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Abstract

Ice development on surfaces during winter or in severely cold climates affects several industries,
including aviation, hydropower, telecommunications, navigation, electrical distribution, and
transportation. The traditional technique of deicing maritime vessels with human labor is laborious
and time-consuming especially when ice adhesion strength is high. Current alternative deicing
technologies may be too expensive or impossible to implement. Since water is easily accessible to
maritime operations and heat energy diverted from the engine to heat up the water, high-pressure
water jet (HPWJ) is proving to be a useful deicing technology, which is the focus of our
investigation. HPWJ is currently used in high-level precision manufacturing in the automotive,
aerospace, building products, electronics, food, paper and steel industries. HPW1J has low efficiency
in strong winds, especially when the stand-off distance is long and might damage equipment if the

operation parameters are not adjusted appropriately.

The main objective of this study is to investigate the combined effect of operational parameters
including operating pump pressure, nozzle geometry, water jet temperature, and standoff distance
on the depth of cut through an ice block at certain time of cut. The significance of the main objective
is to maximize depth and width of cut in order to facilitate the delamination of ice accrued on
surfaces. Ice was simulated in the lab by making ice blocks that were kept at -10 °C throughout the
experiment. Preliminary cases were acquired using a factorial design of experiment at different
levels with five parameters, including the nozzle type, yielding biased results. New cases were
developed, and the measured responses were used to generate regression model equations for the

four nozzle types.

The models predicted depth of cut with a P-value less than 0.0001 and an F-value of 23.26 with

99% confidence, showing that the models are significant. Also, the Predicted R? of 0.7473 is in



reasonable agreement with the Adjusted R? of 0.8166; i.e. the difference is less than 0. 2. According
to the findings, the nozzle geometry has the greatest impact on the maximum depth of cut, followed
by the time of cut, pump pressure, water jet temperature, and stand-off distance. Whereas the
models predicted width of cut with a P-value less than 0.0001 and an F-value of 44.67 with 99%
confidence, showing that the models are significant. The respective Predicted and Adjusted R?
values of the width of cut are 0.8635 and 0.8973 and are in reasonable agreement with a difference
of less than 0.2. Also, the nozzle geometry has the greatest impact on the maximum width of cut,

followed by the stand-off distance, pump pressure, time of cut and water jet temperature.

This study investigated the effectiveness of HPWIJ deicing on maritime vessels. The optimization
of operational parameters is used to develop a cuttability chart for various thicknesses of
accumulated ice on the deck and various vessel surfaces. To the best of authors” knowledge, this is
the first research on the combined effect of operating pump pressure, water jet temperature, stand-

off distance of the different nozzle geometries (0°,15°,25" and 40”) on the depth and width of cut

in ice blocks.

Keywords: Depth of cut, width of cut, high-pressure water jet, de-icing, ice block, ice accretion,

optimization
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1.0 Introduction

This chapter details the motivation and objective of this study. Ice accumulation on surfaces creates
problems for many industries, including aviation, hydropower, telecommunications, navigation,

electrical distribution, and transportation (Frankenstein & Tuthill, 2002).

1.1 Background and Problem Statement

The issue of ice accretion has driven the Marine Icing Group of the Memorial University of
Newfoundland, to investigate the potential of high-pressure water jets to cut slots in ice blocks,
primarily for possible usage as an aid to ice removal on marine vessels. The traditional approach
of deicing shipping vessels manually requires tremendous effort and long hours, which at times
yield unsatisfactory results when ice adhesion strength is high. Harsh weather makes the work
environment even harsher to deice. With a practical setup of a high-pressure water jet aboard
marine vessels, deicing could be done quickly- even in intricate areas of the ship, without causing
any damage to decks and bulkheads.

This study investigates the possibility and effectiveness of a high-pressure water jet cutting through
an ice block from a pressure washer with different nozzle spray angles. The penetration rate is
measured under the influence of varying conditions: nozzle type (spray angle), operating pump
pressure, temperature of water jet and stand-off distance. The positive findings will serve in
developing an innovative, faster deicing method and integrated deicing equipment aboard marine

vessels.



1.2 The Need for Deicing on Shipping Vessels
Deicing is an essential process for ships operating in cold climates or navigating through icy
waters. During winter, ice can accumulate on a ship's surfaces, leading to multiple issues that may

jeopardize the vessel's safety and efficiency.

One primary concern with ice build-up on a ship is the increased weight. Ice formation on board
vessel can add to the ship's mass, reducing maneuverability (Andrei, 1975; Ryerson, 2013).
Furthermore, ice can also impact the ship's stability, making it more susceptible to capsizing or

rolling in turbulent waters (Ryerson, 2013).

This issue is especially significant in the 21st century, as oceans and seas have gained strategic
importance worldwide. The shipping industry, crucial to the maritime economy, now plays a vital
role in many countries' maritime strategy (Zhou et al., 2022). With the melting of Arctic ice, new
shipping lanes are emerging, decreasing dependence on traditional routes and substantially
reducing shipping times and costs. Additionally, due to intense global competition for resources,
the Arctic region, rich in oil and natural gas, is highly coveted (Donald et al., 2009). Consequently,
marine vessels and drilling rigs are expected to increase their activity in the area. The shipping and
oil and gas industries face challenges from extreme weather conditions, particularly in the Arctic,
where cold snaps can create problems. Icing is a significant hazard that can interfere with
communication equipment, make handrails, ladders, and decks slippery, render life-saving and
firefighting equipment inoperable, and compromise the stability and integrity of vessels
(Samuelsen et al., 2015). When avoidance of ice accretion is not possible and anti-icing is not

applied, a deicing solution may be necessary.

Figure 1.1 displays the metacenter of ships and how ice accumulation can alter the center of

buoyancy. Ice buildup on ship decks and exposed surfaces is frequently uneven, changing the
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vessel's center of gravity and increasing rolling moment, compromising stability (Ryerson, 2013).
In such events, the ship may likely capsize (Garry & Ivana, 1963), resulting in fatalities and loss
of goods (Lagerveld et al., 2013). The points 4 and C of a vessel in a stable posture and steady
waters coincide with the water's surface. In a neutral stance, the centers of gravity G and buoyancy
B, are above and below the water surface, respectively, in most cases. Because of the ice formation
on one side of the vessel, the center of gravity G raises, which increases the rolling moment of the
ship, giving it a metacenter A/ and a new center of buoyancy, B. The ship will capsize if the
point A falls below G. As a result, vessels must be deiced as soon as possible before any

catastrophe occurs.

,’ M = metacenter

Figure 1. 1: The centers of gravity and buoyancy of ships, when ice accrued on ships, shifts its

center of buoyancy

1.3 Sources of Ice Accretion on Shipping Vessel

The term "ice accretion" describes the process where ice forms and builds up on a ship's surface,
potentially leading to unsafe and even disastrous situations. Ice formation on a vessel can occur
through various means, such as freezing spray or seawater solidifying upon contact with the ship's

superstructure. Ice accretion poses a considerable risk to a ship's stability and manoeuvrability and



presents a significant danger to vessels operating in frigid environments. Figure 1.2 shows ice

accumulation on marine vessels.

Figure 1. 2: Ice accretion on shipping vessels (a) (Cammaert, 2013) ; (b) (Samuelsen et al., 2015)

According to literature (Kulyakhtin & Tsarau, 2014), multiple factors contribute to ice
accumulation on ships, including low temperatures, which cause airborne moisture to freeze on
the ship's surface; high humidity, which allows moisture in contact with the surface to freeze and
build up as ice; strong winds, which cause waves to splash and subsequently freeze on the ship's
surface; sea spray, which occurs when high waves or heavy seas result in spray contacting and
freezing on the ship's surface, among other factors. However, after examining several icing
incidents in shipping vessels documented in the relevant literature (Dehghani et al., 2016), it was
discovered that sea spray icing and atmospheric icing are the two most common causes/sources,
among several others. Sea spray icing was found to be responsible for 89.8% of all ice-related
occurrences. In contrast, atmospheric icing accounted for 2.7%, sea spray icing accompanied by

rain or fog accounted for 6.4%, and sea spray icing accompanied by snow accounted for 1.1%



(Borisenkov & Panov, 1972; Dehghani et al., 2016). A summary of these two most frequent

sources is recapitulated in Table 1.1.

Table 1. 1: Summary of causes of icing in shipping vessels

Icing Cause/Source Percentage of Occurrences
Sea spray icing 89.8%

Atmospheric icing 2.7%

Sea spray icing with rain or fog 6.4%

Sea spray icing with snow 1.1%

1.4 Physics of Vessel Icing
Several processes are involved in the two most common sources of ice accretion (sea spray icing
and atmospheric icing). The following points highlight the various processes involved. These are

summarized in Figure 1.3.
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Figure 1. 3: Ice formation process on marine vessels (Mintu et al., 2016)

1.4.1 Sea Spray Icing

Sea spray icing is a phenomenon that occurs when seawater droplets in the air come into contact
with ships or offshore structures and then freeze. There are two types of sea spray: wind-generated
and wave-generated (Ryerson, 1995; Hansen, 2012). The interaction of waves with the structure
wall generates sea spray, as the wave energy causes the water to move upward and separate into
small droplets. This process of spray generation is primarily caused by wave energy dissipation.
According to Jones and Andreas (2012), wind can also contribute to spray creation by pulling
seawater from the wave crests. The process of sea spray icing begins with the formation of sea
spray, which occurs when strong winds create waves that break and produce droplets of water
carried by the wind. These droplets can travel long distances and may be transported to areas where

the air temperature is below freezing, which can cause them to freeze on contact with any surface.

Figure 1.4 shows a ship colliding with boisterous waves to create sea spray droplets.
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Figure 1. 4: How icing occurs through sea spraying (Kulyakhtin & Tsarau, 2014)

When sea spray droplets come into contact with a cold surface, such as a ship's deck or a bulkhead,
they freeze and form a layer of ice. This ice layer can grow rapidly and become very thick, which

can cause serious problems for ships and offshore structures.

Sea spray may create ice on both decks and superstructures, which can cause communication,
navigation, and radar difficulties due to antenna icing and ice on the wheelhouse windows. It can
also cause damage to structures, as the weight of the ice can place significant stress on the object,

leading to deformation or even collapse.

Wind-generated spray is formed when the wind blows water droplets from the whitecaps on the
ocean surface. It appears as a layer of mist, and the water content of the droplets remains small
and constant regardless of the wind conditions. On the other hand, wave-generated spray is
created by the collision of ships or marine structures with waves. Wave-generated spray is the
most important source of spray icing, while wind-generated spray produces less icing. This is

because wave-generated spray has a higher water content and a larger quantity than wind-



generated spray. Additionally, wave-generated spray is formed when there is a collision between
the wave and the ship or offshore structure, which provides a surface for the droplets to freeze on

( Zakrzewski, 1987; Paul Zakrzewski et al., 1988).

Sea spray icing is a significant issue for ships and offshore structures operating in cold
environments. Understanding the different types of sea spray and their characteristics is essential

to develop effective strategies for mitigating the effects of sea spray icing.

The sea spray icing process has three main sub-processes, as outlined by Kulyakhtin (2014). The
first sub-process is spray generation, which involves the formation of a water film and droplets.
Dehghani et al. (2016) provide a detailed explanation of the formation of wave-generated spray
during this process. The second sub-process is spray flow, where the wind carries the water film
and droplets upward. During this process, the water film breaks into droplets (Ryerson, 2013;
Dehghani et al., 2016), which may remain in a super-cooled state. The third sub-process is wet
growth, where the super-cooled water droplets collide with the surface of the structures, creating
ice followed by a liquid water film. As the ice thickness increases, the salt in the water precipitates,
forming brine pockets and pure ice. Most of the unfrozen liquid water film is removed by gravity
as runoff (Rashid et al., 2016), and only a small amount is intercepted. The process of ice formation
on structures is called wet growth (Makkonen, 1987).

1.4.2 Atmospheric Icing

Atmospheric icing in shipping vessels occurs when super-cooled water droplets in the air come
into contact with a surface that is below freezing temperature, such as a ship's deck, rigging, or
antennas. Super-cooled water droplets are water droplets that are still in a liquid state but have a

temperature below the freezing point of water (Wang, 2008).



When a vessel travels through areas with very low temperatures and high humidity, such as in
Arctic or Antarctic waters, the super-cooled water droplets can freeze upon contact with the
ship's surfaces. As more water droplets freeze, the ice can accumulate and form a thick layer.

This is known as atmospheric ice accretion or atmospheric icing (Zhou et al., 2022).

The rate at which atmospheric icing occurs depends on a number of factors, including the
temperature and humidity of the air, the speed and direction of the wind, and the shape and
orientation of the ship's surfaces (Jorgensen, 1982). For example, surfaces that are exposed to the
wind and are perpendicular to its direction are more likely to experience atmospheric icing than

those that are sheltered or at an angle to the wind.

Atmospheric icing on shipping vessels can occur when the surface temperature of the ship is below
the freezing point of water and the relative humidity of the surrounding air is high. When these
conditions are met, water droplets or water vapor in the air can freeze onto the ship's surfaces,

leading to the formation of ice (Rashid et al., 2016).

According to Ryerson (2013), the different components of atmospheric icing are
glaze, snow, frost and rime. A summary table of these types of atmospheric icing is summarized

in Table 1.2.

Glaze is a hard and transparent ice that forms from freezing rain or drizzle, with a density of
approximately 900kg/m® (Brown et al., 1988). It can form on horizontal surfaces exposed to
precipitation and vertical surfaces affected by wind and runoff. Glaze has a smooth and
homogeneous texture that is difficult to remove, and even a thin layer less than 1mm thick can

pose a danger to stairs and decks (Liljestrom and Lindgren, 1983). Accumulation of glaze on



machinery, such as winches and cranes, can cause cables to become locked in continuous ice,

leading to equipment failure.

Snow is a type of precipitation consisting of small white ice crystals that form directly from vapor
or liquid water in the air. It is the most common and serious form of atmospheric icing that can
affect ships. The melting and re-freezing of snow may result in falling ice, which can be harmful
to people and equipment. Moreover, snow on a ship's structure can become compressed to form

white ice under certain weather conditions (Ryerson, 2011).

Frost is formed when water vapor directly sublimates into ice crystals. It can occur on various ship
structures, such as decks, antennas, cranes, vents, railings, stairs, and cables, among others
(Ryerson, 2013). Frost can create slipping hazards, even with a thickness as thin as 0.05mm (

Ryerson, 1995; Haavasoja et al., 2002).

Rime is a type of atmospheric icing that forms when super-cooled fog or cloud droplets are carried
by the wind (Ryerson, 2013). It can be categorized as either hard or soft rime, depending on the
rate of heat loss during formation. Rime is the second-most common form of atmospheric icing
that affects ships, usually forming first on windward objects and growing to maximum thickness
(Makkonen, 1984). Rime can accumulate on both vertical and horizontal surfaces, potentially
causing communication equipment failure and creating slippery surfaces (Fett et al., 1993). The
most significant danger posed by rime on board ships is the risk of collapse and falling of large ice

pieces, which can result in personal injury and equipment damage.

Table 1. 2: Summary of types of atmospheric icing

Type of Atmospheric Icing | Formation Process Density Impact on Ships
Creates slippery surfaces, difficult
Forms from freezing rain or to remove, can cause equipment
Glaze drizzle ~900 kg/m? failure
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Adds extra weight and instability,
damages deck machinery, creates
Forms from vapor or liquid slippery conditions, can result in
Snow water in the air Varies falling ice
Forms when water vapor
directly sublimates into ice Creates slipping hazards, can occur
Frost crystals Varies on various ship structures
Can cause communication
Forms when super-cooled equipment failure, creates slippery
fog or cloud droplets are surfaces, risk of collapse and falling
Rime carried by the wind Varies ice pieces

1.5 Impact of The Various Hazard Rating Caused by Ice Accretion on Offshore Structures

As stated in earlier sections these two-icing source of ice accretion (sea spray icing and

atmospheric icing) affect the safety of marine vessels and crew members. Table 1.3 provides the

safety rating of how both atmospheric icing and sea spraying affect offshore structures. In order of

priority, the following bullets highlight the various impact of the potential hazards on marine

structures discussing the impact of these hazards. This matrix is connected to offshore platforms,

and distinct ratings may apply to marine-specific matrices.

Table 1. 3: Safety consequences associated with various ice types and platform elements or

functions, where higher figures represent a greater safety risk (Ryerson, 2013).

Hazard rating Safety Sea spray | Snow Glaze Rime Frost
rating 10 8 7 6 4
Stability 10 100 80 70 60 40
Integrity 10 100 80 70 60 40
Fire and rescue 9 90 72 63 54 36
Communications 8 80 64 56 48 32
Helicopter pad 8 80 64 56 48 32
Air vents 8 80 64 56 48 32
Flare boom 7 70 56 49 42 28
Handles, valves 6 60 48 42 36 24
Windows 5 50 40 35 30 20
Cranes 4 40 32 28 24 16
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Winches 4 40 32 28 24 16
Stairs 4 40 32 28 24 16
Decks 3 30 24 21 18 12
Railings 3 30 24 21 18 12
Hatches 2 20 16 14 12 8
Cellar deck 1 10 8 7 6

Moon pool 1 10 8 7 6 4

1.5.1 Integrity

This pertains to a marine structure’s (rigs, offshore wind turbine farms) likelihood of breaking
apart due to the structural strain from ice accumulation on parts of the structure (Ryerson, 2011).
Marine structures such as rigs are engineered to withstand oscillatory stresses resulting from wave
movement; however, ice build-up can affect aspects like, inertia, drag, diameter, flexural response,
roughness potentially altering the structure's resilience to waves (Crowley, 1988). However, ice
accretion leads to stress that may lead to fatigue in the supports beneath the main deck, possibly
causing the rig's collapse. Thus, the integrity of offshore structure tends to pose a risk causing
issues such as sinking of the structure, rig's total loss, potential large-scale oil and drilling chemical
spills and loss of personnel (Crowley, 1988).

1.5.2 Stability

The stability of marine vessels can be jeopardized by substantial ice accumulation on the
superstructure, causing increased rolling moments and reduced freeboard. Uneven ice
accumulation may lead to tilting, and marine vessels destabilization poses a high hazard due to
potentially disastrous outcomes such as loss of lives and significant oil and chemical spills. The
build-up of ice on components such as platform legs, bracing, blowout-preventer guidelines,
mooring chains, marine risers, and kill and choke lines in the splash zone, especially in moderate

sea conditions, presents a considerable issue (Baller, 1983).
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1.5.3 Fire and Rescue Safety

Ice accretion poses the risk of fire danger. In that, if a fire or explosion occurs, ice accretion could
lead to encasement which could result in difficulty to access rescue tools, including life rafts, fire
and gas sensors, and firefighting equipment among others (Nauman, 1984). On decks that are slick
and partially ice-blocked, crew cannot move quickly because of slips and falls causing slow
movement with lots of tripping hazards. Additionally, ice build-up may make it more difficult to
deploy lifeboats using passageways or davits (Ryerson, 2011).

1.5.4 Helicopter Landing Pad Hazard

The inability to use the helicopter landing pad due to icing hampers the supply of vital safety or
medical supplies as well as the rapid rescue of injured or in danger crew members (Ryerson, 2011).
In addition, employees may slip on landing platforms that lack safety railings, causing the

helicopter to slide on the pad and making it harder to tie the chopper down (Zhou et al., 2022).

Boston (1985) reported that icing occurs on the U.S. Navy’s Recovery Assist Securing Traversing
(RAST) system that guides helicopters between hangars and launch and recovery positions on the
flight deck.

1.5.5 Communication Hazard

Although it would be unlikely for an offshore platform to be lost due to a loss of communications,
it could endanger the lives of crew members in the event that a life-threatening situation
necessitated rescue or assistance. Due to their tiny diameters and exposed locations, whip and
dipole communication antennas can accumulate ice. When water is trapped in ice, especially saline
ice with pockets of brine, the dielectric constant rises and signals may be obstructed. Ice has the
potential to bridge insulators and small antennae. Radio and radar outages make it impossible to

contact potential rescue boats and aircraft. Due to bad weather and rough seas, supply boats and
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helicopters may not be able to access platforms during icing episodes, however ice can continue

after the weather clears up and keep communication open (Ryerson, 2011).

1.5.6 Ventilation Hazard

Due to the risk of dangerous or catastrophic gas concentrations, ventilation is essential on offshore
structures. Blocking air intakes can make it more dangerous for combustible or deadly gases to
build up in living spaces or other areas with ignition sources. Additionally, ventilation is frequently
needed when operating machinery for cooling, exhaustion, and ignition. Essential operations could
fail as a result of ventilation loss, and one or more crew members could perish. In severe cases, a
power outage brought on by a machine shutdown could result in the structure being lost (Carstens,
1983).

1.5.7 Flare System Hazard

A flare system enables the safe combustion of petroleum products that cannot be safely gathered
while oil is being extracted from the wells of an offshore drilling rig. It is extended at one end
away from the main oil platform to keep the blazing flame as far away from the structure as is safe,
protecting people, property, and the platform from the intense heat and burns. Since they stretch
over water, flare booms are more susceptible to ice than many other platform structural
components. They are consequently subjected to atmospheric and sea-spray ice. Flare systems are
frequently lattice frameworks, which offer a lot of surface space for the accumulation of ice and
snow. Flare booms release explosive gases, thus if the boom structure is damaged by ice or snow
or the burner nozzles are blocked, an explosion, fire or concentrations of hazardous gases may
result (Fagan, 2004). The safety of the crew and even the entire rig may be seriously jeopardized

by ice effects on the boom.
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1.5.8 Controlling Parts Blockage (valves, and ship handles and windows) Hazard

Critical parts that affect the safety of the rig or person could not operate due to frozen valve
handles. Therefore, iced valves and handles may be tough to manipulate or may not turn at all,
which is of a risk in shipping vessels (Ryerson, 2011). For workers operating cranes and other staff
working in enclosed control stations, ice-covered windows reduce vision. Loss of visibility can be
hazardous, yet most accidents and injuries it results in are not fatal. However, if a crane or other
catastrophe resulted in an explosion or fire, the platform and the entire crew might be in danger
(Ryerson, 2011).

1.5.9 Cranes, Stairs, Winches

Cranes are used to transport commodities and people to and from maritime vessels in addition to
moving and handling other heavy loads. These are important to the shipping industry. Cranes are
some of the tallest structures on platforms that can extend over 100 meters above sea level. Their
open lattice booms are susceptible to rime and glaze icing and dangerous falling ice due to
refreezing meltwater in structural gaps (Ryerson, 2013). Although not necessarily life-threatening,
crane issues related to ice can result in injuries or operational disruptions. A falling crane derrick

could potentially trigger a disastrous chain reaction.

Icy stairs present a falling hazard for workers due to slipperiness and irregular shapes that can lead

to loss of footing.

Additionally, frozen winches can disrupt crane operations and other lifting or dragging tasks,

posing risks to personnel.

1.6 Methods of Deicing/Anti-icing
In cold weather conditions, ensuring the safety and performance of structures depends on the

application of both deicing and anti-icing techniques. Deicing is the act of eliminating existing ice
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from various surfaces, while anti-icing is a preventive measure designed to inhibit ice formation

on those surfaces from the outset.

An overview of some anti-icing and deicing methods cited in the literature have been presented in

Table 1.4, along with their applications, advantages and disadvantages. Table 1.4 lists some

deicing technologies investigated by researchers over the years in a variety of applications. It is

demonstrated that the method of "high-velocity fluids," is very efficient but has the danger of

damaging equipment and surfaces. This necessitates the characterization of operational parameters

for the deicing equipment, in our case the commercial pressure washer.

Table 1. 4: Overview and applications of anti-icing and deicing methods

Reference Methods Highlights Applications Advantages Disadvantages
Farzaneh & | Coatings Coatings provide | Large areas such | No  additional | Short effective time
Ryerson passive ice protection | as decks and | energy
(2011) and many have been | bulkhead

shown to reduce the

adhesion of ice to

substrate
Yu et al | Covers Handy and useful for | Outdoor Low cost and | Additional deicing and
(2021) preventing ice | machinery convenience storage  space for

accumulation on covers

outdoor equipment
(Li & Ye, | Manual Human labour isused to | Places ~ where | Low cost and | Low efficiency and
2009) deicing clear accumulated ice | people canreach | simple operation | equipment damage risk

using a rod, hammer,

and other tools.
(Zaki & | High- High-pressured fluid is | Open places | High efficiency | Relatively low
Barabadi, velocity used to lacerate ice | such as decks | and low energy | efficiency under wind
2014) fluids accretions, making them | and bulkheads exhaust and equipment damage

easier to remove risk

mechanically.
Zdobyslaw Pneumatic Inflating and deflating | Plane structures | Low cost, | Frequent replacement
Goraj (2004) boots tubes attached to the | (e.g. bulkhead) | simple

leading edges of aircraft | and tubular | operation,

wings and stabilizers | structures (e.g. | robustness and

and other structures | railings) easy installation

with air.
Pommier- Piezoelectric | Vibrating  the  ice | Areas made of | Low energy | Additional electric
Budinger et | actuators structure to induce high- | relatively  thin | consumption circuits and regular
al.(2018) level stresses that result | and flexible | and high | maintenance

in delamination or | materials efficiency

cracking Outdoor
Yehia & Tuan | Chemicals Usage of chemicals | Outdoor areas | Low cost and | Environment pollution
(1998) such as salt on surfaces | with little impact | simple operation | and metal corrosion

to avoid freezing by | on people
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creating osmotic
pressure, which causes
water to flow toward the
top layer of the slab
where freezing occurs

al., 2022)

absorbed by ice or
substrate

Zhao et al. | Electric Using electricity to heat | Priority is given | Good deicing | High energy
(2020) heating surfaces to prevent ice | to critical | effect consumption and risk
accumulation by reduce | equipment and of secondary icing
ice adhesion strength areas
(Charles  C. | Gas heating | Use of gases such as hot | Bulkheads, Full of waste gas | Additional air circuits
Ryerson, air to melt the ice on | railings, decks, required
2011) surfaces portholes, etc.
(Zhou et al., | Water Submerging the surface | Deck, forecastle | Large heat | High energy
2022) heating in water or passing | winch, windlass | capacity consumption
water through heat | and anchorage,
exchangers to deice etc.
(Sollén et al., | Infrared Heat  transfer  via | Heating for | Ability to heat | High energy lost in the
2022; Zhou et | heating infrared emitters to be | small areas remotely medium

Figure 1.5 shows the different traditional de-icing and anti-icing techniques. Deicing techniques

can be grouped into categories such as thermal, design, coatings, cover, and chemicals, while anti-

icing methods can be classified under mechanical, thermal, and chemical approaches. More

advanced deicing/anti-icing approaches include advanced electrical, ultrasonic, improved coating,

among others.
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Figure 1. 5: Anti-icing and deicing methods (Zhou et al., 2022)

1.6.1 Conventional Methods of Deicing/Anti-icing.

1.6.1.1 Thermal

Various methods have been proposed to as a deicing/anti-icing technique. These include gas,
electrical, infrared and water based thermal techniques. Discussing water-based strategies, which
leverage its high heat capacity, water serves as an efficient solution for deicing and anti-icing
purposes. Typically, there are a couple of ways to apply water on coated surfaces. The first method
entails using a heat exchanger. A dependable heat exchanger system, able to operate at -45°C, is
now available for melting ice on areas like the deck, forecastle winch, windlass, and anchor points

(Esoy et al., 2019). The alternative technique involves completely covering the surface with water.
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The electrical thermal approach includes heating surfaces above 0°C with a resistance wire to
dissolve ice or prevent ice formation. The implanted resistance heating element is a popular
appliance. Although electro-thermal devices are efficient for deicing and anti-icing operations,
their high energy consumption and risk of re-icing restrict their use in more general circumstances.
These systems are typically put in key locations, such antennae and portholes, to prevent ice

collection (Makkonen, 2012).

Ice or the underlying surface can absorb heat emitted by infrared sources. According to Farzaneh
& Ryerson (2011), the infrared heating is a form of remote heating technique. As noted by Ryerson
(2011), the primary infrared radiation employed for ice protection falls within the wavelength
range of approximately 3 to 15 micrometers. There are difficulties with heat loss during
transmission, the possibility of materials overheating, and reliance on absorbent substrates.
Consequently, infrared emitters should be positioned as close to the surface requiring heat as
possible, and the chosen substrate material should exhibit an absorption spectrum outside the

infrared range. This method is currently applied to small areas on ships.

According to Ryerson (2013), gas remains a valuable method for combating ice formation and
accumulation notwithstanding its relatively low heat capacity and thermal conductivity. These gas
heating systems are designed to capture exhaust gas directly from the engine compartment,
changeling it upwards to areas in need of anti-icing and de-icing measures, such as bulkheads,

decks, railings and viewports.

1.6.1.2 Chemical
Various industries rely heavily on chemicals for deicing and anti-icing applications, and these can
be employed on ships as well. Chemical deicing agents include alcohol, bio-based compounds,

chloride, acetic acid, among others. For open spaces such as decks, stairways, and other surfaces,
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devices like garden sprayers for liquids or spreaders akin to those used in distributing lawn
fertilizer can effectively address anti-icing and deicing needs occurs (Rashid et al., 2016).
Meanwhile, more specialized, and fixed spray systems are necessary for tight spaces, including
latticed structures and moon pool areas. There are different types of chemicals, some designed to
melt ice and others intended to hinder ice formation on surfaces before freezing occurs. To reduce
environmental pollution and material degradation, researchers are continually developing and

assessing new chemicals (Kenzhebayeva et al., 2021).

1.6.1.3 Design

According to Ryerson (2011), optimizing the structural design may be the most effective way to
minimize ice-related hazards. Emphasis should be on modifying the structure's geometry to
decrease sea spray caused by wave-structure interactions (Deshpande et al., 2021). Enhanced bow
rake and tumblehome can efficiently restrict ice accumulation on the bow deck by redirecting
spray. A protective cover enclosing the forecastle deck at the bow helps prevent the internal
structure from freezing. Elevated bulwarks and bows help reduce spray, subsequently decreasing

the icing area through a simpler onboard layout.

1.6.1.4 Covers

This method of de-icing/anti-icing includes metal buildings and tarpaulins. Tarpaulins are created
from ice-repellent or anti-icing materials. When tarpaulins that are freely fastened to the protected
objects they are simpler to de-ice than those that are tightly tied (Ryerson, 2011). Crews use covers
to cover lifting poles, anchor lifts, winches, and outdoor apparatus when travelling through cold

climates to prevent ice (Zhou et al., 2022).
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1.6.1.5 Coatings

Ice-repellent coatings and anti-icing coatings are the two main categories of coatings. To make ice
less likely to stick to the surface, an ice-repellent coating is used. According to Ryerson (2013), an
ideal ice-repellent coating should be able to greatly reduce the ice adhesion strength, be highly
durable, be reasonably priced, and be simple to apply. Anti-icing coating on the other hand is used
to encourage water droplets to run off before they freeze. According to Heydari et al. (2013),
surfaces that can be waterproof may also be ice-proof. Ice-resistant coatings are typically rated
for ability to reduce ice adhesion strength to substrates; however, their ability to endure repeated
washings by saline water and abrasion before renewal are critical durability concerns for the use
of these coatings, as is slipperiness when applied to trafficked areas and ability to function when

contaminated (Ryerson, 2013).

1.6.1.6 Mechanical Techniques

This technique encompasses a broad varieties of techniques pneumatic boots, electro-expulsive
separation, piezoelectric actuators, manual, and high-speed fluids/velocity (Zhou et al., 2022).
Significant volumes of ice can be mechanically removed by high-velocity fluids. This technique
works well since the ice may be broken up with just a tiny cut made by the fluids. Deicing fluid,
water, air, or any mix of these can be used as the fluid (Villeneuve et al., 2015). On the other hand,
manual mechanical deicing involves crews with the use of shovels, mallets and sticks. The "five-
point chisel," a special instrument, is made to quickly shatter and remove ice off surfaces with
little risk of damaging the composite materials (Ryerson, 2013). However, a major, disadvantage
of manual mechanical is that this method is difficult in severe weather conditions. Also, although

this method is cost-effective, the expense to the staff is substantial (Zhou et al., 2022).
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Moving on to, piezoelectric actuators, these are transducers that transform electrical energy into
mechanical movement or stress, or the other way around (Adriaens et al., 2000). When a
unidirectional current flows through a piezoelectric crystal, the crystal is forced to bend. Thus, the
substrate vibrates at a very high frequency when a high-frequency alternating current is delivered

to piezoelectric actuators (Adriaens et al., 2000).

1.6.2 Advanced Methods of De-icing/Anti-icing
1.6.2.1 Icing Sensors

This is an advanced technique that employs a thin film capacitive-based sensor (Goraj, 2014).
These icing sensors are composed of a copper electrode encased within a polyimide laminate,
attached to the host airfoil. A minor electric field is established on the sensor's exposed surface.
When ice forms on the sensor surface, the field characteristics change, and these alterations are
detected by the sensor electrodes. The sensing area spans 1.5 inches chord-wise and 4.5 inches

span-wise (Goraj, 2014). Figure 1.6 shows the schematic workflow of icing sensors.
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Figure 1. 6: Ice sensor monitoring system as a de-icing method developed by NASA (Goraj,

2014)

1.6.2.2 Ultrasound Technology

This technology has several applications both in maritime and aerospace industry. Some of its
wide application include windscreen ice protection, freezer rime removal, mussel removal among
others (Goraj, 2014). The most used ultrasonic wave for this application is the shear horizontal
waves and the Lamb waves (Palacios et al., 2011). Based on the principles of wave propagation
within a plate, ultrasonic waves have the potential to generate strains and displacements at the
junction between ice and the primary structure (Zhou et al., 2022). Consequently, these forces
could cause the ice to dislodge from the structure. Lamb waves experience less attenuation than
conventional ultrasonic waves over the same propagation distance. This is due to a Lamb wave's
energy attenuation ratio being 1/r, as opposed to a standard ultrasound's 1/r?, where r represents

the distance, the wave is traveling (Willberg et al., 2009) .
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1.6.2.3 Microwave Technology

Concrete surfaces are warmed by microwave de-icing, which quickly heats magnetic and dielectric
materials. Microwave radiation penetrates the ice, heats the road, and weakens the link between
the ice and pavement, making it easier to remove ice off roadways when a truck-mounted
microwave generator is used. The microwave heating principle is mainly used in microwave
deicing. The method is based on molecular friction and heat production brought on by electric and
magnetic dipoles in magnetic and dielectric materials aligning with an electric field (Lu et al.,
2017). Microwave deicing operates by exposing dielectric and magnetic materials to an electric
field, causing their electric or magnetic dipoles to align. This alignment, or polarization, generates
a secondary electric field, reinforcing the primary one. As the electric field changes direction,
molecular friction occurs, producing heat—faster changes yield more heat (Lu et al., 2017). A
dielectric polarization diagram that exemplifies this process is seen in Figure 1.7. By absorbing
microwaves, the substrate's temperature rises. As a result, the ice melts and the adhesion strength

between the ice layer and the substrate weakens (Liu et al., 2020).
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(a) No electnic field (b) Electric field

Figure 1. 7: Dielectric polarization process

1.7 Objectives
The main objective of this study is to investigate the combined effects of operational parameters,
including pressure, nozzle geometry, water jet temperature, and standoff distance, on the depth
and width of cut (penetration) through an ice block. The significance of the main objective is to
maximize the depth and width of cut to facilitate the delamination of ice accretion on surfaces. As
stated previously in the section 1.1, a realistic installation of a high-pressure waterjet aboard
marine vessels will aid in rapid deicing, even in the most intricate areas of the ships, without
causing any damage to walls or surfaces upon research breakthrough. The following are the
objectives set for this project:
e Develop an experimental setup to measure the width of cut and penetration depth.
e Use statistical approach to obtain the optimum parameters that yields maximum width of
cut and maximum penetration depth.
e Use statistical approach to develop correlations to characterize depth of cut and operational
parameters of the deicing equipment.
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e Use statistical approach to develop correlations to characterize width of cut and operational
parameters of the deicing equipment.
e Determine significant parameters that affect the width and depth of cut.

e Develop a cuttability chart for ice cutting.

1.8 Organization of Thesis

This thesis is divided into five chapters, which are listed in the following order: introduction,
literature review, methodology, discussion and results, and conclusions and recommendations.
Chapter 1: This chapter presents and describes the motivation behind this study. It states the
background and problem statement for this research. The chapter also discusses various methods
of deicing as well as the objectives for the study.

Chapter 2: This chapter examines a review of the literature on water jet technology, liquid jets,
nozzles, and the equations that govern the flow of high-pressure fluids through nozzles. The
chapter also discussed the principles of ice breakup and high-pressure fluid penetration.

Chapter 3: Details of the experimental setup are discussed in this session. The chapter also
presents the design of experiment and the use of statistical tool to optimize the data of the
parameters under investigation.

Chapter 4: This chapter presents discussion of the effects of the various parameters on the depth
and width of cut. It provides statistical analysis of data to predict the most influencing parameters
on the depth and width of cut. The statistical analysis was able to predict depth and width of beyond
the parameter settings of this experiment.

Chapter 5: This chapter includes the study's conclusion, as well as future research recommended

in the chapter.
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2.0 Literature Review

This chapter summarizes previous research on ice-cutting and liquid jets. A detailed assessment of
related literature is conducted to identify and address the knowledge gap.

2.1 Water Jet Technology

Waterjet technology, developed in the late 1960s by Dr Norman C. Franz at the University of
Michigan, was first commercialized and installed by the McCartney Company in 1971 (Miller,
1990). Waterjet technology has since been popularized. Waterjet cutting technology has many
applications in high-level precision manufacturing in the automotive, aerospace, building
products, electronics, food, paper and steel industries (Miller, 1990). Since water is a coolant, using
waterjet technology to cut temperature-sensitive materials is a viable option compared to other
methods (Sharma et al., 2009). This process is readily accessible due to the availability of water,
which can be recycled after cutting the material (Thakur et al., 2022). Also, this process leads to
significantly less stress concentration on the cut surface, which makes it unique (Yuvara] &
Kumar, 2016). The cutting can be done either with water alone or with an abrasive additive, which
is significant in the cutting process of more rigid materials ( Engin, 2012; Gryc et al., 2014; Yuvaraj
& Kumar, 2016; Liu et al., 2019; Bruno Arab & Barreto Celestino, 2020; Jerman et al., 2022).
Water jet technology has advanced quickly and is utilized in many applications, such as rock
cutting, mining, oil and gas drilling, and cleaning. These applications are based on theoretical and
experimental investigations of the loads and damaging capabilities of the high-speed liquid jet

(Zhaolong et al., 2014).

2.2 Impact of Liquid Jet: Pressure
Before introducing ice shattering by a high-speed water jet impact, it is vital to examine the load
characteristics of the liquid jet colliding on a rigid or elastic wall, typically the two normal
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boundaries. The simplest border is an impermeable wall. Due to the fluid's compressibility and
shock wave propagation in various mediums, a high-speed liquid jet striking a flat wall causes an
initial pressure peak on the wall within the stagnation region (Pingping et al., 2022). Previous
studies investigated high-pressure water jet (HPW1J) and have presented several theories, such as,
the water hammer effect, stress wave effect, impact effect, water wedge effect, cavitation effect,
and pulsed load-induced fatigue damage( Zhao et al., 2019; Lu et al., 2021).

Semenov et al. (2013) investigated the formation of splashing jet at the initial stage following the
collision of two liquids with the same density using the velocity potential theory with fully
nonlinear boundary conditions and the assumption that the liquid was incompressible and inviscid.
When the two jets were symmetrical, it looked like a jet hitting a hard wall. Dyment (2015)
investigated the interaction between a compressible liquid and a rigid body by developing a model
with compressible effects that could be applied to body profiles and jet fronts of any shape. Zhao
et al. (2021) used theoretical and finite element methods to analyze how the geometric shape of a
rigid body is affected by the impact pressure caused of a water jet. Additionally, they discovered
a connection between the peak pressure and the opening angle, jet velocity, jet radius, and concave
sphere radius under various concave surfaces.

The damage characteristics of the high-speed liquid jet on complicated boundaries are the subject
of another significant area of research. Foldyna et al. (2009) investigated the effect of pulsating
water jets on aluminum samples. They used a pressurized tap water from plunger pump to
determine the impact pressure of a water jet striking the solid surface. Pulsating water jets created
at pressures as low as 20 MPa were discovered to erode deeply and efficiently the aluminum
surface due to repeated impacts of the water jet. According to Field et al. (2012), some of the

cavities generated inside the liquid falling onto the solid surface may be the cause of the erosion
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of metals and alloys at a lower impact. Additionally, when erosion progresses, lateral fluid
movement may increase shear stresses on the surface, and hydraulic loads applied in cracks and
crevices may hasten the destruction. Sun et al. (2013) examined the deformation caused by a water
jet with a spherical head striking a plate made from Polymethyl methacrylate (PMMA), stainless
steel, and aluminum. They then used the Coupled Eulerian-Lagrangian (CEL) method to
summarize the relationships between the diameters and depths of the depressions and the

mechanical characteristics of these materials.

Due to the demands of engineering applications, Wang et al. (2017) explored the interaction
between a water jet and rocks. They concluded that the pressure of underwater jets has an impact
on rock-breaking behaviors. Their research also investigated the effects of boundary conditions,
impact velocity, and micro-structural and micro-mechanical aspects on rock-breaking behaviors.
2.2.1 Water Hammer Effect

The concept of water-hammer pressure is the fundamental principle behind the deformation of
solid structures upon the imminent impact of a high-pressure liquid jet with the solid surface. The
water hammer theory describes how pressure waves propagate in fully liquid-filled pipe systems
(Tijsseling et al., 2008). The initial pressure of a water jet striking a flat solid is comparable to the
water-hammer pressure (Parsons et al., 1928). The empirical formulation for water-hammer

pressure, including the hypothesized assumptions, as presented by Hsu et al. (2013) is:

P = pvc (2.1)
Where P is the pressure, pis the liquid density, v is the impact velocity, and c is the sonic

velocity of liquid. The initial high pressure predicted by the pressure equation rapidly diminishes

due to release waves propagating into the jet from the circumference. They reported that the
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pressure approaches hydro-dynamic pressure if impingement persists until a steady condition is

established;

(2.2)

According to Brunton (1966), the water-hammer pressure represents the maximum pressure for

the impingement of a spherical liquid drop:

. %pvc (2.3)

Where o depends on impact velocity and approaches unity for high velocities.

They concluded that the water-hammer pressure only persists for as long as it takes the release
wave, produced at the contact edge of the jet, to travel to the center. The duration, Az, of this peak

pressure with respect to the diameter, o , of the water jet is shown in the following equation:

d (2.4)

Raudensky et al. ( 2007) present an illustration of the mechanism of the water-hammer effect,
shown in Figure 2.1, based on shock wave propagation. They noted that the impact shock wave

propagation happens at sonic velocity soon after the hit, resulting in a rapid initial pressure
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Figure 2. 1:Droplet impact, water-hammer effect (Raudensky et al., 2007).

The presented models by Raudensky et al. (2007) agree with the aforementioned formulas of

maximum impact pressure, P = pvc, P = %pvc , and duration, Az = 2i by Brunton (1966); Hsu
C

etal. (2013). Where 7 :%, v~v,,and ¢~ c,.

2.3 Influence of Nozzle Geometry on Jet Impact

The nozzle shape significantly impacts a liquid jet's impinging capabilities. A wide range of nozzle
geometry has been examined to investigate the effect of geometry, particularly the shape of the
nozzle's inlet and outlet, on flow development and the impact on surfaces. Many studies have
found that nozzle shape can somewhat influence turbulent jet flow ( Mi et al., 2005; Deo, Mi, et

al., 2007; Deo, Nathan, et al., 2007; Gentz et al., 2015; Nyantekyi-Kwakye, 2016). For example,
in terms of centerline mean velocity, Uc, the jet emitted by a circular jet varies as Uc ~ x~ but

the far field centerline velocity of a plane rectangular jet varies as Uc ~ x (Pope, 2000).
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Lu et al. (2021) established the velocity and impact stress distribution at various target distances
in their research. The jet velocity and the impact force decreases gradually as the target distance
increases. They discovered that the contraction angle « , length-diameter ratio 7/ , contraction
section length, and outlet diameter are the most important nozzle characteristics influencing jet
impact performance in coal crushing. They found that when the pressure is constant, the jet
diffusion angle increases noticeably as the nozzle diameter increases, and when the nozzle

diameter is constant, the diffusion angle changes little as the water pressure fluctuates.

The impinging performance of high-pressure water jets emerging from various nozzle orifice
shapes was examined by Huang et al. (2020). Their study includes circular, triangular, square,
elliptical, and crossed-shaped nozzles. They discovered two things: (i) the peak pressure of the
circular jets is the highest, and the peak pressures of the square, triangular, crossed-shaped, and
elliptical water jets drop in turn; and (i1) The circular water jet has the highest center velocity, the
elliptical water jet has the lowest, and the square, triangular, and crossed-shaped jets are in the
middle. They concluded that the peak pressure might be a combined action of the liquid velocities

and the jet head shapes.

In another study on flat, round, and abrasive waterjet (AWJ) cutting nozzles by Srivastava et al.
(2016), the magnitude of the compressive residual stresses induced at the subsurface at 50 microns
was found to be approximately 15% greater than the base material hardness, and flat nozzles were
found to be more efficient in terms of higher compressive residual stresses induced on the treated
surface. Begenir et al. (2004) examined water jet profiles to establish breakup lengths and spray
angles for various nozzle geometries. They provided a comprehensive evaluation of cone-down,

cone-up, and cylindrical nozzles. Compared to the other two geometries, their results showed that
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the cone-up nozzle creates water jets with significantly shorter intact lengths, slightly higher spray

angles, and a higher discharge coefficient.

2.4 Ice Mechanics

Ice is viewed as one of nature's most complex materials from the perspective of ice mechanics
(Timco & Weeks, 2010). Numerous flaws can be found in a natural ice sheet, including pre-
existing fissures, inclusions, pores, grain boundaries. The flaws significantly affect the ice sheet's
characteristics and mechanical behavior, making it challenging to accurately replicate the natural
ice sheet in a lab setting. An alternate way in a lab is to create a purportedly "clean" ice sheet using
de-aired fresh water to eliminate the effects of these faults (Ni et al., 2021). This study uses an ice

block created from fresh tap water.

One of the challenges faced by ships and other equipment operating in an ice-covered ocean region
is ice breaking (Xue et al., 2020). Breaking ice using a rod, which may be viewed as either a
concentrated load or a distributed load depending on the ratio between the rod's diameter and the
ice thickness, is one of the simplest and earliest icebreaking techniques (Masterson, 2009). It is
widely accepted that there are three stages of ice cover failure under static concentrated and
distributed loads: the radial cracking, caused by significant bending moments; the circumferential
cracking at a distance from the load; and the breakup of an ice plate along the radial and innermost
circumferential cracks. Although the reasons are different, these three stages—considered
adequate for the high-speed water jet loads in this paper—are typical for breaking an ice plate

under a vertical force ( Sodhi, 1995; Gold, 1971; Lu et al., 2015; Ni et al., 2021).

To increase the ability to break through ice to pave way for ship movement, new auxiliary
technologies, such as icebreakers, are constantly being pursued and researched (Ni & Wu, 2020).

Future icebreakers may be equipped with high-speed water jet generators to shatter or crack the
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thick ice in a significant portion of the area in front of the vessels. As a result, the icebreaker
cruising in the ice area will have less "breaking ice resistance." For theoretical and numerical
research, cracking ice with a high-speed water jet poses a complex interaction problem with several
interfaces, including the water-gas and ice-water interfaces. Additionally, it has been demonstrated
that the shock wave and the bubble jet are efficient at breaking ice using high-pressure bubbles
(Yuan et al., 2020), which establishes a solid foundation for icebreaking utilizing a high-speed

water jet.

2.5 Jet Flow Governing Equations

2.5.1 Equations of Flow
For an incompressible Newtonian fluid with viscosity x, density p with hydrostatic pressure P, the
continuity, and Reynolds-averaged Navier Stokes (RANS) equation in tensor notation can be

written in the form:

. 2.5

o _, @9
o,

oU oU 1oP o[ ou — (2.6)

—+U, —t=———+—|0—L—uu,

o Tox, pox ox | O !

where, i=1,2 and 3 andj=1,2 and 3. The indices 1, 2, and 3 denote X, y and z directions,

respectively. The Reynolds stresses in the tensor equation are denoted by % .
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2.5.2 Jet Flowrate and Pressure

The flow properties of the fluid and the parameters of the nozzles can be used to characterize the
flow via nozzles. The following equation (Bajaj & Garg, 1977) was used to express the relationship

between water pressure and flow rate for a nozzle:

C*d* P (2.7)

L
o 0.081p,

Where Q7 is the fluid flow rate, C, is the nozzle flow coefficient, d,, is the nozzle equivalent

diameter, £, is the nozzle pressure and p, is the fluid density.

Since the flow rate is a function of the pump's pressure, we can use the Bernoulli equation to
calculate the jet outflow pressure. The Bernoulli equation for an ideal incompressible fluid is as

follows:

2 (2.8)
P+ p? = constant

Where P is pressure of fluid, p is density of fluid and v is velocity of fluid.

Since the flow in the washer gun and the nozzle outlet share the same axial position, the Bernoulli

equation between those two places is:

2 2 (2.9)
% 1%
Pl-l-pszz-l-p%

The P, denotes pump operating pressure, P, is water jet exit pressure, v, is velocity of fluid in the

pipe hose (wand) connected to pump and v, s jet exit velocity.
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2.5.3 Equations for Impact Force, Volume and Momentum Flux

The known equation, according to momentum theory, for the impact of liquid impacting a solid

surface is:

F = pOv(1-cos6) (2.10)
where pis the density of the fluid, Q1is the flow rate, Vis the vet velocity, and @ is the angle
between the solid surface (in this paper, the ice block) and the reflecting direction of the fluid after
the impact. According to theory, the momentum loss of the fluid jet is equal to the impact force F
acts on the surface of the solid. The impact pressure can then be calculated using the pressure
formula P=F/ 4. The area A4 is the region of contact of the jet. In this study, the area is deduced

from the cavity created after impact.

According to the momentum principle, the rate of change in momentum flux for a given control
volume equals the sum of the forces operating on the control volume (Chanson, 2004). In an
experiment to quantify velocity in a high Reynolds number, an axisymmetric turbulent jet using
the momentum principle, Hussein et al. (1994) expressed the relationship between volume flux,

pm,, momentum flux, pM, jet exit velocity, U, , and diameter, D ,as follows:

2.11)

2.12)

2.6 Jet Formation
Liquid jets, observed experimentally or naturally, alter shape as they emerge from their outlets.
The pressure exerted on the fluid or the shape of the orifice characterizes the shape of a jet. For

example, the sudden opening of valves installed vertically on top of each other on the side of a
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water-filled tank. Since pressure increases with depth, the valve at the bottom will issue liquid jet

with more intensity than the other valves above it.

Figure 2.2 shows an image illustrating the formation of a jet exiting a nozzle. The laminar flow is
seen in the first two columns in (a) and in the "core of jet" column in (b). Turbulent flow is observed
after these two columns, where the jet breaks up or atomizes depending on flow conditions. Some
literature attributes the breakup length and the atomization conditions to aerodynamic interaction
effects, liquid turbulence, jet velocity, cavitation phenomena, and fluctuating liquid supply

pressure. However, these factors are still unclear ( Reitz & Bracco, 1982; Kalaaji et al., 2003).

y (a) (b)

e core of jet The diffusion
rone of jet

Figure 2. 2:Formation of jet exiting a nozzle (a) type of flow (b) breakup/diffusion zone (Hu et

al., 2014; Huang et al., 2020)

2.7 Summary of Literature

This chapter provided an overview of previous research on water jet technology, the impact of
liquid jet pressure, the water hammer effect, the influence of nozzle geometry on jet impact, ice
mechanics, jet flow governing equations (equations of fluid, jet velocity, and pressure, equations

for impact force, volume, and momentum flux), and jet formation. The literature reviewed on the
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aforementioned subjects had the objective of exploring fundamentally the pressure and
temperature effect of water jets to cut through a solid structure, primarily rock, coal, metals and
ice. Although several correlations have been investigated in recent literature, their goals were not

to characterize the spray angle of the different nozzles (0°,15°,25" and 40°) in relation to operating

pump pressure, water jet temperature, stand-off distance, and depth and width of cut in successive
time increment. Based on the gap mentioned above in the literature, the current study aims to
characterize the various nozzles of the pressure washer and examine the correlations between the

parameters above using multiple linear regression.

Tables 2.1 and Table 2.2 provide a summary of important literature on ice cutting utilizing high
pressure water jets. Table 2.1 shows the aims, and results of the literature, whereas Table 2.2 shows

the technique and parameters utilized in the examination of ice cutting using a high pressure water

jet.

Table 2. 1: Relevant literature on ice cutting using high-pressure water jet

Brierley, 1978)

test results by regression
analysis.

Author Aims Results

Shvaishtein (1973) | Determine the most | Ice cutting with continuous high-pressure water jet was extremely
important parameter of jet. | effective using high dynamic jet pressure. Nozzles with higher

diameter required higher force to eject high pressure jet.

(Mellor et al., | Determine hydraulic power | Results showed extremely high power requirement with pump

1973) requirement for cutting two | pressure at 100000 psi. Concluded that ice cutting with high
feet of fresh water ice. pressure water jet is not a feasible method.

Gilpin (1973) Determine effect of water | The rate of penetration of ice depended linearly on the temperature
jet temperature on ablation | of water jet. Convective heat transfer controlled the ablation rate.
rate of ice

(Coveney & | Determine the correlation of | Regression analysis using four parameters to deduce depth-of-cut

equation indicated good correlation. Suggested measurement of
penetration should be done at specific intervals to provide
statistically more useful measurement.

(Coveney, 1981)

Determine the correlation of
test results by regression
analysis by reintroducing
nozzle stand-off distance.

The reintroduction of nozzle stand-off distance resulted in a
significant correlation and improved the overall relationship.
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(Takahashi et al.,
2004)

Evaluate the practicality
and effectiveness of water
jet to remove ice buildup on

different surfaces.

Jet discharges with a 30 degree offset provided better penetration
depths and wider regions of ice removal, particularly on the rubber

sheet, compared to the steel and concrete sheets.

(Guo et al., 2014)

Evaluate the breakthrough
time to penetrate through
10-cm-thick ice block.

Breakthrough time increases as stand-off distance decreases,
increasing impinging pressure. Maximum deicing efficiency was

obtained at an optimal distance of about 90 cm.

(Yuan et al., 2021)

Characterization of ice
cracking and fracturing
under various parameters.

Reduction factor between 0.302 and 0.3045 was found between the

compressible and water-hammer pressure.

Table 2. 2: Technique and parameters considered in study

Author Technique TR (o C ) Pressure (psi) | Nozzle Sfand-off Time (s)
geometry distance (cm)

(Shvaishtein, Experiment 50 29392-36740 Round/--- 20-80 -

1973)

(Mellor et al., | Experiment --- 20000-100000 Round/13 1.95-2.54 ---

1973)

(Gilpin, 1973) Experiment 25-60 100 Round --- ---

(Coveney & | Experiment -- 1050-1640 - 15.24-152.4 -

Brierley, 1978)

(Coveney, Experiment - 595-10298 - 3-152 -

1981)

(Takahashi et | Experiment --- 725-1885.5 --- 50-200 60

al., 2004)

(Guo et al, | Experiment - - - 30-110 -

2014)

(Yuan et al, | Experiment -—- 4687.62- - 3-11 -—-

2021) 6152.5

The novelty of this study is to investigate the combined influence of operating pump pressure,
water jet temperature, and stand-off distance of the four nozzles (0°,15°,25" and 40°) at precise

time intervals that prior studies listed in Tables 2.1 and 2.2 did not capture all at once. The
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combined influence of cutting parameters was reported in earlier work (Ozcelik et al., 2012) but
their target object was a sample of Sardinian basalt, and the parameters were nozzle diameter,

traverse velocity, standoff distance, and pump pressure.
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3.0 Methodology
3.1 Experimental Setup

The water jet technology setup is simplified in the form of a pressure washer. This study uses a

commercial pressure washer with a maximum flow rate of 3.5 gpm (0.220 L/s) and maximum

pressure of 4000 psi (27.6 MPa) shown in Figure 3.1

Pump outlet hose

Pump inlet hose

Kohler engine

Pump

Pressure gauge

Flowrate meter

Pressure regulator

Figure 3. 1:Pressure washer (Water jet-producing system)

The Kohler motor powers the pump that pressurizes water through the reinforced high-pressure
exit hose. Pressurized water exits through a specialized nozzle attached to the hose with a high
kinetic energy which can cut through various materials depending on the intensity of the pressure.
The pressure washer comes with a spray gun that is mounted at a fixed position on a tripod stand.
As shown in Figure 3.2, the pump outlet hose connects to the spray gun mounted on the tripod.
The internal diameters of the outlet hose and the gun's wand are the same. Flow in the wand is the

inlet to the nozzle attached to the wand's tip.
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Figure 3. 2: Experimental Setup

3.2 Sample Preparation

An experimental ice block is made by freezing tap water which is contained in three different
aluminum rectangular molds. The molds measure 60 cm in length, 20 cm in width, and 50 cm in
height for the first, 50 cm in length, 20 cm in width, and 30 cm in height for the second, and 60
cm in length, 20 cm in width, and 100 cm in height for the third. Aluminum was chosen for the
mold because it is hydrophilic and has a high thermal conductivity, which defines its ability to be
wetted by water droplets and conduct heat. Aluminum also has a liquid contact angle less than 90
degrees. The mold is 0.251in thick, which is sufficient to withstand the expansion of water as it
turns to ice. The frozen ice block is removed from the freezer and placed on a table facing the
tripod stand that holds the spray gun, as illustrated in the experimental setup, Figure 3.2. The setup
is carried out in a cold room with a regular ambient temperature of 10 degrees Celsius. The ice
surface is levelled and smoothened to match the interior height of the molds. The temperature of
the ice is measured by drilling a hole in its center and using a thermocouple probe. A temperature

of -10 degrees Celsius is reached and maintained. Crevices in ice are treated by pouring hot water
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into them, which melts the ice surfaces between that crack and cures it without further cracks. The

figure 3.3 shows a picture of the molds and ice blocks.

Figure 3. 3: Ice block samples (a) molds containing ice blocks, (b) levelled ice block, (c)

dimensions of molds

3.3 Design of Experiment

The design of experiments is an effective analysis tool for modelling and analyzing the effects of
process factors on a specific variable that is an unknown function of these process variables (Murti
& Philip, 2007).

According to a study by Cui et al. (2022), the key influencing variables of water jet cutting include
pump pressure, stand-off distance, nozzle transverse speed, nozzle structure, and so on. Pump
pressure, stand-off distance, nozzle structure (spray angle) and water temperature were all
evaluated in these tests. The nozzle parameters in this study are the properties of the nozzle and its
configuration, such as the nozzle spray angle, nozzle pressure, and stand-off distance. The
experimental design cases developed using Taguchi’s technique are depicted in Table 1.1 in the
appendix, with factors and levels recorded in Table 3.1. The use of Taguchi's technique to examine
the parameters with the minimum number of experiments was necessary because preliminary

experimental cases created using Factorial design with varied levels yielded biased results.
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Table 3. 1: Experimental design factors and levels

Temperature (C) | Pressure (psi) | Distance (cm) | Time (s)
10 1000 5 10
30 2000 10 20
50 3000 15 30

In the preliminary study, 59 water jet penetrations were measured using a minimum of two levels
and a maximum of six levels, as well as five factors: water jet temperature, operational pump
pressure, stand-off distance, nozzle spray angle, and time of cut. The nozzle type was not taken
into account as a parameter in the Taguchi technique, which gave 36 experimental instances with

three levels for each parameter. This revised DOE method (The Taguchi technique) enabled all

four nozzle types to operate with the same variable parameters, enhancing the analysis.

The design tree for the experiment is shown in Figure 3.4. The order of selection of parameter is:

Nozzle type == Distance =——p Temperature ———p Pressure == Time of cut.

Nozzle Type

D@05cm

D@10cm

T@50°C P@3000psi

P@1000psi

D@15¢cm

P@2000psi

D-distance; T-temperature; P-pressure; f-time
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Figure 3. 4: Experimental design tree

3.4 Experimental Procedure

Water jet-producing system

Pump

Nozzle with
thermocouple
Thermocouple J Target
reader [Ice block]

Figure 3. 5: Schematic of experimental setup

Freshwater from the tap is routed to the pump, which pressurizes the water to the necessary
pressure, as illustrated in the schematic. For each experiment, the water temperature is adjusted
via the handle of the tap and measured using a thermocouple coupled to the spray gun installed on
the tripod. Temperature is measured both before and after to confirm that the desired temperature
is not altered.

Before cutting begins for a set duration, the desired parameters (standoff distance, temperature,
and pressure) are measured. The ice block sample in the mold is secured to the sturdy table to

prevent movement. The spray gun's nozzle is preset to the desired distance. With each cut, the
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depth of cut is measured using a depth gauge and validated with a measuring tape. The procedure
is repeated for every set of the cases in Table 1.1 in the appendix. The duration of each experiment
is 2 hours and the overall duration is approximately 18 hours spanning over 10 weeks.

3.5 Measuring Tools

This section provides details of measuring instruments used to measure the temperature of water
jet, the operating pump pressure, the standoff distance, and the time of cut.

3.5.1 Temperature

The temperature of the water jet was taken by connecting the thermocouple probe to Fluke 52 II
dual probe thermocouple reader. Both instruments have a total sensitivity error of +0.75%.

3.5.2 Pressure

The operating pressure of the pump was measured using a pressure gauge connected between the
pump exit and the exit hose. The pressure gauge is graduated in 500 psi increment, making it
easier to set the operating pressure to the appropriate value. The pressure gauge has a sensitivity
error of +0.18%.

3.5.3 Distance

The standoff distance of the nozzle from the ice block surface was measured using a Vernier
caliper of sensitivity error of +0.017% . The tripod is adjusted forward while the Vernier caliper
is set to the desired value from the surface of the ice block.

3.5.4 Time

The timer is used to measure the time of cut through the ice block. Cutting was done in 10, 20

and 30 seconds. The timer used has a sensitivity error of +0.0005% .
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3.6 Regression Analysis

A multiple regression analysis was carried out to determine the relevant parameter(s) that affect
the depth and width of cut, as well as the overall impact of these parameters on both the depth and
width of cut. The experimental cases generated by the factorial design tool are presented in Table
I.1. The recorded responses are documented in the column that represents the depth and width of

the cut, as measured in the laboratory.

The design summary encompasses the influential factors, responses, and design properties. Table
3.2 presents the design properties, whereas Tables 3.3 and 3.4 display the descriptive statistical

analysis of the factors and responses, correspondingly.

Table 3. 2: Design Properties

Study Type Design Model Runs Blocks
Response Surface Linear 36 No blocks

Table 3. 3: Descriptive analysis of factors

Factor Name | Units | Type Minimum | Maximum | Mean | Std. Dev
Temperature | 7 C Numeric | 10 50 30.00 16.56
Pressure P Psi Numeric | 1000 3000 2000 828.08
Distance dx cm Numeric | 5 15 10.00 4.14
Nozzle N - Nominal | Red White Levels |4

Time t S Numeric | 10 30 20.00 8.28
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Table 3. 4: Descriptive analysis of responses

Factor | Name | Units | Observations | Minimum | Maximum | Mean | Std. Ratio
Dev

Depth | RI mm |36 86 825 305.81 | 219.97 | 9.59

of cut

Width | R2 mm |36 26 175 89.62 | 4330 |6.73

of cut

3.6.1 Regression Analysis for Depth of Cut

Table 3.5 shows the results of a statistical study performed to predict the depth of cut. If the P-

values at a 95% confidence level are less than 0.005, the results are highly significant; otherwise,

they are regarded inconsequential and have no effect on output.

Table 3. 5: Statistic analysis for selecting the suitable model for depth of cut

Model (Transform) | P-value Adjusted R’ Predicted R’ Results
Linear (Natural Log) | <0.0001 0.8166 0.7473 Suggested
2F1 0.2780 0.8484 0.5977

The multiple regression analysis of the model and analysis of variance (ANOVA) results are

given in the Table 3.6.
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Table 3. 6: ANOVA of the regression model for depth of cut

Source Sum of squares | Df | Mean Square | F-value | P-value | Result
Model 13.85 7 1.98 23.26 <0.0001 | significant
N- Nozzle 7.05 3 2.35 27.63 <0.0001
T-Temperature | 3.59 1 3.59 42.21 <0.0001

P-Pressure 0.6212 1 0.6212 7.31 <0.0001

dx-Distance 0.3517 1 0.3517 4.14 0.0516

t-Time 2.24 1 2.24 26.29 <0.0001

Residual 2.38 28 1 0.0850

Correlation 16.23 35

Total

With a P-value less than 0.05, the F-value of 23.26 indicates that the model is significant. In this
case, N, T, P, and ¢ are more important model parameters than dx, which is distance. At 99%

confidence, the model is statistically significant (p = 0.0001 alpha =0.01).

Table 3. 7: Results of multiple regression analysis for depth of cut

Factor Coefficient Estimate | Degree of freedom(Df) Standard error
Intercept 5.49 1 0.0486
N[1] 0.7057 1 0.0842
N[2] 0.0277 1 0.0842
N[3] -0.2789 1 0.0842
T-Temperature | 0.3867 1 0.0595
P-Pressure 0.1609 1 0.0595
dx-Distance -0.1211 1 0.0595
t-Time 0.3052 1 0.0595

According to Table 3.7, the model equation for the depth of cut for the individual nozzles is

formulated below:
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Table 3. 8: Regression equations for depth of cut

Nozzle Regression Equations
Red  |In(Depth of cut (mm)) = 4.92654 +0.0193357 + 0.000161P — 0.024211dx + 0.030520¢

Yellow |In(Depth of cut (mm)) = 4.24851 +0.0193357 + 0.000161P — 0.02421 1dx + 0.030520¢

Green |In(Depth of cut (mm)) = 3.94189 + 0.0193357 + 0.000161P — 0.024211dx + 0.030520¢

3.76632 +0.0193357 + 0.000161P— 0.024211dx + 0.030520¢

White |In(Depth of cut (mm)

Figure 3.6 below shows the relationship between the actual and predicted depth of cut values
obtained. The Predicted R? of 0.7473 is in reasonable agreement with the Adjusted R? of 0.8166;

1.e. the difference is less than 0.2.
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Figure 3. 6: Relationship between actual and predicted values for the depth of cut.

3.6.2 Regression Analysis for Width of Cut

Likewise, Table 3.9 shows P-values for width of cut at a 95% confidence level are less than

0.005, the results are highly significant. The linear model is therefore suggested for analysis.
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Table 3. 9: Statistic analysis for selecting the suitable model for width of cut

Model P-value Adjusted R’ Predicted R’ Results
Linear (Natural Log) | <0.0001 0.8973 0.8635 Suggested
2F1 0.3955 0.9056 0.6659

Also, the multiple regression analysis of the of the width of cut model and its analysis of
variance (ANOVA) results are given in the Table 3.10.

Table 3. 10: ANOVA of the regression model for width of cut

Source Sum of | Df Mean F-value | P-value | Result
squares Square

Model 9.92 7 1.42 44.67 <0.0001 significant

N-Nozzle 8.85 3 2.95 93.05 <0.0001

T-Temperature | 0.6424 1 0.6424 20.25 0.0001

P-Pressure 0.1935 1 0.1935 6.10 0.0199

dx-Distance 0.0850 1 0.0850 2.68 0.1129

t-Time 0.1429 1 0.1429 4.51 0.0427

Residual 0.8881 28 0.0317

Cor Total 10.81 35

The width of cut recorded an F-value of 44.67 indicating that the model is significant. P-values
recorded suggest that, N, and T are the most important model parameters affecting width of cut.

At 99% confidence, the model is statistically significant (p = 0.0001 alpha = 0.01).

Table 3. 11: Results of multiple regression analysis for width of cut

Factor Coeff. Estimate | Degree of freedom(Df) | Standard error
Intercept 4.36 1 0.0297
N[1] -0.7703 1 0.0514
N[2] -0.0492 1 0.0514
N[3] 0.2480 1 0.0514
T-Temperature 0.1636 1 0.0364
P-Pressure 0.0898 1 0.0364
dx-Distance 0.0595 1 0.0364
t-Time 0.0772 1 0.0364
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According to Table 3.11, the model equation for the width of cut for the individual nozzles is

formulated below:

Table 3. 12: Regression equations for width of cut

Nozzle Regression Equations

Red In(Width of cut (mm)) = 2.89183 + 0.0081807 + 0.000090P + 0.01190dx + 0.007717¢

Yellow |In(Width of cut (mm)) = 3.61286 + 0.0081807 + 0.000090P + 0.01190dx + 0.007717¢

Green (In(Width of cut (mm)) = 3.91015 + 0.0081807 + 0.000090P + 0.01190dx + 0.007717¢

White |In(Width of cut (mm) = 4.23359 + 0.0081807 + 0.000090P + 0.01190dx + 0.007717¢

Figure 3.7 below shows the relationship between the actual and predicted width of cut values
obtained. The Predicted and Adjusted R? values of the width of cut recorded higher values than
the depth of cut. The respective Predicted and Adjusted R? values of the width of cut are 0.8635

and 0.8973 and are in reasonable agreement with a difference of less than 0.2.
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Figure 3. 7: Relationship between actual and predicted values for the width of cut.

3.7 Error Analysis and Experimental Uncertainty

The measurement error or uncertainty is the difference between the experimentally measured value
and the true value. The total error in experimental measurements can be categorized into two main
components: the bias, e,, and precision, e,, components. Some errors that may arise from this
experiment may be calibration errors of instruments used, human error (inconsistent reading of

scale at a horizontal level), and spatial errors (temperature changes in the room). Uncertainties
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(bias errors) of measuring instruments are estimated through proper calibration by the
manufacturers and given in Table 3.13.

Table 3. 13: Bias limits of instruments used

Parameter Instrument Sensitivity (error)
Temperature Thermo-couple probe +0.75%
Temperature Temperature Reader (Fluke) | +0.05%
Pressure Pressure gauge +0.18%
Distance Vernier caliper +0.017%
Time Timer +0.0005%

%Bias error  e,=0.77%

The precision error is estimated from the mean and standard deviations of the data gathered. The

precision error, e,, of the measured variable, 4 is given by

zo (3.1
e =22

P \/N
where Z is the confidence coefficient having a value of 2 for 95% confidence level according to

Holman (1994; 2001), N is the experimental cases (36) and o is the standard deviation, defined

as

(3.2)

1 < -,
a—\/mzj_l(a’j—d)

where d is the mean and is given by:

55



gzlzn p (3.3)

n<=
The standard deviations of the depth of cut was obtained. The standard deviation was
approximately 1.998%. With known values of z, N and o, the precision error was estimated from
Equation (3.1) to be 0.67%.

The total measurement uncertainty, e, is the root-sum-square of the bias and precision errors and

is given by

er :«/eé-l-ef_.. (3.4)

The total measurement uncertainty for the depth and width of cut was obtained to be 1.02%.
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4.0 Results and Discussion

The effect of control factors such as pump pressure, water jet temperature, stand-off distance, and
time-of-cut on depth and width of penetration was investigated using mean values of depth and
width of penetration. The next sections discuss the trends observed under various cutting
conditions. Other factors vary, whereas x-axis parameters change across all trends. As a result, the
trend change is not the sole influence of the x-axis parameter. The data, however, was trained to
predict the significance of each parameter on the depth and width of cut. Figure 4.1 depicts the
parameter significance of the depth of cut. It is observed that the nozzle geometry has the most

significant influence on the maximum depth of cut, followed by the time of cut, pump pressure,
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water jet temperature, and stand-off distance.

Impact of Parameters

Temperature
Pressure
Distance

Time

Nozzle

0 20 40 60

Increase in R-Squared %

Figure 4. 1: Parameter significance on the depth of cut

Impact of Parameters on Width of Cut

Temperature
Pressure
Distance

Time

MNozzle

0 25 50 75
Increase in R-Squared %

Figure 4. 2: Parameter significance on the width of cut

Similarly, in Figure 4.2, the nozzle geometry has the most influence on the width of cut followed
by standoff distance, pump pressure, time of cut and temperature of water jet. The observed

phenomenon of the nozzle being the most significant can be attributed to the progressive increase



in the nozzle spray angle, ranging from zero degrees to 40 degrees, which consequently leads to a
proportional expansion in the width of the cut.
4.1 Optimum Conditions for Maximum Depth and Width of Cut
The combined impact of the operating parameters of the four nozzles was identified in this study,
and the optimum conditions that result in the largest depth and width of cut were determined.
We were not particularly interested in the role of specific parametric effects on depth and width
of cut because it had already been studied.
Table 4.1, 4.2 and 4.3 show the constraints for optimization and the optimum working conditions

necessary to achieve the maximum depth and width of cut for each nozzle.

Table 4. 1: Constraints for optimization

Name Goal Lower Limit Upper Limit Importance
Nozzle Is in range Red White 3
Temperature Is in range 10 50 3
Pressure Is in range 1000 3000 3
Distance Is in range 5 15 3
Time Is in range 10 30 3
Depth of cut Maximize 86 1500 5
Width of cut Maximize 26 200 5

Table 4. 2: Parametric conditions for maximum predictive depth
Nozzle Type Temperature Pressure Distance Time Predictive Depth Desirability
Red 50 3000 5 30 1356 1
Yellow 50 3000 5 30 689 1
Green 50 3000 5 30 507 1
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White

50

3000

30

425

Table 4. 3: Parametric conditions for maximum predictive width

Nozzle Type Temperature Pressure Distance Time Predictive Width Desirability
Red 50 3000 15 30 54.4 0.378
Yellow 50 3000 15 30 111.8 0.757
Green 50 3000 15 30 150.6 0.913
White 50 3000 15 10 178.3 1.000

The constraints might be established to achieve the desired depth and width of cut depending on

the intended aim or purpose. For example, if deicing on a maritime vessel must be done quickly

to avoid vessel capsizing, crew members must establish a target for any of the criteria listed in

the "Goal" column of Table 4.1 and select any nozzle of choice to estimate the depth and width

of cut. Hence, optimization criteria may be determined based on available resources and

requirement.

To maximize both depth and width of cut in one cutting operation, the constraints for

optimization and the optimum working conditions necessary to achieve that is shown in Table

4.4.

Table 4. 4: Parametric conditions for maximum predictive depth and width of cut

Nozzle Type

Temperature

Pressure

Distance

Time

Depth

Width

Desirability

White

50

3000

5

30

424.7

184.8

0.720

The established regression models may provide cuttability charts for ice block samples frozen

to temperatures exceeding -10 degrees Celsius. Table 1.2, and 1.3 present cuttability charts for
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depth and width of cut for each nozzle geometry. Given the temperature, pressure, distance, and
time parameters, the red nozzle with a dispersion angle of 0 degrees obtained the maximum
depth of cut based on the data presented for the analysis whiles the white nozzle with a dispersion

angle of 40 degrees obtained the maximum width of cut.

The optimum operating parameters for depth of cut are a nozzle type red (spray angle of 0°),
pressure of 2371 (psi), temperature of 38.6 (Celsius), distance of 7.7 (cm), and time of cut
of 25.9 (s) to obtain a depth of cut of 814 (mm), as stated in Table 4.5.

Table 4. 5: Optimum working parameters for depth of cut

Nozzle Type Temperature Pressure Distance Time Optimum Depth Desirability

Red 38.6 2371 7.7 259 814 1

Also, the optimum operating parameters for width of cut are a nozzle type white (spray angle of

40"), pressure of 2334 (psi), temperature of 33.3 (Celsius), distance of 13.3 (cm), and time of
cut of 11.5 (s) to obtain a width of cut of 145 (mm), as stated in Table 4.6.

Table 4. 6: Optimum working parameters for width of cut

Nozzle Type Temperature Pressure Distance Time Optimum Width Desirability

White 333 2334 13.3 11.5 145 1

Moreover, the optimum operating parameters for both depth and width of cut are a nozzle type

white (spray angle of 40°), pressure of 2829 (psi), temperature of 28.3 (Celsius), distance of
9 (cm), and time of cut of 20.8 (s) to obtain a width of cut of 145 (mm) and a depth of cut of 186

(mm), as stated in Table 4.7.
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Table 4. 7: Optimum working parameters for both depth and width of cut

Nozzle Type | Temperature | Pressure | Distance | Time | Optimum Depth Optimum Width | Desirability

White 28.3 2829 9 20.8 186 145 1

4.2 Effect of Operating Parameters on Depth of Cut

The effects of temperature of water jet, operating pressure of pump, standoff distance and time of
cut were observed on the depth of cut. The effect of each parameter on the depth of cut is not the
sole influence, for example the trend of temperature on the depth of cut may increase or decrease
while at the same time the effect of operating pump pressure, standoff distance and time of cut is
taking place on the depth of cut. The logarithmic trend line was used to predict the optimal curved
line in all the plots due to the use of three distinct levels in the data and the rapid increase and

decrease observed within these levels.

4.3 Effects of Pressure on Depth of Cut
The mean depth of cut increases as the operating pump pressure increases. The relationship

between pressure and mean depth can be understood as follows:

e Increased pressure: When the pressure of the water jet increases, the force exerted by the
water on the ice block also increases. The increased force allows the water jet to penetrate
deeper into the ice, resulting in a greater mean depth of the cut.

e Water jet velocity: As the pressure increases, the velocity of the water jet also increases. A
higher velocity enables the water to cut through the ice more effectively, thereby increasing
the mean depth of the cut.

e Ice erosion: The water jet cutting process relies on the erosion of the ice by high-velocity

water particles. As the pressure increases, the kinetic energy of the water particles also
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increases, which enhances the erosion and cutting mechanism. This, in turn, leads to a

deeper cut in the ice block.

The trend of consistent increase in mean depth of cut as pressure increases can be observed from
the increase in mean depth from 465.3 mm to 524.7 mm when pressure is increased from 1000 psi
to 2000 psi, and further to 745.3 mm when pressure is increased to 3000 psi in Figure 4.3 (a), and
236.7 mm to 291.7 mm when pressure is increased from 1000 psi to 2000 psi, and further to 307
mm when pressure is increased to 3000 psi in Figure 4.3 (b). However, this trend of consistent
increase is not prevalent in Figure 4.3 (c-d). This inconsistency is due to parameters settings
evidenced in Table I.1. The rows for 2000 psi and 3000 psi for the 25° (green) nozzle and 40°
(white) nozzle had standoff distances 5 cm and 15 c¢m that corresponds to times of cut of 30 seconds
and 10 seconds, respectively. Indicating that, the pressure setting of 2000 psi had a closer standoff

distance with long duration for cutting than the 3000 psi.

63



(a) soo ] - (b) 3s0 ]

.4
[~
(=]

(]

(=]

(=]
]
)

......
.....

g

Mean depth of cut [mm]
P
(=]

Mean depth of cut [mm]

th
S
=]

7
S
=]

w0

(=]
=4
=]

so §¢

=
S
=]

(=]
g TEETT TR R TR PRTTETA R PATTR PRRTT I

1000 2000 3000 4000 0 1000 2000 3000 4000
Pump pressure [psi] Pump pressure [psi]

~
(2]
~
7]
=}
=)
(=N
=
%)
=}
=3

180 O gt
o] e

1
h
=)

araay

(o]

(=]

S

=]
[
'y
=]

...............

[y
b
(=]

2 g

[y
(=
(=]

n iy

=] (=]

Mean depth of cut [mm]
=
(=]

Mean depth of cut [mm]
]

[~
(-]
FTTTTTT

=]

1000 2000 3000 4000 0 1000 2000 3000 4000
Pump pressure [psi] Pump pressure [psi]

=}

Figure 4. 3: Effect of operating pump pressure on the mean depth of cut (a) 0° (red) nozzle (b)

15° (yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.4 Effects of Temperature on Depth of Cut

The primary mechanism responsible for water jet cutting process where temperature is an
operating factor is the combination of water hammer effect and thermal melting. It is observed that
the water jet pressure contributed to ice erosion evidenced by the creation of ice chips from the

cutting, while the temperature of the water jet influenced the thermal melting process.

The mean depth of cut increases as temperature of the water jet increase. This can be explained by

the following factors:

e Increased thermal melting: With higher water jet temperatures, the water jet can more

effectively melt the ice, resulting in a deeper cut. The thermal energy from the hot water

64



jet is transferred to the ice, causing it to melt and allowing the water jet to penetrate further
into the ice block.

e Reduced ice strength: As the temperature of the water jet increases, the ice surrounding the
cut may also heat up, reducing it overall strength. Warmer ice has a lower resistance to ice

erosion, which allows the water jet to cut deeper with the same amount of pressure.

Figure 4.4 (a) shows increase in mean depth is more pronounced from 10°C to 30°C than from
30°C to 50°C, while Figure 4.4 (b-d) show increase in mean depth that is consistent across the
temperature range. This suggests that the effect of increasing temperature on the mean depth of
the cut might be diminishing as the temperature increases. This could be due to the limitations in
the water jet's ability to transfer heat to the ice block or a reduction in the mechanical erosion

efficiency at higher temperatures as a result of other parameter settings.
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Figure 4. 4: Effect of water jet temperature on the mean depth of cut (a) 0° (red) nozzle (b) 15°

(yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.5 Effects of Stand-off Distance on Depth of Cut

The water jet's cutting power in terms of standoff distance of nozzle is determined by its pressure
and flow rate. As the water jet travels through the air, it loses energy due to factors such as air
resistance, drag, and the dispersion of the water jet. Therefore, the cutting power of the water jet
decreases with an increase in distance from the nozzle. The impact of standoff distance on the

depth of cut can be explained as follows:

e Energy dispersion: As the distance from the nozzle to the ice block increases, the

water jet loses its kinetic energy due to the dispersion of the water particles. This
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leads to a decrease in the energy density at the cutting surface, resulting in a
shallower cut.

e Water jet coherence: The coherence of the water jet is crucial for maintaining its
cutting power. As the distance between the nozzle and the ice block increases, the
jet's coherence is reduced due to the spreading of the water particles, leading to a
less focused and less effective cutting action.

e Water pressure drop: With an increase in distance, the water pressure at the cutting
surface drops. A higher water pressure is required to cut deeper into the ice block.

As the pressure decreases with increased distance, the depth of the cut is reduced.

Figure 4.5 (a) shows increase in depth of cut as standoff distance increases from 5 cm to 10 cm.
This could be because the 0° (red) nozzle has no dispersion angle and therefore the effect of
increasing standoff distance is not seen immediately. However, as the distance increases further

from 10 cm to 15 cm, the mean depth of the cut decreases from 698.7 mm to 527 mm.

Figure 4.5 (b-d), however, shows a consistent decrease in mean depth of cut as standoff distance
increases. This is mainly due to the dispersion angles which reduces cutting power due to loss of

energy in the water jet as it travels through the air.
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Figure 4. 5: Effect of standoff distance on the mean depth of cut (a) 0° (red) nozzle (b) 15°

(yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.6 Effects of Variation of Time on Depth of Cut

Figure 4.6 (a-d) shows that as the time increases, the mean depth of the cut also increases. The

longer the operation of the water jet on the ice block, the deeper the cut. This can be attributed to

the fact that the water jet continues to erode the ice as it is being exposed to the high-pressure water

jet with elevated temperature for a more extended period. In Figure 4.6 (a), The difference in depth

between 10 seconds and 20 seconds is relatively small (17.3 mm), while the difference between

20s and 30s is much larger (250.7 mm). This indicates that there is a non-linear relationship

between the cutting time and the mean depth as other parameters are affecting the cutting
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performance. However, in Figure 4.6 (b-d), The relationship between the cutting time and the mean

depth shows a trend that is closer to linear.
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Figure 4. 6: Effect of time of cut on the mean depth of cut (a) 0° (red) nozzle (b) 15° (yellow)

nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.7 Combined Influence of Operating Parameters on Depth of Cut based on Nozzle
Geometry
The combined influence of the operating parameters of the four nozzles is shown in Figure 4.6.

The x-axis depicts nominal parameters which is given in equation as:

Nominal Parameter =x/ x,_, 4.1)
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where the parameter could be temperature, pressure, distance or time. x is the value of the
parameter and ¥, is the maximum value of the parameter. Nominal values are used to represent

all the parameters on a single graph because it gives a common scale and it is dimensionless.

In Figure 4.7 (a-d), It is observed that the time of cut, pump pressure, and water jet temperature
increases as mean depth of cut increased. Temperature of water jet and time of cut show significant
effect on the depth of cut than the pump pressure. Apart from the nozzle geometry, which statistical
analysis showed would have the greatest impact on the maximum depth of cut, the trends in Figure
4.7 (a-d) follow the projected order of the time of cut, pump pressure, water jet temperature, and

stand-off distance being significant.
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Figure 4. 7: Effect of nominal parameters on the mean depth of cut (a) 0° (red) nozzle (b) 15°

(yellow) nozzle (¢) 25° (green) nozzle (d) 40° (white) nozzle

Figure 4.8 shows that mean depth of cut decreases with increased spray angle of dispersion. This
due to energy dispersion as a result of atomization of water jet, and also the reduced action of

water hammer effect.
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Figure 4. 8: Effect of nozzle geometry on the mean depth of cut

4.8 Effect of Operating Parameters on Width of Cut
The effects of temperature of water jet, operating pressure of pump, standoff distance and time of

cut were observed on the width of cut. As aforementioned, the effect of each parameter on the
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depth or width of cut is not the sole influence, for example the trend of temperature on the width
of cut may increase or decrease while at the same time the effect of operating pump pressure,

standoff distance and time of cut is taking place on the width of cut.

The width of the cut must be maximized to enhance crack propagation in order to facilitate ice
delamination. This phenomenon makes the analysis of the width of cut equally essential as the
depth of cut. When a high-velocity water jet is directed towards an ice surface, it exerts significant
pressure on the ice, eventually resulting in fracture initiation. This force permeates the ice
structure, causing microscopic fractures to emerge and spread in various directions. More fractures
result from a wider jet. These cracks weaken the structural integrity of the ice blocks, eventually

leading to large fractures or even complete disintegration.

4.9 Effects of Pressure on Width of Cut

The pressure of the water jet has a direct impact on the ice block. As the pressure increases, the
water jet should be able to cut more efficiently and precisely, resulting in narrower cuts. This is
because the higher pressure leads to a more focused and faster jet, allowing for better material
removal and less widening of the cut. However, the aforementioned phenomenon is not effective
when there is a spray angle in the design of the nozzle. In Figure 4.9 (a), the mean width of the cut
increases from 35.3 mm to 39.8 mm when the pressure is increased from 1000 psi to 2000 psi,
which is opposite of what we would expect. This increase is possible because the 2000 psi has a
longer standoff distance than the 3000 psi, creating more dispersed water jet. When the pressure
is further increased to 3000 psi, the mean width of the cut decreases to 35.8 mm, which is more in
line with the expected relationship. Figure 4.9(d) followed the same pattern as Figure 4.9(a). Figure

4.9 (b-c) on the other hand shows a consistent trend over the pressure range. To better understand
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the relationship between pressure and the mean width of the cut in ice blocks using water jet

cutting, other parameters would have to be held constant but that is not the focus of this study.
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Figure 4. 9: Effect of operating pump pressure on the mean width of cut (a) 0° (red) nozzle (b)

15° (yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.10 Effects of Temperature on Width of Cut

When a water jet comes into contact with the ice block, heat is transferred from the water to the

ice, causing the ice to melt. The rate of heat transfer depends on the temperature difference between

the water jet and the ice. The higher the temperature of the water jet, the greater the temperature

difference, leading to faster heat transfer and more rapid melting of the ice. Figure 4.10 (a)(c-d)

shows a continuous pattern of increasing mean width of cut with increasing water jet temperature.

Figure 4.10 (b) showed an inconsistent trend, which might be attributed to the structural integrity




of the ice as well as other operating parameters. As observed in the experiment, the ice surrounding

the cut may become weaker and more prone to cracking or breaking, affecting the uniformity and

width of the cut.
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Figure 4. 10: Effect of temperature of water jet on the mean width of cut (a) 0° (red) nozzle (b)

15° (yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.11 Effects of Stand-off Distance on Width of Cut

The distance of the water jet from the nozzle can affect the mean width of the cut in the ice block

in several ways. The main factors involved are the water jet's energy, the dispersion of the jet, and

the stability of the jet over different distances.
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e Energy: As the distance between the nozzle and the ice block increases, the energy
of the water jet decreases. This is due to a loss of kinetic energy as the water travels
through the air, which can lead to a wider and less precise cut in the ice block.

e Dispersion: The water jet disperses as it travels away from the nozzle, leading to a
wider spread and potentially a wider cut in the ice block. However, the degree of
dispersion can be influenced by various factors such as nozzle design, water
pressure, and ambient conditions.

e Stability: A stable water jet is more likely to produce consistent and precise cuts in
the ice block. As the distance between the nozzle and the ice block increases, the
jet can become more susceptible to environmental factors (e.g., air resistance, wind,
etc.), which can lead to instability and ultimately affect the width of the cut.

Figure 4.11 (a-b) shows a decreasing trend of mean width of cut as standoff distance increases.
The loss of energy and the increasing instability of the water jet as the distance increases have a
greater impact on the mean width of the cut than the dispersion of the water jet. This is probably
due to the dispersion angle of the nozzle being less than 15°. We can infer that the optimum spray
angle that widens the width of cut starts from 15°. The trends of mean width of cut increase in
Figure 4.11 (c-d) as standoff distance increases. Due to the large spray angles, it disperses the
water jet, leading to a wider spread. This dispersion effect is primary cause of the increase in the

mean width of the cut as the distance increases.
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Figure 4. 11: Effect of standoff distance on the mean width of cut (a) 0° (red) nozzle (b) 15°

(yellow) nozzle (c) 25° (green) nozzle (d) 40° (white) nozzle

4.12 Effects of Variation of Time on Width of Cut

When the water jet is applied to the ice block, it starts to cut through the ice by melting it. The

longer the water jet is applied, the more time the jet has to remove the ice, which in turn increases

the width of the cut.

The linear relationship between the time of the water jet and the mean width of the cut can be

explained by the constant rate of ice removal by the water jet. As the water jet's intensity, pressure,

and temperature remain constant over time, the rate at which it melts the ice is also constant. This

leads to a consistent increase in the width of the cut as the time increases as seen in the increasing

trend in Figure 4.12 (a-c). The decreasing trend of Figure 4.12 (d) is as a result of the standoff
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distance setting. From Table 1.1, the time of cut of the white nozzle had a close distance setting.
The closer the distance, the narrower the cut, and also the energy of the water jet is dispersed and

low in effect due to the large spray angle (40°).
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Figure 4. 12: Effect of time of cut on the mean width of cut (a) 0° (red) nozzle (b) 15° (yellow)
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4.13 Combined Influence of Operating Parameters on Width of Cut based on Nozzle
Geometry

Figure 4.13 (a-d) depicts the mean width of cut of the four distinct nozzles as a function of water
jet temperature, operating pump pressure, standoff distance, and time of cut. In Figure 4.13 (a),
water jet temperature and time of cut have a stronger impact on the width of cut; in Figure 4.13

(b), water jet temperature, operating pump pressure, and time of cut have a greater influence on
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the width of cut. In Figure 4.13 (c), all factors have an effect on the width of the cut, and water jet
temperature and distance have an effect on the width of the cut in Figure 4.13 (d). These

observations are primarily attributable to the spray angles and other parameter settings.
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Figure 4.14 illustrates that when the spray angle of dispersion rises, so does the mean width of cut.
This is due to energy and water jet dispersion as the spray angle increases. The 0° (red) nozzle had
a mean width of 37 mm, while the 15° (yellow) nozzle had a mean width of cut of 77.11 mm. The
25° (green) nozzle had a mean width of cut value of 103.84 mm, followed by the 40° (white)

nozzle, which had the maximum width of cut value of 140.52 mm.
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4.14 Best Parameters for Maximum Cuts

A red nozzle (spray angle of 0"), operating pump pressure of 2371 psi, water jet temperature of
38.6 Celsius, standoff distance of 7.7 cm, and time of cut of 25.9 s are the best operating conditions
for achieving maximum depth of cut. Multiple linear regression analyses, presented in Table 3.7,

revealed the following model function between the depth of cut and the jet operating parameters:

In(depth of cut) = 4.92654+ 0.019335T + 0.000161P — 0.024211dx + 0.030520¢ 4.1)
Similarly, the best operating conditions for obtaining simultaneous maximum depth and width of
cut are a white nozzle (spray angle of 40"), operating pump pressure of 2829 psi, water jet
temperature of 28.3 Celsius, standoff distance of 9 cm, and a time of cut of 20.8 s using the model
equation:

In(jet cut) =3.76632+ 0.019335T + 0.000161P — 0.024211dx + 0.030520¢ (4.2)

where T is temperature of water jet, P is operating pump pressure, dx is stand-off distance, and ¢ is

time of cut.
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5.0 Conclusions and Recommendations

5.1 Conclusions

Ice development on surfaces during winter or in severely cold climates affects several industries,
including aviation, hydropower, telecommunications, navigation, electrical distribution, and
transportation. The old method of deicing maritime vessels by human labour requires huge effort
and long hours for insufficient results in most cases. Current alternative deicing technologies may
be too expensive or impossible to implement. Since water is easily accessible to maritime operations
and heat energy diverted from the engine to heat up the water, high-pressure water jet (HPWJ) is
proving to be a useful deicing technology, which is the focus of our investigation. HPW1 is currently
used in high-level precision manufacturing in the automotive, aerospace, building products,
electronics, food, paper and steel industries. HPWJ has low efficiency in strong winds, especially
when the stand-off distance is long and might damage equipment if the operation parameters are

not adjusted appropriately.

The issue of ice accretion has driven the Marine Icing Group of the Memorial University of
Newfoundland, to investigate the potential of high-pressure water jets to cut slots in ice blocks,
primarily for possible usage as an aid to icebreaking on marine vessels. Deicing is an essential
process for ships operating in cold climates or navigating through icy waters. During winter, ice
can accumulate on a ship's surface, leading to multiple issues that jeopardize the vessel's safety

and efficiency.

One primary concern with ice build-up on a ship is the increased weight. Ice formation on the hull
and other areas can add to the ship's mass, reducing maneuverability and fuel efficiency.
Furthermore, ice can also impact the ship's stability, making it more susceptible to capsizing or

rolling in turbulent waters.
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The main objective of this study is to investigate the combined effect of operating parameters
including pump pressure, nozzle geometry, water jet temperature, and standoff distance on the
depth and width of cut through an ice block. The significance of the main objective is to maximize
depth and width of cut in order to facilitate the delamination of ice accrued on surfaces. The depth
and width of the cut must be maximized to enhance crack propagation in order to facilitate ice

delamination as shown in Fig. 5.1.

Water Jet
[}

Crack

Delamjnation

\/
7771777

Figure 5.1: Crack propagation and delamination in ice with w and d representing width and depth

of cut, respectively

When a high-velocity water jet is directed towards an ice surface, it exerts significant pressure on
the ice, eventually resulting in fracture initiation. This force permeates the ice structure, causing

microscopic fractures to emerge and spread in various directions. More fractures result from a
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wider jet and a deeper cut. These cracks weaken the structural integrity of the ice blocks, eventually

leading to large fractures or even complete disintegration.

This study was conducted experimentally in a cold room with an ambient temperature of 10 °C. Ice
was simulated in the lab by making ice blocks that were kept at -10 °C throughout the experiment.
Preliminary cases were acquired using a factorial design of experiment at different levels with five
parameters, including the nozzle type, yielding biased results. New cases were developed, and the
measured responses were used to generate regression model equations for the four nozzle types.
The models predicted depth of cut with a P-value less than 0.0001 and an F-value of 23.26 with
99% confidence, showing that the models are significant. Also, the Predicted R? of 0.7473 is in
reasonable agreement with the Adjusted R? of 0.8166; i.e. the difference is less than 0. 2. According
to the findings, the nozzle geometry has the greatest impact on the maximum depth of cut, followed
by the time of cut, pump pressure, water jet temperature, and stand-off distance. Whereas the
models predicted width of cut with a P-value less than 0.0001 and an F-value of 44.67 with 99%
confidence, showing that the models are significant. The respective Predicted and Adjusted R’
values of the width of cut are 0.8635 and 0.8973 and are in reasonable agreement with a difference
of less than 0.2. Also, the nozzle geometry has the greatest impact on the maximum width of cut,

followed by the stand-off distance, pump pressure, time of cut and water jet temperature.

The multiple regression analysis of the model for the depth and width of cut are given in Tables 3.7
and 3.11, respectively. The model equation for the depth and width of cut are obtained in Tables

3.8 and 3.12, respectively, from Tables 3.7 and 3.11.

This study investigated the effectiveness of HPWJ deicing on maritime vessels. I discovered that
HPW] efficiently cut slots in ice blocks, reaching depth of 825 mm and width of 175 mm. These

values are good enough to create slots and cracks in accumulated ice on marine vessels. The
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process of ice sheet delamination on vessel surfaces has been demonstrated by Derbidge et al.
(1989), indicating that this approach can effectively facilitate HPWJ deicing. In their study,
Derbidge et al. (1989) presented a high-pressure flash flow system for de-icing, which was tested
experimentally under conditions of 517-862 kPa and temperatures ranging from 122 to 133°C. A
photograph of the system can be found in Ryerson's (2008) work on page 84. The design of the
system was aimed at utilizing a ship's fire main as its source of operation, while incorporating a
portable heater to elevate the temperature of water without transforming it into steam, thereby
facilitating the use of seawater. The results of the tests indicate that the equipment demonstrated
the capacity to eliminate ice with a thickness of 10 cm and a removal rate of up to 186 cm?2 of ice

per second without causing damage to the substrate (vessel deck).

The optimization of operational parameters is used to develop a cuttability chart (attached in the
appendix) for various thicknesses of accumulated ice on the deck and various vessel surfaces. Also,

a chart to obtain width slots between 30 mm and 210 mm is developed.

To the best of authors’ knowledge, this is the first research on the combined effect of operating

pump pressure, water jet temperature, stand-off distance of the different nozzle geometries (

0°,15°,25" and 40") on the depth and width of cut in ice blocks.

5.2 Recommendations for future work
Although this study provided valuable insight into the effectiveness of the combined effect of

operating pump pressure, water jet temperature, and stand-off distance of the various nozzle
geometries (0°,15°,25" and 40°) on the depth and width of cut in ice blocks, there are some

recommendations for future research.

Some recommendations for future work are summarized below:
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» Examining depth and width of water jet cut in ice blocks through the combined effects of

operational parameters.

e Simulate the temperature of the cold room to be like the ambient condition of the

artic or cold regions marine vessels normal operate.

e Include traverse velocity of the water jet within a certain cutting width. This could
increase cutting width leading to more fracture and crack propagation to facilitate

delamination, and ultimately increasing deicing efficiency.

e Use of saline/seawater to simulate ice block and water jet

» Multiphase interaction of water jet cutting in ice blocks
e Numerical verification and validation of experimental results
» Evolution of interface boundary between water jet and ice blocks

e Analytical studies using Stefan problem to validate numerical and/or experimental

results
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Appendix I

Table I. 1: Design of Experiment Cases

Cases | Nozzle | Temperature (C) | Pressure (psi) | Distance (cm) | Time(s) | Depth (cm) | Width (mm)
Type

1 Red 10 1000 5 10 10.8 26
2 Red 10 2000 15 20 20.2 30.5
3 Red 10 3000 10 30 82.5 36.5
4 Red 30 1000 15 30 67.3 35
5 Red 30 2000 10 10 63.6 35

6 Red 30 3000 5 20 67.5 32.5
7 Red 50 1000 10 20 61.5 45

8 Red 50 2000 5 30 73.6 54
9 Red 50 3000 15 10 70.6 38.5
10| Yellow 10 1000 5 10 10.3 38.5
1T | Yellow 10 2000 15 20 14.5 72
12| Yellow 10 3000 10 30 25.5 73.5
13| Yellow 30 1000 15 30 28.4 72.5
14| vellow 30 2000 10 10 21.1 71.5
15 | Yellow 30 3000 5 20 45.0 115
16| Yellow 50 1000 10 20 32.3 88.5
17| Yellow 50 2000 5 30 51.9 82.5
18 | Yellow 50 3000 15 10 21.6 80
19 | Green 10 1000 5 10 9.8 56.5
20| Green 10 2000 15 20 14.2 112
21 | Green 10 3000 10 30 15.0 85
22 | Green 30 1000 15 30 18.1 115.6
23 | Green 30 2000 10 10 16.5 90
24 | Green 30 3000 5 20 26.5 128
25 | Green 50 1000 10 20 24.3 81
26 | Green 50 2000 5 30 42.5 132.5
27 | Green 50 3000 15 10 13.8 134
28 | White 10 1000 5 10 9.1 104.5
29 | White 10 2000 15 20 8.6 160.7
30 | White 10 3000 10 30 13.0 110
31| White 30 1000 15 30 16.1 147
32| White 30 2000 10 10 12.5 136.5
33| White 30 3000 5 20 25.0 135
34| White 50 1000 10 20 19.6 165
35 | White 50 2000 5 30 33.8 131
36 | White 50 3000 15 10 14.3 175
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Table I. 2: Cuttability chart for depth of cut between 100 mm and 1500 mm

Nozzle Type | Temperature (C) | Pressure (psi) Distance (cm) Time(s) Depth (mm)
Red 10.0 1000 15.0 10 193.5
Red 10.7 1006 12.5 10 208.7
Red 11.0 2150 14.8 19 313.0
Red 26.5 1319 12.4 21 417.2
Red 33.9 1767 8.5 18 521.7
Red 335 2132 7.9 22 626.1
Red 323 1871 7.3 29 730.4
Red 38.5 2605 8.9 27 834.7
Red 49.6 1806 11.5 30 939.1
Red 39.7 2899 5.9 29 1043.4
Red 49.2 2713 6.5 28 1147.8
Red 49.8 2592 5.2 30 1252.1
Red 50.0 3000 5.0 30 1356.2

Yellow 12.0 1131 15.0 10 104.3
Yellow 23.0 1164 6.0 18 208.7
Yellow 26.0 2361 10.3 27 313.0
Yellow 48.2 2964 10.8 20 417.4
Yellow 48.8 1815 5.6 28 521.7
Yellow 49.0 2742 5.8 29 626.1
Yellow 50.0 3000 5.0 30 688.7
Green 11.0 1740 9.5 13 104.3
Green 41.7 2126 13.3 17 208.7
Green 34.1 2861 9.3 28 313.0
Green 48.3 2112 5.4 30 417.4
Green 50.0 3000 5.0 30 506.5
White 28.7 1880 13.9 10 104.3
White 46.6 2607 10.7 15 208.7
White 47.4 2751 12.0 28 313.0
White 49.8 2954 5.2 30 4174
White 50.0 3000 5.0 30 425.1
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Table 1. 3: Cuttability chart for width of cut between 30 mm and 210 mm

Nozzle Type | Temperature (‘C) | Pressure (psi) Distance (cm) Time(s) Width (mm)
Red 27.0 1035 9.7 10 30.5
Red 50.0 3000 15.0 30 54.4

Yellow 10.1 1155 9.4 24 61.0
Yellow 45.9 1436 13.5 29 91.4
Yellow 50.0 3000 15.0 30 111.8
Green 10.0 1000 5.0 10 69.0
Green 28.3 1084 52 26 91.4
Green 37.4 2533 10.5 28 121.9
Green 50.0 3000 15.0 30 150.5
White 10.0 1000 5.0 10 95.4
White 14.8 1709 13.8 15 121.9
White 35.0 2985 7.4 17 152.4
White 49.3 2699 7.6 30 182.9
White 50.0 3000 15.0 30 207.9
Table I. 4: Mean depth of cut based on temperature
Nozzle Temperature Nominal Mean Depth
Temperature
Red 10 0.2 385.0
Red 30 0.6 664.7
Red 50 1 685.7
Yellow 10 0.2 167.7
Yellow 30 0.6 315.0
Yellow 50 1 352.7
Green 10 0.2 130.0
Green 30 0.6 203.7
Green 50 1 270.3
White 10 0.2 102.3
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White

30

0.6

178.7

White

50

225.7

Table 1. 5: Mean depth of cut based on pressure

Nozzle Pressure Nominal Pressure Mean Depth
Red 1000 0.3333 465.3
Red 2000 0.6667 524.7
Red 3000 1 745.3

Yellow 1000 0.3333 236.7

Yellow 2000 0.6667 291.7

Yellow 3000 1 307.0

Green 1000 0.3333 174.0

Green 2000 0.6667 245.7

Green 3000 1 184.3

White 1000 0.3333 149.3

White 2000 0.6667 183.0

White 3000 1 174.3

Table I. 6: Mean depth of cut based on standoff distance

Nozzle Distance Nominal Distance Mean Depth
Red 5 0.3333 509.7
Red 10 0.6667 698.7
Red 15 1 527.0

Yellow 5 0.3333 357.3

Yellow 10 0.6667 263.0

Yellow 15 1 215.0

Green 5 0.3333 264.3

Green 10 0.6667 186.0

Green 15 1 153.7

White 5 0.3333 226.3

White 10 0.6667 150.3
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White

15

130.0

Table I. 7: Mean depth of cut based on time of cut

Nozzle Time Nom Time Mean Depth
Red 10 0.3333 483.3
Red 20 0.6667 500.7
Red 30 1 751.3

Yellow 10 0.3333 176.7

Yellow 20 0.6667 306.0

Yellow 30 1 352.7

Green 10 0.3333 133.7

Green 20 0.6667 216.7

Green 30 1 253.7

White 10 0.3333 119.7

White 20 0.6667 177.3

White 30 1 209.7

Table 1. 8: Mean width of cut based on temperature
Nozzle Temperature Nominal Mean Width
Temperature
Red 10 0.2 31.0
Red 30 0.6 342
Red 50 1 45.8

Yellow 10 0.2 61.3

Yellow 30 0.6 86.3

Yellow 50 1 83.7
Green 10 0.2 84.5
Green 30 0.6 111.2
Green 50 1 115.8

White 10 0.2 125.1
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White 30 0.6 139.5
White 50 1 157.0
Table I. 9: Mean width of cut based on pressure
Nozzle Pressure Nominal Pressure Mean Depth
Red 1000 0.3333 353
Red 2000 0.6667 39.8
Red 3000 1 35.8
Yellow 1000 0.3333 66.5
Yellow 2000 0.6667 75.3
Yellow 3000 1 89.5
Green 1000 0.3333 84.4
Green 2000 0.6667 111.5
Green 3000 1 115.7
White 1000 0.3333 138.8
White 2000 0.6667 142.7
White 3000 1 140.0
Table 1. 10: Mean width of cut based on standoff distance
Nozzle Distance Nominal Distance Mean Width
Red 5 0.3333 37.5
Red 10 0.6667 38.8
Red 15 1 34.7
Yellow 5 0.3333 78.7
Yellow 10 0.6667 77.8
Yellow 15 1 74.8
Green 5 0.3333 105.7
Green 10 0.6667 85.3
Green 15 1 120.5
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White 5 0.3333 123.5
White 10 0.6667 137.2
White 15 1 160.9
Table I. 11: Mean width of cut based on time of cut
Nozzle Time Nominal Time Mean Width
Red 10 0.3333 33.2
Red 20 0.6667 36.0
Red 30 1 41.8
Yellow 10 0.3333 63.3
Yellow 20 0.6667 91.8
Yellow 30 1 76.2
Green 10 0.3333 93.5
Green 20 0.6667 107.0
Green 30 1 111.0
White 10 0.3333 138.7
White 20 0.6667 153.6
White 30 1 129.3

Table I. 12: Nozzle types and their corresponding mean depth and width of cut

Nozzle Type Mean Depth Mean Width
Red 575.1 37.0
Yellow 278.4 77.1
Green 200.8 103.8
White 168.9 140.5
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