lars for the three different icing cases
corresponding to wind directions 0°, 15°, and 45° after five different icing periods. The
tonnes per centimetre immersion (T.P.C) and the centre of buoyancy (B) are not included
in the table because they will not be directly involved in the analysis of the ship’s
stability. Table 6.3.1 indicates that GM becomes negative (instability) for wind directions
of 0° and 15° after 15 hours of icing. Because of the asymmetrical ice load distribution
with a wind direction of 15°, the ship becomes unstable and capsize in less than 10 hours
since the entire stability curve is negative at 10 hours (see Figure 6.4.1b). A more
detailed discussion of the stability curves will be presented in Section 6.4a. The effect
of icing on the other hydrostatic particulars are obvious (Table 6.3.1) and they will not

be discussed here.

6.4 Stability Curves, Trim, and List

(a) Stability curves

Knowing the centre of mass and hydrostatic information under the three icing
conditions for wind directions 0°, 15°, and 45°, the corresponding transverse stability
curves can be calculated using the formulae presented in Section 5.3b. The results are
shown in Figures 6.4.1a to 6.4.1c. Five stability curves are plotted for each case at time
intervals of 5 hours.

For a wind direction of 0°, Figure 6.4.1a shows that the righting arm of the ship
and the range of positive stability decreases rapidly with time as the mass of the ice
accretion increases. This reduction in stability is closely related to the reduction in the
metacentric height (see Table 6.3.1, Figure 5.3.1, and Equation 5.3.2). At 10 hours, the
range of positive stability reduces to about 40°. This means that if the ship is heeled
beyond that angle, it will capsize. Using Equation 5 .3.5, the work energy under the GZ
curves is +0.36 MJ. Under severe icing conditions, waves are unusually high and may
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Figure 6.4.1: Stability curves for the 2Zandberg under the
diff-rent ice loading conditions given in Table 6.1.1 for

three different wind directions: a) 0°, b) 15°, and c) 45°.
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have enough energy to roll the ship beyond the angle at which positive stability vanishes,
thereby causing the ship to capsize. At 15 hours, the entire stability curve is negative,
corresponding to a negative initial metacentric height GM (see Table 6.3.1). Under this
condition, the ship is considered as statically unstable and subject to capsize. As a result
of the reduction in the righting arm due to ice accretion, the ship may experience a
prolonged roll period before it actually reaches the moment of capsize. This prolonged
roll period is a sign that the ship is losing stability.

With a wind direction of 15°, the asymmetrical ice Joad distribution has a drastic
effect on the ship’s transverse stability as shown in Figure 6.4.1b. The shifting of the
centre of mass away from the centreplane due to heavier ice loading on one side causes
the ship to list to 14.3° (at which point the righting arm is zero) at 5 hours. The ship
possesses instability from 0° to 14.37, stability from 14.3° to 69.4°, and instability after
that. Using Equation 5.3.5, it is found that the work required is -0.18 MJ to heel from
0° to 14.3°, and +1.08 MJ to heel from 14.3° to 69.4°. As discussed in Section 5.3,
the ship may be considered to capsize when its deck becomes immersed in water. For
the draught of the ship at 5 hours (see Table 6.3.1), the deck immerses in water at a 40°
angle of heel. The work required to heel from 14.3° to 40° is +0.54 MJ. Neglecting
water resistance, if the waves impart an additional rolling energy of 0.36 MJ to the ship,
it may capsize. Although Table 6.3.1 indicates that GM is still positive at 10 hours, the
stability curves in Figure 6.4.1b show that the righting arm is negative for the entire
range of angles of heel. This is the result of the asymmetrical ice load distribution which
causes the centre of mass of the ship to shift away from the centreplane (see Equation
5.3.3 and Figure 5.3.2). Hence, the ship is in a statically unstable condition and will tend
to capsize in less than 10 hours. As shown in Figure 6.4.1b, before the ship reaches the
capsize moment, the listing angle increases continuously and the ship may also
experience a prolonged roll period.

For a wind direction of 45°, the amount of ice accreted is much less than at 0°
and 15° (see Table 6.1.1). Therefore, even though the ship experiences an asymmetrical
ice loading condition, its stability does not vanish as rapidly as in the previous two cases.

Figure 6.4.1c and Table 6.4.2 show how the righting arm decreases with time and the
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listing angle increases with time. It can be seen by inspection that, up to 15 hours, the
rolling work (energy under the GZ curves) is positive. Therefore, the ship may be
considered stable regardless of the effect of waves. However, at 20 hours, the ship is
subject to capsize. As indicated in Figure 6.4.1c, the righting arm is negative from 0°
to 19.9°, positive from 19.9° to 57°, and negative beyond that. Using Equation 5.3.5,
the work ic heel from 0° to 19.9° is -0.33 MJ, and from 19.9° to 57°, it is +0.43 MJ.
The ship is considered to capsize at a heel angle of 40° when the deck becomes
immersed in water. The heeling work from 19.9° to 40° is 0.27 MJ. Thus, the energy
available to capsize the ship (0.33 MJ) exceeds the righting energy (0.27 MJ). Neglecting
water “esistance, the ship will roll from its upright position and accelerate toward the
angle of heel at which the righting arm is zero. Beyond that angle, the rolling motion
will encounter a righting buoyant force and thus decelerate. However, the ship will still
roll to capsize before its roll energy diminishes to zero. Taking into account the effect
of waves, the ship may capsize before 20 hours. Again, the signs before the ship capsizes

are a prolonged roll period and increased listing angle.

(b) Trim

Using the method described in Section 5.3d, the trimming of the ship with ice
accretion can be calculated. The results for the three iciig cases are shown in Tables
6.4.1a to 6.4.1c. Icing with a wind direction of 0° causes the greatest trim. The reason
is that this icing case produces the greatest accretion load and also the longest
longitudinal shift of the centre of mass. The wind direction of 15° produces a slightly
lesser ice load and so the trim is slightly less. With a wind direction of 45° the ice load
is much less. As shown in Table 6.4.1c, the trim produced is much less than the previous
two cases.

The effect of trim on ship manoeuvring can readily be seen by examining the
draught of the ship at the forward and aft perpendiculars, t; and t, (see Table 6.4.1a).
At 20 hours, with a wind direction of 0°, the draught at the forward and aft
perpendiculars is 8.032 m and 4.581 m respectively. With this draught, the waterline is
just 2.378 m below the deck at the forward perpendicular. At the stern, the bottom of
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(@0 =0°

Time (hrs) Change in Draught at Draught at Angle of Trim
trim F.P A.P v (®)
t (m) tp (M) t, (m)
0 0.0 5.390 5.390 0.0
5 0.887 6.065 5.178 1.128
10 1.760 6.731 4.971 2.231
15 2.612 7.384 4.772 3.300
20 2.451 8.032 4.581 4.346
) 8 = 15°
Time (hrs) Change in l Draught at Draught at Angle of Trim
trim F.P AP v (%)
t (m) tp (m) t, (m)
0 0.0 5.390 5.390 0.0
5 0.5 6.033 5.186 1.077
10 1.683 6.667 4.984 2.134
15 2.506 7.295 4.789 3.168
20 3.312 7.914 4.602 4.173
(c) 6 = 45°
Time (hrs) Change in Draught at Draught at Angle of Trim
trim F.P AP 7 (®)
t (m) te (m) ty (M)
0 0.0 5.390 5.390 0.0
5 0.346 5.64 5.294 0.441
10 0.686 5.868% 5.202 0.873
15 } 1.021 6.132 5.111 1.298
20 | 1.350 $.373 5.023 1.715

Table 6.4.1: The trimming conditions of the ship at different icing periods under the

three ice load::g conditions given in 'Table 6.1.1.
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the hull appears above the waterline. The draught at the forward and aft perpendiculars
with a wind direction of 15° is only slightly different from the case with a wind direction
of 0°. The trim with a wind direction of 45° is much smaller compared with the previous
two cases.

The trimming of the ship due to ice accretion can jeopardize navigation in various
ways. The foredeck may more readily be flooded with greenwate: from oncoming waves.
Shipping of water over the foredeck can reduce the ship’s stability. At the stern, the
rudder and propeller may rise above the waterline. Under such a cordition, the ship
could at best move forward at very low speed in order to avoid the flooding of

greenwater.

(c) List

The listing angle of the ship « resulting from ice accretion can readily be obtained
from the stability curves shown in Figure 6.4.1a to 6.4.1c. Table 6.4.2 gives the results
for the three icing cases given in Table 6.1.1.

For a wind direction of 0°, the ice load distribution is symmetrical about the
centreline. The ship does not appear to list in the first 10 hours. After this time, when
the righting arm becomes negative for the entire range of angles of heel, the ship
immediately lists to capsize.

The asymmetrical ice load distribution with a wind direction of 15° causes the
ship to list after the first 5 hours. At 5 hours, the angle of list about which the ship rolls
is 14.3°. After 5 hours, the righting arm continues to decrease, and it becomes negative
for the entire range of angles or heel after 10 hours.

For a wind direction of 45°, the icing rate is much lower, and as a result, the
listing angle increases with time at a much slower pace. Over the entire 20 hour icing
period, the listing angle increases to 19.9°.

Listing of the ship can adversely affect its navigational safety. It can cause
floeding of the deck and thereby reduce the ship’s stability. If the ship turns in a
gy 20001 opposite to the direction of list, the centrifugal force will further increase the

ng o of list.
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Wind direction

6 =0° 6 = 15° 6 = 45°
e
Time (hrs) v (©) v (®) g AS)
0 0.0 0.0 0.0
5 0.0 14.3 4.2
10 0.0 unstable 8.6
15 unstable unstable 13.5
20 unstable unstable 19.9 |

Table 6.4.2: The listing angle of the ship after different icing periods under the three

ice loading conditions given in Table 6.1.1.

The analysis of the stability curves, trim, and list has provided an overview of the
effect of ice accretion on the ship’s static stability. Slightly off-head winds under severe
icing conditions produce near maximum ice accretion rates, with a highly asymmetrical
load distribution. This icing situation has the most severe effect on the ship’s stability.
A reduction in the magnitude of the righting arm, along with trimming and listing of the
ship, can severely jeopardize the ship’s manoeuvring and cause the ship to capsize. In
the next section, the ship dynamics model of Pawlowski and Bass (1991) will be used to
analyze the dynamic performance of the Zandberg under 1e icing conditions given in
Table 6.1.1.

6.5 Implementation of the Ship Dynamics Analysis

The ship dynamics model of Pawlowski and Bass (1991) has been used to simulate
ship motions for a given wave spectrum. Once the hull geometry is specified, the ship’s
motion depends principally on its centre of mass, moments of inertia, hydrostatic
particulars, static stability, speed, and the wave spectrum, ali of which are model inputs.

One of the outputs of the model is a time series of heave, surge, sway, pitch, roll, and
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yaw. A complete discussion of the ship dynamics model can be found in Pawlowski and
Bass (1991).

The ship dynamics model also requires input data which are fixed and do not
change as a result of icing. Consequently, they will not be presented in detail here. A
more complete description of the input data required for the ship dynamics model can be
found in Dunphy (1993).

However, it is worthwhile mentioning the input data file "geom2.dat". This file
requires the hull of the Zandberg to be digitized into geometric panel data. In order to
do this, the original line drawings provided by the ship builders, Marystown Shipyard
Ltd., Marystown, Newfoundland (see Figure 6.5.1) were used. The initial digitization
was prepared at the University of Alberta. Checking and smoothing of the panel data was
done at NRC/IMD by Dr. Jacek Pawlowski. Finally, a complete set of the panel data for
the hull of the Zandberg was produced (see Figure 6.5.2). In the ship dynamics model,
the hydrodynamic force on each panel is calculated so that the motions of the ship can
be simulated.

A complete synchronization of the icing and dynamic simulations is not possible
at present due to some fundamental problems regarding the limits of some of the input
data for the ship dynamics model. For instance, when using a wave height greater than
4.5 m with a ship speed of 3 ms”, the motion of the Zandberg simulated by the dynamics
model becomes unrealistically large. The explanation of this unrealistic behaviour may
be due to resonance between the natural frequency of the ship and the frequency of the
oncoming wave. By trial and error, it was found that the ship dynamics model behaves
much more realistically when the wave height and ship speed are reduced to 4.5 m and
1 ms*! respectively. Unfortunately, the trimming of the ship must be zero in the dynamics
model (i.e even keel). This means that the trimming which results from the icing cannot
be incorporated into the ship dynamics model. However, as will be discussed later, the
effect of icing on pitch is reflected in the ship dynamics simulation. To relax the above
limitations would require much further development of the ship dynamics model, a
subject beyond the scope of this thesis.

Because of licensing and compiling difficulties, the ship dynamics model was run
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Figure 6.5.1: The original line drawings (reduced) for the
stern trawler Zandberg (front view).
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Figure 6.5.2: Digitization of the zandberg’s hull into panels.
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by Dr. Jacek Pawlowski 2nd Dr. Xu Qi at the Institute for Marine Dynamics. The results
were then returned for analysis at the University of Alberta. Because of the above
limitations, we decided to choose only one case to illustrate the effect of icing on ship
dynamics. In Sections 6.2 to 6.4, it was shown that icing under the conditions
encountered by the Blue Mist II, with a wind direction of 15°, has a strong effect on the
static stability of the Zandberg (see Table 6.4.2). Consequently, we decided to use this
icing condition as a case study to illustrate the effect of icing on the Zandberg’s dynamic
performance. An icing period of three hours was used. The total ice accumulation, centre
of mass, moments of inertia, and various hydrostatic conditions after 3 hours of icing are

shown in Table 6.5.1.

Time (hrs) 3.0
Ice Load (tonnes) 40.5
Displacement (tonnes) 1265.2
Centre of Mass (x, y, Z) m (0.527, 0.063, 6.302)
Moments of Inertia (21421.6, 167477.2,
(s Pyys T'2) 166649.7)
(tonne-m?)
Draught (m) 5.481
| XM (m) 6.76
| xG @m) 6.302
GM (m) 0.458
L.C.F (m) -3.484
M.C.T.C (tonre-m) 14.1 B

Table 6.5.1: Icing load, centre of mass, moments of inertia, and various hydrostatic
particulars of the Zandberg after 3 hours of ice accretion (definitions of symbols are
referred to Table 6.3.1).
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The static stability curves (GZ) corresponding to 0 hours (no ice) and 3 hours
(with ice) are shown in Figure 6.5.3. It is apparent that after three hours of icing, the
Zandberg still possesses a degree of static stability even though it has a list angle of 7.7°.
In view of this, a three hour icing period is a good choice because it may permit the
identification of dynamic instability even when the vessel is statically stable.

Two ship dynamics simulations were produced. The first was with no ice load (0
hours) and the second with the 3 hour ice loading condition. In order to be consistent
with the icing model, the ship heading in the dynamics model is fixed at 180° (head
seas). As mentioned earlier the ship dynamics model performs more realistically with a
wave height of 4.5 m and a ship speed of 1 ms?. Consequently, we have used these
values instead of the estimated values of 7.7 m wave height and 3 ms™ ship speed. These
two values were used in the icing model to produce the ice load. It is a reasonable and
likely practice to reduce ship speed once a ship is heavily loaded with ice. However,
reducing the wave height from 7.7 m to 4.5 m may result in an underestimation of the
effect of icing on the Zandberg’s dynamic stability. Thus the present results on the effect

of icing on ship dynamics must be viewed as preliminary, requiring further verification.

6.6 The Effect of Icing on Ship Dynamics

Figure 6.6.1 shows a time series of the computed motions of the Zandberg, with
an irregular wave spectrum of significant wave height 4.5 m (measured from peak to
peak) and a ship spzed 1 ms"! at 0 hours (no ice). The time step of the simulation is
0.5164 seconds. Since the ship heading is 180°, and the waves are unidirectional, the
ship performs only pitch, heave and surge motions. The surge motion is simply the
forward progression of the ship and is not shown in the figure. As shown in Figure
6.6.1, the heave amplitudes are generally less than 2.5 m. The pitch amplitude is
basically within +10°. According to the stability curve (Figure 6.5.3) and the ship
motions (Figure 6.6.1) at 0 hour, Zandberg is statically anJ dynamically stable.

After 3 hours of ice accretion, under extreme cond ‘ions, the situation changes
dramatically. Figure 6.5.3 shows that the ship, although stiii in a statically stable
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Figure 6.5.3: Stability curves (GZ) for the Zandber< at 0
hours (no ice) and 3 hours (with ice).

238



E 25

~ 0 ~oDN N /\[\f /\/\/\[‘{\l\ 17\\LL\\A
9 R avavARYAIARS RVAYEAAS VAT NAAYIN
o]
2

0 20 40 60 80 100 120 140 160 180

E 25 \

oo Lo AL Ak, AMas Ala Ala s LAAAMAAAA
& -2.5 AR LT A G I

L ] |

0 20 40 60 80 10C 120 140 160 180

S 30

3 15

g 0 N /\ A[\ AIAAAA !\'fx ‘vx\ Anl\vA f ’\AAA{\" —_—

P LN AL A 0 VA1

§ -15 » ﬂ
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 6.6.1: Time series of the computed motion of the
zandberg with a wave spectrum of significant wave height 4.5
m and a ship speed 1 ms! at 0 hours (no ice). The wave
amplitude is measured relative to a calm water surface.
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condition, has a reduced static stability. Figure 6.6.2 shows the ship motion at 3 hours
with ice under the same wave spectrum (with exactly the same wave train) and ship
speed. The listing of the ship (see Figure 6.6.2) as a result of asymmetrical ice loading
(Table 6.5.1), combined with the action of the oncoming waves, induces asymmetrical
ship motions. These motions are coupled with each other and they interact with the
oncoming waves. The ship starts to roll with an amplitude ~ +10° at ~ 30 seconds
about its mean position (7.7° from vertical). At 140 seconds, the roll amplitude rapidly’
increases to about 30°. At about 168 seconds, the ship rolls to starboard, where heaviest
ice load has accreted, and capsizes.

The time series of the sway motion shown in Figure 6.6.2 indicates that the ship
drifts to port at an average speed of about 1.5 ms?. The cause of this lateral motion of
the ship is not obvious. Only very small yaw motions are computed, as shown in Figure
6.6.2. This small yaw motion may be crucial in terms of the dynamic stability of the
ship. Yaw motion, combined with the oncoming waves, can cause the ship to roll. The
heave and pitch motions shown in Figure 6.6.2 are similar to those without ice (Figure
6.6.1). However, the statistical analysis of ship motions presented in the next section
indicates that the pitch motion of the ship with ice loading is in fact different from that

without ice loading.
6.7 Statistical Analysis of the Computed Ship Motion

(a) Distributions of the extrema.

The time series of the heave, pitch, and roll motions shown in Figures 6.6.1 and
6.6.2 will now be analyzed using statistical techniques. These time series indicate that
ship/wave interaction is fully developed after ~ 30 seconds. Therefore, only those data
from 30.4692 seconds to 168.3552 seconds are considered. Analysis of the sway and yaw
motions will not be undertaken because the former is not harmonic while the latter is
rather small (Figure 6.6.2).

In this part of the study we will examine the occasions in which the motion

reverses. We shall refer to all the local peaks as the negative second derivative events

240



_. 500
k3 I S S
> 0 ——
o
&
-500 .
0 20 40 60 80 100 120 140 160 180

Figure 6.6.2: Time series of the computed motion of the
zandberg with a wave spectrum of significant wave height 4.5
m and a ship speed 1 ms' at 3 hours (40.5 tonnes ice). The
wave train is exactly the same as that in the previous figure.
The actual angle of list of the Zandberg is 7.7°. The roll is
taken to be positive to the port and negative to the
starboard.

—_ 5] ]
s 23 Al g
PN . W S NN A0 Malpd s ALy 1l AAAARAA
S \VAL' W V v VWV \VV\I \/ A'AA V
©-25
I -5 ]
¢ 20 40 60 80 100 120 140 160 180
. 601
o 30
O A PEAY
> 0= AN AYAA
o 30 T
* 60
20 40 60 80 100 120 140 1160 180
= 30
o 15
3 0 o AWA - !\A v, AAI\'I\ ] I\'I\ I\VA AVA ﬂnvILAAA'\ v/\[\:\VA“,[X
- ' RTAA7A AV TASVI YRMTLY WJVU AL DRA A
9 -15
o -30
0 20 40 60 80 100 120 140 160 180

241






20

40

60

80 100
Time (sec)

242

120

140

160

180



(-D" peaks) and the positive second derivative events (+D" peaks) (see Figure 6.7.1).
It is obvious, from a casual examination of Figures 6.6.1 and 6.6.2, that most of the -D"
peaks lie above the axis (i.e the reference line dividing the positive and negative direction
of the harmonic motion) and the +D" peaks tend to lie below it.

For heave motions, these extrema are grouped in 0.5 m bins from 0 to £3.5 m.
Figures 6.7.2a and 6.7.2b show the resulting histograms without ice on the ship, while
Figures 6.7.2c and 6.7.2d show the histograms with ice. Without ice (Figure 6.7.2a), the
-D" peaks are distributed from 0 to 2.5 m with frequencies of occurrence ranging from
7.6 % to 11.4 % (this is of the total number of peaks, i.e -D" peaks plus +D" peaks).
Only 2.5 % of the heave peaks have an amplitude exceeding 2.5 m. The -D* peaks
which lie below the herizontal axis account for only 1.3 % of the total number of peaks.
The distribution of the +D" peaks has a maximum at -1.25 m. The +D" peaks which
lie above the horizontal axis account for only 2.5 % of the total number of peaks.
Approximately 51 % of the peaks lie above the horizontal axis and 49 % below it.

With ice on the ship, the -D" heave peak has a distribution peak at 1.25 m. 1.2
% of the -D" peaks lie below the horizontal axis. For the +D" peak, the distribution has
two maxima with same magnitude. These two maxima occur at -0.75 m and -1.25 m
respectively. 3.7 % of the +D" peaks lie above the horizontal axis. The more
pronounced (well defined) distribution found in Figures 6.7.2c and 6.7.2d is probably
due to the effect of icing in increasing the inertia of the ship, and thereby reducing the
heave amplitude. Approximately 52 % of the peaks lie above the horizontal axis and 48
% below it.

Figures 6.7.3a to 6.7.3d show histograms of the pitch angle distribution for cases
with and without ice. The pitch extrema are grouped in increments of 2° from 0° to
+16°. Without ice (Figure 6.7.3a), the -D" pitch peaks range from 0° to 14°, with a
maximum in the distribution at 7°. The majority of the -D" pitch peaks lie below 8°.
Only 1.2 % of the -D" peaks lie below the horizontal axis. The +D" pitch peaks have
a distribution with a maximum at -5° (Figure 6.7.3b). Most of the +D" pitch peaks are
less than 6°. No +D" pitch peaks lie above the horizontal axis. About 48 % of the peaks

lie above the horizontal axis and 52 % below it.
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With ice, the -D" pitch peaks have a more pronounced (well defined) distribution
(Figure 6.7.3c). The maximum occurs at 5°. This is less than the case without ice (~
7°). The pitch veak range is also reduced from 14° to 12°. This decrease in the pitch
range is likely a result of the ice load increasing the moments of inertia of the ship.
About 5 % of the -D" pitch peaks lie below the horizontal axis. The +D" pitch peaks
have a distribution with the maximum occurs at near -3° (Figure 6.7.3d). This range is
less than that for the case without ice which is 5° (see Figures 6.7.3b and 6.7.3d).
Again, this is likely because of higher ship moments of inertia as a result of icing. The
greater inertia of the ship as a result of icing may also explain why the -D" pitch peaks
and +D" pitch peaks have more pronounced (well defined) distributions for the case with
ice on ship (Figures 6.7.3c and 6.7.3d). Only about 1.2 % of the +D" pitch peaks lie
above the horizontal axis. 46 % of the pitch peaks lie above the horizontal axis and 54
% below it.

For roll, the peaks have been grouped in 5° bins from 07 to 40°. The roll is
measured relative to the listing angle of the ship (0° without ice and 7.7° with ice). As
discussed in Section 6.6, there is no roll in the simulation without ice. Figures 6.7.4a and
6.7.4b show the distribution of the roll peaks with ice. Most of the roll peaks (both +D"
and -D" peaks) lie within the range +15°. A small fraction (~ 13.8 %) lie outside this
range. Nevertheless, it is this small fraction of large roll amplitudes which lead to the
ship’s capsize (see Figure 6.6.2). As shown in Figure 6.7.4b, the fraction of +D" roll
peaks lie above the horizontal line, which denotes the angie of list (7.7°), accounts for
10.3 % of the total number of peaks. About 59 % of the roll peaks are to port while 41
% are to starboard.

(b) Ship motion statistics
Another way to evaluate the effect of ice accretion on ship motion is to calculate
statistics. To do this, the entire time series of heave, pitch, and roll sampled every
0.5164 seconds has been used to determine distribution functions. Their statistics have
then been calculated and compared. For each parameter, there are 268 data points which
fall within the time range (30.4692, 168.3552) seconds. Tables 6.7.1 to 6.7.3 give the
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various statistics for heave, pitch, and roll both with and without ice.

lr Heave (m) Heave (m)
(no ice) (with ice)
Po. of data points 268 268
Minimum amplitude -3.378 -3.356
Maximum amplitude 3.303 3.033
Range 6.682 6.389
Mean 0.048 0.032
Standard deviation 1.199 1.176
Skewness -0.205 -0.070

Table 6.7.1: Heave statistics with and without ice based on the model-simulated data

shown in Figures 6.6.1 and 6.6.2.

Pitch (°) Pitch (°)
(no ice) (with ice)

No. of data points 268 268
Minimum amplitude -14.356 -14.066
Maximum amplitude 13.682 10.991
Range 28.038 25.057
Mean 0.088 -0.288
Standard deviation 5.576 4.844
Skewness 10 143 -0.138

Table 6.7.2: Pitch statistics with and without ice based on the model-simulated data
shown in Figure 6.6.1 and 6.6.2.
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Roll (°) Roll (°) ,
(no ice) (with ice)
No. of data points 268 268 B
Minimum amplitude 0.0 -38.835 I
Maximum amplitude 0.0 30.35
Range 0.0 69.185
Mean 0.0 1.636
Standard deviation 0.0 8.866
Skewness 0.0 -0.187

Table 6.7.3: Roll statistics with ice based on the model-simulated data shown in
Figure 6.6.2.

It is apparent from Table 6.7.1 that the amplitude of the heave motion with ice
is slightly less than without ice. The maximum heave amplitudes with ice is 8.2 % less
than that without ice. This reduction in the maximum heave amplitude is a result of the
effect of the ice load in reducing the ship’s upward motion. There is not much change
in the minimum heave amplitude however. The reason may be that it is easier for a ship
to move downward than upward regardless of the ice load whenever the ship encounters
a wave trough, due to the effect of gravity. The heave range is 4.4 % less with ice than
without ice. The mean vertical position of the ship over the entire time series is 0.032
m above the calm water level for the case with ice. This is 0.016 m lower than without
ice. The standard deviation of the heav~ motion with ice on ship is 1.9 % less than that
without ice on ship. Also indicated i1 Table 6.7.1 is that the skewness of the heave with
ice is 65.9 % less than that without ice. This implies that the heave motion is more
symmetrical with ice. Negative. skewness means that the distribution skews to the right
(i.e to the positive side).

Table 6.7.2 shows the pitch statistics. The maximum pitch angle with ice is 19.7

& less than that without ice. This reduction in the maximum pitch angle may be a direct
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result of the ice load. The range of the pitch with ice is 10.6 % less than that without
ice. As mentioned in Section 6.4b, the ice load on the Zandberg shifts its centrs of mass
forward and causes the ship to trim by the head. This explains why the ship has a
negative mean pitch angle for the case with ice (see Table 6.7.2). There is a large
difference in the standard deviation of the pitch between the cases with and without ice
on ship. With ice on the ship, the standard deviation of the pitch is 13 % less than
without ice. The skewness of the pitch with ice is 3.5 % less than that without ice. This
means that the pitch is more symmetrical for the case with ice.

Because of the symmetry of the wave field, there is no roll motion for the case
without ice. Consequently, we cannot make an ice/no ice comparison for roll. Table
6.7.3 gives the roll statistics under the condition with the ice load. The mean is specified
relative to the equilibrium position of the ship on calm water (see Table 6.7.3). With ice,
the ship lists to starboard by 7.7°. Thus the mean angle of roll is -7.7° + 1.636° = -
6.1° from vertical (see Figures 6.6.1 and 6.6.2).

In summary, the differences found between the cases with and without ice for
pitch are greater than for heave. This suggests that ice on the ship has a greater effect
on the pitch motion than on the heave motion. Because of the nature of the numerical

simulations, we have no basis for comparing roll motion with and without ice.

(c) Wilcoxon Signed-Rank Test

To show whether ice on ship has a noticeable effect on the heave and pitch
motions, the Wilcoxon Signed-Rank Test (Freund and Walpole, 1980) is applied to the
heave and pitch data. The purpose of this test is to determine whether two samples of
data of equal size, regardiess of their distribution, are drawn from the same population.
The methodology of the Wilcoxon Signed-Rank Test is referred to Freund and Walpole,
1980.

The Wilcoxon signed-rank t=st has been applied to the heave data samples with
and without ice. It was found that Z = -0.736. Using a one-tail test with the level of
significance @ = 0.05 (5 %), the value of Z, 1s -i.645. Since |Z| < |Z,|, one cannot
reject the null hypothesis (i.e the heave data with and without ice are drawn from the
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same distribution) at the S % confidence level. This test result is consistent with the
previous statistical results obtained in Section 6.7b.

For pitch motion, the Wilcoxon signed-rank test gives Z = -2.396, while Z, is
again -1.645. Thus, |Z| is greater than |Z.|, implying that the pitch motion in this case
with and without ice come from different distributions. This is in keeping with the
statistics for pitch motion described in Section 6.7b which indicate a large difference
between the two samples.

Based on the Wilcoxon signed-ranks test, it can be concluded that the effect of
severe icing on the ship’s heave motion is not obvious, but it is apparent in the pitch

motion.
6.8 Spectral Analysis of the Ship Motion

The ship’s heave, pitch, and roll are oscillatory motions, determined by the
interaction of the oncoming wave spectrum and the natural frequencies of the ship. The
wave spectrum is a superposition of many wave components with different frequencies.
Thus, a given type of ship motion (e.g pitch) should consist of components of different
frequencies. In this section, a spectral analysis of the ship motions with and without ice
will be performed. In doing so, the relations between the cyclic ship motions, the
oncoming wave spectrum and the natural frequencies of the ship will be revealed.

A discrete Fourier transform has been applied to the time series of wave
amplitude, heave, pitch, and roll in order to obtain their respective power spectra. For
a discrete time series of cyclic data h,, a discrete Fourier transform can be used to
express the series in the frequency domain H(f,) (Press et al., 1992). If the time series
has a total of N data points, then:

N-1
H(f) =Y he™fhtAt (6.8.1)
k=0
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where
At: data sampling interval (s).
t,: KAt (s).
f: the fourier frequzncy (Hz) which is defined by n/(NAt), and n is an integer
ranging from 0 to N/2 - 1.
Substituting {, = kAt, Equation 6.8.1 can be rewritten as:

N-1 2xikn
H(Ef) = Aty ne ¥ (6.8.2)
k=0

Expanding the complex exponential function in terms of sines and cosines:

w 2nk - 2nk
H(E,) = AtlY heoos (22 + iy hsin(2550))]
= N =0 N
(6.8.3)
The power of the series is defined as (Press et al., 1992):
P(f,) = H(f)H*(£) (6.8.4)

where H'(f,) is the complex conjugate of H(f,). Finally, using Equations 6.8.3 and 6.8.4,
the one-sided normalized power spectrum, Py, of the time series may be computed as:

20t 2 2nkn - ., 2nkn
Py(f,) = T[(,ghkCOS( v ))2 + (gbksz.n( v ))2]

(6.8.5)

The factor two in the above equation is necessary for a one-sided power spectrum in

order to cbtain the correct total power (Press et al ., 1992). The power spectrum deduced
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using Equation 6.8.5 has been tested using a subroutine provided by Press et al. (1992).
This subroutine makes use of the Fast Fourier Transform which requires the number of
data points to be an integer power of 2. In order to use this subroutine, the time series
of wave and ship motions are reduced in size from the original range (30.4692,
168.3552) seconds to (36.6663, 168.3552) seconds, giving a total of 256 data points in
each time series. It is expected that this truncation should not result in noticeable errors
because the ship/wave interaction needs at least 30 seconds to fully develop (see Figures
6.6.1 and 6.6.2). It was found that the power spectra calculated from Equation 6.8.5 and
those calculated using Press et al. (1992) are essentially the - - allowing for the fact
that the latter applies a windowing function to the data and t .oothing to the power
spectra. Consequently, we will present here only the resu.s obtained from Equation
6.8.5. This equation has been coded in Fortran 77 and the program is listed in Appendix
4.

(a) Normalized power spectrum of the modelled wave train
The power spectrum of the wave train is shown in Figure 6.8.1. It can be seen
that the wave spectrum contains continuous wave components of frequencies ranging
from around 0.05 Hz (period 20 s) to 0.25 Hz (period 4 s).

(b) Normalized power spectrum of heave

The power spectra of the heave motions for the cases with and without ice are
shown in Figures 6.8.2a and 6.8.2b. These two power spectra are very similar, except
for minor differences. The strong peak at f, = 0.1135 Hz and e subsequent smaller
peaks with frequency up to 0.2 Hz are clearly a reflection of the wave spectrum (see
Figure 6.8.1). A very strong peak appears at f, = 0.2799 Hz. This is the natural
frequency of the heave motion under calm water conditions. Assuming that heave in calm
water is a simple harmonic motion, and neglecting the effect of added mass and damping,
the natural frequency of heave can be approximated by the formula (1/2%)(pgA/m)'?
(Newmann, 1977), where p is the density of sea water, A the waterplane area at a given
draught, and m the mass of the ship. Using this formula, the natural frequencies of
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Zandberg are found to be 0.300 Hz and 0.297 Hz for the cases with and without ice
respectively. If both added mass and damping are taken into account, the natural
frequency should be smaller. Hence, the peak at f, = 0.2799 Hz is probably the natural
heave frequency. The lesser peaks beside the natural frequency peak may be due to a
leakage effect or coupled ship motions. In general, the hea e spectra are very similar
with and without ice.

It is worthwhile mentioning here that the forward motion of the ship (1 ms’!) may
have an effect on the resonance of the ship’s heave motion. A ship travelling into the
wave field will increase the encountering wave frequency by a quantity Af, which can
readily be shown to have the form (2xV.f)/g, where V, is the ship speed and f the
frequency of a particular wave component. For the present case, the wave frequencies
range from about 0.05 Hz to 0.25 Hz. Thus, Af, will range from 0.002 Hz tc 0.04 Hz.
This means that the range of the encountering frequencies for the ship in motion is 0.052
Hz to 0.29 Hz. This range encompasses the natural frequency of the heave motion.

Therefore, resonance may occur with some of the high irequency wave components.

(c) Normalized power spectrum of pitch

Figure 6.8.3 shows the power spectrum of the pitch motion. Once again, the
power spectra for the cases with and without ice are similar. The natural frequency of
pitch in a calm sea neglecting the effects of added mass and damping, can be
approximated by the formula (1/2x)(gGM,)'?/k,, (Derrett, 1990). Where GM, is the
longitudinal metacentric height of the ship and k,, the transverse radius of gyration.
Thus, the natural frequency of pitch for the Zandberg is 0.328 Hz without ice and 0.319
Hz with ice. Again, the observed natural frequency should be lower because of the added
mass and damping. The series of peaks located from f, ~ 0.1 Hz to 0.25 Hz reflect the

oncoming wave spectrum.

(d) Normalized power spectrum «f roll
Only the power spectrum of roll with ice is shown in Figure 6.8.4, since roll

motion does not occur in the computations without ice. Three peaks appear in this power
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spectrum. They are located at f, = 0.0303, 0.0832, and 0.0983 Hz, the trird peak being
the strongest of the threc. A Comparison with the wave spectrum (Figure 6.8.1) suggests
that the second and third peaks correspond with peaks in the wave spectrum. This is also
true even when the efi - spead on frequency is accounted for (see discussion in
Section 6.8b). Neglecting * rects of added mass and damping, the natural frequency
of roll is given by (1/27)(gGM)'%/k,, (Derrett, 1990), where GM is the transverse
metacentric height and k,, the longitudinal radius of gyration. The natural frequency of
Zandberg approximated from this formula is 0.082 Hz. Because of the added mass and
damping effect, the actual natural frequency should be lower. Comparing this possible
natural frequency and the peaks in Figures 6.8.4 and 6.8.1, there are two possibilities.
The first is thet resonance of roll motion may have occurred. The second is that the peak
at f, = 0.0303 Hz shown in Figure 6.8.4 may represent the actual natural frequency of
roll.

In summary then the spectral analysis indicates that the power spectra of heave
as well as pitch are very similar with and without ice. The analysis also shows that
heave, pitcii, and roll are composed of components related to the oncoming wave
spectrum and components related to the natural frequencies of the ship in heave, pitch,

and roll.

6.9 Comments on Navigation Safety under Icing Conditions

The results presented in this chapter indicate that ice on a ship can increase its
moments of inertia and change its centre of mass. With a symmetrical ice load
distribution, the ship’s centre of mass is shifted forward and upward. This causes the ship
to trim by the head (Derrett, 1990). With an asymmetrical ice load distribution, the
ship’s centre of mass is shifted forward, upward, and away from the centreplane. Hence,
in addition to trimming, the ship will list to the side with the greater ice load. Both the
symmetrica! and asymmetrical ice load distributions cause a reduction in the static
stability of the ship. The effect of icing on the Zandberg’s static stability was found to
be the most severe with a wind direction of 15°.

262



The ship dynamics simulations suggest that with a wir. sction of 15°, the
Zandberg will become dynamically unstable after 3 uours of icin: ev+ in a wave field
of substantially reduced amplitude. This is a result of the :mmetrical ice load
distribution. The usting of the shir _ombine: with the efrects of oncoming waves
causes ihe ship to ro with a large amplitude and eventually to capsi . From the
stat; stical analysis of the ship motions, it was found that .e ice load causes an increase
ii. the mass incrtia of the ship and thus reduces both the hea' > and pitch amplitudes. On
th= other hand, the three hour ice load has a stron er effect on changing the mode of the
pitch motion than on the mode of the heave motion. The power spectra of heave (and
also pitch) with and without ice are very simlar. A spectral analysis shows that the
heave, pitch, and roll feature harmonic components of their respective natural frequencies
and of the oncomin;; wave frequencies. This should also be true for the cther components
of the ship motion.

In view of these icing results and the effect of icing on ship stability, the
following navigational strategies may reduce the severe ship icing hazard, by avoiding
severe icing encounters. Recommendations (1), (2), (5), and (6) arise principally out of
the work in this thesis:

(1) Listening to the forecast and locating potential severe icing areas. The Captain may
have to change course where the circumstances allow. The present icing model is user
friendly and with an appropriate modification to account for different superstructural
configurations, it can be applied to other types of ship. Consequently, it may be possible
to install the present icing model on a computer on board the ship for in situ icing
forecast purposes. This could help the Captain to make judicious decisions on
manoeuvring and de-icing tactics to avoid icing disaster.

(2) Under extreme weather with high winds and rough seas, the captain should try to
avoid sailing into an area where both the air and sea-surface temperatures are very low
(e.g air temperature < -10 °C and sea-surface temperature < 0 °C). The sensitivity
tests of the present icing model suggests that, under such conditions, icc may build up

very rapidly on the topside of the ship.
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When icing has a'ready been occurring, the following navigational tactics may be helpful:
(3) The captain should reduce the ship speed in order to reduce the amount of srray
generated. Reducing ship speed, travelling to the lee of an island, moving to a sheltered
area such as a harbour, or changing ship course (when it is safe to do s0), can reduce
both the rate of ice growth and the risk of dynamic instability.

(4) Whenever it is safe to do so, change the ship course from head seas to quartering,
beam, or following seas. This can reduce the amount of spray generated (Transport
Canada, 1994).

(5) Bewarz of asymmetrical (about the centreline) ice load distributions ' . ‘w0 cause
the ship to list and lose its stability rapidly. To reduce the hazard of capsizc ! shoul!
be moved to maintain the ship close to its upright position. A s:. shanld be

applied in the case of trim.

(6) The ice accumulated on the ship should be removed 1n suc a manner that the d :ree
of asymmetry of the ice load distribution (about the centreline; - reauced.

(7) The ice load can decrease the natural frequencies (such as heave, pitch, and ro’l, etc)
of the ship. This could increase the possibility of synchronization and s . sonance between
the ship motions and the forcing provided by the oncoming waves. Reducing ship speed

also reduces this possibility.
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CHAPTER 7 SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

7.1 Summary and Concluding Remarks on Spray Generation

Based on the 22 spraying experiments performed in the 200 metre wave tank ot
the Institute for Marine Dynamics, a mode!- scale spray flux equation has been derived.
Using Froude =.aling, this model-scale equation has been transformed into a full-scale
spray flux equation. This full-scale equztion is valid under the cond:tion of nc wind drag.
This means that the spray is transported onto the deck merely by the relative forward
motion of ihe ship. The total mass of spray generated is determined by the ship speed
and significant wave height according to V. H',;5, and the spray flux distribution is
exponential, e**#* with o and 8 functions of y.

The model-scale experiments indicate an ambiguous effect of wind speed on the
spray flux distribution at least within the range of wind speed applied during the
experiment. This is unlikely to be the case in the natral environment. In the experiment,
the wind speed was scaled down using Froude scaling, but the spray droplet size could
not be scaled down. If anything, they were bigger than natural spray droplets. Therefore,
wind drag is expected to have an effect on the spray flux distributicn at full-scale.
However, the mass of spray is determined by ship speed and wave height only, and this
should also be true in the natural environment. Thus, the effect of wind drag is merely
to transport the spray droplets and re-distribute them over the vessel’s surface.

The above concepts have allowed us to develop a t .- dimensional spraying
model which includes the effect of wind drag. The formulation of this model is based on
the full-scale spray flux equation, the droplet trajectory equation, and conservation of
spray mass. In order to derive the local spray fivx, a three-dimensional grid cell mesh
has been superimpo:2d on a simplified representation of the foredeck, wheelhouse and
mast of the Zandberg.

Sensitivity tests of the spraying model confirm that the ship speed and significant
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wave height are the two primary parameters which determine the total spray mass, being
found to be proportional to the third power of ship speed and the seventh power of
significant wave height. The wind acts to re-distribute the spray mass. As the wind
direction changes from head to beam, fewer grid cells lie within the spraying zone and
the total spray mass decreases significantly. The droplet size has a complex effect on the
spray flux distribution, but orly a small effect on the total spray mass.

Spraying predictions have been produced for three case studies. It was found that
the spray flux to a grid cell for a particular wind direction depends on the following
factors:

(1) Wind speed.

(2) Location of the grid cell.

(3) Location of the spray source point.

(4) For horizontal grid cells, the ratio Ax/Ax’, and for vertical grid cells, the ratio
Ax/Az’ for a wind direction of 0° (see Section 3.5).

(5) For a wind direction other than 0°, the area ratio (ABCD)/(A’B’C’D’).

(6) Shadowing effect.

There are two important limitations in the present spraying model. The first is that
the nature of the experimental configuration limits the numerical model to situations with
head seas. The second is that the experiments were performed with ranges of significant
wave height and ship speed of 2.5t0 5 m and 1 to 8 ms™ respectively. Consequently, the
full-scale spray flux equation and hence the spraying model is still valid only within these

ranges. Beyond these ranges, the results will need further verification.

7.2 Summary and Concludicg Remarks on the Ship Icing Model

A three-dimensional icing model has been developed to calculate the local icing
rate on the Zandberg. The spraying model which is designed to calculate the local spray
flux has been incorporated into the icing model. Spray droplet trajectory and temperature
determination, and a brine flow mechanism are all included in the formulation of the

icing model.
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Sensitivity tests have shown how the icing rate varies with air temperature, wind
speed, fetch, ship speed, sea-surface temperature, and sea-surface salinity. It was found
that the icing rate is sensitive to all of the above parameters except for the relative
humidity which has a less significant effect.

The sinking of the Blue Mist II has been employed as a case study. The
conditions encountered by the Blue Mist II have been used as input parameters to the
icing model. The model icing results reveal the following:

(1) T'.c maximum ice load occurs with a wind direction of 0° (head wind).

(2) A wind direction of 15° reduces the ice load slightly, but gives rise to a highly
asymmetrical ice load distribution over the deck and the wheelhouse.

(3) The minimum ice load occurs with beam winds. The ice load distribution is
symmetrical in this case because the spray fluxes to the port and starboard sides of the
ship are not so much different from one and other.

The Zandberg icing model underestimates the total ice accretion rate when
compared with the Wise and Comiskey’s icing nomogram, and with NOAA and Soviet
icing observations. Several possible reasons for this discrepancy have been suggested.
However, the use of a Nusselt number for smooth surfaces in determining the heat
transfer is most likely the majc+ cause. Doubling the Nusselt number to account for the
possible influence of surface roughness on heat transfer results in much better agreement
with the observed icing data. Another factor which may also be responsible fur the
model’s underprediction, though to a lesser extent, is the assumption that all of the
impinging spray takes part in the sensible heat exchange. Yet another explanation may
be insufficient spray generated by the spraying model for those conditions with low ship
speed and significant wave height. Other factors such as the architecture of the hull and

superstructure may also affect the model-observation comparisons.
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7.3 Summary and Concluding Remarks on the Effect of Icing en
the Ship’s Static and Dynamic Stability

In the analysis of the effect of icing on ship stability, under the scenario of Blue
Mist II and in order to take into account the surface roughness, a Nusselt number twice
of the one for smooth flat plate is used to determine the heat transfer from the deck, the
front, and the top of the wheelhouse. With this modification, the model simulatio1s show
that in one hour the total ice accretion is 14.36 tonnes for a wind direction of 0°, 13.3
tonnes for a wind direction of 15°, and 4.48 tonnes for a wind direction of 45°.

Knowing the ice loading conditions as a function of time, the effect of icing on
the ship’s centre of mass, moments of inertia, hydrostatic particulars, stability curves,
trim, and list are calculated using the methods and equations discussed in Chapter 5. For
a wind direction of 0°, the ice distribution is symmetrical about the centreline, so that
the centre of mass is shifted forward and upward. After 20 hours of icing under the Blue
Mist II conditions, the centre of mass shifts from (0, 0, 6.131 m) to (3.297 m, 0.0,
7.214 m). For non-head winds, the ice distribution is asymmetrical about the centreline
and hence the ship’s centre of mass is shifted forward, upward, and away from the
centreplane towards the side with the heavier ice load. After 20 hours of icing, the centre
of mass shifts to (3.186 m, 0.358 m, 7.149 m) and (1.389 m, 0.135 m, 6.472 m)
respectively for cases with wind directions of 15° and 45°. The moments of inertia about
all three axes arc increased by about 50 % for the cases with wind directions of 0° and
15°, and by 21 % for the case with a wind direction of 45°.

The various hvdrostatic particuiars (see Table 6.3.1) under icing load conditions
have been calculated based on upright, even keel conditions. This has been done by
allowing all the ice mass to act at the centre of flotation so that the-e is a uniform change
in draught, and the ship remains in an upright and even keel orientation. The hydrostatic
particulars corresponding to each new draught were than determined. In calculating the
stability curves, trim, and list of the ship, the centre of mass of the ice was shifted back
to its actual po.. ion.

It was found that the metacentric height becomes negative with wind directions
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0° and 15° at about 15 hours of icing. According to the stability curves, the Zandberg
becomes statically unstable at 15 hours with a wind direction of 0°, at 10 hours with a
wind direction of 15°, and at 20 hours with a wind direction of 45°. With a wind
direction of 0°, the Zandberg trims 2.1° by the head at 10 hours prior to the onset of
static instability by 15 hours. With a wind direction of 15°, the Zandberg trims 0.997°
by the head and lists 14.3° to starboard at 5 hours prior to +..e onset of static instability
by 10 hours. With a wind direction of 45°, the Zandberg trims 1.202° by the head and
lists 13.5° to starboard at 15 hours prior to the onset of static instability by 20 hours. In
summary, slightly off-head winds under severe icing conditions produce near maximum
ice accretion and an asymmetrical ice distribution. This ice loading condition appears to
have the most severe effect on the ship’s static stability.

The "Blue Mist II" event has also been used as a case study to demonstrate the
effect of icing on the dynamic performance of the Zandberg. A wind direction of 15° and
an icing period of three hours were used. Over the three hour icing period, 40.5 tonnes
of ice was accreted on the surface of the Zandberg. The stability curves and ship
dynamics simulations showed that, at 0 hours (no ice), the Zandberg was statically and
dynamically stable. After 3 hours of icing, although the ship remained statically stable,
the asymmetrical ice load distribution caused the ship to list to starboard by 7.7°. This
listing of the ship, combined with the oncoming wave forces, induced asymmetrical ship
motions. The ship rolled with an amplitude of ~ £10° initially, which subsequently
increased to about 30° after 140 seconds. At about 168 seconds, the ship rolled to
starboard and capsized. A statistical analysis of the ship motions indicated that the ice
load increased both the mass and moments of inertia of the ship and thereby reduced both
the heave and pitch amplitudes. The effect of icing on pitch was more significant than
on heave. The power spectra of heave and pitch for cases with and without ice were
similar. A spectral analysis showed that heave, pitch, and roll contained harmonic
components of their respective natural frequencies and of the oncoming wave
frequencies. Based on these icing predictions and the effects of icing on ship dynamics,
some navigation tactics were suggested to minimize the severe icing hazard.

Although the present icing model is technically constrained to the situation with
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head seas, the wind direction is allowed to change in order to generate an asymmetrical
ice distribution (about the centreline). According to the ship dynamics analysis presented
in this thesis, an asymmetrical ice distribution can cause a serious problem to the
dynamic stability of the Zandberg. As long as more spraying data for non-head seas
situations are available, the present icing model can readily be adapted to different ship
headings. In addition, this extended model could be used in conjunction with the ship
dynamics model in order to evaluate the effect of icing on ship dynamics for various ship

headings.

7.4 Recommendations

The present Zandberg icing model takes into account essentially all of the known
physical processes related to spray icing. These physical processes include spray
generation, droplet dynamics and cooling, brine flow dynamics, and freezing of the brine
film. Thus, it can be said that the present icing model is physically based. However, in
the modelling of these physical processes, certain experimental limitations, various
assumptions and inevitable approximations introduce errors and uncertainties into the
model predictions. The present icing model can therefore be improved by improving the
modelling of the physical processes. In order to do this, the iollowing suggestions are

made. They are not necessarily ranked in order of importance.

1) The present spraying data obtained from towing tank experiments are strictly for the
"MT Zandberg". For other types of ships, because of different hull geometries, the
spraying data will likely be different. Therefore, in order to generalize the spraying
model, more model tests for other types of ships will be necessary.

2) In the scale-model spraying experiment, the ship heading was fixed at 180°. This
constraint was introduced by the nature of the towing tank. Thus, the spraying model,
which was derived from the experimental data, is strictly valid only for head seas. To
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relax this limitation, model spraying experiments using ship headings between 90° (beam
scas) and 180° ¢(head seas) will be necessary. Such experiments could perhaps be
performed using a remotely controlled model in the seakeeping tank at IMD.

3) The ranges of ship speed and significant wave height within which the full-scale spray
flux equation is valid are (1, 8 ms?) and (2.5, 5 m) respectively. This range of ship
speed is probably appropriate for this vessel. In order to account for extreme icing

conditions, however, the range of significant wave height should be expanded.

4) The methodology used in the model-scale spraying experiments could be appled to
a full-scale spray collection program on a real ship. Not only woulc such full-scale
experiments give more reliable full-scale spraying data, but they could also b. used to
check the validity of Froude number scaling. The model experiments indicate that, with
low ship speed and significant wave height, very little spray is generated. This may not
be true in the full-scale environment. The reason is that the force of ship/wave collision
in a full-scale environment is stronger than in a model-scale environment. Since the
surface tension of sea water is the same for both the full-scale and model-scale
environments, the former case will give a higher inertia to surface tension force ratio
than the latter case and thereby should produce more spray. According to the model
evaluation presented in Section 4.8.1I, one of the factors which may contribute to the
model’s underestimation of icing rate is that not enough spray is generated by the
spraying model, especially for those cases with low ship speed and significant wave

height.

5) Basic theoretical and experimental investigations of collision-generated spray may help
to generalize the present spraying model to other types of ships. It seems that spray
generation is dependent on the momentum transfer between the hull and the water surface
during ship/wave collision. As a first step, this phenomenon has been simulated with a
spherical object falling onto a calm water surface (Sampson et al., 1994).
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6) The modelling of the brine film dynamics should be improved if possible by allowing
flow from component to component (e.g from the wheelhouse to the deck), and flows on
horizontal surfaces. In the Zandberg model, brine is allowed to flow only vertically
downward on vertical surfaces. This limitation should be relaxed by allowing horizontal
flow driven by three-dimensional wind stress. At present, laminar flow is assumed in the
brine film dynamics module. This assumption should be replaced by turbulent flow where
appropriate. For horizontal surfaces, the equilibrium brine film thickness is estimated

using simple surface tension ¢ nsiderations. This can be verified experimentally.

7) In the Zandberg model we assume that all impinging spray takes part in the sensible
heat exchange. As a result, with low air temperature, the model tends to underestimate
icing rates for conditions with high sea-surface temperatures and high spray fluxes.
Conversely, it overestimates icing rates for conditions with low sea-surface temperatures
and high spray fluxes. Wind tunnel investigations are necessary to investigate the fraction

of the impinging spray which actually participates in the sensible heat exchange.

8) The roughness of the icing surface increases both the effective surface area and the
turbulence intensity. It would seem that both of these factors could cause a significant
increase in heat transfer especially at high Reynolds numbers. An accurate determination
of the degree of roughness of the icing surface and its effect on heat transfer would
certainly help to improve many of the current icing models. Wind tunnel experiments
could assist in this determination, but full-scale heat transfer measurements will likely

be necessary to resolve the issue.

9) Due to the size and complexity of the superstructure of a ship, the flow over the ship
is extremely complex and highly turbulent, especially at high wind speeds. At present,
the actual magnitude of the heat transfer coefficient on ship surfaces is largely unknown.
Measurements of the local heat transfer coefficient on a full-scale ship is a high priority.

Such results could greatly improve the accuracy of predicting icing rates.
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10) The present icing model is designed for a specific configuration of the superstructure.
However, the model can be modified to investigate different designs for the
superstructure. Consequently even the present icing model could be used to evaluate the
effect of different superstructural configurations on the total ice load and its distribution.

As for the effect ! icing on ship stability, the following recommendations are

proposed:

11) The ship dynamic: :nodel apparently behaves unrealistically for ship speed and
significant wave heizht beyond 3 ms! and 4.5 m respectively. Under severe icing
conditions, the s.7 . ificant wave height often exceeds 4.5 m. Consequently, in order to
produce a more realistic prediction of the effect of icing on ship dynamics, the dynamic

model should be modified if feasible to cover a wider range of significant wave height.

12) The ship dynamics model cannot take into account the initial trimming of the ship
which is caused by ice loading. Modification of the ship dynamics model to include the
trimming of the ship should certainly improve the model prediction of ship motions under

icing conditions.

13) The prediction of the effect of icing on ship dynamics in the present study is purely
numerical. These results require further verification. This could be done by performing
wave tank experiments using an appropriate ship model with a load distribution

specifically designed to represent the situation under icing conditions.

14) Icing and ship dynamics are coupled in both directions. We have demonstrat=d that
icing affects ship dynamics. However, the ship dynamics in turn affects the spray
generation process and hence the icing rate. Thus, further research on icing and ship
dynamics should be directed towards the integration of the icing and ship dynamics
models so that they can run simultaneously. Particular attention needs to be paid to the
effect of ship dynamics in producing spray.
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APPENDIX 1A

Total spray mass (g) collected on the deck of the i. .cl-scale Zandberg in each of
the 23 gauges during the course of an entire experimental run. The positions of the
numbers depict the relative gauge positions with the gauge nearest the bow at the
top (see Figure 2.1). Dashes indicate a negligible mass. The experimental conditions

for each run are given Table 2.1.1.

Run #1
439.9
210.2 234.9
137.0 163.5 126.4
56.0 97.8 68.3
28.3 47.1 57.0 51.5
27.3 17.5 18.6 20.0 26.3
12.8 15.7 8.7 9.9 11.4
Run #2
93.8
42.6 66.9
26.4 35.5 31.1
22.2 26.3 19.9
14.5 12.5 18.9 10.3
5.0 8.2 4.9 9.6 8.0
1.5 2.7 1.8 3.5 3.2
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25.6

53.1

58.0

11.8

20.1

92.0

36.5

35.9

117.8
29.4
16.7 12.6
18.6 8.0
7.4
4.2 3.6
0.0 0.7
368.0
199.5
141.3 95.5
128.2 46.2
68.2
22.7 l16.1
3.5 5.2
54.7
36.2
29.1 12.9
7.6 2.2

8.7
3.1
0.8

27.8
22.8
8.2



Run_ #6

*kkkk Test Failed *k*kx

Run #7
470.8
310.3 308.6
193.0 333.0 186.2
132.7 237.2 68.7
49.8 101.5 143.6 78.6
49.8 69.8 81.5 95.5
37.8 24.5 40.0 22.6
Run_ #8
38.7
16.3 13.6
6.5 6.7 5.1
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55.3

20.5



4

2

un

1

Run fll

25.8

11.5

9'8

7.7

1.3

1

541.5

199.5

112.0

76.0 140.0
69.3

36.6

160.3

88.0

26.7

16.9 18.0

12.3

260.9

143.6

95.6

64.5 85.4
14.0

8.4

101.6
573.3
287.1 168.2
224.5 111.0
121.9 71.1
1c..0 60.4 69.2
29.4 25.1 25.5
334.2
112.5
120.1 86.1
58.7 36.3
25.1 21.9
é.9 18.6 16.5
1.7 2.8 4.3
566.2
281.8
285.2 120.6
209.8 73.8
108.0 44.3
22.2 23.2 35.4
3.2 3.5 9.8
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Run #12

810.5
156.0 172.6
46.8 147.9 68.5
49.3 186.9 68.0
19.0 98.7 139.4

33.4 23.2 38.1 39.7

36.1

Run_#14

16.9
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41.8

48.7

10.0



un

un

50.5

11.8

99.8

24.2

62.7

119.7

862.5
221.4 251.6
136.0 248.7 169.9
112.0 217.6 89.1
102.7 100.5
44.1 25.9 44.5
10.1 17.4 22.3
927.0
316.3 312.5
232.2 421.1 185.1
154.0 361.3 120.9
184.8 160.7
71.7 58.0 73.2
15.4 18.6 24.5
94.1
43.3 37.8
22.5 24.9 25.3
15.2 28.0 13.6
13.0 9.2
5.9 4.8 5.1

59.0

68.7

46.8

12.6

82.6

29.0



Run_#18
1100.8
655.8 551.1
357.8 373.3 286.7
215.4 370.9 129.5
105.8 172.4 152.9
101.7 89.6 90.8 67.5
28.6 36.6 31.4 36.4
Run #19
141.7
112.2 125.4
41.7 132.4 58.8
17.9 37.3 24.4
11.3 9.6 14.9
0.0 1.6 0.6 1.5
Run #20
762.6
239.9 201.6
123.6 223.0 139.5
54.7 136.3 51.0
41.7 74.3 49.2
30.1 24.3 22.2 26.2
7.8 7.1 4.2 10.3
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103.8

10.5

47.3

80.7

50.3

39.2

6.5



1183.4
443.8 402.8
268.3 474.5 257.3
204.0 414.4 157.0
149.2 266.5 184.6 145.0
112.2 118.3 110.3 112.9 116.5
33.1 42.8 23.6 50.5 45.2
Bun fZZ
524.2
172.1 319.6
105.9 193.4 100.0
84.5 124.2 66.8
37.6 61.3 67.0 58.0
37.9 40.9 21.7 39.6 47.4
7.5 10.3 6.6 19.4 14.4
un #24
856.5
274.2 252.2
117.8 301.8 127.2
95.8 242.5 90.1
50.2 153.2 129.6 74.3
61.1 60.3 49.9 52.1 59.8
22.0 18.6 32.1 29.9 21.4
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APPENDIX 1B

Derivation of a Relation Describing the Spray
Mass Distribution over the Deck

We begin by making the following assumptions:

(i) The transverse mass distribution along rows B, C, D, and  E (see Figure 2.1) is

parabolic with a maximum at y=0 (centreline):

M(y) =P,y?+P, (1B.1)

This equation can be expressed in non-dimensional foin as:

S(y) =Py?+1 (1B.2)

where, P = P,/P,, S(y) = M(y)/P..

(ii) We also assume that the mass distribution for row B has a similar non-dimensional

form to that in row C:

Sp(Y) =Py?+1 (1B.3)

We rnake tais 25 umption because row C is close to row B, and we use the information

in row C t. estisnate the ‘missing data’ (to be discussed later) in row B.

(i) In view of the above, the transverse mass distribution is clearly assumed to be

symmetrical aoout the .-axis.
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For convenience of analysis, we divide the data set as shown in Figure (2.1) into
5 longitudinal columns. These columns are illustrated in Figures (1B.1a) and (1B.1b).
Although the mass distribution data collected in the ship splashing experiment is not
perfectly symm:etrical about the x-axis, we make it symmetrical by averaging the values
to the left 2] right of the line of symmetry (x-axis). Thus, we obtain a modified data
set whicl. is symmetrical about the x-axis. The ‘missing data’ are then calculated by
followiny, the procedures described below:
(i) Di:s in row C, row D, and row E

We have assumed that the transverse mass distribution in these three rows is
arabolic (Equation 1B.1). Using the measured data in each row, together with Equation
3.1, we formulate the coefficients (P,, P,, and P) for the transverse mass distribution
for each experiment. Subsequently, the "missing data” are then calculated by substituting
the appropriate ordinate (y) into the parabolic equation for that row. There are two
exceptional cases. In experiment #13, in rows C and D, the mass on the centreline is less
than the mass o: either side. In these particular cases, the two "missing data" in rows
C and D are estimated using linear interpolation. A similar situation also occurs in row
E for experiment #3 in which rag < mg and mg,; < mg;. Since we do not know the
value at y=0 (mgy), in this case we simply approximate the three unknown data values
by using the average of the four known data values.
(ii) Data in row B

We have assumed that the transverse mass distribution in row B, when expressed
in non-dimensional parabolic form, is .Jentical to the non-dimensional parabolic equation
in row C (Equation 1B.3). Thus, the "missing data” value my, can be estimated as: my,
= mp,/Sp(at y=7.8 cm). Since the transverse mass distribution in experiment #13 (row
C) is not taken to be parabolic, we do not use the data in row C to approximate the
"missing data" in row B. Owing to the lack of appropriate spray information, we simply
assume mass homogeneity in row B in experiment #13.
(iii) Data in row F and row H

There are five gauges in each of these two rows. Since they are located relatively

far from the bow, much less water is collected in these ten gauges than is collected in
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Figure 1B.1l: Data set along the longitudinal lines (a) y = 0,
+ 15 cm, and (b) y = = 7.8 cm. The symbols (e.g my) enclosed
by the dashed circles are mass density data (gem?) that must

be interpolated from the actual measurements, which are
represented by the solid circles.
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the other rows. The raw data (Appendix 1A) show that the transverse mass distribution
is quite irregular. Hence, the use of a parabolic distribution is discarded and the "missing
data” are instead estimated using linear interpolation. For cxample, the "missing data”

in row F can be calculated by:

Mg, = Mpy = Mgy (mg; = mgp) (1B.4)
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APPENDIX 1C

Normalized collected spray mass (M;/Mg,) along the linesy = 0 and y = +15.4 cm,
with x = 27, 43.3, 57.5, 72.7, 89.7, 118.6, and 149.6 cm (see Figures 2.1 and
1B.1a). The procedures used to obtain the data are described in Appendix 1B.

Dashes indicate a negligible mass.

* Data points obtained through interpolation.

Run #1

0.070

0.033

0.025%*

0.00995

0.00680

Run_#3

0.049

0.026

0.024%*

0.011

0.00153

0.233

0.124%*

0.087

0.052

0.028%*

0.00986

0.00461

0.400

0.087%*

0.057

0.063

0.024*

0.014

0.000

0.070

0.033

0.025%

0.00995

0.00680

0.049

0.026

0.024%*

0.011

0.00153
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un_ #2

0.061
0.045
0.031%*
0.019

0.00658

Run #4

0.052
0.036
0.029%*
0.00969

0.00293

0.200
0.123%*
0.076
0.056
0.035%*
0.010

0.00381

0.255
0.115*
0.098
0.089
0.038%*
0.016

0.00242

0.061

0.045

0.031*

0.019

0.00658

0.052

0.036

0.029*

0.00969

0.00293



0.095

0.00867

0.061
0.032
0.032%*
0.027

0.00757

Run #9

0.044
0.026
0.026*
0.015

0.00731

0.265

0.190%*

0.141

0.037

0.151

0.112*

0.107

0.076

0.042*

0.026

0.013

0.261

0.145%

0.068

0.053

0.033*

0.024

0.00696

0.095

0.00867

0.061

0.032

7.032%

0.027

0.0757

0.044

0.026

0.026%*

0.015

0.00731

un #6

*kkk*x Test

Run_#8

0.066

0.074

0.027

0.018%*

0.013

0.00227

Failed x#**%

0.445
0.178*

0.077

0.283
0.124%*
0.102
0.050
0.019%
0.00412

0.00144

0.074
0.027
0.018*
0.013

0.0027



un #1131

0.053

0.034

0.033%*

0.00745

0.00238

Run #13

0.076

0.021

0.052

0.034

0.030%*

0.015

0.00554

0.227

0.126%*

0.114

0.084

0.041%*

0.00888

0.00127

0.380

0.191%

0.027

0.015

0.295

0.090%*

0.085

0.075

0.037%*

0.00888

0.00595

0.053
0.034
0.033%*
0.00745

0.00238

0.076

c.021

0.052
0.034
0.030%*
0.015

0.00554
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0.026

0.026

0.039%*

0.014

0.00241

Run #14

0.051

0.034

0.035%*

0.018

0.00492

0.365
0.088%*
0.067
0.084
0.059%*
0.017

0.00198

0.412
0.149%*

0.099

0.228
0.089%*
0.104
0.089
0.045*
0.014

0.00458

0.026

0.026

0.039*

0.014

0.@11

0.051

0.034

0.035*

0.018



0.065
0.039
0.027*

0.015

0.068

0.028

0.015%*

0.00207

un 1

0.049

0.034

0.037%*

0.022

0.00877

0.256
0.111%*
0.068
0.076
0.033%

0.013

0.190
0.190%*
0.178
0.050
0.016%*

0.00081

0.223
0.090%*
0.089
0.078
0.044%*
0.021

0.00443

0.065
0.039
0.027%*

0.015

0.068
0.028
0.015%*

0.00207

0.049
0.034
0.037%*
0.022

0.00877
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0.062

0.033

0.027*

0.015

0.00703

Run #20

0.057

0.023

0.024%*

0.011

0.00374

Run #22

0.048

0.035

0.027%*

0.019

0.00688

0.212
0.121%*
0.072
0.071
0.033%
0.017

0.00606

0.3<8
0.107%*
0.096
0.059
0.028%*
0.00955

0.00182

0.243
0.129%
0.090
0.057
0.031%*
0.010

0.00305

0.062
0.033
0.027*
0.015

0.00703

0.057
0.023
0.024*
0.011

0.00374

0.048
0.035
0.027*
0.019

0.00688



0.039

0.029

0.035%*

0.018

0.00766

0.270

0.098%*

0.095

0.076

0.048%*

0.016

0.010

0.039

0.029

0.035*

0.018

0.00766
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APPENDIX 1D

Normalized collected spray mass (M/Mg,) along the lines y = +7.8 cm, with x =
43.3, 57.5, 72.7, 87.9, 118.6, and 149.6 cm (see Figures 2.1 and 1B.1b). The
procedures used to obtain the data are described in Appendix 1B. Dashes indicated

a negligible mass.

* pData points obtained through interpolation.

Run #1 un_ #2

0.118 0.118 0.117 0.117
0.082% 0.082%* 0.072% 0.072%
0.047% 0.047%* 0.053% 0.053%*
0.028 0.028 0.033 0.033
0.00991% 0.00991%* 0.015%* 0.015*
0.00573% 0.0573* 0.00519*% 0.00519%
Run_ #3 Run #4

0.084 0.084 0.101 0.101
0.055%* 0.055% 0.086%* 0.086%*
0.053%* 0.053* 0.075%* 0.075%
0.021 0.021 0.036 0.036
0.013% 0.013% 0.013%* 0.013*
0.00078*% 0.00078% 0.0027* 0.0027*
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0.175 0.175
0.129* 0.129%* *kkkk Test Failed **kiki

0.030%* 0.030%*

Run #7 Run_#8

0.099 0.099 0.172 0.172
0.095%* 0.095% 0.075% 0.075%*
0.065% 0.065% - -—
0.039 0.039 —— -———
0.026%* 0.026* -——— ——
0.010%* 0.010* - ——
Run #9 Run #10

0.132 0.132 0.115 0.115
0.062%* 0.062% 0.094%* 0.094%
0.046%* 0.046* 0.044% 0.044%*
0.031 0.031 0.018 0.018
0.020%* 0.02C* 0.00866* 0.00866*
0.00714% 0.00714* 0.00185* 0.00185%*
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Run_#11

0.109
0.098%*
0.071*
0.039
0.00817*

0.00182%

0.191
0.051%*

0.019%*

Run #15

0.081
0.077*
0.064*
0.035
0.012%*

0.00573*

0.109
0.098%*
0.071%
0.039
0.00817%

0.00182*

0.191
0.051%*

0.016%*

0.081
0.077%*
0.064%*
0.035
0.012%

0.00573%
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un 2

0.074

0.056%*

0.069*

0.054

N.016%*

0.0022%*

un_#14

0.147

0.099%*

u 16

0.077

0.090*

0.075%*

0.043

0.016%*

0.00476%*

0.074
0.056%*
0.069%*
0.054
0.016%

0.0022%

0.147

0.099%*

0.077
0.090%*
0.075%*
0.043
0.016%*

0.00476%*



un #17

0.110
0.067*
0.067%
0.030

0.014*

Run #19

0.160
0.150%*
0.045%*
0.016

0.00142%*

Run_ #21

0.080
0.079%
0.067*
0.042
0.021%

0.00663*

0.110
0.067%*
0.067%*
0.030

0.014%*

0.160
0.150%*
0.045%*
0.016

0.00142%*

0.080
0.079%*
0.067*
0.042
0.021*

0.00663*
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Run #18

0.116
0.069%*
0.062%*
0.031
0.016%*

0.00654%*

Run #20

0.095
0.086%*
0.050%*
0.027
0.010*

0.0028*

0.114
0.079%*
0.052*
0.030
0.014*

0.005*

0.116
0.069*
0.062*
0.031
0.016*

0.00654*

0.095
0.086*
0.050%*
0.027
0.010%*

0.0028%*

0.114
0.079%*
0.052*
0.030
0.014%*

0.005%*



Run #24

0.083
0.081%*
0.064*
0.045
0.017%*

0.00886%*

0.083

0.081%*

0.064*

0.045

0.017*%

0.00886%*

305



APPENDIX 2A
Calculation of the Spray Flux onto the Ship

For the purpose of this study, the stern trawler MT Zandberg has been divided
into four components: a) the foredeck, b) the front of the wheel house, ¢) the top of the
wheel house, and d) the mast. Each of these components is covered with a grid cell
network. Since these four components have different geometries and orientations, the
procedure for calculating the spray flux to each component is slightly different. The
methodology is also different for cases with wind direction § = 0° (head wind), and for
cases with wind direction 0°< 6 <90°. We will limit our considerations to these wind
directions since winds from the stern will not generally lead to waves from the bow,

which is an important assumption implied in Equation 3.1.
2A.1 Wind direction § = 0°

(a) First component: the foredeck

Let us first assume that the foredeck is flat and that the origin of the coordinate
system is located at the bow. The spray flux toa particular grid cell centred at (x’,y’,2’)
(Figur. ..1.1) is to be calculated. The equation of motion (Equation 3.2.1; is used to
calculate the trajectory which allows spray droplets, which are injected vertically at S,
to arrive at the point (x’,y’,z’). The bisection method is used to determine the injection
velocity which gives rise to a trajectory with the required end point. In this method, we
begin by specifying (guessing) an injection velocity interval which encompasses the
correct injection velocity. Since the calculations proceed from the bow towards the stern,
the minimum injection velocity is that for the previous target cell (see Figure 2A.1.1).
If the target is the first grid cell, the minimum injection velocity is set to 0 ms?. We
obtain the maximum injection velocity by adding 20 ms™ to this minimum value. Finally,
using a bisection search, the correct injection velocity is obtained. In the present

situation, with a grid cell length of less than 1 m, the correct injection velocity for all
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cells on the ship falls within this velocity interval, except for very small wind and ship
speeds. Should the bisection search fail, we simply increase the initial injection velocity
interval by adding another 20 ms' to the maximum value until the bisection method
succeeds in determining the required trajectory to the target. There must be an upper
limit to the vertical injection velocity, however. Consequently, if the vertical injection
velocity exceeds 120 ms?, and if the droplet still cannot reach the target, it is assumed
that no spray impinges on this target cell. An injection velocity of 120 ms”' allows
droplets with a diameter of 1.75 mm to fly as high as 15 m. For most vessels, only a
negligible amount of spray reaches such heights, so this limit seems appropriate.

After obtaining the correct vertical injection velocity V,,, two trajectories with
vertical injection velocities, V,, = V,, + AV, and V, = V,, - AV,, are launched from
;> to arrive at the points A’ and B’, respectively, which lie within the cell and enclose the
centre point (Figure 2A.1.2a). These three trajectories characterize the spray zone over
the grid cell. If the effect of wind and air drag is neglected, the three trajectories with
initial vertical velocities V,, V,,, and V,, will arrive at A, O, B instead of A’, O’, B’
(Figure 2A.1.2b). For a wind direction 8 = 0°, A, O, B, and A’, O, B’ all lie along
the same longitudinal line. The situation shown in Figure 2A.1.2b is te conceptual basis
for Equation 3.1. Hence, the spray flux, m(x’,y’,z’), at O’(x’,y’,2’) can be calculated
from Equation 3.2.5:

m(x',y’,z") =m(x,y, 2 A—’-‘-, (2A.1.1)

£

where
m(x’,y’,z’): the spray flux at O'(x’,y’,z’) with the effect of wind and air drag
included (kgm?min™).
m(x,y,z): the spray flux at O(x,y,z) under the hypothetical condition in which the
wind drag is neglected (kgm™min™).
Ax’: the distance between A’ and B’ in Figure 2A.1.2a (m).
Ax: the distance between A and B in Figure 2A.1.2b (m).

308



(a)

Figure 2A.1.2: Spray droplet trajectories, with the effect of
wind drag, to various components under the situation with wind
speed U, wind direction 0°, and ship speed V,. (a) the deck,
(c) the front of the wheelhouse, (e) the top of the
wheelhouse, (f) the mast. Figures (b) and (d) show the
trajectories under the hypothetical condition in which the
wind drag is neglected, for the deck and the front of the
wheelhouse respectively.

O@&y.2

- ax

(b)
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(d)
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(e)
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Since the trajectories with no wind drag are ballistic, Ax can be calculated from:

ZVS(Vzu - Vzl)
g

Ax =

(2A.1.2)

where

V,: the ship speed (ms™).

V,, = V, + AV, (ms?).

V, = V- AV, (ms?).

It should be mentioned here that the calculation of the spray flux to a grid cell
does not necessarily require three trajectories as described above. Two trajectories can
also accomplish the same result, with one trajectory hitting the forward or lower
boundary of the grid cell and the other hitting the aft or upper boundary. These two
trajectories automatically enclose the centre of the cell. This method can be used for the
deck behind the wheelhouse, since every grid cell has a fixed length of 1 m. However,
on the foredeck, some of the grid cells have different lengths, and it is unnecessarily
complicated to find the coordinates of the lower and the upper boundaries of each cell.

Consequently, we use the three trajectory method for the foredeck.

(b) The front of the wheel house

Figure 2A.1.2c shows a grid cell on the front of the wheelhouse located at
position O’(x’,y’,z’). The spray flux to this grid cell is to be calculated. Only two
trajectories are needed in this case. The first, with initial vertical velocity V,, hits the
lower boundary of the grid cell at A’, and the second, with initial vertical velocity V,,
hits the upper boundary of the grid cell at B’ (Figure 2A.1.2c). Neglecting the effect of
wind and air drag, and ignoring the superstructure, the two trajectories shown in Figure
2A.1.2¢ would arrive at their respective destinations on the deck at A and B, as shown
in Figure 2A.1.2d. Since these two trajectories possess the same initial vertical velocities,

V, and V,, the spray flux at O(x,y,z) can be estimated from:
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m(x,y,z), + m({x,y,2) g (23.1.3)
2

mi(x,y,2z) =

where m(x,y,z), and m(x,y,z); are the spray fluxes to A and B respectively. They are
calculated using Equation 3.1. The spray flux to the point O’(x’,y’,z’) is then calculated

in a similar manner to case (a), that is:

m(x',y’',z") = m(x,y,2) (-AA;’-‘-,) (2A.1.4)

where Az’ is the grid cell height and Ax is calculated using Equation 2A.1.2.

(c) The top of the wheelhouse
The method to calculate the spray flux to the top of the wheelhouse is the same
as in case (b) except that the length of the grid in this case is Ax’ instead of Az’. Figures
2A.1.2e and 2A.1.2¢ show the spray t  ctories for the situafions with and without the
effect of wind drag respectively. The: e, the spray flux to O’(x’,y’,z’) is:

m(X,y,2), + m(x.y.z)B) Ax (23.1.5)
2 Axl . *

mix!',y', z") = (

(d) The mast

The mast of the Zandberg has a non-circular cross-section whose area changes
with height. However, to simplify the problem, it is assumed here that the mast is
circular and that it has a diameter D which is calculated by averaging the equivalent
circular diameters at the bottom and the top of the mast. This cylindrical mast is divided
into 9 sections, each with diameter, D, and length, Az’, of 1 m. The spray flux to each
section is calculated. Two simplifying assumptions are made:

i) Only the upstream semi-cylindrical surface which intercepts the oncoming spray

is assumed to be wetted.
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ii) The spray flux to this surface is uniformly distributed over it.
Figure 2A.1.2f shows two trajectories, with initial vertical velocities V, and V,, which
impinge on the top and bottom of a particular cylindrical grid cell. Without the effect of
wind drag, the trajectories are those shown in Figure 2A.1.2d. Thus, the spray flux to

the mast can be calculated in a manner similar to that for cases (b) and (c). Hence,

m(x,y,2), + m(X,y. 2)3) 2Ax

m(x'-D/2,0,2") = (
/ 2 Az’

(2A.1.6)

72A.2 Wind direction 0° < 6 <90°

(a) The deck

The calculation of the spray flux to a component becomes more complicated when
the wind direction, 6, is no longer parallel (or more precisely, directly opposite) to the
direction of the ship’s course. If the wind makes an angle 6 with the ship’s course, the
droplets move transversely as well as longitudinally over the ship. Consequently,
stretching of the spray zone, under the effect of wind drag, will occur along both the x-
axis and the y-axis. As a result, a spray source interval is used, instead of a spray source
point, in order to calculate the spray flux to the grid cells. The method for choosing the
size of the spray source interval has been described in Section 3.3.

To determine the location of the spray source interval located along the perimeter
of the hull using the actual shape of the vessel would be very complicated and
computationally time consuming. So, to simplify the problem, the hull perimeter is
divided into twelve linear segments corresponding to the twelve columns of grid cells
(see Figure 2A.2.1). Thus, each hull segment can be represented by a linear equation
over the appropriate range of y. The actual hull perimeter is curved from R to P and then
straight and parallel to the centreline from p aft. To assume tnat RP is a straight line
could result in a large error in determining the coordinates of a spray source point
because the length, RP, is large. In order to obviate this problem, we consider spray

generation to occur only along the linear segment RQ. Spray generation beyond Q is
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Figure 2A.2.1: Ship hull perimeter segments used to determine
spray source locations. The longitudinal strips along the deck
are columns of grid cells (individual cells are not

demarcated) .
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ignored. This assumption will not produce a significant error since QP is so far away
from the centreline that the amount of spray generated is extremely small (Equation 3.1).
Hence, the spray generation zone lies along Q'OQ (see Figure 2A.2.1). The coordinates
of Q and Q' are designated somewhat subjectively to be (10.0 m, +5.52 m).

With a wind direction, 8 (Figure 2A.2.1), and the ship in forward motion, the
spray source point for a target at O’ must lie between S, and S;. S, is the point of
intersection of a *ne through O’ parallel to the centreline and the segmented hull contour.
S, is the point of intersection of the segmented hull perimeter and a line through O’
which makes an angle 6 with the centreline. S, and Sy can easily be found since the
equations of each hull segment (within its range) and of the lines DO* and CO’ are
known. Knowing S, and Sg, the bisection method is used to search for the spray source
point. This method may be described as follows:

(1) We make a first estimate of the spray generation point S(x,y), by setting y = (y, +
y,)/2 (Figure 2A.2.2). Knowing y, the hull segment to which S(x,y) belongs can be
determined. Using the equation for that hull segment, x can then be calculated.

(2) Various droplet injection velocities are tried until the droplet trajectory terminates
within the longitudinal strip bounded by the lines L1 and L2 (Figure 2A.2.2). The choice
for the separation between L1 and L2 has been described in Section 3.3.

(3) Once (2) is satisfied, if the droplet trajectory also ends within the lateral strip
bounded by H1 and H2, then the trajectory ends within a specified resolution box around
the target point. When this happens, we conclude that S(x,y) is the correct spray source
point. The choice for the separation between H1 and H2 has been described in Section
3.3.

(4) If condition (2) is satisfied, but the droplet trajectory terminates to the left of the line
H1, the correct spray source point must lie between S(x,y) and Sy(x,,y,). With these as
end points, we estimate a new source point as described in (1). The whole process is
repeated until both (2) and (3) are satisfied.

(5) If condition (2) is satisfied, but the droplet trajectory terminates to the right of the
line H2, the correct spray source point must lie between S(x,y) and S,(x,,y.). With these
as end points, we proceed as in (4).
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Figure 2A.2.2: Determination of the spray source point using
the bisection method.
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It should be noted that different grid cells along the same longitudinal column
have different spray source points. In step (2) of the bisection search method described
above, the minimum injection velocity is zero and the maximum is the injection velocity
for the previous target (along the same column) plus 20 ms™. This injection velocity
interval should include the injection velocity for the required trajectory. Otherwise
another 20 ms? will be added to the maximum injection velocity. The same principle
applies to the other ship components in this searching process for the spray source points
which correspond to specific targets.

To calculate the spray flux, two trajectories, with vertical velocities Vy and V,,
are injected at the point S,(x-Ax, y+A4y, 0) and the point S,(x+4x, y-Ay, 0) respectively
(see Figure 2A.2.3a). These four source points lead tu four trajectories with four
destination points, A’, B’, C’, and D’. These four points form a spray zone quadrilateral
enclosing the centre of the grid (Figure 2A.2.3a). If the effect of wind drag is neglected,
the situation becomes that depicted in Figure 2A.2.3b. The five trajectories, which define
the flux iube, possess the same initial vertical velocities as in the case with wind drag
(Figure 2A.2.3a). The poimis A, B, C, D are thus the corners of the spray zone when
wind drag is neglected. The spray flux, m(x,y,z), to the quadrilateral ABCD, centred at
O(x,y,2) can be calculated using Equation 3.1. Then, by the conservation of spray mass
and using the same initial vertical velocities with and without wind drag, the spray flux
to the quadrilateral A’B’C’D’ centred at point O’(x’,y’,2’) is:

Area (ABCD) )

m(x',y',z") = m(x,y, 2) ( 2A.2.1
(e yez Y Area(A'B/c'D’) ( )
Now, ABCD is a parallelogram whose area is:
V -
Area (ABCD) = 2V (Vew = Vi) (24Ay) (2A.2.2)

318



u (a)
v, :b

o' (x',y’,2")

\

\ ¢

S, (x-Ax,y+Ay,0)

s(lel\o) \

S, (x+4%,y-4AY,0)

Figure 2A.2.3: Spray droplet trajector
various components, for wind speed U,
(a) the ship’s deck, (b

(c) the front of the wheelhouse,

ship speed Vs.
drag neglected,
of the wheelhouse, (e)
trajectories to the mast.

(b)

Vs

S, (x-Ax,y+4y,0)

s(x,¥.0)

the mast,

—_—— - V3o
B SR Vz\

—— vzu

S, (x+Ax,y-Ay, 0) o(x,Y.2)

319

jes (with wind drag) to
wind directiocn 6#°, and
) trajectories with wind
(@) the top
(f) plan view of the



v I

cl
=== =JF
/7// Ja or(x’,y',2")
/fo D, Al ! !
/’/ —
/4
//
S, (x~Ax,y+Ay,0) / -
’
S(XIYIO) \
—_— -— V
S, (x+Ax, y-4y, 0) > w
—— Yy

——e VY,

or(x’,y',2’)

5,(x-Ax,y+Ay,0)

S(xI\YIO) \

S, (x+Ax,y-Ay, 0)

320



Vlu

Vzl

321



plan view

spray flux arc
= -fB*m/2

.7
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where
V, =V, + AV, (ms?).
V, =V, - AV, (ms’).
Since the points A’B’C’D’ also lie on the deck, then A’B’'C’'D’ is also a parallelogram

whose area can be calculated by:

Area(A'Bc’'D’) = L,L,8in(6,,) (2A.2.3)

Where L, and L, arc the lengths of any 2 adjacent sides of the parallelogram, which can
be calculated using the coordinates of the points A’, B, C’, and D’. 6,,, the angle

between L, and L,, can be computed by the vector dot product formula:

cos(0,,) = —= (2A.2.4)

(b) The front of the wheelhouse

Figure 2A.2.3c shows five trajectories injected from the source points S,(x-Ax,
y+4y, 0), S(x,y,0), and S,(x+4x, y-Ay, 0). One of the trajectories hits the centre of
the grid cell at O’(x’,y’,z’) and the other four hit the points A’,B’,C’, and D’. Figure
2A.2.3b shows the equivalent trajectories when wind drag is n.eglected. The calculation
of the spray flux to O’(x’,y’,z’) is similar to that for case (a) except that here A’'B’C'D’
is a rhombus, not a parallelogram, because these four points do not lie on the same
horizontal level. The area of this thombus can be calculated with the formula (Guo,
1985):

Area(A’B’c'D!y =[(P-L,) (P-L,) (P~Ly) (P-L,) - L,L,L,L,cos?($)]/2

(2A.2.5)

where L,, L,, L;, and L, are the lengths of the four sides of the thombus and P is:
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p= (LI*I&;I?*L" (2A.2.6)

and the angle ¢ is:

- {8y + 6y) (22.2.7;

8,, and s, are the angles between L, and L,, L, and L, respectively. These two angles
can be found using Equation 2A.2.4. Finally, by using Equations 3.1, 2A.2.1, 2A.2.2,
and 2A.2.5, the spray flux, m(x’,y’,z"), to the grid cell centred at O’(x’,y’,z’) can be
calculated.

(c) The top of the wheelhouse
The spray source interval and the trajectories with wind drag are illustrated for
this case in Figure 2A.2.3d. The corresponding trajectories without wind drag are shown
in Figure 2A.2.3b. The calculation of the spray flux to the grid cell centred at

O’(x’,y’,z’) is the same as that for case (a).

(d) The mast

Let us first imagine that a vertical flat plate EF is inserted inside the mast. The
plate width is D, the diameter of the mast, and its height is Az’, the grid cell height of
that cylindrical section (Figure 2A.2.3e). The plate EF is oriented perpendicular to the
centreline of the deck (Figure 2A.2.3f). Four trajectories enclosing the geometric centre
of this plate are shown. Without wind drag, these trajectories impinge on the deck,
forming a parallelogram spray zone as shown in Figure 2A.2.3b. The spray flux to the
plate EF is:
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Area (ABCD) )
Area(A'B/C'D’)

mg(x',y',z") =m(x,y,2)( (2A.2.8)

m(x,y,z) may be calculated using Equation 3.1, and the Area(ABCD) with Equation
2A.2.2. A’B’C’D’ is a thombus whose area is calculated by Equations 2A.2.4, 2A.2.5,
2A.2.6, and 2A.2.7. We now wish to determine the spray flux to the semi-cylindrical
surface which receives the oncoming spray. This may be done by means of some
geometrical manipulation (Figure 2A.2.3f). Given the spray flux to the plate EF
(Equation 2A.2.8), the spray flux to the plate GH (Figure 2A.2.3f), whose normal vector
is parallel to the oncoming spray droplets, is given by:

mge (%', y', 2') (2A.2.9)
cos (B)

mg(x!, v, 2" =

where
mgy(x’,y’,2’): the spray flux to the plate GH (kgm™min’ ).
mgp(x’,y’,2’): the spray flux to the plate EF (kgm?Zmin"?').
3: the droplet impact angle relative to the centreline of  the ship.
The angle 8 may be calculated by:

|4
® = % ( )

where
V,: the x-component of the velocity of the spray droplets upon hitting the point
o’'(x’,y’,2’) (ms).
V,: the y-component of the velocity of the spray droplets upon hitting the point
o'(x’,y’,z") (ms™).
V,: the magnitude ship velocity (ms™).

The sector of the cylindrical surface which receives spray is bounded by the angles -8
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+ #/2 (arc GH). Finally, then, the spray flux to the arc surface GH is:

Mgy (X' 7' 21 oy = WXy ', 2" () (23.2.11)

Thus, combining Equations 2A.2.8, 2A.2.9, and 2A.2.11, we have:

Area (ABCD) 2
Area(A’B/c'D!) " wcos ()

mGH(X/,Y': Z,) eyl = m(xl.VIz) (

(2A.2.12)

It should be mentioned here that the trajectory which hits the point O’(x’,y’,z’) (Figure
2A.2.2¢), does not actually hit the cylindrical grid cell surface at its geometrical centre.
However, the difference will be small, and so Equation 2A.2.12 yields a good flux

approximation.
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APPENDIX 2B

Spray Flux Distributions over various components of the Zandberg for the Two
Cases Studies described in Section 3.5.

2B.1 Low case
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Figure 2B.1.1: Spray flux distribution over various components
of the Zandberg under low conditicns for a wind direction of
0°. a) the foredeck, b) the front of the wheelhouse, c) the

top of the wheelhouse.
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Figure 2B.1.2: Spray flux distribution over various components
of the zandberg under low conditions for a wind direction of
10°. a) the foredeck (port), b) the foredeck (starboard), c)
the front of the wheelhouse (port), d) the front of the
wheelhouse (starboard), e) the top of the wheelhouse (port),
f) the top of the wheelhouse (starboard).
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Figure 2B.1.3: Spray flux distribution over various components
of the Zandberg under low conditions for a wind direction of
45°. a) the foredeck (port), b) the foredeck (starboard) .
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2B.2 Extreme case
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Figure 2B.2.1: Spray flux distribution over various components
of the Zandberg under extreme conditions for a wind direction
of 0°. a) the foredeck, b) the front of the wheelhouse, c) the
top of the wheelhouse, d) the mast.
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APPENDIX 3A

A Comparison between Predictions of the Zandberg Icing

Model and Those of the Comiskey Icing Nomogram

The Wise and Comiskey (1580) nomogram was derived directly from the Mertins’
nomogram (Mertins, 1968). Based on ship icing reports from ship of around 1000 tcunes
displacement travelling at low speed in the North Sea, Mertins proposec an icing
nomogram which correlates a categorical icing rate with wind speed, air and sea-surface
temperatures. As mentioned in Section 4.8l1, the Wise .nd Comiskey nomogram was
further modified by Comiskey et al. (1984) by doubling the icing rate (in thickness) in
each icing category. There are five icing categorics in the nomogram: light, moderate,
heavy, very heavy, and extreme (see Figure 2A.1). By comparing the results from the
Zandberg icing model with the nomogram, we can obtain 2 qualitative evaluation of the
model performance.

In order to evaluate the performance of the present icing model, various
environmental conditions corresponding to the various icing categories of the nomogram
(indicated by black dots in Figure 3A.1) are used as inputs to the Zandberg icing model
and the resulting icing rates calculated. The results from the model are then compared
with the nomogram’s prediction.

However, the model’s prediction is quantitative while the nromogram’s prediction
is rather qualitative (in terms of categorical icing rate as shown in Figure 3A.1). This
makes the comparison difficult to present. Therefore, in order to quantify the
comparison, each black dot in each icing category (see Figure 3A.1) is ranked in an
orderly way according to its relative location to the upper and lower boundaries. Dots
nearer the upper boundary mean a higher icing rate, while dots nearer the lower
boundary mean a lower icing rate. In each icing category, there is a specific range of
icing rate (see Figure 3A.1). Consequently, a value of icing rate is assigned to each dot
according to its rank. Also, the value is assigned in a such way that the entire range of

icing rate in each category is covered evenly. Since there are no fower and upper
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Figure 3A.1: The modified version of Wise and Comiskey’s
nomogram (1980). Black dots indicate the environmental
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locations on the foredeck (x = 0.49 m, 7.75 m, and 14.50 m)
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shown as triangles in Figure 3A.2.
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boundaries for the light and extreme categories, a value of zero icing rate is used as the
lower limit for the light category and a value of 30 mmhr' as the upper limit for the
extreme category. This procedure of ranking and quantifying the nomogram is rather
arbitrary; nevertheless it is reasonable and it simplifies the comparison and makes it
easier to comprehend.

The nomogram requires only air temperature, wind speed, and sea-surface
temperature as inpuis, but the Zandberg icing model requires additional inputs.
Consequently, it is assumed in the model simulation that P, = 1000 mb, RH = 75 %,
¢ = 0°, F = 200 n.m., and V, = 3 ms”. It has already been shown in Section 4.7 that
wind direction, fetch, and ship speed can have significant effects on icing rate. As a
result, the choice of the above constant values may cause some inaccuracies in the
comparison. In the norhogram method, the location on the vessel where the icing rate is
valid is not specified. Consequetly, in the icing model, the icing rates are computed at
three locations on the foredeck (x = 0.49 m, 7.75 m, and 14.50 m) along the
longitudinal line y = 0.5 m. The results are plotted in Figure 3A.2. The results indicate
that the model and nomogram are in good agreement for light, moderate, and heavy icing
categories. For the very heavy and extreme icing categories, however, the model
underestimates the icing rate relative to the nomogram. It should be noted that there are
six data points which fall into t+ extreme icing category with icing rates greater than 30
mm/hr. For economy of space, these have not becn plotted.
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APPENDIX 4
Listing of Programs

One input data file and three Fortran programs have been created in order to
accomplish the analysis of ship icing and stability in this dessertation. The three Fortran
programs are written with detailed documentation and comment statements in the code
so that the logic of programming may easily be followed. Complete descriptions of the
functions of the input data file and the three Fortran programs are given in the main text.

However, the purposes of the data file and the programs are summarized below.

1. GRDCM4 is the input data file which provides the following grid cell data:
coordinates of the geometric centroid of the cell, the longitudinal distance of the centroid
from the perimeter of the hull, the surface area of the cell, and the unit normal vector

to the surface of the cell. This is an input file for the main program SPYICE.

2. SPYICE is the program which is used to calculate the icing rate on each grid cell.
This program uses four subroutires: SPRAYA, TSPY1, SPRAYB, and TSPY2. The
functions of these four subroutines are summarized as follows:
a) SPRAYA calculates local spray flux to the grid cell located at (x, y, z) for a
wind direction of 0° (head wind).
b) SPRAYB calculates local spray flux to the grid cell located at (x, y, z) for a
wind direction between 10° and 90°.
¢) TSPY1 calculates the drople’. impingement temperature for a wind direction of
0° (head wind).
d) TSPY?2 calculates the droplet impingement temperature for a wind direction
between 10° and 90°.

3. SHGEOM is the program which is used to calculate the centre of mass and moments

of inertia of the ship under icing conditions. Inputs to this program are the centre of mass
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and moments of inertia of the uniced ship, and the icing data generated from the icing
program SPYICE.

4. FTRANS is the program used to calculate the power spectrum of a time series of ship

motions.

The source files described above are stored in the root directory on the attached
floppy diskette. The input data file GRDCM4 is stored in the file "GRDCM4". The
program SPYICE is stored in the file *SPYICE.FOR", SHGEOM in the file
"SHGEOM.FOR", and FTRANS in the file "FTRANS.FOR".

Figures 4A.1a to 4A.1d are simplified flowcharts which illustrate the algorithms
of the above computer programs and the ship dynamics model. They also show how they

are linked together in the calculation of the icing and ship stability.
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(8 SPYICE

start

3

/ead environmental condiﬁ(y

¥
print spray flux and droplet impnging
temperature for each grid cell
{
/read GRIDCM4

rcalculatc icingJ
¥

print icing data for
each gnid cell
!
('stop)

Figure 4A.1: Four simplified £ lowcharts showing the processing
flow of the computer programs developed to study ship icing
and stability. (a) a flowchart for the program SPYICE, (b) a
flowchart for the program SHGEOM, (c) a flowchart for the ship
dynamics program (developed by Pawlowski and Bass, 1991), and
(d) a flowchart for the program FTRANS.
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#
stop
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